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Abstract

Solid oxide electrolysis cell (SOEC) as an electrochemical energy conversion device has attracted increasing
attention due to its large current density, high Faradaic efficiency and energy efficiency. Oxygen evolution reaction at
the anode, a four-electron transfer process, is an important half-reaction for SOEC, which contributes to the main
polarization resistance and consumes most electric energy during the electrolysis process. Hence, designing anode
materials with high activity and stability is crucial for the performance improvement and practical application of
SOEC. Recently, some advances have been made in the development of high-performance anode. In the current
review, the mechanisms for CO, and/or H,O electrolysis are highlighted. The physicochemical and electrochemical
properties of different types of anodes are summarized. Various efficient strategies for anode optimization are
introduced. Furthermore, the outlook for the future research of SOEC is included. This review might be helpful for the

development of anode materials and the practical application of SOEC.
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1. Introduction

The development of modern industry consumes
vast fossil fuels (e.g. coal, natural gas, petroleum),
which not only causes serious energy crisis but
also leads to notorious greenhouse effect owing to
the tremendous CO, emission. According to the
long-term monitoring by Mauna Loa Observatory,
the atmospheric concentration of CO, grew from
5.76 x 10~* kg-m™2 in 1960 to 7.69 x 10~* kg-m™3
in 2020 [1]. Meanwhile, renewable energy re-
sources (e.g. solar, wind, tide, geothermal) have
been developed rapidly in recent years, however,
their shortcomings such as uneven spatial and
temporal distributions limit their practical appli-
cation. Electroreduction of CO, and/or H,O to
useful chemicals/fuels powered by renewable
energy could efficiently reduce the atmospheric
concentration of CO, and simultaneously provide

a stable energy storage method for renewable
energy resources. Among all the electrochemical
technologies, solid oxide electrolysis cell (SOEC)
is considered as a promising approach due to its
high current density and Faradaic efficiency,
satisfactory stability and unrivaled electrolysis
efficiency [2].

Typical SOEC includes porous anode, dense
electrolyte and porous cathode, as shown in Fig. 1.
During CO, and H,O co-electrolysis, CO, and H,O
are electrochemically reduced to CO and H; at the
cathode, respectively, accompanied with the
reverse water-gas shift reaction, and then O*"
passes through the electrolyte to the anode to form
O, (oxygen evolution reaction, OER). The electro-
reduction of CO, or H,O at the cathode is a two-
electron transfer process, while the OER reaction
at the anode is a four-electron transfer process,
which contributes to the main polarization
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LB Cathode CO, + H,0+4e- — CO + H, + 202

CO, + H, —» CO + H,0

Total reaction: CO, + H,O — CO + H, + O,

Fig. 1. Schematic of SOEC for H,0 and CO, co-electrolysis.

resistance (Rp) and consumes most electric energy
in the electrolysis process. Hence, designing
advanced anode materials is a crucial step for the
performance improvement of SOEC [3,4]. Typi-
cally, a high-performance anode material should
possess high mixed ionic and electronic conduc-
tivity (MIEC), satisfactory physical and electro-
chemical stabilities, favorable OER activity and
appropriate thermal expansion coefficient (TEC)
with electrolytes. However, several challenges
such as ion segregation, structure failure and poor
OER activity of the common anode materials limit
the practical application of SOEC. Herein, the
physicochemical properties and modification
strategies of anode materials are summarized to
provide helpful instructions for the design of effi-
cient anode materials with high OER activity and
long-term stability.

2. SOEC anode materials

Perovskite-type oxides and spinel oxides (AB,O,)
are the common anode materials and their crystal
structures are shown in Fig. 2. Perovskite-type ox-
ides include single perovskite oxides (ABOj;_;),
double perovskite oxides (AA’B,Os,s; and
A,BB’O¢_s, and Ruddlesden-Popper (RP) phase
oxides (A,;1B,O3,.1). In perovskite oxides, the A-
site is usually occupied by the larger alkaline earth
or rare earth metal cations (e.g. La®", Sr**, Ba®",
Ca®*, Bi®", Pr’*, Gd") to stabilize crystal structure,
while the B-site is usually occupied by smaller
transition metal ions (e.g. Mn®*, Co®*, Fe*", Ni*") to
tune the electrocatalytic performance. In spinel ox-
ides, the A-site is occupied by bivalent cations (e.g.

Mg?*, Fe**, Co**) while the B-site is occupied by
trivalent cations (e.g. AI>*, Fe**, Co>").

3. ABO;_; type perovskite oxides
3.1. Mn-based perovskite anodes

La;_,Sr:MnO;_; (LSM) is the most widely used
SOEC anode material due to its high electronic
conductivity (1.0 x 10> S-em™', 800 °C) and
compatible TEC (1.0 x 10°~1.1 x 10 ° K~') with Y-
stabilized ZrO, (YSZ) electrolyte (1.0 x 10°—
1.1 x 10 °K ") [5,6]. The Sr*" doping at the A-site of
LaMnO;_; can change the valence states of Mn
species and increase the electrical conductivity of
LaMnO;_;[7]. Generally, the doping amount of Sr**
is usually around 20%—30% because the TEC is
increased and the oxygen chemical diffusion coef-
ficient (D*) is reduced with the Sr*" content [6,8].
SOEC with LSM anode exhibited a current density
of 0.80 A-cm 2 at 1.2 V and 850 °C for CO, electrol-
ysis [9]. However, the ionic conductivity
(1.0 x 10°7=1.0 x 10°® S-em™%, 800 °C) [5], D*
(3.2 x 107 cm?-s71, 700 °C), and surface oxygen
exchange coefficient (k*) (2.0 x 10~° cm-s~ %, 700 °C)
of LSM are relatively low [10]. Moreover, LSM suf-
fers from the delamination from electrolyte, which is
attributed to the following reasons: (1) the lattice
shrinkage of LSM and local tensile strain result in
the microcrack formation at the anode/electrolyte
interface [11]; (2) the diffusion of oxygen gas is
limited by the pore structure in anode layer at high
current densities, uplifting the oxygen partial at the
anode/electrolyte interface, finally leading to the
delamination of anode [12]. To improve the
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Fig. 2. Crystal structures of (from left to right) single perovskite oxides (ABOs_;), double perovskite oxides (A;BB’Og_s), double perovskite oxides
(AA’B;,0s., 5), Ruddlesden-Popper phase (A, 1ByOsny1, n = 1) and spinel (AB,Oy).

performance and stability of LSM-based anode
materials, a multitude of studies have been con-
ducted by doping different metal cations at the A or
B-site. For example, Mahata et al. substituted Sr*"
by smaller Ca®" at the A-site of LSM and synthe-
sized the novel LagesSr,Cags—,)MnO; (LSCaM)
with a more symmetrical crystal structure, which
displayed larger specific surface area, higher elec-
trical conductivity and oxygen vacancy concentra-
tion, thus exhibiting higher OER performance and
better stability than LSM [13].

3.1.1. Co-based perovskite anodes

La;_,Sr,Co0O3_s (LSC) is the most common Co-
based SOEC anode material, which exhibits higher
ionic conductivity (2.2 X 107! S-em™?, 800 °Q),
electronic conductivity (1.6 x 10®> S-cm™?, 800 °C),
D* (95 x 1077 cm*s ', 800 °C) and k*
(7.0 x 107° cm-s™", 800 °C) than LSM [14,15]. The
electrochemical performance of LSC-Ce;_,
Gd,O,_; (GDC) anode is better than those of LSM-
YSZ and La;_,Sr.Co;_,Fe,O;_; (LSCF)-GDC at
800 °C for H,O electrolysis [16]. Though LSC ex-
hibits excellent performance [17], it also has
shortages such as the twice higher TEC
(205 x 107% K1) than that of YSZ electrolyte [14]
and Sr segregation [17]. Doping Ni into the B-site
of LSC could reduce the TEC to 17.8 x 10 ° K '
and increase the ionic conductivity [18]. Recently,
Chi et al. evaluated the performance of infiltrated
Lao_ssl‘o_zc00_3Ni0_203,§-GDC (LSCN-GDC) anode
for H,O electrolysis with a current density of
1.06 A-cm 2 at 1.0 V and 800 °C [19]. The scanning
electron microscopic (SEM) images of LSCN-GDC
(Fig. 3a—b) confirmed that the size of LSCN
particles was less than 50 nm and the LSCN
nanoparticles were uniformly distributed on the
GDC framework. And the stability of LSCN-GDC
anode was also improved due to the active sites
expanding to the surface of GDC framework,
which might avoid the delamination of the anode.
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Meanwhile, LaNi;_,Co,O3 (LNC) has also been
employed as the SOEC anode due to its compatible
TEC, high electrical conductivity and lower cost
[20]. The infiltrated LNC-GDC anode with excel-
lent adsorption/desorption ability of O, and high
electric conductivity (Fig. 3c) exhibited favorable
Faradaic efficiency (>90%) and a current density of
232 A-cm 2 at 2.0 V and 800 °C for pure CO,
electrolysis (Fig. 3d) [21]. The anode with A-site
deficient LNC displayed excellent electrochemical
performance of 2.00 A-cm > at 1.2 V and 800 °C,
and good long-term stability for H,O electrolysis
[22]. Additionally, other Co-based materials such
as STCOO.ng0_203,5 (SCNb), SI'COO_gTaO.ZO:;,é
(SCT), and SrCOO_ngo_lTao_103_§ (SCNbT) have
also been reported as anode materials [23].

3.1.2. Fe-based perovskite anodes

La;_,Sr,FeO;_; (LSF) is another commonly used
anode material of SOEC due to its excellent ionic
conductivity (2.0 x 107'-47 x 1072 S-cm”},
800 °C) [24], suitable electronic conductivity
(213.0 S-em ' 650 °C) [25] and proper TEC
(11.7 x 107 K1Y [26]. Han et al. investigated the
electrochemical performance of LSF-YSZ for H,O
electrolysis, which exhibited a current density of
0.66 A-cm ™2 at 1.3 V and 800 °C [27]. Several kinds
of novel Fe-based anode materials have been
fabricated by doping transition metal cations at the
B-site of LSF such as La;_.Sr.Fe;_,Nb,O3_;
(LSFNb) [28], La1,xserelfyCI‘yO3,5 (LSFC) [29],
LalfxserelnyiyOE}f& (LSEN) [30], Lag1Sr.5Tig.35-
Fe0.6Ni0.0503 (LSTFN) [31], and LaO.GSrOA
FepoMng 103 5 (LSFM) [32]. The partial substitu-
tion of Fe could greatly improve the stability and
performance of SOEC. Chi et al. investigated the
effect of B-site substitution on the OER activity of
LSEN anode for pure CO, electrolysis [30]. The
LSFN-GDC anode could reach a current density of
1.03 A-cm 2 at 2.0 V and 800 °C, but with poor
stability due to the Sr segregation during the long-
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Fig. 3. (a) SEM image of the cross-section of the porous GDC scaffold infiltrated with LSCN nanoparticles. (b) Schematic diagram of the infiltrated
LSCN-GDC anode. Reproduced with permission of Ref. [19], copyright 2016 Elsevier. (c) The conductivity of LCN samples measured by direct
current four-probe method. (d) Current density-voltage (J—V) curves of SOEC with LCN-GDC anode for pure CO, electrolysis. Reproduced with

permission of Ref. [21], copyright 2022 Elsevier.

term operation at high temperatures. However, the
Sr segregation phenomenon could be inhibited by
applying LSFN anode in the reversible solid oxide
cell, and the cell showed a higher current density
of 1.09 A-cm ™2 at 1.3 V and 800 °C with improved
stability [33]. In addition, doping Mn at the B-site
of LSF (LSFM) could increase the oxygen vacancy
concentration and promote the electrochemical
performance, delivering a current density of
1.74 A-cm 2 at 2.0 V and 850 °C for pure CO,
electrolysis [32].

Besides, other Fe-based perovskite oxides such as
Bi1_xerFe1_yTayO3_,5 (BSFTa) [34], Lal_xCaxFeO3_5
(LCF) [35], and La;_.Ca,Fe;_,Ni,O3_; (LCFN) [36]
have also been used as anode materials. The BSFTa
anode showed proper TEC of 123 x 10 ¢ K!
(Fig. 4a) and good thermal compatibility with elec-
trolytes [34]. The electrochemical impedance spec-
troscopic (EIS) (Fig. 4b and d), distribution of
relaxation time (DRT) analyses (Fig. 4c) and Rp of the
high and low frequency arcs with increased Ta
concentration (Fig. 4e) indicated the Ta doping
could increase the oxygen vacancy concentration

and facilitate OER kinetics. Therefore, BSFTa
exhibited higher electrochemical performance than
Bi;_,Sr,Fe;O5_s (BSF) as shown in Fig. 4f and g. Ca-
doped Fe-based perovskite oxide showed increased
electrical conductivity, oxygen vacancy concentra-
tion and D* and k* [35]. LCFN-GDC anode dis-
played a maximum current density of 1.41 A-cm 2 at
2.0V and 800 °C for pure CO; electrolysis [36].

3.1.3. Co and Fe co-doped perovskite anodes

The Co and Fe co-doped perovskite oxides show
high oxygen vacancy concentration and variable
valence from +2 to +4 of transition metal cations at
the B-site, which is conducive to promoting the
transport of oxygen ions and the exchange of ox-
ygen species on the surface. La;_,Sr,Co;_,Fe,O3_;
(LSCF) and Ba;_,Sr,Co;_,Fe,O3_; (BSCF) are the
two most common Co and Fe co-doped perovskite
anodes for SOEC [37,38]. LSCF shows high
electronic conductivity (57.0 S-cm ! at 600 °C) [39],
D* (5.0 x 1077 cm?s™ ., 900 °C) and k*
(4.0 x 107 cm-s %, 900 °C) [40], and thus exhibits
higher electrochemical performance than LSM
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Fig. 4. (a) TEC of Ta-doped BSF anodes with different Ta doping amounts from room temperature to 750 °C. (b) Electrochemical impedance
spectroscopic (EIS) plots of BSFTa anode with different Ta doping amounts at 800 °C. (c) Distribution function of relaxation time analysis of
BSFTa at 800 °C. (d) Sample equivalent fitting of BSFTa. (e) Variation in Rp of the high and low-frequency arcs of BSFTa at 800 °C. J-V curves of
(f) BSF and (g) BSFTa anodes for CO, electrolysis at different temperatures. Reproduced with permission of Ref. [34], copyright 2022 Elsevier.

anode [41]. Hence, LSCF is a potential anode ma-
terial for SOEC, but it also has such shortages as
low ionic conductivity (2.6 x 107*S-cm™%, 800 °C)
[42] and incompatible TEC (17.5 x 10~® K™') with
electrolytes [43]. Recently, Jiang et al. found that
the directly assembled LSCF anode onto the YSZ
electrolyte at low temperatures could effectively
suppress the Sr segregation and improve the
current density to 1.50 A-cm 2 at 1.26 V and 750 °C
for H,O electrolysis [44]. Additionally, doping
high-valance metal cations at the B-site of LSCF
could improve the stability of the electrode mate-
rials. Yang et al. fabricated Nb-doped LSCF
(La0.4Sr0.6C00.2Fe0.7Nb0.1O3,,;, LSCFNb), which
delivered a current density of 0.64 A-cm 2 at 1.3 V
and 850 °C for CO, and H,O co-electrolysis with
lower degradation rate [45].

BSCF is firstly applied as the oxygen permeable
membrane [46] due to its higher oxygen ionic con-
ductivity (1.9 S-em™!, 900 °C) [47], D*
(80 x 1077 em®s™!, 800 °C) [48] and k*
(5.0 x 10~° em-s ™", 750 °C) [49] than LSM and LSCF
[50]. Therefore, BSCF is a promising anode material
of SOEC and exhibits higher electrochemical per-
formance than LSM for H,O electrolysis. However,
BSCF still has some problems such as structural
instability, and higher TEC (19.7 x 107® K™') than
that of most electrolytes [51]. Luo et al. prepared
Lag 5Bag 2551r0.25C00 sFep 2035 with fibrous, porous
structure to inhibit the phase transformation from
cubic to hexagonal phase by doping La®>" at the A-
site, thus improving the electrochemical perfor-
mance and stability of SOEC [52]. Additionally,

doping Ta®" at the B-site made a compromise be-
tween the MIEC and stability of the anode, and the
Ba0.55r0.5(C00.8Fe0.2)1,xTaxO3,5 (BSCFTa) delivered
a current density of 1.06 A-cm 2 at 1.5 V and 800 °C
[53].

Aside from LSCF and BSCF, BajoCogs
Fey 4sNb105_5; (BCFNDb) has also been examined for
H,O electrolysis. Chen et al. studied the electro-
chemical performance of SOEC with BCFNDb as
anode for H,O electrolysis, which exhibited an
excellent performance of 3.24 A-cm 2 at 1.5 V and
850 °C, and low Rp of 0.08 Q-cm? at 750 °C [54].

3.2. Double perovskite anodes

SryFe;_,Mo,O¢_s (SFM) is the most common
double perovskite for anode materials due to its
suitable electronic conductivity (20.9 S-cm Y,
600 °C), D* (9.0 x 107°® cm?-s~!, 800 °C) and k*
(80 x 107° cm-s~', 800 °C) [55,56]. SFM, as a
symmetrical SOEC electrode, exhibited a current
density of 0.88 A-cm 2 at 1.3 V and 900 °C for H,0O
electrolysis [57]. But SFM shows low ionic con-
ductivity (2.1 x 107*S-ecm™, 800 °C) [55] and high
TEC (149 x 10°°-186 x 10°° K') [58]. The
incorporation of Co into the B-site of SFM can
enhance the catalytic activity and conductivity.
Recently, Sr;Fe; 3C002Mo0 5065 (SFCM) was used
as the symmetrical electrodes of SOEC, which
exhibited a current density of 230 A-cm 2 at 1.5 V
and 800 °C for CO, and H,O co-electrolysis, and
good stability for 20 h at 0.40 A-cm  and 800 °C
[59]. Moreover, the optimization of A-site could
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also improve the activity of the anode. By doping
K" with higher basicity and larger ionic radius to
the A site, the oxygen vacancy formation energy is
reduced, and the reaction kinetics is improved,
thus enhancing the electrochemical performance
of the anode by 93.4% at 600 °C [60].

Apart from SFM, Ln,_,Ba,C0,05. s (Ln = Gd, Nd,
Sm, Pr) double perovskite oxides are other common
anode materials due to their high electrical conduc-
tivity, D* and k* (Table 1). Jiang et al. proposed
SmBaCo,0s5_ ; as an anode material with Rp as low as
0.024 Q- cm? at 900 °C [61]. Zheng et al. employed Ca
and Fe co-doped SBC (SmBag;5CagsCoFe
Os.5 SBCCF) as an anode, which showed higher
phase stability than SBC under the electrolysis cur-
rent of 1.00 A-cm 2 at 800 °C for 216 h [62].

Additionally, other double perovskite oxides with
remarkable OER activities and stabilities also have
been reported, such as Sr,Ti;_,Co,FeOs.; (STCF)
[63], PrBaMn,Os s (PBM) and PrBagsSry5Co;5Fegs
Os.. s (PBSCF) [64,65].

3.3. RP phase anodes

Lny;NiOy4, 5 (Ln = Nd, La, Pr) exhibits a layered
structure with the alternate distribution of mono-
layer LnO and LnNiOj;, which allows it to accom-
modate more oxygen than stoichiometry. The
unique oxygen transport mechanism could accel-
erate oxygen mobility. Due to the large D*, k* and
matched TEC with electrolytes [66], RP oxide is
considered as a promising anode for SOEC [67]. The
current densities of Nd,NiO, 5 (NNO) anode were
1.7, 3.0, and 4.2 times higher than those of LSM
anode for H,O electrolysis at 850, 800, and 750 °C,
respectively [67]. Chauveau et al. compared the
performances of La,NiOy, ; (LNO), NNO, and LSM

Table 1. Physicochemical properties of perovskite-type anode materials.

anodes, and found that LNO exhibited the lowest Rp
and highest current density [68]. Besides, LNO
showed higher electrochemical performance and
better stability than LSCF anode due to its superior
oxygen surface exchange kinetics [69]. But degra-
dation phenomenon still exists in LNO anode due to
the formation of new phases or structure failure
after long-term operation [69]. Furthermore, novel
anode materials such as La;Ni;_,C0,04,5 (LNCO)
[70], Lay_,Pr,NiOg4,; (LPN) [66] and La, ,Sr,Co;.
—yNi, Oy 5 (LSCNi) [71] are prepared by doping at
the A-site or B-site to improve the stability of RP
oxides. Bassat et al. reported the LNCO anode with
higher MIEC and more interstitial oxygen than LNO
anode after doping Co at the B-site, and thus showed
a higher current density of 1.60 A-cm 2 at 1.5V and
800 °C (Fig. 5a), and better stability (Fig. 5b) than
LNO anode [70]. The Pr,NiO,,; (PNO) anode
showed superior electrochemical performance to
LNO and NNO [72]. To further improve the elec-
trochemical performance of PNO, Co-doped PNO
(Pr;Nip _,C0,O445 PNC) was exploited as an anode
and the PNC-GDC exhibited a higher current den-
sity of 1.90 A-cm ™2 at 1.5 V and 800 °C (Fig. 5c¢) for
H,O electrolysis and lower degradation rate than
PNO and LSCF anodes (Fig. 5d) [73]. Moreover,
other RP phase anodes have also been used in CO,
electrolysis such as SrEu,Fe,O;_s (SEF) [74], Mn-
doped La;5S5rsNiOy s (Laq 55195Ni;_2Mn, Oy,
LSNM) [75]. Xia et al. investigated the electro-
chemical performance of SEF as a symmetrical
electrode, which showed a current density of
1.27 A-cm 2 at 1.5V and 800 °C [74].

In order to better design perovskite-type anode
material, some representative anode materials’
basic properties such as electrical conductivity,
ionic conductivity, D*, k*, and TEC are summa-
rized in Table 1.

Material Electrical Ionic conductivity D* (cm?-s7 1) k* (cm-s™ 1) TEC (K™Y
conductivity (S-em™1)
(S-ecm™?)
LSM [5,6,10] 1.0 x 10 (800 °C) 1.0 x 1077—1.0 x 10~% 3.2 x 107 (700 °C) 2.0 x 107° (700 °C) ca. 10.0 x 107
(800 °C)
LSC [14,15] 1.6 x 10° (800 °C) 2.2 x 107! (800 °C) 9.5 x 1077 (800 °C) 7.0 x 107° (800 °C) 20.5 x 107°
LSF [24—26] 213.0 (650 °C) 0.2 x 1072-4.7 x 1072 - 11.7 x 107
(800 °C)
LSCF [39,40,42,43]  57.0 (600 °C) 2.6 x 107* (800 °C) 5.0 x 1077 (900 °C) 4.0 x 107 (900 °C) 17.5 x 107°
BSCF [47-49,51]  — 1.9 (900 °C) 8.0 x 1077 (800 °C) 5.0 x 107% (750 °C) 19.7 x 10°©
SFM [55,56,58] 20.9 (600 °C) 2.1 x 10~* (800 °C) 9.0 x 10° (800 °C) 8.0 x 1072 (800 °C) ca.16.0 x 107
PBC [76,77] 645.0 (600 °C) - ca. 1.0 x 107° (350 °C) ca. 1.0 x 1073 (350 °C) 21.8 x 107°
GBC [76,77] 318.0 (600 °C) - 3.0 x 1077 (350 °C) 2.0 x 107° (350 °C) 19.3 x 107
NBC [76,78] 308.0 (600 °C) - 3.5 x 107° (700 °C) ca. 3.0 x 107* (700 °C)  20.0 x 10°°

SBC [77,79]

815.0—434.0
(500—800 °C)

2.8 x 107% (700 °C) 1.9 x 1073 (700 °C)

Notes: La;_,Sr,MnO;_; (LSM); La;_,Sr,CoO3_; (LSC); La;_,Sr,FeO;_; (LSF); La;_,Sr.Co;_,Fe, Os_; (LSCF); Ba;_,Sr,Co;_,Fe,O3_;
(BSCF); Sr,Fe,_,Mo,O¢_; (SFM); Pr,_,Ba,C0,05, 5 (PBC); Gd,_,Ba,C0,05, 5 (GBC); Nd,_,Ba,C0,05,; (NBC); Sm,_,Ba,C0,05., 5 (SBC).
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Fig. 5. (a) J-V curves for LNO, La;Nip 9C0.1045 (LNCO10), La;Nig C00.204 5 (LNCO20) and LSCF anodes at 800 °C and 900 °C. (b) Stability
tests of LNO, LNCO10 and LNCO20 anodes. Reproduced with permission of Ref. [70], copyright 2019 Elsevier. (c) J-V curves for PNO, PNCO10,
PNCO20 and LSCF anodes at 800 °C and 900 °C. (d) Stability tests of PNO, Pr;Nig 9C00.104,5 (PNCO10), PryNip §C00,204, 5 (PNCO20) and
LSCF anodes. Reproduced with permission of Ref. [73], copyright 2021 Elsevier.

3.4. Spinel anodes

Spinel has drawn intense attention due to the
absence of alkaline metal elements, which can effi-
ciently suppress segregation phenomenon and side
reactions with electrolytes. Chi et al. fabricated
MnCo0,04-GDC as symmetrical SOEC electrodes by
infiltration for pure CO; electrolysis, and reported
that the MnCo,0, nanoparticles were distributed on
the porous GDC framework surface and exhibited a
current density of 0.75 A-cm ? at 1.5 V and 800 °C
and stability of 80 h [80]. Recently, Ni(Mn; 5Cr,/3),04
(NMC)-GDC composites were used as symmetrical
SOEC electrodes for CO, electrolysis, and the cell
could achieve excellent electrochemical perfor-
mance (2.32 A-cm 2, 2V, 850 °C) and high Faradaic
efficiency, but the stability of NMC-GDC anode was
poorer than MnCo,0,4-GDC [81]. Lee et al. evaluated
the performance of CoFe,O,—Er4Bi;¢O; (CFO-
ESB) bifunctional anode for reversible solid oxide
cells, which possessed an outstanding electro-
chemical performance of 1.50 A-cm 2 at 1.3 V and
700 °C [82]. However, the ionic conductivities of
spinels at high temperatures are lower than those of
perovskites and the stabilities under working

conditions of spinels are also unsatisfactory, both
limiting the application of the spinel as anode ma-
terials for SOEC [83].

Among all the introduced materials, perovskites
are the most commonly used SOEC anodes due to
their high mixed conductivity, relatively high OER
activities and matched TEC with electrolytes. The
electrochemical performances of SOEC with some
representative anode materials are summarized in
Table 2. However, there are still several short-
comings of the perovskites. The strengths and
weaknesses of each kind of anode material are
summarized in Table 3.

4. Strategies for SOEC anode optimization

4.1. Material optimization

4.1.1. Combining with ionic conductor

Most anode materials have high electronic con-
ductivity but poor ionic conductivity, therefore,
ionic conductors such as YSZ, GDC, Ce;_,Sm,O,_;
(SDC) and Sc-stabilized ZrO, (SSZ) are normally
added to the common anodes to increase the MIEC.
For instance, the OER activity of LSM was enhanced
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significantly after mixing with YSZ by mechanical
ball milling [91]. However, composite anodes syn-
thesized by traditional physical mixing exist some
problems such as large particles, few triple-phase
boundaries (TPBs) or two-phase boundaries (2 PBs)
and layer delamination [91]. Recently, novel ionic
conductors such as Er,Bi; ,O3_;(ESB), Dyand Y co-
doped Bi,O3 (DYSB) and Y-stabilized Bi,O5; (YSB)
have been reported [87]. The preparation methods
of electrode materials have an important impact on
the electrochemical performances. Chi et al
collected the composite anodes electrochemical
performances of LSM/ESB (co-synthesis) and LSM-
ESB (mechanically mixing), in which the LSM/ESB
showed a higher current density of 1.43 A-cm 2 at
1.5V and 750 °C for H,O electrolysis (Fig. 6a) due to

the higher Brunauer-Emmett-Teller (BET) surface
area (Fig. 6b) and electrical conductivity (Fig. 6¢c) of
LSM/ESB compared with LSM-ESB. And the EIS
curve also indicated that LSM/ESB had better SOEC
performance (Fig. 6d) [92].

4.1.2. Infiltrating OER active species

Infiltration could construct a composite electrode
with active nanoparticles distributed on the anode
surface to increase the TPBs, and simultaneously
avert the high-temperature-induced coarsening of
the electrode materials, thus promoting the OER
performance and stability [84]. For example, the
LSM-GDC anode prepared by infiltrating GDC
nanoparticles onto LSM surface [93] or infiltrating
LSM nanoparticles onto GDC surface [94] could

Table 2. Electrochemical performances of SOEC with different anode materials.

Anode Cathode Fed gas Current density (A-cm™?)
LSM-YSZ [84] Ni-YSZ 80% H,0-20% H, 0.85@1.3 V
RuO,+LSM-YSZ [85] Ni-YSZ 95% CO,—5% N, 0.74@1.2 V
Au + LSM-YSZ [3] Ni-YSZ 95% CO,—5% N, 0.94@1.4 V
STFC + LSM-YSZ [86] Ni-YSZ 50% H,0-50% H, 2.00@1.3 V
LSCN + LSM-GDC [19] Ni-YSZ 42.8% H,0-14.4% H,-42.8% CO, 1.16@1.3 V
LSM-DYSB [87] Ni-YSZ 50% H,0-50% H, 1.32@1.3V
LSC-GDC [16] Ni-YSZ 90% H,0-10% H, 0.60@1.1 V
LNC-GDC [21] LNC-GDC Pure CO, 2.32@2.0 V
LNC-GDC [22] Ni-YSZ 50% H,O-50% H, 2.00@1.2 V
LSF-YSZ [27] Ni-YSZ 50% H,0-25% H,—25% N, 0.66@1.3 V
LSF-GDC [88] Ni-YSZ 50% CO,—50% H,% 250@1.9 V
Pt-LSF-GDC [88] Ni-YSZ 50% CO,—50% Hy% 3.50@1.9 V
LSFND [28] Ni-YSZ 50% H,0-50% H, 0.89@13 V
LSEN-GDC [30] LSEN-GDC Pure CO, 1.09@1.3 V
LSFM-GDC [32] LSFM-GDC Pure CO, 1.11@2.0 V
BSFTa [34] Ni-YSZ 70% CO,—30% CO 0.81@1.5V
BSF [34] Ni-YSZ 70% CO,—30% CO 0.45@15V
LCFN-GDC [36] LCFN-GDC Pure CO, 1.41@2.0 V
LSCF-GDC [16] Ni-YSZ 90% H,0-10% H, 0.60@1.3 V
BSCFTa [53] Ni-YSZ 70% H,0-30% H, 1.06@1.5 V
RuO,-LBSCF [52] Ni-YSZ 70% CO,—30% CO 1.40@13 V
BCFND [54] Ni-GDC 40% H,0-60% H, 3.24@15V
SFM [57] SFM 40% H,0-60% H, 0.88@13 V
Ni-SFM-SDC [89] SEM-SDC 74% H,—26% H,O 1.02@0.5 V
SFM-SDC [89] SFM-SDC 74% H,—26% HO 0.34@0.5 V
Ru-SFM-SDC [90] SFM-SDC 74% H>—26% H,O 1.06@0.6 V
LNO [70] Ni-YSZ 50% H,—50% H,O 1.42@15V
LNCO [70] Ni-YSZ 50% H,—50% H,O 1.60@1.5 V

Notes: La1,xerMnO3,5 (LSM), Y-stabilized ZI'OZ (YSZ)} SrTi0_3Fe0_5C00.1O3,5 (STFC)} Lao_gsl’g.2C00.8Ni0_203,§ (LSCN); Ce1,dex02,5
(GDC); Dy and Y co-doped Bi,O3 (DYSB); La; ,Sr,CoO;3_; (LSC); La,Ni;_,Co,05 (LNC); La; ,Sr,FeOs_; (LSF); La; ,Sr.Fe; ,Nb,O3_;
(LSFNb); La;_,Sr,Fe;_,Ni,O3_; (LSEN); LagcSrosFeooMng105_s (LSFM); Bi;_,Sr.Fe;_,Ta,Os_; (BSFTa); Bi;_.Sr.Fe;0s_s (BSF);
La1,xCaxFe1,yNiyO3,,; (LCFN); La1,xerC01,yFeyO3,,; (LSCF)} Bag'ssrols(COO_gFEO'z)j,xTaxO:;,,; (BSCFTa); Lag'5Ba0'2ssr0'25C00_8Feg'203,5
(LBSCF); Ba0_9C00_5Fe0.4Nb0_1O3,6 (BCFNb); SrzFez,yMoyOG,(; (SFM), LazNiO‘Hé (LNO), LaZNilfxCOIO4+6 (LNCO).

Table 3. The advantages and disadvantages of each kind of anode materials.

Material

Advantage

Disadvantage

ABOj;_s-type perovskite oxides
Double perovskites
RP phase oxides

Spinel oxides

High electronic conductivity
Large D* and k*
Large D*, k*, matched TEC with electrolytes,

and high OER activities

Suppressed Sr segregation

Sr segregation, low ionic conductivity
Poor stability
Poor stability

Poor stability and low ionic conductivity




Journal of Electrochemistry, 2023, 29(2), 2215006 (9 of 15)

effectively inhibit the delamination of the anode
layer and improve the OER activity [93]. Wang
et al. successfully prepared RuO, infiltrated LSM-
YSZ anode, which exhibited a high current density
of 0.74 A-cm 2 at 1.2 V and 800 °C for CO, elec-
trolysis with lower Rp due to the newly-generated
TPBs and active phase (La,Sr)RuO;_; [85]
(Fig. 7a—b). And RuO, infiltrated LagsB-
a0.25510.25C00.8Fep,05_s (LBSCF) nanofiber could
facilitate the OER kinetics by reducing the solid-
state charge-transfer energy and enhancing the
mass transportation process, and the current den-
sity reached 2.26 A-cm 2 at 1.6 V and 600 °C for
CO, electrolysis [52] (Fig. 7c—d). Moreover, the
infiltration of other metals/oxides such as Au [3],
Pd [95], PAO/ZrO, [96], CuO [97], Ni [89], Ru/RuO,
[90] can also improve OER catalytic activities.
Additionally, perovskite oxides such as
SrTiO,gFeo_6C00.1O3,5 (STFC) [86] and Perilfx
Cu,O4 5 [98] can be infiltrated to the anode. Zhang
et al. studied the performance and stability of the
SOEC with STFC-infiltrated LSM-YSZ as an

A

O

anode, which exhibited a satisfactory performance
and low Rp of about 0.13 Q-cm? at 750 °C [86]. The
results showed that the increase of the current
density could be attributed to the higher catalytic
activity of STFC than that of LSM-YSZ and the
extended active sites on the surface of the
electrode.

4.2. Structural optimization

As the oxygen gas diffusion kinetics is closely
related to the porosity and tortuosity of the anode,
the optimization of anode structure is of great
importance for SOEC performance. For the coral-
structured LSCF-GDC anode [99], the introduction
of graphite can increase the interface porosity and
TPB density, and reduce the oxygen partial pressure
at the electrolyte/barrier/anode interface, which
could boost the SOEC performance and stability.

Recently, Chen et al. demonstrated that the
honeycomb LSC-YSZ anode (Fig. 8) possessed
extremely low Rp (0.0094 Q-cm?) and excellent
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Fig. 6. Comparison of the physical chemistry properties and electrochemical performances of LSM/ESB and LSM-ESB. I-V (a), BET (b), electrical
conductivity in the air (c), and EIS curves (d). Reproduced with permission of Ref. [92], copyright 2020 American Chemical Society.
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Fig. 7. (a) SEM image and (b) High-resolution transmission electron microscopic (HRTEM) image of RuO, infiltrated LSM-YSZ anode.
Reproduced with permission of Ref. [85], copyright 2018 Elsevier. (c) Comparison of the current densities of the state-of-the-art SOEC for CO,

electrolysis at 800 °C. (d) Schematic rigid band diagrams before and after the formation of RuO,/LBSCF interface. Reproduced with permission of
Ref. [52], copyright 2019 Elsevier.
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Fig. 8. Structures of LSC nanoparticles on the honeycomb YSZ scaffold. Reproduced with permission of Ref. [4], copyright 2022 John Wiley and
Sons.
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stability at 2.0 A-cm™2 and 800 °C which was pre-
pared by freeze casting and infiltration method [4].
The SEM and transmission electron microscopic
(TEM) images (Fig. 8) revealed that the YSZ scaf-
fold exhibited an extremely low tortuosity factor
and high porosity, and the LSC anode was suc-
cessfully infiltrated onto the surface of the scaffold.
The micro/nanohoneycomb structure could effec-
tively improve oxygen ion transport and oxygen
molecule diffusion, which remarkably accelerated
the OER kinetics. Shao et al. designed a dendritic
channel structure LSF-GDC and showed better
performance and the improvement in the stability
of the anode compared with the sponge-like pore
structure due to the acceleration of the oxygen
release [88]. Recently, Yu et al. proposed a novel
strategy to construct LSC nano-layer with a verti-
cally aligned micro channel anode scaffold and
achieved an ultra-high current density of
5.96 A-cm™? at 1.3 V and 800 °C. The micro/nano
channel anode design can effectively enhance the
SOEC electrochemical performance due to the
promotion of the oxygen species generation and
release process [100].

5. Conclusions and outlooks

Overall, this review summarizes the latest
research progress of SOEC anode materials
including single perovskite, double perovskite, RP
phase, and spinel oxides, and then introduces
various strategies for anode optimization such as
combining with ionic conductor, infiltrating OER
active species, and structural optimizing. Although
great strides have been made toward the develop-
ment of anode materials, there are still several
challenges such as poor stability, unsatisfactory
performance and electrode degradation. Designing
active and stable anode materials is critical for CO,
and/or H,O electrolysis in SOEC. To fabricate high-
performance SOEC for the industrial production,
some strategies are proposed as follows: (1) Utilizing
in situ spectroscopic and microscopic characteriza-
tions, and electrochemical characterizations to
monitor the elementary reactions and the degra-
dation processes of the SOEC anode during long-
term operation, which can offer instructive sugges-
tions for preparing advanced anode materials. (2)
Incorporating the selective oxidation of light alkanes
at the anode, which can promote electroreduction
reaction at a cathode and simultaneously convert
light alkanes to valuable chemicals using the
generated oxygen species at an anode. (3) With the
help of machine learning to predict the physico-
chemical properties (e.g., ionic conductivity, elec-
tronic conductivity, oxygen vacancy concentration,
oxygen ion mobility, electronegativity) and

implement high-throughput screening and design
for advanced anode materials.
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