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TiO, nanosheets with single monoclinic phase have been synthesized by a
hydrothermal method using 6 M NaOH aqueous solution at 180°C. TiOy
nanosheets exhibited surface area of 100 m? g !, which is larger than those
obtained by solid-state reaction. The capability of lithium-ion batteries could
be strongly enhanced by TiO2(B) nanosheets to yield discharge capacity higher
than 200 mAh g, even upon 25 cycles of 0.1-C-rate discharge—charge oper-
ations, showing highly reversible capacity and good cycling stability with
excellent capacity retention of 96% with water-based binder. The results
suggest that TiOs(B) nanosheets could be a promising negative electrode
material for use in lithium-ion batteries.
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INTRODUCTION

Nanometer-sized electrochemically active mate-
rials as the electrode of lithium rechargeable bat-
teries, compared with micrometer-sized materials,
have attracted much attention due to the fast
transport of lithium-ion species facilitated by a
shorter diffusion length. Nanomaterials can play an
important role in improving the performance of
lithium-ion batteries, because in nanomaterial sys-
tems the distances over which Li* must diffuse are
dramatically decreased, nanomaterials can quickly
absorb and store vast numbers of lithium ions
without any deterioration in the electrode, and
nanomaterials have large surface areas, short
diffusion lengths, and fast diffusion rates along
their many grain boundaries.!™ Several potential
advantages associated with the development of
nanoelectrodes for lithium-ion batteries could be
summarized as follows: (i) better accommodation of
the strain of lithium insertion/extraction for
improved cycle life, (ii) higher electrode/electrolyte
contact area leading to higher charge/discharge
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rates, and (iii) short path lengths for both electron
and Li* transport. Based on these advantages,
efforts have been devoted to explore negative and
positive nanostructured electrode materials for
lithium-ion battery applications.”®

Of the various crystal systems of TiO,, both
the rutile tetragonal crystal system and brookite
orthorhombic crystal system can accommodate
only small amounts of lithium, while the anatase
tetragonal crystal system and TiOs(B) monoclinic
crystal system have higher ratios of lithium inser-
tion.? Monoclinic titania, commonly named TiO(B)
phase (a metastable polymorph of titanium dioxide),
has a relatively open structure with significant
voids and continuous channels, facilitating lithium
intercalation and leading to excellent electrochemi-
cal properties.’®~!% Also, TiOx(B) is the least dense
polymorph of TiO;, which makes it a superior
intercalation host for lithium as compared with
rutile and anatase.'®

Herein, facile hydrothermal synthesis of monoclinic
crystal system TiOs nanocrystallites is reported. The
effect of the NaOH concentration on the preparation
of TiOy nanostructures and their structural and
morphological features and electrochemical proper-
ties have been studied using x-ray diffraction (XRD)
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analysis, transmission electron microscopy (TEM),
Brunauer—Emmett-Teller (BET) analysis, galvano-
static cycling, and cyclic voltammetry (CV). The
TiOo(B) nanosheets were also tested as an anode
material for use in lithium-ion batteries, presenting
high reversible capacity and good cycling perfor-
mance, which indicates promising applications
as anode materials for rechargeable lithium-ion
batteries.

EXPERIMENTAL PROCEDURES
Sample Preparation and Characterization

The TiO5 source used for preparing the nanosheets
was commercially available TiO5 powder (P25, ana-
tase and rutile phases in ratio of about 3:1; Evonik-
Degussa GmbH, Essen, Germay). TiOy nanosheets
were hydrothermally synthesized from a mixture of
TiOy powder (P25), sodium hydroxide (NaOH), and
deionized (DI) water. The mixture was first treated
with stirring for 30 min, followed by heating at 180°C
in a Teflon-lined autoclave for 12 h. After reaction,
the sample was rinsed with 10 M hydrochloric acid
(HCI) solution until a pH value of about 7.5 was
reached; the precipitate obtained by centrifugation
was rinsed with DI water, then dried at 65°C for 12 h.
The effects of different concentrations of NaOH on
the preparation of TiO; nanosheets were studied.
The prepared samples were characterized using XRD
(Cu K, /4 =1.54178 A; Rigaku, Tokyo, Japan), BET
(ASAP 2010; Micromeritics, Norcross, GA), and
TEM (JEM-2100F; JEOL, Tokyo, Japan) analysis.

Electrode Preparation and Electrochemical
Characterization

The working electrode was composed of active
material (TiOy nanosheets), conductive agent (car-
bon black, super-P-Li), and water-based binder
[poly-acrylic acid (PAA)] in weight ratio of 67:22:11.
This mixture was coated uniformly onto a copper
foil. Lithium metal was used as the counter and
reference electrodes. LiPFg (1 M) in ethylene car-
bonate (EC)/dimethyl carbonate (DMC) at volume
ratio of 1:1 was used as the electrolyte (LIPASTE-
EDEC/PF1; Tomiyama Pure Chemical Industry,
Japan). To examine the redox characteristics of
such a TiOs; anode in a lithium-ion battery, CV
analysis was carried out using a potentiostat (model
263A; EG&G) at scan rate of 0.5 mV s~ ! in the
potential range of 1.0 V to 3.0 V. The battery was
subjected to galvanostatic charge—discharge tests
using battery test equipment (Arbin Inc., USA). In
these tests, the applied charge—discharge potentials
were in the range from 1.0 V to 3.0 V, the charge/
discharge rate was set to 0.1 C, and the tempera-
ture was maintained at room temperature.

RESULTS AND DISCUSSION

TiO% nanosheets were first reported by Kasuga
et al.”® through the reaction of TiO, particles with

NaOH aqueous solution. Figure 1 shows the nano-
structured morphology of TiOy synthesized using
3 M, 4.7M, and 6 M NaOH aqueous solutions at
180°C for 12 h and dried at 65°C for 12 h. It can be
seen that the fraction of nanosheets in the product
could be enhanced by increasing the NaOH con-
centration, and their edges rolled up due to sur-
face tension (Fig. 1c).'*° According to previous
research,'®21?* this morphological development is
due to layered-structured titanates such as Na,.
Ti,O, that can be formed as intermediate products
when TiOs; is treated with NaOH by a hydrothermal
process. During the hydrothermal process, Na*
cations residing between edge-shared TiOg octahe-
dral layers can gradually be replaced by H,O mol-
ecules®?® (as shown in Fig. 2, Eq. 1). Intercalated
Hy0 molecules are larger than Na* ions, so the
interlayer distance increases and the static inter-
action between neighboring TiOg octahedral sheets
weakens. Consequently, layered titanate particles
exfoliate to form nanosheets that curl up from
the edges to form TiOy nanosheets®”2? (as shown in
Fig. 2, Eqgs. 2, 3). Figure 1b shows intermediate
products that exhibit particle and sheet structures,
with several edges of the nanosheet structures
rolling up. Figure 2 shows a schematic of the TiO,
nanostructure formation via alkali hydrothermal
synthesis; various forms of titanates can be formed,
possibly having a layered structure.

Figure 3 shows the XRD patterns of the products
synthesized using different concentrations of NaOH
solution (3 M, 4.7 M, and 6 M), and the original P25
powder for comparison. As is well known, the dif-
fraction patterns of P25 show it to be composed of
anatase and rutile, with the main phase being
anatase.?! On increasing the NaOH concentration
to 6 M, the diffraction pattern of the reaction prod-
uct could be indexed to the monoclinic titanium
oxide phase [TiO2(B)] according to Joint Committee
on Powder Diffraction Standards (JCPDS) card no.
74-1940. Under 3 M and 4.7 M solution conditions,
the main diffraction patterns were similar to the
original P25 powder. From the TEM images, pro-
ducts in the form of particles and nanosheets are
synthesized in 3 M and 6 M NaOH aqueous solu-
tions, respectively. Moreover, the XRD diffraction
patterns correspond to pure anatase and monoclinic
phase for 3 M and 6 M solutions, respectively.
According to the discussion above, it is suggested
that the nanostructure morphologies exhibiting
particles and sheets can have different phase
structures, as shown in Fig. 1b. To confirm the
phase structure, the electron diffraction technique
was applied to identify the reaction product, as
shown in the inset of Fig. 1b. The results imply that
the particle and nanosheet morphologies correspond
to the anatase and monoclinic phase structures,
respectively. However, the TEM morphology of the
product synthesized using NaOH concentration of
4.7 M (Fig. 1b) shows the particle and sheet nano-
structure, but the XRD pattern does not have peaks
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Fig. 1. TEM images and selected-area electron diffraction (SAED) patterns of TiO, nanostructures produced by alkaline hydrothermal treatment
with different NaOH concentrations of (a) 3 M, (b) 4.7 M, and (c) 6 M. Inset: SAED patterns taken from (d) nanosheet and (e) nanoparticle.

similar to the 6 M product. It may be too weak
compared with that for the concentration of 6 M. As
reported in the literature,'®?%?? researchers took a
long time (24 h or more) to prepare nanosheet
structures, while a shorter time was used in the
present study. In other words, the pure monoclinic
phase with high surface area could be obtained in a
short time through a facile process.

Ny adsorption—desorption isotherm analysis was
used to measure the surface area. Figure 4 shows
the specific surface areas of TiOg synthesized using
different NaOH concentrations. Through BET

measurements, the areas for 0 M, 3 M, 4.7 M, and
6M were found to be 50m?g !, 55 mé g1
70 m? g, and 100 m? g !, respectively. These results
illustrate that the surface area can be increased by
increasing the NaOH concentration used in the
hydrothermal synthesis. In other words, the surface
area increases with the morphological development
from particles to two-dimensional nanosheets. The
obtained TiOy(B) nanosheets have higher specific
surface areas than obtained with other parameters
(P25,3 M, and 4.7 M). These results imply that higher
surface areas would have higher electrode—electrolyte
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Fig. 2. Possible formation mechanisms for multiwalled nanotubes and the nature of the products: (a) helical scrolling of a single-layer nanosheet,
(b) curving of several conjoined nanosheets or (c) direct production of a multiwalled nanotube.
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Fig. 3. x-Ray diffraction patterns of original TiO, (P25 powder) and
TiO, nanostructures obtained by the hydrothermal method with dif-
ferent NaOH concentrations.

contact areas, shorter diffusion paths into the lat-
tice, and reduced strain of intercalation, and the
cycling performance could be improved.

A comparison of the battery characteristic for high-
surface-area nanosheets and other parameters is
shown in Fig. 5, which presents the specific charge—
discharge capacity and cyclic voltammograms (CVs)
for P25, TiO5 nanostructures (3 M and 4.7 M), and
TiO4(B) nanosheets (6 M) between 3 Vand 1V at a
rate of 0.1 C and scan rate of 0.5 mV s~ for potential
between 1.0 V and 3.0 V. P25 shows a large irre-
versible capacity of 245.9 mAh g ! (Fig. 5al) in the
first cycle, which is attributed to the formation of a
solid electrolyte interphase (SEI) film during the
discharge process. TiOo(B) nanosheets show a higher
discharge capacity of 229 mAh g~ ! than that of P25
(162 mAh g ') for the 3 M and 4.7 M concentrations.
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Fig. 4. BET surface areas of TiO, nanostructures synthesized by
hydrothermal reaction with different NaOH concentrations.

The TiO9(B) nanosheets with high surface area
(100 m? g~ 1) could create more adsorptive and reac-
tive sites to accelerate reactions. The rate of the
insertion and extraction processes could be pro-
moted, and a higher capacity could be obtained. This
could also result in a lower charge density for suffi-
cient space decentralizing electrons and holes on the
surface, leading to restrained surface recombina-
tion.?° However, the curve for the TiOs(B) nanosheets
(Fig. 5d1) shows a smooth slope without any poten-
tial plateau, and the smoothly sloping property of the
voltage profiles indicates that lithium intercalation
into the nanosheets remains a single-phase process
after repeated cycling, which means that there is no
two-phase interface during the lithium intercalation
process.
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Fig. 5. Capacity—voltage profiles and representative CV for (a1, a2) original P25, and TiO, nanostructures synthesized by hydrothermal reaction
with different NaOH concentrations of (b1, b2) 3 M, (c1, c2) 4.7 M, and (d1, d2) 6 M at scan rate of 0.5 mV s~ " between 1 V and 3 V.
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Fig. 6. Cycle performance at 0.1 C rate for original P25 and TiO,
nanostructures synthesized by hydrothermal reaction using different
NaOH concentrations.

At the scan rate of 0.5 mV s, the oxidation and
reduction current peaks result from the overall cell
reaction for Li* insertion/extraction for TiO, or
TiOo(B). The related reactions are as follows:

TiOg +xLi" +xe~ < Li, TiOq

TiOy(B) + xLi* + xe~ < Li,TiOs(B).

Figure 5a2—-d2 demonstrates the behavior of the Li*
insertion/extraction processes for the TiO, electrode.
The voltage positions of the initial cycle are similar, at
about 1.70 V and 2.10 V, which is in accordance with
the pair of peaks reported for TiO,.'%3! It can be seen
that the electrochemical properties of the four mate-
rials are quite different. Figure 5d2 shows a small
irreversible capacity and relatively little difference
between the first, second, and third cycles. This phe-
nomenon could be explained by the fact that the
TiO9(B) nanosheets have freely accessible parallel
channels, which follow the [001] direction, in which
lithium ions can be accommodated without any
remarkable distortion of the structure,®” as well as the
surface free energy of the overall Li insertion process
and the differences in the structural strains associated
with lithium insertion/extraction, compared with bulk
counterpa]rts.zo’33

Compared with recent reports using different TiO,
electrodes, such as nanosheets,'® nanotubes,®3*
nanoneedles,?® and nanowires,?® it is interesting to
find that their cycle life performance did not show
better capacity retention. However, in the present
study, the capacity of the TiO5(B) nanosheets could
be maintained after 25 cycles, i.e., at 96%, as shown
in Fig. 6. The crystal structure is that of TiOy(B), a
polymorph of titanium dioxide composed of edge-
and corner-sharing TiOg but with a slightly lower

density than rutile, anatase or brookite, so the Li*
in TiOg(B) exhibits better diffusion. It is suggested
that TiO5(B) nanosheets are a promising host
material for use in lithium batteries owing to their
open structure with large surface area and their
provision of ideal pathways for rapid incorporation
and diffusion of Li* in the nanosheets.

CONCLUSIONS

TiO2 nanostructures were synthesized through a
simple alkaline hydrothermal reaction by tuning
the NaOH concentration. The morphology, crys-
talline phase, specific surface area, and electro-
chemical behaviors were characterized. TiOs5 of
single monoclinic phase was successfully synthe-
sized in 6 M NaOH at 180°C for 12 h, exhibiting a
large surface area (100 m? g~'). Moreover, TiOo(B)
nanosheets showed highly reversible capacity and
good cycling stability with excellent capacity
retention of 96% after 25 cycles and reversible
capacity of 209 mAh g !. TiOyB) demonstrates
lithium storage kinetics governed by a pseudoca-
pacitive faradaic process, which is not limited by
solid-state diffusion of Li ions. Such TiO4(B) with
open structure can facilitate lithium transport and
effectively buffer the volume changes during lith-
ium ion intercalation/deintercalation. The excellent
capacity indicates that nanostructured TiOs(B) is
suitable for use as an anode material in lithium-
ion batteries.
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