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Recent developments in proton conducting oxides (PCOs) present a promise of economic and sustainable energy
conversion and storage devices such as protonic ceramic fuel cells, protonic ceramic electrolysis cells, gas
purification, syn-gas membrane, and ammonia synthesis. This review provides a comprehensive overview of the
development and recent trends in electrochemical cells based on the PCOs. Various protonic electrochemical
cells are described here with basic working principles and critical parameters affecting the performance. Also,

the electrochemical properties and recent progress on the PCO materials are reviewed and discussed. The
overview of PCOs provides guidelines for the scientific-based rational design of PCO materials for the efficient
protonic energy conversion and storage applications in academic and industrial fields.

1. Introduction

With the exponential growth in energy consumption and finite fossil
fuel resources, the necessity for sustainable energy conversion and
storage (ECS) devices are increasing [1]. Ceramic fuel cells have at-
tracted attention because of their high energy conversion efficiencies
and their potential applications in ceramic electrolysis cells, hydrogen
pump, membrane reactors, ammonia synthesis, fuel reformers, and
hydrogen sensors [2]. However, the intermediate to high operating
temperature (> 650 °C) of conventional 0%~ conducting ceramic fuel
cells (i.e., solid oxide fuel cells, SOFCs) is an obstacle to their com-
mercialization, mainly because of significant degradation, sealing pro-
blems, and high thermal stress [3].

In this regard, extensive efforts have been devoted to lowering the
operating temperature of ceramic fuel cells. After the first report of
proton conductivity in oxide materials by Iwahara and co-workers in
the 1980s, [4,5] protonic ceramic fuel cells (PCFCs) using proton con-
ducting oxides (PCOs) have been considered as promising candidates
for low temperature operation (< 650 °C) because of their high ionic
conductivity and low activation energy for H" transport [6]. The low
operating temperature of PCFCs provides great benefits such as re-
duction of plant costs, and wider material choices for system
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components [7]. Moreover, since both component inter-diffusion and
radiative heat transfer exponentially drop off below 600 °C, the primary
performance degradation mechanism can be eliminated [8].

After decades of development on the proton-conducting electrolyte
materials, their fundamental properties have been reviewed [9,10] and
excellent electrode materials have been developed [11,12] to further
improve electrochemical performance. These advances of materials and
technologies opened the possibility of significant improvement for the
performance of various applications based on the PCOs such as protonic
ceramic fuel cells, protonic ceramic electrolysis cells, gas purification,
syn-gas membrane, and ammonia synthesis [13,14]. The purpose of this
paper is to provide an understanding and ideas on developing new
materials using protonic properties, and to provide guidelines on the
material choices and possible applications in academic and industry
fields. This review paper starts with the overview of possible ceramic
electrochemical applications based on the proton conducting oxides
with their backgrounds and brief theoretical principles of critical
parameters affecting the performance. After the discussion of potential
applications, numerous researches on the materials for these applica-
tions have been comprehensively reviewed in each section. The over-
view of proton conducting oxide materials provides the most recent
progress obtained by various approaches to develop materials. This

Received 20 January 2019; Received in revised form 28 March 2019; Accepted 12 April 2019

Available online 24 April 2019
1364-0321/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2019.04.042
https://doi.org/10.1016/j.rser.2019.04.042
mailto:gtkim@unist.ac.kr
https://doi.org/10.1016/j.rser.2019.04.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2019.04.042&domain=pdf

J. Kim, et al.

review concludes with presenting the challenges and future directions.
2. Applications

Research using proton conducting oxides made a beginning in the
1990s, and several proton-conducting oxides have been explored for
various kinds of applications. In this section, protonic applications are
classified with (1) energy storage and conversion and (2) chemical
synthesis. In energy storage and conversion application proton con-
ducting oxides, the electromotive force (EMF) is utilized to drive the
protons between the electrodes; while in chemical synthesis, EMF,
catalysis, and preferential protonic transport are utilized.

2.1. Energy conversion and storage

2.1.1. Protonic ceramic fuel cells

Among hydrogen energy systems, SOFCs have received tremendous
attention as promising energy conversion devices for high efficiency
and low emission renewable energy [15,16]. Nevertheless, the required
high operating temperatures of 800-1000 °C lead to critical problems
including: [17]

1. Material limitations (corrosion, chemical inter-diffusion, and reac-
tions between components)

. Operating complexities

. Expensive systems costs

. Rapid performance degradation

. Slow start-up and shutdown cycles

. Limiting applicability in the portable power and transportation
markets

U~ WN

To resolve these problems, low-temperature SOFCs (LT-SOFCs) with
an operating temperature under 650 °C have been suggested as a so-
lution [8,18]. The low operating temperature reduces system cost due
to the wider range of material choices for the interconnector and
compressive non-glass/ceramic seals [19,20]. Even with the benefits,
poor activity and a corresponding low power density are significant
barriers to low temperature operation [21,22].

In this regard, PCFCs have been proposed as promising LT-SOFCs
due to their low activation energy (0.4-0.6eV) for proton transport,
which is approximately half of the typical oxygen ion transport acti-
vation energy [23,24]. Based on the proton conduction at the electro-
lyte, the following equations (Equations (1)-(3)) are proposed for the
PCFC:

2H, — 4H" + 4e” (Hydrogen electrode, anode) 1
4H" + O, + 4e~ — 2H,0 (Air electrode, cathode) 2
2H, + O, — 2H,0 (Overall reaction) 3)

The hydrogen supplied to the anode is catalytically dissociated into
protons and electrons and released through the electrolyte and the
leading wire, respectively [25,26]. As shown in Fig. 1a, the proton
transported through the electrolyte reacts with oxygen to produce
water at the cathode. In contrast to a typical SOFC where water is
generated at the anode, water production at the cathode of the PCFC
improves fuel utilization and efficiency by suppressing fuel dilution
[27,28].

However, their practical use is yet to be realized by several barriers
such as:

1. Poor sinterability

2. Blocking nature of grain boundary

3. Low chemical stability of proton conducting oxides.
4. Large electrode overpotentials of cathodes.
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In an effort to solve these problems, many researchers have tried to
develop new electrolyte and cathode materials or multi-layered anode
support structure and have significantly improved the power density of
PCFCs. The highest PCFC power density is reported by Haile et al. using
a PrBag 5Srg.5C0q sFeg 5054 s (PBSCF) cathode and
BaZr 4Ce0.4Y0.1Ybo.103 5 (BZCYYDb) electrolyte. They achieved ex-
ceptionally high power density (1.1 Wem ™2 at 650°C) and stability
(700 hat 550 °C) [25]. More fundamental studies and history on the
material development are described in the later sections in three parts:
cathode, electrolyte, and anode.

2.1.2. Protonic ceramic electrolysis cells

Among the clean and renewable energy sources, hydrogen energy is
considered as a next-generation energy technology to replace fossil
energy [4]. However, conventional hydrogen production using a steam
reforming process with fossil resources promotes fossil fuel depletion
and CO, emissions. In this regard, steam electrolysis has received tre-
mendous attention due to the increased demand for H, production
technology with low environmental impact and high efficiency [30,31].
For the water-splitting reaction, thermodynamic data for steam elec-
trolysis is shown in Fig. 2 at a steam pressure of 1atm based on
Equation (4), where AH is total energy demand, AG is the electrical
energy demand, and TAS is the heat energy demand.

AH = AG + TAS ()]

Due to the water phase transition (liquid to gas), the total energy
demand (AH) significantly drops off at 100°C. As temperature in-
creases, the thermal energy (TAS) is increased and thereby the electrical
energy demand (AG) reduced implying that the high-temperature
SOECs are more effective (low cost, less electricity) than low-tem-
perature water electrolysis systems if the heat energy demand can be
compensated by external sources like waste heat from industries
[32,33].

With proton-conducting oxides, the principle of the steam electro-
lysis can be expressed by the following equations, (Equations (5) and

()

H,0 — 2H" + 2e” + 1/20, (Air electrode, anode) (5)

2H* + 2e~ — H, (Hydrogen electrode, cathode) 6)

As shown in the schematic illustration of steam electrolysis using a
proton-conducting electrolyte (Fig. 1b), steam is dissociated into
oxygen and protons at the air electrode with a current supply, while
pure and dry hydrogen is evolved at the hydrogen electrode.

Kim et al. suggested a hybrid-SOEC system based on both oxygen
ion and proton conducting properties of the BZCYYb electrolyte [34].
By providing steam to both electrodes, the hybrid-SOEC system (see
Fig. 3) allows simultaneous oxygen-SOEC and proton-SOEC operation.
Compared to conventional oxygen-SOEC and proton-SOEC, the hybrid-
SOEC shows a higher current density of 3.16 Acm~?at 1.3 V and 750 °C
with a stable operation for 60 h.

2.2. Chemical production

2.2.1. Purification

In a hydrogen separation membrane based on dense proton con-
ductors, a hydrogen chemical potential gradient will be applied to drive
the flow of hydrogen through the ceramic membrane. The chemical
potential gradient across a proton conducting ceramic membrane will
be controlled by the concentration gradient, temperature, and electric
field. Fig. 4a illustrates the design of a ceramic proton conducting
membrane with electronic-protonic conductivity. When the chemical
potential of hydrogen across the membrane is unequal, then:

1(H)®@ < u(H)® )
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Fig. 1. Schematic illustration of the working principle for PCFCs and PCECs.
300 v permeation rate of the proton conducting membrane and achieving
< AH: Total energy demand high hydrogen flux remains the greatest difficulty for the development
2504 ¢ of proton conducting separation membranes. It was estimated that both
g R protonic conductivity and electronic conductivity should be higher than
o \ AG: Electric energy demand 0.1Scm™?, which are required for the separation membrane to be
g 200+ = | useful for hydrogen separation [35]. Among the proton conducting
9 | perovskite-type oxides, SrCeO3, BaCeO5, and BaZrO3 have been studied
2 150 4 g ; extensively. Different trivalent cations such as Y, Yb, Sm, Nd, Eu, Sc,
S— o - Steam and Tb and transition metal dopants (Fe and Mn) have been used to
a g. ) partially substitute at Ce/Zr sites. Despite the intensive efforts to en-
a 100+ o - TAS: Thermal energy demand hance the hydrogen flux in single-phase proton conducting membranes,
c 1 l the hydrogen permeation flux is still low due to poor electronic con-
w 50 4 ductivity. To further improve hydrogen flux, dual phase ceramic
| membranes were developed in which the composite of the electron
0 ) conducting phase and the proton conducting oxide phase. Among the
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Fig. 2. Electric, thermal, and total energy demand for H,O electrolysis as a
function of temperature, showing the electric energy demand decreasing con-
siderably which is compensated by the thermal energy demand increasing with
increasing operating temperatures, reproduced with permission [29].

which is equivalent to partial pressure of H, across the membrane:

p(H)@ < p(Hy)W ®

Then the diffusion of electrons and protonic defects takes place
through the proton conducting oxide membrane to the low partial
pressure side of the dense ceramic membrane. The hydrogen separation
process through the ceramic proton conductor involves several steps:

1. Diffusion and dissociative adsorption of hydrogen molecules on the
feed side.

. Ambipolar diffusion of protonic defects in the ceramic proton con-
ducting phase and electrons in the electronic phase of the mem-
brane.

. Proton reduction at the sweep side of the membrane.

. Hydrogen re-association and desorption of hydrogen to move away
from the surface.

Depending on the membrane materials, the rate of hydrogen oxi-
dation and/or electron conductivity determine the hydrogen

608

dual phase membranes, Ni is used as the electron conducting phase
because of its high conductivity, catalytic activity for hydrogen oxidi-
zation, mechanical stability, and low cost for membrane fabrication.
Table 1 summarizes representative single-phase and dual-phase ceramic
proton conducting membranes for hydrogen separation.

2.2.2. Membrane reactors

Syngas is a mixture of carbon monoxide and hydrogen and is a key
intermediate in the chemical industry; it is primarily used in ammonia
and methanol synthesis. Both syngas and hydrogen can be synthesized
by the reforming (steam reforming, partial oxidation reforming, and
auto-thermal reforming) of methane or other fuels such as coal. Due to
energy savings and process intensification in the last few years, me-
thane reforming at low temperature (400-600 °C) has been proposed to
decrease the cost of the reforming process. The water gas shift reaction
(WGS) and the methane steam reforming (MSR) convert CO and CHy,
respectively, into the mixture of CO, and H, by the following reaction:

)]
(10)

H,O + CO 2 H, + CO, (AHs = —41kJmol ™ 1)
CH4 + 2H,0 2 4H, + CO, (AHzeg = +165 kJ mol 1)

Since the WGS reaction is suppressed at low-temperature, [49] a
continuous removal of H, from the reaction chamber is required to
increase the methane conversion [50]. If the WSG reaction catalyst and
H, separation membrane are integrated into one single unit, continuous
separation of H from the reactor will drive the equilibrium forward. A
proton conducting membrane can be used with an external power
source to extract hydrogen from the reforming side. Fig. 4b shows the
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Hydrogen electrode:
H,0 + 2e~ - H, (g, water electrolysis) + 0%~

Air electrode:

1
0% > Eoz(g, permeation) + 2e”

(b) Proton-SOEC

Hydrogen electrode:

2H* 4 2e~ - H,(g permeation)

Air electrode:

1
H,0 - 2H* + Eoz(g, water electrolysis) + 2e~
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(c) Hybrid-SOEC

Hydrogen electrode:

2H* + 2e~ = H,(g permeation)

H,0 + 2e~ - H,(g, water electrolysis) + 0%~
Air electrode:

1
H,0 - 2H* + EOZ(g, water electrolysis) + 2e~

1
0% > 502(8- permeation) + 2e~

Fig. 3. Schematic illustration of the working principle for (a) Oxygen-SOEC, (b) proton-SOEC, and (c) Hybrid-SOEC systems. In the oxygen- and proton-SOEC systems
(a and b), the water-electrolysis reaction occurs only at the one electrode. Meanwhile, water electrolysis can occur at both electrodes when mixed ion conducting
electrolytes are used because of a counter-diffusion of electrolyzed ion species (0%~ and H*) across the mixed ionic conducting electrolyte, reproduced with

permission [34].

schematics of a proton-conducting solid electrolyte membrane.
Malergd-Fjeld et al. recently developed a membrane reactor with
BaZrg g.x.;CexY,03.5 (BZCY) proton-conducting electrolyte sandwiched
between two porous electrodes of BZCY and Ni that can separate hy-
drogen by applying 4.0 Acm™2. At 800 °C, full methane conversion is
achieved by removing hydrogen from other gases simultaneously with
compression of hydrogen electrochemically up to 50 bar [51]. Fur-
thermore, membrane reactors can be used for the hydrogenation and
dehydrogenation of organic compounds [52-54]. Morejudo et al. de-
monstrated the dehydrogenation of methane to form aromatic com-
pounds by using a co-ionic (proton and oxygen ion) conducting mem-
brane and an externally applied current at 710°C [55].
Dehydrogenation of ethane to ethylene was carried out using
BaZrg 4Cep.4Y0.1Ybo.103 5 (BZCYYb) at 400 °C with an applied current
density of 1 A cm ™2 and achieved an ethylene selectivity close to 100%
and a hydrogen generation rate of 0.448molcm ™2 [56]. The H,
permeable ceramic membrane reactor for non-oxidative CH4 conver-
sion (NMC) reaction is reported with Fe©SiO2 catalysts by Sakbodin
et al. They have successfully increased the CH4 conversion by the re-
moval of H, from the NMC reactions without affecting the product

selectivity and catalyst durability [57].

2.2.3. Ammonia synthesis

Ammonia synthesis by the Haber-Bosch process involves the reac-
tion of gaseous nitrogen and hydrogen on the catalyst bed at high
temperature and pressure (~ 500 °C, 150-300 bar). Since the ammonia
formation reaction is exothermic at 500 °C (- 109 kJ mol ~!), ammonia
formation increases with decreasing temperature. To obtain an in-
dustrially acceptable ammonia conversion rate, the high temperature is
required to maintain a high conversion rate. However, the ammonia
synthesis by the Haber-Bosch process is thermodynamically limited
[58]. Electrochemical synthesis of ammonia using proton conducting
membranes can overcome the thermodynamic limitations of the re-
versible reactions [59].

N, + 3H, = 2NH; an

Ammonia synthesis using proton conducting oxides typically in-
volves the following steps, as shown in Fig. 4c:

1. Supply of H, at one electrode in the electrochemical cell.

Purification

Ammonia Synthesis

Fig. 4. (a) The design of ceramic proton conducting membranes with an electronic-protonic conduction. (b) Schematic illustration of the protonic membrane
reformer. Methane (CH,) is reformed with steam (H»O) on the reaction side. H, is separated by protonic transport from the reaction side (with the lower partial
pressure of hydrogen) to the hydrogen side (pH, > pH,) and directly compressed as a result of applied voltage. Red, white and grey atoms represent O, H, and C,
respectively. (c) Schematic illustration of proton conducting solid oxide cells employing proton-conducting electrolytes for electrocatalytic N, reduction. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
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Summary of representative single phase and dual phase ceramic proton conducting membranes for hydrogen separation.

[Ref]

Thickness (um)

Flux (mL cm ™2 min™1) Feed gas/sweep gas

Composition Temperature (°C)
BaZr gYo.15Mng 05035 [36] 900 900
BaZrg.goFep.1003-5 [37] 900 1150
SrCeg.7Zrg2Eu0 1035 [38] 900 30
BaCeg.95Tbg 05035 [39] 850 15
Ni—BaZry 1Cep.7Y0.1Ybo.103—_5 [40] 900 44
Ni—BaZr 1Cep7Y0.2035 [41] 900 266
Ni—BaCe Y2035 [42] 900 80
Ni—BaCeg.95Tbg 0503 -5 [43] 900 10
Ni—BaZrg 7Pro.1Y0.203 -5 [44] 950 400
Ni—BaZrg 1Ceo.7Y0.203-5 [45] 900 30
Ni—Bag gCeg 35219 5Tbg 1503 5 [46] 900 1500
Las sWO11.25.5 — 700 370
Lag.g7S10.13Cr03.5 [47]
BaCe sY0.203-5 — CeogY0.202_5 [48] 900 1400

0.03 Wet 50% Hy/He-wet Ar
0.75 20% Hy/inert Ar

0.23 100% dry H,/inert
0.53 50% Hy/N,

1.12 Wet Hy/N,

0.80 H,/100 ppm-N,

0.2 3.8% H, in He/N,

0.91 50% H, in He/He

0.01 wet 40% Hy/Ar

0.33 80% Hj in Ny/Ar

0.07 25% Hy 25% CO; in No/Ar
0.15 50% H, in Ar/N,

0.74 H, in He/Ar

2. Formation of protons at the electrode-electrolyte interface.
3. Proton conduction through the solid proton conducting membrane.
4. Reaction with N, to form ammonia at the other electrode.

An ideal proton conducting membrane should exhibit high proton
conductivity; doped SrCeOs, BaCeO3 and BaZrOs exhibit appreciable
proton conductivity for ammonia synthesis. Here, the ammonia synth-
esis rate using proton conducting oxides not only depends on the proton
conductivity of the electrolyte membrane but also on the catalyst used
in the electrode components. Table 2 summarizes representative proton
conducting electrolytes and the rates of ammonia formation.

3. Materials

To enhance the performance of various electrochemical applications
based on proton conducting oxides, many researchers have focused on
developing electrochemically active materials that meet the essential
requirements for the electrochemical cells. Electrochemical cells are
basically composed of three components; electrolyte material for ion
transfer and cathodic/anodic materials for redox reactions. Because of
the operating similarities between fuel cells, electrolysis cells, and other
electrochemical cells, these materials have been mainly developed for
PCFC technologies, then applied to other applications such as electro-
lysis and electrochemical cells. Therefore, the overview of PCO mate-
rials in this section is composed of cathodic materials, electrolyte ma-
terials, and anodic materials. Also, different strategies for material
development are described here based on the research progress of the
PCFCs.

3.1. Cathodic materials
Generally, mixed ionic (0?7) and electronic conductors (MIECs)

Table 2
Summary of representative proton conducting electrolytes and the rates of
ammonia formation.

Proton conductor membrane [Ref] Temperature (°C) NH;3 formation (mol

s~lem™?)
SrCeo.05Ybo.0s03-5 [58] 570 45x107°
SrZr0.95Y0.0s03-5 [60] 450 6.2 x 1072
BaCe; Y03 5 [61] 500 21 x107°
SrCeo.95YDo.0503-5 [62] 450 6.25 x 10712
BaCeo,7Zro.2Smo.103 5 [63] 500 2.7 x107°
Bag.0gCep.sY0.203.5 + 0.04 ZnO [64] 500 2.4 x107°
BaCeo 5Zr0.3Y0.16Z10.0403_5 [65] 450 4x10°°
BaZry 7Ceo.2Y0.102.9 [66] 620 1.7 x 107°
BaCe.g5Gdo.1503-5 [67] 500 5x107°
BaCey g5 xZIxEro.15035 [68] 450 3.27 x 107°
BaCeo 85Gdo.1503_5 [69] 480 4.63 x 107°
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have been used as the cathode material for conventional SOFC systems
because of their excellent electron conductivity and catalytic activities
for the oxygen reduction reaction (ORR). However, when the MIECs
having poor proton conductivity are used as PCFC cathodes (Fig. 5a),
the electrochemically active site is limited to the interface between
cathode and electrolyte, because the protons should diffuse from the
PCO electrolyte to the cathode material in order to generate electricity.
This water formation at the interface of cathode and electrolyte could
cause the first step to delamination if the formed water cannot be re-
moved sufficiently. In order to operate the PCFC efficiently, the PCFC
cathode material should have the property of electrochemical activity
not only for 0%~ and e, but also for H, (a triple conducting oxide,
TCO), because the PCFC cathodic reaction involves these three species
to extend the electrochemically active sites, effectively [70,71]. (Fig. 5b
and ¢).

Uchida et al. [72] proposed basic elementary steps for the cathodic
reaction considering not only the ORR, but also the water formation
reaction in the PCFC. The elementary steps of the PCFC reaction based
on proton transfer and reactions are proposed by He et al. and Poetzsch
et al. [73,74].

The systematic development of TCOs is difficult because of the
challenges of characterizing protonic behavior in the TCOs. To identify
the protonic behavior of PCOs (i.e., proton conducting electrolyte ma-
terials), the EMF method is used through the measurement of open-
circuit voltage (OCV) for concentration cells. For 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, be-
cause not only H* but also 0>~ and e~ simultaneously affects the
cathodic performance of PCFCs. Despite these difficulties, extensive
efforts have been devoted to increasing the electrochemical perfor-
mance of the TCOs based on perovskite-related structures, such as
simple perovskite (ABO3_s, Fig. 6a), layered perovskite (A’AB5Os 5,
Fig. 6b), and (c) Ruddlesden-Popper structure (A;BO4. 5, Fig. 6¢). Fig. 7
presents the representative non-ohmic resistances of PCFC single cells
and representative single cell performances are listed in Table 3 with
their specific configurations. According to Steele et al., the total area-
specific resistivity (ASR) of cell components (electrolyte, anode, and
cathode) should be below 0.50 Q ¢cm? to ensure high power densities,
with targets of 1 kW dm % and 1 kW kg ™! [75]. Assuming that 30% of
the total cell ASR is attributed to the electrolyte (i.e., a typical value of
0.15Qcm?), [3] the adequate performance is obtained from a PCFC
provided the electrode's area specific resistance (ASR) is less than
0.35Qcm?> In this section, the progress of cathodic materials is clas-
sified in accordance with three different strategies of material devel-
opment; (1) finding MIEC materials having an electrocatalytic activity
for proton reaction, (2) heavily doping transition metal into proton
conducting oxides, and (3) mixing the proton conducting oxide with
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a) MIEC

b) TCO

oz

0%

c) MIEC + PCO

o> 0%

® MIECs PCOs (Electrolyte)
® TCOs @ Anode materials
mm Electrochemically active site

Fig. 5. Illustration of the electrochemically active sites for various cathode materials: (a) MIECs, (b) TCOs, and (c) mixtures of MIEC and PCO.

conventional MIEC materials.

3.1.1. MIEC materials having electro-catalytic activity for proton reaction

The first approach for the development of TCO is finding MIEC
(0®>7 /e”) materials having a good electrochemical activity for the
protonic reaction. Since the MIECs are already well-studied for the
electro-catalytic mechanism of O~ and e~, many researchers have
investigated to find protophilic MIECs for high-performance PCFCs.
Grimaud et al. investigated the protonic properties of representative
MIECs such as, Lag ¢Sro.4Fep.sC0p 2035 (LSCF),
Ba0,55r045C00.8Feo_203,5 (BSCF), PrBaC0205+3 (PBCO) and PeriO4+8
(PNO) [90]. The highly oxygen deficient oxides (i.e., BSCF and PBCO)
present relatively high hydration properties compared to low oxygen-
deficient oxide (Lag Sro.4FepgC00203-5), indicating that oxygen va-
cancy plays an important role in the proton uptake reaction from H,O
(i.e., Vo + 08 + H,O — 20Hp). The electrochemical measurements in
this study show that PBCO and PNO could be considered as promising
cathode materials for PCFC applications, and possible proton transfer
could occur in these materials. For PBCO, BSCF, and PNO, electrode
performances are improved with increasing pH,O, and these electro-
chemical behaviors indicate that both O~ and H™ related reactions
participate in the PCFC electrochemical reaction.

Under practical PCFC operating conditions, layered perovskite ma-
terials have been considered as promising candidates because of their
high catalytic activities for oxygen reduction reaction (ORR) and

a) Simple perovskite  b) Layered perovskite

~_ 0.900
Non-ohmic resistances at 600 °C
é 0800 1 in recent 10 years
~— 0.700
8
% 0.600
E 0.500
B 0.400
| -
O 0.300
-
[&]
o 0.200
o
» 0.100
© |
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Fig. 7. Representative non-ohmic resistances of PCFC single cells at 600 °C in
the last 10 years; A (SmgsSrg5C0035) [76], B(Lag eSro.4Feq.sCog 203 5-Ba-
Ce.0Ybo.103_5) [771, C(Lag 6Sro.4Feo.8C00.203 s~ BaZro 7Pro.1Y0.203.5) [781, D
(Smy 5S10.5C003.5-Ceg.gSmg 202.5) [79], E (NdBag 5S1¢.5C01.5Fe. 505+ 5) [80], F
(Lag eSro.4C003.5) [811, G (PrBagsSrgsCo;sFeps0s.5) [25] and H(Ba-
Coo.4Feg.4Zr9.1Y0.103.5) [82].

¢) Ruddlesden-Popper

' A = 2+ cations

) A’ = Lanthanides

@ B = Transition metals

@® O = Lattice oxygens

Fig. 6. Perovskite-related structures of representative triple conducting oxides (TCOs) for the PCFC cathode. (a) Simple perovskite (ABO3_5), (b) layered perovskite

(A’AB,0s. 5), and (c) Ruddlesden-Popper structure (A;BOg4. 5).
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Table 3
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The electrochemical performances of PCFC single cells at 600 °C. (Smg 5Sr9.5sC003.5 (SSC), LageSro.4Co035 (LSC), CepgSmg 2025 (SDC), BaZrygYo 2035 (BZY),
BaZr 1Ceo.7Y0.203.5 (BZCY), BaCeg.55Z10.3Y0.1503.5 (BCZY3), Lag 6Sto.4Feo.8C00.203 — 5 (LSCF), BaZrg 7Pro.1Y0.203.5 (BZPY), BaCeg.gSmy 203.5 (BCS), BaCeg.9Yby.103 -5

(BCYb), BaZro7Sr0.1Y020s.5 (BZSY), NdBagsSro.5C01.5Fe0s50s5+5

(NBSCF),

BaCog 4Fe.4Zro1Y0.103s5 (BCFZY), BaZro.1Cep7Y01Ybo10ss (BZCYYD),

PrBag 5Sr( 5C0; s5Fep 505+ s (PBSCF), Bag 5Srg.5C00 gFe 203 s (BSCF), and BaZrg 4Ceg 4Y0.1Ybo 1035 (BZCYYb4411)).

Year [Ref] Cathode Electrolyte (thickness) Anode Ohmic resistance (Q cm?)  Non-ohmic resistance (Q cm?) Maximum power density (mW cm~2)
2012 [83] SSC-SDC BZY (25 pm) Ni-BZCY 3.240 1.980 55
2009 [84] BCB BZCY (25 um) Ni-BZCY 0.670 1.600 125
2014 [85] BZCY-SSC BZCY (20 um) Ni-BZCY 0.357 1.318 240
2010 [86] SSC BZY (20 um) Ni-BZCY 1.400 1.300 70
2010 [87] LSCF-BZPY BZPY (20 pm) Ni-BZY 1.330 1.300 82
2008 [76] SSC BCS (70 pm) Ni-BCS 0.100 0.670 420
2010 [77] LSCF-BCYb BZY (20 um) Ni-BZY 1.850 0.560 112
2011 [78] LSCF-BZPY BZPY (12 um) Ni-BZY 0.530 0.530 163
2013 [79] SSC-SDC BZSY (12 um) Ni-BZSY 0.460 0.410 290
2014 [80] NBSCF BZCYYb (15 um) Ni-BZCYYb 0.128 0.248 700
2015 [82] BCFZY BZCYYb (20-30 pm) Ni-BZCYYb  0.290 0.086 650
2018 [88] BSCF BCZY3 (5 um) NiO-BCZY3  0.090 0.090 1302
2018 [89] LSC BCZY3 (1 pm) NiO-BCZY3 0.060 0.210 1125
2018 [25] PBSCF without PLD layer BZCYYb Ni-BZCYYb 0.178 0.148 873
4411 (15 pm) 4411
2018 [25] PBSCF with PLD layer BZCYYb Ni-BZCYYb  0.088 0.139 1098
4411 (15um) 4411

protonic reaction. This family of layered perovskite compounds has the
general formula AA’B,Os.s where A is a trivalent lanthanide ion
(Ln = Pr, Nd, Sm, and Gd), A’ is Ba®* or Sr**, and B is a first-row
transition metal ion or a mixture thereof. The layered perovskite con-
sists of two layers with the alternating stacking of |A’O|
BO,|AO5|BO;| ... For example, PCFC single cells having LnBaCoOs . s
(Ln = Pr, Sm, Gd) cathodes exhibits a considerable maximum power
density (MPD) value of 266-382 mW em~2 at 700°C [91-93]. Nu-
merous work has been reported in the literature in order to further
enhance the electrochemical performance and stabilities by doping
several transition metals into the layered perovskite materials [96,97].
Among those possible dopants, Sr>* doping into the cobalt site of SBCO
and PBCO shows significantly higher MPD values of 520-533 mW cm ™2
with low polarization resistance of 0.080-0.120Qcm? at 700 °C
[94,95]. The electrochemical performance of GdBaCoFeOs s (GBCO)
cathode also effectively increase with Fe doping into the cobalt site. The
GBCO shows a polarization resistance and MPD of 0.011 Qcm? and
482mW cm~2 [97]. Recently, the excellent electrochemical perfor-
mance of PCFC single cells was achieved by the co-substitution of cobalt
and iron into LnBaCoOs,s (Ln = Pr, Nd). NdBag 55ry.5C0;1 5Fe0505+5
(NBSCF) shows excellent electrochemical performance with a low po-
larization resistance of 0.128 Q cm? and high MPD of 690 mW cm ™2
even at 600°C under practical PCFC operating condition. Also,
PrBag 5Sro.5C01 sFeg 50545 (PBSCF) presents a remarkable MPD of
890 mW cm ~2 at 600 °C [25]. A dense layer of PBSCF, fabricated by
pulsed laser deposition (PLD) enhances the contact between cathode
and electrolyte, considerably reducing the ohmic losses. The applica-
tion of a PLD layer resulted in a remarkable power density of
1098 mW cm ~2 at 600 °C.

Concerning the simple perovskite materials, Lin et al. reported that
the BagsSrgs5Cog gFep203_s (BSCF) presents an attractive MPD of
~550mW cm ~2 at 700 °C with BCY electrolytes, but an 1100 °C fired
cathode shows a much lower MPD of only ~225mW cm ™2 at 700 °C
because of the cation diffusion of BSCF [98]. These results imply that
the sintering temperature of the cathode layer should be carefully
controlled to prevent the formation of secondary phase and to obtain
good adhesion between electrolyte and cathode. A low polarization
resistance of 0.07 Q cm? is achieved from the BZY cell at 600 °C with
PBCO-based nanoparticle cathode [99].

The cathodic polarization of cobalt-free materials has been in-
vestigated for PCFCs, but these materials present relatively low power
densities; Lag,SrgsMO;_s (M =Fe, Mn and Co) [100], Ba-
CeovsFEO'SO:;_S (BCF) [101], Baceo'sBio_sog_S (BCB) [84], and
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NdBaFe, ;Mn,Os 5 (NBFM) [102].

3.1.2. Triple conducting oxides based on heavily doping of transition metal
into proton conducting oxides

To develop electrochemically active TCOs, various altervalent ele-
ments are doped into pure proton conducting oxides (i.e., BZO or BCO)
to enhance their electrochemical activity for 0>~ and e . For example,
many altervalent ions are doped into the B-site of PCO to increase
oxygen-ion kinetics, and Mukundan et al. reported on the substitution
of Pr and Gd into the B-site of BaCeOs5_g for triple conducting electrodes
[103]. In a later study, they found that this compound presents a minor
protonic contribution with p-type conduction under a wet atmosphere
[104]. Fabbri et al. also tried to increase the p-type conductivity of
BaCeOs3 s by using a multivalent dopant, such as Sm, Eu, and Yb [105].
Transport numbers for BaCey oYbg 103_5 (BCYb) were calculated from
an established defect model by measuring the conductivities at different
oxygen partial pressures, and BCYb shows a mixed ionic and hole
conduction above 600 °C.

Merkle et al. investigated a complex behavior of triple conducting
properties with respect to equilibrium thermodynamics and diffusion
kinetics after pH>O and pO, [14,106,107]. According to the defect
chemistry model, the protonic reaction after a pH,O increase changes
from predominantly water uptake in materials (H,O0 + O% + Vg5 —
20Hp, hydration  reaction) to  hydrogen  incorporation
(H,O + 208 + 2h" — 20Hp, hydrogenation reaction).

Transition-metal cation (i.e., Co and Fe) doped BaZrOs 5 is identified
as a TCO material [108]. BaCoq 4Fe 4712035 (BCFZ) presents a pro-
mising electrochemical performance with high stability on
BaZry1Cep.7Y0.1Ybo.103.5 (BZCYYD) electrolyte single cells. The activa-
tion energy of a BCFZ cathode is identified as 76 kJmol~! which is
significantly lower than that of LSCF cathode material (138 kJ mol ~1).
Recently, O'Hayre et al. reported that readily processed PCFC with
BaCog 4Fep.4Zr51Y0.103.5 (BCFZY0.1) cathode material infiltrated into
the BaCeg ¢Zr 3Y0.103.5 (BCZY63) backbone [82]. The Ni-BZCYYb/
BZCYYb/BZY63-BCFZYO0.1 single cell presents an excellent maximum
power density of 455 mW cm ™2 at 500 °C.

3.1.3. Mixture of MIECs and proton conducting oxides

Many studies have been made on composite cathodes containing
mixtures of proton conducting electrolyte and MIEC materials to extend
the triple phase boundaries (TPBs) where the cathodic reactions occur
[1]. The electrochemical performance of both single-phase LSCF and
LSCF- BaCegoYbp 1035 composite cathodes (1:1wt ratio) were
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carefully characterized by electrochemical impedance spectroscopy
(EIS) analysis [109]. The LSCF-BaCeooYbo103_s composite cathode
exhibits relatively higher performance than a single-phase LSCF
cathode. This result could imply that the cathodic reaction occurs only
between the electrolyte and the cathode for the single-phase LSCFs,
while the electrochemical reaction area is effectively extended by
adding the proton conducting oxide, BaCeq gYbg 103_5. The Ni-BZCYYb/
BZCYYb/BZCY-LSCF single cell exhibits an excellent maximum power
density of ~660 mW cm ™2 at 650 °C. Also, other composite cathode
materials have been investigated in many studies, [110-112] but these
are not covered here to avoid duplication of previous reviews. (The
comprehensive overview of PCFC composite cathodes can be found in
the reference [1]) These findings imply that electrochemically active
MIEC and PCO materials must be used in an optimized ratio without
chemical reaction between them. Also, the TPB can be changed de-
pending on the particle size of each of MIEC and PCO; the effect of
morphological changes on the electrochemical performance of compo-
sites needs to be investigated.

3.2. Electrolyte materials

In the early 1980s, Iwahara et al. first showed proton conduction in
SrCeO3, BaCeO3, and other perovskite related oxides at relatively high
temperature in a humidified hydrogen atmosphere. Proton conduction
is based on the existence of proton defects at a moderate temperature
and dissociative absorption of water, which requires the presence of
oxygen vacancies. The protonic defects are formed from the dissocia-
tion of water into proton and hydroxide ion; the proton forms a cova-
lent bond with the lattice oxygen and the hydroxyl ion fills the oxygen
vacancy. This process can be written according to Kroger-Vink notation
as,

H,0 + 0% + V{, < 20H, 12)

It is widely accepted that proton diffusion in perovskite-type oxides
proceeds in two basic steps [113]. As illustrated in Fig. 8, in a reor-
ientation step (Step 1), the OH group is bent towards the adjacent
oxygen ion, so that the bond length decreases the energetic barrier for
proton transfer and the protons can be transferred by the breaking/
formation of hydrogen bonds. In a proton transfer step (Step 2), due to
the presence of protonic defects, the proton migrates by proton hopping
between neighboring oxide ions (O%). The proton can hop from one
oxygen ion to another by breaking the weak O—H bonds and forming
new O—H bonds with the neighboring oxygen ions by an approach of
the two oxygen [6].

The probable long-range proton conducting pathways can be in-
fluenced by the distortions of the perovskite structure, chemical per-
turbation induced by cation dopant, and proton-dopant association.
Any change in crystal symmetry that deviates from the ideal cubic
structure is detrimental to proton conduction. The most common ex-
ample is Y doped BaCeO3 and Y doped SrCeO5 [113]. Among these two
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cerates, Y-doping in SrCeO3; promotes orthorhombicity compared to Y
doped BaCeOs;, which leads to easier proton migration in Y doped
BaCeOs. Proton — dopant association (i.e., proton trapping) is another
serious issue to be considered in proton conducting electrolytes [114].
Because of their opposite charge, positively charged protons and ne-
gatively charged dopants usually attract each other. Proton nuclear
magnetic resonance experiments on Y doped BaZrO; indicate that the
proton must overcome barriers for conduction, as the proton diffusion
coefficient decreases. In other words, one of these normal sites is the
barrier to escape trapping and a small barrier to long-range conduction.
In the Y-doped BaZrOj case, incorporated protons must overcome the
association energy of 9kJmol ! (proton trapped at dopant site), as
well as the general activation energy of 16 kJmol ~! for the long-range
transport [24]. Kreuer et al. comprehensively discussed the chemical
and structural parameter determining the formation and mobility of
protonic defects along with the effect of various dopants [115,116].
Islam et al. found that there was an increase in the activation energy for
proton diffusion with increasing dopant content, which may be corre-
lated to the increase in oxygen basicity and barrier for proton transfer
[114].

Doped barium cerate and strontium cerate perovskite-type oxides
showed the highest proton conductivity among all the high-tempera-
ture proton conductors. However, in terms of stability, they easily react
with water vapor and acidic gases like CO, and SO, to form hydroxides
and carbonates respectively. For instance, 10% Sm-doped barium cerate
decomposed when exposed to CO, above 400 °C. Gopalan and Virkar
[117] reported the thermodynamic stability of BaCeO5 in a CO- at-
mosphere according to Equation (13) and Gd-doped BaCeO3; decom-
posed when exposed to water vapor (pH,O of 1 atm) below 400 °C [37]
according to Equations (13) and (14) [118].

BaCe03 + C02 i C602 + BaC03 (13)
BaCeO; + H,O — CeO, + Ba(OH); 14)

Since protonic ceramics fuel cells (PCFCs) operate under extreme
conditions, barium base electrolyte shows degradation which limits its
application in the PCFCs. To overcome the problem of poor chemical
stability, dopants have been introduced to stabilize the barium cerate
and should not affect the high proton conductivity. Matsumoto et al.
reported the relationship between the ionic conductivity and chemical
stability by doping the various size of cations [119]. They found that
the replacement of Ce™* in barium cerate with larger ionic radius do-
pants increases the chemical stability.

Doped barium-zirconates, on the other hand, display high chemical
stability in water vapor and CO, atmosphere. The primary disadvantage
of BaZrO3; based proton conductors is poor sinterability to fabricate
dense membranes and high resistance for the proton conduction at the
grain boundaries. Numerous studies have been reported in the litera-
ture to improve the sinterability of BaZrO3 by adding sintering aids. The
use of LiNO3 has been reported to fabricate a dense BZY20 electrolyte

Fig. 8. Schematic illustration of the reorientation (Step 1)
and proton transfer (Step 2) pathways. The small orange
balls represent the minimum energy position of the
proton, and they are equivalent due to the symmetry of
the crystal. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)
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(96.5% of the theoretical value) after sintering at 1600 °C [120]. A total
conductivity of 4.45 x 10" 3Scm ™! at 600 °C was reported in wet Ar
atmosphere. Chemical analysis shows that the Li-additive evaporates
during the sintering process. Also, the use of non-volatile sintering aids
decreases the electrical conductivity of BZY probably due to sintering
aids entering the perovskite structure. Meanwhile, a sintering behavior
of BZY20 was investigated with other sintering aids and it has been
reported that the nickel oxide is effective for producing dense and high
conductivity proton conducting oxides [121]. Li et al. reported that the
densification of electrolytes could be promoted by using an anode
material having high shrinkage properties [122]. A significant im-
provement in conductivity has also been reported with epitaxially or-
iented barium zirconate thin films grown by pulsed laser deposition
[123,124].

Additionally, several works have focused on the development of
chemically stable and highly conductive electrolytes by the preparation
of solid solutions of BaZrO; and BaCeO; [125]. Since both BaZrO3; and
BaCeO3 are mutually soluble, it is possible to prepare a chemically
stable electrolyte with the desired proton conductivity by controlling a
fraction of Zr in BaZrO3; with Ce. Increasing the Ce content in BaZrO;
commonly resulted in improving the overall conductivity, sinterability,
and decreasing the chemical stability in CO, and water vapor. Based on
this approach, the chemical stability of BaCeg ¢_xZrxYo.103 against CO,
and water vapor under experimental conditions indicated that the
material is stable when the amount of Zr contents is larger than 0.4. In
reality, a solid solution of BaZrO; - BaCeO; often results in a tradeoff
between the proton conductivity and chemical stability of the electro-
lyte. Besides the composition of solid solutions, synthesis of BaZrOs -
BaCeO3 solid solutions also influences the chemical stability. Powders
prepared by a solid state reaction method is more stable than powders
prepared by a citrate combustion method when treated with 3% CO, at
600 °C for seven days [126]. In addition to the solid solutions, doping
strategies for optimized chemical stability and electrical conductivity
were also carefully examined [127]. Doping with In, Gd, and Nd has
been reported to show some improvement in the chemical stability and
proton conductivity of BaZrOs;—BaCeOs solid solutions [128-130].
BaZrg 1Cep.7Y0.1Ybo.103 (BZCYYD) electrolyte developed by substituting
10% Y and 10% Yb in BaZrOs; - BaCeO; solid solutions at Ce sites,
showed much-improved chemical stability, and sinterability compared
with BaCeO3 [131]. Interestingly, the work showed a transition of an
ionic conduction in BZCYYb materials from majority proton conduction
to oxygen ion conduction with increasing temperature. The effect of co-
doping in Ce sites is not fully straightforward, but the experimental
measurements show that the conductivity of BZCYYb materials is
higher than the conductivities of materials with an individual dopant at
Ce sites. This mixed ionic property is due to the relatively high oxygen
vacancy concentration formed by double doping of 3* (Y and Yb) ca-
tions into the Ce** site in the intermediate temperature range
(750-850 °C). Also, transference number measurements in different
(H/H,0 and 0O,/H,0) concentration cells confirm that the con-
ductivity of the BZCYYb electrolyte is mixed ionic. The significant role
of oxygen ion and proton conduction dictates that water can be elec-
trolyzed and formed at both the air and fuel electrodes. This makes the
BZCYYb material useful because it increases the efficiency of SOE as
well as it allows the internal reforming of hydrocarbons at the fuel
electrode [34]. A significant improvement in chemical stability and
ionic conductivity has been reported for BaZrg 4Ceo 4Y¢.1Ybo.1O3 fabri-
cated using a ratio of Zr:Ce = 1:1, whereas previous works have been
using a 1:7 composition. The BZCYYb4411 shows a great chemical
stability of BZCYYb electrolyte in a 100% CO, atmosphere [25]. Re-
cently, anode assisted method for a single cell is proposed a for densi-
fying PCO electrolyte [121]. An et al. reported an exceptional high
power density of 1.3Wcem ™2 at 600°C in a large scale (5 x 5cm?)
[88].

While some materials have high ionic conductivity, their applic-
ability as the electrolyte in fuel cells is limited when exposed to
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hydrogen. Zhou et al. developed an electron doping strategy and de-
monstrated SmNiO3 perovskite as an electrolyte material for PCFCs.
When SNO is exposed to hydrogen, electrons are doped into SNO via
hydrogen incorporation by the reduction of Ni** ions to Ni>* ions; no
oxygen vacancies are formed upon reduction.

N3+ + Of + ¥2H, < Ni** + OHy (15)

Remarkably, a high ionic conductivity was archived at 500 °C with
low activation energy (~0.3eV) compared to several other proton-
conducting electrolyte materials. Although electron doping strategies
open a new direction for the advancement of proton conducting elec-
trolytes, their practical application for fuel cell fabrication is limited
due to expensive fabrication techniques.

In an alternative to cerates and zirconates related materials, several
other oxides have been shown, by desirable proton conductivity to be
suitable for use as electrolyte materials for PCFCs. Among the other
stable proton conducting materials, most promising compounds are
described as acceptor doped rare-earth orthoniobates and ortho-
tanthalates with the general formula RE(;.,,A,MO,4 (where RE = La, Gd,
Nd, Te, Er, Y; M = Nb, Ta and A = Ca, Sr, Ba); with x usually varies
from 0.01 to 0.05. Rare-earth orthoniobates exist in two different
polymorphs; a high-temperature tetragonal Scheelite-type structure and
a low-temperature monoclinic Fergusonite-type with different activa-
tion energies for proton conduction 0.73-0.83 eV and 0.52-0.62 €V,
respectively [132,133]. Lag ¢9Cag01NbO, has been reported to have
conductivity close to 0.001 Scm ™ L at 950 °C under 2.5% H,0 [118] and
~2x10"*Scem™! was reported at 800°C for LagoeCago1TaO,4 To
achieve a reasonable fuel cell performance, the electrolyte thickness
must be decreased towards the 1 um range along with other obstacles.
Also, some other perovskite-related materials, such as fluorite-related
materials, and pyrochlore related structures, show considerable proton
conduction with good chemical stability. Their practical application as
electrolytes in PCFCs are still limited due to poor conductivity; because
the electrolyte component requires an ohmic resistance of less than
0.15 Q cm? to the total area specific resistance of fuel cells [118].

3.3. Anodic and functional materials

3.3.1. Anodic properties in PCFCs

Most PCFCs use composite anodes of Ni with the proton conducting
electrolytes to increase the number of electrochemically active sites for
fuel oxidation, improve intimate contact with the electrolyte, and in-
crease durability during cell operations [134,135]. For example,
Ni—BaZry 1Cep7Y0.1Ybo.103.5s (BZCYYb) composites have been in-
vestigated as PCFC anodes because of their excellent catalytic activity
and high sulfur and coking tolerance [136]. Comparing with the con-
ventional oxygen conducting SOFCs, the more theoretical value of OCV
can be achieved in PCFC operating condition because water formation
reaction occurs at the cathode and thus PCFCs can avoid dilution of
fuels [137]. In addition, PCFCs are less affected by the porosity of anode
compared to oxygen ion conducting SOFCs because PCFC anode re-
quires less porosity for water removal. For example, the performance of
the Ni-YSZ cermet anode increases with increasing porosity. Thus pore
formers are needed to increase the porosity [138]. In contrast, the
lowest porosity (37 vol.%) of Ni-BZCYYb prepared without pore former
shows the highest performance (1.2 W em ™2 at 750 °C) under fuel cell
operating conditions [139].

3.3.2. Functional materials for carbon coking and sulfur poisoning
tolerance

Ceramics fuel cells use nickel-based cermet anodes that exhibit high
activity for the electrocatalytic oxidation of hydrogen, high electronic
conductivity, and good compatibility with electrolytes [134,140].
However, under hydrocarbon fueled operating condition, carbon
coking occurs on the surface of nickel-based anodes, leading to reduced
electrochemical active sites and degraded fuel cell performance
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[141,142]. In addition, hydrogen sulfide (H,S) in reformed hydro-
carbon fuels could cause serious sulfur poisoning because of sulfur
adsorption on the nickel surface, even in parts per million (ppm) levels
[143-145]. Accordingly, alternative anode materials such as Ni-free
ceramic anodes have been developed for direct hydrocarbon fuel cells
[146-148]. Although these alternative anode materials have demon-
strated some improved coking and sulfur tolerance in hydrocarbon
fuels, [149,150] they have poor electrochemical activity, low electrical
conductivity, and insufficient compatibility with an electrolyte at high
temperatures [151,152].

To maintain the high electrochemical performance of Ni-based an-
odes while enhancing the tolerance to carbon coking and sulfur poi-
soning, a surface modification of Ni-based anodes has been widely re-
searched. For example, proton conducting materials such as BZCYYb
[153], BaZr;.Y,O5 [154], BaZr;.Yb,O5 [155], and BaO [156] have
shown excellent carbon coking tolerance and sulfur tolerance due to
their high water uptake property. The adsorbed water on the proton
conducting materials reacts with adsorbed carbon and sulfur on the Ni
surface to produce CO and SO,, respectively, which can be expressed by
the following reactions:

CXi + 2H;Opoton = CO; + Ni + 2H, (16)

S{i + 2H,Oproton — SO, + Ni + 2H, a7)

where HyOpro10n refers to adsorbed water on the proton material sur-
face, Cy; refers to carbon adsorbs on the Ni surface, and Sy; refers to
sulfur adsorbed on the Ni surface.

In this regard, various methods have been reported to enhance the
tolerance by surface modification of Ni-YSZ with the proton conductive
materials. Sengodan et al. modified the Ni-YSZ anode by the infiltration
of BaZry1Cep7Y0.1Ybo.103.5 (BZCYYb) to enhance sulfur tolerance
[158]. The BZCYYb particles are mainly located on the Ni surface by
single-step infiltration, which demonstrates stable performance in a
significant concentration of sulfur over 500 h. For improving carbon
coking tolerance, Liu et al. reported a multi-functional catalyst layer
derived from NiO-YSZ with BaCOs;. The BaO nanoparticles on the Ni
surface and BaZr; ,Y,O3 5 (BZY) on YSZ are formed from the surface
modification, improving both the oxidation of reformed fuels and the
reforming of octane [156]. For improving sulfur tolerance, Kwon et al.
reported a BaZrO3; (BZO) modified NiO-YSZ anode fabricated by co-
sintering NiO-YSZ and BaCOj at high temperature [157]. As shown in
Fig. 9, BZO modified NiO-YSZ has NiO, YSZ, and BZO phases that are
adjacent to each other, and the adsorbed water on the BZO surface
removes sulfur on the Ni surface through producing SO, and H,. The
anode supported cell with the BZO modified Ni-YSZ anode presents
noticeably stable performance over 100 h in humidified H, containing

H,

Ni-YSZ

Fig. 9. Schematic illustration of the sulfur removal process for the BZO mod-
ified Ni-YSZ anode under sulfur contaminated H, fuel, reproduced with per-
mission [157].
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100 ppm H,S compared to without surface modification. Recently,
Duan et al. reported an excellent performance and exceptional dur-
ability of PCFC operation using 11 different fuels at a temperature
range of 500-600 °C [159]. They reported that major degradation fac-
tors (e.g., carbon coking and sulfur poisoning) could be moderated
using proton conducting oxides having good water uptake properties.

4. Conclusion

In this review, the recent progress of proton conducting oxides and
electrode materials is summarized for protonic electrochemical devices
such as fuel cells, electrolyzes, membrane reactors and hydrogen se-
paration membrane. In order to fully implement the advanced proton
conductors into the energy conversion and storage devices, there are
still a lot of concerns should be resolved. One of the most vital problem
in a protonic ceramic fuel cell is the sluggish kinetics of oxygen/proton
electrochemistry with high polarization resistance. The use of triple
conducting oxides has shown very promising catalytic activity for
oxygen reduction reaction and protonic reaction and exceptional power
density under intermediate temperature operating conditions. For
proton conducting electrolyte membrane besides addressing their con-
ventional issues such as chemical stability and sinterability, it requires
to develop a ceramic processing technique that shows high protonic
conductivity with low grain boundary resistance. Optimization of cell
design, package design, and membrane design are additional concerns
that should be resolved before practical applications. With advances in
material science and deep understanding of the PCOs, significant
breakthroughs are expected in promising protonic energy conversion
and storage applications beyond current technology in the near future.
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Nomenclature and Abbreviation

ASR area specific resistance, Q cm?

ECS energy conversion and storage

EMF electromotive force

H Enthalpy

LT-SOFC low-temperature solid oxide fuel cell
MIECs mixed ionic (0%7) and electronic conductors
MPD maximum power density, W cm ™2
MSR methane steam reforming

NMC non-oxidative methane conversion
ORR oxygen reduction reaction

PCEC protonic ceramic electrolysis cell
PCFC protonic ceramic fuel cell

PCO proton conducting oxide

PLD pulsed laser deposition

SOFC solid oxide fuel cell

TCO triple conducting oxide

WGS water gas shift reaction

u chemical potential, J mol ™!

AG Gibbs free energy, J mol !
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