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Abstract

Protonic ceramic electrolysis cells (PCECs) are attractive electrochemical de-
vices for converting electrical energy to chemicals due to their high conversion
efficiency, favorable thermodynamics, fast kinetics, and inexpensive materials.
Compared with conventional oxygen ion-conducting solid oxide electrolysis
cells, PCECs operate at a lower operating temperature and a favorable opera-
tion mode, thus expecting high durability. However, the degradation of PCECs
is still significant, hampering their development. In this review, the typical deg-
radations of PCECs are summarized, with emphasis on the chemical stability
of the electrolytes and the air electrode materials. Moreover, the degradation
mechanism and influencing factors are assessed deeply. Finally, the emerging

strategies for inhibiting long-term degradations, including chemical composi-

KEYWORDS

water splitting

1 | INTRODUCTION

Hydrogen (H,) is a clean and flexible energy carrier.!
Currently, H, is produced by steam reforming of fossil
fuels (natural gas, coal, and oil) because of the high ef-
ficiency and low cost.>® However, these fossil fuels are
nonrenewable and the undesirable carbon monoxide
(CO) and carbon dioxide (CO,) cause several environ-
mental issues.* Electrolyzing water (H,0) to generate
H, is technologically promising and economically viable
for H, production.>® Low-temperature (25-160°C) water
electrolysis devices have been widely studied, such as the
proton exchange membrane electrolysis cell (PEMEC) and
the alkaline electrolysis cell (AEC). However, they require

tion modifications and microstructure tuning, are explored.

high-temperature electrolysis, hydrogen production, proton conductors, solid oxide cells,

high cell voltages (1.7-1.9 V) and precious metal electro-
catalysts to achieve an acceptable hydrogen production
rate.” In contrast, the solid oxide electrolysis cell (SOEC)
can operate at elevated temperatures (>500°C), leading to
high conversion efficiency, less electrical energy require-
ment, and inexpensive cell materials.” Moreover, SOECs
can work with variable feedstock gases, conduct a revers-
ible operation, or combine with heat networks.

As shown in Figure 1A,B, based on the types of elec-
trolytes, SOECs can be classified as the oxygen ion-
conducting SOEC and the proton-conducting SOEC.
The proton-conducting SOEC, which is also termed
protonic ceramic electrolysis cell (PCEC), has attracted
more research interest recently due to the potential lower
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FIGURE 1 Schematics of (A) oxygen ion-conducting SOEC and (B) PCEC. (C) Electric, thermal, and total energy demand for H,O

electrolysis at a steam pressure of 1 atm as a function of temperature. Reprinted with permission from Ref.® Copyright 2014 Royal Society
of Chemistry. (D) Reversible potential (E,) and overvoltage (differences between E,, and E,) value for PCECs depending on pH,O in

an oxidizing atmosphere. Reprinted with permission from Ref.'® Copyright 2019 Elsevier. (E) Typical performance ranges for diverse
technologies for H,O electrolysis. Reprinted with permission from Ref.” Copyright 2020 The American Association for the Advancement of

Science

operating temperature (500-700°C) and ease in gas sepa-
ration.*® In a SOEC, the steam was fed to produce H, at
the fuel electrode, which requires a gas separator to obtain
pure and dry hydrogen. In a PCEC, steam electrolysis oc-
curs at the air electrode (Equation 1), and then, the gen-
erated protons migrate to the fuel electrode for producing
pure H, by applying an external voltage (Equation 2). This
greatly simplifies the systems and lowers the operation
cost. Moreover, the proton conductivity was higher than
that of oxygen ions at lower temperatures.®® The lower
operating temperatures provide benefits, such as cheaper
interconnect and sealing materials, rapid thermal cycling,
and potential higher durability and reliability.

Airelectrode: H,0 — 2H" +2e™ + %Oz €))

Fuel electrode: 2H' + 2~ — H, 2)

However, the SOEC technology suffers from fast ma-
terial degradation and limited long-term stability. For
SOECs based on oxygen ion-conducting yttria-stabilized
zirconia (YSZ) electrolytes, these degradations are mainly

caused by the contamination of impurities (such as SiO,,
Cr, and S), delamination of air electrode due to the higher
partial pressure of oxygen gradient, and the coarsen-
ing and migration of nickel-based fuel electrodes.”'>!!
Fortunately, great progresses were made in the past
15 years, tremendously decreasing the degradation rate by
a factor of ~100.” For example, under practical operations
conditions, the degradation rate of <0.5%/1000 h at —1
A cm™ for 2000 hours operation was achieved.'? Similar
low degradation rate (0.3%-0.4%/1000 h) was reported for
a SOEC with 34,000 hours operation at —0.6 A cm™ cur-
rent density."® These highly durable SOECs are compara-
ble to the commercialized AECs or PEMECs with a stack
lifetime up to 90,000 hours and a degradation rate <1% per
1000 hours.*

As for newly developed SOECs, PCECs are expected
to have a higher durability than conventional oxygen
ion-conducting SOECs due to the relatively low oper-
ating temperatures, strong interface/adhesion between
electrodes and electrolytes, and the better operation
mode.’ In principle, the PCECs avoid the issues of Ni
oxidation/coarsening in the fuel electrode and the de-
lamination in air electrode, which are the main fac-
tors causing the degradation of oxygen ion-conducting
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SOECs.'> However, various degradations of PCECs were
observed in durability tests under different conditions.
Compared with oxygen ion-conducting SOECs, PCECs
possess the distinct degradation mechanisms and be-
haviors, which deserve a comprehensive summary.
Although there are several excellent comprehensive re-
views on PCECs>*%!>2 and topic reviews on the design
of electrode materials for PCECs,?'?® rare assessments
focus on the degradation of PCECs for steam electrol-
ysis. This has stimulated us to write this review on the
degradation of PCECs, with emphasis on degradation
mechanisms and mitigation strategies.

2 | FUNDAMENTALS OF PCECS
FOR STEAM ELECTROLYSIS

21 | Thermodynamics of high-
temperature steam electrolysis

The overall reaction of water splitting was given by
Equation 3

-1
505 = 229.8 kJ « mol 3)

H,0 - H, + %Oz’ AHY,
The thermodynamics of steam electrolysis was shown
in Figure 1C. The total energy demand (AH) is the sum
of the electric energy demand (AG) and the thermal en-
ergy demand (TAS). The electric energy demand is com-
pensated by the thermal energy demand with increasing
temperature, indicating that relatively lower electricity
is required for high-temperature steam electrolysis than
low-temperature liquid water electrolysis technologies
(eg, AEC or PEMEC).
The reversible potential (E,) is the theoretical mini-
mum potential required for water electrolysis, which can
be expressed by the Nernst equation (Equation 4).

P, P/
E =p 4 Ry 2 0 )
2F Pug

In this equation, E° represents standard potential, F
Faraday's constant, R the universal gas constant, and T
the temperature, while Py ,, Py, and P, are the par-
tial pressures of H,O, H,, and O, at the electrodes, re-
spectively. E® is 1.23 V for 1 atm of the H,O at 25°C.
The E, decreases with increasing temperature, and thus,
the minimum applied voltage for the high-temperature
electrolysis is lower than the low-temperature elec-
trolysis.”'® Higher partial pressure of H,O also results
in lower E, which is beneficial for the realization of

higher overvoltage to achieve higher current densities
(Figure 1D).18

The thermoneutral potential (E,,) represents the stan-
dard operation mode of high-temperature steam electroly-
sis, which is defined as Equation 5.

_AH

E. = —
tn 2F

(5)

At the thermoneutral potential, the heat required for
the endothermic electrolysis process is compensated by
the power produced by the cell at a given current density
and temperature. There is no external heating (or cooling)
required for the operation under this condition if no heat
loss to the surroundings. As shown in Figure 1E, a SOEC
can obtain a current density of ~1.5 A cm™? at the E,, for
the steam electrolysis (1.29 V, 800°C), while a typical AEC
or PEMEC only attains a current density of ~0.5 A cm™>
when operated at the E,, for the liquid water electrolysis
(1.47 V, 25°C). Therefore, the operation cost and capital
cost of a SOEC are lower if the degradation challenges are
successfully addressed.’

Under practical operation, the cell voltage (E) is the
sum of the reversible potential (E,) and the overpoten-
tials due to the polarization loss (Ep), concentration loss
(Ep), and ohmic loss (E,) (Equation 6).% Thus, the practi-
cal electrolysis cells are operated at the potentials slightly
higher than E,,.

E=E. +E,+E +E, (6)

The current efficiency or Faradaic efficiency (ny) is
defined as the ratio of measured to theoretical hydrogen
production rate (Equation 7). The Faradaic efficiency for
H,0 electrolysis in SOECs is close to 100%.” However,
the PCECs historically suffered from the low Faradaic
efficiency due to the p-type electronic leakage of the
electrolyte.'

l’lH2

~I)2F ™

Uiy

where ny_and I are the hydrogen production rate and the
applied current, respectively.

The energy conversion efficiency () j;v) is defined based
on the lower heating value (LHV) of H, (Equation 8).*’

_ ny, AH, gy (8)
Nipv = El

where AH,y;,, is the LHV reaction enthalpy for steam
electrolysis (241.8 kJ mol™") and E the applied volt-
age or cell voltage. For an advanced PCEC, the overall
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Nav >97% can be achieved at a current density of —1 A
-2 27
cm -,

2.2 | Mechanisms of proton transport
For a perovskite oxide proton conductor, the proton
(OH,,) is generated via a hydration process under humid
and reducing conditions, which is influenced by both
pH,0, the oxygen vacancy (V) concentration, and the
lattice oxygen (O}) concentration in Kroger-Vink no-
tation (Equation 9). Since the reaction is exothermic,
the proton concentration decreases with increasing
temper21ture.15’24’28

H,0 + V;, + OX < 20H ©)

Two mechanisms were proposed to describe the pro-
ton transport process in the perovskite-type proton con-
ductors®®%: (1) the Grotthuss mechanism that the protons
migrate via reorientation of the proton and the formation
and cleavage of bonds with the adjacent lattice oxygen
(Figure 2A), and (2) the vehicle mechanism which the
protons are firstly bounded with oxygen ions to form hy-
droxide ions and then diffuse through oxygen vacancies
(Figure 2B).

Under humid and oxidizing conditions, increasing
pO, led to a decline in oxygen vacancy concentration by
parasitic oxidation reaction (Equation 10). A proton con-
ductor can take up protons via a hydrogenation process
(Equation 11).

1 . .
502 +V; < O +2h (10)
H,0 + 20} + 2h"  20H, + 0, (11)

For the layered materials, H,O is more favorable for in-
sertion at the interstitial sites (Equation 12),”> where the
OH occupies the interstitial site and H attaches to the lat-
tice oxygen.

H,0 + O} < OH,, + OH; (12)

The increase in pH,O could decrease both oxygen
ionic and p-type electronic conductivities according to
Equations 9 and 11. For example, the measured protonic,
oxygen ionic, and electron-hole transport numbers of a
typical BaZr,,Ce;,Y,1055 (BZCY72) proton conductor
are dependent on pO, and pH,O at intermediate tem-
perature (600 and 700°C) (Figure 2C-H)."” The protonic
conductivity dominated under higher humid and lower

oxygen partial pressure conditions at the lower tempera-
ture, the oxygen ion conductivity under the dry and re-
ducing conditions, and the hole conductivity under the
conditions of a dry and oxidizing atmosphere at a higher
temperature. The transport properties of proton conduc-
tors, which are affected not only by operating temperature
and atmosphere but also by the material composition and
polarization current density, play a vital role in achieving
large current density, high efficiency, and excellent dura-
bility in PCECs.

2.3 | Mechanisms of oxygen evolution
reaction (OER) at the air electrode

Low OER activity has been considered as a limiting factor in
PCEC performance, especially at low temperatures.**"> He
et al* proposed a mechanism for a Sm, sSr, sCoO;_s (SSC)-
BaZr,;Cey5Y,,0;_5s (BZCY35) composite air electrode
(Table 1), including the surface dissociative adsorption of
water, the formation and desorption of O, along with the
charge transfer, and the proton migration to triple-phase
boundary (TPB). The TPB is the area where gas, electrode,
and electrolyte meet simultaneously. They revealed that
the water ionization and proton transfer from the electrode
surface to the electrolyte constituted the rate-limiting steps
in the electrolysis by electrochemical impedance spectros-
copy (EIS) measurements. In contrast, Tian et al*' suggested
a bulk-surface hybrid mechanism for a Pr; ;sBag,5NiO,, 5
air electrode with triple-conducting properties (simultane-
ously conduction of H', 0%, e”) (Table 1). Namely, the
water dissociation and proton incorporation are faster,
whereas the rate-limiting step is the reduction of surface
O". This was attributed to the slower catalytic capability
for the reduction of surface O. Different from oxygen ion-
conducting SOEC, the water participates in both the OER,
hydration, and proton transport in the PCECs." Therefore,
the air electrode with higher proton conductivity enables
the OER to occur at the surface of the air electrode instead
of limited TPB, leading to the large enhancement in the
overall OER performance.

3 | MATERIALS OF PCECS FOR
STEAM ELECTROLYSIS

For comparison purpose, the performances and durabil-
ity of state-of-the-art PCECs were summarized in Figure 3
and Table 2. In general, the current density at E, (~1.3 V)
increases with increasing temperature. Many PCECs can
achieve high electrolysis current densities (1 A cm %) ata
lower temperature (~600°C), which are comparable to the
current densities at 800°C of oxygen conducting SOECs.
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(a) The Grotthuss mechanism
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(8) The vehicle mechanism
Ho
0 0 0 0

’d | | |
OH'—0—Zr—0H = Zr—0—Zr—0—Yy —0
Il Il 11 I
\‘fy,ffa}‘fy.,_‘ Ba V.) Ba O
I TR I
0— 2~ O—zlr—ou-— i 0—2zr—0
O Ba O Ba O Ba Vo
I A | 1
0—Y =V, —=2r—0—Zr—0—Zr—0
| i | I I
0 0 0 0

®) oxygen-ions

FIGURE 2 Schematics of two proton conduction mechanisms in a BaZrO;-based perovskite oxide. (A) The Grotthuss mechanism; (B)
The vehicle mechanism. Reprinted with permission from Ref.?’ Copyright 2020 The American Association for the Advancement of Science.
(C, F) Protonic, (D, G) oxygen ionic, and (E, H) electron-hole transport numbers as functions of pO, and pH,0 at different temperatures for
BZCY72 proton conductor. Reprinted with permission from Ref.!” Copyright 2018 John Wiley and Sons

The best performance was achieved using a pulsed laser
deposition (PLD) PrBa, sSr, sCo; sFe, ;05,5 (PBSCF) as the
air electrode and BaZr, ,Ce, 4Y,;Ybg105_5 (BZCYYb4411)
as the electrolyte, yielding a remarkable current density of
1.92 A cm 2 at 600°C and 1.3 V.*

However, only a few studies have evaluated the long-
term durability of PCECs with a duration time above
1000 hours (Figure 3B). The longest record to date for a
lab-scale PCEC was reported by Zhou et al,** namely, the

single cell with the PrBa, 3Ca,,C0,0s,5 (PBCC) air elec-
trode and the BaZr,,Ce;,Y,;Yby;05_s (BZCYYb1711)
electrolyte exhibited a low degradation rate (3.3%/1000 h)
under 1833 hours continuous operation at 1 A cm™ and
650°C. In this section, the chemical stability and compat-
ibility, morphological stability of electrolyte materials,
electrode materials, and their interface in PCECs were
systematically discussed. The modification strategies re-
ported in the literature were also highlighted.
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TABLE 1

Type of reaction
H,0 adsorption

H,0 dissociation
Hydroxyl dissociation

Proton incorporation

The main elementary steps for reactions at the air electrodes of PCECs

Smo.SSro.5C003_5-BaZr0.3Ce0,5Y0.203_53°

H,0 < H,044
HyO0hp © Hy + OH:id

! . "
OHad < Had + Oad

Energy Science & Engineering
Op
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Pl'l.75]3"*‘0.251\1104+c531
H,0, < H,0,4
H,0,4 < H, + OH/,
OH,; © H,, + Oe/i/d(high)

H, + O’; P OH;:(el)

Proton diffusion H o H OH,, < OH .

Proton transfer H < Hey OH_; o + Ofe) < 05y + OH )
First charge transfer 0l +h 0, O higny T B Olnign)
Oxygen surface diffusion O, stnigny <> Chagiow)

Second charge transfer 0/, +h « 0y O, gtowy T 1< Oug

Oxygen association desorption 20,4 < Oy 20,4 > Oy

Abbreviations: ad, adsorbed; e, electrolytes; el, electrode; g, gas; high or low, the species at high or low concentration location; int, interface; tpb, triple-phase

boundary.
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3.1 | Proton-conducting electrolytes

The state-of-the-art ceramic proton conductors are ABO;-
type perovskites based on the barium cerate (BaCeO;) and
barium zirconate (BaZrOs),'>** which exhibited high con-
centrations of proton charge carriers and proton conduc-
tivity due to their high hydration capability."” In general,
BaZrO; possesses higher thermodynamic stability, while
BaCeO; shows higher proton conduction, less parasitic
electronic conduction, and higher sinterability. Therefore,
most proton conductors are their combinations as solid
solutions. Furthermore, to increase the degree of hydra-
tion and proton conduction, the B-site can be partially
substituted by acceptor dopants (such as Y, Yb) to create
oxygen vacancies. Consequently, BaZr, Y, O;_5 (BZY),
BaZr, ., Ce,Y,0; s (BZCY), and BaZr,,, CeY,Yb,O; 5
(BZCYYD) have become the most investigated electrolytes
for PCECs.

Performance and durability comparison of state-of-the-art PCECs. (A) Current density comparison at 1.3 V as a function of

3.1.1 | Degradation of proton-conducting
electrolytes

Although the proton conductors containing Ba on the A-
site typically exhibit high conductivity, they are unstable
in the presence of CO, and steam due to the undesirable
reactions between the A-site cation and process gases
(Equations 13 and 14).

H,0 + Ba(Ce, Zr)O, < Ba(OH), + (Ce, Zr)O, (13)

CO, + Ba(Ce, Zr)O; < BaCO; + (Ce, Zr)O, (14)

At a high steam concentration, the proton OH, bond
is transformed to the ionic bond with the formation of hy-
droxyl groups (OH™), leading to the decomposition of the
proton conductors. The equilibrium products of the above
reactions are shown in Figure 4, revealing that both
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Equilibrium products between (A) BaCeO; and CO,, (B) BaCeO; and H,0, (C) BaZrO; and CO,, (D) BaZrO; and H,O. The

amount of each reactant is 1 mole. Reprinted with permission from Ref.>* Copyright 2020 American Chemical Society

BaCeO; and BaZrO; are not thermodynamically stable at
lower temperatures. The BaCeO; can be decomposed by
the chemical reaction with steam, leading to degradation
of total cell performance. For example, the current density
of a PCEC with a ~15-um-thick Ce-rich BaCe;¢Zr,,0;_5
electrolyte decrease by ~9% under 10-hour short-term oper-
ation at 1.1 V.* Fortunately, the BaZrO; is relatively stable
at typical PCEC operation conditions due to its low reaction
kinetics with H,O or CO,,"> which was further supported by
no phase change of the Zr-rich BaZr, ;Y ,0;_s (BZY20) film
after treatment in boiling water or steam at 600°C.*

The hydration of the proton conductors leads not only
to the phase transitions but also to the lattice expansion.
The chemical expansion is influenced by the basicity of
oxides and the amount of the acceptor dopant.!” A high
degree of expansion could cause the mechanical stress
and deteriorates the conductivity and the contact between
electrolyte and electrode. For example, the ohmic resis-
tance (R,) of a chemical stable BZY20 electrolyte increased
after 80-h operation at 1.3 V and 600°C.*

Except for chemical instability and expansion, the BaO
evaporation and redistribution of the acceptor dopants
between A-site and B-site during high-temperature opera-
tion also affect the concentration of oxygen vacancies and
subsequent proton conductivity."” Sintering aids are com-
monly used for reducing the sintering temperature and in-
crease grain sizes of BaZrO;-based electrolytes. However,
the sintering aids (ie, NiO) may induce mechanical deg-
radation of BZY due to the reduction of NiO at the grain
boundaries.*

3.1.2 | Modification strategies of proton-
conducting electrolytes

Modifying the chemical composition of the Ba-based pro-
ton conductors is the key strategy to balance their chemi-
cal stability and conductivity. The BZCYYb4411 with a
ratio of Zr: Ce = 4:4 showed good chemical stability in the
presence of CO, and H,0, enabling minimal deterioration
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of the conductivity and sinterability in comparison with
the Ce-rich case.**4**?

To further improve the stability of the Ba-based proton
conductor, Murphy et al proposed the replacement of zir-
conium in BZCYYb with hatnium (Hf) to form BaHf,Ce, 5.
Yo,Yby,0,_s (BHCYYDb)."” The BaHfO, has a higher
Gibbs free energy for the reaction with H,0 and CO, than
BaZrO;, suggesting potentially higher chemical stability
(Figure 5A). The X-ray diffraction (XRD) spectra showed
no obvious phase change of BHCYYb (x = 3 or 4) after
the long-term conductivity measurement in 25% CO,, 25%
H,0, and 50% H, for 500 hours at 700°C (Figure 5B). As a
result, no obvious degradation was observed for the PCEC
with BaHf ;Ce; Y, ,Yb,,05_5 (BHCYYb3511) as electro-
lyte and PBSCEF as air electrode after 1000 hours operation
at a current density of 1 A cm™ at 600°C (Figure 5C).

The chemical stability of a perovskite oxide can be en-
hanced by optimizing the tolerance factor closer to 1 for
an energetically favorable cubic structure.* Partial substi-
tution of B-site ions of proton conductors with acceptor
dopants can decrease the basicity for increasing toler-
ance factor and thus improve their stability. For example,
Rajendran et al reported a tri-doped BaCeO;-BaZrO; by

partially substituting Zr with Y, Yb, and gadolinium (Gd),
forming BaCe,sZr,,Y,,Yb,,Gdy 05 5 (BCZYYbGd).*
XRD spectra showed that the BCZYYbGd electrolyte was
stable over 200 hours at 50 vol % steam in argon and 600°C
(Figure 5D). This was attributed to the higher electroneg-
ativity value of Gd (1.20) compared to that of the host Ce
(1.12), which stabilizes the crystal structure and mini-
mizes the dopant—hydroxyl interaction. Therefore, only
1.7% degradation was observed for a BCZYYbGd-based
PCEC after 200 hours operation at 1.3 V, 600°C, and 20%
moisture.

Incorporation of a small amount of transition metals
into a Ba-based proton conductor was found to largely
improve its sinterability and stability. For example, intro-
ducing Cu?* into the interstitial position of BZCYYb1711
forms BaCe45Z,01Y01YDo1CUp 0,055 (BCZYYC2), lead-
ing to excellent chemical stability at high-temperature
and high-humidity conditions.*” Furthermore, no deg-
radation was found for the BCZYYC2 cell during a 60-h
reversible operation and the R, remained almost constant
(Figure 5E). Iron-doped BaZr,,Ce,,Y,,0;_s (BZCY17)
was stable during 25-hour operation with 100% H,O at
400°C,* whereas the pristine BZCY17 decomposed to
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FIGURE 5 (A)Gibbs free energy of the reaction between BaZrO; or BaHfO; and CO, to form BaCOj; and ZrO, or HfO,. (B) XRD

patterns of BHCYYD after exposure to 25% CO,, 25% H,0, and 50% H, at 700°C for 500 h.** (C) Long-term stability of the BHCYYb
electrolysis cell at 600°C and 1 A cm™>. Figures 5A-C were reprinted with permission from Ref.* Copyright 2020 John Wiley and Sons. (D)
XRD patterns of the BCZYYbGd film before and after exposure to 50 vol.% steam in argon at 600°C for 200 h. Reprinted with permission
from Ref.* Copyright 2020 American Chemical Society. (E) The current density of the BCZYYC2 cell as a function of time tested at 700°C
with a pulse voltage. Reprinted with permission from Ref.* Copyright 2018 American Chemical Society. (F) Stability of PCEC with or

without and La,Ce,0; (LCO) layer. Reprinted with permission from Re

£ 48

Copyright 2019 American Chemical Society
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Ba(OH),, CeO,, and Y,0; only after 5 hours test. The im-
proved stability was attributed to the relatively high ther-
modynamic stability of the BaFeO, phase.

A-site deficiency can increase stability against car-
bonate formation in Ba-based perovskites.** As re-
ported by Kim et al, when submerged in water at 90°C,
a 5%-Ba-deficient Ba, 4;Ce, (Dy,,05_s sintered pellet was
stable, whereas BaCe, ,Dy, ,0;_s rapidly collapsed.*” This
happened probably because the reduced basicity of doped
BaCeO; suppressed the formation of intergranular amor-
phous phases.

Another approach is the physical isolation of an elec-
trolyte from the H,O or CO, by forming a protective
layer at the electrolyte/electrode interface. Li et al coated
a ~10-um-thick La,Ce,0, layer onto the BZCYYb1711
electrolyte to prepare a bilayer electrolyte, because the
La,Ce,0, possesses a moderate proton conductivity and
higher tolerance toward water.* As shown in Figure 5F,
the bilayer electrolyte cell maintained the constant elec-
trolyzing potential of 1.13 V at an applied current density
of 0.4 A cm ™2 under high humidified condition (60 vol%
water in air) for a 102-hour operation. In contrast, the cell
without the protection of the La,Ce,0O, layer decreased
significantly from 1.29 V to 1.07 V only after a 10-hour
operation.

Notably, the electrolyte stability can also be improved
by tuning its morphology. For example, the Ce-rich
BZCYYb1711 dense pellet exhibited a high resistance to-
ward H,0O and CO,, whereas BZCYYb1711 powder suf-
fered a phase change mainly due to its large surface area
exposed to the gasses.”’

3.2 | Air electrode materials

Since the rate-limiting water oxidation reaction and OER
occur at the air electrodes of PCECs, most of attentions
have been focused on the design of air electrode materi-
als.>!>1824 Similar to protonic ceramic fuel cells (PCFCs),
the air electrode in PCECs requires high electronic con-
ductivity under an oxidizing atmosphere, excellent ionic
conductivity, high catalytic activity, and good chemical
compatibility with the electrolyte. Most importantly, high
water tolerance and excellent phase and chemical stabili-
ties should be considered for the sake of the long-term
electrolysis operation.

For conventional SOECs, mixed oxygen ion and elec-
tron conductors (MIECs) were applied to air electrodes,
such as La,¢Sry,MnO;_5 (LSM), La, ¢St 4Coy,Fe; 05 s
(LSCF), and Ba, sSr, sCo, gFe, ,0;_5 (BSCF). For PCECs,
triple ionic-electronic conductors (TIECs) with the capa-
bility of simultaneous transport of protons, oxygen ions,
and holes were considered as idea air electrodes with a

maximum of the TPB area.?* In the TIECs, protons trans-
port through vibrational and rotational motion (via the
Grotthuss mechanism), the oxygen ions through vacancy
diffusion, and electronic charge carriers through a bond-
ing between aliovalent transition metal sites and oxygen li-
gands or a small-polaron hopping mechanism.* Generally,
these TIECs have three types of structures, namely, per-
ovskite (ABO;), double-perovskite (AA'B,Os,s), and
Ruddlesden-Popper (RP) oxide (A, ;B,03,,) (Figure 6).
Large alkaline-earth or rare-earth metal (eg, Ba, La, Sr,
and Pr) is partially substituted into A-site to increase
electronic conductivity.">** Small tri- or tetravalent tran-
sition metal ions occupied in the B-site. The performance
of these air electrode materials in PCECs for steam elec-
trolysis was summarized in Table 2. As a representative
perovskite-based TIEC, BaCoy 4Fe; 4Z1, ;Y ;05_5 (BCFZY)
was demonstrated to have higher proton conductivity, thus
achieving a quite lower polarization resistance of 0.13 Q
cm? and a high electrolysis current density of ~1 A cm™>
at 1.3 V at 600°C.*” Double perovskite oxide PBSCF exhib-
ited high electronic conductivity, good water uptake capa-
bility, and fast migration of relevant ionic defects, leading
to excellent performance of its PCEC cell for steam elec-
trolysis (1.80 A cm™2 at 1.3 V at 600°C).>** The layered
Ln,NiO,,s (Ln = La, Nd, and Pr) nickelates with RP struc-
ture have gained more interest as air electrodes in PCECs
due to their triple-conducting properties and high oxygen
diffusion.”® One notable La, ,Sr,zNiO,_s (LSN) infiltrated
BCZYYC2 air electrode yielded a large electrolysis current
density of 3.02 A cm™2at 1.3 V at 700°C.*

3.2.1 | Degradation of air electrodes

The challenge of the air electrode of PCEC is the chemi-
cal stability under highly humidified conditions. The
degradation of air electrodes in PCECs is mainly caused
by phase change, chemical incompatibility, and cation
interdiffusion.'>'7*

Similar to the electrolytes, the alkaline-earth cations
in the A-site of air electrodes may deteriorate their phase
stability toward H,0 and CO,. For example, Duan et al at-
tributed the degradation of the PCEC under 1200 hours
of continuous operation with 10% steam to the slight
phase instability of the BCFZY air electrodes under hy-
drothermal conditions based on the EIS measurements.”’
The degradation became more severe with increasing
steam concentration to 78%. Another double-perovskite
air electrode, Ba,_,Gd,gLa,,,C0,04_5 (BGLC), exhib-
its excellent performance at high steam concentration
with x < 0.5.”° However, a secondary phase of hexagonal
BaCoO; was observed under 1.5 bar of steam at 600°C
for 72 hours. Furthermore, the Pr,NiO,,s phase easily
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FIGURE 6 The different structures of the air electrode materials in PCECs. The arrow was indicated the possible water insertion sites.

Reprinted with permission from Ref.?

decomposes under oxidizing conditions due to its unde-
sirable low-pO, stability boundary compared to La,NiO,, 5
and Nd,NiO,, > This intrinsic instability cannot be im-
proved by B-site substitutions of Pr with alkaline-earth
cations.”

Most of the air electrodes in PCECs are cobalt-based
oxides because of their high electronic conductivity
and OER activity. However, the cobalt-based electrodes
suffer from thermo-mechanical incompatibility, which
consequently reduces the thermo-cycling and the long-
term operational stability of the PCECs. For example,
the thermal expansion coefficient (TEC) of the state-
of-the-art BSCF, PBSCF, and BCFZY air electrodes are
232 x 1077 K1, 237 x 107° K}, and 2.16 x 107> K/,
respectively.>**°! However, the TEC values of the
widely used protonic conductors are in the range of
(0.8-1.2) x 107° K~'.° Along with the TEC mismatching,
this strain might cause cracking and delamination at the
electrode/electrolyte interface.

Cation interdiffusion was found between conven-
tional MIECs and proton conductors. For example, the
formation of three interface layers was observed by X-ray
micro-spectroscopy at the LSM-BaCe;Y,,05_s (BCY)
interface after 72 hours of annealing at 1150°C.>* The
central phase was identified as a BaMnO;, and the two
other phases are Y-doped ceria, revealing the poor chem-
ical and structural stability of the LSM/BCY couple.

Copyright 2021 Royal Society of Chemistry

Furthermore, a massive cation interdiffusion was found
at the LSCF-BZY20 interface by secondary ions mass
spectroscopy (SIMS), producing Kirkendall pores within
the LSCF layer.>® In addition, it was reported that the
PCEC with a Fe,0; modified LSM air electrode degraded
fast with a 15% decrease in current density only after
10-hour electrolysis operation.>* This poor stability was
attributed to the cation interdiffusion between LSM and
BaCe sZr3Y 1620 0405_s €lectrolyte.

3.2.2 | Modification strategies of air
electrode materials

A-site cation doping can not only increase the hydration
capability and oxygen vacancy concentration of the air
electrode, but also enhance its phase stability. For exam-
ple, the substitution of La in LSCF to Ba to form BSCF
can suppress the strontium segregation in strontium co-
balt ferrite due to the large ionic size of Ba** compared to
Sr’*.!> Furthermore, it was revealed that replacing Sr in
PBSCF air electrode with a relatively inert Ca enhanced
its stability.*® For conventional LaMnO,-based cathodes,
Ca-doped LaMnOj; (La, sCa, sMnO;_5) demonstrates lower
oxygen vacancy formation energy and lower protonation
energy compared with Sr- or Ba-doped LaMnO,.>> The
LaysCaysMnO; 5 is also chemically stable against CO,,
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reflected by no phase change in 100-h treatment with 10%
CO, air.

In addition to cation doping, the introduction of flu-
orine into the oxygen sublattice may be favorable for ox-
ygen ionic transport and stability of RP structured air
electrodes. As reported, the incorporation of fluorine into
Nd, ¢Ba,;NiO4sF, (y = 0-0.10) solid solutions showed
only a minor effect on the structural parameters without
obvious microstructure change but led to a greater im-
provement in ion conductivity.*®

Another strategy for obtaining high chemical stabil-
ity is to eliminate alkaline-earth elements in the air elec-
trode. Ding et al** reported an alkaline-earth-element-free
triple-conducting PrNi,;Co,s05_s (PNC) perovskite air
electrode, which exhibited good chemical stability and
interfacial connection with the electrolyte under higher
steam concentrations (20 and 30%) for 100 hours. A
similar air electrode Pr,NiO,,s was also explored.*~’
Furthermore, Xu et al reported a promising triple-
conducting La, sSr, sFe, Mo, ;05 5 air electrode without
involving basicity element or cobalt.®® The theoretical
studies indicated that Mo doping improves the proton
migration and catalytic activity by tailoring the electronic
structure of the neighboring atoms.

Tailoring the microstructure of the oxygen electrode
is an effective way to avoid the gas diffusion limitation,
decrease the steam starvation limitation, and reduce the
partial pressure of the oxygen at the electrode/electrolyte
interface. Wu et al reported a 3D PBSCF air electrode with
hollow-fiber microstructure prepared using fabric textile
as templates.”® It was found that the current density of
PCEC with 3D PBSCF was slightly increased at a constant
1.6 V applied voltage, whereas that of PCEC with conven-
tional PBSCF decreased with time (Figure 7A). The im-
proved performance was attributed to the redistribution
of PBSCF particles to form a well-connected interface,
increasing the active reaction area and thus promoting
long-term stability (Figure 7B,C). The similar strategy was
also exploited for fabricating a 3D PNC electrode.** The
cell with 3D PNC showed no observable degradation over
220-hour operation at 1.4 V and 500°C.

The application of a functional layer between air
electrode and electrolyte also gives benefit for enhanc-
ing electrolysis performance and stability. For example,
a 100-nm-thin dense PBSCF layer was deposited by PLD
to improve the contact between the air electrode and the
electrolyte and maximize the surface activation and proton
transport.> The PCEC with the configuration of PBSCF|
PBSCF PLDI| BZCYYb4411| Ni-BZCYYb4411 showed an
unchanged current density and microstructure during
300-h operation at 1.3 V and 550°C.

The exsolution is the process that the active metal is
incorporated into crystal structure during synthesis and

forms stable active particles from the host support under
operation, showing remarkable stability due to the stron-
ger particle-support interactions.”! Zhou et al observed
in situ exsolved BaCoO;_s nanoparticles from PBCC air
electrode after long-term PCEC operation by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) with energy dispersive X-ray (EDX)
analysis (Figure 7D).** The exsolved BaCoO;_; catalysts
not only enhanced the OER activity and reduced the air
electrode resistance but also ensured stability due to the
strong interaction with the support. The degradation
rates of the PCEC with the exsolved PBCC air electrode
are 0.4, 4.0, and 3.3% per 1000 hours during the 800, 1500,
and 1833 hours operations, respectively (Figure 7E).
Furthermore, the PBCC air electrode showed high water
tolerance under 50% H,O atmosphere.

3.3 | Fuel electrode materials

The state-of-the-art fuel electrode material of the PCECs
is the same as the PCFCs, namely, nickel-based cermet,
in which the nickel served as electronic conductors and
electrocatalysts and the ceramic support acts as proton
conductors. To develop a highly stable fuel electrode in
PCECs, experiences from the anode of PCFCs can be
directly applied to that of PCECs, such as doping, infil-
tration/impregnation, in situ exsolution, and inserting
a functional layer between fuel electrodes and electro-
lytes.** The most investigated fuel electrodes are Ni-BZY,
Ni-BZCY, and Ni-BZCYYb, which would be selected ac-
cording to the type of electrolytes. For a SOEC, the fuel
electrodes are at risk of oxidizing in the presence of steam,
which mainly accounts for cell degradation. For example,
the TPB area of the YSZ-based SOEC decreases from 10.49
to 6.18 mm > after 1000 hours operation at 0.8 A cm™ due
to the Ni agglomeration and Ni migration from fuel elec-
trode to the electrolyte.®® Therefore, H, is commonly used
as protective gas supplied with steam for the oxygen ion-
conducting SOEC. However, the fuel electrode in PCEC is
under a reducing atmosphere and is relatively stable dur-
ing long-term electrolysis operation.

A possible issue of the fuel electrode in a PCEC is
the Ni migration from the fuel electrode/electrolyte in-
terface to the electrolyte. The diffusion of Ni was ob-
served by field emission-electron probe microanalysis
during co-sintering of the Ni-BZCYYb/BZCYYb couple.”!
Although the diffused Ni promoted the densification of
BZCYYD electrolyte, it reduced the electrolyte intrinsic
proton conductivity and consequently degrading the cell
performances.

When the protonic ceramic cells operate under the re-
versible mode, the volume changes of the fuel electrodes
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FIGURE 7 (A) Durability of PCECs with 3D PBSCF steam electrode (blue) and conventional PBSCF steam electrode (red) under
applied voltage of 1.6 V at 500°C.> (B, C) SEM image near steam electrode/electrolyte interface before and after steam electrolysis. Figures
7A-C were reprinted with permission from Ref.*® Copyright 2018 John Wiley and Sons. (D) SEM and TEM images of the PBCC electrodes
before and after testing (1150 h, 700°C, 40% H,0), and EDX spectra of point 1 and point 2, as marked in the TEM image.** (E) Long-term
stability of PCECs with PBCC electrodes under different conditions. Figure 7D and 7E were reprinted with permission from Ref.** Copyright

2021 American Chemical Society

due to redox cycling of Ni to NiO lead to cell degradation.
To solve this issue, Sun et al prepared an air-electrode-
supported PCEC with a ~20-um-thick Ni-BCZYYC2
fuel electrode.®” The thin fuel electrode layer mitigated
volume change under redox circle, and hence, the cell
performance remained stable for 400-hour reversible op-
eration (20 cycles of electrolysis mode at 1.1 V and fuel cell
mode at 0.7 V). However, the electrolysis current density
(83 mA cm™2 at 1.3 V at 600°C) is relatively lower than
that of conventional fuel-electrode-supported PCECs with
similar configurations (590 mA cm™ at 1.3 V at 600°C),*
which may result from water diffusion limitations in the
thick air electrode structures. Therefore, rational design of
the microstructure of electrodes is required to achieve the
trade-off between performance and stability.

The exsolved nanoparticles are also beneficial to the
stability of the fuel electrodes due to the strong metal-
support interaction. The uniform distributed exsolved Ni
particles were observed in the Ni-BZY20 fuel electrode
after 600-hour operation under 20% steam.?’” The authors
argued that the intimate contact between the exsolved Ni
particles and the BZY20 support improves the stability of
the PCEC.

Another option toward Ni-based cermet anode support
is metal-supported PCEC, which was demonstrated better
mechanical stability and tolerance to very rapid thermal
cycling and redox cycling.®> Moreover, the incorporation
of the stainless-steel diffusion barrier inhibited diffusion
of impurities in the sealant (eg, Si) into the fuel electrode
and thus improved the cell's stability.**

4 | INFLUENCE OF THE
OPERATING CONDITIONS
4.1 | Humidification

The steam concentration supply to the air electrode in
lab-scale experiments ranges from 3% to 50% (Table 2).
Generally, high water partial pressure leads to rapid
material degradation and accelerate the microstructure
change. For the electrolyte or air electrode containing
alkaline-earth elements, the water vapor partial pres-
sure leads to a wide variation of strain effects and thus
chemical expansion.'” Furthermore, water may catalyze
the decomposition of perovskite oxides to base oxides,
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increasing the formation of surface hydroxides and the
mobility of impurities."* Consequently, a high degradation
rate was observed for the PCEC under higher humifying
conditions.?”** For example, the polarization resistances
of PBSCF and NdBa,Sr,sCo,; sFe, ;05,5 air electrodes
remained stable when exposed to 20% H,O humidified
air under a cyclic current (+1 A cm™2, 36 hours for each
cycle), while increased significantly after exposure to 30%
H,0.% The degradation was ascribed to the aggravated Ba
and Sr segregation under a high concentration of H,0.

4.2 | Oxygen partial pressure

The partial pressure of oxygen (pO,) would affect reac-
tion kinetics, chemical stability, and ionic and electronic
conductivities of air electrode and electrolyte materials.
As shown in Figure 2C-H, higher pO, at the TPB de-
creases the proton or oxygen ion transport, but increases
the hole concentration due to the parasitic oxidation re-
action (Equation 10). This p-type electron transport in
oxidizing conditions causes the electronic leakage of the
proton-conducting electrolytes, reducing the Faradaic
efficiency of the PCECs.”” Recent studies demonstrated
that a Ce-rich BZCYYb1711 has a much lower electronic
charge carrier transference number than BZY20 because
BZCYYb1711 favors hydration reaction and suppresses
the parasitic oxidation reaction.®*®* The pO, change can
also induce a chemical strain for many air electrodes (eg,
BCFZY, PBSCF), which results in the relative dimension
shrinkage/expansion.”” This mechanical stress further
causes delamination at the electrode/electrolyte interface
and deteriorates PECE stability.

4.3 | Polarization conditions
For conventional YSZ-based SOEC, the initial perfor-
mance was found to degrade much faster in electrolysis
mode than in fuel cell mode,!* which would be the rapid
degradation of the LSM-YSZ electrode at high current
densities.”® The current density significantly affects the
structural degradation of the cells associated with the
electrode overpotential.®

The PCECs also suffer from the polarization-dependent
degradation. For example, a reversible protonic ceramic
cell with CaZr,4In,,0;_s electrolyte showed a high deg-
radation rate (18%) at 1.2 V applied voltage, whereas its
performance remained unchanged at the fuel cell mode
(0.8 V).5 The different degradation behaviors were at-
tributed to the unequal elementary reactions under dif-
ferent bias potential applications. Dailly et al evaluated
the long-term durability of a BaZr,;Ce;.3Y,.105_s-based
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FIGURE 8 Degradation mechanisms and modification
strategies for PCECs

protonic ceramic cell and found the degradation rate was
only 1.2%/kh under fuel cell operation, while increased to
5-8%/kh under fuel cell/electrolysis reversible operation
mode.®’

Notably, the ohmic resistance of the PCECs decreased
with increasing applied potentials due to the increase in
electronic conductivity.®*”° This may result from the n-
type electronic conduction at the electrolyte—fuel elec-
trode interface and the p-type electronic conduction at
the electrolyte-air electrode interface.®*”" Consequently,
operating PCEC at high cell voltages may cause an issue
of lower Faradaic efficiency."

5 | CONCLUSION AND OUTLOOK

This review summarized the degradation evaluation,
mechanism, and mitigation strategy in PCECs for steam
electrolysis (Figure 8). Different from the oxygen ion-
conducting SOEC, the degradation of PCEC is mainly
due to the chemical instability, chemical expansion, fast
microstructural changes, cationic interdiffusion, and seg-
regation of electrolytes and air electrodes under highly
humidified conditions.

The most important ceramic proton conductors
are ABO;-type perovskites based on the barium cerate
(BaCeO;) and barium zirconate (BaZrO;). The proton
conductors with Ba on the A-site exhibit high conduc-
tivity, but they are unstable in the presence of CO, and
steam due to the undesirable reactions of Ba with the
process gases. Modifying the chemical composition of the
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Ba-based proton conductors is a main strategy to balance
their chemical stability and conductivity. Forming a pro-
tective layer at the electrolyte/electrode interface to iso-
late the electrolyte from the process gases and tuning the
electrolyte morphology are also employed to improve the
stability of the electrolytes in PCECs.

Triple ionic—electronic conductors (TIECs) that can si-
multaneously transfer protons, oxygen ions and holes, are
considered as idea air electrodes. These TIECs generally
have three types of structures: perovskite (ABO;), double-
perovskite (AA'B,0s, 5), and Ruddlesden—-Popper (RP) oxide
(Ap+1B1O3,41)- The main challenge of these air electrodes
in PCECs is the chemical stability under highly humidified
conditions. The degradation of air electrodes in PCECs is
usually caused by phase change, chemical incompatibility,
and cation interdiffusion. The composition modification of
electrode materials is widely exploited to increase their sta-
bility. Tailoring the microstructures of air electrodes is also
effective to solve some issues, such as the gas diffusion lim-
itation and the steam starvation limitation. Furthermore,
the exsolution can generate stronger particle-support inter-
actions, leading to the increased stability.

Nickel-based cermet materials are commonly used as fuel
electrodes for PCECs, mainly including Ni-BZY, Ni-BZCY,
and Ni-BZCYYb. For the oxygen ion-conducting SOECs, H,
is usually employed as protective gas. However, the fuel elec-
trodes in PCECs, which are under a reducing atmosphere,
exhibit relatively high stability during long-term electrolysis
operation. Furthermore, the exsolved nanoparticles of fuel
electrodes can increase their stability in PCECs due to the
strong metal-support interaction. Other modification tech-
niques can also improve the stability of fuel electrodes, such
as doping, infiltration/impregnation, and inserting a func-
tional layer between fuel electrodes and electrolytes.

More research efforts are needed to further improve
the stability of PCECs. It is important to establish a fun-
damental composition-stability relationship for the
perovskite proton conductors or air electrode materials
with the assistant of theoretical calculations. This would
become a scientific basis for the design of highly stable
proton conductors and air electrodes. Adjusting the TECs
for both electrolytes and electrodes can be used to inhibit
mechanical degradation. The microstructures of the air
electrode and interface between electrode and electrolyte
are tunable for lowering the polarization resistance to
improve the interface stability. The stability dependence
of PCECs on the strong metal-support interaction gen-
erated from exsolution processes needs deep evaluation.
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