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Novel lithium titanate hydrate nanotubes for lithium ion batteries have been easily prepared via a
hydrothermal method. This material demonstrates high energy density, outstanding rate capabilities
and a very long cycle life comparable to those of supercapacitors. At a rate equivalent to a 10-min
total charge/discharge, the as-prepared lithium titanate hydrate nanotubes exhibit a life of over 5000
charge/discharge cycles while still retaining up to 86.3% of its original capacity. The abilities of lithium

titanate hydrate nanotubes to fully charge within minutes for thousands of times and still retain a large
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capacity may find promising applications in hybrid and plug-in hybrid electric vehicles.
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1. Introduction

Lithium ion batteries that can perform high power operations
and have long cycle lives are greatly needed for hybrid and plug-in
hybrid electric vehicles. Among the potential electrode materi-
als for lithium ion batteries, nanostructured materials, especially
one-dimensional nanostructured materials as have drawn much
research interest due to their outstanding properties superior to
the corresponding bulk counterparts [1-3]. Among these one-
dimensional nanostructured materials, the spinel lithium titanate
(LigTi5 012 ) nanotube, known as the “zero-strain” lithium insertion
host, undergoes little structural change during charge/discharge
cycling, and its spinel framework provides three-dimensional
network channels for fast Li-ion diffusion [4]. Hence the spinel
Li4TisOq,, theoretically, could exhibit a long cycle life, excel-
lent lithium ion intercalation/deintercalation reversibility and
promising high-rate capabilities [5-9]. However, despite the above
structure advantages for spinel Li4TisOq,, the material’s lithium-
ion conductivity and electron conductivity are quite low [10]. This
disadvantage results in lower experimental values of Li4Ti5sO013’s
electrochemical properties, which are not nearly as good as the
theoretical ones. In order to increase its electron conductivity, a
number of strategies have been applied to Li4Ti5O13, such as incor-
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porating a conducting second phase such as Ag [11], Cu [12], CuOx
[6] or Li, CuTizOg [13], doping with alien-valent metal ions such as
Ta%* [14] or AI?* [15], synthesizing nano-sized [16,17] Li4Ti501>,
and heat treating LizTisO1, under low oxygen partial pressure
atmosphere [18].

In this study, we focus on the synthesis, structural characteriza-
tion and electrochemical investigation of lithium titanate hydrate
nanotubes (Lij gqHp19Tiz05-xH,0). This material, on which few
reports have been found, has demonstrated extraordinary rate
capabilities, a much longer cycle life and larger capacities than
Li4Tis 012 nanotubes due to its containing of crystal water, higher
lithium-ion conductivity, pseudocapacitive feature of lithium inter-
calation and larger specific surface area. In addition, lithium
titanate hydrate nanotubes can be obtained via a much easier
preparation method.

2. Experimental
2.1. Preparation of materials

In a typical lithium titanate hydrate preparation procedure,
hydrogen titanate nanotubes precursors were first prepared by
adding industrial anatase TiO, powders to concentrated NaOH
solution (10M) and ultrasonically agitated at the power of
0.5W cm~2 for 1h. Then the suspension was stirred for 4 h before
being transferred into a Teflon-lined stainless steel autoclave and
maintained at 150 °C for 24 h for hydrothermal reaction. After the
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Fig. 1. Representative microstructures of hydrogen titanate precursors (a and b) and lithium titanate hydrate nanotubes (c and d). (a and ¢) Transmission electron microscopy
image showing a nanotube length of hundreds of nanometers. (b and d) High-resolution transmission electron microscopy image showing an inter-layer spacing of around
0.78 nm for hydrogen titanate precursors and 0.83 nm for lithium titanate hydrate nanotubes, and a multi-wall nanotube outer diameter of 9 nm for both materials.

treatment, the white precipitate was acid-washed with 0.2 M HNO3
or HCl solution at pH 3 for 1 h, then filtered and thoroughly washed.
The hydrogen titanate prepared by previous work [19] was believed
to be HyTi307 [20-22] or HyTioO4(0OH); [23], a family of layered
hydrogen titanate with a general formula of H,Ti O5p,4+1-H20 [24], or
orthorhombic HxTiy_yj40y404-H20 (x~0.7, O=vacancy) with the
lepidocrocite-type structure [25].

To prepare lithium titanate hydrate nanotubes, hydrogen
titanate nanotubes were mixed with a 0.5 M LiOH aqueous solution
and stirred vigorously for 1 h. The resulting suspension underwent
a hydrothermal reaction at 150 °C for 40 h. The resulting white pre-
cipitate was filtered, washed and dried. The as-prepared lithium
titanate hydrate nanotubes have a layer structure with crystal
water incorporated in the interlayer, similar to RuO,-H,0 [26] and
Nap3MnCo0, g5-nH,0 [27]. Bach et al. suggested that this crystal
water ensures the elasticity of the layer structure and promotes
the cycle life [28]. Meanwhile the nanotube structure limits Li* dif-
fusion in the solid state phase within the small radius direction
and thus promotes the efficiency of lithium ion migration. Hence
lithium titanate hydrate nanotubes have a large reversible capacity,
remarkable rate capabilities and outstanding cycling stablility. This
material, with a main discharge voltage of about 1.5-1.6V versus
lithium, could be a promising anode material for many lithium ion
batteries using high voltage materials such as LiCoO, and LiMnO,
as their cathodes, and meanwhile could also be a cathode mate-
rial working with graphite or silicon as anodes. On the other hand,
spinel Li4TisO1, nanotubes were also prepared, using the method
introduced by Li [17], for comparison with the electrochemical
properties of lithium titanate hydrate nanotubes.

2.2. Characterization of material

The morphologies of the as-prepared samples were charac-
terized by transmission electron microscopy (TEM) 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 Ko
radiation (A=1.5418A). Thermogravimetric-differential thermal
analysis (TG-DTA) was performed on a SETARAM-TGA92 with a
temperature range of room temperature to 600°C. Infrared (IR)
spectra were obtained on a PE-FTIP-Spectrum GX type Fourier
transform infrared spectrometer. The BET specific surface area was
measured using a Quantachrome NOVA 4000 system with the N,
absorption-desorption method at liquid nitrogen temperature.

2.3. Electrochemical property test

To fabricate the cathodes for the battery test cells, the as-
prepared lithium titanate hydrate nanotubes, Super P carbon black,
and polyvinylidene fluoride (PVDF) binder were mixed homoge-
neously in a weight ratio of 80:10:10 in a N-methyl pyrrolidinone
(NMP) solvent. The electrode films were fabricated using the doctor
blade technique on carbon covered aluminum foil. The loading of
active material was 1-2 mgcm~—2. The coin-type half cell (CR2032
size) consisted of this electrode, a lithium metal counter elec-
trode, a microporous polyethylene separator, and electrolyte of
1M solution of LiPFg in ethylene carbonate/dimethyl carbonate
(EC/DMC) (1:1, vol%; Merck). The cell was constructed and han-
dled in an Ar-filled vacuum glove box. The discharge/charge tests
were carried out using a LAND Celltest 2001 A (Wuhan, China)
system between 2.5 and 1.0V. First the test cell was discharged
for Li* ions to intercalate into the cathode, and then the test cell
was charged and held at 2.5V to fully charge before discharge.
Cyclic voltammogram was recorded from 2.5 to 1.0V at a scan
rate of 0.05mVs~!. AC impedance was measured at 1.6V in a fre-
quency range 0.1-10° Hz, using IM6e electrochemical workstation
(Germany).
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3. Results and discussions
3.1. Characterization of materials

The transmission electron microscopy and high-resolution
transmission electron microscopy images in Fig. 1 show the
microstructures of hydrogen titanate precursors and lithium
titanate hydrate nanotubes. The outer diameter of these nanotubes
was about 9nm, and their lengths were hundreds of nanome-
ters. The microstructure of the two materials was similar with
that of hydrogen titanate nanotubes [19-25,28,29] and spinel
titanate nanotubes [17]. The high-resolution transmission elec-
tron microscopy microgram shows clearly the well-crystallized
multi-wall nanotube of lithium titanate hydrate with an inter-shell
spacing of around 0.83 nm, which was much larger than that in typi-
cal commercial layered transitional metal oxide lithium ion battery
materials [28].

The as-prepared lithium titanate hydrate nanotubes and their
precursor of hydrogen titanate nanotubes were examined via X-ray
diffraction (shown in Fig. 2a and b). It was found that the formula
of the precursors was H;Ti;O5-xH,0 with orthorhombic lattice
(JCPDS Card No. 47-0124), which exhibited features similar to
HyTi307, HxTiy_y40x/404-H>0 and other members of the hydrogen
titanate family [24]. Fig. 2b shows X-ray diffraction profiles of as-
prepared lithium titanate hydrate nanotubes. The diffraction peaks
of these nanotubes were in accordance with Li; g1Hg 19Ti; O5-xH, O
(orthorhombic phase, JCPDS Card No.47-0123,a=1.666,b=0.3797,
¢=0.3007 nm). To further confirm this result, a chemical analy-
sis will be needed. It can be concluded that the lithium titanate
hydrate nanotubes have similar structure as their precursors of
hydrogen titanate nanotubes, which are constructed by wrapping a
(100) plane, with axis parallel to [01 0] [30]. The calculated inter-
layer spacing of the Li; g1 Hg.19Ti» O5-xH, O nanotubes was 0.833 nm,
agreeing with that observed using high-resolution transmission
electron microscopy.

Detailed thermogravimetric-differential thermal analysis in
Fig. 2c shows a weight loss of around 15% for the as-prepared
Li1 g1Hp.19Ti2 O5-xH,0 nanotubes after heated from room tempera-
ture to 600 °C. The weight loss at temperatures lower than 100°C
was primarily attributed to the desorption of surface absorbed
water. Weight loss at temperatures above 100°C, about 12%, was
mostly due to the loss of the crystal water in Li; g1Hg 19Ti; O5-xH,0
and the dehydration of Li; g1 Hg.19Ti» Os. Thus the approximate com-
position of the prepared nanotubes can be calculated, which is
Li; g1Hp.19Ti205-1.2H;,0. To further confirm this result, a chemical
analysis may be needed.

Fig. 2d shows the infrared spectra pattern of lithium titanate
hydrate nanotubes, suggesting possible existence of crystal water
in the material. The sample was heated at 403K for several
hours to eliminate surface adsorption water just before the test.
Small absorption bands of the nanotubes with centers located
between 400 cm~! and 900cm™! can be clearly observed. These
absorption bands corresponded to the asymmetric stretching
vibrations of the octahedral groups [TiOg] lattice [31]. A broad peak
at 3000-3700cm~!, which was centered at around 3200cm!,
was the stretching mode of crystal water, and a strong peak at
1600-1700cm~! was due to the bending mode of water. This
result indicates that the as-prepared nanotubes contained crystal
water, well supporting the X-ray diffraction results that the mate-
rial was Lij g1Hg19TizO5-xH, 0. Later it can be observed that the
crystal water structure helped to improve the material’s lithium
ion mobility and to promote its rate capability and cycling stability.

Through N, absorption-desorption method, the specific surface
areas of hydrogen titanate and lithium titanate hydrate nan-
otubes were obtained; they were 394.9m2 ¢! and 299.3m? g1,
respectively. These values are higher than that of spinel LizTi5O1;
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Fig. 2. Characterization of hydrogen titanate precursors and as-prepared lithium
titanate hydrate nanotubes. (a and b) Powder X-ray diffraction patterns (using
Cu Ko radiation) shows the hydrogen titanate precursors are H,Ti»Os-xH,0
and the as-prepared lithium titanate nanotubes are LijgiHg19Ti2O5-xH20. (c)
Thermogravimetric-differential thermal analysis indicates the formula of the mate-
rial is Liy g1Ho19Ti205-1.2H,0. (d) Infrared spectra pattern, suggesting the possible
existence of crystal water in the as-prepared material.
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Fig. 3. Charge/discharge voltage profiles of (a) as-prepared lithium titanate and
lithium titanate hydrate nanotubes. (b) Hydrogen titanate precursors.

nanotubes [17], resulting from a preparation process free from heat
treatment. Nanotube materials with high specific areas have better
contacts with electrolytes than conventional powders. Moreover, in
these materials the distance that Li* ions must diffuse is restricted
to the small radius direction of the nanotubes. These two factors
contribute to improved lithium ion intercalation efficiency within
the electrode material, and hence promote the rate capabilities of
the batteries.

3.2. Electrochemical properties by galvanostatic lithium
intercalation

Charge/discharge test results show that very high capacities can
be achieved with Lij g1Hg 19Tiz 05-1.2H;0 nanotubes. The discharge
capacity of LijgiHo19Tiz05-1.2H,0 nanotubes was 228 mAhg!
(based on the measured weight of the electrode film, includ-
ing carbon and binder) for the first charge/discharge cycle at a
rate of 0.3C. After several cycles, the capacities of the batter-
ies dropped a little and tended to be stable. Fig. 3a shows the
stable charge/discharge voltage profile of Li; g1Hg 19Tiz05-1.2H,0
and LigTisOq2 nanotubes. It can be noted that the discharge
capacities of Li4TisOq, nanotubes at 0.5C and 1C were 150
and 145 mAh g1, respectively, while the corresponding discharge
capacities of Lijg1Hg19Ti»O5-1.2H,0 nanotubes were 181 and
174mAhg-1, which were approximately 30mAhg-! higher than
those of LigTi5 01, nanotubes. At 0.5 C Li; g1 Hp 19Tiz05-1.2H,0 nan-
otubes had two pairs of charge/discharge plateaus: a long pair at
around 1.5-1.6V and a small pair at 1.75V (discharge voltage) and
2.10V (charge voltage). The occurrence of this extra small pair of
plateaus under very low charge/discharge rates is believed to result
not from another material mixed with the lithium titanate hydrate,
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Fig. 4. Electrochemical property comparison of as-prepared lithium titanate and
lithium titanate hydrate nanotubes. (a) Discharge capacities of the two samples
under various current densities, showing a much larger capacity and a better
rate capability of Lijg1Ho19Ti205-1.2H20 nanotubes. (b) Discharge profiles for
Li1.81Ho.19Ti205-1.2H,0 nanotubes at various discharge rates. (¢) Cycling stabili-
ties of the two samples, indicating Liy g1Ho19Ti20s5-1.2H,0 nanotubes have even
better cycling stabilities than “zero-strain” lithium insertion host spinel Li4TisO12
nanotubes.

but the material itself. The reason that lead to this conclusion is
that there were no extra small pair of plateaus under very low
charge/discharge rates with hydrogen titanate precursors (as indi-
cated in Fig. 3b) and it is impossible that these extra plateaus result
from LiOH impurities. At a higher charge/discharge rate (1 C) after
cycles at 0.5 C, the small pair of plateaus disappeared.

Li; g1Ho.19Ti205-1.2H,0 nanotubes has superior discharge
capacities than Li4 TisO15 nanotubes at very high rates too, as indi-
cated in Fig. 4a and b. At 62C (less than 1-min total discharge) the
Li1 g1Hp.19Ti205-1.2H,0 nanotubes could still maintain a discharge
capacity as high as 131 mAhg~1. In Fig. 4b, due to fewer recorded
data at high charge/discharge rates, the discharge voltage profiles
for Li; g1Hg 19Ti2O5-1.2H, 0 nanotubes at high rates are broken lines
rather than curves.
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Fig. 4c shows the cycling stability of LigTisOq; and
Li; g1Hp.19Ti205-1.2H,0 nanotubes at a charge/discharge rate
of 6 C. An extremely long cycle life can be achieved with lithium
titanate hydrate nanotubes. In the first 100 charge/discharge
cycles, Li4TisO1, nanotubes, known as the “zero-strain” lithium
insertion host, retained a discharge capacity of 136 mAhg-1, and
Li1 g1Ho.19Ti»0s5-1.2H,0 nanotubes retained 162 mAhg~!, both of
which were approximately 98% of their initial values. However,
Li; g1Hp19Ti205-1.2H,0 nanotubes show much better cycling
stability in a longer cycling time. After charge and discharge for
1700 times, LizTi5Oq, retained 81% of its initial discharge capac-
ity, while Lijg1Hp19Tiz05-1.2H,0 retained 89%. Thereafter the
capacity of the former material dropped more intensely, retaining
only 38% (53 mAhg-1) after 5000 times of charging/discharging,
compared to Lij g1Hg19Tiz05-1.2H,0’s 86.3% (143.3mAhg-1). By
comparison, it can be noted that Lij g1Hg19Ti205-1.2H50 had a
longer cycle life than “zero-strain” lithium insertion host LizTi5O15
nanotubes. We believe the outstanding electrochemical proper-
ties of Li; g1Hg.19Ti205-1.2H,0 nanotubes are owing to intrinsic
property of the material, as well as to its containing of crystal
water and nanotube structure. The crystal water and nanotube
structure help to promote the efficiency of lithium-ion migration.
When the crystal water encounters lithium ions, a bond exchange
mechanism may occur, similar to proton transfer in water, and
this mechanism helps improve the lithium ion transportion which
can enhance both the rate capabilities and cycling stabilities of the
material. Actually, the low lithium ion mobility of LizTis O, greatly
limits its cycleability. This is because the efficient distance of the
lithium ion can transport is so short because of the low lithium
ion mobility that for each cycle after charging, some Lig+,Ti5O15
will be left and could not totally turn into Li4TisO15. This can cause
serious capacity decay and poor cycleability. For lithium titanate
hydrate nanotubes, the crystal water improves the lithium ion
mobility by the possible bond exchange mechanism, and thus
not only improved the rate capability of the material but also the
cycling stability as well. In addition, the crystal water incorporated
in the interlayer of Liy g1Hg.19Ti205-1.2H50 ensures the elasticity
of the layer structure [28], which keeps the material from under-
going too much structure change in the process of lithium ion
insertion/extraction and promotes lithium ion mobility.

3.3. Kinetics investigation

Fig. 5a presents the AC impedance measurement of LizTisOq;
and Li; g1Hg.19Ti» O5-1.2H, 0 nanotubes. It is composed of two semi-
circles in the medium frequency range and a spike in the low
frequency range. The very small semi-circle on the left results from
the SEI film on the interface between the cathode and the elec-
trolyte; and the big semi-circle results from the charge-transfer
process at the electrode/electrolyte interface. The spike indicates
the Warburg impedance of long-range Li-ion diffusion within the
cathode. The impedance about Li metal electrode does not appear in
Fig. 53, which may be because it is overlapped with the semi-circles
for the cathode. By comparing the charge-transfer resistance of
LigTisOq, with Li; g1Hg.19Tiz O5-1.2H, 0 nanotubes, it can be noticed
that the resistance of Li4TisO1, nanotubes was larger than that of
Li; g1Hp.19Ti205-1.2H,0, resulting from the latter material’s con-
taining of crystal water and larger surface area. These advantages
help Liy g1Hg.19Ti205-1.2H50 to achieve comparatively superior
rate capabilities and a longer cycle life.

Fig. 5b shows the cyclic voltammogram profiles of
Li1 g1Ho.19Ti»05-1.2H,0 nanotubes at a scan rate of 0.05mVs~!,
It can be observed that lithium titanate hydrate nanotubes had
two sharp redox peaks at 1.62V and 1.50V, respectively, cor-
responding with the long charge/discharge plateaus of Fig. 3a,
and two small peaks at around 2.00V and 1.75V, corresponding
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Fig. 5. Electrochemical mechanism studies of as-prepared lithium titanate hydrate
nanotubes. (a) AC impedance measurement (1.6 V, 0.1-10° Hz). (b) Cyclic voltam-
mogram (2.5-1.0V, scan rate of 0.05mVs~1).

with the small pair of plateaus. Materials with similar cyclic
voltammogram profiles that contain two pairs of redox peaks have
been reported and found to be attractive as electrode materials for
lithium batteries [24,32]. Lithium titanate hydrate nanotubes were
prepared from their precursor of hydrogen titanate nanotubes, but
their charge/discharge voltage profile was very different from the
precursors. Hydrogen titanate nanotubes had no plateaus during
charging and discharging [28,29], while lithium titanate hydrate
nanotubes had two pairs of obvious plateaus (as shown in Fig. 3a
and b). Both voltage profiles indicate a pseudocapacitive lithium
intercalation mechanism which can promote the rate capability
for electrode materials. What makes lithium titanate hydrate a
superior material than its hydrogen titanate precursor is that it has
charge/discharge plateaus. Battery materials with plateaus while
charging and discharging are more suitable for consumer using, as
they could function more effectively and more stably within the
working voltage range for most electrical devices.

From the data collected by CV measurements and dis-
charge/charge tests, we can assume that the Li* ion intercalation
into lithium titanate hydrate nanotubes has similar behavior to
TiO, and H,Ti307 [29], and can be expressed by Eq. (1):

Liy 81/2Ho.19/2TiOs5/2-0.6H,0 +X(Li* +e™)
— Liyy1.81/2H0.19/2Ti05/5-0.6H,0 (0 >x< 1) (1)

when x=1, the specific capacity of Lij giHp19Tiz05-1.2H,0 nan-
otubes is 249mAhg-1. Moreover, from this equation, it can
be noticed that there are two different kinds of positions in
Li; 81Ho.19Ti205-1.2H,0’s crystal lattice for Li* ions to intercalate
into and de-intercalating from. That is, one position near lithium
of Liy g1Hp.19Tiz 05 and another one near hydrogen. Thus it can be
speculated that the two pairs of plateaus of lithium titanate hydrate
nanotubes during charging/discharging may relate to the different
electric potentials of Li* ion intercalating/de-intercalating into/out
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of the two lattice positions of the material. The long plateaus
may correspond to Li* intercalating/de-intercalating near lithium
in Li; g1Hp19Ti;Os, while the small plateaus correspond to Li*
intercalating/de-intercalating near hydrogen in Li; g1Hg19Ti2Os.
This speculation well agrees with the fact that we consistently
found 15-20mAhg-! capacity in the small plateaus (as shown in
Fig. 3a), which is around one tenth of the total capacity of the mate-
rial (181 mAhg-1), and meanwhile the number of hydrogen (0.19)
to the total number of hydrogen and lithium (1.9)in Li; g1Hg.19Ti» O3
is also one-tenth. Further characterizations are needed to confirm
this speculation.

4. Conclusions

Novel lithium titanate hydrate (Lij gq1Hg19Ti205-1.2H,0) nan-
otubes, on which few reports have been found, were prepared using
an economical and uncomplicated method of hydrothermal lithium
ion exchange. These nanotubes have demonstrated extraordinary
rate capabilities, an extremely long cycle life and much larger
reversible capacity than Li4TisO1> nanotubes. The material kept a
stable cycling discharge capacities of 181 mAhg-! at 0.5 C (corre-
sponding to a 2-h total discharge) and 131 mAhg-! at 62C (less
than 1-min total discharge). After charge/discharge at 6 C (corre-
sponding to a 10-min total discharge) for 5000 times, this material
could still retain 86.3% of its original capacity. These fascinating
electrochemical properties indicate that lithium titanate hydrate
nanotubes may find promising applications in lithium ion batter-
ies and electrochemical supercapacitors with high energy density
and high power density. The abilities of lithium titanate hydrate
nanotubes to fully charge within minutes for thousands of times
and still retain a large capacity may make a change to people’s
life.
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