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A B S T R A C T

A cheap Si powder byproduct from solar cell production was applied as a negative electrode for lithium-ion
batteries. To improve the cycle and rate performances, the as-obtained Si powder was composited with tungsten
oxide and coated with carbon, in sequence. After preparing the composite material, its electrochemical per-
formance is evaluated, which exhibits a high reversible capacity of 975 mA h g−1 with improved cycleability.
Especially, the rate capability is significantly improved to 390 mA h g−1 under 1000 mA g−1 applied current.
This advanced electrochemical performance is attributed to the matrix effect of the formed Li2O and W metal
with carbon coating, as identified using ex-situ X-ray diffraction experiments, and associated with the low po-
larization resistance observed in the galvanostatic charge intermittent technique.

1. Introduction

Li-ion batteries (LIBs), as highly promising energy storage systems,
have been applied to mobile devices and electric vehicles [1–7]. To
extend the available driving range of electric vehicles, LIBs must have
high volumetric energy and power densities because their occupied
volume is strongly limited in electric vehicle applications [8]. For this
purpose, improvements in the gravimetric and volumetric capacities of
electrode materials are necessary. As a material with a high gravimetric
capacity, Si has been proposed as a promising negative electrode be-
cause it has a high theoretical capacity and low working voltage below
0.4 V (vs. Li/Li+) [9–13]. Unfortunately, Si negative electrodes suffer
dramatic volumetric stresses of ~400% during lithiation and de-li-
thiation [9,14,15]. A more severe problem is the facile degradation of
the electrode structure caused by electrical contact loss upon de-li-
thiation of the Si [9]. To alleviate electrode failure from volumetric
change-induced mechanical cracking and dead particle generation,
nano-sized Si, having a large free volume, has been recommended to
reduce mechanical stress [16–18]. Moreover, the nano structure of Si is
applied to enhance the cycleability of Si, such as nanotubes, nanowires
[19,20]. However, this approach entails several difficulties, such as
inhomogeneous slurry mixing, increased conducting agent for sufficient
electrical contact, and possible internal electric short-circuiting from

weakly attached nanoparticles. Furthermore, instability of solid elec-
trolyte interphase on silicon-based negative electrodes during cycle and
high temperature storage is emerged as problematic feature for prac-
tical application [21,22]. From a practical perspective, therefore, mi-
croscale Si is appropriate, although the possibility of particle cracking
during charge–discharge cycling remains high [9,18]. From the litera-
ture, the trapping of Li+ at Si particles is considered the dominant
failure mode with microscale Si negative electrodes [18]. By introdu-
cing a buffer matrix or partially oxidized Si, increases in the capacity
retention of electrodes have been reported [23–25].

Possible candidates for high-volumetric-capacity LIB negative elec-
trodes also include oxides of heavy transition metals (e.g., Mo and W).
W oxide negative electrodes have exhibited very high gravimetric ca-
pacities reaching 748 mA h g−1. Because of the high oxidation number
of W in oxides (~6+), approximately 3 mol Li2O per 1 mol W0 can be
produced during the charging reaction, indicating a high reversible
capacity [26]. A high volumetric capacity of ~2000 mA h cm−3 was
previously reported because of the intrinsically high material density of
WO3 at 7.61 g cm−3. Because W oxides have higher-voltage conversion
reactions than Si does, W and Li2O phases can act as conductive net-
works and buffer phases for the relaxation of mechanical stress by the
lithiation of Si [21–24]. To improve the cycle and rate capability of Si
negative electrodes, reduced metal oxides must remain inactive at the
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lithiation voltage of Si; the as-formed W metal can therefore enhance
electrical conductivity [27–30].

Herein, a silicon–tungsten oxide–carbon (STC) composite is pre-
pared as a novel negative electrode for LIBs. By incorporating W oxide
into the Si negative electrode and coating the negative electrode with C,
the cycleability and rate capability of the negative electrode are ex-
pected to improve because of the generation of nanoscale W metal and
a buffer matrix of Li2O. Subsequently, microscale Si and STC electrodes
are compared. Finally, the rate capability is compared for these elec-
trodes and the polarization is examined by the galvanostatic inter-
mittent titration technique (GITT).

2. Experimental section

2.1. Synthesis of Si composite

Si powder was obtained from a conventional reactor for the pre-
paration of polysilicon, which can be used for producing Si solar cell
wafers. The Si powder was mixed with Pluronic P-123 surfactant,
phosphotungstic acid (H3PW12O40), and sucrose in an ethanol solvent.
After stirring for 2 h, the solvent was evaporated using a rotary eva-
porator and then heat-treated at 600 °C for 4 h under a 5% H2/Ar mixed
gas for obtaining a better reducing atmosphere. After heat-treatment,
the weight ratios of Si, WO3, and C were estimated at 1/1/0.14 using
thermal gravimetric analysis (TGA).

2.2. Electrochemical characterization

A 2032-type coin cell was employed for testing the electrochemical
performances of WO3, the synthesized Si composite, and the bare Si ma-
terial (Alfa Aesar, APS 1–5 μm, 99.9% (metals basis)). The composite
electrode was prepared by casting the slurry of Si–WO3–C composite
powders, Si, or WO3; Super P; and poly(acrylic acid) Li salt (LiPAA) in a
7:2:1 wt. ratio on Cu foil. The weigh loading of electrode was
0.8 mg cm−2. The electrodes were dried at 120 °C in a vacuum atmosphere
overnight. After drying the electrode, its electrochemical performance was
tested. Li foil was used as the counter and reference electrodes. 1.3 M LiPF6
in fluoroethylene carbonate (FEC):ethyl methyl carbonate (EMC):diethyl
carbonate (DEC) (3:2:5 = v/v) was used for the electrolyte solution. A
porous polypropylene–polyethylene–polypropylene (PP–PE–PP) separator
was used to prevent mechanical shortage. In the first (formation) cycle, a
galvanostatic charge–discharge experiment was conducted in the potential
range of 0.05–1.5 V (vs. Li/Li+). After formation, the potential window for
cycling was set as 0.07–1.5 V (vs. Li/Li+).

2.3. Ex-situ X-ray diffraction (XRD) spectroscopy

Ex-situ XRD patterns of the lithiated/de-lithiate Si–WO3–C compo-
site electrode (voltage cut-off: 50 mV) comprising Si–WO3–C composite,
Super P, and LiPAA (7:2:1 wt. ratio) were collected by a DMAX2500-PC
(Rigaku Co.) diffractometer using Cu-Kα radiation (1.5406 Å).

2.4. FE-SEM imaging

The synthesized particle morphology was observed by field-emis-
sion scanning electron microscopy (FE-SEM, JEOL JSM-6700F).

2.5. Galvanostatic intermittent titration technique (GITT) and polarization
measurement for two electrodes

A 10-min galvanostatic step and 20-min rest period was applied to
analyze the polarization of the two electrodes within the potential
range of 0.05–1.5 V (vs. Li/Li+). The polarization of each quasi-open-
circuit voltage was calculated from the difference between the closed-
circuit voltage and quasi-open-circuit voltage in transient voltage pro-
files.

3. Results and discussion

To identify the matrix role of WO3 and relevant charging mechan-
isms, bulk WO3 and as-obtained Si powder were applied as negative
electrodes in LIBs. The morphology of the used Si powder and as-pre-
pared WO3 material was investigated using FE-SEM and XRD, as dis-
played in Figs. S1 and S2. In Fig. S1, the tungsten oxide which was
prepared without Si and carbon was displayed. As seen, bulk powder
was obtained and its crystal structure was identified using XRD as
shown in Fig. 1b. Typical WO3 with PDF #880550 was obtained. The
as-obtained Si powder comprised several 10-μm-sized secondary par-
ticles with sub-micrometer Si primary particles, as shown in Fig. S2.
Because gas-phase precursors such as SiH4 are employed in polysilicon
production, the obtained Si powder as a side product has spherical
primary particles. Meanwhile, the prepared WO3 has particles crushed
from the monolithic structure of the bulk material.

Fig. 1 presents the first lithiation and de-lithiation voltage profiles of
the WO3 and Si negative electrode cells. As seen, it is confirmed that
WO3 is lithiated by the conversion reaction before reaching the lithia-
tion voltage of Si, while showing lithiation and de-lithiation capacities
of 550 mA h g−1 and 215 mA h g−1, respectively, at the voltage cut-off
of 1.5 V (vs. Li/Li+) with a 39% initial efficiency. The Si powder shows
lithiation and de-lithiation capacities of 2015 and 1620 mA h g−1, re-
spectively. From the differential capacity plot in Fig. 1b, the lithiation
voltages of WO3 and Si can be observed more clearly, confirming that
the initial lithiation voltage of WO3 is higher than that of Si. This in-
dicates that a buffer matrix of the Li2O phase and a conductive matrix of
metallic W can be generated in the WO3 negative electrode.

Fig. 2a displays an FE-SEM image of the STC material. As seen, sub-
micrometer primary particles form secondary particles of large sizes
exceeding 10 μm, which is a highly suitable morphology for the elec-
trode coating process, as it decreases the consumption of N-methyl-2-

Fig. 1. (a); Initial voltage profiles of Si and WO3. (b); lithiation differential capacity plot
of Si and WO3 at 50 mA g−1 with voltage cut-off of 0.05 to 1.5 V (vs. Li/Li+).
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