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a b s t r a c t

Single-atom nanozymes (SANs) have attracted extensive attention due to their characteristics of both

single-atom catalysts (SACs) and enzymes. Using spin-polarized density functional theory (DFT) calcula-

tions combined with the hybrid solvation model, this work designed a series of carbon-supported Group

VIII transition metals TMS4-C SANs, similar to the TMS4 active center of formate dehydrogenase (FADH),

aiming to develop highly efficient SANs for CO2 electroreduction. DFT calculations show that compared

with TMN4-C, TMS4-C have FADH-like feature, which can selectively reduce CO2 to formic acid. Particu-

larly, CoS4-C is the most promising SAN for CO2 reduction, with a low limiting potential of -0.07V, which

exceeds most reported catalysts. Two descriptors of TMX4-C (X=N, S) based on intrinsic and electronic

structure properties were proposed to shed light on the origin activity of candidates. The findings pre-

sented here will provide new insights into the design of novel enzyme-like catalysts for electrochemical

CO2 reduction.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemical carbon dioxide reduction reaction (eCO2RR)

provides an attractive way to convert CO2 into valuable fuels and

chemicals using renewable energy under mild and controllable

conditions. On the one hand, it can realize the efficient storage of

electric energy and alleviate the energy crisis. On the other hand, it

can reduce the emission of CO2 into the atmosphere and alleviate

the greenhouse effect [1,2]. Therefore, eCO2RR has broad applica-

tion prospects. Despite a considerable amount of experimental and

theoretical reports [3–8], there are still some critical challenges to

the technological viability of eCO2RR. In the process of eCO2RR,

high overpotential is required to activate the stable C=O bond [9].

At the same time, the competition between hydrogen evolution re-

action (HER) and multiple reaction paths leads to low Faradaic ef-

ficiency and poor product selectivity [10]. Therefore, finding eco-

nomical and efficient catalysts is the key to promote the develop-

ment and application of electrocatalytic CO2 reduction technology.

Natural enzymes play a vital role in living systems due to

their excellent catalytic activities and selectivity. However, the high

preparation cost, easy deactivation and limited reaction condi-

tions hinder their practical application [11]. One of the improved

strategies is to develop enzyme-mimic materials that can over-
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come the above drawbacks. In particular, single-atom nanozymes

(SANs) have recently received considerable attention [12,13]. SAN

is a special kind of single-atom catalysts (SACs). It is well known

that SACs have the structural characteristics of high atom disper-

sion and ultra-high atom utilization, and they show high activ-

ity in many catalytic reactions [14,15]. In addition to these char-

acteristics of SACs, SANs also mimic the coordination environ-

ment or geometric configuration of the enzymes and exhibit spe-

cific product selectivity for specific reactions. Moreover, the cat-

alytic activity of SANs can be easily regulated by the microenvi-

ronment, and the required reaction conditions are relatively mild

[16]. Due to the characteristics of the structure and performance,

SANs have aroused increasing research interest in the electrocat-

alytic field [17–19]. For example, TM-N-C metal enzymes with ac-

tive sites similar to peroxidase (POD), oxidase (OXD) and porphyrin

have been extensively studied. Fe-N-C SAN with FeN4 sites showed

high peroxidase-like activity of 25.33U/mg for the electroreduc-

tion of H2O2 [20]. SAN with nanoframe-confined FeN5 active sites,

which was designed by Huang et al. [21] with a similar structure

to the axial ligand–coordinated heme of cytochrome P450, showed

excellent catalytic activity for oxygen reduction reaction. In ad-

dition to the N-coordinated structure, the TM-S site is also the

active center of many natural enzymes, such as nitrogenase, for-

mate dehydrogenase (FADH), and CO-dehydrogenase (CODH). Wen

et al. [22] theoretically designed a series of graphene-supported
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Fig. 1. (a) Udiss and Ef of Group VIII transition metals SANs. (b) Temperature and energy curves versus timesteps and local structures before and after AIMD for CoS4-C.

MoX4 (X=C, N, B, S, P) SACs, and found that MoS4/GR with the

same coordination as nitrogenase can catalyze nitrogen reduction

reaction (NRR) at a low limiting potential of −0.29V. Recently,

the active sites [NiS4] of FADH and CODH were simulated exper-

imentally [23], and the prepared MOFs incorporated with nickel

bis(dithiolene) ligands significantly improved the conversion rate

and Faradaic effciency (89%) of CO2 electroreduction to HCOOH.

In addition, carbon-supported CoS4 SAC was also successfully syn-

thesized by pyrolysis of Co-MOF-74 in a strongly polar molten salt

system [24], and the counter electrode of this SAC showed higher

photo-electric conversion effciency than Pt counter electrode, and

has good structural stability.

Inspired by the active site structures of FADH and CODH and

the latest experimental synthesis of CoS4, in this study, we used

density functional theory (DFT) to calculate and design a series

of enzyme-like single-atom catalysts supported on graphene with

TMS4-C active center for electrochemical CO2RR, where the TM

atoms are the Group VIII transition metals (TM=Co, Ni, Rh, Ir).

Since eCO2RR occurs in the electrolyte, in order to better consider

the solvent effect, the hybrid solvation model was adopted in the

calculation. To further clarify the influence of coordination environ-

ment on catalytic performance, we also studied the CO2RR mech-

anism of typical TMN4-C catalysts for the selected TM of above

TMS4-C SANs. DFT results show that CoS4-C SAN has a theoreti-

cal limiting potential of −0.07V for the highly selective electrore-

duction of CO2RR to HCOOH. TMS4-C SANs have better CO2 cat-

alytic performance than the corresponding TMN4-C SACs. In addi-

tion, two descriptors of TMX4-C (X=N, S) CO2RR activity based on

intrinsic properties were proposed. Our current results may pro-

vide new insights into the design of advanced CO2RR electrocata-

lysts.

Spin-polarized density functional theory (DFT) calculations

were performed by the Vienna Ab initio Simulation Package

(VASP) using the generalized gradient approximation (GGA) with

Perdew−Burke−Ernzerhof (PBE) functional, with a cutoff energy

of 400 eV [25–28]. A Monkhorst−Pack mesh of 3×3×1 k-points

was used for geometric optimization and 9×9×1 for electronic

structure analysis. The long-range van der Waal’s interactions were

described using the DFT-D3 empirical dispersion correction [29].

The energy and force convergence criteria were set to 10−5 eV and

0.02 eV/Å, respectively. The vacuum was set as 20 Å to avoid in-

teractions between periodic images in the z direction. Referring to

the previous reports [30–32], the graphene monolayer was mod-

eled using a 4×4×1 supercell. Moreover, the hybrid solvation was

adopted to describe the solvation effect. A hexagonal water bilayer

containing 16 H2O molecules was added to simulate surrounding

water molecules, and Poisson–Boltzmann implicit solvation model

was utilized to describe long-range interactions, as implemented in

the VASPsol [33].

To evaluate the thermodynamic and electrochemical stability of

SANs, we calculated the formation energy (Ef) and dissolution po-

tential (Udiss, vs. SHE), which are defined as

Ef = Etotal − Esub − ETM (1)

Udiss = Uo
diss(metal, bulk) − Ef/eNe (2)

where Etotal and Esub are the energies of SAN and substrate, respec-

tively, and ETM is the energy of the single metal atom in the bulk;

Uo
diss

(metal, bulk) is the standard dissolution potential of bulk met-

als, and Ne is the number of electrons involved in the dissolution

[34]. It can be seen that Ru-, Os- and PtS4-C with positive Ef can-

not maintain stability due to the thermodynamically favorable dif-

fusion and aggregation of metal atoms, and FeS4-C is easily de-

activated due to the dissolution of Fe atoms under electrochem-

ical conditions (Fig. 1a). The stability of the other 5 SANs is fur-

ther confirmed through 20ps AIMD simulations with a time step

of 1 fs in the NVT ensemble at 400K. It can be seen that Co-, Ni-,

Rh- and IrS4-C maintain stable TM-S4 structures after 20ps AIMD

simulations (Fig. 1b and Fig. S1 in Supporting information). In ad-

dition, although PdS4-C SAN with S-Pd-S coordination could hold

stability through the AIMD simulation, it undergoes a great distor-

tion when the intermediates are adsorbed on the surface (Fig. S2

in Supporting information). Thus, it was not considered in the fol-

lowing mechanism study.

Due to the single-atom characteristic of SANs, only C1 prod-

ucts were considered in the current work. As shown in Scheme

S1 (Supporting information), proton-electron pairs attack CO2 to

form different initial configurations (∗COOH and ∗HCOO), resulting
in different pathways of eCO2RR, and finally generate C1 products,

HCOOH, CO, CH3OH and CH4 via multi-step proton coupled elec-

tron transfer (PCET). Fig. 2 (left) shows the free energy diagrams of

CO2RR on TMS4-C. Reduction of intermediates (such as ∗ H2COO,
∗

COH) that are too high in the free energy diagrams was not con-

sidered further. To facilitate comparison, the corresponding CO2RR

free energy curves of TMN4-C catalyst are shown in Fig. 2 (right).

The free energy change of each elementary step was calculated ac-

cording to the computational hydrogen electrode (CHE) model pro-

posed by Nørskov et al. [35]. The limiting potential of CO2RR is de-

fined as UL = -�GPDS/e, where the �GPDS is the free energy change

of the potential-determined step (PDS).

As shown in Fig. 2a, the formation of intermediates ∗HCOO
and ∗COOH on CoS4-C SAN requires the free energy of 0.07 and

0.37 eV, respectively. The hydrogenation of these two intermedi-

ates directly forms HCOOH(dl) at the catalysts-electrolyte interface

instead of adsorbed ∗HCOOH, which prevents the continuous hy-

drogenation of ∗HCOOH. In addition, ∗COOH can be further con-

verted into ∗CO. However, the release of CO or further hydrogena-
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Fig. 2. Free energy diagrams of CO2RR on (a) CoS4-C (left) and CoN4-C (right). (b) NiS4-C (left) and NiN4-C (right). (c) RhS4-C (left) and RhN4-C (right).

tion of ∗CO to ∗CHO needs to overcome a large free energy bar-

rier, which is 1.00 and 2.01 eV, respectively, indicating the forma-

tion of other C1 products via ∗CO, such as CH3OH and CH4, is un-

favorable. Therefore, HCOOH is the predominant product of CO2

reduction on CoS4-C, and the PDS is ∗ +CO2 +H+ + e− → ∗HCOO,
with the UL of −0.07V. The reaction mechanism on the surface

of CoN4-C is quite different from that of CoS4-C. It can be seen

from Fig. 1b that the intermediate ∗HCOO is hydrogenated to

form ∗HCOOH, and ∗COOH is hydrogenated to form ∗CO. ∗HCOOH
is formed via the hydrogenation of ∗HCOO, and ∗CO is formed

via the hydrogenation of ∗COOH. ∗HCOOH and ∗CO either des-

orb from the surface to generate 2e− products HCOOH and CO

due to the weak adsorption of ∗HCOOH and ∗CO, or occur sub-

sequent hydrogenation to generate 6e− product CH3OH and 8e−

product CH4. The PDS of the formation of HCOOH, CH3OH and

CH4 is the step of ∗HCOO+H+ + e− → ∗HCOOH, with a limiting

potential of −0.30V, and the PDS of the formation of CO is the

step of ∗ +CO2 +H+ + e− → ∗COOH with UL= −0.46V. These re-

sults show that CoN4-C can catalyze the reduction of CO2 to mul-

tiple C1 products, but suffers poor product selectivity. Obviously,

CoS4-C shows better activity and product selectivity than CoN4-

C. As shown in Fig. 2b, both NiS4-C and NiN4-C tend to gener-

ate HCOOH through the HCOO pathway, and the first hydrogena-

tion step ∗ +CO2 +H+ + e− → ∗HCOO is the PDS, corresponding to

the UL of −0.42 and −0.66V, respectively. So NiS4-C exhibits bet-

ter performance for HCOOH production than NiN4-C. On RhS4-C,

as shown in Fig. 2c, CO2RR to HCOOH via the ∗HCOO intermedi-

ate is more favorable than CO generation via ∗COOH. The first de-

hydrogenation step is the PDS for HCOOH formation, and the UL

is −0.84V. For RhN4-C, in addition to generating HCOOH, since
∗CO is facile to be hydrogenated to ∗CHO, which makes the sub-

sequent PCET steps feasible, various products may be generated

in the CO2RR process, including CO, HCOOH, CH3OH, CH4, with

the same PDS (∗ +CO2 +H+ + e− → ∗COOH). The limiting poten-

tials of RhS4-C and RhN4-C are −0.84 and −1.08V, respectively.

IrS4-C mainly generates HCOOH and CO via ∗COOH at the limit-

ing potential of −0.93V, while for IrN4-C, four C1 products CO,

HCOOH, CH3OH, and CH4 will be produced at the limiting po-

tential of −1.16V. And the PDS of these two catalysts is the step

of ∗ +CO2 +H+ + e− → ∗COOH (Fig. S3 in Supporting information).

Thus, Rh/IrS4-C also shows better activity and product selectivity

than Rh/IrN4-C.

Hydrogen evolution reaction (HER) is the main competing side

reaction involved in electrocatalytic CO2 reduction process, result-

ing in low Faradaic efficiency. The free energy diagrams of HER

are given in Fig. 3a. It can be seen that Co-, Rh- and IrS4-C sup-

press the HER in comparison with corresponding TMN4-C SACs,

while NiS4-C shows better HER performance than NiN4-C. Fur-

thermore, in order to evaluate the selectivity preference, we com-

pared the difference of the limiting potentials between CO2RR

and HER. As shown in Fig. 3b, the UL(CO2RR) - UL(HER) value of

Co/NiS4-C and NiN4-C was positive, which means that they ex-

hibit better selectivity to CO2RR than to HER. In addition, although

UL(CO2RR) - UL(HER) values of RhS4-C and IrS4-C are negative, they

are more positive than the corresponding values of TMN4-C cat-

alysts (−0.08V vs. −0.67V; −0.43V vs. −0.88V), indicating that
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Fig. 3. (a) HER free energy profiles and (b) UL(CO2RR) - UL(HER) of TMS4-C and TMN4-C catalysts.

Fig. 4. Side view of CDD maps of (a) CoS4-C and CoN4-C, (b) NiS4-C and NiN4-C, (c) RhS4-C and RhN4-C, (d) IrS4-C and IrN4-C. The Co, Ni, Rh, Ir, C, N and S atoms are

represented by indigo blue, light gray, tawny, olive, brown, bule and yellow balls, respectively. The H2O molecules are represented by white-red sticks. The yellow and blue

areas mean the accumulation and depletion of electron density (isosurface value: 0.01 e/Å3). The purple arrow represents the direction of electron transfer.

compared with TMN4-C coordination, TMS4-C improves the selec-

tivity of the catalyst towards CO2RR.

The above results indicate that these TMS4-C SANs show bet-

ter activity and selectivity than widely studied TMN4-C catalysts.

Compared with Cu(211) (UL =−0.61V), CoS4-C and NiS4-C SANs ex-

hibit better catalytic performance. Specially, the CoS4-C SAN that

has been prepared in experiment owns the FADH-like activity and

selectivity for the production of HCOOH, and can generate HCOOH

at a low UL of −0.07V, showing its great practical application po-

tential. To explore the nature that TMS4-C SANs have better cat-

alytic activity than TMN4-C, the electronic structure analysis of

these catalysts was performed. The partial charge transfer of these

two kinds of SACs was analyzed by Bader charge analysis [36]. The

charge density difference (CDD) of TMS4-C SANs and TMN4-C SACs

is plotted in Fig. 4. As can be seen from the figure, since the elec-

tronegativity of S is lower than that of N, the TM atom donates

less electrons to S atoms than to N atoms, resulting in lower va-

lence state. For the same metal, the greater the electron density of

TM atom caused by the low electronegativity of S, the higher the

reduction ability.

The distribution of electrons in the dz2 orbitals has a great in-

fluence on the catalytic activity of SACs, because intermediates

are usually axially adsorbed on the single-atom site, which has

been reported in previous studies [37,38]. Here, the d-band cen-

ters of axial dz2 orbitals (ε(dz2 )) of transition metals in TMS4-C

and TMN4-C were calculated and shown in Fig. 5. It is seen that

the ε(dz2 ) of TMS4-C is closer to the Fermi level than the ε(dz2 )

of the corresponding TMN4-C SACs, indicating that compared with

TMN4-C, the S-coordination causes the d-band centers of dz2 or-

bitals to move upwards, thus enhancing the interaction between

TMS4-C and intermediates ∗HCOO (Co-, Ni-, RhS4-C) and ∗COOH
(IrS4-C). As the first hydrogenation step of CO2 to ∗HCOO/∗COOH is

the PDS of the electrocatalytic CO2RR on TMS4-C and TMN4-C, the

stronger interaction between TMS4-C surface and ∗HCOO/∗COOH
makes it show better activity than TMN4-C.

It is meaningful to explore the descriptors highly correlated to

the catalytic activity in order to guide the design of novel CO2RR

electrocatalysts. Based on the intrinsic properties of the catalysts,

we proposed a descriptor ϕ1, which is defined as ϕ1 =χTM/χNM

- Nd – Nes, where χTM is the electronegativity of TM atom, χNM

is the electronegativity of nonmetal atom (S or N) coordinated

with the TM atom, and Nd and Nes are the number of d electrons

and the number of electron shell layers, respectively. Fig. 6a shows

that the UL of TMS4-C and TMN4-C presents a linear relationship

with ϕ1, indicating that ϕ1 can serve as an activity descriptor for

CO2RR, and the electronegativity of active center atoms and coor-

dination atoms has a great influence on the catalytic activity. In

addition, for TMS4-C and TMN4-C catalysts, considering the coor-

dination environments and TM-support interaction, we plotted the

variation of the limiting potentials of CO2RR on all these SACs with

Fig. 5. ε(dz2 ) of TMS4-C and TMN4-C.
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Fig. 6. (a) Linear relationship between UL and descriptor ϕ1. (b)Volcano-shape relationship between UL and descriptor ϕ2.

ϕ2, where ϕ2 represents the difference between the d-band center

of TM atom (εd) and p-band center of coordinated S or N atoms

(εp), that is, ϕ2 = εd – εp. Interestingly, it can be seen from Fig. 6b

that the dependence of UL as a function of ϕ2 displays a volcano-

shaped curve, in which the optimal CoS4-C SAN with the best per-

formance for CO2RR lies around the peak of the volcano, with ϕ2

of 2.31. Thus, ϕ2 can be used as a good descriptor to exhibit the

CO2RR activity. The finding of these two descriptors with reliable

R2 will be beneficial to give a reliable prediction for the catalytic

ability of more similar systems.

In summary, we designed carbon-supported Group VIII TMS4-

C single-atom nanozymes (SANs) with FADH-mimic TMS4 sites for

electrochemical CO2 reduction reaction (eCO2RR) through DFT cal-

culations combined with the hybrid solvation model. After the

evaluation of thermodynamic and electrochemical stability, four

transition metal Co, Ni, Rh and Ir SANs were selected to study the

CO2RR mechanism, and their catalytic performance was compared

with that of TMN4-C. Gibbs free energy profiles show that TMS4-C

selectively reduces CO2 to HCOOH, while TMN4-C generates multi-

ple C1 products. Moreover, TMS4-C SANs show better catalytic abil-

ity toward CO2RR than corresponding TMN4-C SACs, which can be

attributed to the more electrons on TM atoms and the upshift of

d-band center of dz2 orbitals to the Fermi level. More importantly,

the origin of the CO2RR activity of TMS4-C and TMN4-C is revealed

by the two descriptors (ϕ1 and ϕ2), which are highly related to the

intrinsic parameters and electronic structure properties. The lim-

iting potentials of these catalysts exhibit a volcano-shaped curve

with ϕ2, and CoS4-C stands near the top of the volcano. Its UL

(−0.07V) is far lower than the results reported previously, indicat-

ing that CoS4-C is a potential SAN catalyst for CO2 reduction. These

findings are helpful to predict the catalytic activity of SACs and can

provide new clues and ideas for the design of novel electrocatalysts

for CO2 reduction.
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