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ABSTRACT: The electrochemical carbon monoxide reduction
reaction (CORR) holds significant potential for sustainable fuel
and chemical production, offering an effective means to reduce
carbon emissions and maintain environmental sustainability.
Graphene, a single layer of carbon atoms arranged in a unique
two-dimensional structure, possesses properties that make it
suitable for various applications. Nitrogen-doped graphene
(NDG) based metal single-atom catalysts (SACs) have emerged
as one of the most effective methods for converting CO into one
carbon (C;) products such as CH, and CH;OH. In this study,
defective graphene was doped with four nitrogen atoms, which
stabilized the catalyst through complexation with metal species
by binding with the nitrogen atoms. First-principles calculations were employed to investigate the catalytic performance of
selected transition metals (TM, = Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu) as SACs anchored on the NDG surface for hydrogen
evolution reaction (HER) and CORR processes. Theoretical analysis indicated that NDG is highly favorable for binding
transition metal single adatoms with excellent stability, facilitating rapid electron transfer during catalysis and yielding
outstanding catalytic performance. Among the SACs, Cr supported by N,-G catalyst selectively produces CH, with Cr-N,-G
exhibiting the lowest overpotential of 0.47 eV. This study demonstrates that the N,-G support is a promising candidate for

use as a single-atom catalyst for selective CO reduction and other electrochemical processes.

KEYWORDS: CO reduction, nitrogen-doped graphene, single-atom catalysts, density functional theory

1 Introduction

Over the past few decades, scientists and technologists have
diligently worked to mitigate carbon monoxide (CO) and carbon
dioxide (CO,) emissions. However, the emissions of these gases
remain inevitable due to the advancement of science and
technology. Consequently, reducing CO emissions has become an
urgent priority for modern society and the development of a
sustainable global community. By leveraging green and renewable
energy sources, CO can be electrochemically converted into
valuable, green and environmentally friendly hydrocarbons. The
electrochemical carbon monoxide reduction reaction (CORR),
which transforms CO into green and organic hydrocarbons using
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renewable electricity, plays a crucial role in restoring the carbon
balance and closing the carbon cycle [1-3]. Despite the unique
advantages, such as compatibility with renewable energy sources
and industrial applications, the inert chemical nature of CO limits
the activity and selectivity of CORR. To address this challenge,
several catalysts, including transition metal (TM) single-atom (SA)
catalysts (SACs) [4, 5], have been developed to enhance CORR
activity and selectivity [6-15].

Graphene has been extensively studied due to its unique
structural features and numerous outstanding properties [16].
These properties include a large surface area, high carrier mobility
and exceptional electrical and thermal conductivity [17, 18]. Li et al.
[19] focused on the stability of metal SAs on different sites of
graphene and their catalytic performance in various chemical
reactions, including thermocatalysis and electrocatalysis. They
found that graphene-based SACs have simple yet efficient catalytic
active centers. Building on this, Chen et al. [20] studied Zn-N-G
catalysts for electrocatalytic CO, reduction. The addition of Zn-N,
active sites lowered the energy barrier for COOH* and CO*
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intermediates, making it easier to produce CO and other one
carbon (C,) products. This also demonstrated the stability and
excellent catalytic properties of graphene as a substrate, particularly
for CO,/CO reduction reactions. As a result, graphene serves as an
excellent substrate for the electrochemical CORR. One flexible
approach is to use TM frameworks in combination with graphene,
which helps overcome the low CO reduction efficiency associated
with the neutral carbon atoms in graphene. TM SACs on graphene
exhibit unique advantages in terms of activity and selectivity for
CORR [21, 22]. Additionally, numerous theoretical and
experimental studies have demonstrated the effectiveness of doping
graphene with heteroatoms such as boron, nitrogen and
phosphorus. These modifications, particularly with nitrogen atoms,
can significantly enhance the catalytic performance for CO
reduction reactions [23, 24]. Nitrogen doping promotes the
formation of H-terminated edges of sp2 carbon, leading to the
creation of graphene fibers made of vertically stacked graphene
flakes [25]. Additionally, N is commonly used in doped graphene
due to its higher electronegativity (N 3.04, C 2.55) and similar
atomic size to C. The increased electronegativity of N causes charge
redistribution between N and neighboring C atoms, resulting in a
positive charge and high spin density, which enhances CORR
catalytic activity [26]. Therefore, the mechanism of CO reduction
by electrocatalysis using nitrogen-doped graphene (NDG) loaded
with TM SAGC:s is of great application value. In general, there are
four forms of NDG, which are TM-N;-G, TM-N,-G, TM-N;-G,
TM-N,-G (Fig. S1 in the Electronic Supplementary Material
(ESM)).

In this study, we comprehensively investigate single TM atom
(STMA = S, Ti, V, Cr, Mn, Fe, Co, Ni and Cu) catalysts anchored
on NDG (TM-N,-G) by using density functional theory (DFT),
focusing on the electronic structure, geometric stability, catalytic
activity and CO adsorption characteristics of TM-N,-G. On this
basis, we systematically explore the electrochemical catalytic
mechanisms of CORR on these catalysts. By calculating the
adsorption energy and examining the competition between CORR
and the hydrogen evolution reaction (HER), meanwhile, Ni-N,-G
and Cu-N,-G are excluded due to the weak CO adsorption and the
TM-N,-G catalysts are analyzed for free energy calculations.
Computational results reveal that C, compounds can be
synthesized using TM species with low overpotentials (7).
Specifically, Cr-N,-G SACs demonstrate an overpotential of 0.47 eV
for the production of H,O, making it a relatively effective SAC
among the investigated NDG loaded TM catalysts for CORR. Based
on these findings, the projected TM-N,-G SACs are promising
electrochemical catalytic platforms for the selective conversion of
CO into valuable compounds.

2 Computational details

DFT method implemented in Device Studio (DS) [27] was used for
all spin-polarized calculations. To describe electron-ion
interactions, scalar relativistic effect projector-augmented waves
(PAW) [27, 28] methods were used in conjunction with generalized
gradient approximation (GGA) and Perdew-Burke-Ernzerh (PBE)
[29] functionals to handle electron exchange and related energy.
For the planewave basis set, a kinetic energy cutoff of 700 eV was
employed. The convergence threshold of 1 x 10~ eV was set for the
electronic energy and ionic relaxation proceeded until the atomic
force was less than 0.05 eV-A". Grimme’s approach (DFT + D3)
has been incorporated to mimic the van der Waals interactions and
dispersion-energy corrections. The Monkhorst-Pack grid was used
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to sample the first Brillouin zone. The 5 x 5 x 1 k-point mesh was
adopted for electronic structures analysis and geometric
optimization [30]. A grid-based Bader charge analysing technique
was used to determine the electron charge transfer [31].

In order to enhance comprehension and examination of the
electronic structure, the projected density of states (PDOS) was
computed [32]. Charge density difference (Ap) between the A and
B fragments (p, and py) and the combined A + B (p,,p) was also
computed by Ap = ps,s — pa — Pp Where p represents the total
electron density.

Over NDG surface, the binding energy (E,) of 3d-TM atoms was
calculated as

Eb = ETM—N4—G - ENDG - ETM (1)

where Epy y, ¢ is the total energy of the whole system when the
single metal atom is in the best adsorption position, Eypg is the total
energy of NDG substrate with one C vacancy, Epy; is the total
energy of the single transition metal atom.

The free energy change (AG) for each elementary step of CORR
was calculated based on the computational hydrogen electrode
model [33] as

AG = AE+ AE;;;—TAS+eU+ k; T-pH - Inl 2)

where AE is the total reaction energy, AE,py; is the correction of zero-
point energy (ZPE), TAS is the entropy contribution and eU
denotes the energy contributed by the applied electrode potential.
ky is kilobyte, T is the temperature. The pH in our work is set as
zero, considering the strong acid environment. The free energy of
H* + e is equal to 1/2H, under the standard conditions [34].

3 Results and discussion

3.1 Electronic structure of TM-N,-G SACs and stability of
bound single atoms

A system of nine 3d TM atoms are constructed on NDG [35]. The
electronic structure of the catalysts and the binding strength of the
TM heteroatoms to NDG were then calculated to assess the stability
of these SACs.

The optimization results are shown in Fig. 1, where nine
different metals are loaded on NDG, which exhibit relatively stable
structure. Yang et al. investigated the reduction reaction using NDG
with four nitrogen atoms loaded simultaneously with Ni, Co and Fe
[36]. Similarly, Zhang et al. adopted the same NDG (with four
nitrogen atoms) loaded with Fe atoms for the reduction reaction
[37]. These examples demonstrate that the catalyst configuration
used in this study is widely applied and offers significant advantages
in terms of stability.

To further understand the structure of SACs, the d-orbital
electronic structures of SACs are visualized in Figs. 2(a)-2(d) and
Figs. S2(a)-S2(e) in the ESM. The density of states is projected onto
the surface of the d-orbitals of the nine TMs embedded in double-
vacancy, four NDG. When a small molecule interacts with a metal
site, the empty d-orbital can accept electrons from the highest
occupied molecular orbital (HOMO) and the occupied d-orbital
can donate electrons to the lowest unoccupied molecular orbital
(LUMO). It indicates that the d-band centers of all nine TMs are
very close to the Fermi energy level. The adsorbate is more likely to
provide charge to the metal sites, enhancing the interaction between
the small molecule and the SACs [38]. The calculations show that d-
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Figure1 Top view of nine TM-N,-G SACs.

band is sharper than that of the metal surface and is accompanied
by a peak shift. This suggests the unique electronic structure of
SACs can be leveraged for enhanced performance. Consequently,
this distinctive electronic structure of SACs is expected to be
applicable in a wider range of fields, potentially broadening the
scope of use in various catalytic processes.

Building on this foundation, we calculated the binding energy
(E,) between TM and NDG substrate in Fig. 2(e). The strong
binding stability suggests that all TM SACs can potentially be used
as CORR catalysts. Sc-N,-G SACs have the strongest binding
energy (—8.5 eV) among them, while Cu-N,-G SACs have a weak
binding energy (5.1 eV). Additionally, we performed Bader charge
analysis of the catalysts (Table S1 in the ESM), which indicates
electron transfer from the doped TM atom to the ligand site. The
charge transfer between TM and NDG enhances the structural
stability of SACs due to the ionic interactions between TM* and
N* [39].

3.2 Adsorption energy of CO
Electrochemical CORR is a multiproton/electron transfer process

involving various reaction intermediates and products. The first
step in this process is the adsorption of CO at the TM site. TM
atoms provide additional electrons to break the strong sp-
hybridization, thus activating the CO molecule. Given the
importance of CO adsorption for CORR, GGA calculations are
used to identify the best adsorption sites on the catalyst and selected
the top site. We calculated the adsorption energies for this site on
each TM metal. While GGA functionals may overestimate CO
binding on transition metals, we corrected the energy values and
carefully studied the adsorption distance between CO and the
catalyst. Therefore, this does not affect our conclusions about the
strength of CO adsorption by the TM-N,-G catalysts [40, 41]. As
shown in Fig. 2(e), except for NDG supported by Ni and Cu atoms,
which exhibit weak CO adsorption, the remaining TM-supported
catalysts demonstrate very strong adsorption.

3.3 HER and CORR

Since the electrochemical reduction of CO takes place in an
aqueous solution, where protons are supplied by the solution, the
HER must be considered as it can compete with CORR and
significantly affect the Faraday efficiency at low pH. To address this,
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we also examined the free energy change of HER, with the results
shown in Fig. 3(a). The data indicate that all nine TM-based
catalysts exhibit varying degrees of HER activity. Meanwhile, we
compared the free energy change (AG) of the CO-to-*CO reaction
with the AG of HER (Fig. 3(b)). The CO-to-*CO reaction is favored
on all nine TM-N,-G SACs. Additionally, the adsorption free
energy (AG,4,) of *CO is more negative than that of *H and the AG
for CO-to-*CO reduction is smaller than that for HER. Therefore,
these SACs are more prone to CO adsorption and conversion
compared to the occurrence of HER, indicating their higher
selectivity for CORR over HER.

34 The choice of TM and the full path of CORR
As shown in Fig. 2(e), the adsorption energies for Cu-N,-G and Ni-

N,-G are —-0.13 and -0.1 eV. The GGA functionals might slightly
overestimate CO adsorption strength. This indicates that Cu-N,-G
and Ni-N-G cannot effectively adsorb CO under normal
conditions, so they were not included in the subsequent CORR
pathway analyses. Meanwhile, the charge density differences for the
remaining seven TM-N,-G SACs with adsorbed CO are discussed
(Figs. 4(a)—4(d) and Fig. S3 in the ESM). The results show a slight
charge transfer between the metal sites and CO. However, practical
experimental conditions such as temperature, pressure, solvent
effects and dipole fields can enhance CO adsorption at the catalyst
site.

On this basis, we conducted a detailed analytical study of the
CORR pathway. The reduction of CO produces various products
such as CH,O, CH;OH and CH,. CH,O can be generated from
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*OCH, intermediates if the desorption energy is low, or
alternatively from *CO via *CHO intermediates. The generation of
CH,OH involves intermediates such as *OCH; or *OHCH, and
can proceed through multiple pathways. For the production of
CH,, two processes can occur: (i) Successive protonation reactions
take place on C to produce CH, and *O. The *O is then converted
to *OH by the continued addition of H* and is ultimately reduced
to H,O. (ii) Protonation reactions occur first on O to produce H,0O
and *C, followed by deoxygenation of *C to produce CH,. The
process of hydrogenation reactions between C and O should also be
considered. The detailed CORR mechanism, including the
pathways and possible intermediates produced, is shown in
Fig. 4(e).

The free energy paths of CORR on TM-N,-G SACs have been
calculated in Fig. 5. The results indicate that Cr-N,-G SACs
facilitate the gradual addition of H* to generate intermediate
products such as *CHO, *CH,O and *CH,O, ultimately leading to
the production of CH, and H,O. This process effectively converts
CO into the C, products CH, and H,O.

During the conversion of CO by Cr-N,-G SACs, the protonation
of *CO to *CHO represents the largest free energy change step (AG
= 0.47 eV), ultimately leading to the production of H,O. Figure $4
in the ESM reveals that the limiting steps vary for different SACs.
For Sc-N,-G, Ti-N;-G and V-N,-G SAGCs, the limiting step is *OH
to *H,0. For Mn-N,-G and Fe-N,-G SAGCs, it shifts to *CO to
*CHO. Finally, the limiting step is *CHO to *CH,O for Co-N,-G
SACs. The goal is to identify the best catalysts with the fastest
reaction rates and lowest energy requirements. In Fig. S5 in the
ESM, Cr-N,-G SACs have the lowest limiting step, while Ti-N,-G
SACs have the highest. Cr-N,-G SACs has the best behavior among
these catalysts for CORR, with optimal reaction speed and energy
consumption. Under stable TM binding energy, favorable CO
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adsorption energy and the lowest limiting step in the reaction
process, Cr is the optimal metal single-atom for CO reduction in
this study.

4 Conclusion

In summary, we investigated the stability, adsorption, reaction
pathways and screening of optimal TM SACs of transition metals
(TM, = Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu) single atoms loaded
on NDG for CORR. The binding energies of single atoms from Sc
to Cu on graphene indicate very stable bonding. The adsorption of
HER and CO on TM SACs showed that CO adsorption is preferred
over HER, thereby stabilizing CORR. At the same time, Cu-N,-G
and Ni-N,-G were excluded due to their relatively weak CO
adsorption. The CORR reduction steps were then investigated on
the remaining TM SACs by calculating the free energies. Cr-N,-G
SACs had the lowest limiting step, demonstrating excellent
performance with low energy consumption during CORR (limiting
step is 047 eV). These results enhance the understanding of the
electrochemical CORR reaction mechanism of SACs and provide
valuable guidance for their design.

Electronic Supplementary Material: Supplementary material (the
Bader charge of the TM catalysts and the charge density difference
of the remaining TM catalysts as well as free energy step diagrams
and rate limiting step comparison diagrams for catalysts) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907026.
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a) The structures of the reaction intermediates. (b) Energy proﬁles of different paths
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presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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