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ABSTRACT: Sodium-ion batteries (SIBs) have come up as
an alternative to lithium-ion batteries (LIBs) for large-scale
applications because of abundant Na storage in the earth’s
crust. Antimony (Sb) hollow nanospheres (HNSs) obtained
by galvanic replacement were first applied as anode materials
for sodium-ion batteries and exhibited superior electro-
chemical performances with high reversible capacity of 622.2
mAh ¢! at a current density of 50 mA g~' after 50 cycles,
close to the theoretical capacity (660 mAh g~'); even at high
current density of 1600 mA g, the reversible capacities can
also reach 315 mAh g™'. The benefits of this unique structure
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can also be extended to LIBs, resulting in reversible capacity of 627.3 mAh g™ at a current density of 100 mAh g™" after 50
cycles, and at high current density of 1600 mA g™, the reversible capacity is 435.6 mAhg™". Thus, these benefits from the Sb
HNSs are able to provide a robust architecture for SIBs and LIBs anodes.
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1. INTRODUCTION

Large-scale storage requires a low cost, safe, and green battery
system. Though lithium-ion batteries (LIBs) have been largely
successful in the consumer electronics age, now it is becoming
questionable, from not only the low abundance of lithium in
the earth’s crust (0.0065%) with the corresponding high cost
but also a low efficient recycling. The rapidly increased demand
of large-scale energy-storing devices, such as electric vehicle and
stationary storage for renewable energies, accelerates the
development of cheaper rechargeable batteries. Since that
sodium is an earth abundant material (2.8% in the earth’s crust)
and sodium-ion batteries (SIBs) can meet these requirements
better than LIBs, SIBs have come up as a more suitable
alternative to LIBs for these applications.'*

One of the main obstacles to the commercialization of SIBs
is the limited choice of anode materials that can provide good
stability and a high-rate performance. Now developing novel
efficient Na storage anode materials becomes extremely urgent.
Antimony (Sb) has long been considered as a promising anode
material for high-energy density LIBs owing to its high
theoretical capacity of 660 mAhg™ upon full lithiation to
Li;Sb.> Actually, one Sb atom can also maximally react with
three Na atoms to form the Na,Sb alloy,® reaching a theoretical
capacity of 660 mAh g~'. However, the large amount of sodium
insertion/extraction into/from Sb causes a large volume change
(up to approximately 390%),” which causes pulverization of Sb
anode and loss of contact with the current collector, resulting in
poor electrochemical performance.® Thus far, several kinds of
Sb-based materials as anode for SIBs have been reported and
demonstrated efficient Na storage in Sb-based materials,
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including Sb/C fibers,”® mechanically milled Sb/C nano-
composites,'” Sb/carbon nanotube nanocomposites,® mono-
disperse Sb nanocrystals,” reduced graphene oxide/nano Sb
composite,'' Mo,Sb, alloy,'> Zn,Sb alloy,"* SnSb alloy,'* three-
dimensional porous Sb/Cu,Sb,” antimony sulfide nanoparticle-
decorated graphene composite,'> etc. Though some of them
actually showed good electrochemical performance, most of the
above-mentioned materials suffered from several drawbacks,
such as low reversible capacity, poor capacity retention, high
cost, poor scalability, and compatibility. Hence, more efficient,
simple, and low cost methods to prepare high-performance Sb-
based anodes should also be developed.

Hollow nanostructured materials have been explored for
energy storage applications because of its special structure (high
surface area, low density, high loading capacity, and shell
permeability) which exhibits excellent properties such as
excellent cycle stability and outstanding electronic transport
properties."® Kim and Cho'” synthesized Sb hollow nano-
particles from CTAB-functionalized SiO, templates. When used
as anode for LIBs, the hollow nanoparticles electrode exhibited
high capacity retention and excellent rate performance.
However, this type conventional template method was too
complicated and time-consuming. First, the templates should
be modified to give them the ability to coax precursors onto the
surface of the template core. Then, after the shell is decorated
outside the scaffold, the templates must be eliminated in some
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Figure 1. SEM images of Ni NSs (a, b) and Sb HNSs (c, d).

100 nm
—

way, leaving behind a hollow shell. The shell growth and
template removal are extremely complicated and energy-
consuming, bringing additional problems on the product
quality and process cost. In comparison, galvanic replacement
is a simple, low cost, and green method to prepare some hollow
metal nanostructures, such as nanoboxes, nanospheres, and
nanotubes.'®

Notably, Sb has not been reported in the form of hollow
nanospheres as anode materials for SIBs. In this paper, we first
reported the facile preparation of Sb hollow nanospheres
(HNSs) by galvanic replacement; the unique structure led to
the enhanced surface-to-volume ratio, alleviated volume change,
and reduced transport lengths for both mass and charge
transport. Herein, the Sb HNSs electrode exhibited excellent
cycle stability and rate performance for SIBs, and the benefits of
this unique structrue can also be extended to LIBs. It is believed
that this green, facile, and convenient methodology will
broaden new routes toward synthesizing other advanced
energy-storing materials.

2. EXPERIMENTAL SECTION

2.1. Preparation of Ni NSs. 1.4 g of NiCl,-6H,O was dissolved in
60 mL of ethanol, and the desired pH of the solution was adjusted
from 10 to 12 using 1 mol/L sodium hydroxide solution with vigorous
stirring at 70 °C; then, 10 mL of hydrazine monohydrate (80 wt %)
was added. After 30 min, the product was collected by centrifugation
and washed several times with deionized water and ethanol.

2.2. Preparation of Sb HNSs. 0.1 g of the as-prepared Ni NSs was
added to 50 mL of glycerol, and the suspension was sonicated for 30
min to ensure that the nanospheres were fully dispersed. Then, the
SbCl, solution (0.6 g of SbCl, in S0 mL of glycerol) was subsequently
added with magnetic stirring at 100 °C; vigorous stirring at 100 °C was
maintained throughout all syntheses under an N, atmosphere. After 10
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h, all the resultant products were centrifuged and washed with
deionized water, followed by washing with ethanol.

2.3. Materials Characterization. Scanning electron microscopy
(SEM, FEI Quanta 200), transmission electron microscopy (TEM,
JEM-2100F), and X-ray diffraction (XRD, Rigaku D/max 2550 VB+
18 kW, Cu Ka radiation) were used to characterize the morphology
and composition of the hollow nanospheres.

2.4. Electrochemical Characterization. For electrochemical
performance evaluation, CR2016 coin cells were assembled in an
argon filled glovebox. The as-prepared Sb HNSs powder was mixed
with super P and a carboxymethyl cellulose (CMC) binder (70:15:1S
in weight) in deionized water to form a homogeneous slurry, which
was painted on a copper foil. After solvent evaporation, the electrode
was pressed and dried at 100 °C under vacuum for 12 h. Na metal foil
was used as the counter electrode, and Celgard 2400 was used as the
separator. The electrolyte was a solution of 1 M NaClO, in propylene
carbonate electrolyte with 5% fluoroethylene carbonate (FEC)
additive. For the lithium storage performance test, Li metal foil was
used as the counter electrode, and Celgard 2400 was used as the
separator. The electrolyte was a solution of 1 M LiPF, in ethylene
carbonate/dimethyl carbonate (1:1 in volume) electrolyte with 5%
fluoroethylene carbonate (FEC) additive. Cyclic voltammetric
measurements were performed on Solartron Analytical to examine
the cathode and anode reaction using the above-mentioned cell in the
voltage range of 2—0.01 V (vs Na/Na* or Li/Li*) at a scan rate of 0.1
mV s™. Galvanostatic charge—discharge tests were performed on the
LAND battery system (CT2001A) at a suitable current density
between 0.01 and 2 V (vs Na/Na* or Li/Li*) for both charge (Na* or
Li* extraction) and discharge (Na® or Li* insertion) at room
temperature. The electrochemical impedance measurements were
performed on Solartron Analytical at an AC voltage of 5 mV amplitude
in the 100 kHz to 0.01 Hz during the 25th discharge—charge cycle for
both SIBs and LIBs.
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Figure 2. TEM image of Ni NSs (inset of a). TEM (a, b) and HRTEM (c) images and SAED pattern (d) of Sb HNSs.

3. RESULTS AND DISCUSSION

Figure 1a,b displayed the scanning electron microscope (SEM)
images of Ni NSs templates, showing that the as-prepared Ni
templates were regular spheres with rough surfaces and the
diameters were in the range of 50—80 nm. Figure 1c,d showed
the SEM images of the obtained Sb HNSs. From low-
magnification SEM image (Figure 1c), the Sb HNSs displayed
spherical morphology with a uniform size distribution ranging
from 70 to 100 nm. The interior structures of the prepared Sb
HNSs can be further revealed by the SEM images of broken
spheres. Figure 1d gave magnified SEM images of the spherical
Sb samples collapsed or broken, clearly showing the hollow
characteristic structure for the synthesized spherical Sb samples.
Additionally, the agglomeration of Sb HNSs was observed in
the high-magnification SEM image (Figure 1d).

Figure 2a represented the low-magnification transmission
electron microscope (TEM) image of Sb HNSs; the obvious
contrast between the dark edge and the pale central part
confirmed that the interior of the as-prepared nanospheres was
hollow, consistent with SEM observations. The inset of Figure
2a was the TEM image of original Ni templates with spherical
morphology and solid interior in accord with the SEM results.
Figure 2b displayed a high-magnification TEM image of Sb
HNSs with an average diameter of about 10 nm. The high
resolution TEM (HRTEM) image (Figure 2c) and selected
area electron diffraction (SAED) (Figure 2d) clearly showed
the polycrystalline texture of the Sb HNSs, and the
corresponding HRTEM image of the HNSs exhibited good
crystalline and clear lattice fringes. The interlayer distance was
found to be 0.21 and 0.31 nm, which correspond to the (1 1 0)
and (0 1 2) plane of Sb, respectively. Two ring patterns were
observed in the SAED (Figure 2d) pattern of Sb HNSs, the

inner ring corresponds to (1 1 0) plane and outer ring
corresponds to (0 1 2) plane of Sb, respectively.

The X-ray diffraction (XRD) patterns of the as-synthesized
Ni NSs and Sb HNSs were depicted in Figure 3. All the
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Figure 3. XRD patterns of Ni NSs and Sb HNSs.

diffraction peaks can be indexed to the standard diffraction data
of the corresponding Ni (JCPDS: 65-2865) and Sb (JCPDS:
35-0732). The original Ni NS template was identified on the
basis of the clearly distinguishable diffraction peaks at 44.493°,
51.846°, and 76.376°, corresponding to (1 1 1), (2 0 0), and (2
2 0) crystal planes of Ni. The peaks around 23.688°, 25.150°,
28.690°, 40.077°, 41.947°, 47.071°, 48.430°, 51.894°, 59.387°,
62.773°, 64.828°, 65.910°, 68.537°, 71.526°, 75.302°, 76.588°,
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and 78.380° were observed, corresponding to (0 0 3), (1 0 1),
(012),(104),(110),(015),(006),(202), (024), (10
7),(205),(116),(122),(018),(214),(300),and (20
7) crystal planes of Sb; no secondary phases were observable.
Hence, the obtained Sb HNSs were of high purity and in good
crystallinity. The as-prepared Sb HNSs with polycrystalline
texture were identified, which was in good agreement with
HRTEM and SAED results (Figure 2c,d).

Scheme 1 illustrates the growth mechanism of the Sb HNSs.
Since the Sb is more active than Ni, Ni nanosphere (NS) in

Scheme 1. Schematic of Sb HNS Formation during the
Galvanic Replacement at Different Stages
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solution was attacked by Sb®* and oxidized to Ni**, and Sb*"
was simultaneously reduced to Sb. The Sb atoms resulting from
the galvanic replacement were deposited on the surface of Ni
NS template. Since the replacement reaction was initiated
locally rather than over the entire surface,' the deposition
would lead to the formation of a porous Sb shell on each
individual Ni NS template, and this shell could prevent the
inside Ni surface from reacting with Sb>*. As a result, only the
holes in the newly formed Sb shells could serve as active sites
for further reaction, allowing all the species involved in the
reaction to continuously diffuse in and out of the holes until the
Ni NS template was completely digested. Besides providing
electrons, Ni NS template also served as support for Sb
deposition and nucleation. Because of the existence of excessive
Sb**, the replacement reaction was continuous, Sb continued
nucleating on the Ni NS template surface, and Ni NS template
continued to be consumed until it was completely consumed,
which was confirmed by the TEM (Figure 2) and XRD (Figure
3) analysis. Finally, as observed in Figure 2a,b, all holes almost
disappeared and each shell was characterized by a hole-free
surface. The elimination of holes could be attributed to mass-
transport processes such as Ostwald ripening.*’

The electrochemical performance of the obtained Sb HNSs
as anode for SIBs was studied. Figure 4a displayed the cyclic
voltammograms (CVs) of Sb HNSs electrode for SIBs in the
initial three cycles at a scan rate of 0.1 mV s~ between 0.01 and
2V (vs Na/Na"). The cathodic peak at 0.27 V (peak 1) in the
first cycle corresponds to the formation of a SEI layer and the
conversion of crystalline Sb to the Na,Sb phase (0 < x < 3, eqs

1 and 2), respectively. The anodic peak at 0.85 V (peak S)
corresponds to the phase transition from the Na,Sb alloy to Sb
(0 < x < 3, eqs 1 and 2). In the second and third cathodic
process, three peaks at 0.31 (peak 2), 0.50 (peak 3), and 0.67 V
(peak 4) were observed, and two peaks at 0.50 and 0.67 V can
be ascribed to the generation of new Na,Sb phase phases.® The
peak around 0.27 V (peak 1) during the first sodiation scan
shifted to 0.31 V (peak 2) in the following sodiation. The
difference between the first and subsequent cycles was probably
due to the formation of the SEI layer. In addition, the CV
curves of the following cycles were almost overlapped,
indicating an excellent cycle stability of the Sb HNSs electrode.

Sb + xNa® + xe” < Na,Sb (1)

Na,Sb + (3 — x)Na* + (3 — x)e” © Na,Sb (2)

Figure 4b showed the charge—discharge curves of the Sb
HNSs electrode for 1st, 2nd, 3rd, 20th, and 50th cycle under a
constant current density of SO mA g~'. As shown in Figure Sb,
the voltage profiles showed sloping plateau lines during both
charge and discharge, which were consistent with the peaks
observed during CV scans. The sodiation capacity for the first
cycle was 783.7 mAh g™* with a Coulombic efficiency of around
77%. The low efficiency of the first cycle was mainly attributed
to the irreversible formation of the SEI film on the surface of
the Sb HNSs electrode during the first sodiation process. The
sodiation capacities of the second and third cycle were 646.4
and 646.5 mAh g™', and corresponding Coulombic efficiencies
were around 97% and 98%, respectively. For the reaction with
Na, the first discharge (Na-ion insertion) was characterized by a
wide flat plateau near 0.40 V whereas the second discharge has
a notable sloping plateau between 0.5 and 0.75 V. During
charges (Na-ion removal), the reaction was represented by a
sloping plateau from 0.70 to 1.0 V. Remarkably, the correlative
plateau regions can be observed in all 50 charge—discharge
profiles of the Sb HNSs.

The cycle performance of Sb HNSs for SIBs is shown in
Figure 4c. As can be seen, the Sb HNSs electrode showed
superior cycle performance, delivering a high reversible capacity
of 622.2 mAh g™ after 50 cycles which is in close proximity to
the theoretical capacity (660 mAh g™') of Sb. The Coulombic
efficiency for the first cycle is around 77%, while it stabilized at
~98% for the following cycles.

The rate performance of the Sb HNSs for SIBs was
investigated at various currents ranging from 50 to 1600 mA
g_l. As shown in Figure 4d, when increasing the current
density, Sb HNSs exhibited good reversible capacity retention:
628 mAh g~ (50 mA g™'), 605 mAh ¢! (100 mA g™'), 563
mAh g™ (200 mA g™'), 521 mAh ¢! (400 mA g™'), 402 mAh
g ' (800 mA g7'), and 315 mAh g~' (1600 mA g'). When the
current density went back to S0 mA g™/, the reversible capacity
returned to 603 mAh g_l, which was comparable to the initial
reversible capacity at S0 mA g™, indicating the electrode was
stable and had high reversibility.

As anode for SIBs, Sb HNSs exhibited superior cycle stability
and rate performance. The Li storage performance was also
investigated. As shown in Figure Sa, the peak (peak 1) located
at around 0.65 V was observed in the first lithiation process,
which was ascribed to both the lithiation of Sb and the
decomposition of the electrolyte to form solid electrolyte
interphase (SEI) film, corresponding to capacity loss during the
first cycle. From the second cycle onward, a distinct peak (peak
2) at 0.82 V was found, which may be attributed to the
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Figure 4. Cyclic voltammograms (a), galvanostatic charge—discharge profiles (b), cycle performance (c), and rate performance (d) of Sb HNSs

anode for SIBs.

formation of Li,Sb alloy (0 < x < 3, eq 3). In the anodic sweep,
the oxidation peak (peak 3) at 1.05 V was assigned to the
dealloying reaction of Li,Sb (0 < x < 3, eq 3).> All peaks were
reproducible and stabile after the first cycle, implying the
reversibility of the electrochemical reactions of Sb HNSs
electrode.

Sb + xLi* + xe” < Li Sb 3)

The voltage profiles of Sb HNSs for the 1st, 2nd, 3rd, 20th,
and 50th cycle are shown in Figure 5b. For the reaction with Li,
the first discharge (Li-ion insertion) was characterized by a
wide flat plateau near 0.80 V whereas the following discharge
has one flat plateau around 0.82 V. During both charges (Li-ion
removal), the reaction was represented by one plateau around
1.05 V. The discharge plateaus at 0.82 V and charge plateau at
~1.05 V were related to the reversible Li—Sb alloying/
dealloying reactions, consistent with CVs. The first cycle
discharge and charge capacities were 798.2 and 629.6 mAh g™,
which was close to the theoretical capacity (660 mAh g™'). The
Coulombic efficiency for the first cycle was around 79%, while
it stabilized at ~98% for the following cycles. The flat plateau
regions for both charge and discharge processes were obvious
and wide. In addition, the voltage profiles of the following
cycles almost overlapped, indicating an excellent cyclability of
the Sb HNSs electrode. The plateau regions can be observed in
all 50 charge—discharge profiles of the Sb HNSs and almost
overlapped, indicating superior cycle stability.
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Figure Sc depicted the cycle performance and Coulombic
efficiency of Sb HNSs for LIBs over the investigated SO cycles
at a current density of 100 mA g~'. The reversible capacity of
the Sb HNSs electrode remained very stable from 629.6 mAh
g~! at the first cycle to 627.3 mAh g™ after 50 cycles, showing a
high capacity retention of 99.6%.

The rate performance of HNSs was investigated for LIBs at
different current densities, from 50 to 1600 mA g_l. As
presented in Figure Sd, the charge capacities at current
densities of 50, 100, 200, 400, 800, and 1600 mAg_1 were
633.0, 625.7, 602.7, 560.8, 516.3, and 435.6 mAh g_l,
respectively. When the current density went back to 50 mA
g~!, the reversible capacity returned to 621.5 mAh g~!, which
was comparable to the initial reversible capacity at SO mA g/,
indicating the electrode was stable and had high reversibility.
From the electrochemical test results (Figures 4c and Sc), it can
be seen that the Sb HNSs electrode displayed excellent cycle
stability. Nevertheless, in comparison, the rate performance of
Sb HNSs for SIBs was poorer than that for LIBs (Figures 4d
and 5d). This is mainly limited by the slow Na ion diffusion
kinetics, resulting from the large size of the Na ion (372% larger
in volume than the Li ion for a coordination number of four;
Ry; = 59 pm, Ry, = 99 pm).*

Electrochemical impedance spectroscopy (EIS) measure-
ments of Sb HNSs electrode for SIBs and LIBs were conducted
to evaluate the resistance against charge and ion transfer during
cycles. As shown in Figure 6, each plot consisted of a semicircle
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Figure S. Cyclic voltammograms (a), galvanostatic charge—discharge profiles (b), cycle performance (c), and rate performance (d) of Sb HNSs

anode for LIBs.
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Figure 6. Nyquist plots and equivalent circuit (inset) of Sb HNSs
electrode for SIBs and LIBs.

in the high frequency region attributed to the charge transfer
process, and a slope in the low-frequency region of the
impedance curve was related to the Na/Li* diffusivity of the
active electrode material.” According to the radius of these
semicircles in the high-frequency region, the charge-transfer
impedance (Rct) of LIBs was lower than that of SIBs and, at
lower frequency, LIBs were also shown to possess lower
impedance (W), suggesting a sluggish kinetics of sodium
uptake/release from Sb compared to a fast lithium uptake/
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release process, which further demonstrated the reason for
poorer rate performance of SIBs compared with LIBs. The inset
in Figure 6 showed the equivalent circuit model for the EIS
studies. The Sb HNSs anode for SIBs displayed charge-transfer
impedance (Rct) of 26.3 €, whereas the LIBs showed only 12.5
Q, which was less than the SIBs.

The superior electrochemical performance of Sb hollow
nanospheres is attributed to the specific characteristics of this
unique hollow nanosphere structure. First, specific hollow
interior of the Sb HNSs can effectively accommodate the
dramatic volume change (Scheme 2) and alleviate the strain
during Na'/Li" insertion and extraction.”*"*? Second, the
well-connected Sb hollow structure ensures an efficient and
continuous electron transport. Third, high electrode/electrolyte
contact area offers a large number of active sites for charge-
transfer reaction, and the kinetics of the electrochemical
reaction were enhanced. Last but not least, the very thin shell
thickness (~10 nm) guarantees a very short Na*/Li* diffusion
distance (Scheme 3), which plays a vital role in the rate
performance.”

Sb-based materials as anodes for SIBs have been studied by
some researchers. However, Sb HNSs were first applied as
anode for SIBs. Compared with previous Sb-based anodes,”™*®
Sb HNSs anodes prepared by galvanic replacement have lower
cost and comparable electrochemical performance; they will be

a promising candidate of anode materials for high performance
SIBs.
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Scheme 2. Schematic of the Volume Change during the Na*/
Li* Insertion of Sb HNSs and NSs
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Scheme 3. Schematic of the Na*/Li* Diffusion Process of Sb
HNSs and NSs

o
) G %
o o o O
° o © °© o0 o
000 ), 0o O 000 5. ©
o (o) [+ [2)
40 00 o) o %o AP o
Na'Li*_ o . Na'Li*® 5" o A
o Short o3 o o o [PLon A
1 e ° o » .

00 o0 ¥ o 0° W0 ° o o
OOctooo ooOOOO ¥ Ooo oOOO i
0°%o A o o, WL

o
o
©00 %0 o ° ool
Sb hollow sphere Sb sphere

4. CONCLUSIONS

In summary, Sb HNSs prepared by galvanic replacement
exhibited significantly improved cycle stability and rate
performance for SIBs and LIBs. This improvement was largely
attributed to the presence of hollow interiors that acted as
buffer spaces for the volume change of the Sb thin shell which
can also shorten the ion/charge diffusion length. In comparison
with LIBs, SIBs presented lower rate capacities due to the slow
Na ion diffusion kinetics, resulting from the large size of the Na
ion. Sb HNSs were first used as anodes for SIBs, and they have
a great potential as promising anode materials for high
performance SIBs. This type of advanced hollow metallic
nanosphere with special and unique characteristics provides an
attractive application in electrochemical energy storage devices.
It is believed that this green and convenient method will
broaden new routes toward synthesizing other advanced
energy-storing materials.
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