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ABSTRACT: We describe a simple preparation of amorphous
TiO2 nanomaterial through a simple dealloying method with high
throughput at room temperature. The as-made TiO2 sample has a
unique three-dimensional network structure built by cross-linking
nanowires with the diameter of ∼5 nm. As an anode material for
Li-ion batteries, the TiO2 product exhibits high capacities and a
long cycling life at high rates of 500 and 1000 mA g−1. In addition,
it has a good rate capability. The as-made TiO2 nanowire network
shows great application potential as an anode material with the
advantages of unique performance and easy preparation.
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■ INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have allowed the
wireless revolution of phones, computers, and digital cameras,
which have transformed global communication because of their
excellent performance.1,2 It is well-known that the performance
of LIBs is primarily determined by electrode materials. At
present, the commercial anode material is graphite, but its low
capacity (372 mA h g−1) has restricted the application of LIBs
in high-power fields.3,4 Therefore, great effort has been spent to
explore the substitutable anode candidates. Metal oxides have
represented an interesting class of anode materials because of
their high capacities.5 Among various metal oxide materials,
TiO2 has been studied extensively because of its high stability,
rich abundance, and nontoxicity. Various crystalline poly-
morphs, including anatase, rutile, TiO2[B] (bronze), amor-
phous phase, etc.,6−9 have been thoroughly investigated.
Therein, amorphous TiO2 was reported to perform excellently
with a high capacity and long cycling life. However, amorphous
TiO2 has not become a focus of general research interest.
It is known to us that the size and morphology have

significant effects on the performance of electrode materials. At
present, many nanostructured TiO2 materials, such as nano-
particles, nanotubes, nanowires, and porous structures, were
designed to improve their electrochemical performance for
LIBs.6−11 Meanwhile, many preparation methods have also
been proposed, such as sol−gel, chemical vapor deposition,
anodic oxidation, and solvothermal methods.6−16 These
methods always involve high-temperature processing, an
excessive use of capping or organic agents, etc. Therefore, it
is desirable to use a simple and convinent method to fabricate

TiO2 under mild conditions, especially at room temperature. A
corrosion route was developed by our group to prepare
nanostructured metal oxides, such as Mn3O4 and Co3O4.

17,18

This method requires only the immersion of a binary alloy in a
corrosive solution to selectively dissolve one element under
ambient atmospheric conditions. It has proven to be an
effective and simple method for fabricating metal oxides in high
yield with no organic agents used.
In this work, we report the fabrication of a type of unique

amorphous TiO2 nanomaterial in high throughput via a simple
dealloying method. The as-made sample has a three-dimen-
sional network structure built by cross-linking TiO2 nanowires,
which exhibits a high capacity, a long cycle life, and good rate
capability. Experimetal results demonstrate that the as-made
TiO2 sample shows promising application potential as an anode
material for LIBs.

■ EXPERIMENTAL SECTION
Sample Preparation. High-purity Ti and Al (99.9%) metals were

weighted in a 15:85 ratio, and then these metals were refined in an arc-
furnace, followed by melt-spinning at 1600 r under a protective Ar
atmosphere. Finally, Ti15Al85 (atom %) alloy foils with thicknesses of
∼50 μm were prepared. In a typical dealloying experiment, a Ti15Al85
alloy foil was immersed in a 2 mol L−1 NaOH solution at room
temperature for 72 h. Finally, the product was washed several times
with ultrapure water (18.2 MΩ) and dried at room temperature in air.
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To prepare 1 g of TiO2 sample, ∼180 cm2 of Ti15Al85 alloy foils was
needed.
Characterization. Powder X-ray diffraction (XRD) was conducted

with a Bruker D8 advanced X-ray diffractometer using Cu Ka radiation
at a step rate of 0.04° s−1. The morphology and structure of the
product were observed through field emission scanning electron
microscopy (SEM, JEOL JSM-7600F) with an energy-dispersive X-ray
spectrometer (EDS) for compositional analysis. The elemental
mapping was obtained using an FEI QUANTA FEG250 scanning
electron microscope equipped with an INCA Energy X-MAX-50 X-ray
spectroscopy analyzer. Transmission electron microscopy (TEM)
images were obtained with a JEM-2100 high-resolution transmission
electron microscope (200 kV). Surface structural properties of the
amorphous TiO2 were analyzed by means of an X-ray photoelectron
spectrometer (ESCALab250), using a monochromatized MgKa X-ray
as the excitation source and choosing C 1s (284.60 eV) as the
reference line.
Electrochemical Tests. The electrochemical behavior versus Li

was measured using coin-type cells (size of 2032). To prepare the
working electrodes, the active TiO2 powders, acetylene black, and
carboxymethyl cellulose (CMC) were mixed in a 6:2:2 weight ratio in
ultrapure water. After the slurry had been milled (QM-3SP2 Planetary
Ball Mill) for 2 h, it was coated onto a piece of Cu foil and dried under
vacuum at 80 °C for 12 h. The separator was a Celgard 2300
microporous membrane. The electrolyte was composed of 1 mol L−1

LiPF6 dissolved in an ethylene carbonate (EC)/dimethyl carbonate
(DMC)/ethylene methyl carbonate (EMC) mixture with a volume
ratio of 1:1:1. The cells were constructed in an Ar-filled humidity-free
glovebox. The cells were cycled galvanostatically between 0.01 and 3 V
using a NEWARE BTS 5 V-50 mA computer-controlled galvanostat
(Shenzhen, China) at different rates at room temperature. The test
rates were calculated on the basis of TiO2 mass, and the detailed
calculation and data (Figure S2) are given in the Supporting
Information. Electrochemistry impedance spectroscopy (EIS) was
conducted with a Princeton Applied Research instrument by applying
an alternating current voltage of 10 mV in the frequency range from
0.01 Hz to 100 kHz.

■ RESULTS AND DISCUSSION

Figure 1a shows the typical XRD pattern of the Ti15Al85 source
alloy, in which two sets of diffraction peaks can be indexed to
the Al3Ti alloy phase and pure Al, respectively. Because the
atomic content of Al is fixed around 85 atom % in the refining
process of the source alloy, the excess of Al is actually expected.
This is beneficial to the following corrosion process. According
to our previous work,17,18 once the “active metal-Al” binary
alloy (such as MnAl and CoAl alloys) was immersed in a
NaOH solution, Al would be selectively etched by OH−. With
the Al atoms were etched, the remaining metal atoms become
less coordinated, which would be exposed to OH− ions and the
oxygen-containing atmosphere. In such an alkaline environ-
ment, the freshly exposed metal atoms were so active that they
would instantaneously combine with OH− and undergo a
natural oxidation by O2, resulting in the formation of metal
oxides. Therefore, etching of Ti15Al85 alloy foil was conducted
in a 2 mol L−1 NaOH solution for 72 h at room temperature,
and Figure 1b presents the XRD pattern of the collected sample
upon dealloying the TiAl alloy. We found that no obvious
diffraction peak emerged, indicating formation of an amorphous
state. To improve our understanding of its structural
composition, the sample was annealed at 600 °C for 4−8 h
under the protection of N2. Figure 1b also gives the XRD data
of the sample after it has been annealed. By comparison, the
amorphous sample presents a structure of anatase TiO2 upon
being annealed, suggesting that the freshly dealloyed sample
should be amorphous TiO2. Figure 1c further gives the
composition analysis results of the fresh sample after it has been
etched for 72 h based on EDS, and the elemental mapping of Ti
and O is presented in Figure S1a−c of the Supporting
Information. There is almost no residual Al atom detected on
the basis of EDS analysis, which may be related to its overly low
content and to the fact that EDS is not sensitive for the
detection of the lower contents of some elements.

Figure 1. XRD patterns of (a) the TiAl alloy and (b) the dealloyed TiAl alloy in a 2 M NaOH solution for 72 h and the sample after it had been
annealed and (c) EDS and (d) Ti 2p XPS spectra of the product obtained by etching for 72 h.
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In addition, we used X-ray photoelectron spectroscopy
(XPS) to characterize the resulting sample. As shown in Figure
1d, the two main peaks located at 458.2 and 464.0 eV can be
assigned to Ti4+ 2p3/2 and Ti4+ 2p1/2 in TiO2, respectively.

19

These results indicate that the product after the dealloying
process is TiO2. Moreover, we also detected the existence of Al.
As shown in Figure S1d of the Supporting Information, the
XPS analysis indicates that Al2O3 exists in the amorphous TiO2
sample and the content of Al is ∼0.7 atom %. Such a low level
of Al2O3 has almost no effect on the performance of the TiO2
sample in Li-ion batteries because of its insulating property.
Figure 2a reveals the SEM image of the as-made TiO2

sample. It is found that its microstructure is uniform, and we

can clearly observe that abundant nanowires interconnect with
each other to build a three-dimensional (3D) network
structure. Such a network structure runs through the whole
sample. The cross-section SEM image (Figure 2b) indicates
that the NaOH solution has penetrated the whole sample with
uniform interconnected nanowires extending in three dimen-
sions upon dealloying. In addition, TEM was employed to
further characterize its microstructure. As shown in Figure 2c, it
is clearly found that the network is well-structured by many
ultrafine nanowires, which are measured to be ∼5 nm in
diameter. This is highly consistent with the SEM observation. A
high-resolution TEM (HRTEM) image of the dealloyed sample
provides the detailed structural information. As shown in Figure
2d, no clear lattice fringe was resolved, indicating the poor
crystallinity of the freshly made TiO2. In addition, the selected
area electron diffraction (SAED) pattern (Figure 2d inset) also
demonstrated the formation of amorphous TiO2. These results
are consistent with the observations obtained from the
HRTEM image and the XRD study.
To improve our understanding of the formation and

evolution of this 3D network structure during dealloying, we
collected the product at different corrosion stages. As shown in
Figure 3a, we find that the surface of the TiAl source alloy is
smooth. When the alloy has been immersed in a NaOH
solution for 0.5 h, the alloy surface becomes rough upon

corrosion (Figure 3b), and this corrosion phenomenon is more
obvious with the extension of corrosion time (Figure 3c). Once
the corrosion time reaches 5 h, some winding nanowires form
on the alloy surface (Figure 3d), and many more nanowires are
observed at a corrosion time of 12 h (Figure 3e). However,
even when the etching time is extended to 24 h (Figure 3f), it is
found that the inner structure under the interconnected
nanowires is not completely etched with the solid substrate.
Until the TiAl alloy is immersed for 48 h (Figure 3g), the
etching process gradually permeates into the inner portion of
the sample. When a sample is etched for 72 h (Figure 3h),
almost all the Al atoms are dissolved with formation of the
uniform 3D cross-linking TiO2 nanowire network.
On the basis of the observation described above, structural

evolution from the TiAl alloy to the TiO2 network structure is
illustrated by a scheme. As shown in Figure 4, the TiAl alloy is
first immersed in a diluted NaOH solution at room
temperature. Under such a mild etching condition, Al atoms
are selectively dissolved in a NaOH solution. Meanwhile, Ti
atoms are simultaneously oxidized by O2 in an alkaline
environment and self-assembled to form cross-linking nano-
wire-like TiO2. This etching and oxidation process starts from
the surface of the TiAl alloy and gradually extends to the inner
portion of the alloy. Then, the final product has a bicontinuous
network structure built by 3D cross-linking nanowires with the
ongoing reaction.
Figure 5 presents the sustainable cycling performance of the

amorphous TiO2 as an anode material between 0.01 and 3 V

Figure 2. (a and b) SEM, (c) TEM, and (d) HRTEM SAED images of
the freshly dealloyed TiAl alloy in a 2 M NaOH solution for 72 h.

Figure 3. SEM images of the TiAl alloy immersed in a NaOH solution
for different corrosion times.
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and at high current densities of 1.5 and 3 C (1 C = 335 mA
g−1). (The capacities of TiO2 are calculated by deducting the
capacity of acetylene black from the measured capacities, and
the detailed calculation method is described in the Supporting
Information.) As shown in Figure 5a, its initial discharge
capacity is 349.1 mA h g−1 at 1.5 C. Subsequently, a large
irreversible capacity loss is observed in the following cycles.
This is partly caused by the formation of solid electrolyte
interface (SEI) films caused by the degradation of the
electrolyte on the surface of TiO2 and also partly related to
the reaction of binding water in the TiO2 with lithium to form
Li2O on the surface.20−27 When for ∼50 cycles are conducted,
the capacity drops to 170 mA h g−1. However, it is interesting
to find that the capacity exhibits an increasing trend from cycle
100 onward and remains at ∼215 mA h g−1 between cycles 300
and 500. The phenomenon of increasing capacity is attributed
to the reversible growth of a polymeric gel-like film because of
the kinetically activated electrolyte degradation. This is
normally observed for transition metal oxides and has been
explained well in refs 28−31.
A long cycling life at a high current density is an important

property for an anode candidate electrode. Therefore, the test

rate was fixed at 3 C (1000 mA g−1). As shown in Figure 5b, the
sample still delivers an initial capacity of 236 mA h g−1. Similar
to the performance at 1.5 C, the capacity exhibits fading in a
few subsequent cycles. With additional cycles, it is striking to
find that TiO2 retains a reversible capacity of 120 mA h g−1,
which is stable even with a tendency to increase after ∼300
cycles and reaches 145 mA h g−1 at cycle 500. These results
indicate the excellent cycling stability of the as-made
amorphous TiO2, which should be ascribed to its unique
bicontinuous network structure providing a good mechanical
support and electron conducting pathway.
Figure 6a shows the charge−discharge voltage profiles cycled

at a current density of 1.5 C over the potential window of
0.01−3 V versus Li+/Li (the capacity contains the contribution
from TiO2 and acetylene black). It is observed that no plateau
is present in the charge−discharge curves of the amorphous
TiO2 electrode. This is in agreement with previously reported
results for amorphous TiO2.

9,32−35 In addition, electrochemical
impedance spectroscopy (EIS) measurements were taken, and
the typical Nyquist plots of the cells before and after charge−
discharge cycling are shown in Figure 6b. For the cell before the
cycling test, the Nyquist plot contains a depressed semicircle in

Figure 4. Schematic fabrication of the TiO2 network structure.

Figure 5. Cycling behavior of amorphous TiO2 samples tested between 0.01 and 3 V (1.5 C = 500 mA g−1, and 3 C = 1000 mA g−1).

Figure 6. (a) Discharge−charge profiles of the amorphous TiO2 sample at 1.5 C. (b) Impedance spectra of the amorphous TiO2 network obtained
before and after cycling.
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the high-frequency region and a sloping line in the low-
frequency region. The semicircle represents the charge transfer
resistance (Rct), and the inclined line reflects the Warburg
impedance (Zw), which is related to the solid-state diffusion of
Li+ in the electrode material. When the cell has been subjected
to 500 cycles, the Nyquist plot comprises three parts. A
semicircle appearing in the high-frequency region reflects the
resistance due to the migration of Li+ through the SEI film
(Rsf); another semicircle in the medium-frequency region is
related to Rct, and a sloping line in the low-frequency range
represents the Zw.

36 Compared with the difference in the EIS
results for the two cells, SEI films should form during the
charge−discharge process.
Moreover, we also investigated the rate performance of

amorphous TiO2 to evaluate its power capability. As shown in
Figure 7, the sample was first charge−discharge cycled at 0.6 C

(200 mA g−1); we found that the capacity remained stable
between cycles 100 and 200 and reached 245 mA h g−1 at cycle
200. Then the current density was increased to 3 C, while the
capacity decreased to ∼175 mA g−1. However, there is almost
no capacity loss during the 200 tested cycles. Finally, the
current density was decreased back to 0.6 C, and a stable
capacity of ∼240 mA h g−1 could be recovered, which was close
to the capacity at the previous rate of 0.6 C. These data
demonstrate that the as-made amorphous TiO2 sample has a
good rate capability and great potential as a high-rate anode
material for LIBs.

■ CONCLUSIONS
This work aimed to employ an effective and simple dealloying
method to prepare TiO2 anode material with high performance
for LIBs. Amorphous TiO2 network structure building with
cross-linking nanowires were fabricated at room temperature
with high throughput via a dealloying method. The charge−
discharge cycling test manifested that the as-made TiO2
delivered high and stable capacity even at a high rate of 1000
mA g−1 because of its unique continuous network structure,
indicating the great application potential of the TiO2 sample as
anode materials with high activity and easy preparation.
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