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fied natural stibnite mineral as
a high-performance anode material for sodium-ion
storage

Hongliang Li, a Mingxiang Deng,*b Hongshuai Hou *a and Xiaobo Ji a

Recently, Sb2S3 has drawn extensive interest in the energy storage domain due to its high theoretical

capacity of 946 mA h g�1. However, the inherent disadvantages of serious volume expansion and poor

conductivity restrict the development of Sb2S3 for its application in SIBs. In addition, chemical synthesis

is a main method to prepare Sb2S3, which is commonly accompanied by environmental pollution and

excessive energy consumption. Herein, the natural stibnite mineral was directly applied in SIBs after

modification with graphite via an effective and facile approach. The novel composites exhibited excellent

electrochemical properties with higher reversible capacity, better rate capability and more outstanding

cycling stability than the bare natural stibnite mineral. Briefly, this study is anticipated to provide

a reference for the development of natural minerals as first-hand materials in energy storage and a new

approach to improve natural stibnite mineral composites for their application as anodes in SIBs.
1. Introduction

With the rapid growth of large-scale energy storage and electric
vehicle market, the demand for rechargeable lithium-ion
batteries (LIBs) is also continuously increasing. However,
some barriers, including the limited and uneven distribution of
lithium resources in the world, strictly hamper the further
development of LIBs;1 in this regard, sodium-ion batteries (SIB)
can be an effective supplementary artice for LIBs in the large-
scale energy storage domain owing to abundant sodium
resources with even global distribution and similar electro-
chemical energy storage principles of SIBs to LIBs.2,3 However,
the larger radius of sodium ions (0.102 nm) and the higher
energy cost for the formation of graphite intercalation
compounds as compared to the case of commercial graphite
anode materials in LIBs hinder the application of SIBs. Some
amorphous carbon materials, such as porous carbons, carbon
tubes, carbon nanosheets, and doped carbons, have been
conrmed to possess good sodium storage performances.4–8

Since the standard electrode potential of Na/Na+ (�2.71 V vs.
SHE) is higher than that of Li/Li+ (�3.04 V vs. SHE) and the
specic capacities of most carbon anode materials are less than
400 mA h g�1, these factors would limit the energy density of
SIBs. Hence, it is signicant to develop and design new mate-
rials with high capacity and long cycle life for SIBs.
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Sb2S3 has gained widespread attention as an anode material
for SIBs because of its high theoretical capacity of 946 mA h g�1

based on both the conversion reaction: Sb2S3 + 6Na+ +6e� /

2Sb + 3Na2S, and the alloying reaction: 2Sb + 6Na+ + 6e� /

2Na3Sb, corresponding to twelve moles of sodium ions and
electrons stored in one mole of Sb2S3.9,10 However, similar to the
case of other suldes, the serious volume change during the
electrochemical reaction process would lead to poor revers-
ibility and cycling performance. Moreover, because of a huge
band gap energy (1.72 eV), Sb2S3 exhibits poor conductivity at
room temperature (10�8 to 10�9 S cm�1).11 To address these
issues, some methods have been applied that can be summa-
rized as follows: (1) the design of a unique morphology or
porous materials, such as bundle-like Sb2S3 (ref. 12) and ower-
like Sb2S3,13 to alleviate the volume changes and (2) combining
Sb2S3 with carbon materials or other conductive materials
(graphite,9 graphene,14 polypyrrole,10 and carbon ber15).

As is known, the Sb2S3 compound is generally prepared by
chemical synthesis methods such as hydrothermal reaction,16

solvothermal reaction,17 and vacuum thermal evaporation.18

The abovementioned methods have several or fewer problems:
complicated procedures, more by-products, low yield and
others. Furthermore, the Sb element in reaction agents (SbCl3,
Sb(NO3)3, and SbF3) that are the main components in the
preparation of Sb2S3 is obtained from stibnite or other anti-
mony minerals via different extraction techniques; the tradi-
tional and common extraction approaches of the mineral
include electrolysis in an alkaline or strong acid solution,
multiple volatilization, smelting and roasting reduction
method, which cause high pollution, high time and energy
consumption, and the generation of more hazardous waste.
RSC Adv., 2019, 9, 28953–28960 | 28953
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Therefore, stibnite or other antimony minerals are directly
utilized as active materials in electrodes, which can effectively
avoid the middle steps of Sb extraction as well as the synthesis
of Sb2S3 that meet the environmentally friendly concept. Stib-
nite is a primary Sb2S3 mineral and belongs to the ortho-
rhombic system (a0 ¼ 11.20 Å, b0 ¼ 11.28 Å, and c0 ¼ 3.83 Å),
which has been found in huge crystals and crystal clusters in
many regions.19 Note that the natural pure mineral usually
exhibits unfavorable electrochemical properties.20 Hence, it is
necessary to improve the electrochemical sodium storage
performances of the natural mineral with green manufacture
methods.

In this study, the natural stibnite minerals that act as the
main active materials have been directly applied for sodium
storage. To improve the electrochemical performance of the
natural stibnite ore, an effective and unsophisticated approach
was adopted to prepare graphite/stibnite (G/Sb2S3) anode
materials with excellent properties via the anchoring of the
natural stibnite mineral on graphite under facile conditions.
Furthermore, the G/Sb2S3 composites exhibit better electro-
chemical behaviors than the pure natural stibnite mineral
owing to the introduction of graphite, which has a lamellar
structure and high electric conductivity; this indicates the
potentials of this mineral for large-scale energy storage appli-
cations; nally, this study is expected to promote the develop-
ment of antimony sulde materials that are eco-friendly and
consume less energy and also offers a reference that natural
minerals can be fully used as rst-hand materials in energy
storage.
2. Experimental
2.1 Preparation of active graphite and G/Sb2S3

All reagents were purchased and used without further puri-
cation. The procedures for the formation of active graphite were
conducted as follows: (1) the commercial graphite was
dispersed in mixed acid (HNO3 : H2SO4 ¼ 3 : 1, v/v) under
magnetic stirring and then reuxed under 80 �C; (2) aer 2 h,
the active graphite was washed to become neutral and obtained.
The G/Sb2S3 composites were prepared as follows: (1) 0.1 g
active graphite was dispersed in 20 ml deionized water under
ultrasonication for 4 h as the A solution; (2) 0.2 g natural stib-
nite ore (Sb2S3 $ 99%) was dispersed in 30 ml ethylene glycol
under ultrasonication for 4 h as the B solution; (3) the A solution
was added to the B solution, and then, the mixed solution was
further stirred for 24 h; and (4) the mixed solution was trans-
ferred to a hydrothermal reactor at 150 �C for 12 h, and nally,
the G/Sb2S3 composites were washed and obtained.
2.2 Material characterization

Thermogravimetric analysis (TGA, NETZSCH STA449F3), X-ray
photoelectron spectroscopy (XPS a K-alpha 1063), X-ray
diffraction (XRD, Bruker D8 diffractometer, Cu Ka radiation),
transmission electron microscopy (TEM, JEM-2100F), scanning
electron microscopy (SEM, FEI Quanta 200) and Raman
28954 | RSC Adv., 2019, 9, 28953–28960
spectroscopy (Renishaw inVia, UK, the wavelength of 0.1542
nm) were used to analyse the composites.
2.3 Electrochemical measurements

The electrode slurry was made up of 70 wt% G/Sb2S3 compos-
ites, 15 wt% carboxymethyl cellulose (CMC) and 15 wt% super
P, which were dissolved in deionized water. Then, the even
slurry was cast on a Cu foil followed by drying at 80 �C for 8 h.
The electrolyte consists of 1 M NaClO4 dissolved in propylene
carbonate (PC) with additional 5% uoroethylene carbonate
(FEC). The electrochemical properties were characterized by the
CR2016-type half-cells with Celgard 2400 as the polypropylene
separator, which were assembled in a glove box under an Ar
atmosphere. Cyclic voltammetry (CV) was conducted at the scan
rate of 0.1 mV s�1 in the voltage range from 0.01 to 2.5 V. Gal-
vanostatic cycling and rate performances were tested at
different current densities via an Arbin battery cycler (BT2000)
in the voltage range from 0.01 to 2.5 V. Electrochemical
impedance spectroscopy (EIS) was conducted in the frequency
range from 0.01 Hz to 100 kHz using the CHI660E electro-
chemical workstation.
3. Results and discussion

To analyse the crystal structure, the G/Sb2S3 composites and
stibnite mineral were investigated via X-ray diffraction (XRD). As
illustrated in Fig. 1a, all the observed diffraction peaks were well
matched to the orthorhombic phase of antimony sulde (PDF#
42-1393, Pnma (62), a¼ 10.9590 Å, b¼ 2.8060 Å, and c¼ 10.9830
Å). These peaks were located at around 15.7�, 17.5�, 22.3�, 24.9�,
29.3�, 32.3�, 35.5� and 54.6�, which belonged to the (200), (120),
(220), (130), (211), (221), (240) and (630) crystal planes of Sb2S3,
respectively. Note that a sharp and intense peak of graphite at
around 26.3� can be observed, which corresponds to the (002)
crystal planes of graphite.21 Evidently, no other peaks were
observed; this indicated high purity of the composites. More-
over, the peaks of the G/Sb2S3 composites are sharp and
pointed, indicating that these composites have a good crystal-
line nature.22 As presented in Fig. 1b, thermogravimetric anal-
ysis (TGA) was conducted to compute the Sb2S3 content in the G/
Sb2S3 composite under an air atmosphere from room temper-
ature to 800 �C. With an increase in temperature, the carbon
matrix was burned into CO2, and Sb2S3 was converted into
Sb2O4.23 Finally, the content of Sb2S3 in the G/Sb2S3 composite
was determined to be 66.68 wt%.

Raman spectroscopy was conducted to investigate the vari-
ation of G/Sb2S3 composite and stibnite. As shown in Fig. 1c, the
typical peaks of Sb2S3 were located at the range from 100 to
600 cm�1, and two obvious and intense peaks corresponding to
the D-band and G-band of the graphite were observed. The peak
at 1354 cm�1 was ascribed to the D-band, and a particular peak
of the Csp3 hybrid orbital resulted from the disordered
arrangement of carbon atoms or lattice defects;24 the other peak
at 1581 cm�1 was attributed to the G-band, indicating an
ordered lattice structure originating from the vibration of Csp2

in the plane.25 Generally, the disordered extent of the carbon
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD patterns of G/Sb2S3 and stibnite. (b) TGA curves of G/Sb2S3 and stibnite. (c) Raman spectra of G/Sb2S3 and stibnite. (d) Raman
spectra of Sb–S.

Fig. 2 (a) XPS survey of G/Sb2S3 and stibnite. The corresponding high-resolution spectra of Sb (b), S (c) and C (d).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 28953–28960 | 28955
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materials could be expressed via the integrated intensity ratio
ID/IG, which was 0.15 in the G/Sb2S3 composite, suggesting that
the graphite still maintained a highly complete structure aer
the activation procedure. As depicted in Fig. 1d, the typical
peaks of Sb2S3 are located at 122, 149, 187, 246, 309 and
446 cm�1, indicating the S–Sb stretching vibration and S–Sb–S
bending vibration.26 Practically, the peaks at 122, 149 and
187 cm�1 are associated with the S–Sb–S bending vibration, and
the shi at 246 cm�1 is related to the S–Sb stretching, indicating
well-crystallinity of the proposed materials. The peak at
309 cm�1 was assigned to the symmetric vibration of the C3v

symmetric pyramidal SbS3 unit.27 Specially, the inconspicuous
peak at 446 cm�1 was attributed to the symmetric stretching of
Sb–S–S–Sb.

To characterize the chemical composition and surface elec-
tronic states of G/Sb2S3, X-ray photoelectron spectroscopy (XPS)
was conducted. As exhibited in Fig. 2a, these peaks of Sb2S3
were especially obvious from Sb (4d, 3d, 3p, 3s, Sb MNN) and S
(2p, 2s), and all other peaks were weak and broad, which could
be due to energy loss.28 In addition, it is obvious that many
researchers have studied the Sb 3d spectroscopy of antimony
compounds because of the higher intensity of Sb 3d than that of
Sb 4d. As illustrated in Fig. 2b, the peaks of Sb 3d3/2 are located
Fig. 3 (a and b) SEM image of stibnite. (c–f) SEM image of the G/Sb2S3 co
image of the G/Sb2S3 composites.

28956 | RSC Adv., 2019, 9, 28953–28960
at 539.2 and 540.1 eV, whereas those of Sb 3d5/2 are located at
529.6 and 530.1 eV, indicating the existence of Sb3+.29 As shown
in Fig. 2c, the peaks at 284.6, 285 and 286.1 eV are related to C]
C, C–C and O–C]C, respectively, suggesting the existence of
oxygen-containing functional groups that may suffer from
partial oxidation during the activation step of graphite.30,31 The
S 2p spectrum in Fig. 2d exhibits peaks at 161.3 and 162.5 eV,
assigned to S 2p3/2 and S 2p1/2, respectively, which are
conrmed to be a single doublet from the S–Sb bonds.32

The detailed morphology and crystal structure of the G/Sb2S3
composites and stibnite mineral were observed using a scan-
ning electron microscope (SEM) and transmission electron
microscope (TEM). As observed in Fig. 3a and b, the stibnite
mineral has indistinctive morphology and uneven particle size.
As observed from Fig. 3c–f, the small stibnite ore particles are
uniformly decorated on the bulk graphite with the average
dimension of around 10 mm, which can effectively enhance the
conductivity of composites. As shown in the Fig. 3g and h, the
lattice distances of 0.36 nm and 0.51 nm are assigned to the
(130) plane and (120) plane of orthorhombic Sb2S3 crystals,
respectively, which are consistent with the analysis of XRD.33,34

Moreover, the lattice rim of 0.34 nm corresponds to the (002)
plane of graphite.35
mposites. (g and h) TEM image of the G/Sb2S3 composites. (i) HR-TEM

This journal is © The Royal Society of Chemistry 2019
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Electrochemical properties of the G/Sb2S3 composites and
stibnite mineral as SIBs anodes were evaluated by cyclic vol-
tammetry in the potential range of 0.01–2.5 V. As shown in
Fig. 4a, two current peaks at 0.78 V and 0.12 V were revealed in
the initial cathodic scan, which were ascribed to the conversion
reaction with sulfur atoms in composites (Sb2S3 + 6Na+ +6e� /

2Sb + 3Na2Sb), alloying reaction of antimony with sodium (2Sb +
6Na+ + 6e� / 2Na3Sb) and the side reaction to form the solid
electrolyte interface (SEI) on the surface of the electrode,
respectively.36

In the succeeding cathodic scans, the differences of CV
curves could be explained by the formation of an SEI and other
irreversible reactions in the initial cycle. Furthermore, the area
of the initial scan was larger than that of the subsequent cycles,
suggesting that its initial capacity was higher than that in the
subsequent cycles.37 During the anodic scan, the peaks at 0.81 V
and 1.61 V were respectively ascribed to the dealloying reaction
(2Na3Sb / 2Sb + 6Na+ + 6e�) and the formation of Sb2S3 (2Sb +
3Na2S / Sb2S3 + 6Na+ + 6e�).38

The galvanostatic cycling test was conducted to investigate
the electrochemical behaviors of the G/Sb2S3 composites at the
current density of 0.1 A g�1 in the potential range of 0.01–2.5 V.
As illustrated in Fig. 4c, in the rst discharge prole, two
smooth voltage plateaus at 1.18–0.85 V and 0.67–0.31 V corre-
sponded to the reductive transformation and alloying reactions,
respectively. In contrast, the voltage plateaus around at 0.63–
1.16 V and 1.25–1.46 V were ascribed to the dealloying reactions
and desodiation reactions in the charge proles. Moreover,
these plateau regions of discharge/charge agree well with the
related CV curves.
Fig. 4 Cyclic voltammograms of initial three cycles of (a) G/Sb2S3 compo
composites. (d) Cycling performance and coulombic efficiencies of G/S

This journal is © The Royal Society of Chemistry 2019
The cycling performances of the G/Sb2S3 and stibnite
mineral were studied at the current density of 0.1 A g�1 in the
voltage range of 0.01–2.5 V. The G/Sb2S3 composites and stib-
nite mineral revealed a completely different electrochemical
performance because of the introduction of graphite. As illus-
trated in Fig. 4d, the G/Sb2S3 composite delivered the initial
charge/discharge capacity of 542.8/864 mA h g�1 with the
coulombic efficiency (CE) of 62.76%, whereas the stibnite
mineral exhibited the initial charge/discharge capacity of 617.8/
1008.3 mA h g�1 with the lower CE of 61.27%. In addition, low
initial coulombic efficiency is a common problem in
conversion-alloying type materials.39 On the one hand, the
formation of SEI originates from the decomposition of organic
electrolytes at low voltages and the side reactions of the oxygen-
containing functional groups on the surface of graphite with
sodium ions, which can cause irreversible capacity.40 However,
a stable SEI may also alleviate the irreversible reactions, which
can improve coulombic efficiency in subsequent cycles
evidently.41 Encouragingly, the G/Sb2S3 composites still exhibit
the reversible capacity of 407 mA h g�1 with a 75.2% capacity
retention, which are better than stibnite ore with
190.1 mA h g�1 and the capacity retention of 30.7% aer 80
cycles. Evidently, the introduction of graphite could improve
the capacity and reversibility of the stibnite mineral.

As shown in Fig. 5a, the rate performances of the G/Sb2S3
composites and stibnite mineral were further studied at
different currents ranging from 0.1 A g�1 to 1 A g�1. The G/Sb2S3
composites delivered the average reversible capacities of 642.3,
507.6, 392.1 and 264.9 mA h g�1 at the current densities of 0.1,
0.3, 0.5 and 1 A g�1, respectively. A similar capacity loss could be
sites, (b) stibnite. (c) Galvanostatic discharge/charge curves of G/Sb2S3
b2S3 and stibnite.

RSC Adv., 2019, 9, 28953–28960 | 28957
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Fig. 5 (a) Rate performance of the Sb2S3 electrode. (b) Nyquist plots of G/Sb2S3 and stibnite at the initial state. (c) Nyquist plots of G/Sb2S3 at
different states.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

5:
34

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
observed in stibnite mineral. Furthermore, the average revers-
ible capacity of the G/Sb2S3 composites could recover to
595 mA h g�1 when the current density was back to 0.1 A g�1

aer 20 cycles. The cycling stability is key indicator to evaluate
anode materials for application. Herein, the G/Sb2S3 compos-
ites were further studied at the current density of 0.2 A g�1

following the rate evaluation. Aer 75 cycles, the reversible
capacity was 422 mA h g�1 with the capacity retention of 82.9%.
However, the stibnite mineral delivered poorer cycling perfor-
mance. According to these differences, graphites in the
composites might have a positive inuence on enhancing the
electrochemical performance of the stibnite mineral. Electro-
chemical impedance spectroscopy (EIS) was conducted in the
frequency range from 0.01 to 100 kHz at room temperature. The
typical Nyquist plot consists of a depressed semicircle in the
medium-high frequency region and a sloping line in the low
frequency region, corresponding to the formation of a passiv-
ation layer and impedance between the electrolyte and active
materials.42 Moreover, the charge transfer impedance (Rct) as
the main part of the whole kinetic impedance of the battery was
illustrated by the semicircle at a medium frequency, which
could be computed via utilizing the diameter of the semicircle.40

The Warburg impedance was evaluated to the diffusion process
of sodium ions in anode materials, which is depicted in the
sloping line at the low frequency.40 As illustrated in Fig. 5b, the
G/Sb2S3 composites delivered lower computed Rct (547 U) than
28958 | RSC Adv., 2019, 9, 28953–28960
that of stibnite mineral electrode (785 U), indicating the
decreased charge transfer of G/Sb2S3 composites at the interface
of electrode and electrolyte. Furthermore, the slope of G/Sb2S3
was more vertical than that of stibnite mineral at low frequency,
suggesting better diffusion of sodium ions in the electrode.42

From the Fig. 5c, the initial impedance of G/Sb2S3 composites
were higher than the cycled electrode, suggesting an activation
process and formation of stable SEI on the surface of the elec-
trode during the insertion/desertion process. The improved
diffusivity of sodium ions and conductivity of G/Sb2S3
composites beneted from the introduction of graphite, which
was initiated to enhance the kinetics of the electrochemical
reaction.
4. Conclusion

In summary, the G/Sb2S3 composites were successfully fabri-
cated using the natural stibnite mineral and graphite via a novel
and facile strategy, and their sodium storage performance was
also investigated. Compared with the pure stibnite mineral, the
G/Sb2S3 composite electrode exhibited excellent cycling rate
properties as the SIB anodes. The improved performance was
most possibly ascribed to the introduction of graphite that
might have effectively enhanced the conductivity of the stibnite
mineral and accommodated the volume changes of Sb2S3. This
study demonstrates that natural stibnite minerals as rst-hand
This journal is © The Royal Society of Chemistry 2019
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materials can be applied in SIBs and is expected to provide
environmental ideas that natural minerals aer simple modi-
cations can be directly applied in the energy storage domain.
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