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Fe/Co-based diatomic catalysts decorated on an N-doped graphene substrate are investigated by first-principles cal-
culations to improve the electrochemical properties of Li–S batteries. Our results demonstrate that FeCoN8@Gra not only
possesses moderate adsorption energies towards Li2Sn species, but also exhibits superior catalytic activity for both reduc-
tion and oxidation reactions of the sulfur cathode. Moreover, the metallic property of the diatomic catalysts can be well
maintained after Li2Sn adsorption, which could help the sulfur cathode to maintain high conductivity during the whole
charge–discharge process. Given these exceptional properties, it is expected that FeCoN8@Gra could be a promising di-
atomic catalyst for Li–S batteries and afford insights for further development of advanced Li–S batteries.
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1. Introduction

The thriving development of electric vehicles and hand-
held electronics demands secondary batteries with high energy
density and long cycle life. The application of lithium-ion bat-
teries in these fields is seriously hindered by the limited the-
oretical energy density. So, novel electrode materials or al-
ternative technologies are highly desired.[1,2] Lithium–sulfur
(Li–S) battery has been regarded as a promising alternative to
traditional lithium-ion batteries due to its high energy density
and low cost of sulfur. However, the practical application of
Li–S battery has faced big challenges of the shuttling effect
and sluggish conversion kinetics of polysulfides (Li2Sn) and
poor electronic conductivity of S.[3–6] To address these issues,
carbon-based materials,[7–9] transition metal (TM) oxides (or
sulfides, nitrides)[10,11] has been developed as the S cathode
hosts to restrict Li2Sn shuttling, improve the conductivity and
enhance redox kinetics. Especially, due to the favorable trans-
portation of both electrons and Li-ions, graphene has been
wildly studied as S cathode host. However, polysulfides can
only be adsorbed on graphene via a weak van der Waals (vdW)
bond, which results in weak anchoring ability and poor cat-
alytic activity. Some studies used N- or B-doped graphene to
anchor Li2Sn and catalyze Li2Sn conversion.[12,13] But the im-
proved anchoring and catalytic effects were mainly attributed
to the “Li-bond” between Li2Sn and the non-metallic atoms,
while no “S-bond” was formed due to the absence of metal
atoms.[14]

To better inhibit the shuttling effect and promote the con-
version of Li2Sn, it has been proposed to decorate single atom
of TMs on graphene as single atom catalysts (SACs) for Li–S
batteries.[15,16] The adsorption and conversion of Li2Sn can
be effectively facilitated via the synergy of Li-bond and S-
bond between the adsorbents and the SACs, thus improving
the cycling performance of the batteries. Fe, Co, Ni, and V
SACs decorated on N-doped graphene have been studied, in
which the Fe and Co-based SACs have shown promising bi-
functional activity for sulfur reduction (SRR) and sulfur oxi-
dation (SER) reactions of the sulfur cathode.[17–19] Neverthe-
less, the adsorption of Li2Sn on the SACs is still weak espe-
cially for long chain Li2Sn (n > 4) due to the lack of S-bond
caused by the limited TM atoms on graphene (usually less than
1.5 at.%), which further hindered the catalytic performance of
the SACs.[20]

Recently, as a further extension of SACs, diatomic cat-
alysts (DACs)[21] have shown promising catalytic effect for
many electrochemical processes such as oxygen reduction re-
action (ORR), oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), NOx reduction reaction (NOxRR),
and CO2 reduction reaction due to their increased active sites
and improved catalytic mechanism.[22–27] Lu et al. demon-
strated that the graphene-supported Pt2 dimer was approxi-
mately 17 times more active than single-atom Pt1 during the
hydrogen evolution reaction,[28] Based on these significant ad-
vantages, it can be inferred that the electrochemical properties
of Li–S batteries can be effectively improved by using a proper

†Corresponding author. E-mail: dxkan1202@126.com
‡Corresponding author. E-mail: yjwei@jlu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

036803-1

http://dx.doi.org/10.1088/1674-1056/aca6da
mailto:dxkan1202@126.com
mailto:yjwei@jlu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 32, 036803 (2023)

DAC. However, no DAC has been applied in Li–S batteries to
date. Considering Fe and Co-based SACs have been proven
as promising catalysts for Li–S batteries, herein we construct
a series of Fe and Co-based DACs on an N-doped graphene
substrate via first-principles calculations, which are denoted
as M1M2Nx@Gra, where M1M2 represent different Fe and Co
diatomic couples, x is the coordination number of N with M1

or M2. Based on systematical evaluation of anchoring ability
and catalytic behavior, FeCoN8@Gra is screened as a promis-
ing bifunctional DAC for Li–S batteries which shows more
effective catalytic ability than its SAC counterparts.

2. Calculation methods
All first-principles calculations were performed us-

ing the Vienna ab initio simulation package (VASP).[29]

The Perdew–Burke–Ernzerhof exchange–correlation function
in the scheme of generalized gradient approximation was
used for electron exchange–correlation interactions, and the
projector-augmented-wave potentials were used to consider
electron–ion interactions.[30] The electron wave functions
were expanded in a plane wave basis with a kinetic energy cut-
off of 500 eV, a 3× 3× 1 Monkhorst–Pack k-mesh was used
for sampling Brillouin zones, and 5×5×1 for electronic den-
sity of states (DOS) and Bader charge calculations.[31] The
optimized lattice constants of DACs are 25 Å. The DACs were
set in a 8× 8 supercell of graphene and the vacuum thick-
ness was set as 15 Å to avoid interlayer interactions. All the
atomic positions and lattice vectors were fully optimized using
a conjugate gradient algorithm to obtain an unstrained config-
uration. Atomic relaxation was performed until the change
in total energy was less than 1× 10−5 eV, and the maximum
forces were smaller than 0.02 eV/Å. Thermodynamic stability
of the substrates were evaluated by molecular dynamics (MD)
simulations, where NVT ensemble was lasted for 3 ps with a
time step of 1.0 fs. The DFT-D3 function including the vdW
interaction as well as spin polarization correction was consid-
ered in simulations. Moreover, the partial density of states
(PDOS) and Bader charge of the Li2Sn adsorbed systems were
calculated to study the adsorption effect and charge transfer
between M1M2Nx@Gra and Li2Sn.

Formation energies (Eform) were calculated by the follow-
ing formula:[24]

Eform = EM1M2Nx-Gra + yµc−EGra−µM1 −µM2 − xµN, (1)

where EM1M2Nx-Gra and EGra are the total energies of
M1M2Nx@Gra and graphene, respectively. µc is the chemical
potential of a single C atom in graphene, µN is the chemical
potential of one N atom from the gas phase N2 molecule, µM1

and µM2 are the energies of isolated M1 and M2 atoms, and x is
the coordination number of N with M1 or M2, y is the number

of removed C atoms. The adsorption energy (Ead) of Li2Sn on
M1M2Nx@Gra is defined as the energy difference between the
adsorbed system (Etot) and the summation of individual Li2Sn

(Emolecule) and M1M2Nx@Gra (Ehost), which was expressed as

Ead = Emolecule +Ehost−Etot. (2)

The differential charge density analysis by the following
equation:[32]

∆ρ = ρsub+ps−ρsub−ρps, (3)

where ρsub+ps, ρsub, and ρps represent the charge densities
of the DACs with various polysulfides, pristine DACs, and
the polysulfides, respectively. In addition, the reactions of
SRR for the conversions of Li2Sn/S8 are listed in Eqs. (4)–(8),
where the asterisk ∗ stands for an active site on the catalytic
surface:[33]

∗S8 +2Li+ +2e−→ ∗Li2S8, (4)
∗Li2S8→ ∗Li2S6 +1/4S8, (5)
∗Li2S6→ ∗Li2S4 +1/4S8, (6)
∗Li2S4→ ∗Li2S2 +1/4S8, (7)
∗Li2S2→ ∗Li2S+1/8S8. (8)

The free energy of each SRR step was calculated by the fol-
lowing equation:[34]

∆G = ∆Etot +∆EZPE−T S, (9)

where ∆Etot is the total energy, T = 298.15 K is room tem-
perature, S is the entropy, ∆EZPE is the zero-point energy.
∆EZPE− T S is determined by calculating the vibrational fre-
quencies of the adsorbed intermediates using the partial hes-
sian method.

3. Results and discussion
3.1. The polysulfides anchoring ability of M1M2Nx@Gra

In this study, two DAC models were proposed based
on the previous works of Fe and Co-based SACs.[19,20] One
is M1M2N6@Gra where the TMs are coordinated to six N
atoms and the other is M1M2N8@Gra where the TMs are
coordinated to eight N atoms. Accordingly, six DACs were
got: FeCoN6@Gra, Fe2N6@Gra, Co2N6@Gra, Fe2N8@Gra,
Co2N8@Gra, and FeCoN8@Gra, with their optimized struc-
tures displayed in Figs. 1(a) and S1(a). All these DACs show
negative formation energies (Table 1), indicating thermody-
namic stability of the structures. Apart from the different co-
ordination numbers, another big difference between the two
DAC models lies in the distance between M1 and M2 (dm1−m2 ),
where the dm1−m2 of M1M2N6@Gra (∼ 2.20 Å) is obviously
smaller than that of M1M2N8@Gra (∼ 4.10 Å), with binding
energies ranging from −5.93 eV (Fe2N8@Gra) to −7.95 eV
(Co2N6@Gra). Furthermore, MD simulations were performed
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at 300 K to determine the thermodynamic stability of these
DACs. All the six structures remain basically stable after 3-ps
simulation and the fluctuation range of the total energy are less
and less over time (Figs. 1(b) and S1(b)), which further proves
their structural stability at room temperature.

The electronic properties of the DACs were studied by
electron local function (ELF). For all the DACs, the charges
are mostly localized on the N atom, whereas no charge distri-
bution is found around Fe or Co, implying the ionic bonding
(Fig. S2(a)). There is an obvious light-blue region between the
TM atoms in M1M2N6@Gra, which is attributed to electrons
overlap of M1 and M2 due to the short M1–M2 distance. In con-
trast, there is no electrons overlap in M1M2N8@Gra due to the

long M1–M2 distance. Figure 1(c) shows the calculated DOS
of the FeCoN8@Gra and FeCoN6@Gra. Compared to the bare
N6@Gra and N8@Gra substrates, all the M1M2N6@Gra and
M1M2N8@Gra structures show metallic features where the
electronic states at the Fermi level are mainly from Fe/Co-3d
(Fig. S2(b)). This indicates all the DACs have good electronic
conductivity, which is important to accelerate the electrochem-
ical reactions of Li–S batteries.

Table 1. The distance between the metal atoms in the substrate (dm1−m2
in unit Å) and the formation energy of the substrate (EF in unit eV).

Co2N6 FeCoN6 Fe2N6 Co2N8 FeCoN8 Fe2N8

dm1−m2 (Å) 2.23 2.17 2.21 4.10 4.11 4.11
EF (eV) −7.95 −7.48 −6.54 −6.58 −6.24 −5.93
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Fig. 1. (a) Crystal structures of FeCoN8@Gra (left) and FeCoN6@Gra (right) from top and side views. (b) Molecular dynamics simulations. (c) Total
and partial density of states of FeCoN8@Gra and FeCoN6@Gra.

The adsorption energy (Ead) of polysulfides is a criti-
cal factor for evaluating the anchoring ability of the cata-
lyst. Figure 2(a) shows the energetically favorable adsorp-
tion configurations of S8 and Li2Sn (n = 1, 2, 4, 6, 8) on
FeCoN8@Gra. It can be seen that all the adsorbents can
be stably adsorbed without significant structural deformation.
In addition, the adsorbents form Li–N and Fe/Co–S bonds
with FeCoN8@Gra. Similar results are also obtained for the
other five DACs (Fig. S3). The average Li–N bond length
of M1M2N6@Gra is longer than that of M1M2N8@Gra by
about 0.6 Å, which indicates the Li–N bond is stronger in
M1M2N8@Gra than in M1M2N6@Gra. However, the Fe/Co–S
bonds for all the six DACs are close to 2.3 Å (Table S1). For al-
most all the DACs, the Ead gradually increased with lithiation
which reached a maximum value for the fully lithiated Li2S
product, indicating the shuttling effect is mainly caused by
long chain polysulfides (Fig. 2(b)). Except for Co2N8@Gra,

the Ead of Li2Sn (n ≥ 4) are in the range of 1.5 eV–2.8 eV.
These values are much larger than those of the Co/Fe deco-
rated N-doped graphene SACs,[35] indicating that DACs can
better suppress the shuttling of Li2Sn. The improved anchor-
ing ability could be attributed to the more Fe/Co–S bonds of
the DACs, due to the doubled TM sites compared to their SAC
counterparts. Moreover, all these Ead values are much larger
than those of 1,3-dioxolane (DOL) (e.g., 0.75 eV for Li2S6)
and 1,2-dimethoxyethane (DME) (e.g., 0.77 eV for Li2S6)
electrolyte solvents.[10] This indicates that the DACs can not
only anchor the polysulfides in the S cathode, but also can
capture the dissolved polysulfides from the electrolyte. These
advantages can effectively improve the cycle stability of Li–S
batteries, resulting in prolonged cycle life.

Charge density difference (CDD) analysis was performed
to further reveal the anchoring mechanism of the DACs. The
CDD patterns in Fig. 2(c) clearly show the formation of
Fe/Co–S and Li–N bonds, taking Li2S2 as example. The in-
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ternal charge loss of Li2S2 (blue part) leads to softening of
the Li–S bond, which is confirmed by the elongation of the
Li–S bond from 2.21 Å (in vacuum) to 2.55 Å (absorbed on
FeCoN8@Gra), which is conducive to the conversion of poly-
sulfides. Additionally, Bader charge analyses were performed
to quantitatively describe the charge transfer between Li2Sn

and the DACs. Taken FeCoN8@Gra in detail, the correspond-

ing charge transfer value is 0.17|e| for S8, 0.11|e| for Li2S8,

0.25|e| for Li2S6, 0.41|e| for Li2S4, 0.62|e| for Li2S2, and

0.72|e| for Li2S. The gradually increased charge transfer im-

plies stronger adsorption of Li2Sn on FeCoN8@Gra with lithi-

ation (Fig. 2(d)), which proves that the DACs can effectively

absorb polysulfides.
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Fig. 2. (a) The energetically favorable absorption structures of S8 and Li2Sn (n = 1,2,4,6,8) on FeCoN8@Gra. (b) Adsorption energy of S8/Li2Sn on
DACs. (c) Charge density difference for Li2S2 on substrates, yellow (green) is the spatial regions that gain (loss) in charge. (d) Charge transfer between
S8/Li2Sn and DACs. Li: green, S: yellow, C: lilac, N: light blue, Fe: purple, and Co: dark blue. The iso-surface level is 0.001 e·Å−3.

3.2. The catalytic properties of M1M2Nx@Gra

The overall SRR process (i.e., the discharge of Li–S bat-
tery) catalyzed with the M1M2Nx@Gra DACs was then stud-
ied. Generally, the lithiation process follows a sequence of
reactions including an initial exothermic reaction from S8 to
Li2S8, then the Li2S8 cluster is gradually reduced to the sol-
uble intermediates of Li2S6 and Li2S4, which further trans-
forms into Li2S2 and Li2S solids (Eqs. (4)–(8)). The sluggish
liquid–solid and solid–solid reaction kinetics not only hinder
the rate capability of Li–S batteries but also lead to accumu-
lation of the soluble intermediates, which aggravates the shut-
tling effect. To evaluate the catalytic ability of the DACs, we
performed Gibbs free energy calculations for each elementary
reaction step of SRR, and the relative energy evolution pro-
files from S8 to Li2S are shown in Fig. 3(a).[36] Tables S2 and
S3 respectively presents the calculation details of free energy
and ∆G of each basic reaction step of SRR. In all the reac-
tion steps, Li2S4 → Li2S2 has the largest ∆G and is the rate-
limiting step of the SRR process. To further reveal the rela-
tionship between the catalytic effect and the adsorption prop-
erties, the ∆G of the Li2S4→ Li2S2 step and the Ead of Li2S2

on the DACs are plotted in Fig. 3(b). This relationship reflects
a volcano-like feature, where FeCoN8@Gra shows the lowest
∆G of 0.62 eV at a moderate Ead of 2.2 eV. This Gibbs free en-

ergy is also smaller than those of the SACs of Co (1.05 eV)[37]

or Fe (1.4 eV)[17] decorated N-doped graphene, indicating the
FeCoN8@Gra DAC can better catalyze the conversion reac-
tions of Li–S batteries.

Furthermore, the specific dissociation energy of Li2S (i.e.,
Li2S→ LiS+Li++ e−) was calculated to study the dynamic
properties of the SER process[38] (i.e., the charge process of
Li–S battery). The dissociation energy ∆Ead follows the for-
mula ∆Ead = E∗Li2S−E∗LiS−ELi, where E∗Li2S (E∗LiS) is the
adsorbed system of DACs and molecule of Li2S (LiS), ELi is
the energy of Li atom in bulk.[39] As shown in Fig. 3(c), com-
pared to the primitive Li2S molecular whose dissociation en-
ergy is as high as 3.04 eV, the DACs can significantly reduce
the dissociation energy of Li2S, especially for FeCoN8@Gra
(0.517 eV) and Co2N6@Gra (0.506 eV). These results are also
much smaller than those of the CoN4@Gra (1.37 eV)[17] and
FeN4@Gra (1.5 eV) SACs.[39] Based on the above discussion,
FeCoN8@Gra can be used as a promising bifunctional DAC
due to its greatly improved SRR and SER kinetics compared
to the other five DACs and reported SACs.[19,33]

PDOS analysis was performed to further reveal the cat-
alytic mechanism of the DACs, taking Li2S2 as a typi-
cal adsorbent. Figure 4(a) shows the PDOS of the Li2S2

adsorbed FeCoN8@Gra system (denoted as FeCoN8@Gra–
Li2S2). Meanwhile, the PDOS of other cases are provided
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in Fig. S4, which presents similar results. The S-2p orbitals
and Co/Fe-3d orbitals have significant hybridization near the
Fermi level, indicating a strong S-bond formed between the
FeCoN8@Gra DAC and the Li2S2 adsorbent. In comparison,
the hybridization of Li-2s and N-2p orbitals is slight. This
phenomenon proves that the Li-bond of the adsorbed system
is relatively weak, and the S-bond plays a key role in the poly-
sulfide anchoring mechanism. The Fe/Co-3d PDOS of the
Li2S2 absorbed DACs is shown in Fig. S5. It clearly shows the
Fe/Co-3d states become broader after Li2S2 adsorbed on the

DACs due to the interaction between Fe/Co and S. In addition,
the Fe-3d state is more diffuse compared to the Co-3d state,
which indicates stronger interaction between Fe and S due to
the large electronegativity difference. Moreover, bare Li2S2

is known as an electronic insulator. The FeCoN8@Gra–Li2S2

system, however, shows considerable electronic states at the
Fermi level. This indicates that the DACs can help the S cath-
ode maintain high electronic conductivity during the whole
charge–discharge process, which could significantly improve
the cycling performance of Li–S batteries.
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Furthermore, crystal orbital hamilton population (COHP)
analysis was introduced to explore the bonding strength of
Fe/Co–S (Fig. 4(b)). Compared to Co2N8@Gra–Li2S2 and
Fe2N8@Gra–Li2S2, the proportion of bonding states of the
Fe–S bond in FeCoN8@Gra–Li2S2 below the Fermi level is
significantly increased with a -ICOHP value of 2.53. This
indicates the synergistic interaction between Fe and Co can
enhance the S bonding strength, which is consistent with the
trend in the calculated adsorption energies. Benefiting from
the high electronic conductivity and excellent bifunctional
catalytic ability, FeCoN8@Gra can effectively accelerate the
Li2Sn conversion reaction and improve the electrode kinetics
of Li–S batteries.

4. Conclusion
In conclusion, Fe/Co-based DACs for Li–S batteries were

systematically studied by first-principles calculations. All the
DACs showed negative formation energy indicating thermo-
dynamic stability of their structures. The adsorption energies
for polysulfides were much larger than their SAC counterparts
and DOL/DME solvents without significant structural defor-
mation, highlighting the excellent anchoring ability of the
DACs. Also, metallic properties of the bare and polysulfides
adsorbed DACs conferred high conductivity of the S cathode
during the whole charge–discharge process. Among all the
DACs under investigation, FeCoN8@Gra exhibited promising
bifunctional catalytic activity with low energy barriers for both
SRR and SER processes, which can effectively accelerate the
Li2Sn conversion reactions, guarantee high sulfur utilization
and long cycling stability. This study provides a theoretical
guidance for future experimental studies of Li–S batteries in
exploring promising diatomic catalysts.
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