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ABSTRACT

Solid oxide fuel cells (SOFCs) are operated in high temperature conditions (750-
1000 °C). The high operating temperature in turn may lead to very complicated material
degradation issues, significantly increasing the cost and reducing the durability of SOFC
material systems. In order to widen material selections, reduce cost, and improve
durability of SOFCs, there is an increasing interest to develop intermediate temperature
SOFCs (500-750 °C). However, lowering operating temperature will cause substantial
increases of ohmic resistance of electrolyte and polarization resistance of electrodes.
This dissertation is aimed at developing high-performance intermediate-temperature
SOFCs through materials synthesis and innovative fabrication method development. It
has been recognized that the cathode electrode is a key component limiting the SOFC
performance particularly at lower temperature conditions. A series of layered perovskite
oxides are synthesized and characterized as intermediate temperature cathode materials.
To obtain both high performance and chemical as well as mechanical stability, the
substitution of Fe in B site of perovskite cathode materials is comprehensively
investigated to explore the effects of Fe doping on the crystal structure, thermal and
electrical properties, as well as electrochemical performance. The electrochemical
performance of synthesized perovskite cathode materials is systematically evaluated
using button cells, where both doped ceria and barium based oxides are employed as
electrolyte materials.

The conductivity of cathode materials is usually on the order of 102 S/cm, which



is low in conducting electrons between the oxygen reduction reaction (ORR) sites and
external circuit. To compensate for the low conductivities of cathode oxides, the current
collector is typically employed in SOFCs. Consequently the electrons needed by ORR
can be transported from the external circuit to the reaction sites with minimum ohmic
loss. Despite of the significant importance, the designs of current collectors do not
receive too much attention in open literatures. Usually the platinum ink or platinum paste
is simply painted on the cathode surface. After sintering, the organic substance is burn
out while the platinum is attached to the cathode surface. A novel platinum nanowire
network is developed as a highly efficient current collector for SOFCs. Results indicate
that the polarization resistance of PrBaCo,0s.; (PBCO) cathode with nanowire current
collector was reduced by 44% at 650 °C (from 0.18 Q cm? to 0.1 Q cm®). The peak power
density of the button cells was improved at different degrees of 31.8%— 59.6% under
temperatures 650 °C-550 °C for typical cathode materials of PBCO,

Lap 6Sro.4C0p2Fep 8035 (LSCF), and Bag 5Sro5C0g sFep 203.5 (BSCF). The nanowire
network did not show obvious changes after long term test (400 h).

The SOFCs with metal oxide as anodes are usually electrolyte-supported design. This
design requires relatively thick electrolyte of 300~500 jum to support the entire cell,
leading to significant ohmic resistance. Accordingly, high temperatures (800-900 °C) are
needed to reduce the ohmic loss for high power outputs. Anode-supported designs may
effectively reduce the ohmic loss with thin electrolyte membrane while lowering the
operating temperatures. However, the anode-supported designs with metal oxides as
anode materials are difficult to fabricate. In general, high sintering temperature is needed

to co-fire the anode substrate/electrolyte assembly to densify the thin electrolyte, which

Vi



in turn may induce the densification of the porous anode substrate, resulting in anode
porosity loss. A novel fabrication method is developed to fabricate ceramic anode
supported SOFC based on the perovksite anode oxide of Lag75Sr0.25Cro5Mng 5035
(LSCM). The cell exhibits the power density of 596 mW cm™?and 381 mW cm™at 700 °C
with the humidified hydrogen and methane as the fuel respectively, the highest

performance up to date for the cells with metal oxide anodes at this temperature.
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CHAPTER 1

INTRODUCTION
Massive energy shortage and environmental issues are the two challenges facing the
entire world. These challenges significantly drive the innovations and breakthroughs of
energy technologies, such as hydroenergy, wind energy, solar energy, and geothermal
energy, as well as fuel cells. In the past few decades, fuel cell technologies have achieved
significant progress, including materials, fabrication methods, and system designs. Fuel
cell is an energy conversion device that converts chemical energy of fuels into electricity
directly with high efficiencies and minimal or zero emissions.! Theoretically the
efficiency of fuel cells may reach 80%, much higher than that of Carnot cycle in
conventional combustion engines.?* According to electrolyte materials, the fuel cells can
be categorized into: molten carbonate fuel cell (MCFC),* alkaline fuel cell (AFC),’
phosphoric acid fuel cell (PAFC),® polymer electrolyte membrane fuel cell (PEMFC)’
and solid oxide fuel cell (SOFC).®° Among these five types of fuel cells, SOFCs have the
advantages of: (1) high energy conversion efficiency and energy density; ™ (2) fuel
flexibility including hydrogen, natural gas and other hydrocarbon fuels;** (3) high
operating temperatures that do not need precious metal as catalyst for electrodes;? (4) all
solid state structure effectively preventing the issues like corrosion of liquid electrolyte;
(5) high heat energy byproduct; (6) wide applications in stationary power generations and
small-scale portal power sources in computer, mobile cell or vehicle auxiliary power

supply. Therefore, SOFCs have attracted much attention in renewable and clean energy



community.

1 RevieEw oF SOFC FUNDAMENTAL
1.1.1 WORKING PRINCIPAL OF SOFC

The working principal of an SOFC is schematically illustrated in Figure 1.1.%

Air, oxygen

e v
| \+ 0, + 46 =20"

| Porous cathode

Electrolyte 0%

Porous anode |
2H, + 20% = 2H,0 + 4e

CH, + 40*~ = 2H,0 + CO, + 8¢

Fuel, H, or CH, Exhaust

Figure 1. 1 Working principle of a SOFC. (reprinted from Boukamp et al. Nature Mater.
2003, 2, 294-296)"3

A dense solid oxide electrolyte is sandwiched by porous electrode on either side,
forming positive-electrode-electrolyte-negative-electrode (PEN) structure assembly.**
The oxygen flows into the cathode channel and further diffuses into porous cathode,
where oxygen molecules combines with electrons from external circuit, forming oxygen
ions. The generated oxygen ions then transport to the anode side through the electrolyte.
At the anode side, the fuels (e.g., hydrogen) flow into the anode channel and further

diffuse into porous anode, where the hydrogen molecules combine with oxygen ions from



cathode side, generating water molecules and electrons. The electrons then transport to
the external circuit, producing useful electricity. The corresponding electrochemical

reactions can be described as following:

Cathode: 20, + 2e™ - 02~ (1)

2
Anode: H, + 0%~ - H,0 + 2e~ )
Overall reaction: H, + %02 - H,0 (g) )

1.1.2 POLARIZATION OF SOFC

The open-circuit voltage and power density are typical electrochemical
parameters used to evaluate the performance of an SOFC. The equilibrium potential of an
ideal fuel cell can be expressed using Nernst equation, relating the change in the voltage

of electrons to the change in the Gibbs free energy of the reaction.™®

Py, P2
E=E°" +E]n (M) (4)

2F PHZO

where E° is the standard potential, E is the equilibrium potential, P the partial pressure of
reactant gases, T the temperature, F the Faraday’s constant, R the universal gas constant.

Practically the operating voltage of fuel cells is always lower than the ideal Nernst
equilibrium potential due to the internal losses induced by imperfections in component
materials, microstructure and also the design of the fuel cell configuration. These internal
losses include ohmic resistances from electrolyte and electrodes, activation polarization
resistance due to the kinetics of electrochemical reactions at gas/electrode interface in
porous electrodes, and the concentration polarization resistance due to the fuel/gas

diffusion in porous electrodes. The cell voltage can be determined by *":



V = Eo = Nonm = Nact — Mconc (%)
where Ej is the ideal Nernst potential calculated from thermodynamic principles. 1,nm
represents overall ohmic resistance. n,.; and n..,n. account for the activation and
concentration polarization resistance respectively. These three internal losses are all
highly dependent on the current density of fuel cells.

A typical current-voltage polarization curve of an SOFC is shown in Figure 1.2.
The curve can be divided into three zones: the activation polarization region, ohmic
region, and concentration polarization region. The activation polarization region is in low
current conditions and reflects the catalytic activity of electrodes. The activation

polarization can be expressed using the Butler-Volmer equation®’:

. . 2F ac 2F ac
= o {exp (A7) — e (-1 - )77} ®
The ohmic polarization region dominates intermediate current zone. The voltage-

current behavior shows nearly a linear relationship and the slope represents the overall

internal resistance of fuel cell.

Theoretical EMF

F Y
Region of Activation

Polarization

& 1 Total loss
e
@
=0
=
= - -
= Region of Concentration
2 Polarization
= / .
“ 054 /
Region of Ohmic Polarization
0

Current density (mA em?)

Figure 1. 2 A typical current-voltage polarization curve of an operating SOFC.



Usually the ionic conductivity of the electrolyte is much smaller than electronic
conductivity of cathode and anode electrodes, the ohmic resistance is mainly attributed to
the electrolyte. For example, the ionic resistivity of Y 0sZr0.025 (YSZ) at 700 °C is 100
Q-cm;*® however, the electronic resistivity of LaggSro>MnOs.s (LSM) and Ni-YSZ are 10°
2 and 10 order of magnitude, respectively.’®?° Therefore, the employment of thin film
electrolyte facilitates to decrease ohmic resistance.?#

In the region of concentration polarization, the cell current is relatively high.
Accordingly the fuel/gas consumed by electrochemical reactions is high. When the
fuel/gas transports from channel/electrode interface to the reaction sites in the porous
electrodes, diffusion resistance in porous electrodes leads to concentration gradient of
products and reactants across the electrode. As a result, concentration polarization
resistance occurs in the electrodes.?® Therefore, the microstructure of electrode such as

porosity, pore size and distribution can be optimized to minimize the concentration

polarization resistance.?*

1.1.3 LOWERING OPERATING TEMPERATURE

Traditional SOFCs are operated at high temperatures between 800 and 1000 °C.
The high operating temperature could potentially lead to complex material degradation
problems, significantly hindering the commercialization of SOFC technology.?>%
Therefore, there is an increasing interest in developing intermediate temperature (500-
800 °C) solid oxide fuel cells (IT-SOFCs).?"?® However, lowering the operating

temperature may cause substantial increases of ohmic resistance and polarization losses,

particularly for electrolyte and cathode components.?** To obtain comparable or better



performance of SOFCs at reduced temperatures, innovations of materials and cell designs
are needed. For electrolyte component, we have two ways to reduce the ohmic resistance
at reduced temperatures, e.g., developing new electrolyte materials with high ionic
conductivity or reducing the thickness of electrolyte.** For cathode component, we may
either develop materials with high conductivity and catalytic activity for electrochemical
reactions or optimize microstructures of porous electrode. The cathode materials may
include mixed ionic electronic conductors that have high conductivity and catalytic
activity.* The optimization of electrode microstructure can be obtained by developing
functionally graded electrodes or modifying cathode surface through infiltration
techniques.®®

In the past decade, significant efforts have been put into the development of high
performance cathode materials.>** This includes a class of simple perovskite-type
MIECs such as doped LaySr;«Co,Fe;,03.5 (LSCF),*® BagsSrosC0osFeo203.5 (BSCF)*"*
and Smg5Srg5C003.5 (SSC)*** for SOFCs. Recently layered perovskites have received
much attention. Kim and Tarancé et al.*>* investigated a series of LnBaC0,0s.;
(Ln=Pr, Nd, Sm, Gd, Eu, and Y) oxides as potential cathode materials. High oxygen
surface exchange rate and self-diffusion coefficient are observed from experimental.*>*
These compounds can be theoretically described with the stacking sequence of
...|Ba0|C00,|LnO4|C00s;.... When x < 1, the ordered A-cations localizing oxygen
vacancies appear within the rare earth layers.***° This characteristic has a great potential
to improve cathode performance. When a simple cubic perovskite with randomly
occupied A-sites transfers into a layered crystal structure with ordered lanthanide and

alkali-earth layers, it reduces the strength of oxygen binding and provides disorder-free



channels for ionic migration.

1.2 CATHODE MATERIAL FOR SOFC
1.2.1 BASIC REQUIREMENTS AS A CATHODE

The three key components of SOFCs are anode, electrolyte and cathode. Due to
the larger contribution of activation polarization losses from cathode materials
particularly at lower operation temperatures, much attention has been focused on the
development of cathode electrode, including new material development and optimization
of cathode microstructure and surface. In the cathode electrode, oxygen reduction
reactions take place, where the electrons from external circuit are combined with oxygen
atoms, generating oxygen ions. The specific reaction process occurring on the cathode
surface is very complicated and may include oxygen diffusion, adsorption and
desorption, electrochemical reaction. The basic requirements for cathode materials are as
follows:*®
(1) Stability: In oxidizing atmosphere, the cathodes should have adequate chemical
stability;
(2) Conductivity: Cathode should possess high electrical conductivity to lower the ohmic
resistance and high oxygen ionic conductivity in the cathode bulk and interface.
(3) Catalytic activity: the cathode material should have high catalytic activity for surface
electrochemical reactions;
(4) Chemical and thermal compatibilities: Cathodes should have good chemical
compatibility with electrolyte, interconnect and seal materials without reaction and

element diffusion. The cathode should have good thermal compatibility with other



components to prevent mechanical failure.

1.2.2 TRIPLE-PHASE BOUNDARIES AT CATHODES
On the surface of the cathode, oxygen reduction reaction can be described as

followings:
%02 (gas) + 2e~(cathode) - 0% (electrolyte) @)
Electron-conducting perovskite-type materials such as doped LaMnO3, LaCoQ3,

SmCo0g, or LaFeO; are extensively investigated as SOFC cathodes.*’ For these materials

three possible paths have been suggested for the cathodic reaction as shown in Fig.1.3.

Electrode surface path Bulk path Electrolyte surface path
D:
. ‘ Dad*Dﬂ.
2- electrolyte 0z electrolyte z- electrolyte

Figure 1. 3 Sketches of the three reaction paths of the oxygen reduction and incorporation
reaction and some possible rate-determining steps. Modifications of the paths (e.g.,
adsorption of a molecular rather than an atomic species or diffusion along the
cathode/electrolyte interface) and a combination of electrode and electrolyte surface paths
(adsorption on cathode and surface diffusion onto the electrolyte surface) are also
possible. (Reprinted from J. Fleig, Annu. Rev. Mater. Res. 2003, 33, 361)*

(2) In the case of cathode surface path, the process includes gas oxygen diffusion through
porous cathode layer, adsorption of oxygen molecules on the cathode surface and
diffusion of oxygen species after ionized by electrons along the surface toward the TPB
where electrolyte, cathode and gas phase meet together, followed by complete ionization

and the oxygen ions transferring into conducting electrolyte.*®*° The incorporation of



oxygen ions into the electrolyte can be also extended to other area by diffusion along the
cathode surface or interface.
(2) In the case of cathode bulk path, the process consists of gaseous oxygen diffusion in
porous electrode, adsorption on the cathode surface, dissociation and ionization. The
oxygen ions are incorporated into the cathode bulk, which generally occurs in MIECs,*
and subsequent transport into the electrolyte. Perovksite materials usually possess this
feature due to the flexibility of crystal structure, leading to the broad stoichiometric or
nonstoichiometric change of chemical composition.>*>®
(3) In the case of electrolyte surface path, the oxygen adsorption and ionization occur on
the electrolyte surface. Due to the fact that most electrolytes have very low electronic
conductivity particularly for YSZ and Lag gSro2Gaps3sMgo.1703 (LSGM), this reaction
would be restricted to the nearby of the TPBs.

From above discussions of possible paths for oxygen diffusion and reaction, one
can see that the cathode material play a critical role on determining the ORR rate. Fast
adsorption and desorption are favorable for ORR process. The electronic and ionic

conductivities are essentially required to enable the ionization and diffusion of oxygen

species. All these are closely related to the crystal structure of cathode materials.

1.2.3 SIMPLE PEROVSKITE (ABOj3) OXIDE AS CATHODE

Perovskite oxides have the general formula of ABO3; and have been widely
studied as cathode materials for SOFCs. Both A-site and B-site doping strategies have
been employed to tailor electrical and mechanical properties.*® This tunability of

perovskite structure offers wide flexibility to improve the properties of materials,* such



as catalytic activity, electronic and ionic conductivity, chemical stability and thermal
property. Many properties of the perovskites are mainly determined by the B-site cations
while being tuned by A-site cations. The ideal perovskite is a cubic structure (Fig.1.4)
with the larger A-site cations located at the corners of the cube, the B-site cations at the
body center, and the oxygen ions at the centers of the cubic faces. The lower valence A
cations (such as, La, Sr, Ca, Sm and Ba, etc.) at the interstitial site surrounded by four
octahedron are larger and coordinated to twelve oxygen anions while the B cations (such
as, Ti, Cr, Ni, Fe, Co, V, Zn, Ce, Y and Zr, etc.) at the center of octahedron occupy the
much smaller space and are coordinated to six oxygen anions.’

According to the condition of charge neutrality, electron/hole defects or oxygen
vacancies at the oxygen lattice sites would be introduced when A or B cations are
partially or fully substituted with other cations. As a result, the defect concentration and

electrical properties are changed.

Figure 1. 4 Unit cell of the ABOj3 perovskite structure. The A cations occupy the larger
spaces in the 12-fold oxygen coordinated holes while the B cations occupy the much
smaller octahedral holes (sixfold coordination).

Perovskite generally involves structural distortion such as the tilting of the
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octahedron and displacement of cations. While the distortion may achieve certain
electrical property, it also leads to the issue of structural stability. The degree of structural
distortion can be determined using the Goldschmidt tolerance factor (t) calculated with

the equation as follows:*®

_ rat+ro
"~ V2(rp+7o) (8)

Stable perovskite structures are predicted in the range of 0.77<t<1.*° Designating t
close to unity can obtain higher symmetry and smaller volume of unit cell. On the
contrary, the substitution of smaller A or bigger B cations results in a decrease in the
tolerance factor, in the meantime, it also leads to a cation displacement and the tilting of
corner sharing BOg octahedron to lower structure symmetry with reduced B-O-B bond
angles. For most of the perovskite oxides used as cathodes for SOFCs, the A-site cation is
a mixture of rare and alkaline earths such as La and Sr, Ca or Ba, while the B-site cation
is a reducible transition metal such as Mn, Fe, Co, or Ni. Accordingly, the catalytic
mechanism for ORR is usually provided by B-site redox cations and the electrical
properties are tailored by element replacement at A-site. The radius of the A-site cation
and particularly its variance are important factors controlling perovskite properties.®
Based on the Shannon’s ionic radii of the different coordinate numbers, a two-
dimensional structural field map can be constructed to predict the ranges of the existence
of perovskite oxides for a new elemental combination.®* For well-known perovskite
oxides such as La;xSrxCogsFeps503.s and Ba;xSrxCoo sFeq503.5, the replacement of
smaller La®" by Sr?* ions increases the tolerance, indicating the increase of material
stability while improving the conductivity. As a comparison, when the larger Ba*" is

replaced by Sr**, the decrease of tolerance factor would limit this substitution.
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Nevertheless, due to the large A-site cations, the tolerance factors of Ba;xSr«CogsFeo 50s3-

s are very high.

1.2.4 ORIGIN AND MECHANISMS OF ELECTRICAL PROPERTIES

Yy T2g (dxy)

Figure 1. 5 Covalent bonds between the p,-orbitals of oxygen ion and tyq (d) orbitals of
B-cation. (Reprinted from J. Richter et al. Monatsh Chem. 2009, 140, 985)°

Due to electro-neutrality condition, divalent acceptor substitution for the trivalent
A-site cation can introduce effective negative charge compensated either by the
formation of oxygen vacancies (ionic compensation) or an increase in valence of the B-
site cations (electronic compensation).®? In order to achieve electronic conductivity, it is
required that the heterovalent cations at the B-site show at least two stable oxidation
states compatible with the octahedral geometry, such as Mn®"/#*, Fe**4* Co?"3*4*,
NiZ** etc. According to the crystal field theory, the overlap between Bsq and O2p atomic
orbitals (Fig.1.5) can provide a path for electron hopping between neighboring B cations

while the valence of transition metals is changed along BOg octahedron network.

Meanwhile, B-O bond distance and B-O-B bond angle determine the degree of overlap of
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successive Baq orbitals with the same O, orbital, or the degree of orbital overlap of each
B3g-O2p-Bsyq triplet. Theoretically, the width of conduction band and conductivity are
proportional to the bond order and Bsg4-O2p-Bsg bond angle.**®

The Arrhenius plot In(cT) versus 1/T is usually used to analyze the nature of

electronic conduction by this equation:®*®®

0 = (C/ps) exp(~Eq/kT) (©)
where o is the electrical conductivity, C the pre-exponential factor, T the absolute
temperature, k the Boltzmann constant, and E, the activation energy or energy barrier for
polaron migration. Activation energy can be obtained through linear curve fitting of
experimental data. The exponent s equals either 1 or 3/2 for adiabatic limes or non-
adiabatic small polaron, respectively.®® The linear behavior indicates the electronic
conductivity is due to the small polaron-hopping mechanism.®’

To improve the catalytic rate for ORR, a significant amount of ionic conductivity
(0%) is needed. The conduction of oxygen ions occurs via the vacancy/ion exchange
mechanism, in which the oxygen ions exchange their positions with adjacent vacancies
through diffusive jump process. The ionic conductivity is dependent on the concentration
of available vacancies generated by temperature-dependent intrinsic defects and extrinsic
defects related to impurities and substitution level.®®®° Further ionic conductivity is also
dependent on structural factors. Higher structural symmetry in perovskites with tolerance
factors close to 1 is favorable for better ionic conductivity.”® Theoretically, the movement
of oxygen ions is achieved by jumping from one vacancy site to the adjacent one along
the octahedron edge, in which the ions have to pass through a “saddle point” built by two

A-site cations and one B-site cation as shown in Fig.1.6.
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pre-jump saddle-point post-jump

Figure 1. 6 Saddle point: two A-site cations and one B-site cation build a gap which is
described by the critical radius; the cations show significant outward relaxation to permit
the migration of the oxygen ion. (Reprinted from M. S. Islam et al. J Solid State Chem.
1996, 124, 230)™°

A term of critical radius (r¢) is used to describe the maximum size of interstitial
space for mobile ions to pass through, and can be calculated by Eq. 10:

ao Gao —\/ErB)+r§ -3
T. =
cr 2(ra-rg)+V2aq

(10)

1

~ 3
Ay = Vi

= 2.37r5 + 247 = 2(t 1 — 1) (11)
where ra and rg are the radius of the A and B ions, respectively, and ap corresponds to the
pseudo cubic lattice parameter (V) derived from Eq. 11.7% In principal, larger critical
radii can be achieved by increasing rg and/or reducing ra. However, the radius of the
oxygen ion is 1.4 A in the sixfold coordination.” When oxygen ions proceed diffusive
jump, the temporarily adopted threefold coordination might decrease the radius of oxygen
ions; however, it would still be too large (1.36 A) to pass through the saddle-point. In
order to promote the migration of oxygen ions, thermal vibration of cations is supposed
to increase the critical radius and thus the possibility to jump through. On the other hand,

the deficiency of A site cations might enhance the amplitude of their thermal vibrations

due to the presence of more available vacancies.”
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1.2.5 PREVIOUS STUDIES ON PEROVSKITES AS CATHODE MATERIALS
Here the state-of-the-art perovskite cathode materials are simply reviewed.
(1) Lanthanum strontium manganite (La;-xSryMnQgz.5, LSM)

Currently, LSM perovskite is the most important cathode material for SOFCs
operated in the temperature range of 700-900 °C due to its high electrical conductivity,
catalytic activity and compatibility with commonly used electrolyte of doped zirconia
(YSZ) at operating conditions.”*”> Mechanically, LSM has very similar thermal
expansion coefficient to YSZ and thus can potentially prevent delamination failure at the
cathode/electrolyte interface. LSM possesses only electronic conductivity, the ORR
occurs only in the vicinity of the TPB, where the LSM, electrolyte material, and gas
oxygen meet together. In order to enhance the electrical conductivity and catalytic
activity of LSM, the oxygen non-stoichiometry is altered by partially substitution of
strontium. This is generally formulated by La; xSrxMnOs.s (“+” denotes oxygen excess
and “—” denotes oxygen deficiency). The ideal perovskite (Fig.1.7) crystalizes in a cubic
close-packed lattice structure with larger La®" and Sr** occupying the 12 coordinated A-

sties and the transition metal ions of Mn®" occupying octahedral B-sites.”

Mn?*d® Mn?* d3
€; mydhmm P t

t b =, €. m—

octahedron tetrahedron

M n3+ d4
eg_i::_’_ ::f t2E
o o
t,y £ d.d, octahedron

octahedron  JT or pyramid

Figure 1. 7 Left: ideal cubic perovskite structure. Middle: lattice structure in the
orthorhombic phase of LaMnOs, where a pronounced tilting of the MnOg octahedra
occurs. Right: the electron configuration in d orbitals at different crystal fields.
(Reprinted from J. Geck et al. New J. Phys. 2001, 143, 379-389).7
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The defect equation of Sr-doped LSM can be described as following:"""

Mngy, + SrO s Sti, + Mny, + 0, (12)

This reaction effectively increases the electron-hole concentration and improves
the electrical conductivity for this n-type conductor while the lattice structure might
experience the phase transition with long range John-Teller ordering.”*® The electronic
conduction in LSM is p-type in the entire Po, region with stable solid solution. The
electronic conductivity of LSM increases approximately linearly with increasing Sr
concentration of up to around 50 mol%.% It is assumed that a large disproportion of Mn**
(t2g1)*(egT)" into Mn?* (intermediate spin state (t2g1)(eg1)?) and Mn™ (tz41)° accounts for

the high conductivity.

YSZ electrolyte)

Figure 1. 8 Microstructure of LSM infiltrated cathodes prepared from mixed nitrate
solution. (Reprinted from T. Z. Sholklapper et al. Electrochemical and Solid State Letters
2006, 9, A376)*’

When LSM is infiltrated into YSZ backbone, a composite cathode is formed (as
shown in Fig.1.8) and the corresponding single fuel cell may produce a maximum power
density of 0.27 W cm™ at 650 °C.2* However, the development of LSM-based cathode for
intermediate or low temperature SOFCs still has many challenges due to the high

activation energy barrier for ORRs. Therefore, the further reduction of operating
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temperature requires better cathode materials with high electrical conductivity and

catalytic activity as well as the stability and compatibility.

(2) La1xSrxCoy.yFey (LSCF)

When an MIEC is used for cathode material, the ORR sites are extended from
TPBs to the entire surface of porous cathode. LSCF is a widely used MIEC cathode
material and exhibits very good electrical conductivity at intermediate temperatures.®!
Dusastre and Kilner optimized the LSCF/Gdy 2Ce 5019 (GDC) composite cathodes and
the electrode polarization resistance of 0.6 Q cm” was obtained at 590 <C on the GDC
electrolyte.®® It was also demonstrated that the Sr doping may improve the conductivity
of LSFC while the Fe doping can mitigate the thermal expansion coefficient (TEC). Most
recently, the LSCF cathode decorated with Lag 4575Ca0.0125C€050,.5 reached the
polarization resistance of 0.076 Q cm? at 750 °C; the peak power density of the

corresponding Ni-YSZ based anode-supported cell was as high as ~1.25 W cm™.%

(3) Bag5Sro5C00.sF€0 2035 (BSCF)

The BSCF perovskite oxide with alkaline-earth metal of barium at A-site has been
studied for oxygen permeation membrane. Haile and Shao originally developed BSCF as
a cathode material for SOFCs, the corresponding peak power densities reached 1,010 and
402 mW cm % at 600 < and 500 <C, respectively.?” The area-specific resistances were
0.055-0.071 and 0.51-0.61 Q cm? at 600 and 500 <T, respectively, considerably lower
than those of other perovskite-type cathode materials. Nevertheless, BSCF material has

relatively high TEC of 20x10 ° K* between 50 <C and 1000 <C,*" and shows certain
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chemical instability. The TEC mismatch with electrolyte could cause the
cathode/electrolyte delamination failure. To mitigate the TEC mismatch, composite
cathode can be employed, which is composed of mixture of BSCF cathode material and

electrolyte material.

1.2.6 Double Perovskite

In recent years, several groups have been focused extensively on the crystal
chemistry and magnetic properties of LnBaCo0,0s.5 (Ln=Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
and Y) layered perovskite oxides as shown in Fig.1.9. ** 89! The anisotropy resulting
from the presence of cation ordered crystal structure has been reported to be able to
improve the oxygen transport compared to non-ordered oxides. This class of materials is
a very suitable as cathode candidates for IT-SOFCs due to the rapid oxygen surface

exchange and lower activation energy for oxygen diffusion.

’ Ba ‘ Ln QCo “o = ) partially filled O-site
a) (b)

(

Figure 1. 9 Crystal structures of layered perovskites LnBaC0,0s,s (Ln=lantanide). a)
Orthorhombic and b) tetragonal phase. (Reprinted from L. Mogni et al. Solid State lonics
2013, 240, 19)*
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These compounds are related to the “112” type structure first reported for
YBaFeCuOs and consist of double layers of square pyramidally coordinated cobalt
cations.? The unit cell of LnBaCo0,0s.; has been reported to be orthorhombic structure
with dimensions a,>2a,>2a, or a,>a,>2a, (space group Pmmm), or tetragonal structure
with dimensions a,>a,>2a, (Pammm), - Where a, refers to the lattice parameter of the
primitive cubic perovskite. The symmetry and unit cell size highly depend on the oxygen
content, the ionic size of Ln and temperature.

The first structural feature of layered perovskite is the ordering of lanthanide and
Ba ions in alternating (001) layers.** The doubling of a, along the c-axis is due to the
location of Ln and Ba cations in alternative layers perpendicular to the c-axis; while the
doubling of a, along the b-axis results from the periodic locations of the oxygen
vacancies along the a-direction.**%

Another feature of layered perovskite is the ordered distribution of oxygen
vacancies in the Ln layers. In order to tailor the transport properties, the oxygen non-
stoichiometry can be changed by means of heat treatment. When the oxygen content is

5+6~=5.5, the orthorhombic symmetry appears. In this case, a perfectly ordered sample

would present 100% of the oxygen occupancy at Wyckoff position 1g, located at (0, 1/2,
1/2), and 0% at the 1c position of (0, 0, 1/2). The results with neutron diffraction
technique reported by Frontera et al. found that the real oxygen occupancies are 91% and
12%, respectively, as shown in Table 1.1.%* On the other hand, when the oxygen content
is very different from 5.5, the crystal structure becomes tetragonal with the LnO layers

partially empty.
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Table 1. 1 Structural details of the prepared PrBaCo,0s,s obtained by means of high
resolution neutron powder diffraction. (Reprinted from C. Frontera, Chem. Mater. 2005,

17, 5439)*
4 0.50(1) 0.74(1)
SG Pmmm PA/mmm
a(A) 3.9049(4) 7.8218(9)
b(A) 7.8733(9)
c(A) 7.6084(9) 7.6353(8)
V/Z (A% 58.5(1) 58.2(1)
Ba 20 (V2. 3. 0) 45 (x. x, 0)
y = 0.2483(5) x = 0.2500(7)
Pr 2p (Y. p. 1) 4k (x. x. 1)
y=0.2712(7) x = 0.2575(7)
Col 2¢(0,0.2) 22 (0.0.2)
£ =0.253(1) z=0.249(2)
Co2 21 (0, U2, 2) 2h (Yo, V. 2)
z=0.250(1) == 0.248(2)
Co3 4i (12, 0.2)
z=0.251(1)
Ola 1a (0. 0.0) la (0.0.0)
O1b le (0. 1. 0) le (V5. V5. 0)
Ole 21 (0. V2. 0)
0O2a 1(‘(0 0. 12) 15 (0013}
02b 1z (0. Y5, Y9 d Lt te)
O e (O 2- g)
0O3a 25 (12, 0,2) 8s (x. 0.2)
z=0.306(1) x = 0.244(1)
z=10.2875(5)
03b 2t (Vo Vq, 2) 8t (x. V2. 2)
z=0.266(1) x = 0.250(1)
z=10.2702(6)
03¢ 4u (0. 3. 2)
y = 0.2405(8)
z=0.2850(8)
{dcoi-o) 1.944(4) 1.923(7)
{dco2-o) 1.974(2) 1.949(7)
{(dcos-o) 1.963(5)

The structural feature of cationic ordering is found to facilitate the oxygen self-
diffusion (D*) and also surface exchange, the two critical processes for oxygen reduction
reaction of cathode materials. The cationic ordering reduces the oxygen bond strength
and leads to disorder-free pathways for fast oxygen ion diffusion, which is responsible for

the higher surface oxygen exchange rate (k*) observed in the ordered GdBaMn,0s.s,
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compared to the disordered GdgsBagsMnOs. with single perovskite phase.> The
electronic conduction in LnBaCo,0s.s occurs via hopping mechanism along the Co-O-Co

bonds through a double exchange process similar to other simple perovskite ABOs-type

cathodes.>®
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La__Si
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10,3 1 1 L 1
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Figure 1. 10 Comparison of the values of (a) D, and (b) k, measured by ECR for ceramic

samples. The filled squares are the ECR measurements and the crossed square is the
IEDP result. (Reprinted from G. Kim et al. J. Mater. Chem. 2007, 17, 2500)**
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Table 1. 2 Summary of oxygen self-diffusion and oxygen surface exchange data and
overall conductivity for different SOFC cathode materials. (Reprinted from A. Tarancén
etal. J. Mater. Chem. 2010, 20, 3799)'%°

D¥fem?s~! T=500°C  EffeV  k¥lem s T=500°C  E&eV  a/Sem™'

Liag sSro2MnOs3_s 4.5 % 107 2.80 3.1 % 10" 1.30 120-130
Lag ¢Sr0,Co0;_; 9.0 % 10-1 2.2 2.8 x 10~ 1.32 1500-1600
LE'{]_SS"(]_}(.‘L)()_‘_!S 1.5 = 107" 1.41 3.9 % 1077 0.81 1300-1800
Lil{:_ﬁsru_.;(‘&!(l: FC([&O;.,}J‘ 1.2 = 10— 1.39 3.3 x 107 1.60 250-300
Cep.sGdo 2025
BEI(]_sSFﬂ_SCU(._gFL‘(;_:O_\ 3 1.2 % 1077 0.50 1.1 x 10-¢ 1.76 10-55
La,NiO,, 5 3.3 % 10~ 0.56 7.0 x 10~ 0.60 5565
La;CoOy45" 2.5 x 10°* 0.12 32 x 107 0.03 1-5
GdBaCo:0s.+5" 28 x 107 0.60 7.5 % 10-# 0.81 550-925
PrBaCo:0s.5" 36 x 1077 0.48 6.9 x 107* 0.67 400-700

“ Layered mixed ionic-clectronic conductors.

Kilner et al. have investigated GdBaCo,0s. for application as a cathode material
for SOFCs.”” An anode-supported fuel cell consisting of a 15 um thick electrolyte of YSZ
and a Ni-YSZ cermet as anode showed a maximum power density of 300 mW cm at
700 °C in Hy. The cell performance has been further improved by using doped ceria as
the electrolyte and composite cathode.” Later on, Kim et al. found (Fig.1.10) that
PrBaCo,0s.5 (PBCO) has unusually rapid oxygen transport kinetics at low temperatures
(300-500 °C) using electrical conductivity relaxation (ECR) and isotope exchange as well
as depth profiling (IEDP) on both bulk ceramic materials and highly epitaxial PBCO thin
films by pulsed laser deposition (PLD).**

According to above literature survey, it is clear that these double perovskite
materials exhibit very high activity for oxygen activation and mobility. Table 1.2
summarizes the oxygen self-diffusion coefficient D* and oxygen surface exchange rate
k* as well as the overall conductivity for different SOFC cathode materials. To obtain
low polarization resistance, it requires from Table 1.2 that the value of k*D* is greater
than 10 cm3s and k*/D*<100 cm™.

In the studies of Tarancén et al.'® (GBCO) and Kim et al.* (PBCO), the above
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requirements for k* and D* can be satisfied even below 700 °C, indicating the suitability
of layered perovskite as cathode materials at reduced temperatures. Both symmetrical

>3101 and single cells***"1% have been used to evaluate the electrode performance of

cells
different layered perovskite oxides. An area specific resistance (ASR) value of 0.25 Q
cm? was obtained at 625 °C for GBCO/GDC. Zhang et al. ranking the cathode
performance of different Ln** cations in LnBaCo0,0s.; oxides as follows:
Pr*>Gd*>Nd*>Sm**>La**>Y*" >® With a single cell configuration of PBCO/SDC/Ni-

SDC, Zhu et al.'® have recently reported remarkable cell performance of an ASR value

close to the target value of 0.5 Q cm? at 600 °C and a peak power density higher than 850

-2 0
mW cm™ at 650 "C.
0 T(°C
{ﬂ) T (°C) (b) (°C)
700 850 600 550 500 450 400 350 300 - 700 650 &00 550 500 450 400 350 300
T T T T T T T T T 10 T T ] T T T T T T
= =LsSm
o - - Lscos 1
"] 107 §----Lscos E
10 -
____________ o v - 4= oLscreGo -
2 I v —-=BSCF o
.:_‘ L Wiz, -4 10" 1 m Lno-Seyerseial. i 1
— ~N_ 8 TR i + A LCO-Munningsetal, 25 -+
"o St T e S - - s ® GBCO-Tamnconslal, _ - =
N-E 10 T Trmaigll o maoE n. . ‘-E 10°4 w pecO-Kimotal _ ~ ~ b
s Tt T 2 ) _-7 L
g Ll T & 1 - - 1
& e . e 1
L " I = k|
N I T R L 1
“ia 10’ lgomeczen- P 1
- < &
S n A ——— tg_' oy —w-o j
M W R Tt 2
~~. 1 L L L T o | 3
- R - 1
T T T T 10 T T T T T T T
. 1.4 P 1.6 1.6 1.7 1.8 1.0 14 12 1.3 1.4 1.5 1.6 1.7 1.8
1000/T (K") 1000/T (K™

Figure 1. 11 Oxygen tracer diffusion and oxygen surface exchange for different layered
oxide cathodes as a function of the temperature, (a) k*D*; (b) k*/D*. The materials used
for comparison have been labeled as follows: LSM, Lag gSry2C003.5 (LSC08),
Lag5Sro5C003.5 (LSCO5), LageSre4Cog2 FepsOs.5 (LSCF)/GDC and BSCF. (Reprinted
from A. Tarancén et al. J. Mater. Chem. 2010, 20, 3799)'%
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CHAPTER 2

CHARACTERIZATIONS OF LAYERED PEROVSKITE OXIDES AS CATHODE
MATERIALS

To improve the cathode performance at intermediate temperatures, two approaches have
been employed to either optimize porous microstructures of cathode electrodes or
develop new cathode materials. The optimization of porous electrodes is generally
implemented using infiltrating process, through which the nanosized particles are
attached to the internal surface of porous electrode backbone.'®% As a consequence, the
effective surface area for oxygen reduction reactions is dramatically increased. The ORR
is strongly dependent on the cathode materials. The widely studied cathode material La;-
xSrkMnQO3 (LSM) demonstrates very good stability and can obtain sufficient electronic
conductivity at relatively high temperatures.”% However the conductivity of LSM
would severely deteriorate at reduced temperatures. Further the LSM is electronic
conductor; accordingly the ORR only occurs at triple phase boundary, where the LSM,
the electrolyte material, and oxygen gas meet together. To increase the ORR sites while
enhancing the conductivity of cathode materials at intermediate temperatures, MIECs
have been extensively studied in recent years. Typical MIECs are ABOj; type perovskite
materials and have demonstrated very good performance as cathode materials at
intermediate temperatures,?®2107:108

Recently, a class of layered perovskite oxides, i.e., LnBaCo0,0s.x (LN=Y, La, Pr

Sm, Nd, Gd), has attracted the attention of SOFC community. Such perovskite oxides
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have ordered lanthanide and alkali-earth layers, which provide disorder-free channels for
oxygen ion migration while reducing oxygen bonding strength. Therefore they have great
potentials to improve the cathode performance at intermediate temperatures. Compared to
a simple cubic perovskite, Taskin et al. showed that the oxygen-ion diffusivity in
GdBaB,0s.x (B = Mn, Co) increased by orders of magnitude.'®® Kim et al. reported that
the oxygen ion diffusivity and surface exchange coefficient of PBCO may reach 10®° cm?
s and 10 cm s respectively.’® The high performance of PBCO as cathode material in
SOFCs has also been demonstrated.™*!? Cobalt-containing cathode materials usually
have excellent catalytic activity due to the varying multi-valence.** However, these
cathode materials suffer from the problems of poor chemical stability in CO,-containing
atmosphere, high TECs and easy element evaporation.?**'* The TEC difference between
the cathode and electrolyte may lead to cathode/electrolyte interfacial stress, signifcantly
affecting the reliability of SOFCs. If the cobalt element in these materials is partially
substituted, it may potentially mitigate these issues while achieving sufficient catalytic
activity for cathode materials.

In this research, we present a comprehensive characterization of Fe-substituted
cobaltite PrBa(Co;.xFex)20s.5 (PBCF) material system (x=0, 0.2, 0.4, 0.6 and 1.0). The
effects of Fe doping on the crystal structure, chemical compatibility with the typical
electrolyte material of samarium doped ceria, thermal expansion, sintering ability, and
electrochemical performance as cathode materials, as well as reliability of

cathode/electrolyte interface were systematically studied.

25



2.1 EXPERIMENTAL

PrBa(CoyxFex)20s+5 (x=0, 0.2, 0.4, 0.6 and 1.0) oxides were synthesized using a
modified Pechini method. The precursor was prepared using analytical grade of PrgO11,
Ba(CH3CO0O0),, Co(NO3),*6H,0 and Fe(NO3)3*9H,0. First PrsO;; was dissolved into
nitric acid in a ceramic bowl. Stoichiometric amounts of nitrates Co(NO3),*6H,0,
Fe(NO3)3*9H,0, and Ba(CH3COO),, were mixed into the ethylene diamine tetraacetic
acid (EDTA)-NHs aqueous solution under heating and stirring conditions. The citric acid
was then added into the solution. The molar ratio of total metal ions to EDTA and to
citrate was controlled at 1:1.5:1. After a period of heating and stirring, the solution in the
ceramic bowl was converted to a viscous gel, which was self -ignited and changed to ash.
The resulting black ash-like material was calcined in air at 1000 °C for 3 h to form PBCF
oxides. The structural phases of PBCF powders were examined using the powder X-ray
diffraction (XRD) technique with Cu Ka radiation (D/Max-gA, Japan).

The powders of PBCF and samarium doped ceria (SDC) were thoroughly mixed
with weight ratio of 50%:50%. The powder mixtures were calcined at 900, 950, 1000 and
1050 °C for 3 h in air, respectively. The phases of calcined mixtures were examined using
XRD.

The green rectangular bars were obtained by uniaxial pressing the powders at 250
MPa. The resulting dimensions of the bars were 62mm>5mmxL1.5mm (length, width and
height). The green bars were sintered at 1100 °C for 5 h in air to obtain dense sintered
bodies of PBCF oxides. The microstructures of the sintered bars were observed using
scanning electron microscopy (SEM). The electrical conductivities of the sintered

rectangle bars were measured using a standard DC four-probe technique with an Agilent
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multi-meter (34401A). The measurements were performed in air. The temperatures were
controlled from 800 to 200 °C with change interval of 50 °C. The temperature was
maintained at every point for 30 minutes to obtain conductivities at steady state
conditions.

The volumetric expansion behaviors of PBCF oxides were measured using a
dilatometer (NETZSCH, DIL 402 PC/4). The sintered rectangular bars were put in the
dilatometer and heated up from the room temperature to 1000 °C with a heating rate of 10
°C min™’. The bars were protected using air gas and nitrogen gas respectively. The
volumetric expansions of the bars were recorded under different temperatures and gas
environment. The SDC powders were dry-pressed at 250 MPa using a die to form pellets
with diameter of 15 mm. The pellets were sintered at 1500 °C in air for 5 h to obtain
dense electrolyte pellets. The cathode slurries of PBCO, PBCF0.2, PBCF0.4, PBCF0.6
and PBFO were painted on either side of the electrolyte pellets respectively with active
area of 1.15 cm? to form symmetrical cells. The cells were sintered at 1000 °C in air for 3
h to bind the cathode onto the electrolyte. The platinum slurry was painted onto the either
of the electrodes as the current collector. The electrochemical impedance spectra (EIS) of
the symmetrical cells were measured using a Solatron 1260 frequency response analyzer
in combination with a Solartron 1287 potentiostat. The sweeping frequency range of EIS
measurement was from 0.1 to 10° Hz. The ASR was then obtained from EIS
measurements. The powder mixture (NiO:SDC:starch = 60%:40%:20% in weight) was
pre-pressed at 200 MPa in a die to form green anode substrate with a diameter of 15 mm.
The loose SDC powder was then uniformly distributed onto the anode substrate and co-

pressed at 250 MPa to form the green anode/electrolyte assembly. The green assembly
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was then sintered at 1400 °C for 5 h in air to densify the SDC membrane and form anode
substrate/SDC electrolyte assembly. The cathode slurry was painted on SDC electrolyte,
which was then sintered at 1000 °C for 3 h in air to form single cells of NiO-
SDC/SDC/PBCF with different Fe doping levels. The fuel cells were tested from 550 to
700 °C with humidified hydrogen (~3% H,0) as the fuel and the static air as the oxidant.
The flow rate of the fuel was controlled at 40 ml min™ using a mass flow meter (APEX).
The current-voltage curves of the fuel cells were recorded using a Scribner 890ZV at a
scanning rate of 30 mV s™. The EIS curves were measured over the frequency range of
0.1 to 10° Hz. The microstructural view of sintered PBCF rectangular bars was observed
by SEM. The microstructure of post-test cells was examined using both the SEM and 3D

X-ray tomography technique.

2.2 RESULTS AND DISCUSSION
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Figure 2. 1 XRD patterns of PrBa(Co;-xFex).0s.s 0xides at room temperature in air.
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Table 2. 1 The crystal lattice parameters of PrBaCo,Fe;»xOs+5 (x=0, 0.2, 0.4, 0.6 and 1.0)
oxides calcined at 1000 °C for 3 h.

Samples a(A) b (A) c(A) Cell Volume Crystal
(Aa) system
PBCO 7.8007 7.8017 7.6836 467.62 Orthorhombic
PBCF0.2 7.7471 7.7571 7.7662 466.71 Orthorhombic
PBCF0.4 7.7696 7.7710 7.7776 469.60 Orthorhombic
PBCFO0.6 7.8053 7.7857 7.8076 474 46 Orthorhombic
PBFO 7.8806 7.8838 7.9145 491.72 Orthorhombic

Shown in Figure 2.1 are the XRD patterns of the synthesized PrBa(Co1.xFex)20s+s
oxides with different doping levels of Fe element. The oxide powders were calcined 1000
°C in air for 3 h and the XRD was measured in air at room temperature. The peaks of
XRD correspond to the single orthorhombic phase. Since no peaks corresponding to
other phases can be found, it is reasonable to believe that the Fe ions were incorporated
into Co sub-lattice in all PBCF samples. The results also show that the characteristic
peaks shifted toward the lower reflection angles when the Fe content increased (from x=0
to x=1). Such peak shifting implies that the lattice parameters of the oxides increase. The
Fe doping effects on crystal lattice parameters were further obtained through the
calculation analysis of the primitive patterns.

As shown in Table 2.1, the lattice parameter slightly increases with increasing the
content of Fe dopant, e.g., a=7.7471 A for PBCF0.2 and a=7.8806 A for PBFO. The
volume of the crystal unit cell also showed a little bit expansion from 466.71 A% of
PBCF0.2 to 491.72 A® of PBFO. Since the ionic radii of Fe** (78.5 pm) is larger than that
of Co®" (75 pm), it is speculated that the incorporation of Fe*" into the Co sub-lattice
leads to the fact that the overlap of the electronic orbital of Fe and lattice oxygen is less

than that of Co and lattice oxygen. Therefore the volume of crystal unit cell increased
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with increasing the Fe content.
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Figure 2. 2 The XRD patterns of SDC and PBCO mixing powders after calcined at
different temperatures.

To examine the chemical compatibility of electrolyte and cathode materials, the
mixture of SDC and PBCO powders (50:50 wt%) was calcined at 900, 950, 1000 and
1050 °C in air for 5 h respectively. The phases of calcined mixed powders were measured
using XRD. As shown in Figure 2.2, the peaks correspond to the typical phase structures
of fluorite SDC and layered perovskite of PBCO. No other phases can be found in the
XRD patterns, indicating that no chemical reactions occurred between SDC and PBCO at

the elevated temperature of 900-1050 °C. Usually, the operating temperature of the
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SOFCs with SDC electrolyte and PBCO cathode is lower than 800 °C; further the
sintering temperature of 1000 °C is employed to bond the cathode of layered perovskite
PBCO to the SDC electrolyte during the cell fabrication process. Therefore, the XRD
result from mixed powders calcined at 1050 °C can confirm that the SDC electrolyte and
PBCO cathode are chemically compatible during sintering fabrication and
electrochemical testing process.
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Figure 2. 3 The electrical conductivities of PBCF oxides: (a) PBCO and PBCF0.2; (b)
PBCFO0.4, PBCF0.6 and PBFO.

The electrical conductivities of the sample bars were measured in air under the
temperature of 200-800 °C using DC four-probe technique. The results are shown in

Figure 2.3. When the Fe doping level is relatively low (x=0, 0.2), the conductivity of the
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samples (PBCO, PBCFO0.2) showed a metal conduction behavior (Figure 2.3a), increasing
with decreasing temperatures. At the low temperature of 200 °C, the conductivity reached
a maximum value of 2000 S cm™ and 500 S cm™ for PBCO and PBCFO.2 respectively.
Obviously, the Fe dopant significantly reduced the conductivity of PBCO at 200 °C.

As mentioned before, the overlap of the electronic orbital of Fe and lattice oxygen
is less than that of Co and lattice oxygen after incorporating Fe** into the Co sub-lattice.
The decrease of electronic orbital overlap can potentially increase the width of band gap
for electron conduction. Therefore, the corresponding conductivity was reduced. The
conductivities of PBCO and PBCFO0.2 at 800 °C reached 97 and 89 S cm™ respectively.

Although the conductivities of PBCO and PBCF0.2 at 800 °C are lower than those
at 200 °C, they can satisfy the minimum requirement of cathode materials for
intermediate temperature SOFCs (600 — 800 °C). When the Fe doping level increased
(x=0.4, 0.6, and 1.0), the conductivities of PBCF were further decreased (Figure 2.3b).
For all samples, it can also be seen that the dependence of conductivity variation on
increasing temperatures showed a typical metal-insulator transition behavior. Depending
on the Fe doping level, the maximum conductivity was obtained at a little bit different
temperature, i.e., 103 S cm™ at 450 °C for PBCF0.4, 40 S cm™ at 400 °C for PBCF0.6
and 13 S cm™ at 400 °C for PBFO respectively.

The sintering ability of PBCF oxides with different Fe doping level was studied.
The green PBCF bars were sintered at 1100 °C for 5h. Here the sintering temperature of
1100 °C is a little bit higher than that for cathode fabrication of SOFCs. The sintering

quality was examined using SEM.
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Figure 2. 4 SEM images of cross-section view for PBCF oxides sintered 1100 °C for 5 h:
(@) PBCO; (b) PBCF0.2; (c) PBCFO0.4; (d) PBCFO0.6; (e) PBFO.

As shown in Figure 2.4(a) and (b), the sintered PBCO and PBCFO0.2 bars have
relatively dense cross sections with observable little tiny close pores. When the Fe dopant
content increased to 0.4, the little open pores with diameter of 2~3 jum can be observed in

PBCFO0.4 sample and the grain boundaries became clear (Figure 2.4c). With further
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increasing the Fe content, both the number and size of the open pores in the sample bars
of PBCF0.6 and PBFO gradually increased and formed porous structures (Figure 2.4d
and e). The results clearly showed that high content of Co element in PBCF oxides
facilitated the sintering of such oxides.

The expansion behavior of PBCF sample bars was measured using a dilatometer
from room temperature to 1000 °C in air. Figure 2.5 shows the measurement results, in
which the horizontal axis is the temperature while the vertical axis represents the
expansion rate of the sample bars. The TEC of PBCO bar is 28.19<10° 1/K. With
increasing the Fe element content, the TEC value of sample bar reached 26.76x10° 1/K,
25.9x10° 1/K, and 23.94x10°® 1/K for PBCF0.2, PBCF0.4, and PBCFO.6, respectively,
indicating that high Fe doping level is favorable for reducing the TEC value of PBCF.
Meanwhile, it is also indicated that the replacement of Fe in B-site of layered perovskite

might introduce a new cobalt-free cathode for SOFC with low TEC.
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Figure 2. 5 The crystal expansion behaviors at test temperature range of 25-1000 °C in air
(Po2=0.21 atm).
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Figure 2. 6 (a) The ASR of PBCF oxides in symmetric cells of PBCF/SDC/PBCF at
different temperatures; (b) a typical raw impedance plot of PBCO at 650 °C.

Fig. 2.6(b) shows a typical EIS of the symmetrical cell PBCO/SDC/PBCO at

650°C. The intercept with the horizontal axis at the low frequency represents the overall

resistance of the cell while the intercept at the high frequency indicates the ohmic

resistance induced mainly by the electrolyte. The difference between the low frequency
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intercept and the high frequency intercept is the polarization resistance of the cell,
contributed by the electrodes on both sides. The half of the difference represents the
electrode polarization resistance. Fig. 2.6(a) shows the ASR of the symmetrical cell
PBCF/SDC/PBCEF at different temperatures. The ASR of PBCO electrode at 650 °C was
0.31 Qem® With increasing the Fe content from y=0 to y=1, the ASR increases from 5.21
Q cm’to 18.6 Q cm? respectively at 500 °C. The corresponding activation energy
increases from 1.19 eV for PBCO to 1.41 eV for PBFO respectively.

The results indicate that Co-rich PBCF oxide may reduce the corresponding
electrode polarization resistance and improve the catalytic activity. In fact, high Co
content would lead to relatively high oxygen vacancy concentration in the oxides. The
results are also consistent with the conductivity of PBCF oxides in Fig. 2.3. On the other
hand, the high Co content may cause relatively high TEC values. Therefore the tradeoff
might be needed between the catalytic activity and the structural reliability when PBCF is

utilized as the cathode materials for SOFCs.
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Figure 2. 7 (a) The I-V and I-P curves of Ni-SDC/SDC/PBCO cell at different operation
temperatures; (b) Peak power densities of PBCF cathodes at 700 °C.

The electrochemical performance of the anode supported cell Ni-
SDC/SDC/PBCO was evaluated under the temperature range of 600-700 °C, in which the
humidified H, (~3% H0) is utilized as a fuel and the static ambient air as the oxidant. As
shown in Fig. 2.7, the open circuit voltage (OCV) is about 0.9V and shows a slightly
decrease with increasing the temperatures. Since the doped ceria is not a perfect oxide
ionic conductor, the reduction of Ce from Ce** to Ce** in a reducing condition (mainly
anode side) causes an internal current or current leakage in the electrolyte. As a
consequence, the OCV was reduced from the theoretical value (~1.1V). The peak power
densities of the cell are 780, 520 and 275 mW cm at 700, 650 and 600 °C, respectively.

The EIS of the cell under the OCV condition are presented in Fig. 2.8. The
difference between the low frequency intercept and high frequency intercept with the
horizontal axis represents the overall polarization resistance contributed from both the

anode and cathode electrode.
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Figure 2. 8 Impedance spectra of Ni-SDC/SDC/PBCO cell.

When the temperature was increased from 600 °C to 700 °C, the polarization
resistance was decreased from 0.44 Qcm? to 0.13 Qcm?. With different Fe dopant levels
in the PBCF cathode, the peak powder densities of the corresponding cells are shown in
Fig. 3.3.8b. Obviously, the peak power density decreases with increasing the Fe content,
e.g., 690 mW cm for PBCFO0.2, 640 mW cm for PBCF0.4, 576 mW cm™ for PBCF0.6
and 510 mW cm™ for PBFO at 700°C respectively. The results are consistent with the
conductivity (Fig. 2.3) and activation energy (Fig. 2.6) obtained above, where high Fe

content in PBCF leads to decreased conductivity and increased activation energy.

2.3 SUMMARY

The layered perovskite PrBa(Co;xFex).0s (x=0, 0.2, 0.4, 0.6, and 1.0) system has
been comprehensively studied, including the synthesis, chemical and physical properties,
compatibility with typical electrolyte of SDC. XRD analysis showed that the Fe
substitution in the oxides leads to the increase of both lattice parameters and the volume

of crystal unit cell. Four-probe measurement indicated that increasing the Fe content in
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the oxides leads to the variation from the metal conduction behavior to the metal-
insulator conduction behavior. The high Fe content decreases the overall conductivity of
the oxides. The EIS measurement with symmetrical cells further confirmed that high Fe
content in the oxides increases the ASR and activation energy. The conductivity and
activation energy of PBCF were cross-verified by electrochemical performance of the
corresponding button cells, where the peak power density of the cell decreases with
increasing the Fe content in PBCF cathode. Results also showed that PBCO is chemically

compatible with SDC in the temperature range of 900-1050 °C.
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CHAPTER 3

EVALUATIONS OF LAYERED PEROVSKITE OXIDES AS CATHODES FOR OXIDE-
loN CONDUCTING SOFC

Layered pervoksite oxides can be described with general formula of AAB,0s.s with the
A7 site being Ba element. It has been found that when A~ site is partially substituted by
Sr, it could potentially improve the conductivity of layered pervoskite oxides. This
hypothesis has been confirmed by recent study from Irvine et al.,**> where Sr-doped
oxide PrBagsSrp5C0,0s.5 (PBSC) demonstrated excellent ASR values based on
gadolinia-doped ceria (GDC) electrolyte, and could be potentially employed as cathode
material for IT-SOFCs. Nevertheless, these cobalt-based cathodes often suffer from
problems like poor chemical stability in CO,, high TECs, ease of evaporation, as well as
high cost of cobalt element. Partial or full substitution of cobalt element with other
elements such as Fe or Nd etc. in these materials could potentially mitigate these
disadvantages while keeping adequate electrochemical activity of cobalt-containing
oxides for ORR. In this work, the feasibility of PBSC as a cathode material for IT-SOFCs
is examined based on oxide-ion conducting SDC electrolyte by investigating the
symmetric half cells and fuel cells. Furthermore, layered perovskite GdBaCoFeOs. s
(GBCF) with partial Fe doping and cobalt-free GdBaFe,Os.s (GBFO) with full Fe doping
are also investigated to explore the effect of Fe doping in layered perovskites on cell

performance.
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3.1 PRBASRCO0Os,, (PBSC) AS CATHODE CANDIDATE
3.1.1 EXPERIMENTAL

PBSC powders were synthesized using modified Pechini process, where citrate
and EDTA were employed as parallel complexing agents. PrsO11 was first dissolved in
nitric acid; the calculated amount of Ba(NO3), 9H,0, Sr(NO3), and Co(NO3),-6H,0 was
dissolved in EDTA-NH3 aqueous mixed solution under heating and stirring conditions.
An appropriate amount of citric acid was then added in the solution. After gradually
converted into viscous gel under heating and stirring conditions, the solution was ignited
to flame and result in ash. The resulting ash-like material was afterwards calcined in air at
1000 °C for 10 h. The fine PBSC powders were then mixed thoroughly with a 6 wt%
ethylcellulose-terpineol binder (006, Heraeus) to obtain the cathode slurry. Powders of
SDC electrolyte were synthesized by glycine-nitrate process (GNP) and calcined at 800
°C for 2 h for obtaining the pure fluorite phase. The phase identification of prepared
cathode powders was studied with X-ray powder diffraction by Cu-Ka radiation (D/Max-
gA, Japan). A scan rate of 5 min™ was used in the range of 20°<26<80".

The SDC powder was dry-pressed into pellets at 250 MPa and sintered in air at
1400 °C for 5 h to obtain dense pellets. The as-prepared cathode slurry was painted on
either side of electrolyte pellet with active area of 1.15 cm? to form symmetrical cell
(PBSC/SDC/PBSC). The cell was sintered at 1000 °C in air for 3 h. Platinum (Pt) was
used as the current collector on either of the electrodes. The polarization resistance of
electrode materials was measured using AC impedance spectroscopy with as-prepared
symmetrical cells. The EIS were obtained using a Solatron 1260 frequency response

analyzer in combination with a Solartron 1287 potentiostat. The sweeping frequency
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range of EIS measurement was from 0.1 Hz to 5 MHz. The ASR was employed to
describe all of resistances resulting from gas-electrode interface, bulk electrode, as well
as electrode-electrolyte interface.

The anode-supported SDC bi-layer (=15 mm) was prepared using a dry-pressing
method. NiO + SDC + starch mixture (60%: 40%: 20% in weight) was pre-pressed at 200
MPa as an anode substrate. Then loose SDC powder synthesized above was uniformly
distributed onto the anode substrate, co-pressed at 250 MPa and sintered subsequently at
1400 °C for 5 h to densitify the SDC membrane. The cathode slurry was then painted on
SDC electrolyte film, and sintered at 1000 °C for 3 h in air to form single cells of NiO-
SDC/SDC/PBSC. The cells were tested from 550 to 700 °C with humidified hydrogen
(~3% H0) as fuel and the static air as oxidant. The flow rate of fuel was about 40
ml/min controlled by mass flow meter. The voltage-current curves were recorded by
Scribner 890ZV at a 30 mVs™ scan rate. Impedance spectra were measured over the
frequency range from 0.01 Hz to 10° Hz under open-circuit conditions. A scanning

electron microscope (SEM) was used to observe the microstructure of the post-test cells.

3.1.2 RESULTS AND DISCUSSION

As shown in Fig. 3.1, the as-prepared powder of PBSC exhibits a pure layered
perovskite phase with orthorhombic lattice geometry of space group (Pmmm) without any
peaks attributable to impurities.™ Fig. 3.2 shows the SEM image of tri-layer cell Ni-
SDC/SDC/PBSC after electrochemical test. It can be seen that the SDC membrane is
completely dense and the thickness is about 20 pm. The electrolyte layer adheres to both

porous anode substrate and cathode layer fairly well, no cracks or pores can be observed
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from the cross-section view. The PBSC layer is porous with thickness about 10 pm. The

top layer of silver paste has good contact with PBSC cathode for current collection.
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Figure 3. 1 XRD pattern for the layered PrBagsSro5C0,0s5.5 (PBSC) perovskite powders.
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Figure 3. 2 The cross-section view of tri-layer cell after electrochemical testing.
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To evaluate properties of PBSC as cathode material, ASR values in a symmetric
cell of PBSC/SDC/PBSC were measured using impedance spectroscopy in operating
temperature range between 500 and 700 °C in air. The corresponding cathode ASR (Fig.
3.3a) was determined from raw impedance plots as shown in Fig. 3.3b, where the high-
frequency offset is generally thought to be induced by electrolyte resistance since the
SDC pellet was thick and the radius of the arc is attributed to the cathode resistance.?’
The ASR at 650 °C was ~0.23 Q cm?, a value similar to that reported by Irvine et al.
based on Cep 9Gdy 10, g electrolyte. The nearly linear dependence of natural logarithm of
(oT) on T™ was used to calculate the activation energy (Ea). The value of E, is 124 kJ
mol™ less than other E, values reported in literature, e.g. E,= 164 kJ/mol for
Lag sSrp2C003.s5, Ea = 183 kd/mol for Lag gSrg2FeOs.s or E4 = 202 kd/mol for
Lag gSro2CoosFen 2035 It is obvious that PBSC exhibits unusually high activity for
oxygen activation and mobility. This observation is consistent with that reported by
Taskin, in which the oxygen diffusion in layered perovskites becomes very fast at
relatively low temperature conditions, e.g. exceeding 10" cm?/s at 600 °C for
GdBaC0,0s.5."%

In order to identify the activation energy of individual electrode steps on PBSC
cathode in symmetrical cell, the equivalent circuit shown in Fig. 3.3b is obtained for
impedance spectra through curve-fitting technique using software Zview. In the
equivalent circuit, L is an inductance induced by the cables, R; is ohmic resistance, R
and R parallel with C; and C,, representing the high frequency arc and low frequency arc
respectively, are attributed to oxygen reduction in electrode. Similar to Figure 4a,

Arrhenius-like behavior of R, and R3 was found and the activation energy of 148 KJ/mol
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and 96 KJ/mol, corresponding to R, and R3 respectively, was obtained.
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Figure 3. 3 (a) The area-specific-resistance as a function of temperature for a symmetric
PBSC/SDC/PBSC cell; (b) a typical impedance spectra obtained at 600 °C.
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Figure 3. 4 Performance of the as-prepared cell with hydrogen at different temperatures.

The I-V curve and I-P curve of the as-prepared cell with PBSC as cathode, as
shown in Fig.3.4, were obtained in operating temperature range of 550-700 °C, in which

humidified H, (3% H,0) is utilized as a fuel and static ambient air as the oxidant. The
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OCV is lower than 1.0V, and increases with the decrease of the operating temperature.
The decrease of the cell OCV is induced by the fact that the doped ceria is not a pure
oxide ion conductor; the reduction of Ce** to Ce**in SDC film causes an internal
current.’*’” Peak power densities of the cell were 1045, 822, 598 and 355 mW cm™ at 700,
650, 600 and 550 °C, respectively. The cell performance is very encouraging and

suggests that PBSC is a very promising cathode material for IT-SOFCs.
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Figure 3. 5 Impedance spectra of the cell Ni-SDC/SDC/PBSC under open circuit
conditions from 550 °C to 700 °C.

The electrochemical impedance spectra of cells under OCV are presented in Fig.
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3.5. There are two flattening arcs in each of impedance spectra, indicating that at least

two electrode processes are involved in oxygen molecule reduction. The high frequency
arc could be attributed to polarization during charge transfer process. The low frequency
arc might be attributed to the oxygen adsorption and desorption on the cathode surface
and the diffusion of the oxygen ions.**® Increase operating temperatures lead to
significant reduction of interfacial polarization resistance (R,), typically from 0.285 Q
cm? at 550°C to 0.05 Q cm? at 700 °C, respectively. It is worth noting that the R, values
of PBSC cathode are lower than those of the cell with a BSCF-SDC composite cathode

when operating temperature is at or below 600 °C. The latter obtained the R, values of

0.16 © cm? at 600 °C and 0.42 Q cm? at 550 °C, respectively.**

The high performance observed from experimental results of cell Ni-
SDC/SDC/PBSC can be understood using the microstructure characteristic of layered
perovskite cathode PBSC. It is well known that the ionic conductivity is dependent on
both the chemical diffusion coefficient D and the surface exchange coefficient K. Due to
the ordering A-sites in layered perovskite oxides, the rate of the oxygen up-taking is
much faster than that in simple ABOs-type perovskite. Similarly it is also much easier to
release oxygen from layered oxides. Taskin et al. has established that the ordering of the
A-site sub-lattice in layered structure significantly enhances the oxygen relaxation rate
since oxygen atoms can be partially or even completely removed from the Pr** planes,
generating numerous oxygen vacancies in the crystal lattice.*®

The short-term stability of Ni-SDC/SDC/PBSC cell was also investigated. The
cell was running for a few days with a constant voltage loading of 0.5V and a constant

operating temperature condition of 600 °C, the corresponding cell current response was
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recorded. As one can see from Fig. 3.6 that the cell current response is fairly stable, no
detectable degradation is observed, implying stable electrochemical properties of cathode

material PBSC and reliable bonding between electrode and electrolyte, the latter is shown

in Fig.3.2.
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Figure 3. 6 Short-term stability of the cells tested at a constant cell voltage of 0.5 V at
600 °C.

3.1.3 SUMMARY

The A-site-ordered layered perovskite PBSC exhibited unusually high activity for
oxygen activation and mobility. In the symmetrical cell system, the ASR of 0.23 Q cm?
was achieved at 650 °C for cathode polarization. The low activation energy (Ez)
demonstrated the excellent catalytic activity for oxygen reduction. Anode-supported
single cells based on SDC electrolyte and PBSC cathode were fabricated and evaluated.
The maximum output density reached 1045 mW cm™ at 700 °C. The low interfacial

polarization resistance is as low as 0.285, 0.145, 0.09 and 0.05 Q cm? at 550, 600, 650
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and 700 °C, respectively. The short-term durability test result indicated the practical

viability of this promising layered perovskite cathode.

3.2 GDBACO 5FE( 503., (GBCF) AND GDBAFEO3., (GBFO) AS CATHODE CANDIDATES

3.2.1 RESULTS AND DIsScUSSION
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Figure 3. 7 XRD pattern for the layered GBCF and GBFO perovskite powders.

For GBCF and GBFO, the as-prepared powders exhibit the pure layered
perovskite phase structure without any peaks attributable to impurities in Figure 3.7.5%%°
The diffraction peaks are identical with GdBaCo,0s.s reported in the literature by A.
Tarancon et al..** The partial substitution of Fe at B site didn’t affect the formation of
layered perovskite phase.

Fig. 3.8 shows the SEM image of tri-layer cells Ni-SDC/SDC/GBCF and Ni-
SDC/SDC/GBFO after electrochemical testing. It can be seen that the SDC membrane is

completely dense and the thickness is about 20 m. The uniform holes in porous anode
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layer after completely reduced at H, atmosphere is due to well mixed of NiO, SDC and

starch. No cracks can be found in SEM image of tri-layer cell. The cathode adheres to the

electrolyte fairly well, which is probably due to the replacement of cobalt element with

Fe element. The reduction of cobalt element from high valence state to low valence state

and the loss of lattice oxygen lead to the high TEC of cobalt containing cathode material,

as a result, the replacement of cobalt element with Fe element can potentially mitigate

such a high thermal expansion.*?°
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Figure 3. 8 The cross-section view of tri-layer cells after electrochemical testing.
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Figure 3. 9 Performance of the as-prepared cells with GBCF and PBFO cathodes with
hydrogen at different temperatures.

The I-V curve and I-P curve of the as-prepared cells with GBCF and GBFO as
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cathode, respectively, as shown in Fig. 3.9, were obtained in operating temperature range
of 550-650 °C, in which humidified H, (~3% H,0) is utilized as a fuel and static ambient
air as the oxidant. For GBCF cathode, the Ppax of the cell were 746, 547 and 315 mW cm’
2 at 650, 600 and 550 °C, respectively. For GBFO cathode, the Prnax reached 861, 644,
471 and 218 mW cm™ at 700, 650, 600 and 550 °C, respectively. The cell performances
are encouraging and suggest that GBCF and GBFO with partial or full doping of Fe are

promising cathode materials for IT-SOFCs.
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Figure 3. 10 Impedance spectra of the cell Ni-SDC/SDC/GBCF under open circuit
conditions from 550 °C to 650 °C.
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Figure 3. 11 Impedance spectra of the cell Ni-SDC/SDC/GBFO under open circuit
conditions from 550 °C to 700 °C.

The electrochemical impedance spectra of single cells with GBCF and GBFO
cathodes under open-circuit condition are presented in Fig. 3.10 and Fig. 3.11,
respectively. There are two flattening arcs in each of impedance spectra, indicating that at
least two electrode processes are involved. The high frequency arc could be attributed to
polarization during charge transfer process. The low frequency arc might be attributed to
mass transport losses.'*® For GBCF cathode, the increase operating temperature leads to
significant reduction of electrode polarization resistance (R;), typically from 0.42 Q cm?
at 550 °C to 0.11 Q cm? at 650 °C, respectively. It is generally recognized that the overall
cell polarization loss is dominated by cathode polarization loss.*** The low Rp values
indicated that GBCF cathode exhibited high electrochemical activity for the reduction of
molecular oxygen in practical fuel cell system.

The performance observed from experimental results can be understood using the
microstructure characteristic of layered perovskite cathodes. It is well known that the
ionic conductivity is dependent on both the chemical diffusion coefficient D and the

surface exchange coefficient K. Due to the ordering A-sites in layered perovskite oxide,
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the rate of the oxygen up-taking is much faster than that in simple ABOs-type perovskite.
Similarly it is also much easier to release oxygen from layered oxides. Taskin has
established that the ordering of the A-site sub-lattice in layered structure significantly
enhances the oxygen relaxation rate since oxygen atoms can be partially or even
completely removed from the Gd** planes, generating numerous oxygen vacancies in the

crystal lattice.*®
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Figure 3. 12 (a) Area-specific-resistance as a function of temperature for a symmetric
GBF/SDC/GBFO cell; (b) a typical impedance spectra obtained at 600 °C.

These can be also demonstrated by the ASR values of GBFO to verify the
feasibility as a cathode (Fig. 4.12). The ASR was about 0.15 Qcm? at 700 °C and 0.39
Qcm’ at 650 °C, respectively. Compared with reported cobalt-free cathodes, e.g.
LaBaCuFeOs.s (0.21 Qcm? at 700 °C)*# and BagsSrosZno2FeesOs.s (0.22 Qem? at 700
°C),"** the ASR of GBFO is much lower. This comparison implies that the layered
perovskite GBFO cathode has higher activity for oxygen reduction. Furthermore, the
ASR of GBFO is also comparable to other cobalt-containing cathodes. For example,
Lag 6Sro.4C0p2Feps03.s, a widely used cathode, the ASR was about 0.44 Qcm? at 690 °C

on CepgGdo10,5 (GDC) electrolyte.!”® The E, value of GBFO is 142 kJ mol™,
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comparable to other E, values reported in literature,"*® e.g. E,= 164 kJ/mol for
LagsSrp2C003.5, Eo = 183 kJ/mol for LaggSro,FeOss, and E; = 202 kJ/mol for
Lag sSro2C0psFep203.5, respectively. It is obvious that GBFO exhibits promising high
activity for oxygen reduction and mobility. This observation is consistent with that
reported by Taskin, in which the oxygen diffusion in layered perovskites becomes very
fast at relatively low temperature conditions, e.g. exceeding 10° cm?%s at 600 °C for
GdBaC0,0s:5."% In fuel cell, the electrode polarization resistance was 0.57 Qcm? at 550

°C, 0.22 Qcm? at 600 °C,

3.2.2 SUMMARY

The layered perovskite oxides GBCF and GBFO were investigated as novel
cathode for IT-SOFCs. The partial or full substitution of Fe at B site didn’t affect the
formation of layered perovskite phase. Anode-supported single cells with SDC
electrolyte and GBCF and GBFO cathodes were fabricated and evaluated. The maximum
output density reached 746 mW cm at 650 °C. The low interfacial polarization
resistance is as low as 0.42, 0.18 and 0.11 Qcm? at 550, 600 and 650 °C, respectively.
The experimental results indicated that layered perovskite GBCF is a promising layered
cathode material for IT-SOFCs. For cobalt-free cathode GBFO, the reasonable

electrochemical activity as cathode material is verified from the ASR measurements.
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CHAPTER 4

LAYERED PEROVSKITE OXIDES AS CATHODE MATERIALS FOR PROTON
CONDUCTING SOFC

Intermediate temperature SOFC (IT-SOFC) could potentially circumvent problems
induced by high temperature operating conditions, such as long term stability and
durability of material systems.?* Two technical barriers have to be overcome in order for
IT-SOFC performance to be comparable to its high temperature counterpart, e.g., high
ohmic resistance of electrolyte and low catalytic activity of electrodes under intermediate
temperature conditions (550-750 °C).

Recently, proton conducting membrane fuel cell (PCMFC) has attracted much
attention and show great advantages compared with oxide-ion conducting SOFCs, such
as low activation energy and high energy efficiency.**'?® The state-of-the-art proton
conducting materials are barium-based perovskite-type ceramics, e.g., BaCeOs and
BaZrOs. By suitable doping, these materials may obtain both adequate proton
conductivity as well as sufficient chemical and thermal stability over a wide range of
SOFC operating conditions, e.g., BaZry1Cep7Y0203-s (BZCY?).18 This material can be
used as an electrolyte for proton conducting SOFC development.

In a typical proton conducting SOFCs, hydrogen molecules release electrons and
are dissociated into protons at anode active layer. The protons then migrate into cathode
side through proton conducting electrolyte. At cathode side, oxygen molecules are

changed into ions with a supply of external electrons; water molecules are then formed
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through the combination of protons and ions. Essentially three charge species are
involved in cathode electrode, i.e., protons, ions, and electrons. Consequently, cathode
electrode development is very critical for high performance proton conducting SOFCs.
Furthermore, intermediate temperature operating condition imposes additional challenges
on cathode material selections.®* One of the essential requirements for IT-SOFC cathode
material is a high oxygen reduction rate. The reduction reaction is strictly confined to
TPB sites. The MIEC may potentially extend TPB active region over the entire cathode.
To the best of our knowledge, the performance of layered perovskite cathodes on
BZCY7 electrolyte has not been reported up to date. In this work, PBSC with excellent
cell performance in SDC based SOFC has also been investigated in proton conducting
SOFC material system under intermediate temperature operating conditions.
Furthermore, GBCF and GBFO cathodes formed with partial or full Fe doping at B site
of GdBaCo,0s.5 layered perovskite were also studied. The lower TEC might potentially
decrease the mismatch between cathode and electrolyte in thermal expansion, and thus
mitigate the possible interlayer crack or delamination. The button cells were fabricated to

evaluate the electrochemical performance with complex impedance technique.

4.1 EXPERIMENTAL

The BZCY7 powders were synthesized using modified Pechini method, where
citrate and ethylenediamine tetraacetic acid (EDTA) were employed as parallel
complexing agents. Y,03 was first dissolved in nitric acid; the calculated amount of
Ba(NO3), 9H,0, Ce(NO3); 6H,0, and Zr(NOs), 4H,0 was dissolved in EDTA-NH;

aqueous solution. After agitation for a certain time, a proper amount of citric acid was
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introduced, the molar ratio of EDTA:citric acid:total of metal cations was controlled
around 1:1.5:1. After converted into viscous gel under heating and stirring conditions, the
solution was ignited to flame and result in ash. The resulting ash-like material was
afterwards calcined in air at 1100 °C for 5 h to form a pure perovskite oxide, and the
synthesized BZCY7 powders were then obtained.

The anode-supported BZCY7 bi-layer (®d=15 mm) was prepared by a dry-
pressing method. The mixture of NiO + BZCY7 + starch (60%:40%:20% in weight) was
pre-pressed at 200MPa and formed into an anode substrate. A thin anode functional layer
(mixture of NiO and BZCY7, 60%:40% in weight) was then pressed onto the substrate at
50 MPa. Then loose BZCY7 powder synthesized above was uniformly distributed onto
the anode functional layer, co-pressed at 250 MPa, and subsequently co-sintered at 1400
°C for 5 h to obtain anode electrode/electrolyte assembly. The thickness of BZCY
electrolyte film can be controlled by the weight of used powders. Generally, more loose
synthesized powders facilitate the preparation of electrolyte as thin as possible.

Layered PBSC, GBCF and GBFO cathode powders were synthesized using
Pechini process with relevant metal nitrates as precursors, followed by calcinations at
1000 °C for 10 h. The fine powders were then mixed thoroughly with a 6 wt%
ethylcellulose-terpineol binder to prepare the cathode slurries which were painted onto
BZCY7 electrolyte, respectively, to form single button cells after sintered at 1000 °C for
3 hin air. The phase identification of the sintered anode—electrolyte bilayer and prepared
cathode powders were studied with the powder X-ray diffraction by Cu-Ka radiation
(D/Max-gA, Japan).

The single cell was tested from 600 to 700 °C with humidified hydrogen (~3%
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H,0) as fuel and the static air as oxidant. The flow rate of fuel was about 30 ml/min. The
voltage-current curves were recorded by Scribner 890ZV at a 30 mV s™ scan rate. The
EIS were obtained using a Solatron 1260 frequency response analyzer in combination
with a Solartron 1287 potentiostat over the frequency range from 0.01 Hz to 10° Hz under
open-circuit conditions. A scanning electron microscope (SEM) was used to observe the

microstructure of the post-test cells.

4.2 RESULTS AND DISCUSSION
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Figure 4. 1 XRD patterns for (a) the layered PBSC perovskite powders, (b) BZCY7
membrane and (c) NiO-BZCY7 anode. Diamond (¢): NiO.

As shown in Fig. 4.1(a), the as-prepared powder of PBSC exhibits a pure layered
perovskite phase structure without any peaks attributable to impurities. Fig. 4.1 also
presents the XRD spectra of anode/electrolyte bi-layer sintered at 1400 °C for 5 h. It can
be clearly seen that there are only peaks corresponding to BZCY?7 in electrolyte

membrane (Fig. 4.1(b)) and to NiO and BZCY7 in anode substrate (Fig. 4.1(c)). There is
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no evidence pointing to the formation of any impurities.
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Figure 4. 2 Performance of the as-prepared cell in hydrogen with different cathode
materials: (a) PBSC; (B) GBCF; and (c) GBFO.

The electrochemical performance of the as-prepared cells are experimentally
obtained and shown in Fig. 4.2 for different cathode materials, including I-V curve and I-
P curves. In general, the OCV of the cell should be close to its theoretic value of 1.1 V,
and is slightly influenced by operating conditions. Since BZCY7 electrolyte is a mix
conductor membrane, a slight electron cross flow (current leakage) might exist through
the membrane, consequently it leads to that the practical OCV is lower than its theoretical
value. The higher the current leakage exists, the lower the cell OCV will be. On the other
hand, if the electrolyte membrane is not dense, fuel/gas cross flow might take place,
causing lower OCV value as well. For the button cell with PBSC cathode, one can see

from Fig. 4.2(a) that peak power densities are 520, 353 and 216 mW cm™ at 700, 650 and

59



600 °C, respectively; whereas the high OCV of 1.005 V at 700 °C, 1.018 V at 650 °C,
1.03 V at 600 °C indicate that the electrolyte membrane is sufficiently dense, and the
current leakage is negligible. It is worth noting that I-V curves are almost linear implying
that there is a little activation loss related to the high catalytic activity of PBSC. Since the
conductivity of both anode and cathode materials is higher than that of electrolyte in the
as-prepared cell, it can be deduced that the voltage drop of the cell is mainly attributed to
the IR loss across the BZCY7 electrolyte.

In order to evaluate the cathodes with lower TECs, the cell performance of proton
conducting single cells with layered perovskites partial or full doped with Fe were also
investigated. For GBCF cathode, the peak power density reached 482, 360 and 228 mW
cm™ at 700, 650 and 600 °C, respectively. When B site is fully doped, GBFO still showed
reasonable power output at the same operation temperatures (417, 286 and 183 mW cm™
at 700, 650 and 600 °C, respectively). Compared with the performance of PBSC, we can
see that the partial doping of Fe didn’t decrease the catalytic activity or cathode
performance that much in basis of the similar electrolyte thickness and
electrode/electrolyte interface, which can be also identified from the impedance spectra.

The impedance spectra of the as-prepared cells with different layered perovskites
are obtained under open-circuit conditions at various operating temperatures, as shown in
Fig. 4.3. The impedance spectra consisted of two arcs at 600 °C, which indicate that there
are at least two electrode processes during oxygen molecule reduction. The high
frequency arc could be attributed to the polarization during charge transfer process. The
low frequency arc could be attributed to the oxygen adsorption and desorption on the

cathode surface as well as the diffusion of the oxygen ions.*®
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Figure 4. 3 Impedance spectra measured under open-circuit condition for cells with

different cathode materials: (a) PBSC; (b) GBCF; and (c) GBFO.

The impedance spectra of the as-prepared cells with different layered perovskites

are obtained under open-circuit conditions at various operating temperatures, as shown in

Fig. 4.3. The impedance spectra consisted of two arcs at 600 °C, which indicate that there

are at least two electrode processes during oxygen molecule reduction. The high

frequency arc could be attributed to the polarization during charge transfer process. The

low frequency arc could be attributed to the oxygen adsorption and desorption on the
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cathode surface as well as the diffusion of the oxygen ions.**® When operating
temperature increases to 650 °C and 700 °C, low frequency arc disappears, implying that
the resistance of oxygen diffusion in porous electrode can be neglected at relative high
temperatures. Specifically for PBSC cathode, as one can see, increase operating
temperature may lead to significant reduction of interfacial polarization resistance Ry,
typically from 0.69 Qcm? at 600 °C to 0.12 Qcm? at 700 °C, respectively. Compared with
proton-conducting single cells with the same anode and electrolyte but PrBaCo,0s.
cathode, the R, values of PBSC are lower at the same temperatures (1.2 and 0.14 Qcm? at
600 and 700 °C).** With Fe doping at B-site based on GdBaC0,0s.;, GBCF also showed
reasonable activity in oxygen reduction. It can be seen that increase operating
temperatures result in significant reduction of interfacial polarization resistance Ry,
typically from 0.5 Qcm? at 600 °C to 0.11 Qcm? at 700 °C, respectively. The results
indicated that layered GBCF cathode has considerable catalytic activity for operation at
intermediate temperature range. For GBFO with further Fe doping, R, was 0.75 Qcm? at
600 °C, 0.35 Qcm? at 650 °C and 0.2 Qcm? at 700 °C, respectively. It is worth noting that
the R, values of GBFO are well comparable to cobalt-containing cathodes with the same
anode and electrolyte, such as GdBaC0,0s. (0.16 Qcm? at 700 °C),**" PrBaC0,0s.s(0.15
Qcm? at 700 °C).M*?

The experimental results of the proton conducting SOFCs with PBSC, GBCF and
cobalt-free GBFO cathodes can be understood using the microstructure characteristic of
layered perovskite cathode. It is well known that the ionic conductivity is dependent on
both the chemical diffusion coefficient D and the surface exchange coefficient K. Due to

the ordering A-sites in the layered perovskite oxides, the rate of the oxygen up-taking is
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much faster than that in simple ABOs-type perovskite. Similarly it is also much easier to
release oxygen from layered oxides. The ordering of the A-site sub-lattice in layered
structure significantly enhances the oxygen relaxation rate since oxygen atoms can be
partially or even completely removed from the Ln** planes, generating numerous oxygen

vacancies in the crystal lattice.
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Figure 4. 4 SEM micrographs of cell after testing: the cross-section of tri-layer cell with a
20 pm-thick BZCY7 electrolyte membrane and porous cathode layer: (a) PBSC; (b)
GBCF; and (c) GBFO.

One can see from Fig. 4.4 that the BZCY7 electrolyte membrane is completely
dense, and there are no pores or cracks. The uniform holes in porous anode layer after
completely reduced at H, atmosphere is due to the well mixed NiO, BZCY7 and starch.
The anode functional layer between anode support layer and electrolyte layer is used to

avoid the possible formation of macro-pores at electrode/electrolyte interface; otherwise,
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the ohmic resistance at the interface will increase. From the cross-section view of tri-
layer cell, the thickness of fabricated BZCY7 membrane is only about 20 pm. The

electrolyte film adheres to the layers of functional anode and cathode fairly well.

4.3 CONCLUSIONS

The novel PCMFCs are fabricated with thin BaZry1Ceo7Y020;-5(BZCY7) as
electrolyte and layered perovskite oxides of PBSC, GBCF and GBFO as cathode,
respectively. The performance of the lab-scale tri-layer cells are tested and characterized
under intermediate temperature range from 600 to 700 °C. For PBSC cathode, the open-
circuit potential of 1.005 V and maximum power density of 520 mW cm are achieved at
700 °C. With temperature increases, the total cell resistance decreases, among which
electrolyte resistance becomes increasingly dominant over polarization resistance. The
results indicate that PBSC perovskite cathode is a good candidate for intermediate
temperature PCMFC development, while the developed Ni-BZCY7|BZCY7|PBSC is a
promising functional material system for SOFCs. When the B-site is doped with Fe, the
cell performance can still exhibit maximum power density of 482 mW cm™ with
polarization resistance of the electrodes of 0.11 Qcm? at 700 °C. For cobalt-free cathode
of GBFO with full Fe doping, the results show that the open-circuit potential of 1.007 V
and maximum power density of 417 mW cm™ are achieved at 700 °C. The polarization
resistance of the electrodes was 0.18 Qcm? at 700 °C. Therefore, the layered perovskite
oxides are very promising to be employed as cathode materials for PCMFC while the
proper doping of Fe at B-site can compromise the cathode activity and TEC to select an

optimized candidate for SOFC with long stability.
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CHAPTERS

A CERAMIC-ANODE SUPPORTED LOW TEMPERATURE SoLID OXIDE FUEL
CELL

The carbon deposition and sulfur poisoning are two major obstacles for hydrocarbon
fueled SOFCs with nickel cermet anode.™*?® In addition, the nickel based anodes also
suffer from the volume instability induced by redox cycling®® as well as nickel particle
agglomerations due to high temperature and long-term operations.** To overcome these
issues, nickel-free metal oxide anode materials have been investigated, such as
Lag.755r0.25Cro5sMno503.5 (LSCM), ™! SraMg; «Mn,MoOg.s (x=0 to 1),*** and doped
(La,Sr)(Ti)0s.2313* Experimental results have demonstrated that such anode materials
are effective in inhibiting carbon deposition or sulfur poisoning.*****’

So far the cell designs are exclusively electrolyte-supported when metal oxide
anodes are employed. This design requires relatively thick electrolyte of 300~500 pm to
support the entire cell, leading to significant ohmic resistance. Accordingly, high
temperatures (800-900 °C) are needed to reduce the ohmic loss for high power outputs.
The high operating temperatures in turn could lead to a variety of degradations. Anode-
supported designs may effectively reduce the ohmic loss with thin electrolyte membrane
while lowering the operating temperatures, which have been well demonstrated with
nickel cermet anode. However, the anode-supported designs with metal oxides as anode

materials are difficult to fabricate. In general, high sintering temperature is needed to co-

fire the anode substrate/electrolyte assembly to densify the thin electrolyte, which in turn
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may induce the densification of the porous anode substrate, resulting in anode porosity
loss. Another issue is that the existing oxide anode materials cannot provide adequate
conductivity for current collection in thick anode substrate.

Here we report the development of anode-supported intermediate temperature
(550-700°C) SOFC with metal oxide LSCM as the supporting substrate, SDC as the
electrolyte, and PBSC as the cathode. With a slight amount of CuO mixed with LSCM,
the anode substrate/electrolyte assembly was co-fired at low temperature of 1250 °C. The
dense thin SDC electrolyte (20 jum) was obtained while the sufficient porosity of anode
substrate (400 ) was maintained. The CuO nano-particles were impregnated into the
porous substrate to enhance current collecting effect of thick anode. The cell exhibited
the volumetric power density of 596 mW cm™ and 381 mW cm at 700 °C with wet
hydrogen and methane as the fuel respectively, where the silver paste was used as current
collector, the highest performance up to date for the cells with metal oxide anodes at this

temperature.

5.1 EXPERIMENTAL

The LSCM powders were synthesized by modified Pechini method. Briefly citrate
and ethylenediamine tetraacetic acid (EDTA) were employed as parallel complexing
agents. La,03 was calcined at 1000 °C for 5 h to remove the humid water, and then
dissolved in nitric acid. The stoichiometric amounts of Sr(NO3), (99.99%),
Cr(NO3)3 9H,0 (99.99%) and Mn(CH3COO0), 4H,0 (99.99%) were dissolved in EDTA-
NHj3 aqueous solution. After agitation for a certain period of time, a proper amount of

citric acid was introduced, the molar ratio of EDTA : citric acid : total of metal cations
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was controlled around 1:1.5:1. After converted into viscous gel under heating and stirring
conditions, the solution was ignited to flame and result in ash. The resulting ash-like
material was afterwards calcined in air at 1200 °C for 5 h to obtain LSCM powders. The
SDC and PBSC powders were synthesized using the same method.

Rectangular bar specimens (50mm X 5mm X 1.8mm) of SDC-LSCM were

uniaxially pressed at 360MPa and sintered at 1250 °C for 5 h in air. The obtained porous
bar was infiltrated by copper nitrate solution and fired at 600 °C for 30 min with heating
and cooling rate of 10 °C min™ to decompose nitrate. The electrical conductivities of
SDC-LSCM with and without Cu infiltration were studied from 400 °C to 800 °C in
5%H,/95%Ar by a standard DC four-probe technique on a multimeter (Agilent, 34401A).
The LSCM-SDC/SDC bi-layer cells (@=15 mm) were prepared by dry-pressing/co-firing
method. The mixture of CuO + LSCM + SDC + starch, with the ratio of
CuO:LSCM:SDC:starch=1:12:8:6 in weight, was pre-pressed at 200 MPa to form an
anode substrate. Then loose SDC powder was uniformly distributed onto the anode
substrate, co-pressed at 250 MPa and sintered subsequently at 1250 °C for 6 h to densify
the SDC membrane. The cell Cu-SDC/SDC was fabricated by the same method and
sintered at 1100 °C for 2 h. The Cu was then infiltrated into the porous anode substrate.
Briefly, the nitrate solution was prepared by dissolving Cu(NO3s), 2.5H,0 in distilled
water. The solution was dropped onto the substrate surface and infiltrated into the porous
anode. After drying, the samples were fired at 600 °C for 30 min with heating and cooling
rate of 10 °C min™ to decompose nitrate. The final CuO loading was about 20.3 wt% of
total anode substrate after 4 infiltration-heating cycles. The cathode slurry was prepared

by mixing PBSC powders with a 6 wt% ethylcellulose-terpineol binder. The slurry was
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then painted on SDC electrolyte, and sintered at 1000 °C for 3 h in air to form single cells
of Cu-LSCM-SDC/SDC/PBSC. The silver paste was then painted on the anode and
cathode respectively and dried as current collector.

The cells with Cu-SDC-LSCM and Cu-SDC anodes were tested from 550 to 700
°C with humidified hydrogen and methane (~3% H,O) as fuels respectively and the static
air as the oxidant. The flow rate of the fuel was controlled at 40 ml/min by a mass flow
meter (APEX). The voltage-current curves were recorded by Scribner 890ZV at a
scanning rate of 50 mV s™. The EIS were obtained using a Solatron 1260 frequency
response analyzer in combination with a Solartron 1287 potentiostat over the frequency
range from 0.1 Hz to 10° Hz under open-circuit conditions. A scanning electron
microscope (SEM, Zeiss Plus) was used to observe the microstructure of the cells. The

porosity of anode was measured using mercury porosimeter (AutoPore V).

5.2 RESULTS AND DISCUSSION

Figure 5.1 shows the SEM images of the fabricated LSCM-anode supported
single cell. Apparently SDC electrolyte was dense while keeping sufficient porosity of
substrate (35.05%). And the average grain size of SDC electrolyte was about 10 pm, far
bigger than those of NiO-SDC/SDC cells co-sintered at 1400 °C.%**%¥1% |t js anticipated
that the large grain size may reduce the resistance induced by grain boundaries and
improve the conductivity of the electrolyte. The CuO plays an important role in lower
temperature (1250 °C) co-firing while achieving high quality sintering results.**° As a
comparison, the substrate/electrolyte assembly without addition of CuO was also co-

sintered at the same temperature of 1250 °C. The corresponding SEM is shown in Figure
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5.1(b). Obviously, the electrolyte membrane was not dense and a large portion of porosity
exists. The growth of SDC grains was also severely inhibited.

The thick anode substrate of oxide LSCM may lead to inadequate conductivity
particularly at lower operating temperature conditions, therefore metal Cu was introduced
into porous anode substrate by ion-impregnation method to improve the current
collecting effect. Figure 5.1 (c) and (d) show porous anode substrate impregnated with
Cu, where the nano-sized fine copper particles form a highly interconnected network

structure, providing continuous electron-conducting paths.

Vv

Figure 5. 1 SEM images of cell after sintering: (a) the surface of electrolyte; (b) the
cross-section of cell with a 20 pm thick SDC membrane; (c) the cross-section of cell
without CuO sintering additive; (d) the porous anode morphology after ion-impregnation;
(e) the Cu nanoparticles coating on LSCM-SDC surfaces.
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Figure 5.2 shows the polarization and power density curves of the cell with
infiltrated anode at the temperatures of 550-700 °C. The humidified hydrogen (~3% H,0)
and ambient air were used as the fuel and the oxidant respectively. The OCV at 550, 600,
650 and 700 °C was 0.9, 0.88, 0.86 and 0.85 V respectively, indicating that the electrolyte
is sufficient dense. Due to the partial reduction of Ce** to Ce** in SDC when exposed to a
low oxygen partial pressure (1<10™*° atm) and temperature (>600 °C), a slight electronic
current leakage might exist.*** However, the OCVs observed from this experiment are
slightly higher than those reported in literature**® and are in good agreement with

microstructure images in Figure 5.1.
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Figure 5. 2 Cell voltage and power density as a function of current density for the cell
Cu-LSCM-SDC/SDC/PBSC. and (b) Cu-SDC/SDC/PBSC with H, and CHy as fuel,

respectively; (c) The conductivities of LSCM-SDC and Cu infiltrated LSCM-SDC anode
in 5%H,/95%Ar.
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The maximum power density was 596, 365, 196 and 94 mW cm™ at 700, 650, 600
and 550 °C, respectively. With wet CH, as the fuel, the maximum power density reached
381 mW cm™ at 700 °C. In the 300 pm-thick YSZ electrolyte-supported cell with pure
LSCM as the anode,™" the cell exhibited the peak power densities of 470 mW cm in wet
H, and 200 mW cm™ in CHy at 900 °C, respectively. In a recent study, a 300 pm-thick
Lag sSro2Gap ssMgo.1703 (LSGM) electrolyte-supported cell with double perovskite
Sr,MgMoOg anode showed the peak power density of 438 mW cm™ at 800 °C in CH,.'*
The cell performance reported in this study is very encouraging because the cell obtained

high performance in relatively low temperatures.
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Figure 5. 3 (a) Cell voltage and power density as a function of current density for the cell
Cu-SDC/SDC/PBSC with H, and CH, as fuel, respectively; (b) the conductivities of
LSCM-SDC and Cu infiltrated LSCM-SDC anode in 5%H,/95%Ar.

Figure 5.3(a) shows the performance of cell Cu-SDC/SDC without LSCM. At 700
°C, the maximum power density was 123 mW cm™ in H, and 36 mW cm™ in CH, which
was much lower than that of the cell with LSCM. The results indicate Cu has poor
catalytic ability and LSCM with mixed conductivity play an important role in catalysis

after decorated by infiltrating Cu at LSCM surfaces. The conductivities of LSCM-SDC
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with and without Cu infiltration in 5%H,/95%Ar were shown in Figure 3(b). As we can
see, LSCM-SDC exhibited only 1 S/cm at 400 °C and 3.28 S/cm at 800 °C. After
infiltration, conductivity of Cu-LSCM-SDC was improved to 210 S/cm at 400 °C and 79
S/cm at 800 °C.

To evaluate the performance of the thin electrolyte and Cu-impregnated anode in
the whole fuel cell, the impedance spectra of the as-prepared cell were measured under
open-circuit conditions with wet hydrogen and CH, as fuels at different temperatures.
The results are shown in Figure 5.4 and 5.5.

0.2

Figure 5. 4 Impedance spectra measured under open-circuit conditions at different
temperatures with H as fuel.

In these spectra, the low frequency intercept represents total resistance(R;) of
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the cell; the high frequency intercept is total ohmic resistance (R,) contributed mainly by
the electrolyte; the difference between R; and R, corresponds to electrode polarization

resistance (Ry), including the contributions from both the anode and cathode.”
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Figure 5. 5 Impedance spectra measured under open-circuit conditions at different
temperatures with CHjy as fuel.

As shown in Figure 5.4, the electrolyte resistance was only 0.23, 0.16, 0.12 and
0.1 © cm? at 550, 600, 650 and 700 °C, respectively. By contrast, the LSGM electrolyte-
supported cell (~300 pm in thickness) showed the ohmic resistance of 0.78 cm? at 700
°C."2 The cell ohmic resistance didn’t show apparent changes when the fuel was
switched to the methane (Figure 5.5). Obviously the application of thin film electrolyte in
anode-supported cells resulted in a significant reduction of ohmic resistance. With H; as
the fuel, the total polarization resistance R, was 1.67, 0.79, 0.37 and 0.2 Q cm? at 550,

600, 650 and 700 °C, respectively. With CH, as the fuel, the R, value increased to 0.28 Q

cm? at 700 °C. As a comparison, the polarization resistance of anode with pure LSCM
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was 0.26 Q cm? in wet H, and 0.87 ©Q cm? in wet CH,4 at 900 °C, respectively.™! It is
worth mentioning that the anode polarization resistance was measured using a three-
electrode configuration in the latter case. Considering that the polarization resistance
contributed from the cathode was also included in our measurement results, the actual
polarization resistance of the anode will be even lower than those values mentioned
above. These results indicate that the LSCM anode impregnated with Cu may effectively
improve the anode polarization performance even though the thick LSCM substrate was

used.

5.3 SUMMARY

In this study, we first examined the feasibility of ceramic LSCM anode supported
SOFC fabrication. With a slight amount of CuO addition to the substrate, the dense
electrolyte SDC and anode substrate LSCM with sufficient porosity were obtained by co-
sintering LSCM/SDC assembly at low temperature1250 °C. Second, by infiltrating CuO
nano-particle into porous substrate, current collection was improved for the ceramic
anode LSCM. As a result, we can fabricate anode-LSCM-supported SOFCs at low
sintering temperature with high volumetric power density of 596 mW cm™ and 381 mwW
cm at 700 °C with wet hydrogen and methane as the fuel respectively, the highest

performance up to date for the cells with metal oxide anodes at this temperature.
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CHAPTER 6

A PLATINUM NANOWIRE NETWORK AS HIGHLY EFFICIENT CURRENT
COLLECTOR FOR INTERMEDIATE TEMPERATURE SoLID OXIDE FUEL CELLS

To improve the durability and reduce the cost of solid oxide fuel cells (SOFCs),
significant efforts have been put into lowering the operating temperature of SOFCs to
intermediate range of (400—600 °C).812:21.22132.143.144 Lyq\yever, the high ohmic resistance
loss in the electrolyte and high polarization resistance loss in the cathode are two key
obstacles toward the development of high performance intermediate temperature
SOFCs.23%%® The high ohmic resistance can be overcome through the development of
thin film electrolyte built upon the anode-supported SOFC designs.****’ The high
polarization resistance loss in the cathode can be reduced by developing high
performance cathode materials. La; «Sr«MnO3 (LSM) has been widely used as the
cathode material at early stages in the development of SOFCs."®1%% Since the LSM is
an electronic conductor, the composite cathodes formed by mixing the LSM with
electrolyte materials such as yttria-stabilized zirconia (YSZ) then are developed to
improve the ionic conductivity and ORR sites of the cathodes.”* Later on, the MIEC

cathode materials such as Lag gSro4C0o2FeogOs.5 (LSCF)2 14

and Bag 5Srp5C0g sFe0 203.
s (BSCF)*? are developed so that the same material can conduct both electrons and ions
simultaneously. As a result, the ORR sites can be extended to the entire surface of porous

cathode. In recent years, the layered perovskites such as PBCO are investigated as the

promising intermediate temperature cathode materials.”*%!*! The high performance
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cathode may also be achieved with microstructure innovations via infiltration
techniques.'%**°

Although many cathode materials mentioned above have been extensively
studied, the conductivity of these materials is usually on the order of 10> S/cm, which is
low in conducting electrons between the ORR sites and external circuit. To compensate
for the low conductivities of cathode oxides, the current collector is typically employed in
SOFCs.*! Consequently the electrons needed by ORR can be transported from the
external circuit to the reaction sites with minimum ohmic loss. Despite of the significant
importance, the designs of current collectors do not receive too much attention in open
literatures. Usually the platinum ink or platinum paste is simply painted on the cathode
surface. After sintering, the organic substance is burn out while the platinum is attached
to the cathode surface.’®? In order to reduce the polarization resistance, the cathode
should have high conductivity and catalytic activity as well as be porous enough to allow
oxygen readily to diffuse to the ORR sites.™ If too much platinum is painted on the
cathode surface, it might block the surface open pores, increasing the resistance of
oxygen diffusion. Conversely the current collector with less platinum may avoid blocking
the surface open pores of cathode porous structure; it can only connect less ORR sites to
the external circuit. In this situation, the ORR sites, not directly connected to the current
collector, have to conduct electrons through the cathode oxide. Accordingly the ohmic
resistance increases. The ideal current collector should directly connect the ORR sites
while leaving the open pores unblocked as much as it can. Obviously these two
objectives are competing or conflicting with each other. It is difficult for traditional

preparation methods of current collectors to achieve these two goals simultaneously.
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Herein we report the fabrication and evaluation of a nano-scale current collector for
intermediate temperature SOFC cathodes. A spray process is employed to coat the ink of
carbon-black supported platinum nanoparticles on the cathode surface. After firing, the
platinum nanowire-network is formed on the surface of the cathode, which can connect
the ORR sites at the nano-scale to the external circuit while being able to substantially
avoid blocking the open pores of the cathode. The experimental results have successfully
demonstrated that such a platinum current collector is able to significantly reduce the
cathode polarization resistance and improve SOFC performance. The stability of the
current collector is also examined under large current discharge conditions for 400 hours.

The developed method can be readily scaled up for mass productions.

6.1 EXPERIMENTAL

Charaterizations of platinum coated carbon black: The initial combustion temperature,
the weight loss regime and exothermic behavior of the commercial platinum loaded
carbon black powders (Alfa Aesar) were examined using thermo-gravimetric analysis
[differential scanning calorimetry (TGA-DSC, NETZSCH STA) in air between room
temperature and 1030 °C with a heating rate of 10 °C min™. The micro-morphology and
microstructure of the carbon black supported platinum powders, button cells, and current
collectors were observed using transmission electron microscope (TEM, Hitachi H-8000)
and field-emission scanning electron microscope (FESEM, Zeiss ultra plus), respectively.
Preparation and polarization measurement of symmetric cells: The citrate and
ethylenediaminetetraacetic acid (EDTA) combustion method was used to synthesize the

PBCO cathode and SDC electrolyte powders. The details were described in the separate
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paper.'® The SDC pellets formed by the dry-pressing method were sintered at 1400 °C for
5 h to form dense SDC electrolyte with the thickness of 240 um and the diameter of 12
mm. The pellets were then polished with sand paper. The fine PBCO powders were
mixed thoroughly with a 6 wt% ethylcellulose-terpineol binder to form the slurry. The
slurry was painted on both sides of the SDC pellets, which were subsequently sintered at
1000 °C in air for 3 h.The platinum coated carbon black powders were dispersed into the
ethanol solvent, which was then ultrasonically vibrated for 2 h to form the well-dispersed
ink. The platinum coated carbon black ink was sprayed on the cathode surface with an
ejecting gun to form symmetric cells. The ink load was controlled by the spraying time.
The EIS in air at different temperatures were measured using a Solatron 1260 frequency
response analyzer in combination with a Solartron 1287 potentiostat over the frequency
range from 0.01 Hz to 10° Hz.

Fuel cell fabrication and test: The anode-supported anode-electrolyte assembly was
prepared by a simple dry-pressing/co-firing method. The powder mixture of NiO + SDC
+ starch (60%:40%:20% in weight) was first pre-pressed at 200 MPa as an
anodesubstrate. Then the loose SDC powder was uniformly distributed onto the anode
substrate, co-pressed at 250 MPa and sintered subsequently at 1350 °C for 5 h to densify
the SDC membrane (~ 8 um).The cathode slurry was then painted on SDC electrolyte
film and sintered at 950 °C for 3 h in air to form the single cell of NiO-SDC/SDC/PBCO.
The corresponding thicknesses of the resulting anode/electrolyte/cathode assembly are
~760 m/~8 m/~20 pm respectively. The platinum coated carbon black ink was sprayed
on the cathode surface as the current collector. As a comparison, the conventional current

collector was also prepared by painting the Pt paste on the cathode surface and sintered at
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1000°C for 1 hour to burn out the organic solvent. Further the two most widely used
perovskite cathode materials Bag sSrosC0o.2F€0803.5 (BSCF) and Lag gSro4C0p2Feps03-5
(LSCF) were also employed to fabricate the anode-supported cells NiO-SDC/SDC/BSCF
and NiO-SDC/SDC/LSCF. The platinum nanowire current collectors and conventional Pt
paste collectors were also applied for the cells respectively. The button cells were tested
under the temperatures of 500-650 °C. The humid hydrogen (~3% H,0) was used as the
fuel while the static air was used as the oxidant. The flow rate of the fuel was controlled
at 30 ml min™ using a precision flow meter (APEX). The current-voltage curves were
recorded by Scribner 890ZV at the scanning rate of 30 mV s™ and the EIS were measured

in open-circuit condition over the frequency range of 0.01 Hz to 10° Hz.

6.2 RESULTS AND DISCUSSION

The transmission electron microscopy (TEM) image of Fig. 6.1a shows that the
platinum nanoparticles are uniformly coated on the surface of the carbon black. The
thermo gravimetric analysis (TGA) shows a significant weight loss of the platinum
coated carbon black powders between 330 °C and 550 °C (Fig. 6.2), indicating that the
carbon black was oxidized and became into carbon dioxide gas. The differential scanning
calorimetry (DSC) indicates significant heat release because of carbon black oxidation. It
is reasonable to believe that the platinum coated carbon black sprayed on the cathode
should have the similar behavior during the heating up process in the furnace. The release
of heat from the test furnace together with local exothermicity from the carbon black
oxidation promoted the platinum nano-particles to agglomerate and connect with one

another, forming the tree-branch-like nano-wire network as observed from field-emission
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scanning electron microscopy (FESEM) in Fig. 1b. The diameter of the nano-wires
ranges from about 100 nm to 400 nm (Fig. 1c and 1d). Obviously such a nanowire
network current collector is able to directly connect the ORR sites to the external circuit

using its network branches.

Figure 6. 1(a) TEM image of carbon black supported platinum nanoparticles; (b) the
FESEM image of cathode surface view with novel platinum nanowire network structured
current collector; (c) Magnification of cathode surface with platinum nanowire network;
(d) single platinum nanowire.

The magnified FESEM image (Fig. 6.3a) shows that the platinum nano-network is
composed of many small trees connected with one another through their branches.
Meanwhile, the nano-network can effectively avoid blocking the surface open pores of
the cathode. This can be seen from Fig. 6.3b, where the large open pores on cathode

surface were still present uniformly.
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Figure 6. 2 The TGA and DSC curves of platinum coated carbon black powders from
room temperature to 1030 °C with heating rate of 10 °C min™.

Figure 6. 3 Morphology of current collector surface: (a) Tree-branch like platinum
nanowire network covered on the cathode surface; (b) The open pores uniformly
distributed on the cathode surface with the platinum nanowire network current collector;
(c) The cathode surface with platinumnano-wire network reaching the internal surface of
open pores; (d) The cathode surface view of conventional platinum current collector
fabricated by painting the Pt paste (the magnified FESEM is inserted).
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The platinum nano-network even reached the internal surface of the open pores
(Fig. 6.3c). Therefore current collector with nano-wire network can achieve facile oxygen
diffusion. By contrast, the current collector fabricated by painting the Pt paste shows a
relatively thick layer covered on the cathode surface (Fig. 6.3d), which could block the
surface open pores of the cathode particularly the small open pores, significantly
increasing the resistance of oxygen diffusion.

The performance of the platinum nanowire network as current collectors was
evaluated by measuring the EIS of the symmetric cells of PBCO/SDC electrolyte/PBCO,
where the either side of the symmetrical cell was covered with the nanowire current
collector. The Pt nanowire loading was controlled by the spraying/ejecting time length of
the platinum nanoparticle coated carbon black ink. Here the spraying time of 20 seconds
was used as an example.

Fig. 6.4 shows EIS curves of the symmetrical cell measured in ambient air at 650
°C. The high-frequency intercept with the real-axis is primarily due to the electrolyte
ohmic resistance (R,) while the difference between the low frequency and high frequency
intercept represents the overall electrode polarization resistance (Rp). From Fig. 6.4a, we
can see that the R, was only 0.1 Q cm®with the nanowire network current collector. With
the conventional Pt paste as the current collector, the R, reached about 0.15 Q cm?.
Therefore, it is reasonable to believe that the nanowire network current collector plays an
important role in reducing the electrode polarization resistance. Accordingly the loading
of platinum nanowire on the electrodes of the symmetric cells was varied by
systematically changing the spraying time length of platinum coated carbon black ink.

The corresponding polarization resistance (R,) was measured using EIS technique
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in ambient air at 650 °C. As shown in Fig. 6.4b, with the spraying time length of 5

seconds, the R, was as high as 0.37 Q cm?.
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Figure 6. 4 (a) The Nyquist plots of symmetric cells with composition of
PBCO/SDC/PBCO with different types of current collectors at 650 °C; (b) R, vs. ejection
time (sprayed platinum nanoparticle mass) at 650 °C.

Increasing the spraying time length to 10 seconds, the R, was significantly
reduced to 0.18 Q cm® When the spraying time was increased to 15 seconds and 20
seconds, the R, was reduced to 0.14 Q cm? and 0.1 Q cm? respectively. Further
increasing the spraying time to 25 seconds and 30 seconds, however, the R, was in turn
increased to 0.22 Q cm? and 0.32 Q cm? respectively. The optimal spraying time is about
20 seconds.

The SOFCs require that the porous electrodes have not only high charge

conductivity for electrons and ions but also low resistance for gas diffusion. Due to the
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confined space in the electrodes, these two factors are usually competing or
conflicting.’** For example, to obtain facial gas diffusion, the larger porosity is desired
for the electrodes, which can in turn reduce the effective conductivity of the electrode.
Conversely, relatively smaller porosity is beneficial for improving the effective
conductivity of the electrode; it will inevitably increase the resistance for gas diffusion.
The ideal electrodes should have sufficient material backbone for charge transport while

having enough open pores for facial gas diffusion.

Figure 6. 5 The spraying time length and the resulting density distribution of platinum
nanowire network on the cathode surface. (a) 5s; (b) 15s; (c) 20 s; (d) 30 s.

With relatively short spraying time of 5 seconds, the formed nanowire network
can only partially cover the electrode surface (Fig. 6.5a). Since some of the ORR sites
could not directly connect to the external circuit through the nanowire network in this
case, the polarization resistance was relatively high (0.37 Q cm?). With the spraying time
of 15 seconds, the electrode surface covered by the nanowire network was obviously

increased (Fig. 6.5b). Accordingly the polarization resistance was reduced (0.14 Q cm?).
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Further increasing the spraying time to 20 seconds, the covered electrode surface was
further improved (Fig. 6.5¢), making the polarization resistance further decrease (0.1 Q
cm?). With the longer spraying time of 30 seconds, the covered electrode surface with
nanowire network was further improved (Fig. 6.5d), however, too many nanowires could
block the small open pores, resulting in the increase of the gas diffusion resistance and

the overall polarization resistance (0.32 cm?).
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Figure 6. 6(a) Performance of the anode-supported fuel cell NiO-SDC/SDC/PBCO with
platinumnanowire network as the current collector; (b) The comparisons of peak power
densities of anode-supported fuel cells with different cathode materials, e.g., LSCF,

BSCF, PBCO, and with different current collectors: platinum nanowire network current
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collector (solid line), conventional Pt paste current collector (dashed line).
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Figure 6. 7 Impedance spectra measured under open-circuit conditions with different
current collectors: (a) platinum nanowire network; (b) conventional Pt paste.

The electrochemical performance of the anode-supported cell NiO-

SDC/SDC/PBCO was evaluated, in which the cathode current collector was fabricated by
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spraying the platinum nanoparticle coated carbon black ink for 20 seconds. The ambient
air was used as the oxidant while the humidified H; (~ 3% H,0) was supplied to the
anode chamber as the fuel. As shown in Fig. 6.6a, the peak power density of the cell
reached 1535 mW cm™at 650 °C, 1060 mW cm™ at 600 °C, 601 mW cm™ at 550 °C and
305 mW cm™ at 500 °C, respectively. For the same cell with the conventional platinum
paste current collector, the power density only reached 1114 mW cm?at 650 °C, 735 mW
cm™at 600 °C and 435 mW cm™at 550 °C, respectively (Fig. 6.6b).

This simple comparison showed that, with the nanowire network current collector,
the power density of the cell was improved by 37.8% at 650 °C, 44.2% at 600 °C and
38.2 % at 550 °C respectively. The corresponding EIS of the cell with the nanowire
current collector under open circuit conditions are shown in Fig. 6.7a. The total
polarization resistance, including both the cathode and anode polarizations, was 0.43,
0.19, 0.09 and 0.05 Q cm? at 500, 550, 600 and 650 °C, respectively. For the same cell
with conventional Pt paste current collector, the total polarization resistance was 0.285 Q
cm? at 550 °C, 0.15 Q cm?at 600 °C and 0.07 © cm? at 650 °C respectively (Fig. 6.7b).
Since the cathode current collector is the only difference between these two cells, it is
reasonable to believe that the platinum nanowire network current collector significantly
reduced the cathode polarization resistance.

To demonstrate the generality and effectiveness of the nanowire network current
collectors, the PBCO cathode was replaced by the widely used cathode materials of
LSCF® and BSCF? respectively. As shown in Fig. 6.6b, with the conventional platinum
paste as the cathode current collector, the power density of the anode supported cell Ni-

SDC/SDC/LSCF reached 980 mW cm at 650 °C, 624 mW cmat 600 °C and 330 mW
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cm?at 550 °C respectively. With the platinum nanowire current collector, the power
density reached 1292 mW cm™at 650 °C, 849 mW cm™at600 °C and 479 mW cm™at
550 °C, respectively. Accordingly the cell performance showed the improvement of
31.8% at 650 °C, 36.1% at 600 °C and 45.2% at 550 °C respectively. For the BSCF
cathode, the cell Ni-SDC/SDC/BSCF also showed significant improvement of
electrochemical performance. Specifically with conventional Pt paste current collector,
the power density reached 1197 mW cmat 650 °C, 850 mW cm™at 600 °C and 465 mW
cm™at 550 °C, respectively. With platinum nanowire network current collector, the
power density reached 1690 mW cmat 650 °C, 1131mW cm™at 600 °C and 742 mW
cm™at 550 °C respectively, an improvement of 41.2% at 650 °C, 33.1% at 600 °C and

59.6% at 550 °C, respectively.
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Figure 6. 8 The long-term stability of the button cell Ni-SDC/SDC/PBCO with different
loadings of platinum nanowire network as the cathode current collectors at 600 °C for
400 h.

To examine the stability of the micro-morphology of nanowire current collector

and the durability of the associated cell, the long-term electrochemical test was
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performed for 400 hours. We considered three anode supported cells Ni-
SDC/SDC/PBCO with different loadings of platinum current collectors. The loading time
of platinum ink was controlled at 15 s, 20 s and 25 s, respectively. The history of
corresponding peak power density was shown in Fig. 6.8. The performance degradation
exhibited only 1.5%, 1.2% and 1.9% respectively. The degradation could be attributed to
every single component and interface in the cell, which is beyond the scope of this paper.
However, the FESEM images of the current collectors after the long term test (100 h and
400 h) did not show too much difference from those before the long term test (Fig. 6.9
and Fig. 6.1Db), indicating that the platinum nanowire network current collector is feasible

to improve the cell performance while achieving certain durability for intermediate

temperature SOFCs.

Figure 6. 9 The surface morphology of platinum nanowire network current collector in
post-test cells: (a) 100 h; (b) 400 h.

6.3 SUMMARY
In conclusion, a platinum nanowire network was successfully developed as an
ultrathin electrochemically efficient current collector for intermediate temperature

SOFCs. The unique platinum network on cathode surface can connect the ORR sites at
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the nano-scale to the external circuit while being able to substantially avoid blocking the
open pores of the cathode. The superior electrochemical performance was exhibited,
including the highly reduced electrode polarization resistance of 0.1 Q cm?, improved
power density of 1535 mW cmat 650 °C in hydrogen and good thermal-cycle stability.
Furthermore, this novel nano-scale platinum current collector can be extensively applied
to other cathode materials and cell structures while showing the capability of being scaled

up for mass productions due to the easily operated spraying process.
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