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Highlights

• A flower-like nanostructured composition of SnS2@CoS2 spheres associated with reduced graphene oxide (rGO) was

prepared by a facile method.

• The anode based on SnS2@CoS2–rGO composite exhibited excellent cycling stability and rate capability for sodium-

ion batteries (SIBs).

Abstract A promising anode material composed of

SnS2@CoS2 flower-like spheres assembled from SnS2
nanosheets and CoS2 nanoparticles accompanied by

reduced graphene oxide (rGO) was fabricated by a facile

hydrothermal pathway. The presence of rGO and the

combined merits of SnS2 and CoS2 endow the SnS2@-

CoS2–rGO composite with high conductivity pathways and

channels for electrons and with excellent properties as an

anode material for sodium-ion batteries (SIBs). A high

capacity of 514.0 mAh g-1 at a current density of

200 mA g-1 after 100 cycles and a good rate capability can

be delivered. The defined structure and good sodium-

storage performance of the SnS2@CoS2–rGO composite

demonstrate its promising application in high-performance

SIBs.
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1 Introduction

As promising alternatives to lithium-ion batteries (LIBs),

sodium-ion batteries (SIBs) have attracted increasing

attention, by virtue of the low cost and natural abundance
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of sodium salts, in combination with a suitable redox

potential (- 2.71 V vs. the standard hydrogen electrode)

[1–4]. Nonetheless, the larger radius and slower reaction

kinetics of sodium ions compared to those of lithium ions

would cause large volume variation and large polarization

of anode materials, which lead to poor cycling performance

and low reversible capacity [5–8]. Therefore, it is still

challenging to find suitable anode materials with excellent

sodium-storage performance.

Previously, a large number of anode materials, including

metals [9], metal oxides [10], metal sulfides [11, 12], and

metal selenides [13] have been investigated as potential

anode materials with high capacity for SIBs. In particular,

metal sulfides such as MoS2 [14], CoS2 [15], Fe1-xS [16],

Co3S4 [17], In2S3 [18], SnS [19, 20], and Sb2S3 [21, 22]

have attracted attention for SIBs owing to their high the-

oretical capacity, better reversibility and higher electrical

conductivity than those of metal oxides. Among them,

SnS2 with two-dimensional (2D) layered crystal structure is

regarded as a potential anode material for SIBs, based on

its large interlayer spacing along the c-axis, which offers an

effective diffusion path for the intercalation and exfoliation

of Na? in the charge/discharge process; hence, it could

possess fast ion diffusion kinetics and high specific

capacity [23, 24]. Nevertheless, owing to low intrinsic

electrical conductivity (8.21 9 10-4 S cm-1) as well as

large volume variation during cycling, SnS2 is demon-

strated poor cycling stability and rate capability. Various

measures have been employed to alleviate this issue, such

as reduction of crystal size [25], fabrication of various

nanoarchitectures [26], and formation of composites with

conductive materials [27, 28].

CoS2 possesses good thermal stability and low cost, and

hence it is considered a suitable anode material for SIBs

[29]. However, it exhibits inferior electrochemical prop-

erties, which may arise from its sluggish ion transport

kinetics with low electrical conductivity

(1.63 9 10-5 S cm-1) [30]. In view of this, combining

SnS2 and CoS2 into rationally designed composite archi-

tectures could possibly provide synergistic merits. Fur-

thermore, in the discharge/charge process, the Co

generated in the conversion reaction of CoS2 can enhance

the reversibility of SnS2 [31]. A hierarchical composite

assembled from different metal sulfides could not only

supply rich redox chemistry and synergistically display the

merits of each component, but could also benefit from the

interactions of the individual components [30, 32]. For

instance, Dong et al. successfully fabricated a polyhedral

composite employing a zeolitic imidazolate framework

(ZIF-8) as precursor with a ZnS inner-core and Sb2S3/C

double-shell as an anode material for SIBs [11]. Compared

to ZnS@C, the polyhedron composite presented signifi-

cantly improved sodium-storage performance with good

cycle stability and high specific capacity, ascribed to the

cooperative contributions of ZnS, Sb2S3, and C compo-

nents and a stable structure with sufficient space to alle-

viate volume variation on cycling. Geng et al. synthesized

cobalt sulfide/molybdenum disulfide (Co9S8/MoS2) yolk–

shell spheres, which possessed outstanding lithium/sodium-

storage performance due to coordination of the yolk–shell

structure and the well-distributed mixture consisting of

Co9S8 and MoS2 nanocrystals [30]. Fe3O4/Fe1-x-

S@C@MoS2 nanosheets composed of Fe3O4/Fe1-xS

nanoparticles inserted in carbon nanosheets and encapsu-

lated by MoS2 were fabricated by Pan et al., and presented

excellent electrochemical performance owing to the syn-

ergistic effects of each component [33]. Moreover, Lin

et al. reported a novel bicontinuous carbon wrapped

NiS2@CoS2 hetero-nanocrystal hierarchical structure,

which exhibited superior rate capability and cycle stability

for SIBs, benefiting from interconnected porous structures

and structural integrity due to double carbon frameworks

[34]. Therefore, in order to further develop a metal sulfide

composite with better electrochemical performance, their

incorporation into a carbon matrix such as carbon nan-

otubes, graphene, or reduced graphene oxide (rGO) has

been proposed, because rGO and graphene exhibit superior

electroconductivity, pronounced chemical stability,

remarkable flexibility, and high surface area to buffer the

mechanical stress experienced during the conversion pro-

cess [35]. Therefore, the growth of SnS2 and CoS2 on rGO

to form a SnS2@CoS2–rGO composite should demonstrate

good sodium-storage performance. To our knowledge, this

SnS2@CoS2–rGO composite has not been previously

employed as an anode material for SIBs.

In the present study, a SnS2@CoS2–rGO composite was

synthesized successfully by a hydrothermal procedure, in

which SnS2@CoS2 flower-like spheres assembled by SnS2
nanosheets and CoS2 nanoparticles were composited with

rGO sheets. The sodium-storage performance of the com-

posite was evaluated when used as an anode material. An

enhanced reversible capacity, long cycling stability, and

good rate capability of the composite were obtained.

Therefore, the SnS2@CoS2–rGO composite has good

potential for use as a highly performing anode material in

SIBs.

2 Experimental Section

2.1 Synthetic Procedures of the SnS2@CoS2–rGO

Composite

Firstly, graphene oxide (GO) was fabricated through a

modified Hummers method [36]. The SnS2@CoS2–rGO

composite was prepared by a hydrothermal strategy. In a
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typical procedure, 15 mL of as-obtained GO suspension

(2 mg mL-1) was dispersed in 20 mL of DI water and then

ultrasonicated for 2 h. Then, 0.393 g of L-cysteine,

0.1139 g of SnCl4�5H2O and 0.0773 g of CoCl2�6H2O

were added into the above GO suspension under stirring.

This mixture was sonicated for 2 h and transferred into a

50-mL Teflon-lined stainless-steel autoclave and kept at

180 �C for 24 h. Then, the obtained product was cen-

trifuged and washed with DI water and absolute ethanol

three times, respectively. The final material was dried at

50 �C for 12 h. For comparison, CoS2–rGO composite was

prepared by the same synthetic route as the SnS2@CoS2–

rGO composite with the same amount of GO, L-cysteine

and CoCl2�6H2O but without the addition of SnCl4�5H2O.

Similarly, SnS2–rGO composite was synthesized by the

same synthetic route without the addition of CoCl2�6H2O.

Additionally, pure rGO was synthesized without the addi-

tion of SnCl4�5H2O or CoCl2�6H2O. Composites with dif-

ferent amounts of GO (50 and 20 mg) were also fabricated

using the same process as the SnS2@CoS2–rGO composite.

Finally, composites with different ratios of Co to Sn were

prepared by adjusting the molar ratio of CoCl2�6H2O to

SnCl4�5H2O using the same process.

2.2 Characterization and Instruments

The phases of the samples were characterized by powder

X-ray diffraction (XRD) (SmartLab, Rigaku) with Cu Ka
(k = 1.54178 Å) radiation source. The morphology of the

samples was determined by means of scanning electron

microscopy (SEM) (JEOL JSM-7800F) and transmission

electron microscopy (TEM) (Tecnai G2 F30). The Bru-

nauer–Emmett–Teller (BET) surface area of the sample

was measured on a Quantachrome Autosorb-iQ-MP sur-

face area detecting instrument with N2 physisorption at

77 K. X-ray photoelectron spectroscopy (XPS) was carried

out on a PHI 5600 instrument (PerkinElmer, USA). Raman

spectroscopy was recorded on a Renishaw spectrometer.

Thermogravimetric analysis (TGA) was performed under

air flow by a TG 209 (Netzsch). Atomic force microscope

(AFM) measurement was recorded on a XE7, Park system.

The atomic ratio of Co to Sn was confirmed by inductively

coupled plasma optical emission spectrometry (ICP-OES,

Prodigy 7, Leeman Labs). Elemental analysis was tested by

a VarioELIII elemental analyser, Elementar, Germany.

2.3 Electrochemical Measurements

At first, the active material, carbon black and car-

boxymethylcellulose sodium (CMC) binder were fully

mixed in a ratio of 70:20:10 (wt%) to form a slurry. Sub-

sequently, the slurry was cast on copper foil by a doctor-

blade and dried at 80 �C for 12 h in a vacuum oven. The

areal mass loading was around 1.2 mg cm-2. The elec-

trochemical tests were carried out in a CR2032 coin cell

with Na metal as the counter electrode. The electrolyte

solution was 1.0 mol L-1 NaClO4 in a 1:1 volumetric

mixture of propylene carbonate and ethylene carbonate

with 5% fluoroethylene carbonate additive. All cells were

assembled in an Ar-filled dry box with water and oxygen

content lower than 1 ppm. Cyclic voltammetry (CV)

curves were obtained by a CHI 660B electrochemical

workstation with a scanning rate of 0.2 mV s-1 in the

voltage range of 0.01 - 3.0 V. The cells were galvanos-

tatically cycled between 0.01 and 3.0 V using various

currents at room temperature. Electrochemical impedance

spectroscopy (EIS) was carried out after cell cycling in the

frequency range of 100 kHz–0.01 Hz with a bias signal

amplitude of 0.01 V.

3 Results and Discussion

The XRD patterns of the as-prepared samples are shown in

Fig. 1a. It can be seen that all the diffraction peaks are well

indexed to the hexagonal SnS2 (JCPDS card No. 23-0677)

and cubic CoS2 (JCPDS card No. 41-1471) of the SnS2–

rGO composite and CoS2–rGO composite, respectively, in

the absence of relevant impurities, revealing pure phases of

the SnS2 and CoS2. For the SnS2@CoS2–rGO composite,

the main reflections are well ascribed to the characteristic

peaks of SnS2 and CoS2. Although the characteristic

diffraction peaks of rGO are not observed, this is possibly

due to a low degree of crystallinity. Raman spectroscopy

further confirms the existence of rGO (Fig. 1b), which

presents two peaks centered at 1361 and 1587 cm-1,

assigned to disordered carbon (D band) and graphitic car-

bon (G band), respectively [37]. A small peak at 311 cm-1

is ascribed to the A1g mode of SnS2 [28]. Additionally,

compared to pure rGO, the D peak of rGO in the

SnS2@CoS2–rGO composite shifted to a slightly lower

wavenumber, indicating that the interaction between

SnS2@CoS2 and rGO is strong [38, 39]. The rGO content

of the composite was detected by TGA (Fig. S1), which

exhibits a weight loss of approximately 0.4% between 25

and 200 �C, attributed to the loss of absorbed water, and

a * 24.5% decrease from 200 to 900 �C, corresponding to

the oxidation of SnS2, CoS2, and combustion of carbon, in

accordance with other metal sulfide/carbon studies [16].

Consequently, the content of carbon in the SnS2@CoS2–

rGO composite was determined to be around 18.6 wt%. In

order to further investigate the graphene content, elemental

analysis of the SnS2@CoS2–rGO composite was carried

out, which showed the graphene content to be 13.06%. The

atomic ratio of Sn and Co was determined to be approxi-

mately 1:1 by the ICP-OES method.
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XPS was used to investigate the electronic states and

surface composition of the SnS2@CoS2–rGO composite,

presented in Fig. S2 and Fig. 2. Figure S2 shows the survey

spectrum, suggesting the existence of Co, Sn, S, and C

elements, in accordance with the EDS result. The high-

resolution Sn 3d spectrum, shown in Fig. 2a, exhibits two

characteristic peaks of SnS2 at 487.0 eV (Sn 3d5/2) and

495.0 eV (Sn 3d3/2) [40], accompanied by two peaks at

486.2 and 496.1 eV, assigned to Sn 3d5/2 and Sn 3d3/2 of

SnS, respectively [41]. The XPS peaks at 781.9 and

793.3 eV in the Co 2p spectrum (Fig. 2b) correspond clo-

sely to Co 2p3/2 and Co 2p1/2 of CoS2, respectively,

whereas another peak at 798.5 eV is assigned to Co 2p1/2 of

Co3O4 [42], mainly resulting from partial surface oxidation

of the composite [43]. The S 2p spectrum (Fig. 2c) exhibits

five peaks at around 161.4, 162.8, 163.8, 168.8, and

169.9 eV. The first three peaks are attributed to charac-

teristic peaks of S2-, S2
2-, and Sn

2-, respectively, indicat-

ing the presence of S- and S2-. Meanwhile, the other two

peaks at 168.8 and 169.9 eV correspond to S 2p3/2 and S

2p1/2 of SO3
2-, respectively [16]. Three peaks in the C 1s

spectrum at 284.6, 285.9, and 288.7 eV are observed in

Fig. 2d, which are attributed to sp2 C–C, C-O, and O-C =

O bonds, respectively [44].

The morphology and microstructure of the SnS2@CoS2–

rGO composite was investigated using SEM, TEM,
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HRTEM, and STEM, as shown in Fig. 3. It can be seen that

the SnS2@CoS2–rGO composite displays flower-like

spherical morphology, composed of nanosheets with

random orientation (Fig. 3a, b). In the high-magnification

micrograph (Fig. 3c), a large number of nanoparticles with

an average size of approximately 45 nm are decorated on

Fig. 3 a–c low- and high-magnification SEM images, d TEM image, e HRTEM image, f SAED pattern and g–k STEM image and

corresponding element mappings of the SnS2@CoS2–rGO composite
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the nanosheets. For the SnS2–rGO composite, hierarchical

spheres consisting of nanosheets are formed (Fig. S3a).

There are no individual SnS2 particles; SnS2 sheets are well

dispersed on the rGO (Fig. S3b). Compared with the SnS2–

rGO composite, the CoS2–rGO composite exhibits rough

rGO sheets (Fig. S3c) over which CoS2 nanoparticles with

a mean size of around 50 nm are dispersed (Fig. S3d), in

agreement with other reports [45]. Therefore, the SnS2@-

CoS2–rGO composite appears to be composed of SnS2
nanosheets and CoS2 nanoparticles, in combination with

rGO nanosheets.

Furthermore, the TEM image (Fig. 3d) of the SnS2@-

CoS2–rGO composite indicates CoS2 nanoparticles with a

size of approximately 50 nm on the SnS2 nanosheets. The

HRTEM image (Fig. 3e) displays two lattice fringes of

0.23 and 0.28 nm attributed to the (101) and (211) planes

of SnS2 and CoS2, respectively, accompanied by a disor-

dered lattice fringe of rGO. Meanwhile, the corresponding

diffraction rings (Fig. 3f) indicate the polycrystalline nat-

ure of the SnS2@CoS2–rGO composite. Additionally, the

elemental mapping of the SnS2@CoS2–rGO composite

shows that Co, Sn, S, and C are uniformly distributed in the

composite, suggesting homogeneous decoration of the

SnS2@CoS2–rGO composite (Fig. 3g–k).

Figure 4 shows TEM, HRTEM, SAED, mapping images,

and EDS spectrum of the SnS2–rGO composite. The SnS2
nanosheets are dispersed over the rGO (Fig. 4a) and the

corresponding HRTEM image reveals a lattice spacing of

0.28 nm, corresponding to the (101) plane of SnS2 (Fig. 4b).

The SAED image (inset of Fig. 4b) indicates the polycrys-

talline nature of the SnS2–rGO composite, in which the

elements of Sn, S, and C are uniformly dispersed, as seen

from themapping images (Fig. 4c–f). In addition, the ratio of

Sn:S was calculated to be 1:2.02 from Fig. 4g. Additionally,

CoS2 nanoparticles with a diameter size of around 55 nm are

decorated on the rGO, observed from the TEM image of the

CoS2–rGO composite (Fig. 5a), in agreement with the SEM

image. The HRTEM image exhibits a lattice fringe of

0.23 nm, indexed to the (211) plane ofCoS2 (Fig. 5b) and the

corresponding SAEDalso presents the polycrystalline nature

of theCoS2–rGOcomposite (inset of Fig. 5b). TheCo, S, and

C elements are uniformly distributed in the CoS2–rGO

Fig. 4 a TEM image, b HRTEM image (inset is SAED pattern), c–f STEM image and corresponding element mappings of the SnS2–rGO

composite and g EDS spectrum of SnS2–rGO composite
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composite, as demonstrated by the elemental mappings

(Fig. 5c–f), and the ratio of Co:S was calculated to be 1:2.01,

which further demonstrates that the obtained product is CoS2
(Fig. 5g).Meanwhile, the thickness of the rGOnanosheets in

the three composites was also determined from the AFM

image shown in Fig. S4. It can be clearly seen that the

thickness of the rGO sheet is * 4 nm and hence each sheet

may be nine or ten layers.

To further investigate the porous nature of the SnS2@-

CoS2–rGO composite, nitrogen adsorption/desorption

measurement was performed. Typical IV nitrogen iso-

therms combined with a large hysteresis loop in the pres-

sure range of 0.5–1.0 (P/P0) (Fig. S5a) reveal the existence

of mesopores with a mean size of approximately 5.8 nm

(Fig. S5b). Furthermore, the BET specific surface area was

calculated to be 12.6 m2 g-1, which would be beneficial

for the improvement of electrochemical performance

resulting from good interfacial contact between electrolytes

and electrode. Consequently, a high sodium-storage ability

would be expected [36].

The sodium-storage performance of the SnS2@CoS2–

rGO composite electrode was evaluated to confirm its great

promise for SIBs in comparison with those of the SnS2–

rGO and CoS2–rGO composite electrodes. The electro-

chemical process of the SnS2–rGO composite electrode

was studied by cyclic voltammograms (CV) in the voltage

range of 0.01–3 V at a scan rate of 0.2 mV s-1 and is

presented in Fig. S6a. For the first cycle, two reduction

peaks are clearly seen at around 1.59 and 1.29 V, which

originate from the intercalation of sodium ions into the

SnS2 layers without phase decomposition [46]. Moreover, a

broad reduction peak ranging from 0.2 to 0.6 V is attrib-

uted to a conversion reaction to form metallic Sn and Na2S,

an alloying reaction to produce NaxSn [47], and the for-

mation of a solid electrolyte film (SEI) [48]. In subsequent

cycles, this peak gradually shifted to 0.35 V. In addition,

the reduction peak at 0.01 V corresponds to Na? storage on

the rGO. For the first anodic scan, the oxidation peak at

1.25 V corresponds to the dealloying reaction of NaxSn.

Further, this peak overlapped well in all cycles, which

Fig. 5 a TEM image, b HRTEM image (inset is SAED pattern), c–f STEM image and corresponding element mappings of the CoS2–rGO

composite and g EDS spectrum of CoS2–rGO composite
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suggests that the alloying/dealloying reaction is highly

reversible. Meanwhile, the anodic peak at 2.1 V can be

attributed to the oxidation of Sn to form SnS2 and the

extrusion of Na? from NaxSnS2 without phase decompo-

sition [49]. Furthermore, the anodic peak at 1.64 V results

from Na? release on the rGO [28].

For the CoS2–rGO composite electrode (Fig. S6b), in the

first cycle, three significant reduction peaks centered at

0.86, 0.57, and 0.43 V can be ascribed to the insertion of

Na, the conversion reaction to the formation of Co and

Na2S, and the formation of SEI film, respectively [15]. In

the subsequent scan, the first two reduction peaks shifted to

1.44 and 0.84 V, respectively, originating from the

enhanced kinetics of the electrode. Moreover, two oxida-

tion peaks at 1.83 and 2.04 V may originate from the

oxidation of Co and the de-insertion of Na to form CoS2,

respectively [29]. Figure 6a shows the CV curves for the

SnS2@CoS2–rGO composite. A broad reduction peak

ranging from 1.40 to 0.95 V is observed, which may be

related to the intercalation of sodium ions into the SnS2 and

CoS2 without phase decomposition for the first cycle, due

to the nature of the SnS2@CoS2–rGO composite. Another

evident reduction peak located at around 0.50 V may arise

from the conversion reaction to form metallic Sn and Na2S,

the alloying reaction to produce NaxSn, and the formation

of metallic Co. In addition, a reduction peak at 0.07 V

corresponds to sodium-ion storage on the rGO. A weak

oxidation peak at 1.25 V is observed, which is ascribed to

the dealloying reaction of NaxSn to form Sn. In addition, an

obvious oxidation peak at 1.86 results from the oxidation of

metallic Co [15]. Another oxidation peak at 2.16 V is

ascribed to oxidation of Sn and exclusion of Na? from the

NaxSnS2, associated with an oxidation peak at 1.63 V

related to the release of Na? from rGO. In the subsequent

cycles, the reduction peaks at 0.50 and 1.40–0.99 V shift

gradually to 0.70 and 1.46 V, and the corresponding oxi-

dation peaks also move, which is different from the first

cycle, in accordance with previously reported results

[15, 50]. Further, the CV curves from the second cycle to

the fifth cycle overlap well, suggesting excellent cycling

stability and reversibility of the SnS2@CoS2–rGO com-

posite in the sodium-storage process.

Figure 6b presents the galvanostatic charge/discharge

voltage profiles of the SnS2@CoS2–rGO composite elec-

trode at 200 mA g-1, which is consistent with the CV

results. The first discharge capacity was around

895.3 mAh g-1 below 1.5 V, and the corresponding first

charge capacity was approximately 652.8 mAh g-1 with
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two weak voltage plateaus at 0.9–1.3 and 1.6–1.8 V.

Therefore, the initial coulombic efficiency was approxi-

mately 72.9%. An initial irreversible capacity loss mainly

arises from the presence of SEI film [51], structural re-

arrangement of the electrode in the conversion process

[52], and electrolyte intercalation into the rGO [53].

Additionally, the second discharge and charge delivered

capacities were 611.6 and 600.2 mAh g-1, respectively,

while the third discharge and charge capacities were 595.4

and 578.2 mAh g-1, respectively. After 100 cycles, the

charge capacity remained at 514.0 mAh g-1 with a

coulombic efficiency of 99.5%. The trend of the discharge

and charge capacities in combination with corresponding

efficiency over 100 cycles at a current density of

200 mA g-1 is presented in Fig. 6c. As can be seen, the

SnS2@CoS2–rGO composite electrode possesses a steady

capacity of up to 514.0 mAh g-1 after 100 cycles. Addi-

tionally, the initial coulombic efficiencies of the SnS2–rGO

composite and CoS2–rGO composite are 47.5 and 62.2%,

respectively (Fig. S6c). In comparison with the low

reversible capacities of the SnS2–rGO composite

(340.5 mAh g-1) and CoS2–rGO composite

(180.5 mAh g-1) (Fig. 6c), the good sodium-storage per-

formance of the SnS2@CoS2–rGO composite shows that

the combination of CoS2 and SnS2 plays a synergistic

effect in creating a high-performance material for SIBs. In

contrast, pure rGO without SnS2 and CoS2 tested under the

same conditions presents a low capacity of 220 mAh g-1

after 100 cycles (Fig. S6d), thus revealing the prominent

contribution of SnS2 and CoS2 in the composite electrode.

Additionally, compared with previously reported tin sulfide

and cobalt sulfide-based anodes, the present material

manifests great competitiveness in SIB applications

(Table 1).

The SnS2@CoS2–rGO composite also displayed excel-

lent rate capability, as shown in Figs. S6d, S7a. As the

current density increases from 200 to 4000 mA g-1, the

discharge capacity slightly drops. When the current density

reached 200, 400, 500, 1000, 2000, and 4000 mA g-1, the

specific capacities were 588, 576, 552, 468, 396, and

330 mAh g-1, respectively, all of which were higher than

those of SnS2–rGO and CoS2–rGO composites. Even after

testing at 4000 mA g-1, a high reversible capacity similar

to the initial value could be achieved when returning the

current density to 200 mA g-1. At higher current densities

of 500 and 1000 mA g-1, the SnS2@CoS2–rGO composite

possesses reversible capacities of 405.8 and

309.8 mAh g-1 with only minor decay over 100 cycles,

respectively (Fig. 6e), indicating high rate capability and

good cycling stability for the SnS2@CoS2–rGO composite.

The improved Na-storage performance of the SnS2@CoS2–

rGO composite electrode can be attributed to two factors.

First, rGO not only improves electronic conductivity of the

composite but also accommodates the large volume vari-

ation during the charge/discharge process. Secondly, the

synergetic effect of SnS2 and CoS2 can offer an optimal

electrode/electrolyte interface [42].

In order to further reveal the transport kinetics for the

SnS2@CoS2–rGO composite, EIS spectra were carried out

and the corresponding data are shown in Fig. 6f after 100

cycles at discharged state. The impedance spectra consist

of a depressed semicircle in the high-frequency region

corresponding to the SEI resistance (Rf) and charge transfer

impedance (Rct) within the electrode/electrolyte interface,

accompanied by a sloping line in the low frequency region

associated with diffusion of Na? within the electrode [56].

By fitting the Nyquist plot of the impedance spectroscopy

using an equivalent circuit (inset of Fig. 6f), the value of

Rf ? Rct for the SnS2@CoS2–rGO composite (54.90 X)
was lower than those of the SnS2–rGO composite

(89.39 X) and CoS2–rGO composite (121.11 X) (Fig. 6f),
suggesting that electron transfer in the SnS2@CoS2–rGO

composite electrode is easier. Moreover, EIS spectra of the

SnS2@CoS2–rGO composite after various cycles at a cur-

rent density of 1000 mA g-1 are shown in Fig. S7b. It can

be seen that the semicircles in the high-frequency range

present no obvious change after the 1st, 10th, 30th, or

100th cycles, indicating that there is hardly any significant

Table 1 Comparison of the Na-storage performance of reported tin sulfide and cobalt sulfide-based materials

Materials First capacity loss

(mAh g-1)

Cycle

number

Current density

(mA g-1)

Mass loading

(mg cm-2)

Charge capacity

(mAh g-1)

References

SnS2@CoS2–rGO composite 242.5 100 200 1.2 514.0 This work

277.6 100 500 1.2 405.8

SnS2-NGS 313.9 100 200 1.6 ± 0.2 450 [25]

SnS2/C 440 100 50 600 [23]

Co3S4@PNAI nanotubes *178.8 100 200 1.75 252.5 [17]

NiS2@CoS2@C@C nanocubes 250 1000 600 [34]

CoS2/rGO composite 261 100 100 1–1.2 400 [54]

CoS2/carbon composite 623.5 120 100 610 [55]
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change of the charge transfer resistance of Na ions to and

from the electrodes. Therefore, the cycling performance of

the SnS2@CoS2–rGO composite electrode is good [57–59].

The influence of the amount of rGO on the sodium-

storage performance of the SnS2@CoS2–rGO composite

was also studied. As shown in Fig. S8a, the capacity of the

composite with 20 mg rGO gradually drops upon cycling

and stays at 345.8 mAh g-1 after 100 cycles, which

derives from insufficient rGO to buffer the volume change.

Additionally, when increasing the amount of rGO to

50 mg, the SnS2@CoS2–rGO composite possesses

stable cycling performance, but low specific capacity (only

419.7 mAh g-1 after 100 cycles). The excessive rGO could

act as a good buffer layer; however, its theoretical sodium-

storage capacity is low. As a result, the optimal rGO

content is of vital importance for the SnS2@CoS2–rGO

composite electrode; when the amount of rGO is 30 mg,

the sodium-storage performance should be best.

Samples with different ratios of Co to Sn were also

prepared by adjusting the molar ratio of CoCl2�6H2-

O:SnCl4�5H2O, and the corresponding sodium-storage

performance was shown in Fig. S8b. The capacity of the

composite with atomic ratios of Co: Sn of 1:4 and 1:2

gradually drop upon cycling and stay at 289.2 and

352.2 mAh g-1 after 100 cycles. When this ratio is chan-

ged to 2:1, 4:1, or 8:1, the SnS2@CoS2–rGO composite

possesses stable cycling performance, but somewhat low

specific capacity (only 489.4, 454.6, and 435.3 mAh g-1

after 100 cycles, respectively). As a result, when the atomic

ratio of Co:Sn was 1:1, the sodium-storage performance

was best.

The morphology and structure of the SnS2@CoS2–rGO

composite after the charge/discharge process are shown in

Fig. S9. Figure S9a, b indicates that the nanoparticles are

decorated on the rGO. There are two lattice fringes of

0.313 and 0.214 nm, attributed to the (100) and (102)

planes of SnS2 and a lattice spacing of 0.277 nm, ascribed

to the (200) plane of CoS2 (Fig. S9c). Lattice fringes of

SnS2 and CoS2 are also observed in Fig. S9d, which indi-

cates that the SnS2 and CoS2 can be regenerated after 100

cycles, which is the key factor for cycling stability of the

SnS2@CoS2–rGO composite [60].

4 Conclusions

In summary, a SnS2@CoS2–rGO composite was synthe-

sized by a facile hydrothermal strategy. The obtained

composite, assembled with SnS2 nanosheets and CoS2
nanoparticles along with rGO sheets with good contact

interface, possessed high specific capacity, excellent rate

capability, and good cycling stability (514.0 mAh g-1 at

200 mA g-1 after 100 cycles) as an anode material for

SIBs. The excellent performance of the SnS2@CoS2–rGO

composite can be ascribed to the rGO acting as a highly

conductive matrix and the combined effect of SnS2 and

CoS2, which are beneficial for mitigating the volume

change and offer fast electron transport due to good elec-

tronic contact. Consequently, the SnS2@CoS2–rGO com-

posite is a promising candidate for application in SIBs.
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