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Abstract: Sb-based materials have been considered one of the most promising anode electrode materials for lithium-ion
batteries, whereas they were commonly synthesized through time-consuming and costly processes. Here,
Sb@Sb,0s/reduced graphene oxide (Sb@Sb,03/rGO) composite was successfully synthesized by a facile one-pot
chemical method at ambient temperature. Based on the XRD and TGA analysis, the mass fractions of Sb and Sb,0Os in
the Sb@Sb,03/rGO composite are ca. 34.05% and 26.6%, respectively. When used as an alternative electrode for
lithium ion batteries, a high reversible capacity of 790.9 mA-h/g could be delivered after 200 cycles with the capacity
retention of 93.8% at a current density of 200 mA/g. And a capacity of 260 mA-h/g could be maintained even at
2000 mA/g. These excellent electrochemical properties can be attributed to its well-constructed nanostructure. The Sb
and Sb,0; particles with size of 10 nm were tightly anchored on rGO sheets through electronic coupling, which could
not only alleviate the stress induced by the volume expansion, suppress the aggregation of Sb and Sb,Oj; particles, but
also improve the electron transfer ability during cycling.
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application, energy storage systems (ESSs) are
requisite. Due to their high energy density,
excellent cycling stability and low-toxicity, lithium

1 Introduction

With the rapid development of society, more
and more attention is being paid to the
environmental  protection  and  sustainable
development, thus cleaner energy resources, such as
solar and wind, have been extensively developed.
To peak shift operation for these cleaner energy

ion batteries (LIBs) have been widely applied in
portable electronic products,
primary candidates for automotive application and
ESSs [1]. However, the commercial LIBs with
graphite-based anode electrode are unable to meet
those new applications considering the lower

and become the
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theoretical specific capacity (372 mA-h/g) of
graphite [2]. Therefore, it is imperative to explore
substitute electrodes with high specific capacity and
long cycle life [3, 4].

Among those alternative anode materials,
antimony-based materials have been considered one
of the most promising anode electrode materials,
attributed to their high theoretical capacity (Sb,
660 mA-h/g; Sb,O3, 1103 mA-h/g) [5], as well as
appropriate kinetic and voltage characteristics
which could effectively prevent the emergence of
lithium dendrites [6]. Before practical application in
LIBs, several issues such as low practical specific
capacity and poor cycling stability should be solved
properly. The low practical specific capacities can
be due to the low utilization of the active materials
and/or the partly irreversible conversion reaction of
antimony-based compounds during cycling. Large
volume changes during the de-lithiation/lithiation
reactions cause the electrode fracture and
pulverization [7], as well as the continuous growth
of solid electrolyte interphase (SEI) film, resulting
in rapid capacity fading [8]. Partial reduction of
antimony-based compound to form Sb/Sb,O3
composite can relieve the stress induced by volume
expansion, which is beneficial to improve its
cycling stability [8, 9]. YANG et al [8] synthesized
the Sb/Sb,O3;@C spheres through a partial
reduction method, which delivers a good capacity
of 467 mA-h/g after 95 cycles. Formation of
nano-sized active materials and carbonaceous
modification can  greatly = enhance their
electrochemical performance [10—14]. The nano-
sized active materials could enhance the
electrochemical reaction kinetics owe to their
unique surface microstructure, and promote the
reversible reactions [3, 15-17]. With superior
electronic conductivity, stable chemical properties
and huge specific surface area [18], graphene has
been widely used in high-performance LIBs
[19, 20]. In our previous reported work, anchoring
Sb,Os  [10], Sb2Os [11] and SbeOi3 [12]
nanoparticles on reduced graphene oxide (rGO)
sheets by a solvothermal method could improve the
reversible capacities and electrochemical stabilities
to a large extent, which can be attributed to the
synergistic effect of the rGO sheets and the
nano-sized antimony oxides. The interactions
between active antimony oxides and the rGO sheets
supporter can effectively inhibit nanoparticles

aggregation and enhance the electrical conductivity,
resulting in  the electrochemical
performance.

However, these antimony-based materials with
electrochemical  performance  are
commonly synthesized through time-consuming
and costly processes. Here, a facile one-pot
chemical reduction method has been employed to
synthesize Sb@Sb,03/rGO composite at ambient
temperature, using Sb,Os; as antimony source,
graphene oxide (GO) as supporter, ethylene glycol
as solvent, and NaBHs as reductive agent. As
verified, 10 nm Sb and Sb,O; nanoparticles are
tightly anchored on rGO sheets. When used for
LIBs application, the as-obtained Sb@Sb,0s/rGO
composite could deliver a high reversible capacity
of 790.9 mA-h/g after 200 cycles at a current
density of 200 mA/g, corresponding to the capacity
retention of 93.8%.

superior

excellent

2 Experimental

2.1 Synthesis of GO, Sb@Sb,03 and Sb@Sb,03/

rGO composite

Graphene oxide (GO) was prepared by a
modified Hummers’ method [4], using natural flake
graphite as raw material. The obtained GO aqueous
solution (0.1 mg/mL) was freeze-dried for further
use. Sb@Sb,03/rGO composites were synthesized
by a facile one-pot chemical reduction method, as
shown in Figure 1. Typically, 1 g of Sb,O; was
ultrasonically dispersed in 100 mL ethylene glycol
(EG) for 0.5 h. The obtained mixture solution was
heated and further stirred at 110 °C for 0.5 h and
during which ethylene glycol antimony compound
was formed as a result of the reaction between EG
and Sb,O; [21]. After being cooled down to
ambient temperature, 2.0 g of freeze-dried GO
(FDGO) was added and dispersed ultrasonically.
Finally, NaBH; ethanol
dropwise added into above mixed suspension and
stirred for another 1.5 h. The
precipitate was collected by extraction filtration and
washed sequentially with ethanol and distilled
water, and then dried in an oven at 80 °C to obtain
Sb@Sb,03/rGO composite. As for comparison,
Sb@Sb,03 composite and bare rGO were also
synthesized by the same process except for the
addition of FDGO and Sb,0s, respectively.

excess solution was

continuously



J. Cent. South Univ. (2019) 26: 1493—-1502

1495

o8 o 3o
". . s
FDGO |, Sb@Sb,0;/rGO
Ethylene Washing
glycol drying

NaBH, (

@ 8 4 .

110 °C Ultrasonic,

stirring

®Sb,0; ®S * FDGO G

Figure 1 Schematic 1llustrat10n of synthesis procedure
for Sb/Sb,05/rGO sample

2.2 Material characterization

Field-emission scanning electron microscope
(FE-SEM, Ultra Plus, Carl Zeiss, Germany,) and
field-emission transmission electron microscope
(TEM, FEI TECNAI TF20) were employed to
investigate the microstructures of the samples. The
phase compositions were identified by X-ray
diffraction (XRD, PANalytical Empyrean) using
Jade 5.0 of Material Data, Inc. (MDI). The surface
structure was analyzed by X-ray photoelectron
spectra (XPS, PHI-5702, Al K, X-ray radiation). A
Pyris Diamond thermogravimetric analyzer (TGA,
PrekinElmer, U.S.A.) was used to determine the Sb
and Sb,Os contents of Sb@Sb,03/rGO composite,
which was operated between room temperature and
800 °C with a heating rate of 10 °C/min under
ambient atmosphere.

2.3 Electrochemical characterizations
Electrochemical lithium-storage properties of
the as-obtained samples were evaluated through
cyclic voltammetry (CV) and galvanostatic charge—
discharge (GSCD) measurements in the voltage
range of 0.01-3.0 V vs Li/Li at ambient
temperature, using 2025-type coin cells in an
argon-filled glovebox. The electrical conductivities
were measured by electrochemical impedance
spectroscopy (EIS). The GSCD measurements were
performed on a battery testing system (CT2001A,
Wuhan LAND Electronics Co., Ltd., China). On an
electrochemical workstation (Autolab
PGSTATI128N, Metrohm, Switzerland), the CV
curves were obtained at a scan rate of 0.2 mV/s, as
well as the EIS curves obtained over a frequency
range of 107°—10* kHz at open-circuit potentials.
The 2025-type coin cells were assembled with
lithium metal wafer as the counter electrode, a
Celgard 2400 polypropylene foil as the separator,
and 1 mol/L LiPF¢ solution in a dimethyl carbonate/

ethyl methyl carbonate/ethylene  carbonate
(DMC/EMC/EC, 1:1:1 by volume) mixture as the
electrolyte. For the testing electrode, the active
powder materials, polyvinylidene fluoride and
carbon black were mixed together and magnetically
stirred with a mass ratio of 75:15:10 to form a
homogeneous slurry, and then blade coated on
copper foil substrate. After vacuum-dried at 80 °C
overnight, the as-prepared electrodes were cut into
discs with a diameter of 10 mm for 2025-type coin
cells. The specific capacities were calculated based
on the total weight of as-obtained composites.

3 Results and discussion

3.1 Structure, morphology and composition of

Sb@Sb>03/rGO composite

Figure 2(a) shows the XRD patterns of the
obtained  Sb@Sb,0; and  Sb@Sb,03/rGO
composites. Obviously, the intense diffraction
peaks in both samples can be well indexed to the
elemental Sb phase with rhombohedral structure
(JCPDS card No. 85-1322), as well as several weak
peaks for senarmontite cubic structured Sb,Os
phase (JCPDS card No. 05-0534), indicating the
successful reduction of Sb*" into Sb” and successful
synthesis of Sb@Sb,O; composite by the facile
one-pot chemical reduction method at ambient
temperature. According to the semi-quantitative
analysis with the as-known reference intensity value
(K) of the characteristic diffraction peaks, the mass
ratio of Sb to Sb,Os is about 7.47 and 1.28 in
Sb@Sb,03 and Sb@Sb,0s3/rGO, respectively. The
relative higher Sb,O; content in Sb@Sb,03/rGO
composite can be attributed to the addition of GO,
which could play a role of weak oxidant [12]. A
wide diffraction peak located at around 26=25.2°
originated from rGO can be detected, indicating the
successful reduction of GO [22]. To further verify
the reduction of GO, Raman spectroscopy was
employed. As shown in Figure 2(b), compared with
bare GO and rGO, the higher integrated intensity
ratio of characteristic D band and G band (/p/lc=
1.25) for Sb@Sby03/rGO composite indicates
higher reduction degree for rGO in composite than
that for bare rGO [12, 23], which is beneficial for
electric conductivity and lithium storage properties
[24, 25]. Moreover, a tiny peak located at 146 cm™
can be attributed to the A, band of the Sb
phase, indentifying the presence of Sb in the
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Figure 2 XRD patterns of Sb@Sb,0O3 and Sb@Sb,03/rGO nanoparticles (a), Raman spectra of GO, rGO and

Sb@Sb,03/rGOcomposite  (b), full XPS

Sb@Sb,03/rGOcomposite (d)

as-synthesized Sb@Sb,03/rGO composite.

The surface structure of the obtained
Sb@Sb,03/rGO composite was analyzed by XPS
measurement. Figure 2(c) displays the full XPS
spectrum for Sb@Sb,03/rGO composite, in which
only three elements (C, O and Sb) can be detected,
confirming that element Sb is present in the
Sb@Sb,03/rGO composite [26, 27]. Figure 2(d)
displays the bonding information of C 1s
investigated by means of XPS peak-differenating
analysis. It can be seen that, the high-resolution
XPS spectra of C 1s can be fitted well with four
peaks at 288.6, 286.7, 285.2 and 284.6 eV, which
are assigned to O—C=0, C=0, C—O0, and
C—C/C=C, respectively [28]. And the relative
weak intensities of the O—C=—0 and C=0 peaks
further confirm that GO has been reduced into rGO
after the facile one-pot chemical reduction
procedure at ambient temperature, which agrees
well with the results of XRD and Raman analysis
[10, 29]. It is surprising that the binding energy of
C—O0 (285.2 eV) is much lower than that of the

spectrum ()

and high-resolution C 1s XPS spectra of

standard C—OH, indicating that there is a strong
electronic coupling between rGO sheets and
Sb/Sb,O3  particles in  the Sb@Sb,03/rGO
composite [30]. This strong electronic coupling
could enhance the electron transfer ability and
suppress the aggregation of active particles during
de-/lithiation  process, leading to excellent
electrochemical performance [10, 12, 31].

The mass fraction of Sb@Sb,Os; in the
composite Sb@Sb,03/rGO was estimated by TGA
measurement. As shown in Figure 3, a slight mass
loss of 7.6 wt% from room temperature to 180 °C is
mainly due to evaporation of water that adsorbed on
the surface of the sample [32]. The major mass loss
of 52.0% from 180 °C to 625 °C is associated with
multiple factors, mainly including the volatilization
and oxidation of Sb and Sb,0; to form SbyO4[10,
30], and combustion of the rGO component in the
air [33]. According to the XRD and TGA results,
the mass fractions of Sb and Sb,Os3 in the as-
synthesized Sb@Sb,03/rGO composite are 34.0%
and 26.6%, respectively.
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Figure 3 Thermogravimetric analysis (TGA) curve of
as-obtained Sb@Sb,03/rGO composite

The  microstructure  characteristics  of
Sb@Sb,03 and Sb@Sb,03/rGO composites were
investigated using SEM and TEM technologies. As
shown in Figure 4(a), the Sb and/or Sb,Os3 particles
in size of ca. 50 nm (inset in Figure 4(a)) aggregate
together to form porous structure. The obtained
Sb@Sb,03/rGO composite displays a bulk with

R kL

(i o i s

Figure 4 FE-SEM images of Sb@Sb,0; (a)

P st B

and Sb@Sb,03/rGO composites (b), TEM (c) and high-resolution TEM (d)

stacked layer structure, and no obvious particles can
be observed (Figure 4(b)). According to the element
mappings inset in Figure 4(b), three elements C, O
and Sb are evenly distributed in the composite,
indicating that Sb and Sb,O; particles are uniformly
dispersed in obtained Sb@Sb,03/rGO composite.
Figure 4(c) and (d) shows the TEM observations for
Sb@Sb,03/rGO composite, in which particles in
size of ca. 10 nm were uniformly dispersed in rGO
sheets. The inserted selected area electron
diffraction (SAED) in Figure 4(c) displays the
diffraction rings characteristic of Sb and Sb,Os.
Moreover, the high-resolution TEM image of the
composite (Figure 4(d)) shows two phases that can
be identified as rhombohedral Sb with interplanar
spacing of 0.184 nm for (012) plane and cubic
Sb,O; with interplanar spacing of 0.279 nm for
(400) plane, respectively, further revealing that both
Sb and Sb,0O3 nanoparticles were anchored firmly
on rGO sheets. And these results are consistent with
the analysis of XRD.

The strong interaction effect between rGO
sheets and Sb/Sb,0; particles can be also confirmed

Sb(0217.

| g ;#(}'1841_“11 <3

6.0 s X o
d—*—O.'Z'?‘) nm ——L-‘ .

images of Sb@Sb,03/rGO composite (Corresponding magnified image, EDS mapping, and selected area electron
diffraction (SAED) pattern are insets in panel (a), (b) and (c), respectively)
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through the EIS measurement of the assembled half
cells. The EIS curves among bare Sb,Os,
Sb@Sb,0O3 and Sb@Sb,03/rGO composite are
compared in Figure 5. All EIS curves of samples
show a semicircle relating to the charge transfer
resistance (R.) in the medium and high frequency
region, as well as a gradient line representing the
lithium ion diffusion process in the low frequency
region [12, 34]. Distinctly, the obtained
Sb@Sb,03/rGO composite shows smallest R value
than those for bare Sb,O3; and Sb@Sb,0O3 composite,
confirming the enhanced electrical contact between
rGO sheets and Sb@Sb,O; particles by strong
electric coupling, which is conducive to improving
cycling ability.
3.2 Electrochemical properties of obtained

samples for LIBs application

For LIBs application, electrochemical
properties of the Sb@Sb,O03/rGO composite were
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evaluated by CV and GSCD tests in the voltage
range of 0.01-3.0 V vs Li/Li at ambient
temperature, as shown in Figure 5. Figure 5(a)
displays the typical CV curves of the
Sb@Sb,03/rGO electrode in the initial three cycles
at a scan rate of 0.2 mV/s. During the first cycling,
a reduction peak located at ca. 1.15 V can be
attributed to the reduction of Sb,Os; compound to
form LiO and nano-sized Sb [10, 35], and another
one at ca. 0.55 V is derived from the alloying of Sb
to form Li3Sb and the formation of solid electrolyte
interface (SEI) film [10, 36, 37]. In subsequent
cycles, the two reduction peaks shift to ca. 1.59 and
0.75 'V, respectively, indicating an activation
process during the first cycle [10], in which the
primal Sb and/or SbyO; particles have been
transferred into ones with smaller size after the first
cycle [38], leading to improving the lithiation
reaction kinetics. The reduction peak below 0.25 V
originates from the insertion of lithium into rGO

b
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Figure 5 CV curves at a scan rate of 0.2 mV/s (a), galvanostatic charge—discharge profiles at a current density of

200 mA/g (b), cycling performance at 200 mA/g (c), and rate capability at various current densities of Sb@Sb>03/rGO

electrode (d)
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sheets, in accordance with the alkali metal storage
in those carbonaceous electrode [39]. During the
charging process, two oxidation peaks located at
1.14 and 1.40 V are respectively owing to the
reverse process of the alloying reaction and the
reconstitution of Sb,Os phase [10, 40], indicating a
reversible conversion reaction between Sb and
Sb,O; during cycling ascribed to the strong
interaction effect between rGO sheets and
Sb@Sb,03. Moreover, both redox peak pairs at
1.14/0.75 V and 1.40/1.59 V, respectively,
corresponding to (de-)alloying and conversion
lithium storage mechanism overlapped well during
the subsequent cycles, suggesting a good
electrochemical stability [41].

Moreover, all corresponding voltage plateaus
were also detected in the GSCD curves of the
Sb@Sb,03/rGO electrode at a current density of
200 mA/g, as shown in Figure 5(b). There are two
distinct voltage plateaus at around 1.3 and 0.7 V in
the first discharge process corresponding to the
reduction of Sb,O3 and the lithiation reaction of Sb
and formation of SEI film, respectively, and a slant
region below 0.5 V originating from the lithiation
of rGO sheets. As well, two plateaus at around 1.0
and 1.4 V during the charge process can be detected
for de-alloying reaction of Li3Sb and reformation of
Sb,0s. These reversible processes corresponding to
(de)alloying and conversion reactions are in
accordance  with the CV
electrochemical cycling performance of the
Sb@Sb,03/rGO electrode has been tested at
200 mA/g for 200 cycles. A high initial reversible
specific capacity of 843.5 mA-h/g with an initial
coulombic efficiency of 60.6% can be delivered for
the Sb@Sb,03/rGO electrode at 200 mA/g. A rapid
capacity fading to 633 mA-h/g in initial 10 cycles is
ascribed to those unanchored Sb@Sb.0s particles,
which were pulverized due to large volume
changing during the initial several cycles and
further became inactive towards lithium. The fading
can be relieved by optimizing technological process
in the further investigations. It is noteworthy that,
the capacity increased gradually since 70 cycles
owing to the reversible formation of gel-like film
[31]. And the reversible capacity of as high as
790.9 mA-h/g with the capacity retention of 93.8%
could be maintained after 200 cycles (Figure 5(c)).
The Sb@Sb,03/rGO displays

results. The

electrode also

excellent rate capacities. As shown in Figure 5(d),
the reversible capacities stabilized ca. 740, 620,
522, 425 and 330 mA-h/g at current densities of 50,
100, 200, 500 and 1000 mA/g, respectively. A high
reversible capacity of 260 mA-h/g can be obtained
even at 2000 mA/g. When the current density was
returned to 50 mA/g, the reversible capacity can be
fully recovered to above 638 mA-h/g after 10 cycles,
indicating high structure stability and superior rate
capability of the Sb@Sb,03/rGO electrode. The
above excellent lithium storage properties can be
attributed to the well-constructed nanostructure. Sb
and SboO; particles in size of ca. 10 nm were tightly
anchored on rGO sheets through electronic
coupling, which could not only suppress the
aggregation of active nanoparticles, alleviate the
stress caused by the volume expansion, but also
enhance the electron transfer ability during
de-/lithiation process.

4 Conclusions

1) Sb@Sb,03;/rGO composite has been
successfully synthesized by a facile one-pot
chemical reduction method at ambient temperature.

2) As an alternative electrode for LIBs
application, the as-synthesized Sb@Sb,03/rGO
composite delivers a high reversible capacity of
790.9 mA-h/g after 200 cycles with a capacity
retention of 93.8% at 200 mA/g.

3) The excellent electrochemical properties
can be attributed to the well-constructed
nanostructure. The nano-sized Sb and Sb,Os;
particles are tightly anchored on rGO sheets
through electronic coupling, which could not only
alleviate the stress caused by the volume expansion
and suppress the aggregation of active nanoparticles,
but also enhance the electron transfer ability during
cycling.

4) And these findings are wuseful in
synthesizing functional materials through facile and
convenient method and developing novel and
alternative  electrode = materials ~ with  high
electrochemical performance for LIBs.
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P FiE
HA DR ERE R Sb@SbaOs/ik IR B A A 208 B A+ RBH 1] 55 il %

FHEE . BREEPPRA 2 ) 25 A B et i L R AT S AR R 22—, SR B 44 T A & o 1) ) %
bR E R T I o AR SCR FH — B4k S S5 1 TR 5 VAR E I T 19 2] Sb@SboOs/ 18 J5 A A AT 55 4
(Sb@Sb.03/rGOYE 41 KL XRD 1 TGA 455K, A MEH Sb Fl Sb,05 HF & 73 %0537l 8 34.0%
1 26.6%. FiZE G M B AVEE BT H it AR EME RS, 76 200 mA/g ML FE I 200 5 1]
W R REFE 790.9 mA-h/g, HEMLFFFREIS 93.8%; £ 2000 mA/g IR E R 78 MBI H 260
mA-h/g AT L2 . AR I Ak Ve Re A5 2 T il & A MR R P 4K 454, RSFZ2928 10 nm (1)
Sb Al Sb,O5 Tk T e T A FH 22 28 Ml w8 7RI IR B AT 584 1 2 b o 1245 M B RE A 20028 i DR i
REFE R R AR R R AR T SRR RS A VERT . B AT Sb Al SboOs KR H 13, T REHE M is A KL
S HL A

XEI: Sb@Sb:05rGO F ML Bl LIRS AE T



