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associated with resources, environment, 
and climate, known as the “global 
warming effect.”[3] During the same time, 
people have made great efforts in devel-
oping clean energy technologies such as 
solar or wind farms to harvest renewable 
electricity in a cheap and efficient way.[4,5] 
In this context, the electrochemical CO2 
reduction reaction (CO2RR), a clean and 
controllable energy conversion tech-
nology, is emerging as a promising solu-
tion critical for human society, to close the 
anthropogenic carbon cycle.[6–12] As sche-
matically illustrated in Figure 1, powered 
by electricity generated from renewable 
sources such as wind, solar, and hydro 
power, the electrochemical electrolyzer 
converts CO2 and water into value-added 
fuels and chemicals, termed as electrofuel. 
The resulting electrofuels can be easily 
stored, distributed, or consumed giving 
off CO2 as the main waste, which can be 
captured and fed back to the reactor to 
close the loop. This technology permits 
the recycles of CO2 and helps to curb 

the emission of CO2, thereby alleviating the global warming 
effect. Besides, the value-added chemical feedstocks and fuels 
generated by electrochemical CO2 reduction can helpfully 
relieve the dependency on conventional fossil resources.

Despite the involved significance of CO2 electroreduction in 
terms of energy and environment issues, challenges still exist to 
be addressed. Owing to its lineal structure and chemical inertia, 
CO2 is quite stable, where the CO are only broken by high 
energy electrons and protons, requiring a high activation barrier 
and thus significant overpotentials. Meanwhile, the hydrogen 
evolution reaction (HER), as a great competitor, can easily take 
off at a comparable thermodynamic potential to that of CO2 
reduction in aqueous electrolytes.[13] The slow kinetics together 
with accompanied side reaction constitutes the major barriers for 
efficient CO2 reduction. On the other hand, during the process 
of CO2 electroreduction, a multiple-electron transfer mechanism 
is involved giving rise to a variety of products such as carbon 
monoxide, formate, formaldehyde, methanol, methane, etc.[14,15] 
However, the close thermodynamic redox potentials of different 
reaction pathways[15,16] result in the poor selectivity for the target 
products. As such, selectively targeting one specific product at 
high yield has remained challenging, which, to date, has been 
achieved only for CO and formate in aqueous electrolytes.

Selective electroreduction of CO2 to CO is one of the 
promising reaction pathways, as CO is a gas at ambient 

Electrochemical reduction of carbon dioxide (CO2) to fuels and chemicals 
provides a promising solution for renewable energy storage and utilization. 
Among the many possible reaction pathways, CO2 conversion to carbon 
monoxide (CO) is the first step in the synthesis of more complex carbon-
based fuels and feedstocks, and holds great significance for the chemical 
industry. Herein, recent advances in heterogeneous catalysts for selective 
CO evolution from electrochemical reduction of CO2 are described. With 
Au catalysts as a paradigm, principles for catalyst design including size, 
morphology, and grain boundary densities tuning, surface modifications, as 
well as metal-support interaction are comprehensively summarized, which 
shed light on the development of other transition metal catalysts targeting 
efficient CO2-to-CO conversion. In addition, recently emerged novel materials 
including transition metal single-atom catalysts, which present significantly 
different catalytic behaviors compared to their bulk counterparts and thus 
open up many unexpected opportunities, are summarized. Furthermore, the 
technical aspects with respect to large-scale production of CO are presented, 
focusing on the full-cell design and implementation. Finally, short comments 
related to the future direction of real-word CO2 electrolysis for CO supply are 
provided in terms of catalyst optimization and technical breakthrough.

Carbon Dioxide Reduction

1. Introduction

Over the past few centuries, the industrial development and 
population growth has led to a surge on the excessive utilization 
of fossil fuels including coal, petroleum, and natural gas, which 
continually exacerbates the energy crisis.[1,2] On the other hand, 
due to the huge consumption of fossil fuels, the as-emitted 
carbon dioxide (CO2) has been constantly accumulating in the 
atmosphere. This in turn has resulted in serious problems 
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pressure, which can be easily separated from the aqueous 
electrolytes for further use. More importantly, CO is given the 
robust options for being applied in a wide range of industries, 
including chemicals, metallurgy and medicine. Particularly, as 
the components of syngas, CO and H2 can be downstream pro-
cessed, using Fischer–Tropsch chemistry, for the synthesis of a 
series of basic organic chemical products and intermediates.[17] 
It is worth noting that traditional CO2 hydrogenation to 
produce CO, commonly known as the reverse water gas shift 
(rWGS) reaction, is an equilibrium-limited endothermic 
reaction which is favored at high temperature (typically above 
400 °C).[18] By contrast, CO2 electroreduction can be performed 
under ambient conditions driven by renewable energy sources 
with high CO2-to-CO activity and selectivity. The electroreduc-
tion of CO2 to CO is a 2-proton/electron reaction that consists 
of two elementary steps.[16,19,20] CO2 is first reductively adsorbed 
on the catalyst surface, involving a proton-coupled electron 
transfer process, to form a *COOH intermediate, where * 
indicates the surface-adsorbed species. The adsorbed *COOH 
intermediate is further reduced to *CO, via another concerted 
electron–proton transfer, and then desorbed from the electrode. 
Based on this reaction pathway, an ideal electrocatalysts should 
have appropriate adsorption strength for the key intermedi-
ates, which would facilitate both the CO2 activation (*COOH 
formation) and the *CO desorption steps.[20]

Over the past decades, a tremendous amount of work has 
been devoted to exploring selective catalysts for reduction of 
CO2 to CO. It has been identified that a class of metal like Au,[21] 
Ag,[22] Pd,[23] and Zn[24] produces CO with a high current effi-
ciency and selectivity. Other metals such as Cu and Bi steer the 
reaction path toward CO generation, by adjusting the param-
eters like composition and electrolyte.[25] Other new materials 
including nitrogen doped carbon nanomaterials and transi-
tion metal single atom-based materials have also been dem-
onstrated as promising catalysts targeting CO production.[20,26] 
Recently, more interesting research has been directed toward 
large-scale production of CO from CO2 electrolysis for practical 
applications. Herein, we provide an introduction into the recent  
progress of selective electroreduction of CO2 to CO, by summa-
rizing different types of heterogeneous electrocatalysts. We will 
further discuss the technical aspects with respect to large-scale 
production of CO. At last, the challenges and perspectives for 
real-word CO2 electrolysis to CO are proposed.

2. Electrocatalysts for Selectively Reducing  
CO2 to CO

As mentioned above, the proper binding strength of *COOH 
intermediate is considered as a pivotal parameter for the reac-
tion course of CO2-to-CO conversion. It requires catalyst should 
bind *COOH strongly enough to facilitate the activation of CO2 
and for further reduction. On the other hand, with the aim of 
producing CO as the predominant product, catalysts should 
bind *CO weakly enough, to allow CO desorbed readily from 
the surface. The challenge, however, is that the binding ener-
gies of *COOH and *CO are typically proportionally correlated 
via the so-called scaling relations,[27] making them difficult 
to control individually. In virtue of the rapid development of 
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advanced nanotechnology and theoretical calculations, a series 
heterogeneous electrocatalysts have been explored as selective 
electrocatalysts for reduction CO2 to CO. With the tuning of 
size, structure and composition, the performance of these cata-
lysts has been greatly enhanced. Nevertheless, catalyst design 
principle is material-dependent and should be tailored for each 
system carefully. In this section, we will summarize the cata-
lysts systematically by categorizing them into different types. 
For each of type, effective design strategies and their impact on 
electrochemical properties will be discussed.
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2.1. Main Principles of Catalyst Design with Au as a Stereotype

Due to its high intrinsic activity in converting CO2 to CO, Au 
has been intensively studied as a model catalyst for probing the 
mechanistic pathway of CO2 reduction to CO. As theoretical 
studies indicated, Au is located near the top of the kinetic vol-
cano of CO evolution.[28] Accordingly, Au tends to require lower 
overpotentials than virtually any other metal for a given current 
density. However, the high cost and scarcity restrict their large-
scale application for CO2 reduction. So far, systematic studies 
have been performed on Au catalysts with respect to CO2  
reduction, covering the aspects of: 1) size, 2) morphology,  
3) grain boundaries, 4) surface property, as well as 5) carrier 
interplay, which will be summarized in details below as exem-
plary embodiment for other novel material design.

2.1.1. Size Effect

Generally, the size of the particles directly affects the ratio of the 
atoms at corner, edge, and surface sites, which possess different 
coordination number, surface energy, and thus the reactivity 
to CO2. Sun and co-workers for the first time experimentally 
established the size effect of Au nanoparticles for the CO2 
reduction to CO.[29] As shown in Figure  2a, a series of synthe-
sized monodisperse Au NPs, in a size range of 4–10 nm, have 
been synthesized, among which the 8 nm Au NPs exhibited the 
highest Faradaic efficiency (FE) up to 90% at −0.67 V versus 
reversible hydrogen electrode (vs RHE). To rationalize the size 
effect of Au NPs on the selectivity, DFT calculation based on Au 
(111), Au (211), and Au13 was conducted. It revealed that edge 

site is more active for CO evolution while corner site favors the 
competitive HER surface. As such, 8 nm Au NPs with 4 nm 
crystallite diameter can maintain a relatively high density of 
edge sites and minimize numbers of corner sites, resulting in 
an excellent performance. The correlation of activity and selec-
tivity trends with the size of Au was also investigated by Cuenya 
and co-workers, who compared the CO2 reduction performance 
of ligand-free micellar Au NPs with size ranging from 1.1 to 
7.7 nm.[30] A large increase in current density was observed with 
decreasing NP size, along with a decrease in Faradaic selectivity 
toward CO. As determined by DFT calculations, the increase 
in activity observed for small Au NPs arises from the signifi-
cant number of low-coordinated sites which favor the evolution 
of H2 over CO2 reduction to CO. On the other hand, a more 
recent study pointed out the size growth of Au nanoparticles 
during CO2 electrolysis even with surface capping dendrimers, 
thus the size stability should be carefully addressed in future 
investigations.[31]

2.1.2. Morphology

Besides tuning size, morphology control represents an alterna-
tive strategy for maximizing the active sites of Au, e.g., edge 
sites, to improve the performance in CO2 reduction to CO. 
Considering 1D nanowires possess more edge sites but far 
fewer corner sites than NPs, Sun et al. synthesized ultrathin 
Au nanowires and studied their electrocatalytical properties 
for CO2 reduction.[36] Results showed that low onset potential 
of −0.2 V versus RHE and high FE of 94% for CO at −0.35 V 
versus RHE were achieved on 500 nm Au nanowires, superior 
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Figure  1. Schematic illustration of carbon cycle via CO2 electrolysis powered by renewable energy sources such as wind, solar, and hydro. Once the 
produced electrofuels are combusted they will release CO2 which can then be recycled back, effectively closing the carbon loop. Novel heterogeneous 
catalyst design plays a key role in the electrochemical reduction of CO2 into fuels and chemicals toward more efficient renewable energy storage and 
utilization.
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Figure  2. a) TEM images of the 8 nm Au NPs and potential-dependent FEs of Au NPs with different size on electrocatalytic reduction of CO2 to CO, 
as well as density of adsorption sites on closed-shell cuboctahedral Au clusters versus the cluster diameter. Reproduced with permission.[29] Copyright 
2013, American Chemical Society. b) SEM images of Au tips and corresponding electric field distribution of Au tips deduced using Kelvin probe atomic 
force microscopy, and CO2 reduction activity of Au needles, rods and particles at −0.35 V versus RHE. Reproduced with permission.[21] Copyright 2016, 
Springer Nature. c) Representative high-resolution TEM images of the Au NPs. The arrows indicate grain boundaries in the NPs. Reproduced with 
permission.[32] Copyright 2015, American Chemical Society. d) EBSD orientation map of Au electrode and line scan generated from individual constant 
potential electrolysis across the GB under 1 atm Ar and 1 atm CO2. Reproduced with permission.[33] Copyright 2017, the American Association for the 
Advancement of Science. e) SEM images of np-Ag. Reproduced with permission.[22] Copyright 2014, Springer Nature. f) Schematic diagram of potential-
dependent products on different Pd phase. Reproduced with permission.[34] Copyright 2017, Springer. g) Surface strain fields of a Pd octahedron and 
icosahedron. Reproduced with permission.[35] Copyright 2017, Wiley-VCH.
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to those of 100 and 15 nm nanowires. Further inspection by 
DFT calculations unveiled that the excellent performance of 
Au nanowires was attributed to the high mass density of reac-
tive edge sites, which maintains activation of CO2 to COOH 
and facilitates the release of CO. The low local concentration 
of CO2 surrounding catalysts is considered as one of the issues 
impeding efficient electrochemical CO2 reduction in aqueous 
solution. In this sense, nanostructuring Au electrode into 
needle-like morphology has recently turned out to be a novel 
protocol for solving such problem, and successfully acceler-
ates the sluggish kinetics of CO2 reduction. As exemplified in 
Figure  2b, Sargent and co-workers reported that Au nanonee-
dles featuring the sharp-tip enhancement effect, can produce 
local high electric fields at low applied overpotentials, which 
can be detected by Kelvin probe atomic force microscopy.[21] 
Such a local high electric fields favor the concentrating of 
alkali metal cations around Au electrode, and in turn leads to 
a high local concentration of CO2 surrounding the reaction 
surface, thus enhancing CO2 electroreduction. It was proposed 
that the sharp-tip enhancement effect may also be responsible 
for explaining the activity of particularly active sites for CO2 
reduction, such as corners and ridges, which are locally high-
curvature regions.

2.1.3. Grain Boundaries

Grain boundaries (GBs), one of the structural defects with 
strong strain effect, have proven to play a significant role 
in optimizing catalytic properties of catalysts. The broken 
local spatial symmetry near a GB is predicted to tune the 
binding energy of the reaction intermediate, facilitating CO2 
reduction.[37] In their early work, Kanan’s group found that the 
oxide-derived Au exhibited a highly selective CO2 reduction to 
CO in aqueous solution, which was speculatively associated 
with the existence of GBs.[38] Experimentally, the same group 
first established a quantitative correlation between GB density 
and catalytic activity of Au.[32] Au NPs with high density of 
GBs were obtained by vapor deposited Au NPs on a carbon 
nanotube (Au/CNT), and their GBs density can be further 
tuned by annealing at different temperatures (Figure 2c). 
CO2 reduction test revealed that there is a linear correlation 
between the GB surface density and specific activity for CO2 
reduction with Au/CNT, implicating GB surface terminations 
as highly active sites for CO2 reduction. In the follow-up work, 
the same group adopted a combination of bulk electrochemical 
measurements and scanning electrochemical cell microscopy 
(SECCM) with sub-micrometer resolution, directly evidencing 
that grain boundaries create surfaces with enhanced CO2 
reduction activity.[33] In their work, a flat, polycrystalline 
Au electrodes with large grain sizes was used, on which the 
density and geometries of GBs can be resolved by means of 
electron backscatter diffraction (EBSD). It was shown that 
CO2 reduction activity increased with GB density on these 
electrodes, but with no correlation with H2 evolution activity. 
Furthermore, by probing the local electrocatalytic activity 
across GBs using SECCM, it revealed that this enhancement 
originated from a selective increase in CO2 reduction activity at 
the GB surface terminations (Figure  2d).

2.1.4. Surface Modification

As a complementary approach to size, morphology, and defect 
control, surface property modulation is a powerful tool for 
nanoparticle catalyst design. Generally, the surface property of 
catalysts can be tuned by modified with functional molecules. 
For instance, Chang and co-workers reported a molecular sur-
face functionalization strategy to tune Au NPs for reduction 
of CO2 to CO.[39] The N-heterocyclic carbene-functionalized 
Au NPs exhibited improved FE (83%) for reduction of CO2 to 
CO in aqueous solution, at an overpotential of 0.46 V, with a 
current density 7.6-fold higher than that of the parent Au NPs. 
Tafel plots analysis indicated that the molecular ligand influ-
ences mechanistic pathways for CO2 reduction. The strong 
σ-donation from the carbenes makes the Au NP surface highly 
electron rich, contributing to a fast electron transfer to CO2 
which occurs prior to the rate-determining step. In addition, 
modifying Au electrodes with thiol-tethered functional ligands 
was also reported feasible to control the selectivity.[40] The influ-
ence of alkali cations on the electrochemical CO2 reduction was 
also investigated with regard to surface characteristics of Au.[41]

2.1.5. Carrier Effect

Recently, studies on supported Au catalysts have been a 
pursued direction due to the beneficial synergy effect resulting 
from the combination of each functionality. Examples include 
Au–CeOx, which showed much higher activity and FE than 
Au or CeOx alone.[42] In situ scanning tunneling microscopy 
and synchrotron radiation photoemission spectroscopy along 
with DFT calculations indicated that the Au–CeOx interface 
is the active site for CO2 activation and the reduction to CO, 
where the synergy between Au and CeOx promotes the stability 
of *COOH and thus facilitates CO2 reduction. Additionally, 
by embedding Au NPs in a bottom-up synthesized graphene 
nanoribbon (GNR) matrix, a high FE surpassing 90% for CO 
evolution and dramatically improved stability was achieved.[43] 
It was speculated that employing GNR as matrix led to 
excellent Au NPs dispersion, and also modified the catalytic 
environment, producing profound effects as shifting the 
rate-determining step.

2.2. Other Noble Metal-Based Catalysts

Similar to Au, Ag is another widely explored metal catalyst for 
electrochemically conversion of CO2 to CO at high intrinsic 
selectivity. Studies have shown that the catalytic activity of the 
Ag NPs followed a volcano relationship with the particle size, 
with the best performance achieved in 5 nm Ag NPs.[44,45] 
Moreover, the structure-dependent properties of Ag in 
electrocatalytic CO2 reduction was also interrogated.[22,46–48] 
As exemplified in Figure  2e, the nanoporous silver (np-Ag) 
electrocatalyst, featuring both large surface area and curved 
internal surface, is capable of electrochemically reducing 
CO2 to CO, with a selectivity of 92% at a moderate potential 
of −0.6 V versus RHE.[22] Additionally, modifying Ag electrode 
with functional molecules has been demonstrated to increase 
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the Faradaic yields for CO.[49,50] Recently, oxide-derived Ag 
catalysts are also proved to be more efficient for CO2 reduction. 
Smith and co-workers reported that the Ag resulting from Ag 
oxide electrochemically reduced CO2 to CO with ≈80% catalytic 
selectivity at a moderate overpotential of 0.49 V, dramatically 
higher than that (≈4%) of untreated Ag.[51] This trend is further 
reinforced by a comparative study on air-annealed Ag catalysts 
with or without the post-treatment of H2 thermal annealing,[52] 
in which surface-bonded oxygen species on Ag NPs is demon-
strated to improve the CO2 reduction selectivity. Another report 
on O2 plasma-treated Ag foil showed more than 90% FE toward 
CO at −0.6 V versus RHE, superior to those of untreated Ag foil 
and H2 plasma-treated Ag.[53]

Palladium (Pd) is one of the representative metals that can 
generate either CO or HCOO− as the major product in CO2 
electroreduction, highly dependent on the applied poten-
tial, material phase as well as alien elements doped. Bao and 
co-workers reported the selectivity of CO (up to 91.2%) on Pd 
nanoparticles can be greatly improved by tuning size.[23] As the 
size decreases, Pd NPs showed much higher CO FE and partial 
current density, which is contrary to the aforementioned Au 
NPs. Another intriguing work was reported by the same group, 
in which they systematically engineered the active phases of 
Pd hydrides, to determine the selective reaction pathways for 
CO2 electroreduction.[34] It suggested that the formation of 
a hydrogen-adsorbed Pd surface on a mixture of the α- and 
β-phases of a palladium-hydride core (α+β PdHx@PdHx) 
above −0.2 V versus RHE facilitates formate production via the 
HCOO* intermediate, whereas the formed metallic Pd surface 
on the β-phase Pd hydride core (β PdHx@Pd) below −0.5 V 
versus RHE favors CO production via the *COOH intermediate 
(Figure  2f). Zeng and co-workers reported another tuning knob 
of surface strain for Pd NPs to engineer their catalytic property, 
by employing Pd octahedra and icosahedra nanocrystals as the 
model catalyst (Figure  2g).[35] The combination of molecular 
dynamic simulations and DFT calculations reveal that the 
tensile strain on the surface of Pd octahedra shifts up its d-band 
center and thus strengthens the adsorption of key intermediate 
*COOH, which is responsible for the enhanced CO evolution 
activity as compared to Pd icosahedra.

2.3. Non-Noble Metal-Based Catalysts

Owing to its higher CO binding strength, which avails the 
further protonation or CC coupling reaction, Cu is capable 
of directly converting CO2 into varieties of hydrocarbons and 
alcohols beyond CO. Therefore, formation of CO as the single 
product on Cu electrodes remains a formidable challenge. 
Studies have suggested that alloying Cu with other metals can 
break the scaling relations by tuning the stabilization degree 
of key intermediates, and thus helps to evolve CO as major 
CO2 reduction product.[54] A series Cu-based alloys embracing 
CuPd,[54] CuIn,[54] and CuAu[54] have been demonstrated 
for efficient CO formation. Other Cu-based hybrid catalysts 
including core–shell structured Cu–SnO2,[55] SnO2-modified 
CuO nanowires,[56] etc. have been explored as well, which 
successfully changing the wide products distribution of Cu to 
predominantly CO evolution.

Due to its relatively low price and nontoxic character, Zn 
has been regarded as a promising alternative to Au or Ag, for 
efficient electrocatalytical conversion CO2 to CO.[57,58] Shown 
in Figure  3a is a hierarchical hexagonal Zn catalyst with 
preferential Zn(101) facet exposure,[59] which delivers a high 
CO selectivity of 95% and maintained over 30 h operation. 
DFT calculations suggest a lower reaction barrier and a 
more stabilized *COOH intermediate on Zn(101) than that 
on (002) facet. Jiao and co-workers fabricated a nanostruc-
tured Zn dendrite catalyst using an electrodeposition method 
(Figure  3b).[24] In this way, the surface oxide layer formation 
was minimized while a highly active dendritic structure was 
generated, displaying a CO FE up to 80% as well as an order of 
magnitude activity enhancement compared to that of bulk Zn 
counterparts. Recently, our group developed a Li electrochem-
ical tuning (LiET) method for synthesizing interconnected 
ultrasmall Zn nanoparticles from ZnO with enriched 
GBs.[60] These LiET-Zn with freshly exposed GBs exhibited a 
maximal CO FE of ≈91.1%, and a CO partial current of about 
23 mA cm−2 at an overpotential of 948 mV, exhibiting fivefold 
improvement from the oxides derived Zn with eliminated 
GBs. Moreover, the surface bonded carboxyl species (*COO−) 
as an active intermediate in CO evolution was revealed by in 
situ attenuated total reflection surface-enhanced IR absorption 
spectroscopy (Figure  3c).

In addition to Zn, Bi as an affordable and environmen-
tally benign metal can generally convert CO2 to formate 
as major product in aqueous electrolyte. However, under 
certain condition, i.e., using ionic liquids as promoter or 
electrolyte, Bi can produce CO with high selectivity.[63] 
DiMeglio and Rosenthal reported that, with the assistance of 
IL 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM]
BF4), electrodeposited a Bi-based material reduced CO2 to CO 
with FE of 95% and yielded moderate partial current density 
(5.51 mA cm−2) at an overpotential below 200 mV.[25] In their 
subsequent work, Bi-based material within imidazolium based 
ionic liquid can deliver a CO partial current density up to 
30 mA cm−2 and energy efficiencies of ≈80% for the cathodic 
half reaction (Figure  3d).[61] Other non-noble metal like Sn, 
In, and Pb were also explored toward selective reduction of 
CO2 to CO at the presence of 1-butyl-3-methylimidazolium 
triflate ([BMIM]OTf),[61,64,65] with representative SEM images 
of electrodeposited Bi-based and Sn-based materials shown in 
Figure  3e.[62] More recently, transition metal dichalcogenides 
such as MoSeS alloy monolayers and CdSxSe1−x nanorods 
have been exploited which exhibit great potentials for syngas 
production.[66]

2.4. Carbon-Based Materials

As a promising alternative to metal catalysts, carbon-based 
materials have shown to be very stable and efficient in electrocat-
alytical operation. However, carbon materials generally possess 
negligible inherent activity for the electroreduction of CO2, due 
to the absence of active sites. Heteroatom doping into the carbon 
framework stands out as an effective tuning knob for improving 
the activity of CO2 reduction, by modulating the electronic 
properties of adjacent carbons, e.g., charge and spin density.[67,68]

Adv. Mater. 2018, 1802066



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802066 (7 of 15)

www.advmat.dewww.advancedsciencenews.com

Due to its similar size to the carbon atom, and larger elec-
tronegativity, nitrogen is the most frequently used atom for 
incorporation into carbon network. The higher electronegativity 
of N means that the adjacent carbon atoms are more easily 
polarized, and that electrons are attracted toward the N-doped 
carbon leading to an enhanced electronic/ionic conductivity. 
Furthermore, theoretical simulations suggest the adsorption 
energies of *COOH and *CO on defected carbon do not follow 
the linear scaling relationships observed for the pure transi-
tion metals,[69] and this unique scaling is rationalized through 
differences in electronic structure between transition metals 
and defected carbon materials, leading to a CO evolution per-
formance on the later comparable to state-of-the-art Au-based 
catalysts.

Ajayan and co-workers have reported that nitrogen doped 
carbon nanotubes (N-CNTs) as metal-free catalyst for the 
conversion of CO2 to CO (Figure  4a).[70] The N-CNTs depos-
ited on carbon paper were able to reduce CO2 with maximum 
FE of 80% toward CO at a low overpotential of 0.26 V, and 

sustain this performance for 10 h of continuous operation. 
Pyridinic-N defects is proposed as active sites for the high 
activity, by lowering the free energy barrier to form adsorbed 
*COOH, thereby promoting CO formation. To understand 
the origin of CO2 reduction performance in NCNTs, they 
also conducted extensive study on the role of different NCNT 
nitrogen functionalities, that is, graphitic, pyridinic, and pyr-
rolic nitrogen sites, on the direct conversion of CO2 to CO.[26] 
The nitrogen-bonding configuration and content in CNTs was 
tuned by using three different precursors, i.e., acetonitrile, 
dimethlyformamide, and triethylamine, at various growth 
temperatures. It was observed that introducing graphitic and 
pyridinic nitrogen into CNTs significantly decreases the overpo-
tential and increases the selectivity toward the formation of CO, 
while pyrrolic N defects seem to have little or no impact on the 
activity of CO2 reduction. DFT calculations unveiled that pyri-
dinic defects retain a lone pair of electrons that are capable of 
binding CO2, resulting in its higher catalytic activity. Although 
the electrons of graphitic-like nitrogen are located in the p* 
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Figure  3. a) Surface morphology of the prepared h-Zn observed by FESEM. Reproduced with permission.[59] Copyright 2017, Wiley-VCH. b) Plot of 
log (jCO) versus potential for Zn bulk foil and Zn dendrite. Inset is the typical SEM image for a Zn dendrite catalyst. Reproduced with permission.[24] 
Copyright 2015, American Chemical Society. c) Schematic of Li electrochemical tuning of ZnO to prepare interconnected Zn nanoparticles, together 
with the in situ ATR-SEIRA spectra and the potential dependent analogy of asymmetric stretch band intensities of νas(COO) at 1520–1544 cm−1 with the 
CO FEs. Reproduced with permission.[60] Copyright 2017, American Chemical Society. d) Schematic of electrodeposited Bi catalysts for conversion of 
CO2 to CO with the assistance of ionic liquid promoters. Reproduced with permission.[61] Copyright 2014, American Chemical Society. e) SEM images 
of electrodeposited Bi and Sn catalysts. Reproduced with permission.[62] Copyright 2015, American Chemical Society.
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antibonding orbital, restricting the access to CO2 binding, it still 
lowers the barriers in comparison to pristine CNTs. Adopting 
the similar concept, other carbon-based materials with incorpo-
rated pyridinic defects like 3D graphene foam (Figure  4b),[71] 
nanoporous carbon,[73] quaternary nitrogen doped CNT,[74] and 
steam etched carbon framworks[75] also exhibit high selectivity 
for CO2-to-CO conversion. Recently, by introducing a specifi-
cally N-doped graphene quantum dots (NGQDs), the dimen-
sion effect on the CO2 reduction performance was investigated 
(Figure  4c).[71] Compared with N-doped reduced graphene 
oxides (NRGOs) which displayed a predominant selectivity 
toward CO, the NGQDs showed a higher total FE of up to 
90%, with multicarbon hydrocarbons and oxygenates preferen-
tially produced (Figure  4d). Some other hybrid catalysts like 
graphitic carbon nitride/carbon nanotube (g-C3N4/MWCNT) 
composite[76] was reported for more selective CO2 reduction 
than pristine g-C3N4 and MWCNTs, exhibiting a 60% CO FE 
at −0.75 V versus RHE and maintained over 50-h continuous 
operation. This enhanced activity was ascribed to the synergy 
effect of active nitrogen-carbon sites within the g-C3N4/
MWCNT composite, enlarged BET surface area, and improved 
material conductivity.

It is worth mentioning that circumstance exits where trace 
metal contaminates in nitrogen-doped carbon catalysts may 
play roles in CO2 RR, which interferes the exact determination 
of active sites. Since some metal impurities at levels are usually 
undetectable by techniques such as XPS and EDX, careful metal 
residual (if any) analysis is highly requisite in cases where the 
preparation of carbon materials involves the use of metals.[77,78]

2.5. Single Atom and Metal Porphyrin-Like Materials

In additional to the above bulk transition metal based CO2RR 
catalysts design at nano- or microscale, atomically dispersed 
transition metal single atom catalysts (SACs) has attracted 
considerable interests due to their maximum atom efficiency 
as well as tunable coordination environments and electronic 
structures. Taking the most intensively studied Cu catalyst for 
example, once Cu single atoms were dispersed over Ni(OH)2 
support,[79] these isolated metal centers can no longer catalyze 
the CC coupling during CO2RR, but effectively convert CO2 
into CO with an FE of 92% at a low overpotential of 0.39 V.

Carbon matrix containing graphene-like moieties are of 
particular interest as SAC hosts in electrocatalysis, mainly 
due to their large surface area, high electron conductivity and 
chemical stability, as well as an abundance of defect configura-
tions with or without alien metalloid dopants.[80] The electronic 
structure of embedded atomic metal site thus can be manipu-
lated by tuning different coordination environments. In sharp 
contrast to bulk Ni, Co and Fe metals which catalyze HER 
side reaction exclusively under CO2RR conditions, their single 
atom counterparts can selectively reduce CO2 into CO at high 
selectivity.[20,81,82]

Our group has reported single Ni atomic sites coordinated 
within graphene vacancies,[20] in which the electron depleted 
Niδ+-C site is identified for selectively catalyzing CO evolution. 
As shown in Figure  5a, 3D atomic probe tomography (APT) 
of over ≈10 000 individual Ni single atoms clearly revealed a 
direct and predominant NiC coordination. Further density 
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Figure  4. Metal-free carbon materials catalyzed CO2RR. a) TEM images of NCNTs (inset shows a single multiwall NCNT). Reproduced with 
permission.[70] Copyright 2015, American Chemical Society. b) An SEM image showing a representative graphene foam with an open frame struc-
ture. Reproduced with permission.[71] Copyright 2015, American Chemical Society. c) TEM image of NGQDs. Inset shows a single NGQD containing  
zigzag edges. The yellow line outlines the zigzag edge. Scale bar in inset: 1 nm. d) Selectivity to CO2 reduction products for NRGOs and NGQDs.  
c,d) Reproduced with permission.[72] Copyright 2016, Springer Nature.
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functional theory calculations showed that the atomic Ni 
trapped in a graphene single vacancy (SV) and/or double 
vacancy (DV) (Figure  5b) is responsible for weakening CO 
adsorption on Ni sites and suppressing HER side reactions. As 
a result, these NiC active sites deliver a maximum CO FE of 
93.2% with a TOF of 28800 h−1 at an overpotential of 0.7 V. By 
replacing one or two neighboring carbon atoms with nitrogen, 
our latest work comparatively investigated the CO2RR and HER 
pathways over M@SV/DV with or without neighboring N.[83] 
While Co–N@SV/DV catalyzes HER exclusively, the Ni-N@
DV moieties maintains a CO FE above 90% for more than 20 h 
CO2RR electrolysis (Figure  5c).

In line with earlier homogeneous reports on metal–
porphyrin[7] and metal–cyclam[84] systems, M-N4 moieties with 
four neighboring nitrogen is also widely recognized as active 

site for reducing CO2 to CO. Still taking Ni, for example, Ni–N4 
moieties within nickel porphyrin carbonaceous frameworks[85] 
and/or supported over carbon substrates[86–90] have been 
reported for selective CO2RR. Figure  6a shows a molecular 
optimization of covalent organic frameworks (COFs), by using 
cobalt porphyrin as building units, to prepare a heteroge-
neous catalyst for aqueous electrochemical reduction of CO2 to 
CO.[91] These atomic Co–N4 sites exhibit high FE (90%) at an 
overpotential of 0.55 V. Similarly, carbon nanotubes supported 
cobalt phthalocyanine[94] and cobalt polyphthalocyanine[95] 
catalysts both with four of CoN bonds have been reported 
to fulfill a CO2-to-CO conversion with ≈90% CO selectivity in 
bicarbonate electrolyte. Koper and co-workers immobilized 
Co protoporphyrin molecular catalyst onto pyrolytic graphite 
electrode and monitored the volatile products distribution 
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Figure  5. a) Aberration-corrected scanning) TEM images and 3D APT characterization of NiN-GS catalyst, in which Ni NPs are tightly wrapped by a 
few graphene layers, while a number of Ni single atoms are trapped in the graphene vacancies over the outside shells. b) Simulations of CO2-to-CO 
reduction on different atomic sites, together with the corresponding free energy diagram. a,b) Reproduced with permission.[20] Copyright 2017, Elsevier. 
c) Electrocatalytic CO2RR performance and long-term stability demonstration of isolated Ni single atoms in graphene nanosheets. Reproduced with 
permission.[83] Copyright 2018, The Royal Society of Chemistry.
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during CO2RR in acidic electrolyte by online electrochemical 
mass spectrometry.[96] CO was identified as the major product 
(CO FE of 60% and TOF of 0.2 s−1 at an overpotential of 0.5 V), 
together with other hydrocarbon products generation like 
methanol and methane. In order to fine tune the neighboring 
N numbers, Wu and co-workers prepared CoNxC catalysts with 
different CoN coordination numbers by controlling the vola-
tile CN fragments at different pyrolysis temperatures,[92] and 
pointed out Co–N2 sites deliver the best CO2RR performance 
with a CO TOF of 18200 h−1 at an overpotential of 0.52 V 
(Figure  6b).

It should be pointed out that the single atom distribution is 
a key point for desired CO2RR pathway over these transition 
metal SACs. Fontecave and co-workers demonstrated a CO FE 
dependence on Fe-loading over a series of Fe–N4–C catalysts  
derived from zeolitic imidazolate frameworks,[93] in which 
the electrocatalytic selectivity between CO2RR and HER is 
governed by the ratio of isolated Fe–N4 sites versus Fe-based 
nanoparticles (Figure  6c). In general, a simple acid leaching 
protocol[81,97,98] can be useful to get rid of exposed metal 
clusters/nanoparticles and thus suppressing HER arisen from 
these metal agglomerations.

Given the wide variety of defective carbon sites in graphene 
matrices, more M-C coordination structures together with 
controllable foreign atoms intercalation are expected to tune fur-
ther the electronic structure of central metal site, thus boosting 
CO2 reduction to CO at even lower overpotentials and higher 
current densities. Besides, atomic resolved structure characteri-
zation like STEM-EELS and 3D APT should be carefully carried 
out in detail toward a better mechanism understanding and a 
guide for next-generation catalyst design.

3. Large-Scale Production of CO

The technological and commercial success of CO2 electrolysis 
to CO essentially lies on the scale-up of electroreduction of CO2 
for attaining magnified current density. As CO2 electrolysis is 
one of the integrated system, several crucial aspects need to 
be considered and optimized. For catalysts’s part, it is required 
to be cost-effective and produced on a large scale. Addition-
ally, it must fulfill the requirement of small overpotential, 
satisfactory selectivity and Faradaic efficiency, as well as robust 
stability, when electrochemically catalyzing CO2 to CO. From 
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Figure  6. a) Molecular design of metalloporphyrin-derived 2D COFs and cyclic voltammograms of COF-366-Co/COF-366-Co. Reproduced with 
permission.[91] Copyright 2015, The American Association for the Advancement of Science. b) The formation process of Co–Nx fragments, and the 
corresponding EXAFS characterization and CO selectivity. Reproduced with permission.[92] Copyright 2018, Wiley-VCH. c) Schematic of FeNC  
samples with different Fe loading and the corresponding H2, CO FEs during CO2RR electrolysis. Reproduced with permission.[93] Copyright 2017, 
American Chemical Society.
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the perspective of technical aspects, working conditions as 
well as operating parameters, including pressure, temperature, 
electrolyte and electrolytic cells, must be adjusted, to guarantee 
the maximization of performance. Moreover, for the sake of 
desirable overall cell efficiency, highly active electrocatalysts to 
promote the anode OER are required as well.

Nowadays, most of the advances in electrochemical CO2 
reduction have thus far been achieved for half-cells, with little 
consideration of the overall system, including the current 
densities, the total cell voltage and thus energy efficiency. 
However, in order to extrapolate laboratory-scale operation to 
industrialized production, it is necessary to involve full cell into 
research focus. To this end, various full cell reactors have been 
devised and applied in converting CO2 to CO.[99] In this section, 
we will focus on the full cell designs and discuss the recent 
achievements in this field.

Since Ohata and co-workers first reported a CO2-
reducing flow reactor for production of syngas, continuous 
optimization and improvement have been made with several 
types of flow cell developed for electrolysis of CO2 to CO.[99] 
Taking the mostly studied microfluidic cell as example, this 
flow reactor consists of two gas channels fed with CO2 and 
air separately, and two electrolyte channels separated by an 
ion exchange membrane, whereby the anolyte and catholyte 
liquids are pumped through separate circuits. Considering 
the relatively low solubility of CO2 in water under ambient 
conditions, gas-diffusion layer-based electrodes are used 
between gas channel and liquid channel, because it alleviates 
mass-transport limitations across the gas liquid interface 
and to the catalyst surface. In this way, CO2 can take part in 
the reaction on the three-phase boundary structure without 
suffering from the solubility limit in electrolyte, allowing 
for the production of significantly higher current density 
(Figure  7a).[100]

Based on the microfluidic cell, Marsel and co-workers 
initially employed ionic liquid, 1-ethyl-3-methylimidazolium 
(EMIM+), as electrolyte, in combination with Ag nanoparticles 
as cathode catalyst for CO2 reduction (Figure  7b).[100] Such a 
system can continually produce CO for at least 7 h with FE 
greater than 96%, much higher than 80% in the absence of 
ionic liquid. To shed light on the function of ionic liquid, some 
theoretical studies were conducted, suggesting that EMIM-BF4 
can effectively interact with CO2 and form a key intermediate 
of [EMIM-COOH], followed by decomposition to CO.[103] Using 
a modified flow cell, Kenis and co-workers investigated the 
effect of brush methods[104] as well as electrolytes concentration 
and composition on the CO2 electrolysis process.[101] It was 
found that increasing the concentration of the ionic species 
in the electrolyte leads to an increase in jCO irrespective of 
the nature of the anion (Figure  7c). Metal-free carbon-based 
catalyst, i.e., carbon nitride and MWCNTs composite at a high 
catalyst loading, was also integrated into flow reactor by the 
same group, in replacement of high priced Ag as cathode.[105] 
Apart from the electrolyte, the effects of pressure and tempera-
ture in the flow cell system have been studied by McIlwain and 
co-workers, who constructed a pressurized electrochemical 
system for continuous CO2 reduction.[106] Other influence of 
membrane and electrolyte types were also investigated by the 
same group.[107]

Being one of the most powerful energy storage system 
for mobile and stationary applications, fuel cell technology 
adopting membrane electrode assembly (MEA) is expected to 
offer an exceptional level of throughput for CO2 electrolysis to 
CO. Newman and co-workers reported an initial MEA based on 
a proton-exchange membrane, in combination of Ag as cathode, 
produced H2 exclusively.[108] They further modified the initial 
MEA-like configuration by inserting a layer of aqueous KHCO3 
between the cathode catalyst layer and the cation-exchange 
membrane. Such a cell exhibited a CO efficiency of 82%, 
when operating at 20 mA cm−2. By assembling nanoporous Ag 
cathode with Ir-coated Nafion membrane, Jiao and co-workers 
demonstrated a series of 25 cm2 single cell, 100 cm2 single cell, 
and six-cell stack for scale-up CO production (Figure  7d).[102] In 
the 100 cm2 single cell, the CO Faradaic efficiency is up to 82% 
with an overall current of 1.9 A at an overpotential of 0.48 V, 
while in the six-cell stack, CO selectivity can be maintained 
around 40% to 70% with a total current of 1.4 to 5.0 A (9.33 to 
33.3 mA cm−2) at an applied potential of 2.6 to 3.0 V.

Masel and co-workers reported that an anion MEA-based 
electrolyzer integrating Ag electrode as cathode delivered current 
densities higher than 100 mA cm2 at 3 V cell potential with a 
CO product selectivity over 98%.[109] More recently, our group 
has developed a more cost-effective catalyst, Ni single atoms 
dispersed graphene nanosheets, and applied it as the cathode 
catalyst in an anion MEA-based electrolyzer (Figure 7e).[83] It 
was shown that more than 200 mA overall current was achieved 
in 4 cm2 electrode, with a high CO selectivity of ≈97% and H2 of 
only ≈4%. Moreover, a stable CO selectivity of more than 90% 
under a significant current of ≈200 mA was maintained over the 
8 h continuous electrolysis demonstration, which represents an 
unprecedented CO evolution rate of 3.81 mmol h−1 using earth-
abundant electrocatalysts. Mallouk and co-workers also studied 
the electrolysis of CO2 to syngas within a bipolar membrane-
based electrochemical cell using a Ag cathode and a NiFeOx 
anode,[110] demonstrating a better electrolysis stability on the 
bipolar membrane device than that on Nafion counterpart.

The main drawback of aqueous electrochemical reduction 
of CO2 is that it requires an additional applied potential and 
relatively low current density.[111] These issues can be solved by 
using solid oxide electrolyzer cells (SOECs), which are endowed 
with abilities in generating high current densities with reason-
able voltages thus power.[112–114] In the case of SOECs, high 
temperatures are required in order for the solid electrolyte to be 
permeable toward oxygen ions, and the major product tends to 
be CO. Since this field is beyond the scope of this report, which 
will not be discussed here.

4. Summary and Outlook

The electrochemical reduction of CO2 offers an elegant techno-
logical solution to both energy and environment issues. Among 
the many possible reaction pathways, CO2-to-CO pathway has 
drawn particular interest in that the product CO holds great 
significance in many fields beyond chemical industries. In the 
past few years, a variety of heterogeneous catalysts have been 
developed for the selective CO production from CO2 electrore-
duction. Noble metals such as Au and Ag are highly efficient 
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catalysts targeting CO production, however, their inhibitive 
prices impede the further practical application. A class of non-
noble metal like Zn and Bi are also effective catalysts for CO2 
reduction, while their relatively low current density as well as 
poor stability remains big issues. As the more cost-effective 
alternatives, single atom-based materials and metal-free cata-
lysts emerge as the promising system for future scaling up pro-
cess. The mainstream research mainly focused on the design 
and controllable preparation of catalyst with specific structure 
and composition, as well as gaining an in-depth understanding 
of the reaction mechanism. Recently, more efforts have been 
directed toward the scaling up production of CO, with the 
aim of practical applications. In this progress report, we pro-
vide a comprehensive review of recent advances in developing 
heterogeneous CO2 electrocatalysts for selective CO production. 

Furthermore, the most advanced technology for actualizing 
large-scale production of CO was introduced. Great as the pro-
gress has been made, for the real-world CO2 electrolysis to CO, 
further improvements are still in need on the following aspects.

From the perspective of catalysts, their activities still fall 
short of the practical requirement of high product yield at a 
low energy consumption for large-scale applications. To this 
end, new strategies are required for developing catalysts with 
lower overpotentials, higher activity, and selectivity. In addi-
tion, exploitation of cost effective electrocatalysts, particularly 
single atom-based materials and carbon-based materials, with 
comparable activity to precious metal benchmarks, is an impor-
tant step on the path to realize commercial use. On the other 
hand, scalable routes to prepare catalysts in a scaling up way 
should be developed for mass production. Moreover, catalyst 

Figure  7. a) Schematic of CO2 electrolysis flow cell. b) A plot of the Faradaic efficiency and the turnover rate as a function of applied cell potential. 
The performance is tested in an Ag cathode integrated flow cell containing ionic liquid. a,b) Reproduced with permission.[100] Copyright 2011, The  
American Association for the Advancement of Science. c) Partial current density of CO as a function of cell potential for four different KOH electrolyte 
concentrations in an Ag cathode integrated flow reactor. Reproduced with permission.[101] Copyright 2015, the Royal Society of Chemistry. d) Six cell 
CO2 electrolysis stack design illustration, and photographed assembled stack, as well as CO2 electrolysis cell electrodes. Reproduced with permis-
sion.[102] Copyright 2015, Delaware Univ. and NASA Glenn Research Center. e) Schematic of an anion-MEA based flow cell, and the corresponding FEs 
of H2 and CO for Ni-NG and the accumulated CO production during the 8 h continuous electrolysis. Reproduced with permission.[83] Copyright 2018,  
The Royal Society of Chemistry.
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degradation or poisoning should be suppressed to the lowest 
levels, in order to make this conversion economically feasible 
for long-term (>1000 h) operation. Equally importantly, devel-
oping in situ (spectroscopic) characterization techniques and 
theoretical calculation methods are also indispensable, to aid in 
catalyst design and finding both cheap and robust catalysts for 
this clean energy reaction.

On the technical level, some influential factors should be 
considered to make this technology more practical. Ionic 
liquids have been demonstrated as appealing approach to pro-
mote the performance of electrocatalysts in CO2 reduction due 
to some desirable characteristics such as high CO2 solubility, 
wide potential windows, and capacity of suppressing HER. Nev-
ertheless, the prohibitive price of ionic liquids impedes their 
commercial use in CO2 electrolysis, which prompts the effort 
to explore other economic-effective substitutes with similar 
attribute as ionic liquid. Other technical aspects, like CO2 pres-
sure, reaction temperature, pH values, and alkali cations of 
electrolyte can also affect the final results for CO2 electroreduc-
tion, and must be optimized.

To pave the way for extension of academic studies to indus-
trial production, the design of novel full cell reactor such as 
liquid-flow cells, MEA or solid polymer electrolytes should be 
widely adapted. However, a big issue of a large discrepancy in 
electrocatalytic activity occurs when electrocatalysts are applied 
to the MEA-based full cell. This discrepancy might originate 
from the difference in the operating environment between 
half-cell and full-cell. For example, MEA usually suffer from 
limitation of mass transport of proton or OH−, as well as water 
flooding within the electrodes, due to the polymer electrolyte 
membrane and thick electrode configuration. Therefore, more 
systematic studies need to be bridge the gap between half-cell 
studies and full-cell device application.

In conclusion, electrochemical reduction of CO2 to CO car-
ries extraordinary significance for industry era, and is highly 
competitive to water electrolysis and downstream gas-phase 
CO2 reduction for addressing the energy problem. It is also 
endowed with great hope of easing, if not eradicating, the 
carbon-induced issues. In spite of considerable challenges 
facing this technology, it is believed that through the sustained 
efforts on both catalysts optimization and cell perfection, per-
spective of a real-word CO2 electrolysis for CO supply will be 
realized in the near future.
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