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Layered hydrogen titanate nanowires were synthesized from TiO2 via an alkaline-hydrothermal process
and subsequent acid treatment. The average diameter of as-prepared nanowires is about 100 nm with a
uniform interlayer spacing of 0.81 nm. The framework of this hydrogen titanate nanowires holds the
composition of H2Ti3O7 as determined by thermogravimetric analysis. The nanostructured electrode made
from these nanowires shows large lithium intercalation capacity (reversible lithium intercalation with
Li 0.71H2/3TiO7/3), high discharge/charge rate capability, and excellent cycling stability, as revealed by
galvanostatically charge/discharge cycling tests. The detailed cyclic voltammetric investigation, however,
indicates that the hydrogen titanate nanowires show pseudocapacitive characteristic during the Li+ insertion
process. The novel electrochemical properties of hydrogen titanate nanowires are attributed to the open
layered structure with a much larger interlayer spacing than normal intercalation compounds for commercial
lithium ion batteries. The layered hydrogen titanate nanowires with unique electrochemical performance
may become a promising lithium intercalation material for high-energy rechargeable lithium ion batteries
and electrochemical supercapacitors.

Introduction

There has been increasing interest in developing nanoscale
electrode material for application in electrochemical devices
and, in particular, rechargeable lithium batteries, due to much
promise held by the nanostructured systems for future
development in lithium ion battery technology, yielding high
energy density, high discharge/charge rate capabilities, long
cycle life, and excellent low temperature performance.1-3 It
is generally accepted that these limitations in the rate
capabilities of Li ion batteries are mainly ascribed to slow
solid-state diffusion of Li+ within the electrode materials.4

Electrodes made from one-dimensional nanostructured (nano-
tube, wire, rod or belt) materials or mesoporous nanocom-
posites usually hold unique rate capabilities for lithium ion
batteries, because the distance that Li+ must diffuse is
restricted to the small radius direction, which is significantly
smaller than that in usual powder made electrode.5,6 As a
result, there is tremendous current research interest in the
development of nanostructured Li ion battery electrode
materials with high capacity and excellent cycling stability.7-9

There are a number of nanoscale transition metal oxides with

layered structure to be tested as lithium ion intercalation
hosts.10,11 Nanostructured or orderly organized mesoporous
TiO2 electrodes have showed unique performance as lithium
intercalation materials.12-14 The behaviors of electrochemical
lithium intercalation into TiO2 electrodes have been well
addressed.15,16

Recently, titanate nanotubes17,18 and nanowires19,20 have
attracted much attention, because of the wide applications
of titanium oxide and relative simple preparation procedures
to scale-up to fulfill the requirements of various applications.
Hydrogen titanate nanotubes can be prepared from poly-
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morph of TiO2 by a simple alkaline-hydrothermal treatment
and subsequent acid washing.21 It was believed that the
products were composed of anatase TiO2 at one time.22 Later
work suggested that the nanotubes were composed of the
layered titanate H2Ti3O7,23-25 or a family of layered hydrogen
titanate with a general formula of H2TinO2n+1‚H2O.26 An
alternative of this material is orthorhombic HxTi2-x/40x/4O4‚
H2O (x ≈ 0.7, 0 ) vacancy) with the lepidocrocite-type
structure.27 Bruce and co-workers reported the formation of
titanate nanowires and the conversion to TiO2-B nanowires
by subsequent annealing.26 This TiO2-B electrode showed a
very high specific charge storage capacity of 275 mAh/g and
high rate capabilities for lithium intercalation by galvanostatic
methods, which was much higher than that in normal TiO2-B
electrode and nanostructured anatase.28 Kavan’s group has
recently tested the lithium storage in nanostructured anatase-
type TiO2 prepared from TiCl4 via alkaline-hydrothermal
treatment at 250°C.29 They predicted that the as-prepared
nanostructured anatase TiO2 could store large capacity, up
to ca. 800 C/g (about 222 mAh/g) from the detailed cyclic
voltammetric investigation. They also tested the lithium
insertion properties of phase-pure TiO2-B with microfibrous
morphology prepared from amorphous TiO2; the results
indicate that Li insertion into TiO2-B is governed by a
pseudocapacitive faradic process, the rate of which is not
limited by solid-state diffusion of Li+ in a broad interval of
scan rates.30

In the present study, we focus on the preparation and
structural characterization of hydrogen titanate nanowires
with layered structure and the electrochemical investigation
of the lithium intercalation properties of nanostructured
electrode made from these nanowires. Especially, detailed
cyclic voltammetric measurements were performed to de-
termine the kinetic behaviors of lithium storage in hydrogen
titanate nanowires. Ours previous work showed that a
nanostructured electrode made from hydrogen titanate nano-
tubes holds unique lithium intercalation properties, with high
capacity, high rate capabilities, and excellent cycling stabil-
ity.31 Both hydrogen titanate nanotubes and nanowires are
derived from similar procedures; however, they may hold
different local lattice structure, as evidenced by their
transformation into different products after heat treatment
(nanotubes to anatase, and nanowires to TiO2-B26). Hydrogen
titanate contains zigzag ribbons of TiO6 octahedra that share

edges with others;32 the layer-by-layer stacking of titanate
nanosheets may result in titanate nanowires with an open
layered framework and tunnelike structure. Furthermore, the
hydrogen titanate nanowires seem more stable than their
nanotubes counterpart, because the framework of nanotubes
is prone to be destroyed by acid or heat treatment,24 while
the nanowire is stable for heat treatment.26 This hydrogen
titanate is different from the typical oxides for lithium ion
battery electrode materials in composition and structure to
some extend.33 The open layered structure and good chemi-
cal/thermal stability of hydrogen titanate nanowires triggered
our investigation of the characteristic of lithium intercalation
in these titanate nanowires in detail.

Experimental Section

Preparation of Materials. Hydrogen titanate nanowires were
synthesized by a sonochemical-hydrothermal reaction in concen-
trated NaOH aqueous solution, with a slight difference from the
preparation of hydrogen titanate nanotubes shown in ref 23. The
higher concentration of NaOH solution (15 M) and/or higher
hydrothermal temperature (150-180°C) and longer hydrothermal
time (at least 72 h) than those for preparation of titanate nanotubes
may result in nanowires. The white product was acid-washed, which
involved washing the sample with dilute HNO3 solution and aging
at pH ) 5-6 for at least 8 h at room temperature. The material
was then filtered and washed with distilled water and ethanol,
respectively. Then the white fluffy product was dried in a vacuum
at 80 °C for at least 3 h, to remove the labile absorbed H2O
completely.

Preparation of Electrodes. Electrochemical properties were
measured on electrodes prepared using mixtures comprising 80 wt
% active material, 10 wt % acetylene black, and 10 wt %
polyvinylidene fluoride (PVDF) binder. The electrode films were
fabricated by the doctor-blade technique on aluminum foil. After
predrying at 80°C, the electrode film was hot pressed at 120-150
°C and then completely dried in a vacuum oven at 120°C for at
least 4 h toremove the trace absorbed water in the electrode lamella.
The electrode lamellas were cut into disks of 0.83 cm2. The loading
amount of the active material was 2-3 mg/cm2.

Characterization of Samples.Transmission electron microscopy
(TEM) was performed on a JEOL JEM-200CX. High-resolution
transmission electron microscopy (HRTEM) was performed on a
TECNAI F30 (Philips). Powder X-ray diffraction (XRD) was
performed on a Rigaku D/max-RB diffractometer operating in
transmission mode with Cu KR radiation (λ ) 1.5418 Å). Raman
spectra was excited by an Ar+ laser at 514 nm and recorded on a
RM2000 spectrometer (Renishaw). Microscopic measurements
allowed the different sampled areas (different grains of the solid
material) to be focused on to test the homogeneity of studied
samples. Scanning electron microscopy was performed on a JEOL
JSM-6301F equipped with a field emission gun (FEG-SEM). The
BET specific surface area was measured by the N2 adsorption/
desorption method at liquid nitrogen temperature performed on a
Quantachrome NOVA 4000. Quantitative elemental analysis was
performed on a Shimadzu XRF-1800. Thermogravimetric analysis
(TG) was performed on a SETARAM-TGA92 in the temperature
range from room temperature to 860°C. The real density of the
hydrogen titanate nanowires was measured on a Micromeritics
AccuPyc 1330; the measured real density is an average value
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determined by testing samples five times to reduce the measuring
errors.

Measurement of Electrochemical Performances.The cells
consisted of the electrode, a lithium metal counter electrode, and
the electrolyte of a 1 M solution of LiPF6 in ethylene carbonate/
dimethyl carbonate (1:1 v/v; Merck). The cells were constructed
and handled in an Ar-filled glovebox and were evaluated using
coin-type cells (CR2032). Electrochemical measurements were
carried out using a LAND Celltest-2001A (Wuhan, China) system.
The cells were galvanostatically discharged and charged between
2.5 and 1 V vs the Licounter electrode. A cyclic voltammogram
was recorded from 3.0 to 1.0 V using an IM6 electrochemical
workstation, with a 1 M solution of LiPF6 in ethylene carbonate/
dimethyl carbonate (1:1 v/v; Merck) as electrolyte and counter and
reference electrodes of Li metal disk.

Results and Discussion

Characterization of Materials. The alkaline-hydrother-
mal approach provides a simple, massive production method
to convert TiO2 polymorph into slim titanate nanotubes. The
prepared titanate nanotubes hold layered wall structure with
the interlayer spacing of about 0.78 nm.23 Here we have
successfully prepared titanate nanowires with layered struc-
ture using similar alkaline-hydrothermal processing and
subsequent acid washing. Figure 1 shows typical TEM (a)
and HRTEM (b) images of the as-prepared hydrogen titanate
nanowires. The TEM image clearly shows that the diameter
of the hydrogen titanate nanowires is about 100 nm, and its
length can reach several micrometers. The diameter of the
nanowires is much smaller than the dimensional size of
commercial lithium ion battery cathode materials, which is
usually in the range of several to tens of micrometers. The
HRTEM microgram shows clearly the well-crystallized
layered structure of hydrogen titanate nanowires with the
interlayer spacing of about 0.81 nm, which is slightly larger
than that of titanate nanotubes;23 however, this layered
titanate lattice was usually prepared from a high-temperature
solid-state reaction.34 The difference in interlayer spacing
between nanotubes and nanowires may be mainly attributed
to the structural difference between the former, with a

scrolling cross section, and the latter, with a layer-by-layer
stacking framework. The axis of the nanowire is in the〈010〉
direction, and the layer stacking is parallel to this direction.
The real density of as-prepared hydrogen titanate is 3.05
g/cm3, as measured by a Micromeritics AccuPyc 1330, which
is much less than that of anatase or rutile, indicating the open
and loose structure of as-prepared hydrogen titanate nano-
wires. The SAED pattern of a single nanowire also indicates
the layered structure of as-prepared hydrogen titanate nano-
wires, which is in agreement with the results of Bruce.26

There is no residual sodium ion detected in the hydrogen
titanate nanowires by XRF quantitative characterization,
which implies it is effective to convert sodium titanate
nanowires into hydrogen titanate nanowires topochemically
by acid washing and aging processing.

Figure 2 shows a typical XRD profile of as-prepared
nanowires and standard X-ray diffraction peaks of starting
anatase TiO2. The result shows that the as-prepared nano-
wires are not TiO2 yet but have features similar to those of
hydrogen titanate with monoclinic lattice (C2/m) reported
in ref 32. The detailed TG analysis results (shown in Figure
3) indicate that the as-prepared titanate nanowires hold a
composition of H2Ti3O7. The peak of (200) is much higher
than other peaks in the reflections, implying the regular
layered structure and high orientation of this nanostructure.
The calculatedd200 value of 8.07 Å from this XRD profile

(34) Sasaki, T.; Watanabe, M.; Hashizume, H.; Yamada, H.; Nakazawa,
H. J. Am. Chem. Soc.1996, 118, 8329.

Figure 1. (a) Low-resolution TEM image of hydrogen titanate nanowires (top right inset is a selected-area electron diffraction pattern of a single nanowire);
(b) HRTEM micrograph of as-prepared hydrogen titanate nanowires, clearly showing the layered structure with an interlayer spacing of 0.81 nm.

Figure 2. Typical XRD profile of as-prepared hydrogen titanate nanowires.
The black bars from the bottom indicate diffraction peaks of the starting
anatase TiO2.
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is well in agreement with the interlayer spacing from
HRTEM characterization results.

TG analysis was performed in a TG-DTA system in air
stream immediately after the sample was fresh dried in a
vacuum oven at 80°C for at least 4 h. The weight loss before
200 °C is mainly attributed to the desorption of surface
adsorbed water. About 7% weight loss of the as-prepared
nanowires after 200°C is mainly due to the hydrogen titanate
decomposing into TiO2 and H2O; thus, we can assume that
the prepared hydrogen titanate nanowires hold the composi-
tion with H2Ti3O7 (with a standard 6.9% weight loss). On
the other hand, this result also indicates that the H2O in the
titanate nanowire framework is stable enough for vacuum-
drying at 80-120 °C. Bruce and co-workers showed that
titanate nanowires could be converted to TiO2-B phase by
subsequent heat treatment but still retain the nanowire
shape.26 This may imply that the thermal stability of titanate
nanowires is superior to that of their nanotube counterparts,
which may make these hydrogen titanate nanowires more
practical in applications than titanate nanotubes. Because the
hydrogen titanate nanotubes prepared by a similar alkaline-
hydrothermal approach can be changed into TiO2 with
anatase structure,35 other than TiO2-B, this may indicate that
the lattice structure of hydrogen titanate nanowires is different
from that of nanotubes, although both of them hold a layered
structure. This may also account for the difference in thermal
stability between hydrogen titanate nanowires and nanotubes.

Further insight into the phase composition of the hydrogen
titanate nanowires can be obtained from microscopic confocal
Raman spectroscopy. This technique allows selecting a
sampled area of several micrometers in size, and by scanning
of the sample surface, we can distinguish the homogeneity
of composition in the sample. Figure 4 displays illustrative
examples of as-prepared hydrogen titanate nanowires. The
Raman spectra acquired at different spots keep the same
profile, that of pure hydrogen titanate. No anatase or rutile
TiO2 can be detected in different areas of this sample, which
indicates that the starting TiO2 has been fully converted into
hydrogen titanate nanowires by the low-temperature alkaline-
hydrothermal approaches. In fact, the reaction conditions for
preparing nanowires are more rigorous than for their nano-
tube counterparts both in hydrothermal temperature and

concentration of NaOH, which may make sure that the TiO2

precursor is completely transformed into titanate. This phase-
pure sample will benefit the subsequent electrochemical
investigation of nanostructured electrodes made from these
nanowires.

Because of the high surface energy and large specific
surface area of nanostructured materials (SBET ) 152.6 m2/g
for hydrogen titanate nanowires), they have strong tendency
to adsorb water when exposed in air atmosphere, so they
must be dried in a vacuum oven completely before fabricat-
ing the electrode film to remove surface adsorbed water. To
avoid agglomeration with each other during fabrication of
the electrode, a facile in situ ultrasonic dispersion approach
is adopted.31 Figure 5 shows the FEG-SEM of the micro-
structure of the as-prepared well-dispersed electrode films
after hot-press. It is obvious that the hydrogen titanate
nanowires are well-dispersed, and conductive acetylene black
dispersed homogeneously in the interspacing between hy-
drogen titanate nanowires. This novel homogeneous structure
of the electrode film may ensure good conductivity as well
as compact contact between electrode and liquid electrolyte,
thus facilitating lithium ion diffusion in the electrode, which
will make the nanostructured electrode hold improved
interfacial charge and lithium ion transfer characteristics.

Electrochemical Properties by Galvanostatic Lithium
Intercalation. The galvanostatic cycling performance of
electrode made from hydrogen titanate nanowires at different(35) Li, J.; Tang, Z.; Zhang, Z.Electrochem. Solid-State Lett.2005, 8, A316.

Figure 3. TG plot of hydrogen titanate nanowires in an air stream
immediately after the sample is fresh dried for at least 4 h.

Figure 4. Micro-Raman spectra of as-prepared hydrogen titanate nanowires.

Figure 5. FEG-SEM micrograph of electrode film prepared by the doctor-
blading technique from hydrogen titanate nanowires and conductive
acetylene black.
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charge-discharge rates is displayed in Figure 6. The results
show the high discharge rate capability and excellent cycling
stability of this nanostructured electrode, although an obvious
drop of discharge capacity can be observed during the first
several discharge-charge cycles. The first discharge capacity
can reach 296.6 mAh/g, which is larger than that in normal
crystalline TiO2 electrodes.36,37 When changing the charge/
discharge current density, the capacity still can keep stable
to a corresponding level. Here the electrode has shown a
relative high average cycling discharge capacity of 191.8
mAh/g at 300 mA/g current density and can keep a very
high capacity, even at high discharge rates (166.1 and 132.2
mAh/g at current density of 1250 and 2500 mA/g, respec-
tively). Those charge/discharge current densities are already
much larger than those in commercial lithium ion batteries
nowadays. The large capacity, high rate capability, and
excellent cycling stability of this nanostructured electrode
made from hydrogen titanate nanowires indicate a novel
kinetic performance different from those of anatase and
commercial lithium ion batteries electrode materials. The
behaviors of lithium intercalation in hydrogen titanate
nanowires are similar to that of TiO2-B nanowires with
similar open structure.28

Figure 7 shows the first three cycles of the discharge/
charge voltage profile vs capacity of electrode made from
hydrogen titanate nanowires. The smoothly sloping nature
of the voltage profiles indicates that lithium intercalation into
the hydrogen titanate nanowires remains a single-phase
process after repeated cycling, which means that no two
phases are interfacial during the lithium intercalation process.
This electrochemical performance is similar to that of
potassium titanate nanowires prepared by alkaline-hydro-
thermal processes from Ti powders with good reversible
lithium intercalation performance.38 This similar electro-
chemical performance between hydrogen and potassium
titanate nanowires may be ascribed to the common open
layered and tunnelike structure. Because hydrogen titanate
is lighter than potassium titanate in molar weight, the former

may hold larger theoretical specific capacity than the latter.
The difference in reversible capacity between both nanowires
(ca. 200 mAh/g for hydrogen titanate nanowires vs ca. 160
mAh/g for potassium titanate nanowires) may support this
assumption. Furthermore, the potassium titanate nanowires
are stable for reversible lithium intercalation and deinterca-
lation in composition, morphology, and crystal structure.38

The sloping feature of the charge/discharge profile is also
similar to that of amorphous MnO2 with nanoporous texture,
which will keep the amorphous state upon reversible lithium
intercalation and deintercalation.39 These amorphous struc-
tures with short-range order far from equilibrium may offer
the advantages of kinetic stabilization in furnishing single-
phase intercalation hosts that would exhibit very high
reversible capacities and potentially superior cycling per-
formance. This characteristic also observed in hydrogen
titanate nanowires may make them hold both excellent
cycling stability and high rate capability. On the contrary,
both results may also imply the stability in composition,
morphology, and structure of hydrogen titanate nanowires
after reversible lithium intercalation and deintercalation.

Kinetics Investigation by Cyclic Voltammetric Method.
Figure 8 shows cyclic voltammograms (CV) of electrode
made from hydrogen titanate nanowires between 1 and 3V.
The appearance of kinetic effects depends on the scan rates.
At small scan rates, systems may yield reversible waves,
while at large scan rates, irreversible behavior is observed.40

Here the cyclic voltammetric test was performed at the very
small scan rate of 0.05 mV/s to ensure yielding quasi-
reversible waves. Only broad redox peaks can be observed
during the entire voltage range, even though the scan rate is
very low, which is well in agreement with the sloping voltage
profile during the discharge/charge cycles. There are notable
differences between the first two cycles both in peak position
and in integral voltammetric charge. The following cyclic
voltammograms, however, keep almost the same shape as
the second one, which may make us assume that the
electrochemical lithium intercalation into and release from
hydrogen titanate nanowires is kinetically reversible when

(36) Exnar, I.; Kavan, L.; Huang, S. Y.; Gra¨tzel, M. J. Power Sources
1997, 68, 720.

(37) Wilhelm, O.; Pratsinis, S. E.; de Chambrier, E.; Crouzet, M.; Exnar,
I. J. Power Sources2004, 134, 197.

(38) Wang, B. L.; Chen, Q.; Hu, J.; Li, H.; Hu, Y. F.; Peng, L. M.Chem.
Phys. Lett.2005, 406, 95.

(39) Xu, J. J.; Ye, H.; Jain, G.; Yang, J.Electrochem. Commun.2004, 6,
892.

(40) Bard, A. J.; Faulkner, L. R.Electrochemical Methods: Fundamentals
and Applications; John Wiley & Sons: New York, 1980.

Figure 6. Galvanostatic cycling performance of hydrogen titanate nanowires
electrode at different charging/discharging rates.

Figure 7. The first three cycles of galvanostatic discharge/charge voltage
patterns of titanate nanowires electrode at a discharge/charge current density
of 300 mA/g.
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the sweeping rate is as low as 0.05 mV/s. The position of
broad redox peaks is right, located in the S-peak ranges,29

and the S-peaks have been denoted as characteristic of a
capacitive charging process. This result may indicate that
the lithium storage in layered hydrogen titanate nanowires
may hold different kinetic features from normal anatase
electrodes.13

The integral voltammetric charge change is another
characteristic. The inset (bottom right) in Figure 8 displays
the integral voltammetric charge normalized to the active
materials loaded on the electrode. Investigation of the various
cycles of the cathodic branch and anodic branch of CV curves
shows that there is a dramatic drop of cathodic integral
voltammetric charge during the first three cycles with a
similar tendency as the galvanostatic charge/discharge capac-
ity; however the capacity fade of the anodic integral
voltammetric charge is much weaker than that of the cathodic
one. The slow CV scan rates may reveal capacity at the
quasiequilibrium state; therefore, the integral voltammetric
charge may represent the reversible capacity well. Investiga-
tion of the CV profiles of hydrogen titanate nanowires and
TiO2 (anatase) nanotubes derived from the hydrogen titanate
nanotubes annealed in 350°C for 2 h showed both similar
profile and similar capacity fade between the first two
cathodic waves in the voltage ranges from 1.5 to 1.0 V.35

Apparently, there is no proton in the framework of the TiO2

nanotubes. So this dramatic capacity fade during the first
two cathodic waves may mainly be ascribed to the nano-
structured characteristic and have been attributed to the trace
water adsorbed on the electrode surface because of the large
specific surface area of hydrogen titanate nanowires and
layered structure.35 There is no obvious drop of integral
voltammogram charge during the following cycles (15th
cycle vs 3rd cycle), which is in accordance with the excellent
cycling stability of this nanostructured electrode by galvano-
static discharge/charge methods. The stable reversible capac-
ity is larger than 800 C/g when the Coulombic efficiency
(ratio of extraction capacity to insertion capacity) reaches
close to 100% from the cyclic voltammetric measurement,
which is equivalent to that of nanostructured TiO2

29 and much
larger than that in a normal TiO2 electrode.36

From the data obtained from CV measurements and
galvanostatic discharge/charge tests, we can assume that the
lithium ion intercalation into hydrogen titanate nanowires
has the similar behavior as that of TiO2, as expressed by the
following equations:

The reversible capacity of 800 C/g may indicate that the
lithium insertion extentx is about 0.71, which is much larger
than that in a normal anatase electrode, wherex is usually
limited to 0.5 at room temperature.

Cyclic voltammogram at various scan rates were also
performed to further investigate the kinetic behavior of
lithium storage in hydrogen titanate nanowires. To remove
trace water and to avoid the influence of the side reaction,
the electrode has been galvanostatically charged/discharged
for several cycles before performing those cyclic voltam-
metric tests. Because of the relative high peak current when
it was performed at high scan rates, the systematic deviation
due to the uncompensatediR drop of the cell would increase
greatly. To reduce this deviation, the CV was performed at
relative small intervals (0.05-1.0 mV/s). Figure 9 displays
cyclic voltammograms recorded with various scan rates (A)
and the peak currents plotted against the scan rates (B).
Apparently, the linear relationship between peak currents and
scan rates indicates the characteristic for capacitive charging

Q is the voltammetric charge,C is capacitance, and dE/dt is
the scan rateV. This CV profile, however, indicates a surface-
confined charge-transfer process, which can be considered
faradic pseudocapacitance. The pseudocapacitive behavior
of S-peaks is readily explained in terms of the interaction
taking place on the nanosheet surface.29 Here the layered
structure of hydrogen titanate nanowires also showed this
interesting phenomenon. There are three plausible reasons
to account for this novel kinetic performance. First, the high
specific surface area of hydrogen titanate nanowires (152.6
m2/g), as well as the novel electrode morphology, will make
a perfect contact between the nanostructured electrode and
the nonaqueous liquid electrolyte, which will greatly improve
the interfacial characteristic between electrode and the
electrolyte. Because of the special morphology of this
nanostructured electrode made from hydrogen titanate nano-
wires, the electrode morphology must be taken into account
when considering the actual electrode area. From the FEG-
SEM micrograph of the electrode shown in Figure 5, the
hydrogen titanate nanowires are well-dispersed, with no
obvious agglomeration among them to be found, so the liquid
electrode can fill the interspacing between nanowires. In other
words, every hydrogen titanate nanowire is surrounded by
liquid electrolyte. Thus, we can assume that the actual
electrode is equal to the sum surface area of the outer surface
of all loaded hydrogen titanate nanowires. So we can estimate
the actual electrode area from the real density and the
dimensional size of hydrogen titanate nanowires as well as
the loaded amount with eq 3:

Figure 8. Cyclic voltammograms of hydrogen titanate nanowires electrode
in 1 M LiPF6 + EC/DMC (1/1, v/v) at a scan rate of 0.05 mV/s. (Bottom
right inset: integral voltammetric charges from cyclic voltammograms are
plotted against cycle number. The charge is normalized to the actual active
materials loaded on the testing electrode.) The electrode geometric surface
area is 0.83 cm2.

H2/3TiO7/3 + x(Li+ + e) f Li xH2/3TiO7/3 (1 g x g 0) (1)

i ) dQ/dt ) C dE/dt ) CV (2)

S) 4m/Fd (3)
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WhereS is actual electrode area in cm2, m is loading active
material mass in gram,F is real density of hydrogen titanate
nanowires in g/cm3, and d is the average diameter of
nanowires in cm. The real density of as-prepared hydrogen
titanate nanowires is 3.05 g/cm3, as measured by a Mi-
cromeritics AccuPyc 1330; the average diameter of titanate
nanowires is 100 nm (10-5 cm). The surface area of the end
face may be neglected because of the high aspect ratio of
these nanowires. The loading of active material in the
electrode with a geometric area of 0.83 cm2 is 2.024 mg;
we can calculate the actual electrode area of 265.4 cm2 with
eq 3. This indicates that the actual electrode area is estimated
to be almost 300 times larger than the geometric area of the
electrode.

Second, the slim diameter of the hydrogen titanate
nanowires will greatly reduce the distance of lithium ion
diffusion in the solid state compared to a normal lithium
ion battery electrode derived from a high-temperature solid-
state reaction. Both TEM and SEM characterization results
show the as-prepared hydrogen titanate nanowires with an
average diameter of about 100 nm, which is much smaller
than the dimensional size of the current lithium ion battery
electrode material, with a particle dimensional size up to
several to tens of micrometers.

Finally, the interlayer spacing in hydrogen titanate nano-
wires is much larger than that in normal transitional metal
oxide intercalation compounds, which will also facilitate the
lithium ion diffusion in this open and loose structure.
Hydrogen titanate nanotubes and nanowires are derived from
the same TiO2 and similar alkaline-hydrothermal approach,
but with different morphology and structure, and they showed
similar kinetics of electrochemical lithium intercalation. The
common feature between them lies in both of them holding
layered structure with similar interlayer spacing, with scroll-
ing structure for nanotubes and layer-by-layer stacking
structure for nanowires. But they may hold different local
lattice structure, because hydrogen titanate nanotubes will
be transformed into anatase by heating,35 while nanowires
become TiO2-B.26 This open layered structure, however, will
provide a very large accessible surface area for lithium
storage but also a more open tunnel than normal intercalation

materials. This layered structure of hydrogen titanate nano-
wires will account for the unique electrochemical kinetics
for lithium intercalation. The novel pseudocapacitive feature
of this nanostructured electrode, as well as the high charge/
discharge capacity and high rate capability, may give this
electrode potential applications in high-performance re-
chargeable lithium ion batteries and high-power electro-
chemical supercapacitors.41-43

This pseudocapacitive characteristic, however, is very
similar to that of newly reported TiO2-B.30 In fact, the
hydrogen titanate nanowires can be transformed into TiO2-B
nanowires by subsequent heating treatment;26 this may show
the common feature in structure and hence the electrochemi-
cal properties. There are several TiO2 materials with orderly
organized mesoporous morphology and nanoporous or
nanocrystalline structure that also showed this unique
pseudocapacitive property, and now the layered hydrogen
titanate nanowires also showed this unique characteristic.
Accordingly, the question arises if there is any common
feature among these TiO2 materials and hydrogen titanate
originating from different sources with similar lithium
intercalation kinetics? If so, what is this common feature?
So it is worth further investigating the correlation between
the structure and the electrochemical properties of hydrogen
titanate nanowires/nanotubes and TiO2-B.

Conclusions

In summary, layered hydrogen titanate nanowires with
uniform morphology were successfully synthesized from
TiO2 via an alkali-hydrothermal process. Different from the
scrolling structure of hydrogen titanate nanotubes, nanowires
have a layer-by-layer stacking structure. The average diam-
eter of as-prepared nanowires is about 100 nm with a uniform
interlayer spacing of 0.81 nm. The detailed TG analysis
shows the framework of this hydrogen titanate nanowires
with the composition of H2Ti3O7. Both galvanostatic cycling

(41) Du Pasquier, A.; Laforgue, A.; Simon, P.; Amatucci, G.; Fauvarque,
J. J. Electrochem. Soc.2002, 149, A302.

(42) Prasad, K. R.; Miura, N.Appl. Phys. Lett.2004, 85, 4199.
(43) Winter, M.; Brodd, R. J.Chem. ReV. 2004, 104, 4245.

Figure 9. (A) Cyclic voltammograms of nanostructured electrode made from hydrogen titanate nanowires in 1 M LiPF6 + EC/DMC (1/1, v/v) at various
scan rates. The scan rates are 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 mV/s, respectively. (B) The linear relationship between the anodic (2) and
cathodic (1) peak currents and the scan rates. The electrode geometric surface area is 0.83 cm2.
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tests and cyclic voltammetric measurement show that the
as-prepared nanowires can accommodate lithium as high as
Li0.71H2/3TiO7/3, reversibly. The electrode can work smoothly
at various charge/discharge current densities and even at very
high discharge current density; hence, they have an excellent
high rate cycling stability. The detailed cyclic voltammetric
investigations, however, indicate that the lithium insertion
into hydrogen titanate nanowires is governed by a pseudoca-
pacitive Faradic process, which means that the rate-limiting
factors do not lie in the solid-state diffusion of Li+ ion in a
board interval of scan rates. Three plausible factors, including
the structure and dimensional size of the intercalation host
and the morphology of the nanostructured electrode, are
attributed to improved kinetics of this nanostructured elec-

trode. This hydrogen titanate nanowire with layered structure
may become a promising candidate as a novel lithium storage
material.
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