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Design principle of single-atom catalysts for sulfur reduction reaction—
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ABSTRACT The polysulfide shuttling effect is the primary
bottleneck restricting the industrial application of Li-S bat-
teries, and the electrocatalytic sulfur reduction reaction (SRR)
has emerged as an effective solution. Carbon-based single-
atom catalysts (SACs), which promotes SRR, show great po-
tential in inhibiting the shuttling effect of polysulfides.
Meanwhile, the optimization and rational design of such cat-
alysts requires a deep understanding to the fundamental SRR
mechanism and remains highly nontrivial. In this work, we
construct a comprehensive database of carbon-based SACs,
covering different coordination patterns, heteroatoms, and
transition metals. The SRR activities are determined using
density functional theory calculations, revealing a synergistic
effect between the p orbital of the heteroatom and the d orbital
of the transition metal. This interplay underscores the critical
importance of the coordination environment for SRR under
the ortho-P2C2 structure. Regardless of the transition metal
type, the ortho-P2C2 coordination pattern significantly en-
hances the SRR performance of SACs, surpassing the widely
reported N3C1 and N4 coordinated graphene-based SACs.
Furthermore, heteroatoms with ortho-P2C2 may exhibit SRR
activity. In a word, by using this comprehensive dataset and
data-driven framework, we propose a promising novel class of
coordination structure (ortho-P2C2 structure) and neglected
design principle.

Keywords: single-atom catalysts, ortho-P doped structure, ab-
initio calculations, machine learning, sulfur reduction reaction

INTRODUCTION
Lithium-sulfur batteries (Li-S batteries) are considered as one of
the most promising candidates for the next generation of
rechargeable batteries, as they feature higher theoretical capacity
and energy density than the widely used lithium-ion batteries
[1–5]. The theoretical weight capacity of Li-S batteries is up to
1675 mAh g−1 [6], and during discharge, the maximum energy
density even reaches 2600 Wh kg−1 [7]. Experimentally, the full
packaged Li-S batteries reach a specific energy of 400–
600 Wh kg−1, three times that of commercial lithium-ion bat-
teries [8]. Therefore, Li-S batteries warrant promising applica-
tions in portable electronic equipment, electric vehicles, medical
equipment, and aerospace, where energy density and capacity

are a key factor [9]. The high energy density of Li-S batteries is a
result of the complex 16-electron conversion process, in which
the S8 ring molecules are first converted into a series of soluble
lithium polysulfides and eventually into insoluble Li2S2/Li2S
products [10–12]. However, the shuttling effect of polysulfides
and slow sulfur reduction reaction (SRR) kinetics limit the
performance of Li-S batteries [13]. In order to address the
problems brought by the shuttling effect in Li-S batteries, two
strategies have been proposed (Scheme 1a). The first strategy is
the passive strategy based on physical confinement and chemical
adsorption [14–16]. While this approach can suppress poly-
sulfide shuttling to some extent, it cannot fundamentally shut
down the shuttling pathway. In contrast, the active strategy of
electrocatalytic conversion of polysulfides [17–19] promotes the
SRR kinetics and reduces the accumulation of polysulfide
intermediates, eventually avoiding its shuttling. Naturally, the
key to such electrocatalysis strategy lies in the development of
high-performance electrocatalysts.

Single-atom catalysts (SACs) achieve maximal atom utilization
by exposing all individual metal atoms as active centers, fea-
turing superior catalytic activity that compensates for the high
cost and resource scarcity of precious metals [20–25]. Therefore,
SACs are considered to be excellent candidates for cathode
electrocatalysts for SRR, specially with graphene as the substrate
[26]. Currently, nitrogen (N) doping is the most common
strategy to construct graphene-based SACs [27–29]. For exam-
ple, Wu’s group [30] used superlayered cobalt embedded in N-
doped porous carbon nanosheets (Co/N-PCNSs) as a stable host
for elemental sulfur and metallic lithium, improving electro-
catalytic sulfur reduction performance. Lin’s group [31]
designed an N-doped carbon/graphene (NC/G) sheet as a sulfur
host, which promotes the redox reaction kinetics of sulfur
cathode thanks to abundant N active sites and high electrical
conductivity. However, the N-doping strategy is still unable to
meet the requirements of industrial applications [32].

Given that the electronegativity of C atom (2.55) is higher
than that of P atom (2.19) but lower than N (3.04), the polarity
of C–P bond is opposite to C–N bond [33,34]. Thus, when P is
doped in carbon, the charged sites of P+ are created. Unlike the
N-doped graphene-based SACs, where the N atoms remain
inactive, the positively charged P atoms in the P-doped gra-
phene-based SACs are potentially active. Furthermore, P pos-
sesses a larger atomic radius than C (110 pm vs. 77 pm),
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favoring the sp3-orbital configuration, which can produce high
distortion in the graphene skeleton and abundant edge sites [35–
37]. For S doping, the electronegativity of S (2.58) is very close to
that of C (2.55), making it unlikely to significantly cause charge-
neutral break of carbon. However, the high spin density induced
by doping S in carbon is conducive to enhancing the electro-
catalytic activity. In addition, strain-induced charge localization
and lone pairs in S atoms are also favorable for chemisorption
[38–40]. Therefore, it is expected that P or S doping strategy may
open up new avenues for the development efficient electro-
catalytic SRR [35,38,40]. Furthermore, the model used to study
the catalytic activity of SACs is usually the N4 coordination
structure [41–46]. This has long led to the consideration of
transition metal types as the most important factor affecting the
catalytic activity of SACs, while the role played by the coordi-
nation environment has been seriously overlooked. It is well
known that the N4 coordination structure struggles to meet the
performance requirements of practical industrial applications
due to its high charge symmetry [47,48]. Therefore, clarifying
the role of the coordination environment in the catalytic activity
of SACs and discovering new coordination structures with
desired performance is highly attractive to compensate for the
shortcomings of classical N4 coordination structures. It can be
foreseen that there are numerous combinations of coordination
patterns, type of heteroatoms, and type of transition metals,
which makes it still a great challenge to clarify the interplay
between coordination environment and transition metal, so as to
rationally design P/S-doped SACs. It is almost impossible to
explore the design space exhaustively using traditional “trial and
error” methods [49]. In recent years, the rapid development of
theoretical and computational tools has enabled us to under-
stand the electronic structure of SACs in great detail, aiding the
rational design of new catalysts. Meanwhile, newly emerged
data-driven techniques, such as machine learning (ML) [50,51],
can help us to establish the structure-activity relationship,
allowing us to screen a vast number of candidates efficiently.

In this paper, we use density functional theory (DFT) calcu-
lations to establish a comprehensive dataset of graphene-based
SACs with different coordination patterns, heteroatom doping,
and transition metals. Facilitated with ML tools, we explore the
database to understand the interplay between the coordination
environments and the transition metals. A significant synergistic
effect between p-orbital of heteroatoms in the substrate and the
d-orbital of transition metal is found, leading to the identifica-
tion of several new SAC materials with superior performance. In
particular, we propose a novel coordination pattern, the ortho-
P2C2 doped structure, which can enhance the SRR activity for
3d, 4d and 5d transition metals (Scheme 1b). The resulting
activity is far superior to the widely reported N3C1 and N4
coordinated graphene-based SACs. The ortho-P2C2 doped
structure features a considerably low overpotential down to
0.042 V and a reduced Li2S decomposition energy barrier, both
of which warrant accelerated consumption of polysulfides. The
stability of the newly proposed ortho-P2C2 SACs is also
demonstrated by the cohesion energy, formation energy and
molecular dynamics (MD) simulation, assuring their practical
applicability.

RESULTS AND DISCUSSION

Electrocatalytic sulfur reduction activity of SACs
Thanks to the 16 electron reduction process of S8 molecules, Li-S
batteries possess an extremely high theoretical specific capacity
(1675 mAh g−1) and energy density (2600 Wh kg−1) [6,7]. The
capacity of the sulfur cathode electrode is closely related to the
complex “solid-liquid-solid” multi-step reaction kinetics, espe-
cially the deposition/dissociation process of Li2S, which con-
tributes 3/4 of the charge-discharge capacity of the cathode. To
investigate this reaction, we built several models with P/S doping
atoms and 3d, 4d and 5d transition metals, corresponding to six
coordination patterns (Fig. 1a, b). When the coordination
number is 2, there are two coordination patterns involved: para

Scheme 1 Data-driven framework to address shuttling effect. (a) How to address the shuttling effect for high specific energy Li-S batteries. (b) The proposal
of a new class of electrocatalyst with Ortho-P2C2 coordination mode via DFT and ML.

ARTICLES SCIENCE CHINA Materials

3216 © Science China Press 2024 October 2024 | Vol.67 No.10



and ortho coordination, leading to 253 different structures in
total. It should be pointed out that based on the following rea-
sons, we only considered single doping of P or S and did not
consider co doping of P and S: (1) The widely reported coor-
dination structures are mainly single element doped structures
[52–54], so setting the calculation model as P or S element single
doping is more in line with the real situation; (2) the dataset
composed of single doped SACs with P or S and co-doped SACs
with P and S may have significant differences, which is not
conducive to obtaining excellent performance of ML models. In
other words, heterogeneous datasets may result in the inability
to capture potential correlations between electronic properties
and catalytic activity [55–59].

Considering the effect of morphology, specific surface area
and hydrophilicity on catalytic activity in DFT calculation is

indeed a difficult problem with low availability of calculation
methods and huge calculation amount. In general, morphology,
specific surface area, and hydrophilicity affect the reaction rate
mainly through mesoscopic mass transport, so the above factors
are often taken into account by multi-scale models coupling
diffusion to electrochemical surface dynamics [60]. For the
calculation model in this paper, when graphene-based SACs are
used for electrocatalytic SRR, the speed determination step of
intrinsic activity is the most critical factor in theory, and the
influence of external factors such as morphology, specific surface
area and hydrophilicity is unlikely to be the dominant factor.
This is because for graphene-based SACs, most of the atoms are
still carbon atoms, and the transition metal only accounts for a
small part, which means that the morphology, specific surface
area and hydrophilicity of graphene-based SACs with different

Figure 1 The computational model and electrocatalytic sulfur reduction activity of SACs. (a) The coordination patterns covered in the computational model,
where X corresponds to P/S heteroatom. (b) The type of 3d (Sc, Ti, V, Cr, Mn, Fe, Co, Ni), 4d (Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd) and 5d (Hf, Ta, W, Re, Os, Ir, Pt)
transition metals, heteroatom (P, S) and substrate (C) involved in the computational model. (c) Overpotential of SACs covering 3d, 4d and 5d transition
metals.

SCIENCE CHINA Materials ARTICLES

October 2024 | Vol.67 No.10 © Science China Press 2024 3217



transition metals may be similar. Therefore, only the intrinsic
activity and its corresponding velocity steps are considered in
the calculation of this paper.

Targeting the decisive step (Li2S2 + 2Li+ + 2e− → 2Li2S), the
overpotentials of all model graphene-based SACs were calcu-
lated (Fig. 1c). Compared with S doping, P doping exhibits lower
overpotentials (Fig. 1 and Fig. S1) in average, which means that
P doping is a more effective strategy to improve SRR activity.
Furthermore, for P doping, different coordination modes show
diametrically opposite electrocatalytic performance. The gra-
phene-based SACs with the coordination pattern of P3C1 and
para-P2C2 possess higher overpotential regardless of the transi-
tion metal type. In contrast, the ortho-P2C2 coordinated SACs all
exhibit commendable electrocatalytic sulfur reduction activity
for all transition metals (Fig. S2a). In the 20 graphene-based
SACs with top performance, the ortho-P2C2 coordination pat-
tern accounts for 3/5, and 5 out of the 6 graphene-based SACs
with top performance feature ortho-P2C2 coordination pattern
(Fig. 1b). This suggests that the ortho-P2C2 coordination pattern
possesses a significant advantage over the other five coordina-
tion patterns. As for different metals, for P/S doped graphene-
based SACs, there is a difference in the overpotential of 3d, 4d
and 5d transition metals. The overpotentials of the 3d transition
metals are the lowest, followed by the 4d and the 5d transition
metals (Fig. S3).

For 3d transition metals, the overpotentials corresponding to
Cr, Mn, Fe, Co and Ni are generally lower. For 4d transition
metals, Ru, Rh and Pd are the better performers, while Ir and Pt
are the best candidates in 5d transition metals. Through DFT
calculations, six P-doped graphene-based SACs with the most
excellent sulfur catalytic activity are identified, among which the
overpotential of ortho-FeP2C2 is as low as 0.042 V (Table S1).
The N doping is the most widely reported doping strategy,
graphene-based SACs with N3C1 and N4 coordination have been
synthesized experimentally. However, in here, we found all the
N3C1 coordination and N4 coordination structures feature
overpotentials much larger than that of ortho-FeP2C2 (Fig. S4).
Therefore, according to our calculation, the electrocatalytic
sulfur reduction activity of ortho-FeP2C2 is superior to all gra-
phene-based SACs with N3C1 coordination and N4 coordination.
Considering the significant price advantage of Fe, the ortho-
FeP2C2 system is proposed to be the most promising candidate
for a cheap catalyst for SRR reactions in Li-S batteries, yet with a
performance potentially better than all N3C1 and N4 coordinated
materials.

Stability and electrical properties of ortho-P doped structure

Stability evaluation of SACs with ortho-P doped structure
High stability is a prerequisite for the application of cathode
catalytic materials [61], which is evaluated in this work using
cohesion energy, formation energy and MD simulations. The
thermodynamic stability of the material is represented by both
cohesion energy and formation energy, which use isolated atoms
and the most stable element as references. All the data are
presented in Fig. S5. The cohesion energy of ortho-P2C2 and P4
doped graphene are 7.66 eV/atom and 7.49 eV/atom, respec-
tively (Fig. S5). The cohesion energies of graphene-based SACs
are (from lower to higher): YP4 (7.48 eV/atom), ortho-MnP2C2
(7.61 eV/atom), ortho-YP2C2 (7.62 eV/atom), ortho-FeP2C2
(7.63 eV/atom), ortho-ScP2C2 (7.63 eV/atom), and ortho-IrP2C2

(7.67 eV/atom), which are all more stable than carbon phos-
phide (4.12–6.45 eV/atom) [62] and silene (3.71 eV/atom) [63],
indicating its high stability. The high stability of ortho-P doped
graphene-based SACs and its precursors are also confirmed by
the calculated formation energies (Fig. S5). For dynamic stabi-
lity, MD simulation reveals that the kinetic energy of all the
structures of the proposed ortho-P SACs with commendable
electrocatalytic SRR activity and their precursors fluctuates
within an extremely small range during 5 ps of simulation under
300 K, indicating no significant change in structure, i.e., high
thermal stability (Figs S6 and S7). All above results verify the
stabilities of the ortho-P2C2 coordination graphene-based SACs,
making them promising for future synthesis.

Electrical property of SACs with ortho-P doped structure
Other than catalytic activity and stability, the electrical con-
ductivity is also an important index for a good electrochemical
catalyst. Therefore, we study the electrical conductivities of all
ortho-P doped structures via investigating their band structures
and density of states (DOS) (Figs S8 and S9). Similar to the
experimentally reported SACs, the bandgaps of the proposed
ortho-P doped structure are extremely narrow, indicating
excellent electrical conductivities (Figs S8 and S9). For the
proposed SACs, the 2p orbitals of C form the conduction band
and valence band. The transition metal d orbitals of ortho-
FeP2C2, ortho-MnP2C2, and ortho-IrP2C2 participate in the
valence band. However, the metal d orbitals of ortho-YP2C2 and
ortho-ScP2C2 are involved in forming the conduction band,
which is similar to experimentally reported SACs (Figs S10 and
S11). The DOS of ortho-P doped structure do not decrease after
adsorption of LiS. Moreover, the S of LiS also contributes an
obvious DOS, which means that the adsorption of LiS is bene-
ficial for improving the conductivity of the cathode (Figs S12
and S13). Besides the electrical conductivity, we further per-
formed work function analysis on all ortho-P SACs, which all
show lower electron escape work than graphene (4.56 eV) [64].
It is also consistent with their high activities on the electro-
catalytic process of SRR (Fig. S14 and Table S2). In summary, all
electronic structure analysis confirms that the proposed ortho-P2
C2-doped graphene-based SACs possesses excellent electrical
properties and are suitable for SRR catalyst applications.

Electrocatalytic sulfur reduction mechanism of ortho-P doped
structure

Explore sulfur reduction activity via ML
ML provides a powerful tool for revealing the interplay of the
coordination environments and transition metals of SACs for
electrocatalytic SRR, as long as the input descriptors are carefully
chosen [65,66]. The descriptors mush be complete enough to
give a comprehensive description to the physiochemical prop-
erties of SACs, while remain independent to each other to avoid
numerical problems. The descriptors we use in this study are
shown in Table 1. These descriptors can be categorized into
DFT-calculated descriptors and elemental and structural
descriptors. Considering the structure of graphene-based SACs,
a number of descriptors related to coordination environments
and transition metal types are used, including coordination
modes of heteroatoms (such as C), p-orbital-related electronic
properties of heteroatoms (such as pPS), and transition metal
types and the d-orbital-related electronic properties (for
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example, εd, dNe, dunocc). We compare the performances of seven
ML models, including multiple linear regression (MLR), ridge
regression, Lasso, support vector regression (SVR), Xtreme
Gradient Boosting (XGBoost), decision tree (DT) and artificial
neural network (ANN). The whole dataset is randomly parti-
tioned into training and testing sets with a ratio of 3:1. Specific
parameters employed in the training of each model are shown in
Table S3. ANN exhibits excellent predictive ability for both
training and testing data, with R2 of 0.9631 and 0.9431, respec-
tively (Fig. 2a, b). Meanwhile, XGBoost and DT strongly overfits
the problem in the current available dataset, while other under
fits with R2 values ranging from 0.6354 to 1 (Figs S15 and S16).
Therefore, we conclude that ANN is the most suitable model for
overpotential prediction in this study.

Shapley additive explanation (SHAP) analysis elucidates the
potential factors controlling the properties of catalytic materials.
This SHAP results reveal the interplay between coordination
environments and transition metals. As shown in Fig. 2c, the
descriptors that are most important for overpotential prediction
are independent of each other, as evidenced by the relatively low
correlation coefficients between them. According to Fig. 2d, the
most correlated five descriptors are pPS (the number of p-orbital
electrons of the P or S atom), C (configuration), Ef (the Fermi
level), dNe (d orbital electron number below Fermi level for
metal), and dunocc (the number of unoccupied d states for metal
from 0 to 3 eV). The strong correlation between coordination

mode descriptors and overpotential explains the underlying
mechanism behind the optimization of electrocatalytic sulfur
reduction activity by ortho-P doped structure. pPS and config-
uration highlight the regulation of the electronic properties of
transition metal by graphene substrate, which may be beneficial
for understanding the interplay between the active sites of
transition metal and graphene substrate. Through SHAP ana-
lysis, it is found that the downward shift of p-band center of P
atoms corresponds to the decrease of overpotentials, which is
consistent with the results of DFT analysis. Generally, a low p-
band center corresponds to stronger electron drawing effect
[67], and the 3p orbital energy of P might be similar to the d
orbital energy of the transition metal, thereby accepting elec-
trons from the d-orbitals of transition metal and optimizing the
hybridization degree of the d-orbitals of transition metal and the
p-orbitals of S atom. It should be pointed out that for SACs, the
catalytic active site is transition metal. The coordination envir-
onment generally affects catalytic performance by changing the
electronic properties of transition metals. Therefore, the recog-
nition of the coordination pattern as the most important
descriptor does not mean that the catalytic active site is P or S
atom, but rather because the electronic properties of the tran-
sition metal that are truly affected by the coordination envir-
onment are not recognized, resulting in not being selected as the
descriptor for the training model. This also suggests an interplay
between the coordination environment and the transition metal.
Ef, dNe and dunocc are closely related to the d-orbital electron of
transition metal, which emphasizes the key role of transition
metal types in the electrocatalytic sulfur reduction activity of
graphene-based SACs. Through SHAP analysis, it is found that
the higher the value of dunocc, the lower the corresponding
overpotential. This is because the more unoccupied electron
energy levels in the d orbitals, the more likely optimized
hybridization between the d-orbitals of transition metal and
p-orbitals of S atom to occur, resulting in moderate adsorption
strength that is beneficial for electrocatalytic SRR. In summary,
SHAP analysis indicates the interplay between coordination
environments and transition metals of graphene-based SACs
together control electrocatalytic SRR, due to the synergistic
effect of p-orbital electrons of heteroatoms in the substrate and
d-orbital electrons of transition metal.

To further understand the interplay between the transition
metal and the coordination environment, detailed DFT calcu-
lations were performed. Through structural optimization it can
be found that for ortho-P doped structure, the S of the inter-
mediate species LiS bonds not only to the transition metal, but
also to one of the P atoms (Fig. S17). And the other P bonds to
the transition metal. But this phenomenon is not been seen in
other structures. By bader charge calculation, it is found that for
ortho-P doped structure, P atom which is bonded to S is always
in a state of electron loss (Fig. 3). Given that P is less electro-
negative than S (2.19 vs. 2.58), it is believed that the lost elec-
trons of the P atom are transferred to the S atom. Through
differential charge density calculation, we also find that both P
atoms in the ortho-P structure can undertake the electrons of the
transition metal, which avoids the strong adsorption between the
transition metal and the intermediate species LiS (Fig. S18). The
volcanic relationship between adsorption energy and over-
potential also indicates that the excellent electrocatalytic SRR
performance of ortho-P doped structures is due to the moderate
adsorption strength of LiS intermediate specie (Fig. 3a). To

Table 1 Descriptors employed in model training

DFT-calculated descriptors

qM Bader charge transfer of metal atom

qPS Bader charge transfer of P or S atom

qC Bader charge transfer of C atom

εd d band center of metal

dNe
d orbital electron number below

Fermi level for metal

dunocc
The number of unoccupied d states

for metal from 0 to 3 eV

εp p band center of metal atom

Eg Band gap

Ef Energy of Fermi level

pPS
The number of p orbital electrons for

P or S atom

pC
The number of p orbital electrons for

C atom

IM First ionization energy of metal atom

I First ionization energy of SACs@gra-
phene

EN Electronegativity of metal atom

EM Electron affinity of metal atom

E Electron affinity of SACs@graphene

Z Valence electron of metal atom

Elemental and structural descriptors

rM Atomic radius of metal atom

RM(I) Metal(I) ion radius

RM(II) Metal(II) ion radius

C Configuration

AN Atomic number
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prove our conjecture, we also calculated the SRR activity of
doped substrates without anchored transition metals. It is found
that the unanchored ortho-P exhibits the highest overpotential,
reaching 1.3525 V compared to the other five doped substrates.
Therefore, ortho-P without anchored transition metals cannot
be used alone for SRR and must interact with transition metals
to achieve enviable SRR performance. Combining SHAP analysis
and DFT calculations, we believe that the ortho-P doped
structure can not only accept electrons from transition metals to
avoid strong adsorption (Fig. 3b). Moreover, P, which forms a
bond with S, can also serve as a bridge to transfer the extracted
electrons to S, thus exhibiting commendable SRR activity. It
should be emphasized that previously reported work has
demonstrated that the coordination environment of SACs can
significantly affect the electronic properties of transition metals,
thus playing a crucial role in SRR activity. For example, W/NG
with a unique W–O2N2–C coordination structure exhibits high
adsorption capacity and SRR catalytic activity, due to the special
effect of W–O coordination configuration on regulating the
electronic structure and adsorption behavior of active sites [68].
Thanks to the fully accessible Fe-N/C active sites implanted
within dual N and P-doped carbon framework, the catalytic
activity of FeN6 NPC with customized coordination structure
towards lithium polysulfides has been significantly enhanced
[69]. By introducing S atoms to replace N atoms in the first
coordination shell, the electron distribution of Co sites can be
adjusted to enhance their anchoring ability to lithium poly-
sulfides, resulting in higher surface capacity and cycling stability
of batteries using S@S-Co-SACs/NSC cathode [70]. In a word,
these results validate the design principles presented here.

Considering that transition metals dispersed on the substrate
are generally the real catalytic sites of SACs, the catalytic activity
of heteroatoms is lower than that of transition metals. And,
ortho-P doped structure generally exhibits surprising electro-
catalytic SRR activity across all the transition metals involved.
Therefore, this interplay can be extended to a specific coordi-
nation pattern (ortho-P) which is decisive for electrocatalytic
SRR in some cases. On the one hand, the specific coordination
pattern (ortho-P) can significantly modulate the electronic
properties of transition metals. On the other hand, heteroatoms
configured with the ortho-P pattern may exhibit certain elec-
trocatalytic SRR activity, such as partial positively charged P
atoms with ortho-coordination can serve as active sites [33,34].

Electrocatalytic conversion of polysulfides
In this section we analyze the details of the electronic structure
of the ortho-FeP2C2 catalyst along the SRR reaction pathway. As
shown in Fig. S19, the adsorption strength of ortho-FeP2C2 for
all sulfur species (S8, Li2S8, Li2S6, Li2S4, Li2S2, and Li2S) is mod-
erate, which facilitates the full reduction of S. The differential
charge density indicates that there is significant charge transfer
between ortho-FeP2C2 and all polysulfides (Fig. S20). The elec-
trons are primarily transferred from the S atoms to the vicinity
of the Fe atom, so the central Fe indeed facilitates the reduction
of S species. The DOS of ortho-FeP2C2 adsorbing lithium-sulfur
clusters is shown in Figs S21 and S22. The DOS of ortho-FeP2C2
is significantly enhanced after polysulfide adsorption, thanks to
the S of lithium-sulfur clusters. This indicates that the adsorp-
tion of polysulfides can improve the electrical conductivity of the
system. The low band gaps indicate the metal-like conductivity

Figure 2 Exploring electrocatalytic SRR via ML. (a) R2 of employed ML models. (b) Prediction performance of ANN. (c) The correlation between selected
descriptors. (d) SHAP analysis of the ANN.
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of ortho-FeP2C2 with adsorbing lithium-sulfur clusters. For Li2S,
Li2S4, Li2S6, and Li2S8, the DOS at the conduction band edge
significantly increases. In addition, ortho-FeP2C2 obtained
electrons from lithium-sulfur clusters, which helps to enhance
the conductivity of ortho-FeP2C2. Therefore, the low bandgap
and increased DOS enhances the conductivity of the cathode of
Li-S batteries, thereby improving the battery rate performance.

It should be noted that the decomposition of the final dis-
charge product Li2S is a key factor affecting the charge-discharge
performance of Li-S batteries [71]. Therefore, the decomposition
energy barrier and pathway of the final discharge product Li2S
on ortho-FeP2C2 surface was calculated. The dissociation process
includes the decomposition of Li2S into individual Li+ and LiS
(Li2S → LiS + Li+ + e−) [72]. The dissociation energy barrier and
dissociation pathway of Li2S on the surface of ortho-FeP2C2 are
shown in Fig. 3c, d. The decomposition energy barrier of Li2S on
the surface of ortho-FeP2C2 is 1.07 eV, much lower than the
commonly studied FeC4 (4.97 eV), FeN3C1 (4.99 eV) and FeN4
(5.03 eV). The low decomposition energy barrier of Li2S indi-
cates that the ortho-P doped structure can improve the charge
and discharge kinetics of Li-S batteries.

CONCLUSIONS
In conclusion, we explore a comprehensive dataset of graphene-

based SACs covering different coordination patterns, heteroa-
toms and transition metals in detail through ab-initio calculation
and ML. The interplay between the coordination environment
and the transition metal is revealed, which is attributed to the
synergistic effect between the p-orbital of the heteroatoms in the
substrate and the d-orbital of the transition metal. This interplay
can be extended to the fact that the coordination environment
plays a decisive role in electrocatalytic SRR. Accordingly, a novel
coordination structure (ortho-P2C2 structure) is proposed,
which exhibits great advantages of electrocatalytic SRR for
3d, 4d and 5d transition metals. The resulting advantages
including a considerably low overpotential down to 0.042 V and
a reduced Li2S decomposition energy barrier, which is far
superior to that of the experimentally N3C1 and N4 coordinated
SACs. Moreover, the proposed ortho-P doped structure exhibits
excellent stability, which assures its practical applicability. In this
work, the interplay between coordination environments and
transition metals for electrocatalytic SRR is elucidated through a
data-driven framework, thus illuminating a novel class of SAC
materials with specific structure and commendable catalytic
properties. It should also be noted that P and S co-doping has
not been discussed in this study, considering that such doping
may lead to new discoveries similar to ortho-P2C2 coordination
structure.

Figure 3 Electrocatalytic SRR mechanism and Li2S decomposition of ortho-P doped structure. (a) The volcanic relationship between adsorption energy and
overpotential. (b) The catalytic mechanism of ortho-P doped structure for SRR. (c) Li2S decomposition energy barrier. (d) Li2S decomposition pathway. The
colors of the C, P, Fe, Li, and S atoms correspond to gray, lavender, brownish blue, dark orange, and yellow, respectively. IS: initial state, TS: transition state,
FS: final state.
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用于硫还原反应的单原子催化剂的设计原则—配位
模式与过渡金属的相互作用

张文涛1,2†, 张高尚1,2†, 谢昭天1,2, 张新明1,2, 马家宾1,2, 高子耀1,2,
余旷1*, 彭乐乐1*

摘要 多硫化物穿梭是制约锂硫电池产业化的主要瓶颈, 电催化硫还
原(SRR)被认为是一种有效解决方案. 碳基单原子催化剂(SACs)能够显
著促进SRR, 同时, 这种催化剂的优化和理性设计需要对SRR基本机制
有深入了解. 在这项工作中, 构建了涵盖不同配位模式、杂原子和过渡
金属类型的全面的碳基SACs数据库. 利用密度泛函理论计算了相应
SACs的SRR活性, 揭示了杂原子p轨道和过渡金属d轨道之间的协同效
应. 这种相互作用强调了配位环境对SRR活性的极端重要性. 无论过渡
金属类型如何, ortho-P2C2配位模式均显著提高SACs的SRR性能, 使得
相应的SRR性能远远超过广泛报道的N3C1和N4配位SACs. 此外, 具有
ortho-P2C2结构的杂原子可能表现出SRR活性. 总之, 提出了一类有前
途的新型配位结构(ortho-P2C2)和被忽略的设计原则.
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