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Here,  we  report  a  facile,  scalable,  and  cheap  hydrolysis  method  for preparing  titania  nanotube  material
by using  the  cellulose  filter  paper  as the template,  which  can  be applicable  to anode  materials  of  Li-ion
batteries.  The  electrochemical  performances  show  that  titania  nanotube  anodes  have  improved  lithium-
ion storage  ability,  enhanced  charge–discharge  kinetics,  and  prolonged  cycling  life  compared  with  titania
particles  obtained  from  sol–gel  method.
eywords:
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ycle ability
itania
anotubes
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. Introduction

Lithium-ion batteries (LIBs) have been widely used in many
spects of our society, such as mobile phone, laptop computer,
nd digital camera. However, the sustainable energy density and
ower density of LIBs are still much lower than the requirements
f vehicle application, especially for electric vehicles (EV) and plug-
n hybrid electric vehicles (PHEV) [1–7]. As for commercial LIBs,
raphite is typically used as an anode material. However, there are
nevitably safety problems for LIBs due to the possible production
f lithium metal dendrites during continuous charge–discharge
rocess. So much work has been done to investigate the elec-
rochemical performance of potential anode for satisfying the
equirements of high-performance batteries for EV and PHEV.
mong the potential anode candidates, TiO2 has been widely inves-

igated because it can be versatile used in many different fields,
uch as semiconductors, photocatalysts, photovoltaic devices, gas
ensing, and energy storage and conversion [8–12]. Especially,
iO2 as an anode of LIB has attracted much attention due to its
igh lithium insertion potential to avoid the formation of lithium

endrite, high stability, environmental benign, low cost and the
bility to be prepared with different morphology, such as spheres
12–14], nanofibers [15], nanoribbons [16], and nanotubes [17–19].

∗ Corresponding author at: Lawrence Berkeley National Lab, USA.
el.: +1 510 486 7084; fax: +1 510 486 7084.

E-mail address: binwang@lbl.gov (B. Wang).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.02.108
Compared with the conventional materials, nanostructure mate-
rials have some substantial advantage. Both electron and Li-ion
transport path are much shorter, which can facilitate the elec-
trochemical process. At the same time, they can accommodate
the volume expansion during the intercalation/deintercalation
process. Furthermore, higher electrode–electrolyte contact area
helps to get better electrochemical performance. Among the one-
dimensional nanostructures, nanotubes are better than nanofibers
and nanorods as electrode materials because both their inner and
outer surfaces can contact with the electrolyte, which is bene-
ficial to the electrochemical performance. Furthermore, the void
spaces inside the nanotubes also eliminate the stress of vol-
ume  change during the intercalation/deintercalation process and
hence provide good performance. Wang et al. [19] prepared meso-
porous titania nanotube by using the anodic aluminum oxide
(AAO) and P123 as the hard and soft template, respectively. The
electrochemical testing results show that mesoporous titania nano-
tubes have a good performance. Recently, Kyeremateng et al. [20]
investigated the performance of titania nanotube electrodes with
electropolymerized copolymer electrolyte for 3D microbatteries.
Bae et al. [21] demonstrated the improved performance of amor-
phous titania nanotubes with self-branched crystalline nanorods
prepared by atomic layer deposition combined with the template-
directed approach. Furthermore, several studies have shown that

carbon coated [22] or nitridated [23] TiO2 nanotubes can improve
reversible capacity by suppression the nanotube agglomeration.
More recently, Pandaa et al. [24] reported the performances of TiO2
nanotubes with different wall thickness by atomic layer deposition

dx.doi.org/10.1016/j.jallcom.2012.02.108
http://www.sciencedirect.com/science/journal/09258388
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sing AAO membranes as the template. However, most of them
ake advantage of the expensive hard-template such as AAO or
he molecular soft template such as polymer/copolymer surfactant
ombined with complex process. The simple, inexpensive and scal-
ble fabrications of TiO2 nanotubes are still a challenge because of
he cost of template, limited product yield, and the complexity of
he methods. Herein, we report a simple and inexpensive method
o prepare the titania nanotubes by using ordinary ashless cellulose
lter paper as the template and their application in a rechargeable

ithium ion battery. When titania nanotube used as anode of LIB, it
hows excellent electrochemical charge/discharge behavior.

. Experimental

.1. Preparation of nanotube

0.255 g of Ti(OBu)4 were dissolved in 25 mL  of an anhydrous ethanol solvent with
mall amount of acetic acid. A piece of filter paper was placed in this solution for a
hile to ensure certain adsorption amount of titanate on the surface of filter paper,

nd was  washed by ethanol, followed by drying with nitrogen flow. Then the filter
aper was  transferred into a beaker with copious de-ionized water, covered and kept
or  several hours to let the titanate hydrolysis thoroughly at room temperature. The
s-prepared titania/filter paper composite was  subjected to calcinate in air at 500 ◦C
or  3 h to remove the original filter paper. For comparison, the titania obtained from
he  sol–gel hydrolysis of Ti(OBu)4 dissolving in an anhydrous ethanol solvent with
mall amount of acetic acid (pH value of 2–3) without using the cellulose filter paper
lso collected and calcinated. In both cases, white TiO2 nanotubes or particles were
btained.

.2. Nanotube characterization

The structures of the prepared titania were analyzed by X-ray diffraction (XRD,
analytical Xpert Pro diffractometer with monochromatized Cu K� radiation) and
eld emission scanning electron microscope (FESEM, JEOL7500). The cellulose paper
nd cellulose paper with the precursor were also characterized by thermogravimet-
ic analysis (TGA Perkin ELEMER TGA7) and Fourier transform infrared spectroscopy
NICOLET 6700 FT-IR spectrometer). Surface area analysis was carried out by using
he  BET nitrogen adsorption method (Micromeritics Instrument Corporation TriStar
I  3020).

.3. Electrochemical testing

The electrode was  prepared as follows: active material, carbon black and
olyvinylidene difluoride (PVDF) was  mixed in N-methyl-2-pyrrolidone as solvent
o  prepare slurry with the weight ratio of 7:2:1. The slurry was coated on an alu-

inum foil, and then heated in a vacuum oven at 100 ◦C for overnight. The density of
lectrode used in this experiment was  3–5 mg cm−2. The electrolyte was  1 M LiPF6

issolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate

DEC). Electrochemical performance of the electrode was  determined with 2032
oin-type cells with lithium foil as the counter and reference electrode, and Celgard
500 as the separator. The cell was  assembled in a glove box under a dry argon
tmosphere and tested by an Arbin battery testing system 2.0 in the voltage range
f  1–3 V vs. Li+/Li at different current density. The C-rate was  based on a reversible
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ig. 2. (a) FTIR spectra of cellulose paper, cellulose paper with the precursor, and the pre
Fig. 1. Schematic illustration of the synthetic procedure used for the titania nan-
otube.

lithium-ion deintercalation capacity of 185 mAh g−1. The lithium-ion deintercala-
tion from the electrode defined as the charge process. Cyclic voltammograms were
carried out at different scan rates with Solartron Instrument model 1287 controled
by  a computer.

3. Results and discussion

Compared to the reported preparation processes [18,19,26],
the titania nanotubes in this study were produced directly by the
hydrolysis of titanate without adding any additional capping agent
to form a homogeneous precursor. The schematic illustration of the
synthetic procedure used for preparing the titania nanotube by a
simple hydrolysis route is shown in Fig. 1. The reaction processes
involving the hydrolysis and condensation between TiO2 precur-
sor and the hydroxyl groups from the surface of filter fiber are as
follows:

Ti(OBu)4 + 2HOCH2CH3 → Ti(OCH2CH3)2 + 4BuOH

Ti(OCH2CH3)2 + 2H2O → Ti(OH)2 + 2HOCH2CH3

Ti(OH)2 + 2HO Fiber → 2Fiber O Ti O H + 2H2O.

Nanotubular TiO2 was obtained after removal of the organic
substances by calcination. The interaction between the titanate

precursor and the cellulose filter paper was confirmed by IR spec-
troscopy. FTIR spectra of cellulose paper, cellulose paper with the
precursor, and the prepared titania are shown in Fig. 2 (a). Strong
O H stretching vibration (3430 cm−1), CH2 stretching vibration

(b)
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Fig. 3. SEM images of titania nanotube at diff

2910 cm−1) and bending vibration (1430 cm−1 and 1380 cm−1)
eaks are observed for both cellulose paper and cellulose paper
ith the precursor. The IR spectra of cellulose paper with the pre-

ursor exhibits a new peak at 1112 cm−1 due to Ti O C stretching
ibration [26,27]. This peak does not present before the interac-
ion with the precursor and after the annealing of the cellulose
aper. In the spectra of the titania after annealing, the small peak
t 3413 cm−1 is due to the stretching vibration of Ti O H, and the
ending vibration of H O H from the absorbed water on the sur-
ace could be found at 1626 cm−1. A broad peak at 500–750 cm−1 is
ttributed to Ti O Ti stretching vibration, which is consistent with
he reported results of titania [25,26,28].  Thermogravimetric anal-
sis (TGA) plots recorded in air with a heating rate of 10 ◦C min−1

re compared in Fig. 2(b). No weight remain is observed in the cases
f pure cellulose filter paper. The weight loss of filter paper with the
recursor is 96%, which can be attributed to the removal of filter
aper and the crystalline of adsorbed titania. It is worth noting that
he adsorbed amount of titanate on the filter paper can be controled
y the repeat times of depositing and coating cycle.

The morphology of cellulose filter paper can be seen in Fig. S1 in
SI. It is clear that there are many cellulose fibers in the template.
ithout using the cellulose filter paper, only the agglomerations of

iO2 particles were obtained (shown in Fig. S2 in ESI). Fig. 3 shows
he scanning electron microscopy (SEM) images of the titania nan-

tube obtained by the synthesis process described at different
agnification after annealing at 500 ◦C in air. It can be known from

hese images that nanotubes whose visible open ends were shown
n the imaging region confirmed the nanotubular structure. TEM
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ig. 4. (a) XRD patterns of the TiO2 nanotube after annealing in air; (b) Cyclic voltammog
magnification after annealing at 500 ◦C in air.

images of TiO2 nanotube at different magnification also confirmed
the tubular structure (shown in Fig. S3 in ESI). It is interesting to
note that the TiO2 nanotubes stay in close contact each other to par-
tially form the nanotubular titania array unlike the reported titania
tube dispensing randomly with the assistance of surfactant.

Fig. 4(a) shows the X-ray diffraction (XRD) patterns of the
obtained titania nanotube. All of the peaks correspond to anatase
titania phase (JCPDS 84-1285) that have reduced intensity of the
diffraction peaks. No other crystalline phases were detected, which
demonstrates that the precursor was totally removed by the calci-
nation process. Calculated by using Scherrer’s formula, the average
crystallite size of titania in the titania nanotube is approximately
4 nm.  The nitrogen adsorption–desorption isotherm shows that the
titania nanotube sample has a Brunauer–Emmett–Teller (BET) sur-
face area of 24.5 m2 g−1. It is higher than the estimated value of
21.4 m2 g−1 for 200 nm hexagonal closest packed pore and close
to that of reported ordered mesoporous titania synthesized by
polystyrene colloidal crystal as the template [26,29].

Fig. 4(b) shows the curves of cyclic voltammogram (CV) for
the first four cycles. The profiles show one pronounced reduc-
tion/oxidation pair at 1.72/2.01 V, which is well consistent with
the literature [26]. They should ascribe to the reversible inter-
calation/deintercalation of Li ion into/from the anatase. In the
successive cycles, the plots of the CV keep almost same (the

ratio of anodic and cathodic peak current is nearly 1 with the
peak separation of 0.29 V), which demonstrates that the process
of lithium-ion intercalation/deintercalation is very reversibly and
reproduceable in the TiO2 nanotube electrode. Fig. 5 (a) shows

1.0 1.5 2.0 2.5 3.0
002

00

02

Potent ial/V vs.Li
+
/Li

1st

4th(b)

rams of the titania nanotube at a scan rate of 0.1 mV/s between 1.0 and 3.0 V.
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ig. 5. (a) Charge–discharge profiles of the titania nanotube and titania obtained fro
f  the TiO2 nanotubes and TiO2 obtained from sol–gel method at 0.1 C; and (c) Rat
ates  ranging from 0.1 C to 5 C.

he charge–discharge profiles of the TiO2 nanotube and titania
btained from sol–gel for the second and fifth cycles. It can
e seen from the curves of titania nanotube that an obviously
harge/discharge plateau regions at about 1.75 V can be identi-
ed in the charge/discharge process with a discharge capacity of
08 mAh  g−1, which is in agreement with the above CV results. As
or the titania obtained from the sol–gel process, it can be seen
hat they show lower reversible capacity (136 mAh  g−1) and higher
lectrochemical polarization (larger separation between the oxi-
ation and reduction plateau shown in inset). Interestingly, a new
eversible process was found in the discharge profile of titania
anotube in 1.2–1.7 V regions (1.5–1.9 V regions in the charge pro-
ess correspondingly), which may  be attributed to the surface or
nterfacial lithium-ion storage of the nanomaterial [30,31]. The
ame phenomena also can be found in the differential capacity
s. voltage plot of the second and fifth cycles of the TiO2 nan-
tube (shown in Fig. S4 in ESI). The reported results [32,33] have
hown that this region is very sensitive to the TiO2 particle size.
ven though TiO2 sample with the particle size of 140 nm,  they
till do not show the presence of second reversible region. These
esults are well consistent with the result of Scherrer’s formula in
he XRD. Cycling performances of synthesized TiO2 nanotubes and

iO2 obtained from sol–gel at 0.1 C are displayed in Fig. 5(b). It can
e found that the TiO2 nanotubes exhibit a higher charge capacity of
55 mAh  g−1 after 40 cycles (only 92.8 mAh  g−1 for titania obtained
rom sol–gel) with the excellent retention of 85% compared with
gel method at 0.1 C rate, the inset is the magnified profile; (b) Cycling performances
ability of the nanotube TiO2 electrode and TiO2 obtained from sol–gel at different

the first reversible capacity. At the same time, the titania nanotubes
also show better rate capability and reversibility at different rates
ranging from 0.1 C to 5 C in Fig. 5 (c). The performance of TiO2 nan-
otube is superior to that of the reported literatures [26,32–36],  but
further improving the rate capability can be obtained with coat-
ing carbon or conductive materials [22,23,33,34].  The improved
electrochemical performances can be attributed to the follow-
ing: the shorter lithium diffusion length of nanostructure, large
electrode/electrolyte contact area, present a new reversible electro-
chemical insertion process due to the small particle size and better
accommodation for strain change during the charge/discharge pro-
cess.

It should be noted that compared with the results of metal oxide
[1,3,5], the electrochemical capacity of titania anodes is some-
what lower because the titania has a theoretical maximum storage
capacity of one lithium-ion. However, with the different transition
metal precursor, the method could be easily applied to other metal
oxide or common inorganic electrode material. We  succeeded to
prepare tin oxide nanotube by using the cellulose filter paper as
the template. Further characterization is still under investigation.
Meanwhile, the cellulose filter papers have been widely used in
many aspects, so the cost of using the cellulose filter papers as the

template to prepare the nanotubes is much lower than that of the
known AAO template. Besides, the product yield of this method is
much higher. Therefore, they are still promising for many potential
applications in the future.



1 and Co

4

s
fi
u
c
s
h
fi
b
c
o

A

C

A

t

R

[
[

[

[
[

[

[

[

[

[

[

[

[
[

[

[

[

[

[
[

[

[
[

[

36 B. Wang et al. / Journal of Alloys 

. Conclusions

In summary, we report a facile method for large-scale synthe-
is of TiO2 nanotubes by using cheap and commercial cellulose
lter paper as the template. The obtained titania nanotubes
sed as anode material of LIB show excellent electrochemical
harge/discharge behavior with a good rate capability. Although
everal researches of titania nanotubes by hard or soft template
ave been reported, the titania nanotubes synthesized by cellulose
lter paper as the template have inherent advantage in view of
asic properties of cellulose paper. The synthetic process is simple,
heap and scalable, which might be easily applicable to other metal
xide or common inorganic electrode material.
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