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1. Introduction

The current global energy system is currently based on fossil
fuels. They are the primary source of carbon dioxide, a gas recognized as
the main responsible for the greenhouse effect and consequent global
warming. In the future, the problem will be enhanced owing to the
increase of the world population from the current 7.4 to over 9 billion
estimated for 2040, increasing the total energy demand by 30% [1]. A
possible solution could come from the use of renewable sources, which
already occupy a portion of primary energy production. However, the
energy produced by some of these sources, such as solar or wind, has an
aleatory character, which depends for example on the day-night cycle but
also on the season of the year. This problem is stressing the importance of
storing energy when overcomes the demand, in order to supply it when
demand is higher [2]. A Boston Consulting Group analysis [3] estimates
that between 2015 and 2030 the volume of the global energy storage
market will grow from 6 to 26 billion euro. Among the various storage
systems, hydrogen will undergo the greatest growth and in 2030 will
cover 19% of the global market. The use of hydrogen as an energy vector
is an idea that has been present for decades [4]. The coupling of a
renewable energy source to an electrochemical cell is an example of
effective storage system for renewable plants that could, in the future,
replace the use of fossil fuels, thus opening the way to the so-called
Hydrogen Economy [5].

The main obstacle to using hydrogen as an energy carrier is its
availability. CH, reforming is currently the most diffuse production

process, because the hydrogen final cost is very low in comparison with



other methods [6]. Among these, the electrochemical water splitting is
highly attractive because it is environmental friendly, very flexible, and
easy to be conducted. Unfortunately, the process is very expensive
because electrical charge is the driving reagent. In particular, 53.6 Ah
under a thermodynamic potential of 1.23 V are necessary for producing
one mole of hydrogen. Really, the thermodynamic potential to be
considered is 1.48 V owing to the heat supply associated with entropy
increase accompanying the water splitting reaction. Therefore, the
theoretical energy consumption is of 39.664 Wh per gram of hydrogen.
The real value is higher owing to the electrochemical process
irreversibility. It is precisely for that reason that the present research has
been focused on the study of the electrochemical cell with specific
attention toward the electrocatalysis issues in order to separate its
contribute from that one due to the cell design.

At this aim, the use of nanostructured electrodes was investigated
to decrease the reaction overvoltage through a significant increase of the
electrode surface. Nickel-based nanostructured electrodes were fabricated
and tested in alkaline solutions at room temperature. The attention was
devoted to alkaline solutions, because the alternative acidic baths require
platinum-based electrodes, which, of course, are very expensive.
Therefore, a less noble material has been chosen in the light of a strong
cost reduction. The temperature was maintained at ambient values,
because the interest was in the investigating the electrode performance in
the less favorable conditions. In this scenario, the cell design was not
optimized because it was thought of primary importance to identify first

of all, the major contributes to the overvoltage.



Consequently, an electrochemical cell was assembled only for
testing the electrodes at current densities of 0.5 Acm™ that is the lower
value of technological interest. Ni-based, and Pd electrodes with different
morphologies were tested, in order to enhance the role of the
nanostructures. From this point of view, Ni nanostructured electrodes
revealed better performances than all other ones, Pd included. Despite Pd
is a well-known good catalyst for reactions involving hydrogen, it is
limited by the high capacity of adsorbing inversion determining a fast
decay of its performance as an electrocatalyst.

The research activity was planned in collaboration with the
Institute of Microelectronics and Microsystems (IMM) of the CNR in
Catania, for the study of a concentration photovoltaic system to power the
electrolyzer. Unfortunately, this issue has not been sufficiently
scrutinized, because the issues concerning the electrochemical process
required long times of investigation. On the other hand, the hydrogen
production through PEM-type electrochemical cell has been investigated
during a stay in NREL Labs at Denver-Colorado.

As for the alkaline cells, the fabrication of nanostructured
electrodes through template electrosynthesis was deeply investigated
looking for correlating nature and morphology of the electrode with its
electrochemical performances. Different characterization techniques were
used such as Energy Dispersion Spectroscopy, X-Ray Diffraction,
Scanning Electron Microscopy, and Cyclic Voltammetry conducted in
30% w/w KOH aqueous solution, as electrochemical tests. Also long time

electrode stability under hydrogen evolution was tested.
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2. Hydrogen Economy

Hydrogen is the first element of the periodic table and the
smallest element in the Universe. It is also the most abundant, about 75
wt.% and 90 vol.% of all matter. On earth, it is almost always bond to
other elements, such as oxygen (water) and carbon (hydrocarbons), and it
is almost impossible found it in molecular form.

At STP, hydrogen is a colorless, odorless, tasteless, non-toxic,
and highly combustible diatomic gas. It has many important properties
[1]; its fusion and boiling points are 14.02 K and 20.27 K, respectively.
Molecular hydrogen has a wide concentration range of flammability (4-
75% by volume) and explosiveness (4-74% by volume) with air, and its
autoignition temperature is 500 °C. It is the fuel with the highest heat
values (141.80 MJ/kg HHV, 119.96 MJ/kg LHV), more than two times
higher than all the other fuels, but it has a low volumetric energy density
(2.1 kI/m®). This is due to the low density (0.0899 g/dm? at STP).

Hydrogen has many uses [2]; the most important are the
production of ammonia and methanol, and oil refining (desulphurization
and hydrocracking), which consume 95% of global hydrogen production
(Fig. 2.1), taken as a whole. In the food industry, hydrogen is used for
unsaturated vegetable oils hydrogenation. In metal and cement industries,
it is used as reductive agent. In space and aeronautics application, it is
consumed as rocket fuel in the liquid state.

However, in the next decades, the hydrogen role could become
more relevant in the world's energy scenario. In fact, hydrogen is being
considered the future energy carrier [3-6]. In addition to the already

mentioned hydrogen properties, another important one is the hydrogen



combustion with oxygen that can produce energy and/or heat without
carbon dioxide production.

H, Production H, Consumption
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Figure 2.1 - World hydrogen production and consumption. [11].

Nowadays, one relevant hindrance to the hydrogen economy
growth is the impossibility to found hydrogen in nature, unlike others
fuel. Furthermore, hydrogen production is mostly carried out using fossil
fuels. In addition to hydrogen, these production processes also produce
carbon monoxide and dioxide, making them environmentally
unsustainable [7-9]. However, they are cheaper in comparison with other
greener processes, like electrolysis or photo-electrolysis.

The hydrogen production methods will be discussed in chapter
2.1. Storage and transport are other two important issues to be considered
in hydrogen technology. They will be treated in chapter 2.2.



2.1. Hydrogen Production

The annual hydrogen production is estimated at about 50 million
tons [10]. As evidenced in Fig. 2.1, hydrogen production is mostly carried
out using fossil fuels; in particular, hydrogen production from natural gas
steam reforming is 48% of the total, partial oxidation of oil 30%, coal
gasification 18%. Another small part of hydrogen comes from
electrolysis (4%), which gives the most pure gas, highly desired in the
food industry. Electrical energy supplies electrochemical cell to split
water in hydrogen and oxygen. This method will be discussed in chapter
3.

Table 2.1 — Production processes, raw materials, and energy sources [12].

Processes Raw Materials Source of Energy

Electrochemical Electrolysis + Water « Electricity from renewable energy
sources (e.g,, wind, geothermal,
solar, hydro)

+ Electricity from nonrenewables
(e.g., fossil fuels, nuclear)

Thermochemical Reforming + Natural gas « Combustion of natural gas/syngas

+ Hydrocarbons « Concentrating solar thermal
+ + Water

Gasification + Coal + Combustion of coal/biomass/
+ Carbonaceous materials carbonaceous materials/syngas
+ Biomass + Concentrating solar thermal
+ + Water

Decomposition + Natural gas « Natural gas combustion

+ Fossil fuel hydrocarbons ~ + Concentrating solar thermal
+ Biomethane
+ Biohydrocarbons

Thermolysis » Water « Concentrating solar thermal

Thermochemical cycles + Water « Concentrating solar thermal

« Nuclear heat

Photochemical Photosynthesis « Water « Solar radiation, artificial light
Photobiological + Microbial (e.g., algae) + Solar radiation
« + Water

There are two substantial differences between electrolysis and

fossil fuel-based methods. The production cost is smaller for the last



respect to electrolysis because of higher electrical energy cost in
comparison to natural gas, oil or coal. On the other hand, electrolysis
process is environmentally sustainable because it does not generate
carbon monoxide and dioxide as co-product, and, in addition, hydrogen
by electrolysis reaches a purity grade (99.99%) that is impossible to reach
with other methods, unless to provide expensive purification processes,
which may waste every economic advantage.

Hydrogen can be produced through electrochemical,
thermochemical, and photochemical processes, according to Table 1. This
classification is based on the kind of energy input. In electrochemical
processes, the energy input is electrical energy that can be supply by
renewable and nonrenewable sources. In thermochemical processes, the
energy input is high-temperature heat that can be supplied by renewable
and nonrenewable sources. In photochemical processes, the energy input
is by the direct absorption of light photons.

Details of some production processes are given below.

2.1.1. Steam Reforming

Steam reforming was developed in Germany at the beginning of
the 20th century, to produce hydrogen for ammonia synthesis, and was
further developed in the1930s when natural gas and other hydrocarbon
feedstocks such as naphtha became available on a large scale [13].

Steam reforming is the most used and the cheapest process to
produce hydrogen. It uses thermal energy to separate hydrogen from the
carbon components of hydrocarbons, usually natural gas, and involves the
reaction of these fuels with steam on catalytic surfaces [14]. The first step

of the reaction is the decomposition of the fuel into hydrogen and carbon



monoxide (Eq. 2.1), followed by the water-gas shift reaction of the
carbon monoxide and water to carbon dioxide and hydrogen (Eg. 2.2)
CH,+ H,0 - CO + 3H, AH,qg = 206.3 ki/mol  (2.1)

CO + H,0 - CO, + H, AHjog = -41.1 kJ/mol  (2.2)

Steam reforming reaction [1] is endothermic, hence some of the
fuel must be burned and the heat transferred to the reformer via heat
exchangers. The process is operated at high temperatures (up to 1000 °C)
and moderate pressures (25-35 bar). Steam reforming is a catalytic
process; the used catalyst is typically Ni- based supported on Al,O; and
MgAIl,O,4. The steam reforming efficiency is around 65-70% [15].

Steam reforming of light hydrocarbon is also a well-established
industrial process. An example is methanol steam reforming. It can be
conducted from renewable sources and the reforming reaction occurs at
relatively low temperatures, ca. 240-260 °C [16]. The most common
catalysts are based on copper, such as Cu/ZnO/Al,O;. Methanol steam

reforming process can be described by the following chemical reactions:

CH;0H + H,0 - CO, + 3H, AHjog = 49.7 ki/mol  (2.3)
CH;0H - CO + 2H, AHjog =90.7 ki/mol  (2.4)
CO+ H,0 - CO, + H, AHjog = -41.1 kJ/mol  (2.5)

2.1.2. Partial Oxidation

Partial oxidation is an alternative to steam reforming and is
generally employed with higher hydrocarbons or if pure oxygen is
available [17]. It is an exothermic reaction that converts fuel in syngas

(CO and H,) using a substoichiometric amount of oxygen. Partial



oxidation process can occur either with or without catalyst. The non-
catalytic process operates at temperatures in the range of 1200-1500 °C
and pressure above 3 MPa. With catalyst, partial oxidation can be carried
out at lower temperature (around 1000 °C). As compared to steam
reforming, catalytic partial oxidation has the advantage of short start-up
time because the reaction is exothermic, but for pure hydrogen production
itis less efficient and more expensive [12, 18].

A general equation for partial oxidation is shown below.

Cely0, + 520, > xC0+2H,  AHjeq <0 ki/mol (2.6)

2.1.3. Autothermal reforming

Autothermal reforming combines partial oxidation and steam reforming.
It consists of a thermal zone where partial oxidation or catalytic partial
oxidation is used to generate the heat needed to drive the downstream
steam reforming reactions in a catalytic zone [7]. No external heating
source is required, because the exothermic oxidation reaction provides
the heat necessary for the endothermic steam reforming reaction. A
significant advantage for this process over steam reforming is that it can
be stopped and started very rapidly while producing a larger amount of
hydrogen than partial oxidation alone. For autothermal reforming to
operate properly both the oxygen to fuel ratio and the steam to carbon
ratio must be properly controlled at all times in order to control the
reaction temperature and product gas composition while preventing coke
formation. For methane reforming the thermal efficiency is comparable to

that of partial oxidation reactors 60—70%, based on the higher heating.



2.1.4. Coal Gasification

Coal gasification to produce coal gas dates back to the end of the
18" century. The development of large-scale processes started on the late
1930s. After World War Il, interest in coal decreased because of oil and
natural gas availability. In 1970s, when oil and natural gas prices
increased sharply, interest for coal gasification renewed [19].

Gasification it the only large-scale option for converting solids to
gases [20] and one of the most environmentally sustainable conversion
technologies for solid fuels. Gasification converts solid fuel into a syngas
comprised mainly of CO, CO,, H, CH,; and H,O following these

reactions [21]:

C+5 0, - CO AHjog = -111 kiimol  (2.7)
CO+ 50, - COy AHyqq = -283 kJimol  (2.8)
Hy + 5 0, = Hy0 AHjog = -242 KJimol  (2.9)
C + C0, - CO AHjeg =172 kJ/mol  (2.10)
C + H,0 - CO + 2H, AHjg =131 kJ/mol  (2.11)
C+ 2H, - CH, AHyog = -75 kJ/mol  (2.12)

The gasification process takes place at temperatures from 800°C
to 1800°C. The exact temperature depends on the characteristics of the
feedstock. There is considerable advantage to gasifying under pressure,
so that practically all modern processes are operated at pressures of at
least 10 bar and up to as high as 100 bar. The reasons are in compression

energy savings and equipment size reducing.



2.1.5. Solar Thermolysis

The single-step thermal dissociation of water, known as water

thermolysis, can be given as Eg. 13
H,0 > Hy + 5 0, AHjoq = 242 KJimol  (2.13)

The reaction needs a high temperature heat source, above 2500K,
to have a reasonable dissociation degree [22]. To reach this temperature,
thermal energy of concentrated solar radiation is employed as an energy
source. A water thermolysis reactor involves components manufactured
with very special refractory materials resistant to reaction ambient,
temperatures generally of the order of 1500 K, with gradients and
oscillations of relevant magnitude.

Thermal water dissociation can be described by different
reactions depending on the temperature. In the temperature range
1700+1900 K, a heterogeneous reaction (Eg. 14) involving a first-order

dissociative reaction localized at the reactor heated wall [23]:
H,0 +wall - H+ OH +wall (2.14)

At higher temperature, in the range of 2000-3000 K, a
homogeneous kinetic mechanism with a few reversible elementary steps
involving H,O, OH, H, O, H, and O, is believed to govern [24].The

overall reaction can be expressed as follows:
H,0 - x;H,0 + x,0H + x30 + x,H + x50, + xcH, (2.15)

Thermal water dissociation is an invertible reaction, which is

necessary to prevent. Thus, product gas quenching (instant cooling to



stop the reaction) or high-temperature separation of hydrogen should take
place in the reactor.

2.2. Hydrogen Storage and Transport

Associated with the above mentioned hydrogen properties,
solving storage and transport problems is an important goal to be
achieved in the development of the hydrogen economy.

Hydrogen can be stored using different methods that can be
subdivided in two groups: physical and chemical methods. Physical
storage methods are the high-pressure compression (up to 800 bar) and
the liquefaction in cryogenic tank (at 20-21 K). Chemical storage
methods include absorption in metal hydrides, adsorption on materials
with a large specific surface area, and transformation into other
compounds, such as methanol or ammonia. Nowadays the most proven
and commercially available hydrogen storage is in gaseous compressed
form or in liquid form. However, hydrogen storage methods have several
critical features that have to be solved. In general, the weight, volume and

cost of hydrogen storage are too high and the durability is not adequate.
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3. Fundamental of Electrochemical Water

Splitting

3.1. Historical Background

The history of water electrolysis started as early as the first
industrial revolution, in the 1800, when Alessandro Volta invented the
voltaic pile, and a few weeks later William Nicholson and Anthony
Carlisle used it for the electrolysis of water [1]. A few months later,
chemist Johann Wilhelm Ritter repeated Carlisle and Nicholson's
experiment on electrolysis, succeeding in separating water into hydrogen
and oxygen. By 1902 more than 400 industrial water electrolysis units
were in operation and in 1939 the first large water electrolysis plant with
a capacity of 10,000 Nm® H,/h went into operation. In 1948, the first
pressurized industrial electrolyzer was manufactured by Zdansky-Lonza.
In 1966, the first solid polymer electrolyte system was built by General
Electric, and in 1972 the first solid oxide water electrolysis unit was
developed. The first advanced alkaline systems started in 1978. The
history ends up in our days with the development of proton exchange
membranes, usable for water electrolysis units and fuel cells, by DuPont
and other manufacturers, due to the developments in the field of high
temperature solid oxide technology and by the optimization and

reconstruction of alkaline water electrolyzers [2].



3.2.  Thermodynamics of water electrolysis

As mentioned in chapter 2.1, water electrolysis is a hydrogen
production method that use electrical energy to split the water molecule
in hydrogen and oxygen according to Eq. 3.1

Hy0 = Hy + 3 0, (3.1)

At STP, water is liquid and H, and O, are gaseous. Enthalpy,
entropy and free Gibbs energy standard changes for reaction (Eq. 3.1)

are, respectively [3]:
AHy(H,0(1)) = +285.84 ki/mol (3.2)
ASy(H,0(1)) =+163.15 J/(mol K) (3.3)
AGy(H,0(D) = AHy(H,0(D) — T ASy(H,0(1)) = +237.22 ki/mol (3.4)

The entropy change due to the formation of 1.5 moles of gaseous
species is positive along with the enthalpy change so that the Gibbs free
energy change is positive and the reaction is non-spontaneous [4].

Water vapor can also be dissociated into gaseous hydrogen and
oxygen. Enthalpy, entropy and free Gibbs energy standard changes for

reaction with water vapor are respectively:
AHy(H,0(vap)) = +241.80 ki/mol (3.5)
ASy(H,0(vap)) =+44.10 J/(mol K) (3.6)
AGy(H,0(vap)) = AHy(H,0(vap)) — T ASy(H,0(vap)) = +228.66 ki/mol (3.7)

Fig. 3.1 shows the state functions trend for reaction (1) at 1 bar.

The total energy AH and entropy change AS demand to split 1 water mole



are almost constant over the entire temperature range. The Gibbs free
energy change AG decreases with increasing temperature, while the heat
demand TAS increases linearly with temperature. Discontinuities on AH

and TAS observed at 378 K are due to water vaporization.
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Figure 3.1 — AH, AG, and TAS demand for the water splitting reaction at
1 bar [5]

The minimum energy that is required to split water is given by
the Gibbs free energy change AG. At STP, according to the Faraday’s

law, the free energy electrolysis in terms of voltage, E’, is, in volts:

o

E = % =1.2293V = 1.23 V (3.8)

At this cell voltage, there is enough electric energy to start the

process but not enough to maintain isothermal conditions. The reaction is



endothermic and the cell takes the thermal energy (TAS) from the
surroundings. Furthermore, the current density is too low, making it not

of technological interest. For this reason, the thermo-neutral voltage V' is

defined as:
V' = "4 =14813V~148V (3.9)

If the cell voltage is over V', there are enough electrical and
thermal energy to increase the current density to technological acceptable

values.

3.3. Electrochemistry of water electrolysis

The aforementioned thermodynamic conditions exist only for low
current values, conditions far from the real operating conditions of the
cell. In fact, there are several sources of energy dissipation that add up to
the energy required for electrolysis. Their magnitude and localization
depend on the cell design [4]. Thus, the cell voltage during electrolysis is
always higher than E” and it depends on the current through the cell. The
overall cell voltage E can be written as [6]:

Ecen = E" + iR + |EQ,| + |ES] (3.10)
where EZ27.,, and E2; are cathodic and anodic reaction overvoltages,
which increase logarithmically with current density [7, 8]; iR is the ohmic
voltage drop, which is a function of the electrolyte and electrode
conductivity, the distance between the electrodes, the conductivity of the
diaphragm or the membrane and the contact resistances between the cell

components [6].
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Figure 3.2 — Typical electrolyzer cell losses [9]

3.4. Efficiency

The water electrolysis efficiency is often expressed as the ratio of
the energy content of hydrogen produced to the electrical energy
consumed for its production (Eg. 11).

p = 24 Maren e (3.11)

Where ny, is the amount of hydrogen produced in moles. Eq. 3.11
represents the overall system efficiency that can be further detailed. First,
the cell efficiency can be defined as the ratio of either the reversible

voltage E~ or the thermo-neutral voltage V' to the real cell voltage E.

&

Neell AG = Eooll (3.12)
.

Neell AH = Eooll (3.13)

These efficiencies refer respectively to the thermodynamic values

of maximum work (Eqg. 3.12) and maximum thermal energy (Eq. 3.13)



obtainable from the recombination of hydrogen and oxygen and are both
decreasing with increasing current.

Another important parameter is the faradic efficiency or current
efficiency, which is the ratio of gas produced to the theoretical amount of
hydrogen produced according to the electrical charge passed through the

cell

nH rea.
Nfaraday = —real (3.14)

"H2 jdeal
It takes into account parasitic currents in the cell and possible
gases recombination effects. In fact, ideally, cell diaphragm or membrane
should be gas-proof. In real condition, the gases solubility in the
electrolyte is limited but not zero. The faradic efficiency typically reaches

values of over 90 % [10].



References

[1] Santos D. M. F., Sequeira C. A. C., Figueiredo J. L. (2013) Hydrogen
Production by Alkaline Water Electrolysis, Quimica Nova, 36, 8, 1176-
1193.

[2] Kreuter W., Hofmann H. (1998) Electrolysis: the Important Energy
Transformer in a World of Sustainable Energy, International Journal of
Hydrogen Energy, Pergamon, 23, 8, 661-666

[3] Liu R. S., Zhang L., Sun X., Liu H., Zhang J. (2011) Electrochemical
Technologies for Energy Storage and Conversion, Wiley-VCH Verlag &
Co. KGaA, Boschstr. 12, 69469 Weinheim, Germany, ISBN: 978-3-527-
32869-7.

[4] Godula-Jopek A. (2015) Hydrogen Production, by Electrolysis, Wiley
VCH Verlag & co.KGaA, Weinheim, ISBN: 978-3-527-33342-4.

[5] Hansen J. B. (2015) Solid oxide electrolysis — a key enabling
technology for sustainable energy scenarios, Faraday Discussions., 182,
9-48.

[6] Zuttel A., Borgschulte A., Schlapbach L. (2008) Hydrogen as a
Future Energy Carrier, Wiley VCH Verlag & co0.KGaA, Weinheim,
ISBN: 978-3-527-30817-0.

[7] Wendt H., Imarisio G. (1988) Nine Years of Research and
Development on Advanced Water Electrolysis. A Review of the Research
Programme of the Commission of the European Communities, J. Appl.
Electrochem., 18, 1, 1-14.

[8] Wendt H. (1990) Electrochemical Hydrogen Technologies, Elsevier,
Amsterdam, 1-14.

[91 An L., Zhao T. S., Chai Z. H., Tan P., Zeng L. (2014) Mathematical

modeling of an anion-exchange membrane water electrolyzer for



hydrogen production, International Journal Of Hydrogen Energy,
Elsevier, 39, 35, 19869-19876.

[10] Hug W., Divisek J., Mergel J., Seeger W., Steeb H. (1992) Highly
efficient advanced alkaline electrolyzer for solar operation, International
Journal Of Hydrogen Energy, Elsevier, 17, 9, 699-705.






4. Water Electrolysis Technologies

Nowadays, there are three technologies through which water
electrolysis can be carried out: i) alkaline water electrolysis (AWE), ii)
polymer electrolyte membrane (PEM) electrolysis, ad iii) solid oxide
electrolysis cell (SOEC). Alkaline and PEM electrolysis are both mature
technologies already commercialized while SOECs are still developing.

A typical electrolysis cell consists of two electrodes, a diaphragm

or a membrane, an electrolyte, and an external power sources.

(Cathode Anode

sajqqnq uabAxo

Figure 4.1 — Typical scheme of an electrolysis cell.

The main characteristics of the different types of electrolyzers
will be illustrated below.



4.1. Alkaline Water Electrolysis

Alkaline electrolysis is the most mature and the most developed
water electrolysis technology. Most of the global electrolytic hydrogen is
produced by alkaline electrolyzers. Commercial alkaline electrolyzers
have a typical energy efficiency of 60-70 %, and a lifetime up to 90-
100,000 operation hrs. [1-3]. They use typically a 20-40 % potassium
hydroxide (KOH) aqueous solution at a temperature ranging from 60-90
°C [1, 4-6]. One of the strengths of the technology is the use of electrodes
made with inexpensive materials such as Nickel [7-10].

oxygen (O5) hydrogen (H,)

anode cathode
+ diaphragm -

electrolyte | electrolyte
(alkaline solution) | (alkaline solution)

Figure 4.2 — Scheme of an alkaline electrolysis cell [11]

As shown in Fig 4.2, hydrogen evolution occurs at the cathode,
where water is reduced (Eq. 4.1). Crossing the diaphragm (or the
membrane), the hydroxide anions recombine on the anode surface

according to Eq. 4.2, where water and oxygen are formed.



Cathode: 4H,0 +4e~ — 2H, +40H~ (4.1)
Anode: 40H™ - 0, + 2H,0 + 4e™ (4.2)
Full reaction: 2H,0 — 2H, + 0, (4.3)

The diaphragm separates the gases, avoiding their recombination,
but guarantees the liquid continuity. In the past, the AWE diaphragms
were made of asbestos [12-13]. Nowadays, they are based on sulphonated
polymers, Polyphenylene Sulfide (Ryton®) [14], and composite materials
[15-16]. One of the most popular material used a separator is known as
Zirfon®, a composite material made of polysulphone and zirconium
oxide.

In recent years, significant progress has been made regarding
alkaline electrolysis mainly in two directions. On the one hand, the
energy efficiency of the electrolyzers has been improved with the aim of
reducing the operating costs associated with the consumption of
electricity, improving both the electrodes electrocatalytic activity [17-22]
and the design of the cell [23-24]; on the other hand, operating current
densities have been increased in order to reduce investment costs [25]. In
addition, advanced alkaline electrolyzers operating at high temperature
and high pressure are under study [26-28]. These systems are able to
reach current densities of 1-2 A cm with cell voltage lower than 2 V, but
they operate at temperatures of 250 °C and 42 bar. These conditions

require energy to be maintained and deteriorate the materials used.



4.2. PEM Water Electrolysis

PEM electrolysis is similar to AWE. Fig. 4.3 shows a PEM cell
diagram.

1« e
Anode

<«—H,0

PEM

Figure 4.3 — Scheme of a PEM Electrolysis cell [29].

The substantial difference between AWE and PEM electrolysis is
the electrolyte nature. Instead of an aqueous electrolyte like in AWE
cells, PEM cell electrolyte is an acidic solid polymer membrane, typically
Nafion™, This membrane performs two tasks: i) separates the gases
produced, and ii) allows the proton flux from the anode to the cathode.
The proton transfer is due to the presence in the membrane of the
sulphonic acid functional group (-SOsH) [30]. Being in an acid

environment, the electrode reactions of a PEM cell are different from



those of an AWE cell. At the anode, oxidation reaction of deionized
water (Eq. 4.4) occurs. Through the membrane, hydrogen ions reach the
cathode and form hydrogen gas (Eg. 4.5).

Anode: 2H,0 — 0, + 4H" + 4e” (4.4)
Cathode: 4H* + 4e~ > 2H, (4.5)

The global reaction is the same as reported in Eq. 4.3. The use of
deionized water is necessary because noble metals, such as platinum and
iridium, which are easily poisoned by impurities, are used as electro-
catalysts.

In terms of temperature and pressure, the operating conditions of
a PEM cell are similar to the alkaline ones. However, the current
densities of a PEM cell can reach values of 2 Acm™ without significant
losses in efficiency [3]. This is due to the thin assembly between the
electrode and the membrane (<0.2 mm), named membrane electrode
assembly (MEA), which minimizes the cell ohmic losses.

The main disadvantage of PEM electrolysis is the high
investment cost due to the use of noble metals as catalysts. For the same
reason, PEM electrolyzers are made with lower production capacity than

alkaline ones. Furthermore, they have a shorter life time.

4.2.1. PEM Water Electrolysis Tests at NREL

During the abroad experience in Colorado at NREL, five
commercial MEAs were tested for a Round Robin Test with other
research institutes and companies. For the tests, a cell with the following
characteristics was used:

e Cathode Flow-Field: Titanium coated with Platinum and Gilded



e Anode Flow-Field: Titanium coated with Platinum
e End-Plates: AIMg;
e Active Area: 25 cm’
e PTL: Toray-Paper 5% PTFE, thickness: 0.35 mm
e Gaskets: PTFE, thickness: 0.25 mm
The tests operation conditions were:
e Water Flow: 2 mL/(min*cm?)
e Outlet pressure: 1 bar
e AT (inlet-outlet) <2 K
e Water quality > 1 MQ*cm
The purpose of the tests was to obtain polarization curves at two
different temperatures, 60 and 80 ° C, and verify their repeatability for all
MEAs. The polarization curves were obtained by keeping the constant
current for 5 minutes for each current step. Figures 4.4 and 4.5 show the

polarization curves for 60 and 80 °C respectively.
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Figure 4.4 — Polarization curve for five commercial MEAs tested in a
PEM electrolyzer at 60 °C. Tests conducted at NREL.
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Figure 4.5 — Polarization curve for five commercial MEAs tested in a
PEM electrolyzer at 80 °C. Tests conducted at NREL.

The results obtained were excellent, showing a high repeatability
at both temperatures. It is important to underline that at the upper voltage
limit value (2 V) the difference in current density between the two
temperatures is about 0.6 A/cm? strongly marking the effect of

temperature in the electrolysis reaction.

4.3. Solid Oxide Electrolysis Cell

Solid oxide electrolysis cell is the least mature electrolysis
technology, despite being a technology already investigated since the
1960s [11]. The electrolyte for SOEC is a ceramic material, where
oxygen ions at high temperatures act as electrical charge carriers. The
operating temperature for these cells is typically 700-1000 ° C, working

with water vapor phase. The main advantage of the SOECs lies in the low



electrical energy demand for the gas production, replaced by heat [31].
However, having to withstand high temperatures, the materials and
fabrication methods of cell are expensive. As mentioned, the electrolyte
is a ceramic material, typically yttria stabilized zirconia (YSZ) [7]. The
cathode is a cermet, i.e. a mixture of Ni and YSZ, while anode is
typically a strontium-doped perovskite, such as LaMnQOs;, LaFeO; or
LaCoO; [32-33]. Fig. 4.6 shows the operating principle for SOEC.
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Electrolyte l o* Heat

|
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Figure 4.6 — Scheme of a SOEC Cell [34].

At the cathode side, water steam is reduced in H, and oxide ion
(0%), according to Eq. 4.6. Through the electrolyte, the anions reach the

anode and react to form oxygen gas (Eq. 4.7).
Cathode: 2H,0 +4e~ — 2H, +20?% (4.6)
Anode: 20?7 > 0, + 4e” (4.7)

The main drawback is the low performance stability due to the

degradation of the electrodes due to the high temperatures. In some recent



studies, single cells have reached lifetimes of 11,000 [35] and 23,000 [36]
hrs. Instead, data on small stacks refer to 4000 operation hrs. [37].
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5. Nanostructures Fabrication

Over the last decades, the ever-increasing demand for more
efficient materials led to the production of different materials such as
metal alloys, oxides, and polymeric materials. In this frame, growing
attention has been devoted to the nanostructured materials, which they are
characterized by having at least one dimension ranging from 1 nm to 100
nm. This is in good agreement on how the term “nano” is used in the
scientific community, though there is a degree of ambiguity in relation to
the upper limit of the size. Particles and materials with the smallest
domain between sizes above one micron and even sometimes several um
are sometimes referred to as “nano”, although this is becoming less
common with increasing standardization of terminology in nanoscience.
Nanostructures can have a great variety of shapes. Generally, the easiest
to realize are one-dimensional (1D) ones, such as wires, rods, belts, and
tubes. The academic and industrial interest for nanostructured materials is
due to the specific electrical, electrochemical, optical, and magnetic
characteristics. There are many different applications where
nanostructures are already used and where their use is foreseen:

e Nanomedicine;

e Catalysis and filtration;

e Energy conversion and storage;

e Semiconductor and optoelectronic devices;
e Sensing.

This large number of applications is also due to the variety of
possible methods for the nanostructure fabrication. Usually, fabrication

methods are classified as “bottom-up” or “top-down”. The first one



includes the most common fabrication methods [1]: i) template synthesis
[2-5], ii) vapor-solid growth [6-8], iii) vapor-liquid-solid (VLS) growth
[9-11], iv) hydrothermal [12, 13], v) solvothermal [14-15], vi)
electrochemical deposition [16-19]. The second one includes all the
nanolithographic techniques [20, 21]: i) electron-beam [22], ii) focused-
ion-beam [23] writing, iii) proximal-probe patterning [24], iv) X-ray and
v) extreme-UV lithography [25-26].

In this work, the attention is focused on the materials synthesized
through deposition into template, which has been used as electrodes for

water splitting after template removing.

5.1. Synthesis through Template

Synthesis through a template is an easy and extensively used
method for 1D nanostructures fabrication [1, 16]. In this approach, the
template serves to give the desired form to nanostructures; therefore it is
easy to manage the size and shape of the nanostructures by choosing the
proper template.

Fig. 5.1 shows the nanostructures growing process step-by-step
for each template type. The most common template types are planar and
colloidal ones, and both are divided into porous and nonporous [27]. In
particular, the use of porous planar templates permits the preparation of
materials with well-defined three-dimensional morphologies. Usually, a
porous planar template is a material that has pores with radii varying
from tens of nm to a few pum. These are often used as membranes in
filtration technology. Anodic aluminum oxide membrane [5, 16, 19, 28]

and polycarbonate membrane [29-36] are commonly used for the



synthesis of 1D nanostructures, which are often nanotubes or nanowires
(NWs).

Colloidal

e
/\/:

Figure 5.1 — Schematic illustration of various nanostructured materials
prepared via templating technique [27].

For this work, commercially track-etched polycarbonate
membranes (Whatman, Cyclopore 47) were used as a template with pore
diameter ranging from 180 to 250 nm, pore density of 10*2 pores m?, and



a thickness of about 16 + 0.65 um. A typical morphology is shown in Fig.
5.2.

Figure 5.2 — Polycarbonate Membrane SEM images: left) top view; right)

section view

The main advantages in using the polycarbonate membrane are
the high density of highly interconnected pores and the ease of
dissolution. Further, after dissolution, it is possible to recover the
polycarbonate from either dichloromethane or chloroform, which are
used as etching agents.

5.2. Electrochemical Deposition

Electrochemical deposition is a process which involves the
reduction of metal from aqueous, organic, and fused-salt electrolytes [17,
37]. The reduction of metal ions (M*") in aqueous solution can be
accomplished by three different processes: i) electrodeposition, ii)
electroless deposition, and iii) displacement deposition. For the first two

processes, metal reduction reaction is represented by Eqg. 5.1.



M?(-)liution'l_ ze — Mlattice (5-1)

In the electrodeposition process, the electrons needed for the
reaction are provided by an external power supply. While for the
electroless deposition, the electrons source is a reducing agent present in
the solution. In the displacement deposition, the electrons needed for the
reduction of metal ions (M;*") present in the solution are provided from
the oxidation of metal substrate (M,), which behaves as a sacrificial

anode, according to the partial reactions
Oxidation: M, » M+ + ze™ (5.2)
Reduction: M2t + ze~ —» M, (5.3)
Giving the resultant reaction
Mzt +M,, —» M, + ME* (5.4)

Among the processes listed above, the most one widely used is
electrodeposition. Electrodeposition process shows many advantages over
physical and chemical deposition methods, such as i) no need of vacuum
equipment, ii) easy handling, iii) higher deposition rates with also a high
surface area, and iv) easy preparation of thick and continuous layers
firmly attached to the support. Other advantages include the ease of
fabrication, low cost, sample homogeneity and precise control over the
amount of electrodeposited material. Furthermore, electrochemical
deposition methods are often compatible with other fabrication
techniques such as sputtering, evaporation processes or photolithography.
The electrodeposition requires the use of a rather simple apparatus (Fig.
5.3):



e apotentiostat for setting the potential or the current;

e aworking electrode (WE), where deposition occurs;

e acounter-electrode;

o areference electrode, which allows applying the desired potential
to WE.

e a solution, containing the precursor salts of the elements to be

deposited.

Potentiostat

Figure 5.3 — Elementary scheme of an electrodeposition system

Shortly, the electrodeposition process involves external
polarization of the WE. As the current passes throughout the cell, an
oxidation reaction occurs at the anode (counter-electrode) while a
reduction reaction takes place on the cathode (working electrode), with
deposition of the desired material.

Numerous chemical and operational parameters must be

controlled for conducting successfully electrodeposition; such as current



density, electrolyte concentration, complexing agent, pH, temperature,
electrolyte stirring, substrate properties, cleaning procedure. In addition,
working electrode can be polarized through current density or potential;
consequently, the deposition process can be carried out through
potentiostatic, constant current, cyclic voltammetry, pulsed potential, or
square current polarization. The technique choice is related to the

electrochemical behavior of the desired material.

5.3. Template Electrosynthesis

In this work, template electrosynthesis was chosen for the
nanostructured electrode fabrication, because is easy to be conducted,
cheap, and easily scalable. In addition, like all electrochemical-based
processes, it is environmentally friendly because electron is a reagent.
Fig. 5.4 shows a schematic diagram for the synthesis of nanostructures
through electrodeposition.

1) Polycarbonate Membrane
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3) Current Collector Electrodeposition
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5) Template Dissolution 6) Characterization and Testing

Figure 5.4 — Process steps for electrodeposition into template.



The details for each type of electrode will be shown in the
following chapters. As mentioned above, a porous polycarbonate
membrane was used as a template, since it is not electrically conductive;
a gold film 20-30 nm thick was sputtered on one side of the membrane.
The gold sputtering was made with a SCANCOAT SIX EDWARDS.
During the sputtering, the chamber pressure was 10™ mbar and, inside the
chamber, there was an Argon atmosphere; the potential and current
values were 1 kV and 25 mA respectively for 240 s. Successively, a
compact Ni layer was electrodeposited on the golden surface. The Ni
layer acted as current collector and mechanical support of the
nanostructures, and it was deposited from a typical Watt’s bath (300 g/l
nickel sulphate hexahydrate, 45 g/l nickel chloride, 45 g/l boric acid) at 3
pH.
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Figure 5.5 - Ni layer electrodeposition potential and current density vs.

time.



The working electrode was potentiostatically polarized at -1.25 V
Vs. a standard calomel electrode (SCE), while a platinum gauze was used
as a counter-electrode. Under these conditions, the Ni layer deposited
after 9000 seconds was 80 um thick. Fig. 5.5 shows a typical current
density vs. time plot during the Ni film deposition. The electrodeposited
Ni layer was successively used as a current collector for electrodepositing
the nanostructures into the template. Due to the cylindrical shape of the
pores, usually the nanostructures were NWSs. After the nanostructures
growth, the template was dissolved in dichloromethane. The electrode
was immersed in the fresh dissolving agent for 5 minutes, and the
procedure was repeated four times to guarantee complete dissolution of
the membrane. Then, the electrodes were morphologically, chemically

and electrocatalytically characterized.

5.3.1. Ni NWs Fabrication

Initially, anodic alumina membrane was used as a template [19],
but successively, it was substituted with polycarbonate membrane,
because the alkaline solution for dissolving alumina membrane damaged
the deposited NWs. Consequently track-etched polycarbonate membranes
were selected [39], because easily dissolve into organic compound.
Moving from these initial results, the electrodeposition technique has
been further optimized, especially in terms of deposition time.

Starting from a membrane with a Ni layer, Ni nanowires were
electrodeposited into the membrane pores through a triangular pulsed
potential between - 0.3 and -1.25 V vs. SCE with a slope of 0.1 Vs™, for
90 pulses, and frequency of 0.053 Hz. A platinum grid was used as a

counter-electrode, while a Watts’s bath identical to that one used for



deposition of the current collector was used as an electrolyte. Fig. 5.6
shows the shape of the applied potential and current density response.
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Figure 5.6 — Potentiostatic applied potential and passing current density
vs. time for Ni NWs electrodeposition. Ni NWs were growth up for 90
pulses from -0.3 V to -1.25 V vs. SCE (scan rate 0.1 Vs-1)

The current response varied between 0.0 and -0.009 Acm™ at the
same frequency of the potential. In addition, the current density was
practically null at potential more anodic than -0.7 V vs. SCE, where a
plateau starts and a small anodic spike is present in correspondence of the
applied potential inversion. The absence of any current at the potential
plateau indicates that likely there is not hydrogen evolution
simultaneously to NWs deposition. At the Watt’s bath pH, the
thermodynamic potential for hydrogen evolution is -0.177 V vs. NHE
[38] equal to -0.419 V vs. SCE, therefore at a potential more anodic than



-0.419 an oxidation current of H, was expected at potential lower than -
0.419 V vs SCE if hydrogen evolution occurred according the reaction
H, »2H* + 2e~ (5.5)
The absence of such a current supports the conclusion that
faradic efficiency for fabrication of Ni NWs was practically unitary.

5.3.2. Ni NWs + Pd Nanoparticles Fabrication

After dissolution of the template, Pd nanoparticles were
deposited on Ni NWs surface through a displacement reaction where the
same Ni NWs is the oxidizing metal. The deposition was conducted in a
5mM Pd(NHs),(NOs), aqueous solution with 0.1 M H3;BO; at room
temperature. Solution was acidified using HNO; to shift the pH to 2 and
sonicated during the deposition. Upon immersion of Ni NWs into
electrolyte, deposition of Pd nanoparticles onto Ni NWs surface was

observed, owing to the simultaneous partial reactions

PA(NH3)2* + 2e~ + 4H,0 = Pd + 4NH} + 40H™
E°=0.0 V (NHE) (5.6)

Ni = Ni?*t + 2e” E®=-0.257 V. (NHE) (5.7)
During deposition, pH was increasing owing to the side cathodic
reaction involving nitrate ions and driven by reaction Eq. 5.8 [5, 35]:

NO3 + H,0 + 2e~ —» NO; + 20H~ E°=0.01V (NHE) (5.8)

In order to examine the deposition over time, tests were

performed at 1, 5, and 10 minutes.



5.3.3. Pd NWs Fabrication

For comparison, Pd NWs were also fabricated through a
displacement deposition from a 5 mM Pd(NH5)4(NO3), solution at pH 2
for 1 hr. Usually, an aluminum strip was used as a sacrificial anode, with
cathodic to anodic surface ratio equal to 0.065 [35].This ratio is a
fundamental parameter for controlling the rate of deposition. The anodic

reaction was
Al - AP + 3e~ E°=-1.7V(NHE) (5.9

The scheme of the galvanic connection is shown in Fig. 5.7.

Before Pd NWs Deposition After Pd NWs Deposition
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Figure 5.7 — Scheme of the galvanic connection for Pd NWs deposition

During the Pd NWs deposition, the solution color changed from
the initial dark yellow to transparent after the deposition; this behavior
was maybe due to pH change and to Pd solution discharge.
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6. Nanostructures Morphological and Chemical

Characterization

After nanostructure fabrication and membrane dissolution, each
electrode was morphologically and chemically characterized in order to
verify the electrode uniformity, the shape of the nanostructures, and the
complete dissolution of the polycarbonate membrane.

Morphology was investigated using a FEG-ESEM microscope
(model: QUANTA 200 by FEI), equipped with Energy Disperse
Spectroscopy (EDS) probe. The crystallographic structure was
investigated by a RIGAKU X-ray diffractometer (model: D-MAX 25600
HK). Diffraction patterns were obtained in the 26 range from 10° to 100°
with a sampling width of 0.01° and a scan speed of 0.5 step/sec, using Ni-
filtered Cu Ka radiation (\= 1.54 A). The tube voltage and current were
set at 40 kV and 40 mA, respectively. Diffraction peaks were identified
by comparison with ICDD database [1].



6.1. Ni NWs Morphological and Chemical

Characterization

Figs. 6.1-6.2 show the typical morphology of Ni NWs at two
different magnifications. Ni-NWs had a cylindrical regular shape almost
250 nm diameter and 9-10 um long (Figure 6.3). The high level of
interconnection is due to the morphology of the template, which was

completely removed after dipping in dichloromethane.

Figure 6.1 — SEM image of Ni NWs at high magnification

The chemical composition and crystallographic structure were
determined through EDS and XRD analyses, respectively. Fig. 6.4 shows
that Ni NWs are pure Ni. In addition, the absence of both C and O peaks
indicates the complete dissolution of the membrane. A typical XRD
pattern of Ni NWs is shown in Fig. 6.5, where all peaks are attributable to
Ni phases (card 4-850 of the ICDD database [1]) except for one very



weak peak likely due gold (card 4-784), coming from the film initially
sputtered on one side of the membrane in order to make it electrically

conductive.
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Figure 6.3 — Typical Ni NW length.
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Figure 6.4 — Typical EDS spectrum of Ni NWs.
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Figure 6.5 — Typical XRD pattern of Ni NWs.



6.2. Morphological and Chemical Characterization

of Ni NWs functionalized with Pd particles

Pd nanoparticles were deposited on Ni NWs surface after
template dissolution. The surface concentration of Pd NWs was
increasing with deposition time as shown in Figs. 6.6-6.8 where
morphologies of the functionalized Ni NWs are shown after 1, 5, and 10

min. of deposition.

£y —

Figure 6.6 — SEM image of Ni NWs after of 1 min long deposition of Pd

nanoparticles

Instead, Figs. 6.9-6.10 show typical detailed morphology of Ni
NWs functionalized through deposition of Pd nanoparticles. In
particular, Fig. 6.11 shows that the Pd nanoparticles present a regular

spherical shape with a diameter between 60 and 70 nm.



In addition, the EDS spectrum of Fig. 6.11 shows the presence of
Ni peaks, due to NWs and current collector, and Pd peaks, due to

nanoparticles.

Figure 6.7 — SEM image of Ni NWs after of 5 min long deposition of Pd

nanoparticles



Figure 6.8 — SEM image of Ni NWs after of 10 min long deposition of Pd

nanoparticles

Figure 6.9 — Details of the NWs and Pd nanoparticle size after 5 min long

deposition of Pd
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Figure 6.10 — Details of the Pd nanoparticle distribution on Ni NWs after
5 min long deposition of Pd
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Figure 6.11 — Typical EDS spectrum of Ni NWs functionalized with Pd

nanoparticles



6.3. Pd NWs Morphological and Chemical

Characterization

Fig. 6.12 shows the Pd NWs morphology, which is similar to that
one of Ni NWs, except for the surface roughness, which can be attributed
to both different nature of the deposit and fabrication method. Fig. 6.13
shows EDS spectrum where peaks of Pd, Ni, and Au are present. The
presence of gold is due to the film initially sputtered on one side of the
template to make it conductive, while Ni peak is due to the layer acting as
a current collector, which was deposited on the sputtered film. It was
chosen to deposit Pd NWs on a Ni current collector in order to compare
two chemically different nanostructures in otherwise identical conditions.

By this way, it has been possible to compare each nanostructured deposit

and relate the differences only to the chemical nature of the NWs.

A v ] A: ~ Y
B  _ah®

Figure 6.12 — SEM image of Pd NWs




Fig. 6.14 shows a typical XRD pattern of Pd NWs (card #87-367
of the ICDD database [1]), where also Ni peaks are present, likely in EDS
spectrum. Fig. 6.14 shows the presence of one peak which cannot be
attributed to either Pd or Ni. According to EDS spectrum of Fig. 6.13 and
card #4-784 of ICDD database, this weak peak was attributed to gold
likely due to the sputtered film.
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Figure 6.13 — EDS spectrum of Pd NWs
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Figure 6.14 — XRD pattern of Pd NWs.
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7. Nanostructures Electrochemical

Characterization

Electrochemical characterization was performed using a Cell Test
System (Solartron, Mod. 1470 E, 8 channels). Data were recorded by a
desk computer via MultiStat Software (Mod. UBS147010ES). All the
characterization tests were performed in 30% w/w KOH aqueous
solution. The water used for the solution was a deionized Millipore 18.2
MQ cm resistivity. A Ni strip with a high surface area (> 20 cm?) and an
Hg/HgO (20 % KOH) electrode were employed respectively as counter

and reference electrode.

7.1. Cyclic Voltammetry Characterization

The electrochemical characterization was performed by cyclic
voltammetry (CV) conducted at 0.020 Vs™ in the potential interval
between 0.1 and -1.1 V vs. Hg/HgO. Fig. 7.1 shows the initial six cycles
of a Ni strip. An anodic wave can be observed at about -0.45 V due to the
oxidation of Ni to Ni** while the cathodic current is associated to the
reaction

2H* + 2e” = H, (7.1)
Whose Electrochemical Standard Potential is E° = -0.924 vs. Hg/HgO at
pH = 14. The maximum cathodic current density at -1.1 V is a few higher
than -7*10° Acm, while the maximum anodic current density is about
10° Acm™ at 0.1 V. Ni NWs in the same conditions like Ni strip show a

significant increase of the current density.
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Figure 7.1 — Cyclic voltammetry of Ni strip in 30 % KOH at room

temperature (scan rate 0.020 Vs™).

Fig. 7.2 shows a cathodic current of -5%10° Acm? at -1.1 V.
Since the nature of the electrode of Fig. 7.2 is identical to that one of Fig.
7.1, we can exclude any electrocatalytic difference between the two
electrodes, and to attribute the difference in current density to the
increase of the real electrode area. This means that the real Ni NWs
surface area is two orders of magnitude higher than the geometrical one.
This finding is confirmed by comparing the anodic current at 0.1 V in the
two cases as shown in Figs. 7.1-7.2.

Fig. 7.3 shows the electrochemical behavior of Ni NWs + Pd
nanoparticles when subjected to CV in identical conditions of Ni strip and
NWs. The Pd deposition time chosen for the electrochemical
characterization was 5 min. For this electrode, the CV response was

similar to Ni NWs one (Fig. 7.2). The only difference was the presence of



an anodic peak at -0.85 V. This peak can be attributed to hydrogen
oxidation according to J.M. Skowronski et. Al. [1].
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Figure 7.2 — Cyclic voltammetry of Ni NWs in 30 % KOH at room

temperature (scan rate 0.020 Vs™).

The same peak had been observed in Fig. 7.4 in the Pd NWs CV.
The potential scanning started from about -0.274 V vs. Hg/HgO toward
cathodic direction up to -1.1 V where hydrogen evolution occurred. On
the reverse scan, a very pronounced anodic peak can be observed at - 0.75
V vs. Hg/HgO whose intensity was decreasing with cycling. Also the
maximum cathodic current density at -1.1 V was decreasing under
cycling. This behavior can be attributed to the specific interaction
between Pd and hydrogen. Palladium metal behaves as an hydrogen
sponge because it is able to intercalate great amount of it, so that is used

for syngas filtering as described by Yun S. and Oyama S.T. in their



valuable review [2]. During, the first cycle, when Pd NWs were fresh, the
maximum amount of hydrogen was intercalated into Pd, with consequent
very high anodic c.d. peak at -0.75V vs Hg/HgO where oxidation of the
absorbed hydrogen likely occurred. Then, the anodic peak intensity
progressively diminished because the amount of intercalated hydrogen

was decreasing under cycling.
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Figure 7.3 — Cyclic voltammetry of Ni NWs + Pd nanoparticles in 30 %
KOH at room temperature (scan rate 0.020 Vs™)



0.010 P=r—r—r—p—TTTT T T T T T T T T T T T T T T T T T T

Increasing

0.005 =  no. cycles

0.000 |- o
l:l - -
&

S -ooos - -
-0.010 | -
-0.015 | -
-0.020 IS T N T I T S Y O ) O T |

1.2 -1.0 0.8 -0.6 -0.4 -0.2 0.0 02

V vs. Hg\HgO / V

Figure 7.4 — Cyclic voltammetry of Pd NWSs in 30 % KOH at room

temperature (scan rate 0.020 Vs™)

7.2. Quasi-Steady State Polarization

Characterization

Fig. 7.5 compares the electrocatalytic behavior for Hydrogen Evolution
Reaction (HER) for different types of electrodes, and evidences that the
overpotential is significantly lower for the nanostructured ones. Quasi-
steady state polarizations were carried out by means of a potential sweep
from the thermodynamic value of hydrogen evolution (0 V vs. RHE) to -2
V vs RHE, scan rate 0.1667 mVs™. The potential values are iR-corrected.
By comparing the Ni NWs with and without Pd nanoparticles, the

nanoparticles presence seems to improve performance at low



overpotential. However, this improvement disappears at higher current
density, making the performance identical for both electrodes.
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Figure 7.5 — Quasi-steady state polarization curves for Ni strip, Ni NWs,
Ni NWs + Pd 5 min and Pd NWs in 30 % w/w KOH solution at room
temperature. Overpotential referred to hydrogen scale at pH 14 (RHE)

In the comparison between Pd and Ni nanostructured electrodes,
Fig. 7.5 also shows that hydrogen evolution is kinetically favored on Pd
NWs up to a cathodic current density a few higher than 0.10 Acm™. Then,
hydrogen evolution occurs at lower overpotential on Ni NWSs. This
behavior can also be explained by the nature of palladium to form
hydrides and to adsorb hydrogen. Once saturated, palladium no longer
maintains the same electrocatalytic properties. This effect will be even

more evident with the other characterizations.



7.3. Constant Current (Galvanostatic)

Characterization

Constant current density tests on Ni and Pd nanostructures
electrodes for short time of working were also conducted. Fig. 7.6
confirms that Ni NWs cathode polarized at 0.5 Acm™ better works than
Pd NWs one in otherwise identical conditions. In any case, both
electrodes decay under working at about the identical rate. For
regenerating, they were held at open circuit for half an hour, and then
were polarized again at the same current density of 0.5 Acm™, and the

dashed lines were recorded.
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Figure 7.6 — Potential vs time plots for hydrogen evolution in 30% KOH
at room temperature and current density of 0.5 Acm-°. Solid lines: short
time stability of fresh Ni and Pd NWs. Dashed line: after 0.5 hrs. at open

circuit.



Fig. 7.6 clearly shows that the regeneration is practically
complete in the case of Ni NWs, while is partial in the case of Pd NWs,
because, likely, some adsorbed hydrogen remains trapped inside
palladium.

7.4. Ni NW Characterization

Based on the previously results, the best performance for the
HER was obtained with the Ni NW electrode. Thus, further
characterizations have been conducted on this electrode. The plot of Fig.
7.7 shows a logarithmic dependence of the overpotential on the current
density in the range from about 2.8*107 to 10" Acm™ for Ni NWs
cathode in 30% KOH.
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Figure 7.7 — Linearity range of the HER overpotential on logarithmic

current density for Ni NWs



Assuming unitary current efficiency for hydrogen evolution, the
linear dependence gives the contribution of the reaction overvoltage to
the total one, which in our case is due only to ohmic drop and reaction
overvoltage. The third contribution, concentration overvoltage, can be
neglected because water concentration, which is the source of hydrogen
in alkaline solution, is practically constant. The slope of the line of Fig.
7.7 is 142 mV/decade. Fig. 7.8 shows the Ni NWs cathode overpotential
vs. current density as an experimentally measured (curve a), and the
reaction overvoltage vs. current density obtained by the slope of the Fig.
7.7 line. At 0.5 Acm? which is the lowest current density of
technological interest, the reaction overvoltage accounts for about 40% of
the total overvoltage.

2.0 ————f————1——1——

1.8
1.6 -
1.4

1.2 |

1.0

— Ni NWs

0:8 Reaction Ovepotential

0.6

0.4

Overpotential vs. RHE / V

0.2

0.0 PR IR ERUNS RNPU SN I TR U WU U R
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ilAcm?

Figure 7.8 — Overpotential vs. current density for Ni NWs in 30% KOH
at room temperature: (a) experimental curve, (b) reaction overvoltage

from Fig. 7.7



The lowest operative current density is considered 0.5 Acm?,
because at this current density, a nominal hydrogen production rate of
186.53 ghr is achieved for an electrode surface of 1 m? and unitary
current efficiency. The importance of the result of Fig. 7.8 is in showing
that the prevalent dissipative contribution for electrochemical hydrogen
production from alkaline solutions is due to the ohmic drop. This finding
is highly encouraging because the ohmic drop can be adjusted through a
good engineering of the cell, therefore, it can be diminished through a
suitable cell design. Ni NW electrode was also tested as a cathode for 60

hrs. without interruption at 0.5 Acm™ and room temperature.
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Figure 7.9 — Long time stability of fresh Ni NWs in 30 % w/w KOH
solution at 0.5 Acm™
Fig. 7.9 shows that the potential reaches a steady state value
around -2.45 V vs. Hg/HgO, with a decay of 0.15 V from the initial value

that was a few more negative than -2.3 V. Taking into account that most



of such a decay occurs within the first 10 hrs. (0.14 V), the result after 60
hrs. appears as satisfying in terms of electrode stability.

In light of these results, an electrolytic cell with both Ni NWs
electrodes was designed and then realized and tested. The cell design

schemes and the obtained results are presented in chapter 8.
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8. Cell Design and Tests

Once electrochemical tests were performed on electrodes in
terms of performance and stability, a cell was first conceived, designed
and then realized to test a real operation. Fig. 8.1 shows the cell design
with all the compacted parts. Fig. 8.2 represents a half-cell exploded
view. The red parts are the two electrodes, anode and cathode. The
diaphragm is shown in yellow. In green, gasket sheets are represented.

Figure 8.1 — Compacted cell design.

The internal blocks have two cylindrical holes, with horizontal

axis and vertical axis. The first one is intended for containing the



electrolyte, while the second one is used to put in the electrolyte once the
cell is mounted, and to allow the gas exit. The external blocks have a
recess adapted to contain an external electrical connection for the
electrodes. Gasket sheets, internal and external blocks have four
horizontal cylindrical holes on the four corners to allow the passage of
bolts that hold the cell parts together. On the lateral blocks surfaces,

reliefs are present to allow a better seal of the gasket.

Figure 8.2 — Exploded view of half-cell design.

Starting from this cell design, the real cell was built. The central
and external blocks were fabricated with a Zortrax M200 3D printer [1].
The material used for manufacturing was Acrylonitrile Butadiene Styrene
(ABS). The dimensions of the blocks were 60x60x10 mm. The central
hole diameter was 25 mm which corresponds to a surface of about 5 cm?.
The gasket sheets were made by 2 mm thick Ethylene-Propylene Diene
Monomer (EPDM) rubber. The diaphragm was 35 pm thick

polypropylene.



The cell with the characteristics listed above was tested with two
pairs of electrodes, namely Ni strip and Ni NWs. Once the cell was
closed, the distance between cathode and anode was about 25 mm. Also
for these tests, the electrolyte used was 30% w/w KOH aqueous solution.
Quasi-steady state polarizations were carried out by means of a cell
potential sweep from the cell potential thermodynamic value E” (Eq. 3.8)
to 4.5 V, scan rate 0.1667 mVs™. The tests were interrupted once a

current density of 0.5 Acm™ was reached.
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Fig. 8.3 shows the interval throughout which the cell potential is
linear with respect to a logarithmic current density. The line slopes had

been extrapolated through the best matching of the experimental curves



trends in the current range between 10° and 10 Acm™?. The slopes
values were 0.257 V/decade for Ni strip and 0.182 V/decade for Ni NWs.
This result indicates how the nanostructures lowered reaction
overvoltage. In addition, the improvement increases with current
densities. The solid lines of Fig. 8.4 show the cell potential vs current
density for Ni Strip and for Ni NWs, while the dashed lines show reaction

overvoltage vs. current density obtained by the slopes of Fig. 8.3.
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from Fig. 8.3.

At 0.5 Acm?, the cell potential for Ni NWs and Ni Strips was
3.62 V and 4.4 V respectively. Using the Eq. 3.13, the cell efficiency was

40.9% and 33.6% respectively. Therefore under these conditions, the



nanostructured electrodes improved the cell efficiency by 7.3%.
Furthermore, taking 3.62 V as reference, the current density of the Ni
Strip is about 0.1 Acm™, five times lower than that of Ni NWs. This
means that with nanostructures it would be possible to produce 5 times
more hydrogen and oxygen at the same efficiency. Really, this result was
far lower than the expected one according with surface gain passing from
flat to nanostructured surface.

In any case, the results presented in this chapter and in the
previous ones, show how the nanostructures significantly improve the
cell performances. However, major improvements are necessary to
achieve competitive cell efficiency levels. Firstly, an improvement in
electrocatalysis of the electrodes is possible. Tests are in progress on the
fabrication and characterization of nanostructured electrodes with Ni-Co
alloys for improving the electrocatalysis features. Secondly, a further
development of cell design is already underway. The thickness reduction
of internal blocks would lead to the reduction of the distance between the
electrodes and to a consequent reduction of the ohmic yields. Moreover,
in the future it is planned to make the cell work with a continuous
recycling of the electrolyte. This would favor the outflow of gas and
avoid the electrolyte concentration variation over time. Another important
parameter to take into consideration is the temperature. In fact, all the
tests previously reported were carried out at ambient temperature. The
overvoltages could be greatly reduced, especially at high current
densities, if electrolysis is conducted at higher temperature than the room
one. Finally, a study on the wettability of nanostructures is necessary to

ensure that the entire surface operates.
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9. Conclusions

In this work, it has been successfully investigated the use of
nanostructured materials as electrodes for hydrogen production through
alkaline solution water splitting. The results are highly encouraging
because it has been found an immediate benefit in the high ratio of true
surface area to geometrical one, which is about 70. In addition, it has
been found that the major future improvements may come from the
electrochemical cell design, which must be complying with the electrode
morphology.

The focus was on the fabrication of the nanostructured electrodes.
For the sake of simplicity, Nickel was chosen as an electrode material
because extensively used in the current technology of hydrogen
production from aqueous alkaline solutions. Nickel was deposited in the
form of NWs inside the pores of a polycarbonate membrane, acting as a
template, which was easily removed at the end of the deposition by
chemical etching in an organic compound guaranteeing fast and complete
dissolution. Prior to growing the Nickel nanostructures a layer of the
same metal, acting as a current collector, was deposited on the gold film,
which was initially deposited on one side of the template for making it
electrically conductive. The growth of the nanostructures was conducted
through a procedure developed some years ago in the same Lab where the
present work was conducted. Despite this, several challenges have been
faced in order to obtain dimensionally stable nanostructures to be used
successfully as electrodes under gases evolution. A specific investigation
was also conducted on deposition of the Nickel current collector in order

to obtain a compact and dimensionally stable layer able to mechanically



sustain nanostructures. At this aim, Nickel layer was deposited at a
potential of -1.25 V vs. SCE in order to limit the simultaneous hydrogen
evolution otherwise leading to scarcely compact layer.

Similar challenges were faced for deposition of the
nanostructures. In this case, a pulsed voltage was applied and compact
NWs, firmly connected to the Nickel layer, were obtained. Despite the
true surface of the nanostructures was found to be about 70 times greater
than the geometrical one, the performance tests conducted in a properly
designed electrochemical cell showed that the improvement is much more
limited, because typically does not exceed 5 times. This significant
reduction can be attributed to different causes. The most likely of these is
the trapping of the evolving gases inside the nanostructures. In other
words, a significant advantage in using nanostructured electrodes in place
of strips is the very high real surface, as determined through voltammetric
characterization. Unfortunately, much of the advantage was largely lost
owing to the trapping of the gases produced. This drawback can be
overcome through a proper hydrodynamic investigation of the fluid
fluxes throughout the cell, which is already in progress. Other activities
are continuing dealing with different electrocatalysts such as Ni-Co NWs
and higher compact assembly of the anode/separator/cathode block; all
aimed to reducing the cell voltage and improving energy efficiency. In
this scenario, a fundamental role will be played by the temperature. Since
the attention has been focused on the morphology of the electrodes, being
of primarily importance to discover the performances of the
nanostructured electrode grown through electrodeposition in template, the
tests were conducted at room temperature and atmospheric pressure. It

has already planned an increase of the temperature up to 60 — 80 °C,



while the role of the pressure will be exploited successively in
dependence on specific applications.

Other significant results found in the present work are the
faradaic efficiency, which reached the maximum value of 100% and the

stability of the electrodes at 60 hrs. which is highly satisfying.



