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Abstract: Developing novel functional materials to advance the technological level of clean and
renewable energy systems is the focus of much research. Due to their outstanding operational and
compositional properties, perovskite-based structures have already been studied as an important class
of solid-state components for electrochemical (EC), photoelectrochemical (PEC), and photovoltaic–
electrochemical (PV-EC) CO2 reduction, showing great potential in their catalytic activity and device
stability and with a promising window for further technological developments. In this review, the
different kinds of perovskites in the context of their structural features, which lead to their different
applications, are first investigated. Then, we summarize the recent progress in the use of perovskites
in EC, PEC, and PV-EC CO2-reduction devices. The research demonstrates that the mechanism
and kinetics of intermediate formation have a significant effect on the creation of the final product.
Investigations show that appropriate surface modifications, such as through the use of doping
agents, alloy construction, and composites, can considerably improve the electrocatalytic activity
and stability of perovskites. Finally, the perspectives on, and limitations of, the commercial and
large-scale production of perovskites for CO2 reduction are stated.

Keywords: perovskite; electrochemical; photoelectrochemical; photovoltaic–electrochemical; CO2

reduction

1. Introduction

Anthropogenic CO2 emissions have increased significantly as a result of the extensive
use of fossil fuels for energy generation. The International Energy Agency estimates that
around 81% of the world’s energy consumption is met by fossil fuels. The entire energy
demand is anticipated to increase to 24–26 TW by 2040, with CO2 emissions averaging
37–44 Gt annually [1]. It is critical to close the carbon cycle because this is one of the biggest
issues facing our civilization. Global warming, glacier melting, and ocean acidification are
just a few of the environmental issues brought on by an excessive amount of CO2 in the
atmosphere. These issues have a long-term negative impact on both humans’ wellbeing and
the health of the planet’s ecosystem [2,3]. As a result of these serious problems, developing
progressive technologies for CO2 capture, utilization, and storage (CCUS) is becoming
increasingly necessary in the twenty-first century. Accordingly, we need to focus more on
renewable energy sources and relevant transition technologies. Renewable energy systems
such as solar and wind power can be considered the main sources of electricity supply,
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and the rates of electrical energy produced from them is estimated to be comparable to
conventional coal generation [4,5]. As essential operational resources for the exploita-
tion and storing of renewable energy, electrocatalytic carbon dioxide reduction reactions
can be performed to capture and activate stable CO2 molecules via electrochemical (EC),
photovoltaic–electrochemical (PV-EC), or photoelectrochemical (PEC) catalysis, resulting in
the creation of a number of products such as methane, methanol, ethanol, carbon monoxide,
formic acid, and so on [6,7]. Electrocatalysis is a catalytic process that involves the con-
version of electrical energy into chemical energy through the use of electricity [8]. PV-EC
consists of an integration between photovoltaic (PV) and electrochemical (EC) systems
due to the capture of the incident photon and the use of the generated photovoltage for
synthesizing the necessary carbon-based chemicals when fed with CO2. Meanwhile, the
photoelectrochemical (PEC) technique, which uses a semiconductor light collector and is
integrated with an electrochemical catalyst in a device stack, is an outstanding method for
CO2 reduction, using sunlight as an energy supply [9,10]. Compared with conventional
high-temperature thermal conversion, electrochemical CO2 reduction using sustainable
energy sources is more favorable because of its mild functional situations [11]. Electro-CO2
reduction (CO2ER) offers an attractive way to convert CO2 into additional chemicals under
standard ambient atmospheric temperature and pressure (SATP) conditions, and it can
be simply joined with renewable energy sources like wind and solar power, providing
a “green” path to carbon recycling [12]. However, because of the slow reaction mecha-
nism of inert CO2 molecules, which initiates a competitive process (hydrogen evolution
reaction; HER) and leads to low faradaic efficiency in aqueous solutions, the practical appli-
cation of direct CO2ER has been seriously delayed [13]. In addition, due to the multiple
proton–electron transfer mechanisms, CO2ER products are usually very complex, leading
to excessive costs for separation and purification [14].

As for CO2ER, while many metallic (e.g., Ag, Au, Pd, Cu, Co, Sn) and non-metallic
(e.g., N-doped graphene, carbon nanotubes) catalysts have been investigated and shown to
have significant catalytic activity, their performance is much lower than expected [15]. For
example, Sn derivatives have received a lot of attention because of the selectivity of their
formed products, but they usually suffer from limited reaction selectivity and activity [13].
Therefore, using efficient catalysts with selectivity and acceptable activity is important but
also challenging.

In recent decades, perovskites with the general formula ABX3 have been devoted
significant consideration owing to their flexible compositions and diverse properties, and
they have found broad applications in the fields of electronics, photonics, photovoltaics,
magnetism, and catalysis [16–21], showing a promising potential to reach the best sus-
tainable solution based on the results of their life-cycle assessment (LCA) [22]. Previous
studies have shown that the metal–oxygen bonds in the perovskite form the basis for the
regulation of its electronic properties, which further affects the surface binding energy [23].
In addition, B (BO5) surface sites with an asymmetric coordination environment also in-
duce special surface properties for perovskites. The high flexibility in the arrangement and
crystal structure of perovskites lead to their tunable electronic structure, with well-defined
physical and chemical properties, making them ideal candidates as electrocatalysts for CO2
reduction [24,25].

A review focusing on the application of perovskites in EC, PEC, and PV-EC for CO2
reduction is still lacking, and a better understanding of recent advances in this important
research area is essential. Here we focus on perovskites as electrocatalysts and provide an
overview of their applications in CO2 reduction.

2. Structure of Perovskites

Depending on their ability to occupy different cationic and anionic sites, perovskites
can present in various forms, including as oxides, sulfides, nitrides, and metal–halides [26].
Perovskites have four dimensionalities, namely 0-D, 1-D, 2-D, and 3-D, which exist in var-
ious forms; for example, (a) ABX3 perovskites (e.g., CH3NH3PbI3, CaTiO3), (b) A2BX4
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layered perovskites (e.g., Cs2PbI4), (c) A2BB’X6 double perovskites (e.g., Sr2FeMoO6,
Ba2TiRuO6), and (d) A2A’B2B’X9 triple perovskites (e.g., La2SrCo2FeO9) [27]. A variety of
cation/anion combinations can be employed to create different shapes while maintaining
charge neutrality.

2.1. Perovskite Oxides

Several transition metal oxides with the basic chemical formula of ABO3 belong to
the perovskite oxide family, where the 12-fold O-coordinated A-sites and the 6-fold O-
coordinated B-sites are occupied by the larger alkali metals or rare-earth cations and the
smaller transition metal cations, respectively. The A- and B-sites of perovskite oxides could
be substituted by almost 90% of the elements in the periodic table. A common approach
to expanding the perovskite family and adjusting its properties is doping new cations at
A and B sites that possibly will lead to a random or well-organized arrangement. These
oxides typically are in a cubic structure, but it is possible to display transitions to hexag-
onal, tetrahedral, orthorhombic, and rhombohedral structures [28]. Structural variations
in perovskite oxides can lead to the realization of different magnetic orderings [29]. The
appropriate substitution of anions/cations or the doping of these perovskites can create
a variety of piezoelectric, ferroelectric, superconducting, catalytic, metallic, and magnetic
properties [30]. This wide range of properties allows perovskite oxides to be used in various
electronic devices, piezoelectric devices, biosensors, transducers, and actuators [31–33].
Owing to their structure flexibility, high stability, distinctive arrangement, ionic conductiv-
ity, as well as their electron mobility and redox behavior, perovskite oxides are also used
as electrocatalysts in different reactions. In particular, the application of these perovskites
in electrocatalysis have following advantages: (1) more stoichiometric regulation and ho-
mogeneity are provided at a low cost and in an easy synthetic procedure; (2) modulation
of perovskite oxide properties lead to the use of a wide range of substituting components.
Despite the extensive use of perovskite oxides in various fields, these compounds face seri-
ous challenges. For example, at high temperature, perovskite oxides can easily decompose
or react with other materials. This can limit their use in high-temperature processes. In
addition, some perovskite oxides contain toxic elements, which can affect human health
and the environment. Another problem is that perovskite oxides in thin films have a
tendency to form defects, which can affect their electronic and optical properties. Also,
the deposition of a perovskite oxide thin film can be challenging, demanding the defined
control of temperature, pressure, and other parameters to achieve the desired properties.
One solution to addressing perovskite oxides is to modify the composition of these materi-
als by introducing dopants or by changing the synthesis conditions. For example, adding
small amounts of elements such as strontium or magnesium can improve the stability of
perovskite oxides. Moreover, safer and more eco-friendly perovskite oxides are obtained
using non-toxic elements [28].

2.2. Metal–Halide Perovskites

Owing to their favorable features such as efficient optoelectronic properties, low
cost, and simple synthesis method, metal–halide perovskites can be considered a notable
material for next-generation devices [34–36]. Metal–halide perovskites have a general
formula of ABX3, where A is a monovalent organic or inorganic cation (e.g., CH3NH3

+,
Cs+), B is a divalent metal cation (e.g., Pb2+), and X is a halide ion. Depending on the cations
in the A-site of the perovskite structure, these compounds are divided into organometallic
halide perovskites (OHPs) and inorganic halide perovskites (IHPs) [37–42]. Metal–halide
perovskites display high absorption coefficients and high exciton emission and tunable
energy bands at ambient temperature. Also, these perovskites are described as favorite
direct-bandgap semiconductor compounds [43,44]. MAPbI3 and FAPbI3 are the main types
of these perovskites and are the most widely applied materials in photovoltaic applications
due to their high absorption coefficient and high electron and hole mobility [45]. In
particular, these classes of hybrid metal–halide perovskites are well developed for various
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scalable solution-based deposition techniques, with a promising pathway toward the
sustainable generation of renewable energies [16,46–50]. In spite of their outstanding
features, the metal–halide perovskites have serious problems in practical applications
because of their lack of stability. For example, these materials are very sensitive to water
vapor and oxygen. Halide perovskites encounter excessive challenges in their preparation
and device operations because, in most polar solvents, they dissolve or even decompose as a
result of their intrinsic ionic bond properties and low lattice energies. Moreover, some metal–
halide perovskites comprise toxic elements, which can cause health and environmental
risks. For example, lead-based halide perovskites have been found to be toxic, and they can
cause neurological damage and other health problems. Discovering novel protective layers
or ligands is crucial for stability purposes. Furthermore, there are many investigations
to develop alternative, non-toxic halide perovskites to improve their performance. Other
halide perovskites, such as those made with tin or bismuth, may be less toxic than lead-
based perovskites [51].

3. Fundamentals of CO2 Reduction

The electrochemical reduction of CO2 is a promising and outstanding method that
leads to diminishing greenhouse gas emissions by allowing renewable energy storage in
different chemical forms. This procedure presents exceptional benefits; for instance, the
EC method can employ some environmentally friendly energy sources like solar energy,
and it can be carried out at atmospheric temperature and pressure. Meanwhile, through
altering the electrolyte and applied voltage, the reaction conditions and products can be
controlled [52]. Nevertheless, CO2 is a stable and inert linear molecule that requires an
appropriate electrocatalyst to assist in breaking the C=O bond. The EC process can yield
a diversity of products, including formic acid, formate, oxalic acid or oxalate, carbon
monoxide, formaldehyde, methanol, methane, ethanol, ethylene, and other products. Solid-
oxide fuel cells (SOFCs) and organic- or inorganic-materials-based electrodes collected with
typical electrochemical cells are usually utilized for CO2 conversion in high-temperature
and low-temperature methods, respectively.

SOFC systems reveal a higher selectivity, whereas low-temperature CO2-reduction
reactions usually provide a wide range of products. In addition, low-temperature CO2-
reduction systems involve large overpotentials and, thus, great power requests. In electro-
chemical CO2RR, two, four, six, or eight electrons can be transferred. Table 1 displays the
resultant thermodynamic electrochemical half-reactions of CO2RR, the number of electrons
involved in the reaction, and the related standard potentials of electrodes (versus a standard
hydrogen electrode, SHE) [53].

Table 1. Different products obtained under the standard potentials of CO2RR (versus a standard
hydrogen electrode, SHE) at 1.0 atm and 25 ◦C.

Electrochemical Thermodynamic Half-Reactions Standard Potentials (V) vs. SHE

CO2(g) + 4H+ + 4e− = C(s) + 2 H2O(l) 0.210
CO2(g) + 2H+ + 2e− = HCOOH(l) −0.250
CO2(g) + 2H+ + 2e− = CO(g) + H2O(l) −0.106
CO2(g) + 4H+ + 4e− = CH2O(l) + H2O(l) −0.070
CO2(g) + 6H+ + 6e− = CH3OH(l) + H2O(l) 0.016
CO2(g) + 8H+ + 8e− = CH4(g) + 2H2O(l) 0.169
2CO2(g) + 2H+ + 2e− = H2C2O4(aq) −0.500
2CO2(g) + 12H+ + 12e− = CH2CH2(g) + 4H2O(l) 0.064

Nowadays, in order to reduce the disadvantages and promote the benefits of elec-
trochemical and photocatalytic techniques for efficient CO2 reduction, the combination
of both technologies is being investigated. In the photoelectrochemical technique (PEC),
which is also known as artificial photosynthesis because it imitates nature’s energy cycle,
CO2 reduces into various products at ambient pressure and temperature by harvesting
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light energy. The PEC CO2 reduction offers many advantages such as environmental com-
patibility, great selectivity, economic viability, and the use of solar as a renewable energy
source. In PEC systems, photocathodes and anodes are p-type and n-type semiconduc-
tors, respectively. Whenever light is illuminated, electrons are formed at the conduction
band (CB) and holes are generated at the valence band (VB), leading to band bending at
the connection point of the p-type and n-type electrodes. To improve the CO2 reduction
efficiency, band bending is crucial to create discrete electrons and holes at the electrodes
and the electrolyte interface [9]. In the PEC CO2RR process in aqueous solution (pH = 7),
various intermediates are produced. The reactions below show the creation of electrons
and protons that lead to the formation of various products [54].

2H2O(l)→ O2(g) + 4H+(aq) + 4e− E◦OX
◦ = −1.23 V (1)

CO2(aq) + e− → CO2
−(aq) E◦red = −1.65 V (2)

Reaction of water and holes:

H2O + h+ → •OH + H + (3)

2H2O + 2h+ → H2O2 + 2H+ (4)

2H2O + 4h+ → 4H+ + O2 (5)

Formation of hydrogen radicals:

H+ + e−→•H (6)

Construction of CO2 anion radicals:

CO2 + e− → •CO2
− E◦ = −1.9 V (7)

In the photoelectrochemical procedure, CO2 can be transformed into different prod-
ucts, such as formaldehyde, carbon monoxide, formic acid, methane, methanol, ethanol,
isopropanol, etc.

CO2 reduction by using the solar system as a plentiful energy resource is considered a
promising method to respond to the improvement in renewable energy sources aimed at
sustaining human development amid increasing populations and the increasing demand for
energy consumption. The combination of photovoltaic (PV) technology and electrochemical
(EC) constituents delivers a route for transforming solar-energy-driven CO2 into various
beneficial chemicals and fuels. Furthermore, the applied potential for the development of
CO2

•− as an intermediate in CO2 conversion is around−1.90 V (vs. NHE pH = 7.0), offering
great overpotential for CO2RR. Thus, applying PV-EC systems can provide sufficient energy
for the conversion of CO2 and create valued energy sources. Additionally, to achieve the
highest activity, the PV modules and EC systems can be individually adjusted. PV systems
can be connected to EC cells in parallel or series modes to achieve a supreme current density.
For PV-EC systems, several solar cells, such as group III-V material, perovskite cells, Si, and
dye-sensitized solar cells (DSSC), have been examined for CO2RR [55].

4. Perovskites for CO2 Reduction

Because of some exceptional features such as flexibility and high stability, as well
as the ability to incorporate with a wide range of doping elements and substituting to
control their properties, perovskites have attracted much attention for EC, PEC, and PV-EC
applications. In this section, we summarize recent results of perovskite applications in EC,
PEC, and PV-EC CO2 reduction.
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4.1. Direct Electrochemical CO2 Reduction

An active and selective CO2 reduction reaction (CO2RR) is an important step in recy-
cling excess CO2 into renewable forms of carbon and building an energy-efficient society.
Direct electrochemical CO2RRs can proceed under ambient conditions and have been exten-
sively studied to understand the fundamentals of catalysis and to develop efficient catalysts
for practical applications [56]. Li et al. showed, for the first time, that a Sr2Fe1.5Mo0.5O6−δ
(SFM) ceramic fuel-reforming electrode with a cubic perovskite structure can be used as an
electrocatalyst to electrolyze pure CO2 and convert it into CO without using syn-gases such
as H2 and CO in solid-oxide electrolysis cells [57]. Higher electrochemical efficiencies are
demonstrated for single SFM cathodes using pure CO2 as the feed gas compared with those
reported for simple oxide–ceramic electrodes. The electrocatalytic properties of the SFM
cathode for CO2RR in solid-oxide electrolysis cells were tested by supported cells based on
the double-layer electrolyte, containing an LSGM (La0.9Sr0.1Ga0.8Mg0.2O3−δ) electrolyte
and an LDC (La0.4Ce0.6O2−δ) barrier layer with a thickness of ~230 µm and 5 µm, respec-
tively. Owing to the improved conductivity and greater electrocatalytic activity at raised
temperatures, higher current densities and faster CO2RR rates were obtained by increasing
the operational temperature. Applied temperatures of 650, 700, 750, and 800 ◦C under a
voltage of 1.5 V led to current densities of 0.26, 0.33, 0.49, and 0.71 A·cm−2, respectively.
The achieved current density of 0.71 A·cm−2 was greater than almost all of the reported
results for electrolyzing CO2 using stable oxide electrodes at 800 ◦C. For CO2 electrolysis
under harsh conditions of pure CO2 without a shielding gas, a relatively stable efficiency
was obtained, and the current density reached above 1 A cm−2; furthermore, the faradaic
efficiency (FE) was above 95%, which was hardly ever attained in the literature but very
desirable for commercial use. By using a SFM−Sm0.2Ce0.8O2−δ composite cathode in 1.5 V
and different temperatures of 650, 700, 750, and 800 ◦C, current densities of 0.40, 0.54, 0.75,
and 1.09 A cm−2 were attained, respectively. Using the SFM−Sm0.2Ce0.8O2−δ composite
cathode, the electrocatalytic activity was considerably developed, and the current density
showed a growth of about 53.5% in a practical voltage of 1.5 V at 800 ◦C. These results
signified that the SFM ceramics are favorable catalysts for CO2 electroreduction. Also, the
dependence of the current density on various applied voltages versus time was investi-
gated. The results showed that with an increase in applied voltage from 1.0 to 1.6 V, the
CO creation ratio improved from 3.62 to 9.01 mL min−1 cm−2 with an FECO of 95%. At a
potential of 1.5 V, the potentiostatic analysis was directed for over 100 h, and after 8 h, only
a small reduction in current density was observed.

SrSnO3 nanowires (NWs) with a single 1D nanostructure and cubic perovskite phase
have been reported by Pi et al. [58]. An adapted setup of a gas-tight two-chamber with
a proton-exchange membrane (PEM) as the separator was designed for electrochemical
investigation. An Ag/AgCl electrode, carbon-fiber-paper-modified SrSnO3 nanowires in
the cathodic chamber, and a Pt wire in the anodic chamber were used as the reference
electrode (RE), working electrode (WE), and counter electrode (CE), respectively. When
applied to CO2ER catalysis, these prepared perovskite NWs show outstanding selectivity
and catalytic activity in formate production, with a high FE (~80%) and remarkable current
density over a wide potential range, making them outstanding electrocatalysts for the CO2
electroreduction to formate. Consequently, great selectivity (~80%), a large current density
(21.6 mA cm−2), and a notable durability of at least 10 h were obtained, making a new
class of perovskite NWs with potential applications for CO2ER and beyond. In comparison,
bulk SrSnO3 and SnO2 nanoparticles (NPs) show very low activity and/or selectivity for
CO2ER. Further analysis shows that the SrSnO3 NWs have optimized efficient CO2

•−

stabilization and slow hydrogen evolution reaction (HER) kinetics, all of which contribute
to the effective reduction of CO2 to formate. The theoretical experiments proposed that
the formation of CO2

•− was the rate-determining step (RDS) for CO2 reduction on the
SrSnO3 NW catalysts. Indeed, stabilization of CO2

•− had a main role in CO2 reduction
in supporting the kinetics for the production of formate and in reducing the reaction
obstacles. Furthermore, compared with bulk SrSnO3 and SnO2 nanoparticles, perovskite-
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based SrSnO3 NWs displayed the most affinity for the adsorption of OH− as a substitute of
CO2

•−, confirming that SrSnO3 NWs show amplified stabilization for CO2
•−, which leads

to faster kinetics toward formate production.
Various nanostructures based on transition-metal nitrides have been examined for

electroreduction reactions; however, a very limited number of these materials have been
verified for CO2 reduction reactions. For instance, Ni3N was employed for the CO2
reduction to CO [59]. Yin et al. prepared perovskites based on copper (I) nitride (Cu3N)
nanocubes as a new catalyst for the selective CO2 reduction to ethylene (C2H4) under
ambient conditions [60]. These samples were synthesized by the nitridation of copper
(II) hydroxide nanowires and were converted into multigrain nanowires to prove their
great CO2 reduction selectivity toward C2 products, possibly due to the semiconductor
properties of Cu3N. These samples, with perovskite-related ReO3 structures, can convert
CO2 into ethylene with a faradaic efficiency of about 60% and a Cu mass activity of around
34 A/g in a 0.1 M KHCO3 electrolyte solution at −1.6 V compared with a reversible
hydrogen electrode (RHE). Notably, in the products of the gas phase with a molar ratio
of >2000 for C2H4/CH4, the Cu3N catalyst suspends CH4 formation, and the highest
selectivity is realized for CO2RR by Cu-based catalysis. Through constant electrolysis for
20 h, Cu3N catalysts are also stable, displaying only a ±7% reduction in FE (from 60 to
53%). In Figure 1a, due to proton reduction in the HER reaction, the current improved after
−0.5 V. Under a CO2 atmosphere, the CV curve is like that under Ar, except that, due to
the competition between the CO2 reduction reaction and the HER, a decrease in the current
after −0.5 V is observed. Figure 1b shows the faradaic efficiency related to the potential of
ethylene formed with various Cu3N electrocatalysts. At −0.8 V, the Cu3N catalyst (25 nm)
produces C2H4 with an FE = 14%. According to Figure 1c, the maximum FE reaches 60%
with a current density of 30 mA/cm2 and a mass activity of 34 A/g at −1.6 V. Along with
C2H4, the other samples attained via different potentials contain H2 with <40% FE (HER)
and CO with <9% FE. Other products contain formate and ethanol (<33% FE and <5.7% FE,
respectively) over the considered potential range. Figure 1d illustrates the durability of
the Cu3N-catalyzed CO2-reduction reaction at −1.6 V. After 20 h of sustained electrolysis,
the reduction current reduced from 135 mA in the first hour to 101 mA. To investigate the
pathway of ethylene formation, that research group used DFT calculations. Their studies
showed that the creation of COCHOads was a main pathway for the conversion of CO2
to C2H4 on the Cu3N nanocubes because the (100) Cu(I) sites were actively desired for
CO−CHO binding (not CO−CO coupling).

Hu et al. have developed new perovskite-type Ti cathodes for CO2 electrochemical
reduction in which there are no alkaline metals: La0.66Ti1-xFexO3δ (x = 0.2, 0.3, and 0.4,
designated as LTF2, LTF3, and LTF4, respectively) [61]. Figure 2 displays the perovskite
structure of these cathodes. Compared with Co(II) and Ni(II), Fe(III) cations show out-
standing importance in the formation of these compounds. These perovskites exhibit great
stability and high catalytic activity for CO2 reduction. Compared with other reported
perovskite cathodes, it is clear that they have less polarization resistance. In a test at 1.2 V
and 850 ◦C for over 300 h, no important degradation of LTF2 was detected, a current density
of 0.5 A/cm2 was shown, and the faradaic efficiency was close to 100%, representing it as
a promising feedstock for the CO2 electrocatalysis to CO. The kinetic procedures study
disclosed that the rate-determining step was the electron transfer from the cathode to CO2.

Chen et al. reported an optimized La2CuO4 perovskite catalyst for the electrochemical
CO2RR to methane [62]. La2CuO4 is made up of layers of CuO2 and LaO. Actually, six O
atoms surround the Cu atom and the CuO6 octahedral coordination constructs, leading
to an apex-angle-connected octahedron perovskite CuO2 layer and two layers of LaO that
are distinct from the CuO2 layer. It is predicted that the exceptional electronic structure
of La2CuO4 would deliver plentiful active sites for the reduction of CO2. At −1.4 V (vs.
RHE), the FE and current density for methane formation reach 56.3% and 117 mA cm−2 in
the flow-cell configuration, respectively. During the CO2 reduction process, the structural
development of the La2CuO4 perovskite occurs simultaneously. As seen in Figure 3a,
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compared with the H-cell results, a considerably higher current density (205 mA cm−2) was
attained at −1.4 V vs. RHE in 1.0 M KOH purged with CO2. In addition, the electrolysis
steps exhibited improved current density at each potential (Figure 3b). Compared with
other products, the CH4 FE rises with an improved potential. This perovskite catalyst
shows a small faradaic efficiency for H2 (<20%) (Figure 3c). Moreover, a constant and
steady CO2 reduction over CH4 production was observed via the chronoamperometry test
for 1000 s (Figure 3d).
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According to theoretical studies, it can be expected that the Cu atoms relatively
reduced to metallic Cu on the surface of the perovskite and the fabricated Cu/La2CuO4 are
responsible for the superb CO2 methanization activity. Actually, a greater adsorption of
HxCO (x = 1–3) as an intermediate for the CO2 methanation is provided by Cu/La2CuO4.
This study offers an operative new electrocatalyst for the methanation of CO2 under
ambient conditions. Moreover, this study reveals a fundamental understanding of the
surface reconstruction during the CO2 reduction reaction.

Hu et al. developed a perovskite structure of Sr2Fe1.5- xNixMo0.5O6-δ (SFNM) (x = 0,
0.05, 0.1, 0.2) denoted as SFM, SFNM-05, SFNM-10, and SFNM-20 respectively, for use as
a cathode for the CO2RR at 800 ◦C [63]. Solid-oxide electrolysis cells were fabricated for
electrochemical analysis, with Sr2Fe1.5-xNixMo0.5O as the cathode electrode, a mixture of
(La0.6 Sr0.4)0.98Co0.2Fe0.8O3-δ (LSCF), Gd0.2Ce0.8O2-δ (GDC), α- ethyl cellulose, and terpineol
as the anode paste, and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as the electrolyte. Although Ni
plays an imperative role in CO2 reduction, an increasing Ni-doped catalyst leads to a
decrease in reduction performance.

Exploring mechanistically the phase progress of the catalyst would help to develop
the activity of CO2 electroreduction (Figure 4). B-site Fe and Ni cations undergo a reduced
reaction under CO as one of the products, and the applied potential creates a reducing
environment. Under electroreduction conditions, Ni-doping leads to a reduction in the
perovskite durability. In addition, SrCO3 could be grown on the perovskite surface as a
result of the reduction of the B-site Fe and Ni elements. Although the existence of the
nickel and iron nanoparticles improve the CO2RR, diffusion of oxidizing species can take
place as a result of the additional SrCO3 and carbon deposits, leading to hampered charge
transfer on the catalyst surface. Outstandingly, a high FE (99.9%) with a maximum CO
yield of 5.26 mlcm−2min−1 was obtained under the applied conditions. A 1.5 V, the current
densities of the designed samples (SFM, SFNM-05, SFNM-10, and SFNM-20) were 0.95,
0.73, 0.67, and 0.58 A cm−2, respectively. Additionally, the investigation of the effect of
different applied voltages on the current densities was documented as a function of time.
At lower voltages (1.0 and 1.2 V), the current densities showed little change and the current
densities for all samples remained steady throughout the measurement period.



Energies 2023, 16, 7632 10 of 22

Energies 2023, 16, 7632 10 of 22 
 

 

According to theoretical studies, it can be expected that the Cu atoms relatively re-
duced to metallic Cu on the surface of the perovskite and the fabricated Cu/La2CuO4 are 
responsible for the superb CO2 methanization activity. Actually, a greater adsorption of 
HxCO (x = 1–3) as an intermediate for the CO2 methanation is provided by Cu/La2CuO4. 
This study offers an operative new electrocatalyst for the methanation of CO2 under am-
bient conditions. Moreover, this study reveals a fundamental understanding of the surface 
reconstruction during the CO2 reduction reaction. 

Hu et al. developed a perovskite structure of Sr2Fe1.5- xNixMo0.5O6-δ (SFNM) (x = 0, 0.05, 
0.1, 0.2) denoted as SFM, SFNM-05, SFNM-10, and SFNM-20 respectively, for use as a 
cathode for the CO2RR at 800 °C [63]. Solid-oxide electrolysis cells were fabricated for 
electrochemical analysis, with Sr2Fe1.5-xNixMo0.5O as the cathode electrode, a mixture of 
(La0.6 Sr0.4)0.98Co0.2Fe0.8O3-δ (LSCF), Gd0.2Ce0.8O2-δ (GDC), α- ethyl cellulose, and terpineol as 
the anode paste, and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as the electrolyte. Although Ni plays 
an imperative role in CO2 reduction, an increasing Ni-doped catalyst leads to a decrease 
in reduction performance.  

Exploring mechanistically the phase progress of the catalyst would help to develop 
the activity of CO2 electroreduction (Figure 4). B-site Fe and Ni cations undergo a reduced 
reaction under CO as one of the products, and the applied potential creates a reducing 
environment. Under electroreduction conditions, Ni-doping leads to a reduction in the 
perovskite durability. In addition, SrCO3 could be grown on the perovskite surface as a 
result of the reduction of the B-site Fe and Ni elements. Although the existence of the 
nickel and iron nanoparticles improve the CO2RR, diffusion of oxidizing species can take 
place as a result of the additional SrCO3 and carbon deposits, leading to hampered charge 
transfer on the catalyst surface. Outstandingly, a high FE (99.9%) with a maximum CO 
yield of 5.26 mlcm−2min−1 was obtained under the applied conditions. A 1.5 V, the current 
densities of the designed samples (SFM, SFNM-05, SFNM-10, and SFNM-20) were 0.95, 
0.73, 0.67, and 0.58 A cm−2, respectively. Additionally, the investigation of the effect of dif-
ferent applied voltages on the current densities was documented as a function of time. At 
lower voltages (1.0 and 1.2 V), the current densities showed little change and the current 
densities for all samples remained steady throughout the measurement period.  

 
Figure 4. A suggested phase-mechanistic development of an SFNM catalyst for CO2RR. Adapted 
with permission from ref. [63]. Copyright 2019 Elsevier. 

Ma’s research group prepared a type of perovskite oxide ((PrBa)0.95Fe1.6Ni0.2Nb0.2O5+δ 
(PBFNN)) with FeNi3 nanoalloy deposition on its surface via a reduction procedure for 
electrochemical CO2 reduction in solid-oxide electrolysis cells [64]. The as-synthesized 
perovskite was effectively produced by a sol–gel technique. Following a reduction proce-
dure in H2/Ar atmosphere (10%) at 800 °C/5h, FeNi3-PBFNN was obtained. Compared 
with the PBFNN cathode, FeNi3-PBFNN showed more electrocatalytic activity for CO2RR 
and led to the production of CO with a FE of 99.3%. This perovskite disclosed a high elec-
trocatalytic activity for CO2RR because of the plentiful vacancies obtained by the oxygen 
atoms. The designed perovskite as a cathode displays outstanding stability for 200 h. 

Figure 4. A suggested phase-mechanistic development of an SFNM catalyst for CO2RR. Adapted
with permission from ref. [63]. Copyright 2019 Elsevier.

Ma’s research group prepared a type of perovskite oxide ((PrBa)0.95Fe1.6Ni0.2Nb0.2O5+δ
(PBFNN)) with FeNi3 nanoalloy deposition on its surface via a reduction procedure for
electrochemical CO2 reduction in solid-oxide electrolysis cells [64]. The as-synthesized per-
ovskite was effectively produced by a sol–gel technique. Following a reduction procedure
in H2/Ar atmosphere (10%) at 800 ◦C/5h, FeNi3-PBFNN was obtained. Compared with the
PBFNN cathode, FeNi3-PBFNN showed more electrocatalytic activity for CO2RR and led to
the production of CO with a FE of 99.3%. This perovskite disclosed a high electrocatalytic
activity for CO2RR because of the plentiful vacancies obtained by the oxygen atoms. The
designed perovskite as a cathode displays outstanding stability for 200 h. Moreover, after
the stability analysis, the provided SEM images showed that the perovskite cathode re-
served the porous structure, and there were no agglomerations between the nanoparticles,
which led to the great durability of the CO2 reduction.

Two bismuth-based halide perovskite composites, Cs3Bi2Br9/C and Cs2AgBiBr6/C,
were prepared for electrochemical CO2 reduction to HCOOH by Wang et al. [65]. They
carried out the electrochemical analyses in acidic media (pH = 2.5) and could directly
convert intermediates to formic acid instead of formate. In acidic electrolysis, the two
Cs3Bi2Br9/C and Cs2AgBiBr6/C composites can successfully inhibit structural degradation.
A great FE of 92% at −0.95 V vs. RHE with a current density (jHCOOH) of 133.7 mAcm−2

was obtained by Cs3Bi2Br9/C, while the Cs2AgBiBr6/C show a lower FE (68%) at −1.15 V
vs. RHE. More investigation and analyses confirm that the existence of more Bi atoms
in Cs3Bi2Br9 is a crucial factor to more favorably generate OCHO* intermediates than
Cs2AgBiBr6/C, accelerating the fabrication of HCOOH. Moreover, at −0.95 V over 20 h
of electrolysis, for Cs3Bi2Br9/C, the current density and FE (~92%) showed no evident
decline, while the FE of HCOOH in Cs2AgBiBr6/C clearly deteriorated from 68% to 50% at
−1.15 V after 10 h. The difference in stability between the two composites could be due
to the faster charge transfer and faster increase in the CO2 conversion ratio for Cs3Bi2Br9
than Cs2AgBiBr6, leading to a reduction in the degradation effect and an enhancement in
durability in an aqueous electrolyte.

A nanosized LaInO3 perovskite electrocatalyst was effectively prepared by a simple
hydrothermal–calcination method and applied in the electrocatalytic reduction of CO2
to formate by Zhu et al. [66]. This synthesized electrocatalyst displayed superb activity
and excellent selectivity in the CO2RR. In an aqueous electrolyte solution, CO2 has low
solubility, so its reduction reaction is rigorously restricted in the H-cell, and the current
density was very low. So, the flow cell was applied to carry out the CO2RR. Thus, to solve
the problem of solubility and the inadequate mass transfer of CO2 in an aqueous solution,
a suitable setup was designed by the CO2 diffusion and electrolyte flow-channel-flanked
gas-diffusion electrode. The results showed that the current density and faradaic efficiency
of LaInO3 in the flow cell was higher than in the H-cell. Electrochemical tests showed that
the FE of formate reached up 91.4% (−1.1 V vs. RHE) and the current density of formate
was 116.8 mA cm−2 (−1.1 V vs. RHE). The results revealed that after 10 h in the flow cell,
the FE of formate did not show a considerable reduction, demonstrating that the nanosized
LaInO3 perovskite had great stability. Further investigation and DFT calculations exposed
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that the activity of the LaInO3 electrocatalyst was due to its intensive adsorption of CO2
•−

intermediates.
Bae et al. reported a novel double perovskite, Pr4/3Ba2/3Co2/3Fe2/3Mn2/3O5+δ (PBCFM),

for the CO2RR in solid-oxide electrochemical cells [67]. Results from different analyses,
such as Raman and XRD, proved that the doping of Fe and Mn on the B-site of the
perovskite enhanced the CO2-tolerance of perovskite. Then, they constructed the solid-
oxide electrochemical cells with a (Sr, Mg)-doped LaGaO3 (LSGM) electrolyte and the
PBCFM-Gd-doped ceria (GDC) electrode. At 1.5 V, the designed electrode revealed a
considerably higher current density of 3.76 A cm−2 and overapplied potential (1.2 V) at
750 ◦C for 100 h, and no coking was observed on the electrode surface. The average Faraday
efficiency of ~90% obtained by the PBCFM perovskite shows that CO was effectively created
from the CO2RR.

4.2. Photoelectrochemical CO2 Reduction

Making advances in electrocatalysts and photoelectrocatalytic systems for the selective
and efficient production of a target product is a substantial challenge [68–70]. Indeed,
perovskite structures with interesting photoconversion and redox properties are always
interesting for photoelectrochemical concepts. An In0.4Bi0.6 alloy-coated CH3NH3PbI3-
based photocathode has been demonstrated to produce selective CO2 reduction with
nearly 100% faradaic efficiency (FE) for formic acid production in aqueous solution by
Chen et al. [71]. Their examinations revealed that In0.4Bi0.6 and In0.6Bi0.2Sn0.2 alloys led
to more electrocatalytic activity for the selective production of HCOOH as a result of the
presence of the In5Bi3 phases. The HCOO*, as the intermediate in this procedure, was
better stabilized on the In5Bi3 phases than on other alloys. At an applied voltage of −1.2 to
−1.3 V versus RHE, the highest FE (95−98%) for the production of HCOOH was achieved
by the In0.6Bi0.2Sn0.2 and In0.4Bi0.6 alloys. Next, a favorable method that included coating
the perovskite halide with an In0.4Bi0.6 alloy was used. With the In0.4Bi0.6/CH3NH3PbI3
photocathode, at a low applied potential of −0.52 V vs. RHE under AM 1.5G irradiation,
almost 100% FE for formic acid formation could be attained, signifying a 680 mV positive
shift relative to the potential detected for the In0.4Bi0.6 electrode. At −0.6 V vs. RHE,
the faradaic efficiency remained at nearly 100% for at least 1.5 h, and a photo-assisted
electrocatalysis efficiency of 7.2% was determined. This photoelectrocatalyst showed a high
selectivity for CO2 reduction to HCOOH.

An organic–inorganic lead–halide perovskite quantum dot of CH3NH3PbBr3 and
graphene oxide (GO)-wrapped perovskite (GO/CH3NH3PbBr3 hybrid) has been reported
for the photoelectrochemical conversion of CO2 into CO and CH4 as gaseous solar fuels in
nonaqueous solutions [72]. A ligand-assisted reprecipitation method was employed for the
synthesis of the GO/CH3NH3PbBr hybrid via dissolving PbBr2 and CH3NH3Br into the
GO/DMF solution assisted by oleylamine and oleic acid (Figure 5a).

LSV analysis was applied to examine the samples for their PEC performances in a cell
containing propylene carbonate solution saturated with CO2 in 0.1 M tetrabutyl ammonium
hexafluorophosphate (TBAPF6) (Figure 5b). Compared with the CH3NH3PbBr3 quantum
dots, GO/CH3NH3PbBr3 showed an increase in photocurrents for the photoelectrochemical
CO2 reduction, as the maximum variation of photocurrent was observed at ca. −0.6 V.
The photocurrent response of the as-synthesized samples was investigated at −0.6 V
(Figure 5c). This voltage was selected from the LSV results. An increase in the photocurrent
response was observed for GO/CH3NH3PbBr3, while CH3NH3PbBr3 showed a decaying
photocurrent, suggesting that graphene oxide acts as a stabilizer to preserve CH3NH3PbBr3
QDs. Graphene oxide can protect CH3NH3PbBr3 quantum dots against degradation by
organic solvents and can also act as a charge-transfer intermediate to efficiently distinguish
generated electrons and holes. The as-prepared catalyst exhibits an outstanding yield
for CO2 conversion to CO (1.05 µmol cm−2 h−1). The chronoamperometric analysis was
applied to examine the effect of GO on the stability of CH3NH3PbBr3. The photocurrent of
CH3NH3PbBr3 remained stable for about 1800 s. After introducing GO, the photocathode
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produced a long photocurrent for about 6000 s because of the protective effect of GO. As
shown in Figure 6, a probable mechanism is suggested for the electrocatalyst to explain the
photoreduction of CO2. The solar-simulated light excited the GO and led to the formation
of photoelectrons, using the external-bias-voltage photoelectron transfer to the conduction
band of the GO. When a small amount of GO is added onto the perovskite hybrid, a
small improvement in photo absorption is observed followed by an improvement in the
photocurrent, owing to the role of GO as an intermediate for electron transfer to discrete
photogenerated electron–hole pairs. CO2 is adsorbed onto the surface of GO efficiently
and converted to CO and trace amounts of CH4 because of stingy protons in the organic
solvent.
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Zhang et al. presented a facile construction of a photocathode based on a sandwich-
like perovskite with a hydrophobic carbon plate as a capping layer [73]. As shown in
Figure 7a, the photocathode contained several layers: first, the hole-transporting layer
(NiO), covered on a fluorine-doped tin oxide (FTO) glass; then, the light-absorber perovskite
((Cs0.15FA0.85)Pb(I0.9Br0.1)3) deposited on the layers. Next, the layer of [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) was deposited on the samples for electron transporting
and as a blocking layer of the holes fabricated by ultrathin bathocuproine (BCP). Then, the
surface of the blocking layer was coated with a gold layer. On the top of all the layers, a
carbon plate was employed to separate the photoactive stack from interaction with water.
Furthermore, this carbon plate overcoating acts as a barrier on the perovskite surface
and also enables a well-organized transport of the photogenerated electrons for the CO2
reduction reaction. Once this photocathode was decorated by a cobalt phthalocyanine
catalyst (CO2-saturated 0.5 M KHCO3 and AM1.5G illumination (100 mW cm−2)), it
displayed an initial potential of 0.58 V with a great photocurrent density of−15.5 mA.cm−2,
recorded at −0.11 V (versus RHE), which represents an outstanding performance in this
field. Moreover, great durability was obtained for the photoelectrochemical reduction of
CO2 with a constant reaction for 25 h. When IrOx/a-Si as a photoanode was joined to



Energies 2023, 16, 7632 13 of 22

the photocathode, a photocurrent density of ≈−3 mA cm−2 and a solar-to-CO and total
solar-to-fuel energy conversion efficiency of 3.34% and 3.85% were obtained, respectively.
These values were much better compared with reported perovskite-based PEC systems.
Figure 7b reveals the energy-level diagram of the samples, which shows that CO2 reduction
was effectively performed by the separation and transportation of the photogenerated
charge carriers.
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This study demonstrates that efficient and durable perovskite-based PEC electrodes
can be achieved through elaborate interface design and engineering.
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A PEC system based on a Au-decorated ZnO@ZnTe@CdTe photocathode and CH3NH3PbI3
perovskite tandem cell has been verified by Jang et al. as an unbiased solar-driven CO2
reduction to CO [74]. The designed cell disclosed a stable efficiency of solar-to-CO of above
0.35% with a faradaic efficiency of over 80% and a solar-to-fuel efficiency of more than
0.43%, with H2 as a byproduct. This PEC cell showed the selective CO creation from CO2
reduction using an operative photocathode−perovskite tandem device working in sunlight
without an exterior bias. The overpotential was decreased by the ternary photocathode, and
the CH3NH3PbI3 perovskite generated a voltage that is sufficient to initiate the reduction
of CO2 without an exterior bias. Furthermore, the operative light harvesting to the NIR
area of the solar range, which is transferred over the photocathodes, was simplified by the
high absorption coefficient of the CH3NH3PbI3 perovskite.

Zhang and his colleagues prepared a photocathode based on a CsPbBr3 (CPB) thin-film
for photoelectrochemical CO2 reduction [75]. A three-electrode system was designed for
PEC analyses by a Pt foil and Ag/AgCl (3M KCl) as the counter electrode and the reference
electrode, respectively. They used a two-step process to obtain thin-layer films. First, they
applied a layer of PbBr2 films using a spin-coating process. Then, the solutions containing
the CsBr-based materials were applied onto the surface using the spin-coating technique,
repeating the process four times. Next, they added fluorine, Nafion, and Au in the CsBr
solution to obtain CsPbBr3-F-N-Au thin films. By adding F ions into the CsPbBr3 structure,
an enhancement in the chemical interactions and a reduction in the trap density of the
CsPbBr3 layers was created. In addition, the band gap of the perovskites was adjusted
by the introduction of Nafion, and the trap density was reduced, leading to hindering
of the charge carrier transfer, which intensified the charge recombination in the obtained
perovskites. Then, by adding Au, separation of the photoinduced charge carriers was
facilitated in the photocathode. At a potential of −0.5 V (vs. Ag/AgCl) at a 4.13 mW cm−2

light radiance, the designed photocathode revealed the best PEC performance, containing
the highest photocurrent of −0.23 mA cm−2 which is twice as much as the pristine CsPbBr3
photocathode. This study showed that a halide-perovskite-based photocathode can be
directly used to help reduce carbon dioxide.

4.3. Photovoltaic–Electrochemical CO2 Reduction

Artificial photosynthesis, a technological device that uses solar irradiation as an
energy source and water as an electron source to convert carbon dioxide into energy-dense
organic compounds (fuels or other carbons for the chemical industry), is attractive in
specific contexts [76]. This can be achieved in an integrated cell by using photovoltaic
(PV) cells to supply photoelectrons and holes to be used in an electrochemical cell (EC)
to oxidize water at the anode and to reduce carbon dioxide at the cathode, creating a
PV-EC reference system to reduce CO2 to fuels. The PV-EC systems can be classified into
two general configurations, namely monolithic and polylithic. In a monolithic configuration,
the junction terminals of the photovoltaic cell is directly connected to the anode and cathode
of the EC unit, and the direct-circuit (DC) photogenerated power is designed to be used in
the electrocatalytic process without any external electrical connections and/or inversion,
while in a polylithic configuration, the PV and EC cells work separately, and the electrical
power of the PV cell can be used in the electrochemical cell usually after a DC/DC inversion.
Generally, the polylithic PV-EC has significantly better controllability of product selectivity,
e.g., increasing the applied voltage via the series connection of PV modules and easier
matching of the operating current by using certain ratios of the PV and EC areas. However,
the expected levelized cost of the CO2 reduction product (LCOC) will be higher in the
polylithic configuration in comparison with the monolithic configuration, which has lower
complexity and fewer external accessories.

Huan et al. provided a new catalyst for CO2 conversion to hydrocarbons, which
exhibited a faradaic yield of 62% in product generation [77]. This three-layer catalyst
contains a metal Cu core protected by layers of CuO and Cu2O (Figure 8a). Remarkably,
over a 60 min electrolysis at−0.95 V versus RHE, the structure of the CuO cathode changed.
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When joined with an advanced, low-cost perovskite photovoltaic minimodule, this PV-EC
device achieves a solar-to-fuel value of 2.3% by combining it with a mini-module perovskite
photovoltaic device recognized using two sequences of three perovskite photovoltaics
with an active area of 0.25 cm2 coupled in parallel (Figure 8b), offering a yardstick for
PV-EC systems that includes plentiful earth-abundant elements. To examine the CO2-
reduction performance on this system, current–voltage measurements of the modules were
applied, which exposed a high photo-to-current efficiency (17.5%) at 2.45 V and 10.0 mA. A
constant current of 6.0 ± 0.2 mA with a current density of ~18 mA·cm−2 and a potential of
2.8 ± 0.02 (V) were proved by the connection of both systems. Over a 50 min electrolysis
by using the gas chromatography (GC) technique and analyzing the reduction products, it
was shown that the PV-EC catalyst generates a steady current.
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By using water as an electron source, Schreier et al. demonstrated a well-organized
conversion of solar-driven CO2 to CO with a 90% faradaic efficiency [78]. Figure 9a shows
the designed setup fabricated by an electrochemical cell with oxidized gold as the cathode,
IrO2 as the anode in a 0.5 M NaHCO3 electrolyte connected to perovskite photovoltaics.
For monitoring of the produced samples, the gas chromatography technique was employed
in situ. Figure 9b displays the energy diagram for the CO2 conversion to CO with three
series-connected perovskite solar cells, which created enough voltage to overcome the free
energy of the reaction (∆E) and the reaction overpotential (η) at the cells. A solar-to-fuel
efficiency of 6.5% and 7% was obtained for CO as the main product and hydrogen as a
by-product, respectively. Also, this study evidenced a prolonged, steady operation of
photovoltaics based on perovskite with high open-circuit voltage. For more than 18 h, the
current density was constant at approximately 5.8 mA cm−2, and the slight change in the
photocurrent was detected.

In another work, Esiner and colleagues revealed p-i-n lead–halide perovskite solar
cells combined with RuO2 as an anode and Au as a cathode for the CO2 reduction to CO
and CH4 via water oxidation in neutral pH media [79]. This prepared system showed
a solar-to-CO efficiency of >8% with faradaic efficiencies upward of 80%. Comprising
hydrogen creation, the total efficiency of the solar-to-fuel step remains at >8.3% for 10 h.
Additionally, using a system based on a four-series-coupled perovskite with copper and
RuO2 electrodes, methane was formed as the main product with a conversion efficiency of
2% and H2 with a 3% conversion efficiency, and the solar-driven fuel conversion efficiency
was 5% for an 8 h procedure with the PV-EC device.
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Zhang and colleagues reported a new electrocatalyst for CO2RR using some metals
attached onto Zr6-cluster-porphyrin-framework hollow nanocapsules (M-SAs/Zr-CPF)
connected to a custom-built large-area [Cs0.05(FA0.85MA0.15)0.95]Pb0.9(I0.85Br0.15)3 perovskite
solar cell [80]. These designed electrocatalysts with hollow structures simplify electron
transfer and CO2 adsorption. Among the different metals, the Co atom showed improved
electrocatalytic activity in the energy reduction of *COOH formation and *CO desorption.
Coupled with a RuO2/C anode in a 0.1 M KHCO3 aqueous solution within an H-type
electrolytic cell separated by a Nafion-117 membrane, the electrocatalyst showed a sub-
stantial faradaic efficiency, low overpotential, and great stability for CO2 reduction with a
solar-to-CO energy conversion efficiency of 12.5%. Under AM 1.5G illumination, the elec-
trocatalyst showed a total power conversion efficiency (PCE) of 21.3% with an open-circuit
voltage (Voc) of 4.6 V and a short-circuit current density (Jsc) of 8.96 mA cm−2, and the
optimal working voltage and current was 3.2 V and 3.2 mA, respectively. The long-term
stability tests of M-SAs/Zr-CPF CO2RR-OER showed a steady working voltage of 3.1 V,
and the current density was retained at ~3.2 mA cm−2, with an FECO of 58.5% over the 3 h
of electrolysis. In Table 2, we reviewed the recent progress in perovskites for their roles in
EC, PEC, and PV-EC CO2 reduction.
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Table 2. Perovskites for EC, PEC, and PV-EC CO2 reduction.

Cathode/Photocathode Anode/Photoanode PV Absorber Method CO2RR Product FE% Solar-to-Product
Efficiency References

Sr2Fe1.5Mo0.5O6−δ Pt plate - EC CO 95 - [57]

SrSnO3 nanowires Pt wire - EC HCO2
− 80 - [58]

Cu3N nanocubes - - EC C2H4 60 - [60]

La0.66Ti1-xFexO3δ Gd0.2Ce0.8O2-δ - EC CO ∼100 - [61]

La2CuO4 - - EC CH4 56.3 - [62]

Sr2 Fe 1.5-x NixMo0.5O6-δ

(La0.6Sr0.4)0.98
Co0.2Fe0.8O3-δ,
Gd0.2Ce0.8O2-δ

- EC CO 99.9 - [63]

(PrBa)0.95Fe1.6Ni0.2Nb0.2O5+δ La0.6Sr0.4 Co0.2Fe0.8O3-δ - EC CO 99.3 - [64]

Cs3Bi2Br9/C Pt foil - EC HCOOH 92 - [65]

LaInO3 Ni foam - EC HCOO— 91.4 - [66]

Pr4/3Ba2/3Co2/3Fe2/3Mn2/3O5+δ/
Gd-doped ceria - - EC CO 90 - [67]

In0.4Bi0.6 alloy-coated
CH3NH3PbI3

Pt - PEC HCOOH ~100 7.2 [71]

GO/CH3NH3PbBr3 Pt wire - PEC CO and CH4 - - [72]

(Cs0.15FA0.85)Pb(I0.9Br0.1)3 Si photoanode - PEC CO 88 3.85 [73]

ZnO@ZnTe@CdTe
/CH3NH3PbI3 perovskite

tandem cell
Cobalt–bicarbonate - PEC CO ~80% 0.43% [74]

CsPbBr3-F-N-Au Pt foil - PEC CO - - [75]

Dendritic-nanostructured CuO Dendritic-nanostructured
CuO GaInP/GaInAs/Ge PV-EC hydrocarbons 62 2.3 [77]

Oxidized Au IrO2 CH3NH3PbI3 PV-EC CO 90 6.5 [78]

Au wire RuO2 (HC(NH2)2)0.66(CH3NH3)0.34PbI2.85Br0.15 PV-EC CO 80 >8% [79]

Co-SAs/Zr-CPF RuO2/C Cs0.05(FA0.85MA0.15)0.95]Pb0.9(I0.85Br0.15)3 PV-EC CO >50 12.5 [80]
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5. Conclusions and Perspectives

The conversion of CO2 to added-value chemicals or fuels is an attractive strategy for
storing such a renewable source of energy into the form of chemical energy. The catalysis
technology has received more and more attention for such a concept. Therefore, in parallel
to more developed systems for electrochemical water splitting, the utility of innovative
and advanced catalysts to develop critical performance factors, e.g., durability, conver-
sion efficiency, and energy/power densities, must be explored in the specific concept of
the CO2RR. To achieve this purpose, the scientific community has been working on the
construction of new materials that allow the design of advanced electrode systems for
efficient CO2 capture and reduction. Recently, perovskite-based catalysts have drawn a
growing interest in various sectors from renewable energy to environmental processes.
We have reviewed the various kinds of perovskites, followed by a discussion of their
recent progress in their application as an emerging functional material in EC, PEC, and
PV-EC reactions for CO2 reduction. Perovskite oxides have shown more potential in EC
CO2RRs because of their oxygen vacancy sites and lattice distortions, which create more
active sites for electrochemical CO2 reduction. Moreover, perovskite oxides have more
stability under harsh conditions like high temperature and can be used for solid-oxide
fuel cells. Due to the presence of halide ions, halide perovskites show higher absorption
coefficients and have more carrier mobilities, which make them more suitable for PEC
and PV-EC CO2 reduction [81,82]. To achieve outstanding perovskite-based electrocata-
lysts, there are various strategies available, including developing the intrinsic activity and
increasing available active sites by defect engineering on the perovskite surface, crystal
structure regulation, tuning the electrical conductivity and synthesis process, and surface
modification. High electron transfer of perovskites leads to the reduction of ohmic losses
and the evolution of active sites, developing electrocatalytic performance. To increase
electronic conductivity, some strategies such as using electrically conductive materials
and doping agents are beneficial. In addition, cations in A- and B-sites have a critical role
in adjusting the electron arrangement, thereby affecting the electrical conductivity and
increasing the electrocatalytic activity. However, despite substantial development having
been made, there are still a large number of perovskites that are theoretically predicted to
exist, and their application as catalysts has also never been investigated experimentally. In
fact, the research on the electrocatalytic applications of perovskites for CO2 reduction is
still at its initial stages, and some challenges are still waiting to be addressed to facilitate
their practical applications. One of the crucial challenges is the stability of perovskites
in the aqueous solution of EC cells, which can be improved by doping, barrier layers,
crystal engineering, and encapsulation approaches. Another issue is the toxicity of lead
in some kinds of halide perovskites from the aspect of environmental concerns, which
can be addressed by replacement with other more eco-friendly components e.g., Ti, Bi,
or by using lead-leakage-preventing layers during encapsulation of the system. Also, in
terms of industrial and commercial production, the fabrication of perovskite-based elec-
trocatalysts with uniform particle size, identical morphology, and high specific surface
area is still a main problem. Developing well-organized and cost-effective manufacturing
procedures is crucial for scaling up perovskite-based CO2RR. This can be achieved through
the optimization of reaction conditions and by developing new production technologies.
Researchers can explore ways to reduce the cost of raw materials and improve the efficiency
of perovskite production. This can include using cheaper precursors, optimizing reaction
conditions, and developing new synthesis methods. Also, perovskite-based CO2RR can be
integrated with existing industrial processes to improve efficiency. In addition, to achieve
practical objectives, electrocatalysts must be able to work at high current densities for
hundreds of hours, while in the laboratory, the analyses can be performed in a short period
of time, so it is essential to improve the stability of these compounds [83]. Moreover, more
studies on the electroreduction of CO2 by perovskites are necessary to further promote
improvements in this field.
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