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ABSTRACT: Selective electrochemical reduction of CO2 using renewable
energy sources to create platform molecules for synthesis of fuels and
chemicals has become a contemporary research area of interest because of its
potential for recycling and minimizing the adverse environmental impacts of
CO2. Solid oxide electrolysis cells (SOECs) are solid-state electrochemical
devices with significant potential in this area because of their ability to
efficiently and selectively convert CO2 to CO or, when coupled with water
electrolysis, to produce syngas (CO and H2). Both CO and syngas are
precursors for the synthesis of fuels and chemicals using existing technologies.
While promising, SOECs are limited by the instability of the state-of-the-art
cathode electrocatalyst, Ni/yttria-stabilized zirconia (YSZ) cermet, due to its
limited redox properties and deactivation by carbon deposits. Nonstoichio-
metric mixed ionic and electronic conducting oxides are promising alternatives
because of their redox stability and resistance to deactivation by carbon.
Herein, we summarize the literature in this area and derive trends that relate changes in composition and oxygen defects in these
oxides to activity, selectivity, and stability for the electrochemical reduction of CO2 to CO in SOECs using both experimental and
theoretical studies. We also evaluate the factors that present challenges in a direct comparison of the performance of SOEC cathode
electrocatalysts for CO2 reduction reported in the literature and suggest possible solutions and standardized protocols for
benchmarking the performance of SOECs. We conclude by summarizing and providing an overview of challenges in the field along
with potential solutions and opportunities for electrochemical reduction of CO2 by nonstoichiometric mixed metal oxides in SOECs.
KEYWORDS: electrochemical CO2 reduction, nonstoichiometric mixed-metal oxides, solid oxide electrolysis cells, CO2 recycling,
perovskites, X-ray photoelectron spectroscopy, density functional theory, field-assisted catalysis

1. INTRODUCTION
Global energy demand has been continuously increasing due
to steady growth in the worldwide population and industrial-
ization. Currently, the dominant sources of energy supply
involve combustion of fossil fuels, which are rapidly depleting
and cause adverse environmental effects via generation of
greenhouse gases, such as CO2. A solution to this challenge is
to eliminate the use of fossil fuels as the source of energy and
commodity chemical production; however, this will require
significant developments in renewable energy technologies and
changes in infrastructure. An approach to alleviate the
detrimental effects of atmospheric CO2 from existing industrial
processes is to utilize renewable energy resources (i.e., solar
and wind energy) to power processes that convert CO2 into
platform chemicals, which can be subsequently converted to a
wide array of commodity chemicals and fuels using existing
technologies such as Fischer−Tropsch synthesis.1 Significant

evolution in CO2 capture and utilization processes has
occurred over the past decade for the generation of value-
added carbon-containing chemicals and fuels from atmospheric
CO2.

2−6

CO2 is characterized by strong C−O bonds, making this
compound very stable and inert, requiring a significant amount
of energy for its activation.7 Processes to convert CO2 into
high-value products have been multifaceted, including thermal
catalysis, and photo- and electro-catalysis.8−14 Among these,
electrocatalytic processes have shown promise, since product
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selectivities and yields from CO2 can be tuned through
adjusting the applied potential under mild reaction conditions,
while circumventing the complexity of photocatalytic systems
associated with direct coupling of photon and electron
processes. Different types of electrochemical systems have
been investigated for CO2 electroreduction over the
years.12,15,16 This review mainly focuses on high-temperature
electrochemical reduction using solid oxide electrolysis cells
(SOECs) for converting CO2 selectively to CO. CO is a
valuable platform chemical with a wide range of industrial
applications: for example, the synthesis of acetic acid by
catalytic carbonylation of methanol and the production of
formic acid by hydrolysis of methyl formate.17−19 CO can also
be coupled with H2 and converted to liquid hydrocarbons
using Fischer−Tropsch synthesis.20,21 The electrochemistry at
the solid/gas interface of the SOEC cathode is generally
simpler than that of low-temperature electrochemical systems
at solid/liquid interfaces.15 This results in SOECs exhibiting
higher energy efficiency, stability, and product selectivity,
providing advantages for practical application over current low-
temperature electrochemical processes.22,23

SOECs are solid-state electrochemical devices that operate
at elevated temperatures (>700 °C).24,25 In SOECs, gaseous
CO2 diffuses to the cathode and is reduced in the presence of
electrons to gaseous CO, generating O2− ions in the process
(Figure 1). O2− ions are conducted through the electrolyte to
the anode, where they are evolved as gas-phase O2. Yttria-
stabilized zirconia (YSZ) is the commonly used electrolyte for
SOECs, due to its excellent redox stability, high mechanical
strength, low cost, and adequate oxygen ionic conductivity at
temperatures >700 °C, which typically limits SOEC operation
to this temperature regime. Alternatives have been proposed to
lower the SOEC operating temperatures, such as Sc2O3-
stabilized ZrO2 (SSZ), Sr- and Mg-doped LaGaO3
(La1−xSrxGa1−yMgyO3, LSGM), which exhibit much higher
ionic conductivities between 400 and 800 °C as compared to
YSZ. However, these oxides present different challenges related
to their instability and cost.26,27 Buffer/protecting layers have
been added between the electrode and these electrolytes to
minimize their instability.28−30

Metallic Ni/YSZ cermet is the most commonly used
cathode for the reduction of CO2 in SOECs.25,31,32 CO2
activation on this cathode requires an engineered triple-
phase-boundary (TPB) interface among Ni, YSZ, and the gas-
phase species.33 The Ni/YSZ interface assists in CO2
adsorption and activation, facilitating electron conduction,34

while YSZ conducts oxygen ions.34 Common challenges with

Ni-based cathodes include degradation caused by the oxidation
of Ni, particle agglomeration, and carbon deposition.35−37

Nonstoichiometric mixed ionic and electronic conducting
oxides (An+1BnO3n+1±δ; n = 1 → ∞, where n = 1 results in a
Ruddlesden−Popper phase, while n = ∞ results in a simple
perovskite phase; A represents rare-earth and/or alkaline-earth-
metal cations, while B represents transition-metal cations) have
been considered as alternatives to the Ni/YSZ cermet because
of their redox stability. In this case, the oxide acts as both the
catalytically active surface and the medium for the conduction
of electrons and oxygen ions, reducing the TPB to a double-
phase boundary interface. These oxides are characterized by
coupled ionic and electronic conductivity facilitated by the
oxygen nonstoichiometry (δ) in their structure.38−40 Their
main limitation has been the inferior catalytic reactivity as
compared to Ni/YSZ. This limitation can be potentially
addressed by tapping into the large compositional space of
these oxides, which has been fairly underinvestigated in the
literature. For example, it has been demonstrated that
perovskite oxide structures with 4d or 5d transition-metal
cations diluted among 3d transition-metal cations in the B-site
can exhibit significantly higher electrochemical rates for oxygen
reduction reaction (ORR) in alkaline media in comparison to
the supported 4d or 5d transition-metal counterparts.41

In this review, we summarize the current advances in
electrochemical reduction of CO2 by nonstoichiometric mixed
ionic and electronic conducting oxides in SOECs. We briefly
introduce the fundamentals (thermodynamics and kinetics) of
this process, followed by the development of correlations
between the oxide composition and oxygen nonstoichiometry
with the performance for electrochemical CO2 reduction from
reported experimental and theoretical studies. Based on the
challenges with direct comparison of the performances
reported across various literature sources, we suggest possible
solutions and standardized protocols for benchmarking the
performance of SOECs. We conclude by summarizing and
providing a perspective on the advancements that are required
to make these systems feasible.

2. FUNDAMENTALS OF CO2 REDUCTION IN SOECS
Electrochemical reduction of CO2 in SOECs occurs at the
cathode in the presence of electrons, forming a mixture of O2−

ions and CO(g). The O2− ions are driven by the difference in
potential from the cathode to the anode, where they are
oxidized and evolved as O2 in the gas phase. These processes
are illustrated in Figure 1. The total energy demand for
reduction of CO2 to CO is described by the change in the
Gibbs free energy (ΔGT) of the overall reaction (CO2(g) →

Figure 1. Schematic of electrochemical CO2 reduction to CO in a SOEC along with the half-cell reactions at each electrode and the overall
reaction. The enlarged image highlights the half-cell reaction at the SOEC cathode involving the reduction of CO2(g) to CO(g) and O2− ions in
the presence of electrons.
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CO(g) + 1/2O2(g)) evaluated at the reaction temperature. ΔGT
includes effects from changes in enthalpic (ΔH) and entropic
(ΔS) energy contributions at the operating temperatures (eq
1). These energetic contributions are plotted in Figure 2 as a

function of temperature. ΔH and ΔS values were calculated
using the open source NIST Webbook data.42 Figure 2 shows
that increasing the operating temperature leads to a significant
decrease in the total energy demand, while the total enthalpic
energy demand remains almost constant. This suggests that,
with an increase in temperature, the efficiency for CO
production increases, arising from entropic effects.24

G H T ST = · (1)

The required electrical potential (voltage), ET, at any
pressure and temperature can be expressed by the Nernst
equation (eq 2). The first term in this equation is the standard
electrical potential (E0) at unit activity and standard pressure,
which is related to the Gibbs free energy at the reaction
temperature for CO2 electrolysis, as shown by eq 3. Standard
electrical potentials at various temperatures are presented with
red square marks in Figure 2, for the secondary y axis.
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In these equations, F represents the Faraday constant, n
represents the number of electrons transferred during the
reaction, which is 2 for the reduction of CO2 to CO, and R
represents the gas constant. PCO, POd2

, and PCOd2
refer to the

partial pressures of CO, O2, and CO2, respectively, which are
normalized by the standard pressure, P0. The standard Gibbs
free energy change (ΔG0) at standard operating conditions (25
°C and 1 atm) for CO2 electrolysis is 257.3 kJ/mol, consistent
with the reduction reaction being nonspontaneous under the
standard conditions. The corresponding voltage (E0) under the
standard conditions is −1.33 V, which refers to the electrical
energy demand required to drive the reduction reaction.
The value of ET is considered to be equal to the theoretical

open-circuit potential (VOCV) of the cell at thermodynamic

equilibrium. Once the reaction is driven in the forward
direction and the exchange of charge species occurs between
the two electrodes, the measured potential VExp deviates from
the thermodynamic potential, VOCV, due to overpotential losses
(ηcell) in an SOEC (eq 4). The overall ηcell has contributions
from ionic and electronic resistances (Ohmic overpotentials,
ηOhmic), mass transport resistances (concentration overpoten-
tial, ηcon), and the resistances related to the electrode reaction
kinetics (activation overpotential, ηact).

V VExp OCV Ohmic con act= (4)

The overall ηcell is dominated by the activation overpotential
associated with the kinetics of the half-cell reactions of CO2
reduction at a low applied potential. As the applied potential
increases and kinetic rates become faster, the Ohmic and
concentration overpotentials dominate.
The electrochemical half-cell reactions at the cathode (CO2

reduction reaction) and the anode (oxygen evolution reaction)
of SOECs consist of a series of elementary steps, the energetics
of which are dictated by the electrocatalysts used (nature of the
active sites) in these electrodes. It is generally agreed that the
rate-limiting step for CO2 electrolysis in SOECs is the CO2
reduction reaction at the cathode, and the limiting steps in this
process for most reported catalysts have been associated with
the adsorption and dissociation of CO2 on the catalyst
surface.43,44 CO2 adsorption energetics on the catalyst surface
have been tuned by controlling the oxophilicity of the metal
catalysts or the content of alkaline or alkaline-earth elements in
the oxide structures.45−47 A balance in the binding strength of
CO2 on the catalyst surface is required to minimize the
accumulation of stable carbonates, which can poison the active
sites.47 The energetics of CO2 dissociation have also been
controlled through tuning the nature of the catalytic site at the
cathode. For metal electrocatalysts, it has been shown that the
oxophilicity of the metal can be used to predict the kinetic
barrier for CO2 activation.

45,46 We discuss the kinetics of CO2
reduction on mixed metal oxide electrocatalysts in more detail
in Section 4.

3. CO2 REDUCTION ON NONSTOICHIOMETRIC
MIXED IONIC AND ELECTRONIC CONDUCTING
OXIDE ELECTROCATALYSTS: EXPERIMENTAL
STRUCTURE−PERFORMANCE TRENDS

Various crystal structures and compositions of An+1BnO3n+1±δ
oxides have been studied as SOEC cathode electrocatalysts for
CO2 reduction. Generally, A-site cations in these oxides have a
stabilizing structural effect and are not typically reported to be
active for CO2 reduction.43,44,48,49 A-site compositions with
cations of different atomic size and oxidation state have shown
to affect the activity due to effects on the bond strength
between B-site cations and oxygen ions in the surface layer and
the concentration of surface oxygen defects.50 Both the B-site
cations and surface oxygen vacancies have been linked to CO2
activation on the surface of these oxides. Below, we discuss in
detail the effects of oxide composition on the electrochemical
CO2 reduction activity and CO Faradaic efficiency (selectiv-
ity).

3.1. Perovskite Oxides. Simple perovskites (ABO3) are
the most commonly investigated nonstoichiometric mixed
ionic and electronic conducting oxides for electrochemical
CO2 reduction.

28,30,51−75 It is well established that the B-site
transition-metal cations in these oxides are responsible for the

Figure 2. Thermodynamics of electrochemical reduction of CO2 to
CO at atmospheric pressure. ΔH, ΔGT, and ΔS values were calculated
using the data from the NIST Webbook.42

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.2c03398
ACS Catal. 2022, 12, 11456−11471

11458

https://pubs.acs.org/doi/10.1021/acscatal.2c03398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03398?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


catalytic activity and electron transfer.76−78 B-site cations are
highly hybridized with the surrounding oxygen anions in BO6
octahedra.79 Due to B-site hybridization with lattice oxygen,

oxygen vacancies interact with the B-site to promote the
adsorption and activation of CO2 on the surface. To determine
the effect of the nature of the B-site cations on the CO2

Figure 3. Current densities (absolute values, bottom plot) and non-Ohmic electrode polarization resistances (top plot) of SOECs with cathode
perovskite electrocatalysts with Fe in the B-site (yellow region) and those without Fe in their structure (green region) at an applied voltage of 1.2 V
and 800 °C.

Figure 4. (a) Current densities (absolute values, primary y axis) and non-Ohmic electrode polarization resistances (secondary y axis) at 1.2 V and
800 °C of SOECs containing Fe-based perovskite cathodes with different A-site compositions (green region) and B-site dopants (purple region).
(b) Current densities and CO Faradaic efficiencies (secondary axis) of SOECs containing Fe-based perovskite cathodes at an applied voltage of 1.2
V and 800 °C.
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reduction activity of the ABO3 oxides, we have plotted the
reported absolute values of the current densities and non-
Ohmic electrode polarization resistances for electrochemical
reduction of CO2 at 1.2 V and 800 °C for SOECs containing
perovskite-based cathodes with varying A- and B-site cation
compositions, extracted from the current−voltage (I−V)
profiles and impedance spectra of each study, respectively
(Figure 3). We focus on the current densities and non-Ohmic
resistances at the low-applied-potential region because these
are largely dominated by the activation overpotentials
associated with CO2 reduction.
The most commonly reported perovskites for CO2

reduction are composed of La, Pr, Gd, La/Ca, La/Ba, and
La/Sr as A-site cations and Fe, Ti, Cr, and Mn and their
mixtures as B-site cations (Figure 3). Consistent with the
general consensus in the literature, Figure 3 shows that the
largest effects on the activation overpotentials stem from
variations in the B-site cation with Fe-based perovskites,
leading to the highest current densities and lowest non-Ohmic
electrode polarization resistances at 1.2 V (yellow region). The
reported non-Fe-based perovskites in general exhibit inferior
electrochemical current densities (green region in Figure 3).
Among non-Fe-based perovskites, LaxSr1−xTiO3+δ and
LaxSr1−xCryMn1−yO3+δ have been the most commonly
investigated. Ti, Cr, and Mn are more oxophilic metal cations
than Fe. Extrapolating from reported density functional theory
(DFT) studies for CO2 reduction on metal surfaces,45 the
reason for their lower performance in comparison to Fe-based
oxides could be hypothesized to stem from poisoning of the
oxophilic B-site cations by intermediates or increased barriers
for oxygen defect formation. Another factor could be related to
electronic conductivity; however, this would also be largely
affected by changes in the A-site composition (i.e., doping
lanthanides with Sr),80 which is coupled with effects on oxygen
defect concentration, making it difficult to discriminate
between these effects. Because of the low performance and
limited trends among these non-Fe-based perovskites, we focus
the remainder of this section on Fe-based perovskites for CO2
reduction.
To tune the performance of Fe-based perovskites, doping

the A- and the B-sites with various cations has been used as a
strategy.28,30,53,55−67 Mizusaki et al.81 showed that doping the
La site with Sr in LaFeO3 improved the electrochemical rates.
This was associated with Sr increasing electron−hole
concentration and straightening of the O−B−O bond, leading
to improved orbital overlapping between the 3d orbital of the
B-site and O 2p orbital,82 enhancing both ionic and electronic
conductivity. Figure 4a selectively highlights from Figure 3 the
current densities and non-Ohmic electrode polarization
resistances measured at 1.2 V for electrochemical CO2
reduction on reported Fe-based perovskites with varying A-
site (green region) and B-site compositions (purple region).
These data show that varying the A-site composition among
lanthanide cations (A = La, Pr, Gd) of pure Fe-based
perovskites (Figure 4a, green area) has a limited effect on
the electrochemical activity for CO2 reduction. However,
doping La with alkaline-earth-metal cations (i.e., Ca2+, Sr2+,
and Ba2+) leads to an increase in performance. This is
consistent with the lower oxidation state of alkaline-earth
metal-cations in comparison to La3+, inducing oxygen defects
in the structure, which have been suggested to play a role along
with the transition-metal cations in binding and activating
CO2. For example, our recently reported DFT calculations52

and the works of others83,84 showed that oxygen surface
vacancies adjacent to Fe B-site cations significantly contributed
toward increasing the CO2 binding strength and improving
CO2 electrolysis rates. We reported that the oxygen defects
played an important role in the adsorption energetics of CO2,
which led to adsorption energies that were comparable to or
greater than those on stoichiometric surfaces.52 With respect to
B-site doping, Figure 4a (purple region) shows that, in general,
doping the Fe B-site of La1−xSrxFe1−yByO3 oxides with
transition-metal cations such as Cr, Mn, Co, Ni, Cu, Mo, V,
Nb, and Ti leads to a decrease in the electrochemical
performance, which trends with the decrease of the Fe content
in the B-site of these perovskites.
Thus far, we have mainly discussed the current densities and

non-Ohmic electrode polarization resistances at a given applied
voltage (1.2 V) for CO2 electrolysis in SOECs. However, it is
also critical to evaluate the selectivity (Faradaic efficiency)
toward CO production (Figure 4b). In general, CO Faradaic
efficiencies above 80% are reported for all SOECs containing
Fe-based perovskite cathodes independent of the composition,
suggesting that Fe cations are directly involved in CO2
reduction to CO. The deviation from 100% CO Faradaic
efficiency has been associated with over-reduction of the
oxides52 or potential leaks in the reported cells.
Stability is another critical parameter for SOEC electro-

catalysts. However, this has been largely underevaluated in the
literature for electrochemical CO2 reduction on perovskites.
For example, doping La with alkaline-earth-metal cations, such
as Sr2+and Ba2+, has generally been reported to lead to an
increase in electrochemical performance; however, alkaline-
earth-metal cations in perovskites have been shown to surface
segregate,85 which becomes more facile with an increase in
ionic radius from Sr2+ to Ba2+.53 Among the limited reported
stability studies, Wang et al. showed through chronoampero-
metric (constant voltage) experiments at 1.2 V and 800 °C for
30 h that SOECs containing La0.6Sr0.4Fe0.95Mo0.05O3-based
cathodes underwent a slight decrease in performance in the
first 5 h, which then stabilized for the remainder of the
testing.55 A postreaction scanning electron microscopic (SEM)
analysis indicated minimal microstructural changes over time;
however, no obvious agglomeration or changes in the
distribution of elements at the electrode−cathode interface
were observed. In another study, Zhou et al. assessed the
stability of SOECs containing La0.5Sr0.5FeO3 (LSF) and
La0.5Sr0.5Fe0.95V0.05O3 (LSFV) cathodes without a diffusion
barrier layer and reported 0.022% and 0.015% performance
degradation after 20 h of chronoamperometry experiments at
1.2 V and 800 °C, respectively.56 After the stability test, cross-
sectional SEM mapping of the cells indicated that V-doping
prevented surface Sr segregation and particle agglomeration,
which resulted in a higher stability of the cell containing the
LSFV cathode. However, delamination between the electrode/
electrolyte interfaces was observed for both cells, which was
identified as the dominant reason for the degradation of
SOECs during stability tests at a constant applied potential.

3.2. Double Perovskites and Ruddlesden−Popper
Oxides. A few double perovskites and Ruddlesden−Popper
(R-P) oxides have been investigated as cathode electrocatalysts
for the electrochemical reduction of CO2 in SOECs.86−89

Among the double perovskites, Sr2Fe1.5Mo0.5O6‑δ (SFM)
showed potential as both the CO2 (fuel) and oxygen electrode
for reversible SOECs, since it displayed excellent redox stability
and high conductivity in both reducing and oxidizing
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environments. The electronic structure of Fe/Mo and strongly
hybridized Fe 3d and O 2p states in SFM led to electronic
defects and oxygen vacancies, thereby exhibiting excellent
electron−ion transport properties. Li et al. investigated SOECs
containing a SFM cathode under pure CO2 atmospheres at 800
°C and reported a current density of 0.450 A/cm2 at 1.2 V,
which was inferior to that of the previously reported cells
containing Fe-based ABO3 perovskites.

88

Few studies have investigated R-P oxides as cathode
electrocatalysts for CO2 electrolysis in SOECs. Ling et al.
examined the stability of R-P Sr3Fe2O7−δ and showed that it
decomposed completely at 800 °C under a pressure of 10−20

atm.86 In another study, Huan et al. showed that R-P
SrEu2Fe2O7 demonstrated excellent stability within 260 h of
operation under CO2 electrolysis conditions because the
substitution of Sr2+ in the rock-salt layer by Eu3+ significantly
enhanced the structural stability at the expense of the oxygen
vacancy concentration.90 In the case of non-Fe based R-P
oxides, Ishihara et al.87 reported that first-series R-P La2NiO4+δ
and La1.8Sr0.2NiO4+δ oxides were not very active for electro-
chemical CO2 reduction.
3.3. Exfoliated Nonstoichiometric Mixed Metal

Oxides. The reported performances of nonstoichiometric
mixed metal oxides for CO2 reduction, as detailed above, in
general suggest that the electrochemical rates can be tuned via
changes in their cation composition; however, these rates are
still largely lower than those reported for the state-of-the-art
Ni/YSZ-based SOECs. An alternative approach to oxide
compositional variations that has been used to enhance the
CO2 electrolysis rates is the in situ exsolution of the B-site
cations leading to the formation of metal nanoparticles (NPs)
on the surface of the mixed metal oxides under reducing
conditions.68,72,91−106 For a subset of oxides, it has been shown
that CO2 electrolysis rates on exfoliated oxides are generally
higher than those on the parent oxide. For example, Liu et al.
showed that exfoliated Fe nanoparticles from LaSrFeO4+δ led
to higher electrochemical rates for CO2 reduction in
comparison to the parent oxide.93 In other works, Li et al.
showed that exfoliation of NiFe alloy NPs from
Sr1.9Fe1.5Mo0.4Ni0.1O6‑δ (SFM) led to significantly higher
electrochemical CO2 reduction rates as compared to the
parent SFM oxide.95 The increase in performance was linked
to the improved surface kinetics for CO2 reduction on the
exfoliated NiFe alloy NPs at the interface with the oxide. A
high CO Faradaic efficiency of 99.2% at 1.2 V and 800 °C was
also reported. They showed that the exfoliated system
exhibited long-term stability for 500 h under CO2 reduction
conditions due to the resistance from sintering and coking
induced by the close interface between the exfoliated alloy NPs
and the restructured surface of the parent oxide.
Figure 5 shows a summary of the tabulated current densities

of reported SOECs containing exfoliated mixed metal oxide
cathode electrocatalysts at an applied voltage of 1.2 V and 800
°C. In general, SOECs containing exfoliated monometallic Ni
NPs from oxides have been reported to exhibit lower
performances compared to those of exfoliated Fe- or Co-
based monometallic systems (Figure 5, purple region). These
activity trends are consistent with those reported and predicted
from DFT for metal nanoparticles, which trended with the
binding strength of oxygen on the metal surface (oxophilicity
of the metal).45,46 However, unlike metal-supported electrodes,
the exfoliated systems have in general been reported to be
more resistant to sintering and coking due to the close,

enveloping interface with the restructured surface of the parent
oxide.107 In the case of exfoliated alloys (blue region in Figure
5), Fe-Ni alloys have been largely studied. Significant
discrepancies in the performance of these systems exist
potentially due to variations in the surface structure of the
exfoliated alloys induced by the differences in the composition
of the parent oxide and/or exfoliation conditions.

4. MECHANISTIC INSIGHTS ON CO2 REDUCTION
OVER NONSTOICHIOMETRIC MIXED METAL OXIDE
ELECTROCATALYSTS
4.1. Experimental Studies. Limited experimental studies

exist on understanding the underlying mechanisms that govern
CO2 reduction on mixed metal oxide surfaces in SOECs. Opitz
et al.83 investigated the surface chemistry of La0.6Sr0.4FeO3−δ
electrodes during electrochemical CO2 reduction by using
near-ambient-pressure X-ray photoelectron spectroscopy
(NAP-XPS) at SOEC operating temperatures. A sketch of
the cell designed for these spectroscopic studies is shown in
Figure 6a. These experiments showed that a bidentate
(CO3)•3− adsorbate was the key intermediate from CO2
activation on La0.6Sr0.4FeO3−δ electrodes (Figure 6b).
The concentration of this intermediate increased with

increasing oxygen vacancy concentration in the oxide (induced
through A-site doping), suggesting that surface oxygen
vacancies were the predominant adsorption sites for CO2.
The reduction of the carbonate intermediate to CO was found
to be the rate-limiting step. Two pathways for the formation of
the bidentate carbonate intermediate were proposed based on
the mode of CO2 adsorption: one involved CO2 adsorption via
an oxygen vacancy on the surface of the perovskite coupled
with electron transfer from a near-surface polaron, while the
other involved a single charged surface oxygen vacancy where
the carbonate intermediate formed by CO2 binding on the
vacancy and its coordination with an adjacent surface lattice
oxygen ion. These studies suggested that formation of the
bidentate carbonate intermediate was highly dependent on the

Figure 5. Current densities (absolute values) of SOECs containing
exfoliated mixed metal oxide cathode electrocatalysts at an applied
voltage of 1.2 V and 800 °C. The highlighted purple region represents
monometallic NPs exfoliated from the parent oxide, while the blue
region represents exfoliated alloy systems.
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perovskite composition and surface termination due to the
variations that these factors would induce on the arrangement/
distance of two surface oxygen lattice sites.
4.2. Theoretical Studies. 4.2.1. Structural Models and

Computational Methods. Although there has been some
recent work regarding the interaction of CO2 and YSZ,108

there exist only a limited number of reports regarding the
reduction of CO2 in SOECs with perovskite-based electro-
catalysts.50,109 The reported literature often assumes that the
bulk of the ABO3 structures is cubic,110,111 even though this
bulk structure is not what is observed experimentally for many
perovskite structures.112 One reason the cubic structure is used
for these types of systems is the computational expense that is
associated with the bulk structures observed experimentally,
since the unit cell size is considerably larger. A natural question
would be whether there is an influence on the reported results
if one would use the same bulk structure as what is reported
experimentally. In the studies that we discuss in the next
subsection regarding CO2 activation, the cubic unit cell was
used in all but one study.52

Only a few of the studies related to CO2 electrochemical
reduction on perovskites delve deep into the mechanism
utilizing transition state theory and determination of kinetic
barriers.43,44,52 In general, theoretical studies concerning the
mechanism have focused mainly on the effects of oxygen
vacancies52,113,114 on the activation of CO2 on the surface, with
some investigations also probing the effect of supported
heterogeneous nanoparticles on the oxide.28,49,115−118

Although there have been many studies on perovskite surfaces
regarding the oxygen evolution and reduction reactions, we
restrict ourselves to the studies that involved the activation of
CO2 in the next subsection.
4.2.2. Oxygen Vacancy and Oxide Compositional Effects.

Oxygen vacancies have been largely linked to the adsorption
and activation of CO2 on the surface of perovskite catalysts.
Theoretical studies typically conclude that CO2 reduction
requires at least two oxygen vacancies on the surface.44 DFT
calculations showed that the nature of B-sites affected the
oxygen vacancy formation rate, consequently affecting the CO2
r e du c t i o n me ch an i sm . Fo r e x amp l e , f o r t h e
La0.4Sr0.6Co0.2Fe0.7Mo0.1O3‑δ system, a corresponding density
of states analysis indicated that the B-sites were more reactive
toward CO2 activation than the A-sites due to the electronic

states of the Fe B-site being closer to the Fermi energy, as
shown in Figure 7a.116 The influence of the B-site on the
activation of CO2 was recently elucidated experimentally and
computationally on undoped La-based perovskites,52 where the
reactivities of LaFeO3(110), LaCoO3(001), and LaNiO3(001)
toward CO2 activation were compared in the absence of
oxygen vacancies. Through a comparison of the measured
diffuse reflectance infrared Fourier transform (DRIFT) spectra
with the simulated infrared spectra (see Figure 7b), CO2 was
determined to adsorb in monodentate and bidentate
configurations. On LaFeO3 and LaCoO3, CO2 adsorbed via
both monodentate and bidentate configurations. Conversely,
in the case of LaNiO3, CO2 adsorption mainly occurred
through a bidentate configuration. On a stoichiometric
LaFeO3(001) surface, the adsorption strength of CO2 was
found to be weaker in comparison to LaNiO3(001) and
LaCoO3(110), whereas in the presence of vacancies, the
adsorption strength of CO2 on LaFeO3(001) was greater than
that on LaNiO3(001) and LaCoO3(110). Interestingly, the
computational results indicated that the adsorption of CO2 was
activated on all three surfaces, as illustrated in Figure 7c for
LaCoO3. This study concluded that both the nature of the B-
site and oxygen vacancy distribution must be considered to
arrive at a predictive model for determining CO2 reduction
energetics on nonstoichiometric mixed metal oxides.
When considering the entire mechanism of CO2 reduction

on perovskite surfaces, the process is not fully understood,44,119

with only a handful of DFT-based studies that consider the
dissociative adsorption of CO2.

43,44,52,54 Kozokaro et al.
qu an t i fi ed the CO2 r educ t i on mechan i sm on
La0.3Sr0.7Fe0.7Cr0.3O3 using a DFT+U functional.44 The
proposed mechanism involved two surface oxygen vacancies
as adsorption and activation sites for CO2 on this perovskite
surface. The corresponding barrier calculations revealed that
the bond angle of gaseous CO2 decreased from 171.47 to
124.94° when the CO2 molecule adsorbed on the surface as a
bidentate carbonate intermediate. The oxygen species of the
CO2 molecule adsorbed on a surface Fe cation near an oxygen
vacancy site with the corresponding carbon adsorbing on the
lattice oxygen. The oxidation state of the B-site was also altered
when CO2 chemisorbed. Due to its electronegative nature, Fe
was found to not participate in the transfer of electrons in the
reduction mechanism; instead, the oxidation state of the doped
cation, Cr, changed from +4 to +5 by donating an electron to
the carbon atom of the adsorbed CO2. CO2 was further
reduced, as an oxygen species within the CO2 molecule filled a
nearby oxygen vacancy, while one of the electrons from the
dissociated oxygen was donated to the newly formed CO
molecule for which its desorption was thermally activated. This
work highlighted the importance of doping the Fe B-site with
Cr for CO2 reduction, as surface Cr cations had a higher
oxidation state than their bulk counterparts, increasing the rate
of oxygen vacancy formation on the surface and thus increasing
the reactivity of the catalyst toward CO2 activation.
As was mentioned above, cation doping can be used to tune

the rate of formation and stability of oxygen vacancies. Ren et
al. constructed a DFT+U-based model on (001)FeO-
terminated La0.5Sr0.5FeO3 (LSF) with various amounts of
Mn/Ni doping in the B-site.43 Four configurations (pure LSF,
Mn-doped LSF, Ni-doped LSF and LSF codoped with Ni and
Mn) with four oxygen vacancies were tested using the
proposed mechanism, for which all doping strategies were
considered and where the CO2 molecule adsorbed on a surface

Figure 6. (a) Sketch (cross section) of an electrolysis cell mounted
for NAP-XPS measurements. (b) Formation of a carbonate
intermediate during CO2 reduction on the LSF electrode at 600
and 720 °C in 0.25 mbar CO2 at various cathodic polarizations (η) as
detected by NAP-XPS. Reproduced from ref 83. Copyright 2017
American Chemical Society.
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B-site cation near an oxygen vacancy. When it adsorbed on the
pure LSF surface, the adsorption strength of CO2 was −0.15
eV, while it was −0.05 eV on LSF codoped with Ni and Mn. In
all configurations, the adsorption of CO2 was activated,
forming a bidentate intermediate with the carbon atom
adsorbed on a lattice oxygen species and with one of the
oxygen atoms within the CO2 molecule binding to an Fe
cation. Reduction of CO2 was the rate-limiting step for all
surfaces shown in Figure 7d. It was found that doping with
only Mn led to the lowest energy barrier: however, at the cost
of lattice stability toward the formation of oxygen vacancies.

Codoping with Mn and Ni was hypothesized to increase the
concentration of oxygen vacancies. Yang et al. modeled a very
similar surface, the energetically more favorable LaSrFeO-
terminated La0.75Sr0.25FeO3(110) surface with one surface
oxygen vacancy, using DFT.54 Barrier calculations revealed that
the CO2 molecule adsorbed in a bidentate configuration with
the carbon atom of CO2 adsorbing on a lattice oxygen and the
oxygen species from the CO2 molecule adsorbing on La and Sr
A-sites. In this configuration, CO2 interacted strongly with the
surface with an adsorption energy of −0.85 eV. The
dissociative adsorption of CO2 had a high energy barrier of

Figure 7. (a) The analysis of a La0.4Sr0.6Co0.2Fe0.7Mo0.1O3‑δ perovskite surface. The red dashed line indicates the Fermi energy level. Reproduced
with permission from ref 116. Copyright 2020 John Wiley and Sons. (b) DRIFTS spectra of LaNiO3, LaCoO3, and LaFeO3. In the cases where
multiple possible configurations were present within the DFT-based model, the intensities of the IR peaks were averaged, and overall peaks were
established. Reproduced with permission from ref 52. Copyright 2022 IOP Publishing. (c) Nudged elastic band calculation for the adsorption of
CO2 on LaCoO3. CO2 adsorbs in a bidentate configuration with an adsorption energy of −0.79 eV. The atoms are marked as follows: La in green,
Co in dark blue, surface O in red, O from CO2 in purple, and C from CO2 in black. Reproduced with permission from ref 52. Copyright 2022 IOP
Publishing. (d) Potential energy surface for CO2 reduction and oxygen migration through the surface for four different models: pure LSF, LSF with
Ni doping, LSF with Mn doping, and LSF codoped with Mn and Ni. Images on the top and bottom correspond to the transition states when the
CO2 adsorbs and when oxygen is integrated into the surface, respectively, on each of the surfaces indicated by the color surrounding the image
corresponding to the line within the plot. The initial state is the reference energy for all surfaces. The atoms are marked as follows: La in cyan, Sr in
lime green, Fe in purple, Ni in teal, Mn in dark blue, O in red, and C in gray. Reproduced with permission from ref 43. Copyright 2020 Elsevier. (e)
Potential energy surface for CO2 electrolysis with and without an adsorbed CoFe cluster. VO indicates the presence of an oxygen vacancy. CO2*
indicates adsorbed CO2, and CO* indicates adsorbed CO on the surface. The atoms are marked as follows: La in green, Fe in copper, Co in blue, O
in red, and C in black. Reproduced with permission from ref 116. Copyright 2020 John Wiley and Sons.
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1.43 eV and was the rate-limiting step.54 Once CO was formed
and the remaining oxygen integrated into the surface, CO then
desorbed. Limited information was provided in this study
regarding the role of oxygen vacancies in the reduction of CO2
and the specifics surrounding electron transfer to understand
the role of the A-site on CO2 adsorption.
Oxygen surface vacancy formation through oxygen mobility

within the perovskite surface has also been considered as a
potential rate-limiting step, depending on the oxide composi-
tion and structure. The local coordination around the oxygen
vacancies in these oxides involves both the B-site and the A-site
cations, which affect oxygen migration.114 Doping of the A-
and B-sites has been used as a strategy to enhance oxygen
migration through the stabilization of the surface vacancies and
destabilization of subsurface oxygen vacancies.43 Highly
oxophilic B-site cations have shown to limit the oxygen
migration through the surface and lower the oxygen vacancy
formation rate by stabilizing oxygen within the surface.44

Mastrikov et al. studied bulk La1−xSrxCo1−yFeyO3 with oxygen
vacancies and found that the migration of oxygen vacancies
was affected by the B-site cation with Co, leading to lower
oxygen migration barriers than for Fe.114 An optimal oxygen
vacancy concentration is required to enhance CO2 reduction
rates, since a high concentration of oxygen vacancies in the
oxide surface can lead to (i) a deficiency of electrons on the
surface, reducing the charge transfer between the surface and
CO2 and thus reducing the production of CO,49 and/or (ii)
surface destabilization, causing cation segregation and loss of
active sites.116

4.2.3. Surface Cluster Models Mimicking Exfoliated
Oxides. Surface activity toward the reduction of CO2 can
also be augmented by decorating the perovskite with NP
clusters as in the exfoliating/exsolved systems discussed above.
Ye et al. modeled the SrTiO3(110) surface on which a Ni NP
was adsorbed.118 Without surface oxygen vacancies, CO2
adsorbs in a bidentate configuration at the Ni cluster and
surface interface. The bond length between the carbon and the
Ni cluster was a meager 1.906 Å, explaining the high
adsorption energy of −2.6 eV. A charge density calculation
suggested that the interactions between the 2p orbitals of C, O,
and Ni stimulated the adsorption of CO2. Surface defects
introduced near the Ni cluster promoted exothermic CO2
activation. In this case, CO2 adsorption occurred through
carbon binding on Ni and one oxygen integrating into a surface
oxygen vacancy, as indicated by near-bulk bond lengths
between the oxygen and the surrounding Sr and Ti.118 In
the charge density calculations, the Ni 4s orbital was depleted
due to the filling of the C 2p and O 2p orbitals that occurred
because the C−O bond was broken during adsorption. These
results suggested that oxygen vacancies and the Ni cluster
acted synergistically to improve CO2 reduction. However, the
activation barrier was not quantified. Yang et al. also studied
SrTiO3 when a Cu NP was deposited on the surface.117 The
addition of the NP on the surface reduced the oxygen vacancy
formation energy from 3.55 to 3.42 eV, hinting that the NP
promoted their formation. The Cu NP and the SrTiO3
interface activated CO2 by decreasing the free energy barrier
from 1.38 to 0.82 eV.
In another study that was previously discussed in this review,

Lv et al. modeled La0.4Sr0.6Co0.2Fe0.7Mo0.1O3−δ with CoFe alloy
NPs decorating the surface to mimic exsolved/exfoliated oxide
systems.116 Experimentally, heterogeneous NPs were generated
on the surface by introducing an A-site deficiency in the oxide.

On analysis using DFT calculations (Figure 7e), the addition
of a CoFe cluster (CoFe@La0.4Sr0.6Co0.2Fe0.7Mo0.1O3‑δ)
changed the tridentate adsorption of CO2 on the surface
from a physisorbed configuration to a chemisorbed config-
uration by strengthening the adsorption energy from −0.1 to
−1.2 eV. This enhanced reactivity correlated well with a
corresponding density of states analysis for CoFe@
La0.4Sr0.6Co0.2Fe0.7Mo0.1O3−δ, which demonstrated that the
exsolved Co and Fe in CoFe@La0.4Sr0.6Co0.2Fe0.7Mo0.1O3−δ
had richer electronic states around the Fermi level than the
those depicted for La0.4Sr0.6Co0.2Fe0.7Mo0.1O3−δ in Figure 7a.
CO2 activated on the surface of a CoFe cluster due to the high
concentration of electrons localized by the cluster. On the
clean surface, the dissociation of CO2 on the catalyst was the
rate-limiting step, whereas the desorption of CO was the rate-
limiting step when the surface was decorated with a CoFe
cluster. These theoretical studies suggest that significant
differences exist in the CO2 reduction mechanism and
energetics between the exfoliated and parent oxides.

5. SUMMARY AND OUTLOOK
In this review, we summarize the effects from the composition
and oxygen deficiency of nonstoichiometric mixed ionic and
electronic conducting oxide electrocatalysts on the electro-
chemical reduction of CO2 in SOECs by combining the
insights from experimental and theoretical studies reported in
the literature. In general, the A-site cations in these oxides do
not directly contribute to CO2 activation; however, A-site
dopants have been used to increase the concentration of
oxygen surface defects, which have been suggested to assist in
the adsorption of CO2. On the other hand, the nature of the B-
site cations in these oxides directly contributes to C−O bond
activation in CO2 and affects the activation overpotentials.
Oxides containing Fe B-site cations have been shown to lead to
the highest reported electrochemical rates for CO2 reduction
in SOECs. Exfoliation of metal NPs from the B-site cations of
nonstoichiometric mixed metal oxides has been reported as an
effective approach to improve the electrochemical rates of CO2
reduction, through inducing changes in the mechanism and the
energetics of this process.
Fundamental studies in understanding the mechanism of

CO2 reduction on nonstoichiometric mixed metal oxides are
critical toward devising ways of improving the electrochemical
performance of these oxides for CO2 reduction. DFT
calculations typically suggest that the rate-limiting step for
CO2 reduction is the adsorption or activation of CO2 on the
surface, depending on the oxide composition. By utilizing both
surface oxygen vacancies and exfoliated NP clusters, the surface
can be altered to improve the reaction kinetics.
Proper evaluation of the reported electrocatalysts for CO2

reduction in SOECs is significantly challenged by the lack of
standardized benchmarking protocols to characterize the
electrocatalysts and investigate their catalytic performance.
For example, Figure 8 shows that variations in the performance
of SOECs containing the same cathode electrocatalyst are
significant among the various reported studies. This can stem
from variations in the structures of the cell and the
electrocatalyst induced by differences in the synthesis, along
with variations in the reaction conditions. To address this
challenge, benchmarking protocols for determining and
reporting the electrochemical performance along with detailed
electrocatalyst characterization would be necessary. Variations
in electrocatalyst synthesis can significantly affect the oxide
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defect concentration and the surface oxide composition,
termination, and surface area, which ultimately influence
catalytic reactivity. Thus, benchmarking protocols for charac-
terizing the electrocatalyst structure and, especially, the surface
structure should be developed. These should include oxide
characterization using X-ray diffraction for a bulk crystal
structure determination, iodometric titration for quantification
of bulk oxygen defect concentration, scanning and high-
resolution transmission electron microscopy along with
elemental mapping for determining particle size/geometry
and A/B site cation distribution, and X-ray photoelectron
spectroscopy for measuring the oxidation state of cations in the
oxide’s near-surface region. Electrocatalyst characterization
should be reported before and after electrochemical testing
using some of these methods. In the case of protocols for
evaluation of the electrocatalytic performance, they should
include a range of temperatures (e.g., 500−800 °C) and gas
compositions of pure CO2 and CO2 mixed with small amounts
of CO (1−5%) to establish an open-circuit potential that can
be used to identify potential problems with the cell prior to
testing. The residence time is another parameter which is often
neglected that should be reported to understand potential
variations in CO2 conversions. Normalization of the rates per
surface area of the oxides (measured, for example, via N2
physisorption−Brunauer, Emmett, and Teller (BET) surface
area) should also be reported, since this is the catalytically
active surface for this reaction. Electrochemical impedance
spectroscopy (EIS) is a useful technique for differentiating
variations in Ohmic versus non-Ohmic resistances of SOECs;
however, it is often not reported. Fitting the EI spectra to an
equivalent circuit model should be considered to determine
resistances associated with interfacial charge transfer and
related processes. The activation energy for these processes can
also be extrapolated using an Arrhenius plot of the specific
non-Ohmic electrode polarization resistances as a function of
temperature.120 Continuum-based models that attempt to
describe impedance in terms of chemical processes (bulk

diffusion and surface reaction kinetics) have also been
developed; however, such models have had limited applica-
tions to these specific systems.121

Generally, the largely reported potential/current behaviors
of full SOECs can only evaluate the overall cell performance
for this process. An explicit analysis of the elementary steps is
essential to gain an understanding of the underlying
mechanism of CO2 reduction, as well as to determine the
rate-limiting step, which is quite challenging. Toward this,
combining electrochemical measurements with in situ/
operando characterization studies and theoretical calculations
is critical in providing fundamental insights for CO2
reduction.122 In situ and operando methods are being
developed to address these issues and are beginning to provide
fundamental insights into solid oxide electrochemical cell
processes. For example, in situ Raman spectroscopy was used
to acquire vibrational spectra from solid oxide fuel cell (SOFC)
anodes at 715 °C under operating conditions to investigate the
appearance and disappearance of different carbonaceous
species on the electrode surfaces.123,124 Furthermore, in situ
X-ray absorption spectroscopic (XAS) experiments have been
performed to obtain information on the chemical state of
SOFC electrodes under electrochemical conditions. For
instance, these studies facilitated an understanding of the
effect of changes of environmental conditions, such as
temperature, partial pressure of O2, and electric potential, on
the chemical state of manganese in the La0.5Sr0.5MnO3±δ
catalyst.125 On the other hand, near-ambient-pressure X-ray
photoelectron spectroscopy (NAP-XPS) was used as a primary
technique to resolve the potential-dependent evolution of
different intermediate species on the surface of electrodes, local
surface potentials, electrochemically active regions, and shifts
in surface oxidation states in operating SOECs.83,126,127 Similar
approaches are critical for obtaining a detailed mechanistic
understanding of CO2 reduction on oxide-based SOEC
cathodes.
There have been limited studies conducted using theoretical

calculations to investigate the CO2 reduction mechanism on
mixed metal oxide surfaces. Nonstoichiometric mixed ionic
and electronic conducting oxides are complex structures, and
exploring the electronic properties of the surface using theory
provides an important pathway for understanding the under-
lying CO2 reduction mechanism. Experimental work varies
based on environmental factors, and although theoretical
calculations are consistent, first-principles-based simulations
need reliable levels of theory that take into account the
experimental realities in order to be predictive. Inconsistencies
in the literature are often related to the level of theory that was
used, which is an additional challenge to accurately describe
these systems. The DFT+U method has often been utilized to
elucidate the underlying electronic structure of nonstoichio-
metric mixed metal oxides (i.e., perovskites). However, as can
be seen in Figure 9, such a level of theory has only been used
in three of the seven studies of that were overviewed in this
paper. To improve current theoretical studies, one needs to
determine how the level of theory affects the transition state
calculations toward CO2 activation.
Further, even the accuracy of the reported DFT+U studies

that were surveyed in this review (see Figure 9) is uncertain
since the value of Ueff will change as one changes the geometry
of the system and needs in principle to be calculated self-
consistently.128 However, neither of the DFT+U studies that
were presented in this review calculated the value of Ueff self-

Figure 8. Variations in reported current densities (absolute values) of
SOECs containing the same cathode electrocatalysts at an applied
voltage of 1.2 V and an operating temperature of 800 °C.
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consistently. They use a value, for example, of Ueff = (U − J) =
4 eV for Fe (where U describes the Coulomb on-site integrals
and J describes the repulsion between opposite spin
electrons129) in both La0.3Sr0.7Fe0.7Cr0.3O3 (LSFCr) and
La(Sr)FeO3 based on the fact that such a value of Ueff is the
one that is needed to get the correct band gap for the bulk
FeOx system.130 However, such a Ueff value has been shown to
not get the correct trends for the formation of oxygen
vacancies in Fe2O3 in comparison to experiment.131 This is one
of the reasons some research groups opt to use a standard
generalized gradient approximation functional rather than
utilize the DFT+U method with a fixed value of Ueff.
Alternative approaches that do not involve the self-consistent
calculation of the U value would be to use either the SCAN
functional132 or the HSE06 functional,133 although there is an
additional computational expense when the HSE06 functional
is used for periodic systems if a plane wave basis set (such as is
the case with VASP) is used. As such, other first-principles-
based codes that do not use a plane wave basis set, such as the
CRYSTAL code,134 should be considered. Theoretical
calculations are critical toward obtaining an understanding of
the elementary step mechanism of CO2 reduction on these
oxides; however, they are currently underutilized, potentially
due to the complexity of these systems. Thus, it is critical that
theoretical calculations are benchmarked with experimental
studies to determine reliable underlying energetics and
mechanism for CO2 reduction.
Another example in which the experimental complexities are

not accounted for in the underlying computational models is
with regard to the influence of external electric fields, which are
present within a SOEC environment. Recent experimental
work by Kubiak and co-workers have quantified the strength of
interfacial electric fields on functionalized Au electrodes at the
interface with a liquid electrolyte using sum frequency
generation spectroscopy and correlated their results with the
simulation of such spectra, where interfacial electric fields on
the order of 0.1 V/Å were determined to be present.135

Electric fields of this strength were shown to significantly
influence CO2 binding.135 Although these experiments were
performed at liquid electrolyte−solid electrode interfaces,
which are clearly beyond the scope of the current review, it
highlights the effect of electric fields generated at electrified
interfaces on CO2 reduction, which is often neglected. An
external electric field was also shown within a DFT-based

model to facilitate the activation of CO2 on YSZ, where a
negative electric field of −1.0 V/Å resulted in the
chemisorption of CO2 through the formation of a carbonate
species.108 Unlike the activated adsorption illustrated in Figure
7 for CO2 on LaCoO3, the formation of a carbonate species
seemed to be barrierless on YSZ when an electric field of −1.0
V/Å was applied.108 Thus, the incorporation of electric field
effects should be considered in studying the energetics of
electrochemical CO2 reduction on mixed metal oxide SOEC
cathodes, since the presence of an electric field might reduce
the barrier for CO2 chemisorption on perovskite-based
catalysts and thus might be a more accurate representation
of the energetics at the electrochemical interfaces of SOECs.
Further, in order to consider the high temperatures that are

involved in a SOEC environment, one can use ab initio
molecular dynamics. However, such an approach is a challenge
in practice given the limited time scales and length scales that
one can access with such a level of theory. As such, some
researchers have utilized, for example, classical molecular
dynamics simulations with charge optimized many-body
empirical potentials136 or reactive molecular dynamics137 to
overcome such limitations. Finally, the presence of defects,
such as oxygen vacancies, have been underexplored within first-
principles-based models, but experimental studies exemplify
that surface oxygen defects are a determining factor in the
overall reaction.
The failure to model the phenomena occurring in

experimental studies limits the usefulness of the theoretical
data. Theory provides an important pathway to explore the
trends associated with mixed oxide systems for CO2 reduction.
Trend data concerning the effects of electric field strength or
oxygen vacancy concentration over a wide range of perovskite
compositions could inform experimental studies on the
conditions that promote higher catalytic activity on mixed
metal oxide surfaces. For the most part, however, the
theoretical papers discussed in this review are varied and
limited enough that identifying trends is relatively difficult.
Future theoretical studies focusing on trend data would
enhance the overall understanding of the influential electronic
properties required for enhancing the rate of CO2 reduction to
better inform the experimental studies.
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(22) Küngas, R. Review-Electrochemical CO2 reduction for CO
production: comparison of low- and high-temperature electrolysis
technologies. J. Electrochem. Soc. 2020, 167 (4), 044508.
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