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We report a novel strategy to enhance the rate capability of Si–C composite by facile boron doping. Boron doping
was confirmed byX-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS) andRaman spectros-
copy. The boron-doped Si–C composite showsmuch improved rate capability, delivering a capacity of 575 mAh/g
at 6.4 A/g without any external carbon additive, 80% higher than that of undoped composite. Electrochemical
impedance spectroscopy (EIS) measurement shows that boron-doped Si–C composite has lower charge transfer
resistance, which helps improve its rate capability.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The fast-growing demands of portable electronics and electric vehicles
require lithium-ion batteries (LIBs)with high energy and power densities
[1]. The low specific capacity (372 mAh/g) of graphite, a common anode
material in commercial LIBs, is a major barrier to meeting these demands
[2]. Silicon has been investigated as one of the most promising alterna-
tives to graphite due to its high specific capacity (N3500 mAh/g) and
abundance [3]. However, silicon suffers from low power output, mainly
because its electronic conductivity is low [4].

Great efforts have been devoted to enhancing the rate capability of
Si-based anodes, with major attentions paid to geometry tailoring, such
as decreasing dimensions of Si particles to the nanoscale level to shorten
transport pathways for both electrons and Li+ ions [5,6], and composition
modification, such as preparing various Si–C and Si–conductive polymer
composites to improve surface electronic conductivity [7,8]. Even though
exciting results have been achieved by such strategies, the electronic
conductivity of Si itself remains low due to its intrinsic semiconductor
nature, which limits the further improvement of rate capability. Carrier
doping has been well established as an effective way to increase elec-
tronic conductivity of Si in the semiconductor industry [9]. However,
in the field of LIBs, doping silicon with elements such as boron has
been mainly employed to produce porous Si materials by wet etching
[10], while the effects of doping on the rate capability of Si-based
anodematerials have not been intensively studied.Wang et al. reported
phosphorus-doped Si film on virus enabled 3D current collectors using
a physical vapor deposition technique, which exhibited improved rate
ghts reserved.
performance [11]. We previously demonstrated a micro-sized Si–C
composite featuring interconnected Si and carbon nanoscale building
blocks that showed excellent cycling stability and rate capability [12].
The synthetic route can be easily extended to prepare doped Si-based
composites by simply introducing dopant precursors during thermal
disproportionation of SiO. Herein, we report a facile preparation of a
boron-doped Si–C composite (B-doped Si–C) and investigate the effects
of boron doping on rate capability.

2. Material and methods

The preparation procedures of boron-doped micro-sized Si–C com-
posite are the same for our previously reported Si–C composite [12],
except a mixture of SiO powder (325 mesh, Sigma Aldrich) and B2O3

powder (Alfa Aesar) with molar ratio of Si: B as 10:1 was used as the
startingmaterial. The products before and after carbon coating are desig-
nated B-doped Si and B-doped Si–C, respectivley. Undoped micro-sized
Si–C composite is also produced for comparison and designated Si–C.

The obtained samples were characterized on a Rigaku Dmax-2000
X-ray powder diffractometer (XRD) with Cu Kα radiation. Scanning
electron microscope (SEM) and transmission electron microscope
(TEM) images were taken by an FEI Nova NanoSEM 630 and JEOL-1200.
X-ray photoelectron spectroscopy (XPS) was conducted with a Kratos
Analytical Axis Ultra XPS. Raman spectroscopy was performed with a
WITec CMR200 confocal Raman instrument.

Electrochemical experimentswere performed using coin cells with Li
metal as the counter electrode. Theworking electrodes consist of 80 wt%
of active material and 20 wt% of poly(acrylic acid) binder. 1 M LiPF6
in a mixture of ethylene carbonate, diethyl carbonate and dimethyl
carbonate (2:1:2 by volume) and 10 wt% fluoroethylene carbonate
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Fig. 1. XRD patterns of Si–C and B-doped Si–C.
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Fig. 2. (a) Si 2p and (b) B 1s XPS spectra, and (c) Raman spectra of B-doped Si–C and Si–
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was used as electrolyte. The mass loading of active materials is
1.2 mg/cm2. Galvanostatic charge/discharge tests were carried out on
an Arbin BT-2000 battery tester between 1.5 and 0.01 V versus Li+/Li.
Electrochemical impedance spectroscopy (EIS) was carried out by
applying a perturbation voltage of 5 mV between 10 mHz and 100 KHz
using a Solartron SI 1260 impedance analyzer. Powder conductivity
was measured using a Solartron SI 1287 electrochemical interface.
3. Results and discussion

The phase and crystallinity of Si–C and B-doped Si–Cwere examined
by XRD. Peaks of both XRD patterns can be indexed to those of face-
centered cubic crystalline Si (JCPDS Card No. 27-1402), as shown in
Fig. 1. Compared to undoped Si–C, the peaks of B-doped Si–C shift to
higher angles due to the replacment of Si atoms by smaller B atoms
which leads to a smaller lattice constant [13]. This result, combined
with the absence of Si–B alloy peaks, indicates the successful doping
of B into Si. No discernable difference in peak intensities can be found,
suggesting that B doping did not affect crystallinity of the final product.
The nature of Si and B in B-doped Si before carbon coating was
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C, (d) SEM image, (e) low- and (f) high-magnification TEM images of B-doped Si–C.
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investigated by XPS. As shown in the Si 2p spectrum in Fig. 2a, the
strong peak at 99.4 eV corresponds to the binding energy of Si(0) [14].
A broad weak bump is also observed around 103 eV, which suggests
the existence of silicon oxides [15]. Fig. 2b shows the B 1s spectrum,
which is rough due to the very low relative sensitivity of boron [16].
The peak centered at 188 eV is attributed to B(0) [16], serving as direct
evidence of B doping. The content of B is calculated to be 4.1% (atomic
percentage) by XPS survey, close to the designated composition of 5%.
Raman spectroscopy was employed to further study the B-doped Si
after carbon coating. The Si peak shifts from 510 cm−1 for undoped Si
to 494 cm−1 for B-doped Si (Fig. 2c) due to disorder in the Si structure
caused by the stress developed in the surrounding Si atomic network
after B doping, which is consistent with the previous report [17] as
well as with XRD and XPS results above. It has been reported that B
doping into carbon can enhance electrochemical performance of resul-
tant B-doped carbon [18,19]. However, in our case B in carbon was not
detected as shifting of C peaks is not observed [18]. As shown in
Fig. 2c, both spectra show peaks around 1330 and 1610 cm−1, corre-
sponding to the D and G bands of carbon, respectively [12]. The absence
of B in carbon is due to the moderate carbon coating temperature of
620 °C, much lower than the temperature (900–2800 °C) required for
B doping in carbon via solid state diffusion [19,20].

The morphology, size, and structure of the B-doped Si–C composite
were also investigated by SEM and TEM. The SEM image in Fig. 2d
shows that the B-doped Si–C is composed of micro-sized particles
with an average size of about 20 μm. TEM study reveals that these
micro-sized particles are built up of interconnected nanoparticles with
a size of about 10 nm (Fig. 2e and f). This shows that B doping has no
influence on the size and structure of product, as the same features
are observed for the undoped Si–C composite [12].

The doping effects on the electrochemical performancewas evaluated
by galvanostatic charge/discharge at different current densities. To
examine the effects of B doping only, potential interference factors
were excluded. First, electrodes were prepared without any external
carbon additive. Second, to exclude the influence of carbon content, a
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Fig. 3. (a) Rate performance and (b) capacity ratio at different current densities of B-doped Si–C
spectra of B-doped Si–C and Si–C.
similar carbon content of around 20 wt% (measured by elemental
analysis) was achieved for both B-doped Si–C and Si–C.

As shown in Fig. 3a, B-doped Si–C exhibits similar specific capacity to
Si–C at 400 mA/g due to the low content of B as discussed above.
However, the difference in capacity can easily be observed at higher
current densities. For example, Si–C can only achieve 323 mAh/g
cycling at 6.4 A/g. In comparison, a capacity of 575 mAh/g (volumet-
ric capacity of 449 mAh/cm3 based on tap density of 0.78 g/cm3) can
be obtained for B-doped Si–C, about 80% higher than that of Si–C and
1.5 times the theoretical capacity of graphite. Note that this capacity
was achieved without addition of any external conductive additive,
which is usually present in large quantity (more than 20 wt%) in re-
ports on Si-based materials with good high rate performance [10].
After the current density was restored to 400 mA/g, B-doped Si–C
showed better stability than Si–C with similar capacity. The coulombic
efficiency (CE) of B-doped Si–C remains above 99.5% at various rates.
To further investigate the cycling stability at high rates, the current
density was increased from 400 mA/g to 6.4 A/g again. In contrast to
the obvious capacity fading of Si–C, the capacity of B-doped Si–C was
stable for about 50 cycles at 6.4 A/g. Fig. 3b plots the ratio of specific
capacities of B-doped Si–C and Si–C at different current densities. It is
clear that the difference in specific capacities becomes more and more
striking with increasing current density. The voltage profiles of B-doped
Si–C at various current densities are shown in Fig. 3c. The first cycle CE
is 73.7%, similar to that of Si–C (Fig. 3a). The kinetic feature of charge/
discharge curves is maintained at high rates, as the voltage profiles re-
main similar in shapewith increasing current density, indicating a facile
charge transport process. To understand the reason for the better rate
capability of B-doped Si–C, cells were analyzed by the EIS measure-
ments after rate capability testing at delithiated state. The inclined
line in the low frequency region is related to Li-ion diffusion within
particles [21]. The difference is indicative of change in Li-ion diffusion
behaviors due to boron doping, which agrees well with the report that
addition of dopants such as boron and phosphorus to Si strongly influ-
ences the energetics and kinetics of Li insertion [22]. B-doped Si–C
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shows a smaller semicircle in high-to-medium frequency region than
Si–C, which suggests a lower charge transfer resistance [21]. The
electronic conductivities of B-doped Si–C and Si–C powder were
also measured according to a reported protocol [23]. Compared to
9.6 × 10−6 S/m of Si–C, B-doped Si–C has higher conductivity of
3.6 × 10−4 S/m. The results indicate that boron doping leads to an in-
crease in electronic conductivity of the Si–C composite and thus im-
proves its rate capability.

4. Conclusions

In summary, a boron-doped Si–C composite has been successfully
prepared and the boron doping was confirmed by XRD, XPS, and
Raman spectrometry. The effects of boron doping on the rate capability
of the Si–C composite have been investigated. Compared to undoped
Si–C, the B-doped Si–C composite exhibitsmuch improved rate capability.
A high capacity of 575 mAh/g can be achieved by B-doped Si–C at 6.4 A/g,
about 80% higher than that of Si–C. The improved rate capability is attrib-
uted to lower charge transfer resistance of B-doped Si–C, as shown by EIS
measurement. The finding demonstrates that boron doping is an effective
approach to enhance rate capability of Si-based anodes for LIBs.
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