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a b s t r a c t

A nanosized silicon based composite consisting of Si, Si–Ti alloy phases dispersed in a glassy matrix is
prepared by high energy mechanical milling (HEMM), followed by thermal treatment. X-ray diffraction
(XRD), field emission scanning electron microscope (SEM) and transmission electron microscope (TEM)
are used to determine the phases obtained and to observe the microstructure and distribution of the
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components. The galvanostatic discharge/charge test is carried out to characterize the electrochemical
properties of the composite. The composite electrode delivered a reversible capacity of 738.6 mAh g−1

after 50 cycles and the coulombic efficiency remains above 95% from the 3rd cycle. When the discharge
capacity is limited to 700 mAh g−1, the reversible capacity is maintained at 675.8 mAh g−1 for 60 cycles
without overcharge.
EMM
i-ion batteries

. Introduction

Recently, with the development of portable devices and electric
ehicles, lithium-ion batteries with high energy density and long-
erm cycle life have been given high demand. Silicon is one of the

ost promising candidates for the anode material of Li-ion batter-
es because of its largest theoretic capacity of 4008 mAh g−1 for the
i22Si4 alloy [1]. However, two major problems including the severe
olume change upon alloying/dealloying process and the poor elec-
rical conductivity seriously hinder its practical application. To
olve these, lots of work has been done. Reducing the particle size of
ilicon is an effective way to minimize the absolute volume change
2,3]. However, the nanoparticles would aggregate to form inac-
ive dense blocks during lithium insertion/extraction process thus
simple size reduction of the Si particles cannot effectively elim-

nate its capacity degradation. One effective way to improve the
yclability of silicon-based anode is synthesizing a composite struc-
ure by introducing buffering matrix which is electrochemically
ess active than Si or inactive and has good electrical conductivity.
arbonaceous materials, such as graphite and disordered carbon,

ave been investigated intensively as the buffering matrix for their
ood electronic conductivity, Li-insertion ability and small volume
xpansion [4–8]. Those Si/C composites have been found to show
mproved cyclability compared with Si. For instance, Datta and
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Kumta [4] prepared a series of Li–Si/C composite by terminating the
electrochemical charging reaction of Li+ following electrochemical
activation of the Si/C composites generated by high energy mechan-
ical milling (HEMM) at different potentials (∼0.6, ∼0.5 and ∼0.4 V).
The Li–Si/C composite synthesized at∼0.6 and ∼0.5 V, cycled within
their stable potential window, exhibit better cyclability than that of
the pure Si/C composite electrode cycled in the potential window of
0.02–1.2 V. Gu et al. [8] synthesized a series of Si/C composites via
high energy ball milling, followed by pyrolysis adopting citric acid
as the carbon source. The as-prepared Si/C composite (5 h of ball
milling followed by thermal treatment at 600 ◦C) electrode exhib-
ited a discharge capacity of 626.7 mAh g−1 after 30 cycles, which is
much better than the pure Si electrode. Zhou et al. [9] synthesized
a kind of composite containing silicon (Si), disordered carbon (DC)
and multi-walled carbon nanotubes (MWCNTs) by pyrolyzing the
phenolformaldehyde resin (PFR) mixed with Si and MWCNTs, and
a discharge capacity of 733 mAh g−1 was obtained after 20 cycles.

Another effective approach to overcome the detriment of Si
anode is the use of Si-transition metal or Si–metal systems which
have larger volumetric capacity than the Si–C composite, such
as Si–Ni [10–12], Si–Cu [13–15], Si–Fe [16–18], Si–Ti [19,20],
Al–Si–Mn [21], Si–Co–B–Al [22], Si–Co–Cr–Al–C [23], Si–CeMg2
[24], and alloy systems. The silicon–transition metal alloy com-
posites consist of active Si and Si–M alloy phases (M: Ni, Fe,

Cu, Ti, Al, Co, Mn, Mg, etc.), in which nanosized Si particles are
well distributed in the Si–M alloy phases. After the first lithium
insertion/extraction process, a uniform composite structure with
active silicon distributed in an inactive and conductive M matrix
is formed, which could effectively alleviate the volume change and
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http://www.sciencedirect.com/science/journal/09258388
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mproving the cycling performances of silicon-based anodes. Li et
l. [16] prepared a FeSi6/graphite composite by mechanical ball
illing, and the composite anode offers a large reversible capac-

ty (about 800 mAh g−1) and good cyclability. Alloys of Ti–Si and
i–Si–Al were investigated as anode materials for lithium-ion bat-
eries by Lee et al. [20]. It was shown that a critical milling time
s required to attain good cycling performance. The Ti28Si72 alloy
howing good cycling stability with small capacity, the partial sub-
titution of Ti with Al could enhance the reversible capacity with
omparable cycle performance.

In this work, we synthesized a novel Si–Ti alloy based composite
sing high energy mechanical milling (HEMM) followed by thermal
reatment. In the composite, the nanosized Si, Ti and Si–Ti inter-
hase alloy were uniformly distributed into an elastic glassy matrix
o overcome the detriment of silicon anode. Ti is a good electron
onductor that can alloy with Si during HEMM process. The Si–Ti
lloys may not only improve the conductivity of the silicon active
ost but also can act as buffering matrices for the volume changes of
i–Si reaction. In addition, an elastic glassy matrix based on amor-
hous P2O5 and B2O3 can be in situ formed to effectively alleviate
he volume changes of Si during cycling.

. Experimental

Silicon (S) powder and titanium (T) powder (the mole ratio of Si to Ti was 2:1)
ith 2 wt.% of stearic acid as the dispersant were transferred into an 80 ml of steel

ial in an argon-filled glove box (Korea Kiyon). Then the steel vial was sealed and
ransferred out of the glove box for high energy mechanical milling (HEMM). The
EMM was carried out in a mill of high frequency vibration and high speed centrifu-
al rotation (GN-2, Shenyang New Technology Scientific Instruments Co., Ltd.) at a
otation rate of 475 rpm. The mass ratio of milling balls to the reactants was 15:1.
fter 10 h of milling, 5 wt.% of B2O3 (B), 5 wt.% of P2O5 (P) and 10 wt.% of graphite (G)
ere added and further milled for 5 h. The as-milled powder was heated at 700 ◦C
nder vacuum for 3 h, and the final product was obtained without any grinding and
ieving. The composite was marked as ST + GBP.

In order to make a comparison, another two samples were prepared: (1) sili-
on powder, titanium powder (same ratio as ST + GBP) and 20 wt.% of graphite (the
mount of graphite was equal to the total amount of (graphite + B2O3 + P2O5) in
T + GBP) were milled together for 10 h and then the milled powder was heated at
00 ◦C under vacuum for 3 h. The final product was marked as STG; (2) silicon pow-
er, 21 wt.% of graphite (the amount of graphite was equal to the total amount of
graphite + Ti) in ST + GBP), 5 wt.% of B2O3 and 5 wt.% of P2O5 were milled together
or 10 h and heated under the same conditions. This sample was marked as SGBP.

The samples were characterized by X-ray diffraction (XRD, Rigaku RINT-2000)
ith Cu K� radiation to identify the phases formed. Field emission scanning electron
icroscope (FESEM, JSM-6700F) and transmission electron microscope (TEM, JEM-

010) were applied to observe the morphology and particle size of the synthesized
omposite materials.

Electrodes containing 60 wt.% of the active materials (the as-prepared compos-
te), 20 wt.% of polyvinylidene fluoride (PVDF) binder and 20 wt.% of carbon black

ere made by coating the slurry of the electrode ingredients in N-methyl pyrrolidi-
one (NMP) onto copper foil and dried at 100 ◦C under vacuum for 10 h. The thickness
f the electrodes was about 28 �m. The working electrodes were assembled in 2025
oin cells using Celgard 2400 as the separator and lithium foils as the counter and
eference electrodes. A solution of 1 M LiPF6 in EC:DMC (1:1 weight) was employed
s the electrolyte. The assembly of cells was processed in an argon-filled glove box
ith oxygen and water contents less than 1 ppm. The galvanostatic charge/discharge

ests were conducted on a LAND CT2001A battery test system (Wuhan Land Elec-
ronics Co., Ltd., China) in voltage ranges of 0.02–1.5 and 0.05–1.0 V (vs. Li/Li+) at a
urrent density of 0.1 mA cm−2. The electrochemical impedance spectroscopy (EIS)
easurement has been conducted on an AUT83603 Electrochemical Workstation

Autolab Instruments, Netherlands) in the frequency range of 10−1–105 Hz with
lternating amplitude of 5 mV.

. Results and discussion

.1. Phase analysis
Fig. 1 shows the X-ray diffraction patterns of the as-prepared
T + GBP before and after heat treatment. As seen in Fig. 1(a), the
T + GBP composite before heat treatment consisted of Si, Ti, TiSi2
nd Fe (impurity). The diffraction peaks of Si and Ti is very strong,
hile the peak density of TiSi2 alloy is very weak. After heat treat-
Fig. 1. X-ray diffraction patterns of the as-prepared ST + GBP composite powders:
(a) before heat treatment and (b) after heat treatment.

ment, the peak density of Si became weak and the peaks of Ti5Si3
and TiSi appeared instead of Ti and TiSi2, meaning that heat treat-
ment contributed to the formation of Si–Ti alloys. In addition, the
peak of FeC as an impurity was also observed and no SiC phase was
observed by XRD patterns after heat treatment. The composition
of B2O3, P2O5 and graphite were not observed for their amorphous
structure.

3.2. Morphological feature

Fig. 2 shows the SEM morphology of the ST + GBP composite
before (a) and after (b) heat treatment. As shown, the compos-
ite powders consisted of clusters with size of about hundreds of
nanometers, while its primary particle size was only about dozens
of to a hundred nanometers. Compared Fig. 2(a) with (b), it was
concluded that heat treatment slightly increased the size of clusters
due to particles agglomeration.

In order to observe the primary particle of the composite and
to further confirm its phases, the transmission electron microscope
(TEM) with X-ray energy-dispersive spectrometry (XEDS) was con-
ducted and the results were shown in Fig. 3. In the TEM image of
Fig. 3(a), the size of the primary particle was about 100 nm which
was consistent with the SEM result. It was clear that the composite
particle was covered by an amorphous gray layer with thickness
of about 8–10 nm, where graphite is the predominant phase and
the content of Si, Ti was relatively low, as shown in Fig. 3(b).
While inside of the composite particle, it showed a homogenous
dark appearance and mainly consisted of Si, Ti and C, as shown
in Fig. 3(c). The content of O in both Fig. 3(b) and (c) was almost
the same, meaning a uniform distribution of the amorphous oxides
matrix in the whole composite.

3.3. Cycling performance

Fig. 4(a) and Table 1 show the cycling performance of the as-
prepared two composite electrodes and the pure Si electrode in
the voltage range of 0.02–1.5 V (vs. Li+/Li) at the current density
of 0.1 mA cm−2. As seen, the pure Si electrode showed the largest
reversible capacity among the three electrodes due to its high con-
tent of Si. And its initial coulombic efficiency was also higher than
the composite electrodes, which might be due to its relatively large

particle size (about 76 �m for the pure silicon and about 100 nm
for the composite). However, in the 2nd cycle, the coulombic effi-
ciency was only 67% and its cycling stability was very poor. After 50
cycles, the reversible capacity loss was up to 99%. For the ST + GBP
composite electrode, although the 1st coulombic efficiency was
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Fig. 2. SEM morphology of the as-prepared ST + GBP com
ow, it revealed a much better cycling stability than those of the
ure Si and the STG composite electrodes. From the 2nd cycle, the
oulombic efficiency was up to 95% and a rechargeable capacity of
43.7 mAh g−1 was maintained after 50 cycles. It was concluded

Fig. 3. (a) TEM image of the ST + GBP composite powder
: (a) before heat treatment and (b) after heat treatment.
that, the uniform distribution of the active particles in the inactive
amorphous matrix and the conductive graphite layer in and around
the composite particles contributed to the improved cycling per-
formance. Meanwhile, the pre-milling of Si and Ti as well as the

; (b) and (c) EDS spectra of the marked area in (a).
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Table 2
Values obtained from simulation of the ST + BPG, SGBP and Si electrodes.

Sample R1 (�) R2 (�)

T
C

R

ig. 4. Cycling performance for the as-prepared composite electrodes and the pure
i electrode at 0.1 mA cm−2 in the potential window of (a) 0.02–1.5 V and (b)
.05–1.0 V.

eat treatment process were beneficial for the formation of cer-
ain amount of Si–Ti alloys which also contributed to the cycling
tability.

The low initial coulombic efficiency of the ST + GBP composite
lectrode might be ascribed to the following factors: (1) the large
urface area of the nanosized particles might lead to much more
apacity loss on the formation of the solid electrolyte interface (SEI)
lms; (2) the high proportion of the binder and conducting black in
he electrode might lower the coulombic efficiency; (3) the intro-
uction of amorphous oxides (B2O3, P2O5) during HEMM process
ight cause the formation of some silica or titanic or other hanging

onds which would “capture” some Li+ ions irreversibly during the
st cycle. However, no peak corresponding to silica or titanic was
ound in the XRD patterns and further investigation still needed to
e done.

Fig. 4(b) shows the cycling performance of the as-prepared

T + GBP composite electrode in the voltage range of 0.05–1.0 V (vs.
i+/Li) at the current density of 0.1 mA cm−2. As seen, the compos-
te delivered a reversible capacity 581 mAh g−1 in the 1st cycle and
fter 50 cycles the reversible capacity was still up to 738.6 mAh g−1,
ndicating that a slight increase of the discharge potential could

able 1
omparison of the cycling performance for the ST + BPG, STG and Si electrodes.

Sample 1st charge (mAh g−1) 1st discharge (mAh g−1)

ST + GBP 735.9 1088.4
STG 1187.2 1542
Si 3011.5 3768.1

*50/1 – reversible capacity retention for the 50th cycle compared with the 1st cycle.
ST + BPG 1.76 62.83
SGBP 3.32 90.94
Si 4.37 160.38

effectively improve the cycling performance of the composite. The
narrow voltage range can give better cycling stability than the
relatively wide range for the lithium insertion/extraction is not
completed, and thus gives small volume expansion [4].

Fig. 5 shows the cycling performance of the as-prepared
composite electrode with discharge (lithium insertion) capacity
limited to (a) 900 mAh g−1, (b) 800 mAh g−1 and (c) 700 mAh g−1,
separately. If discharge capacity was limited to 900 mAh g−1,
during the 2nd cycle, the testing cell was overcharged. When
discharged to 800 mAh g−1, overcharging appeared at the 6th
cycle. While discharged at 700 mAh g−1, it delivered a reversible
capacity of 675.8 mAh g−1 without any overcharging, and the
coulombic efficiency remained over 95% from the 3rd cycle,
showing a much better cycling performance than the literature
[20].

3.4. Electrochemical impedance spectroscopy

To further understand the reason for the improved cyclability of
the composite electrode, electrochemical impedance spectroscopy
(EIS) measurement has been conducted. Fig. 6 shows the compar-
ison of the EIS spectra of the as-prepared ST + GBP, SGBP and the
pure Si electrodes before cycling. The depressed semicircles in high
frequency mainly correspond to the intrinsic electronic resistance
and contact resistance of the composite electrode, as well as the
passivated film on the lithium metal surface [25–27], indicating
a better electronic conductivity and smaller contact resistance of
the as-prepared ST + GBP composite electrode than those of the
SGBP and Si electrodes. This was probably due to the good conduc-
tion network formed by Ti, Si–Ti alloy and graphite, as well as the
homogenous distribution of the active Si particles in the conduc-
tive and amorphous matrix. Besides, in low frequency, the spectrum
of the pure Si electrode displayed the behaviour of blocking elec-
trode, while for the composite electrodes (ST + GBP and SGBP), the
spectrum in the low frequency showed a declined line with a slope
closed to 45◦, representing the diffusion impedance of lithium ions
in the composite (Warburg effect) [25,27]. This might be due to
amorphous layer on the surface of Si particles.

The equivalent circuit is used to fit the EIS spectra of the com-
posite (ST + GBP and SGBP) electrodes, as shown in Fig. 7. R1 is
the uncompensated ohmic resistance. The constant-phase element
(CPE) corresponds to the dispersion effect. R2 is related to the intrin-
sic electronic resistance and contact resistance of the composite
electrode, as well as the passivated film on the lithium metal sur-

face. W is related to the diffusion impedance (Wurburg impedance).
The values obtained from simulation of the elements in equivalent
circuit are shown in Table 2. The simulation is well consistent with
the EIS spectra in Fig. 6.

Efficiency (%) 50th charge (mAh g−1) R*50/1 (%)

1st 2nd

68 95 443.7 60
77 90 235.9 21
80 67 32.7 1
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Fig. 5. Cycling performance of the as-prepared ST + GBP composite electrode with the discharge capacity limited to (a) 900 mAh g−1, (b) 800 mAh g−1 and (c) 700 mAh g−1;
“1” – capacity vs. cycling number, “2” – charge/discharge voltage vs. cycling time.
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Fig. 6. Electrochemical impedance spectra of the ST + GBP composite, the SGBP and
the pure Si electrodes.
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Fig. 7. Equivalent circuit of the composite electrodes.

. Conclusions

A nanosized composite consisting of Si, Si–Ti alloy phases dis-
ersed in a conductive graphite and inactive glassy matrix was
repared by HEMM followed by heat treatment. The composite
elivered a reversible capacity of 738.6 mAh g−1 after 50 cycles
nd the coulombic efficiency remained over 95% from the 3rd
ycle. When the discharge capacity was limited to 700 mAh g−1, the
eversible capacity was maintained at 675.8 mAh g−1 for 60 cycles
ithout overcharge, showing a much better cycling performance

han the pure Si electrode. It was concluded the uniform distribu-

ion of the active particles in the inactive amorphous matrix and
he conductive graphite layer in and around the composite parti-
les contributed to the improved cycling performance. In addition,
he formation of certain amount of Si–Ti alloys was also benefit for
he cycling stability.
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