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Abstract

There is a great need to develop sustainable and clean energy storage devices and systems of
high-energy and high-capacity densities. In this work, we synthesize antimony (Sb) nanocrystal-
anchored hollow carbon microspheres (Sb@HCMs) via the calcination of cultivated yeast cells
and the reduction of SbCl; in an ethylene glycol solution on the surface of hollow carbon
microspheres. The Sb@HCMSs possess hollow and porous structure, and the Sb is present in the
form of nanocrystals. Using the Sb@HCMs as the active-electrode material, we assemble lithium
(Li)-ion half cells and full cells and investigate their electrochemical performance. The Li-ion
half cells possess a charge capacity of 605 mAh g~ ' after 100 cycles at a current density of
100 mA g~ ' and a charge capacity of 469.9mA h g~ ' at a current density up to 1600 mA g™,
which is much higher than the theoretical capacity of 372mAh g~ for commercial graphite
electrode. The Li-ion full cells with Sb@HCMs//LiCoO, deliver a charge capacity of

300 mA h g~ at a current density of 0.2 A g~ after 50 cycles, and have potential in applications
of energy storage.

Supplementary material for this article is available online
Keywords: Sb nanocrystals, hollow carbon microspheres, lithium-ion battery, anode

(Some figures may appear in colour only in the online journal)

1. Introduction fossil fuels has led to a global energy crisis. There is a great

need to develop sustainable and clean energy storage devices

The use of non-renewable fossil fuels, such as coal, oil and 4 gystems to address the environmental pollution from the

natural gas, has caused severe environmental pollution and ;e of non-renewable fossil fuels and the depletion of the
climate change, and the rapid consumption of non-renewable  ,on_renewable energy sources.

A variety of devices and systems for energy storage have

S Authors to whom any correspondence should be addressed. been developed, including Ag-Zn batteries, lead acid
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batteries, fuel cells, rechargeable lithium-ion batteries (LIBs)
and sodium-ion batteries [1]. Among these devices and sys-
tems, LIBs have been deemed as promising clean energy
devices and systems and have been widely used in a variety of
portable electronic devices, such as cellular phones, digital
cameras, laptops, etc, due to their unique electrochemical
properties of large energy density, high operation voltage,
extended cycle life and environmental friendliness [2—4].
With the potential applications of LIBs in electric vehicles
and hybrid photovoltaic-battery systems [5], which require
the storage of large-scale energy, there is an increased
demand to produce LIBs with high-energy and high-capacity
densities [6—8]. Currently, the anode materials used in com-
mercial LIBs are based on graphite, which has a theoretical
capacity of only 372mAh g ', and C-based LIBs cannot
meet the requirements of electric vehicles [9]. Also, there
exist environmental issues in the fabrication of commercial
graphite anodes. Thus, exploiting alternative anode materials
with high-energy densities and long-electrochemical cycle life
from environmentally-friendly and renewable sources is of
practical importance for the applications of LIBs.

There are studies focusing on the use of metallic mate-
rials, such as tin (Sn) [10], antimony (Sb) [11] and germanium
(Ge) [12], metal oxides, such as SnO, [13], TiO, [14], Mn3;0,4
and ZnMn,O, [2], and graphene-based materials [15], as
anode materials in LIBs due to the high theoretical capacities
of these materials. Among these metallic materials, Sb with
flat potential profile and high theoretical capacity has poten-
tial as anode material of LIBs [16]. In addition, the positive
intercalation voltage of the Sb-based anode, which is slightly
larger than that of Li, can limit the formation of Li dendrites
during fast recharging and improve the operational safety of
LIBs [17]. However, the large change in specific volume
(~150%) of Sb due to lithiation/delitation can lead to the
pulverization of Sb and local exfoliation of electric anode
from the current collector, resulting in poor cycling perfor-
mance and loss of capacity [18].

To minimize the effect of the volumetric change on
electrochemical performance of Sb-based LIBs, various
methods, including the use of nano- and/or microstructures,
have been proposed. One of the methods is to incorporate
inactive elements, such as Co [19], Fe [20], Cu [21], Mo [22]
and Ni [23], in Sb-based nanomaterials, which can accom-
modate the volumetric change during lithiation/delitation.
However, this method leads to the decrease of specific
capacity due to the loss of active sites to the inactive com-
ponents, and reduces the efficiency for energy storage. An
effective method is to construct hollow or porous nanos-
tructure, which can provide enough space to accommodate
and suppress the volumetric change during lithiation/delita-
tion [16, 24-26]. Hou et al synthesized hollow NiSb nano-
spheres by galvanic replacement, and obtained a charge
capacity of 420mAh g~ after 50 cycles for the Li-ion half
cells with the hollow NiSb nanospheres as anode material at a
current density of 100 mA g~ ' [16]. Using the same approach,
Hou et al later prepared hollow Sb nanospheres, and achieved
a charge capacity of 622.2mAh g~' at a current density of
50mA g~ ' for the Li-ion half cells with the hollow Sb

nanospheres as anode material [26]. Such a large charge
capacity can be attributed to the interior hollow structure of
Sb nanospheres. Kim et al reported the synthesis of hollow Sb
nanoparticles from SiO, template, and obtained a charge
capacity of 587 mAh g~ ' at a current density of 120mA g~
after 40 cycles for the Li-ion half cells with the hollow Sb
nanospheres as anode material, which is higher than the
373mAh g' of Sb nanoparticles [24]. Using Sn-Sb—Cu
hollow nanostructures as anode material in Li-ion half cells,
Yang et al achieved a charge capacity of 390mAh g ' at a
current density of 100 mA g~ after 30 cycles, which is higher
than the 180 mA h g_1 of Sn—Sb—Cu nanoparticles [25]. All
of these results reveal the important role of hollow structure in
the storage of Li and the cycling stability of LIBs.

There are reports that materials consisting of Sb and
carbon can efficiently restrain the volumetric change during
lithiation /delithiation, and the Li-ion half cells with Sb/C as
anode material have exhibited good cycling performance,
because carbon can serve as conduction pathways and buffer
to accommodate the volumetric change during lithiation/
delithiation [18, 27]. Currently, the anode materials made
from Sb and carbon mainly include Sb/carbon fibers [28],
Sb/carbon/graphite composite [29], Sb/graphite composite
[30, 31], Sb/carbon nanocomposite [32] and Sb/carbon
nanotube nanocomposite [33]. Park ef al reported that the Li-
ion half cells with anode made from Sb/carbon/graphite via
the dispersion of Sb/carbon nanoparticles in carbon and
graphite delivered a charge capacity of 460mAh g~ ' at a
current density of 100mA g~ ' after 100 cycles [29]. Dailly
et al synthesized Sb/graphite composites for LIBs, which
possessed charge capacities of 420mAh g~ ! after 35 cycles
and 4990 mA h g_1 after 40 cycles at a current density of 7uA
mg ', and noted that graphite can limit the pulverization of
Sb and improve the cycling stability of Sb [30, 31]. Hassoun
et al studied the effect of Sb morphology on the electro-
chemical performance of nanostructured Sb—C, and obtained
a charge capacity of 450mAh g~ ' at a current density of
100 mA cm 2 after 100 cycles for the Li-ion half cells with
the nanostructured Sb-C of ‘optimized’ morphology [32].
Using the Sb/carbon nanotubes synthesized by chemical
reduction as the electric anode of LIBs, Chen et al demon-
strated that the Li-ion half cells with the Sb/carbon nanotubes
have larger charge capacities and better cycling stability than
those with Sb only as the electric anode due to the buffer role
of carbon nanotubes [33]. All of these studies have revealed
that the composites of Sb and C can improve the cycling
performance of the corresponding LIB systems, while none of
the materials reported in the literature have utilized hollow
carbon structure. Also, most studies have used carbon as the
matrix with Sb dispersed in carbon, and there are a few stu-
dies focusing on the combination of Sb with carbon spheres
structures. However, hollow carbon spheres, which function
as conduction pathways and deformation buffer, can possess
mechanical skeletons to support Sb-structures during dis-
charge/charge cycles and limit the structural degradation/
damage of electric anode from the pulverization of Sb. Thus,
it is of paramount importance to synthesize Sb(outer)-C
(inner) structures, such as Sb-anchored hollow carbon
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Figure 1. Illustration of the synthesis of Sb@HCMs.

microspheres, and investigate the electrochemical perfor-
mance of the LIB system with the Sb(outer)-C(inner) struc-
tures as anode material.

In this work, we assemble Li-ion half cells and full cells
with Sb nanocrystal-anchored hollow carbon microspheres
(Sb@HCMs) as active-electrode material, and investigate the
electrochemical performance of the Li-ion half cells and full
cells. The Li-ion half cells exhibit a charge capacity of
605mAh g ' after 100 cycles at a current density of
100mA g~ ' and a charge capacity of 469.9mAh g~' at a
current density up to 1600 mA g ', which is much
higher than the theoretical capacity of 372mAh g~ for
commercial graphite electrode. The Li-ion full cells with
Sb@HCMs// /LiCoO, deliver a charge capacity of 300 mAh g
at a current density of 0.2 A g™ after 50 cycles.

2. Experimental details

2.1. Synthesis of hollow carbon microspheres (HCMs)

The materials used in this work were glucose, yeast extract,
tryptone and glutaraldehyde. A light yellow solution con-
sisting of 5 g of glucose, 2.5 g of yeast extract, S g of tryptone
and 500 ml of deionized (DI) water, was prepared at 37 °C,
and designated as the yeast culture medium. The yeast culture
medium was sterilized in an autoclave (LS-50HG) at 115 °C
for 103 min. A mixture of 0.1 g of dry yeast and 5 ml of the
sterilized yeast culture medium was prepared and subjected to
the irradiation of ultraviolet (UV) light for 30 min in a super
clean bench. The UV-irradiated mixture was then poured into
a clean sterilized tube, which was placed in a shaking-table
concentrator at 37 °C for 24 h to form a suspension.

The suspension was centrifuged at 6000 rpm for
10 min, and the settled product in the tube was collected,
and washed three times with NaCl solution (0.15 mM). The
as-washed product was mixed with 10 ml of glutaraldehyde
(2.5%) in a glass tube, which was placed in an oven over-
night at 4°C for the immobilization of the yeast cells.
Ethanol with different volume fractions of 20%, 50%, 80%,
90% and 100% was used sequentially to dehydrate the
immobilized yeast cells, and the dehydrated yeast cells were
harvested by centrifugation and dried later in a vacuum
oven. The obtained yeast cells were calcined at 300 °C for
2 h in air to form HCMs.

2.2. Synthesis of Sb-anchored HCMs

A brown dark solution was prepared by magnetically stirring
a mixture consisting of 0.1 g of the prepared HCMs, 0.8 g of
SbCl; and 40 ml of ethylene glycol at 60 °C for 30 min, and a
NaBH, solution with pH in a range of 12—14 was prepared by
dissolving 0.4 g of NaBH, in 40 ml of DI water. Here, 5 M
NaOH solution was used to control the pH of the NaBH,
solution. Mixing the NaBH, solution with the brown dark
solution and maintaining the mixture at 60 °C for 2 h yielded
a suspension containing Sb@HCMs, from which they were
collected by centrifugal separation at 8000 rpm for 10 min.
The collected Sb@HCMs were washed five times with DI
water and ethanol, respectively, and dried in a vacuum oven
at 60 °C for 5 h. Figure 1 briefly summarizes the process for
the synthesis of Sb@HCMs.

For comparison, Sb hollow microspheres (Sb HMs) were
synthesized according to the method reported by Hou et al
[34]. Briefly, a solution was prepared by adding 0.228 g of
SbCl; to a well-dispersed suspension consisting of 0.104 g of
Zn power and 60 ml of ethanol. The solution was exposed to
ultrasound for 2 h to assist the chemical reaction for the for-
mation of Sb HMs in the solution. HCI solution (1 mM) was
then dripped into the solution to remove excessive Zn. The Sb
HMs obtained from the solution by centrifugation were
washed five times with ethanol, and dried in a vacuum oven at
60 °C for 5 h.

2.3. Characterization of microstructures

The morphology and chemical compositions of the speci-
mens were analyzed on a field-emission scanning electron
microscope (JEOL-JSM-7100F), and an energy-dispersive
spectroscope (EDS, EDXA, XM?20). X-ray diffraction
(XRD) analysis of the specimens was performed from
20°-80° at a scan rate of 0.08° per minute on a RigakuD/
MAX-2500 (Rigaku, Japan) operating with Cu Ka
(A = 1.541 78 A). High-resolution transmission electron
microscopy (HRTEM) imaging was conducted on a high-
resolution transmission electron microscope (JEM-2010,
JEOL, Japan). A thermogravimetric (TGA) test of the
specimens was performed in air on a TG 151 thermal
analyzer. The nitrogen adsorption—desorption isotherms
were measured on a Quadrasorb SI surface area analyzer
at 77 K.
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2.4. Electrochemical characterization

The Sb@HCMs were used as the active material of the
working electrode in CR2032 coin-type half cells for elec-
trochemical characterization. The materials in the working
electrode consisted of 60 wt% active material (Sb@HCMs),
30wt% of acetylene black carbon and 10 wt% of carbox-
ymethy] cellulose (CMC); the current collector was a Cu plate
of 0.15mm in thickness. The working electrode was heat-
treated in a vacuum oven at 60 °C for 4 h, and the total mass
of the active material of both Sb and carbon microspheres
loaded in the working electrode was in a range of 1.0-1.1 mg.
For comparison, both the HCMs and Sb HMs were also used
as the active material of the working electrode, respectively,
in CR2032 coin-type half cells for electrochemical analysis.

The counter electrode in the CR2032 coin-type half cells
was Li-metal foil, and the separator was a Celgard 2400
(Celgard, LLC, Charlotte, NC). The electrolyte was 1M
LiPFg in carbonate(EC)/dimethyl carbonate(DMC)/diethyl-
carbonate(DEC) with the volume ratio of 1:1:1. Cyclic vol-
tammetric (CV) measurement of the half cells was conducted
in a voltage range of 0.01-2.0 V versus Li* /Li at a scan rate
of 0.ImVs™' on a CHI-660 electrochemical workstation.
Galvanostatic charge—discharge (GC) cycling and the rate
stability of the half cells were studied on a battery test system
(Land-CT2001A) in a voltage range of 0.01-2.0V, and the
electrochemical impedance spectroscopy (EIS) analysis of the
half cells was performed on a CHI-660 electrochemical
workstation in a frequency range of 10 mHz-100 kHz at an
AC of 5mV amplitude.

Li-ion full cells with the anode made from the
Sb@HCMs were constructed. The cathode consisted of
LiCo0O,, acetylene black and polyvinylidene fluoride (PVDF)
with the weight ratio of 80:10:10. Al foil was used as the
current collector of the cathode. The weight ratio of the active
materials (Sb@HCMs:LiCoQO,) in the Li-ion full cells was
1:1.2. The GC cycling of the full cells was performed in a
voltage range of 1.8-3.7V on a battery test system (Land-
CT2001A). The energy density was calculated on the total
mass of all the active materials.

3. Results and discussion

Figure 2 shows the SEM images of cultivated yeast cells,
HCMs (300 °C), Sb@HCMs (300 °C) and elemental mapping
of the Sb@HCMs. It is evident that the cultivated yeast cells
(figure 2(a)) are relatively uniform and present in a nearly
spherical shape with size in a range of 4.3—4.7 um. After the
calcination at 300 °C, the cultivated yeast cells were con-
verted to carbon microspheres also with a nearly spherical
shape (figure 2(b)). The surface of the carbon microspheres is
much smoother than the cultivated yeast cells, and the aver-
age size of the carbon microspheres is ~2.5 pm, smaller than
that of the yeast cells. The hollow structure of HCMs is
observed from the TEM image in figure S1, which is available
online at stacks.iop.org/NANO/31/135404 /mmedia in the
supporting information. Such a result is due to the combustion

of bio-macromolecules in the yeast cells during the calcina-
tion, leading to the removal of bio-macromolecules and the
formation of hollow structure [35]. The calcination of yeast
cells at temperatures of 400 °C and 500 °C caused the formed
carbon microspheres to stick together, and the calcination at
temperature of 600 °C destroyed the sphere-like framework of
the yeast cells due to excessive carbonization (figure S2 in the
supporting information). Figure S3 in the supporting infor-
mation shows the SEM image of the HCMs prepared from
dry yeast cells at 300 °C. The carbonized yeast cells sintered
together without the presence of individual carbon
microspheres.

Figures 2(c) and (d) depicts the SEM images of the
Sb@HCMs derived from the yeast cells calcined at 300 °C. It
is evident that numerous Sb nanoparticles (inset of
figure 2(d)) stacked over the surfaces of the HCMs.
Depending on the amount of SbCl; in the solution, the sur-
faces of the HCMs were covered either partially or completely
by Sb nanoparticles. For the Sb@HCMs with full cover of Sb
nanoparticles, the Sb nanoparticles formed a porous layer of
~1.5 pm on the surfaces of the HCMs, as estimated from the
enlarged SEM image (figure 2(d)). The porous structure can
reduce the migration distance of Li-ions and likely improve
the structural stability of the Sb nanoparticles during lithia-
tion/delithiation [36]. Also, the surface stresses on the Sb
nanoparticles can confine the deformation and limit the
magnitude of the stresses produced in the Sb nanoparticles
due to lithiation/delithiation, which can improve the struc-
tural integrity and cycle stability of the Sb nanoparticles upon
electrochemical cycling [37, 38]. Figure 2(e) shows the ele-
mental mapping of Sb, C and N over the Sb@HCMs. Sb, C
and N were statistically uniformly distributed. Note that high
N-content can improve the reactivity and capacity of carbon
[39]. For comparison, figure S4 in the supporting information
shows the SEM images and EDS mapping of the Sb@HCMs
and the mixture of Sb nanoparticles and carbon microspheres.
There exist regions with depletion of Sb in the mixture of Sb
nanoparticles and carbon microspheres. Figure S5 in the
supporting information shows the SEM and TEM images of
the Sb HMs. The Sb HMs are porous, and are present in a
sphere-like shape.

The surface characteristics of the porous structure of the
Sb@HCMs were analyzed by N, adsorption—desorption iso-
therms. Figure 3 shows the N, adsorption and desorption
isotherms of the Sb@HCMs and the distribution of the
corresponding pore sizes calculated from the adsorption iso-
therms. The adsorption and desorption isotherms exhibit Type
II feature. There exists a large increase of adsorption at large
relative pressure, suggesting the presence of large pores
(interior and hollow voids) in the Sb@HCMs [8, 40]. Using
the Brunauer—Emmett-Teller method, the specific surface
area of the Sb@HCM s is calculated to be 24.04 m? - g~ ' with
a pore volume of 0.16 cm® - g~ '. The distribution of the pore
sizes, as shown in figure 3(b), reveals that the sizes of most
pores are in the range of 45—-120 nm. Such a size distribution
suggests that there likely exist hierarchical pore structures in
the Sb@HCMs, which can facilitate the motion of Li™ and e~
and provide enough space for the storage of Li [41]. Also, the
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Overlap

Figure 2. SEM images of (a) cultivated yeast cells, (b) HCMs (calcination temperature: 300 °C) and (c)—~(d) SbP@HCMs (calcination
temperature: 300 °C); (e) elemental mapping of Sb@HCMs: (el) Sb, (e2) C, (e3) N and (e4) superposition of all elements.
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Figure 3. (a) N, adsorption and desorption isotherms of the Sb@HCMs and (b) distribution of the corresponding pore sizes calculated from
the adsorption isotherms.
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Figure 4. (a) XRD patterns of the Sb@ HCMs and HCMs (calcination temperature: 300 °C) and (b) HRTEM image of a Sb nanoparticle in the

Sb@HCMs.

hierarchical pore structures can accommodate the volumetric
change induced by lithiation/delithiation during electro-
chemical cycling [42].

Figure 4(a) shows the XRD pattern of the Sb@HCMs.
There exist strong diffraction peaks corresponding to the
rhombohedral structure of Sb (R-3m, JCPDS card no. 85-
1322), and there are no diffraction peaks representing the
structure of Sb oxide. The strong and relatively broad dif-
fraction peaks suggest that the Sb in the Sb@HCMs is
nanocrystal. The lattice constants are estimated to be
a=b=0431nm and c¢ = 1.130nm, which match the
values in the standard PDF card (No. 85-1322). Using the full
pattern Rietveld refinement method (Jade 6, Materials Data,
Inc.), the average size of the Sb crystals in the Sb@HCMs is
estimated to be ~19 nm, implying that the Sb nanoparticles
were nanocrystals in the Sb@HCMs. The XRD pattern of the
HCMs (calcination temperature: 300 °C), as shown by the
inset in figure 4(a), reveals weak and broad diffraction peaks
at 25.19° and 43.12° of the (002) and (100) lattice planes of
carbon, respectively, suggesting that the HCMs were at a state
of low graphitization [43]. The asymmetry of the diffraction
peak of the (002) plane indicates the coexistence of both
disordered and crystalline structures in the HCMs. Figure S6
and table S1 in the supporting information summarize the
structural information of the HCMs, which confirms the
presence of both disordered and crystalline structures in all
the HCMs synthesized in this work. Figure 4(b) depicts an
HRTEM image of the Sb in the Sb@HCMs. There are well-
resolved (012) lattice fringes (d = 0.311 nm) of rhombohe-
dral Sb in accord with the XRD pattern shown in figure 4(a).

TGA analysis of the Sb@HCMs was performed to
determine the weight fraction of Sb in the Sb@HCMs.
Figure 5(a) shows the TGA curve of the Sb@HCMs. There is
an abrupt drop in the normalized weight around 600 °C, at
which the HCMs were burned off and Sb was oxidized to
form Sb,0,, as confirmed by the XRD pattern of the com-
bustion product shown in figure 5(b). According to
figure 5(b), all the diffraction peaks represent the structure of

Sb,04 (JCPDS card no. 17-0620). The weight fraction of Sb
in the Sb@HCMs can be calculated from the final weight of
Sb204 as,

Sb(%) = 2 x molecular weight of Sb

molecular weight of Sb, Oy
final weight of Sby Oy

X — - 100.
initial weight of Sb@HCMs

Using the mass change of the Sb@HCMs during the
TGA measurement and the above equation, the weight frac-
tion of Sb in the Sb@HCMs is found to be ~63.35%. Using
the weight fraction of ~63.35% for Sb in the Sb@HCM:s, the
mass loading of Sb in the working electrode is calculated to
be in the range of 42.20-50.64 mg - cm™ 2, which is suitable
for practical applications [44].

Figure 6(a) shows the CV curves of the first three cycles
for the half cells with the Sb@HCMs as the working elec-
trode. There is a broad peak (reduction peak) around 0.69 V
(0.5-0.9 V) during the first cathodic sweeping, which is
attributed to the formation of a layer of solid electrolyte
interphase (SEI) on the surfaces of the Sb@HCMs due to the
decomposition of electrolyte, the first lithiation of Sb to form
Li,Sb (Sb + xLi* + xe™ « Li,Sb, 0 < x < 3) [26, 45] and
the lithiation of the HCMs. The SEI layer caused the loss of
capacity during the first cycle. The reduction peak shifts to
0.71 V for the second cathodic sweeping. Note that a similar
shift has been observed for a Na-ion battery with Sb/carbon
composite as the working electrode [46, 47]. There is a weak
peak presented at 1.2V during the sweeping, which dis-
appeared in the subsequent sweeps. Such behavior is likely
associated with the irreversible delithiation of residual
impurities in the HCMs [32, 48]. After the first sweep, a new
peak at 0.81 V is present for the subsequent lithiation, and is
attributed to the formation of LizSb [11]. For the delithiation,
there is one peak at 1.1V (0.9-1.2V), corresponding to the
delithiation conversion of LisSb to Sb [45]. After the first
cycle, the CV curves for the subsequent cycles remain
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performance of the Sb@HCMs, HCMs and Sb HMs at a current density of 100 mA g~ and Coulombic efficiency of the Sb@HCMs, and (d)

rate performance of the Sb@HCMs.

relatively the same, suggesting excellent reversibility of the
electrochemical charging and discharging for the half cells
with the Sb@HCMs as the working electrode.

Figure 6(b) shows the discharge—charge curves for the
first three cycles of the half cells with the Sb@HCMs as the
working electrode at a current density of 100 mA g~'. There
is a long and oblique plateau, over which the voltage
decreases gradually in the range of 0.6-0.85V for the

lithiation in the first cycle, representing the formation of an
SEI layer and the lithiation of Sb to form Li,Sb
(0 < x < 3). For the subsequent discharge cycles, the
voltage for the plateau is in the range of 0.69-0.90V,
corresponding to the formation of Li3;Sb during the lithia-
tion. For the charging process of all the electrochemical
cycles, there is a plateau at 1.05V, corresponding to the
delithiation of LizSb to form Sb. The plateaus presented in
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the discharge—charge curves are in accordance with the
peaks presented in the CV curves.

According to figure 6(b), the discharge capacity of
the Sb@HCMs is 968.6mAh g ' for the first cycle
(>660 mA h g~ 1), about 1.5 times the theoretical capacity of
Sb. There likely existed some side reactions, including the
formation of SEI, involved in the first discharge. The initial
charge capacity of the SbP@HCMs is ~635.6mAh g~ ' with
a low Coulombic efficiency of 65.6%, indicating large loss
of capacity during the first cycle likely due to the formation
of the SEI layer on the surfaces of the Sb and HCMs. The
decrease of the charge capacity in the subsequent cycles
reveals the irreversible decomposition of Li,Sb [32], while
the Coulombic efficiency becomes more than 97% after the
30th cycle. It needs to be pointed out that the electro-
chemical performance of the half cells with the Sb@HCMs
as the working electrode was also investigated at a current
density of 500mA g~ ', as shown in figure S7 in the sup-
porting information. The voltage plateaus similar to those at
a current density of 100 mA g~ are also observed.

The cycling behavior of the half cells made, respectively,
from the Sb@HCMs, HCMs and Sb HMs was examined at a
current density of 100 mA g~'. The variations of the charge
and discharge capacities with the cycle number of electro-
chemical cycling at a current density of 100mA g~ ' are
shown in figure 6(c). According to figure 6(c), the half cells
with the Sb HMs as the working electrode have the highest
reversible capacity between the second cycle and fiftieth
cycle, and fast fade of the capacity to 330mAh g~' over
100 cycles. This poor cycling performance is due to the
irreversible lithiation and delithiation between Sb and Li,Sb
[33]. The capacity of the half cells with the HCMs calcined at
300 °C (figure S8 in the supporting information) gradually
and slowly decreases with the increase of the cycle number
for the first 50 cycles, attributed to the stabilization of the SEI
layer and irreversible lithiation of the HCMs in low graphitic
regions [48] (see figure S6 and table S1 in the supporting
information). For the electrochemical cycling with the cycle
number larger than 100, the charge capacity of the half cells
with the HCMs is only 238 mA h g~ '. As shown in figure S8
in the supporting information, similar behavior for the half
cells with the HCMs calcined at 400 °C, 500 °C and 600 °C
has been observed. There is no significant difference in the
cycling performance between the half cells with the HCMs
calcined at different temperatures. Comparing the capacities
of the half cells with the HCM or Sb HM working electrode
with those with the Sb@HCM as the working electrode, we
conclude that the half cells with the Sb@HCMs have excel-
lent cycling performance under the same cycling conditions.
There is always loss of capacity for the first five cycles for all
the half cells, which is common behavior for LIBs due to the
formation of a stable SEI layer [16]. For the half cells with the
Sb@HCMs, there is only an ~8% drop of the charge capacity
in comparison with the initial charge capacity for the tenth
and subsequent cycling. The half cells with the Sb@HCMs
exhibit excellent cycling performance.

It is interesting to note that the capacity of the half cells
with the Sb@HCMs increases slightly and stably after the

40th cycle, and reaches a plateau of 605.5mAh g ' after

100 cycles, which is 95.2% of the initial charge capacity.
There is a 3.2% increase in the charge capacity. Such beha-
vior can be attributed to the increase in the interlayer distance
between carbon layers during cyclic lithiation and delithia-
tion, resulting in fast charge transfer and the increase of the
electrode capacity with increasing numbers of cycles [39].
From figures 6(c) and S9, we note that the charge capacities
of the half cells with the acetylene black and HCMs are 140
and 238mAh g !, respectively, under the same cycling
condition. Using the law of mixture, the reversible capacity of
the Sb@HCMs is estimated to be ~535.5mAh g~'. Figure
S10 shows the electrochemical performance of the two groups
of materials consisting of Sb nanoparticles and HCMs. One is
the physically mixed Sb nanocrystals and HCMs, which was
used in Li-ion half cells; the other one is the Sb@HCMs,
which reduces the fraction of acetylene black. It is evident
that the Li-ion half cells with the Sb@HCMs exhibited better
stability and electrochemical performance than those with the
physical mixture of Sb nanocrystals and HCMs. That is to
say, the Sb@HCMs is not a simple mixture of Sb nanocrys-
tals and HCMs.

The rate performance of the half cells with the
Sb@HCMs as the working electrode was investigated.
Figure 6(d) and table 1 summarize the rate performance of
the half cells with the Sb@HCMs as the working electrode
at current densities of 100, 200, 400, 800, 1600 and
3200 mA g~ '. The half cells possess reversible capacities of
610, 582.1, 485.6, 433.9, 379 and 360.7mAh g ',
respectively, for the corresponding current densities,
which are much larger than the theoretical capacity of
372mAh g ' for commercial graphite electrode for the
current densities less than or equal to 800mA g !, as
expected, due to the contribution of the Sb nanocrystals. For
the current density decreasing to 100 mA g~ ', the reversible
capacity recovered to 71.1% of the initial charge capacity.
Such results demonstrate that the Li-ion batteries with the
Sb@HCMs as active material can maintain reasonable
energy storage when there are large variations in the
charge—discharge current density.

For comparison, table 1 also lists the rate performance
reported in the literature for the half cells with Sb/carbon
composite as the working electrode. It is evident that the half
cells with the Sb@HCMs as electrode material have better
cycling performance than most of the half cells reported in the
literature and comparable rate performance.

The EIS analyses of the half cells with the Sb@HCMs
and Sb HMs as the working electrode were conducted, and
the equivalent circuits in figure 7(a) were used to fit the
Nyquist plots of the Sb@HCMs and Sb HMs, respectively.
It is evident that both the Nyquist plots consist of an oblique
semicircle in the region of high frequency, which can be
described by the electron transfer resistance (R.) and the
resultant resistance (R;) of the SEI layer and contact
resistance in the equivalent circuit, respectively. The linear
portion in the region of middle frequency with a slope of ~1
represents the Warburg impedance (Z,) in the equivalent
circuit, which is associated with the migration of Li-ions in
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Table 1. Comparison of electrochemical performance of electrodes made from Sb/carbon composites.

Anode materials Cycling performance (mA h g") Rate capacity (mA h g=')  Reference
Sb@HCMs 605 at 100 mA g~ ' after 100 cycles; 610 at 100mA g~ '; This work
405 at 500 mA g~ after 100 cycles 582.1 at 200 mA g~ ;
485.6 at 400 mA g~ !;
4339 at 800mA g~ ';
379 at 1600 mA g~ ";
360.7 at 3200 mA g !
Sb/carbon 550 at 230 mA g~ ' after 500 cycles 595 at 115mA g '; [18]
547 at 230 mA g~ ';
498 at 575mA g !;
424 at 1150 mA g~ ";
317 at 2300 mA g~
Sb/carbon nanotube 287 at 50 mA g~ ! after 30 cycles N/A [33]
SnSby 5/carbon nanotube 369 at 50 mA g~ ! after 30 cycles N/A [33]
Sb/graphite 420 at 7mA g~ " after 35 cycles N/A [30]
Sb/mesophase carbon microbeads 420 at 0.2 mA cm™? after 25 cycles N/A [49]
Sb/graphene nanosheet 714 and 896 at 80 mA g~ ' after 30 cycles 660-700 at 1600 mA g~ ';  [50]
400450 at 4000 mA g~'
Sb/graphite 490 at 0.007 mA g~ ! after 40 cycles N/A [31]
Sb-C nanocomposite 200 at 100 mA cm™ > g~ after 100 cycles N/A [32]
Sb/carbon composite fibers 315.9 at 100 mA g~ after 100 cycles 464.4 at 100mA g~ '; [51]
395.4 at 200mA g~ ';
328 at 400mA g !;
246.2 at 800 mA g~ ';
149.8 at 1600 mA g™’
Sb/carbon 330 at 100 mA g~ ' after 100 cycles; N/A [29]
350 at 105 mA g~ " after 150 cycles;
350 at 350 mA g~ ! after 100 cycles;
350 at 700 mA g~ ! after 60 cycles.
Sb/carbon/graphite 460 at 100 mA g~ " after 100 cycles N/A [29]

the electrode [50]. The constant phase element (CPE) ele-
ment, with an index of n (0< n < 1) in the circuit, is used to
describe the dispersion effect in the electrode.

Using the equivalent circuit to curve-fit the Nyquist plots
in figure 7(a), we obtain electron transfer resistances of 70
and 120 €2 for the Sb@HCMs and Sb HMs, respectively. The
small electron transfer resistance of the Sb@HCMs suggests
rapid migration of Li in the Sb@HCMs, which is beneficial
for the capacity recovery of the Sb@HCM-based electrode
and the improvement of the rate performance of LIBs. The n
values of the CPE elements are (0.76, 0.66) and 0.73 for
the Sb@HCMs and Sb HMs, respectively, suggesting that the
Sb@HCMs possess better capacitive characteristic than the
Sb HMs. Note that O and 1 of the n value correspond to
resistive element and capacitive element, respectively.

Figure 7(b) shows the variation of resistive impedance
with the square root of frequency. The resistive impedance is
a linearly increasing function of the reciprocal of the square
root of frequency. Using the relationship given by
Guo et al [52], the diffusion coefficients for Li migration
in the Sb@HCMs and Sb HMs are estimated to be
3.26 x 107 cm?s™! and 1.39 x 107 %*cm? s L respec-
tively, suggesting the faster migration of Li-ion in the
Sb@HCMs than in Sb HMs.

Figure 7(c) shows the CV curves at various scan rates

ranging from 0.2-1.0mVs~'. There is one anode peak

(Peak 1) and one cathodic peak (Peak 2). The peak current (i)
as a function of the scan rate (v) can be expressed as [39],

i=av’,

where a and b are parameters. The Li* storage mechanism
can be illustrated by the value of b. For b = 0.5, the diffusion
mechanism is dominant; for » = 1.0, it means the capacitive
behavior is dominant. Figure 7(d) shows the variation of the
peak current with the scan rate, from which we obtain the b
values as 0.518 and 0.653 for Peak 1 and Peak 2, respectively,
suggesting that the diffusion process contributes to the storage
of Li in the Li-ion half cells.

Considering the practical applications of Sb@HCMs in
the energy storage, we assembled Li-ion full cells with the
Sb@HCMs as the anode and commercial LiCoO, as the
cathode, and examined the electrochemical performance of
the Li-ion full cells. The charge capacity of the LiCoO, is
104mAh g~ ' after 100 cycles at a current density of
100mA g ', and there is a voltage plateau of 3.85V (see
figure S11 in the supporting information).

The Li-ion full cells were used to power several elec-
tronic devices, as schematically shown in figure 8(a).
Figure 8(b) shows the discharge—charge curves at a current
density of 200mA g~ ' for the first three cycles. The large
difference between the first curve and second or third curve is
due to the formation of the SEI layer in the first cycle. There
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frequency, (c) CV curves at various scan rates in the range of 0.2-1.0 mV s~ and (d) b values.

is no significant difference between the second curve and
third curve, suggesting excellent cycle stability of the full
cells. The Li-ion full cells with Sb@HCMs//LiCoO, suc-
cessfully powered light-emitting diodes (inset of figure 8(c))
with electric voltage of 2 V and power of 20 mW. Figures 8(c)
and (d) show the cycling and rate performance of the Li-ion
full cells with Sb@HCMs//LiCoO,, respectively. It is evi-
dent that the Li-ion full cells possessed a charge capacity of
~300 mA h g~ ' after 50 cycles at a relatively high current
density of 0.2 A g ™', and the retentions of the charge capacity
are 510, 394.7, 302, 179.8 and 270.2 mA h g71 at the current
densities of 0.1, 0.2, 0.4, 0.8 and 0.1 A g”, respectively.

4. Summary

In summary, we have successfully synthesized Sb-anchored
hollow carbon microspheres using the calcination of culti-
vated yeast cells and the reduction of SbCl; in ethylene
glycol solution on the surface of hollow carbon micro-
spheres. The surface properties and microstructures of the
Sb-anchored hollow carbon microspheres have been

10

systematically characterized. Using the Sb-anchored hollow
carbon microspheres as the active-electrode material, we
have assembled Li-ion half cells and Li-ion full cells, and
investigated the electrochemical performance of the Li-ion
half cells and Li-ion full cells. The results are summarized
as follows.

1. The Sb-anchored hollow carbon microspheres possess
hollow and porous structure, and the Sb nanoparticles in
the Sb-anchored hollow carbon microspheres are
nanocrystals.

. The Li-ion half cells with the Sb-anchored hollow
carbon microspheres as the working electrode exhibit
excellent cycle stability and great rate performance, and
have charge capacities of 605mAh g for electro-
chemical cycling over 100 cycles at a current density of
100mA g ', 405mAh g ' at a current density of
500mA g~ ' and 360.7mA h g~ at a current density of
3200 mA g~ ', respectively.

. The Li-ion full cells with Sb@HCMs//LiCoO, possess
a charge capacity of ~300 mA h g~ after 50 cycles at a
relatively high current density of 200 mA g ™', and the
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cell) and (d) rate performance.

retentions of the charge capacity are 510, 394.7, 302,
179.8 and 270.2 mA h g_1 at current densities of 100,
200, 400, 800 and 100 mA g~ ', respectively.
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