
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

44
:3

8 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Binder-free SnO2
aDepartment of Chemistry and Chemical Eng

Republic of Korea. E-mail: jinsub@inha.ac.k
bChemical Engineering for Energy, Schoo

University, 38541 Gyeongsan, Republic of K

† Electronic supplementary informa
10.1039/c8ra10358e

Cite this: RSC Adv., 2019, 9, 6589

Received 18th December 2018
Accepted 14th February 2019

DOI: 10.1039/c8ra10358e

rsc.li/rsc-advances

This journal is © The Royal Society of C
–TiO2 composite anode with high
durability for lithium-ion batteries†

Hyeonseok Yoo, a Gibaek Lee *b and Jinsub Choi *a

A SnO2–TiO2 electrode was prepared via anodization and subsequent anodic potential shock for

a binder-free anode for lithium-ion battery applications. Perpendicularly oriented TiO2 microcones are

formed by anodization; SnO2, originating in a Na2SnO3 precursor, is then deposited in the valleys

between the microcones and in their hollow cores by anodic potential shock. This sequence is

confirmed by SEM and TEM analyses and EDS element mapping. The SnO2–TiO2 binder-free anode is

evaluated for its C-rate performance and long-term cyclability in a half-cell measurement apparatus.

The SnO2–TiO2 anode exhibits a higher specific capacity than the one with pristine TiO2 microcones

and shows excellent capacity recovery during the rate capability test. The SnO2–TiO2 microcone

structure shows no deterioration caused by the breakdown of electrode materials over 300 cycles.

The charge/discharge capacity is at least double that of the TiO2 microcone material in a long-term

cycling evaluation.
Introduction

Technical demands for electrochemical energy storage systems
such as lithium-ion rechargeable batteries (LIBs), fuel cells, and
redox ow batteries have increased in parallel with the demands
for clean and sustainable energy generation.1–3 In recent years,
materials and processes used for LIBs have dramatically
advanced, to meet the requirements of mobile applications and
electric vehicles.3–5 However, various issues still need to be
addressed for these uses; for example, the stability of anode
materials when used at fast charging rates.6–9 In particular,
graphite is still widely used in LIB anodes for economic reasons,
despite having a relatively low theoretical specic capacity of
330 mA h g�1.8,9 Furthermore, lithium dendrites form on the
surface of carbonaceous materials during rapid charging owing
to low Li-ion diffusivity; these can lead to LIB res or explosions.9

TiO2-based anode materials, which show a theoretical elec-
tromotive force of about 1.7 V (vs. Li/Li+), are being intensively
investigated as alternatives. Because of its very low volume
expansion ratio (below 3%), TiO2 is termed “zero-strain” and is
one of the most stable anode materials.10–14 However, its theo-
retical specic capacity is relatively low: for LixTiO2, it is
335 mA h g�1 for x ¼ 1.0 (although x is usually 0.5 in applica-
tions).10–12 As a result, foreign elements with a high theoretical
specic capacity are usually co-synthesized with TiO2.15
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Furthermore, because of the low electrical conductivity of TiO2,
it is essential to improve the physical properties of TiO2

batteries with a conducting material such as CuO, Co3O4, NiO,
MoO3, Fe2O3, or SnO2.8,9,16–21

Although SnO2 has a lower theoretical capacity than the
better-known SiO2 (780 mA h g�1, compared to 980 mA h g�1),
its volume expansion ratio is also lower (�150%, compared to
�260%).22–31 However, since the volume change of SnO2 is still
large, it is necessary to suppress the volume change-induced
degradation by combining with zero-strain materials such as
TiO2. Jean et al. fabricated high performance anodes for LIBs
based on TiO2@SnO2@TiO2 triple-shell nanotubes prepared by
a hydrothermal growth method.29 In addition, Wu et al. re-
ported that in electrospun nanowires of SnO2 mixed with TiO2,
the TiO2 successfully reduced the degradation resulting from
SnO2 deformation.30 However, a further improvement of elec-
trical conductivity was still needed because of the increased
resistance in an electrode containing a binder.

TiO2 structures prepared by anodization allow the formation
of a binder-free anode, providing highly active reaction sites for
Li ions as a result of its nano- and micro-sized pores.32–34 In
particular, TiO2 microcones, which have only been developed in
recent years, are a quite promising material for anodes, having
a conical shape as well as an internal hollow space on the micro
scale.34,35 In this study, binder-free SnO2–TiO2 microcones were
prepared for use as an LIB anode material. The hollow-
containing TiO2 microcones were prepared by anodization,
and subsequently, SnO2 was decorated into the hollow spaces
by an anodic potential shock.36–39 The potential shock method is
an economical and highly reproducible metal oxide decoration
method on anodic TiO2 structures.
RSC Adv., 2019, 9, 6589–6595 | 6589
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Results and discussion

Representative FE-SEM images of the binder-free anode are
presented in Fig. 1. As reported previously,34 samples with
typical TiO2 conical structures (MCs) are prepared by anodiza-
tion at 60 V for 60 min (Fig. 1a). TiO2 MCs exhibit a highly
ordered distribution on the Ti substrate, composed of nano-
fragments with vacant spaces in the individual layers; the MCs
increase the active surface area. Fig. 1b–d shows SnO2–TiO2

MCs for different potentials used as the anodic shock. Visually,
a newly grown layer appears in the valleys between the TiO2MCs
for potentials of 40 V and higher (Fig. S1†). Eventually, most of
the TiO2 MCs are covered with a newly deposited layer,
including the cracks and surface boundary layers. When a shock
voltage of 60 V or more is applied, the tin oxide layer may
become unstable; Fig. 1d shows a severe crack on the surface.
This is expected to be degraded during cycles. Nevertheless,
most of TiO2 MCs retain their original structures without
detachment from the Ti substrate or destruction during the
voltage shock procedure.

The main composition of these layers is revealed as tin
oxides by EDS element mapping (Fig. S2†). Typically, the TiO2

MCs show a hollow structure inside, which is clearly indicated
by the EDS element mapping, and is in good agreement with
a previous report.34 The O element mapping for the truncated
TiO2 MC represents the vacant space in the center of the
structure. Furthermore, the lack of a titanium lling is
conrmed by the Ti map (Fig. 2a). In the case of the Sn40-MC
specimen, an O element distribution is observed similar to
that for the pristine TiO2 MC (Fig. S2†). When themicrocones of
the Sn40-MCs electrode are completely removed, the entire EDS
maps of Ti and O show identical aspects on the surface of the
electrode (Fig. 2b). Furthermore, Sn is detected in all surface
areas, with a distribution covering the microcones inside and
outside. A possible reason for this is the fact that potential
Fig. 1 FE-SEM images of TiO2 microcones. Pristine microcones (a),
and TiO2 microcones with SnO2 deposited via the potential shock
method at (b) 20, (c) 40, and (d) 60 V. Inset images are magnified to
show single microcones for each condition.

6590 | RSC Adv., 2019, 9, 6589–6595
shock is normally carried out immediately aer the anodization
that creates the TiO2 MCs, without a process sequence
including specimen exchange. Therefore, titanium will be
anodized additionally during the application of the potential
shock. These phenomena have been already reported in
potential shock experiments on nanotubes.38,39,41 As a result,
additional anodization of titanium inside the microcones, and
tin oxide deposition, may occur simultaneously. This indicates
that tin oxide in the core of the microcones is encapsulated by
the shell of the MCs. We expect that the decrease in electro-
chemical performance caused by the volume expansion of tin
oxide would be suppressed by the counteracting TiO2 MC shell.
The average weight of electrode materials was measured in
terms of the shock voltage and is reected in the cycle
measurements (Fig. S3†): the TiO2 MC electrodes originally had
an average weight of 0.42 mg; aer the potential shock, the tin
oxide deposited showed a weight linearly increasing with the
applied shock voltage.

It has been reported that TiO2 MCs have a polycrystalline
anatase phase, and it can be used for applications without any
further heat treatment; post-annealing usually leads to
a decrease in the cycle performance of TiO2 MCs.34,40 The poly-
crystalline TiO2 anatase on titaniummetal is formed without an
annealing step, regardless of the applied shock voltage, as
demonstrated in the XRD analysis (Fig. 3). The peaks at 25.308�,
38.572�, 62.692�, and 70.303� correspond to (101), (112), (204),
and (202), respectively (JCPDS PDF#01-071-1166). In the XRD
patterns, there are no detectable peaks of tin composites; this
strongly indicates that tin composites generated through
potential shock might be amorphous (see the FE-TEM obser-
vations and XPS analysis below).

In the FE-TEM images, granular-like substances are depos-
ited on the surface layers of microcone fragments (Fig. 4a). In
more detail, the amorphous structure deposited on the poly-
crystalline surface (light blue) is well observed in the higher
magnication image (Fig. 4b). The crystal planes are identied
as TiO2 anatase, which are identied by 3.51 Å of reciprocal
distance. The crystallographic information analyzed by selected
area electron diffraction patterns also shows only TiO2 anatase
(Fig. 4c), indicating that the tin oxide deposited on the TiO2

surface has an amorphous structure. The morphological
structure of a single-layered nanofragment of tin oxide depos-
ited on the TiO2 MCs was characterized using an energy-
Fig. 2 EDS element mapping data (K shell) for microcone (MC)
structures: (a) truncated TiO2 MCs, (b) Sn40-MCs: titanium (red),
oxygen (blue), and tin (green). (a) and (b) are samples following
complete removal of microcones by ultrasonication.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XRD patterns of binder-free electrodes, measured without
annealing after preparation.

Fig. 4 (a) FE-TEM image of Sn40-MCs and (b) high-magnification of
(a). (c) SAED pattern corresponds to (b), indicating the polycrystalline
TiO2 anatase phase. (d)–(g) in situ FE-TEM element mapping, scanned
on a single-layered nanofragment (d) of Sn40-MC. The magenta,
yellow, and bright blue indicate titanium, tin, and oxygen, respectively.

Fig. 5 High-resolution XPS (a) O 1s and (b) Sn 3d spectra of SnO2–
TiO2 MCs in different conditions. TiO2 and SnO2 are marked as black
and light blue dashed lines in O 1s spectra (a). Tin fluorides and tin
oxides are illustrated as yellow and light blue dashed lines in Sn 3d
spectra (b). All measurements are performed before cell assembly.
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dispersive spectroscopy (EDS) analyzer. Fig. 4d displays the
amount of Ti, Sn, and O elements, which are the major
components in the electrode. EDS mapping indicates that Ti,
Sn, and O are distributed evenly among individual microcones.

To conrm the surface chemical states of tin oxide in elec-
trode, XPS analysis was performed, as shown in Fig. 5. In the O
1s spectra, it was found that the intensity of SnO2 at 530.6 eV
increases as a function of applied shock voltage, and the
amount of SnO2 on the surface was larger than that of TiO2 at
530.1 eV for a voltage shock above 40 V (Fig. 5a).40,42 The peaks
located at 531.7 and 532.5 eV could be ascribed to oxygen
vacancies and adsorbed Ox

� species, respectively.43 SnO is an
oxide of tin that could be formed during the potential shock
process; however, the O 1s binding energy in SnO is situated in
This journal is © The Royal Society of Chemistry 2019
a similar energy region to that in TiO2, and it is therefore
difficult to distinguish possible SnO peaks from those of TiO2.42

The Sn 3d spectrum provides useful information for identifying
the formation of SnO (Fig. 5b); the peaks detected at 486.3 and
486.7 eV are at the relevant binding energies for SnO (Sn 3d7/2,
Sn2+ for SnO) and SnO2 (Sn 3d7/2, Sn

4+ for SnO2), respectively.
This result agrees with previous analysis of the O 1s spectra.42,44

Interestingly, tin uoride components such as SnF4 (488.1 eV of
Sn 3d7/2) and SnF2 (487.4 eV of Sn 3d7/2) also exist on the
surface.45,46 From the F 1s spectrum, it is seen that the tin
uoride composites clearly appear aer the potential shock
(Fig. S4†); these are attributed to residual F� ions, which were
trapped inside the MCs. It has been reported that SnF2 can act
as an anode material delivering a higher theoretical capacity
(991 mA h g�1) than SnO2.47 However, the non-conductive SnF4
is known as a non-useful by-product in a Li ion battery, which
may have originated from the reaction between a tin oxide-
based anode and an F ion-containing electrolyte during
cycling.45 In our system, the quantity of residual F� ions, which
possibly leads to the formation of SnF4, is strongly determined
by the concentration of HF in the anodizing electrolyte and the
anodic shock voltage. Therefore, a shock of around 40 V, which
generates more SnO2 and SnF2 than SnO and SnF4, was
considered the optimum condition.

The electrochemical characteristics of TiO2 and SnO2 were
analyzed via cyclic voltammograms (Fig. 6a). All redox reactions
are explained by Li-ion insertion/extraction, and by Li/Sn
alloying/de-alloying in the SnO2–TiO2 MC electrode. The
anode reaction of TiO2 during the cycle is generally described by
the following equation:34

TiO2 + xLi+ + xe� 4 LixTiO2 (0 # x # 1) (1)

The theoretical potential of eqn (1) is reported as around
1.75 V.16–18 Therefore, the peaks at 1.75 and 2.05 V (vs. Li/Li+) are
related to the reversible lithiation/delithiation coupling in
TiO2.34 For SnO2, two sequential anode reactions are assumed:
RSC Adv., 2019, 9, 6589–6595 | 6591
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Fig. 6 Charging/discharging characteristics: dependence on shock
voltage. (a) Cyclic voltammograms of MC and SnO2–TiO2 MCs elec-
trodes (various shock voltages) at a scan rate of 0.1 mV s�1. (b) Charge
and discharge curves of Sn40-MCs at 300 mA cm�2. (c) Cyclability plot
of Sn40-MC sample tested at different C-rates. (d) Rate performance
test of Sn40-MCs cell scanned at 0.5C, 1C, 1.5C, 2C, 2.5C and 5C.
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the partial reversible reduction reaction of SnO2, and the
sequential reversible alloying/de-alloying reaction of Sn:28

SnO2 + 4Li+ + 4e� / Sn + 2Li2O (2)

Sn + xLi+ + xe� / LixSn (0 # x # 4.4) (3)

A solid-electrolyte interface (SEI) layer was formed on all
electrodes (from eqn (2)) under 1.5 V (vs. Li/Li+) of cathodic
potential during the 1st cycle (Fig. S5†). From the second cycle
onward, there were two remarkable redox couplings at 0.18/
0.56 V and 1.02/1.21 V (vs. Li/Li+). It was conrmed that the
current density for these reversible reactions was proportional to
the applied shock voltage. The rst redox couple of 0.18/0.56 V
corresponds to the reversible alloying/de-alloying reaction of Sn
in eqn (3).25–30 In addition, the second redox couple of 1.02/1.21 V
is ascribed to the partial reversible reaction of SnO2 in eqn
(2).28–30,48 For SnF2, it causes an irreversible reaction, providing
additional electrochemical capacity according to eqn (4):

SnF2 + 2Li+ + 2e� / Sn + 2LiF (4)

SnF2 is a signicant tin-based compound located on the
surface of the Sn20-MC electrode and was identied by the
XPS and EDS element mapping. Nevertheless, the related
electrochemical reaction in the potential range 0–1.0 V (vs.
Li/Li+) appears small, and it is reasonable to assume that the
tin uoride content in the electrode is in fact very small. On
the other hand, in Fig. S6,† the surface resistance is larger
than that of pristine MCs at 10 and 20 V of applied shock
voltages. The resistance begins to decrease if the shock
voltage increases over 20 V, nally becoming the value lower
than that of pristine MCs. It means that the non-conductive
SnF4 affects the surface electron transfer rate of the
electrode.
6592 | RSC Adv., 2019, 9, 6589–6595
The SnO2–TiO2 MCs exhibits excellent cycling stability at
a current density of 300 mA cm�2 (Fig. 6b). Charge/discharge
prole which are extracted at 1st, 20th, 50th, and 100th cycles
shows the plateaus of TiO2 and tin composites, meaning that all
electrode components are well-connected. The initial specic
capacity of all electrodes is reduced to half due to the irrevers-
ible reaction of SnO2 (eqn (2)) and the volume expansion during
alloying/de-alloying (eqn (3)), as reported in previous
studies.24–31 However, aer the 1st cycle, the specic capacity
remains constant over 100 cycles. The pristine TiO2 MC elec-
trode exhibits an average capacity of 205.6 mA h g�1, whereas
Sn30-MC, Sn40-MC, and Sn60-MC provide a markedly
increasing capacity as a function of the shock voltage: 332.8,
466.5 and 481.2 mA h g�1 at the 50th cycle, respectively
(Fig. S7†). Sn80-MC shows a drastically decreased capacity
during cycling (366.3 mA h g�1 at 50th cycle). To optimize the
cycle performance, the correlation between specic capacity
and shock voltage was investigated (Fig. S8†). Even though
Sn60-MC provides the highest specic capacity, its cycle reten-
tion proves unstable; this results from high stresses, seen in the
surface morphology, leading to signicant degradation during
cycling. Therefore, the Sn40-MC electrode, which showed
consistently stable cyclability, was chosen as the optimized
electrode. Evaluation of the cycling stability was carried out for
Sn40-MC anode at different current rates of 0.5, 1.5, 2.5, and
5.0C (Fig. 6c); the capacity decreases with increasing cycle rate.
For a rate of 0.5C, the cell exhibits a capacity of 426 mA h g�1 at
the 50th cycle. However, even when the C-rate is increased 10-
fold (5.0C), a specic capacity of approximately 300 mA h g�1

remains aer 50 cycles; this indicates that the Sn40-MC elec-
trode could be used for fast charging in practical LIB applica-
tions. Moreover, the Sn40-MC electrode exhibits an excellent
rate capability under rapid charge and discharge conditions. As
shown in Fig. 6d, the electrode delivers reversible capacities of
approximately 476, 420, 380, 350, 330, and 300 mA h g�1 at C-
rates of 0.5, 1.0, 1.5, 2.0, 2.5, and 5.0C, respectively. The Sn40-
MC electrode recovers and stabilizes at approximately
415 mA h g�1 (for 0.5C) following cycling at a high current rate
(5C), suggesting that as-prepared SnO2–TiO2 electrodes could
provide outstanding rate retention and cycle stability. The SEM
image aer the full-charging at 5C shows that the dendrite-free
morphology is maintained, meaning strong structural stability
(Fig. S9†). The well-established cycle retention in charge/
discharge proles are also in good agreement with other
results (Fig. S10†). The seven major peaks for Sn40-MC elec-
trode shown in the cyclic voltammogram (Fig. 6a) are matched
as plateaus at identical location in charge/discharge prole
during C-rate performance test for all scan rate.

In the long-term cycle measurement (Fig. 7a), the cyclability
of the Sn40-MC electrode is consistently maintained, delivering
307 mA h g�1 (212 mA h cm�2) aer 300 cycles at the high
current rate of 1.5C. In addition, the coulombic efficiency
exhibited for most entire cycle is approximately 100%. In
contrast, the Sn60-MC electrode shows an abrupt break with
drastically reduced specic capacity at the 110th cycle, as pre-
dicted from the SEM morphology image (Fig. 1d). Even though
the specic capacity recovers, it is not retained and exhibits
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Performance of Sn40-MCs electrodes. (a) Long-term cycling
performance of Sn40-MCs electrode, cycled at 1.5C for 300 cycles.
MC and Sn40-MCs results are included for comparison. Upper trace
(denoted C.E.) is the coulombic efficiency (right axis). (b) Electro-
chemical impedance spectroscopy (EIS): Nyquist plots of Sn40-MCs
samples before and after the cycle test. The related equivalent circuit is
shown. (c) FE-SEM image of Sn40-MCs after 300 cycles; the inset is
a high-magnification image.
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a rapid fading. The optimized Sn40-MC electrode provides an
excellent lifetime in a long-term fast charge/discharge envi-
ronment, leading to favorable results in comparison to SnO2

and TiO2 anode materials in other studies (Table 1). In the
electrochemical impedance spectroscopy measurements
(Fig. 7b), the electrolyte resistance (Re) and surface lm resis-
tance (Rsf) show similar behavior, derived from Li-ion migration
through the surface lm. However, the charge resistance (Rct) of
the SnO2–TiO2 MC anode (39.0 U) is smaller than that of pris-
tine TiO2 MCs (69.1 U). Aer 300 cycles, the Rct of Sn40-MC is
increased slightly due to the SEI formation, and is related to the
constant phase elements (CPEsf). Nonetheless, it is not large
compared with that of TiO2 MC electrode. Fig. 7c shows
morphology images of Sn40-MC aer 300 cycles. Most SnO2–
Table 1 Performance of previously reported TiO2–SnO2 composite ano

Structure Preparation method The hi

SnO2–TiO2 microcones Potential shock on as-
prepared TiO2 microcones

307 m
cm�2)

TiO2–SnO2 nanotubes Single-step anodization
using Sn–Ti alloy

427 mA

Sn–SnO2–TiO2 nanoporous
lm

Hybrid electroplating
method on Cu disk

410 m

TiO2/SnO2/TiO2 nanotubes Template-assisted atomic
layer deposition (ALD)

310 m

SnO2@TiO2 nanotubes Electrodeposition on TiO2 250 mA
TiO2@SnO2@TiO2 triple-
shell nanotube

Template-assisted plasma-
enhanced atomic layer
deposition (PEALD)

550 m

SnO2/TiO2 composite
nanobers

Electrospinning method 320 m

This journal is © The Royal Society of Chemistry 2019
TiO2 MC structures are successfully retained without surface
cracks or damage following the high current and prolonged
cycling. Furthermore, the SnO2–TiO2 MCs remain well-
connected to the Ti substrate without evidence of fracture or
deformation. Consequently, the SnO2–TiO2 MCs are shown to
be a stable and suitable anode material for high-speed charging
in Li-ion battery applications.
Experimental
Electrode preparation

Titanium substrates (99.7% purity metal trace, 0.126 mm
thickness, Sigma) were cut into 15 � 15 mm2 pieces for
anodization. The substrates were washed in acetone, EtOH,
and deionized water (DI) for 15, 10, and 5 min, respectively.
The completely washed substrates were dried in ambient
nitrogen. The cleaned titanium substrate and a platinummesh
were used as the working and counter electrodes, respectively,
in a laboratory-made electrochemical cell. The anodization was
carried out at 60 V for 60 min using a DC source (Keithley 2400
SourceMeter) in an electrolyte containing 1 M H3PO4 (85 wt%
purity, Sigma) with 0.4 vol% of HF (48 wt%, Sigma), forming
TiO2 microcones (MCs).34,40 Aer anodization, the titanium
substrate was washed with DI. Subsequently, 0.4 mM Na2-
SnO3$H2O (Alfa Aesar) was used as electrolyte for SnO2 deco-
ration on the as-prepared MCs by an anodic potential shock;
the potential shock was carried out without altering the
working and counter electrode conguration. Various shock
voltages from 10 to 80 V were applied for 10 s. The completed
electrodes were dried overnight in an oven maintained at 60 �C
and used directly without annealing. The SnO2–TiO2 MCs
specimens are denoted SnXX-MCs, where XX indicates the
shock voltage; Sn10-MCs, for instance, means tin oxides were
deposited using a shock of 10 V. MCs alone denotes samples
that have been anodized but not shocked. The average weight
of anode material is measured via thermoset epoxy, which can
detach the anodic porous structure from titanium substrate.34

By weighting the difference of specimen before and aer
detachment, the exact weight for active materials can be
de materials

ghest capacity Cycle rate Remarks

A h g�1 (212 mA h
at 300th cycle

453 mA g�1 (300 mA cm�2 ¼
1.5C)

This study

h cm�2 at 420th cycle 504 mA cm�2 (¼1C) Ref. 23

A h�1g at 50th cycle 100 mA g�1 Ref. 24

A h g�1 at 50th cycle C/10 Ref. 25

h cm�2 at 70th cycle 124 mA cm�2 Ref. 26
A h g�1 at 60th cycle 50 mA g�1 Ref. 29

A h g�1 at 50th cycle 100 mA g�1 Ref. 30
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measured. All measurements are repeated 5 times to calculated
average weight of all conditions.

Characterization

The morphological features of SnO2–TiO2 MCs were observed
via high-resolution scanning electron microscopy (HR-SEM,
SU8010, Hitachi) and eld-emission transmission electron
microscopy (FE-TEM, JEM-2100F, JEOL). The crystallographic
nature of the electrodes was determined by X-ray diffraction
(XRD, Rigaku D/max-RB, Cu K-alpha radiation), with detailed
analysis using selected area electron diffraction (SAED) patterns
from the FE-TEM. The spatial distribution of electrode elements
was determined by in situ energy dispersive X-ray spectroscopy
(EDS) mapping analysis. X-ray photoelectron spectroscopy (XPS,
VGESCLALB 220i-XL, Fisons) with an Al K-alpha source was
adapted to clarify the oxidation state of Sn situated on the
surface and in the pore structure.

Electrochemical measurements

The electrochemical properties of the SnO2/TiO2 MC electrodes
were investigated in coin-type cells (CR2032, Wellcos Corpora-
tion); the anodized substrates were cut into 10 mm diameter
discs for the working electrodes. The coin-type cells were
fabricated in Ar-purged glove boxes to avoid unintended
oxidation of the lithium metal foil (0.38 mm thickness, Sigma)
that was used as the combined counter and reference electrode.
The electrolyte was a 1 M LiPF6 solution in a 1 : 1 ethylene
carbonate (EC) : diethyl carbonate (DEC) (Sigma) mixture con-
taining 5 vol% of uoroethylene carbonate (FEC). Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) were carried out via a potentiostat technique
(PGSTAT302N, Autolab). The CV was cycled at 0.2 mV s�1 for 5
times in the potential range of 0.01–3.0 V (vs. Li/Li+). For the EIS
measurement, the frequency region 0.1–105 Hz was used, with
10 mV amplitude. The galvanostatic cycling test was conducted
in an identical potential range as the CV traces using a cycler
system (WBCS3000, WonATech).

Conclusions

In this study, a novel binder-free LIB anode using SnO2–TiO2

MCs for high capacity has been successfully prepared via the
facile and economical processes of anodization and potential
shock. Following anodization that creates the TiO2 microcones,
SnO2 is deposited by potential shock in the valleys between the
MCs as well as inside the hollow MCs. The shock plays a crucial
role in the formation of the optimum structure andmorphology
of the SnO2–TiO2 MCs. In the charging/discharging cycle, the
as-prepared SnO2–TiO2 MCs may suppress the structural
deformation induced by volume expansion during lithiation;
this results from the hollow MCs encapsulating the SnO2 layer.
This achieves high cycle stability over extended high current
cycling. There are still several challenges to further performance
enhancement: removal of residual F� ions in TiO2 structures,
and severe SEI layer formation from side reactions between
TiO2 and the electrolyte at a low discharge potential. We have
6594 | RSC Adv., 2019, 9, 6589–6595
nevertheless demonstrated that SnO2–TiO2 MC material is
a very promising candidate for LIB anodes.
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