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CO, reduction reaction (CO,RR) is one of the most promising methods to alleviate the global challenge of
climate change and energy supply. Metal catalysts such as copper, gold, silver, tin, bismuth, etc., attract
great attention for their high efficiency to convert CO, into valuable chemicals such as CO, HCOOH,
CoH4 and CoHsOH. It is of interest that the unstable metal-based compounds can be considered as pre-
catalysts due to the in situ formation of a metallic state during CO,RR, resulting in a reconstruction of
surface catalytic structures that mediate much higher CO,RR activity than their metal foil counterparts.
However, the precise evolution process of the catalysts during CO,RR and ultimate active sites of the
catalyst have not been fully tracked and determined. In this review, we summarize the recent
development of metal oxides, metal dichalcogenides, metal halides, metal nitrides and metal—-organic
compound pre-catalysts, and focus on the structural evolution during the activation process. The key
structural factors that impact the performance of catalysts are analyzed in-depth in terms of the remnant

of anion elements, enhanced surface areas, facet orientation, and grain boundaries. A perspective is also
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Accepted 3rd August 2021 provided to tackle the critical challenges in designing highly efficient CO,RR pre-catalysts, including the

manipulation and identification of surface roughness, structure disorder and partial oxidation of metal
center, the monitoring and regeneration of catalysts under a long-time operation, the elimination of
impurities during operation and fine control of multicomponent for structural regulation.

DOI: 10.1039/d1ta03624f

rsc.li/materials-a

reduction (CO,RR) that utilizes clean electricity to complete
carbon fixation and synthesize fuel is an effective way to alle-
The development of (photo)electrochemical methods to harvest ~ viate the energy and environmental crisis.®” To realize indus-
renewable energy and produce valuable chemical fuels is a key trialized electrochemical CO, reduction, it is necessary to
step to build a sustainable society.' Electrochemical CO, optimize the construction of an electrochemical system so that
it can catalytically reduce CO, into a single product with high
energy conversion efficiency and high selectivity. CO, reduction
is a very complex reaction with a series of products with very
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close electrode potentials.'®'* In addition, the side reaction of
hydrogen evolution is difficult to avoid, because the electrode
potential of CO, reduction is very close to that of hydrogen
evolution. These difficulties have made the research of catalysts
one of the most restrictive factors for CO,RR industrialization.

It is generally believed that the initial reduction of CO, can
be roughly divided into two pathways, one is to generate formic
acid, and the other is to generate CO." Formic acid cannot be
further reduced in this reducing environment. On the other
hand, CO may continue to be adsorbed on the surface of the
catalyst and be deeply reduced to a series of products, such as
methane, ethylene, ethanol, and acetic acid. The reaction
pathway and termination of CO,RR is determined by the surface
electron and atomic structure of the catalyst, which determines
the ability of the catalyst to combine with a series of interme-
diate products.

Previous research on single metal has classified metals into
several groups with different catalytic selectivity.'®*>** The most
inert metals that difficult to form M-C bond, such as lead,
mercury, tin and indium, mainly produce formic acid. Metals
with weak CO adsorption strength, such as gold and silver,
produce CO as the final reduction product. Metals with very
strong CO adsorption strength, such as iron, cobalt, nickel,
platinum, etc., are vulnerable to the surface poisoning, resulting
in the production of hydrogen. The interaction between Cu and
CO is moderate, thus it is the only catalyst that can further
reduce CO. However, the Cu catalytic selectivity is very sensitive
to the subtle changes in the electronic structure of the surface
atoms. For example, the catalytic selectivity of the (111) facet
and the (110) facet of copper are significantly different.***
Nevertheless, for the study based on planar metal catalysts, the
overall reaction rate is low, and the side reaction of hydrogen
production is very strong.

Kanan research group first proposed an oxidation-reduction
strategy and found that the CuO,, AuO,, and other metals oxides
can be utilized as pre-catalysts, resulting in the formation of
nanostructured morphologies with a large number of grain
boundaries and a large specific surface area.'**® The overall
overpotential for CO,RR is reduced by 400 mV compared to the
planar electrode, and hydrogen production is greatly sup-
pressed. Smith's group studied OD-Ag for CO,RR and also
observed a substantial increase in energy conversion and
selectivity.”®** After that, the OD strategy has been widely used
in various CO,RR metal catalysts.?*>*

In recent years, other metal-nonmetal compound pre-
catalysts, such as metal dichalcogenide, metal nitrite, metal
halogens and MOF, were developed as promising pre-catalysts
for CO,RR.**** Compared with metal oxides pre-catalysts, the
residual nonmetal concentration of S, B, N and their influence
on the metal oxidation state were different. Moreover, the
different compositions of pre-catalysts can regulate the struc-
ture evolution and result in unique surface morphology and
defects. Therefore, various CO,RR selectivity and activity of pre-
catalysts that superior to their pristine metal foil opponent have
been realized, as listed in Table 1. For instance, Sargent group
found that the nanostructure catalyst derived from Cu-F pre-
catalysts can realize C2+ FEs of 85.8% at 1600 mA cm 2.3

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry A

Cu,S catalysts with abundant vacancies on the surface were also
created and exhibited faradaic efficiency for C;H,OH and
C,H;O0H of 8% and 15%.%° Although there are numerous
research works on the development of pre-catalysts, a practical
rule or guideline for the design of pre-catalysts still lacks due to
the difference in preparation methods, test methods, and
sample parameters in each research work. There is an urgent
need to sort out the relationship between the structure and
performance of various pre-catalysts.

In this review, we systematically analyze the performance
and structural evolution of pre-catalysts of metal oxides, metal
dichalcogenide, metal nitrite, metal halogens and other metal
salts. The composition or structural factors that strongly influ-
ence the CO,RR performance are categorized into element
residue, specific surface area increase, grain boundary, surface
orientation, etc., and the mechanism of their influence on
performance is explained separately. The stability of the
sample, especially the evolution of the element residue and the
special surface structure under long-term operation is also
analyzed based on the existing data. This article provides
guidance on the relationship between structure and perfor-
mance for future research in the field of pre-catalysts.

2. Pre-catalyst for CO,RR: synthesis
and characterization technique

With the in-depth characterization of catalysts based on various
advanced techniques, it is widely accepted that most of the
catalysts experienced a dynamic structural change during the
reaction.*?*** Thus, the real active sites and the finial
composition/structure of the catalysts should be carefully
determined. One example is the development of “bi-functional
catalysts” for electrochemical water splitting. The as-
synthesized metal borides, phosphides, nitrides, sulfides and
selenides have been found to exhibit superior activity both for
OER and HER.** However, a detailed investigation on these
catalysts revealed that a structural/composition change is
almost inevitable after a long-term operation. For OER, the as-
prepared compounds tend to change to metal oxide/(oxy)
hydroxide through the oxidation of the parent catalysts, which
is driven by the thermodynamically potential according to the
E-pH diagram. Similarly, metal phase is proposed to be the
main composition of the derived catalysts after HER. The
structural, morphological and chemical state changes during
other catalytic processes such as CO,RR, NO oxidation, CO
oxidation, oxygen reduction efc. are also significant due to the
applied potential and complex reaction environment.** The
development of various advanced characterization techniques
allows researchers to gain more in-depth insight into the cata-
lyst change under electrochemical conditions.***> Another issue
should be considered is the unintentional introduction of
impurities in derived catalysts. For example, Fe impurities are
easy to be incorporated in the OER electrocatalyst during the
synthesis and/or OER process, leading to the controversial
conclusions and incorrect performance merits collected by
different groups.* By carefully eliminate the Fe interference
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Selectivity
Identified reason (besides high surface Potential vs.
Catalysts area) RHE Jiotal (MA em ™) Key products ~ Faradaic efficiency (%) Ref.
AuO, Grain boundaries —0.4 6-10 CO 98% 18
AuOH Grain boundaries —0.59 2.6 Cco 98% 62
AuO, Surface disorder -0.8 10-16 CO >90% 61
Au-complex S anions —0.68 4.4 CO 94.2% 214
AgO, Nanostructured surface —0.8 1.15 Cco 89% 20
AgO, Undercoordinated sites —0.6 2.5 CO 90% 108
AgO, Surface orientation —0.6 3.7 CcO 92.8% 64
AgCl, Cl anions —0.5 2 Cco 95% 32
Agl, I anions —0.7 16.7 CcO 94.5% 107
AgP, Partially oxidized Ag —0.8 9 Cco 82% 35
Ag-complex High surface area —1.03 6 Cco 96% 182
Ag,CO3 Nanostructured surface —0.55 1 CO 90% 67
Ag;PO, Nanostructured surface —0.9 8 Cco 93% 156
GaO, Small metal particle —0.71 5 CO 77% 51
Cds Partial S coordination —1.2 12 Cco 95% 81
ZnO Nanostructure —0.85 10 Co 95% 98
ZnO Zn** rich surface —0.95 7 Cco 95.3% 116
SnO, Grain boundaries —0.8 6 HCOOH 80% 109
SnoO, Grain boundaries —0.99 7 HCOOH 63% 167
SnoO, Small metal particles -1.1 16 HCOOH 84% 90
SnS, Residual S anions -0.8 13.9 HCOOH 84.5% 84
Bi,0; Surface defects —0.82 36 HCOOH >98% 23
Bi, 05 Residual O anions -0.9 8 HCOOH 91% 25
Bi,S; Surface defects —0.75 5 HCOOH 84% 25
BiOCl Shortened interlayer bond —1.16 60 HCOOH 95% 33
BiOBr Surface orientation —0.9 55 HCOOH 95% 152
BiOI Partial oxidized Bi -1.0 40 HCOOH 90% 222
Bi-MOF 2D nanostructure -0.9 26.5 HCOOH 98.6% 223
Bi-MOF Small metal particles —0.97 5.4 HCOOH 95% 155
Bi,0,CO; 2D nanostructure/subcarbonate —-0.7 11 HCOOH 85% 68
Bi,0,CO; 2D nanostructure —0.8 5 HCOOH 94% 82
Cu,O Grain boundaries -0.5 2.7 CO 40% 16
Cu,0 Higher Cu" coverage -1.6 6 C2+ 59% 140
C;H,0OH 8.7%
Cu,O Higher Cu" coverage -0.9 20 C,H, 60% 110
Regenerated CuO,  Higher Cu" coverage -1.0 5 C2+ 76% 24
CH;CH,OH 32%
CuO, Nanostructure —0.7 5 C,Hg 37% 165
CuO, Residual O anions -1.0 35 C,H, 45% 157
CH,CH,0H  22%
CuS, S anions -0.8 10.7 HCOOH 74% 104
CuS, S anions —0.95 32 C2+ 51% 26
C;H,0H 8%
Cu(OH)Cl Higher Cu" coverage -1.2 22.2 C2+ 68% 30
C,H, 38%
Cu(OH)F F anions —0.54 800(flow cell) C2+ 84% 31
C,H, 60%
Cul, Nanostructure —0.735 20 C2+ 57.2% 106
C,Hs 30%
Cu;N Higher Cu" coverage —0.95 22 C2+ 64% 224
CuzN Nanostructure —-1.0 18.5 C2+ 68% 55
Cu(B) Higher Cu" coverage -1.1 70 C,H, 52% 38
C,H;0H 27%
Cu(B) Nanostructure -1.1 18.2 C,H, 58.4% 95
Cu-MOF Undercoordinated sites —1.07 263(flow cell) C,H, 45% 36
Cu-MOF Higher Cu" coverage —0.4 14 CH;COO- 48% 153
CH,CH,0H  32%

during synthesis and measurement, the role of Fe is elucidated
and the real OER activity trends for certain catalysts can be re-
constructed.*** These results implied that the important role
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of determining the real active site of CO,RR catalysts by moni-
toring the structural evolution and the unintentional impuri-
ties. Thus, this section summarized the synthesis method for

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ta03624f

Published on 09 augusta 2021. Downloaded on 20.8.2024 17:20:04.

Review

CO,RR pre-catalyst and highlighted the specific function of
various advanced characterization techniques, which is quite
important for tackling the key challenges of the catalysts.

There are many effective ways to control and create the pre-
catalysts from metal or metal salts precursors. Thermal treat-
ment is one of the easiest ways to create metal oxides by placing
the precursor in a muffle or tube furnace in an air atmosphere
at the specified temperature and time period.'**>*** By using
this method, the adventive element contaminations can be
largely avoided as long as high-purity metal foil or precursor is
used. Generally, several pm of copper oxide layer can be formed
on copper foil after annealing at 500 °C for 12 h.**** SnO with
thickness ranging from 5.4 to 16 nm can be realized from Sn
nanoparticle by changing annealing temperature between 100-
180 °C and annealing period between 6-18 h.>* PbO, Bi,0;,
In,0; and Ga,O; can also be synthesized directly from Pb and Bi
metal or In(acac); and gallium nitrate precursor.>>***' The
thermal annealing method can also be applied to the synthesis
of copper nitride pre-catalysts by the nitridation process of
copper-based precursor under NH; flow with heating. Besides
planar copper nitride, nanostructured copper nitride could also
be realized by using CuO, with desired nanostructure as nitri-
dation precursor.**** Worth noting that thermal annealing
method is not suitable to create thick oxide layer on Au and Ag
metal. Au metal is difficult to be oxidized due to the high work
function of 5.1 eV. Although Au,0; has been observed as the
oxidized state of Au, it is merely a metastable state at room
temperature and will quickly decompose at T > 160 °C.***” The
thermal oxidation of Ag foils is also not effective because the
instability of silver oxide at temperatures above 200 °C.*®* A
mixture of metallic Ag (Ag(0)) and oxidized Ag was obtained
after air annealing due to thermal instability of AgO, to Ag.>>*

Electrochemical oxidation at a highly positive voltage, on the
other hand, can effectively oxidize Au(0) to Au(OH); or Au,0Os3,
and oxidize Ag(0) to AgO or Ag,0, depending on the electrolyte
identity and applied potential.*®>*¢*-** For instance, Kanan and
coworkers applied a periodic symmetric square-wave potential
routine at 1 kHz in 0.5 M H,SO, for 60 min on a piece of Au foil,
resulting in the formation of thick (>1 pm) and amorphous Au
oxide layers."® Changing the electrolyte to neutral would result
in Au(OH); as products of anodization.®> The potential anod-
ization of Ag to AgO, was usually performed under a more
alkaline solution, as Ma et al. reported the fabrication of Ag,O
layers by applying symmetric 50 Hz square-wave pulsed poten-
tial on polycrystalline Ag foil in 0.2 M NaOH solutions.*® Zhou
et al. reported that Ag started to get oxidized to form Ag,O in
neutral electrolyte when the potential was increased to 0.6 V,
and was further oxidized to AgO at higher potential,** however,
in an electrolyte with pH of 3, the anodization of Ag cannot form
Ag oxides. Electrochemical oxidation is also a facile and
common way to create nanostructured metal oxides. Cu,O layer
with nanowire morphology can be formed by anodization of
a Cu layer in 3 M KOH.* Electrochemical oxidation by linear
sweep voltammetry with high positive potential limits is also
feasible to synthesize cubic Bi,O; phase.®

The electrochemical oxidation method can also introduce
other nonmetal element into metal lattice by anodic treatment

This journal is © The Royal Society of Chemistry 2021
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in electrolyte with corresponding anions. For instance, an
anodic potential of 2.6 V was reported to synthesize 4.9 um
Ag,CO; layer on Ag foil in 3 min (ref. 67) and a direct current
potential difference of 10 V was applied to synthesize white
solid powder of Bi,0,CO;.*® Ag halide and CusS can be fabricated
by electrochemical anodic treatment in corresponding halide
and thiourea contained electrolyte, respectively,®**"* while
copper halides compounds can even be formed on the surface
of Cu during CO,RR in halide salts electrolytes.”””* Sol-
vothermal synthesis is a very common and facile method to
synthesize various of metal compounds and one of its prom-
inent features is to create nanostructure morphol-
ogies.?*?6:3031347588 1 jy et al. reported the synthesis of ultrathin
sub-2 nm SnO, quantum wires from SnCl, and oleylamine
precursor.® A two-step strategy was developed to first synthesize
Sn compound with controllable morphology, such as SnS,
nanosheet, and then converted the Sn compound to SnO, by
annealing.”>** In the work of Sun and coworkers, by raising the
reaction temperature from 230 to 260 °C, the morphology of the
final copper nitride products from solvothermal synthesis
changed from nanoparticle to nanocube and then from 25 nm
nanocube to 10 nm nanocube.” Hollow nanotubes composed of
SnS (stannous sulfide) nanosheets was synthesized by the
employment of MoO; template in solvothermal process.>” Sol-
vothermal methods were also developed to synthesize ZnO, B-
CuO, bismuth sulphide, AgBiS,, Ag,S, InS and CdS, and nano-
structure such as nanoneedles, nanorods, and nanoparticles
can be realized.>®?%8081,92-98

There are also other methods that can create metal
compound pre-catalysts. For instance, since Cu is vulnerable to
oxidation, chemical oxidation can be applied to form Cu(OH),
nanotube/nanowire/microflower by oxidant of (Na,S,Og/
K,S,05),”* and even immersing Cu foil in ammonium poly-
sulfide solution for 5 min can result in the formation of copper
sulfide.’ The direct reaction between metal foil and solution
are further employed to fabricate Bi,0,COj;, Cu-halide and Ag
halide.'*'” Plasma treatments can create metal oxides layer on
metal and even control the nanostructure morphology and
surface roughness of Cu, Ag and Sn pre-catalysts.'***** Electro-
chemical deposition is another common method to achieve
metal oxides and was reported to fabricate Cu,0,”>****** SnO,,*
Cd(OH), nanosheets'® and ZnO**"*® with structure parameters
can be controlled by pH value, precursor concentration and
deposition temperature. Compared with the high-cost vacuum
deposition methods (e.g., ion-beam sputtering, magnetron
sputtering, thermal evaporation), solution-based synthesis
methods are the most popular means to fabricate CO,RR cata-
lysts with controlled morphology and nanostructures. However,
it should be noted that the solution method is prone to intro-
duce impurities in catalysts during synthesis and an inten-
tionally purified process for the electrolyte is suggested to avoid
contamination.

For the characterization techniques, normal X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Scanning elec-
tron microscope (SEM), Transmission electron microscope
(TEM), Atomic force microscope (AFM), have all been applied to
measure the atomic and electronic structure of pre-catalysts and

J. Mater. Chem. A, 2021, 9, 19508-19533 | 19511
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Fig. 1 (a—c) Typical configurations for electrochemical operando XAFS. (a) Schematics of a common setup XAS measurements with mono-
chromator front end. (b) Schematics of XAS measurement with energy-dispersive mode. (c) A typical operando electrochemical cell set-up for
electrocatalysis. CE, counterelectrode; WE, working electrode; RE, reference electrode. (d and e) Typical configurations for electrochemical
operando APXPS. (a and b) Adapted with permission from ref. 42 Copyright © 2021, American Chemical Society. (c) Adapted with permission
from ref. 122 Copyright © 2019, Springer Nature. (d) A typical APXPS setup used in ALS endstation. (e) Schematic illustration of the reaction cell
configuration used for operando electrochemical APXPS. The electrode is pulled out of the electrolyte and covered by micron meters of aqueous
solution. (d) Adapted with permission from ref. 120 Copyright © 2013, Elsevier. (e) Adapted with permission from ref. 121 Copyright © 2017,
American Chemical Society. (f) Schematic representations of attenuated-total-reflection surface-enhanced infrared absorption (ATR-SEIRA). (g)
Schematic illustrations of operando ATR-IR cells for electrocatalytic reactions. Schematic illustrations of (h) operando SRIR methodology and (i)

operando SRIR cell. (f-i) Adapted with permission from ref. 5 Copyright © 2020, Elsevier.
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derived catalysts, however, to fully understand the real structure
of catalysts during CO,RR, numerous advanced operando
methods have been adopted to the CO,RR system. To examine
the structural and morphological change of catalysts under
catalytic process, in situ and operando SEM, AFM and TEM
operated under a liquid or gas-phase condition was developed
to monitor the dynamic transformations.**** Ambient pressure
X-ray photoelectron spectrum (APXPS) can provide the electric
structure information of catalysts surface for electrochemical
CO,RR and the system is typically performed with electro-
chemical treatment and XPS in the same measurement
chamber with ~10 Torr of water vapor.*”** After the electro-
chemical treatment, working electrodes were pulled out of the
electrolyte into the XPS measurement position that was
approximately several hundreds um away from the analyzer
entrance nozzle (Fig. 1d and e).

X-ray absorption fine structure (XAFS) is a very powerful
method for the operando measurement of electrochemical
reaction because both incident light and outgoing light are X-
ray and have a high transmission depth in water (Fig. 1a-
¢).*>1>2 XAFS are very sensitive to the local atomic and electric
structure of element species in the catalysts from extended X-ray
absorption fine structure and X-ray absorption near edge
structure, and it can provide valuable information of catalytic
metal centers for even amorphous sample. However, the XAFS
method also has a high transmission depth in the sample and
usually obtains the structure information of the whole bulk
material. For CO,RR research, the incident mode is usually
adopted to limit the detection at the surface layer.>"*° Operando
Raman is another method to probe the crystal structure evolu-
tion of pre-catalysts and is robust against the absorption of
water.'”® The operando Raman configuration is based on
reflective mode which is similar to that of the normal IR that
measures sample in an aqueous solution. To amplify the signal
of sample, plasmonic substrate such as nanostructured Ag, Au,
and Cu are usually utilized to enhance the electromagnetic field
at electrode surface and multiply the resultant Raman signal by
several orders of magnitude. Fortunately, Ag, Au, and Cu are the
most common metal catalysts studied for CO,RR, which greatly
simplify the design of surface-enhanced Raman spectroscopy in
this area. Using surface-enhanced Raman spectroscopy, Han
and coworkers successfully probed the difference of interme-
diate species on four commonly used Cu catalysts,'** and they
also discovered that the CO adsorption configuration on Cu is
different when changing the pH value of the electrolyte."*® For
other metal catalysts that are non-plasmonic or with flat
surface, a newly emerging technology of shell-isolated nano-
particle enhanced Raman spectroscopy (SHINERS) exhibit great
potential to enable the amplification of Raman signal.”***** In
this method, plasmonic nanoparticles, which are enclosed
within a shell composed of an insulating material, are placed in
close proximity with a non-plasmonic catalyst to impart a simi-
larly increased electromagnetic field to the material of interest.

The operando IR, on the other hand, can provide strong
signal for polar groups such as C-O, O-H and C-H on the
surface of the catalyst and helps to understand the reaction
pathway of CO,RR on catalysts with different selectivity.>”>*>71?%
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The operando IR is very vulnerable to the absorption of water
and usually adopts total reflection mode and the pre-catalyst
sample is deposited on the surface of internal reflective
element (Fig. 1f and g). The electromagnetic field of this re-
flected IR beam at the boundary can still extend into the sample
medium and obtain the information of functional groups on
the surface of the sample.® Notably, when utilizing the
synchrotron radiation (SR) light source with high brightness at
a microzone, even external reflection mode IR technology can
obtain sufficient signals of surface bonding groups, which can
greatly simplify the experimental design for dilute catalytic site
systems (Fig. 1h and i). The rational design of pre-catalysts for
enhanced activity, selectivity and stability demands precise
controlling of the initial composition, chemical state and
nanostructure in the synthesis process. Meanwhile, the
structural/chemical parameters of the catalysts should be
carefully monitored under realistic operation conditions due to
the pre-catalysts actively transform and sensitively respond to
the electrochemical reaction environment. Thus, tremendous
efforts have been conducted to correlate dynamic parameters
change of the pre-catalysts to the activity trend that aims to
reveal the nature of active sites in the derived catalysts.

3. The role of residual anion ions in
metal-nonmetal compound derived
catalysts during CO,RR

3.1. The existence of anion ions in derived catalysts

3.1.1 The existence of O in metal oxide derived catalysts.
Many well-known metal catalysts, such as CuO,, AuO,, AgO,,
SnO, and ZnO, have been studied as CO,RR pre-catalysts.
Theoretically, a phase diagram of these metal/metal-oxides in
an electrochemical aqueous environment can be calculated by
the equilibrium of redox and acid-base reactions as shown in
Fig. 2.1%113% Tt is obviously that the standard electrode
potential (SEP) of most of these M/Mn" (M: metal) are positive
or close to 0 vs. RHE and the stablest phase of the pre-catalysts
are pure metal at the CO,RR potential that more negative than
0 Vvs. RHE according to the Pourbaix diagram (in this paper all
voltages used are vs. RHE, unless specially noted such as the
case in Fig. 2). However, the electrochemical reduction of metal
oxides may not fully complete because of the competition
reaction or not exposing to the electrochemical active interface.
It is crucial to find out the concentration and local structure of
oxygen in MO, under CO,RR reaction to understand the real
role of MO, pre-catalysts.

There are two main obstacles to find out what is the real state
of oxygen in MO, pre-catalysts under CO,RR. First, the remnant
concentration of O might be too low to be detected by bulk
methods such as normal XRD.?*** Second, the surface of some
metal, such as Cu, are very sensitive and vulnerable to the
oxidation of air. Thus, the clear signal of oxygen observed in XPS
measurement may not really correspond to the remnant of
oxygen on the catalyst surface.'***>**¢ For instance, Lum et al.
reported that there is no Cu,O signal for OD-Cu under CO,RR,
however, once the potential was removed, Cu,O peaks began to
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appear again after 60 s."*” To this end, in situ detection tech-
niques and high-sensitive surface methods are required to
further investigate the real composition of the catalyst surface
and its influence on CO,RR.

The most common in situ method to detect the oxygen in
MO, is APXPS, which can provide clear signal for oxygen on
surface or subsurface of catalysts."*® The quasi in situ oxygen K-
edge electron energy-loss spectra (EELS)"'® is also a powerful
method to determine the state of O on surface. In situ X-ray
absorption fine structure and near edge structure (XAFS;
XANES) have a much higher investigation depth, but they can be
still employed to provide surface information by incident
mode.*""** The results showed that the residual O in metal
oxides under CO,RR is still strongly related to the SEP of M/M™".
For metal with very positive SEP, such as Au (SEP: 1.002 V, all
SEP are vs. RHE) and Ag (SEP: 0.7996 V), there is no signal of
AuO, or AgO, in XRD after CO,RR.***" XPS and EDXS exhibited
the expected peaks for Au(0) and no peaks related to an Au oxide
can be found, indicating that reduction of Au,0; was complete
within the detection limits of these techniques.' However, the
monitoring of surface AgO, structure by operando XAFS with
grazing incidence mode (0.1° angle), as shown in Fig. 3a-c,
clearly showed that a mixture of both metallic and oxide
composition is maintained on the surface of OD-Ag.* The
existence of stable O in OD-Ag was also confirmed by other
methods such as Ag M, sVV Auger signals.’®® Cu is the metal
that attracts the most attention in CO,RR and has a much
negative SEP (0.3419 V) compared with Ag. Based on in situ
ambient pressure XPS, quasi in situ oxygen K-edge electron
energy-loss spectra (EELS), positron annihilation spectroscopy
(PAS) and in situ XANES, a clear signal of O has been observed in
many OD-Cu electrocatalyst research and the O signal is found

19514 | J Mater. Chem. A, 2021, 9, 19508-19533

to be relatively stable during CO,RR."#**14® This O signal is
assumed to be subsurface oxygen in Cu lattice as no copper
oxides can be observed in Cu 2ps,, APXPS spectra (Fig. 3d and e).
However, there is no unified opinion on the oxygen content,
existence shape and stabilization time of O in OD-Cu.” It is
possible that the state of oxygen in OD-Cu is strongly related to
the morphology of catalysts, electrolyte environment and
reduction potential. Sn has a more negative SEP (—0.1375 V)
compared with Cu; the concentration of O is much higher in
OD-Sn and the phase of SnO, can be maintained during CO,RR
with low overpotential. The operando Raman spectroscopic
survey performed by Broekmann and coworkers clearly exhibi-
ted that the practical (kinetic) stability region of SnO and SnO,
well exceeds the thermodynamic stability window of Pourbaix
diagram (hydrous Sn(v) oxide exist for V > 0.1 V; hydrous Sn(u)
oxide exist for V= —0.1-0.1 V; Fig. 2 and 4)."*

There are also other metal oxides pre-catalysts, such as PbO,
(SEP: —0.1262 V), InO, (SEP: —0.34 V), BiO, (SEP: 0.32 V), CdO,
(SEP: —0.4030 V), GaO, (SEP: —0.549 V), ZnO, (SEP: —0.7618 V),
however, the O state in these pre-catalysts have not been studied
by operando surface detection methods. Based on the ex situ
measurement or in situ bulk XAFS, the final phase of PbO,,
CdO,, GaO, and BiO, after CO,RR are mostly metal phase,
however, the residual O in OD-metal can not be
excluded.”**%'*> Zn is the most active metal among these
CO,RR catalysts and a large amount of the oxygen can be
maintained in the metal lattice even after CO,RR.™® In most
research works, the final crystal phase of OD-Zn after CO,RR is
pure metal Zn,’”*® however, Zeng and coworkers reported that
ZnO phase could be maintained in ZnO nanosheets,*® indi-
cating that the stability of ZnO is strongly related to the sample
morphology and experimental conditions.

This journal is © The Royal Society of Chemistry 2021
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The state of oxygen in mixed metal oxides pre-catalysts are
more complex because the interaction between metal atoms
may stabilize the M-O bond in the pre-catalysts. For instance,
the Cu ions in mixed metal oxide of CuInO, are found to be
much more difficult to reduce than that in Cu,0.** Sn** ions
were found to be stabilized by many binary structure, such as
Bi-SnO,*** Cu-SnO,,"** Sn0,/Ag0,,"** which are probably due to
the activity difference of these two metals that result in the
rearranging of the free electrons.

3.1.2 The existence of other nonmetal element in derived
catalysts. Besides the success of metals oxide pre-catalysts, the

This journal is © The Royal Society of Chemistry 2021

progress of other metal-nonmetal pre-catalysts also attract
great attention, such as metal dichalcogenides, metal halide,
metal nitride, MOF and other metal salts,?%2%:31:3334.68.77.145 [t jg
easier to distinguish the remnant concentration of these
nonmetal elements because the concentration of remnant
nonmetal are not impacted by the re-oxidation of catalyst in air.
Thus, the normal detection methods such as XRD and XPS can
provide reliable information for the state of nonmetal elements
after CO,RR.

Generally, the stability of metal dichalcogenides under
CO,RR is similar to metal oxides. After CO,RR, the XRD
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detection confirms the disappear of metal dichalcogenides
phases for Cu, Au, Bi, Pb, Sn and Ag dichalcogenides pre-cata-
lysts.?®?%14¢ However, there is clear signal of S for Cus, SnS, and
Ag-Bi-S pre-catalysts after CO,RR in XPS or energy-dispersive X-
ray spectroscopy (EDS),”'****¢ indicating that S may not be fully
cleaved. For instance, Shao-horn and coworkers reported that
for electrodeposited Cu,S, only Cu metal and a tiny amount of
Cu,O can be observed after CO,RR, however, the S concentra-
tion is still one-tenth compared with the as-prepared Cu,S,”* as
shown in Fig. 5a-c. As a result, the oxidation state of Cu in SD-
Cu is much higher than that of the Cu foil. Worth noting that
there are reports of MoS,, WS,, MoSe,, WSe,, TiS,, ZnS and S-
doped In as efficient CO,RR catalysts,******* which did not
exhibit large composition or morphology change during CO,RR
and may be recognized as a new group of catalysts rather than
pre-catalysts of metal. However, considering most of the metal-
nonmetal catalysts are not really stable under CO,RR condi-
tions, more research work on these catalysts is recommended to
clarify the structural evolution behavior under high operation
current (>500 mA cm %) and long operation time (>100 h). For
example, the research of Cu-N, Cu-B and Ag-P pre-catalysts
revealed that they were also vulnerable to CO,RR,***>%
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however, the concentration of N, B and P are much higher
compared with O in Cu-O and Ag-O after long-term operation.

The halide of Cu, Ag and Bi were generally converted to pure
metal phase under CO,RR based on XRD, while clear signal of
halide on the surface of reduced catalysts can be observed in
XPS or EDX.?'#>%%107152 For instance, Cu-halide pre-catalysts of
Cu(OH)F synthesized by solvothermal method* exhibited
initial surface halogen contents of 6 mol% which remained
unchanged at ~6 mol% in the first hour and decreased
progressively to ~4 mol% after 40 h. The high stability of
surface halogen ions is because of the strong bonding of
halogen to the electrode surface. In Polyansky's study,** the
bonding between surface Cl~ species and the Ag surface atoms
is very strong with a high desorption temperature of 700 K. Li
and coworkers observed the formation of cuprous halides with
well-controlled tetrahedral shapes by simply immersing Cu foil
in the aqueous solution of corresponding halide salts (NacCl,
KBr, or KI) for 5 min.**®

The research works for other metal-nonmetal pre-catalysts,
such as MOF, metal salts, V group element compound, are
much less compared with the aforementioned categories and
mostly focused on Cu, Ag and Bi based pre-catalysts. Based on
the limited data, the MOF of Cu, Ag and Bi are all unstable
under CO,RR,*****% resulting in the partially reduced MOF-
derived catalysts and the formation of small metal clusters.
Metal salts such as Ag;PO,, Ag,CO; and Bi,0,CO; on the other
hand, were observed to be fully reduced during CO,RR based on
XRD and XPS.782156

Based on these results, it is clear that the stability of
nonmetal elements under CO,RR is related to SEP, bonding
strength between cation and anion and the solubility of anion
in the electrolyte. Although the leaching of anions from the
parent catalysts into electrolytes is significant during CO,RR,
the residual anions still play an important role in affecting the
electronic structure of the catalysts and determining the
adsorption properties of intermediates. Thus, the role of anions
existed in derived catalysts should be clarified to guide the
design of highly efficient CO,RR catalysts.

3.2. The influence of residual anion ions on CO,RR activity

The pre-catalysts derived metal catalysts usually have various
structural parameter changes, thus it is difficult to find direct
evidence in the spectrum about the mechanism of how residual
nonmetal element alone impact CO,RR. However, an obvious
relationship between the CO,RR activity of derived catalysts and
the concentration of nonmetal element or M* ions have been
observed, indicating that the existence of nonmetal element
could raise the valence state of metal to impact the CO,RR
performance. For instance, Gao et al. reported that Cu nano-
cube sample treated with O, plasmon maintain a much higher
O content (30 at% vs. 14 at%) and C2+ faradaic efficiency (73%
vs. 40%) compared with untreated Cu nanocubes."”” KCIl was
also found to suppress the reduction of Cu,O and maintain
a higher Cu" content compared with normally reduced Cu,0,**°
resulting in an impressive 8.7% of FE C;H,OH. This phenom-
enon also held for Ag-O pre-catalysts as Smith group reported

This journal is © The Royal Society of Chemistry 2021
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that the faradaic efficiency for CO is proportional with the O/Ag
ratio extracted by EXAFS fitting, while there is no clear rela-
tionship between CO,RR performance and surface area or Ag-O
bonds numbers.** The situation for SnO, pre-catalysts is slightly
different, because partial oxidized SnO, exhibited a better
activity compared with both Sn and SnO,, as shown in
Fig. 4b.>»*>'** Kanan group reported that catalyst with a SnO,-
:Sn, ratio of 93 :7 showed the best HCOOH selectivity of
80%.%

The research of other metal-nonmetal pre-catalysts showed
that many nonmetal elements can be more stable compared
with O under CO,RR and can influence the CO,RR activity by
raising the valence value of the metal center. Sargent and
coworkers synthesized Cu(B) samples with porous dendritic
morphology.®® From XANES, the average oxidation state of
copper is increased from 0.25 to 0.78 when the boron concen-
tration increased from 1.3% to 2.2%, and the oxidation state is
stable over the course of CO,RR (Fig. 6a-c). A volcano rela-
tionship between the oxidation state of copper and the FE of C2
products can be observed and the highest FE of 79% was ach-
ieved when Cu's valence value is +0.35, which is much higher
than that of the pristine copper (29%) and OD-Cu (37%). The
research of Cu-N also showed apparent residue of N after

This journal is © The Royal Society of Chemistry 2021

CO,RR which greatly boost the C2 selectivity.**”* Especially, the
investigation of Cu-on-Cu;N catalyst by in situ XAS found that
the reducing of Cu;N was alleviated after the initial 60 min,
while Cu,O was fully reduced after 1 h, as shown in Fig. 6d-g.**
The stronger interaction between N and Cu on CuzN pre-
catalysts results in a 6.3-fold and 40-fold enhancement in the
ratio of C2+/CH, compared to Cu-on-Cu,O and pure Cu cata-
lysts, respectively. Specifically, the FE for C,H,, C,HsOH, and
C3;H,OH are 39 £ 2%, 19 £ 1%, and 6 + 1%, respectively, at
—0.95 V.

The research of metal halide pre-catalysts further revealed
that the electronegativity of the nonmetal element is crucial for
the concentration of Cu" in the final derived catalyst. Sargent
group synthesized Cu(OH)F, Cu,(OH);Cl, Cu,(OH);Br and Cul
by solvothermal method.**** They found that the average
oxidation states of copper in the X-Cu catalysts is proportional
with the electronegativity of the halogen,** as shown in Fig. 7d.
The results revealed that the onset potential of C,H, decreases
significantly with the increase of electronegativity of halide
ions. The best performance was achieved over the F-Cu catalyst
with C2+ FEs of 85.8% at 1600 mA cm™ >, as shown in Fig. 7e,
and a large amount of surface-bound CHO species, a key
intermediate for C-C coupling, can be observed on F-Cu

J. Mater. Chem. A, 2021, 9, 19508-19533 | 19517
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catalyst in comparison to normal copper by in situ ATR-FTIRS
(Fig. 7b and c). Notably, the surface area normalized C2+
formation rates also increased in the sequence of Cu < I-Cu <
Br-Cu < Cl-Cu < F-Cu, indicating this is an intrinsic difference
of CO,RR activity.

The nature of how nonmetal residues influence the perfor-
mance of metal catalysts is also studied by DFT calculations,
which indeed show that the residual nonmetal can benefit the
CO,RR on the derived catalyst. Most of the DFT calculations
were focusing on the local structure of O in Cu catalysts and its
influence on the CO,RR performance. Based on DFT calcula-
tions, albeit subsurface oxygen (Ogp) is not stable below the Cu
surface in the slab model, it is stable below facets of a manually
“reduced” Cu nanocube model, which is consistent with the
experiment.'® Such disordered structure increases the stability
of subsurface oxygen in it. The presence of Og, enhances the
adsorption energy of CO on Cu(100), and in turn increase the
probability of CO dimerization, which is a rate-determining step
toward the production of ethylene. Gu et al. reported the oxygen
vacancy-rich CuO, surfaces can provide strong binding affinities
to the intermediates of *CO and *COH, but weak affinity to
*CH,, thus leading to efficient formation 