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a b s t r a c t 

The recent development of Cu-based electrocatalysts for electrochemical reduction of carbon dioxide 

(CO 2 ) has attracted much attention due to their unique activity and selectivity compared to other metal 

catalysts. Particularly, Cu is the unique electrocatalyst for CO 2 electrochemical reduction with high selec- 

tivity to generate a variety of hydrocarbons. In this review, we mainly summarize the recent advances 

on the rational design of Cu nanostructures, the composition regulation of Cu-based alloys, and the ex- 

ploitation of advanced supports for improving the catalytic activity and selectivity toward electrochemical 

reduction of CO 2 . The special focus is to demonstrate how to enhance the activity and selectivity of Cu- 

based electrocatalyst for CO 2 reduction. The perspectives and challenges for the development of Cu-based 

electrocatalysts are also addressed. We hope this review can provide timely and valuable insights into the 

design of advanced electrocatalytic materials for CO 2 electrochemical reduction. 
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At present, fossil fuels are the main energy source (over 80%)

o sustain our society and economy [1] . As a result, the excess

mission of carbon dioxide (CO 2 ) leads to the climate change and

erious environmental issues [2,3] . The conversion of CO 2 to useful

hemicals or liquid fuels as the renewable energy resources is a

ighly promising approach to addressing the forthcoming energy

risis and environmental issues [4] . Due to the sluggish reaction

inetics of carbon dioxide reduction (CDR), various approaches

such as photochemical, thermochemical, and electrochemical

ethod) are developing to reduce the energy barrier and improve

he activity, selectivity for achieving the sustainable carbon re-

ycling [5] . Electrochemical reduction of CO 2 with the help of a

roper electrocatalyst is attracting increasing attention due to its

nique features. Unlike the other catalysis methods in which harsh

onditions (e.g., high pressure and high temperature) needed to

nitiate the reaction, the electrochemical reduction reaction not

nly can proceed in ambient temperature and pressure, but also

an generate the targeted products by reasonably adjusting the

lectrocatalyst, operating potential, electrolyte, and others [6,7] .

herefore, it is an important technology option for the conversion

f electricity to chemical energy sources, offering the potential to

reate organic fuels when combined with renewable energy such

s solar or wind power as shown in Fig. 1 (a). Considering the

luggish reaction kinetics of the liner CO 2 molecule with a large

ctivation energy barrier, robust and efficient electrocatalysts are
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Fig. 1. (a) Electrochemical reduction of CO 2 coupled with renewable energy sources, such as solar or wind power, enables a sustainable energy cycle in which CO 2 is 

converted to industrial chemicals and fuels in a renewable and sustainable manner. (b) Volcano plot of partial current density for CO 2 electrochemical reduction at −0.8 V vs. 

CO binding strength on various metals. Reproduced with permission from Ref. [10] . (c) Proposed reaction pathways for different products on Cu electrocatalysts. Reproduced 

with permission from Ref. [36] . 
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equired to improve conversion efficiency of CO 2 reduction reac-

ion [8] . However, the extensively development of this technology

uffers from the high cost, low efficiency, and poor selectivity of

he electrocatalysts [9,10] . Specifically, the high price of the noble

etal materials hampers their extensive applications. Furthermore,

he hydrogen evolution reaction as a competitive reaction often

esults in the poor selectivity for CDR. To resolve these tricky is-

ues and improve the activity and selectivity of electrocatalysts for

DR, much efforts have been devoted to exploit non-noble metal

lectrocatalysts on the basis of nanostructure [11,12] , alloying

13,14] , surface modification [15,16] and so on. 

In a CO 2 saturated aqueous solution, the typical CO 2 electro-

hemical reduction generally involves three elementary steps: first,

he chemical adsorption of CO 2 molecules on an electrocatalyst

urface; second, the broken of C–O bonds to form C–H bonds along

ith the electron transfer and/or the proton migration; finally, the

earrangement and desorption of products from the electrocatalyst

urface [17,18] . As a typical example, the electrochemical reduction

f CO 2 to CO is proposed according to the following process, given

n Eqs. (1) –(4) [ 19,20 ]: 

O 2 (g) + 

∗ → 

∗CO 2 (ads) (1)

O 2 (ads) + H 

+ (aq) + e −→ 

∗COOH (2)

COOH + H 

+ (aq) + e − → 

∗CO + H 2 O(l) (3)
CO → CO (g) + 

∗ (4) 

here asterisk ( ∗) indicates a catalytic site for adsorbing a surface-

ound species. CO 2 electrochemical reduction is a multistep

eaction process including two-, four-, six-, or eight-electron

eaction processes [21] . A series of products including CO and

ydrocarbons (e.g., formic acid, methanol, ethanol, methane,

ldehyde, ethylene, ethane) would be synthesized on the basis

f the different reaction pathways (reactions (5) −(10) ) [22,23] .

he generated products such as ethanol and methanol can be

irectly used as fuels, usually being used to partly replacement

asoline for internal combustion engines [24] . Carbon monoxide

an be converted into valuable liquid fuels or other useful chem-

cals through further Fischer −Tropsch process [25] . In addition,

ethane is main component of natural gas and ethylene can be

sed to produce plastics. A wide range of valuable reduced carbon

ompounds further concretely illustrates the significance of CO 2 

lectrochemical reduction. 

O 2 + 2H 

+ + 2e −→ CO + H 2 O E 0 = –0.52 V (5)

O 2 + 2H 

+ + 2e − → HCOOH E 0 = –0.61 V (6)

O 2 + 4H 

+ + 4e − → HCHO + H 2 O E 0 = –0.51 V (7)
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CO 2 + 8H 

+ + 8e − → CH 4 + 2H 2 O E 0 = –0.24 V (8)

2CO 2 + 12H 

+ + 12e − → C 2 H 4 + 4H 2 O E 0 = –0.34 V (9)

CO 2 + 6H 

+ + 6e − → CH 3 OH + H 2 O E 0 = –0.38 V (10)

Carbon monoxide (CO) is an important intermediate product for

CDR because CO can be further reduced to hydrocarbons and/or

oxygenates electrochemically [26 −28] . Thus, the binding strength

of CO on various metal surfaces ( Fig. 1 (b)) is often used to deduce

the catalytic selectivity of an electrocatalyst. Accordingly, the metal

catalysts can be divided into three main groups: (1) the metals

such as Au, Ag and Zn possess weak adsorption capacity for CO.

Once CO is adsorbed on the surface of such a metal, the CO ad-

sorbed (CO ads ) tends to be directly break away from the electrode

surface, leading to a high selectivity for synthesizing CO [29] . (2)

The metals including Pt, Fe and Ni with low hydrogen evolution

potentials are easily covered by CO due to the strong binding

ability of CO on their surfaces, leading to high selectivity for hy-

drogen evolution reaction (HER) [30,31] . The third type of metals

(e.g., Cu) possesses intermediate binding energy for CO, which not

only provides successive electron/proton transfers but also offers

the potential to form C–C coupling. CO ads would continue to form

hydrocarbons via the subsequent hydrogenation reaction [29,32] . 

Therefore, among the metal catalysts for CDR, metallic Cu is

the most widely studied catalysts. Hori, in a pioneering work,

pointed out that Cu has the unique selectivity for CDR to gen-

erate a variety of hydrocarbons (e.g., CH 3 OH, CH 3 CH 2 OH, CH 4 ,

HCHO, CH 2 CH 2 ) [32] . Therefore, much research attention has been

invested to investigate the unique activity of Cu for CDR [33] .

However, CO 2 reduction at a Cu electrode often requires large

overpotential of more than 1 V, especially at the polycrystalline

Cu electrode [32,34] . In addition, the stability of Cu is not ideal

for a long time scale. As shown in Fig. 1 (c), CO 2 electrochemical

reduction with a cupper electrocatalyst is extremely complicated,

thus, the selectivity for a targeted product cannot be controlled

easily [35,36] . To address these issues, experimental and theo-

retical investigations have targeted to better understand these

mechanisms for further improving the activity and selectivity

of Cu-based catalyst [29,33,36–40] . With rapid advances on the

development of Cu electrocatalysts [13,16] for CDR with a lower

overpotential and better product control, it is urgent to update the

recent achievements for improving the electrocatalytic activities.

Herein, we summarize the recent advances for designing advanced

copper-based CDR electrocatalysts. With the brief introduction on

the basic principles for evaluating the catalytic activities of an

electrocatalysts, the Cu-based electrocatalysts for CDR have been

summarized. The challenges and future directions for developing

efficient CDR electrocatalysts are also addressed. 

2. Fundamental parameters for CO 2 electrochemical reduction 

2.1. Onset potential, overpotential, and Tafel slope 

The onset potential refers to the potential applied on an elec-

trocatalyst vs. the reference electrode, on which a desired product

is yielded at a detectable amount scale. Typically, the transition

join point between the thermodynamic controlled region and the

kinetic controlled region is defined as the onset potential [41] . It is

worth noting that the onset potential is generally lower than the

equilibrium potential for CDR. The overpotential ( η) is defined as

the potential difference between the standard electrode potential

( E θ) and the minimal potential applied ( E ) for reducing CO 2 to a

specific product [42] , specifically, η = E θ− E . The overpotential as
n important index plays a crucial role in evaluating the catalytic

erformance of an electrocatalyst [41] . 

Tafel slope is another important parameter to evaluate the

erformance of electrocatalysts. In the case of CDR, the reduction

rocess is farther from the equilibrium state ( η >> 0). According

o the Butler–Volmer equation, Tafel plot, which links the over-

otential and the current density in the form of logarithm can be

imply expressed as Eq. (11) [43] : 

= 

(−2 . 3 RT 

αnF 
log j 0 

)
+ 

(
2 . 3 RT 

αnF 
log j 

)
= a + blog j (11)

n which the exchange current density ( j 0 ) is the common ab-

olute value of current density at the equilibrium of the system

 η = 0). α is the transfer coefficient. n is the number of electrons

ransferred. F is the Faraday constant. R is gas constant. T is the

emperature. Tafel slope ( b ) is commonly used to investigate

he reaction mechanism via determining the rate-determining

tep [44] . It is well-known that carbon dioxide reduction is an

xtremely complex process with multi-step and multi-electron

ransfer. Thus, Tafel slope would be analyzed case by case on the

asis of the specific products. For the case of carbon monoxide as

he dominate product ( Fig. 2 (a) and (b)), if the Tafel slope is close

o 118 mV dec −1 , it implies that the rate determining step for CO 2 

eduction occurs the generation of carbon dioxide radical (CO 2 
• –)

s the key intermediate by the initial one electron transfer step

 Fig. 2 (a)), it is commonly invoked for metal electrodes [35] . While

he Tafel slope is about 59 mV dec −1 , the proposed mechanism

ncludes a fast pre-equilibrium involving one electron transfer

o form CO 2 
• – and a subsequent slower chemical reaction as the

ate-determining step ( Fig. 2 (b)) [35,41,45,46] . 

.2. Electrochemically active surface area (ECSA) and roughness 

actor (RF) 

Electrochemically active surface area (ECSA) is of importance

or accurately assessing the activity of an electrocatalysts, which

eflect the real surface area for electrochemical reactions. Specific

ays to measure ECSA of a given electrocatalyst have been sum-

arized by Trasatti and Petrii [47] , especially those of noble metal

lectrocatalysts, such as Pt, Pd, Au. Electrochemical determination

f the charges corresponding to form a hydrogen monolayer on

t, surface oxide monolayers for Pd and Au is often used to deter-

ine the corresponding ECSA, respectively. For the detailed ECSA

easurements of Cu electrocatalysts, two approaches have been

roposed, namely, the double layer capacitance differential method

nd the underpotential deposition (UPD) method [12,27,47,48] . For

he layer capacitance differential method, the ECSA of a Cu catalyst

s determined by the analysis of the double layer capacitance. Typ-

cally, the capacitive currents in a potential range without faradaic

eaction are determined by cyclic voltammogram method at vari-

us scan rates, respectively ( Fig. 2 (c)) [49] . The specific capacitance

 C dl in uF) of a Cu electrocatalyst is obtained from the slope of

apacitive current against scan rate ( Fig. 2 (d)) [49] . Then, ECSA (in

m 

2 ) is determined by dividing the electrode capacitance with the

tandard double layer capacitance ( C s , 27.5 μF/cm 

2 according to

q. (12) [50] : 

ECSA = 

C dl 

C s 
(12)

To demonstrate the UPD method, a typical CV curve for the

PD of Pb on a Cu electrode is shown in Fig. 2 (e). The two peaks

named as C Ia and C Ib ) at around −0.4 V before the bulk deposition

f Pb (C II at −0.54 V) are ascribed to the underpotential deposition

f Pb on the surface of Cu. During the anodic scan, the peaks of

abeled ‘A II ’ and ‘A I ’ are corresponding to the bulk and underpo-

ential dissolution of Pb, respectively. On the basis of the total
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Fig. 2. (a, b) Proposed Mechanisms for CO 2 Reduction to CO. Reproduced with permission from Ref. [46] . (c) Cyclic voltammograms for a Cu substrate at various scan rates 

and (d) the linear relationship between the current density and scan rate. Reproduced with permission from Ref. [49] . (e) Cyclic voltammograms for a Cu substrate measured 

in 0.1 M HClO 4 + 1 mM Pb(ClO 4 ) 2 . Reproduced with permission from Ref. [48] . 

c  

o  

t  

s  

w  

t  

s  

c

2

(

 

c  

s

ε

i  

r  

d  

C

 

t  

o  

o  

a  

c  

m  

a  

p

 

s  

p  

c

T

w  

s  

R  

n  

(

3

3

 

d  

r  

o  

a  

o  

a  

[  

c  

s  

e  

e  

t  

i  

c  

i  

i  

t  

(  
harges for depositing a Pb monolayer during the potential range

f UPD ( Q Pb in μC), the ECSA of Cu can be determined by dividing

he conversion factor of 310 μC/ cm 

2 [47] . For the detailed mea-

urements of ECSAs, the readers may be referred to the reported

orks [16,51,52] . The roughness factor ( R f ) is actually the ratio of

he electrochemically active surface area (EASA) to the geometric

urface area, which is an important factor for determining the

atalytic performances [20,52] . 

.3. Faradaic efficiency (FE), current density and turn over frequency 

TOF) 

Faradaic efficiency (FE) refers to the percentage of electrons

onsumed for the formation of a given product. Thus, FE for a

pecific product is calculated using Eq. (13) [53,54] : 

 Faradaic = 

αnF 

j 
(
mA / c m 

2 
)

× t ( s ) 
= 

αnF 

Q 

(13) 

n which α is the number of electrons transferred (e.g., α = 2 for

eduction of CO 2 to CO). n refers to the number of moles for a

esired product. F is Faraday’s constant. Q is the charge passed (in

) for a specific reaction. 

Current density is normalized to the mass or the surface area of

he catalyst, which is also a crucial indicator for the reaction rate

n a specific electrocatalyst. For CDR, the overall current density is

ften calculated via dividing the current by the geometric surface

rea of the working electrode. Therefore, the current density

an be significantly increased by using nanostructured electrode

aterials with large real surface area while keeping the geometric

rea constant. In addition, the partial current density for a specific

roduct can be obtained on the basis of the corresponding FE. 

The turnover frequency (TOF) of a targeted product is a mea-

urement of per-site activity of catalysts to produce the targeted

roduct. TOF for the formation of a special product can be
alculated according to Eq. (14) [55,56] : 

OF ( s −1 ) = 

The rate of product formation 

The number of Cu surface atoms 

= 

i 0 
(
A c m 

−2 
)

× FE 

active sites density × e × n 

(14) 

here active sites density (site −1 /cm 

2 ) can be calculated by den-

ity of active sites for standard sample (site −1 /cm 

2 ) multiplying

F. e refers to elementary charge (1.602 × 10 −19 C). n refers to the

umber of electrons transferred to generate the special product

e.g., n = 2 for CO). 

. Cu-based electrocatalysts for carbon dioxide reduction 

.1. Cu nanostructures 

Although Cu has been extensively studied to synthesize hy-

rocarbons (e.g., CH 4 , C 2 H 6 , C 2 H 4 ) from CO 2 , electrochemical

eduction of CO 2 on bulk Cu electrode generally requires a large

verpotential of above 1 V, and suffers from the rapid deactivation

nd poor selectivity [33] . Therefore, much effort has been placed

n tailoring the structures of Cu electrocatalysts in the scope of

tom and/or nanoscale to improve their activities and selectivities

29,34,37] . It is found that the electrocatalytic performance of Cu

atalysts is closely dependent on their particle size [57] , surface

tructure [12] , and crystal facets [58,38] and so on. To reveal the

ffect of surface structure on the electrocatalytic properties, differ-

nt types of highly dense Cu nanowires ( Fig. 3 (a)) have been syn-

hesized by thermal oxide of Cu mesh into copper oxide nanowires

n air, followed by thermally forming gas reduced and electro-

hemical reduction, respectively. The forming gas and electrochem-

cally reduced nanowires are denoted as FGR and ECR nanowires

n the following discussion, respectively. Although the two

ypes of nanowires exhibited the shape with similar dimension

 Fig. 3 (a)), they were found to possess substantially different
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Fig. 3. (a) SEM image of Cu nanowires. (b) Selected area electron diffraction (SAED) pattern of the ECR Cu nanowires indicating the presence of both metallic Cu and Cu 2 O 

phases (with the diffraction spots indexed in red and yellow, respectively). (c) SAED pattern of the FGR Cu nanowires showing pure metallic Cu of large crystal domains. 

(d) Tafel plots of the total current densities depending on the electrode potential for ECR, FGR Cu nanowires and the pristine Cu mesh. Catalytic performance of the Cu 

nanowires and pristine Cu gauze in comparison to oxide derived copper (OD-Cu, adapted from Ref. [12] ) and polycrystalline copper (poly-Cu, adapted from Ref. [20] ). (e) 

Partial current densities ( j CO ) and (f) Faradaic efficiencies for CO production. Reproduced with permission from Ref. [49] . 
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crystalline structures at the nanoscale. As shown in Fig. 3 (b)

and (c), selected area electron diffraction (SAED) pattern of the

ECR Cu nanowires indicate the presence of both metallic Cu and

Cu 2 O phases. The small amount of Cu 2 O is believed to be due

to re-oxidation of small Cu crystalline domains on the surface

when the ECR nanowires were exposed to air. However, only

pure metallic Cu with large crystal domains is observed on the

SAED pattern of the FGR Cu nanowires. The electrochemical

results revealed that both FGR and ECR nanowires have much

higher current densities for CDR compared to the pristine Cu

gauze. The ECR nanowires possess the most efficient catalytic

activity among the three catalysts. To reach a current density of
 mA/cm 

2 , only an overpotential of 0.3 V is required ( Fig. 3 (d)).

he current density gradually increases with increasing overpo-

ential and reaches to the maximal value of around 1.5 mA/cm 

2 ,

hich is better than the previously reported results ( Fig. 3 (e))

29,36,37,59] . Notably, The FE of CO for ECR nanowires as high

s ∼60% can be achieved at an overpotential of only 0.3 V. ECR

anowires exhibited higher selectivity for producing CO than those

f other Cu catalysts in the low-overpotential region ( Fig. 3 (f)).

he two types of nanowires had similar dimensions. However, the

CR nanowires have higher selectivity, which can be originated

rom their unique surface structures. The ECR nanowires were

omposed of small crystalline domains in near-surface region.
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Fig. 4. (a) Cross-sectional SEM image of the Cu hollow fiber. (b) High-resolution SEM image of the outer surface of a Cu hollow fiber. (c) FE of CO, formic acid and H 2 as a 

function of the potentials applied. (d) Comparison of the performance of different electrodes (Au, Ag and Cu electrodes in (d) adopted from Ref. [31,62] ) on the basis of the 

partial current density for synthesizing CO at variable potentials. Reproduced with permission from Ref. [60] . 
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uch a nanoscale crystalline structure results in high-density grain

oundaries. The grain boundaries in Cu electrodes could be many

ctive sites for selective reduction of CO 2 to special products [28] .

dditionally, the small crystalline features could also be associated

ith low-coordinated surface sites. According to the reported par-

icle size effect on CO 2 reduction, the low-coordinated sites on Cu

anoparticles are believed to promote the production of CO [12] . 

Microtubular gas diffusion electrode (GDE) is often used for

lectrocatalytic reduction of CO 2 due to its unique structure for

mproving the reaction efficiency [61] . Recently, a novel three-

imensional porous hollow fiber copper electrode ( Fig. 5 (a) and

b)) has been fabricated via spinning and subsequent thermal

reatment method [60] . The porous hollow fiber copper provides

 large area, three-phase boundary for gas–liquid reactions. In

he process of CDR, CO 2 was purged from the inside out of the

ber and gas bubbles emerge from out of the fiber. When use

he synthesized Cu fiber as a catalyst for CDR, the onset of CO

ormation can be observed at −0.15 V (vs. RHE) ( Fig. 4 (c)), which is

uch positive than the previous reports (around −0.5 V) [29] . The

um FE for the main products reaches up to 85% at the potential

ange of −0.3 to −0.5 V. Especially, a maximum FE for synthesizing

O is up to ∼72% at a potential of −0.4 V, much higher than those

f reported polycrystalline copper [29] (only ∼20% at a potential

f −0.8 V) and copper nanoparticles [12] ( ∼45% under a current

ensity of 300 μA/ cm 

2 ), respectively. As shown in Fig. 4 (d), the

lectrochemical performance of such Cu hollow fibers is even
omparable to the noble metal catalysts (e.g., nanoporous silver

31] , gold nanoparticles [62] ) at low overpotentials. In the present

ase, the porous hollow fiber, as an efficient gas diffuser would fa-

ilitate the rapid mass transfer for CO 2 and electrolyte to the inner

ctive sites, thus leading to the enhanced catalytic performance. 

Another efficient method to improve the catalytic activities of

u catalysts is to fabricate Cu foams with hierarchical porosity for

DR [63,64] . This process is able to modify the catalytic surface

nd create more active sites. Accordingly, nanoporous Cu electrode

nd a variety of Cu foams with highly open porous walls have

een synthesized by electrochemical deposition methods [65,66] .

 template-assisted electrodeposition process was developed to

repared mesoporous Cu foams comprised of dendritic walls

64] . It is worth noting that hydrogen evolution reaction takes

lace at the Cu surface in the same potential range with that of

u electrodeposition. Thus, hydrogen gas bubbles generated on

he surface of Cu can be used as a geometric template for Cu

lectrodeposition, leading to the formation of porous Cu foam ( Fig.

 (a)). As shown in Fig. 5 (b), the SEM images exhibit that the walls

f the porous Cu foam are composed of dendritic copper. The

izes of pores and dendritic structures increased obviously with

ncreasing the deposition time, which would result in different

atalytic activities to CDR. The mesoporous Cu foams (deposition

ime of 20 s) as CO 2 electrocatalysts were highly selective toward

he formation of C2 products (e.g., C 2 H 4 and C 2 H 6 ) with the effi-

iencies of 55%. However, the formate production was significantly
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Fig. 5. (a) Schematic illustration of formation mechanism for the porous Cu foams. (b) SEM image of Cu foams synthesized at the various deposition times. Faradaic 

efficiencies of the CO 2 electrochemical reduction on (c) the Cu planar wafer and (d) Cu foam catalyst (deposition time of 20 s). Reproduced with permission from Ref. [64] . 
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suppressed to very low FE efficiencies of ≤6% at the potentials

applied. Generally, C 2 H 4 is usually reported as the dominate

C2 product for CDR [22,38,40] , therefore, the extremely high

production rate of the fully reduced C 2 H 6 species is astonishing.

Furthermore, the onset for C 2 H 6 production is observed at rather

low overpotentials of only −0.4 V and has better selectivity of C2

products than Cu planar wafer ( Fig. 5 (c) and (d)). In the present

study, the observed superior C2 product efficiencies on the Cu

foam can be rationalized by a combination of two particular

effects. The first is related to the postdeposition treatment of the

Cu foam. Cuprous oxide (Cu 2 O) film formed when the Cu foam

exposed to air after the electrodeposition. Therefore, the subse-

quent reduction of Cu 2 O would create amount of active sites for

C −C coupling. The second effect is that the temporal trapping of

gaseous intermediates inside the mesoporous Cu foam during CDR,

which is also contribute to the formation of specific C2 products. 

3.2. Cu −M (M = Pd, Au, In) alloys 

As discussed above, intensive research efforts have been aimed

at reducing the overpotentials and improving selectivity of Cu

catalysts for the CO 2 electroreduction toward a specific product,
ncluding not only experimental results (e.g., nanostructured Cu

atalyst [67] , oxide-derived Cu catalyst [12] , core–shell structures

68–70] ) but also theoretical predications (e.g., key intermediates

71] , proposed reaction pathways [22,40,71] ). To further improve

he activity and selectivity, a series of Cu-based alloys have been

ynthesized [72,73] . 

The activity and selectivity of Cu-based catalysts for CDR are

losely associated with synergistic effect. Synergistic effect is often

cquired from interfacial interaction [74] , geometric effects [13,53] ,

lectronic effect [13] or multicomponent system [75] and so on.

ifferent chemical identities on the surface of the catalyst play

mportant roles for controlling reactant adsorption, activation and

roduct desorption. Search for the right synergistic effect is the

ey to develop an efficient Cu-based alloy catalyst for the elec-

rochemical reduction of CO 2 . An efficient electrocatalyst must be

apable of reducing the overpotentials of CO 2 reduction and con-

rolling the specific reaction pathways to obtain a desired product.

n addition, to enhance the reaction kinetics for CO 2 reduction,

he formation of Cu-based alloys is able to adjust the binding

trength of intermediates on a catalyst surface, thus leading to the

hemisorption and dimerization of the pertinent C1 intermediates

o C2 productions [68] . 
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To develop the bimetallic catalysts with well-defined arrange-

ent of respective metal atoms, Ma et al. [53] synthesized a series

f bimetallic CuPd catalysts with different elemental arrangements

ordered, disordered, and phase-separated, Fig. 6 (a) −(c)) and

ifferent atomic ratios. The effect of structure and composition on

atalyst activity and selectivity for CDR toward different products

an be modulated by changing these geometric arrangements. The

imetallic CuPd alloys (Cu at :Pd at = 1:1) with ordered, disordered,

nd phase-separated atomic arrangements, were used as CDR

lectrocatalysts, respectively, to determine the key factors for

chieving high selectivities to C1 or C2 chemicals. The ordered,

isordered, and phase-separated catalysts exhibited the similar

E for CO at the relatively low potentials ( > −0.3 V vs. RHE)

 Fig. 6 (d) −(g)). However, the C 2 chemicals start to be produced

hen the cathode potentials are negative than −0.3 V. Meanwhile,

he ordered CuPd among the three different catalysts exhibited

he highest FE of CO, and it was contrast to that of the phase-

eparated CuPd. The phase-separated CuPd exhibited the highest

E toward C2 chemicals up to 63%, the highest reported values for

2 production [76] . The disordered CuPd had a highest FE toward

H 4 , which is in agreement with the prior reports [71] . Generally,

he alloying of Cu with the other element (e.g., Pd) with a high

xygen affinity can improve the FE for CH 4 . Although the ordered

uPd has more alternating CuPd sites than those of the disordered

uPd, the disordered CuPd electrode had the higher CH 4 FE may

e due to the higher surface coverage of the intermediate. On

he basis of the above observations, it is proposed that CO is an

mportant intermediate for further transforming into C2 chemi-

als production [28,70] . Thus, by adjusting the structure of CuPd

atalysts, different products of CO 2 electrochemical reduction can

e obtained. For the formation of CH 4 , theoretical results revealed

hat CO as an intermediate is easily adsorbed on the surface of

u atoms and subsequently react with the oxygen atoms partially

dsorbed on Pd atoms, leading to the generation of CH 4 [77] .

owever, converting CO 2 to CO or C x productions is a relatively

omplex process, which can be influenced by many subtle factors

78] . Thus, improving the selectivities to different products by

djusting the geometric arrangements of bimetallic electrocatalysts

hould be further investigated. 

Gold has been widely incorporated with Cu as bimetallic

atalysts for the catalytic conversion of CO 2 into CO. As shown in

ig. 7 (a), uniform AuCu bimetallic NPs with different compositions

an be synthesized by the co-reduction of metal precursors as

lectrocatalysts for CDR [13] . The relative turnover rate (TOR) for

O at these metal nanoparticle electrodes with different atom

atios of Au/Cu (e.g., Au, AuCu, AuCu 3 , and Au 3 Cu) are shown

n Fig. 7 (b). It is found that the activity follows a volcano shape

ith a peak activity for Au 3 Cu ( Fig. 7 (c)). The activity of Au 3 Cu is

round 93 times higher than that of pure Cu nanoparticles. For the

onversion of CO 2 to CO, it is proposed that firstly CO 2 is adsorbed

nto the surface of metal electrocatalyst to form the adsorbed

ntermediate ( ∗COOH) and further reduced to CO. On the basis of

he elementary steps, the TOR of CO, therefore, is highly depen-

ent on the binding strength of adsorbed species ( ∗COOH and CO).

revious report revealed that the optimum binding strength for

COOH and CO can be achieved on the surface of gold, leading to a

eak activity for CO 2 to CO conversion according to the electronic

ffect. However, the best activity of Au 3 Cu indicates that the

resence of Cu would change the electronic structure of bimetallic

atalyst, and thus the binding strength ( Fig. 7 (d)). Additionally, the

tomic arrangement at the active site is also of importance for the

fficient adsorption of intermediates according to the geometric

ffect. The present experimental results revealed that Au and Cu

toms are uniformly distributed following the atom ratios of their

ulk compositions. Therefore, the synergic operation of electronic

nd geometric effects in the present case leads to the suitable
inding of intermediates for the easy generation of CO rather

han further reduction. The present study demonstrated that the

inding strength of intermediates would be adjustable not only

y changing the surface composition of bimetallic electrocatalyst

ccording to the electronic effect, but also by correlating with the

eometric effect via the local atomic arrangement at the active

ite. The insights gained would serve as fundamental principles

or designing enhanced CO 2 electrochemical reduction catalysts. 

The catalytic activity of multi-metallic nanoparticles would be

nhanced by precise control on the elemental configurations down

o the atomic level by the disorder-to-order transformation of

ndividual NPs ( Fig. 8 (a)). Yang and co-workers exhibited that the

tomic ordering transformation of AuCu NPs made them perform

ighly selectivity for CDR [14] . In contrast to the disordered AuCu

d-AuCu) alloy NPs, the ordered AuCu (o-AuCu) NPs is able to se-

ectively convert CO 2 into CO at a FE of up to 80%. The formation of

O could be achieved at a low overpotential of ∼200 mV. As shown

n Fig. 8 (b), the atomic ordered AuCu NPs can selectively enhance

he production of CO. Typically, the current density for CO forma-

ion is increased from 0.43 mA/cm 

2 for d-AuCu NP to 1.39 mA/cm 

2 

or o-AuCu NP ( Fig. 8 (c)). The precise control of atomic arrange-

ents form bimetallic systems to an individual nanoparticle level

rovides a promising approach to adjust the catalytic properties

f bimetallic catalysts and understand their structural origin. The

ethod that regulating phase transformation between disordered

lloys and ordered intermetallic in bimetallic nanomaterials has

reat potential to control over the level of atomic precision. 

Copper −indium (CuIn) alloys due to the high selectivity for CO 2 

eduction toward CO, have attracted widespread attention [79 −81] .

uIn alloys through the electrochemical deposition of In on rough

D-Cu surfaces were prepared by Takanabe’s group ( Fig. 9 (a) and

b)) [17] . The total current density and FE of CuIn catalyst at −0.3

o −0.7 V (vs. RHE) are comparable to the OD-Cu in the same po-

ential range ( Fig. 9 (c)). The results indicated that there is a distinct

ifference in selectivity for the two catalysts. The FE of CO for CuIn

atalyst are higher than OD-Cu at all applied potential. Moreover,

O is almost the sole product of CO 2 electrochemical reduction

hen using CuIn as catalyst, approaching a FE of 90% at −0.5 V

 Fig. 9 (d) and (e)). It clearly indicates that the presence of In along

ith Cu dramatically improves the selectivity for CO 2 reduction to

O and alters the nature of the electroactive species. In addition,

he CuIn catalyst has extremely stability shown in Fig. 9 (f). This

reparation of non-noble metal alloy electrodes for the reduction

f CO 2 provides guide lines for further improving electrocatalysis. 

Porous CuIn alloy can be prepared by the reduction of CuInO 2 

lectrode, as shown in Fig. 10 (a) [80] . The SEM images exhibit CuIn

lectrodes before and after the electrocatalytic reduction of CO 2 

 Fig. 10 (a) and (b)). The CuIn catalysts have superior performance

ver Cu electrode prepared by reducing Cu 2 O for CDR ( Fig. 10 (c)).

ig. 10 (d) indicates the product selectivities for CO 2 reduction

t different potentials. During their measurement, the product

istribution at an applied potential remained almost unchanged,

orresponding to the highly stable nature of the CuIn electrode. It

xhibits that, for the CuIn electrode, CO is formed at approximately

0.4 V and the FE for CO 2 reduction into CO and formic acid is up

o 90% at –0.8 V with a low FE for H 2 of below 10%. The improved

E for CDR on CuIn electrocatalyst would be contributed to the

ifferent local electronic and/or geometric environments around

he Cu sites. On one hand, the nature of the second metal (e.g., In)

ituated around Cu is likely to be paramount in the environment of

O 2 reduction process. On the other hand, the formation of formic

cid at In electrode as a major product often occurs at high over-

otentials [82–84] . Thus, the discrete nature of each component

n the Cu-based system influenced the selectivity of the products

rom aqueous CO 2 under identical conditions. DFT calculation also

ndicated that In site occupation occurs on Cu step sites, and the In
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Fig. 6. Illustration and high-resolution TEM images of Cu −Pd nanoalloys with different structures: (a) ordered, (b) disordered, and (c) phase-separated. Faradaic efficiencies 

for (d) CO; (e) CH 4 ; (f) C 2 H 4 ; (g) C 2 H 5 OH on bimetallic CuPd catalysts with different mixing patterns: ordered, disordered, and phase-separated. Reproduced with permission 

from Ref. [53] . 



B. Zhang, J. Zhang / Journal of Energy Chemistry 26 (2017) 1050–1066 1059 

Fig. 7. (a) TEM image of AuCu nanoparticles. (b) Relative turnover rates and (c) mass activity for carbon monoxide compared at −0.73 V vs. RHE. (d) Proposed mechanism 

for CO 2 reduction on the catalyst surface of AuCu bimetallic NPs. The stronger the adsorption binding the thicker the wedge. C: gray, O: red, H: white. Reproduced with 

permission from Ref. [13] . 
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ites hinder the adsorption of H and CO. These synergistic effects

f the presence of both Cu and In account for the selectivity of

lectrocatalytic CO 2 reduction toward formic acid and CO. Consid-

ring the superior activity and selectivity for CO 2 reduction toward

he desirable products, Cu-based alloys with various compositions

nd species (such as metal–metal, metal–metal oxide, metal–metal

halcogenide) are attracting attention as promising electrocatalysts.

.3. Supported Cu electrocatalysts 

To further improve the activity and selectivity of the catalysts

or CO 2 reduction, great efforts have been concentrated on a more

nclusive model that embraces the support materials and metal

anoparticles, this model offers new opportunities for designing

nd optimizing the novel catalyst systems [85] . The common

upport materials including reduced graphene oxide (rGO) [86] ,

arbon nanotubes (CNTs) [15,87,88] , carbon black (C black) [89] ,

nd inorganic metal oxides (MO x ) [16] ) are favorable for improving

he dispersion of Cu catalysts and increasing the active sites for

fficient CDR. Additionally, the good electric conductivity of carbon

aterials and/or the strong interaction between metal nanopar-

icles and the supports would generate additional advantages for

DR [16,90–92] . Therefore, the species of support can influence the

ctivity and selectivity of the catalysts. As a typical example, Bai et

l. [78] revealed the support plays an important role in promoting

atalytic performance because it can provide new heterogeneous

ites [93] , change electrical properties [94] . The synthesized or-

ered Pd 2 Cu nanoparticles supported on different supports (SiO 2 ,

eO 2 , Al 2 O 3 and P25) for CO 2 electrochemical reduction exhib-

ted obvious different FE and selectivity to produce CH 3 OH and

 2 H 5 OH. Among these four catalysts, the Pd 2 Cu NPs/CeO 2 showed

he highest CH 3 OH yield, which is probably because CeO 2 can

mprove Cu activity in the conversion of CO 2 to CH 3 OH [95] . Pd 2 Cu

Ps/P25 exhibited the highest selectivity for C 2 H 5 OH in which the

xygen vacancies on P25 can facilitate CO hydrogenation [96] . 
2 
Many researches have proven that metal scattering on or into

he carbon based materials is active for CDR. As a typical example,

ogers et al. [97] demonstrated that gold nanoparticles embedded

n graphene nanoribbon matrix exhibited a low overpotential

onset potential > −0.2 V vs. RHE), a high Faraday efficiency

 > 90%), and excellent electrocatalytic stability (catalytic perfor-

ance sustained > 24 h) for the electrocatalytic reduction of CO 2 .

he catalytic environment created by the graphene nanoribbon

nd gold nanoparticle interaction would lead to the good catalytic

erformance. A carbon nanotube–gold nanohybrid as a selective

nd efficient electrocatalyst for CDR was prepared by a layer-by-

ayer method [15] . The uniform gold nanoparticles anchored on

arbon nanotubes can electrocatalytic reduction of CO 2 into CO

ith a high selectivity at a low overpotential. Typically, a current

ensity of 10 mA cm 

−2 for producing CO can be achieved at a

ow potential of −0.55 V (vs. SHE). A stable CO production rate of

.52 mmol s −1 can be maintained for over 4 h, suggesting the good

tability. However, the carbon-supported Cu nanoparticles have

ot been extensively investigated thus far due to the sensitivity

f Cu to oxidation and the experimental difficulties to synthesize

mall size nanoparticles. But still a few studies about the carbon-

upported Cu nanoparticles for CDR have been reported. As a

ypical example, the electrocatalytic activities of Cu nanoparticles

upported on various carbon supports including carbon black (VC),

ingle-wall carbon nanotubes (SWNTs), and Ketjen Black (KB) for

DR have been investigated [16] . The synthesized catalysts were

itled as 40 wt% Cu/VC, 20 wt% Cu/SWNT, and 50 wt% Cu/KB and

0 wt% Cu/VC. Particle sizes for 40 wt% Cu/VC, 20 wt% Cu/SWNT,

0 wt% Cu/KB, and commercial 20 wt% Cu/VC catalyst (Premetek,

nc.) are summarized. Among them, the 40 wt% Cu/VC (12 nm)

nd the 20 wt% Cu/SWNT (19 nm) have relatively smaller size. As

hown in Fig. 11 (a) and (b), Cu nanoparticles are well-dispersed on

C and SWNTs. Faradaic efficiencies of two carbon-supported Cu

atalysts toward CO 2 electroreduction to hydrocarbons are com-

ared to that of electrodeposited smooth Cu films ( Fig. 11 (c) −(e)).

or all the catalysts studied, the only hydrocarbons are CH 4 and
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Fig. 8. (a) Illustration of ordering transformations in AuCu bimetallic NPs for CO 2 reduction. CO faradaic efficiencies (b), CO partial current density (c) at AuCu nanoparticle 

electrodes for electrocatalytic CO 2 reduction. Reproduced with permission from Ref. [14] . 
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C 2 H 4 . For 40 wt% Cu/VC and 20 wt% Cu/SWNT catalysts, the sig-

nificant onset potential positive shift (200 mV) for C 2 H 4 generation

in comparison with electrodeposited Cu indicates their higher

activity toward C 2 H 4 generation. At higher overpotentials, the CO

FE decreased with the increasing FE of CH 4 and C 2 H 4 due to the

consumption of CO in the formation process of CH 4 and C 2 H 4 

[98,99] . For the supported Cu nanocatalysts, the ratio of C 2 H 4 /CH 4 

FEs is believed to be a function of particle size, as higher ratios

are observed for smaller Cu nanoparticles. This is likely due to an

increase in the fraction of under-coordinated sites, such as corners,

edges, and defects as the nanoparticles become smaller. The work

demonstrates a new strategy to improve catalytic activity and

selectivity of Cu NPs for the electrochemical reduction of CO 2 for

sustainable chemistry and energy applications. 

Sun and co-workers also investigated the electrocatalytic

activity and selectivity of Cu NPs deposited on graphene sheets

for electrochemical reduction of CO 2 into hydrocarbons [100] .

Monodispersed Cu nanoparticles assembled on the pyridinic ni-

trogen rich graphene (p-NG) showed a mass- and size-dependent

catalysis for the selectively electrochemical reduction of CO 2 to

C 2 H 4 . The 7 nm Cu NPs assembled on the p-NG with the p-NG/Cu

mass ratio of 1:1 (p-NG −Cu −7 ) , exhibited the best electrocatalytic

activity and selectivity to C 2 H 4 ( Fig. 12 (a)). The FE for C 2 H 4 for-

mation and the hydrocarbon selectivity reached to ∼19 and 79%,

respectively at −0.9 V (vs. RHE) ( Fig. 12 (b)). To understand the ef-

fect of p-NG on the catalytic activity of composite catalyst for the

CO 2 reduction, the pure p-NG as the catalyst for the CO 2 reduction

was studied. It revealed that the pure p-NG yielded formate with

a 65% FE and 100% hydrocarbon selectivity at 0.9 V ( Fig. 12 (c)). The

synthesized p-NG −Cu −7 exhibited much higher selectivity for the

formation of formate at −0.8 V, and C 2 H 4 in the potential range of

−0.9 to −1.1 V ( Fig. 12 (d)). These results manifest that the p-NG as

a support plays a significant role in enhancing the Cu NP catalyst

selectivity toward C H at −0.9 V and more negative potentials. For
2 4 
he p-NG −Cu composite, the pyridinic-N of p-NG would function

s active sites for anchoring CO 2 and proton, facilitating hydro-

enation and carbon–carbon coupling reactions on Cu for the for-

ation of C 2 H 4 . The present method demonstrates that the com-

ination of CuNP and p-NG is an efficient way to improve the elec-

rocatalytic activity and selectivity for CO 2 electrochemical reduc-

ion by strong interaction between the p-NG and CuNP [90 −92] .

he reported synthesis and assembly offers a general approach to

repare a new class of p-NG −NP catalysts for the electrochemical

eduction of CO 2 with much enhanced activity and selectivity. 

To reveal the effect of the interaction between compositions

nd carbon support of an electrocatalyst on the selectivity for effi-

ient conversion of CO 2 , PdCu and Pd with different compositions

ere loaded on a carbon support via thermal treatment ( Fig. 13 (a)

nd (b)). As demonstrated in Fig. 13 (c) and (d), Pd 85 Cu 15 /C catalyst

hows the highest CO FE of 86% with a CO current density of

.9 mA/cm 

2 at −0.89 V (vs. RHE), which is about 5 times, 8 times

igher than that of Pd/C catalyst, respectively [72] . Pd 85 Cu 15 /C

atalyst has the high selectivity of CO production due to the

ptimal atom ratio between Cu and Pd and the presence of low-

oordination active sites. This study demonstrates great potentials

f different composition PdCu alloy nanoparticles on the carbon

upport for the selective electrochemical reduction of CO 2 to CO.

n short, assembling the metal on the various supports as elec-

rocatalysts for CO 2 electrochemical reduction has great influence

n improving the activity and selectivity of catalysts, especially

or desired hydrocarbons products. Designing the Cu-based com-

osites as electrocatalysts for CO 2 electrochemical reduction is a

romising strategy for developing the CO 2 reduction technology. 

More recently, metal-organic frameworks (MOFs) with uni-

ormly porous structure have also been used to synthesize desired

lectrocatalysts for CO 2 electroreduction [101–105] . The direct

arbonization of MOFs is a straightforward pathway to fabri-

ate metal and porous carbon hybrid materials [106–107] . This
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Fig. 9. (a) High-resolution transmission electron micrographs (HR-TEM) image of CuIn with Fourier transform (FFT) patterns from the bulk and the surface (inset). (b) Elec- 

tronic differential system (EDS) element mapping of the selected area: In (green), Cu (red). (c) Comparison of the current density profiles for OD-Cu and CuIn. Chronoam- 

perometric analyses of (d) OD-Cu and (e) CuIn, and (f) the long-term stability test for the CuIn catalyst at −0.6 V in 0.1 M KHCO 3 saturated with CO 2 . Reproduced with 

permission from Ref. [26] . 
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pproach not only can obtain porous carbons directly from MOFs

uring the process of high-temperature treatment, but also in-

orporate the metal species of MOFs into carbon matrix in situ.

uch MOF-derived composite materials exhibit many distinct mer-

ts, such as hierarchical porous structures, well-dispersed metal

anoparticles, and large surface areas, possibly benefiting to the

nhanced electrocatalytic activities. For example, oxide-derived
u/carbon (OD Cu/C) catalysts have been synthesized by a facile

ydrothermal and subsequent carbonization of Cu-based MOFs

108] . The obtained catalysts prepared at various temperatures of

0 0, 10 0 0, and 110 0 °C are denoted as OD Cu/C-900, OD Cu/C-

0 0 0 and OD/C-1100, respectively. As shown in Fig. 14 (a) and (b),

he octahedral OD Cu/C composite catalysts are decorated with lots

f Cu and Cu 2 O particles. The OD Cu/C-10 0 0 catalyst exhibits the
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Fig. 10. SEM images of the as-prepared (a) and after-electrolysis (b) CuIn electrodes. (c) Comparison of the chronopotentiometric results of Cu-based electrodes at a j tot of 

1.67 mA cm 

2 and (d) Faradaic efficiencies of the CuIn electrode in 0.1 M KHCO 3 saturated with CO 2 . Reproduced with permission from Ref. [80] . 

Fig. 11. TEM images of (a) 40 wt% Cu/VC and (b) 20 wt% Cu/SWNT. Faradaic efficiencies vs. potential for H 2 , CO, CH 4 , and (c) C 2 H 4 generation at thin films of 40 wt% Cu/VC, 

(d) 20 wt% Cu/SWNT, and (e) electrodeposited Cu. Reproduced with permission from Ref. [16] . 
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Fig. 12. (a) TEM images of p-NG −Cu −7 catalysts. (b) Reduction potential dependent FE of the p-NG −Cu −7 for CO 2 electrochemical reduction toward various hydrocarbons. 

(c) Product selectivity of the p-NG −Cu −7 for CO 2 reduction to hydrocarbons at −0.8 V and −0.9 V. (d) Selectivity of C 2 H 4 and all other hydrocarbons generated at various 

potentials. Reproduced with permission from Ref. [100] . 
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ighest current density than those of OD Cu/C-900 and OD Cu/C-

100 ( Fig. 14 (c)) due to its lower charge transfer resistance for

DR. OD Cu/C-10 0 0 presents high-yields of methanol and ethanol

ith the production rates of 5.1 −12.4 and 3.7 −13.4 mg L −1 h 

−1 ,

espectively ( Fig. 14 (d)). More importantly, the electrocatalyst

xhibited the lowest overpotentials for CO 2 to C 2 H 5 OH. The high

electivity for the formation of ethanol would be contributed

o the presence of Cu 2 O in OD Cu/C because Cu 2 O has been

dentified as an important contributor for generating alcohols at

 low overpotential on oxide-derived Cu electrode [109,110] ( Fig.

4 (e)). Fig. 14 (f) gives the possible reaction paths for CO 2 elec-

roreduction on OD Cu/C-10 0 0. As shown in Eqs. (1) –(3) , along

ith one electron transfer, the subsequent formation of adsorbed

ntermediates (e.g., CO 2 
∗–, ∗COOH) would lead to the formation of

ormate acid and methanol via the proton-electron pair forms. In

ontrast, the formation of surface-bound C1 oxygenates ( ∗CO) via

he breaking of the C 

–O bond along with the removal of water

olecule is of importance for the subsequent coupling of C −C

ond to form enol-like surface species (right side). The enol-like

ntermediates are then converted to ethanol by hydrogenation and

ehydroxylation. The improvements in activity and selectivity of

he oxide-derived Cu/carbon catalysts would be contributed the

ynergistic effect between the highly dispersed Cu-based active

pecies and the highly conductive carbon matrix [111,112] . 

. Summary and outlook 

With the rapid accumulation of CO 2 due to the burning of

ossil fuels, the electrochemical conversion of CO to valuable
2 
roducts is attracting extensive attention. However, CO 2 is a

table and inert molecule which brings significant challenges for

ts chemical activation to useful products. Previous efforts have

een devoted to metal-based catalytic systems, especially for

u-based catalysts. However, it is still challenging to efficiently

educe CO 2 to the targeted products. Actually, in terms of the

urrent electrocatalytic technologies in CDR area, there is still

 long way to reach the requirements for practical applications.

he scientific problems mainly include high overpotential, inferior

electivity, low activity, and unsatisfactory catalyst stability. In

iew of the former research on the Cu-based catalysts devoted to

O 2 electrochemical reduction, we summarize the recent major

dvances on the development of Cu-based electrocatalysts, with

pecial focus on the design of Cu nanostructures, Cu-based alloys,

nd supported Cu electrocatalysts for enhancing the activity and

electivity to CO 2 electrochemical reduction: 

(1) Nanostructured Cu catalysts for carbon dioxide reduction. 

The structure of electrocatalyst plays an important in boosting

he final catalytic performance, especially for metal catalysts.

herefore, the preparation of nanostructured Cu catalysts is effi-

ient to improve the current densities in comparison with the bulk

aterial catalysts due to the larger electrochemical active surface.

hat’s more, the rough surfaces and small crystalline features of

u nanostructures possess significantly more low-coordination ac-

ive sites (such as edges, steps, defects) than those of smooth ones,

hich have better intrinsic reaction activity and selectivity for CO 2 

eduction to special products. In additions, the surface morphology

ffect, exposed crystal face and surface impurities should also
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Fig. 13. TEM images of (a) the bimetallic Pd 85 Cu 15 nanoparticles and (b) Pd 85 Cu 15 /C. CO 2 reduction activity over PdCu/C and Pd/C catalysts. (c) FE of CO. (d) Current density 

for CO production. Reproduced with permission from Ref. [72] . 

Fig. 14. (a, b) SEM images of the OD Cu/C-10 0 0. (c) Linear sweep voltammetry curves of OD Cu/C materials in Ar- or CO 2 -saturated solution with a scan rate of 50 mV s −1 . 

(d) Methanol and ethanol production rates of OD Cu/C-10 0 0 for CO 2 electrochemical reduction. (e) Faradaic efficiency of OD Cu/C-10 0 0 for CO 2 electrochemical reduction. (f) 

Proposed reaction paths for CO 2 electroreduction on OD Cu/C-10 0 0, producing HCOOH, CH 3 OH, and C 2 H 5 OH. Reproduced with permission from Ref. [108] . 
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e considered. For the sustainable development of the technol-

gy in CO 2 reduction, various nanostructured Cu materials (e.g.,

esoporous structures, nanowires, core–shell structures, hollow

tructures, multidimensional structure, metal −organic frameworks)

ould be further designed as promising electrocatalysts for CO 2 

eduction. 

(2) Composition modification of Cu for carbon dioxide reduc-

tion. 

Composition of the electrocatalysts also has a significant impact

n the final catalytic performance. Especially, the Cu-based alloys

atalysts often have higher catalytic activities than monometallic

atalysts. The bimetallic composition modification approach would

lter the geometric environment and the local electronic structure,

herefore the binding strengths of different reaction intermediates

o Cu alloy catalysts would be adjusted properly, leading to better

atalytic performance than those of monometallic catalysts. DFT

alculations would provide efficient predications for designing

u-based bimetallic electrocatalysts by changing the conventional

lectronic structure, and/or geometric and ensemble effects of the

etal active sites. Therefore, it is still popular to rationally design

u-based alloy catalysts with adjustable composition and desirable

tructure, aimed to improve the catalytic activity and selectivity

or CO 2 toward desirable products. 

(3) Design of Cu with catalyst support for carbon dioxide reduc-

tion 

To further improve the activity and selectivity of the cata-

ysts for CO 2 reduction, the support materials combined with Cu

anoparticles offer new opportunities for designing and optimizing

he novel catalyst systems. The common support materials (e.g.,

GO, CNTs, C black, or MO x ) at the nanometer scale are favorable

or increasing the amount of active catalyst area per unit of

lectrode and improving the dispersion of the catalyst. In addition,

he strong interaction between the supports and Cu nanoparticles

re attractive for tuning the electronic microenvironment of the

atalysts with an important influence on the selectivity for CO 2 

lectrochemical reduction. In short, the incorporation of Cu with

esirable supports as efficient electrocatalysts for CO 2 electro-

hemical reduction is a promising strategy for developing the CO 2 

eduction technology. 

The preparation of catalysts with high activity and selectivity

oward the special product would be the dominant future trends

or electrochemical CO 2 reduction. The electrocatalytic activity

nd the selectivity of the electrocatalysts for CO 2 electrochemical

eduction largely depends on the binding strength of various

eaction intermediates to electrocatalysts. Therefore, the deep

nderstanding on the reaction mechanisms on the basis of the

xperimental results and theoretical calculations would provide

seful principles for the rational design of efficient catalysts.

his review article hopes to stimulate future research interest

n the development of efficient Cu-based electrocatalysts with

ew nanostructures, tunable compositions and efficient catalyst

upports for CDR. The application of Cu-based catalysts for CO 2 

eduction is still in its early stages, and further development of

ationally designed Cu-based catalysts will be highly demanded. 
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