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Abstract: Antimony (Sb)-based materials are considered to be attractive for use in Li secondary
battery anodes because of their high capacity. However, their huge volume change during Li
insertion-extraction cycling limits their cycle performance. The Sb-active material can be combined
with intercalation-based active materials to address these issues. In this study, spherical Sb core/Nb,O5
shell structured composite materials were synthesized through a simple solvothermal process and
a carbon coating was simultaneously added during heat treatment using a naphthalene precursor.
The resulting double-shelled materials were characterized with X-ray diffraction, Raman spectroscopy,
X-ray photoelectron spectroscopy, and electron microscopy. The electrochemical test results showed
that a reversible capacity of more than 450 mAh g~! was retained after 100 cycles. This improved
performance is ascribed to the double-shelled structure. The large volume change of the nano-sized
Sb core material was alleviated by the double-shelled structure, which consisted of crystalline
orthorhombic Nb,Os and amorphous carbon. The shell materials also aided rapid charge transport.
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1. Introduction

With the increasing interest in global warming and the depletion of fossil fuels, research in
renewable energy sources such as solar, wind, and bioenergy has been actively pursued. Efficient and
reliable energy storage devices are essential to the realization of the full potential of these sources.
For instance, Li-ion batteries (LIBs) are the main power source for electric and hybrid vehicles. To meet
current market demands, LIBs need to have high energy/power density, low cost, and environmental
friendliness. However, commercial LIBs, which commonly incorporate a graphite anode and a
lithium transition metal oxide cathode, have limited energy density and power performance [1-3].
Although graphite anodes have reasonable cyclability and low cost, their low theoretical capacity
of 372 mAh g! for LiCg after full lithiation limits the energy density of LIBs [4]. To resolve these
drawbacks, high-capacity electrode materials have attracted research. Li-alloy-based anode materials
are of great interest as a replacement for commercial carbonaceous anodes because of their high
theoretical capacity (500-3600 mAh g=1) [5-7].

Sb-based anodes have been considered among the Li-alloy-based materials; they exhibit a
high theoretical capacity of 660 mAh g=! for the Li3Sb phase after full lithiation. As with other
Li-alloy based materials, Sb has large volume changes during Li insertion and extraction cycling,
causing deterioration of their cycling stability [5]. There have been various efforts to alleviate the
volume changes. Several strategies have been found to be effective, such as incorporating carbon,
metals, and oxides in composite materials [8—17]. Materials that are inactive to Li have been widely
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employed for composites. Intercalation-based materials for Li such as graphite and TiO, have been
demonstrated to be useful. Although these materials can be active for Li storage, they can also buffer
the volume changes of the Li-alloy based materials because their volume changes are very small [18-23].
Recently, niobium pentoxide (Nb,Os) materials have attracted much attention for high-rate electrodes
in hybrid supercapacitors [24-29]. Nb,Os has pseudo-hexagonal, orthorhombic, tetragonal and
monoclinic crystalline polymorphs as a function of their heat treatment temperature [30-33]. One of
these crystal structures, orthorhombic Nb,Os, exhibited advanced electrochemical properties for Li
storage with a moderate capacity of about 200 mAh g~!, fast Li storage, and good cycling stability [25-28];
the material has been incorporated into Li-alloy based composites [34-36].

In this work, we incorporated orthorhombic Nb,Os into an Sb-based composite to improve its
electrochemical performance for fast and reversible Li storage. First, a spherical Sb core/Nb,Os shell
structured composite was prepared by a solvothermal method. The micron-sized particles consisted of
embedded Sb nanoparticles and surrounding niobium oxide shells. Then, the material was heat treated
to crystallize the niobium oxide. Carbon coating was simultaneously performed using a naphthalene
precursor. The result was an Sb nanoparticle core embedded composite with Nb,Os-C double shells.
This Sb-core double-shelled composite electrode exhibited better electrochemical properties than a
control electrode consisting of mixed material. This result can be attributed to the double-shelled
material structure. The material characteristics were examined using several different analytical tools.

2. Experimental Section

Material preparation: A spherical Sb core/Nb,O5-C double-shelled composite was prepared
via solvothermal and heat treatment procedures. Antimony chloride (2.22 g, SbCl;, Sigma-Aldrich,
USA), ammonium niobate oxalate hydrate (1.30 g, C4H4NNbOg-xH,O, Sigma-Aldrich, Germany),
and Pluronic F-127 (0.80 g, Sigma-Aldrich, Germany) were introduced into a dimethylformamide
and ethanol (120 mL, 7:3 volume ratio) solution. This solution was mixed under ultrasonication for
30 min. Then, hydrochloric acid (7 mL, 2 M, HCl, Daejung, Korea) and polyvinylpyrrolidone (0.80 g,
PVP, Sigma-Aldrich, China) were added and the mixed solution was stirred for 20 min. After stirring,
the solution was transferred into a Teflon-lined steel autoclave (200 mL capacity) and solvothermal
synthesis was carried out for 24 h at 200 °C. The resulting product was centrifuged several times
while using de-ionized water and ethanol to obtain precipitates, which were then dried at 60 °C.
Heat treatment was performed with naphthalene (0.60 g, Sigma-Aldrich, USA) within a vertical furnace
in an Ar atmosphere at 600 °C for 2 h. After the treatment, the furnace was automatically cooled down
to room temperature.

Material characterization: X-ray diffraction (XRD) was performed using an Ultima IV instrument
(Rigaku, Japan) to examine the composite’s crystal structure. The chemical states of the composite
were examined with Raman spectroscopy (Renishaw) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Kx). A field-emission scanning electron microscope (JEOL JSM-7401) was employed
to characterize the morphology and surface structure of samples. A high-resolution transmission
electron microscope (HR-TEM, JEOL ARM-200F) was used with energy-dispersive spectroscopy (EDS)
for characterization of the crystal structure and elemental analysis. Thermogravimetric analysis (TGA,
TA Instruments Q600) was carried out to determine the carbon content of the composite.

Electrochemical measurement: For working electrode preparation, the active material (70%),
a conducting agent (Super P, 15%), and a binder (polyacrylic acid, 15%) were dispersed in a de-ionized
water solution. Copper foil was selected as the electrode current collector, and the slurry was coated
on the foil. Then, the electrodes were pressed using a roll-presser and dried under vacuum at 80 °C
for 12 h. Coin-type half-cells (CR2032 type) were assembled in an argon-filled glove box using the
working electrode (12 mm diameter discs), a porous polyethylene separator, and a Li-metal foil
counter/reference electrode. The electrolyte was 1 M LiPF in ethylene carbonate/diethyl carbonate
(3:7 volume ratio) containing 10% fluoroethylene carbonate. Galvanostatic cycling using the coin-type
cells was performed in a potential range of 0.001-3.0 V (vs. Li*/Li) at a specific current of 100 mA g~'.
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Discharge and charge correspond to Li insertion and extraction into the working electrode, respectively.
For the rate performance test, the specific current was varied from 0.15 to 3.0C (1C = 660 mA g~!) and
both discharge and charge were measured at the same rate. For accurate measurement, 20 pre-cycles
were carried out at a specific current of 100 mA g~!. Cyclic voltammetry (CV) was carried out at a scan
rate of 0.5 mV s ~! using a potentiostat/galvanostat (BioLogic VSP).

3. Results and Discussion

Figure 1 shows a schematic of the Sb nanoparticle-embedded composite synthesis with Nb,O5-C
double shells. During the solvothermal process, the Sb nanoparticles were created from the
SbCls precursor and amorphous niobium oxide was precipitated surrounding the Sb particles.
Consequently, spherical composite particles at micron sizes were produced. The ensuing heat treatment
led to the crystallization of the niobium oxide and also to carbon coating on the composite particle
from the naphthalene precursor.

Nb,Os

v —
+ — Y
Solvothermal " " Heat treatment
Sb

with naphthalene

Carbon

Sb precursor Nb precursor

Figure 1. Schematic illustration of the synthesis of the spherical Sb core/Nb,O5-C double-shell.

Figure 2 presents the XRD patterns of the as-prepared and heat-treated samples at each step
of the synthetic procedure. Diffraction peaks for Sb metal can be seen (ICDD-JCPDS No. 35-0732,
rhombohedral) in the as-prepared sample after solvothermal synthesis. However, Nb-related peaks did
not appear, which indicated that the Nb,Os might exist in an amorphous state before heat treatment.
The melting point of elemental Sb is approximately 630 °C and the crystallization temperature of
niobium oxide is known to be relatively high [32,33]. Therefore, heat treatment was performed at 600 °C.
The treatment was carried out for a control sample without the carbon source at the same temperature.
In the XRD pattern, peaks for orthorhombic Nb,Os (T-NbyOs, ICDD-JCPDS No. 30-0873) were
detected, which revealed that the amorphous phase was transformed into a crystalline structure [29].
The crystallized orthorhombic Nb,Os phase has been known to have advantages for fast Li* ion
storage [25-28]. Naphthalene was selected as the carbon source for incorporation during heat treatment
as reported previously [37]. The XRD pattern after the naphthalene heat treatment was similar
to that obtained without the carbon precursor. This indicates that the Sb-Nb,Os composite was
successfully prepared.

Carbon incorporation was confirmed from Raman analysis. Figure S1 shows the Raman spectrum
of the synthesized material. The spectrum exhibited two bands at around 1350 and 1600 cm™!,
which are attributable to the D and G bands of the amorphous carbon layer on the surface of the
composite. Several Sb- and Nb-related bands were also observed. TGA was used to measure the
carbon content. The composite samples prepared with and without the carbon precursor were heated
in air; their weight changes are shown in Figure S2. From approximately 400 °C, both composite
materials gained weight, which could be ascribed to Sb oxidation [38]. The carbon-coated sample
showed a lower weight gain of 3.7%.
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Figure 2. XRD patterns of as-prepared and composite after heat treatment with and without a
carbon source.

XPS was adopted to investigate the chemical state of Sb, O, and Nb elements in the composite.
Before the measurements, the sample surface was cleaned with argon-ion sputtering for 300 s to remove
contaminants. Figure 3 shows the Sb 3d, O 1s, and Nb 3d core-level XPS spectra of the synthesized
composite, which were deconvoluted into sub-profiles. Since the Sb 3d and O 1s core-level spectra
overlap, the spectra are presented in the same figure (Figure 3a). The profiles obtained from the
surface appear to be complex because the composite surface was oxidized with some impurities.
After the sputtering, the spectrum attributable to bulk in the composite was demonstrated with
further simplified features. The sub-profiles centered at 537.7 and 528.3 eV are attributed to the
Sb 3d binding energy of Sb metal (Sb”) [15-17]. This is related to the core Sb nanoparticles in the
composite and corresponds to the Sb diffraction peaks in the XRD pattern. The sub-profiles at 539.7
and 530.4 eV are attributed to Sb3*, which indicates that a small amount of Sb oxide formed in
the material. The sub-profile for the binding energy of 530.9 eV could also originate from the O 1s
core-level spectra [39], which overlaps the sub-profiles for Sb>* in Sb 3d. The profile could be related
to the Nb-O bonds from niobium oxides in the composite [35,39]. The oxidation state of Nb can be
analyzed from the Nb 3d core-level spectra (Figure 3b). The sub-profiles at the binding energy of
210.3 and 207.6 eV are assigned to the Nb>* state (Nb,Os) [33,35]. The signals for Nb>* can be seen as
dominant, which corresponded to the existence of T-Nb,Os in the composite. This feature confirms the
XRD analysis result. However, several small sub-profiles attributable to Nb** and Nb?* also appear,
revealing the possible existence of oxygen-deficient oxide forms.
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Figure 3. XPS core-level spectra of the composite: (a) Sb 3d/O 1s and (b) Nb 3d.

Electron microscopy was used to investigate the surface characteristics and morphology of the
synthesized composite; the results are shown in Figure 4. Figure 4a,b shows the SEM images of
the composite before and after heat treatment at 600 °C. Both images show that the composite has
spherical shapes with size ranging from a few hundred nanometers to one micrometer. The spherical
composite particles appear to be aggregations of primary nanoparticles. There are no significant
morphological changes evident after the heat treatment. Figure 4c exhibits a bright-field TEM image
of the synthesized material after the heat-treatment that shows an approximately 150-nanometer
core surrounded by other materials to form a core-shell. Figure 4d—f show HR-TEM images of the
composite. Two different crystallites were detected in Figure 4d and the marked areas were enlarged
into Figure 4e f (Inset: Fast Fourier Transform (FFT) pattern). In Figure 4e, the d-spacing value (3.11 A)
for the crystallite is assigned to the (012) reflection of Sb metal [40]. In Figure 4f, T-Nb,Os crystallite
was identified by the FFT pattern and the d-spacing value of 3.93 A was attributed to the (001) reflection
of T-Nb,Os [27]. The existence of Sb and T-Nb,Os nanocrystallites in the composite was confirmed
from these HR-TEM analyses.

To further examine the microstructure of the composite, EDS elemental mapping was performed.
Figure 5 presents the TEM image and corresponding EDS elemental mapping images for each element.
It can be seen in the TEM image that some core materials were embedded in the composite. In the
mapping images, the signals for the Sb element were concentrated on several areas indicating that
the Sb metal nanoparticles were the core material. Conversely, Nb and O elements were uniformly
distributed over all the composite particles except for the Sb concentration regions. This shows that the
surrounding shell material is Nb,Os. The C element mapping image demonstrated that carbon was
also evenly distributed. This is consistent with the Raman and TGA results that showed the existence
of carbon. All the material characterization results, including XRD, XPS, TEM, and EDS, are consistent
with a spherical Sb core/Nb,Os-C double-shell structured composite.
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Figure 4. (a) FE-SEM image of the composite before heat treatment (as-prepared sample) and (b) FE-SEM
image, (c) bright-field TEM image, and (d-f) HR-TEM images of the composite after heat treatment
(inset: FFT patterns).

Figure 5. High-magnification TEM image and corresponding EDS elemental mapping results for each
element in the spherical Sb core/Nb,Os5-C double-shell structured composite.

To investigate the composite electrode as an anode for LIBs, electrochemical tests were performed.
Figure 6a shows the voltage profiles of the double-shelled composite electrode for the first and second
cycles at a rate of 0.15C (100 mA g~!). The discharge and charge capacities of the composite electrode
were 833 and 632 mAh g~!, respectively, with an initial coulombic efficiency of 75.9%. To understand
the reaction mechanism of the electrode with Li*, the voltage profiles were converted to differential
capacity plots with the results shown in Figure 6b. A broad peak was detected at approximately 1.3 V
vs. Li*/Li during the first discharge process, which is related to the formation of a solid electrolyte
interface (SEI) on the surface of the composite. The peak disappeared in the second cycle, indicating
that the SEI formation reaction was irreversible. The sharp peak at approximately 0.8 V vs Li*/Li
at discharge is related to the electrochemical alloying reaction from Sb to LizSb phases. During the
charging process, the reaction occurred near 1.0 V vs. Li*/Li, which should be the dealloying reaction
of Li3Sb back to Sb [17]. These electrochemical alloying and dealloying reactions happened during the
second cycle, which means that the reactions were reversible. Li insertion and extraction reactions into
and from Nb,Os usually occur at a potential range between 1.5 and 2 V vs. Li*/Li [27,33]. The broad
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profiles seen in this potential range during discharge and charge reactions could be related to Nb,Os.
Similar features are observed in the CV results (Figure S3).

Figure 6¢ exhibits the cycle performance of the composite electrode measured at a rate of 0.15C
(100 mA g~1). For comparison, the cycle performance of pure Sb and mixture (Sb: Nb,Os:C = 55:41:4
by wt %, determined based on the estimation of the EDS and TG analysis results) electrodes is given in
Figure S4. The Sb core/Nb;Os-C double-shelled composite electrode demonstrated much improved
cycling stability, compared to the pure Sb and mixture electrodes. This is attributed to the design of
the double-shelled structure. The volume changes of the Sb core nanoparticles were reduced by the
double shells of Nb,Os and surface carbon coating layer in the composite, so the cycle performance of
the electrode was greatly enhanced [5,6]. Figure 6d presents the rate performance of the composite
electrode measured at various specific currents from 0.15 to 3C (1C = 660 mA g~!); each step was
performed at the same current for both discharge and charge processes. The electrode showed a
capacity of approximately 350 mAh g~! at a high current density (3C rate). The rate performance
can be credited to the role of the high-rate surrounding T-Nb,Os5 and the carbon coating layer [33,35].
The T-NbyOs material is helpful for Li ionic transport and the surface carbon can promote fast electronic
and ionic transport through the composite.
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Figure 6. (a) Voltage profiles, (b) differential capacity plots, (c) cycle performance, and (d) rate
performance of the spherical Sb core/Nb,Os-C double-shell structured composite electrode.

4. Conclusions

A spherical Sb core/Nb,O5-C double-shell structured composite was synthesized with a simple
solvothermal method and subsequent heat-treatment process. Sb metal core nanoparticles were
embedded in a Nb,Os composite via the solvothermal precipitation. Then, heat treatment was
performed at 600 °C with naphthalene to incorporate carbon and to crystallize amorphous niobium
oxide. The microstructure of the synthesized composite was characterized by XRD, XPS, HR-TEM,
and EDS analyses, confirming the core/double-shell structure. Electrochemical tests demonstrated that
the composite electrode exhibited better cycling stability than pure Sb and mixture electrodes. In the
composite, the NbyO5-C double shells buffer the volume change of the Sb nanoparticle cores and help
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the cycling stability of the electrode. The shell structure can enhance fast charge transport through the
composite particles.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/8/1999/s1,
Figure S1: Raman spectrum of the synthesized material, Figure S2: TGA curve of the synthesized material, Figure S3:
CV curves of the Sb core/Nb,O5-C double-shell structured composite electrode, Figure S4: Cycle performance of
the pure Sb and mixture electrodes.
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