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The effort on electrochemical reduction of CO 2 to useful chemicals using the renewable energy to drive 

the process is growing fast recently. In this review, we introduce the recent progresses on the electro- 

chemical reduction of CO 2 in solid oxide electrolysis cells (SOECs). At high temperature, only CO is pro- 

duced with high current densities and Faradic efficiency while the reactor is complicated and a better 

sealing technique is urgently needed. The typical electrolytes such as zirconia-based oxides, ceria-based 

oxides and lanthanum gallates-based oxides, anodes and cathodes are introduced in this review, and the 

cathode materials, such as conventional metal–ceramics (cermets), mixed ionic and electronic conductors 

(MIECs) are discussed in detail. In the future, to gain more value-added products, the electrolyte, cathode 

and anode materials should be developed to allow SOECs to be operated at temperature range of 573–

873 K. At those temperatures, SOECs may combine the advantages of the low temperature system and the 

high temperature system to produce various products with high current densities. 
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Fig. 1. The electrochemical reduction of CO 2 based on (a) the oxygen ionic conduc- 

tors and (b) the protonic conductors. 

s  

i  

s  

t  

I  

d  

h  

t  

g  

a  

p

 

a  

i  

i  

t  

(  

c  

t  

e  

c  

p  

i  

o  

t  

t  

o  

c  

p  

a  

m  

t  

t  

a  

F  

p  

g  

a  

n  

o  

o  

t  

w  

t  

b  

c  

l  

r

1. Introduction 

Nowadays, the energy consumption is continuously increasing

with the fast development of the global economy and the rapid

increase of the emission of pollutants. Meanwhile, the main energy

sources are fossil fuels, such as coal, petroleum and natural gas,

since the industrial revolution in the 19th century [1] . These fossil

fuels are non-renewable with limited reserves in the earth. With

the combustion of fossil fuels, a large amount of green-house gas,

CO 2 , is released to the atmosphere, which causes climate changes,

a rise in sea level, glacier ablation and so on. Therefore, alleviating

the green-house effect is a pressing issue in the modern society

[2] . 

To solve this problem, new processes related to the reduction

of CO 2 and conversion of CO 2 into useful materials will be grad-

ually attractive in the near future. In the past several years, fossil

fuels have been partially replaced by the other clean and renew-

able energy sources, such as wind, tide, solar energy, to reduce

CO 2 emission. However, these renewable energies cannot contin-

uously produce electric power, and cannot be merged into elec-

tric net directly. Carbon capture and sequestrations (CCS) was pro-

posed to reduce CO 2 emission [3] . Unfortunately, the CCS technol-

ogy is expensive, consumes a lot of energy, and faces the risk of

the stored-CO 2 leaking. Hence, the technologies related to the con-

version of CO 2 into value-added chemicals have gained more and

more attentions from governments and academic circles. There are

three types of process to convert CO 2 into valued-added chemicals,

i.e. thermal-catalysis process, photo-catalysis process and electro-

chemical process [4] . 

Recently, the electrochemical reduction of CO 2 has attracted

more attentions of researchers due to many advantages. For exam-

ple, the electrochemical reduction process is controllable through

adjusting electrode potentials and reaction temperature. It is smart

to use the electric power produced by the clean and renewable

energies to drive the electrochemical reduction process. In other

words, the electrochemical reduction of CO 2 can combine the de-

velopment of clean and renewable energies and the utilization of

CO 2 to produce value-added chemicals at mild conditions. Hence,

the electrochemical reduction of CO 2 is a promising pathway to re-

duce CO 2 emission [5–7] . 

In this review, the progresses related to the electrochemical re-

duction of CO 2 at high temperatures in the solid oxide electrolysis

cells (SOECs) are introduced in detail. A SOEC has three compo-

nents: an electrolyte for the transport of the ions and preventing

the crossover of the gas at the electrodes, an anode for the oxida-

tion reaction and a cathode for the reduction reaction [9–11] . 

2. The electrochemical reduction of CO 2 in solid oxide 

electrolysis cells 

The electrochemical reduction of CO 2 can pass through vari-

ous pathways, i.e. two-, four-, six-, eight-, and twelve-electrons re-

duction [12,13] . Thus, it corresponds to various products, including

carbon monoxide (CO), formic acid (HCOOH) or formate (HCOO 

−),

oxalic acid (H 2 C 2 O 4 ) or oxalate (C 2 O 4 
2 −), formaldehyde (CH 2 O),

methanol (CH 3 OH), methane (CH 4 ), ethylene (CH 2 CH 2 ), ethanol

(CH 3 CH 2 OH) and so on [14] . One is the electrochemical reduction

in solutions at low temperature ( < 373 K), and the other is in the

SOECs at high temperature ( > 873 K). For the electrochemical re-

duction operated in aqueous solutions [5,8,12] , the electrolytes are

usually KHCO 3 , NaHCO 3 etc.; the electrochemical reactors are sim-

ple and easily fabricated; and the products are various, such as

CO, HCOOH, HCOH, C 2 H 5 OH, C 2 H 4 . However, the current densities

are very low due to the limitation of the mass transport of CO 2 

to the cathode surface. The designs of the gas-diffusion-electrode

and the optimized fabrication of the electrochemical reactors may
olve this problem. The possibility of hydrogen evolution reaction

n aqueous solution may decrease Faradic efficiency (FE) of the de-

ired products. Therefore, the catalysts for electrochemical reduc-

ion of CO 2 should have high hydrogen evolution overpotentials.

onic liquids may be another approach for the electrochemical re-

uction of CO 2 . Compared with aqueous electrolytes, they have

igher CO 2 solubility and wider potential windows, which lead to

he electrochemical reduction of CO 2 much easier and the hydro-

en evolution more difficult. In addition, exploring new electrocat-

lysts to highly selective production of target chemicals is still im-

ortant in the future. 

Although the electrochemical reduction of CO 2 at low temper-

ture ( < 373 K) can produce various products, the current density

s limited by the slow mass transport and slow diffusion kinet-

cs, since CO 2 has low solubility in aqueous electrolytes. Therefore,

he electrolysis of CO 2 in a solid oxide cell at high temperatures

higher than 873 K) has gained more attentions recently. A typi-

al solid oxide electrolysis cell (SOEC) includes electrolyte for ionic

ransport, anode for the evolution of oxygen and cathode for the

lectrochemical reduction of CO 2 . Typically, the solid electrolytes

an be classified into two types, i.e. oxygen ionic conductors and

rotonic conductors. In a solid oxide electrolysis cell using oxygen-

on-conducting electrolytes, CO 2 and H 2 O molecules at the cath-

de receive electrons and decompose to form oxygen ions, then

he oxygen ions pass through the electrolyte membrane to arrive

he anode; at the anode the oxygen ions lose electrons and are

xidized to oxygen gas. At the same time, the reduced adsorbed-

arbon species can react with the activated-hydrogen species to

roduce value-added chemicals, as shown in Fig. 1 (a). While for

 solid oxide electrolysis cell using protonic electrolyte, the H 2 O

olecule at the anode is oxidized to oxygen gas accompanied with

he production of protons. Then, the protons pass through the elec-

rolyte membrane to arrive the cathode where they react with the

dsorbed-CO 2 to produce the value-added chemicals, as shown in

ig. 1 (b). In a SOEC, the reactions on both anode and cathode take

lace at the triple phase boundaries (TPB) which comprise oxy-

en ionic conductors or protonic conductors, electronic conductors

nd the reactant gases. Therefore, the mass transport of CO 2 is

ot the limiting step for the electrochemical reduction of CO 2 . In

ther words, the current density of SOECs is much higher than that

f electrochemical reduction of CO 2 in aqueous electrolytes. Addi-

ionally, at high temperatures, the activation of CO 2 becomes easy,

hich also results in high current density. However, only CO is

he main carbon-containing products, while C and methane are the

y-products. The SOECs are ceramic devices involved with compli-

ated catalytic chemistry and ceramic techniques [15] . In the fol-

owing, the progresses on the components of the SOECs are sepa-

ately introduced. 
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Fig. 2. Conductivity as a function of reciprocal temperature for different electrolyte 

materials. Reprinted from Ref. [22] with permission of the Royal Society of Chem- 

istry. 
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.1. Electrolytes 

In SOECs, the electrolyte should have high oxygen ionic or pro-

onic conductivity and negligible electronic conductivity [16,17] .

lso, the electrolyte should be stable under variable redox con-

itions and CO 2 /steam atmosphere. Meanwhile, the electrolyte

hould be easily shaped into dense, thin, strong film to prevent

he mixture of the gases at the anode and cathode sides [18] .

esearchers have made hard efforts to develop oxygen ions and

rotons conducting materials, and now there are many types of

aterials available as the electrolytes of SOECs, such as zirconia-

ased oxides, ceria-based oxides, lanthanum gallates-based oxides

19] , bismuth-based oxides [20] , barium cerate perovskite oxides

tc. Fig. 2 shows the conductivities of some common electrolytes

t different tem peratures. In order to gain the high conductivities,

he operation should be at a high temperature ( > 873 K) [21] . 

Zirconia-based oxides, such as yttria-stabilized-zirconia (YSZ,

 2 O 3 is usually 8 mol%) is the most common electrolyte material

ecause of its high ionic conductivity, low electronic conductivity,

igh stability and mechanical strength, low cost and easy avail-

bility. The ionic conductivity of YSZ (8 mol% Y 2 O 3 ) is 0.1 S/cm

t 1273 K while 0.03 S/cm at 1073 K [23] . In addition, Sc 2 O 3 stabi-

ized ZrO 2 (ScSZ) shows much higher ionic conductivity than YSZ

24] . For example, 10ScSZ (Sc 2 O 3 is 10 mol%) is 0.12 S/cm at 1073 K,

nd 8ScSZ (Sc 2 O 3 is 8 mol%) is 0.24 S/cm at 1273 K; however,

hat of 8ScSZ decreases to 0.13 S/cm after annealing for 20 0 0 h at

273 K. In order to improve the stability of ScSZ, the incorporation

f other cations in zirconia has been reported. For example, ZrO 2 

o-doped with Sc 2 O 3 and CeO 2 showed much higher ionic conduc-

ivity than YSZ during 573 K–1373 K and better long-term stability

han ScSZ. Thus, Sc 0.1 Ce 0.01 Zr 0.89 O 1.95 is a promising material as the

lectrolyte of intermediate temperature SOECs. However, because

f the high cost of the scandium element and the phase change

nduced degradation of ScSZ at high temperature, YSZ is still the

ost extensively used oxygen ionic conductor. However, the low

onic conductivity of YSZ limits its application at low temperatures

 < 673 K) [23,25,26] . 

Ceria-based oxides have higher ionic conductivity than YSZ at

ntermediate-low temperatures and lower cost than lanthanum

allates-based perovskite oxides [27] . The most challenges of ceria-

ased oxides are the reduction of Ce 4 + to Ce 3 + under low oxy-

en partial pressure or high temperature or high applied volt-

ges. This conversion causes two main problems. (1) It produces

-type electronic conduction and results in a partial internal elec-

ronic short circuit in the cell. (2) The conversion generates a no-

able chemical expansion of the lattice, thus leads to the me-
hanical fail of the electrolyte membrane. Furthermore, during

he shift from the SOFCs mode to the SOECs mode [28] , the ap-

lied voltage sharpens the maximum tensile stress by seven times

nd raises the minimum permitted oxygen partial pressure at the

athode–electrolyte interface. It was reported that the ceria-based

xides electrolytes have a trend of collapse at 973 K even 873 K

nder SOEC mode. Therefore, the ceria-based oxides are limited

s the solid electrolyte of SOECs. However, it was reported that

e 0.90 Gd 0.10 O 2 −δ (GDC10) is stable at reduced oxygen pressures be-

ow 10 0 0 K. Adding small amounts of praseodymium oxide into

e 0.80 Gd 0.20 O 2 −δ (GDC20) leads to better stability of GDC20 but

or GDC10 is insignificant. However, Pr-doped CeO 2 has some elec-

ronic conduction under a reducing atmosphere, which decreases

he performance of SOEC [29] . In addition, ceria-based composites,

uch as 20SDC-Li 2 CO 3 –Na 2 CO 3 , were reported as the electrolytes.

hey show both high protonic and oxygen ionic conductivity and

ow electronic conductivity, but they are not all-ceramics [16] . 

Lanthanum gallates-based perovskite oxides (ABO 3 ) doped by

r in La (A) sites and Mg in Ga (B) sites respectively, form-

ng La 1 −x Sr x Ga 1 −y Mg y O 3 −δ (LSGM), show high oxygen ionic con-

uctivity [30] . For example, the oxygen ionic conductivity of

a 0.9 Sr 0.1 Ga 0.8 Mg 0.2 is 0.15 S/cm at 1073 K, which is comparable to

hat of ceria-based oxygen ionic conductors and significantly ex-

eeds that of YSZ. The oxygen ionic conductivity of LSGM has a

endency to increase with the increase of A/B cation substitution.

nder oxidizing atmosphere, the conductivity is almost ionic con-

uctivity while a slight electronic conductivity is observed under

educing atmosphere, which is due to the reduction of Ga 3 + to

a 2 + . The electronic conductivity is negligible compared with its

onic conductivity, and thus has little impact on the performance of

OECs and SOFCs. However, LSGM easily reacts with NiO to form

aNiO 3 phase, which causes the instability of lanthanum gallate-

ased electrolytes, significant increase of the electronic conductiv-

ty and the increase of electrode overpotential [31] . In order to

lock the interdiffusion of La and Ni components between the elec-

rolyte and the electrode layers, various barrier interlayers are em-

loyed, such as ScSZ, GDC, La 2 O 3 -doped ceria. Moreover, the me-

hanical strength of LSGM is poor, so its application is very limited

32,33] . 

The proton conducting electrolytes are oxides with perovskite-

elated structure, such as Ba (Zr, Ce)O 3 . BaCeO 3 is not stable in H 2 O

nd CO 2 atmosphere, while BaZrO 3 has poor sintering activity and

igh grain-boundary resistance [34] . Nowadays, Zr, Y and Yb co-

oped BaCeO 3 are suggested as the electrolyte of SOFCs, but few

tudies using it as the electrolyte of SOECs for CO 2 electrochemi-

al reduction. The most likely reason is the low structural stability

f BaCe 1 −x −y −z Zr x Y y Yb z O 3 −δ under an atmosphere containing high

oncentrated CO 2 and steam [21] . 

.2. Cathodes 

The cathodes should have high ionic and electronic conductiv-

ty, good stability under an atmosphere containing high concen-

rated CO 2 and steam at high temperatures, excellent catalytic ac-

ivity, proper porosity and good compatibility with electrolyte ma-

erials. The typical cathodes are the metal–ceramics (cermet) such

s Ni–YSZ, in which Ni provides the electronic transport path and

SZ (electrolyte material) provides the ionic diffusion path. 

.2.1. The conventional metal–ceramic cathodes 

Similar to that occurring on SOFCs electrode, electrolysis reac-

ions only happen at triple phase boundaries (TPB) where Ni par-

icles (electronic conducting phase), YSZ particles (ionic conduct-

ng phase) and gas phase meet together. Therefore, the cell perfor-

ance may be limited by the available reaction sites or the length

f TPB. Except TPB, other factors also have important influences
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Fig. 3. The crystal structures of (a) perovskite oxides (ABO 3 ), (b) A-site ordered double perovskite oxides (AA’B 2 O 5 + δ ), and (c) B-site ordered double perovskite oxides 

(A 2 BB’O 6 −δ ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Schematic diagrams of (a) TPB and (b) DPB. 
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on the performance of SOECs for CO 2 electrochemical reduction.

Ebbesen and co-workers observed increased polarization in a SOEC

when they decreased the porosity of the Ni–YSZ cathode structure,

which indicated that diffusion limitations cannot be neglected for

the cathode with porosity below 30% (with a support thickness of

300 μm). These diffusion limitations create an increased reducing

atmosphere at the interface of the support and active electrode,

and lead to the degradation of the cell [35] . The surface oxidation

of the nickel particles, leads to the loss of electronic conductivity

and the cell degradation during H 2 O electrolysis or H 2 O 

–CO 2 co-

electrolysis operation at high temperatures [36] . In addition, coke

deposition forms easily on Ni particles under the high tempera-

ture CO 2 electrolysis. For example, Tao et al . reported carbon for-

mation in SOECs with a low porosity of Ni–YSZ cathode during the

co-electrolysis of H 2 O and CO 2 when the cells were operated at

current densities of 2.0–2.25 A/cm 

2 with a reactant (H 2 O + CO 2 )

conversion of 67%. However, for cells with a higher porosity, no

carbon formed [37] . Knibbe et al . found that a consequence of ab-

sorbed impurities in the Ni–YSZ hydrogen electrode can cause the

cell degradation [38] . Additionally, it was reported that zirconia

nanoparticles would form on the surface of Ni and at the interface

of Ni–YSZ that causes the increase of the ohmic resistance and O 

2 −

transport resistance [39] . 

Therefore, many efforts have been made to replace the Ni–YSZ

cathode. For example, Cheng et al . reported the reduction of CO 2 

to CO on a Cu-ceria-gadolinia cathode. The configuration of the cell

is Cu/GDC|YSZ|YSZ/L SM|L SM. They observed that the Cu/GDC cath-

ode has a comparable performance with Ni/YSZ cathode for CO 2 

reduction at 1023 K with a feed of 50 vol% CO 2 –50 vol% CO [40] .

No significant Cu sintering/migration, carbon deposition or elec-

trode delamination were observed during 2 h operation at 1.85 V

and 1023 K. Lee et al . showed a higher hydrogen production rate

(1.8 cm 

3 /min) on a Cu/YSZ (volume ratio of 60:40) cathode than

that (1.4 cm 

3 /min) on the Ni/YSZ cathode (volume ratio of 60:40).

However, taking the catalytic activity and the stability into the con-

sideration, Ni–YSZ is still a potential cathode for SOECs [41] . 

2.2.2. Mixed ionic and electronic conductors (MIECs) 

Although the conventional metal–ceramic materials (particu-

larly, Ni/YSZ cermet) are widely used as the cathode in SOECs be-

cause of their highly electrocatalytic activity and excellent con-

ductivities, they still suffer from reversible or irreversible per-

formance degradation induced by metal particles oxidation, car-

bon deposition, grain coarsening, impurities contamination etc.

[42–47] . Therefore, the conventional metal–ceramic cathode can-

not be applied in practice until these problems are well solved in

future. To overcome these drawbacks which also exist in SOFCs,

novel materials are continuously developed as candidates for the

fuel electrodes. MIECs perovskite-type oxides, whose structures are

shown in Fig. 3 , have been proven to be the most promising re-
lacement to the conventional Ni/YSZ cermet in SOECs [48–50] .

hey demonstrate good coking resistance, high sulfur tolerance,

igh redox stability and acceptable catalytic activity. Their intrinsic

onducting characteristics allow the transport of oxygen ions and

lectrons at the same time. Therefore, MIECs oxides expand the

eactive sites to the MIECs oxides/fuel gas dual phase boundaries

DPB) rather than metal particles/YSZ/fuel gas triple phase bound-

ries (TPB) in the Ni/YSZ cermet, as shown in Fig. 4 . As a result, the

eaction rate of CO 2 should be increased with the increase in the

umber of reactive sites. Therefore, MIECs are reasonably consid-

red as promising alternative materials for the cathode in SOECs.

esides the advantages of MIECs mentioned above, the oxygen va-

ancies existing on the surface of perovskite oxides could serve as

ccommodation sites for CO 2 adsorption and activation during the

lectrochemical reduction of CO 2 [51,52] . 

Theoretically, almost all the perovskite composite oxides have

he potential to be used as cathode materials in SOECs. However,

onsidering the chemical stability under the condition of electro-

hemical reduction of CO 2 , only a few kinds of perovskite ox-

des were investigated in detail, including La 1 −x Sr x Cr 1 −y Mn y O 3 −δ ,

Ln x Sr 1 −x ) y TiO 3 −δ (Ln = lanthanon), LaFeO 3 −δ , double perovskite

xides. Their applications as cathodes of SOECs are introduced as

ollows. 

La 1 −x Sr x Cr 1 −y Mn y O 3 −δ: The Cr-doped La 1 −x Sr x MnO 3 −δ per-

vskite oxides have higher oxygen diffusivity than the most

ommon cathode material of SOFCs, i.e. La 0.8 Sr 0.2 MnO 3 −δ (LSM).

a 0.8 Sr 0.2 Cr 0.5 Mn 0.5 O 3 −δ (LSCM) has been successfully applied as

he anode of SOFCs [53–55] . It exhibits good performance with low

rea specific resistance (ASR) and polarization resistance at 1173 K

54,56] . Therefore, researchers employed LSCM as the cathode of

OECs to electrolyze CO 2 , and found this material showing quite

table stability at high temperatures and reducing atmosphere. 

For example, Yue and Irvine [57] studied (La 0.75 Sr 0.25 ) 0.97 Cr 0.5 

n 0.5 O 3 −δ/Gd 0.1 Ce 0.9 O 1.95 (LSCM/GDC) as a composite cathode for

n electrolysis cell with YSZ as electrolyte and La 0.8 Sr 0.2 MnO 3 /Sc-

tabilized zirconia as the anode to prove the feasibility of LSCM as

he cathode for CO 2 electrolysis as well as H 2 O 

–CO 2 co-electrolysis

t 1173 K. When the feed gas was CO 2 /CO mixture (70/30; total

ow rate: 20 mL/min), the CO production rate reached above 1.2

mol/(cm • s) at ∼1.9 V with 96% FE. 
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Fig. 5. SEM results of (a) oxidized LST and (b) reduced LST. Reproduced from Ref. 

[71] with permission from PCCP Owner Societies. 
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However, LSCM has a much lower electrical conductivity in re-

ucing atmosphere, i.e. 1.5 S/cm in 5% H 2 , and insufficient cat-

lytic activity than the conventional cermet [58,59] . To solve the

wo problems, high electronic conducting phases are often incor-

orated into the LSCM electrodes. Xing et al . [60] fabricated a Cu-

mpregnated LSCM cathode, and found that this composite cath-

de displayed lower ohmic resistance and better electrochemical

erformances than that of the electrolysis cell without Cu impreg-

ation from EIS and I –V curves under the same condition. For the

lectrolysis cell with Cu-impregnation cathode, the maximum cur-

ent density increased from 1.31 A/cm 

2 with a feed gas of 50%

 2 O–50% H 2 to 1.82 A/cm 

2 with a feed gas of 50% H 2 O–12.5% H 2 –

7.5% CO 2 under the applied electrolysis voltage of 1.65 V and the

emperature of 1023 K. The long-term test of the SOEC showed the

pplied electrolysis voltage slowly increased by 2% in 50 h under

 constant current density of 0.33 A/cm 

2 with a feed mixture of

0% H 2 O–25% H 2 –25% CO 2 at 1023 K. Besides Cu, other metals or

ctive oxides, such as Fe, Pd, CeO 2 and V 2 O 5 , have been loaded

n the LSCM electrode to successfully improve the electrochemical

erformance [61–63] . 

Lanthanum strontium titanates: The perovskite-type strontium

itanate composites doped by La or other metal cations into A-site

r B-site, are alternative materials as the cathode of SOECs [64–67] .

or example, as an active and redox-stable material with high n-

ype electronic conductivity upon reduction, La x Sr 1 −x TiO 3 + δ (LST)

eceived a great deal of interest [68,69] . 

The efficient electrolysis of H 2 O and CO 2 has been demon-

trated in an SOEC with a La 0.2 Sr 0.8 TiO 3 + δ cathode by Li et al . [70] .

he electrochemical results indicated that the LST cathode was sta-

le under strongly reducing conditions and showed low electrode

olarizations for the direct electrolysis of H 2 O and CO 2 without re-

ucing gases. For the electrolysis of CO 2 under ∼ 2.9 V, the current

ensity reached ∼80 mA/cm 

2 at 973 K with an SOEC containing a

-mm-thick YSZ electrolyte. At the above condition, the cell offered

 CO production rate of about 0.56 mL/(min • cm 

2 ) and a low Faradic

ield of 24.7%. The low Faradic yield was ascribed to the local CO 2 

tarvation and the low oxygen ionic conductivity of YSZ. They also

nvestigated the surface properties and the electrocatalytic prop-

rties of the LST cathode for CO 2 electrochemical reduction, and

roved that the reduced LST with n-type electronic conduction was

ore favorable than the unreduced LST. 

To improve the performance of LST cathode for the electro-

hemical reduction of CO 2 , Gan and co-workers [71] prepared the

ST cathode by in situ growing active nickel nanoparticles socketed

n the LST particles surface through manipulating the A-site non-

toichiometry of the perovskite oxide, as shown in Fig. 5 . The syn-

rgetic effect of enhanced oxygen ionic conduction of the prepared

ST and the catalytically active Ni nanoparticles increased the cur-

ent efficiency by ∼50% in contrast to the bare LST cathode for the

lectrolysis of CO 2 . A high CO production rate (2.07 mL/(min • cm 

2 ))

as achieved at 2.0 V with pure CO 2 as the feed gas . Further, Ye

t al . [72] employed synergistic control of A-site non-stoichiometry

nd B-site dual doping strategy to tune LST cathode surface struc-

ures, the resulting optimized (La 0.2 Sr 0.8 ) 0.95 Ti 0.85 Mn 0.1 Ni 0.05 O 3 + δ
ossessed good stability with 100 h of high-temperature operation

nd 10 redox cycles. The excellent performance is attributed two

easons, i.e. (1) dopant Mn promotes the formation of oxygen va-

ancies which could facilitate the adsorption of CO 2 and (2) dopant

i provides metal nanoparticle exsolution promoting the catalytic

ctivity of this cathode. 

Doped lanthanum ferrites: LaFeO 3 −δ based perovskite oxides

ave been intensively investigated as electrodes of both SOFCs and

OECs. These materials have shown varying levels of enhanced

oking resistance, although they are accompanied by insufficient

lectronic conductivity and low catalytic activity [73–76] . 

Cao et al . [47] applied perovskite-type La 0.3 Sr 0.7 Fe 0.7 Ti 0.3 O 3 −δ

xide as both the anode and cathode in a symmetrical SOEC for

he direct electrolysis of pure CO 2 at 1073 K. The current density

as 521 mA/cm 

2 at 2.0 V with an FE of 72% and the polarization

esistance R p of this SOEC was 0.08 Ω • cm 

2 under the above condi-

ions, all of which show that this La 0.3 Sr 0.7 Fe 0.7 Ti 0.3 O 3 −δ oxide is a

romising material for electrolysis of CO 2 . Addo et al . [75] exam-

ned the La 0.3 Sr 0.7 Fe 0.7 Cr 0.3 O 3 −δ perovskite as a CO/CO 2 fuel elec-

rode material for symmetrical, reversible solid oxide fuel cell ap-

lications, showing high and stable performance toward CO 2 elec-

rolysis and oxidation of CO. The polarization resistance at 1073 K

nd open circuit potential in 90% CO 2 –10% CO was 0.9 Ω • cm 

2 ,

hile a degradation rate of only 0.057 mV/h was observed af-

er ∼135 h of galvanostatic testing at 100 mA/cm 

2 in 90% CO 2 –

0% CO at 1073 K. This group also researched its electrochem-

stry properties under different conditions e.g. air, pure CO 2 and

 1:1 CO 2 :CO over a temperature range of 923–1073 K. They found

a 0.3 Sr 0.7 Fe 0.7 Cr 0.3 O 3 −δ was active in all above environments, but

xygen evolution is somewhat more facile than oxygen reduc-

ion, and CO 2 reduction is more active than CO oxidation on the

a 0.3 Sr 0.7 Fe 0.7 Cr 0.3 O 3 −δ electrodes [76] . 

It is noteworthy that Liu et al . [77] developed a novel cath-

de prepared by reducing the Sr and Ni co-doped LaFeO 3 per-

vskite oxide, i.e. La 0.6 Sr 0.4 Fe 0.8 Ni 0.2 O 3 −δ (LSFN), in H 2 atmosphere

t 1123 K. The Fe–Ni bimetallic alloy nanoparticles were success-

ully exsolved in situ and uniformly socketed on the oxygen defi-

ient perovskite backbone. The cathode kinetics for CO 2 electrol-

sis was significantly improved with a remarkably enhanced cur-

ent density of 1.78 A/cm 

2 and together with a high FE of 98.8%

t 1.6 V and 1123 K. No obvious degradation and discernible carbon

eposition were observed on this cathode after operating for over

00 h. For a similar purpose, another method was employed to im-

rove the performance of lanthanum ferrites-based cathode. Zhang

t al . [52] introduced the catalytic and redox active Ce into A-site

f La 0.7 Sr 0.3 Cr 0.5 Fe 0.5 O 3 −δ (Ce-LSCrF) to promote the catalytic ac-

ivity and introduce more oxygen vacancies in the lattice in situ af-

er reduction. The increased number of oxygen vacancies not only

acilitates the mobility of oxygen ions, but also provides favorable

ccommodations for chemical adsorption of CO 2 . For the CO 2 elec-

rolysis, the FE of Ce-LSCrF based SOECs reached around 86.9% at

pplied voltage of ∼1.56 V, notably higher than that of the un-

oped LSCrF sample (64.7%), and the current was slightly increased

y ∼0.1 A/cm 

2 , as shown in Fig. 6 . However, there exists an opti-

al surface oxygen vacancy concentration in perovskite oxides that

alances the oxygen exchange kinetics and the chemical stability

78] . 

Double perovskite oxides: Double perovskite oxides with general

ormula AA’B 2 O 5 + δ or A 2 BB’O 6 −δ , as shown in Fig. 3 (b) and (c),

here A denotes rare earth, A’ denotes an alkaline earth, B and B’

enerally denote Ni, Co, Fe, Mo, Mn etc., have obtained a great deal

f attention in recent years for their exceptional electrochemical

roperties, such as PrBaMn 2 O 5 + δ [79] , PrBa 0.5 Sr 0.5 Co 1.5 Fe 0.5 O 5 + δ
80] , Sr 2 Mg 1 −x Mn x MoO 6 −δ [81] , Sr 2 FeMo 0.65 Ni 0.35 O 6 −δ [82] . Most

f them have been used as electrodes in SOFCs and achieved high

erformances. Researchers are attempting to apply this kind of
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Fig. 6. Comparison of the current density and FE of the Ce-doped LSCrF and LSCrF. 

Reprinted with permission from Ref. [52] . Copyright © 2016, American Chemical 

Society. 

Fig. 7. Schematic diagram of the hierarchically porous YSZ cathode scaffold with 

infiltrated SFM. Reproduced from Ref. [84] with permission of The Royal Society of 

Chemistry. 
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materials to SOECs because of their high electronic conductivity

and oxygen ionic conductivity. 

Wang et al . [83] demonstrated a symmetrical SOEC with

Sr 2 Fe 1.5 Mo 0.5 O 6 −δ–Sm 0.2 Ce 0.8 O 1.9 composite as both the cathode

and anode materials for H 2 O/CO 2 co-electrolysis. The results ex-

hibited that this SOEC has excellent electrochemical performance

with the current density of 0.734 A/cm 

2 at 1.3 V and the interfa-

cial polarization resistance of 0.48 Ω • cm 

2 at 1123 K. Furthermore,

the electrolysis cell exhibits no coking but an increased cell volt-

age with the rate of 0.0 0 013 V/h under a constant current density

of 0.12 A/cm 

2 at 1073 K during a 100 h-test. Li et al . [84] deposited

Sr 2 Fe 1.5 Mo 0.5 O 6 −δ (SFM) nanoparticles, which act as the electrocat-

alysts, onto the inner surface of the hierarchically porous YSZ scaf-

fold, as shown in Fig. 7 . To our best of knowledge, they achieved

the highest performance in all the published results up to now for

pure CO 2 electrolysis with the electrode polarization resistance of

0.25 Ω • cm 

2 under the current density of 1.1 A/cm 

2 at 1.5 V and

in the pure CO 2 of 20 mL/min. Therefore, double perovskite oxides

are likely to provide an opportunity for the rapid development of

SOECs. 

2.3. Anodes 

In high temperature SOECs, anode is the catalyst for oxygen

evolution reaction (OER). The anode should have both high ionic

and electronic conductivities, high catalytic activity for oxygen

evolution, and good compatibility with other cell components.
here are three main types of anode: perovskite oxides, double

erovskite oxides and Ruddlesden–Popper (RP) oxides. And less

xpensive perovskite oxides are the most frequently investigated

aterials nowadays. 

.3.1. Perovskite anodes 

La 1 −x Sr x MnO 3 −δ (LSM) is the most common anode material,

ut its ionic conductivity is very low. Therefore, YSZ is added to

orm the LSM–YSZ composite anode to provide the ionic conduc-

ivity and increase the triple phase boundaries (TPB) [85,86] . For

xample, Xia and co-workers [87] integrated the high-temperature

O 2 –H 2 O co-electrolysis and low temperature Fischer–Tropsch syn-

hesis in a single tubular unit with a LSM–YSZ anode. Meanwhile,

o and Fe-based perovskite oxides showing higher oxygen ionic

onductivity than that of LSM were also considered as the anode

or SOECs. Vohs et al . compared the La 0.8 Sr 0.2 MnO 3 , La 0.8 Sr 0.2 FeO 3 

nd La 0.8 Sr 0.2 CoO 3 as the SOEC anodes. The impedances of

a 0.8 Sr 0.2 FeO 3 –YSZ and La 0.8 Sr 0.2 CoO 3 –YSZ are essentially indepen-

ent of current and are the same under anodic and cathodic po-

arization. However, the LSM–YSZ electrode does not appear to be

ptimal for OER. It showed good performance only after cathodic

ctivation. LSM-based electrodes are easy to be fabricated. Unlike

a 0.8 Sr 0.2 FeO 3 –YSZ and La 0.8 Sr 0.2 CoO 3 –YSZ, there is no significant

olid-state reaction between LSM and YSZ below 1473 K. Eguchi et

l . compared La 0.6 Sr 0.4 MnO 3 and La 0.6 Sr 0.4 CoO 3 anodes, and found

SM is more preferable than La 0.6 Sr 0.4 CoO 3 as an anode due to the

mall thermal expansion mismatch and poor reactivity with YSZ.

he oxygen ion movements in SOECs are different from that in

OFCs. An anode delamination phenomenon has been observed in

he SOEC mode while not found in the SOFC mode [88–91] . The

onic conductivity is much low, thus the oxygen evolution from the

SM electrode only occurs at the limited TPB. 

To improve the performance of the LSM anode, Xie and co-

orkers [92] reported a composite manganite anode enhanced by

ron oxide nanocatalysts for high temperature steam electrolysis in

 proton conducting solid oxide electrolyzer. The size of the Fe 2 O 3 

anoparticles is approximately 20–40 nm on the surface of the

SM composite anode. They investigated the LSM composite elec-

rodes loaded with different contents of Fe 2 O 3 in symmetric cells,

nd found the electrode loaded with 4 wt% Fe 2 O 3 nanoparticles

howed the most excellent performance. The maximum FE is ap-

roximately 65% for the 4 wt% Fe 2 O 3 -loaded LSM composite elec-

rode while the efficiency of the LSM composite electrode without

e 2 O 3 -loaded is as low as 15%, as shown in Fig. 8 (a) and (b). A

hort-term test (10 h) based on the 4 wt% Fe 2 O 3 –LSM electrode for

team electrolysis was performed at 1.4 V and 1073 K, as shown in

ig. 8 (c). In their another article [93] , they fabricated a composite

node of Co 3 O 4 -loaded La 0.8 Sr 0.2 MnO 3 -BaCe 0.5 Zr 0.3 Y 0.16 Zn 0.04 O 3 −δ

BCZYZ), and found loading Co 3 O 4 in the composite electrode can

ignificantly enhance the electrode performance and the current

fficiency, reaching approximately 46% for the steam electrolysis. 

In addition, some researchers studied the bilayer electrode to

revent the reactivity between the anode and the electrolyte. For

xample, Choi and co-workers [90] inserted a GDC interlayer be-

ween YSZ electrolyte and La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 −δ (LSCF) anode to

mprove the stability of the electrode. They found that the cell co-

red at 1673 K is the most stable cell because of the optimized re-

ction of the GDC interlayer with YSZ. The GDC interlayer reduces

he delamination problem of LSCF and lowers ohmic and electrode

olarization resistance compared with the cell without the inter-

ayer. 

.3.2. Double perovskite anodes 

A few effort s have been made to fabricate ordered double

erovskite oxides as anodes of SOFCs, such as GdBaCo 2 O 5 + δ ,
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Fig. 8. H 2 production and Faradaic current efficiencies for the cells based on (a) LSM and (b) 4 wt% Fe 2 O 3 –LSM anode, respectively; (c) Short-term performances of the 

electrolysis cells based on 4 wt% Fe 2 O 3 –LSM anode for steam electrolysis at 1073 K. Reprinted from Ref. [92] with permission from Elsevier. 

Fig. 9. (a) Total resistance, electrode polarization resistance, the ohmic resistance of LNO (open symbols) and LSCF (solid symbols) at 848–1073 K; (b) Polarization resistance 

as function of operation time. Reprinted from Ref. [97] with permission from Elsevier. 
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rBaCo 2 O 5 + δ , Sr 2 Fe 1.5 Mo 0.5 O 6 −δ (SFM), Nb-doped SFMO. The elec-

rical conductivity of SFM is as high as 32 S/cm at 1073 K in hydro-

en and 15 S/cm at 1023 K in air, respectively, due to the mixed-

alence states of Mo 5 + /Mo 6 + and Fe 3 + /Fe 4 + . These double per-

vskite oxides have the potential to be used as both anode and

athode of SOEC [15] . Li et al . [94] used Sr 2 Fe 1.5 Mo 0.5 O 6 −δ (SFM)–

r 0.84 Y 0.16 O 2 −δ (YSZ) as anode for steam electrolysis. When the YSZ

atrix was impregnated with 20 wt% SFM (SFM20), the current

ensity of the SOEC reached to 327 mA/cm 

2 at 1.2 V and 1023 K. A

ydrogen production rate up to 11.46 NL/h was achieved for the

FM20-YSZ anode at 1023 K. Therefore, SFM is a promising ma-

erial as the anode of SOECs. Chen and co-workers [95,96] used

icrowave-assisted combustion method to prepare Sr 2 Fe 1.5 Mo 0.5 O 3 

SFM) as both anode and cathode in symmetrical SOEC. The cell

olarization resistance is 0.26 �• cm 

2 under open circuit voltage

nd 60% absolute humidity (AH) at 1173 K. The electrolysis current

s 0.88 A/cm 

2 and hydrogen production rate is 380 mL/cm 

2 h at

173 K and 1.3 V and 60% AH. The cell showed a good stability dur-

ng the steam electrolysis test for 100 h. 

.3.3. Ruddlesden–Popper series anodes 

The oxygen over stoichiometric rare earth nickelates, Ln 2 NiO 4 + δ
Ln = La, Pr, Nd), have the K 2 NiF 4 -type structure and belong to the

uddlesden–Popper series anodes. These compounds show high

lectronic and ionic conductivities and high oxygen surface ex-

hange rates. Also, they own a high oxygen content flexibility
n a broad oxygen partial pressure range. Choi and co-workers

97] used La 2 NiO 4 + δ (LNO) as anode and compared the polariza-

ion and the stability of LNO with those of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 

LSCF), as shown in Fig. 9 . At the open circuit voltage, LSCF ex-

ibited smaller polarization resistances from 848 to 1073 K and

as more stable than LNO at 923 K during a 150 h-test. How-

ver, the LNO showed better performance and slower degradation

ate than LSCF at a current density of 150 mA/cm 

2 . Grenier and

o-workers [98] fabricated a three-electrode symmetrical half-cells

sing Ln 2 NiO 4 + δ (Ln = La, Pr or Nd) as the anode. They found that

r 2 NiO 4 + δ showed the best performances, the current densities of

hich are ten times higher than that of the common perovskite

a 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 −δ (LSCF) electrode. However, Pr 2 NiO 4 + δ re-

cts with YSZ and ceria-based electrolytes at high temperature.

o solve that, Barnett and co-workers fabricated a Pr 2 NiO 4 + δ-

nfiltrated porous La 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 3 −δ anode. The polarization

esistance was 0.11 �• cm 

2 at 923 K with loading 14 vol% Pr 2 NiO 4 + δ
nd increased by ∼10% at 923 K during a 500-h-test in a symmet-

ical electrolysis cell [99] . Grenier and co-workers used Nd 2 NiO 4 + δ
s the anode, 3% yttria stabilized tetragonal zirconia as the elec-

rolyte, 30 μm-thick porous nickel and gadolinia doped ceria cer-

et (Ni-GDC) as cathode. The current densities were 0.40, 0.64 and

.87 mA/cm 

2 at 1.3 V, which were 4.2, 3 and 1.7 times higher than

he LSM anode at 1023 K, 1073 K and 1123 K, respectively, and cor-

esponding to the hydrogen yields of 14%, 23% and 31%. Therefore,

n 2 NiO 4 + oxides were regarded as good anodes for SOECs [100] . 
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3. Conclusions and outlooks 

In this review, the recent developments about the electro-

chemical reduction of carbon dioxide were briefly introduced. The

electrochemical reduction of CO 2 in solid oxide electrolysis cells

has high current densities [15] . But only CO is the main carbon-

containing products, because the intermediate species for the pro-

duction of other carbon-containing chemicals were easily desorbed

from the surface of catalysts to produce CO at high temperatures.

There are many problems about CO 2 electrochemical reduction in

SOEC, such as metal particles oxidation, carbon deposition, grain

coarsening, impurities contamination etc. inducing cells degrada-

tion and high complexity of electrochemical reactors, difficulty

in the sealing at high temperature etc. decreasing the engineer-

ing feasibility of SOECs. In the future, deep understanding of the

conventional cathode system, such as Ni–YSZ, should be well ad-

dressed to improve the stability, since the conventional cathode

system has high engineering feasibility. Simultaneously, it is urgent

to improve the catalytic performance of perovskite-related elec-

trodes and explore new materials and microstructure for both the

cathode and anode. Furthermore, electrochemical reduction of CO 2 

in the temperature range of 573–873 K is worth exploring, because

it may produce various products and achieve high current densities

at the same time. However, there are no proper material systems

for the electrodes and electrolyte at current stage, so the research

activities on the electrochemical reduction of CO 2 at intermediate

temperatures should be focused on exploring new materials and

developing new methods to improve the performance of conven-

tional materials in the future. 
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