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1. Introduction

1.1. Background

Electrochemical conversion of CO2 into essential chemicals and 
the reverse reaction of combustion offer a promising and emer-
gent method for adjustment of the Earth’s carbon balance.[1,2] 
Currently, CO2 level reaches an approximate concentration of 
410 ppm (≈0.04% by volume) so far, and the natural balance is 
gradually disrupting. The emission is arise specially from the 
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development of power plants, industries 
and consumption of fossil fuels, which 
are the major and direct causes of global 
warming, rising sea levels, and more 
erratic weather patterns that are threat-
ening environmental issues.[2–7]

Currently, various efforts are performed 
to develop and promote green (renew-
able) energy sources; although until 
now majority of energy consumption is 
obtained from nonrenewable sources 
specifically fossil fuels that contribute the 
increment of carbon dioxide level in the 
atmosphere in addition to other causes 
such as deforestation of plants and natural 
sources of CO2.

[3,8–11] For this reason, 
controlling and minimization of its emis-
sion using different methods such as elec-
trochemical, biochemical, photochemical, 
thermochemical and hydrothermal 
reduction of CO2 to convert into various 
essential compounds and simultaneously 
energy generating are one of crucial tasks 
to solve the challenge.[7,8,12–18]

1.2. Summary of Previously Published Articles

In previous review articles about electrocatalytic reduction 
of CO2 they have addressed different views, ideas and inter-
ests, which depend on the contribution to forward in the era 
of research discipline. Some of review articles have provided 
generic principles and reduction mechanisms including 
extrinsic factors like electrolyte solutions and environmental 
conditions that can affect the reduction efficiency. Others 
have forwarded a summary of review specific to transition 
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metal, metal derived oxides, chalcogenides, etc., through 
electrocatalytic or photochemical reduction of CO2. Singh  
et al.[19] has broadly summarized the effects of membrane constit-
uent, catalyst type, electrolyte solutions and operating conditions 
on the activity of solar based electrochemical reduction of CO2. 
Zhu et al.[17] have referred to wide range of heterogeneous metal-
based electrocatalysts and reviewed their general features that 
include description of basic principles, fundamental parameters, 
types of transition metal electrocatalysts and types of reduction 
products. Regrettably, limited explanation about site activities 
and number of active sites are given. Merino-Garcia et al.[20] have 
studied specifically about membrane reactors for the purpose 
of electroreduction of CO2 to review and summarize effects of 
cation or anion exchange membranes in reduction efficiency and 
amount of products. Interestingly, Zhao et al.[21] have discussed 
briefly opportunities and limitations in the process of CO2 reduc-
tion by Au and Ag based electrocatalysts with comparison of bulk 
metals, nanoparticles and atomic level nanoclustsers in catalytic 
activity and stability. He et al.[22] have prepared a concise mini-
review regarding transition metal alloys such as Sn–Pd, Sn–Ag, 
Pd–Pt, Au–Pd, Ag–Zn, Au–Cu, Ni–Ga, etc., for electrochemical  
reduction process without indicating principles and basic 
reduction mechanisms of CO2.

Therefore, by identifying the gaps from previous reviews such 
as limitations of detailed reduction mechanisms, lack of  identifica-
tion of site activity and number of active sites, absence of reviews 
about Cu related electrocatalysts in the reduction phenomenon, 
etc.; this article is specifically focused on CO2ER using Cu and Cu 
based electrocatalysts especially on analyzing intrinsic parameters 
and their tuning effects in site number and site activity of CO2ER. 
Additionally, unique electronic and structural property of Cu and 
its derivative electrocatalysts enabling the formation of wide range 
of products is another motivation behind this work.

Electrochemical conversion method of CO2 has notable 
advantages because it is not affected by geology, amount of 
sunlight, or weather, as such it can performed at ambient 
conditions.[3,8,13,17,18,23,24] A desirable electrocatalyst for CO2 
reduction should have a low overpotential for catalysts and to 
derive a large turnover frequency (TOF), and at the same time 
the catalyst should be stable and selective.[1] This process can be 
regarded as a convenient way of storing energy and to convert 
CO2 into CO, formate, methane, ethylene, ethanol, methanol, 
n-propanol, allyl alcohol, acetaldehyde, propionaldehyde, ace-
tate, ethylene glycol, glycolaldehyde, hydroxyacetone, acetone, 
glyoxal, and other products. Electrochemical reduction is an 
interesting and promising way especially when the process is 
performed at reasonable cost of electrocatalyst and activity with 
high selectivity and efficiency.[15–17,25]

Mostly, CO, formate, hydrocarbons, and alcohols are the 
main reduction products through electrolytic reduction of CO2. 
Hydrogen evolution reaction (HER) is commonly observed 
in the reduction process, and considered as a side reaction. 
Among these products, CO is one of the prominent yields from 
the electrochemical reduction of CO2 obtained by selective 
electrocatalysis. The reason why CO is the desired product is 
that it can be further reduced into its derivatives such as for-
mate, ethanol, methanol and simple hydrocarbons (CH4 and 
C2H4) through the reduction process. It is selectively produced 
from reduction of CO2 using transition metal catalysts such as 

Au, Ag, Pd, and Zn. Eventually, CO and other reduced gases  
can be detected and determined using chromatogarphic and 
spectroscopic techniques in laboratory scale, but electrolytic 
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reduction of CO2 and separation of each product in production 
or factory scale have not implemented due to plenty of 
challenges.[7,26–28] The separation techniques of each product 
from reaction mixture face a challenge, which is discussed 
briefly together with other limitations of CO2ER in Section 1.3 
of this article.

Various types of catalysts have been utilized for the reduc-
tion of CO2 such as metal oxides, chalcogenide, organome-
tallic complexes, metals, organic compounds, semiconductors, 
bimetallics, and others.[29] Commonly, Cu is the most preferable 
electrocatalyst in different forms of morphology, structure and 
shape, which is controlled during preparation of the metal and 
its modification technique to obtain the required properties. Cur-
rently, bimetallic electrocatalysts are promising and emerging 
due to their efficient and effective reduction activity arising from 
synergistic, strain and alloying effects of atoms that results in 
better selectivity, stability, activity and less energy consumption.

The development of bimetallic electrocatalysts is shown in 
timeline scheme in Figure 1, which is drawn based on the results 
of many research findings. As we have observed from the time-
line scheme, since 1991 researchers have been strived to improve 
the effectiveness and efficiency of CO2 reduction by adding 
various contributions starting from compositions of metal foils 
to single atom electrocatalyst. However, the number of publica-
tions of CO2ER increased in sluggish rate in between 1998–2012. 
Afterward the rate of publication is very high and continuing 

using sophisticated instruments and analytical tools for character-
ization of electrocatalysts. Majority of studies have been focused 
on transition metals, which can be traced back to the work in 
1985 by Hori and Suzuki who reported methane and ethylene as 
the major yields of CO2 reduction on copper electrode.[22,35–37]

Based on the types of reduction yields, metal catalysts are cat-
egorized into different major groups in the reduction process 
and denoted as, CO selective, formate selective, HER (side reac-
tion in CO2ER) favorable electrocatalyst and hydrocarbon (CH4 
and C2H4) are significantly and uniquely formed together with 
other products on Cu electrocatalyst as it is revealed in Figure 2.  
It is clear that H2 is not the reduction product of CO2 rather 
it is the competing side reaction arises from water or aqueous 
media that occurs during reduction of CO2. Bimetallics can 
catalyze CO2 more selectively into CO, formate, etc., than 
monocatalysts due to the synergistic effects between atoms. 
Among all electrocatalysts Cu is a unique metal that is able to 
catalyze CO2 into wide range of reduction products including 
hydrocarbons, formate, CO, hydrocarbons, alcohols and many 
others products.[4,14,33,38–41] However, the above grouping does 
not mean that those metal catalysts generates only the indicated 
product rather it is expected that other reduction products in 
small amount are formed in addition to the dominancy of the 
selected product. Electrocatalysts, selective to formate, are asso-
ciated with lower current density, while those precious metals 
selective to CO able to generate higher current density.[8,17,29]

Adv. Mater. Interfaces 2018, 1800919

Figure 1. The timeline scheme for the development of selected Cu-based bimetallic electrocatalysts applicable in CO2ER since 1991 until 2018.  
a) Reproduced with permission.[34] Copyright 2017, American Chemical Society. b) Reproduced with permission.[8] Copyright 2014, Springer Nature.  
c) Reproduced with permission.[31g] Copyright 2012, Elsevier Ltd. d) Reproduced with permission.[31a] Copyright 2016, American Chemical Society.
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The trends of catalysts generating different products of CO2 
reduction are suggesting various reaction mechanisms with 
different surface affinities of intermediates and final prod-
ucts. The catalytic activity of metals depends not only on their 
intrinsic atomic chemical properties, but also on their surface 
characteristics such as roughness and surface area to volume 
ratios. Roughness and surface area affects the plane edges 
exposed at the surface where CO2 adsorption is dominant, and 
its binding strength significantly affect the type and amount of 
products.[28,39,42–46]

1.3. Concise Overviews of CO2ER

The striving and development of high promising catalysts or 
electrodes needs a basic understanding of electrode materials 
to describe what kind of influence on reaction mechanisms are 
conducted, such as adsorption of reactants, intermediates and 
products on the electrode surface during reduction process. 
Early studies of CO2ER were concentrated on bulk composite 

electrocatalysts. However, nanosized metal electrocatalysts are 
much promising than bulk or foil metals in various aspects 
such as columbic efficiency, catalytic activity, selectivity of prod-
ucts and others phenomena. That is the reason why recent 
electrocatalyst activity is focused on nanocatalysts. Majority 
of electrocatalysts for CO2ER are classified into metallic, 
nonmetallic, and molecular catalysts regardless of product types 
of the reduction.[15,24–26,41,47] However, this review article is con-
centrated on metal-based electrocatalysts, specifically on Cu and 
Cu-based materials for conversion of CO2 electocatalytically.

Commonly, electroreduction process has been performed in 
a divided cell containing the anode and cathode compartments. 
To separate the two electrode (anode and cathode) compart-
ments, an ion exchange membrane is important to prevent the 
flow of electrons by allowing passage of protons, which avoids 
further oxidation of species formed from electrochemical 
reduction of CO2 at cathode.[17,26]

At cathode both CO2 reduction together with hydrogen evolu-
tion reaction (HER) are conducted on the surface of electrocata-
lysts in electrolyte solution. The schematic reactor configuration 
and reaction mechanisms of CO2ER are shown in Figure 3.

In electrochemical reduction process of CO2, there are three 
crucial steps conducted, which are mentioned below.

a. Adsorption of CO2 on the electrode surface.
b. Charge transfer reaction with harmonization of H+/e− into 

CO2 to form intermediates.
c. Desorption or removal of products on the active sites of elec-

trocatalyst during electroreduction of CO2.[48,49]

CO2 is thermodynamically stable and for that matter addi-
tional energy is required to break the strong bonds of CO2 
during reduction reaction using catalysts to lower the activation 
energy. More precisely, the Gibbs free energy of the relevant 
reaction can be controlled by changing the potential. Since CO2 
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Figure 2. Brief scheme categories for CO and formate selective electro-
catalysts in CO2ER, and identification of transition metals favorable for 
HER, which is considered as a side reaction.

Figure 3. Demonstration for principles of CO2ER on electrocatalysts (working electrode) and the role of anode and cathode in the reduction system 
in aqueous media.
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reduction is endergonic or endothermic (absorption of energy 
with positive free energy) and the applied potential for dif-
ferent products is mostly in negative potential range. The fol-
lowing chemical equations are describing reduction potentials 
(vs standard hydrogen electrode) of CO2 at room temperature, 
atmospheric pressure and pH 7 for each product formation via 
two or more electron transfers as listed in Equations (1)–(7)[17,50]

+ + → + −−CO 2H 2e CO H O = 0.52 V2
+

2
oE  (1)

+ + → + −−CO 4H 4e HCHO H O = 0.51 V2
+

2
oE  (2)

+ + → −−CO 2H 2e HCOOH = 0.61 V2
+ oE  (3)

+ + → + −+ −CO 8H 8e CH 2H O = 0.24 V2 4 2
oE  (4)

+ + → + −−2CO 12H 12e C H 4H O = 0.34 V2
+

2 4 2
oE  (5)

+ + → + −−CO 6H 6e CH OH H O = 0.38 V2
+

3 2
oE  (6)

+ → −−2H 2e H = 0.42 V+
2

oE  (7)

Low stability of copper electrocatalyst is not uncommon in 
electrocatalytic reaction and this can be also a cause for less 
faradaic efficiency in catalytic activity. In other way, it is possible 
to say poor product selectivity and less stability are typical limi-
tations of Cu for practical applications. Therefore, clear under-
standing of the catalytic mechanism using Cu is an important 
step for future design of efficient and selective catalysts for 
CO2 reduction by minimizing such challenges.[11,17,51–53] The 
above challenges will be described with more details in the next 
section of this article, including other difficulties faced in the 
process of CO2ER.

1.4. Challenges of CO2ER

In addition to the competitive reaction of HER, there are also 
other challenges during the electrochemical reduction process 
of CO2. The following scenarios mentioned are among the 
drawbacks or limitations occurring in the reduction processes 
that causes for low faradaic efficiency and poor selectivity of the 
electrode towards the required product.[16]

The first limitation is slow kinetics of CO2 reduction 
because of its high stability and also low solubility in water. 
Low solubility of CO2 in water limits the amount of CO2 in 
the electrolyte solution that retards the mass transfer capability 
and it becomes an obstacle for large scale and efficient elec-
trochemical reduction of CO2. However, to reduce this barrier 
high pressurized CO2, high gas-liquid interfacial area, and 
electrolytes with high CO2 affinity can effectively increase solu-
bility of CO2 in the solution, which enhances the conversion 
rate and faradaic efficiency of products.[26,33,38] Second, CO2ER 
requires high overpotential due to the high energy barriers of 
CO2 reduction; this implies that low energy efficiency of the 
reduction process with responses of low current density and 

consequently low faradaic efficiency. The consequence of uti-
lizing high overpotential would be also a cause for the competi-
tive formation of HER in the reduction process, because at high 
potential, HER is much dominant than CO2ER. The third limi-
tation is poisoning or deactivation of electrocatalysts by exces-
sive adsorptions of intermediate species, side products and 
impurities, which leads to a significant damage of catalysts and 
then shortens its life time.[16,17,33,54]

The forth limitation, in case of mixtures (gases and liquid) 
of reduction products, identification, determination and sepa-
ration of each products in the mixture is a difficult task due 
to the existence of products in different physical states. Mostly, 
gas chromatography is an appropriate analytical tool to quantify 
and separate gaseous products, while high performance liquid 
chromatography and NMR spectroscopy are suitable for deter-
mination of liquid products in laboratory scale level. However, 
the separation technique needs special configuration of reactor 
and high technical skills and these requirements make the 
process costly. Additionally, separation of reduction products 
in large/production scale has not been implemented yet. The 
product analysis in a production process could pose a challenge.

Finally, the exact reaction steps and mechanism of CO2ER is 
not clearly known and it is not well understood why carbonates 
and bicarbonates from electrolyte solution cannot be reduced 
on the catalyst surface. The possible cause for limited under-
standing of reduction mechanism might be due to the for-
mation of various types of products and multiple transfers of  
electrons and protons. Formations of multiple products are 
because of carbon can harmonize various valence states 
resulting complexity of CC coupling chemical reactions with 
different reaction mechanisms and paths that challenges to 
understand detailed mechanisms of CO2 reduction.[17,29,55,56] All 
these mysteries of CO2 reduction lead to poor understanding of 
the factors that influence the selectivity of catalysts and hinder 
development of this application. Therefore, to minimize these 
limitations and challenges, tuning and optimizing of parame-
ters during preparation of electrocatalyst and reduction process 
is an inevitable task. This is an interesting scenario for future 
researchers to establish a promising and an emerging tech-
nology to know precisely each reaction mechanisms in CO2ER.

2. Intrinsic Factors of CO2ER on Cu-Based 
Electrocatalysts

2.1. Active Sites of Electrocatalysts in CO2ER

Prior to mentioning intrinsic effects of CO2ER, well under-
standing of site activity and number active sites is important. 
Activity of electrocatalysts is directly linked to number of active 
sites present on the surface in which their number depends 
on the modification type and intensity. It is obvious that large 
amount of actives sites have better catalytic activity.

Electrocatalysts alter their structure during reaction condi-
tions in which the restructuring can be induced by physical 
parameters (temperature, pressure, potential, etc.) including 
adsorbates and reactants. These established structures with 
minimized thermodynamic energy in reaction conditions 
are responsible for the detected catalytic properties of CO2 
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reduction. Alteration of atomic arrangement, composition and 
oxidation state of electrocatalyst is a crucial step to understand 
structure-reactivity correlations to design efficient catalysts. 
Development of improved and enhanced electrocatalyst with 
tremendous activity and selectivity with analyzing active sites is 
still a long time objective/goal to realize the real application of 
CO2ER. Commonly researchers are mixing up the terms cata-
lytic activity and activity site in catalysis process, even though 
they are different scientific meanings, which is related as 
follows

Catalytic activity Site activity number of active sites= ±  

Number of active site can be enhanced by increasing the 
surface area of electrocatalysts. To increase the surface area its 
modification by the principle of surface engineering via dif-
ferent techniques would be applicable. For example, surface 
modification of bulk metal surface, which is initially weak 
activity in CO2 reduction makes in to a high surface area 
nanoparticle, nanowire, nanocrystal, etc., that shows better per-
formance in the reduction activity. This is because after modi-
fication significant number of active sites is created due to the 
creation of large surface area. Active sites of metal nanoparticles 
might have different roles for the formation of product types 
during CO2ER. Researchers proposed that edge sites can speed 
up the formation of CO, however, the corner site of nanopar-
ticle has a tendency for HER. Identification or quantification of 
active site is one important step to accomplish the overall cata-
lytic activity effectively and efficiently.

Identification of active sites of an electrocatalyst is a great 
challenge without clear and defined electrocatalyst structure. 
Currently, the invention of atomic and electronic characteriza-
tions of nanoclusters of electrocatalysts offers huge opportuni-
ties for the investigation of single atom as an active site.[1,49,57] 
Single atom active sites, which are distributed atomically on 
active metal centers, have shown the highest atom efficiency 
and an outstanding selectivity in various catalytic reactions. 
This is because single active site has unique electronic proper-
ties, which leads for the expectation to have a huge potential 
to enhance the performance of CO2ER. The presence of high 
surface energy in single atom is one challenge to establish 
stable single atom catalyst. Understanding of these catalysts and 
additional design of advanced and new single atom catalysts of 
CO2 reduction might be faced challenges like the difficulty to 
find electronic structure of single atom catalysts.[1,58,59] Nowa-
days, the rapid development of technologies for characteriza-
tion of electronic and structural properties of atoms is expected 
to be a good opportunity for the application of single atom 
electrocatalysts specially for CO2 reduction.

It is expected that the following intrinsic factors would affect 
the catalytic activity and number of active sites on electrocata-
lysts for CO2ER. Many researchers could not differentiate the 
factors that contribute to increase number of actives sites, 
but in general they revealed some parameters are enhancing 
the overall catalytic ability of electrocatalysts. In addition to 
intrinsic factors extrinsic parameters such as temperature, 
types and amount of electrolyte solution, concentration of CO2 
and pH of solution, types of anion or cation exchange mem-
brane, electrochemical cell or reactor design have also an effect 

in catalytic activity and product selectivity of CO2ER. However, 
in this review we focus on intrinsic factors appear on Cu and its 
bimetallic electrocatalysts. We believe that almost all intrinsic 
factors (binding strength between the catalyst and intermediate, 
catalyst surface area, particle size of electrocatalyst, morphology, 
composition, etc.) have significant contribution in increasing 
active sites and catalytic activity.

2.2. Binding Strength of CO2 and Intermediates

Among plenty of intrinsic factors, binding ability of reaction 
intermediates with Cu-based electrocatalyst has a huge impact 
on electrochemical reduction of CO2. Reaction activity and 
product selectivity of CO2 reduction significantly depend on 
the binding strength of the key intermediates (CO*, COOH*, 
CHO*, COH*, etc.) and CO2 itself. For example, formate and 
CO are the most favorable reduction product if there is no 
strong interaction between the surface and reduction inter-
mediates because the CO bond does not dissociate in case 
of weak binding strength.[17,38,59,60] Those electrocatalysts that 
can bind CO strongly yields limited amounts of product (CO 
and HCOOH) because there is a high possibility of the sur-
face poisoned by the adsorption of CO or other intermediates 
formed during the electrochemical reduction process. For this 
reason, hydrogen generated from the competing water reduc-
tion becomes the main product in addition to the final reduc-
tion products of CO2ER, i.e., hydrocarbons, alcohols, etc. In 
other way, metals that weakly bind CO produces significant 
amount CO and there is no chance to produce alcohols and 
hydrocarbons from further reduction of CO because it can easily 
desorbs from the surface before further reduction.[17,38,59,61] 
Therefore, binding strength between electrocatalyst surface and 
reduction intermediates has a great role in types and quantity 
of reduction product.

Yang et al. studied in advance electroreduction of CO2 using 
Au, Cu, AuCu, AuCu3, and Au3Cu and they reported that the 
highest catalytic activity was obtained on Au3Cu with better far-
adaic efficiency, current density, and TOF of CO.[8,49] Figure 4 
illustrates the binding ability and interactions of electrocatalysts 
and CO2 to understand the mechanisms how the intermediates 
including (CO and COOH) are able to interact and optimize 
binding ability of each reduction species with the active sur-
face of each composition of electrocatalysts. The figure depicts 
that the binding ability of each atom (C, O, and H) from CO2 
and reaction intermediates with Au3Cu is weak, which is an 
important scenario to decrease HER and enhance the required 
reduction activity by preventing from further reduction.[8,34,62] 
For this reason, preparation of alloys in different types such 
as core-shell, ordered and other forms of arrangement is an 
important influence for tuning of binding strength in CO2ER.

2.3. Electrochemical Surface Area (ECSA)

ECSA is one of the crucial parameters that influence results 
of CO2ER on the surface of Cu and its derivate electrocatalyst. 
ECSA mainly depends on the textural structure and morphology 
of the catalyst surface where the active sites for electro-catalytic 
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activity are present. It is known that activity of an electrocat-
alyst is expressed as; the product of site activity and number 
of active sites on that catalyst. If the catalyst has a porous or 
hollow structure surface, the ECSA expected to be high and 
lead to high catalytic activity of the reduction. Mathematically, 
the ECSA can be described as Equation (8)

ECSA f s= ×R A  (8)

where As is a specific surface area of the smooth surface 
electrode; Rf is roughness factor estimated from the ratio of 
double-layer capacitance (Cdl) for the working electrode. Cdl 
is determined by evaluating the capacitive current related 
with double-layer charging at various scanning rates of cyclic 
voltammetry in electrochemical analysis.[26,49,63]

2.4. Size of Nanocatalysts

Changing the size of Cu-based nanocatalysts (nanoparticles, 
nanowires, nanocube, nanosheet, etc.) has a great contribution 
for alteration of active sites in number or/and activity manner, 
which has an overall effect in selectivity and performance of 
CO2ER. Tuning of chemisorption (a type of adsorption), which 
indicates a chemical reaction between the adsorbate and the 
surface is important to enhance selectivity and catalytic activity. 
Size effect has been implemented to control and analyze the 
catalytic activity and selectivity of metal nanoparticles, but  
the mechanism behind still requires further investigation. The 
alteration of chemisorption is studied by varying the size of 
electrocatalyst species, which affects the active site area of the 
reduction activity.[56,64–66] Change of particle sizes has also a 
great impact on the electrochemical reduction of CO2 including 
the type of reduction products and corresponding faradaic 
efficiencies, although a very limited number of studies are 
performed for size dependent CO2 reduction.[49,64,67,68]

A new insight and interesting work performed by Strasser et al.  
precisely revealed the effect of size of nanoparticles in electro-
chemical reduction of CO2.[69] They prepared Au nanoparticles in 
between 1 and 8 nm using inverse micelle encapsulation method. 
The linear sweep voltammetry (LSV) peak (Figure 5a,b) shows an 
outstanding increment of current density when the particle size is 
small, i.e., the current generated using the smallest nanoparticle 
(1.1 ± 1 nm) is almost 100 times higher than that is generated 

using the largest Au NPs (7.7 ± 2.3 nm). Generally, the faradaic 
efficiency of H2 is enhanced with the decrease of sizes of NPs 
although the enhanced level between small and large particle size 
is not proportional as we observed the variation/enhancement in 
current density between those particle sizes. For smaller particle 
sizes, the amount HER generated was significantly higher than 
CO, whereas the faradaic selectivity of CO greatly increased for 
large Au nanoparticles (Figure 5c,d).

In other words, the mole ratio of H2 to CO (H2/CO) increased 
with decreasing particle sizes, indicates that HER is dominant for 
smaller particle sizes (Figure 5e).[49,69] It is expected and believed 
that the effect of particle size which is observed on Au electro-
catalysts also applicable on Cu-based electrocatalyst surfaces.

Strasser et al.[64] studied the effect of catalytic particle size on 
CO production from electroreduction of CO2 on Cu nanoparticles 
(NPs) as shown in Figure 6. They investigated variation of particle 
size of Cu NPs in between 2–15 nm showed a significant impact 
on selectivity and faradaic efficiency, as depicted in Figure 6a.  
Smaller particle size reveals an increase in the formation of H2 
and CO compared to production of hydrocarbons (CH4 and 
C2H4) (Figure 6b).[64] According to the investigation, if hydrocar-
bons are the preferred products of CO2 reduction on Cu surface, 
it is important to avoid using very small nanocatalysts due to 
weak production of hydrocarbons. According to Figure 6c, the 
smallest Cu NP catalyst (1.9 nm) showed a significant increment 
in faradaic efficiency with a current density of −48 mA cm−2, 
while the 2.3 nm Cu NP catalyst also showed a 50% rise in 
activity compared to Cu foil electrode (Figure 6d).[64,69]

Strasser et al. continued their investigation by establishing 
spherical Cu nanoparticle model for good clarification of 
size effect of nanoparticles (Figure 7).[64] It is agreed that size 
variation of NPs significantly originates from size-dependent 
atomic coordination of surface metal particles and its electronic 
structure. Figure 7a illustrates the surface arrangement of small 
grain size at the left side and large grain size to the right sides of 
NPs corresponding to the catalysts represented as S2 and S4 with 
particle sizes 2.3 and 6.7 nm respectively in which their corre-
sponding current density is reported previously in Figure 6c.

Based on the model, the number of nearest neighbor atoms 
on the surface is denoted as the coordination number (CN) that 
is obtained and valued between CN of 5 and 11. The color coding 
confirms the location of individual CN on the surface of Cu nano-
particle. The red and blue representing CN 9 and CN 8 associates 
with Cu (111) and Cu (100) respectively, while those green 
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Figure 4. Illustrations of binding strength of CO2, hydrogen, CO, formate, and hydrocarbons on Au3Cu, AuCu, AuCu3 surfaces in CO2ER. Gray, red, and 
white colors refer to C, O, and H, respectively. The right corner stroke indicates the binding strength of each species to the surfaces. Dotted lines tell addi-
tional attraction between intermediates and the surface. Red, blue, and green arrows indicate the formation of CO, formate and hydrocarbons respec-
tively by considering the thickness of the arrow that also shows production capacity. Reproduced with permission.[8] Copyright 2014, Springer Nature.
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Figure 5. CO2ER on different sizes of Au nanoparticles: a) LSV in 0.1 m KHCO3 at 5 mV s−1, b) current density variation, c) CO and H2 production,  
d) FE of CO and H2, e) molar ratio of H2 to CO generated. Reproduced with permission.[69] Copyright 2014, American Chemical Society.

Figure 6. CO2 reduction based on different sizes of Cu NPs. a) Production and composition distribution of gaseous products, b) size dependence 
Faradic selectivity of different products at −1.1 V versus RHE, c) LSV of CO2 reduction performed at 5 mV s−1, d) current density at −1.0 V and −1.1 V 
versus RHE. Reproduced with permission.[64] Copyright 2014, American Chemical Society.
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containing CN 10 and 11 representing Cu (211) and Cu (110), 
respectively. High CN indicates large particle size, which leads to 
low current density due to less number of active sites because it 
surrounds by many atoms compared to low CN particles.

The ratio or proportions of atoms at the edge, corner and on 
the surface site are influenced by the grain size of nanoparticles. 
Atoms at the corner or edge directions are expected to contain 
less coordination number, leading to having higher surface 
energy. Generally, the electrochemical activity of metal foils is 
much lower than that of the corresponding nanoparticles due 
to significant reduction of active surface area in case of metal 
foils.[64] According to trends of Gibbs free energy customized with 
calculations of density functional theory (DFT) the production of 
essential intermediates from adsorption of CO2 are significantly 
preferable on edge and corner sites than on terrace direction or 
positions of nanoparticles. However, formation of H* interme-
diate, which is used to facilitate HER is almost the same in all 
sites and edges.[56] Therefore, formation of CO* and HCOOH* is 
highly tuned by size of nanoparticles for the formation of main 
final products such as formate, CO, alcohols and hydrocarbons 
in which types of reduction products are depend on binding 
strength between electrocatalyst and intermediates.[56,64,65]

The catalytic activity is exhibited and enhanced by the 
number of active sites existing on the surface of electrocatalyst, 
which are created by surface modification techniques such as 
oxidation, doping foreign metal, alloying (causes for synergistic 
effect), surface etching and others. Therefore, modification of 
electrocatalyst alters the surface morphology (rough vs smooth), 
increases surface area, and affects electronic together with geo-
metric nature of electrocatalysts. All these variations have its 
own contribution for the increment of active sites, leading to 
enhance the overall catalytic activity of the catalyst in CO2ER 
on Cu surface. Smaller number of CN results in a significant 
catalytic activity enhancement, which arises from increment of 
individual population originated from size variation of Cu nan-
oparticles (Figure 7b).[68,70]

We can suggest that variation of product types is due to vari-
ation of particle size, which is related to the binding ability of 
electrocatalyst to the surface. Smaller particle size tends to have 
smaller coordination number to the surrounding atom and leads 
to have high surface area to expose itself in the catalysis envi-
ronment. Therefore, as the tuning of binding strength between 
reduction intermediates and electrocatalyst has a great role in 
selectivity, variation and distribution of products in CO2ER.

Bell et al.[71] have investigated the significant differences of 
electrochemical performance on Cu-NPs versus Cu-foil for reduc-
tion of CO2 to produce methane The current density and faradaic 
efficiency of CH4 on copper nanoparticle (n-Cu/C) is twice higher 
than copper foil within the same potential domain (Figure 8a,b). 
The partial current density of CH4 is four times higher compared 
to Cu-foil at −1.35 V versus RHE (Figure 8C). In contrast, the far-
adaic efficiency of H2 is higher in case of Cu-foil than nanopar-
ticles, indicating decreasing the size of nanocatalysts decreases 
the undesired product (competitive reduction like HER) in the 
reduction process of CO2 (Figure 8D).[71]

From Bell’s we can perceived that the size of nanoparticle or 
nanocatalyst has a potential effect in the selectivity of products 
in addition to the huge contribution for the enhancement of 
CO2ER on Cu and Cu-based derivative catalysts. Generally, in 
Figure 8 the increased faradaic efficiency, selectivity, total and 
partial current density of Cu NPs than Cu foil is probably due 
to structural, morphological, and electronic variations between 
the two species related to creation of more actives sites on Cu 
NPs than its foil. In Bell’s research, the reaction mechanism 
is starting from adsorption of CO2 for production of CH4 via 
formation of CO* as an intermediates, which is proposed and 
shown at Figure 8e. In this mechanism, CO2 reacts in a single 
electron transfer pre-equilibrium step to form a radical 2, which 
is considered as an adsorbed CO2 on the electrode surface. The 
rate-limiting step is shown at the transformation of COO− into 
(COO−)2 through dimerization of another COO− on COO− and 
to establish a new bond between oxygen and carbon.[71–73]

2.5. Structure of Catalyst Surface

a. Ordered—Disordered Effect

Yang et al. and Ma et al.[5,34,74] have studied independently 
the effect of ordered, disordered, phase-separated and inter-
mediate ordered arrangement of individual atoms on product 
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Figure 7. a) Spherical models of 2.2 and 2.9 nm diameter of Cu NPs 
with color coded surfaces to the neighboring atom, which is described 
as coordination number of CN < 8 (gray), CN = 8 (blue), CN = 9 (red), 
CN > 9 (green), b) the relative population of atoms on Cu surface atoms 
at known CN with respect to diameter of particle size. Reproduced with 
permission.[64] Copyright 2014, American Chemical Society.
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selectivity and FE of CO2 reduction using CuAu bimetallic elec-
trocatalysts. Ma et al. have investigated product distribution and 
effect of morphological/structural changes of CuPd electro-
catalyst for electrocatalytic reduction process.[5] They compared 
reduction products of CO2 between disordered, ordered 
and phase-separated CuPd catalysts, which are prepared by 
changing different parameters during fabrication of nanopar-
ticles. The ordered CuPd electrocatalyst confirms the highest 
selectivity for C1 products such as CO and CH4 with obtaining 
faradaic efficiency greater than 80%. The phase-separated CuPd 
and Cu3Pd assure higher selectivity (>60%) for C2 chemicals 
(C2H4, C2H5OH) than CuPd3 and ordered CuPd. Based on 
these results they suggest that the probability of dimerization of 
C1 intermediate and products are significant on surfaces with 
neighboring Cu atoms.[5]

Generally, studies revealed that the level of order of each 
atom in Cu–M bimetallic electrocatalyst, which is controlled by 
stabilizing agent, altering temperature and time during prepa-
ration of nanoparticles. Ordering degree of nanoparticles of an 
alloy has a significant impact on catalytic activity, stability and 
selectivity because alloying extents are different for different 
degree of ordering. For example, ordered-disordered sche-
matic animations for AuCu bimetallic systems are illustrated 
and shown in Figure 9, indicating HER (side reaction) is the 
favorite reaction and leads formation of H2 on AuCu in case of 

disordered arrangement, while CO is the dominant product of 
CO2 reduction on ordered AuCu.

Specifically, Yang et al. have studied the disordered-to-
order transformation of individual AuCu nanoparticles using 
oleylamine as stabilizing agent and variation of time and 
temperature as a transformation parameters, with detailed 
electronic and structural investigations of ordered AuCu NPs, 
as shown in X-ray diffraction (XRD) pattern (Figure 10a) and 
transmission electron microscopy (TEM).[34] The current den-
sity generated by ordered AuCu is higher than the disordered 
and intermediate or partially ordered on AuCu bimetallic 
during catalytic reduction process. This scenario results in 
better selectivity of CO over HER competing reaction from 
aqueous media. Detailed characterizations of copper based 
bimetallic using XAS are discussed in section 3 of this review. 
Therefore, the investigations of Yang et al. revealed that the per-
formance of electrochemical activity of ordered, semi-ordered 
and disordered AuCu nanoparticles by keeping each metal 
compositions fixed and equal number of moles of atoms on the 
electrocatalyst. Interestingly, they confirmed that the disordered 
AuCu (1:1 atomic ratio) is less active catalyst, which mainly 
generates hydrogen gas, while the ordered one is a better selec-
tive catalyst towards reduction of CO2 to CO by decreasing pro-
duction of H2 evolution (Figure 10b). TEM image (Figure 10c) 
clearly shows the image of ordered, intermediate ordered and 
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Figure 8. a) Faradaic efficiency of Cu NPs versus Cu foil, b) FE of CH4 on Cu NPs and Cu foil, c) current density of CH4 on Cu NPs versus Cu foil,  
d) FE of H2 on Cu NPs versus Cu foil in CO2 reduction within the potential domain. e) Simple reaction mechanism of CO2 reduction to produce CH4 
on Cu surfaces including rate-determining step. Reproduced with permission.[71] Copyright 2014, American Chemical Society.
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disordered nanoparticles of AuCu considering the degree of 
ordering between each nanoparticle. Furthermore, DFT calcula-
tions suggested that the enhanced CO2 reduction activities for 
ordered AuCu intermetallic NPs originates from the formation 
of compressively strained Au over layers that causes enhance-
ment of catalytic activity and selectivity.[34] Mathematically, the 
degree of ordering, i.e., denoted as S can be expressed using 
Equation (9)[34]

1
A A

A

χ= −
−

S
F

F  (9)

where S is degree of ordering, χA is fractions of sites A occupied 
by the “right” atoms, FA is fraction of atom A in the bimetallic. 
If any significant deviation from sharp long-range order causes 

the super lattice lines to be weaker, so in that condition S could 
be detected experimentally by comparing the ratio of integrated 
intensity of a fundamental and super lattice line (which are 
determined from normalized XRD peaks by Gaussian fitting 
of each face) using Lorentz polarizability, structure, and multi-
plicity factor.[34]

b. Morphology of the Surface and Crystal Orientation

Currently, studies have reported the significance of sur-
face morphology (rough and smooth) of copper based electro-
catalysts and it showed that rough Cu surface catalysts could 
enhance the performance and selectivity towards production 
of hydrocarbon (CH4 and C2H4) than the smooth surface for 
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Figure 9. Illustrations of AuCu bimetallic electrocatalysts and the favorable products in CO2ER cause by disordered and ordered atomic arrangements 
of bimetallic atoms.

Figure 10. a) XRD pattern of ordered, intermediate ordered and disordered AuCu bimetallic nanoparticle, (b) FE of H2 and CO on ordered, disordered 
and intermediate ordered AuCu in CO2. c) TEM of ordered, intermediate ordered, and disordered. Reproduced with permission.[34] Copyright 2017, 
American Chemical Society.
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electrochemical reduction of CO2.[41,45,75] This might be the 
number of active sites increase on rough surface compared 
to the smooth one. Product selectivity also depends on single 
crystal copper orientations among which Cu (111) is prefer-
able for the formation of methane as the primary hydrocarbon 
product, whereas Cu (100) and Cu (200) crystal planes are 
favorable for the formation of ethylene.[76,77] According to exper-
imental studies when the roughness degree of copper surface 
is very high, formate is the main instead of hydrocarbons.[77] 
In contrast, other studies reported Cu mesocrystals with Cu 
(111) as the dominant Cu crystal orientation and confirmed 
C2H4 is the main product.[76] These discrepancies show that it 
requires further investigation to understand detailed reaction 
mechanisms via crystal orientation for reduction applica-
tions.[64,75,78,79] Morphology of copper plays a significant role for 
good selectivity and enhancing faradaic efficiency of hydrocar-
bons by establishing different crystal facets containing small 
coordinated active sites like edges, steps and defects.[77,79,80] 
Modification of electrocatalyst surface is very important for 
creation of high energy facets, which becomes and considered 
as an efficient way of enhancing the catalytic activity, selectivity 
and stability of catalysts.

Wang et al.[74] have studied etching effect of copper surface 
for creation of high energy facets nanocrystals for electro-
chemical reduction of CO2 and make a relationship between 
facet surface energy of Cu and its work function (Figure 11). 
According to their intensive investigation, from the three basic 
face structures of Cu, i.e., Cu (100), Cu (111), and Cu (110); 
Cu(110) has the least work function and the highest surface 
energy. The existence of high energy Cu (110) facets makes the 
etched Cu nanocrystals active catalysts for CO2 reductions. This 
idea suggests that forming high energy facets on the surface 
of electrocatalyst refers a promising technique for enhancing 
their catalytic activity. Solvent used for etching on the surface 
of an electrocatalyst, type of etchant species and the addition 
of capping agent have some effects for the quality of etching 
process, which results in variation of selectivity and activity of 
CO2ER. According to the study, the etched copper nanocrystal 
that creates high energy rich facet, i.e., Cu (110), which is more 
stable and selective towards CH4, C2H4, C2H6, and C3H8 than 
the original Cu (100) in the reduction process of CO2. The 
selectivity of CO on Cu (100) is greater than Cu (110), however, 

the overall catalytic activity of Cu (110) is significantly better 
than Cu (100).[74,81]

Considering all the above research ideas related to crystal ori-
entation and surface modification, it is agreed that the etching 
based technology and other modification methods could be 
useful for the preparation of nanocrystals with high energy 
facets or better active sites. Advanced techniques in modifica-
tion of electrocatalyst surfaces not only enhance activity and 
selectivity for CO2ER, but also allow for better exploring the 
reaction mechanism.

2.6. Composition

Numerous structural factors and properties have a great 
impact in electrocatalytic performance of Cu-based catalysts. In 
addition to structural factors, material composition has also a 
significant effect in CO2ER due to its influence on reduction 
rate, activity and selectivity of products. It is known the that 
surface and bulk compositions of Cu–M are different, and can 
be evaluated by using XAS analysis.[82,83]

By changing the compositions of the alloy, it is possible to 
alter the degree of filling of the d band electrons and one can 
observe the effects for catalytic reduction of CO2. Suppose in 
case of Cu–M alloy the substitution of Cu atoms to M metal lat-
tice adds extra electrons to the lattice because Cu has a filled 3d 
band if M has an incompletely filled d band as it is proposed by 
electron band theory. This issue makes the Cu–M composition 
more active in catalysis than monocatalyst M. This might be one 
reason for enhanced catalytic activity of Cu-based alloys. In case 
of pure alloy only electronic factor is harmonized or involved 
for the enhancement of electrocatalytic reduction of CO2. In 
“rigid” model of electronic structure of an alloy there is a single 
d band with no differentiation between atoms with regard to 
chemical bonding properties, which is considered as electronic 
properties. For bimetallic clusters, if one reaction needs a 
surface site consisting of a number of neighbor active metals  
while another requires a site consisting of only one active metal 
atom, the previous will be prone to include inactive foreign 
metal atoms on the surface of composition, when compared 
to the latter one. This indicates there is another property that  
can also affect or enhance the catalysis process in addition 
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Figure 11. a) The three facets of copper expressed in terms of surface energy and work function, b) illustrations of etching effect on Cu (110) that hides 
low energy Cu (100) and activates the high energy Cu (110). Reproduced with permission.[74] Copyright 2016, American Chemical Society.
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to electronic properties. That new property is called geometric 
property, which is originated from bimetallics in which Cu 
based electrocatalysts are applicable in this manner for CO2ER 
to enhance selectivity and activity.[17,83] This issue is an inter-
esting scenario and can be considered as one of the most prom-
ising field of study for future researchers.

According to Yang et al.[8] study bimetallics prepared in 
ordered monolayer are considered as a well-defined platform 
task and forwards to easily understand their fundamental cata-
lytic activity including the reaction mechanism of CO2. There-
fore, the synthesis of monolayer composition of bimetallic or 
monometallic electrocatalyst rather than its bulk is an advanced 
and promising strategy to understand the reaction mecha-
nism, and to identify reduction products during CO2ER.[8] For 
example, the selectivity and activity of AuCu and Au3Cu bime-
tallic are not the same since the electronic and geometric effects 
caused by two compositions are different (even if the overall 
metal loading is equal), and result in different types of products 
and faradaic efficiency in CO2ER.[8,17,34]

In Takanabe and co-workers’ study, CuIn exhibits better 
selectivity of CO formation and retard HER from CO2 reduction 
than individual Cu or In electrocatalyst.[84] Referring the above 
ideas, we advise for future researchers to ensure whether the 
stability, selectivity and other performance of a bimetallic elec-
trocatalyst might or might not be negatively affected, though 
the bimetallic one is expected to have higher activity.

Composition effect in terms of doped catalysts is related to 
the binding ability between the intermediate and the electrocat-
alyst surface, i.e., doping of an electrocatalyst with other foreign 
metal can modify the binding site or the active site of an elec-
trocatalyst. In addition to the tuning of binding sites, doping 
species can enhance the active sites of an electrocatalyst, which 
increases activity and selectivity of reduction products. For 

example doping nitrogen atom in to carbon based material 
performed by ammonia plasma treatment and the carboniza-
tion of nitrogen containing polymer are common activities. 
DFT studies reveal that metal doped porphyrin like graphene 
catalysts are good electrocatalysts for CO2ER.[85] Studies showed 
that Rh, Co, and Ir functionalized graphene can reduce fur-
ther CO into methanol with less overpotential than metal 
electrocatalysts.[82,86]

As a summary of composition we proposed a schematic 
diagram (Figure 12) without DFT calculations for CO2ER on 
different compositions of Au and Cu nanoparticles (Au, Cu, 
AuCu, and AuCu3) in which the binding strength of intermedi-
ates, adsorption ability of CO2 and hydrogen into the surface 
of electrocatalysts and desorption ability of reduction products. 
The existence of different physical and chemical properties on 
the surface of each composition is arising from the electronic 
nature of Au, Cu, and synergistic (electronic and geometric) 
effect of bimetallics, i.e., AuCu and AuCu3. Bimetallic compo-
sition of electrocatalysts can also determine its surface nature 
because the same compositions might have different surface 
property due to various distributions of atoms in the core and 
shell part of electrocatalyst that originates from alloying extent. 
Therefore, alteration of composition affects the surface of 
electrocatalysts and this leads to influence on the binding 
property between reduction intermediates and atoms on the 
electrocatalyst.

When the composition of Cu is dominant it is expected that 
the binding strength of hydrogen is higher and leads to the for-
mation of hydrocarbons and alcohols, which are obtained from 
further reduction of CO and COOH. However, in the bimetallic 
electrocatalyst when the amount of Au is relatively higher than 
Cu, the binding strength of hydrogen, intermediates and CO2 
is weak that results easily desorption of significant amount of 
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Figure 12. Schematic demonstrations for binding strength of reaction intermediates and desorption status of reduction products from the surfaces 
of each electrocatalyst composition.
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CO and COOH without further reduction. Therefore, we can 
conclude that the composition of electrocatalyst attributes the 
tuning of binding energy, which causes the variation of selec-
tivity, activity and stability of the surface in CO2ER due to the 
establishment of different or unequal number of active sites 
arises from synergistic effect, alloying extent, etc., which have 
different roles in the reduction activity.

3. Characterizations of Cu and Its Bimetallic for 
CO2ER

3.1. General Description

Bimetallic nanoparticles are significantly dispersed species 
collected from atoms of two different metal elements. Forma-
tion of bimetallic nanoparticles is an important entities for 
the application of catalysis because it has high surface area 
and dispersion (ratio of atoms in the surface to total atoms in 
bimetallics) tendency.[87] Bimetallic physicochemical properties 
depend on atomic distribution or extent of alloying, segrega-
tion of atoms on the surface, homogeneity, structure and shape 
of nanoparticle. These entire phenomena have a significant 
impact on catalytic activity, selectivity and stability of nanoparti-
cles of an alloy. Knowing the relationship between structure of 
electrocatalysts and the catalytic activity helps to understand the 
reaction mechanisms of catalysis due to the fact that catalysis is 
a highly surface sensitive scenario.[35,36]

Among them, XAS involving X-ray absorption near edge 
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) are considered as preferable and advanced 
characterization techniques of bimetallic and monometallic 
Cu-based electrocatalysts. Qualitative information such as elec-
tronic properties, oxidation state, d-band occupancy, fractional 
d-electron density and structural properties of each atom in the 
alloy can be depicted by XANES, while detailed information 
about the local atomic environment and absorbing atom due 
to the scattering and backscattering of neighbor elements can 
be revealed by EXAFS. The amplitude of EXAFS is proportional 
and refers to the number of nearby atoms, and the change of 
phase with the wavelength of photoelectron, which depends on 
the distance between the backscattering and the emitter atoms. 
EXAFS is also very essential to create structural models and to 
determine the sizes of nanoparticles of the alloy due to its high 
sensitivity to particle size and segregation of surface compo-
sition. However, it is insensitive to size of big particles larger 
than 10 nm and surface segregation of bulk metal alloy.[36,88,89]

Operando and in situ characterization methods are signifi-
cantly useful in exposing or observing catalyst restructuring 
scenario as they can provide physical and chemical information 
under the reaction situations. In a certain phenomenon the 
reconstructed catalysts are subject to additional structural vari-
ation when the catalytic conditions stop. For this reason, oper-
ando characterization is an important task to detect an actual 
catalytically active species during CO2ER.[57,90] In situ XAS 
characterization of electrocatalysts is also important to avoid 
undesired reaction or unnecessary transformation of catalysts 
through oxidation or reduction, which could have occurred 
due to exposure of atmospheric air during ex situ catalysis. 

Therefore, EXAFS and XANES analyses of bimetallics during 
CO2ER are preferable and used to understand the results 
obtained from the relationship between reduction parameters 
and XAS analysis directly. The formation mechanism of sev-
eral bimetallic nanoparticles have been investigated by in situ/
operando XAS, which provides useful information to guide the 
design and synthesis of bimetallic nanocatalysts with various 
structures for targeted reactions like CO2ER.[36,87,91]

Operando, in situ even ex situ characterization of Cu based 
bimetallics in CO2ER has not been investigated and studied 
sufficiently so far. In the future, many researchers will focus 
on the gap for in-depth analysis and to propose catalytic mecha-
nisms of bimetallic electrocatalysts of CO2ER.

3.2. Structural Models for Cu–M Bimetallic Nanocatalysts  
Established by XAS

Qualitatively atoms in bimetallic/alloy can exist in various ways 
of structural models such as cluster-in-cluster, core-shell struc-
ture, alloy with an intermetallic compound type, random alloy, 
etc. In addition to qualitative analysis, Hwang et al.[35] have 
investigated the atomic distribution of each atom using XAS 
in alloy, which is denoted as A-B by estimating the number of 
coordination number of each atom (i.e., A in terms of B and B 
in terms of A) compared to total number of coordination.[35,92,93] 
Formulating structural parameter of XAS is a powerful way to 
determine distribution of atoms, i.e., extent of alloying (JA and 
JB) in AB system. Therefore, using the structural parameters 
the following mathematical expressions are applicable
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where NA-B is ratio of scattering atoms B coordination 
number around absorbing A atom; NB–A is ratio of scattering 
atoms A coordination number around absorbing B atom; 
∑NA–i is the total coordination number of absorbing atom A; 
∑NB–i is the total coordination number of absorbing atom B; 
Prandom = Rrandom = 0.5 for ideal alloy in the ratio of A-B (1:1); 
and JA and JB are extent or distribution of alloying for atoms A 
and B respectively in alloy A–B.

Suppose, if the ratio of an alloy A–B is perfectly (1:2) 
then, Prandom = 0.67 and Rrandom = 0.33, while 2NA–A =  NA–B, 
NB–B = 2NB–A, which is calculated using the above formulae. 
Therefore, the structural models can be proposed based on the 
structural parameters obtained from XAS (EXAFS) and extent 
of alloying, which is computed using Equations (11)–(14). 
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Accordingly, the specified cases, there are seven possible struc-
tural models indicated in Figure 13, but it is possible to establish 
unlimited possible cases regarding the extent of alloying based 
on real parameter/conditions. The seven possible cases are indi-
cated below and each model is concisely shown under the figure.

All structural models influence the catalytic activity due to 
alterations of physic-chemical properties of nanoparticles. By 
considering extent of A and B in alloying, the nature of metallic 
interactions is an important scenario in equilibrium state. The 
other cases of metallic interactions are: HA–A (homoatomic inter-
action of atom A), HB–B (homoatomic interaction of atom B), 
HA–B or HB–A (heteroatomic interaction of A and B). Therefore, 
by considering all the above-mentioned parameters and infor-
mation it is possible to clarify the seven cases one by one.[35,92,94]

✓ Case 1: JA = JB = 0, indicates atoms A and B do not involve in 
alloy formation, instead they form an independent or phase-
separated cluster (Figure 13a).

✓ Case 2: JA = JB = 100%, implies both A and B are fully partici-
pated in alloy formation (Figure 13b).

✓ Case 3: JA < 100% and JB < 100%. In this case homoatomic 
interaction is more preferable than heteroatomic interactions 
(Figure 13c).

✓ Case 4: JA > 100% and JB < 100%, this pointed out that both A 
and B prefer atom B than A (Figure 13d), implies segregation 

of B is dominant, and vice versa will happen if JB > 100% and 
JA < 100%.

✓ Case 5: JA >  100% and JB >  100%, this specifies that het-
eroatomic interactions (A–B) are more preferable than 
homoatomic (A–A) or (B–B), which means enhancement of 
distributions of both atoms (Figure 13e).

✓ Case 6: JA < 50% and JB < 50%, in this case atom A can act as a 
core while B is a shell also implies that the total coordination 
number of atom A is higher than that of B (Figure 13f).

✓ Case 7: JA = 200% and JB = 200%, tells that atom A prefers 
B or atom B prefers A, which results in an onion ring like 
structure model of an alloy (Figure 13g).

According to the cases mentioned, Hwang’s team has com-
pared the extent of alloying of his established structural model to 
the actual prepared bimetallic alloys such as Pd–Au, Pd–Pt, and 
Cu–Pd, which are selected from other literatures.[36,87,88,91,95,96] 
The structural model offers an applicable and experimentally 
agreeable approach to correlate the actual electrocatalytic per-
formance with the coordination numbers and alloying extent of 
bimetallic elements in bimetallic nanoparticles.

Hwang et al.[35] have also studied the alloying extent of Pt–Ru 
(1:1) including qualitative and quantitative analysis of an alloy via 
EXAFS of Pt L3-edge and Ru K-edge based on the model struc-
ture established by the group (Figure 14a), also they compared 

Adv. Mater. Interfaces 2018, 1800919

Figure 13. Illustrations of structural models of alloy/bimetallic nanoparticles at different extent of alloying or degree of alloying in terms of each case. 
Reproduced with permission.[35] Copyright 2005, American Chemical Society.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800919 (16 of 34)

www.advmatinterfaces.de

the parameters to literatures or references. From JM30 Pt–Ru/C 
catalyst, the calculated coordination numbers of Pt and Ru 
around Pt were 5.6 ± 0.3 and 1.4 ± 0.1 respectively with total 
coordination number of Pt 7, while the coordination number of 
Ru and Pt around Ru were 3.4 ± 0.2 and 2.2 ± 0.3 respectively 
with total coordination number of Ru 5.6. Furthermore, the cal-
culated Pobserved and Robserved of JM30 Pt–Ru/C were 0.2 and 0.39, 
respectively, and its JPt and JRu were calculated and were 40 and 
78%, respectively. Additionally, the same type of computations 
with different values of all parameters obtained for the catalyst 
E-TEK 30 Pt–Ru/C (Figure 14b). In this composition the coordi-
nation numbers of Pt and Ru around Pt are 6.2 ± 0.3 and 0.9 ± 0.1  
respectively with total coordination number of Pt 7.1, while coor-
dination numbers of Pt and Ru around Ru were 3.7 ± 0.2 and 
1.2 ± 0.2 respectively with total coordination number of Ru 4.9,  
and its JPt and JRu were 26 and 48% respectively. Since the total 
coordination number of Pt in both catalyst is higher than that 
of Ru, and JRu > JPt indicates catalysts were Pt rich in the core 
and Ru rich in the shell structure as clearly shown in Figure 14.  
Increased JPt and JRu in JM 30 catalyst compared to E-TEK 30 
indicates that it has facilitated atomic distribution in the alloy 
and confirms enhancement of homogeneity of nanoparticles 
(Pt and Ru) and its catalytic ability than E-TEK 30 Pt–Ru/C.

This scenario is assured by analyzing oxidation of methanol 
and CO stripping voltammetry on both bimetallics, which 
results JM 30 can oxidize CO at low onset potential and also 
generate higher current density at the same potential via chrono-
amperometry than E-TEK 30 catalyst.[35,36] In short, according to 
the above results it is possible to say the catalyst JM 30 Pt–Ru/C 
is electrocatalytically better than E-TEK 30 Pt–Ru/C. The impli-
cation is JM 30 is a superior tendency for oxidation process. It is 
also expected that the alloying extent or atomic distribution in 
bimetallic nanocatalysts will also play important role in CO2ER.

3.3. Surface Composition and Characterization of Bimetallic 
Electrocatalysts

In addition to the alloying extent and structure, knowledge 
of both the surface composition of bimetallic nanoparticles  

(bi-MNPs) is also important in catalysis; and 
understanding of the phenomena occurring 
at the particle’s surface is crucial. Several 
theoretical approaches using thermodynamic 
models, or first-principles calculations, have 
been used to predict the surface composi-
tion of bi-MNPs. As the surface composition 
of bi-MNPs depends on their size, structure, 
bulk composition, substrate interaction, and 
preparation conditions it is very difficult to 
theoretically predict the surface composition 
of bi-MNPs. Although several experimental 
methods have been developed, determining 
the surface compositions of bi-MNPs (and 
even bulk alloys) remains problematic. 
Surface-sensitive techniques such as elec-
tron spectroscopy for chemical analysis, sec-
ondary ion mass spectrometry (SIMS), ion 
scattering spectroscopy, X-ray photoelectron 

spectroscopy (XPS), and Auger electron spectroscopy (AES) 
have given reasonably good estimates of the surface composi-
tions of bulk or thin- film alloys. However, these techniques 
have severe limitations when used to analyze the surface com-
positions of bi-MNPs. For example, due to the escape depth 
of the Auger electrons and photoelectrons, the application of 
AES and XPS to particles with diameters of 30 nm is restricted. 
Although SIMS offers depth information in the range of  
10 to 20 nm, it does not provide the spatial resolution of electron 
beam techniques such as SEM and TEM. In addition, these 
techniques are destructive, thus the nanoparticle’s surface com-
position or structure may be changed during analysis. Infrared 
spectroscopy and selective chemisorption can be employed to 
determine the surface compositions of some specific bi-MNPs. 
Moreover, it is hard to extend these two techniques to other 
bi-MNPs systems due to lack of system specific adsorbates. 
Hwang’s group recently proposed a general methodology by 
combining extended EXAFS analyses and modeling calcula-
tions. The proposed methodology enables us to deduce the sur-
face composition of bi-MNPs from experimental data directly 
and to estimate the surface composition under real conditions. 
The ability of the present approach makes it a unique tool in 
our quest to understand the physical and chemical properties 
of NPs.[35,36,87,96]

By knowing only the basic crystal structure (fcc, bcc, etc.) it 
is possible to write the equations for the surface compositions 
of bi-MNPs in terms of measurable quantities. The method-
ology was demonstrated using bi-MNPs with an fcc structure. 
The equations for surface composition (Xs

A, Xs
B) of an A-B bi-

MNPs system with an fcc structure can be given as follows
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Figure 14. Structural models for Pt–Ru/C catalysts based on XAS parameters: a) a 20% 
Pt/10% Ru supplied by Johnson-Matthey (JM 30), and b) a 20% Pt/10% Ru supplied by E-TEK  
(E-TEK 30). Reproduced with permission.[35] Copyright 2005, American Chemical Society.
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where ∑NA–i and ∑NB–i represent the total coordination numbers 
around absorbing atoms A and B, respectively. We can determine 
the total coordination numbers of A and B, ∑NA–i, and ∑NB–i, 
from EXAFS measurements, and the bulk composition (x) from 
the edge jump in XANES measurements. In order to obtain the 
sample’s precise surface composition, it is necessary to ensure 
that it is free from secondary phases such as oxides during XAS 
measurements. Once ∑NA–i and ∑NB–i are determined, the 
surface composition of the nanoparticles can be obtained from 
Equations (15) and (16). The developed methodology has been 
successfully demonstrated in various systems. The method can 
be not only used to characterize the surface compositions of var-
ious bi-MNPs under reaction conditions but also be extended to 
ternary nanoparticles.[35,36] By harmonizing those principles, it is 
predicted and expected that the above alloying extent and surface 
composition analyzed by XAS are also applicable to other bime-
tallic such Cu-based electrocatalysts for CO2ER.

For analysis of Cu and Cu-based bimetallic electrocatalyst, 
XRD can clarify the characteristic pattern of each atom in alloy 
or as monometallic crystal phase while EDX and XPS can reveal 
the composition of nanoparticles with further information of 

electronic property obtained from XPS.[8,36,97] There are lots of 
types of characterizations that can provide information about 
the structure and order-disorder transformation scenario. Yang 
et al. have synthesized and investigated ordered and disordered 
arrangements of AuCu nanoparticles using high-angle annular 
dark field (HAADF)-scanning transmission electron micros-
copy (STEM) for the purpose of CO2 reduction. It is identi-
fied that in the ordered arrangement of the alloy, layer of three 
atoms of gold in the ordered lattice are obtained in addition to 
the whole ordered phase crystal structure throughout the inter-
metallic surface (Figure 15a–e). The intensity profiles of Au and 
Cu have also shown in HAADF-STEM images (Figure 15f,g).[36]

Yang et al. in their another research topic they studied to 
know the structure of ordered and disordered AuCu nanopar-
ticle using EXAFS by analyzing Cu K-edge and Au L3-edge 
(Figure 15h,i).[34] Both Cu K-edge and Au edge revealed the 
ordered structure have larger amplitude at the first shell scat-
tering than the disordered one.[34] Interestingly, at 3rd and 4th 
shell scattering of Cu K-edge, which is indicated in the radial 
distance between 4–6 Å detected clearly and that shows the 
unique property of multiple scattering on Cu metal. This 

Adv. Mater. Interfaces 2018, 1800919

Figure 15. Aberration-corrected HAADF-STEM a) images of single lattice of ordered AuCu, b,c) wide images of ordered AuCu using HAADF-STEM 
projections, d,e) magnified from (b) and (c) images, f) intensity profile from image a indicates the larger intensity is Au while small one is Cu,  
g) average intensity profile from the inner to outer surface indicated at image (b) for arrows A and B, and the gap between separation between strong 
intensity refers to Au. h,i) Cu K-edge and Au L3-edge from peak XAS (EXAFS) of ordered and disordered AuCu NPs. Reproduced with permission.[34] 
Copyright 2017, American Chemical Society.
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property might be the possible reason for reduction of CO2 into 
various types of products on AuCu NPs. Disordered structure 
of each edge on AuCu was characterized by small amplitude, 
destructive interference and multiples of scattering paths at 
different lengths. Therefore, the final findings for analysis 
of ordered AuCu by XAS and HAADF-STEM leads to the 
coordination environment surrounding both atoms (Au and 
Cu), which indicates that Au has less coordination number 
(relatively uncoordinated) than Cu at each lattice.[34,87,98] This 
implies that ordered AuCu has high coverage of Au atoms 
and easily exposed for reduction of CO2 and results in better 
catalytic ability than the disordered alloy. Therefore, structural 
arrangement of atoms in electrocatalysts has a great role in 
selectivity and activity in CO2ER.

Ma et al. have investigated Cu and Pd distribution using 
EXAFS and XANES in bimetallic of both Pd85Cu15 and Pd56Cu44 
compositions, which are prepared for selective CO2ER into CO 
(Figure 16). In XANES spectra of Pd K-edge both Pd foil and Pd 
atoms from both bimetallic have similar features (Figure 16a), 
which indicate that the dominant amount of Pd atoms in both 
bimetallic compositions. However, Cu K-edge (Figure 16b) in 
XANES spectra depicts there is an oxidation of Cu into CuO 
and Cu2O. This is because Cu NP is susceptible for oxidation 
in air or in aqueous media. The degree of oxidation is signifi-
cant at Pd56Cu44 due to higher amount Cu existed in Pd56Cu44 
than Pd85Cu15. To be familiar with the structure of PdCu 

bimetallic in both compositions, EXAFS spectra at Pd K-edge 
(Figure 16c,e) and Cu-K edge (Figure 16d,f) are essential. In the 
first coordination shells of both bimetallic compositions Pd can 
be influenced by scatterings of PdO while Cu is influenced 
by CuO. According to this result one can predict and perceive 
that the absence of PdO bond on Pd85Cu15 would probably 
due to less amount of Cu leads to less susceptible to oxygen to 
form copper oxides implies insignificant impact on Pd to form 
PdO. However, in case of Pd56Cu44 there is more Cu, poten-
tially it forms significant amount of CuO, which contributes 
to form a bond with Pd for the formation of PdO.

EXAFS peaks confirm that Pd atom are enrich in the envi-
ronment due to the higher amount of ratio of NPd–Pd/NPd–Cu 
and NPd–Cu/NCu–Cu than composition of Pd/Cu due to some 
amount Cu is occupied with oxygen. When the composition of 
Cu increases the scattering of Pd–Cu and Cu–Cu is higher. The 
selectivity of CO2 reduction to CO using Pd was 16%, but the 
selectivity drastically increases to 86 and 73% using Pd56Cu44 
and Pd85Cu15 respectively at −0.89V versus RHE. This scenario 
helps to explain why bimetallic are highly selective electrocata-
lyst in CO2ER than monometallic catalysts at specified potential 
in which the expected and interested reduction product is 
formed.[56,91]

Camilo et al. have studied in situ XAS analysis of XANES 
and EXAFS spectrum of Cu K-edge for the electrocatalysts of 
Cu2O–Cu/C and Cu4Sn/C for the aim of selective CO2ER into 
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Figure 16. XANES spectra of a) Pd K-edge, b) Cu K-edge in Pd56Cu44 and Pd85Cu15 bimetallic compositions after heat treatment with H2, c) Pd K-edge, 
d) Cu K-edge of Pd85Cu15, e) Pd K-edge, and f) Cu K-edge of Pd56Cu44 from EXAFS peaks. Reproduced with permission.[91] Copyright 2016, Elsevier Ltd.
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CO. During in situ analysis, CuO, Cu2O and Cu(OH)2 are used 
as references materials (Figure 17). From XANES peak depicted 
in Figure 17a, it is reported that at open circuit potential (OCP) 
the prepared electrocatalyst (Cu2O–Cu/C) is similar to Cu2O, 
but when the potential swift from OCP to −2 V there is altera-
tion of Cu2O into Cu metallic state and becomes similar to 
the reference materials. The same pattern appears at EXAFS 
(Figure 17b) confirms the transformation of CuO bond to 
CuCu metallic bond upon the potential change. This transfor-
mation of electronic states of Cu from the as-prepared Cu2O to 
Cu metallic form indicates there was CO2 reduction during in 
situ XAS process with in specified potentials because metallic 
form of Cu can reduce CO2 easily than Cu oxides. Significant 
change was not observed in the XANES of Cu K-edge for Cu4Sn 
(Figure 17c). However, in the EXAFS of Cu K-edge intensity of 
CuO bond is too low and the bond length of CuCu from 
Cu4Sn is shifted slightly to higher value compared to the bond 
length of CuCu from Cu-foil. This indicates there is a ten-
sile strain at CuCu bond from Cu4Sn, which is an important 
scenario causing strain by inserting Sn atoms. Another inter-
esting scenario in Figure 17d depicted decreased intensity 
of CuO and increased CuCu intensity when the potential 
was increasing from OCP to −2V. The observation indicates 
that initially the as-prepared Cu4Sn was covered by oxides and 
then gradually it was eliminating and metallic Cu and Sn were 
replaced (gradually CuO was decreased and replaced with Cu 
and Sn) with alterations of applied potentials via in situ XAS 
process in CO2ER at OCP, −0.7, −1, −1.5 and, −2 V.[96]

Highfield et al. have prepared RuCu bimetallics via variation 
of annealing temperature for the purpose of CO2ER and char-
acterized the alloy by XAS. Among three prepared composi-
tions (Ru22Cu7, Ru17Cu12.5, and Ru10Cu20), which is analyzed by 
XANES of Cu K-edge the level of oxidation of Cu is significant 
at Ru22Cu7, which implies that majority of Cu can exist in the 
form of Cu(I) oxidation state, i.e., it resembles the reference of  
Cu2O. Upon increasing annealing temperature with H2 the 
oxidation state decreases due to the reduction of Cu2O into Cu 
metallic state. Ru K-edge (not shown here) explains the degree 
of oxidation of Ru at Ru10Cu20 is slightly higher than Ru22Cu7, 
but the effect of annealing temperature is insignificant for vari-
ation of oxidation state of Ru.[95]

UV–visible spectroscopy is also an important analytical tool 
to characterize alloy nanoparticles with surface plasmonic 
characteristics. From research of Yang et al. it is revealed that 
binding energy of each bimetallic and monometallic compo-
sitions (Figure 18a) a characteristic XPS peaks (Figure 18b) 
and characteristic plasmon resonance peaks at specified wave 
length, i.e., ≈523 and ≈570 nm (Figure 18c) for confirmation 
of each atom in all compositions and to understand change 
of binding ability through variation of compositions of atoms. 
Absorbance peaks of UV-visible spectroscopy for bimetallic 
(Au3Cu, AuCu, and AuC3) are in between Au and Cu monome-
tallic electrocatalysts. While changing compositions of atoms 
in monometallic and bimetallic, the appearance and disappear-
ance of absorbance peaks indicates that each composition has a 
characteristic UV-visible spectrum peak.[8]

Adv. Mater. Interfaces 2018, 1800919

Figure 17. In situ XAS analysis of a,b) Cu K-edges of XANES and EXAFS spectra from Cu2O–Cu/C, and c,d) Cu K-edge XANES and EXAFS spectra of 
Cu4Sn. Reproduced with permission.[96] Copyright 2017, Sociedade Brasileira de Química
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4. Reduction Mechanisms of CO2ER

4.1. Overview of Reduction Mechanism

Even though there are plenty of mechanisms of CO2 electrore-
duction, which have been proposed by various researchers, 
we have concisely compiled in this review the most inter-
ested, recent and reasonable ideas that agree to experimental 
approach using Cu and its bimetallic.

Investigations of CO2ER mechanism via metal electro-
catalysts specially on Cu surface is so far in infancy stage, 
however, it has been proposed numerous possible reduc-
tion steps and pathways better than other metal electrocata-
lysts. Consequently, intensive theoretical and experimental 
studies must be performed to discover the most appropriate, 
acceptable and reasonable reaction mechanisms. Many 
researchers have been predicted the possible mechanisms 
based on their experimental/theoretical views and DFT 
calculations. However, the reaction mechanisms are still 
under in controversial and debate due to different proposed 
ideas by various researchers.[17,49,51,99]

Some researchers have tried to explain the type of prod-
ucts obtained corresponding to each electrocatalyst including 
adequate description for the relationship between reduction 
intermediates and final products in CO2ER. Variation of reduc-
tion products is mainly due to the binding strength between 
intermediates and the catalyst, which can be determined 
or proposed with or without DFT calculations that depends 
on the argument or the hypothesis of the researcher related 
to the whole processes of the experimental activity and the 
findings.[10,26,100]

4.2. Proposed Reductions Mechanisms from Selected Literatures

Ren et al.[10] have explained the reaction mechanism for con-
version of CO2 into C2H4 and C2H5OH upon enhanced cou-
pling of CC bond formation from combination of C1 species 
on the surface of Cu through electron transfer, hydrogenation, 
adsorption in the form of CO and eventually the adsorbed CO 
further reduced to CH4 and C2HxO2 intermediates to obtain 
the final product (C2H4 and C2H5OH). Peterson et al.[101] have 
newly investigated many different reaction paths via density 
functional theory by identifying the common reaction interme-
diates by selecting the low energy electrochemical conversion 
of CO2 to CH4 on Cu(211) surface, which are mentioned in 
Equations (17)–(24)

CO * (H /e ) COOH*2
++ + →−  (16)

COOH* (H /e ) CO* H O+
2+ → +−  (17)

CO* (H /e ) CHO*++ →−  (18)

CHO* (H /e ) CH O*+
2+ →−  (19)

CH O* (H /e ) CH O*2
+

3+ →−  (20)

CH O (H /e ) O* CH3
+

4+ → +−  (21)

O* (H /e ) OH*++ →−  (22)

OH* (H /e ) * H O+
2+ → +−

 (23)
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Figure 18. a) Binding energy taken from Surface valence band photoemission spectra of all types of compositions of (Au, Au3Cu, AuCu, AuCu3, and 
Cu) with respect to center of gravity shown the white line it reveals binding ability of electrocatalysts, b) XPS spectra, and c) UV–visible absorbance 
peak of all bimetallic and monometallic atoms of Au and Cu. Reproduced with permission.[8] Copyright 2014, Springer Nature.
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The * refers to the adsorbed intermediate or active site of the 
electrocatalyst surface, which is represented as CxHyOz* where 
x = 0 or 1, y = 0–4, z = 0–2. Among all reaction steps mentioned 
above, the third one (Equation (19)), which requires high posi-
tive change of free energy, is confirmed as a step that needs large 
overpotentials for electroreduction of CO2 and is indicated as a 
rate determining step.[101,102] Therefore, understanding of the 
nature of adsorption, change of binding energy through analysis 
of electronic structure in terms of charge density, local density of 
states, atomic charge, etc., in the absence or presence of adsorb-
ates helps to predict the reaction mechanism of CO2 reduction.

Hirunsit et al. and others,[102–104] have also investigated elec-
troreduction of CO2 on copper based alloys (Cu3Ag, Cu3Co, 
Cu3Ir, Cu3Pt, Cu3Rh, Cu3Pd, Cu3Au, and Cu3Ni) into methane 
and methanol with brief reaction steps and paths by DFT 
calculations. In general, their DFT calculations have shown the 
protonation of CO2 to form HOCO*, then HCOOH is obtained 
from protonation of HOCO* or CO* in aqueous media. In 
other way, the conversion of CO* to HCO*/COH* is conducted 
and eventually the formation of methane and methanol from 
these intermediates can be carried out. Other research inves-
tigations revealed by DFT calculation of the kinetic barrier of 
CO2 reduction that shows the selectivity step for methane 
versus methanol on Cu(111) occurs with hydrogenation of 
CO* to COH*, which yields either CH4 or C2H4 while CHO* 
produces CH3OH. In other research views and understanding, 
once COH* is formed, and then reduced to C*, and finally con-
verted to CH4 and C2H4 through dimerization of CC coupling 
without electron transfer.[51,102,103,105–107]

Lu et al. have studied types of products obtained in CO2 
reduction corresponding to each transition metal catalyst mainly 

in the formation of formic acid. They proposed (Figure 19)  
the general reaction paths using different metal catalysts 
required for each reduction products with brief identification of 
reaction intermediates.[43,100,103]

Furthermore, other researchers also describe based on DFT 
calculations in which the reduction of CH2* to CH3* is a poten-
tial barrier for the formation of ethylene. On the other hand, 
selective formation of CH4 and C2H4 depends on morphology 
(crystalline structure) of copper metals.[85,107,108] Others depicted 
that production of both CH4 and C2H4 is kinetically and ther-
modynamically favorable from CH2* intermediate via Cu(211) 
surface by considering CH4 is a favorable product.[51,53,103,105,106] 
Therefore, from many investigations CH2* is a common reac-
tion intermediate for the formation of both CH4 and C2H4.

Xie et al. have investigated the reduction mechanism of CO2 
into CH4 and then C2H4 is formed through two steps. Initially, 
CO is formed before obtaining CH4 and eventually converted 
into C2H4 by the help of dimerization.[109] Among many inter-
mediates and products, formic acid is one of the common 
products of CO2 reduction on Cu surface. However, many 
studies have investigated that formic acid cannot be reduced to 
other products, suggesting that the reduction pathway toward 
formic acid is thus different from hydrocarbon formation pat
hway.[44,53,108,110,111]

Hori et al. explained some parameters that affect CO2ER 
during the formation of methane and ethylene. The formation 
of CH4 from CO is pH-dependent. In addition, the formation 
of ethylene is more favorable at less negative potential without 
simultaneous formation of CH4 on copper surfaces. Inde-
pendent experimental studies and DFT calculations by Hori 
et al. and Kortlever et al. proposed the reduction mechanisms 
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Figure 19. Reduction pathways of electrochemical reduction of CO2 on various types of electrocatalyst for the corresponding, reduction products and 
reaction intermediates. Reproduced with permission.[100] Copyright 2014, John Wiley and Sons.
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of CO2 to the perspective products like methane, ethylene, 
methanol, formate and ethanol, which are shown schematically 
in Figure 20.[110,112] Nie et al. have also proposed the general 
reaction mechanism of CO2 reduction on Cu(111) into COOH, 
CO, CH3OH, CH4, and C2H4 via the formation of COH* and 
CHO* intermediate both originated from CO*.[51]

Kuhl et al. have revealed the formation of the possible C1, 
C2, and C3 hydrocarbons and its derivatives with predicted 
reduction mechanism of CO2ER on Cu surface. Plausible reac-
tion mechanism (not indicated the graph) has been proposed 
to perceive the formation of C2 and C3 compounds and also to 
understand which species are involved to establish CC bond 
to produce those C2 and C3 molecules such as ethylene and 
propylene in the reduction process. In each electrochemical 
reaction step there is protonation of 2H+ and transfer of two 

electrons to replace hydroxyl group by hydrogen for further 
reduction of reaction intermediate species. However, it is not 
clear which C1 or C2 species is responsible to form CC cou-
pling for the formation of C2 or C3 compounds.[17,102,113]

Peterson et al.[102] have established an elegant method based 
on the computational hydrogen electrode (CHE) model inte-
grated with DFT calculations to answer how copper catalyzes 
uniquely to generate various reduction products from CO2. 
Why copper need a large over potential to reduce CO2? Other 
questions were also addressed in this investigation. Using the 
above model techniques, pathways of electrochemical reac-
tion, the potential requirement and estimation of free energy 
for each intermediate state have been manipulated. The CHE 
model was applicable for many different intermediates on 
Cu(211) surface through the reduction process of CO2 in which 
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Figure 20. Electrochemical reduction mechanisms of CO2 on Cu electrocatalysts: a) formation of CO and CH4 indicated by the blue arrow while formate 
is by orange color; b) formation of C2H4 and ethanol from CO2ER indicated by gray and green arrow, respectively; c) formation of formate via insertion 
of CO2 into metal-H, which is indicated by purple color. The red and black color species indicate reactants (products) and adsorbates respectively in 
CO2ER. Reproduced with permission.[110] Copyright 2015, American Chemical Society.
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it is confirmed that the possible and lowest energy pathways 
are detected for major products (CO, HCOOH, CH4, and C2H4) 
with respect to the applied potentials. The smallest negative 
over potential for the formation of each product in the reaction 
pathway is assumed as exergonic or downhill in free energy, 
which is considered as the limiting potential, i.e., the first esti-
mate of the onset potential for each intermediate or product. 
In this modeling technique transfer of proton and electrons are 
carried out for each electrochemical step.[17,53,102,113]

Other research investigations supported by DFT calculation 
of the kinetic barrier of CO2 reduction that results the selec-
tivity step for methane versus methanol on Cu(111) occurs with 
hydrogenation of CO* to COH*, which yields either CH4 or 
C2H4 while CHO* produces CH3OH. In other research views 
and understanding, once COH* is formed then it further 
reduced to C*, and finally converted to CH4 and C2H4. The 
reduction of CO* to COH* or CHO* depends on the forma-
tion of OH and CH bond respectively on the surface of Cu. 
Another proposed reaction path revealed by another research 
group differs from the previous reaction mechanisms for the 
formation of methane which is obtained through CH2O* and 
CH3O* reaction intermediates.[51,102,103,105–107]

Studies revealed that mechanism and speed of generation 
of CHO* with respect to COH* mainly depends on structure 
of Cu surface and solvation models of water (water solvated 
model or H-shuttling model), but the role of water is different 
during the formation of CH and OH bond for methanol 
and methane production through further reduction of CO,[105] 
as depicted in Figure 21. For all reduction reactions the possible 
participation of water molecule in hydrogenation process is 
revealed by water solvated and H-shuttling steps (Figure 21a,b). 
In water-solvated model, water molecule is available to solvate 
the conditions or states through the reaction path, however, the 

H-shuttling reaction occurs through direct transfer of surface 
H* to B* (reduction intermediate). The establishment of polar 
OH bond is stabilized via electron transfer by the help of 
proton shuttling process obtained from water (Figure 21b). In 
this step H-shuttling process has less activation energy. How-
ever, the CH bond, which is classified as weak polarity and, 
this phenomenon leads the barrier of activation increased by 
H-shuttling (Figure 21a). This CH bond needs direct surface 
contact and interaction with carbon and hydrogen on transi-
tion state. The following point is to describe how methanol and 
methane are formed from the corresponding intermediates. In 
the transition state, the formation of methanol is accompanied 
by the principle of H-shuttling assisted model (Figure 21c), 
while the formation of methane via water solvated model 
(Figure 21d). Accordingly research findings formation of meth-
anol can also conducted via reduction of methanediol, which 
results from the reduction of CO2 and it is considered as the 
hydrated form of aldehydes specifically formaldehyde.[51,105,106] 
Recent investigations also showed that the selective reduction 
mechanisms of CO2 to C1 and C2 products like CH4 or C2H4 
is still a little vague to understand well, however, it is clear 
that these compounds are formed at higher potential than the 
potential needed to produce CO and others.[51,103,107]

Considering various mechanisms from different research 
articles and papers we have compiled the general, brief and 
meaningful paths of reaction mechanism (Figure 22) of the 
above reduction products of CO2 (CO, HCOOH, CH4, CH3OH, 
HCHO, and C2H4) on Cu and other metals surface from var-
ious literatures without considering density functional theory 
calculations. From our general and concise proposed reaction 
mechanism or scheme, formate and CO are produced initially 
when binding between intermediate and electrocatalyst sur-
face is not strong enough while in the case of strong binding 
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Figure 21. Formation of CH and OH bond via hydrogenation process and H shuttling through water on the surface of metal catalyst respectively. 
a) reduction of CO to CHO via CH bond formation, b) reduction of CO to COH via OH bond formation. Reduction of methoxy intermediates for 
c) the formation of methanol via H-shuttling model and d) formation of methane via water solvated model, (a) and (b) depict water solvated and 
H-shuttling models respectively with reaction intermediate (B*).
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interaction the intermediate retains on the surface for a longer 
time and leads to further reduction undergone to convert into 
alcohols and hydrocarbons. There are two paths due to the for-
mation of OCH* (path I) and COH* (path II) intermediates, 
which represent formation of methane and methanol respec-
tively, as shown in the schematic Figure 22.[17,49]

5. Selected Reduction Products in CO2ER on Cu 
and Its Bimetallic

5.1. Cu as Monometallic Catalyst

As we have been mentioned before Cu is one of the cost- 
effective electrocatalysts that have versatile forms, such as nano-
particle, Cu-foil, Cu alloy, nanowire, nanofoam, unmodified 
bare Cu, Cu mesocrystals, modified Cu which can be performed 
via processes such as oxidation, ultrasonic treating, plasma 
activation, electrochemical deposition of Cu on substrates and 
many other techniques. Cu NP is one of the most common 
and can be prepared and/or treated using different techniques 
including colloidal routes, spray pyrolysis, vapor deposi-
tion, laser ablation, hydrothermal routes, chemical reduction,  
co-precipitation, impregnation reduction, redeposition, 
sputtering, electropolishing, anodization, and photodeposi-
tion techniques.[41,63,80,114,115] Electroredeposition is another 
technique to realize the stability of Cu+ oxidation state at high 
negative potential, which is preferable for enhanced catalytic 
activity of CO2ER for the formation of hydrocarbons specifically 
ethylene.[115] The formation of its bimetallic with other transi-
tion metals is a common technique for modification of Cu and 
its derivatives to prepare new forms of catalyst species such as 
Sn–Cu, Ni–Cu, Pd–Cu, Au–Cu, etc., which can catalyzes CO2 
better than individual atoms.[17,18,38,116]

Recently, Zhou et al.[115] have investigated intensively in new 
insight through modification of the local environment of Cu by 
doping boron to tune the oxidation state of Cu. The modified 
Cu electrocatalyst shows an excellent site activity and stability 

(≈40 h) for CO2ER and results in the maximum faradaic effi-
ciency (77–81%) recorded so far for the formation C2 hydrocar-
bons by suppressing C1 and liquid products. The simulations 
revealed that the capability of tuning the oxidation state of Cu 
is an important scenario to control over CO adsorption and also 
dimerization of two C1 products to form C2 hydrocarbons (spe-
cifically ethylene).

In the reduction process of CO2 on Cu-based electrocatalyst 
the amount of reduction product is highly dependent on over-
potential. In general perspective at high potential (>−1.0 V vs 
RHE) HER and formations hydrocarbons are dominant com-
pared to formation of others main products. However, from 
different researchers’ results it is revealed that the formation 
of CO and HCOOH is decreasing when the overpotential is 
higher and higher. Production of alcohols starts around −0.8 V 
versus RHE and the efficiency becomes low at higher poten-
tial (>−1.2 V vs RHE). Although activity of HER at high over-
potential is dominant, it is also the predominance product at 
the lowest overpotential before the formation of CO and for-
mate begins.[8,17,46,102,113] Therefore, to minimize the competi-
tive reaction of CO2ER like HER, it is recommended that the 
applied potential should be as small as possible by maintaining 
the efficiency and effectiveness of an electrocatalyst regarding 
the reduction activity.

The reduction products, applied potential and electrolyte 
solutions used in CO2ER on Cu surface in different forms and 
using different supporters of electrocatalyst are summarized 
in Table 1. Even though H2 is considered as a side reaction 
product, which is competing against the reduction process of 
CO2, its faradaic efficiency is included in the table to identify 
better selectivity from various electrocatalysts. The identifica-
tion is very important for future researchers to select the right 
way of preparation of Cu electrocatalysts based on the product 
required from the reduction process.

From the above table we can understand that the selectivity 
and FE of products of electrochemical reduction of CO2 depend 
on the modification method and supports used during the 
preparation of Cu nanoparticles. Generally, hydrocarbons and 
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Figure 22. General proposed reaction mechanism of electrochemical reduction of CO2 on metal electrodes in aqueous solutions and the formation 
paths for main C1 products during the reduction process. M refers to metal catalyst, and blue color represents reduction products.
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Table 1. CO2ER on different forms of monocatalyst Cu with FE% of products and electrolyte solution at specified applied potential.

S.N. Catalyst Applied Potential Electrolyte Reduction Product (FE%) Ref.

1. Cu NPs −1.25 V vs RHE 0.1 m NaHCO3 CH4(≈77%), H2(25%) [71]

2. Cu(NPs) −1.1 V vs RHE 0.5 m KClO4 CO(≈36%),H2(≈30%),CH4(≈2%), C2H4(≈35%) [77]

3. Cu NPs (<15 nm) −1.1 V vs RHE 0.1 m KHCO3 H2(≈65%), CO(≈25%), CH4(≈15%) & C2H4(≈5%) [64]

4. Cu NPs −2 V vs Ag/AgCl 0.1 m KHCO3 H2(≈20%), CH4(≈5%), CO(≈5%) [20]

5. Cu NPs −2 V vs RHE 0.1 m KHCO3 H2(≈5%), CO(≈10%), CH4(≈12%)

6. Cu (15.3 nm) −0.6 V vs RHE 0.5 m KHCO3 CO(≈40%), H2(≈12%), C2H4(≈45%), C2H5OH(≈13%) [117]

7. Cu (12.3 nm) −0.6 V vs RHE 0.5 m KHCO3 CO(≈50%), H2(≈10%), C2H4(≈27%), C2H5OH(≈7%)

8. Cu(7.9 nm) −0.6 V vs RHE 0.5 m KHCO3 CO(≈42%), H2(≈10%), C2H4(≈27%), C2H5OH(≈7%)

9. Cu (12.5 nm) −0.6 V vs RHE 0.5 m KHCO3 CO(≈50%), H2(≈8%), C2H4(≈25%), C2H5OH(≈10%)

10. Cu NPs/Si −1.38 V vs RHE 0.1 m KHCO3 C2H4(≈40%), H2(≈20%) CO(≈5%) CH4(≈5%) [39]

11. Cu NW −0.8 V vs RHE 0.5 m KHCO3 CO(≈4%) [118]

12. Cu NW −0.5 to −1.0 V vs 

RHE

0.1 m KHCO3 H2(≈20–80%), formate(≈0–30%), CO(≈0–60%),  

C2H6O(≈0–15%), CH4(nil)

[119]

13. Cu/CNT-NW −0.5 to 2 V vs RHE 0.5 m KHCO3 Formic acid (≈28%), methanol (≈47%), acetic acid(≈24%),  

ethanol(≈1%), acetone(≈0.3%), isopropanol (≈0.3%)

[63]

14. Cu NWs & NN −0.9 to −1.3 V vs 

RHE

0.1 m KHCO3 H2(≈18–30%), formate (≈12–47%), CH4(≈0–15%), C2H4(≈3–12%) [73]

15. Cu/graphite – proton conducting Sterion Methanol(≈78%), acetone(≈18%), acetaldehyde(≈9%),  

methyl formate(nil), methane(nil)

[20]

16. Cu/activated carbon – proton conducting Sterion Methanol(≈43%), acetone(≈5%), acetaldehyde(≈50%),  

methyl formate(nil), methane(nil)

[120]

17. Cu/carbon nano fiber – proton conducting Sterion Methanol(nil), ethanol(nil),2-propanol(nil), n-propanol(≈12%), CO(≈8%), 

acetaldehyde(≈65%), methyl formate(nil), methane(≈5%)

18. Cu/CNT −1.44 V vs RHE KHCO3 CH4(≈33%), C2H4(≈25%), ethanol(≈6%), propanol(≈3%),CO(1%),H2(≈2%) [121]

19. Cu/CNT −1.7 V vs SCE 0.5 m NaHCO3 Methanol (≈38%) [122]

Cu/CNS −1.2 V vs RHE 0.1 m KHCO3 C2H5OH(≈65%), H2(≈10%), CO(≈5%), CH4(≈5%) [123]

20. Cu/CNT-IMR −0.5 to 2 V vs RHE 0.5 m KHCO3 Formic acid (≈13%), methanol (≈23%), acetic acid(≈62%), acetone(≈1%), [63]

21. Cu-NFs −1.6 V vs RHE 0.1 m KHCO3 HCOOH(≈50%), H2(≈25%), CH4(≈5%), C2H4(≈15%) [111]

22. Cu-PANI −1.1 V vs RHE 0.5 m H2SO4 Formic acid (≈10%), methanol (≈5%) [124]

23. Cu-PANI + Pd-PANI −1.1 V vs RHE 0.5 m H2SO4 Formic acid (≈13%), methanol(≈4%)

24. PANI/Cu2O −0.3 V vs SCE 0.1 m tetrabutyl ammonium 

perchlorate
Formic acid(≈30%), acetic acid(≈63.0%) [125]

25. Cu/Cu foil −1.2 V vs RHE 0.1 m KHCO3 H2(≈20%) CH4(≈40%), C2H4(≈5%), CO(≈2%)

26. Cu/Ni −1.2 V vs RHE 0.1 m KHCO3 H2(≈40%), CH4(≈30%), C2H4(≈5%), CO(≈2%) [75]

27. Cu/Ti −1.2 V vs RHE 0.1 m KHCO3 H2(≈50%), CH4(≈15%), C2H4(3%), CO(5%)

28. Cu/TiO2 −1.5 V vs RHE) 0.2 m KI Ethanol (≈27%), propanol(≈7%) [117]

29. Cu(100) −0.9 V vs RHE 0.1 m KHCO3 CH4(≈5%), C2H4(≈20%), H2(≈60%), CO(≈4%), ethanol(≈7%), 

formate(≈10%),acetone(≈2%)

[126]

30. Cu(111) −0.9 V vs RHE 0.1 m KHCO3 CH4 (nil), C2H4(nil), H2(≈70%), CO(≈10%), formate(≈20%)

31. Cu(110) −0.9 V vs RHE 0.1 m KHCO3 CH4 (≈5%), C2H4(≈5%), H2(≈70%), CO(≈6%), formate(≈24%)

32. Cu bare −1.2 V vs RHE 0.1 m KHCO3 H2 (≈25%), CH4(≈40%), C2H4(≈2%), CO(≈2%) [75]

33. Cu mesopore −1.7 V vs RHE M KHCO3 CH4 (≈45%), C2H6(≈45%), C2H4(≈40%), CO(≈10%) [127]

34. Cu foam −0.73 V vs RHE 0.1 m KOH CO(≈5%) [118]

35. Cu(Polycrystalline) −0.8 V vs RHE 0.5 m KHCO3 CO(≈19%) [118]

36. Cu(polycrystalline) −1 V vs RHE 0.1 m KHCO3 CO (≈15%), H2(≈45%), other(≈36%) [128]

37. Cu plate −1.8 V vs Ag/AgCl 0.1 m KHCO3 Formate (≈20%) [129]

38. Cu −1.1 to −0.7 V vs 

RHE

0.1 m KHCO3 CO (≈4%), H2(≈40%), HCOOH(≈2%), ethanol(≈4%), CH4(nil),  

ethylene(≈4.5%), acetone(≈1.5%), acetone(≈1%)

[8]
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HER are the dominant products at higher potential including 
many other diversified reduction products using Cu.

5.2. Cu–M Bimetallic Catalysts

As it is indicated in the previous sections alloying forms of Cu 
electrocatalysts with other metals are better options for elec-
trochemical reduction of CO2 compared to Cu monocatalysts. 
Because bimetallics have advantages over monocatalysts due to 
it can catalyze CO2 with less overpotential, obtain many types 
of products and also can generate enhanced current density 
and faradaic efficiency. Among many of alloy electrocatalysts 
including, Cu–Au, Cu–Ni, Cu–Sn, Cu–Pb, Cu–Pd, Cu–Zn, 
Cu–Cd, Cu–Ag, etc., have been experimentally analyzed for 
reduction of CO2 to CO, formate and other products. Alloy elec-
trocatalysts have a tendency for capable of turning the binding 
strength of key intermediates, so that the selectivity and product 
formation can be manipulated.[5,8,17,47]

In case of Cu bimetallic nanoparticles, the synergistic (elec-
tronic and geometric) effect are able to enhance and tune its 
catalytic activity to achieve high selectivity of products from 
CO2 reduction, and it is expected to mitigate the proton–catalyst 
interaction (to suppress HER) and at the same time optimize 
the binding strength of the common intermediates (COOH* 

and CO*) in the pathway by using both effects. Some studies 
mentioned that based on surface valence band spectra, geo-
metric effects rather than electronic effects seem to be signifi-
cant in determining the selectivity of bimetallic catalysts such 
as Cu–Pd.[5,8,17,32,103]

According to different research articles,[8,34,49] reduction of 
CO2 using AuCu bimetallic alloys the major products is CO 
in which the amount of CO was directly proportional to the 
amount of Au content with high current density but formation 
of small amounts of hydrocarbons and formate. Yang et al. have 
well studied electrochemical reduction of CO2 using monome-
tallic catalysts (Au and Cu) and bimetallic (AuCu, Au3Cu, and 
AuCu3) monolayer electrocatalysts, which are all prepared under 
the same conditions. HER becomes dominant with increasing 
composition of Cu with respect to Au, while the amount of CO 
is higher when the composition of Cu is lower than Au.[8]

Among all electrocatalysts studied by Yang et al., pure Cu 
nanoparticle showed the least activity in terms of current den-
sity and faradaic efficiency of products, while increasing the Au 
content enhances the activity with better stability. However, the 
composition of Au3Cu shows the highest catalytic activity from 
all catalysts (Au, Cu, AuCu3, and AuCu). They also pointed out 
that the overall current density also includes the current from 
HER, so it is difficult to determine which catalyst is effective 
and selective for CO2 reduction by considering only the value 
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S.N. Catalyst Applied Potential Electrolyte Reduction Product (FE%) Ref.

Cu-foil −1.6 V vs RHE 0.1 m KHCO3 HCOOH (≈15%), H2(≈45%), CH4(≈38%), C2H4(≈5%) [111]

39. Cu foil −1.9 V vs RHE 0.1 m KHCO3 CH4 (≈20%), C2H4(≈10%) [130]

40. Cu foil + glycerine −1.9 V vs RHE 0.1 m KHCO3 CH4(≈35%), C2H4(≈25%)

41. OD-Cu −0.6 V vs RHE 0.1 m KHCO3 CO(≈40%), COOH(≈35%), H2(≈25%) [131]

42. Cu sponge 

(electropolished)
−1 V vs RHE 0.5 m NaHCO3 H2(≈65%), CO(≈2%), formate(≈25%), C2H4(≈2%), C2H6(nil), total C2H6(nil) [132]

43. Cu sponge (annealed) −1 V vs RHE 0.5 m NaHCO3 H2(≈60%), CO(≈5%), formate(≈18%), C2H4(≈15%), C2H6(≈8%),  

total C2(≈23%)

44. Cu sponge 

(electro-deposited)
−1 V vs RHE 0.5 m NaHCO3 H2(≈65%), CO(≈3%), formate(≈5%), C2H4(≈12%), C2H6(≈16%),  

total C2H6(≈28%)

45. Cu(electro-polished) −1.1 V vs RHE 0.5 m KClO4 CO(≈17%),H2(≈38%),CH4(≈6%), C2H4(≈15%) [77]

46. Cu (sputtered) −1.1 V vs RHE 0.5 m KClO4 CO(≈22%),H2(≈26%),CH4≈8%),C2H4(≈24%)

47. CuO −1.5 V vs Ag/AgCl 0.5 m KHCO3 H2(≈40%), HCOOH(≈38%), CO(≈20%) [47]

48. Cu/Cu2O −2 V vs Fc+/Fc CO2 saturated DMF/H2O 

(97:3, v/v)
H2(≈28%), CO(≈2%), formate (≈53%) [133]

49. Cu/Cu2O-addition of  

different organic additives
−2 V vs Fc+/Fc CO2 saturated DMF/H2O 

(97:3, v/v)
H2(≈30–58%), CO(≈1–4%), formate(≈47–64%)

50. CuxO −0.5 V vs RHE 0.5 m KHCO3 Formic acid(≈59%) [134]

51. Cu2O-derived Cu −0.9 V vs RHE 0.1 m HCO3 CH4(nil), C2H4(≈20%), H2(≈40%), CO(≈4%), ethanol(≈10%),  

formate(≈12%), propanol(≈5%), acetone(≈1%)

[126]

52. Cu2O film (0.2 µm thick) −0.99 V vs RHE 0.1 m KHCO3 CO(≈2%), CH4(≈10%), C2H4(≈33%), C2H5OH(≈6%),  

C2H6(ND), HCOO−(≈13%),H2(≈26%)

[10]

53. Cu2O film (3.6 µm thick) −0.99 V vs RHE 0.1 m KHCO3 CO(≈0.4%), CH4(≈0.3%), C2H4(≈34%), C2H5OH(≈16%),  

C2H6(≈0.2%), HCOO−(≈4%),H2(≈39%)

NPs, nanoparticles; NN, nanoneedle; CNT, Carbon nano tube; Cu-NFs, cupper nano flowers; CNS, Carbon nano spike prepared from N-doped grapheme; OD, oxide-
derived; IMP, impregnation; NW, nanowire; RDs, rhombic dodecahedrons; NCs, nanocubes; PANI, polyaniline; ND, not detected; HSA-Bi, high surface area Bi.

Table 1. Continued.
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of current density. For this reason, determination of FE of each 
reduction product are performed and analyzed to compare the 
selectivity of each composition.[8,45,77,113,135] To compare electro-
chemical reduction of CO2 using each electrocatalyst in terms 
of its specific active site for the formation of CO was evaluated 
by analyzing its TOR at −0.73 V versus RHE. Therefore, it is 
reported that TOR value of Au3Cu was the highest one, which 
is 93.1 times that of the TOR values of Cu electrocatalyst, 
while Au and AuCu were the 2nd and 3rd, which are 83.7 and  
40.4 times that of TOR of Cu respectively. According to their 
investigations, at the beginning CO2 is adsorbed onto the surface 
of electrocatalysts in the form of COOH and eventually reduced 
to CO. For this reason, the binding energies of COOH and CO 
have significant impacts on TOR of product CO.[8,136,135]

Electronic, geometric, strain and other effects have a potential 
to tune the selectivity, reduction activity and faradaic efficiency 
of products in CO2ER. Kortlever et al. and other studies revealed 
that Au–Cu alloy can reduce CO2 selectively into CO. The 
production of CO was manipulated by effect of geometric and 
electronic properties between alloys or reduction intermediates 
and the electrocatalyst surface.[8,26,110,138,139] Studies pointed out 
that selective production of hydrocarbons was performed using 
Cu overlayer on Pt in which the reduction product is tuned by 
differences in the surface strain. Relief from strain is also an 
effect in selectivity and activity in CO2ER.

[10,110,138] In case of 
film electrocatalysts, strain effect could appear due to volume 
changes of the film during the reduction process of CO2.[10]

The reason why AuxCuy alloy shows a better production ability 
of CO than individual Cu and Au alone is that the alloy catalyst 
has a tendency to stabilize COOH in CO2ER. This implies that 
CO2 can be easily activated into COOH, which further trans-
forms in the form of CO on the surface of bimetallic catalyst. 
However, such types of properties are almost not favorable 
using monometallic catalysts.[8,138] Therefore, use of bimetallic 
catalysts is ideal for the fulfillment of the above requirement 
due to the formation of additional bonds, which arises from 
oxophilic properties of metals from bimetallic catalysts.

Electronic effect can be described as the charge transfer 
among alloying elements and the adsorbates, so the binding 
strength of reduction intermediates will be affected and the 
effects can be evaluated using various surface compositions. 
The geometric effect is the local atomic arrangement of bime-
tallic catalysts at the active sites where the 
reduction is carried out. The change in the 
electronic structure of a catalyst becomes 
a cause for electronic effect on the binding 
strength of reaction intermediates for further 
reduction. For d-block metals their binding 
ability with reaction products or intermedi-
ates are determined by the mechanism of 
d-band interacting with the adsorbate that 
significantly affect the selectivity of products 
of CO2 reduction.[8,136,140]

Rasul et al.[131] have studied electrochem-
ical reduction of CO2 using copper indium 
(Cu–In) bimetallic with showing high selec-
tivity of CO at moderate overpotential and 
good stability. The investigation revealed 
Cu–In alloy is able to reduce CO2 to CO with 

high faradaic efficiency near to 95% and insignificant amount 
of H2 indicates it has high selectivity for the desired product. 
Hoffman et al. have also studied CO2ER using Cu–In alloy to 
produce CO with faradaic efficiency around 70% within −0.4 
to −0.7 V versus RHE. In this alloy of Cu–In, it is investigated 
due to the inherent ability of In to suppress the HER. Even at 
high cathodic potentials, the electrocatalyst is capable of pro-
ducing significant amounts of formate and CO. High conduc-
tive nature with various composition of each atom in Cu–In to 
the dendrite formation drives to be selective towards formate 
and syngas production by suppressing hydrogen generation in 
CO2ER.

[131,141–143]

Guo et al. have studied the formation of CH4 from reduction 
of CO2 using CuPt bimetallic electrocatalysts using the compo-
sition ratio of CuPt2, CuPt, Cu2Pt, Cu3Pt, and Cu5Pt.[144] The 
reduction scheme is shown in Figure 23. The catalyst containing 
Cu3Pt generated the highest faradaic efficiency of CO while 
CuPt produces the least one but the highest competitive reaction 
(HER). It is known that Pt is a good electro-catalytic for HER 
due to its unique tendency for affinity of H+, which leads to 
facilitate the protonation of adsorbed CO* and eventually further 
reduce CO into CH4. Therefore, in addition to the unique ability 
of Pt, the synergetic effect between Pt and Cu has a significant 
contribution for effective conversion of CO2 to CH4.

[105,144,145]

Li et al. studied CO2ER using CuPd bimetallic at optimized 
Cu to Pd ratio of 3:7 (Cu3Pd7) with good selectivity to pro-
duce CO with approximate 80% FE at −0.8V versus RHE. The 
reason for the selectivity is the electronic and geometric effects 
of Cu and Pd bimetallic proposed from DFT calculations. Cu 
is changing the electronic structure of the bimetallic environ-
ment, i.e., Pd and it provides the electrocatalyst by adjusting the 
atomic arrangement of Pd reactive site to be selective for CO in 
CO2 reduction.[30]

Sarfraz et al. have studied CO2ER using Cu–Sn bimetallic, 
which is prepared by depositing Sn on Cu sheet and produces 
above 95% of FE of CO at −0.5 V versus RHE. Individual Sn 
and Cu are able to generate significant amount of HER rather 
than CO, however, by making an alloy of Cu–Sn it becomes 
highly selective towards CO in the reduction process. The study 
reveals optimized ratio of Sn deposited on the Cu is very impor-
tant to suppress production of H2. DFT calculation describes 
when Sn replaces Cu the adsorption of hydrogen decreases, 
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Figure 23. A proposed mechanism illustrating the steps of CO2 electroreduction and CH4 
formation occurring at the Cu3Pt NCs catalyst.
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which is an important scenario for low selectivity of H2 and 
enhanced selectivity of CO.[146]

In multimetallic or bimetallic electrocatalysts, the effect of 
composition (ratio of each metals), elemental arrangements 

(ordered, disordered, phase-separated) and mixing pattern have 
major role in selectivity, faradaic efficiency and catalytic ability 
in CO2 reduction.[5,8,17] Table 2 describes the products, poten-
tial applied, main products and electrolyte solutions used in 
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Table 2. Copper based electrocatalyst for CO2ER, which is compiled from various literatures including type of catalysts, concentration of electrolyte 
solution, the potential required and FE% of each reduction product.

S.N Catalyst Potential Applied Electrolyte Major product (FE%) Ref.

1. Cu–Au −0.9 V vs RHE 0.1 m KHCO3 CO(≈50%), H2(≈40%), HCOOH(≈3%), ethanol(≈0.5%), CH4(nil) [8]

2. Cu3Au −0.9 V vs RHE 0.1 m KHCO3 CO(≈32%), H2(≈45%), HCOOH(≈5%), ethanol(≈1.5%), 

CH4(≈4.5%), acetate(≈1%), ethylene(≈0.5%)

3. CuAu3 −0.8 V vs RHE 0.1 m KHCO3 CO(≈60%), H2(≈45%), formate(≈5%)

4. Cu–Au (disordered) −0.77 V vs RHE 0.1 m KHCO3 CO(≈37%), H2(≈60%) [34]

5. Cu–Au (ordered) −0.77 V vs RHE 0.1 m KHCO3 CO(≈80%), H2(≈17%)

6. Cu3Ag/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H4(≈20%), C2H5OH(≈13%) [147]

7. CuAg/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H4(≈18%), C2H5OH(≈13%)

8. CuAg6/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H5OH(≈15%), C2H4(≈14%)

9. Cu–Pd −1.8 V vs Ag/AgNO3 0.1 m TBAPF6/CH3CN CH4(≈35%) [148]

10. Cu3Pd −1.8 V vs Ag/AgNO3 0.1 m TBAPF6/CH3CN CH4(≈36%)

11. Cu2Pd −1.8 V vs Ag/AgNO3 0.1 m TBAPF6/CH3 CN CH4(≈50%)

12. CuPd2 −1.8 V vs Ag/AgNO3 0.1 m TBAPF6/CH3CN CH4(≈30%)

13. Cu–Pd (ordered) −0.7 V vs RHE 1 m KOH CO(≈77%), CH4(≈2%), C2H4(≈1%), C2H5OH(nil) [5]

14. Cu–Pd (disordered) −0.7 V vs RHE 1 m KOH CO(≈50%), CH4(≈3%), C2H4(≈6%), C2H5OH(≈4%)

15. Cu–Pd (phase separated) −0.7 V vs RHE 1 m KOH CO(≈20%), CH4(≈0.5%), C2H4(≈47%), C2H5OH(≈15%)

16. Cu3Pd −0.7 V vs RHE 1 m KOH CO(≈65%), CH4(nil), C2H4(≈25%), C2H5OH(≈7%)

17. CuPd3 −0.7 V vs RHE 1 m KOH CO(≈98%), CH4(nil), C2H4(nil)

18. Cu56Pd44 −0.89 V vs RHE 0.1 m KHCO3 CO (≈86%) [91]

19. Cu85Pd15 −0.89 V vs RHE 0.1 m KHCO3 CO (≈73%)

20. CuPt2 −1.6 V vs SCE 0.5 m KHCO3 CH4(≈5%), H2(≈18%) [144]

21. Cu–Pt −1.6 V vs SCE 0.5 m KHCO3 CH4(≈15%), H2(≈12%)

22. Cu2Pt −1.6 V vs SCE 0.5 m KHCO3 CH4(≈17%), H2(≈11%)

23. Cu3Pt −1.6 V vs SCE 0.5 m KHCO3 CH4(≈23%), H2(≈10%)

24. Cu5Pt −1.6 V vs SCE 0.5 m KHCO3 CH4(≈13%), H2(≈8%)

25. Cu/Pt(211) −1.3 V vs RHE 0.1 m KHCO3 H2(≈84%), CH4(≈5%) [139]

26. Cu/Pt(111) −1.3 V vs RHE 0.1 m KHCO3 H2(≈80%), CH4(≈7%)

27. Cu–In −0.6 V vs RHE 0.1 m KHCO3 CO(≈90%), H2(≈10%) [141]

−0.8 V vs RHE 0.1 m KHCO3 Formate(≈40%), CO(≈35%), H2(≈30%)

−0.9 V vs RHE 0.1 m KHCO3 Formate(≈50%), CO(≈30%), H2(≈25%)

−1.0 V vs RHE 0.1 m KHCO3 Formate(≈50%), CO(≈15%), H2(≈35%)

−1.1 V vs RHE 0.1 m KHCO3 Formate(≈35%),

28. Cu–Sn −0.6 V vs RHE 0.1 m KHCO3 CO(≈95%), H2(≈5%), HCOOH(≈1%) [149]

29. CuInO2 −0.6 V vs RHE 0.1 m KHCO3 CO(≈50%), HCOOH(≈10%), H2(≈25%) [143]

30. Cu/In(OH)3 −0.6 V vs RHE 0.1 m KHCO3 CO(≈58%), H2(≈23%), HCOOH(≈2%)

31. Cu/I2O3 −0.6 V vs RHE 0.1 m KHCO3 CO(≈45%), H2(≈20%), HCOOH(≈15%)

32. Cu5Zn8 (electrochemical) −1.4 V vs Ag/AgCl – HCOOH(≈71%) [150]

33. Cu5Zn8 (photoelectrochemical) −1.4 V vs Ag/AgCl – HCOOH(≈79%)

34. Cu4ZnO/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H5OH(≈25%), H2(≈50%), C2H4(≈10%), CO(≈10%) [147]

35. CuO/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H4(≈30%), C2H5OH(≈10%)

36. Cu3.5Ni/Cu −1.05 V vs Ag/AgCl 0.1 m KHCO3 C2H4(≈12%), C2H5OH(≈3%),
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electrochemical reduction of CO2. All information compiled in 
the table are used to identify and select the best bimetallic elec-
trocatalyst in terms of selectivity, applied potential and faradaic 
efficiency (FE) for future researchers.

From the reduction products of CO2 in Table 2, one can 
understand that ordered or advanced modified structure of 
bimetallic electrocatalysts are selective for production of CO 
with generation of small amount of hydrogen. At higher poten-
tial, the formation of hydrocarbons and hydrogen is dominant 
than CO. However, CO and formate can be produced at lower 
potential.

According to the value of %FE of CO, formate and hydro-
carbons of CO2ER using selected Cu bimetallic and Cu alone 
electrocatalysts from previous tables (Table 1 and 2) it is sum-
marized concisely in Table 3. From this summarized table one 
can understand that the FE of CO and formate are significantly 
higher than FE of hydrocarbons and alcohols in any type of 
electrocatalyst. This scenario tells that there is limitation to 
obtain selective electrocatalyst for hydrocarbons and alcohols 
proportionally or nearly to that of an electrocatalyst selective 
to CO and formate, even though Cu is the unique electrocata-
lyst for production of hydrocarbons. Although Cu is the best 
electrocatalyst to reduce CO2 into hydrocarbons, the %FE can 

exceed above 50% so far. This is very important to easily identify 
the type of catalysts that are able to generate higher FE of the  
reduction products at specific reduction product and electro-
catalyst, as it is compiled in the table.

6. Summary and Outlook

In order to motivate and stimulate future scientists to harmo-
nize in new and advanced research era of CO2ER, findings, ideas 
and recommendations are summarized here cohesively and 
coherently. We have described important points concisely and  
forwarded our outlooks based on the latest research outputs 
and investigations of its electrochemical reduction in the con-
text of advantages, identification of intrinsic factors during the 
reduction, characterizations of Cu and its bimetallic electrocata-
lysts, types of reduction products and many other perspectives 
in the reduction process. Most of researchers have reported 
their results by mixing up site activity and overall activity of 
electrocatalysts. In this review we have tried to differentiate and 
recommend for future researchers to identify the site activity 
from electrocatalysts and relate to the activity of CO2 reduction.

•  The choice of electrocatalysts and its preparation technique 
including the modification methods play a great role in se-
lectivity, efficiency and stability of catalysts. The ultimate goal 
of this surface engineering is to enhance surface area and 
reproduce active sites into the system for CO2ER with better 
catalytic efficiency and selectivity. Generally, all electrocatalyst 
metals do not produce the same type of reduction products. 
Some categories are able to produce CO dominantly and oth-
ers might be selective to formate, hydrocarbons, alcohols etc., 
which depend on their electronic and structural properties 
of atoms in electrocatalysts. In another way some catego-
ries of transition metals are prone to HER and make CO2 
reduction selectivity too difficult. Size, arrangement and 
structural properties of atoms in electrocatalyst surface and 
its morphology have a huge impact on catalytic ability. High 
number of active sites created on the surface leads to enhance 
selectivity and faradaic efficiency of reduction products. Size 
of nanoparticle is directly related to the active electrochemi-
cal surface area (number of active sites) and the coordination 
number of each nanoparticle. Smaller nanoparticle contains 
higher surface area leading to less coordination number to 
the neighboring atoms and exposes easily to CO2.

•  Rough and smooth surface morphology of Cu and Cu-based 
electrocatalysts show different catalytic abilities since the 
number of active sites created are different in number and 
type of active site. Rough surface has significant edges, steps 
and defects, which contribute for better catalytic performance 
than smooth surface. Regarding to arrangement of atoms in 
alloys, ordered structure of nanoparticles are selective to CO 
by suppressing the competitive HER, when compared to 
disordered and phase-segregating arrangements. For these 
reason, one should know and familiar the size and atomic 
arrangement of nanoparticles and morphology of active 
surface of an electrocatalyst if it is interested to determine 
the types of reduction products and reduction mechanism 
as well. Surface modification of electrocatalysts like doping 
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Table 3. Summary of FE of CO, formate and hydrocarbons with the cor-
responding electrocatalysts.

Reduction product FE Cu bimetallic or monocatalysts

CO >70% Pd56Cu44, Pd85Cu15, CuPd3, Au–Cu (ordered),  

Cu–Pd (ordered), Cu–In, Cu–Sn

50–70% AuCu(disordered), Au3Cu(disordered), Cu–Pd 

(disordered), Cu3Pd, CuInO2, Cu/In(OH)3

30–49% AuCu3(disordered), Cu/I2O3, Cu NW, OD–Cu, 

Pd@Cu, NCs, Cu(12.5 nm), Cu(12.3 nm),  

Cu(7.9 nm), Cu(15.3 nm), Cu(NPs)

10–30% Cu4ZnO/Cu, Cu–Pd (phase separated), 

Cu NPs(<15 nm), Cu mesopore, CuO, 

Cu(Polycrystalline), Pd@Cu RDs,  

Cu(electro-polished), Cu(sputtered)

Formate >70% Cu5Zn8, Sn/Cu, Sn/Cu foil, Bi/Cu

50–70% Cu–In, Cu/Cu2O, CuxO, Cu-NFs

10–49% Cu/I2O3, CuInO2, CuInO2, Cu–In, CuO,  

Cu plate, Cu NW, Cu-foil, PANI/Cu2O,  

Cu/CNT-NW, Cu(111), Cu(110)

Alcohols(ethanol  

or methanol)
>50% Cu/CNS, Cu/graphite

20–50% Cu/activated carbon, Cu/CNT-IMR, Cu/CNT-NW, 

Cu/TiO2, Cu4ZnO/Cu

Hydrocarbons 30–50% CuO/Cu, Cu-Pd (phase separated),  

Cu polycrystalline, Cu bare, Cu/Ni, Cu/Cu foil,  

Cu NPs/Si, Cu mesopore, Cu-foil, Pd@Cu NCs, 

Pd@Cu RDs, 0.2 µm Cu2O film

5–30% Cu/Pt(111), CuPt2, CuPt, Cu2Pt, Cu3Pt,  

Cu5Pt & Cu/Pt(211), Cu3Pd, Cu–Pd (disordered), 

Cu4ZnO/Cu, Cu3.5Ni/Cu, Cu3Ag/Cu

H2 >50% Cu/Ti, Cu/CNT, Cu NW, Cu(100), Cu(110), 

Cu(111), Cu4ZnO/Cu, Cu2Pd, Cu–In, Cu/Pt(211), 

Cu/Pt(111)
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other element, oxidation of the surface, electrodeposition of 
metal over the other, ordering of atoms in case of bimetallics, 
surface etching, alloying, etc., are common ways to increase 
surface activity of Cu and Cu based electrocatalysts. The bind-
ing tendency of reaction intermediates with catalyst surface 
significantly affects the product distribution, selectivity and 
faradaic efficiency. Bimetallic or alloy compositions of met-
als generally show better catalytic activity and selectivity than 
monometallic catalysts. The catalytically active surface sites 
of bimetallics vary according to the alloying composition and 
extent.

•  The composition of electrocatalysts has an effect in selectiv-
ity, efficiency, stability and product distribution of CO2 re-
duction. Alloying extent of Cu–M induces electronic and/or 
geometric changes that provide a synergistic effect and create 
better active sites for reduction activity, as seen in the exam-
ples of CuAu, CuPd, or CuPt bimetallics. Electronic state, 
properties and structures of the bimetallic electrocatalyst is 
directly linked to binding strength of intermediates to the 
catalyst surface and thus influence the reaction mechanism 
and pathway. In addition, geometric structural variation or 
distribution also affects the local atomic arrangement on the 
active site, which can alter the reaction pathway as well. Elec-
tronic and geometric properties of Cu and its derivative elec-
trocatalysts can be investigated and revealed by experimental 
results such as XANES, EXAFS, etc. Specifically, geometric 
arrangement prominently plays a significant role when re-
duction products are complicated and involving many elec-
trons such as formation of CH4 and C2H4. This might be 
the reaction mechanisms are not well understood, specially 
in case of several electron transfer. Therefore, researchers 
should consider not only the compositions of Cu based bime-
tallics but also give more attention to atomic distribution and 
arrangement and their coordination environments.

•  Detection of active sites in CO2ER is a big challenge. There-
fore, we understand and suggest that well defined nanocatalyst 
is an important task to identify active sites from the surface 
of electrocatalysts. Detailed investigations of structural and 
electronic properties of electrocatalysts to the single atom 
level help to explore the active sites in the form of synergistic 
effect, defects, d-band vacancy, etc. Operando, in-situ and ex-
situ characterization of electrocatalyst is a crucial task before 
reduction catalysis is performed to understand the reaction 
mechanism and to predict types of products obtained. For Cu 
bimetallic catalysts, XAS analysis is an interesting and prom-
ising characterization tool to understand all electronic and 
geometric nature of the metal together with surrounding or 
local environments of central metals. Using XAS it is pos-
sible to determine quantitatively the structural parameters 
of Cu alloy, surface and bulk compositions of each atom, to 
evaluate atomic distribution or surface composition of the 
bimetallic nanoparticles and alloying extent. In generals, it 
is agreed that the distribution of atoms has a great impact in 
physicochemical properties of bimetallic electrocatalysts that 
influence the CO2ER significantly.

•  Electrochemical reduction of CO2 faces plenty of challeng-
es and limitations. To cleave bonds of the stable CO2 mol-
ecule during CO2ER, it requires high overpotential, which 
is considered as one of the big challenge in the reduction 

process. The low solubility of CO2 in water during reduc-
tion process results in low mass transfer and adsorption rate 
leads to affect FE, current density and selectivity of products. 
The difference between reduction potential of each product 
is too small and this imposes huge difficulties on selectivity 
and separation of those reduction products. HER and CO2 
reduction occur in similar potential domains and this leads 
to competition between the two events on Cu surface, which 
in return decreases the efficiency of CO2 reduction. Another 
challenge is the demand of high costs and skilled personnel 
because it requires advanced analytical instruments for de-
tection and separation of products. Consequently, the com-
plexity of the reduction process ahead future researchers  
to predict and investigate various mechanisms and reaction 
paths with identification of different intermediates to know 
the final reduction product. However, the exact reduction 
mechanisms of CO2ER are not well understood. This is a big 
assignment for the next researchers to disclose the issue via 
theoretical and experimental investigations.

Therefore, the existence of challenges of CO2 reduction are 
the driving forces to attract and highly inspire future researchers 
hope that the emerging technology (CO2ER) for production of 
essential chemicals by utilization of green (renewable) energy 
to minimize anthropogenic CO2 emission is real, effective and 
efficient using economically feasible Cu based electrocatalysts.

7. Conclusion

In this review we can concluded that CO2ER is one of the 
most essential technologies to mitigate the emitting CO2 into 
the atmosphere and simultaneously to converts into usable 
and essential chemicals containing high energy density such 
as hydrocarbons, carbon monoxide, alcohols and other prod-
ucts. For the electroreduction process Cu and Cu-based elec-
trocatalysts are widely used because the abundant materials 
have unique electronic and structural properties and versa-
tile morphology to produce wide range of products. Based on 
numerous modification methods of Cu and Cu bimetallics or 
alloys, selective reduction products can be obtained by tuning 
number of active sites, shapes, sizes, morphology, oxidation 
state, arrangement of atoms (order-disorder), surface area, com-
position, etc., of nanocatalysts. Cu is the only electrocatalyst that 
can convert CO2 into hydrocarbons specifically into methane 
and ethylene. In the periodic table Cu is found in group IB, 
which is characterized as a filled d band. It is understood that 
when Cu forms an alloy with incomplete filled d band metal 
(M), suppose group VIIIB transition metals. the substitution 
of M atom by Cu in the metal lattice adds extra electrons to 
the lattice. Therefore, by tuning the compositions of the bime-
tallic proportion one can to control or vary the degree of filling 
of the d band electrons. Thus, Cu bimetallics compared to 
Cu alone offer great potential and flexibility to enhance the 
activity and tune the selectivity of CO2ER. The big challenge in 
CO2ER using Cu electrocatalyst is the competing reaction from 
HER, especially at higher negative potentials and requirement 
for high onset potential. Cu-based bimetallics are enhanced 
electrocatalysts compared to their monometallic counterpart 
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because of the advantages gained through synergistic, strain 
and alloying effects in terms of selectivity, stability and activity 
in the electrocatalytic reduction process. Advanced characteri-
zation of Cu and its derivative surfaces offers new routes to 
identify the site activity and to predict and propose reduction 
mechanisms for the required product. Doping foreign material 
on Cu surface is able to tune its oxidation state, which is closely 
related to the adsorption of intermediates on the surface and 
could dimerize C1 products into C2 hydrocarbons. Therefore, 
tuning required parameters during the preparation of Cu-based 
electrocatalyst is a critical step to improve catalytic activity, 
selectivity, and stability of electrocatalysts in CO2ER.
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