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CO2 reduction reaction (CO2RR) 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 CO2 into valuable chemicals such as CO, HCOOH,

C2H4 and C2H5OH. 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 CO2RR, resulting in a reconstruction of

surface catalytic structures that mediate much higher CO2RR activity than their metal foil counterparts.

However, the precise evolution process of the catalysts during CO2RR 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

provided to tackle the critical challenges in designing highly efficient CO2RR 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.

1. Introduction

The development of (photo)electrochemical methods to harvest

renewable energy and produce valuable chemical fuels is a key

step to build a sustainable society.1–5 Electrochemical CO2

reduction (CO2RR) that utilizes clean electricity to complete

carbon xation and synthesize fuel is an effective way to alle-

viate the energy and environmental crisis.6–9 To realize indus-

trialized electrochemical CO2 reduction, it is necessary to

optimize the construction of an electrochemical system so that

it can catalytically reduce CO2 into a single product with high

energy conversion efficiency and high selectivity. CO2 reduction

is a very complex reaction with a series of products with very
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close electrode potentials.10,11 In addition, the side reaction of

hydrogen evolution is difficult to avoid, because the electrode

potential of CO2 reduction is very close to that of hydrogen

evolution. These difficulties have made the research of catalysts

one of the most restrictive factors for CO2RR industrialization.

It is generally believed that the initial reduction of CO2 can

be roughly divided into two pathways, one is to generate formic

acid, and the other is to generate CO.12 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 CO2RR 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 classied metals into

several groups with different catalytic selectivity.10,12,13 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 nal 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 signicantly different.14,15

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 rst proposed an oxidation–reduction

strategy and found that the CuOx, AuOx 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 specic surface area.16–19 The overall

overpotential for CO2RR is reduced by 400 mV compared to the

planar electrode, and hydrogen production is greatly sup-

pressed. Smith's group studied OD-Ag for CO2RR and also

observed a substantial increase in energy conversion and

selectivity.20,21 Aer that, the OD strategy has been widely used

in various CO2RR metal catalysts.22–25

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 CO2RR.
26–38 Compared with metal oxides pre-catalysts, the

residual nonmetal concentration of S, B, N and their inuence

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 CO2RR 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�2.31

Cu2S catalysts with abundant vacancies on the surface were also

created and exhibited faradaic efficiency for C3H7OH and

C2H5OH of 8% and 15%.26 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 inu-

ence the CO2RR performance are categorized into element

residue, specic surface area increase, grain boundary, surface

orientation, etc., and the mechanism of their inuence 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 eld of pre-catalysts.

2. Pre-catalyst for CO2RR: 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.4,39,40 Thus, the real active sites and the nial

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, suldes and

selenides have been found to exhibit superior activity both for

OER and HER.4,39 However, a detailed investigation on these

catalysts revealed that a structural/composition change is

almost inevitable aer 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 aer HER. The

structural, morphological and chemical state changes during

other catalytic processes such as CO2RR, NO oxidation, CO

oxidation, oxygen reduction etc. are also signicant due to the

applied potential and complex reaction environment.40 The

development of various advanced characterization techniques

allows researchers to gain more in-depth insight into the cata-

lyst change under electrochemical conditions.40–42 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.4 By carefully eliminate the Fe interference

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19508–19533 | 19509
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during synthesis and measurement, the role of Fe is elucidated

and the real OER activity trends for certain catalysts can be re-

constructed.43–45 These results implied that the important role

of determining the real active site of CO2RR catalysts by moni-

toring the structural evolution and the unintentional impuri-

ties. Thus, this section summarized the synthesis method for

Table 1 The product distribution of selected pre-catalysts for CO2RR

Catalysts

Identied reason (besides high surface

area)

Potential vs.

RHE jtotal (mA cm�2)

Selectivity

Ref.Key products Faradaic efficiency (%)

AuOx Grain boundaries �0.4 6–10 CO 98% 18
AuOH Grain boundaries �0.59 2.6 CO 98% 62

AuOx Surface disorder �0.8 10–16 CO >90% 61

Au-complex S anions �0.68 4.4 CO 94.2% 214
AgOx Nanostructured surface �0.8 1.15 CO 89% 20

AgOx Undercoordinated sites �0.6 2.5 CO 90% 108

AgOx Surface orientation �0.6 3.7 CO 92.8% 64

AgClx Cl anions �0.5 2 CO 95% 32
AgIx I anions �0.7 16.7 CO 94.5% 107

AgP2 Partially oxidized Ag �0.8 9 CO 82% 35

Ag-complex High surface area �1.03 6 CO 96% 182

Ag2CO3 Nanostructured surface �0.55 1 CO 90% 67
Ag3PO4 Nanostructured surface �0.9 8 CO 93% 156

GaOx Small metal particle �0.71 5 CO 77% 51

CdS Partial S coordination �1.2 12 CO 95% 81

ZnO Nanostructure �0.85 10 CO 95% 98
ZnO Zn2+ rich surface �0.95 7 CO 95.3% 116

SnO2 Grain boundaries �0.8 6 HCOOH 80% 109

SnO2 Grain boundaries �0.99 7 HCOOH 63% 167
SnO2 Small metal particles �1.1 16 HCOOH 84% 90

SnS2 Residual S anions �0.8 13.9 HCOOH 84.5% 84

Bi2O3 Surface defects �0.82 36 HCOOH >98% 23

Bi2O3 Residual O anions �0.9 8 HCOOH 91% 25
Bi2S3 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

Bi2O2CO3 2D nanostructure/subcarbonate �0.7 11 HCOOH 85% 68
Bi2O2CO3 2D nanostructure �0.8 5 HCOOH 94% 82

Cu2O Grain boundaries �0.5 2.7 CO 40% 16

Cu2O Higher Cu+ coverage �1.6 6 C2+ 59% 140

C3H7OH 8.7%
Cu2O Higher Cu+ coverage �0.9 20 C2H4 60% 110

Regenerated CuOx Higher Cu+ coverage �1.0 5 C2+ 76% 24

CH3CH2OH 32%

CuOx Nanostructure �0.7 5 C2H6 37% 165
CuOx Residual O anions �1.0 35 C2H4 45% 157

CH3CH2OH 22%

CuSx S anions �0.8 10.7 HCOOH 74% 104
CuSx S anions �0.95 32 C2+ 51% 26

C3H7OH 8%

Cu(OH)Cl Higher Cu+ coverage �1.2 22.2 C2+ 68% 30

C2H4 38%
Cu(OH)F F anions �0.54 800(ow cell) C2+ 84% 31

C2H4 60%

CuIx Nanostructure �0.735 20 C2+ 57.2% 106

C2H6 30%
Cu3N Higher Cu+ coverage �0.95 22 C2+ 64% 224

Cu3N Nanostructure �1.0 18.5 C2+ 68% 55

Cu(B) Higher Cu+ coverage �1.1 70 C2H4 52% 38

C2H5OH 27%
Cu(B) Nanostructure �1.1 18.2 C2H4 58.4% 95

Cu-MOF Undercoordinated sites �1.07 263(ow cell) C2H4 45% 36

Cu-MOF Higher Cu+ coverage �0.4 14 CH3COO- 48% 153
CH3CH2OH 32%
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CO2RR pre-catalyst and highlighted the specic 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 specied temperature and time period.16,25,46–53 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 mm of copper oxide layer can be formed

on copper foil aer annealing at 500 �C for 12 h.16,48 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.52 PbO, Bi2O3,

In2O3 and Ga2O3 can also be synthesized directly from Pb and Bi

metal or In(acac)3 and gallium nitrate precursor.25,49–51 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 NH3 ow with heating. Besides

planar copper nitride, nanostructured copper nitride could also

be realized by using CuOx with desired nanostructure as nitri-

dation precursor.54,55 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 Au2O3 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.56,57 The

thermal oxidation of Ag foils is also not effective because the

instability of silver oxide at temperatures above 200 �C.58 A

mixture of metallic Ag (Ag(0)) and oxidized Ag was obtained

aer air annealing due to thermal instability of AgOx to Ag.59,60

Electrochemical oxidation at a highly positive voltage, on the

other hand, can effectively oxidize Au(0) to Au(OH)3 or Au2O3,

and oxidize Ag(0) to AgO or Ag2O, depending on the electrolyte

identity and applied potential.18,20,61–63 For instance, Kanan and

coworkers applied a periodic symmetric square-wave potential

routine at 1 kHz in 0.5 M H2SO4 for 60 min on a piece of Au foil,

resulting in the formation of thick (>1 mm) and amorphous Au

oxide layers.18 Changing the electrolyte to neutral would result

in Au(OH)3 as products of anodization.62 The potential anod-

ization of Ag to AgOx was usually performed under a more

alkaline solution, as Ma et al. reported the fabrication of Ag2O

layers by applying symmetric 50 Hz square-wave pulsed poten-

tial on polycrystalline Ag foil in 0.2 M NaOH solutions.20 Zhou

et al. reported that Ag started to get oxidized to form Ag2O in

neutral electrolyte when the potential was increased to 0.6 V,

and was further oxidized to AgO at higher potential,64 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. Cu2O layer

with nanowire morphology can be formed by anodization of

a Cu layer in 3 M KOH.65 Electrochemical oxidation by linear

sweep voltammetry with high positive potential limits is also

feasible to synthesize cubic Bi2O3 phase.
66

The electrochemical oxidation method can also introduce

other nonmetal element into metal lattice by anodic treatment

in electrolyte with corresponding anions. For instance, an

anodic potential of 2.6 V was reported to synthesize 4.9 mm

Ag2CO3 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 Bi2O2CO3.
68 Ag halide and CuS can be fabricated

by electrochemical anodic treatment in corresponding halide

and thiourea contained electrolyte, respectively,32,69–71 while

copper halides compounds can even be formed on the surface

of Cu during CO2RR in halide salts electrolytes.72–74 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.23,26,30,31,34,75–88 Liu et al. reported the synthesis of ultrathin

sub-2 nm SnO2 quantum wires from SnCl4 and oleylamine

precursor.89 A two-step strategy was developed to rst synthesize

Sn compound with controllable morphology, such as SnS2
nanosheet, and then converted the Sn compound to SnOx by

annealing.90,91 In the work of Sun and coworkers, by raising the

reaction temperature from 230 to 260 �C, the morphology of the

nal copper nitride products from solvothermal synthesis

changed from nanoparticle to nanocube and then from 25 nm

nanocube to 10 nm nanocube.79 Hollow nanotubes composed of

SnS (stannous sulde) nanosheets was synthesized by the

employment of MoO3 template in solvothermal process.27 Sol-

vothermal methods were also developed to synthesize ZnO, B–

CuO, bismuth sulphide, AgBiS2, Ag2S, InS and CdS, and nano-

structure such as nanoneedles, nanorods, and nanoparticles

can be realized.28,29,80,81,92–98

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)2
nanotube/nanowire/microower by oxidant of (Na2S2O8/

K2S2O8),
99–103 and even immersing Cu foil in ammonium poly-

sulde solution for 5 min can result in the formation of copper

sulde.104 The direct reaction between metal foil and solution

are further employed to fabricate Bi2O2CO3, Cu-halide and Ag

halide.105–107 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.108–111 Electro-

chemical deposition is another common method to achieve

metal oxides and was reported to fabricate Cu2O,
75,112–114 SnOx,

22

Cd(OH)2 nanosheets
115 and ZnO98,116 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 CO2RR 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 puried 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

This journal is © The Royal Society of Chemistry 2021 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 bymicronmeters 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 CO2RR, numerous advanced operando

methods have been adopted to the CO2RR 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.40–42 Ambient pressure

X-ray photoelectron spectrum (APXPS) can provide the electric

structure information of catalysts surface for electrochemical

CO2RR and the system is typically performed with electro-

chemical treatment and XPS in the same measurement

chamber with �10 Torr of water vapor.117–121 Aer the electro-

chemical treatment, working electrodes were pulled out of the

electrolyte into the XPS measurement position that was

approximately several hundreds mm away from the analyzer

entrance nozzle (Fig. 1d and e).

X-ray absorption ne 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–

c).42,122 XAFS are very sensitive to the local atomic and electric

structure of element species in the catalysts from extended X-ray

absorption ne 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 CO2RR research, the incident mode is usually

adopted to limit the detection at the surface layer.21,110 Operando

Raman is another method to probe the crystal structure evolu-

tion of pre-catalysts and is robust against the absorption of

water.123 The operando Raman conguration is based on

reective 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 eld

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 CO2RR, 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,124 and they

also discovered that the CO adsorption conguration on Cu is

different when changing the pH value of the electrolyte.125 For

other metal catalysts that are non-plasmonic or with at

surface, a newly emerging technology of shell-isolated nano-

particle enhanced Raman spectroscopy (SHINERS) exhibit great

potential to enable the amplication of Raman signal.124,126 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 eld 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 CO2RR on catalysts with different selectivity.5,71,127,128

The operando IR is very vulnerable to the absorption of water

and usually adopts total reection mode and the pre-catalyst

sample is deposited on the surface of internal reective

element (Fig. 1f and g). The electromagnetic eld of this re-

ected 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.5 Notably, when utilizing the

synchrotron radiation (SR) light source with high brightness at

a microzone, even external reection 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 CO2RR
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 CuOx, AuOx, AgOx,

SnOx and ZnOx have been studied as CO2RR 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. 2.123,129–134 It 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 CO2RR potential that more negative than

0 V vs. 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 nd out the concentration and local structure of

oxygen in MOx under CO2RR reaction to understand the real

role of MOx pre-catalysts.

There are twomain obstacles to nd out what is the real state

of oxygen in MOx pre-catalysts under CO2RR. First, the remnant

concentration of O might be too low to be detected by bulk

methods such as normal XRD.20,21 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.16,135,136 For instance, Lum et al.

reported that there is no Cu2O signal for OD-Cu under CO2RR,

however, once the potential was removed, Cu2O peaks began to

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19508–19533 | 19513
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appear again aer 60 s.137 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 inuence on CO2RR.

The most common in situ method to detect the oxygen in

MOx is APXPS, which can provide clear signal for oxygen on

surface or subsurface of catalysts.118 The quasi in situ oxygen K-

edge electron energy-loss spectra (EELS)118 is also a powerful

method to determine the state of O on surface. In situ X-ray

absorption ne structure and near edge structure (XAFS;

XANES) have amuch higher investigation depth, but they can be

still employed to provide surface information by incident

mode.21,110 The results showed that the residual O in metal

oxides under CO2RR is still strongly related to the SEP of M/Mn+.

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

AuOx or AgOx in XRD aer CO2RR.
18,20 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 Au2O3 was complete

within the detection limits of these techniques.18 However, the

monitoring of surface AgOx 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.21 The

existence of stable O in OD-Ag was also conrmed by other

methods such as Ag M4,5VV Auger signals.138 Cu is the metal

that attracts the most attention in CO2RR 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

to be relatively stable during CO2RR.
118,139,140 This O signal is

assumed to be subsurface oxygen in Cu lattice as no copper

oxides can be observed in Cu 2p3/2 APXPS spectra (Fig. 3d and e).

However, there is no unied opinion on the oxygen content,

existence shape and stabilization time of O in OD-Cu.137 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 SnOx can be maintained during CO2RR

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 SnO2

well exceeds the thermodynamic stability window of Pourbaix

diagram (hydrous Sn(IV) oxide exist for V > 0.1 V; hydrous Sn(II)

oxide exist for V ¼ �0.1–0.1 V; Fig. 2 and 4).123

There are also other metal oxides pre-catalysts, such as PbOx

(SEP: �0.1262 V), InOx (SEP: �0.34 V), BiOx (SEP: 0.32 V), CdOx

(SEP: �0.4030 V), GaOx (SEP: �0.549 V), ZnOx (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 nal phase of PbOx,

CdOx, GaOx and BiOx aer CO2RR are mostly metal phase,

however, the residual O in OD-metal can not be

excluded.23,49,51,115 Zn is the most active metal among these

CO2RR catalysts and a large amount of the oxygen can be

maintained in the metal lattice even aer CO2RR.
116 In most

research works, the nal crystal phase of OD-Zn aer CO2RR is

pure metal Zn,97,98 however, Zeng and coworkers reported that

ZnO phase could be maintained in ZnO nanosheets,96 indi-

cating that the stability of ZnO is strongly related to the sample

morphology and experimental conditions.

Fig. 2 The Pourbaix diagram of (a) Au–H2O, (b) Cu–H2O, (c) Sn–H2O, (d) Zn–H2O, (e) Cu–S–H2O and (f) Cu–Cl–H2O at 25 �C. Au, Cu, Sn and Zn

Pourbaix diagram are produced with a total concentration of [M(aq)]tot ¼ 10�4 M. Cu–Cl–H2O Pourbaix diagram is produced with total

concentration of [Cu(aq)]tot ¼ 10�6 M, and [Cl(aq)]tot ¼ 0.2 M. Cu–S–H2O Pourbaix diagram is produced with total concentration of [Cu(aq)]tot ¼

0.001 M and [S(aq)]tot ¼ 0.0009 M.
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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 CuInO2 are found to be

much more difficult to reduce than that in Cu2O.
141 Sn2+ ions

were found to be stabilized by many binary structure, such as

Bi–SnO,142 Cu–SnOx,
143 SnOx/AgOx,

144 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

progress of other metal–nonmetal pre-catalysts also attract

great attention, such as metal dichalcogenides, metal halide,

metal nitride, MOF and other metal salts.26,29,31,33,34,68,77,145 It is

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

aer CO2RR.

Generally, the stability of metal dichalcogenides under

CO2RR is similar to metal oxides. Aer CO2RR, the XRD

Fig. 3 (a) k2-Weighted Fourier transformed EXAFS fluorescence spectra of a Ag catalyst and an oxide-derived Ag catalyst. (b) Schematic

illustrations of operando grazing incidence X-rays absorption measurement on OD-Ag. (c) Ex situ normalised XANES spectra of OD-Ag samples.

With smaller incident angle, more Ag–O signal can be detected. (a–c) Adapted with permission from ref. 21 Copyright © 2019, Royal Society of

Chemistry. (d) In situCu 2p3/2 APXPS spectra of oxidized and reduced sample. The oxidized spectrum shows an additional Cu(II) compound while

the reduced sample shows no Cu(II). (e) In situO 1s APXPS spectra of pristine sample, oxidized sample and reduced sample. The reduced sample

contains significantly more adventitious oxygen (green) than the pristine sample before oxidation. (d and e) Adaptedwith permission from ref. 118

Copyright © 2019, American Chemical Society.
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detection conrms the disappear of metal dichalcogenides

phases for Cu, Au, Bi, Pb, Sn and Ag dichalcogenides pre-cata-

lysts.28,29,146 However, there is clear signal of S for CuS, SnS2 and

Ag–Bi–S pre-catalysts aer CO2RR in XPS or energy-dispersive X-

ray spectroscopy (EDS),71,104,146 indicating that S may not be fully

cleaved. For instance, Shao-horn and coworkers reported that

for electrodeposited CuxS, only Cu metal and a tiny amount of

Cu2O can be observed aer CO2RR, however, the S concentra-

tion is still one-tenth compared with the as-prepared CuxS,
71 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 MoS2, WS2, MoSe2, WSe2, TiS2, ZnS and S-

doped In as efficient CO2RR catalysts,80,147–151 which did not

exhibit large composition or morphology change during CO2RR

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 CO2RR condi-

tions, more research work on these catalysts is recommended to

clarify the structural evolution behavior under high operation

current (>500 mA cm�2) 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 CO2RR,
34,35,95

however, the concentration of N, B and P are much higher

compared with O in Cu–O and Ag–O aer long-term operation.

The halide of Cu, Ag and Bi were generally converted to pure

metal phase under CO2RR based on XRD, while clear signal of

halide on the surface of reduced catalysts can be observed in

XPS or EDX.31,32,69,107,152 For instance, Cu-halide pre-catalysts of

Cu(OH)F synthesized by solvothermal method31 exhibited

initial surface halogen contents of 6 mol% which remained

unchanged at �6 mol% in the rst hour and decreased

progressively to �4 mol% aer 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,32 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 (NaCl,

KBr, or KI) for 5 min.106

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 CO2RR,
36,153–155 resulting in the partially reduced MOF-

derived catalysts and the formation of small metal clusters.

Metal salts such as Ag3PO4, Ag2CO3 and Bi2O2CO3 on the other

hand, were observed to be fully reduced during CO2RR based on

XRD and XPS.67,82,156

Based on these results, it is clear that the stability of

nonmetal elements under CO2RR 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 signicant during CO2RR,

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 claried to guide the

design of highly efficient CO2RR catalysts.

3.2. The inuence of residual anion ions on CO2RR activity

The pre-catalysts derived metal catalysts usually have various

structural parameter changes, thus it is difficult to nd direct

evidence in the spectrum about the mechanism of how residual

nonmetal element alone impact CO2RR. However, an obvious

relationship between the CO2RR 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 CO2RR

performance. For instance, Gao et al. reported that Cu nano-

cube sample treated with O2 plasmon maintain a much higher

O content (30 at% vs. 14 at%) and C2+ faradaic efficiency (73%

vs. 40%) compared with untreated Cu nanocubes.157 KCl was

also found to suppress the reduction of Cu2O and maintain

a higher Cu+ content compared with normally reduced Cu2O,
140

resulting in an impressive 8.7% of FE C3H7OH. This phenom-

enon also held for Ag–O pre-catalysts as Smith group reported

Fig. 4 (a) The operando Raman studies of SnO2 during CO2RR at

different potential and pH. (b) The relative intensities of the Sn(IV)-

related A1g Raman peaks (B, solid line) and the faradaic efficiencies of

formate production (�, dashed line) as a function of electrode

potential. (c) In region (I), SnO2 remain fully oxidized; in region (II) the

SnO2 is partially reduced to SnO; in region (III) SnO2 is fully reduced to

metallic Sn. The highest selectivity for formate production existed in

a potential range where the SnO2 phase is metastable. (a–c) Adapted

with permission from ref. 123 Copyright © 2015, American Chemical

Society.
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that the faradaic efficiency for CO is proportional with the O/Ag

ratio extracted by EXAFS tting, while there is no clear rela-

tionship between CO2RR performance and surface area or Ag–O

bonds numbers.21 The situation for SnOx pre-catalysts is slightly

different, because partial oxidized SnOx exhibited a better

activity compared with both Sn and SnO2, as shown in

Fig. 4b.22,52,123 Kanan group reported that catalyst with a SnOx-

: Sn0 ratio of 93 : 7 showed the best HCOOH selectivity of

80%.22

The research of other metal–nonmetal pre-catalysts showed

that many nonmetal elements can be more stable compared

with O under CO2RR and can inuence the CO2RR activity by

raising the valence value of the metal center. Sargent and

coworkers synthesized Cu(B) samples with porous dendritic

morphology.38 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 CO2RR (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 aer

CO2RR which greatly boost the C2 selectivity.34,79 Especially, the

investigation of Cu-on-Cu3N catalyst by in situ XAS found that

the reducing of Cu3N was alleviated aer the initial 60 min,

while Cu2O was fully reduced aer 1 h, as shown in Fig. 6d–g.34

The stronger interaction between N and Cu on Cu3N pre-

catalysts results in a 6.3-fold and 40-fold enhancement in the

ratio of C2+/CH4 compared to Cu-on-Cu2O and pure Cu cata-

lysts, respectively. Specically, the FE for C2H4, C2H5OH, and

C3H7OH 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 nal derived catalyst. Sargent

group synthesized Cu(OH)F, Cu2(OH)3Cl, Cu2(OH)3Br and CuI

by solvothermal method.30,31 They found that the average

oxidation states of copper in the X–Cu catalysts is proportional

with the electronegativity of the halogen,31 as shown in Fig. 7d.

The results revealed that the onset potential of C2H4 decreases

signicantly 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�2, 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

Fig. 5 (a) XRD, (b) Cu 2p3/2 XPS, (c) S 2p XPS of CuxS, SD-Cu and reference Cu foil. The sulfur XPS curve of CuxS was reduced for 10-times for

comparison. (d) Faradaic efficiencies for all detected products at different potential. (e) Partial current densities for hydrogen and formate. (a–e)

Adapted with permission from ref. 71 Copyright © 2018, American Chemical Society.
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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 CO2RR activity.

The nature of how nonmetal residues inuence the perfor-

mance of metal catalysts is also studied by DFT calculations,

which indeed show that the residual nonmetal can benet the

CO2RR on the derived catalyst. Most of the DFT calculations

were focusing on the local structure of O in Cu catalysts and its

inuence on the CO2RR performance. Based on DFT calcula-

tions, albeit subsurface oxygen (Osb) 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.158 Such disordered structure increases the stability

of subsurface oxygen in it. The presence of Osb 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 CuOx surfaces can provide strong binding affinities

to the intermediates of *CO and *COH, but weak affinity to

*CH2, thus leading to efficient formation of C2H4.
159 Other

theoretical calculations claimed that the hydroxy group on the

surface of OD-Cu would strongly inuence the selectivity of

CO2RR.
160,161 Electronic structure analysis indicates that the

charge transfer from hydroxy groups to coordination-

unsaturated Cu sites stabilizes surface-adsorbed COOH*,

which is a key intermediate during the CO2RR. For other

nonmetal elements such as B, F and S, DFT calculations also

suggest that they are quite stable in the subsurface sites and

could introduce a strong impact on the adsorption of CO on

metal.31,38,146 Notably, Qiao and coworkers systematically calcu-

lated the Cu–X (X ¼ B, N, P, S, Cl, Br, or I) catalysts and found

that the electronegativity difference between the doping

element and oxygen strongly impacted the O affinities of the

dopant atom site and Cu site.162 As a result, the ethane selec-

tivity of all Cu–X catalysts were enhanced while the ethanol

selectivity were generally suppressed. Cu–X catalysts doped with

strong O affinity atoms, such as B, P, N, S, could favor the

ethylene pathway due to the bonding between O and X. The

inuence of nonmetal element on the CO2RR catalytic activity

of metal center can also be revealed by the study of metal–

organic compound catalysts, which have a clear coordination

structure of M–X. For instance, Strasser and coworkers studied

metal- and nitrogen-doped porous carbons and discovered that

the coordination environment of M–Nx determined the binding

energy of *H and *CO on metal center, which in turn decided

the selectivity of CO2RR.
163

For most of the pre-catalysts, the nal derived catalyst

generally could suppress the hydrogen evolution, promote the

selectivity of the major products and increase the current

density, as shown in Table 1 for the CO2RR performance of

typical pre-catalysts. However, the selectivity change of CuS is

dramatically different compared with that of CuOx as many

research works reported CuS have a strong trend to produce

HCOOH.71,78,104 In these reports, HCOOH accounted for more

than 60% of the total FE and was the only carbon-based product

(Fig. 5d and e). The SEIRAS result showed that there is a strong

adsorbed CO layer on CuS, unlike in the Cu foil case,71 which

might block the CO2-to-CO reaction pathway. DFT calculation

Fig. 6 (a) The copper K-edge XANES spectra of Cu(B) samples after being electrochemically reduced, with CuO and Cu2O as reference. (b) The

oxidation state of reduced Cu(B) samples calculated from copper K-edge XANES spectra, (c) the copper K-edge XANES spectra of Cu(B) samples

after CV reduction, 15 min later and 30 min later in comparison to pristine copper and Cu2O. (d) The copper K-edge XANES spectra and (e) their

first derivatives of the Cu-on-Cu3N catalyst as function of reaction time at�0.95 V. The reducing of Cu3Nwas alleviated after the initial 60min. (f)

In situ Cu K-edge spectra during the initial 30 min on Cu-on-Cu3N and Cu-on-Cu2O. (g) Ratio of Cu+ relative to total Cu for Cu-on-Cu3N and

Cu-on-Cu2O during CO2RR at �0.95 V. The reducing of Cu2O was much faster than that of Cu3N. (a–c) Adapted with permission from ref. 38

Copyright © 2018, Springer Nature. (d–g) Adapted with permission from ref. 34 Copyright © 2019, Springer Nature.
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further conrmed that additive S would result in strong CO*

adsorption and enhance the CO* coverage up to nearly 4 times

higher than on a clean Cu surface.164 A synergistic effect

between residual S and CO* is the reason for the blocking of

other reaction pathways except for HCOOH production.

Although a series of research provide repeatable results that

CuS pre-catalysts can only produce HCOOH, Sargent group re-

ported that a Cu2S catalyst with abundant vacancies on the

surface had faradaic efficiency for C3H7OH and C2H5OH of 8%

and 15%,26 indicating that more research is needed to under-

stand the unique situation of Cu–S pre-catalysts.

4. The enhancement of surface area
on derived catalysts

The oxidation–reduction process of pre-catalysts was reported

to enhance the surface area of nal metal catalysts compared

with untreated metal catalysts. This can be attributed to the re-

construction of catalyst surface and the release of anions during

the reduction of M+ to M that leads to the formation of vacan-

cies in the lattice. Compared with the initial planar metal lm

or untreated metal nanoparticles, several to several hundred

times improvements in electrochemically active surface area

(ECSA) can be achieved on derived catalysts aer

CO2RR.
16,28,46–48,54,55,66–68,83,87,90,91,99,105,110,155,156,165–169 For instance,

in Kanan's report, the surface area of OD-Cu that prepared by

thermal annealing and electrochemical reduction is 480 times

higher than that of a polycrystalline Cu.16 The partial reduction

of SnO2 lead to the formation of small Sn nanoparticles on the

surface of nanostructured SnO2, resulting in a large surface area

of the porous nanosheet SnOx of 93.6 m2 g�1.90,91 However, in

most of the research works of pre-catalysts, the improvement of

CO2RR performance can not be explained by the increase of

surface area alone due to the signicant enhancement of

CO2RR at low overpotential and the suppression of hydrogen

evolution. For OD-Au reported by Kanan, the roughness factor

of 72 can be realized for the resulted agglomerated Au NPs with

particle sizes of �20–40 nm, which is signicantly smaller than

the differences in CO2RR current density over the course of

electrolysis (500 times difference at �0.4 V).18 Zhou and

coworkers showed that the OD-Ag leads to a 5 times larger ECSA

enhancement but 21 times increase of CO2RR current density at

0.5 V overpotential compared to pristine Ag.64 The situation is

more complex for Cu based pre-catalysts because in many

Fig. 7 (a) A proposed reactionmechanism for the enhancement of CO2RR to C2H4 on F–Cu. Purple, potassium; blue, fluorine; red, oxygen; grey,

carbon; white, hydrogen. (b) In situ ATR-FTIRS recorded at different applied potentials for the F–Cu catalyst in 0.1 M KHCO3 electrolyte. (c) In situ

ATR-FTIRS recorded at different applied potentials for the copper catalyst in 0.1 M KHCO3 electrolyte. The band at around 1754 cm�1 could be

ascribed to the surface-bound CHO species, a key intermediate for C–C coupling. (d) Copper LMM Auger spectra of the X–Cu catalysts. The

concentration of Cu+was observed to increase with with the electronegativity of the halogen. (e) The formation rate of CO2RR to C2H4 at�0.6 V

over F–Cu and Cu in different electrolyte. Adapted with permission from ref. 31 Copyright © 2020, Springer Nature.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19508–19533 | 19519
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reports the normalized current of CO2RR using ECSA is even

less for OD-Cu compared with un-oxidized copper foil,165,170 an

optimal roughness and ECSA exists for CO2RR performance

indicating that roughness is not the only reason for improved

CO2RR.
48,114,165

One explanation of selectivity and activity enhancement at

low overpotential for high roughness catalysts is that they have

a strong impact on the solution environment near the electrode

surface. The high surface area can benet the catalytic current

at low overpotential but hinder the replenish of consumed

proton and CO2 from bulk solution. The high local pH envi-

ronment could greatly suppress the HER and favor CO2RR. This

pH-induced performance improvement is evidenced by

increasing the thickness of the porous Au or Ag lm, resulting

in a 10–30 times increase of CO2RR/HER ratio and >90% CO

selectivity.171–173 A nite element numerical model was also

applied to establish an accurate 3D geometrical representation

of an ordered meso-structured Ag electrode and revealed that

roughness factor is crucial to determine the electrolyte

composition and pH value near catalyst surface.174 A substantial

build-up of OH� and CO3
2� was observed in the lower part of

the lm, as the mass transport rate could not keep up with the

OH� evolution rate, thus the HER is suppressed and CO2RR is

more favored. On Cu catalysts, a high pH value is benecial to

increase the competitiveness of the series of reaction paths of

C–C bond coupling, thereby increasing the selectivity of the C2

products.15,175,176 Interestingly, a unique pathway in CO2RR

towards C2H6 were observed on many high surface area OD-Cu

catalysts with highest FE of 37%, which was seldom observed

for Cu foil.113,165 This can be explained by the temporary trap-

ping of C2H4 in the nanoporous structure, resulting in the

sequential reduction of C2H4 to C2H6.

The morphology and surface area of the derived catalysts can

be controlled by the reduction current, potential and choice of

electrolyte. Oh and coworkers reported that pore-like Au nano-

structures are produced when thin nanoporous Au(OH)3 is

reduced, while pillar-like Au nanostructures are formed by

a faster reduction of thicker nanoporous Au(OH)3.
62 The origin

of these two different morphologies is associated with the

electric-eld-assisted transport of Au3+ at the Au(OH)3/Au

interface. When the induced electric eld is high on the tip of

Au nanostructure, pillar-like nanostructure is formed. Instead,

quasi-isotropic growth at a low electric eld leads to the

formation of pore-like Au nanostructures. The surface area of

electrochemical synthesized OD-Ag can be tuned by changing

the scanning speed of CV.177 With higher scanning speed, the

particle size of Ag samples would be smaller with high rough-

ness factor. Lee reported that reduce the indium tin oxide

nanobranches (ITO BRs) with lower current density from �1.1

mA cm�2 to �0.48 mA cm�2 can provide much smaller metal

particles with average particle size decrease from 232 nm to

65 nm.178 Dai and coworkers found that the particle size and

roughness of halide-derived Ag can be nely tuned by changing

the electrolyte and reducing the current.70 When ethanol is used

as electrolyte, the solubility of AgCl is decreased by two

magnitudes compared with an aqueous solution. The mobility

of Ag+ is restrained, resulted in a much smaller particles size of

halide-derived Ag (from 400 nm to 100 nm). Increasing the

reducing current could also hinder the reorganization of Ag and

further reduce the particle size to 30–50 nm.

The synthesis of pre-catalyst with high surface area can

further enhance the roughness of the nal derived catalysts and

even control the nal morphology of derived catalysts.179 Many

kinds of nanostructured CuOx and mixed metal oxides were

intentionally designed to form nano/microstructured Cu cata-

lysts with high ECSA, resulting in a CO2RR current much higher

than that of the planar Cu counterparts.16,47,180,181 Graphene-like

ultrathin nanosheet morphology of Bi (Bi-ene) was successfully

synthesized by Cao and coworkers from reducing of ultrathin

Bi-MOLs.37 The thickness of Bi-ene is ranging from 1.28 to

1.45 nm. The formate formation on Bi-ene starts at �0.58 V and

reach near 100% selectivity between �0.83 V and �1.18 V.

Similarly, special dendritic or multiple-scale-porous nano-

structured Cu and Ag catalysts can be derived from MOF with

hollow, nanowires and nanoboxes morphologies.145,153,182 Most

interestingly, the halide ions in electrolyte can be employed to

react with Cu and tune the morphology of pre-catalyst and

derived catalysts.72–74,106 Li and coworkers found that by

immersing Cu foil in the aqueous solution of corresponding

halide salts (NaCl, KBr, or KI) for 5 min, cuprous halides with

well-controlled tetrahedral shapes can be formed, as shown in

Fig. 8a–g.106 Specically, the degree of truncation at both edges

and vertices become lower and sharper from Cl� to I� electro-

lyte, and uniform cubes with a size of around 800 nm, dendrite-

like nanostructures and bundles of nanobers are formed aer

electroreduction, respectively. These special morphologies may

contribute to the high C2H4 selectivity on Cu–Br and Cu–Cl and

the unique selectivity toward C2H6 of 30% on Cu–I, as shown in

Fig. 8j–m.

4.1. Grain boundaries and undercoordinated surface sites in

derived catalysts

Although introducing nanostructures can increase the

geometrical surface area for CO2RR, the enhancement of CO2RR

selectivity and ECSA normalized CO2RR partial current can not

be simply explained by enhanced geometrical surface area. The

determination of the real active sites is crucial to understand

the underlying mechanism of the unique performance of

compound-derived catalysts. In Kanan's research, based on

SEM and TEM characterizations, it is clear that the OD-Cu is

composed of the stacking of nanoparticles, with interconnect-

ing grain boundaries.16–18 A quantitative relationship between

the density of grain boundaries (GBs) and CO2RR activity of OD-

Cu and OD-Au were rst revealed by Kanan group.183,184 To

control the density of GBs, Cu or Au nanoparticles were

deposited on carbon nanotube (CNT) by e-beam evaporation

and a subsequent annealing process was conducted. The

annealing process at high temperatures can gradually decrease

the GB density while leaving the general morphology

unchanged. For instance, the total GB surface density was 49.5

mm�1 for the as-deposited Au sample and the GB density can be

tuned to 28.1, 13.3 and 4.2 mm�1 by annealing at 200, 300, and

400 �C, respectively. It is found that the relationship between

19520 | J. Mater. Chem. A, 2021, 9, 19508–19533 This journal is © The Royal Society of Chemistry 2021
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the specic jCO and GB surface density was linear across all Cu

samples or Au samples. Moreover, at a low overpotential of 200–

400 mV, all the normalized jCORR vs. density of GBs curves

showed intercepts very close to 0, suggesting that the density of

GBs was the only factor in this research to inuence the CORR

activity.

Temperature-programmed desorption (TPD) of CO on OD-

Cu indicated the presence of surface sites with strong CO

binding strength is correlated to the high CO reduction activity,

which can be ascribed to the disordered surfaces at GB.183 It is

showed that a high-temperature feature centered at 275 K is

observed for OD-Cu, which is distinct from the prole found on

polycrystalline Cu.183 Annealing the OD-Cu to 350 �C reduced

the area of the high-temperature feature. When plotted the

high-temperature feature against electrochemical activity,

a linear correlation is obtained between surface area-corrected j

and the percentage of strong CO binding sites.

Kanan group performed spatially resolved measurements to

elucidate the active regions at GB surface terminations of

Au.19,185 The density and prole of GBs are resolved by electron

backscatter diffraction (EBSD) in a SEM and a lower potential is

chosen to ensure that the CO2-to-CO reduction reaction occurs

solely on the GBs. Scanning electrochemical cell microscopy

(SECCM) was used to probe the local electrocatalytic activity

across GBs, which provide a hopping-mode current proles

with a resolution of 500 nm step size. Aer that, Kanan group

further developed high-resolution SECCM (diameter of droplet

z 200 nm) and high-resolution EBSD to probe the physical

origin of this enhancement on grain boundaries, as shown in

Fig. 9a–c.185 Under Ar saturated electrolyte, a step of current can

be observed when scanning from one grain to the neighbouring

grain, indicating a difference in HER activity between two grain

surfaces. In contrast, under CO2 saturated electrolyte, the

currents on two grains are similar, but a much higher current

peak is shown for the GB region, as shown in Fig. 9d–g. The

results indicated that the GB surface terminations in Au elec-

trodes are more active than the grain surface for CO2RR. They

also found that regions of enhanced CO2 electroreduction

activity are not correlated with lattice strain but coincident with

the geometrical dislocation content. The dislocations can

increase the density of undercoordinated sites which can

enhance CO2 electroreduction but have little impact on the

hydrogen evolution activity. The accumulation of dislocations

in the region of grain boundary is the likely origin of grain-

boundary-enhanced CO2RR activity observed previously.

Another research on electrodeposited copper with in situ XAFS

and in situ ECSEM revealed that the formation of reduced

copper on copper surface could trigger a surface reconstruction

for a rougher surface that contains abundant uncoordinated

sites,186 indicating that the effect of uncoordinated sites may

actually impact the performance of all metals that vulnerable to

oxidation in air or during the open circuit.

Goddard and coworkers calculated the effects of GB on OD-

Cu for CORR activity through DFT calculations.187 The results

Fig. 8 (a) Scheme of the facile synthesis of CuCl, CuBr, and CuI microcrystals and the corresponding Cu nanostructures after electrochemical

reduction which lead to different selectivity of CO2 electrochemical reduction. (b–d) SEM images of as-synthesized CuCl, CuBr, and CuI

microcrystals (e–g) SEM images of Cu nanocubes, nanodendrites and nanofibers electrochemically reduced from (a)–(c), respectively. Scale

bars: 2 mm. (h) CO2RR current densities of Cu foil, Cu nanocubes (Cl), Cu nanodendrites (Br), and Cu nanofibers (I). (i). Faradaic efficiencies of by-

product H2. (j–m) Faradaic efficiencies of valuable product of C2H4, C2H6, C2H5OH, and n-C3H7OH. Adapted with permission from ref. 106

Copyright © 2019, American Chemical Society.
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showed that 9% of the surface sites have binding energies larger

than three typical facets of (111), (100) and (211). Further

calculation for the energy barrier of *OCCOH formation

revealed that not all strong CO binding sites were active for C2

formation, but only the strong CO binding sites with at least one

under-coordinated neighbor square site adjacent to a subsur-

face stacking fault could promote C–C coupling.

The GB effect was also observed on other metal oxides, such

as SnOx and BiOx. Lou and coworkers reported the ultrathin

sub-2 nm SnO2 QWs composed of separate QDs with GBs on the

surface which show signicantly higher current density as

compared to SnO2 NPs.89 Li and coworkers found that by

creating more GBs on Sn-NWs with acid etching, the current

density would increase by 12 times at �1.0 V,109 while the

surface area of acid-etched Sn-NW catalyst is only 6 times higher

than untreated Sn-NW. Li and coworkers synthesized a group of

Bi/Bi2O3 nanosheets catalysts and found that catalysts with

higher GBs actually exhibited higher partial current density and

larger FE (>90%) at all applied potential range for formate

production compared with samples with larger ECSA.188

Many specially designed pre-catalysts can also create abun-

dant vacancies aer reduction. Sargent and coworkers reported

Au–S and Pb–S catalysts with obvious vacancies on the surface.29

By decreasing the particle size from 5 nm to 3 nm, the density of

vacancies increased from 5% to 20%. Aer 1.5 h CO2RR, all pre-

catalysts were converted into metallic state with much lower

metal coordination numbers and enlarged bonding distance

compared with commercial metal nanoparticles. This

vacancies-induced modication of electric structure signi-

cantly increases the current densities of electrosynthesis of

formate, carbon monoxide on Pb and Au at low potentials of

�0.2, �0.3 V. The same group also reported pre-catalyst of

asymmetric paddle-wheel Cu dimer of HKUST-1,36 which can

derive into Cu clusters during CO2RR. The in situ EXAFS showed

that the average Cu–Cu coordination number of Cu cluster was

reduced to 9.5 � 0.9. The C2H4 FE was further enhanced up to

45% with the current density of 262 mA cm�2 at �1.07 V, which

is consistent with the general opinion that undercoordinated

edge and corner sites on Cu surfaces are more active for C–C

coupling. Li and coworkers studied the reduction of Bi2O3 NTs

by EXAFS method, and they found that the coordination

number of Bi–Bi is determined to be 2.6 � 1.8 at �0.24 V,

signicantly smaller than that of Bi metal foil (CN ¼ 6).23 The

FEHCOOH of this low-coordinated Bi catalyst can reach >93% in

H-cell and 98% in a ow cell. It is reported that the O2 + H2

plasma-treated Ag showed the highest density of defects and the

highest CO evolution activity, while the Ar and H2 plasma-

treated samples exhibited much inferior CO evolution activity

although they have similar roughness.108

4.2. Surface orientation reconstruction during CO2RR

The surface orientation of metal catalysts is crucial for the

tuning of activity and selectivity during CO2RR, particularly on

copper catalyst which can drive the further reduction from the

Fig. 9 (a) A typical structure of grain boundary probed by correlative SECCM and HR-EBSD measurements. (b) Illustration of voltammetric

SECCM and (c) Schematic of HR-EBSD grain mapping on polycrystalline Au surface. (d) An EBSD orientation map of a typical polycrystalline Au

sample viewed along the z direction. White rectangle indicates the location of the SECCM scan. (e) SEMmap of the region scanned with SECCM,

showing residues left from droplet contact points. (f) The current density measured from SECCM at �1.05 V versus Ag/AgCl. (g) Histograms of

current densities from all of the pixels in grain and grain boundary regions. The scale bars in (c)–(e) are 5 mm. Adapted with permission from ref.

185 Copyright © 2021, Springer Nature.
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key intermediate product of CO to valuable C2+ products. Hori

group and other researchers investigated the effect of crystal

surface orientation of Cu on the CO2RR and CORR activity,

whose results have been conrmed by many other research

groups. The results found that the generation of C2H4 is more

favored on Cu(100) facet relative to Cu(111) facet.15,189,190

Specically, the production of CH4 and C2H4 from CO reduction

share the same trend on Cu(111), and have a very negative onset

potential of �0.8 V, as shown in Fig. 10a. Although these reac-

tion pathways of CO reduction also existed on Cu(100), another

low potential reaction pathway for the production of C2H4 from

CO reduction on Cu(100) is observed at �0.45 V (Fig. 10b),

indicating a highly active structure on the Cu(100) surface for

C2H4 evolution. Moreover, the formation of C2H4 can be further

enhanced and the evolution of CH4 will be suppressed by

introducing (111) steps to the Cu(100) basal plane.189 Jiao and

coworkers further found that the Cu(111) facet can manipulate

the reaction pathway of CO reduction to acetate rather than

C2H4.
191 This facet-related performance of CO2RR has also been

observed for other metal catalysts. For instance, Luo and

coworkers reported that triangular Ag nanoplates with the

dominated facet of Ag(100) exhibited enhanced current density

and signicantly improved faradaic efficiency (96.8%)

compared with normal Ag nanoparticles.192 Woo and coworkers

selectively synthesized hierarchical hexagonal Zn catalyst and

found that Zn (101) facet was favorable to CO formation

whereas Zn (002) facet favored the H2 evolution.193 During CO

reduction reaction, many experiments also observed that the

surface orientation of metal catalysts was evolving during the

reduction and greatly inuenced the selectivity.194–198 A stepwise

surface reconstruction of copper under certain applied poten-

tial in the electrolyte is observed by the operando EC-STM of

Soriaga group.194 This experimental phenomena trigger the

motivation to generate a stepped Cu(S)-[3(100) � (111)], or the

Cu (511) surface on Cu electrode through oxidation–reduction

cycling, resulting in a FE for ethanol up to 100%.195,196 For the

surface facet regulation in CO2RR, Nilsson and coworkers re-

ported that Cu nanocube sample could be synthesized by CV

scanning in KHCO3 and KCl mixed electrolyte, and the sample

was expected to expose dominated (100) facet and was

conrmed to nearly complete suppress methane formation at

potentials more negative than �0.6 V.197 Yang and coworkers

reported that the ensemble of Cu nanoparticles might go

through a structural transformation process during initial

electrolysis to form cube-like particles.199 Sargent and coworkers

proposed a strategy to preferentially expose and maintain

Cu(100) facets by in situ depositing copper under CO2 reduction

conditions.198 The resulted copper sample exhibited a high

FEC2+ of 90% at 520 mA cm�2.

The evolution of pre-catalysts during CO2RR is always

accompanied by dramatic structure change, thus it is natural to

consider it as a potential method to control the exposed facet of

Fig. 10 (a) Top: (111) facet of the copper fcc crystal. Middle: The catalytic current measured by cyclic voltammograms for the reduction of

a saturated solution of CO (�1 mM) on Cu(111) in phosphate buffer (pH 7) and NaOH solution (pH 13). Bottom: Products of CO reduction at

different potential measured by online electrochemical mass spectrometry. (b) Top: (100) facet of the copper fcc crystal. Middle: The catalytic

current measured by cyclic voltammograms for the reduction of a saturated solution of CO (�1 mM) on Cu(100) in phosphate buffer (pH 7) and

NaOH solution (pH 13). Bottom: Products of CO reduction at different potential measured by online electrochemical mass spectrometry.

Adapted with permission from ref. 15 Copyright © 2012, American Chemical Society.
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resulted catalysts. For the metal oxide pre-catalysts for CO2RR,

Cu2O lms with [100], [110] and [111] orientation have been

prepared to investigate the effect of crystal orientation on

selectivity and the results showed that the nal performance is

not dependent on the initial crystal orientation of the cata-

lysts.113 Sartin et al. also revealed that less than 20% difference

in the coverage of adsorbed CO on the shape-controlled Cu2O

nanoparticles with different initially exposed crystal planes

could be found. The similar coverage for different Cu2O nano-

particles implied that a surface reconstruction occurred during

CO2RR, resulting in a similar morphology for the OD-Cu cata-

lysts.200 Cuenya and coworkers synthesized Cu2O and moni-

tored the whole reducing process with liquid cell TEM.201 They

found that the fast and extensive restructuring of Cu2O cube to

Cu dendrites in 4 min. The experiments of Strasser group also

conrmed that the initial cube shape and (100)-rich facet

structure of Cu2O had been totally degraded during the initial

reduction.202

Although the initial morphology of pre-catalysts may not be

effective in regulating the nal surface orientation of derived

catalysts, there were still a few works reported some useful

information of the preferable facet aer pre-catalysts reduction.

For OD-Cu that favor the production of C2 products, XRD test

indicated that the activated Cu catalysts showed a greater

abundance of (100) facets aer the electrochemical Cu2O

reduction, distinct from the (111) orientation that contributes

to CH4 products on Cu foil.165 Operando ATR-SEIRAS investiga-

tions on OD-Cu particles also suggest that they possess distinct

CO binding sites aside from those present on the p poly-

crystalline Cu surface.203 In addition to bands similar to those

on polycrystalline Cu (2073, 2089, and 2131 cm�1), a prominent

band at 2058 cm�1 is observed in ATR-SEIRAS, corresponding to

the CO adsorption band observed on the Cu (100) surface at

a similar potential reported by Hori et al.204

For Ag foil and nanoparticle catalysts, (111) facet is the most

stable surface orientation, however, Smith group discovered

that the ratio (220) over (111) is higher aer the oxidation–

reduction process on Ag.21 The single crystal facet of (110) has

been reported to be more active than (111) facet for CO2RR and

could be one of the reasons that OD-Ag has improved selectivity

towards CO production.205 Zhou et al. also found that aer the

Ag foil anodization, the (220) peak intensity became signi-

cantly stronger on OD-Ag.64 For OD-Ag samples with different

electrochemical anodization potential and total charge, the CO

faradaic efficiency of resulted catalysts were substantially

increased with enhancing (220)/(111) peak intensity ratio.

Although the preferred (220) orientation and thin AgOx layer are

strongly related to the high activity and selectivity of OD-Ag, the

Fig. 11 Atomic structure of (a) BiOBr and (b) BiOBr-templated Bi catalyst after electroreduction. HRTEM of BiOBr (c) before and (d) after

electroreduction reveal the selective reconstruction into Bi. (e) SEMs of samples after reaction reveal a 2D petal-like layered arrangement. (f)

CO2RR product distribution of BiOBr-templated catalyst for different operating potentials. Formate is the only product at <�0.75 V. (g and h) The

reaction energy diagram for HER and CO2RR on Bi (121) and Bi (110) facets. Adapted with permission from ref. 152 Copyright © 2018, Wiley-VCH.
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mechanism of the forming of (220) orientation on OD-Ag

sample is not clear and needs to be further investigated.

Bi-halide and Bi-salt pre-catalysts are quite unique because

they can form a series of nanosheet morphology with a single

exposed facet, which was observed to inuence the nal

morphology of the derived catalysts. For instance, Luo and

coworkers reported that by reducing the BiOI nanosheet

precursors, Bi catalysts with nanosheet morphology can be

obtained.169 Moreover, the exposed facet of (100) or (001) on

BiOI nanosheets can determine the nal morphology of the Bi

nanosheet to be mesoporous Bi nanosheets with inter-

connected nanoparticles or Bi nanosheets with a smooth

surface, respectively. Zou and coworkers reported that the

Bi2O2CO3 nanosheet mainly exposed the (001) facets would

determine the orientation of the derived Bi nanosheet, resulting

in the formation of Bi nanosheets that terminated with (001)

facets.105 This Bi nanosheet could exhibit a FEHCOOH of 90% at

a low overpotential of 420 mV. Sargent and coworkers studied

the BiOBr pre-catalysts by in situ XANES, EXAFS and GIWAXS.152

During the CO2RR, fromGIWAXS experiments, the Bi (110) facet

is emerged as the dominant facet during CO2RR, as shown in

Fig. 11a–e. The CO2RR experiment showed that the BiOBr

catalyst exhibit more than two times current density compared

with the Bi nanoparticle and the formate FE could reach 99% in

the range of �0.8 to �1.0 V (Fig. 11f). DFT calculations in

Fig. 11g and h pointed out that the Bi (110) facet can greatly

lower the energy barrier of CO2RR and the stepped Bi (110)

surface can offer a near-optimal Gibbs free binding energies for

HCOO* (�0.01 eV). These results indicated that an atomic-level

structural modication of the catalysts surface can be employed

as a powerful means to regulate the product distribution for

CO2RR.

5. Stability of the CO2 pre-catalysts

The stability is a universal challenge for all CO2RR catalysts,

which originated from the impurities in the solution and the

evolution of catalysts.206 The former challenge can be resolved

using an ultra-pure electrolyte, chelating agent, or high surface

area catalysts with alkaline electrolyte,207–210 while the under-

standing of the later challenge is still preliminary and the

solution is yet to develop.

One major evolution process of CO2RR catalysts is the

morphology evolution, such as the stepwise surface recon-

struction of copper under certain applied potential region,194

and the forming of Cu cube under CV scans197 mentioned

above. There are also many experiments found that the high

activity morphology suffered from degradation under long-term

operation. Cuenya and coworkers reported that for copper

cubes deposited on carbon, the Cu(100) facets became rougher

Fig. 12 The interface energies of (a) H-covered and (b) CO-covered Cu surfaces of (111), (100) and (110). (c) The equilibriumofWulff-shape of Cu

nanoparticle based on the calculation of interface energies. (d) Schematic illustration of the degradation mechanism of Cu NCs during CO2RR.

The degradation mechanism that includes nanoclustering (stage I) followed by a coalescence at a later stage (stage II). Adapted with permission

from ref. 212 Copyright © 2018, Springer Nature.
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and losing the cubic shape, resulting in a suppression of multi-

carbon products (i.e., C2H4 and ethanol) versus CH4.
211 Buon-

santi and coworkers found that at a sufficiently negative

potential, the nanoparticle of metal catalysts were reshaped and

formed nanocluster to expose the surface facet with a lower

adsorption energy of either H- or CO-species on the catalyst

surface (Fig. 12a–c). This reshaping was the reason for the

unavoidable degradation of the crystals, and small crystals were

more vulnerable to degradation (Fig. 12d).212 The pre-catalysts-

derived catalysts benet from a relatively high surface area

and nanostructure, which are also vulnerable to the structure

evolution under long-term operation. For instance, during

CO2RR, the OD-Au seems to be sintered over time, resulting in

decreased current density and FE. Specically, a roughness

factor of 72 was reduced to 17 aer 8 h operation, indicating

that sintering of Au NPs occurred during CO2 reduction elec-

trolysis.18 SEM and PXRD line-broadening analysis of these

electrodes aer 8 h showed an increase in particle and crystal-

lite size over time, consistent with the observed RF decrease. In

another research, ECSA measurements performed aer 12 h of

CO2 electrolysis reaction showed that the surface areas of OD-

Au decrease from 8.3 to 5 m2 g�1, respectively, in good agree-

ment with SEM observations.63 However, it is important to note

that FECO for OD-Au stays relatively constant at about 90% even

aer running for 12 h, thus implying that the feature size alone

cannot explain the better performance of OD-Au. The CO2RR

efficiency towards CO also degrades slightly aer 3 h of reaction

on the oxidized Ag samples because of a slight decrease in

current towards CO and a growth in the HER current.108 This

time-dependent change is likely related to the change in surface

structure over the course of the reaction observed by SEM

images. Electrochemical surface roughness measurements also

indicate that the roughness of the surface decreases by

approximately half between 1–3 h of reaction.

The long-term existence of nonmetal elements in the derived

catalysts during CO2RR is highly suspicious due to the relatively

high standard electrode potential compared with CO2RR.

Obviously, the voltage of catalytic reduction has a great inu-

ence on the retention of nonmetallic components, evidenced by

the clear transition from SnO2 to Sn when changing the

potential from 0.1 V to�0.7 V.123 This phenomenon emphasizes

the importance of studying the structure and composition

change of pre-catalysts in ow cell which usually adopt much

higher voltage and current compared with H-cell. On the other

hand, the low conductivity metal compounds pre-catalysts may

be in an electrochemically inactive state aer the surrounding

parts are reduced to metal.179 This could also be part of the

reason for the remnant of nonmetal elements under the surface

of catalysts. However, based on currently released data, one can

not conrm that the nonmetal content will remain at a relatively

stable value rather than a continuous decline under the

condition of long-term work with even low overpotential.

Currently, the stability of derived catalysts is not properly

studied, becausemost studies do not have long-term test and no

structural test aer a long-term operation is carefully and

detailly characterized. Ager and coworker reported that only

a small fraction (<1%) of the original O content remains aer

CO2RR of 10 min, however, the FE of ethylene could be main-

tained at 35% for 5 h.137 Gong and coworkers' research, on the

other hand, showed that the Cu+ can be stabilized in Cu/CuSiO3

and the FEC2H4 of catalyst remained 50% for 6 h.213 These

studies indicated that the derived catalysts can catalyze the

CO2RR with a relative stable structure, however, slow structure

evolution of derived catalysts cannot be excluded if longer

testing period is applied. The prolonged CO2RR test of Han and

coworkers on Au sulde catalysts showed a relatively stable

performance for the rst 6 h and a clear decline of CO selectivity

between 6 and 10 h.214 An even longer test of 72 h had been

applied to Ag–Cl pre-catalyst by Polyansky and coworkers.32

They found that the morphology of catalysts was dramatically

changed, resulting in 20–30% decrease of electrochemical

surface area and current density. Moreover, the relationship

Fig. 13 (a) The scheme of regeneration of Cu+ by pulsed electrolysis strategy. (b) Atomic force microscopy images of a Cu(100) electrode after

1 h of alternative pulsed electrolysis of Ea ¼ 0.6 V, Ec ¼ �1.0 V, ta ¼ tc ¼ 1 s. The Cu(100) electrode was transformed to cubic islands with (100)

facets. (c) Quasi in situ copper LMM Auger spectra of a Cu(100) electrode after the different pulse protocols. Larger amount of Cu2O can be

observed on sample with higher Ea. (d) The bar chart of product selectivity for different pulse protocols. Adapted with permission from ref. 24

Copyright © 2020, Springer Nature.
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between CO2RR selectivity and morphology changes may not be

linear. One research indicated that the deactivation of OD-Cu

process might affect long-chain products (C3–C4) rst and the

C2 selectivity could be relatively stable during rst several

hours.140 It is reported that the Cu2OCl exhibited a stable

productivity toward C2H4 and C2H5OH over a period of 7 hours,

while the productivity of C3–C4 products are dramatically

decreased due to the decreasing relative ratio of Cu+ to Cu0.

The dilemma between short lifetime and high activity of Cu+

ions in CO2 reduction catalyst triggers the efforts to regenerate

copper oxide during catalysis. Cuenya and coworkers proposed

an alternative pulsed electrolysis strategy to regenerate the Cu(I)

ions at a positive potential,24 as shown in Fig. 13a. This regen-

eration strategy can help to reshape the surface morphology of

Cu to nanocube and maintain a high concentration of Cu2O

(Fig. 13b and c). Specically, signicantly enhanced selectivity

for ethanol (32%) has been found under alternative pulsed

electrolysis conditions of 0.6 V and �1.0 V due to the co-

existence of Cu(I) and Cu(0) species created by an anodic

pulse (Fig. 13d).24 Another research showed that the alternating

voltage method is better at providing a large selection of

oxygenated hydrocarbons products compared with cyclic vol-

tammetry and chronoamperometric methods.215 Besides anodic

pulse, keeping catalyst at open circuit potential can also help

the regeneration of copper oxides and prolong the product

selectivity towards C2H4.
216

6. Summary and perspective

The pre-catalyst system showed impressive performance in CO2

reduction. Elements such as O, N, S, and Cl are believed to

signicantly increase the valence of metals, and the loss of them

in the in situ environment will introduce specic structural

defects to the catalyst system. Generally, the pre-catalyst

strategy does not change the species of products on certain

metal catalysts but greatly improve the reaction rate and

distribution of products. One universal benet for all pre-

catalysts is the suppression of hydrogen evolution because the

rough surface of derived catalysts can maintain a high pH

environment during CO2RR to hinder the supply of proton for

HER.171–173 The reduction of pre-catalyst can also create under-

coordinated reaction sites on the catalysts surface. For instance,

the Au–O pre-catalysts can greatly improve the FECO to 99%,

which attribute to the enhanced surface area and abundant

surface under-coordinated reaction sites.18,19,185 However, the

facile control of morphology and the density of grain bound-

aries for improved CO2RR activity is not yet realized. The

concentration of nonmetal element remained in derived cata-

lysts was more systematically studied and was found to be

strongly related with the CO2RR activity. For Cu–O and Ag–O

pre-catalysts, the sample with higher O content were found to be

more efficient for C2+ and CO production, respectively.21,157 For

HCOOH producing catalysts, such as Sn, it was found that the

partially oxidized metal ions on catalyst surface have much

higher activity than pure metal or metal oxides.22,123 S-contained

pre-catalyst is the most special one among all other pre-catalysts

because it can tune the selectivity of copper to pure HCOOH,

and the sulding of many non-active metals can result in active

CO or HCOOH producing catalysts such as WSe2, TiS2, In–

S.78,80,104,147,148 The copper-nonmetal compound, such as Cu–B,

Cu–N, Cu-halide,30,31 attracted intense attention recently due to

its ability to signicantly enhance the FE of C2+ products.

Notably, the average oxidation states of copper in the X–Cu

catalysts is proportional with the electronegativity of the

halogen, and F–Cu catalyst showed the best C2+ FEs and

highest surface area normalized C2+ formation rates among all

Cu-halide samples. Comparing the CO2RR selectivity of Cu-

based pre-catalysts with different nonmetal elements is very

important and yet to realize. Generally, the current overall

research is still in a very rough stage, lacking guiding theories

and systematic rules. Thus, the following challenges should be

considered and addressed to push the CO2RR pre-catalysts

strategy technique forward.

(1) The in situ activation process of the pre-catalyst is very

complicated, accompanied by the change of the metal valence

and the change of the overall morphology of the catalyst.

Therefore, it is just an assumption to attribute the origin of

catalyst performance to one of the structure or composition

factors. Some studies simply studied a specic element ratio or

specic morphology of the pre-catalyst, which is very difficult to

obtain an in-depth understanding of the catalytic activity. Other

research works were conducted by controlling the ratio of

elements, or controlling the changes of certain structural

parameters, thus, they can provide more valuable conclusions

on the inuence of certain parameter. In future research, we

should consider separating these structural parameters more

clearly. For example, one could control the size and distribution

of the pre-catalyst particles on an inert substrate so that it will

not form a special macroscopic morphology. With this platform

one can focus on the effect of nonmetals on the performance of

metal catalysts.

(2) An efficient CO2RR catalyst for large scale application

should possess a long lifetime of >1 year even under high

reaction rate. However, the composition and morphology of

catalysts evolved from the pre-catalysts is more likely to be

a metastable state and may keep evolving during electrolysis.

Therefore, it is particularly important in the future research to

conduct in situ or quasi-in situ tests of long-term CO2RR oper-

ation to probe the mechanism of structural evolution. The

current research usually focused on the operation period of <5

hours which may not show the effect of structure changes on

the performance. Several studies that performed long term

stability test such as 10 h or 72 h clearly revealed a structure

evolving and the dropping of CO2 reduction efficiency.32,214

Operation-regeneration cycle is conrmed to be a promising

approach to prolong the unique CO2 reduction activity on CuOx,

however, the regeneration strategy for other pre-catalysts is still

lacking. To realize a strategy that can regenerate metal–

nonmetal compound pre-catalysts in situ under working

conditions would be a game changer in this area.

(3) Considering the pre-catalysts have a high possibility of

being transformed to metal phase through an in situ dynamic

evolution process, it is obvious that the impurities existed in the

electrolyte should also matters and can change the nal

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19508–19533 | 19527
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composition and activity of the catalysts. Indeed, the alkaline

electrolyte may etch the stainless ow cell and release various

elements to interference the ultimate activity results. On the

other hand, the un-puried electrolyte also contains a lot of

unexpected impurities, leading to the composition change and

deactivation of catalysts. Protecting the catalyst with stable

materials217–221 or developing robust catalysts that intrinsically

resistant to impurities should be designed to enhance the life-

time and maintain the activity for specic products. Alterna-

tively, introducing chelating agent in electrolyte is another

powerful way to minimize the effect of impurities during

operation.209 What's more, the optimization of conguration of

ow cell to improve operation environment should be

contribute to alleviate the pollution, which may can be boosted

by modelling and simulation works.

(4) The researches mentioned above were basically focused

on the inuence of a single nonmetallic element on the nal

performance of the metal catalyst. Considering the unique

effects of different nonmetals on the nal properties of metal

catalysts, the use of multiple nonmetals to jointly adjust the

metal properties or the activation process will enable us to have

more rened tools for adjusting the catalyst performance.

Furthermore, incorporating the alloy-related research experi-

ence and introducing complicated design of the tandem struc-

ture will bring about a series of brand-new CO2 reduction

catalysts.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

CL acknowledges nancial funding from National Natural

Science Foundation of China (No. 22002191).

References

1 N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A.,

2006, 103, 15729–15735.

2 C. Li, Q. Cao, F. Wang, Y. Xiao, Y. Li, J. J. Delaunay and

H. Zhu, Chem. Soc. Rev., 2018, 47, 4981–5037.

3 C. Li, J. He, Y. Xiao, Y. Li and J.-J. Delaunay, Energy Environ.

Sci., 2020, 13, 3269–3306.

4 C. Feng, M. B. Faheem, J. Fu, Y. Xiao, C. Li and Y. Li, ACS

Catal., 2020, 10, 4019–4047.

5 Y. Li, W. Cheng, H. Su, X. Zhao, J. He and Q. Liu, Nano

Energy, 2020, 77, 105121.

6 S. Xu and E. A. Carter, Chem. Rev., 2019, 119, 6631–6669.

7 D. M. Weekes, D. A. Salvatore, A. Reyes, A. Huang and

C. P. Berlinguette, Acc. Chem. Res., 2018, 51, 910–918.

8 S. Zhang, Q. Fan, R. Xia and T. J. Meyer, Acc. Chem. Res.,

2020, 53, 255–264.

9 J. He, Y. Li, A. Huang, Q. Liu and C. Li, Electrochem. Energy

Rev., 2021, DOI: 10.1007/s41918-021-00100-y.

10 Y. Hori, in Modern Aspects of Electrochemistry, ed. C. G.

Vayenas, R. E. White and M. E. Gamboa-Aldeco, Springer

New York, New York, 2008, pp. 89–189, DOI: 10.1007/978-

0-387-49489-0_3.

11 J. Qiao, Y. Liu, F. Hong and J. Zhang, Chem. Soc. Rev., 2014,

43, 631–675.
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