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a b s t r a c t

Silicon/graphite/disordered carbon (Si/G/DC) is coated by Li2ZrO3 using Zr(NO3)4·5H2O and
CH3COOLi·2H2O as coating reagents. X-ray diffraction (XRD), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used to characterize Li2ZrO3-coated Si/G/DC composite. The
Li2ZrO3-coated Si/G/DC composite exhibits a high reversible capacity with no capacity fading from 2nd
to 70th cycle, indicating its excellent cycleability when used as anode materials for lithium ion batteries.
eywords:
ilicon/graphite/disordered carbon
i2ZrO3

ithium ion batteries
node material
lectrochemical performance

A compact and stable solid-electrolyte interphase (SEI) layer is formed on the surface of Li2ZrO3-coated
Si/G/DC electrode. Analysis of electrochemical impedance spectra (EIS) shows that the resistance of the
coated material exhibits less variation during cycling, which indicates the integrity of electrode structure
is kept during cycling. XPS shows that F and P elements do not appear in the SEI layers of Li2ZrO3-
coated Si/G/DC electrode, while they have a relatively high content in SEI layers of Si/G/DC electrode. The
improvement of Li2ZrO3-coated Si/G/DC is attributed to the decrease of lithium insertion depth and the

m.
formation of stable SEI fil

. Introduction

Lithium ion batteries containing graphite anodes are now the
ost widely used power sources for portable electronic devices.

or commercial applications, however, lithium ion batteries with
igh specific energy density are in increasing demand. Recently,
arious anode materials have been proposed to overcome the
imited capacity of graphite (372 mAh g−1). Much attention has
een paid to silicon-based anode materials because silicon has
he high specific capacity of 3579 mAh g−1 at room temperature
1]. Unfortunately, Si-based electrodes typically suffer from poor
apacity retention. In order to improve the cycleability of silicon-
ased materials, many attempts have been made [2–16]. Among
hem, silicon–graphite–carbon composites in which ultra fine sili-
on particles are dispersed uniformly in a ductile matrix of graphite
nd the mixtures are coated with carbon, were thought to be a
romising anode material for high-capacity rechargeable lithium

atteries. However, silicon–graphite–carbon composites without
pecial cycling procedures during charge–discharge cycles still
how bad capacity retention with comparison to graphite. Recently,
ome studies are interesting. For example, Beattie’ study [17] shows
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that Si-based electrodes with a relatively low nano-Si content can
accommodate large changes in volume due to particle lithiation and
delithiation, while persistent irreversible decomposition of elec-
trolyte is observed in all Si-based electrodes. It is reported that
VC-containing electrolyte, in which the discharge/charge depth of
electrode was reduced for the high polarization of electrode aris-
ing from denser or thicker SEI layer, can significantly enhance the
cycleability of Si-based electrodes [18]. It was also found by Osakak
et al. [19] that approximately 1 wt.% Si contained in the negative
electrode was dissolved in the non-aqueous electrolyte and a large
amount of Si-containing compound was detected together with Li-
containing inorganic and organic compounds in the coating film
formed on the surface of electrode active material. Based on these
investigations, it is speculated that the poor cycleability for Si-based
materials originates from not only its large volume change during
cycling, but also side reactions including the dissolution of electrode
materials and the decomposition of electrolyte. It is expected that
if the lithium insertion into Si-based materials and side reactions
can be controlled simultaneously to some extend, the cycleabil-
ity of Si-based materials will be improved. In this paper, a Li2ZrO3
layer was used to coat Si/G/DC material to verify our speculation.

It is well known that Li2ZrO3 is generally stable and chemical inert
in common non-aqueous electrolyte, and quite suitable as coating
shell to protect the electrode material. Moreover, it can decrease
discharge/charge capacity for its electron blocking effect when its
thickness increases to some extend. In addition, it may also serve

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lmingq888@163.com
dx.doi.org/10.1016/j.jpowsour.2008.12.010
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ig. 1. XRD patterns of samples: (a) Si/G/DC, (b) Li2ZrO3 and (c) Li2ZrO3-coated
i/G/DC.
o scavenge and neutralize any HF species present in the electrolyte
20]. Based on its advantageous properties, Li2ZrO3 was selected as
he coating layer for Si/G/DC material. Experiments showed that the
i2ZrO3 coating significantly improved the electrochemical perfor-
ance of Si/G/DC material.

Fig. 2. SEM micrographs of samples: (a) Si, (b) graph
urces 188 (2009) 546–551 547

2. Experimental

Preparation of the Si/G/DC composite: 2 g pitch was dissolved
in 15 ml trichloroethylene to form a homogeneous solution. Natu-
ral graphite (1.2 g, 2 �m), Si (0.6 g, 50 nm), and pitch solution were
loaded into a stainless steel (SS) vial containing 10 mm diameter
SS balls with a mass ratio of 15:1 inside an argon filled glove box
in order to minimize the oxidation of starting materials. The pitch
solution submerges the starting precursors and the milling media
completely inside the vial. Mixtures of graphite, silicon, and pitch
solution were subjected to mechanical milling up to 18 h using
a planetary ball mill, and then dried in air at 383 K. The pow-
ders were annealed isothermally at 1273 K for 2 h in an ultra high
purify argon gas using a heating rate of 10 K min−1 and a flow rate
of 100 ml min−1. The resulting composites (labelled as Si/G/DC)
were further ground by a planetary ball mill at a rotation speed
of 500 rpm for 1 h and sieved by 300-mesh sifter.

To coat Si/G/DC with Li2ZrO3, Zr(NO3)4·5H2O and
CH3COOLi·2H2O were used as coating reagents. In a typical
experiment, 0.068 g Zr(NO3)4·5H2O and 0.0326 g CH3COOLi·2H2O
were dissolved in 40 ml ethanol in beaker, then 1.1979 g Si/G/DC
was added to obtain 2 wt.% coated product. The beaker was main-
tained at 343 K under violent stirring until the solvent evaporated.
The resulting powder was collected, dried, and finally calcined at
923 K for 5 h. For comparison, Li2ZrO3 without Si/G/DC was also
prepared by the same procedure.

The powders produced were characterized by X-ray diffractome-

ter (XRD, X’Pert MPD X), scanning electron microscope (SEM, JEOL
5900LV) and transmission electron microscope (TEM, JEM-100CX).
In addition, SEM was also used to observe the change of elec-
trodes in morphology and microstructure after given cycles. XPS
was used to investigate the chemical component of the SEI layer

ite, (c) Si/G/DC and (d) Li2ZrO3-coated Si/G/DC.
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ig. 3. TEM micrographs of samples: (a) Si/G/DC and (b) Li2ZrO3-coated Si/G/DC.

n the surface of electrode. The electrodes were prepared by past-
ng an aqueous slurry containing 85 wt.% composite powder, 5 wt.%
uper P, 10 wt.% carboxymethyl cellulose (CMC) as a binder, on
o a copper foil. The electrodes were then dried at 373 K for 12 h
nder vacuum and subsequently pressed. The electrolyte was 1 M
iPF6 in EC/DMC/EMC (1:1:1, v/v/v) mixed solvents. 2016 coin cells

ere fabricated using a metallic lithium foil as a counter electrode.

he cells were assembled in an argon filled glove box. The dis-
harge and charge measurements were carried out on a Kingtian
ystem. The cells were discharged (lithiation) and charged (delithi-
tion) between 0.02 and 1.5 V versus Li/Li+ at a constant current

ig. 4. Charge–discharge curves of Si/G/DC and Li2ZrO3-coated Si/G/DC electrode
or 1st, 2nd and 50th cycle.
Fig. 5. Differential capacity vs. voltage curves of Li2ZrO3-coated Si/G/DC electrode
for 1st, 2nd and 50th cycle.

density of 168 mA g−1. The specific capacity of the Li2ZrO3-coated
Si/G/DC/composite was calculated by using the entire mass of
Si + G + DC + Li2ZrO3. Electrochemical impedance spectroscopy (EIS)
measurements were carried out at M283 electrochemical worksta-
tion (America, EG&G corporation). The tests were performed after
given cycles. The frequency used for the impedance measurements
was 10 mHz to 100 kHz, and the signal amplitude was 5 mV.

3. Results and discussion

The XRD patterns of samples are shown in Fig. 1. Si/G/DC exists
only the crystalline diffraction peaks of the silicon and graphite in
addition to a broadened diffused peak at around 2� = 26◦ that is
attributable to the disordered carbon. There is no bulk SiO2, SiC or
FexSi crystalline phase detected in Si/G/DC composites. Based on
the 42% yield of pitch-C and no weight loss of Si and graphite, the
composition of the Si/G/DC composite are estimated to be approxi-
mately G–21.1 wt.% Si–29.6 wt.% DC. There are a broad peak shape in
the range of 17–24◦ and three weak peaks centered at 39.6◦, 42.5◦

and 59.3◦ in the XRD of Li2ZrO3, which indicate the amorphous

or nano-crystal character of Li2ZrO3, because crystallized Li2ZrO3
bulk is generally formed at temperature above 1023 K [21], while
the peaks due to ZrO2 are not found. Compared to Si/G/DC sam-
ple, there is no significant difference in the XRD of Li2ZrO3-coated

Fig. 6. Specific capacity vs. cycle number of Si/C/DC and Li2ZrO3-coated Si/G/DC
cycled at a rate of 168 mAh g−1.
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i/G/DC, which means no other bulk crystalline products are formed
uring coating Si/G/DC. In the XRD of Li2ZrO3-coated Si/G/DC com-
osite, no distinct peaks due to Li2ZrO3 may result from the low
ontent and the amorphous or nano-crystal character of Li2ZrO3.

In order to examine the microstructure of the composite par-
icles, SEM and TEM analyses were conducted. Fig. 2 shows the
EM images of different samples. The SEM images of the nano-
ilicon and natural flake graphite, used to prepare the Si/G/DC
omposite materials, are also presented. The Si powders show a
niform particle-size distribution between 20 and 100 nm. The
verall particle shape of graphite was thin and flat. From Fig. 2(c),
ano-Si is homogeneously distributed in graphite matrix, which
rovides a buffer during the insertion/extraction of lithium ions,
nd Si/graphite particles are coated by the disordered carbon from
itch. In addition, Si/G/DC composite materials show clear sur-

aces and aculeated edges. After coating, the particles become
ore agglomerate and the edges become less discernable. Fig. 3

llustrates the TEM images of Li2ZrO3-coated Si/G/DC material. It
s clearly seen that the surface of the particle is coated with a
omogeneous layer, which comprises a large number of uniformly
istributed protrudes of nano-crystals lithium zirconate according
o XRD patterns, and there are more agglomerate particles after
oating, indicating directly a successful coating operation [22].

The discharge/charge curves of Si/G/DC and Li2ZrO3-coated
i/G/DC composite materials are shown in Fig. 4. During the first
nsertion process, two electrodes present a distinct platform at
round 0.20–0.02 V, which is mainly caused by the alloying pro-
ess of silicon with lithium and the insertion of lithium ions

nto the carbon host. The slope at about 0.5 V corresponds to
he irreversible decomposition of electrolyte, which results in the
ormation of SEI film on the electrode surface. During the first
isinsertion process, the broad platform at around 0.25–0.6 V cor-

Fig. 7. SEM images of composite electrode. Si/G/DC: after 1st cycle (a) and after 70th
urces 188 (2009) 546–551 549

responds to the de-alloying reaction of lithium from the LixSi phase.
However, the charge–discharge behaviors of Si/G/DC and Li2ZrO3-
coated Si/G/DC display some obvious differences. Compared to
Si/G/DC electrode, Li2ZrO3-coated Si/G/DC electrode demonstrates
a lower intercalation voltage platform and a higher extraction volt-
age platform in the 1st cycle, which should be responsible for the
reduced charge/discharge capacity of Li2ZrO3-coated Si/G/DC elec-
trode. Moreover, the potential and the length of platforms for two
electrodes present different changes with the increasing cycle num-
ber. From the 2nd cycle to the 50th cycle, the potential difference
between lithium insertion platform and lithium extraction plat-
form of Li2ZrO3-coated Si/G/DC electrode decreases and the length
of platforms increases with the increasing of cycle number. How-
ever, the potential difference of Si/G/DC electrode decreases and
then increase with the increasing of cycle number. In the 50th cycle,
the potential difference between lithium insertion platform and
lithium extraction of Si/G/DC electrode is much larger than that of
Li2ZrO3-coated Si/G/DC electrode and the length of its platforms
decreases largely. These results show that the conductive network
of Li2ZrO3-coated Si/G/DC electrode is maintained during the pro-
longed cycling, while the microstructure of Si/G/DC electrode is
destroyed severely.

Fig. 5 is the differential capacity plot of Li2ZrO3-coated Si/G/DC
composite. It can be seen that Si and graphite are active. In the 1st
cycle, the peak at 0.05 V corresponds to the lithium insertion reac-
tion into nano-crystalline Si, while the peaks at 0.252 and 0.485 V
are lithium disinsertion reaction from LixSi. There are peaks present
for graphite at 0.157, 0.077, 0.05 0.128 and 0.163 V. The appearance

of peaks corresponding to 0.074 and 0.217–0.344 V suggest that the
crystalline Si transforms to amorphous Si after the 1st cycle, while
the peaks for graphite have no significant change except of lithium
insertion peak shifting positively ∼15 mV. The peak intensity due

cycle (b). Li2ZrO3-coated Si/G/DC: after 1st cycle (c) and after 70th cycle (d).



550 M.-Q. Li et al. / Journal of Power Sources 188 (2009) 546–551

F
c
r

t
a
o

n
s
i
o
w
c
w
u
l
S
1
i
c
e
H
d
l
i
r
l
e
l
w

ig. 8. Electrochemical impedance spectra of Si/G/DC electrode (a) and Li2ZrO3-
oated Si/G/DC electrode (b) at different cycle stages. Inset: the schematic
epresentation of equivalent circuit.

o the reaction of Li ion with amorphous Si does not decrease even
fter the 50th cycle, which suggests the excellent capacity retention
f the composite.

Fig. 6 shows the variation of specific capacity versus cycle
umber of Si/G/DC and Li2ZrO3-coated Si/G/DC cycled at a con-
tant current of 168 mA g−1. The Si/G/DC composite shows an
nitial discharge capacity ∼825 mAh g−1 with an irreversible loss
f 215 mAh g−1. However, the capacity of Si/G/DC rapidly decreases
ith increasing cycle number after 20th cycle. In contrast, Li2ZrO3-

oated Si/G/DC composite exhibits excellent capacity retention,
hile it displays a relatively low initial discharge (544 mAh g−1, vol-
metric energy density is ∼1062 mAh cm−3) with an irreversible

oss of 118 mAh g−1. The reversible capacity of Li2ZrO3-coated
i/G/DC composite increases with subsequent cycles and after the
0th cycle the reversible capacity increases to ∼530 mAh g−1, which
s maintained upon cycling up to 70 cycles. In addition, Li2ZrO3-
oated Si/G/DC composite exhibits a high and stable coulomb
fficiency, with averaged ∼98% coulomb efficiency after 1st cycle.
owever, although the irreversible capacity of Si/G/DC material
escends from 215 to 118 mAh g−1 after coating, the decreased

ithium insertion capacity of Li2ZrO3-coated Si/G/DC leads to
ncreasing the ratio of irreversible capacity in total capacity. As a
esult, the first coulombic efficiency of Li2ZrO3-coated Si/G/DC is

ower than that of Si/G/DC.In order to shed the light on the enhanced
lectrochemical performance of material via coating, the morpho-
ogical changes of the composite electrodes after different cycles

ere examined by SEM (Fig. 7). After the 1st cycle, the surfaces
Fig. 9. XPS spectra for SEI layers of Si/G/DC (a) and Li2ZrO3-coated Si/G/DC electrode
(b) after 1st cycle.

of Si/G/DC and Li2ZrO3-coated Si/G/DC electrode display some sig-
nificant difference. As shown in Fig. 7(a), the SEI layers formed
on the Si/G/DC electrode surface are porous and have some fine
cracks, suggesting SEI film formed on the Si/G/DC electrode sur-
face is not compact and the electrode structure has been destroyed
locally for large volume change. In contrast, relatively homogeneous
and compact SEI layers are observed on the surface of Li2ZrO3-
coated Si/G/DC electrode and no crack appears. After 70 cycles,
large fracture appears in Si/G/DC electrode, while there appears
to be no significant change in microstructure of Li2ZrO3-coated
Si/G/DC composite electrode (Fig. 7(d)). These results indicate that
Li2ZrO3 coating plays an important role in forming compact SEI
layer and protecting the integrity of electrode structure. Since the
final Si/G/DC composite was ground by ball mill, it was unavoid-
able that some silicon and graphite particles were bared on the
surface of Si/G/DC composite. It was reported that when the sil-
icon particles contact with the electrolyte directly, polymer-like
porous substance will be formed on the surface of silicon parti-
cles, which prevents the formation of solid-electrolyte interface
passivation layer on the silicon surface [23]. In contrast, because
Li2ZrO3 coating on Si/G/DC composite prevents bared silicon from
exposing to electrolyte, stable SEI layers may be formed. Therefore,
the improvement of Li2ZrO3-coated Si/G/DC composite in the cyclic
performance is attributed to the fact that Li2ZrO3 decreases the
degree of lithium insertion into electrode materials and ameliorates

the surface characteristics of Si/G/DC.

Electrochemical impedance spectrum (EIS) was also applied to
analyze the evolution of electrode/electrolyte interface. The corre-
sponding Nyquist plots were given in Fig. 8. The intercept at the



M.-Q. Li et al. / Journal of Power So

Table 1
Iterated parameters using equivalent circuit in Fig. 8.

Si/G/DC Coated Si/G/DC

1st 20th 50th 1st 20th 50th

Rs (�) 2.93 4.50 4.70 2.90 3.40 4.65
Rf (�) 2.81 7.37 15.88 3.54 6.33 7.21
Rct (�) 15.52 17.02 22.29 13.92 15.17 15.72

Table 2
Atomic concentration of various elements in SEI layers of Si/G/DC and Li2ZrO3-coated
Si/G/DC electrode.

Element (%)
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[

[
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[

[
[

[

[
[

C O Si F P Li

i/G/DC 23.7 29.7 2.2 11.1 1.9 31.4
oated Si/G/DC 34.9 23.9 1.9 0 0 39.2

re axis in high frequency refers to Rs, which includes electrolyte
olution resistance, electric contacts resistance, and ion conductive
esistance. The semicircle in the high frequency range corresponds
o the surface film resistance (Rf); the semicircle in the middle fre-
uency range reflects the charge transfer resistance (Rct); and the
loping line in the lower frequency represents lithium ion diffu-
ion resistance in electrode bulk, namely the Warburg impedance.
on-linear least squares fitting procedure was used to iterate the

mpedance data applying the inset equivalent circuit in Fig. 8, in
hich constant phase element (Q) is used to substitute capacitance

f electric double layer and Warburg impedance for the dispersion
ffect appearing in Nyquist plots, and the results are listed in Table 1.
fter 1st cycle, Rf of the Li2ZrO3-coated Si/G/DC is bigger than that
f Si/G/DC, which implies the SEI film formed on the Li2ZrO3-coated
i/G/DC surface is more compact or thicker. In general, the Rct and
f of the Li2ZrO3-coated Si/G/DC show relatively smaller changes
ith comparison to those of Si/G/DC. The Rf of Si/G/DC after 50th

ycle is higher almost five times than that of Si/G/DC after 1st cycle,
hile the Rf of Li2ZrO3-coated Si/G/DC simply increases one time

rom 1st cycle to 50th cycle. Since Si/G/DC electrode cannot accom-
odate the large volume change in prolonged cycling, new SEI film
ill form constantly on the fresh surface of active particles from

he cracking of electrode in each cycle, which results in thicken-
ng SEI film and increasing Rf after repeating cycling. In contrast,
i2ZrO3-coated Si/G/DC electrode structure is not destroyed upon
hole cycling so that the thickness of SEI film has no significant

hange. The Rct of Si/G/DC increases ∼7 � from 1st to 50th cycle,
hile that of the coated one only increases about 2 �, suggesting

hat the conductive network structure of Li2ZrO3-coated Si/G/DC is
ot destroyed upon cycling. These results are in good agreement
ith the SEM images shown in Fig. 7.

In order to obtain information on the chemical component of the
EI layer, XPS of the SEI layers formed on two kinds of electrode sur-
ace were examined after the 1st cycle (Fig. 9). The peaks at 55, 102,
33.2, 280–290, 531.6 and 684.7 eV are due to Li1s, Si2p3/2, P2p3/2, C1s,
1s and F1s, respectively. Among them, Si2p3/2 at 102 eV should be
ssigned to SiOx, which has also been found in SEI layer in Si elec-

rode [24]. However, the formation mechanism of SiOx in the SEI
ayer on Si-based materials is still unknown. Based on atom sensi-
ivity factor, semiquantitative analysis results of the XPS spectra are
isted in Table 2. It may be seen that their chemical components are
ifferent. F and P elements, which come from the side reactions of

[
[
[

[
[

urces 188 (2009) 546–551 551

LiPF6, are not detected in SEI layers of Li2ZrO3-coated Si/G/DC elec-
trode, while the atomic concentration of F and P elements in SEI
layers of Si/G/DC electrode are as high as 11.1 and 1.9%, respectively.
A high content of LiF in SEI layers is unfavorable to the formation of
compact SEI film and the electrochemical performance of electrode
[25]. Moreover, although silicon oxide appears in the SEI layers of
Li2ZrO3-coated Si/G/DC and Si/G/DC electrodes, the atom concen-
tration of Si in the SEI layer of the former is lower than that in the
SEI layer of the latter. These results show that Li2ZrO3 has positive
effect on suppressing the side reactions of LiPF6.

4. Conclusions

A Li2ZrO3 layer was successfully coated on the surface of Si/G/DC
material. The Li2ZrO3 coating layer is helpful to form stable and
compact SEI layer on the surface of electrode material and decrease
the depth of lithium insertion into Si/G/DC electrode, which allevi-
ates the mechanical stress of electrode and keeps the integrity of
electrode. As a result, the electrochemical performance of Si/G/DC
material was significantly improved.
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