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Enhancement of the electrochemical performance of silicon anodes
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A B S T R A C T

Silicon alloys composed of silicon nanoparticles embedded in inert Cu-Al-Fe matrix phases were
synthesized and encapsulated with reduced graphene oxide (rGO) nanosheets. Successful synthesis of
the silicon alloys and their encapsulation with rGO were confirmed by X-ray diffraction, X-ray
photoelectron spectroscopy and transmission electron microscopic analyses. The silicon alloy
encapsulated with an optimal amount of rGO delivered an initial discharge capacity of 1140.7 mAh g�1

with good capacity retention and exhibited excellent rate capability. This superior performance could be
attributed to the unique structure of silicon alloy encapsulated by rGO, which could effectively
accommodate the large volume change during cycling and provide continuous electronic conduction
pathway in the electrode.
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1. Introduction

High energy density lithium-ion batteries for electric vehicles
and large-scale energy storage systems require significant
improvement in the specific capacity of the electrode materials
[1–5]. In this regard, silicon is considered to be a promising anode
material in lithium-ion batteries, because it has a high theoretical
capacity, low reduction potential, is cost-effective due to its natural
abundance, and is non-toxic. However, the practical application of
silicon materials in lithium-ion batteries is hampered by the large
volume changes that occur during repeated lithiation/delithiation,
which result in the cracking of the electrode, loss of electrical
contact, unstable solid electrolyte interphase (SEI) formation, and
eventually rapid capacity fading upon cycling [6,7]. The effect of
volume changes on the cycling performance of silicon anodes has
been largely addressed by nano-structured silicon materials with
various shapes and morphologies, including nanowires, thin films,
hollow structures and nanotubes [8–12]. However, their large
surface area causes uncontrollable side reactions and reduces
volumetric energy density, both of which critically limit their
practical application [13]. The cycling performance of silicon
materials has also been improved by using polymeric binders with
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enhanced binding characteristics and self-healing properties [14–
17]. Another promising approach is the utilization of active-
inactive alloy systems, where the electrochemical reaction occurs
in the active phase and the inactive phase helps to improve
electronic conductivity and acts as a volume buffer [18,19].
Composites of silicon nanoparticles and graphene have also been
shown to be good candidates as anode material [20–28]. In
particular, the utilization of graphene to improve the electrochem-
ical performance of silicon-based electrodes is becoming increas-
ingly appealing due to its superior properties such as good
mechanical strength, high electronic conductivity, high chemical
stability and good flexibility [29–31]. However, to the best of our
knowledge, silicon alloys composed of active and inactive metals
have not been encapsulated with graphene to exploit the beneficial
effects of these systems.

In this work, we synthesized silicon alloys composed of silicon
nanoparticles embedded in Cu-Al-Fe matrix phases. The resulting
micron-sized silicon alloy particles were encapsulated with
reduced graphene oxide (rGO) to mitigate the deleterious effects
caused by volume changes during lithiation/delithiation as well as
to provide a continuous electronic conduction pathway in the
electrode. This strategy resulted in enhanced cycling performance
in terms of discharge capacity, capacity retention and rate
capability.
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mailto:dongwonkim@hanyang.ac.kr
http://dx.doi.org/10.1016/j.electacta.2016.05.081
http://dx.doi.org/10.1016/j.electacta.2016.05.081
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


Fig. 1. Schematic illustration for encapsulation of the silicon alloy with rGO.
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2. Experimental

2.1. Materials synthesis

Silicon alloy materials were synthesized using arc melting
followed by the single roll solidification method (SRSM), as
reported previously [19]. Si (50 at.%), Cu (22.5 at.%), Al (22.5 at.%),
and Fe (5 at.%) metals were used as precursors to synthesize the
silicon alloys. Copper, aluminum and iron metals were chosen as
the inactive components of the alloy matrix due to their low cost
and wide availability. Alloy buttons were obtained by arc melting
in a Cu hearth using a non-consumable tungsten electrode under
an argon atmosphere. The buttons were re-melted three times to
ensure homogeneity. SRSM ribbons were produced by a graphite
nozzle single-roll method under an inert atmosphere to prevent
oxidation. The obtained ribbons were mechanically crushed into
silicon alloy powders in an attrition mill at a rotating speed of
150 rpm with zirconia beads. Graphite oxide was prepared using
the two-step modified Hummer’s method from graphite powder
(SP-1, 30 mm nominal particle size, Bay Carbon, USA). Pre-
oxidation of graphite was carried out as reported by Kovtyukhova
Fig. 2. (a) SEM and (b) cross-sectional SEM images of silicon all
et al. [32], followed by oxidation using the Hummer’s method [33].
Graphene oxide (GO) was finally obtained by exfoliating the
prepared graphite oxide using ultrasonication. The as-prepared
silicon alloy particles were encapsulated with rGO sheets in two
steps, as illustrated in Fig. 1. In the first step, a proper amount of
silicon alloy and GO was dispersed in ethanol, and the resulting
solution was mixed using planetary ball-milling at 400 rpm for 1 h.
The contents of GO in the mixed solutions were 5, 10, and 15 wt.%
based on the weight of the silicon alloy materials. The mixtures
were then dried to form GO-coated silicon alloys (hereafter
referred to as GO(x)-SA, where x denotes the wt.% of GO), followed
by thermal reduction at 600 �C for 1 h in an Ar/H2 (96/4)
atmosphere to reduce GO. Finally, rGO-encapsulated silicon alloys
(hereafter referred to as rGO(x)-SA) were obtained.

2.2. Electrode preparation and cell assembly

The silicon alloy electrodes were prepared by coating a viscous
slurry containing 86.6 wt.% silicon alloy (pristine silicon alloy or
rGO(x)-SA), 3.4 wt.% Ketjen black and 10 wt.% poly(amide imide)
(PAI, HV 4000 T, Solvay) dissolved in N-methyl-2-pyrrolidone
oy particles, and (c) the corresponding SEM-EDS spectrum.



Fig. 3. TEM images of (a) rGO(5)-SA, (b) rGO(10)-SA and (c) rGO(15)-SA particles.

Fig. 4. XRD patterns of (a) rGO, (b) pristine silicon alloy and (c) rGO(10)-SA samples.
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(NMP) onto copper foil. The cast slurry was dried in a vacuum oven
at 90 �C for 1 h to evaporate the NMP solvent. The dried electrodes
were then thermally treated to enhance particulate contact and
adhesion to the current collector at 300 �C in a tube furnace for 1 h
under an Ar atmosphere. As a control sample, the electrode with
GO-coated silicon alloy (GO(x)-SA) was also prepared using the
same procedure. Active mass loading in the silicon alloy electrodes
corresponded to a capacity of 1.6 mAh cm�2. To evaluate the cycling
characteristics of silicon alloy electrodes, a CR2032-type coin cell
was assembled by sandwiching a polyethylene (PE) separator
(ND420, thickness: 20 mm, Asahi Kasei E-materials) between the
metallic lithium counter electrode and the silicon alloy working
electrode. The lithium electrode consisted of 100 mm-thick lithium
foil (Honjo Metal Co. Ltd.) pressed onto a copper current collector.
The cell was then injected with an electrolyte solution consisting of
1.15 M LiPF6 in ethylene carbonate (EC)/ethylmethyl carbonate
(EMC)/diethyl carbonate (DEC) (3/5/2 by volume) containing 5 wt.
% fluoroethylene carbonate (FEC) (battery grade, PANAX ETEC Co.
Ltd.). All cells were assembled in a dry box filled with argon gas.

2.3. Characterization and measurements

The morphology of the prepared samples was characterized
using scanning electron microscopy (SEM, JEOL JSM 6701F),
transmission electron microscopy (TEM, JEOL, JEM 2100F), and
energy dispersive X-ray spectroscopy (EDS). To examine the cross-
sectional morphologies of the silicon alloy materials and the silicon
alloy electrodes, the samples were cut using an argon-ion beam
polisher (JEOL, IB-09010CP) at a constant power under an inert Ar
atmosphere to avoid chemical damage. X-ray photoelectron
spectroscopy (XPS, VG multilab ESCA system, 220i) was used to
examine the nature and quantify the degree of GO reduction. X-ray
diffraction (XRD) patterns were obtained using a Rigaku D/MAX
2500 diffractometer in the scan range of 5 to 80�. Charge and
discharge cycling tests of the silicon alloy electrodes were carried
out at a current density of 0.32 mA cm�2 (0.2C rate) over a voltage
range of 0.005 to 1.5 V using battery test equipment (WBCS 3000,
WonA Tech Co., Ltd.), unless otherwise specified. We hereafter
refer to lithiation as the charge and delithiation as the discharge,
based on the practical applications of lithium-ion batteries. During
the charging cycles, lithiation was performed at a 0.2C rate to a set
voltage of 0.005 V. This was followed by charging at constant
voltage until the final current reached 10% of the charging current.
All electrochemical measurements were carried out at 25 �C and
the specific capacity was based on the mass of silicon alloy material
in the electrode.

3. Results and discussion

Fig. 2(a) shows the morphology of the synthesized silicon alloy
particles confirming that micron-sized particles were observed.
Cross-section polished-SEM analysis was performed using an
argon-ion beam polisher to observe the microstructure of the
silicon alloy material. As shown in Fig. 2(b), the silicon alloy was
composed of two different phases. According to EDS analysis, the



Fig. 5. (a) XPS survey spectra of GO(10)-SA and rGO(10)-SA samples. High-
resolution XPS C 1s spectra of (b) GO(10)-SA and (c) rGO(10)-SA samples.
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dark regions were silicon crystallites, while the light parts
corresponded to inert metal phases composed of Al4Cu9 and AlFe
[19]. The distribution of silicon in the alloy was found to be very
uniform. The SEM-EDS spectrum presented in Fig. 2(c) revealed
that the silicon alloy consisted of 50.6 at.% Si, 22.4 at.% Al, 22.3 at.%
Cu, and 4.7 at.% Fe. This result matched well with the atomic
percentages of the elements in the initial precursor mixture.

TEM images of the silicon alloys encapsulated by different
amounts of rGO are shown in Fig. 3. Images of the edge of the
silicon alloy particles revealed that they were fully encapsulated by
the rGO layer. We propose the following encapsulation mechanism
based on previous work by Yan et al. [34]. During the ball-milling
process, the silicon alloy particles were broken and their surface
activated. Surface activation facilitated strong interaction between
the silicon alloy particles and GO, leading to GO bending around
the silicon alloy particles. As shown in Fig. 3, the rGO coating layer
increased in thickness as the amount of rGO increased. As
compared to conventional metal-oxide coating which yields
discontinuous deposition of an electrically inert layer, the rGO
layer showed highly continuous surface coverage with some void
space. The void space could act as an efficient buffer of volume
changes during cycling. To examine whether electrical conductivi-
ty was enhanced by rGO encapsulation, the electronic conductivity
of two kinds of electrodes without conducting carbon was
measured using the four-point method. The electronic conductivi-
ties of the film prepared with 90 wt.% rGO(10)-SA and 10 wt.% PAI
binder was 147.2 S cm�1, which was higher than that of the film
prepared with same content of pristine silicon alloy particles and
PAI binder (24.5 S cm�1). These results indicated that full
encapsulation of the silicon alloy particles by rGO provided
continuous electronic conduction pathways in the electrode.

The crystalline structures of rGO, pristine silicon alloy and rGO
(10)-SA samples were characterized using XRD measurements, and
the results are shown in Fig. 4. The broad diffraction peak observed
in the range of 19 to 26� in rGO indicates poor ordering of the
graphene sheets. The pristine silicon alloy showed many crystal-
line peaks, which were assigned to crystalline Si, AlFe alloy, and
Al4Cu9 alloy phases [19]. The major diffraction peaks observed at
28.5, 47.5, and 56.3

�
were indexed to the lattice planes of (111),

(220), and (311) of silicon (JCPDS no. 27-1402) [22]. The peak
positions in the XRD pattern of the rGO(10)-SA sample were
identical to those of a simple combination of the crystalline peaks
corresponding to rGO and pristine silicon alloy. This result suggests
that the silicon alloy particles were efficiently embedded in the
rGO sheets and that reduction of GO-SA to rGO-SA did not destroy
the crystalline structures of the silicon alloy. To further investigate
the extent of reduction GO-SA to rGO-SA, XPS analysis was carried
out, and the resulting spectra are shown in Fig. 5. XPS survey
spectra of GO(10)-SA and rGO(10)-SA in Fig. 5(a) show the
presence of C 1s and O 1s peaks. The C/O ratios in GO(10)-SA and
rGO(10)-SA were calculated to be 1.66 and 16.24, respectively. The
higher C/O ratio in rGO(10)-SA than GO(10)-SA indicates that the
oxide groups present on the GO surface were highly reduced
during the thermal reduction process. As shown in Figs. 5(b) and
(c), the high resolution C1s spectra of GO(10)-SA and rGO(10)-SA
could be resolved into three peaks centered at 284.5, 286.6, and
288.6 eV, which could be assigned to sp2-hybridized carbon, C��O
(hydroxyl/epoxy), and C¼O (carbonyl/carboxyl), respectively
[35,36]. The intensities of the C��O and C¼O peaks were markedly
decreased in the rGO(10)-SA sample in comparison to the GO(10)-
SA sample, indicating effective removal of oxygen functional
groups such as epoxy, hydroxyl, carbonyl, and carboxyl groups as a
result of the reduction of GO into rGO.

The silicon alloy electrodes were initially subjected to a
preconditioning cycle at a 0.1C rate prior to cycling tests.
Fig. 6(a) shows the first charge and discharge curves of the
pristine silicon alloy and rGO(x)-SA electrodes, which are obtained
in the preconditioning cycle. All electrodes exhibited typical
charge and discharge profiles corresponding to lithiation of Si and
delithiation of LixSi, respectively. The initial charge and discharge
capacities of the pristine silicon alloy electrode were 1384.6 and
1152.3 mAh g�1 based on the mass of silicon alloy material in the
electrode, respectively, with a coulombic efficiency of 83.2%. The
initial discharge capacity corresponds to a volumetric capacity of
4263.5 mAh cm�3 based on the volume of silicon alloy material,
which is much higher than that (719 mAh cm�3) of commercialized
graphite active materials [37]. The irreversible capacity observed



Fig. 6. (a) Initial charge and discharge curves of different silicon alloy electrodes.
(Conditions: 0.1C constant current (CC) and constant voltage (CV) charge, 0.1C CC
discharge, cut-off voltage: 0.005–1.5 V). (b) Charge and discharge curves of the rGO
(10)-SA electrode, and (c) discharge capacities of different silicon alloy electrodes as
a function of cycle number. (Conditions: 0.2C CC and CV charge, 0.2C CC discharge,
cut-off voltage: 0.005–1.5 V).
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in the first cycle was attributed to SEI layer formation due to
reductive decomposition of the liquid electrolyte [38,39]. Coulom-
bic efficiencies decreased with an increase in the amount of rGO.
This result could be ascribed to the formation of a SEI layer on the
rGO nanosheets with a large surface area, and the reaction of
oxygen-containing functional groups on rGO with lithium ions
[40]. The other difference in the charge and discharge voltage
profiles was the reduction of overpotential in the rGO(x)-SA
electrodes in comparison to the pristine silicon alloy electrodes,
indicating facile charge transport in the rGO(x)-SA electrodes. We
attributed this to the rGO coated on the silicon alloy particles
acting as a bridge to connect neighboring particles and providing a
continuous electronic conduction pathway, resulting in a decrease
in overpotential during cycling. After two preconditioning cycles at
a 0.1C rate, cells were cycled in the voltage range of 0.005 to 1.5 V at
a 0.2C rate. Fig. 6(b) shows the charge and discharge curves of the
electrode with rGO(10)-SA at 25 �C. The rGO(10)-SA electrode
initially delivered a discharge capacity of 1140.7 mAh g�1 with a
coulombic efficiency of 98.0%. After 100 cycles, the discharge
capacity decreased to 1031.7 mAh g�1, which corresponds to 90.4%
of the initial discharge capacity. Such a good stability can be
ascribed to the unique rGO(x)-SA structure, where both the inert
metals in the silicon alloy and the flexible graphene layer acted as
buffers for volume changes, resulting in enhancement of the
structural stability of the electrode. In addition, complete
encapsulation of the silicon alloy by rGO prevented direct contact
between the silicon alloy and the electrolyte, thus suppressing
continuous growth of the SEI layer that may degrade the
electrochemical performance. Coulombic efficiency increased
steadily with cycling, and it was maintained at over 99.0% during
cycling, indicating good stability of the SEI layer and electrode
structure. Fig. 6(c) shows the discharge capacities of the pristine
silicon alloy and rGO(x)-SA electrodes during 100 cycles at a 0.2C
rate. The pristine silicon alloy electrode showed relative stable
performance due to the presence of an inactive matrix to suppress
the volume expansion of silicon. However, its capacity fading was
faster than that of the rGO(x)-SA electrodes, and the discharge
capacity dropped to 74.6% after 100 cycles. Encapsulation of the
silicon alloy by rGO coating improved cycling stability, and the rGO
(10)-SA electrode showed the best capacity retention among the
electrodes investigated. We attributed the improvement in
capacity retention of the rGO(x)-SA electrodes to the synergistic
effects of inert metals in the alloy structure and encapsulation with
a flexible rGO sheet. The void space in the rGO layer surrounding
the silicon alloy could accommodate volume expansion/contrac-
tion during lithiation/delithiation, making the silicon alloy
electrode more tolerant to mechanical stress and maintaining its
integrity during repeated cycling. As mentioned earlier, the rGO
layer also allowed good electrical contact between the silicon alloy
active materials to be maintained, which led to good capacity
retention. However, the rGO(15)-SA electrode had a thick rGO layer
encapsulating the silicon alloy particles, which hindered Li+-ion
transport through the rGO layer and thereby exerted a negative
influence on cell performance. Based on these results, we
concluded that the optimum content of rGO to obtain the best
cycling stability was 10 wt.% based on weight of the silicon alloy. In
order to clarify advantages of encapsulation of silicon alloy using
rGO, we evaluated the cycling performance of the GO(10)-SA
electrode, and the results are also shown in Fig. 6(c). As shown, the
GO(10)-SA electrode showed inferior cycling performance in
comparison to the pristine silicon alloy and rGO(x)-SA electrodes.
This result demonstrates the negative influence of GO coating on
the electrochemical performance of silicon alloy electrode, because
the GO layer on silicon alloy may hamper the electron transfer into
the silicon alloy due to its insulating nature.

Cross-sectional SEM images of pristine silicon alloy and rGO
(10)-SA electrodes after 100 cycles were examined. The pristine
silicon alloy electrode exhibited large voids and cracks between the
electrode and current collector (Fig. 7(a)), which arose from large
volume changes during the charge and discharge cycles. The loss of
electrical conduction paths in this electrode was likely the main
cause of the large degradation in capacity shown in Fig. 6(c). In



Fig. 7. Cross-sectional SEM images of (a) pristine silicon alloy and (b) rGO(10)-SA
electrodes after 100 cycles.

Fig. 8. Discharge capacities of pristine silicon alloy and rGO(x)-SA electrodes as a
function of C rate. The C rate was increased from 0.2 to 5.0C after every 5 cycles.
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contrast, electrode expansion of the silicon alloy electrode
encapsulated by rGO was remarkably reduced, as shown in
Fig. 7(b). Furthermore, the electrical contacts between the active
materials and copper foil were well maintained in the electrode.
These results indicated that rGO coated on the silicon alloy particle
buffered against silicon volume changes, and that the good cycling
stability of the rGO(10)-SA electrode was closely related to its
robust structure during cycling.

The rate capability of the pristine silicon alloy and rGO(x)-SA
electrodes was evaluated. The cells were charged to 0.005 V at a
constant current rate of 0.2C, followed by a constant voltage
charge, and they were then discharged at different current rates
ranging from 0.2 to 5.0C. Discharge capacities of the different
silicon alloy electrodes for C rates increasing from 0.2 to 5.0C every
five cycles are shown in Fig. 8. The effect of rGO coating on the rate
performance of the silicon alloy electrodes was noticeable as the
current rate was increased to a high rate of 5.0C. Among the various
electrodes, the rGO(10)-SA electrode exhibited the best rate
capability. At the 5.0C rate, it delivered a discharge capacity of
900.9 mAh g�1, corresponding to 78.7% of the initial discharge
capacity at the 0.2C rate. In contrast, the pristine silicon alloy
electrode showed a lower discharge capacity of 705.6 mAh g�1 at
the 5.0C rate. In the silicon alloy electrodes encapsulated by rGO,
the coating layer likely prevented the silicon alloy from being
pulverized. Moreover, the highly conductive rGO layer provided a
continuous electronic pathway between the silicon alloy particles,
which resulted in the observed high rate capability.

4. Conclusions

We demonstrated that the dual strategy of utilizing a silicon
alloy with an inert matrix and encapsulating this alloy with rGO
enhanced the cycling stability and rate capability of silicon
materials for lithium-ion battery applications. We attributed the
enhanced cycling performance of the rGO(x)-SA electrode to its
unique structure of an alloy encapsulated by a flexible rGO sheet,
which allowed the drawbacks of silicon anode materials, namely
the large volume changes during cycling, irreversible reactions
between silicon and the electrolyte solution, and poor electronic
conductivity of the electrode, to be overcome. This strategy is
expected to be potentially useful for other electrochemically active
materials that suffer from significant volume changes during
electrochemical cycling.
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