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Abstract: To avoid the high purity reagents and high energy consumption involved in the manufacturing of lithium-ion
battery anode materials, Sb,S; nanorods/porous-carbon anode was prepared by remodeling natural stibnite ore with
porous carbon matrix via a simple melting method. Due to the nanostructure of Sb,S; nanorods and synergistic effect of
porous carbon, the Sb,S; nanorods/porous-carbon anode achieved high cyclic performance of 530.3 mA-h/g at a current
density of 100 mA/g after 150 cycles, and exhibited a reversible capacity of 130.6 mA-h/g at a high current density of
5000 mA/g for 320 cycles. This shows a great possibility of utilizing Sb,S; ore as raw material to fabricate promising

anodes for advanced lithium-ion batteries.
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1 Introduction

Lithium-ion batteries (LIBs), the generally
known energy storage devices, have been
extensively employed mnowadays in portable
electronic devices, electric vehicles, and smart
grids [1,2]. Due to the high structure stability and
cyclic performance, graphite has dominated in the
current market of commercial anode materials [3].
However, this kind of anode with dissatisfactory
specific capacity (372 mA-h/g) and sluggish
ion intercalation kinetic is unbefited for next
generation batteries that require high energy/power
density [4,5]. Therefore, novel anode materials
exhibiting high capacity, prominent cycle/rate
performance, low cost, and good safety are urgently
required. Among a considerable number of
alternative anodes, metal sulfide materials have

aroused rising attention over the past few years for
their high specific capacity, suitable lithiation
potential and more abundant reserves than those of
natural graphite [6—8]. Antimony sulfide, i.e., the
typical one, has been recognized as one of the most
potential anode materials for LIBs on account of its
high theoretical capacity of 946 mA-h/g and good
electrochemical reversibility [9]. However, the
commercialization of Sb,S;-based anodes has been
limited by two defects. One is the significant
volume change during the cycling, which will
destroy the electrode structure; the other is the poor
electron and ion conductivity, thereby inhibiting the
diffusion of Li" and the transport of electron in bulk
Sb,S;5 [10].

To solve the mentioned problems, nanoscale
Sb,S; activity materials and Sb,S; composited with
conductive carbon were prepared to release
strain and shorten the diffusion pathways of Li" and
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electron in the particles, as well as improve the
electronic conductivity. However, the reported
Sb,S;-based anode materials were largely
synthesized with high-purity metal or metal salt as
the raw materials, thereby inevitably extending the
preparation duration and increasing the cost.
Accordingly, in our previous report [11], a concept
was proposed to prepare Sb,S; anode with low cost
and simple procedure, i.e., the direct use of natural
stibnite ore as the initial raw material, and a simple
vapor transport deposition was subjected to
fabricate nanostructured Sb,S; thin-film anode.
The thin-film anode exhibited both high cyclic
performance and rate property, demonstrating
the possibility of high-performance electrodes
fabricated directly from their ores without
metallurgical treatment, and the potential economic
significance of ore utilization. In this study, a novel
Sb,S; nanorods/porous-carbon anode was reported
initially by remodeling natural stibnite ore with
porous carbon matrix based on a simple melting
method. By controlling the mass ratio of ore to
porous carbon, different morphologies of remodeled
Sb,S; particle could be obtained (e.g., nanorods,
micro-sheets, and microspheres) in the Sb,S;
ore/porous carbon anodes. The Sb,S; nanorods/
porous carbon anode exhibited excellent cycling
performance and high rate capacity, which is
promising for next generation of LIBs.

2 Experimental

2.1 Preparation of Sb,S;

carbon

Sb,S; nanorods/porous-carbon was prepared
with a simple melting method. First, a total mass of
5 g SbyS; ore (95 wt.% of Sb,S;, purchased from
Hunan TAOJIANG BANXI Antimony Mine, China)
and porous carbon with different mass ratios were
mixed by ball milling to produce a mixture. In the
mixing procedure, four groups of samples were
prepared by regulating the mass ratio of Sb,S; ore
in the mixture, i.e., 50, 60, 70 and 80 wt.%.
Subsequently, the corresponding four samples were
placed in a quartz tube full of argon, and the tube
was then heated up from ambient temperature to
600 °C at a rate of 5 °C/min, which was kept at
600 °C for 5 h. Before the heating, the tube was
vacuumed to 0.07 MPa with a pump. The four
samples after the melting process were termed as

nanorods/porous-

Melt-50%, Melt-60%, Melt-70% and Melt-80%,
respectively. The 50 wt.% Sb,S; ore mixture
without melting treatment was termed as
SO/PC-50%. Likewise, the porous carbon matrix
was prepared as reported in the existing work of the
authors [12].

2.2 Material characterizations

The crystal structures of the samples were
investigated by using X-ray diffraction (XRD,
Rigaku 3014). The morphologies and compositions
of the samples were detected with field emission
scanning electron microscopy (FE-SEM) and
energy dispersive X-ray spectrometry (EDS),
respectively. X-ray photoelectron spectroscopy
(XPS, K,) was used to analyze the elements state,
and Raman measurements (Jobin-Yvon LabRAM
HR800—Horiba spectrometer) were performed to
characterize the bond properties. The specific
surface area of the samples was tested via the
Brunauer-Emmett-Teller (BET) method. Further-
more, the microstructure was observed with the
transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy
(HRTEM, JEOL JEM—-2100).

2.3 Electrochemical measurements

To prepare the electrode, the active materials,
Super P, and polyvinylidene fluorid with a mass
ratio of 80:10:10 were mixed and homogeneously
dispersed in N-methylpyrro-lidone. Subsequently,
the slurry was cast onto a flat Cu foil and then dried
at 60 °C overnight in a vacuum oven. The obtained
electrodes were cut into disc with a diameter of
12 mm. Next, the mass loading of active material
on the electrodes reached nearly 1.0—1.2 mg/cm’.
Then, CR2025 coin-type cells were assembled with
Li foil as the counter and reference electrode,
and microporous membrane Celgard 2400 as the
separator. The electrolyte amount was 1 mol/L
LiPFs in a mixed solution of ethylene carbonate
(EC), dimethyl carbonate (DMC) and ethyl methyl
carbonate (EMC) (1:1:1, volume ratio). Afterwards,
based on a multichannel battery test system (LAND
CT2001A), the cells were tested in the voltage
range of 0.01-3 V. The cyclic voltammetry (CV) of
the cells was performed on a VSP (Bio-Logic SAS)
electrochemical workstation at a scanning rate of
0.1 mV/s under the voltage from 0.01 to 3.0 V (vs
Li"/Li). Electrochemical impedance spectroscopy
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(EIS) measurements were conducted under the
amplitude of 10 mV at the frequency from 100 kHz
t0 0.01 Hz.

3 Results and discussion

3.1 Phase structure and chemical composition
Figure 1(a) presents the XRD patterns of
porous carbon, Sb,S; ore and the four melted
samples (Melt-50%, Melt-60%, Melt-70% and
Melt-80%). A prominent peak was identified at
26=26.55° in porous carbon followed by four small
peaks at 26=42.40°, 44.55°, 54.62° and 77.46°,
which could be indexed to the standard XRD
pattern of Graphite-2H (JCPDS No. 41-1487). In
addition, the peaks of the Sb,S; ore were well
indexed to the stibnite (JCPDS No. 42-1393),
except for a small peak at 26=26.57°, owing to the
impurity of SiO, in the ore (JCPDS No. 81-0065).
After the melting treatment was performed, the
remodeled products of the four samples exhibited
good crystallinity with stibnite phase (JCPDS No.
42-1393), which demonstrated a good chemical
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stability of Sb,S; in the porous carbon matrix.
Raman measurements were performed to analyze
the band properties of the samples (Fig. 1(b)). Two
typical intense peaks of porous carbon were
identified at 1341.5 and 1594.7 cm ™', belonging to
the D-band and the G-band, respectively [13]. The
Ip/I value represents the extent of the defects and
the degree of graphitization of porous carbon [14],
which reached 1.03, confirming that the porous
carbon was partially graphitized. The graphitization
property ensured the high conductivity of the
carbon materials [15]. The Raman shift of Sb,S; ore
showed the intense peaks at 450.0, 299.5, 280.3,
250.1, 186.9, 146.3 and 107.6cm™'. The peaks
at 299.5 and 280.3 cm! belonged to the Sb,S;
phase [16,17], and the others corresponded to the
SbyO; [18,19]. The appearance of Sb,O; bands
might be attributed to the slight oxidation of the
surface of Sb,S; ore particles in the air, which was
also reported in other works [20]. The typical SbyOs
peaks at 450 and 250.1 cm™' disappeared in the
melted samples, and the strong peaks of Sb,S;
could be observed. During the melting process, the
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Fig. 1 XRD patterns (a), Raman shifts (b), Sb,S; ore mass percentages (c), and specific surface areas (d) of samples
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Sb,S; ore evaporated partially and had a small
amount of mass loss for its relatively low melting
point (550 °C) and high vapor pressure, as well as
the low pressure in the tube. For simplification, the
mass loss of the samples after melting was assumed
to be equal to the evaporated mass of Sb,S; ore.
Figure 1(c) presents the corresponding Sb,S; mass
ratios in the samples of Melt-50%, Melt-60%,
Melt-70% and Melt-80%, reaching 32.57%,
51.95%, 64.24%, and 71.45%, respectively.
Figure 1(d) illustrates the specific surface area of
the samples. It is indicated that, the porous carbon
displayed a high surface area of 160.481 m?/g. With
the increase of Sb,S; ore content in the mixture, the
specific surface area of samples was decreased after

Qi WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2051-2061

melting, which covered 85.848 mz/g for Melt-50%,
61.826 m*/g for Melt-60%, 38.639 m*/g for
Melt-70%, and 24.444m%*g for Melt-80%.
Furthermore, the sample SO/PC-50% exhibited a
surface area of 77.182 m?/g, lower than Melt-50%
but higher than Melt-60%, consistent with their
mass percentages of Sb,S; ore.

The morphologies of porous carbon and Sb,S;
ore were further investigated by using the FE-SEM.
The porous carbon presented a honeycomb-like
shape with a pore diameter of nearly 140 nm and a
wall thickness of approximately 7 nm, and the
pore structures interconnected with each other,
forming bulk graphitized carbon material (Fig. 2(a)).
The Sb,S; ore displayed an uneven particle size

(d) S

Sb Element wt% at%
Sb 73.3 50.9
S 245  40.1
(0] 2.0 8.5
Si 0.2 0.4
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Fig. 2 SEM images of porous carbon (a) and stibnite ore (b), element mapping (c,—c,) and corresponding EDS spectrum
of stibnite ore with Sb, S, O and Si (d)
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distribution, with the large particle size of 22 pm
and the small particle size about 1 um (Fig. 2(b)).
Figures 2(c, d) illustrated the existence of Si and O
in bulk Sb,S; ore, complying with the XRD and
Raman spectra results. The bulk Sb,S; ore could not
directly act as active material since the micron size
reduced the electrochemical performance of anode
materials, as bulk structure causes tremendous
volume change during the cycling, and inevitably
extends the diffusion/transport path of both Li" and
electron, which eventually destroys the electrode
structure and causes serious polarization [21-24].
Thus, the electrochemical performance of the
stibnite ore should be further improved.

Figures 3(a, b) present the SEM images of
remodeled Sb,S; ore in Melt-50% under different
magnifications. After the melting treatment, the
bulk Sb,S; ore was remodeled to a nanorod
structure with 550—600 nm in width and several
microns in length. The nanorods were distributed
uniformly in the porous carbon matrix. And the
porous carbon had high structure stability in both
ball milling and melting treatment. With the
increase in Sb,S; ore mass ratio, the morphology
of the remodeled Sb,S; ore varied. In Melt-60%
(Figs. 3(c, d)), the nanorods were connected and
merged to form Sb,S; nanorod clusters/porous
carbon. In Melt-70% (Figs. 3(e, f)), the Sb,S;
nanorod clusters were further merged to form bulk
and micro-rod Sb,S; with a particle size over 2 um.
The mergence phenomenon was more obvious, as

shown in Figs. 3(g, h) (Melt-80%). The Sb,S; ore
particles were remodeled to microspheres in the
porous carbon matrix with a larger diameter of
8.5 um.

To investigate the chemical composition and
valence states of Melt-50%, XPS measurement was
employed. Figure 4(a) presents the full XPS survey
spectrum, demonstrating the existence of Sb, S
and C elements in Sb,S; nanorods/porous-carbon
composite. Figure 4(b) illustrates the high-
resolution XPS of Sb 3d. The two strong peaks
located at 529.88 and 539.28 eV corresponded to
the banding energy of Sb 3ds, and 3d;p,
respectively, confirming the existence of Sb>* [25].
Three intense peaks were identified in the high-
resolution XPS of S 2p (Fig. 4(c)), where the peaks
at 161.18 and 163.28 eV corresponded to the S 2p,.3
and S 2p;, demonstrating the valence state of —2;
the peak at 164.88 eV was assigned to the 2p;, of
the —C—S—C covalent bond of the thiophene-S,
indicating that the Sb,S; nanorods were connected
to the porous carbon [26,27].

Figures 5(a, b) give TEM image, HRTEM
image and EDS elemental mappings of the
remodeled Sb,S; nanorod in the porous carbon
matrix. The Sb,S; nanorod displayed the width of
about 550 nm and exhibited high crystallinity with
clear lattice fringes. Figures 5(c—f) show the TEM
image, HRTEM image, and EDS mappings of
porous carbon in Melt-50%. This carbon material
showed the honeycomb-like shape with the wall
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Fig. 4 XPS spectra of Sb,S; nanorods/porous-carbon: (a) Survey spectrum; (b) Sb 3d spectrum; (c) S 2p spectrum
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Fig. 5 TEM image of single Sb,S; nanorod (a), HRTEM image and EDS elemental mappings of Sb and S of single
nanorod (b); TEM image, HRTEM image and corresponding EDS elemental mappings of Sb, S and C of porous carbon

in Melt-50% (c—f)

thickness of only several nanometers (Figs. 5(c, d)). and S, which revealed a degree of absorption of
Moreover, the ultrathin carbon wall exhibited a Sb,S; ore by porous carbon while being melted.
graphite structure, as confirmed by the presence of

(002) interplanar spacing. The corresponding EDS 3.2 Electrochemical performances

elemental mapping of independent porous carbon in To evaluate the electrochemical properties of
Melt-50% (Fig. 5(f)) indicated the existence of Sb the obtained composites, CR2025 half-cells were
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assembled with Li foil as counter electrodes.
Figure 6(a) shows the initial CV curves of
Melt-50% at a scan rate of 0.1 mV/s under the
voltage from 0.01 to 3.0 V (vs Li"/Li). Four peaks
in both cathodic and anodic processes could be
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observed respectively. The two large sharp peaks in
the discharge process at 1.39 and 0.54 V belonged
to the reductive transformation of Sb,S; to Sb and
Li,S and the alloying reaction of metallic Sb with
Li" [28]; the corresponding two anodic peaks are
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Fig. 6 Initial four CV curves of Melt-50% (a), cycling performances of Melt-50%, Melt-60%, Melt-70%, Melt-80%,
and SO/PC-50%, at current density of 100 mA/g (b), rate performances of samples (c), EIS spectra of Melt-50%,
Melt-60%, Melt-70% and Melt-80% (d) and cycling performance of Melt-50% at current density of 1000 mA/g (e) (The
rate of nC was calculated by the charge—discharge time of 1/n hours)
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located at 1.11 and 2.08 V, belonging to the
dealloying reaction from Li;Sb to Sb, and the
re-formation of Sb,S; by the existing Sb and
Li,S [29,30]. The peaks below 0.3 V corresponded
to the reaction between graphite carbon and lithium
ion [31]. An intense peak at 2.37 V during anodic
scan might be the irreversible reaction caused by
the impurity of Sb,S; ore, which disappeared in the
second scan. After the first scan, the large sharp
peak at 0.54 V shifted to 0.75 V, probably related to
the irreversible side reaction and the formation of
solid electrolyte interface (SEI) film in the first
cycle [25,32]. The CV curves overlapped well in
the subsequent cycles, demonstrating the high
electrochemical stability and reversibility of the
Sb,S; nanorods/porous-carbon anodes.

Figure 6(b) presents the corresponding cycle
performances of Melt-50% and its contrast samples.
At the current density of 100 mA/g, the Melt-50%
electrode exhibited a high initial discharge capacity
of 1049.3 mA-h/g and a reversible capacity of
637.9 mA-h/g, demonstrating an initial coulombic
efficiency (ICE) of 60.79%. The relatively low
coulombic efficiency could be attributed to the
formation of SEI layer in the composite and
irreversible side reactions by the impurities [33,34].
Melt-60%, Melt-70%, Melt-80% and SO/PC-50%
electrodes exhibited initial discharge capacities of
980.9, 973.6, 955.4 and 1050.9 mA-h/g, with the
corresponding ICE of 70.38%, 71.88%, 72.68% and
52.72%, respectively. Among the remodeling
anodes, Melt-50% achieved higher cyclic stability
and more effective capacity retention since it
exhibited a discharge capacity of 530.3 mA-h/g
after 150 cycles, while the others only exhibited the
discharge capacity of 370.7, 272.8, 203.3 and
3233 mA-h/g, respectively. = Moreover, the
nanostructures affected the rate performance of the
composites (Fig. 6(c)). The Sb,S; nanorods/
porous-carbon and  Sb,S;  nanorod-clusters/
porous-carbon electrodes were suggested to achieve
higher reversible capacities at the current density of
50, 100, 200, 500, 1000, 2000 and 5000 mA/g. It is
noteworthy that the electrode of Melt-50%
exhibited 323.6 (discharge time of 19.5 min, ~3C),
296.7 (6.7C) and 130.6 mA-h/g (40C) at 1000,
2000 and 5000 mA/g, respectively. Moreover, when
the current density recovered to 50 mA/g, the Sb,S;
nanorods/porous-carbon achieved an excellent cycle
stability and a retentive capacity of 511.6 mA-h/g

after 130 cycles, while the others degraded fast after
a high-rate cycling. EIS analysis was conducted to
explore the reaction kinetics and electrochemical
activities of the Melt-50%, Melt-60%, Melt-70%
and Melt-80% electrodes. The corresponding
Nyquist plots are given in Fig. 6(d), all of which
presented low charge-transfer resistance, especially
the Sb,S; nanorods/porous carbon electrode,
indicating the prominent electrical conductivity and
the accompanying fast reaction kinetics of the
composites [13]. Additionally, the cyclic stability of
Sb,S; nanorods/porous-carbon electrode at high
current density was studied (Fig. 6(¢)). After the
initial activation cycles, the electrode delivered a
relatively high reversible capacity of 229.2 mA-h/g
even after 320 cycles, with a high coulombic
efficiency up to 99.2%. The charge time was only
13.6 min, and it converted into a high rate of 4.4C.
The excellent cyclic performance and rate capacity
of Sb,S; nanorods/ porous carbon were based the
nanostructure of the remodeled Sb,S; ore, which
reduced the strain in the particles during cycle and
shortened the diffusion path of Li" and electron.
Moreover, the porous structure of the carbon matrix
positively impacted the electrode since it could
absorb more electrolyte and buffer the volume
change of Sb,S; ore nanorods. Notably, the porous
carbon exhibited high conductivity for both Li" and
electrons, which improved the reactive kinetics of
the electrode.

To investigate the stability of Sb,S;
nanorods/porous-carbon anode, surface and cross-
section SEM images before and after 150 cycles at
100 mA/g were captured (Fig. 7). It was indicated
that the electrode maintained good uniformity, and
there was no crack on the surface or inner of the
electrode, and the thickness of the electrode did
not vary significantly. Such a good structure
stability of the electrode facilitates the electro-
chemical performance of Sb,S; nanorods/porous-
carbon anodes [35], since it is capable of anchoring
the active materials in the electrode and maintaining
the structure of electrode [36].

4 Conclusions

(1) A novel Sb,S; nanorods/porous-carbon
anode material was successfully prepared by
remodeling natural stibnite based on a simple
melting method.
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Fig. 7 Surface and cross-sectional SEM images of Melt-50% electrode before cycling (a, b), and after 150 cycles (c, d)

(2) The Sb,S; nanorods/porous carbon anode
achieved excellent cycling performance and a
high-rate capacity in LIBs, which achieved
530.3 mA-h/g at a current density of 100 mA/g
after 150 cycles, and reversible capacity of
130.6 mA-h/g at a high current density of
5000 mA/g (40C).

(3) The excellent electrochemical performance
of Sb,S; nanorods/porous carbon resulted from the
nanostructures of the remodeled Sb,S; ore, which
reduced the strain in the particles during cycle and
shortened the diffusion path of Li" and electron.
The porous structure of the carbon matrix was
capable of positively impacting the electrode since
it could buffer the volume change of Sb,S;
nanorods and improve the reactive kinetics of the
electrode.
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