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SiO, nanowire arrays have been prepared by a template-assisted sol gel method and used as a negative
electrode material for lithium ion batteries. Amorphous SiO, was confirmed by X-ray diffraction and
Fourier transform infrared spectroscopy. The results of scanning electron microscopy and transmission
electron microscopy confirmed that the SiO, nanowire had a diameter of about 100 nm and a length of
about 30 pm. Cyclic voltammetry and constant current charge and discharge tests showed the prepared
SiO, nanowire arrays were electrochemically active at a potential range of 0.05-3.0 V. At a current
density of 200 mA g~ the first discharge specific capacity was as high as 2252.6 mA h g~ with
a coulombic efficiency of 60.7%. Even after about 400 cycles, it still maintained 97.5% of the initial
specific capacity. Moreover, a high specific capacity of 315 mA h g~ was exhibited when the current
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1. Introduction

Lithium-ion batteries have been widely used as the main source
of power for various portable electronic devices due to their
high energy density, long cycle life, lack of memory effect and
environmental friendliness."* Owing to the traditional
graphite-based anodes having limited capacity (theoretical
capacity: 372 mA h g !),>7 lots of work has focused on the
development of electrode materials for lithium-ion batteries. In
recent years, as lithium storage materials for lithium batteries,
many oxide anode materials have been extensively studied.®***
Since Li,,Sis corresponds to the highest known theoretical
capacity of 4200 mA h g%, it is more concerned about Si
materials and is considered to be the best anode material for
next-generation lithium-ion batteries.”*** For example, Demir-
kan et al. reported that the capacity of a silicon anode for LIB
was 2320 mA h g . Hwa et al. synthesized Si by chemical
vapor deposition and reported a capacity of 1600 mA h g~ "2
Although silicon has a high theoretical capacity, its volume
change is as high as 300%, resulting in pulverization of Si
particles and electrical contact loss during charge/discharge
(alloying/de-alloying). This causes a rapid reduction in
capacity and limits the commercial application of LIB.****

As an alternative, SiO, has similar advantages to Si, such as:
high Li storage capacity (theoretical specific capacity is
1965 mA h g™'), low discharge potential.** In addition, it is
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good cycle performance provide potential anode materials for future lithium-ion batteries.

abundant in storage, environmentally friendly, low cost and
easy to prepare on the earth, making it an important anode
material.***” Moreover, compared with Si, the volume change of
SiO, is much smaller, and it has better cycle stability. When
SiO, is used as negative electrode materials for lithium ion
batteries, bulk crystal SiO, is generally considered to be not
electrochemically active due to its strong Si-O bond and poor
conductivity.*»*® However, it has been reported that nano-SiO,
exhibits Li reactivity in an amorphous state. To date, a large
amount of research work has been devoted to the reversible
lithium storage behavior of SiO, anodes through its
morphology and crystallinity control. For example, SiO, film,*
SiO, tube,** hollow porous SiO, nanocube,** SiO, nanosphere*
and SiO,-C nanomixture,* etc.

In this study, SiO, nanowire arrays were prepared by means
of sol-gel methods to assist AAO templates. The method is
simple, environmentally friendly, and the morphology of the
SiO, nanowire is controllable. When it was used as a negative
electrode material for a lithium ion battery, it had a high aspect
ratio and increased a specific surface area. Therefore, the
diffusion path of lithium ions was reduced, thereby increasing
the diffusion ability of lithium ions. In addition, the nano-sized
SiO, electrode material can provide mechanical strain during
cycling to alleviate the problem of severe cracking and pulveri-
zation of the electrode material due to large volume changes
during alloying/de-alloying with Li. The SiO, nanowire arrays
exhibit remarkable lithium storage capacity in terms of high
specific capacity, excellent cycle performance and high rate
capacity.

This journal is © The Royal Society of Chemistry 2018
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2. Experimental

2.1 Preparation of SiO, nanowire arrays

4 g of tetraethyl orthosilicate (TEOS) was slowly added to 9.6 ml
of absolute ethanol to form a TEOS solution. Then, 9.6 ml of
absolute ethanol was mixed with 1.5 g of water and 0.02 g of
HCIL. Finally, the second solution was slowly added dropwise to
the TEOS solution while stirring on a magnetic stirrer for 3 h to
obtain silica sol at room temperature.

An anodized aluminum oxide template having a thickness of
about 30 um and a pore diameter of about 100 nm was prepared
by a two-step anodization method in a 0.3 mol L™ " oxalic acid
solution, and subjected to subsequent treatment to obtain
a two-pass template. First, the AAO template was immersed in
the prepared silica sol for 24 hours at room temperature, and
ultrasonic waves were assisted for 1-3 minutes from the start of
soaking to remove bubbles in the AAO template. During this
process, the sol enters the template pore by capillary action.
After the soaking was completed, the template was taken out
and washed with deionized water and naturally dried. Then, the
SiO, nanowire arrays-AAO template was adhered to the copper
foil substrate with a conductive silver paste. After drying at
125 °C for 45 minutes, the SiO, nanowire arrays-AAO template-
copper foil was immersed in 15% dilute hydrochloric acid for 8
hours to dissolve the AAO template, exposing the SiO, nanowire
arrays. Finally, the specimens were washed with absolute
ethanol and deionized water and dried for further experiments.

2.2 Microscopic characterization

The morphology and structure of the product were character-
ized by transmission electron microscopy (TEM, JEM2010F) and
scanning electron microscopy (FE-SEM, Zeiss Supra 55) equip-
ped with an energy dispersive X-ray spectrometer (EDS, Thermo
Fisher Scientific, NORAN System 7). X-ray diffraction (XRD)
measurements were performed on a RigakuD/MAX 2500/PC
diffractometer with Cu Ka radiation (1 = 1.5418 A). The sweep
speed is 5° min~ ' and the scan range is 5-90°. Fourier trans-
form infrared (FT-IR) spectra recorded on a Thermo scientific
Nicolet 380 Fourier transform spectrometer using a KBr pellet
technique were used to characterize the samples.

2.3 Electrochemical measurement

In this study, the SiO, nanowire arrays and the copper foil
substrate were connected to each other by a conductive silver
paste to prepare an electrode material, so that it is not necessary
to add a conductive agent and a binder for smearing. The mass
of the active material (SiO, nanowire arrays) on the electrode
obtained by weighing was 0.3 mg. Alternatively, the total mass
can also be determined by determining the number of nano-
wires based on the pore density of the AAO template followed
through the diameter and length of the nanowires. Finally, the
mass of the active substance was determined to be 0.3 mg. After
the electrode material was dried in a vacuum oven at 80 °C for
12 hours, it could be directly used as a negative electrode
material in a lithium ion battery for electrochemical perfor-
mance testing. Li foil was used as the positive electrode of the
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battery. The electrolyte was 1 M LiPF, dissolved in ethylene
carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl
carbonate (EMC) in a volume ratio of 1: 1 : 1. The battery was
assembled in an Ar-filled glove box. Finally, the cell was aged for
12 hours before further electrochemical measurements.

Constant current cycle measurements were performed at
constant temperature using the Land CT 2001A battery test
system. The cut-off potential window for the constant current
charge and discharge test was 3.0 and 0.05 V (vs. Li/Li"). Cyclic
voltammetry (CV) was recorded on a CHI660E electrochemical
workstation with a potential range of 0.0-3.0 V and a scan rate
of 0.1 mV s~ . All electrochemical measurements were made at
25 °C.

3. Results and discussion

3.1 Morphological and structural analysis of SiO, nanowire
arrays

The composition of the obtained sample was confirmed by XRD
and FTIR, respectively. The XRD pattern of the material (Fig. 1a)
showed a single broad peak at about 23° which proved to be
amorphous SiO, according to the standard pattern of JCPDS
PDF #029-0085. In the FTIR spectrum (Fig. 1b), the bands at
1075 cm™ " and 800 ¢cm ™ illustrated the asymmetric tensile
vibration of Si-O-Si and the symmetric tensile vibration of Si-
O-Si, respectively. The band vibration of SiO, at 469 cm ™! was
the third characteristic peak of amorphous silica.?* XRD and
FTIR results indicated that the sample heated at 125 °C was
amorphous SiO,. The XPS test was used to further confirm the
composition of the sample as shown in Fig. 1c. The Si 2p
spectrum showed a peak at about 103.4 eV, indicating that Si
exists in the state of SiO,.

The morphology and composition of the prepared SiO,
nanowire arrays were investigated by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS).
Fig. 2a-d are the microscopic morphology of the SiO, nanowire
arrays at different magnifications. They can be clearly seen that
the SiO, nanowire arrays after removing the AAO template
adhere well to the copper foil substrate. The nanowires grow
evenly, densely and orderly, with no obvious defects on the
surface, and the aspect ratio is as high as 300 : 1. They are about
30 pm in length and about 100 nm in diameter, which is
consistent with the thickness and pore size of the AAO template.
In addition, it is seen in Fig. 2b that the SiO, nanowire arrays
exhibit a certain degree of lodging due to the loss of support of
the AAO template and the high aspect ratio of the nanowire
itself. Fig. 2e is the EDS characterization of the nanowires. As
can be seen from the figure, the composition of the nanowire is
Si and O, and the weight percentage of the two is close to 1 : 2.
The reason for the high O content may be due to the strong
surface activity of the nano SiO,, which is easy to adsorb water
in the air, as well as chemically bound water. The selected area
EDS mapping was performed on the area within the red frame
of Fig. 2e to evaluate the distribution uniformity of O and Si in
the SiO, nanowires. It can be clearly seen in Fig. 2g, h that O and
Si are uniformly distributed in the material.

RSC Adv., 2018, 8, 33652-33658 | 33653
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Fig. 1 XRD pattern (a), FTIR spectrum (b) and XPS spectrum (c) of the as-prepared SiO,.
Fig. 3 shows a TEM microscopic image of a single SiO, 2Si0, + 4Li" + 4e — Li,SiOy4 + Si (2)
nanowire and undispersed nanowires after ultrasonic disper-
sion. It can be seen that the entire nanowire is smooth and 4Si + 15Li" + 15¢ < Li;sSiy (3)

uniform with a diameter of about 100 nm, which is consistent
with the SEM image.

3.2 Electrochemical performance

Further studies of the reaction mechanism and kinetics were
carried out in the first three cycles of the CV curve of the SiO,
nanowire arrays (Fig. 4a). The test was performed at a scan rate
of 0.1 mV s~ " in a voltage window of 0.05-3.0 V (vs. Li*/Li). It can
be found that the CV curve is consistent with the charge and
discharge curves, and the two cathode peaks in the initial
discharge curve correspond to the platform in Fig. 4b. In the
first cycle, there are two obvious reduction peaks nearly located
at 1.5 Vand 1 V. The peak at 1.5 V contributes to the reductive
decomposition of the electrolyte solution and the formation of
a solid electrolyte interface (SEI) layer on the anode surface,
which is an important cause of the irreversible capacity in the
initial discharge.** The peak at 1 V indicates some chemical
reaction between SiO, and Li". When the material was initially
discharged, amorphous SiO, was reduced to Si and formed
Li,Si,O5 or Li,SiO4.*> The irreversible Li,SiO, phase formed in
the reaction consumed a large amount of Li', accounting for
another large portion of the irreversible capacity. The responses
can be summarized as follows:
Discharge reaction:

580, + 4Li* + 4e © 2Li,Si,Os + Si (1)

33654 | RSC Adv., 2018, 8, 33652-33658

During the initial charge cycle, a prominent peak at about
0.1 V should be associated with the reversible alloy/de-alloy
reaction with Li*, which makes the contribution to lithium
storage capacity. During the subsequent scan cycles, the CV
curves became stable, corresponding to the reversible behavior
to some extent. Similar CV behavior indicates that nano-SiO,
materials are also electrically active for lithium storage. The
results are similar to the previous literature.*** During
charging, the reactions can be summarized as follows:

Charging reaction:

Li;sSiy <> 4Si + ISLi* + 15¢ (4)
2Li,Si,05 + Si < 5Si0, + 4Li" + 4e (5)

Since the prepared SiO, nanowire arrays negative electrode
material and the half-cell composed of the lithium metal
counter electrode showed good redox characteristics, the
charge—discharge voltage profiles of the different cycles were
performed at a current density of 200 mA g~ ' in a voltage range
of 0.05-3.0 V (as shown in Fig. 4b). There is a distinct platform
at about 1.5 V in the first lithiation curve, which is in full
compliance with the first CV curve. As observed from the cyclic
performance in Fig. 4a, the SiO, anode delivered an initial
discharge capacity of 2252.6 mA h g~ ! and a charge capacity of
1368 mA h g™, with an initial coulombic efficiency of 60.7%.

This journal is © The Royal Society of Chemistry 2018
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Fig.2 SEM image of SiO, nanowire arrays (a—e). EDS spectroscopy and quantitative analysis of SiO, nanowires (f). EDS microanalysis of element
Siand O for selected region (g and h).

The initial irreversible capacity loss is mainly due to the The cyclic performance of the SiO, nanowire arrays electrode
formation of the solid electrolyte interphase (SEI) layer and the was tested at a current density of 200 mA g~ " with the voltage
irreversible reaction of SiO, with Li ions and electrolyte window of 0.05-3 V, and the result is plotted in Fig. 4c. Although
decomposition. the electrode showed a large initial irreversible capacity, it was

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 33652-33658 | 33655
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Fig. 3 TEM images of the SiO, nanowires.

Fig. 4

Current(mA)

Specific Capacity/mAh g'l

e
=3
e

S
13
S

&
o
o

s
=3
=

-0.06

1st cycle
2nd cycle
3rd cycle

1 2 3
Potential(V vs.Li*/Li)

™
I
=3
S

I~y
=3
S
S

—-
n
S
=

1000

o
=3
S

s
[
)
=

* Discharge
®  Charge
e Coulombic efficiency

L
v
S

s
©
S

s
Y
S

,..-u o o0 ‘!“.\E/

s
EN
=3

<

50 100 150 200 250 300 350
Cycle Number

400

Coulombic Efficiency %

Specific Capacity/mAh g'l

Voltage(V vs Li/Li)

o

[

o

2500

2000

1500

1000

500

(a) Cyclic voltammetry of SiO, nanowire arrays between 3 and O V at a scan rate of 0.1 mV s

200nm

—1st
—2nd
——5th
——10th

0 500 1000 1500 2000

Specific Capacity(mAh g'1)

4100

(dy . "
“.
roe
180
r = Discharge
.
. e Charge 160
-1 e Coulombic efficiency
- :- 200mA g
% 200ma g
o 1000 ')l_ 40
r 1800 2500
L . L L 20
0 30 60 90
Cycle Number

-1

Coulombic Efficiency %

View Article Online

Paper

100nm
—

. (b) The charge—discharge profiles for

different cycles. (c) Cycling performance and coulombic efficiency of SiO, nanowire arrays electrode under 200 mA g~* within a voltage of 0.05—-
3.0 V. (d) Rate performance of SiO, nanowire arrays electrode.

found to remain at about 545.4 mA h g~ even above 400 cycles,
and the coulombic efficiency was higher than 97.5%. It is worth
noting that the specific capacity of the SiO, anode was reduced
in the first few cycles due to the formation of the SEI layer and
the insufficient utilization of SiO, in the initial cycle. Then after
about 20 cycles, the specific capacity began to increase

gradually. This is because the gradual increase in the Si phase
during the late lithiation-delithiation cycle,**** and the Li,SiO,
matrix formed by the reaction 2 alleviate the volume expansion
during the cycle. Therefore, as shown in Fig. 4c, the specific
capacity first decreases and then rises again, and continues to

maintain equilibrium after about 280 turns.

Fig. 5 SEM images of SiO, electrode after 400 cycles at a current density of 200 mA g™,

33656 | RSC Adv., 2018, 8, 33652-33658
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To evaluate the rate-ability of the sample SiO, nanowire
arrays, a stepped cycle test was performed at different current
densities. The results are shown in Fig. 4d. The battery was first
cycled at a rate of 200 mA g~ and then successfully switched to
200, 400, 700, 1000, 1800, 2500 mA g~ . It can be seen that the
material exhibited a decreasing specific capacity during the first
10 cycles of the initial cycle (200 mA g~ ) due to the formation of
the SEI layer. However, as can be know from Fig. 4c, the specific
capacity gradually increased and stabilized in the subsequent
cycle, reaching 545.4 mA h g . As the current density increased,
the reversible capacity decreased slightly. When the current
density increased to 2500 mA g ', the SiO, nanowire arrays
electrode can still provide a reversible capacity of about
315 mA h g~ with a coulombic efficiency of 99%. As can be seen
in Fig. 4d, when the current density was converted from 2500 to
200 mA g, the specific capacity can reach about 659 mA h g~*
in the first 30 cycles, with the coulombic efficiency is 98% and in
a state of increasing. It is proved that the electrode has good
structural stability and excellent rate performance. This is
related to the high surface area of the SiO, nanowires, which
can reduce the diffusion path of lithium ions and enhance their
diffusion ability. Based on the above discussion, it can be
considered that the SiO, nanowire arrays are promising anode
material that can improve the electrochemical performance of
LIB.

Fig. 5 shows the morphology and structure of SiO, nanowire
arrays electrode after 400 lithiation-delithiation cycles at
200 mA g~ ' current densities. Compared with Fig. 2d, it can be
seen that after a series of reactions of SiO, nanowires with Li*,
the nanowires showed a certain degree of volume expansion,
but the nanowires morphology does not appear to be severely
broken. The results further demonstrate that the SiO, nanowire
arrays electrode has excellent cycle performance.

Compared with the SiO, electrode synthesized by other
methods, the SiO, nanowire arrays electrode material exhibits
superior electrochemical performance. The specific contents
are shown in Table 1 below. However, in general, the conduc-
tivity of SiO, is relatively low, resulting in fewer electronically
conductive channels and lower utilization of active materials in
the electrodes. Meanwhile, the problem that the volume
expansion of the material during charging and discharging
causes the active material to fall off has a great influence on
electrochemical performance. Based on the above problems,
work is under progress to improve the electrochemical perfor-
mance of the battery by coating the prepared SiO, nanowires
with conductive materials such as a conductive polymer.

4. Conclusion

In summary, the SiO, nanowire arrays were successfully
prepared by alumina template assisted sol-gel method, and the
average diameter of the nanowire was 100 nm as well as about
30 um in length. At a current density of 200 mA g, an initial
discharge capacity was up to 2252.6 mA h g~ and a charge
capacity was 1368 mA h g~ ' with the initial coulombic efficiency
of 60.7%. The specific capacity of 545.4 mA h g~ was main-
tained after about 400 cycles and the coulombic efficiency was

RSC Adlv., 2018, 8, 33652-33658 | 33657
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maintained at 97.5%. Especially, when the current density is
increased to 2500 mA g~ ' and then back to 200 mA g™ ', the
specific capacity can reach to 659 mA h g~ *. Thus, the electrode
showed excellent cycle performance and rate performance,
which was attribute to the large specific surface area of the SiO,
nanowire arrays reducing the diffusion path of lithium ions and
providing sufficient lithium ions to react with the silica.
Meanwhile, the Si, Li,O and Li,SiO, matrices produced during
the cycle act as a shielding layer and also improve lithium
storage performance.
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