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Hierarchical Sh,S3/SnS,/C heterostructure with improved performance for

sodium-ion batteries
Rui Jia"? La Li%, Guozhen Shen?*" and Di Chen!”

ABSTRACT Metal sulfides are promising anode materials for
sodium-ion batteries (SIBs) because of their high theoretical
capacities. However, they are usually limited by their poor
cycling performance and rate properties due to their large
volume expansion and sluggish reaction kinetics. Herein,
Sb,S;/SnS,/C heterostructures were fabricated by directly
growing SnS, nanoplates on Sb,S; nanorods and then coating
their surface with a carbon layer. Sodium-ion diffusion in
several electrodes and different electrolytes was further eval-
uated to investigate the electrochemical performance of the
heterostructures. Results revealed that the heterostructures
greatly enhanced material stability and promoted ion and
electron transport. Consequently, the Sb,S;/SnS,/C compo-
sites displayed a high reversible capacity of 642 mAhg' ata
current density of 1 A g! after 600 cycles and a good rate
performance of 367.3 mA h g™' at 4 A g”! in a NaPFs-diglyme
electrolyte. Therefore, Sb,S;/SnS,/C heterostructures are pro-
mising anode materials for SIBs.

Keywords: Sb,S3/SnS,/C heterostructures, anode, electrolyte,
sodium-ion battery

INTRODUCTION

Energy storage plays an increasingly important role in our daily
life. At present, the main power units of portable electronics,
electric vehicles, and home appliances are lithium-ion batteries,
whose development is restricted by their high price and limited
resources [1-6]. As a substitute, sodium-ion batteries (SIBs) can
be used for energy storage and have attracted wide attention.
However, SIBs still face the problem of unsatisfactory electro-
chemical performance because of the large radius of sodium ion
[7-9]. Thus, more suitable electrode materials and systems
should be developed for high-performance energy storage
devices.

Previous studies extensively investigated various electrode
materials, including carbon materials, metal oxides, alloys, and
metal sulfides [10-15]. Among them, metal sulfides have been
profoundly explored because of their high theoretical capacity,
low cost, and variety. For instance, Sb,S; and SnS, have high
theoretical capacities of 946 and 1136 mA h g™!, respectively,
and they participate in conversion and alloying reactions
[16,17]. However, the sluggish reaction kinetics of Na* in bulk
SnS; and Sb,S; limit the rate of sodiation/desodiation, resulting
in a low power density. Additionally, the large volume expansion

during sodium-ion insertion/extraction can cause serious
damage to electrodes and yield a poor electrochemical cycling
performance. As such, efforts have been devoted to improving
the electrochemical properties of devices by preparing special
micro/nanostructures and introducing carbon materials [18-23].
Furthermore, constructing metallic sulfide-based hetero-
structures can effectively relieve internal pressure and maintain
structural integrity during ion intercalation/de-intercalation.
Introducing carbon layers helps enhance the electrical con-
ductivity and buffer volume expansion of electrode materials.
For example, Xu and co-workers [22] synthesized a Sb,S;/MoS;
heterostructure as an anode material for SIBs. They obtained an
initial reversible capacity of 701 mA h g™! at a current density of
100 mA g™*. Yin’s group [23] fabricated a ZnS-Sb,S;@C core-
double shell polyhedron structure from a metal-organic frame-
work. This composite serves as anode materials in SIBs and
demonstrates a reversible capacity of 630 mAhg™' at
100 mA g™' after 120 cycles. Consequently, the heterogeneous
interface between the two different metal sulfides may generate
an internal electric field and provide special channels; thus, the
electrochemical performance and structural stability of compo-
sites improve. Moreover, Ding’s group [19] fabricated a three-
dimensional SnS, flower/carbon nanotube network that yields a
reversible capacity of 460 mA h g~! at 20 mA g™'. Ji’s group [18]
reported that one-dimensional Sb,S;@C rod-based SIBs have a
high capacity of 699.1 mA h g™ after 100 cycles at a current
density of 100 mA g~', because of the introduced carbon layer
relieving the change in volume.

Electrolytes also play a crucial role in batteries with a stable
voltage window and superior electrochemical performance.
Many researchers found that the capacity and cycling stability of
electrodes in ether-based electrolytes can be improved compared
with those in carbonate-based electrolytes [24-27]. Using ether-
based electrolytes can induce a thinner and more stable solid
electrolyte interphase (SEI) film on the electrode surfaces than
using carbonate-based electrolytes because of the lower reduc-
tion voltage of ether-based solvents [24]. Thus, choosing the
appropriate electrolyte with a stable working voltage is essential
for high-performance battery systems.

In this work, hierarchical metallic sulfides of Sb,S;/SnS,/C
composites were prepared and used as anodes for SIBs. Different
electrolytes were utilized to investigate their effects on the Na-
storage performance of electrodes based on Sb,S;/SnS,/C com-
posites. The optimized system of Sb,S;/SnS,/C electrode in a
NaPFe-diglyme electrolyte was used for the following in-depth
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measurements. Our results revealed that the system delivered a
high reversible capacity of 642 mAhg™ after 600 cycles at
1Ag" and a good rate performance of 3673 mAhg™ at
4 A g7*. With superior electrochemical performance, the system
of the Sb,S;/SnS,/C heterojunction in the NaPF¢-diglyme elec-
trolyte can be considered a promising candidate for practical
application in SIBs.

EXPERIMENTAL SECTION
Material synthesis

Preparation of Sb,S; nanorods

In this work, synthesis was performed in accordance with a
previously described method with some modifications [28].
First, 0.596 g of Sb(CH3COO); was dissolved in a mixed solution
containing 16 mL of ethanol and 6 mL of glycerol and con-
tinuously stirred for 30 min. Then, 0.3 g of thioacetamide (TAA)
was added to the above solution under vigorous stirring for
another 30 min. The obtained solution was transferred into a
40-mL Teflon autoclave, which was heated to 180°C for 10 h.
After being cooled to room temperature, a black product was
collected, washed with deionized (DI) water and ethanol several
times, and dried in a vacuum oven at 80°C for 12 h.

Preparation of Sb,S3/SnS, dendritic heterostructures

SnS, was prepared in accordance with a previously described
procedure [29]. In brief, 0.03 g of the as-prepared Sb,S; pre-
cursor and 0.5 g of cetyltrimethylammonium bromide (CTAB)
were dispersed in 30 mL of isopropanol under ultrasonic treat-
ment for 1h. In the following step, 0.2 g of SnCl,-5H,O was
added to the solution and stirred for 30 min. Then, 0.25 g of
TAA was placed in the well-dispersed solution. After being
stirred evenly, the mixed solution was poured into a 40-mL
Teflon autoclave and reacted at 180°C for 6 h. After the reaction
was complete, the product was collected and rinsed with DI
water and ethanol thrice. The sample was dried in a vacuum
oven at 80°C for 12 h.

Fabrication of the Sb,S3/SnS,/C composites

Carbon coating was conducted in a manner similar to a previous
report [30]. First, 0.03 g of polyvinylidene fluoride (PVDF) was
dissolved in 20 mL of N-methyl-2-pyrrrolidinone (NMP) to
form a homogeneous solution. Then, 0.1 g of the Sb,S3/SnS,
dendritic heterostructure was added to the solution and stirred
for 4 h. Subsequently, 20 mL of DI water was injected into the
obtained solution with continuous stirring for 1 h. The sample
was centrifuged, dried, and calcined at 400°C for 2 h to obtain
the Sb,S5/SnS,/C composites. For comparison, Sb,S;/C and SnS,/
C compounds were also fabricated using the same procedure.

Characterizations

Crystal texture was examined through X-ray diffraction (XRD)
measurement by using a Bruker D8 Advance X-ray dif-
fractometer with radiation from a Cu target (Ka, A =
0.15406 nm). The morphological characteristics of the samples
were explored under a scanning electron microscope (SEM;
Zeiss Supra 55) and a transmission electron microscope (TEM;
JEOLJEM-2100HT). The chemical constituents of the products
were probed with an X-ray photoelectron spectroscopy (XPS)
system (Escalab 250-Xi). Thermogravimetric analysis (TGA;
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NETZSCH STA 449 F3/F5) was performed under the following
conditions: temperature range of 25-800°C and a heating rate of
10°C min~! in air.

Electrochemical measurements

The Sb,S;/C, SnS,/C, and Sb,S;/SnS,/C composite electrodes
were first prepared by mixing the samples with carbon black and
PVDF binder at a weight ratio of 7:2:1 in NMP solvent to fab-
ricate SIBs. Next, the slurries were coated on copper foils and
then dried in a vacuum oven at 80°C for 12 h. The mass loading
of the materials on the substrate was about 1 mg cm™. A glass
fiber GF/D membrane was used as a separator. Several drops of
nanodiamond dispersion with a mass content of 5% were added
to modify the GF/D membrane and further dried in a vacuum
oven at 60°C for 12 h to improve the electrochemical perfor-
mance of SIBs. The electrochemical properties of the Sb,S;/C,
SnS,/C, and Sb,S;/SnS,/C electrodes were measured in CR2032
half cells with Na chips in the potential range of 0.01-3.0 V.
Then, 1 mol L™! NaPF in diglyme solvent and 1 mol L' NaPF;
in ethylene carbonate (EC):dimethyl carbonate (DMC; 1:1 in
volume) with 5% fluoroethylene carbonate (FEC) were used as
electrolytes. A multichannel battery testing system (Land-
CT2001A) was applied to measure galvanostatic charge-dis-
charge (GCD) curves, and a CHI760 electrochemical work-
station was employed to test the cyclic voltammetry (CV) curves
of the batteries. The electrochemical impedance spectroscopy
(EIS) plot in the frequency range of 0.01-10° Hz was recorded,
and the galvanostatic intermittent titration technique (GITT)
was used on an AutoLab (PGSTAT302N) electrochemical ana-
lyzer. In GITT, a cell was discharged under a current density of
0.05 A g™! for 5 min and allowed to rest in the voltage range of
0.01-3.0 V for 20 min. A full cell was fabricated using NASI-
CON-type Na;V(PO;);N coated on Al foil as a cathode. The
mass ratio of the anode and the cathode was around 1:8. Fur-
thermore, 1 mol L™! NaPFs in diglyme solvent and the same
separator were used in the full cell. Before the full cell was
assembled, the anode was activated in a half cell for three cycles
at 0.1 A g™'. The charge-discharge curves and cycling stability of
the full cell were examined at the potential of 1-4 V.

RESULTS AND DISCUSSION

The morphological characteristics and microstructures of Sb,Ss,
SnS,, and Sb,S5/SnS; heterojunction were observed through SEM
and TEM, respectively. Fig. la shows the SEM image of the
hydrothermally produced Sb,S; nanorods with a diameter of
around 100 nm. Numerous SnS, nanoplates were assembled to
form flower-like structures with a diameter of 3-5 pm (Fig. Sla).
Interestingly, the SnS, nanoplates could be grown on the Sb,S3
nanorod in situ by embellishing the Sb,S; precursor with CTAB.
Clearly, as an ionic surfactant, CTAB can effectively reduce the
surface tension and needs less energy to form new phases. It can
also act as a carrier of growth units and influence the growth
orientation of materials through its electrostatic and stereo-
chemical effects [31]. In Fig. 1b, dendritic Sb,S;/SnS, hetero-
structures with a diameter of ~1 um were obtained. After these
heterostructures were further coated with the carbon layer, their
morphological characteristics slightly changed (Fig. S1b). Fig. 1c
illustrates the magnified SEM image of the Sb,S;/SnS,/C mate-
rials and the nanosheets attached to the nanorod. By compar-
ison, the mixtures of dispersed nanorods and nanoplate-based
flower-like structures, not the dendritic heterostructures, were
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Figure 1

SEM images of (a) Sb,S;, (b) Sb,S3/SnS,, and (c) Sb,S5/SnS,/C. (d) XRD patterns of Sb,Ss, SnS,, and Sb,S5/SnS,. (e, f) TEM and HRTEM images of

Sb,S3/SnS,/C. (g-k) High-angle annular dark field (HAADF)-HRTEM image of Sb,S3/SnS,/C and the corresponding energy dispersive X-ray spectroscopy

(EDS) mappings of C, Sb, Sn, and S.

prepared in the absence of CTAB (Fig. S2).

Fig. 1d presents the XRD patterns of the fabricated Sb,Ss, SnS,,
and Sb,S5/SnS, materials. All of the diffractions of Sb,S; and SnS,
samples were consistent with the standard cards of JCPDS 42-
1393 and JCPDS 23-0677, respectively [18,20]. Simultaneously,
the XRD results of Sb,S;/SnS, and Sb,S3/SnS,/C (Fig. S3) had
similar diffraction peaks to those of pure Sb,S; and exhibited
other strong peaks belonging to SnS,; therefore, Sb,S; and SnS,
were present in the heterostructure samples [16]. Fig. le depicts
the TEM image of the Sb,S;/SnS,/C heterostructures. The black
bar denotes Sb,Ss, and the translucent plates correspond to SnS,.
The selected area electron diffraction (SAED) and high-resolu-
tion TEM (HRTEM) images in Fig. S4a reveal that the Sb,S;
nanorods were monocrystalline materials with clear lattice fin-
gers of 0.566 and 0.398 nm corresponding to the (020) and (220)
crystal faces. The SAED in the inset of Fig. S4b also illustrates
the polycrystalline structure of the SnS, nanoplate. The HRTEM
image in Fig. S4b presents the interplanar distances of 0.320,
0.210, and 0.295 nm, which could be indexed to (100), (102), and
(002) lattice planes of SnS,. Fig. 1f shows the magnified blue
marked area in Fig. 1e, where the crystal faces of (100) and (103)
of SnS, and the (220) of Sb,S; existed. This finding demonstrates
that the Sb,S3/SnS, heterostructure is formed in the interface.
Furthermore, the element distributions of the Sb,S;/SnS,/C
heterostructure were measured (Fig. 1g-k), and the results
showed that C, Sb, Sn, and S were distributed homogeneously in
the sample.

The surface chemical compositions of Sb,S;/SnS,/C were
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examined through XPS. Fig. 2a presents the overall XPS spec-
trum of the fabricated Sb,S;/SnS,/C with the signals of C, Sb, Sn,
and S, signifying the formation of the Sb,S3/SnS,/C composite.
High-resolution XPS spectra were obtained to further test the
valence states of the elements. The C 1s spectrum in Fig. 2b was
fitted into three peaks at 284.6, 285.1, and 289.1 eV, which
belong to C-C, C-S, and C=O0, respectively [32]. Fig. 2c shows
the Sn 3d spectrum with peaks at around 487.0 and 495.4 eV
corresponding to Sn 3ds;; and Sn 3ds,, respectively. The peaks of
the Sb 3d spectrum in Fig. 2d centered at 529.9 and 539.3 eV are
correlated with Sb 3ds, and Sb 3ds;, respectively [33]. The
binding energy at 532.4 eV belongs to the O 1s peak, repre-
senting surface hydroxyl groups [28]. As shown in Fig. 2e, the
S 2p spectrum exhibits the peaks at 161.9 and 163.1 eV, which
respond to S$*~ in S-Sb/S-Sn, respectively. Besides, the peak at
164.9 eV likely corresponds to the covalent bond with carbon
[23]. According to the peak areas, the calculated atomic ratios of
Sb and Sn were 23 and 77 at%, respectively. The TGA result in
Fig. 2f indicates that the contents of C, Sb,Ss;, and SnS, were
9.9%, 19.6%, and 70.5%, respectively.

CR2032 coin cells were assembled by using the Sb,S;/SnS,/C
heterostructure, Sb,S;/C, SnS,/C, and the samples prepared
without CTAB as working electrodes and Na chip as a reference
electrode to investigate the sodium-ion storage performance of
the as-prepared samples. The SIBs with NaPFs-diglyme and
NaPFs-EC/DMC electrolytes were used to compare the electro-
chemical performance. The CV curves of the electrodes in
1 mol L™! NaPF¢-diglyme electrolyte (Fig. 3a and Fig. S5) were
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Figure 2 (a) XPS spectrum of Sb,S;/SnS,/C. (b—e) High-resolution XPS spectra of C 1s, Sn 3d, Sb 3d, and S 2p. (f) TGA curve of Sb,S;/SnS,/C.

tested in the potential range of 0.01-3.0 V at a scan rate of
1 mVs™. The capacitance of Sb,S:/SnS,/C (1453 Fg™},
1090 mA h g™') in the NaPFs-diglyme electrolyte calculated from
the CV curve was higher than those of Sb,S;/C (726 F g7},
545mAhg™), SnS,/C (953Fg™', 715mAhg™), and their
mixture (676 F g™}, 507 mA h g™!). Similarly, Fig. 3b shows that
the capacitance of Sb,S;/SnS,/C in the NaPF¢-EC/DMC elec-
trolyte was 531 Fg™' (398 mA h g™!), which was superior to
those of Sb,S;/C (173 Fg™, 130 mA h g™!), SnS,/C (174 F g7},
131mAhg™), and their mixture (125F g™, 94mAhg™).
Thus, the system of Sb,S3/SnS,/C heterojunction composites in
the NaPFe-diglyme electrolyte was chosen for the following in-
depth measurements. According to previous reports, a nano-
diamond is characterized by a large specific surface area and
chemical inertness; as such, ions can easily adsorb on its surface
and form a stable SEI film, thus reducing the occurrence of side
reactions [34-37]. Here, the nanodiamond dispersion with a
mass content of 5% was used to modify the separator, which not
only helped increase the amount of electrolyte adsorbed but also
maintained the integrity of the separator. Fig. S6 shows the
results of the CV tests of the half cells using the Sb,S;/SnS,/C
electrode in the NaPF¢-diglyme electrolyte with/without nano-
diamond-modified separators. After calculation, the capacitance
of the battery with the nanodiamond-modified separator
(1453 F g™, 1090 mA hg™) was higher than that without
modification (1033 F g}, 775 mA h g™"). Therefore, the embel-
lishment with nanodiamonds helps improve the electrochemical
performance.

A series of comparative tests were carried out to examine the
Na-storage performance of the electrode based on Sb,S;/SnS,/C
composites in different electrolytes. Fig. 4a shows the CV curves
of the Sb,S;/SnS,/C electrode in two kinds of electrolytes at a
sweep rate of 1 mV s~ with the potential range of 0.01-3.0 V.
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The integral area of the Sb,S;/SnS,/C electrode in the NaPFg-
diglyme electrolyte was larger than that in the NaPFs-EC/DMC
electrolyte (Fig. 3). This result implies that using ether-based
electrolytes could help enhance electrochemical performance.
Fig. S7 illustrates the GCD profiles of the Sb,S3/SnS,/C electrode
for the first two cycles at 1 A g™! in the two kinds of electrolytes.
Based on the profiles, the histogram of the charging and dis-
charging capacities is ploted (Fig. 4b). The initial discharging
and charging capacities of the Sb,S;/SnS,/C electrode in the
NaPF;-diglyme electrolyte were 924.3 and 540.7 mA h g™' with a
Coulombic efficiency of 58%, respectively. In the second cycle, a
Coulombic efficiency of 83.7% could be recovered. By compar-
ison, the original discharging and charging capacities of the
Sb,S5/SnS,/C electrode in the NaPFs-EC/DMC electrolyte were
lower, i.e., 529.2 and 222.1 mA hg™!, with a Coulombic effi-
ciency of 41.9%. The Coulombic efficiency of the second cycle
was restored to 61.7%. Consequently, the irreversible capacity
loss in the NaPFs-EC/DMC electrolyte was higher than that in
the diglyme solvent. Fig. 4c displays the EIS of the devices in
different solvents with frequencies of 10° to 0.01 Hz. The charge
transfer resistance of the Sb,S;/SnS,/C electrode in the NaPF-
EC/DMC electrolyte (632 Q) was larger than that in the NaPF¢-
diglyme electrolyte (101 Q). According to the report, the
reduction voltage of the EC/DMC solvent is higher than that of
the diglyme solvent, and the former is more easily reduced on
the surface of the electrode than the latter [24]. Hence, elec-
trolyte decomposition can lead to SEI film formation, causing
the charge transfer resistance to increase. Fig. S8 presents the
corresponding equivalent circuit diagram of the fabricated bat-
teries, where R, represents the ohmic electrolyte resistance, R,
denotes the charge transfer resistance, CPE expresses constant
phase elements, and W depicts the ion-diffusion resistance [38].
Additionally, the GITT measurement within the potential range
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Figure 4 Comparison of the electrochemical properties of the Sb,S3/SnS,/C electrode in NaPF¢-diglyme and NaPFs-EC/DMC electrolytes. (a) CV curves at a
sweep rate of 1 mV s™'. (b) Histogram of the charging/discharging capacities of the first two cycles at a current density of 1 A g™'. (c) Magnified Nyquist plots.
Inset is the Nyquist impedance plot of the devices in different electrolytes. (d) Discharging curves of the GITT profiles. (e) Detailed change in the potential of
the Sb,S5/SnS,/C electrode in NaPFe-diglyme electrolyte during a single step of pulse and relaxation. (f) Diffusion coefficients of Na* during the discharging
process. (g) Charge-discharge curves of symmetrical Na//Na cells with two different electrolytes at 0.3 mA cm™.

of 0.01-3.0V was conducted to investigate the sodium-ion 5 min and subjected to relaxation for 20 min to achieve a steady-
storage kinetics in the two kinds of electrolytes (Fig. 4d). In the  state potential (Fig. 4e and Fig. S9) according to the calculation
single-step GITT test, the cell was discharged at 0.05 A g™! for  formula [33]:
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where mg, Vi, and Mg are the mass, molar volume, and molar
weight of the active materials, respectively; 7 is the pulse time; S
is the surface area of electrodes; AE, and AE; are the potential
drops between two adjacent steady states and the voltage change
after subtracting the IR drop in a single titration. Dy,+ of the
Sb,S5/SnS,/C electrode in the NaPF¢-diglyme electrolyte was in
the range of 4.3 x 107! t0 9.5 x 107! cm? s™* (Fig. 4f), which was
higher than that in the NaPFs-EC/DMC electrolyte (5.1 x 107
to 1.6 x 107" cm?s™), because ether-based electrolytes can
effectively accelerate sodium-ion diffusion and electron trans-
port [39]. Furthermore, the long-term cycling stability and
compatibility of the two kinds of electrolytes with Na metal were
explored in symmetrical Na//Na cells. Fig. 4g shows the charging
and discharging curves of the devices at the current density of
0.3 mA cm™. In comparison with Na/NaPF¢-(EC/DMC)/Na, the
voltage of the Na/NaPF-Diglyme/Na device appeared relatively
stable at 25 mV for 1500 h; as such, it contributed to the
increased ionic conductivity and electrochemical stability of the
NaPFg-diglyme electrolyte [40]. Therefore, the NaPF;-diglyme
electrolyte system can be used to improve the electrochemical
performance of the Sb,S;/SnS,/C electrode effectively.

The electrochemical properties of Sb,S3/C, SnS,/C, and Sb,Ss/
SnS,/C electrode materials in the NaPFs-diglyme electrolyte were
tested to further illustrate the advantages of the Sb,S;/SnS,/C
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heterojunction material for Na-ion storage. Fig. 5a shows the
charging and discharging capacities of Sb,S;/C, SnS,/C, and
Sb,S5/SnS,/C electrodes at 1 A g™' for the first two cycles. The
maximum discharging and charging capacities of the Sb,S5/SnS,/
C electrode were 924.3 and 540.7 mA h g™! with the first Cou-
lombic efficiency of 58%, respectively. In the second cycle, the
Coulombic efficiency could be recovered to 83.7%. By contrast,
the original discharging/charging capacities of the Sb,S;/C and
SnS,/C electrodes in the same ether-based electrolyte were 943.1/
360.9 and 806.3/218.4 mA h g™!, respectively, and their initial
Coulombic efficiencies were 38.3% and 27.1%, respectively. In
the second cycle, the Coulombic efficiencies returned to 43.1%
and 76.3%, respectively. Thus, the capacity retention of the
Sb,S5/SnS,/C heterostructure material is much higher than those
of Sb,S;/C and SnS,/C. Fig. 5b shows the Nyquist plots of the
Sb,S5/C, SnS,/C, and Sb,Si/SnS,/C electrodes. The charge
transfer resistance of Sb,S;/SnS,/C (101 Q) was lower than those
of the Sb,S5/C (196 Q) and SnS,/C electrodes (185 ), because of
the heterogeneous structure, which facilitates the charge transfer
and ion diffusion [21]. Dyg+ of Sb,S3/SnS,/C (4.3 x 10711-9.5 x
107 cm? s7') was much higher than those of Sb,S;/C (1.0 x
107-4.7 x 107%cm?s™!) and SnS,/C (4.5 x 107*-5.1 x
107 cm?s7!) electrodes in the NaPFe-diglyme electrolyte
(Fig. 5c). Therefore, heterogeneous structures contribute to the
ionic diffusion.

The long-term cycling stability of the Sb,S;/C, SnS,/C, and
Sb,S5/SnS,/C electrodes was examined at the current density of
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Figure 5 Comparison of the electrochemical performance of Sb,S3/C, SnS,/C, and Sb,S5/SnS,/C electrodes in the NaPF¢-diglyme electrolyte. (a) Charge and
discharge capacities in the first two cycles at a current density of 1 A g™'. (b) Nyquist plots. (c) Diffusion coefficients of Na* during the discharging process.

(d) Cycling stability at a current density of 1 A g™\

1448

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

June 2022 | Vol.65 No.6



SCIENCE CHINA Materials

ARTICLES

1 A g™ (Fig. 5d). The capacity of the Sb,S;/SnS,/C electrode
decreased in the first 10 cycles. In the next 300 cycles, the
capacity increased until it reached 920 mA h g™". In the follow-
ing cycles, the electrochemical performance gradually decreased,
and the final reversible capacity was 642 mA h g™! at the 600th
cycle. Therefore, the electrochemical performance and lifespan
improved compared with those of previous results [17,20]. This
remarkable fluctuation could be attributed to the insufficient
active surface area in a pristine state. As the reaction proceeded,
more electrolytes on the surface penetrated the materials, and
more active materials participated in electrochemical reactions;
consequently, capacity rapidly increased. In addition, sulfides
tended to expand during electrochemical reactions. The
decreased capacity is possibly caused by the structural pulver-
ization and incomplete conversion during the cycling process
[41,42]. A roughly similar trend was observed in the Sb,S;/C
electrode, whose capacity gradually decreased in the first 100
cycles, increased in the next 250 cycles, and finally decreased to
196 mAhg™'. For the SnS,/C electrode, the capacity was
severely reduced to 100 mA h g™* after 20 cycles. Therefore, the
electrochemical performance of the Sb,S;/SnS,/C electrode
material is relatively better than that of the other electrodes.
Transition metal composites usually experience an increase in
capacity during cycles because of the activation of electrode
materials and the reversible formation of organic polymers
through electrolyte degradation [25,43-46].

The sodium-ion storage behavior of the Sb,S;/SnS,/C mate-
rials in the NaPFs-diglyme electrolyte was further investigated.
Fig. 6a shows the CV curves of the half cell for the first three
cycles at a scan rate of 1 mV s\ During the first cathodic
process, the sharp peaks at about 1.72 and 1.45 V correspond to
Na* intercalation in SnS, layers to form NaSnS, [16,20,33,47,48]:
SnS; + Na* + e~ — NaSnS,.

The broad reduction peak ranging from 1.3 to 0.86V is

attributed to the overlapping conversion reactions of Sb,S; and
Sn$; [17-20,22,23,33,49]:

Sb,S; + 6Na* + 6e~ — 2Sb + 3Na,S,

NaSnS, + 3Na* + 3¢~ — Sn + 2Na,S.

Another long slope from 0.65 and 0.3 V is ascribed to the
alloying reactions of Sb and Sn [16-18,20,48-50]. Besides, an
irreversible SEI layer is formed in this region [17,18]:
2Sb + 6Na* + 6e~ — 2Na;Sb,

Sn + 3.75Na* + 3.75¢” — Naj55n.

In the anodic scan, the oxidation peaks at 0.3 and 0.76 V are
related to the desodiation of Na;;sSn and NasSb, respectively
[17,18,20,23,48,49]. The broad anodic peak centered at 1.4V is
attributed to the reformation of Sb,S; and NaSnS,. An indistinct
peak concentrated at 2.2V is assigned to the sodium-ion
extracted from NaSnS; [48]. In the subsequent cycles, the loca-
tion of the peaks slightly changed, possibly because of the SEI
film formation with irreversible side reactions [18]. Fig. 6b
displays the GCD curves of the 1st, 2nd, 3rd, 100th, 200th, and
300th cycles at 1 A g™%. In the first few anodic cycles, the acti-
vation barrier for desodiation was high. As the materials
expanded in volume and the particles size became smaller in the
subsequent cycles, the kinetic barrier decreased, indicating that
the reaction kinetics accelerated. Therefore, the initial anodic
reaction platform decreased below 2.0 V in the 100th, 200th, and
300th cycles [51,52].

The first discharging and charging capacities of the Sb,S;/
SnS,/C electrode were 924.3 and 540.7 mA h g™', respectively.
Simultaneously, the discharging capacities of the 100th, 200th,
and 300th cycles (680, 814.3, and 882.1 mA h g™', respectively)
were much higher than those of the 2nd and 3rd cycles (535 and
465.7 mA h g7!, respectively), which were consistent with the
results shown in Fig. 5d. Fig. 6¢ illustrates the rate property of
Sb,S3/SnS,/C in the NaPFg-diglyme electrolyte with current
densities of 0.1-4.0 A g™'. The average capacities of 929.8, 684.9,
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Figure 6 Sodium-ion storage performance of the Sb,Ss/SnS,/C electrode in the NaPFs-diglyme electrolyte. (a) CV curves of the first three cycles at a sweep

rate of 1 mV s™!
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contributions at different scan rates of 1-5 mV s™.
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641.9, 555.8, 469.1, and 367.3 mA h g™! at 0.1, 0.3, 0.5, 1.0, 2.0,
and 4.0 A g™' were achieved, respectively. When the current
density was returned to 0.3 A g™', an improved specific capacity
of 800.2 mA h g™ could be obtained because of the activation
process, demonstrating the decent rate performance of the Sb,S;/
SnS,/C materials. In addition, the CV curves at various scan
rates of 1-5mV s™! were obtained to reveal the possible reason
for superior rate properties (Fig. 6d). Because Sb,S; and SnS, are
pseudocapacitance materials, the electrochemical capacity gen-
erally included the diffusion-controlled value and the surface
capacitive contribution according to the following computa-
tional formula:

i=a,

where a and b are two adjustable parameters, i is the current
(A g™"), and v is the scan rate (mV s™') [53]. Specifically, the b-
values of 0.5 and 1 illustrate that the charge storage is dominated
by the diffusion-controlled process and surface capacitive con-
tribution, respectively. In Fig. 6e, the b-value of the anodic peak
was 0.6, suggesting that the capacitive contribution and diffu-
sion-controlled process coexisted. Moreover, the surface capa-
citive contribution can be inferred by the following formula [54]:
i= k1V + kzvl/z,

where k;v and k,v'"? are the values of the surface capacitive and
diffusion-controlled contributions at the given specific voltage,
respectively. Thus, the capacitive contribution profile of the
Sb,S5/SnS,/C electrode was 43.2% at the scan rate of 1 mV s
(Fig. S10). Encouragingly, the surface capacitive contribution
improved as the scan rate increased (Fig. 6f), which could reach
84.8% at 5mV s™'. The high proportion of capacitive con-
tribution could help enhance the rate performance of electrode
materials. In addition, a Na-ion full cell was assembled by
pairing with a Na;V(POs);N cathode [55]. Fig. S11 shows the
electrochemical performance of the full cell. A typical discharge
curve of the Na-ion full cell displays a specific capacity of
348 mA h g7'at 0.1 A g™* under the potential of 1-4 V (based on
the weight of the anode). Moreover, a good capacity retention of
81% was retained after 40 cycles at 0.1 A g™'. Simultaneously, the
energy and power densities of the full cell were calculated using
the formulas described in previous reports [56]. The maximum
energy density was 120 W hkg™ based on the total mass of
anode and cathode materials.

CONCLUSION

In summary, a one-dimensional Sb,S;/SnS,/C heterostructure
was successfully prepared by directly growing SnS, nanoplates
on Sb,S; nanorods and then coating their surface with a carbon
layer. The electrochemical performance of the obtained hetero-
structure is superior to that of individual Sb,S;/C and SnS,/C
electrodes. The sodium-ion storage property improves because
(i) the Sb,S;/SnS,/C composites with a special heterogeneous
structure could induce an electric field within the nanocrystals,
consequently decreasing their ion-diffusion resistance and pro-
moting ion and electron transport. (ii) The carbon coating not
only enhances electrical conductivity but also alleviates volume
expansion in the sodiation/desodiation process. (iii) The ether-
based electrolyte with lower reduction voltage can facilitate the
formation of a thinner and more stable SEI film on the electrode
surface than that in a carbonate-based electrolyte. Consequently,
the charge transfer resistance decreases. Thus, the following
electrochemical properties of the Sb,S;/SnS,/C electrode are
obtained: a reversible capacity of 642 mAh g™ at 1 A g™* after
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600 times cycles and a good rate performance of 367.3 mA h g™*
at an increased current density of 4 A g~'. Indeed, Sb,S:/SnS,/C
heterostructures are competitive anode materials for SIBs.
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Sb,S3/SnS/C G 4 FHH T R P REAN S T~ it
R SR LB AT,

HE SRmemAERENEICA L, T R R0
AR ST, SR AT B 27 S R 3 e A AR R TR AT S 31 7
GG YA SO IR 5 R R 22 AR SCHE I AESb, S 4ok |
BRSNS 0K Fr I A HAR T E— S B BEMR L, % 1 SbaSs/SnS,/C
FPREE . X R B R T AR IR E I, FRIREE T TR
HFRyis. BTocas R, e/ i e/ — & — R — Rk AR Tk
R MR ERG00V G, SbaSs/SnS,/CHE 4 HM b R HE R 2 Ny
LA g IR 642 mA h g 'O A, JFHAE4 A g7 IR
367.3 mA h g ' RIFRUAERAERE. MO, N T WRTEIZ AR FEAL
E, A TARRE— ARV T 0 8 FAE TURIAS [ 1) PO AR R AT AR B o
PHOIHRE. Z5 LFTIE, SbaSsy/SnSy/ CH LM LA BN —F AT
7 P 55 ) 67 B L it SR
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