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Solid  oxide  electrolysis  cell  (SOEC)  is a promising  electrochemical  device  with  high  efficiency  for  energy
storage  and  conversion.  However,  the degradation  of  SOEC  is  a significant  barrier  to  commercial  viability.
In this  review  paper,  the  typical  degradation  phenomena  of SOEC  are  summarized,  with  great  attention
into  the  anodes/oxygen  electrodes,  including  the  commonly  used  and  newly  developed  anode  materials.
Meanwhile,  mechanistic  investigations  on the  electrode/electrolyte  interfaces  are  provided  to  unveil  how
eywords:
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lectrode/electrolyte interface
itigation

trategy

the intrinsic  factor,  oxygen  partial pressure  pO2 , and the  electrochemical  operation  conditions,  affect  the
interfacial  stability  of  SOEC.  At last,  this  paper  also presents  some  emerging  mitigation  strategies  to
circumvent  long-term  degradation,  which  include  novel  infiltration  method,  development  of  new anode
materials  and  engineering  of  the  microstructure.

© 2019  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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. Introduction

In recent decades, there has been a growing concern about the
assive use of finite fossil fuels such as coal, petroleum, and nat-

meanwhile, the recent boom in solar, wind power and tidal renew-
able energy development provides a variety of power sources to be
utilized in large scales [7,8]. Solid oxide electrolysis cell (SOEC) as
ral gas, which greatly contributes to the CO2 emission [1–4]. The
ver-increasing CO2 in the atmosphere is considered to be respon-
ible for global warming and environmental destruction [5,6]. In the

∗ Corresponding author.
E-mail address: Xingbo.liu@mail.wvu.edu (X. Liu).

ttps://doi.org/10.1016/j.jmst.2019.07.026
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
a strategic technology that can collectively connect these renew-
able energy sources to the insatiable demand for fuel and power
through its eco-friendly, high efficient electricity-fuel conversion
ability, shows the profound impact on social benefit and economi-
cal advantage [9–17].
A typical oxygen-conducting SOEC consists of a porous anode, a
dense electrolyte and a porous cathode with a “sandwich” struc-
ture, as shown in Fig. 1 [5,18]. The cathode side is fed with a
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electronic conductivity of electrode and electrolyte materials. For
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as stream composed of either H2O, CO2 or their mixture that is
educed to H2, CO or syngas fuel. Then, the dissociated oxygen ions
re transported from the cathode side to the anode through the
ense electrolyte, driven by an external voltage that is higher than
he Nernst potential. Oxygen ions are finally oxidized to oxygen

olecules in the anode, accompanied by electron releasing. SOEC
eatures a number of advantages as an electrochemical device:
9] (1) the production of hydrocarbon fuels from CO2, water, and
enewable electricity can be used as transportation fuels; (2) the
rocess is precise and easy to control by controlling the elec-
rode potentials and reaction temperatures; (3) the conversion
ystems are compact, modular, on-demand, and scalable; and (4)
he process can utilize clean energy sources such as solar, wind,
eothermal, tidal, etc., as well as surplus electricity from nuclear
nd hydroelectric sources [6,19].

The high efficiency of SOEC can be attributed to the high oper-
ting temperature. As seen in Fig. 2 [13], the total energy needed
�H), is nearly constant from room temperature up to 1200 ◦C, for
oth CO2 and steam electrolysis. In contrast, the total electrical
nergy consumption (�G) decreases with the increasing temper-
ture. The energy difference is compensated by increasing heat
upply (T�S). Considering the lower cost of heat than electricity,
igh temperature electrolysis is more economically favored. From
he kinetic point of view, high temperature also benefits the system
y ensuring high electrode activity towards related electrochemical
eactions. According to Lamy [20], the electrical energy efficiency
f a SOEC operated at 800 ◦C can reach 60%–70% depending on the
orking conditions.

To facilitate the commercialization of SOEC, extensive inves-
igations have been implemented to develop the materials. The
lectrode materials offer active sites for electrochemical reac-
ions: reduction of H2O and CO2 in the cathode and oxygen
volution reaction (OER) in the anode side. Also, the electrode
aterials provide paths for reactants, products and electrons trans-

ort. The electrolyte accommodates the transport of oxygen ions,
hich dominates the cell’s ohmic resistance. Ni-based cermet is

 commonly used cathode because of its high catalytic activity,
hemical and thermal compatibility with electrolytes. However,
he deactivation by coking and Ni oxidation prevents its appli-
ation in CO2 electrolysis. In this case, ceramic mixed ionic and
lectronic conductors (MIECs) are popular alternatives because of
heir record-proven stability in the CO2-containing atmosphere,
uch as doped LaCrO3, double perovskite Sr2Fe1.5Mo0.5O6 and
axSr1-xTiO3+ı etc. For the electrolyte, yttrium stabilized zirconia
YSZ), gadolinium doped ceria (GDC) and strontium and magne-
ium doped lanthanum gallate (LSGM) are usually electrolytes
f choice. For anode material, perovskites, Ruddlesden-Popper
RP) phase oxides and double-perovskite oxides are key play-
rs, among which lanthanum strontium manganite (LSM) based
aterials and “La–Sr–Co–Fe” system such as La0.6Sr0.4Co0.2Fe0.8O3

LSCF) are the most commonly investigated anode materi-
ls. There have been several previous reviews [1,2,5,6] that
ummarize the development of materials for electrodes and
lectrolytes.

Up to date, though the initial performance of SOECs based on
hese materials is promising, the long-term stability is of great
oncern. It was reported that the long-term testing of a Ni/YSZ-
upported single cell with YSZ electrolyte and LSCF air electrode
emonstrated a 2.26%/kh-5.62%/kh degradation rate under a 900 h
easurement [21]. The degradation rates of a 5 Ni/YSZ supported

OEC stack and a 10 electrolyte-supported cell stack made by
ommercial companies with 1 kh or longer operation were approx-
mately 3.2%/kh and 4.6%/kh, respectively [22]. A lower degradation

ate of SOEC, 1.7%/kh for 3.6 kh operation, was reported by Schefold
t al [23]. However, a degradation rate of 1̃%/kh or lower is required
or the commercialization of SOEC stacks for high-temperature
ce & Technology 55 (2020) 35–55

electrolysis, proposed by Idaho National Laboratory [22], similar
to the requirement for SOFC commercialization [11,24].

Because of the significance of understanding the degradation of
SOEC, Jiang [25] and Chen et al. [26] reviewed the durability and
performance degradation of SOECs with emphasis on the material
properties from the compositional and microstructural perspec-
tives. The review paper of Moç oteguy and Brisse [27] focused more
on the principal investigations of SOEC degradation by incorpo-
rating mass transport theory and electro-catalytic kinetics. In the
present review work, we focus on providing an understanding
of SOEC degradation from the perspective of the local distribu-
tion of oxygen partial pressure (pO2 ) or oxygen chemical potential
(�O2 ), which is an overarching factor governing various degra-
dation phenamena including cation diffusion, secondary phase
formation and delamination of electrode. This review aims to pro-
vide readership clear mechanistic understanding of the role of pO2
(or �O2 ) distribution in the stability of SOEC and to inspire more
research endeavour and new strategies to mitigate the SOEC dete-
rioration.

In this work, we  first summarize the degradation phenomena of
SOECs and the proposed mechanisms, with special attention paid
to the degradation in the air electrode (anode) side, such as anode
delamination and electrolyte disintegration, since the anode was
found the major source of degradation, particularly in the steam
electrolysis. Meanwhile, mechanistic works unveiling the differ-
ent principles between SOEC and SOFC are presented to evaluate
the faster degradation of SOEC than SOFC, in which the focus is
the distribution of pO2 (or �O2 ). At last, newly presented counter
strategies against the degradation of SOEC are also provided, which
include the novel infiltration, new anode materials and microstruc-
ture engineering.

2. Degradation phenomena of SOECs

The stability of a SOEC depends upon cell materials, fabrication
procedure and operating conditions [27] which include operating
temperature, current density or cell polarization and feed gas (com-
position and purity) [28]. For example, Ni-based cathode suffers
coking in CO2 electrolysis and Ni depletion at the vicinity of the
interface in steam electrolysis. LSCF anode would be subject to
severe inter-diffusion in high-temperature because of the agility
of Sr and Co. Under low electrolysis current, LSM anode incorpo-
rates excess oxygen in the lattice, inducing the shrinkage and crack
of LSM particles [29], while under the higher current or polariza-
tion, La is driven to react with Zr forming insulating La2Zr2O7 phase
[30,31]. Contaminants and impurities such as silicon, chromium
and sulfur can also cause damage to the cell components.

Behind these cell degradation phenomena, the pO2 (or �O2 )
across the whole cell, especially in the electrode/electrolyte inter-
faces, seems to be a predominant and intrinsic factor. Firstly,
oxygen participates in nearly all parasitic reactions so that the pO2
can strongly affect the Sr segregation forming SrO on the surface,
the generation of detrimental secondary phases SrZrO3 or La2Zr2O7,
and the anode delamination. Second, the pO2 determines the chem-
ical stability and catalytic ability of oxide materials in the SOEC
system. If the pO2 is lower than the critical value, the material would
decompose because the lattice structure would collapse if lack-
ing oxygen. The pO2 influences the catalytic capability because the
electronic density of states (DOS) of MIECs is partially contributed
from oxygen (O 2p) [32]. Besides, the pO2 can affect the ionic and
example, the loss of lattice oxygen in La1-xMxCo1-yFeyO3-ı (M = Sr,
Ba, Ca) perovskites increases the oxygen flux and decreases the
electronic conductivity at high temperature [33].
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ig. 1. [5] A typical schematic of SOEC and the reaction paths for CO2 and H2O elec-
rolysis based on oxygen ion conducting electrolyte. Reproduced with permission
rom ref 5. Copyright 2017 Elsevier, Inc.

Consequently, in what follows, the typical degradation phe-
omena of all components and the related mechanisms will be
resented, in which the role of pO2 would be comprehensively
xamined. Because the oxygen electrode contributes a major part
o the whole degradation, the main body of this section would be
he discussion of anode stability, including LSM, LSCF and newly
eveloped anode materials.

.1. Oxygen electrode degradation

In terms of the contribution of different components of SOEC to
he whole cell degradation, Graves et al. [34] found that at lower
urrent density operation (0.25 A/cm2) the degradation of the cath-
de electrode was dominant, while at higher current densities (0.5
/cm2 and 1 A/cm2), the cathode continued to degrade but the
egradation of oxygen electrode began to play a major role [34]. In
act, SOEC with high current density operation is preferred in the
iew of practical application. The exploration of SOEC cell and stack
echnology with ultra-high steam electrolysis current (>3 A/cm2)
s ongoing in the US for potentially ultra-low-cost, high-efficient
ydrogen production from diverse renewable sources [35]. In this
ontext, the stability of anode is of great significance.

LSM and LSCF are the most commonly used oxygen electrode
aterials. LSM is mainly used in high-temperature SOEC, typi-

ally 800 -900 ◦C, due to its acceptable performance and chemical
nd thermal stability. LSCF is usually applied in the intermediate-
emperature because it still shows good oxygen diffusivity and
xygen exchange coefficient at relatively low temperature. How-
ver, performance degradation caused by delamination, cation
iffusion and the formation of detrimental secondary phase had
een observed during the practical operation of the LSM and LSCF
ased SOECs.

.1.1. Degradation of LSM oxygen electrode
For LSM-based SOEC oxygen electrode, delamination is a severe

egradation type that is often observed, as seen in Fig. 3 [29,31].
ig. 3(a) and (b) shows the anodeof tested and non-operated
SM||YSZ||LSM symmetric cells, respectively. The anode delami-
ated from YSZ electrolyte after electrolysis test [31]. Fig. 3 (c) and
d) exhibits the microstructure of the cross-section of the LSM/YSZ
nterface before and after anodic polarization [29]. Momma  et al.
36] ascribed this phenomenon to the high pO2 estabilished in the
losed pores existing in the anode/electrolyte interface during elec-
rolysis oepration.

Additionally, the delamination can be attributed to the localized
isintegration of the LSM grains and the formation of nanoparti-
les at the electrode/electrolyte interface [29]. As seen in Fig. 4

29], Fig. 4(a) presents the YSZ surface in contact with LSM elec-
rodes before polarization. The LSM coating was removed by HCl
reatment. Fig. 4(b) and (c) show the YSZ surface after the anodic
urrent passage at 0.5 A/cm2 and 800 ◦C for 48 h before and after
ce & Technology 55 (2020) 35–55 37

acid treatment, respectively. Compared with the “fresh” YSZ sur-
face in Fig. 4(a), the YSZ surface after anodic polarization in Fig. 4(b)
shows clusters consisting of nanoparticles originated from the LSM
electrode since they can be dissolved by an acid solution. Based
on the distinct phenomenon, the proposed mechanism of delami-
nation is illustrated in Fig. 4(d)-(i): (d) oxygen transport from YSZ
electrolyte to LSM grain bulk at the interface which is facilitated by
the anodic polarization and high electrochemical potential of oxy-
gen ions, (e) the formation of local tensile strain because the LSM
lattice would shrink by the incorporation of excess oxygen and the
consequent increase of Mn  ions valence and the cation vacancies, (f)
local tensile strains induced microcrack, (g) formation of individual
particles, (h) propagation and continuous formation of nanoparti-
cles and the increase of pressure due to the formation of oxygen
gas, (i) complete nanoparticles formation and the occurrence of
delamination.

Delamination is accompanied by the formation of La2Zr2O7,
when SOEC is operated under the high current load (or high polar-
ization) [31]. Fig. 5(a)-(d) shows the SEM images of YSZ electrolyte
surfaces of LSM||YSZ||LSM symmetry cells after the HCl acid treat-
ment to remove the LSM electrodes, each of which was tested at
different voltages at 840 ◦C for 100 h: (a) OCV, (b) 0.3 V, (c) 0.5 V, (d)
0.8 V. It was  obvious that the LSM/YSZ interface underwent severe
morphological and chemical changes: the broadening ridge, poros-
ity formation in the grain boundary, lanthanum zirconate particles
formation and delamination of electrode. The higher the polariza-
tion, the higher the severity of the chemical change. On the basis
of the post-mortem characterization, detailed description of the
mechanism for this kind of delamination was  provided, as seen in
Fig. 5 (e)-(h) [31].

La2Zr2O7 formation at the anode/electrolyte interface can be
ascribed to the following reaction (strontium is excluded for sim-
plicity) [31,37]:

LaMnO3 + ZrO2 + 0.25O2 ↔ 0.5La2Zr2O7 + MnO2 (1)

The Gibbs free energy of the reaction is shown as follows:

�G = �G0 + RT ln

(
a0.5

LZ aMO

aLMaZOa0.25
O

)
(2)

where, �G0 is the standard Gibbs free energy, R is the gas constant,
T is the temperature, and ai in parentheses are the activities of the
species i in the reaction, where LZ is denoted to La2Zr2O7, LM is
LaMnO3, ZO is ZrO2. According to the data from Chen [37], the �G
would be negative at pO2 greater than 3.7 atm, which means that in
the high partial pressure, the formation of La2Zr2O7 is favourable.

More distinct characteristics of LSM anode degradation can be
observed at even higher current passage, such as densification of
LSM. Fig. 6(a) and (b) demonstrates the interfaces of both elec-
trode sides of the LSM/YSZ||YSZ||LSM/YSZ symmetric cell which
was operated at 1.5 A/cm2 for 120 h at 750 ◦C in the air [30]. On
the cathode sides, the LSM electrode does not suffer noticeable
change; however, for the anode, significant densification occurs in
some parts of the LSM electrode where pores are eliminated, and
thickness is reduced. Also, delamination of LSM anode, the forma-
tion of pores along the YSZ grain boundaries near the interface and
intensive inter-diffusion of LSM and YSZ can be found in Fig. 6(c)
and (d). The authors [30] attributed these degradation phenom-
ena to the severe cation migration between LSM and YSZ, which
was facilitated by anodic polarization. The primary pathway for
cation transport is through prevailing point cationic defects in the
cationic sublattice. When under cathodic current load, the concen-

tration of cation vacancies would be reduced and thus the mobility
of cation would decrease either, and this leads to the suppressed
sinterability of LSM [38,39]. However, the cationic vacancy in LSM
tends to increase because of the oxidative condition when loaded by
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Fig. 2. [13] Thermodynamics of steam and carbon dioxide electrolysis. Both steam and CO2 electrolysis become increasingly endothermic with temperature increasing.
Reproduced with permission from ref 13. Copyright 2007 Elsevier, Inc.

Fig. 3. [29,31] Photographs of two identical LSM/YSZ/LSM symmetric cells under operation or non-operation: (a) LSM anode delaminates from YSZ electrolyte after anodic
o c cell 
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peration for 100 h at 0.8 V, (b) the anode remains intact of the untested symmetri
mages  of the cross-section of the LSM oxygen electrode /YSZ electrolyte interface (a

ith  permission from ref [29]. Copyright 2011 Elsevier, Inc.

he anodic current, then facilitating the cationic mobility and LSM
interability [40]. In addition, the existence of an external electri-
al field on multi-component oxides is the driving force for cation
otion, because the electrical field can induce defect fluxes that

eads to cation fluxes [41,42]. The kinetic demixing promotes the
ation migration, and then facilitates the enhanced sinterability
f the LSM electrode. Below are the deactivation reactions under
nodic polarization [38], which are the reverse processes of activa-
ion of LSM under cathodic current.
••
O,LSM + 2Mn’

Mn,LSM + OX
O,YSZ → OX

O,LSM + 2MnX
Mn,LSM

+ V••
O,YSZ + 2e’ (3)

••
O,LSM + 2MnX

Mn,LSM + OX
O,YSZ → OX

O,LSM + 2Mn•
Mn,LSM

•• ’
+ VO,YSZ + 2e (4)

MnX
Mn,LSM + 3OX

O,YSZ → V’’’
La,LSM + V’’’

Mn,LSM + 3OX
O,LSM + 6Mn•

Mn,LSM

+ 3V••
O,YSZ + 6e’ (5)
[31]. Reproduced with permission from ref [31]. Copyright 2012 Elsevier, Inc. SEM
e and (b) after anodic polarization at 0.5 A/cm2 and 800 ◦C for 48 h [29]. Reproduced

Cr poisoning also happens to SOECs [43–45]. Fig. 7 (a)-(c) shows
the distribution of Mn,  Co and Cr in an LSM electrode from a SOEC
stack operated at 830 ◦C for 1000 h [44]. The lighter shades of gray
indicate a greater elemental abundance. In addition to the obvious
inter-diffusion between Mn  and Co, Cr also deposits in the elec-
trode, particularly along the edges near the gas seals. The depth
profile of Cr is also presented in Fig. 7 (d), where the lighter shades
correspond to greater buried element abundance. It is clear that Cr
migrated deeper towards the electrolyte interface, leading to the
higher possibility of degradation by Cr substitution into perovskite
B-sites, SrCrO4 formation and Cr2O3 or spinel CrMn2O4 formation
[44].

The detrimental effect of boron deposition and poisoning
on the LSM anode was  observed by Chen et al [46]. The

presence of volatile boron species greatly degraded the elec-
trode activity for OER, impaired the chemical stability and
microstructure of LSM anode, and accelerated the delamination
[46]. During electrolysis operation, boron deposition preferen-



Y. Wang et al. / Journal of Materials Science & Technology 55 (2020) 35–55 39

Fig. 4. [29] (a) The YSZ electrolyte surface in contact with the LSM electrode before the polarization. LSM coating was  removed by HCL treatment. (b) and (c) show the YSZ
surface after the anodic current passage at 0.5 A/cm2 and 800 ◦C for 48 h before and after acid treatment, respectively. (d)-(i) show schematic illustrations of the microstructural
change  of the LSM oxygen electrode/YSZ electrolyte interface under SOEC operation conditions. Reproduced with permission from ref [29]. Copyright 2011 Elsevier, Inc.

Fig. 5. [31] SEM images of YSZ electrolyte surfaces of LSM-YSZ-LSM symmetry cells after HCl acid treatment to remove the LSM electrodes, each of which was tested
at  different voltages at 840 ◦C for 100 h: (a) OCV, (b) 0.3 V, (c) 0.5 V, (d) 0.8 V. Proposed mechanism (e)-(h): (e) YSZ ridge forms at triple-phase boundary due to surface
cation  migration [132,133] when LSM electrode is as-sintered on YSZ surface, (f) oxygen ions diffuses through YSZ bulk and grain boundaries in the initial stage of voltage
application, (g) La2Zr2O7 forms at the anode-electrolyte interface and porosity forms in the electrolyte grain boundaries when the voltage continues, (h) porosity enhances
in  the electrolyte grain boundaries and La2Zr2O7 particles form fully coverage on the YSZ electrolyte that intensively weakens the interface and causes delamination at the
end  of electrical testing. Reproduced with permission from ref 31. Copyright 2012 Elsevier, Inc.

t
t
[
f
i
f

ially took place in the LSM/YSZ interface region, resulting in
he formation of lanthanum borates and manganese oxides

46]. Sulfur poisoning was studied by Wang et al. [47], it was
ound that Sulphur deposition tended to occur at the LSM/YSZ
nterface and the inner layer of LSM electrode, leading to the
ormation of SrSO4.
2.1.2. Degradation of LSCF oxygen electrode
Because of the excellent electrical and catalytic performance,
LaCoO3-based materials, such as LSCF was  proposed to be used
as the air electrode at intermediate-temperature [12]. Usually, a
GDC barrier layer is inserted between the YSZ electrolyte and the
LSCF anode to prevent the formation of detrimental phases such
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Fig. 6. [30] SEM images of LSM-YSZ interface after 1.5 A/cm2 current passage for 120 h at 750 ◦C in air (a) the cathode (b) the anode. (c) The delamination of anode electrode
from  the electrolyte. (d) Interface area between LSM/YSZ electrode and YSZ electrolyte. Reproduced with permission from ref [30]. Copyright 2013 Elsevier, Inc.

Fig. 7. [44]X-ray fluorescence maps of (a) Mn,  (b) Co and (c) Cr abundance in the oxygen electrode of a 1000-h cell. Lighter shading corresponds to a greater concentration
of  the element. The sealed edges were along the top and bottom edges of the cell. (d) Cr in the 1000-h oxygen electrode. Darker shading corresponds to more of the element
near  the surface and lighter shading corresponds to greater buried element abundance. Oxygen flowed over the electrode from right to left. Reproduced with permission
from  ref [46]. Copyright 2009 Elsevier, Inc.
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s SrZrO3 and La2Zr2O7. However, LSCF-based SOEC also degrades
uring the SOEC operation. Schefold et al. [11,23,48–51] studied
he long-term stability of different SOECs with the LSCF anode, all
howing continuous degradation. A Ni/YSZ supported cell shows a
egradation rate of 3.8%/kh under 1 A/cm2 anodic current load at
78 ◦C [51].

The major degradation phenomenon regarding the LSCF air elec-
rode is the severe cation diffusion and the formation of SrZrO3
24,52–55]. Mahmoud et al. [54] observed the formation of Co3O4
esulting in partial structure decomposition of LSCF and the detri-
ental phase SrZrO3 formation in the anode/electrolyte interface,

s well as the valence reduction of iron from Fe4+ to Fe3+ in LSCF,
fter a long-term SOEC operation which showed steady deteriora-
ion. Frey et al. [55] tested a LSCF-based SOEC stack for more than
0 kh. The demixing of the air electrode led to the segregation of
trontium, which was visible in the formation of SrZrO3 at the inter-
ace between the electrolyte and the GDC barrier layer as well as in
he formation of strontium oxide and strontium chromate on top
f the cells [55], as seen in Fig. 8.

Laurencin et al. [24] carried out a set of long-term tests (>1 kh) on
ypical Ni/YSZ||YSZ||GDC||GDC/LSCF cells in fuel cell and electroly-
is cell modes, to investigate the effect of the SOFC versus SOEC
olarizations on the electrochemical degradation rate of a typi-
al LSCF/GDC composite anode. Fig. 9 shows SEM-EDX images of
nterfaces in anode side (a) for the pristine cell, (b) for cell oper-
ted in SOFC mode and (c, d) for cell operated in SOEC mode [24]. It
as seen that under anodic polarization, Sr diffused across the GDC

ayer and reached the GDC/YSZ interface, while under cathodic cur-
ent load, no Sr diffusion could be observed [24]. The diffusion of
o into the GDC/YSZ interface was also observed, suggesting the
egradation of LSCF electrode, since Co is a B-site element that
ignificantly enhances the electrocatalytic ability of LSCF electrode.

The authors ascribed it to the combined effects of the anodic
lectric field and high pO2 [24]. The electrical field gradient in elec-
rolysis is against the Zr4+ cations diffusion from the electrolyte
oward the GDC barrier layer, however can accelerate the diffu-
ion of Sr2+ into the GDC/YSZ interface. Meanwhile, the high pO2
ould decrease the oxygen vacancy concentration in LSCF, driving

he demixing and the SrO precipitation:

r’
La + Ox

O → SrO(surf) + V’’
La + V••

O (6)

However, there are discrepancies concerning the role of polar-
zation in the Sr segregation. Ai et al. [56] and He et al. [57] found
hat the formation of SrZrO3 and Sr segregation is suppressed by
he anodic polarization when using directly assembled LSCF-based
xygen electrodes on barrier-layer-free YSZ electrolyte of SOECs.
hey suggested that surface oxygen vacancies decrease under the
nodic polarization conditions, resulting in a reduced driving force
or the reaction between Sr2+ and oxygen vacancies and therefore

 limited Sr surface segregation.
The mechanisms of cation diffusion of the LSCF/GDC/YSZ inter-

aces have been extensively studied by De Vero et al. [52,58,59].
t was found that under OCV, SrZrO3 laterally formed at the

2/LSCF/GDC triple phase boundary with GDC interlayer showing
ncreased porosity near the YSZ electrolyte, as seen in Fig. 10(a).
owever, under cathodic polarization, localized transverse growth
f SrZrO3 was observed, and pores were apparently eliminated
n GDC. In addition to that, the microstructure of LSCF can affect
DC stability and cation diffusion [52]. The interdiffusion and
icrostructural evolution of a porous LSCF made by screen-printing

nd a dense LSCF made by pulsed laser deposition were inves-

igated at temperatures of 800 ◦C–1000 ◦C in the air. At 1000 ◦C,
he porous LSCF exhibited rapid degradation accompanied by the
evere SrZrO3 formation. By contrast the dense LSCF only showed
ocalized SrZrO3 grains, which could be attributed to the air-tight
ce & Technology 55 (2020) 35–55 41

interface for dense LSCF which would minimize microstructural
degradation near the oxygen/LSCF/GDC triple phase boundary [52].

De Vero et al [58] also investigated the effect of single crystal
GDC films on Sr and Zr transport of model LSCF/GDC/YSZ triplets,
in which the single crystal GDC was epitaxially grown on the (100)
and (111) single crystal YSZ substrates. The results showed that the
single crystal GDC barrier layer could successfully prevent severe
Sr diffusion into the YSZ electrolyte [58]. However, Zr could actively
transport in the (100)-oriented GDC film, which was accompa-
nied with severe pore formation and nanosized SrZrO3 formation,
whereas (111) GDC exhibited stronger ability to limit Zr diffusion.

Fig. 11 illustrates the comparison of Sr and Zr diffusion in
different LSCF/GDC/YSZ triplets with polycrystalline, (100) and
(111)-oriented GDC barrier layers [58]. Sr moves faster in poly-
crystalline GDC than that in single crystal GDC, because Sr can
transport fast in the pathway of grain boundary diffusion. Zr has
higher diffusivity in (100) than (111)-oriented GDC, which is due to
the weak atomic bonds of GDC(100) attributed to less packing den-
sity than (111) [58], corresponding to the dislocation pipe diffusion
mechanism for Zr.

Though not reported as commonly as in LSM-based SOEC, the
delamination of LSCF can also be observed. Pan et al. [53] observed
the LSCF anode delamination when the three-electrode cell oper-
ated under 1 A/cm2 anodic current at 800 ◦C for 24 h. SrZrO3 was
found and the degradation mechanism was  provided, as shown
in Fig. 12. In Fig. 12(a) [53], a thin but dense layer of SrZrO3
second phase forms at the electrode-electrolyte interface. Then,
the improved electronic conductivity and catalysis activity of the
SrZrO3 layer by Co-diffusion leads to the generation of oxygen
at the SrZrO3–YSZ interface during the electrolysis test. However,
the oxygen molecules generated cannot efficiently diffuse away to
the atmosphere, due to the low porosity of the SrZrO3 layer. The
accumulated oxygen gradually weakens the bonding between the
SrZrO3 layer and the YSZ electrolyte, finally the complete delami-
nation.

Cr and Sulfur poisoning at LSCF electrodes of SOEC is also of sig-
nificance in terms of the long-term property. Wei  et al. [60] found
the deposition of SrCrO4, CrO2.5 and Cr2O3 phases on the surface
of LSCF oxygen electrodes and their formation was  closely related
to the increased segregation of the SrO species under anodic polar-
ization conditions. Sr segregation led to Sr deficiency at the A-site,
thus deteriorating the electrocatalytic activity of the LSCF oxygen
electrodes for OER. Kushi [61] studied the durability of a single
SOEC at 0.3 A/cm2 and 700 ◦C under different air supply conditions,
and it was concluded that Sulfur poisoning of LSC air electrode was
the primary reason for the high degree of degradation, which was
accelerated by the high pO2 at anode/electrolyte interface.

2.1.3. Degradation of newly developed oxygen electrodes
In hopes of improving the electrocatalytic performance or the

stability of oxygen electrodes, new anode materials have been
investigated. Kim-Lohsoontorn et al. [62] compared the electro-
chemical performance of SOECs based on composite LSM/YSZ and
Ba0.5Sr0.5Co0.8Fe0.2O3-� (BSCF) oxygen electrodes, and found that
cells having BSCF oxygen electrodes showed greater performance
than LSM/YSZ-based cells over the range of temperature. In the
durability test under 0.3 A/cm2, 850 ◦C and 70% steam concen-
tration, the BSCF cell showed a significant decay, while LSM/YSZ
cell exhibited no discernible performance degradation. The authors
associated the degradation of BSCF with the detachment of BSCF
from the electrolyte.

More recently, nickelates with chemical formula Ln2NiO4+ı (Ln:

La, Nd, Pr) have received much attention. These compounds belong
to the first-order Ruddlesden-Popper series material An+1BnO3n+1
with n = 1, whose structure is an alternating array of one La2O2 rock
salt layer and one LaNiO3 perovskite layer along the C-axis [63–73].
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Fig. 8. [55] (a) SEM micrograph top view of the air electrode. (b) Cross-sectional SEM micrograph of air electrode near “air out”. Large particles of SrCrO4 were formed on
top  of the air electrode and needles of SrCrO4 in the air electrode. Reproduced with permission from ref [58] under the license of Creative Commons. Copyright 2018.

Fig. 9. [24] SEM-EDX images taken at YSZ-GDC interface (a) for the pristine cell, (b) for Cell operated in SOFC mode and (c, d) for Cell operated in SOEC mode. In (a), the
Co-rich  particles embedded in the bulk of the GDC network are highlighted by light blue arrows. In (c, d), the Sr-rich and Co-rich phases are highlighted on the SEM image
with  red and blue arrows respectively. Reproduced with permission from ref [24]. Copyright 2017 Elsevier, Inc.
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Fig. 10. [59] SEM-EDS cross-sectional mapping of LSCF/GDC/YSZ (a) under OCV, (b) STEM-EDS mapping of the LSCF/GDC interface after OCV showing the formation of SrZrO3

at the O2/LSCF/GDC triple-phase boundary and extensively along the LSCF/GDC interface. Reprinted with permission from J. Electrochem. Soc., 164, F259 (2017). Copyright
2017,  The Electrochemical Society.

Fig. 11. [58] Schematic representation of the Sr and Zr diffusion in LSCF/GDC/YSZ triplets with GDC polycrystalline barrier layer, (100) and (111)-oriented epitaxial GDC
b , beca
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arrier  layers. Sr moves faster in polycrystalline GDC than that in single crystal GDC
111)-oriented GDC, due to the weak atomic bonds of GDC(100) attributed to less
lsevier, Inc.

his structure can accommodate a large over-stoichiometry of oxy-
en, and the interstitial oxygen transport mechanism is believed
ble to mitigate the high oxygen pressure in the anode/electrolyte
nterface. Ogier et al. [74] investigated the electrochemical prop-

rties of Ln2NiO4+ı (Ln: La, Nd, Pr) on three electrode symmetrical
alf-cells under OCV and electrolysis conditions. The electrochem-

cal characteristics were compared with those of the usual LSCF
lectrode. Under anodic polarization, in the temperature range
use Sr can transport fast by grain boundary diffusion. Zr moves faster in (100) than
ng density than (111). Reproduced with permission from ref [59]. Copyright 2018

from 600 ◦C to 800 ◦C, the Pr2NiO4+ı-based cells exhibited the best
performance, even more than 10 times higher than that of LSCF in
a certain condition. However, Flura et al. [68] studied the chemical
and structural changes in Ln2NiO4+ ı (Ln: La, Nd, Pr) as a func-

tion of pO2 at high temperature. It was  found Nd2NiO4+ ı started
to decompose into Nd2O3 and NiO above 1000 ◦C, at pO2 = 10−4

atm. Montenegro-Hernandez et al. [66] observed that Pr2NiO4+ ı

decomposed after 24 h of annealing at 700 ◦C and 900 ◦C.
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Fig. 12. [53] Schematic of the mechanism for the activation and delamination of
LSCF  air electrode (a) Freshly prepared sample; (b) Sample after 0.5 h high-current
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lectrolysis; (c) Sample during the high-current electrolysis test; (d) Sample after
2  h electrolysis test; (e) Sample after 24 h electrolysis test. Reproduced with per-
ission from ref [56]. Copyright 2018 Elsevier, Inc.

Double perovskite materials such as Sr2Fe1.5Mo0.5O6-ı (SFM)
nd GdBaCo2O5+ı were also studied as oxygen electrodes in SOEC.
ang et al. [75] studied the performance of co-electrolysis with

FM/SDC electrodes on a symmetrical cell. The co-electrolysis cells
howed the good performance of 0.734 A/cm2 at 850 ◦C under
.3 V. However a degradation rate of 10%/kh was observed under
he constant current density of 0.12 A/cm2 at 800 ◦C. Wer  et al.
76] investigated the electrochemical activity and microstructure
volution of layered GdBaCo2O5+ı oxygen electrode under SOEC
peration conditions at 750 ◦C in air. The results demonstrated that
nodic polarization resulted in obvious performance loss because
f the deactivation of electrode activity, which could be mainly
scribed to the formation of BaO-like surface insulating phase.
igher anodic current density led to a more significant decrease of
lectrode performance due to the formation of more pronounced
recipitation on the electrode surface, as seen in Fig. 13.

.2. Electrolyte degradation
Candidates of electrolyte materials of SOEC are typically
irconia-based, ceria-based and LaGaO3-based oxides [77]. Cerium
xide is often doped with Gd2O3 (GDC) or Sm2O3 (SDC), which
ce & Technology 55 (2020) 35–55

shows excellent oxygen conductivity, much higher than YSZ. How-
ever, because of the partial reduction of Ce4+ to Ce3+ in the cathode,
only a few works have been focused on GDC under electrolysis.
Eguchi et al. [78] studied cells operated in both SOFC and SOEC
modes using zirconia-based and ceria-based electrolyte. It was
found that the high applied voltage inevitably caused the reduc-
tion of Ce4+ to Ce3+ and deterioration of ionic transference number.
It was concluded that because the unsteady electrolysis of ceria
proceeded from the cathode side, the bare ceria electrolyte cannot
be applied as the electrolyte for SOEC.

Doped lanthanum gallate, such as doped with strontium on
the lanthanum site and magnesium on the gallium site (LSGM),
is another candidate for SOEC electrolyte materials. It is also an
excellent oxygen ion conductor over a broad range of temperatures,
exhibiting an ionic transference number close to unity [79]. How-
ever, the incompatibility of nickel-based hydrogen cathode and
LSGM electrolyte is a problem because of the formation of LaNiO3
[80–82] and fractures due to the thermal expansion coefficient
(TEC) mismatch between electrolyte and electrodes [83].

Doped zirconia, especially YSZ, is the most commonly used
electrolyte so far, as it has great chemical stability in both very
reducing and oxidizing atmosphere and great ionic conductivity
in high-temperature. However, YSZ still suffers the degradation
in the high corrosive environment of electrolysis. Tietz et al. [51]
investigated the long-term stability of a circular Ni/YSZ supported
SOEC with an active cell area of 45 cm2, which consisted of a YSZ
electrolyte, a GDC barrier layer and a LSCF cathode. The cell oper-
ated under 1 A/cm2 electrolytic current load and 780 ◦C for 9000 h,
showing an average degradation rate of 3.8%/kh. Fig. 14(a) shows
a pronounced grain structure of the electrolyte indicating a frac-
ture mode along grain boundaries. The horizontally aligned pores
throughout the electrolyte are also clearly observed indicated by
arrows in Fig. 13(b) and (c). Fig. 14(d) shows the differently ori-
ented grain surfaces exposed to varying, angle-dependent potential
strength which is visible as a surface-dependent void structure on
the grain surfaces.

Knibbe et al. [28] observed the intergranular fracture and pore
formation along the grain boundaries of YSZ electrolyte near the
anode/electrolyte interface after steam electrolysis at 1-2 A/cm2. As
shown in Fig. 15(a), a high density of 30 nm sized porelike holes or
pores that were light in the image could be seen along the YSZ grain
boundaries near the interface [28]. Such a high density of pores
would decrease the contact between YSZ grains and then cause the
increase of ohmic resistance, leading to degradation. Fig. 15(b) is
the elements distribution across two  YSZ grains showing a slight
increase of oxygen in the porous region.

Laguna-Bercero et al. [84] investigated the electrolyte degra-
dation in cathode-supported microtubular YSZ-based SOEC at
high voltages up to 2.8 V. It was found that the cell voltage
tended to saturate at high steam conversion rates, which was
attributed to the electro-reduction of the thin YSZ electrolyte which
induced electronic conduction losses. Severe electrolyte reduc-
tion of operated cells induced irreversible damage at the YSZ by
the formation of voids at the grain boundaries of the dense YSZ
electrolyte.

Jiang et al. [26] also observed the significant structural damage
to the YSZ electrolyte particularly in the case of thick YSZ electrolyte
cells. It was  found that holes in the size of ∼200 �m were formed
in the delaminated LSM electrode and cavities of similar size on the
YSZ electrolyte surface. In the center of the cavity, the morphology
was characterized by grain and grain boundaries, while the region
away from the cavity was similar to that of the fractured surface of
YSZ. The significant microstructure differences between the center

of the cavity and its surrounding regions disclose that the central
area of the cavity was  originally the closed internal pores in the YSZ
electrolyte, while the fractured areas are the results of the forced
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Fig. 13. [76] SEM images of (a) fresh GBCO, (b) after polarization at 300 mA/cm2, and (c) 600 mA/cm2. (d)-(f) The corresponding particle size distribution of surface precipitates
for  SEM images of (a)-(c). Reproduced with permission from ref [77]. Copyright 2018 Elsevier, Inc.
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ig. 14. [51] Images of fracture surfaces of the electrolyte layer. (a) Area of inter- an
orizontally structured pores (arrows) over the entire electrolyte layer and (c) at the
eproduced with permission from ref [54]. Copyright 2013 Elsevier, Inc.

eparation of the electrolyte by the high pO2 built-up within the
losed pores of YSZ during electrolysis.

.3. Hydrogen/cathode degradation
The most widely applied cathode for SOEC is Ni-based electrode,
uch as Ni-YSZ composite cathode. Nickel accommodates electrons
ransport, and YSZ provides paths for oxygen ions diffusion and
agranular fracture, (b) same region in back-scattering mode showing more clearly
/YSZ interface, (d) highly enlarged YSZ grain surface with fractured grain boundary.

serves as an inhibitor for the coarsening of nickel particles during
operation. This material exhibits high electronic conductivity and
an excellent catalytic and electrochemical catalytic capability [27].

However, Ni-based cathode suffers nickel relocation. The et al.

[49] investigated the microstructural evolution of SOEC by com-
paring long-term operation cells (6100 h and 9000 h) with a
non-operated one. A homogeneous distribution of elements O,
Ni, Y and Zr was observed for the non-operated cell, as shown
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Fig. 15. [28] (a) TEM micrograph of YSZ grain boundary near the oxygen electrode. Inset: Higher magnification image of the grain boundary. (b) EDXS across the grain
boundary as marked in (a). Reprinted with permission from J. Electrochem. Soc., 157, B1209 (2010). Copyright 2010, The Electrochemical Society.
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ig. 16. [49] Electron probe micro analysis (EPMA) results of O, Ni, Y and Zr in the de
ell  and (b) an operated electrolysis cell under 1 A/cm2 and 775–782 ◦ for 9000 h. R
n Fig. 16(a). In contrast, a significant agglomeration and deple-
ion of nickel were found at the cathode/electrolyte interface
or the 9000 h operated cell at 1 A/cm2, 780 ◦C and 80% abso-
ute feed humidity, as seen in Fig. 16(b): nearly no nickel was
ctrolyte YSZ (lower part) and the porous cathode (upper part) of (a) a non-operated
uced with permission from ref [52]. Copyright 2015 Elsevier, Inc.
left in the first 10 �m away from the cathode/electrolyte inter-
face and nickel agglomerated in the upper part. The depletion of
Ni at the interface severely reduced the density of triple phase
boundary of the cathode side, decreased the electronic conduc-
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ion and increased the thickness of electrolyte, thus leading to
arge performance degradation. Ni relocation was also responsi-
le for the formation of a 2–4 �m thick dense layer of Ni/YSZ,
ormed at the cathode/electrolyte interface of a cell operated under

 A/cm2, 90% humidity and 950 ◦C, as reported by Hauch et al.
85]. Other works concerning the influence of steam concentra-
ion on the Ni-based electrode can be referred to refs [86–90].
ndeed, water can react with nickel in the cathode to form vari-
us volatiles species, such as Ni(OH)2. These species diffuse and
re further deposited on the surface of YSZ [27]. Humidity gradi-
nt driving vaporization–deposition mechanism causes the growth
nd merging of independent nickel droplets [87].

The Ni-based cathode can be damaged by impurities such as sil-
con from glass sealant or from raw materials. Hauch et al. [85,91]
tudied the silicon segregation in the Ni/YSZ electrode by con-
ucting cell testing at a variety of operation temperatures, current
ensities and gas flows for over than 1000 h. Results showed a sig-
ificant accumulation of SiO2 in the few micrometers of the Ni-YSZ
lectrode close to the YSZ electrolyte [91]. In the cell operated under
.5 A/cm2, 90% steam and 850 ◦ electrolysis for 1000 h, it was  proven
y EDX that the Si-containing impurities clearly segregated to the
hree-phase boundary (3PB) at the electrode/electrolyte interface
nd as grains of impurities with diameter up to 1̃ �m [91], while
n the test of 1 A/cm2, 70% steam and 850 ◦ electrolysis for 1600 h,
mpurities tended to segregate to the two-phase boundary (2PB)
etween the Ni and the YSZ where thin (40–70 nm)  Si-containing
ims formed [91].

A proposed mechanism of silicon deposition is introduced
6,92]: (1) in highly humidified atmospheres, Si evaporates from
he glass seal in the form of Si(OH)4(g), which deposits at the TPB
nd is transformed into SiO2(s); (2) under high cathodic polariza-
ion, Si may  dissolve into Ni particles at the TPB further because
he solubility limit of Si in Ni is 14 mol% at 850 ◦C; (3) when the
xidation of the atmosphere is strong enough, the dissolved Si can
e re-oxidized into SiO2(s) at a later stage.

Additionally, impurities in the inlet gases stream, most likely
ulfur are reported to influence the stability of Ni/YSZ electrode
93–96]. Ebbesen et al. [96] examined the initial performance and
lectrolysis durability of Ni/YSZ cathode supported cells by apply-
ng either industrial grade gases with minute impurities or cleaned
ases. Steam, CO2 and co-electrolysis stability tests were conducted
n both gas atmospheres in 850 ◦C for over 600 h. It was  found
hat, for all electrolysis tests, the cells substantially degraded when
pplying gases with impurities, however the application of clean
ases to the Ni/YSZ electrode resulted in operation without degra-
ation, even some cells showed slight activation [96]. EIS results
howed that the poisoning effect was related to the adsorption of
mpurities at the TPB [96]. It was disclosed that physical absorption
f sulfur blocked the reaction sites and chemical reaction of sulfur
orms nickel sulfide [93].

In the case of CO2 electrolysis or co-electrolysis, the oxidation of
i to NiO and coking are the potential issues to Ni-based cathode

1,26,97]. Wang et al. [98] examined a pure Ni cathode and var-
ous Ni-based bimetallic cathodes in LSGM electrolyte-supported
ells for CO2 electrolysis at a temperature from 700 ◦C to 900 ◦C.
n the case of the pure Ni cathode, despite of the high activity in
he initial performance, coke formation was observed after test
n the atmosphere of 50% CO2, 1% CO and 49% Ar. Fig. 17(a)-(c)
how the microstructures of pure Ni and NiFe91 (weight ratio
i/Fe = 9:1) cathodes after CO2 electrolysis operation at 800 ◦C.
he micrograph of pure Ni cathode reveals the presence of small
eedle-like structure, which is probably the deposited carbon.

owever, no such clear coking could be seen in the image of NiFe91
athode. Fig. 17(d) is the Raman spectra of the cathode surface
f pure Ni and NiFe91 after CO2 electrolysis tests, which proves
he coking of pure Ni cathode and indicates the capability of Fe
ce & Technology 55 (2020) 35–55 47

of preventing the coke formation. Concerning this disadvantages
of Ni-based cathode associated with coking, many cement cath-
odes were proposed, such as Ni-Fe-La(Sr)Fe(Mn)O3 [97], oxygen
deficient perovskite La0.6Sr0.4Fe0.8Ni0.2O3-� cathode with in-situ
exsolved Fe-Ni bimetallic nanospheres [99] and vanadium-doped
LaFeO3 (LSFVx) cathode [100].

3. Status of electrode/electrolyte interfaces governed by pO2

Although having similar or identical components with SOFC,
SOEC usually suffers greater degradation rate [84]. It is natural
to examine the differences between SOEC and SOFC to locate the
reason for the higher degradation of SOEC. From the viewpoint of
electrochemistry, SOEC differs from SOFC in the distribution of pO2
or the chemical potential of oxygen (�O2 ) across the whole cell,
especially at the electrode/electrolyte interfaces.

For oxygen conducting SOEC, the reaction of interest is as fol-
lows:

1
2

O2 + 2e = O2− (7)

In equilibrium, it leads to

1
2

�O2 + 2 �̃e = �̃O2− (8)

where, �̃O2− is the electrochemical potential of oxygen ions, and
�̃e is the electrochemical potential of electrons.

pO2 is related to �O2 by

�O2 = �0
O2

+ RT lnpO2 (9)

Note that pO2 and �O2 are practically the same concepts, both
will be used alternately in the following discussion.

Therefore, if we  place an oxygen conductor in an atmosphere
with a specific pO2 and the equilibrium Eq. (7) is achieved, the pO2
represent the values of �̃O2− and �̃e. Because �̃O2− and �̃e represent
the degree of oxygen non-stoichiometry, the pO2 in the atmosphere
is related to oxygen non-stoichiometry of the material. Then it is
applicable and convenient to apply the pO2 in the atmosphere to
describe the status of the material. This is how the concept of pO2
of a material is established.

However, if we would like to apply the concept of pO2 within a
material which is under a condition with different pO2 , such as SOEC
or oxygen permeation membrane, the concept of local equilibrium
[101] would be introduced in. As suggested by Virkar [102–109],
the important implication of local equilibrium in this case is that
the equilibrium Eq. 7 is valid everywhere in the system. This means
if a pore of volume Vpore exists at some position in the conduc-
tor, the pO2 in the pore would correspond to the local �O2 . If the
pore volume approaches to zero, the number of moles of oxygen in
the pore, nO2 , approaches zero as well, assuming the ideal gas law.
Therefore, though no actual pore exists, the concept of pO2 and �O2
however continue to exist. This is how the concept of pO2 is well
defined within an oxygen conductor by Virkar, which is illustrated
in Fig. 18 [102].

After the establishment of the concept of local pO2 , the distri-
bution of pO2 within a material can be accessed to. Virkar et al.
have conducted extensively research on the determination of pO2
within a solid oxide cell electrolyte or a MIEC membrane theoreti-
cally [102,103,106–109] and experimentally [104,105]. In addition
to local equilibrium, the transport theory that the transport of a
charged species occurs down its electrochemical potential gradi-
ent is needed [105]. Therefore, the current density due to oxygen

ions and electrons are given by:

Ie = − �e

(−1)e
∇ �̃e = �e

e
d �̃e

dx
(10)
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ig. 17. [98] Morphology of (a and b) Ni cathode (c) NiFe91 (weight ratio 9:1) catho
f  Ni and NiFe91 cathodes. Reproduced with permission from ref [99]. Copyright 20

i = IO2− = − �O2−

(−2)e
∇ �̃O2− = �i

2e

d �̃O2−

dx
(11)

here, Ie is the electronic current density; �e is the electronic
onductivity of the material. Ii (IO2− ) is the ionic (oxygen) current
ensity; �i (�O2− ) is the ionic (oxygen) conductivity of the material.

Considering the local equilibrium, the current density of oxygen
ons can be represented in terms of �O2 and �̃e:

i = �i

2e
d

dx
( �̃O2− ) = �i

2e
d

dx

(
1
2

�O2 + 2 �̃e

)
= �i

4e
d�O2

dx
+ �i

e
d �̃e

dx
(12)

Eqs. (10)–(12) are valid not only for typical MIECs, but also for
redominantly ionic conductors such as YSZ. However, it is worth
oting that, for predominantly ionic conductors, the electronic
urrent cannot be neglected, no matter how small the electronic
urrent is. This is because the assumptions of local equilibrium and
he simultaneous neglect of electronic conduction are contradic-
ory assumptions [102].

Therefore, from the transport of oxygen ions across interface I
n Fig. 18 [102]:

′
O2

= �I
O2

+ 4e(r
′
i Ii − r

′
eIe) (13)

From the transport of oxygen ions across interface II:

′′
O2

= �II
O2

− 4e(r
′′
i Ii − r

′′
e Ie) (14)

here, �
′
O2

is the �O2 within the membrane, just inside electrode

/membrane interface; �
′′
O2

is the �O2 within the membrane, just
nside electrode II/membrane interface. r
′
i

and r
′′
i

are the area spe-
ific ionic resistances of interface I and II, respectively, which are
ctually the ion charge transfer resistances. r

′
e and r

′′
e are the area

pecific electronic resistances for direct electron transfer across the
 the cells after CO2 electrolysis operation at 800 ◦C. (d) Raman spectra of the surface
yal Society of Chemistry.

interface I. In the semiconductor terminology, r
′
e and r

′′
e are area

specific contact resistances (non-ohmic contact) [107].
And the generalized form of �O2 as a function of position in a

membrane without the incorporation of interfaces can be given by:

�O2 (x) = �I
O2

+ 4e (Ii + Ie)

∫ x

0

dx

�i (x)
+ 4e

∫ ϕ(x)

ϕI

(
�i (x) + �e (x)

�i (x)
)dϕ(x) (15)

Note that we use Eq. (15) only to indicate the continuum distri-
bution of pO2 in the membrane without incorporation of interfaces
and the focus of discussion is still the electrode/membrane inter-
faces.

As evident from Eqs. (13) and (14), the values of �
′
O2

and �
′′
O2

depend upon the values of r
′
i , r

′′
i , r ’

e, r ’’
e, Ii and Ie. If we apply the pre-

sented general discussion for SOFC and SOEC, the illustrative results
can be shown in Fig. 19 [102]. For SOFC in a certain condition, the
distribution of �O2 in the electrolyte is within the two �O2 limits in
the two  gas phases. However, for SOEC, the values of �

′
O2

and �
′′
O2

can exceed the chemical potential of oxygen in the corresponding
gas phase. This indicates that, in SOEC mode, the pO2 in the elec-
trolyte near the cathode/electrolyte interface is lower than the �O2
in gas phase, suggesting the possibility of decomposition of elec-
trolyte [102]. On the anode side, a high pO2 can be established in
the electrolyte just near the anode/electrolyte interface, resulting
in the delamination of anode if the pressure is sufficient to cause
local mechanical cracking [107].

Based on his developed theory, Virkar [107] performed an illus-
trative calculation of pO2 (pa

O2
) at the anode/electrolyte interface

(LSM/YSZ||YSZ). It was found that this value was substantially influ-
enced by the electronic resistance of electrolyte:

a Ox 4F
{

EAra
e (EA − EN)ra

i

}

pO2

= pO2
exp(−

RT Re
−

Ri
) (16)

where, pOx
O2

is the oxygen partial pressure in the gas phase of the
anode, EA is the applied electrolysis voltage, EN the Nernst potential,
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Fig. 18. [102] A schematic illustration of the definition of local pO2 within a membrane of a MIEC. The thickness of the membrane is l. �I
O2

is the �O2 in the gas phase

of  electrode I; �II
O2

is the �O2 in the gas phase of electrode II. ϕI and ϕII are the reduced (negative) electrochemical potential of I and II, respectively. Local equilibrium in

the  system implied that 1
2 �O2 + 2 �̃e = �̃O2− is valid everywhere. This means if a pore of volume Vpore exists at some position in the conductor, the pO2 in the pore would

correspond to the local �O2 . If the pore volume approaches to zero, the number of moles of oxygen in the pore, nO2 , approaches zero as well, assuming ideal gas law. Therefore,
though  no actual pore exists, the concept of pO2 and �O2 however continue to exist. Yet the local pO2 is well defined. Reproduced with permission from ref [103]. Copyright
2005  Elsevier, Inc.

Fig. 19. [102] Schematic variations of �O2 , �̃O2− and ϕ across the electrolyte and interfaces for (a) SOFC and (b) SOEC in certain conditions. Reproduced with permission from
ref  [103]. Copyright 2005 Elsevier, Inc.

Table 1
[107] Estimation of pO2 within the electrolyte just near the oxygen electrode/electrolyte interface, pa

O2
, for various values of cell area specific electronic resistance, Re. The

applied voltage is Ea = 1.5 V. rel
e is the electronic resistance of electrolyte. Itotal is the total external current density. Reproduced with permission from ref [108]. Copyright 2010

Elsevier, Inc.

rel
e (� cm2) Re (� cm2) Ri (� cm2) Ii (A/cm2) Ie (A/cm2) Itotal (A/cm2) pa

O2
(atm) Likelihood of delamination

0 1.5 0.39 1.117 1.0 2.117 10−17 No delamination
1  2.5 0.39 1.117 0.6 1.717 10−4 No delamination
5  6.5 0.39 1.117 0.23 1.347 1.44 No delamination

.158 

.07 

r
a
c
e
a
l
r

r

i
e
p

8  9.5 0.39 1.117 0
20  21.5 0.39 1.117 0

a
e is the area specific resistance for direct electron transfer across
node/electrolyte interface, ra

i is the area specific resistance for ion
harge transfer resistance at anode/electrolyte interface, which is
ffectively polarization resistance (excluding the porous electrode)
nd may  be described using Butler-Volmer type of phenomeno-
ogical models [107], Ri and Re are the total ionic and electronic
esistances of the whole SOEC, respectively.

In a typical cell with Ni/GDC cathode, it is suggested rc
i ≈ 0 and

c a 2 a 2

e ≈ 0. For the anode side, ri ≈ 0.3  ̋ cm and re ≈ 1.5  ̋ cm . The
onic resistance of the electrolyte r el

i ≈ 0.09  ̋ cm2. By varying the
lectronic resistance of the electrolyte rel

e from 0 to 20  ̋ cm2, the
O2 within the electrolyte just near the anode can be estimated.
1.317 104.6 Delamination highly likely
1.187 104 Delamination imminent

At electrolysis voltage EA = 1.5 V, the results are shown in Table 1
[102].

The estimation results show that the electronic resistance of
electrolyte can exert a significant impact on the value of the pO2
within the electrolyte near the interface. Under a certain condition,
the pO2 can be as high as 104 atm, which would cause electrode
delamination immediately. Therefore, the author suggested it be
beneficial for the stability of SOEC to introduce some electronic

conduction in the electrolyte.

Jacobsen and Mogensen [110] also examined the pO2 across the
electrolyte and at the electrode/electrolyte interfaces of SOEC, the
distribution of which is shown in Fig. 20. The authors concluded that
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Fig. 20. [110] � − ∅ (this is the electrode potential based on authors’ definition) and equilibrium oxygen pressure in a cell operating in SOEC mode compared to OCV condition
at  1000 ◦C. Reprinted with permission from ECS Transactions., 13, 259 (2008). Copyright 2008, The Electrochemical Society.
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Fig. 21. [112] (a) Schematics of the formation of peroxy O O bonds (precursors
of  O2 molecules) at the (001) surface of cubic ZrO2 related to substitutional Mn
impurities in the subsurface region. Oxygen atoms are shown in red, Zr – as small
light blue balls, Mn – in purple; (b) Equilibrium pressure of the O2 gas above a free
ZrO2 surface at T =800 ◦C as a function of O2 formation energy corresponding to
different subsurface substitutional defects. (For interpretation of the references to

As discussed in the previous section, the degradation of SOEC
n steady state operation, the oxygen pressure inside a cavity within
lectrolyte near the interface cannot exceed the value correspond-
ng to the electrode potential. However, when compared with the
xygen partial pressure near the anode/electrolyte interface under
CV, the pO2 built under SOEC mode is higher. This means that cells
orking in SOEC mode may  build up a detrimental interior pO2 at

he anode, causing delamination of the electrode or the electrolyte
lose to the anode.

The experimental measurement of pO2 in the electrolyte film
as conducted by Lim and Virkar [104,105], using platinum

eference electrodes (probes) embedded within the electrolyte
ayer. It was found that the pO2 dropped mainly across the cath-
de/electrolyte interface for an anode-supported fuel cell with GDC
lectrolyte [105]. Mineshige et al. [111] also measured the �O2 vari-
tion in SDC electrolyte of a fuel cell by Raman spectroscopy. It was
hown that most parts of SDC were mixed conductive because of
he low �O2 and only a thin layer adjacent to the air side remained
ominantly ionic conductive under the OCP condition.

Atomic-scale simulation by density-functional-theory (DFT),
rst-principle theory and thermodynamic modeling was  con-
ucted to elucidate the mechanism of oxygen delamination of SOEC
112]. Fig. 21(a) shows the formation of peroxy O O bonds (pre-
ursors of O2 molecules) at the (001) surface of cubic ZrO2 related
o substitutional Mn  impurities in the subsurface region. Fig. 21(b)
llustrates the equilibrium pressure of the O2 gas above a free ZrO2
urface at T =800 ◦C as a function of O2 formation energy cor-
esponding to different subsurface substitutional defects. It was
hown that La and Sr substitutional defects positioned in ZrO2 near
SM/YSZ interface significantly elevated oxygen formation energy,
hich may  facilitate a high pO2 build-up in the interfacial region and

ventually develop delamination process. This mechanism, being
ifferent from what Virkar and Mogensen suggested, predicts that
he high pO2 would establish in the closed pores in the porous anode
ear the anode/electrolyte interface.

The presented principle investigations examined the pO2 near
he electrode/electrolyte interfaces, either within the electrolyte
r in the closed pores in the electrode. Many numerical mod-
ling works studied the pO2 in the open pores in the electrode
ear the interface for solid oxide cells, by considering the gas
ransport theory and oxygen exchange reactions [113–118]. Lau-
encin et al. [24] investigated the degradation mechanism of
SCF/GDC composite electrode under SOEC mode by theoreti-
al calculation and experiments. The modeling results showed
hat the pO2 in the open pores in the electrode near the

node/electrolyte interface is only slightly higher than that
n air.
color in this figure legend, the reader is referred to the web version of this article.)
Reproduced with permission from ref [113]. Copyright 2012 Elsevier, Inc.

4. Emerging mitigation strategies and proton-conducting
SOEC
anode is strongly related to the high pO2 established near the
anode/electrolyte interface, either within the electrolyte or in the
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Fig. 22. [121] Morphologies of anode LSM/YSZ + (a) 2 wt%, (b) 4 wt%, (c) 6 wt% and (d) 8 wt% RuO2. Reproduced with permission from ref [122]. Copyright 2018 Elsevier, Inc.

Fig. 23. [72] (a) The I-V curves of the SOEC anode and SOFC cathode layers of the La2NiO4+ı || GDC || La2NiO4+ı symmetric cell at 800 ◦C in air. (b) Degradation-induced
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hanges in area specific resistance (ASR) of the SOEC anode and SOFC cathode side
eries  resistance (mainly IR-drop across the electrolyte) while Rp refers to the polar
017  Elsevier, Inc.

lectrode closed pores. Thus, the key to improve the durability of
OEC anode is to reduce pO2 near the interface. The principle behind
he developed mitigation strategies is to lower the anodic overpo-
ential: either reduce the activation overpotential or reduce the
oncentration polarization. The methods include infiltrating active
anoparticles, developing new materials and improving gas trans-
ort [26,119,120]. Here we would like to introduce some published
orks in the recent years to update the advances in anode mitiga-

ion strategies.
Infiltration has been found as an effective way to lower the acti-

ation overpotential and to improve the durability because of the
xtended reaction sites. Song et al. [121] studied the effectiveness
f different weight percentages of RuO2 nanoparticles deposited
n the surface of LSM/YSZ anodes by an infiltration method. The
urrent density was improved from 0.46 A/cm2 to 0.74 A/cm2 at

◦
.2 V and 800 C after anchoring 6 wt.% RuO2 onto the surface of
SM/YSZ composite electrode, with the greatest enhancement of
0%. The morphologies of infiltrated anode are shown in Fig. 22.
he durability test was conducted, showing negligible degradation
etermined by three-electrode impedance measurements at 800 ◦C. Rs denotes the
 resistance of the electrodes. Reproduced with permission from ref [73]. Copyright

with constant current density 0.4 A/cm2 for over 240 min. Post-
testing analysis found that RuO2 nanoparticles remained almost
unchanged without agglomeration.

Zheng et al. [122] investigated the La0.8Sr0.2Co0.8Ni0.2O3-ı

(LSCN) impregnated GDC/LSM composite oxygen electrode as a
high-performance electrode for co-electrolysis. The LSCN impreg-
nated cell exhibited the current density of 1.60 A/cm2 at
1.5 V at 800 ◦C and showed stable performance without obvious
degradation for more than 100 h. Shahrokhi et al. studied the
electrochemical performance and stability of LSM oxygen elec-
trodes infiltrated with La2Ni0.5Co0.5O4 (Ruddlesden-Popper) and
LaNi0.5Co0.5O3 (perovskite) nanoparticles under cyclic SOEC and
SOFC modes. Results indicated that the addition of La2Ni0.5Co0.5O4
nanoparticles had more impacts on polarization resistance reduc-
tion as compared to LaNi0.5Co0.5O3, probably due to the facile

oxygen transport in the rock salt layer of Ruddlesden-Popper struc-
ture. Analysis of the polarization resistance fluctuations showed
better stability in Ruddlesden-Popper structure-infiltrated elec-
trodes as compared to perovskite structure.
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Fig. 24. [128] Schematic illustration of electrodes (a) traditional sponge-like LSC
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lectrode (b) Honeycomb LSC/YSZ electrode. Reproduced with permission from ref
108]. Copyright 2018 John Wiley and Sons.

In addition to infiltration, another way to mitigate the high
O2 is to use R-P phase materials, such as La2NiO4+ı, as the oxy-
en electrode [123–125]. The attractive property of R-P phase
aterials is their aptitude to accommodate a large oxygen over-

toichiometry, which is assumed to be able to mitigate the high
O2 at the anode/electrolyte interface. Fig. 23(a) is the I-V curves of
he SOEC anode and SOFC cathode layers of the La2NiO4+ı || GDC ||
a2NiO4+� symmetric cell at 800 ◦C in air [72]. It can be seen that the
a2NiO4+ı SOFC side suffers much more in resistance increase with
ime than the La2NiO4+ı SOEC side, which indicates that La2NiO4+ı

s more stable and behaves much better under anodic polarization
han under cathodic current load. Fig. 23 (b) shows the area spe-
ific resistance changes of the cell. During the 2200 h operation,
o distinct degradation can be observed in the anode side, even
hen the Cr-source was introduced. However, in the cathode side,

he polarization resistance Rp increases gradually within the 1400 h
peration and elevates dramatically after introducing Cr-source.

An ordered structure such double perovskite is also a promising
andidate for SOEC oxygen electrode. Tian et al. [126] investigated

 double perovskite oxide PrBa0.5Sr0.5Co1.5Fe0.5O5+ı (PBSCF) as the
xygen electrode for reversible solid oxide electrochemical cells

RSOCs). In the SOEC mode, it displayed an electrolysis current den-
ity as high as 1.3 A/cm2 when the temperature, absolute humidity
nd applied voltage were 800 ◦C, 50 vol% and 1.3 V, respectively.

ig. 25. [128] HE-LSC was  measured in three-electrode mode at 1.5 A/cm2 for 4 h and the
t  0.6 A/cm2 for 1 h and then at 1.2 A/cm2 for 0.67 h at 800 ◦C. Reproduced with permissio
ce & Technology 55 (2020) 35–55

The cells also exhibited excellent durability of 120 h in SOEC mode
and presented good reversibility.

Zheng et al. [127] studied the electrochemical performance and
the stability of SmBa0.75Ca0.25CoFeO5+ı (SBCCF), layered perovskite
as the air electrode for SOECs. In a half-cell with three-electrode
configuration, the initial polarization resistance, Rp, of GDC/SBCCF
was 0.16 � cm2 at 800 ◦C. Under an anodic polarization of 200 mV,
Rp decreased to 0.03 � cm2; however, under the cathodic bias of
200 mV,  Rp increased to 0.18 � cm2, indicating that SBCCF was
more active towards OER than oxygen reduction reaction. Dur-
ing the electrolysis test under 1 A/cm2 at 800 ◦C for 216 h, Rp of
GDC/SBCCF increased to 0.52 � cm2 in the first 96 h and remains
at 0.52 � cm2 for the remaining 120 h. In contrast, Rp of GDC/LSCF
increased with a rate of 0.08 � cm2/100 h at the same time.

Although the intrinsic conductivity and catalytic ability of MIEC
oxygen electrodes are sufficient for operations at high tempera-
ture and large current densities, their advantages are limited by
the traditionally sponge-like structure because of the sluggish oxy-
gen generation and release kinetics [128]. The poor oxygen release
caused by tortuosity factors and low porosities and even blocked
tunnels, would suffocate gas transport and subsequently cause
anode delamination at high current densities [128].

Wu et al. [128] fabricated a novel honeycomb architecture
anode to facilitate OER kinetics, whose merits in nature are the
high mechanical strength, satisfactory tortuosity and large poros-
ity. Fig. 24 shows the schematic illustration of the electrodes. In
the actual operation, the honeycomb LSC/YSZ electrode (HE-LSC)
showed the better and much more stable performance than the
traditional LSC electrode (TE-LSC). As shown in Fig. 25, it was
demonstrated that the traditional LSC showed negligible increases
in Rp under a current density of 0.6 A/cm2 for 1 h. But the elec-
trolyzing voltage rapidly increased when the current density was
increased to 1.2 A/cm2 (blue line). In contrast, a three electrode
cell with honeycomb architecture (27 wt%  LSC loading) showed
a stable operation with a current density of 1.5 A/cm2 for 4 h,
and no obvious performance degradation at 2.0 A/cm2 for 6 h at
800 ◦C.

Khan et al. [129] reported a novel microstructure design by
incorporation a porous YSZ layer between the LSM electrode and
YSZ electrolyte to release this oxygen pressure. Symmetric cells
with and without the porous YSZ layers were prepared and tested
in air at 800 ◦C under the current densities of 0.5 and 1 A/cm2

for 100 h. No delamination was observed for the samples with the
porous YSZ layer, while the sample without the porous YSZ layer,
the LSM was  totally delaminated from the electrolyte just after 70 h,
as shown in Fig. 26(a),(b) shows that for the traditional LSM, with
the passage of time, more and more oxygen accumulate within the
grain boundaries/pores of the electrolyte, until the LSM completely

delaminates from the electrolyte. The improved performance for
cells with porous YSZ is due to the shift of oxygen evolution reaction
from the dense YSZ-LSM interface to a porous YSZ-LSM interface,

n at 2.0 A A/cm2 for 6 h at 800 ◦C, while TE-LSC measured in three-electrode mode
n from ref [108]. Copyright 2018 John Wiley and Sons.
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Fig. 26. [129] (a) The stability tests of LSM electrode with or without incorporation of porous YSZ layer: LSM-0 G represents the traditional LSM electrode without porous
Y nts of
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SZ;  LSM-10 G and LSM-20 G are the cells with porous YSZ, but using different amou
f  the delamination of traditional LSM. (c) A possible mechanism of the ability of L
130]. Copyright 2017 Elsevier, Inc.

s seen in Fig. 26(c). This shift also helps the oxygen to be easily
eleased instead of going into the pores or grain boundaries of the
lectrolyte.

In recent years, interests in proton-conducting SOEC (H-SOEC)
ave been growing. One major advantage of H-SOEC is the low oper-
tion temperature, that is, 800 ◦C to 600 ◦C or even lower, because
f its high ionic conductivity and low activation energy. Addition-
lly, technical barriers, such as hydrogen separation and electrode
nstability due to Ni oxidation and oxygen electrode delamination,
an be remarkably mitigated by the use of H-SOEC [130]. Wu  et al.
130] fabricated a self-architectured ultraporous 3D steam elec-
rode developed for efficient H-SOECs below 600 ◦C. At 600 ◦C, the
lectrolysis current density reached 2.02 A/cm2 at 1.6 V. Instead of
ast degradation in most oxygen conducting SOECs, performance
nhancement was observed during electrolysis at an applied volt-
ge of 1.6 V at 500 ◦C for over 75 h, attributed to the “bridging” effect
riginating from reorganization of the steam electrode.

Li et al. [131] reported a high performing triple-conductive
r2NiO4+ı anode for H-SOEC. Good chemical compatibility was
erified between the PNO anode and BZCY electrolyte. Proton con-
uction was introduced most likely by water intake in the rock-salt

ayer. Excellent performance towards the water-splitting reaction
as achieved on the PNO/BZCY composite anode, 0.52 � cm2 for

50 ◦C, 0.057 � cm2 for 700 ◦C. An electrolyzing current density of
77 mA/cm2 was achieved at a potential of 1.3 V (0.37 V overpoten-
ial).

. Concluding remarks

In this review, typical degradation phenomena of SOECs and
he proposed mechanisms are summarized, in the aspects of anode
oxygen electrode), electrolyte and cathode (hydrogen or CO2 elec-
rode). Especial attention has been paid to the degradation in the
node side, such as anode delamination and electrolyte disinte-

ration, with pO2 as a major standpoint to understand critical
egradation phenomena. Meanwhile, mechanistic works for exam-

ning the pO2 distribution at electrode/electrolyte interfaces are
resented, disclosing the different principles between SOEC and
 graphite to produce the porosity for the porous YSZ layer. (b) A possible illustration
0 G and LSM-20 G to prevent delamination. Reproduced with permission from ref

SOFC to evaluate the faster degradation of SOEC than SOFC. At last,
the newly presented counter strategies against the degradation of
SOEC are also provided, including the novel infiltration and new
anode materials as well as the microstructure improvement.
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