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Abstract: Cobalt sulfides are attractive as intriguing candidates for anodes in Lithium-ion batteries
(LIBs) due to their unique chemical and physical properties. In this work, CoS2@rGO (CSG) was
synthesized by a hydrothermal method. TEM showed that CoS2 nanoparticles have an average
particle size of 40 nm and were uniformly embedded in the surface of rGO. The battery electrode was
prepared with this nanocomposite material and the charge and discharge performance was tested.
The specific capacity, rate, and cycle stability of the battery were systematically analyzed. In situ XRD
was used to study the electrochemical transformation mechanism of the material. The test results
shows that the first discharge specific capacity of this nanocomposite reaches 1176.1 mAhg−1, and the
specific capacity retention rate is 61.5% after 100 cycles, which was 47.5% higher than that of the pure
CoS2 nanomaterial. When the rate changes from 5.0 C to 0.2 C, the charge-discharge specific capacity
of the nanocomposite material can almost be restored to the initial capacity. The above results show
that the CSG nanocomposites as a lithium-ion battery anode electrode has a high reversible specific
capacity, better rate performance, and excellent cycle performance.

Keywords: CoS2@rGO; in-situ XRD; lithium-ion battery; anode

1. Introduction

Lithium-ion batteries (LIBs) have attracted wide attention due to their high energy
density, good cycling stability, and no memory effect [1,2]. Since their introduction in 1991,
graphite has been the dominant commercial anode materials for lithium-ion batteries, due
primarily to the low theoretical specific capacity of graphite (372 mAhg−1). However, they
cannot meet the requirements of high energy density lithium-ion batteries. The search for
anode materials with higher power density and energy density performance is a concern of
modern scientific researchers [3]. In the research of lithium-ion batteries, sulfide anodes
have attracted much attention due to their high theoretical capacity. Compared with oxides,
sulfides have lower electronegativity, a more flexible structure, and demonstrate better
performance. Compared with other anode materials, the morphology design of sulfides
is easier and more controllable with higher specific capacity [3,4]. However, sulfides as
lithium-ion electrode materials have disadvantages such as poor conductivity and poor
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cycle stability. Therefore, improving the properties of sulfides has become a current research
focus. So that the transition metal sulfide as the anode materials of lithium-ion batteries is
severely limited [5]. Graphene, as a 2D nanosheet, has important applications in energy
materials and micro-nano processing due to its excellent optical, electrical and mechanical
properties. Reduced graphene oxide (rGO) is easy to prepare and has the advantages
of extremely thin interlayer spacing (about 0.36 nm), large in-plane size, high electronic
conductivity, and good chemical stability. It is widely used as an auxiliary material for
lithium battery materials [6]. The microstructure and chemical stability of the electrode
can buffer the volume change of the active substance in the charging and discharging
process to a certain extent. Many research results show that rGO plays an active role in
electrode composites [7–9]. Notably, rGO also prevents the aggregation and agglomeration
of inorganic nanoparticles. CoS2 has high theoretical specific capacity (870 mAhg−1) and
is easy to prepare. However, repeated lithium will lead to structural damage and poor
cyclic stability of the material. Wang, et al. firstly prepared CoS2/C composites using a
self-mounted template method, whose reversible capacity was about 700 mAh g−1 for the
first time and specific capacity was 560 mAh g−1 after 50 cycles [10]. It can be concluded
that reducing metal sulfide particles to the nanometer scale can significantly increase the
specific surface area of the material and shorten the ion diffusion path, thus alleviating
the volume effect of the material [11]. This study used the hydrothermal approach for
efficiently synthesizing the 3D CSG nanocomposites, using C3H7NO2S as sulfur source and
Co(NO3)2 · 6H2O as cobalt source. The experimental results show that CSG composites
have high structural stability, electronic, and ionic conductivity. Therefore, the specific
capacity of the electrode material for the first discharge was 1176.1 mAhg−1 and the capacity
retention rate was 61.5% after 100 cycles. When the charge-discharge were restored from
5.0 C to 0.2 C, the charge-discharge ratio could almost be restored to the initial capacity.
In situ XRD was used to study the electrochemical transformation mechanism of the
material. It was considered that the following advantages are largely responsible for its
excellent performances, the unique micro and nano structure of the composite guarantees
the stability of the electrode during cycling. The CoS2 nanoparticles embedded in rGO
(with low density and large surface area) not only shortening the transmission distance
between the ions and electrons but also slowing down the volume expansion during the
charging and discharging process. The synergistic effect of nanoparticles and graphene
improves the stability of electrical materials [12,13].

2. Experimental Section
2.1. Preparation of Materials

The detail information of chemical reagent in this experiment were shown in Table S1.
After referring to the classic literature on this subject, graphene oxide was prepared by an
improved version of the graphene modified Hummer method [1,6]. The specific synthesis
method was as follows: 3.0 g flake graphite was added into a beaker containing 60 mL
concentrated H2SO4 (98%), and 1.5 g KNO3 was added under stirring condition. 9.0 g
KMnO4 was added slowly after stirring in an ice water bath for 30 min. This process
requires the temperature to be controlled at about 18 ◦C for 6 h. Then, it was transferred to
35 ◦C water bath for stirring for 24 h, slowly adding 10 mL H2O2 and 100 mL H2O. The
mixture was centrifuged three times and placed into vacuum drying at 55 ◦C for 36 h. It
was then ground to obtain pale yellow solid powder (GO). 30 mL of GO (1.0 mg/mL) was
magnetic stirred for 30 min and then ultrasonicated for 2.5 h, followed by adding a solution
(30 mL) of CoCl2 · 6H2O (16 mg/mL). In order to complete ion exchange, the solution
will continue to be stirred for another 3h to form solution A. The solution of L-cysteine
(25 mg/mL) was added dropwise into solution (A) with stirring for 2 h. Aqueous solution
(5 mL) of NaBH4 (5 mg/mL) was dropwise into above suspension (A) under stirring, the
dark brown solution was transferred into a 100 mL Teflon-lined autoclave and heated at
120 ◦C for 18 h. After cooling down to room temperature, the resulted black solid was
collected and was washed three times with deionized water and ethanol, respectively. After
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dried at 60 ◦C for 6 h, CoS2@rGO (CSG) was obtained. The control sample of pure CoS2
was prepared without the addition of GO powder. But all the other conditions and step
remained the same. The CSG morphology obtained by the amount of GO and CoCl2 · 6H2O
is shown in Figure S1.

2.2. Characterization

The morphologies and texture of the samples were examined by field emission scan-
ning electron microscopy (FE-SEM, Hitachi S-4800, Japan Electronics Corporation, Tokyo,
Japan), and the element distribution was investigated with an energy-dispersive spec-
troscopy (EDS) detector (HITACHI, Tokyo, Japan). The crystal structures of the CoS2@rGO
nanocomposite and pure CoS2 sample were studied by a X’ Pert3 Powder X-ray diffrac-
tometer (XRD, Tube pressure 40 kV, tube flow 20 mA, Cu target Kα ray, Panalytical B.V)
at room temperature. In situ X-ray diffraction (Malvern Panalytical, Sahnghai, China)
test conditions: Cu target Kα source, tube voltage 45 KV, tube current 40 mA, scan range
10–90◦); X-ray photoelectron spectroscopy (XPS) was carried out on an ESCALab 250Xi
spectrometer (Thermo, Waltham, MA, USA) with an Al Kα source and the C 1s peak as the
internal standard at 284.8 eV. Raman spectra were con-ducted on an Invia Micro-Raman
spectrometer (Renishaw, London, UK) with an excitation wavelength of 532 nm. Vacuum
glove box (Braun Inert Gas Systems Co., LTD, Garching, Germany); constant temperature
vacuum drying oven (Dongguan Bell Test Equipment Co., LTD, Dongguan, China); and
thermal gravimetric analysis (TGA) was carried out by a Mettler Toledo TGA/SDTA 851
thermal analyzer under an air atmosphere. Nitrogen adsorption/desorption isotherms
were obtained using a MicromeriticsASAP-2020HD88 analyzer at 77 K, and the pore size
distribution curves were derived from the density functional theory method. Electrochemi-
cal measurements were performed on a LAND-CT2001A battery testing system (Wuhan,
China). Cyclic voltammograms (CV) measurements were conducted on an electrochemistry
workstation (CHI660B, Shanghai, China). The electro-chemical impedance spectroscopy
(EIS) measurements also were performed over a frequency range from 0.1−1 Hz to 10−5 Hz
and a signal amplitude of 10mV.

2.3. Fabrication of the Half Cells

Detailed information on the reagents, fabrication of the Half Cells is given in the
Supplementary Materials.

3. Results and Discussion

Figure 1 illustrates the preparation procedure of a 3D CSG composites. Firstly, the
graphene oxide was prepared by an improved version of the graphene modified Hummer
method. The surface of GO sheets is negatively charged due to the ionization of epoxyl,
carboxyl and hydroxyl groups on it [14]. Co2+ ions formed a cobalt ion thiolate precipitate
in the presence of L-cysteine in aqueous suspension of GO. In hydrothermal conditions,
cobalt ion thiolate was decomposed and formed CoS2 NPs. In the meantime, GO were
reduced to rGO by NaBH4. The CSG sample was thus achieved.

Figure 1. Scheme of the synthesis route of CoS2@rGO.
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3.1. Morphology Analysis

Figure 2a,b shows the TEM of CSG composite. The CoS2 nanoparticles are anchored
on the surface of multilayer rGO. As can be seen from Figure 2c,d, the particle size of
CoS2 nanoparticles is uniform and concentrated in the range of 30–50 nm. Figure 2e is
the high-resolution TEM image of the CSG composites. A uniform crystal lattice with
the d-spacing of 0.256 nm matches well with the (111) plane of CoS2 [15]. Figure 2f
shows the selected electron diffraction image of CSG composite. The diffraction period
and polycrystalline diffraction point indicate that the composite have a polycrystalline
structure, corresponding to the crystal planes of (200), (210), (211), (220), and (311) of CoS2
nanoparticles [12,16]. Figure 2g–j is the elemental mapping images of CoS2@rGO composite
materials, respectively, which demonstrates the uniform elemental distribution of Co, S,
and C in both samples. It illustrates the uniform distribution of CoS2 particles on rGO
laminates further. The flexible reduction graphene oxide with large specific surface area
can not only form a 3D conductive network structure, shorten the diffusion distance of
lithium ions, and improve the electrical conductivity of the materials, but also buffer the
volume expansion of CoS2 particles in the process of charge and discharge, inhibit the
pulverization and agglomeration of CoS2 particles, and improve the cyclic stability of the
material [13,17].

1 
 

 

Figure 2. (a–c) TEM images of CoS2@rGO. (d) The particle size distribution of CoS2@rGO composites.
(e,f) HRTEM image and selected area electron diffraction pattern of CoS2@rGO. (g–j) Elemental
mapping images of CoS2@rGO composites.
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3.2. Structure Analysis

Figure 3a was the XRD pattern of CoS2@rGO composites, pure CoS2 and rGO. The
CSG composite also displays distinct characteristic peaks at 32.5◦, 36.4◦, 40.0◦, 46.5◦, 55.3◦,
60.4◦ and 76.8◦, all of those peaks well correspond to the (200), (210), (211), (220), (311),
(230), (311), (230), and (420) lattice planes of typical CoS2 (JCPDS NO. 03-0772), respectively.
And that corresponds to the single CoS2 characteristic peak. It indicates that the target
substance of synthesis is polycrystalline pure phase of nano CoS2, and also indicates that the
composite reduction graphene does not change the crystal structure of CoS2 nanoparticles.
There is an obvious peak at 26.5◦ attributed to rGO, indicating that GO has been reduced
to rGO [12,18]. Figure 3b was the Raman spectra of CoS2@rGO and GO. The peak values
at 1354 and 1596 cm−1 should be the D-peak and G-peak of graphene, respectively. The
intensity ratio of peak D to peak G of CSG (ID/IG = 1.27) is higher than that of the
original GO (ID/IG = 1.14), indicating more defects after reduction [19]. The reason is that
although the oxygen-containing functional groups between carbon layers are removed
after hydrothermal reduction, some carbon atoms fall off together with them. The structure
becomes more disordered and the degree of graphitization increases [20]. In the Raman
spectrum of CSG, the 2D and D + G peaks become weak due to the isolation of CoS2
on rGO [21]. Figure 3c–e was a scanning electron microscope (SEM) image of rGO, pure
CoS2 and CSG. It can be seen from the figure that CoS2 nanoparticles are attached to the
surface of rGO, the rGO can prevent the agglomeration of active substances (Figure 3d,e).
Figure S2 shows that the morphological destruction is one of the main factors affecting
capacity attenuation.

Figure 3. (a) XRD pattern and (b) Raman spectra of CoS2@rGO; (c–e) SEM images of rGO,
CoS2, CoS2@rGO.
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To further analyze the surface composition of CSG composition, we conducted full
spectrum scan of XPS (Figure 4). Figure 4a shows that the composite contains Co, S, C and
O elements and there are no other miscellaneous fronds. Part of O element comes from
partially unreduced GO. The XPS spectrum of Co 2p is shown in Figure 4b. 778.6 eV and
781.6 eV, which belong to Co 2p3/2 of Co-S, The two peaks located at 793.7 eV and 797.3 eV,
which belong to Co 2p1/2 of Co-S [22]. Figure 4c. is the XPS spectrum of S 2p, revealing
three bond types of S. The two strong peaks located at 163.5 eV and 165.3 eV are attributed
to S 2p1/2 and S 2p3/2, respectively, which are caused by the split of S 2p spinorbit in the
C-S part [23,24], proved that the S atom has been embedded in the carbon layer The two
weak peaks at 168.5 eV and 169.7 eV correspond to S after oxidation, which is caused by
oxidation of oxygen in air. Figure 4d, shows the C1s spectrum of graphene composites and
the peak at 284.3 eV corresponds to Sp2 carbon. In addition, the three peaks at 285.3, 286.4
and 289.6 eV correspond to C–S, C=O and O=C-O group, respectively [25].The intensity
of C–O, C=O and O=C-O peaks were obviously weaker of C–C, indicating that rGO has
a higher degree of reduction [26,27]. The positions and intensities of the four main peaks
also directly prove the existence of rGO in the composites.

Figure 4. XPS spectrum of CSG composite: (a) survey spectrum, (b) Co 2p, (c) S 2p, and (d) C 1s of
XPS spectrum of CoS2@rGO.

3.3. Electrochemical Analysis

Figure 5a displays the first three cyclic voltammetry curves (CV) of CSG composite
materials in the voltage range of 0.1–3 V. In the first cycle, the reduction peak at 0.9 V.
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corresponds to the insertion of Li+, and the formation of the solid electrolyte interface
(SEI) [28] The small peak at 0.7 V can be attributed to the conversion reaction of Li2S.[29] To
be precise, the reduction peaks occurring at 0.9 and 0.7 V can be attributed to the reaction:
(1) CoS2 + xLi+ + xe− = LixCoS2 (2) LixCoS2 + (4−x)Li+ + (4−x)e− = Co + 2Li2S [30,31]. A
sharp peak appeared at 0.49 V, which was mainly due to the intercalation of graphitized
carbon. The oxidation peaks at 1.8 and 2.01 V are related to the formation of metal sulfides.
In the subsequent cycles, three reduction peaks were observed at 1.5 V, 0.9 V, and 0.49 V,
indicating that the structure has undergone a clear change and improved kinetics after
initialization. This difference can be attributed to micro-evolution. The three oxidation
peaks correspond to the extraction of Li+ from the electrode, attributable to the formula:
2Li2S + Co = CoS2 t 4Li+ + 4e− [32]. The peak of 2.0 V was split into two peaks of 1.8 and
2.01 V, indicating that some changes occurred in the process of Li+ removal after the first
cycle scan. The electrochemical properties of anode materials were studied by constant
current charge/discharge test. As shown in Figure 5b, two voltage platforms appear at
1.40–1.32 V and 0.80–0.75 V for the first discharge. During the first charge, two voltage
platforms appear at 2.00–2.06 V and 2.30–2.40 V. These results are consistent with CV results.
The CoS2@rGO electrode exhibits a high charge-discharge capacity of 786.2 mAhg−1 and
1101.6 mAhg−1, and the Coulomb efficiency of the first cycle is 71.03%. The loss of the first
cycle capacity is caused by the side reaction between electrolyte and polysulfide and the
formation of SEI [33]. Figure 5e, shows the cyclic properties of CSG composites at 0.2 C,
3.0 C and CoS2 at 0.2 C (1 C = 870 mAhg−1). It can be observed from the figure that after
the first charge-discharge cycle of CSG at 0.2 C, the capacity attenuates significantly due
to the formation of solid electrolyte interface film (SEI) and side reactions in the charge-
discharge process [29,34]. The coulombic efficiency of the first charge and discharge is only
73.8%. From the fifth charge-discharge cycle, the Coulomb efficiency is almost 100%, and
the electrode material shows good cycling performance. After 100 cycles, the reversible
capacity was 739 mAhg−1. The capacity also attenuated after the first charge-discharge
cycle at 3.0 C, and the coulombic efficiency of the first charge-discharge cycle was only
69.2%. Start with the fifth charge and discharge cycle. The electrode material showed good
cycling performance. After 305 cycles, the reversible specific capacity is 288 mAhg−1. The
specific discharge capacity of pure CoS2 -was 1035.5 mAhg−1 after the first cycle and down
to 112.1 mAhg−1 after the 200th cycles. This shows that the introduction of rGO improves
the structural stability of the composites electrode, thus improving the first coulomb
efficiency, reversible capacity and electrode cycle stability [32,35]. The rate performance
of CSG and pure CoS2 nanomaterials -was shown in Figure 5c. The discharge capacity of
CSG and pure CoS2 nanomaterials was similar in the first two cycles at a low rate of 0.2 C.
When the rate increases gradually, the discharge capacity of CSG materials was significantly
higher than CoS2 nanomaterials without rGO. The reversible capacities of CSG electrode
materials are 836 mAhg−1, 724 mAhg−1, 684 mAhg−1, 611 mAhg−1, and 416 mAhg−1 at
the current density 0.2 C, 0.5 C, 1.0 C, 2.0 C, and 5.0 C, respectively. The current density
returns to 0.1 C, the CSG anode rapidly returns to a high capacity of 788 mAhg−1. These
phenomena indicate that the CSG has excellent rate capability and structural integrity [36].
In addition, the specific discharge capacity of CSG composite is significantly higher than
pure CoS2 nanomaterials when the ratio is recovered from 5.0 C to 0.2 C, and the reversible
capacity of the composites electrode can be recovered to 713 mAhg−1. The results shows
that CoS2 nanomaterials composite rGO was beneficial to improve the rate performance of
the material. In order to study the electrochemical reaction kinetics of CSG electrode, the AC
impedance between CSG and pure CoS2 electrode was measured. Figure 5d is original and
fitted AC impedance spectra after the first charge and discharge by using Zview software
(Version: 3.3c, Solartron, Scribner Associates Inc., Southern Pines, NC, USA). Compared
with pure CoS2 nano material, the electrochemical impedance spectroscopy (EIS) of CSG
composites showed a smaller half-cycle curve and a lower straight slope. CSG has an ohmic
resistance (RW) of 3.86 ω, close to CoS2 (3.78ω). CSG has a charge transfer resistance (Rct)
value of about 67.3ω, which is very low compared to CoS2 (about 282.5ω) [36,37]. This is
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due to the fact that the transfer rate of lithium ions in CSG composites is higher than that of
the pure CoS2, which improves the electrochemical properties of the composites [38].

Figure 5. (a) CV curves of CSG nanocomposites in the voltage range of 0.1-3.0 V at 0.1 mV s−1,
(b) Charge-discharge performances at various rates, (c) Rate performance of (i) CoS2@Rgo (ii) CoS2,
(d) EIS spectra of CSG and CoS2, and (e) The cycle performance of CSG at 0.2 C (i), 3.0 C (iii) and
cycle performance of CoS2 at 0.2 C (ii).

The excellent electrochemical performance of CSG is related to the following
factors [16,20,39]: (1) the small size of CoS2 nanoparticles shortens the diffusion path of
lithium ions and provides more electrochemical active sites; and (2) the introduction of flexible
large specific surface area reduction graphene not only provides 3D conductive network
structure for composite materials, but also improves the electrical conductivity of the material.
It was advantageous to the electrolyte seepage, promoted the rapid transmission of lithium
ion and the ability to buffer CoS2 volume expansion in the process of charging and discharg-
ing, contributed to the suppression of CoS2 nanoparticles pulverization and reunion, and
improved the cycle stability of the material.
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Figure 6c reveals the lithium storing schematic of CoS2. The first step is to convert
cobalt and lithium sulfide to cobalt and lithium sulfide. This step is usually an irreversible
reaction. The second step is to form LiCoS2. This step is the reversible step for lithium
storage [34,38]. To study the relationship between the electrochemical activity of the
electrode material of CSG and the structural changes of the active material, we tested
the in-situ XRD of the first cycle of constant-current charge and discharge of the half-cell
(in Figure 6a and Figure S3). Figure 6b was the initial charge-discharge curve. The XRD
patterns show that there are five strong peaks at 46.5◦, 50.6◦, 52.8◦, 71.4◦, and 85.0◦, which
belong to the characteristic peaks of Be (JCPDS No. 02-1366). For the original electrode, the
peak of the XRD pattern is CoS2. When the battery is discharged to 1.4 V, the peak value
of CoS2 becomes weak, indicating that some reaction has taken place. When the electrode
was further discharged to 0.9 V, the characteristic peaks of Li2S (JCPDS No. 77-2145)
and Co (JCPDS No. 01-1277) could be detected, indicating that the conversion reaction
occurred. XRD results shows that CoS2 is transformed into Li2S and Co without Li insertion
at the initial lithium stage. In the further lithium process, the diffraction peak at 47.3◦

gradually increases, indicating the presence of more and more metallic Co. After further
discharge, no peaks of Co and Li2S are detected, indicating that LiCoS2 has been completely
transformed, and the structural phase of CoS2 is regulated by the formation of intermediate
LiCoS2 [33,36]. The results shows that the continuous discharge below 0.9 V eventually
leads to the conversion reaction of LiCoS2 to Li2S and Co. The electrochemical process is as
follows: LixCoS2 + (4 − x) e− + (4 − x)Li+ = Co + 2Li2S. When fully charged, a weak and
wide CoS2 diffraction peak is found at 27.8◦, which can be attributed to the reaction process
of Co + 2Li2S = CoS2 + 4Li+ + 4e−, indicating that the reaction has the good reversibility of
an electrochemical reaction [28,40]. The electrochemical performance comparisons between
the CSG electrode and some typical transition metal chalcogenides as anode materials for
LIBs are shown in Table S2. The result indicates that the CSG composites also has great
application potentials as a high-rate anode material for LIBs.
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Figure 6. (a) In situ XRD investigation of CSG nanometers Cut-off: 0.001-3.0 V versus Li/Li+. Current
density: 0.2 C. (A,B,C,D,E,F,G correspond to XRD at each voltage value); (b) The corresponding XRD
pattern during the first cycle. (c) Schematic diagram of the mechanism of CSG storing lithium.

4. Conclusions

In this work, CSG nanocomposites were synthesized by a hydrothermal method and
characterized by in-situ XRD, TEM, HRTEM, and SEM. This resulted in the successful
preparation of the composites and the uniform dispersion and anchoring of nanoscale
CoS2 on the surface of rGO. The electrochemical performance of pure CoS2 electrode was
compared with that of composite electrode, and the composite electrode showed excellent
cycling and rate performance. The storage mechanism of lithium composites was investi-
gated by in-situ XRD, and the conversion mechanism was explained. CoS2 nanoparticles
were dispersed on the surface with two-dimensional conductive skeleton rGO, which can
not only prevent the agglomeration of nanoparticles but also facilitate the rapid shuttle
of electrons. It has a positive effect on the stability of electrode material structure. These
results indicate that CSG was a good candidate as an electrode material for energy stor-
age. This new strategy is simple and has a low cost. It may be applied to fabricate other
micro/nano sulfide electrode materials for superior LIBs. The electrochemical properties of
CSG make it a promising new LiBs anode material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12040724/s1, Figure S1: (a–c) The quality of GO added is
the TEM image Corresponding to 1:2:3, Figure S2: (a) CoS2@rGO material morphology after 50 cycles;
(b) Morphology after 100 cycles; (c) Morphology after 150 cycles; (d) Morphology after 500 cycles,
Figure S3: show an expanded region from 20 θ to 50 θ, Table S1: The experimental materials and
drugs. Table S2: Electrochemical performance comparison of the as-prepared CoS2@rGO anode
with other previously reported CoS2-based anodes in LIBs. References [41–43] are cited in the
Supplementary Materials.

https://www.mdpi.com/article/10.3390/nano12040724/s1
https://www.mdpi.com/article/10.3390/nano12040724/s1


Nanomaterials 2022, 12, 724 11 of 12

Author Contributions: Conceptualization, T.L. and H.D.; methodology, T.L. and B.L.; software, S.Y.;
validation, H.Y.; formal analysis, Y.Y. and Z.S.; investigation, H.Z. and X.W.; resources, X.L. and
Y.Y.; data curation, H.D.; writing—original draft preparation, T.L.; writing—review and editing, T.L.;
visualization, B.L.; supervision, H.D. and S.Y.; project administration, S.Y.; funding acquisition, H.D.
and S.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by Science and Technology Project of Henan Province
(No. 202102210215); The major science and technology projects of Xinxiang City (ZD2020001); The Fund
of Key Scientific and Technological Project of Henan Province (No. 182102210079, No. 182102310827)
and the Key Project of Science and Technology of Henan Educational Department (No. 20B430009).

Data Availability Statement: Data presented in this article is available on request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yan, H.P.; Chen, Z.L.; Zeng, L.Y.; Wang, Z.J.; Zheng, G.F.; Zhou, R. The Effect of rGO-Doping on the Performance of SnO2/rGO

Flexible Humidity SensorActa. Nanomaterials 2021, 11, 3368. [CrossRef] [PubMed]
2. Wang, H.; Casalongue, H.S.; Liang, Y.; Dai, H.J. Ni(OH)2 Nanoplates Grown on Graphene as Advanced Electrochemical

Pseudocapacitor Materials. J. Am. Chem. Soc. 2010, 132, 7472–7477. [CrossRef] [PubMed]
3. Fei, L.; Lin, Q.L.; Yuan, L.; Xie, P.; Li, Y.L.; Xu, Y.; Deng, S.G.; Luo, H.M.; Sergei, S. Reduced Graphene Oxide Wrapped FeS

Nanocomposite for Lithium-Ion Battery Anode with Improved Performance. ACS Appl. Mater. Interfaces 2013, 11, 5330. [CrossRef]
[PubMed]

4. Schanze, K.S.; Mallett, J.J. Preface to Forum on “Current Trends in Functional Surfaces and Interfaces for Biomedical Applications”.
ACS Appl. Mater. Interfaces 2016, 8, 14895. [CrossRef]

5. Tu, C.B.; Peng, A.P.; Zhang, Z.; Qi, X.T.; Zhang, D.K.; Wang, M.J.; Huang, Y.N.; Yang, Z.Y. Surface-seeding secondary growth for
CoO@Co9S8 P-N heterojunction hollow nanocube encapsulated into graphene as superior anode toward lithium ion storage.
Chem. Eng. J. 2021, 425, 130648. [CrossRef]

6. Xie, J.L.; Yang, Y.F.; Li, G.; Xia, H.C.; Wang, P.J.; Sun, P.H.; Li, X.L.; Cai, H.R.; Xiong, J. One-step sulfuration synthesis of hierarchical
Ni-Co2S4@NiCo2S4 nanotube/nanosheet arrays on carbon cloth as advanced electrodes for high-performance flexible solid-state
hybrid supercapacitors. RSC Adv. 2019, 9, 3041. [CrossRef]

7. Li, X.N.; Zhang, H.S.; Cao, Z.X. Study on N-doped carbon phosphorus composite anode mate-rials for lithium ion batteries and
their properties. J. Power Sources 2016, 140, 1163–1166.

8. Zhao, Y.J.; Liu, J.L.; Ding, C.H. Rare-Earth Transition-Metal Chalcogenides. Cryst. Eng. Comm. 2018, 20, 2175–2182. [CrossRef]
9. Reddy, M.G.; Rao, B.; Chowdari, B.V.R. Metal oxides and oxysalts as anode materials for Li ion batteries. Chem. Rev. 2013, 113,

5364–5457. [CrossRef]
10. Shu, Q.M.; Xie, J.; Zhang, J.; Zhong, Y.J.; Du, G.H.; Xu, B.S. Facile In Situ Transmission Electron Microscopy Observation of

Electrochemical Behavior of CoS2 in Lithium-Ion Battery. ACS Appl. Mater. Interfaces 2014, 6, 3016–3022.
11. Galushkin, N.E.; Yazvinskaya, N.N.; Galushkin, D.N. A Critical Study of Using the Peukert Equation and Its Gener-alizations for

Determining the Remaining Capacity of Lithi-um-Ion Batteries. Appl. Sci. 2020, 10, 5518. [CrossRef]
12. Zhang, Y.H.; Wang, N.N.; Sun, C.H.; Lu, Z.X.; Xue, P.; Tang, B.; Bai, Z.C.; Dou, S.X. 3D spongy CoS2 nanoparticles/carbon

composite as high-performance anode material for lithium/sodium ion batteries. Chem. Eng. J. 2018, 332, 370–376. [CrossRef]
13. Huang, H.H.; De Silva, K.; Kanishka, H.; Kumara, G.R.A.; Yoshimura, M. Structural Evolution of Hydrothermally Derived

Reduced Graphene Oxide. Sci. Rep. 2018, 8, 6849–6853. [CrossRef] [PubMed]
14. Zhu, J.; Li, L.Y.; Li, D.; Li, X.G.; Zhong, H.; Li, S.M.; Lei, L.M.; Li, J.B.; Zhang, Y. Microstructural evolution and mechanical

properties of laser repaired 12Cr12Mo stainless steel. Mater. Sci. Eng. A 2022, 830, 142292. [CrossRef]
15. Shu, H.T.; Mei, L.; Liang, J.F.; Zhao, Z.P.; Li, M.F.; Han, G.L.; Huang, Y.; Duan, X.F. Three-dimensional holey-graphene/niobia

composite architectures for ultrahigh-rate energy storage. Science 2017, 356, 599–604.
16. Bresser, D.; Mueler, F.; Franziska, M.; Martin, F.; Steffen, K.; Richard, K.; Dietmar, B.; Winter, M.; Elie, P.; Stefano, P. Transition-

Metal-Doped Zinc Oxide Nanoparticles as a New Lithium-Ion Anode Material. Chem. Mater. 2013, 25, 4977–4985. [CrossRef]
17. Liu, X.; Xu, H.; Ma, H.; Yue, D.; Wang, Q.Z.; Li, M.F.; Li, Y.L.; Chen, Y.L.; Wang, D. One pot synthesis and capacitive sodium

storage properties of rGO confined CoS2 anode materials. J. Alloys Compd. 2020, 813, 151598. [CrossRef]
18. Liu, T.C.; Lin, L.P.; Bi, X.X.; Tian, L.L.; Yang, K.; Liu, J.J.; Li, M.F.; Chen, Z.H.; Lu, J.; Amine, K.; et al. In situ quantification of

interphasial chemistry in Li-ion battery. Nat. Nanotechnol. 2019, 14, 50. [CrossRef]
19. Huang, X.; Zeng, Z.Y.; Fan, Z.X.; Liu, J.Q.; Zhang, H. Graphene-Based Electrodes. Adv. Mater. 2012, 24, 5979–6004. [CrossRef]
20. Wen, Z.; Zhu, Z.; Jin, B.; Li, H.; Yao, W.M.; Jiang, Q. In-situ synthesis of Co1-xS-rGO composite for high-rate lithium-ion storage. J.

Electoroanal. Chem. 2018, 833, 380–386. [CrossRef]
21. Chen, L.; Wei, B.; Zhang, X.T.; Li, C. Bifunctional Graphene/γ-Fe2O3 Hybrid Aerogels with Double Nanocrystalline Networks for

Enzyme Immobilization. Small 2013, 13, 2331–2340. [CrossRef] [PubMed]

http://doi.org/10.3390/nano11123368
http://www.ncbi.nlm.nih.gov/pubmed/34947717
http://doi.org/10.1021/ja102267j
http://www.ncbi.nlm.nih.gov/pubmed/20443559
http://doi.org/10.1021/am401239f
http://www.ncbi.nlm.nih.gov/pubmed/23673403
http://doi.org/10.1021/acsami.6b06711
http://doi.org/10.1016/j.cej.2021.130648
http://doi.org/10.1039/C8RA10435B
http://doi.org/10.1039/C8CE00299A
http://doi.org/10.1021/cr3001884
http://doi.org/10.3390/app10165518
http://doi.org/10.1016/j.cej.2017.09.092
http://doi.org/10.1038/s41598-018-25194-1
http://www.ncbi.nlm.nih.gov/pubmed/29717170
http://doi.org/10.1016/j.msea.2021.142292
http://doi.org/10.1021/cm403443t
http://doi.org/10.1016/j.jallcom.2019.07.310
http://doi.org/10.1038/s41565-018-0284-y
http://doi.org/10.1002/adma.201201587
http://doi.org/10.1016/j.jelechem.2018.12.017
http://doi.org/10.1002/smll.201202923
http://www.ncbi.nlm.nih.gov/pubmed/23423944


Nanomaterials 2022, 12, 724 12 of 12

22. Zhao, C.T.; Yu, C.; Liu, S.H.; Yang, J.; Fan, X.M.; Qiu, J.S. Facile Fabrication of Bicomponent CoO/CoFe2O4-N-Doped Graphene
Hybrids with Ultrahigh Lithium Storage. Paticle 2015, 32, 91–97. [CrossRef]

23. Choi, S.H.; Lee, J.K.; Kang, Y.C. Three-dimensional porous graphene-metal oxide composite microspheres: Preparation and
application in Li-ion batteries. Adv. Mater. 2015, 8, 1584–1594. [CrossRef]

24. Li, X.N.; Yu, M.M.; Fan, Y.; Wang, Q.X.; Zhang, H.S.; Yang, S.T. Study on Electrochemical Performances of N-doped P/C
Composite as Anode Material of Lithium Ion Batteries. Chem. J. Chin. Univ. 2019, 40, 2360–2366.

25. Pan, Y.L.; Chen, X.D.; Gong, L.L.; Shi, L.; Zhou, T.; Deng, Y.R.; Zhang, H.P. Double-morphology CoS2 anchored on N-doped
multichannel carbon nanofibers as high-performance anode materials for Na-ion batteries. ACS Appl. Mater. Interfaces 2018, 10,
31441–31451. [CrossRef]

26. Yang, Z.; Wang, J.; Wu, H.T.; Kong, F.J.; Yin, W.Y.; Cheng, H.J.; Tang, X.Y.; Qin, B.; Tao, S.; Yi, J.; et al. MOFs derived Co1-xS
nanoparticles embedded in N-doped carbon nanosheets with improved electrochemical performance for lithium ion batteries.
Appl. Surf. Sci. 2019, 479, 693–699. [CrossRef]

27. Wang, Q.F.; Zou, R.Q.; Xia, W.; Ma, J.; Qiu, B.; Yang, Y.C.; Xia, T.G.; Xu, Q. Facile Synthesis of Ultrasmall CoS2 Nanoparticles
within Thin N-Doped Porous Carbon Shell for High Performance Lithium-Ion Batteries. Small 2015, 11, 2511–2517. [CrossRef]

28. Pan, Y.L.; Cheng, X.D.; Gong, L.; Zhang, H.P. Highly reversible Na ion storage in N-doped polyhedral car-bon-coated transition-
metal chalcogenides by optimizing the nanostructure and surface engineerin. J. Mater. Chem. A 2018, 6, 18967–18978. [CrossRef]

29. Chen, X.R.; Yao, Y.X.; Zhang, R.; Cheng, X.B.; Zhang, Q. A Diffusion-Reaction Competition Mechanism to Tailor Lithium
Deposition for Lithium-Metal Batteries. Angew. Chem. 2020, 132, 7817–7821. [CrossRef]

30. Ma, Y.; Bresser, D.; Ji, Y.; Geiger, D.; Kaiser, U.; Streb, C.; Varzi, A.; Passerini, S. Dominic Bresser Cobalt Disulfide Nanoparticles
Embedded in Porous Carbonaceous Micro-Polyhedrons Interlinked by Car-bon Nanotubes for Superior Lithium and Sodium
Storage. ACS Nano. 2018, 12, 7220–7231. [CrossRef]

31. Xiong, Q.Q. Controllable growth of MoS2/C flower-like microspheres with enhanced electrochemical performance for lithium
ion batteries. J. Alloys Compd. 2016, 673, 215–219. [CrossRef]

32. Hu, Y.G.; Liu, Z.; Ran, F. New comprehensions on structure superiority of asymmetric carbon membrane and controlled
construction of advanced hierarchical inner-structure for high performance supercapacitors. Microporous Mater. 2019, 275, 14–25.

33. Wang, H.X.; Cui, Y. Nano diamonds for energy. Carbon Energy. 2019, 1, 13–18. [CrossRef]
34. Kong, L.J.; Liu, Y.Y.; Huang, H.; Liu, M.; Xu, W.; Li, B.Y.; Bu, X.H. High-Performance Anode for Li-ion Batteries: Cross-Linked

CoS2/NC-CNTs Networks. Sci. China Mater. 2021, 64, 820–829. [CrossRef]
35. Pan, Y.L.; Cheng, X.D.; Huang, Y.; Zhang, H.P. CoS2 Nanoparticles Wrapping on Flexible Freestanding Multichannel Carbon

Nanofibers with High Performance for Na-Ion Batteries. ACS Appl. Mater. Interfaces 2017, 9, 35820–35828. [CrossRef] [PubMed]
36. Cho, J.S.; Won, J.M.; Kang, Y.Z.; Lee, J.K. Promises and challenges of nanomaterials for lithium-based rechargeable batteries. Nano

Energy 2016, 26, 466–478. [CrossRef]
37. Lu, S.J.; Wang, Z.T.; Zheng, J.C.; He, Z.J.; Tong, H.; Zang, J.C.I. In situ-formed hollow cobalt sulfide wrapped by reduced graphene

oxide as an anode for high-performance lithium-ion batteries. ACS Appl. Mater. Interfaces 2020, 12, 2671–2678. [CrossRef]
38. Nasrullah, S.; Touseef, R.; Li, X.M.; Yang, G.; Zhao, K.; Dong, L. Fabrication of an anode composed of a N, S co-doped carbon

nanotube hollow architecture with CoS2 confined within: Toward Li and Na storage. Nanoscale 2019, 11, 20996–21007.
39. Ying, J.; Xie, M.; Hu, F.; Ye, Z.Q.; Zhang, Y.X.; Wang, Z.H.; Zhou, Y.Z.; Li, L.; Chen, R.J. Cobalt Selenide Hollow Polyhedron

Encapsulated in Graphene for High-Performance Lithium/Sodium Storage. Small 2021, 17, 2102893.
40. Lin, J.; Peng, H.; Kim, J.-H.; Wygant, B.R.; Meyerson, M.L.; Rodriguez, R.; Liu, Y.; Kawashima, K.; Gu, D.; Peng, D.-L.; et al.

Lithium fluoride coated silicon nanocolumns as anodes for lithium ion batteries. ACS Appl. Mater. Interfaces 2020, 12, 18465–18472.
[CrossRef]

41. Qiu, B.; Zhao, X.Y.; Xia, D.G. In situ synthesis of CoS2/RGO nanocomposites with enhanced electrode performance for lithium-ion
batterie. J. Alloys Compd. 2013, 579, 372–376. [CrossRef]

42. Xie, S.; Deng, Y.F.; Mei, J.; Yang, Z.T.; Liu, H. Facile synthesis of CoS2/CNTs composite and its exploitation in thermal battery
fabrication. Compos. B Eng. 2016, 93, 203–209. [CrossRef]

43. Liao, S.-Y.; Ciu, T.-T.; Zhang, S.-Y.; Cai, J.-J.; Zheng, F.; Liu, Y.-D.; Min, Y.-G. Cross-nanoflower CoS2 in-situ self-assembled on rGO
sheet as advanced anode for lithium/sodium ion battery. Electrochim. Acta 2019, 326, 134992. [CrossRef]

http://doi.org/10.1002/ppsc.201400114
http://doi.org/10.1007/s12274-014-0646-1
http://doi.org/10.1021/acsami.8b11984
http://doi.org/10.1016/j.apsusc.2019.02.160
http://doi.org/10.1002/smll.201403579
http://doi.org/10.1039/C8TA07790H
http://doi.org/10.1002/ange.202000375
http://doi.org/10.1021/acsnano.8b03188
http://doi.org/10.1016/j.jallcom.2016.02.253
http://doi.org/10.1002/cey2.9
http://doi.org/10.1007/s40843-020-1477-0
http://doi.org/10.1021/acsami.7b10173
http://www.ncbi.nlm.nih.gov/pubmed/28968056
http://doi.org/10.1016/j.nanoen.2016.06.012
http://doi.org/10.1021/acsami.9b18931
http://doi.org/10.1021/acsami.9b23106
http://doi.org/10.1016/j.jallcom.2013.05.148
http://doi.org/10.1016/j.compositesb.2016.03.038
http://doi.org/10.1016/j.electacta.2019.134992

	Introduction 
	Experimental Section 
	Preparation of Materials 
	Characterization 
	Fabrication of the Half Cells 

	Results and Discussion 
	Morphology Analysis 
	Structure Analysis 
	Electrochemical Analysis 

	Conclusions 
	References

