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a b s t r a c t

Considering the earth powered by intermittent renewable energy in the coming future, solid oxide elec-

trolysis cell (SOEC) will play an indispensable role in efficient energy conversion and storage on demand.

The thermolytic and kinetic merits grant SOEC a bright potential to be directly integrated with electrical

grid and downstream chemical synthesis process. Meanwhile, the scientific community are still endeav-

oring to pursue the SOEC assembled with better materials and operated at a more energy-efficient way.

In this review article, at cell level, we focus on the recent development of electrolyte, cathode, anode and

buffer layer materials for both steam and CO2 electrolysis. On the other hand, we also discuss the next

generation SOEC operated with the assistant of other fuels to further reduce the energy consumption and

enhance the productivity of the electrolyzer. And stack level, the sealant, interconnect and stack opera-

tion strategies are collectively covered. Finally, the challenges and future research direction in SOECs are

included.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The fast development of the global economy heavily relies on

the exploration and utilization of fossil fuels such as crude oil and

natural gas [1]. The excessive consumption of carbon-based energy

carriers results in the raising level of CO2 emission in atmosphere

over 410 ppm in 2018, 40% higher than that before “industry rev-

olution” [2]. The “biological carbon cycle” in nature with the par-

ticipation of plants could only make limited contribution to the al-

leviation of this challenge via the natural photosynthesis, and se-

vere environmental and ecological issues have been brought due to

the CO2 emission induced climate change [3]. Therefore, the revo-

lution of our current energy system: i.e., the technologies for ar-

tificial capture/conversion of CO2 and promoted share of low/zero

carbon energy (such as H2) are urgently required [4]. With the con-

sideration of low weight energy storage density and high cost of
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lithium battery (<260 Wh/kg, >100 USD/kWh) [5], an ideal renew-

able system calls for advanced resolutions transforming fluctuating

renewable electricity (wind or solar) into clean, value-added and

transportable chemicals/fuels for continuous demands and multi-

purpose. Recent studies have illustrated that approximately half of

the renewable electricity system requires further reasonable en-

ergy storage section. And an estimated value could be over 7500

terawatt-hours in Euro to realize completely decarbonization [6].

Thereby, the high-efficient electrolysis is undoubtedly the core step

toward the realization of 100% renewable earth, which essentially

consumes “exhausted carbon” to produce “valuable carbon” or con-

vert H2O into H2, completing the gap in carbon neutral cycle with

near-zero emission [7].

So far, the electrolysis cells with different configurations and

working principles are reported, including alkaline electrolysis cells

(AECs), polymer electrolyte membrane electrolysis cells (PEMECs),

and solid oxide electrolysis cells (SOECs). The AECs cell typi-

cally contains two electrodes isolated by a separator immersed in

an aqueous alkaline solution (e.g., KOH). But the corrosive liquid

https://doi.org/10.1016/j.cclet.2022.108035
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Fig. 1. (a) The schematic of carbon neutral cycle based on renewable energy and solid oxide electrolysis cell. Copied with permission [11]. Copyright 2019, Wiley. (b) The

SOEC devices with different configuration and appearances. Copied with permission [12]. Copyright 2017, Springer Nature. (c) Thermodynamics of CO2 and H2O reduction

reactions. Copied with permission [14]. Copyright 2011, Elsevier. (d) Schematic representation of technology development potential of different electrolyzers. Copied with

permission [15]. Copyright 2015, International Energy Agency.

electrolyte restricts its durable application at higher temperature

(e.g., >80 °C). PEMECs utilize a solid polymer electrolyte with tri-

functionality for proton conduction, electrolyzed gases separation,

and electronic conduction suppression. Although it can migrate the

challenge of low current density of AECs, the high price and vul-

nerability of proton exchanged membrane still hinder its large-

scale industrialization. Compared to the former two counterparts,

SOECs have unique advantages of cell robustness, low manufacture

cost and unrivaled electrolysis efficiency [8].

SOECs were originally proposed in the mid-1960s as a tech-

nique of electrolysis of CO2 for oxygen regeneration in the US

manned spaceflight programs. In the mid-1990s, Sridhar et al.

[9] proposed to use CO and O2 produced by solid oxide cell in

electrolytic mode during the day to generate electricity in fuel cell

mode at night. Since the beginning of the 21st century, research

groups around the world have been committed to developing novel

materials to improve the performance and durability of stacks and

reduce the production cost of syngas [10].

The ideal green energy scenarios incorporating SOEC is demon-

strated by Song et al. and shown in Fig. 1 [11]. SOECs can not only

split steam (H2O) into H2, but also electrolyze CO2 to CO. More

appealingly, the co-electrolysis of H2O/CO2 toward synthetic gas

(mixture of H2/CO) enables the integration of SOEC with a wide

range of downstream chemical processes such as Fischer-Tropsch

synthesis, enhancing the total energy efficiency. A representative

SOEC device displays an all-solid lamellar-structure layout with

three main components: a porous cathode (fuel electrode) where

the reduction reaction (e.g., CO2 to CO and H2O to H2) happens

with electrons flowing in, a porous anode (air electrode) where the

oxidative reaction (O2− to O2) happens, and a dense electrolyte in

the middle for ion transportation. From the perspective of configu-

ration, SOEC could be classified into electrode (anode or cathode)-

support, electrolyte-support and metal-supported ones. And the

appearance of the electrolyzer could be either tubular, planar or

flat-tubular shape (Fig. 1b) [12]. Furthermore, the operation of de-

vice in a reversed mode, named SOFC mode, is able to take advan-

tage of the produced fuel (synthesized in SOEC mode) to generate

electricity, while the power grid is on heavy demand [13].

SOEC can only properly work at elevated temperature (e.g.,

>500 °C), which brings the incomparable merits from both ther-

modynamic and kinetic aspects. As the electrolysis temperature in-

creases, the theoretical electrolysis voltage (electrical energy de-

mand) gradually decreases for either CO2 (blue line) or H2O (red

line) splitting processes (Fig. 1c), following the Eq. 1 shown below

[14]. This feature enables the electrical energy saving over 20%-

30%, while compared to AECs and PEMECs operated below 200 °C
[15].

ET = E0 + �S

nF
(T − T0) (1)

Furthermore, the higher working temperature signifies the ac-

celerated reaction kinetics, endowing the enhanced electrolysis

current and conversion rate. For example, an SOEC for water split-

ting can generate a current density of ∼1.5 A/cm2 at a voltage less

than 1.3 V, while the PEM electrolyzer required a much higher

voltage of 1.6 V to generate a smaller current density of 1 A/cm2

[16]. Such kinetics preponderance of SOEC is even more straight-

forward on sluggish CO2 electrolysis. The SOEC for CO2 reduction

can easily reach a current density over 1 A/cm2 with the overpo-

tential less than 0.45 V and faradaic efficiency over 95%. While

it is extremely difficult for the low temperature electrolyzer to
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Fig. 2. (a) The configuration schematic of solid oxide electrolysis cell (SOEC) with supported cathode layer, fuel cathode layer, electrolyte, buffer layer and anode layer.

Copied with permission [21]. Copyright 2020, Springer Nature. (b) The temperature dependent ionic conductivity plot of doped ZrO2. Copied with permission [27]. Copyright

2022, The American Ceramic Society. (c) The temperature dependent ionic conductivity plot of doped LSG samples. Copied with permission [30]. Copyright 1994, American

Chemical Society. (d, e) The SEM image of Co-doped Sr2Fe1.5Mo0.5O6–δ (SFMC) reduced for 2 h and the EIS plot for SFMC before and after exsolution for CO2 electrolysis

at 1.6 V and 800 °C. Copied with permission [66]. Copyright 2020, Wiley. (f) polarization curve and SEM image comparison of cell with straight pore and tortuous cathode

decorated SOECs. Copied with permission [86]. Copyright 2022, Elsevier.

reach over 500 mA/cm2 with the maintenance of Faradic efficiency

over 60% [17]. Moreover, the all-solid nature of SOEC has granted

the device superior retention for long-term operation. The CO2-to-

CO electrolysis technology developed by Haldor Topsøe, Demark,

demonstrated a prolonged measurement for almost 8000 h with

an acceptable degradation rate of 16 mV per 1000 h [18], which is

more than one order of magnitude higher than that of the state-of-

the-art low temperature analogue [19]. In Sep. 2022, the Board of

Topsoe has decided to start the construction of the world’s largest

SOEC electrolyzer with the capacity of 500 MW/year in Denmark.

The superiorities in activity and durability further strengthens the

industrialization potential of SOEC in regard to reduced operating

and capital costs per electrolyzer unit.

2. Single cell level

2.1. Electrolyte

The exploration of highly performed and stable single SOEC cell

is the first milestone of commercialization. According to the dif-

ferent ionic conducting mechanisms, two types of SOECs, using

oxygen ion conducting electrolyte (O-SOEC) and proton-conducting

electrolyte (P-SOEC), were comprehensively studied, respectively

[20]. For O-SOEC, the CO2 or H2O molecules receive electrons to

produce CO or H2, respectively. And the stripped oxygen ions are

driven by the electric field and transported into anode chamber via

electrolyte. The accumulated O2− in anode are catalyzed to form

O2 and spontaneously release electrons (Fig. 2a) [21]. While in P-

SOEC, the splitting of H2O can only occur in anode to directly gen-

erate O2 and the protons are transported into cathode to form H2.

The CO2 electrolysis in P-SOEC is slightly more complicated, which

requires the assistance of H2O or H2 splitting in anode [22,23].

However, the activation energy of temperature-dependent proton

conducting is usually lower than that of ionic conducting, enabling

the possibility to realize high efficiency electrolysis at intermediate

temperature region [24].

The ideal electrolyte should possess good sinterability, high

ionic conductivity and negligible electronic conductivity. Currently,

two types of oxide with fluorite structure and perovskite structure

were extensively employed as potential oxygen ion electrolytes

in SOEC, respectively. The aliovalent cation doped ZrO2 is the

most commonly used electrolyte material in reversible solid oxide

cell. The pure ZrO2 demonstrates cubic structure only above 2370

°C, which showed highest conductivity among the derivates with

other phases [25]. In order to stabilize such highly desired struc-

ture, low valence elements of Y3+ and Sc3+ are doped into ZrO2,

which further promoted the ionic conductivity through vacancy

hopping mechanism. The 8 mol% Y doped ZrO2 shows a high ionic

conductivity of ∼0.03 S/cm at 800 °C [26]. However, its high ac-

tivation energy for ionic transportation significantly restricted the

application potential at lower temperature (Fig. 2b) [27]. The Sc

doped ZrO2 demonstrates an enhanced conductivity over > 0.08

S/cm at 800 °C. But the high price of Sc is still the bottleneck

for practical application [28]. The doped ceria (such as Gd or Sm

doped CeO2, (GDC, SDC)) presents higher ionic conductivity than

doped ZrO2 while the operation temperature below 600 °C. How-

ever, while exposed to reducing atmosphere in cathode of SOEC,

the emergence of Ce3+/Ce4+ redox pair in doped ceria leads to

the electronic current leakage, the short-circuit of cell and lower

faradic efficiency [29]. The Sr and Mg co-doped LaGaO3 perovskite

3



X. Zhang, B. Liu, Y. Yang et al. Chinese Chemical Letters 34 (2023) 108035

(La0.9Sr0.1Ga0.8Mg0.2O3-x, LSGM) showed an outstanding ionic con-

ductivity of 0.17 S/cm at 800 °C (Fig. 2c) [30]. However, the LSGM

still suffers from the challenges of possible side-reaction with con-

ventional Ni electrode to form less-conducting phase, and La diffu-

sion into electrode to form catalytically inert phase [31].

Lowering the operating temperature of proton conductor can

not only broaden the selection of sealant and interconnect com-

ponents, but also simplify the downstream purification process of

electrolysis products (e.g., dry H2 for steam electrolysis) [32]. Usu-

ally, one of the most predominant factor affecting proton con-

duction is the hydration capability and quantity of oxygen va-

cancy. While exposed to vapor for example, the water molecules

are incorporated into surface oxygen vacancies to create two
•OH. The barium cerates of Ba(Zr0.1Ce0.7Y0.2)O3 (BZCY) [33] and

BaCe0.5Zr0.3Y0.16Zn0.04O3-d (BCZYZ) [34] exhibited high proton con-

ductivity. The additive of Zn, Cu, Ni and Fe were reported to en-

hance the sinterability of this series of proton conductor. However,

they all suffers from the decomposition in H2O- or CO2-containing

atmospheres. The common SOEC reactants, shorten their lifetimes.

Alternatively, a hybrid ion conductor of BaZr0.1Ce0.7Y0.2-xYbxO3-δ

(BCZYYb) has been developed and regarded as most promising

electrolyte candidate for H-SOECs because of its high conductiv-

ity and stability even treated the critical condition of 50% H2-50%

H2O or 50% H2-50% CO2 for over 300 h [24,35]. Duan et al. demon-

strated the desirable stability of BCZYYb-based H-SOECs for 1200 h

at 600 °C with the degradation rate of 30 mV per 1000 h [32]. Yet,

the extremely high concentration of H2O and CO2 still lead to the

gradual deposition of BCZYYb [36], indicating the huge room for

future exploration of better proton conductor.

2.2. Fuel electrode (CO2, H2O)

The cathode in SOEC is the place where CO2 and H2O

were reduced to target products, regardless of the type of

electrolyte utilized. The material candidates for cathode must

have high electrical conductivity, electrocatalytic activity, chem-

ical stability/combability with the electrolyte, as well as eco-

nomic/manufacture feasibility [37]. The Ni-cermet (mixture of Ni

and electrolyte (e.g., Y2O3 stabilized ZrO2 (YSZ)) is currently the

commercial cathode in SOEC, in which Ni phase provides electronic

conducting pathway and reactive sites, and the electrolyte supplies

ions transported from anode sides [38]. The electrochemical reduc-

tion will only happen at the triple phase boundary where Ni, elec-

trolyte and reactant gases meet each other. During CO2 electroly-

sis, some researchers thought it is necessary to add the reductive

gas such as CO or H2 to prevent the oxidation of Ni-YSZ by weak

oxidants of CO2 [39]. However, these protective gases will dilute

the reactants concentration and decrease the electrolysis perfor-

mance. Some other studies claimed the superfluousness of protec-

tive gas since the negative cathodic potential guarantees the elec-

trons enriched environment on cathode to avoid the deep oxida-

tion [40]. Unlike H2 without carbon atom, the usage of CO as pro-

tective gas will inevitably bring another challenges of carbon de-

position, stemming from the electroreduction of carbon species at

the high electrolysis voltage and Boudouard reaction while the CO

concentration is above the reaction threshold. The as-form carbon

deposition could exist in the form of amorphous, graphite or car-

bon tube, blocking the active sites and degrading the devices [41].

Compared on Ni-YSZ, despite the Ni-BCZY cermet in P-SOEC ex-

hibits better performance at intermediate temperature region, the

poor redox stability and mechanical strengthen in highly humidi-

fied and reductive atmosphere are still obstacles needed to be re-

solved [42].

Alternatively, perovskite oxide cathode candidates with regular

formula of ABO3 have attracted much attention because of its earth

abundance, mixed ionic and electronic conductivity and excellent

redox stability. However, the superficial surface of perovskite is

usually dominated by catalytically inactive A-O terminal with lim-

ited amount of oxygen vacancies, and B-cation enriched region

is buried beneath the surface, restricting the performance of the

cell [43]. Therefore, diverse intrinsic/extrinsic material engineering

methodologies are developed to improve the electrocatalytic activ-

ity of the perovskite-related oxides.

Aliovalent cation doping is a very effective way to tune the

structural properties and electronic configurations of perovskites,

and further influence their electrocatalytic activities. The per-

ovskite SrFeO3–δ has a narrowed bandgap of ∼2.0 eV, expressing

good electrical conductivity but poor activity toward CO2 split-

ting. The infiltration of Ni nanoparticles (NPs) significantly en-

hanced the CO2 electrolysis performance with long-term stabil-

ity for 100 h and 8 redox cycles [44]. Another example of elec-

tronic conducting La0.2Sr0.8TiO3 (LST) also stressed the impor-

tant role of doping effect. The doping of Mn into B-site of LST

((La0.2Sr0.8)0.9(Ti0.9Mn0.1)O3–δ (LSTM)) can create sufficient oxygen

vacancies and enhance ionic conductivity. The material demon-

strated desirable redox stability between SOFC mode (800 °C in

a 5% H2/Ar) and SOEC mode (1.4 V, CO2, 800 °C) [45]. Vanadium

(V) substituting La0.5Sr0.5FeO3-δ was also shown to have enhanced

content of oxygen vacancies which facilitates the CO2 absorption.

The 0.05 mol% of V doped into La0.5Sr0.5Fe1-xVxO3-δ enhanced the

CO2 electrolysis current density by 51.2% at 1.6V and 800 °C [46].

The wet impregnation is another widely used method to load

active components onto oxide scaffold [47]. Loading of 2 wt% Fe2O3

on LSCM electrode was showed to drastically enhance the CO2

electrolysis current by 75% at 800 °C, which could deliver a sta-

ble current of 0.36 A/cm2 at 2 V [48]. Carneiro et al. reported that

metal oxophilicity (metal-oxygen bond strength) was strongly cor-

related to the CO2 activation and electrode deactivation processes,

which can explain why the electrode with infiltrated Fe has bet-

ter performance than those with Pd and Ni [49]. Ni, Cu and Ni Cu

metals are successfully incorporated into LSCM porous framwork,

and the comparison of electrochemical measurements showed that

the NiCu-LSCM composite cathode had best activity of 0.782 A/cm2

at 1.6 V and 800 °C) with high robustness for 100 h and ∼10 re-

dox cycles [50]. Besides metal, the MnCo2O4 spinel oxide were also

reported to be impregnated into GDC skeleton with uniform distri-

bution and served as electrode for SOEC. The current density for

pure CO2 electrolysis was able to reach 0.75 A/cm2 with applied

voltage of 1.5 V at 800 °C [51].

Within the last decade, an alternative electrode design prin-

ciple, called in-situ exsolution, emerged and was capable to re-

solve the weaknesses of poor metal (or alloy)/oxide adhesion, un-

even distribution and fabrication complexity possessed by impreg-

nation. Briefly, the catalytically active elements were uniformly in-

corporated into the lattice of perovskite scaffold during first-step

annealing, and then reduced, segregated and anchored onto the

surface of oxide support [52]. The anomalous catalytic interface

of emergent metallic/alloy nanoparticles embedded in oxide par-

ent displays uniform dispersion, enhanced stability. Intensive re-

searchers have discovered both internal and external manipula-

tion parameters to boost thermodynamic and kinetic of exsolu-

tion process. For instance, the point non-stoichiometry in lattice

[53], topotactic ion exchange [54] and lattice strain [55] were ap-

plied to enhance the quality of exsolved particles. And the elec-

trochemical poling method also facilitated the exsolution by cre-

ating transit ultra-low oxygen partial pressure (PO2
) [56]. Using

La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) scaffold as an example again, the

exsolved Ni nanoparticles decorated LSCM electrode demonstrated

an current density rise from 0.27 A/cm2 to 0.38 A/cm2 at 2.0 V

and Faradaic efficiency enhancement by 60% [57]. On the case of

La0.4Sr0.4Fe(or Ni)0.06Ti0.94O2.97, Tsekouras et al. evidenced that the

presence of electrocatalytically active exsolved Fe or Ni nanoparti-
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cles and co-generated oxygen vacancies dramatically lowered the

activation barrier to steam electrolysis (900 °C, 47% H2O and 53%

N2) compared to pristine perovskite [58]. Moreover, the Ni-Fe, Fe-

Co and Ru-Fe alloy were also reported to exsolve from various per-

ovskite scaffolds [59–65], which not only have superb electrolysis

activity, but also deliver enhance coking resistance. Also, the reduc-

tion temperature and duration are also key parameters influenc-

ing morphology of exsolved particle, further the electrolysis per-

formance (Figs. 2d and e) [66]. The plenty of theoretical simulation

results proved the preferable absorption and activation of reactant

at exsolved metal-support interface. And the as-formed oxygen va-

cancies adjacent to these interfaces can also contributed to the en-

hanced charge carrier transfer kinetics, collectively facilitating the

overall electrolysis process.

2.3. Air electrode

The anodic reaction for typical SOEC is often the sluggish 4-

electron involving oxygen evolution reaction (OER), which has a re-

dox potential of 1.229 V (vs. SHE) and occupies the majority energy

consumption of SOEC. Therefore, the development of novel anode

materials with minimized overpotential is crucial for highly effi-

cient SOEC [67,68]. The first generation of anode electrode is Sr

doped LaMnO3 perovskite (LSM) which had also been applied for

SOFC for decades [69]. The electronic conducting characteristic of

LSM (over 100 S/cm at 800 °C) [70] determines that it has to be

well mixed with ionic conducting electrolyte materials (YSZ, GDC)

to form mixed ionic and electronic conducting composite [71], and

the reaction can only happen at the triple phase boundary (TPB)

where LSM, electrolyte and gas meet.

The poor intrinsic activity of LSM motivates the development

of second-generation air electrode of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)

perovskite which has a reasonable electronic conductivity of 200-

300 S/cm, but an orders of magnitude higher ionic conductivity

of 0.01-0.1 S/cm. Therefore, the TPB length can be substantially ex-

tended to the whole air electrode region, which enhances the reac-

tion kinetics even without the mixture of electrolyte [72]. Recently,

other types of oxide were also developed to broaden the family of

air electrode. The Ruddlesden-Popper (RP) structure oxide such as

rare earth nickelate of Nd2NiO4 [73], usually demonstrate a higher

oxygen ionic conductivity than that of simple perovskite by several

orders of magnitudes, owing to the highly anisotropic interstitial

diffusion mechanism of oxygen ion on the a-b plane, confirmed by

Molecular dynamics (MD) simulation on La2NiO4 [74]. Beyond sim-

ple perovskite, the double perovskite of AA′BB′O6-δ with the AO-

BO2-AO-BO2 stacking along c-axis have shown outstanding oxy-

gen surface exchange coefficient and ionic diffusion rates. MD re-

sults showed that oxygen ions migrated in PrBaCo2O5.48 [75] and

GdBaCo2O5+x [76] were also highly anisotropic. The widely stud-

ied fuel electrode of Sr2Fe1.5Mo0.5O6-δ (SFM) was also found to

be efficient as air electrode with the polarization resistance is

only 0.26 � cm2 at open-circuit condition, and the electrolysis

current density at 1.3 V reaches 0.88 A/cm2 At 900 °C, which

was better than that of the LSM-YSZ anode [77]. The cell with

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) double perovskite anode can de-

liver the maximum current density of 1.3 A/cm2 is obtained at 1.3

V and humidity of 50% at 800 °C. And the cell exhibited excellent

durability of 120 h and good reversibility [78,79].

2.4. Buffer layer

Upon prolonged operation for thousands of hours, the signif-

icant ion inter-diffusion between different components will lead

to the formation of insulating phase, resulting in the deactiva-

tion of electrolysis stack. The unwanted reactions between elec-

trode and electrolyte can be alleviated by adding the buffer layer

between them. For example, LSCF is one of the most promising

air electrodes for O-SOEC, which however, will react with YSZ

electrolyte to form SrZrO3 and La2Zr2O7 insulating phases [80].

Thereby, doped ceria with comparable ionic conductivity as YSZ

was usually used as a buffer layer to avoid the undesired reaction

between the LSCF-based electrode and YSZ electrolyte. Lyu et al.

used one-pot hydrothermal method to prepared LSCF@GDC twined

hybrid which showed a 40-fold promoted performance under oxy-

gen starving conditions, compared to bare LSCF at 750 °C, suggest-
ing that the additive of buffer layer component can also facilitate

the oxygen activation kinetics. Nevertheless, the additive of GDC

will unavoidably decrease the total conductivity of LSCF and en-

hance the total ohmic resistance of the cell [81]. Besides YSZ, an-

other commonly used electrolyte of LSGM will react with Ni cer-

met to form lanthanum nicklates which is catalytically inert for

fuel activation. Consequently, again, a buffer layer of doped ceria

has to be incorporated between the Ni cermet and LSGM elec-

trolyte to resolve this problem [82].

2.5. Microstructure engineering

The microstructure engineering of the specific component, es-

pecially electrode, of SOEC is equally vital as the material selec-

tion, which is essentially correlated to the mass/heat transporta-

tion and the lengthen of TPB. Typically, the fuel electrode of the

mixture of Ni and YSZ has high porosity over 40% which is created

by the additive of pore maker during fabrication. The high active

surface area due to porous structure of electrodes could guaran-

tee the sufficient exposed active sites on which the reactants meet.

Unlike graphite and potato starch which generates coarser and un-

even pores, respectively, the PMMA can generate much finer pores,

leading to enhanced electrochemical performance. The SOEC using

PMMA as pore former shows a highest electrolysis at −713mA/cm2

at 1.3 V and 800 °C with a stable operation for over 400h [83]. Liu

et al. disclosed the optimum PMMA content of 10 wt% in cathode

fabrication, resulting in a high porosity of 45% and electronic con-

ductivity of 6726 S/cm [84]. Alternatively, the porous framework

manufacture and deposition of catalytic site can be done by two

separated steps. For example, Fan et al. reported the construction

of ionic conductive YSZ matrix concomitantly with the dense elec-

trode. And then the LSCF catalytic air electrode compound could

be introduced by impregnation to form TPB. However, the agglom-

eration of LSCF was observed after 8 charged/discharged cycles,

responding for its unsatisfied redox stability [85]. The manipula-

tion of morphology of pore can not only boost the electrolysis effi-

ciency, but also migrate the challenges confronted in extreme con-

dition. Li et al. reported that the modification of tortuous pore to

finger-like straight pore can enhance the carbon deposition resis-

tance of the SOEC for CO2 conversion. The critical current density

at which coking starts to occur was found the be enhanced from

0.5 and 1.0 A/cm2 to 1.0 and 1.5 A/cm2, respectively. The elec-

trochemical impedance spectroscopy (EIS) results disclosed that

straight pore paths accelerate the removal of as-produced CO to

suppress the Boudouard reaction (Fig. 2f) [86]. The microstructure

engineering was also employed to alleviate the delamination of

electrode/electrolyte interface during SOEC/SOFC cycling [87]. Khan

et al. added a SSZ porous layer between the dense SSZ electrolyte

and the porous LSM air electrode and found that electrolysis cur-

rent density increased from 294 mA/cm2 to 407 mA/cm2 after 5

cycles at 1.3 V in 10% H2O-90% H2, at 800 °C, owing to the raised

quantity of TPB and migrated high oxygen partial pressure. In com-

parison, The cell without such porous buffer layer suffered from

the formation of insulating zirconate phase, LSM aggregation and

undesirable silver deposition [88].
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Fig. 3. (a) The model of CH4 assist-SOEC. Copied with permission [89]. Copyright 2016, Elsevier. (b) The calculated energy consumption for conventional H2O/CO2 co-

electrolysis and CH4 assisted electrolysis. Copied with permission [89]. Copyright 2016, Elsevier. (c) The schematic of CH4 oxidative coupling assisted CO2 electrolysis. Copied

with permission [65]. Copyright 2018, Wiley. (d) The polarization curves of conventional SOEC and carbon gasification assisted SOEC at 850 °C. Copied with permission

[93]. Copyright 2016, Elsevier. (e) The calculated thermodynamic equilibrium results for the reaction of 2 mol O2 with 98 mol carbon at different temperatures. Copied with

permission [93]. Copyright 2016, Elsevier. (f) The amount of H2 depends on the current in the cathode in C2H6 dehydrogenation assisted P-SOEC. Copied with permission [94].

Copyright 2020, American Chemical Society. (g) CH4 partial current density and partial Faradaic efficiency in C2H6 dehydrogenation assisted P-SOEC. Copied with permission

[95]. Copyright 2020, Springer Nature.

2.6. Operation optimization

2.6.1. Fuel-assisted O-SOEC

Now that the electricity accounts for a majority of total en-

ergy consumption of SOEC, the cheap low-carbon molecules were

added into anode chamber to modify the elementary reaction hap-

pening on electrode, aiming to lowering the overpotential for elec-

trolysis. The CH4-assisted SOEC by coupling CH4 in air electrode

was systematically modeled by Ni’s groups on 2016 (Fig. 3a) [89].

It was shown that the introduction of CH4 in anode of CO2/H2O

co-electrolysis device effectively lower the equilibrium potential of

SOEC (Fig. 3b), and thus decrease the electricity consumption. The

reaction can be triggered even at the low potential of 0.2 V at 750

°C, and the device could realize the co-generation of electricity and

syngas at the current density less than 600 A/m2 and at 850 °C.
To enhance the total productivity and efficiency of fuel-assisted

SOEC, the highly selective catalyst were facilely prepared to con-

vert CH4 to valuable syngas via partial oxidation of methane (POM)

reaction [90]. The total electrical energy consumed of the POM-

assisted SOEC for the CO2/H2O co-electrolysis is decreased com-

pared with that of the convenient SOEC. An electrolysis current

of 350 mA/cm2 can be obtained at a cell voltage of only 0.4 V

in the POM assisted mode. Following this line of thinking, Lu et

al. developed the Ni Cu alloy exsolved LSCM electrode and as-

sembly the CH4-assist SOEC to efficiently reform of CH4/CO2 to

produce syngas by an electrochemical way. It was found that the

cell can reach the current density to 1.2 A/cm2 at 1.5 V and

the productivity of CO is highly dependent on the Ni:Cu ratio

in alloy (Fig. 3c). The cell demonstrated no obvious degradation

after 300 h of high-temperature operation and 10 redox cycles

[65].

By optimizing the catalyst in electrode, the methane can be

electrochemically converted to ethylene in SOEC via an oxidative

coupling reaction. On a Fe exsolved Sr2Fe1.5+xMo0.5O6-δ electrode,

the concentration of C2 in anode outlet can reach 16.7% with total

selectivity over 80% and CH4 conversion rate over 40%. This pro-

cess realizes a stable output for 100 h and 10 redox cycles, sug-

gesting its potential for practical application [91]. While replacing

CH4 with C2H6, more value C2+ products can be expected via the

advanced electrochemical-thermal coupling catalytic process. This

design was realized by Song et al. by the impregnation of γ -Al2O3

onto the surface of La0.6Sr0.4Co0.2Fe0.8O3−δ-Sm0.2Ce0.8O2-δ (LSCF-

SDC) anode in an O-SOEC. Usually, the thermal oxidative dehydro-

genation of ethane is challenged by the deep oxidation, resulting in

low selectivity. In comparison, in Song’s work, a high ethylene se-

lectivity of 92.5% and ethane conversion of 29.1% at 600 °C can be

observed [92]. The infiltrated Al3+ was bonded to Fe via an Al-O-Fe

structure and enriched the state density around Fermi level of Fe,

facilitating the conversion of C2H6. Besides gaseous fuel, the solid

carbon can also be employed to promote the activity of SOEC in

which the oxidation of carbon is predominant reaction in anode.

The theoretical overpotential of C-assist CO2/H2O co-electrolysis

can be reduced by about 1 V at 850 °C, compared to traditional

analogues (Figs. 3d and e). The thermodynamic equilibrium calcu-

lation further proved that CO is the main product while the opera-

tion temperature was over 550 °C, suggesting its good combability

with high temperature electrolysis [93].

2.6.2. Fuel-assisted P-SOEC

As mentioned above, the P-SOEC can migrate the biggest weak-

ness of poor intermediate temperature performance of O-PCEC,

offering brighter potential for industrialization. Moreover, for the
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fuel-assist SOEC, the proton conducting mode without existence of

oxygen species in anode, providing an alternative way to realize

the co-generation of dehydronated and hydrogenated products in

separated chambers. Zhang et al. reported an electrolysis of CO2 in

a P-SOEC with the electrochemical conversion of C2H6 to C2H4 in

anode. The NixCu1-x alloy exsolved Nb1.33(Ti0.8Mn0.2)0.67O4-δ anode

showed improved stability and high coking resistance for 10 h with

the highest ethane conversion of 75.2% and ∼100% ethylene selec-

tivity at 0.8 V (Fig. 3f). The CO2 was both directly reduced to CO

and involved into the reversed water gas shift reaction on cathode,

leading to a ∼6.3% H2 in the cathode outlet [94]. Using the same

cell configuration with SDC supported Ir (SDC/Ir) electrode, Li et

al. reported the achievement of selectivity over 95% toward CH4 of

electrochemical hydrogenation of CO2 at 400 °C. Further enhanc-

ing the bias leads to the promoted CH4 selectivity to reach almost

100%. The selectivity is strongly correlated to the stabilization of

different transition state of carbon species, which is controlled by

the Ir-O hybridization (Fig. 3g) [95].

On the other hand, the CO2 electrolysis in P-SOEC mode can

direct generate CH4 with the assist of H2O splitting in anode.

Pan reported that at an optimal low temperature of 450 °C and

electrolysis current of 1 A/cm2, a high CH4 productivity of 34.6%

can be achieved, which is much higher than the yield of thermo-

catalytic CO2 methanation. Further enhancing the electrolyte thick-

ness could improve the CH4 yield to 40.9% by enhancing the

faradic efficiency. And recycling the produced H2 in anode could

boosts the CH4-yield ratio to 71.2%. Such high performance is not

only due to low operating temperature, but also owing to the phys-

ical separation of the CO2 and H2O feedstocks. Such electrochemi-

cal CO2 upgrading with PCECs is proved to be economically benign

by the techno-economic analysis projects [96].

3. Stack level

Compared to individual cell, the SOEC stack brings more chal-

lenges beyond activity. The stacked cells compose single SOEC

module which is the basic unit of SOEC system. Taking planar

cell as an example, each individual cell is assembled into metal-

lic frames, which is sandwiched by interconnect component with

incurved flow channel. A sealant is simultaneously employed to

prevent potential gas leakage or mixing. For steam splitting, the

pre-purification system as well as gas storage system are usually

required to purify the steam reactant and store H2 product, respec-

tively.

3.1. Interconnect

Since the Interconnects not only separate the gas in cathode

and anode, but also provide the electrical conduction pathway

ways among all stacks, the qualified interconnect should be sta-

ble in reductive, oxidative and moisture atmospheres. The chromic

based perovskites such as LaCrO3 could serve as potential intercon-

nect due to its high chemical and thermal stability. However, its

high cost for manufacture restricts its commercialization. In com-

parison, the high-chromium (Cr) containing steels (430, 441, etc.)

are the alternatives owing to its economic efficiency, promoted

mechanical strength, and better thermal conductivity. Nevertheless,

the high chromium content in steel resulted in deteriorate Cr va-

porization and further diffusion into the cell, worsening the perfor-

mance of the cell. To overcome this problem, these stainless steels

are usually coated to slow down it degradation rate and minimize

Cr poisoning on cell [97].

For example, the ChromLokTM MCO-based composition

(Mn, Co)3O4 is applied to Crofer 22 APU stainless steel for O-

SOEC stack for over 700 h. The MCO coating is found to decrease

the oxidation rate by about one order of magnitude, and decrease

the Cr evaporation rate by fourfold [98]. On the other hand, the

(Co, Mn, Fe)3O4 spinel oxide coated Crofer 22 APU stainless steel

successfully operated for over 40,000 h. Due to the presence of

vapor at high temperature, the coating in fuel side degraded faster

than one in cathode side [99].

3.2. Sealant

Unlike tubular SOEC with great spatial separation of fuel and

air, the SOEC with planar configuration takes higher risk of poten-

tial gas leakage. the sealants for a SOEC stack should be chemi-

cally, mechanically and thermally stable under harsh working con-

ditions. Further, reactivity between sealant and interconnect has

to be as low as possible. The noble metals are chemically inert

and have good elasticity. However, they are usually extremely ex-

pensive. Glass and glass-ceramic composite seals such as borosili-

cates, or alkaline earth metal oxides containing silicate or borosili-

cate glasses, exhibit much higher cost efficiency [100]. Neverthe-

less, upon prolonged measurement, it is universally found that

the silica-containing impurities diffused from sealant into cell can

block the electrocatalytically active sites, inevitably cause degrada-

tion and lead to increased polarization resistance [101].

3.3. System operation

To improve the electrolysis production rate and decrease degra-

dation of the cell, the endeavors have to be devoted to optimize

the operation conditions of the stacks, which is usually ignored

for button cell measurement. Xu et al. reported the effect of the

flows of hydrogen electrode (Figs. 4a and b), water pressure, and

electrolysis current density on the performance of stack compos-

ited by a 30-layer single cell of NiO-YSZ/NiO-YSZ/YSZ/LSM-YSZ with

an active area of 63 cm2. High flow and low electrolysis current

density are beneficial to increase electrolysis efficiency and reduce

conversion (Fig. 4c). The speculated reason is that the heat gener-

ated from the stack internal resistance is much higher than that

required for water decomposition at high current densities, lead-

ing to increases in the operating voltage. Under the output voltage

39 V (thermoneutral voltage), the current density increased from

0.185 A/cm2 to 0.22 A/cm2 with the water pressure increased from

70% to 90%. Besides, the degradation rate of the stack was 11.7%

1000 h−1 under current density 0.15 A/cm2 and 80% water pres-

sure at 800 °C, and the electrolysis efficiency decreased from 113%

to 92%. The Post-mortem analysis revealed that both the oxygen

and hydrogen electrode at inlet area were delaminated from the

electrolyte (Fig. 4d), and the accumulation of Ni particles was ob-

vious at the hydrogen electrode [102]. Xu et al. further improved

the performance and long-term stability of the stack with a single

layer by replacing the LSM-YSZ by an LSCF-GDC cathode. The LSCF-

GDC stack exhibited a high hydrogen production rate with 159.2

Nml cm−2 h−1, much higher than 99.5 Nml cm−2 h−1 of the LSM-

YSZ stack under electrolysis voltage with 1.1 V at 800 °C. When it

operated under 0.5 A/cm2 at 750 °C for 640 h, the degradation rate

of stack performance is 4.33%, which is better than that of LSM-YSZ

at 4.89%. Besides, there was no significant flaking of the LSCF elec-

trode after the test (Fig. 4e) [103].

Regarding interconnector, O’Brien et al. found that Cr poison-

ing can seriously affect the performance of the cell in contact

with the Inconel collector, the total degradation rate of the stack

with 10-layer NiO-YSZ/YSZ/LSCF is 8.9% K/h under 0.2 A/cm2 and

70% H2O at 800 °C, where the degradation rate of the top cell is

26.8% and that of other cells is 3.7% (Fig. 4f) [104]. To prevent the

electrode from being corroded, the LSM and MnCo1.9Fe0.1O4 (MCF)

materials were used as an electrode protection layer [105,106].

Fang et al. applied the MCF as a protection layer between the

LSCF oxygen electrode and the connector, the degradation rate
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Fig. 4. (a, b) 3D view of the stack module mounting. Copied with permission [102]. Copyright 2014, Elsevier. (c) Effect of different flows on the hydrogen electrode on the

steam conversion rates and electrolysis efficiencies of the stack module at 800 °C and a constant 80% H2O-20% H2. Copied with permission [102]. Copyright 2014, Elsevier.

(d, e) SEM images of the cross-section (fracture surface) of the Ni-YSZ/YSZ/LSM–YSZ and Ni-YSZ/YSZ/GDC/LSCF-GDC cells after electrolysis at air inlet area. Copied with

permission [102,103]. Copyright 2015, Elsevier. (f) Stack with NiO-YSZ/YSZ/LSCF cell test 1000 h at 0.2 A/cm2 in electrolysis mode. Copied with permission [104]. Copyright

2013, Elsevier. (g) Gas outlet measurements of the 10-cell stack at 800 °C with cathodic inlet: 65% H2O-25% CO2-10% H2 with conversion rate of oxidized species is 32% at

0.5 A/cm2. Copied with permission [107]. Copyright 2015, Elsevier. (h) Gas analysis of the CSC and the ESC stack according to the steady state co-electrolysis experiments.

Copied with permission [108]. Copyright 2020, Elsevier.

of the stack is only 0.7%/1000 h under 0.5 A/cm2 and 50% H2O

at 800 °C, indicating high stability of stack with protection layer

[106].

The O-SOEC stack could be also applied to the co-electrolysis

mode of H2O and CO2. Mougin et al. performed co-electrolysis

using a stack with 10-layer NiO-YSZ/YSZ/GDC/LSC single cell un-

der 65% H2O-25% CO2-10% H2. A maximum current density with

−0.8 A/cm2 and gas conversion of 52% were obtained at 1.15 V

at 800 °C. When the electrolysis current with 0.8 A/cm2 was ap-

plied at 800 °C, the H2-CO syngas production was 0.34 Nm3/h, the

O2 production was 0.17 Nm3/h, and no methane production was

observed by chromatography (Fig. 4g), which is consistent with

the thermodynamic prediction, proving the feasibility of the co-

electrolysis at the stack [107]. Riedel et al. investigated the ef-

fect of pressure on the electrolysis performance of a stack with

a 10-layer single cell, and compared the performance of the elec-

trolyte support cell (ESC) and cathode support cell (CSC), where

the structure of former was NiO-GDC/GDC/3YSZ/GDC/LSCF and the

latter was NiO-YSZ/YSZ/GDC/LSCF. The co-electrolytic atmosphere

was 60% H2O-30% CO2-10% H2 and test pressure was 1.4, 4, and 8

bar, respectively. The current density of CSC was 0.75 A/cm2 under

electrolyte voltage of 1.3 V and pressure of 1.4 bar at 750 °C (Fig.

4h). The CH4 yield increased from 2% to 7% with the external pres-

sure increased from 1.4 bar to 8 bar under the electrolysis current

0.5 A/cm2 at 750 °C, which is consistent with high pressure, high

H2/CO ratio, and low temperature is favorable for methanation re-

action. Besides, Increasing the pressure could decrease the voltage

of stack and increase the core temperature of stack for the metha-

nation reaction is exothermic. In addition, the electrolytic current

of ESC was only 0.3 A/cm2 under 1.3 V at 800 °C and the maxi-

mum methane yield is only 5% for the higher internal resistance

(Fig. 4h) [108].

4. Perspectives

In this review, we have briefly summarized the recent develop-

ments of SOEC technology mainly at cell and stack levels. Mean-

while, we have stressed that further optimization of various pa-

rameters of SOEC is still urgently required to further promote the

overall activity and durability.

Both performance and cell durability have been improved dras-

tically by order of magnitude in the past decade. The lifetime of

the SOEC should be at least 50000 h to maintain its competi-

tiveness in the market. Haldor Topsoe in Demark has commer-

cialized the commercially competitive CO2 electrolysis technology

with lifetimes over 7000 h and degradation rate below 0.4% per

1000 h [109]. However, how to completely prevent Ni segregation

and stability of Ni-YSZ fuel electrode (e.g., resistance against mois-

ture for steam splitting, or resistance against carbon deposition in

CO2 electrolysis), especially at the condition of high electrocataly-

sis current/voltage are still the long-lasting issues that should be

addressed carefully. Moreover, the mechanical stability of the cell

upon redox operation is still critical. Impregnating functional lay-

ers or anchoring Ni nanoparticles via exsolution could be the alter-

native resolutions. But how to transplant the promoting effect on

button cell level to stack level is still challenging.

For O-SOEC, the operation of the cell by fuel assistant at anode

can facilitate the thermodynamics of CO2 electrolysis at cathode

and simultaneously take full advantage of the generated oxygen

molecules at anode to upgrade the alkanes to valuable products.
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On the other hand, the basic working principle of the P-SOEC al-

lows the generation of pure hydrogen without extra step for gas

separation. The lower activation energy for proton diffusion deter-

mines its lower operation temperature than that of O-SOEC. Never-

theless, so far, the technology readiness level (TRL) of the P-SOEC

is far lower than that of conventional O-SOEC, and no commercial

stacks or systems has been demonstrated yet. The remaining chal-

lenges related to P-SOEC arise from both structures and materials

employed in different stack/cell designs.

From the economical perspective, the total electrolysis products

amount over the SOEC stack’s lifetime directly determine the unit

price (such as cost of 1 kg H2). This core parameter will be com-

pared to that of alkaline or PEM electrolyzers which directly deter-

mine its commercialization potential. Therefore, the optimization

of operation condition of the stack (temperature, gas inlet, current,

etc.) should be considered collectively to maximize its merits in re-

spect of efficiency, and minimize the weakness in poorer reliability.
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