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Abstract: Antimony sulfide (Sb,S;) is a promising anode for lithium-ion batteries due to its high capacity and vast reserves. However, the low
electronic conductivity and severe volume change during cycling hinder its commercialization. Herein our work, a three-dimensional (3D)
Sb,S; thin film anode was fabricated via a simple vapor transport deposition system by using natural stibnite as raw material and stainless steel
fiber-foil (SSF) as 3D current collector, and a carbon nanotube interphase was introduced onto the film surface by a simple dropping-heating
process to promote the electrochemical performances. This 3D structure can greatly improve the initial coulombic efficiency to a record of
86.6% and high reversible rate capacity of 760.8 mAh-g™" at 10 C. With carbon nanotubes interphase modified, the Sb,S; anode cycled ex-
tremely stable with high capacity retention of 94.7% after 160 cycles. This work sheds light on the economical preparation and performance

optimization of Sb,S;-based anodes.

Keywords: three dimensions; antimony sulfide anode; carbon nanotubes interphase; lithium-ion batteries

1. Introduction

The employment of graphite as anode has encouraged the
widespread commercialization of lithium-ion batteries (LIBs)
in the fields of portable electronic products and electric
vehicles [1-2]. However, with the increasing demand for
high energy/power density of energy supplying devices,
graphite may fail to meet the need due to its unsatisfied capa-
city [3]. Antimony sulfide with high specific capacity (946
mAh-g') and safe working potential has been believed to be
one of the most possible candidates and has been widely
studied in rechargeable batteries [4—6]. Unfortunately, the
low electronic conductivity and severe volume change dur-
ing the lithiation/delithiation process (Li;Sb, ~390%) hinder
the commercialization of antimony sulfide anode [7]. To
solve the above two challenges that antimony sulfide anode
encountered, many strategies have been employed, such as
constructing nanostructured particles to buffer the volume
stress and shorten the Li’ diffusion length inside Sb,S;
particles [8]; combining Sb,S; particles with graphene or hol-
low carbon sphere to improve the electrical conductivity and
accommodate the expansion of active nanoparticles [9-11].
Besides many effective nanostructure designs (such as rod-
like and bundle-like Sb,S;, ultrathin Sb,S; nanosheet, and so
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on), thin film anode with nanoscale morphologies (espe-
cially three-dimensional structures, 3D) also has a great im-
provement in cyclic and rate performance. This is because,
for one, the active thin film directly deposited on current col-
lector shows strong adhesion to the current collector and
eradicates the utilization of inactive binder and conductive
agent [12]; for another, the 3D structural film provides larger
surface area and thus increases the electrode/electrolyte con-
tact, facilitates Li'/e” transport, and enhances the rate capab-
ility [13—14]. Moreover, compared to 2D film, 3D film has
larger mass loading of active material, better properties in re-
leasing the strain during cycling, which leads to long cycle
life with high capacity [15—17]. Therefore, lots of works have
focused on the development of 3D alternative anodes, in-
cluding Si [18], SnO, [19], Fe,0; [20], and TiO, [21] thin
films. However, as to Sb,S; anode, researchers are more in-
terested in the construction of nanostructured particles and
Sb,S;-carbon composites, limited reports devoted to taking
the advantages of the 3D thin films.

In our previous work, we fabricated a 3D amorphous
Sb,S; anode by reactive radio frequency magnetron sputter-
ing, which exhibits good electrochemical performance [22].
However, there are still two significant issues that need to be
confronted. One issue is that the preparation of thin film is
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complex and expensive because of the needs of specialized
equipment, high purity raw materials, and rigorous process
parameters. Another issue is that the large specific area of the
electrode is a double-edged sword, which on the other hand
leads to high exploration to the electrolyte, resulting in an in-
creased formation of solid-electrolyte interfacial (SEI) layer
[23]. Therefore, the process cost, and the destruction/re-
formation of SEI are crucial issues to address.

Herein our work, a 3D Sb,S; thin film anode was fabric-
ated via a simple vapor transport deposition system by using
natural stibnite as raw material and stainless steel fiber-foil
(SSF) as 3D current collector, and a carbon nanotubes
(CNTs) interphase was introduced onto the film surface (3D
Sb,S;@CNTs) by a simple dropping-heating method to sta-
bilize the electrode from exfoliation and reduce the depletion
of active materials caused by SEI. The depositing system and
material used are more feasible and cheaper than the tradi-
tional way. Thanks to the modification of CNTs layer, the 3D
Sb,S;@CNTs shows excellent cycling stability and gives 845
mAh-g " after 160 cycles with capacity retention of 94.7%.
The CNTs layer not only stabilizes the electrode structure but
also reduces the depletion of active materials.

2. Experimental
2.1. Chemical and materials

Natural stibnite ore (~95wt% of Sb,S;, with main impurit-
ies of Si0, and Sb,0s) was purchased from Hunan Taojiang
Banxi Antimony Mine, China. 316L stainless steel fiber foils
were purchased from Xinxiang Xinli Filter Tech Co., Ltd.,
Xinxiang, Henan province, China. Carbon nanotube aqueous
dispersion (~6.2wt%) was purchased from Nanjing XFN-
ANO Materials Tech Co., Ltd. (XFNANO). 316L stainless
steel fiber foil was used as 3D substrate and washed by de-
ionized water and alcohol in ultrasonic cleaning system be-
fore deposition.

2.2. Preparation of 3D Sb,S; thin films

3D Sb,S; thin film was prepared by a vapor transport de-
position system that consists of a tubular furnace and a mech-
anical pump. In a typical preparation process, natural stibnite
powder was placed into the heating area of the tube and 3D
foil substrates were put into the depositing area, then the tube
was sealed and vacuumized to 2 Pa. While depositing, the
tube was heated to 495°C with a heating rate of 20°C -min ',
and preserved at this temperature for 4 min. The natural stib-
nite powder was then evaporated and transported to the 3D
substrates to get 3D Sb,S; thin films. The mass loading of
active material on the substrate is 0.50-0.55 mg-cm .

2.3. Preparation of 3D Sb,S;@CNTs thin films

3D Sb,S;@CNTs thin films were prepared by a simple
dropping-heating method. Firstly, 0.5 g CNTs aqueous dis-
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persion and 50 mL ethyl alcohol were added into a beaker
and well dispersed by ultrasonic treatment to get a CNTSs sus-
pension. Secondly, 3D Sb,S; thin films were placed on a
heating platform with setting temperature of 100°C, and then
CNTs suspension was dropped onto the thin films, after dry-
ing, repeated the process for several times to finally obtain
CNTs interphase modified 3D Sb,S; thin films. The mass
loading of CNTs layer on the 3D Sb,S;@CNTs is about
0.05-0.07 mg-cm ™.

2.4. Characterization

The crystal structures of 3D Sb,S; and CNTs interphase
modified thin films were investigated by X-ray diffraction
(XRD, Rigaku3014). The element states and bonds of the
above samples were analyzed by X-ray photoelectron spec-
troscopy (XPS, K,) and Raman measurements (Jobin-Yvon
LabRAM HR800-Horiba spectrometer). The morphologies
of the samples were observed by field emission scanning
electron microscopy (FE-SEM).

2.5. Assembly of coin cells

CR2025 coin-type cells were assembled in glove box full
of argon by using 3D Sb,S; and 3D Sb,S;@CNTs thin films
as working electrodes and Li foil as the counter and refer-
ence electrode. 1 M LiPFs in a mixed solution of ethylene
carbonate, dimethyl carbonate, and ethyl methyl carbonate
was employed as electrolyte.

2.6. Electrochemical measurement

The cycling and rate performance of the assembled coin
cells were measured in a voltage range of 0.01-3 V with
LAND battery test system (CT2001A). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
were conducted on a PAST 4000 electrochemical worksta-
tion.

3. Results and discussion

The XRD patterns of 3D Sb,S; and 3D Sb,S;@CNTs
present well crystalline structure of Sb,S; phases (JCPDS No.
42-1393), as shown in Fig. 1(a). Raman spectra in Fig. 1(b)
shows that both the two samples reveal obvious Sb,S; bonds
(peaks around 300, 280, and 189 cm') [24-26]. The 3D
Sb,S;@CNTs also exhibits Sb,O; (446 and 247 cm)
[27-28] and carbonaceous bonds (G-band at 1580 cm ' and
D-band at 1345 cm™") [29-30]. The appearance of antimony
oxide can be ascribed to the surface oxidation by air in the
heating procedure. These results indicate that depositing stib-
nite ore on the 3D substrate is a feasible and effective meth-
od, and the CNTs interlayer on the surface of the 3D film is
chemically stable.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the chemical composite and element state of 3D
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Fig. 1.

Sb,S;@CNTs thin film. Fig. 2(a) shows the XPS full spec-
trum, giving three elements of Sb, S, and C. The correspond-
ing high resolution spectra of Sb 3d and S 2p are shown in
Figs. 2(b) and 2(c) respectively. The Sb 3d peak located at
537.2 and 527.8 eV are belonging to Sb 3d;, and Sb 3d;,, in-
dicating the chemical state of Sb*" in the sample [31]. The
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Characterization of 3D Sb,S; and 3D Sb,S;@CNTs thin films: (a) XRD patterns and (b) Raman spectra.

two peaks at 160.9 and 159.7 eV of S 2p spectra with peak
splitting of 1.2 eV are corresponding to S 2p;,, and S 2p,;3, re-
spectively, revealing the surface element state of S [32].
The XPS results are in agreement with the analysis of XRD
and Raman peaks, confirming the existence of Sb,S; in the
3D Sb,S;@CNTs thin film sample.
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Fig. 2. XPS spectra of 3D Sb,S;@CNTs thin film: (a) survey spectrum; (b) Sb 3d spectrum; (c) S 2p spectrum.

The morphologies of the samples were analyzed by scan-
ning electron microscopy (SEM). The Sb,S; thin film on the
3D SSF substrate is formed by connected Sb,S; nano-
particles with particle size of 400-600 nm, as shown in Figs.
3(a)-3(c). The Sb,S; film is uniformly coated on the sub-
strate surface to construct a 3D structure electrode. Besides
the abovementioned advantages of 3D electrode, active ma-
terials with nanostructure present many merits, such as better

accommodation of the stress during lithiation/delithiation,
higher electrode/electrolyte contact area, short path way for
Li'/e” transport inner the electrode, these features will lead to
good electrochemical reversibility, fast charge/discharge rate
and high capacity of the electrodes [23]. Figs. 3(d)-3(f) show
the CNTs network on 3D Sb,S;, it can be seen that the CNTs
network is transparent and the Sb,S; nanoparticles under the
CNTs layer is visible, indicating a CNTs structure stabilizer
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is successfully constructed to the 3D Sb,S; thin film elec-
trode. This CNTs layer with pores allows Li" to pass through
and is flexible and adhesive to the electrode thus avoids Sb,S,
from pulverization and reduces the destruction/re-formation
of SEI [30].

@ ;\3 ?g
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Fig. 3. SEM images of (a—c) 3D Sb,S; thin film and (d-f) 3D
Sb,S;@CNTs thin film at different magnifications.

CV was conducted to analyze the lithiation and delithi-
ation potentials of the two electrodes. As shown in Fig. 4(a),
in lithiation process, two significant cathodic peaks appear at
1.38 and 0.72 V, where 1.38 V is the redox reaction of Sb,S;

0.0015

() 1.13V
0.0010 [

0.0005

0.0000

—0.0005

Current / A

—0.0010 1

—0.0015

138V

—0.0020 —*

0 05 1.0 2.5

1.5
Voltage / V vs. Li*/Li

2.0 3.0

(©) 150th, 100th, 50th, 10th, 2nd

-— =

g
W

g
<

Voltage / V vs. Li*/Li
= L

4
o3

0 200 400 600 800
Specific capacity / (mAh-g™")
Fig. 4.

1000

Specific capacity / (mAh-g™)

Specific capacity / (mAh-g™)

Int. J. Miner. Metall. Mater., Vol. 28, No. 10, Oct. 2021

to Sb and Li,S, and 0.72 V is the alloying reaction of Sb and
Li" to form Li;Sb, respectively. The inverse process shows to
anodic peaks at 1.13 and 2.08 V, corresponding to the deal-
loying of Li;Sb and oxidation reaction of re-forming Sb,S;
[33-34]. After the first scan, the subsequent curves overlap
well, indicating high electrochemical reversibility of 3D
Sb,S;@CNTs electrode. The 3D Sb,S; anode exhibits an ini-
tial coulombic efficiency (ICE) of 86.6% and initial dis-
charge capacity of 1113.6 mAh-g"', which is one of the
highest coulombic efficiencies reported so far for Sb,S;-
based anodes. Fig. 4(b) shows the cyclic performance of the
two electrodes. The first discharge/charge capacity of 3D
Sb,S;@CNTs anode is 1225.1 and 891.9 mAh-g !, with a
corresponding ICE of 72.8%. The lower ICE and higher ca-
pacity of 3D Sb,S;@CNTs may be caused by the irreversible
side reaction of CNTs layer in the first cycle, because from
the second cycle on, the coulombic efficiency of 3D
Sb,S;@CNTs increased as high as 99.16%, presenting an
outstanding reversibility [35]. The 3D Sb,S; cycles stable for
the first 50 cycles, giving a high capacity retention of 91.4%
(with discharge capacity of 865.1 mAh-g'). However, the
capacity fades fast and only 446.3 mAh-g"' last after 160
cycles. Inspiringly, the 3D Sb,S;@CNTs anode keeps prom-
inent cycling performance in the whole process, obtaining
excellent reversible capacity of 845 mAh-g ™' and retention of

2000 [y 100
(®) 3D Sb,S,@CNTs
x
1600 180 -
—o——e— Charge & discharge of 3D Sb,S;@CNTs %
—#——#— Charge & discharge of 3D Sb,S; E
60 2
Current density: 0.5 C 35
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40 2
)
E
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20001 (@)
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0 L L L
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(a) CV curves of 3D Sb,S;@CNTs at scan rate of 0.1 mV-s™'; (b) cycling performance of 3D Sb,S; and 3D Sb,S;@CNTs;

(c) charge/discharge profiles of 3D Sb,S;@CNTs; (d) rate performance of the above two samples.
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94.7% after 160 cycles. The results verify that the CNTs lay-
er not only stabilizes the electrode structure but also reduces
the depletion of active materials, so that after modification
the 3D Sb,S; could cycle stable with high capacity. The cor-
responding charge/discharge profiles of 3D Sb,S;@CNTs is
shown in Fig. 4(c), it can be seen there is no significant polar-
ization during cycling. The two samples show the same rate
performance (Fig. 4(d)), while 3D Sb,S;@CNTs presents
slightly higher capacities of 861.2, 818.3, 783.8, and 760.8
mAh-g ' at various current densities of 2, 5, 8, and 10 C, re-
spectively. The arresting and glorious rate performance of the
two anodes indicates a fast kinetic process of the electrodes.

The Nyquist plots of 3D Sb,S;@CNTs anode before and
after cycling were obtained by electrochemical impedance
spectroscopy (EIS) test (Fig. 5). Both of curves consist of a
semicircle at high frequency region and a linear section at
low frequency region. The semicircle represents the charge
transfer resistance in the electrode/electrolyte interface and
the slash relates to the Li" diffusion inner the electrode [36]. It
is obvious that after 50 cycles, the charge transfer resistance
of 3D Sb,S;@CNTs is much smaller than the fresh anode, in-
dicating good wettability and improving conductivity of 3D
Sb,S;@CNTs anode, and thus remarkably enhances the cyc-
lic and fast charge/discharge performances of the electrode
[37].

100

—=&— Fresh
80 —o— Fitted
—— After 50 cycles
—o— Fitted

ANNY)

CPEl  CPE2

60 80 100
Z'/1Q

Fig. 5. Nyquist plots of 3D Sb,S;@CNTs anode before and
after cycling. The insert is the equivalent circuit of the EIS
data, where R,, Rgsp;, Ry, CPE, and Zyy represents the electro-
Iyte solution resistance, SEI layer resistance, charge transfer
resistance, constant phase element, and Warburg impedance,
respectively.

SEM analysis was used to investigate the structure stabil-
ities of the two thin film anodes after fifty cycles, as shown in
Fig. 6. The SEM images of 3D Sb,S;@CNTs at different
magnifications (Figs. 6(a) and (b)) prove that the Sb,S;-based
anodes really suffer from severe volume change during cyc-
ling, which generates cracks and electrode expansion. Fortu-

nately, the 3D Sb,S;@CNTs maintains its structure stability
without active material exfoliation. It could be clearly seen
that the CNTs layer on the thin film surface keeps an ultrath-
in film structure and protects the Sb,S; film from destruction,
leading to improved lifespan and reversible capacity [38-39]
On the contrary, after cycling, the 3D Sb,S; on the SSF sub-
strate without CNTs modification encountered structure de-
struction that the stainless steel fibers are smaller than before,
indicating a large amount active Sb,S; lost, so the capacity
rapidly decreased.

@ §

i
|
‘.

(VA &w_ Y
Fig. 6. SEM images of (a, b) cycled 3D Sb,S;@CNTs anode
and (c, d) cycled 3D Sb,S; anode.

4. Conclusion

In summary, a three-dimensional Sb,S; anode with CNTs
interphase modified was successfully constructed via a
simple vapor transport deposition system and a simple drop-
ping-heating process. This work shows four superiorities.
Firstly, the vapor transport deposition process is fast and
shows low energy consumption, which is more feasible and
cheaper than the traditional way of Sb,S;-based anodes fab-
rication. Secondly, using natural stibnite as raw material can
avoid the conventional metallurgy process, which further re-
duces the preparation cost and environment pollution.
Thirdly, the 3D nanostructure can greatly improve the ICE
and rate reversibility of Sb,S; anode, giving a record ICE of
86.6% and high rate capacity of 760.8 mAh-g at 10 C, re-
spectively. Lastly, modified by CNTs interphase, the 3D
Sb,S; maintains good structure stability and no significant
active material exfoliation, obtaining excellent reversible ca-
pacity of 845 mAh-g' and retention of 94.7% after 160
cycles. This work can shed light on the economical prepara-
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tion and performance optimization of Sb,S;-based anodes.
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