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h i g h l i g h t s

� Single-atom Mo modified by 20 p-
block elements as axial ligands was
studied by first-principles calculation.

� The axial ligand had a significant
effect on adsorption strength of Mo
atom for CO2RR intermediates.

� Ge-MoN4 exhibited the best
performance in the two-electron
CO2RR.

� The CO2RR activity was related to the
inherent properties of the axial
ligands.
g r a p h i c a l a b s t r a c t

The p-block elements are evaluated as axial ligands of single-atom Mo for highly efficient two-electron
CO2 reduction reaction.
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a b s t r a c t

Inspired by the structure of molybdenum-based metalloenzymes with high CO2 conversion efficiency in
nature, the catalytic performance of a series of modified MoN4 for two-electron CO2 reduction reaction
(CO2RR) was systematically studied using first-principles calculations. The effect of 20 p-block elements
as axial ligands on the structure of MoN4 was evaluated. Benefiting from the significant effect of the axial
ligands on the adsorption strength of Mo for intermediates, both activity and selectivity were improved,
especially Ge-MoN4 exhibited the best performance in the formic acid (HCOOH) pathway. The orbital
hybridization between Mo and the intermediate was weakened to varying degrees by axial ligands.
Furthermore, the activity of the catalysts was related to the properties of the axial ligands, especially
the Mo-N bond length and the electronegativity difference between Mo and the axial ligands. This work
provides a thorough understanding and guidance for modifying the coordination environment of single-
atom catalysts for CO2RR.
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1. Introduction

The excessive emission of CO2 caused by the massive use of fos-
sil energy has caused severe environmental problems (Gorbunov
et al., 2022; Wang et al., 2022b; Wang et al., 2017; Wei et al.,
2020), such as global warming and the increase in extreme climate.
The conversion of CO2 into fuels and chemicals with high value-
added is a technology conducive to sustainable development and
has been widely studied in recent years (Hu et al., 2022; Lee
et al., 2018; Zheng et al., 2023). However, due to the inherent inert-
ness of the C = O bond (Wang et al., 2022c; Wang et al., 2021d) and
the competition of hydrogen evolution reaction (HER) in aqueous
electrolyte (Chen et al., 2020a; Dou et al., 2019; Sun et al., 2021),
catalysts with high activity and selectivity are needed to achieve
efficient CO2RR, which is still a great challenge.

With the decrease in the size of metal-based catalysts, their cat-
alytic activity and selectivity will be further optimized (Geng et al.,
2021; Liu et al., 2022; Wang et al., 2020). Because of the high speci-
fic surface area (Fu et al., 2022; Zhu et al., 2021), nearly 100% the-
oretical atom utilization (Gu et al., 2022; Wang et al., 2022d), and
excellent activity (Chang et al., 2022; Li et al., 2022; Liu et al.,
2022), single-atom catalysts (SACs) gained significant attention.
Nitrogen-doped grapheme-supported atomic scale dispersed cata-
lysts (TM-NC) for CO2RR have been widely reported (Feng et al.,
2020; Liu et al., 2020; Yuan et al., 2020; Zheng et al., 2021). Never-
theless, the focus of metal-active centers is on Cu (Chen et al.,
2022; Creissen and Fontecave, 2022), Ni (Yang et al., 2020), Fe
(Bonetto et al., 2020; Chen et al., 2022; Li et al., 2021), etc. The
study of other kinds of metal-based SACs will help to explore the
internal relationship between the structure and performance. For
example, Cu SACs have been reported to be highly active for CO2-
RR due to their mild adsorption of intermediates and ability to
facilitate C–C coupling and produce C2 products (Xu et al., 2021).
Compared with metallic Ni catalyst, atomically dispersed Ni SACs
with characteristic electronic configurations are capable of lower-
ing the energy barrier of CO2 activation, especially unsaturated
Ni-N sites (Zhang and Guan, 2020). And due to the strong interac-
tions between isolated Fe atoms and N atoms from the support, the
activity of FeN4 sites is higher than Fe nanoparticles and single-
atom Fe supported on N-free graphene (Zhang et al., 2018). This
study presents promising opportunities for enhancing the com-
mercial viability of CO2RR and expanding the utilization of SACs
in this field.

The SACs with earth-abundant Mo as active center have been
widely selected as catalysts for nitrogen fixation (Ling et al.,
2018; Xue et al., 2021) and hydrogen evolution reactions (Chen
et al., 2017; Gao et al., 2019). Due to the half-filled, highly tunable
4d orbital electronic structure, the intrinsic catalytic performance
of Mo-NC can be greatly improved by forming strong orbital
hybridization with surrounding atoms to adjust the electronic
structure of active sites (Chen et al., 2020b; Cheng et al., 2022;
Ru et al., 2022). However, the Mo-NC materials used for CO2RR
catalysis are rarely reported because the strong adsorption of the
Mo atom on CO will lead to the occurrence of poisoning (Wang
et al., 2021c), which hinders the subsequent reaction. Mo-
dependent formate dehydrogenases (FDHs) are a kind of Mo-
based metalloenzymes existing in organisms in nature, which
can effectively interconvert of CO2 and formate (Robinson et al.,
2020). As known, the strong interaction between the active center
atoms and the surrounding coordination environment greatly
affects the catalytic performance of SACs. Drawing inspiration from
the structure of FDHs, it is expected that high CO2RR performance
can be generated by rationally designing the local coordination
environment of Mo SACs (Chen et al., 2021; Pan et al., 2018;
Rivera Cruz et al., 2021). However, to the best of our knowledge,
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focusing on the significant impact of the axial modification on
the performance of 2D TM-NC catalysts has rarely been reported.

Considering the product’s production cost and economic value,
CO and formic acid generated through the two-electron reaction
pathway are the two most commercially viable products for CO2RR
(Chen et al., 2018). Herein, using first-principles calculations based
on density functional theory (DFT), a series of Mo SACs supported
on N-doped graphene modified by axial ligands coordination were
systematically investigated for the performance of CO2RR. The
ligands included 20 elements of the p-block in the first five periods.
The adsorption strength of Mo atoms for reaction intermediates
can be significantly regulated by the axial coordination, which
can in turn alter the rate-determining step (RDS). For the formic
acid pathway, the reaction energy of MoN4 coordinated with Ge
axially was as low as 0.50 eV. Further electronic structure analysis
proved that the axial ligands optimized the electronic distribution
of the Mo atom, reduced the hybridization with the 2p orbital of
the *CO and *OCHO, and thus improved the activity and selectivity
of Mo-based SACs. More importantly, an internal relationship
between catalyst performance and ligand properties was found.
2. Computation method

All the periodic DFT calculations were performed using the
plane wave Vienna Ab-Initio Simulation Package (VASP) code
(Kresse and Furthmüller, 1996). The interaction between ions
and core electrons was described by the projector augmented wave
(PAW) potentials (Kresse and Joubert, 1999). The electron
exchange–correlation energy was treated within the generalized
gradient approximation (GGA) (Perdew and Wang, 1992) with
the Perdew–Burke–Ernzerh (PBE) function (Perdew et al., 1996).
A plane-wave basis set with a kinetic energy cutoff of 500 eV
was used in all calculations. The convergence criteria for the elec-
tronic self-consistent iteration and force were set to 10-6 eV and
0.03 eV/Å, respectively. The Brillouin zone was sampled by a
2 � 2 � 1 k-point grid with the Monkhorst–Pack scheme for geo-
metric optimization and a 4 � 4 � 1 for electronic structure calcu-
lation. The effect of van der Waals interaction was performed using
the DFT-D3 functional (Grimme et al., 2010), and spin polarization
was also considered.

The four-coordinate MoN4 moiety was modulated as a Mo atom
embedded in a periodic 5 � 5 graphene support with four N atoms
doped, which contained 44C atoms, 4 N atoms, and 1 Mo atom.
MoN4 with an axial ligand was expressed as X-MoN4, in
which X represented the axial ligand. A vacuum thickness of
15 Å was set to avoid interactions periodically. All the models were
fully relaxed in geometric optimization.

The binding energy (Eb) of axial ligand X was calculated based
on Eq. (1):

EbðXÞ ¼ EðX �MoN4Þ � EðMoN4Þ � EðXÞ ð1Þ
where E(X-MoN4), E(MoN4), and E(X) were the total energies of the
MoN4 unit cell with axial ligand X, MoN4 unit cell and axial
ligand X, respectively. The state of the ligands is the most stable sin-
gle substance state at room temperature (T = 298.15 K). The free
Gibbs energy (G) of the reaction was calculated by Eq. (2):

G ¼ Eþ ZPE� TS ð2Þ
here, E was the total energy obtained from DFT calculations, ZPE
and S were the zero-point energy and entropy, respectively, and
T = 298.15 K. The thermodynamic correction value was analyzed
using VASPKIT (Wang et al., 2021b). The elementary step with the
most positive Gibbs free-energy change (DGmax) was the
potential-limiting step (PLS). The potential of PLS was defined as
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the limiting potential (UL), which was an estimate of catalytic activ-
ity, and the value was calculated by Eq. (3):

UL ¼ �DGmax=e ð3Þ
Display and modification of models and analysis of the charge

density difference were conducted using the VESTA code
(Momma and Izumi, 2008).
3. Results and discussion

3.1. Structures and stabilities

The original MoN4 structure diagram is shown in Fig. 1a. Atomic
Mo is coordinated with four pyridine N, which exhibited the best
stability in Mo-NC SACs (Lou et al., 2022). The unique structure
of N-doped graphene allows both sides of the carbon plane to
interact with adsorbates, potentially enabling coordination with
ligands in an axial direction. The structure models that result from
axial coordination with p-block elements are shown in Fig. 1b and
Fig. S1. Due to the introduction of the axial ligand X, the Mo-N
bond length in the X-MoN4 structure changed significantly, and
the change in the bond length followed a specific pattern. As illus-
trated in Fig. 1d, within the same group, the Mo-N bond length
decreased with increasing periods.

The binding energy (Eb) of axial ligand X on MoN4 was calcu-
lated to evaluate the thermodynamic stability of X-MoN4. It can
be found from Fig. 1e that Eb in each group gradually became pos-
itive with increasing the number of periods. The O-MoN4 had the
most negative Eb (-5.36 eV), suggesting it had the most stable ther-
modynamic structure. In contrast, C, Si, B, and Al had positive Eb,
indicating that their structures were unfavorable thermodynami-
cally, which made them challenging to synthesize experimentally.
Therefore, these four structures were not considered in the subse-
quent discussion.
Fig. 1. (a) The model of original MoN4 catalysts. (b) The model of axially coordinated X-M
(d) The Mo-N bond length for different X-MoN4 structures. (e) Binding energies of axial

3

3.2. Catalytical activity for the CO reaction pathway

CO2RR has two reaction pathways through the two-electron
mechanism, one product is CO and the other is formic acid. The ini-
tial steps of both pathways are CO2 adsorption and activation com-
bined with proton-electron coupling. For the CO generation
pathway, the Gibbs free energy step diagram of the original
MoN4 is shown in Fig. S2. The generation of *COOH and *CO was
exothermic, suggesting that both were spontaneous thermody-
namic steps. It was speculated that the Mo atom was pushed out
of the carbon plane and that the conical structure formed was ben-
eficial to the stronger adsorption of small molecules due to its
higher charge density (Lou et al., 2022). However, too strong
adsorption for CO made Mo difficult to desorb, leading to CO poi-
soning and preventing the production of CO.

As for the sixteen kinds of MoN4 structures with different axial
ligands, their reaction thermodynamics changed significantly
(Fig. S3). All the steps for generating *COOH on the reaction step
became uphill, indicating that this reaction step was exothermic.
And due to CO desorption becoming a spontaneous step, CO poi-
soning on X-MoN4 was suppressed. This shows that the RDS has
changed under the influence of axial ligands. More importantly,
the RDS was transformed from a non-electrochemical reaction
(CO desorption) to an electrochemically-controlled step, which
allowed for the optimization of catalyst performance by adjusting
the applied voltage (Guo et al., 2017), pH (Birdja et al., 2019), and
other experimental conditions (Mao and Hatton, 2015). However,
the maximum reaction Gibbs free energy (DGmax) values of most
X-MoN4 structures were higher than that of MoN4 structures
(Fig. 2a). Only two types of axial ligands coordinated structures
(Ga-MoN4 and In-MoN4) required lower DGmax than that of
MoN4 (1.44 eV). Among all catalysis, In-MoN4 required the lowest
energy (1.14 eV). The above results suggested that the coordination
of axial ligands could significantly adjust the adsorption strength of
MoN4 on reaction intermediates, thus changing the RDS of CO2RR.
oN4 catalysts. (c) Schematic diagram of the two-electron reaction pathway of CO2RR.
ly coordinated X-MoN4 catalysts.
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3.3. Catalytical activity for formic acid reaction pathway

Inspired by the results that the axial ligands can adjust the
adsorption strength of intermediates, the effect of axial coordina-
tion on the reaction activity of MoN4 was studied in the formic acid
reaction pathway (Fig. S4). Similarly to the CO pathway, as com-
pared with the strong adsorption of original MoN4 in *OCHO
(Fig. S5), the adsorption strength of MoN4 with the axial ligand
decreased obviously (Fig. S6). It is worth noting that the DGmax

for the reaction pathway to formic acid of most X-MoN4 was lower
than that of MoN4 (Fig. 2b), indicating that the axial coordination
strategy effectively optimized the performance of the formic acid
pathway. More importantly, the DGmax of Ge-MoN4 was only
0.50 eV, much lower than that of MoN4 (1.5 eV). These low free
energies implied that the X-MoN4 structure was more suitable
for formic acid production. According to the Sabatier principle,
the adsorption of a highly active catalyst on an intermediate is
not too strong or too weak. (He et al., 2022; Wang et al., 2022a).
From the plot with limiting potential (UL = -DGmax / e) vs. DG
(*OCHO), it can be found that there was a volcanic relationship
between them (Fig. 2c). The catalysts on the left side of the volcano
plot had too strong adsorption for the intermediate *OCHO, which
hindered its further reduction reaction. On the other hand, the
CO2RR activity of the catalysts located on the right side of the vol-
canic peak was limited by its weak affinity for *OCHO, which was
not conducive to CO2 adsorption and activation. Ge-MoN4 was
the catalyst closest to the volcanic peak with moderate adsorption
strength, thus exhibiting the CO2RR high-performance results.

Since the similar reaction potential, the HER reaction was a
competitive reaction of CO2RR (Cai et al., 2022; Wang et al.,
2021a). The Gibbs free energy of HER of all X-MoN4 catalysts was
calculated (Fig. S7). Among them, N-MoN4 and O-MoN4 had the
Fig. 2. The DGmax for (a) CO pathway and (b) formic acid pathway of MoN4 and X-MoN4,
potential against the free energy DG(*OCHO) on MoN4 and X-MoN4 catalysts. (d) Lim
summary of the DGmax of MoN4 and X-MoN4 for CO pathway, formic acid pathway and H
MoN4 for formic acid pathway, CO pathway, and HER, respectively. (For interpretation of t
of this article.)
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highest free energy for HER. In general, the difference value of UL(-
CO2RR) and UL(HER) (UL(CO2RR) - UL(HER)) can be used to indicate
the catalyst selectivity. The more positive the difference value, the
weaker the HER competitiveness. Considering the adsorption
capacity of small molecules and the application potential of cata-
lysts, the difference values were calculated for part of X-MoN4 with
moderate adsorption capacity for *OCHO. As shown in Fig. 2d, the
calculated structures all had large positive values, indicating that
they all had a strong selectivity for CO2RR. The summary of the
reaction energy of the three reaction paths is shown in Fig. 2e,
which intuitively shows that the axial ligand X can effectively reg-
ulate the adsorption capacity of MoN4 for intermediates, thereby
improving its catalytic activity and selectivity for CO2RR.

3.4. Mechanism and correlation of X-MoN4 for CO2RR

To further explore the reason why axial ligands change the RDS
of Mo-based SACs, the projected density of states (PDOS) was cal-
culated and analyzed. For MoN4 (Fig. S8), continuous states near
the Fermi level indicate its good conductivity. In addition, a strong
d orbital peak near the Fermi level contributes a large number of
active d electrons that can participate in chemical reactions. From
the PDOS diagram of MoN4 with *CO adsorbed (Fig. 3a), it can be
seen that the 4d orbital of Mo and the 2p orbital of CO passed
through the Fermi energy level and had a large overlap. It means
that a strong d-p orbital hybridization occurred between Mo and
CO, especially between the dxz orbital of Mo and the px orbital of
CO, resulting in a strong adsorption capability to CO. In contrast,
on the PDOS diagram of In-MoN4 (Fig. 3a), the hybridization
between the 4d orbital of Mo and the 2p orbital of CO near the
Fermi level was much weaker, suggesting that In-MoN4 could
weaken the excessive adsorption of CO and avoid being poisoned.
where the dash line represents the data of MoN4. (c) A volcano plot for the limiting
iting potential difference value of MoN4 and X-MoN4 for CO2RR and HER. (e) The
ER, where the blue dash line, pink dash line, and grey dash line stand for the data of
he references to colour in this figure legend, the reader is referred to the web version
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This conclusion can also be drawn from the PDOS of other X-MoN4

(Fig. S9). Therefore, the decrease in the affinity for CO can be attrib-
uted to the effective regulation of the Mo electronic structure by
introducing axial ligands. Similarly, the DOS of MoN4 adsorbed
with *OCHO intermediate was also calculated to deeply under-
stand the important role of axial ligands. Consistent with the pre-
vious conclusion, compared to the original MoN4, the 4d orbital of
Mo of X-MoN4 at the Fermi level overlaps less with the 2p orbital of
*OCHO, with the main overlaps being far away from the Fermi level
(Fig. 3b and Fig. S10). The ability of the axial ligands to adjust the
electronic configuration has also been confirmed in previous work
(Wang et al., 2021e). It is worth noting that the spin-down d orbital
of the Mo atom seems to have a greater impact on the adsorption
energy. The weaker electronic interaction between the active site
and the reaction intermediate solved the problem of strong adsorp-
tion strength and greatly improved catalytic activity.

The catalytic performance of the catalyst is closely related to
the electronic structure of its active center. To understand the
mechanism of different adsorption capacities of Mo atoms under
the influence of axial ligands, the charge density difference analysis
and Bader charge analysis were conducted for MoN4 and X-MoN4.
In the MoN4 structure, the electron of Mo depleted and Mo had a
positive charge property (Fig. S11). After axial coordination with
the ligands, electron redistribution occurred between the
ligands X and Mo to different degrees. The charge accumulation
occurred on all ligands except Ga, In, Ge, and Sn (Fig. 3c). It is worth
noting that such results are in good agreement with the difference
in the adsorption configuration of *OCHO. Considering that MoN4

modified by these four ligands had the best catalytic performance,
it can be inferred that the ability of the ligand to transfer electrons
had a significant regulatory effect on the adsorption capacity of
Mo. The ligands with a strong electron-gaining property interacted
with the Mo atom too strongly, thus excessively weakening the
adsorption strength of Mo for intermediates. The appropriate abil-
Fig. 3. (a) Comparison between PDOS of MoN4 and In-MoN4 with CO adsorbed. (b) Calcu
charge transfer of axial ligand of X-MoN4, which negative value represent electron loss a
charge transfer of the Mo atoms vs. difference value of electronegativity.
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ity to gain and lose electrons can reasonably optimize the elec-
tronic level of the Mo atom, generating moderate d-p interaction.
This explained the underlying reason for the appearance of the pre-
vious volcano plot. It can also be proved by the fact that the degree
of electron loss of the Mo atom varied according to the difference
in the properties of ligands (Fig. S12), which was speculated to
be related to the difference value of electronegativity between
Mo and X (Dv = vMo - vX) (Fig. 3d). After the reaction intermediate
*OCHO was adsorbed, electrons were accumulated in the adsorbed
group and depleted on the Mo atom, which indicated that electrons
were transferred from Mo to the intermediates (Fig. S13).

It is of great significance to find the internal relationship
between the catalytic activity and the inherent properties of the
catalyst. First, taking the average length of the Mo-N bond as a
variable, it can be found that it had a linear correlation with DGmax

not only for the CO pathway (Fig. 4a) but also for the formic acid
pathway (Fig. 4b). Therefore, it can be proved that the catalytic
capacity of CO2RR can be roughly judged according to the bond
length, which is an attribute of the structure itself. According to
previous reports, electronegativity may be a key parameter in the
study of ligand-substrate interactions (Lu et al., 2022). It was pro-
posed here to use the difference value of the electronegativity (Dv)
to establish a relationship with the thermodynamic properties of
the catalysts. As we can see from Fig. S14, the number of electrons
transferred by ligands was related to the number of electrons
transferred by Mo. And the number of electrons transferred in
Mo increased with the increase of Dv (Fig. 3d). This also agreed
with the physical meaning of electronegativity. It is crucial to note
that by grouping the four electron-donating ligands into one group
and the remaining 12 ligands into three groups based on their posi-
tion in the periodic table, a better understanding can be gained
about the relationship between the Gibbs free energy of key reac-
tion steps (i.e. DG(*COOH) in the CO pathway and DG(*OCHO) in
the formic acid pathway) and Dv for each group. For both the
lated PDOS of d orbital of Mo and s, p orbital of *OCHO of MoN4. (c) The number of
nd positive value represent electron gain. (d) The linear relations of the number of



Fig. 4. The scaling relations of DGmax of X-MoN4 for (a) CO pathway and (b) formic acid pathway vs. the length of Mo-N bond. The linear relations of (c) DG(*COOH) and (d)
DG(*OCHO) vs. difference value of electronegativity between Mo and X.
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CO reaction pathway (Fig. 4c) and the formic acid reaction pathway
(Fig. 4d), the linear relationship of each group was in good agree-
ment with Dv. This also proved that the electronegativity differ-
ence between the ligands and the central metal atom could be
used as a simple and practical descriptor to measure the catalytic
activity of a five-coordinated single atom with an axial ligand. In
general, we found the influence law of axial coordination on the
catalytical performance of SACs, which provided theoretical guid-
ance for the design of MoN4 and other TM-NC materials.

4. Conclusion

In this work, 20 elements in the p-block were used as axial
ligands to modify the structure of MoN4, and a series of five coor-
dinated X-MoN4 SACs were designed for two-electron CO2RR. The-
oretical calculations revealed that axial coordination has a
significant impact on regulating the Mo atom’s adsorption capacity
for reaction intermediates. In-MoN4 had the best catalytic perfor-
mance (1.14 V) in the CO pathway. For the formic acid reaction
pathway, Ge-MoN4 exhibited the lowest UL value (0.5 V) among
the studied axially coordinated structures. The electronic structure
analysis demonstrated that by adjusting the electronic structure of
the d orbital of Mo, the axial ligands could reduce the hybridization
of the 4d orbital of Mo and the 2p orbital of the intermediate,
achieving a moderate adsorption strength. Further data analysis
proved that there was an internal relationship between perfor-
mance and the properties of ligands, especially there was a nearly
linear relationship between UL and Dv in each group. This study
offers theoretical guidance for simultaneously improving the activ-
ity and selectivity of MoN4 in CO2RR and presents new ideas for
strategically engineering the coordination environment of SACs.
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