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SnO2 nanotube arrays embedded in a carbon layer
for high-performance lithium-ion battery applications

Ji Hyun Um, Seung-Ho Yu,® Yong-Hun Cho™ and Yung-Eun Sung”®

A facile strategy for preparing one-dimensional (1D) SnO:2 nanotube arrays embedded in a
carbon layer (C-SnO2 NTs) has been developed via a sol-gel method using polycarbonate (PC)
as a template. The introduction of a carbon layer carbonized from a PC membrane at the top of
a SnO2z nanotube arrays results in the SnO2 nanotubes standing on the current collector and
preserving their 1D structure without an aggregation between each other, which enables their
direct application to the anode of lithium-ion batteries. The binder- and carbon-free C-SnO2 NTs
as a self-supporting anode exhibits a stable and high reversible capacity of 500 mAh gt at 0.1 A
gt after 40 cycles. The improved Li ion storage and stable capability are attributed to the 1D
hollow structure, alleviating the large volume changes of SnO2 and enhancing electron and Li

ion diffusion transport in the nanotube.

Introduction

By growing demand in various applications of lithium-ion
batteries (LIBs), development of high-performance materials
with higher energy and power density and better cycling stability
has been stimulated, leading to the significant progress in high
capacity anode materials such as Sn and Si compared to
commercially used graphite limited by a theoretical capacity of
372 mAh gt.12

Recently, SnO2 materials have attract great attention as
anode materials due to their high theoretical capacity (~781
mADh/qg), natural abundance, and low cost. However, the practical
application of SnO:2 materials is impeded by poor capacity
retention resulting from inherently large volume changes
(~300%) during Li ion insertion and extraction.?3 Substantial
efforts are devoted to relieve the large volume changes causing
pulverization of active material and electrical contact loss with
the current collector. Therefore, quite good cyclability was
obtained for SnO2-based electrode materials at present,4> which
enables the expansion to flexible®” and thin film battery®
application. Moreover, carbon coating has proven to be effective
to improve the capacity retention and rate capability of electrode
materials for LIBs. It is well-known that carbonaceous materials
maintain the electrical conductivity as a conductive agent, and at
the same time, the volume changes of active materials during
cycling are absorbed, which results in obvious improvement of
cycle performance. There are various researches on the carbon
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coating such as core-shell,® embedded,® and scaffold!?
structure.

One-dimensional (1D) nanostructures have fascinating
advantages compared to their bulk counterparts, and demonstrate
their improved performance such as Si,’3 SnO2,'* Co0304,1®
Fe203,6 and TiO2!" anodes. In particular, nanotubes grown
directly on current collector substrate are expected to having the
following advantages.’®?° First, since each nanotube is
connected to the current collector, every nanotube contributes to
the capacity, and also binder or conductive additives are not
required. Second, the tubular structure has a large interior void
space to accommodate the volume change stresses. Third, the
open end and thin wall structures allow for more efficient Li ion
diffusion at exterior and interior surfaces, which enables more
symmetric volume changes and larger charge storage.
Furthermore, direct channels for efficient electron pathways
enhance charge transport. Among the various synthetic strategies
to prepare the nanotubes, template-assisted approach is widely
explored and demonstrated to be an excellent method including
nanofibers,®> CNTs,?> composite nanowires,?®?*  anodic
aluminum oxide (AAO0),®® and polycarbonate (PC)
membrane?®?” template.

Herein, SnO2 nanotube arrays embedded in carbon layer (C-
SnO2 NTs) were prepared by using PC membrane as a template
combined with sol-gel coating method. By introducing a carbon
layer carbonized from PC membrane at the top of SnO2 nanotube
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arrays, we obtained the SnO2 nanotubes standing directly on the
current collector substrate, and preserving their 1D structure
without an aggregation between each other. The as-fabricated C-
SnO2 NTs, integrated with current collector and free of binder
and conducting agent, was applied as a self-supporting anode for
LIBs. Furthermore, the higher capacity and better cycling
stability were displayed at a current density of 0.1 A g
compared to conventional powder electrode. This good
performance is attributed to their 1D hollow structure,
accommodating the large volume changes of SnO:, and
shortening the diffusion path of the electron and Li ion transport.

Experimental

Material synthesis

A commercially available polycarbonate (PC) membrane (with
pore diameter of 200 nm, purchased from Whatman) was
prepared as a template to synthesize SnO2 nanotubes. A stainless
steel (SS) foil (AISI Type 304, with thickness of 0.02 mm) was
prepared from Goodfellow, and used as the current collector. The
PC membrane and SS foil were punched to a size of 11 mm in
diameter to fit the electrode size. The overall synthetic procedure
of the C-SnO2 NTs is schematically illustrated in Scheme 1. For
a Sn-based sol of 3 M Sn(ll), 0.338 g of SnCl2:2H20 was
dissolved in a mixture solvent consisting of 0.03 mL 37%
hydrochloric acid and 0.47 mL ethanol.?® The 3 M Sn(Il) solution
was subsequently aged at room temperature for 24 h. And then,
triple deionized water (DI-H20, 0.03 mL) was added to the
solution, which was aged for another 24 h. The PC with diameter
of 11 mm was immersed in the prepared gel for 24 h, and put on
a piece of the punched SS foil. Solvent evaporation was then
conducted at 80 °C in vacuum. A heat treatment was carried out
at 600 °C in an Ar atmosphere for 2 h to convert the Sn-based
gel into crystalline SnO2 and to carbonize the PC. As a final
product for anode, C-SnO> NTs were obtained and
electrochemically tested as an anode.

Characterization

X-ray diffraction (XRD) patterns were obtained with a Bruker
D-5005 using Cu-Ka radiation (A = 1.5406 A), operating at 40
kV and 200 mA with a scan range of 10-70°. The specimen
morphology was characterized using field emission scanning
electron microscopy (FE-SEM), (Carl Zeiss, SUPRA 55VP).
Transmission electron microscope (TEM) analysis was carried
out using JEOL JEM-2100F to confirm the hollow structure. A
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Scheme 1 Fabrication process of C-SnO, NTs via sol-gel method
using a PC template.
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Mettler Toledo TGA/SDTA 851 equipment was used for thermal
analysis of the synthesized C-SnO2 NTs. Sample was heated to
700 °C at a heating rate of 10 °C min- in 100 ml min air flow.
The mass of active material in each C-SnO2 NTs electrode was
obtained to five decimal places using an electronic scale by
measuring the weight difference between the C-SnO2 NTs and
the SS foil. Electrochemical impedance spectroscopy (EIS) was
conducted in 10 mV amplitude with the frequency range from
100 kHz to 10 mHz (Zahner, Germany).

Electrochemical measurement

The C-SnO2 NTs were directly used as a working electrode and
assembled into a coin cell without the addition of any binder or
conductive materials, and was compared with a SnO2 powder
electrode (referred to as SnO2 NPs) as a control group. The SnO2
NPs were fabricated by mixing commercial SnO2 powder (<100
nm diameter, purchased from Aldrich), polyvinylidene (PVDF)
as a binder, and Ketchen Black as a conductive agent at a weight
ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP) solvent. The
mixed slurry was uniformly plastered onto Cu foil as a current
collector via doctor blade method. The electrodes were dried
under vacuum at 120 °C overnight and then pressed. A 2016-type
coin cell consisting of the C-SnO2 NTs (or SnO2 NPs) as the
working electrode and lithium metal as a counter and reference
electrode was assembled in a glove box under a dry Ar
atmosphere. The organic electrolyte used was 1.0 M LiPFs
dissolved in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) with a volume ratio of 1:1. A galvanostatic test
(WBCS3000 cycler, WonA Tech, Korea) was carried out on the
coin cell. All the specific capacities and current density were
calculated based on the C-SnO2 NTs mass loading.

Results and discussion

Characterization of C-SnO2 nanotube arrays

C-SnO2 NTs were fabricated by a simple sol-gel method using
PC membrane as a template in our work. Their structural and
physicochemical properties were investigated through a series of
measurements. The FE-SEM image of Fig. la shows the
synthesized SnO:2 nanotube arrays standing freely on the SS sub-

Fig. 1 FE-SEM images of (a) as-prepared C-SnO, NTs, (b) and (c)
magnified surface morphology from a black square region in Fig. 1a,
and (d)-(f) magnified surface morphology from a white square
region in Fig. 1a.

This journal is © The Royal Society of Chemistry 2012
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strate and covered with a layer corresponding to the upper side
of PC membrane. There are exposed SnO2 nanotubes without the
layer indicated by the white square region in Fig. 1a, but most
SnO2 nanotubes are under the layer. A gap between each layers
is an inevitable consequence of the heat-treatment in an Ar
atmosphere. As shown in Fig. 1b and c, the magnified surface
morphology on the layer, enlarged from the black square region
in Fig. 1a, presents a top view of the SnO2 nanotubes embedded
under the layer, and confirms ca. 200 nm in diameter of the SnO2
nanotube. Fig. 1d, enlarged from a white square region in Fig. 1a,
indicates again vertically grown SnO2 nanotube arrays under the
layer by observing the layer edge. Although the SnO2 nanotubes
almost grow vertically from the SS substrate and are separated
apart from each other, several SnO2 nanotubes lean and join
together as indicated by a white circle region in Fig. 1d, negating
the benefits of their 1D construction. In other words, the layer
carbonized from the PC membrane can support the vertical
growth of SnO2 nanotubes without an aggregation between each
other. Moreover, from a comparison between Fig. 1b and ¢ and
Fig. 1e and f, the layer clearly plays a role in preventing the
inclined growth of SnOz nanotubes and assisting the
development of their 1D structure. The surface composition of
the C-SnO:z NTs is identified by energy-dispersive Xx-ray
spectroscopy (EDX). The distribution of Sn and O in Fig. Sla
(ESIY) is correspond with that of C, revealing the existence of
SnO2 nanotube arrays standing under the carbonized carbon
layer. EDX result of Fig. S1b (ESIT) demonstrates that the peaks
of Sn, O, and C are seen in the survey spectrum, which is
consistent well with the above mapping result. Meanwhile, the
other elements such as Fe and Cr are as the components of SS
substrate and Pt is the result of the coating as pre-treatment for
EDX measurement. The morphology of C-SnO2 NTs were
further characterized by TEM and EDX measurement. Fig. 2a
presents one SnO:2 nanotube among the C-SnO2 NTs, and
confirms the average diameter of ca. 200 nm. Also, the
crystalline phase of SnO2 (JCPDS 41-1445) is confirmed by the

Pasition / nm

Fig. 2 (a)-(d) HR-TEM images of C-SnO, NTs and (e) line-scan EDX
elemental profile across an individual SnO; nanotube as indicated
direction in Fig. 2d.

This journal is © The Royal Society of Chemistry 2012
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SAED patterns as shown in the inset of Fig. 2a. From the higher
magnification TEM image (Fig. 2b), the SnO2 nanotube consists
of numerous nanoparticles and the wall thickness of the SnO2
nanotube is ca. 20 nm. Fig. 2c shows the crystal domain of
nanoparticles corresponding to lattice fringe of (110) and (101)
at the end of the nanotube. As shown in Fig. 2e, the line-scan
EDX elemental profile across an individual SnO2 nanotube (as
indicated direction in Fig. 2d) confirms the hollow structure.

The crystallographic structure of C-SnOz2 NTs was
characterized by XRD in Fig. 3a. The crystalline phase is
assigned to SnO2 (JCPDS 41-1445) and Sn (JCPDS 04-0673),
which indicates the partial reduction of SnO:2 during heat
treatment under Ar atmosphere.?-3° Thermogravimetric analysis
(TGA) was conducted in air to determine the carbon content in
C-SnO2 NTs. As shown in Fig. 3b, the initial weight loss until
200 °C is the removal of physically adsorbed water, and then, the
weight loss between 200 °C and 700 °C is attributed mainly to
the oxidation of the carbon layer.31:32 The carbon content of C-
SnO2 NTs except for the physically adsorbed water is determined
to be ca. 19.6% by weight.

Electrochemical performance of C-SnO2 nanotube arrays

To understand the reactive process of C-SnO2 NTs and SnO2 NPs,
cyclic voltammetry (CV) was conducted in the voltage range of
0.01-2 V at a scan rate of 0.1 mV s (Fig. 4a). The CV behavior
is in good agreement with the results in previous reported C-
SnO:2 anodes, indicating a similar electrochemical pathway.33-35
In general, the electrochemical process of SnO2-based anodes
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Fig. 3 (a) XRD pattern of C-SnO, NTs and SnO, NPs after heat
treatment at 600 °C in Ar and (b) TGA analysis of C-SnO, NTs in air.

J. Name., 2012, 00, 1-3 | 3



New Journal of Chemistry

can be followed by two principal reactions:
Sn0, + 4Li* + 4e~ - Sn+2Li,0 (1)
Sn+xLit + xe” > LigSn (0 < x<4.4) (2)

The first cathodic peak around 0.86 V is attributed to the
reduction of SnOz to Sn and the formation of solid electrolyte
interface (SEI) layer. In addition, the cathodic peaks at 0.01-0.7
V are due to the formation of LixSn alloys.3¢37 In the anodic peak
at 0.56 V is attributed to the Li ion extraction from LixSn alloys,
while that at 1.22 V is ascribed to the oxidation of Sn as the
partial reversible reaction (1).30% There was no significant
difference between the C-SnO2 NTs and SnO2 NPs except for the
peak position of reaction (1), showing a typical electrochemical
behavior of SnO2-based anodes.33 A battery cell test was carried
out to examine the potential of C-SnO2 NTs as anode for LIBs.
Fig. 4b presents the first two voltage profiles of C-SnO2 NTs and
SnO2 NPs in the voltage range of 0.01-2 V at a current density
of 0.1 A g?, which accords with the lithiation/delithiation
process of SnO2-based anode in previous reports.33-3 The first
discharge and charge capacities of the C-SnO2 NTs are 1566 and
948 mAh g and that of SnO2 NPs are 2010 and 972 mAh g1,
respectively. And, the second charge capacity of C-SnO2 NTs
and SnO2 NPs is 897 and 922 mAh g1, respectively. From the
charge capacity difference between the first and the second cycle
compared with the first charge capacity, the capacity decreasing
rate of C-SnO2 NTs is close to that of SnO2 NPs at first two cycle.
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The initial irreversible capacity of SnO2-based anode materials
comes from not only formation of SEI layer but also initial
conversion reaction, which is not fully reversible. The C-SnO:2
NTs show a reasonably high coulombic efficiency (~61%)
compared to other SnO2-based anode materials.?8353° Moreover,
the voltage hysteresis in the charge and discharge curves of C-
SnO2 NTs is smaller than that of the SnO2 NPs, suggesting that
increased kinetic of electrodes of C-SnO2 NTs which resulted
from carbon coating.343° Also, the suppressed plateau of C-SnO:
NTs is observed, compared to that of SnO2 NPs. The plateau in
the potential range of 1.2 and 0.8 VV comes from the formation of
SEI layer and the conversion reaction between SnO2 and Li ion,
resulting in formation of Sn particle embedded in Li2O matrix.
Carbon coating can cause the decreasing resistance of
lithiation/delithiation process, in addition, carbon itself can store
the Li ions over wide range of potential.34“° Therefore, the C-
SnO2 NTs have higher (~1.4 V) and wide reaction potential.
Furthermore, Some SnO: was reduced to Sn during heat
treatment under Ar with carbon. These cause the suppression of
plateau around 0.8 V in C-SnO2 NTs. This similar features can
be observed in other carbon and SnO2 composite materials for
L1Bs.28:3435 The cycling performance of C-SnO2 NTs and SnO:
NPs at 0.1 A g between 0.01 and 2 V is shown in Fig. 4c.
Although the capacity decreasing rate of C-SnO2 NTs is similar
to that of SnO2 NPs until the 10th cycle, C-SnO2 NTs have a sta-
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Fig. 4 (a) Cyclic voltammograms of C-SnO, NTs and SnO, NPs at the first cycle, (b) voltage profiles of C-SnO, NTs and SnO, NPs during the
first two cycles at 0.1 A g, (c) cycle performance of C-SnO, NTs and SnO; NPs at 0.1 A g for 40 cycles with their coulombic efficiencies,

and (d) dQ/dV profiles of C-SnO, NTs at 0.1 A g at selected cycle.
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ble capacity retention thereafter, and deliver a reversible capacity
as high as ca. 500 mAh g after 40 discharge/charge cycles. The
high Li ion storage of C-SnO2 NTs is better or comparable to that
of SnO2-based nanocomposites modified with carbon,?841:42
graphene,®® or titanium nitride.*® The coulombic efficiencies of
C-SnO2 NTs in Fig. 4c maintain a stable state, whereas that of
the SnO2 NPs exhibit an unstable condition fluctuating up and
down over the whole cycles. The differential capacity profiles
(dQ/dV vs. voltage) of C-SnO2 NTs are shown in Fig. 4d. The
distinct peaks between 0.01 and 0.7 V relate to the Li ion
insertion reaction to form the LixSn alloys.®3%” For the C-SnO2
NTs, the intensities corresponding to the LixSn alloy peaks
slowly diminish after the first cycle, and retain a stable area after
40 cycles, suggesting that a stable Li ion insertion is
accomplished.

In Fig. 5a and b, the rate capability of C-SnO2 NTs with
different voltage cut-off condition was evaluated stepwise by
increasing the current density. The better cycling stability is
generally obtained by selecting the appropriate voltage cut-off
condition, avoiding higher voltages (above 1 V) and also low
voltages (near 0 V), when controlling the reversibility for the
reaction of Li ions with Sn0.3344 Especially in the higher (> 1.3)
cut-off, Sn atoms aggregate from the destruction of Li2O matrix,
which leads to two phase reaction, volume mismatch, and
eventually capacity fading.** In both cut-off condition, ca. 100
mAh g! of charge capacity decreases for the subsequent 5 cycles
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at the first 0.1 A g* step, and then the capacity becomes stable
as the current density increases. When the current density is
reduced back to 0.1 A g, the C-SnO2 NTs in both cut-off
condition recover a respectable amount of the capacity at the first
0.1 A g step, indicating an excellent rate capability. Moreover,
the proportion of recovered capacity to the first 0.1 A g step
with 1.3 V cut-off is better than that with 1.5 V cut-off, which
demonstrates again that the voltage limit influences the cycling
stability. The coulombic efficiencies in both cut-off conditions
are stable, and those with 1.3 V cut-off are slightly higher
compared with 1.5 V cut-off except for the 1st and 26th cycles
as shown in Fig. 5c¢. Fig. 5d indicates the last discharge/charge
voltage profiles of each rate stage in Fig. 5b. As increased the
current density, the lithiation potential decreases and the
delithiation potential increases, which is attributed to the kinetic
effects of electrode material.*®

To elucidate the stabilizing effect of the C-SnO2 NTs, the EIS
measurement of C-SnO2 NTs and SnO2 NPs after the 5 and 40
cycles at a current density of 781 mAh gt was conducted (Fig.
S2, ESIt). The plots consist of a depressed semicircle in the high
to mid-frequency regions and a straight line in the low frequency
region. The semicircle at high frequency can be assigned to the
SEl film resistance (Rsei), while that at mid-frequency is
attributed to the charge transfer impedance on
electrode/electrolyte interface (Rct). And, the linear region
corresponds to the semi-infinite diffusion of the Li ions in elect-
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Fig. 5 Rate performance of C-SnO, NTs with cut-off voltage rage (a) 0.01-1.5 V and (b) 0.01-1.3 V, (c) coulombic efficiencies of 1.5 V and
1.3 V cut-off voltage, and (d) voltage profiles of C-SnO, NTs cycled at various current rates.
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rode (Re).3%34 As observed, the semicircle diameter for C-SnO:
NTs in the high to mid-frequency region are much smaller than
that of SnO2 NPs after the 40 cycles. Also, there is no obvious
increase in the Rsei of C-SnO2 NTs between the 5 and 40th cycles,
suggesting limited growth of the SEI layer in clear contrast to
that of SnO2 NPs. These results demonstrate that the C-SnO2 NTs
exhibit much lower contact and charge transfer resistance,
implying its significantly enhanced charge transport in the
nanotube,30:34

Conclusions

In summary, we fabricated SnO2 nanotube arrays embedded in a
carbon layer via a facile sol-gel synthesis using a polycarbonate
membrane template, and investigated their electrochemical
performance as an anode for LIBs. The carbon layer carbonized
from polycarbonate at the top of the SnO2 nanotubes plays a role
in maintaining the 1D structure of individual SnO2 nanotubes
from the current collector to the top area facing separator. Such
a binder- and carbon-free electrode, integrated with the current
collector as a self-supporting anode, delivered a stable and high
reversible capacity of 500 mAh g at 0.1 A g after 40 cycles,
which is approximately 2.7 times higher than that of
conventional powder electrode of SnO2 nanoparticles. The high
Li ion storage and stable capability are ascribed to the 1D hollow
structure, alleviating the large volume changes of SnO: and
reducing the diffusion path of electron and Li ion transport in the
nanotube.
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