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INTRODUCTION 
 
The history of nanotechnology began in 1959, when Richard Feynman in his famous 
lecture “There is plenty of rooms at the bottom”, proposed the concept of nanotech-
nology indicating that scientists should focus on understanding phenomena on a 
very small scale to complement the prevailing interest in “big science” at that time. 
Ever since, nanotechnology has been regarded as an emerging and multidisciplinary 
technology, introducing a new dimension to science and technology with the possi-
bility of manipulating matter, atoms and molecules, at the nanometre level (nano- 
means one-billionth of a meter). 
From the scientific point of view, “nanotechnology can be defined as referring to 
materials and systems with structures and components exhibiting novel and signifi-
cantly improved physical, chemical and biological properties, as well as to the phe-
nomena and processes enabled by the ability to control the material properties on the 
nano-scale size” (def. by: National Science and Technology Center, NNI, USA). 
The nanotechnology emergence was enabled by the development of specialist in-
struments, which in turn facilitated the observation and manipulation of nanostruc-
tures at the atomic or molecular scale, as well as the discoveries of new nanomateri-
als. Nanotechnology also offered new opportunities in rapid development of minia-
turization techniques (so-called top-down approach that includes methods to ma-
nipulate existing materials at the nanoscale through traditional lithography, cutting, 
etching or grinding techniques) and building macrostructures (so-called bottom-up 
approach that includes methods to create new materials at the nanoscale through 
chemical synthesis or self-assembly of particle molecules and their macrostructures). 
Nanoscience is widely seen as having huge potential to many areas of scientific re-
search (such as physics, chemistry, material sciences, biology, engineering) and 
technological applications (such as healthcare and life sciences, energy and envi-
ronment, electronics, communications and computing, manufacturing & materials) 
because of its nano-scale where the materials’ properties are significantly different 
from those of the same materials in bulk or macroscopic form. Therefore, nanotech-
nology involves understandings the interactions in the atomic or molecular scale and 
the capability to characterize and control materials using nano-tools.  
Nanotechnology, which is both scientific and technical, is fundamental in making 
things (i.e. the construction, generation and growth of objects, devices and architec-
ture) and has a highly multidisciplinary character, affecting multiple traditional 
technologies, scientific disciplines and industries.  
In a certain way, it is possible to state that nanotechnology is still in an early stage of 
development as it is still very scientist-driven and thus largely exogenous to the eco-
nomic system. On top of that, there are important ethical and regulatory issues to be 
debated. Further development will largely depend on the degree to which existing 
firms and industries are able to identify commercial applications. This will, in turn, 
depend on the degree to which the created scientific knowledge can be transferred 
from public sector research to the private sector.  
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Further, it should be remarked that nanotechnology is subject to a great deal of hype 
and partially unfounded expectations. It is therefore particularly important to high-
light genuinely new issues and challenges that this emerging technology brings for-
ward when discussing technology diffusion and commercialization of scientific 
knowledge. 
 
The object of this thesis is the construction industry that is a sector of great economy 
activity though it often deals with coarse components and systems. In the last cen-
tury, investments in research remained lower than in other industrial sectors thus ad-
vances were quite slower compared of other industrial sectors such as army, medi-
cine, etc. Nowadays, nanotechnology seems to be a competitive route in achieving a 
real sustainable growth and innovation. Its scientific approach is essential if the po-
tential for a new generation of materials, that are both of higher performance and 
more economically viable, is to be realised. Today there are interesting develop-
ments, based on nanotechnology, available on the market that can be applied to the 
construction industry. Many other (nano)technologies enable new developments: 
materials and products are fast emerging or already exist in bulky and expensive 
forms in other different industrial sectors, but a great deal of research should still be 
developed. 
 
The aim of this research is to analyze the applications of nanotechnology, nanostruc-
tured materials and multifunctional/smart materials on construction components (en-
ergy, reinforcement, coatings, multifunctional materials and components, diagnostic, 
etc..) to investigate if, how and when these new high-materials could be produced 
and applied in order to improve buildings’ performance in contrast to traditional 
techniques and materials that are available on the market. 
 
The present research focuses on nanotechnology-based applications to construction 
and architecture and is divided in three main sections as follows: 
 
1. Nanotechnology and Architecture, scientific developments and lots of possi-

ble applications to the construction sector are analyzed. New enhanced materi-
als are already available on the market and lots of new researches are in pro-
gress worldwide to investigate new solutions to old or unsolved technical prob-
lems. Some of the possible applications of nanotechnology to the construction 
market are analyzed as well as the new concept of NanoArchitecture that is 
spreading out in architectural and engineering schools. 

 
2. Thermochromic coatings for architectural glazing, hybrid aerosol assisted 

and atmospheric pressure chemical vapour deposition methodology has been 
utilised, to produce thin films of gold nano-particle vanadium dioxide nano-
composites for architectural glazing. Films were analysed by X-ray diffraction, 
scanning electron microscopy and X-ray photoelectron spectroscopy. Their op-
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tical and thermochromic behaviour was also determined. Then, their energy per-
formance was simulated by means of the software Energy Plus™ to understand 
how efficient thermochromic coatings could be if applied in different kind of 
buildings and in several climate conditions at different latitudes in the northern 
hemisphere in comparison to some products that are still on the market. Finally, 
some more computational simulations were performed to study an ideal thermo-
chromic spectrum and to understand the limit of the technology. 
This study was conducted at Christopher Ingold Laboratories, Chemistry De-
partment,  University College of London (UCL), London (UK) under the super-
vision of prof. Ivan. P. Parkin and with the collaboration of dr. Clara Piccirillo, 
dr. Russell Binions and dr. Ian Ridley. 

 
3. CNT-doped polyurea nanocomposite for large structure protection, a 

polymer nanocomposite of polyurea matrix enhanced by different quantities of 
multiwalled carbon nanotubes intended for passive protection of civil structures 
has been produced. Several tensile and cyclic tests were performed in order to 
evaluate and characterise the mechanical behaviour of this new polymer-
nanocomposite. Furthermore, the specimens were subjected to accelerated ther-
mal aging to study their performance deterioration which is fairly unknown.  
This study was conducted at Carleton Laboratory, Department of Civil Engi-
neering and Engineering Mechanics, Columbia University, New York City 
(NY, USA) under the supervision of prof. Haim Waisman and prof. Raimondo 
Betti. 

 
The acquisition of the knowledge on nanotechnology, nanostructured materials and 
multifunctional/smart materials in construction will allow to formulate a judgment 
on the real applicability and convenience on high technologies’ usage in comparison 
to the traditional systems, consolidated by now in the practice. 
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1. INTRODUCTION TO NANOTECHNOLOGY 
 
1.1 Introduction  
Nanotechnology refers broadly to a field of applied science and technology whose 
unifying point is the possibility to control the matter on the molecular or atomic 
scale – generally 1 to 100 nanometres [nm] – and the fabrication of materials, de-
vices and systems within that size range.  
The prefix nano in the word nanotechnology means a billionth, 1 x 10-9; nanotech-
nology deals with everything having dimensions of the order of a billionth of a me-
ter - the “nanometre”.  
Nanotechnology is based on the recognition that particles less than the size of 100 
nm impart to nanostructures built from them new properties and behaviour that 
strongly influence the macroscopic material (bulk) properties, with a significantly 
improvement in mechanical, optical, chemical, electrical, etc. properties, thus allow-
ing to engineer their characteristics and performance. 
The research area of nanotechnology is a highly multidisciplinary task, drawing 
from fields such as applied physics, materials science, chemistry, robotics to engi-
neering and biology. 
More generally, nanotechnology can be seen, in a certain way, as an extension of  
the existing sciences into the nanoscale, or as a recasting of existing sciences using 
newer and more modern applications.  
Materials reduced to the nanoscale can suddenly show very different properties 
compared to what they usually show on a macroscale, thus enabling unique and 
novel applications. For instance, opaque substances become transparent (copper); 
inert materials become catalysts (platinum); stable materials turn combustible 
(aluminum); solids turn into liquids at room temperature (gold); insulators become 
conductors (silicon). A material such as gold, which is chemically inert at normal 
scales, can become a potent chemical catalyst at nanoscale. Much of the fascination 
with nanotechnology stems from these unique quantum and surface phenomena that 
matter exhibits at the nanoscale. 
Examples of nanotechnology in modern use are the manufacture of polymers based 
on molecular structure or the design of computer chip layout based on surface 
science. Despite the great promise of numerous specific nanotechnologies such as 
quantum dots1 and carbon nanotubes2, there are real commercial applications such 
as suntan lotion, cosmetics, protective coatings for different applications, drug 
delivery and stain resistant clothing. 

                                                

 
 

 
1 Quantum dots: a semiconductor whose excitons (imaginary particle representing the bond state of an 
electron) are confined in all three spatial dimensions. As a consequence their behaviour is between the 
bulk semiconductors and the discrete molecules. 
2 Carbon nanotube: is an allotrope of carbon, it will be discussed in an other section of this thesis. 
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1.2 Definition 
An exact definition of nanotechnology is quite difficult to determine and define so a 
couple of  official statements will be reported. 
The definition given by the American Nanoscale Science, Engineering and Technol-
ogy (NSET) Subcommittee of the United States National Science and Technology 
Council (NSTC, White House), which coordinates the National Nanotechnology Ini-
tiative (NNI) is the following: “Research and technology development at the atomic, 
molecular or macromolecular levels, in the length scale of approximately 1-100 
nanometre range, to provide a fundamental understanding of phenomena and mate-
rials at the nanoscale and to create and use structures, devices and systems that have 
novel properties and functions because of their small and/or intermediate size. The 
novel and differentiating properties and functions are developed at a critical length 
scale of matter typically under 100 nm. Nanotechnology research and developments 
includes manipulation under control of the nanoscale structures  and their integration 
into larger material components, systems and architectures. Within these larger scale 
assemblies, the control and construction of their structures and components remain 
at the nanometre scale. In some particular cases, the critical length scale for novel 
properties and phenomena may be under 1 nm (e.g. manipulation of atoms at – 0.1 
nm) or be larger than 100 nm (e.g. nanoparticle reinforced polymers have the unique 
feature at 200 ÷ 300 nm as a function of the local bridges or bonds between the 
nanoparticles and the polymer)”. 
The definition given by the Bundesministerium für Bildung und Forschung3 
(BMBF) summarizes nanotechnology as follows: “Nanotechnology refers to the 
creation, investigation and application of structures, molecular materials, internal 
interfaces or surfaces with at least  one critical dimension or with manufacturing tol-
erances of (typically) less than 100 nanometres. The decisive factor is that the very 
nanoscale of the system components results in new functionalities and properties for 
improving products or developing new products and applications.” 
 
1.3 Learning from Nature – the Biomimetics process 
Nature has many objects and processes that work on a microscale to a nanoscale. 
Understanding these functions may help and guide to imitate and produce nanode-
vices and nanomaterials. Abstractions of design from nature are referred to as 
Biomimetics. 
Billions of years ago, molecules began to organize themselves into complex struc-
tures that could support life with particular processes. Photosynthesis, for instance, 
uses solar energy to produce everything useful to a plant life. More particularly, 
molecules such as chlorophyll are light-harvesting and are arranged in a nano to a 
microscale into cells. 

                                                 
3 German Federal Ministry of Education and Research 
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Some live organs, as many bac-
teria, use chemical energy to 
survive or move. Their flagel-
lum4, for exemplum, can rotate 
at over 10.000 revolutions per 
minute thanks to the proton flow 
caused by the electrochemical 
potential difference across the 
membrane. 

Fig. 1.1  
Escherichia Coli cells 
use flagella to propel 
themselves. The diameter of the bearing is 

about 20-30 nm with an 
estimated clearance of about 1 nm. Some biomedical systems have antiadhesion sur-
faces. Many plants’ leaves (such as the Lotus leaf) are covered by a hydrophobic cu-
ticle that repels water making their surfaces clean.  
Geckos – wall-climbing lizards - can run on walls or stick to ceilings thanks to their 
soles that are covered with about half a million submicrometre keratin elastic hairs 
that are called setae, which are split into smaller nanostructures known as spatulae. 
Each hair is 30-130 mn long that can produce a tiny force of about 100 nN due to 
Van der Waals attraction and capillary interaction. Millions of hairs working to-
gether create a large adhesive force on the order of about 10 N with a pad area of 
approximately 100 mm2, which is sufficient to keep geckos firmly on their feet. An-
other exemplum of nanotechnology in the natural world is the Abalone shell. These 
molluscs construct super-tough shells with beautiful, iridescent inner surfaces. They 
do this by organizing calcium carbonate of crumbly schoolroom chalk into tough 
nanostructured bricks. For mortar, abalones concoct a stretchy goo of protein and 
carbohydrate. Cracks that may start on the outside rarely make it all the way 
through: the shell structure forces a crack to take a tortuous route around the tiny 

Fig. 1.2 
Tokay gecko (A): 
foot-hair images. 
Foot bottom view 
(B); zooming into 
one of the stalks (C, 
bar indicates 10 μm), 
and zooming into 
spatulae and spatular 
stalks at the end of a 
stalk under SEM (D, 
bar indicates 300 
nm). (source: Sitti 
M., Fearin R.S., Syn-
thetic Gecko Foot-
Hair Micro/Nano-
Structures for Future 
Wall-Climbing Ro-
bots)

A B C

D

                                                 
4 Flagellum: is a tail-like structure that project from the cell body of certain bacteria and functions in lo-
comotions. It is made up of the protein flagellin and its shape is a 20 nanometres thick hollow tube. 



Introduction to Nanotechnology 4 

bricks, which dissipates the energy behind the damage. Adding to the damage 
control is that stretchy mortar. As a crack grows, the mortar forms resilient nanos-
trings that try to force any separating bricks back together. 

Fig. 1.3 a-b  
Abalone shell: out-

side (left) and inside 
(right). 

 
1.4 Historical background 
It is not clear when humans first began to take advantage of nanosized materials but 
the first evidence of this use is an artwork from the IV century B.C. called the Ly-
curgus cup, nowadays resided in the British Museum in London. The cup, which de-
picts the death of King Lycurgus, is made from soda lime glass containing silver and 
gold nanoparticles that make the colour of the cup change from green to red as a 
light source is placed inside it. 

Fig.1.4  
Lycurgus cup. 
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Moreover, it was found out by Robert 
Curl Jr.5 that Indian craftsmen and 
artisans used nanotechnology 
extensively about 2000 years ago to 
make weapons and long lasting cave 
paintings even though they were 
completely unaware that they were 
practising carbon nano-techniques.  

Fig.1.5  
Tipu sultan sword 
with mamluk (or ot-
toman) damascus 
wateres steel blade. 

On the famous damascus blades - used 
in the sword of Tipu Sultan and Ajanta 
Paintings - scientists found carbon 

nanotubes, cylindrical arrangements of carbon atoms first discovered in 1991 and 
now made in laboratories all over the world. Indian craftsmen used a unique smelt-
ing techniques to manufacture the damascus blades which led to nanotisation giving 
them a unique long-lasting edge. This technology was used to make wootz steel, a 
'high-grade' steel that was highly prized and much sought after across several re-
gions of the world over nearly two millennia. 

A C

Fig.1.6 
Damascus blade 
(see next page for a 
detailed descrip-
tion).  B D

                                                 
5 Nobel laureate of Chemistry in 1996 with Richard Smalley and Harold Kroto for the discovery of car-
bon cage compounds, known as Fullerenes. 
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In the previous page, the four images of parts of a damascene sabre show what the 
blade is made of: carbon nanotubes that are responsible for the extraordinary 
strength and flexibility of the steel. (A) a Persian knife blade as we see it with the 
naked eye. (B) a close-up clearly showing the lighter carbide fields in the darker ma-
trix of softer, low-carbon steel. The other two images were taken using electron mi-
croscopy: (C) a small part of a Damascene sabre was dissolved in hydrochloric acid 
revealing the presence of nanotubes, in this example a multi-walled carbon nano-
tube. The striped patterning is formed by a contrast between the layers of carbon. 
(D) cementite nanowire in a Damascene sabre encapsulated  by a carbon nanotube, a 
leftover after dissolving the piece of sabre in acid. The scale in the bottom-right of 
the lower image measures 5 nm. 
Wootz also had a high percentage of carbon, which was introduced by incorporating 
wood and other organic matter during fabrication. India, for ages, was a leading ex-
porter of this steel which was used to make Persian daggers which were quite popu-
lar in Europe centuries ago. 
The potential importance of clusters was recognized for the first time by the chemist 
Robert Boyle in his Sceptical Chymist - published in 1661 – where he criticizes Ar-
istotle’s belief that matter is composed by four elements: earth, fire, water and air. 
He suggested, instead, that tiny particles of matter combine in various way to form 
what he calls corpuscle. He wrote that “minute masses or cluster that were not easily 
dissipable into such particles that composed them”. 
Photography, that was developed between the XIX and XX centuries, depends on 
production of silver nanoparticles sensitive to light. Photographic film is an emul-
sion of a thin layer of gelatine containing silver halides, such as silver bromide, and 
a base of transparent cellulose acetate. The light decomposes the silver halides into 
nanoparticles of silver that can be considered as the pixels of the image. In 1883 the 
American George Eastman, who would later start the Kodak Corporation, produced 
a film consisting of a long paper strip coated with an emulsion containing silver hal-
ides. He later developed this into a flexible thin film that could be rolled, which 
made photography accessible to many. 
The first mention of some of the distinguishing concepts in nanotechnology (but 
predating use of that name) was in 1867 by James Clerk Maxwell when he proposed 
as a thought experiment a tiny entity, known as Maxwell's Demon, able to handle 
individual molecules. 
In 1857 Michael Faraday published the paper Philosophical Transactions of the 
Royal Society which attempted to explain how metal nanoparticles affect the colour 
of church windows. 
The first observations and size measurements of nano-particles was made during 
first decade of 20th century when Richard Adolf Zsigmondy made detail studies on 
gold sols and other nanomaterials with sizes down to 10 nm and less. He published a 
book in 1914 and he used ultramicroscope that employs dark field method for seeing 
particles with sizes much less than light wavelength. Zsigmondy was also the first 
who used the word nanometer explicitly for characterizing particle size. He defined 
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it as the million part of a millimeter (10-9 mm) and tried to develop the first system 
of classification based on the particle size in the nanometre range. 
Then, have been many significant studies during the 20th century in characterizing 
nanomaterials and related phenomena. In the 1920s, Irving Langmuir and Katharine 
B. Blodgett introduced the concept of a monolayer, a layer of material one molecule 
thick. Langmuir won a Nobel Prize in chemistry for his work. In early 1950s, 
Derjaguin and Abrikosova conducted the first measurement of surface forces. 

The “conceptual father” of the nanotechnology 
is the physicist and chemist Richard Feynman 
(1918 – 1988) who touched the topic in There 
is a Plenty of Rooms at the Bottom, a visionary 
lecture given on the 29th of December 1959 at 
a meeting of the American Physical Society. In 
his speech, Feynman speculated on the 
possibility and potential of nanosized materials 
envisioning etching lines, a few atoms wide, 
with beams of electrons. He proposed to 
manipulate individual atoms to make new 
small structures having very different 
enhanced properties such as circuits on the 
scale of nanometres that can be used as 
elements in more powerful computers. At the 
meeting, Feynman announced two challenges 
and he offered a prize of $1000 for the first 
individuals to solve each one. The first 

challenge involved the construction of a nanomotor - which was achieved by Wil-
liam McLellan in November of 1960. The second challenge involved the possibility 
of scaling down letters small enough so as to be able to fit the entire Encyclopedia 
Britannica on the head of a pin, this prize was claimed in 1985 by Tom Newman.  

Fig. 1.7  
Richard Feynman 

Another area of activity in the 1960s involved electron paramagnetic resonance 
(EPR) of conduction electrons in metal particles of nano-dimensions referred to as 
colloids in those days. The particles were produced by thermal decomposition and 
irradiation of solids having positive metal ions an negative molecular ions such as 
sodium and potassium azide. Structural features of metal nanoparticles – such as the 
existence of magic numbers – were revealed in that period using mass spectroscopic 
studies of sodium metal beams.  
In 1965 Gordon Moore observed that silicon transistors were undergoing a continual 
process of scaling downward, an observation which was later codified as Moore's 
law. Since his observation, transistor minimum feature sizes have decreased from 10 
micrometers to the 45-65 nm range in 2007; one minimum feature is thus roughly 
180 silicon atoms long. 
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Groups at Bell Laboratories and IBM in the early 1970s fabricated the first two-
dimensional quantum wells that were made by a thin film growth technique that 
build a semiconductor layer one atom at a time. This work is considered as the be-
ginning of the development of the zero-dimensional quantum dot. 

Fig. 1.8  
The iconic image that 
caused a sensation in 
1989: the letters IBM 
written out of 35 xenon 
atoms onto a nickel 
surface. 

The term "nanotechnology" was defined by Tokyo Science University Professor 
Norio Taniguchi in a 1974 paper (N. Taniguchi, "On the Basic Concept of 'Nano-
Technology'," Proc. Intl. Conf. Prod. London, Part II, British Society of Precision 
Engineering, 1974.) as follows: "'Nanotechnology mainly consists of the 
processing of separation, consolidation and deformation of materials by one atom 
or by one molecule". Also in 1974 the process of Atomic Layer Deposition, for de-

positing uniform thin films one atomic layer 
at a time, was developed and patented by Dr. 
Tuomo Suntola and co-workers in Finland. 
However, it was not until the 1980s with the 
emergence of appropriate method of 
fabrication of nanostructures that a notable 
increase in research activity occurred and a 
number of significant developments resulted. 
For instance, in 1981 it was developed a 
method to make metal clusters using a high-
powered focused laser to vaporize metals 
into a hot plasma and in 1985 this method 
was used to synthesize the fullerene6 (C60).  

(source: Bhushan B., 
Springer handbook of 
nanotechnology) 

Fig. 1.9  
3D model of a 

Fullerene molecule. 

G. K. Binning and H. Roher of the IBM Research Laboratory developed the 
Scanning Tunneling Microscope (STM) that, with the Atomic Force Microscope 
(AFM), provided new important tools for viewing, characterizing and atomic 
manipulation of nanostructures. Another important scientist was Dr. Kim Eric 
Drexler (n. 1955) who promoted the technological significance of nano-scale 
phenomena and devices through speeches and books such as: “Engines of creation: 

                                                 
6 Fullerenes: are a family of Carbon allotropes, molecules composed entirely of carbon in the form of a 
hollow sphere, ellipsoid, tube or plane. 
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the coming era of nanotechnology” (1986) and “Nanosystems: Molecular 
Machinery, Manufacturing, and Computation” (1992). His vision of nanotechnology 
is often called "Molecular Nanotechnology" (MNT) or "molecular manufacturing". 
Drexler at one point proposed the term "zettatech" which never became popular. 
The first observation of the conductance quantization was carried out in 1987 by B. 
J. van Wees and H. van Houten of the Netherlands and by D. Wharam and M. 
Pepper of Cambridge University. 

In the 1990s, Iijima made carbon 
nanotubes7 which is, nowadays, one of 
the main field of research and in 1991 
Yablonovitch fabricated the first three-
dimensional periodic photonic crystal 
possessing a complete bandgap. In 1996, 
in USA a number of Government 
Agencies led by the National Science 
Foundation commissioned a study to 
assess the current worldwide status of 
trends, research and development in 
nanoscience and nanotechnology. The 
recommendations led to a commitment 

by the Government to provide major funding and establish a National 
Nanotechnology Initiative (NNI).  

Fig. 1.10  
3D model of a  
Carbon Nanotube. 

In 2004 Richard Jones wrote Soft Machines - nanotechnology and life which is a 
book about nanotechnology but written for the general reader and published by 
Oxford University. In this book he describes radical nanotechnology as a 
deterministic/mechanistic idea of nano engineered machines that does not take into 
account the nanoscale challenges such as wetness, stickness, brownian motion, high 
viscosity (Drexler view). He also explains what is the soft nanotechnology or more 
appropriately biomimetic nanotechnology which is the way forward to design 
functional nanodevices that can cope with all the problems at nanoscale.  
Nowadays, nanoscience is one of the most investigated and funded field of research 
all over the world and governments of all the countries make new laws and 
regulations to increase the nanotechnology development.  
At present, the practice of nanotechnology embraces both stochastic approaches (in 
which, for example, supramolecular chemistry creates waterproof pants) and 
deterministic approaches wherein single molecules (created by stochastic chemistry) 
are manipulated on substrate surfaces (created by stochastic deposition methods) by 
deterministic methods comprising nudging them with STM8 or AFM9 probes and 
causing simple binding or cleavage reactions to occur.  

                                                 
7 Carbon Nanotube (CNTs): are allotropes of carbon with a nanostructure that can have a length-to-
diameter ratio greater than 1.000.000. These cylindrical carbon molecules have novel properties that 
make them potentially useful in many application, as following discussed.    
8 STM. Scanning tunneling microscope. 
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For the future, some means has to be found for MNT design evolution at the 
nanoscale which mimics the process of biological evolution at the molecular scale. 
Biological evolution proceeds by random variation in ensemble averages of 
organisms combined with culling of the less-successful variants and reproduction of 
the more-successful variants, and macroscale engineering design also proceeds by a 
process of design evolution from simplicity to complexity as set forth somewhat 
satirically by John Gall: "A complex system that works is invariably found to have 
evolved from a simple system that worked. […] A complex system designed from 
scratch never works and can not be patched up to make it work. You have to start 
over, beginning with a system that works".  
A breakthrough in MNT is needed which proceeds from the simple atomic 
ensembles which can be built with, e.g., an STM to complex MNT systems via a 
process of design evolution. A handicap in this process is the difficulty of seeing and 
manipulation at the nanoscale compared to the macroscale which makes 
deterministic selection of successful trials difficult; in contrast biological evolution 
proceeds via action of what Richard Dawkins has called the "blind watchmaker" 
comprising random molecular variation and deterministic reproduction/extinction. 
 
1.5 Richard P. Feynman: the conceptual father of nanotechnology 

Richard Feynman (New York, 11 May 1918 
– Los Angeles, 15 February 1988) was one of 
the most famous American physicist and 
chemist. He is known for the path integral 
formulation of quantum mechanics, the 
theory of quantum electrodynamics, the 
physics of the superfluidity of supercooled 
liquid helium. For his contribution to the 
development of quantum electrodynamics he 
was awarded with the Nobel Prize in Physics 
in 1965, together with Julian Schwinger and 
Shin Ichiro Tomonaga. 
In addiction to his work in theoretical 
physics, he is considered the father of the 
term “nanotechnology” in his speech There is 
a Plenty of Rooms at the Bottom.  
Feynman attended the Massachusetts Institute 
of Technology (MIT) where he got his 
bachelor’s degree in 1939. After a course on 

theoretical physics he was admitted to Princeton University where he received a 
Ph.D. in 1942. At Princeton, the physicist Robert R. Wilson encouraged Feynman to 

Fig. 1.11 
R. Feynman. 

                                                                                                                   
9 AFM: Atomic force microscope. 
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participate to the Manhattan Project, the U.S. Army project at Los Alamos to de-
velop the atomic bomb.  
After the Second World War, Feynman followed Hans Bethe to Cornell University 
where he taught theoretical physics from 1945 to 1950. He had been called the 
“Great Explainer” for taking great care when giving explanations to his students and 
making complicated topics as the most accessible as possible.  
He did his most significant works while at Caltech10, including research in: 
 Quantum electrodynamics. He developed a functional integral formulation of 

quantum mechanics in which every possible path from one state to the next one 
is considered, the final path is a sum over the possibilities. 

 Physics of the superfluidity of the supercooled liquid helium, where helium 
seems to display a lack of viscosity when flowing. Applying the Shrödinger 
equation to the question, he showed that the superfluid was displaying quantum 
mechanical behaviour observable on a macroscopic scale. 

 A model of weak decay which showed that the current coupling in the process is 
a combination of vector and axial. 

 Feynman diagrams, from his Ph.D. thesis. They are a device helping in concep-
tualizing and calculating interactions between particles and spacetime. From 
these diagrams Feynman could model all of physics in terms of those particle’s 
spin and the range of coupling of the fundamental forces. 

 Quantum gravity. By analogy with the photon, that has spin 1, he investigated 
the consequences of a free massless spin 2 field, and he was able to derive the 
Einstein field equation of general relativity.  

In the late 1980s Feynman played a crucial role in developing the first massively 
parallel computer. 
 
1.6. Kim Erik Drexler: the nanoscale assemblers 
K. E. Drexler (born on the 25th of April 1955 in Oakland, California) is an American 
engineer best known for popularizing the potential of molecular nanotechnology 
(MNT). Drexler holds three degrees from MIT. He received his S.B. in 
Interdisciplinary Sciences in 1977 and his S.M. in 1979 in Astro-Aerospace 
Engineering with a Master's thesis titled "Design of a High Performance Solar Sail 
System". In 1991 he earned a Ph.D. under the auspices of the MIT Media Lab 
(formally, the Media Arts and Sciences Section, School of Architecture and 
Planning). His Ph.D. work was the first doctoral degree on the topic of molecular 
nanotechnology and his thesis, "Molecular Machinery and Manufacturing with 
Applications to Computation", was published as "Nanosystems: Molecular 
Machinery, Manufacturing and Computation" (1992), which received the 
Association of American Publishers award for Best Computer Science Book of 
1992. In 1986 Drexler and his wife, Christine Peterson, founded the Foresight 
Institute with the mission of "Preparing for nanotechnology” and in 2005 he joined 

                                                 
10 Caltech: California Institute of Technology 



Introduction to Nanotechnology 12 

Nanorex, a molecular engineering software company based in Bloomfield Hills, 
Michigan, to serve as the company's Chief Technical Advisor. 

Drexler was very strongly influenced by ideas on 
Limits to Growth in the early 1970s. His response in 
his first year at Massachusetts Institute of Technology 
(MIT) was to seek out someone who was working on 
extraterrestrial resources. He found Dr. Gerard K. 
O'Neill of Princeton University, a physicist famous for 
a strong focus on particle accelerators and his landmark 
work on the concepts of space colonization. Drexler 
was involved in NASA summer studies in 1975 and 
1976. Besides working summers for O'Neill building 
mass driver prototypes, he delivered papers at the first 
three Space Manufacturing conferences at Princeton. 
The 1977 and 1979 papers were co-authored with Keith 

Henson, and patents were issued on both subjects, vapor phase fabrication and space 
radiators. During the late 1970s, he began to develop ideas about molecular 
nanotechnology (MNT). In 1979, Drexler encountered Richard Feynman's 
provocative 1959 talk There's Plenty of Room at the Bottom. The term 
nanotechnology was coined by the Tokyo Science University professor Norio 
Taniguchi in 1974 to describe the precision manufacture of materials with 
nanometer tolerances, and was unknowingly appropriated by Drexler in his 1986 
book Engines of Creation: The Coming Era of Nanotechnology to describe what 
later became known as MNT. In that book, he proposed the idea of a nanoscale 
"assembler" which would be able to build a copy of itself and of other items of 
arbitrary complexity. 

Fig. 1.12  
K.E. Drexler. 

(source: 
www.caltech.edu) 

 
1.7. Current research and general market developments 
According to several surveys, the market development in the field of nanotechnol-
ogy is enormous and has got a huge potential. Nanotechnology applications may be 
found in the most of the aspects of our life: from medicine to industry, communica-
tion, transportation and, more important for our purpose, to architecture and con-
struction.  
Nanotechnology is the natural continuation of the miniaturization revolution that we 
have witnessed over the last decade. Especially the computer industry kept on push-
ing the limits of miniaturization, and many electronic devices we can see today, 
have nano features.  
Not only universities and private research centres but also business enterprises and 
consultants, banks, industries and governments are active in this fast development. 
On the international arena, USA, Japan and Germany lead the field in America, Asia 
and Europe respectively. According to some Market Research Companies, the 
global market volume for nano-based products is about 500 billion US dollars in 
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2010 with a projected 2,6 trillion US dollars in 2014 as all business sectors will be 
influenced by nanotechnology. 
Nowadays, nanotechnology plays a major role in many fields. Following there is a 
selection of the current applications: 

Fig. 1.13 a-b 
Left: nanorobot for 
medical applica-
tions. 
Right: space-filling 
model of a nano-car 
on a surface, using 
fullerenes as wheels. 

 Cosmetic industry: skincare and haircare products are the spreadest products as 
well as decorative cosmetics. 

 Air, space and automotive industry: in all these sectors new ultralight and ul-
trastrong materials are studied in order to improve vehicles performances speed 
and consumption. Nanostructured materials may be more stable and insulating 
for space travels and lighter with a high reduction in kerosene consumption. 
Modern cars already use of scratch-resistant and abrasion-resistant paints and 
mirrors may darken photochromically as the light changes or self-clean them-
selves. 

 Medicine, life science and pharmaceutics are helped by new treatments and 
agents. Tumour cells may be targeted directly without damaging the entire or-
ganism or new materials may cover surgery equipments to avoid fogging phe-
nomena. Antibacterial catheters are studied to contribute to the reduction in in-
fections in hospitals. 

 Electronics. Reduction of sizes and new super-conductive materials help in cre-
ating new hyper-fast and super-small computers with new functionalities. 

 Environmental technology. The use of nanotechnology is increasing in the en-
ergy consumption, climate protection, water recycling. Dirty water may be 
cleaned using photocatalysis or anti-reflecting coatings and new nanocomposite 
improve the photovoltaic system efficiency also reducing CO2 emissions. Recy-
cling may be improved with “debonding on command” materials and systems 
that may ease the separation of materials from one to another while “bond-on 
command” systems may contribute towards long-term adhesion between differ-
ent components. 
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 Defence industry. New light and super-resistant materials may be use in the 
production of soldier clothing and equipment as well as new thin coating for 
military vehicles.  

 Optics and light. New energy-efficient lighting systems are improving everyday 
to create a new concept of lighting the surrounding space and objects. 

 Textile industry. The so-called smart textiles are equipped with additional func-
tionality: self-cleaning water-repellent clothing and membranes may be use eve-
ryday changing our lifestyle. 

 Sport and recreation. Ultra-
light extra-robust sports 
equipments as suits, helmets, 
rackets and so on are already 
produced. 

Fig. 1.14  The above-mentioned trends are 
just a few of the possible 
applications that nanotechnology 
may have in the market. 

Graphical represen-
tation of a rotaxane 

used as molecular 
switch. 
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2. Worldwide activities in nanotechnology R&D 
 
2.1 Introduction  
In the early stage of 
nanotechnology develop-
ment and diffusion, many 
expected benefits have not 
yet been fully accom-
plished. However, scien-
tists and researchers in the 
scientific disciplines ag-
gressively got involved in 
a relevant research as a 
parallel way to boost 
nanotech competitiveness 
through academic re-
search, and corporations have been directing their R&D activities towards the explo-
ration of nanotech opportunities. 

Fig. 2.1  
Public expenditure 
[million of Dol-
lars/Euros] on 
nanotechnology 
(source: European 
Commission). 

Nowadays, nanotechnology is highly prioritized on the global scientific agenda. The 
most of the countries all over the world regard it as an interesting area of exploita-
tion to material science and engineering, setting up national initiatives in order to 
prepare for the technological challenge. Research activities on nanoscience are con-
tinuously increasing as each government would like to have a strong and advanced 
leader-ship position in high-technology R&D. Several countries started national 
programme on nanotechnology between the mid-1980’s and the mid-1990’s and the 
overall investment has risen from around 200 million of euros in 1997 to around 
1000 millions in 2003. 
Volumes of scientific pub-
lications are a commonly 
accepted indicator of sci-
entific performance in spe-
cific technological do-
mains. They help illustrate 
the existing status and 
forecast future develop-
ments of a technology. The 
printed tables show the key 
trends and the respective 
involvement of European 
Union, United States of 
America, Asian countries 
including Japan in scientific & engineering research related to nanotech over the pe-
riod of 1990–2004.  

Fig. 2.2  
Public expenditure 
[million of Dol-
lars/Euros] on 
nanotechnology in 
2003 (source: Euro-
pean Commission). 
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Table 2.1 (source: Elsevier COMPENDEX database) 
Overall volumes of scientific output over time related to nanotech 

Total number by region 
Year 

Total worldwide 
share European Union 

United States of 
America 

Asia Japan 

1990 2 1 1 0 0 
1991 1 0 1 0 0 
1992 17 2 5 5 5 
1993 19 7 2 6 4 
1994 279 69 112 61 37 
1995 1082 269 307 325 181 
1996 1256 422 246 374 214 
1997 1356 415 275 440 226 
1998 1115 348 230 372 165 
1999 1630 502 294 555 279 
2000 1798 534 381 614 269 
2001 2545 685 593 905 362 
2002 3631 919 926 1247 539 
2003 5137 1216 1430 1839 652 
2004 8171 1808 2366 2953 1044 
Tot  7197 7169 9696 3977 Fig 2.3  

Worldwide scientific 
output over time re-
lated to nanotechnol-
ogy (source: Elsevier 
COMPENDEX data-
base) 

 
Specific circumstances such as rates and levels of economic development, levels of 
education of the workforce, as well as specific industrial strengths and weaknesses, 
induce the differentiation in science and technology policies of the different coun-
tries, attempting to gain and maintain the leading edge in nanotechnology. 
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Shares of individual countries in EU also varied with particularly strong position of 
Germany, France, UK and Italy. Very slow advances are observed in nanotechnol-
ogy research by other EU countries as illustrated in the figure below. 

Fig 2.4  
European scientific 
output over time re-
lated to nanotechnol-
ogy (source: Elsevier 
COMPENDEX data-
base) 

 
Some studies showed that Asian countries play a very important role in the global 
nanotechnology research, accounting for approximately 40% of all scientific and 
technical articles worldwide. It demonstrated the dominant position of Japan and 
catching up processes of China in Asia; similarly Germany, France, UK and Italy in 
EU; which are becoming major players in this emerging technology area.  
Nowadays, nanoscience and nanotechnology are objects of an intensive study and 
funding and all the governments try to develop new regulations to ensure a primary 
position in this field. 
In the European Union the 6 Framework Programme identified nanotechnology as a 
primary area with 250 million Euro/year; in USA the National Nanotechnology Ini-
tiative (NNI) became a federal initiative with 220 million dollars funding; Japan 
started in 2003 with 800 million dollars. Many other countries, as China or South 
Korea, are active on nanotechnology research and everyday new researches are set-
tled in. 
 
2.2 European activity on Nanoscience and Nanotechnology 
European Union feels that a strong R&D position in nanoscience needs to be trans-
lated into a real competitive advantage for European industry. The transformation of 
industry towards high-added value organisations necessitates real integrated ap-
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proaches, either “vertical”, combining materials sciences, nanotechnologies and pro-
duction technologies, or “horizontal”, combining multi-sectorial interests. 
More particularly, European industrial production needs to move from resource-
based towards knowledge-based more environment-friendly approaches, from quan-
tity to quality, from mass produced single-use products to manufactured-on-demand 
multi-use. These changes are associated with radical shifts in the industrial struc-
tures, involving a stronger presence of innovative enterprises, with capabilities in 
networks and mastering new hybrid technologies. 
 
2.2.1 European Union laws and regulations 
During the past decade, a lot of laws and recommendations were studied and pub-
lished to improve a higher interest towards nanoscience. Following, there are some 
of the most relevant European Union laws concerning nanotechnology: 
 2002, Council decision adopting a specific programme for research, technologi-

cal development and demonstration1; 
 2004, Communication from the Commission: Towards a European strategy for 

nanotechnology2;  
 2004, Conclusion of the Council of the European Union concerning the Euro-

pean strategy for nanotechnology3; 
 2005, Opinion of the European Economic and Social Committee on the Com-

munication from the Commission: Towards a European strategy for nanotech-
nology4; 

 2005, Communication from the Commission to the Council, the European Par-
liament and the Economic and Social Committee: Nanoscience and Nanotech-
nologies: An action plan for Europe 2005-20095; 

 20 June 2005, EU-US Declaration: Initiative to enhance transatlantic economic 
integration and growth6; 

 2006, European Parliament resolution on nanoscience and nanotechnologies: 
An action plan for Europe 2005-2009; 

 2006, Opinion of the European Economic and Social Committee on the Com-
munication from the Commission to the Council, the European Parliament, and 
the Economic and Social Committee – Nanoscience and Nanotechnologies: An 
action plan for Europe 2005-2009; 

 2007, Opinion on the ethical aspects of nanomedicine from the European Group 
on Ethics in Science and New Technologies7; 

                                                 
1 2002/834/EC. 
2 COM(2004) 338, 12.5.2004.   
3 Doc. 12487/04 .  
4 COM(2005) 243, 7.6.2005.   
5 COM(2004) 338. 
6 10305/05 (Presse 159). 
7 EGE Opinion No 21, 17 January 2007.   
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 2007, First Report on the implementation of the Nanotechnologies Action Plan 
for Europe 2005-20098; 

 2008, Commission recommendation on a Code of conduct for responsible 
nanosciences and nanotechnologies research9; 

 2009, Second Report on the implementation of the Nanotechnologies Action 
Plan for Europe 2005-200910. 

 

 

Fig. 2.5  
Public expenditure 
[million of Euros] in 
Europe in 2003. 
(source: European 
Commission). 

 
2.2.2 The 6 Framework Programme: 2002-2006 
The sixth Framework Programme (FP6-NMP) started on the 30th September 2002 
and ended on the 31st December 2006 providing 1429 million of Euros overall fund-
ing. 
The primary objective of “Nanotechnologies and nanosciences, knowledge-based 
multifunctional materials and new production processes and devices” is to promote 
real industrial breakthroughs, based on scientific and technological excellence with 
250 million of Euros per year funding 
A radical breakthrough may be achieved through two complementary approaches: 
creation of new knowledge and new ways of integrating and exploiting existing and 
new knowledge. 
The FP6 is structured in three main blocks of activities: 

1. Focusing and Integrating Community Research; 
2. Structuring the European Research Area; 
3. Strengthening the foundations of the European Research Area. 

                                                 
8 COM(2009)607 final. 
9  C(2008) 424 final. 
10 COM(2009)607 final. 
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The “Nanotechnologies and nanosciences, knowledge-based multifunctional materi-
als and new production processes and devices” is one of the seven thematic priori-
ties laid down in the “Focusing and Integrating Community Research” programme 
of FP6.  
 
2.2.3 The 7 Framework Programme: 2007-2013 
The Seventh Framework Programme (FP7) started on the 1st January 2007 and it 
will expire on the 31st December 2013 providing a 3475 million of Euros funding.  
The objectives of the FP7 research theme “Nanosciences, nanotechnologies, materi-
als and new production technologies” are: 
 to improve the competitiveness of European industry; 
 to generate knowledge and ensure transformation from a resource-intensive to a 

knowledge-intensive industry; 
 to generate step changes in knowledge; 
 to implement decisive knowledge for new applications at the crossroads be-

tween different technologies and disciplines; 
 to benefit both new, high-tech industries and higher-value, knowledge-based 

traditional industries; 
 to enable technologies which impact all industrial sectors. 
The main activities on nanoscience will focus on new materials and systems with 
pre-defined properties and behaviour. The main goals are:  
 new knowledge of the interactions of atoms, molecules and their aggregations 

with both natural and artificial entities; 
 the realisation of nano-structures, systems or materials;  
 activities aiming at understanding or imitating the natural processes at nano-

metric scale; 
 processes for nano-fabrication, surface functionalization, thin layers, self-

assembling properties;  
 methods and processes for measuring and characterisation.  
According to the new models of manufacturing industry, it is the materials them-
selves which are becoming the first step in increasing the value of products and their 
performance, rather than the processing steps themselves. Thus, research will focus 
on developing new advanced materials and surfaces with higher knowledge content, 
new functionalities and improved performance as they are increasingly critical for 
industrial competitiveness and for sustainable development. 
A new approach to manufacturing is required for the transformation of EU industry 
from a resource-intensive to a sustainable knowledge-based industrial environment 
and will depend on the adoption of totally new attitudes towards the continued ac-
quisition, deployment, protection and funding of new knowledge and its use, includ-
ing towards sustainable production and consumption patterns. 
One of the main activities sponsored by FP7 will focus on the exploitation of multid-
isciplinary research networks and of the convergence of the nano-, micro-, bio-, geo, 
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info-, optical and cognitive technologies to develop new added-value hybrid tech-
nologies, products and engineering concepts and the possibility of new industries. 
The integration of new knowledge from nano-, materials-, and production-
technologies will be supported in sectorial and cross-sectorial applications such as 
health, food, construction and building including cultural heritage, aero-space indus-
try, transport, energy, chemistry, environment, information and communication, tex-
tiles, clothing and footwear, forest-based industry, steel, mechanical and chemical 
engineering, as well as in the generic subjects of industrial safety and measurement 
and testing.  
Is widely recognized that the competitiveness of the industry of the future will 
largely depend on nanotechnologies and their applications that might accelerate the 
transformation of European industry.  
The Programme supports research actions in the following areas:  
 nanosciences and nanotechnologies; 
 materials; 
 new production technologies; 
 integration of technologies for industrial applications. 
Research activities carried out within this framework should respect fundamental 
ethical principles, including those which are reflected in the Charter of Fundamental 
Rights of the European Union.  
 
2.3 USA National Nanotechnology Initiative (NNI) 
As nanoscience has advanced, new discoveries are made and new nano-products are 
entering the international market, the governments attention towards these new high-
technologies as a leading future economic growth for the countries is increasing con-
tinuously.  
In November 1996 to coordinate and discuss the federal plans, programme and 
works on nanoscience, a group from several agencies was formed. In September 
1998 the Interagency Working Group on Nanotechnology (IWGN) was established 
under the National Science and Technology Council (NSTC) and in August 1999 it 
completed its first draft of a plan for an initiative in nanoscale science and technol-
ogy. In 2001 Clinton administration raised nanoscale science and technology to the 
level of a federal initiative, officially referring to as the National Nanotechnology 
Initiative (NNI). Subsequently, the IWGN was disbanded and the Nanoscale Sci-
ence, Engineering and Technology (NSET) Subcommittee was established as a 
component of the NSTC’s Committee on Technology (CT). The CT is composed of 
senior-level representatives from the federal government’s research and develop-
ment departments and agencies, and it provides policy leadership and budget guid-
ance for this and other multiagency technology programs. 
The NSET is responsible for coordinating the federal government’s nanoscale re-
search and development programs and includes representatives of departments and 
agencies currently involved in the NNI and Office of Science and Technology Pol-
icy (OSTP) officials. The National Nanotechnology Coordination Office (NNCO) 
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was also established to provide day-to-day technical and administrative support on 
federal nanotechnology activities for government organizations, academia, industry, 
professional societies, foreign organizations. The importance of a coordinated fed-
eral program for nanotechnology R&D was given greater recognition in 2003 with 
the enactment of the 21st Century Nanotechnology Research and Development Act 
(Public Law 108-153, Dec. 3, 2003). 
Today the NNI consists of the individual and cooperative nanotechnology-related 
activities of 25 Federal agencies with a range of research and regulatory roles and 
responsibilities. Thirteen of the participating agencies have R&D budgets that are 
related to nanotechnology, with the reported NNI budget representing the collective 
sum of these. The NNI as a program does not fund research; however, it informs and 
influences the federal budget and planning processes through its member agencies. 
 

 
Acronyms: DHS — Department of Homeland Security; DOC — Department of 
Commerce; DOD — Department of Defense; DOE — Department of Energy; 
DHHS— Department of Health and Human Services; DOJ — Department of Jus-
tice; DOT — Department of Transportation; EPA — Environmental Protection 
Agency; FHWA — Federal Highway Administration; NASA— National Aeronau-
tics and Space Administration; NIH — National Institutes of Health; NIST— Na-
tional Institute of Standards and Technology; NSF — National Science Foundation; 
TSA — Transportation Security Administration; USDA — U.S. Department of Ag-
riculture. 
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Fig. 2.6  
The 25 US federal 
agencies joining NNI. 
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Fig. 2.7  
Actual NNI budget 

history. (source: 
www.nano.gov) 

 

 
2.4 Japan & Australasia 
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Japan has been investing in nanoscience since the 1980s and after USA is the big-
gest nanotechnology R&D spender worldwide. The Japanese government views the 
successful development of nanotechnology as one of the keys to the reinvigoration 
and sustainable success of the Japanese economy. Government agencies and large 
corporations are the main sources of funding for nanotechnology in Japan; small and 
medium-sized companies play only a minor role. Research activities are generally 
grouped in relatively large industrial, government, and academic laboratories.  

Fig. 2.8  
Public expenditure 

[million of dollars] in 
Australasia in 2003. 

(source: 
www.nano.gov) 

 
In response to the National Nanotechnology Initiative in the United States, the Japa-
nese government set up an Expert Group on Nanotechnology under the Japan Fed-
eration of Economic Organizations (Keidanren) Committee on Industrial Technol-
ogy. From 2001, Japan targeted nanotechnology as one of four priorities in science 
and technology budget. Anyway, all the other countries in Asia and Australia set 
nanotechnology one of the primary trend of research increasing their public invest-
ment, as shown in the above graph. 
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3. Nanotechnology and Architecture: a new way of planning 
 
3.1 Introduction 
The use of nanotechnology in the construction sector is wide and varies from the 
early stages of planning to the final stages of finishing, especially in choosing the 
right materials with the correct and appropriate characteristics and behaviours that 
could better deal with external stimuli. 
This new concept will not only reflect the design but also has a great influence in the 
methodology of thinking about architecture according to the new vast options that 
nanotechnology offers. In other words, in the construction sector nanotechnology is 
an enabling technology that may help to make other technological developments. 
When introducing a new technology to any field, it should be always examined at 
first all the possible benefits it could bring. In the case of application of nanotech-
nology to the construction sector, added value, additional functionality, as well as 
market demand with regard to product development are the most important aspects. 
Good design, in principle, is always based on demand, and in this way contributes to 
the evolution of both nanomaterials and the resulting nanoproducts. The use of 
nanotechnology is an ongoing demand for innovations as a result of the growing sci-
entific cooperation between the different countries. More particularly, in the archi-
tectural planning process it is necessary to bring together the knowledge of many 
specialist planners. Generally, it is possible to say that independent of any factor 
nanotechnology can make a concrete contribution to the following areas: 
 optimization of existing products; 
 reduction in weight and/or volume; 
 reduction in the number of production stages; 
 a more efficient use of materials; 
 reduced need for maintenance and/or operational upkeep and/or protection; 
 reduction in the consumption of raw materials and consequently a longer con-

servation of the primary resources; 
 reduction of the waste of energy and reduction of the CO2 emissions; 
 greater economy; 
 more comfort. 
Nanotechnology may help architects and designers in finding and applying new cus-
tomized materials with specific individual properties. From the client, or the user, 
point of view, the most realistic and sensible application focuses on aspects of aes-
thetics, functionality, economy and sustainability. 
 
3.2 Nanoarchitecture: new creativity and high-performance buildings 
In all the centuries, architects tried to find different and novel ways to use new tech-
nologies in architecture changing how a building is designed and built or look like. 
Thus, every day, new concepts of the surrounding space are developing. Nanoarchi-
tecture, as a new contemporary architectural style of the 21st century, is revolutioniz-
ing the architectural world in many aspects as the way architects design buildings or, 
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most of all, the possibility to use new materials with new enhanced properties. Sub-
atomic (nano) particles have been fascinating scientists since the first half of the 20th 
century and nowadays the study of the matter at the nano level is a new attractive 
believe that is accelerating worldwide the scientific research as matter at the 
nanoscale level may perform with new advanced functions. 

A new concept in planning is spreading out, bringing us back to natural forms as 
natural structuring or branch systems usually establish suboptimal strength-to-
weight ratio. Molecular-engineered buildings are expected to be 10% as massive as 
buildings today, resulting in entirely new systems of structuring and forming. Struc-
ture will be integrating with the building shell, walls and enclosure and construction 
materials will be seamlessly fused in a completely unified entity. In a certain way it 
is possible to say that nanotechnology will reshape the man-made environment. 

Fig. 3.1 a-b 
Left: Saldarini house 
known as “The dino-
saur” or “The whale” 

and built in Baratti 
(Livorno, Italy) in 

1962. 
Right: the Atomium, 
built in 1958 for the 

Brussel’s World’s 
Fair designed by 

André Waterkeyn. 

The notion of “growing architecture” was first proposed in 1961 by William Katavo-
los1, and expanded by Vittorio Giorgini2 in “Early experiments in architecture using 
natures building technology” in 1977.  

                                                 
1 William Katavolos. Professor at the Pratt Institute School of Architecture (Brooklyn, NY). 
2 Vittorio Giorgini (Florence, 1926- 2010). Italian architect who spent his life in studying the relationship 
between architecture and biological systems.  
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It is well noted that “large plants and animals have vascular systems and intricate 
channels to carry material to molecular machinery working through their systems. In 
a similar way, artificial assembly systems could also employ this strategy to build a 
scaffold, then working through its volumes incorporating materials from the central 
source, in this case, the vat”.  
Vat growth may be described through the process of accretion with atoms adhering 
to a base. At the scale of a building, there must be a linear or directional growth pat-
tern: root, stem, rib, branches, nourished by a “fibro-vascular” distribution. 
Taking inspiration from diamonds, a carbon made crystal, it will be possible to build 
large “carbon structures” of architectural scale with structural elements that will be 
produced by nanobots3 in any shape from dense to porous, from transparent, trans-
lucent to opaque. Nanotechnology may lead to lightweight, invisible structures that 
could perform a tremendous strength. Nanobots will produce clear sheets of dia-
mond, a few millimetres thick, to form the exterior membrane of a building that 
could be opaque or, by electro-molecular realignment, could become translucent or 
transparent. This “morphability”, empowered by millions of controlled nanomotors, 
will alter the buildings main characteristics. Furthermore, protective nano-
membranes may regulate light and air depending on external conditions. In warmer 
weather, the molecules respond by collapsing tightly, exhausting the air; for in-
creased insulation the molecules expand into a thick foam with innumerable closed 
air spaces. Further advantages of morphable substances include such applications as 
interior room partitioning and adjustable, self-adaptive furniture that responds to po-
sition, attitude, and comfort requirements. The “seeds”, or coding device, will re-
place conventional specifications and construction procedures. In regards to ecologi-
cal relationships, the seeds will contain all the instructions with feedback allowing 
the new building to respond to its immediate surroundings. The most extraordinary 
proposal is coordinating the artificial coding of a building with the DNA of a living 
environment. In other words, the building would be programmed to monitor its in-
ternal environment and adjust or alter its design to be in harmony, or symbiotic rela-
tionship, with the external space by means of millions of smart nanosensors. Fra-
zier4 addresses the emerging field of “architectural genesis”. He approaches coding 
for architecture stating that “a building as, an artefact, is designed to interact and 
evolve with natural forces”. Frazier proposes “a new, computer-based technology 
for developing design models, not in physical form at this stage, but rather of inner 
logic. The computer model will be the expression of the equilibrium between the 
androgynous development of the architectural concept and the exogenous influences 
exerted by the environment”. These buildings may be considered self-organizing 
“will maintain stability by negative feedback interactions and promote their evolu-
tion in their employment of positive feedback”. The building knows its coding for 
development and may be considered an organism of artificial life and intelligence.  

                                                 
3 Nanobot: robot in nanoscale. 
4 Owsley Brown Frazier (born 7th May 1935, Louisville, Kentucky (USA)) is an American philanthropist 
who founded the  Frazier International History Museum. 
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The molecular building process is not biological, but mechanical; living cells are 
replicated by dividing, assembles replicate mechanically, by building others. As 
Drexler wrote: “the great difference is that nanotech use not living ribosome but ro-
botic assemblers, not veins but conveyors belts, not muscles but motors, not genes 
but computers. Not cells dividing but small factories producing products and addi-
tional factories”. Assemblers are robots, or  nanobots, with communicative powers 
that in collaboration can build anything they are programmed to build. They are or-
ganized by a main computer, into specialized building crafts that operate as part of a 
vast constriction project. Mechanical assemblers are expected to employ a greater 
variety of tools and use them with greater force, control, and precision than ri-
bosomes can in nature. Frazier envisions an architecture developed to this state as 
“literally part of nature, in which manmade and natural environments are to be con-
sidered each as parts of a global ecosystem”.  
 
3.3 NanoArchitecture: Johansen visionary projects 

The American architect 
John Mac Lane Johansen 
(born in New York, 1916) 
who studied under Walter 
Gropius at Harvard 
University, proposed some 
revolutionary projects based 
on molecular growth. In the 
early stages of this process, 

small molecules survive only in a sealed vat where an entactic environment is as-
sured. However, it is likely that these perishable molecules will build larger and 
more durable and they will withstand and survive in the external environment. This 
development from simple to complex molecules, from inside to outside the vat, is 
the critical and essential assumption of his proposal. One of his most important work 
is the Morris Mechanic Theatre built in Baltimore in 1967 but here, we will feature 
some of his works inspired by nanotechnology, magnetic levitation and bioengineer-
ing. Some of these projects were funded in part by a grant from the Graham Founda-
tion for Advanced Studies in the Fine Arts. 

Fig. 3.2  
Left:John Johansen. 

Right: Morris Me-
chanic Theatre 

 
3.3.1 The Metamorphic Capsule (1992) 
The Metamorphic Capsule is an enclosure whose form, opacity and colour are con-
trolled by electromagnetic fields. The suspension of an object in space by the appli-
cation of electric forces has already been achieved in the laboratory. In this project, 
the surrounding field is formed by a system of nodes attached to a structural frame-
work, with corresponding nods placed on the outer surface of a fabric capsule place  



Nanotechnology and NanoArchitecture 29 

within the field. 
Continuous air 
pressure from 
within is neces-
sary to sustain 
the form of the 
capsule. The 
power of the at-
traction and re-
pelling forces 
sent to each node 
determines the 
overall shape of 
the capsule. 
Changes in the 
power sent to the nodes, or in the relative amounts of power sent to individual 
nodes, cause the capsule to undulate. Colour, degrees of opacity or transparency and 
other visual and audible stimuli can also be controlled. A serpentine levitator carries 
visitors around and through this shifting form. Movement of the individuals passing 
through the capsule can itself motivate visual effects. Brain waves that indicate the 
various moods are recorded and harnessed to prompt changes of light and sound. 
While not notably utilitarian, the capsule provides the experience of being swathed 
in a diaphanous, luminous, iridescent chamber in the timeless trading of the cave or 
womb. 

Fig. 3.3 a-b-c 
Left: deformation by 
Electro-Magnets 
Right: the Metamor-
phic Capsule. 
(source: Johansen  
John, Nanoarchitec-
ture: a new species of 
architecture) 

 
3.3.2 The Air Quilt (1995) 
In this project, a quilt of spherical air chambers 
from malleable, habitable enclosures are 
clustered in two layers in a geometric pattern 
of hexagons and pentagons. An adaptive 
building that can adjusts its interior volume by 
distorting the chambers into desired 
configuration. Distortion of the quilt surface is 
achieved by variable expansion and contraction 
of the two-layered air chambers.  

Fig. 3.4  
Hexagon layers of the 
Air Quilt. (source: 
Johansen  John, Na-
noarchitecture: a new 
species of architec-
ture) Transferring air from the outer layer to the 

inner one results in a bending action and a convex form. Conversely, air passing 
from the inner strata out creates a concave form as seen from the interior. As with 
the Metamorphic Capsule, internal air pressure sustains the envelope by  means of 
small air pumps, prompted by a computer system, power the air transference. By 
substituting helium gas for air, this structure would lift off and it could be tethered 
by cables to the ground. If could also be equipped with jet motors to lift and lower it, 
stabilize it against wind, and navigate it as well. 
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3.3.3 The Molecular Engineered House for the year 2200 (2000) 
The following is a diary created by the owner of a molecular-engineered house writ-
ten during its construction. It is set in the year 2200. 
 
Day 1: Excavation begins on site where assembly vats will be placed. 
Day 2: Vats delivered to building site, along with selected chemicals and bulk mate-
rials in liquid form. The various materials are then pumped into the vats. 
Day 3: The code developed from an architect‘s designs and then engineering and 
molecularly modelled, is ceremonially placed in the vat. We are amused that this 
code represents what long ago were the drawings, specifications, and strategies of 
construction management. 
Day 4: Molecular growth, in the form of a vascular system, begins. This starts with 
roots stemming from the chemical composite. Reaching up and out of the vat to 
ground level, the roots form rudimentary “grade beams” extending horizontally to 
the edge of the house, where they curve upward to support the superstructure. Cross 
ribs connect the grade beams and form the ground floor platform. 
Day 5: The cross of the superstructure starts with the development of primary exte-
rior and interior vertical ribs. The infill of minor connecting ribs, “the lattice”, also 
begins to develop. The lattices are of varied densities, and are programmed to meet 
stress requirements—being less dense and more open in pattern where door open-
ings are specified, for example. Fine web work a membranes appear as protective 
enclosures an interior partitioning. A neural net works communicating via transmis-
sions, and not pre-programmed, couples to the vascular system and begins operation.  

Fig. 3.5 a-b-c  
Natural walls (left), 
exterior view (cen-

tre), diagrams of the 
days of the construc-

tion of the Molecular-
engineered House 

(right). 

Day 6: The upper platforms, supported by lateral brackets stemming from some the 
major structural ribs, are accessibly by a sprouting central spiral staircase. Exterior 
protective membranes conceal the interior. The molecules of the membranes link to 
create an unbroken fabric. The membranes provide openings for access that are 
prompted by two molecular activates first, the membranes are infused with electric 
current by a manual selector that induces the molecules to disengage and form the 
openings. Second, other molecules, acting as muscles at the opening edge, flex to 
draw the exterior membrane apart. We enter our house. 

(source: Johansen  
John, Nanoarchitec-

ture: a new species of 
architecture) 

 



Nanotechnology and NanoArchitecture 31 

Day 7: For the first time, we experience the space, ample for a small house. Ethereal 
light glows through the translucent membranes. With a signal, these membranes 
change from translucent to opaque to transparent, providing a view anywhere at any 
time desired. Our house is self-sufficient, functioning without dependence upon any 
outside public services. Solar power activates heating, cooling, recycling of wastes, 
and purifying of water. The vats and vascular system, vital to the growth of our 
house, remain and will convey additional material when repair or replacement is re-
quired. Interior finishes grow around us. "Body support," known previously as sofas, 
chairs, tables, and beds, are springing up from the floor, out from the wall ribs, and 
hanging from the arched vault – furniture as an extension of the structure itself. The 
floor, a "morphable topographic carpet," consists of resilient, molecular, spongy 
substance that is responsive to our every comfort, whim, or tactile experience. 
Day 8: We return the next day to find our house more familiar. As a like "light 
modulator", the membrane responds to ever-changing conditions of the immediate 
environment to appear as cloudy, opalescent, gossamer, iridescent, and opaque. We 
have created an artificial, organic, protective cocoon. 
Day 9: After six days of molecular growth, we move in. the house anticipates our 
changing needs, expanding the living space to form a small study, repartitioning the 
master bedrooms, rearranging and redesigned the "body supports", and extending 
the wheeled legs to a new site. This shape changes demonstrate the flexibility of the 
molecular engineering. In future years, if we cannot find a buyer for our house, we 
will demolish it, or more correctly, the house will demolish itself. The building 
growth operations will be recycled for future buildings. 
 
3.4 The NanoHouse™, Australia 
The NanoHouse™ Initiative was conceived in 2002 by Dr. Carl Masens at the 
Institute for Nanoscale Technology at the University of Technology, Sidney (UTS) 
with a multidisciplinary team that includes people from many institutions within 
Australia such as The Commonwealth Scientific Industrial Research Organization 
(CSIRO). 
The NanoHouse was designed by the architect James Muir to illustrate what 
nanotechnologies are and how they work in a real building: for example, how the 
latest technology windows clean themselves, how tiles might resist build up of soap 
scum, or timber surfaces resist UV damage, etc.. The NanoHouse was planned to be 
as much of the house of the present as of the future incorporating products that al-
ready exist on the market. One of the main aim was achieving a good degree of 
flexibility to fit various environments and architectural needs. Furthermore, all com-
ponents assemblies, subassemblies and building elements have also been coordinat-
ing to fit to standard shipping and trucking container sizes. 
The NanoHouse has a radiative cooling paint as the outer surface of some of the 
roofing material: a metal roof coated with this paint will become a cooling element 
in a building rather than a source of unwanted heat gain. Other features are self-
cleaning glass, cold lighting systems and the dye solar cell, a photovoltaic cell based 
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on titanium dioxide rather than silicon. It would be 
possible to construct a building with many more, larger 
windows than is currently viable, since heat can be kept 
out and UV photo-damage prevented. Reduction of the 
solar heat gain through windows reduces the need for 
cooling via air-conditioning, saving electricity. In certain 
parts of a building, solar thermal radiation is welcome, 
such as the exterior surface of a thermal mass. Even if it is 
surrounded with glass walls, the NanoHouse does not 
need any curtains. Glassy windows can be made almost 
opaque at the flick of a switch with suspended particle 
device (SPD) glass. It can be done manually with a 

switch, or automatically by attaching a sensing device and a controller, in much the 
same way street lights go on when it becomes overcast. The technology uses parti-
cles dispersed in a liquid or in droplets encapsulated in a thin plastic film. The parti-
cles align, allowing light to pass through when a charge is applied to a coating of 
electrically conductive transparent material. The particles return to random positions 
and block light when there is no charge. SPD glass can be used as substitute curtain 
for privacy. Other glass technologies are available to fill the insulation role of cur-
tains. People are familiar with the use of dark colours to capture heat, but dark walls 
are ugly so, unsurprisingly, they rarely appear in house designs. There are nanotech-
nological solutions to the same problem: i.e. heat absorbent nano-particulate paints 
that are light-coloured in the visible part of the spectrum. Australian household ap-
plications utilizing nanotechnology extend beyond building materials and include 
clear sunscreens (Advanced Powder Technologies), supercapacitors for laptops and 
phones and smart paints.  

Fig. 3.6 a-b  
Nanohouse logo 

(top), system of the 
windows (bottom) 

(source: 
www.nanohouse.nl) 

Some of the types of technologies under consideration for inclusion in the house in-
clude: 

Fig. 3.7 a-b-c  UV/IR filtering and reflecting windows for control of unwanted solar heat gain; Eastern computer 
generated images of 

the NanoHouse™. 
 self-cleaning TiO2 coated glass; 
 protective coatings for furniture offering UV protection; 

 (left and centre), 
western image 

(right). (source:  

 bottles, food containers etc. with tuned optical properties for the enhancement 
of shelf life of both containers and contents; 

www.nanohouse.nl)  cold lighting systems for the harvesting of daylight during the day and use with  
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ultra efficient bright white LED light sources; 
 water quality control systems that remove pollutants from water, and clean ef-

fluent water; 
 light coloured paints without glare and dark pigments for paints that do not re-

tain heat. 
 
3.5 The NanoStudio™, USA 

In the NanoStudio, an interdisci-
plinary group of students from 
Ball University and Illinois In-
stitute of Technology explore 
nanotechnology‘s potential im-
pact on the built environment, as 
well as the social, ethical and 
environmental issues it raises. 
The aim of the project is 

designing buildings using nanomaterials including carbon nanotubes, quantum dot 
displays, and nanosensors to create new environments that are not limited by the 
constrains of traditional materials. The students‘ palette of materials included nano-
materials already developed in laboratories that are now working their way to mar-
ket. These include transparent carbon nanotubes, nanosensors small enough to em-
bed not only in building components but their users as well, and quantum dot light-
ing able to change the colour and opacity of walls and ceilings. 

Fig. 3.8  
NanoStudio logo. 
Fig. 3.9 a-b-c-d 
Top left: vacation 
House, moveable 
walls and roof sys-
tems are made of a 
light nanowire paper 
that allows compact 
design and modifi-
able spaces. Quantum 
dots and nanosensors 
are incorporated to 
control lighting and 
built environment in 
a passive way.  
Top right: NanoShell 
study.  
Bottom: NanoSpa. 
The use of CNTs, 
nanosensors and 
nano-display screen 
technology in exter-
nal envelope make 
people feel like they 
are in a different lo-
cation depending on 
nanomaterials 
adaptability and 
changeability.  
(source: da-
headley.iweb.bsu.edu
/NanoStudio2) 
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3.6 The Carbon Fibre Tower, USA 
The architect Peter Testa, with his partner Devyn 
Weiser and with the help of Arup New York 
designers, proposed in 2002 a prototype 40-story 
skyscraper made entirely of composite materials, 
mostly carbon fibre. According to Testa, whose firm 
Peter Testa Architects is located in Santa Monica, 
California, the willingness to use complex computer 
modelling tools will allow the design of new 
buildings, materials, and products that might 
transform the building industry. Although the 
materials seem well suited for architecture - in tension 
carbon fibre is five times stronger than steel - their 
use in buildings has been very rare. Testa, though, is 
convinced that (nano)composites will radically 
transform architecture during the next decade or two. 
His carbon skyscraper, which he likes to describe as a 
“woven building”, is designed to be not just less 
muscle-bound than the skyscrapers in which 
Americans work today but also more beautiful, 
environmentally friendly, and cheap to build. Testa’s 
carbon fibre tower is the product of ongoing research 
in computer-aided engineering and material science. 
But the basic form is not especially complex: a cy-
lindrical building 40 stories high. Then picture that 
cylinder strung together by 40 carbon-fibre strands, 
about 1 inch (2,54 cm) wide and nearly 650 feet (198 
m) long, that are arrayed in a helicoidal, or 
crosshatch, pattern. Filling in the structure between 
floors is an advanced glass substitute. A pair of ramps 
on the exterior of the building offers circulation and 
further stabilizes the structure. That, in simplified 
form, is Testa carbon tower. 

Fig. 3.10  
Longitudinal section  
(top) and plane (bot-

tom) (source: 
www.peter-

testa.com) 

Fig. 3.11  
The primary structure 
would be woven from 
carbon fibre and all 
the components, in-
cluding ramps lead-
ing to a typical office 
floor, would be 
manufactured from 
composite materials. 

(source: www.peter-
testa.com) 
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In the building there are no traditional materials such as concrete, steel or conven-
tional glass but every major element, including the floors and the exterior ramps, is 
made of some kind of composite material. Amazingly important is the structural use 
of continuous carbon strands, which are woven to form a structure that distributes its 
loads over its entire surface. 

Fig. 3.12  
Floors are accessed 
by elevators and by 
two perimeter ramps, 
that also help in dis-
tributing air and pro-
viding solar protec-
tion. 
(source: www.peter-
testa.com) 

The tower aims to reconfigure all three central elements of contemporary skyscraper 
design: structure, circulation, and heating-and-cooling systems and taken together, 
the building’s innovations open up the potential for what Testa calls a new “organic 
minimalist aesthetic” — a building whose surface and structure are one and the 
same. The 24 strands will be fixed into shape by something called a robotic pultru-
sion machine, which Testa envisions climbing up the structure like a spider and 
weaving the strands on the side of the tower as it is built. “You just bring a bundle of 
fibres and some plastic to the site, and then you manufacture the building right 
there”, he says. “Each of the strands will have its own machine”.  
That method would offer obvious energy-saving advantages over traditional con-
struction techniques, but there is another dramatic benefit as well.  

Fig. 3.13  
Render image. 
(source: www.peter-
testa.com) 
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As Testa envisions it, this 40-story skyscraper won’t need any 
vertical structural elements: no columns between floors, no 
central core. Air circulation would be handled through a pair of 
continuous open cylinders, or “virtual ducts”, that run from the 
top of the building to the bottom and operate on the kind of 
displacement ventilation system that is already appearing in 
some European buildings. Three groups of elevators are 
distributed throughout the floor plan, instead of being crowded 
together at the core. 

Fig. 3.14  
Render image. 

(source: www.peter-
testa.com) 

 
 
3.7 Laboratory for Visionary Architecture (LAVA) – Branded Towers 

Fig. 3.15 a-b  
Left: LAVA logo. 

Right: Branded tower 
render. (sorce: 

www.l-a-v-a.net) 

LAVA was founded by Chris Bosse and 
Tobias Wallisser in 2007 with the motto 
“Green is the new black”. The founders 
think that architecture has always been, 
and always will be, the mirror of the 
society reflecting the current tech-
nology. In a certain way they want to 
reposition the role of man in the natural 
environment using the latest advances in computing and building technology.  
The Branded Tower is a concept tower prototypical building that will be located at 
strategically chosen locations around the world. This tower is claimed by some to 
become the successor of the actual towers that dominate our cities. With intelligent 
systems and skins, it can react to the external influences such as air-pressure, tem-
perature, humidity, solar-radiation and pollution.  
To create a robust and light-weight structure new materials and technology will be 
used to harmonize the building to its surroundings.  
Among the Branded Towers planned by LAVA, the Michael Schumacher Tower is a 
plan for an unprecedented series of branded towers featuring in seven cities 
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worldwide to mark Michael Schumacher's extraordinary feat of seven World 
Championship titles.  
More particularly, the Michael Schumacher World Champion Tower was launched 
in Abu Dhabi using some new high-tech materials to create an intelligent building 
systems that will work together with the ergonomic design of the interior to make an 
efficient, seamless living environment. The 250 m high structure is located in Abu 
Dhabi's Central Business District on Reem Island and it is the first wharf tower in 
the world.  
The ecological impact of the Abu Dhabi tower will be limited using the most con-
scientious and advanced methods available such as the followings: 
 cogeneration of power; 
 low to zero emissions from incineration of waste; 
 central cooling and free cooling from the sea; 
 photovoltaic cladding; 
 sun shading to reduce heat load; Fig. 3.16 a-f 

MSWC Tower ren-
ders with Abu Dhabi 
skyline. (source: 
www.mswct.com) 

 high performance building management and maintenance systems. 
Water efficient technology is an other important factor in the plans, with customis-
able settings for domestic usage as well as on-site water conservation measures. 
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3.8 Shimizu TRY 2004 Mega-City Pyramid, Japan 
The Shimizu TRY 2004 Mega-City Pyramid is a proposed project for construction 
of a massive pyramid over Tokyo Bay in Japan.  
The masterplan was made by the Italian architect Dante Bini5 and sponsored by the 
Japanese Shimizu Corporation. If built, it would be the largest man-made structure 
in Earth's history (2004 m high) but, according to Discovery Channel, it would be 
complete only within the year 2110 as nowadays this structure is not feasible with 
current technology and resources. Engineering and some laws of physics do not al-
low for such structures to be built, due to complex issues such as basal water pres-
sures to be delivered 2000 m up, as well as wind cross-shears on the structures in-
side the pyramid. 

This pyramid would help answer 
Tokyo's increasing lack of space, 
although the project would only handle 
1/47th of the Greater Tokyo Area's 
population. The structure would be 
about 14 times higher than the Great 
Pyramid at Giza, and would house 
about 750.000 people. The structure 
would be 730 meters above mean sea 
level (AMSL). The proposed structure 
is so large that it cannot be built with 

currently available materials, due to their high weight. The design relies on the fu-
ture availability of super-strong lightweight materials based on carbon nanotubes.  

Fig. 3.17 
Shimizu Mega-city 

Pyramid foundation’s 
position over Tokyo 

Bay. (source: 
www.shimz.co.jp) 

The dimensions are impressive: the foundation’s perimeter would be 2004 m with an 
area of 8 square kilometres. The connected infrastructure would occupy an area of 
approximately 25 square kilometres while the gross building area is about 88 square 
kilometres of facilities layers of 146,4 m height each one, for 5 layers, the pyramid 
is 730m tall: 
 layers 1 to 3: residential, offices, etc.  
 layers 4 to 5: research, leisure, etc.  
Its construction would be technically complicated as the pyramid structure would be 
composed of 204 smaller pyramids stacked eight high. The pyramid's foundation 
would be formed by 36 piers made of special concrete. Because the seismically ac-
tive Pacific Ring of Fire cuts right through Japan, the external structure of the pyra-
mid would be an open network of megatrusses, supporting struts made from carbon 
nanotubes to allow the pyramid to stand against and let through high winds, and sur-
vive earthquakes and tsunamis. 
The trusses would be coated with photovoltaic film to convert sunlight into electric-
ity and help power the city that will also be powered by pond scum or algae.  

                                                 
5 Dante Bini (born 1932) is an Italian architect, known as the architect of the pyramids due to the struc-
ture that he mostly studied and built. He is a pioneer in automated building construction systems and head 
of the Binisystems. 
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Large robots would assemble the truss structure, and air bladders would be used to 
elevate trusses above the first layer using a construction system proposed by Italian 
architect Dante Bini. Spheroid nodes at the connections between trusses would pro-
vide structural support and serve as transfer points for travellers. 
The building would be zoned into residential, commercial and leisure areas. 50 km² 
would be given over to some 240.000 housing units, enough for 750.000 people. 
Each building would have its own energy resources (sun and wind). About 24 km² 
would be assigned to offices and commercial facilities intended to employ 800.000 
people. The remaining 14 km² would be used for research and leisure purposes.  
Australian Company, Straight Edge Tiling, have secured a contract for the internal 
tiling of the Pyramid. CEO Daiman Cartan met with construction engineer David 
Dimitric and lawyer Tavis Gorman in December 2007 to discuss innovative con-
cepts regarding the huge task, as well as legal boundaries, to which an agreement 
was made. 

Fig. 3.18 a-l 
Shimizu Mega-city 
Pyramid renders. 
(source: 
www.shimz.co.jp) 
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3.9 NanoCity, India 
The NanoCity is a visionary project developed by the Haryana Government and Sa-
beer Bhatia of Hotmail fame as a joint venture near Panchkula. It has been designed 
by the Berkeley Group for Architecture and Planning (BgAP), University of Califor-
nia, Berkeley, to develop a sustainable city with world class infrastructure and to 
create an ecosystem for innovation leading to economy, ecology and social cohe-
sion. NanoCity spans 4500 ha of flatland beyond the foothills of the Himalayas. 
More precisely, it is located about 25 km east of Chandigarh and just 200 km north 
of Delhi. NanoCity has been designed on three main principles: 
 green-city: uses context as opportunity, promotes a lush and sheded climate-

sensitive environment, encourages the expansion of local natural systems and 
advances ecologically intelligent and sustainable design. Half of the land will 
thrive as a green open space; the urban infrastructure will be ecologically intel-
ligent and sustainable by outfitting the buildings with energy efficient systems 
based on new high-technologies and renewable energy sources. 

 flex-city: creates an adaptable and 
evolving framework - based on 
nanomaterials - that is flexible over 
time, responds to changing needs 
and adjust to future uses and 
patterns of growth. 

 complex-city: proposes a city of 
mixed use districts, encourages a 
dynamic sequence of neighbour-
hoods and open spaces, defined 
unique nodes of density and char-
acter linked by an efficient system 
of transportation and communication.  

Fig. 3.19 
NanoCity location. 

(source: 
www.nanocity.in) 

Fig. 3.20 
NanoCity master-

plan. (source: 
www.nanocity.in) 
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Parks and open spaces help facilitate healthy living and create positive social envi-
ronment that gives citizens a common sense of belonging. The urban structure has 
been developed as mixed-use buildings with the street level devoted to business and 
trade and the upper floors allocated for residential use thus creating a market of mu-
tually complimentary and supportive services and activities.  
The most attractive NanoCity claims are the sustainability and sustenance as the new 
town will preserve the naturally existing resources of the land and living nano-
machine technology will provide NanoCity with the capacity to convert waste-water 
into odour-free drinking water. Half of the energy used in the city will come from 
renewable sources: wind, solar and photovoltaic technologies. Buildings will use 
climate responsive design techniques or new energy-saving materials such as sun 
shading, cross ventilation, direct evaporative cooling or phase changing materials.  

Fig. 3.21 a-b 
NanoCity renders. 
(source: 
www.nanocity.in) 
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3.10 Sylvia Leydecker: nanoapplication in interiors, Germany 
Sylvia Leydecker is a German interior architect, leader of the 
Office 100% Interior in Cologne. She focuses her research 
on the application of nanotechnology in architecture trying to 
apply new nanostructured materials in her projects. 
Below, two schematic plans for a hotel room and a bank 
branch room demonstrate her concepts in using nano-
functions in interior design. The spaces are optimized 
through the strategic use of nanosurfaces with regard to 

aesthetic, economical and ecological concerns.  

Fig. 3.22 
Sylvia Leydecker. 

Leydecker is confident that although these new concepts are visionary, they could 
already be realized today in this or a similar form. 
 
  
 

Fig. 3.23 
Nanostructured ma-
terials used in the 
interiors of a hotel 
room. 
(source: Leydecker 
S., Nanomaterials in 
architecture, inte-
rior architecture 
and design) 

Fig. 3.24 
Nanostructured ma-
terials used in the 
interiors of an office 
room in a bank 
branch. 
(source: Leydecker 
S., Nanomaterials in 
architecture, inte-
rior architecture 
and design) 
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4. Nanomaterials: new materials in construction 
 
4.1 Introduction 
Nanomaterials are defined as those materials that have at least one dimension in the 
nanometre scale. At that scale, nanomaterials show dramatic changes and new prop-
erties that cannot be usually reported at the macroscopic scale. This new phenome-
nology often includes surface and interface phenomena, electronic confinement and 
quantum mechanics in general. The new generation of construction materials must 
be investigated within a scientific approach addressed to create multifunctional high 
performance materials and a more economically way of production. Furthermore, it 
must be said that far from being just a science and technology fashion, nanotechnol-
ogy is a necessary path to achieve a real competitive and sustainable growth and in-
novation within the construction industry. 
 
4.2 Nanotechnology R&D in Construction, a 2005 survey 
In 2005, a selection of a 150 individuals and companies, representing researchers, 
engineers, architects and contractors from EU and worldwide were contacted for a 
survey in order to understand the state of knowledge, progress and applications of 
nanotechnology to the construction industry (source: EU commission). 
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A large majority of respondents stated that they are involved in research and many 
come from either universities or government bodies and are involved in design on 
several construction fields (fig. 4.1 and fig. 4.2). This is quite important as those 
who are in the research and management field are most likely to be knowledgeable 
of nanotechnology in construction. 
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It’s noteworthy that the majority of respondents stated that they have a good knowl-
edge of nanotechnology (fig. 4.3) with direct applications to the construction field 
(fig. 4.4) as they are involved in this research sector. Only a few percentage of peo-
ple (5 + 10 %) have a very little knowledge of this specific area.  
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The most of the researches are focused on studying cement-based and metallic-based 
materials which seem to be the most sensible materials to nanoparticles incorpora-
tion research (fig. 4.5) but, in the future, the nanocomposite materials will probably 
lead the research (fig. 4.6) thanks to their advanced properties.  
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The last point that should be looked at is the number of years a new nanotechnology 
will take to arrive on the construction market, by researchers feelings. As it is possi-
ble to see from figure 4.7, in the previous page, research in the construction sector is 
at an early stage and the most of the studies are only at the beginning. Thus, new 
nanomaterials and nanoproducts will probably take a lot of ages before being ready 
to suit the markets requirements.  
 
4.3 Nanomaterials in construction 
The examination of worldwide nano-based activities related to the construction sec-
tor appears to indicate that a significant impact will be given by the following areas: 
 understanding phenomena at nanoscale; 
 new production techniques, tools and controls; 
 nanostructured and nanocomposite modified materials; 
 high-performance structural materials; 
 special coatings, paints and thin films; 
 multifunctional materials and components; 
 smart materials, devices and sensors; 
 integrated monitoring and diagnostic systems; 
 energy saving devices. 
 
One of the most ultimate and debated goal of nanotechnology is molecular manufac-
turing based on self-assembly or self-replicating nano-machines (thus the buildings 
that build themselves). 
 
Generally speaking, it is possible to define the following sectors: 
1. High-performance structural materials: the most significant example is perhaps 

the nanostructure modified steel reinforcement or the modified nanostructured 
concrete. Other applications are high strength ductile ceramics, glass and poly-
mer nanocomposites. 

2. Functional coatings and thin films: incorporating certain nanoparticles into 
transparent coatings and thin films may provide enhanced performance and ad-
ditional functionalities. Nowadays, several composites have been produced and 
marketed for construction: self-cleaning, thermal/control energy saving, anti-
reflection coatings for glass and windows, easy-to-clean and antibacterial coat-
ings for work surfaces, more durable paints and anti-graffiti coatings. 

3. Nano-fillers, additives and admixtures: this area is perhaps the most commer-
cially developed/studied and the use of these nanoscale materials has been the 
basis for many current and potential applications in various industrial sectors 
such as electronics, healthcare, chemical, defence, energy, automobile, con-
struction, etc.. Several nanoparticulate materials (e.g. TiO2, SiO2, CaCO3, etc.) 
have been widely used as fillers/additives in coatings, paints, adhesives and 
sealants. For example, carbon black nanoparticles have been added to rubber to 
increase wear resistance; nanoclay and nanotubes are increasingly used as rein-
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forcement in high performance composites. Dispersion of amorphous nanosilica 
powder is produced as concrete admixture to improve segregation resistance for 
fresh self-compacting concrete or to enhance strength and durability of hard-
ened concrete. Nano-particulate materials have also been used in environmental 
friendly anti-corrosion coatings for steel reinforcement and water-proofing ad-
mixtures for concrete. Furthermore, nanoparticles, carbon nanotubes and nano-
fibres help in developing new functional materials, devices and systems for con-
struction and built environment. 

4. Environment and Performance monitoring sensors: microscale sensors, devices 
and systems have already been used in construction and built environment to 
monitor and/or control the environment conditions such as temperature, humid-
ity, gas noise etc. and the materials/structure performance such as stress, strain, 
vibration, pressure, corrosion, etc.. The nanotechnology approaches are not only 
enabling sensors/devices to be made much smaller, more reliable and energy ef-
ficient, but also opening up new possibilities beyond the reach of mere micron-
scale manufacture. 

 
Other new products and applications: many other nanotechnology enabled develop-
ments and materials/products are fast emerging or already exist in bulky and expen-
sive forms in different industrial sectors. With the continuing reduction of size and 
affordability and improvement of performance, these products and developments are 
also likely to impact on construction process and the built environment in the short 
to medium term.      
 
4.4 Reports 
We are now going to analyze, in a more detailed way, a list of products and tech-
nologies that are already available on the construction market or some studies, re-
searches and activities strictly related to construction and architecture. 
All the materials and technologies analyzed will be grouped depending on the appli-
cations or on the main materials they could be used for.  
In any case, this is not an exhaustive listing of all the nanomaterials available. 
 
The main groups are: 
1. Nanotechnologies for glass-based materials; 
2. Nanotechnologies for cement-based materials; 
3. Nanotechnologies for steel-based materials; 
4. Nanotechnologies for wood-based materials; 
5. Nanotechnologies for quality and comfort; 
6. Nanotechnologies for energy control and saving; 
7. Nanotechnologies for sensing; 
8. Nanotechnologies for preservation and archaeology. 
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5. NANOTECHNOLOGIES FOR GLASS-BASED MATERIALS 
 
5.1 Thin films for architectural glazing 
 
5.1.1Solar protection 
Solar protection against heat gain from solar radiation is offered by two kinds of 
self-darkening glass: the electrochromatic glazing and the photochromatic ones. 
Electrochromatic switchable glazing was previously available on the market but has 
since largely disappeared due to two main disadvantages: first, a constant electric 
current was necessary to maintain a darkened state and, second, large glass surfaces 
often exhibited optical irregularities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.1  
 Electrochromic glaz-

ing in construction 
applications. (source: 
Leydecker S., Nano-
materials in architec-
ture, interior archi-
tecture and design) 
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Nanotechnology has provided a new means of integrating electrochromatic glass in 
buildings. The primary difference to the earlier product is that a constant electric 
current is no longer necessary. A single switch is all that is required to change the 
degree of light transmission from one state to another.  
Different levels of light transmission with various darkening effects are also possi-
ble, either as a smooth gradient or clearly differentiated, with a minimal electrical 
energy requirement and the switching process itself takes a only few minutes. 
Nowadays, the range of panel size currently available on the market, is relatively 
limited with a maximum size of 120 x 200 cm at present. 
 

Photochromatic glazing is another 
solution for darkening glass panels. 
Here the sunlight itself causes the glass 
to darken automatically without any 
switching. This kind of technology is 
generally used in glass technology but 
producers are employing new advanced 
researches in this field. 

Fig. 5.2  
Julbo-race USA 

photochromic 
sunglasses. 

 
5.1.2 Selective coatings: IR protection (Thermochromic coatings) 
A thermochromic material changes its optical properties with changing temperature. 
More particularly, a thin film of thermochromic material might be used to create an 
intelligent window that may change its transmittance and reflectance properties in 
response to environmental changes in order to regulate the temperature within a 
room. 
A suitable material would become more reflective – and therefore less transmitting – 
in the infrared (IR) region at higher temperatures. Hence, at low temperatures, in the 
transmitting state, solar thermal energy is allowed into the room to cause warming. 
At higher temperatures, in the reflecting state, the coating reflects most of the infra-
red solar energy whilst ideally transmitting as much visible light as possible.  
These windows would be suited to geographical regions where the temperature may 
change dramatically during a day or over the year, such as most of Europe, Asia and 
North America. 
A thermochromic film is therefore a type of advanced solar control coating that ac-
tively responds to a user’s need. 
By far the most promising candidate material for coating a thermochromic window 
is vanadium (IV) dioxide. VO2 undergoes a metal-to-semiconductor transition at a 
critical temperature (Tc) changing from a transmitting state typical of a thin semi-
conductor film to a reflecting state typical of a metallic film. This change is a phase 
transition between rutile and monoclinic polymorphs, which is reversible in thin 
films of the material. 
 
These kind of coatings will be widely discussed in section 2 of this thesis. 
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5.1.3 Selective coatings: UV protection 
UV protection is in great demand in architecture as woods or coloured surfaces 
might change colour significantly when exposed to UV light.  
Ultraviolet light is an electromagnetic radiation with an energy that varies between 3 
eV and 124 eV and a wavelength that range from 10 nm to 400 nm.  
The ISO 21348:2004 “Definitions of solar irradiance spectral categories” describes 
the following ranges within the UV spectral category: 
 

Tab. 5.1 UV spectral range according to the draft ISO-DIS-21348 

Spectral sub-category Abbreviation 
Wavelength range l 

[nm] 
Energy of photon 

[eV] 
Ultraviolet A  
(black light) 

UVA 400 – 315 3.10 – 3.94 

Near NUV 400 – 300 3.10 – 4.13 
Ultraviolet B UVB 315 – 280 3.94 – 4.43 

Middle MUV 300 – 200 4.13 – 6.20 
Ultraviolet C (germi-

cidal) 
UVC 280 – 100 4.43 – 12.4 

Far FUV 200 – 122 6.20 – 10.2 
Vacuum VUV 200 – 100 6.20 – 12.4 

Low LUV 100 – 88 12.4 – 14.1 
Super SUV 150 – 10 8.28 – 124 

Extreme EUV 121 – 10 10.2 - 124 
 
Many polymers used in construction are 
degraded by UV light. The problem 
appears as discoloration or fading, 
cracking and, sometimes, total product 
disintegration. The attack rate increases 
with exposure time and sunlight 
intensity. Furthermore, many pigments 
and dyes absorb UV and change colour, 
so paintings and textiles need extra-
protection both from sunlight and 
fluorescent bulbs, two common sources 
of UV radiation. Common window 
glass provides some protection by 
absorbing some of the harmful UV, but 
valuable artefacts need and extra shield-
ing. 

Fig. 5.3  
False-colour image of 
the sun's corona as 
seen in deep ultravio-
let by the Extreme 
Ultraviolet Imaging 
Telescope (source: 
NASA). 

UV protection may be achieved using both organic or inorganic materials with dif-
ferent kind of advantages and disadvantages. Furthermore, a prerequisite of protec-
tive coatings is that they are transparent so that the colouring and structure of the 
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material beneath, usually glass, is preserved. Thus, the UV-absorbing particles must 
be smaller than 15 nm in size. Below this size they no longer scatter visible light and 
become effectively invisible. Larger particles, or the agglomeration of smaller parti-
cles to large aggregates, lead to a noticeable cloudiness in the formulation.  
The organic methods that are usually used are of two kinds and employ additives. 
One method involves the use of UV absorbers that filter out the harmful rays in 
sunlight before they come into contact with the material itself. In this way they need 
to be deposited as an upper layer. The second approach uses free-radical scavengers 
that take effect at a later stage as they prevent the continued degeneration of an al-
ready damaged material. They react with the free-radicals that UV light forms and 
convert them to inert compounds. This kind of additive is typically impregnated in 
the material itself. The main disadvantages of both approaches is that neither is able 
to offer absolute protection and, furthermore, as they are organic, they are therefore 
themselves subject to a degree of degeneration through UV light. This means that 
their protective effect decreases over time not providing a durable and lasting pro-
tection in the long run. 
A new means of UV protection using inorganic substances represents an innovation. 
Their primary advantage is that they do not themselves degenerate and, therefore, 
provide a lasting protective effect. Three compounds are particularly suited for this 
purpose: titanium dioxide (TiO2), zinc oxide (ZnO) and ceroxide (CeO). TiO2 

mainly absorbs the energetic UV-B rays leaving the UV-A spectral region unaf-
fected; ZnO provides protection against both UV-A and UV-B rays; CeO absorbs 
UV rays as well as a part of the visible light resulting in a yellowish colouring. 
 
5.1.4 Anti-fogging coatings 
As soon as moisture condenses or settles on surfaces it forms many small droplets 
that combine clouding the surface itself. The phenomenon of condensation is the 
change in the phase of matter from the gaseous phase into liquid droplets or solid 

grains of the same element/chemical 
species. Upon the slowing down of the 
atoms/molecules of the species, the overall 
attraction forces between these prevail and 
bring them together at distances 
comparable to their sizes. Condensation 
on a window or on a mirror are typical 
examples of this phenomenon and the only 
way to maintain a clear view is heating the 
glazing continually making the moisture 
evaporate.  

Fig. 5.4  
Typical water con-

densation on a win-
dow. (source: Ley-

decker S., Nanomate-
rials in architecture, 
interior architecture 

and design) 

By means of nanotechnology a permanent clear view is possible without the 
use/waste of electricity. More particularly, a thin film made by titanium dioxide, 
TiO2, could be applied to coat surfaces. Titanium dioxide, for instance, exhibits a 
high surface energy and therefore greater moisture attraction. On hydrophilic sur-



Nanotechnology and NanoArchitecture 51 

faces, moisture forms an ultra-thin film instead of water droplets so, though it still 
settles on the surfaces, it remains invisible. The film is transparent creating a fog-
free clear appearance. In a building, the most sensitive surfaces  attached by conden-
sation are windows, glasses, mirrors, etc.. 
Anti-fog treatments were first developed by NASA during Project Gemini1 to avoid 
helmet visors get dirty. In June 1966, during Gemini 9A the astronaut Eugene A. 
Cernan tested a NASA’s first space suit discovering, during a space walk, that his 
helmet visors fogged.  
The first patent for building applications is recorded in 1998 and nowadays, many 
industries produce these kind of coatings such as the Film Specialities, Inc. (USA). 

Fig. 5.5 a-b 
Left: schematic rep-
resentation of the 
technology developed 
at MIT. (source: 
Rubner M., Cohen 
B., MIT) 
Right: the Defense 
Advanced Research 
Projects Agency 
(DARPA) is one of 
the major funders of 
the projects having a 
foggy windscreen. 

Another method was discovered by Michael Rubner and Bob Cohen at the Massa-
chusetts Institute of Technology (MIT) in 2005 (fig. 5.5). A glass-like nano-porous 
surface made by depositing alternating layers of a polymer called polyallylamine 
hydrochloride and silica nanoparticles contains tiny holes made by nanoparticles. 
The surface appears completely flat to the naked eye but is in fact super-hydrophilic. 
Moisture is drawn into the tiny pores thereby stopping water droplets from forming.  
A similar coating has been developed at the University of Queensland in Australia 
where a start-up, called XeroCoat, was made to bring the new product to the market. 
Anti-fogging sprays are effective as a temporary means of making surfaces appear 
clear but the effect does not last long and sometimes the application techniques are 
quite difficult and expensive. 
 
5.1.5 Anti-reflective (or anti-reflection - AR) coating 
The transmission of light through transparent materials such as glass or plastic, 
which reflect some of the incident light, is reduced by the reflection of light rays. 
Plain glass, for instance, allows a maximum of 90% of incident light to pass thor-
ough it. This phenomenon is caused by a change in the refractive index as light 

                                                 
1 Project Gemini was the second human spaceflight program of NASA. It operated with 10 manned 
flights occurring between 1965 and 1966. Gemini missions included the first American spacewalk and 
new orbital maneuvers. 
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passes through two different media (e.g. glass and air). The decisive aspect is 
therefore the refractive index.  

Fig. 5.6 a-b 
Left: Scheme of a 

reflective glass. 
Right: Anti-reflective 

glass installed in a 
building. It is possi-

ble to look outside 
the building, through 
the glass, without the 
inside being reflected 

on the glass 

The use of anti-reflective glass to solve the problem of reflection is in itself nothing 
new, but traditional anti-reflective construction materials generally involve a com-
plicated manufacture thus it is quite expensive. Transparent nanoscalar surface struc-
tures, where the particles are smaller than the wavelength of visible light, offer not 
only an innovative but also a cost-effective and efficient anti-reflective solution. 
Their structure consist of 30-50 nm large silicon-dioxide (SiO2) balls. A single inter-
ference layer is applied by dipping the glass, or plastic, in the solution and functions 
across a broadband spectrum of light. The refractive index of the outer layer is very 
small and can be defined precisely, as can the thickness of the coating. A thickness 
of 150 nm is regarded as ideal. The ratio of reflected light is reduced from 8% to less 
than 1%.  
In general, a nano-coating has a long lifespan and is more susceptible to dirt than 
normal glass. Furthermore, in comparison to conventional anti-reflective glass, a 
nanoscalar coating has a higher abrasion resistance, making it all in all well suited 
for everyday use. 
Another cost-effective means of producing anti-reflective surfaces is the moth-eye2 
effect. The cornea of moths (fig. 5.7 a), which are active mostly at night, exhibit a 
structure that reduces reflections. The Fraunhofer Institute, directed by prof. An-
dreas Tünnermann, for Solar Energy Systems ISE, for Silicate Research ISC and for 
Applied Optics and Precision Engineering IOF in Jena (Germany) has developed a 
similar structure that can be impressed, or injection-moulded, onto glass (fig. 5.7 b, 
d). Using hot-process embossing, the visual transmission of glass can be increased to 

                                                 
2 Moths' eyes surfaces are covered with a natural nanostructured film which eliminates reflections. This 
allows the moth to see well in the dark, without reflections to give its location away to predators. This 
kind of antireflective coating works due to the bumps size as they are smaller than the wavelength of 
visible light. The light sees the surface as having a continuous refractive index gradient between the air 
and the medium, which decreases reflection by effectively removing the air-lens interface. 
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over 98% and of plastics, such as acrylic glass, to over 99%. In addiction to its anti-
reflective function, dirt-repellent and anti-static properties can also be integrated. 

Fig. 5.7 a-d 
Top left: Scanning 
Electron Micrograph 
(SEM) image of a 
moth’s compound 
eye. 

A similar study was 
conducted by research-
ers from the Depart-
ment of Physics and 
Mathematics at Univer-
sity of Joensuu, 
Finland. They have in-
troduced an anti-re-
flective surface that 
provides significant re-
flection suppression 
below 0.45% for the 
visible wavelength 
band from wide angles 
(fig. 5.7 c). The design 
does not alter visual 
colour perception and it 
also repels water. Furthermore, the surface can be easily applied using high-
precision, low-cost fabrication techniques. 

Top right: AFM im-
age of a compound 
eye structure creating 
using a low-pressure 
plasma process. 
(source: Fraunhofer 
Institute) 
Bottom left: Scan-
ning electron micro-
graph of the nano-
pyramid structures in 
silica fabricated in 
Finland. 
Bottom right: Reflec-
tances of the unpat-
terned silicon dioxide 
surface and shallow 
pyramid structure for 
normal incidence. 
(source: Fraunhofer 
Magazine, 2 (2005)).  

5.1.6 Anti-fingerprints (or touch-proof) 
Another big concern with architectural glazing, especially for interior applications, 
is that fingerprints show very clearly. Materials that are within easy reach are often 
touched, mostly because they have a related function, but sometimes just because 
they are there. This affect all the interiors as the appearance of cleanliness is desir-
able for aesthetic and hygienic reasons as well and steel and glass surfaces are par-
ticularly affected by repeated touching.  

Fig. 5.8 a-b 
Left: steel without 
and with an anti-
fingerprint coating. 
Right: a sandblasted 
glass door. 
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An anti-fingerprints coating can offer a suitable solution for this matter and in some 
cases makes it possible to employ such materials. With the help of nano-anti-
fingerprints coating, fingerprint marks are made practically invisible and impercep-
tible. The coating alters the refraction of the light in the same way the fingerprints 
have little effect. The light reflections on the coating make steel or glass surfaces 
appear smooth, giving the impression of cleanliness that users usually have to ex-
pect. On a careful examination, it is possible to see traces of fingerprints, but the im-
provement in comparison to normal uncoated surfaces is striking. 

Fig. 5.9 
The functional prin-

ciple of a coloured 
protective coating 

retrofitted to a glass 
surface (source: 

NanoGate Technolo-
gie®). 

Anti-fingerprint coatings are ultrathin and do not break after being deposited on the 
surface. This is extremely important with steel that is often re-shaped for the produc-
tion of particular architectonic details.  
Such coatings, not only reduce the impact of fingerprints but also of dust, especially 
on sandblasted surfaces. Unfortunately, at present the coating is not entirely trans-
parent and cannot be used on clear glass.  
An interesting facility management benefit is the reduction in cleaning costs. The 
coating is also effective for smaller surfaces where cleaning can be especially time-
consuming. Typical trouble spots, such as surfaces around, door-knobs and grips, 
remain clean and look as good as when first installed. 
A more recent innovation is a touch-proof coating that can also be used for colour-
ing matt glass3 which is a quite expensive solution. A good cost-effective option is 
the use the nanocoating. The intensity of the colour depends on the roughness of the 
glass and the angle is looked at. The colour palette is currently limited to pastel col-
ours and is quite resistant when exposed to UV light. 

                                                 
3 Coloured matt glass is usually achieved using coloured glass, silk screen printing or coloured foils in 
combination with laminated safety glass. 
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5.2 Scratchproof and abrasion resistant coatings 
Scratch resistance is a desirable property for many materials and anti-scratch coat-
ings may be applied to different materials such as wood, plastic, ceramics or metal.  
The coating does not interfere with 
materials transparency or optical 
properties in general, but creates a 
permanent bond with the surface that 
reduces the appearance of hairline 
scratches. Though an anti-scratch coating 
is not 100% scratch-proof, it helps to 
prevent minor scratches that can easily 
happen to a regular surface. 
There is no ideal coating developed, 
rather two basic principles apply: self-
healing layers, which are less susceptible 
to scratching, or glass-like hard scratch-resistant layers, for which different compa-
nies offer specific products. In any case, the manufacture requires great care to 
achieve the desired level of transparency, which excludes the use of coarse addi-
tives.  

Fig. 5.10 
Scratched glass. 

Such coatings must, firstly, adhere to the surface they are deposited on and, sec-
ondly, be resistant against wear and abrasion; this is assessed by means of abrasion 
tests. The hard-variant of the scratch-resistant function is achieved through a glass-
like nano-coating that is usually made of silicon dioxide. It noteworthy that scratch 
resistance does not mean protection from major mechanical impact such as scratches 
caused by keys, for instance. 
For architectural applications, recently developed scratch-resistant stainless steel 
coatings are of particular interest and are available in transparent or coloured form. 
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6. NANOTECHNOLOGIES FOR CEMENT-BASED  
    MATERIALS 
 
6.1 Introduction 
Cement and steel are the largest consumed materials in the construction sector and 
are excellent candidates for manipulation and control at the nano-scale due to a very 
fast development of technologies available on the market. Nanotechnologies in civil 
engineering have been investigated for a long time by several groups of research of 
many countries for construction material applications in order to maximize the 
strength and the durability. Generally, it can be said that these new high technolo-
gies could help especially in the characterization of the materials at different scale 
levels (from the nano to the micro to the meso and, at the end, to a building compo-
nent), in the development of new enhanced properties leading to new and useful 
building performance and in the development of sensors for measurement and test-
ing. For instance, in 1992 the US Federal High Way Administration began partner-
ship with American Iron and Steel Institute to develop a high performance steel for 
bridges using copper nanoparticles leading to microstructure changes that makes the 
steel tougher, easier to weld and more corrosion-resistance. 
All the researches on new materials in construction, leading to the development of 
new enhanced materials, will probably lead to a new idea of design in architecture 
and engineering as buildings and infrastructures will take advantage of such stronger 
materials, ductile concrete and other advances, as well as multifunctional or smart 
materials thanks to the new understanding of basic materials structure-property rela-
tions. 
 
6.2 What has been done: a general overview 
Concrete is a porous material, ranging from air voids to nanometres scale pores pro-
duced by the cement-water chemical reaction. These nanoscale pores control the 
properties of the calcium-silicate-hydrate hydration product in the 1 to 100 nm 
which is the main glue and hold concrete together. Thus, concrete is, in some ways, 
a nanoscalar material. 

Fig. 6.1  
Features of concrete 
at various scales 
(Livingston, 2005) 
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Fundamentally, hydrated cement paste 
(HCP) is considered a nanomaterial. The 
structure of calcium silicate hydrate is 
much like a clay, with thin layers of solids 
separated by gel pores filled with interlayer 
and adsorbed water (fig. 6.2). This has a 
significant impact on the performance of 
concrete because HCP is sensitive to mois-
ture movements, which can lead to 
shrinkage and consequent cracking if 
accommodation in element sizes are not 
made.  

Fig. 6.2  
A model of the con-

crete structure: layers 
(lines), interlayer 
water molecules 

(crosses), absorbed 
water molecules (cir-

cles). (source: Taylor, 
H.F.W., 1997) 

Better understanding of the extremely 
complex structure of cement-based materials at the nano-level should apparently re-
sults in stronger and more durable concrete. For example, de-icing chemicals could 
penetrate concrete's porous structure and oxidize the reinforcing steel thus causing 
cracking and deterioration to the structure. The addition of nano-silica fume to con-
crete mixes is being recognized as a big improvement in durability of concrete struc-
tures exposed to de-icing salts. Silica fume additive operates at a nanoscale and 
makes a more durable concrete. But if silica fume is added too much, the concrete 
will become brittle. There is a need to better understand quantitatively what takes 
place in the cement particle at a nanoscale level, which will lead to improved indus-
try standards for mixing and curing concrete.  
Plain concrete itself is a brittle material that is much stronger in compression than in 
tension. Various forms of reinforcement, typically in the form of rods or fibres, are 
added to concrete to compensate for its weakness in tension. Nano-engineered ce-
ment materials with nano-sized cementitious components, reaction modifier and re-
inforcing materials are under development and could result in concrete with greatly 
improved stress-strain behaviour and possibly possessing the range of newly intro-
duced "smart" properties, such as electrical conductivity, light transmission, sensing 
abilities for temperature, moisture, and stress. 

One of the most investigated 
area in cement-based materials, 
is the application of carbon 
nanotubes to improve the me-
chanical performance of ce-
ment-carbon-nanotube com-
posite for use in the construc-
tion industry. CNTs appear to 
be one of the strongest mate-
rial, even more resistant than 
steel. The research has shown 
that it is possible to distribute 

Fig. 6.3  
Micrograph of nano-

tube on a small ce-
ment grain  

(Maker, 2003) 
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CNT bundles across cement grains using an ethanol/sonication technique and the 
evidence of classical reinforcing mechanisms was observed in the composite materi-
als. 
Other researches include developing cementitious nanoparticles to improve cement 
hydration, creating new ways to control and time the release of cement admixtures, 
and the development of cement-polymer-based nanocomposites. 
Engineered Cementitious Composites (ECC) are developed and reinforced by poly-
meric polyvinyl alcohol (PVA) fibre (see Fig. 6.4 left) through carefully micro-
mechanical modelling fibre geometry, fibre/matrix interface and matrix properties. 
The key to achieve desirable performance of ECC is a proprietary nanoscale coating 
that controls the chemical bonding between reinforcing PVA fibres and the mortar 
matrix. This nano-enabled concrete is 500 times more resistant to cracking and 
makes concrete tough (Fig. 6.4 middle), and generally reduces infrastructure main-
tenance. The ECC already has been used to repair a bridge deck (see Fig. 6.4 right). 

Fig. 6.4 a-c 
Left: PVA fibre with 
nanoscale coating 
(ScienCentral News, 
2005);  
Middle: ECC sup-
presses cracking and 
becomes flexible 
(Imerito, 2005);  
Right: ECC is used to 
repair bridge deck 
(Kim, 2004). 

 
6.3 Use of nanoparticles 
A lot of studies showed that adding nanoparticles to the cement matrix could im-
prove its properties. Some of the particles investigated are: nanosilica, Ca(OH)2, 
CaCO3, TiO2, nanoclays, etc.. Their adding to the matrix showed great opportunities 
and advantages. As exemplum, a research focused on the compressive and flexural 
strengths of cement mortars that could be enhanced adding SiO2 and Fe2O3 
nanoparticles or organo-modified montmorillonites.  
Researchers found out that nano-particles were uniformly dispersed in a cement 
paste and that they can accelerate the cement hydration due to their high activity. 
Additionally, the nano-particles will fill pores leading to an increased strength and 
better characteristics within the cement  microstructure and the interface between the 
cement paste and aggregates in concrete. It was also found that nano-Fe2O3 exhibits 
a self-sensing of strain capability which can be useful for structural health monitor-
ing. SEM study proved that the nano-iron-oxide and nanosilica particles filled the 
pores and decreased the content of calcium hydroxide within the hydration products. 
These effects resulted in the improvement of the mechanical properties of the ce-
ment mortars with nanoparticles and leading to increased early age and ultimate 
strength of high-volume fly-ash concrete. The developed concrete with nanosilica 
had a strength 81% higher compared with plain concrete. The 2-year strength of the 
developed concrete was 115.9 MPa, higher than the strength of reference Portland 
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cement concrete of ~103.7 MPa. It was also seen that nanosilica did not affect 
durability. 

Fig. 6.5 a-b  
Left: strength devel-
opment of concrete 

with Gaia. 
Right: effect of Gaia 
on the performance 

of concrete. (source: 
K. Sobolev, How 

nanotechnology can 
change the concrete 

world) 

One of the first commercial nano-admixtures for concrete, Gaia, was developed by 
Ulmen S.A. and Cognoscible Technologies. This product is available in liquid form 
that facilitates the satisfactory distribution of nanosilica particles in concrete (fig. 
6.5). 
 
6.4 Nano-SiO2 Fig. 6.6 a-b  
Lots of studies had been conducted with cement plus SiO2. The amorphous or glassy 
silica, is the major component of a pozzolan. In a cement mix, it reacts with calcium 
hydroxide formed from the hydration of calcium silicates. The rate of the pozzolanic 
reaction is proportional to the amount of surface area available for reaction. There-
fore, it is plausible to add nano-SiO2 of a high purity (99.9%) and a high Blaine 
fineness value (60 m2/g) in order to improve the characteristics of cement mortars. 

SEM imaging of: 
Silica fume (left), 
nano SiO  (right). 2

(Source: Byung-Wan 
Jo, Characteristics of 
cement mortar with 
nano-SiO  particles). 2
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A cement paste is composed of small grains of hydrated calcium silicate gels, nano-
sized individual pores, capillary pores, and large crystals of hydrated products. Thus, 
there should be room for nano-phase materials to fill the pores of the cement paste. 
The amorphous or glassy nano-scale silica, which is the major component of a poz-
zolan, reacts with calcium hydroxides formed from the hydration of calcium sili-
cates. The rate of the pozzolanic reaction is proportional to the value of Blaine fine-
ness. Therefore, the nano-SiO2 used was of particle form with 99.9% SiO2, a parti-
cle size of 40 nm, and 60 m2/g Blaine fineness.  

Fig. 6.7 a-b  
Left: Calorimetric 
curves of heat evolu-
tion.. (source: H.J.H. 
Brouwer, 2006) 
Right: atomic force 
microscopy of cal-
cium silicate hydrate. 
(source: Shah, 2006) 

100 
nm 

A super-plasticizer is often added to ensure that no segregation would occur. The 
compressive strength resulted higher than that of control cement mortars and the mi-
crostructure revealed a dense and compact formation of hydration products and a 
reduced number of Ca(OH)2 crystals. Furthermore, the addition of nano-SiO2 in-
creases the amount of heat evolved during the setting and hardening of the cement. 
However, a greater dosage of super-plasticizer retards the early hydration of the ce-
ment paste containing nano-SiO2. Heat-treating is necessary to accelerate the early 
hydration and the pozzolanic reaction. 
In conclusion, the idea is that adding nanoparticles to the concrete paste is possible 
to improve in a very good way concrete resistance properties such as strength and 

durability. This improvement may 
be achieved since it was observed 
that at the nano-scale cement paste 
is full of nano-pores that usually 
remain empty with the traditional 
techniques of preparation. Filling 
in this gaps between the paste 
particle is the best way to have 
new enhanced properties. 

Fig. 6.8 
Scheme of cement 
paste structure.  
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6.5 Nanocement – cases of study 6.5 Nanocement – cases of study 
A study, conducted at the University of Delaware, focuses on synthesizing the com-
ponents of Portland cement using nano-particles and comparing their properties to 
those of commercial cements. The technique of production used was the sol-gel 
method.  

A study, conducted at the University of Delaware, focuses on synthesizing the com-
ponents of Portland cement using nano-particles and comparing their properties to 
those of commercial cements. The technique of production used was the sol-gel 
method.  
  

Tab. 6.1 materials used 
material properties C3S C2S C3A C4AF 

PEG MW 3400 g/mol 4 g 4 g 4 g 4 g 
Ca(C2H3O2)2 MW 158 g/mol 0,03 mol 0,02 mol 0,03 mol 0,04 mol 

SiO2 variable 0,01 mol 0,01 mol -- -- 
Al2O3 MW 101,96 g/mol -- -- 0,01 mol 0,01 mol 
Fe2O3 MW 159,7 g/mol -- -- -- 0,01 mol 
Water deionized 15 mL 15 mL 15 mL 15 mL 

 
Some important results came out: the compression tests revealed that Portland ce-
ment was able to withstand much more loading than the nano-cements and the over-
aggregation of the particles created a weak zone in the form of voids and, as a result, 
low strength. Furthermore, the high water used for the nano-cements in order to 
have a good workability may also have contributed to a lower strength. Finally, the 
addition of gypsum is needed for the aluminate components to react with. This min-
eral, that is present in Portland cement, was not present in the nano-cement.  
Other studies focused on the characterization of nanocement phases as the particle 
size of the starting materials affect the hydration process and so some key properties 
of the final material such as the setting time and the compressive strength.  
A research, in particular, focused on an advanced procedure to characterize the 
nano-C2S (nano-Belite), and nano-C3S (nano-Alite) by Field Emission Scanning 
Electron Microscopy (FESEM) according to their high rate hydration behaviours. 
The products consist of aggregates that show a fine spherical and pure distribution 
of nano-C2S (Fig. 6.9 a-b) and nano-C3S (Fig. 6.10 a-b) with particle size < 200 nm.  
Characterization was performed before the beginning of the hydration process. It 
was showed that the tricalcium silicate offers new possibility in the industrial appli-

A  BB
Fig. 6.9 a-b 

FESEM imaging of: 
(A) nano C2S; (B) 

nano C S.  3

(source: Y. Perera, 
Characterization of 

nano-cement phases 
by field emission 
scanning electron 

microscopy (fesem)) 
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cations as this material has been reported to be with some bioactive and hydraulic 
properties, which leads to spontaneous development on the strength (spontaneous 
consolidation) during its reaction with water. 

A B

Fig. 6.10 a-b 
FESEM imaging of: 
(A) nano SiO2; (B) 
CSH gel production 
during the hydration. 
(source: Y. Perera) 

 
6.6 Carbon Nanotubes in concrete 
Carbon nanotubes (CNTs) are allotropes of carbon with a nanostructure that can 
have a length-to-diameter ratio greater than 1.000.000 and they are members of the 
fullerene structural family. These cylindrical carbon molecules have novel properties 
that make them potentially useful in many applications. Their main enhanced prop-
erties are: extraordinary strength, unique electrical properties, efficient conductors of 
heat. Nanotubes are categorized as single-walled nanotubes (SWNTs) and multi-
walled nanotubes (MWNTs) where the distance between the layers is about 0.34 nm, 
which corresponds to the distance between the layers in crystalline graphite.  
The nature of the bonding of a nanotube is described by applied quantum chemistry, 
specifically, orbital hybridization. The chemical bonding of nanotubes is composed 
entirely of sp2 bonds, similar to those of graphite. This bonding structure, which is 
stronger than the sp3 bonds found in diamond, provides the molecules with their 
unique strength. Nanotubes naturally align themselves into "ropes" held together by 
Van der Waals forces. Under high pressure, nanotubes can merge together, trading 
some sp² bonds for sp³ bonds, giving the possibility of producing strong, unlimited-
length wires through high-pressure nanotube linking (CNTs will be largely dis-
cussed in an other section of this thesis). 

 

Tab. 6.2 Comparison of mechanical properties 

Material 
Young Modulus 

(TPa) 
Tensile Strength 

(GPa) 
Elongation at break 

(%) 
SWNT ~1 (from 1 to 5) 13-53E 16 
MWNT 0.8-0.9E 150 - 
Stainless 

Steel 
~0.2 ~0.65-1 15-50 
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2μm 

Lots of research had been conducted on CNT properties to enhance concrete per-
formance. During one research, for instance, a technology for low-temperature car-
bon nanotube synthesis and patented in 2001 (Russian patent № 2169699) was used. 
The scanning electron microscope investigation showed that the obtained material is 
composed of fibre shaped agglomerations (length up to 10 mm) with a complex in-
ner structure containing nanostructures of a cylindrical shape. 

Fig. 6.11 a-b 
Left: MWCNT d = 

10 ÷ 80 nm.  
(source: Shah, 2006) 
Right: SEM images 

of MWCNTs 
 

 

Fig. 6.12 a-b-c 
Microstructure con-

taining the new–
growths:  

Left: general view; 
Middle: a fragment of 
cleaved fibre shaped; 

Right: CNTs. 
(Source: Yakovlev G. 
et alt.,  Cement Based 
Foam Concrete Rein-

forced by Carbon 
Nanotubes) 

 
The developed carbon nanotubes were used as a high-strength nanodispersive rein-
forcement in compositional crystallohydrated materials to improve the physico-
mechanical properties of non-autoclave cement foam concretes. The amount of rein-
forcement phase in the mixture was 0.05 % based on the initial mass and the result 
was a decrease in heat conductivity up to 12 – 20 % and, in the same time, an in-
crease of its compressive strength up to 70 %. 
. 
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Tab. 6.3 Physico-mechanical characteristics of cement foam concrete 

n° 

Amount 
of CNT, 
% based 
on the 

composi-
tion mass 

Average 
density, 

kg/m
3
 

Compressive 
strength, 

MPa 

Heat con-
ductivity 

coefficient, 
λ, W/mK 

Pore 
diameter, 

μm 

Condition of 
wall pores 

1 0 330 0,18 0,07 40-600 perforated 
2 0,05 309 0,306 0,056 60-150 homogeneous 
 
The main problem 
in working with 
dispersions of 
CNTs is that they 
tend to adhere to-
gether due to the 
Van der Waal 
forces, as it can be 
seen in the pic-
tures below (fig. 
6.14 a-b). 

Fig. 6.13 a-b 
Cement foam con-
crete microstructure:  
Left: without CNT, 
Right: with CNT. 
(Source: Yakovlev G. 
et alt.,  Cement Based 
Foam Concrete Rein-
forced by Carbon 
Nanotubes) To obtain individ-

ual CNTs is often 
required the use of surfactant and ultrasonic energy. These methods could avoid 
them stick together within the dispersion. A very new tremendous discovery was 
done in 2008 by researchers of Nanocomp Technologies Inc. as they succeed in pro-
ducing a 3-foot by 6-foot sheets of pure carbon nanotube material, where the 
SWCNT are aligned, continuous and 1 mm long. This discovery opened a big door 
to future advanced structural composites. 

Fig. 6.14 a-b 
SEM images of 
poorly dispersed  and 
stick together CNTs 
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Individual MWCNT 
d=30nm 

500 nm 

MWCNT bundle 

d=120nm 

500 nm 

 
This CNT textile sheet may be easily incorporated into advanced concrete materials. 
To calculate the modulus of elasticity in concrete with a CNT reinforcement, a mod-
elling approach should be performed. In some researches it was tried to calculate the 
Young’s modulus modelling a nano-volume of concrete reinforced by a CNT bar, as 
can be seen in the images below, and analysing it by finite element approach. 

Fig. 6.15 a-b 
SEM images of dis-

persed CNTs:  
Left: without surfac-

tant, 
Right: with surfactant 

and sonication.  
 
 Fig. 6.16 a-b 
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Right:  SWCNT-
concrete composite 
volume element. 
(source: G. Rouainia, 
Evaluation of 
Young’s modulus of 
single walled carbon 
nanotube reinforced 
concrete com

Left: Finite element 
calculations to deter-
minate the Young’s 
modulus. 

 
 
 

posite). 
 
 

 
Other researches calculated 
the probability of the value of 
the modulus. It was dem-
onstrated that a CNT-
reinforced concrete has a 
bigger probability to be 
higher. 

Fig. 6.17 
Probability of the 
Young’s modulus 

value. 
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Most of the researches 
conducted around the 
world by different 
groups showed that 
CNTs are a good ad-
ditive to reinforce 
concrete structures, 
but a lot must be still 
done to lower the 
higher costs.  

Fig. 6.18 
Fracture properties of 
cement paste rein-
forced with CNTs. 

Tab. 6.4 Costs per Kg ($) for the materials 
Material Cost per Kg [$] Dosage kg/m

3
 Cost per m3 of concrete [$] 

CNTs 150-2000 0,3-4 45-8000 
Carbon fibres, 

10-14 μm diam. 
8-20 2 16-40 

Carbon fibres, 7 
μm diam. 

55 2 110 

Carbon  
nanofibres 

350-700 2 700-1400 

Graphite  
nanofibres 

1730 2 3460 

Steel fibres 1,7-5 30-160 51-800 
PVA fibres 10-13 15 150-195 

Polypropylene 
fibres 

5-9 0.6-19 3-171 

 
6.7 Self-cleaning photocatalytic concrete 
This particular kind of concrete is hydrophilic and photocatalytic at the same time 
which means that it chemically breaks down dirt when exposed to light. The catalyst 
used is titanium dioxide (TiO2) which is a very common semiconductor material 
that is also non toxic, chemically inert in the absence of light, inexpensive and rela-
tively easy to deposit into thin fi

Fig. 6.19 
Graphical scheme of 
a self-cleaning coat-
ing. lms.  



Nanotechnologies for cement-based materials 68 

The self-cleaning properties of TiO2 are governed by the absorption of ultra-violet 
light and the generation of electron-hole pairs. The band gap of bulk anatase TiO2 is 
3,2 eV, corresponding to a light of wavelength 390 nm, near ultraviolet (UV) light. 
A small proportion of the sunlight reaching earth exceeds 3,2 eV, so titania coatings 

can be solar activated. The most 
significant polymorphs of TiO2 are 
rutile and anatase. The position of 
the conduction and valence bands 
relative to key red-ox potentials 
cause pure anatase to be very 
photoactive (photocatalytic and 
super-hydrophilic) while pure 
rutile is less so. Anatase TiO2 is 
formed at temperatures exceeding 

300 °C, but converts into rutile around 800 °C. The photocatalytic activity is tested 
by measuring the destruction of an organic compound on the surface and sunlight, or 
artificial UV light, is used to activate the coating. TiO2 has shown itself capable of 
breaking down a wide variety of organic compounds, including long-chain carbox-
ylic acids, chlorinated and fluorinated compounds and aromatic compounds. 

Fig. 6.20 
TiO2 microparticle 

made with nanocrys-
tals. 

 
Tab. 6.5 Published claims of some chemicals oxidized by photocatalysis 
Inorganic Compounds NOx, SOx, CO2, NH2, H2S 

Organic Compounds 
Alcohol, Acids, Alkene and Aromatic  

compounds (phenol, toluene..) 

Chlorinated Organic Compounds 
Chloro Alkans Dioxins, Chloro Benzene  

and Chloro Phenol 

Pesticides 
Triadimefon, Pirimicarb, Asulam,  

Diazinon, MPMC, Atrazine 
Micro Organism Bacteria, fungus and viruses 

 
The use of photocatalysts 
together with building mate-
rials started from the early 
1990s. The versatile function 
of TiO2, which can work 
both as photocatalytic mate-
rials and structural materials, 
has facilitated its application 
in exterior construction ma-
terials and interior furnishing 
materials, such as cement 
mortar, exterior tiles, paving 
blocks, glass and PVC fab-

Fig. 6.21 
Pollution removal 
mechanism of TiO2 
photocatalysis. 
(source: J. Chen et 
al., Photocatalytic 
construction and 
building materials: 
from fundamentals to 
applications). 
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ric. The air purifying reaction begins with the irradiation of light over TiO2. When 
TiO2 absorbs a photon containing the energy equal to, or larger than, the band gap, 
an electron will be promoted from the valence band to the conduction band. The ac-
tivation of the electrons results in the generation of holes (electron vacancy) in the 
valence band. In this reaction, h+ and e- are powerful oxidizing and reducing agents 
respectively. The electron–hole pairs may recombine in a short time, or take part in 
chemical reactions depending on reaction conditions and molecular structures of the 
semiconductors. The 
strong oxidation power 
of h+ enables it to react 
with water to generate 
the highly active 
hydroxyl radical (OH) 
which is also a 
powerful oxidant. Most 
organic air pollutants 
can be degraded 
completely by either 
the hydroxyl radicals 
or the holes themselves to innocuous final products (e.g. CO2 and H2O). In addition, 
the reducing power of the electrons can induce the reduction of molecular oxygen 
(O2) to superoxide (O2-). It has been confirmed that the superoxide is almost as ef-
fective as the holes and hydroxyl radicals in the chain reactions for the breaking 
down of organic compounds. The de-pollution effect of photocatalytic cementitious 
materials has been demonstrated by many studies. Nitrogen oxides (NOx) and vola-
tile organic compounds (VOCs) have often been chosen by most studies as represen-
tative airborne pollutants due to their potential health risks and ability to generate 
photochemical smog. More particularly, the NO removal paving blocks made by 
waste materials and TiO2 were evaluated by Poon and Cheung. They found that an 
optimum mix design which incorporated recycled glass, sand, cement and 10% TiO2 
achieved 4.01 mg h-1m-2 NO removal. 

Fig. 6.22 
NOx removal results 
of photocatalytic pav-
ing block obtained in 
laboratory. 

It was reported that the air-cleaning capacity can be enhanced by increasing the sur-
face area, reducing the air flow rate and increasing the turbulence of the pollutant in 
the test chamber. Motivated by the promising results of the laboratory scale investi-
gation, several pilot projects have been carried out to verify the effectiveness of the 
photocatalytic cementitious materials in ambient environment. In Bergamo (Italy), a 
street in the city centre was re-paved by the photocatalytic concrete paving blocks 
(total area of about 12.000 m2). Environmental monitoring was conducted on two 
locations: one was at the area where photocatalytic blocks were laid, and the other 
was at the extension of the road paved by normal bituminous concrete which was 
used as a reference. NOx concentration was measured by chemiluminescence ana-
lyzers simultaneously on the two sites. A successive air monitoring campaign, last-
ing two weeks, showed an average NOx abatement of 45% in day time (from 9 am 
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to 5 pm). Similar tests were conducted in other cities as Antwerp (Belgium) or 
Guerville (France). The most important studies and results on self-cleaning photo-
catalytic concrete are being made by the Italian company Italcementi Group that 
sells its products all over the world. TX Active® had been used in Italy by Richard 
Meier to build the Ara Pacis Augustae museum (fig. 6.23) and the Dives in Miseri-
cordiae church (fig. 6.24), both in Rome or the gateway of the Interstate 35 West 
Bridge over the Mississipi river in Minneapolis (fig. 6.25 left). 
 
 
 
 
 
 
 
 
 Fig. 6.23 a-b 

Ara Pacis Augustae 
museum in Rome by 

Richard Meier. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.24 a-b  Dives in Miseri-
cordiae church in 

Rome by R. Meier. 
 
 
 
 
 
 

Fig. 6.25 a-b  
Left: The gateway of 
the re-opened I-35W 
Bridge in Minneapo-

lis. 

 
 
 

Right: Lab tests on 
TX Active® effec-

tiveness in Indoortron 
test room, 35m

 
 
 3  

(Italcementi Group).  
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Italcementi researchers calculated that in a large city such as Milan covering 15% of 
visible urban surfaces with products containing TX Active® would enable a reduc-
tion in pollution of approximately 50%. Laboratory tests have shown that just 3 
minutes of exposure to the sun is sufficient to obtain a reduction in polluting agents 
of up to 75% while the tests carried out in recent years with applications in urban 
settings have shown a significant ability to reduce pollutants, between 20% and 
70%, depending on atmosphere and light conditions (fig. 6.25 right). 
Anyway, in some researches it was reported that there are still many unresolved 
problems when this technology is used in a real-life applications. It seems that the 
immobilization of TiO2 by the construction materials can lead to significant loss of 
the photocatalytic activity. For instance, it was pointed out that TiO2-cement mix-
tures and red bricks containing TiO2 were significantly less efficient than TiO2 slur-
ries in decomposing 3-nitrobenzenesulfonic. It is thought that the reduction of active 
surface and the presence of ionic species are the reasons for the catalytic activity 
loss. Other studies stated that the carbonation of the TiO2 modified cements led to a 
noticeable loss in catalytic efficiency over several months because of the changes in 
cement surface structure. The report published by the Hong Kong Environmental 
Protection Department claimed that the photocatalytic activity of TiO2 coated pav-
ing blocks decreased significantly after 4 months exposure in a downtown area due 
to the accumulation of contaminants on the block surface. This means that periodic 
servicing (washing or replacement) of the TiO2 materials may be necessary to main-
tain the pollution reduction effect 

Fig. 6.26 
Lab test: the Rilem 
tube was affixed on 
the substrate surface 
and water was filled 
up to 5 ml mark. The 
drop in water level is 
observed over a 20-
minute period. The 
hydraulic pressure 
generated on the sur-
face was equivalent 
to 140 Km/hr wind 
driven rain. The wa-
ter level did not drop 
for 24 hours for Zy-
cosil treated cement 
block (on the right). 
The water of un-
treated cement blocks 
level dropped to 
about 2.5 ml mark 
after 20 minutes (on 
the left).  

 
6.8 Water-proof cement 
Water-proofing of building materials has always been a problem due to their porous 
structure with several micro-cracks. The development in technology lead to the pro-
duction of eco-friendly organo-silicon products to waterproof practically all the dif-
ferent kinds of building materials. The nanotechnology has ensured that service life 
of this approach will lead to a life cycles beyond 20 to 30 years at very economical 
cost. The size of the water molecule is 0.18 ηm; the size of the pores in most of the 
building materials range from 5 to 200 ηm; the size of most of the pollutants like ac-
ids, chlorides and sulphates would range between 1 to 2 ηm. Even with the dense 
concrete and stones the pore size is much larger than water allowing easy entry with 
the hydrophilic nature of the building materials. 
On the market there are still two kind of water-
proofing products: water repellent film formers 
(as acrylic paint or silicon polymers) and 
penetrants which can enter 3-5 mm deep in the 
substrate (as Silane, Syloxane, Siliconates, 
Acrylates, etc.). 

(source: P. Mehta, 
Nano Technology in 
Water Proofing of 
Building Materials). 

Recently Zydex Industries in India has 
developed a waterproofing product called 
Zycosil that forms 4-6 ηm size particles with a 
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service life of about 20-30 years. The tests performed by the industry showed that 
Zycosil treated samples of brick, concrete, cement sheet, plaster, Dholpur stone, etc., 
reduced water absorption rates by over 99%. 
 
6.9 Anti-corrosion concrete 
Large sums are used in research to ensure the durability of concrete structures, espe-
cially towards reinforcement corrosion. Much focus is placed on means of ensuring 
a long service life of cracked reinforced concrete structures as this seems to be the 
area of most concern. The effectiveness of the service life enhancing solutions is, 
however, difficult to evaluate basing on current service life models, as these models 
are not based on a detailed description of the corrosion process and do not take 
structural details and the presence of cracks and other defects into account. For a de-
tailed evaluation of the impact of protective measures, models based on physio-
chemical concepts are needed. Some study are trying to develop these models that 
should - besides a description of the electro-chemical corrosion process itself - in-
clude description of the structural detailing, the materials properties (including de-
fects and cracks) as well as aging and deterioration. 
 
6.10 Self-compacting concrete 
The development of self-compacting concrete (SCC), also referred to as “self-con-
solidating concrete”, is one of the most important developments in the building in-
dustry. The incentive for the first development of this concrete in Japan came from 

high-fluidity anti-
washout underwater 
concretes developed 
in Germany during 
the 1970’s. Ever 
since the pioneering 
work by R. Féret, it 
is known that the 
particle size distri-
bution of the aggre-
gates governs the 
workability and 
hardened properties 
of concrete mixes.  

Fig. 6.27 
PSD of a mix (dashed 

line) composed with 
the help of the new 

design concept. 
(source: H.J.H. 

Brouwer, 2006) 

Lots of researches are studying the best packing approach and theoretical model that 
could enable the optimum use of nanoparticles in the mix design. Using both the 
new design concept based on the particle grading and the informations given by the 
determination of the water demands (less voids have to be filled with and on a 
smaller scale less void volume has to be filled with water; conversely, more water is 
available for lubrication), various SCC mixes have been produced and tested for 
their fresh and hardened concrete properties. The analysis of this information shows 
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a promising way of designing new kinds of SCC with improved qualities in regard 
to their workability, mechanical properties and durability. With lab experiments, an 
increase of the cement efficiency to values of 0.19 - 0.22 MPa per kg/m3 was ob-
tained. 
 
6.11 Future Developments 
Much progress in concrete science is to be expected in coming years by the adapta-
tion of the new knowledge generated by the quickly growing field of nanotechnol-
ogy.  
The development of the following concrete-related nano-products can be antici-
pated:  
 Catalysts for the low-temperature synthesis of clinker and accelerated hydration 

of conventional cements; 
 Grinding aids for superfine grinding and mechanochemical activation of ce-

ments; 
 Binders reinforced with nanoparticles, nanorods, nanotubes, nanodampers, 

nanonets or nanosprings;  
 Binders with enhanced/nanoengineered internal bond between the hydration 

products; 
 Binders modified by nanosized polymer particles, their emulsions or polymeric 

nanofilms; 
 Biomaterials (including those imitating the structure and behaviour of mollusk 

shells); 
 Cement-based composites reinforced with new fibres that contain nanotubes as 

well as with fibres covered by nanolayers (to enhance the bond and corrosion 
resistance or to introduce new properties, such as electrical conductivity); 

 Next-generation super-plasticizers for total workability control and supreme wa-
ter reduction; 

 Cement-based materials with supreme strength, ductility and toughness; 
 Binders with controlled internal moisture supply to avoid/decrease micro-

cracking; 
 Cement-based materials with engineered nanostructures and microstructures 

that exhibit supreme durability; 
 Ecobinders modified by nanoparticles and produced with substantially de-

creased volume of Portland cement component (down to 10–15%) or binders 
based on the alternative systems (magnesia, phosphate, geopolymers and gyp-
sum); 

 Self-healing materials and repair technologies that use nanotubes and chemical 
admixtures; 

 Materials with self-cleaning/air-purifying features based on photocatalyst tech-
nology 
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 Materials with controlled electrical conductivity, deformative properties, non-
shrinking and low thermal expansion;  

 Smart materials, such as temperature-, moisture- and stress-sensing or respond-
ing materials. 

 
In the last few decades concrete has been made stronger and more durable. Concrete 
with compressive strengths up to 200 MPa are being used for super-tall buildings. 
High performance concrete is being used in transportation structures where en-
hanced durability is required for an aggressive environment. These improvements 
are only a little part of our better understanding of concrete at the micro-level. The 
next major development is an improved understanding at the nanolevel that, as many 
researches showed, will lead to enhanced concrete properties. 
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7. NANOTECHNOLOGIES FOR STEEL-BASED MATERIALS 
 
7.1 Worldwide steel production and usage in construction industry 
Steel has been widely available since the second industrial revolution in the late part 
of the XIX and early part of the XX century and has played a major part in the con-
struction industry since that time. The World Steel Association reported for the 66 
country affiliated a crude steel production of about 112 million metric tons (mmt) in 
September 2010. This is higher than September 2009. 
 

Tab. 7.1 Worldwide steel production in 2010 (source: Worldsteel) 
Country Jan Feb Mar Apr May Jun Jul Aug Sep […] Total 

European 
Union 
(27) 

13,62 13,31 15,55 15,42 16,51 15,18 13,79 12,25 14,29 - 130 

Other 
Europe 

2,42 2,17 2,54 2,69 2,87 2,89 2,645 2,90 2,93 - 24 

C.I.S. (6) 8,56 7,87 9,21 9,25 9,59 8,60 8,70 8,71 8,71 - 79,2 
North 

America 
8,64 8,69 9,84 9,56 9,99 9,57 9,241 9,30 9,34 - 84,2 

South 
America 

3,70 3,38 3,67 3,52 3,70 3,63 3,667 3,90 3,68 - 32,8 

Africa 1,35 1,22 1,38 1,38 1,44 1,32 1,401 1,46 1,40 - 12,3 
Middle 

East 
1,58 1,59 1,52 1,67 1,65 1,58 1,297 1,56 1,62 - 

14,1 

Asia 72,9 69,42 77,81 76,38 78,14 74,89 72,89 72,33 69,11 - 664 
Oceania 676 594 682 647 687 688 736 744 670 - 6124 

Fig. 7.1  
Worldwide steel pro-
duction in 2010 
(source: Worldsteel). 

664 6124

1412

33

8479

24

130

0

100

200

300

400

500

European
Union 

600

(27)
Other Europe C.I.S. (6) North America South America Africa Middle East Asia Oceania

th
o
u
sa

n
d
 m

et
ri
c 

to
n
s

 

 

 



Nanotechnologies for steel-based materials 76 

Nowadays, millions tons of steel are produced per year in the EU and studies on this 
material enjoys a healthy allocation of research funding.  
 

Tab. 7.2 European steel production in 2010 (source: Worldsteel) 
Country Jan Feb Mar Apr May Jun Jul Aug Sep Total 
France 1,136 1,127 1,476 1,451 1,573 1,457 1,29 858 1,257 869 

Germany 3,497 3,399 4,021 3,883 4,073 3,857 3,472 3,446 3,311 33 
Italy 1,876 2,164 2,377 2,352 2,471 2,264 2,269 1,09 2,326 19,2 
Spain 1,358 1,343 1,581 1,541 1,646 1,433 994 1,226 1,399 1006 
United 

Kingdom 
984 763 813 899 894 793 780 789 786 7501 

Turkey 2,059 1,821 2,194 2,402 2,526 2,495 2,376 2,547 2,506 20,9 
Russia 5,19 4,952 5,588 5,64 5,885 5,43 5,595 5,6 5,6 49,5 

Fig. 7.2  
European steel pro-

duction in 2010 
(source: Worldsteel). 
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For several decades, automotive and construction industries heve been the most im-
portant markets for steel companies. For instance, the global demand of automotive 
steels is currently estimated at around 90 million tons, which is approximately 13% 
of the total global market share. 
Recently, worldwide consumption of finished steel is very large, especially of high 
strength steels (HSS) and stainless steel that have been dramatically increased.  
To fulfil the increasing demand, steel companies have focused on the development 
of new high strength nano-enhanced steels. 
In the graph in the next page (fig. 7.3), it is shown the steel quantity employed in the 
construction sector in 2009 according to World Steel Association. 
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Worldwide apparent 
consumption of fin-
ished steel in 2009 
(source: Worldsteel). 
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7.2 Nano-research in steel for large structures 
The construction industry could benefit from the application of nanotechnology to 
steel and some of highly promising areas are currently under investigation or are 
even available today on the market. Generally speaking, the major efforts are em-
ployed to many applications to bridge and tall building constructions as the use of 
steel is larger in these areas and employs more technical and advanced requirements. 
The behaviour and performance of steels is intimately linked to their chemical and 
phase composition, structure and surface morphology. Only recently it has become 
possible to examine the morphology of solid surfaces at the nanoscale using some 
local probe techniques as the atomic force microscope (AFM). Correlations of AFM 
results with mechanical testing of steels were done for fatigue crack nucleation and 
examination and surface deformation at grain boundaries. AFM was also used for 
surface imaging. Traditionally, the trade off between steel strength and ductility is a 
significant issue for steel; the forces in modern construction require high strength, 
whereas safety and stress redistribution require high ductility especially in seismic 
areas. This has led to the use of low strength ductile materials in larger sizes than 
would otherwise be possible with high strength brittle materials and consequently it 
is an issue of sustainability and efficient use of resources. The use of stainless steel 
reinforcement in concrete structures has normally been limited to high risk environ-
ments as its use is cost prohibitive. However, a modified nano-structure that makes 
it corrosion resistant, for example, is a good alternative to conventional stainless 
steel, but at a lower cost. In the same way, adding some nanoparticles changes some 
characteristics of the original steel making it more and more resistant as well as 
more sustainable, with a big reduction in its use. Fatigue is a significant issue that 
can lead to the structural failure of steel subject to cyclic loading, such as in bridges 
or towers. This can happen at stresses significantly lower than the yield stress of the 
material and lead to a significant shortening of useful life of the structure.  
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The current design philosophy entails one or more of three limiting measures: a de-
sign based on a dramatic reduction in the allowable stress, a shortened allowable 
service life or the need for a regular inspection regime. This has a significant impact 
on the life-cycle costs of structures and limits the effective use of resources and it is 
therefore a sustainability as well as a safety issue. Stress risers are responsible for 
initiating cracks from which fatigue failure results.  
A study has shown that the addition of copper nanoparticles reduces the surface un-
evenness of steel which then limits the number of stress risers and hence fatigue 
cracking. Advancements in this technology would lead to increased safety, less need 
for monitoring and more efficient materials use in construction prone to fatigue is-
sues.  

Current research into 
the refinement of the 
cementite phase of steel 
to a nano-size has 
produced stronger 
cables. High strength 
steel cables are used in 
bridge construction as 
well as in pre-cast 
concrete tensioning; a 
stronger cable material 
would reduce the costs 
and period of 
construction, especially 
in suspension bridges as 
the cables are run from 
end to end of the span.  

Fig. 7.4  
SEM micrographs of 

fracture surface  
originating fracture. 
(source: Chang-Min 

Suha et. alt., 2007) 

Sustainability is also enhanced by the use of higher strength cable as this leads to a 
more efficient use of materials. 
High rise structures require high strength joints and this, in turn, leads to the need 
for high strength bolts. The capacity of high strength bolts is realized generally 
through quenching and tempering and the microstructures of such products consist 
of tempered martensite. When the tensile strength of tempered martensite steel ex-
ceeds 1.200 MPa even a very small amount of hydrogen embrittles the grain 
boundaries and the steel material may fail during use. This phenomenon, which is 
known as delayed fracture, has hindered the further strengthening of steel bolts and 
their highest strength has long been limited to somewhere around 1.000 to 1.200 
MPa.  
Research on vanadium and molybdenum nanoparticles has shown that they could 
improve the delayed fracture problems associated with high strength bolts. This is 
the result of the nanoparticles reducing the effects of hydrogen embrittlement and 
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improving the steel micro-structure through reducing the effects of the inter-granular 
cementite phase.  
Welds and the Heat Affected Zone (HAZ) adjacent to welds can be brittle and fail 
without warning when subjected to sudden dynamic loading, and weld toughness is 
a significant issue especially in zones of high seismic activity. Weld and HAZ fail-
ures led to the re-evaluation of welded structural joints in the aftermath of the 1994 
Northridge earthquake in the Los Angeles area and current design philosophy in-
cludes selective weakening of structures to produce controlled deformation away 
from brittle welded joints or the deliberate over-sizing of structures to keep all the 
stresses low.  
Research currently under way, however, has shown that the addition of nanoparti-
cles of magnesium and calcium makes the HAZ grains finer (about 1/5 the size of 
conventional material) in plate steel thus leading to an increase in weld toughness. 
This is a sustainability as well as a safety issue, as an increase in toughness at 
welded joints would result in a smaller resource requirement because less material is 
required in order to keep stresses within allowable limits.  
Although carbon nanotubes are an exciting material with tremendous properties of 
strength and stiffness, they have found little application as an addition to steel as 
their inherent slipperiness  makes them difficult to bind to the bulk material and they 
pull out easily, rendering them ineffective. In addition, the high temperatures in-
volved in steel manufacture and consequently the effects of high heat on CNTs, pre-
sents a big challenge for their effective use as a composite component.  
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8. NANOTECHNOLOGIES FOR WOOD-BASED MATERIALS 
 
8.1 Macroscopic and microscopic timber characteristics 
Wood is a largely used material in construction 
from ancient times and its main characteristics 
are its anisotropic structure and non-
homogeneous nature.  
For technical porpoises, only a stem without 
bark and pith is used. Cambium is a very thin 
layer of tissue containing the formative cells 
for the growth of the tree. Growth rings are 
visible in the cross-section of a stem as 
approximately concentric layers. When the 
conditions of the growth are nearly constant, as 
in tropical areas, the growth rings are not al-
ways distinct. In most species, a growth ring 
consists of early-wood and late-wood, with 
different structures of wood tissue. Usually 
around the 90% of the volume of soft-woods is 
comprised of cells called tracheids, which are 
parallel to the longitudinal axis of them. In 
soft-wood, tracheids serve for mechanical 
support and physiological needs. They consist 
of a cell lumen surrounded by a cell-wall and 
are usually 2-5 mm long with a 0,02-0,04 mm 
diameter. In hard-woods, the mechanical 
support is provided by some cells called of 
fibres, similar to the tracheids. Fibre are 1-2 mm long and 0,01-0,05 mm diameter. 
Generally the fibres form at least 50% of the volume of hard-woods. Because mature 
wood cells are dead, even in the living tree, most cell lumina are empty and can be 
filled with water. Its cellular membrane, is composed of two different layers and 

small openings serve for communication 
between neighbouring cells. The primary 
wall is composed mainly of cellulose but, 
during the lignification process it receives 
large deposit of lignin. In the secondary 
wall there is about 10-20% of lignin. The 
wood tissue can be seen as reinforced 
concrete: cellulose represents the iron rods 
resistant to tensile forces, whereas lignin 
has the function of concrete, which is 
resistant to compression. The substance 

that cements the cells together is called the middle lamella and it is mainly com-

Fig. 8.1  
Macroscopic struc-
ture of wood: (a) the 
main elements of the 
stem; (b) growth 
rings. (source: Kopac, 
2003) 

Fig. 8.2  
Microscopic structure 
of tracheid or fibre. 
(a) cell-wall layers: 
M middle lamella; P 
primary wall; Sn lay-
ers of the secondary 
walls; W warty layer; 
(b) bundle of axially 
oriented cells. 
(source: Kopac, 
2003) 
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posed of lignin and some pectic substances. Wood is a high hygroscopic material 
and this affects its density and mechanical properties. Other factors are the structure 
of the wood, extractives and the chemical structure. Beside the differences in density 
between early-wood and late-wood, there is also variation in the density in the hori-
zontal and vertical direction of the tree. Generally, in soft-woods and hard-woods, at 
each horizontal level of density increases with the distance from the pith, whereas in 
the vertical direction the density is higher at the foot than at the top of the tree. Other 
properties of wood which are strongly connected to its density are porosity and 
hardenss.  

From the mechanical point of 
view, wood is a viscous-elastic 
material; therefore relatively 
small elastic deformation can 
result in permanent plastic 
deformation if applied for a 
certain length of time. Usually 
the dependence of deformation 
on time is shown by creep 
curves. 

Fig. 8.3  
Stress-deformation 
curves with the dif-

ferences in tensile 
and compressive 

loading.  
(source: Kopac, 

2003) 
 

 
8.2 Nanostructure of carbonized wood 
The practice of converting wood into carbon to increase its resistance to degrading 
agents has existed for centuries. Carbonization of wood at high temperatures re-
moves all carbohydrates, eliminating nutrient sources for microorganisms and in-
sects. The resulting carbon is highly durable and is not subject to biological degrada-
tion. Studies performed in 1984 by F. Shafizadeh indicated that cellulose decom-
poses via two pathways when heated. The first pathway, which involves a reduction 
in the degree of polymerization, dominates at temperatures below 300 °C. The major 
decomposition products of this pathway are CO, CO2, H2O and solid carbon. The 
second pathway, which dominates at temperatures greater than 300 °C, involves 
cleavage of molecules and disproportionation reactions to produce a mixture of an-
hydro tar sugars and low molecular weight volatiles. There are considerable differ-
ences between the properties of carbons derived from cellulose and lignin when they 
are prepared at temperatures lower than 700 °C: cellulose carbon ablated faster at 
lower temperatures than lignin carbon. This difference in ablation properties de-
creased abruptly when the carbonization temperatures exceeded 700 °C. According 
to X. Xie, the difference in ablation properties was primarily due to the chemical 
structure of the materials, with the lignin carbon having fewer paraffinic structures 
than the cellulose carbon at lower carbonization temperatures. When wood fibre is 
heated in air at 250 °C there are readily visible changes, such as the colour change to 
dark brown or black as it is carbonized. However, changes can also occur at the 
nanoscale level. Heating wood and plant fibre in air at temperatures greater than 400 
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°C can result in a rapid ablation of the cellulose carbon derived from cellulose mi-
crofibrils. Under appropriate conditions, this can result in the formation of nanome-
ter sized channels in the material that can act as template for carbon nanotubes pro-
duction. 

Fig. 8.4  
Scanning electron 
micrograph of nano-
channels in plant fi-
bres undergoing oxi-
dative carbonization 
at lower temperatures 
followed by oxida-
tion at higher tem-
peratures. a) wood 
fibre; b) bamboo fi-
bre. (source: Ameri-
can Scientific Pub-
lishers, 2009). 

 
8.3 Wood surface modification and nanocomposites 
Architectural coatings are usually used to enhance the durability of wood, especially 
in exterior environment, designated to construction or decorative purpose. Those 
coatings are exposed to stressing factors (internal or external) such as solar radia-
tion, humidity, temperature, oxygen, bacterial and fungus attack, freezethaw cycles, 
dirt and others chemical and mechanical factors due to pollution and continuous us-
age. The durability of wood coatings refers to loss of strength, embrittlement, dis-
coloration, loss of adhesion, chalking, loss of gloss and environmental etching. It is 
still problematic for outdoor coatings to fulfil the guarantee periods expected by the 
users. Well-known, inorganic and organic UV absorbers that increase the polymer 
stability are often used in coatings formulation. Inorganic UV absorbers for exterior 
applications offer the most effective UV protection in the long-term because they do 
not decompose and do not migrate in coating during weathering. Beside the UV-
shielding properties, ZnO and TiO2 nanoparticles are known to improve thermal sta-
bility and wear resistance of polymers and increase the refractive indices of trans-
parent polymers as well as antimicrobial and bactericide activity. All those benefi-
cial properties require an homogeneous dispersion of the nanoparticles combined 
with a good stability during storage and drying of the coating.  
Over the past years, the use of thermoplastic composites has experienced a dramatic 
growth in applications for building materials as well as automobiles and packaging 
industries. The lignocellulosic fibres, for instance, offer a combination of attractive 
properties such as low density, high specific strength and modulus, renewability, 
biodegradability, wide availability, and low cost, which make them alternatives to 
traditional synthetic fibres or protective coatings, in many applications.  
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However, some constraints do exist for the use of wood thermoplastic composites: 
low thermal stability that restricts the allowable processing temperature and hydro-
philic nature that makes them difficult to process in many hydrophobic thermoplas-
tics. Today, the production of polymer composites reinforced with wood is an estab-
lished technology and many studies on nanocomposites were published in the last 
decade. Thermoplastic polymers like polyolefins (PP and PE), polyurethanes, poly-
imides and nylons are among the most studied matrices from the 80’s. In many 
cases, fillers and coupling agents are added in polymers to enhance properties. The 
most used fillers are aluminium oxide (Al2O3), clay, calcium carbonate (CaCO3), 
silica (SiO2) and titanium dioxide (TiO2). Studies generally showed that their addi-
tion in polymers is often related to a great improvement of mechanical properties.  

Fig. 8.5  
Scanning electron 
micrographs taken 

from the broken sur-
faces of tensile speci-
mens. Wood content: 

20 wt.% (left) 0.05 
maleated polypropyl-

ene/wood ratio and 
(right) 0.5 wt.% Cel-

lulose palmitate. 
(source: L. Dányádi, 

2010) 

Improved scratch and impact resistance, Young’s modulus, modulus of rupture are 
among the most researched properties for wood thermoplastic nanocomposites. 
Flame, fire and moisture resistance seem to be improved by clay introduction and 
exfoliation in thermoplastic polymers. In order to achieve the required combination 
of properties, interfacial interactions are often modified in these composites. Interfa-
cial adhesion can be changed by the chemical or physical modification of the wood, 
by surface coating or by the introduction of a coupling agent, usually a functional-
ized polymer. The particles size of wood flour, routinely used for the reinforcement 
of plastics, is large and the particles easily debond during the loading of the compos-
ites that leads to the formation of large voids.  
However, some problems of wood composites are not solve yet. They are aggrega-
tion, aesthetics or water absorption problems. Chemical modification is usually con-
siderably more complicated than the simple addition of a component to the compos-
ite during homogenization. Surfactants can improve the processability and aesthetics 
of the product by decreasing interaction and friction among them, and they may de-
crease water absorption as well. Many efforts have been made to overcome these 
limitations and, in recent years, the layer-by-layer (LbL) self-assembly technique 
has been used for surface modification as it is possible to create thin films with a de-
sired layer composition in a nanometre range, both on large surfaces and on microfi-
bres and cores, and can employ a great variety of substances including linear or 
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branched polyelectrolytes, nanoparticles and proteins. This technique involves the 
sequential adsorption of oppositely charged polyelectrolytes to the fibre surfaces. In 
literature, it is largely reported that many charged organic and inorganic nanoblocks 
have been used in this nanoassembly including globular protein, latex, SiO2,CeO2, 
ZrO2, TiO2, Fe2O3, CdSe, Co, and Au nanoparticles as well as different types of 
clay, carbon and ceramic nanotubules thus changing the surface properties in a de-
sired direction. The LbL modification method has largely been investigated in the 
field of paper science and successfully applied to cellulosic pulp fibres to enhance 
the properties of paper. 

Fig. 8.6  
(a) scanning electron 
micrographs of 
wooden virgin fibres 
coated with (b) four 
layers of SiO2 
nanoparticles, (c) 
halloysite clay nano-
tubes and (d) TiO2 
nanoparticles. (source 
Z. Lu, 2007) 
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9. NANOTECHNOLOGIES FOR  QUALITY AND COMFORT 
 
9.1 Self-cleaning coatings 
 
9.1.1 Introduction 
The technology of self-cleaning coatings has developed rapidly in recent years be-
cause of the wide range of possible applications. Their potential is huge and a lot of 
products are already on the market. 
Basically, self-cleaning coatings can be divided into two categories:  
1. hydrophobic coatings: characterised by rolling droplets of water that clean the 

surface; 
2. hydrophilic coatings: characterised by sheeting water that carries away dirt with 

the additional property of chemically breaking down adsorbed dirt in sunlight. 
Hydrophobicity and hydrophilicity depend on the contact angle1 between water and 
the material surface. 

Fig. 9.1  
Contact angle:  
left, hydrophobic 
drop;  
right, hydrophilic 
drop. 

9.1.2 Hydrophobic coatings – the Lotus-Effect® 
Hydrophobic coatings are characterised by a high water contact angle so water 
forms almost spherical droplets that roll away on the surface carrying dust and dirt 
with them. Dirty water falling onto the hydrophobic coating is removed before it can 
evaporate. As a droplet rolls, an hysteresis develops in the contact angles at the ad-
vancing and receding three-phase interface between solid, liquid and gas. The re-
quirements for a self-cleaning hydrophobic surface is a very high water contact an-
gle θc ≥ 160°. The theoretical description of contact angle arises from the 
thermodynamic equilibrium between the three phases: the liquid phase of the droplet 
(L), the solid phase of the substrate (S), and the vapor phase of the ambient (V). At 
equilibrium, the chemical potential in the three phases should be equal. It is conven-
ient to frame the discussion in terms of the interfacial energies. We denote the solid-
vapor interfacial energy as γSV, the solid-liquid interfacial energy as γSL and the liq-
uid-vapor energy as γ, we can write an equation that must be satisfied in equilib-
rium, known as the Young Equation (eq. 9.1): 
 
   0 = γ - γ  – γ cosSV  SL  θ0 

                                                

(eq. 9.1 Young Equation) 

 
1 The contact angle is the angle at which a liquid/vapour interface meets the solid surface. It is specific 
for any given system and it is determined by the interactions across the three interfaces. 
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where θ0 is the equilibrium contact angle. The Young equation assumes a perfectly 
flat surface, and in many cases surface roughness and impurities cause a deviation in 
the equilibrium contact angle from the contact. 

 

Fig. 9.2  
Contact angle 

scheme. 

 
It is interesting to highlight that in nature there are several exempla of self-cleaning 
surfaces as a lot of plants use rolling droplets of water to keep clean.  
More particularly, in the 1970s the botanist Wilhelm Barthlott, from the University 
of Heidelberg, observed this phenomenon on the Lotus leaves and on some other 
plants all over the world. 

Fig. 9.3  
Lotus effect in the 

natural world. 

What the plants have in common is a microscopically rough water-repellent surface 
that is covered with tiny knobbles or spikes so that there is a little contact surface for 
water to settle on. This phenomenon was described mathematically by Cassie and 
Baxter in the middle of the last century as explained above. Macro-sized droplets 
placed on a micron-textured surface finds it favourable to follow the contours of the 
surface, sinking down and spreading out. Therefore increasing the roughness of a 
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hydrophilic surface reduces the contact angle of a water droplet. On a rough hydro-
philic surface the opposite occurs. 

Fig. 9.4 a-b 
Electron micrographs 
of ultraphobic lotus 
leaf. Microscope ob-
servations reveal that 
the waxy surface of 
the lotus leaf is made 
of micron-sized 
bumps that are cov-
ered with nanoscale 
hair-like tubes. This 
two-fold structure 
traps air under any 
water drops that fall 
on the leaf, creating a 
surface that effi-
ciently repels water. 
(source: Neinhaus, 
1997)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 9.5 a-b 
 Left: Graphical repre-

sentation of a water 
droplet on a Lotus 
leaf. 

 
 
 Right: Natural Lotus-

Effect ®.  
 
 
It is important to notice that 
on the leaves, if some sur-
factants or other compounds 
are added to water, the hy-
drophobic effect is pre-
vented. Nowadays, on the 
market there are some Lo-
tus-Effect® products, such 
as the Lotusan self-cleaning 
painting by Sto, but they are 
well suited for surfaces that 
are regularly exposed to 
sufficient quantities of wa-

Fig. 9.6 a-b 
Schematic picture 
showing how Lotus-
Effect ® works on a 
surface. On the left, 
as water droplets slip 
on a surface, dirt is 
simply lifted up and 
put down again. On 
the right, water drop-
lets rolling on a hy-
drophobic surface, 
carry away dirt. 
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ter. Otherwise, small quantities of water leads to water droplet forming stains leav-
ing the building façade even dirtier. 

 
9.1.3 Hydrophobic coatings – production and use Fig. 9.7 a-b-c 

Left: water droplet on 
Lotus leaf. Middle: 
trains of water on a 

leaf. 

Several techniques are know for the micron-scale patterning of hydrophobic surfaces 
through the use of moulded polymers and waxes, by physical processing methods 
such as ion etching and compression of polymer beads, and by chemical methods 
such as plasma-chemical roughening. A way that was investigated is the production 
of a 2 mm thick film of vertically aligned carbon nanotubes (CNTs) via plasma en-
hanced chemical vapour deposition by Lau et al.. This technique grows CNTs by 
discharging a high voltage through an atmosphere of acetylene and ammonia. The 
result is a “forest” of vertically aligned CNTs, a surface highly textured on the mi-
cron scale. To induce ultraphobic behaviour, the CNTs must be rendered chemically 
hydrophobic, otherwise water will be simply absorbed by the texture. This was 
achieved by coating with a very thin layer of polytetrafluoroethylene (PTFE) via a 
second CVD process. This layer does not form a blanket on the surface but coats the 
length of the CNTs. The result is a highly textured surface with a hydrophilic coat-
ing with a contact angle value equal to 170°. 

Right: in cases of 
insufficient quantity 

of water, droplets 
running off a building 

façade leave it even 
dirtier.  

(source: Leydecker, 
2009) 

Fig. 9.8 a-b 
Left: a drop of water 

resting on a PTFE 
coated carbon nano-

tube forest.  
Right: an electron 
micrograph of the 
same ultraphobic 

surface. 
(source: I.P. Parkin, 

2004) 

 
Processing a hydrophobic material is an expensive and time consuming technique 
and the coating produced are usually hazy and fragile materials. These facts pre-
vented a widespread production and application. 
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One of the most used product, nowadays available on the market, is the self-cleaning 
paint StoCoat™ Lotusan® by Sto. It was successfully applied in the Ara Pacis Mu-
seum in Rome (Italy), planned by Richard Meier & Partners, to protect its white fa-
çade colour. The building, built on the bank of the Tevere river, was opened in 2006 
to replace the old pavilion built in 1938 and protects the Ara Pacis Augustae. 
 
 
 
 
 
 
 
 
 
 
 Fig. 9.9 

Rendering of the Ara 
Pacis Museum by R. 
Meier (Rome – Italy). 

 
 
 (picture’s copyright 

belongs to Comune di 
Roma, taken from: 
www.arapacis.it) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 9.10 
 Ara Pacis Museum 

by R. Meier (Rome – 
Italy).  

 
 

(picture’s copyright 
belongs to Comune di 
Roma, taken from: 
www.arapacis.it) 
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Fig. 9.11 
Interior of the Ara 

Pacis Museum by R. 
Meier (Rome – Italy). 

(picture’s copyright 
belongs to Comune di 

Roma, taken from: 
www.arapacis.it) 

 
Other building were StoCoat™ Lotusan® by Sto was applied are, for instance, the 
following: 

Fig. 9.12 a-b 
Left: Playa del Mar 
Condominiums, Ft. 
Lauderdale, Florida 

(USA). 
Right: The Open 

University hdq., Mil-
ton Keynes (UK). 

 
9.1.4 Hydrophilic photocatalytic coatings – self-cleaning glass 
The second class of self-cleaning surfaces differ from lotus effect coatings in that 
they are hydrophilic rather than hydrophobic. These coatings chemically break down 
dirt when exposed to light – a process known as photocatalysis – although it is the 
coating not the incident light that acts like a catalyst. The most used catalyst is tita-
nium dioxide whose photocatalytic property was first discovered by Akira Fujishi-
ma2 at the University of Tokyo, while working on his Ph.D. Under the supervision 
of Kenichi Honda3 he discovered the photocatalytic water decomposition (water 

                                                 
2 Akira Fujishima was born in 1942 and from 2003 is Professor Emeritus at the University of Tokyo. 
3 Kenichi Honda was born in 1925 in Tokyo. He was dean of the Faculty of Arts in 1994 and president of 
the University in 1996. In 1997 he received the designation as a “Person of Cultural Merit”, one of Ja-
pan’s highest honours. 
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photolysis) in the process in the TiO2 surface later called Honda-Fujishima effect. 
Glazing is the largest commercialisation of self-cleaning coatings as they are used in 
architectural applications to create self-cleaning windows. These have been com-
mercialized successfully by several companies, such as the NSG/Pilkington Glass4 
or Saint Gobain Glass. Nowadays, all commercial self-cleaning windows are coated 
with a thin transparent layer of titanium dioxide, a coating that acts to clean the win-
dow in sunlight through two distinctive properties:  
 photocatalysis causes the coating to chemically break down organic dirt ab-

sorbed onto the window; 
 hydrophilicity causes water to form “sheets” rather than droplet – contact angles 

are reduced to very low value in sunlight (the coating becomes super-
hydrophilic) – and dirt is washed away. 

Both self-cleaning properties of TiO2 are governed by the absorption of ultra-violet 
light and the generation of electron-hole pairs. The band gap of bulk anatase TiO2 is 
3,2 eV, corresponding to light of wavelength 390 nm, near ultraviolet (UV) light. A 
small proportion of the sunlight reaching earth exceeds 3,2 eV, so titania coatings 
can be solar activated. 

Fig. 9.13 a-b-c 
Graphical scheme of 
a self-cleaning coat-
ing for glazing appli-
cation work. 

Titania has become the material of choice for self-cleaning windows, and hydro-
philic self-cleaning surfaces in general, because of its favourable physical and 
chemical properties. Not only is titania highly efficient at photocatalysing dirt in 
sunlight and reaching the super-hydrophilic state, it is also non toxic, chemically in-
ert in the absence of light, inexpensive and relatively easy to deposit into thin films. 
The most significant polymorphs of TiO2 are rutile and anatase. The position of the 
conduction and valence bands relative to key red-ox potentials cause pure anatase to 
be very photoactive (photocatalytic and super-hydrophilic) while pure rutile is less 
so. Anatase TiO2 is formed at temperatures exceeding 300 °C, but converts into 
rutile around 800 °C. This temperature is a lot higher than the one usually found in a 
CVD process, although this temperature is exceeded on a float glass line. Titania 
films deposited by CVD tend to have small crystal sizes, with some commercial 
TiO2 coatings have crystal sizes of 7-13 nm. The photocatalytic activity of a film is 
tested by measuring the destruction of an organic compound on the surface on the 

                                                 
4 Pilkington Glass was the first company announcing the development of a self-cleaning window in 2001, 
the Activ™. 
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film. Sunlight, or artificial UV light, is used to activate the coating, and IR, or UV 
spectroscopy, is used to quantify the destruction of the compound. TiO2 has shown 
itself capable of breaking down a wide variety of organic compounds, including 
long-chain carboxylic acids, chlorinated and fluorinated compounds and aromatic 
compounds. Titania has a high refractive index and bulk TiO2 is highly reflective. 
To achieve the high transparency required for windows, TiO2 coatings must be un-
der 50 nm thick so that the absorption of UV light is very low. Thicker films show 
significantly higher efficiency, and may be suitable for non-glazing applications.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9.14 a-b  Left, top and bottom: 
hydrophobic surface.   

 Right, top and bot-
tom: hydrophilic sur-

face.  
 
 (source: Cardinal ®) 
 
 
There are a lot of self-cleaning glass already available on the market, such as the fol-
lowings: 
 Pilkington  Active™ by Pilkington Glass (EU); 
 Pilkington Active Blue™ (with solar control coating) by Pilkington Glass (EU); 
 SGG Aquaclean™ (1st generation hydrophilic only, 2002) by Saint Gobain 

Glass (EU); 
 SGG Bioclean™ (2nd generation, 2003) by Saint Gobain Glass (EU); 
 SGG Bioclean™ Cool Lite ST (with solar control coating) by Saint Gobain 

Glass (EU); 
 SunClean™ by PPG Industries (USA); 
 Neat™ Glass by Cardinal Glass Industries (USA); 
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 Cleartect™ by Nippon Sheets Glass Co, Ltd. (Japan); 
 Viewtec™ by Asahi Glass Co, Ltd (Japan). 
 
 
 

Fig. 9.15 a-b 
 Left: Pilkington Ac-

tiv™ glass had been 
used in the MSV 
Arena Soccer Sta-
dium, Duisburg, 
Germany. 

 
 
 
 
 Right: Fergamma 

Offices, Mantova 
(Italy) – 2005, where  
SGG Bioclean™ 
glass produced by 
Saint Gobain had 
been used. 

 
 
 
 
 
 
 
 
 
 
 Fig. 9.16 a-b 

SGG Bioclean™ 
glass produced by 
Saint Gobain had 
been used in the ar-
cades of S. Pancras 
Railway Station, 
London, UK (2007). 

 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 9.17 a-b 
 The Museum of 

Earth, New York 
(USA), where Pilk-
ington Activ™ glass 
was used. 
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Fig. 9.18 a-b  
In both these build-
ings Pilkington Ac-

tive™ glass was 
used. 

 
 
 

Left: the Chapel,  
Penge (UK).  

 
 Right : Hôtel de Re-

gion, Lille (France).   
 
 
 
 
 
 
 
 
 Fig. 9.19 a-b 
 Overground shelter in 

Veneto (Italy) where 
Pilkington Activ™ 

glass was used. 

 
 
 
 
 
9.1.5 Hydrophilic photocatalytic coatings – other applications 
Titanium dioxide has become the “gold standard” in photocatalytic hydrophilic coat-
ings due to its high photoactivity and the ease of deposition. Aside from glazing ap-
plications, many other titania coated products have become available in the past 
years. Especially in Japan, where the photocatalytic properties of titania were first 
discovered, hundreds of companies produce self-cleaning products. Among the larg-
est is TOTO Ltd, which manufactured several self-cleaning products with titania 
coatings for tiles, paints and textile, having registered about 270 patents. 
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Some products for architectural applications are: 
 Selfclear™ by JFE Metal Products & Engineering Inc. (USA) - paint for exter-

nal wall applications; 

Fig. 9.20 a-b 
Selfclear applica-
tions. 

 
 Hydrotect™ by Deutsche Steinzeug Cremer & Breuer AG (EU) – metallic exte-

rior tiles with anti-soiling property and interior ceramic tiles with antibacterial 
properties; 

 

Fig. 9.21 a-b 
Hydrotect application 
Left: metallic antisol-
ing tiles.  
Right: ceramic anti-
bacterial tiles. 

 

 SelfMax by Taiyo Kogyo Corporation (Japan) – film material for tent storage 
(Fig. 9.22 left); 

 Skyclearcoat by Taiyo Kogyo Corporation (Japan) – film material for awnings 
(Fig. 9.22 right); 

 Cleanmax by Taiyo Kogyo Corporation (Japan) - film material for buildings 
(Fig. 9.23 left); 

 Ever Fine Coat by Taiyo Kogyo Corporation (Japan) – membrane for building 
(Fig. 9.23 right). 
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Fig. 9.22 a-b 
 Left: tent storage 

application.  
 Right: awnings appli-

cation.  
 
 Fig. 9.23 a-b 
 Left: film material for 

big roofing.  
Right: rendering im-

age of the circular 
tensile membrane 
covering the chil-

dren’s  

 
 
 
 

playground in the 
Mannou National 

Government Park, 
Kagawa, Japan 

(2004). 

 
 
 
 
 
An interesting application of TiO2, usually used to produce self-cleaning coatings on 
glass, is the cooling effect of evaporating water. This technology was experimented 
during the Expo 2005 in Japan when the windows, the canvas and the steel roofing 
of a trade fair pavilion were equipped with a photocatalytic TiO2 coating and sub-
jected to a constant stream of water. Due to the hydrophilic property of the surface, 
the water immediately formed a thin film, which evaporated quickly, absorbing in 
the process ambient warmth and thereby reducing the indoor temperature. Initial es-
timates suggest a potential energy reduction of between 10 % and 20 % in compari-
son to conventional air conditioning. In Japan, this effect is generally achieved by 
sprinkling water on the ground. 
 
9.2 Easy-to-clean surfaces 
Easy-to-clean surfaces (ETC) are water repellent smooth surfaces and they are often 
confused with self-cleaning glass due to their function. These surfaces have a lower 
force of surface attraction due to a decrease in their surface energy, resulting in re-
duced surface adhesion. This causes a water repellent effect so that water forms 
droplets and runs off. These surfaces are therefore hydrophobic and often oleopho-
bic making them suitable for interior surfaces that require a high level of hygiene, as 
in bathrooms. Indeed, lots of applications could be found in ceramic sanitary instal-
lations or shower cubicle glazing. Anyway, each kind of material is suitable for this 
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kind of building application such as wood, metal, masonry or concrete as well as 
leather, facilitating the building management where cleaning costs represent a high 
proportion of maintenance costs. As a general rule, these coating should be applied 
on surfaces that are exposed to sufficient quantity of water and detergents must be 
used carefully to avoid damages. The treatment usually lasts from some months to a 
few years so it must be constantly renewed, that is why they are recommended for 
interior surfaces. 

Fig. 9.24 a-b 
Left: Half coated 
stone after spraying 
with lacquer and 
cleaning with a high 
pressure cleaner with 
water. 

 
 

COATED UNCOATED 
 Middle and right:  

comparison of ce-
ramic surfaces. mid-
dle, without ETC 
coating; right – with 
ETC coating. 

 
 
 
 
 
9.2.1 Polysiloxanes and silane products 
In any surface, there are lots of nano-porous 
between the crystals into which dirt and grease 
penetrate during normal use. With the coating 
process, thousands of crystals are deposited on 
the surface and enter the nano-porous creating 
a hydrophobic and smooth easy-to-clean sur-
face, without changing the properties of the 
coating. Dirt stays on top of the surface and 
cannot go in between the above mentioned 
gaps. Polysiloxanes are the most common and 
one of the most important organosilicon 
polymers and the silanol, SiO(Me)2, is the key 
functional group in the synthesis of these 
polymers. 

Fig. 9.25 
Comparison between 
1nm sized silane par-
ticle and traditional 
coatings. 

Fig. 9.26 a-b 
Stone with (left) and 
without (right) the 
Nanostone NS treat-
ment. 
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Some products that are already available on the market, such as Nanostone NS pro-
duced by Nanoprotect Ltd., are supposed to perform up to eight years, providing a 
colourless, water-vapour permeable as well as hydro and oleophobic treatment on 
surfaces. 

Fig. 9.27 
CCFlex: four layer of 

ceramic wall cover-
ing that can be fur-
nished with a func-
tional easy-to-clean 

layer. From the latter: 
a flexible polymer, a 

coloured ceramic 
material, painting, 

ceramised top coat. It 
is produced by De-
gussa – Creavis te-

chnology and Innova-
tion. 

 
9.2.2 Other products on the market 

An other product that presents a easy to 
clean coating is Steel enamel 3.5 mm 
produced by Kaldawei. It is a material 
used as surface finishing for bathroom 
accessories such as shower and bath-
tubs trays and it is guaranteed to remain 
resistant for 30 years. On the market 
there are also a great quantity of prod-
ucts available in bottles with sprayer or 

in container that are supposed to create a easy-to-clean nanostructured coating on the 
surfaces. Some companies are: Percenta AG (Germany), Kälin & Co. AG (Switzer-
land) , Nanosys (USA). 

Fig. 9.28 a-b 
Left: private resi-

dence in Erlembach 
(Switzerland) where 

the wood has been 
given a transparent 
hydrophobic treat-

ment against rain and 
snow. The product 

used is Nanobois by 
Kälin & Co.. 

Right: Nanomers ®. 
A easy to clean and 

antigraffiti coating on 
a ceramic tile pro-

duced by INM Leib-
niz – Insitut für Neue 

Materialien (Ger-
many). 

 
9.3 Air-purifying materials: coatings, paintings and capsules 
 
9.3.1 The indoor air quality 
The air-purifying properties of some nanomaterials are very important both for in-
door as well as for outdoor environment. Though they are not able to completely pu-
rify the air, they help anyway in destroying pollutants and unpleasant odours. The 
indoor air quality is particularly important as people spend a lot of time inside build-
ings. Bad smells, pollutant or hazardous substances may influence a lot the way a 
person feels inside. Usually, the solutions used to deal with these problems are air-
ing the rooms or using perfumes, but these methods have a limited effect. Nanotech-
nology may help in this way chemically decomposing pollutants and bad smells. To 
avoid the Sick Building Syndrome (SBS), lots of products are still on the market and 
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they can help in improving the air quality. To function in the best way, air-purifying 
surface area must be sufficient with regard to the volume of the room and must be 
exposed to air. For processes based on oxidative catalysis normal air circulation is 
sufficient while photocatalysis, for exemplum, requires daylight. The ability to re-
duce indoor air pollutants is therefore equally relevant for new as well as for existing 
buildings and lots of studies have been carried out on some different particles as 
nicotine, formaldehyde, ammonia, benzene and even fish odours. On the market it is 
still possible to find paintings or panels or textile with air-purifying properties. 
Anyway, it must be noted that the indoor air quality does also depend on oxygen 
content, relative humidity, temperature, ventilation, etc.. 

Fig. 9.29 a-b 
RS Nano Air-
purifying Panels by 
RS Nano Tech. These 
panels are impreg-
nated with silver and 
titanium nanoparti-
cles that makes them 
air-purifying and 
anti-bacterial up to 3 
years. This company 
also produces tapes-
try with air-purifying 
anti-bacterial proper-
ties. 

9.3.2 Air-purifying glass 
An other way to improve the air quality is applying stained glass windows that are 
painted with gold. It was recently found out by a team of Queensland University of 
Technology that they purify the air when they are lit up by sunlight. For instance, 
numerous church windows across Europe are decorated with coloured glass by 
means of gold nanoparticles, they put together the beauty of the work of art along 
with “modern” discovered ability to destroy pollutant when energised by the sun. 
Often, in internal architecture air-purifying curtain materials can simultaneously be 
equipped with antibacterial properties and various products are already available on 
the market, with or without antibacterial combination. 
 
9.3.3 Fragrant capsules 
An other way to improve the air quality is affecting our sub-
jective perception and our emotional response using minute 
fragrant capsules5. Fragrances are in a microcapsule and re-
leased in a controlled manner. The microcapsules exist in 
different forms with regard to their fillings that could be 
gaseous, solid or fluid and to the permeability of the con-
tainer. The aroma function is initiated according to a “re-

Fig. 9.30 
Bayer micro-capsule. 

                                                 
5 The use of fragrances, whether natural or synthetic, should be regarded critically in the context of the 
rising incidence of allergies. 
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lease-on-demand” principle: the capsule, for instance, burst on mechanical contact 
when under pressure or when rubbed, releasing the fragrance contained within. 
These kind of capsules may be put in wall panelling or curtains or textile in general 
as carpets or even leather which have lost its typical smell due to the new processes 
of production. Usually, each individual microcapsule is about five micrometers in 
diameter and their shells are extremely fine, yet more stable than soap bubbles, 
transparent and highly elastic. The film surrounding the capsules is just a few nano-
metres thick and is usually made of polyurea. When the nano-film is subjected to 
pressure, it bursts like a balloon and releases its fragrant content. 

To get the fragrance into the capsule a 
particular process must be followed (fig. 
9.31): the fragrance and the isocyanate, the 
water-insoluble polyurethane component, 
are mixed together by means of a mixer (1). 
The polyamine, which is the second 
polyurethane component, is then added to 
the aqueous solution (2). As the two 
polyurethane components are mixed 
together, they react on the surface of the 
micro-droplet forming a solid polyurethane 
nano-film containing the fragrance. The 
finely dispersed microcapsules float in the 
dispersion, which is then ready for spraying 
onto the relevant product.  

Fig. 9.31 
Fragrance dispersion 

into the capsules. 

Today, the microcapsules range in size from a few hundred nanometres to one 
millimetre. The capsules have to be small enough to penetrate into the material, but 
at the same time large enough to be trapped between the fibres.  
 
9.4 Antibacterial materials 
Improving hygienic standards in many parts of the world allow infectious diseases to 
be increasingly better controlled. Aside from contagion through contaminated air 
and direct contact with infected people or animals, contaminated objects play an im-
portant role in the spread of infectious diseases. Normal cleaning practices are 
mostly insufficient for elimination of bacterial or viral contaminants such as Salmo-
nellas, Campylobacteria, Escherichia Coli, or noroviruses found up to 28% of the 
original contaminants to survive a visually thorough cleaning with detergents and 
disinfectants of surfaces contaminated by noroviruses. Thus, the hygienic properties 
of material surfaces are therefore important. In architecture, and especially in the 
interior practise, all surfaces are suitable candidates for antibacterial surface coat-
ings, whether enclosing surfaces such as floors, walls and ceilings or furnishing. An 
antibacterial is anything that destroys bacteria or suppresses their growth or their 
ability to reproduce. Heat, chemicals such as chlorine, and antibiotic drugs have an-
tibacterial properties. Many antibacterial products for cleaning and hand-washing 



Nanotechnology and NanoArchitecture 103 

are sold today. Such products do not reduce the risk for symptoms of viral infectious 
diseases but, on the other hand, they show a potential contribution to reducing bacte-
rial presence in buildings such as houses, hospitals, etc..  
 
9.4.1 Efficiency of nanoparticles: activity, factors and mechanism 
A large number of potential applications of nanotechnology have been developed in 
recent years. In the area of surface technology, nanoparticles have been used to pre-
pare self-cleaning surfaces and to improve properties such as scratch and weathering 
resistance. Further, nanoparticles have been associated with improved antimicrobial 
properties, although their mode of action in this regard has not yet been thoroughly 
investigated. However, the possibility that nanoparticles may have adverse health 
effects in humans has not been ruled out. The antimicrobial activity of nanoparticles 
depends on many factors such as nanoparticles concentration. In the case of Ag+ 
ions and metallic silver particles, the antimicrobial effect increases with increasing 
concentration. Yoon et alt.6 observed a bactericidal effect on Escherichia Coli cul-
tures only after the concentration of silver particles reached a certain level. How-
ever, no such minimum concentration was reported for copper particles.  
Another factor is the particle type and dimensions depending on the bacteria to kill. 
Nanoparticle applications of different metals including silver, platinum and copper 
as well as metal oxides - such as MgO and TiO2 - are described in literature. In a 
comparative study with silver and copper nanoparticles, copper showed a stronger 
antimicrobial effect than silver for B. Subtilis and E. Coli. The form of application is 
also important because it affects the bioavailability of biocides to microorganisms. 
Nanoparticles behave differently depending on whether they are embedded in a resin 
matrix or freely mobile in a dispersion, whether they are agglomerated or not, and 
whether molecules are adsorbed on their surface or not. A systematic comparison of 
the effects of individual factors such as particle size, concentration, and particle type 
is not possible based on the available literature. The effectiveness of nanoparticles 
also depends on the organism investigated, the form of application of the particles, 
and the mechanism of action. The biocidal mechanism can be both intracellular or 
extracellular. In the former case, the toxic effect results mainly from bonding to in-
tracellular proteins or DNA. In the latter case, nanoparticles disrupt material trans-
port chemically by attaching themselves to cell membranes, destroy the cell integrity 
in combination with other biocides, or cause mechanical damage to the cell wall. In 
a more detailed way, with an intracellular action nanoparticles fall approximately in 
the same size category with biomolecules and can therefore easily interact with 
them. For instance, the silver antimicrobial effect is partly due to nanoparticles bind-
ing to microbial DNA, which disrupts cell replication and thus hinders bacterial 
multiplication. Nanoparticles can also attach themselves to sulfohydryl (SH−) groups 
of enzymes which are important for metabolism. This disrupts electron transport, 
prevents cell respiration, and inactivates cells. A prerequisite is that the nanoparti-

                                                 
6 K.-Y. Yoon, J.H. Byeon, J.-H. Park, J. Hwang, Sci. Total Environ. 373 (2007) 
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cles are taken up by the microorganisms. Nanoparticles should be released from an 
actively biocidal coating preferably continuously and in small amounts. In case of 
extracellular action, the disruption of cellular mass transport is due to the nanoparti-
cles large surface area that allows more atoms to bind on their surfaces. This facili-
tates the adsorption of nanoparticles on bacterial cell walls, which changes the 
membrane properties of the bacterial shell, disrupting mass transport across the shell 
and, possibly, killing the bacterium itself. Nanoparticles are therefore well-suited for 
shuttling biocidal substances in the vicinity of the bacterial cell wall.  
 
9.4.2 Silver antibacterial effect   
The antimicrobial properties of silver have been known for more than 3000 years, 
and physicians have used this metal as disinfectant since the end of the XIX century. 
The primary difference between the current use of silver and that of the past is one 
of the scale. Previously, silver was used in its classic form as a metal alloy and was 
comparatively coarse in structure. The antibacterial effect of silver results from the 

ongoing slow diffusion of silver 
ions. The very high surface area 
to volume ratio of the nanoparti-
cles means that the ions can be 
emitted more easily ant therefore 
kill bacteria more effectively. 
Bacteria have no chance of 
survival as the ions firstly hinder 
the process of cell division, 
secondly destabilize the cell 
membrane, walls or plasma and 
thirdly interrupt the enzyme’s 
transport of nutrient. In this way, 
bacteria can be lastingly 
eradicated without the use of 
chemicals.  

Fig. 9.32 
SEM Micrograph 

image of silver 
nanoparticles. 

(source: 
www.azonano) 

Furthermore, the antibacterial 
effect itself is also permanent. In 
addiction, it is also advisable to 
equip surfaces with an anti-stick 
function to prevent the build-up 
of a bio-film of dead bacteria 
from which new bacteria could 
eventually growth. Silver 
nanoparticles not only reduce the 
need for chemical disinfectants 
but also reduce the amount of 

cleaning time necessary. Whether in the form of ultra-thin and invisible coatings or 

Fig. 9.33 
Schematic illustration 
of the use of multiac-

tion antibacterial fi-
brous membranes as 

protective face mask. 
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materials to which the silver nanoparticles have been added, they represent an 
effective and unobtrusive bacterial killer, which, when employed, can sensibly offer 
significant benefits. 
 Fig. 9.34 
 Top: Housing Estate 

in Duisburg, Ger-
many, 2004. The fa-
cades of the building 
were covered by 
mould that was very 
hard to eradicate (left 
and middle). A paint 
enhanced by silver 
nanoparticles was 
used to restore them, 
and 3 years later no 
mould infestation 
was seen (right). 

 
 
 
 
 
 
 
 
 

 
 Bottom: Operating 

theatre in Goslar 
(Germany) where 
floors and walls have 
been clad in silver 
photocatalytic tiles. 

 
 
 
 
 

9.5 Photocatalysis for antibacterial applications 
TiO2 nanoparticles have many different applications due to their interesting poly-
morphable nature and particles action. The action of TiO2, in its anatase form, is 
based on its semi-conductive properties and covers the gap between conductor and 
non-conductor bands from >3.2 eV. Since microorganisms are susceptible to UV 
light, UV irradiation has long been used for disinfection purposes thus photosensi-
tizers boost the disinfecting effect considerably. The use of nanosized TiO2 particles 
for destruction of microorganisms based on their photocatalytic effects has been 
known since the 1980s. The irradiation of TiO2 with light at the wave length of 385 
nm leads to formation of electron-gap pairs on the surface of TiO2. This gap in the 
valence band is highly reactive, reacting with water molecules or hydroxyl ions ad-
sorbed on the surface, producing singlet oxygen and hydroxyl radical species. The 
extra electron in the conductor band can reduce molecular oxygen to superoxide ion 
O2. The photocatalytically formed species are extremely reactive toward organic 
materials: on the one hand, they can destroy cell wall components of microorgan-
isms, on the other hand, the oxidative elimination of organic impurities from the 
laminate surface deprives microorganisms of their nutrition source, hindering their 
growth. Such surfaces are called self-cleaning. Besides this purely photochemical 
mechanism of action, cells can also be deactivated as a result of their agglomeration 
onto TiO2 particles. Individual particles can be taken up by cells and cause massive 
intracellular damage. An important advantage of photocatalysis lies in the inability 
of bacteria to become resistant to it. As long as photocatalysts are firmly anchored to 
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the matrix, they are not destroyed or washed off. Normally, small quantities are 
enough to obtain self-cleaning, microbe free, and chemical-free surfaces. Despite 
these attractive properties, a large number of application-technical problems remain 
to be solved before these technologies are commercially feasible. There are no estab-
lished technologies in the market for the application of photocatalytic TiO2 in lami-
nate coating resins. The mixing of TiO2 in melamine resin gives a coating matrix 
with a high nanoparticle content, which poses the danger of autocatalytic coating 
destruction. The cost of using expensive materials whose active components are 
readily consumed on the substrate surface is also prohibitive. Further, the effective-
ness of the technology requires that sufficient light must be provided and that mo-
lecular oxygen and comparable reducible substances must be available. With pure 
TiO2 films, normal ambient light conditions, together with a convective air supply, 
are sufficient to produce a photocatalytic effect. In contrast, the effectiveness of low 
concentrations embedded in a matrix remains to be shown. To avoid unduly high 
bulk concentrations, photosensitizers could be applied onto paper surface using an 
applicator roll or in water based buffer solution applied by spraying. It may be nec-
essary to separate the photocatalytic layer from the melamine resin with a barrier 
layer, because a direct contact between catalyst and resin could result in autocata-
lytic resin destruction. Separation could be achieved by embedding TiO2 in inert top 
coat systems based on sol–gel. However, the application of this technology would 
cancel out the real technological advantages of melamine films such as wear resis-
tance, durability, and hardness. 

 
9.6 Anti-graffiti coatings 
Cleaning graffiti off buildings costs millions of dollars every year around the world. 

Many cities have started anti-graffiti pro-
grams but vandalism is still a big prob-
lem.  
Industries are attempting to develop 
coatings to prevent taggers from vandal-
izing public and private property for both 
new constructions as well as in building 
conservation. The coatings being devel-
oped can be the paint itself, or a clear coat 
added on top of existing paint or building 
facades.  

Fig. 9.35 
Saint Antonio’s 

Church in Pisa (Italy) 
vandalized with graf-

fiti. 

 
Tab. 9.1 Annual expenses of  graffiti cleaning in some places [US$] 
Germany Over 700 million 
UK 1.5 billion 
London 200 million 
Los Angeles 140 million 
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Traditional anti-graffiti coatings are applied to surfaces to reduce the adhesion of 
graffiti. Unfortunately, they present two major disadvantages: first of all, the protec-
tive coating cannot be removed; secondly, it forfeits surfaces permeability. 
Nanotechnologies seem to have increased these coatings properties as they are 
highly effective and are used to make building materials water-repellent. Their ex-
tremely hydrophobic properties mean that graffiti can be removed more easily with 
appropriate detergents. Even porous and highly absorbent materials such as brick, 
lime sandstone, concrete and other similar materials can be protected efficiently us-
ing such nano-based coatings. Although the coating is effectively an impregnation, 
unlike other systems it does not close the pores of the material, allowing it to retain 
its vapour permeability. As the material remain permeable potential damage result-
ing from dampness is avoided. The ultra-thin nano-coating lines the capillary pores 
without closing them. More dense materials, such as compressed concrete, in gen-
eral require less coating material. 

Fig. 9.36 
Top: Brandeburg gate 
in Berlin (Germany) 
is protected with an 
anti-graffiti coating 
since 1990. 
Bottom: UEFA head-
quarter in Nyon 
(Switzerland), 
planned and con-
structed by Patrick 
Berger and Francis 
Goetschmann be-
tween 1993 and 
1999, is fitted with 
anti-graffiti flooring 
to better remove 
chewing gum. 
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Furthermore, an anti-graffiti coating reduces dirt accumulation significantly, making 
the coating applicable for use on floor surfaces too, to clean chewing gum for in-
stance. The effect of the impregnating coating is the result of several layers of mole-
cules that are distributed evenly and have the same orientation. The upper layer ful-
fils a hydrophobic function, with a significantly reduced surface tension and molecu-
lar attraction; the lower layer ensures the entire coating adheres to the substrate it is 
applied to. The major problem is that the lower layer is not reversible once applied, 
so it cannot be removed. On the other hand, the appearance of the underlying surface 
remains unchanged, but variants with added coloured pigments are already available 
on the market. 
 
9.7 Fire protection and detection 
 
9.7.1 Fireproofing traditional materials 
Fireproofing is a passive fire protection method to make materials, or structures in 
general, more resistant to fire. Fireproofing certification and rating are often 
compulsory in construction practice, especially for those buildings that are planned 
for a huge quantity of people at the same time.  
The term fireproof does not necessarily mean that a building component cannot ever 
burn: it relates to measured performance under specific conditions of testing and 

evaluation. Fireproofing does not allow treated 
items to be entirely unaffected by any fire, as 
conventional materials are not immune to the 
effects of fire at a sufficient intensity and/or 
duration. Some traditional materials used in 
construction are gypsum or cementitious or 
fibrous plaster. The industry considers 
gypsum-based plasters to be cementitious, 
even though these contain no Portland cement, 
or calcium alumina cement. Cementitious 
plasters that contain Portland cement have 
been traditionally lightened by the use of 
inorganic lightweight aggregates, such as 
vermiculite and perlite. Gypsum plasters have 
been lightened by using chemical additives to 

create bubbles that displace solids, thus reducing the bulk density. Also, lightweight 
polystyrene beads have been mixed into the plasters at the factory in an effort to 
reduce the density, which generally results in a more effective insulation at a lower 
cost. Fibrous plasters, containing either mineral wool, or ceramic fibres tend to 
simply entrain more air, thus displacing the heavy fibres.  

Fig. 9.37 
Spray gypsum based 
plaster fireproofing. 

Other materials based on organic chemistry gained in popularity for a variety of 
reasons. In land-based construction, thin-film intumescents have become more 
widely used. Unlike their inorganic competitors, thin-film intumescents are installed 
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like paint. Thicker intumescent and endothermic resin systems tend to use an oil 
basis, usually epoxy, which, when exposed to fire, creates a thick smoke. Even 
though these products provide enough heat flow retardation towards the substrate, 
they tend to be banned from use inside of buildings because of the smoke they 
produce when subjected to fire, and are used mainly in exterior construction, such as 
LPG vessels, vessel skirts and pipe bridges in oil refineries, chemical plants and 
offshore oil and gas platforms. 
 
9.7.2 Innovation in cement and network detector 
Fire resistance of  structures, and especially of steel, is often provided by a coating 
produced by a spray-on cementitious process, as stated in the previous section. Re-
search into nano-cement has the potential to create a new paradigm in this area of 
application because the resulting material can be used as a tough, durable, high tem-
perature coating. This is achieved by the mixing of carbon nanotubes with the ce-
mentitious material to fabricate fibre composites that can inherit some of the out-
standing properties of the nanotubes, such as its strength. Polypropylene fibres also 
are being considered as a method of increasing fire resistance. This is a cheaper op-
tion than conventional insulation.  
Furthermore, the use of processors in fire detection systems, which are built into 
each detector, head is fairly well established today. These improve reliability allow-
ing better addressability and the ability to identify false alarms. The use of 
nanotechnology in the future through the development of nano-electromechanical 
systems (NEMS) could see whole buildings become networked detectors, as such 
devices are embedded either into elements or surfaces. 
 
9.7.3 Glass-like coatings for panels 
Flame-resistant lightweight building boards, 
sandwich elements made of straw and hemp, 
are a further interesting application in 
architecture. Originally developed for rapid 
construction in developing countries with 
special climatic needs, these panels can be also 
used nowadays for interiors and exhibition 
stands. By coating the product in a transparent 
covering of glass-like particles, it is possible to 
render it weatherproof and flame-resistant, 
despite the fact that it is made of natural, 
inherently easily flammable materials. The 
glass-like coating also serves as the adhesive and further flame retardant additives 
are not required. This technology is particularly interesting for corridors, foyers and 
meeting areas. 

Fig. 9.38 
A robust sandwich 
panel made of straw 
and hemp with a 
glassy coating that 
serves as bonding 
agent and is also fire-
resistant.  
When exposed to fire 
the product smolders 
and extinguishes. 
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9.7.4 Fire-safety glass 
In Switzerland, the Interver Special Glass Ltd., in cooperation with the German 
Degussa, produces a safety glass of only 3 mm thick that provide more than 120 
minutes of fire resistance against constant exposure to flames of a temperature of 
over 1000°C.  
Depending on the desired duration of fire-resistance, Aerosil® is sandwiched 
between glass panes. Aerosil® is a pyrogenic silicic acid made by 7 nm large 
nanoparticles. These nanoparticles are highly reactive due to their large surface area 
that can be modified following the particles size. Standard products are generally 
between 90 and 380 m2 per gram.  
The main advantages of this technology is the very light weight of the glass, the 
slender construction, the good optical properties and the long duration of fire-
resistance. In the event of fire, the fire-resistant layer expands in the form of an 
invisible foam preventing the fire from spreading and keeping escape routes 
accessible for users and firemen. Furthermore, it is also noise insulator and fulfils 
international testing criteria, norms and regulations and is certified for use around 
the world.  
 
It is currently installed in Dubai’s International Airport, the major aviation hub in 
Middle East, in the Terminal 3 that opened its doors on 14 October 2008, overtaking 
Beijing Capital International Airport's Terminal 3 as the largest terminal in the 
world. 
 

Fig. 9.39 
Dubai International 
Airport, Terminal 3 – 
render of the exterior. 
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Fig. 9.40 a-b  
Dubai International 
Airport, Terminal 3 - 
exterior. 

 
 
 
 Fig. 9.41 
 Dubai International 

Airport, Terminal 3 - 
interior. 

 
 
 
 
 
 
 
 
 

An other application was made at the beginning of the 1990s by the company 
Vetrotech Saint-Gobain International that conducted research into foaming silicate 
fire-resistant materials in fire-safety glazing.  
The nanostructured fire-resistant mass, sold under the product name of “SGG 
Contraflam® fire safety glass”, is not affected by UV light and even thin layers offer 
fire retarding properties in excess of 120 minutes. In the event of a fire, the 
nanosilicate forms an opaque protective layer against the fire and heat radiation. 
 

Tab. 9.2 SGG Contraflam® fireproofing performance 
Thickness [mm] Integrity and insulation [min] 

16 30 
23 60 
33 90 
58 120 
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 Fig. 9.42 a-b-c-d 
 Top left: German 

Post office headquar-
ter in Bonn (Ger-
many). Planned by 
Murphy e Jan, is en-
tirely covered by 
SGG Contraflam

 
  
 
 

® 
 

glazing.  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
9.7.5 Nano fire-proof paint 
Nano fire-proof and flame retardant paints and coatings are the most studied and de-
veloped materials in building technology. New paintings are released everyday all 
around the world with increased properties and performances. 
Researchers at the Department of Chemistry at the University of Warwick replaced 
the soap used to stabilize latex emulsion paints with nano-sized clay armour coating 
the polymer particles used in paints with a series of nanosized Laponite clay discs. 
These disks create a layer on the polymer latex group and they can be applied with 
presently available industrial paint manufacture equipment. Having a diameter of 
only 1 nanometre, the clay disks are individually small but extremely resistant as an 
ensemble. Laponite clay disks, in addition to being an efficient alternative to soap, 
can produce highly wear-resistant and fire proof paints. Tests revealed that the disks 
can burn away the polymer cores of the armoured particles within a closely packed 
sample, to produce a network of nanosized connected hollow spheres which provide 
an extremely useful surface area in a very small space.  

Top right: The Cy-
berport project is 
being developed at 
Telegraph Bay in the 
Southern District of 
Hong Kong Island, 
on a 24 hectares of 
land reclaimed in 
1989. The Cyberport 
is an important in-
formation infrastruc-
tural project that will 
provide first-class 
office accommoda-
tion for over 100 in-
formation technology 
and IT-related com-
panies, a specially 
designed Cybercentre 
for over 50 commer-
cial tenants of differ-
ent trades and a de-
luxe international 
hotel that will have 
176 rooms. It will all 
be built using SGG 
Contraflam® glazing. 
Bottom left and right: 
Waverley Gate in 
Edinburgh (UK). A 
modern office com-
plex, currently unoc-
cupied. Planned by 
Hugh Martin Partner-
ship, it was formerly 
the main Post Office. 

In 2009, Australia's Commonwealth Scientific and Industrial Research Organisation 
(CSIRO) researchers, at the Materials Science and Engineering division, in Mel-
bourne, developed tough fire-resistant coating materials called ‘hybrid inorganic 
polymer system’, or HIPS, which can withstand temperatures of over 1000 °C while 
current commercial coatings used on building materials and structures usually break 
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down at between 150-250 °C. HIPS coatings contain an inorganic geopolymer7 
resin, and a small component of polymer additives that make HIPS not only fire-
resistant but also blast- and acid-resistant and also strong, castable, sprayable, and 
extrudable. 

Fig. 9.43 
Left: high magnifica-
tion image of a geo-
polymer binder; 
Right: HIP coating. 

 
9.7.6 Bamboo nanocomposite for flame-retardant boards 
In U.S. Patent 7647957 (19 January 2010), Infinity Board, LLC (Seattle, WA) de-
tails a method of producing a virtually fireproof plywood from perennial grasses 
such as Arundo Donax Ligneous, various bamboo strains, or a blend of the materi-
als. This is accomplished by first weaving the stalks of these plants into a mat and 
then layering these mats and binding each layer with any one of several commercial 
resins mixed with potash for the purpose of enhancing the board’s fire retardant 
quality. The result is the formation of a finished product with structural board attrib-
utes and an exceptionally high flash point in relation to other manufactured board 
products made from forest materials. 

Fig. 9.44 
Arundo Donax Lig-
neous in a natural 
forest. 

                                                 
7 Geopolymer is a term covering a class of synthetic aluminosilicate materials with potential use in a 
number of areas, essentially as a replacement for Portland cement and for advanced high-tech composites 
and ceramic applications. 
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The combination of both structural board and dimensional lumber made from green 
materials utilizing this innovative method meets the objective of the inventors to 
provide a “total green” building system. These materials are ultimately designed as 
structural board and dimensional lumber products, but may also be used for other 
construction purposes which are non-structural in nature and in various other indus-
tries where they may be beneficial. Bamboo will provide a cost effective material 
superior in performance to wood for the manufacture of engineered building.  
 
9.8 Anti-icing materials 

Like most things, ice can be very dan-
gerous if it forms on the roads, on rails 
or on buildings depending on the 
circumstances. At the University of 
Pittsburgh, an interesting study found 
out a way to reduce these dangers by 
developing a nanoparticle-based 
coating that can be easily applied to 
impede the building-up of ice on solid 
surfaces. More particularly, a team, led 
by prof. Di Gao, a chemical and 

petroleum engineering professor, demonstrates the anti-icing capability of some su-
per-hydrophobic surfaces made of nanoparticle-polymer composites. The anti-icing 
capability of these composites depends not only on their super-hydrophobicity but 
also on the size of the particles exposed on the surface. The critical particle sizes that 
determine the super-hydrophobicity and the anti-icing property are in two different 
length scales. In the experiments conducted, the team created different batches made 
of a silicone resin-solution combined with silica nanoparticles ranging in size from 

20 nanometres to 20 micrometres. They 
applied each variant to aluminium plates 
that were afterwards exposed to super-
cooled water (-20 °C) to simulate freezing 
rain. They found that, although each 
compound containing silica bits of 10-or-
fewer micrometers deflected water, only 
those with silica pieces less than 50 
nanometres in size completely prevented 
icing. The minute surface area of the 
smaller fragments means they make 
minimal contact with the water. Instead, 
the water mostly touches the air pockets 

between the particles and falls away without freezing. Though not all super-
hydrophobic coatings follow the “Pitt recipe”, the researchers conclude that every 
type will have a different particle-scale for repelling ice than for repelling water. To 

Fig. 9.45 
Iced roads and build-

ings. 

Fig. 9.46 
Icing probability as a 
function of the parti-

cle size. 
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test its real world potential prof. Gao tested the coating with 50-nanometre particles 
outdoors in freezing rain. He painted one side of an aluminium plate and left the 
other side untreated. As can be seen in the picture below the treated side had very 
little ice, while the untreated side was completely covered. He produced similar re-
sults on a commercial satellite dish where the glossed half of the dish had no ice and 
the other half was encrusted. 
 
 
 
 
 
 
 
 
 
 

Fig. 9.47  
The surface on the 
left coated by the 
super-hydrophobic 
coating is devoid of 
ice. The uncoated 
surface, on the right, 
is almost completely 
covered. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9.48 
Representative electron micrographs of particle-polymer composites. (a) particle-polymer composite made of 20 nm silica particles. 
Scale bar=1 μm. (Inset) Transmission electron microscopy image. Scale bar=50 nm. (b) particle-polymer composite made of 50 nm 
silica particles. Scale bar=1 μm. (c) particle-polymer composite made of 20 μm silica particles. Scale bar=100 μm. (source: Di Gao) 
 
 
 



Nanotechnologies for quality and comfort 116 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Nanotechnology and NanoArchitecture 117 

10. NANOTECHNOLOGIES FOR ENERGY CONTROL AND       
SAVING 

 
10.1 Thermal regulation materials 
 
10.1.1 Phase-change materials (PCM) 
Regulating the building temperature consumes vast quantities of energy for both 
heating and cooling. In that process a great quantity of CO2 is emitted whilst its re-
duction is recognized as a mean theme of concern for the countries worldwide.  
Nanotechnology may significantly help in reducing the energy wasting with a large 
class of materials that could be used as heat storage, the phase change materials. For 
instance, in the USA up to 40% of all energy used is consumed by commercial or 
residential structures and nearly the 70% of that energy is spent on heating or cool-
ing the buildings. According to the Oak Ridge National laboratories, the US De-
partment of Energy (DOE) and others, the use of properly formulated PCM within 
the structures may reduce the energy load by between 40% to 60%. 
Heat energy flows from a warmer to a cooler place and the amount of heat flow de-
pends on the temperature difference between the two 
places and the conductivity of the heat flow path. 
Traditionally, we limit heat flow by placing more 
thermal resistance (“R” value) between the two 
temperature differences. Ordinary thermal insulation, 
such as fibreglass or cellulose, works by slowing 
down the rate at which heat energy flows from a 
warmer to a cooler area. On the contrary, a phase 
change material (PCM) do not change temperature 
during the heat flow, which is strictly related to a 
change of phase. 

Fig. 10.1  
A typical sodium 
acetate heating pad. 
As the sodium acetate 
solution crystallises, 
it becomes very 
warm. 

Generally, a PCM is a substance with a high heat of fusion1 that, melting and solidi-
fying at a certain temperature, is capable of storing and releasing large amounts of 
energy. Heat is absorbed or released as the material changes from solid to liquid and 
vice versa; thus, PCM are classified as latent heat storage units. PCM can be used as 
an effective means of regulating indoor room temperatures. Their good thermal re-
tention can be used in both new and existing buildings as a passive means of eve-
ning out temperature fluctuations and reducing peak temperatures. A good example 
that illustrates the high thermal capacity of latent heat stored is an ice cube that be-
gins to change to its liquid state at 0°C. Its liquid state also begins at 0°C but the en-
ergy required for this change of state is equivalent to that required to heat liquid wa-

                                                 
1 The standard enthalpy of fusion also known as the heat of fusion or specific melting heat, is the amount 
of thermal energy that must be absorbed or evolved for 1 mole of a substance to change states from a 
solid to a liquid or vice versa. It is also called the latent heat of fusion or the enthalpy change of fusion, 
and the temperature at which it occurs is called the melting point. 
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ter from 0°C to 80°C. This latent thermal storage could be used for the insulation of 
buildings. 
The use of PCM is not new. In ancient Baghdad, rooms were kept cool with the help 
of ice. During the XIX century, PCM have been used in many applications such as 
refrigerating transportation for rail and road and their properties were fairly known. 
In the 1940s, first attempts were made to use PCM in buildings in the USA, and in 
1953 the first microcapsule was patented. In the 1980s, the NASA undertook, in 
companion with industry, basic research and development into PCM. In theory, 
PCM latent heat storage can be achieved through solid-solid, solid-liquid, solid-gas, 
and liquid-gas phase change. However, the only phase change used for PCM is the 
solid-liquid change and vice versa. Liquid-gas phase changes are not practical for 
use as thermal storage due to the large volumes or high pressures required to store 
the material when in gas phase. Liquid-gas transition have a higher heat of transfor-
mation than solid-liquid transitions. Solid-solid phase changes are typically very 
slow and have a rather low heat of transformation. 
 
10.1.2 Nature of Phase-Change material 
PCM could be organic, inorganic or eutectics. Each family has got different advan-
tages and disadvantages, as follows:  
A. Organic: paraffin (CnH2n+2) and fatty acids (CH3(CH2)2nCOOH) 
 Advantages: 

1. availability in a large temperature range; 
2. freeze without super-cooling; 
3. ability to melt congruently; 
4. self nucleating properties; 
5. great compatibility with conventional construction material; 
6. no segregation; 
7. chemically stable; 
8. high heat of fusion; 
9. safe and non-reactive; 
10. recyclable. 

 Disadvantages: 
1. low thermal conductivity in solid state; 
2. low volumetric latent heat storage capacity; 
3. flammable. 

B. Inorganic: salt hydrates (MnH2O) 
 Advantages: 

1. high volumetric latent heat storage capacity; 
2. low cost and easy availability; 
3. sharp melting point; 
4. high thermal conductivity; 
5. high heat of fusion; 
6. non-flammable. 
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 Disadvantages: 
1. very high change of volume; 
2. super cooling phenomenon in solid-liquid transition; 
3. need nucleating agent. 

 
C. Eutectics: organic-organic; organic-inorganic, inorganic-inorganic compounds 

 Advantages: 
1. sharp melting point similar to the pure substance; 
2. high volumetric storage density. 

 Disadvantages: 
1. physical properties are not well investigated as they are new to 

thermal storage application. 
 
10.1.3 Phase-Change material selection criteria 
PCM should be chosen carefully according to some criteria, below there are some of 
them: 
1) Thermodynamics properties: 

a) Melting temperature in the desired operating temperature range; 
b) High latent heat of fusion per unit volume; 
c) High specific heat, high density and high thermal conductivity; 
d) Small volume changes on phase transformation and small vapour pressure. 

2) Kinetic properties: 
a) High nucleation rate to avoid super cooling of the liquid phase; 
b) High rate of crystals growth. 

3) Chemical properties: 
a) Chemical stability; 
b) Complete reversible freeze/melt cycle; 
c) No degradation after a large number of cycles; 
d) Non-corrosiveness, non-toxic, non-flammable and non-explosive. 

4) Economic properties: 
a) Low cost; 
b) Large-scale availabilities. 

 
10.1.4 Use of Phase-Change material in construction 
In construction, PCM can be incorporated into different part of a building to im-
prove its components’ properties. The components include: the building envelope, 
interior and exterior walls and ceiling, the floor. Furthermore, the principles of latent 
heat storage can be applied to any porous building material, although current re-
search has been primarily concerned with gypsum wallboard and concrete blocks. In 
any case, PCM may be dispersed into a wide range of building materials including 
wallboards, timber and brick. PCM for construction applications are invariably made 
from paraffin and salt hydrates. Minute paraffin globules with a diameter range from 
2 nm to 20 nm are enclosed in a sealed plastic sheathing. These capsules can be in-
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tegrated in a typical 
building material, 
whereby around 3 million 
such capsules fit in a sin-
gle square centimetre. As 
PCM is able to take up 
energy (heat) without 
getting warm. It can ab-
sorb extremes in tem-
perature, allowing indoor 
areas to remain cooler for 
longer, with the heat be-
ing retained in the PCM 

and used to liquefy the paraffin. As the temperature rises, melting the waxy contents 
of the microcapsule, the paraffin changes from solid to liquid. The same principle 
also works in the other direction: rooms that are cooling down stay warm longer, 

while the molten paraffin gradually hard-
ens, before losing warmth. The amount of 
energy that is taken up or released is con-
siderable so that even a comparatively 
small mass has a large thermal retention 
capacity. Thus, temperatures inside 
buildings can be regulated. Energy is 
therefore stored latently as the material 
changes from one physical state to an-
other, whether from solid to liquid or 
from liquid to gaseous. The latent warmth 

or cold, that effectively fulfils a buffer function, can be used for temperature regula-
tion.  

Fig. 10.2  
SEM image of PCM 

micro-capsules in 
gypsum plaster. 

(source: Zhang et alt., 
2007) 

Fig. 10.3  
Section of the con-

structive solution 
used for the conven-
tional brick cubicles 

in Puigverd de Lleida 
(Spain). (source: Cas-

tell et alt., 2010) 

Fig. 10.4  
Demonstration cubi-

cles in Puigverd de 
Lleida (Spain). The 

structures were made 
by conventional 

bricks and alveolar 
bricks, enhanced by 
microencapsulated 

PCM, in order to 
study the thermal 

behaviour. (source: 
Castell et alt., 2010) 

In this scenario, the switching temperature is the most important factor for building 
applications, as we will also see in the Thermochromic coatings section. The subop-
timal switching temperature designed for construction is defined as 25°C; above this 
the indoor air temperature is generally regarded as being unpleasantly warm. Just for 
a comparison, depending on the PCM used, to regulate 5°C increase in temperature 
only 1 mm PCM is required in comparison to 10 – 40 mm of concrete. 
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For a comprehensive understanding of the potential PCM that can be applied in 
buildings, some of the suitable PCM are listed in the table below. Most of their melt-
ing points fall between 18 and 28°C, just the human comfort temperature range. 
 

Tab. 10.1 PCM for building applications 

PCM 
Transition point  

range [°C] 
Heat of fusion 

[KJ/Kg] 
CaCl2  • 6H2O 24-29 192 
Na2S2O3 • 5H2O 40 210 
CaCl2 • 6H2O + MgCl2 • 6H2O 23 -- 
Hexadecane 18 205-236 
Heptadecane 22 214 
Octadecane 28 244 
Black paraffin 25-30 150 
Emerest 2325 (butylstearate + butyl palmitate) 17-21 138-140 
Emerest 2326 (butylstearate + butyl palmitate) 18-22 140 
Butyl Stearate 19 140 
1-dodecanol 26 200 
Capric-lauric 45/55 21 143 
Capric-lauric 82/18 19,1-20,1 147 
Capric-lauric 61,5/38,5 19,1 132 
Capric-myrstic 73,5/26,5 21.4 152 
Capric-palmitate 75.2/24.8 22.1 153 
Capric-stearate 86.6/13.4 26.8 160 
Peg 1000 + Peg 600 23-26 150.5 
Propyl palmitate 19 186 
RT 25 25 147 
 
10.1.5 Storing energy by PCM components in buildings 
Several PCM applications in buildings such as passive solar heating, active heating 
and night cooling are shown in the figure 10.5, in the next page. As previously men-
tioned, PCM incorporated in building envelopes (walls, roof or ceiling, floor, etc.) 
used for passive solar heating in winter can increase thermal capacity of light build-
ing envelopes, thus reducing and delaying the peak heat load and reducing room 
temperature fluctuation. Together with a solar collector system, a PCM building 
component can store more solar thermal energy during the day and discharge the 
heat during the night, thus maintaining good thermal internal comfort. With a heat 
pump, or under-floor electric heating system, PCM building envelopes can store 
heat with cheap electricity at night and then discharge heat during the day, thus de-
creasing the space-heating load. The shift of electrical consumption from peak peri-
ods to off-peak periods will provide a significant economic benefit.  
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Fig. 10.5  Another application is a night-time ventilation system with a PCM envelope for 

cooling storage. When the outdoor temperature is lower than the indoor air tempera-
ture, the ventilation system starts and the outdoor cooling can be stored in the PCM 
envelope such as a PCM ceiling or PCM walls, and then released during the day, 
which could decrease the cooling load of air-conditioning systems. The night-time 
cooling storage can be achieved by natural ventilation or by fan.  

Forms and effects of 
PCM in a building 

envelope (source 
Zhang et al., 2007) 

Lots of companies around the world already produce, or still test, new building 
components enhanced by PCM. For instance, the North Carolina company National 
Gypsum is testing drywall sheets called ThermalCORE™ that are plaster panels 
containing capsules that can absorb heat. These capsule, made by the giant BASF 
under the name of Micronal PCM, are microscopic acrylic capsule containing high-
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purity paraffin wax that can be incorporated into a range of construction materials 
and are already available in some products in Europe. 

Fig. 10.6 a-b  
Left: Study on a 
room temperature 
range with or without 
ThermalCORE & 
Micronal. 

 
10.1.6 Vacuum insulation panels 
Vacuum insulation panels have existed since the 1950s, but were previously far too 
expensive for a economic use in construction. In recent years, intensive research has 
been undertaken to reduce the production costs and time significantly.  

Right: ThermalCORE 
& Micronal. 

Fig. 10.7 a-b  
Left: Vacuum insula-
tion panel with glass 
fibre textile as cover 
on top of blank panel. 
Right: vacuum insu-
lation panel for build-
ings. 

Generally speaking, a vacuum insulation panel (VIP) 
consists of a gas-tight enclosure and a rigid core 
from which the air has been evacuated and is suited 
for providing thermal insulation with a thinner 
thickness than usual materials. In comparison to 
traditional materials such as polystyrene, the thermal 
conductivity is up to ten times lower. This results 
either in much higher levels of thermal resistance at 
the same insulation thickness or means that thinner 
insulation layers are required to achieve the same 
level of insulation. To make this technology work, 

Fig. 10.8  
Vacuum insulation 
forming a 90° bow. 
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as for thermos flasks, vacuum is created between the different layers that are made 
by a particular material with nano-scalar porosity of around 100 nm to withstand the 
pressure. Generally, the thickness of such panels ranges from 2 mm to 40 mm and 
they might be used for both new buildings and in conversion and renovation work. 
They can also be applied to walls as well as floors. The panels are constructed as 
follows: an enveloping skin made of plastic foil (often coated with aluminium) or of 
stainless steel or of glass fibres (see the figure 10.7 a in the previous page) encloses 
the fill material in a vacuum. The fill material take the form of a foam, powder or 
glass fibres and is always porous, resists pressure and can be evacuated. A hermeti-
cally weld-sealed ends protrude on each side and are usually folded back and stuck 
to the panel.  
Flat evacuated insulation elements may also be bent to a cylindrical form. General 
objective of a recently finished EU project “VACI” was the development and re-
finement of methods to manufacture complex 3-dimensional curved vacuum insula-
tion panels for different applications. The art of obtaining the desired shape lies in 
highly precise calculations of the cutting of the core material, which subsequently 
leads to the exact shapes required. It could be demonstrated that the vacuum insula-
tion technique exhibited extremely low heat fluxes, thereby permitting a consider-
able reduction in insulation thickness. The objective of 60 mm vacuum insulation 
instead of 160 mm conventional insulation around pipes was actually improved even 
further. The total thickness of the vacuum insulation of about 50 mm has the same 
insulation performance as a conventional polyurethane foam insulation of 160 mm 
thickness. Thus the overall diameter of an insulated pipe is reduced from 520 mm to 
300 mm. Application temperatures may vary between cryogenic conditions and 
temperatures of up to 90 °C. One of the biggest problems in using vacuum insulation 
panels is that to function correctly, it is imperative that the vacuum-enclosing skin is 
not pierced. Thus the panels must be used in standard dimensions as they cannot be 
cut to size. An other problem is that gaps between neighbouring panels must be 
minimised as far as possible to avoid cold bridges. Vacuum insulation panels are 
generally more expensive than conventional insulation materials and today are not 
necessarily conceived as a general replacement for conventional insulation. Their 
application is most suited to areas where thin layers are desirable or required and 
where space is limited and conventional solutions cannot be implemented. Vacuum 
insulation panels have already been successfully used in several buildings like the 
Sonnenschiff Centre in Freiburg, Baden-Württemberg in Germany that was com-
pleted in 2006 (fig. 10.9). In this building, vacuum insulation panels are used to-
gether with phase changing materials as latent heat storage systems for regulating 
indoor temperature. In Germany again, in 2004 it was built the first large building to 
be insulated entirely with vacuum insulation panels. It is a seven-storey mixed-use 
residential and commercial building in Munich (fig. 10.10 and fig. 10.11). There, the 
panels are also used in the roof terrace and window. These panels insulate 5 to 10 
times better than comparable conventional types of insulation, allowing for much 
thinner walls on low energy buildings. 
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 Fig. 10.9 a-b  

Sonnenschiff Centre 
in Freiburg (Germa-
ny). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 10.10 a-b  

The building from the 
Seitzstraße (Foto: 
Sascha Kletzsch, 
München). 

 
 
 
 
10.1.7 Aerogel 
Aerogel is a manufactured ultra-light aerated 
material with the lowest bulk density of any 
known porous solid material. It is derived 
from a gel - a foam - in which the liquid com-
ponent has been replaced with a gas, usually 
simple air. The gas quantity varies between 
95% and 99.9%, the remaining foam material 
is a glass-like material, silicon dioxide. This 
material is often used as thermal insulator and 
is also known as frozen smoke, solid smoke, 
solid air or blue smoke due to its translucent 
nature and the way light scatters in the mate-
rial itself.  

Fig. 10.11  
Thermography of the 
building showing a 
lower temperature 
where vacuum insula-
tion panels have been 
placed (Copyright 
ZAE Bayern, 2008). 

Aerogels were first developed in 1931 by 
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Samuel Stephens Kistler2. The current variant used in construction has been pro-
duced  by the Canadian Cabot Corporation in Frankfurt am Main for several years. 
Today its spreader product is the brand “Nanogel”.  

Fig. 10.12 a-b  
Left: a 2.5 kg brick 

supported by a piece 
of aerogel weighing 

only 2 grams. (Nasa) 
Right: Dr. Peter Tsou 

of NASA's Jet Pro-
pulsion Laboratory 

holding a sample of 
aerogel. 

Fig. 10.13 a-b  
Milwaukee Country 

Zoo, Wisconsin 
(USA), lions’ den. 

 

                                                 
2 Samuel Stephens Kistler (1900 – 1975) was an American scientist and chemical engineer, best known 
as the inventor of aerogels. The exact circumstances of the creation of the first aerogel are not well 
known. A popular story is that they resulted from a competition between Kistler and Charles Learned “to 
see if they could replace the liquid inside of a jelly jar without causing any shrinkage”. Kistler published a 
paper in Nature (Vol. 127, p. 741) titled “Coherent expanded aerogels and jellies”. In the early 1940s he 
started developing granular silica aerogel products under the trademark Santocel by Monsanto Company. 
Monsanto discontinued the line in 1970, probably due to the high cost of manufacture and competition 
from newer products. 
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Tab. 10.2 Nanogel by Cabot Corporation characteristics 
Thermal conductivity 9-12 mW/mK 

Porosity > 90% air 
Size pores 20 – 40 nm 

Surface area 750 m2/g 
Tap density 30/100 Kg/m3 

Oil absorption capacity 540g/100g 
Specific heat capacity 0.7-1.15 KJ/Kg 

Variety of particle sizes 5 micron – 4 mm 
 
Aerogels are produced by extracting the liquid component of a gel through super-
critical drying3. This procedure allows the liquid to be slowly drawn off without 
causing the solid matrix in the gel to collapse from capillary action. Despite their 
names, aerogels are a rigid, dry material and do not resemble a gel in their physical 
properties. The nanodimension is of vital importance for the pore interstices of the 
foam: the air molecules trapped within the nanopores of about 20 nm are unable to 
move due to the dendritic microstructure of the foam: spherical nanoparticles of av-
erage size 2-5 nm are fused together into clusters.  
Aerogels are good thermal insulators due to the air trapped in their pores. They have 
usually got an extremely high thermal resistance which is expressed in a very low 
coefficient of thermal conductivity of just 0.018 W/mK. Because aerogels are trans-
lucent, they exhibit good light transmission. Direct sunshine is transformed into a 
glare-free soft light. The slight colour they show is due to Rayleigh scattering of the 
shorter wavelengths of visible light by the nanosized dendritic structure. This causes 
them to appear smoky blue against dark 
backgrounds and yellowish against bright 
backgrounds.  
In addiction to their thermal insulating 
properties, aerogel also act as a sound insulator 
according to the same basic principle. The air 
molecules immovably trapped in the nanopores 
of the aerogel stop sound waves from passing 
thorough the material. Several buildings around 
the world already use this material in façades or in interiors as, for instance, the 
Milwaukee Country Zoo in USA (fig. 10.13 and fig. 10.14), completed in 2005. In 
this zoo, a new form of translucent skylight manufactured by Kalwall Corporation 
plus nanogel was used obtaining a system with a U value of 0.11. 

Fig. 10.14  
Milwaukee Country 
Zoo, Wisconsin 
(USA). 

 

                                                 
3 Supercritical drying is a process to remove liquid in a precisely controlled way. As a substance crosses 
the boundary from liquid to gas it volatilizes. Thus the volume of the liquid decreases. As this happens, 
surface tension at the solid-liquid interface pulls against the structures that the liquid is attached to. Deli-
cate structures tend to be broken apart by this surface tension as the interface moves by. To avoid this, the 
sample can be brought from the liquid phase to the gas phase without crossing the liquid-gas boundary.  
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10.2 Photocatalysis for comfort and energy control 
An interesting application of TiO2

4, usually used to produce self-cleaning coatings 
on glass or other building components, is the cooling effect of evaporating water. 
This technology was first experimented during the Expo 2005 in Japan. The win-
dows and the canvas as well as the steel roofing of a trade fair pavilion were 
equipped with a photocatalytic TiO2 coating and subjected to a constant stream of 
water. Due to the hydrophilic property of the surface, the water immediately formed 
a thin film, which evaporated quickly absorbing – as a physical consequence - the 
ambient warmth and thereby reducing the indoor temperature. Initial estimates sug-
gest a potential energy reduction of between 10 % and 20 % in comparison to con-
ventional air conditioning. This effect is generally achieved by sprinkling water on 
the ground waiting until it evaporates. 
 
10.3 Photovoltaic 
This section on photovoltaic’s theory and applications doesn’t want to be a compre-
hensive study on the topic as it is very specific, technical and spread. It just wants to 
show what, in general terms, photovoltaic is and works, how it could be applied in 
buildings and how nanotechnologies may enhance its efficiency. 
 
10.3.1 History, materials and photovoltaic effect 
Photovoltaics are arrays of cells containing a solar photovoltaic material that con-
verts solar radiation into direct current electricity. The term photovoltaic comes from 

the Greek φῶς (phōs) meaning light, and 
voltaic, meaning electric, from the name of the 
Italian physicist Alessandro Volta5, after whom 
a unit of electro-motive force, the volt, is 
named. The photovoltaic effect was first 
recognized in 1839 by French physicist A. E. 
Becquerel6. However, it was not until 1883 that 
the first solar cell was built, by C. Fritts7, who 
coated the semiconductor selenium with an ex-
tremely thin layer of gold to form the junctions. 
The device was only around 1% efficient. Sub-
sequently the Russian physicist A. Stoletov8 

                                                 

The inventors of the 
Bell Solar Battery. 
From left, Gerald 
Pearson, Daryl Cha-
pin, and Calvin 
Fuller, check devices 
for the amount of 
solar electricity de-
rived from sunlight, 
here simulated by a 
lam

Fig. 10.15  

p. (source: Perlin) 

4 To know more about TiO2 and photocatalysis look at Self-Cleaning coatings in “Nanotechnology for 
quality and comfort” section, pg. 87 of this thesis. 
5 Alessandro Volta (1745 – 1827) was an Italian physicist known especially for the development of the 
first electric cell in 1800. 
6 Alexandre Edmond Becquerel (1820 – 1891) was a French physicist who studied the solar spectrum, 
magnetism, electicity and optics. He is mostly known for his work in luminescence and phosphorescence. 
He is also credited with the discovery of the photovoltaic effect and the operating principle of the solar 
cell in 1839. 
7 Charles Fritts was an American inventor credited with creating the first working solar cell in 1883. 
8 Aleksandr Stoletov (1839 – 1896) was a Russian physicist, founder of the electrical engineering. 
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built the first solar cell based on the outer photoelectric effect (discovered by H. 
Hertz9 earlier in 1887). A. Einstein10 explained the photoelectric effect in 1905 for 
which he received the Nobel prize in Physics in 1921. R. Ohl11 patented the modern 
junction semiconductor solar cell in 1946, which was discovered while working on 
the series of advances that would lead to the transistor. The highly efficient solar cell 
was first developed by Chapin, Fuller and Pearson12 (fig. 10.15) in 1954 using a dif-
fused silicon p-n junction. In past four decades, a remarkable progress has been 
made. Nowadays megawatt solar power generating plants have been built. 
In general, the photovoltaic effect refers to photons of light knocking electrons into a 
higher state of energy to create electricity. The term photovoltaic denotes the unbi-
ased operating mode of a photodiode in which current through the device is entirely 
due to the transduced light energy. Virtually all photovoltaic devices are some type 
of photodiode. 
Nowadays, the materials used for photovoltaics include silicon in either monocrys-
talline13, polycrystalline14 or microcrystalline15 phase, cadmium telluride16 and cop-
per indium selenide17/sulfide.  
Due to the growing demand for renewable energy sources, the manufacture of solar 
cells and photovoltaic arrays has advanced dramatically in recent years. More spe-
cifically, its production has been increasing by an average of more than 20 percent 
each year since 2002, making it the world’s fastest-growing energy technology.  

                                                 
9 Heinrich Hertz (1857 – 1894) was a German physicist who expanded the electromagnetic theory of 
light. He demonstrated the existence of electromagnetic waves by building an apparatus able to produce 
and detect VHF or UHF radio waves. 
10 Albert Einstein (1879 – 1955) was a theoretical physicist. He is regarded as the father of modern phys-
ics and one of the most influential scientist of all time. 
11 Russell Ohl (1898 – 1987) was an American engineer who is generally recognized for patenting the 
modern solar cell (U.S. Patent 2402662 “Light sensitive device” - 1946) 
12 Daryl Chapin, Calvin Fuller and Gerald Pearson were three scientists who developed a high efficient 
solar cell by chance working for the A T&T at the Bell laboratories in 1952.  
13 Monocrystalline silicon: in single crystal silicon, also called monocrystal, the crystal lattice of the 
entire sample is continuous and unbroken with no grain boundaries. Large single crystals are exceedingly 
rare in nature and can also be difficult to produce in the laboratory. 
14 Polycrystalline phases are composed of a number of small crystals or crystallites. Polycrystalline 
silicon is a material consisting of multiple small silicon crystals. Single crystal silicon is used to 
manufacture most Si-based microelectronic devices as it can be as much as 99.9999% pure. Ultra-pure 
poly is used in the semiconductor industry, starting from poly rods that are five to eight feet in length. In 
microelectronic industry (semiconductor industry), poly is used both at the macro-scale and micro-scale 
(component) level. 
15 Microcrystalline silicon, more often known as nanocrystalline silicon is a form of porous silicon. It is 
an allotropic form of silicon with paracrystalline structure. It is similar to amorphous silicon as it has an 
amorphous phase. The main application of this novel material is in the field of silicon thin film solar cells. 
The semiconductor industry is also investigating the potential for nanocrystalline silicon in the memory 
area. 
16 Cadmium telluride (CdTe) is a crystalline compound formed from cadmium and tellurium. It is used as 
an infrared optical window and a solar cell material. 
17 Copper indium gallium (di)selenide (CIGS), is a I-III-VI2 compound semiconductor material 
composed of copper, indium, gallium, and selenium. The material is a solid solution of copper indium 
selenide and copper gallium selenide that is used as light absorber material for thin-film solar cells. 
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At the end of 2009, the cumulative global photovoltaic installations surpassed 
21.000 megawatts. Such installations may be ground-mounted (and sometimes inte-
grated with farming and grazing) or built into the roof or walls of a building, known 
as Building Integrated Photovoltaics (BIPV). 
 

Fig. 10.16 a-b  
Left: Solar Power 

Plant Madama Oliva 
in Carsoli (Aquila), 

2008. 
Right: Nellis Solar 

Power Plant at Nellis 
Air Force Base 

(USA). 

 
10.3.2 Solar cells: the photovoltaic basis 
A solar cell (fig. 10.17) is a device that converts the sunlight energy directly into 
electricity by the photovoltaic effect. Assemblies of cells are used to make solar 
panels, solar modules, or photovoltaic arrays. Solar cells produce direct current elec-

tricity from sun light, which can be used to power 
equipment or to recharge a battery. Solar cells are 
often electrically connected and encapsulated as a 
module. Photovoltaic modules often have a sheet 
of glass on the front (sun up) side, allowing light 
to pass while protecting the semiconductor wafers 
from the elements (rain, hail, etc.). Solar cells are 
also usually connected in series in modules, 
creating an additive voltage. Connecting cells in 
parallel will yield a higher current. Modules are 
then interconnected, in series or parallel, or both, 

to create an array with the desired peak DC voltage and current. The power output of 
a solar array is measured in watts or kilowatts. In order to calculate the typical en-
ergy needs of the application, a measurement in watt-hours, kilowatt-hours or kilo-
watt-hours per day is often used. A common rule of thumb is that average power is 
equal to 20% of peak power, so that each peak kilowatt of solar array output power 
corresponds to energy production of 4.8 kWh per day (24 hours x 1 kW x 20% = 4.8 
kWh). To make practical use of the solar-generated energy, the electricity is most 
often fed into the electricity grid using inverters (grid-connected photovoltaic sys-
tems); in stand-alone systems, batteries are used to store the energy that is not 
needed immediately. Solar cells can also be applied to other electronics devices to 
make it self-power sustainable in the sun. There are solar cell phone chargers, solar 
bike light and solar camping lanterns that people can adopt for daily use.  

Fig. 10.17  
Solar cell made from 

a monocrystalline 
silicon wafer. 
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Many currently available solar cells are configured as bulk materials that are subse-
quently cut into wafers and treated in a "top-down" method of synthesis (silicon be-
ing the most prevalent bulk material). 
Other materials are configured as thin-films (inorganic layers, organic dyes, and or-
ganic polymers) that are deposited on supporting substrates, while a third group are 
configured as nanocrystals and used as quantum dots (electron-confined nanoparti-
cles) embedded in a supporting matrix in a "bottom-up" approach. Silicon remains 
the only material that is well-researched in both bulk (also called wafer-based) and 
thin-film configurations. 
 
10.3.3 Solar cells: theory 
1. Photons in sunlight hit the solar panel and are absorbed by semi-conducting ma-

terials, such as silicon.  
2. Electrons, which are negatively charged, are knocked loose from their atoms, 

allowing them to flow through the material to produce electricity. Due to the 
special composition of solar cells, the electrons are only allowed to move in a 
single direction.  

3. An array of solar cells converts solar energy into a usable amount of direct cur-
rent electricity.  

More particularly, when a photon hits a piece of silicon, one of three things can hap-
pen: 

 the photon can pass straight through the silicon — this (generally) happens 
for lower energy photons; 

 the photon can reflect off the surface;  
 the photon can be absorbed by the silicon, if the photon energy is higher than 

the silicon band gap value. This generates an electron-hole pair and some-
times heat, depending on the band structure.  

When a photon is absorbed, its energy is given to an electron in the crystal lattice. 
Usually this electron is in the valence band, and is tightly bound in covalent bonds 
between neighboring atoms, and hence unable to move far. The energy given to it by 
the photon excites it into the conduction band, where it is free to move around 
within the semiconductor. The covalent bond, that the electron was previously a part 
of, now has one fewer electron — this is known as a hole. The presence of a missing 
covalent bond allows the bonded electrons of neighboring atoms to move into the 
hole, leaving another hole behind, and in this way a hole can move through the lat-
tice. Thus, it can be said that photons absorbed in the semiconductor create mobile 
electron-hole pairs. A photon need only has greater energy than that of the band gap 
in order to excite an electron from the valence band into the conduction band. How-
ever, the solar frequency spectrum approximates a black body spectrum at ~ 6000 K, 
and as such, much of the solar radiation reaching the Earth is composed of photons 
with energies greater than the band gap of silicon. These higher energy photons will 
be absorbed by the solar cell, but the difference in energy between these photons and 
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the silicon band gap is converted into heat (via lattice vibrations — called phonons) 
rather than into usable electrical energy. 
 
10.3.4 Thin-film solar cells 
In 2002, the highest reported efficiency for thin film solar cells based on Cadmium 
Telluride (CdTe) is 18%, which was achieved by a research at Sheffield Hallam 
University, although this has not been confirmed by an external test laboratory. The 
US National Renewable Energy research facility, NREL, achieved an efficiency of 
19.9% for the solar cells based on copper indium gallium selenide thin films, also 
known as CIGS. NREL has since then developed a robot that builds and analyzes 
the efficiency of thin-film solar cells with the goal of increasing the efficiency by 
testing the cells in different situations. These CIGS films have been grown by physi-
cal vapour deposition in a three-stage co-evaporation process. In this process In, Ga 
and Se are evaporated in the first step; in the second step it is followed by Cu and Se 
co-evaporation and in the last step terminated by In, Ga and Se evaporation again. 
Thin film solar has approximately 15% market-share; the other 85% is crystalline 
silicon. Most of the commercial production of thin film solar is CdTe with an effi-
ciency of 11%. As of 28 April 2010, ZSW in Stuttgart have released a statement 
claiming they have created CIGS-based cells with a new record 20.1% efficiency. 
 
10.3.5 Crystalline Silicon solar cells 
The highest efficiencies on silicon have been achieved on monocrystalline cells. The 
highest commercial efficiency (22%) is produced by SunPower, which uses expen-
sive, high-quality silicon wafers. The University of New South Wales has achieved 
25% efficiency on monocrystalline silicon in the lab, technology that has been 
commercialized through its partnership with Suntech Power. Crystalline silicon de-
vices are approaching the theoretical limiting efficiency of 29% and achieve an en-
ergy payback period of 1–2 years.  
 
10.3.6 Nanocrystalline solar cells 
Nanocrystalline solar cells, or quantum dot solar cells, are based on a silicon sub-
strate with a coating of nanocrystals. A thin film of nanocrystals is obtained by a 
process known as spin-coating. This involves placing an amount of the quantum dot 
solution onto a flat substrate, which is then rotated very quickly. The solution 
spreads out uniformly, and the substrate is spun until the required thickness is 
achieved. Quantum dot based photovoltaic cells based around dye-sensitised colloi-
dal TiO2 films were investigated in 1991 and were found to exhibit promising effi-
ciency of converting incident light energy to electrical energy. This was incredibly 
encouraging due to the low cost of materials in the search for more commercially 
viable/affordable renewable energy sources. A single-nanocrystal (channel) architec-
ture in which an array of single particles between the electrodes, each separated by ~ 
1 exciton diffusion length, was proposed to improve the device efficiency. Research 
on this type of solar cell is being conducted by groups at Stanford, Berkeley and the 
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University of Tokyo. Although research is still in its infancy and is ongoing, in the 
future quantum dot based photovoltaics may offer advantages such as mechanical 
flexibility (quantum dot-polymer composite photovoltaics) as well as low cost, clean 
power generation and an efficiency of 65%. Recent research in experimenting with 
lead selenide (PbSe) semiconductor, as well as with cadmium telluride (CdTe), 
which has already been well established in the production of "classic" solar cells. 
Other materials are being researched and tested as well. 
 
10.3.7 Carbon nanotubes in photovoltaic 
Organic photovoltaic devices are fabricated from thin films of organic semiconduc-
tors, such as polymers and small-molecule compounds, and are typically on the or-
der of 100 nm thick. Because polymer based organic photovoltaics can be made us-
ing a coating process such as spin coating or inkjet printing, they are an attractive 
option for inexpensively covering large areas as well as flexible plastic surfaces. A 
promising low cost alternative to silicon solar cells, there is a large amount of re-
search being dedicated throughout industry and academia towards developing or-
ganic photovoltaics and increasing their power conversion efficiency. Combining 
the physical and chemical characteristics of conjugated polymers with the high con-
ductivity along the tube axis of carbon nanotubes provides a great deal of incentive 
to disperse CNTs into the photoactive layer in order to obtain more efficient organic 
photovoltaic devices. The interpenetrating bulk donor–acceptor hetero-junction in 
these devices can achieve charge separation and collection because of the existence 
of a bicontinuous network. Along this network, electrons and holes can travel to-
ward their respective contacts through the electron acceptor and the polymer hole 
donor. Photovoltaic efficiency enhancement is proposed due to the introduction of 
internal polymer/nanotube junctions within the polymer matrix. The high electric 
field at these junctions can split up the excitons, while the single-walled carbon 
nanotube (SWCNT) can act as a pathway for the electrons.  
Multiple research investigations with both multi-walled carbon nanotubes 
(MWCNTs) and single-walled carbon nanotubes integrated into the photoactive ma-
terial have been completed. Enhancements of more than two orders of magnitude 
have been observed in the photocurrent from adding SWCNTs. However, even 
though CNTs have shown potential in the photoactive layer, they have not resulted 
in a solar cell with a power conversion efficiency greater than the best tandem or-
ganic cells (6.5% efficiency). But, it has been shown in most of the previous investi-
gations that the control over a uniform blending of the electron donating conjugated 
polymer and the electron accepting CNT is one of the most difficult as well as cru-
cial aspects in creating efficient photocurrent collection in CNT-based organic 
photovoltaic devices.  
Therefore, using CNTs in the photoactive layer of organic photovoltaic devices is 
still in the initial research stages and there is still room for novel methods to better 
take advantage of the beneficial properties of CNTs. 
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10.3.8 Worldwide and Italian financial incentives 
The political purpose of incentives policies for photovoltaic is to promote national 
energy independence, high tech job creation and reduction of CO2 emissions.  
Since 2004 the International Conference on Solar Photovoltaic Investments is settle 
to observe the financial investments around the world and to analyze the research 
state of art.  
Following, two graphs show the photovoltaic implementation around the world (fig. 
10.18) and in Italy (fig. 10.19). The total photovoltaic capacity in MkW is analyzed 
for different countries. They show the increasing governments interest on this topic. 
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Fig. 10.18  
 Total photovoltaic 

capacity (MkW) 
around the world 

from 2004 to 2007. 
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 Fig. 10.19  
 Total photovoltaic 

capacity (MkW) in 
Italy from 2004 to 

2009 with the 2016 
prevision. 
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Fig. 10.20  
Italian region photo-
voltaic capacity re-
corded in July 2009 
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10.3.9 Building-integrated photovoltaics (BIPV)  
Photovoltaics cells could be integrated in buildings elements to generate energy suf-
ficient for the building’s need. These systems are photovoltaic materials that are 
used to replace conventional building materials in parts of the building envelope 
such as the roof, skylights, or facades. They are increasingly being incorporated into 
the construction of new buildings as a principal or ancillary source of electrical 
power, although existing buildings may be retrofitted with BIPV modules as well. 
The advantage of integrated photovoltaics over more common non-integrated sys-
tems is that the initial cost can be offset by reducing the amount spent on building 
materials and labor that would normally be used to construct the part of the building 
that the BIPV modules replace. These advantages make BIPV one of the fastest 
growing segments of the photovoltaic industry.  

Fig. 10.21 a-b  
Left: CIS Tower in 

Manchester (UK) has 
three of its four sides 

completely clad in 
photovoltaic cells 

distributed in 7244 
solar panels. 

Right: photovoltaic 
system tree in Styria, 

Austria. 

PV applications for buildings began appearing in the 1970s. Aluminum-framed 
photovoltaic modules were connected to, or mounted on, buildings that were usually 
in remote areas without access to an electric power grid. In the 1980s photovoltaic 
module add-ons to roofs began being demonstrated. These PV systems were usually 
installed on utility-grid-connected buildings in areas with centralized power stations. 
In the 1990s BIPV construction products specially designed to be integrated into a 
building envelope became commercially available. 
Building-Integrated Photovoltaic modules are available, today, in several forms, as 
follows: 
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1. Flat roofs: the most widely installed to date is a thin film solar cell integrated to 
a flexible polymer roofing membrane.  

2. Pitched roofs: it extends normal roof life by protecting insulation and mem-
branes from ultraviolet rays and water degradation. They could be modules 
shaped like multiple roof tiles or solar shingles that are modules designed to 
look and act like regular shingles, while incorporating a flexible thin film cell.  

3. Façade: can be installed on existing buildings, giving old buildings a whole new 
look.  

4. Glazing: (semi)transparent modules can be used to replace a number of archi-
tectural elements commonly made with glass or similar materials, such as win-
dows and skylights.  

5. Shading devices. 
6. Winter garden: using transparent PV. 
7. Art installation. 
 
10.3.10 Transparent and translucent photovoltaic 
Transparent solar panels use a tin oxide coating on the 
inner surface of the glass panes to conduct current out of 
the cell. The cell contains titanium oxide that is coated with 
a photoelectric dye. A module has been produced by the 
Austrian company Ertex Solar GmbH. Japan's National 
Institute of Advanced Industrial Science and Technology 
(AIST) as well as Konarka has also succeeded in 
developing a transparent solar cell that uses ultraviolet 
light to generate electricity but allows visible light to pass 
through it. Most conventional solar cells use visible and 
infrared light to generate electricity. In contrast, the 
innovative new solar cell also uses ultraviolet radiation. 
Used to replace conventional window glass, or placed over 
the glass, the installation surface area could be larger, 
leading to potential uses that take advantage of the combined functions of power 
generation, lighting and temperature control and could be applied in several non-
conventional structures such as the tense-structures. 

Fig. 10.22  
Telecom Tower in 
Istanbul (Turkey) 
where photovoltaic 
modules in laminated 
safety glass were 
installed on the fa-
çade by Ertex Solar.  

 

Fig. 10.23 a-b  
In these the buildings 
photovoltaic modules 
in laminated safety 
glass were installed 
on the roof by Ertex 
Solar.  
Left: family House in 
Thyrnau (Austria). 
Right: WKÖ head-
quarter (Geneva). 
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Fig. 10.24 a-b  
Flexible photovoltaic 

cell in a bag (left) and 
in a scroll (right). 

 
 
10.3.11 The solar Road-way: road-integrated photovoltaics  
A solar roadway is a road surface that generates electricity by solar photovoltaics. 
One current proposal is for 4 x 4 m panels including solar cells and LED signage 
that can be driven on. The concept involves replacing highways, roads, parking lots, 
driveways, and sidewalks with such a system. The project was developed by an 
organization called Solar Roadways, run by Scott and Julie Brusaw in Idaho (USA) 
that was awarded a $100000 research contract by the US Department of 
Transportation. Their idea spread out from the statement that a lot of people have 
trouble seeing the road lines at night, particularly when the oncoming headlights are 

blinding them or when it's raining. 
On the contrary, a recent study in 
England showed that an illuminated 
highway could reduce by 70% 
night-time incidents. The panels 
they planned are composed from 
photovoltaic cells, LEDs and 
sensors. The cells will be used to 
power the device; LEDs will light 
up only when sensors will detect 
cars on its surface some metres 
ahead. In this way, there is no need 
to expend energy lighting desolate 
roads when no cars are traveling 

and, furthermore, the LEDs can be customize by cities or town to meet their own 
unique needs. For instance, LEDs could move along with cars at the speed limit, 
warning drivers instantly when they are driving too fast or they will also be used to 
paint words right into the road, warning drivers of an animal on the road, a detour 
ahead, an accident, or construction work. Central control stations will be able to 
instantly customize the lines and words in real time, alleviating traffic congestion 
and making the roads more efficient as well as safer. 

Fig. 10.25  
Solar Road-way. 
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11. NANOTECHNOLOGIES FOR SENSING:  
OVERVIEW ON NANOSENSORS AND MEMS FOR 
BUILDINGS, CIVIL STRUCTURES AND ENVIRON-
MENTAL MONITORING  

 
11.1 Introduction 
From time immemorial, human beings have been devising tools to help them obtain 
accurate measurement values of such things as weight, distance, temperature and 
humidity. Nowadays, measurement instruments are composed of three units: an in-
put transducer that converts a non-electrical signal into an electrical signal; a proces-
sor that processes the electrical signal in some way, e.g., amplifies it or turns an ana-
log signal into a digital signal; and an output transducer that converts the electrical 
signal into a signal that can either be perceived by one of our senses or can perform 
an action. Thus, a sensor 
could be defined as a system 
containing the transduction 
element, the interface 
circuitry, and the package.  
Sensors make use of various 
kinds of effects, some of 
whom were already known 
in the 18th century. In 1821, 
T.J. Seebeck1 discovered the 
effect used in thermocouples 
and E.H. Hall2 discovered 
the effect that would later 
bear his name in thin gold 
foils in 1879. Many of such 
effects can be used to convert energy as well as to construct sensors. For example, 
the Seebeck effect can be used to measure temperature differences between two 
spots in a furnace, but it can also be used as an energy source in, for instance, a par-
affin lamp with thermoelectric converters that would enable Russian farmers in Si-
beria, who are not connected to any power station, to listen to Radio Moscow.  

Fig. 11.1 a-b  
Pictures of T. J. 
Seedbeck (left) and 
E. H. Hall (right). 

                                                 
1 Thomas Johann Seebeck (9 April 1770, Tallin, Estonia – 10 December 1831, Berlin, Germany) was a 
physicist who in 1821 discovered the thermoelectric effect. He found that a circuit made from two dis-
similar metals, with junctions at different temperatures, would deflect a compass magnet. More specifi-
cally, the temperature difference, produces an electric potential (voltage) which can drive an electric cur-
rent in a closed circuit. Today, this effect is known as the Peltier–Seebeck effect. 
2 Edwin Herbert Hall (7 November 1855, Gorham, Maine – 20 November 1938, Cambridge, Massachu-
setts) was an American physicist who discovered the "Hall effect" in 1879. The effect is a potential dif-
ference on opposite sides of a thin sheet of conducting or semiconducting material through which an elec-
tric current is flowing. The Hall effect is used in magnetic field sensors, present in a large number of de-
vices. 
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Over the years, sensors have been fabricated in many different technologies: piezo-
electric quartz crystals, II–VI compound photoconductors, and NiCr–CuNi thermo-
couples, just to name a few. But it is possible to say that their technology only really 
took off when pure germanium and, later on, silicon became available, around 1960.  
 

Tab. 11.1 Major academic sensor programs, including starting 
year, location, and responsible faculty member. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sensor field has been, and continues to be known under a variety of names: 
transducers, sensors and actuators, micro-systems, micro-system technologies 
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(MST), and micro-electro-mechanical systems (MEMS). The current outpouring of 
various kinds of output transducers such as displays, micro-motors, micro-grippers, 
fluid micro-valves, fluid injectors, and light modulators, which are also fabricated in 
silicon, has given rise to a sub-field known as micromechanics.  
Nowadays, thousands of institutes and industries all over the world have R&D pro-
grams in the field of sensors. A complete listing of these activities is therefore im-
possible. 
 
11.2 Nanotechnology in sensing applications 
Nanoparticles are used in a variety of fields and could also offer many advantages as 
nanosensors in rapid and high-throughput detection methods. The strong physical 
confinement of electrons or holes at the nanoscale makes nanoparticles attractive 
candidates for sensing. Furthermore, their small size gives them correspondingly 
large surface-to-volume ratios. When the size of the structure is decreased, this ratio 
increases considerably and the surface phenomena predominate over the chemistry 
and physics in the bulk.  

Fig. 11.2  
Change in the meas-
ured property as a 
function of the thick-
ness in resistive gas 
sensors. When the 
thickness is high (top 
left), the electrical 
resistance does not 
change because the 
inelastic scattering 
events in the bulk 
predominate (top 
right). When the 
thickness of the metal 
film is low (bottom 
left), the adsorbed 
target molecules can 
be detected by meas-
uring the change in 
the electrical resis-
tance (bottom right). 

 

(source: J. Riu et al., 
2006) 

Therefore, although the reduction in the size of the sensing parts and/or the trans-
ducer in a sensor is important in order to better miniaturize the devices, new sensor 
devices are built taking advantage of the phenomena that nanoscience deals with. 
New effects appear and play an important role that is often related to quantum me-
chanics and quantum mechanisms. Consequently, important characteristics and qual-
ity parametres of the nanosensors can be improved. For example, sensitivity can in-
crease due to better conduction properties, the limits of detection can be lower, very 
small quantities of samples can be analysed, direct detection is possible without us-
ing labels, and some reagents can be eliminated. In addition, nanosensors have 
chemically tailored physical properties, which are directly related to their size, com-
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position, and shape. Surface-modified nano-colloids, such as gold nanoparticles, 
quantum dots, magnetic nanoparticles and carbon nanotubes may have specific tar-
get-binding properties. Thus, the extremely small size and exceptional nanoscale 
properties make nanoparticles useful for new-generation sensor diagnostics. 
Sensors have been classified according to multiple criteria but the most common 
way to group them considers either the transducing mechanism (electrical, optical, 
mass, thermal, piezoelectric, etc.), the recognition principle (enzymatic, DNA, mo-
lecular recognition, etc.) or the applications (environmental, food, medical diagno-
sis, etc.).  
 
In this report we will briefly discuss some kinds of sensors and some specific appli-
cations to environment and large structure, dividing them on what they are made of.  
More particularly we will discuss: 
 Sensors based on nanoparticles and nanoclusters; 
 Sensors based on nanowires and nanotubes; 
 Sensors based on nanostructures embedded in bulk material; 
 Sensors based on porous silicon; 
 Nanomechanical sensors; 
 Self-assembled nanostructures. 
 
11.2.1 Sensors based on nanoparticles and nanoclusters 
Because of nanoparticles size, which is of the same order as the de Broglie wave-
length associated with the valence electrons, nanoparticles behave electronically as 
zero-dimensional quantum dots with discrete energy levels that can be tuned in a 
controlled way by synthesizing nanoparticles of different diameters. For instance, 
nanoparticles have outstanding size-dependent optical properties that have been used 
to build optical nanosensors primarily based on noble metal nanoparticles for semi-
conductor quantum dots.  
 
11.2.2 Sensors based on nanotubes and nanowires 
Simple electronic devices including diodes, switches and transistors have recently 
been produced using carbon nanotubes. Several fields now take advantage of CNTs 
exceptional properties and, from the nanosensing point of view, the most interesting 
are:  
 high length-to-radius ratio which allows a greater control over the unidirectional 

properties of the materials produced; 
 they can behave as metallic, semiconducting or insulating material depending 

on their diameter, their chirality, and any functionalisation (or doping); 
 they have a high degree of mechanical strength; 
 their properties can be altered by encapsulating metals inside them to make 

electrical or magnetic nanocables or even gases, thus making them suitable for 
storing hydrogen or separating gases. 
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Recently, it was developed a CNT-based electrochemical nanosensor by demonstrat-
ing the possibilities of SWCNTs as quantum wires and their effectiveness in the de-
velopment of field-effect transistors. Many studies have shown that although carbon 
nanotubes are robust and inert structures, their electrical properties are extremely 
sensitive to the effects of charge transfer and chemical doping by various molecules. 
The electronic structures of target molecules near the semiconducting nanotubes 
cause measurable changes to the nanotubes’ electrical conductivity. Nanosensors 
based on changes in electrical conductance are highly sensitive, but they are also 
limited by factors such as their inability to identify analytes with low adsorption en-
ergies, poor diffusion kinetics and poor charge transfer with CNTs.  
Several authors have used CNT sensing devices to detect a wide range of gases 
without functionalizing CNTs, which means that, since CNTs are sensitive to many 
surrounding compounds, there must be no interference if the gas of interest is to be 
reliably detected. The functionalization of CNTs is important for making them selec-
tive to the target analyte. Nanowires other than CNTs have also been used to build 
nanosensing devices, though to a lesser extent than CNTs. 
 
11.2.3 Sensors based on nanostructures embedded in bulk material 
Bulk nanostructured materials are solids with a nanosized microstructure whose ba-
sic units are usually nanoparticles. Several properties of nanoparticles are useful for 
applications in electrochemical sensors and biosensors but their catalytic behaviour 
is one of the most important as it was already discussed. Multilayers of conductive 
nanoparticles assembled on electrode surfaces produce a high porous surface with a 
controlled microenvironment. These structures could be thought of as assemblies of 
nanoelectrodes with controllable areas. For instance, platinum nanoparticles sup-
ported on materials such as porous carbon or noble metals such as gold are often re-
ported to be relevant in the design of gas diffuse ion electrodes. Resistors are the ba-
sis for one of the simplest types of sensors. The electrical resistance of resistive sen-
sors depends on the chemical species to which they are exposed. When chemiresis-
tors are made of nanoparticles, or nanotubes, integrated into different organic matri-
ces, their interaction with gases can be tailored and the selectivity and sensitivity of 
the sensor can be modulated. The high surface area of nanoparticles is suitable for 
immobilising molecules, polymers or biomaterial coatings that allow the generation 
of composite materials with tunable surface properties. For example, modifying 
metal nanoparticles with predesigned receptor units and assembling them on sur-
faces could lead to new electrochemical sensors with tailored specificities. 
 
11.2.4 Sensors based on porous silicon 
When a silicon wafer is placed as the anode of an electrochemical cell and a current 
is passed through it in the presence of an ethanolic solution of fluorhydric acid, 
some Si atoms are dissolved and the remaining film material, similar to a sponge, is 
known as porous silicon. The porous material is a complicated network of silicon 
threads, each with a thickness in the 2–5 nm range. The dimensions of the pores 
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range from a few nanometres to several microns. The result is a semiconductor ma-
terial that displays an internal surface area-to-volume ratio of up to 500 m2/cm3. The 
extremely tiny pores give the material a strong luminescence at room temperature 
that is generally recognized to be due to quantum confinement effects. Light emis-
sion takes place mainly in the visible region of the electromagnetic spectrum. This 
emission has the unique property that the wavelength of the emitted light depends on 
the porosity of the material. For example, a highly porous sample (> 70% porosity) 
will emit at shorter wavelengths with green/blue light, while a less porous sample (≈ 
40%) will emit at longer wavelengths with red light. The luminescence of n-type po-
rous silicon, for instance, is altered when molecules are incorporated into the porous 
layer. This property has led to the design of gas sensors whose qualitative response 
can be monitored by visually observing a change in colour. 
 
11.2.5 Nanomechanical sensors 
Mass sensitive transducers are the basis of different types of mechanical sensors 
such as quartz crystal microbalances and surface acoustic wave devices. The basic 
principle is that the resonance frequency changes when a mass is placed on the reso-
nator. Although many applications are available, it is difficult to significantly im-
prove their quality parametres at the macroscopic size. This can only be done when 
cantilever resonators are reduced to nanosize dimensions because the resonance fre-
quency is proportional to the inverse of the linear dimension of the cantilever. Fre-
quencies in the range of MHz are achieved in this way with cantilever sizes in the 
range of μm, and frequencies in the range of GHz can only be achieved at the 
nanometric scale. The change in the resonance frequency of the cantilever is propor-
tional to the mass on the resonator.  
 
11.2.6 Self-assembled nanostructures 
The nanostructures explained so far have been developed following the top-down 
approach, thus starting with large-scale objects and gradually reducing its dimen-
sions. Self-assembling tries to develop the nano and microstructures following the 
bottom-up procedure, i.e. from simple molecules to more complicated systems. Of 
the self-assembled structures, those using liposomes, polymerised lipid vesicles or 
pseudocellular membranes, are the most widely studied.  
 
11.3 Micro-electromechanical Systems (MEMS) 
Micro-electromechanical Systems, generally referred to as MEMS, has had a history 
of research and development over a few decades. Besides the traditional micro-
fabricated sensors and actuators, the field covers micromechanical components and 
systems integrated or micro-assembled with electronics on the same substrate or 
package, achieving high-performance functional systems. MEMS are also referred 
to as micro-machines in Japan, or Micro Systems Technology - MST - in Europe. 
These devices and systems have played key roles in many important areas such as 
transportation, communication, automated manufacturing, environmental monitor-
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ing, health care, defence systems, and a wide range of consumer products. MEMS 
are inherently small, thus offering attractive characteristics such as reduced size, 
weight, and power dissipation and improved speed and precision compared to their 
macroscopic counterparts.  

Fig. 11.3 a-b  
MEMS devices:  
Left: movement of 
sensor used in the 
Olympic torch to 
change light colours. 
Right: a nanomotor. 
(source: Bhushan, 
2007) 

 
The development of MEMS requires appropriate fabrication technologies that en-
able the definition of small geometries, precise dimension control, design flexibility, 
interfacing with microelectronics, repeatability, reliability, high yield, and low cost. 
Most MEMS devices exhibit a length or width ranging from micrometres to several 
hundreds of micrometres with a thickness from sub-micrometre up to tens of mi-
crometres depending upon fabrication technique employed. A physical displacement 
of a sensor or an actuator is typically on the same order of magnitude. 

Fig. 11.4 a-b  
MEMS devices:  
Left: post style actua-
tor. 
Right: thermal actua-
tor. 
(source: Bhushan, 
2007) 
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 Fig. 11.5 a-b  
 MEMS devices:  
 Left: surface micro-

machined two-axis 
micro-mirror. 

 
 Right: poly-silicon 

surface micro-
machined vertical 

torsion mirror. 

 
 
 

(source: Bhushan, 
2007)  

 
 
 
 
 
 
 
  Fig. 11.6 a-b  

Dimension compari-
son between MEMS 

devices and dust 
mites. (source: 

Bhushan, 2007) 

 
 
 
 
 
11.4 MEMS applications 
MEMS devices are playing a key role in many areas of development. Microfabri-
cated sensors, actuators, and electronics are the most critical components required to 
implement a complete system for a specific function. Microsensors and actuators 
can be fabricated by various micromachining processing technologies. In this sec-
tion, a number of selected MEMS devices and studies are presented to illustrate 
some basic device operating principles and some future possibilities which MEMS 
will led us to. 
 
11.4.1 Pressure sensors 
Pressure sensors are one of the early devices realized by silicon micromachining 
technologies and have become successful commercial products. The devices have 
been widely used in various industrial and biomedical applications. The sensors can 
be based on piezoelectric, piezoresistive, capacitive, and resonant sensing mecha-
nisms. Silicon bulk and surface micromachining techniques have been used for sen-
sor batch fabrication, thus achieving size miniaturization and low cost. For instance, 
the piezo-resistive effect in silicon has been widely used for implementing pressure 
sensors. A pressure-induced strain deforms the silicon band structure, thus changing 
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the resistivity of the material. The measurable pressure range for such a sensor can 
be from 10−3 to 106 Tor depending upon the design. An other kind of sensors are 
based on capacitive pressure. That is very attractive because they are virtually tem-
perature independent and consume zero direct current power. 

Fig. 11.7 a-b  
Image (left) and 
schematic cross-
section functioning 
(right) of a capacitive 
pressure sensor. The 
device consists of an 
edge clamped silicon 
diaphragm suspended 
over a vacuum cavity. 
The diaphragm and 
substrate form a pres-
sure dependent air 
gap variable capaci-
tor. An increased 
external pressure 
causes the diaphragm 
to deflect towards the 
substrate, thus result-
ing in an increase in 
the capacitance value. 
(source: Bhushan, 
2007) 

 
11.4.2 Inertial sensors 
Micro-machined inertial sensors consist of accelerometers and gyroscopes. These 
systems have been used in a wide range of applications such as automotive applica-
tions for safety systems. Inertial sensors, fabricated by micromachining technology, 
can achieve reduced size, weight, and cost, all which are critical for consumer appli-
cations. More importantly, these sensors can be integrated with microelectronic cir-
cuits to achieve a functional micro-system with ultra-high performance. 
 

Fig. 11.8 a-b  
Scanning electron 
micrograph of (left)  
a polysilicon surface-
micromachined z-axis 
accelerometer and 
(right) picture of a 
polysilicon surface-
micromachined dual-
axis gyroscope. 
(source: Bhushan, 
2007) 
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Fig. 11.9 a-b  
Schematics of verti-

cal (a) and lateral (b) 
accelerometer. 

(source: Bhushan, 
2007) 

 
 
11.4.3 Radio Frequency sensors 
The increasing demand for wireless communication applications, such as wireless 
data network,  HVAC and humidity controller, security devices and all the systems 
that may be used for the building automation (domotics), motivates a growing inter-

est in developing miniaturized wireless 
transceivers with multi-standard capabilities. 
Such transceivers will greatly enhance the 
convenience and accessibility of various 
wireless services independent of geographic 
location. Miniaturizing current single-standard 
transceivers, through a high-level of inte-
gration, is a critical step towards building 
transceivers that are compatible with multiple 
standards. Highly integrated transceivers will 
also result in reduced package complexity, 

power consumption, and cost. At present, most radio transceivers rely on a large 
number of discrete frequency-selection components, such as radio-frequency (RF) 
and intermediate-frequency (IF) band-pass filters, radio frequency voltage-
controlled oscillators (VCOs), quartz crystal oscillators, solid-state switches, etc. to 
perform the necessary analogical signal processing. 

Fig. 11.10  
Scanning Electron 

micrograph of a self-
assembled out-of-

plane coil inductor.  
(source: Bhushan, 

2007) 

 
11.5 Humidity sensors 
Humidity sensors are used in a wide variety of applications, ranging from process 
and environmental monitoring, to the provision of feedback signals in gas sensors, 
household appliances, automotive control systems, Heating, Ventilation and Air 
Conditioning systems, materials structure monitoring and so forth.  
In general, these micro-humidity sensors use vapor-absorbent films as sensing mate-
rial. Their electric properties change when exposed to humidity and the magnitude 
of this change allows the value of the relative humidity to be determined. However, 
developing micro-sensors which exhibit a complete set of favourable characteristics 
such as good linearity, high sensitivity, low hysteresis and a rapid response time, is 
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quite problematic. Many researchers have exploited the high deflection sensitivity of 
cantilever structures to fabricate capacitive-type micro-humidity sensors. For exam-
ple, a capacitive-type humidity sensor incorporating a silicon-based micro-cantilever 
was developed. The cantilever was suspended at a very small distance above a glass 
substrate and the relative humidity was determined by measuring the change in ca-
pacitance between the microstructure and the substrate as the micro-cantilever de-
formed as a result moisture absorption. The experimental results showed that the de-
vice had a good sensitivity but it lacked an adequate temperature compensation 
mechanism. Recently, in a capacitive-type humidity sensor with an integrated resis-
tive temperature detector a polyimide layer was coated on the upper surface of the 
suspended micro-cantilever.  
The device showed a good 
performance but the high 
bonding temperature - required 
to fabricate the composite 
cantilever structure - increases 
both the cost and the complexity 
of the fabrication process and 
therefore rendered the device 
inapplicable for low-cost 
sensing applications.  

Fig. 11.11  
Top: schematic of 
sandwiched cantile-
ver with integrated 
thermal resistor,  
Bottom: humidity 
sensor chip top view 
(bottom-left) and side 
view (bottom-right). 

Anyway, lots of studies are in 
process as MEMS represent the 
most innovative solution to 
developing such kind of sensors. 

(source Chen L-T et 
al., 2008) 

 
11.6 Studies on wireless sensor network (WSNs) for large civil structure and 
infrastructure 
Large civil structure and infrastructure items such as bridges, highways, tunnels, etc. 
are expected to last for decades or even centuries. Unfortunately, over the course of 
their lifetimes, these structures slowly deteriorate depending on the weather condi-
tions they are exposed to and the materials they are built of thus requiring timely 
maintenance. Traditionally, early detection of such deterioration is achieved by vis-
ual inspection, but they are time-consuming, expensive and therefore often infre-
quent. A effective alternative is equipping the infrastructural system with sensors 
that are permanently wired up to report back to a central system. The researchers 
goal is to develop a system for continuous long term monitoring of such infrastruc-
ture using wireless sensor networks (WSNs) which, compared to wired systems, are 
easier and cheaper to deploy and also offer the opportunity for straightforward ex-
pansion. Although many researches have been conducted on WSNs, experience pa-
pers reporting on real-world deployments are a minority: they include Mainwaring 
et al. who monitor seabirds’ nesting environment and behaviour, Arora et al. who 
deploy a perimeter control WSN and Werner-Allen et al. who monitor an active vol-
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cano, Krishnamurthy et al. who monitor equipment for early signs of failure, Kim et 
al. who monitor the structural health of the Golden Gate bridge, Barrenetxea et al. 
who deployed environmental monitoring networks over glaciers in the Alps, Stajano 
et al. who developed sensors for underground tunnel monitoring.  
The main limit with these studies is that the most of the researches take place in 
laboratory setting and they are primarily concerned with monitoring vibration. 
Though other wireless sensors have been developed, including ones for acoustic 
emission detection in concrete structures and bridges, they have only been used in 
short-term test deployments.  
Several groups have installed networks on actual civil engineering structures, such 
as the Golden Gate bridge (Kim et al.) or the Geumdang bridge (Lynch et al.); but, 
again, such monitoring has been relatively short-term and focused on vibration 
monitoring. There is a clearly wide gap between the WSN prototype that works in 
the lab and the one that works in the field attached to a real sensors, exposed to the 
inconsistencies and threats of a real environment, expected to stay up for months on 
end, required to be easy to deploy by a maintenance crew, robust to occasional fail-
ure of the hardware and software and so forth.  

Fig. 11.12  
Left: Golden Gate 

bridge in San Fran-
cisco (CA, USA). 
Right: Geumdang 

bridge in Icheon, Ko-
rea. 

It would be very nice if, one day, we could simply buy a commercial off the shelf 
WSN system and use it for monitoring our structures straight away. Unfortunately, 
though, the available commercial systems are typically only kits of building blocks 
and a non-trivial integration effort is required, together with the development of any 
missing parts, before arriving at a complete and usable monitoring solution. 
If wireless sensor networks are to be used pervasively on civil infrastructure, they 
will be deployed by maintenance crew, not by academics or researchers, therefore, 
they must have some important requirements: 
 Easy installation of the sensors. A few nodes can only be placed at specific lo-

cations: an inclinometer, for instance, that monitors whether a specific concrete 
panel is moving over time must be placed in specific positions. On the other 
hand, repeater nodes, as opposed to sensor nodes, can go essentially anywhere, 
so long as they enable communication: the location of a relative humidity or 
temperature sensor is not as critical. To evaluate the quantity of possible solu-
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tions on where to put the nodes, it is essential to have a clear idea of what solu-
tions should be considered as better than others. 

 Radio connectivity is not always automatically guaranteed. Though it is possi-
ble to model the radio propagation environment, the geometrical complexity of 
the space would sometimes make it almost impossible to pinpoint regions of 
fading. 

 Security of the resulting installation. It is quite common for technical people to 
elaborate very complicated designs for encryption of storage and communica-
tions for all nodes, before even knowing which assets the system owners con-
sider valuable. Violating the integrity of sensor data might cause both false 
positives (a report of a problem where there is none) and false negatives (a re-
port that all is fine, hiding an actual problem). Causing false negatives allows 
the deterioration to progress, to the point where pieces of the structure fall off; 
but this is hard for an attacker to exploit because they’d have to depend on dete-
rioration occurring naturally as they would not be able to cause it to happen on 
demand. The ability to cause false positives, on the other hand, does not endan-
ger the structure per se but forces the operator to waste resources in following 
up the alerts; eventually, it may cause the operator to ignore the WSN alto-
gether, therefore effectively disabling it.  
While integrity violations cannot easily result in physical damage to the struc-
ture being monitored, if the readings of the WSN are considered of any use and 
if denial of service through false alarms is to be prevented, then the end-to-end 
integrity of the readings must be ensured. This justifies employing cryptography 
in such scenarios. The requirements for battery life impose the use of symmetric 
cryptography rather than the more computationally expensive digital signatures. 
Another subtle and hidden way in which the addition of a WSN to a structure 
might introduce additional vulnerabilities is if by penetrating the WSN the at-
tacker becomes able to infiltrate the back-end where the data is stored, analyzed 
and rendered and, depending on the quality of the internal isolation between 
subsystems, the rest of the computer system for that site. 

 Good knowledge of large civil engineering installations problems. The original 
vision of WSNs for civil infrastructure of being stuck with glue or even scat-
tered to the wind is not possible today and may never be possible. The reality is 
that the sensors must be packaged so that they will survive for years unattended. 
Furthermore, given the currently available technology, the size of the batteries 
alone makes the units too heavy and bulky to safely stick on with glue and dan-
gerous to scatter to the wind. 

 Data interpretation and presentation. One of the most important thing, studying 
and planning a sensor, is thinking about what is to be measured and why. Many 
times researchers install sensors because they are available rather than because 
they provide the data that is actually needed. If the data got are not the data 
needed, there is no point in putting that sensor on in the first place. With any 
monitoring system there are potentially a number of end-users, each hoping to 
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use the data in a different way. The first distinction is that there are those who 
are concerned with the data from the network and those who are concerned with 
the management of the network itself. These two groups want to know entirely 
different things. For example, network administrators want to know about the 
connectivity of the network, whereas civil infrastructure owners (or civil engi-
neering researchers) are unconcerned with this as long as it works. There are 
also different levels of abstraction required for the data, as managers may only 
want to know when an action is required whereas engineers may require the 
complete data set for analysis. Unless the data is made available and presented 
in a way that is tailored to the user, it ends up being of no use to anyone.  

 
11.7 Sensors for concrete structures temperature and internal humidity moni-
toring 
Concrete is one of the most used materials in building practice but it shows several 
problems related to its durability and maintenance. Concrete properties (i.e., con-
crete strength, modulus of elasticity, creep, shrinkage, durability, etc.) mainly de-
pend on the temperature and the dynamics of moisture transport in its matrix. The 
material properties change with the time and they are significantly influenced by the 
heat of hydration and moisture content in the concrete at early ages. Temperature 
and high moisture content can also promote deterioration processes of concrete 
structures. The deterioration mechanisms over time of concrete structures such as 

bridges, pavements and buildings are more related to moisture and temperature 
characteristics of these structures. Moisture from seawater, rain, soil, snow and flood 
is responsible for high chloride concentration transfer leading to corrosion of steel 
reinforcing rebars. Moisture transfer also promotes chemical deterioration and dam-
aging processing. Therefore, a sensor system for continuous monitoring of internal 
RH and temperature is highly desirable both during construction and afterwards for 
its maintenance. When embedded into concrete, the sensor system can provide cru-

Fig. 11.13  
Sensor chip for con-
crete: scheme (left) 

and manufacture 
(right). (Source: Ala-
bama A&M Univer-

sity, Normal) 
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cial information about the curing process of the cement paste through the sensed 
temperature and internal humidity.  
MEMS represent an innovative solution to current monitoring system, leading to 
wireless, inexpensive, durable, compact, and high-density information collection, 
processing and storage devices for structural health monitoring. Another advantage 
is that the small size of packaged MEMS sensors allows them to be embedded into 
concrete structures without compromising the geometry, weight or inherent proper-
ties of structures. Several studies are carried out in many universities and research 
centres and they are all dedicated to the fabrication of such desirable sensors. 
 
11.8 Functional composite paints for monitoring applications 
Paints are usually applied as films on structures surfaces in order to provide a pro-
tective and decorative layer. Recently, several studies focused on functional (or 
smart) paints that possess sensing capabilities. This kind of paints could be used as 
continuously distributed sensors for monitoring applications. Unfortunately, the cur-
rently available functional paints are very complex and expensive for spread and 
practical applications. For example, smart composite paints which are made of pie-
zoelectric powder immersed in epoxy resin, must be coated with layers of electrodes 
and then poled using very high voltage to impart the sensing capability to the paint. 
Such a complex preparation processes make this type of paint extremely expensive. 
Furthermore, expensive charge amplifiers are necessary to monitor the capacitive 
output signals of the smart paint sensor. Alternatively, the pressure sensitive smart 
paints which modulate the light intensity through a repeatable chemical interaction 
of the sensing layer with atmospheric oxygen, require the use of an expensive photo-
detector for interrogation of the 
paint. 
Nowadays, lots of studies focus on 
carbon black composites as func-
tional material. Some worked on 
deformation sensing with a compos-
ite that basically consists of 
electrically conductive carbon black 
aggregates embedded in a polymer 
matrix where the composite 
conductivity changes with the 
applied mechanical deformation. Others focused on graphite filled polypropylene 
composites that show smart properties, such as a positive temperature coefficient of 
resistance and strain dependent conductivity. Some composites which are subject to 
uniaxial pressure were proposed for tensile strain and pressures sensors, others are 
capable of monitoring vibration and noise down to a quasi-static frequency of about 
0 Hz. Accordingly, simple electrical circuits can be used to measure the changes in 
the current and voltage developed by the paint sensor. It is also important to mention 
that a functional paint can be easily applied to almost any structure, even of complex 

Fig. 11.14  
Sample of a paint 
sensor. (source O.J. 
Aldraihem, 2009) 
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shapes, and can act as a continuously distributed sensor over very large areas of 
structural surfaces. In the future, paint sensors would be used in numerous applica-
tions ranging from monitoring infrastructures, payload fairings of launching vehi-
cles, flexible space structures, as well as many other critical structures that are only 
limited by our imagination. 
 
11.9 Nanosensors for energy and environment 
Environmental pollution is a constant problem, since it affects human health and the 
sustainable development of both society and the economy. The presence of envi-
ronmental toxins, heavy metals and organic pollutants, whether because of human or 
natural processes, is a serious environmental issue that has generated considerable 
scientific interest and public concern. Nanoparticle-based technology, that are used 
in a variety of fields, could be applied in the environmental diagnostic and detection 
in analyzing and improving air, water, and soil quality as different nanoparticles 
have specific optical, fluorescence and magnetic properties, and interactions be-
tween these properties give them great potential for environmental screening. 

Fig. 11.15  
Scheme of different 

properties of gold 
nanoparticles, quan-
tum dots, and mag-
netic nanoparticles. 
(source: Wang L. et 

alt., 2010) 

 
11.9.1 Nanoparticle-based optical sensor 
Optical sensors have been developed for the detection of toxins, heavy metals and 
other environmental pollutants. Gold nanoparticles present different colours, from 
red, to purple or blue, based on inter-particle reactions during aggregation, or disper-
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sion of the nanoparticles aggregates. Other optical sensors are based on photo-
luminescence changes of quantum dots or dyes. Naturally occurring toxins, such as 
ochratoxin A, zearalenone, aflatoxin B1 and others are found as contaminants in ce-
reals, cereal products, and coffee beans, and are considered to be teratogenic, 
mutagenic and immunosuppressive to animals and humans. Another class of toxins 
originating from Bacillus Botulinus, Escherichia Coli, or Ricinus Communis are 
found in animal tissue sand plant which can be highly toxic and induce targeted 
damage to human body. Immunochromatographic strip assays combine chromatog-
raphy technology with conventional immunoassays to provide a simple, low-cost 
and rapid tool for toxins diagnosis.  
Environmental contamination by heavy metal 
ions is an ongoing concern through out the 
world. Heavy metal pollutants can exert serious 
adverse effects on the environment and also on 
human health. Thus, monitoring of aqueous 
heavy metal ions in environment becomes more 
and more important. For instance, some reported 
visual detection of Cu2+ by L-cysteine-
functionalized gold nanoparticles in aqueous 
solution. In the presence of Cu2+, the 
nanosolution changed from red to blue. This 
colorimetric nano-sensor allows rapid, 
quantitative detection of Cu2+ with a sensitivity of 10-5 M. Similarly, it was devel-
oped a system for the detection of mercury based on Hg2+ and Ag+ where as the con-
centration of ions increases, their photoluminescence intensity decreases. Nanoparti-
cles can be used to detect small molecules as well, such as hydrogen, carbon diox-
ide, nitrogen oxide, oxygen, and ammonium ions. Contamination with nitrite (NO2

-) 
ions from chemical fertilizers, and from livestock and organic waste has been a 
problem through out the world. Gold nanorods can also be used as optical sensors, 
for example for the detection of bacteria. The presence of Escherichia Coli in the 
environment is a serious, ongoing worldwide health problem. It was produced a sen-
sitive assay for this bacterium using an antibody-conjugated gold nanorod-based 
two-photon scattering technique that shows a detection limit of 50 colony formine 
unit (cfu)/mL. 

Fig. 11.16  
Scheme of immuno-
chromatographic strip 
assay. (source: Wang 
L. et alt., 2010) 

 
11.9.2 Nanoparticle-based electrochemical sensor 
Electrochemical sensors are a rapidly growing area of research. The classic biosen-
sor is enzyme-based, and the development of glucose sensors is still the largest area 
of research, and often used as a model system. Metal nanoparticles can be oxidized 
to form ions that are easily detected electrochemically. Electrochemical sensors have 
been widely investigated for use in environmental pollutants screens. For instance, 
an electrochemical sensor for copper ions was developed with a detection limit be-
low 1 pM. Electrodes were first modified with gold nanoparticles, and then the gold 
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colloid surface was modified with cysteine for copper detection. Also single-walled 
carbon nanotubes (SWNTs) impregnating porous fibrous materials such as fabrics 
and papers, have been used to generate simple but high-performance biosensors. 
 
11.9.3 Magnetic-relaxation sensors 
Biocompatible magnetic relaxation switches methods are radio frequency-based, 
and, therefore, indifferent to light-based interference such as scattering, absorption 
or fluorescence in tissues or fluids. Magnetic relaxation switches technology has 
been used to detect analytes in different matrices, including in environmental toxin 
monitoring. For instance, it was developed a specific, highly sensitive and quantita-
tive bacterial detection method based on these sensors that is expected to be able to 
identify and quantify bacteria in environmental samples. Due to the simplicity of the 
theory and easy operation magnetic relaxation switches assay, it may be a potential 
candidate for the rapid screening of environmental pollutants and may find a wider 
application; on the other hand, the equipment required is quite complex and expen-
sive. 
 
11.10 Gas detector: developing the electronic nose 
Gas sensor technology was inaugurated when three pioneering gas detectors were 
developed in Japan: oxide semiconductor gas sensors for gas leakage alarms, solid 
electrolyte oxygen sensors for car emission control systems, and ceramic humidity 
sensors for automatic cooking ovens. These sensors, nowadays known as electric 
nose, demonstrated how dramatically important it is to monitor a specific gas spe-
cies in situ, in real time and continuously. The applications includes: protecting en-
vironments, air quality control in HVAC system, safety/anti-terrorism, explosive gas 
(bomb) and hazardous pollutant gas detection in public area like airport, shopping 
centre, etc.. Other areas include odours detection in industries including food, drink, 
chemical, etc. applications in automobile and space, smart domestic applications and 
health cares. 

Currently various kinds of 
gases including reducing 
ones (methane, propane, 
carbon monoxide, ammonia, 
hydrogen sulfide, etc.) and 
adsorptive ones (oxygen, 
nitrogen dioxide, ozone, 
etc.) have been made 
detectable with gas sensors 
using semiconductors, 
electrolytes or catalytic 
combustion.  

Fig. 11.17  
Schematic gas sensor 

cell. 
Yet, there are various new 

demands to gas sensors ranging from detecting volatile organic compounds at very 



Nanotechnology and NanoArchitecture 157 

low concentrations (ppb levels) to constructing sensor network systems but there is 
no single gas detector existing that is 100% selective to a single chemical gas. 
A desirable gas detection system can be described as followings: portable and corro-
sion resistant that is capable of being installed in hazardous areas, durable and op-
erationally stable, simple and minimum needs in maintenance, enable for a mini-
mally skilled person to operate and cost effective. 
In the past a few decades, semiconductor metal oxide gas sensors have emerged as 
efficient gas detection tools. Compared to other gas sensing techniques such as con-
ductive polymer, oscillating, electrochemical cell and fibre optical, semiconductor 
metal oxide gas sensors have advantages, such as more robust (up to 10-year-life 
time), less sensitive to environmental moisture and temperature, simple interface 
electronics, faster response time and fast recovery time. Furthermore, they have 
broader sensitivity than any other sensing technologies.  
Therefore, semiconductor metal oxide gas sensor may represent the best sensing 
cells for chemical gas sensing electronic nose development. 
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12. NANOTECHNOLOGIES FOR PRESERVATION AND AR-
CHAEOLOGY PRACTICE 

 
12.1 The preservation of cultural heritage 
It’s worldwide recognised that artworks - including not 
only buildings of historical and artistic value but also 
archaeological permanence, paintings, canvas or sculp-
tures - must be protected and handed down to the next 
generations, for both a moral duty and because of laws 
and regulations. However, their conservation is not very 
easy and feasible to achieve due to many different 
factors that may cause damage. Nowadays, thousands of 
institutes and industries, especially in Italy and France, 
have a lot of R&D programs in the field of preservation 
and restoration. Nanotechnologies are slowly entering 
the restoration sector and new materials, instruments, 
technologies and techniques based on nanotechnology 
may be used in operations of preservation. Indeed, they may be applied in several 
technical applications as in diagnostic, for instance, to better understand the mi-
cro/nano-structure of both antique materials and degrading agents thus to find the 
better solution to specific problems. Thus will help operators finding the suboptimal 
solutions that constantly afflicts cultural heritage. 

Fig. 12.1  
A restoring operator 
who is cleaning 
statue surfaces. 
(source: Servitec, 
2009) 

A complete listing of these activities is therefore impossible due to the vastness of 
the topic itself. 
One of the most dangerous agent to the cultural heritage is the constant exposure to 
combined action of natural weathering and urban pollution that causes several dam-
ages to carbonatic materials: air pollution, soluble salts, bio-deterioration are the 
main causes of decay. The results of these phenomena are flaking of the surface lay-
ers, powdering, formation of small blisters and loss of large parts of the artefact.  
In any case, the primary aim of any scientist is finding the correct choice of the right 
conservation procedure to be applied to every single case of study.  
Nowadays, the preservation of cultural heritage attracts universal attention and new 
regulations focus on the application of new technologies in conservation, exhibition, 
storage and transport. To minimize the effects of aging, renovation and logistic op-
erations, monitoring and controlling the micro-climate of the cultural object is cru-
cial. Such aspect is well recognized in museums, for instance, where storage facili-
ties, libraries, archives, galleries are planned in order to ensure the long-term preser-
vation, safety and preventive conservation of artworks, antiques and archaeological 
collections. Among the most relevant environmental factors that affect the precious 
items, it is possible to mention the temperature, the relative humidity and the chemi-
cal environment. Furthermore, mechanical vibration and ultraviolet light exposure 
accelerate the damaging effects. Fluctuations in RH and temperature can cause sev-
eral kinds of damage and deterioration such as dimensional change, chemical reac-
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tivity and bio-deterioration of museum objects, which are often made of non-
isotropic materials. Thus, continuous environmental monitoring and the assurance of 
stable conditions in the local environment of the artwork are necessary to preserve 
the items for long periods of time. A main goal of preventive conservation is to 
maintain the artworks and collections under basically constant levels of temperature 

and RH. A precise control of 
these physical parameters is a 
strict requirement.  

Fig. 12.2  
The temple of Den-

dur. Metropolitan 
Museum of Art.  
New York City. 

In this context, increasing 
recent interest in the field of 
cultural heritage points to a 
new generation of sensors 
tailored for applications in 
museums indoor 
environment1.  

Fig. 12.3  
 Apollo Gallery, Mu-

sée du Louvre (Paris).  
 

 
12.2 Chemistry contribution to conservation: the problem of reversibility 
The peculiarity of the research in cultural heritage resides in its high multidiscipli-
narity. The co-operation between conservators and private/public institutions and 
experimentation is fundamental in the definition of the restoration procedures and 
innovative methodologies. During the last years, the contribution of scientists from 
different fields has radically grown up. Thus, the awareness of a work of art is no 
longer restricted to humanists and the contribution of chemists and physicists is be-
coming predominant for the prediction of the degradation insight and for the preser-
vation of cultural heritage.  
Nowadays, thanks to the contribution of chemistry we know how to address most of 
the degradation factors caused by chemicals in environments. The most of the inter-
ventions suggest the reinforcement of the porous structure and the consolidation of 

                                                 
1 Sensors for environmental control are discussed in the previous section of this thesis. 
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the surface layer of a work of art that is usually the most precious. After cleaning 
and consolidation, protective treatments confer a longer lifetime to the artistic ob-
ject. Restoration strives the opacity of the surface by minimizing the light scattering 
effects, and the protection of the surfaces strongly reduces the degradation from pol-
lutants and water condensation. All the interventions directed to preservation of the 
historical meanings of the works of art are commonly designed as conservation 
treatments. In a strict sense, all the chemical treatments to preserve any work of art 
from damage and deterioration are the matter of conservators and scientists aiming 
to rescue the original materials. On the other hand, despite a common opinion, every 
restoration treatment should be considered as invasive. Conservators often have to 
remove chemicals from surfaces, such as fat, salts, varnishes, pollutants; this is, usu-
ally, done by chemicals or mechanical methods, which may also affect the substrate. 
Moreover, chemicals for consolidation and protection are used for improving the 
physico-chemical and mechanical features of the materials. These products are in-
troduced within the porous structure of the original material, strongly modifying the 
original characteristics of the objects and making very hard the prediction of the life-
time of the restored materials. Some basic principles have been established, and ac-
cepted, by most conservators, in order to reach the best results in a restoration work-
shop.  
Basically, three main points can be stressed out:  
1. the treatment should be reversible so that at any time it should be possible to 

revert to the status before the treatment; 
2. all the applied chemicals should ensure the maximum durability and the chemi-

cal inertness; 
3. the chemicals used in the conservation treatment should be compatible with the 

substrate. 
However, scientists know that reversibility does not exist. It follows that methods 
based on compatible materials should be preferred, so that the original features of 
the materials are slightly changed, or, at the best, they are not changed at all. 
 
12.3 Wall painting cleaning 
Restoration of wall paintings requires several complex operations: among these is 
the painting cleaning. Around mid 1980s, the wall paintings by Masaccio and Lippi 
in the Brancacci Chapel in Florence, considered one of the most important master-
pieces of the Italian renaissance, were objects of an intense work of restoration with 
the removal of the hydrophobic impurities that covered their surface.  
UV fluorescence investigations and preliminary cleaning tests revealed the presence 
of a patina from wax spots due to extinction of altar votive candles. This prompted 
to study systems to solubilise and extract wax from the porous matrix of the wall. 
Due to the thermodynamic stability and the detergency efficacy, oil-in-water mi-
croemulsions were the best candidates.  
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 Fig. 12.4 a-b-c (top)  

Brancacci chapel, 
Florence. "San Pietro 
che risana con l'om-
bra" by Masaccio 
(XV century). UV 
florescence images 
before (A) and after 
(B) cleaning with w/o 
microemulsions. (C): 
image in visible light 
after removal of the 
hydrophobic impuri-
ties. 

 
 
 
 
 
 
 
 
 
 
 
 
 Left: Brancacci 

chapel. 

Fig. 12.5 a-b-c (mid-
dle) 

 Centre & Right: fres-
coes in San Salvador 
church in Venice. Pre 
(left) and post (right) 
removal of Paraloid 
B72. 

 
 
 
 
 Fig. 12.6 (bottom) 
 Masaccio’s frescoes 

in Brancacci chapel. 
Pre (left) and post 
(right) removal of 
wax spots. 
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The oil-in-water microemulsion ensured very low aggressiveness to the painted 
layer, due to the presence of water as a dispersing medium that remained in direct 
contact with the hydrophilic surface of the wall painting. Furthermore, water fa-
voured the wetting of the wall and ensured the right contact time with the hydropho-
bic material to be removed. On the other side, the oil phase works as a nano-
container where polymers can be solubilised and removed from the surface. The de-
tergency depends on the huge surface of micelles or microemulsion nanodroplets 
where polymers can be solubilised. The microemulsion system was applied on the 
surface by proper equipment that ensured a continuous microemulsion flux by 
means of a pipette connected to a reservoir tank.  
This methodology has been transferred to the removal of polymers applied to works 
of arts during conservation interventions. In the past, some conservation treatments 
performed using synthetic polymers have produced severe degradation of the surface 
of the works of art, as clearly evidenced by the poor conservation conditions shown 
by several masterpieces in different countries. Nowadays, it is possible to use some 
nano-systems, as micelle and microemulsions, specifically tailored for the removal 
of such products as Paraloid B72 (ethyl-methacrylate methyl-acrylate copolymer), 
Primal AC33 (ethyl-acrylate methyl-methacrylate copolymer), and Mowilith DM5 
(vinyl-acetate n-butylacrylate copolymer) that produced devastating and completely 
unexpected degradation processes. 
 
12.4 Ferroni-Dini method for structural consolidation of wall painting matrix 
and stones   
At the International ICOM Conference in Amsterdam in 1969, prof. Enzo Ferroni, 
from University of Florence, and the conservator prof. Dino Dini proposed a new 
method for in situ consolidation of wall 
paintings. This method, known as barium or 
Ferroni-Dini method, was the first example of 
a chemical and structural consolidation tech-
nique for the restoration of wall paintings that 
underwent phenomena of salts’ crystallization 
and/or sulphatation. The Ferroni-Dini method 
inverts the chemical reactions that produce the 
degradation of wall paintings, stabilizing the 
structure of the mortar and regenerating the 
binder of the painted layer, that is calcium 
carbonate. The method is based on the 
application of ammonium carbonate and 
barium hydroxide solutions on the painting 
surface so that they could penetrate the 
painting matrix, due to the nanosized dimensions, and react with it. The treatment 
eliminates the harmful gypsum that is formed by environmental pollution, and pro-
motes the formation of new slaked lime, Ca(OH)2, formed in situ which acts as the 

Fig. 12.7  
Top left: SEM mi-
crograph of Ca(OH)2 
particles. 
Top right: TEM mi-
crograph of a single 
Ca(OH)2 showing the 
hexagonal habitus. 
Bottom: TEM micro-
graph nanoparticles 
of Mg(OH)2. The 
nanoparticles average 
dimension is 120 nm. 
(source: Baglioni P. 
et alt., 2009) 
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fresh binder, giving new setting for mortar with maximum physicochemical com-
patibility. The Ferroni-Dini method is at the moment one of the more powerful tech-
niques available for frescoes matrix consolidation.  
Its success depends on the salts’ removal and, at the same time, on the reinforcement 
of the porous structure of the fresco painting due to the reduced dimensions, that are 
nanodimensions, of the material used. 

Fig. 12.8 a-b-c  
Restoration of the 
“Angeli Musicanti” 
by Santi di Tito (XVI 
century) in Santa 
Maria del Fiore ca-
thedral in Florence 
(Italy) with nanopar-
ticles of Ca(OH)2. 

 
A few years later, after having performed the Ferroni-Dini method on the wall paint-
ings by Beato Angelico in San Marco church in Florence, Ferroni and Dini realized 
that the consolidation treatment was performing much better with time. This finding 
convinced Ferroni that a large excess of barium hydroxide used during the applica-
tion could be responsible for the slow and progressive transformation of calcium 
carbonate to calcium hydroxide, i.e. barium hydroxide generated new binder from 
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the calcium carbonate. The newly formed binder was considered to be responsible 
for the good consolidation, similar to a new setting process of lime, calcium hydrox-
ide. Later, they proposed to apply calcium hydroxide in the form of nanoparticles for 
the consolidation of wall paintings synthesizing water-in-oil (w/o) micro-emulsion 
of Ca(OH)2. They obtained calcium sulfate nanoparticles with different shapes 
working with [SO4

2-] and [Ca2+] inside the aqueous pool of the w/o microemulsion 
In the same way, the Dini-Ferroni method may be applied to consolidate any tuff 
stone in general. In the last 30 years, many conservators and restorers experimented 
polymeric resins as consolidating and protective agents for stone restoration; more 
particularly synthetic acrylic and vinyl polymers, organosilicone compounds and 
fluorinated materials were used for preserving historic and artistic monuments. 
Some of these materials act as protective agents while others induce consolidative 
effects on the substratum on which they are applied.  

Fig. 12.9 a-b-c  
SEM micrographs of 
Neapolitan yellow 
tuff samples.  Anyway, they present a basilar disadvantage: 

they do not obey to the fundamental rule of 
physicochemical compatibility with the substrate 
and consequently cannot be considered as 
suitable for consolidating purposes. Inorganic 
consolidants have the great advantage of high 
compatibility with the constituting materials: 
according to the idea that the original binder for 
wall paintings and limestone is also their most 
effective consolidant, new methodologies are 
being studied. 

(A) untreated stone 
where rod-shaped 
phillipsite crystals are 
immersed in a matrix 
of pseudocubic cha-
bazite crystals;  
(B) sample treated 
with a resin that 
soaks the surface 
layer of stone. The 
distribution and the 
morphology of the 
polymeric layer in-
side the tuff do not 
seem to be signifi-
cantly affected by the 
presence of the or-
ganoclay;  

Recently, a new class of composite materials is 
offered by layered polymeric nanocomposite 
systems, based on organic polymers and 
inorganic layered reinforcements consisting of 
organo-modified silicates whose layers are few 
nanometres thick. These systems show a great 
interfacial area per volume between the 
nanosheets and polymer, with higher properties 
compared to the unmodified organic resin. In 
particular, they exhibit higher chemical, thermal 
and mechanical resistance and reduced gas and 
vapour, without spoiling the optical properties of 
the polymeric matrix. Thus, they are more 
compatible to tuff materials, showing a deeper 
penetration. Reducing the average size of the consolidating particles to the sub-
micrometric scale is critical in a satisfactory stone consolidant process in order to 
achieve a deeper penetration of the dispersion, a better stability and to avoid the 
formation of white glazing on the treated surface.  

(C) sample treated 
with a nanocomposite 
system where a quite 
continuous polymeric 
layer coats the inner 
walls of the pores 
within the stone and 
links up the disaggre-
gated parts one an-
other. 
(source: Journal of 
Cultural Heritage 9 
(2008), p.257-258) 
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Researchers from the University of Florence achieved interesting results carried out 
some tests on two kinds of limestones, Gallina and Alberese stones, taken from his-
torical buildings and consolidated in laboratory by nanophases of calcium hydroxide 
nanoparticles. Gallina stone is a soft calcareous sandstone, used for the façade of an 
historical building in Mantova, Italy. It showed evident powdering of the surface and 
brittleness. The second stone is a compact limestone coming from the bell tower of 
Santa Maria church in Impruneta, Florence, Italy. It was affected by flaking and 
powdering of the surface. The samples were immersed in the nanodispersion for 8 
hours and the effectiveness of the conservation treatment was evaluated by perform-
ing SEM-EDX and water absorption analyses, as shown in the following images. 

Fig. 12.10 a-b-c-d  
SEM micrographs. 
Alberese stone: (A) 
untreated and (B) 
treated. Gallina stone: 
(C) untreated and (D) 
treated. Bar = 20 mi-
cron. Visual observa-
tions of the treated 
samples did not show 
any remarkable 
change in colour, 
while the re-cohesion 
of the surface was 
evident by touch. The 
comparison of SEM-
EDX analyses per-
formed on untreated 
and treated surfaces 
show that consoli-
dated samples ap-
peared more compact 
and with an higher 
Ca/Si ratio.  
Furthermore, for both 
Alberese and Gallina 
stones, the consolida-
tion treatment 
strongly affects the 
kinetics of capillary 
suction while the 
specific surface areas 
were slightly af-
fected.  
(Source: Journal of 
Cultural Heritage 7 
(2006), pp. 111-113). 

 
12.5 Removing biological patina from monument surfaces: a new enzyme pro-
cedure 
In cultural heritage science, bacteria have been largely used to remove pollutant 
from surfaces. Among these the Desulfovibrio Desulfuricans to remove the black 
patina containing large amounts of sulphates or, similarly, the Pseudomonas Stutzeri 
to remove nitrates. On  the other hand, it was observed that the metabolic products 
of these bacteria could chemically react with the substrata itself provoking several 
destabilization problems.  
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Other additional briofite such as musk, liverwort and vascular plants abundantly 
grow on the archaeological areas and on buildings when the environmental condi-
tions, and the chemical composition of the substrata, show favourable results. Espe-
cially the briofite are able to accumulate the environmental particulate matter cata-
lyzing the modification of the stones on the monument surfaces. All these highlight 
the negative role of the biological patina. These patina show different colours, thick-
nesses and different microstructures.  
Several studies have been carried out to classify them with respect to their morphol-
ogy (i.e., films, etching surfaces, crust), their petrography (i.e., grain dimensions, 
porosity, wettability) and the microflora colonization.  

Fig. 12.11 a-b-c-d  
Morphological 
investigation of 
travertine stone:  
(a) control sample; 
(b) travertine sample 
during the 
biodeterioration 
process; (c) green 
biofilm composed of 
mosse sporophytes 
and (d) gametophyte. 
(source: F. Valentini 
et alt., 2010) 

 
All these studies are necessary to plan the suitable strategy necessary to reach the 
cleaning efficiency, consolidation and preservation of the cultural heritage materials.  
Until now, several hydrolase enzymes have been widely used to remove the biologi-
cal patina as some microorganisms are able to produce amylase, cellulase, lipase and 
protease that are able to modify the chemical composition of substrata. This helps in 
removing the biological patina and cleaning the surfaces. At the same time, they can 
induce the calcite production on the CaCO3 substrata (i.e., bio-mineralization proc-
ess).  
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A new study, performed in Villa Torlonia in Rome, focuses on the application of a 
new bio-cleaning procedure based on the glucose oxidase enzymes (i.e., GOx) to 
remove biofilms.  

Fig. 12.12 a-b-c  
Villa Torlonia in 
Rome: “Main En-
trance” (1802–1806). 
Biological patina on 
travertine fragment. 
(source: Applied Sur-
face Science 256 
(2010), p. 6551). 

 
This particular enzyme is able to produce H2O2 from the catalytic reaction of the 
glucose. H2O2 represents a cleaning agent because of its oxidizing properties, result-
ing in a bleaching effect on these surfaces.  
The analytical advantages of the GOx enzymatic approach, compared with the con-
ventional chemical method concern the following:  
 the possibility to control the peroxide concentration on these surfaces, removing 

the biofilm; 
 the possibility to realise small amounts of the oxidizing agent, avoiding the 

etching of these stone materials; 
 the possibility to gain better cleaning efficiency depending on the porosity of 

stone materials. In particular, substrata having the lowest porosity, strongly re-
tain the H2O2 for longer time on their surface (avoiding its diffusion into the 
bulk), especially where the biopatinas strongly adhere. Fig. 12.13 a-b  

The cleaning performances of GOx have also been compared with those obtained 
using the traditional chemical treatments based on the EDTA or (NH4)2CO3 and 
with enzymatic treatment, performed with lipase. Also in this last case, the new bio-
cleaning method results comparable to some others, such as the lipase treatment as 
confirmed by the SEM investigation shown in the following pictures. 

Micrograph of the 
travertine sample 
treated with GOx 
enzyme: presence of 
kaolinitic clay miner-
als. 
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Fig. 12.14 a-b-c-d  
Micrograph images 
of travertine sample 
with a biological pat-
ina from Villa Torlo-
nia in Rome: (a) ex-
ternal appearance of 
cyanobacterial cells 
encrusted in the 
stone; (b) adhered 
bacteria; (c) detail of 
microalgal filament 
grown in close con-
tact with the underly-
ing substratum; (d) a 
chaotic aggregate of 
smaller particles of 
various nature  
(source: Applied Sur-
face Science 256 
(2010), p. 6556). 

 
12.6 Preserving wood from acids: the Vasa case 
An other field where nanotechnologies have being applied with many interesting re-
sults is timber protection. Timber, along with stones, is a largely used material in the 
traditional worldwide 
construction practice and 
many monuments and 
historical buildings have 
wooden floors, roofs or 
pillars in their structure. 
One of the main problem 
related to this material is the 
acidity neutralization.  

Fig. 12.15  
Vasa in the bow at 
the National Mari-
time Museum in 
Stockholm. 

An acidic environment, 
indeed, catalyzes the 
cellulose hydrolysis making 
wood fibres losing their 
mechanical properties. By means of the nanometric dimensions of hydroxide nano-
phases it is possible to make less acid the environment and to exploit the dispersing 
means to reach a deep penetration through the fibres. 
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The Vasa case shows how difficult it is preserving wooden structure from slow oxi-
dation. Vasa (fig. 12.15 in the previous page) is a unique Sweden warship of the 
XVII century that sank during its maiden voyage in 1628 and was in surprisingly 
good condition after 333 years at the bottom of the sea.  
Nowadays it is exhibited at the Stockholm National Maritime Museum were various 
experiments are conducted on some pieces of it to preserve its integrity. The more 
and more polluted waters of Stockholm port made no aerobic bacteria, that are usu-
ally responsible of underwater wood decomposition, live in that environment. On 
the other hand, some anaerobic bacteria survive and their action generated a lot of 
sulphurous compounds that stored in Vasa wood.  
In 1961 it was exhumed, and its oak timber would have quickly deteriorated if the 
hull had been simply allowed to dry. It constituted an unprecedented conservation 
problem that was solved spraying polyethylene glycol (PEG) for 17 years, followed 
by 9 years of slow drying. Oxidation is still in progress and new studies with 
nanoparticle applications are trying to solve the acidity problems making a reservoir 
of alkaline compounds inside the wooden components. 
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13. Conclusions 
 
In the first section of this thesis we investigated what nanotechnologies are and why 
they are so studied worldwide with thousands of different applications in many sci-
entific and technological fields.  
Nowadays, nanotechnology is highly prioritized on the global scientific agenda re-
garding it as one of the most relevant area of exploitation to material science and 
engineering. Thus lots of countries set up national initiatives, regulations and ap-
point funding to research.  
 
In this section, we focused on the construction sector where nanotechnology seems 
to be a competitive route in achieving a real sustainable growth and innovation. Its 
usage in construction is highly wide and varies from the early stages of planning to 
the final stages of finishing, especially in choosing the right materials with the cor-
rect and appropriate characteristics and performances that could better deal with ex-
ternal stimuli.  
The development of new materials has a great influence in the methodology of 
thinking about architecture according to the new vast options that nanotechnology 
offers. In other words, in construction nanotechnology is an enabling technology 
that may help to make other technological developments. 
 
Nowadays, there are a lot of new products available, based on nanotechnology, that 
can be applied to the construction industry. The new generation of building materi-
als must be investigated within a scientific approach addressed to create multifunc-
tional high performance materials as well as more economically way of production. 
Nanotechnology may help architects and designers in finding and applying new cus-
tomized materials with specific individual properties. From the client, or the user, 
point of view, the most realistic and sensible application focuses on aspects of aes-
thetics, functionality, economy and sustainability. 
Within this scenario we analysed many new materials that are already available on 
the global market, discussing them in many dedicated reports. A complete listing is 
therefore impossible but the quantity of the products listed in the reports gives us an 
idea of what has been developing around our traditional view of architecture and 
construction.  
 
This thesis is not intended to be a resolved work but, on the contrary, it is in con-
tinuous evolution as, everyday, new papers and patents are published as well as new 
materials are promoting on the global market.  
 
From what we have discussed, it is possible to summarize that: 

 nanotechnology is both scientific and technical and has a highly multidisci-
plinary character, affecting multiple traditional technologies, scientific dis-
ciplines and industries, among with the construction one; 
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 millions of dollars are spent every year in research in nanotechnology all 
over the world, both in publics and privates; 

 hundreds of nanostructured products are already available on the construc-
tion market or are under investigation; 

 hundreds of new patents and papers are published every year with a posi-
tive trend; 

 enhanced new buildings are being designed worldwide imaging what it will 
be possible to build in a hundred years by means of this new class of ad-
vanced materials; 

 architects, engineers, contractors as well as all the building operators, began 
to have a deeper knowledge of nanotechnology and began to apply nano-
materials in their new building projects. 

  
Far from being a science and technology fashion, nanotechnology is a necessary 
path to achieve a real competitive and sustainable growth and innovation 
within the construction industry. 
 
Some of the main problems related to this field of research are: 

 researchers high-specialization; 
 high-tech laboratory  and equipments (expensive, complicated, dangerous); 
 materials high toxicity; 
 laboratory materials still very expensive in bulk. 
 often out-of-date construction operators way of thinking and difficulties in 

accepting new theories and applications.  
 



 

 
 
 
 

SECTION 2 
 

Thermochromic coatings for architectural glazing 
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1. NOTES ON GLASS FOR ARCHITECTURAL GLAZING 
 
1.1 Introduction 
The word “glass”, in the common sense, refers to a hard, brittle, transparent amor-
phous solid, such as the one used for windows.  
In the technical sense, glass is an inorganic product of fusion which has been cooled 
to a rigid condition without crystallizing. Many glasses contain silica as their main 
component.  
In the scientific sense, the term glass is often extended to all amorphous solids (and 
melts that easily form amorphous solids), including plastics, resins, or other silica-
free amorphous solids. 
The material glass plays an essential role in a lot of scientific fields and in industry. 
Its optical and physical properties make it suitable for many applications such as 
float glass in architecture, container glass, optics and optoelectronics materials, 
laboratory equipment, thermal insulator (glass wool), reinforcement fibre (glass-
reinforced plastic, glass fibre reinforced concrete) and art. 
 
1.2 Glass ingredients 
From a chemical point of view, some principal 
oxides (SiO2, B2O3, P5O5) and some modifiers 
oxides (Na2O, K2O, CaO) may be distinguished. 
Glass has no long range order due to its 
amorphous structure of glassy silica (SiO2), 
however there is local ordering with respect to the 
tetrahedral arrangement of oxygen (O) atoms 
around the silicon (Si) atoms. 
The standard definition of a glass - or vitreous 
solid - is a solid formed by rapid melt quenching. 
If the cooling down is sufficiently rapid (relative 
to the characteristic crystallization time) then 
crystallization is prevented and instead the disordered atomic configuration of the 
super-cooled liquid, it is frozen into the solid state at the glass transition temperature 
Tg. Generally, the structure of a glass exists in a metastable state with respect to its 
crystalline form.  

Fig. 1.1  
Schematic glass 
structure. 

As in other amorphous solids, the atomic structure of a glass lacks any long range 
translational periodicity. However, due to chemical bonding characteristics glass 
possesses a high degree of short-range order with respect to local atomic polyhedra. 
The glass used nowadays in architecture is the soda-lime one which is usually made 
of different specific compounds. In the labels in the next page, the main compounds 
and physical characteristics of this kind of glass are reported, according – for Europe 
- to the UNI EN 572:1996 part 1. 
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Tab 1.1. Glass main compounds according to UNI EN 572, part 1 
Compound Chemical formula Percentage 
Silica Oxide SiO2 69-74 % 
Calcium Oxide CaO 5-12 % 
Soda Oxide Na2O 12-16 % 
Magnesium Oxide MgO O-6 % 
Alluminium Oxide Al2O3 0-3 % 

 
 

Tab 1.2. Physical main characteristics for soda-lime glass 
Characteristics Symbol Amount and unit 
Density at 18 °C r 2500 kg/m3 
Superficial sclerometric hardness  6-7 (Mohs scale) 
Young’s modulus at 20 °C E 7 x 1010 Pa 
Poisson’s coefficient at 20 °C µ 0,2 
Heat capacity at 20 °C c 0,72 x 103 J/(kg K) 

Coefficient of linear thermal expansion a 9 x 10-6 K-1 
Thermal Conductivity at 20 °C λ 1 W/(m K) 
Transition temperature Tg 573 °C 
Surface tension at ~1300 °C  315 mJ/m2 
Refractive index in the visible at 20 °C n 1,5 

 
 
1.3 Colour  
Colour in glass is very important - especially in architecture and in other aesthetic 
applications – since it often leads to some different energy performance1. Colours 
are usually obtained by the addition of coloring ions that are homogeneously 
distributed by precipitation of finely dispersed particles.  
Ordinary soda-lime glass appears colorless to the naked eye when it is thin, although 
iron(II) oxide (FeO) impurities of up to 0.1 wt % produce a green tint which can be 
viewed in thick pieces or by means of scientific instruments. Further FeO and Cr2O3 
additions may be used for the production of green bottles. Sulfur, together with 
carbon and iron salts, is used to form iron polysulfides and produce amber glass 
ranging from yellowish to almost black. Manganese dioxide can be added in small 
amounts to remove the green tint given by iron (II) oxide. 
 
1.4 Glass as a super-cooled liquid 
Glass is generally classified as an amorphous solid rather than a liquid since it 
displays all the mechanical properties of a solid body. Some scientists consider this 

                                                 
1 For energy performance changes due to different colours in glass, refer to chapter 7 of this section – 
“Energy modelling performance”. 
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material as a liquid due to its lack of a first-order phase transition where certain 
thermodynamic variables such as volume, entropy and enthalpy are continuous 
through the glass transition temperature. However, the glass transition temperature 
may be described as analogous to a second-order phase transition where the 
intensive thermodynamic variables - such as the thermal expansivity and heat 
capacity - are discontinuous. Despite this, thermodynamic phase transition theory 
does not entirely hold for glass, and hence the glass transition cannot be classified as 
a genuine thermodynamic phase transition. Although the atomic structure of glass 
has almost the same characteristics of the structure of a super-cooled liquid, glass 
tends to behave as a solid below its glass transition temperature2. The change in heat 
capacity at a glass transition and a melting transition of comparable materials are 
typically of the same order of magnitude indicating that the change in active degrees 
of freedom is comparable as well. Both in a glass and in a crystal it is mostly only 
the vibrational degrees of freedom that remain active, whereas rotational and 
translational motion becomes impossible explaining why glasses and crystalline 
materials are hard. 
 
1.5 A brief history of glass production 
The first form of glass usage recorded in history was the obsidian which is a 
naturally occurring glass. During the Stone Age, obsidian was used by many 
populations for the production of sharp cutting tools. Generally, archaeological 
evidence suggests that the first real glass, as we know it, was made in the coast areas 
of north Syria, Mesopotamia and Old Kingdom of Egypt. The earliest known glass 
objects, of the mid III millennium B.C., were beads, perhaps initially created as 
accidental by-products of metal-working slags or during the production of faience, a 
pre-glass vitreous material made by a process similar to glazing.  
During the late Bronze Age in Egypt and Western Asia there was an explosion in 
glass-making technology: archaeological finds from that period include coloured 
glass ingots, vessels (often coloured and shaped in imitation of highly prized wares 
of precious stones) and the ubiquitous beads. The alkali source for Syrian and 
Egyptian glass was soda ash, sodium carbonate which can be extracted from the 
ashes of many plants, notably halophile seashore plants.  
By the 15th century B.C. extensive glass production was occurring in Western Asia 
and Egypt. It is thought that the techniques and recipes required for the initial fusing 
of glass from raw materials were a closely guarded technological secret reserved for 
the large palace industries of powerful states. Glass workers in other areas therefore 
relied on imports of pre-formed glass, often in the form of cast ingots such as those 
found on the Ulu Burun shipwreck off the coast of Turkey. 
Glass remained a luxury material, and the disasters that overtook Late Bronze Age 
civilizations seem to have brought glass-making to a halt. It picked up again in its 

 
2 A super-cooled liquid behaves as a liquid but it is below the freezing point of the material and it will 
crystallize almost instantly if a crystal is added as a core.  
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former sites, in Syria and Cyprus, in the IX century BC, when the techniques for 
making colourless glass were developed. In ca. 650 B.C. the first glass receipt is 
reported. Instructions on how to make glass are contained in cuneiform tablets 
discovered in the library of the Assyrian king Ashurbanipal and tells that glass is 
made with 60 parts of sand, 180 parts of seashore plants ash and 5 parts of clay. 
During the Hellenistic period many new techniques of glass production were 
introduced and glass began to be used to make larger pieces. Techniques developed 
during this period include “slumping” viscous (but not fully molten) glass over a 
mould in order to form a dish and “millefiori”3 technique, where canes of multi-
coloured glass were sliced and the slices arranged together and fused in a mould to 
create a mosaic-like effect. 

According to Pliny the Elder, Phoenician traders were 
the first to stumble upon glass manufacturing techniques 
at the site of the Belus River while Georgius Agricola 
reported in De re metallica the following tale: "The 
tradition is that a merchant ship laden with nitrum being 
moored at this place, the merchants were preparing their 
meal on the beach, and not having stones to prop up 
their pots, they used lumps of nitrum from the ship, 
which fused and mixed with the sands of the shore, and 
there flowed streams of a new translucent liquid, and 
thus was the origin of glass".  

Fig. 1.2  
Mergering oven for 

glass. Engraving 
from: Georgius Agri-
cola (1494–1555), De 

re metallica, volume 
XII, Basilea, 1557. 

This account is more a reflection of Roman experience 
of glass production, however, as white silica sand from 
this area was used in the production of Roman glass due 
to its low impurity levels. 

It was the Romans who began to use glass for architectural purposes, with the 
discovery of clear glass. Cast glass windows, albeit with poor optical qualities, thus 
began to appear in the most important buildings in Rome and the most luxurious 
villas of Herculaneum and Pompeii. The plate glass, put without framework or with 
wooden or bronze one, usually had the dimensions of 30 X 50 cm and were 3-6 cm 
thick. Their production was carried on with a particular techniques called “straining 
and ironing” as the glass paste was fused on a plate and covered with sand. 
During the Middle Age, glass production was strictly related to Church and Monas-
tery buildings.  
The main techniques of production were: the cylinder-blowing and the sphere-
blowing. The spheres were swung out to form cylinders and then cut while still hot, 
after which the sheets were flattened. 
Glass objects from the 7th and 8th centuries have been found in Venice. These form 
an important link between Roman times and the later importance of that city in the 
production of the material.  

                                                 
3 “Millefiori" is an Italian word meaning thousands of flowers. 
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Until the XII century, stained glass - glass to which metallic or other impurities had 
been added for coloring - was not widely used. 

Fig. 1.3 
Left: Roman cup 
from Cologne dated 
IV century A.D. 
Right: Medieval 
glazing in the church 
of Notre Dame, Les 
Andelys, France. 

Between the XV and XVII centuries, the most famous production of artistic glass 
was reported in Venice, and, more particularly, in the isle of Murano. The 
glassmaking developed many new techniques and became the center of a lucrative 
glass export trade.  

Fig. 1.4  
Left: A Millefiori 
pendand from Mu-
rano (Italy).  

Venice glass was 
particularly clear 
and transparent due 
to a fine sand that 
was combined with 
soda ash obtained 
from the Levant, 
for which the 
Venetians held the 
sole monopoly.  

Right: The modern 
technique of produc-
tion in Murano. 

Fig. 1.5 (bottom) 
Plate glass produc-
tion by means of the 
sphere-blowing tech-
nique. Engraving 
from Encyclopédie 
by Diderot and 
D’Alembert, 1773. 
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The clearest and finest glass is tinted using a small or large amount of a natural 
coloring agents that are ground and melted with the glass. More particularly, it was 
used to add sodium (to make the glass surface opaque), nitrate and arsenic (to 
eliminate bubbles) and colouring or opacifying substances. 
In 1687, the French Bernard Perrot developed a new technique to produce glass: the 
fuse glass was strained on a hot smooth copper plate and then spread with a metallic 
roll until it became one plate. This glass plate was, then, worked with sand and water 
and, finally, polished with an iron oxide paste. 
The real industrial revolution was due to the English Alastair Pilkington in 1959. He 
developed a technique called “float” to produced the float-glass which is nowadays 
one of the most used in buildings4. 
 
1.6 The behavior of the antique glass 
The observation that old windows are often thicker at the bottom than at the top is 
often offered as supporting evidence for the view that glass flows. It is then assumed 
that the glass was once uniform, but has flowed to its new shape, which is a property 
of liquid. In actuality, the likely reason for this is that when panes of glass were 
commonly made by glassblowers, the technique used was to spin molten glass to 
create a round, mostly flat and even plate that was then cut to fit a window. The 
pieces were not, however, entirely flat; the edges of the disk became thicker as the 
glass spun. When actually installed in a window frame, the glass would be placed 
thicker side down both for the sake of stability and to prevent water accumulating at 
the bottom of the window. Occasionally such glass has been found thinner side 
down or thicker on either side of the window's edge, as would be caused by 
carelessness at the time of installation. 
Mass production of glass window panes in the early twentieth century caused a 
similar effect. In glass factories, molten glass was poured onto a large cooling table 
and allowed to spread. The resulting glass is thicker at the location of the pour, 
located at the center of the large sheet. These sheets were cut into smaller window 
panes with non-uniform thickness. Modern glass for windows is usually produced as 
float glass and has a very uniformity in thickness. 
 
1.6.1 The cathedral glass theory 
There is a theory, however, that explain the more thickness at the bottom edge and it 
is known as the “cathedral glass theory”. Some glasses have a transition temperature 
Tg close to - or below to - the room temperature. Such material’s behaviour depends 
upon the timescale during which the material is manipulated. If the material is hit it 
may break like a solid glass, but if the material is left on a table for a week – for 
example - it may flow like a liquid. This simply means that for the fast timescale its 
transition temperature is above room temperature, but for the slow one it is below. 
The shift in temperature with timescale is not very large however. To observe 

                                                 
4 The float-glass will be discussed in the paragraph 1.7. In this work all the glass panes used to carry on 
depositions were produced with this particular technique by the company Pilkington Glass UK. 
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window glass flowing as a liquid at room temperature, we would have to wait a very 
long time, maybe hundreds or thousands of years. Therefore it is safe to consider a 
glass as a solid material far enough below its transition temperature: Cathedral glass 
does not flow because its glass transition temperature is many hundreds of degrees 
above room temperature. Close to this temperature there are interesting time-
dependent properties. One of these is known as aging. Many polymers that we use in 
daily life such as rubber, polystyrene and polypropylene are in a glassy state but 
they are not too far below their transition temperature so their mechanical properties 
may change over time. 
 
1.7 Industrial manufacture: the float glass 
A float glass is a sheet of soda-lime glass made by floating molten glass on a bed of 
molten tin. This method gives the sheet of glass uniform thickness and very flat and 
transparent surfaces. Nowadays, the float glass is the most produced for architectural 
glazing since this industrial manufacture leads to a highly standardized and optically 
transparent glass. The market is dominated by four main companies: Asahi Glass, 
NSG/Pilkington5, Saint-Gobain, and Guardian Industries. Other companies include 
PPG, Central Glass, Hankuk, Visteon, Cardinal Glass Industries. 
In the float glass process, the raw materials are mixed in the correct quantities before 
passing into the furnace at 1500 °C. The molten glass is then fed onto a bath of liq-
uid tin at a constant rate; the continuous band of glass then floats along the surface 
of the tin. The temperature is maintained constant at 1000 °C  so that irregularities 
and defects melt as the glass proceeds along the tin. After a sufficient time, the glass 
is cooled to about 600 °C and on leaving the bath it is sufficiently hard to resist 
damage from the rollers that pass then the glass into the annealing line. The anneal-
ing removes some of the internal stresses within the glass so that it can be cut and 
shaped without incurring damage. The use of a molten metal bath allows extremely 
regular and flat glass, typically with less than 1 nm variation across the surface. By 
varying the temperature and speed at which the glass pass along the bath, a range of 
thicknesses can be achieved: in Europe, its characteristics are regulated by the UNI 
EN 572: 1996 part 2 and it is possible to find in the market the sheet's thickness 
showed in the table below: 
 
 Tab. 1.3 Thicknesses and tolerances of the float glass. 

Thickness [mm] Tolerance [mm] 
2 ÷ 6 ± 0,2 

8, 10, 12 ± 0,3 
15 ± 0,5 

19, 25 ± 1,0 

 
 
 
 
 

 
5 A brief Pilkington Glass history will be discussed in the next section since the glass substrate used in 
this work to deposit thin films was supplied by this company. 
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To prevent oxidation of the tin, the float bath is contained in a protective inert nitro-
gen atmosphere that is maintained constant since the molten glass itself often con-
tains oxygen and sulphur compounds that may be evolved at the glass surface.  

Fig. 1.6  
Typical scheme of a 

float glass production 
line. Consequently, there is often about 10 % hydrogen added to the nitrogen atmosphere, 

which helps to cleanse the atmosphere of the more damaging impurities through re-
duction.  
The process is fully automated with production lines about 500 m long that can op-
erate continuously for 10-15 years producing about 6000 km of glass per year.  
The resistance to sudden change of temperature is between 30 °C to 40 °C and add-
ing some precursors makes it possible to improve the glass properties such as the 
optical ones: transmittance and reflectance, for instance.  
 

Tab. 1.4 Minimum transmittance values for a transparent float glass to be ap-
pointed as a clear glass 

Thickness [mm] Minimum Transmittance [%] 
2 0,89 
3 0,88 
4 0,87 
5 0,86 
6 0,85 
8 0,83 

10 0,81 
12 0,79 
15 0,76 
19 0,72 
25 0,67 

 
1.8 Optical properties 
Glass optical properties mostly depend on the colour and the coating deposited on it 
as well as the solar radiation used as base-line for the tests. In Europe, the normative 
followed to calculate a glass optical properties is the EN 410. The terrestrial radia-
tion is used as reference radiation with air mass equal to 1, water vapour equal to 
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1,42 cm and quantity of ozone equal to 0,34 ppm. These parameters were defined by 
the Commission Internationale de l'Eclairage (CIE), within the CIE n. 26.  
The electromagnetic distribution that is usually looked at for the tests are: 
1. Ultraviolet (UV), between 280 and 380 nm; 
2. Visible, between 380 and 780 nm; 
3. Near InfraRed (NIR), between 780 and 2500 nm. 
In the case of the float glass the radiations lower than 300 nm and higher than 2500 
nm are not analyzed as they are completely absorbed by this kind of glass. 
The most relevant optical properties are: 
 Reflectance, is defined as the light flow that is directly reflected by the glass. It 

mostly depends on the rays incident angle and on the surface. In the tests, the 
rays perpendicular to the surface only are considered. 

 Transmittance, is defined  as the percentage of the light flow that is directly 
transmitted through the glass. This property depends on the incident angle as 
well. 

 Energy absorption, is the amount of the Energy flux absorbed by the glass.  
 Solar factor, indicates the amount of the solar Energy passing through the glass. 
 Transmission factor, indicates the amount of radiation between 380 and 780 nm 

wavelength (visible light) that passes through the glass. 
 Thermal transmittance (U value). The thermal conductivity of the glass in quite 

low due to its amorphous structure that lower the photons free average path6. 
When the temperature is high the thermal conductivity has an important role in-
creasing a lot from the standard value at the environmental temperature. 

 The emissivity of a material, usually indicated with the symbol ε, is the fraction 
of energy radiated by that material in comparison to the energy radiated by a 
black body at the same temperature of the material. In other words, it indicates 
the ability of radiating energy. A black body would have ε=1 while every other 
object has 0 < ε < 1. The emissivity depends on some factors such as: the tem-
perature, the emissivity angle, the wavelength, the surface of the object ana-
lyzed, even though it depends on the different points of the surface itself. For 
engineering applications, emissivity is considered equal through all a surface, 
this assumption is known as the grey body hypothesis.  

 
1.9 Glass for architectural glazing 
One of the most important characteristics of the glass used in building construction 
is that it lets the solar radiation in while keeping outside external climatic factors 
such as wind, rain and cold air. The solar rays can be used to heat the internal envi-
ronment of a building due to the enhanced glass selectivity. The short waves such as 
visible light, can cross the glass plate while the long waves, the infra-red (IR), com-
ing from the irradiated surfaces, are reflected and trapped inside the building. This 
particular behaviour makes glass a very interesting material in controlling the energy 

 
6 Free avarage path is the avarage distance covered by a particle between two consecutive crashes. 
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passing through/in a building and it can be considered one of the most powerful ma-
terials in the energy saving problem. 
 
1.10 Physical principles: the electromagnetic spectrum 
The electromagnetic spectrum consists of radiations or, in other words, of electro-
magnetic waves that are characterized by means of wavelength and frequency. 
Wavelength and frequency are inversely proportional; the energy associated to the 
wave increases as the frequency. By means of our eyes we can see only a range of 
wavelength from 380 nm to 760 nm, that is usually called visible light. The shorter 
wavelength are UV ray, x-ray and γ-ray whose frequencies are bigger than visible 
light’s one thus they are more energetic. Infrared-waves, radio-waves and micro-
waves are characterized by a bigger wavelength than the visible light thus they are 
less energetic. 

Fig. 1.7 
Graphical scheme of 
the Electromagnetic 

Spectrum with the 
indication of the visi-

ble light. 

The ultraviolet radiation ranges from 0.35 µm to 0.4 µm. X-rays are associated with 
radiation up to 0.006 µm and the γ range is beneath them. 
On the other side, where wavelength is bigger, that is to say over the red, there is the 
infrared range from 0,7 µm to 0,4 mm.  
 
This range of the spectrum is generally divided into four sections:  
1. near infrared (NIR), between 0.78 µm and 2 µm; 
2. infrared, between 2 and 6 µm (short wave); 
3. far infrared (FIR), between 6 and 15 µm; 
4. extremely far infrared, between 15 and 1000 µm, is mainly used in astrological 

studies.  
Then it follows the microwave range, between 0,4 mm. and 100 cm, followed by the 
radio waves: the short one between 1 m and 100 m, the medium one between 200 m 
and 600 m, and the far over 600 m. 
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Tab. 1.5 Electromagnetic radiation with their characteristic parametre 
Electromagnetic radiation Frequency Wavelength 

Radio wave < 3 GHz > 10 cm 
Micro wave 3 GHz – 300 GHz 10 cm – 1 mm 
Infrared 300 GHz – 428 THz 1 mm – 700 nm 
Visible light 428 THz – 749 THz 700 nm – 400 nm 
Ultraviolet 749 THz – 30 PHz 400 nm – 10 nm 
X ray 30 PHz – 300 EHz 10 nm – 1 pm 
g ray > 300 EHz < 1 pm 

 
It is quite interesting to notice 
that only a few radiations are 
visible to human eyes, but the 
word “light” is used only for the 
visible range of the spectrum 
and its closer parts. The visible 
light of the spectrum is emitted 
by incandescent bodies. γ-rays 
result from the radioactive decay 
while the radio-waves may be 
produced by power drains that 
produce electromagnetic waves. 

Fig. 1.8 
Graphical scheme of 
the Solar Radiation 
Spectrum  
(EN 410:2000). 

In the EN 410:2000, the solar radiation - in the building sector - is usually divided 
into three parts: 
 Near UV  → 0 – 380 nm; 
 Visible light  → 380 – 780 nm; 
 Near IR → 780 – 2800 nm, 
and the biggest percentages are: the visible light (47 %) and the IR (46 %). The sum 
of the incident radiation and the atmospheric absorption is about 1353 W/m2. One of 
the chemical compounds that mostly absorbs the solar radiation is the iron oxide 
(Fe2O3). It can be easily recognized from the green colour on the glass edges.  
 
1.11 Glass energetic and physical properties 
 
1.11.1 Transparency 
The word “transparency” means the possibility to see an object put behind the glass, 
crossing of the visible light, clearness and comprehensibility. The way light crosses 
a glass depends on some factors such as the radiation nature, the wavelength or the 
spectrum of the light source. In other words, a transparent object lets us see in a 
clear way what is behind it while, on the contrary, a translucent object lets radiation 
passing through it but the quality of the image received is not very clear and well-
defined. The transmittance only defines the permeability to the radiation regardless 
of the quality of the image transmitted. 
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1.11.2 Otherness 
The otherness defines how clear the edge of an image are as an object is looked 
through a plate glass. It also indicates the overall uniformity of the image and the 
presence of distortions. 
 
1.11.3 Transmittance of visible light 
The transmittance of the visible light is a very important factor that characterized a 
glass and the energy lighting consumption in a building as well as the dimensions of 
the windows. The glazing placement and the thermal reflection on the internal sur-
faces determinate the internal distribution of heat. 
 
1.11.4 The energy balance 
According to the laws of thermodynamics, we know that energy cannot be lost but 
only transformed from one kind to another. Considering this law, it is possible to 
find out a mathematical balance for each kind of radiation for every glazing of a 
building. 

Fig. 1.9 a-b 
Graphical scheme of 
the visible radiation 

(left) and of the solar 
radiation (right) in a 

float glass 

The whole energy arriving to a glazing can be transmitted, reflected or absorbed by 
the glass itself or transformed in thermal energy that is spread again to the environ-
ment. In the images above (fig. 1.9 a-b) the energy balance between two glazing sur-
faces – external and internal – made of float glass 4 mm thick is shown. It can be 
noticed that the transmittance through the plates in the two cases is very different 
due to the different absorption and reflectance in the visible and solar spectra. 
 
1.11.5 The green house effect 
The green house effect is a particular phenomenon generated by the different way 
wavelengths are transmitted through a float-glass. A part of the solar gain passing 
through the glass pane of a window is absorbed by the glass itself, the transmitted 
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part is usually absorbed and reflected by the other internal surfaces. What influences 
a lot this phenomenon is the geometry and the placement of the object in the room 
we are analysing. Every body reached by solar radiation absorbs a part of it that is 
later transformed into thermal energy (blackbody radiation). This energy is spread in 
the environment and, as it reaches the glass, it is partially absorbed or transmitted 
and partially reflected again into the inside space. This makes the internal tempera-
ture becomes higher and higher. That is why we have to take care of this phenome-
non that may create a lot of discomfort in a building if poorly planned. 
 
1.11.6 Enhanced glazing 
Usually to make glazing work in a particular way some particular coatings are de-
posited on their surface. These enhanced coatings are usually between 10 nm and 1 
μm thick and are produced by a variety of technologies. The materials used to pro-
duced these coatings have particular properties that make the glass properties, such 
as the optical ones – transmittance or reflectance - or even the emissivity, change. 
Another important aspect is the film position on the glazing’s surfaces to avoid a be-
haviour opposite to what we want to obtain. Usually, the materials used to produce 
these kind of films are copper (Cu), silver (Ag) or gold (Au), some semi-conductors, 
such as metal oxides, as the vanadium oxide (VO2) used in this work to produce the 
thermochromic coatings. Some examples of enhanced glazing are the low emissivity 
glass (low-e), thermochromic glass or self-cleaning glass. 
  
1.12 Producing energy by means of the glass 
In architecture, the material “glass” is very important as it could define the external 
shape of a building. Not only it makes the light enter the internal environments but it 
also helps in heating the internal rooms letting the thermal radiation (IR) passing 
through it. Unfortunately, some factors - such as a wrong building plan - could lead 
to a massive and inappropriate usage of this material that might causes a high in-
crease of the internal temperature. In those cases there must be found some new 
methods to move away or reuse this high thermal energy trapped in the building. 
In the following paragraphs, we are going to look at the weather data to understand 
how they could be used to produce energy. 
 
1.12.1 Weather data 
The local weather conditions are very important to understand how and if energy 
can be produced at a particular latitude. They also contribute in the total energy bal-
ance of a building and will be considered in this work. Solar radiation, average tem-
perature as well as its peaks, wind velocity, clouds and humidity are just some fac-
tors that must be looked at as well as the materials used to build a building with par-
ticular care to the glass nature.  
In the central and south Europe four main different climatic conditions can be dis-
tinguished: 
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1. North European maritime climate: characterized by freezing winters with low 
solar radiation and warm summers; 

2. Central European maritime climate: characterized by cold winters with low so-
lar radiation and hot summers; 

3. Continental climate: characterized by quite warm winters with high solar radia-
tion and hot summers; 

4. South European and Mediterranean climate: characterized by warm winters 
with high solar radiation and boiling summers. 

Within these four macro-climates there are a lot of micro-climates - called regional 
climatic zones - that characterized every territory and are usually affected by some 
factors such as the topographic configuration, the local vegetation, the human inter-
ventions, etc.. To do a correct energetic evaluation some factors must be overtaken. 
Some of them are the followings: 
 direct or indirect solar gain that depends on the seasons and on the geographical 

zoning; 
 environmental temperature; 
 velocity of the wind that makes surfaces cooling down. 
 humidity. 
 
1.12.2 Solar gain 
The extra-terrestrial solar spectrum is filtered by the terrestrial atmosphere that pre-
vents a big amount of ultra violet rays (UV) reach the ground of the earth. A typical 
solar spectrum is shown in figure 1.8 (pg. 183). Usually, in a beautiful day, no more 
than 1100 W/m2  reach the ground; the other part of the solar radiation is reflected 
toward the space or transformed in thermal energy by the atmosphere compounds 
(ozone, water vapour and carbon dioxide – CO2), and another part of it is spread to-
wards the ground as visible light. 
The percentage of solar radiation that is directly transmitted is called direct radia-
tion. The sum of terrestrial radiation, direct radiation and diffused radiation is called 
global radiation. In Europe, the annual radiation sum over a horizontal surface varies 
from 980 KW h/m2 for the city of Hamburg (Germany) to 1780 KW h/m2 for the 
city of Almeria (Spain). 
The glass transmittance usually depends on some factors such as the incident angle, 
the inclination and the direction of the surface in comparison to the radiation source, 
in our case the sun. As a consequence, the quantity and quality of energy passing 
through the glass vary a lot during one year. Nevertheless, the direct effect on the 
glass surfaces depends mostly on the daily trend during one year. 
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1.12.3 The microclimate Fig. 1.10 
The yearly trend of the external air temperature depends on the yearly global radia-
tion. The absence of clouds in the sky that hides a part of the radiation is particularly 
important to look at when we want to produce energy as we loose a big amount of 
the long radiation. During the winter, with the sun in a low position, the fluctuations 
of daily temperature are quite low; during the summer they are much bigger with a 
big improvement in the eventual energy production.  

Graphical scheme of 
Global and Diffused 
radiation over Stutt-
gart (Germany). 

Even the buildings themselves are very important in influencing a microclimate. For 
instance, in a urban environment during the winter the lowest temperatures are about 
4 K higher than the areas in the countryside; during the summer this difference can 
reach peaks of 10 K. 
 
1.13 Enhanced coating for architectural glazing 
The purpose of thin coating on glass surface is the modification of the spectropho-
tometric properties of the glass substrate. The properties of a coating cannot be con-
sidered separately from those of the glass substrate to which it is attached. 
The UNI EN 1096 part 1:2000 defines the characteristics, properties and classifica-
tions of coated glass for use in building.  
 Class A: the coated surface of the glass can be positioned on the outer or the in-

ner face of the building; 
 Class B: the coated glass can be used as monolithic glazing but the coated sur-

face shall be on the inner face of the building; 
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 Class C: the coated glass shall be used only in sealed multiple glazing units and 
the coated surface should be facing into the unit cavity; 

 Class D: the coated glass shall be incorporated into sealed units, with the coated 
surface facing into the unit cavity, as soon as they are coated; 

 Class S: the coated surface of the glass can be positioned on the outer or the in-
ner face of the building.  

 
The coatings can be produced by means of different techniques that can be divided 
into two processes: chemical7 and physical8 film formation processes. 
Within the chemical processes are the following:  
 Wet chemical deposition: a mixture of a dissolved metal salt and a reducing 

compound is sprayed on to the glass surface. A reduction reaction takes place 
and fine grained metal is precipitated; 

 Sol-Gel coating: solutions of metallo-organic-compounds are dip coated and 
pyrolytically transformed into suitable oxides; 

 Chemical vapour deposition9: compounds in a vapour phase reacting chemi-
cally on the hot surface of the glass substrate; 

                                                

 Spray coating: sprayed liquids reacting pyrolytically on the hot surface of the 
glass substrate; 

 Powder coating: powders reacting chemically on the hot surface of the glass 
substrate. 

Within the physical processes are the following:  
 Evaporation: the material forming the coating is evaporated by heating and de-

posited on the glass surface; 
 Sputtering: in a gas discharge, ions bombard a target causing sputtering of mate-

rial which condenses on the glass surface. 
 
1.14 Pilkington Glasses (NSG Group) – A brief history of the company 
Pilkington Glasses is the largest glass manufacturer in the United Kingdom. It is 
based in St Helens. It was formerly an independent company listed on the London 
Stock Exchange but in 2006 it was taken over by the Japanese NSG.  
The company was founded in 1826 as a partnership by members of the Pilkington 
and Greenall families. The venture used the trading name of “St Helens Crown 
Glass Company”. On the departure from the partnership of the last Greenall in 1845, 
the firm became known as “Pilkington Brothers” and in July 1894 the business was 
incorporated under the Companies Act 1862 as Pilkington Brothers Limited. 

 
7 Chemical film formation process: processes where chemical reactions produce films on the glass from 
liquid, vapour or powder. 
8 Physical film formation process: processes, under vacuum conditions, whereby material from a source 
are transferred as elements, compounds or ions. Their subsequent condensation on the glass surface pro-
duces the film. Chemical reactions can be associated with this process. 
9 Chemical vapour deposition (CVD) is the technique used in this work to produce thin films. 
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Pilkington was floated as a public company on the London Stock Exchange in 1970 
and It was for many years the biggest employer in the northwest industrial town. 
Between 1953 and 1957, Sir Alastair Pilkington and Kenneth Bickerstaff invented 
the float glass process which was discussed in the previous section.  
Pilkington, with its subsidiary Triplex which it acquired in 1965, also became a 
major world supplier of toughened and laminated safety glass to the automotive and 
building industries. 
During the 1960s and 1970s, the company used the flow of float royalties to invest 
in float glass plants in several countries including Argentina, Australia, Canada and 
Sweden; also to acquire major existing flat and safety glass producers and plants in 
USA, Germany and elsewhere.  
 

  
 

Fig. 1.11 
Pilkington headquar-
ter (left) and logo 
(right). 

 
 

 
In late 2005 the company received a takeover bid from the smaller Japanese 
company NSG. The initial bid and the first revised bid were not accepted, but on 16 
February 2006 NSG increased its offer for the 80% it did not already own to 165 
pence per share (£1.8 billion or $3.14 billion in total) and this was accepted by 
Pilkington's major institutional shareholders, enabling NSG to compulsorily acquire 
the smaller holdings of other shareholders, many of them being existing and retired 
employees, who had not wished to support the takeover.  
The combined company will compete for global leadership in the glass industry with 
the leading Japanese glassmaker Asahi Glass, which had around a quarter of the 
global market at the time of the deal. Pilkington had 19% and NSG around half that. 
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2. THERMOCHROMIC COATINGS 
 
2.1 Introduction 
The use of air-conditioning equipment, in order to maintain comfortable conditions 
inside buildings during the summer/winter months, is ever increasing in the whole 
world and consumes vast amounts of electricity. Nowadays, there is a concurrent 
increase in carbon dioxide emissions and of various other atmospheric pollutants 
created during the power generation. Signing specific papers and protocol, as the 
Kioto Protocol, Governments are trying to limit carbon dioxide emissions into the 
atmosphere and the waste of energy in buildings.  
The energy saving control is one of the most important aim of the international sci-
entific research and a lot of groups of research of different universities, as the Prof. 
Ivan P. Parkin’s one from the Department of Chemistry of the Universiy College 
London (UCL), are studing solar control coatings that is a technology applicable to 
all the types of glazing – commercial or residential – to play an active role in im-
proving the energy efficiency of the buildings.  
Current coatings consist of an all out approach that is applicable to constant cli-
mates. If an environment is consistently hot, tinted glass or thin metallic coatings 
can be used to reflect solar heat and prevent it from entering the building, limiting 
the need for internal cooling. In a consistently cold environment, heat may be re-
tained in a building by the use of a wavelength selective coating. These glasses are 
often transparent in the visible part of the spectrum but highly reflective in the infra 
red. This allows sunlight rays to enter into the building but prevents blackbody ra-
diation and internally generated heat from escaping, consequently reducing heating 
requirements. However, coatings of either type typically produce only a marginal 
energy benefit in changeable climates such as northern and central Europe, the USA, 
Canada and Japan which usually have cold winters and hot summers.  
 
2.2 Advanced glazing 
Advanced glazing are very important in the new building construction market be-
cause they could help lower the total energy a building requires for its operation thus 
lowering the running cost and the CO2 emitted in the atmosphere.  
Switchable glazing can alter their optical properties like transmission, reflectance 
and absorption over the electromagnetic spectrum. The way it is done is by the use 
of special coatings, deposited on them, which is the phase changing material. This 
coating contains molecules that under an external influence can rotate or become 
aligned (or not), thus helping or obstructing the passage of radiation through them.  
 
There are three different advanced glazing types sorted mainly by the way they are 
triggered to change their properties: 
 Electrochromic glass: can change between two states under the effect of an elec-

tric field. Some types need power only during changing while others require a 
constant field to remain in one state. 
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 Photochromic glass: can change and become darker under direct sun radiation. 
It has found application in sunglasses that are lighter inside an enclosed space 
but become darker when the person goes out in the sunlight. 

 Thermochromic glass: can change their phisical properties or change colour, 
like becoming darker, above a certain surface temperature. 

 
2.3 Thermochromism 
Thermochromic glazing is a type of intelligent glazing whose optical properties of 
the coating change according to some external stimulus, like temperature, and are 
usually related to a structural phase change. More particularly, a thermochromic 
window is a device that changes its transmission and reflectance properties at a criti-
cal temperature (Tc). At this specific temperature the material undergoes a semi-
conductor to metal transition. At temperatures lower than Tc the window lets all of 
the solar energy that hits it through. At temperatures above Tc the window reflects 
the infra-red (IR) portion of solar energy.  
In such a way thermochromic windows may help reduce air conditioning and heat-
ing costs leading to more energy efficient buildings. 
 

Fig. 2.1  
Schematic demon-

stration of the appli-
cation of thermo-

chromic coating to 
advanced window 

glazing. 
(source: Parkin 2008) 

There is a lot of research being conducted around the world on thermochromic mate-
rials and especially glazing. Although some of them are very advanced, they are still 
in an experimental stage and are not available on the market. 
 
2.3.1 Hysteresis 
The transition from one phase to the other does not take place in a fraction of a de-
gree but it requires a small margin. This margin is a few degrees (e.g. ± 4°C) wide 
and depends on the composition of the film and of its thickness. In this space the 
switching takes place gradually. To complicate matters even more, this switching 
follows a different route depending if the pane is heated up or cooled down. This 
phenomenon is called hysteresis.  
It is more easily comprehendible in the following Figure 2.2. 
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Fig. 2.2  
Hysteresis curves for 
different thermo-
chromic samples. 
(source: Manning T., 
PhD Thesis. Univer-
sity of London, 
2004). 

 
As we can see from the image above, the transmittance follows a different path dur-
ing heating and cooling for every samples and this margin can be relatively narrow 
or wide. The width is attribuitable to several factors such as a variety of grain size, 
and/or crystallographic orientation. Ideally this hysteresis would be as small as pos-
sible to maximize the energy saving effect. 
 
2.4 Previous works 
This section describes the previous works conducted by Prof. Ivan P. Parkin, Dr. 
Russell Binions, Dr. Troy D. Manning and Dr. Clara Piccirillo who had worked on 
solar control coatings. 
 
2.4.1 Vanadium (IV) Dioxide - VO2  
Vanadium (IV) Dioxide, researched by Prof. Parkin’s group, displays thermochro-
mic properties which show great promise for use in architectural glazing coatings.  
The metal-to-semiconductor transition temperature (Tc) for a pure single crystal of 
VO2 is 68 °C. That is one of its greater limit in building applications.  
At temperatures below Tc the material is transparent in both the infra-red and visible 
part of the spectrum, thus allowing solar radiation to pass through the window, 
maximizing the heating effect of sunlight and black body radiation within the build-
ing. At temperature above Tc the coating is transparent in the visible but becomes 
reflective in the infra-red part of the spectrum. This prevent the thermal part of solar 
radiation from heating the building interiors. 
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The metal-to-semiconductor phase transition corresponds to a structural phase trans-
formation from monoclinic to tetragonal (or rutile). 

Fig. 2.3  
Monoclinic (a) and 

tetragonal (b) phases 
of VO2. 

(Source: Vernardou 
D., PhD Thesis, 

2005). 

This structural transition results in significant changes in optical properties and elec-
trical conductivity. The rutile material is metallic and reflects a wide range of solar 
radiation, whereas the monoclinic phase is a semiconductor and generally optically 
transparent. The low temperature, monoclinic phase has unit cell parameters a = 
5,75Å, b = 4,52 Å, c = 5.38 Å and  = 122,60°. The structures involves V4+ - V4+ 
pairing with alternate shorter (0,265 nm) and longer (0,312 nm) V4+ - V4+ distances 
along the monoclinic a axis. The high temperature phase has a tetragonal rutile type 
structure, cell parameters a = 4,55 Å and c = 2,85 Å, with equidistant vanadium at-
oms (0,288 nm) in chains of edge sharing [VO6] octaedra.1 On passing through the 
metal-to-semiconductor phase transition, the planes of Vanadium atoms in the 
monoclinic phase shift by 0,043 nm parallel to. This shift is sufficient to break the 
V4+ - V4+ pairs to form a tetragonal phase allowing metallic conductivity. 

Fig. 2.4  
Representations of 

the structures of (a) 
monoclinic VO2, 

with V – V pairs in-
dicated, and (b) 
tetragonal VO2, 

viewed along the b-
axis of the unit cell. 
ygen atoms are the Ox

larger dots. 

                                                 
1 Ivan P. Parkin, Russell Binions, Clara Piccirillo, Christopher S. Blackman and Troy Manning, Thermo-
chromic coatings for intelligent architectural glazing.  
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On passing through the Tc, electrical conductivity and infra-red reflectivity increase 
dramatically but there is virtually no change in the visible region. 
 

Tab. 3.1. Experimental conditions for the deosition of Vo2(M)
Vanadium precursor VO(acac)2 
Precursor concentration 0,075 mol L-1 
Solvent Ethanol 
N2 flow rate 1,5 L min-1 
Deposition temperature 500 – 550 °C 
Deposition time 1 min 
Substrate SiO2 coated glass 

 
2.4.2. Doping of Vanadium (IV) Dioxide 
The introduction of dopants at low levels may influence the temperature (Tc) at 
which the metal-to-semiconductor transition occurs. It has been observed that high 
valence metal ions, such as tungsten (VI) or niobium (V), when doped into VO2 de-
crease the metal-to-semiconductor temperature of vanadium (IV) dioxide. While low 
valence ions, such as aluminium (III) or chromium (III), were shown to increase the 
Tc. It has also been observed that dopant ions with an ionic radius smaller than V4+, 
or that created V5+ defects (which were smaller than V4+) increase the Tc tempera-
ture, while dopant ions with larger ionic radius than V4+ caused a decrease in the 
transition temperature2. The direction and the magnitude of the change n the Tc are 
related to a number of factors such as dopant ion charge and size.  
 
2.4.3. Tungsten-doped Vanadium (IV) Dioxide 
Of the dopants investigated 
so far in single crystals 
thin film, tungsten (W) has 
been found to reduce the 
transition temperature of 
vanadium (IV) dioxide. 
VO2 films containing 
about 2 atom % W have 
been shown to have a 
thermochromic transition 
temperature of about 25 
°C, suggested as the ideal 
transition temperature for 
intelligent window coat-
ings. 

Fig. 2.5  
Hysteresis behaviour 
of thin film of doped 
and un-doped vana-
dium (IV) dioxide 
prepared by aerosol-
assisted chemical 
vapour deposition 
(AA-CVD). 
(source: Parkin 2008) 

 

                                                 
2 Mac Chesney J. B.; Guggenheim, H. J. J. Phys. Chem. Solids, 1969, 30, 225-234. 
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2.4.4 Gold-doped Vanadium (IV) Dioxide 
Gold-doped VO2 coatings have been produced by Aerosol Assisted Atmospheric 
Pressure CVD (AA/AP CVD) which will be discussed at length in section 3.  
An other problem with a Vanadium Dioxide coating is the brown/yellow colour of 
the film that makes it unpleasant to the construction market, but using gold nanopar-
ticles of the right size, the colour centre can effectively be turned to light yel-
low/green/blue. Gold nanoparticles have a surface plasmon resonance that is 
strongly absorbing, the frequency of which is strongly dependent on the dielectric 
properties of the host matrix and the size of the nanoparticles.  
In this work, a hybrid technology, AA/AP CVD, has been used to deposit thin films 
of gold nanoparticle-doped vanadium (IV) dioxide from the CVD reaction of Va-
nadyl Acetylacetonate VO(acac)2 and Auric Acid (HAuCl4) in methanol varying the 
different flow rates, as discussed in chapter 3 (CVD) and chapter 5 (Results and dis-
cussion). 
 
2.5 Gold nanoparticles and Surface Plasmon Resonance (SPR) 
In common with many other materials, some properties of gold, i.e. optical con-
stants, melting point and chemical reactivity, change and become size dependent 
when the material is very finely divided. 

Figure 2.6. shows 
some of the main 
properties of gold at 
different length 
scales, and the struc-
tures that the material 
adopts at those scales.  
A gold atom is ap-
proximately 2.7×10-10 
m in diameter.  

Fig. 2.6  
Summary of structure 
and size dependent 
properties of gold at 
small particle sizes. Particles from this 

size, up to around 10-9 
metres, show strong 
quantum confinement, 

i.e. the quantisation of electronic energy levels, and can be usefully thought of as 
clusters of metal atoms. Clusters around 10-9 m in size have countable numbers of 
atoms, and certain ‘magic numbers’ of atoms lead to stable clusters. Above around 3 
× 10-9 m, quantum confinement ceases, and the electronic structure of the material 
becomes much like the band structure of the bulk solid. At this point, the number of 
atoms in each particle becomes larger, and not easily countable. The crystal structure 
becomes cubic close packed, as found in the bulk solid, and each particle may be 
made up of more than one crystallite. This point is sometimes considered the bound-
ary between gold clusters and gold colloids.  

(source: Palgrave, 
PhD thesis, 2007) 
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In the size interval 3 × 10-9 m to around 5 × 10-7 m, the optical properties of gold 
particles are dominated by surface plasmon resonance (SPR). Particle shapes can 
vary widely, and are determined by particle growth processes rather than gold atom 
packing. A very wide range of shapes can be produced. Above around 5 × 10-7 m in 
diameter, the SPR absorption is no longer significant, and particles behave as bulk 
gold.  
The most prominent nanoscale property of gold in the size interval is surface plas-
mon resonance. A surface plasmon (SP) is a coherent and collective oscillation of 
free electrons at the boundary between a metal and an insulator. It is a multi-electron 
rather than a single-electron excitation involving all the free electrons at the metal 
surface. When no boundary conditions are imposed, and in the case of a perfect, de-
fect-free metal, the oscillation frequency of the SP depends only on the dielectric 
properties of the two materials. When boundary conditions are imposed, the size and 
shape of the metal phase increasingly affect the SP frequency. Electromagnetic ra-
diation can couple to the SP of a metal when the electric field of light oscillates at 
the resonant frequency of the SP. This phenomenon is known as surface plasmon 
resonance (SPR), and results in strong absorption of light at the resonant frequency. 
Figure 2.7 
shows the inter-
action of the 
electric field of 
light with a 
metal sphere. 
The oscillating 
electric field 
induces a reso-
nant oscillation 
of the surface 
free electrons in 
the particle. The 
SPR shown in Figure 2.7 is dipolar as the oscillation is one-dimensional. Dipolar SP 
oscillations are induced when the particle size is much smaller than the wavelength 
of the exciting radiation, as in this case the particle experiences a near homogeneous 
polarisation.  

Fig. 2.7  
Scheme to illustrate 
the excitation of a 
dipolar surface elec-
tron oscillation, or 
SPR, by the electric 
field of incoming 
light. The grey shad-
ing represents surface 
electron density. The 
frequency of the os-
cillation is equal to 
the frequency of the 
resonant light. The 
particle is much 
smaller than the 
wavelength of the 
incoming light, so is 
homogeneously po-
larised. 
(source: Palgrave, 
PhD thesis, 2007) 

The frequency of SP oscillation corresponds to visible light for group 11 (coinage) 
metals and alkali metals in the sub-micron size regime. The optical properties of 
group 11 and alkali-metal nanoparticles above 10 nm in diameter are dominated by 
absorption caused by SPR, as other size-dependent effects, such as quantum con-
finement, are negligible in metal particles of this size. The extremely high reactivity 
of finely divided alkali metal particles has prevented detailed study of their optical 
properties; conversely, the chemical robustness of group 11 nanoparticles, especially 
gold particles, has allowed their extensive investigation. 
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2.6 Deposition using VO(acac)2 + HAuCl4 + Surfactant 
Gold-doped vanadium dioxide coatings showed various morphologies and optical 
properties; the particles showed a wide range of size and shape that can be con-
trolled trough the use of various stabilising agent. 
The term surfactant is a blend of "surface acting agent". Surfactants are usually or-
ganic compounds that are amphiphilic, meaning they contain both hydrophobic 
groups (their "tails") and hydrophilic groups (their "heads"). Therefore, they are 
soluble in both organic solvents and water. Surfactants reduce the surface tension of 
water by adsorbing at the liquid-gas interface. They also reduce the interfacial ten-
sion between oil and water by adsorbing at the liquid-liquid interface. Many surfac-
tants can also assemble in the bulk solution into aggregates. Examples of such ag-
gregates are vesicles and micelles. 

 Fig. 2.8  
Left: scheme of a  

micelle formed by 
phospholipids in an 

aqueous solution. 

 

 Right: scheme of an 
inverse micelle 

formed by 
phospholipids in an 

organic solvent. 

 
 

 
The concentration at which surfactants begin to form micelles is known as the criti-
cal micelle concentration or CMC. When micelles form in water, their tails form a 
core that can encapsulate an oil droplet, and their (ionic/polar) heads form an outer 
shell that maintains favourable contact with water. When surfactants assemble in oil, 
the aggregate is referred to as a reverse micelle. In a reverse micelle, the heads are in 
the core and the tails maintain favourable contact with oil. Surfactants are also often 
classified into four primary groups; anionic, cationic, non-ionic, and zwitterionic 
(dual charge). 
Thermodynamics of the surfactant systems are of great importance, theoretically and 
practically. This is because surfactant systems represent systems between ordered 
and disordered states of matter. Surfactant solutions may contain an ordered phase 
(micelles) and a disordered phase (free surfactant molecules and/or ions in the solu-
tion). 
 
In this work depositions were carried out using TOAB (tetraoctylammonium bro-
mide), a quaternary ammonium salt, that had been used as a surfactant for directing 
nanoparticle growth, as discussed in Chapter 5. 
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3. THEORY ON THIN FILMS AND CHEMICAL VAPOUR  
    DEPOSITION (CVD) 
 
3.1 Thin film 
Thin films are thin material layers ranging from fractions of a nanometre to several 
micrometres in thickness. Deposition of thin film has been a subject of intensive 
study for almost a century and many methods have been developed and improved. 
The film deposition involves predominantly heterogeneous processes including het-
erogeneous chemical reactions, evaporation, adsorption and desorption on grown 
surface, heterogeneous nucleation and surface growth. 
 
3.2 Thin film growth 
Growth of thin film involves the processes of nucleation and growth on the substrate 
or growth surfaces. The nucleation process plays a very important role in determin-
ing the crystallinity and microstructure of the resultant films. 
In the nanometre region, the initial nucleation process is even more important and it 
is a heterogeneous process. The size and the shape of initial nuclei are assumed to be 
solely dependent on the change of volume of Gibbs free energy, due to the super-
saturation, and the combined effect of surface and interface energies. Many experi-
mental observations revealed that there are three basis nucleation modes: 

1. Island or Volmer-Weber growth (Fig. 3.1, a); 
2. Layer or Frank-van der Merwe growth (Fig. 3.1, b); 
3. Island-layer or Stranski-Krastonov growth (Fig. 3.1, c). 

Island growth occurs when the growth species are more strongly bonded to each 
other than to the substrate, subsequent growth results in the island to coalescence to 
form a continous film. The layer growth occurs where growth species are equally 
bound more strongly to the substrate than to each other. The island-layer growth is 
an intermediate combination of layer growth and island growth. 

Fig. 3.1  
Cross-section views 
of the three primary 
modes of thin film 
growth including (a) 
Volmer-Weber (VW: 
island formation), (b) 
Frank-van der Merwe 
(FM: layer-by-layer), 
and (c) Stranski-
Krastanov (SK: layer-
plus-island). Each 
mode is shown for 
several different 
amounts of surface 
coverage, Θ. 



Theory on thin films growth and chemical vapour deposition (CVD) 200 

Determining the mechanism by which a thin film grows requires consideration of 
the chemical potentials of the first few deposited layers. A model for the layer 
chemical potential per atom has been proposed by Markov as: 
 

μ(n) = μ∞ + [φa  - φ’a(n) + εd(n) + εe(n)]  (eq. 3.1) 
 

where μ∞ is the bulk chemical potential of the adsorbate material, φa is the 
desorption energy of an adsorbate atom from a wetting layer of the same material, 
φ’a (n) the desorption energy of an adsorbate atom from the substrate, εd(n) is the 
per atom misfit dislocation energy, and εe(n) the per atom homogeneous strain 
energy. In general, the values of φa, φ’a (n), εd(n), and εe(n) depend in a complex 
way on the thickness of the growing layers and lattice misfit between the substrate 
and adsorbate film.  
In the limit of small strains, εd,e(n) << μ∞, the criterion for a film growth mode is 

dependent on 
dn

d
.   

 VW growth: 0
dn

d
 (ad atom cohesive force is stronger than surface 

adhesive force)  

 FM growth: 0
dn

d
 (surface adhesive force is stronger than adatom 

cohesive force)  
 
SK growth can be described by both of these inequalities. While initial film growth 
follows a FM mechanism, i.e. positive differential μ, non-trivial amounts of strain 
energy accumulate in the deposited layers. At a critical thickness, this strain induces 
a sign reversal in the chemical potential, i.e. negative differential μ, leading to a 
switch in the growth mode. At this point it is energetically favorable to nucleate 
islands and further growth occurs by a VW type mechanism. It should be noted that 
a thermodynamic criteria for layer growth similar to the one presented above can be 
obtained using a force balance of surface tensions and contact angle. 
Since the formation of wetting layers occurs in a commensurate fashion at a crystal 
surface, there is often an associated misfit between the film and the substrate due to 
the different lattice parameters of each material. Attachment of the thinner film to 
the thicker substrate induces a misfit strain at the interface given by (af - as)/as.  
Here, af and as are the film and substrate lattice constants, respectively. As the 
wetting layer thickens, the associated strain energy increases rapidly. In order to 
relieve the strain, island formation can occur in either a dislocated or coherent 
fashion. In dislocated islands, strain relief arises by forming interfacial misfit 
dislocations. The reduction in strain energy accommodated by introducing a 
dislocation is generally greater than the concomitant cost of increased surface energy 
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associated with creating the clusters. The thickness of the wetting layer at which 
island nucleation initiates, called the critical thickness hC, is strongly dependent on 
the lattice mismatch between the film and substrate, with a greater mismatch leading 
to smaller critical thicknesses. Values of hC can range from sub-monolayer coverage 
to up to several monolayers thick. Figure 3.1 illustrates a dislocated island during 
SK growth after reaching a critical layer height. A pure edge dislocation is shown at 
the island interface to illustrate the relieved structure of the cluster. In some cases, 
most notably the Si/Ge system, nanoscale dislocation-free islands can be formed 
during SK growth by introducing undulations into the near surface layers of the 
substrate. These regions of local curvature serve to elastically deform both the 
substrate and island, relieving accumulated strain and bringing the wetting layer and 
island lattice constant closer to its bulk value. This elastic instability at hC is known 
as the Grinfeld instability (formerly Asaro-Tiller-Grinfeld; ATG). The resulting 
islands are coherent and defect-free, garnering them significant interest for use in 
nanoscale electronic and opto-electronic devices. Such applications are discussed 
briefly later.  
Finally, it should be noted that strain stabilization indicative of coherent SK growth 
decreases with decreasing inter-island separation. At large areal island densities 
(smaller spacing), curvature effects from neighboring clusters will cause dislocation 
loops to form leading to defected island creation. 
 
3.3 Chemical vapour deposition 
Chemical Vapour Deposition (CVD) involves the dissociation and/or chemical reac-
tions of gaseous reactants in a activated (heat, light, plasma) environment, followed 
by the formation of a stable solid product.  
The deposition involves homogeneous gas phase reactions, which occur in the gas 
phase, and/or heterogeneous chemical reactions which occur on/near the vicinity of 
a heated surface leading to the formation of powders or films, respectively. 

Fig. 3.2  
Schematic diagram  
of the CVD coating. 
(source: Choy, 2003) 
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3.4 Principles of CVD 
CVD is the deposition of a solid film from the gas phase via a chemical reaction. It 
is the chemical reaction that distinguishes CVD from other deposition mechanisms 
such as evaporation, sputtering and vapour transport, which are examples of physi-
cal vapour deposition (PVD). All types of CVD involve three basic processes: intro-
duction of precursor to the gas stream, transport of precursor to the substrate and ap-
plication of energy to cause a reaction.  
A wide range of deposition techniques fall under the definition of CVD, and these 
differ in one or more of the following parameters: 
 Pressure. CVD can be carried out at atmospheric pressure of under reduced 

pressure. 
 Precursor activation. The chemical reaction of the precursors can be initiated 

by heat, light, RF plasma or another method. 
 Number of precursors.  Depositions can be made from a single precursor or 

multiple precursors (single, dual or multiple source CVD). 
 Precursor transport. The precursor can be introduced to the gas phase by 

thermal vapourisation, liquid injection or through aerosol formation. 
 Type of reactor. The reactor where the deposition takes place may be hot wall 

or cold wall and have a horizontal, vertical or rotating substrate. 
Figure 3.3 shows a schematic of a horizontal bed cold wall CVD reactor, which is 
the type of reactor used in this work. The substrate lies horizontally on top of a 
heater. Gas enters the reactor and flows parallel to the substrate. At some point 
within the reactor, precursors react and form a film on the substrate. Since only the 
substrate is directly heated, a temperature gradient will exist in a cold wall reactor. 

Fig. 3.3  
A schematic of a 

horizontal bed cold 
wall CVD reactor. 
(source: Palgrave, 
PhD thesis, 2007) 

 
In general, a CVD reactor consists of a reaction chamber equipped with a loadlock 
for the transport and placement of the substrate into the chamber, a substrate holder 
and a heating system. 
The CVD reactor can be either a hot-wall or a cold-wall. A hot-wall reactor uses a 
heated furnace into which the substrate are placed for indirect heating; a cold-wall 
reactor, as the one reported in this thesis, has the substrate only heated, inductively 
or resistively. 
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Fig. 3.4  
Schematic diagram of 
a typical laboratory 
CVD equipment for 
coating’s deposition. 
(source: Choy, 2003) 

3.5 Process principles and deposition mechanism 
In general, the CVD process involves the following key steps: 
(1) Generation of active gaseous reactant species. 
(2) Transport of the gaseous species into the reaction chamber. 
(3) Gaseous reactants undergo gas phase reactions forming intermediate species: 

(a) at a high temperature above the decomposition temperatures of intermedi-
ate species inside the reactor, homogeneous gas phase reaction can occur 
where the intermediate species undergo subsequent decomposition and/or 
chemical reaction, forming powders and volatile by-products in the gas 
phase. The powder will be collected on the substrate surface and may act as 
crystallisation centres, and the by-products are transported away from the 
deposition chamber. The deposited film may have poor adhesion.  

(b) at temperatures below the dissociation of the intermediate phase, diffu-
sion/convection of the intermediate species across the boundary layer (a 
thin layer close to the substrate surface) occur. These intermediate species 
subsequently undergo steps (4)–(7). 

(4) Absorption of gaseous reactants onto the heated substrate, and the heterogeneous 
reaction occurs at the gas–solid interface (i.e. heated substrate) which produces the 
deposit and by-product species. 
(5) The deposits will diffuse along the heated substrate surface forming the crystalli-
sation centre and growth of the film. 
(6) Gaseous by-products are removed from the boundary layer through diffusion or 
convection. 
(7) The unreacted gaseous precursors and by-products will be transported away from 
the deposition chamber. 
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Fig. 3.5  
A schematic illustra-
tion of the key CVD 
steps during deposi-

tion. 
(source: Choy, 2003) 

 
3.6 Fluid Dynamics 
The behaviour of a gas in motion is described by the equations of fluid dynamics. 
The motion of gas is an important consideration in CVD as it dictates the transport 
of reactants to the substrate. The Reynolds number (Re) is a ratio of forces often 
used to characterize a fluid flow through a pipe.  
The dimensionless Reynolds number is defined as: 
 

Re = vL /   (eq. 3.2) 
 
In equation 3.2,  = fluid density, v = mean fluid velocity, L = characteristic length 
of the pipe (typically the pipe diameter) and  = fluid viscosity.  
Two flow regimes can be defined: laminar and turbulent flow. In the laminar flow 
regime, the fluid flows in layers parallel to the direction of flow; in this regime, lat-
eral motion within the fluid occurs only through diffusion. In contrast, turbulent 
flow is characterised by large scale vortices and eddies that cause significant lateral 
mixing of the fluid. Low values of Re, caused by low viscosity, low velocity, small 
pipe diameter or high fluid viscosity result in laminar flow, while high values of Re 
result in turbulent flow. The low densities of the carrier gases and the relatively low 
flow rates used in most forms of CVD mean that the flow is laminar.  
Figure 3.6, in the next page, shows the velocity profile of a gas under laminar flow 
conditions. The gas enters the pipe at the left of the diagram with a constant velocity 
profile. Loss of momentum due to collisions with the stationary walls causes the ve-
locity of the gas to decrease. The velocity of the layer of gas directly in contact with 
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the walls is assumed to be zero; this stationary layer is known as the static boundary 
layer. The layers of gas above the static layer are also progressively slowed, and the 
velocity profile becomes less uniform: profile II has a central core of uniform veloc-
ity, but profile III has no uniform portion. A profile such as III is known as fully de-
veloped laminar flow. A second boundary layer can be defined between regions of 
uniform and non-uniform fluid velocity, and is shown by dashed lines. This velocity 
boundary layer vanishes at III, although the static boundary layer remains through-
out. 

Fig. 3.6  
Velocity profiles of 
gas in a laminar flow 
along a two dimen-
sional pipe. The ex-
panded    section 
shows the static 
boundary layer next 
to the pipe wall. 
(source: Palgrave, 
PhD thesis, 2007) 

 
3.7 Particles within the reactor 
Within the CVD reactor, particles may be present in the gas flow. These may be 
solid particles present due to gas phase reaction of precursors, or the solid particles 
themselves may be the precursor. In general, gas phase particles are subject to a 
number of forces within the reactor. 
Thermophoresis, also known as the Soret effect or thermal diffusion, is a force act-
ing on particles (and also molecules) suspended in a fluid in the presence of a tem-
perature gradient. The force can be regarded as arising from non-uniform bombard-
ment of the particle by fluid molecules; this bombardment will be greater on the hot 
side of the particle, therefore this force is usually found to repel particles from a hot-
ter surface and attract them to a colder surface; the term thermophobic force is used. 
However, under certain conditions, thermophoresis can act in the opposite direction, 
driving particles towards a hot surface; this is known as thermophilic force. The 
switch between thermophobic and thermophilic behaviour is not well understood. 
One factor that seems to be important is particle concentration. At very high particle 
concentrations, interactions between particles influence the thermophoretic effect, in 
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some cases causing thermophilic movement of particles. However, it is expected that 
at lower particle concentrations, as may be found in the gas phase of a CVD reactor, 
the thermophoretic effect will be thermophobic. The thermophoretic force is gener-
ally dependent on the size of the particle; larger particles experience larger forces. In 
cold wall CVD reactors, thermophoresis acts to prevent large solid particles being 
incorporated into the film, increasing film homogeneity and adherence. However, it 
has been shown that for nano-sized particles (diameter 50 nm and below) the magni-
tude of the thermophoretic force depends only very weakly on particle size. The 
second force to be considered is diffusion. Particle movement in a fluid, also known 
as Brownian motion, is an essentially random movement of particles due to instan-
taneously asymmetric bombardment by the molecules that constitute the fluid. 
Brownian motion is a significant consideration for nanoparticles suspended in a gas 
stream. The particle diffusivity in a gas, D, can be expressed as: 

 

pd

CkT
D    (eq. 3.3) 

 
In equation 3.3, k is Boltzmann’s constant, T is the absolute temperature, dp is the 
particle diameter and  is the gas viscosity. C is a factor which depends on pressure, 
and will be approximately constant at pressures close to atmospheric pressure. It can 
be seen from the above equation that particle diffusion is higher for smaller particles 
and at higher temperatures. Particles close to the substrate (or other reactor surface) 
may experience additional forces. Van der Waals force will be attractive between 
particle and surface. There may also be Columbic attraction or repulsion, depending 
whether the particle and surface are charged. Additionally, gas phase particles may 
be attracted to or repelled from particles already adsorbed onto the substrate, either 
electrostatically or due to steric factors. Steric repulsion may be caused by capping 
groups attached to either particle.  

Fig. 3.7  
Forces acting on par-
ticles suspended in 
the gas phase in a 
cold wall CVD reac-
tor. Panel I illustrates 
a particle far from the 
substrate, and panel II 
shows a particle close 
to the substrate. S is 
the Soret (thermopho-
retic) effect acting as 
the expected thermo-
phobic force, D is 
diffusion (Brownian 
motion) and acts in a 
random direction and 
varies with time. P is 
the force due to the 
flow of gas. F

Figure 3.7 summarises the forces discussed in this section. 

PP is the 
attractive or repulsive 
force between two 
particles. FPS is the 
attractive force be-
tween the particle and 
the substrate. 
(source: Palgrave, 
PhD thesis, 2007) 
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As seen in figure 3.7, panel I, when a particle is far from the substrate, the only force 
that directs it towards the substrate in the laminar flow regime is diffusion. Equation 
3.3 shows that diffusion is greater for smaller particles. Additionally the thermopho-
retic effect, which directs particles away from the hot substrate, is smaller for small 
particles (although the size dependence is weak for nano-sized particles). Thus 
smaller particles are more likely to be directed against the temperature gradient and 
towards the substrate in a cold wall CVD reactor. Close to the substrate (figure 3.7, 
panel II) there is attraction between the particle and substrate through Van der Waals 
interactions, although the thermophoretic effect will be greater due to a greater tem-
perature gradient close to the substrate. The force between gas phase and adsorbed 
particles can be attractive or repulsive. In the case of an attractive inter-particle 
force, the resulting film is expected to be composed of aggregates of particles. In the 
case of a repulsive force, the film will consist of widely spaced particles. At high 
levels of coverage, these two types of film will become indistinguishable, as the en-
tire substrate will be covered, and spacing between particles will not be measurable. 
In addition to the forces shown in figure 3.7, gravity and buoyancy will act on the 
particle. Gravitational settling is an important process for fluid phase particles, al-
though for particles smaller than 1 m in diameter gravitational force is small com-
pared to the other forces discussed above.  
 
In summary, deposition of nanoparticles onto a substrate is governed by competition 
between the thermophoretic effect, which is expected to be thermophobic, and parti-
cle diffusion. Since diffusion is greater and thermophoresis is smaller when the par-
ticle diameter is small, it is expected that small particles will migrate to the substrate 
faster than large particles. Since diffusion is a random process, it is as likely to direct 
the particles upwards away from the substrate as towards it. Therefore, even in the 
case where diffusion is much greater than thermophoresis and in an infinitely long 
two dimensional reactor, a statistical limit of 50% of the gas phase particles will mi-
grate to the substrate. In practical cases, where thermophoresis is significant, the re-
actor is finite in length, and migration to the reactor walls is possible, the proportion 
of gas phase particles that reach the substrate will be much lower. 
 
3.8 Advantages and disadvantages of CVD 
Although CVD is a complex chemical system, it has some distinctive advantages as 
follows: 
(a) capability of producing highly dense and pure materials; 
(b) produces uniform films with good reproducibility and adhesion at reasonably 

high deposition rates; 
(c) ability to control crystal structure, surface morphology and orientation of the 

CVD products by controlling the CVD process parameters; 
(d) deposition rate can be adjusted readily; 
(e) reasonable processing cost for the conventional CVD technique; 
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(f) flexibility of using a wide range of chemical precursors which enable the depo-
sition of a large spectrum of materials; 

(g) relatively low deposition temperatures, and the desired phases can be deposited 
in-situ at low energies through vapour phase reactions, and nucleation and 
growth on the substrate surface. 

 
However, the drawbacks of CVD include: 
(a) chemical and safety hazards caused by the use of toxic, corrosive, flammable 

and/or explosive precursor gases; 
(b) difficult to deposit multicomponent materials with well controlled stoichiometry 

using multi-source precursors because different precursors have different va-
porisation rates; 

(c) the use of more sophisticated reactor and/or vacuum system by CVD variants 
tends to increase the cost of fabrication. 

 
3.9 Hybrid aerosol assisted and atmospheric pressure CVD (AA/AP CVD) 
Hybrid aerosol assisted (AA) and atmospheric pressure (AP) CVD methodology was 
utilized for the first time by prof. Ivan P. Parkin, Dr. Clara Piccirillo and Dr. Russell 
Binions (Christopher Ingold Laboratories, Department of Chemistry – University 
College London (UCL)) to produce thin film of gold nanoparticle-doped vanadium 
(IV) dioxide.  
This hybrid technique showed great potential as the film characteristics were similar 

to those produced by 
APCVD (good adesion, 
uniformity and coverage) 
but with the versality 
afforded by AACVD. 
Experiment had been 
conducted combining the 
AA and AP CVD system by 
adding the aerosol flow into 
the reaction chamber along 
with the atmospheric 
pressure reaction gas flow. 
The aerosol flow is 
composed of liquid droplets 
transported, using a 
nitrogen gas flow, to the 
reaction chamber where the 
solvent evaporates and the 
precursor is able to take 
part in surface reactions. 

Fig. 3.8  
Schematic of the 

AA/AP CVD set up. 
(source: Chem. Vap. 
Deposition 2008, 14) 
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One of the challenges of AACVD is to prevent aerosol 
droplet condensation prior to the introduction into the 
reactor. The two flows are introduced into the reaction 
chamber by means of a special manifold block 
containing two inputs, one for the APCVD flow and 
one for the AACVD. The routes through the block 
differed: the APCVD route has a baffle in the way of 
the flow, whereas the AACVD route does not. The two 
flows are introduced separately into the reaction 
chamber to reduce the likelihood of pre-reaction or 
disruption of the aerosol droplets. The APCVD flow is 
introduced above the AACVD flow relative to the 
substrate to suppress the effects of thermophoresis1. 

Fig. 3.9  
AA/AP CVD reactor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.10 a-d 
 Top left: AA/AP 

CVD used.  
 Top right: AA/AP 

CVD mixing cham-
ber. 

 
 Bottom left: Reactor 

and Bubblers of the 
AA/AP CVD set up. 

 
 

Bottom right: Ultra-
sonic aerosol. 

 
 

                                                 
1 Thermophoresis had been observed previously with AACVD system and it is undesiderable as it leads 
to deposition on the top plate of the reaction chamber and powdery, non-adherent films. 
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ges. 

                                                

The AA/AP CVD reported in this thesis was carried out using a horizontal bed reac-
tor of in-house design (see figure 3.10 top left). 
The reactor consisted of an open ended quartz cylindrical tube, 60 mm in diameter 
and 160 mm in length. Within the tube were supports for a top plate and a carbon 
block containing a heating element and two thermocouples. Each end of the quartz 
tube was capped with a removable stainless steel end plate. Gas may enter through 
one of the plates via brass manifold, and leave at the opposite end via an exhaust 
port. The substrate was placed on the carbon block, and a top plate was placed paral-
lel to the substrate and 10 mm above it. Both the substrate and top plate were 150 x 
45 x 4 mm sheets of SiO2 coated float glass cut from larger sheets supplied by Pilk-
ington Glass Plc, which were cleaned using acetone and propan-2-ol and then dried 
in air prior to use. The substrate was placed on top of the carbon heating block at 
room temperature. The reactor was then sealed and heated to the desired temperature 
(525 °C). Only the substrate was directly heated, hence the reactor is known as a 
cold wall reactor. The precursor powder of VO(acac)2 was contained within a metal 
bubbler (bubbler 1). The precursor solution of HauCl4 in methanol was contained 
within a glass vessel with a thinned base, which allowed more rapid aerosol genera-
tion. A Vicks ultrasonic humidifier was used to generate the aerosol mist. The pie-
zoelectric device contained within the humidifier functioned at 20 kHz. The nitrogen 
gas2 was passed through flow meters and into the precursor flasks, driving the aero-
sol mist to the reactor through PTFE tubing while the powder to the reactor through 
a previous mixing chamber. The precursor mix passed through the brass manifold, 
designed to generate a uniform flow of gas across the width of the reactor, and en-
tered the reactor between the substrate and the top plate. The exhaust was vented 
into a fume cupboard.  The gas flow was continued until all the precursor mix had 
passed through the reactor, typically taking 10 to 30 minutes depending on the gas 
flow rate. Films were cooled to room temperature in situ under a flow of N2, and 
after cooling were handled and stored in air. The brass manifold was routinely 
cleaned in an ultrasonic bath and by rinsing with organic solvents in order to avoid 
blocka
 
 
 
 
 

 
2 2% O2 in N2 under pressure.  
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4. Analysis techniques 
 
4.1 Introduction 
Characterization of nanomaterials and nanostructures is largely based on the surface 
analysis technique and conventional characterization method developed for bulk ma-
terials.  
This section describes the physical analysis techniques used to characterize the films 
deposited by hybrid Aerosol Assisted and Atmospheric Pressure Chemical Vapour 
Deposition (AA/AP CVD). 
 
4.2 X-Ray Diffraction (XRD) 
XRD is a very important experimental technique that is performed on polycrystal-
line powders or films. It gives information on the crystalline phases present, pre-
ferred orientation of the crystallites and crystallite size. It is a non destructive tech-
nique, it does not require elaborate sample preparation and it is very useful in char-
acterizing nanoparticles. Light is diffracted from a set of periodic planes according 
to the Bragg law (eq. 4.1).  

Fig. 4.1  
XRD instrument. 

 
The distance between Miller planes in crystalline materials is of the order of 10-10 m, 
therefore the wavelength of light which is diffracted from these planes corresponds 
to X-rays. 
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l= 2d sinq                                (eq. 4.1) 
 
where d is the space between atomic planes in the crystalline phase and l is the X-
ray wavelenght. The intensity of the diffracted X-rays is measured as a function of 
the diffraction angle 2q and the specimen orientation. The diffraction pattern is used 
to identify the specimen’s crystalline phases and to measure its structural properties. 
XRD was undertaken using a Bruker-Axs D8 (GADDS) diffractometer.  

Fig. 4.2  
XRD components. 

 
This instrument uses a 2D area X-ray detector to record large sections of multiple 
Debye-Scherrer cones simultaneously. After collection, the data can be integrated to 
produce a standard one-dimensional diffractogram. The instrument uses a Cu K X-
ray source which is collimated such that only a small area of the sample (approxi-
mately 4 mm2) is illuminated by the beam at any one time.  
In this thesis to record diffraction peaks from the thin films, it was set: an angle from 
1,5° to 25; detector angle 30, collection time 1200 s (20 min), cathode current 40 
mA, potential difference 40 kV. 
The VO2 main peaks appears at a 2 value of around 27 and 37. The Au [111] 
peak, appearing at a 2 value of around 38.3, was then integrated using a linear 
baseline to obtain the peak intensity. The intensity is dependent only on the molar 
amount of crystalline species within the illuminated volume.  
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4.3 UV / visible / near IR Absorption Reflection Spectroscopy 
The absorption of UV, visible and near infra red light is an important property of 
nanoscale film, hence the recording of absorption/reflection spectra was an impor-
tant characterization technique. Spectra were obtained using a Thermo Helios- 
spectrometer with a resolution of 10 nm and a range of 300 – 2500 nm (300-860 nm: 
Visible; 860-2500 nm: IR). These analysis were performed on a UV WinLab 
L800/L900 producted by Perkin-Elmer. 
 

 

 

 

 

 

 

Fig. 4.3  
UV/IR Spectropho-
tometer. 

 
4.4 Metal-to-semiconductor transition temperature (Tc) 
An infrared spectrophotometer 298, produced by Perkin-Elmer, was used to search 
for Tc. The sample has been slowly warmed from environment temperature (~ 28 
°C) to 120 °C and cool again down while the percentage transmittance through the 
film was measured. The data obtained were a hysteresis from which can be calculate 
the Tc as the mean point of the mean wideness of the curve. 
 
4.5 Scanning Electron Microscopy (SEM) 
SEM is an electron imaging technique used to record high resolution images of the 
sample surface. A high energy electron beam is focussed onto the sample surface 
and electrons emanating from the sample are collected; these can be divided into 
two types depending on their origin: backscattered electrons (bs) and secondary 
electrons (se). Backscattered electrons are incident electrons which have undergone 
elastic or inelastic scattering from the sample surface. The kinetic energy of back-
scattered electrons is usually lower than that of the incident electron beam due to 
one or more inelastic scattering events. The intensity of backscattered electrons de-
pends strongly on atomic number, as scattering is more likely to occur from regions 
of high electron density. Regions with high electron density will backscatter more 
electrons, and so will appear brighter in backscattered electron images. For this rea-
son, backscattered electron images, also known as compositional images, can be 
used to distinguish different elements or phases within composite materials. 
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Secondary electrons are electrons ejected from the sample by the high energy inci-
dent electrons. The kinetic energy of secondary electrons is usually much lower than 
that of backscattered electrons, and this energy difference is the primary method of 
distinguishing the two types of electron emission. Because of their low kinetic en-
ergy, secondary electrons are easily recaptured by ionised atoms within the sample. 
Therefore secondary electrons escape only from the surface region of the sample. 
Secondary electron emission is strongly dependent on the surface morphology; 
highly curved or angled surfaces appear brighter in secondary electron images. 

Fig. 4.4  
Scanning Electron 
Microscope at the 
Archaeology De-
partment (UCL). 

 
SEM analysis was performed on a JEOL 6301F instrument using a voltage of 20 kV, 
at 8 A. Images were recorded and analysed using the SemAfore software. Samples 
were coated prior to analysis to enhance conductivity and reduce charging, which 
causes image distortion. A coating of gold is usually used for this purpose. There-
fore a carbon coating was applied to the film surface. Samples were placed on a 
stainless steel stage.  
Images were taken at different positions by moving the samples within the instru-
ment; the position could be determined with an accuracy of 0.1 mm in this way. 
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4.6 Raman Spectroscopy 
Raman spectroscopy is a vibrational technique that is characterized by an indirect 
coupling of high-frequency radiation, such as visible light, with vibrations of chemi-
cal bond. Raman spectroscopy is very sensitive to the lenghts, strenghts and ar-
rangements of chemical bonds in a material, but less sensitive to the chemical com-
position. When the incident photon interacts with the chemical bond, the chemical 

bond is excited to a 
higher energy state. 
Most of the energy 
would be re-
radaiated at the same 
frequency as that of 
the incident light, 
which is known as 
the Rayligh scatter-
ing. A small portion 
of the energy is 
transferred and re-
sults in exciting the 

vibrational modes. The subsequent re-radiation has a frequency lower than that of 
the incident exciting light. The vibrational energy is deducted by measuring the dif-
ference between the frequency of the Raman line and the Rayleigh line.  

Fig. 4.5  
Raman Leica DMLM 

In other words, it measures the frequency shift Dw = wphonon = winc – wscat  be-
tween the incident winc and scattered wscat ligth frequences when wphonon is an opti-
cal phonon mode vibration. The Raman effect is extremely weak and, thus, intence 
monochromatic continuos gas laser are used as the exciting light. 
These analysis were performed on a Leica DMLM 50x. 
 
4.7 CIE Colour specification 
In 1931 the CIE (Commission Internationale de l'Eclairage) developed a system for 

specifying colour 
stimuli using 
tristimulus values for 
three imaginary pri-
maries. The basis of 
this system was the 
CIE 1931 standard 
observer: according 
to the trichromatic 
theory of colour 
vision an observer 
can match a colour 
stimulus with an 

F
Tristi
th
CI
dar

w

ig. 4.6  
mulus values of 

e spectral colours 
E 1931 – 2° stan-
d observer 

(source: 
ww.cie.co.at) 
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additive mixture of three primaries. Therefore any colour stimulus can be specified 
by the amounts of the primaries that an observer would use in order to match the 
stimulus. The CIE standard observer resulted from experiments where observers 
were asked to match monochromatic wavelengths of light with mixtures of three 
primaries. The standard observer is in fact a table showing how much of each pri-
mary would be used (by an average observer) to match each wavelength of light.  
The graph aside shows the colour matching functions for the CIE XYZ primaries. 
These are literally the relative amounts of the three primaries that an average ob-
server would use to match a unit of light at each wavelength.  
CIE XYZ tristimulus values can be calculated from the reflectance spectrum by the 
integration of the reflectance values R(λ), the relative spectral energy distributions 
of the illuminant1 E(λ), and the standard observer functions x(λ), y(λ), and z(λ).  
The integration is approximated by summation, thus:  
 

    k = S E(λ) y(λ)  X = 1/k Σ R(λ) E(λ) x(λ)  (eq. 6.2) 
where:                and  Y = 1/k Σ R(λ) E(λ) y(λ)  (eq. 6.3) 

    λ = wavelength  Z = 1/k Σ R(λ) E(λ) z(λ)  (eq. 6.4) 
 
The normalizing factor 1/k is introduced such that Y = 100 for a sample that reflects 
100% at all wavelengths: recall that Y is proportional to the luminance of the stimu-
lus. The introduction of this normalization is convenient since it means that relative, 
rather than absolute, spectral energy distributions for the illuminant can be used 
(thus the units in which they are expressed are unimportant).  
There are perhaps two problems with the specification of colours in terms of tris-
timulus values and chromaticity space. Firstly, this specification is not easily inter-
preted in terms of the psychophysical dimensions of colour perception namely, 
brightness, hue, and colourfulness. Secondly, the XYZ system and the associated 
chromaticity diagrams are not perceptually uniform. The second of these points is a 
problem if we wish to estimate the magnitude of the difference between two colour 
stimuli.  
The need for a uniform colour space led to a number of non-linear transformations 
of the CIE 1931 XYZ space and finally resulted in the specification of one of these 
transformations as the CIE 1976 (L* a* b*) colour space.  
In fact, in 1976 the CIE specified two colour spaces; one of these was intended for 
use with self-luminous colours and the other was intended for use with surface col-
ours. These notes are principally concerned with the latter known as CIE 1976 (L* 
a* b*) colour space or CIELAB.  
CIELAB allows the specification of colour perceptions in terms of a three-
dimensional space: the L*-axis is known as the lightness and extends from 0 (black) 
to 100 (white); the other two coordinates a* and b* represent redness-greenness and 
yellowness-blueness respectively.  

                                                 
1 Illuminant: is the specification for a potential light source different from light source which is a physical 
emitter of radiation 
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Samples for which a* = b* = 0 are achromatic and thus the L*-axis represents the 
achromatic scale of greys from black to white.  
The quantities L*, a*, and b* are obtained from the tristimulus values according to 
the following transformations:  
 

L* = 116(Y/Yn)1/3 -16   (eq. 6.5) 
a* = 500[(X/Xn)1/3 - (Y/Yn)1/3]   (eq. 6.6) 
b* = 200[(Y/Yn)1/3 - (Z/Zn)1/3]   (eq. 6.7) 

  
where Xn, Yn, and Zn are the values of X, Y, and Z for the illuminant that was used 
for the calculation of X, Y, and Z of the sample, and the quotients X/Xn,Y/Yn, and 
Z/Zn are all greater than 0.008856  2. 
The software used to calculate colour specification was: Optic 5 and Window 5 - by 
LBNL. 
 
 

Fig. 4.7  
3D Colour space. 
(source: 
www.cie.co.at) 

 
 
 
 
 
 
 
 
 

                                                 
2 When any of the quotients are less than or equal to 0.008856 a slightly different set of equations is used. 
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5. RESULTS AND DISCUSSION 
 
5.1 Experiments 1: MVOx, MAu and MVOxAu 
In this work, the hybrid technology AA/AP CVD, in a 525°C cold wall reactor, has 
been performed to deposit thin film of gold nanoparticle-doped vanadium (IV) diox-
ide from the CVD reaction of Vanadyl Acetylacetonate VO(acac)2 at 175°C and 40 
mg of Auric Acid (HAuCl4) in 25 ml of methanol, varying the three flow rates 
(plain, bubbler and aerosol), as shown in the following table: 
 
 Tab. 5.1 

Different flow rates [L min-1] used to carry on depositions
N° Plain Bubbler Aerosol Total 

Start point 
1 2 3 2 7 

Vary flows 
2 1 3 3 7 
3 2 2 3 7 
4 3 1 3 7 
5 4 1 2 7 
6 4 2 1 7 
7 5 1 1 7 
8 1 4 2 7 
9 2 4 1 7 

10 1 5 1 7 
11 3 3 1 7 
12 1 2 4 7 
13 2 1 4 7 
14 1 1 5 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With each condition, two samples (or sometimes three) have been produced to en-
sure that the technique can be considered reproducible. Each sample had been given 
a name, MVOxAu, followed by a number and a letter to identify the particular sam-
ple. The bottom plate only was used to characterize the films. For each couple, one 
sample, with the best in coverage and uniformity, was analyzed to examine its 
chemical and physical properties. Raman spectroscopy didn’t show any features 
though these films are poor Raman scatters thus, it was not performed anymore.  
To investigate the optical properties, tests on Reflectance and Transmittance (R/T) 
were performed on hot and cold samples showing various results, as well as tests to 
find out the metal-to-semiconductor transition temperature (Tc) that resulted to be 
quite low in comparison to the previous works: ~ 40°C. Scanning Electron Micro-
scope (SEM) was used to take images (Low Resolution Secondary Electron imaging 
(se) and Backscattered Electron imaging (bs)) that showed a uniform surface deposi-
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tion coverage with round nanoparticles and EDAX to take chemical quantitative 
spectra.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.1  
  in Methanol.    HAuCl4

 
 
 Fig. 5.2  
 Top right: HAuCl4 in 

the bottles.  
Bottom right: 

VO(acac)
 

 powder. 2
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.3  
 Left: Aerosol of 

HAuCl  in Methanol.   4

Right: Aerosol. 
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XRD has shown that VO2 had been deposited but films seemed to not be very crys-
talline so some examples (MVOxAu2a; MVOxAu3c; MVOxAu4a; MVOxAu6a; 
MVOxAu9a; MVOxAu11a) have been annealed1 in N2 atmosphere. Unfortunately, 
no improvement in crystallinity was noticed and, furthermore, some examples have 
been oxidised becoming V2O5.  
The thickness of films was also calculated showing an average thickness between 
100 ÷ 200 nm but some films resulted to be less than 50 nm. There is, apparently, no 
direct relationship between the different flow rate conditions and the films’ proper-
ties to formulate any kind of equation or law, since a great deal of variation is pre-
sent. To compare the results obtained with the different precursors, films of VO2 
only, by AP CVD, and gold only, by AA CVD, had previously deposited and R/T 
tests on blank glass were performed. 
One of the problems related to the use of these coatings in a building as architectural 
glazing is, not only their optical properties, but also their colour: vanadium (IV) di-
oxide coating is of a dark yellow-brown colour that, despite of its thermochromic 
behaviour, makes it unpleasant to use in windows; gold films are blue; gold-doped 
vanadium (IV) dioxide films are light yellow/green/blue with gold metallic reflex in 
reflected light.  

Fig. 5.4  
Left: three different 
coatings in reflected 
light: from the left 
Vanadium (IV) Diox-
ide, Gold and Gold-
doped Vanadium (IV) 
Dioxide. 
Right: the same three 
different coatings in 
transmitted light: 
from the left Vana-
dium (IV) Dioxide, 
Gold and Gold-doped 
Vanadium (IV) Diox-
ide. 

 
In the following pages there are reported some results of the analysis performed on 
the different coatings to show the differences between the various coatings’ behav-
iours due to the initial flow rate conditions.  
 

                                                 
1 Annealing: the name and inspiration come from “annealing” in metallurgy, a technique involving 
heating and controlled cooling of a material to increase the size of its crystals and reduce their defects (the 
primary type of which is the linear defect called a dislocation) and the internal stresses which they cause. 
The heat causes the atoms to become unstuck from their initial positions (a local minimum of the internal 
energy) and wander randomly through states of higher energy. The slow cooling gives them more chances 
of finding configurations with lower internal energy than the initial one. 
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5.1.1 Reflectance and Transmittance of  MVOx, MAu and MVOxAu 
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Fig. 5.5  
 T/R on a Blank  
 sample.  
 2300

R Cold T Cold

 
 
Transmittance and Reflectance of a blank sample2 shows the characteristic 
behaviour of a common glass with a SiO2 coating on just one side: a high transmit-
tance and a very low reflectance in both visible and infrared range of the spectrum. 
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Fig. 5.6   
T/R on Mau-2a, a 

Gold coated sample.  
 

                                                 
2 Blank sample: glass with SiO2 layer only on it as it furnished from Pilkington Glasses. 
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A gold-film sample shows a typical metallic behaviour: a quite low reflectance, 
about 20 %, in the far IR and a higher one in the near IR and visible; a quite higher 
transmittance in the far IR, about 55 %, that lows toward the visible range. 

Fig. 5.7  
Left: T/R on 
MVoxAu-2a; 
Right: T/R on 
MVoxAu-3a Below, there are some different graphs showing some behaviours of gold-doped va-

nadium (IV) dioxide coatings: 
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The film with the hugest switch between cold and hot Transmittance and cold and 
hot Reflectance is recognized to be the one with the best behaviour (MVOxAu9a) 
where there is a good mix of gold and vanadium in the coating. All the samples 
show that Transmittance is higher as the film is cold and lower as it is hot; Reflec-
tance, on the contrary, is higher as the film is hot and lower as it is cold. This type of 
thermochromic behaviour makes them suitable for smart windows.  

Fig. 5.8  
Left: T/R on 
MVoxAu-9a; 
Right: T/R on 
MVoxAu-10a 

Sample MVOxAu3a (Fig. 5.7 right) shows almost no switch between the hot condi-
tion and the cold one, this fact shows that vanadium is almost absent in the film 
while there is a large amount of gold deposited in it.  
Sample MVOxAu10a (Fig. 5.8 right) shows a very small switch that indicate, as the 
previous sample, that just a small amount of vanadium has deposited while there is a 
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large amount of gold; in these two samples thermochromic properties are not very 
evident. 
Sample MVOxAu2a (Fig. 5.7 left) shows an opposite behaviour: there is a big 
switch between the hot state and the cold one that indicates a large amount of Vana-
dium in the coating but, the low values of both Transmittance and Reflectance in the 
far IR indicate that the quantity of gold is quite low. 
Sample MVOxAu9a (Fig. 5.8 left) shows excellent optical properties because, even 
if the transmittance is quite low in the cold state, nevertheless there is quite big 
switch between the cold state and the hot one for both Transmittance and Reflec-
tance that shows a good mix between vanadium (IV) dioxide and gold in the matrix 
with good thermochromic properties. 
 
5.1.2 Hysteresis and Tc of  MVOx, MAu and MVOxAu 
Graphical procedure to calculate the Tc from the Hysteresis got from the test. The 
hysteresis’ width (_____ width in average switch) is calculated from the average 
value of the percentage transmittance  (______ switch). The Tc (_____ Tc) is calcu-
lated from the width’s average value. 

Fig. 5.9  
Graphical procedure 
to Calculate Tc from 

the Hysteresis. 

The graphs in fig. 5.10 show some different Hysteresis used to calculate the Transi-
tion Temperature (Tc) of Gold coating (Fig. 5.10 left) and Vanadium (IV) Dioxide 
coating (Fig. 7.10 right). The Gold film has got no Hysteresis as expected looking at 
the results of previous works; the second one shows a good Hysteresis from which a 
Tc of 42 °C has been calculated.  
From the MVOxAu3c Hysteresis (Fig. 5.11 left) it has been calculated a transition 
temperature (Tc) of 42 °C with a switch of 17 %. This fact represents a very good 
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result considering that Vanadium (IV) Dioxide coatings usually show a Tc ~ 68 °C 
which is another big problem in the use of these coatings in architectural glazing be-
cause of the high switch temperature.  
From the MVOxAu9a Hysteresis (Fig. 5.11 right) a transition temperature of 39 °C 
with a switch of 19 % has been calculated. That is another point for the flow rate 
conditions of this particular sample. All the Hysteresis shown are not closed because 
of the procedure applied in the laboratory which displays some difficulties in cool-
ing down the sample to the environmental temperature but if the test has been re-
peated from the same environmental temperature, an equal curve can be drawn with 
the same % transmittance at the beginning and at the end of the test. In theory, using 
a different apparatus, not available in this laboratory, it is possible to cool down the 
glass to the initial temperature to have a complete and closed Hysteresis. 

Fig. 5.10  
Hysteresis of: 
Left: MAu-2a 

The x-axis scale is 100 °C in 20 °C step; the y-axis is 100% in 20% step. Right: MVox-1b 
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Fig. 5.11    
Hysteresis of: 

 Left: MVoxAu-3c 
 Right: MVoxAu-9a 
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5.1.3 Raman Spectroscopy of  MVOx, MAu and MVOxAu 
As previously said, Raman Spectroscopy did not show any features on the Gold-
doped Vanadium (IV) Dioxide films. 
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Fig. 5.12  
Raman spectrum of 
VO
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 Fig. 5.12  
Raman spectrum on 
carried on for just a 

few cycles. 
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Fig. 5.13  
Raman spectrum on 
MVOxAu10a 
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Fig. 5.14   Raman spectrum on 
MVOxAu10b  
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5.1.4 XRD of  MVO, MAu and MVOxAu Fig. 5.15  
XRD was also used to characterize the films and showed the production of mono-
clinic Vanadium (IV) Dioxide in all cases as shown in the following spectra.  

XRD spectrum on 
Left: MVOx1c; 

Right: Mau2b show-
ing the main peak of 

Gold. 

XRD spectrum on MVOx1c (Fig. 5.15 left) demonstrates that Vanadium (IV) Diox-
ide has been deposited in a monoclinic phase but the peaks are not very marked due 
to the bad crystalline structure. 
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 Fig. 5.16  

 XRD Spectrum on a 
Gold film on the 
whole range. It shows 
the three main peaks 
of Gold. In this case 
the film is very well 
crystallized. (Source: 
Spectrum supplied by 
Mr. Paolo Melgari) 

XRD on MVOxAu samples showed that, in all the cases, Vanadium (IV) Dioxide 
has been deposited in the monoclinic phase, but it is never well crystallized, as well 
as Gold that is present in the structure.  
To understand if the film can arrange in a more crystalline structure, some of the 
samples had been annealed and XRD was performed again, as shown in the next 
graphs. The blue graphs represent the non-annealed status while the purple one were 
recorded after the annealing process.  
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As it can be seen there was no improvement in the crystalline structure of the films 
and some of theme turned from VO2 to V2O5. MVOxAu9a sample (Fig. 5.18 top 
right) is the only one that does not show a big change in the structure. MVOxAu6a 
(Fig. 5.17) shows that in the film there is a few of Vanadium (IV) Dioxide so the 
coating mainly consists of Gold. 
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 Fig. 5.17  

XRD Spectrum on 
MVOxAu6a. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.18  
 XRD Spectrum on  
 Top left: MVOxAu3c 
 Top right: VOxAu9a 

Bottom:MVOxAu11a  
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5.1.5 SEM/EDAX of  MVOx, MAu and MVOxAu 
SEM was used to record high resolution images of the sample surface taking back-
scattered electrons (bs) images and secondary electrons (se) images. EDAX was 
used to quantify the amount of the chemical species in comparison to the Silica of 
the substrate, the glass with SiO2 coating. Following there are some images taken 
using this technology to some differences in the films’ structures. SEM of MAu2a 
(Fig. 5.19) show a coating with a good uniform coverage of the surface and Gold 
nanoparticles size of ~ 100 nm diameter. SEM of MVOx1b (Fig. 5.20) show a coat-
ing with a good uniform coverage of the surface and Vanadium nanoparticles’ size 
of about 50 nm wide.  

Fig. 5.19  
SEM on MAu-2a 
Left: se - 2.500X   

Middle: bs - 2.500X 
Right: se - 100.000X 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 SEM on MVox-1b 

Fig. 5.20  

 Left: se - 2.500X   
 Middle: bs - 2.500X 

 Right: se - 100.000X 

 
Fig. 5.21 

 

 
 

SEM on MVOxAu13b 
10.000X: se (left), bs (mid) 

 SEM on MVOxAu14a 
30.000X: se (right) 
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SEM on MVOxAu13b (Fig. 5.21 left and middle) show that Gold is almost present 
in the film matrix: the brighter spots in the right image. SEM on MVOxAu14a (Fig. 
5.21 right) show nanoparticles with round shape. 
SEM on MVOxAu2a (Fig. 5.22) show a particular way of film’s growth (left) and 
the two enlargements of the matrix (middle and right) show a good uniformity in the 
coverage and a particle size of ~ 120 nm.  

Fig. 5.22  
SEM on MVoxAu2a 
Left: se – 3.000X   SEM on MVOxAu8a (Fig 5.23) show a different way of growth as the matrix 

doesn’t seem regular and the nanoparticles have an lengthened shape. 
Middle: se – 9.000X 
Right: se - 100.000X 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.23  
SEM on MVoxAu8a 
Left: se – 10.000X    
Right: se - 30.000X 
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5.1.6 Thickness of  MVOx, MAu and MVOxAu 
Coatings’ thickness has been calculated from EDAX analysis considering the 
amount (atomic weight %) of Vanadium (IV) Dioxide and Gold in comparison to 
the substrate of SiO2-coated glass Silica’s data. EDAX had been performed on both 
large areas and spots. Calculations were performed considering both 1) the large ar-
eas only and 2) all the areas (large areas and spots), thus achieving two different re-
sults for each film. When the two results are quite similar it can be said that the av-
erage value identifies films’ thickness in a quite correct way. 
  

Tab. 5.2 Different thickness calculated from EDAX analysis 
Sample Thickness 1) [nm] Thickness 2) [nm] Average thickness [nm] 

MVOxAu2a 141 143 142 
MVOxAu3c 265 185 225 
MVOxAu4a 44 43 43,50 
MVOxAu8a 226 259 242,50 
MVOxAu9a 177 190 183,50 

MVOxAu11a 85 91 88 
MVOxAu13b 37 47 42 
MVOxAu14a 103 87 95 

 
5.1.7 Colour of  MVOx, MAu and MVOxAu 
The films’ colour is very important to identify the possible use of the coatings in the 
building market. Calculations were performed by Dr. Russell Binions, from Reflec-
tance and Transmittance data achieved previously.  

Tab. 5.3 Colour specifications. 
Transmission Reflectance 

Sample 
lambda Purity L* a* b* lambda Purity L* a* b* 

MAu2a 480 4,6 63,6 -2,44 -2,65 577 22,4 50,33 4,44 12,5 
MVOx1b 572 15,3 77,32 0,45 12,61 481 4,26 61,44 -2,78 -2,11 

MVOxAu1b 562 15,6 62,64 -5,82 11,97 562 63,72 63,72 -6,27 13,04 
MVOxAu2a 570 29,9 67,83 -1,42 22,71 575 8,83 50,03 1,16 4,67 
MVOxAu3a 483 10,8 70,33 -9,48 -5,24 487 9,13 49,01 11,06 2,21 
MVOxAu3c 567 23,1 57,72 -3,31 15,79 491 2,87 39,99 2,65 0,01 
MVOxAu4a 488 10,8 65,15 -14,7 -1,71 494 11,05 57,03 12,56 -1,23 
MVOxAu8a 570 40,3 54,89 -0,4 26,02 463 1,98 25,64 0,25 -0,96 
MVOxAu9a 566 39,8 53,63 -6,08 26,11 568 8,02 62,26 -0,97 5,77 
MVOxAu10a 570 43,1 52,66 -2,19 27,32 558 16,32 35,23 7,67 -10,2 
MVOxAu11a 561 16 59,06 -5,92 11,75 547 8,54 50,4 6,14 -4,97 
MVOxAu13a 561 3,6 90,43 -2,16 3,87 590 4,78 35,25 2,23 1,75 
MVOxAu14a 567 7,5 80,63 -1,58 6,74 464 5,26 33,02 0,72 -2,99 
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5.2 Experiments 2: use of surfactant - MVOxAuT and MVOxT 
Of all the films deposited previously, it was chosen the one that had showed the best 
optical properties, MVOxAu9a, and its flow rate conditions: 
 Plain: 2 L/min-1 ; 
 Bubbler: 4 L/min-1; 
 Aerosol: 1 L/min-1, 
were used to continue the experiments adding a surfactant as discussed previously. 
Precursor solutions were made by dissolving 40 mg of HAuCl4 in 25 ml of 
Methanol followed by the addition of Tetraoctylammonium Bromide (TOAB) at 
various concentrations as shown in the following table: 
 

Tab. 5.4 Different conditions used to carry on depositions with
VO(acac)2 + HAuCl4 + TOAB 

N° HAuCl4 [g] TOAB [g] Methanol [ml] 
1 1.0 
2 0.5 
3 0.25 
4 0.12 
5 

0.040 

0.06 

25 

 
The solution was stirred, as it is shown in the sequence below (Fig. 5.24), for 10 
min, during which time the colour changed from pale yellow to dark orange, 
associated with the substitution of chloride for bromide ions in the gold coordination 
sphere:   
 

[HAuCl4] + 4Br-  [HAuBr4] + 4Cl-   (eq. 5.1) 
 

As previously done, with 
each set of conditions two 
samples were produced to 
ensure that the technique 
can be considered repro-
ducible and each sample 
had been given a name, 
MVOxAuT or MVOxT, 
followed by a number and 
a letter to identify the 
sample. The addition of 
TOAB to the precursor 
mix strongly affected the 
appearance of the 
deposited films, 
compared with the 

Fig. 5.24  
From top left, clock-
wise: solution of 
HAuCl4 with TOAB 
just added; stirring 
after 2 min; after 6 
min; after 10 min. 
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previous depositions using VO(acac)2 + HAuCl4; different portions of the film ap-
peared either red, blue or green in transmission and in reflection, the films appeared 
metallic gold or green. Transition temperatures were higher than the Tc obtained 
without TOAB but the optical properties were improved a lot with a big shift be-
tween Transmittance and Reflectance. All the other analysis were performed and the 
film with the best properties proved to be MVOxAuT2c (0.5 g TOAB). It was also 
noted that the less TOAB had been added the darker the film appeared as it is shown 
in Fig. 5.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5.25  

Films of VO(acac)  2 + 
HAuCl  4 + TOAB 

where both the bot-
tom and top plates are 

shown. 

 
 

  
Top: reflected light;   

Furthermore, to understand 
how TOAB influences the 
film’s nucleation, depositions 
with VO(acac)2 and TOAB 
only, with the previous con-
centrations, were performed 
as shown in Table 5.5 in the 
following page. 

Middle: transmitted 
light; 

 
Bottom: bottom 

plates only. The dif-
ferent levels of coat-

ings’ transparency 
can be compared 

looking at the build-
ing outside the 

Chemistry Depart-
ment’s windows.    
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Tab. 5.5 Different conditions used to carry on depositions 
with VO(acac)2 + TOAB 
N° Sample name TOAB [g] Methanol [ml] 
1 MVOxT5 1.0 
2 MVOxT1 0.5 
3 MVOxT3 0.25 
4 MVOxT2 0.12 
5 MVOxT4 0.06 

 
 

25 

 
TOAB has shown a “dopant” effect on the films’ growth and that was completely 
unexpected. Transition temperatures are much lower than the previous Tc found out 
with Gold or Gold + TOAB. This fact suggests that TOAB influences the Vanadium 

film’s growth and the nanocrystallites’ 
dimensions as demonstrated with the 
other analysis. As previously noted 
with the samples MVOxAuT, the less 
TOAB had been added the darker the 
film appeared as shown in the picture 
aside (fig. 5.26.).  Fig. 5.26  
There are shown coatings with 0,12 g 
and 0,50 g of TOAB, the one with the 
least quantity of TOAB was much 
darker than the other.  

Vo(acac)2 + TOAB 
films, both the bot-
tom and top plates are 
shown. 
Left: 0,12 g TOAB 

 Right: 0,5 g TOAB 
 
5.2.1 Reflectance and Transmittance of MVOxAuT and MVOxT 
Following, there are some graphs showing the behaviours of Gold-doped Vanadium 
(IV) Dioxide + TOAB coatings. It can be reported that in the IR region Transmit-
tance in the cold state is much higher, and Reflectance is much less, than what had 
been found without the use of the surfactant. The switch also between the hot state 
and the cold state is large ~ 35%, especially in the sample with 0,5 g of TOAB (fig. 
5.27 right).  
The same cannot be observed without the addition of Gold in the films, in fact the 
sample with 1 g of TOAB (fig. 5.28 left) doesn’t show any switch between the hot 
state and the cold one, behaviour that might be explained from the presence of Car-
bon within the matrix, as will be shown with the Raman analysis – or with the ab-
sence of VO2.  
In the other sample (fig. 5.28 right), with 0,5 g of TOAB, the Transmittance is de-
creased in comparison to the analogous sample with Gold, the switch between the 
hot state and the cold one, in both transmittance and reflectance situation, still re-
mains quite big. 
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The following sample, MVOxT3c, with 0,25 g of TOAB added, optical properties 
seem to be improved quite a lot, showing a high value of Transmittance and a very 
low Reflectance in the cold state, while the switch remains significant. 

Fig. 5.27  
R/T of  

Left: MVOxAuT1c 
(TOAB = 1 g) 

 Right: MVOxAuT2c 
(TOAB = 0,5 g) 
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Fig. 5.28   R/T of  
 Left: MVOxT5b 

(TOAB = 1 g)  
Right: MVOxT1b 

(TOAB = 0,5 g) 
 

  
 Fig. 5.29 
 R/T of MVOxT3c 

(TOAB = 0,25 g)  
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5.2.2 Hysteresis and Tc of MVOxAuT and MVOxT 
Hysteresis results for samples with gold show that the addition of TOAB in the 
[HAuCl4 + Methanol] solution increases the size of the switch in comparison to the 
sample MVOxAu9a (Tc = 39 °C; %=19). For the sample MVOxAuT3b (fig. 5.30 
left) a Tc of 53 °C with a 54 % switch was calculated, while for the MVOxAuT5b 
(fig. 5.30 right) Tc = 49,5 °C with a 47 % switch. Apparently, the less TOAB is 
added the bigger switch is shown while the Tc increases. 
For the sample without Gold, but with Vanadium and TOAB only, it generally 
measured a lower Tc was measured, but the most surprising fact was that the Tcs are 
a lot lower than expected considering that no dopants had been used – thought car-
bon-doping may be occurring.  

Fig. 5.30  
Hysteresis of 
Left: MVOxAuT3b 
(TOAB = 0,25 g)  There are however no literature reports of this occurring.   

 MVOxT3c (fig. 5.31 left)  Tc = 43,5 °C  %=38; Right: MVOxAuT5b 
(TOAB = 0,06 g)  MVOxT4a (fig. 5.31 right) Tc= 34 °C  %=18. 
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 Tab. 5.6 Various Tc and % switch,  
with the different amount of TOAB 

With Gold Without Gold 
TOAB [g] 

Tc % Tc % 
1,00  43,5 21 - - 
0,50 45,5 33 38,5 40 
0,25 53 54 43,5 38 
0,12 43 33 35 10 
0,06 49,5 47 34 18 

The sample MVOxT5b only 
(TOAB = 1,00 g) showed no Hys-
teresis, that happened because of 
the large amount of Carbon in the 
matrix, as it is observed with the 
Raman. 

Fig. 5.31  
Hysteresis of 
Left: MVOT3c 
(TOAB = 0,25 g)  
Right: MVOx4a 
(TOAB = 0,06 g) 
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5.2.3 Raman of MVOxAuT and MVOxT 
Raman was performed on MVOxT samples only because it was noticed, as previ-
ously described, that transition temperatures are much lower than expected. What 
was searched for was the presence of Carbon that may affect the structure of the 
films and so their properties. Analysis showed that graphitic Carbon was present in 
almost every sample but MVOxT3c, as it is shown in the following figure. 
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Fig. 5.32  
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Raman spectrum of 
MVOxT3c with the 
characteristic peaks 

of Vanadium.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.33 a-b Raman analysis explained why MVOxT5b sample did not show neither switch nor 
hysteresis or differences in optical properties (Transmittance and Reflectance). The 
amount of Vanadium into the matrix is very low, almost absent, as it can be seen in 
fig. 5.32, so thermochromic properties are not very evident. As it can be seen in the 
spectra, there are no peaks referring to VO2, carbon related peaks only are present. 

Raman spectrum of  
Left: MVOxT1b with 

both peaks of Vana-
dium (IV) Dioxide 

and Carbon.    
Right: MVOxT5b 

with the characteristic 
peaks of Carbon.  

In the other sample MVOxT1b (fig. 5.33 left) Vanadium (IV) Dioxide and Carbon 
are both present an the two sets of peaks can be distinguished. 
To understand the origin of Carbon into the matrix a further deposition with TOAB 
only, in a solution of 25 ml of Methanol, was carried on to interpret if it comes from 



Thermochromic coatings for architectural glazing  
 

239 

the surfactant or not. However, no film was deposited. At the deposition temperature 
used (525 °C) the surfactant is likely to be turned into CO2 and other carbon species 
at the surface and be removed in the glass flow. 

Fig. 5.34 a-b 
Raman spectrum of  
Left: MTOAB 
Right: blank glass.  
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5.2.4 XRD of MVOxAuT and MVOxT 
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XRD analysis on 
MVOxAuT showed that 
VO2 and Gold had been 
deposited on the glass. 
The use of TOAB as sur-
factant made VO2 more 
crystalline in comparison 
to the previous depositions 
made without the use of 
TOAB, as it is shown in 
the nearby graphs. 

Fig. 5.35 
Raman spectrum 
MVOxAuT4b that 
shows the main peaks 
of Vanadium (IV) 
Dioxide and Gold. 
VO2 peaks resulted 
more intense than 
what obtained previ-
ously without the use 
of TOAB. XRD spectra of MVOxT 

showed a quite different 
result: VO2 is still present but it is not very well crystallized as is demonstrated by 
the low intensity of the peaks. Sample MVOxT5b showed almost no Vanadium 
peaks because, as previously discussed from the Raman analysis and optical proper-
ties, there is not so much Vanadium (IV) Dioxide as expected.  
Following there are some spectra showing this fact: 
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 Fig. 5.36 a-b 

Raman spectrum of   
Left: MVOxT1b 
(TOAB = 0,50 g)             

 Right: MVOxT5b 
(TOAB = 1,00 g)  
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5.2.5 SEM/EDAX of MVOxAuT and MVOxT 
Following there are some images taken using the SEM to show some differences in 
the films’ structures. 
Figure 5.37 a-b show the microstructure of MVOxAuT1c sample. It seems very 
compact with Gold nanoparticles in the matrix, the lighter areas in backscattered im-
age.  
Figure 5.38 a-b show the microstructure of MVOxAuT4b. It seems less regular and 
formed by round particles of 30 nm diameter with a lot of impurity. 
It seems that the less TOAB is added to the precursor solution the less uniform the 
matrix is with the formation of round particles. 
Figure 5.39 a-b show the microstructure of MVOxT1b where there is Vanadium 
(IV) Dioxide only with TOAB (0,50 g); the structure resulted to be quite irregular 
with different size-particles (20 ÷ 50 nm). 
 
 
 
 
 
 Fig. 5.37 a-b 
 SEM on 

MVOxAuT1c  
  Left: se – 5.000X   

 Right: bs - 5.000X 
 
 
 
 
 
 Fig. 5.38 a-b 
 SEM on 

MVOxAuT4b  
  

Left: se – 5.000X    Right: bs - 20.000X 
 
 
 
 
 
 
 Fig. 5.39 a-b 
 SEM on MVOxT1b 
  

Left: se – 5.000X    
Right: se - 30.000X 
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Figures 5.40-42 show the microstructure of MVOxT3c (TOAB:0,25g), the structure 
was even more irregular with lots of holes surrounded by nanoparticles that result to 
be quite round but aggregated in a flower shape. A crack also on the sample surface 
is shown. It is interesting to notice the different way of the film growth on the glass 
with big differences in size and shape. The size of the particles in the crack (~ 50 
nm) tends to be smaller than the particles in the other part of the film (~ 100 nm) and 
the coating in the crack seems to be more regular and uniform than the other part. 
 

 

 
 
 
 
 

Fig. 5.40 a-b 
 SEM on MVOxT3c 
  

Left: se – 2.500X    
Right: se - 10.000X  

 
 
 
 
 
 
 
 
 Fig. 5.41 a-b 

SEM on MVOxT3c  
  Left: se – 30.000X   

 Right: se - 70.000X 
 
 
 
 
 
 
 
 Fig. 5.42 a-b 

SEM of a crack on 
MVOxT3c surface 

 
  
 Left: se – 10.000X   
 Right: se - 80.000X 
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5.2.6 Thickness of  MVOxAuT and MVOxT 
Coating thickness has been calculated from EDAX analysis considering the amount 
(atomic weight %) of Vanadium (IV) Dioxide in comparison to Silica data coming 
from the substrate of SiO2-coated glass. As previously done, EDAX had been per-
formed on large areas and on spots so, to calculate the thickness of each film, calcu-
lations were performed considering both the large areas only and all the areas (large 
areas and spots) achieving two different results for each film. Often, the two results 
seem to be quite similar so it can be said that the average value is quite correct to 
identify films’ thickness. In the table below MVOxAuT and MVOxT’s average 
thicknesses are reported. 
 

Tab. 5.7 Different thickness calculated from EDAX analysis 
TOAB 
[g] 

Sample Average thickness 
[nm] 

Sample Average thickness 
[nm] 

1,00 MVOxAuT1c 59 MVOxT5b 160 
0,50 MVOxAuT2c 248 MVOxT1b 133,5 
0,25 MVOxAuT3b 57 MVOxT3c 153,5 
0,12 MVOxAuT4b 253 MVOxT2a 429 
0,06 MVOxAuT5b 100,5 MVOxT4a 149 
 
5.2.7 Colour of  MVOxAuT and MVOxT 
The films’ colour is very important to identify the possible use of the coatings in the 
building market. Calculations were performed by Dr. Russell Binions, from Reflec-
tance and Transmittance data achieved previously. Between the sample with Gold, a 
quite big shift can be noticed, that’s because of the Gold nanoparticle that change 
the colour. The more Gold is present, the more blu the film appears. 
 

Tab. 5.8 Colour specifications 
Transmission Reflectance 

Sample 
lambda purity L* a* b* lambda purity L* a* b* 

MVOxAuT1c 493 5,4 72,02 -10,4 0,6 495 8,72 51,15 8,94 -1,13 
MVOxAuT2c 496 5,5 71,28 -12,1 1,8 530 10,29 53,85 8,88 -4,78 
MVOxAuT3b 566 44,6 54,41 -6,37 29,67 559 6,58 47,91 3,55 -5,02 
MVOxAuT4b 565 34,5 49,92 -6,65 21,59 545 9,61 46,18 6,66 -5,02 
MVOxAuT5b 561 21,2 62,54 -8,1 16,25 596 1 60,17 0,87 0,51 

MVOxT1b 570 25,4 71,48 -0,91 20,07 491 2,72 63,42 -4,3 0,01 
MVOxT2a 569 36,6 60,97 -2,52 25,85 557 7,43 46,74 4,21 -5,24 
MVOxT3c 571 16,4 79,37 0,19 13,86 565 4,76 49,19 -1,07 2,97 
MVOxT4a 570 19,7 75,02 -1,07 16,17 500 1,87 55,95 -3,94 0,93 
MVOxT5b 569 21 66,65 -1,7 15,77 591 9,6 23,15 3,5 2,69 
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6. THERMOCHROMIC GLASS BEHAVIOUR IN A BUILDING   
    MODEL 
 
6.1. Introduction 
This simple home-made experiment was set up to validate the expected behaviour of 
the thermochromic glasses, produced previously, in a confined environment. 
A simple model of a building room was built using polystyrene as walls; glazing 
were simulated using a float-produced blank glass and a Gold-doped Vanadium (IV) 
dioxide coated glass.  
Then, the building model was irradiated by a IR light source and the inside tempera-
ture was measured in relation to the radiation time. Inside and outside glazing and 
radiated wall temperatures were also measured. 
The analysis of the coated-glasses behaviours would make it easier to understand 
how these new coatings could work in a real situation since the only variable within 
the different models is the glass itself. In this way the increasing temperature in the 
confined environment – the model - could be directly related to glass optical proper-
ties. 
 
6.2. Calculation of the model size 
The Italian Decreto Ministeriale Sanità 5/7/1975 (ISO 10292) prescribes that the 
glazing area of a room in a civil building must be at least 1/8 of the floor area. One 
of the main problems was that the available coated glass samples (150 x 44 x 4 mm) 
are not very uniform in coverage so an area of 30 x 50 mm, that can be considered 
quite homogeneous in coverage, was used as glazing in the model.  
The “room” size was calculated from this premise: 
 

Glazing area = 3 x 5 cm = 15 cm2 

Floor area ≤ 15 cm2 x 8 = 120 cm2 
 
So, imaging that a 1:50 scale model was 
planned, the real room would be 6 x 5 x 3 
m with a 1,5 x 2,5 m window. 

Fig. 6.1  
Schematic model 
dimensions in 1:50 
scale. The walls’ thickness of the model was 

calculated so that the polystyrene thermal 
conductivity would be as the same as a real masonry wall in order to simulate in a 
suitable way the exact materials behaviour in a building. 
 
The calculation of the walls thickness was set up from the Fourier equation: 
 

d

T
S

t

E 



      (eq. 6.1) 
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where: 
∆E = heat quantity [Ws] crossing the walls in the time interval ∆t [s]; 

λ = thermal conductivity 




mK

W
; 

S = wall surface [m2]; 
d =  wall thickness [m]; 
∆T = temperature difference between the two wall’s surfaces [K]. 
 

Tab. 6.1 materials characteristics 

 λ 




mK

W
 S [m2] D [m]  

Brick wall 0,5 11,25 0,30  
Limestone wall 1,3 11,25 0,30  

Polystyrene 0,03 11,25   
 

1. Bricks wall:  TT
d

T
S

t

E











75,18
30,0

25,115,0  

 

2. Limestone wall: TT
d

T
S

t

E











75,48
30,0

25,113,1  

 

3. Polystyrene:   
d

T

d

T

d

T
S

t

E 











3375,025,1103,0  

In order to have the same heat conductivity behaviour between a real masonry  wall 
and a polystyrene one with the same initial conditions - ∆E, ∆T and ∆t – it must re-
sult: 

 Brick – polystyrene: 

mepolystyrend
d

T
T 018,0)(3375,075,18 


  

 Limestone – polystyrene: 

mepolystyrend
d

T
T 007,0)(3375,075,48 


  

Finally, to have an average behaviour and to have the model easier to build it was 
chosen to use 3 polystyrene sheets of 5 mm thick. 
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6.3 The experiment 
The IR lamp used to radiate the model had a power of 150W and was produced by 
Osama. It was put at 70 cm and 50 cm above the model and the radiation last 50 
minutes. By means of a 10 sensors thermocouple, some different temperatures were 
analyzed: internal temperature in two different points, internal and external wall 
temperature, internal and external glass temperature, surrounding environment tem-
perature. All the data acquired were put into graphs, as shown below. 
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 Fig. 6.2  
Graph showing the 
internal and external 
temperature of the 
model’s walls during 
the experiment. 
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 Fig. 6.3  
 Graph showing the 

external temperatures 
of both MVOxAu9b 
and blank glass dur-
ing the experiment 
[50 cm]. 
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Fig. 6.4  
Graph showing the 
internal temperatures 
of the model with  
both MVOxAu9b and 
blank glass during the 
experiment [50 cm]. 50 60

MVOxAu9b Blank Glass 
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Fig. 6.5  
Graph showing the 
internal and external 
temperature of the 
MVOxAu9b glass 
during the experiment 
[50 cm]. 

45 50

Internal Temp Ext Temperature

 
 
 
As expected, using the coated glass the internal temperature of the model increases 
more slowly than the one related to the non-coated glass. An interesting fact is that 
the coated glass is much hotter than the blank one but the heat transmitted by con-
duction is lower as the radiated wall transmits in the same way in both the experi-
ment but the internal temperatures tend to be different. The polystyrene walls work 
quite well since the difference between the internal and external surfaces tempera-
ture is about 10 °C and so, the heat transmitted through them is not high. 
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Fig. 6.6 a-b 
 The model with the 

blank glass, front 
view (left) and top 
view (right). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.7 a-b   
The model with the 
thermocouple.  

 
The effect seen in this experiment is not 
very evident since the metal-to-
semiconductor transition temperature 
(Tc) of the coated glass sample used - 
MVOxAu9b - is 39°C.  
This fact means that from the starting 
point of analysis - which is the 
environmental temperature (24°C) - to 
the working temperature Tc = 39 °C the 
IR part of the spectrum is almost entirely 
transmitted and not reflected.  
In other words, the high Tc of the sample 
lets a great quantity of heat enter through 
the glass by radiation just before the 
transition that makes the coating reflec-
tive to the IR radiation.  Fig. 6.8  

The experiment with 
the lamp placed 70 
cm far from the 
model. 

But, at the end, it can be said that this 
coating enhances, as expected, the glass 
properties in the way it should do. 
 



Thermochromic glass behaviour in a building model 248 

 
 
 
 
 
 
 



Thermochromic coatings for architectural glazing  249 
 

7. ENERGY MODELLING PERFORMANCE 
 
7.1. Introduction 
The easiest way to test the energy performance of the thermochromic glazing is to 
simulate the way they would respond if they were installed in a building.  
These virtual simulations, due to the development of more powerful computers and 
software, allow us to predict the energy behaviour of various building components, 
either traditional or enhanced, under real internal and external conditions. 
 
7.2 The simulation program – Energy Plus™ 
The software used in this work to perform simulations is Energy Plus™ which is 
one of the most advanced Building Energy Simulation Programs. It was mainly de-
veloped by Lawrence Berkeley National Laboratory with funds from the U.S. De-
partment of Energy (DOE). Energy Plus™ is an energy analysis and thermal load 
simulation program. Based on a user’s description of a building from the perspective 
of the building’s physical make-up, associated mechanical systems, etc., the pro-
gram will calculate the heating and cooling loads necessary to maintain thermal con-
trol set points, conditions throughout a secondary HVAC1 system and coil loads, 

and the energy consumption 
of primary plant equipment 
as well as many other simu-
lation details that are neces-
sary to verify that the model 
is performing as the actual 
building would.  
Many of the simulation 
characteristics have been 
inherited from the legacy 
programs of BLAST 
(Building Load Analysis 
and System Thermody-
namics) and DOE–22. 

Fig. 7.1  
Energy Plus,  
Launch Program. 

 
The main features of Energy Plus software are the following: 
 Integrated, simultaneous solution where the building response and the pri-

mary and secondary systems are tightly coupled; 
 Sub-hourly, user-definable time steps for the interaction between the thermal 

zones and the environment; variable time steps for interactions between the 
thermal zones and the HVAC systems; 

                                                 
1 HVAC: Heating, Ventilation and Air Conditioning. 
2 DOE-2: freeware building energy analysis program that can predict the energy use and cost for all types 
of buildings.  
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 ASCII text based weather, input, and output files that include hourly or sub-
hourly environmental conditions, and standard and user definable reports, re-
spectively; 

 Heat balance based solution technique for building thermal loads that allows 
for simultaneous calculation of radiant and convective effects at both in the inte-
rior and exterior surface during each time step; 

 Passing heat conduction through building elements such as walls, roofs, floors, 
etc. using conduction transfer functions; 

 Improved ground heat transfer modelling through links to three-dimensional 
finite difference ground models and simplified analytical techniques; 

 Combined heat and mass transfer model that accounts for moisture adsorp-
tion/desorption either as a layer-by-layer integration into the conduction transfer 
functions or as an effective moisture penetration depth model (EMPD); 

 Thermal comfort models based on activity, inside dry bulb, humidity, etc.; 
 Anisotropic sky model for improved calculation of diffuse solar on tilted sur-

faces; 
 Advanced fenestration calculations including controllable window blinds, 

electrochromic glazing, layer-by-layer heat balances that allow proper assign-
ment of solar energy absorbed by window panes; 

 Day-lighting controls including interior illuminance calculations, glare simula-
tion and control, luminary controls, and the effect of reduced artificial lighting 
on heating and cooling; 

 Atmospheric pollution calculations that predict CO2, SOx, NOx, CO, particu-
late matter, and hydrocarbon production for both on site and remote energy 
conversion. 

The simulation allows to more accurately investigations on the effect of undersizing 
fans and equipment and what impact may have on the thermal comfort of occupants 
within the building. The diagram below shows a basic overview of the integration of 
these important elements of a building energy simulation. 

Fig. 7.2  
Energy Plus  

Internal elements. 
(source: EP user 

manual) 
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The greatest advantage of Energy Plus is the ability to input spectral distributions of 
new glazing units covering the spectrum from 300 nm to 2500 nm in 5 nm steps. 
This is particularly convenient in the investigation of performance of the thermo-
chromic glass. 

Fig. 7.3  
Energy Plus  
IDF editor. 

 
We are going to run a series of simulations3 with different configurations and set-
tings in order to evaluate their performance through different weather sceneries. We 
will be looking into factors as annual heating load, cooling load, day lighting and 
artificial lighting load, glare discomfort and surface temperature of the glazing. The 
simulation set period is one year, having the results hour by hour for each day of the 
year. 
 
7.3 Model 
  
7.3.1 Geometry 
In order to test the performance of the thermochromic glasses produced4 a very sim-
ple model of a room in a building was constructed in Energy Plus. As the model 
built for the home-made experiment of the previous chapter, the room has external 
dimensions 6 x 5 x 3 m (length x width x height) and it is placed so that the axis of 
every wall is perpendicular to one of the orientation North, South, West and East. 

                                                 
3 The initial model was developed by Dr. Ian Ridley – Lecturer, The Barlett School of Graduate Studies, 
UCL, London. 
4 Analysis have been carried on samples previously produced in this work (look at previous chapters: 
MVOx, MVOxAu, MVOxAuT) as well as some samples produced by Dr. Russell Binions in a previous 
work. 
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The room is thought to be in the façade of a generic building so that just one wall is 
exposed to the external environment (weather, sun, wind, etc.); the remaining three 
walls are not affected by external conditions. In this work, the particular case of a 
room in the edge of a building – with two external exposed walls –has been omitted. 
The building is located in the northern hemisphere and the external wall is supposed 
to be exposed to the southern side. Two different sets of simulations were run with 
two different glazing widths: following the Italian regulation on building construc-
tion5 one model has a 1,5 x 2,5 m width window in the middle of the wall surface 
(fig. 7.4 a), that is to say the 25 % of the total surface; the other was carried out with 
a whole glazing wall (fig. 7.4 b), that is to say the 100 % of the surface. Thus to un-
derstand in which case thermochromic glasses work better in different extreme 
situations and how they perform. 

Fig. 7.4 a-b  
The two room mod-

els: on the left – win-
dow 1,5 x 2,5 (25%); 
on the right - glazing 

wall (100%). 
 

 
7.3.2 Location – Weather data 
The simulations were run for different cities of Europe and one of Africa thus to 
cover a wide range of climates conditions through the northern hemisphere – from 
the South Europe-Mediterranean clime (hot summer, warm winter and high solar 
radiation), to the continental clime of the Centre of Europe (warm summer, cold 
winter and high solar radiation), to the North European clime (quite warm summer, 
very cold winter and low solar radiation).  
In the images in the next page, the world climate chart by W. Köppen and the world 
surface temperature distribution are shown. 
It was decided to perform simulations within European cities only to understand 
how thermochromic glasses work through different climate conditions in the north-
ern hemisphere.  
Further simulation could be performed for specific latitudes if required. All the 
weather data files were provided from the US Department of Energy (DOE) website. 

                                                 
5 Look at the previous chapter for more details about Italian regulation. 
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 Fig. 7.5 a-b  
 Top: World climate chart by W. Köppen. 
 Bottom: World surface temperatures. Red stands for hot climate while white stands for snow and ice. 

(Source: Fondazione Ammiraglio Michelagnoli Onlus, 2004)  
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Tab. 7.1 Geographical parameters of the locations used to carry on the simulations 

City 
Latitude 

(deg) 
Longitude 

(deg) 
Elevation 

(m) 
Time zone 

(hr) 
Il Cairo, Egypt 30,13 31,4 74 +2 
Palermo, Italy 38,18 13,1 34 +1 
Roma, Italy 41,8 12,23 3 +1 
Milano, Italy 45,62 8,73 211 +1 
Paris (Orly), France 48,73 2,4 96 +1 
London (Gatwick), UK 51,15 -0,18 62 0 
Moscow, Russia 55,75 37,63 156 +3 
Helsinki, Finland 60,32 24,97 56 +2 

Fig. 7.6  
Map with the loca-

tions where the simu-
lations had been per-

formed. 

 
In the following pages, the outdoor dry bulb temperatures through a year are shown 
for each city. It is also shown the average minimum and maximum temperature for 
each month of the year. 
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 Fig. 7.7  
 Cairo, temperature 

flow over a year.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.8  
 Palermo temperature 

flow over a year.   
 
 
 
 
 
 
 
 
 
 
 Fig. 7.9  

Roma, temperature 
flow over a year. 
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 Fig. 7.10  

Milano, temperature 
flow over a year. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.11   
Paris, temperature 

flow over a year.  
 
 
 
 

Fig. 7.12  
London, temperature 

flow over a year. 
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Fig. 7.13  
 Moscow, temperature 

flow over a year.  
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 7.14  
 Helsinki, temperature 

flow over a year.  
 
 
 
 
 
 
 
7.3.3 Construction of the model - Materials 
The construction of the model of the building is simple and it respects the current 
building regulations. Materials data were taken from EP library.  
Following, there is a list of building element materials: 
 the external wall is made of 25 cm of heavyweight concrete on the exterior, 5 

cm of expanded polyurethane as insulation and a 2 cm layer of plaster as inte-
rior finish; 

 the internal walls are made of 12 cm of lightweight concrete on the exterior and 
a 2 cm layer of plaster as interior finishing; 

 the roof is made of 25 cm of heavyweight concrete and a 2 cm layer of interior 
plaster; 
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 the floor is made of 25 cm of heavyweight concrete and a 3 cm layer of soft-
wood as paving. 

Fig. 7.15  
Details of construc-

tion materials. The details of the materials can be seen in the following figure (fig. 7.15). 

Where: 
 Absorptance Thermal represents the fraction of incident long wavelength radia-

tion that is absorbed by the material. This parameter is used when calculating 
the long wavelength radiant exchange between various surfaces and affects the 
surface heat balances. Values for this field must be between 0,0 and 1,0 (with 
1,0 representing “black body” conditions); 

 Absorptance Solar represents the fraction of incident solar radiation that is ab-
sorbed by the material. Solar radiation includes the visible spectrum as well as 
infrared and ultraviolet wavelengths. This parameter is used when calculating 
the amount of incident solar radiation absorbed by various surfaces and affects 
the surface heat balances. Values for this field must be between 0,0 and 1,0. 

 Absorptance Visible represents the fraction of incident visible wavelength radia-
tion that is absorbed by the material. Visible wavelength radiation is slightly 
different than solar radiation in that the visible band of wavelengths is much 
more narrow while solar radiation includes the visible spectrum as well as infra-
red and ultraviolet wavelengths. This parameter is used when calculating the 
amount of incident visible radiation absorbed by various surfaces and affects the 
surface heat balances as well as the daylighting calculations. Values for this 
field must be between 0,0 and 1,0. 

7.3.4 Construction of the model - Glazing 
In both the cases analyzed, the single window and the glazed-wall, the window is 
always double glazed with a 12 mm air cavity. Simulations were carried on with 5 
commercial Pilkington products and 11 different thermochromic glazing6. 
 
7.3.4.1 Pilkington glazing 
In this section the Pilkington glasses’ properties will be discussed to have a better 
idea of their behaviour through the spectrum towards the visible light and the IR ra-

                                                 
6 Thermochromic glasses were produced within different researches at the Christopher Ingold Laborato-
ries – Chemistry Department – University College London (UCL) – London. 
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diation. That is quite useful to understand the differences between commercial glaz-
ing and glass with a thermochromic coating. The five Pilkington glasses analyzed 
here and used to carry on the simulations, are static glasses, that is to say that they 
do not change their optical properties from the 
cold state to the hot one. This is, maybe, the 
biggest difference between commercial products 
and thermochromic glazing.  
As previously said, the window in the model is 
always double glazed. In the table below the 
different glazing configurations are shown for 
the Pilkington glazed window.  
The outer pane is always the coated glass, with 
the coating positioned in surface 2, with the ex-
ception of the K Glass™ that must be put in sur-
face 3, as suggested by the company itself. 

Fig. 7.16  
Window surfaces. 

 
Tab. 7.2 Pilkington glazing configurations 

Case Outer pane Cavity Inner pane 
1 Optifloat™ Clear 4 mm (SiO2 coated) 12 mm Optifloat™ Clear 4 mm (SiO2 coated) 
2 Optifloat™ Clear 4 mm (SiO2 coated) 12 mm K Glass™ 4 mm  
3 Suncool™ Brilliant 66\33 4 mm 12 mm Optifloat™ Clear 4 mm (SiO2 coated) 
4 Arctic Blue™ 4 mm 12 mm Optifloat™ Clear 4 mm (SiO2 coated) 
5 Activ™ Blue 4 mm 12 mm Optifloat™ Clear 4 mm (SiO2 coated) 

 
In the image below the Pilkington products main properties are shown as they were 
edited in Energy Plus™ - IDF Editor. 

We are going to analyze the typical spectra7 of the different glazing by Pilkington to 
understand their differences in properties and behaviour.  

Fig. 7.17  
Pilkington products 
properties from EP – 
IDF Editor1.                                                  

7 www.pilkington.com 



Energy modelling performance 260 

Optifloat™ Clear (SiO2 coated) is the pane glass used for the previous depositions 
and has been discussed previously. Transmittance is very high through all the wave-
length, especially in the visible part of the spectrum while the Reflectance is quite 
low (< 10%) (Fig. 7.18). 
K Glass™ is a low emissivity coated glass. It has a so-called low emissivity coat-
ing which is positioned on surface 3 (counting from the outside) of the Insulating 
Glass Unit (IGU).  This coating reflects heat back into the room whilst also letting 
in free heat from the sun known as passive solar gain. The glass in the windows ab-
sorbs heat then radiates it again on the colder outside surface. The low emissiv-
ity coating is a poor radiator of heat. So the heat absorbed by the coated glass does 
not travel across the air gap to the outer pane and the cold outside world. Instead the 
coating reflects the heat back into the room. Transmittance is quite high (> 80%) in 
the visible part of the spectrum, thus letting in light, while it lowers towards the IR 
part. Reflectance is about 10% in the visible and near IR part and it becomes higher 
in the far IR part reflecting over than 60% of the radiation (Fig. 7.19 top left). 
Suncool™ Brilliant is a solar control product with high visible light transmittance 
and low emissivity. It is an off-line product offering a very high level of thermal in-
sulation. It is suitable for any situation where excessive solar heat gain and heat loss 
are an issue, from building façades to large atria and glass linkways. It presents a 
high natural light transmission (80%) and very low total energy transmission provid-
ing an interior comfortable environment. Transmittance is quite high (> 80%) in the 
visible part of the spectrum, thus letting in light, while it lowers a lot towards the 
near IR part of the spectrum going to almost zero towards the far IR. Thus prevent-
ing lot of the heat gain entering the building through the window. Reflectance is 
about 5% in the visible light increasing very fast in the near IR part reflecting over 
than 100% of the far IR radiation (Fig. 7.19 top right). 
Arctic Blue™ is a body tinted float glass providing high daylight transmittance, 
good solar control and its blue colour creates a comfortable interior without sacrific-
ing natural light. It has good solar and thermal performance with high visibility pro-
viding a crisp natural view from the interior. Transmittance is quite high (~ 80%) in 
the visible part of the spectrum, thus letting in light, while it lowers a lot towards the 
near IR part of the spectrum increasing again (~ 60%) towards the far IR. Reflec-
tance is very low, about 5% through all the spectrum (Fig. 7.19 bottom left). 
Activ Blue™ is a blue glass that combines self-cleaning properties with solar con-
trol performance. It uses daylight and rainwater to breakdown and wash away or-
ganic dirt from exterior surfaces. Its blue colour also helps keep internal tempera-
tures cool whilst still maintaining excellent light transmittance. Activ™ spectrum is 
basically equal to the Activ Blue™ one. Transmittance is quite high (~ 80%) and 
constant through the spectrum, recalling the Blank Glass behaviour. Reflectance is 
about 10% with a higher value in the first part of the visible range (Fig. 7.19 bottom 
right). 
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Fig. 7.18  
Transmittance and 
Reflectance of a 
Blank glass 

Fig. 7.19 a-d  
Transmittance and 
Reflectance of  
Top left: K-glass 
Top right: Suncool Br 
Bottom left: Arctic B. 
Bottom right: Activ 
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Below there are the main physical calculations of a Clear – Clear configuration8. 
 

 

                                                 
8 The software used to make these calculation is: Pilkington Spectrum. 
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Below there are the main physical calculations of a Clear – K Glass configuration. 
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Below there are the main physical calculations of a Suncool™ Brilliant - Clear con-
figuration. 
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Below there are the main physical calculations of an Arctic Blue™ - Clear configu-
ration. 
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Below there are the main physical calculations of an Activ Blue™ - Clear configura-
tion. 
 

 
 
 



Thermochromic coatings for architectural glazing  267 
 
7.3.4.2 Thermochromic glazing 
In this section the thermochromic glass properties will be briefly discussed to have a 
better idea of their behaviour through the spectrum towards the visible light and the 
IR radiation.  
To learn more about their physical and chemical properties refer to the previous sec-
tions.  
The thermochromic glasses, chosen to carry on the simulations, are listed in the ta-
ble below. All of them show a transmittance in the visible range over the 50% thus 
to have enough visible light entering the room. The samples’ switching temperatures 
are very different, varying from 34 °C to 62 °C, and depend on the physi-
cal\chemical properties of each film, as previously discussed. Samples listed as 
cases from 1 to 6 were produced and analysed in this work; the others, from 7 to11, 
were produced and analysed in a preceding study. 
 

Tab. 7.3 Thermochromic samples chosen to carry on the simulations 

Case Sample 
Cold transmittance 

% max 
Hot transmittance 

% max 
Switching temperature 

(Tc) °C 
1 MVOxAu2a 55,53 48,18 43 
2 MVOxAuT1c 66,64 50,90 40 
3 MVOxAuT2c 77,17 48,90 45,5 
4 MVOxT1b 60,97 50,55 38,5 
5 MVOxT3c 79,84 61,08 43,5 
6 MVOxT4a 52,78 53,83 34 
7 AAAP7b 69,28 58,89 56 
8 AAAP8 77,23 54,39 62 
9 VOx23 69,32 66,80 60 

10 VOx23a 77,83 73,36 59 
11 VOx26 64,31 63,16 62 

 
In order to carry on the 
simulations the software Energy 
Plus requires some glasses’ 
parameters listed in the picture on 
the left and the values of the 
spectrum in a range from 300 nm 
(visible light) to 2500 nm (IR). 
All the parameters had been 
calculated by means of the 
software “Window” by Dr. 
Russell Binions. The front side 
hemispherical emissivities were 
measured both in the hot and cold 
state with help from Dr. Troy 

Fig. 7.20  
Glasses Values re-
quired to perform 
simulations. 
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Manning from the Pilkington Technology Centre in Lathom (UK).  
In the next table, the emissivity values are reported. The back emissivity was as-
sumed to be equal to a glass with nothing deposited on it, a clear one, and is 0,837. 
 

Tab. 7.4 Thermochromic samples’ emissivity in both hot and cold state 

Case Sample 
Front side emissivity 

Cold state 
Front side emissivity 

Hot state 
1 MVOxAu2a 0,800 0,752 
2 MVOxAuT1c 0,829 0,779 
3 MVOxAuT2c 0,828 0,797 
4 MVOxT1b 0,827 0,789 
5 MVOxT3c 0,828 0,801 
6 MVOxT4a 0,829 0,793 
7 AAAP7b 0,825 0,795 
8 AAAP8 0,824 0,798 
9 VOx23 0,829 0,793 

10 VOx23a 0,825 0,795 
11 VOx26 0,829 0,790 

 
As previously said, the window in the model is always double glazed. The outer 
pane is always the coated thermochromic glass, with the coating positioned on sur-
face 2. All the glasses are 4 mm thick.  
In the next table the different glazing configurations are shown. 
 

Tab. 7.5 Thermochromic glazing configurations 
Case Outer pane Cavity Inner pane 

1 MVOxAu2a 12 mm Blank glass 
2 MVOxAuT1c 12 mm Blank glass 
3 MVOxAuT2c 12 mm Blank glass 
4 MVOxT1b 12 mm Blank glass 
5 MVOxT3c 12 mm Blank glass 
6 MVOxT4a 12 mm Blank glass 
7 AAAP7b 12 mm Blank glass 
8 AAAP8 12 mm Blank glass 
9 VOx23 12 mm Blank glass 

10 VOx23a 12 mm Blank glass 
11 VOx26 12 mm Blank glass 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the next page, the cases 7 to 11 thermochromic samples’ spectra are shown9 to 
understand better their optical properties.. 

                                                 
9 For samples 1 – 6 spectra refer to the previous chapters. 
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 Fig. 7.21 a-e  

 Transmittance and 
Reflectance spectrum 
of 7-11 thermo-
chromics. 

 
 
 
 

 
7.3.5 Construction of the model - Internal conditions 
In order to run the software it is necessary to set the internal conditions of the model 
such as lighting, electrical equipment, air flow rate, etc.. The building is supposed to 
be located in the suburbs, the ground temperatures are taken to be 18 °C throughout 
the year, as it remains constant after a small depth. The internal conditions were 
chosen to be air-conditioned between 19 – 26 °C to maintain the interior environ-
ment in a comfortable range. 
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7.3.5.1 Light 
The required illuminance level in a general office-building is 500 lux. Using com-
mercial lamps we need for a room in a commercial building about 400 W lighting 
load to have a comfortable illuminance level. The lights are fully dimmable: lower-
ing their output when there is an adequate illuminance from the sun, in order to save 
energy. It is considered that they can be dimmed in the whole range from 0 to 100%. 
The software control is automatic and zoned. The illuminance measure is based on 
to two reference points controlling half of the luminaries each: both the points are 
located on the working plane to insure a good illuminance level on it. The program 
calculates a daylight illuminance grid on the working plane height for every hour in 
each day of the year that there is natural light.  
 
7.3.5.2 Casual gain 
The equipment found inside an office room is assumed to be a personal computer 
per person, a fax machine and a desktop laser printer. The room is supposed to have 
2÷3 persons working. The total heat gain (persons + equipment) is supposed to be 
500 W in total. 
 
7.3.5.3 Ventilation rate 
The infiltration rate (ir) is set to one air change per hour (ach). The volume of the 
room is: 

V = 5 x 6 x 3 m = 90 m3     (eq. 7.1) 
 

ir = V x ach = 90 m3 x 1 h-1 =90 m3 / 3600 sec = 0,025 m3/s (eq. 7.2) 
 
7.3.6  Run period 
The run period for every simulation is one year; the time step for the calculation 
procedure is a quarter of an hour. 
 
7.3.7 Schedules 
The occupancy of the place is supposed to be from 8:00 till 18:00, five days a week, 
as it usually is for an office. The weather files of the places used to carry on simula-
tions have been built in the national holidays of the respective countries in order to 
be as close to reality as possible. All the internal conditions such as lighting, equip-
ment, heating an cooling, etc. follow the occupancy schedule, as these things operate 
only if people are present in the building. 
 
7.4 Running Energy Plus 
After feeding all the data into the program – Edit IDF Editor – we start simulating 
every case. The results are presented for each hour, day by day, for the whole year, 
that’s to say 8760 hours for every aspect monitored. All the results are written in an 
Excel spreadsheet. 
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More particularly, the results given are: 
 Environment: outdoor dry bulb temperature (°C); 
 Environment: interior mean air temperature (°C); 
 Window: solar gain on the window’s surface (W/m2); 
 Window: surface outside temperature (°C); 
 Lighting electric power (W); 
 Heating electric power (W); 
 Cooling electric power (W). 
Simulations carried on with the thermochromic glazing present a quite complicated 
procedure since it must be considered their switching behaviour through the cold 
and hot state depending on the glass surface temperature. The software deals with 
every glazing (or material in general) as having two different building elements. The 
first one is the window with the spectral characteristics of the thermochromic glass 
in the cold state while the second one is the window with the spectral characteristics 
of the glass in the hot state. The first one is the default glass and the second one re-
place the first as a certain condition is met. The software has some built in function 
to control the substitution automatically. These function are based on: 
 Schedules; 
 Solar gain on the window; 
 Horizontal incoming radiation; 
 Outside air temperature; 
 Inside air temperature; 
 Glare; 
 Daylight illuminance; 
 Controllers on the night time; 
 Etc.. 

Unfortunately, the thermochromic 
glasses’ switching mechanism is 
controlled by the surface 
temperature of the glass pane and 
there is no built-in function in the 
program to control this factor. To 
surpass the problem it was found a 
relationship between the surface 
window temperature and the solar 
heat gain for each glass and for 
each weather condition (city) 
doing the following: we run the 

simulation having the glass in the cold state for the whole year, as a result we had, 
within the others, the glass surface temperature and the solar heat gain on the win-
dow. The values were related in a graph, as can be seen in the picture fig. 7.22 for 
the sample MVOxAu2a in the city of Palermo. 

Fig. 7.22  
Relationship between 
the glass surface 
temperature and the 
solar heat gain on it. 
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Then Excel was used to calculate the trend-line (in red in the image above) and to 
display the equation on the chart. Knowing what value the switching temperature 
(Tc) is and replacing it in the equation - as y value – we obtain the solar heat gain on 
the window that is necessary to make the thermochromic glass reach the transition 
temperature Tc and, thus, switching into the hot state. 
This procedure had been run for every glass in each city (weather conditions) for 
both the models.    
 

Tab. 7.6 Surface incident solar energy for the 25% glazing model 
Surface Incident Solar Energy [W/m2] 

Case Sample 
Tc 
[°C] Cairo Palermo Roma Milano Paris London Moscow Helsinki 

1 MVOxAu2a 43 598 683 710 670 736 789 755 812 
2 MVOxAuT1c 40 569 664 696 660 728 785 756 809 
3 MVOxAuT2c 45,5 769 878 886 816 895 964 908 971 
4 MVOxT1b 38,5 563 664 697 662 730 791 761 817 
5 MVOxT3c 43,5 755 876 888 817 899 973 917 977 
6 MVOxT4a 34 392 479 529 524 580 631 623 672 
7 AAAP7b 56 1330 1503 1438 1254 1373 1487 1345 1423 
8 AAAP8 62 1756 1985 1845 1562 1715 1868 1653 1737 
9 VOx23 60 1600 1808 1697 1455 1594 1733 1543 1630 
10 VOx23a 59 1410 1584 1510 1315 1437 1553 1402 1485 
11 VOx26 62 1344 1489 1434 1260 1377 1478 1342 1422 

 
Tab. 7.7 Surface incident solar energy for the 100% glazing model 

Surface Incident Solar Energy [W/m2] 
Case Sample 

Tc 
[°C] Cairo Palermo Roma Milano Paris London Moscow Helsinki 

1 MVOxAu2a 43 563 649 680 647 712 761 732 782 
2 MVOxAuT1c 40 528 624 661 633 699 752 727 774 
3 MVOxAuT2c 45,5 722 831 847 787 863 927 874 929 
4 MVOxT1b 38,5 522 622 661 636 702 759 733 781 
5 MVOxT3c 43,5 694 813 833 777 856 925 873 925 
6 MVOxT4a 34 355 441 496 500 556 603 600 642 
7 AAAP7b 56 1258 1429 1374 1205 1315 1421 1289 1355 
8 AAAP8 62 1641 1870 1749 1496 1626 1771 1570 1638 
9 VOx23 60 1494 1702 1608 1388 1512 1644 1470 1534 
10 VOx23a 59 1327 1504 1442 1262 1372 1484 1341 1407 
11 VOx26 62 1271 1419 1373 1213 1320 1414 1288 1356 

 
The so-calculated solar heat gain value was input in Energy Plus to control the sub-
stitution between cold and hot state glasses, as can be seen in the image in the next 
page. 
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Fig. 7.23  
Energy Plus – IDF 
Editor - Shading con-
trol. 

 
7.5 Results 
In the following pages some results are shown and discussed. The energy consump-
tion for heating, cooling and lighting are always expressed in KW\year in order to 
compare the values in a more comprehensible way. It must be stressed out that the 
results are not completely representative of reality. Both the models are planned in a 
way that it is not possible to have a building suitable for almost all the climates and 
to enable the simulations to proceed faster. It is easily understandable that the model 
does not perform in the same way in all the climatic conditions. 

Fig. 7.24 
Annual energy con-
sumption for heating 
and cooling in the 
model with no win-
dows. 
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For instance, in very cold, or very hot cities the insulation layer must be thicker than 
what had been planned (5 cm) and in each country there are different constructive 
technologies that deal better with the exterior conditions and building materials 
available in loco. This fact leads to different behaviours of the same model in the 
different climate conditions. A building model, analogous to the previously ones 
discussed, was modelled with no windows. The simulations were run through all the 
weather conditions to understand the amount of electric energy consumed by the 
building for heating and cooling and which climate is this model more suitable for. 
The results are shown in the following graph. The lighting energy consumption re-
sulted 1.144KW/year in all the cities. An equal amount is quite obvious since the use 
of interior lights depends on the built environment and not on the exterior environ-
ment. As it can be seen, the model performs in a very different way from one city to 
another, that is to say from one weather condition to another. The percentage con-
sumption for both heating or cooling depends on the exterior conditions and how the 
building materials work. For instance, in the coldest cities – Moscow and Helsinki – 
the model perform in the worst way consuming an amazingly high amount of energy 
in heating; in the hottest city – Cairo -  there is a big amount of consumption for 
cooling. These conditions were almost expected and could have been solved using 
different building materials and architectural solutions.  
In the graph below, the percentage consumption of energy for heating and cooling is 
shown for each city. It demonstrates that the model works as expected with an in-
creasing energy consumption for heating towards the cold climate (towards the 
right) and, on the contrary, an increasing amount of energy for cooling towards the 
hot climate (towards the left). 

Fig. 7.25 
Percentage consump-
tion for heating and 
cooling in the model. 
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From the moment that the building model performs in such different ways, we lead 
to the conclusion that the only way to compare the different glazing behaviour is 
analysing the total energy consumption of the building with the different glazing 
(thermochromic or by Pilkington) relating their performance to the same model in 
the same climate with a clear – clear window.  
Another methodology applied was comparing the percentage improve-
ment\worsening in energy consumption to the clear glazing, which was assumed as a 
base-line, in order to analyse the results for the different climates. 
 
7.5.1 Number of hours in the hot state 
The first analysis we want to do is the number of hours annually the thermochromic 
samples are in the hot state where they become more reflective and less transmissive 
in the IR range of the spectrum. As discussed in the previous chapters, thermochro-
mic coatings change their chemical/physical properties at a critical temperature (Tc) 
undergoing a semi-conductor to metal transition. At temperatures above Tc the coat-
ing reflects the IR portion of solar energy but not the visible one. At temperatures 
below Tc the material is transparent in both the IR and visible part of the spectrum, 
thus allowing solar radiation to pass through the window, maximizing the heating 
effect of sunlight. 
The coating temperature depends on some factors such as the environment tempera-
ture, the incoming solar radiation, the material’s absorbance factor, etc.. If the sur-
face temperature exceeds the switching temperature of the coating, it switches to the 
hot state. On the contrary, if it is below the Tc the glass switches in the cold state 
again. 
 
In the table below the number of hours in the hot state are summarized for each 
sample. 
 

Tab. 7.8 (a) Hours/year in the hot state 

Cairo Palermo Roma Milano 
Case Sample 

Tc 
[°C] 25% 100% 25% 100% 25% 100% 25% 100% 

1 MVOxAu2a 43 558 696 342 450 176 271 265 335 
2 MVOxAuT1c 40 742 912 440 546 259 359 329 415 
3 MVOxAuT2c 45,5 120 214 20 75 4 18 15 44 
4 MVOxT1b 38,5 815 998 469 570 288 384 345 422 
5 MVOxT3c 43,5 168 297 27 109 9 33 21 73 
6 MVOxT4a 34 1915 2131 1289 1445 973 1122 855 955 
7 AAAP7b 56 0 0 0 0 0 0 0 0 
8 AAAP8 62 0 0 0 0 0 0 0 0 
9 VOx23 60 0 0 0 0 0 0 0 0 

10 VOx23a 59 0 0 0 0 0 0 0 0 
11 VOx26 62 0 0 0 0 0 0 0 0 
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Tab. 7.8 (b) Hours/year in the hot state 

Paris London Moscow Helsinki 
Case Sample 

Tc 
[°C] 25% 100% 25% 100% 25% 100% 25% 100% 

1 MVOxAu2a 43 92 116 52 82 90 114 45 59 
2 MVOxAuT1c 40 108 158 74 112 109 143 52 81 
3 MVOxAuT2c 45,5 2 5 0 4 2 13 0 0 
4 MVOxT1b 38,5 112 162 78 115 116 146 56 86 
5 MVOxT3c 43,5 2 9 0 5 3 20 0 2 
6 MVOxT4a 34 418 475 323 374 386 443 253 295 
7 AAAP7b 56 0 0 0 0 0 0 0 0 
8 AAAP8 62 0 0 0 0 0 0 0 0 
9 VOx23 60 0 0 0 0 0 0 0 0 

10 VOx23a 59 0 0 0 0 0 0 0 0 
11 VOx26 62 0 0 0 0 0 0 0 0 
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Fig. 7.26  Hours in the hot state 

in the 25 % to wall 
window. 
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As expected, the sample with the lowest switching temperature, MVOxT4a – 34 °C, 
has the greatest number of hours in the hot state. It is followed respectively by the 
others with a higher Tc. MVOxT1b (38,5 °C) than MVOxAuT1c (40 °C) and so on. 
For all the samples, the number of hot state hours in each city mostly depends on the 
climate conditions. In the hottest cities a warmer climate in combination with the 
more intense and frequent solar radiation rise the surface temperature of the samples 
above their Tc more often than in the cold climates. As a consequence, in  the hottest 
cities the glasses are in their hot state more often than in the colder cities. Moreover 
we can notice that the number of hours in the hot state increases as the surface area 
of the window increases. An interested fact is that the last 5 samples never switch to 
the hot state because of their high switching temperature, even though they show a 
good behaviour in terms of consumption, as it will be discussed in the next para-
graphs. 
 
7.5.2 Annual heating and cooling loads 
In this section we are going to look at the heating and cooling loads for the whole 
year. Each glazing performs in a very different way through the different cities. The 
results are expressed both in KW per year and in % to the clear - clear window to 
make some useful comparison. 
First of all we are going to look at the energy loads for heating and cooling through 
all the cities to have a general idea of the behaviour of the thermochromic glasses in 
comparison to the commercial ones.  
As a general trend, it can be seen that in the coldest cities, Moscow and Helsinki, the 
energy consumption is much higher than the other cities. This fact is probably due to 
the model behaviour in general that, as discussed in the previous paragraph, is not 
suitable in an architectural-engineering way and so it consumes more in some cli-
mate conditions than in the colder ones. 
Another point is that in the 100% glazing to wall model consumes more in terms of 
KW per year than the ones in the single 25% window model. However, if we look at 
the improvement % to the clear – clear window we have a much better behaviour 
than the 25% window. Again, this is because of the exterior wall that disperses a lot 
of energy through its surface as, previously said, it is not well insulated against some 
kind of weather conditions. 
Anyway it can be easily noticed that, in general, thermochromic glazing performs 
better than the commercial products that have been analyzed in this work, especially 
in hot climate conditions.  
The only one perplexity is on the K-Glass whose behaviour is not what had been ex-
pected, especially in some kind of climates like that for London. 
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As it can be seen in the last two graphs in figure 7.28, the improvement % to Blank 
(Clear – Clear window) is shown for both the models, 25% and 100% window to 
wall area. The Blank window is supposed to have an improvement equal to 0% as it 
is our base line. These two images show that all the glazing analyzed show a very 
good behaviour saving a lot of energy in comparison to a window with non-coated 
glasses. As previously told, the only perplexity is over the K-Glass behaviour which 
is negative10 in the 100% glazing model through all the cities but the coldest, Mos-
cow and Helsinki.  

Fig. 7.28 a-d  
(prev. pg) 
Energy consumption 
in one year for the 
25%  (A) and 100%  
(B) window model. 
Improvement % to 
Blank for the 25% 
(C) and 100% (D) 
window model. 

A very interesting fact is that all the thermochromic samples behave better than the 
glasses produced by Pilkington. In the 25% glazing model the thermochromic’s 
maximum improvement is 26,8% (MVOxT1b in Palermo) against a 19,9 % of the 
Pilkington’s (Arctic Blue in Palermo). In the 100% glazing model the thermochro-
mic’s maximum improvement is 44,2% (MVOxT1b in Roma) against a 31,9% of 
the Pilkington’s (Arctic Blue in Roma). 
 

Tab. 7.9 Improvement % to Blank in the 25% window to wall model 
Cairo Palermo Roma Milano Paris London Moscow Helsinki 

Glass 
% % % % % % % % 

MVOxAu2a 17,37 25,29 22,77 9,98 7,69 3,33 1,36 2,99 
MVOxAuT1c 15,35 22,54 20,76 9,10 7,18 3,61 1,39 3,01 
MVOxAuT2c 16,61 24,20 22,05 9,68 7,59 3,62 1,43 3,01 

MVOxT1b 18,69 26,83 23,80 10,48 7,93 3,38 1,32 2,88 
MVOxT3c 11,18 16,67 15,88 6,98 5,77 3,46 1,32 2,78 
MVOxT4a 17,05 24,82 22,49 9,79 7,55 3,61 1,36 2,95 
AAAP7b 17,56 25,35 22,89 10,28 8,02 3,88 1,56 3,08 
AAAP8 15,43 22,34 20,57 9,27 7,36 4,12 1,55 3,07 
VOx23 14,05 20,48 19,09 8,59 6,88 4,03 1,51 3,01 
VOx23a 15,65 22,76 20,97 9,32 7,37 3,99 1,51 3,05 
VOx26 13,75 20,27 18,95 8,35 6,68 3,75 1,41 2,98 
K-Glass 1,16 0,46 0,68 2,66 3,81 4,31 3,94 4,39 

Suncool Brilliant 9,04 14,25 14,73 8,45 8,03 6,78 3,74 5,38 
Arctic Blue 13,45 19,91 18,92 7,94 6,33 3,45 1,21 2,79 
Activ Blue 3,25 4,66 4,55 2,29 2,00 1,47 0,57 0,90 

N.B: in green the best performance between the thermochromic samples and the Pilkington’s,  
         in red the lowest. 

 
 
 

                                                 
10 A negative % behaviour means that the model consumes more energy than a model with the Clear-
Clear window. 
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Tab. 7.10 Improvement % to Blank in the 100% window to wall model. 

Cairo Palermo Roma Milano Paris London Moscow Helsinki 
Glass 

% % % % % % % % 

MVOxAu2a 31,92 39,89 42,88 32,94 34,99 39,55 18,77 26,23 

MVOxAuT1c 28,45 35,57 38,43 29,73 31,89 36,45 17,36 24,00 

MVOxAuT2c 30,53 38,00 40,84 31,58 33,62 38,21 18,22 25,14 

MVOxT1b 33,73 41,61 44,26 34,30 35,88 40,40 19,16 26,45 

MVOxT3c 20,87 25,99 28,31 22,40 24,34 28,30 13,39 18,46 

MVOxT4a 30,63 38,07 40,78 31,52 33,37 38,07 18,00 24,92 

AAAP7b 32,17 39,74 42,41 33,09 34,84 39,45 18,98 25,79 

AAAP8 27,80 34,21 36,62 29,03 30,70 35,15 16,95 22,73 

VOx23 25,31 31,21 33,55 26,67 28,37 32,68 15,72 21,11 

VOx23a 28,12 34,76 37,34 29,34 31,16 35,67 17,11 23,19 

VOx26 25,17 31,39 34,00 26,61 28,64 33,03 15,75 21,58 

K-Glass -0,31 -2,38 -3,25 -0,29 -1,10 -3,14 3,84 2,10 

Suncool Brilliant 13,24 17,96 20,40 17,45 20,90 24,09 13,29 18,71 

Arctic Blue 23,18 29,10 31,90 24,41 26,76 31,01 14,38 20,35 

Activ Blue 5,80 6,92 7,36 6,36 6,64 7,79 3,83 4,81 

In the following tables the energy consumption for heating and cooling in one year 
are shown for each sample and each city. 

Tab. 7.11 Annual energy consumption for heating and cooling in the 25% window to wall model 

Cairo Palermo Roma Milano Paris London Moscow Helsinki 
Glass 

KW KW KW KW KW KW KW KW 

MVOxAu2a 1420,74 1016,60 877,08 1309,53 991,14 814,13 2242,46 2003,81 

MVOxAuT1c 1455,46 1053,98 899,87 1322,40 996,62 811,80 2241,64 2003,49 

MVOxAuT2c 1433,76 1031,36 885,18 1313,94 992,22 811,71 2240,87 2003,37 

MVOxT1b 1398,03 995,55 865,34 1302,31 988,52 813,77 2243,35 2006,11 

MVOxT3c 1527,16 1133,88 955,34 1353,17 1011,76 813,09 2243,37 2008,26 

MVOxT4a 1426,16 1022,96 880,23 1312,33 992,61 811,77 2242,33 2004,63 

AAAP7b 1417,43 1015,74 875,73 1305,26 987,58 809,51 2237,85 2001,90 

AAAP8 1454,16 1056,74 902,00 1319,89 994,72 807,53 2237,94 2002,22 

VOx23 1477,74 1081,96 918,86 1329,74 999,81 808,22 2238,94 2003,40 

VOx23a 1450,27 1050,99 897,48 1319,11 994,55 808,56 2238,92 2002,67 

VOx26 1482,98 1084,81 920,38 1333,30 1001,97 810,60 2241,31 2004,13 

Clear 1719,39 1360,65 1135,64 1454,75 1073,70 842,20 2273,29 2065,58 

K-Glass 1699,42 1354,34 1127,86 1416,05 1032,76 805,92 2183,74 1974,98 

Suncool Brilliant 1563,96 1166,78 968,36 1331,81 987,48 785,08 2188,38 1954,40 

Arctic Blue 1488,11 1089,77 920,75 1339,23 1005,78 813,15 2245,78 2008,03 

Activ Blue 1663,50 1297,17 1084,01 1421,49 1052,18 829,85 2260,30 2046,98 
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Tab. 7.12 Annual energy consumption for heating and cooling in the 100% window to wall model 

Cairo Palermo Roma Milano Paris London Moscow Helsinki 
Glass 

KW KW KW KW KW KW KW KW 

MVOxAu2a 2494,66 2104,42 1797,38 2177,16 1662,14 1329,93 3083,55 2907,04 

MVOxAuT1c 2621,56 2255,73 1937,29 2281,19 1741,31 1398,16 3137,27 2995,03 

MVOxAuT2c 2545,38 2170,69 1861,50 2221,17 1696,99 1359,34 3104,61 2950,35 

MVOxT1b 2428,06 2044,16 1753,99 2133,02 1639,21 1311,20 3068,61 2898,66 

MVOxT3c 2899,20 2591,07 2255,91 2519,17 1934,29 1577,52 3287,68 3213,52 

MVOxT4a 2541,79 2168,19 1863,27 2223,31 1703,49 1362,53 3112,74 2958,67 

AAAP7b 2485,41 2109,55 1812,25 2172,08 1665,85 1332,20 3075,70 2924,71 

AAAP8 2645,27 2303,49 1994,31 2304,15 1771,75 1426,74 3152,62 3044,99 

VOx23 2736,65 2408,36 2090,83 2380,68 1831,36 1481,09 3199,49 3108,95 

VOx23a 2633,65 2283,92 1971,69 2294,12 1759,85 1415,26 3146,53 3027,17 

VOx26 2741,83 2402,22 2076,85 2382,70 1824,34 1473,45 3198,32 3090,45 

Clear 3664,05 3501,03 3146,59 3246,47 2556,58 2200,05 3796,11 3940,91 

K-Glass 3675,45 3584,25 3248,81 3255,73 2584,61 2269,09 3650,27 3858,24 

Suncool Brilliant 3178,95 2872,16 2504,71 2680,10 2022,24 1670,04 3291,52 3203,43 

Arctic Blue 2814,55 2482,34 2142,73 2453,87 1872,38 1517,73 3250,34 3138,79 

Activ Blue 3451,42 3258,78 2915,11 3039,99 2386,73 2028,68 3650,86 3751,22 

 
We are now going to analyze some results in a more detailed way for a couple of 
cities. More particularly we are going to look at Palermo and London’s results for 
the 100% wall to window model.  

Palermo - Energy consumption (Cooling + Heating)
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The two cities have very different climate conditions since Palermo has got a Medi-
terranean Climate while London a Moderate Marine West Coast Climate11, as a con-
sequence the models behaviour are quite different. Below, we can see the energy 
consumption for heating and cooling in the city of Palermo. 
 

 
 

 
 
 
 Fig. 7.29 
 Energy consumption 

for heating and cool-
ing in Palermo. 

 
 
 

                                                 
11 To learn more about climates refer to paragraph 7.3.2. 
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As it can be noticed the amount of energy used is almost correlated to cooling since 
the heating energy used is less than 5%. Below we are looking at the city of London. 

London - Energy consumption (Cooling + Heating)
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Fig. 7.30 
Energy consumption 
for heating and cool-

ing in London. 

 
 
In this case the situation is com-
pletely different, as it can be easily 
noticed. The energy consumption is 
smaller than in Palermo.  
Is interesting to notice that in both 
the cases the thermochromic sam-
ples show a much better behaviour 
in comparison to the Pilkington 
products. Looking at the improve-
ment % to the Blank (Tab. 7.13) we 
notice that the improvements % are 
quite comparable.12 
 
Looking at the graphs in the next 
page, as other times had been told, 
there are some perplexities on the 
K Glass behaviour especially for 
the city of London where its im-
provement % should be maximum. 

Tab. 7.13 Annual energy consumption for heat-
ing and cooling in the 100% window to wall 

model - Improvement % to Blank 
Sample Palermo London 

MVOxAu2a 39,89129 39,54985 

MVOxAuT1c 35,56957 36,44845 

MVOxAuT2c 37,99854 38,21301 

MVOxT1b 41,61244 40,40111 

MVOxT3c 25,99107 28,29585 

MVOxT4a 38,06985 38,06826 

AAAP7b 39,74477 39,44686 

AAAP8 34,20526 35,1494 

VOx23 31,21 32,67902 

VOx23a 34,76439 35,67148 

VOx26 31,3851 33,0262 

K-Glass -2,37722 -3,13845 

Suncool Brill. 17,96231 24,09069 

Arctic Blue 29,09685 31,01392 

Activ Blue 6,919207 7,789026 

                                                 
12 Every calculation refers to the Blank’s behaviour in each city.  
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Palermo  - Improvement % (Cooling + Heating) to Blank
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Fig. 7.31 
Improvement % to 
Blank for heating and 
cooling in Palermo. 

London  - Improvement % (Cooling + Heating) to Blank
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Fig. 7.32 
Improvement % to 
Blank for heating and 
cooling in London. 

 
7.5.3 Artificial lighting loads 
The room model is divided into two zones that are controlled by the illuminance 
level of a reference point. If the illuminance drops below the set level of 500 lux, the 
artificial lights are switched on in order to provide the extra illuminance needed.  
The division into two zones, one close to the window and one closed to the opposite 
wall – the northern one – was made to deliver a better uniform illuminance to the 
interior space and to save energy switching on only half of the total illuminance. 
The first remark we can do is that the energy requirement is higher in the model with 
the 25% window since in the other model the lights are switched on for a shorter pe-
riod of time due to the bigger glazing area. Another point is that, generally, the en-
ergy requirement is less in the cities in a low latitude (Cairo, Palermo, etc.) due to a 
longer day-light period and solar gain on windows. 
Anyway, considering the Clear-Clear window as our base line, it is possible to no-
tice that the use of all the glazing (thermochromic or by Pilkington) lead to a bigger 
consumption of energy. This fact is probably due to a lower transmission and higher 
reflection of the visible light in comparison to a Blank glass.  
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Below, the yearly energy consumption for lighting only are shown. 

Room with 25% window
Energy lighting consumption in one year
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Palermo - Energy consumption for lighting

0

100

200

300

400

500

600

M
VO

xA
u2

a

M
VO

xA
uT

1c

M
VO

xA
uT

2c

M
VO

xT
1b

M
VO

xT
3c

M
VO

xT
4a

AA
AP

7b

AA
AP

8

VO
x2

3

VO
x2

3a

VO
x2

6

Bl
an

k 
G
la
ss

K-
G
la
ss

Su
nc

oo
l B

ril
lia

nt

Ar
ct
ic 

Bl
ue

Ac
tiv

 B
lu
e

K
W

\y
ea Single window

Glazing wall

London - Energy consumption for lightning
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Helsinki - Energy consumption for lighting
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Fig. 7.33 a-b 
Energy consumption 

for lighting in the 
25% (top) and 100% 

(bottom) window 
model. 

Fig. 7.34 a-b-c 
Energy consumption 

for lighting in the city 
of Palermo (top), 

London (centre), Hel-
sinki (bottom). 

 
Blue: 25% window; 
Purple: 100% win-

dow. 
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The three graphs in Fig. 7.34 show the energy consumption for lighting in the cities 
of Palermo, London and Helsinki. As previously said, the amount of energy used is 
bigger for cities located in higher latitudes and in the model with the 25% window. 
In the next page two tables show the KW consumption of energy through the differ-
ent cities for all the glazing.  
Unfortunately, the lighting energy consumption is the biggest amount of energy (be-
tween heating, cooling and lighting) used in all the models. As we will see in the 
next paragraph, this fact will bring to negative results, especially in the 25% win-
dow, as we will consider the whole energy amount required in the building. 
 

Tab. 7.14 Model with the 25% window - Energy consumption for lighting (KW\year) 
Glazing Cairo Palermo Roma Milano Paris London Moscow Helsinki 

MVOxAu2a 459,95 459,42 471,43 501,57 542,40 555,84 551,33 586,61 
MVOxAuT1c 440,51 438,77 451,11 481,58 523,58 536,80 532,52 567,02 
MVOxAuT2c 445,67 444,12 456,26 486,63 528,13 541,31 537,00 571,67 

MVOxT1b 437,44 435,78 448,33 478,87 521,26 534,55 530,27 564,71 
MVOxT3c 384,87 382,69 395,72 428,85 474,78 487,75 483,44 515,31 
MVOxT4a 413,94 411,57 424,69 456,15 500,39 513,64 509,49 542,81 
AAAP7b 449,47 448,02 460,07 490,38 531,58 544,77 540,43 575,24 
AAAP8 399,68 397,18 410,15 442,43 487,33 500,48 496,25 528,80 
VOx23 385,04 382,94 395,97 429,08 474,99 487,97 483,67 515,55 
VOx23a 400,51 397,99 410,96 443,19 488,03 501,19 496,97 529,55 
VOx26 402,60 400,06 413,00 445,13 489,81 502,98 498,77 531,45 
Clear 271,25 272,12 284,59 326,98 375,64 388,84 388,27 419,21 

K-Glass 291,94 292,44 305,08 345,30 394,28 407,06 404,95 435,47 
Suncool Brilliant 296,54 296,97 309,63 349,41 398,42 411,13 408,70 439,15 

Arctic Blue 349,30 348,63 361,43 397,33 445,25 457,54 453,50 483,77 
Activ Blue 292,53 293,02 305,72 345,89 394,94 407,70 405,57 436,08 

 
 

Tab. 7.15 (a) Model with the 100% window - Energy consumption for lighting (KW\year) 
Glazing Cairo Palermo Roma Milano Paris London Moscow Helsinki 

MVOxAu2a 201,41 206,44 218,46 274,99 319,31 335,95 337,09 384,57 
MVOxAuT1c 179,04 186,65 199,10 256,38 299,32 317,08 317,76 366,98 
MVOxAuT2c 183,99 191,03 203,37 260,58 303,79 321,28 322,01 370,90 

MVOxT1b 176,72 184,58 197,07 254,38 297,19 315,09 315,74 365,12 
MVOxT3c 133,32 147,42 160,56 215,13 256,49 277,47 277,90 329,31 
MVOxT4a 155,72 166,36 179,36 236,16 278,06 297,42 297,80 348,27 
AAAP7b 187,95 194,50 206,77 263,89 307,32 324,61 325,40 374,02 
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Tab. 7.15 (b) Model with the 100% window - Energy consumption for lighting (KW\year) 

AAAP8 143,71 156,14 169,22 225,01 266,62 286,82 287,19 338,18 
VOx23 133,48 147,56 160,70 215,29 256,66 277,63 278,05 329,46 
VOx23a 144,34 156,65 169,73 225,58 267,20 287,36 287,73 338,69 
VOx26 145,92 157,96 171,02 227,03 268,68 288,74 289,10 339,99 
Clear 86,94 103,31 115,39 157,91 193,62 217,18 221,99 274,86 

K-Glass 91,95 108,90 121,50 166,31 203,52 227,21 230,68 283,31 
Suncool Brilliant 93,23 110,28 122,99 168,34 205,85 229,53 232,72 285,30 

Arctic Blue 113,21 129,83 143,12 194,47 234,70 257,21 258,25 310,18 
Activ Blue 92,02 108,98 121,60 166,46 203,70 227,39 230,85 283,48 

 
7.5.4 Overall energy consumption Fig. 7.35 a-b 

Overall energy con-
sumption in the 25% 
(top) and 100% (bot-
tom) window model. 

It is interesting to look at the overall energy consumption for our building for all 
cases. This would be the sum of heating, cooling and artificial lighting energy re-
quired in the whole year. 
 

25% window - Annual energy consumption for heating, cooling and lighting

0

500

1000

1500

2000

2500

3000

M
VO

xA
u2

a

M
VO

xA
uT

1c

M
VO

xA
uT

2c

M
VO

xT
1b

M
VO

xT
3c

M
VO

xT
4a

AA
AP

7b

AA
AP

8

VO
x2

3

VO
x2

3a

VO
x2

6
Cl
ea

r

K-
G
la
ss

Su
nc

oo
l B

ril
lia

nt

Ar
cti

c 
Bl
ue

Ac
tiv

 B
lu
e

K
W

\y
ea

Cairo

Palermo

Roma

Milano

Paris

London

Moscow

Helsinki

100% window - Annual energy consumption for heating, cooling and lighting
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25% window - Improvement % to Blank (Lighting + Heating + Cooling) 
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100% window - Improvement % to Blank (Lighting + Heating + Cooling) 
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As it can be easily seen, the overall consumption of energy is bigger in the coldest 
cities. This fact was explained considering that the low average temperatures do not 
allow the thermochromic glazing to switch often into their hot state. Another expla-
nation had been discussed before working on the model behaviour. As a first point, 
we can say that usually thermochromic glazing works in a very good way in com-
parison to a Clear – Clear glazing or to the Pilkington products. The best behaviour 
is shown in the city of Palermo for the 25% window model and in the city of Roma 
for the 100% window model. It is relevant to notice that in the model with a 25% 
window our sample work in a good way only in hot cities while in cold ones they 
show a bad behaviour, meaning that the model consumes more than the one with the 
Blank glazing. The best performance is shown in the 100% window model through 
all the cities where the % improvement is always positive, meaning the models con-
sumes less than the same model with the Clear – Clear glazing. It is possible to say 
that the thermochromics would be a more favourable choice for large glazed areas. 
Large glazed surfaces, as the 100% window analyzed in this work, contribute to a 
greater percentage to the overall energy balance of the building, minimizing heat 
losses and controlling the incoming solar radiation. It is also interesting to notice 
that the last 5 samples (cases 7 – 11), even though they never switch in their hot 
state (par. 7.5.1) because of their high switching temperature Tc, they work as well 
in all the environmental conditions. This fact is easily explainable looking at their 
spectra: they show a high transmission in the visible part and high reflectance 
through the IR part. So we can say that they work as consequence of their optical 
properties and not of their smart properties. 

Fig. 7.36 a-b 
Improvement to 
Blank in the 25% 
(top) and 100% (bot-
tom) window model. 
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Tab. 7.16 Overall annual energy consumption in the 25% window to wall model 
Glass Cairo Palermo Roma Milano Paris London Moscow Helsinki 
MVOxAu2a 1880,69 1476,02 1348,51 1811,10 1533,55 1369,97 2793,79 2590,42 
MVOxAuT1c 1895,97 1492,75 1350,98 1803,98 1520,20 1348,60 2774,16 2570,51 
MVOxAuT2c 1879,43 1475,48 1341,44 1800,57 1520,35 1353,02 2777,88 2575,04 
MVOxT1b 1835,47 1431,34 1313,67 1781,18 1509,79 1348,32 2773,62 2570,83 
MVOxT3c 1912,03 1516,57 1351,06 1782,02 1486,53 1300,83 2726,82 2523,57 
MVOxT4a 1840,10 1434,54 1304,92 1768,47 1492,99 1325,41 2751,82 2547,44 
AAAP7b 1866,90 1463,76 1335,80 1795,65 1519,16 1354,28 2778,28 2577,14 
AAAP8 1853,84 1453,92 1312,15 1762,33 1482,05 1308,01 2734,20 2531,02 
VOx23 1862,78 1464,90 1314,83 1758,82 1474,80 1296,19 2722,60 2518,95 
VOx23a 1850,78 1448,99 1308,44 1762,30 1482,58 1309,75 2735,88 2532,22 
VOx26 1885,58 1484,87 1333,38 1778,42 1491,78 1313,58 2740,08 2535,58 
Clear 1990,64 1632,77 1420,23 1781,73 1449,34 1231,05 2661,56 2484,79 
K-Glass 1991,35 1646,77 1432,95 1761,35 1427,04 1212,98 2588,70 2410,45 
Suncool Brilliant 1860,50 1463,75 1278,00 1681,22 1385,91 1196,21 2597,08 2393,55 
Arctic Blue 1837,42 1438,40 1282,18 1736,56 1451,03 1270,70 2699,28 2491,81 
Activ Blue 1956,02 1590,19 1389,73 1767,38 1447,12 1237,55 2665,87 2483,07 

 
Tab. 7.17 Improvement % to Blank on overall energy consumption - 25% window to wall model 
Glass Cairo Palermo Roma Milano Paris London Moscow Helsinki 
MVOxAu2a 5,52 9,60 5,05 -1,65 -5,81 -11,28 -4,97 -4,25 
MVOxAuT1c 4,76 8,58 4,88 -1,25 -4,89 -9,55 -4,23 -3,45 
MVOxAuT2c 5,59 9,63 5,55 -1,06 -4,90 -9,91 -4,37 -3,63 
MVOxT1b 7,80 12,34 7,50 0,03 -4,17 -9,53 -4,21 -3,46 
MVOxT3c 3,95 7,12 4,87 -0,02 -2,57 -5,67 -2,45 -1,56 
MVOxT4a 7,56 12,14 8,12 0,74 -3,01 -7,67 -3,39 -2,52 
AAAP7b 6,22 10,35 5,94 -0,78 -4,82 -10,01 -4,39 -3,72 
AAAP8 6,87 10,95 7,61 1,09 -2,26 -6,25 -2,73 -1,86 
VOx23 6,42 10,28 7,42 1,29 -1,76 -5,29 -2,29 -1,37 
VOx23a 7,03 11,26 7,87 1,09 -2,29 -6,39 -2,79 -1,91 
VOx26 5,28 9,06 6,11 0,19 -2,93 -6,70 -2,95 -2,04 
Clear -0,04 -0,86 -0,90 1,14 1,54 1,47 2,74 2,99 
K-Glass 6,54 10,35 10,01 5,64 4,38 2,83 2,42 3,67 
Suncool Brilliant 7,70 11,90 9,72 2,54 -0,12 -3,22 -1,42 -0,28 
Arctic Blue 1,74 2,61 2,15 0,81 0,15 -0,53 -0,16 0,07 
Activ Blue 5,52 9,60 5,05 -1,65 -5,81 -11,28 -4,97 -4,25 
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Tab. 7.18 Overall annual energy consumption in the 100% window to wall model 
Glass Cairo Palermo Roma Milano Paris London Moscow Helsinki 
MVOxAu2a 2696,06 2310,86 2015,84 2452,15 1981,44 1665,88 3420,64 3291,61 
MVOxAuT1c 2800,60 2442,38 2136,39 2537,57 2040,63 1715,24 3455,03 3362,01 
MVOxAuT2c 2729,37 2361,72 2064,86 2481,75 2000,78 1680,62 3426,62 3321,25 
MVOxT1b 2604,78 2228,74 1951,06 2387,40 1936,40 1626,29 3384,36 3263,78 
MVOxT3c 3032,52 2738,49 2416,47 2734,30 2190,78 1855,00 3565,58 3542,84 
MVOxT4a 2697,51 2334,55 2042,63 2459,47 1981,55 1659,95 3410,54 3306,93 
AAAP7b 2673,35 2304,06 2019,02 2435,96 1973,17 1656,80 3401,10 3298,72 
AAAP8 2788,98 2459,63 2163,53 2529,16 2038,36 1713,56 3439,81 3383,16 
VOx23 2870,13 2555,92 2251,53 2595,97 2088,02 1758,72 3477,54 3438,41 
VOx23a 2777,99 2440,56 2141,42 2519,70 2027,05 1702,62 3434,26 3365,86 
VOx26 2887,76 2560,18 2247,87 2609,73 2093,01 1762,20 3487,42 3430,44 
Clear 3750,99 3604,34 3261,98 3404,38 2750,20 2417,23 4018,10 4215,77 
K-Glass 3767,40 3693,15 3370,31 3422,04 2788,13 2496,30 3880,95 4141,55 
Suncool Brilliant 3272,19 2982,44 2627,70 2848,44 2228,09 1899,57 3524,24 3488,72 
Arctic Blue 2927,75 2612,17 2285,85 2648,34 2107,07 1774,94 3508,59 3448,97 
Activ Blue 3543,44 3367,76 3036,71 3206,45 2590,43 2256,07 3881,71 4034,70 
 
Tab. 7.19 Improvement % to Blank on overall energy consumption-100% window to wall model 
Glass Cairo Palermo Roma Milano Paris London Moscow Helsinki 
MVOxAu2a 28,12 35,89 38,20 27,97 27,95 31,08 14,87 21,92 
MVOxAuT1c 25,34 32,24 34,51 25,46 25,80 29,04 14,01 20,25 
MVOxAuT2c 27,24 34,48 36,70 27,10 27,25 30,47 14,72 21,22 
MVOxT1b 30,56 38,16 40,19 29,87 29,59 32,72 15,77 22,58 
MVOxT3c 19,15 24,02 25,92 19,68 20,34 23,26 11,26 15,96 
MVOxT4a 28,09 35,23 37,38 27,76 27,95 31,33 15,12 21,56 
AAAP7b 28,73 36,08 38,10 28,45 28,25 31,46 15,36 21,75 
AAAP8 25,65 31,76 33,67 25,71 25,88 29,11 14,39 19,75 
VOx23 23,48 29,09 30,98 23,75 24,08 27,24 13,45 18,44 
VOx23a 25,94 32,29 34,35 25,99 26,29 29,56 14,53 20,16 
VOx26 23,01 28,97 31,09 23,34 23,90 27,10 13,21 18,63 
Clear -0,44 -2,46 -3,32 -0,52 -1,38 -3,27 3,41 1,76 
K-Glass 12,76 17,25 19,44 16,33 18,98 21,42 12,29 17,25 
Suncool Brilliant 21,95 27,53 29,92 22,21 23,38 26,57 12,68 18,19 
Arctic Blue 5,53 6,56 6,91 5,81 5,81 6,67 3,39 4,30 
Activ Blue 28,12 35,89 38,20 27,97 27,95 31,08 14,87 21,92 
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7.6 Potential of thermochromic glazing 
In the further paragraphs we are going to analyze the effect of switching temperature 
and infrared hemispherical emissivity on the thermochromic behaviour. We are go-
ing to run again the software Energy Plus by changing those parameters and looking 
at the effect they lead on the glazing behaviour. 
 
7.6.1 Switching temperature 
As previously discussed, thermochromic coatings are characterized by a switching 
temperature Tc. Above, or below, this parameter the coating alter its spectral attrib-
utes changing, as a consequence, its behaviour towards the radiation, both the visible 
and the IR.  
We are going to run some energy simulation varying the Tc value for three sample 
in two different cities: Palermo, as a hot city, and London, as a cold one. We are go-
ing to look into cases with 25% window to wall ratio only since these are more 
common. In order to compare all the value, the spectral characteristics of every sam-
ple will not be changed. This is not completely correct from a physical\chemical 
point of view as different switching temperatures derive from different coatings. The 
samples’ Tc and energy loads are summarized in the following table 7.20. The 
Clear-Clear window’s energy loads are reported for comparison reason. 
MVOxT1b was chosen because it showed the best performance in the previous 
analysis. The other two samples were chosen to look at glasses with gold nanoparti-
cles, the first, and just Vanadium (IV) dioxide, the last. 
 

Tab. 7.20 Thermochromic samples chosen for the analysis 
% improvement 

to Blank (%) 
Heating load 
(KW\year) 

Cooling load 
(KW\year) 

Lighting load 
(KW\year) Sample 

Actual Tc 
[°C] 

Palermo London Palermo London Palermo London Palermo London 
MVOxAu2a 43 9,6 -11,28 53,14 680,04 963,46 134,09 459,42 555,84 
MVOxT1b 38,5 12,34 -9,53 50,64 685,95 944,92 127,82 435,78 534,55 

VOx26 60 9,06 -6,7 44,53 644,50 1040,28 166,10 400,06 502,98 
Blank glass - - - 30,85 531,23 1329,80 310,97 272,12 388,84 

 

Looking at the Figure 7.37, it can be noticed that the increase of the Tc lead to 
higher consumption for all the three samples. On the contrary, a lower Tc lead to a 
decreasing consumption. This is quite expected since a higher Tc avoid the thermo-
chromic glazing to switch in their hot state as often as they usually would. The sam-
ple showing the greatest gain is VOx26. However, looking at the Fig. 7.38, it can be 
reported that the percentage improvement is very small: about 5 points % for 
VOx26, about 2 points % for MVOxAu2a and MVOxT1b. 
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Fig. 7.37 
Energy consumption 
in the 25% window 
model varying Tc in 
the city of Palermo. 

 
 

 

Fig. 7.38  

0

MVOxAu2a MVOxT1b VOx26

Improvement to 
Blank in the 25% 
window model vary-
ing Tc in the city of 
Palermo. 

 
 

Tab. 7.21 (a) Results varying the Tc for the city of Palermo. In green the real Tc 

Sample 
Tc 

(°C) 

Improvement 
% 

to Blank 

Heating 
load 

(KW\year) 

Cooling 
load 

(KW\year) 

Lighting 
load 

(KW\year) 

Total 
load 

(KW\year) 
60 9,442 53,221 964,847 460,531 1478,598 
50 9,443 53,218 964,847 460,517 1478,582 
43 9,600 53,139 963,464 459,416 1476,018 
40 9,816 53,140 960,701 458,644 1472,485 
30 10,785 53,102 947,460 456,103 1456,664 

MVOxAu2a 

20 11,294 53,008 941,307 454,049 1448,365 
60 12,119 50,558 947,771 436,559 1434,888 
40 12,119 50,558 947,771 436,559 1434,888 
40 12,205 50,613 946,827 436,052 1433,493 

38.5 12,337 50,635 944,916 435,784 1431,336 
30 13,642 50,859 924,991 434,178 1410,028 

MVOxT1b 

20 14,455 50,973 912,916 432,854 1396,743 
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Tab. 7.21 (b) Results varying the Tc for the city of Palermo. In green the real Tc 

Sample 
Tc 

(°C) 

Improvement 
% 

to Blank 

Heating 
load 

(KW\year) 

Cooling 
load 

(KW\year) 

Lighting 
load 

(KW\year) 

Total 
load 

(KW\year) 
62 9,058 44,534 1040,279 400,056 1484,868 
55 9,058 44,534 1040,279 400,056 1484,868 
50 9,058 44,534 1040,279 400,056 1484,868 
40 9,208 44,547 1038,646 399,230 1482,424 
30 12,440 44,352 992,897 392,394 1429,643 

VOx26 

20 14,281 44,270 967,753 387,575 1399,598 
Blank - - 30,85 1329,80 272,12 1632,77 

 
 
In London we can report the same behaviour previously reported. The increase of 
the Tc lead to higher consumption while a lower Tc lead to a decreasing consump-
tion. This time the switch is quite smaller. This is probably due to the climate condi-
tions, a colder weather in general. However, the percentage improvement is: about 1 
point % for VOx26, less than 1 point % for MVOxT1b and MVOxAu2a. 
 
 

Tab. 7.22 (a) Results varying the Tc for the city of London 

Sample 
Tc 

(°C) 

Improvement 
% 

to Blank 

Heating 
load 

(KW\year) 

Cooling 
load 

(KW\year) 

Lighting 
load 

(KW\year) 

Total 
load 

(KW\year) 
60 -11,234 678,985 134,304 556,046 1369,335 
50 -11,234 678,985 134,304 556,046 1369,335 
43 -11,285 680,037 134,094 555,837 1369,967 
40 -11,290 681,014 133,443 555,574 1370,031 
30 -11,098 683,939 129,353 554,371 1367,662 
20 -11,005 686,945 126,653 552,947 1366,527 

MVOxAu2a 

15 -10,999 688,714 125,564 552,178 1366,455 
60 -9,435 684,422 128,112 534,661 1347,195 
40 -9,435 684,422 128,112 534,661 1347,195 
40 -9,477 684,987 128,107 534,619 1347,713 

38.5 -9,527 685,950 127,825 534,548 1348,323 
30 -9,387 690,454 122,266 533,883 1346,603 
20 -9,360 695,672 117,580 533,017 1346,269 

MVOxT1b 

15 -9,401 698,753 115,593 532,427 1346,774 
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Tab. 7.22 (b) Results varying the Tc for the city of London 

Sample 
Tc 

(°C) 
Improvement % 

to Blank 

Heating 
load 

(KW\year) 

Cooling 
load 

(KW\year) 

Lighting 
load 

(KW\year) 

Total 
load 

(KW\year) 
62 -6,704 644,499 166,099 502,981 1313,580 
55 -6,704 644,499 166,099 502,981 1313,580 
50 -6,704 644,499 166,099 502,981 1313,580 
40 -6,757 645,187 166,099 502,934 1314,221 
30 -6,160 652,793 153,461 500,624 1306,877 
20 -5,693 660,888 142,902 497,334 1301,124 

VOx26 

15 -5,572 665,771 138,847 495,018 1299,636 
Blank - - 531,23 310,975 388,841 1231,045 
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Energy consumption 
in the 25% window 
model varying Tc in 
the city of London. 
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7.6.2 Infrared hemispherical emissivity 
As previously discussed, all the glasses are characterized by a hemispherical emis-
sivity, e, which is the capacity of a material to radiate energy. We are going to run 
some energy simulations varying the emissivity values for three sample in two dif-
ferent cities, Palermo and London, as previously done with the switching tempera-
ture.  
In order to compare all the values, the other spectral characteristics of every sample 
will not be changed. Following are shown the results of such simulations. The 
glasses behaviour does not change varying the glass emissivity. This fact is quite 
strange as the emissivity indicates, in a certain way, the amount of energy crossing 
the glass and, consequently, leaving the building. A change in the building behav-
iour should be recorded, even it was very little. 
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Fig. 7.41 
Improvement to 
Blank in the 25% 
window model vary-
ing the emissivity in 
the city of Palermo. 

MVOxAu2a
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Fig. 7.42 MVOxT4a

Improvement to 
Blank in the 25% 

window model vary-
ing the Emissivity in 

the city of London. 
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To have a confirm of this result, another series of simulations were run for one sam-
ple only, MVOxT1b, keeping it in its cold state and hot state respectively, as it was a 
static glass. As it can be seen, this time a change in the building behaviour is re-
corded. The conclusion could be that the software Energy Plus can not succeed in 
recording the change in the behaviour as it switches from the cold state to the hot 
one and back. 
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window model vary-
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Fig. 7.44 
Improvement to 
Blank in the 25% 
window model vary-
ing the Emissivity in 
the city of London. 
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8. IDEAL THERMOCHROMIC SPECTRUM 
 
8.1 Introduction 
In this section we are going to analyse the “ideal thermochromic spectrum” in order 
to understand the limit of this technology. As it was done in the previous chapter, 
some new simulations were carried on by means of the software Energy Plus™. The 
model is the room with a whole glazing window (100% window to wall ratio) in the 
city of Palermo since it was found out that thermochromics work best if applied in 
hot climates and if the building has got large windows (look at the results of Chapter 
7). In this section, we are going to vary the thermochromic optical properties such as 
the transmittance and reflectance, both in the hot and cold states, over the IR range 
and the Visible range of the spectrum to understand how the ideal glazing behaviour 
changes. Furthermore, some comparisons with the Pilkington products will be made. 
To learn more about the model’s materials and configurations, as well as the soft-
ware Energy Plus™, refer to Chapter 7. 
 
8.2 Ideal thermochromic spectrum 
The ideal thermochromic spectrum was designed considering the appropriate per-
centage of transmittance and reflectance, in both hot and cold state, over the spec-
trum to make the glazing work and perform in the best way. As we know from the 
previous experiments and analysis on the real glasses produced in our laboratory, 
there are no changes between the hot and the cold states in the visible part of the 
spectrum (300 – 750 nm); while there should be a quite big shift (≈ 65 %) in the IR 
part (750 – 2500 nm). From this assumption we designed the following: 
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 Fig. 8.1  

Ideal cold transmis-
sion. 

 Ideal hot transmission
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2) Transmission in the hot state:   
l vis max (570 nm) = 65 % 

Fig. 8.2  IR transmission (800-2500 nm) = 15 % 
Ideal hot transmis-
sion.  

 

                                                 
1 l vis max = maximum value in the visible part of the spectrum. 
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 Ideal cold reflectance 
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3) Reflectance in the cold state:   
l vis max (570 nm) = 17 % 
l vis (750 nm) = 7 % R Cold

IR reflectance (800-2500 nm) = 12 % Fig. 8.3  
 Ideal cold reflec-

tance.  
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4) Reflectance in the hot state:   
l vis max (570 nm) = 17 % 
IR reflectance (800-2500 nm) = 77 % 

Fig. 8.4   
Ideal hot reflectance. 

 
 

The ideal spectrum designed in such a way should lead to the best thermochromic 
behaviour: while the glass is in its cold state – thus means during the cold season – 
the IR transmission is very high (80 %) and the IR reflectance is very low (12 %) to 
allow the thermal radiation – the IR – entering in the building. While the glass is in 
its hot state – thus means during the hot season – the IR transmission is quite low 
(15 %) and the IR reflectance is very high (77 %) thus preventing the thermal radia-
tion entering in the building and reflecting it outside. Over the visible range the 
transmission should be quite high in both the hot and cold states while the reflec-
tance should be quite low. The switch between the hot and cold transmission - d(T) 
- had been designed to be at least 65 % as well as the switch between the hot and 
cold reflection d(R).  
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Some energy modelling simulations were carried out to calculate the energy con-
sumption for heating, cooling and lighting in the 100 % window to wall ratio in the 
city of Palermo and to understand how the ideal thermochromic glass behaves in 
comparison to the commercial glazing produced by Pilkington. The simulations 
were carried out with the ideal thermochromic glazing’s switching temperature 
changing between 35°C to 20°C which is the minimum value physically reachable 
by our configuration. As previously done, the results are shown in terms of electrical 
energy [KW] per year consumed by the building for heating, cooling and lighting 
and in terms of improvement percentage to a Clear-Clear glazing configuration. 
Following, graphs concerning the energy consumption and the improvement per-
centage are shown for the d(T,R)=65% ideal thermochromic glass. 
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As it can be easily seen from the graphs in the previous page, the energy consump-
tion for heating, cooling and lighting in one year for our ideal glazing is lower than 
the standard Pilkington products. Moreover, it is interesting to notice that the transi-
tion temperature Tc influences a lot the glass behaviour, more particularly the lower 
the Tc the lower the energy consumption.  
The minimum sensible value of Tc is about 20 °C. This fact is due to the way the 
simulations are performed: to run them a relationship between the surface outside 
temperature (≈ coating temperature) and the solar gain on the glass surface (W/m2) 
is found out running a simulation where the glass never switches in its hot state.  
In the following image this relationship is shown. 

Fig. 8.8  
Relationship between 
the glazing surface 
external temperature 
and the incident solar 
energy. 

 
Then, Excel was used to calculate the trend-line (in red in the image above) and to 
display the equation on the chart. Setting the value we want the switching tempera-
ture (Tc) would be and replacing it in the equation - as y value – we obtain the solar 
heat gain on the window that is necessary to make the thermochromic glass reach 
the set transition temperature Tc and, thus, switch into its hot state. In this particular 
case: 
 

y = 0,0236 x + 20,52   (eq. 8.1) 
 

y = Tc; x = solar gain   (eq. 8.2; eq. 8.3) 
 

solar gain = (Tc – 20,52) / 0,0236  (eq. 8.4) 
 
The solar gain so calculated is set into Energy Plus™ to perform the complete simu-
lations (with the glazing switching into their hot state) but, as a mathemati-
cal/physical consequence, the minimum value settable is Tc = 20,52 °C ≈ 20 °C. 
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Tab 8.1 Relationship Tc – Solar gain for a d(T,R) = 65% 
ideal thermochromic coatings 

Tc [°C] Solar gain [W/m2] 
35 614 
30 402 
25 190 
20 The glass is always in its hot state 

 
In the tables below all the results in terms of energy consumption for lighting, heat-
ing, cooling – all expressed in KW/year - and the percentage improvements are 
summarized. 
 
 

Tab 8.2 Ideal thermochromic d(T,R) = 65% energy consumption [KW/year] 
Tc [°C] Heating Cooling Lighting 

35 20,58622424 2735,784692 132,9671273 
30 20,54815304 2126,511895 132,9671273 
25 20,80346232 1792,474174 132,9684553 
20 21,47525742 1645,176159 132,9758123 

 
 

Tab 8.3 Clear – Clear glazing energy consumption [KW/year] 
Tc [°C] Heating Cooling Lighting 
static 17,69894218 3483,326255 103,3138466 

 
 

Tab 8.4 Ideal thermochromic d(T,R) = 65% 
total energy consumption [KW/year] and improvement % to a Clear-Clear 
Tc [°C] H + C H + C (%) H + C + L H + C + L (%) 

35 2756,370917 21,26961 2889,338044 19,837229 
30 2147,060048 38,67339 2280,027175 36,742156 
25 1813,277636 48,20724 1946,246091 46,002691 
20 1666,651416 52,39533 1799,627228 50,070534 

 
An interesting consequence of these simulations is that we are able to create a chart 
where it can immediately be read that the energy consumption per m2 (Fig. 8.9) - or 
the improvement % (Fig. 8.10) - of a building with 100% window to wall ratio in the 
city of Palermo depending on the real transition temperature of the thermochromic 
film we are going to apply in that particular building, as it shown in the graphs be-
low. 
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What these graphs tell as, in this particular case,  is the following: 
1. the lower Tc, the lower energy consumption (or the higher improvement per-

centage) for heating, cooling and lighting (as we saw in the graphs 8.6 and 8.7); 
2. if we have a real thermochromic glazing with a switch of 65% between the hot 

and the cold transmission and between the hot and the cold reflection - d(T,R) = 
65% - and we know its transition temperature Tc, we can immediately know the 
energy consumption per m2 in our particular building. 

 
8.3 Varying d(T,R) through the IR region 
We are now going to run some simulations using ideal thermochromic spectra where 
the switch between the hot and the cold transmission and the hot and the cold reflec-
tion vary from 65% to 0% in the IR region only. Thus to understand which is the 
best switch in a thermochromic coating and what consequence this change leads to 
in terms of energy consumption in a building. 
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Tab. 8.5 Relationship between Tc and solar gain 
d(T;R) 

[%] 
Tc [°C] 

d(T;R) 
[%] 

Tc [°C] 
d(T;R) 

[%] 
T [°C] 

 35 30 25  35 30 25  30 25 20 
65 614 402 190 50 619 407 196 20 610 406 201 
60 615 404 192 45 621 409 197 10 617 411 205 
55 617 405 194 40 623 411 199 0 623 417 210 

N.B. for Tc=20°C the glass is always in its hot state 
 
In the following graphs some ideal spectra, where the optical properties in the visi-
ble region never change, are shown. 
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Fig. 8.11   Spectra varying hot 
and cold transmit-
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As previously done, we are going to show the results of the simulations where the 
energy consumption for heating, cooling and lighting are shown for each transition 
temperature. 
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Fig. 8.13 a-b Tab. 10.6 Ideal thermochromic coatings, total energy consumption [KW/year]  

for heating, cooling and lighting 
Heating + Cooling + Lighting 

d(T,R) 
35°C 30°C 25°C 20°C 

65 % 2889,338044 2280,027175 1946,246091 1799,627228 
60 % 2856,998372 2295,233408 1985,125311 1847,881305 
55 % 2829,147216 2308,43865 2023,879829 1896,341851 
50 % 2799,924401 2323,345758 2062,070385 1944,934191 
45 % 2770,309636 2337,096193 2098,865477 1993,554192 
40 % 2736,827971 2350,133511 2136,202526 2042,281572 
20 % 2564,142204 2380,961653 2277,967921 2237,924599 
10 % 2502,119968 2405,009614 2349,704865 2335,95565 
0 % 2434,428554 2425,620563 2420,513934 2434,071275 

Top: Energy con-
sumption for heating, 
cooling and lighting.  
Bottom: Improve-
ment percentage for 
heating, cooling and 
lighting. 
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Again, the energy consumption for all our ideal thermochromic glazing are lower 
than the one of the standard products by Pilkington. More particularly: 
1. the bigger switch between hot and cold transmission and hot and cold reflection 

– that is to say d(T,R) = 65% - the lower energy consumption or the maximum 
improvement percentage to a Clear-Clear configuration; 

2. in all the cases, the lower Tc (the white rectangles), the lower energy consump-
tion, the higher improvement percentage; 

3. in the case d(T,R) = 0% (the last on the right) the four energy consumptions 
calculated tend to be almost the same. This fact is explainable with the assump-
tion that the coating tends to become static rather than a dynamic one as it 
should be; 

4. the transition temperature Tc plays an important role in the thermochromics’ 
behaviour (30% improvement is recorded for the d(T,R) = 65% case from Tc = 
35°C to Tc = 20°C) while with the simulation run in the previous chapter on 
real thermochromic coatings it did affect for no more than 2 %. 

In the following pages we are going to look at some graphs to compare the ideal 
thermochromics only with the aim to understand more clearly what the differences 
are between the various ideal designed spectra: 

100% window - hrs in the hot state
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A consequence of the different transition temperatures is the different amount of 
hours in which the ideal thermochromic coatings switch in their hot state. As it can 
be seen above (fig. 8.14), for all the cases the lower transition temperature the bigger 
number of hours in the hot state, while there are almost no differences between the 
different d(T,R). The columns relative to the Tc = 20°C are not reported since, as 
previously discussed, the films are always in their hot state. 

Fig. 8.14 
Numbers of hour in a 
year the thermo-
chromics are in the 
hot state. 
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100% window - Annual energy consumption 
for heating, cooling and lighting
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In the images above, the total energy consumption for one year is reported. Looking 
at these graphs, it is more clear that moving toward d(T,R)=0% - on the left side of 
the graphs - the glass tend to become static since there is no switch between the hot 
state and the cold one. Once again, this is even more clear how important is the tran-
sition temperature in the whole thermochromic behaviour, the difference between 
20°C and 35°C is more than 30%, as previously said.  

Fig. 8.15 a-b 
Top: Annual energy 

consumption. 
Bottom: Improve-

ment %. 

Furthermore if we consider the glass as a static one – d(T,R) = 0 % - the energy im-
provement to a Clear-Clear configuration is more than 30 %. 
 
It is important to notice that the consumption for lighting does not influence the total 
amount since the improvement between the two opposite ideal spectra is 
0,003÷0,004 %, as shown in the following graph. 
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Fig. 8.16 Using the results achieved, it would be possible to draw a chart for each weather 

condition and for each window-to-wall-ratio where it can be read the energy con-
sumption per m2 (or the energy improvement to a Clear-Clear configuration) of an 
ideal thermochromic glazing depending on the switch between the hot and the cold 
transmittance and reflectance, d(T,R), and the transition temperature Tc.  

Percentage consump-
tion for lighting to a 
Clear-Clear configu-
ration. 

 
In this work the chart is drawn for the city of Palermo with a 100% window to wall 
ratio as the simulations had been performed with this settings only. The graphs in 
the next page show which is the best ideal thermochromic configuration: high 
d(T,R) and low Tc.  
It is interesting to notice that there are two singular points at 31,4°C and 31,85°C, 
depending on the d(T,R), where the energy consumptions tend to be almost the 
same as the glass is becoming more and more static reaching those values of Tc.  
Furthermore it can be easily noticed that all the analysis previously done are con-
firmed:  
1. the bigger switch between hot and cold transmission and reflection – that is to 

say d(T,R) = 65% - the lower energy consumption, the maximum improvement 
percentage to a Clear-Clear Pilkington configuration; 

2. the lower Tc the lower energy consumption, the higher improvement percent-
age, showing that the Tc plays an important role in the thermochromics’ behav-
iour; 

in the case d(T,R) = 0% the energy consumptions tend to be almost constant, as the 
coating tends to become a static film. 
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Palermo - 100% window - Energy consumption per m2
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8.4 Varying d(T) through the visible region Fig. 8.17 a-b 

Top: Thermochromic 
energy consumption 

chart. 

We are now going to run some simulations using the ideal thermochromic spectra 
where the transmittance through the visible range varies. More particularly, lvis 
max = 65 % and its position varies from 570 nm to 470 nm leading to a change in 
the film visible transmission as well as its colour from red/orange to blue/violet.  

Bottom: Ideal ther-
mochromic energy 

improvement chart. 
The switch between the hot and the cold transmission and the hot and the cold re-
flectance is constant through the IR range, d(T,R) = 65%, since the simulations with 
this setting lead to the best results2.  
In the following graphs the two border ideal thermochromic spectra, where the opti-
cal properties in the visible region change, are shown. 

                                                 
2 Refer to paragraph 8.3 “Varying d(T,R) through the IR region”. 
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Fig. 8.18 
Spectrum with lvis 
max at 570 nm. 

Fig. 8.19 
Spectrum with lvis 
max at 470 nm. 
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Tab. 10.7 Visible spectrum range. 
Color Wavelength [nm] 
Violet 380 – 450 
Blue 450 – 495 

Green 495 – 570 
Yellow 570 - 590 
Orange 590 - 620 

Red 620 - 750 

 Fig. 8.20 
The simulations were carried out 
considering a fixed Tc = 25 °C, 
as it was considered an accept-
able value for a thermochromic 
glazing for architectural applica-
tions. 

Enlargement of the 
visible range of the 
two border thermo-
chromic spectra, with 
the graphical indica-
tion of the lvis max 
shift and the colours 
range.  
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Tab. 8.8 Solar gain on the window external surface necessary 
to make the coatings change into their hot state 
lvis max [nm] Surface solar gain [W/m2] 

470 194,69 
480 194,74 
490 194,78 
500 194,06 
510 194,15 
520 193,49 
530 192,81 
540 193,07 
550 191,67 
560 191,11 
570 189,83 

 

l vis max - Surface Ext Solar Incident[W/m2]
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Fig. 8.21 
Relationship between 

the external solar 
gain and the lvis 

max. 

Following, it is possible to see the energy consumption in one year. It is important to 
notice that all the spectra analysed perform better than the Pilkington standard prod-
ucts. 
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Energy consumption 
in one year for heat-
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The total energy consumption value (≈ 2000 KW/year) is almost equal to the previ-
ous simulation carried out with the spectrum d(T,R) = 65% where there was no 
change in the visible range of the spectrum. This fact means that a shift in the visible 
part of the spectrum does not influence the total glazing behaviour in a sensible way.  
 
Looking at the enlargements below, it is possible to notice that the better configura-
tion is lvis max = 570 nm with a 46% improvement since it shows the lowest en-
ergy consumption per year. Anyway, the difference between the two opposite con-
figuration is about 1,5 % which is almost negligible. 
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Fig. 8.23  
Detailed energy con-
sumption in one year 
for heating, cooling 
and lighting. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8.24  
Improvement % for 
heating, cooling and 
lighting. 

 
 
 
 
The lighting energy consumption is a bit bigger than what had been recorded in the 
previous simulations, as it can be seen in the graphs below. Again, we notice that the 
better configuration is close to lvis max = 570 nm, more particularly the best value 

is lvis max = 560 nm. The difference between the two opposite configurations is 
about 8 %. 
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100% window - Energy lighting consumption in one year
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Fig. 8.25 
Detailed energy con-
sumption in one year 

for lighting in the city 
of Palermo. 
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Fig. 8.26 
Improvement % for 

lighting in the city of 
Palermo. 

The last thing we want to look at is the number of hours in which these ideal ther-
mochromic coatings switch into their hot state. 
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As it can be seen in the previous graph, the biggest amount of hours in which the 
coatings switch into their hot state is red-shifted (lvis max=570 nm). Anyway, it 
must be noticed that the different number of hours is not so dissimilar between the 
various sample. 
 

Tab. 10.9 Number of hours in one year the glazing switch into their hot state.

lvis max [nm] hrs 

470 3153 
480 3153 
490 3153 
500 3154 
510 3160 
520 3159 
530 3164 
540 3167 
550 3174 
560 3179 
570 3188 
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9. CONCLUSIONS AND FURTHER WORKS 
 
The new thermochromic coatings of gold-doped vanadium (IV) dioxide produced by 
the hybrid Aerosol Assisted Atmospheric Pressure Chemical Vapour Deposition 
(AA/AP CVD) technique studied and analysed in this work, represent a new frontier 
in the construction sector for energy control.  
 
Vanadium (IV) dioxide films doped by gold nanoparticles showed a great applica-
bility in architectural glazing since they increase - or obstruct - the passage of radia-
tion through them - the IR in particular – depending on the surface temperature. 
Some of the problems related to the VO2 coatings market development seems to be 
more easily surmountable than what previously thought. The unpleasant 
brown/yellow colour of pure VO2 can be changed adding gold nanoparticles in the 
oxide matrix as well as lowering the metal-to-semiconductor transition temperature 
(Tc). By varying the initial flow rate conditions different kinds of coatings can be 
produced. Each coating has got different chemical/physical properties and colours 
depending on the initial conditions but the technique can be considered reproducible.  
Adding TOAB to the gold solution makes it easier to control the gold nanoparticle 
size in the coatings’ matrix. Furthermore, TOAB has shown a “dopant” effect on the 
films’ growth opening a new field of research.  
 
We built a room model made of polystyrene to test our thermochromic samples in an 
artificial scaled model and we observed that the internal temperature increased much 
more slow compared to the clear glass but we recognized that simulating a real 
building and analysing its behaviour under different climates is quite expensive and 
difficult. So, simulating building behaviour and response to external different stimu-
lus by means of energy modelling software, such as Energy Plus™, is a very easy 
and inexpensive way to manage these tests.  
We have run a lot of energy simulations for two different building models (25 % and 
100 % glazing to wall ratio) with eleven different glazing configurations in eight dif-
ferent climate conditions to understand how and when thermochromic glazing influ-
ence the energy consumption of a building in comparison to the use of some com-
mercial “static” glazing produced by NSG/Pilkington. 
The model’s material choice is just a hypothesis and it can influence the total energy 
behaviour of the model as we had discussed. Dedicated simulations can be done by 
choosing appropriate materials and constructive technologies to deal better with the 
different weather conditions. This could lead to more realistic results for a regional 
area analysis.  
We have found out that there is a great potential for these enhanced glasses since all 
the samples showed an energy improvement over the standard Pilkington products. 
The greatest energy reduction came in the cases with the 100 % window to wall as 
the energy transmitted is more and a switchable glazing may have a greater impact 
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on it, even though the 25 % model’s construction and materials influence the per-
formance. 
All the thermochromic samples show a better behaviour towards the IR radiation 
compared to a Clear glass or simply coloured glasses even though they have a com-
parable emissivity factor. It could be reported that they have comparable emissivity 
to the low-e glazing (K-glass and Suncool Brilliant). 
In all the simulations we noticed that our glasses switch from their cold state to their 
hot one depending on the switching temperature Tc. The lower the Tc the greater 
number of hours in the hot state, as expected. The last five samples never switch due 
to their high Tc in comparison to the average external temperature. The greatest 
number of hours in the hot state is recorded in the hottest cities, Cairo and Palermo, 
for the samples with the lowest Tc. 
The annual heating and cooling load is much smaller in comparison to the standard 
products, especially in hot climates. We record a maximum of ~ 27 % improvement 
for the 25 % window model and of ~ 44 % improvement for the 100 % window 
model. This is a very big improvement as we are looking at one room only of a 
building and considering that the maximum improvement values with standard prod-
ucts are ~ 20 % for the 25 % window model and ~ 32 % for the 100 % window 
model. Furthermore, the best improvement is shown for Arctic Blue, which is a col-
oured glass and not a low-e one as expected. 
The artificial lighting load is quite high for all the thermochromic samples, higher 
than the standard product. This fact is due to the dark colour of the glasses that in-
fluences a lot the overall energy consumption of the building.  
Anyway we can record, as a general trend, a big improvement percentage with the 
total energy consumption. 
 
Making the sensitivity analysis, we record that Tc and hemispherical emissivity do 
not influence a lot our glasses behaviour. As expected, a lower Tc lead to a larger 
number of hours in the hot state with an improvement in the building behaviour. Un-
fortunately, this improvement is less than 5 %. On the contrary, no improvement is 
shown on changing the emissivity factor but this is probably due to the software is-
sue since we notice a variation keeping the glass in its cold or hot state only if it per-
formed as a static glass. 
We conclude that thermochromic glasses work better than the standard products 
analyzed due to their spectral properties rather than their smart behaviour. Their col-
our influences a lot the energy transmittance. Their metallic nature helps in reflect-
ing a part of the near IR radiation. Their spectra show a big transmittance of the 
visible light even though they appear quite dark in colour; a high reflectance in the 
IR part of the spectrum prevents heat from entering the building when the glazing is 
hot, that’s to say as the exterior temperature is high. Additionally they keep the heat 
inside the building when the exterior temperature is low reflecting the interior heat 
back to the interior preventing its dispersion. 
 



Thermochromic coatings for architectural glazing  317 
 
We finally design the “ideal” thermochromic spectrum to understand the limit of our 
technology. We run again a series of energy simulations to understand how different 
percentages of transmittance and reflectance, over the visible and the IR range of the 
spectrum, can influence the glazing behaviour. We also varied the switch between 
the hot and the cold state for both the optical properties. The following conclusion 
are reported: 
1. the bigger the switch between hot and cold transmission and reflection – that is 

to say d(T,R)=65% - the lower the energy consumption and the maximum im-
provement percentage compared to a Clear-Clear Pilkington configuration; 

2. the lower the Tc the lower the energy consumption, the higher improvement 
percentage, showing that the Tc plays a very important role in thermochromics’ 
behaviour – an observation that did not appear with the previous simulations 
run with real lab glasses; 

3. in the case d(T,R)=0% the energy consumptions tend to be almost constant, as 
the coating tends to become a static film. 

 
Further investigations could be undertaken into producing and analysing new mate-
rials coatings. New samples with better properties should be created and tested to 
achieve better results and simulations should be carried on to verify when and where 
these new enhanced materials show the best performance in order to save energy ef-
ficiently in a building. 
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SECTION 3 
 

Polyurea-based nanocomposite for civil applications 
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1. CARBON NANOTUBES (CNTs) 
 
1. Introduction 
Since their discovery in 1991 made by Iijima, a Japanese electron microscopist, car-
bon nanotubes (CNT) have been the subject of intensive research due to a very wide 
range of potential applications.  
Below there is a list with such applications, just to report a few: 
 as light-weight structural material with extraordinary mechanical properties;  
 in nano-electronic components as the next-generation of nano-transistors, semi-

conductors and nanowires; 
 as probes in scanning probe microscopy (SPM) and atomic force microscopy 

(AFM) with the added advantage of a chemically-functionalized tip;  
 as high-sensitivity microbalances; 
 as gas and molecule sensors or nanostrain sensors; 
 in hydrogen storage devices by using their high surface-volume ratio; 
 as field-emission type displays; 
 as electrodes in organic light-emitting diodes; 
 as tiny tweezers for nanoscale manipulation; 
 as nano-fluidic components and nano-valves; 
 as actuators such as artificial muscles; 
 as energy absorption and storage devices. 
 
1.2. The discovery 
In 1952 L. V. Radushkevich and V. M. Lukyanovich published some images of 50 
nanometre diameter tubes made of carbon in the Soviet Journal of Physical Chemis-
try. This discovery was largely unnoticed, as the article was published in Russian, 
and Western scientists' access to Soviet press was limited during the Cold War. It is 
likely that carbon nanotubes were produced before this date, but the invention of the 
transmission electron microscope allowed the direct visualization of these structures.  
Carbon nanotubes have been produced and observed under a variety of conditions 
prior to 1991. A paper by Oberlin, Endo, and Koyama published in 1976 clearly 
showed hollow carbon fibers with nanometre-scale diameters using a vapor-growth 
technique. Furthermore, in 1979, John Abrahamson presented evidence of carbon 
nanotubes at the XIV Biennial Conference of Carbon at Penn State University. The 
conference paper described carbon nanotubes as carbon fibres which were produced 
on carbon anodes during arc-discharge.  
In 1981 a group of Soviet scientists published the results of chemical and structural 
characterization of carbon nanoparticles produced by a thermocatalytical dispropor-
tionation

1 of carbon monoxide. Using TEM images and XRD patterns, the authors 

                                                 
1 Disproportionation or dismutation is used to describe two particular types of chemical reaction: [to fol-
low in the next page] 
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suggested that their “carbon multi-layer tubular crystals” were formed by rolling 
graphene layers into cylinders. Additionally, they speculated that during rolling gra-
phene layers into a cylinder, many different arrangements of graphene hexagonal 
nets are possible. They suggested two possibilities of such arrangements: circular 
arrangement (armchair nanotube) and a spiral, helical arrangement (chiral tube). 
In 1987, Howard G. Tennent of Hyperion Catalysis was issued a U.S. patent for the 
production of "cylindrical discrete carbon fibrils" with a "constant diameter be-
tween about 3.5 and about 70 nanometers…, length 10² times the diameter, and an 
outer region of multiple essentially continuous layers of ordered carbon atoms and a 
distinct inner core [….]". 

Anyway, Iijima is claimed around the 
world to have discovered carbon 
nanotubes in 1991 using a high-
resolution transmission electron 
microscopy (HRTEM) and electron 
diffraction. He observed a multi-walled 
carbon nanotubes (MWNTs) in carbon 
soot made by arc-discharge method.  Fig. 1.1  
Subsequently, in 1992 Ebbesen and 
Ajayan studied the bulk synthesis of 
CNTs, obtaining gram quantities of 

them by electric-arc discharge in He atmosphere at optimum current and pressure 
conditions. Then, in 1993, Iijima and Ichihashi made the observation of another type 
of carbon nanotube, that is the single-walled nanotubes (SWNT).  

HRTEM image of a 
MWCNT  

(Iijima, 1991). 

Since then on a significant amount of work has been done to understand the unique 
properties of these structures such as the electrical, optical, mechanical, magnetic 
and thermal properties as well as their many potential applications in almost all the 
scientific fields.  
In 2000, professors Tang Zikang and Wang Ning successfully created the smallest 
stable carbon nanotube in the world, measuring at just 0.4 nanometres in diameter. 
 
1.3. What a carbon nanotube is 
Carbon nanotubes are allotropes of carbon2 with a nanostructure that can have a 
length-to-diameter ratio greater than 1,000,000.  

                                                                                                                   
1. a chemical reaction of the type: 2A → A' + A" where A, A' and A" are different chemical spe-

cies. While the most common type is a redox reaction, other types are possible. For example: 
2H2O → H3O+ + OH- is a disproportionation but is not a redox reaction.  

2. a chemical reaction (reversible or irreversible) in which a species is simultaneously reduced 
and oxidized so as to form two different products.  

2 Allotropes: different forms in which a chemical element or molecule may exist. These are known as 
allotropes of that element. I.E. carbon has got two allotropes: diamond, where the carbon atoms are 
bonded together in a tetrahedral lattice arrangement, and graphite, where the carbon atoms are bonded 
together in sheets of a hexagonal lattice. 
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Nanotubes are members of the fullerene 
structural family, which also includes 
the spherical buckyballs. The 
cylindrical nanotube usually has at least 
one end capped with a hemisphere of 
the buckyball structure. Their name is 
derived from their size, since the 
diameter of a nanotube is in the order of 
a few nanometres (approximately 
1/50,000th of the width of a human 
hair), while they can be up to several 
millimetres in length. Nanotubes are 
categorized as single-walled nanotubes 
(SWNTs) and multi-walled nanotubes 
(MWNTs).  

Fig. 1.2  
Eight different 
allotropes of carbon: 
a) diamond, b) 
graphite, c) 
Lonsdaleite, d) C60 
(buckminsterfullerene 
or buckyball), e) 
C , f) C540 70, g) 
amorphous carbon, h) 
single wall car

The nature of the bonding of a nanotube 
is described by applied quantum 

chemistry, specifically, orbital hybridization. The chemical bonding of nanotubes is 
composed entirely of sp2 bonds, similar to those of graphite. This bonding structure, 
which is stronger than the sp3 bonds found in diamond, provides the molecules with 
their unique strength. Nanotubes naturally align themselves into "ropes" held to-
gether by Van der Waals forces. Under high pressure, nanotubes can merge together, 
trading some sp² bonds for sp³ bonds, giving the possibility of producing strong, 
unlimited-length wires through high-pressure nanotube linking. 

bon 

Fig. 1.3 
An end-capped single 
wall nanotube. 

 
1.4. SWCNT and MWCNT 
In general, a single-walled carbon nanotube (SWCNT) can be regarded as a roll of 
graphene sheet, and different chiralities arise by varying the rolling (chiral) vector. 
The atomic structures of the zigzag, armchair, and chiral SWCNTs are shown in fig-
ure 1.4. The chirality (m_n) is the chiral vector with m and n as number of unit vec-
tors along two directions of the honeycomb lattice of a graphene sheet, and along 
such rolling direction a SWCNT can be made. The multi-walled CNTs (MWCNTs) 
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are assemblies of coaxial SWCNTs where the neighboring layers are separated by 
the Van der Waals equilibrium distance (~0.34 nm).  

Fig. 1.4 (left) Mathematically, tube chirality can be defined in terms of a chiral vector: 
 

Ch = ma1+ na2   (eq.1.1) 
 
a1 and a2 are unit vectors; m and n are the translation indices of the graphene sheet 
and determine the diameter of the nanotube. The chiral vector establishes the direc-
tion of rolling of the graphene sheet, in which a point (m,n) is superimposed with an 
origin defined as (0,0). 
 
The chiral angle, q, is the angle between the chiral vector and the zig-zag direction 
(m,0). To determine the armchair and zigzag structure in terms of (m,n) and the 
chiral angle, q, it is necessary to have the following conditions: 
 

The atomic structures 
of zigzag (12,0), arm-
chair (7,7), and chiral 
(8,4) SWCNTs, all 
have similar radii. 
The chirality is a key 
factor governing the 
mechanical properties 
of CNTs. Their corre-
sponding space frame 
models are shown in 
the lower half, where 
the dark solid lines 
represent primary 
beams and light dash 
lines are secondary 
virtual beams.  armchair: θ = ±30°; (m,n) = (2p, -p) or (p,p)  with p integer (eq. 1.2) 

 zig-zag: θ = 0; (m,n) = (p,0)    (eq. 1.3)  
 Fig. 1.5 (right) 

Graphene sheet and 
different chirality.

Theoretical studies on the electronic properties of carbon nanotubes indicate that all 
armchair configurations are metallic, whereas only zig-zag cylinders exhibiting val-
ues of m that are multiples of three are metallic. However, for all the other configu-
rations (m,n) when m - n = 3p, the nanotubes are expected to be metallic and when m 
- n ≠ 3p the carbon nanotubes are predicted to be semiconducting material.  
Thus, the electrical properties of CNTs are mainly dependent upon their diameter 
and chirality. 
 
1.5. Properties 
The mechanical properties of a solid depend on different factors such as the crystal-
linity of the material, the number of defects present within the structure and the 
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strength of inter-atomic bonds. Macroscopic stiffness is directly connected to the 
stiffness of the atomic bonds. Because the carbon-carbon bond observed in graphite 
is one of the most rigid in nature, CNTs are among the stiffest materials ever synthe-
sized. Nevertheless, the experiments at nanoscale are very difficult to perform and 
are prone to uncertain fluctuations. Therefore, theoretical and numerical studies have 
emerged as a powerful tool for studying the intrinsic mechanical properties of 
CNTs. These studies provide critical insights on the deformation and strength of ma-
terials and structures made by the CNTs. For example, the effects of waviness, weak 
bonding, and agglomeration of the CNTs have limited the strength of the CNT rein-
forced composite, the presence of geometrical imperfections and defects may sig-
nificantly reduce their buckling strength, and thermal vibration causes apparent 
thermal contraction of these compliant quasi-one dimensional structures. 
 
1.5.1 Strength 
Carbon nanotubes are the strongest and stiffest materials known, in terms of tensile 
strength and elastic modulus respectively. This strength results from the covalent sp² 
bonds formed between the individual carbon atoms.  
In 2000, a multi-walled carbon nanotube was tested to have a tensile strength of 
63 GPa. Since carbon nanotubes have a low density for a solid of 1.3-1.4 g·cm−3, its 
specific strength of up to 48,000 kN·m·kg−1 is the best of known materials, com-
pared to high-carbon steel's 154 kN·m·kg−1. Under excessive tensile strain, the tubes 
will undergo plastic deformation, which means the deformation is permanent. This 
deformation begins at strains of approximately 5 % and can increase the maximum 
strain the tube undergoes before fracture by releasing strain energy. 
CNTs are not nearly as strong under compression. Because of their hollow structure 
and high aspect ratio, they tend to undergo buckling when placed under compres-
sive, torsional or bending stress. 
 

Tab. 1.1 Typical Young modulus, tensile strength and density for some materials. 

Material 
Young 

modulus 
(GPa) 

Tensile 
strength 
(GPa) 

Density 
(g/cm3) 

SWNT 1000 150 0.8 
MWNT 300-1000 10-60 1.8 

Graphite (in plane) 1000 96 2.26 
Diamond 1000 >1.2 3.52 

Carbon fibres 750 5 1.8-1.9 
Steel 215 0.9 7.8 

High density polyethylene 
(HDPE) 

26-33 37 0.95 

Carbon fibre - 5.65 1.75 
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1.5.2 Electrical properties 
Graphite possesses excellent capacities of electric conduction in planar direction (re-
sistivity of 5 x 10-5 W cm), therefore similar behaviour could be expected for CNTs.  
Carbon nanotubes, in contrast, show unique electronic properties dependent on their 
geometric differences (e.g. defects, chirality, diameter, etc.). Conductivity measure-
ments on individual MWNTs established that each multi-walled carbon nanotube 
exhibits an exceptional electronic nature, ranging from semiconducting to high con-
ductivity metallic behaviour (resistivities at 300 K of 1.2·10-4 - 5.1·10-6 W cm). It 
was experimentally proved the possibility of superconductivity in CNTs as ropes of 
SWNTs, attached between two superconducting electrodes, exhibit superconductiv-
ity below 1 K. In addition, due to their very low energy dissipation, nanotubes could 
carry elevated current densities, higher than 100 MA/cm2 for MWNTs. 
The CNTs electronic properties could be modified by introducing defects, such as 
additional pentagons and heptagons, in the predominantly hexagonal tubule. 
 
1.5.3 Thermal properties 
The thermal conductivity of CNTs is highly anisotropic, diamond-like along the tube 
axis and insulating in the transverse direction. Because the thermal conductivity of 
the diamond and graphite (in-plane) is extremely high (~ 2000 W/m·K), the thermal 
conductivity of CNTs, over the length of the tube, may be much more elevated than 
that of other materials. Theoretical studies predicted a room-temperature thermal 
conductivity of 3000 W/(m·K) for individual MWNTs, while experimental values 
for an isolated SWNT were around 200 W/(m·K). In addition, CNTs have a high 
thermal stability, > 700 °C in air and 2800 °C in vacuum.  
 
1.6 Synthesis of CNT 
Carbon nanotubes can be produced with different techniques. Some are based on 
vaporization of a graphite block (therefore requiring very high temperatures); others 
are based on the decomposition of a gaseous precursor. All these techniques require 
the presence of a carbon source. 
 
1.6.1 Arc discharge 
Nanotubes were observed in 1991 in the carbon soot of graphite electrodes during an 
arc discharge, by using a current of 100 amps, that was intended to produce fullere-
nes. However the first macroscopic production of carbon nanotubes was made in 
1992 by two researchers at NEC's Fundamental Research Laboratory. This tech-
nique consists of the passage of direct current (80 - 100 A) through two high-purity 
graphite electrodes separated by ~ 1 - 2 mm, in a He atmosphere (500 tor). 
The high energy generated during this process produces temperatures between the 
two electrodes that can reach about 4000°C and part of the carbon positive electrode 
(anode) sublimates. The generated carbon gas recondenses, at a rate of 1 mm/min on 
the negative electrode (cathode) and on the walls of the reactor. The material depos-
ited on the cathode shows a cigar-like structure, made up of a hard grey which is ex-
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ternal shell containing curved and dense graphene layers, and an inner core, dark and 
soft, with CNTs and graphene particles inside.  
Because nanotubes were 
initially discovered using 
this technique, it has been 
the most widely used 
method of nanotube 
synthesis. The yield for 
this method is up to 30 
percent by weight and it 
produces both single- and 
multi-walled nanotubes 
with lengths of up to 50 
microns.  

Fig. 1.6  
Schematic arc 
discharge apparatus 
for CNT production.  
(source: Ebbesen and 
Ajayan, 1992) Currently, SWNTs can 

be produced using the 
electric arc discharge method with different metals: Gd, Co-Pt, Co-Ru, Ni-Y, Co-Ni-
Fe-Ce, etc. 
 
1.6.2 Pulsed laser vaporization / laser ablation 
This technique involves laser vaporization of pure graphite targets inside a furnace 
at 1200 °C, in an inert gas (e.g. Ar) atmosphere. The nanotubes develop on the 
cooler surfaces of the reactor, as the vaporized carbon condenses. A water-cooled 
surface may be included in the system to collect the nanotubes. 
This technique was 
invented by Richard 
Smalley and co-workers 
at Rice University, who 
at the time of the 
discovery of carbon 
nanotubes, were blasting 
metals with the laser to 
produce various metal 
molecules. When they 
heard of CNT discovery, they substituted the metals with graphite to create multi-
walled carbon nanotubes. Later that year, the team used a composite of graphite and 
metal catalyst particles (the best yield was from a cobalt and nickel mixture) to syn-
thesize single-walled carbon nanotubes.  

Fig. 1.7  
Schematic pulsed 
laser vaporization 
apparatus for CNT 
production. 
(source: Gao et alt. 
1995) 

This method has a yield of around 70% and produces primarily single-walled carbon 
nanotubes with a controllable diameter determined by the reaction temperature. 
However, it is more expensive than either arc discharge or chemical vapour deposi-
tion. 
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1.6.3 Chemical vapour deposition (CVD) 
During CVD, a substrate is prepared with a layer of metal catalyst particles, most 
commonly nickel, cobalt, iron, or a combination. The metal nanoparticles can also 
be produced by other ways, including reduction of oxides or oxides solid solutions. 
The diameters of the nanotubes that are to be grown are related to the size of the 
metal particles. This can be controlled by patterned (or masked) deposition of the 
metal, annealing, or by plasma etching of a metal layer. The substrate is heated to 
approximately 700 °C. To initiate the growth of nanotubes, two gases are bled into 
the reactor: a process gas (such as ammonia, nitrogen, hydrogen, etc.) and a carbon-
containing gas (such as acetylene, ethylene, ethanol, methane, etc.).  
Nanotubes grow at the sites of the metal catalyst; the carbon-containing gas is bro-
ken apart at the surface of the catalyst particle, and the carbon is transported to the 
edges of the particle, where it forms the nanotubes. 

Fig. 1.8  
Growth mechanism. 
(source: Baker et alt. 

1978) 
This mechanism is still under discussion. The catalyst particles can stay at the tips of 
the growing nanotube during the growth process, or remain at the nanotube base, 
depending on the adhesion between the catalyst particle and the substrate. If a 
plasma is generated by the application of a strong electric field during the growth 
process (plasma enhanced chemical vapour deposition), then the nanotube growth 
will follow the direction of the electric field. By properly adjusting the geometry of 
the reactor it is possible to synthesize vertically aligned carbon nanotubes (i.e., per-
pendicular to the substrate), a morphology that has been of interest to researchers 
interested in the electron emission from nanotubes. Without the plasma, the resulting 
nanotubes are often randomly oriented, resembling a bowl of silicon-spaghetti.  
CVD shows the most promise for industrial scale deposition in terms of its price/unit 
ratio. There are additional advantages to the CVD synthesis of nanotubes. Unlike the 
above methods, CVD is capable of growing nanotubes directly on a desired sub-
strate, whereas the nanotubes must be collected in the other growth techniques. The 
growth sites are controllable by careful deposition of the catalyst. Additionally, no 
other growth methods have been developed to produce vertically aligned nanotubes. 
CVD is a common method for the commercial production of carbon nanotubes. For 
this purpose, the metal nanoparticles will be carefully mixed with a catalyst support 
(e.g., MgO, Al2O3, etc.) to increase the specific surface area for higher yield of the 
catalytic reaction of the carbon feedstock with the metal particles.  
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1.7 Toxicity 
Determining the toxicity of carbon nanotubes has been one of the most pressing 
questions as some studies reported that CNT may lead to cancer. Results from vari-
ous scientific tests on cells have so far proven confusing, with some results indicat-
ing it to be highly toxic and others showing no signs of toxicity. Some CNTs contain 
measureable levels of impurities such as cobalt and nickel which have documented 
toxicity and which may be the true causes of the effects. Additionally CNTs have a 
range of physical and chemical properties (e.g., surface area, zeta potential3) that are 
not often controlled for in toxicology studies.  
A study led by Alexandra Porter from the University of Cambridge shows once 
CNTs are inside the cell, they accumulate in the cytoplasm and cause cell death, but 
without rigorous CNT/impurity characterization it is difficult to interpret this result 
or determine its significance.  
A more recent study reveals that carbon nanotubes, when injected in the lungs of 
mice, are incapable of being disposed of by specialized cells in the lung as these 
tubes are too large for the cells to engulf, thus leading to constitutive inflammation, 
a hallmark, precancerous symptom. However, the doses required to achieve this re-
sponse are also considered high or even extreme. 
Anyway, it is suggested to follow some basic rules when dealing with CNTs such as 
wearing safety glasses, laboratory coat and latex gloves and work in a fume cup-
board. 
 
1.8 CNTs producers 
All around the world, the industrial production of carbon nanotubes is increasing 
very fast due to the great numbers of applications they are suitable for. Also their 
price is decreasing a lot making their use more frequent and accessible to research-
ers.  
More particularly, SWCNTs price decreased from 1,500 USD per gram of the 2000 
to 100 USD per gram of the 2007 and the price now are quite stable. 
 
In the next page, an image with the main CNTs’ producers wordwide. 
 
 

                                                 
3 Zeta potential is an abbreviation for electrokinetic potential in colloidal systems. From a theoretical 
viewpoint, zeta potential is electric potential in the interfacial double layer (DL) at the location of the 
slipping plane versus a point in the bulk fluid away from the interface. In other words, zeta potential is the 
potential difference between the dispersion medium and the stationary layer of fluid attached to the 
dispersed particle. 
The significance of zeta potential is that its value can be related to the stability of colloidal dispersions. 
For molecules and particles that are small enough, a high zeta potential will confer stability, i.e. the 
solution or dispersion will resist aggregation. When the potential is low, attraction exceeds repulsion and 
the dispersion will break and flocculate. So, colloids with high zeta potential (negative or positive) are 
electrically stabilized while colloids with low zeta potentials tend to coagulate or flocculate as outlined in 
the table. 
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Fig. 1.9  
CNTs producers 

around the world. 
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2. POLYUREA: THE MATERIAL 
 
2.1 Introduction 
Polyurea is a fast reacting bi-component polymer system that contains 70% of 
amine. The first component is isocyanate1, a –NCO group, while the other part is a 
resin blend component. The reaction between the two components yields a urea 
linkage that makes the polymer solid. It is a 100% solids elastomer sprayed under 
high pressure to produce a thick, strong, seamless, waterproof coating with incredi-
ble abrasion, corrosion and chemical resistance. 
 
2.2. Discovery and applications 
Polyurea was used for the very first time in 1970 for the construction of Reaction 
Iniection Molding (RIM) of the cars components since the different parts could be 
take away from the moulds in a very short time. RIM polyurea was used for a long 
period for the construction of parts requiring a particular strength such as bumpers. 
The only biggest problem in its development was the high velocity of polymeriza-
tion that forced industries in working with chemistry of materials and inventing new 
production systems and machines.  
During the ‘80s it was invented a hybrid product made of polyurea and polyure-
thane, this fact lead to a never-ending confusion between the two products, as it will 
be discussed later. 
 
Many are the advantages of using polyurea in civil engineering: 
1. extraordinary toughness and flexibility; 
2. application thickness from 20 to 375 mils or greater; 
3. snap cure, 3 – 8 seconds; 
4. can be sprayed on a slope or vertical surfaces up to 275 mils with no sags or 

runs; 
5. foot traffic can resume within 30 seconds on horizontal surfaces;  
6. outstanding corrosion resistances; 
7. increased structural strength; 
8. return to service in several hours. 
 
Furthermore, it can be used in several applications such as steel or concrete water 
tanks, secondary containments, concrete reservoirs, process piping, storm drains, 
natural gas piping, sanitary sewer piping, manholes, cooling water piping, building 
and bridge structures, brine tanks, etc.. 
 
 

                                                 
1 Isocyanate is the functional group of atoms –N=C=O (1 nitrogen, 1 carbon, 1 oxygen). An isocyanate 
may have more than one isocyanate group. An isocyanate that has two isocyanate groups is known as a 
diisocyanate. Diisocyanates are manufactured for reaction with polyols in the production of 
polyurethanes. 
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Fig. 1.1. a-b-c-d.  
Different applications of the Polyurea system. It can be sprayed on horizontal or vertical surfaces as well as in very humid envi-
ronments. 
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Fig. 1.2. a-f. Polyurea used as concrete coating in a secondary containment: primed (top left) and sprayed the same day (top 
r ght). Polyurea used as Manhole rehabilitation: the primed pipe (centre left) and sprayed the same day (centre right). The high 
pressure spray gun to spray polyurea (bottom). (source: CSI Construction Solution Inc.: Polyurea, 2006) 
i
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2.3. Two systems in comparison: polyurea and polyurethane 
Polyurea is often confused with another similar product, polyurethane, but there are 
some differences between the two materials. 

Fig. 1.3  
Industrial application 

of polyurethane and 
its derivates. 

First of all in a polyurea the amine percentage must be at least 80% (or more) while 
in a Polyurethane the hydroxil2-polio percentage must be at least 80% (or more). 
The system polyurethane (characterized by polyeter or polyester3) requires a catalyst 
that can usually be measured and varies depending on the specific application. The 
consequence is a different length of the gel phase. The reaction time varies a lot de-
pending on the catalyst quantities: from a few seconds to hours; the gel could inter-
act with the environmental humidity leading often to the production of CO2. 
The system polyurea (characterized by polyeter-amine4 or amine-composites) is 
highly reactive and it does not need a catalyst. Polyols5 are switched with amine 
molecules (functional group –NH2) resulting in polymers with urea bonding, –
(NH)(CO)(NH).  The reaction lasts between 5 and 15 seconds and it usually cannot 
react with the water present on the surface of application. This fact lead to the con-
clusion that polyurea may be also sprayed on iced or wet surfaces.  
The application temperature range vary between –1°C to -6°C, that is particularly 
useful when it is applied on steel due to its great heat absorption and the service 
temperature range from -50°C to 150°C.  

                                                 
2 Hydroxyl in chemistry stands for a molecule consisting of an oxygen atom and a hydrogen atom 
connected by a covalent bond (single bond). 
3 Polyester is a category of polymers. 
4 Amines are organic compounds and functional groups that contain a basic nitrogen atom with a lone 
pair. Amines are derivatives of ammonia, where in one or more hydrogen atoms have been replaced by a 
substituent such as an alkyl or aryl group. Important amines include amino acids, biogenic amines, 
trimethylamine and aniline. 
5 Polyols are alcohols containing multiple hydroxyl groups. 
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Both the products have a good colour-resistance, bad-weather resistance and resis-
tance to acids, alkali and salts and polyurea is usually 1,5 ÷ 2 times more expensive 
than polyurethane.  
Today polyurea is frequently used on metallic substrates where it provides corrosion 
and abrasion resistance in harsh environments. Applications include transportation 
vehicles, pipelines, steel buildings or marine constructions. More recently, polyurea 
is also considered for the blast protection of transportation vehicles because of its 
high toughness-to-density ratio, in particular at high strain rates. 
In 2007, the global consumption of polyurethane raw materials was above 12 
million metric tons, the average annual growth rate is about 5%. 
 

Tab. 1.1 Polyurethane usage in USA in 2004. 

Application 
Amount of polyurethane used 

(millions of Kg) 
Percentage of total 

Building & Construction 661,79 26,8% 
Transportation 588,76 23,8% 

Furniture & Bedding 511,20 20,7% 
Appliances 126,10 5,1% 
Packaging 113,85 4,6% 

Textiles, Fibres & Apparel 82,10 3,3% 
Machinery & Foundry 80,74 3,3% 

Electronics 34,02 1,4% 
 
2.4. Physical and chemical properties: state of art of the researches 
Polyurea is a polymer so is characterized by utilizing a urethane linkage to cova-
lently bond hard segments with soft segments. This linkage is typically formed from 
the reaction between the isocyanate functionality of one component with the hy-
droxyl group of another component. By controlling the composition of each compo-
nent, two solid-state phases are expected.  
 

Tab. 1.2. Comparison between Polyurea and HDPE physical properties  

Properties Polyurea 
High Density Polyethylene  

(HDPE) 
Hardness [shore “A”] 60 ÷ 85 65 ÷ 85 

Tensile strength [MPa] 23 ÷ 48 22 ÷ 31 
Elongation [%] 35 ÷ 403 20 ÷ 800 

Flexural modulus [MPa] 331 ÷ 2517 1000 ÷ 1517 
Adhesion test - - 
Concrete bond 500 - 

Metal bond 1750 - 
Wood bond 500 - 
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This two-phase morphology provides the key in controlling the performance of the 
final product and gives the manufacturer versatility in tuning properties as desired 
by varying the composition or content of one or the other phases.  
One phase of typical water-blown foam systems is based upon the reaction of water 
with a diisocyanate - such as toluene diisocyanate (TDI). The reaction initially pro-
duces a carbamic acid6 which then decomposes yielding heat, carbon dioxide, and 
an amine functionality. The heat and carbon dioxide contribute to the expansion of 
the gas bubbles in the reactive mixture and so play important roles in the develop-
ment of the foam’s cellular structure.  

                                                

On the other hand, a disubstituted urea product results from the reaction of the 
amine with other isocyanate groups. A “hard segment” results from several isocy-
anate groups covalently bonding through the urea linkages, and solid state phase 
separation in typical systems arises from the precipitation of these segments into 
“hard domains”.  
An additional structure is also sometimes observed as the urea precipitating can ag-
gregate further to form what have been termed “urea balls” or urea-rich aggregates, 
which may be considered a macrophase aggregation. Their dimension resulted to be 
about (7–11 nm) when observed via small-angle X-ray scattering (SAXS) with an 
anisotropic structures on the order of 1 nm across with length 4-6 nm. Via TEM was 
observed a macro-phase separation of about 50-200 nm. 

In examining how these materials behave during 
mechanical deformation by using FTIR linear 
dichroism techniques, it was shown an initial 
hard segment orientation transverse to the 
direction of elongation in flexible slab stock 
foams followed by transformation to parallel 
orientation parallel to the stretch direction at 
higher uniaxial deformations. 
Different researches have been carried on to 
understand the actual properties of polyurea.  

Fig. 1.4  
Schematic of the 

high-speed tensile 
test instrument. 

A study, for instance, focused on the stress-
strain measurement in uniaxial tension of an 
elastomeric polyurea as the typical dynamic 

mechanical spectrometers are limited to frequencies below ca.100 Hz. Atomic force 
microscopes (‘‘nano-indenters’’) operate as high as 1 MHz but only probe the sur-
face. While time-temperature super-positioning is often invoked to extend the effec-
tive frequency range of test data, the results are inaccurate for measurements in the 
glass transition zone. 

(source : Roland 
C.M. et alt., 2007) 

A new drop weight tensile test instrument, show in figure 1.4, was used to obtain 
extensional stress-strain measurements at rates up to 480 s-1. 
 

 
6 Carbamic acid: CH3NO . The carbamic acid is a compound that is instable under normal circum-2

stances.  
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In the instrument illustrated, a 
100 kg mass is dropped down 
a vertical track to engage L-
levers, which displace shuttles 
to which the test specimen is 
attached. Equilibrium was 
ensured - and subsequently 
verified - by equal dis-
placement of each end of the 
sample. Shuttle speeds as high 
as 26 m/s are achievable, 
corresponding to strain rates 
equal to 103 s-1. 

Fig. 1.5  
Stress-strain curves 
obtained using an 
Instron for polyureas 
prepared with the 
indicated % ste-
chiometry. The strain 
rate for all tests was 
0.06 s-1. The inset 
shows the toughness 
(integral of stress-
strain curve); error 
bars are one standard 
deviation. 
(source : Roland 
C.M. et alt., 2007) 

The material initially exhibits a high modulus, defined as the slope of the engineer-
ing stress vs. strain curve (strain, ε, defined as the change in length over the initial 
length) = 27 MPa. Following this initial linear region the material yields at ε ~ 70% 
elongation, with a subsequent slow rise in stress to failure at 620 % elongation. 
These are very good mechanical properties, i.e., high stiffness and elongation, asso-
ciated with a tough elastomer. 
Interestingly, when the chemistry of the polyurea is altered by 5 - 10 %, there is an 
enormous change in the mechanical properties. The yield stress varies inversely with 
stoichiometry, while the failure strain increases with increasing curative. These re-
sults show that increasing the amount of diisocyanate is necessary to drive the cross-
linking reaction toward completion.  

Fig. 1.6 a-b.  
Test results from the 
universal testing ma-
chine: (a) True 
stress–strain curves, 
(b) True strain versus 
true strain curves. 

 
Shim J. et alt. tried to characterize the mechanical properties of polyurea at low, in-
termediate and high strain rates due to the possible use against blast. A hydraulic 
testing machine was used to perform compression tests on polyurea with a mass 
density of 1.0 g/cm3 and an elastic modulus of about 100 MPa. 

(source: Shim J. et 
alt., 2009) 
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3. CNT-DOPED POLYMERS: STATE OF ART 
 
3.1 Introduction 
Around the world several researches have been done, in both academia and industry, 
to enhance polymers properties and the most of the studies involve carbon nanotubes 
in order to produce a hybrid nano-material. Attention in CNT has developed due to 
their unique mechanical properties, surface and multifunctional properties, strong 
filler/matrix interaction, extremely large interfacial area as well as their nano and 
micro scale structure. The main limitation, which is in the same time the most im-
portant point, is the reaction of existing polymers containing terminal functional 
groups (e.g. -OH and -NH2) with the anterior functional groups (e.g. -COOH and -
COCl) on CNTs, either in solution or by melt-compounding. 
Industry, in particular, recognizes many potential applications such as their use to 
produce electrostatically dissipative materials and aerospace structural materials. 
Currently, the two main obstacles to a more widespread use of nanotubes as polymer 
fillers are their cost (USD 100 per gram) and difficulty in controlling their dimen-
sions (length and diameter), as well as the chirality of the tubes (which is related to 
conductivity). However, much progress has been made and both their quantity and 
quality continue to improve rapidly. 
 
3.2 Preliminary treatment of CNTs 
Carbon nanotube can’t be utilized as furnished by companies: a chemical modifica-
tion is necessary to achieve an adequate interfacial adhesion and, consequently, a 
good load transfer, in order to take advantage of the very high Young’s modulus and 
strength of the nanotubes. Furthermore, their utilization as effective reinforcements 
in high strength composites depends on the ability to disperse them individually and 
uniformly in the matrix without destroying their integrity or reducing their aspect 
ratio. 
 
3.2.1 CNT purification 
Synthesized carbon nanotubes are often contaminated by unwanted elements such as 
carbonaceous particles (fullerenes, amorphous carbon, graphite), encapsulated metal 
particles or substrate granules.  
Currently, there are many different techniques of purification but they tend to reduce 
the amount of mass material by approximately 50 % and to damage the morphologi-
cal properties of the CNTs. The most common methods of purification include 
thermal annealing at about 700 °C in air or oxygen to remove carbonaceous by-
products and acid treatment (e.g. nitric acid aqueous solutions) to eliminate catalyst 
residues. Mechanical techniques such as filtration, centrifugal separation and ultra-
sonic microfiltration may also be applied. If the CNTs are produced by chemical va-
pour deposition (CVD), the substrate granules can be removed by acid solution 
treatment with HNO3 or HF followed by filtration and drying. 
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3.2.2 CNT functionalization 
The surface of CNTs needs to be chemically functionalized to realize a good disper-
sion of the nanotubes in the matrix and a strong interfacial adhesion between CNTs 
and the surrounding polymer chains.  
The first types of chemical functionalization were based on oxidation of carbon 
nanotubes in air (or CO2, N2O, NO, O3, ClO2) for 10 minutes at a temperature 
above 700 °C that resulted in the opening of the hemispherical end caps, which are 
more reactive than the graphite sidewall.  

 
An other way is the acid oxidation (HNO3, 
HNO3 + H2SO4, HClO4, etc.) of the CNTs. 
In general, carboxylic acid (COOH) and 
hydroxyl (OH) groups could be formed at the 
opened ends or defect sites on the side-walls 
of the CNTs during the oxidation process by 
oxygen, air, and acids. As shown in figure 3.1, 
COOH and OH groups can be used to generate 
covalent connections with the molecules of the 
polymer. 

Fig. 3.1  
Functional groups at 
the open end of CNT. 

Many high molecular weight polymers (especially conjugated polymers) can be non-
covalently wrapped around the surface of carbon nanotubes. The wrapping of poly-
mer chains around SWNTs could reduce the intertube Van der Waals interaction and 
hence enhances the solubility of the CNTs.  
In any case the functionalized CNT must be compatible with the polymer matrix to 
avoid microscopic phase separation in the nanocomposite.  
 
3.3 Dispersion of functionalized CNTs  in the polymer 
Presently, three methods are commonly used to incorporate nanotubes into poly-
mers:  
1. polymerization of nanotube-polymer monomer mixtures; 
2. film casting of suspensions of nanotubes in dissolved polymers; 
3. melt mixing of nanotubes with polymers. 
The last method is usually the most preferred for polymer/CNT nanocomposites 
formation. Sometimes the tendency of CNTs to form aggregates may be minimized 
by appropriate application of shear during melt mixing. 
 
3.3.1 In situ polymerization 
This method is principally used with conducting and conjugated polymers for im-
proving dispersion and integration between the phases. It is a chemical 
encapsulation technique very similar to interfacial coating. The distinguishing 
characteristic of in situ polymerization is that no reactants are included in the core 
material. All polymerization occur in the continuous phase, rather than on both sides 
of the interface between the continuous phase and the core material. 
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3.3.2 Solution processing 
Solution-based methods are very often used to make CNT/polymer composites be-
cause of low viscosity that facilitate CNTs mixing and dispersion.  
Some researcher dissolve polystyrene in either tetrahydrofuran (THF) or toluene, 
then add carbon nanotubes and finally evaporate the solvent.  
Others prepare CNT/polypropylene composites via a solution-based method: octa-
decylamine-functionalized SWNTs are dispersed into the polymer matrix exploiting 
the common solubility of the functionalized nanotubes and the polymer in the same 
selected solvent. As previously mentioned, carbon nanotubes can be solubilised 
through functionalization with the polymer matrix and then be used for the prepara-
tion of polymeric nanocomposites by solution based methods. This procedure en-
sures the compatibility of the functionalized carbon nanotubes with the polymer, 
avoiding any potential microscopic phase separation in the nanocomposites.  

Fig.3.2 a-b 
Top: mixer machine 
“MiniMax” mixer has 
a rotor, which can be 
submerged into a 
heated cup containing 
the material (~ 0.5 g). 
Mixing is imparted 
by the rotor, and 
some reorientation 
may also be obtained 
if the rotor is raised 
and lowered manu-
ally. (source: Maric 
and Macosko, 2001) 

 
3.3.3 Melt mixing 
Melt-mixing of CNTs 
into thermoplastic poly-
mers can be realized by 
common processing 
techniques such as extru-
sion, internal mixing, in-
jection molding or by a 
combination of the above 
techniques. These meth-
ods are particularly ad-
vantageous because of 
their speed and simplic-
ity. Moreover, they are 
also free of solvents and 
contaminants, which are 
present in solution proc-
essing methods and in-
situ polymerization. 

Bottom: extruder 
machine “Haake 
MiniLab” is a co-
rotating twin screw 
extruder, where a re-
circulation channel is 
used to recycle the 
melt sample. Small 
quantities (≤ 5 g) of 
material are fed into 
the extruder; a mix-
ing time of 5-15 min-
utes and a screw rota-
tion rate of 50-100 
rpm are generally 
applied. 

 
3.4 CNT/polymers composite - State of art 
There are lots of researches dealing with incorporating carbon nanotubes in a poly-
mer matrix. We are now going to analyze some works and some results. 
 
3.4.1 Interfaces 
Increasing attention has been focused on the interface between the CNT and poly-
mer matrix because as the weaker the interfacial adhesion is, the worse nanotubes 
behave, inducing local stress concentrations, and the benefits of the CNT properties 
are lost. The strength of the interface could be a function of nanotube geometry (e.g. 
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wall thickness, chirality, etc.) and of the chemistry of the external graphene surface. 
Although the very high aspect ratio of nanotubes implies very large interfacial areas, 
their intrinsic chemical nature could cause weak interfacial adhesion. In fact, the sur-
face of a CNT may be considered essentially as an exposed graphene sheet and it is 
well known that, because of its weak inter-planar interactions, graphite shows solid 
lubricant quality and resistance to matrix adhesion. For this reason, chemical func-
tionalization of the CNTs surface is essential for improving nanotube-matrix inter-
actions.  
In addition, there are three main load transfer mechanisms that control stress trans-
fer, as follows: 
1. micromechanical interconnection (typically not so important, as the surface of 

the CNTs appears atomically smooth); 
2. chemical bonding; 
3. weak Van der Waals attractive force. 

Barber et alt. (2003) did an experiment during which 
a single MWNT, directly attached to an AFM tip, 
was pulled out from a polymer surface (fig. 3.3). The 
forces acting on the nanotubes were recorded from 
the deflection of the AFM tip and an interfacial 
strength of about 50 MPa was recorded. This value is 
about ten times larger than the adhesion level be-
tween the same type of polymer and carbon fibres. 

Fig. 3.3  
CNT pull-out from a 

polymer surface. 
(Source: Barber et 

alt., 2003) 
An other research studied how to disperse in a uni-
form way SWCNT in a polymer substrate. The adhe-
sion between the two phases in fundamental to 

achieve a good strength and avoid the loss of CNT as the hybrid material is exposed 
to the external environment. It was reported that microwave radiation and a subse-
quent ultrasonic bath enhance the adhesion. Experiments were carried on poly-
ethylene (PET): SWNTs theoretically have very high dielectric constants so they can 
release heat at around 2000 °C under microwave irradiation. Therefore, SWNTs can 
be heated selectively under microwave irradiation to higher temperatures than can 
polymer substrates. For this reason, SWNTs can be locally welded onto the surface 
of polymer substrates or penetrated into the polymer matrix, because heated SWNTs 
instantly begin to release heat around the polymer matrix. Microwaves irradiation 
was 2,45 GHz and 800 W for 10 - 300 s. The procedure to disperse CNT on the 
polymer was: the SWNT samples were purified and well dispersed in distilled water 
with 1 wt.% sodium dodecyl sulfate as a surfactant. For the uniform deposition of 
the SWNTs onto the PET substrate, 200 ml of the SWNTs solution was diluted and 
vacuum filtered through a porous alumina filtration membrane (Whatman, 200 nm 
pore size) until the surfactant around the SWNTs was washed out. As a result of this 
process, the SWNTs were trapped on the membrane filter and formed a homogene-
ous layer of SWNTs. Next, the SWNT layer–membrane filter was floated onto 3 M 
of sodium hydroxide (NaOH) to eliminate the membrane filter. After the complete 
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melting of the membrane filter, the aqueous surroundings (distilled water + NaOH) 
of the SWNT layer were neutralized using circulated distilled water. Finally, the 
SWNT film was transferred to a PET and polycarbonate (PC) substrate and was 
dried at 60 °C for 30 min. Film samples were prepared after cooling the film to room 
temperature, and microwave energy of 800 W at 2.45 GHz was applied to the 
SWNT films. The SWNT films were heated in a microwave furnace for 10–300 s. 
Finally, the SWNTs and the polymer composite were washed in an ultrasonic bath 
with ethanol for 10 min to eliminate residual SWNTs not attached to the polymer 
substrate. It was observed that SWCNT with small diameters (0,84 – 1,45 nm) could 
be easily damaged or destroyed by microwave irradiation and the lost of some of 
them may influence the sheet resistance. The sheet resistance was measured on the 
samples, after 10 s microwave treatment and a ultrasonic bath, showed over 500 % 
increase in sheet resistance value. In conclusion, at least 2 min is required to effec-
tively fuse SWNTs into the polymer substrate. This method is simple, fast and can 
be applied to fabricate a SWNT and polymer composite. For the fabrication of a 
SWNT and polymer composite, the proper temperature and fabrication time are very 
important, because the polymer materials are more easily damaged or deformed by 
heat than the SWNTs. The short period of microwave irradiation used in this paper 
could minimize the deformation of the polymeric matrices.  
 
3.4.2 Mechanical properties 
Incorporation of CNTs into a polymer can dramatically increase the modulus and 
strength of the matrix. 
For instance, some reported that by adding 1wt % MWNTs into polystyrene matri-
ces, the tensile modulus and strength of the composites increased by 42 % and 25 %, 
respectively. These researchers also showed that nanotubes aligned perpendicularly 
to a crack, are able to slow down its propagation by bridging the crack surfaces. In 
general, the addition of CNTs in polymer matrices reduces the toughness (area under 
tensile stress-strain curve) of composites. However, opposite effects, i.e. improve-
ment in toughness, are also reported. For example, it was showed that in ultra-high 
molecular weight polyethylene (UHMWPE) with 1wt % MWNTs, the toughness 
and ductility increased by 150 % and 104 % respectively, possibly due to the better 
mobility of the polymer chains induced by MWNTs.  
Ren et alt. (2003) conducted it was mixed 8-
15 layer CNT (hollow of 5 nm core) with a 
typical diameter ranging from 10 to 15 nm 
and 1 – 10 mm length. The density was ap-
proximately 1.75 g/cm3. the masterbatch, 
delivered in pellet form, was diluted with a 
polycarbonate. The materials were dried for 
16 hrs at 80 °C in a vacuum oven and then 
extruded to obtain concentrations of 0.5, 1, 2, 
5 wt % nanotubes in polycarbonate. 

Fig.3.4  
SWCNT bridging  
the fracture surface in 
a epoxy matrix. 
(Source: Ren et alt., 
2003) 
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To make some analysis, and especially to study the uniformity of the dispersion, the 
nanocomposites were dissolved in tetrahydrofuran (THF). A small pellet of the mas-
terbatch (8 mg, corresponding to 1,2 mg nanotubes) and corresponding weights of 
the diluted materials were immersed in approximately 50 ml of THF for about two 
weeks at room temperature. The solutions were formulated to have an equal amount 
of nanotubes in each vial. Under these conditions, polycarbonate was dissolved 
thereby leading to a suspension of the nanotubes in the solvent-PC solution. 
In an other study, conducted at NASA in 2004, it was reported the following table, 
showing that a small amount of CNTs (5 wt %) into a polymer is enough to strongly 
improve the thermal conductivity, electrical and mechanical properties of the matrix. 
 

Tab. 3.1 Mechanical properties of extruded SWCNT nanocomposite. 
SWCNT  
[Wt%] 

Tensile modulus 
[Gpa] 

Ultimate strength 
[Mpa] 

Yield stress 
[Mpa] 

0,0 2,2 ± 0,3 105 ± 7 74 ± 5 
0,1 2,6 ± 0,3 105 ± 10 86 ± 6 
0,3 2,8 ± 0,2 105 ± 7 94 ± 5 
1,0 3,2 ± 0,2 105 ± 5 100 ± 5 

 
3.4.3 Electrical properties 
One of the major commercial applications of CNTs is their use as electrically con-
ducting components in polymer composite. Many studies have revealed that electric 
conductivity can be obtained in a CNT/polymer composite at extremely low quanti-
ties of CNTs, due to their tendency to form a three dimensional, interconnecting 
network in the molten plastic. 
 
3.4.4 Thermal properties 
The incorporation of CNTs could improve the thermal transport properties of poly-
mer composites, due to the excellent thermal conductivity of the nanotubes. For in-
stance, in a study it was found out that the thermal conductivity of the 
SWNT/PMMA nanocomposite increased more than 100 % with 10 wt % nanotube 
loading. The CNTs could also modify matrix glass transition, melting and thermal 
decomposition temperatures of the matrix, because of their effect on the mobility 
and crystallization of the polymer chains. It was showed that the presence of CNTs 
in a polymer matrix increases the glass transition temperature.  
 
3.5 CNT/Polyurea composite – State of art 
Just a few works were carried on nanocomposites of carbon nanotubes and polyurea. 
Now, we are going to analyze some of the results achieved. 
Chao Gao et alt. (2005) followed the poly-condensation approach using, as precur-
sors, bonding linear polyurea, polyurethane, and hyperbranched poly-(urea-
urethane) on amino-functionalized MWNTs (MWCNT-NH2). The relative quanti-
ties were: 400 mg polyurea/other polymer matrix and 40 mg of MWCNT-NO2 To 
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have one only homogenous phase, the mixture was stirred for 24 hrs at room tem-
perature. Then polyurea was washed away and from the analysis it was shown that 
CNTs resulted well coated by the polymer. Thus to understand the inter-phase poly-
urea/CNTs. 

Fig.3.5 a-e  
Representative TEM 
images of different 
samples of CNTs 
coated by polyurea. 
Figure E pictures a 
crude MWNT. The 
scale bar represents 
25 (in panel A) and 
10 nm (in panels B-
E), respectively. 
(Source: Chao Gao et 
alt., 2005). 
 

Hang-Lang Wu et alt. (2006) investigated how CNTs improve polyurea properties 
using different types of carbon nanotubes dispersed in a poly (urea urethane) system: 

Fig.3.6  
Flow chart of the 
fabrication of 
PUU/MWNT nano-
composites. 
(Source: Hang-Lang 
Wu et alt., 2006) 

  

Following there are the different composites produced: 



Polyurea: the material 346 

 Pristine PUU: Pristine MWNT was first dissolved in THF1, and then added to 
PUU solution for 30 min in an ultrasonic vibration bath. 

 Silane end-capped PUU: A-silane was dissolved in THF by 10 % w/v, and then 
reacted with PUU at 40 °C for 8 hrs to obtain A-saline end-capped PUU. The 
functionalized MWNT was added into A-silane end-capped PUU solution for 
30 min in an ultrasonic vibration bath. 

 Phenyl End-capped PUU: The A-silane end-capped PUU was further reacted 
with P-silane via sol–gel reaction. MWNT/THF solution was added into phenyl 
end-capped PUU solution for 30 min in an ultrasonic vibration bath. 

 MWNT end-capped PUU: The functionalized MWNT and HCl were added into 
A-silane end-capped PUU solution for 2 h. Aforementioned MWNT/PUU 
nanocomposites solutions were kept under high shear stirring at room tempera-
ture for 1 h. The solutions were cast onto the mold (150 x 150 mm2) and vac-
uum dried at 80 °C for 10 h. 

Fig.3.7 a-b  
Left: FTIR spectra of 
(a) pristine CNT and 

(b) functionalized 
CNT. 

Right: Tensile 
strength of various 

MWNT/PUU nano-
composites. 

(Source: Hang-Lang 
Wu et alt., 2006) 

It was found out that the surface electrical resistance decreases with the increasing 
MWNT content even though their dispersion in PUU matrix plays a fundamental 
role. Regarding the tensile strength, for all CNT/PUU systems, it increased 3 – 4 
times as the content of MWNT increased from 0 to 5 phr. On the other hand, the 
tensile strength of MWNT/PUU sheets is greatly associated with the interfacial ad-
hesion between MWNT and PUU. It was found that the higher the interfacial inter-
action, the higher the tensile strength. The A-silane functionalized MWNT and PUU 
and the Psilane end-capped PUU may increase the interfacial interaction between 
MWNT and PUU, thus, leading to the increase of the tensile strength. Consequently, 
both P-silane end-capped PUU and MWNT end-capped PUU showed higher tensile 
strength than that of the pristine PUU. 

                                                 
1 Tetrahydrofuran (THF) is a colorless, water-miscible organic liquid with low-viscosity at standard 
temperature and pressure. It is a heterocyclic compound with a chemical formula C4H8O, and is the fully 
hydrogenated analog of the aromatic organic compound furan. It is one of the most polar of the organic 
functional class of ethers, and has a relatively low freeze point, and so is a commonly used modern 
organic chemical laboratory solvent across a range of temperatures. 
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4. MATERIALS AND SPECIMEN PRODUCTION 
 
4.1 Materials used 
 
4.1.1 Carbon nanotubes  
The Carbon nanotubes (CNTs) used in this work were purchased from Sigma Al-
drich Inc.. The product purchased is: Multiwalled Carbon Nanotubes (MWCNTs) 
>90% carbon basis, O.D. x I.D. x L = 10-15 nm x 2-6 nm x 0.1-10 μm. Density of 
2.1 g/mL (25 °C). Synthesized by Catalytic Chemical Vapour Deposition (CCVD). 
 
 
 
 
 
 
 
 
 
4.1.2 Polyurea 

Fig. 4.1 a-b-c Polyurea was purchased from ITW Futura Coatings, 1685 Galt Industrial Boulevard, 
St. Louis, MO (USA). The product purchased is Aqualine 300® that is a two com-
ponent, 100% solids, ambient temperature cure polyurea. It is designed to provide an 
excellent resistance to both corrosion and erosion in a large number of different en-
vironments forming a flexible membrane over both concrete and steel substrates. 
This material is characterized by a quite long pot life1, about 30 minutes, that makes 
it suitable for applications by brush, roller, trowel or squeegee.  

Secondary electron 
micrographs of the 
multiwalled carbon 
nanotubes that we 
used in our work. The 
enlargements are 2 
mm, 1 mm, 500 nm. 

Tab. 4.1 Aqualine 300® specification data as indicated by the industry 
Solids by volume 100% Elongation 400% 
Volatile organic  

compounds 
0.0 lb/gal (0 g/l) 

Adhesive tensile shear 
(ASTM D-1002) 

2000 psi 

Theoretical coverage 
1604 ft2/gal @ 1 

mil 
Tensile strength 1300 psi 

Recommend DFT 60 mils Tear strength 250 pli 

Number of coats 1 or more 
Hardness 

(ASTM D-2240) 
90 Shore A 

Mix ratio 
21 curative : 79 

resin 
Pot life @ 75 °F (24 °C) 35 minutes 

Operating temperature -70 to 180 °F (-56 to 82 °C) 

                                                 
1 Pot life: the length of time that a catalyzed resin system retains a viscosity low enough to be used in 
processing. 
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4.1.3 Tetrahydrofuran (THF) 
Tetrahydrofuran (THF) anhydrous was purchased from Sigma Aldrich. It is an or-
ganic solvent characterized by low viscosity at standard temperature and pressure. 
Its chemical formula is C4H8O and it is often used as precursor for polymers. As it 
will be discussed, the solvent has a strong effect on the Polyurea mechanical resis-
tance but its use was necessary to disperse CNTs in the polymer matrix. 
 
4.2 Specimen production 
To perform the mechanical tests, two different kinds of specimen had been prepared. 
One kind is made of Polyurea + CNTs to analyze the mechanical performance of the 
polymer due to the addiction of nanometric particles. The other kind is the compos-
ite steel + Polyurea + CNTs to analyze the mechanical behavior of the steel plates 
when coated by these new nanocomposite.  
In both cases, the nanocomposites have been prepared by adding different quantities 
in weight percentage  [wt %] of CNTs, as following described: 

1. polyurea + 0 wt % CNTs (pure polyurea); 
2. polyurea + 1 wt % CNTs; 
3. polyurea + 5 wt % CNTs; 
4. polyurea + 10 wt % CNTs. 

 
Tab. 4.2 Materials quantities needed to produce the specimen 

 1 wt % CNTs 5 wt % CNTs 10 wt % CNTs 
100 g    

CNT [g]  1 5 10 
Curative [g] 21 part 20,79 19,95 18,9 
Resin [g] 79 part 78,21 75,05 71,1 

150 g    
CNT [g]  1,5 7,5 15 
Curative [g] 21 part 31,185 29,925 28,35 
Resin [g] 79 part 117,315 112,575 106,65 

200 g    
CNT [g]  2 10 20 
Curative [g] 21 part 41,58 39,9 37,8 
Resin [g] 79 part 156,42 150,1 142,2 

 
Carbon Nanotubes have been previously dissolved in 50 ml of Tetrahydrofuran 
(THF) and stirred for 30 minutes to homogeneously disperse them. Then, the cura-
tive part is added and stirred for another 30 minutes until the mixture becomes ho-
mogeneous. Finally, the resin is added to proceed with the polymerization process. 
The mixture is mixed for about 5 minutes with a wooden spatula and then poured 
into a paper box in order to have a homogeneous 6 mm thick sheet of nanocompo-
site. The pot life of this compound is considered to be about 30 minutes as suggested 
by the product producer.  
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Fig. 4.2 a-b   
Left: Aqualine 300® 
resin.  

 Right: CNT dissolved 
in THF has been stir-
ring for 30 min with 
the curative. 

 
 
 
 
 
 
 
 
 
 
 Fig. 4.3 a-b  

CNT dissolved in 
THF has been stirring 
for 30 min with the 
curative. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4.4  
 The solution is put in 

the container to have 
a sheet of nanocom-
posite. 
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The boxes are then stored for about 24 hours at room temperature to let the polym-
erization process cure and obtain a hard sheet of nanocomposite. 
At the end, the sheets are cut in stripes and shaped according to the ATSM D-412 
Die C to obtain the specimen suitable to perform the mechanical tests.  
 
 

 

 

 
 

Fig. 4.5 a-b   
The nanocomposite is 
placed for 24 hours at 

room temperature to 
polymerizate. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4.6 a-b  
 The four kind of 

specimen produced. 
(Plane and cross sec-

tion views) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.7   
Specimen dimensions 

quoted both in mm 
and inches. 



Polyurea-based nanocomposite for civil applications 351 

To obtain the specimen for the composite system steel + polyurea + CNTs, the new 
nanocomposite is applied by brush on the steel plates that had been previously cut 
according to ASTM standard. This system was not tested. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 Fig. 4.8 –a-b-c  

Top left: Steel specimens coated by a layer of nanocomposite and, top right, an enlargements of two samples.  
Bottom: Top view of two steel specimen coated by two different layer of composite: on the top pure polyurea, on the bottom 
polyurea + 1wt % of CNT. It is possible to notice a big difference in roughness in the coating surface. 
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5. TENSION TESTS 
 
5.1 Introduction 
The Tension tests of the new material CNT-enhanced Polyurea were performed in 
accordance to the ASTM D-412: “Standard test methods for vulcanized rubber and 
thermoplastic elastomers – Tension” that covers the procedures used to evaluate the 
tensile (tension) properties of rubbers. Tensile properties depend both on the mate-
rial and the conditions of the test (extension rate, temperature, humidity, specimen 
geometry, etc.); therefore materials should be compared only when tested under the 
same conditions. The determination of these properties starts with test pieces taken 
from the sample material and includes the preparation of the specimen and the test-
ing of the specimen that may be in the shape of dumbbells, rings or straight pieces of 
uniform cross-sectional area1. 
 
5.2 Elements of solid mechanics and some definitions 
In solid mechanics, solids generally have three responses to force, depending on the 
amount of force and the type of material: 
1. elasticity — the ability of a material to temporarily change shape, but return to 

the original shape when the pressure is removed;  
2. plasticity — the ability to permanently change shape in response to the force, 

but remain in one piece. The yield strength is the point at which elastic defor-
mation gives way to plastic deformation. Deformation in the plastic range is 
non-linear, and is described by the stress-strain curve. This response produces 
the observed properties of scratch and indentation hardness, as described and 
measured in materials science. Some materials exhibit both elasticity and vis-
cosity when undergoing plastic deformation; this is called viscoelasticity; 

3. fracture — split into two or more pieces. The "ultimate strength" or toughness 
of an object is the point at which fracture occurs.  

Strength is a measure of the extent of a material's elastic range, or elastic and plastic 
ranges together. This is quantified as compressive strength, shear strength, tensile 
strength depending on the direction of the forces involved. Ultimate strength is 
measure of the maximum strain a material can withstand. 
Brittleness, in technical usage, is the tendency of a material to fracture with very lit-
tle or no detectable deformation beforehand. Thus in technical terms, a material can 
be both brittle and strong.  
In everyday usage, the word brittleness usually refers to the tendency to fracture un-
der a small amount of force, which exhibits both brittleness and a lack of strength (in 
the technical sense). For brittle materials, yield strength and ultimate strength are the 
same, because they do not experience detectable plastic deformation. The opposite 
of brittleness is ductility. 

                                                 
1 The preparation of the specimen has been discussed in Chapter 4. 
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The toughness of a material is the 
maximum amount of energy it can 
absorb before fracturing, which is 
different than the amount of force 
that can be applied. Toughness tends 
to be small for brittle materials, be-
cause it is elastic and plastic defor-
mations that allow materials to ab-
sorb large amounts of energy. 

Fig. 5.1 
Diagram of a typical  

stress-strain curve 
that shows the rela-

tionship between 
stress (force applied 

per unit area) and 
strain or deformation 
of a ductile material. Tensile strength is the maximum 

tensile stress reached in stretching a 
test piece of a particular material and is usually stated in Metric units, MegaPascals 
(MPa) or in English units, pounds-per-square inch (psi).  
Below, the metric conversion is shown: 
 

1 psi = 0,0068948 MPa = 0,6894757 N/cm2   (eq. 5.1) 
 

The test methods allowed by the standards for the measurement of tensile properties 
may not directly relate to the total end use performance of the product, if considered 
alone. Tensile set represents residual deformation which is partly permanent and 
partly recoverable after stretching and retraction. For this reason, the periods of ex-
tension and recovery (and other conditions of test) must be controlled to obtain 
comparable results. 

Fig. 5.2 
Tensile strength 

comparison [PSI] 
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The ASTM D - 412 1.1 reports two test methods that cover procedures used to 
evaluate the tensile (tension) properties of vulcanized thermoset rubbers and ther-
moplastic elastomers. These methods are not applicable to low elongation materials. 
The methods usually used are: 

 Test method A: Dumbbell and Straight section specimens; 
 Test method B: Cut ring specimen. 

These methods cover the tension testing at various temperatures and include meas-
urements of tensile stress at given elongations, tensile strength, ultimate elongation 
and tensile set.  

Fig. 5.3 
An instrument gener-
ally used to measure 
tensile properties. 

The methods start with a piece taken from the sample and include: the preparation of 
the specimen and the testing of the specimen.  

Measurements of tensile stress, tensile 
strength, and ultimate elongation are 
made on specimens that have not been 
pre-stressed. Tensile stress and tensile 
strength are based on the original cross 
sectional area of a uniform section of that 
specimen. Measurement of tensile set is 
made after a specimen has been extended 
and allowed to retract by a prescribed pro-
cedure without pre-stressing. The tensile 
properties of rubber are not intrinsic char-

acteristics but depend on both the material and the conditions of test such as rate of 
extension, temperature, humidity, geometry of specimen, inertia of dynamometer in 
tester, and environmental or mechanical preconditioning. Modest changes in rate of 
extension caused by type of tester (pendulum versus inertia-less) have little or no 
effect on the tensile properties of most rubbers. As temperature may have a signifi-

Fig. 5.4 
An instrument gener-
ally used to measure 
elongation. 
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cant effect on tensile properties, it should be controlled. For most rubbers, humidity 
has a small effect that can be neglected. Tensile strength and ultimate elongation de-
pend on the volume of the specimen and stress concentrations due to shape of 
specimens. Inertia type dynamometers may give erroneous results if the load capac-
ity of the tester is too high - or too low - for the material being tested. The periods of 
extension and recovery and the other conditions of testing need to be controlled in 
order to obtain comparable results. Tensile set testing of a rubber or thermoplastic 
elastomer evaluates the residual elongation of a test sample after being stretched and 
allowed to relax in the specified manner. This elongation consists of both permanent 
and recoverable components - thus the time for stretching and recovery are impor-
tant factors, and are both specified by the standard ASTM D - 412. 
ASTM D - 412 also specifies a dumbbell shaped specimen: the specification de-
scribes 6 options for the sample dimensions, but the preferred sample is called "Die 
C". Die C has an overall length of 115 mm (4.5 inches) with a narrow section 33 
mm (1.31 inches) long. This provides a gauge length (benchmark) 25 mm (1 inch) 
long and a gauge width of 6 mm (0.25 inch). 
Tensile set is expressed in percent and is calculated by dividing the change in length 
of the test sample by the initial length. Below there are some definitions, as stated by 
standard, to avoid any misunderstandings: 
 Tensile set: the extension remaining after a specimen has been stretched and al-

lowed to retract in a specific manner, expressed as a percentage of the original 
length. 

 Tensile strength: the maximum tensile stress applied in stretching a specimen to 
rupture. 

 Tensile stress: a stress applied to stretch a test piece. 
 Tensile stress at a given elongation: the stress required  to stretch the uniform 

cross section of a test specimen to a given elongation.  
 Ultimate elongation: the elongation at which rupture occurs in the application of 

continued tensile stress. 
 Yield point: that point on the stress-strain curve, short of ultimate failure, where 

the rate of stress with respect to strain, goes through a zero value and may be-
come negative. (That particular point at which the material strain changes from 
elastic deformation to plastic deformation) At the yield point the yield strain 
(level of strain at the yield point) and the yield stress (level of stress at the yield 
point) are defined. 

 
5.3 Apparatus and procedure 
The testing machine used to perform the tests was an Instron 4260 that may apply a 
maximum load of 30.000 lb ~ 15.000 Kg ~ 150 KN2.   
The software used to acquire the data was LabView 8.5 developed by the National 
Instrument, 2007. 

                                                 
2 1 lb = 0,454 Kg 
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In order to perform the tests, the specimens are placed in the grips of the testing ma-
chine using care to adjust them symmetrically so that the tension is distributed uni-
formly over the cross section. The loading rate was set to be 2.00 inch/min, which 
equal to 50 mm/min, and may be considered quasi-static. At every stopping point of 
the machine the distance between the grips is recorded. 

Once the final load is reached, the specimens are held at the specified elongation for 
10 minutes and then released quickly. Then it is made them rest for 10 minutes. At 
the end of the 10 min rest period the distance between the bench marks has been 
measured. To determine cycling loading, the residual elongation and the strength 
lost at each cycle (hysteresis) the specimens are held at the maximum permitted 
elongation for 10 minutes, then they are released until the load comes to zero and 
make them rest for 10 minutes. At the end of the 10 min rest period they are pulled 
again. This operation has been repeated for 5 cycles. 

Fig. 5.5 a-b-c 
Left: the apparatus 
controller 
Centre: the software 
recording a test 
Right: testing ma-
chine - the grips used 
to hold the specimen. 

 

 

Fig. 5.6 
The tension test: the 
specimen (in this case 
Polyurea + THF) is 
placed between the 
grips and the bench 
marks are marked on 
the material (left). 
Then, the specimen is 
pulled (centre) until it 
breaks (right). The 
machine has got 
some sensors that 
make the software 
records the elonga-
tion and the load ap-
plied. 
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Fig. 5.7 
An other tension test 
performed on a sam-
ple of Polyurea + 
THF+ 5 wt % of 
CNT. In this case the 
specimen has a larger 
elongation if com-
pared to the picture 
above. 

5.4 Calculations 
The tensile stress at any specified elongation is calculated as follows: 
T(xxx) = F(xxx) / A  eq. 5.2 
where: 
T(xxx) = tensile stress at (xxx) % elongation, MPa or lbf/in2, 
F(xxx) = force at specified elongation, MN or lbf, 
A = cross sectional area of unstrained specimen, m2 or in2. 
 
The yield stress is calculated as follows: 
Y(stress) = F(y) / A  eq. 5.3 
where : 
Y(stress) = yield stress, that stress level where the yield point occurs, MPa or lbf/in2, 
F(y) = magnitude of force at the yield point, MN or lbf, 
A = cross sectional area of unstrained specimen, m2 or in2. 
 
The tensile strength is calculated as follows: 
TS = F(BE) / A  eq. 5.4 
where: 
TS = tensile strength, the stress at rupture, MPa or lbf/in2, 
F(BE) = the force magnitude at rupture, MN or lbf, 
A = cross sectional area of unstrained specimen, m2 or in2. 
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The elongation at any degree of extension is calculated as follows: 
E = 100 [ L – L0] / L0  eq.5.5 
where: 
E = the elongation in percent (of original bench mark distance), 
L = observed distance between bench marks on the extended specimen, 
L0 = original distance between bench marks (use same units for L and L0). 
 
A test result is the median of three individual test measurement values for any 
of the measured properties as described above, for routine testing.3 
 
5.5 Results and discussion – Influence of THF 
First, we want to compare the mechanical behaviour of pure Polyurea with those of 
Polyurea + THF prepared in the Carleton Laboratory at Columbia University. More 
particularly, the tension tests were performed at a crosshead displacement of 50.8 
mm/min and at controlled temperature and humidity (24 ± 2°C, 50 ± 5% RH).  
The aim of this comparison is to evaluate the influence of THF on the polymer ma-
trix. Figure 5.8 and Figure 5.9 show the stress-strain curves of the two different 
Polyurea specimens as obtained in the experiments while the values of the tensile 
strength and elongation were previously reported in Table 5.1. 
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Fig. 5.8 
Stress – Strain curve 
for Polyurea without 
THF. The average 
tensile strength is 
about 5 MPa while 
the maximum elonga-
tion percentage at 
breakage is about 
290%. 

 

 
 

 

                                                 
3 There are two exceptions to this and for these exceptions a total of five (5) specimens (measurements) 
shall be tested and the test result reported as the median of five: 
exception 1: if one or two of the three measured values do not meet specified requirement values when 
testing for compliance with specifications; 
exception 2: if referee tests are being conducted. 
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Fig. 5.9  

Stress – Strain curve 
obtained for Polyurea 
with THF. The aver-
age tensile strength is 
about 2,75 MPa 
while the maximum 
elongation percentage 
at breakage is about 
370%. 

 

 

 
 

As expected, adding THF has a very negative effect on the polymer behaviour as the 
maximum stress shown by the material with THF is about half of the original value 
for the polymer without THF. However, there are substantially no effects on the 
maximum elongation (strain) recorded at breakage of the specimen, value that tends 
to be close to the elongation of the original product (the polyurea used in this study 
should have shown a 400% elongation as stated by the company data sheet).  
The values of the tensile strength and elongation for the specimens with and without 
THF, and the hypothetical values for virgin Polyurea, are reported in Table 5.1 and 
Figure 5.10. 
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 Fig. 5.10 
 Graphical visualiza-

tion of the different 
tensile strengths. 

 
 

PU+THF_4
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Tab. 5.1 
Comparison between Aqualine 300, polyurea without THF and polyurea + THF 

Sample 
Tensile 
Strength 
(MPa) 

Tensile 
Strength 

(psi) 

Max elonga-
tion 
(m) 

Elongation 
% 

Aqualine 3004 8,96 1300 - 400 

Polyurea sample 1 4,70 681,68 0,138 285,49 

Polyurea sample 2 5,27 764,35 0,075 295,15 

Polyurea + THF sample 1 2,29 332,14 0,113 221,65 

Polyurea + THF sample 3 2,84 411,91 0,163 428,93 

Polyurea + THF sample 4 3,12 452,52 0,164 369,31 

 
5.6 Results and discussion – Influence of CNT 
In this section, we analyse the influence of different amounts of CNTs with 0, 1, 5 
and 10 wt %, on the Polyurea matrix, as shown in the stress strain curves in Figures 
5.11 – 5.14, respectively. 
As illustrated, the addition of carbon nanotubes improves the tensile strength of all 
the samples. All the specimens show an initial linear behaviour, with a high value of 
Young’s modulus, up to a stress level that ranges between 3.5 – 4 MPa. After this 
value, the stress-strain behaviour remain linear but with a slope that depends on the 
amount of CNTs used. The best performance is recorded for the sample with 1 wt % 
of added CNTs: all 1 wt % CNT doped-Polyurea specimens did not break during the 
tensile test, reaching a maximum elongation of 30.48 cm (this is the maximum elon-
gation allowed by our universal testing machine). The elongation resulted in an al-
most 800%, which indicates an increase of more than twice as compared to either 
the base material (Polyurea + THF) or the commercial one ( both reach elongation of 
about 400 %).  
The tensile strength of the new material resulted in about 3 times the value of the 
base material (Polyurea + THF) which is a clear enhancement in the mechanical 
strength and toughness.  
The specimens with 5 wt % CNT showed a behaviour similar to the one of the base 
material in terms of maximum stress. However, the elongation percentage resulted 
to be quite smaller.  
The specimens with 10 wt % CNT added showed the worst behaviour as they broke 
almost immediately under small loads and small elongations, presenting a brittle-
type behaviour. The results are summarized in Table 5.2. 

                                                 
4 Data taken from the Technical Data sheet of Aqualine 300® by ITW Futura Coating. 
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 Polyurea + THF + 0 wt % CNT
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Fig. 5.11 
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Stress – Strain curve 
for Polyurea + THF + 
0 wt % CNT. The 
lines represent the 
mechanical behaviour 
of the specimens 
tested. The average 
tensile strength is 
about 2,75 MPa 
while the maximum 
elongation percentage 
at breakage is about 
370%. 

 
 
 
 
 

 

 

Fig. 5.12 

 

 

 

 

Stress – Strain curve 
for Polyurea + THF + 
1 wt % CNT. The 
lines represent the 
mechanical behaviour 
of the specimens 
tested. The average 
tensile strength is 
about 7 MPa while 
the maximum elonga-
tion percentage at 
breakage is about 
610%. 
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 Polyurea + THF + 5 wt % CNT
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Fig. 5.13 

 Stress – Strain curve 
for Polyurea + THF + 
5 wt % CNT. The 
lines represent the 
mechanical behaviour 
of the specimens 
tested. The average 
tensile strength is 
about 4 MPa while 
the maximum elonga-
tion percentage at 
breakage is about 
242%. 

 

 

 
 
 
 
 
 Polyurea + THF + 10 wt % CNT
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 Fig. 5.14 
Stress – Strain curve 
for Polyurea + THF + 
10 wt % CNT. The 
lines represent the 
mechanical behaviour 
of the specimens 
tested. The average 
tensile strength is 
about 4 MPa while 
the maximum elonga-
tion percentage at 
breakage is about 
16%. 
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Table 5.2 Comparison between the different CNT + Polyurea specimens tested 

CNT wt % 
Tensile Strength 

(MPa) 
Max elongation 

(m) 
Elongation 

% 
Sample 1 2,29 0,113 221,65 
Sample 2 2,84 0,163 428,93 0 
Sample 3 3,12 0,164 369,31 
Sample 1 6,36 0,253 398,86 
Sample 2 7,37 0,304 797,75 1 
Sample 3 7,51 0,305 631,52 
Sample 1 4,03 0,123 241,18 
Sample 2 3,83 0,124 227,53 5 
Sample 3 3,93 0,131 257,78 
Sample 1 4,02 0,0082 14,47 
Sample 2 3,94 0,0074 13,87 10 
Sample 3 3,84 0,0123 19,38 

 
Figures 5.15 and 5.16 show the average tensile strength and the average maximum 
elongation as a function of the carbon nanotubes content.  
In these figures, it can be seen that the best result is achieved when adding 1 wt % of 
CNT into the Polyurea + THF matrix, even though there are some uncertainties in 
the test data denoted by a certain scattering of them. From Figure 5.16, it is notewor-
thy to highlight the fact that adding larger quantities of CNT makes the material 
more brittle lowering the maximum elongation percentage. 

Fig. 5.15 
Tensile strength as 
function of CNTs 
content. The red line 
represents the aver-
age values, the blue 
dots the exact values. 
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Fig. 5.16 
Ultimate elongation 
percentage as func-
tion of CNTs content. 
The red line repre-
sents the average 
values while the blue 
dots indicate the val-
ues from each test. 

 
5.7 Results and discussion – Tensile set 
For the 1 wt % CNT doped-Polyurea specimens we measured the tensile set, which, 
according to the Standard ASTM D-412, is the extension remaining after a specimen 
has been stretched and allowed to retract for 10 min.  
The results of this analysis, shown in Table 5.3, indicate an average tensile set of 
about 60 %. 
 
 

Table 5.3 Tensile set for 1 wt % CNT doped-Polyurea + THF specimens. 

Distance between the 
bench marks 

Sample 
Before the 
test [cm] 

After 10 
min [cm] 

Residual elongation 
[cm] 

Tensile set 
[%] 

Sample 1 6,35 9,53 3,18 50 

Sample 2 3,81 6,60 2,79 73 

Sample 3 4,83 7,72 2,89 60 

Average tensile set [%] 61 
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5.8 Results and discussion – Load and Unload Test 
Loading and unloading tests were performed in order to evaluate the material re-
sponse to repeated loading cycles. Specifically, five cycles were performed for each 
CNT + Polyurea material, and recorded in Figures 5.17 – 5.19.  
Each test cycle was performed in the following way: each specimen was strained to 
half of the maximum expected elongation and kept under constant load for 10 min. 
Then, the load was slowly removed (quasi-statically) until it became nearly zero and 
kept at this value for another 10 min. Then a new cycle began, repeating the same 
procedure. 
The Stress – Strain curves illustrated in Figures 5.17 – 5.19 show a typical hysteresis 
loop of loading cycles. The tensile strength decreases at every cycle while the resid-
ual strain increases. The test was not performed for the 10 wt % CNT doped-
Polyurea as the material was too brittle and the maximum elongation was too small.  
Figures 5.20 – 5.21 summarize the maximum tensile stress and the loss percentage 
recorded at each cycle for 0, 1 and 5 wt % of CNTs added into the polymer matrix, 
respectively.  
It is noteworthy that the 1 wt % CNT doped-Polyurea shows better performance at 
every cycle, handling a higher stress in comparison to the 0 and 5 wt % CNT doped-
nanocomposites. In addition, this mixing shows to have the largest loss per cycle, as 
presented in Figure 5.21. In this figure, it is also interesting to notice that, after 4 cy-
cles, the mechanical loss tends to be almost the same for all the materials. 
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 Fig. 5.17 
Load and unload cy-
cles on 0 wt % CNT 

doped-Polyurea. 
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Polyurea + THF + 1 wt % CNT
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Fig. 5.18 
 Load and unload cy-

cles on 1 wt % CNT 
doped-Polyurea. 

 

 
 
 
 
 
 Polyurea + THF + 5 wt % CNT 
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 Fig. 5.19 
Load and unload cy-
cles on 5 wt % CNT 
doped-Polyurea. 

 

 
 



Tension tests 368 

 Max tensile stress per cycle

5

0

1

2

3

4

5

6

7

1 2 3 4

cycle

M
P

a

Polyurea + THF + 0 wt % CNT Polyurea + THF + 1 wt % CNT Polyurea + THF + 5 w

 

 

 

Fig. 5.20  
Maximum tensile 
stress recorded at 

each cycle for 3 dif-
ferent CNT quanti-

ties. 

 

 
 t % CNT

 
 
 Max tensile stress loss percentage per cycle

0

5

10

15

20

25

30

35

1 2 3 4

cycle

lo
ss

 %

 

 

 

 

 

 

 
 Fig. 5.21 
 Maximum tensile 

stress loss percentage 
at each cycle.  5
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Tab. 5.4 Load and Unload test on Polyurea + THF + 0 wt % 
CNT – Tensile Strength and loss % 

 
Tensile Strength 

[MPa] 
Loss % per cycle 

Cycle 1 3,73  
Cycle 2 3,10 15,96 
Cycle 3 2,94 5,10 
Cycle 4 2,76 6,11 

Total loss % after 5 cycles 

Cycle 5 2,67 3,21 28,41 
 

 
 

 

Tab. 5.5 Load and Unload test on Polyurea + THF + 1 wt % 
CNT – Tensile Strength and loss % 

 
Tensile Strength 

[MPa] 
Loss % per cycle 

Cycle 1 6,07  
Cycle 2 4,27 29,6 
Cycle 3 3,82 10,5 
Cycle 4 3,57 6,5 

Total loss % after 5 cycles 

Cycle 5 3,35 6,2 44,8 

 
 

Tab. 5.6 Load and Unload test on Polyurea + THF + 5 wt % 
CNT – Tensile Strength and loss % 

 
Tensile Strength 

[MPa] 
Loss % per cycle 

Cycle 1 4,65  
Cycle 2 3,57 23,17 
Cycle 3 3,29 7,84 
Cycle 4 3,09 6,18 

Total loss % after 5 cycles 

Cycle 5 2,97 3,72 36,04 
 

 

 



Tension tests 370 

5.9 Results and discussion - Scanning Electron Micrograph (SEM) imaging.  
Figures 5.22 – 5.23 show SEM images taken at the top surface and at the cross sec-
tion of the CNT + Polyurea specimens, respectively. The images reveal that when 
more CNTs are added to the mixture, the surface becomes rougher. Furthermore, the 
specimen with the 10 wt % of CNT is shown to have lots of cracks all over the sur-
face and  CNTs appear at many locations. For all cases, very few CNTs are actually 
observed, which suggest that the polymer matrix has thoroughly coated the nanopar-
ticles, making strong bonds and increasing the interface Polyurea/CNTs. 

 
 
 

Fig. 5.22 (This page) Secondary electron micrograph (SEM) of the samples top surface. (a) Polyurea + THF + 0% wt CNT; 
(b) Polyurea + THF + 1% wt CNT; (c) Polyurea + THF + 5% wt CNT; (d) Polyurea + THF + 10% wt CNT. 
 

 
 
 

Fig. 5.23 (Next page) Secondary electron micrograph (SEM) of the samples cross section areas. (a) Polyurea + THF + 0% wt 
CNT; (b) Polyurea + THF + 1% wt CNT; (c) Polyurea + THF + 5% wt CNT; (d) Polyurea + THF + 10% wt CNT; (e) Free 
carbon nanotubes in cracks surface in Polyurea + THF + 5% wt CNT; (f) Free carbon nanotubes in cracks surface in Polyurea 
+ THF + 10% wt CNT.
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6. DETERIORATION AND ACCELERATED AGING 
 
6.1 Introduction 
The service life of new materials in a real application is a very tricky problem, espe-
cially in harsh environments where the natural aging could be vey fast. However, 
determining the influence of different factors - such as elevated temperature or pres-
ence of acid smog in the atmosphere - on the physical properties of a rubber is quite 
difficult as the results of the tests may not give an exact correlation with service per-
formance as the real conditions vary widely.  
Furthermore, a composite material is formed by two or more different compounds 
and everyone has got its own mechanical properties and behaviour. In a real envi-
ronment, a composite may incur in some problems related to this various and often 
inhomogeneous nature that may cause disaggregation of the different grains.  
The only way we have to predict how a material will perform in a real situation is 
performing tests of accelerated aging. Standard tension tests should be performed on 
the aged samples and comparison can be made to non-aged samples so that the main 
properties are measured prior to and after the exposure. Values represent a percent-
age change in properties. 
The procedure of aging investigation is very complicated as it includes chemical and 
physical aspects as well as mathematical ones. 
 
6.2 Polymer aging 
The properties of polymers are not determined only by their composition. Even a 
simple polymer may have molecules of different lengths and nature. Besides, these 
molecules may cooperate with each other forming more complex structures. All 
these lead to a non-reproduction of the material properties. For instance, the same 
plastic made under different conditions demonstrates completely different proper-
ties. Polymers are in a state of thermodynamic non-equilibrium below their glass 
transition temperature (Tg) and their structure and properties change in the course of 
time even in absence of external influences. Besides, many polymers are rather sen-
sitive to the external environment. Oxygen, light and high temperature may affect 
their behaviour in different ways. Its therefore important to stress out that aging does 
not always involve degrading of the mechanical properties. There are different aging 
mechanism which vary a lot depending on the polymer, the aging conditions and the 
structure (geometry) of the material. 
 
6.3 Accelerated aging testing - Theory 
It is well known that the rate of chemical reaction changes depending on the condi-
tions in which the reaction proceeds. More particularly, the temperature dependence 
of reaction rate constant k is described by the Arrhenius law: 
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k  = entropy factor,  0

k = k0 exp 







RT

E
  (eq. 6.1)            where: E = activation energy,  

T = temperature (°K), 
R = gas constant.  

From this equation, it follows that the process proceeds really faster under increased 
temperature. In literature, there are similar ideas about the influence of other factors 
of external environment - such as light, loading, etc. – on the process of aging. 
Founded on these assumptions, it is possible to design the experiment in which, dur-
ing a reasonable time, polymer aging reaches deep degrees of transformation. Such 
technique of testing is called accelerated aging test and is widely used in practice. 
However, while planning such tests, it is necessary to keep in mind that conditions 
of experiment should be such that mechanism of accelerated and natural aging are 
similar. Only under these conditions a useful extrapolation is possible. 
The American Society for Testing Materials (ASTM) has established guidelines to 
contribute to the reliability of materials. Accelerated aging testing is done based on 
ASTM D 573 – 04 “Standard Test Method for Rubber – Deterioration in an Air 
Oven” and ASTM D 1349 – 09 “Standard Practice for Rubber – Standard Tem-
peratures for Testing” as rubber and rubber products must resist the deterioration of 
physical properties with time caused by oxidative and thermal aging.  
Testing is performed in air using an oven aging for a specified period at a specified 
temperature. Standard testing can be performed on the aged samples and comparison 
can be made to non-aged samples so that the main properties are measured prior to 
and after high temperature exposure. The values recorded represent a percentage 
change in properties. 
 
6.4 Aging conditions (New York City temperature) 
To simulate the real conditions under which a real CNT doped- polyurea would 
work, we plot by means of the software Energy Plus® the average climate conditions 
in New York City and, more particularly, in Central Park, JFK and La Guardia air-
ports (NY – USA). 
More particularly, under the Köppen climate classification, New York City has a 
humid subtropical climate and enjoys an average of 234 sunshine days annually. 
Summers are typically hot and humid with average high temperatures of 79 – 84 °F 
(26 – 29 °C) and lows of 63 – 69 °F (17 – 21 °C), however temperatures exceed 90 
°F (32 °C) on average of 16 – 19 days each summer and can exceed 100 °F (38 °C) 
every 4–6 years. Winters are cold, and prevailing wind patterns that blow offshore 
somewhat minimizes the influence of the Atlantic Ocean. Yet, the Atlantic Ocean 
keeps the city warmer in the winter than inland North American cities located at 
similar latitudes such as Chicago, Pittsburgh and Cincinnati. New York City re-
ceives 1,260 mm of precipitation annually and the average winter snowfall is about 
62 cm. 
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 Fig. 6.1 

New York City map 
with the indication of 
the point of interests. 

 
 
 

Tab. 6.1 Average temperature in NYC district 
Average temp. [°C] in: Average temp. [°C] NYC Month 

JFK La Guardia Central Park NYC 
January 1,17 1,87 -1,72 - 1,72 

February -0,18 0,05 1,54 1,54 
March 5,58 6,84 6,48 6,48 
April 10,94 12,72 11,26 11,26 
May 16,05 16,44 17,22 17,22 
June 21,71 22,21 22,20 22,20 
July 25,05 26,52 25,01 25,01 

August 24,79 25,04 23,18 23,18 
September 19,96 20,34 20,23 20,23 

October 14,02 15,39 13,00 13,00 
November 7,31 11,17 8,86 8,86 
December 3,33 3,64 1,88 

 
 
 
 
 
→

1,88 
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 Fig. 6.2 
 Weather conditions in 

JFK Airport, New 
York City (NY). 
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Fig. 6.3 
 Weather conditions in 

La Guardia Airport, 
New York City (NY). 
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 Fig. 6.4 
 Weather conditions in 

Central Park, New 
York City (NY). 
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 Average weather 
conditions in New 
York City (NY).  
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6.5 Laboratory procedure 
Nothing was found in literature about aging polyurea specimens, moreover, the 
length of time and the testing temperature depends on the specific material analysed. 
In our case, the temperature chosen to heat the specimens was 140° F (60° C) for 
different hours cycle duration. Polyurea operating temperature is between -70° to 
180° F (-56° to 82° C) and the maximum temperature recorded in New York during 
a year is 35° C. Furthermore, in some experiments performed on similar materials an 
aging cycle of about 2 hours is intended to correspond to 12 simulated months.  
To perform accelerated aging, the specimens where placed in the oven after it has 
been heated to the operating temperature. At the termination of each aging interval 
(2, 4, 6, 12 and 20 hours), they were removed from the oven and cooled down to 
room temperature on a flat surface.  
The tension test were performed after about 20 hours (the standard ASTM D 573 – 
04 prescribes a length of time between 16 and 96 hours to perform the tests after the 
aging) and data were compared to the unaged samples’ results. 
 
6.6 Discussion and Results 
We defined 6 different aging intervals (2, 4, 6, 12, 20 and 50 hours). At the end of 
each interval, some specimens were removed out of the oven and cooled down to 
room temperature on a flat surface. After approximately 20 hours of cooling off, 
tension tests were performed and the results were compared to the unaged samples. 
Figure 6.6 and Figure 6.7 summarize the average ultimate tensile stress and average 
maximum elongation, respectively. 
The points in the figures were obtained by loading the specimens up to their break-
ing point. The results obtained are interesting and counterintuitive. From Figure 6.6, 
it is clear that the ultimate stress varies significantly for all models, as aging contin-
ues. Furthermore, three general trends can be seen in the figures: the short (0-4 
hours), medium (4-20 hours) and long (20-50 hours) time periods.  
In the short time period, Polyurea + 1 wt % CNT shows the best performance and all 
the materials are quickly enhancing their performance. In the medium period, all 
nanocomposites are starting to age, and their performance deteriorates while the vir-
gin Polyurea keeps performing better. It is also interesting that Polyurea + 1 wt % 
CNT which gave the best results in the short term, now gives the worst performance. 
In the long period, the best performance is obtained by the virgin Polyurea. None-
theless, performance of the nanocomposites are stabilized with slow increase in per-
formance.   
From Figure 6.7, similar three trends (time intervals) are observed. The maximum 
elongation of 1 wt % CNT decreases from about 600 % to 80 % during the initial 
aging stage. Thereafter, the maximum elongation is stabilized and shows an increase 
when exposed to long aging. Similar trend is shown for the 5 wt % CNT sample 
while the 10 wt % does not show significant changes in elongation with aging. Once 
again, the virgin polyurea with 0 wt % CNT shows the optimal performance. A sim-
ple analysis and interpretation of the aging results suggest that while nanotubes are 
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strong and stiff initially they cause the polyurea to brittle much faster leading to 
suboptimal results as compared with the pure polyurea. 
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Fig. 6.6  
Average ultimate 
tensile stress of the 
specimens after ex-
tended aging in an air 
oven. 
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Average maximum 
elongation of the 
specimens after ex-
tended aging in an air 
oven. 
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6.7 Scanning Electron Micrograph (SEM) imaging.  
Figures 6.8 – 6.11 show the secondary electron scanning electron microscopy im-
ages taken at the cross section of the unaged and aged specimens, respectively. For 
the 0 % and 1 % CNT specimens, the pictures reveal that there are almost no appar-
ent differences in the matrix structure between the two different states, unaged and 
aged. However, the SEM images of 5 % and 10 % enriched specimens show that ac-
celerated aging has a huge effect on the structure of the polymer matrix as it looks 
more compact and smooth.  

Fig. 6.8 
Secondary electron 

micrograph of Poly-
urea + THF + 0 % wt 

CNT cross section 
area. (left) Unaged; 

(right) Aged. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.9  
Secondary electron 

micrograph of Poly-
urea + THF + 1 % wt 

CNT cross section 
area. (left) Unaged; 

(right) Aged. 
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Fig. 6.10 
 Secondary electron 

micrograph of Poly-
urea + THF + 5 % wt 
CNT cross section 
area. (left) Unaged; 
(right) Aged. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.11 
 Secondary electron 

micrograph of Poly-
urea + THF + 10 % 
wt CNT cross section 
area. (left) Unaged; 
(right) Aged. 
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