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Pyrite FeS2 exhibits an ultrahigh energy density (1671 W·h·kg−1, for the reaction of FeS2 + 4Li = Fe + 2Li2S) in
secondary lithium-ion batteries, but its poor cycling stability, huge volume expansion, the shuttle effect of polysulfides,
and slow kinetic properties limit its practical application. In this work, we synthesize a composite structure material CoS
on FeS2 surface (FeSx@CoS, 1 < x ≤ 2) by using a cobalt-containing MOF to improve its cycle stability. It is found that
CoS inhibits the side reactions and adsorbs polysulfides. As a result, the modified FeS2 shows a higher discharge capacity
of 577 mA·h·g−1 (919 W·h·kg−1) after 60 cycles than 484 mA·h·g−1 (778 W·h·kg−1) of bare pyrite FeS2. This efficient
strategy provides a valuable step toward the realization of high cycling stability FeS2 cathode materials for secondary
lithium-ion batteries and enriches the basic understanding of the influence of FeS2 interfacial stability on its electrochemical
performances.

Keywords: Li-free cathodes, pyrite, lithium metal batteries, first-principles calculation

PACS: 82.47.Aa, 82.45.Fk, 31.15.A– DOI: 10.1088/1674-1056/abe9ab

1. Introduction
At present, as the energy density of conventional lithium-

ion battery (LIB) electrode materials is approaching their
limit, the next-generation electrode materials are needed
to meet the demand for cheap, safety, and high-energy
density.[1–6] Pyrite FeS2 is considered as a promising candi-
date of cathode materials due to its advantages of high en-
ergy capacity (1671 W·h·kg−1), low price, and environmen-
tally sustainability.[7–10] In our previous study, we revealed
that the cycling performance of FeS2 was extremely limited
by shuttle effects of polysulfides (PS, Li2Sn with n > 2), and
huge volume variations.[11,12] In particular, the shuttle effect
mainly causes the loss of active materials, leading to a rapid
capacity degradation. Therefore, it is important to solve and
suppress the shuttle effect.

In recent years, researchers have explored different strate-
gies to inhibit the dissolution and shuttle of polysulfides.[13–17]

It is found that using an electrolyte with low polysulfide sol-
ubility to reduce polysulfide solubility is an effective way.[18]

Chen and co-workers[16] found that FeS2 exhibits better elec-
trochemical performance in ether-based diglyme (DGM) elec-
trolyte than in ethylene carbonate/diethyl carbonate (EC/DEC)
electrolyte, due to the significant suppression of the side reac-
tions from DGM. In addition, the polysulfide adsorption mate-

rials play an extremely important role in controlling the shut-
tle effect. Yi et al.[19] demonstrated that polar oxides, sulfides,
and carbides have strong chemical bonds with polysulfides,
which can synergistically achieve controlling of the dissolu-
tion of polysulfides and the promotion of the utilization of sul-
fur. They proved that VS2-, TiS2-, and CoS2-based materials
show higher binding energies with polysulfides, lower diffu-
sion and activation energy barrier, thereby increasing the dis-
charge capacity and cycling stability. Arumugam et al.[14] in-
vestigated that Co9S8 can not only adsorb polysulfides through
bonding, but also improve the electronic conductivity. How-
ever, the polysulfide adsorbent mentioned above is only used
in Li-S batteries, not used in Li-FeS2 secondary batteries. No-
ticeably, it is more complicated and difficult to suppress the
shuttle effect of polysulfides in Li-FeS2 batteries than in Li-S
batteries because of the additional dissolution of Fe.[20]

Metal-organic framework (MOF) materials have been
widely used in lithium-ion batteries due to their large spe-
cific surface area, porous, and adjustable structure. It has been
proved that MOF is an effective template/precursor for metal-
based and carbon-based nanocomposites.[21] Various MOF-
derived materials obtained by using MOF as a self-sacrificing
template not only retain porous structures, but also exhibit ex-
cellent electronic conductivity, thus leading to the improve-
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ment of the cycling performance and rate performance.[22]

In this work, we use a one-pot synthesis method to in situ
form a FeSx@CoS composite cathode material to reduce the
adverse effects of polysulfide shuttle effect and to improve its
electrochemical performance. The FeSx@CoS originates from
a calcination of FeS2 and ZIF-67[23] (mainly C8H12N4Co,
Co-based zeolitic imidazolate framework materials) mixture.
The mixture is uniformly embedded on the surface of FeS2.
Through a heat treatment, a protective layer of CoS is in situ
formed on the surface of FeS2. The protective layer utilizes
the strong adsorption ability of CoS for lithium polysulfide and
the high specific area to prevent side reactions. As a result, we
have improved the cycle stability of FeS2.

2. Experimental details
2.1. Synthesis of Co-NC450

In a typical preparation, 2 mmol of Co(NO3)2·6H2O and
8 mmol of 2-methylimidazole (C4H6N2) were separately dis-
solved in 25 mL of methanol. Then, 2-methylimidazole solu-
tion was slowly added dropwise to Co(NO3)2·6H2O solution
with continuous magnetic stirring. After stirring for 6 hours,
the solution was aged for 18 hours at room temperature. The
purple precipitate after filtration was washed three times with
absolute ethanol and dried in a vacuum oven at 60 ◦C for 6 h.
Then, a purple ZIF-67 product was obtained. It was calcined
in a nitrogen atmosphere at 450 ◦C for 3 hours. Finally, black
powders were obtained, named as Co-NC450.

2.2. Synthesis of 1%-FeSx@CoS.

We took 600 mg pristine FeS2 (from the Tianmu Lake In-
stitute of Advanced Energy Storage Technologies) and 227 mg
Co(NO3)2·6H2O, and added them into 6 mL of methanol. The
mixed solution was stirred for 30 min, named as solution A.
Meanwhile, 256 mg of 2-methylimidazole was dissolved in
6 mL of methanol solution, named as solution B. Solution B
was slowly added dropwise into solution A, and then stirred
for 6 hours, and then aged for 18 hours. Thus, we got the
precipitation named as ZIF-FeS2. After washing and drying,
ZIF-FeS2 was heated in a nitrogen atmosphere at 450 ◦C for
3 hours. Finally, black powders (named as 1%-FeSx@CoS)
were obtained. The Co can be tuned and determined by in-

ductively coupled plasma optical emission spectrometer (ICP-
OES) analysis (Table S1).

2.3. Synthesis of Li2S6 solution

The Li2S6 solution was prepared following a previously
work.[15] Sulfur (S8) power and lithium sulfide (Li2S) power
were mixed uniformly in argon atmosphere at a molar ratio of
3:4. Then 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
solvent with a volume ratio of 1:1 was added to the mixture.
Finally, a brown Li2S6 solution was obtained after stirring at
50 ◦C for 12 hours.

2.4. Calculation method

The binding energies of Li2S6 on CoS, FeS2, and Fe7S8

were estimated by density functional theory (DFT) calcula-
tions. All the spin-polarized calculations were developed by
Vienna ab initio simulation package (VASP),[24,25] software
package with projector-augmented wave (PAW)[26] pseudopo-
tentials. Exchange and correction interactions were described
using the Perdew–Burke–Ernzerhof (PBE) functional.[27] The
kinetic energy cutoff of plane waves was optimized and set
to 500 eV and the energy convergence threshold of self-
consistent field (SCF) calculation was 10−6 eV. The k-point
grids used in Brillouin zone sampling during SCF calcula-
tion are carefully tested for the bulk structures and corre-
sponding supercell slab models. Supercell slab models were
built for CoS (001), FeS2 (001), and Fe7S8 (100) surface. A
20 Å vacuum layer was reserved between two periodic slabs
for avoiding neighboring interactions, and bottom layer atoms
were fixed to corresponding optimized bulk configurations.
All structures were fully relaxed until residual forces within
10−2 eV·Å−1.

3. Results and discussion
Figure 1 illustrates the preparation process of the

FeSx@CoS composite. Firstly, Co(NO3)2·6H2O and pristine
FeS2 are mixed uniformly in a methanol solution to fabricate
a homogeneous ZIF-67 embedded FeS2 product. The ZIF-67
is converted in Co metal and nitrogen doped carbon first, then
form CoS through reaction with FeS2 heat treatment. Finally,
FeSx@CoS composite is obtained.

Co(NO3)2S6H2O

FeSx@CoSZIF FeS2CO2+ FeS2FeS2

450 C

¢

C4H6N2

Fig. 1. Schematic illustration of the preparation of FeSx@CoS.
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Fig. 2. (a) XRD patterns of pristine FeS2, 1%-FeSx@CoS, 4%-FeSx@CoS and 20%-FeSx@CoS; (b) thermogravimetric curve of 1%-
FeSx@CoS under N2 atmosphere at a heating rate of 10 ◦C/min; N2 adsorption–desorption isotherms of (c) pristine FeS2; (d) Co-NC450.

X-ray diffraction (XRD) is applied to confirm the
crystal structure of FeSx@CoS with different amounts of
Co(NO3)2·6H2O. As shown in Fig. 2(a), the main diffrac-
tions peaks are identified to pyrite FeS2 (standard JCPDS card
No. 42-1340). Fe7S8 (standard JCPDS card No. 29-0723) is
also observed. This can be explained that the cobalt atoms
in ZIF-67 capture S2−

2 in FeS2. CoS characteristic peaks are
not evident mainly due to a low cobalt content. With the in-
creasing amount of cobalt, the characteristic peak of CoS ap-
pears in 20%-FeSx@CoS. In Fig. 2(b), the TGA curve of 1%-
FeSx@CoS demonstrates that the interaction between ZIF-67
and FeS2 occurs at about 450 ◦C. The large weight loss at
630 ◦C may be caused by the thermal decomposition of FeS2

to Fe7S8. Figures 2(c) and 2(d) show the nitrogen adsorption
and desorption isotherms of pristine FeS2 and Co-NC450 (cal-
cined ZIF-67). The specific surface area of pristine FeS2 is
only about 1.0 m2·g−1. The adsorption curve of Co-NC450
has a small hysteresis in the P/P0 range of 0.8–1.0, which can
be confirmed as type IV isotherm.[28–30] The corresponding
BET surface area of Co-NC450 is about 79.2 m2·g−1. The
BET surface area of Co-NC is not much different from similar
materials (Co9S8/N-C) reported previously.[21] Furthermore,
this suggests that in situ formed CoS can improve the surface
area of FeS2.

The morphologies of the as-synthesized materials are
studied by SEM measurements. In Fig. 3(a), ZIF-67 has
rhombic dodecahedron shape in sizes of about 500 nm. Fig-
ure 3(b) shows that the interior of Co-NC450 has a hollow
structure with aggregated small particles. The size of the

pristine FeS2 is about 10–20 µm (Fig. 3(c)). The SEM im-
ages of 1%-FeSx@CoS in Figs. 3(d) and S1(a) confirm that
the cobalt compound is sufficiently covered on the surface of
FeS2. In Fig. S1(b), the rhombic dodecahedron structure of
cobalt compound is embedded in FeS2. Here 4%-FeSx@CoS
(Figs. S1(c) and S1(d)) and 1%-FeSx@CoS powders have sim-
ilar morphologies. However, with increasing amount of cobalt,
the material structure has changed significantly. In 20%-
FeSx@CoS, the FeS2 is connected by ZIF-derived materials,
demonstrating a huge particle to be ∼ 100 µm (Figs. S1(e)
and S1(f)).

(a) (b)

(c) (d)

Fig. 3. SEM images of (a) ZIF-67, (b) Co-NC450, (c) pristine FeS2,
and (d) 1%-FeSx@CoS.

The main characteristic XPS peaks of Fe are of Fe2+ in

088201-3

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe9ab
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe9ab
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe9ab
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe9ab
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe9ab


Chin. Phys. B Vol. 30, No. 8 (2021) 088201

1%-FeSx@CoS (Fig. 4(a)), which Fe2+ peaks appear in the Fe
2p spectrum located at 707.1 eV (Fe2+ 2p3/2) and 719.9 eV
(Fe2+ 2p1/2),[29,31,32] Fe3+ is also detected, which is due to a
tiny iron oxidation. The XPS spectrum of Co 2p is shown in
Fig. 4(b), which is assigned to Co2+ 2p3/2 of CoS (778.6 eV),
Co2+ 2p1/2 of CoS (794.8 eV), Co2+ 2p3/2 of CoO (780.8 eV),
Co2+ 2p1/2 of CoO (796.8 eV) and satellite peaks (784.7 eV,
803.1 eV).[21,28] This fully illustrates that Co-NC450 is con-
verted to CoS on the surface of FeS2 at high temperature. The
appearance of the characteristic peaks of Co–O indicates that
cobalt atoms on the surface are partially oxidized. The full
XPS survey spectrum (Fig. S2(a)) shows that the main com-
ponents of the 1%-FeSx@CoS also include S, C, N, and O. As
shown in Fig. S2(b), the characteristic peaks of S can be di-
vided into the following five peaks,[28,33] at 161.2 eV (S 2p3/2

of S2−), at 162.4 eV (S 2p1/2 of S2−), at 163.7 eV (S 2p1/2

of S2−
2 ), at 165.6 eV (C–S) and at 168.3 eV (SOx), which re-

flect that CoS and Fe7S8 are formed on FeS2.[28,33] Further-
more, the C element mainly exists in the form of C–S, C–
N, and C–C/C=C (Fig. S2(c)).[33] The N element is mainly
from pyridinic N, pyrrolic N, and graphic N (Fig. S2(d)).[34,35]

The TEM shows a 1%-FeSx@CoS surface structure, which
further proves that the surface has nanosized rhombic do-
decahedron structure (Fig. 4(c)). The micro-structure of the

1%-FeSx@CoS composite material is further characterized by
high-resolution transmission electron microscopy (HRTEM)
(Fig. 4(d)). The interplanar distances of 0.242 nm, 0.264 nm,
and 0.168 nm correspond to the (200) plane of FeS2, the
(004) plane of Fe7S8, and the (21̄0) plane of CoS, respectively,
which are consistent with the results of XRD and XPS analy-
ses.
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Fig. 4. XPS spectra of (a) Fe 2p, and (b) Co 2p; (c) TEM and (d)
HRTEM images of the 1%-FeSx@CoS.
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Fig. 5. The discharge/charge curves of (a) pristine FeS2, and (b) 1%-FeSx@CoS; (c) cyclic performance of different Co compounding amounts and
pristine FeS2 at 0.2 C rate; (d) rate performance of pristine FeS2 and 1%-FeSx@CoS; (e) the cycling performance of 1%-FeSx@CoS and pristine FeS2
at 0.5 C rate.

The electrochemical properties of FeSx@CoS are demon-

strated in Fig. 5. The voltage profiles of pristine FeS2 and

1%-FeSx@CoS are given in Figs. 5(a) and 5(b), respec-

tively. In the initial discharge, there is only a plateau around

1.5 V, which corresponds to the conversion of FeS2 to Fe and

Li2S. The charge curves include two plateaus at about 1.8

and 2.4 V, corresponding to Fe + Li2S→FeS and Li2S→S,

respectively.[11] In the second discharge, there are two dis-

charge platforms including 2.3 V and 1.5 V, corresponding

to S→Li2Sn (4 < n ≤ 8)→Li2S and FeS→Li2S + Fe, re-

spectively. This is consistent with the redox behavior of CV

(Figs. S3(a) and S3(b)). The charging and discharging plat-
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forms of as-prepared electrodes are not much different, in-
dicating that the CoS has little influence on the bulk struc-
ture and discharge capacity. The discharge specific capacity
at first cycle is similar in 1%-FeSx@CoS and pristine FeS2 as
a small amount of CoS. Figure 5(c) demonstrates the influ-
ence of cobalt-containing on its cycling performance. Specif-
ically, the reversible capacity of 1%-FeSx@CoS and pristine
FeS2 electrodes are 668 and 580 mA·h·g−1 after 30 cycles
at 0.2 C (1 C = 894 mA·g−1), and the corresponding capac-
ity retention are 86.9% and 76.9%, respectively. Its elec-
trochemical performance has improved in comparison with
the reported works.[36,37] The CoS protective layer on the
surface of 1%-FeSx@CoS successfully inhibit the shuttle ef-
fect of polysulfides and improve the stability of electrochem-
ical cycles. However, with the increase of cobalt, the dis-
charge capacity and cycling stability continues to decrease.
As Co-NC450 only exerts the capacity of ∼120 mA·h·g−1

(Fig. S3(c)). Moreover, the excessive compounding of cobalt
on the surface will greatly affect the diffusion of lithium ions,
which will reduce the stability. Figure 5(d) shows the superior
rate performance of 1%-FeSx@CoS compared to the pristine
FeS2 as the high specific surface area of CoS on the surface
of 1%-FeSx@CoS improves the electronic conductivity. To
highlight the improvement of electrochemical performance,
Fig. 5(e) provides a comparison of the cycle performance of
1%-FeSx@CoS and pristine FeS2 at 0.5 C rate. Here, 1%-
FeSx@CoS still maintains a specific capacity of 577 mA·h·g−1

after 60 cycles, with a retention rate of 81%. Pristine FeS2 has
only 484 mA·h·g−1 capacity remaining, and its retention rate
is 66%. The initial Coulomb efficiency of 1%-FeSx@CoS and
pristine FeS2 are 100.9% and 113.2%, respectively. The initial
Coulomb efficiency greater than 100% is the result of the shut-
tle effect.[38] Pristine FeS2 does cause poor electrochemical
performance due to its shuttle effect of polysulfides. Further-
more, the compounding of CoS on pyrite FeS2 has a beneficial
effect on the inhibition of polysulfide shuttle effect.

To verify the adsorption effect of 1%-FeSx@CoS on poly-
sulfides, we put 1%-FeSx@CoS in a Li2S6 solution, and ob-
serve its color changing. From Fig. 6(a), after 1 hour rest the
original brown-yellow solution became transparent. This phe-
nomenon proves that the 1%-FeSx@CoS material has a strong
adsorption effect on polysulfides. To further explore the inter-
action between lithium polysulfide and 1%-FeSx@CoS, first-
principles simulations are used. Figure 6(b) shows the orig-
inal molecular configuration of Li2S6. Here 1%-FeSx@CoS
mainly includes three transition metal sulfides: FeS2, CoS,
and Fe7S8. The adsorption bond energy of the three types
of transition metal sulfides with Li2S6 is used to estimate
the adsorption effect of 1%-FeSx@CoS on polysulfides. Fig-
ures 6(c)–6(e) show the adsorption configuration and adsorp-
tion binding energy of lithium polysulfide with different metal

sulfides. In both CoS and Fe7S8 adsorption models, Li atoms
of Li2S6 form bonds with S of metal sulfides. As for FeS2,
Fe atoms bond with S atoms of Li2S6 and S atoms bond to
Li. The reason is that in the FeS2 model, the surface Fe and
S are basically on the same plane. In addition, part of Fe
atoms have dangling bonds on the surface of FeS2. The bond
energy ∆E is calculated to express the adsorption energy of
Li2S6 and different metal sulfides. The ∆E in the adsorption
model can be calculated from the energy difference between
the Li2S6-transition metal adsorption system and the sum of
pure Li2S6(ELi2S6 ) and pure metal sulfides (Esub), expressed as
∆E =Esub+ELi2S6−Esub+Li2S6 (a positive bond energy means
that it is beneficial to adsorption).[19] Through calculation, the
adsorption binding energies of Li2S6 with CoS, Fe7S8, and
FeS2 are 3.78 eV, 1.89 eV, and 1.44 eV, respectively. This
proves that the formation of 1%-FeSx@CoS is beneficial to
the adsorption of polysulfides. This is consistent with the pre-
vious reports that transition metal sulfides have an adsorption
effect on polysulfides.[19,39]

1 h

(d)

(a) (b)

(c) (e)

CoS Li2S
DE=3.78 eV

Fe7S Li2S
DE=1.89 eV

FeS Li2S
DE=1.44 eV

Fig. 6. (a) 1%-FeSx@CoS placed in Li2S6 DOL/DME solution before
and after the color contrast of the solution; (b) molecular configuration
for Li2S6; the configuration and binding energy of Li2S6 adsorbed on
(c) CoS, (d) Fe7S8 and (e) FeS2. Here, blue, yellow, green, brown balls
represent cobalt, sulfur, lithium and iron atoms, respectively.

4. Conclusions

In summary, a FeSx@CoS compound has been success-
fully synthesized using the cobalt-containing MOF to react
with pyrite FeS2. The 1%-FeSx@CoS electrode exhibits ex-
cellent cycling stability and rate performance. Specifically,
it can maintain a discharge capacity of 577 mA·h·g−1 after
60 cycles, corresponding to an ultrahigh energy density of
919 W·h·kg−1. The improvement of the cycling stability of
the 1%-FeSx@CoS electrode is mainly attributed to the forma-
tion of a high specific surface area CoS layer, which adsorbs
lithium polysulfide and prevents the side reactions. This modi-
fication strategy effectively enhances the cycling performance
of Li-FeS2 secondary batteries and highlights the key role of
interfacial stability for the robust FeS2 cathode materials.
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