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Motivation

Today fuel cell (FC) technology is envisaged as a strategic alternative for
providing clean energy through the exploitation of renewable sources; FC research
is substantially funded by governments as a mean to meet the global market
demand of zero environmental impact. Due to the high level of efficiency, FC
devices are already able to compete with the existing power generation
technologies and, in particular, solid oxide fuel cells (SOFCs) plants for stationary
application constitute one the most efficient way to produce electric power and
heat. Nowadays, the main challenges for SOFC research activity are: i) improving
costs and durability, by reducing the operating temperature from ~1000°C (HT) to
~500-800°C (IT); and ii) using renewable fuels such as hydrogen and biofuels
obtained by industrial and municipal wastes or energy crops. To achieve these
purposes, it is essential to seek new materials characterized by suitable ionic
conductivity for electrolytes and high electrocatalytic activity for electrodes. The
electrolyte material must ensure high ionic conductivity, low electronic
conductivity and very low permeability to both fuel and air in the operative
temperature range. On the other hand, the anode material must be a mixed ionic-
electronic conductor in the same temperature range, an efficient oxidation
electrocatalyst and, finally, ensure good chemical and structural compatibility with
the electrolyte.

In this light, the present study focuses on exploring electrolyte and anode
materials for IT-SOFCs fuelled with H, and, as a reference for carbonaceous

streams, with CHy.



Electrolyte materials based on CeO, doped with samarium or gadolinium
are the most promising ion oxide (O¥) conductors in the intermediate range. The
research activity concerning these compounds is mainly addressed to achieve the
best performances in dependence of the doping amount and preparation routes. In
this thesis the study of doped-CeO, has been divided in two different parts. In the
former part, the influence of different preparation routes on the ionic conductivity
of Ce(gSmg,0,., has been evaluated. In the latter, a detailed investigation on local
structure in Er-, Yb- and Sm-doped ceria has been carried out, aiming at
elucidating the role of different dopants on the mechanism of ionic conduction.

Concerning the anode materials, the issues of resistance towards
poisoning originated by “dirty” fuels and compatibility with the electrolyte focused
the research activity on the development of new oxide materials alternative to
cermets. Among other candidates, it has been recently observed that La; SrCr;.
yFe,03. has suitable properties as potential anode for IT-SOFCs. In this thesis
LaCrO;-based anode materials have been investigated relative to the issues of
optimal composition, structure, mixed ionic-electronic conductivity, catalytic
activity towards fuel oxidation, also with consideration for the aspect of resistance

to poisoning by carbonaceous fuel.



1. Introduction

1.1 Solid Oxide Fuel Cells

Solid Oxide Fuel Cells are electrochemical devices which are able to produce
electrical energy and heat. A single SOFC is formed by three key components: a
cathode, an anode and an electrolyte; like all the other kinds of fuel cells, the
device takes its name from the solid oxide that constitutes the electrolyte material~
6. A SOFC layout is reported in Fig.1.1, where an oxide ion conductor electrolyte

is interposed between the two electrodes.

Product water as steam,
Hydrogen fuel available for steam
reformation of fuel

N

O~ ions throughelectrolyte Load
Cathode O, + 42‘ - ~20°

Electrons flow round
the external circuit

Oxygen, usually from the air

Fig.1.1 Scheme of a single solid oxide fuel cell based on oxide-ion conductor as electrolyte.

In the cathode compartment oxygen, generally from air, is fed and
reduced to O ions, which migrate to the anode through the electrolyte. According

to Fig.1.1, H, (or a different fuel) is supplied to the anode where it is oxidized



providing electrons that are conveyed to the cathode through an external circuit,

and producing H,0O so ensuring the accomplishment of the overall redox reaction:
2H,+0, =2H,0 Eq.1.1

In the present work, only oxide-ion conductor electrolytes'™'® will be
treated, but it should be reminded that SOFCs with proton-conductor electrolyte

111,12 .
, even if to date

(PC-SOFC) are also object of an extensive research activity
the development of a mature PC-SOFC technology seems not straightforward.

It is worth highlighting that the chemical nature of the electrolyte
materials determines the operating temperature of fuel cells. A scheme of the main
types of fuel cells is reported in Fig.1.2. Commercial SOFC devices are based on
YSZ'31 (yttria-stabilized zirconia), fuelled with H, and working at ~1000°C
with different configurations like the tubular design projected by the Siemens-
Westinghouse or the Rolls-Royce flat-plate architecture' %', High temperature
SOFCs are the most efficient FC devices, with ~60-70% energy conversion
efficiency of electrical power, ~20% of heat and with low emission of greenhouse
gases'%°'%. For all these issues, SOFCs provide eco-friendly electrical current for
large scale stationary distribution.

Nowadays, the research on solid oxide electrolytes is focused onto the
development of materials allowing to decrease the operating temperatures from
~1000°C to an intermediate temperature' %' range, at about 500-800°C. Actually,
the lower working temperature allows advantages in terms of overall cost, in
particular due to savings in the balance-of-plant materials. Moreover, lower
working temperatures enhance the device durability reducing corrosion and
thermal stress. In general, both material performance and material processing
should be managed to achieve satisfying IT-SOFC efficiency”'’. In the present
work the former issue, representing a major challenge for chemistry of materials, is

addressed.
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DIRECT METHANOL
FUEL CELL

POLYMER ELECTROLYTE
MEMBRANE FC

ALKALNE
FUEL CELL

PHOSPHORICACID
FUEL CELL

MOLTEN CARBONATE
FUEL CELL

SOUD OXIDE 700 -
FUEL CELL 1000 °C

ELECTROLYTE
ANODE CATHODE

Fig.1.2 Summary of fuel cell types. For each FC the most used fuel and the operating
temperature are reported. The chemical symbol of the electrolyte carriers is depicted
associated with its own travel direction. For all FCs the oxygen is fed in the cathode
compartment.

In general, the SOFC components require suitable features depending on
operating temperatures, fuelling type and stack architecture. Let us consider briefly
the main general issues about electrolyte and anode components.

Electrolyte. As previously mentioned, the electrolyte determines the FC
operating temperature, and in the case of SOFCs must be a full density material
(~90-98%) for avoiding the gases permeability. Moreover, it must exhibit
essentially ionic (0%) conductivity (>0.01 Sem™) and, thus, very low or absent
electronic conductivity. Besides these properties, it should have chemical stability
in the working temperature range and also in the interface zones with the
electrodes'™"’.

Notably, yttria-stabilized zirconia, YSZ*+36 (Y,05-Zr0,) is employed as
electrolyte of HT-SOFC, but by substituting YSZ with gadolinia-doped ceria,

11



GDC**35913 (Gd,05-Ce0,) the working temperatures drop off in the IT-range
(Fig.1.3). Nowadays, cerium oxide (CeO,) doped with trivalent lanthanides
represents the favourite candidate as electrolyte for IT-SOFCs (more details are
given in chapter 2). In particular, high ionic conductivity occurs for 10-20 at.%-
doping, and the most promising dopants are gadolinium and samarium'*2*. Even
though efforts have been spent to find alternative electrolyte materials, such as
doped-Bi,03 or doped-LaGaO;, doped-CeO, remains the most feasible electrolyte
for IT-SOFCs™**%.

Temperature (°C)
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Fig.1.3 Temperature dependence of the specific conductivity for the most studied electrolyte
compositions.

Anode. A good anode material should exhibit high mixed electronic-
ionic conductivity, high catalytic activity for fuel oxidation, excellent chemical and
thermal stability in reducing atmosphere and good compatibility with the
electrolyte. Moreover, it has to be suitably porous to ensure an efficient reactants

exchange and the presence of an effective three phase boundary (TPB)***?". By

12



considering the reaction of Eq.1.1, anodic semi-reaction involves H, (gas), O and
electrons which simultaneously meet in the previous mentioned TPB, which is the
physical zone where the semi-reaction occurs (Fig.1.4). Thereby, TPB is the zone

. . 2- . .
where gas molecules, H,, combine with O ions producing water and electrons.

00 m
O Gaso
@) o OO
Electrolyte

Fig.1.4 Scheme of a semi-fuel cell where TPB zones are evidenced.

The most used anode materials are constituted by a metal dispersed in a
ceramic oxide, for this reason named cermets "***3°. The oxide phase ensures the
ionic transport, whereas the metal phase determines the electronic transport and
electrocatalytic activity towards the fuel. The most common cermet is Ni-YSZ ¢!
for HT-SOFC or Ni-GDC*'**- for IT-SOFC, that is nickel dispersed in the same
material of the electrolyte. In this way, a good chemical compatibility with the
electrolyte is maintained, as well as a satisfying ionic conductivity in the operating
temperature range of the cell. Nevertheless, problems of homogeneity often occur.
In spite Ni is a suitable electrocatalyst for hydrogen oxidation, in presence of
hydrocarbons as fuels it easily undergoes coke poisoning with deleterious
consequence on material durability and cell performance™®**°. In this light,
perovskite-type oxides (ABOs), as doped-LaMnO;>**'%%%2" or doped-SrTiO;*?,
represent a valid alternative to cermets. Notably, LaBO; (B = transition metal)
compounds have been widely investigated since they are characterized by high
level of thermochemical stability at low PO, according to the sequence: Cr > Fe

> Mn > Co > Ni *** Hence, LaCrO; represent suitable candidates for

perovskite-type oxides as potential anode materials. Actually, strontium-lanthanum

13



chromites are intensively used as interconnector in solid fuel cell stacks thanks to
their high electrical conductivity and thermal stability in both oxidant and reducing
atmospheres®™’. Thus, by tailoring LaCrO; features with dopants, doped-

lanthanum chromites could be used as anode materials for IT-SOFCs 33344157,

14



2. Ln-CeO0;.: electrolytes for IT-SOFC

Nowadays, it is well established the paramount importance of cerium
dioxide, CeO,, in catalysis as well as in electrochemistry. In the last decades ceria
has been extensively investigated for its application in catalysis, e.g. as component
of three-way catalysts (TWC), which are employed for the abatement of pollutants

2,3,5,6-10 :
™ 18

in automotive exhaust gas58'63. At the same time, lanthanide doped-CeO,
widely employed in electrochemical devices as full density O> conducting
electrolyte for solid oxide fuel cells working at intermediate temperature (500-
800°C). In this temperature range doped-CeO,, shows a more satisfying ionic

2336 which effectively works

conductivity than yttria-stabilised zirconia (YSZ)
over 900°C. In this light the aim of the present chapter consists in summarizing

briefly the electrical features of this class of materials.

2.1 Pure CeO,

CeO, presents a typical fluorite-like structure® (space group Fm-3m),
where cerium ions (Ce™) are arranged in a cubic close-packed array, whilst
oxygen ions (O%) occupy the tetrahedral interstitial holes (Fig.2.1). At room
temperature its lattice parameter oscillates around the average value of 0.541(1)
nm®, but when the temperature rises the thermal expansion of the cubic cell is
enhanced by the formation of Ce" ions, which have an ionic radius higher than

Ce+4

15



Fig.2.1 Fluorite-like structure of CeQ,. The yellow balls represent Ce™, whilst the red balls
0.

The reduction from Ce™ (CeO,) to Ce™ (CeO,) is schematized by the

following equilibrium reaction, written in Krger-Vink notation®***:

0} +2Ce}, =1/20,+V," +2Ce,, Eq2.1

Ce™ ions (Ceg,), located in their regular lattice positions, are reduced to Ce"
(Ce(':e) at the detriment of O® ions, which are released as oxygen molecules
leaving oxygen vacancies (VO") for ensuring overall charge neutrality. Actually,
the charge balance is fulfilled because two negative intrinsic defects Ce(':e counter
balance one positive intrinsic defects V°, while the mass action law is ruled by

the following relation®":

Kk =[ce, ] [vs ]P0, " Eq.2.2

where the equilibrium constant, K, depends on defects concentrations and on
oxygen partial pressure. By rewriting Eq.2.2 the oxygen vacancy concentration can

be expressed as a -1/6 power law®*%:

[VO"] =K PO, Eq.2.3

16



where K encompasses the equilibrium constant K of Eq.2.2. Experimental
determination never yields exactly the -1/6 power law, whereas this value is
reasonably well approached only for high level of purity®*. As the total absence
of impurities is usually not attended in real systems, the exponential coefficient in

Eq.2.3 differs from -1/6. This is depicted in Fig.2.2, which shows -AG(O,) vs. -

log(x), where x is the oxygen vacancy concentration.
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Fig.2.2 Mogensen et al.”: relative partial free energies (-AG(0,)) of CeO,. at 1100°C vs.
composition (log(x)). The parameter 7 is relative to the PO, "™ power law in Eq.2.3
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In pure ceria the presence of negative Ce(‘:e defects controls the
conductivity (o) giving rise in a wide PO, range to n-type conductivity governed
by the hopping of small polarons® . Actually, the ionic conductivity (o;) is

negligible, and the conductivity is dominated by the electronic contribution o,:
o, = [Ce‘a]eu Eq.2.4

where [Ce(‘:e] and u are respectively concentration and mobility of the negative
defects Ce™, while e is the electron charge. It is worth noting that the hopping of

the small polarons is thermally activated according to the mobility relation®:

w=(B/T)e ™" Eq.2.5

being B a constant and £ the activation energy that the polarons must overcome
for moving throughout the crystal.

Let us consider that [Ce,,]=2[V, ], in agreement with Eq.2.1. By
introducing this relation in Eq.2.4, and taking into account Eq.2.5, the dependence
of g, on PO, and T is highlighted. Particularly, by rising in PO, the conductivity
mechanism gradually changes from n-type to p-type. This is due to the following

reaction:
V, +1/20,=0y +h’ Eq.2.6
where h' are positive small polarons, also defined as positive holes®. As a

function of oxygen partial pressure the positive polarons compete with the negative

polarons, and for specific high PO, values they are the major carriers.

18



2.2 Lanthanides doped ceria, Ln-CeQ;.,

Ceria is able to host lanthanides elements (Ln) retaining its own fluorite
structure in a relative broad concentration range® 7% According to Vegard’s

rule®® T

, a linear relationship holds between unit cell parameter and dopant
concentration. Actually, the presence of lanthanides dopants can expand or
contract the cell parameter, @, according to the empirical formula proposed by

Kim’":
a=05413+ E(0.00ZZArk +0.00015Az, )m, Eq.2.7

where Ary is the difference of ionic radii between the k-4 dopant and Ce™, Az is
the respective charge difference, m; the molar concentration of k-th dopant and
0.5413 is the cell parameter of pure ceria at 25°C. Then, the stretching or the
shrinkage of the cell parameter depends on the dopant ionic radius 7, and in
particular on the ratio between 7, and the critical radius, r., that leaves unchanged
the volume of the host lattice. For a trivalent dopant of ceria, 7, =1.03 87l

The Ln-CeO, compositions could be represented as an Ln,O; oxide

solubilized in pure ceria, according to the following reaction®**:

Ln,0, =2Ln., +V," +30) Eq.2.8

Doping with trivalent lanthanides means introducing extrinsic positive defects

VO", which enhance the ionic conductivity of these materials. Thus, the charge
transport is dominated by the drift of oxygen vacancies VO' * through the host oxide

matrix. Thereby, the conductivity of Ln-CeO,, is mainly due to the ionic

contribution, o;, which is PO, independent:

o, =[V0" ]eMVO Eq.2.9

19



where u is the oxygen vacancy mobility which allows for the temperature

dependence of ionic conductivity:
o= 20 T Eq.2.10

In Eq.2.10 o, is a pre-exponential factor and £ the activation energy for vacancies
drift corresponding to the slope of the linear relationship between /n(oT) and 1/7T,
as shown in Fig.2.3. The activation energy E encompasses two terms: the
migration energy E,, and the association energy E,**®>. The former represents the
energy contribution to defects mobility, whilst the latter refers to the energy
associated with the formation of complexes [ Ln ‘CE - VO' *] which block the oxygen
vacancies, so hindering the ionic conductivity. The complexes have a negative

effect on conductivity, especially in cases of heavily doped ceria.
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Fig.2.3 Esposito et al.”’: log (0)-1000/T relationships for several Gd-CeO,., compounds.

The above described analysis of conductivity in solid state Ln-CeO,.
conductors is exhaustive for single crystals and for bulk materials, but does not

take into account the effect of grain boundary in finely textured polycrystalline

20



electrolytes® %> In these materials the overall ionic conductivity is due to both

contributions, requiring a specific treatment that is reported in the next paragraph.

2.3 Space charge model

The ionic conductivity in polycrystalline Ln-CeO,, electrolytes is
analyzed by the space charge layer model (SCL)’>"®. An ideal polycrystalline
material can be schematized as an arrangement of evenly sized cubes representing
the grains where bulk and grain boundary zones (GBs) can be recognized (Fig.

2.4)577,

bulk
VAR 4
VAN AR 4
.
f
= 1

grain boundary
Fig.2.4 Scheme of a ideal polycrystalline material.

Grain boundaries are zones of discontinuity involving a crystallographic
mismatch between adjacent, differently oriented grains, and also a different charge
distribution with respect to the bulk. The GB electrostatic potential ¢ is ruled by

: . 75,77.80
the Poisson’s equation”™" """

Vi = _% Eq.2.11
£4E

r
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where Qcp is the local charge density, & the vacuum dielectric constant and &, the
specific dielectric constant of the material. As depicted in Fig.2.5, the “electrical”
grain boundary is formed by a core, also named interfacial core, surrounded with

. : 67,68,72,73,75-78,80,81
two adjacent space charge regions (or layers)

, where the local
charge density of the k-th defect is different with respect to the bulk, while the

electrostatic potential bends toward the asymptotic bulk value ¢,.

Grain Boundary Core

|

Grain Grain

Space
Jsaeyd

A—

Fig. 2.5 Schematic representation of two adjacent grains. Both contribute to the mismatch
zone with a space charge region, where the potential rises, and with a core, where the
potential is constant.

Taking into account that in equilibrium the electrochemical potential

of the defect k& should be equal to the electrochemical potential of & in the bulk,

Ui, from the two equations75’77’80:

W, =’ +kT Inc,, +z,e9,;
we(x)=u’+kT Inc, (x)+z ed(x) Eq.2.12

by rearranging, it follows:

22



&) _ exp(_ ze(P(x) = %)) Eq.2.13
Coo kT

where ¢, and ¢, are the concentration of £ in x position and in the bulk,
respectively, z; is the k-th effective charge, while ¢(x) and ¢,, are, respectively, the
electrostatic potential in the x position and in the bulk. In Eq.2.13, ruling the
concentration profile in the space charge region, A¢(x)=¢(x)-¢p., is the electrostatic
potential relative to the bulk. A¢ at x=0, Agy, is the potential of the grain boundary
core with respect to the bulk, also called the space charge potential (Fig.2.5)”> %%,

In oxides, the GB core is a region of high Vo"concentration, determining the

formation of a positive space charge potential, Agy >0, that forces the depletion of
the mobile oxygen vacancies in the space charge regions®®3727 75788081 " At the
same time the positive potential induces an increase of the electron concentration
in the SCL, with a consequent enhancement of electronic conductivity. On the
contrary, in the bulk the main defects are the oxygen vacancies and the
conductivity is purely ionic.

By substituting Eq.2.13 in Eq.2.11, it follows:

IP(x) _ D,

2
ox £,

exp(_ik; Ag( x)) Eq.2.14

This equation can be solved by the Guy-Chapman or the Mott-Schottky

approximation’"®. According to the latter, the mobile defects are only oxygen
vacancies and electrons, while Ln‘&, defects are fixed. Solving Eq.2.14 in the

Mott-Schottky approximation allows to determine the width of the space charge

= 2.8, A9, Eq.2.15
\ zkeckw

layer A*:
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which, through Agy, strongly depends on the defect structure in the space charge
region.

By applying an electrical field to Ln-CeO,. it is possible to discriminate
bulk and GBs contributions, as shown in fig. 2.6°">7*""_ In general, the frequency
dependence of polycrystalline materials is explained by the brick layer model
(BLM)79. According to the model, when Ln-CeO,_ is under an electrical field both
bulk and GBs determine the overall conductivity, but, while the whole bulk is
considered, perpendicular (L) and parallel (||) GBs are recognized (Fig.2.6).
Actually, a single contribution is represented by a resistance set in series with a
capacitor (RC element). Since the depletion in the space charge layers, the GBs)
are negligible (Fig.2.6) compared to GBs., and the electrical behaviour of Ln-
Ce0,. can be schematized by two RC circuits series (Fig.2.6-1) %!

The GBs. conductivity depends on the average GB thickness that A%, in

agreement with the Mott-Schottky approximation, as follows:

1 2001
ol =— dx Eq.2.16
ar A‘fo O gy ()

Generally, this perpendicular GBs contribution disappears at relative

high temperature, whereas in low T range it exhibits a significant weight on the

overall conductivity.
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=

R, R *Rg* Rgbll

Fig.2.6 Schematic representation of the brick layer model for a polycrystalline Ln-CeO,. A
single grain is constituted by bulk and perpendicular and parallel GBs. The equivalent circuit
representation of the grain is reported. The parallel GBs (sc') are negligible, while bulk and

perpendicular GBs (sc*) determine the total resistance of the system (R.+Rgy*).

25



26



3. CeysSmy,0;..: results and discussion

One of the main challenges for the ceria-based electrolytes is to enhance
the total ionic conductivity by decreasing the resistivity of the grain boundaries at
working IT-SOFC temperature. As a matter of fact, GBs affect negatively the
overall ionic conductivity of doped ceria '*"6%™8285 Qwing to this, the intrinsic

: . . 67,6874
properties of the grain boundaries” ™

, as well as the sintering capacity
(densification) of materials, represent key elements for improving the final
electrical performance of doped-CeO, ' ***%. First of all, both aspects can be
controlled by an accurate choice of the dopant, and, as it is widely known,
samarium is one of the most promising dopant for this class of electrolyte materials
64659097100 Eyrthermore, by shaping microstructure and morphology of the
powder, it is possible to perform a material with specific electrical features®> '™,
This purpose is achieved through suitable synthesis and processing conditions,
and, in this light, solution combustion synthesis (SCS) represents a flexible method
to produce ultra fine powders with suitable microstructural properties’>*>'%12!,
The aim of this section is evaluating the effect of the synthesis fuels on
microstructural features and, as a consequence, on ionic transport properties of

Cep.sSmg 0.

3.1 Synthesis

CeosSm,0, (SDC) was prepared by solution combustion synthesis

using cerium (III) nitrate, Ce(NOs);-6H,0 (99,99% Sigma-Aldrich), and samarium
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nitrate, Sm(NO3),-6H,0 (99,99% Sigma-Aldrich), as metal precursors. 1. citric
acid (99,5% Sigma-Aldrich) with ammonia, 2. cellulose (Sigma-Aldrich) with
citric acid (2:1 molar ratio), 3. sucrose (ERIDANIA) and 4. sucrose with
polyethylene glycol, (PEG, Mw 20000) (1:1 molar ratio), were used as combustion
fuel-mixtures. Metal nitrates, fuel mixture and additive (NH4NO3) were dissolved
in a stainless steel beaker with distilled water. The reducers-oxidizers mixture was
stirred at 80°C until a gel was formed. The temperature was increased until a white
dendritic powder was obtained. Temperature-time profiles were registered during
the combustion process by using a K-type thermocouple. The obtained powders,
called SDC1, SDC2, SDC3 and SDC4 according to the fuel mixture used for the
synthesis, were then fired for 5h at 1000°C. Finally, the powders were isostatically
(uniaxally) pressed and sintered in air at 1400°C for 8 hours, so obtaining pellets
with a diameter of ~8 mm and a thickness of ~3 mm. Another set of pellets was
obtained by sintering in Hy/Ar (4vol%) at 1400°C for 4 hours.

Four different eco-friendly combustion fuel-mixtures were chosen in this
work. These fuel mixtures display different chelating ability toward the metal
precursors, different microstructural templating ability and different reducing

powers. Detailed information is reported in the following paragraphs.

3.1.1 Citric acid-aided SCS

The auto-combustion of citric acid in the presence of metal nitrates is
largely used to prepare inorganic nanopowders because citric acid, a tri-dentate
chelating agent (pK,=3.1; pK,=4.8; pK3=6.4), is able to complex most of the metal
jons by its three carboxylic functional groups '°>!0-1081LI-I21 71 6rder to ensure
the dissociation of the carboxylic groups, the pH of the solution was adjusted to ~6
with ammonia solution. During citric acid-aided SCS a white yellow gel was

produced.
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3.1.2 Cellulose-aided SCS

Cellulose is not a common fuel for solution combustion synthesis,
probably because it is water insoluble. In the form of paper or cotton fibres
activated by nitric acid it is known in literature for the production of nanopowders
122123 Cellulose in the presence of citric acid was recently used for preparing Sr
and Fe-doped BaCoO; as IT-SOFC cathode materials'”. It links metal ions
through its hydrophobic and hydrophilic functional groups creating in water
solution a network more complex than the one created by a simple complexation as
in the case of citric acid. Despite of repulsion between water and hydrophobic
groups metal solution remains blocked into the network favouring the gel
formation. When the gel is formed, cations are distributed into the polymeric
chains in the correct positions to form the oxide during the combustion process'*.

In the present work, cellulose is used in presence of citric acid as an
innovative fuel to produce Sm-doped ceria. Cellulose and citric acid in 2:1 molar

103
1

ratio are able to interact forming a new fuel . No ammonia was added as pH

regulator for the cellulose-citric acid mixture and initial pH was found to be 2.
3.1.3 Sucrose-aided SCS

Sucrose in presence of nitric acid has been already used as a fuel for
combustion synthesis'?. Sucrose is known to be oxidized to saccharic acid, that is
a very good chelating agent for metal ions'**'?®. The introduction of a polymer
such as PVA is often used, since it forms a polymeric resin with saccharic acid,

which improves the chemical interaction with the metal cations'?

. To my
knowledge, there are no literature papers reporting sucrose as template material to
produce doped-ceria.

In this work, sucrose was successfully used to form Sm-doped ceria,
alone and combined with polyethylene glycol (PEG). In both cases no HNOj; or

ammonia were added and the combustion proceeded at pH 5. A caramel gel was

formed during both sucrose-aided SCS.
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3.1.4 Calculation of ¢ and wF/M

The most important parameter connected with SCS is the ratio ¢ between
reducers and oxidizers in the reactants mixture. According to Jain et al.'” a
mixture is stoichiometrically balanced when the ratio between the total valences
(p, negative) of the oxidizers and the total valences (7, positive) of the fuel is unity.
In the synthesis of SDC the oxidizers are the precursors Ce(NOs); and Sm(NOs)s,
having respectively oxidizing valences of -15. According to the atomic

composition of CepsSmg 02
p=08 (-15)+0.2 (-15)=-15 Eq.3.1

while r= +18, +24, +48 for citric acid, cellulose and sucrose, respectively. In order
to carry out reactions under stoichiometric conditions (¢=1), ammonium nitrate,
NH4NO; (oxidizing valence -5) was used as a ¢ regulator, as reported in the

following equation:
0.8:(-p) + 0.2- (-p) + 2 (r) +[r of auxiliary fuel] -n5=0 Eq.3.2

n indicates the amount of NH4NO; necessary to maintain the reaction balanced.

In some cases, and especially for mixed fuels, it is convenient to
introduce the weighted fuel-to-metal cations ratio (wF/M)'"". This parameter takes
into account that in the case of fuel mixtures also auxiliary fuel contributes to the

combustion process through its own specific reducing power.

3.2 Fuel-mixtures effects on structure and microstructure

The temperature-time (7-f) profile is a valid in situ characterization

197130 "For all samples, except SDC4,

technique to follow the combustion process
the evolution of the combustion temperature as a function of time is reported in

Fig.3.1. Inspection of 7-¢ profiles shows that the temperature increases rapidly
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during the combustion event for all samples except for the powder prepared with
citric acid (SDC1). This means that for SDC1 the combustion proceeds more
slowly than for the other fuel mixtures. The combustion process of SDC4 was so
fast, and the rise of temperature was so large that the detection limit (>1000°C) of

the thermocouple was overcome.

700 T T T T T
—SDC1

600+
5004
400+

300

T (°C)

200

time (a.u.)

Fig.3.1 Evolution of temperature as a function of time during the combustion synthesis for
SDCI1 (black line) SDC2 (red line) and SDC3 (blue line).

The XRD patterns of the as prepared and calcined SDC powders show a
single phase having cubic fluorite structure with cell constant, a=5.438+0.003 A%,
As an example, the Rietveld refined profile relative to SDC1 is reported in Fig.3.2.
The absence of secondary phases suggests that the used fuel mixtures have good
chelating capacity toward cerium and samarium metal cations. Since all powders
exhibit quite similar (within ~1072 A) lattice constant values, it is reasonable that
they have the same Sm at.% in the bulk. All specimens show slightly different
crystal sizes, which could be linearly correlated with the wF/M ratio (Tab.3.1). The
specific surface area of the sample SDC3 is definitely larger with respect to the
other samples, and, to this concern, sucrose appears to be the most effective fuel.

On the other hand, by inspection of Fig.3.3 and of pellet density values reported in
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Tab.3.1, the sintering procedure is equally effective in reaching a high density, as

evaluated with respect to the Cej gSmg,0,  crystal density.

Tab.3.1 Weighted fuel-metals ratio (wF/M), average crystallite size of calcined powders Ixzp,
surface area (4,), linear shrinkage (AL/L) and relative density (d). Uncertainty on the last

digit.

Fuel mixture wF/M  Ixgp, nm A s,mz/g AL/L,% d,%
1-citric ac. 36 82 6.1 17.0 92
2-cellulose/citric ac. 66 92 6.0 18.5 89
3-sucrose 96 97 23.1 21.0 94
4-sucrose/PEG 116 123 1.0 19 90
Obs
— Calc
bekgr
— diff
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Fig.3.2 XRD data pattern and Rietveld refinement of SDCI calcined in air at 1000°C. Black
crosses: observed data; red line: calculated data; green line: background; blu line: residual.
Residual Rietveld factor, R(F?) is reported as a measure of refinement quality.
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Fig.3.3 Linear shrinkage (AL/L) of Ce,sSm,,0,., cylindrical green pellets as a function of T.

SDCI1: black; SDC2: red; SDC3: blue and SDC4: dark cyan.

S5um r S5um 5um

Fig.3.4 FEG-SEM micrographs of powders sinetred in air (on the top) and in Hy/Ar (4vol.%)
(on the bottom). SDC1: a-e; SDC2: b-f; SDC3: ¢-g; and SDC4: d-h.

It is worth noting that after the different sintering treatment (air and
H,/Ar), all samples exhibit a similar cell parameter, a=5.437+0.003 A, while the
crystal sizes are encompassed between 250-310 nm. Therefore, the sintering
procedure produces an about equal bulk Sm concentration and similar crystallite
size in all the four investigated pellets.

The SEM images reported in Fig.3.4 elucidate the microstructural

features of sintered samples in air and in H,/Ar (4vol.%). Notably, both treatments
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cause the formation of open porosity, which is recognizable in all the investigated
samples. After sintering in air, SDC4 shows a different morphology compared to
SDC1, SDC2 and SDC3. This could be related to the low specific surface area for
this sample (Tab.3.1); however, it has been reported in the literature that other

features can influence the coarsening process such as dopant segregation or VO' :

mobility in the grain boundary zones'*®. Actually, although SDC3 shows a larger
surface area with respect to SDC1 and SDC2 (Tab.3.1), the corresponding pellets
are characterized by similar morphology after sintering in air (Fig.3.4). This result
highlights the minor role of the powder microstructure for the densification
process. Among the factors contributing to densification, it should be mentioned
also the Ce™/Ce™ ratio®®® 3132 that affects the concentration and mobility of
oxygen vacancies. This parameter can be influenced by the fuel mixture, effective
in stabilizing specific metal oxidation states in oxide materials for IT-SOFC'"".
Inspection of Fig.3.4 shows that sintering in reducing atmosphere produces, for
sample SDC3, a striking morphology difference with respect to the sintering in air.
This effect could be related to the high surface area of the SDC3 powder,
corresponding to a pore structure more accessible to the reducing atmosphere.
Thus, the fraction of surface Ce’" and hence the increased surface oxygen vacancy

. P~ P . . 86,88,131-132
concentration could enhance ionic mobility in the grain boundary region™"" .

3.3 Fuel-mixtures effects on conductivity

The impedance spectra acquired at 260°C for all the SDC samples are
reported as Nyquist plots in Fig.3.5-3.6. From high (on the left) to low (on the
right) frequencies range the detected semicircles can be safely attributed to bulk,
and grain boundary contributions, respectively®”””. In some cases the electrode
response (at the utmost low frequencies) is detected. The arc intercepts with the x-
axis permit to determine the bulk resistance (Ry), at low impedance values, and the
total resistance (R;), at high impedances range. The difference between R, and R,

represents the grain boundary resistance (Rg,). The conductivity values related to
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each single contribution are summarized in Tab.3.2 and are determined according

to Ohm’s law”".

SDC1 ***
SDC2 _ |
SDC3 5 o
SDC4 "~

1.0x10°

o O O O

5.0x10*

ImZ(Q)

0.0

0.0 5.0x10* 1.0x10°

ReZ (Q)
Fig.3.5 Impedance spectra acquired at 260°C relative to SDC1 (black), SDC2 (red), SDC3
(blue), SDC4 (dark cyan) sintered in air.

3x10° v r :
o SDC1
o SDC2 1x10°
s| o spc3e
XI0T o sped =

ImZ(Q)

1x10°

Fig.3.6 Impedance spectra acquired at 260°C relative to SDC1 (black), SDC2 (red), SDC3
(blue), SDC4 (dark cyan) sintered in Hy/Ar (4vol.%).
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Tab.3.2 Total (o), bulk (0,) and GBs (0,;) conductivity relative to the samples sintered both
in air and in Hy/Ar (4vol.%). For SDC1 and SDC2 sintered in H,/Ar only the bulk
contribution is detectable. Nevertheless, it is possible to recognize qualitatively that the total
and the GBs contributions are higher than the values shown by the corresponding samples
sintered in air.

O, (S/cm) Oy, (S/cm) O (S/cm)

SDCI_air 9.23-10° 2.60-107 1.43-10°
SDC2_air 8.97-10° 2.37-107 1.44-10°
SDC3_air 1.28:10° 2.08:107 3.37-10°
SDC4_air 5.41-10° 2.24:10° 7.14-10°°
SDC1_Hy/Ar <9.23-10°¢ 1.97-107 <1.43-10°
SDC2_Hy/Ar <8.97-10°¢ 1.93-107 <1.44-10°
SDC3_Hy/Ar 1.27-10° 2.04:107 3.32:10°
SDC4_Hy/Ar 1.79-10°° 491-10° 2.83-10°

After sintering in air, the minor total resistance is relative to the sample
SDC3, which is also characterized by the lowest grain boundary resistance
compared to the other samples (Fig.3.5). On the contrary, SDC4 has the highest
Ry, as well as the highest total contribution R; (Fig.3.5). All samples have the same
bulk resistivity, and thus similar bulk conductivity, in agreement with the same Sm
at.% in the bulk.

Fig.3.6 shows the impedance spectra acquired after sintering in H,/Ar
(4vol.%). Again, SDC3 exhibits the lowest Ry, while SDC4 the highest Ry,
Nevertheless, SDC4 is characterized by a notable R, increase. It is not clear the
origin of the different behaviour of this sample: some authors put forth the
hypothesis that the reducing atmosphere affects the bulk distribution of the dopant

and favours the formation of stable Sm -V’ complexes®®. Except for SDC3, all

the samples sintered in Hy/Ar (4vol.%) manifest lower total ionic conductivity

compared to the corresponding samples sintered in air.
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3.4 Conclusion

CesSmg,0,, electrolyte prepared with different combustion fuels and
sintered in air show different electrochemical properties. The material prepared
with sucrose exhibits the best overall performance with a low grain boundary
resistance. This points out that a careful choice of the combustion fuel is
determinant for tailoring the total ionic conductivity of CeqgSm,0,. electrolyte.
In particular, the grain boundary conductivity is considerably improved by sucrose
fuel. While there is a general increase of the total resistance conductivity after
H,/Ar sintering, the experimental evidence is that the conductivity of the sample
prepared with sucrose is quite unaffected by the reductive treatment. This might
represent a further advantage for application as IT-SOFC electrolytes, since the

electrical mismatch between anode-side and cathode-side is thus minimized.
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4. Ln-CeO0);,.,: results and discussion

As discussed in chapters 1 and 2, acceptor-doped CeO, is the best
candidate as electrolyte material for IT-SOFC, and in particular Sm (III) and Gd
(IIT) are able to enhance the ionic conductivity. Actually, several authors observed
that, for lanthanide dopants, a higher ionic radius corresponds to enhanced ionic
conductivity, even though this occurs until a threshold value beyond which the
conductivity decreases® ™'®. To the best of my knowledge, there are few studies®
regarding structural investigation about Ln-CeO,.,, which focus on the correlation
between structure and electrical properties although, recently, some authors
reported computational approaches for studying the local structure of doped

ceria133—141

. In this context, the aim of this section consists in exploring the
relations between electrical properties and local structure in (10-30 at.%) doped-
ceria. For this purpose Sm (III), Er (IIT) and Yb (III) were selected to carry out a
comparison about local structure and performances between the respective CeO,-
based electrolytes. All samples were prepared by SCS and sintered in air at two
different temperatures (800 and 1250°C). The samples were characterized by X-

ray diffraction, SEM microscopy, EXAFS and impedance spectroscopy (IS).

4.1 Synthesis

CeiyLnyOyy (Ln= Sm(Il), Er(Ill); Yb(II); y= 0.1, 0.2, 0.3) were
synthesised by solution combustion synthesis using citric acid as fuel and hydrate

Ln(NO;); as metal precursors as reported in section 3.1 and 3.1.1. All calcined
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(500°C, 5h) powders were isostatically pressed at ~200 MPa and sintered in air at
800°C for 30 minutes or at 1250°C for 10 hours with a heating rate of 5°C/min and
cooling rate of 3°C/min. The final pellets sintered at 800°C had a diameter of about
6 mm and a thickness of ~1.2 mm, whereas after sintering at 1250°C pellets were
characterized by a diameter of ~5 mm and a thickness of ~1 mm. Ce;.,Ln,O,.,
compositions investigated in this work are labelled with the abbreviation
LDC10(20;30)M(N) where L refers to the first letter of the dopant species Yb, Er
or Sm, the number corresponds to the mole percentage of dopant concentration and
the suffix M or N indicate if the compound was sintered at 1250°C or at 800°C,

respectively.

4.2 Structural characterization

All Cey.yLn,O,., specimens display the typical Fm-3m fluorite structure
of pure ceria®. The Rietveld refinement was performed on green powders as well
as on grinded pellets. In Fig.4.1 the XRD patterns coupled with Rietveld
refinement are reported for the YDCI1ON specimen, selected as an example.
Furthermore, the fitting parameters: lattice constant (a), crystal size (/ygp) and R-
factor (R(F?)) are listed in Tab.4.1.

The insertion of trivalent lanthanide dopants into the cubic structure of
ceria modifies the unit cell parameter as a function of dopant species and
concentration (Fig.4.2)°>*1% Samarium, which is the largest dopant with ionic
radius r,=1.079 A% (8-fold coordination), expands the cubic cell, while Er
(r5=1.004 A, coord.S)142 and Yb (r1,=0.985A, coord.8) 42 whose ionic radii are
smaller than the critical radius r,~1.038 A determined by Kim’!, cause the
contraction.

In agreement with the Vegard’s rule®®’?, for the Sm-CeO,.,, the lattice
constant rises when the Sm content increases, but it remains quite unaffected by

the different sintering procedures. On the contrary, Ce;EryO,. and Ce;Yb,O,.,
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undergo unit cell contraction as a function of both dopant content and sintering

90,100
temperature .

X Obs
Calc
bekgr

— diff

I(a.u.)

Fig.4.1 XRD pattern and Rietveld refinement of YDC10N. Black crosses: observed data; red
line: calculated data; green line: background; blu line: residual.

Tab.4.1 Rietveld refinement results of the sintered specimens: unit cell constant (a), crystal
size [ and residual R(F?). For unit cell parameter uncertainty is referred to the last digit; for
grain size is ~1%.

a A Ixgp,nm R(F) a, A Ixgp, nm  R(F)
SDCIOM  5.4234 91 16 | SDCION 5.4241 23 1.9
SDC20M  5.4322 87 10 | SDC20N 5.4334 21 2.2
SDC30M  5.4421 96 11 | SDC30N  5.4443 22 2.7
EDCIOM  5.4051 85 11 | EDCION 5.4085 22 2.2
EDC20M  5.3999 96 14 | EDC20N  5.4048 21 1.9
EDC30M  5.3896 79 13 | EDC30N 53992 20 2.2
YDCIOM  5.3993 79 13 | YDCION  5.4053 21 2.5
YDC20M  5.3875 71 17 | YDC20N 5.3966 18 1.8
YDC30M  5.3762 90 7 | ¥YDC30N 5.3879 17 2.4
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Fig.4.2 Variation of cell constant in function of dopant content compared to pure ceria lattice
parameter (black star). SDCM and SDCN are represented by open and full black squares
respectively. EDCM and EDCN are depicted as open and full red circles, while YDCM and
YDCN are open and full blue triangles, respectively.
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Fig.4.3 shows the SEM micrographs for the SDCION and SDC10M
fractured pellets. SDCI10N exhibits an average grain size of ~30 nm. On the
contrary, SDC10M appears dense with an average grain size ranging between

about 250 nm and 1 wm.

9 1um l ‘ 200 nm
| —— —
Ry, > W 6 i Z

Fig.4.3 SEM micrographs of SDC10M (left) and SDCION (right).

EXAFS spectra acquired on Ce, Yb and Er L; edges were suitably fitted
using a structure model characterized by the M-O and M-M coordination shells of
MO, fluorite oxide (Fig.4.4)*'*'*  Then, no evidence of dopant oxide

segregation can be recognized. According to the fluorite-like structure, the M
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cations are surrounded by 8 oxygen atoms in the first shell (M-0), by 12 cations in
the 2-th shell (M-M) and by 24 oxygen atoms in the 3-th shell (#-0O). In order to
evaluate the oxygen defectivity around the host and guest atoms, the EXAFS
analyses relative to Er-CeO, and Yb-CeO, were carried out simultaneously on
the dopant and Ce edges, with the constraint that the overall first-shell coordination
numbers are equal to the oxygen stoichiometry dictated by dopant concentration'*’.
For Sm-CeO,, whose Sm edge is too short for a reliable data analysis, the first
shell oxygen coordination number was allowed to vary below 8. If oxygen
vacancies are randomly distributed in the anion sublattice, simple stoichiometry
considerations allow to predict that this number should be 7.8 for 10at.%, 7.6 for
20at.% and 7.4 for 30at.%. The second shell M-M was treated taking into account
average amplitudes and phases on the basis of the nominal stoichiometry and a
total coordination number of 12. In any case, since the dopants are all lanthanides,
the difference as scatterers between these cations and cerium is almost negligible.
The third shell M-O coordination number was reduced in order to account for
average oxygen defectivity, since local effects are reasonably unimportant at so a
large distance from the absorber. As shown in Fig.4.4 for EDC, all samples were
modelled considering the first three coordination shells around the absorber atom.

The fitting results are summarized in Tab.4.2-4.6.
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Fig.4.4 FT EXAFS data of EDC10M measured on Ce L;-edge (a) and on Er L;-edge (b).
Black lines (moduli and imaginary parts) are the experimental data; red lines are the fitting
data (moduli and imaginary parts).
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Tab.4.2 Ce L;-edge EXAFS results for EDC powders. N: coordination
number, R: interatomic distance and o’: Debye-Waller disorder factor.
Uncertainty on the last digit.

Ce-0O Ce-(Ce,M)
N  RI(A) J10°4) N R24) 104
Ce0, 8 2.34 5.4 12 3.81 1.6
EDCION 7.8 229 5.2 12 3.83 4.8
EDC20N 7.7 229 9.1 12 3.81 6.5
EDC30N 73 228 8.1 12 3.79 9.1
EDCIOM 7.8 230 6.6 12 3.81 5.0
EDC20M 7.8 229 8.1 12 3.80 6.6
EDC30M 74 228 9.3 12 3.79 7.9

Tab.4.3 Ce L;-edge EXAFS results for YDC powders. N: coordination
number, R: interatomic distance and o’ Debye-Waller disorder factor.
Uncertainty on the last digit.

Ce-0 Ce-(Ce,M)
N RI(A) J10°4) N R24) J10°4)
Ce0, 8 234 5.4 12 3.81 1.6
YDCION 78 230 4.1 12 381 3.7
YDC20N 7.6 229 5.6 12 381 5.2
YDC30N 7.5 227 7.2 12 3.80 7.4
YDCIOM 78 230 6.4 12 3.81 4.0
YDC20M 7.6 228 7.4 12 381 5.9
YDC30M 7.6 228 6.6 12 3.81 8.4
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Tab.4.4 Ce L;-edge EXAFS results for SDC powders. N. coordination
number, R: interatomic distance and o’ Debye-Waller disorder factor.

Uncertainty on the last digit.

Ce-0O Ce-(Ce,M)
N RI(4) J10°4) N R24) Ja0°4)
Ce0, 8 234 5.4 12 3.81 1.6
SDCION 7.8 230 5.3 12 381 3.7
SDC20N 75 229 6.1 12 381 52
SDC30N 75 227 7.9 12 3.80 7.4
SDCIOM 7.8 2.30 6.7 12 381 4.0
SDC20M 75 2.28 6.8 12 381 5.9
SDC30M 72 226 8.3 12 381 8.4

Tab.4.5 Er L;-edge EXAFS results for EDC powders. N: coordination
number, R: interatomic distance and o’ Debye-Waller disorder factor.

Uncertainty on the last digit.

Er-0 Er-(Ce,M)
N RI(4) JoA0°4) N R204) J10°4)
Ce0, 8§ 234 5.4 12 3.81 1.6
EDCION 7.5 230 8.3 12 3.79 7.7
EDC20N 74 230 9.1 12 3.77 10.0
EDC30N 7.7 230 10.3 12 375 13.0
EDCIOM 8.0 230 8.2 12 3.79 6.6
EDC20M 69 230 6.4 12 3.76 9.0
EDC30M 7.4 230 9.3 12 3.74 11.0
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Tab.4.6 Yb L;-edge EXAFS results for YDC powders. N: coordination
number, R: interatomic distance and o’ Debye-Waller disorder factor.
Uncertainty on the last digit.

Yb-0 Yb-(Ce,M)
N RI(4 o104 N R4 Ja0'4d)
Ce0, 8 234 5.4 12 381 1.6
YDCION 80 229 73 12 3.79 7.1
YDC20N 7.7 228 8.3 12 3.76 10.0
YDC30N 72 227 8.1 12 3.74 13.0
YDCIOM 7.6 230 7.1 12 3.77 6.7
YDC20M 7.6 228 8.2 12 3.75 9.7
YDC30M 7.1 227 8.8 12 372 12.0

Coordination shell distances

Ce L;s-edge. Irrespective of dopant nature, the Ce-O interatomic distances

. 68,143-145
are shorter compared to the values of pure ceria

and generally decrease by
increasing the dopant concentration. As concerns the second shell, the coordination
distances are much more similar to the reference CeO, values, but it could be for
EDC, where a slight decrease with dopant content can be recognized. It is worth
noticing that these EXAFS evidences are not in agreement with the XRD results
(Fig.4.2), pointing to a complex long range arrangement of local structural units.
Er and Yb Ls-edges. The M-O and M-(M,Ce) interatomic distances are
shorter than the corresponding 2.34 A and 3.81A values of pure ceria®'*"'*°,
Taking into account that the ionic radii of the dopants are larger than the radius of
8-coordinated Ce*, it can be argued that the Yb and Er local arrangements are
modified by oxygen vacancies and structural disorder; the latter, as results from the

reported o® values, is an increasing function of dopant concentration. The

possibility of complex defect aggregation cannot be ruled out and could be taken
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into account to interpret the peculiar behaviour of Er, showing a constant first shell

distance and second shell radius decreasing with dopant concentration.

First shell oxygen coordination numbers

Fig.4.5 reports a graphical overview of the first shell coordination
numbers. The straight lines represent the theoretical oxygen coordination around
dopant, as a function of the cerium-oxygen coordination number, under the
assumption that charge balance is closely dependent on oxygen stoichiometry
through the formula Ce;_Ln,0;.4,. The symbols (squares and circles) are relative
to the YDC and EDC samples, for which both absorption edges are available, so
allowing simultaneous EXAFS analysis; the drawn error bars are probably
overestimated, as they are relative to the uncertainties estimated for single-edge
refinements that are strongly correlated to o For SDC, only the Ce Ls-edge is
available and the corresponding coordination values are reported on the abscissas
axis. It seems viable to state that, with the only exception of SDC30N, the SDC
samples present a homogeneous distribution of oxygen vacancies or, even, that
vacancies are preferably located in the neighbourhood of cerium. For the YDC-
EDC samples, the behaviour of the “M” samples (circles) point to a tendency to
homogeneous distribution or to a preferred location of vacancies near the dopant;
for the “N” samples (squares), a clear trend cannot be recognized, likely due to the
definitely lower sintering temperature and sintering time. The XRD results (see
Fig.4.2) confirm that the “N” samples are far from an equilibrium structural

arrangement.
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Fig.4.5 First shell coordination numbers around Ce and dopants for all samples. EDC(N-M):
(black squares-black circles). YDC(N-M): (red squares-red circles). Blue asterisks represent
random distribution of dopants and vacancies. For SDC(N-M) N values are reported on thex-
axis.

Local environment of samarium

As above specified, the local environment of samarium could not be
explored by EXAFS measurements. Nonetheless, the visible emission spectra of
SDC samples provides a qualitative structural probe around Sm", as reported in
the following discussions. The Raman spectra of all samples are dominated by a
sharp peak around 470 cm™ (Fig.4.6), corresponding to the symmetrical stretching
mode of CeOyg unit, which is the only first-order allowed transition predicted in the
whole spectrum'®'"'*®, The position of this peak is correlated with both the lattice
and the crystal size **'>'"'*, Fig.4.6 shows the effect of the doping level on the
Raman spectra of SDC and YDC prepared at 1250 °C with respect to pure CeO,.
As expected on the basis of lattice constants, the peak shifts towards lower
wavenumbers for Sm>* (466-468 cm™) and to higher wavenumbers for Yb* (470-
473 em™) compared to 470 cm™ in pure CeO,”. According to the cell parameters,
the shift becomes progressively more significant with the dopant content. In the
present study, the peak width increases dramatically with the dopant content rather

than with crystallite size from XRD'**'>*: it can be argued that the size probed by
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Raman scattering is a coherence length experimented by a phonon before being
scattered by a defect, so that higher doping levels correspond to a smaller

coherence length.

[ — CeO,
— SDC10
— SDC20

\ — YDC10

\ YDC20

I(au.)

. ‘\\Q.[\j’\/j\\r\\i

———

I
400 500 600 700

Raman shift (cm!)
Fig.4.6 Raman spectra at 532 nm of undoped CeO, (blue), SDC10 (black), SDC20 (red),
YDCI10 (green) and YDC20 (orange). All samples were sintered at 1250 °C.

Two shoulders are visible around 560 and 620 cm™. Through the analysis
of aliovalent-doped CeO,, these features have been attributed the loosening of
selection rules due to doping®'*%. In any case, despite the large amount of trivalent
dopants introduced in the fluorite lattice, a significant deviation from the average
cubic symmetry is not observed. Moreover, the absence of sharp peaks around 400
em’ rules out the presence of M,O; due to dopant segregation'*®.

In Fig.4.7 the visible emission spectra of SDC samples are reported as
structural probe around Sm">. These data are interpreted as electronic transitions of

+3 4 . 6 155-157
Sm™ from “Gs;, to various "H states

. The peak splitting is a direct
consequence of the symmetry of the crystal field, providing a qualitative structural
environment around Sm*. All samples present the same features, even though the
samples with lower dopant content are characterized by more resolved peaks. The
SDC30N shows very broad and less defined peaks, and the bands at 560 and 575
nm disappear. The intensity ratios I(6H9/2)/I(6H5/2) and I(6H7/2)/I(6H5/2) have been

previously used as a measure of the deviation from centrosymmetry in diluted
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SDC'*®. In the SDC samples these ratios increase with increasing doping content
and with decreasing sintering temperature, pointing out that the Sm" environment
becomes increasingly asymmetric in the more concentrated samples. This is also in
general agreement with the results from Raman, where lower sintering
temperatures and higher doping levels increase the concentration of defects and

: s 153,154
asymmetric configurations > "

I(au)

b)

c)

n L L | L L L

5éo 580 Glllo 620 640 560 680
Wavelenght (nm)

Fig.4.7 Emission spectra of SDC samples excited at laser blue 456.9 nm: a), b) and c) are

10%, 20% and 30% Sm-doped samples, respectively; black and red lines are used for

samples prepared at 1250 °C and 800 °C, respectively. Sm,0s is reported for comparison

(blue line).

4.3 Electrical properties

The Nyquist plot of the impedance spectra collected at 400°C for Ce;.
ySmyO,., and Ce;.yEr,O,., (sintered at 1250°C), are shown in Fig.4.8. From these

d": (i) the high frequency

spectra three different contributions can be recognize
intercept on the real axis corresponding to the bulk resistance, R, (ii) the
intermediate frequency arc is safely assigned to the grain boundaries, Ry, and (iii)
the low frequency contribution corresponding to the blocking behaviour of the
electrode. Note that for the 30at.% doped samples it is possible to detect an arc at

high frequencies, which arises from the bulk transport. The impedance spectra

were fitted with suitable equivalent circuit models consisting of one resistances
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(Rp) in series with a Rg,Q circuit, in which the equivalent phase element Q is

defined as follows:

C=R"Q)"" Eq.4.1

where C is the capacitance and n is an additional fitting parameter weighting the

capacitance contribution.
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Fig.4.8 Impedance spectra collected at 400°C for SDC and EDC compositions sintered at
1250°C. On the left: a) SDC10M; b) SDC20M; c¢) SDC30M. On the right: d) EDC10M; e)
EDC20M; f) EDC30M.

51



Fig.4.9 displays the impedance spectra collected at 400°C for the set of
YDC and EDC compositions sintered at 800°C. For 30at.% compounds,
semicircles appear depressed and convolute. This is due to similar relaxation time
constants, 7,= R,C, and 7,= RgCy, bringing about the convolution of the
respective arcs’’. When it was possible to fit the data, one resistance Ry in series
with a single Rg,Q circuit was used as equivalent circuit model. The spectra of
MDC30N could be fitted using a single RQ circuit or two RQ circuits in
series'™'*?. Both models were unsatisfactory to discriminate the bulk and grain

boundary contributions, and then only the total resistance was taken into account.
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Fig.4.9 Impedance spectra collected at 300°C for YDCN and EDCN compositions. On the
left: a) YDCION; b) YDC20N; c¢) YDC30N. On the right: d) EDC10N; e) EDC20N; f)
EDC30N.
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For all samples the total (o)), the bulk (o) and the measured grain
boundary (og) conductivity were calculated (see Tab.4.7). Moreover, by
describing the microstructure of the samples according to the brick layer model the

specific grain boundary conductivity is derived from:

T, &£,&
L g b 270 Eq.4.2
Oy, =0, = q
Ty, Ty

where ¢ is the vacuum permittivity, 7, and 74, are the relaxation times constants
defined previously, and ¢, the dielectric constant. Since only in some cases it has

been possible to estimate Cy, a;b values have been determined by assuming the ¢,

equal to 25 78!,
For heavily doped ceria (=10at.%), total and bulk conductivities

(Tab.4.7) depend on dopant concentration and V" mobility; actually, both o, and

65,74

o, drop off simultaneously as the dopant concentration increases ", so that the

benefits due to a higher V,° concentration are lost. This evidence might be

attributed to limited mobility of vacancies in heavily doped ceria. For the samples
containing the same dopant concentration, the differences in g, can be due to a

different V" mobility, which is affected by the dopant nature®, as well as by
different associates, e.g. Ln'Ce —VO", which can reduce the number of mobile

oxygen vacancies'>. The different activation energies for samples with the same
nominal acceptor concentration are consistent with these explanations (Tab.4.8).
As expected, Sm-CeO,_, compounds show higher conductivities compared to Er-
CeO,, and Yb-Ce0,, . The different electrical performances of Ln-CeO,., are
usually related to the ionic radii of the dopant®°*'® but, in the light of EXAFS
results, also the local structural features affect the ionic conductivity. In this
respect, the tendency of oxygen vacancies to be attracted by the dopant,

particularly clear in the EDCM and YDCM samples, could be related to a strong
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interaction (Ln'Ce —VO") between positive and negative defects, and then to a

reduced oxygen vacancy mobility.

Tab.4.7 Total, bulk, grain boundary and specific grain boundary conductivities acquired at
400°C.

1250°C

o, (S/cm) o, (S/em) o, (S/cm) a:h(S/cm)
SDC10 3.19-10™ 1.10-10° 449-10*  1.61-10°
SDC20 2.08-10™ 8.55-10™ 27610 6.18:107
SDC30 1.01-10™ 1.77-10™ 237-10%  3.68:107
EDC10 1.34-10™ 5.35-10™ 1.79-10*  7.88-107
EDC20 7.55-10° 2.42-10™ 1.09-10*  2.87-107
EDC30 2.33-10° 3.07-10° 9.65-10°  2.42-107
YDC10 1.45-10™ 3.70-10™ 2.38:10%  9.35-107
YDC20 5.48-10° 1.19-10™ 1.02-10*  2.59-107
YDC30 2.23-10° 2.65:10° 1.39-10%  2.92-107

800°C

o, (S/cm) o, (S/em) o, (S/cm) a:h(S/cm)
SDC10 5.62:107 3.20-10™ 6.82:10°  1.05-107
SDC20 6.83-10° 2.99-10* 8.87:10°  1.61-107
SDC30 3.47-10° - - -
EDC10 3.30-10° 2.04-10™ 3.93-10°  1.31:107
EDC20 1.96:10° 1.13-10™ 2.37-10°  1.03-107
EDC30 9.25-10°° - - -
YDC10 1.90-10° 1.60-10™ 2.15-10°  8.59-10°°
YDC20 8.86:10° 1.57-10° 2.04:-10°  8.73-107
YDC30 4.66-10° - - -
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Irrespective of the dopant nature, the total conductivities of MDCNSs are
lower than those of MDCMs, probably because the low sintering temperature
favours the formation of a large volume fraction of GBs, which have a hindering

67,72,74,103,159,160

effect on the ionic conductivity However, while o, are

systematically lower for MDCNs with respect to MDCMs, Uih of MDCNs are

larger by at least one order of magnitude. This result might be due to a different
spatial dopant distribution between the two series of specimens with the MDCNs
having a lower bulk and a larger grain boundary acceptor concentration than the
MDCMs. In general, the grain boundary blocking effect is remarkably reduced for
high dopant concentration’®, that effectively limits the difference between bulk and
total conductivity65 (Tab.4.7). XRD results show that for Er and Yb the lattice
parameters are lower for the “M” (sintered at 1250 °C) than for the “N” samples
(sintered at 800 °C), pointing to a different defect arrangement as a function of
sintering temperature and to the presence of strains that hinder oxygen mobility;
this effect is present to a definitely lesser extent in Sm-CeO,, likely due to a
better fitting of the dopant in the ceria network.

The temperature dependence of conductivity, as reported in Fig.4.10 for
SDC, allows the determination of the activation energies72’80. Total (E,), bulk (Ey)
and grain boundary (Eg) activation energies computed between 300-400°C are
listed in Tab.4.8.

According to literature®, the bulk activation energies increase with the
dopant content independently of the dopant nature. In agreement with the
conductivity results, Sm is characterized by lower activation energy values

compared to Er and Yb, as reported in Table 4.8.
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Fig.4.10 Arrhenius plots of total conductivities collected between 300-500°C for SDCM10
(full-black), SDCM20 (full-red), SDC30 (full- blue), SDC10N (open-black), SDC20N (open-
red) and SDC30N (open-blue).

Tab.4.8 Activation energies determined by thermal dependence of the conductivity between
300-400°C. All values are reported in eV. Uncertainty on the last digit.

1250°C 800°C

E t E b E gb E gb,spec. E t E b E gb E gb,spec.

SDC10 0.88 0.66  0.99 0.94 0.97 0.66 1.05 0.95
SDC20 0.97 0.83 1.08 1.01 0.95 0.80 1.00 0.97
SDC30 1.11 1.10 1.15 1.16 1.07 - - -
EDCI0 0.98 0.84 1.04 1.03 1.02 0.76 1.06 1.02
EDC20 1.09 1.05 1.18 1.11 1.08 0.95 1.10 1.05
EDC30 1.23 1.22 1.26 1.19 1.19 - - -
YDC10 0.97 0.81 1.07 1.02 1.04 0.91 1.05 1.09
YDC20 1.10 1.09 1.19 1.13 1.09 1.11 1.06 1.08
YDC30 1.29 1.21 1.29 0.93 1.19 - - -
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The relation between conductivity and space charge potential (4¢y) is

ruled by:

O, Ty exp(2eAg, /kT)
oL T,  4eAg,/kT

gb

Eq.4.3

The space charge potential is estimated by solving numerically Eq.4.3, and the
results are listed in Tab.4.9. These values are in fair agreement with the ~0.3V
established for <10at.% Ln-CeO,.>*%. It is worth noting that A¢y for the “N” are
lower than the values relative to the “M” samples ®. This evidence is likely due to
acceptor segregation in the GB core, so reducing the positive charge and then Agy.
This result is confirmed by the bulk conductivities which are lower for MDCNs
compared to MDCMs. Notably, for MDCMs increasing the dopant content the
space charge potential slightly decreases according to a progressive grain boundary

: 161
acceptor enrichment .

Tab.4.9 Space charge potential, A¢gy, dtermined at 400°C.

1250°C 800°C

Ady V Apy V
SDC10 0.32 0.20
SDC20 0.34 0.18
SDC30 0.30 -
EDCI0 0.32 0.17
EDC20 0.32 0.15
EDC30 0.25 -
YDC10 0.30 0.18
YDC20 0.30 0.19
YDC30 0.24 -
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4.4 Conclusion

In this chapter the structural and electrical properties of three different
ceria-based solid oxide electrolytes have been investigated. The conductivity data
confirm that samaria-doped ceria is a better electrolyte material with respect to
ytterbia and erbia-doped ceria. The XRD analysis demonstrate that the insertion of
samarium in the network of ceria takes place more easily, while the EXAFS data
point to a stronger interaction between dopant and oxygen vacancies in the case of
Yb and Er doping with respect to Sm doping. All these evidences constitute a basis
for a possible way to rationalize the role of different dopants in the O* conduction

mechanism of solid oxide electrolytes.
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5. La; Sr.CriFe,0;.s: anodes for IT-SOFC

Since many years LaCrO;-based materials are known as interconnectors
for solid oxide fuel cells (SOFCs) for their high electrical conductivity and thermal
stability in reducing atmospheres®*’. When chromium at B-site is partially
substituted by a transition metal, they might show hydrogen or methane electro-
oxidation activity at intermediate temperature, so that they have been recently

investigated as potential anode materials IT-SOFCg**-441-57-162-165,

5.1 Structure and defect chemistry of LaCrO;

Perovskite-type oxides have the formula ABO;, where the trivalent A
ions are surrounded by twelve oxygen ions (AQOj,), while the trivalent B atoms are
located at the center of an octahedron (BOg). A perovskite-type ideal structure
displays a cubic unit cell (Fig.5.1-a), but on the basis of the nature of A and B
atoms this structure can undergo lattice distortion leading to lower symmetry space
groups. Orthorhombic and rhombohedral unit cells, relevant for LaCrO;-based
anode materials, are shown in (Fig.5. 1-b-¢)'66-16,

The structural stability of ABO; perovskites is ruled by the

Goldschmidt'®® tolerance factor T, defined as:

__th Eq.5.1

- ﬁ(rg +1,)
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where 74, 5 and ro are the ionic radii of A, B and O%, respectively. The range
of stability of the perovskite structure is roughly 0.87<t<1.04'". For LaCrOs,
= 136 A", Fo™ 0.615 A" o= 1.38 A" yield a 7 value less than unity

(t=10.969) which favours the orthorhombic structure at room temperature.

It is worth noting that perovskite-type oxides can be simultaneously
doped on the B-, as well as on the A- site, and this means that both 4 and 7 in Eq.
5.1 are modified. For La; Sr,CrO;, where the A-site dopant Sr™ has an ionic

radius of 1.44 A and the regular La™ cation is smaller (rLa+3 =1.36 A), a fraction of
the B-cations can undergo oxidation from Cr** ( Fo™ 0.615 A) to Cr** (rC .=0.55

A) as a means to ensure the electroneutrality of the system. Then, as a consequence

of Sr-doping, the 7 value increases and the rhombohedral phase is favoured*®'%.

e 17573
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a) Cubic b) Orthorhombic ¢) Rhombohedral

Fig.5.1 General representation of ABO; with a cubic (a), orthorhombic (b) and rhombohedral
(c) structure. A ions are green, B blue and O red.

The presence of point defects in perovskite-type oxides is essential for
tuning their electrical, magnetic, catalytic, etc. features. For LaCrO; the
substitution of La®>" with Sr*" ions causes the formation of oxygen vacancies, V",

according to the following reaction written in Krdger-Vink notation®®>"!7!173:

28r0—=2—28r, +205 +V,’ Eq.5.2
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where Sr? is a negative defect (SrL'a) localized in the lanthanum site, whilst the

oxygen vacancy VO" has a twice positive charge with respect to the regular O

site occupancy. A further charge balance mechanism involved by Sr-doping entails

the oxidation of a fraction of Cr™ ions to Cr™:
2Crl +V, +1/20, =2Cr., + 0O} Eq.5.3

being Cr™ a positive defect (Crc'r) localized in the B-site. The overall charge

neutrality condition is then given by:
[sr.]=2[vy ] +[cr] Eq.5.4

Notably, the equilibrium Eq.5.3 strongly depends on partial oxygen
pressure PO," 7172 Thys, taking into account the reducing atmosphere of the
anode compartment (low PO, range) the Eq.5.3 is shifted to the left and the main
source of positive defects is then accounted for by Eq.5.2. Hence, Eq.5.4 can be

approximated to:
[sr]=2[Vs7] Eq.5.5

When also the B-site is doped with Fe™, both Feé(r and Crc)i can

undergo the type of equilibrium outlined in Eq.5.3. Nevertheless, some authors®*,

report that Cr™ retains its own oxidation state, whilst Fe™ is oxidized to Fe™
(Feér) at high PO, values (Eq.5.3), or reduced to Fe* (Fe‘Cr) at low PO,,

according to the following reaction:
2Fe’ +OF =2Fe., +V." +1/20, Eq.5.6

Therefore, by assuming that chromium remains Cr", the condition of

charge neutrality is given by the relation:
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[Srl'a]+|:Fe'Fe] =2[V0"]+|:Fe;e] Eq.5.7

which is not exhaustive because the whole list of chemical defects includes also
Cr, and C,

Since Eq.5.3. is shifted to the left at low PO, range (anode regime),
charge compensation involves oxygen defectivity, according to the chemical
formula La;.,Sr,Cr.yFe,Os.. The value of § is mainly influenced by the nature of
B atoms”” whereas, for a specific composition, strongly depends on PO, and T. In
particular, & values as a function of PO, are depicted in Fig.5.2 for
Lag75S1925Crg sFegsO0;5. and Lag75S1925CrgsMngsO;... These results obtained by

Oishi et al.®

show that the two compositions, which differ only for the nature of
the B-site dopant, exhibit a different behaviour as concerns oxygen defectivity.
Actually, doping with iron produces a quite sharp stoichiometric range, whilst for

Mn-doping a larger range occurs.

[ Lag75Sr25Cro sFeg 5055

3-8

=-973K

1073K

= A= 1173K

Lag 75879.25Cro sMnp s03.5 - @--1273K
2.80 L L L L L 280 L L L L L
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log (P, / bar) log (Pg, / bar)

Fig.5.2 Oishi et al®: Dependence of O values on oxygen partial pressure for
Lag 75519.25Cro sMn 50;.. (a) and Lag 75570 25Cro sFe0 505. (b).

5.2 Electrical properties

As elucidated in the previous paragraph, for La;Sr,Cri Fe,Os., the
defect chemistry is ruled mainly by Eq.5.2-5.6. Actually, the electrical

conductivity is strictly related to the defect equilibrium that determines the
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concentration of the charge carriers at specific PO, and T values. For the class of
LaCrOs;-based anode materials the electrical conductivity follows a mechanism of

thermally activated small polaron hopping'”""'"*"'"7:

oT =0, Eq.5.8

where E is the activation energy, k the Boltzmann constant and o, the pre-
exponential factor. By plotting log(oT) vs 1/T (Fig.5.3), a linear trend is obtained

with a slope that corresponds to the activation energy required for carriers drift

throughout the matrix'”"'"-177,
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Fig.5.3 Deleebeck et al.: In(oT)-1/T plots for two different perovskite compounds.
Notably, an anode material exhibit a mixed ionic-electronic
conductivity®*, thus n-type and p-type mechanisms are simultaneously present, and
the total conductivity is:

0,=0,+0, Eq.5.9

In details, each contribution to the total conductivity can be expressed as:
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O, =Ln(p)lew,, Eq.5.10

where [n(p)] are the concentration of negative or positive charge carriers and u the

corresponding charge mobility.

It is well established that in the high PO, range o manifests mainly a p-
type mechanism, since the main defects are Bt;. On the other hand, o shifts to »-

type for low PO, values, when B; are the localized carriers and the conductivity

0,'"1177 The behaviour of the electrical

decreases with increasing in P
conductivity in a wide PO, range is explained by Fig.5.4, where it is clearly shown
that the total conductivity is due to both ¢, and g, contributions. The region of the
mixed conductivity is specific for each compositions and only in this light it is

possible to tailor the electrical features of these compounds as anode materials.

Log (¢/Scm™)

——_ conductivity
minimum

Log (P/bar)

Fig.5.4 Lupetin, P.**: Logo-logPO, for SrTiO; Total conductivity: red line. N-type
conductivity: black. P-type conductivity: green line.

64



6. La; . Sr.Cr;,Fe,0;.s: results and discussion

In order to extend the knowledge about the role of iron doping in La,.
33,42,43,52,53

s

Sr,CrO; compounds for their use as IT-SOFC anode materials
perovskite-type La;.,SryCr;. Fe, O35 (0<x<0.3; 0<y<0.5) were prepared by solution
combustion synthesis®'*'178182 A careful investigation of the main properties
as a function of iron doping for different Sr contents allowed us to identify a
composition which represents a balanced compromise between phase purity,

catalytic activity, electrical conductivity and electrochemical performance.

6.1 Experimental
6.1.1 Synthesis

La;_,Sr,Cr.,Fe,O;., were prepared by solution combustion synthesis by
using citric acid as fuel and as metal precursors La(NOs);*6H,0 (99,99% Sigma-
Aldrich), Sr(NO;),*6H,0 (99,99% Sigma-Aldrich), Cr(NO;);*6H,0 (99,99%
Sigma-Aldrich) and Fe(NO;);*6H,0 (99,99% Sigma-Aldrich), according to the
synthesis procedure reported in the chapter 3. The reducers-oxidizers mixture was
stirred at 80°C until a dark coloured gel was formed. The temperature was
increased until a black fluffy powder was obtained in all doped cases, except for
LaCrO; that was green. Then, the powders were fired in air for 5 hours at 1000°C
or at 1100°C. Undoped lanthanum chromite, LaCrO; was named LCR, whilst the

set of doped compositions La;.Sr,Cr; Fe,Os., were named LCRXY, where the
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digits X and Y represent the corresponding dopant concentration expressed in
at.%.

For the electrical measurements in d.c. the fired powders were
isostatically and uniaxial pressed at 2tons/Imin and then sintered at 1200°C for 1

hour. The final pellets showed a diameter of ~10 mm and a thickness of ~1.3 mm.

6.1.2 Single cell assembly

Membrane electrode assemblies (MEA) with the configuration
Pt/CegsSmg,0,.,/La;.Sr,CriyFe,O3. were assembled for carrying out
electrochemical impedance spectroscopy measurements. First of all, electrolyte
powders were synthesised according to the paragraphs 3.1 and 3.1.1, then dense
electrolyte pellets were prepared by firing at 1400°C SDC powders isostatically
pressed at 2tons/1min. A final diameter of ~19 mm and a thickness of ~1 mm were
obtained. Selected La;.,Sr,Cr;.,Fe,O3. anode materials were applied on one side
of SDC by slurry deposition. The slurries were prepared by mixing the powders
with PEG (Mw 400) and ethanol favouring the homogenization by mixing for I h
in ultrasonic bath. After coating one side of SDC pellet with the slurry, the
assembly was pre-fired at 600°C and then sintered at 1200°C for 1 hour'®. The
other side of the assembly was coated with platinum paste and, finally, the whole

MEA was pre-heated at 200°C for 30 minutes and then fired at 600°C for 1 hour.

6.2 Evaluation of phase composition

LaCrO, prepared by SCS and fired at 1000°C is orthorhombic (Pbnm)"%,
and this structure is retained also after calcination at 1100°C (Fig.6.1). Doping
LaCrO; with strontium brings about the formation of a multiphase compound, in

agreement with the literature'®'%,

XRD measurement performed on
LagoSry;CrO; after calcination at 1000°C show the co-existence of an

orthorhombic and a rhombohedral (R-3¢) phase with SrCrO4 (P21/c) in traces
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(Tab.6.1). The same sample calcined at 1100°C shows an increased percentage of
rhombohedral phase and the disappearance of SrCrOy, (Tab.6.1)'*'%®. The co-
existence of both phases is maintained also in the presence of iron as clearly
showed in Fig.6.2 for LaggSry,CrosFeo,0; fired at 1100°C. In this sample it is
well visible the convolution between the peaks due to orthorhombic and
rhombohedral phases (inset-Fig.6.2). The Rietveld refinement permits to
appreciate the small percentage of rhombohedral phase, also in those cases for

which the peak convolution is not always so well resolved.
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Fig.6.1 LaCrO; Rietveld refinement: observed data (black crosses), model (red line) and
residual (blue line). The Rietveld residual factor, R(F?), is 13%.
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Tab.6.1 Percentage phase compositions (w¢%) with the relative volumes (V) for Lag¢SroCr;.
yFe,0s., (0<y<0.5) sintered at 1000°C and 1100°C. LageSto;CrO;., calcined at 1000°C
contains traces of SrCrO4. Uncertainty is on the last digit for volume; the uncertainty for
wit% is <3%.

Orthorhombic Rhombohedral
v (4°) wt.% v (4°) wt.%
1000°C
Lag ¢Sty ;CrO;., 234.04 83 350.44 16
Lag ¢Sty iCrosFeg 0., 235.75 76 351.13 24
Lag oSty iCro:Fep305. 236.30 89 353.97 11
Lag oSry ;CrysFeg;0;., 237.92 100 - -
1100°C
Lag ¢Sty ;CrO;., 233.68 65 349.59 35
Lag ¢Sty iCrosFeg 0., 235.39 92 351.07 8
Lag oSry Cry-Fep30;3., 236.27 100 - -
Lag oSry ;CrysFeg;0;., 237.97 100 - -

Despite the results observed for LCR2020, Fe-doping with Sr 10at.%
favours the formation of orthorhombic phase as summarized in Tab.6.1; in
particular, when iron amount increases the orthorhombic percentage rises as well.
For these specimens, the orthorhombic and rhombohedral cell volumes linearly
grow with the amount of iron due to the presence of Fe"*/Fe™ couple having a
larger ionic radii*** than Cr"*/Cr™ one. This evidence strongly suggests that iron
equally enters the perovskite structure of both phases, highlighting that the

chemical composition is presumably the same.
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Fig.6.2 Rietveld refinement on the XRD pattern of LagsSro,CrysFe ,05: observed data (black
crosses), model (red line) and residual (blue line). In the inset: the orthorhombic (green line)
and the rhombohedral (yellow line) contributions. The Rietveld residual factor, R(F?), is
15%.

By inspection of Tab.6.1 and Tab.6.2, 50at.% Fe is able to stabilize a
single orthorhombic phase for Sr contents not higher than 15at.%. When the Sr
concentration reaches 20at.%, the orthorhombic phase percentage drops off in
favour of the rhombohedral phase with SrCrO, traces. However, beyond the
20at.% Sr doping, the orthorhombic phase is again favoured. In spite of the fact
that the ionic radii of Sr(Il) is 1.44 A" in 12-field, and thus higher compared to
1.36 A" of La(lll), the cell volumes remain quite unaffected for both
orthorhombic and rhombohedral phases. Probably, this is due to the fact that the
introduction of a divalent ion in the A-site influences both Cr**/Cr"* and Fe'*/Fe™*
ratios, which have a direct control on the volume phase®.

Finally, it is worth noting that the presence of SrCrO, in La;.
SrCrysFep 505, (0.2<x<0.3), is probably due to high Sr concentration which
causes segregation of this Sr-rich monocline phase, when firing is carried out at

temperature lower than 1100°C.
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Tab.6.2 Phase and volume compositions relative to La; SrCr,sFegsO;., (0.15<x<0.3) sintered
at 1000°C and 1100°C. Uncertainty is on the last digit for volume; the uncertainty for wt% is
<3%.

Orthorhombic Rhombohedral SrCr0Oy

1000°C V(4% wt.% v (4°) wt.% wt.%

La0.35Sr0,15Cr0.5Fe0.503 237.57 100 - - -

LaygSry:CrysFe; ;05 238.25 51 355.59 39 10
La0.7Sr0,3Cr0.5Fe0.503 238.45 84 355.16 6 10
1100°C V(4% wt.% V(A4 wt.%

La0.35Sr0,15Cr0.5Fe0.503 237.52 100 - -
Lao,g,»Srg,;Cr0.5Fe0.503 238.49 82 353.69 18

Lao. 7Sr0.3Cr0.5Fe0.503 238.26 61 355.02 39

6.3 Evaluation of the reduction properties

6.3.1 H,-TPR

Fig. 6.3 shows the hydrogen consumption during a H,-TPR experiment
for LCR1000, LCR1030 and LCR1050. The temperature values relative to the
main peak are listed in Tab.6.3 with the H, consumption values determined from
calibrated integrated peak areas. For all samples the main peaks appear overlapped

183185 it is mainly ascribable to the

with a T at ~450°C. According to literature
reduction of Cr'¥/Cr™, and it is firmly shaped by the presence of Sr (Fig.6.4).
Since LCR (undoped) exhibits a peak with a shoulder at ~400°C, it is not possible
to exclude that for the doped compositions also the reduction Cr**/Cr*? occurs in

this temperature range'*.
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Fig.6.3 TPR profiles for LCR1050 (blue), LCR1030 (black) and LCR1000 (green).
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Fig.6.4 TPR profiles for LCR1000 (green) and LCR (pink).

On the other hand, the presence of iron shifts the main peak to lower
temperatures (Fig.6.3) highlighting that in this temperature range, probably, both
Cr and Fe are involved in the reduction processes. Effectively, Khine et al.'®
report for strontium doped-LaFeO; a small reduction peak at ~400°C, even though

the massive Fe™/Fe™ and Fe™/Fe’ reductions occurs at ~700°C and above 900°C,
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respectively. Thus, the second peak present in LCR1030 and LCR1050, as well as
in LCR1550, between ~750-800°C is ascribable to Fe(Cr)*/Fe(Cr)™ reduction. As
shown in Fig.6.5, only for LCR1550 the Fe"*/Fe’ reduction process already begins
at ~900°C, revealing a more attitude of this sample towards the H, oxidation.

The peak integration reveals a major H, consumption for LCR1000
compared to LCR1030 and LCR1050. This means that A-site doping has a major
effect on reducibility, and therefore on O availability towards the oxidation'®'"'®,
This is confirmed by the LCR1550 consumption compared to LCR1050; a slight
variation of strontium concentration produces a notable increased reducibility of
iron/chromium species. It is noteworthy that, among the investigated samples,
LCRI1550 exhibits the highest H, consumption (28.8 ml/g) between 200-1000 °C,

suggesting that the highest O availability towards oxidation process.
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Fig.6.5 TPR profiles for LCR1050 (black) and LCR1550 (red).
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Tab.6.3 List of TPR results. Temperature at maximum (Tpax), Ha
consumption at maximum (Cyn.x) and H, total consumption (C,).
Uncertainty for consumption is on the last digit.

Tax (°O  Cipax (ml/g) Ci (mljg)

LCR 440 3.86 8.32
LCR1000 458 13.2 23.7
LCR1030 451 12.3 20.8
LCR1050 431 10.0 20.4
LCRI1550 441 12.0 28.8

6.3.2 CH,TPR

Fig.6.6 depicts for LaCrO; and LCR1030 the consumption of CH4 and
the evolution of CO and CO, during a CH4-TPR experiment. All straight lines
refer to LCR1030 which is able to consume the methane through two distinct
processes, occurring respectively, between 600-700°C and above 700°C, as
demonstrated by the two drops off of the black straight line in Fig.6.6. The deep
slope above 700°C represents the massive consumption of CHy, through partial
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oxidation***, according to the following reaction:

CH,+0> =CO +2H, +2¢" Eq.6.1

where the oxygen ions are provided by the perovskite structure. As
matter of facts, CHy is completely consumed only for doped-LaCrO; and full
conversion is achieved within 1000°C. Moreover, in the range of temperature
between 600-700°C, up to 7% of CH, is completely oxidized to CO, and water***,

according to the following reaction:

CH,+402, =C0,+2H,0 +8¢” Eq.6.2
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Fig.6.6 CH, consumption (black lines), CO, (red lines) and CO (green lines) evolutions
during a TPR experiment between room temperature and 1000°C. LCR profiles (dashed
lines) refer to the top temperature abscissas, LCR1030 profiles (straight lines) to the bottom
abscissas.

This finding is common to all the doped lanthanum chromite oxides
investigated in the present work and is ascribed to the presence of highly active
oxygen species, likely generated by the A-site doping. Over undoped LaCrO; the
CH, conversion starts only above 800°C with about 60% of conversion achieved at
1000°C (Fig.6.6), suggesting the poor O availability of such sample forward
methane oxidation. Furthermore, it is likely that above 850°C methane partial
oxidation is associated to the side methane decomposition reaction (with coke
formation and hydrogen production), in agreement with a more intense QM signal
of hydrogen as compared to CO (Fig.6.7). Contrary to doped-LaCrO;, the extent of
total methane oxidation at around 500°C was negligible (less than 1%) (Fig.6.6).

The inspection of Fig.6.7 reveals that the partial oxidation of CHy is
more significant for LCR1050 with respect to LCR1030, indicating a more

pronounced catalytic activity forward CH,4 oxidation for the sample containing a
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larger iron amount®. It is worth underlining that different strontium concentrations

do not affect the catalytic activity of doped lanthanum chromites.
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Fig.6.7 Mass quadrupole (QM) signals of H, (bottom) and CO (top) acquired during a TPR
experiment between room temperature and 1000°C for LCR (black), LCR1030 (blue) and
LCR1050 (green).

6.4 Evaluation of the electrical properties

The total conductivity of LCR1030, LCR1050 and LCR1550 is
thermally activated as demonstrated by the Arrhenius plots in Fig.6.8%. The
conductivity of LCR1550 is lower compared to LCR1030 and LCR1050, but by
slightly reducing the Sr at.% a notable improvement in conductivity occurs. A
similar behaviour highlights that Sr-doping influences the electronic conductivity
through a direct control on the electronic bands. It is worth noting that when Sr(II)
substitutes La(Ill) a part of the trivalent ions in B-site are forced to modify the
oxidation state from +3 to +4. As a consequence the electronic bands rearrange
themselves affecting the electrical conductivity®>'’*!”".

On the other hand, a further gain is obtained by reducing the Fe at.%,

but, despite the reduction of 20at.%, the enhancement is definitely limited™. It is
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likely that the ability of iron to improve the conductivity is reduced, probably
because the band structure is not effectively modified. However LCR1030 exhibits
the most satisfying electronic performance in reducing environments, probably

because it represents the optimal balance between Sr- and Fe- doping.
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Fig.6.8 Arrhenius plots of electrical conductivity for LCR1030 (black), LCR1050 (blue) and
LCR1550 (red).
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Fig.6.9 shows the impedance spectra acquired at several temperatures for
LCR1030*%%% 35 a representative example. All spectra are characterized by a
well distinguishable arc and by a piece of arc at high Z’ values (low frequencies)
that is ascribed to the Pt paste contribution. Normally, the intercept of the arc with
the x-axis at low frequency values represents the total resistance of the cell without
the contribution of the metallic electrode, whilst the intercept at high frequencies is
assigned to the ohmic resistance, often named internal resistance (R;) of the
cell™. The polarization resistance R,, resulting from the difference between the
total and the internal resistances, is determined by the charge transfer process and
by the gasses diffusion inside the electrode. Notably, the latter process is positively
influenced by increasing temperature, as shown in Fig.6.10 for LCR1030 and

LCR1550; for LCR1050 it has been possible to estimate only the R;. Effectively,
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the R, values decrease with the temperature, revealing a thermal activation for the
charge and mass transfer processes, which involve the electrode materials.

The ohmic responses (R;) are shown in Fig.6.11, and again LCR1030
exhibits definitely lower internal resistance compared to LCR1550 and LCR1050.

Nevertheless, in this case the activation energies are rather similar.
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Fig.6.9 Impedance spectra acquired at several temperatures for a MEA containing LCR1030.
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Fig.6.10 Logarithmic dependence of R, as a function of 1/T for LCR1030 (black) and
LCR1550 (red).
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Fig.6.11 Logarithmic dependence of R; as a function of 1/T for LCR1030 (black), LCR1550
(red) and LCR1050 (blue).

6.5 Conclusion

The perovskite oxides La;.,SryCri Fe,O35 (0<x<0.3; 0<y<0.5) have
been explored as potential anode for IT-SOFCs. A careful investigation of the
phase purity, as a function of both Sr and Fe concentration, allowed to identify
only three compositions giving pure orthorhombic phase without traces of
secondary crystalline phases: specifically, Lag ¢Sty 1Crg sFe 50525,
Lag g5Srg 15Crg sFeq 5055 and Lag oSty 1Cr 7Feq 3055 . These materials meet the main
requirements for anode materials, since they show good catalytic activity towards
H, and CH,4 oxidation and satisfactory electrical conductivity in reducing
environment. Notably, in the explored doping range, Fe doping strongly improves
the catalytic activity, as well as the electrical conductivity and the phase purity. On
the contrary, Sr doping ensures suitable electrical conductivity, even though it does
not remarkably influence the catalytic activity. On the basis of these preliminary
considerations, Lag ¢Sty ;Crg7Fe(303.5 is the most promising anode material among
the explored compositions because it represents the optimal compromise between

phase purity, catalytic activity and electrochemical performance.
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7. Experimental methods

7.1 Solution Combustion Synthesis (SCS)

Solution combustion-based methods have been successfully used in the
literature for obtaining inorganic materials®>°>?>104-12L178-182.186 1 pany cases, it
is simply used as an easy and fast preparation route able to compete with the
classical solid-state method. Recently, several authors have explored its
potentialities for obtaining materials characterized by suitable features'®'%”. The
SCS is based on the propellant chemistry theory, as well as on sol-gel concepts
OL63129.186.187 - Similarly to Pechini method'®*'®, the metal precursors react in a
poor oxygen environment in presence of “fuel”, a specific organic molecule such
as the citric acid. The fuel has the triple role of reducer, chelating-gelling agent and
microstructural template. It has been demonstrated that the fuel is able to influence
phase composition, structure and microstructure of powders, but also their
mechanical, electrical, catalytic, efc. properties'®'%".

According to the propellant chemistry principles'?’, every fuel-oxidizers
mixture is characterized by an intrinsic reducing power, which directly influences
the combustion process. This intrinsic reducing power represent the algebraic sum
of the valence of the elements constituting the organic molecules. Thus, the
valences for H, C, O are +1, +4 and -2, respectively, while N carries no
contribution. On this basis for example citric acid (C¢HgO7) has a reducing power

of +18. In order to improve the properties of multi-component mixed oxide
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. . 107,120 . . .
materials, fuel mixtures are used as well . More detailed information are

reported in chapter 3.

7.2 X-Ray powder Diffraction (XRD)

XRD measurements on the powders were carried out using a Siemens
D5000 X-ray powder diffractometer, equipped with a curved graphite
monochromator for the selection of the Cu Ka radiation (40kV/30mA). The step
size was 0.03° 26 for powders calcined at 500°C, while 0.02° 26 for the specimens
calcined at higher temperatures. The integration time was 3 s per step, and the scan
range was 20-90° 26.

All specimens relative to chapter 6 also were analyzed using a Xpert,
Philips, 3710 HTK diffractometer with a Ni-filtered Cu Ka according to the
previously mentioned experimental conditions.

Rietveld refinements were performed on the diffraction patterns by using
the GSAS package'®". The peak profiles were fitted using a modified pseudo-Voigt
function (CW function #3), while the background was simulated with Chebyschev
polynomials (type 1). Instrumental broadening and peak asymmetry were fixed
during the refinements, while lattice constants, full width at half maximum
(FWHM), Debye-Waller factors and microstrain were considered as variable

190-193
parameters .

7.3 Extended X-ray Absorption Fine Structure (EXAFS)

X-ray absorption measurements were carried out on Ce, Yb and Er L;-
edges at the XAFS beamline of Elettra (Trieste, Italy). The powder samples were
sieved, mixed with polyvinylpyrrolidone, and pressed to form self-standing pellets.
The spectra were acquired at 80K in transmission mode with a liquid nitrogen

cryostat. Viper'** and Feff9'® were used in the EXAFS data analysis.
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7.4 Microscopy

Cey gSmy,0,.,. Field Emission Guns Scanning Electron Microscope (FEI
Inspect F50) was employed to explore the microstructure of the sintered polished
surfaces of the pellets. Polishing was sequentially made with silicon carbide
powders and 15, 6, 3 and 1 pm diamond pastes. Then the pellets were cleaned with
an ultrasonic bath in isopropanol. The polished specimens were thermally etched at
1300 °C for 20 min to reveal the surface grain boundaries. The experiments were
performed in collaboration with Dr. R. Muccillo of the University of S. Paulo
(Brazil).

Ln-CeO,. Field Emission Scanning Electron Microscope (FE-SEM) was
used to investigate the microstructure of the sintered samples. All the specimens
were broken, and then they are analyzed on the fractured surface. The experiments
were performed at the department of Professor J. Maier under supervision of Dr.
G. Gregori of the Max Planck Institute for Solid State Research of Stuttgart
(Germany).

7.5 Nitrogen adsorption

Nitrogen adsorption experiments at 77K were carried out using a
Quantachrome Nova 1200 equipment. All powders were pre-treated under vacuum

at 250°C for 2h. Specific surface areas were estimated with the BET method'®".

7.6 Four Point Probe - Van der Pauw method

The electrical conductivity in d.c. were performed by using the Van der
Pauw method, also defined four point probes method'®”. The sample resistivity was
determined by employing a potentiostat galvanostat (PAR 273 A) which supplied
electrical current through two probes, and by a digital multimeter (Hewlett Packard

3457A) which measured the voltage across the other two probes with a sensibility
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of 1 uV. Measurements were carried out between 500-800°C in Hy(3vol.%)/Ar on
pellets sintered in air for 1 hour at 1200°C. The experiments were performed in
collaboration with Dr. F. Padella, Dr. C. Paoletti and Dr. E. Simonetti of the
ENEA-CASACCIA of Rome (Italy).

7.7 Temperature Programmed Reduction (TPR)

Reduction properties of the perovskite oxides were studied by
temperature programmed reduction (TPR) measurements between room
temperature and ~1050°C (10°C/min) in Hy(vol.%)/Ar(30ml/min) and CH4(0.45
vol.%)/He(50ml/min), respectively. Experiments were carried out with a
Micromeretics Autochem 2950 instrument.

During H,-TPR measurements, a QMS and a thermal conductivity
detector (TCD) were employed for the evaluation of consumption of H,. All
powders (~0.1 g) were pre-treated before in O,/He at 700°C and then in He for
removing all absorbed species.

For CH4-TPR experiments the inlet and outlet gas composition was
analyzed by a mass quadrupole spectrometer (QMS Thermostar™, Balzers), in
order to follow the evolution of all the species: CH,;, CO, CO,, H,, HyO. The
concentration (vol.%) of CH4, CO and CO, species was measured by on line IR
analyser (ABB Uras 14). The experiments were performed in collaboration with

Dr. L. Liotta of the ISMN-CNR of Palermo.

7.8 Electrochemical Impedance Spectroscopy (EIS)

CeygSmy,0,, The impedance spectroscopy analyses were performed
with a Hewlett-Packard 4192A LF Impedance Analyzer and with a series 900 HP
controller in the 5-1.3-107 Hz frequency range. Symmetrical cells with silver
electrodes were employed. Impedance spectra were acquired in air between 190-

320°C and analyzed by using the Zview2 software (Scribner Associates, Inc.). The
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experiments were performed in collaboration with Dr. R. Muccillo of the
University of S. Paulo (Brazil).

Ln-CeO, The electrical conductivity was measured by impedance
spectroscopy (IS) using an Alpha-A high resolution dielectric analyzer
(Novocontrol GmbH, Germany) in the 0.1-1-10” Hz frequency range with a 0.3 V
a.c. voltage. Measurements were performed in a symmetrical cell with platinum
electrodes sputtered onto the surfaces of the pellets (~400 nm thickness, Edwards
Auto 306 sputtering system). Impedance spectra were collected in dry pure O,
between 300-500°C (10°C/min step-dwelling 1h), after 15 hours of equilibration,
and analyzed by using the ZView2 software (Scribner Associates, Inc.). The
experiments were performed at the department of Professor J. Maier under
supervision of Dr. G. Gregori of the Max Planck Institute for Solid State Research
of Stuttgart (Germany).

La;.Sr.Cr;,Fe, 05, The electrochemical impedance spectroscopy
measurements were performed with SI 1260 Impedance Analyzer equipped with SI
1287 Solartron electrochemical interface in the 0.01Hz-0.1MHz frequency range.
Membrane electrode assemblies (MEA) with a Pt cathode were tested at open
circuit voltage between 500-750°C (5°C/min and 1-24h dwelling) with H, and O,
in the anode and cathode chamber, respectively. The impedance spectra were
analyzed by using the ZView2 software (Scribner Associates, Inc.) and the
ZSimpWin 3.10 software. The experiments were performed in collaboration with
Dr. F. Padella, Dr. C. Paoletti and Dr E.Simonetti of the ENEA-CASACCIA of

Rome.
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Summary

The present thesis deals with the investigation of electrolyte and anode
materials for IT-SOFCs, and in particular it is concerned with doped-ceria
electrolytes and doped-LaCrO; anodes. New relationships between synthesis,
structure, microstructure, catalytic and electrochemical properties have been found.

The study of heavily doped ceria has been treated following two different
approaches: i. design of an effective combustion synthesis route for electrolyte
materials and ii. elucidation of a possible correlation between structure and ionic
conductivity.

In this light, firstly the effects of synthesis and sintering procedures on
the electrochemical performance of CeysSmg,0,. have been taken into account. It
has been demonstrated that it is possible to improve the total ionic conductivity of
Ce(sSm(,0, electrolyte by a careful choice of the SCS conditions and in
particular that the combustion fuel directly shapes the microstructure and the grain
boundary of the sintered powders. Grain boundary conductivity and total ionic
conductivity are considerably improved by sucrose fuel, and this occurs also after
sintering in reducing atmosphere.

Secondarily, it was evaluated a possible dependence of the ionic
conductivity on short and long range structure. To this aim, the structural and
electrical features of Sm, Er and Yb heavily doped ceria have been explored. The
results obtained highlight the fundamental contribution of the grain boundary
resistivity to the total resistance, which are mainly determined by the dopant nature

as well as by the dopant concentration. The most striking result consists in the
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dependence of the ionic conductivity on cerium and dopant (Sm, Er, Yb) local
structure. Samarium, remarkably known as one of the best dopants for ceria-based
electrolytes, tends to behave differently from Er and Yb. XRD and EXAFS results
point out more homogeneous distribution of Sm in the host lattice. Moreover, the
evaluation of the first shell coordination number allows to discriminate a tendency
of Sm to localize the oxygen vacancy mainly around cerium atoms and then to
exclude a strong attractive interaction between the positively charged oxygen
vacancies and the negatively charged trivalent cations.

As far as the anode material is concerned, Lag oSt ;Crj 7Fe( 305 has been
identified as a promising anode material. Actually, it manifests more satisfying
electrical and electrochemical features in reducing atmosphere with respect to the
other materials taken into account in the present study. For a series of doped
LaCrO;j the role of iron and strontium doping has been clarified in details, giving a
contribution to the basic knowledge on Cr-based perovskite-type materials as
anode materials for IT-SOFCs fuelled with both hydrogen and methane. The
evaluation of the electrical features of a series of MEAs points out the potentially
good performance of the electrolyte-anode couple composed by CejgSmg,0;.,/

Lag ¢Srg.1Cro.7Fe0303...
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