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Abstract
Electrochemical  CO2 reduction reaction  (CO2RR) has attracted considerable attention in the recent decade for its critical 
role in the storage of renewable energy and fulfilling of the carbon cycle, and catalysts with varying morphology and modi-
fication strategies have been studied to improve the  CO2RR activity and selectivity. However, most of the achievements are 
focused on preliminary reduction products such as CO and HCOOH. Development and research on electrochemical CO 
reduction reaction (CORR) are considered to be more promising to achieve multicarbon products and a better platform to 
understand the mechanism of C–C formation. In this review, we introduce the current achievements of  CO2RR and emphasize 
the potential of CORR. We provide a summary of how electrolysis environment, electrode substrates, and cell design affect 
the performance of CORR catalysts in order to offer a guideline of standard operating conditions for CORR research. The 
composition–structure–activity relationships for CORR catalysts studied in H-cells and gas-phase flow cells are separately 
analyzed to give a comprehensive understanding of the development of catalyst design. Finally, the reaction mechanism, 
latest progress, major challenges and potential opportunities of CORR are also analyzed to provide a critical overview for 
further performance improvement of CORR.
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1 Introduction

As the global energy supply continues to transition from 
fossil fuel toward carbon–neutral energy sources (e.g., elec-
tricity from solar energy or wind), it is imperative to develop 
an efficient electrochemical reaction to store the intermit-
tent renewable electricity by means of produce fuels and 

feedstock chemicals [1–6]. Electrochemically converting 
carbon monoxide into valuable chemicals is one of the 
most attractive reactions because of its great potential for 
the storage of renewable electricity and the operation in 
relatively mild conditions, making it possible to replace the 
high-temperature and high-pressure Fischer–Tropsch reac-
tion that relies on fossil energy [7, 8]. Great efforts have 
been devoted to the investigation of varying composition 
and morphology of catalysts for improvement of the  CO2RR 
activity and selectivity. After years of intense research, the 
electrochemical  CO2–to–CO technique is highly developed 
with high selectivity and energy conversion efficiency, while 
the electrochemical  CO2–to–CxHyOz conversion technique is 
far from mature [9–18]. There has been growing interest in 
this CORR process due to its emerging role as a sequential 
route for reducing  CO2 into multi-carbon products. From the 
techno-economic analysis, the sequential process of  CO2RR 
and CORR is more likely to overcome the barriers of chemi-
cal products to the market entry [19–21].

In the previous research, Cu is found to be the only cata-
lyst that can reduce  CO2 to hydrocarbons with both high 
reaction rates and high selectivity [22]. By changing the 
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surface morphology, atomic structure, and electronic struc-
ture of Cu, the reaction path can be adjusted, and the reac-
tion selectivity can be tuned toward special products such 
as ethylene, methane, and CO. The research of CORR is 
usually treated as a branch of  CO2RR research because CO is 
the key intermediate in the  CO2–to-hydrocarbon/oxygenate 
process on Cu catalysts [13, 23–25]. However, many recent 
pieces of research revealed that the selectivity of CORR is 
apparently different from  CO2RR on the copper catalyst, as 
CORR is preferable for oxygenate and C3 products [7, 26, 
27]. For example, CORR on polycrystalline copper can pro-
duce > 70% oxygenate products in comparison with ~ 50% 
 C2H4 and < 30% oxygenate for  CO2RR on copper [26, 27]. 
Moreover, the different solubility and acidity of  CO2 and CO 
result in their different interactions with electrolytes and, 
in turn, different electrolysis behaviors [28]. Therefore, we 
should consider CORR as an independent research field 
rather than the incidental of  CO2RR and develop its own 
test system, including the establishment of a standard testing 
environment, design of the flow reactor, and the develop-
ment of CORR catalysts toward specific selectivity.

Only very recently has the uniqueness of CORR been 
concerned, and the effort has been devoted to exploring the 
different behaviors of catalysts for CORR and  CO2RR. Sev-
eral factors may be responsible for the difference: (1) suf-
ficient CO supplies near the surface of catalysts may benefit 
certain C2+ reaction pathway of CORR which is dimin-
ished in  CO2RR due to the insufficient surface coverage of 
adsorbed *CO (* for adsorbed groups) and a large activation 
barrier for C–C coupling. (2) The CO intermediate produced 
by  CO2 reduction would be further reduced at the same site, 
while free CO molecules would form an adsorption–desorp-
tion equilibrium with the catalysts and be reduced at differ-
ent sites toward different products [29]. Nevertheless, the 
design of the catalyst for CORR is still in its infancy [7, 30, 
31], and the information between the structure of catalytic 
sites and CORR performance is still lacking and requires 
intense research.

A key reason for the slow development of CORR catalysts 
is the low solubility of CO in aqueous solution. As most 
results achieved on non-gas diffusion electrodes in H-cells, 
the limited diffusion current density of CORR is below 
1 mA  cm−2 [32]. The low current density in such a system 
hindered the collection of minor intermediate products to 
explore the reaction pathway of CORR. The kinetic informa-
tion from these low reaction rate experiments cannot neces-
sarily transfer to the dynamic environment of an electrolyzer, 
which operates under a 0.5–1.0 A  cm−2 reaction rate. The 
development of a CORR flow reactor, in which the mass 
transport limitations can be overcome by continuously cir-
culating reactants and products, needs to be first considered 
for the benefit of guiding and comparing future research. In 
research areas such as fuel cells, water splitting, and  CO2 

reduction, flow reactors have been systematically devel-
oped, resulting in a much in-depth understanding of catalyst 
behavior under a dramatic reaction environment [33–35]. 
However, the investigation of CORR in a flow reactor is 
still in its early stage [27, 36]. A fundamental understanding 
of the gas supply mode, electrode substrate design, whole-
cell configuration, electrolyte concentration, and cation and 
anion composition is necessary to guide the construction of a 
highly efficient CORR system toward industrial application.

In this review, we focus on the reaction mechanism and 
the latest progress of carbon monoxide reduction, provid-
ing a critical overview regarding the current state and chal-
lenges in this system that is relevant to further performance 
improvement. The comparison between  CO2RR and CORR 
shows that the development of CORR would greatly con-
tribute to the improvement of multicarbon products and 
mechanism understanding. A summary of how electroly-
sis environment, electrode substrates, and cell design affect 
the performance of CORR catalysts is discussed in order to 
offer a guideline of standard operation for CORR research. 
The composition–structure–activity relationships for CORR 
catalysts studied in H-cells and gas-phase flow cells are sep-
arately analyzed to give a comprehensive understanding of 
the development of catalyst design. Moreover, in situ and 
operando characterizations that help to clarify the reaction 
pathways and the dynamic evolution of catalysts during the 
reaction are also highlighted. Finally, we present the major 
challenges and potential opportunities that may exist for 
future CORR development.

2  The Current State of  CO2RR

The  CO2RR is of great interest to the renewable energy and 
environment research community and has been investigating 
for several decades. In particular, Hori and coworkers sys-
tematically analyzed the  CO2RR activity and selectivity on 
a series of different metal foils and in different electrolytes, 
which are still used as the standard reference in  CO2RR 
study nowadays [22, 37]. In the recent decade, an increas-
ing global effort has been driven into this research topic due 
to the development of renewable energy electrochemistry.

Numerous  CO2RR catalysts with varying morphology 
and composition have been designed, fabricated, and stud-
ied in the last decade [9, 11, 38–51]. One sample modifi-
cation method that needs to be specifically emphasized is 
the oxide-derived (OD) method for metal catalysts, which 
greatly enhances the catalytic geometric current density 
and suppresses the competing hydrogen evolution reac-
tion (HER) [9, 38, 39]. According to the studies by Kanan 
and coworkers, the enhanced performance of OD catalysts 
mainly originated from the high surface area and high den-
sity of grain boundaries [52–54]. Another advantage of 
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these types of catalysts is that the synthesis process is facile 
and can be easily reproduced by other research groups as a 
standard comparison. Despite all these efforts, only CO and 
HCOOH products can be generated with near-100% fara-
daic efficiency, by using catalysts of Ag/Au and Sn/Bi/In, 
respectively. The formation of  C2H4 with > 50% selectivity 
can be achieved on Cu catalysts by manipulating the mor-
phology, but the controlling of other deep-reduced products 
is still very preliminary. On the other hand, a much deeper 
understanding of the influence of the environment on the 
behavior of catalysts is obtained during recent research 
[55]. High current densities and FE have been achieved for 
 CO2–to–CO,  CO2–to-HCOOH, and  CO2–to–C2H4 in a gas-
phase flow cell [56–58].

2.1  Mechanism for  CO2RR

2.1.1  Initial Activation of  CO2 Molecules on Different 
Mono‑Metals

Based on the  CO2RR selectivity, the mono-metal catalysts 
can be divided into four different groups. Group 1 of Pb, Hg, 
In, Sn, Cd, Tl, and Bi has high selectivities toward HCOOH; 
Group 2 of Au, Ag, Zn, Pd, and Ga favors the evolution of 
CO; Group 3 of Cu is the only metal that has high selectiv-
ity of hydrocarbon; other common transition metals such 
as Fe, Ni, Co, Mn, and Pt are categorized into Group 4 and 
dominated by the side reaction of HER. It is very interest-
ing that the metals with similar  CO2RR selectivity are adja-
cent to each other in the periodic table, indicating that the 
 CO2RR selectivities are determined by electronic properties. 
A simple metal–CO adsorption model has been developed to 
explain the origination of selectivities by Hori and cowork-
ers [22]. The  CO2RR reaction pathways can be categorized 
into the HCOOH pathway and the CO pathway, and the later 
one includes all the other three groups of metal except Group 
1. For reaction following the CO pathway, the  CO2 would 
be absorbed on the surface of the catalyst and then quickly 
reduced to CO. After that, the adsorption strength (i.e., the 
CO heat of adsorption ΔHCO) would determine the ultimate 
product. Au and Ag own low ΔHCO and will release CO 
as the final product once it is produced, whereas Cu can 
bond CO much stronger so that CO can be further reduced 
to deep-reduced hydrocarbon products. Notably, the bond-
ing strength between Cu and CO is strongly influenced by 
the surface facet and catalysts morphology, resulting in dif-
ferent  CO2RR selectivities. In the early research of Hori’s 
group, the evolution of  C2H4 is more favored on Cu(100) 
compared with the Cu(111) electrode, and the introduc-
tion of (111) steps to the Cu(100) basal plane can further 
promote  C2H4 formation and suppress  CH4 formation [59]. 
Wang and coworkers reported that open facets such as (110) 
on Cu nanowires have strong activity for  CO2 reduction to 

CO at low overpotential (> − 0.5 V) [60]. Unfortunately, the 
ΔHCO of transition metals such as Fe, Ni, Co, Mn, and Pt is 
too high. Thus, a CO monolayer would quickly be formed on 
the surface of the catalyst. The  CO2RR is therefore ceased, 
while the HER can still occur through the electron tunneling 
across the CO monolayer.

Under the  CO2RR environment, HCOOH cannot be fur-
ther reduced. Therefore, the HCOOH pathway only corre-
sponds to this single product. However, the reaction path-
way for HCOOH formation is still under debate. Apparently, 
most of the HCOOH-producing catalysts are inert electrode 
materials in electrochemistry, which usually endow large 
work functions and can provide electrons for bonding. There 
are two types of hypotheses for the HCOOH formation. The 
first theory assumed that there is no bonding between  CO2 
and metal, and electrons are directly injected into the  CO2 
molecules dissolved in the electrolyte [37, 61]. The other 
hypothesis suggests that although those catalysts cannot 
provide electrons to form the M–C bond with  CO2, they can 
otherwise bond with the O atoms in  CO2 [62, 63]. The for-
mer hypothesis is not adopted in recent research, especially 
for Sn and In, because the theoretical electrode potential 
to form the  CO2

− intermediate structure is very negative 
(− 1.9 V vs. NHE) and cannot explain the onset potential 
(e.g., ~  − 1.0 V vs. NHE) observed in experiments.

The activation of  CO2 molecules was once considered 
to be very difficult, because of the forming of nonlinear 
intermediate  CO2

− from linear  CO2 molecules. However, 
the bonding between metal and the C center of the  CO2 
molecule could stabilize the intermediate and greatly lower 
the overpotential for the reaction. As a two-electron electro-
chemical reaction normally has one intermediate structure, 
the overpotential can be minimized with optimal catalysts, 
as evidenced by the near-zero overpotential for  CO2RR on 
enzyme or biological catalysts [64]. Generally, the first step 
of  CO2–to–CO and  CO2–to–HCOOH reaction on catalysts 
would be proton-coupled electron transfer reaction, with 
*COOH to be the intermediate of CO evolution and *OCHO 
to be the intermediate of HCOOH formation, as shown in 
Fig. 1. The experiment from Jaramillo and coworkers on Sn 
and other metal electrodes further supports this theory [63]. 
Sn electrode can produce both CO and HCOOH as products, 
and this would be a promising candidate for the study of 
composition–activity relationship. In this experiment, the 
CO evolution activity of Sn, Ag, Au, Cu, Zn, Pt, and Ni is 
measured and plotted as the function of *COOH adsorp-
tion strength. Clearly, there is a volcano shape relationship 
between CO evolution rate and *COOH adsorption strength. 
From the volcano relationship, it is found that Au is the 
best catalyst, stronger bonding metals of Cu and Pt situated 
at the left side and weaker bonding metals of Ag and Sn 
located at the right side. However, this model cannot explain 
the activity for HCOOH formation, unless the *OCHO is 
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considered to be the critical intermediate structure instead. 
By plotting the HCOOH formation rate as the function of 
adsorption strength of *OCHO, for which intermediate is 
bonded with metal through two M–O bonds, a volcano shape 
relationship can be obtained. In this scheme, Sn is the best 
HCOOH formation catalyst, and the stronger bonding met-
als of Zn and Ni located at the left side and weaker bonding 
metals of Cu, Pt, Ag, and Au positioned at the right side. 
Notably, this mechanism cannot be applied to molecular 
catalysis of  CO2RR. For a typical molecular catalyst, such 
as cobalt-(proto)porphyrin, the metal center would be firstly 
reduced to a lower valence state, and then, it would adsorb 
and reduce the  CO2 molecule [65]. Proton transfer and elec-
tron transfer are thus decoupled.

2.1.2  Deep Reduction of  CO2 Molecule via C–C Bonds 
Formation

Compared with the understanding of CO and HCOOH 
formation, the model for deeply reduced products is much 
more preliminary. Considering the multi-carbon products of 
 CO2RR usually have higher energy density and commercial 
value, the investigation of C–C bond formation is of top 
priority in  CO2RR research. The  CO2RR performed on Cu 
(111) and (100) single crystalline orientation indicated that 
there are two different reaction pathways for  C2H4 coupling. 
On the Cu (111) face, the  C2H4 formation has a high over-
potential and shares the same intermediate structure with 
 CH4, while on the Cu (100) face, the overpotential for  C2H4 
formation is low with few by-products. Notably, the  C2H4 
formation on Cu (100) is pH independent; thus, its selectiv-
ity compared with HER or  CH4 evolution can be promoted 
by increasing the pH value of the electrolyte or using a weak 

buffering electrolyte. The pH independent of  C2H4 forma-
tion indicates that the rate-limiting step of C–C bonding is a 
decoupled proton–electron transfer process, which is proved 
by many DFT calculations [66, 67]. The critical intermediate 
structure of OCCOH was also observed in a recent operando 
IR experiment, which will be discussed in detail in 5.1.

Besides  C2H4, ethanol and acetaldehyde are also the main 
C2 products from  CO2RR. These products are believed to 
share a common intermediate because they have similar pH 
dependency. The formation of acetate needs to be taken with 
caution because the disproportionation of acetaldehyde in 
the alkaline electrolyte can also produce acetate [68]. C3 
products such as propanol are only reported in a small part 
of  CO2RR research, and the mechanism is not studied in-
depth. A hypothesis is that propanol is formed through the 
coupling of CO and  C2H4 on the catalyst surface. A series of 
catalysts have been designed in Sargent group based on this 
hypothesis and will be discussed in Sect. 4.2.2.

2.2  Catalysts development for  CO2RR

Based on the fundamental research of  CO2RR on traditional 
mono-metal catalysts, numerous catalysts with different 
metal/non-metal compositions, organic coordination, mor-
phologies and space mixing patterns are designed and tested 
to realize high selectivity and energy conversion efficiency 
of  CO2RR, as shown in Fig. 2.

Kanan group was the first to systematically study the 
oxide-derived (OD) copper and gold catalysts for  CO2RR, 
which were synthesized by thermal or electrochemical 
oxidation and then reduced in situ in the electrochemical 
reduction process [7, 9, 38]. Their research showed that the 
OD catalysts could greatly suppress the hydrogen evolution 

Fig. 1  The scheme of reaction pathways for  CO2RR and CORR. 
Black spheres, carbon; red spheres, oxygen; white spheres, hydrogen; 
orange spheres, the (metal) catalyst.  CO2 molecules can be bonded to 
metal by O–M bonds or C–M bonds, which lead to the formation of 
formate or CO, respectively. CORR starts from the adsorption of dis-
solved CO in the electrolyte or free CO molecules in the gas phase, 

while the key intermediate of CO in  CO2RR is bonded to the surface 
of catalysts and may not be released. Three attractive products of 
ethylene, ethanol and propanol can be produced by both CORR and 
 CO2RR but with different selectivities due to the different reaction 
sites
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and enhance the  CO2RR geometric current densities at 
low overpotential. Later on, reports of other metal oxide-
derived catalysts, such as  AgOx,  SnOx,  ZnOx,  BiOx, also 
exhibited much enhanced activity of  CO2RR compared with 

opponents that had not undergone this oxidation–reduction 
process [39, 69–71]. There is still a strong controversy on the 
origination of catalytic performance on these types of cata-
lysts. One controversial issue is whether oxide contributes 

Fig. 2  a–f Typical nanostructured catalysts for  CO2RR. Adapted 
with permission from Ref. [10].  Copyright © 2016, Springer Nature. 
a Scanning electron microscopy (SEM) image. b TEM image and c 
electric field distribution of Au needles. d Scanning electron micros-
copy (SEM) image. e TEM image and f electric field distribution of 
Au rods. The sharp tip of electrodes would result in a high concentra-
tion of  K+ near the electrode and thus result in high  CO2RR activity. 
g–i AuCu alloy particles with ordered arrangement of two elements. 
Adapted with permission from Ref. [76]. Copyright © 2017, Ameri-
can Chemical Society. g Aberration-corrected HAADF-STEM image 
of AuCu nanoparticles. h Magnified STEM image of the center of 
the particle. Atoms in orange and blue colors represent gold and cop-
per, respectively. i Intensity profile across the particle measured from 
the yellow box shown in g. Arrows indicate alternating high and low 
intensities, which represent gold and copper atoms, respectively. j–l 

Tandem design of AuCu bimetallic electrodes. Adapted with permis-
sion from Ref. [77]. Copyright © 2018, Royal Society of Chemistry. 
j Schematic of the interdigitated AuCu device. Externally connected 
on/off switches linked to a potentiostat can control the power supply 
on Au and Cu lines, separately. X% in table refers to the ratio of the 
geometric area of the Cu lines to the total metal area. k SEM and l 
EDX images of the 11% AuCu device with Si in blue, Au in green 
and Cu in red. m–r Typical metal–nonmetal compounds  (MxNy) of 
 Cu2S for  CO2RR. Adapted with permission from Ref. [47]. Copyright 
© 2018, Springer Nature. m TEM and n EDS mapping of vacancy-
rich  Cu2S nanoparticles. o EDS mapping, p high-resolution TEM, q 
EDS line scans and r the ratio of Cu/S concentration of vacancy-rich 
 Cu2S nanoparticles after electrochemical reduction, showing that S is 
removed from the nanoparticle surface



685Electrochemical Energy Reviews (2021) 4:680–717 

1 3

to the performance of OD catalysts during operation. Theo-
retically, the aforementioned metal oxide is expected to be 
reduced at potential of  CO2RR due to their positive stand-
ard electrode potential of M/Mn+. However, many oper-
ando experiments show that a low remnant concentration 
of oxygen may remain in the crystal lattice even though the 
main body of catalysts is transferred from metal oxide to 
metal [72–74]. The remnant oxygen might change the elec-
tric structure of the metal center to influence the catalytic 
performance. Other outstanding features of OD catalysts 
are their extremely large surface area and special surface/
interface structure that originates from the structure evolu-
tion during  CO2RR. For instance, Kanan group reported that 
OD catalysts have a high density of grain boundaries and 
assumed that grain boundaries could support reaction inter-
mediate by providing a special distribution and construction 
of catalytic sites [53, 54]. Generally, the structure evolution 
of catalysts is very complex during the oxidation–reduction 
process, and the performance of OD catalysts may originate 
from comprehensive factors of composition, surface area and 
unique catalytic sites.

Other metal and nonmetal compounds, such as halogen 
compounds [45, 46], chalcogenides [47, 48, 51], and nitrides 
[49, 50] are recently studied in  CO2RR and exhibit prom-
ising  CO2RR activity. They also suffered from instability 
during  CO2RR, and the compound would be gradually con-
verted into metal. However, the different bonding strength 
between metal and halide, chalcogen or nitrogen would 
result in different morphology, catalytic sites and electric 
structure compared with OD catalysts. Notably, these pre-
catalysts provide an excellent parameter library for adjusting 
the performance of Cu-based catalysts, because Cu catalyst 
is very sensitive to tiny change of electric or atomic struc-
ture. Such as the case reported for  Cu2S nanoparticle cata-
lysts (Fig. 2 m–r), the sulfur is indeed retained to a certain 
extent during operation, thus modifying the electronic struc-
ture of the catalyst toward higher selectivity for C2 products 
[47]. By controlling the composition of copper halide, the 
as-prepared catalyst microcrystals can be electrochemically 
transformed into three types of Cu nanostructures with com-
pletely different morphologies to optimize the  CO2RR selec-
tivity toward C2 products [75].

Alloy catalysts are another group of catalysts that are sys-
tematically studied and some promising progress in mecha-
nism understanding and performance are also achieved. It is 
assumed that by changing the composition of surface atoms, 
the bonding strength of catalyst with reactants or interme-
diates can be manipulated to boost the  CO2RR activity 
toward one certain product, such as CO, HCOOH or spe-
cific hydrocarbon compound. In view of this, the synthesis 
of the alloy catalysts is a mature way to selective produce 
CO and HCOOH.

The early research on alloy catalysts mainly focused on 
Au-based catalysts because Au is the catalyst that possesses 
a high  CO2 reduction current density and a high CO product 
selectivity [78]. Au-based alloy such as Au–Cu and Au–Fe 
[40, 79] exhibited even higher activity toward CO evolu-
tion (Fig. 2g–i) compared with the Au catalyst and at the 
same time reduce the usage amount of precious metals. In 
the research work of Yang and coworkers, this change in 
selectivity and activity of AuCu was believed to be directly 
related to the adjustment of the Fermi surface [40, 76], 
which in turn enhanced the CO evolution. The later research 
also found that the alloying of Cu with electrochemical inert 
metals such as In or Sn can realize excellent CO evolution 
catalysts, which is comparable to the performance achieved 
on Au and Ag [11, 41, 42]. It can be explained by a hypoth-
esis that the alloy should have a CO adsorption heat ΔHCO 
value in between of the two individual metals. In the above 
cases, the CO adsorption heat ΔHCO value of typical Au and 
Ag catalysts are saddled by that of Cu and Sn/In, and thus, 
the mixing of Cu and Sn/In leads to the formation of highly 
efficient  CO2RR catalysts toward CO evolution. Mixing 
formic acid-producing metals with each other (e.g., Sn–Pb) 
[80], or combining the formic acid-producing metals with 
weakly adsorbed metals (e.g., Sn–Ag) [43], enables an effi-
cient way to finely adjust the selectivity of formic acid. It is 
reported that Sn-Pd has achieved > 99% HCOOH selectivity 
under low overpotential [44]. These experiments emphasize 
that there is a synergistic effect in alloy catalysts that can be 
utilized to finely tune the selectivity of catalysts.

At present, the progress of alloy catalysts that can 
increase the yield of hydrocarbons clearly fell behind that 
of  CO2–to–CO and  CO2–to-HCOOH alloy catalysts. Many 
attempts to introduce a second metal into Cu can only 
slightly tune the selectivity for  CO2 to multicarbon products. 
Yeo and coworkers prepared a series of Cu–Zn alloys and 
found that selectivity of  C2H5OH on copper can be increased 
from 11% to 29% at the expense of  C2H4 [81]. Bell and 
coworkers reported that the strained CuAg surface alloys 
could shift the distribution of products to favor carbonyl-
containing products at the expense of hydrocarbons [82]. 
The Cu–Al bimetallic catalysts reported by Sargent and 
coworkers can realize 80%  C2H4 selectivity at 400 mA  cm−2 
[58]. On the other hand, there is not much progress for non-
copper alloy for hydrocarbon evolution and alloys such as 
Ni-Ga can only produce < 3% of hydrocarbon products [83]. 
The development of this field urgently needs a deeper under-
standing of the mechanism of  CO2 reduction, especially the 
optimal intermediate structure.

Compared to alloys, bimetallic catalysts with a special 
spatial arrangement of metals may provide an efficient 
means to tune the selectivity of  CO2RR catalysts. Ager and 
coworkers reported Cu and Au wire electrodes deposited 
alternately in parallel on  SiO2 [77], as shown in Fig. 2j–l. Au 
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wires can only produce a mixture of  H2 and CO, while the 
Cu wires in this system can produce a series of multicarbon 
products similar to the standard copper foil. However, when 
voltage is applied to Cu and Au wires simultaneously, the 
FE of oxygenate can be increased from 21.4% to 41.4%. 
This is because the Au electrode can greatly increase the CO 
concentration on the Cu electrode surface, thereby chang-
ing the electrode selectivity. Meyer and coworkers mixed 
monodispersed 6-nm Cu and Ag nanoparticles on glassy 
carbon [84]. These catalysts also showed an increase of C2 
selectivity with FEacetate of 21.2%.

Besides controlling catalysts composition, the design of 
the nanostructure is also widely used in the development 
of  CO2 reduction catalysts. The nanostructure morphology 
of catalysts can affect the performance of CORR from two 
aspects: surface catalytic sites [85] and local electrolyte 
environment[86, 87]. Compared with the planar electrode, 
nanostructured catalysts possess larger electroactive surface 
area and abundant unsaturated coordinated surface sites. For 
instance, the unsaturated coordinated metal sites in small 
Cu clusters are reported to have better catalytic activity for 
 CO2RR [85]. The unsaturated coordinated surface sites are 
also assumed to be the critical reason why catalysts derived 
from metal compounds have high selectivity for hydrocar-
bons [74, 85]. Nanostructure metal catalysts with regular 
polyhedron morphology can expose specific crystal facets. 
Due to their much larger electroactive surface area compared 
with single facet metal foil, they can act as better catalysts to 
regulate CORR selectivity and alternative platform for the 
mechanism study. For instance, cubic copper nanocrystal 
catalyst can produce ethylene at a high reaction rate and high 
selectivity because it exposes (100) faces with high surface 
area [88]. Nanowires and nanosheets are another widely 
studied morphologies in catalysis to expose certain surface 
orientation [89, 90].

From a more macroscopic perspective, the nanostructured 
electrode will also have a great impact on the solution envi-
ronment near the electrode surface. The main reason is that 
the nanostructured electrode has a higher geometric current 
density than the planar electrode in a small voltage range, 
which consumes more protons and sequentially increases 
the surface pH value. The rough surface structure further 
limits the exchange of ions between the surface and the bulk 
solution and promotes this effect. The high local pH environ-
ment would greatly suppress the HER and favor  CO2RR. For 
instance, 10–30 times increase of the  CO2RR/HER ratio can 
be observed on mesostructured Ag and Au catalysts with 
increasing porous film thickness [86, 87]. On Cu catalysts, 
a high pH value is beneficial to increase the competitiveness 
of the series of reaction paths of C–C bond coupling, thereby 
increasing the selectivity of the C2 products. There is also 
a hypothesis that nanostructured electrodes can produce 
local high electric fields that concentrate the cations in the 

electrolyte (Fig. 2a–f) [10]. The  CO2RR activity and selec-
tivity on nanostructured electrodes are therefore improved 
through the alkali metal cations enhanced  CO2RR. Based on 
this concept, Au needles with nanometer-sized tips realized 
a geometric current density for  CO2–to–CO of 22 mA  cm−2 
at − 0.35 V, which is an order of magnitude better than gold 
nanorods [10].

Molecular catalysts research actually started early in the 
 CO2RR area and mostly concentrated in mimic natural pho-
tosynthesis. In addition, this research area normally focused 
on reducing  CO2 into CO or HCOOH, which is the first step 
of  CO2 reduction in natural photosynthesis [91]. Although 
the molecular catalyst endows uniform structure and can 
provide precise reaction mechanisms from the structure 
and catalytic performance relationship, there are several 
drawbacks to molecular catalysts that hinder their further 
contribution to the scale-up of  CO2RR. First, most of the 
studies on molecular catalysts are focusing on preliminary 
reducing products rather than deep-reduced products, while 
for industrial electrochemical  CO2RR, C2+ products are 
more desired. Second, as mentioned above, the first electron 
transfer processes for heterogeneous catalysts and molecu-
lar catalysts are different. Thus, the information obtained 
from the mechanism studies on molecular catalysts cannot 
be directly transferred to the the design of heterogeneous 
catalysts. Finally, the long-term stability of molecular cata-
lysts is still an issue during operation since the catalysts may 
decompose and deposit on the surface of the electrode [91]. 
Notably, sometimes the molecule-derived catalysts on the 
electrode can have superior performance compared with the 
molecule catalyst in solution, even though only a small pro-
portion of molecular catalysts are converted [92]. This trig-
gers the effort to deposit molecular catalysts on the surface 
of gas diffusion electrodes to mediate heterogeneous elec-
trocatalysis. For instance, Berlingutte, Robert, and cowork-
ers immobilized cobalt phthalocyanine on the gas diffusion 
layer and exposed it to gaseous  CO2 in a gas-phase flow cell 
architecture [93]. A current density of > 150 mA  cm−2 with 
 FECO > 90% can be achieved, which is comparable with the 
state-of-the-art Ag catalysts. Once the price of the molecu-
lar catalyst is decreasing to a considerably low level, it can 
be considered as a replacement of the current Ag catalyst. 
MOFs, on the other hand, can be considered as the mirror 
image of a molecular catalyst in heterogeneous catalysis. 
The MOF is a very new research area in the field of  CO2RR, 
and there are still relatively few related articles. However, 
according to the related research work of the Sargent group, 
Cu–MOF also suffers from a relatively strong degradation 
effect under the conditions of  CO2 reduction, as it eventually 
becomes metallic Cu [85]. Of course, due to the monodis-
persity of the metal in the MOF, the MOF-derived metal Cu 
obtained by degradation may also have a different dispers-
ibility and thus have different catalytic properties.
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2.3  Operation Environment and Cell Configurations 
for  CO2RR

Before diving into the synergistic effect of the reaction envi-
ronment on catalysis, there is a top priority electrolyte envi-
ronment issue for  CO2RR, which is the impurity. Compared 
with the water-splitting reaction, the  CO2 reduction reaction 
is greatly affected by impurities. Hori and coworkers showed 
in their early research that if ultra-pure reagents are not used, 
the performance of the metal thin film electrode will be com-
pletely attenuated and disappeared in about 1 h, while the 
Cu electrode is more sensitive to impurity than Au and Ag 
[94]. Common impurities in the general solution include 
Fe, Zn, and Mn, and these metals are active for hydrogen 
production. Under the  CO2 reduction potential, these metal 
ions can be deposited on the surface of the electrode, and 
complete coverage on the surface of the planar electrode can 
be achieved by the ppm-level impurities in the solution. Cor-
respondingly, in the later research on porous electrodes, such 
as the research on oxide-derived electrodes, it was found that 
electrodes with a large specific surface area are more resis-
tive to impurity contamination. The conventional methods 
to avoid impurity contamination in the experiment can be 
summarized as follows: (1) pre-electrodeposition method. 
By applying lower potential and current on double precious 
metal/carbon electrode in the solution, the impurities can be 
deposited on the electrode after a long time reaction of more 
than 12 h [94]. (2) A chelating agent-based ion exchange 
resin can be employed to replace the metal ions in the solu-
tion with protons [95]. (3) Adding chelate directly to the 
solution, the chelating agent can inhibit metal deposition on 
the electrode to a certain extent. In this case, the concentra-
tion of the chelating agent needs to match the concentration 
of impurities in the solution, and the chelating agent may 
have an etching effect on some metal electrodes [95, 96].

The choice of solution (aqueous phase/non-aqueous 
phase), pH, ion species, buffer capacity, and mass transfer 
conditions will all affect the activity and selectivity of the 
 CO2RR system. However, the impact of these factors on per-
formance, which is very important for constructing reactors, 
has not been fully understood.

In an early-time standard  CO2RR reaction setup, 0.5 M 
(1 M = 1 mol  L−1)  NaHCO3 or 0.5 M  KHCO3 solution would 
be used as the electrolyte and  CO2 gas would be bubbled 
into the solution near the  CO2RR electrode. In the previous 
study based on this cell configuration, bicarbonate solution 
is proved to be the best supporting electrolyte for  CO2RR 
in terms of activity and selectivity. During the operation 
of  CO2RR, the protons near the electrode surface would 
be quickly consumed, resulting in a shift of  CO2/H2CO3, 
 H2CO3/HCO3

–, and  HCO3
–/CO3

2– balance [97]. With dif-
ferent electrolyte composition and buffering capacities, the 
environment of the electrolyte–electrode interface would be 

dramatically different, leading to different selectivity and 
activity of  CO2RR. Most researchers believe that although 
dissolved  CO2 is an active substance, the bicarbonate–CO2 
complex in bicarbonate solution would greatly increase 
the  CO2 concentration on the electrode surface for a better 
 CO2RR environment. Recent research of FTIR and isotope 
labeling confirmed the role of carbonate as a reactant sup-
plier [98, 99]. Non-buffer electrolytes cannot maintain the 
 CO2 concentration near electrode surface, and other buffer 
solutions, such as the phosphate buffer, are easier to provide 
protons than water, which would favor the HER and  CH4 
production [97].

A large number of experiments have observed that large 
cations will lead to a high  CO2 reduction rate and a high C2/
C1 ratio in the order of  CS+ >  K+ >  Na+ >  Li+ [100, 101]. 
Some studies believe that the hydration process of cations 
will help buffer the surface and increase the concentration 
of dissolved  CO2 on the surface. Another possible explana-
tion is that cations make *OCCO and *OCCOH more stable 
than 2 *CO, which will be discussed more in Sect. 3.1.2. The 
research of influence of pH values in the aforementioned 
setup is considerably hindered by the buffering capacity of 
bicarbonate solution and the reaction between  CO2 gas and 
 OH− ions. Several experiments have investigated the pH 
region from 6–10 and found a positive correlation between 
 C2H4 evolution and pH values, helping the development of 
the  CO2RR mechanistic model.

Due to the gradual understanding of the importance of 
local  CO2 concentration in  CO2RR, parameters besides 
electrolyte composition have been investigated to enhance 
the  CO2 supply for liquid-phase  CO2RR. Theoretically, the 
solubility of  CO2 in aqueous solution scales inversely with 
raising temperature. The solubility of  CO2 increases from 
21 to 73 mM when temperature decreases from 42 °C to 
2 °C [102]. It is observed that the hydrogen evolution on 
all metals was significantly suppressed at a lower tempera-
ture, resulting in better  CO2 reduction selectivity. However, 
the current density also decreased at a lower temperature, 
resulting in a lower  CO2 reduction rate [102–104]. Chang-
ing aqueous electrolytes to organic electrolytes could also 
increase the solubility of  CO2, but the  CO2 reduction rate 
was also lowered because of higher resistance and lower pro-
ton concentration [105, 106]. In the H-cell, the  CO2 injection 
position, solution stirring, and  CO2 partial pressure can also 
greatly influence the  CO2 supply on the catalyst surface. 
Based on these experiments, it becomes a consensus that 
increasing the  CO2 supply can reduce hydrogen production 
and improve the C–C bond formation.

Using the flow cell mode with gas diffusion layer as cata-
lysts support and gas-phase  CO2 for mass transfer, the dif-
fusion coefficient is three orders of magnitude greater than 
that of water-soluble  CO2, so the improvement in diffusion 
of  CO2 reactant is very obvious (Fig. 3). This is of great help 
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to the study of catalysts operating under large current density 
environments. For the clarity of the concepts in this review, 
the category labels of different electrochemical cell configu-
rations are first demonstrated here. In general, the cell con-
figurations can be divided into two large categories: H-cells 
and flow cells. The main difference is whether the electrolyte 
and gas reactants are kept flowing in and out of the reaction 
cell. In  CO2 and CO reduction area, the reactants in a flow 
cell are supplied by gas phase directly with the gas diffusion 
layer as pathways, that is why the flow cell discussed in this 
paper can be named “gas-phase flow cell” [33]. Notably, 
the gas diffusion electrode, as a basic feature of gas-phase 
flow cells, can also be used in an H-cell. According to the 
structure of the gas-phase flow cell, there are some further 
classification categories [33, 107]. In most research, mem-
branes are used to separate anode and cathode chambers, so 
they can be labeled as membrane-based flow cells. Micro-
fluidic electrolytic cells developed by Kenis and coworkers 
is membrane-less flow cells that replace the membrane with 
a thin space (< 1 mm in thickness) filled with flowing elec-
trolyte stream to separate the anode and the cathode [108]. 
For membrane-based flow cells that press two electrodes 
together with an ion exchange membrane in between, it can 
be further categorized as membrane–electrode–assembly 
(MEA) flow cells or zero-gap flow cells [109, 110].

The information obtained by the above H-cell research, 
such as resistance of electrolytes and membranes, mass 
transfer, the overall balance of the system and the decay 
process of the catalyst usually, cannot be applied directly 
to that in a gas-phase flow cell with high current density. 
More importantly, the solution and the gas phase can be 
separated in a gas-phase flow cell mode, so that the elec-
trolyte no longer takes the role of reactant supply. Thus, the 
bicarbonate solution is not necessarily the best choice of 
electrolytes, and the influence of the electrolyte on the reac-
tion needs to be reconsidered. For example, the influence of 

pH on the  CO2RR reaction is greatly amplified when KOH 
can be used directly as a catholyte. In particular, alkaline 
flow cells have been widely used in  CO2RR research and 
result in a large improvement of catalysts performance. For 
instance, > 90% selectivity at current density > 150 mA  cm−2 
can be achieved for CO and HCOOH evolution on Ag/GDL 
and Sn/GDL, respectively [56, 57]. High  C2H4 selectivity 
of > 70% can be realized at current density > 300 mA  cm−2 
with carefully designed Cu-based catalysts and gas-phase 
flow cells [55, 58]. There are also many problems in an 
alkaline  CO2RR gas-phase flow cell, such as the unavoid-
able crossover of  HCO3

− in a dual alkaline environment 
and the neutralization between KOH and  CO2, which need 
to be resolved before this system can be scaled up and 
industrialized.

Currently, there is no optimal method to investigate the 
detailed environment information in a gas-phase flow cell, 
because of the impermeable of gas-phase flow cell for most 
of the detection methods and the requirement of time and 
space resolution. The development and application of a 
multiphysics model provide a promising method to inves-
tigate the fundamental limitations of MEA designs. It can 
simulate the transport of neutral and ionic species, fluid flow 
through a porous medium, current and potential distribution, 
chemical and electrochemical reactions, and heat transfer 
[111–113]. Based on this method, interesting works have 
been accomplished, such as probing the surface ion diffusion 
on nanostructure catalysts, elucidating how local environ-
ment near the catalyst layer affects cell performance, and 
comparing the different MEA designs for high reaction rates 
and high selectivity.

Fig. 3  a Typical design of the 
three-phase interface in  CO2RR 
and CORR flow cells. b Scheme 
of equilibrium of  CO2 and CO 
in gas–liquid phases. c Illustra-
tion of the graphite/carbon NPs/
Cu/PTFE electrode. a and c 
adapted with permission from 
Ref. [55].  Copyright © 2018, 
Science Publishing Group
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2.4  From  CO2RR to CORR

2.4.1  An Economic Competitive Reaction Pathway

Producing highly reduced long-chain hydrocarbon products 
from  CO2RR attracts great attention because of the crucial 
role of long-chain hydrocarbon in the energy system and 
chemical industry. However, as mentioned above, the only 
 CO2RR products that can be produced exclusively are CO 
and HCOOH. Furthermore, only < 10% of C3 selectivity 
can be realized at current density > 100 mA  cm−2 [27, 114]. 
From the perspective of the C–C coupling reaction mecha-
nism, a high local concentration of CO should be very help-
ful for the formation of multi-carbon products. Therefore, if 
the reaction starts from CO, the selectivity of multi-carbon 
products will be improved. Starting from CO can also avoid 
the C1 reaction path in  CO2RR, such as the HCOOH reac-
tion path.

Various ways to convert  CO2 into multi-carbon products 
have also been considered in depth technoeconomically 
[19, 20], including direct electrochemical reduction of  CO2 
to multi-carbon products; electrochemical conversion of 
 CO2 to CO, and then electrochemical reduction of CO to 
multi-carbon products; chemically conversion of  CO2 to 
CO, and then conversion of CO into multi-carbon by Fis-
cher–Tropsch reaction, etc. (Fig. 4). The fundamental chal-
lenge for the commercialization of all reaction pathways is 
that commercial profits cannot be realized under the current 
renewable electricity price. However, one can still seek the 

most likely path for commercialization. The reduction of 
 CO2 to CO has been able to achieve high FE and energy 
conversion efficiency under high current, and the reduction 
of CO is also prone to produce a large number of multi-
carbon products. Unfortunately, the conversion efficiency 
from  CO2 to a single multi-carbon product is very low. Thus, 
 CO2–CO–C2+ pathway always has better energy conver-
sion efficiency and lower product cost than the  CO2–C2+ 
pathway. Compared with the electrochemical conversion 
of CO into fuels, there is also a mature technology of Fis-
cher–Tropsch reaction that can produce a large number of 
long-chain compounds from the feedstock of CO and  H2. In 
the current Fischer–Tropsch industry, the syngas feedstock 
comes from the coal gasification or steam-reforming natural 
gas [115, 116]. Thus, the whole Fischer–Tropsch industry 
is a net positive carbon emissions process. If the feedstock 
of the Fischer–Tropsch industry can be changed to CO and 
 H2 obtained by the electrochemistry process, it would be a 
strong competitor for renewable CORR. This is because the 
electrochemical hydrogen production is very mature with 
high energy conversion efficiency, and the products from 
the Fischer–Tropsch reaction have much longer chains com-
pared with that of CORR. These are all challenges of CORR 
that need to be addressed urgently.

2.4.2  A platform to Better Investigate the Reaction 
Mechanism

In addition to the commercial considerations, CORR also 
has its own special characteristics compared with  CO2RR. 
For  CO2RR,  CO2 will first be reduced to CO at one site, 
and then, it is likely to continue to be deeply reduced at the 
same site [29, 117]. However, for a catalysis process, effi-
cient  CO2–to–CO reduction sites and CO–to–C2+ reduction 
sites are not necessarily the same. For instance, the best CO 
evolution catalyst of Au and the best hydrocarbon evolu-
tion catalyst of Cu have totally different electric properties. 
Moreover, the sequential reduction on a single site is likely 
lead to the scaling relationship effect. Since a large number 
of intermediate products of  CO2RR have similar structures, 
adjusting the catalyst structure to reduce the overpotential 
of some reaction steps will inevitably lead to an increase of 
the overpotential of other steps. By decoupling the  CO2–CO 
and CO–C2+ reaction steps, the optimization on the catalyst 
structure and the reaction system can be conducted indepen-
dently, thus resulting in higher overall energy conversion 
efficiency. Related to this, research of CORR on the C–C 
coupling mechanism is also much more convenient and eas-
ier than  CO2RR because it has fewer intermediate products.

Another feature of CORR relative to  CO2RR is the inter-
action of reactants with water. Compared with the equilib-
rium of  CO2/HCO3

–,  H2CO3/HCO3
– and  HCO3

–/CO3
2– after 

 CO2 is dissolved in water, CO has less than one-tenth 

Fig. 4  Schematic of the three possible pathways for electrochemical 
 CO2 reduction to liquid products. The pathways are a  CO2 is elec-
trochemically reduced to CO, and water is electrochemically reduced 
to  H2. The subsequent Fischer–Tropsch conversion of syngas can 
obtain long-chain hydrocarbon products. b  CO2 is first electrochemi-
cally reduced to CO and CO is subsequently reduced to multicarbon 
products. c  CO2 is directly electrochemically reduced to multicarbon 
products
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solubility and does not form a complex ion balance. This 
greatly simplifies the experimental design of the catalytic 
system and the balance of the catalytic interface. Although 
the low solubility of CO will affect the research progress of 
the CORR system in H-cells (non-gas diffusion electrodes) 
to some extent, the current research in a gas-phase flow cell 
has solved this problem well. This part will be discussed 
more in Sect. 3.3.

3  Cell Design and Electrolyzer for CORR

A standard reaction cell is crucial to realize an efficient 
electrolysis reaction and make sure all the catalytic results 
can be reliably compared [118, 119]. Due to the low sol-
ubility of CO in aqueous solution, the investigation of 
CORR in H-cells is usually confined in a low current den-
sity region, where the catalytic performance is vulnerable 
to the tiny changes of the cell configuration. Moreover, to 
realize the industrialization of decarbonization, the ulti-
mate goal of CORR research, the reaction rate of CORR 
should reach > 0.2 A  cm−2 with > 80% FE [19, 33]. Thus, 
the construction of a standard test cell where the mass trans-
port limit could be eliminated is the top priority in CORR 
research. For this purpose, the choice of electrolyte identity, 
the design of the gas diffusion layer (GDL) and the optimi-
zation of the membrane electrode assembly (MEA) must be 
carefully considered.

3.1  Choice of Electrolytes for CO Reduction

During the catalytic reduction process of CO, the adsorption 
of reactants and the bonding configuration of intermediates 
would be greatly influenced by the local atomic and elec-
tronic structures at the electrode interface, which is deter-
mined by both electrode materials and the liquid side of the 
reaction environment. The interaction of intermediates with 
the liquid side depends on the detail composition of the solu-
tion, i.e., the identity and concentration of the supporting 
electrolyte, and the pH value of the electrolyte.

3.1.1  Influence of pH Values on CORR

pH values can greatly influence an electrochemical reaction 
whose rate-determining step involves proton transfer. There 
are multi-steps of proton transfer in CORR, and for different 
products the proton transfer occurs at different stages of the 
reaction. Thus, changing the pH value of electrolytes can 
potentially lead to different trends for product generation in 
CORR. For instance, there is a significant difference in pH 
dependence between the C1 product of  CH4 and C2 products 
of  C2H4 and  C2H5OH in CORR on the Cu electrode. Two 
decades ago, Hori and coworkers first reported that a high 

pH value favored  C2H4 and  C2H5OH formation over  CH4 
formation in CORR. The partial current of  CH4 generation 
was proportional to proton activity by analyzing the Tafel 
relationships on the SHE scale, whereas the Tafel relation-
ships for  C2H4 and  C2H5OH formation were irrespective of 
pH values [97, 120]. Thus, it is indicated that the rate-deter-
mining step (RDS) of  CH4 production in CORR followed a 
concerted proton-electron transfer mechanism and the RDS 
of  C2H4 production only involved an electron transfer. This 
hypothesis can be supported by the DFT calculations for the 
CORR on Cu (100) [66]. In the RDS step of CO coupling 
to *CO–COH, proton and electron transfer was decoupled, 
resulting in pH independence of  C2H4 formation on the SHE 
scale. This decoupling phenomenon of proton and electron 
transfer is probably due to the high electron affinity of the 
intermediate  C2O2, which leads to a much faster electron 
transfer than proton transfer. Notably, the phenomenon that 
 C2H4 formation was more favored over  CH4 formation at 
high pH values only existed on the Cu (100) facet as reported 
by Koper [121]. On Cu (111), the onset potentials for the 
formation of  C2H4 were close to the onset potentials of  CH4 
formation from pH 7 to pH 12.

The pH dependence for other C2+ oxygenate products 
on copper is more difficult to investigate due to their low 
concentrations. Based on an electrochemical cell with a 
high ratio of electrode surface area to electrolyte volume, 
Jaramillo, Hahn, and coworkers proved that most of the 
C2+ oxygenate products were also irrespective of pH val-
ues [14, 122]. In this study, the major products were deter-
mined to be  C2H4 and  CH3CH2OH with a minor amount of 
 CH4,  CH3COO−,  C3H7OH,  CH3CHO, and  CH3CH2CHO. 
On the SHE scale, the overpotentials for most C2+ prod-
ucts in CORR did not change with variation of pH values, 
indicating that the rate-limiting step for C2+ formation was 
pH-independent.  CH3COO− was different from other C2+ 
products and showed a positive shift in onset potential on the 
SHE scale for CORR, suggesting that the rate-determining 
step was different for  CH3COO− compared with other C2+ 
products. The reaction pathway of  CH4 was very complex 
as it shifted both on the SHE and on RHE scales. In sum-
mary, alkaline conditions indeed increase the energy con-
version efficiency and selectivity of CORR to C–C coupled 
hydrocarbon/oxygenate products, which are more attractive 
from viewpoints of industry and fundamental science.

3.1.2  Influence of Cation Species on CORR

In an electrochemical reduction reaction, the cations are 
usually accumulated near the electrode surface due to the 
negative potential applied on the electrode. Cations in elec-
trolytes have been observed to impact the selectivity of both 
 CO2RR and CORR greatly; however, the mechanism is still 
under debate [101, 123]. Hori and coworkers provided a 
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preliminary study on how  Li+,  Na+,  K+,  Cs+ impacted the 
CORR selectivity of a polycrystalline copper catalyst [123]. 
The general trend was that all C2+ compounds production, 
e.g.,  C2H4,  CH3CH2OH, and  C3H7OH, could be enhanced 
by larger cations  (Cs+ and  K+), while  H2 evolution and  CH4 
evolution were more favored with small cations  (Li+ and 
 Na+). Thus, large cations such as  Cs+ and  K+ could greatly 
enhance the ratio of C2/C1. Notably, this promotion effect 
of large cations on  C2H4 and  CH4 selectivities is different 
on different Cu facets. Koper and coworkers reported that 
the  C2H4 evolution on the Cu (100) facet, which had the 
lowest overpotential among all CORR pathways in their 
study, showed the highest promotion effect by large cations 
in comparison with the  C2H4 evolution on Cu (111) or  CH4 
evolution on both facets [124]. They also found that although 
the polycrystalline copper showed a decreased overpotential 
of  C2H4 products in the electrolyte with large cations of  Rb+ 
and  Cs+, the onset potential of  C2H4 formation on Cu (111) 
or Cu (100) single-crystalline facets was actually independ-
ent of cation size. The decrease of overpotential of  C2H4 
products on polycrystalline copper could be attributed to 
the larger promotion of  C2H4 evolution on Cu (100) facets 
compared with all other reaction pathways. In these studies, 
the role of cations in CORR was considered to be a catalytic 
promoter, which changed the free energy landscape of CO 
reduction and stabilized certain intermediates. The pathway 
with these intermediates was promoted more effectively by 
larger cations such as  Cs+ than the smaller cations.

The influence of cation on C2+ selectivity of CORR can 
be in part explained by the difference of outer Helmholtz 
plane potential (OHP). Cations tend to adsorb on the elec-
trode and shift the potential of the outer Helmholtz plane 
in the positive direction. Large cations are easier to adsorb 
on the electrode because the hydration number from  Li+ 
to  Cs+ becomes smaller. In an electrolyte with larger cati-
ons, the positive shift of OHP would change the concentra-
tion of  H+ and results in higher pH values at the electrode 
surface, which benefits the production of C2 products. The 
above mechanism proposed for the influence of pH values 
and cation species on CORR is consistent with most of the 
research results; however, some recent results suggested that 
further development of this mechanism is needed. Lu and 
coworkers provided an interesting hypothesis that hydroxide 
was not a promoter of C2+ production in CORR on the Cu 
electrode, and the observed influence of pH on CORR selec-
tivity was also coming from the distribution of cations [125]. 
In this study, the authors systematically studied the C2+ 
product generation in two kinds of electrolytes at both SHE 
and the RHE scales. The first electrolyte had an identical 
concentration of  OH− and different concentrations of  Na+, 
and the second electrolyte possessed a varying amount of 
 OH− and an equal amount of  Na+. The results demonstrated 
higher concentration of  Na+ instead of  OH−, resulting in a 

promotional effect on C2+ production during CORR. Their 
hypothesis was further supported by chelating the  Na+ in 
solution by 15-crown-5, leading to a drastic decrease in the 
partial current of C2+ generation.

The size effect of organic cations, however, cannot be con-
sidered the same as the alkaline cations, as reported by Wae-
gele and coworker [126]. The CORR tested with  alkyl4N+ 
cations showed that  C2H4 was produced in small cation con-
tained electrolytes, but not in large cation contained elec-
trolytes. Surface-enhanced IR absorption spectra (SEIRAS) 
in attenuated total reflection (ATR) geometry proved that 
there was a significant difference in the O−D stretch band 
of interfacial heavy water in SEIRAS, indicating that the 
two large cations of  propyl4N + and  butyl4N + blocked the 
interaction between *CO and interfacial water. These water 
molecules were assumed to stabilize the key intermediate 
(CO dimer) in  C2H4 formation by hydrogen bonding to the 
terminal oxygen of CO dimer.

3.2  Gas Diffusion Electrode in H‑Cells for CORR

The sufficient supply of CO is the most important require-
ment of CORR experimental design. For  CO2RR, the solu-
bility of  CO2 in aqueous solution is 34 mM, corresponding 
to > 10 mA  cm−2 limited current density. However, the low 
solubility of CO in aqueous electrolytes (∼1 mM) can only 
support limited current density lower than 1 mA  cm−2 based 
on Fick’s law (Fig. 5). This limitation was confirmed by 
Xu, Lu, and coworkers, who monitored the surface coverage 
ratio of linearly adsorbed CO  (COL) under different mass 
transfer conditions by SEIRAS [32]. At a current density 
of  ∼1 mA  cm−2, the intensity of the IR band of  COL dropped 

Fig. 5  The scheme of CO supply for planar electrodes, porous elec-
trodes with nanostructure catalysts, and the gas diffusion substrate 
coated with catalysts
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by ∼70% once the stirring was turned off from 800 r  min−1 
and quickly recovered when the stirring rate was beyond 
300 r  min−1. The insufficient supply of CO would result in a 
lower limited jCORR current density due to the mass transport 
limitation and curtail the selectivity of CORR toward C2 and 
C3 products because the low coverage ratio of CO on the 
surface of catalysts would lower the chance of C–C bonds 
formation [122]. Higher CO partial pressure can benefit the 
production of C2+ products over  CH4, and there is a second-
order dependence on the coverage of adsorbed CO for C2+ 
production in a wide pressure range. However, first-order 
reaction kinetics for CO–to–C2+ was observed at lower CO 
pressures [0.1 and 0.01 bar (1 bar = 100 kPa)] [32, 122]. This 
deviation can be explained by the fact that the adsorption 
sites of CO on copper are not evenly distributed. The step 
and kink sites are close to each other and bind CO stronger 
than terrace sites.

Replacing the planar electrode with a porous electrode is 
one way to levitate mass transport limitation [10, 127], prob-
ably due to the accumulation of gas bubbles on the surface 
and non-planar mass transport (Fig. 5). Wang and coworkers 
changed the morphology of copper catalysts from the planar 
substrate to a three-dimensional (3D) porous structure. They 
found 3D porous structure can benefit the transport of CO to 
realize a sixfold improvement in CORR geometric current 
density compared to the 2D counterpart with similar sur-
face roughness factors in an H-cell test [127]. The optimized 
sample with 3D structure showed a high total current density 
of 2.7 mA  cm−2 and FE of 51% at − 0.3 V (in this paper all 
voltages used are vs. RHE, unless specially noted) toward 
ethanol production. Nevertheless, the obtained CORR cur-
rent density was still 1–2 orders of magnitude lower than 
that required for industrial applications.

Comparing to CO diffusion in aqueous solution, CO dif-
fusion in the gas phase possesses > 1000 times higher diffu-
sion coefficients and > 30 times higher concentrations, rais-
ing the theoretical diffusion limited current density to > 1 
A  cm−2. Gas diffusion electrode (GDE) configurations is a 
promising structure to promote the supply of CO gas through 
the porous and continuous gas pathway inside the elec-
trode itself (Fig. 5). Normally the GDE used in electrolysis 
consists of a dense array of carbon fibers and/or a densely 
packed carbon microporous layer. Catalysts are deposited 
on one side of the gas diffusion layer to form a three-phase 
interface of gas reactants, liquid electrolytes, and solid elec-
trocatalysts. Unlike a planar electrode where CO gas needs 
to transport from the front side across a ~ 100 μm thickness 
liquid diffusion layer, in the GDE mode CO gas can directly 
flow to < 10 nm distance around the reaction sites, helping 
to enhance the up-limit current density to ~ 1 A  cm−2. A 
simple experimental comparison between CO gas flowing 
through and flowing by GDEs in H-cells exhibited more 
than 50 times difference of CORR production rates, strongly 

proving the important roles of direct gas feed configuration 
and construction of triple-phase interfaces in enhancing the 
reaction rates of the catalysts for CORR [128].

The hydrophobic property of GDLs is very important in 
the design and operation of GDEs because it determines 
whether the gas pathway is clear and not blocked by water 
flooding. In the pioneering work of CORR on GDEs from 
Xiang and coworkers, the GDE consisted of copper nanopar-
ticles, C powders, and Teflon, which were not strictly hydro-
phobic [128]. A partial current density of 50.8 mA  cm−2 and 
FE of 17.8% for CORR to  C2H4 were achieved at − 0.85 
and − 0.74 V in 10 M KOH, respectively. However, more 
than 70% of the current density corresponded to hydro-
gen evolution. The later CORR researches proved that 
enhancing the hydrophobic property of GDEs successfully 
suppressed the hydrogen evolution at high current densi-
ties and achieved high FE for CORR to hydrocarbons and 
multi-carbon oxygenates in an H-cell test [31, 129]. In the 
work of Lu and coworkers, the catalyst electrodes were pre-
pared by depositing commercial dendritic polycrystalline 
Cu powders onto polytetrafluoroethylene (PTFE)-treated 
carbon fiber paper [31]. At the potential of − 0.94 V, the 
current density of dendritic Cu reached 180 mA  cm−2 with 
FE > 80% for CORR. On the contrary, the dendritic Cu pow-
ders deposited on non-hydrophobic carbon support (i.e., 
non-PTFE-treated carbon fiber paper and glassy carbon) 
showed almost exclusive hydrogen evolution, indicating 
that the hydrophobicity of the catalyst support is the key to 
form triple-phase boundaries and achieve high reaction rates. 
Deng and coworkers further optimized the PTFE content of 
gas diffusion electrodes for CORR in an H-cell [129]. Three 
carbon papers (CP, without micro-porous layers) with dif-
ferent hydrophobicity (PTFE concentration of 5 wt%, 13 
wt%, and 25 wt%) and one hydrophobic carbon paper with 
25% PTFE treatment micro-porous layers (CP-MPL) were 
tested as the supports of Cu particles to optimize the CO 
diffusion to catalytic sites (Fig. 6). It was found that the FE 
for  C2H4 formation increased from 2.46% to 52.7% when 
the hydrophobicity increased from CP-5% to CP-MPL. This 
result suggested that hydrophobic property of support carbon 
paper can benefit the CO supply to catalytic sites and in turn 
boost the C2 production.

3.3  Design of CORR Electrolyzers

There is a large body of work on flow cell design for other 
reactions (e.g., fuel cells, water splitting, and  CO2RR) 
besides CORR. Both acid and alkaline water splitting elec-
trolyzers are quite mature and commercialized [130, 131]. 
The electrolyzer for fuel cells has been extensively inves-
tigated for many years, and the supply of the reactants is 
normally through the gas phase in both anode and cathode 
sides [132, 133]. For  CO2RR, the alkaline electrolyzer is the 
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most common setup, and  CO2 is supplied through the gas 
phase into the GDE [134, 135]. The current design of the 
CORR gas-phase flow cell largely takes advantage of these 
successful designs.

One key parameter of cell design is the choice of the 
membrane, which could be the proton exchange membrane 
(PEM), the anion exchange membrane (AEM), or the bipo-
lar membrane (BPM). The choice of PEM and AEM does 
not result in a significant difference in energy conversion 
efficiency or ion flow efficiency in their most optimized 
design. The only thing that needs to keep in mind is that the 
PEM presents the best ion transport property for  H+, and the 
AEM shows the best ion transport property for  OH−. Other 
cations or anions such as  K+,  Na+, and  NO3

−,  Cl− can be 
used for ions transport in PEMs or AEMs, respectively, but 
require a much higher voltage. This fact recommends the 
use of PEMs in an acid environment and AEMs in an alka-
line environment. BPMs can greatly hinder the ion exchange 
between anode and cathode sides; however, it requires 0.8 V 
extra activation energy to support the current [136]. The 
only case that BPM systems can have equal energy conver-
sion efficiency compared with PEM and AEM systems is 
that employing acidity electrolytes in the cathode side and 
alkaline electrolytes in the anode side. In the CORR system, 
the BPM is not feasible because acidic catholytes would 
benefit the competitive reaction of hydrogen evolution. To 
ensure the sufficient supply of CO, gas-phase CO should be 
injected directly into GDEs. There are two different design 
principles for structure between GDEs and membranes. One 
can introduce an electrolyte layer to supply water and control 
the reaction environment, or GDEs can be directly pressed 
to the membrane and water is provided by humified CO. 

Eight different gas-phase membrane flow cell configura-
tions can be proposed based on the above-analyzed factors 
that whether the liquid electrolyte is used in the anode side, 
whether PEMs or AEMs are used to separate cathode and 
anode sides, and whether the electrolyte layer is introduced 
between cathodes and membranes. The design scheme and 
the ion transport path of these eight cell configurations are 
shown in Fig. 7.

There is currently no research work that compares 
all these possible cell configurations. However, it is 
well known that the anionic products of  CO2RR such as 
 HCOO− and  CH3COO− could go across the AEM mem-
brane [137–139]. Without catholytes to pull products away 
from the membrane, such as the cases of cell configurations 
4 and 8, the crossover of liquid-phase anionic products 
would lead to the difficulty of collecting them or even loss 
of products via anodic oxidation. The design of “humified 
air|IrOx–GDL|PEM|Cu–GDL|humified CO” in cell configu-
ration 2 is highly suspected for its ability to support high 
current density because humified gas alone cannot provide 
sufficient water for the reaction [140]. In the previous study 
of CORR without catholytes, water supply for cathodic reac-
tion actually came from the water transport from the anode 
side, as reported by Xiang and coworkers [141]. The relative 
humidity of the CO gas supply had little impact on the prod-
uct selectivity and activity of CORR. It is also obvious that 
the only difference of cell configuration 5 and 7 is the choice 
of the membrane, and the AEM is apparently more compat-
ible with alkaline electrolytes, suggesting cell configuration 
7 is better than cell configuration 5. Thus, cell configurations 
2, 4, 5, and 8 are not recommended for high current density 
CORR applications.

Fig. 6  a Faradaic efficiency 
and current density for CORR 
over Cu particles loaded on four 
types of carbon papers tested 
in 1 M KOH. Bottom pictures 
show contact angles of water 
droplets on carbon papers. b 
SEM images of Cu particles on 
the GDL electrode. c Schematic 
illustration for CORR processes 
on the Cu catalysts supported 
by hydrophobic microporous 
layers. Adapted with permission 
from Ref. [129].  Copyright © 
2020, Wiley–VCH
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Fig. 7  The design scheme of eight different cell configurations. 
a “Humified air|IrOx–GDL|PEM|KOH|Cu–GDL|CO”, b “humi-
fied air|IrOx–GDL|PEM|Cu–GDL|humified CO”, c “humified 
air|IrOx–GDL|AEM|KOH|Cu–GDL|CO”, d “humified air|IrOx–

GDL|AEM|Cu–GDL|humified CO”, e “KOH|Ni foam|PEM|KOH|Cu–
GDL|CO”, f “KOH|Ni foam|PEM|Cu–GDL|humified CO”, g 
“KOH|Ni foam|AEM|KOH|Cu–GDL|CO”, and h “KOH|Ni 
foam|AEM|Cu–GDL|humified CO”
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For all cell configurations without electrolytes in anode 
sides (configurations 1–4), there is a potential shortcoming 
of high overall applied potential, because the acidic environ-
ment due to the loss of  OH− in the anode side requires an 
extra potential for both oxygen evolution reaction (OER) 
and compensation of pH differences between cathodes and 
anodes. This was confirmed in the research of Kanan and 
coworkers, in which they systematically analyzed the choice 
of the membrane, the catholyte, and the anolyte for CORR, 
as shown in Fig. 8 [142]. The performance of cell A (similar 
with cell configuration 1) was evaluated under the condi-
tion of 150 mL  min−1 1 M NaOH as the catholyte, 0.5  cm3 
 min−1 of CO gas flow through Cu/GDE and 10  cm3  min−1 
of humidified  N2 through the anode. A crucial drawback of 
cell A was that a high total cell voltage was required for cell 
operation, e.g., − 3.4 V for jCORR of 80 mA  cm−2. Although 
there is a shortcoming of high voltage, the selectivity of 
CORR in this cell configuration is not affected. The total FE 
for CORR ranged from 65% to 76% in the testing potential 

range.  C2H4 was the only gas-phase CORR product detected 
in most potential ranges, and the liquid products included 
 CH3CH2OH,  CH3COO−, and  CH3CH2CH2OH. 65% of 
the CO flowing into the cell can be converted to reduced 
chemicals in a single pass. Changing the electrolyte from 
1 M NaOH to 1 M NaCl did not seem to vary the CORR 
performance of the cell, including both the j-V relationship 
and product distribution.

With all other cell configurations excluded from the anal-
ysis above, only cell configurations 6 and 7 can meet the 
requirements of low applied voltage, minor products crosso-
ver and sufficient water supply. These two cell configurations 
have also been systematically studied by Kanan and cowork-
ers (Fig. 8b–c). In cell B (cell configuration 7), the anolyte 
was changed to an alkaline medium, the anode was changed 
to Ni foam, and the membrane was changed to an alkaline-
doped polybenzimidazole membrane. The CORR test 
showed that the products distribution in cell B was essen-
tially identical to that of cell A; however, the cell voltage 

Fig. 8  Exploded view of the a cell A, b cell B, c cell C. d Product 
distributions and measured cathode potentials for CORR with the 
1 M NaOH catholyte and 0.5  cm3  min−1 CO flux in cell B; 1 sccm 
= 1  cm3  min−1. e Product distributions and measured total cell volt-

ages for CORR with the 1  M NaOH recirculating anolyte and 1.0 
 cm3  min−1 CO in cell C. The asterisks designate products found in 
the anolyte. Adapted with permission from Ref. [142].  Copyright © 
2019, Elsevier
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was lower by 0.8 V for the same current density, thanks to 
the introduction of alkaline environment for OER (Ni foam 
in 1 M NaOH). A jCORR of 107 mA  cm−2 was realized at a 
total cell voltage of 2.49 V, and 68% single-pass conversion 
was obtained. On the other hand, cell C (cell configuration 6) 
had the advantage of accumulating liquid products, in which 
the Nafion 117 membrane was used to separate the cathode 
and the anode, and the catholyte was removed. CORR in 
this cell configuration showed that  C2H4 was the dominant 
gas-phase product, and a highly concentrated liquid-phase 
product of  CH3COO− and alcohols could be obtained. A 
total current density of 144 mA  cm−2 could be reached at 
2.32 V, and 7.3 mL liquid product of 0.87 M  CH3COO−, 
0.07 M C2+ alcohols, and 2.75 M NaOH was produced after 
24 h operation. A small amount of  CH3COO− and alcohol 
products could be found in the NaOH anolyte, indicating 
that there was a crossover issue in this cell configuration. 
This work revealed critical design features for improving 
the current density, selectivity, and single-pass conversion 
simultaneously at moderate cell potentials.

‘KOH|Ni foam|AEM|KOH|Cu–GDL|CO’ design (cell 
configuration 7) is currently the most successful and fre-
quently used design of CORR. Jiao and coworkers first 
reported a CORR catalyst study in this type of gas-phase 
membrane flow cell [27]. The jCORR increased almost expo-
nentially with respect to the applied potential, suggesting 
there was a sufficient supply of CO gas to the catalytic 
sites. A remarkable CO to C2+ partial current density of 
830 mA  cm−2 was achieved at − 0.72 V for OD–Cu catalysts. 
Hinrichsen and coworkers also confirmed the benefits of suf-
ficient CO gas supply in their research of CORR in a similar 
microflow cell [143]. Total FE of 89% could be obtained 
for CORR toward C2+ product at 300 mA  cm−2, which was 
a twofold increase to  C2H4 and a threefold increase toward 
 CH3CH2OH and  C3H7OH compared with  CO2RR. A series 
of copper catalysts with different morphology and perfor-
mances were also studied in this type of flow cell by Sar-
gent group, which will be further discussed in Sect. 4.2 and 
4.4. Notably, multiphysics modeling could be important for 
CORR as well. Considering different solubility of reactants 
in the solvent, different buffer ability of the electrolyte to 
replenish the reactants, different distribution of liquid and 
gas products, a new model is required and  some new phe-
nomenon may be found.

4  Morphology and Composition of Catalysts 
for CORR

Besides electrolytes, the morphology and composition of 
catalysts also play important roles in determining the activity 
and selectivity of CORR. In this section, the performance 
of nanostructured catalysts measured both in the H-cell and 

in the flow reactor is classified and discussed to shed light 
on the design of highly efficient catalysts for CORR. The 
detailed CORR performance of some representative elec-
trocatalysts is summarized in Table 1.

4.1  Single Crystal Facet Copper

For the research of catalysts, the single facet catalyst is the 
most fundamental and important starting point because a 
reliable relationship between structure and performance 
on single facets can be achieved due to the minimization 
of other structural factors. Based on online electrochemi-
cal mass spectra, Koper and coworkers revealed that the 
selectivity of CORR was very sensitive to the atomic con-
figuration of the copper catalysts surface, and the produc-
tion of  C2H4 was more favored than  CH4 on the (100) facet 
[23]. On Cu (100), the onset potentials for  C2H4 forma-
tion were − 0.4 V at pH 7 and − 0.3 V at pH 13. The corre-
sponding maxima of  C2H4 production exhibited at − 0.6 V 
and − 0.45 V, respectively, after which  C2H4 production 
decreased and eventually stopped. At a potential of − 0.8 V 
at pH 7, the formation of  C2H4 was again observed, accom-
panied by the formation of  CH4. Similarly, on Cu (111) with 
electrolytes of pH 7, both  CH4 and  C2H4 were formed start-
ing at − 0.8 V. At pH 13 and potential >  − 1.0 V, the  CH4 
and  C2H4 production on the Cu (111) electrode was almost 
negligible. Based on these results, the authors proposed 
two separate pathways for the  C2H4 evolution. One pathway 
shared an intermediate with the  CH4 evolution and required 
high overpotential, as observed on Cu (111) and Cu (100) 
with potentials <  − 0.8 V at pH 7. Another pathway occurred 
only on Cu (100) and corresponds to the observed  C2H4 
evolution at low overpotential. In this case, the formation 
of CO dimer was suggested to be a key intermediate for 
 C2H4 production. Koper and coworkers further confirmed 
that (100) terraces sites rather than (100) step sites were 
responsible for the  C2H4 formation during CORR at low 
overpotentials, by investigating the reactivity of these sites 
on high index copper surfaces [24]. Two stepped Cu single 
crystals: Cu (322), with the [5(111) × (100)] orientation, and 
Cu (911), with the [5(100) × (111)] orientation were studied. 
On Cu (322) electrodes, the formation of  CH4 and  C2H4 was 
detected at − 0.9 V, which was similar to the results obtained 
for CORR on Cu (111). This indicated that the  CH4 and 
 C2H4 formation occurred at (111) terraces of Cu (322), but 
not at (100) steps. On Cu (911) electrodes, the selective 
formation of  C2H4 was observed between − 0.5 and − 0.8 V, 
and no  CH4 was observed in this range. Moreover, the  CH4 
and  C2H4 formed at more negative potential simultaneously. 
This is consistent with the observations on Cu (100) elec-
trodes. These results suggest the selective reduction of CO 
to  C2H4 on copper electrodes at low overpotentials attribute 
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exclusively to Cu (100) terraces, whereas (100) step sites are 
not involved in this reaction.

Koper and coworkers later presented a mechanism study 
for the preferable production of  C2H4,  CH3CH2OH, and 
 CH3CHO from CORR on Cu (100) electrodes [66]. Using 
the computational hydrogen electrode model, the adsorp-
tion energy of all possible intermediates for the CORR 
to  C2H4,  CH3CHO, and  CH3CH2OH was calculated. The 
calculated onset potential of the reaction is the smallest 
applied potential U for all steps to be exergonic, and the 
rate-determining step is the last step to become exergonic 
when the overpotential is increased. For the first step of 
CO coupling, *COCHO was less stable than *COCOH 
by 0.16 eV, suggesting hydrogenation would happen on O 
rather than C atoms. The sequential hydrogenation would 
more prefer to form *CCO +  H2O, which was a precursor 
of  C2H4 and  CH3CH2OH instead of other C2 products. The 
subsequent hydrogenation processes were the α-carbon 
protonation (*CHCO), the protonation of the C atom in 
the carbonyl group (*CHCHO), then again protonation of 
α-carbon (*CH2CHO). The next proton–electron transfer had 

two possible intermediates: *CH2CH2O for  C2H4 formation 
and *CH3CHO for  CH3CHO/CH3CH2OH formation. In this 
step, the reaction was inclined to  C2H4 formation by approxi-
mately 0.2 eV. This can explain why  C2H4 is the most abun-
dant C2 product, followed by  CH3CH2OH and  CH3CHO. 
Chen and coworkers theoretically studied the CORR process 
on another Cu facet: the (111) facet [144]. Based on their 
calculation, the presently defined  CH2O and CHOH path-
ways for hydrocarbon production might parallelly occur on 
the Cu (111) facet, and high overpotentials would favor the 
formation of  CH4. The RDS of the CORR process was very 
likely the CO–to–CHO step, which was dependent on the 
coverage of adsorbed  COδ− species on Cu (111). With higher 
overpotential, the increasing surface CO coverage would 
lead to the weaker CO bonding with the Cu surface, which 
sequentially lower the activation barrier of further CO elec-
troreduction into CHO. Goddard and coworkers as well as 
Rossmeisl and coworkers reexamined the CORR on copper 
with the water layer considered in DFT calculations [145, 
146]. Both calculations showed that  C2H4 formation domi-
nated over  CH4 formation on Cu (100), because the energy 

Table 1  The product distribution of CORR at a series of catalysts in H-cells or flow cells

Catalyst Electrolyte Potential vs. RHE jtotal (mA  cm−2) Faradaic efficiency (%) Other products References

C2H4 Acetate Ethanol n-propanol

H-cell
Polycrystal–Cu 0.1 M KOH  − 0.59 2.12 29.7 1.2 11.2 4.9 – [26]
OD–Cu 0.1 M KOH  − 0.3 0.285 0 13.6 42.9 0 – [7]
Cu nanowire 0.1 M KOH  − 0.3 0.22 0.66 14.5 49.8 0 – [150]
Cu nanowire 0.1 M  KHCO3  − 1.1 – 35 – – – – [151]
Cu nanoflower 0.1 M KOH  − 0.33 0.78 1.78 21 60.37 0.65 – [152]
Cu foam 0.1 M KOH  − 0.3 2.69 0.4 24.2 51.6 0 – [127]
Cu–Ag alloy 0.1 M KOH  − 0.536 0.194 3.42 – – – 49.1%

CH3CHO
[169]

Co-phthalocyanine 0.1 M KOH  − 0.64 4.77 – – – – 14.3%
CH3OH

[162]

Cu–supermolecule 0.1 M KOH  − 0.4 1.34 – 24 57 – – [163]
Cu–CP–MPL 1 M KOH  − 0.7 21.8 52.7 3.7 7.4 8.7 – [129]
Cu–PTFE–carbon 

fiber
0.1 M KOH  − 0.83 100 35 19.8 13.2 9.3 – [31]

Cu–GDE 10 M KOH  − 0.74 260 17.8 – – – – [128]
Flow cell
Micron–Cu 1 M KOH  − 0.7 500 38.1 24.9 17.1 4.5 – [27]
OD–Cu 1 M KOH  − 0.42 10 19.2 7 15.6 25.6 – [27]

 − 0.72 1050 44.1 10.1 19.9 4.9 – [27]
Cu nanosheet 2 M KOH  − 0.736 200 16.3 48 2.4 2 – [153]
Cu–adparticle 1 M KOH  − 0.44 48 29.6 4.7 14.6 23 – [155]

 − 0.66 420 43.1 6.5 28 11.5 – [155]
Cu nanocavity 1 M KOH  − 0.56 37 21 7.8 12.5 21 – [156]
Fragment Cu 1 M KOH  − 0.45 42 22 5 12 20.3 – [157]
Ag–Cu alloy 1 M KOH  − 0.46 13.5 29.7 4.7 5.9 33.3 – [170]
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barrier of C–C bond coupling was much lower than that 
for *CHO formation. The protonation of *OCCO occurred 
at potentials prior to *H adsorption, explaining why C–C 
coupling was prior to HER on the Cu (100) facet.

4.2  Nanostructured Copper as Efficient Catalysts 
for CORR

Nanostructured catalysts have many advantages over bulk 
catalysts, such as large surface area, low coordinated sites 
and more compatible with the setup of gas-phase flow cells. 
The morphology of catalysts can be rationally designed to 
expose preferred catalytic sites or regulate the interface 
environment, thus controlling the activity and selectivity of 
CORR.

4.2.1  Nanostructured Catalysts Studied in H‑Cells

The H-type electrolytic cell is used extensively in early 
research of CORR, which is convenient for fast measurement 
of the performance of catalysts. Based on H-cells, Kanan 
and coworkers tested the performance of OD–Cu and found 

that the OD–Cu electrodes greatly boost the CORR and 
 CO2RR selectivity and activity compared with the polycrys-
talline copper counterpart [7, 9]. OD–Cu exhibited total FE 
of 57% for CORR products at –0.3 V, with  CH3CH2OH and 
 CH3COO− as exclusive products at low overpotential and 
emerging  C2H4 evolution at high overpotential. On the con-
trary, the commercial polycrystalline copper exhibited low 
FECO (< 6%) with products of  CH3COO−,  CH3CH2OH and 
 C2H4. This improvement of CORR selectivity is assumed 
to be related to distinct grain boundaries between intercon-
nected nanocrystallines observed in the TEM images of 
OD–Cu. This assumption is strongly supported by quanti-
tative analysis between density of grain boundaries in Cu 
nanoparticles and their CO reduction activity [147]. By 
analyzing a series of Cu catalysts with different density of 
grain boundaries, the surface area normalized jCORR was lin-
early proportional to their density of grain boundaries with 
intercepts very close to 0, suggesting that density of grain 
boundaries was the only factor in this research to influence 
the CORR activity (Fig. 9). Furthermore, when scanning 
electrochemical cell microscopy (SEC CM) was performed 
in  CO2 saturated electrolytes with low overpotential, the GB 

Fig. 9  a–e TEM characteriza-
tion of Cu nanoparticles in the 
Cu/CNT electrodes. The five 
columns are the a as-deposited 
Cu/CNT electrode and the elec-
trodes annealed under  N2 at b 
200 °C, c 300 °C, d 400 °C, and 
e 500 °C. Top row—overview 
TEM images; the bottom row—
representative high-resolution 
TEM images. The arrows indi-
cate the gain boundaries. f–k 
FE for CORR on the five Cu/
CNT electrodes. h–j Specific 
activity for CORR vs. the GB 
surface density. The potentials 
are − 0.3 V (f, i), − 0.4 V (g, j), 
and − 0.5 V (h, k) versus RHE. 
Adapted with permission from 
Ref. [147].  Copyright © 2016, 
American Chemical Society
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region showed a steady reaction signal peak that was 2 to 2.5 
times as large as the neighboring grains [54], whereas the 
HER between GB and grains does not show any difference.

An assumption for the effect of grain boundaries is that 
grain boundaries can support intermediate of C2 production 
by providing special catalytic sites with unique spatial distri-
bution. This was confirmed by the temperature-programmed 
desorption (TPD) experiments on OD–Cu that extra binding 
sites with strong CO binding energy existed in comparison 
with polycrystalline copper foil, which was assumed to be 
the signal of grain boundaries [52]. The emerging new CO 
adsorption IR band at 2058  cm−1 during CORR for OD–Cu 
in comparison with polycrystalline Cu was another evi-
dence that extra binding sites existed on OD–Cu surfaces 
[148]. Goddard and coworkers calculated the effects of grain 
boundaries on OD–Cu for CORR activity with DFT calcula-
tions [149]. The chemical vapor deposition of Cu NPs on a 
CNT was first simulated by the Molecular Dynamics simula-
tions to establish a model of 10 nm Cu NPs (158555 atoms) 
on a CNT. The results showed that 9% of the surface sites 
have binding energy larger than three typical facets of (111), 
(100), and (211). This is consistent with the strong bonding 
sites reported by experimental TPD desorption [52]. Further 
calculation for the energy barrier of *OCCOH formation 
revealed that not all strong CO binding sites were active 
for C2 formation, but only the strong CO binding sites with 
at least one under-coordinated neighbor square site could 
promote C–C coupling. The active site presented in these 
studies may provide a prototype for future catalyst design.

The further development of OD–Cu is hindered by the 
relatively uneven morphology and surface structure distribu-
tion, which affects the determination of key active structures. 
Meanwhile, the sample preparation process of OD–Cu is 
relatively rough; thus, it is difficult to further optimize and 
adjust the structure. There are many successful cases in the 
synthesis of Cu catalysts with regular and uniform nano-
structures by solvothermal methods, which expose special 
crystal faces. For example, cubic particles expose only (100) 
crystal faces, and octahedral particles expose only (111) 
crystal faces. The nanowire is well-studied morphology of 
Cu-based catalysts for CORR due to its high surface area and 
abundantly exposed facets. Wang and coworkers reported 
the synthesis of Cu nanowires by low-temperature (150 °C) 
thermal reduction of CuO nanowires under a hydrogen 
atmosphere and the obtained Cu nanowires exhibited high 
C2+-producing activity for CORR [150]. Particularly, the 
FE for  CH3COO− and  CH3CH2OH reached maxima of 21% 
and 50% at –0.25 V and –0.3 V, respectively. Other prod-
ucts, including  C2H4 (up to 7%),  C2H6 (up to 2.3%), and 
 C3H7OH (up to 1.8%), were also observed at potentials more 
negative than –0.3 V. Increasing annealing temperature to 
300 °C dramatically decreased the FECORR to < 10%. Using 
TPD analysis, a high (110) facet proportion of 14.3% was 

determined for the sample annealed at 150 °C, whereas the 
300 °C-annealed sample showed a 3% (110) facet. Based on 
DFT calculations, the (110) facet is metastable and the most 
active for the selective reduction of CO to C2 species. Sun 
and coworkers also reported CORR properties on microm-
eter long Cu nanowires with a diameter of 50 nm [151]. The 
five-twinned structure of nanowires was assumed to expose 
five (100) planes, which favors the C–C coupling reaction 
for  C2H4 evolution. The Cu nanowire exhibited FE of 60% 
for  C2H4 and  C2H6. Despite these discoveries, there is still a 
lot of areas to be explored in this research direction of utiliz-
ing nanostructured catalysts for CORR. Nanoparticles with 
special morphology may result in special catalytic selectivity 
of CORR. For example, cubic Cu nanoparticles have always 
been reported to increase the selectivity of  CO2 to ethylene 
by the exposed (100) faces [88]; however, it is yet to find 
out whether it has a similar improvement effect for CORR.

Notably, it is possible that in some cases the improved 
CORR selectivity observed from the nanostructure catalysts 
may not really attribute to the specific catalytic structure on 
the catalysts surface. Many studies have shown that multi-
carbon oxygenates tend to be produced at low overpotential 
(–0.25 to –0.50 V) [7, 122]. Jaramillo and coworkers pro-
posed that high roughness factors might be the main rea-
son for relatively high FE and producing rates of CORR 
observed on nanostructured Cu catalysts because electrodes 
with high roughness factors amplify the geometric CORR 
current density toward multi-carbon oxygenates at relatively 
low overpotential. Based on a hierarchical Cu nanoflower 
electrode with high surface areas, Jaramillo and coworkers 
realized nearly 100% selectivity of CORR toward multi-
carbon oxygenates at low overpotentials by suppressing 
hydrocarbon and hydrogen production (Fig. 10a, b) [152]. 
The nanoflakes were about 20–30 nm thick and 200–600 nm 
wide, with an average surface roughness factor (RF) of 
(390 ± 40). Strikingly, at –0.23 V, almost exclusively C2+ 
oxygenates were observed for CORR on nanoflower copper, 
including  CH3CHO,  CH3CH2OH, and  CH3COO− (Fig. 10c). 
With increasing overpotential, the selectivity shifts further 
from  CH3CHO to  CH3CH2OH, which reaches maxima of 
60% at only –0.33 V, indicating that  CH3CHO could be 
the reaction intermediate for  CH3CH2OH formation. The 
authors also tested other documented nanostructured Cu-
based electrodes with a different morphology and RFs, 
which proved the selectivity of CORR toward C2+ oxy-
genate was strongly determined by the RF but not the mor-
phology (Fig. 10d). Notably, although the nanostructured 
Cu catalysts can increase the geometric current density of 
CORR, the intrinsic activity of CORR on copper does not 
change much. The FECORR on polycrystalline Cu is compa-
rable with the FECORR of oxide-derived Cu, and the species 
of CORR products on polycrystalline Cu and oxide-derived 
Cu are almost the same [26]. The most significant selectivity 
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difference between these two catalysts is the distribution of 
C2+ products. While nanostructured Cu favors alcohols, 
polycrystalline Cu produces more aldehydes and ethylene. 
Authors attributed this difference to the strong-binding 
under-coordinated sites on nanostructured Cu that can bind 
intermediate products stronger for further reduction. Moreo-
ver, the porous structure of nanostructured Cu could enhance 
the retention of aldehydes in near-surface space for a better 
chance to further reduce aldehydes to alcohol.

4.2.2  Nanostructured Catalysts Studied in a Gas‑Phase 
Flow Cell

The studies in H-cells were mainly based on Cu catalysts 
with tailored micro-/nanostructures on Cu foil substrates, 
and many strategies have been employed to improve the 
CORR performance, including engineering the oxidation 
state of a metal catalyst, the selective formation of desired 
facets, the introduction of grain boundaries and the increase 
of roughness factors. However, although many studies of Cu 
catalysts showed enhanced C2+ FE of > 55%, the reaction 
rates were very low [7, 152]. This can be ascribed to the low 
solubility of CO in solution and the operation in batch-type 
cells. The recent investigation of CORR catalysts in gas-
phase flow cells exhibited a dramatic difference in activity 
and selectivity compared to CORR in H-cells.

Jiao and coworkers reported CORR on OD–Cu and 
micrometer copper nanoparticles in a three-compartment 

flow electrolyzer [27]. Both the OD–Cu and micrometer cop-
per nanoparticles showed a similar C2+ selectivity at high 
overpotentials, with total C2+ FE of 80%, indicating that the 
CO–to–C2+ activity of copper was not determined by mor-
phology in this configuration (Fig. 11a, b). This observation 
is dramatically different from the aforementioned OD–Cu 
research in H-cells [7]. Furthermore, the CORR on OD–Cu 
exhibited 26% of FEn-propanol at − 0.42 V, much higher than 
the 2%–10% for OD–Cu tested in H-cells. The pH value of 
the electrolyte had a strong impact on the C2+ production, 
and the C2+ (especially for  CH3COO−) partial current den-
sity and FE increased as the KOH concentration increased 
from 0.1 to 2.0 M (Fig. 11c, d). In 2.0 M KOH, total C2+ 
FE of 91% was achieved at − 0.67 V with a partial current 
density of 635 mA  cm−2. The reaction rates of a Cu catalyst 
combined with a GDL and tested in gas-phase flow cells 
were about two orders of magnitude higher than that tested 
in H-cells without the utilization of GDLs, and the difference 
can be even three orders of magnitude for the formation of 
C3 products.

A follow-up research from the same group further 
explored in gas-phase flow cells the relationship between 
CO reduction selectivity and copper exposed facets through 
studying the freestanding high-quality Cu nanosheets [153]. 
The average edge length and thickness of the 2D nanosheets 
were ~ (1.7 ± 0.5) μm and ~ 5 nm, respectively, with 99% of 
the exposed surface be (111). This provided a perfect plat-
form to study the CORR performance on nanostructured 

Fig. 10  a CORR performance 
dependences on overpotentials 
and the catalyst roughness fac-
tor. b Schematic of the CORR 
catalyst development strategy 
toward liquid oxygenates. c FE 
and geometric current densities 
for the CORR products vs. the 
electrode potential on Cu nano-
flower electrodes. d Compari-
son of geometric CORR current 
densities (C2+ product current 
densities) and selectivity toward 
C2+ oxygenates for OD–Cu and 
Cu nanowires. Adapted with 
permission from Ref. [152].  
Copyright © 2019, Springer 
Nature
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(111) facets in gas-phase flow cells. The maximum 
FE

CH
3
COO

− of 48% and j
CH

3
COO

− up to 131 mA   cm−2 are 
achieved in 2 M KOH. The selectivity of CORR toward  C2H4 
and  CH3CH2OH was greatly suppressed on Cu nanosheets 
compared to commercial Cu nanoparticles. This can be 
ascribed to the reduction of exposed (100) and (110) surfaces 
for 2D Cu nanosheets, because it was well known that (100) 
and (110) facets favored  C2H4 and  CH3CH2OH evolution. 
Interestingly, the  C18O labeling studies on Cu nanosheets 
showed that only one oxygen of the  CH3COO− originated 
from the CO feeding and the other oxygen came from the 
water. This phenomenon can be explained by the hydration 
of important intermediates  CH3CHO to ethane-1,1-diol, 
which would result in isotopic scrambling with water [154]. 
The  CH3CH2OH further reduced from  CH3CHO would also 
contain oxygen derived from solvent water.

The platform of gas-phase flow cell emphasizes the C3 
yield in CORR, thus providing a better platform for study-
ing the relationship between catalyst structure and its C3 
selectivity. Realizing long-chain products from CORR is 
also of interest to both the future industrial application and 
fundamental science research. Sargent and Sinton group pro-
posed a hypothesis that C3 formation can proceed via C–C 
coupling between C2 and C1 intermediates. To this end, 
they designed several different types of copper catalysts with 
special morphology and performed the CORR in gas-phase 
flow cells with sufficient CO supply [155–157].

Copper adparticles were proposed as efficient catalysts for 
CORR due to high density of under-coordinated atoms and 
could serve as preferential sites for the formation of n-pro-
panol [155]. Based on DFT prediction, the adparticles on 
metallic Cu surfaces could increase *CO/*C2 surface cover-
age and decrease the energy barriers toward intermolecular 
C–C coupling between *CO and *C2. The Cu adparticle 
structures were synthesized by in situ electroreduction of 
the copper oxide precursor under a CO-rich condition, which 
would weaken the interaction of the Cu–Cu bond and result 
in surface reconstruction. High-resolution scanning elec-
tron microscopy clearly showed the presence of adparticles 
with an average size of ~ 3.2 nm on the Cu backbone. These 
copper adparticles catalysts exhibited maximum FEC2+ of 
89% reached at − 0.66 V. The production of n-propanol dra-
matically increased from 2.8% at − 0.32 V to a peak of 23% 
at both − 0.44 V and − 0.47 V and then gradually dropped 
to ~ 11% at − 0.66 V. The highest jn-propanol of 11 mA  cm−2 
was achieved at − 0.47 V. The control samples of commer-
cial Cu nanoparticles and in situ reduced copper oxide under 
nitrogen gas conditions, which did not form adparticles, can 
only deliver peak FEn-propanol of 12% and 16%, respectively.

Another strategy was the introduction of nanocavity 
structure to promote C2:C1 coupling via the nanoconfine-
ment and concentrating of C2 intermediates, which thereby 
promotes C3 formation [156]. The nanocavity structure was 
synthesized by gentle acidic etching of  Cu2O nanoparticles 
and sequential electrochemical reduction to the metallic 

Fig. 11  a Top: schematic of the three-compartment microfluidic CO 
flow electrolyzer. Bottom: schematic of the well-controlled electrode–
electrolyte interface for CO reduction at high current densities. The 
C2+ product distribution of CO/CO2 reduction on b OD–Cu and c 

micrometer copper at 300 mA   cm−2 in 1 M KOH. d Partial current 
density and e associated FE for C2+ products for CO reduction in 
varying concentrations of KOH. Adapted with permission from Ref. 
[27].  Copyright © 2018, Springer Nature
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state. By finite-element method simulations, the nanocav-
ity with an optimized open angle of 45°–90° was a benefit 
to both the C2 production and confinement, thus resulting 
in the best C3/C2 selectivity. The experimental results of a 
series of nanocavity catalysts with different opening angles 
consist with the finite-element method simulations. The cav-
ity II nanocatalyst with an opening angle of ~ 90° showed 
higher FE

C
3
H

7
OH

 but smaller FE
CH

3
COO

− and FE
CH

3
CH

2
OH

 
over the entire potential range compared to all other sam-
ples, consistent with the finite-element method simulations 
(Fig. 12). At − 0.56 V, FE

C
3
H

7
OH

 reached its maximum of 
(21 ± 1)%, and the corresponding j

C
3
H

7
OH

  was (7.8 ± 0.5) 
mA  cm−2.

Besides nanocavity structure, Sargent, Sinton, and cow-
orkers reported highly fragmented (HF) copper catalysts can 
also bring C1 and C2 binding sites together to produce C3 
product of  C3H7OH [157]. It is well known that C2 produc-
tion is more favored on Cu (100) than Cu (111); however, 
the first principle calculation shows that the C3 formation 
on Cu (100) is much slower than the reaction on Cu (111). 
Thus, it is interesting if one can restrict the CORR process 
in the interface between Cu (111) and Cu (100) and take 

advantage of active sites on both facets. Synthesis of HF 
copper catalysts was realized by replacing cupric salts in 
precursor solution with less reactive cuprous salt to slow 
down the nucleation and growth rates. Two control cop-
per samples were prepared by annealing the as-synthesized 
CuO pre-catalyst or using a commercial CuO nanoparticle 
as the pre-catalyst, which were labeled as medium- and low-
fragmented copper (MF–Cu and LF–Cu, respectively). The 
density of the Cu (111):(100) interface was measured by 
the high-resolution TEM (HR-TEM) and scanning transmis-
sion electron microscopy (STEM), and the density order was 
HF–Cu > MF–Cu > LF–Cu. HF–Cu showed the maximum 
FE

C
3
H

7
OH

 of (20.3 ± 0.1)% at − 0.45 V, and corresponding 
energy conversion efficiency was 10.8%. The FE

C
3
H

7
OH

 
could keep at (19 ± 0.7)% at a potential as high as − 0.66 V 
to reach maximum j

C
3
H

7
OH

 of (33 ± 0.6) mA  cm−2. On the 
contrary, MF–Cu and LF–Cu could only realize maximum 
FE

C
3
H

7
OH

 of 17.5% and 11.5%, in agreement with the density 
of the Cu (111):(100) facet interface.

Notably, the investigation of CORR catalysts in gas-
phase flow cells also requires us to reexamine the relation-
ship of operating parameters and overall CORR catalysis 

Fig. 12  a Plot of j-V curves on Cu-based catalysts with different 
morphology structures of solid, cavity I, cavity II, and fragment. b 
FE

C
3
H

7
OH

 on the catalysts at different applied potentials. c FE of C2 
products  (CH3COO−,  CH3CH2OH, and ethylene) (blue) and C3 pro-
panol (orange) on the cavity II Cu catalyst under a range of applied 
potentials. d SEM images of these catalysts. Scale bars, 100  nm. e 

FE of C2 and C3 products on the catalyst morphology at the applied 
potential of − 0.56 V versus RHE. f The experimental and finite-ele-
ment method simulation results of the C3/C2 product selectivity on 
different catalysts show a good agreement. Adapted with permission 
from Ref. [156].  Copyright © 2018, Springer Nature
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performance. The pH value and CO supply in a gas-phase 
flow cell have a strong impact on the selectivity between 
C2+ products, and these parameters can be controlled to 
guide the formation of certain products. In Jiao’s research, 
by introducing 2 M KOH electrolyte and pure CO gas in 
the gas-phase flow cell system, high  C2H4 FE of 40% and 
cathodic energy efficiency of ~ 20% were achieved for CORR 
[27]. Sargent and coworkers further found that highly alka-
line electrolytes actually favor the CORR to acetate rather 
than  C2H4 [36]. It was found that when the concentration 
of KOH increased from 1 to 5 M, the FE

C
2
H

4
 gradually 

decreased and the formation of  CH3COO− increased, indi-
cating that concentrated hydroxide ions can react with the 
CORR intermediates that are relevant to  C2H4,  CH3CH2OH, 

and  C3H7OH. The local CO availability was also found to be 
a key factor for high  C2H4 selectivity, which can be tuned 
by CO concentration and reaction rates. Figure 13 shows the 
CORR performance of Cu catalysts tested in 1 M KOH with 
different concentrations of CO. By varying the incoming CO 
concentration from 2.5% to 100%, an overall increase of both 
the total current density and the CORR partial current den-
sity was observed. With 2.5% CO, peak FE

C
2
H

4
 of 51% was 

reached at − 0.53 V. For the operation condition with 5% and 
10% CO, peak FE

C
2
H

4
 of 72% was reached at − 0.52 V. Fur-

ther increasing the CO concentration to 50% and 100% leads 
to peak FE

C
2
H

4
 of ~ 70% at − 0.66 V and − 0.72 V, respec-

tively, and the  C2H4 partial current density corresponded 
to 509 and 808 mA  cm−2. High cathodic energy efficiency 

Fig. 13  a Schematic illustration of porous gas diffusion electrodes 
with CO reduction at the catalyst–electrolyte interface. The CORR 
partial current densities (b, c) and FE

C
2
H

4
 (d, e) at low (b, d) and high 

(c, e) CO concentrations in 1 M KOH. Adapted with permission from 
Ref. [36].  Copyright © 2019, Springer Nature
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of 44% was achieved for  C2H4 production under the condi-
tion of 5% CO. DFT calculations revealed the relationship 
between CO concentration and CORR selectivity. The lower 
CO coverage stabilized the  C2H4-relevant intermediates and 
thus benefited the  C2H4 pathway both thermodynamically 
and kinetically, whereas higher CO coverage favored oxy-
genate production.

The utilization of flow cells will play a very important 
role in future CORR catalyst research. However, this does 
not mean that the research in H-type cells can be completely 
replaced. In the H-type cell with the planar electrode system, 
the surface mass transfer model of the electrode is simpler, 
and the reaction interface is easy to define and model, so 
it is easier for the electroanalytical study of the catalysts. 
Furthermore, the membrane electrode assembly in a gas-
phase flow cell based on gas diffusion electrodes is relatively 
difficult to combine with current in situ methods. Most of 
the mature in situ detection technologies are still based on 
the structure of the H-type electrolytic cell or one compart-
ment cell.

4.3  Metal–Organic Catalysts

The CORR activity and selectivity of metal catalytic sites 
are strongly related to the local chemical environment. One 
promising strategy to control the structure of the active site 
is via the construction of metal organic ligands, which is 
proved to be effective in previous  CO2RR and water-splitting 
electrocatalysis [158–160]. Robert and coworkers demon-
strated that cobalt phthalocyanine(CoPc), a well-known 
catalyst for the  CO2RR [93, 161], could also catalyze the 
reaction from CO to  CH3OH in aqueous electrolytes [162]. 
In this study,  CH3OH was produced with FE of 1%–2% and 

a partial current density of 0.06 mA  cm−2 at pH of 7.2 and 
an applied potential of − 0.68 V. Upon increasing the pH 
value to 13, the FE and partial current density of  CH3OH 
increased to 14.3% and 0.68 mA  cm−2, respectively.  CH2O 
production was also observed with FE of 3.3%. How-
ever, further increasing the pH value to 14 resulted in the 
cease of  CH3OH production, probably due to the stabiliza-
tion problem of  CH2O under ultra-high pH values, which 
is the intermediate of  CH3OH production. By combining 
the CO–to–CH3OH system sequentially with the previous 
 CO2–to–CO system by using the same catalyst, theoretical 
global FE of 19.5% and chemical selectivity of 7.5% are 
expected for  CO2–to–CH3OH.

Chang and coworkers demonstrated a molecular–materi-
als interfaces strategy by self-assembly of supramolecular 
cages on the copper catalyst to promote the C–C coupling 
during electrochemical CO reduction [163]. The α,α,α,α-
atropisomers was chosen to provide a rigid platform for 
face-to-face arrangement between the porphyrin molecule 
and the copper catalyst surface (Fig. 14a). Thiol-terminated 
legs built off of the porphyrin scaffold can strongly bind to 
the copper electrode material. The underpotential deposi-
tion proved that porphyrins with down orientation legs did 
not affect the accessibility of copper surfaces for electroly-
sis. The CORR test showed that surface-tethered porphy-
rins could significantly enhance the oxygenate formation 
on copper. By the introduction of a second metal site (e.g., 
Fe, Ni, Zn) in porphyrins, the CORR efficiency was further 
enhanced to an order of magnitude higher than unfunctional-
ized copper electrodes (Fig. 14b). The Fe-porphyrin deriva-
tive on Cu realized a jCORR of 1.34 mA  cm−2 and FE

C
2
 of 

83%, in which FE
CH

3
CH

2
OH

 was 57% and FE
CH

3
COO

− was 24% 
(Fig. 14c).

Fig. 14  a Schematic illustration 
of the functionalization of Cu 
surfaces with porphyrin cages. 
b FECORR on Cu foils function-
alized with metalloporphyrins 
(Cu-MPC2SH) at − 0.55 V in 
CO-saturated 0.1 M KOH. c FE 
on electrodeposited Cu func-
tionalized with iron porphyrins 
 (FePC2SH). Adapted with 
permission from Ref. [163].  
Copyright © 2017, American 
Chemical Society
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More possible metal–organic CORR catalysts were 
predicted based on DFT calculations. For instance, a 
Mott–Schottky catalyst composed of a copper trimer and 
a holey  C2N semiconductor was designed, which can stabi-
lize the  Cuδ+ sites to promote the production of n-propanol 
[164]. By binding the  Cu3 cluster to the semiconducting  C2N 
substrate, the electron transferred from the  Cu3 to  C2N could 
retain the oxidation state of the Cu trimer. The calculation 
showed that the CO binding energy was relatively strong, 
and the CO dimerization energy barrier was much lower on 
the  Cu3@C2N catalyst than on traditional Cu (111), Cu (100) 
and Cu (211) surfaces. Double metal atoms anchored on car-
bon nitride  (C2N) may also efficiently produce C2 chemicals 
over  CH4 from CORR [165]. The calculated C–C coupling 
energy on the V-Mo dimer was found to smaller than Cu 
(100) (0.54 eV). Moreover, the  CH4 formation was greatly 
suppressed on the V-Mo dimer because the critical inter-
mediate of *CH was not stable on V-Mo, resulting in a high 
C2/C1 products ratio on the V-Mo@C2N catalyst. Although 
there are many reports for combining metals and semicon-
ductors such as modified graphene, carbon tubes or  C3N4 
for  CO2RR [166, 167], which dramatically changed their 
selectivities compared with their mono-metal opponents, the 
experimental research on CORR molecular catalysts is still 
relatively limited. More experimental results are needed to 
verify the theoretical predictions.

4.4  Alloy Catalysts

Alloys provide a handle to tailor the geometric and electronic 
environments of active sites on the catalyst. The research 
on alloy catalysts in CORR basically revolves around Cu, 
because it is the only metal that can catalyze CORR with 
high selectivity. One of the alloy catalysts showing a very 
promising performance for  CO2RR toward C2+ was AgCu 
[82, 168]. Jaramillo and coworkers demonstrated AgCu 
alloy could also realize almost single selectivity for carbon 
product of CORR [169]. In their research, CuAg alloy was 
synthesized by the galvanic replacement approach, in which 
a polycrystalline Cu foil was immersed into a dilute  AgNO3 
solution. The final electrode exhibited a Cu:Ag atomic ratio 
of 7:1 at the surface. The planar CuAg electrode favored the 
 CH3CHO production and achieved FE of 50% at − 0.5 V, 
which accounts for 90% of all carbon basis products. By 
increasing the RF of CuAg electrodes, the FE

CH
3
CHO

 can 
further increase to 70%. The selectivity of CORR toward 
 CH3CHO would gradually shift to  C2H4 and eventually, 
 CH3CH2OH with more negative electrode potential. The 
origination of  CH3CHO selectivity was studied by compar-
ing the activities of  CH3CHO reduction on Cu and CuAg. 
The result showed that CuAg was much less active to further 
reduce  CH3CHO to  CH3CH2OH, which might be ascribed 

to weaker binding of the key intermediate, *CH3CH2O, on 
Cu than Ag ad-atoms.

Sargent, Sinton, and coworkers also proposed that Ag-
doped Cu exhibited the highest activity for C1–C1 and 
C1–C2 coupling among different M-doped Cu candidates 
(M = Ag, Au, Ru, Rh, and Pd), due to the strain and ligand 
effects of Ag doping on neighboring Cu atoms [170]. Based 
on DFT calculations, it was revealed that two adjacent Cu 
atoms with and without neighboring Ag atoms have differ-
ent electronic structures and atomic structures, thus promot-
ing the C1–C2 coupling between asymmetric C1 and C2 
intermediates (Fig. 15a). Ag-doped Cu nanocatalysts were 
fabricated by a galvanic replacement approach, in which 
the Cu GDE was immersed in 5 μmol  L−1  AgNO3 aqueous 
solution to obtain the Ag-doped Cu GDE. The total FE of 
CORR in a gas-phase flow cell toward C2+ reached 80% 
on the Ag-doped Cu GDE at − 0.56 V, in comparison with 
60% on pristine Cu. In particular, the Ag-doped Cu GDE 
realized high n-propanol FE of (33 ± 1)%, whereas FEpropanol 
on pristine Cu was (22 ± 1)% (Fig. 15b, c). Besides galvanic 
replacement approaches, the Cu–Ag alloy catalysts can 
also be realized by reduction of Ag–Cu oxides. Schmid and 
coworkers reported that  Ag2Cu2O3 can be used as starting 
template material for CORR to C2+ products [171]. The 
separate-phase CuAg bimetallic material was in situ formed 
during the first 2 min of electrolysis. The resulted catalysts 
showed FE for C2+ products during CORR of ca. 92% at 
600 mA  cm−2, with dominant products of ethylene, etha-
nol, and acetate. The differences in the selectivity of these 
experiments of AgCu catalysts also indicate that the actual 
local atomic structure of Cu–Ag and the test environment 
have a great influence on the performance of the catalyst.

Besides traditional alloy catalysts, high-entropy alloys 
have also been proposed as efficient CORR catalysts based 
on the DFT calculations [172]. The analysis of Ross-
meisl and coworkers was focused on CoCuGaNiZn and 
AgAuCuPdPt high-entropy alloys because these elements 
were previously used as  CO2RR catalysts. Locally optimal 
composition of Cu,  Co9Ga42Ni7Zn42,  Ga83Ni17,  Ag69Cu31, 
and  Ag84Pd16/Au84Pd16 was found for CORR, if activity 
and selectivity are equally considered. Considering that 
a > 10% ratio of each element may be the requirement to 
access high-entropy alloys, other optimized composition of 
 Co10Cu10Ga60Ni10Zn10 and  Ag30Au33Cu17Pd10Pt10 was pro-
posed. A high-entropy alloy of AgAuCuPdPt with an equal 
amount of each metal was then synthesized experimentally 
by melting and cryogrinding for the test of  CO2RR [173]. 
All metals were homogeneously distributed in fcc-facet crys-
talline structures. A dramatically different selectivity of this 
high-entropy alloy compared with mono Cu metal was real-
ized as  CO2 was 100% converted to gaseous products at a 
low voltage (− 0.3 V). The effect of novel types of alloy 
catalysts, including high-entropy alloys, in CORR remains to 
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be studied in order to provide new mechanism understanding 
and performance.

5  In situ and Operando Studies

Before any technical consideration on the implementation 
of electrolyzers for CORR is made, the fundamental prob-
lem of the electrocatalysis selectivity and activity must be 
solved. The key step toward optimizing the CORR perfor-
mance is the formulation of the reaction mechanism that can 
explain the observed selectivity and onset potential for dif-
ferent products. The elucidation of the relationship between 
catalysis and reaction environment is also important. The 
common route for the development of electrolytic catalysts is 
the long feedback loops of synthesis, testing, and analyzing 
the catalyst in order to form an optimization roadmap. In situ 
and operando tests can greatly accelerate the feedback loops 
by directly providing the structure information of reaction 
sites. In particular, infrared (IR) spectra can provide the 
information of C-based intermediates on the catalyst surface, 
scanning tunneling microscope (STM) can show the surface 
structure of the catalysts, and X-ray absorption fine structure 
spectra (XAFS)/ X-ray diffraction (XRD) and Raman spectra 

can provide information of the evolution process of the metal 
center during catalysis.

5.1  Operando IR Techniques for Determining Key 
Intermediates During CORR

Operando IR spectroscopy is a noninvasive technique that 
is sensitive to the functional groups, and it can recognize 
signals for even ~ 3 molecular monolayers on the inter-
face. For CORR, operando IR spectroscopy can provide 
evident fingerprints and structural characteristics for the 
intermediates such as adsorbed CO (2052–2083   cm−1), 
adsorbed COOH (1379–1402  cm−1, 1720  cm−1), adsorbed 
 CO3

2− (1517–1544  cm−1) and other intermediates on the 
interface or in the electrolyte [98]. The most significant 
challenge for the operando IR detection of CORR and other 
aqueous electrochemical reactions is the strong absorption 
of IR by water. To this end, attenuated total reflection infra-
red (ATR-IR) spectroscopy has been developed as the most 
common detection mode for aqueous electrochemical reac-
tions [174].

It has been proposed that a negatively charged CO dimer 
should be the first C–C coupled intermediate [66, 175, 176]. 
However, the existence of the dimer was usually deduced 

Fig. 15  a DFT calculations 
on reaction barriers (Ea) for 
C1–C1 and C1–C2 coupling on 
screened M-doped Cu systems 
(M = Ag, Au, Ru, Rh, and Pd). b 
FE of n-propanol,  CH3CH2OH, 
 CH3COO−, and  C2H4 on Ag-
doped Cu and pristine Cu cata-
lysts under different potentials. 
c FEn-propanol on Ag-doped Cu 
and Cu GDEs under different 
potentials, as well as jn-propanol 
formation on Ag-doped Cu 
GDEs. Adapted with permission 
from Ref. [170].  Copyright © 
2019, Springer Nature
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from experimental and computational results. Direct experi-
ment evidence confirming the CO dimerization in the liquid 
electrolyte during CORR on the Cu electrode was absent. 
Operando IR has been employed in many pieces of research 
to monitor the information of CO coverage and binding 
sites on different kinds of Cu electrodes [32, 148]. Koper 
and coworkers further developed an operando IR experi-
ment to provide experimental evidence for the formation 
of a hydrogenated CO dimer (OCCOH) at low overpoten-
tials during CORR on Cu (100) electrodes in LiOH electro-
lytes [177]. Comparing the absorption spectra taken under 
Argon atmosphere and CO atmosphere, bands originated 
from CO introduction could be found. Based on the com-
bined experimental data obtained in  H2O and  D2O, two 
bands (1191 and 1584  cm−1) coming from C containing 
species were identified at low overpotentials on Cu (100) 
only. Notably, these bands emerged at the potential range 
where no CORR reduction products existed, suggesting that 
the bands should be ascribed to the vibrations of adsorbed 
intermediates of CORR rather than to species in electro-
lytes. The IR absorption band positions of C1 species of 
CHO and COH, and C2 species of the CO dimer, the lithi-
ated dimer, the hydrogenated CO dimer, and the adsorbed 
acetylenediol were all calculated by DFT methods to iden-
tify the intermediate structure. It was found that the bands 
at 1191 and 1584  cm−1 can be attributed to C–O–H and 
C=O stretching vibrations and originated from a simple 
hydrogenated dimer (OCCOH), providing direct evidence 
to prove that the C–C coupling to C2 species on Cu (100) 
occurred through a reductive dimerization step at the early 
stage of the reaction mechanism. Koper and coworkers then 
reported an IR absorption study of the influence of cations 
on the different copper facets for CORR [124]. On Cu (100), 
two common bands existed for all alkaline electrolytes. The 
first band located in the range of 1635–1600  cm−1, corre-
sponded to the O−H bending mode of  H2O. The second 
band located in the range of 1730–1670  cm−1, corresponded 
to the C–O stretching of CO adsorbed on hollow sites on 
Cu (100). However, the band at 1191  cm−1 attributed to the 
C–O stretching of a hydrogenated dimer (OCCOH) was only 
observed in Li, Na, and K hydroxides, but not in Rb and Cs 
hydroxides. This could be explained by DFT calculations, 
which indicated that the potential required for coupling of 2 
*CO to *OCCOH was − 0.10 eV for  Li+, − 0.16 eV for  Na+, 
and − 0.28 eV for  Cs+. Therefore, the hydrogenated dimer 
could only be observed in Li and Na hydroxides, but not in 
Cs hydroxides at low overpotential (> − 0.2 V). The spectra 
obtained for CORR on Cu (111) only show apparent band 
signals at 1407  cm−1, consistent with the dramatic selectivity 
difference on Cu (111) and Cu (100).

5.2  Operando X‑Ray Techniques for Monitoring 
Catalyst Structure Evolution During CORR

The monitoring of the dynamic change of the atomic struc-
ture of the electrode under CORR is necessary to obtain reli-
able structure–property relationships and guide the develop-
ment of more active and selective catalysts. X-ray detection 
methods such as XRD and XAFS endowed the high penetra-
tion ability in aqueous solution and are sensitive to the long-
range and short-range structure change of Cu catalysts. One 
challenge for X-ray research on liquid-phase electrochemical 
catalysts is that X-rays can penetrate the sample by a depth 
of several microns and are not only sensitive to interface 
signals. To overcome this challenge, the grazing incidence 
method needs to be used for the detection of planar samples, 
and the scale of nanostructured samples should be small 
enough to ensure a high surface ratio.

In the previous study, oxidation of Cu was believed to 
improve the  CO2RR performance of Cu toward C2+ prod-
ucts; however, the presence of subsurface oxygen in Cu 
electrodes during the electrolysis is under debate [18, 74]. 
Recently, Chorkendorff, Jaramillo, and coworkers studied 
the structure change of  Cu2O during CORR by in situ graz-
ing incidence X-ray diffraction (GIXRD) with synchrotron 
radiation [178]. It was clearly showed that the broad  Cu2O 
(111) peak centered at 2θ = 16.9° disappeared after electro-
chemical reduction (Fig. 16b). The in situ tests confirmed 
that the time required for the total reduction was merely 
40 s, when the potential was applied between 0.4 and 0.3 V 
(Fig. 16c). The reduction process would be slightly different 
with CO atmosphere compared with Ar atmosphere, due 
to the role of CO as a chemical reductant. In particular, a 
surface reconstruction of the copper catalyst was observed 
with the CO atmosphere as the Cu (200)/Cu (111) inten-
sity ratio increased after electrochemical reduction of 
 Cu2O (Fig. 16e). This helps to explain the high selectiv-
ity for CO reduction to ethylene on oxidized polycrystalline 
Cu, because (200) is similar to the stepped (100) surfaces. 
Compared with Raman spectroscopy, GIXRD can be more 
surface-sensitive and has high time resolution, providing a 
powerful means to probe the surface structure during the 
chemical reaction. Although in situ X-ray absorption spec-
troscopy has been employed in the research of  CO2RR and 
provides many useful information of structure evolution, its 
application in CORR is yet to perform.

5.3  Operando STM for Monitoring Catalyst Surface 
Reconstruction During CORR

Due to the high mobility of the surface atoms of Cu, the 
polycrystalline Cu surface is also susceptible and easy to be 
reconstructed during operation. Notably, the electrochemi-
cally prepared Cu(hkl) surfaces would easily be oxidized 
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once it is removed from the influence of the applied potential 
in solution, resulting in the difficulty to understand the real 
connection between surface facets and the CORR perfor-
mance. The STM method can probe the atomic arrangement 
on the catalysts surface and has been developed to immerse 
the STM probe into the liquid media for electrochemistry 
applications, namely electrochemical scanning tunneling 
microscopy (EC-STM) [179]. By combining this method 
with differential electrochemical mass spectrometry, the 
relationship between surface facets and selectivity can be 
better understood.

Based on the operando EC-STM method, Soriaga group 
first reported that the polycrystalline Cu electrode underwent 
a stepwise surface reconstruction under − 0.9 V vs. SHE in 
0.1 M KOH [180]. The polycrystalline Cu surface was first 

transformed to Cu (111) within 30 min and then converted 
to Cu (100) after another 30 min. The obtained Cu (100) 
was stable, and no further transformations occurred with 
prolonged operation time. This is important information to 
avoid the misunderstanding of the origination of selectivity 
on polycrystalline Cu.

This method also provides a promising opportunity to 
understand and steer the selectivity of Cu electrodes by 
reconstructing the surface. Normally, at low overpotential, 
pristine Cu (100), Cu (111) or Cu (100) surface structure by 
Cu(pc)–to–Cu(100) reconstruction did not produce ethanol. 
Interestingly, a subsequent Cu ↔  Cu2O oxidation–reduction 
cycle between − 0.9 and 0.1 V vs. SHE converted the recon-
structed region to a stepped Cu(S)-[3(100) × (111)], or the 
Cu (511) surface [181, 182]. The obtained Cu (511) surface 

Fig. 16  a Scheme of in situ 
GIXRD of polycrystalline Cu 
electrodes. b Diffractograms of 
a Cu sample at an incident angle 
α = 0.15° in CO-saturated 0.1 M 
KOH. c Operando monitoring 
of diffraction signals during 
the reduction of a sample in 
Ar-saturated electrolytes. d 
Normalized integrated Cu (111) 
and  Cu2O (111) Bragg peaks 
during the reduction of samples 
in Ar-saturated or CO-saturated 
electrolytes. e The ratio of the 
integrated Cu (200) to Cu (111) 
peaks for dry samples and 
reduced samples as a function 
of incident angles. Adapted with 
permission from Ref. [178].  
Copyright © 2019 American 
Chemical Society
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exhibited an excellent selectivity for ethanol at a low over-
potential of − 1.06 V vs. SHE; the FE for CO toward ethanol 
was almost 100%.

Further studies based on operando polarization-mod-
ulation IR reflection–absorption spectroscopy (PMIRS) 
revealed that on the reconstructed Cu (511) surface, the sur-
face coverage of CO increased from 0 to 0.5 as the potential 
was stepped from − 0.80 V to − 0.85 V vs. SHE and fixed at 
0.5 at even more negative potential, indicating that all availa-
ble surface coordination (adsorption) sites have already been 
taken up [183]. The peak position of νCO was ~ 2025  cm−1, 
which can be ascribed to the adsorbed molecule with fully 
vertical orientation at an atop site (νCO for top-site bond-
ing is in the range of 2000–2130  cm−1; twofold and three-
fold bridge coordinations have been marked by the ranges 
1860–2000  cm−1 and 1800–1920  cm−1). Interestingly, only 
signals corresponded to terrace-bound CO adsorbates were 
apparent in this study because the vibrational character-
istics of CO are evidently different from that on stepped 
surfaces, suggesting that under-coordinated step sites may 
not be involved in the production of ethanol. Operando 
STM results, on the other hand, provided information on 
the CO adsorption pattern. When the Cu (100) surface was 
immersed in 0.1 M KOH with saturated CO under a potential 
more negative than − 0.8 V, the CO adlayer structure from 
EC-STM detection was Cu (100)-c(2 × 2)–CO or Cu (100)-( 
√

2 × 
√

2)–CO, with a coverage θCO of 0.5.

6  Summary and Perspectives

CORR with high selectivity and energy conversion effi-
ciency toward high-value products is crucial for the realiza-
tion of large-scale industrial applications. The ideal CORR 
system should provide C2+ with > 80% purity and > 70% 
energy efficiency at > 200 mA  cm−2 [19, 20]. The system 
should be stably operated for more than one year. The 
realization of pure C2+ products is still limited due to the 
lack of understanding between the structure and function 
of catalysts. In addition, the energy efficiency for CORR is 
still below 50% at > 200 mA  cm−2 [19, 20, 142]. The per-
formance of CORR in early studies operated in H-cells has 
been severely limited by the sluggish mass transport of the 
reactants in the electrolyte, obliging the urgent development 
of the CORR flow reactor. In this review, we emphasized 
the difference between  CO2RR and CORR and then sum-
marized the current strategies of optimizing electrolyzers for 
efficient CORR, highlighting the importance of designing a 
standard test platform for highly efficient CORR and reliable 
results comparison. The effect of electrolyte composition, 
pH, catalyst surface facets, and nanostructuring on the per-
formance of CORR was discussed as efficient methods to 
steer the activity and selectivity of CORR. The development 

of surface-sensitive in situ and operando techniques such as 
STM, PMIRS, GIXRD for CORR has been emphasized for 
their potential to provide valuable insights into the evolution 
of catalytic structure and intermediate products of CORR.

Although the oxide-derived and nanostructured copper 
catalysts showed promising high performance for CORR, a 
deep understanding of the C–C coupling toward multiple-
carbon products in the flow reactor was not complete. The 
different experimental parameters used in different research 
works and the difficulty of identifying active catalytic sites 
due to the instability or non-uniform catalysts are the major 
obstructions. This requires a full elucidation of the relation-
ship between the structure of catalytic sites, reaction envi-
ronment, and reaction pathways, in order to manipulate the 
interaction between reactant and catalytic sites. Thus, the 
following challenges should be considered and addressed 
to push the CORR technique toward industrial applications.

6.1  Optimizing the Operation Parameters 
for a Standard Gas‑Phase Flow Cell

The large CORR performance differences observed for dif-
ferent catalysts tested in H-cells may become negligible 
when they are tested under the quasi-practical condition in 
a gas-phase flow cell because of the different reaction inter-
faces and reactant supply modes[27]. To provide a suitable 
catalyst for the future CORR industry, it is necessary to cali-
brate the performance of the catalyst under a high current 
density (> 200 mA  cm−2) in a gas-phase flow cell with suf-
ficient reactant supply. To fairly compare the performance 
of catalysts reported in different research groups, the critical 
factors that influence the CORR in a gas-phase flow cell 
need to be determined and a standard testing environment 
needs to be established. Compared with the more mature 
 CO2 gas-phase flow cells, there are some similarities and dif-
ferences in the CORR gas-phase flow cells. For instance, the 
selectivities of  CO2–to–C2+ and CO–to–C2+ can both be 
enhanced by larger cations and higher pH values of electro-
lytes [121, 124]. However, for CORR, the situation may be 
more complex due to the large amount of liquid oxygenate 
products. Generally, the formation of ethylene from CORR 
is more favored in the 1 M KOH electrolyte and a much 
higher concentration (> 1 M) is believed to favor the oxygen-
ate production over ethylene due to the influence of  OH− on 
the intermediate structure [36, 153]. CORR products of eth-
ylene, ethanol and propanol are assumed to share the same 
C–C coupling rate-limiting step. The selectivity is tuned 
mostly by the design of the catalyst rather than the environ-
ment. If a more in-depth understanding of the intermediate 
structures and rate-limiting steps that determine the selectiv-
ity of these products (ethylene, ethanol and propanol) can be 
realized, it may be possible to fine-tune the C2+ selectivity 
of CORR by changing the reaction environment.
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Notably, the interaction of reactant with electrolytes and 
products distribution of CORR are totally different from that 
of  CO2RR. The membrane–electrode interface and the three-
phase interface in GDLs need to be specially optimized. The 
parameters, including CO concentration, gas flow rates, 
GDL structure, hydrophobic property, membrane property 
and so on can all potentially impact the whole-cell perfor-
mance. A non-optimized cell configuration may result in 
high voltage consumption and low faradaic efficiency and 
cause the sudden shutdown of the electrolyzer due to flood-
ing of electrolytes, drying up of membrane interfaces or 
crystallization of salts [27, 140]. Multiphysics theoretical 
simulation will play a very important role in constructing 
and optimizing the CORR reaction cell, and more research 
for such simulation is highly desired.

6.2  Design Nanostructured Catalysts with Varying 
Morphology and Composition for CORR 
in Gas‑Phase Flow Cells

Currently, the investigation of the relationship between 
the morphology of catalysts and multicarbon selectivity of 
CORR is still at an early stage. There is still a controversy 
about whether simply increasing the surface area of copper 
catalysts can really change the intrinsic catalytic property of 
surface bonding sites [26, 152]. Nevertheless, the research 
on single-crystalline Cu facets of (100) and (111) clearly 
showed the surface atomic arrangement could influence the 
selectivity of CORR [23, 24], and there were successful 
examples where the fine-tuning of the local structure of cop-
per without a dramatic change of whole morphology could 
significantly improve the selectivity toward C2 and C3 oxy-
genate products in a gas-phase flow cell [156, 157]. Many 
catalysts with well-designed morphology have been studied 
in  CO2RR, such as nanocube copper [88, 184], nanowires 
[89], Cu rhombic dodecahedra with (110) facets [185]. In 
specific, nanocube copper with exposed 100 facets was able 
to reach 60% FE for  C2H4 at 140 mA  cm−2. However, the 
study of well-designed nanoparticles with a single exposed 
facet is still lacking in CORR, and it is very interesting to 
find out whether this kind of nanoparticles can realize even 
higher C2+ selectivity when subjected to CORR. Besides 
regular polyhedral nanostructured copper, there are also 
many other catalysts that can be further explored in CORR. 
For instance, copper halogen compounds [45], copper chal-
cogenides [47], copper nitrides [49, 50], etc., are recently 
studied in  CO2RR and exhibit promising  CO2RR activity. 
Their potential as efficient CORR catalysts needs to be inves-
tigated. The study of alloy catalysts for CORR is also very 
little compared with  CO2RR, and there is a huge opportunity 
to design novel composition for efficient CORR.

6.3  Advanced In Situ and Operando Techniques 
for Mechanism Study

Besides the selectivity challenges mentioned above, there 
is also an energy conversion efficiency challenge for 
CORR. The start of CORR in a gas-phase flow cell usually 
required > 400 mV overpotential, which greatly hindered 
the achievement of high energy conversion efficiency. The 
high overpotential may be attributed to the complex multiple 
reaction steps of CORR and the linear scale relationship 
between these reaction steps. To overcome these selectivity 
and activity challenges, the reaction pathways and interme-
diate structures of CORR to different products should be 
established with the help of operando techniques.

The mechanism studies of C–C coupling are more often 
performed on CORR than on  CO2RR because it can avoid 
the influence of side reaction and spectra signals from dis-
solved  CO2 and bicarbonate, while amplifying the produc-
tion rate of the product. In situ and operando techniques are 
powerful technologies for the investigation of the CORR 
process by providing the important information of interme-
diate structure and reaction pathways toward different prod-
ucts. Furthermore, the dynamic change of the structure and 
surface morphology can be in situ monitored to give the 
structure–composition–activity relationships. The operando 
research by IR, XRD, and STM methods already provided 
many promising results for the nano-/microstructure catalyst 
change and the information of C-based intermediates during 
electrolysis, as described in Sect. 5.

Further expanding related operando research in the flow 
cell will be a major challenge in the future. The fast reac-
tion environment of the flow cell places high requirements 
on the mass transfer channel, which limits the design of the 
detection light path, such as IR light and X-ray. The com-
ponents of the flow cell should have a low absorption ratio 
of detection light, including the reactant transport channel, 
the GDL and external supports. Although there is no mature 
 CO2RR and CORR flow cell specifically used for operando 
detection, the related operando cell design in the fuel cell 
field is relatively mature and can be used as an important 
reference [186, 187].

6.4  The Stability and Structure Evolution of CORR 
Catalysts in Gas‑Phase Flow Cells

Although a high CORR current has been achieved in the 
gas-phase flow cell and the corresponding FE toward certain 
C2+ products was promising, the investigation of long-term 
stability of the system is elusive. Usually, a few hours of 
operation was reported for the CORR under high current in a 
gas-phase flow cell, which is inferior to the case of  CO2RR. 
For a practical application, the CORR should be operated at 
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a high reduction current for a long time (> 1 year), which 
required a system design and optimization.

A part of the reason for the short operation time is the 
instability of the gas-phase flow cell, which would be ter-
minated by flooding, dehydration or salts crystallization 
and thus require the optimizing of operation parameters as 
discussed in Sect. 6.1. Another important reason is that the 
morphology and the oxidation state of Cu catalysts were sen-
sitive to the applied voltage and reaction environment, lead-
ing to a change of selectivity and even degradation after long 
time testing. Thus, other novel and stable catalysts should be 
designed to be against structural/morphology change during 
CORR and keep the activity and selectivity for a long time. 
The impurity existed in the electrolyte that may poison the 
catalysts should be eliminated by chemical methods such as 
the addition of EDTA [96].

6.5  Other Issues for the Economic Challenges 
of Practical Application

It is worth noting that the current research on CORR is 
under ideal, small-scale, and short-term conditions. For 
the requirement of actual industrialization, there are many 
specific problems needing to be resolved to reduce the capi-
tal cost of electrolyzer components and feedstock materi-
als and to increase the economic value of products per unit 
of electricity. (1) For example, to reduce the cost, CO gas 
used in industry may contain a lot of impurities, such as 
 O2,  CO2 and sulfide. The industrial electrochemical system 
also prefers low-grade electrolytes and easily constructed 
metal electrolytic cells. How we can enhance the endurance 
of fragile and sensitive Cu catalysts will be a big challenge 
[94]. (2) A large amount of Cu with special structures under 
current research requires complicated preparation steps. It 
is important to develop high-efficiency catalysts suitable 
for large-scale applications with low prices. (3) The mem-
brane consumes a huge voltage drop in the electrolytic cell. 
It would be interesting to find out whether a membraneless 
CORR electrolytic cell is feasible. (4) The half-reaction of 
oxygen evolution consumes a lot of electricity but provides 
no commercial value. It may be able to be replaced by an 
anode reaction that produces chemicals with commercial 
values and a large market. (5) When the system is scaled up 
toward industrial application, the pressure distribution of the 
gas–liquid flow and the resistance of the current collection 
will change greatly; thus, the whole-cell design needs to be 
further optimized.
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