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1 Introduction

ABSTRACT

High-capacity anode materials are highly desirable for sodium ion batteries.
Here, a porous Sb/Sb,0; nanocomposite is successfully synthesized by the mild
oxidization of Sb nanocrystals in air. In the composite, Sb contributes good
conductivity and Sb,O; improves cycling stability, particularly within the voltage
window of 0.02-1.5 V. It remains at a reversible capacity of 540 mAh-g™ after
180 cycles at 0.66 A-g™'. Even at 10 A-g™, the reversible capacity is still preserved
at 412 mAh-g™, equivalent to 71.6% of that at 0.066 A-g™'. These results are much
better than Sb nanocrystals with a similar size and structure. Expanding the
voltage window to 0.02-2.5 V includes the conversion reaction between Sb,O;
and Sb into the discharge/charge profiles. This would induce a large volume
change and high structure strain/stress, deteriorating the cycling stability. The
identification of a proper voltage window for Sb/Sb,O; paves the way for its
development in sodium ion batteries.

lithium resources on earth are limited and unable to
cover all the future demands. To address this concern,

Lithium ion batteries (LIBs) are efficient energy
storage devices, and have been widely employed in
consumer electronics, hybrid electric vehicles (EVs),
and so on [1-3]. However, large-scale use of LIBs
in these applications creates a serious issue, because

sodium ion batteries (NIBs) have come into sight,
due to the high abundance and low cost of sodium.
Moreover, NIB cell configurations and charge/discharge
mechanisms are similar to those of LIBs, which
allows them to follow in the footsteps of the lithium
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predecessor for high performance. Although heavy
sodium ions cause sluggish kinetics and the low
voltages of electrode materials (vs. Na‘/Na) reduce
energy density, NIBs are still very competitive in grid
storage, where size and weight are not crucial factors.

Compared with cathode materials, the progress
on the anode side is much less. Sodium cannot be
directly used as the anode due to the safety concerns
arising from its low melting point (97.7 °C), potential
for dendrite formation, etc. [4, 5]. Although Na*ions can
intercalate into hard carbon, it has a very low discharge
voltage (<0.1 V) [6], which also raises the severe safety
concern of the formation of sodium dendrites. Moreover,
its capacity is quite limited (~200 mAh-g™) [7]. Thus,
it is necessary to seek other materials for the anode.
Recently, Sb has attracted intense interest as a promising
anode candidate, owing to its high theoretical capacity
(660 mAh-g™) [8], small electrode polarization (~0.25 V),
moderate discharge voltage (0.5-0.8 V) [9], etc. But it
experiences huge volume changes upon cycling that
generate vast strain/stress, particle cracks, and structure
failure. To address this issue, various strategies have
been borrowed from the LIB system, such as structure
engineering (porous or hollow structures) [10, 11],
size control (via nanoparticles or nanotubes) [§, 12],
surface modification (C or TiO, coatings) [13-22],
and component modulation (MSb alloys, where M =
Zn, Sn, Bi, Ni, etc.) [23-30]. In spite of this, improving
cycling stability without the expense of capacity is
still a great challenge.

Recently, the reversible conversion reaction between
Sb,0O; and Sb was observed in NIBs [31], in addition
to the alloying/dealloying reaction of Sb with Na.
This result indicates the high theoretical capacity of
Sb,O; (1,103 mAh-g™), but its poor conductivity retards
charge-transfer kinetics and degrades electrochemical
performance. Thus, highly conductive metallic Sb is
associated with Sb,O; to improve reaction kinetics,
which has been discussed only in a few reports to
date. The first work involving Sb/Sb,O; as an anode
material in NIBs was from Wang and coworkers [32].
They anchored Sb/Sb,O; nanoparticles on a carbon
sheet network (CSN) by plasma-enhanced chemical
vapor deposition, followed by the growth of graphene
onto the composite. Cyclic voltammetry (CV) and ex
situ X-ray diffraction (XRD) patterns indicated that
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Sb could be further oxidized into Sb,O; after charging
to 20V. In this voltage window (0-2.0V), Sb/
Sb,O;@graphene-CSN could deliver a capacity of about
221 mAh-g" at 5A-g”. Hong and Kwon reported
morula-like Sb/Sb,O; particles that were directly grown
on the current collector via an electrodeposition
method [33]. Raman spectroscopy also confirmed
the reversible reaction between Sb and Sb,0O; as the
composite was charged back to 2.5 V. The capacity
remained ca. 212 mAh-g™ for 3.3 A-g™. Later, the same
group synthesized a porous Sb/Sb,O; composite grown
on polypyrrole nanowires by a similar method [34].
They controlled the voltage window between 0.001-
1.5V, thus inhibiting the reversible reaction between
Sb,O; and Sb. However, this composite showed a
higher reversible capacity of 300 mAh-g™ at 3.3 A-g™.
Because the above two composites are different in
size, shape, structure, and components, it cannot be
concluded that the narrow voltage window works
better for Sb/Sb,O;. But the effect of the voltage window
on the performance of Sb/Sb,O; definitely deserves to
be studied in detail. If the low cut-off charge voltage
inhibits this reaction, what is the role of Sb,0; in this
cycling? Could it help the electrochemical performance
of Sb? In order to clarify these points, the same com-
posite of Sb/Sb,0O; should be measured over different
voltage windows for NIBs. Then, the underlying role
of Sb,O; needs to be explored. Finally, if Sb/Sb,O;
could combine Sb,O; with other strategies (porous
structure, nanoscale size), high performance would
be expected.

Herein, a porous Sb/Sb,O; nanocomposite is
synthesized by thermal treatment of highly aggregated
Sb nanocrystals in air. The presence of Sb,O; in
the nanocomposite is confirmed by its XRD pattern,
Raman spectrum, and high-resolution transmission
electron microscopy (HRTEM) image. Electrochemical
measurements over different voltage windows confirm
that the narrow voltage window (0.02-1.5 V) gives a
better cycling stability and capacity retention than
the broad one (0.02-2.5 V). It could deliver a capacity
of 540 mAh-g™ after 180 cycles at 0.66 A-g™'. Even at
10 A-g™, the reversible capacity could still be maintained
at 412 mAh-g™', equivalent to 71.6% of the capacity at
0.066 A-g™. This result is much better than most of the
reported data on Sb anodes. Electrochemical impedance
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spectroscopy (EIS) shows that the cycled Sb/Sb,0O,
electrode exhibits reduced surface film and charge-
transfer resistances, thereby improving the electro-
chemical performance.

2 Experimental
2.1 Material synthesis

All the reagents were purchased and used without
purification. Typically, 0.91mg of NaBH, (96%,
Sinopharm) was dissolved in 25mL N-methyl-2-
pyrrolidone (NMP, 98%, Aladdin) at room temperature.
Then, the solution was heated to 60 °C under N,
accompanied by vigorous stirring. After 5.0 mL of
6 mM SbCl; (99%, Aladdin) was injected into the NMP,
the solution immediately became black, suggesting
the formation of Sb nanoparticles. The solution was
quickly immersed in an ice/water bath to inhibit the
continuous growth of Sb. The powder was collected
by centrifugation, washed several times with absolute
ethanol, and dried at 70°C in a vacuum overnight.
The as-obtained Sb nanoparticles were kept at 100 "C
in air for 3 h to achieve oxidation, generating porous
Sb/Sb,O; nanoparticles.

2.2 Material characterization

XRD patterns were obtained from an X-ray diffrac-
tometer (Bruker D8 Adv.,, Germany), using a mono-
chromatic Cu-Ka line as a radiation source. Scanning
electron microscope (SEM) images were collected
on a field-emission scanning electron microscope
(SUPRA 55 SAPPHIRE, Germany). Transmission
electron microscope (TEM) images, high-resolution
TEM (HRTEM) images and energy dispersive X-ray
spectra (EDX) were taken with a transmission electron
microscope (JEOL JEM 1011, or JEOL JEM-2100F, Japan).
Raman spectra were measured on a NEXUS 670
Raman spectrometer using an excitation wavelength
of 632 nm. Nitrogen sorption isotherm measurements
were performed on a gas sorptometer (Micromeritics
ASAP 2020 HD88, USA) at 77.3 K. Thermal gravimetric
analysis (TGA) was achieved in air at a heating rate
of 10 °C:min™ on a thermal analyzer (Mettler Toledo
TGA/SDTAS851, Switzerland).
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2.3 Electrochemical measurements

The electrochemical performance of Sb/Sb,O; as an
NIB anode material was tested with CR2032 coin cells.
Firstly, the working electrode was made of 65 wt.% of
the active material, 20 wt.% of acetylene black, and
15 wt.% of sodium alginate (SA). These components
were milled for 30 min with droplets of deionized
water, resulting in a viscous slurry. The slurry was
spread on a clean copper foil by a blade, and dried
under vacuum at 60 °C for 8 h. The loading mass of
the active material was ca. 0.9-1.2 mg-cm™. Then, the
working electrode was punched into disks with
diameters of 1.2 cm. Coin cells were assembled using
these disks within an Ar-filled glovebox (Mikrouna,
Super 1220/750/900). Na foil was used as the counter
and reference electrode, Whatman GF/F glass micro-
fibers functioned as the separator, and the electrolyte
was comprised of 1.0 M NaClO; in ethylene carbonate
and diethyl carbonate (EC and DEC, volume ratio
of 1:1) containing 10% fluoroethylene carbonate
(FEC). CVs of these coin cells were collected on an
electrochemical workstation (LK2005A, China) within
0.02-2.5 V. Discharge/charge profiles were examined
on Land battery cyclers (LAND CT 2001A, China).
EIS was measured by an electrochemical workstation
(Autolab PGSTAT 302N) in the frequency range of
100 kHz to 0.01 Hz.

3 Results and discussion

Sb/Sb,0O; was prepared by the reduction of SbCl,
with NaBH,, followed by oxidation in air (Fig. 1). As
an intermediate product, these Sb nanocrystals directly
affect the size and shape of Sb/Sb,0O;. The as-obtained
Sb nanocrystals are aggregated nanoparticles with
diameters over 40-140 nm (Figs.S1 and S2 in the
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Figure 1 The preparation of Sb/Sb,0O5 nanoparticles.
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Electronic Supplementary Material (ESM)). After this
oxidization, some Sb nanoparticles are completely
converted to Sb,O; whilst others only have the surface
oxidized, which can be ascribed to the low reaction
temperature of 100 °C. The nanoparticles coalesce
together, forming robust connections. High temperatures
would markedly promote the content of Sb,O; in the
composite (Fig.S3 in the ESM). The coexistence of
Sb,O; with Sb is also supported by the Raman spectra
(Fig. 2(b)), where the peaks at 190 and 253 cm™ come
from Sb,0O; [35], and the peaks at 115 and 152 cm™
arise from Sb [36]. These results are in good agreement
with those from the XRD pattern. The weight ratio of
Sb to Sb,O; was obtained from the EDX spectrum
(Fig. 2(c)), and estimated to be 82.7:17.3. This result is
also supported by TGA. As shown in Fig. 2(d), there
are two stages of weight gain over 300-650 °C. The
first between 300450 °C is likely due to the complete
oxidation of Sb to Sb,O; which is confirmed by the
disappearance of Sb in the product obtained at 500 °C
(Fig. S4(a) in the ESM). Based on this weight gain, the
weight ratio of Sb to Sb,O; was calculated as 83.4:16.6,
close to that obtained from the EDX spectrum. The
second stage between 600 and 650 °C is ascribed to
the further oxidation of Sb,O; to Sb,Os, as evidenced
in the XRD pattern (Fig. S4(b) in the ESM).
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Figures 3(a) and 3(b) show SEM images of Sb/Sb,0;.
It consists of highly aggregated nanoparticles, similar
to the parent Sb nanocrystals. It is noted that this
aggregation leaves a number of voids between
neighboring nanoparticles, forming unique porous
structures. These features can be visualized more
clearly in the TEM images (Fig. 3(c)). As documented
in many works on anode materials in LIBs and NIBs
[37,38], this porous structure would facilitate the
electrolyte transport, lower the areal current density,
and accommodate the volume change during sodiation/
desodiation, improving the electrochemical perfor-
mance. Nitrogen sorption isotherms were measured,
as shown in Fig. S5 in the ESM. There is apparent
sorption hysteresis, indicating the mesoporous structure.
Most of the pore sizes range from 15 to 60 nm. This
is comparable to the sizes of the primary Sb/Sb,O,
nanoparticles, which have an average size of 90 nm
(Fig. 3(d)). In order to identify the distribution of Sb
and Sb,O; in the composite, a high angle annular
dark field (HAADF)-scanning transmission electron
microscopy (STEM) image was recorded (Fig. 3(e)),
where Sb and Sb,0; exhibit an obvious contrast due
to their different electron-scattering abilities. Also,
element mapping was conducted for the composite
(Fig. S6 in the ESM).
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Figure 2 (a) XRD pattern of Sb/Sb,0;. (b) Raman spectrum of Sb/Sb,0;. (¢) EDX spectrum of Sb/Sb,0s3. (d) TGA of Sb/Sb,0; in air.
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Figure 3 (a) and (b) SEM images of Sb/Sb,0s. (c¢) and (d) TEM
images of Sb/Sb,0;. (¢) HADDF-STEM image of Sb/Sb,0;.
(f) HRTEM image of Sb/Sb,0s.

Oxygen is located either on the particle surface (Site I)
or gray areas (Site II). The former (Site I) can be ascribed
to the surface oxidation of Sb, particularly for the
nanoparticles. The latter (Site II) can be explained
by the formation of Sb,O;, consistent with the low
intensity of Sb there. These results indicate that Sb is
blended with Sb,O; in the composite, but the surfaces
are covered by oxide. The HRTEM image (Fig. 3(f))
shows clear lattice fringes of 0.353 nm from the (101)
crystal planes of Sb and 0.168 nm from the (622) crystal
planes of Sb,O;, suggesting their intimate contact.

CV curves of Sb/Sb,0; nanocrystals were measured
over the range of 0.02-2.5 V at a scan rate of 0.1 mV-s™.
As shown in Fig. 4(a), the first cathodic scan displays
one weak peak at 1.07 V and one intense weak peak
over 0.2-0.7V. The former is likely due to the
reduction of Sb,O; to Sb [39]. The latter is attributed
to the formation of a solid-electrolyte interphase (SEI)
film and the insertion of Na into Sb [40, 41]. The first
anodic scan indicates the consecutive oxidations of
the Na;Sb alloy, including the extraction of Na ions
from the alloy (~0.87 V), and the conversion of Sb
into oxides (1.2-2.2 V). The extremely small current
and large width of the peak over 1.2-2.2V (inset of
Fig. 4(a)) can be ascribed to the partial reversibility
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of this oxidation and the low content of Sb,O; in the
composite. In the following cycles, the cathodic peak
from the reduction of Sb,O; at ~1.0 V remains, implying
reversible conversion between Sb,O; and Sb. This
phenomenon has been observed in previous reports
[32-34]. Meanwhile, there is a great change of the
intense peak over 0.7-0.2 V. The three peaks at 0.72,
0.55, and 0.36 V indicate the stepwise reduction of Sb
to NaSb, Na,Sb, and Na;Sb [40]. This change suggests
good kinetics inside the composite, as supported
by the reduced electrode polarization compared to
the first cycle. The anodic and cathodic peaks are
then stable over further cycles, indicating the good
electrochemical stability of Sb/Sb,O:;.

Although the conversion reaction between Sb,O,
and Sb could increase the capacity, it would also
induce a large volume change and high structure
strain/stress, likely lowering the cycling stability. In
order to confirm this point, Sb/Sb,O; was cycled over
two voltage windows. The wide voltage window (0.02—
2.5V) enables the reversible conversion reaction to
occur, as supported by the charge plateau around
1.5-1.8 V (Fig. 4(b)) and HRTEM images of the electrode
charged to 2.5V (Figs. S7(a) and S7(b) in the ESM).
The narrow voltage window (0.02-1.5 V) has less of
these signs in the charge profile (Fig. 4(b)) and in the
HRTEM images (Figs. S7(c) and S7(d) in the ESM).
Thus, cycling over 0.02-2.5 V gives a higher initial
coulombic efficiency (74.6%) than over 0.02-1.5V
(70.7%). The capacity loss in both cases could be
correlated to the decomposition of electrolyte to form
an SEI film, the partially reversible redox reaction
between Sb and Sb,O;, and so on. In the following
cycles, the Coulombic efficiency goes up to 98.8%,
accompanied by the slight increase of reversible capacity
for both cases (Fig. S8 in the ESM). This capacity gain
occurs at the voltage range over 0.75-0.40 V, indicating
that more sodium ions could be inserted at a relatively
high voltage. It is believed that this activation might
be associated with size reduction and structure
rearrangement of active particles, due to conversion
and alloy reactions.

Figure 4(c) shows the cycling of Sb and Sb/Sb,O;,
over different voltage windows at a current density
of 0.66 A-g™. It is found that cycling Sb/Sb,O; between
0.02-2.5 V gradually increases the capacity over the

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2017, 10(5): 1794-1803 1799
(a) 3.0 n (b) 25 (c) 120
" 0.66 A-g” =
< | 5 2.0 + 8004 100
=y 016 < < ! . >
< g 4 2 - g
E L S0z ‘s 1.5 g 80 5
b - £ 600 S
c 1.2 16 20 @ =
[ Voltage (V vs. Na'/Na) 2 > 0 %
5 0.0 > 1.0 'g Charge Discharge 0 -‘é
© —1st 5 S 400 O -@ Sb 00215V £
—2nd s05 o O~ -@ Sbisb,0, 0.02-1.5V | 20 —g
-1.5 —3rd S O -9 SbISb0, 0.02-25V S
T T T T T T T 0.0 T L X 200 T T T T T T T T 0
00 05 10 15 20 25 0 200 400 600 800 0 20 40 60 80 100 120 140 160 180
Voltage (V vs. Na/Na) Capacity (mAh.g™") Cycle number
e 800
(d) ( l 100 (f) —o— Our work —o- Ref. [29]
e\° Ref. [30] —o— Ref. [32]
_ < 2 Them Tem
2 g " —a—Ref. —o—Ref.
) © 80 _g’ 600 —o—Ref. [43] Ref. [44]
£ < <
= & 60- 2 400+
-"5 ICharge Discharge o .g
© O @ Sb 00215V Ry > ~9-5b. 0.02-1.5'V -3 9
g O @ SbISbO, 0.02-15V 5 40 —o-spiseo 00215V |
o O~ -@ Shisb,0, 0.02-2.5V § -@-5b/8b,0,0.02-2.5 V
t T T T i O T T r T T ; T T T T T T
0 20 40 60 80 0 2 4 6 8 10 0 2 4 6 8 10 12

Cycle number Current density (A-g") Current density (A-g™")

Figure 4 (a) Cyclic voltammograms for Sb/Sb,O5 at a scan rate of 0.1 mV-s™' for the first three cycles. (b) Galvanostatic discharge/
charge profiles of Sb/Sb,0; over different voltage windows. (c) Cycling performance and (d) rate performance of Sb and Sb/Sb,0;. (e) Capacity

retention of Sb and Sb/Sb,0; at different current densities. (f) Comparison of different Sb-based electrodes.

first tens of cycles, which then levels off at 644 mAh-g™.
After 180 cycles, the capacity quickly drops to
481 mAh-g™. Similar behavior is also demonstrated
by Sb, though it shows a lower capacity throughout
cycling because there is no reversible reaction between
Sb,0; and Sb. Compared with these cases, Sb/Sb,0O;
cycled between 0.02-1.5 V shows an enhanced cycling
stability, although the reversible capacity is not the
highest of all the measurements. After 180 cycles, the
capacity retention is ~92.8%, much higher than those
of Sb (72.9%) and Sb/Sb,O; cycled over 0.02-2.5V
(74.7%). This superior stability of Sb/Sb,0O; measured
within 0.02-1.5 V is likely due to newly formed Na,O
buffering the strain/stress caused by the volume
change and enhancing the structure stability (Fig. S9
in the ESM). Moreover, Na,O will not be converted to
Sb,0O; again, owing to the low cut-off charge voltage
(Figs. S7(c) and S7(d) in the ESM). A similar stability
enhancement within 0.02-1.5V is also observed for
Sb,0O; (Fig. S10 in the ESM). The effect of voltage
window on rate capability is shown in Fig. 4(d), where
Sb/Sb,0O; cycled between 0.02-2.5V shows a higher
capacity but lower capacity retention than that cycled
between 0.02-1.5 V. Notably, both of them are much

better than Sb. Sb/Sb,O; showed reversible capacity
values of 575, 568, 565, 563, 547, 495, and 412 mAh-g
at rates of 0.066, 0.33, 0.66, 1.32, 3.3, 6.6, and 10 A-g7,
respectively, for the voltage window of 0.02-1.5V.
After the current density was reduced to 0.066 A-g™',
the capacity could be completely recovered. The good
capacity retention of Sb/Sb,0O; cycled over 0.02-1.5V
is shown in Fig. 4(e), indicating the fast kinetics of
the electrochemical reactions. Its capacity at 10 A-g™
is approximately 71.6% of that at 0.066 A-g™, even
though the current density was increased by 150 times.
Compared with previous reports, this performance
of Sb/Sb,O; is much higher (Fig. 4(f)) [29, 30, 32-34,
41-44]. Sb/Sb,Os@graphene-CSN, prepared by plasma-
enhanced chemical vapor deposition and the growth
of graphene onto the composite, only exhibited a
capacity about 221 mAh-g™ at 5A-g? [32]. Morula-
like Sb/Sb,0O; particles, grown on the current collector
via an electrodeposition process, presented a capacity
of 212 mAh-g™ at 3.3 A-g™ [33]. Even for associated
Sb/Sb,O; with polypyrrole nanowires, the capacity
was still ~300 mAh-g for 3.3 A-g™[34].

EIS of the electrodes made of Sb/Sb,O; and Sb were
measured to gain insight into the underlying role
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of Sb,O;. Because Sb/Sb,O; cycled between 0.02-1.5V
shows the best results, it is discussed here in comparison
with Sb. As shown in Fig. 5(a), the EIS spectra of both
Sb and Sb/Sb,0; exhibit a heavily depressed semicircle,
followed by diffusion drift. The spectra could be
simulated by a modified equivalent circuit, as presented
in the inset of Fig. 5(a). Here, R, indicates the resistance
of the electrolyte and cell components. R; refers to
the resistance related to the surface film, including
the SEI film, on the electrode. R represents the
charge-transfer resistance at the electrolyte/surface
film/electrode interfaces. Rather than pure capacitances,
constant phase elements (CPEs) fit the depressed
semicircle, which arises from the inhomogeneous
nature of the composite (Table S1 in the ESM). On the
basis of this circuit, it is found that Sb/Sb,O; at the
open-circuit voltage has a larger R, and a smaller R;
than Sb. This result can be attributed to Sb,O; on the
composite. It is probable that the poor conductivity
of Sb,O; retards the charge-transfer transportation,
thus increasing R... As the same time, the presence of
Sb,0O; also affects the formation of the surface film,
resulting in the decrease of R;. However, how Sb,O;
affects the surface film, and how this film reduces
Ry, is still not understood. After 100 cycles between
0.02-1.5V (Fig. 5(b)), R; and R of Sb and Sb/Sb,0O;,
decrease significantly. This decrease is ascribed to the
size reduction of primary particles caused by alloying/
dealloying processes. Meanwhile, both R; and R
values of Sb/Sb,O; are smaller than those of Sb,
consistent with the superior electrochemical perfor-
mance of Sb/Sb,0;.

The ratio of Sb/Sb,O; in the composite could be
tuned by controlling the oxidation temperature. At
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100 °C, the content of Sb,O; in the product is ~17%,
based on the EDX spectra. At 200 °C, this content rises
to 35%. The cycling performance of the two composites
and metallic Sb were compared. As shown in Fig. 6,
the composite with 17% Sb,O; shows the best per-
formance. Without Sb,O; in the composite, the capacity
degrades upon cycling. The high content of Sb,0O,
lowers the specific capacity. So, of these three materials,
that with 17% Sb,O; shows the best performance.

4 Conclusion

In summary, a porous Sb/Sb,0O; nanocomposite has
been successfully synthesized by the mild oxidation
of highly aggregated Sb nanocrystals. In this composite,
Sb offers good conductivity and high capacity. Sb,O;
forms Na,O upon sodiation, which buffers the volume
change and enhances the cycling stability. Together
with the advantages of its porous structure, this
nanocomposite exhibits excellent electrochemical
performance as an anode material for NIBs. It was
found that the nanocomposite exhibits better cycling
stability and rate capability within the voltage window
of 0.02-1.5 V. It could deliver a capacity of 540 mAh-g™
after 180 cycles at 0.66 A-g™. Even at 10 A-g™, the
reversible capacity could be maintained at 412 mAh-g~,
equivalent to 71.6% of the capacity at 0.066 A-g™.
These results are much better than the reported NIB
anode materials. Expanding the voltage window to
0.02-2.5 V includes the conversion reaction between
Sb,0O; and Sb in the discharge/charge profiles. This
would induce a large volume change and high
structure strain/stress, deteriorating the cycling stability.
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Figure 5 (a) Nyquist plots of Sb/Sb,0O3 and Sb at the open-circuit voltage. (b) Sb/Sb,03 and Sb charged to 1.5 V after 100 cycles.
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Figure 6 Cycling performance of Sb/Sb,O; composites with
different contents of Sb,0O5; between 0.02—-1.5 V.

EIS spectra demonstrated that Sb/Sb,O; could effec-
tively reduce the resistances of the surface film and
charge-transfer upon cycling, resulting in superior
electrochemical properties.
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