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Abstract

With the exponential growth in energy consumption and with finite fossil fuel resources, environmentally-
friendly and sustainable energy conversion and storage (ECS) devices have received great attention from the
industrial and academic communities. Ceramic electrochemical cells such as solid oxide fuel cells(SOFCs) and
solid oxide electrolysis cells (SOECs), are considered as promising ECS applications because of their high-
energy conversion efficiency and low pollutant emission. Solid oxide fuel cells are high-efficiency energy
generation devices that convert chemical energy directly into electricity. As a reverse reaction of the fuel cell
reaction, the SOEC is a device capable of producing hydrogen without any pollutants by water electrolysis.

Despite these advantages, there are many problems due to the high activation energy of oxygen ion transfer,
which requires a very high operating temperature. (e.g., degradation of performance, costly insulation, harsh
thermos-cycle environment, slow start-up)

In recent years, protonic ceramic fuel cells (PCFC) using a proton conducting oxide (PCO) as an electrolyte,
have been attracting attention to solve the drawbacks of high-temperature operation because the PCOs have
shown high ionic conductivity and low activation energy of the H' transport compared with the O transport. To
operate the PCFC efficiently, the PCFC cathode materials should have the property of electrochemical activity
not only for O* and e~ but also for H" (so-called triple conducting oxide, TCO). However, due to the difficulties
of its characterization, the proton properties of the TCOs are not fully understood yet. In this regard, the
characterization of protonics in the TCO is important to understanding applications based on proton conducting
oxides.

This paper mainly focuses on the understanding and development of perovskite catalysts for ceramic
electrochemical cells. In particular, to solve the problems mentioned above, I have comprehensively investigated
the thermodynamic and kinetic properties of the oxygen ion, electron, and proton in the perovskite materials.

I started with basic principles and theory of overall PCFCs and solid oxide ceramic cell in chapter 1, and then
my research papers studying solid oxide fuel cell cathode material and protonic ceramic fuel cell for intermediate
to low temperature ceramic fuel cells are presented as follows,

1. Effect of Fe Doping on Layered GdBay.sSro5C0,0s+5 Perovskite Cathodes for Intermediate Temperature
Solid Oxide Fuel Cells

2. Chemically Stable Perovskites as Cathode Materials for Solid Oxide Fuel Cells: La-Doped
Bay s8r9sCo00.sFe0.203.5

3. Triple-Conducting Layered Perovskites as Cathode Materials for Proton-Conducting Solid Oxide Fuel
Cells

4. Hybrid-solid oxide electrolysis cell: A new strategy for efficient hydrogen production

5. The First Observation of Proton Trace in Triple Conducting Oxides: Thermodynamics and Kinetics of

Proton
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Chapter 1. Introduction

1.1 Motivation and Research Objective

Among the various type of fuel cells, ceramic fuel cells have been extensively studied as an eco-friendly
alternative energy device in the aspect of high energy conversion efficiency and continuous production of the
electricity without pollutant emissions. The high operating temperature (> 800 °C) of conventional O*
conducting ceramic fuel cells (solid oxide fuel cells, SOFCs), however, cause serious issues such as chemical
inter-diffusion and high thermal stress. In this regard, protonic ceramic fuel cells (PCFCs) (Figure 1) using proton
conducting oxides (PCOs) have received gmreat attention as promising candidates for the intermediate to low
temperature operation (400 ~ 800 °C) because of its relatively high ionic conductivity and low activation energy

for the H* transport compared with the O* transport in the conventional O* conducting oxides (YSZ, GDC,

LSGM, and etc.)!

Figure 1 Schematic illustration of working principle for protonic ceramic fuel cell

4

Anode

Y

After the first report of high-temperature proton conductivity in oxide material by Iwahara and co-workers in
1980s, many researchers have been investigated to utilizing the proton motion in solid oxides (so-called,

“protonics” combining the proton and electronics) for the efficient PCFC operation. In the early stage of



protonics research, the PCO electrolytes based on barium-zirconates and —cerates have been widely used as
electrolyte materials. Among those PCO electrolytes, aliovalent-doped BaCe..ZriOs.5 (0<x<I) demonstrates
high proton conductivity with overcoming their major issues such as poor sinterability and low proton
conductivity under practical operating conditions.? Recently, a barium zirconate-cerate co-doped with Y and Yb,
BaZro1Ceo7Y0.1Ybo1055 (BZCYYD), is reported with high ionic conductivity (~0.01 S cm™) and excellent
tolerance to sulfur poisoning and coking.> However, the wide application of PCFCs is limited because of the
cathodic polarization.*

Generally, mixed ionic (O*) and electronic conductors (MIECs) have been used as the cathode material for
the conventional SOFC system because of their excellent electron conductivity and catalytic activities for the
oxygen reduction reaction (ORR). However, when MIECs are used as PCFC cathodes, the electrochemically
active site is limited into the interface between cathode and electrolyte, because the protons should diffuse from
the PCO electrolyte to the cathode material in order to generate the electricity. Therefore, triple conducting oxides
(TCOs) allowing the simultaneous transport of H*, O* and e are required to effectively extend the
electrochemically active sites to the entire surface of the cathode.

To increase the electrochemical performance of the TCOs, extensive efforts have been devoted with two
primarily different approaches. The first approach is doping various altervalent elements into pure proton
conducting oxides (i.e. BZO or BCO) to enhance their electrochemical activity for O* and e". For example, many
trivalent ions are doped into the B-site of PCO to increase oxygen-ion kinetics, and O’Hayre group recently
reported that transition-metal cations (Co and Fe) doped BaZr,Y1.«Os.5 presents great catalytic properties as the
PCFC cathode by activating electronic conduction while maintaining protonic property of barium zirconates.’
Another approach for the development of TCO is finding MIEC (O*/e’) materials having high protophillic
properties. Since this approach has advantages that it is already well-studied on the electro-catalytic mechanism
of O* and e in MIECs, many researchers have investigated to find protophillic MIECs for high performance
PCFCs. Recently, our group reported that a layered perovskite material, NdBao sStosCo1.5Feo sOs+5 (NBSCF),
shows excellent electrochemical performance with low polarization resistance of 0.081 Q cm? at 700 °C under
practical PCFC operating condition. Even though these efforts, the systematic development of TCOs is very
difficult because of characterization challenges of protonics in the TCOs, as below reasons.

In order to identify the protonic behavior of PCOs (i.e., H'-conducting electrolyte materials), the
electromotive force (EMF) method is used through the measurement of open-circuit voltage (OCV) for
concentration cells. For the TCOs, However, it is difficult to measure the protonic properties by the EMF method
because of their large electron conductivity. In addition, it is very complicated to analyze the thermodynamics
and kinetics properties of TCOs, because not only H', but also O* and e are simultaneously affect the cathodic
performance of PCFCs. To overcome these complexities of the characterization for protonics in TCOs, it could
be an effective candidate to study the proton properties of MIEC materials. The MIECs have been already well-
optimized and -studied on their electrochemical reaction mechanism of O* and € in the ceramic fuel cell system
in many literatures, therefore, the protonic properties of TCOs can be understood more clearly.

Therefore, my research mainly focuses on the understanding and development of perovskite catalysts for
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ceramic electrochemical cells. In particular, to solve the problems mentioned above, I have comprehensively
investigated the thermodynamic and kinetic properties of the oxygen ion, electron, and proton in the perovskite
materials.

Chapter 1 provides basic operating principle and general theoretical fundamentals for understanding how
ceramic electrochemical cells work with state art of the technologies.

In chapter 2, GdBay.sSro5Co,..Fe Os:q layered perovskite oxides have been studied as a promising cathode
material for IT-SOFCs.

In chapter 3, it is reported that the remarkable enhancement of the phase stability and electrochemical
performance of La*" doped BSCF by a strategic approach.

In chapter 4, an excellent anode-supported H'-SOFC material system using a triple conducting (H"/O*/¢")
oxide (TCO) as a cathode material for H*-SOFCs are reported

In chapter 5, a new finding in exploring a SOEC based on a mixed-ion conductor that can transport both
oxygen ion and proton at the same time, which is denoted as “Hybrid-SOEC” is demonstrated

In chapter 6, the observation of proton trace in triple conducting oxides are reported.

1.2. General Introduction

1.2.1 The basis of fuel cell and electrolyzer

1) Ceramic fuel cell 2) Ceramic electrolysis_cell
Highly efficient energy generation device Highly efficient H, production device
by using O, and H; to produce electricity by using water and electricity to produce
with water hydrogen with oxygen
. P e
&“ oo.’ i b“ @ -—
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Fuel side: H, + 0% — H,0 + 2e- Fuel side: H,O + 2e- — H, + O%
Oxygen side %20, + 2e- = 0% Oxygen side 0% — Y0, + 2e-

Figure 2 Schematic illustration of working principle for ceramic fuel cell and ceramic electrolysis cell

With exponential growth in energy consumption and with finite fossil fuel resources, the necessity for high

efficiency energy conversion devices is increasing. Fuel cells are energy production devices that convert directly



from chemical energy to electrical energy. Among those fuel cells, ceramic fuel cells (CFCs) have attracted
attention because of their high energy conversion efficiencies, low pollutant emissions, efficient reclamation of
waste heat, and excellent fuel flexibility. (Figure 2)

Meanwhile, water-electrolysis cells are electrochemical hydrogen production devices having a reverse
reaction of a fuel cell reaction. In a water-electrolysis cell, hydrogen is produced from the hydrogen electrode
through electrolysis from water, and oxygen is produced from the air electrode. Solid oxide electrolysis cells
(SOECs) are considered as a promising water-electrolysis system because high-temperature water electrolysis
based on ceramic electrolytic cells (CECs) is much more efficient because of their advantages for the water

splitting both thermodynamically and kinetically.

1.2.2. Operating principle of ceramic fuel cells

Ceramic fuel cells can be classified into two types depending on the type of oxide electrolyte: (1) solid oxdie
fuel cell having oxygen ion conducting electrolyte materials, (2) Protonic ceramic fuel cell having proton
conducting electrolyte materials. Proton-conducting oxides are ideally suited for the electrolytes because of the
low activation energy and high ionic conductivity at intermediate temperatures. In addition, protonic ceramic
fuel cells (PCFCs) can avoid water formation, and thus dilution of the fuel, on the anode side during operation
because water will form on the cathode side of the cell, which can lead to higher fuel utilization and greater
Nernst potential of SOFCs. In the H-SOFC system, mobile protons can be incorporated at the anode by forming
a covalent bond between the lattice oxygen and proton which originates from the dissociated water. This mobile
proton transfer through the dense electrolyte to the cathode. The overall half reactions at the anode and cathode

could be expressed as Equation. (1) and (2), respectively:

2H,+40% — 40Hb +4e (1)

40HD + 02+ 4e = 2H20 +40% )

Oxygen anions produced at the cathode travel to the anode through the oxygen-ion conducting electrolyte. If
hydrogen is used as a fuel with oxygen as an oxidant, water and two electrons are the products at anode

permanently as long as fuel and oxygen continue to be supplied.®

1.2.3. Operating principle of ceramic electrolyzer

Oxygen-SOEC is one of the most promising candidate for the high temperature water electrolysis. In this

system, the hydrogen is produced from the water-electrolysis reaction at the hydrogen electrode side. As an
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electrolyte material, yttria-stablized zirconia (YSZ) is conventionally used because the YSZ exhibits sufficient
pure oxygen ion conductivity at high temperatures (> 800 °C). Despite the benefits of high temperature operation,
however, wide application of the oxygen-SOEC has been inhibited because of critical issues (e.g., poor long-
term cell stability, interlayer diffusion, fabrication and materials problems).

For these reasons, proton-SOECs using proton conducting oxides (PCOs) as electrolyte materials have
acquired much interests because of their intermediate to low temperature operation. In the proton-SOEC system,
the proton is generated by water electrolysis at the air electrode and this proton permeates through the pure
proton-conducting electrolyte, and the permeated proton reacts with electrons to produce hydrogen at the
hydrogen electrode. Recently, extensive efforts have been devoted to developing the PCOs based on barium-
zirconates (BZOs) and barium—cerates (BCOs) to improve their chemical stability and proton conductivity.
Among those PCOs, aliovalent-doped BaCe;.xZrcO;3.5 (0<x<1) have demonstrated high proton conductivity and

successfully eliminated major issues such as poor sinterability and low proton conductivity. ’

1.3. Theoretical Background of ceramic fuel cells

1.3.1. Performance of ceramic electrochemical cells 8

The performance of the fuel cell device can be summarized by the current-voltage characteristic graph. The
current-voltage (i-V) curve, shows the voltage output of the fuel cell for a given current output. An ideal fuel
cell would supply any amount of current (as long as it is supplied with sufficient fuel), while maintaining a
constant voltage determined by thermodynamics. However, the actual voltage output of a fuel cell under real
system is less than the ideal thermodynamically expected voltage. Additionally, the more current that is drawn
from a real fuel cell, the lower the voltage output of the cell, limiting the total power that can be delivered. The

power (P) delivered by a fuel cell is given by the product of current and voltage. ®
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Figure 3 Graphical representation of all the losses under practical fuel cell operating condition

A typical current-voltage (i-V) curve obtained in SOFC is indicated as shown in Figure 3. The important
factor to sign in this graph of cell voltage against current density are (1) the lower open circuit voltage compared
to the theoretical value, (2) the rapid initial drop in voltage, (3) the slow, linear voltage drop in the intermediate
current region, and (4) the fast voltage drop at higher current density. There are different kinds of polarization

losses in fuel cell systems and are comprised of three contributions caused by the following factors;

® Kinetics of the electrochemical reaction (activation polarization)
® Internal electrical and ionic resistances (ohmic polarization)

® [imitations in mass transport (concentration polarization)

The activation polarization is basically associated to the rate determining step, charge transfer or the surface
exchange reactions in the electrode. For the electrode reaction to be occurred, the activation polarization can be
understood as the overvoltage consumed to provide the activation energy for the redox reactions in the electrode.

The relationship between current density i and activation polarization can be expressed by the Butler-Volmer

equation,



= o (=2p) oy (252

where 10, o, 1 are the exchange current density, charge transfer coefficient, the overpotential, respectively

When the irreversibility is small, above can be written as the Tafel equation:

Nace = @ * blogi

where a and b are constants and b is called the Tafel slope, indicating the catalytic activity. The ohmic polarization
(i.e., iR drop) is associated to the contact resistance between the components of cell. It also contains ionic
electronic resistances in the electrodes, resistance in the electrolyte, interfacial resistance between the electrodes
and electrolyte, and wire resistance in the external circuit. Concentration polarization depends on the
concentration of reactants on the surface of the electrode as fuel and oxidant are used. If the reactants can not be
provided quickly enough to maintain the rate of electrode reaction, depletion of the reactants will result in

concentration polarization. The concentration polarization can be expressed as

Meon = %ln (1 — :_4)

where i is the limiting current when the electrode reaction is completely governed by mass transfer. The total

polarization of the fuel cell system is the sum of three principal polarizations as, 8

}?Tﬂm{ = "-?Act + ??Ghm + }?E‘an

1.3.2. Thermodynamics of fuel cell

SOFC is an electrochemical device that directly converts Gibbs free enthalpy of combustion reaction by
consuming fuel and oxidant gas to electricity. The 1* and the 2™ law of thermodynamics allow the description
of a reversible fuel cell, meanwhile the 2™ low governs the transport processes reversibility. The 1 law of the

thermodynamics gives,

qg+w=AH

The molar reaction enthalpy AH of the oxidation consists of work and heat energy. The second law of

thermodynamics applied on reversible processes yields

FAS=0q =Gy =TAS

where the reversible heat exchange with the environment equalizes the created reaction entropy,



Grev T Wrep = AH

Reaction entropy is the result of various opportunities for heat energy to be stored between the absolute zero

level of temperature and the reactor temperature level.
Wyey = AH — T AS

Using the ambient temperature as a reference for the calculation of the Gibbs free enthalpy, AG, the reversible

work of the reaction is equal to the Gibbs free enthalpy of the reaction

Wyey = AG = AH — T AS

Based on the first and second laws of thermodynamics, the transfer of energy from one form to another can
be confirmed by using the thermodynamic potential. From the first and the second laws of thermodynamics, an
equation for internal energy (U) that is based on the variation of two independent variables of entropy S and

volume V is derived where p is the pressure and T is temperature:
dU=TdS—-pdV

Note that T dS represents the reversible heat transfer and p dV is the mechanical work. The following
equations show how the dependent variables (T and p) are related to variations in the independent variables (S

and V):

(&), =

A conversion of U using a Legendre transform begins with defining the new thermodynamic potential G (T,

p) as follows:

G=U-T5+pV
The variation of G results in

diG = dU = TdS = 5dT + pdV + Vdp

SincedU=T dS—pdV,

dif = —5dT + Vdp

The new thermodynamic potential H can be defined as



H=U-(3),

we obtain
H=U+pV

where H stands for enthalpy. Through differentiation, it is revealed that H is a function of

S and p:
dH = dU + pdV + Vdp

dH =TdS5 + Vdp

Considering the overall reaction of SOFCs,

Hot 1/2 0, > H,0
AG = AGy,o — AGy, — 5 AGo,

If all the Gibbs free energy is consumed to electrical work, then

AG = —nFE

where n and F represent number of electrons included in the chemical reaction and the Faraday constant,
respectively.
Here, the Gibbs free energy is dependent on the temperature by the relation

AG =AH - TAS

Substitution of the standard condition values (T = 273.15 K, p = 1 atm) into (1.4.19) gives the standard

electrode potential Eo

E° = (237900 ] mol~1)/(2 = 96485 € mol~1) = 1.23 V

Beyond the standard condition, the theoretical reversible potential (Ex) can be derived from the Nernst

equation as

RT PH=D

Epn=E® = (£)In| g
2F 1

P|[2PG2

where R, T, p are the gas constant, absolute temperature, and partial pressure of each gas, respectively.



1.4. Materials for ceramic electrochemical cells

1.4.1. Cathode materials for SOFCs

SOFC cathodes must have high electrochemical activity on the surface for an efficient oxygen reduction
reaction (ORR) and high diffusivity for the transfer of oxygen anions through the cathode bulk. Lanthanum
strontium manganite (LSM) is widely used in the available SOFCs owing to its excellent compatibility with YSZ
electrolyte and other cell components and its moderate electric (e”) conductivity. Mechanically, it has a coefficient
of thermal expansion (CTE) similar to that of YSZ and thus can reduce fatigue from thermal stress due to CTE
mismatches. LSM can’t transport ions well; therefore, the electrochemical reaction can only occur at the triple-
phase boundary (TPB). New cathode material should have more reaction zone including TPB, to transmitting
both electrons and oxygen ions. Mixed ionic electronic conducting (MIEC) ceramics, such as LnBaCo0,0s.4 and
La,Sri..Co,Fei., 03¢ (Ln = La, Pr, Nd, Sm, and Gd), are possible candidates. In addition, to make SOFC
technology affordable, the reduced temperature operation at 600-800 °C can be a choice for the commercially
viable long-term operation without severe degradation including lower price with less costly materials. However,
sharp increases in the polarization resistance in the cathode part are observed at lower operating temperatures,
leading to rapid decreases in SOFC performance levels. Conventional cathode materials having poor reactivity
in the reduced temperature are a major challenge. In this regard, the cathodic polarization loss of a well-known
cathode material LSM is undesirable for the IT-SOFCs. °

To overcome electro-catalytic issues, mixed ionic and electronic conductors (MIECs) have been adopted as
cathode materials with consideration of their excellent catalytic activities for the oxygen reduction reaction
(ORR). Among these MIEC materials, BaosStosCoo.sFeo20s.5 (BSCF) has received tremendous attention for its
fast oxygen-ion transport properties.

Nevertheless, wide application of BSCF has been inhibited by its structural instabilities at intermediate
temperature. For example, Shao et al. showed that exponential decay in the measured oxygen permeation flux
of BSCF occurs at temperature below 1098 K. Several groups have revealed that this degradation of BSCF
results from a phase transition from a cubic structure into a two-phase mixture of hexagonal and cubic

perovskites.'”
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1.4.2. Cathode materials for PCFCs

a

&M, H0
@ Oxygen
® Proton

@ Electron

Q Electrochemically active site

Figure 4 Schematic illustration of the water formation reaction at the H*-SOFC cathode using (a) mixed

ionic and electronic conductors (O%/e”) and (b) a triple conducting oxides (H*/O*/e")

Generally, mixed ionic (O*) and electronic conductors (MIECs) are chosen as cathode material of O*
conducting SOFC system due to their excellent catalytic activities for the oxygen reduction reaction (ORR) by
extending the electrochemically active site to the entire surface of cathode. On the contrary, for the reaction of
proton and oxygen ion in the H-SOFC system, oxygen ion should diffuse from the surface of MIECs to the
interface between the proton conducting electrolyte and MIEC cathodes. Consequently, the MIEC cathodes limit
the electrochemically active site to the interface between proton conducting electrolyte and cathode. Therefore,
new approaches should be considered in tailoring of cathode materials for PCFCs. One of the basic requirements
for high-performing PCFC cathode material is the high conductivity of the electron, oxide ion, and proton with
the high chemical stability. In this regard, the triple conducting (H"/O*/¢") oxides (TCOs) effectively extend the
electrochemically active site to the entire surface of cathode. (Figure 4)

To increase the electrochemical performance of the TCOs, extensive efforts have been devoted with two
primarily different approaches. The first approach is doping various altervalent elements into pure proton
conducting oxides (i.e. BZO or BCO) to enhance their electrochemical activity for O* and e". For example, many
trivalent ions are doped into the B-site of PCO to increase oxygen-ion kinetics, and O’Hayre group recently
reported that transition-metal cations (Co and Fe) doped BaZr,Y 1.«Os.5 presents great catalytic properties as the
PCFC cathode by activating electronic conduction while maintaining protonic property of barium zirconates.’
Another approach for the development of TCO is finding MIEC (O*/e’) materials having high protophillic
properties. Since this approach has advantages that it is already well-studied on the electro-catalytic mechanism
of O* and e in MIECs, many researchers have investigated to find protophillic MIECs for high performance
PCFCs. Recently, our group reported that a layered perovskite material, NdBag sSrosCo1.sFeosOs:5 (NBSCF),

shows excellent electrochemical performance with low polarization resistance of 0.081 Q cm? at 700 °C under
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practical PCFC operating condition.

1.4.3. Development of proton conducting oxide for electrolyte material

Solid Solution

IV Fast proton conductivity
Poor chemical stability
(H,0, CO, atmosphere)

v Excellent chemical stability
Poor Sinterability
Poor H* conductivity

+ Y doping
BaCe ;Zr;1Y(,05.5
(BZCY)

M High H* conductivity & Sinterability
M Chemical Stability (H,O, CO, atmosphere)
Poor tolerance to S poisoning and C coking

l + Yb doping
4 Excellent H* conductivity
BaZrM(CBe;EwJ)bMO;_ﬁ M Chemical Stability (H,0, CO, atmosphere)

M Great tolerance to S poisoning and C coking

Figure 5 Development of proton conducting electrolyte material

Among proton conducting oxides for the electrolyte, the doped barium cerate and barium zirconate based
materials are considered as two of the most promising candidates for H*-SOFC applications because of their fast
proton transports. (Figure 5) Barium cerate based materials have high conductivity but with limited stability,
especially in steam or CO, containing atmospheres. On the other hand, barium zirconate-based materials
exhibited excellent chemical stability in steam or or CO» containing atmospheres, but their conductivity is one
order of magnitude lower thanthat of the barium cerate systems. A good combination between them,
Ba(Zro.1Ce0.7Y02)03.5s (BZCY) showed a great potential to possess the high conductivity while maintaining
excellent chemical stability. Recently, Liu group reported a barium zirconate-cerate co-doped with Yb and Y,
BaZry1Ceo7Y0.1Yb:O3.5 (BZCYYD), that displays excellent tolerance to sulfur poisoning and coking. This
material is a very unique mixed ion conductor; it contains and allows rapid transport of both protonic defects
and oxide ion vacancies, resulting in a high ionic conductivity (~0.01 S cm™ at humidified O, atmosphere).
However, the study based on BZCYYDb electrolyte in application of SOFC are still at early stages and the

performance of the full cell is limited by electrode materials, especially the cathode.®
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1.4.4. Various type of structures for cathode materials

Simple Perovskite Structure

Figure 6 Unit cell structure of perovskite

Perovskite, calcium titanium oxide mineral (CaTiOs), was named after the Russian mineralogist Lev Perovski,
which is very stable and orthorhombic at high temperatures. Combination of the large oxide ion with a smaller
radius metal ion gives a cubic close-packed crystal structure of oxygen ions along with interstitial metal ions.
For the chemical formula ABX3, the crystal structure is the perovskite obtained by the partial replacement of the
oxygen with cation. For example, SrTiOs has a three-dimensional net of corner sharing [TiOs] octahedra with
Sr?* ions in twelve-fold cavities between the polyhedral (Figure 6). In the cubic ABX3 perovskite structure (a =
3.905 A, space group Pm-3m, Z = 1), the A atoms are in the (V4,"3,":) position, the B atoms in the (0,0,0) position,
and the X atoms in three positions (}2,0,0; 0,%2,0; and 0,0,%2).

A simple cubic structure has the A site cation is 12-fold-coordinated with oxygen ions, while the B site cation
is 6-fold-coordinated. Depending on the constituents A and B ions of the perovskite ABOs, it can be an oxygen
conductor (BaCoOs; and SrCoOs3) or a proton conductor (BaCeOs and SrCeOs). Size, changes from the original
composition, and the Jahn-Teller effect can explain the distortion of the structure. A tolerance factor ¢ and an
octahedral factor ¢ are an important parameter to define stability and structure; here, ¢ is as the ratio of the
distance A-X to the distance B-X (¢ = (R4 + Rx)/{N2(Rs + Rx)}, where Ry, Rz and Ry are the ionic radii of the
corresponding ions) and u is defined as the RB/RX. The cubic structure of can be maintained within certain range

of ¢, 0.89-1.0, and it changes to tetragonal or orthorhombic structures with # values over 1.0. !
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Ordered Perovskite Structure
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Figure 7 (a) The structure of layered perovskite unit cell(AA’B»Os.q) and (b) a proposed mechanism for the
bulk diffusion of the mobile oxygen species via the pore channels; a zig-zag type trajectory though the CoO
plane perpendicular to the PrO plane.

Layered perovskite oxides such as LnBaCo0,0s.5 (Ln = Pr, Nd, Sm, and Gd) have received attention as cathode
materials for IT-SOFCs. The layered perovskites have a general formula described with AA’B,Os.5, where A is
trivalent lanthanide ion, A’ is alkaline earth metal and B is a first-row transition metal. (Figure 7) Generally, the
layered structure with a stacking sequence of ...[A’O][BO2][AOs][BO.]... is generated from the size difference
between the large A’ ions and relatively small A ions. These layered structures reduce the oxygen bonding
strength in the [AQOs] layer and create the disorder-free channel for fast oxygen diffusion and surface exchange.
Recently, many research groups have reported the enhancement of the stability and electrochemical performance
originated from the various ion substitution into the B site. For example, it was reported that substitution of Fe

for Co improves the oxygen kinetics as well as the long-term stability, while Cu substitution for Co reduces the

TEC and enhances the redox stability.'?
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Chapter 2. Effect of Fe Doping on Layered GdBasSr¢sC0:0s+5 Perovskite Cathodes for Intermediate
Temperature Solid Oxide Fuel Cells

Layered-perovskite cathode materials have attracted considerable attention for intermediate temperature solid
oxide fuel cells (IT-SOFCs) because of high catalytic activity for fast oxygen ion diffusion through pore channels
and oxygen reduction reaction (ORR) at low temperature. In this study, we investigated the Fe doping effect into
Co sites on the electrochemical and electrical properties for a layered perovskite, GdBag sSrosCorFeOsis (x =
0~ 1.0), for IT-SOFC cathode materials. Moreover, electrochemical properties of GdBag sSrosCoFeOs+ 5 -yGDC
(y =0, 20, 40, and 50 wt%) cathodes were estimated to determine the optimized cell performance. At a given
temperature, the electrical conductivity and the area specific resistances (ASRs) of GdBag sSrosCoz.FexOs: 5
decrease with Fe content. The lowest ASR of 0.067 Q c¢cm?” was obtained at 873 K for the GdBa sSrosCoFeOs 5.
The GdBag 551 sCoFeOs-5 composite with 40 wt% GDC was identified as an optimum cathode material, showing
the highest maximum power density (1.31 W ¢cm™) at 873 K, and other samples also showed high power density

over 1.00 W cm™.

This chapter has been published.
Reproduced with permission from Kim. J., et al., Effect of Fe Doping on Layered GdBa ¢.5Sro5C020s+5
Perovskite Cathodes for Intermediate Temperature Solid Oxide Fuel Cells, Journal of the American Ceramic

Society, 97, 651 (2014). Copyright 2014. Journal of the American Ceramic Society, Wiley.

2.1. Introduction

Solid oxide fuel cells (SOFCs) have many advantages such as high energy conversion efficiency, efficient
regeneration of waste heat, low pollutant emissions and extensive fuel flexibility. Considerable problems,
however, emerge with high operating temperature (973 - 1273 K), such as high cost and incompatibility of the
thermal expansion coefficient (TEC), which can cause thermal stress and undesirable reactions between the
electrode and electrolyte. Therefore, great efforts have been made to lower the operating temperature of the
SOFC to the intermediate range (773 - 973 K) for long-term stability and flexible choice of the SOFC material.
However, operation at intermediate temperature causes serious problems associated with degradation of the
electrocatalytic activity to the oxygen reduction reaction (ORR) on the cathode. 31

To overcome these electro-catalytic problems, mixed ionic and electronic conductors (MIECs) have been
used as SOFC cathodes.'® Especially, cobalt based simple perovskites having an excellent catalytic activity, such
as Bag.sSr05sC00.8Fe0203-5 and Lag6Sro.4Coo2Feos0s.5'7, have been suggested as MIEC cathodes.

Layered perovskite oxides have received much attention in recent years due to their unusually rapid oxygen
transport kinetics.'®!° This layered perovskite compound has a general formula of AA'B,Os: s where A = trivalent

lanthanide ion (Ln = Pr, Nd, Sm, and Gd), A’ = Ba, and B = a first row transition metal ion or a mixture thereof.
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The layered perovskite consists of two layers with alternating stacking of ...|A’O/BO2JAO 5 |BO|..., and hyper-

stoichiometric oxygen ions (i.e. excess oxygen) are localized at the lanthanide layers.??!

Among the various types of layered perovskite cathode materials, GdBaCo0,0s+ 5 (GBCO) has been found to
exhibit a high oxygen surface exchange coefficient and an ionic diffusion at a appropriate temperature range of
773 - 973 K by Tarancoén et al.** Furthermore, based on a low thermal expansion coefficient (TEC) of GBCO
( ~16x10°% K!) that is lower than the thermal expansion coefficient (TEC) of other cobaltite cathode
materials(20.5x107° K™! for LagSrCoO;s-s or 19.5x10°¢ K™ for BagSro4Coo2FeosOs-s ), this material has
potential for IT-SOFC applications.*

Meanwhile, several researchers have reported an interesting effect of ion substitution into LnBaCo0,0s+ .
For example, there are some groups that replace the Ba*" site with Sr**, which improves the electrical and

2426 and other groups also reported beneficial

electrochemical performance of the layered perovskite oxide.
effects on Co replacement. 2%

In this study, synergy effects of S site doping and Fe site doping on the A-site and Fe doping on the B-site in
a layered perovskite, GdBaCo,0:s. 5, were investigated by structural characterization, thermogravimetric analysis,
and electrochemical properties of GdBagsSrosCo2.Fe.Os+ 5 (x = 0, 0.5, and 1.0). We also optimize the

composition of Ce0.9Gd0.101.95 (GDC) as an electro-catalyst for IT-SOFC cathode material.
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2.2 Experimental procedure

GdBag 5810.5C02..Fe,Os+5 (x =0, 0.5, and 1.0) oxides were synthesized by the Pechini method and the glycine-
nitrate process (GNP) was used to make fine NiO and Ce.9Gdo.10195 (GDC) to study the electrochemical
performance of perovskites. The detailed procedure has been explained elsewhere.?

For evaluation of the structural and electrical properties, GdBagsSro5Co2<Fe,Os+ 5 (x = 0, 0.5, and 1.0)
powders were pelletized at 5 MPa and then finally sintered for 12 h at 1373 K (x = 0) and 1423 K (x = 0.5 and
1.0), respectively, and the relative densities of all samples were over 90%.

Synthesized materials were identified with X-ray diffraction (XRD) patterns (Rigaku-diffractometer, Cu Ka
radiation) and the XRD data were refined using the Rietveld method with the GSAS program. In-situ XRD was
also carried out in air within the range of room temperature (RT) to 1073 K (Bruker D8 advance, Cu Ka radiation).
Chemical compatibility between the GdBag sSrsCo2<FeOs.5 (x = 0, 0.5, and 1.0) and GDC was evaluated by
an XRD analysis of an intimate mixture of 50 wt% GdBag 5S¢ sCo,Fe.Os-+ 5 and 50 wt% GDC fired at 1273 K
for 4 h. The microstructures of the single cells were investigated by using a field emission scanning electron
microscope (SEM) (Nova SEM).

Thermogravimetric analysis (TGA) was performed using an SDT-Q600 (TA instrument, USA) in order to
determine the oxygen content as a function of temperature (373 to 1173 K) with a heating/cooling rate of 2 K
min in air.

The electrical conductivities of the GdBay.sSro.sCo2..Fe.Os+ 5 oxides were evaluated by a four-terminal DC
arrangement with rectangular-shape bars, and each sample was sintered at 1373 K (x = 0) and 1423 K (x =0.5
and 1.0) The potentiostat (BioLogic) was used to measure the current and voltage at intervals of 50 K at
temperature ranging from 373 K to 1023 K.

To evaluate the electrochemical performance of the GdBao sSry.sCoz..Fe.Os+ s cathodes, GDC and cathode
powders were mixed at a weight ratio of 6:4 and ball-milled for 24h. The electrode powders were blended with
an organic binder (Heraeus V006) to form slurries.

The electrochemical impedance spectroscopy of GdBag sSrosCo,+Fe,Os+ 5 was measured using a symmetric
cell. The GDC powders were pelletized and sintered at 1623 K for 4 h in air to obtain the electrolyte substrates.
The GdBag sSrsCo.<Fe Os: 5 cathode slurries were screen-printed onto both sides of GDC electrolytes to form
symmetrical cells and the samples were heated at 1173 K for 4 h. The silver wire and paste were used as the
current collector for the electrodes. In order to determine the optimized cell performance, electrochemical
properties of GdBagsSrosCoFeOs+ 5 -yGDC (y = 0, 20, 40, and 50 wt%) cathodes were evaluated.
GdBay sSrosCoFeOs. s -yGDC cathodes were mixed at weight ratios of 10: 0,8 :2,6: 4, and 5 : 5, and then ball-
milled for 12 h.

The electrochemical performances of GdBag sSrosCo2.FeOs+ 5 cathodes were evaluated with NiO-GDC
anode-supported cells. The cells consist of 3 layers: NiO-GDC as an anode, GDC as an electrolyte, and a cathode.
The NiO-GDC cermet anode was fabricated from a mixture of nickel oxide, GDC prepared by GNP, and starch
at a weight ratio of 6:4:1.5, and then these mixtures were ball-milled together with ethanol for 24h. A thin GDC
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electrolyte on the porous anode (NiO-GDC) support was fabricated by the drop-coating method. The anode-
electrolyte layer (NiO-GDC/GDC) disks were subsequently sintered at 1623 K for 5 h. Cathode material slurries
were screen-printed onto the electrolyte surface with a uniform thickness, and the single cells consisting 3 layers
(NiO-GDC/GDC/GdBay 5sSro 5Coz-FecOs+ 5) were subsequently sintered at 1173 K in air for 4 h. Silver wires
were then attached at both the cathode and anode surfaces by using silver paste as a current collector. The NiO-
GDC anode-supported single cell was sealed fully onto one end of the alumina tube using a ceramic adhesive
(Aremco, Ceramabond 552). Humidified H» (3% H,O) was applied to the anode side as a fuel thorough a water
bubbler with a flow rate of 20 mL min™!, while air was supplied as an oxidant to the cathode during the single
cell test. The I-V curves and impedance spectra were acquired with a BioLogic Potentiostat and analyzed with

EC-lab software.
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2.3. Results and Discussion

The XRD patterns of the GdBag 5SrosCo2..Fe.Os+s (x =0, 0.5, and 1.0) (GBSCFs) are shown in Figure 8(a).
XRD data of GBSCFs show single phase peaks of layered perovskite structures without any secondary phases
after sintering at 1373 K for 12 h. As Fe contents increase than x>1.0, the formation of GdFeOs secondary phase
was observed, indicating the Fe solubility of ~1.0 in the GdBay 5Sr9.sC02..Fe.Os-5 system, thus the investigation
for the excessive substitution of Fe was excluded in this study. All samples display a tetragonal structure with
the space group P4/mmm confirmed by Rietveld refinement, as presented in Figure 8(b), and the calculated

structural parameters of GBSCFs are listed in Table 2. Lattice parameters and cell volumes increase with a higher

34+ 34+

Fe amount due to the substitution of the larger Fe¥** ions into the smaller Co**" ions. %’
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Figure 8. (a) XRD patterns of GdBag.sSrosCo2..Fe.Os:+ 5 (x =0, 0.5, and 1.0) sintered at various temperatures,
(b) observed and calculated XRD profiles and the difference between them for GdBag sSrosCoFeOs. 5
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In order to confirm the structural properties at different temperatures (RT to 1073 K), high-temperature XRD
measurement is performed in air and presented in Figure 9. The in-situ XRD patterns of the GBSCF10 show that
the material remained in its layered perovskite structure over the examined temperature range. The main
diffraction peaks obviously shift to lower 2 theta with increasing temperature, indicating that the volume of unit
cells increased due to the larger size of reduced B-site cation as shown in inset of Figure 9. This behavior is

common among other transition metal defect perovskite, including BSCF, LSC and LSCF.
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Figure 9 The in-situ XRD patterns of the GdBaosSrosCoFeOs:s at different temperatures at various

temperatures. The inset shows the dependence of temperature on unit cell volume ¥ (A 3).

The chemical compatibilities between the GBSCFs and GDC have been confirmed by the XRD
measurements. As seen in Figure 10, the characteristic diffraction peaks for the GBSCFs suggest that they have

a layered perovskite structure without any detectable secondary phase, which could affect the electrochemical

performance.
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K in air for 4 h.
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The microstructures of the GdBao sSro.sCo,..Fe,Os:5-40GDC have been investigated by SEM, as shown in
Figure 11. The electrode microstructure is associated with the surface area, electrochemical active sites, volume
fraction of chemical phases present, and electron transport.®*! These properties affect the fuel cell performance
through the reaction kinetics, charge transport, and mass transport processes. The microstructures of the porous
GdBay 5Sro5C0,.4Fe;05+5-40GDC cathode are similar, and thus the substitution of Fe for Co did not affect the
electrochemical active sites, which are related to the cell performance. All of the samples show good adhesion

between the cathode and electrolyte with uniform thickness of about 20 um and 15 pum, respectively.
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Figure 11 SEM images showing the microstructure of a single cell (GDC - GdBay.5Sr¢.sCo2..FexOs+s/ GDC /
NiO-GDC): (a) x=0, (b) x=0.5, (c) x=1.0, and the cross section of a single cell: (d) x=1.0.

Thermogravimetric analysis (TGA) data for the GBSCFs are shown in Figure 12. The GBSCF samples
dramatically lose oxygen from the lattice above 573 K with reduction of Fe*"#" and Co*"/**. At given temperature,
the oxygen losses decrease with increasing Fe content, because the stronger Fe-O bond compared to the Co-O

bond restrains the oxygen loss upon heating.
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Figure 12 Thermogravimetric data of GdBagsSrosCoz.Fe,Osis (x =0, 0.5, and 1.0) showing the variat

ion of oxygen loss (%) as a function of temperature.

The electrical conductivities of the GBSCFs are described by an Arrhenius plot in Figure 13. The electrical
conductivity of the Fe-free sample, GBSCO, decreases with increasing temperature, implying typical metallic
behavior due to the considerable decrease of charge carrier concentration accompanied by the loss of oxygen.
The electrical conductivity of the Fe-substituted samples, however, shows a metal-insulator (M-I) transition at
about 573 K due to the low-spin to high-spin transition of Co®" ions.*>* Beyond the M-I transition temperature,
573 K, the electrical conductivity decreases due to increasing loss of oxygen content. At a given temperature,
decreasing conductivity of GdBag sSrosCo.+FeiOs+5(x =0, 0.5, and 1.0) is observed with increasing Fe content,
and this is ascribed to a decrease in the covalency of the (Co-Fe)-O bond. The electrical conductivity is within a

range of 600 to 30 S cm™! at 873 K, which is adequate for their use as cathodes in SOFCs.
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Figure 13 Electrical conductivities of GdBag 5SrosCoz.Fe,Osis(x =0, 0.5, and 1.0) in a temperature range of

373 to 1023 K in air.

The area specific resistances (ASR) of GBSCF-40GDC are obtained by AC impedance spectroscopy and
representative impedance spectra are presented in Figure 14 (a) with curve-fitting using software EC-lab. The
ASR is used to describe all resistances associated with the electrode and electrolyte of the cell, and the values
are determined by the difference between high-frequency and low-frequency intercepts at the real axis of the
Nyquist plot. In the equivalent circuit, L is an inductance induced by the cables; R; is ohmic resistance; R, is
caused by the charge transfer during the migration and diffusion of oxygen ion from the TPBs into electrolyte
lattice; Rs is relative to the non-charge transfer. The polarization resistance(R,) of the cathode materials is defined
by the sum of R, and R3. The ASR values of the GBSCF-40GDC cathodes are 0.123, 0.095, and 0.067 Q cm? at
873 K, for x =0, 0.5, and 1.0, respectively. This tendency can be explained as follows.
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Figure 14 (a) Typical impedance spectra of the symmetrical cells at 873 K, (b) Arrhenius plots of the ASRs
for GdBag sSro5Cos..Fe.Os+s (x = 0, 0.5, and 1.0), and (¢) GBSCF10-yGDC (y = 0, 20, 40, and 50 wt%)

symmetrical cells.

Generally, the defects of oxygen ions contain useful information about the mechanism of oxygen ion
diffusion.>* For example, studying a layered perovskite structure system, Taskin et al. reported that the
hyperstoichiometric oxygen species in the Ln-O layer could be responsible for the high diffusivity of oxide ions,
because the Ln-O layer provides a disorder-free channel as the oxygen bonding strength in this layer is reduced.
Interestingly, the electrochemical performance tended to improve with greater hyperstoichiometric oxygen
content (), and this study has also shown that the ASR is reduced with higher oxygen content (Figure 12 and
Figure 14). These phenomena might be evidence that a larger concentration of hyperstoichiometric oxygen ions
has a positive influence on the oxygen ion diffusivity for the layered perovskite materials. Further research is
thus needed to establish the oxygen ion diffusion mechanism of layered perovskites, next generation cathode
materials.

Meanwhile, it has been extensively documented that there exists an optimum composition of GDC as an
electrocatalyst within cathode materials that can maximize the electrocatalytic activity of the cathodes due to
extension of the triple phase boundaries (TPBs). To determine the optimized ratio of GDC, ASR values of
GdBay 5SrsCoFeOs.5yGDC (y = 0, 20, 40, and 50 wt%) composites were obtained and the results are presented
in Figure 14(c) as an Arrhenius plot. As expected, the ASR values decreased with an increasing amount of GDC
up to 40 wt%. For an excessive amount of GDC beyond 40 wt%, however, the ASR values increase. This
indicates that an overly large amount of GDC particles reduces the continuity of GBSCF10 in the composites,

thereby resulting in a decrease of effective electron-conducting paths in the electrode. Therefore,
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GdBay 5S1¢.sCoFeOs.540GDC was selected as an optimum cathode material composition.

Figure 15 shows the current-voltage (/-V) curves and corresponding power density curves obtained with
configuration of GdBao sSrosCo:..FeOs+s5 (x = 0, 0.5, and 1.0)-40GDC/GDC/NiO-GDC single cell at various
temperatures. As expected from the lowest ASR value for GBSCF10, the maximum power density of GBSCF10
was 1.31 Wem™ at 873 K, and other samples also showed high power density over 1.00 W ¢cm™.
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Figure 15 [-V curves and corresponding power density curves of single cells (GdBagsSrosCoo-

Fex0s5+/GDC/NiO-GDC) under various temperatures: (a) x =0, (b) x = 0.5, and (c) x = 1.0.
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2.4. Conclusion

GdBayg 5S10.5Co2..Fe,Os- 5 layered perovskite oxides have been studied as a promising cathode material for I'T-
SOFCs. GdBagsSro5Cos..Fe,Os+s powders were prepared by the Pechini method and glycine-nitrate-process
(GNP). The electrical conductivity decreased with increasing Fe content from 700 Scm™ to 30 Sem™! at 873 K,
which is high enough to meet the requirement for use as an IT-SOFC cathode. In the microstructural analysis,
no particular differences were observed between GBSCFs with various amounts of Fe by SEM. The oxygen loss
of GdBag 5SrosCorFe.Os+5 at 873 K decreased with increasing amount of Fe. The ASR of GdBagsSrosCoa-
Fe,Os+s decreased with Fe content and the optimized GdBao sSrosCoFeOs:540GDC cathode material had the
lowest ASR of 0.067 Q cm?at 873 K, and consequently exhibited remarkable cell performance of 1.31 Wem™ at
873 K.
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Chapter 3. Chemically Stable Perovskites as Cathode Materials for Solid Oxide Fuel Cells: La-Doped
Ba.sSrosCoo.5Fe).20s.

Bayg 5S1r9.5C00.8Fe0.20;3- 5 (BSCF) has won tremendous attention as an IT-SOFC cathode material on the basis
of its fast oxygen-ion transport properties. Nevertheless, wide application of BSCF is definitely impeded by its
phase instabilities at intermediate temperature. Here we report on a chemically stable SOFC cathode material,
LaosBag.25S10.25C00 8Fe0203.5 (LBSCF), prepared by strategic approaches using the Goldschmidt tolerance factor.
The tolerance factors of LBSCF and BSCF indicate that the structure of the former has a smaller deformation of
cubic symmetry than that of the latter. The electrical property and electrochemical performance of LBSCF are
improved compared with those of BSCF. LBSCF shows also excellent chemical stability under air, a CO»-
containg atmosphere, and low p(O,) while BSCF decomposed under the same conditions. Together with this
excellent stability, LBSCF shows a power density of 0.81 W cm for 100 h, whereas 25 % degradation for BSCF
is observed after 100 h.

This chapter has been published.

Reproduced with permission from Kim. J., et al., Chemically Stable Perovskites as Cathode Materials for
Solid Oxide Fuel Cells: La-Doped BagsSrosCoosFeo2035, Chemsuschem, 7, 669 (2014). Copyright 2014.
Chemsuschem, Wiley.

3.1. Introduction

With exponential growth of energy consumption and finite fossil fuel resources, awareness of the necessity
of high efficiency energy conversion devices is increasing. Solid oxide fuel cells (SOFCs) are considered an
answer to the needs of the times, by providing high energy conversion efficiency, efficient reclamation of waste
heat, low pollutant emissions, and extensive fuel flexibility. The high operating temperature (1073-1273 K) of
SOFCs, however, is an obstacle to their commercialization, mainly due to related corrosion, chemical
interdiffusion, reactions between components, and high thermal stress. In recent years, research aimed at
lowering the working temperature of SOFCs down to an intermediate temperature (IT) range, 773 — 973 K, has
been actively carried out.

Fuel cell operation at intermediate temperature, however, leads to serious problems, including a drop of the
electro-catalytic activity for the oxygen reduction reaction (ORR) over the cathode.!® To overcome electro-
catalytic issues, mixed ionic and electronic conductors (MIECs) such as LagSro4C00s.5, SmgsSrosCoOs.s,
Lag.¢St9.4Co0.2Fe030s. 5, and cation-ordered LnBaCo,0s+5 (Ln = Pr, Nd, Sm, Gd and Y) have been adopted as
cathode materials with consideration of their excellent catalytic activities for the oxygen reduction reaction
(ORR)." Among these MIEC materials, Bag sSrosCoosFeo20s.5 (BSCF) has received tremendous attention for
its fast oxygen-ion transport properties.>>-¢

Nevertheless, wide application of BSCF has been inhibited by its structural instabilities at intermediate
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temperature. For example, Shao et al. showed that exponential decay in the measured oxygen permeation flux
of BSCF occurs at temperature below 1098 K.*” Several groups have revealed that this degradation of BSCF
results from a phase transition from a cubic structure into a two-phase mixture of hexagonal and cubic
perovskites.*

The structural instability of cubic BSCF can be rationalized using the Goldschmidt tolerance factor (tr), which
is a useful indicator for the stability and distortion of crystal structures. To keep the cubic structure stable, the t¢
can be controlled near to 1 by doping proper size materials as schematically shown in Figure 16.*° For BSCF, its
trvalue is 1.052, implying that its structure tends to change into the hexagonal phase. Fortunately, the tr of BSCF
can be rendered closer to 1 by substituting smaller ions into the A-site and/or larger ions into the B-site.*!

Among possible dopants, our group found that substituting smaller La*" compared to Ba** and Sr** can
mitigate the tolerance factor and La*" doped BSCF is thereby stable in the cubic perovskite phase. In addition,
according to Hayashi ef al., relaxation of distortion could contribute to enhanced ionic conductivity by reducing

the local strain in the lattice.*

@A
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Distorted perovskite Substitution of A-site ions deal cibi kit @B

by improper size of A-site ions by ions with proper ionic size el ebiparavals e 0

Figure 16 Schematic illustration of the perovskite structure state as a function of ionic size

Here we demonstrate a strategic approach based on La*" doping into the A-site of BSCF, providing high
oxygen reduction activity and excellent structural stability at intermediate temperature operation. A systematic
evaluation of the structural, thermogravimetric, electrical, and electrochemical properties of LBSCF has been

carried out.
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3.2. Experimental Section

Synthesis of electrode and electrolyte powders

Bay 5sSt0.5Co008Fe020s. 5 (BSCF) and LagsBag2s5Sro25C008Fe020s. 5 (LBSCF) were synthesized using the
Pechini method. Stoichiometric amounts of La(NO3)36H>O(Aldrich, 99.9 %, metal basis), Ba(NOs), (Aldrich,
99+ %), Sr(NO3); (Aldrich, 99+ %), Co(NO3)26H,O (Aldrich, 98+ %), and Fe(NO3)36H,O (Aldrich, 98%) were
dissolved in distilled water with proper amounts of citric acid and ethylene glycol. The solutions were heated in
air followed by combustion to form fine powders, which were calcinated at 873 K for 4 h. For measurement of
electrical conductivity and coulometric titration, the BSCF and LBSCF powders were pressed into pellets at 5
MPa and sintered in air at 1473 and 1423 K, respectively, for 12 h (to achieve relative density, 97%). Ce.9Gdo.10>-

(GDC) powders for the electrolyte and NiO-GDC powders for the anode were synthesized using the GNP
method; the detailed procedure has been described elsewhere.!*!! For preparation of cathode slurries, pre-sintered
cathode and GDC powders (at a weight ratio of 60:40) were mixed via ball milling, together with an organic
binder (Heraeus V006), and composite cathodes with 40 wt% GDC, denoted as BSCF-40GDC and LBSCF-
40GDC, were obtained.

Fabrication of fuel cells

Symmetrical cells with a configuration of electrode/GDC/electrode were used for impedance spectroscopy.
GDC powder was pressed into pellets of 0.8 mm thickness and sintered at 1623 K for 4 h in air to obtain a dense
electrolyte membrane. The cathode slurries were screen-printed onto both sides of the GDC electrolytes to form
symmetrical cells and the samples were heated at 1273 K for 4 h. Silver wire and paste were used as the current
collector for the electrodes.

Ni-GDC anode-supported cells with a configuration of Ni-GDC/GDC/cathode were fabricated using a drop-
coating method. NiO powder, GDC powder, and starch (weight ratio of 6:4:1.5) were mixed using ball milling
in ethanol for 24 h. After drying, the NiO-GDC mixture was pressed into a pellet (0.6 mm thick and 15 mm
diameter). Thin GDC electrolyte membranes were prepared by a refined particle suspension coating technique.
A GDC suspension was prepared by dispersing GDC powder (Aldrich) in ethanol with a small amount of binder
(polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa Aesar) at a ratio of 1:10. The GDC suspension
was applied to a NiO-GDC anode support by drop-coating, followed by drying in air and subsequent co-sintering
at 1673 K for 5 h.

Characterizations

Synthesized materials were confirmed with X-ray diffraction (XRD) patterns (Rigaku-diffractometer, Cu Ka
radiation) and the XRD data were refined using the Rietveld method with the GSAS program. A
thermogravimetric analysis (TGA) was performed using a SDT-Q600 (TA Instruments, USA). TGA experiments
were performed from 373 K to 1173 K with a heating/cooling rate of 2 K min™! in air. The room-temperature
oxygen content values were determined by iodometric titration. The microstructures and morphologies of the
single cells were observed using a field emission scanning electron microscope (SEM) (Nova SEM).

Transmission electron microscopy (TEM) images were acquired with a JEOL JEM 2100F with a probe forming
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(STEM) Cs corrector at 200 kV. Cross sectional samples for TEM analysis were prepared using a focused ion
beam (FIB, Quanta 3D, FEI). Electrical conductivities of the BSCF and LBSCF cathode materials were
determined in air using a four-electrode DC arrangement with rectangular-shape bars. All four electrodes were
made of Ag wire and Ag paste. A potentiostat (BioLogic) was used to measure the current and voltage at intervals
of 50 K at temperature ranging from 373 K to 1023 K.

To evaluate the electrochemical performance of symmetrical cells, the Ag wire and Ag paste were used as the
current collector for the electrodes. Impedance spectra were recorded under OCV in a frequency range of 1 mHz
to 500 kHz with ac perturbation of 14 mV in a temperature range of 773 - 923 K.

For the single cell tests, silver wires were attached at the cathode side using Ag paste and Pt wires were
attached at the anode side using Ni-O paste as a current collector. The NiO-GDC anode-supported single cell
was fully sealed onto one end of the alumina tube using a ceramic adhesive (Aremco, Ceramabond 552).
Humidified H, (3% H,O) was applied to the anode side as a fuel thorough a water bubbler with a flow rate of
100 mL min’!, while air was supplied as an oxidant to the cathode during the single cell test. -V polarization
curves were recorded between 773 and 923 K. The /- curves and impedance spectra were acquired with a
BioLogic potentiostat and analyzed with EC-lab software.

The redox properties and oxygen nonstoichiometry of the cathodes were identified using coulometric titration
(CT) as a function of the oxygen partial pressure, p(O,). The detailed CT procedure has been described
elsewhere.® After purging 5 % O>-Ar gas over the sample in the tube for 24 h, p(O,) was evaluated from the
OCV. The sample was allowed to equilibrate with the surrounding atmosphere until the change in potential was
less than 1 mV h™!. Oxygen nonstoichiometry was determined through this procedure at 973 K over a wide range
of oxygen partial pressure. Electrical conductivity was measured using a four-electrode configuration and a

BioLogic potentiostat.
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3.3. Results and Discussion

The XRD patterns of the BSCF and LBSCF samples are presented in Figure 17a. All of the observed
diffraction patterns are identified as perovskite structures without any impurities. The main diffraction peaks of
the LBSCF obviously shift toward larger 2 theta compared with those of the BSCF due to the substitution of
smaller La** cation for A-sites. In order to identify the structural properties of the LBSCF sample, Rietveld
refinement of the LBSCF was performed by the GSAS program and the results are shown in Figure 17b. LBSCF
could be indexed to a cubic structure, having a space group Pm-3m with a=3.8741 A, while the lattice parameter

of BSCF shows a higher value, 3.9511 A with the space group Pm-3m.*
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Figure 17 a) XRD patterns of the BSCF and LBSCF sintered at 1473K and 1423K, respectively for 12h. b)
Observed, calculated XRD profiles and the difference between them for LBSCF. ¢) XRD patterns of cathode—
GDC mixture sintered at 1273 K in air for 4 h. d) Bright-field (BF) TEM image of LBSCF-GDC cathode sintered
at 1273K in air for 4h. Inset shows atomic-scale scanning TEM (STEM) high-angle annular dark-field (HAADF)
image of LBSCF.
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The chemical compatibility between the cathode materials and GDC electrolyte was evaluated using a
mixture of corresponding powders (1:1 wt% ratio) fired at 1273 K for 4h. As shown in Figure 17c, XRD spectra
indicate the individual phases of the BSCF, LBSCF, and GDC without formation of secondary phases.
Transmission electron microscopy (TEM) images of the sintered LBSCF-GDC composite cathode are presented
in Figure 17d. The atomic-resolution Scanning TEM (STEM) high-angle annular dark-field (HAADF) image of
LBSCF in the inset of Figure 2d shows even A-site contrast, indicating that a disordered perovskite structure is
successfully synthesized in the composite cathode.

The temperature dependence of the oxygen non-stoichiometry for BSCF and LBSCF is examined by TGA
and the results are shown in Figure 18. The oxygen contents of the BSCF and LBSCF at room temperature were
measured by the iodometry titration method. In the whole range of temperature, the oxygen concentration of the
LBSCEF is higher than that of the BSCF and both samples start to lose weight at around 573 K. Mclntosh ef al.
suggested that the unusual low oxygen concentration of BSCF could be derived from its large A-O and B-O
bond distances.* On the contrary, with a decrease of the average effective radii of A-site ions by substituting
smaller La*" ions (1.36 A) into A-site ions (1.61 A for Ba®>" and 1.44 A for Sr*"), LBSCF can accommodate more

oxygen ions in the lattice.
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Figure 18 Thermogravimetric data of the BSCF and LBSCF presenting a variation of oxygen contents as a

function of temperature in air.

The electrical conductivities of the BSCF and LBSCF samples are described by Arrhenius plots in Figure 19.



At a given temperature, the electrical conductivity of the LBSCF is much higher (900 S cm™! at 873 K) than that
of the BSCF (15 S cm™ at 873 K). This could be ascribed to an increase of hole concentration by La doping into
the BSCF, as anticipated from the TGA data and following Kréger—Vink notation.*® In addition, the relaxation
of structural distortion by La*" doping into BSCF could affect the electrical conductivity.*” The electrical
conductivity of the LBSCF sample decreases upon heating due to a loss of the oxygen from the lattice. The
electrical conductivity of the BSCF sample meanwhile shows similar behavior to that of other previous

perovskite materials.*’
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Figure 19 Electrical conductivity data for the BSCF>*! and LBSCF as a function of temperature in air.

The morphologies of the BSCF-40GDC and LBSCF-40GDC composite cathodes were investigated using
SEM. As seen in Figure 20, the LBSCF-40GDC cathode shows considerably smaller particle size than the BSCF-
40GDC cathode. Generally, electrode microstructure is associated with electrochemically active sites, volume
fraction of chemical phases present, and electron transport paths, which can affect the fuel cell performance
through the electrochemical kinetics. Taking these factors into consideration, the smaller particle size of LBSCF
could improve the performance by expanding electrochemically active sites such as triple phase boundaries
(TPBs). All of the samples show good adhesion between the cathode and electrolyte. The thickness of the cathode

and electrolyte is about 20 um and 15 pum, respectively.
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Figure 20 Scanning electron microscope image of porous a) BSCF-40GDC, b) LBSCF-40GDC composite
and c) cross-section of LBSCF-40GDC/GDC/NiO-GDC single cell.

The area specific resistances (ASR) of BSCF-40GDC and LBSCF-40GDC were evaluated by AC impedance
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spectroscopy and the results are presented in Figure 21a with curve-fitting using EC-lab software. The ASR is
used to describe all resistances associated with the electrode and electrolyte of the cell, and the values are
determined by the difference between high-frequency and low-frequency intercepts at the real axis of the Nyquist
plot. In the equivalent circuit, L is the inductance induced by the cables; R, is ohmic resistance; R» is caused by
charge transfer during the migration and diffusion of oxygen ions from the TPBs into the electrolyte lattice; and
Rs is related to non-charge transfer such as oxygen surface exchange and gas-diffusion inside and outside the
electrode layer. The polarization resistance (Rp) of the cathode materials is defined by the sum of R, and Rs.
LBSCF shows relatively lower ASR values compared to BSCF; 0.064 Q ¢cm? and 0.091 Q cm?, respectively, at
873 K. This could be explained as follows. First, as can be seen in Figure 21, the smaller particle size of LBSCF
relative to that of BSCF could expand the TPBs, which can affect the electrochemical performance by promoting
ORRs. In addition, according to Dusastre ef al. and Wu et al., the ambipolar conductivity of MIECs characterizes
the simultaneous transport properties of both electronic and ionic species. In this regard, the significant
enhancement of the electrical conductivity by La** doping into BSCF could increase the ambipolar conductivity,
leading to improved electrochemical performance.!”*% As seen in Figure 21b, LBSCF-40GDC shows lower

ASR values compared to BSCF in an intermediate temperature range of 773 — 923 K.
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Figure 21 a) Impedance spectra and fitted Nyquist plots with BSCF-40GDC and LBSCF-40GDC composite

cathode on symmetrical cell measured at 873 K under OCV condition. b) Arrhenius plot of polarization resistance

for BSCF-40GDC and LBSCF-40GDC composite cathode.

Figure 22 presents the current-voltage (/-V) curves and corresponding power density curves obtained with
the configuration of BSCF-GDC/GDC/NiO-GDC and LBSCF-GDC/GDC/NiO-GDC single cell at various
temperatures. As expected from the lower ASR values for LBSCF, there are considerable enhancements in

electrochemical performance of LBSCF compared to BSCF, and values of the maximum power density are 1.77

and 1.48 W ¢m™ for LBSCF and BSCF at 873 K, respectively.
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Figure 22 I-V curve and corresponding power density curves of single cell for a) BSCF-40GDC and b)
LBSCF-40GDC cathodes in various temperatures.

Many researchers have reported that BSCF suffers from the degradation in long term stability due to the
decomposition of the cubic perovskite into hexagonal perovskite at intermediate-temperature in air.** In addition,
the phase instability of BSCF under CO»-containg atmosphere also restricts its practical application for the SOFC
cathode.>*! Generally, such a structural instability of perovskites can be avoided by regulating the Goldschmidt
tolerance factor (tr) using appropriate substitutions, which can be defined as the following mathematical

expression,
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where ra, 18, and ro are the radii of cation A, cation B, and oxygen, respectively. In order to stabilize the cubic
structure, the tr of perovskites should be closer to 1. For perovskite materials, the valence of B-site transition
metals (Co/Fe) is changeable and trivalence metals coexist with quadrivalence metals®!; thus the tolerance factor
should be calculated carefully with consideration of the various ionic radii of transition metals. In this paper, we
have considered the distribution ratio of trivalence and quadrivalence for Co/Fe in order to decide the value of
rg. Assuming that rg varies depending on the valence state of the B-site ions (i.e., a trivalence state or
quadrivalence state), the tr value can be calculated from the following equation:

05- Mse )+(0.25 - Mo )+(0.25 - o )+ Mo
t - a’ a’ r
f 2. [x-(0.8- Moo ¥ 0.2- M )+(1-x)-(0.8- Moo+ 0.2- LA )+ Mo ] (2)

where x is the mole fraction of the quadrivalence B-site ions from the sum of the trivalence and quadrivalence
B-site ions, and the ionic radii involved in this equation are taken from Shannon’s results.®! As seen inFigure
23, the tr of BSCF is within a range of 1.043 ~ 1.062, indicating that the structure of BSCF tends to change to
the hexagonal phase, which is an impediment to long-term operation. Meanwhile, with substitution of smaller
La’*" into the A-site of BSCF, the t; values of LBSCF fall within a lower range of 1.014 ~ 1.033 compared to
BSCEF, suggesting that the structure of LBSCF has a smaller deformation of cubic symmetry than that of BSCF.
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Figure 23 Tolerance factors (tf) of the BSCF and LBSCF materials as function of mole fraction for

quadrivalence B-site ion from the sum of trivalence and quadrivalence B-site ion. The existing region of tr values

for each samples is in colored.
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In order to evaluate the structural stability of the BSCF and LBSCF samples under practical operating

conditions, both sintered samples were re-annealed under ambient air and 10 vol% CO». All samples were then

identified by XRD, as shown in Figure 24. For BSCEF, the formation of a hexagonal phase is observed in air

(Figure 9a), and barium carbonate is formed with exposure to 10 vol% CO: for 8 h (Figure 24c¢), as expected

from previous reports.’?> Meanwhile, no secondary phase was identified from the re-annealed LBSCF under both

air and 10 vol% CO, (Figure 24b and d), suggesting that the cubic perovskite LBSCF has excellent chemical

durability under air below 1123 K and/or a CO,-containing atmosphere.
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Figure 24 X-ray diffraction patterns for the BSCF and LBSCF re-annealed at 973 K in ambient air; a) and b).

CO; durability result of both cathode powders re-annealed at 1173 K in 10 vol% CO»; ¢) and d). Peaks of the

hexagonal phase and carbonates are marked with a hexagon and asterisk, respectively.

In addition, under the operating conditions, the TPBs of the cathode are subjected to a lower p(O,), which
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could cause redox degradation of the cathode. Thus, sufficient electrical conductivity and redox stability at lower
p(0») are important to ensure efficient current collection and long-term stability. Figure 25 presents the oxygen
nonstoichiometries and electrical conductivities for LBSCF as a function of p(O.), determined by coulometric
titration (CT). The detailed procedure of CT has been described elsewhere.* The initial oxygen contents of both
samples are determined by iodometric titration and TGA data. As can be seen in Figure 25, the BSCF sample
shows a sudden drop of oxygen content (Figure 25a) and electrical conductivity (Figure 25b) at around ~ 107
atm p(0O,), which is possibly the starting point of decomposition. Meanwhile, the oxygen content of the LBSCF
starts to decline at a lower p(0,) of ~10° atm with sufficient electrical conductivity of about 130 S cm™,
suggesting that the LBSCF cathode has more favorable redox stability and reasonable current collection at the

operating conditions than the BSCF cathode.
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Figure 25 a) Oxygen non-stoichiometry and b) electrical conductivities of the BSCF [38] and LBSCF under

various p(O>) (atm) at 973 K by coulometric titration.

Figure 26 presents the results of the long-term stability test for the BSCF and LBSCF with application of
constant voltage of 0.6 V at 823 K with humidified hydrogen (~3% H:O) as a fuel and air as an oxidant. As
expected from the enhanced structural stability of LBSCF under various operating conditions, excellent stability
of LBSCF is achieved with a power density of 0.81 W ¢m™ for 100h, whereas electrochemical degradation of
25 % after 100h is observed for BSCF, and this is ascribed to its structural instability. Considering the
enhancement of the electrochemical performance and structural stability, LBSCF is a promising candidate for

cathode materials in practical IT-SOFC systems.
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Figure 26 Long term stability data for the BSCF-40GDC and LBSCF-40GDC with applying a constant
voltage of 0.6 V at 823 K.
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3.4. Conclusions

In the present study, we have reported remarkable enhancement of the phase stability and
electrochemical performance of La*" doped BSCF by a strategic approach. At a given temperature, the
electrical conductivity of LBSCF is much higher (900 S cm™ at 873 K) than that of BSCF (15 S cm™ at
873 K). LBSCF shows relatively lower ASR values of 0.064 Q cm? compared to BSCF at 873 K, and
exhibits remarkable cell performance of 1.77 W cm™ at 873 K. Tolerance factors of LBSCF closer to 1
than BSCF suggest that LBSCF has a more stable cubic perovskite structure. LBSCF shows not only
high redox stability at lower p(O,) but also excellent phase stability under air and CO,-containing
atmospheres, which could reasonably account for its enhanced stability. Excellent stability of LBSCF
is achieved with a power density of 0.81 W c¢m™ for 100 h, whereas 25 % degradation after 100 h is
observed for BSCF. It is demonstrated that the electrochemical performance and chemical stability of
BSCF are improved remarkably by La** doping and LBSCF is indeed a promising candidate for cathode

materials in practical IT-SOFC systems.
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Chapter 4. Triple-Conducting Layered Perovskites as Cathode Materials for Proton-Conducting
Solid Oxide Fuel Cells

We report on an excellent anode-supported H'-SOFC material system using a triple conducting
(H'/O*/e") oxide (TCO) as a cathode material for H'-SOFCs. Generally, mixed ionic (O%*) and
electronic conductors (MIECs) have been selected as the cathode material of H'-SOFCs. In an H*-
SOFC system, however, MIEC cathodes, however, limit the electrochemically active sites to the
interface between the proton conducting electrolyte and the cathode. New approaches to the tailoring
of cathode materials for H'-SOFCs should therefore be considered. TCOs can effectively extend the
electrochemically active sites from the interface between the cathode and the electrolyte to the entire
surface of the cathode. The electrochemical performance of NBSCF/BZCY Yb/BZCY Yb-NiO shows
excellent long term stability for 500 h at 1023 K with high power density of 1.61 W ¢cm™.

This chapter has been published.

Reproduced with permission from Kim. J., et al., Triple-Conducting Layered Perovskites as Cathode
Materials for Proton-Conducting Solid Oxide Fuel Cells, Chemsuschem, 7, 2811 (2014). Copyright
2014. Chemsuschem, Wiley.

4.1. Introduction

Solid oxide fuel cells (SOFCs) have attracted much attention because of their high energy conversion
efficiency, low pollutant emissions, efficient reclamation of waste heat, and excellent fuel flexibility.
The high operating temperature (>1073K) of SOFCs, however, is an obstacle to their commercialization,
due mainly to significant degradation, sealing problems, high thermal stress, and utilization of
expensive materials. In recent years, extensive efforts have been devoted to lowering the working
temperature of SOFCs down to an intermediate temperature (IT) range (773 to 1073 K) because of the
economic competitiveness and flexible choice of cell material.!>-3-%6

Proton-conducting oxides are ideally suited for the electrolytes of IT-SOFCs because of the low
activation energy and high ionic conductivity at intermediate temperatures. In addition, proton-
conducting SOFC (H'-SOFC) can avoid water formation, and thus dilution of the fuel, on the anode
side during operation because water will form on the cathode side of the cell, which can lead to higher
fuel utilization and greater Nernst potential of SOFCs.*”¢! In the H*-SOFC system, mobile protons can
be incorporated at the anode by forming a covalent bond between the lattice oxygen and proton which
originates from the dissociated water. This mobile protons transfer through the dense electrolyte to the

cathode. The overall half reactions at the anode and cathode could be expressed as Equation. (1) and
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Among these proton conducting oxides for the electrolyte, the doped barium cerate and barium
zirconate based materials are considered as two of the most promising candidates for H*-SOFC
applications because of their fast proton transports. Barium cerate based materials have high
conductivity * but with limited stability, especially in steam or CO, containing atmospheres %% On
the other hand, barium zirconate-based materials exhibited excellent chemical stability in steam or or
CO; containing atmospheres,® but their conductivity is one order of magnitude lower thanthat of the
barium cerate systems.**%67 A good combination between them, Ba(Zro.1Ce0.7Y02)O0s.5 (BZCY) showed
a great potential to possess the high conductivity while maintaining excellent chemical stability.®®
Recently, Liu group reported a barium zirconate-cerate co-doped with Yb and Y, BaZro1Ceo7Yo.1-
+Yb,O3.5 (BZCYYD), that displays excellent tolerance to sulfur poisoning and coking. This material
is a very unique mixed ion conductor; it contains and allows rapid transport of both protonic defects
and oxide ion vacancies, resulting in a high ionic conductivity (~0.01 S ¢m™ at humidified O
atmosphere). ® However, the study based on BZCYYb electrolyte in application of SOFC are still at
early stages and the performance of the full cell is limited by electrode materials, especially the
cathode.07°

Generally, mixed ionic (O?*) and electronic conductors (MIECs) are chosen as cathode material
of O* conducting SOFC system due to their excellent catalytic activities for the oxygen reduction
reaction (ORR) by extending the electrochemically active site to the entire surface of cathode.” "> On
the contrary, for the reaction of proton and oxygen ion in the H'-SOFC system, oxygen ion should
diffuse from the surface of MIECs to the interface between the proton conducting electrolyte and MIEC
cathodes (Step 3 in Table 1). Consequently, the MIEC cathodes limit the electrochemically active site
to the interface between proton conducting electrolyte and cathode as described in Figure 27a and Step
4-6 of Table 1.5*7 Therefore, new approaches should be considered in tailoring of cathode materials for
H"-SOFCs. One of the basic requirements for high-performing H'-SOFC cathode material is the high
conductivity of the electron, oxide ion, and proton with the high chemical stability. In this regards, the
triple conducting (H'/O%*/e") oxides (TCOs) effectively extend the electrochemically active site to the
entire surface of cathode as proposed by elementary steps (Table 1) and Figure 27b.

Table 1 Suggested elementary reaction steps and their reaction orders for MIEC and TCO cathode

with proton-conducting electrolytes
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Table 1. Suggested elementary reaction steps and their reaction orders for MIEC and TCO cathode with proton-
conducting electrolytes
Step Elementary reaction for MIEC cathoede Step Elementary reaction for TCO cathode
Step 1 Ozies = 2004 Step 1 Oz — 20,4
Step 2 O s+ 28 capate = O carnde Step 2 O s+ 28 capate = 07 carode
Step 3 0 canese = O srtace Step’ 3 OH'G pectroie — OH g camade
Step 4 OH'5 secrante = H iersee + Qg Step 4 OH' 5 camcse = H' capnse + 00
Step 5 H pertace + 0% ertace — OH niarmace Step' 5 2H" caneae + O caese — HoQ cancse
Step 6 H etace + OH amsce — HoD psace Step & HzO canese — HaOloy
Step 7 Hz0 iertace = Ha Oy,

M H.0
@® Oxygen
® Proton

@ Electron

Electrolyte £ Electrochemical active site

Figure 27 Schematic illustration of the water formation reaction at the H"-SOFC cathode using (a)

a mixed ionic and electronic conductors (O*/¢”) and (b) a triple conducting oxides (H"/O*/e")

Layered perovskite oxides have recently received a great deal of attention for O*-SOFC
cathode materials due to their unusually rapid oxygen transport kinetics rate.”*”® More recently, we
have reported the layered perovskite cathode material, NdBag 5SrosCo1.5FeosOs+5 (NBSCF), which has
a high electrochemical performance with excellent stabilities under operating conditions.”® This family
of layered perovskite compounds has a general formula AA'B,Os: ; where A = trivalent lanthanide ion
(Ln = Pr, Nd, Sm, and Gd), A’ = Ba or Sr, and B = a first row transition metal ion or a mixture thereof.
The layered perovskite consists of two layers with alternating stacking of ...|AO|BO;|A’O 5 [BO,|....
Based on our DFT modeling results in the previous study, the layered structure provides a pore channel
for ion motion in the [Ln-O] and [Co-O] planes that could provide fast paths for oxygen transport and
this oxygen ion diffusion path could follow a zig-zag type trajectory through the Co-O plane
perpendicular to the Ln-O plane.(Figure 28)’® Furthermore, according to Grimaud et al., these layered
perovskite cathode materials are found to exhibit the high proton conducting properties than other
perovskite-related cathodes so that the layered perovskites can be considered as a promising candidate

for H-SOFC cathodes.® Therefore, layered perovskites is considered as promising TCO cathode
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materials, which would show great potential in application of H'-SOFC systems.
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Figure 28 (a) The structure of layered perovskite unit cell(AA’B,Os+5) and (b) a proposed
mechanism for the bulk diffusion of the mobile oxygen species via the pore channels based on our

previous study’®; a zig-zag type trajectory though the CoO plane perpendicular to the PrO plane.

In this study, we reported the application of a novel single-phase cathode material, NBSCF in
H*-SOFC system and the highest performance of the fuel cell is reported so far based on proton-
conducting electrolyte. The new anode-supported SOFC system is composed with
NBSCF/BZCYYb/BZCYYb-NiO. The structural and morphological investigation are performed by
means of X-ray diffraction (XRD) and scanning electron microscopy (SEM). The excellent long-term

stability of single cells is demonstrated.
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4.2. Experimental Section

Preparation of powders

The NdBay sSro5Co1.5FesOs+ s (NBSCF) for cathode and the NiO for the anode were synthesized
using a Pechini method. Stoichiometric amounts of Nd(NO3);-6H>O(Aldrich, 99.9 %, metal basis),
Ba(NOs), (Aldrich, 99+ %), Sr(NO3), (Aldrich, 99+ %), Co(NO3),-6H20 (Aldrich, 98+ %), and
Fe(NO3)3-6H>O (Aldrich, 98%) were dissolved in distilled water with proper amounts of citric acid and
ethylene glycol. The solutions were heated in air followed by combustion to form fine powders, which
were calcinated at 873 K for 4 h. The NiO powders for anode were synthesized by glycine nitrate
process (GNP). Stoichiometric amounts of nitrates were dissolved in distilled water with proper amount
of glycine. The solutions were heated up to 623 K and followed by combustion to form fine powders.
BaZrp.1Ce07Y0.1Ybo.103.5 (BZCY YD) powders were synthesized by a typical solid state reaction method.
Stoichiometric amounts of barium carbonate, zirconium oxide, cerium oxide, ytterbium oxide, and
yttrium oxide powders (all from Aldrich Chemicals) were mixed by ball milling, followed by sintering
at 1373 K in air for 10 h.

Ni-BZCYYb anode-supported cells were fabricated using a drop-coating method. NiO and
BZCY YD powder (weight ratio of 6.5:3.5) were mixed by ball milling in ethanol for 24 h. After drying,
the NiO-BZCYYDb mixture was pressed into a pellet (0.6 mm thick and 15 mm diameter). Thin
BZCYYb electrolyte membranes were prepared by a refined particle suspension coating technique. A
BZCYYb suspension was prepared by dispersing BZCYYb powders (Aldrich) in ethanol with a small
amount of binder (polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa Aesar) at a ratio of
1:10. The BZCYYb suspension was applied to a NiO-BZCYYDb anode support by drop-coating,
followed by drying in air and subsequent co-sintering at 1673 K for 4 h. For preparation of cathode
slurries, pre-sintered NBSCF cathode powders were mixed by ball milling, blended together with an
organic binder (Heraeus V006). The NBSCF cathode slurry was screen printed onto electrolyte surface
of Ni-BZCYYb anode-supported cells. The single cells consisting three layers (NBSCF/BZCY Yb/NiO-
BZCY YD) were subsequently sintered at 1173 K in air for 4h.

Synthesized materials were confirmed with X-ray diffraction (XRD) patterns (Rigaku-
diffractometer, Cu Ko radiation). The microstructures and morphologies of the single cells were
observed using a field emission scanning electron microscope (SEM) (Nova SEM).

For the single cell tests, Ag wires were attached at the cathode side using Ag paste and Pt wires
were attached at the anode side using Ni-O paste as a current collector. The NiO-BZCYYb anode-
supported single cell was sealed fully onto one end of the alumina tube using a ceramic adhesive
(Aremco, Ceramabond 552). Humidified H» (3% H»O) was applied to the anode side as a fuel thorough
a water bubbler with a flow rate of 100 mL min™!, while air was supplied as an oxidant to the cathode

during the single cell test. The I-V polarization curves were recorded between 873 and 1023 K. The I-
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V curves and impedance spectra were acquired with a BioLogic Potentiostat and analysed with EC-lab

software.
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4.3. Results and Discussion
The XRD patterns of the NBSCF, BZCYYb and their composite powders are presented in
Figure 29. The characteristic diffraction patterns for the NBSCF and BZCYYb are identified in a single
phase, respectively. The chemical compatibility between the NBSCF and BZCYYb is investigated by
heating the mixtures at 1223 K for 4h. As shown in Figure 29 (c), there are no obvious reactions between
the NBSCF and BZCYYb powders, indicating that the layered perovskite NBSCF is chemically

compatible with BZCYYb under the processing condition.
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Figure 29 XRD patterns of (a) NBSCF powder sintered at 1323 K for 12 h, (b) BZCYYDb powder
sintered at 1673 K for 4 h, and (c) NBSCF-BZCY Yb mixture after sintered at 1223K for 24 h.

Figure 30 shows the microstructure of the NBSCF cathode and single cell (NBSCF/BZCYYb/NiO-
BZCY YD) by SEM image. The NBSCF cathode has a highly porous morphology that ensures good gas
diffusion. As shown in Figure 30b, the dense BZCYYb electrolyte and the porous NBSCF cathode (ca.
~15um thick) is successfully fabricated. The NBSCF cathodes are adhered well onto the BZCYYb
electrolyte without any cracks or delamination, which is expected to enhance the mechanical

compatibility and the long-term stability of the cathode/electrolyte interface.
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Figure 30 Scanning electron microscope image of (a) porous NBSCF cathode and (b) cross-section

of the single cell.

The long term stability test is performed with applying the constant voltage of 0.6 V at 1023
K and presented in Figure 31. Humidified hydrogen (~3% H,O) and air is used as fuel and oxidant,
respectively. The power density improves during the initial period within about 100 h. This kind of
activation phenomena is often observed in the Mn-based perovskite cathode such as lanthanum

manganite *! and a series of praseodymium manganites.®? At the present study, it may be associated with
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the improvement of the electrode catalyst function and the enhancement of the activations between the
electrodes/electrolyte which needs our further investigation.®* After the stabilization of the power output,
the excellent power density of 1.61 W ¢cm™ is produced at 1023 K without the observable degradation
for 500 h . To the best of our knowledge, the outstanding power density 1.61 W ¢cm? with long term
stability for 500 h represents the highest operating performance ever reported in the literature based on
barium cerate electrolyte under the similar testing conditions. Furthermore, in practical SOFC
applications, such stable and high power density can contribute to improve not only the fuel efficiency

but also the commercialization of the SOFCs.
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Figure 31 Long term stability data of the single cells (NBSCF/BZCYYb/NiO-BZCYYb) with

o

applying a constant voltage of 0.6 V at 1023 K.

After stability test for 500 h, the impedance spectra and current-voltage (/-V) curves of the
single cell are obtained at various temperatures. Generally, impedance spectra of the single cell is used
to describe all resistances associated with the electrode and electrolyte. The intercept with the real axis
at high frequencies represents the ohmic resistance which is mainly originated from the electrolyte,
whereas the difference between the high-frequency and low-frequency intercepts with the real axis
designates the sum of the electrode polarization resistances for the single cell. As shown in Figure 32a,
the ohmic resistance of the single cell are 0.063, 0.079, 0.100, 0.128 Q cm? and the polarization
resistances are 0.046, 0.081, 0.145, and 0.284 Q cm? at 1023, 973, 923, and 873 K, respectively.

As expected from the low ohmic and polarization resistances of the single cells, the outstanding
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maximum power densities of 1.71, 1.37, 1.05, and 0.69 W c¢cm™ is achieved at 1023, 973, 923, and 873
K, respectively, and presented in Figure 32b. Again, the new anode-supported H'-SOFC material system
(NBSCF/BZCY Yb/BZCY Yb-NiO) shows the highest maximum power densities ever compared to any
H*-SOFC configurations at the similar operating conditions. 348" This outstanding results demonstrate
that H'-SOFC with a configuration of NBSCF/BZCYYb/BZCYYb-NiO is one of the most compatible

material system in terms of practical IT-SOFC applications.
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Figure 32 (a) Impedance spectra of the single cell (NBSCF/BZCYYb/NiO-BZCYYb) measured
under open-circuit condition and (b) /-V curve and corresponding power density curves of the single

cell at various temperatures after 500h stability test.
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4.4. Conclusion

In summary, we evaluated the electrochemical performance of the new anode-supported SOFC
material system, NBSCF/BZCYYb/BZCYYb-NiO. The NBSCF and BZCYYb powders were
successfully synthesized and result of the single cell test shows the excellent long term stability for 500
h at 1023 K with high power density of 1.61 W c¢m2 TCO cathodes effectively extend the
electrochemically active site from interface between electrode and electrolyte to the entire surface of
cathode. This work demonstrates that the triple conducting (H"/O*/¢") oxide cathode, NBSCF, shows
excellent compatibility with proton-conducting electrolyte, BZCY Yb. The new anode-supported SOFC
material system, NBSCF/BZCYYb/BZCYYb-NiO, is promising candidate for the practical [IT-SOFC

applications.
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Chapter 5. Hybrid-solid oxide electrolysis cell: A new strategy for efficient hydrogen production

Water electrolysis based on a solid oxide electrolysis cell (SOEC) has potential to be cost-effective,
environmentally friendly, and highly efficient for hydrogen production. There are two types of SOECs,
depending on electrolyte materials: oxygen ion conducting SOECs (oxygen-SOECs) and proton
conducting SOECs (proton-SOECs). Here we report our new findings in exploring a SOEC based on a
mixed-ion conductor that can transport both oxygen ion and proton at the same time, which is denoted
as “Hybrid-SOEC”. When BaZro1Ceo7Y0.1Ybo.1Os. was used as an electrolyte, the Hybrid SOEC
shows the highest efficiency, demonstrating a current density of 3.16 A cm™ at 1.3 V and 750 °C in 10%
humidified hydrogen at hydrogen electrode and 10% humidified air at air electrode. Moreover, the
Hybrid SOEC exhibits no observable degradation in performance for more than 60 hours of continuous

operation, implying a robust system for hydrogen production.

This chapter has been published.
Reproduced with permission from Kim. J., ef al., Hybrid-solid oxide electrolysis cell: A new strategy

for efficient hydrogen production, Nano energy, 44, 121 (2017). Copyright 2017. Nano energy, Elsevier.

5.1. Introduction

Environment-friendly and clean fuels have attracted world-wide attention due to the growing
concerns about global warming and other environmental issues associated with the heavy consumption
of fossil fuels.®® Hydrogen is considered a promising alternative to fossil fuels because it is the cleanest
fuel on the earth and has the highest gravimetric energy density among all chemical fuels (143 kJ kg’
1829 However, hydrogen does not exist naturally on the earth and must be produced from water or
hydrocarbons. In fact, most hydrogen used today (> 90%) is produced from hydrocarbons by the steam
reforming, resulting in greenhouse gas (CO,) emission and high cost.”! Other environmentally benign
hydrogen production processes include photoelectrochemical, thermochemical, and electrochemical
water splitting. Among them, water electrolysis is the most viable approach when renewable energy
sources can be used to run the process. Low temperature electrolysis such as polymer electrolyte
membrane (PEM) electrolysis and alkaline water electrolysis (<100 °C), however, needs significant
amount of the electricity and noble metal-based electrocatalysts, leading to high cost and low energy
efficiency.”” In contrast, high-temperature steam electrolysis based on solid oxide electrolytic cells
(SOECs) is much more efficient because of their advantages for the water splitting both
thermodynamically and kinetically.*?

Oxygen-SOEC is one of the most promising candidate for the high temperature water electrolysis.**
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In this system, the hydrogen is produced from the water-electrolysis reaction at the hydrogen electrode
side as described in Figure 33(a). As an electrolyte material, yttria-stablized zirconia (YSZ) is
conventionally used because the YSZ exhibits sufficient pure oxygen ion conductivity at high
temperatures (> 800 °C).”>® Despite the benefits of high temperature operation, however, wide

application of the oxygen-SOEC has been inhibited because of critical issues (e.g., poor long-term cell

stability, interlayer diffusion, fabrication and materials problems).

(a) Oxygen-SOEC

(b) Proton-SOEC

(¢) Hybrid-SOEC
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Figure 33 Schematic diagrams of the working principle. (a) Oxygen-SOEC, (b) proton-SOEC, and
(c) Hybrid-SOEC system. In the oxygen- and proton-SOEC systems (a and b), even in the presence of
steam on both electrodes, the electrochemical reaction for the water-electrolysis can occur at only one
electrode. On the contrary, when mixed ion conducting electrolyte is used, the water electrolysis can
occur at both at both air and hydrogen electrodes (so-called Hybrid-SOEC operating system), because
the electrolyzed ion species (O* and H") can be counter-diffused across the mixed ionic conducting
electrolyte. Consequently, in the Hybrid-SOEC system (c), more hydrogen could be generated by

allowing simultaneous the oxygen-SOEC and proton-SOEC operation.

For these reasons, proton-SOECs using proton conducting oxides (PCOs) as electrolyte materials
have acquired much interests because of their intermediate to low temperature operation.”” In the
proton-SOEC system (Fig. 1(b)), the proton is generated by water electrolysis at the air electrode and
this proton permeates through the pure proton-conducting electrolyte, and the permeated proton reacts
with electrons to produce hydrogen at the hydrogen electrode. Recently, extensive efforts have been
devoted to developing the PCOs based on barium-zirconates (BZOs) and barium—cerates (BCOs) to
improve their chemical stability and proton conductivity. Among those PCOs, aliovalent-doped BaCe;.

«Z1x03.5 (0<x<1) have demonstrated high proton conductivity and successfully eliminated major issues
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such as poor sinterability and low proton conductivity. 3%

One of the notable points from these operating principles is that the water-electrolysis reaction can
theoretically be occurred in both air electrode and hydrogen electrode depending on the type of ions
(O% or H") that permeates the electrolyte. However, the water-electrolysis reaction is limited to only
one side of electrode in the conventional SOECs, because only one ion can permeate across the single
ion conducting electrolyte (e.g., YSZ, BCOs, and BZOs) even though steam is fed to both electrodes of
the SOEC. In this regard, the introduction of the electrolyte conducting simultaneously both O* and H*
species could be a good approach for the efficient hydrogen and oxygen production. In this system,
water electrolysis can be occurred at both air and hydrogen electrodes (so-called Hybrid-SOEC
operating system, Fig. 1(c)) because the electrolyzed ion species (O* and H") can be counter-diffused
in the opposite direction across the mixed ionic conducting electrolyte. In other words, in the Hybrid-
SOEC system, more hydrogen and oxygen could be generated simultaneously from the permeated
proton (Equation 1 and 3) and water-electrolysis (Equation 2 and 4). The overall reactions at the air and

hydrogen electrode in the Hybrid-SOEC system can be expressed as follows:

Air electrode:

H,0 - 2H* + %Oz(g, water electrolysis) + 2e~ (D

0% > %Oz(g,permeation) +2e70% - %Oz(g) + 2e” 2)

Hydrogen electrode:

2H* + 2e~ - H,(g permeation) 3)F! X7t OfL|H ¢t
gk

H,0 + 2e~ — H,(g, water electrolysis) + 0%~ H,0 + 2e” > H,(g) + 0> (4)

In this study, for the first time, we demonstrate the novel concept of “Hybrid-solid oxide electrolysis
cell” (Hybrid-SOEC) based on the mixed ionic conducting electrolyte. To realize the efficient and stable
Hybrid-SOEC operation, we adopt the BaZro1Ceo7Y0.1Ybo.103.5 (BZCYYD) as an electrolyte because
this material has both protonic and oxide ion defect, resulting in high mixed ionic (O* and H")
conductivity under proper condition.!®! For electrode materials, we choose NdBag sSrosCo1sFesOs+s
(NBSCF) - BZCYYb composite and Ni-BZCY Yb composite as an air electrode and hydrogen electrode,
respectively. The NBSCF layered perovskite can conduct protons, oxygen ions, and electrons, leading
to increased number of electrochemically active sites on the entire surface of the air.%’® These properties
of the NBSCF may improve the catalytic activity for steam dissociation and O; evolution. Also, Ni
shows excellent electrocatalytic activity for water splitting and hydrogen evolution and good
compatibility with making Ni-BZCYYb composite as an ideal hydrogen electrode for the Hybrid
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SOEC.!'%? The Hybrid-SOEC exhibits outstanding electrochemical performance with stability compared

to other SOECs and representative water-electrolysis devices reported in the literatures.

62



5.2. Experimental Section

Synthesis of electrode and electrolyte powders: NdBagsSrosCoisFeosOs+  (NBSCF) were
synthesized by the Pechini method. The desired composition was obtained by each dissolving nitrate
salts in distilled water with the addition of quantitative amounts of citric acid and ethylene glycol. After
a viscous resin was formed, the mixture was heated to roughly 250 °C in air, followed by combustion
to form powders, which were calcined at 600 °C for 4 hours and ball-milled in acetone for 24 hours.
BaZro1Ceo7Y0.1Ybo10s. (BZCYYDb) powders were synthesized by the typical solid state reaction
method. Stoichiometric amounts of barium carbonate, zirconium oxide, cerium oxide, ytterbium oxide,
and yttrium oxide powders (all from Aldrich Chemicals) were mixed by ball milling, followed by
sintering at 1100 °C in air for 10 hours. The NiO powders for the hydrogen electrode were synthesized
by the glycine nitrate process (GNP). Stoichiometric amounts of nitrates were dissolved in distilled
water with a proper amount of glycine. The solutions were heated up to 350 °C and followed by
combustion to form fine powders.

Preparation of sample for XRD and SEM analysis: In order to test the chemical stability between
the NBSCF and BZCYYD, slurries of the NBSCF-BZCYYb composite electrode were applied on the
BZCYYD electrolyte by a screen printing method, and then fired at 950 °C in air for 4 hours. The
chemical reactivity of NBSCF and BZCYYb was confirmed by using an X-ray diffractometer (Rigaku
diffractometer, Cu K radiation). The microstructures and cross section of the Ni-
BZCYYb/BZCYYb/NBSCF-BZCYYD single cell after electrolysis test were observed using field
emission scanning electron microscopy (Nova Nano SEM, FEI, USA).

Fabrication of electrolysis cell: The NiO-BZCYYD electrode-supported cell was fabricated to
measure the electrolysis performance and durability. For preparation of air electrode slurries, the
calcined NBSCF powder and BZCYYb were mixed by ball-milling at weight ratio of 8:2, blended with
a binder (Heraeus V006). NiO-BZCY YD supported cells were fabricated using the drop-coating method.
The NiO-BZCYYb hydrogen electrode was prepared by a mixture of NiO and BZCYYDb (weight ratio
of 6.5:3.5) after being ball-milled in ethanol for 24 hours. The BZCY YD suspension was applied to a
NiO-BZCYYb support by drop-coating, followed by drying in air and subsequent co-sintering at 1400
°C for 4 hours. Air electrode slurries were applied onto the surface of the BZCYYb electrolyte by screen
printing and were finally sintered 950 °C for 4 hours in air.

Electrolysis performance and stability test: For the electrolysis tests, Ag wires were attached at both
electrodes of the Ni-BZCYYDb/BZCYYb /NBSCF-BZCY YD cell using Ag paste as a current collector.
The cell was sealed fully onto one end of the alumina tube using a ceramic adhesive (Aremco,
Ceramabond 552). The entire cell was placed inside a furnace and heated to the desired temperature.
Nitrogen gas was switched to hydrogen, changing the phase from Ni oxide to Ni metal. The cell was

tested from 750 to 550°C under three different atmosphere conditions; (1) in Hybrid-SOEC system:
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under 90% H; and 10% steam fed in the hydrogen electrode and 90% air and 10% steam fed in the air
electrode (2) in oxygen-SOEC system: under 90% H> and 10% steam fed in the hydrogen electrode and
100% air fed in the air electrode (3) in proton-SOEC system: under 100% hydrogen fed in the hydrogen
electrode through bubbler at room temperature and 90% air and 10% steam fed in the air electrode. In
order to assess the stability of the Ni-BZCYYb/BZCY Yb/NBSCF-BZCYYb cell in Hybrid-SOEC, the
voltage of the cell was recorded as a function of time under a constant high current of -0.45 A cm? at
550 °C under 90% H: and 10% steam fed in the hydrogen electrode and 90% air and 10% steam fed in
the air electrode. Impedance spectra, -} curves and stability of the electrolysis cell were examined
using a BioLogic Potentiostat at operating temperature. Impedance spectra were recorded under OCV

in a frequency range of 1 mHz to 500 kHz with AC perturbation of 14 mV from 750 to 550 °C.
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5.3. Results and discussion

In many cases, reactions between the electrode and the electrolyte materials may result in insulating
phases at the interfaces, which blocks ionic and electronic transport across the interface between the
electrode and the electrolyte.!®® Figure 34 shows XRD patterns of the NBSCF-BZCYYb composite
fired at 950 °C for 4 hours. All the peaks correspond to the characteristic peaks for either the NBSCF
or the BZCY YD, indicating that there are no obvious interfacial reactions or distinct secondary phases

between them.
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Figure 34 X-ray diffraction pattern of BZCY Yb-NBSCF composite sintered at 950 °C 4hours.

The schematic diagram and experimental details for Hybrid-SOEC measurements are described in
Figure 35 Hydrogen was supplied to the hydrogen electrode side while air was supplied to the air
electrode side with a flow rate of 100 mL min™. In Hybrid-SOEC measurements, 10% steam was
supplied to both electrodes from a water bubbler kept at a constant temperature for the required amount
of steam and the tubes were heated by a heating tape to prevent condensation. Based on this Hybrid-
SOEC equipment system, the impedance spectra and current-voltage (/-V) curves of the Ni-BZCYYDb /
BZCYYb / NBSCF-BZCYYb electrolytic cell were obtained at various temperatures. Generally, the
ohmic resistance of the cell, determined from the intercept at high frequencies, corresponds to the ionic
resistance of the BZCYYD electrolyte. The non-ohmic polarization resistance, determined by the
diameter of the impedance loop (the difference between the intercept at the high frequencies and that at
the low frequencies), includes the resistance to charge transfer and mass transfer processes for both
electrodes.!® Nyquist plot of the impedance data measured at OCV in Hybrid-SOEC system is shown
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in Fig. S3. The non-ohmic resistances of the Hybrid-SOEC were 0.046, 0.065, 0.106, 0.209, and 0.383
Q cm? at 750, 700, 650, 600, and 550 °C, respectively.

Electrochemical
test analyzer

Pressure Single cell Pressure
Regulator \ Furnace / Regulator
[ /
Mass Flow Heated line ! 7 Heated line Mass Flow

Controller Controller

@ Air

Humidifier Humidifier

@ Outlet Silver wire @

@ Temperature Controller
@ Heating Tape

Figure 35 Schematic illustration of the experimental setup employed for the Hybrid-SOEC

experiments.

Figure 36 (a) shows the performance of the Ni-BZCYYb/BZCYYb/NBSCF-BZCYYb electrolytic
cell operated as Hybrid-SOEC at temperatures between 550 °C and 750 °C. As expected from low non-
ohmic resistance of the single cell, excellent current densities of 3.16, 2.41, 1.62, 0.75 and 0.42 A cm?
were achieved at 750, 700, 650, 600 and 550 °C, respectively, at 1.3 V (i.e., the thermo-neutral voltage
for steam electrolysis). For direct comparison, the results of our hybrid-SOEC at 700 °C are presented
in Figure 36(b) with other results reported in the literatures.”®!1%-1% The performance of the Hybrid-
SOEC is clearly better than those for the oxygen-SOECs and the proton-SOECs. As summarized in
Figure 36(c), the remarkable current density of 2.41 A cm™ is achieved at 700 °C, which is much higher
than those reported for the oxygen-SOEC (0.40 ~ 0.52 A cm™) and the proton-SOEC (0.08 ~0.21 A cmr”
2). Conclusively, the Hybrid-SOEC based on BZCY Yb represents one of the most promising electrolytic

systems for the efficient hydrogen production.

66



Voltage (V)

(b) 15

Voltage (V)

1.4
13
1.2
1.1
1.0
0.9
0.8

() 30

Current density (A cm2)

b3
n

2.0
1.5
1.0

0.5

1 — 7s0-C
J — T00=C
— 650 °C
4 — 600 *C
— BR H'fbrfd'SDEC

60 -50 -40 -30 -20 -1.0 00
Current density (A cm2)

Cxygen-SOEC ——
Proton-SOEC

@ 700°C

-30 -25 20 15 10 05 00

Current density (A cm2)

@ 700=C

Ref. Ref. Ref. This Ref. Ref. Ref.
work

Various electrolysis cell

Figure 36 I-V curves for a Ni-BZCYYb / BZCYYDb / NBSCF-BZCY YD cell. (a) I-V curves in the
Hybrid-SOEC system at various temperatures (under 90% H> and 10% steam fed in the hydrogen
electrode side and 90% air and 10% steam fed in the air electrode side). (b) I-V curves for comparison
of present work and other studies reported in the literature at 700 °C (the performance range of /-
curves for the oxygen-SOEC and proton-SOEC is shaded in green and blue color, respectively). (c)

Comparison of the current densities at 700 °C and 1.3 V.
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In order to compare the electrochemical performance of the Hybrid-SOEC in different operating
conditions, the single cell test was performed under the oxygen-SOEC, proton-SOEC, and Hybrid-
SOEC systems (Figure 37). Under the Hybrid-SOEC system (10 % humidified condition on both
electrodes), the excellent current density value of 4.61 A cm™ was obtained at a cell voltage of 1.5 V at
700 °C. In contrast, when the cell was operated in the proton-SOEC system (10 % humidified air on the
air electrode), the current density was 3.17 A cm™ at the same condition. Similarly, when it was operated
in the oxygen-SOEC system (10 % humidified hydrogen on the hydrogen electrode), the current density
was 4.02 A cm™. The current density at the Hybrid-SOEC system is approximately 45 % and 15 %
higher than that at the proton-SOEC and the oxygen-SOEC system, respectively, indicating that the
Hybrid-SOEC could produce more hydrogen and oxygen by electrolyzing water on both hydrogen and
air electrodes. The amount of hydrogen and oxygen produced from the SOEC operation was also
estimated from Faraday’s law. Assuming 100% current efficiency, excellent hydrogen (1.92 L h! cm™)
and oxygen (0.96 L h' cm) production rate are achieved under the Hybrid-SOEC operating system at
700 °C.
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Figure 37 I-V curves for a Ni-BZCYYb/BZCYYb/NBSCF-BZCYYb cell under 90% H> and 10%
steam fed in the hydrogen electrode side and 90% air and 10% steam fed in the air electrode side (red
line, Hybrid-SOEC system), 90% H, and 10% steam fed in the hydrogen electrode side and 100% air
fed in the air electrode side (blue line, oxygen-SOEC system), and 100% H; in the hydrogen electrode
side and 90% air and 10% steam fed in the air electrode side (green line, proton-SOEC system) at 700
°C.
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To evaluate the stability of the Hybrid-SOEC, the cell voltage of the Hybrid-SOEC was recorded as
a function of time under a constant current load of 0.45 A cm™ at 550 °C, as shown in Figure 38 (a). The
cell voltage was relatively constant for more than 60 hours of continuous operation, indicating good
stability of the Hybrid-SOEC under the condition for hydrogen production. After stability test of the
Hybrid-SOEC at 550 °C, the microstructures of the cell components are identified using scanning
electron microscopy (SEM). Figure 38 (b)-(d) shows the micrographs of the Ni-BZCYYb/BZCYYb /
NBSCF-BZCYYD cells. The BZCYYD electrolyte is dense and the interfaces between the electrodes
and the electrolyte are well-connected; there was no observable cracks or delamination, indicating

mechanical integrity of the Hybrid-SOEC under high humidity electrolysis operating conditions.
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Figure 38 Stability test of single cell as a Hybrid-SOEC (a) Time-dependence of the cell voltage
applied 0.45 A cm™ at 550 °C during Hybrid-electrolysis under 90% H, and 10% steam fed in the
hydrogen electrode and 90% air and 10% steam fed in the air electrode. The BZCYYDb electrolyte is
approximately 20 um thick and the NBSCF-BZCYYb composite air electrode is around 15 um thick.
(b - d) SEM micrographs of Ni-BZCYYb / BZCYYb / NBSCF-BZCYYD cell as Hybrid-SOEC after
stability at 550 °C during over 60 hours; (b) cross-sectional SEM micrograph of the fabricated cell after
stability test, with BZCYYD electrolyte supported on Ni-BZCYYb hydrogen electrode, and NBSCF-
BZCYYb air electrode; (¢) microstructure of interface between NBSCF-BZCYYb and BZCYYD
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electrolyte; (d) microstructure of interface between Ni-BZCYYb and BZCYYb electrolyte.

Figure 39 presents the electrochemical performance of the Hybrid-SOEC with other representative
hydrogen production devices for comparison. Because each water-electrolysis device has different
operating current ranges depending on the electrolyte media, the comparison has been made in high and
low current range for the PEM-electrolysis (~2.0 A ¢cm?, Figure 39 (a)) and the acidified water-
electrolysis (~100 mA cm?, Figure 39 (b)), respectively. As shown in Figure 39 (a), the Hybrid-SOEC
shows much lower overpotential than the PEM-electrolysis which typically uses Pt and Ir as catalysts.
10 In addition, the comparison in the low-current range (Figure 39 (b)) reveals that the Hybrid-SOEC
presents higher hydrogen evolution reaction (HER) performance than the acidified water-electrolysis
system. Only 9 mV overpotential is required to attain 50 mA cm™ in our Hybrid-SOEC system,

meanwhile much higher overpotential is required to reach this current in the acidified water-electrolysis

system using catalysts such as Pt (34 mV), PPy/MoS; (58 mV), MoP|S (99 mV), and CoP (107 mV).!'!-
114
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Figure 39 Comparison of the electrochemical performance of water-electrolysis by the Hybrid-
SOEC and other representative applications. Polarization curves for the comparison with (a) the PEM-
electrolysis using Ir anode and Pt cathode (performance range of the polymer electrolyte membrane
(PEM)-electrolysis is colored by blue) and (b) acidified water-electrolysis using Pt, polypyrrole
molybdenum surfide (PPy/MoS;), molybdenum phosphosulfide (MoP|S), and cobalt phosphide (CoP)

catalyst.

5.4. Conclusions

In this study, we present the novel concept of “Hybrid solid oxide electrolysis cell (Hybrid-SOEC)”
based on mixed ionic conducting electrolyte, BZCYYb, allowing simultaneous the oxygen-SOEC and
proton-SOEC operation. The excellent stability is achieved under the Hybrid-SOEC operation without
observable degradation for 60 h. Furthermore, in the Hybrid-SOEC system, the highest electrochemical
performance for the hydrogen production was obtained among the reported SOEC and other

representative water-electrolysis systems, implying that the Hybrid-SOEC represents a promising new
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option for the cost-effective and highly efficient hydrogen production.
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Chapter 6. The First Observation of Proton Trace in Triple Conducting Oxides: Thermodynamics

and Kinetics of Proton

This chapter has not been published.

6.1. Introduction

Among the various type of fuel cells, ceramic fuel cells have been extensively studied as an eco-
friendly alternative energy device in the aspect of high energy conversion efficiency and continuous
production of the electricity without pollutant emissions. The high operating temperature (> 800 °C) of
conventional O%* conducting ceramic fuel cells (solid oxide fuel cells, SOFCs), however, cause serious
issues such as chemical inter-diffusion and high thermal stress. In this regard, protonic ceramic fuel
cells (PCFCs) using proton conducting oxides (PCOs) have received great attention as promising
candidates for the intermediate to low temperature operation (400 ~ 800 °C) because of its relatively
high ionic conductivity and low activation energy for the H* transport compared with the O* transport
in the conventional O* conducting oxides (YSZ, GDC, LSGM, and etc.)!

After the first report of high-temperature proton conductivity in oxide material by Iwahara and co-
workers in 1980s, many researchers have been investigated to utilizing the proton motion in solid oxides
(so-called, “protonics” combining the proton and electronics) for the efficient PCFC operation. In the
early stage of protonics research, the PCO electrolytes based on barium-zirconates and —cerates have
been widely used as electrolyte materials. Among those PCO electrolytes, aliovalent-doped BaCe;.
«Z1x03.5 (0<x<1) demonstrates high proton conductivity with overcoming their major issues such as
poor sinterability and low proton conductivity under practical operating conditions.? Recently, a barium
zirconate-cerate co-doped with Y and Yb, BaZro.1Ceo7Y0.1Ybo.1035 (BZCYYD), is reported with high
ionic conductivity (~0.01 S cm™) and excellent tolerance to sulfur poisoning and coking.> However, the
wide application of PCFCs is limited because of the cathodic polarization.*

Generally, mixed ionic (O%*) and electronic conductors (MIECs) have been used as the cathode
material for the conventional SOFC system because of their excellent electron conductivity and
catalytic activities for the oxygen reduction reaction (ORR). However, when MIECs are used as PCFC
cathodes, the electrochemically active site is limited into the interface between cathode and electrolyte,
because the protons should diffuse from the PCO electrolyte to the cathode material in order to generate
the electricity. Therefore, triple conducting oxides (TCOs) allowing the simultaneous transport of H',
O* and ¢ are required to effectively extend the electrochemically active sites to the entire surface of

the cathode.
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To increase the electrochemical performance of the TCOs, extensive efforts have been devoted with
two primarily different approaches. The first approach is doping various altervalent elements into pure
proton conducting oxides (i.e. BZO or BCO) to enhance their electrochemical activity for O* and e".
For example, many trivalent ions are doped into the B-site of PCO to increase oxygen-ion kinetics, and
O’Hayre group recently reported that transition-metal cations (Co and Fe) doped BaZr,Y 1.<Os.5 presents
great catalytic properties as the PCFC cathode by activating electronic conduction while maintaining
protonic property of barium zirconates.® Another approach for the development of TCO is finding MIEC
(O*/e’) materials having high protophillic properties. Since this approach has advantages that it is
already well-studied on the electro-catalytic mechanism of O* and e” in MIECs, many researchers have
investigated to find protophillic MIECs for high performance PCFCs. Recently, our group reported that
a layered perovskite material, NdBag sSrosCo15FeosOs+s (NBSCF), shows excellent electrochemical
performance with low polarization resistance of 0.081 Q ¢cm? at 700 °C under practical PCFC operating
condition. Even though these efforts, the systematic development of TCOs is very difficult because of
characterization challenges of protonics in the TCOs, as below reasons.

In order to identify the protonic behavior of PCOs (i.e., H'-conducting electrolyte materials), the
electromotive force (EMF) method is used through the measurement of open-circuit voltage (OCV) for
concentration cells. For the TCOs, However, it is difficult to measure the protonic properties by the
EMF method because of their large electron conductivity. In addition, it is very complicated to analyze
the thermodynamics and kinetics properties of TCOs, because not only H*, but also O* and € are
simultaneously affect the cathodic performance of PCFCs. To overcome these complexities of the
characterization for protonics in TCOs, it could be an effective candidate to study the proton properties
of MIEC materials. The MIECs have been already well-optimized and -studied on their electrochemical
reaction mechanism of O% and e in the ceramic fuel cell system in many literatures, therefore, the
protonic properties of TCOs can be understood more clearly.

In this study, for the first time, we comprehensively identified both thermodynamic and kinetic
properties of protonics for the TCO, PrBag sSrosCoisFeosOs:s (PBSCF). The diffusion coefficient of
proton of PBSCF is identified with isotope exchange method using the time-of-flight secondary ion
mass spectroscopy (TOF-SIMS). For thermodynamic property, protonation enthalpy of the PBSCF is
evaluated by TGA. To evaluate the electrochemical performance, single cell test is performed using the

PBSCF as a PCFC cathode material.
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6.2. Experimental Section

Synthesis of electrolyte and electrode powders: The Pechini method was used to synthesize
PrBag sSrosCoi1.5Feo s0s+5 (PBSCF). The desired composition was obtained by each dissolving nitrate
salts in distilled water with the addition of ethylene glycol and quantitative amounts of citric acid. After
a viscous resin was formed, the mixture was heated to 250 °C in air followed by combustion to make
fine powders, which were calcined for 4 hours at 600 °C and ball-milled for 24 hours in acetone. The
typical solid state reaction was used to synthesize BaZro1Ceo7Y0.1Ybo.103. 5 (BZCYYDb) powders.
Stoichiometric amounts of barium carbonate, cerium oxide, zirconium oxide, yttrium oxide powders,
and ytterbium oxide (all from Aldrich Chemicals) were mixed by ball milling process, followed by
sintering at 1100 °C for 10 hours in air. The glycine nitrate process (GNP)The NiO powders were used
for the hydrogen electrode. Stoichiometric amounts of nitrates with a proper amount of glycine were
dissolved in distilled water. The solutions were heated up to 350 °C and followed by combustion to
make powders.

Preparation of sample for SEM and XRD analysis: PBSCF-BZCY Yb mixtures are sintered at 950 °C
in air for 4 hours, in order to investigate the chemical reactivity between the PBSCF and BZCYYb.
(Figure 40) The chemical reactivity of PBSCF and BZCYYb was checked by an X-ray diffractometer
(Rigaku diffractometer, Cu Ka radiation). The microstructures and cross-section images of the NiO-
BZCYYb/BZCYYb/PBSCF single cell was observed using field emission scanning electron
microscopy (Nova Nano SEM, FEI, USA). (Figure 41)
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Figure 40 XRD differaction pattern of (a) PBSCF sintered at 1150 °C for 12 h, (b) PBSCF after
steam exposure (10 vol% H>O containing air) for 100 h at 650 °C, (¢) BZCYYD sintered at 1400 °C for
4 h, and (d) a mixture of PBSCF and BZCY YD sintered at 950°C 4h.
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Figure 41 (a) Cross-sectional SEM image of PBSCF/BZCYYb/Ni—BZYYb cell. (b) SEM image
of porous PBSCF cathode

Fabrication of single cell: The NiO-BZCYYb anode-supported cell was fabricated for the
measuremet of the electrolysis durability and performance. The calcined PBSCF and BZCY'Yb powders
were mixed by ball-milling at weight ratio of 8:2, blended with a binder (Heraeus V006) for air electrode
slurries. NiO-BZCYYb supported cells were fabricated by the drop-coating method. The NiO-BZCYYb
hydrogen electrode was prepared by a mixture of NiO and BZCY Yb (weight ratio of 6.5:3.5) after being
ball-milled for 24 hours in ethanol. The BZCYYb suspension was applied to the NiO-BZCY YD support
by drop-coating, followed by drying in air and co-sintering at 1400 °C for 4 hours. Air electrode slurries
were screen-printed onto the surface of the BZCYYb electrolyte and were finally sintered 950 °C in air
for 4 hours.

Time-of-flight secondary ion mass spectrometry: Isotope proton exchange was measured with 10
vol% D,O-containing air in the range of 250~550 °C. The D,O-exchanged samples were analized by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) on a Ion ToF-SIMS 5 (ION-TOF GmbH,
Miinster, Germany). A 25 keV Bi" primary ion beam of 1.10 pA current was used to generate the
secondary ions for analysis and a Cs* beam (2 kV) incident for sputtering. Hydrogen depth profiles
were investigated from the exchanged surface of sample by sputter depth profiling. After ToF-SIMS

analysis, the crater depth was measured using a KLA-Tencor P6 surface profilometer. (Figure 42)
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Figure 42 Surface profile data of the PBSCF pellet after ToF-SIMS measurement. Inset image shows

the crater on the PBSCF surface after Cs* beam sputtering.
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Thermogravimetric analysis: The concentration of protonic defects was determined by
thermogravimetric analysis(TGA). The sintered powders were heated to 800 °C and held until it reached
a thermal equilibrium state to remove water from the structure. The weight changes of samples between
under dry and wet air (Pu20=0.023 atm) were collected every 100 °C from 800 °C to 500 °C witha 2 h
stabilization time at each temperature. Thermogravimetric analysis (TGA) data were logged on the
SDT-Q600 device from TA. Measurements were carried out on samples in platinum crucibles under
dry-air and wet-air saturated by bubbling in water at 25 °C

Electrochemical performances: For the single cell tests, Ag wires were attached at the cathode and
anode side using Ag paste as a current collector. The NiO-BZCY Yb anode-supported single cell was
sealed fully onto one end of the alumina tube using a ceramic adhesive (Aremco, Ceramabond 552).
Humidified H, (3% H,O) was applied to the anode side as a fuel through a water bubbler with a flow
rate of 100 mL min™!, while air was supplied as an oxidant to the cathode during the single cell test. The
impedance spectra and /-V curves were acquired with a BioLogic Potentiostat and analyzed with EC-

lab software.
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6.3. Results and Discussion

To determine the surface adsorption and diffusion behavior of the proton for the PBSCEF, the isotope-
exchange treatment was performed under precise control of temperature and D>O vapor pressure. As
schematically shown inFigure 43, the dense PBSCF pellet (98.5% theoretical density) was polished for
uniform DO adsorption onto the surface, followed by heat-treatment under 10 vol% D>O-containing
air in the range of 250 ~ 650 °C. When D,O-containing air was supplied, proton uptake reaction is

occurred due to the D,O uptake reaction of PBSCF, as shown below:*®
(Equation 1) H,O + V7o + O% < 20H0
Surface analysis and depth profiling measurements were performed after the D,O-exchange

treatment by the time of flight secondary ion mass spectrometry (ToF-SIMS) for the protonic behavior
evaluation on the PBSCF surface and bulk.

lon mirror
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S

Bi* gun
Cs* gun
Polished Isotope exchange D,0-exchanged ToF-SIMS analysis
dense PBSCF pellet treatment by 10 vol% PBSCF for investigation of protonic
D,0-containing air properties of PBSCF

Figure 43 Schematic illustration of preparation of the D,O-exchanged PBSCF for the ToF-SIMS

meausrement.

Figure 44a presents the surface analysis results obtained by the ToF-SIMS for the investigation of
protonic behavior on the PBSCF surface. As shown in the ToF-SIMS mass spectrum data, the D
(m/z=2.014) and OD(m/z=18.009) signals are successfully detected from the surface of D,O-
exchanged PBSCF, and the mass resolution is sufficient to separate between the OD™ and 'O (m/z =
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17.999). Only D" and OD" peaks are observed after the D,O-exchange treatment, indicating that the
exchange process forms D~ and OD" ions on the surface. The protonic reaction on the surface of PBSCF
is also revealed on the secondary ion mapping images, as shown in Figure 44b-e. In the ToF-SIMS
images (see Figure 44b-e), bright yellow and dark red colors represent the high and low concentration
of observed ion species, respectively. The D~ and OD species are clearly observed over the entire
surface of the PBSCF sample as presented in Figure 1¢ and e, indicating that the proton defect formation

reaction (eq. 1) homogeneously occurs on the surface.
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Figure 44 Protonic properties of the surface of PBSCF pellet measured by ToF-SIMS. (a) Mass
spectrum analysis of a D,O-exchanged PBSCF around U = 2 and 18. (b-e¢) Secondary ion mapping
images of D" and OD for the surface of PBSCF pellet before (b, d) and after D-O (c, ) exchange.

In order to analyze the bulk diffusion kinetics of the proton at TCO, the isotope exchange depth
profile (IEDP) of deuteron for the D,O-exchanged PBSCF was measured. The 3D-mapping image of
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OD" (Figure 45a) clearly shows that the protons are uniformly diffused in the depth direction of the
PBSCEF. Figure 45b and ¢ show the normalized OD- tracer diffusion profiles, and these experimental
data can be fitted to Fick’s second law with the semi-infinite model since the in-diffusion of deuteron

was shorter than half of the PBSCF sample thickness: !

(Equation 2) C (x) = erfc (2\/%) — exp(hx + h?D*t) X erf{(zx/%) + (h\/ﬁ)}

where 4 is the ratio of the surface exchange coefficient (k") to the diffusion coefficient (D) and ¢ is

the anneal time. The C’(x) is the normalized deuteron isotopic concentration calculated from:

C(x)—Cbg
Cg+Chg

(Equation 3) C (x) =

where C(x), Cg, and Cyg are deuteron fraction, deuteron concentration in air, and background isotope
fraction, respectively. The calculated D* and k* values are presented in Figure 45d, e. Diffusion
coefficient value of proton (D) increases with increasing temperature due to thermally activated
motion of the proton (Figure 45d). Meanwhile, unlike the surface exchange behavior of O* for general
MIEC materials, the surface exchange coefficient value of the proton (k') is reduced with increasing
temperature (Figure 45¢) because the proton uptake at the surface is an exothermic reaction.!'® The
proton diffusion coefficient (D) of PBSCF shows excellent value of 1.04x10° cm?/s at 550 °C which
is much higher than the O* diffusion coefficients (Do) of other representative SOFC cathode materials
(Figure 45f), such as Bag sSro sCoo.sFeo203.5 (BSCF), Lag 6S104Co0.2Feo 3035 (LSCF), and Lag ¢St 4CoOs.
5 (LSC) (1.63x107~3.01x10!" cm?¥/s), 221177120
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Figure 45 (a) 3D-mapping image of OD" ion intensity in the 50 x 50 um of the analysis area for D,O-
exchanged PBSCF sample annealed at 350 °C. (b) and (¢) Normalized OD" depth profile obtained from
D,0-exchanged PBSCF annealed at a temperature range of 250 ~ 550 °C. The solid lines represent the
best fit to the Fick’s second law. (d) and (e) Diffusion and kinetics coefficient of proton (D" and k')
values of the PBSCF sample. (f) Comparison of diffusion coefficients (D'n) of the PBSCF with other
representative MIEC materials: Bag sSro sCoo sFeo203.5 (BSCF), PrBaCo,¢0s+s (PBCO), GdBaCo,.00s+5
(GBCO), LageSrp4Co035 (LSC), LageSro4Coo2Fe0 3035 (LSCF), and Laz7.15Was50s528Vo73 (LWO).

Solid lines in the red and blue circle represent D* values for oxygen ion and proton, respectively.

For thermodynamic study of the protonics in PBSCF, thermogravimetric analysis (TGA) was
performed in the temperature range of 500 ~ 800 °C. When humidified air (3 vol% H>0) is supplied
onto the sample under an isothermal condition, weight increase of the PBSCF is observed due to the
hydration reaction (Equation 1, Figure 46), so that the equilibrium constant (Kon) for the hydration
reaction can be obtained as shown below,

(Equation 4) Kon = [OH'0]*/ (pH20[V*0][0%0])
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Figure 46 Proton defect formation of PBSCF measured by the water-uptake properties of TCOs
through thermogravimetric analysis (TGA) at 400 °C under dry air and 3 vol% H»O air. Concentrations

are given in unit of [(OH mol concentration)/(PBSCF mol concentration)]

The equilibrium constants (Kown) for the proton uptake reaction show the Arrhenius behavior, so the
enthalpy of the proton defect formation (AH) for the PBSCF was evaluated from the hydration isobars
(Figure 47a) using the following Van’t Hoff equation,'?!

(Equation 5) In(Koy) = — 2—1; + %

where R and T are the universal gas constant and temperature (K), respectively. For comparison, AH
values of the representative PCOs are presented in Figure 47b. The lower negative values of AH (i.e.,
more exothermic) could indicate that the hydration reaction is more favorable because of the exothermic
hydration reaction and the relationship between the dissolved hydroxyl group and the lattice oxygen.'*
In the temperature range of 500~800 °C, the AH of proton defect formation for the PBSCF is -52.53
kJ/mol, indicating that the PBSCF has favorable proton uptake properties compared to other barium-

zircornates (-65~-25 kJ/mol). 2123124
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Figure 48 presents the electrochemical performance of the single cell using a
PBSCF/BZCYYb/NiO-BZCY YD configuration. As can be expected from the favorable protonic kinetic
and thermodynamic properties of the PBSCF obtained from our experimental results, an excellent non-
ohmic resistance of 0.088 Q ¢m? and a maximum power density (MPD) value of 1.23 W/cm? were
obtained at 650 °C (Figure 48 4a and b). Notably, the PBSCF single cell shows a power density of 0.42
W/em? even at 500 °C, which is higher than the required power density of 0.25 W/cm? for efficient
operation.'” As shown in Figure 48 4c, this efficient performance at low temperatures (~ 600 °C) enable
cost-efficient manufacturing by widening material choices (e.g., metallic interconnects, non-ceramic

seals) and eliminating major performance degradation.>
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6.4. Conclusion

In the present study, both kinetic and thermodynamic properties for the protonics of triple conducting
oxide (TCO) were comprehensively investigated using the ToF-SIMS and TGA. Interestingly, we found
that the proton formation and transport properties were observed on both surface and bulk of the layered
perovskite, PBSCF. This layered perovskite presents an excellent D"y value of 1.04x10 cm?/s at 550°C
which is two orders of magnitude higher than oxygen diffusion coefficient (Do") values of other
representative MIEC perovskite materials. Thermodynamically, the PBSCF has a favorable enthalpy
value (AH) of proton defect formation (-52.53 kJ/mol) compared to other proton-conducting oxide
materials, such as barium-zircornates (-65 ~ -25 kJ/mol). Based on these protonic properties, an efficient
operation was possible even at the low-temperature (500°C). We believe that this first study on the
kinetics and thermodynamics of TCO, could provide a useful guideline for methodology to understand

the protonics and development of PCFCs.
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