
Chinese Chemical Letters 33 (2022) 3641–3649

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Crystal facet-dependent electrocatalytic performance of metallic Cu in

CO2 reduction reactions

Hao Zhanga,1, Caihong Hea,1, Sumei Hana, Zeyang Dua, Ling Wanga, Qinbai Yunb,
Wenbin Caoa, Bowei Zhangc,∗, Ya-Hui Tiand,∗, Qipeng Lua,∗

a School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China
bDepartment of Chemistry, City University of Hong Kong, Hong Kong, China
c Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing 100083, China
d Institute of Acoustics, Chinese Academy of Sciences, Beijing 10019, China

a r t i c l e i n f o

Article history:

Received 29 September 2021

Revised 9 November 2021

Accepted 8 December 2021

Available online 11 December 2021

Keywords:

Copper

CO2 electrochemical reduction

Crystal facet-dependence

Electrocatalysts

a b s t r a c t

Developing high-performance electrocatalysts for CO2 reduction reaction (CO2RR) is crucial since it is

beneficial for environmental protection and the resulting value-add chemical products can act as an al-

ternative to fossil feedstocks. Nonetheless, the direct reduction of CO2 into long-chain hydrocarbons and

oxygenated hydrocarbons with high selectivity remains challenging. Copper (Cu) shows a distinctive ad-

vantage that it is the only pure metal catalyst for reducing CO2 into multi-carbon (C2+) products and the

certain facets (e.g., (100), (111), (111)) of Cu nanocrystals exhibit relatively low energy barriers for the

formation of specific products (e.g., CO, HCOOH, CH4, C2H4, C2H5OH, and other C2+ products). Therefore,

extensive studies have been carried out to explore the relationship between the facets of Cu nanocrystals

and corresponding catalytic products. In this review, we will discuss the crystal facet-dependent electro-

catalytic CO2RR performance in metallic Cu catalysts, meanwhile, the detailed reaction mechanisms will

be systematically summarized. In addition, we will provide a personal perspective for the future research

directions in this emerging field. We believe this review is helpful to guide the design of high-selectivity

Cu-based electrocatalysts for CO2RR.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1 Introduction

The rapid industrial revolution and population growth have led

to a large amount of global energy consumption [1,2]. Energy heav-

ily depends on the burning of fossil fuels, causing a significant in-

crease of the content of CO2 in atmosphere [3–5], which further

results in the greenhouse effects such as melting glaciers, global

warming, and gradually threatens human life [6–8]. Therefore, we

are facing a crisis for excessive emission of CO2. In this context,

extensive studies have been carried out to control CO2 emissions

such as carbon capture and storage [9,10], carbon capture and uti-

lization [11,12]. Carbon capture and storage aims to capture and

store CO2 in the ocean or land [13], and carbon capture and uti-

lization intends to use CO2 as feedstock for generating a variety of

economically valuable products [14], including producing the food-
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grade CO2, mineral carbonation and reduction of CO2 to chemicals

by catalysis. Photocatalytic and electrocatalytic CO2 reduction reac-

tions (CO2RR) could convert CO2 into valuable chemicals in an en-

vironmentally friendly way. Compared with photocatalytic CO2RR,

electrocatalytic CO2RR is more efficient, which shows higher activ-

ity and selectivity for the desired products [15]. Thus, electrocat-

alytic CO2RR becomes a hot spot in the field of energy utilization

and environmental protection.

Extensive efforts have been devoted to electrocatalytic CO2RR.

However, it has yet to meet industrial application targets owing to

technological challenges [16]. First, CO2 is thermodynamically sta-

ble molecules with two C=O double bonds. A high overpotential

is significantly required to achieve one-electron reduction of CO2

to CO2
−, (E= −1.90V vs. standard hydrogen electrode, SHE) [17],

which is the key step in the reduction process. Thus, it is necessary

to input a large amount of energy to meet the requirement of ther-

modynamic and kinetic processes. Second, during the electrocatal-

ysis, there is a competitive relationship between CO2RR and se-

vere side reactions (e.g., hydrogen evolution reaction (HER)). When

HER overpowers CO2RR at the cathode side, the faradic efficiency
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Table 1

Equilibrium potentials for CO2 electrolysis related reactions at pH 7 [36,37].

Half-reactions of CO2RR E (V vs. SHE)

CO2 (g)+ 2H+ + 2e− =HCOOH (l) −0.250

CO2 (g)+ 2H+ + 2e− =CO (g)+H2O (l) −0.117

CO2 (g)+ 6H+ + 6e− =CH3OH (l)+H2O (l) 0.033

CO2 (g)+ 8H+ + 8e− =CH4 (g)+2H2O (l) 0.173

2CO2 (g)+ 8H+ + 8e− =CH3COOH (l)+ 2H2O (l) 0.110

2CO2 (g)+ 10H+ + 10e− =CH3CHO (l)+3H2O (l) 0.060

2CO2 (g)+ 12H+ +12e− =C2H4 (g)+ 4H2O (l) 0.064

2CO2 (g)+ 12H+ +12e− =CH3CH2OH (l)+3H2O (l) 0.084

2CO2 (g)+ 14H+ +14e− =C2H6 (g)+ 4H2O (l) 0.143

3CO2 (g)+ 18H+ +18e− =C3H7OH (l)+ 5H2O (l) 0.103

(FE) of CO2RR significantly decreases [18]. Furthermore, the prod-

ucts of CO2RR are complex, including CH4 [19,20], CO [21], CH3OH

[22], HCOOH [23–25], C2H4 [26–29], C2H6 [30,31], CH3CHO [32],

CH3CH2OH [33], and C2+ products [34,35]. As shown in Table 1,

these products require different numbers of transferred electrons

[36,37]. The complex process makes it difficult to achieve high se-

lectivity for the desired products, especially for C2 and C2+ species.

To solve the key issues above, it is urgent to develop superior cat-

alysts to achieve desired valuable products through CO2RR.

Until now, various electrocatalysts for CO2RR have been studied,

and two kinds of compounds are focused: Solid materials and ho-

mogeneous metal complexes [38,39]. The metallic electrocatalysts

as one kind of solid materials have been applied in CO2RR due to

their excellent catalytic performance, facile preparation and sepa-

ration after the usage [40]. According to the electrocatalytic prod-

ucts, single metal catalysts can be divided into four categories: (I)

Metals with high selectivity to produce H2 (e.g., Ni, Fe, Pt and Ti),

(II) metals with high selectivity to produce HCOOH (e.g., Bi, Sn, Pb

and In), (III) metals with high selectivity to produce CO (e.g., Au,

Ag, Zn and Pd) and (IV) metals with high selectivity to produce C2

and C2+ products (e.g., Cu) [37,41,42]. Among the above pure metal

catalysts, Cu is the only one that is capable of reducing CO2 into

long-chain hydrocarbons and oxygenated hydrocarbons [37]. Under

certain conditions, up to 16 kinds of products can be detected on

the surface of Cu catalysts during CO2RR [23]. Importantly, tailor-

ing crystal facet to optimize the catalytic activity and selectivity

of Cu catalysts is a key approach to achieve high yields for multi-

carbon products. Meanwhile, different arrangements of atoms on

the crystal facets could produce significantly diverse ratios of C1,

C2 and C2+ products [43]. However, up to now, there are rare re-

views focusing on explaining the crystal facet-dependent selectiv-

ity and activity in Cu-based catalysts, understanding the elemen-

tary steps of reactions, revealing the corresponding CO2RR process

and establishing relationship between structure and performance

[44].

In this review, we will comprehensively introduce the recent

developments of metallic Cu catalysts with different crystal facets

in CO2RR, and systematically summarize the detailed reaction

mechanisms for different valuable products. In addition, we will

give some perspectives on the challenges and promising directions

in this research field.

2. Reaction mechanisms of metallic Cu with different facets in

CO2RR

Metallic Cu possesses thermodynamically stable face center cu-

bic (fcc) crystal phase. Similar to other metals with fcc phase,

e.g., Au, Ag, Pd, Pt, the synthetic strategies for exposed facet con-

trol in Cu have been well-developed [45–48]. Through thermody-

namic and kinetic controls, Cu nanocrystals with controllable ex-

posed facets and various morphologies could be prepared, such as

Fig. 1. Possible initial reaction steps of CO2RR. The red, black, and white balls rep-

resent the O atom, C atom and H atom, respectively.

nanoparticles (NPs) [49,50], nanowires (NWs) [51–55], polyhedrons

exposing desired crystal facets and so on.

Among the numerous synthetic strategies, wet-chemical

method is considered as a commonly used approach [56–62].

In this method, capping agents are usually adopted for shape

control, because they can adsorb on specific facets to change the

surface free energy and tune the growth rate. As a result, the

most favorable thermodynamic facets will be exposed [33,63-69].

Besides, etching agents are often employed for the construction

of the exposed facets. It is reported that crystal etching can act

as the reverse process of crystal growth to endow nanocrystal

with high-energy facets [58]. In addition, the gas-phase-reduction

method and electrochemical method have also been reported to

synthesize Cu nanocrystals with various shapes (e.g., cube, octa-

hedron and dodecahedron) [70–72]. Compared with wet-chemical

method, they can avoid the use of surfactants, thus facilitating the

subsequent charge transfer in the electrocatalytic performance test

[73].

This review does not discuss the detailed descriptions about

the synthesis of metallic Cu nanostructures with different exposed

facets by using these methods, since they have been reviewed pre-

viously [45–48]. Herein, we summarize the established synthetic

procedures and corresponding obtained metallic Cu nanostructures

with different morphologies and list them in Table 2. In the fol-

lowing sections, we focus on the mechanisms of crystal facet-

dependent electrocatalytic performance of metallic Cu catalysts in

CO2RR processes.

2.1. The initial adsorption modes of CO2 on Cu catalysts

In the pioneering research conducted by Hori and co-workers,

Cu was demonstrated to be the unique electrocatalyst that can re-

duce CO2 into valuable products [32,41,74]. However, the mecha-

nism of CO2RR is still an open question, and there is no consen-

sus even up to now. As is well known, CO2 is initially adsorbed

on the catalyst surface and then reduced to CO2
− by receiving one

electron (Fig. 1, step a), which requires a high overpotential [17].

Peterson and co-workers first performed density functional the-

ory (DFT) calculations to propose insights into the detailed reac-

tion pathways of CO2RR on Cu surface [75]. The results demon-

strated that two different adsorption modes of CO2
− exist: (I) If

oxygen atoms are adsorbed on the surface of the catalyst (Fig. 1,

step b), ∗OCHO intermediate will be obtained after protonation of

CO2
−, thus generating HCOO−/HCOOH; (II) if the carbon atoms are

adsorbed on the surface of catalysts (Fig. 1, step c), the carboxyl
∗COOH intermediate will be produced followed by the formation

of ∗CO as a very important intermediate in CO2RR [76]. It is pro-

posed that Cu has negative adsorption energy for ∗CO through DFT

calculations, which avoids the desorption of CO and ensures its

subsequent reduction to generate desirable products [77]. As dis-

cussed in the followed sections, bifurcating reaction pathways will

occur on different Cu facets after intermediate ∗CO was formed,

which is described as “facet-dependence”. Therefore, many studies

have attached importance to controlling shapes and structures of
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Table 2

Summary of established synthetic procedures for preparing Cu nanocrystals with different facets.

Crystal facet Synthetic method Precursors Reaction condition Structures Ref.

Cu (111) Wet-chemical method Cu(CH3COO),

trioctylamine, OA

180 °C for 1 h, 270 °C
for 1 h

NPs [49]

Cu (111) Wet-chemical method CuCl2, hydrazinium

hydroxide

25 °C for 2 h NPs [50]

Cu (111) Wet-chemical and

electrochemical method

Cu mesh Annealing Cu mesh in

air,

electrochemical

reduction

NWs [51]

Cu (111) Wet-chemical method CuCl2•2H2O, Ni(acac)2 , OLA 80 °C for 10min, 185

°C for 4 h

NWs [52]

Cu (111) Wet-chemical method Cu(acac)2 , Ni(acac)2, OLA,

CuCl2

Stirred at 80 °C, aged
at 165 °C for 55min

and adding CuCl2 into

mixture

NWs [55]

Cu (111) Wet-chemical method CuBr, TOP, OLA 80 °C for 15min, 270

°C for 3 h

Octahedron [33]

Cu (111) Wet-chemical method CuCl, TOP, OLA 200 °C for 2 h, 335 °C
for a certain time

Octahedron [57]

Cu (111) Wet-chemical method CuCl, TOP, OLA 200 °C for 2 h, 335 °C
for 30 min

Octahedron [59]

Cu (111) Wet-chemical method CuCl, TOP, OLA 200 °C for 2 h, 335 °C
for 20min

Octahedron [60]

Cu (111) Gas-phase-reduction Octahedral Cu2O, CO/Ar Thermal reduction in

CO/Ar, 275 °C for 2h

Octahedron [70]

Cu (111) Wet-chemical method CuBr, TOP, OLA Room-temperature for

1 h, 270 °C for 1 h

Octahedron [63]

Cu (111) Wet-chemical method CuCl, TOP, OLA 200 °C for 2 h, 335 °C
for 20 min

Octahedron [64]

Cu (100) Wet-chemical method CuCl2, HDA, glucose Room temperature

overnight, 120 °C for

3 h

NWs [53]

Cu (100) Wet-chemical method CuCl2, NaHCO3, AA, CTAC Room temperature for

4 h, 30 °C for 6 h

NWs [54]

Cu (100) Wet-chemical method CuCl2•2H2O, glucose, HDA Room temperature

overnight, 100 °C for

6 h

Pentagonal NWs

tadpole-like NWs

pentagonal bipyramid

[62]

Cu (100) Electrochemical method CuSO4, sodium citrate, AA Electrochemical

reduction of Cu2O NCs

Cube [73]

Cu (100) Wet-chemical method CuBr, TOPO, OLA 80 °C for 15min, 230

°C for 3 h

Cube [33]

Cu (100) Electrochemical method CuSO4•5H2O, KCl Oxidative-reductive

cycles

Cube [72]

Cu (100) Wet-chemical method CuBr, TOPO, OLA 80 °C for 15min, 260

°C for 1 h

Cube [59]

Cu (100) Wet-chemical method CuBr, TOPO, OLA 80 °C for 15min, 230

°C for 1 h

Cube [65]

Cu (100) Wet-chemical method CuBr, TOPO, OLA 80 °C for 15min, 200

°C for 1 h

Cube [66]

Cu (100) Electrochemical method CuCl, KCl Successive

oxidative-reductive

cycles

Cube [71]

Cu (100) Gas-phase-reduction Cubic Cu2O, CO/Ar Thermal reduction in

CO/Ar, 275 °C for 2 h

Cube [70]

Cu (100) Wet-chemical method CuBr, TOPO, OLA 260 °C for 2 h Cube [67]

Cu (100) Wet-chemical method CuCl2, DBS, hydrazine 100 °C for 20 min Cube [68]

Cu (100) Wet-chemical method Cu(acac)2 ,

1,2-hexadecanediol, octyl

ether, OLA

210 °C for 30 min Cube [69]

Cu (110) Wet-chemical method Cu(CH3COO),

trioctylamine, OA

180 °C for 1 h, 270 °C
for 1 h

NPs [49]

Cu (110) Gas-phase-reduction Dodecahedral Cu2O, CO/Ar Thermal reduction in

CO/Ar, 275 °C for 2 h

Dodecahedron [70]

Cu (110) Wet-chemical method CuBr, TOP, OLA 80 °C for 15min, 270

°C for 3 h

Dodecahedron [33]

Cu (110) Wet-chemical method Cu NCs, TOP, Se 60 °C for 4 h Dodecahedron [58]

∗OA: oleic acid, OLA: oleylamine, TOP: tri-n-phosphine, HDA: hexadecylamine, AA: ascorbic acid, CTAC: cetyltrimethylammonium chloride, TOPO: tri-n-octylphosphine oxide,

DBS: dodecyl benzene sulfonic acid sodium.
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Table 3

Summarization of preferable product on the different Cu crystal facets in CO2RR.

Catalyst Crystal facet Electrolyte Major product Potential (V) vs. RHE FEs (%) Ref.

Octahedron- Cu Cu (111) 0.1mol/L KHCO3 CH4 −1.22 ≈23 [33]

Cu2O-derived Cu Cu (111) 0.1mol/L KHCO3 CH4 −1.15 43.5 [19]

Cu single crystal Cu (111) 0.1mol/L KClO4 CH4 −1.38 45.3 [20]

Oh-NCs-75 nm Cu (111) 0.1mol/L KHCO3 CH4 −1.25 55.0 [57]

Cuoh nanocrystal Cu (111) 1mol/L KOH CH4 −0.91 53.0 [59]

Cu NCs-320 nm/Cu Cu (100) 0.1mol/L KHCO3 C2H4 −1.05 ≈20.0 [72]

Cu NCs Cu (100) 0.1mol/L KHCO3 C2H4 −1.20 ≈35.0 [33]

Cu2O-derived Cu Cu (100) 0.1mol/L KHCO3 C2H4 −1.00 30.6 [19]

Cu NCs-44 nm Cu (100) 0.1mol/L KHCO3 C2H4 −1.10 41.0 [26]

Cu single crystal Cu (100) 0.1mol/L KHCO3 C2H4 −1.00 40.4 [32]

Cucub nanocrystal Cu (100) 1mol/L KOH C2H4 −0.65 57.0 [59]

Cu NCs-70 nm Cu (100) 1mol/L KOH C2H4 −0.8 51.0 [67]

Cu single crystal Cu (100) 0.1mol/L KI C2H4 −1.23 50.3 [20]

Cu (100)@Cu2O Cu (100) 0.1mol/L NaOH C2H4 −1.00 45.0 [27]

Cu single crystal Cu (110) 0.1mol/L KHCO3 CH3CHOCH3CH2OHCH3COOH −1.18 51.2 [32]

Hexahedron -Cu Cu (110) 0.1mol/L KHCO3 CH3CH2OH −1.20 ≈25.0 [33]

Cu NWs Cu (511) 0.1mol/L KHCO3 C2H4 −1.01 77.4 [28]

Cu thin films Cu (751) 0.1mol/L KHCO3 C2H4 −0.97 ≈28.5 [29]

Cu Foils Cu (311) 0.1mol/L KHCO3 HCOOH −0.95 ≈40.0 [25]

Cu nanocrystals with specific exposed facets, including (111), (100)

and (110), to obtain desired products in CO2RR [33,67,78,79].

2.2. Reaction mechanisms on Cu (111) facet

Previous research demonstrated that CH4 is the main product

on Cu (111) facet through a series of proton-electron transfers at

near neutral pH (Table 3). Unavoidably, other byproducts could be

obtained simultaneously as well [37,74,80-84].

It is controversial that whether the ∗CO intermediate is initially

reduced to a formyl ∗CHO by forming a C−H bond or a ∗COH in-

termediate via forming an O−H bond. One viewpoint holds that

CH4 is derived from ∗CHO. Zhao and co-workers used the climbing

image nudged elastic band method to calculate the saddle points

and minimum energy paths (MEPs) of ∗CO protonation into ∗CHO
and ∗COH intermediates on Cu (111) (Fig. 2a). The results sug-

gested that the formation barriers of ∗CHO and ∗COH from ∗CO
on Cu (111) are 0.85 and 1.39 eV, respectively [85]. Thus, the for-

mation of ∗CHO is more thermodynamically favorable. Moreover,

Peterson and co-workers found that ∗CHO can be obtained much

easier than ∗COH on Cu (111) based on DFT calculation, and re-

gard the protonation of ∗CO to ∗CHO as the rate-determining step

(RDS) (Fig. 2b) [75], which is consistent with the conclusions of

Nørskov and co-workers [75,86-88]. In addition, they summarized

that formaldehyde ∗CH2O and methoxy ∗CH3O are intermediates

for CH4 production, and proposed the overall pathway proceed-

ing as ∗CO→ ∗CHO→ ∗CH2O→ ∗CH3O→ ∗CH4 + ∗O→CH4 + ∗OH→
CH4 +H2O, which is indicated in Fig. 2c1.

However, some research proposed a different conclusion that

CH4 is originated from ∗COH since the ∗COH is more favor-

able to be produced via the proton-electron transfer [89,90].

As shown in the H-shuttling model on the Cu (111) facet (Fig.

2d), the distance between the hydrated proton and the oxygen

atom of ∗CO became shorter from the initial, transition to fi-

nal states in the formation of ∗COH. By using DFT to calcu-

late the free energies for several reaction paths of CO2RR on Cu

(111) facet, Nie and co-workers found that the activation bar-

riers for ∗CHO and ∗COH formation derived from ∗CO is 0.39

and 0.21 eV at −1.15V (vs. RHE), respectively [82,83]. As a re-

sult, ∗COH was the key intermediate for the formation of CH4

on Cu (111). As shown in Fig. 2c2, the other pathway was pro-

posed: ∗CO→ ∗COH→ ∗C→ ∗CH→ ∗CH2 → ∗CH3 →CH4. Meanwhile,

they also pointed out that the pathway in Fig. 2c1 is thermody-

namically unfavorable. According to the relative free energy dia-

gram for reaction as shown in Fig. 2e, ∗CH3O tends to produce

CH3OH rather than CH4 because the barrier for hydrogenation

of oxygen atom is smaller than that of carbon atom. Addition-

ally, Additionally, Buonsanti and co-workers synthesized octahedral

Cu nanocrystals (Oh-NCs) with different sizes (i.e., 75 nm, 150nm

and 310nm, Fig. 2f), and further investigated their electrochemical

properties [57]. The results indicated that CH4 is the favored prod-

uct for all samples, and the Oh-NCs with 75nm achieved the best

performance with 77% FEs towards CO2RR and 55% FEs for CH4 at

−1.25V (Fig. 2g). Because the Cu atoms at corner and edge with

low coordination number (CN) are active sites for CO2RR. There-

fore, the smaller Cu Oh-NCs with highly exposed active sites exhib-

ited the best catalytic performance. Moreover, CH3OH was demon-

strated to be the byproduct on Cu (111) in CO2RR [75]. Therefore,

it can be confirmed that Cu (111) tends to generate CH4 through
∗COH as the intermediate.

In addition, the product distribution on Cu (111) in CO2RR is de-

termined by electrocatalytic reaction conditions [84,91-95]. By tak-

ing the kinetic barrier and solvent effect into account, first quan-

tum mechanics (QM) study showed that the C1 and C2 pathways

on Cu (111) are competitive and the final products vary with the

pH value [96]. As shown in Fig. 3, at low pH, C2 pathways are

kinetically unfavorable while C1 pathways are promoted via ∗COH
intermediate to form CH4. At neutral pH, the C1 and C2 pathways

share the common intermediate, i.e., ∗COH, and the multi-carbon

products formed by CO−COH coupling [80]. At high pH, the cov-

erage of ∗H decreases, which leads to a possibly larger portion

of ∗CO on the surface. C1 pathway is suppressed, and C−C cou-

pling through ∗CO dimerization increases. Huang and co-workers

demonstrated that the high coverage of ∗CO favors the ∗CO dimer-

ization on Cu (111) [19]. The ∗CO coverage from 5/18 to 10/18

monolayer (ML) resulted in a decreased energy barrier around

0.5 eV, which is caused by the weakening of the Cu−∗CO bond at

higher ∗CO coverage. Besides, the FEs of C2H4 could achieve 30.6%

when the applied potential was −1.0V (vs. RHE). Additionally, in

CO2RR, graphitic carbon species (Cu=∗CH2) have been detected by

X-ray photoelectron spectroscopy and Auger electron spectroscopy

measurement. Besides, ∗CH2 was regarded as the precursor of

C2H4 [97]. Therefore, it is not surprising to find the generation

of a bit C2H4 as byproduct on Cu (111) during the formation

of CH4.

2.3. Reaction mechanisms on Cu (100) facet

The CO2RR processes and corresponding mechanisms on Cu

(100) are more complicated compared with those on Cu (111). The

3644



H. Zhang, C. He, S. Han et al. Chinese Chemical Letters 33 (2022) 3641–3649

Fig. 2. (a) The MEP analysis of ∗CO reduction into ∗CHO and ∗COH intermediates on Cu (111). Reproduced with permission [85]. Copyright 2019, American Chemical Society.

(b) Free energy diagrams for the lowest energy pathways to CH4. Reproduced with permission [75]. Copyright 2010, Royal Society of Chemistry. (c) Possible pathways for CH4

on Cu (111). The red, black, and white balls represent the O atom, C atom and H atom, respectively. (d) Optimized structures of different states involved in ∗CO reduction

to ∗COH in the H-shuttling model on the Cu (111) facet. Reproduced with permission [90]. Copyright 2016, American Chemical Society. (e) Relative free energy diagrams of

pathway through a ∗CHO intermediate. Reproduced with permission [82]. Copyright 2014, Elsevier. (f) TEM image of the octahedral Cu nanocrystals. (g) FEs of the three sizes

of Cu Oh-NCs. Reproduced with permission [57]. Copyright 2019, Royal Society of Chemistry.

Fig. 3. The pH-dependent mechanism of CO2RR on Cu (111). The red, black, and

white balls represent the O atom, C atom and H atom, respectively.

detailed experimental analyses combined with the DFT calculations

have been carried out in the published literatures. Herein, we list

the overall roadmap of CO2RR on Cu (100) based on the revealed

mechanisms in Figs. 4a, b and d.

Currently, Cu (100) is regarded as the suitable facet for the for-

mation of C2H4 [86,98]. Three pathways to C−C coupling formation

on Cu (100) have been summarized: (I) ∗CO+ ∗CHO→ ∗COCHO,
(II) ∗CO+ ∗COH→ ∗COCOH, (III) ∗CO+ ∗CO→ ∗COCO. These path-

ways are considered to be related with the applied potential (U).

Head-Gordon and co-workers have developed a micro-kinetic

model to predict the Gibbs free energy of elementary steps in-

volved in CO2RR [99]. They deemed that C−C bond formation

proceeds via ∗CO dimerization at low overpotential, while via the

combination of ∗CO and ∗CHO at high overpotentials. By employ-

ing the ab initio molecular metadynamics simulations, Goddard

and co-workers proposed a reaction mechanism of C2H4 for all

potentials [100]. When U < −0.8V (vs. RHE), ∗CHO formation

is through protonation of ∗CO, furthermore, the obtained ∗CHO
tends to react with ∗CO to generate ∗COCHO as an initial inter-

mediate. As Fig. 4a shows, a more concrete pathway is proposed:
∗COCHO→ ∗CHOCHO→ ∗CHOCH2O→ ∗CHOCH2OH→ ∗CH2CHO→
C2H4 [76]. When U > −0.6V (vs. RHE), the RDS, i.e., the forma-

tion of ∗COCO dimer through the coupling of ∗CO intermediate,

leads to a pH-independent C2H4 production [43,81,101,102]. By

calculating the free-energy barrier for the transition state saddle

point (�G‡), the explicit explanation is offered: ∗COCO dimer is

first hydrated to ∗COCOH followed by the generation of ∗COHCOH
instead of ∗CCO. The �G‡ for the formation of ∗COHCOH is

0.67 eV, lower than that of ∗CCO, which makes it thermodynam-

ically favorable [100]. As shown in Fig. 4b, the pathway was

raised: ∗CO+ ∗CO→ ∗COCO→ ∗COCOH→ ∗COHCOH→ ∗C=COH→
∗CH=COH→ ∗CH=C→ ∗CH=CH→ ∗CH2=CH→C2H4. This mech-

anism can give a proper explanation for the experimental ob-

servation that Cu (100) possess a high activity for C−C coupling

at low overpotentials. Through successive oxidative-reductive

cycles, Nilsson and co-workers transformed the starting poly-

crystalline Cu into the Cu cubic nanostructure, which means

that the (100) facets are exposed (Fig. 4c) [71]. The obtained

CO2RR performance indicated that Cu (100) favors the C−C

coupling with the highest selectivity for C2H4 formation at the

lowest onset potential (−0.6V vs. RHE) compared with other

Cu surfaces. However, by using the computational hydrogen

electrode (CHE) model [103], Calle-Vallejo and co-workers pro-

posed another mechanism to explain the reaction processes on

Cu (100) at low overpotential [104,105]. They agreed with the

initial reaction steps (∗CO+ ∗CO→ ∗COCO→ ∗COCOH) but pro-

posed different views on the follow-up steps. They illustrated

that ∗COCOH tended to form ∗CCO and projected the pathway:
∗CO+ ∗CO→ ∗COCO→ ∗COCOH→ ∗CCO→ ∗CHCO→ ∗CHCHO→
∗CH2CHO→C2H4 +H2O (Fig. 4d). It is also reported that ∗CO
dimerization process is geometry-sensitive and shows a preference
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Fig. 4. (a) Possible pathways of CO2RR on Cu (100) at high potential. (b) Possible pathways of CO2RR on Cu (100) at low potential. (c) SEM images of the change process

from polycrystalline Cu to the Cu Cube surface. Reproduced with permission [71]. Copyright 2015, Wiley-VCH. (d) The other possible pathway of CO2RR on Cu (100) at low

potential. (e) Diagram of the surface coverage of ∗CO and ∗H at different potential. Reproduced with permission [99]. Copyright 2016, American Chemical Society. (f) Diagram

of reduction of CO to C2H4, H2, and CH4, determined with OLEMS. Reproduced with permission [100]. Copyright 2017, National Academy of Sciences. In (a), (b) and (d), the

red, black, and white balls represent the O atom, C atom and H atom, respectively.

for the Cu (100) surface, which possesses square symmetry of

atoms arrangement [106]. When −0.8V < U < −0.6V (vs. RHE),

the increase of ∗H binding energy leads to a higher coverage con-

tent of ∗H by displacing ∗CO on the surface sites. This conclusion

is in accordance with the experimental observation (Fig. 4e) [99].

Consequently, HER is promoted with restraining the C2 formation

(Fig. 4f).

It is reported that there are other C2 products formed on Cu

(100) as well [27,107,108], because ∗CH2CHO intermediate will bi-

furcate into other pathways to produce ∗CH3CH2OH, CH3CHO and

CH3COOH although Cu (110) is the most favorable facet for the for-

mation of them [32,74]. The related mechanisms will be discussed

in Section 2.4.

2.4. Reaction mechanisms on Cu (110) facet

In the early 2000s, Hori and co-workers have demonstrated

that Cu (110) favors the production of oxygenated hydrocarbon in

CO2RR compared with Cu (100) and Cu (111), such as CH3CH2OH,

CH3CHO and CH3COOH [32,74]. But it does not mean that oxy-

genates are major products. Recently, it is speculated that sites of

Cu (110) facet primarily produce CH3CHO, followed by the further

reduction to CH3CH2OH [78]. Huang and co-workers demonstrated

that CH3CH2OH formed on Cu (110) with better selectivity and

activity than those on Cu (100) and Cu (111) [19]. However, the

mechanism investigations conducted on the Cu (110) surface are

rare, which is primarily related to the instability of Cu (110) facet

due to the surface reconstructions during the process of electro-

catalysis [109].

There is certain association among the formation of CH3COOH,

CH3CHO and CH3CH2OH and the current efficiency of CH3CHO,

CH3CH2OH is positively correlated with that of CH3COOH (Fig. 5a)

[32]. It is reported that ∗CH2CHO is the commonly shared in-

termediate of them. As Fig. 5b shows, ∗CH2CHO is first hydro-

genated to vinyl alcohol ∗CH2CHOH [76]. After the rearrange-

ment of ∗CH2CHOH, the CH3CHO can be obtained since ∗CH2CHOH

is the tautomer of CH3CHO. Meanwhile, CH3CH2OH can be ob-

tained through consecutive protonation of ∗CH2CHOH. Chen and

co-workers prepared the hexarhombic docadehedron-like (H−Cu),

cube-like, octahedron-like Cu nanoscale single crystals [33]. The

morphology of H−Cu is shown in Fig. 5c, H−Cu possesses the most

edges among the three samples based on the geometry. Further-

more, it is well known that the atomic arrangement along the edge

side can be regarded as the (110) facet. They used H−Cu as the

electrocatalyst for CO2RR and performed theoretical calculation to

compute the formation energy of key steps. The results indicated

that Cu (110) favored a route to CH3CHO, because the formation

energy of CH3CHO was lower than that of adsorbed ∗O and C2H4

(Fig. 5d). Moreover, they thought that CH3CHO would further be

reduced to CH3CH2OH, and as can be seen in Fig. 5e, the H−Cu

could reduce CO2 to CH3CH2OH with FEs ≈ 25% at −1.2V and with

FEs > 10% from −1.15V to −1.25V.
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Fig. 5. (a) Correlation of the sum of the current efficiency of CH3CHO and C2H5OH with that of CH3COOH. Reproduced with permission [32]. Copyright 2003, Elsevier. (b)

Possible mechanistic pathways of CO2RR on Cu (110). The red, black, and white balls represent the O atom, C atom and H atom, respectively. (c) HR-TEM image of rhombic

dodecahedron-like Cu nanocrystal. The insight is the TEM image. (d) Calculated formation energy of ∗OCH2CH,
∗OCH2CH2, CH3CHO,

∗O, and C2H4 on Cu (100) and Cu (110).

(e) Potential-dependent FEs curves of gas-phase products and liquid-phase products. Reproduced with permission [33]. Copyright 2019, American Chemical Society.

As shown in Table 3, CH3COOH is another product of the CO2RR

on Cu (110), while the reaction mechanisms have not received

much attention. Koper and co-workers suggested that, at high po-

tentials, the local alkaline environment near the electrode can pro-

mote CH3CHO to yield CH3CH2OH and CH3COO
− via a Cannizzaro-

type reaction: 2CH3CHO+OH− →CH3CH2OH+CH3COO
− [110].

However, the observed ratio of these two products is not in accor-

dance with the stoichiometric ratio. CH3COO
− is the predominant

product. Furthermore, the potential required for the formation of

CH3COO
− from CH3CHO (−1.5 to −2.0V vs. RHE) is higher than

that of CO2RR [76]. Thus, there must be additional pathways to

CH3COO
− apart from the Cannizzaro mechanism. Unfortunately, to

date, there have been few studies about the pathways of CH3COOH

on Cu (110) facet in CO2RR. Therefore, it is necessary to clarify the

related mechanisms in future work.

2.5. Reaction mechanisms on high-index facets

High-index facets are a kind of open structures, which are de-

noted by a set of Miller indices (hkl) with at least an index be-

ing greater than one [29,111]. Usually, in terms of catalytic perfor-

mance, metals with high-index facets are considered to be one of

the best candidates for catalytic applications owing to their high

density of low-coordinated atoms on step, edge, and kink sites.

However, the high-index facets with high chemical reactivity al-

ways own poor stability, which are not widely accessible com-

pared with low-index facets [112]. The reported experimental re-

sults have been listed in Table 3.

For the first time, Hori and co-workers explored the Cu

electrodes with high-index facet-based electrocatalysts in CO2RR

[32,74]. For example, the Cu (110) step was introduced into Cu

(100) terrace and acquired electrode surface comprises n atomic

rows of (100) terrace and one atomic height of (110) step. Ac-

cording to the Lang, Joyner and Somorjai notation, these surfaces

can be named as Cu (S)-[n(100)× (110)] [113]. Rossmeisl and co-

workers analyzed the Cu facets with respect to the CN, allow-

ing for a unique identification of active sites (Fig. 6a) [78]. They

demonstrated that the (100)× (110) step could act as the special

site for CH3CH2OH formation. With the decrease of n value, the

step density increases, leading to the increased FEs of CH3CH2OH.

As shown in Fig. 6b, Cu (310)-[3(100)× (110)] shows a higher se-

lectivity for CH3CH2OH compared with Cu (510)-[5(100)× (110)],

Fig. 6. (a) Identification of active sites of the n(100)× (110) step producing

CH3CH2OH. (b) Selectivity of CH3CH2OH among different Cu crystal facets. (c) Selec-

tivity of C2H4 among different Cu crystal facets. Reproduced with permission [78].

Copyright 2019, American Chemical Society. (d) 3D atomic models of (211) facet

from perspective view. Reproduced with permission [114]. Copyright 2011, Elsevier.

Cu (610)-[6(100)× (110)] and Cu (810)-[8(100)× (110)]. However, as

for the Cu (210) with the high step density, the FEs of CH3CH2OH

decrease to less than 10%, which is inconsistent with the above

tendency. The authors claimed that the optimal surface structure

also needs a certain density of Cu (100) basal plane. Meanwhile, by

incorporation of Cu (100) terrace with the Cu (111) step, another

high-index facet could be created, i.e., Cu (S)-[n(100)× (111)]. The

results demonstrated that the surfaces containing well-ordered Cu

(100) domains combined with a Cu (111) step show high selectiv-

ity for C2H4. Recently, Huang and co-workers successfully prepared

the Cu NWs with Cu (511)-[3(100)× (111)] facet through in-situ

electrochemical surface activation of pre-grown Cu NWs with (100)

facets [28]. The calculation results demonstrate that the formed
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step sites on Cu (511) lead to a 0.17 eV higher affinity for a sin-

gle ∗CO adsorption compared with that of Cu (100). Moreover, Cu

(511) shows a higher selectivity towards C2H4 since the free en-

ergy of two adjacent ∗CO adsorptions on Cu (511) is 0.44 eV lower

than that on Cu (100). This result is consistent with the study of

Rossmeisl’s group (Fig. 6c).

The (100) step was also introduced into (111) terrace to

form Cu (S)-[n(111)× (100)]. The product distribution of Cu (S)-

[n(111)× (100)] resembles that of the Cu (111) single crystal. High

gaseous products are detected and the yield of C2+ products (e.g.,

aldehydes, alcohols) is low. In this series, Cu (211)-[3(111)× (100)]

has been studied extensively [75,114-118]. It contains a terrace of

atoms in the (111) geometry with 3-fold coordination and a (100)

step containing 4-fold coordination. The atomic models of (211)

facet are shown in Fig. 6d. Remarkably, the step sites exhibit higher

activity in activating bonds compared with the flat facets. Nørskov

and co-workers found that Cu (211) favors the formation of CH4

[117]. The DFT calculation results demonstrated that ∗CHO is more

stable than ∗CO on Cu (211), resulting in the key step that pro-

tonation of ∗CO to ∗CHO being thermodynamically favorable. Be-

sides, other series of Cu electrodes with high-index facets have

been prepared as well, such as Cu (S)-[n(111)× (111)] and Cu (S)-

[n(110)× (100)] [25,32].

3. Summary and outlook

Overall, in this review, we point out the importance of CO2RR

to solve the current energy crisis and environmental problems,

and it is exhilarating that metallic Cu acts as a unique metal to

electrochemically reduce CO2 into various value-add products, in-

cluding CO, HCOOH, CH4, CH3OH, C2H4, C2H6, C2H5OH, CH3CHO,

CH3COOH and other C2+ products. Subsequently, we summarize

the synthesis methods of Cu nanocrystals with different facets ex-

posed, such as wet-chemical and electrochemical methods. More-

over, by taking the various theories into account, we discuss the

reaction mechanisms of CO2RR among different Cu crystal facets.

It is clear that CO2RR is commonly initiated by one-electron in-

jection to the CO2 reactant to form anion radical CO2
−, which is

adsorbed on the catalyst surface. The conversion of CO2
− to ∗CO or

∗HCOO depends on the way in which CO2
− is adsorbed on the cat-

alysts surface. The major challenge of CO2RR is to understand the

bifurcating pathways from ∗CO to other products since ∗CO will be

further reduced to various products on different Cu facets, which

is described as “facet-dependence”. Facet-dependence means that

a facet exhibits a relatively lower reaction barrier for the forma-

tion of a specific product. Unfortunately, the mechanisms are still

not elucidated clearly. Herein, we would like to put forward the

following points to be explored in future:

(1) It is urgent to develop the operando characterization techniques

to detect the intermediates and identify the active sites dur-

ing the CO2RR process (e.g., the products protonated from ∗CO).
Meanwhile, the theoretical calculations are important for going

deep into the study of the reaction mechanisms of CO2RR, such

as the C−C coupling modes. These experimental results and

corresponding mechanism studies are vital to set the guidelines

for the rational design of the high-performance CO2RR electro-

catalysts.

(2) Nanocrystals with certain exposed facets are ideal materials for

establishing the relationship between atomic arrangement and

performance. In principle, for the prepared materials, the facet

identification is the first and key step for the sequent mecha-

nism study, especially for building correct models in DFT calcu-

lations. However, some literatures used wrong methods in facet

identification, in which the observed facet based on the mea-

sured lattice fringes in TEM images are believed to be the ex-

posed facet. For the nanocrystals with regular shapes, the ex-

posed facet should be identified by comparing the interplanar

spacings and intersection angles with the standard patterns in

database. In addition, the crystalline materials with largely ex-

posed facets often show relatively higher intensity for the cor-

responding diffraction peaks than that of the standard pattern

in XRD characterization. This phenomenon could be used as the

supplementary evidence for facet identification.

(3) Although high-index facets or metastable crystal phases exhibit

higher activities, their poor stability mainly limits the further

practical application. If the instability can be overcome by sur-

face modification [119–122], it is very promising to apply high-

index facet-based catalysts to CO2RR.

(4) To enhance the selectivity for the desired products, other fac-

tors (e.g., electrolytes [20], structure of electrodes [123], and

electrolysis devices [120]) should be investigated. For example,

it is reported that the activity and selectivity of CO2RR is influ-

enced by the alkali metal cation in the electrolyte. The larger

cation size favors the formation of C2 and C2+ products with

suppressing the HER [124]. Therefore, it is significant to regu-

late reaction conditions to achieve better catalytic performance.

(5) Cu-based alloy/intermetallic/composite catalysts often show

much better properties for specific products in CO2RR [125].

However, the related mechanisms have not been deeply stud-

ied. The synergistic effects are often mentioned in the pub-

lished papers [126–128], however, the detailed mechanism

studies are lacking. And how to realize the maximum utiliza-

tion of the “synergistic effects” is still unclear. Thus, it is im-

portant to clarify the related mechanisms for optimizing the

performance.

In the future research, more effort should be devoted to ad-

dressing these challenges. We believe that emphasizing the role of

Cu facets will help to guide the designs of electrocatalysts with

better performance for CO2RR in the future.
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