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ABSTRACT: Lithium−sulfur batteries have shown great promise
as next-generation high energy density power sources, but their
commercial applications are hindered by short battery cycle life
arising from the dissolution and shuttling of polysulfides. To
address this shortcoming, we prepared two types of semihollow
core−shell nanoparticles in which (1) elemental sulfur is
encapsulated within a porous silica shell (S@SiO2) and (2)
elemental sulfur is encapsulated within a porous silica shell where
the inner surface of the shell is decorated with small Au
nanoparticles (S@Au@SiO2). These core−shell nanoparticles,
both ∼300 nm in diameter, were generated from analogous zinc
sulfide-based core−shell nanoparticles (ZnS@SiO2 and ZnS@Au@
SiO2, respectively) by converting the ZnS cores to elemental sulfur upon treatment with Fe(NO3)3. With a high surface area and
strong host−polysulfide interaction, the SiO2 shells effectively trap the polysulfides; moreover, the internal void space of these
nanostructures accommodates the volume expansion of the sulfur core upon lithiation. By decorating ∼5−7 nm Au nanoparticles
evenly on the inner surface of the porous SiO2 shells (i.e., S@Au@SiO2), electron transport is enhanced, with consequently
enhanced sulfur conversion kinetics at high current rates. Studies of battery performance showed that the S@SiO2 cathode can
deliver an initial capacity of 1153 mA h g−1 under 0.2 C and retain 816 mA h g−1 after 100 cycles. More importantly, the Au-
decorated S@Au@SiO2 cathode can deliver a high capacity of 500 mA h g−1 under 5 C.
KEYWORDS: sulfur, porous SiO2 shells, ZnS nanoparticles, Au nanoparticles, Li−S batteries

■ INTRODUCTION

Conventional lithium-ion batteries have gained great success as
power sources for portable electric devices owing to their high
energy density and long cycle life.1,2 However, to meet the
ever-increasing demand on electric vehicles and grid-storage
applications, developing alternative battery systems with
increased energy density and reduced cost remains an ongoing
challenge. Among the emerging energy-storage systems,
lithium−sulfur (Li−S) batteries have shown great promise
because of the high theoretical capacity of the sulfur cathode
(1675 mA h g−1) and the high abundance and low cost of
elemental sulfur.1,3−7 Despite these advantages, the commerci-
alization of Li−S batteries is still challenged by short battery
cycle life and low Coulombic efficiency, which arise from the
poor electrical conductivity of sulfur, the shuttling of
intermediate lithium polysulfides, and the large volume
expansion of sulfur in the cell upon lithiation (∼80%).3,8
To address these limitations, nanostructured materials have

been designed as sulfur hosts for Li−S batteries.9−14 While
most-studied porous carbon-based hosts improve sulfur
conversion by facilitating electron transport, nonpolar carbon
is a nonideal host for absorbing polar polysulfides due to weak

interactions.5,15,16 To strengthen the host−polysulfide inter-
actions, inorganic oxide materials such as TiO2,

17,18 Al2O3,
19,20

and SiO2
21,22 have also been used as traps for polysulfides via

chemisorption and/or physisorption. Among them, SiO2-based
sulfur hosts are of special interest due to their low cost,
chemical stability, and ease of synthesis using wet chemistry.23

By constructing core−shell nanoparticles with porous SiO2
shells and sulfur cores (i.e., S@SiO2),

6,24−26 the shuttling of
polysulfides can be suppressed inside the shell, and the volume
expansion during lithiation can be accommodated. However,
due to the nonconductive nature of SiO2, the rate performance
of these cathodes is typically unsatisfactory.21,22,39

Herein, we describe a strategy for preparing silica-coated
sulfur core−shell nanoparticles that involve the conversion of
initial silica-coated zinc sulfide nanoparticles to sulfur cores
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with a concomitant decrease in volume (see Scheme 1). This
latter feature is critical to improve cycle performance due to
the large volume expansion of the sulfur core upon lithiation.1

These core−shell sulfur nanoparticles demonstrate unique
properties including large surface area, low density, and high
sulfur loading, which are essential for battery cathode materials.
We further envisioned that the porous SiO2 shell would inhibit
the loss of sulfur by interacting strongly with the intermediate
polysulfides, effectively trapping the polysulfides, and serving as
a polysulfide reservoir.27,28 To facilitate the electron transport
of the cathode, Au nanoparticles (Au NPs) were decorated on
the ZnS core (ZnS@Au@SiO2), which were subsequently
converted to S@Au@SiO2 nanoparticles upon treatment with
Fe(NO3)3 (see Scheme 1, bottom). Moreover, strong
interactions between the Au NPs and the sulfur-based
discharge products (Li2Sx, 2 ≤ x ≤ 8) further suppress the
loss of sulfur.29,30 As a consequence, the S@SiO2 cathodes can
deliver an initial capacity of 1153 mA h g−1 under 0.2 C and
retain 816 mA h g−1 after 100 cycles. With the Au decoration,
the S@Au@SiO2 cathodes can be cycled under 5 C with a high
capacity retention of 500 mA h g−1. This work shows an
effective method to produce rationally designed core−shell
nanostructures that provide stable Li−S battery performance.

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased and used as received from

the indicated suppliers: thioacetamide (TAA), zinc acetate dihydrate,
poly(vinylpyrrolidone) (PVP, MW ∼ 55k), tetraethyl orthosilicate
(TEOS), 3-aminopropyltrimethoxysilane (APTMS), tetrakis-
(hydroxymethyl)-phosphonium chloride (THPC), N-methylpyrroli-
done, 1,2-dimethoxyethane (DME), and 1,3-dioxolane (DOL) were
purchased from Sigma-Aldrich. Hydrogen tetrachloroaurate(III)
hydrate (HAuCl4·xH2O) was obtained from Strem. Ammonium
hydroxide (NH4OH), hydrochloric acid (HCl), nitric acid (HNO3),
hydrogen peroxide (H2O2), and sulfuric acid (H2SO4) were
purchased from Macron Fine Chemicals. Ethanol (CH3CH2OH)
was obtained from Decon Labs Inc. Water (H2O) was purified to a
resistance of 18 MΩ·cm (Academic Milli-Q Water System; Millipore
Corporation) and filtered by a 0.22 μm filter. All glassware was
cleaned with aqua regia solution (3:1 concentrated hydrochloric acid:
nitric acid) and piranha solution (3:1 concentrated sulfuric acid: 30%
hydrogen peroxide) and dried in an oven at 60 °C before use. Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, 98+%) and lithium nitrate
(LiNO3) were purchased from Alfa Aesar and dried under vacuum at
120 °C before use. Lithium foil was also purchased from Alfa Aesar.
Ketjenblack (AkzoNobel) and poly(vinylidene fluoride) (PVDF)
(Sigma-Aldrich) were also used during electrode fabrication.
Synthesis of the S@SiO2 and S@Au@SiO2 Nanoparticles.

The S@SiO2 and S@Au@SiO2 core−shell nanoparticles were
synthesized following Scheme 1, which starts with ZnS core
nanoparticles and utilizes Fe(NO3)3 as a key reagent in the conversion
of ZnS cores to sulfur-containing cores with a concomitant decrease

in core material volume. This latter feature is critical to the success of
the system due to the consequent large volume expansion of the sulfur
core upon lithiation during battery operation.1

Preparation of Zinc Sulfide Nanoparticle Cores. ZnS
nanoparticles were prepared using a modification of the method
reported by Xu et al.31 The process involves mixing zinc acetate
dihydrate with thioacetamide under hydrothermal conditions. An
aliquot of PVP (1.2 g; 0.022 mmol) was dissolved in 150 mL of H2O
in a 250 mL round-bottom flask; the PVP acts as a surfactant to
stabilize the nanospheres. Then, zinc acetate dihydrate (0.6585 g;
3.000 mmol) was added into the PVP solution. After that,
thioacetamide (0.1503 g; 2.003 mmol) was dissolved in 50 mL of
H2O and added into the PVP/zinc acetate solution at a rate of 50 mL
h−1. Subsequently, the solution was stirred at rt for 1 h before being
heated to 100 °C and refluxed with stirring overnight. The white-
colored solution indicated the successful formation of the particles.
After cooling to rt, the solution was transferred into a 50 mL
centrifuge tube and centrifuged at 6000 rpm for 15 min. The ZnS NPs
were washed twice with 50 mL of H2O and once with 50 mL of
ethanol. The collected ZnS NPs were then redispersed in 20 mL of
ethanol.

Amine-Functionalized Zinc Sulfide Nanoparticles. The
amine functionalization was accomplished following a procedure by
Kim et al.32 An aliquot (800 μL) of aminopropyltrimethoxysilane
(APTMS) and 4 mL of the ZnS nanoparticle solution were added to
80 mL of ethanol. The mixture was heated to 80 °C and refluxed
overnight to ensure complete amine functionalization of the ZnS
cores. After cooling to rt, the particles were transferred into a 50 mL
centrifuge tube and centrifuged at 6000 rpm for 10 min. The amine-
functionalized ZnS NPs were then washed with ethanol two times,
and the resulting particles were dispersed in 4 mL of ethanol.

THPC−Au Nanoparticle Preparation and Assembly on
Amine-Functionalized Zinc Sulfide Core Nanoparticles. The
THPC−Au nanoparticles were prepared following a report by Kim et
al.32 In this procedure, 1 mL of 1 M sodium hydroxide and 2 mL of a
THPC solution (25 μL of THPC in 2 mL of H2O) were added to 90
mL of Milli-Q water in a 250 mL Erlenmeyer flask under vigorous
stirring for 5 min. Then, 4 mL of 1% chloroauric acid (HAuCl4) was
added to the solution, which turned dark brown, and was stirred for
30−60 min. Afterward, the Erlenmeyer flask was stored in a
refrigerator for 2 days. The solution was then concentrated to 20
mL by rotary evaporation and again stored in the refrigerator
overnight.

Attachment of the THPC−Au nanoparticles to the ZnS cores was
accomplished by analogy to a previously reported method.32 Briefly, 4
mL of the amine-functionalized ZnS particles were added to a 20 mL
aliquot of THPC−Au solution. The solution was then placed on a
shaker for 2 h and was subsequently placed in the refrigerator for 24 h.
The particles were then transferred into a 50 mL centrifuge tube and
centrifuged at 3000 rpm for 10 min. The NPs were washed with
ethanol several times until the upper solution was transparent and
clear. At this point, the particles were dispersed in 4 mL of ethanol.

SiO2-Coated Zinc Sulfide Core−Shell Nanoparticles (ZnS@
SiO2). To obtain both types of SiO2-coated ZnS core−shell
nanoparticles, we employed a modification of the method reported

Scheme 1. Synthesis of S@SiO2 (Top) and S@Au@SiO2 (Bottom) Core−Shell Nanoparticles
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by Stöber et al.33 As a representative example, 4 mL of the ZnS
particles in 20 mL of ethanol were subjected to sonication for 1 h.
Then, 0.4 mL of NH3·H2O, 1 mL of H2O, and 40 μL of tetraethyl
orthosilicate (TEOS) were added to the solution and stirred for 2 h to
obtain the silica-coated particles (∼15 nm) at rt. The particles were
next transferred into a 50 mL centrifuge tube and centrifuged at 6000
rpm for 10 min. The resulting ZnS@SiO2 nanoparticles were washed
with ethanol and then redispersed in 4 mL of ethanol. The gold silica-
coated zinc sulfide nanoparticles (ZnS@Au@SiO2) were synthesized
following an analogous procedure.
SiO2-Coated Sulfur Core−Shell Nanoparticles (S@SiO2).

Silica-coated sulfur nanoparticles were prepared following the
methodology reported by Du et al.34 As a representative example,
ZnS@SiO2 core−shell nanoparticles were dried at 60 °C in an oven
for 3 h. The dried ZnS@SiO2 nanoparticles (40 mg) were dispersed
in 10 mL of 0.3 M Fe(NO3)3 and stirred for 24 h in an ice bath. The
nanoparticles were then centrifuged at 6000 rpm for 10 min, washed
with 20 mL of H2O, and then dried at 60 °C for 3 h to give the S@
SiO2 core−shell nanoparticles. The silica-coated sulfur-gold core−
shell nanoparticles (S@Au@SiO2) were synthesized following an
analogous procedure.
Nanoparticle Characterization. The morphologies of all

nanoparticles were characterized using a scanning electron micro-
scope (SEM, LEO-1525) operating at an accelerating voltage of 15
kV. All SEM samples were deposited on silicon wafers. For an
additional perspective, the nanoparticles were also evaluated using a
JEM-2100 FX transmission electron microscope (TEM) operating at
an accelerating voltage of 200 kV equipped with an energy-dispersive
X-ray spectroscopy (EDX) apparatus. All TEM samples were
deposited on 300 mesh holey carbon-coated copper grids. Additional
EDX data were collected at 18 kV by an EDX attached to a Nova
NanoSEM 230 microscope. X-ray diffraction (XRD) patterns were
obtained using a PANalytical X’Pert PRO X-Ray Diffractometer.
Thermogravimetric analysis (TGA) was carried out by a Hi-Res TGA
thermogravimetric analyzer under nitrogen gas (N2) with a 10 °C
min−1 heating rate.
Electrochemical Studies. The battery cathode was prepared by

the slurry-cast method. A 60 wt % cathode (S@SiO2 or S@Au@SiO2
nanoparticles), 30 wt % Ketjenblack, and 10 wt % PVDF were mixed
in N-methylpyrrolidone. The resulting slurry was evenly applied onto
carbon paper and dried in a 60 °C vacuum oven overnight. The areal
mass loading of the active material was 2 mg cm−2, which is greater
than that for a related Au NP-based battery system,29 but still
warrants improvement for practical applications. The electrolyte used
was 1 M LiTFSI and 0.2 M LiNO3 dissolved in the mixture of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DOL) (volume ratio
1:1). The electrolyte/sulfur ratio was optimized at 15 μL mg−1. A
lower electrolyte/sulfur ratio (5 μL mg−1) led to insufficient wetting
of the electrode and low capacity (Figure S1). The electrochemical
performance of the cathode was evaluated in 2032 coin cells
assembled inside an argon-filled glovebox (oxygen <0.1 ppm,
moisture <0.5 ppm) using Celgard as the separator and lithium foil
as the anode. The charge/discharge cycling test was performed with a
voltage range of 1.8−3 V vs Li/Li+ using a Land battery testing
system.

■ RESULTS AND DISCUSSION

Synthetic Strategy. The strategy used to prepare both the
S@SiO2 and S@Au@SiO2 nanoparticles is illustrated in
Scheme 1. Both types of nanoparticles begin with the
formation of the ZnS nanoparticle cores. For the S@Au@
SiO2 nanoparticles, the ZnS NPs were first functionalized with
an amine-terminated silane (APTMS), which renders the
surface positively charged and enables subsequent electrostatic
attachment of the Au NPs.32 The following step, for both types
of NPs, involves growing the SiO2 shell. The final key step in
the core−shell nanoparticle preparations is the reduction of the

ZnS by Fe3+ to yield semihollow elemental sulfur cores,
according to the equation34

+ → + ++ + +2Fe ZnS S 2Fe Zn3 2 2 (1)

Due to the loss of mass associated with zinc, the structure of
the nanoparticles changes from a core−shell structure (e.g.,
ZnS@SiO2) to a semihollow structure with elemental sulfur
encapsulated within a porous SiO2 shell (e.g., S@SiO2),
providing capacity for volumetric expansion needed for the
formation of intermediate lithium polysulfides. The structural
change from ZnS@SiO2 and ZnS@Au@SiO2 core−shell
nanoparticles into semihollow S@SiO2 and S@Au@SiO2
core−shell nanoparticles can be monitored via SEM, as
illustrated in Figure 1.35

Morphology and Composition of the Nanoparticles.
Both SEM and TEM were used to follow the development of
the core−shell S@SiO2 and S@Au@SiO2 nanoparticles and
are shown in Figure 2. The ZnS nanoparticles are
approximately 270 nm in diameter, as determined by the
SEM image in Figure 2A. A typical TEM image of the silica-
coated ZnS nanoparticles (ZnS@SiO2) is provided in Figure
2B and shows a SiO2 shell thickness of ∼15 nm, yielding core−
shell ZnS@SiO2 nanoparticles ∼300 nm in diameter. The final
S@SiO2 nanoparticles were characterized by TEM and are

Figure 1. SEM images monitoring the Fe(NO3)3 reduction of ZnS@
SiO2 (A−C) and ZnS@Au@SiO2 (D−F) nanoparticles after (A, D):
0, (B, E): 12, and (C, E): 24 h at 0 °C, respectively.

Figure 2. (A) SEM image of the ZnS nanoparticles. (B) TEM image
of the core−shell ZnS@SiO2 nanoparticles. (C) TEM image of the
core−shell S@SiO2 nanoparticles. (D) SEM image of the core−shell
ZnS@Au@SiO2 nanoparticles and (E, F) SEM and TEM images of
the core−shell S@Au@SiO2 nanoparticles.
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shown in Figure 2C. The diameter of the final composite
nanoparticles remains in the 300 nm range, demonstrating that
the reduction step has no negative effects on the outer silica

shell. Also apparent from the TEM images is the void space
within the nanostructure, which can preserve the structural
integrity of the shell during the discharge process. A typical

Figure 3. SEM-EDX spectra of (A) core−shell ZnS@SiO2 nanoparticles, (B) core−shell S@SiO2 nanoparticles, (C) core−shell ZnS@Au@SiO2
nanoparticles, and (D) core−shell S@Au@SiO2 nanoparticles. SEM-EDX samples were prepared on copper tape-covered Si wafers.
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SEM image of the core−shell ZnS@Au@SiO2 nanoparticles is
shown in Figure 2D. The diameter of the ZnS@Au@SiO2
nanoparticles is also ∼300 nm, proving that the existence of Au
seeds has no impact on the thickness of the SiO2 coating. The
final S@Au@SiO2 nanoparticles were characterized by both
SEM (Figure 2E) and TEM (Figure 2F). The TEM image
(Figure 2F) also shows the presence of the Au NPs, which
were not observed by SEM since the majority of the Au NPs
located inside the SiO2 shell, have a diameter of ∼5−7 nm.
Overall, the size and morphology of the S@SiO2 nanoparticles
were identical to those of the S@Au@SiO2 nanoparticles,
which indicates that the addition of the Au NPs has no
substantial impact on the size and morphology of the final
composite NPs.
Furthermore, the ZnS@SiO2, S@SiO2, ZnS@Au@SiO2, and

the S@Au@SiO2 nanoparticles were characterized by SEM-
EDX to determine their elemental composition. The EDX
spectra of the nanoparticles are shown in Figure 3A−D. It is
important to note the presence of Zn in the ZnS@SiO2 sample
at 8.64 keV in the EDX spectrum (Figure 3A) and the absence
of this peak in the EDX spectrum of the S@SiO2 nanoparticles
(Figure 3B). Additionally, there is no clear evidence of Fe, at
6.40 keV, in the EDX results of the S@SiO2 nanoparticles
(Figure 3B), and the presence of the S peak at 2.31 keV implies
the successful and entire conversion of the ZnS core into
elemental sulfur inside the silica shell as well as complete
removal of Zn2+, Fe2+, and Fe3+ ions during the final washing
steps. Elemental analyses of the ZnS@Au@SiO2 and S@Au@
SiO2 nanoparticles were also studied by SEM-EDX (Figure
3C,D). Both nanoparticles show the presence of Au, which
partially overlaps with the S peak at 2.12 keV. Note, the
appearance of Cu in the SEM-EDX spectra of both samples
originated from the copper tape and sample holder used for the
EDX analysis.
Imaging and elemental mapping of the S@Au@SiO2

nanoparticles by TEM illustrate the presence of Si, O, S, and
Au, but no Zn was observed (see Figure 4A), consistent with
the aforementioned EDX analysis by SEM (Figure 3D). High-
resolution TEM micrographs show the presence of crystalline
Au particles with sizes ranging from 5 to 7 nm (Figure 4B,C).
An in-depth characterization of the Au particles confirms the d-
spacing typical of the {111} planes, leading to the conclusion

that the particle orientation is along the [111] zone axis.
Numerical simulations of the atomic distribution along the
[111] direction show an almost perfect match between the
experimental work (Figure 4D) and the simulated projection
using Vesta software, further confirming that the particles are
Au.
To provide additional support for the existence of sulfur

inside the core−shell nanoparticles, analyses by X-ray
diffraction (XRD) were performed. Figure 5A shows the

diffraction pattern of the S@SiO2 nanoparticles and S@Au@
SiO2 nanoparticles; notably, the typical pattern for sulfur
(JCPDS no. 08-0247) was observed, further confirming the
complete conversion of the ZnS core to an elemental sulfur
core. Due to the small amount of gold, the XRD spectra were
unable to demonstrate the presence of gold. The sulfur content
of both nanoparticles was determined using thermogravimetric
analysis (TGA; see Figure 5B). For our nanoparticles, the
weight loss can be attributed to the evaporation of sulfur. TGA
experiments were performed under nitrogen flow from 25 to
500 °C at a heating rate of 10 °C min−1. The TGA curves in
Figure 5B show a 77.2 and 40.2% weight loss for the S@SiO2
and S@Au@SiO2 nanoparticles, respectively. The lower sulfur
percentage loss for the S@Au@SiO2 nanoparticles compared
to the S@SiO2 nanoparticles can be attributed to the presence
of high-density elemental gold in only the former samples;
more precisely, if we remove the mass of Au from the S@Au@
SiO2 samples and recalculate, the sulfur percentage loss for the

Figure 4. (A) TEM image of the S@Au@SiO2 nanoparticles and
element mapping for silicon, oxygen, sulfur, and gold. (B, C) High-
resolution TEM images of the S@Au@SiO2 nanoparticles in different
scales. (D) High-resolution TEM micrographs of S@Au@SiO2
nanoparticles with measured d-spacing of the {111} crystal plane of
gold. The numerical simulation was carried out using the Vesta
software.

Figure 5. (A) XRD spectra of the S@SiO2 (black), S@Au@SiO2
(blue) nanoparticles, and standard sulfur JCPDS no. 08-0247 (red).
(B) TGA curves for the S@SiO2 (black) and S@Au@SiO2 (red)
nanoparticles.
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S@Au@SiO2 nanoparticles is ∼77%, which is comparable to
that of the S@SiO2 nanoparticles.
Electrochemical Performance of Li−S Batteries. The

electrochemical performance of the S@SiO2 and S@Au@SiO2
nanoparticles was investigated using a 2032 type coin battery
with an electrolyte of 1 M LiTFSI in DOL:DME. Figure 6A
shows the cycling performance of the S@SiO2 nanoparticles
for 100 cycles at 0.2 C. The overcharge in the S@SiO2-based
cathode (Figure 6A) is related to minor dissolution and
shuttling of polysulfides. This phenomenon is eliminated when
Au NPs are decorated into the SiO2 shell (Figure 6B) due to
the interaction and bonding of Au with polysulfides.29,30

Importantly, the discharge capacity of the S@SiO2 electrode in
the first cycle reached 1153 mA h g−1 (Figure 6C). Apparent
from the data, the battery is able to deliver a repeatable specific
capacity of 816 mA h g−1 after 100 cycles. In addition, the
capacity retention of the S@SiO2 battery was 70% with 0.3%
capacity decay per cycle at 0.2 C. Meanwhile, the Coulombic
efficiency remained at ∼99% after 15 cycles.
The initial discharge capacity of the S@Au@SiO2 battery

reached a value similar to that of the S@SiO2 battery, 1126 mA
h g−1, as shown in Figure 6D. However, a faster capacity decay
was observed for the S@Au@SiO2-based battery, shown in
Figure 6C,D. Our initial goal was to introduce Au nano-
particles into the material system to reduce capacity decay by
(1) facilitating electron transport and (2) introducing a
method of trapping discharge products (Li2Sx, 2 ≤ x ≤ 8),
especially highly soluble high-order polysulfides (Li2Sx, 6 ≤ x
≤ 8) through chemical interactions with the gold.7,24,26

Unfortunately, introduction of the Au nanoparticles into the
battery system expedited capacity decay at 0.2 C. We
hypothesize that the strong chemical interaction between the
Au NPs and the highly insoluble low-order polysulfides (Li2S,
Li2S2) play an important role in the expedited capacity decay.
It is plausible that low-order polysulfides, which prefer to form
on the surface of the gold nanoparticles,36 effectively diminish
the pore size of the porous SiO2 shell, hence blocking the
transport of Li+ ions from outside to inside the S@Au@SiO2

nanoparticles. Consequently, contact between Li+ and the
sulfur inside of the SiO2 shell is inhibited, as illustrated in
Figure 7. Hence, the reversible capacity of the S@Au@SiO2

batteries is ∼20% lower than the S@SiO2 batteries at 0.2 C,
regardless of the previously mentioned advantages of
introducing gold nanoparticles into the battery system.
Nevertheless, compared to other literature examples composed
of similar materials (shown in Table 1), our S@SiO2-based
cathode delivered a stable cycling stability with discharge/
charge capacity over 800 mA h g−1 after 100 cycles. It is further
important to note that Au NPs are oxidatively and reductively
stable within the electrochemical window used for the battery
tests. Previous studies by Han et al. showed that Au NPs
undergo oxidation when the applied voltage is higher than 0.7
V vs SHE;37 importantly, the upper cutoff was 3 V vs Li/Li+ in
our battery tests, which corresponds to 0 V vs SHE.
Furthermore, the reduction of Au by lithium happens below
0.4 V vs Li/Li+,38 which is much lower than the lower cut-off
voltage of 1.5 V vs Li/Li+ used in our studies.
The cycling performance of the S@SiO2 and S@Au@SiO2

nanoparticles was evaluated at various rates: 0.2, 0.5, 1, 2, and
5 C. For the S@SiO2-based cathode, the discharge capacity
stabilized at around 900, 800, 720, 630, and 170 mA h g−1,
respectively, as shown in Figure 8A. Importantly, the S@Au@

Figure 6. (A, B) Galvanostatic charge/discharge cycling performance and (C, D) voltage profiles at a current density of 0.2 C for the S@SiO2 (A,
C) and S@Au@SiO2 (B, D) nanoparticle cathodes.

Figure 7. Illustration representing low-order lithium polysulfides
attached on the surface of Au NPs; these aggregates can plausibly
inhibit the transport of Li+ through the porous SiO2 shell at slow
charge/discharge rates.
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SiO2-based cathode showed better performance than the S@
SiO2-based cathode when the rate was increased (see Figure
8B). Notably, at a rate of 5 C, the S@Au@SiO2 cathode
delivered a much higher discharge capacity of 500 mA h g−1

than the 170 mA h g−1 from the S@SiO2 cathode, suggesting
that the Au NPs are able to facilitate electron transport.
Therefore, at slow charge/discharge rates, Li+ transport
appears to be the limiting factor for battery operation (due
to the formation of sterically bulky Li2Sxpolysulfide−Au NP
aggregates that block Li+ transport through the SiO2 shell). In
contrast, at rapid charge/discharge rates (for which the
formation of sterically bulky Li2Sx polysulfide-Au NP
aggregates is plausibly limited kinetically), electron transport
appears to be the promoting factor.
Figure 9A shows the long cycle performance of the S@Au@

SiO2 cathode evaluated at 5 C. After an initial discharge
capacity of ∼1050 mA h g−1 under 0.2 C (Figure 9B), the cell
delivered a reversible capacity of ∼500 mA h g−1 under 5 C
with a 96% capacity retention after 100 cycles. Moreover, when
the S@Au@SiO2 cathode was tested under a high rate of 5 C,
the capacity retention after 100 cycles was much improved
compared to that at 0.2 C. It is likely that the shortened

discharge/charge times at 5 C alleviated detrimental
dissolution of soluble polysulfide species and thereby enhanced
capacity retention.

■ CONCLUSIONS

In this study, core−shell S@SiO2 and S@Au@SiO2 nano-
particles possessing porous thin SiO2 shells were successfully
synthesized as cathode materials for lithium−sulfur batteries
using Fe(NO3)3 as a key reagent in the conversion of ZnS
nanoparticle cores to elemental sulfur cores with markedly
diminished volume. The cycle efficiency of both nanoparticles
as cathode materials in lithium−sulfur batteries was also
evaluated. The S@SiO2-based cathode had an initial discharge
capacity of 1153 mA h g−1 and stabilized at 816 mA h g−1 after
100 cycles at 0.2 C. By comparison, the discharge capacity of
the S@Au@SiO2-based cathode reached a similar value in the
first cycle, but stabilized at a lower value compared to the S@
SiO2-based cathode, 666 mA h g−1, after 100 cycles at 0.2 C. At
these slow current density rates, we propose that the S@Au@
SiO2 system suffers from the formation of sterically bulky Li2Sx
polysulfide-Au NP aggregates on the inner surface of the SiO2

Table 1. Summary of Li−S Battery Performance with SiO2- or Au-Based Cathodes

material structure specific capacity, discharge rate cycling stability references

S@SiO2 nanospheres ∼1400 mA h g−1, 0.2 C 441 mA h g−1 @ 50th 24
S@Au@SiO2 nanospheres (core−shell) 1126 mA h g−1, 0.2 C 666 mA h g−1 @ 100th this work
S/VGCF@SiO2

a network-structure 951 mA h g−1, 0.5 C 710 mA h g−1 @ 100th 27
sulfur−silica nanocomposite raspberry-like morphology ∼1200 mA h g−1, 0.02 C ∼750 mA h g−1 @ 350th 39
S@SiO2 w/mrGOb nanospheres ∼1400 mA h g−1, 0.2 C 763 mA h g−1 @ 50th 24
CB-S-Auc 3D structure 1107 mA h g−1, 0.1 C 771 mA h g−1 @ 100th 29
S@SiO2 nanospheres (core−shell) 1153 mA h g−1, 0.2 C 816 mA h g−1 @ 100th this work

aSilica-coated sulfur/vapor-grown carbon fiber composite. bSiO2-coated sulfur particles with mildly reduced graphene oxide. cAcetylene black-S
with Au nanoparticles.

Figure 8. Charge/discharge cycling performance at different current density rates (0.2, 0.5, 1, 2, and 5 C) for the (A) S@SiO2-based battery and
(B) S@Au@SiO2-based battery.

Figure 9. (A) Galvanostatic charge/discharge cycling performance and voltage profiles for the S@Au@SiO2 (B) nanoparticle cathodes. The first
cycle is at a current density 0.2 C and later cycles at 5 C (1 C = 1672 mA g−1).
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shell, which inhibits Li+ transport through the shell and
impedes the cycling performance of our battery system.
However, owing to enhanced electron transport, the S@Au@
SiO2-based cathode can provide a higher reversible capacity of
500 mA h g−1 at 5 C with a capacity retention of 96% after 100
cycles. Given these results as a whole, the present investigation
illustrates the beneficial effects of incorporating Au nano-
particles into S@SiO2-based cathodes over a range of
charging/discharging rates. Given the encouraging results,
our future work will explore various modifications of the
nanomaterials to enhance battery capacity under the lean
electrolyte condition.
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