
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 1

:1
6:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Linking particle s
aState Key Laboratory of Silicon Materials, K

Applications for Batteries of Zhejiang Pro

Engineering, Zhejiang University, Hangzhou

zju.edu.cn
bKey Laboratory of Advanced Energy Mate

Nankai University, Tianjin 300071, China

† Electronic supplementary information
10.1039/c6ra25714c

Cite this: RSC Adv., 2017, 7, 2273

Received 24th October 2016
Accepted 7th December 2016

DOI: 10.1039/c6ra25714c

www.rsc.org/advances

This journal is © The Royal Society of C
ize to improved electrochemical
performance of SiO anodes for Li-ion batteries†

Tao Huang,a Yaxiong Yang,a Kaichao Pu,a Jiaxun Zhang,a Mingxia Gao,a Hongge Pana
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We demonstrate a first attempt to understand the particle size-dependence of electrochemical Li storage

properties of silicon monoxide (SiO). SiO powder particles of different sizes are obtained by planetary ball

milling at 300 rpm for 0–12 h. The 10 h-milled SiO sample exhibits relatively uniform particle morphology

with significantly reduced particle size, which induces optimal electrochemical Li storage properties. The

specific surface area of the 10 h-milled SiO sample is determined to be approximately 20.1 m2 g�1,

which is more than 22 times that of pristine SiO (�0.9 m2 g�1). The first discharge and charge capacities

of the 10 h-milled SiO sample are 2684 and 2091 mA h g�1, respectively, at 100 mA g�1. After 150

cycles, the discharge capacity of the 10 h-milled sample remains at 1159 mA h g�1, while the discharge

capacity is only 777 mA h g�1 for the pristine SiO sample. The mechanism of the capacity loss upon

cycling is also analysed and discussed.
Introduction

Rechargeable Li-ion batteries (LIBs) have been widely used in
the eld of portable electronics, and they are regarded as one of
the most promising candidates for powering electric vehicles
and grid-scale energy storage systems.1,2 To meet the ever-
increasing energy demands, developing new electrode mate-
rials with high energy density and long cycle life is particularly
critical for next-generation LIBs.3 In this respect, Si-based
materials have attracted signicant attention as alternative
anode materials due to their ultra-high theoretical capacities,
low discharge potential and abundant sources.4 The theoretical
specic capacity of pure Si is as high as 4200 mA h g�1 when it is
lithiated to Li22Si5, which is more than 10 times larger than that
of the graphite carbon (372 mA h g�1) used in existing tech-
nology.5 However, Si-based anodes also suffer from a signicant
volume change of up to 400% during Li insertion and extrac-
tion, which leads to rapid capacity fading upon cycling.
Tremendous work has been conducted to address this issue by
reducing the particle size,6,7 producing porous structures,8–12

forming silicon–metal alloys,13,14 fabricating thin lms,15–17

creating Si/C composites,18–20 dispersing silicon nanoparticles
into an inactive/active matrix,21–23 etc. Unfortunately, the
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practical applications of Si-based anodes in LIBs have not been
realized.

Alternatively, the partial oxidation of Si is also proposed as
a feasible strategy for decreasing the volume change of Si during
lithiation/delithiation.24–26 In particular, SiO is of considerable
interest due to its unique microstructure, in which Si nano-
particles are distributed in a matrix of Si suboxides.27 Such
a structural feature relieves the strain deformation that origi-
nates from the change in volume upon lithiation/delithiation
cycling, which consequently alleviates the pulverization of the
active material.28 In this regard, pristine SiO possesses better
cycle performance than pure micrometre-sized Si powder.29

However, many experimental studies revealed rapid capacity
fading and poor initial columbic efficiency for SiO.30–32 To
improve the electrochemical performance of SiO, several strat-
egies have been proposed in recent years, including nano-
composite construction, surface coating, and element
doping.33–36 Doh et al. reported that the ball-milled SiO/C
composite showed a reversible charge capacity value of 688
mA h g�1 at the 30th cycle with 99% coulombic efficiency.37 Guo
et al. demonstrated that the electrochemical capacity of the SiO/
graphene nanocomposite prepared by an in situ chemical
synthesis approach remained at 890 mA h g�1 aer 100 cycles.38

Woo et al. discovered that the B-doped SiO has a specic
capacity of 947 mA h g�1 at a rate of 0.5C and an excellent
capacity retention of 93.3% over 100 cycles.36 The capacity
retention of the W-coated SiO increased from 52.0% to 63.2% at
a rate of 0.5C aer 100 cycles.39 Liu et al. successfully prepared
SiO/Sn–Co–C and SiO/Sn–Fe–C composites by ultrahigh energy
ball milling, and they revealed only a 22% capacity loss and
a 700 mA h g�1 specic capacity at a current of 1C for 100 cycles
RSC Adv., 2017, 7, 2273–2280 | 2273
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for the 50 wt% SiO–50 wt% Sn30Co30C40 composite electrode.40

Although the cycle performance of SiO has been remarkably
improved, the reported energy density of SiO anodes decreased
noticeably to values generally below 1000 mA h g�1. In addition,
it should be noted that the SiO-based nanocomposites were
always prepared by high-energy ball milling. However, the effect
of particle size on the electrochemical Li storage behaviour of
pristine SiO is unclear.

In this work, we report a rst attempt to understand the
relationship between the particle size and electrochemical
properties of SiO. SiO powder particles of different sizes were
obtained by planetary ball milling at 300 rpm for 0–12 h. The 10
h-milled sample exhibited optimal electrochemical perfor-
mance due to the dramatically reduced particle size and rela-
tively uniform particle morphology. The specic surface area of
the 10 h-milled sample was determined to be approximately
20.1 m2 g�1, which is more than 22 times that of the pristine SiO
(�0.9 m2 g�1). While cycling at 100 mA g�1, the 10 h-milled
sample delivered a discharge capacity of 2684 mA h g�1 with
a calculated initial coulombic efficiency of 78%. Aer 150 cycles,
the discharge capacity of the 10 h-milled sample remained at
1159 mA h g�1, which corresponds to a capacity retention of
55.4%. A two-stage process of capacity fading upon cycling was
elucidated for the SiO anode.

Experimental

Commercial SiO powder (325mesh) was purchased from Sigma-
Aldrich (USA) and ball milled on a planetary ball mill (QM-3SP4,
Nanjing) at 300 rpm for 4–12 h under an argon atmosphere. The
ball-to-sample weight ratio was approximately 50 : 1. Handling
of samples was always carried out under anaerobic (O2: < 0.1
ppm) and anhydrous (H2O: < 0.1 ppm) conditions inside
a MBRAUN glovebox (Germany) lled with pure argon to
prevent the materials from being contaminated by air and
moisture.

Structural identication was performed on a MiniFlex 600
Rigaku X-Ray Diffractometer (XRD) with Cu-Ka radiation oper-
ating at 40 kV and 15 mA. The XRD data were collected in 0.02�

increments between 2q scattering angles of 10� and 80�. A
custom-designed container was used to prevent the sample
from being contaminated by air and moisture. The sample
morphologies were examined using a eld emission scanning
electron microscope (SEM, Hitachi SU70 Japan) and a high-
resolution transmission electron microscope (HRTEM, FEI
Tecnai G2 F30, USA, operating at 300 kV). For TEM observation,
a suspension of the as-received SiO in anhydrous alcohol was
drop-cast onto carbon-coated copper grids and dried under
ambient condition. The Si/O atomic ratio was examined with an
energy-dispersive X-ray spectrometer (EDS) attached to the
Tecnai G2 F30 TEM instrument. X-ray photoelectron spectros-
copy (XPS) analysis was conducted on a Thermo Scientic
ESCALAB 250Xi system equipped with an Al-Ka (1486.6 eV) X-ray
source. The depth prole of the element distribution on the
cycled electrode surface was acquired by sputtering with Ar+ on
a spot of F 2.5 mm at 15 kV and 10 mA. All samples were
measured aer 0, 12.5, 25, and 37.5 min of Ar ion sputtering.
2274 | RSC Adv., 2017, 7, 2273–2280
The sputtering rate was estimated to be 1.2 nm min�1 for ZnO
and Al2O3 lm. The XPS data were calibrated using the adven-
titious C 1s signal at 284.8 eV as a reference and the binding
energy spectra were tted using the XPSPEAK soware. The
specic surface area (SSA) of the powder samples was deter-
mined from N2 sorption isotherms recorded at 77 K using the
Brunauer–Emmett–Teller (BET) method on a Quantachrome
Nova 1000e analyser (USA). For the cycled electrodes, anhydrous
diethyl carbonate (DEC) was used to wash away the electrolyte
that remained on the surface before XRD and SEM examination.

The electrochemical properties were evaluated on CR2025
coin-type half cells assembled in an argon-lled glovebox with
oxygen and water contents of less than 0.1 ppm. The working
electrode was prepared by coating the slurry consisting of 70
wt% SiO as the active material, 20 wt% acetylene black as the
conductive agent, and 10 wt% sodium alginate as the binder on
a 13 mm copper foil, and then dried in vacuum at 120 �C for
12 h. The mass loading of the active material was ca. 1.5 mg
cm�2 for each electrode. Pure lithium foil was used as both the
reference and counter electrode, a solution of 1 M LiPF6 with
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1 : 1 by
volume) was used as the electrolyte, and a Celgard 2400
membrane was used as the separator. To exactly evaluate the
effects of the particle size on the electrochemical lithium
storage properties, no additives such as vinyl carbonate (VC) or
uoroethylene carbonate (FEC) were included in the electrolyte.
The assembled cells were galvanostatically discharged
(lithiation)/charged (delithiation) in a voltage range of 0.01–2 V
(vs. Li/Li+) at a constant current density of 100 mA g�1 using
a Neware battery testing system (Shenzhen, China) at room
temperature. Cyclic voltammetry (CV) measurements were
carried out on an Arbin potentiostat (BT-2000, USA) at a scan
rate of 0.1 mV s�1. The electrochemical impedance spectros-
copy (EIS) results were recorded with an Ivium Vertex electro-
chemical workstation (The Netherlands) using a 5 mV
amplitude, with a frequency ranging from 100 kHz to 10 mHz.

Results and discussion

The pristine and milled SiO samples were rst subjected to
compositional and structural characterization with EDS and
XRD. As shown in Fig. 1(a), EDS analysis indicated that the
atomic ratio of Si/O in the pristine sample was approximately
1 : 1. XRD examination (Fig. 1(b)) displayed a typical amor-
phous nature for the pristine SiO sample because only a broad
peak located between 15–30� (2q) was detected, which was
further conrmed by the HRTEM image (Fig. 1(c)) associated
with the selected-area diffraction (SAD) patterns (Fig. 1(d)).
These results are in good agreement with previous reports
where the amorphous SiO is regarded as amorphous Si
distributed in a Si suboxide matrix.36,41 Aer a ball milling
treatment at 300 rpm for 12 h, no noticeable change was
observed in the XRD patterns, which indicates the persistence
of the amorphous feature.

Fig. 2 displays the SEM images of the pristine and milled SiO
samples. It is clear that the ball milling treatment induces
a remarkable reduction in the particle size of SiO. The pristine
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 EDS results (a), XRD patterns (b), HRTEM (c) and SAD (d) images
of the pristine SiO sample.

Fig. 2 SEM images of pristine SiO (a), SiO milled for 4 h (b), 8 h (c), 10 h
(d) and 12 h (e). BET results (f) of pristine and milled SiO samples.

Fig. 3 XPS spectra of Si 2p for pristine (a) and 10 h-milled (b) SiO
samples.
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SiO exhibited very irregular particle morphology, and the size
of most particles was larger than 5 mm (Fig. 2(a)). Aer ball
milling for 4 h, the particle size distinctly reduced to approxi-
mately 2 mm, with a relatively uniform morphology (Fig. 2(b)).
As the ball milling was prolonged to 8 h and 10 h, the particle
size further reduced to below 1.5 mm, and even particles
smaller than 1 mm were observed with good particle dispersion
in the sample (Fig. 2(c) and (d)). However, by further extending
the ball milling time to 12 h, the smaller particles tended to
aggregate and the particle size increased to approximately 1 mm
(Fig. 2(e)). This phenomenon was conrmed quantitatively by
BET measurements. As shown in Fig. 2(f), the calculated
specic surface area rst increased from 0.9 m2 g�1 for pristine
SiO to 20.1 m2 g�1 for the 10 h-milled sample, and then
decreased to 18.6 m2 g�1 when the milling time was extended
to 12 h. Specically, the specic surface area increases by more
than 21 times aer 10 h of ball milling, which should facilitate
an improvement in the electrochemical properties of SiO.
Further characterization on size distribution also provided
additional evidence for the reduced particle size as shown in
Fig. S1 (ESI†).

Fig. 3 shows the XPS results (the Si 2p spectra) for the pris-
tine and milled SiO samples. The Si 2p XPS spectra show two
dominant peaks at 102.9 and 99.5 eV with slight asymmetry in
their shapes, which can be resolved into three peaks at 103.5,
102.8 and 102.0 eV and two peaks at 100.4 and 99.3 eV,
respectively, by peak tting. According to previous reports,41

these ve peaks correspond to the binding energy positions of
Si4+, Si3+, Si2+, Si+ and Si0, respectively, which indicates the
presence of signicant amounts of suboxides. This fact
conrms that the amorphous SiO used in the present study
consists of amorphous Si surrounded by the Si suboxide matrix,
as extensively reported.27–29 On the basis of peak tting, the
amounts of various Si oxidation sates were calculated and
summarized in Table 1. It is observed that the ball milling
This journal is © The Royal Society of Chemistry 2017
treatment induced a slight decrease in the amount of Si0 and Si+

while the amount of Si2+ and Si3+ states increased slightly.
The electrochemical Li-storage performance of the pristine

and milled SiO samples was evaluated by assembling CR2025
coin-type cells with Li metal as the counter and reference elec-
trode. Fig. 4(a) illustrates the rst charge/discharge curves at
a current density of 100 mA g�1. All samples exhibited similar
discharge/charge behaviours as Li insertion primarily occurred
at voltages below 0.2 V and Li extraction primarily occurred at
voltages below 0.65 V without evident discharge/charge
plateaus, which agrees well with the lithiation/delithiation
RSC Adv., 2017, 7, 2273–2280 | 2275
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Table 1 Abundance ratios of Si oxidation states of Si 2p spectra for
pristine and milled SiO

Sample Si0 (%) Si+ (%) Si2+ (%) Si3+ (%) Si4+ (%)

Pristine SiO 14.5 5.2 29.1 26.9 24.2
SiO milled for 10 h 11.9 4.8 30.0 28.6 24.8

Fig. 4 Electrochemical performance of the pristine and milled SiO
samples. (a) First discharge/charge curves, (b) cycling performance,
and (c) rate capacity.
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process of the amorphous Si.42 Interestingly, the ball-milling
treatment increased the available electrochemical Li-storage
capacity. The pristine SiO electrode delivered an initial
discharge capacity of 2329 mA h g�1 and a charge capacity of
1827 mA h g�1 with a calculated coulombic efficiency of 78%.
Aer 10 h of ball milling, the initial discharge capacity
increased to 2684 mA h g�1 and the charge capacity increased to
2091 mA h g�1, which correspond to a 13% increase with
respect to the pristine SiO electrode. Although the discharge
and charge capacities were reduced to 2494 and 1951 mA h g�1,
respectively, when ball-milling time was further extended to
12 h, these values are still higher than those of the pristine SiO
electrode. As stated above, the ball-milling treatment dramati-
cally reduced the particle size of SiO, which enlarged the
specic surface area and shortened the mass transport distance
and consequently increased the utilization efficiency of the
active materials. This explains the enhanced discharge/charge
capacities of the milled SiO anode.

Fig. 4(b) shows the discharge capacity curves plotted against
the cycle number of the pristine and milled SiO samples. It is
clear that upon cycling, the fading process of the discharge
capacities can be divided into two domains for both the pristine
and milled SiO samples. In the rst 15 cycles, the discharge
capacities rapidly declined, and then they slightly but gradually
decreased with further cycling. A similar phenomenon was also
observed for the charge capacities, as shown in inset of Fig. 4(b).
In spite of the identical fading tendencies, the milled SiO
anodes exhibited a signicantly better cycling stability than the
pristine SiO anodes. Aer 150 cycles, the reversible capacity of
the 10 h-milled SiO anode remained at 1159 mA h g�1 and the
capacity retention was determined to be 55.4%. However, the
reversible capacity was reduced to 777 mA h g�1 for the pristine
SiO anode, which corresponds to a retention of 42.5%.
Encouragingly, the cycling capacity retention of the SiO anode
increased by 30% aer the 10 h ball-milling treatment.

Moreover, the rate capability of the SiO anode was also
improved by ball milling treatment. As shown in Fig. 4(c), it was
seen that the 10 h-milled SiO anode delivered a reversible
capacity of approximately 930 mA h g�1 at a current density as
high as 1600 mA g�1. However, the reversible capacity of the
pristine SiO anode was only 450 mA h g�1 at the same current
density. The improved rate performance of the milled SiO anode
can be attributed to the reduced particle size, which increases
the specic surface area and shortens the diffusion distance.

Fig. 5(a) compares the rst CV curves of the pristine and 10
h-milled SiO anodes between 0.01 and 2 V at a scan rate of
0.1 mV s�1. In the cathodic scan, the pristine SiO started
inserting lithium at approximately 0.57 V. As the cathodic scan
progressed, a weak shoulder at 0.30–0.57 V and a distinct peak
2276 | RSC Adv., 2017, 7, 2273–2280
at 0.01 V emerged in the CV curve, which correspond to the
formation of a solid electrolyte interphase (SEI) lm and the
lithiation of Si-based active species, respectively, as was previ-
ously reported.43,44 The anodic peak appeared with considerable
intensity at 0.45–0.70 V, which agrees well with the delithiation
reaction of the Li–Si alloy.45 The 10 h-milled SiO exhibited a very
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 CV curves of the pristine and 10 h-milled SiO anodes. (a) 1st
cycle, (b) 2–5 cycles for the pristine sample, (c) 2–5 cycles for the 10 h-
milled sample.

Fig. 6 XRD patterns of the pristine (a) and 10 h-milled (b) SiO anodes
at different discharge/charge states; HRTEM image (c) of the 10 h-
milled anode discharged to 0.01 V in the first cycle.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/1

4/
20

26
 1

:1
6:

15
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
similar CV behaviour as the pristine sample except for an
obvious increase in the initial lithiation potential (�0.72 V). This
is closely related to the increased reactivity caused by the reduced
particle size and the enhanced specic surface area. In the
second scan, the weak shoulder that is assigned to the formation
of the SEI lm disappeared. Moreover, upon cycling, a new
cathodic peak at approximately 0.17 V developed and gradually
intensied along with the weakening of the peak at 0.01 V, as
observed in the CV curves of both the pristine (Fig. 5(b)) and 10
h-milled (Fig. 5(c)) SiO samples. This is in good agreement with
the lithiation behaviour of amorphous Si.15

To shed light on the lithiation/delithiation mechanism of
the pristine and milled SiO, the samples collected at different
charge/discharge stages were subject to XRD analyses. The
results are shown in Fig. 6(a) and (b). It was observed that the
pristine and milled samples exhibited nearly identical XRD
changes in the rst discharging/charging process. While dis-
charging to 0.01 V, the characteristic reection of Li21Si8
developed gradually and intensied. In the charging process,
the active sample recovered its amorphous state. These results
indicate that Si is the major active species in this case. Further
HRTEM observation conrmed that the sample initially dis-
charged to 0.01 V was mainly composed of Li21Si8 (Fig. 6(c)).
Meanwhile, nanocrystalline Li4SiO4 was also identied from the
interplanar distances of 0.31 and 0.40 nm, which correspond to
the separations between the (020) and (�110) planes, respectively.
According to the discussion above, it can be determined that in
the rst discharging/charging process, the active Si was lithi-
ated and converted to Li21Si8, and the Si suboxides reacted with
Li to form Li4SiO4. Thus, the reversible electrochemical capacity
mainly originated from the lithiation/delithiation of Si. The
formation of Li4SiO4 contributed a large irreversible capacity
and is responsible for the low initial coulombic efficiency.
This journal is © The Royal Society of Chemistry 2017
Fig. 7(a) and (b) present the XRD patterns of the pristine and
milled SiO anodes charged to 2.0 V as a function of the cycles. As
shown in Fig. 7(a), Li21Si8 reections were observed in the
RSC Adv., 2017, 7, 2273–2280 | 2277
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Fig. 8 Photographs of pristine (a–c) and 10 h-milled (d–f) SiO elec-
trodes, (a and d) before cycling, (b and e) after 10 cycles, and (c and f)
after 50 cycles.
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sample charged to 2.0 V aer the 2nd cycle, and their intensities
were somewhat increased aer further cycling. This indicates
that upon cycling, partial Li was trapped in the pristine sample
and contributed to some of the irreversible capacity observed,
which should be a reason for the capacity fading of the pristine
SiO sample. Interestingly, no Li trapping was detected for the 10
h-milled sample even aer 10 cycles (Fig. 7(b)), which conse-
quently explains its improved cycling stability.

Fig. 8(a)–(f) displays the photographs of the cycled wafer
electrodes of the pristine and milled SiO. It is clear that for the
pristine SiO sample, the exposed Cu current collector was
observed only aer 10 cycles, which can be attributed to the
exfoliation of active materials due to the pulverization and
fracture caused by the large volume change upon discharging/
charging. This notion was further evidenced by the SEM
images. As shown in Fig. 9, there are a large number of cracks
and interstices, and even a degree of collapse, on the surface of
the electrode aer 10 and 150 cycles. This induces a poor cycling
stability, as shown in Fig. 4(b). Encouragingly, the 10 h-milled
SiO electrode exhibited good integrity even aer 50 cycles,
and only small amounts of the active materials were exfoliated
Fig. 7 XRD patterns of the pristine (a) and 10 h-milled (b) SiO anodes
charged to 2.0 V at different cycles.

2278 | RSC Adv., 2017, 7, 2273–2280
(Fig. 8(f)). Further observation using SEM revealed that the
surface of the cycled 10 h-milled SiO anode was relatively
smooth, with only some small cracks observed (Fig. 9(e) and (f)),
even aer 150 cycles. These results indicate that the reduced
particle size effectively retards the particle pulverization and
fracture, therefore improving the cycling stability of the SiO
anode. In addition, it should be mentioned that the surface
state of the SiO anode was also superior to that of the milled Si
anode (Fig. S2, ESI†), which reasonably explains the relatively
better cycling durability of the SiO anode than that of the Si
anode (Fig. S3, ESI†).

To evaluate the effect of particle size on the formation of SEI
lm and the surface electrochemical activity, EIS measurement
was conducted under delithiation state aer 1 and 150 cycles,
and data were analysed by tting to an equivalent electrical
circuit. The results are shown in Fig. 10 and Table 2. As shown
in Fig. 10(d), Rel represents the electrolyte resistance; Rsei is the
resistance of the SEI lm, which corresponds to the rst semi-
circle at the high frequency range; Rct is the charge transfer
resistance through the electrode/electrolyte interface, which
corresponds to the middle semicircle at the medium frequency
range; the Warburg resistance (Wo) is related to the impedance
of lithium-ions diffusion in the electrode, which corresponds to
Fig. 9 SEM images of pristine (a–c) and 10 h-milled (d–f) SiO elec-
trodes, (a and d) before cycling, (b and e) after 10 cycles, and (c and f)
after 150 cycles.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 EIS spectra of pristine and 10 h-milled SiO electrodes after
different cycles (a–c) and the equivalent circuit (d).
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the inclined line at the low frequency range; and CPEsei and
CPEct are constant phase elements of the SEI lm and the
electrode electrolyte interface, respectively.46 The tting results
presented a distinct increase in the Rsei and Rct values upon
cycling, which should be the most important reasons for the
capacity fading. However, it is worth highlighting that the Rsei

and Rct values of the 10 h-milled SiO anode are largely smaller
than those of the pristine sample. As shown in Table 2, the Rsei

value of the pristine SiO anode was determined to be 68.3 U

aer 150 cycles, while it was only 32.7 U for the 10 h-milled
sample, suggesting that the reduced particle size induces
a relatively stable surface SEI lm due to the restrained particle
pulverization. It is clear that in Fig. S4 and S5 (ESI†), a smooth,
integrated organic layer was observed on the electrode surface
of the 10 h-milled sample even aer 150 cycles. Further XPS
depth analyses revealed that the SEI layer of the 10 h-milled SiO
is slightly thinner than that of the pristine sample because the
intensity of Si 2p XPS peak is more fastly increased upon sput-
tering for the milled SiO electrode than that for the pristine SiO
electrode (Fig. S6, ESI†). As for Rct, it was estimated to be 84.2 U

for the 10 h-milled SiO anode aer 150 cycles, which is less than
1/2 of the charge-transfer resistance of the pristine sample
(198.3 U). This should be closely related to the enhanced
specic surface area as a result of the reduced particle size. In
addition, the relatively stable, thin surface SEI lm is also
Table 2 Fitting results of EIS spectra for pristine and 10 h-milled SiO
electrodes

Sample

1st cycle 10th cycle 150th cycle

Rsei (U) Rct (U) Rsei (U) Rct (U) Rsei (U) Rct (U)

Pristine SiO 11.6 13.1 37.3 123.2 68.3 198.3
SiO milled for 4 h 9.3 12.3 32.9 98.6 57.6 159.5
SiO milled for 8 h 7.7 11.9 28.5 70.4 47.3 123.4
SiO milled for 10 h 6.0 10.7 21.9 43.4 32.7 84.2
SiO milled for 12 h 7.0 11.4 25.2 53.1 42.9 108.5

This journal is © The Royal Society of Chemistry 2017
helpful to persist a good electrochemical reactivity, which is
another reason for the smaller Rct value of the milled SiO anode.
Conclusions

The particle size-dependence of electrochemical Li storage
properties of silicon monoxide (SiO) is systematically investi-
gated. Commercial SiO was subjected to ball milling on a plan-
etary ball mill at 300 rpm to obtain powder particles of different
sizes. XRD results showed the typical amorphous nature for the
SiO samples before and aer ball milling. Ball milling induced
a remarkable reduction in the particle size of SiO. Aer 10 h of
ball milling, the particle size reduced from larger than 5 mm to
below 500 nm with good dispersion of the particles. BET anal-
yses indicated that the specic surface area increased from 0.9
m2 g�1 for pristine SiO to 20.1 m2 g�1 for the 10 h-milled
sample, which represents a more than 21 times increase in
the specic surface area. XPS results revealed that the pristine
SiO composed of Si4+, Si3+, Si2+, Si+ and Si0, and the ball-milling
treatment induced a slight decrease in the amount of Si0 and Si+

while the amount of Si2+ and Si3+ states increased slightly.
Galvanostatic charge/discharge experiments showed an initial
discharge capacity of 2684 mA h g�1 and a charge capacity of
2091 mA h g�1, which corresponds to a 13% increase with
respect to the pristine SiO sample. Aer 150 cycles, the revers-
ible capacity of the 10 h-milled SiO anode remained at 1159
mA h g�1 and the capacity retention was determined to be
55.4%. However, the reversible capacity was only 777 mA h g�1

for the pristine SiO anode, which corresponds to a retention of
42.5%. Structural and morphological examination revealed that
ball-milling treatment signicantly reduced the particle size,
enlarged the specic surface area and shortened the mass
transport distance of SiO, which effectively increased the utili-
zation efficiency of the active materials and restrained the
particle pulverization and fracture. Therefore, the ball-milling
treatment improved the electrochemical performance of the
SiO anode.
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