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Emerging Nanostructured Carbon-based Non-precious Metal 
Electrocatalysts for Selectively Electrochemical CO2 Reduction to 
CO
Xinyue Wang,a Qidong Zhao,c Bin Yang,a Zhongjian Li,a Zheng Bo,d Kwok Ho Lam,e Nadia Mohd 
Adli,f Lecheng Lei,a Zhenhai Wen,b * Gang Wu,f * and Yang Hou,a *

Electrochemical carbon dioxide (CO2) reduction (ECR) represents one of the most promising technologies for CO2 
conversion into value-added feedstock from carbon monoxide (CO) to a variety of hydrocarbons. As the raw material for 
Fischer-Tropsch synthesis, CO is one of the most desirable ECR products and has recently received extensive research 
attentions. Although noble metal based materials, such as Au and Ag, show high selectivity towards conversion CO2 to CO, 
their relatively scarce and high cost seriously limit practical commercial applications. Nanostructured carbon-based non-
precious metal electrocatalysts (Nano-CNMs) are of tremendous interest in the fields of ECR catalysis due to their tunable 
structures and electronic properties. Herein, we present an overview of recent progress in the application of the Nano-
CNMs, mainly including heteroatoms-doped carbon, transition metal-heteroatoms complex doped carbon, and carbon-
based hybrid materials, with emphasis on electrocatalytic conversion of CO2 to CO. We particularly focus on discussing the 
structure/composition-performance relationships with regard to electronic structure, surface property, doping content, 
and associated electrocatalytic performance in various Nano-CNMs. We finally outline the promising future research 
directions in the development of high-selectivity ECR electrocatalysts for CO production and the stringent challenges in 
fundamental research and the feasibility for industrial applications.

1. Introduction
Conversion of carbon dioxide (CO2) into value-added fuels or 
chemicals holds great promise for reducing CO2 emissions and 
facilitating the storage of renewable energy.1 Compared with 
traditional CO2 conversion methods, electrochemical CO2 reduction 
(ECR) technology driven by renewable energy sources of electricity 
has been widely recognized as a promising path owing to its 
multiple advantages, including: (I) mild operating conditions, (II) 
tunable conversion efficiency and selectivity by applied voltage or 
current, and (III) potential integration into energy storage systems 
as a unit.2-4

As a means of energy conversion and storage, ECR is a promising 
strategy to convert CO2 into desirable chemical fuels, including 
carbon monoxide (CO), methane, ethylene, and ethane, etc. for 
energy storage. In particular, CO gas is widely utilized as an 

essential raw material for Fischer-Tropsch synthesis in industrial 
production and also as reducing agent during metallurgical 
process.5 Compared with the multi-electron reduction reactions 
forming methane or ethylene products, the formation of CO 
molecules involves two-electron transfer process that significantly 
reduces the ECR reaction barriers and the conversion mechanism is 
relatively clear.6 As a result, the ECR to CO has been widely studied 
in the past years, and it is generally accepted that the 
electrochemical CO2-to-CO conversion involves the following four 
crucial steps:7-10

CO2 + * = *CO2                                                                                        (I)
*CO2 + H+ + e- = *COOH                                                                        (II)
*COOH + H+ + e- = *CO + H2O                                                              (III)
*CO = CO + *                                                                                           (IV)
Theoretical calculations demonstrate that electrocatalysts are the 
key components for CO2-to-CO conversion because they not only 
function to better stabilize *COOH intermediates and to enhance 
the electron transport, but also play a paramount role in converting 
*COOH into *CO. Meanwhile, a balanced adsorption/desorption 
capability in the ECR electrocatalyst is of crucial importance to 
promote CO production. In these regards, design and development 
of high-performance ECR electrocatalysts for selective CO 
production should take these points into consideration. Up to now, 
various precious metal catalysts, such as Au and Ag based materials 
with high activity and selectivity,11-13 have been extensively studied 
as electrocatalysts towards CO production.12, 14-16 Unfortunately, 
high price and scarcity of these precious metal electrocatalysts 
hinder large-scale practical productions. In recent years, non-
precious metal catalysts, such as alloy, transition metal compounds, 
and transition metal-based molecular catalysts,17 have been widely 
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reported to replace precious metal materials to realize CO2-to-CO 
conversion. For practical ECR applications, essential requirements 
of high activity and selectivity, low cost, and high stability should be 
considered. Despite non-precious metal ECR electrocatalysts 
overcoming the price constraints, they can hardly meet at least one 
or more of the aforementioned requirements.18, 19 Recently, 
nanostructured carbon-based non-precious metal electrocatalysts 
(Nano-CNMs) have received extensive attention owing to their low 
cost, excellent stability, and controllability, allowing for their use as 
supports for active materials and compositions tuning, as well as 
morphology and structure fine-tuning to efficiently catalyze the 
reactions. The emergence of a large number of novel Nano-CNMs 
with excellent ECR performance has prompted us to review this 
emerging research field. To the best of our knowledge, although 
several excellent works have summarized the recent advances in 
carbon-based electrocatalysts for ECR, comprehensive reviews on 
Nano-CNMs for CO2-to-CO conversion via ECR remain missing.
In this review, we will summarize the recent development of Nano-
CNMs materials, and mainly focus on their relationships between 
electrocatalytic performance and structure/composition. Based on 
the structural features, the content can be divided into three 
sections: metal-free heteroatoms-doped carbon materials, 
transition metal-heteroatoms complex doped carbon materials, and 
carbon-based hybrid materials. The synthesis methods and 
corresponding ECR performances of these Nano-CNMs materials 
are summarized in Table 1 and Table 2. Finally, future opportunities 
and challenges of Nano-CNMs materials for highly efficient CO 
production via ECR will be highlighted.
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Figure 1. (a) Schematic illustration of NG. Reproduced with 
permission from ref. 20, Copyright 2017, Elsevier Ltd. (b) Calculated 
free energy diagram of ECR for CO production on pristine CNTs and 
NCNTs. Reproduced with permission from ref. 21, Copyright 2015, 
American Chemical Society. (c) Schematic diagram of synthesis 
processes for N-GRW. (d) High-revolution N 1s XPS spectra of N-
GRW before and after being soaked in 1 M H3PO4 solution. (e) 
Schematic diagram of reaction mechanism for ECR on N-GRW. 
Reproduced with permission from ref. 22, Copyright 2018, Wiley-
VCH.

In the last few years, heteroatoms-doped carbon materials, such as, 
nitrogen (N) doped, fluorine (F) doped, sulfur (S) doped, and boron 
(B) doped nanocarbons, have been widely developed as efficient 
electrocatalysts for ECR, and great progress have been made.23 
Although those reported heteroatoms-doped carbon materials are 
metal-free catalysts, their catalytic activities could compete well 
with those of the precious metal containing materials. The nature of 
outstanding ECR electrocatalytic activity can be attributed to the 
introduction of heteroatoms, result in conjugating sp2-sp2 linkages 
or the delocalization of π-orbital electron.24 Benefiting from the 
different electronegativity of heteroatoms (N, B, and F, etc.) with 
carbon atoms, the introduced heteroatoms could disrupt the lattice 
arrangement of carbon and produce positive or negative groups, 
such as B-C bonds and N-C bonds, which can interact with CO2 or 
*COOH intermediates, thus reducing the energy barrier of the 
reaction and driving the ECR reaction.25 In light of these benefits, 
numerous heteroatoms-doped nanocarbon electrocatalysts have 
been developed to produce CO via ECR.

2.1. Metal-free N-doped carbon materials

Among well-developed heteroatoms-doped carbon materials, N-
doped nanocarbon materials are considered as ideal ECR 
electrocatalysts for CO production, owing to their good selectivity 
and stability.26 Density functional theory (DFT) calculations 
illustrated that the N dopants could change the spin density of 
adjacent carbon atoms and induce a higher density of donor states 
close to the Fermi level, which could lead to the increased electron 
transfer rate of N-doped nanocarbons.27 The similar size of N atoms 
with C atoms resulted in the fact that the C atoms were easily 
replaced by N atoms. According to the different chemical 
environments of N atoms, the N dopants were divided into four 
forms, pyridinic-N, graphitic-N, pyrrolic-N, and oxidized-N, as shown 
in Figure 1a.20 Although most previous studies demonstrated that 
the pyridinic-N contributed to the high ECR activities due to its 
positive effect on the rate-determining step,21, 28, 29 there was still a 
debate for the role of pyridinic-N and pyrrolic-N in ECR catalysis. For 
instance, a based pyrrolic-N doped carbon-wrapped carbon 
nanotubes (CN-H-CNTs) was prepared by a hydrothermal steam 
etching strategy.30 X-ray photoelectron spectroscopy (XPS) results 
showed that the pyridinic-N could be partially removed while the 
percentage of pyrrolic-N would accordingly increase by the etching 
treatment; as a result, the CN-H-CNTs showed an increased CO 
Faradaic efficiency (FE) from 60% to 88% for ECR. The reporters also 
believed that the presence of pyrrolic-N greatly inhibited the 
competitive reaction of water splitting.
Besides this etching strategy, alternative effective synthesis 
methods have been developed to regulate the type of N doping. As 
a typical example, a N-doped 3D graphene foam (3D-NG) was 
prepared through a chemical vapor deposition (CVD) method, 
which achieved a CO FE of 85% at a low overpotential of -0.47 V.28 
The high CO selectivity of 85% for 3D-NG at low overpotential was 
outstanding among those reported Nano-CNMs for ECR so far. The 
high resolution N 1s XPS spectrum revealed that the content of 
pyridinic-N was up to 4.1 at.% when pyrolysis at 800 oC and the 
activity is optimal. Therefore, the high ECR activity was attributed to 
the formation of active sites induced by pyridinic-N dopants. In 
addition, it should be noted that the synthesis method can be 
further extended to fabricate the pyridinic-N doped carbon 
nanotubes (NCNTs), which manifested a maximum CO selectivity of 
80%, slightly lower than that of 3D-NG, and the unprecedented 
overpotential of -0.18 V for the NCNTs still makes this work more 
energy efficient and practical for applications.21 The pyridinic-N in 
the NCNTs was recognized as real catalytic site to selectively 
convert CO2 for CO production, as it is beneficial to the formation of 
intermediates and desorption of CO molecules (Figure 1b).
Compared with the complex CVD method, other simple synthesis 
methods have also been employed to prepare the N-doped Nano-
CNMs catalysts. For example, N-doped graphene nanoribbon 
networks (N-GRW) with tunable types and contents of N dopants 
were successfully synthesized by a high-temperature pyrolysis 
approach (Figure 1c). The N-GRW electrocatalyst exhibited superior 
ECR catalytic activity, with a much higher CO FE of 87.6% than the 
above-mentioned 3D-NG at a mild overpotential of -0.49 V. As 
shown in Figure 1d, the pyridinic-N was blocked by the phosphate 
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anion, resulting in a decrease of the catalytic activity. Thus, the 
activity could be attributed to the activation of pyridine N and the 
DFT result also supported this claim (Figure 1e).22 Along this line, 
the high-temperature pyrolysis method was further utilized to 
synthesize the N-doped carbon nanotubes (NCNTs) with different 
contents of pyridinic-N by adjusting the precursors. When the 
pyridinic-N contents increased from 0.3 at.% to 1.1 at.%, the CO FE 
of NCNTs was enhanced from 14% to 80%, demonstrating that the 
pyridinic-N in the NCNTs likely acted as the major active sites for 
ECR.29 In addition to graphene and CNTs, other carbon-based 
precursors (e.g., polymers) were also employed as precursors to 
synthesize the Nano-CNMs for ECR. For instance, metal-free N-
doped carbon nanofibers (CNFs) were obtained by pyrolysis 
treatment of electrospun polyacrylonitrile (PAN) solution,31 and the 
obtained CNFs could convert CO2 into CO with a CO FE of 98% at a 
very low overpotential of -0.17 V, which was the lowest among all 
above-mentioned ECR electrocatalysts. Raman spectroscopy 
suggested that the N defects were integrated into the carbon 
lattice. Theoretical calculations and experimental characterizations 
demonstrated that the high ECR performance was attributed to the 
interactions between the dopant N atoms and their adjacent C 
atoms, which redistributed the charge and spin density of prepared 
CNFs.
In addition to the chemicals, plant biomass materials can also be 
used as raw precursors to synthesize the Nano-CNMs catalysts. For 
instance, a N-doped hierarchical honeycomb porous carbon (NDC) 
was synthesized by a facile one-step pyrolysis treatment of wheat 
flour. In spite of the NDC only displaying a CO selectivity of 83.7%, 
the durable NDC electrocatalyst can continuously convert CO2 to CO 
for more than two days.20 Besides, solid fossil fuels can be directly 
used as carbon sources through doping to prepare Nano-CNMs. As 
a typical example, the bituminous coal as a precursor was treated 
with ammonia to prepare the N-doped porous carbon (CNPC).32 In 
order to explore the effect of the N configurations, the calcination 
temperature was adjusted. XPS analysis showed that the relative 
content of pyridinic-N increased to the maximum at 1100 oC and CO 
FE reached maximum at the same time. Thus, pyridinic-N was 
considered to play an important role on ECR. In addition, the 
commercial activated carbon BAX derived N-doped porous 
nanocarbons were successfully prepared through a simple 
carbonization treatment at high temperature under nitrogen (N2) 
flowing, and the achieved N-doped porous nanocarbons performed 
well for the CO formation with 40% FE via ECR.33 Notably, the linear 
relationship between the content of pyridinic-N and CO FE has been 
fitted, which proved that the pyridinic-N was crucial for ECR.

2.2. Metal-free other heteroatom (F, S, or B)-
doped carbon materials
Similar with the N atoms, the more electronegative F and S atoms 
and the less electronegative B atom (relative to C atoms) could also 
modify the electronic structure of the adjacent carbon atoms, 
achieving an asymmetric distribution of spin density,34 which 
resulted in similar electrocatalytic properties between other 

heteroatom (F, S, or B) doped Nano-CNMs with that of N-doped 
Nano-CNMs.34-37 For instance, a F-doped carbon (F-C) 
electrocatalyst with porous structure was synthesized by a facile 
pyrolysis process (Figure 2a).38 Benefitting from the F dopants, the 
F-C catalyst enabled the maximum CO FE of 90% at a low 
overpotential of -0.51 V for ECR (Figure 2b). Compared with pristine 
carbon, F-C possessed abundant defects and large surface area as 
confirmed by Raman spectroscopy and N2 adsorption-desorption 
isotherms. With activation of F atoms, the neighboring carbon 
atoms tightly adsorbed the *COOH intermediate and favorably 
acted as an energy barrier for hydrogen evolution reaction (HER), 
based on DFT calculations (Figure 2c). Similarly, although the active 
sites of S atoms could stabilize the *COOH intermediates, the S-
doped carbon (S-C) materials tended to produce methane with few 
amount of CO formation (CO FE of ~2%).39 Likewise, B-doped 
carbon materials may be disinclined to produce CO. For example, a 
B-doped graphene (BG) could mainly convert CO2 to formic acid, 
and there were a few amounts of CO formation.40 In view of the 
unsatisfactory ECR performance of single heteroatom dopants, the 
multiple heteroatoms co-doped carbon materials were developed 
to increase the type and activity of heteroatoms dopants. For 
instance, S, N, co-doped carbon materials synthesized via a 

Figure 2. (a) High-angle annular dark field-scanning transmission 
electron microscopy (HAADF-STEM) image and corresponding 
elemental mappings of F-C. (b) FEs of CO and H2 productions. (c) 
Top view of DFT model for F-C. Gray atom: carbon, light blue atom: 
F, other colorful atoms: carbon that calculated as active sites. 
Reproduced with permission from ref. 38, Copyright 2018, Wiley-
VCH. (d) A schematic illustration of synthesis process for NSHCF. 
Reproduced with permission from ref. 41, Copyright 2018, Wiley-
VCH.

Page 4 of 13Journal of Materials Chemistry A



REVIEW

Please do not adjust margins

Table 1. Summary of other reported metal-free heteroatoms-doped carbon materials for CO production via ECR.

Catalyst Synthesis 
method Electrolyte Loading amount

[mg cm-2]
Max FE 

[%]

Potential
Vs RHE

@MaxFE

Jco
@MaxFE 
[mA cm-2]

Cell type

NDC20 Pyrolysis 0.5 M NaHCO3 2.8 83.7 -0.82 6.6 H-cell

NCNTs21 CVD 0.1 M KHCO3 0.5 80 -0.8 ~0.75 GDE

3D-NG28 CVD 0.1 M KHCO3 0.3-0.5 85 -0.58 ~1.8 GDE

Microporous 
NCNTs29 Pyrolysis 0.1 M KHCO3 0.5 80 -1.05 ~3.5 GDE

CN-H-CNTs30 Hydrothermal 
steam etching 0.1 M KHCO3 -- 88 -0.5 ~10 H-cell

N-GRW22 Pyrolysis 0.5 M KHCO3 0.2 87.6 -0.4 ~5 H-cell

CNFs31 Pyrolysis EMIM-BF4 ~2.5 98 -0.973 ~3.5 Single-cell

CNPS32 Pyrolysis 0.1 M KHCO3 0.2 92 -0.6 ~0.9 H-cell

N-doped 
BAX-M-95033 Pyrolysis 0.1 M KHCO3 -- 40 -0.75 -- H-cell

F-C38 Pyrolysis 0.1 M NaClO4 0.2 90 -0.62 ~0.26 H-cell

S-C39 Pyrolysis 0.1 M KHCO3 2.5 -- -- -- H-cell

BG40 Pyrolysis 0.1 M KHCO3 -- -- -- -- H-cell

S, N-C39 Pyrolysis 0.1 M KHCO3 2.5 11.3 -0.99 ~0.1 H-cell

NSHCF41 Pyrolysis 0.1 M KHCO3 1.2 94 -0.7 ~103 H-cell

N,S-codoped 
carbon layers42 Pyrolysis 0.1 M KHCO3 0.8 92 -0.6 2.63 H-cell

ZIF-8 
mediated NC43 Pyrolysis 0.1 M KHCO3 ~4 78 -0.93 1.1 H-cell

NCNT44 Pyrolysis 0.1 M KHCO3 6.6 90 -0.9 ~0.8 H-cell

pyrolysis treatment of electrospinning polymer nanofibers (Figure 
2d) were reported to exhibit a much higher ECR catalytic activity 
than the S-doped carbon materials.41 The CO selectivity of S, N, co-
doped hierarchically porous carbon nanofiber (NSHCF) was 
significantly improved to be 94% with more than 100 mA cm-2 
current density, but it was a little bit lower than that of N-doped 
CNFs. It was believed that the pyridinic-N was more active than 
thiophene S for the ECR, and the N doping was more likely to be 
capable of stabilizing the *COOH intermediates. On the other hand, 
previous reports demonstrated that S dopant could also act as a 
coadjutant to increase the content of pyridinic-N and suppress the 
formation of graphitic-N.42 X-ray photoelectron spectroscopy (XPS) 
results showed that after doping of S into N-doped carbon, the 

content of pyridinic-N increased from 43% to 52%, and graphitic-N 
decreased from 52% to 44%, thus resulting in the maximum CO FE 
increased from 75% to 92%. Such an increase in CO FE could be 
attributed to the fact that the S dopant provided more edge 
positions to host high-density pyridinic-N.

3. Transition metal heteroatoms complex doped 
carbon materials
Although the doping of heteroatoms could improve ECR catalytic 
performance of nanocarbon materials, the electrocatalytic activity 
and efficiency of these metal-free heteroatoms-doped carbon 
materials are still far from satisfactory due to scant active sites.45 
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Further introduction of transition metals into heteroatoms-doped 
nanocarbons could greatly enhance ECR catalytic activity, because 
their partially filled d-orbital electrons that are very close to Fermi 
level could chemically optimize the electronic structures and 
overcome the intrinsic activation barriers of heteroatoms-doped 
nanocarbons. This enhances the reaction kinetics, subsequently 
promoting the formation of intermediates.46, 47 In addition, low 
cost, high selectivity, and high energy efficiency make transition 
metal heteroatoms complex doped carbon materials as a promising 
candidate for ECR electrocatalysts.48

3.1. Transition metal-N complex doped carbon 
materials
Transition metal-N complex doped carbon materials (M-N-C) have 
recently been reported and acted as a kind of N-doped Nano-CNMs 
with unique structure of active sites, such as Ni-N-C, Fe-N-C, Co-N-C, 
and Mn-N-C, etc.49-51 In those M-N-C materials, the N atoms are 
coordinated with transition metal center forming catalytically active 
sites. The active sites are similar to those reported molecules 
structure of phthalocyanine, which have been proposed with ECR 
catalytic activity. The M-N-C materials are considered as promising 
alternative electrocatalysts for ECR not only due to the outstanding 
catalytic performance, but also they can be prepared by using 
cheap precursors via simple synthesis method.52 For the ECR, DFT 
calculations revealed that the M-N-C materials possess much lower 
absorption free energy for *COOH intermediates than transition 
metal nanoparticles (NPs) directly loaded on the surface of 
nanocarbons.53 In addition, the interactions of transition metal with 
N atoms could increase the speed of charge transfer and greatly 
reduce the local work function of nanocarbons to prompt the ECR 
reaction.54 In light of the unique structural characteristics, different 
synthesis methods were widely developed to prepare the M-N-C 
materials (Figure 3a). For example, a Ni and N modified graphene 
(Ni-N-Gr) was synthesized by annealing the metal complex and 
graphene oxide (GO) composite at high temperature. The Ni and N 
elements were observed to disperse uniformly on the graphene by 
energy-dispersive X-ray (EDX) analysis, while no Ni species were 
observed in X-ray diffraction (XRD) pattern. The Ni-N-Gr exhibited a 
CO FE of > 90% at the potentials from -0.7 to -0.9 V.55 Such a high 
ECR selectivity could be attributed to the unique formation of Ni-N-
C structure, which could be well retained without obvious NPs 
aggregation using an appropriate heat treatment process. Notably, 
this was the first report on Ni-N-C catalyst with excellent ECR 
performance. To obtain the more isolated Ni-Nx-C catalyst with 
excellent ECR performance, a nanocarbon ECR catalyst with high 
loading amount of Ni single atom (5.44 wt.%) was prepared by a 
pyrolysis treatment of zeolitic imidazolate frameworks (ZIF) 
containing Ni ions, denoted as C-ZnxNiy ZIF-8 (Figure 3c). After 
pyrolysis, all elements were uniformly distributed in the C-ZnxNiy 
ZIF-8 (Figure 3b).56 By regulating the Ni contents, the C-Zn1Ni4 ZIF-8 
achieved a CO FE of over 92% under a wide potential window 
between -0.53 to -1.03 V vs RHE, much higher than the afore-

mentioned Ni-N-Gr material’s FE for CO production, which was only 
90%. The high ECR catalytic activities might be due to the fact that 
the most Ni-N4-C structure was retained to a greater extent 
avoiding the conversion of the Ni atoms into Ni NPs. Along this line, 
other Ni-N-C materials were constructed. As shown in Figure 3d, Ni 
species highlighted by red circles were atomically dispersed into the 
graphene, not nanoclusters or particles. It displayed a maximum CO 
FE of 99% with current density of 28.6 mA cm-2.57 Such an ECR 
activity of Ni-N-C could significantly suppress the competitive HER 
because the presence of Ni-N-C structure efficiently inhibited the 
formation of HER intermediates. Theoretical calculations revealed 
that after absorbing CO2 molecules, the free energy of the *COOH 
intermediates formed by Ni-N4 sites was lower than that of NC 
structure. Ni-N4 significantly reduced the rate determining step of 

Figure 3. (a) Structural models of M-N-C. Reproduced with 
permission from ref. 55, Copyright 2015, Wiley-VCH. (b) HAADF-
STEM image of C-Zn1Ni4 ZIF-8 and corresponding energy-dispersive 
X-ray spectroscopy (EDS) images for C, N, Ni, and Zn in C-Zn1Ni4 ZIF-
8. (c) Schematic illustration of the synthesis process for C-ZnxNiy ZIF-
8. Reproduced with permission from ref. 56, Copyright 2018, The 
Royal Society of Chemistry. (d) HAADF-STEM image of Ni-N4. (e) 
Calculated free energy diagram. Reproduced with permission from 
ref. 57, Copyright 2017, American Chemical Society.
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the reaction barrier, which contributed to the high ECR activity for 
CO production (Figure 3e). However, for industrial applications, 
conversion rates are more important than selectivity. Thus, Ni-N-C 
gas diffusion electrode (GDE) and flow cell were constructed to 
realize practical applications. Notable, when the current density 
was up to 200 mA cm-2, the CO yield was significantly better than 
that of noble Ag catalyst.58 Besides the Ni-N-C materials, other 
transition metals-N complex doped carbon based catalysts, such as 
Fe-N, Co-N, and Mn-N etc., with excellent ECR performances have 
also been prepared.59-62 For instance, an isolated Fe3+-N-C was 
prepared via a pyrolysis treatment of iron containing ZIF-8, and the 
oxidation state of Fe3+ species was well maintained in this system to 
improve CO2 adsorption. When operating in a flow-cell, the CO 
partial current density reached industrial application level of nearly 
100 mA cm-2 at ultra-low overpotential of around 340 mV.59 The 
effect of valence state of metal center on ECR activity was discussed 
in depth. The higher valence (+3) of metal center was not only 
beneficial to CO2 adsorption, but also weakened the CO binding at 
metal center, which indicated that the reaction was not limited by 
CO desorption step. As a result, the higher current density of Fe3+-
N-C via ECR could be achieved as compared with that of Fe2+-N-C. 
Due to the variable valences of Mn element, there are few studies 
on the Mn-based nanocarbon materials as efficient electrocatalysts 
for ECR, but the electrocatalytic activity of Mn species could still be 
enhanced by optimizing its electronic structure. As a typical 
example, a chlorine (Cl) and N dual-coordination Mn dispersed on 
graphene (Cl,N-Mn/G) catalyst was prepared by a one-step pyrolysis 
method using as performed Mn-ethylenediamine-Cl polymer. The 
structure of Cl atom axial suspension on Mn-N4 was confirmed by 
Mn K-edge X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS). Compared with 
only N corrdination Mn dispersed graphene (N-Mn/G), the Cl,N-
Mn/G showed the superior high turnover frequency (TOF) of 38347 
h-1 and outstanding selectivity, which was attributed to the fact that 
unique electronic structure of Mn species significantly reduced the 
formation barriers of *COOH intermediates.61

3.2. Transition metal-other heteroatom complex 
doped carbon materials
Despite certain researches, the applications of M-N-C in ECR are still 
in infancy, to improve the overall catalytic activity, other different 
types of Nano-CNMs catalysts comprised with transition metals and 
heteroatoms (N, P, or S, etc.) co-doped nanocarbons were also 
constructed. Theoretical studies have showed that due to the 
strong electronegativity of N adjacent atoms, transition metal 
atoms have higher reaction free energy for adsorption of 
intermediate products, which increases the potential barrier in the 
reaction process. Thus, by introducing suitable foreign atoms, the 
electron donor properties of transition metal can be adjusted to 
reduce potential barriers and further improve the intrinsic catalytic 
activity of M-N-C materials.63 For instance, a N, P, Co-doped 3D 
mesoporous carbon frameworks (3D N, P, Co-MPC) was prepared 
by a self-growth-templating method, achieving a CO FE of 63% for 

ECR.64 Besides, a N and S co-doped Fe-containing highly porous 
carbon (Fe-NS-C) was obtained through a pyrolysis treatment of 2-
pyrrolecarboxaldehyde and 2-thiophenecarboxaldehyde organic 
gel. The achieved Fe-NS-C carbon gel exhibited a CO FE of nearly 
85%, which was comparable to the controlled Fe-N-C material.65 It 
could be found that besides the N dopants, the introduction of 
additional S atoms into the Nano-CNMs could not only facilitate the 
formation of *COOH intermediates, but also increase the porosity 
and specific surface area of Nano-CNMs, thus improving the ECR 
activity and selectivity.

4. Carbon-based hybrid materials
Compared with heteroatoms-doped carbon materials and transition 
metal-heteroatoms complex doped carbon materials, carbon-based 

 

Figure 4. (a-b) Scanning transmission electron microscope (STEM) 
images and pore size distribution of Cu NPs-CB. Reproduced with 
permission from ref. 66, Copyright 2017, Elsevier Ltd. (c-d) Scanning 
electron microscope (SEM) images of Cu NPs and Cu-rGO. 
Reproduced with permission from ref. 67, Copyright 2017，Nature 
Publishing Group. (e) Schematic illustration of the synthetic process 
for the Ni/NCHS. (f) Reaction paths of Ni/NCHS for ECR and (g) 
Gibbs free energy diagrams on Ni/NCHS. Reproduced with 
permission from ref. 68, Copyright 2019, The Royal Society of 
Chemistry.
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hybrid materials, as popular Nano-CNMs, could allow for combining 
the advantages of each material, such as large surface area, high 
electrical conductivity, and based active sites.69 Owing to those 
unique advantages, carbon-based hybrid materials have been 
recently utilized as a class of effective ECR electrocatalysts for CO 
production. In the hybrid system, several different kinds of 
electrocatalysts containing transition metals, transition metal 
compounds, and metal-free nanocarbon materials were introduced 
into the nanocarbon based supports, acting as the mediums of 
charge transport and active centers to enhance the ECR 
performance.

4.1. Transition metals/carbon-based hybrid 
materials
Transition metals/carbon-based hybrid materials have been 
considered as efficient Nano-CNMs catalysts for ECR because they 
combine the advantages of transition metals as active sites to 
reduce the energy barriers with the advantages of nanocarbon 
materials as supports to provide high electron transfer rate and 
large surface area for the deposition of active materials.70 For 
instance, transition metals (Cu, Ni, Fe, and Co, etc.) NPs were 
uniformly deposited on the surface of carbon black (M-CB) by an 
incipient-wetness impregnation of transition metals ions into CB 
(Figure 4a-4b).66 All of these transition metals NPs loaded on the M-
CB showed certain ECR catalytic activity, however the overall ECR 
performances of transition metals NPs-CB for CO production was 
still not as competitive as the HER performances (CO FE < 10%). This 
result was mainly because transition metal NPs suffer from difficult 
control of the loading amounts, thus leading to the excessive NPs 
serving as the active sites for HER. Following this route, the loading 
methods of transition metal NPs were further improved for 
controlled synthesis of transition metals/carbon-based hybrid 
materials. For instance, a unique carbon-based nanocomposite 
consisting of Cu NPs and reduced GO (rGO) supported on Cu 
substrate (Cu-rGO) was prepared by using a facile electrochemical 
reduction method via cyclic voltammetry. Compared with Cu 
particles, the NPs size after compound with rGO is more uniform 
(Figure 4c-4d).67 The higher CO FE of Cu-rGO nanocomposite 
reached to 40% as compared with that of above-mentioned M-CB. 
The enhanced ECR catalytic activity could be attributed to the 
synergistic coupling effects between the Cu NPs and rGO, which 
makes the CO2 molecular easier to be absorbed. Considering that 
the doped carbon materials could facilitate the ECR reaction better 
than nanocarbon materials, transition metals NPs/doped carbon 
materials were further designed. For instance, in situ encapsulation 
of Ni NPs into N-doped carbon nanosheets and nanotubes hybrid 
substrates (Ni/N-CHSs) was achieved by a pyrolysis treatment of the 
metal ion-benzene complex and dicyandiamide (DCDA) as nitrogen 
precursor (Figure 4e).68 TEM and EDX revealed that the Ni NPs were 
completely encapsulated by carbon layers instead of sticking to the 
surface. The Ni/N-CHSs showed a CO FE of 93.1% for ECR, which 
was much higher than the controlled N-doped carbon sample. DFT 
calculations demonstrated that the Ni NPs assisted N-doped carbon 
could efficiently tune the electron distribution, thus resulting in the 
reduction of the reaction barrier for *COOH formation (Figure 4f-
4g). Moreover, the positive role of carbon layer coating the NPs has 
been gradually noticed. For example, the carbon layer coated Ni 

NPs supported on N-doped carbon (Ni-NC@C) was synthesized by 
pyrolysis of nickel metal organic frameworks (MOFs) on carbon in 
argon., and a CO FE of 94% at an overpotential of -0.59 V was 
achieved. Structural characterizations showed that most of the 
crystalline Ni NPs were well wrapped by carbon shells, which 
resulted in the suppressed HER performance compared with that of 
bare Ni NPs.71

4.2. Transition metals compounds/carbon-based 
hybrid materials
In addition to the transition metals/carbon-based catalysts, 
transition metal compounds/carbon-based materials with high 
valences of transition metal ions could also deliver great promise 
for the ECR, by providing chemical functionality that stabilizes the 

a b

c

d e

Figure 5. (a) SEM image of NiO/MWCNT. Reproduced with 
permission from ref. 72, Copyright 2015, Springer Science + 
Business Media New York. (b) Transmission electron microscope 
(TEM) image of NG-Co3O4. (c) Synthesis method of NG-Co3O4. (d) CO 
FE of NG-Co3O4. Reproduced with permission from ref. 73, 
Copyright 2017, American Chemical Society. (e) FEs of CO (red bars) 
and H2 (blue bars) for rGO-PEI-MoSx. Reproduced with permission 
from ref. 74, Copyright 2016, The Royal Society of Chemistry.
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Figure 6. (a) TEM image of g-C3N4/MWCNT. (b) FEs of CO for g-
C3N4/MWCNT. Reproduced with permission from ref 75, Copyright 
2016, Wiley-VCH. (c) Representation of the ECR on CN/MWCNT. (d) 
TEM image of CN/MWCNT. Reproduced with permission from ref 
76, Copyright 2017, Wiley-VCH.

incipient negative charge on CO2 molecules or by mediating the 
electron transfer directly.77 Among various transition metal 
compounds, transition metal oxides are the most common and 
widespread form in nature. However, on account of the low 
number of active sites and poor CO selectivity, transition metal 
oxides are not ideal ECR electrocatalysts for CO production.78 Up to 
now, only a few carbon-based transition metal oxides hybrids have 
been reported as efficient Nano-CNMs for ECR. As a typical 
example, the NiO impregnated onto multi-walled carbon nanotube 
(MWCNT) to form the NiO/MWCNT composite was achieved by a 
pyrolysis treatment of MWCNT impregnated with Ni salt (Figure 
5a).72 The CO FE of NiO/MWCNT composite was only about 5%, 
which was much lower than that of other heterogeneous carbon-
based materials. Following this step, a hybrid ECR catalyst formed 
with loading Co3O4 on the surface of NG (NG-Co3O4) was prepared 
by a hydrothermal treatment of Co iron adsorbed NG (Figure 5b-
5c).73 Although the CO FE of 10-20% for NG-Co3O4 was far higher 
than that of NiO/MWCNT, and even comparable to that of the 
above-mentioned transition metal NPs-CB, the CO selectivity of NG-
Co3O4 catalyst still remained unsatisfactory for practical 
applications (Figure 5d). Apart from the transition metal oxides, 
nanocarbon-based transition metal sulfides have also been 

reported as efficient ECR electrocatalysts due to their prominent 
catalytic features and high conductivities. A representative work 
was to load molybdenum sulphide (MoSx) onto the surface of 
polyethylenimine (PEI)-modified rGO to form rGO-PEI-MoSx hybrid 
(Figure 5e).74 Compared with NG-Co3O4 and NiO/MWCNT materials, 
the rGO-PEI-MoSx hybrid showed outstanding ECR activity and CO 
selectivity with a high CO FE of 85.1%, mainly attributed to the 
unique structure of MoSx, in which each Mo atom was coordinated 
to six S ligands. The unique structure was similar with the formate 
dehydrogenases (FDH) enzyme that can catalyze the reduction of 
CO2. Besides, the introduced PEI layer could further enhance the 
ECR activity of Mo-S sites and stabilize the *COOH intermediate.

4.3 Metal-free/carbon-based hybrid materials
Although both transition metals/carbon and transition metal 
compounds/carbon catalysts exhibited high ECR catalytic 
performances, the high cost, sensitivity to poisoning, and difficulty 
of reclamation largely limited their practical applications for CO2-CO 
conversion, which motivate researchers to pay more attention to 
the metal-free/carbon-based hybrid ECR materials. Among metal-
free/carbon-based hybrid catalysts, g-C3N4 is an important metal-
free material which has received more and more attention in the 
fields of photocatalysis and electrocatalysis. Despite its low 
electrical conductivity, the g-C3N4 can reveal its electrochemical 
properties by complexing with other nanocarbons, originating 
unique chemical and electronic coupling effects between them. DFT
calculations revealed that the g-C3N4 as a molecular scaffold could 
appropriately modify the electronic structure of the loading 
materials, lowering the free energy of intermediates, and 
consequently easing their stabilization. Also, the adsorption 
capacity of CO2 molecules can be improved because of the stronger 
electronegativity of N atoms compared with C atoms. As for ECR, it 
DCDA precursors (Figure 6a).75 The sp3 C-N peak was absent in the 
XPS C 1s spectra of g-C3N4/MWCNT, which indicated that the g-C3N4 

was recently reported that a g-C3N4 and MWCNT composite was 
formed by a polycondensation process between the MWCNTs and
was covalently attached onto MWCNTs. The obtained g-
C3N4/MWCNT hybrid achieved the high ECR catalytic activity with 
CO FE of 60% (Figure 6b) and over 50 h of significant durability, in 
which the g-C3N4 provided more active sites and the covalent C-N 
bonding in the MWCNT enhanced the ECR activities. Similar to this 
work, a N-doped carbon (CN)-coated MWCNT (CN-MWCNT) 
nanocomposite was prepared via a pyrolysis treatment of the g-
C3N4 and MWCNT mixture (Figure 6c-6d), and the excellent ECR 
catalytic properties was obtained with approximately 98% FE for CO 
production.76

Table 2. Summary of other reported transition metal-heteroatoms complex doped carbon materials and carbon-based hybrid materials for 
CO production via ECR.

Catalyst Synthesis 
method Electrolyte Loading amount

[mg cm-2] Max FE [%]
Potential
Vs RHE

@MaxFE

Jco
@MaxFE 
[mA cm-2]

Cell type

A-Ni-NG54 Pyrolysis 0.5 M KHCO3 0.1 97 -0.5 22 H-cell
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Catalyst Synthesis 
method Electrolyte Loading amount

[mg cm-2] Max FE [%]
Potential
Vs RHE

@MaxFE

Jco
@MaxFE 
[mA cm-2]

Cell type

Ni-N-Gr55 Pyrolysis 0.1 M KHCO3 0.3 90 -0.7 -- H-cell

Ni-N4-C56 Pyrolysis 0.1 M KHCO3 2 98 -1.03 71.5 H-cell

Ni-N-C57 Pyrolysis 0.1 M KHCO3 6.4 99 -0.81 28.6 H-cell

Ni-N-C58 Pyrolysis 0.1 M KHCO3 1 90 -1.0 ~180 GDE

Fe3+-N-C59 Pyrolysis 0.5 M KHCO3 0.3 ~95 -0.5 ~100 GDE

(Cl, N)-Mn/G61 Pyrolysis 0.5 M KHCO3 0.5 95 -0.6 ~10 H-cell

Co-N5/HNPCSs60 Pyrolysis 0.2 M NaHCO3 0.4 99.4 -0.79 ~4.5 H-cell

Ni-NG79 Pyrolysis 0.1 M KHCO3 0.2 97 -0.66 ~50 GDE

Ni-NCB80 Pyrolysis 0.5 M KHCO3 0.2 99 -0.681 ~100 GDE

NiSA-N-CNTs81 Pyrolysis 0.5 M KHCO3 1 91.3 -0.7 ~23 H-cell

Fe-N4/CF82 Pyrolysis 0.5 M KHCO3 2 94.9 -0.5 ~3 H-cell

Fe-ZIF-8 derived 

Fe-N-C83
Pyrolysis 0.5 M KHCO3 0.459 93.5 -0.5 ~15 H-cell

Fe-N-C84 Pyrolysis 0.5 M NaHCO3 -- 90 -0.5 6 H-cell

Fe/NG85 Pyrolysis 0.1 M NaHCO3 0.32 80 -0.6 ~1.5 H-cell

Zn-Nx/C86 Pyrolysis 0.5 M KHCO3 ~0.4 95 -0.43 4.8 H-cell

Zn-N-G87 Pyrolysis 0.5 M KHCO3 2 90.8 -0.5 ~3 H-cell

3D N, P, Co-
MPC64 Pyrolysis 0.1 M KHCO3 2 62 -0.3 -- H-cell

Fe-NS-C65 Pyrolysis 0.1 M KHCO3 0.3 85 -0.62 -- H-cell

Cu-rGO67 Electroreduction 0.1 M NaHCO3 -- 40 -0.6 -- Single-cell

Ni/N-CHSs68 Pyrolysis 0.5 M KHCO3 0.5 93.1 -0.9 ~15 H-cell

Ni-NC@C71 Pyrolysis 0.5 M KHCO3 0.1 93.7 -0.7 ~7 H-cell

Ni@NCNTs88 Pyrolysis 0.5 M KHCO3 1 99.1 -0.9 ~10 H-cell

rGO-PEI-MoSx
74 Electrodeposition 0.5 M NaHCO3 -- 85.1 -0.65 -- H-cell

g-
C3N4/MWCNTs75 Polycondensing 0.1 M KHCO3 0.36 60 -0.75 ~0.6 H-cell

CN-MWCNT76 Pyrolysis 0.1 M KHCO3 2.39 98 -0.82 ~70 GDE
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5 Conclusion and Outlook
In summary, this review reports an overview of the recent 
developments regarding Nano-CNMs ECR catalysts for 
electrocatalytic conversion CO2 into CO production. Emerging Nano-
CNMs are represented by metal-free heteroatoms-doped carbon 
materials, transition metal-heteroatoms complex doped carbon 
materials and carbon-based hybrid materials; great progresses have 
been made for Nano-CNMs in improving ECR selectivity, activity, 
and stability. For metal-free heteroatoms (e.g., N, F, S, and B) doped 
carbon materials, the advantages of superior durability and low cost 
enable them to be competitive candidates to replace the noble 
metal catalysts for the ECR. Typically, the introduction of N atoms 
shows certain capability to regulate the distribution of charge 
density and increase the electron transfer rate of nanocarbons, thus 
boosting the overall ECR performances. For further enhancing ECR 
performance, the types and contents of heteroatoms dopants need 
to be finely tuned by using the different synthesis methods, such as 
stream etching, CVD, and pyrolysis approaches. For transition 
metal-heteroatoms complex doped carbon materials, further 
introduction of transition metal atoms could address the problems 
of low ECR catalytic activity of metal-free heteroatoms-doped 
carbon materials. The partially filled d orbital electrons of transition 
metals can overcome the inherent activation barriers, while 
enhance reaction kinetics to improve the ECR activity. Furthermore, 
the carbon-based hybrid materials possess better flexibility because 
it can combine the advantages of different catalysts with their 
variable assembly possibilities, when compared with the two types 
of above-mentioned catalysts.
Although extensive studies have been conducted in the 
development of Nano-CNMs ECR catalysts achieving considerable 
progress, the research for selective electrocatalysis for CO 
production via ECR is still in its developing stage, and more 
fundamental and insightful studies with a goal to address the 
pressing issues and daunting challenges faced in this fields, are 
needed.
(I) During the research process of ECR electrocatalysts, the 
standardization of data collection was a problem worthy of 
attention. Especially for Nano-CNMs, several factors could affect 
the performance evaluation of electrocatalysts, such as, selection of 
test benchmark, the influence of the hydrodynamics of the 
electrochemical cell, and effect of impurities in electrolyte.89 Among 
those factors, the impurities are easier to be ignored while 
potentially impacted the quality of data collection. Due to the 
outstanding stability, Pt was chosen as counter electrode in most 
three-electrode cell configuration. However, Pt was inevitably 
dissolved in the electrolyte and then deposited on the cathode 
during electrochemical cycling, thus resulting in the inaccurate 
evaluation of intrinsic activity of electrocatalysts. Therefore, several 
suitable substitutes have been proposed to avoid the effects of Pt 
impurity, for example, the glassy carbon was used as counter 
electrode.90 However, since Pt was used as the counter electrode in 
the initial ECR study, this measurement method has even been 
deployed for performance evaluation with precious metal-free 
materials, and only a few researchers realized this question and 

tried to replace the Pt electrode. Therefore, if Pt was used as 
counter electrode, controlled experiments are necessary to prove 
no altered ECR performance at least.
(II) In spite of certain breakthroughs that have been made in ECR 
selectivity, activity, and stability, how to balance the above three 
indicators is still a question. The types and contents of heteroatoms 
dopants, the structures of active sites, and the morphologies of 
catalysts have significant effect on the ECR performances of Nano-
CNMs. Consequently, advanced synthetic methods need to be 
developed to realize controllable synthesis of Nano-CNMs. 
(III) Unlike the explicit HER mechanism, CO production via ECR 
involving competitive reactions that makes the studies of ECR 
mechanism more difficult in modeling and theoretical calculations. 
Although a few assumptions about catalysts and specific reaction 
processes have been proposed, a comprehensive and in-depth 
understanding of the ECR catalytic mechanism is still missing. 
Further theoretical calculation models and methods accompanied 
with experimental explorations could help us to better understand 
the reaction process, and gradually break through the bottlenecks 
of the reaction control step, thus comprehensively improving the 
ECR performance.
(IV) In order to accurately analyze the origin of active sites and 
clarify the reaction mechanisms, advanced analysis methods that 
can reveal the changes of ECR catalysts during the reaction process 
and trace the reactants at the molecular level are necessary, such 
as operando techniques using X-ray powder diffraction, X-ray 
photoelectron spectroscopy, Raman spectroscopy, and X-ray 
absorption spectroscopy, etc.
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