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Abstract

As a new type of electrodes engineering method with three-dimensional (3D) architecture for 3D rechargeable lithium ion batteries, an elec-
trospinning has been successfully employed to prepare 3D net architectures of anatase TiO, and spinel LisTisO,, nanofibers. Scanning electron
microscopy, X-ray diffraction, cyclic voltammetry and the discharge/charge measurements were used to characterize their structures and electro-
chemical properties. Our results demonstrated that 3D architectures stacked from a cross-bar array of electrospun anatase TiO, nanofibers could
be accomplished but were destroyed after the insertion of Li ion. Significantly, spinel LisTisO;, could be selected as one of promise candidates for
the realization of 3D batteries considering its structure stability of 3D spinel LisTisO;, nanofibers associated with well cyclability.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An extensive research effort is currently underway to produce
three-dimensional (3D) battery architectures for rechargeable
lithium ion batteries due to the increase of the containing areas
between the cathode and anode electrodes, which could provide
a way to maximize energy and power density [1,2]. Various
approaches have been reported for introducing 3D electrode
structures within battery by micromachining [3,4] or templat-
ing [5-7]. For example, Wang et al. microfabricated high aspect
ratio carbon posts by pyrolyzing SU-8 negative photoresist, in
which photolithography can be used to pattern electrode arrays
[3]. Lytle et al. reported the synthesis and electrochemical prop-
erties of 3D ordered macroporous SnO; electrode, in which
close-packed arrays of uniform spheres were used as templates,
and appropriate precursors infiltrated them, and then these com-
posites were processed to remove the template and to form solid
wall skeletons [5]. It was found that 3D electrodes presented
high accessible surface areas, continuous networks and struc-
ture features for the design of novel battery. New strategies
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designed around electrodes engineered with 3D architecture are
still being developed. Recently, Li et al. made a mighty advance
in electrospinning technique for uniaxially aligned arrays of
ceramic nanofibers by the use of a collector consisting of a
gap between two conductive substrates [8§—11]. If controlling
the configuration of the collector, the uniaxially aligned arrays
of nanofibers could be stacked in a cross-bar and a layer-by-
layer fashion to generate a 3D net structure. Enlightened by
their works [10,11], 3D net architectures of electrode can be
readily prepared by electrospinning for further investigating the
electrochemical properties of 3D battery. Here, we demonstrate
that 3D net architectures of anatase TiO, and spinel LisTi5O12
nanofibers can be conveniently prepared by electrospinning. One
of the attractive features associated with this method is a simple
and versatile for generating fibers from a rich variety of materials
as cathodic or anodic electrodes for Li ion batteries.

More efforts must be made to investigate the electro-
chemical characteristics of 3D structure electrode for the
realization of 3D batteries. As typical cathode materials used
in rechargeable lithium batteries, TiO, and LisTisO1p were
promising storage lithium materials [12-17]. Recently, we
reported electrochemical characterization of 3D ordered macro-
porous (3DOM) anatase TiO; electrode by a colloidal crystal
templating approach combining with a high temperature calci-
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nating, and found the destruction of 3DOM TiO; film when Li
ions are inserted into TiO», indicating that it is rather difficult
to realize 3D batteries with using 3DOM anatase TiO; elec-
trodes [12]. In order to further evaluate this conclusion, we try
to reinvestigate the electrochemical characteristics of 3D anatase
TiO, electrode by new 3D net structure with features of bar. In
addition, 3D net architectures of spinel LisTisO;, was prepared
firstly and its electrochemical behavior was examined to clarify
the nature of electrochemical properties of 3D batteries.

2. Experiment

An electrospinning setup for the fabrication of fibers included
a syringe pump (KDS-200, Stoelting Co., Wood Dale, IL), a
collector electrode, a plastic syringe equipped with a N6 gauge
needle made of stainless steel with the inner and outer diameters
of 0.6 and 0.8 mm, respectively, and a dc voltage generator (up to
20kV). A dc voltage about 1.2 kV was applied between the out-
side of a N6 gauge needle and a collector electrode. The stainless
steel was used as the collector electrode. The distance between
a collector and the tip of the needle was ~20cm. A syringe
pump was employed to control the feeding rate of 0.5 mlh~! for
the precursor solution. The electrospinning process was con-
ducted in air. The collector contained a gap in the middle of
two gold electrodes. The width of the gap is about 1 cm. The
electric field lines in the vicinity of the collector were split
into two fractions pointing toward opposite edges of the gap, so
aligned nanofibers which paralleled in long axis can be achieved
[10,11].

One milliliter of titanium tetraisopropoxide (Ti(OiPr)4,
Aldrich) was mixed with 7ml of isopropyl alcohol in a
glovebox. After stirring for ~10min, 0.3 g of PVP (Aldrich,
My, =1,300,000) was added to this solution. The mixture was
immediately loaded into a plastic syringe after magnetic stirring
~1h and was used as an electrospinning precursor solution for
the fabrication of TiO; fibers. The as-spun nanofibers were left in
air for ~5 h to allow the hydrolysis of Ti(OiPr)4 to go to comple-
tion. Finally, PVP was selectively removed from these nanofibers
by treating them in air at 500 °C for 1h. In addition, Li-Ti-
O/PVP sol with the stoichiometric ratio of Li:Ti:PVP=4:5:4
sol for the fabrication of LisTisO1, fibers was also prepared
by the similar routine, in which 0.18 g lithium acetylacetonate
(Li(CH3COCHCOCH3), Aldrich) was dissolved in a solvent
mixture of a precursor solution for TiO, fibers mentioned above.
PVPin LiyTisO12/PVP fibers was removed after calcining in air
at 750°C.

X-ray diffraction (XRD) patterns and the morphology of 3D
electrodes were recorded by a Rigata/max-C diffractometer with
Cu Ka radiation and scanning electron microscopy (SEM) (Pil-
lips XL-30), respectively. Weights of 3D TiO; or LisTisO1, was
directly obtained by subtracting the original substrate weight
from total weight of the substrate and the deposited 3D film
onto its surface, which were examined by electrobalance (BP
211D, Sartorius).

For the electrochemical measurements, the two or three elec-
trode cells were constructed by using 3D electrode as a working
electrode and one or two lithium sheets as a counter electrode

and a reference electrode, respectively. 3D net architectures of
anatase TiO; and spinel LisTisO17 nanofibers deposited on the
stainless steel substrate by electrospinning were directly used
as a working electrode without any other binder or conductive
agents. The electrolyte consisted of 1 M LiPF¢ in a nonaque-
ous solution of ethylene carbonate (EC) and dimethyl carbonate
(DMC) with a volume ratio of 1:1 (Merck). The cells were
assembled in an Ar filled glove box. The two-electrode cell was
used for discharge/charge measurement, which was performed
at room temperature with a Land BT 1-40 battery test system.
The cell was cycled between 1.0 and 3.5V versus Li/Li*. The
three-electrode cell was used for cycle voltammogram measure-
ment, which was carried out with a CHI 660a electrochemical
working station (CHI Instruments).

3. Result and discussion

In order to prepare uniform nanofibers in diameters, it is nec-
essary to control the electrospinning conditions, such as PVP
concentration, Ti(OiPr)4 concentrations, the feeding rate and the
strength of electric field. Under our experimental conditions, the
diameter of TiO,/PVP nanofibers of 350 &= 20 nm could be pre-
pared as uniaxially aligned arrays. As Fig. 1(a), a parallel array
of TiO,>/PVP nanofibers was electrospun from the precursor
solution of Ti(OiPr)4 for 60 s. We made some progress on the col-
lectors, so the collector could be rotated by any angle. By rotating
the collector by 90°, the another layer fibers with its long axes
perpendicular to the first layer was stacked together as shown
in Fig. 1(b). By using this method, a 3D TiO,/PVP nanofibers
network structure can be made. The density of the nanofibers
can be controlled by collecting time, and the number of layer
of the network structure is determined by the rotating number
of the collector. In fact, the formation of 3D nanofibers net-
work is a complicated process, the feature of nanofibers and the
electrical field parameters can influence its formation. The fiber
suspended across the gap can remain highly charged after depo-
sition, thus the electrostatic repulsion between the deposited and
the upcoming fibers can further enhance the parallel alignment.
But if there is a tiny disturb of the electrical field, the fibers will
be entwisted together as shown in Fig. 1(c). Soitis often difficult
to get large density of paralleled nanofibers with long collection
time.

Properly adjusting the pH of the precursor solution (slightly
decline the resistance) for electrospinning, it can decrease the
electrostatic effect between the fibers after deposition, so as
to avoid the fibers to be twisted. In our experiment, we added
one or two drops of acetic acid into the precursor solution. The
deposited fibers were well aligned and could be stacked in multi-
layer with their long axes perpendicular to each others as shown
in Fig. 1(d), even when the collecting time was very long for
1h. Fig. 1(e) shows SEM image of 3D network architecture
after annealed in air at 500 °C for 1 h to remove PVP. The mean
diameter of nanofibers declined to 250 &= 20 nm. High temper-
ature annealing will cause the stress of the network structure.
Some of the nanofibers were bent. In order to release the stress,
the annealing temperature raised slowly from the room tempera-
ture to 500 °C for 5 h. When the typical 3D network architecture
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Fig. 1. SEM micrographs of uniaxially aligned TiO2/PVP nanofibers arrays. (a) Monolayer; (b) two perpendicular layers; (c) and (d) multilayer nanofibers without
and with the addition of acetic acid in precursor solution; (e) nanofibers network structure after annealed at 500 °C; (f) after electrochemical reaction. The insets

show enlarged SEM images of these nanofibers.

as cathode was assembled with lithium into the cell, SEM of
its surface images after the first electrochemical reaction of 3D
architecture with Li was shown in Fig. 1(f). A majority of fibers
from surface to more layers were interrupted, and the overall 3D
net architecture has been destroyed after lithium inserted.
Anatase TiO; nanofibers with the 3D network structure was
well preserved after annealed at high temperature, which can
be examined by XRD and CV data as shown in Fig. 2(a and b),
respectively. Fig. 2(a) shows XRD pattern of 3D TiO, nanofibers
network annealed at 500 °C and after inserted by lithium. Apart
from diffraction peaks appearing at 26 =43.6° and 50.7°, which
can be attributed to the stainless steel substrate, the annealed

3D TiO; nanofibers exhibited a clear diffraction peak at 25.3°,
which can be indexed to (10 1) reflection peak of the anatase
TiO, (PDF#89-4921). After lithium insertion reaction to 1.0V
in 3D TiO3/Li cells, the diffraction peak of (10 1) anatase TiO»
disappear in XRD pattern, implying that the crystalline structure
of 3D TiO, nanofibers network is different form anatase, and
is amorphous or the particles size of nano-crystalline formed
after lithium insertion into 3D TiO; nanofibers is less than the
wavelength of coherent X-ray.

As shown in Fig. 2(b), a couple of peaks were observed at
1.18 and 2.33V versus Li/Li* at the scan rate of 0.001 Vs~!,
exhibiting a typical feature of TiO; electrode [12,13]. They cor-
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Fig. 2. (a) XRD patterns of annealed TiO, 3D nanofibers arrays (1) before
and (2) after electrochemical reaction, the peaks marked with an asterisk corre-
spond to stainless steel substrate; (b) cyclic voltammogram curves of 3D anatase
TiO,/Li cell.

responded to the insertion and the extraction processes of Li for
3D TiO;. The fade of the curves between the first and subsequent
cycles shows the large irreversible process after the insertion of
Li into TiO, anatase structure. Combined with SEM and XRD
data mentioned above, the destruction of 3D architecture and
anatase structure of TiO, nanofibers when Li ions are inserted
into TiO, should be responsible for capacity fades during the
cycles. These results were consistent with previous investiga-
tion [12]. Previous studies indicated that lithium insertion in
anatase TiO, could causes the volume expansion of 3% due
to the increase of lithium titanate phase [14]. The continuous
enlargement of the volumes after Li insertion into TiO, may
result in mechanical destruction of 3D architecture.
Apparently, the structure and mechanical stability should be
considered when selecting electrode materials for 3D architec-
ture. Spinel LisTisO1, has been demonstrated as zero-strain
lithium insertion hosts in the discharge/charge process [15-17].
An attempt using LisTisO1> instead of TiO;, nanofiber for 3D
architecture was made. Fig. 3(a) shows SEM images of collected
fibers by electrospinning an ethanol solution containing 0.27 M
PVP and 0.27M LiyTi5sOj;. These fibers were randomly dis-
tributed on the substrate and their lengths could reach several
micrometers. The mean diameter of these fibers was found to be
280 £ 50 nm. These fibers may consist of PVP and LigTi5O15.
After burning the sample in air at 750 °C, the PVP was removed,

Fig. 3. SEM images of LisTisO12/PVP fibers before (a) and (b) after calcining
in air 750 °C for 1 h fabricated by electrospinning, (c) SEM images of Lis TisO12
fibers after electrochemical reaction.

a well-defined fiber texture kept unchangeable. As shown in
Fig. 3(b), their mean diameter was found to be 150 & 50 nm.
These fibers were composed of very small crystalline grains uni-
formly linked with an average size less than 100 nm, indicating
the nanostructure of the fibers. Interestingly, after electrochemi-
cal reaction of these Lis Ti5 O, nanofibers with Li, the nanofibers
structure kept constant as shown in Fig. 3(c). This is utterly dif-
ferent from the case of TiO; fibers. The size reduction of the
fibers after burning could be due to the loss of PVP from the
fibers and the crystallization, which could be confirmed by XRD
measurement.

Fig. 4(a) shows XRD patterns of the phase obtained before
and after chemical insertion of Li. All of observed diffraction
peaks can be indexed in the Fd3m space group of the cubic spinel
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Fig. 4. (a) XRD patterns of annealed Lis TisO12 nanofibers arrays (1) before and
(2) after electrochemical reaction, the peaks marked with an asterisk correspond
to stainless steel substrate; (b) cyclic voltammogram curves of spinel Lis TisO12
fibers/Li cell at the different scan rates.

structure, which is in agreement with previous report [ 18]. Apart
from slight variations in relative peak intensities between before
and after chemical insertion of Li, there were the same diffraction
peaks in both XRD patterns, indicating that spinel Li4 TisO1; can
keep structure stability during electrochemical cycling, in which
lithium ions are located at the tetrahedral 8(a) sites and tetrava-
lent titanium ions and lithium ions are randomly distributed at
octahedral 16(d) sites, while oxygen ions are located at the 32(e)
sites. As a result, 3D spinel LisTisO1> nanofibers exhibit well
reversibility during the insertion and extraction of Li as shown
in Fig. 4(b). The lithium insertion and extraction peaks at 1.54
and 1.58 V versus Li/Li* were both reversible in a typical cyclic
voltammogram of 3D spinel LisTisO1, nanofibers/Li cell.

The voltage profiles of 3D spinel LisTisO> nanofibers
at different discharge/charge rates are shown in Fig. 5. This
voltage profile was a typical behavior of spinel LisTisO12,
The first five discharge capacities were 140-192mAhg~! at
0.5C with a capacity loss of 1.0% per cycle. When the dis-
charge rate increased to 1.5C, the discharge capacities ranged
in 87-170 mAh g~! in the first 30 cycles with a capacity loss of
1.6% per cycle. Apparently, the discharge capacity of LisTisO12
nanofibers decreased rapidly at 1.5C rate, while its stabil-
ity was excellent at 0.5C rate. These results showed that the
insertion and extraction processes were stable and reversible,
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Fig. 5. Voltage profile of 3D spinel LisTisOj2 nanofibers/Li cell at the dis-
charge/charge rates of 0.5C and 1.5C.

which should be related to the structure stability of 3D spinel
LigTi5O1, nanofibers confirmed by SEM and XRD. The 3D
architecture may mitigate the influence of slow lithium ion dif-
fusivity in solid bulk and improve the rate capability of lithium
insertion.

4. Conclusion

In this study, 3D network architecture of anatase TiO, and
spinel LisTisO;, have been prepared by electrospinning and
their electrochemical properties as cathode materials for 3D
rechargeable Li ion batteries have been examined by CV and
discharge/charge measurements. After Li ions insertion, the
destruction of 3D network architectures of TiO, nanofibers
associated with poor cycle performance was found, while
LisTi5Oq, exhibited a stable in 3D network architectures and
good reversible in electrochemical cycles. LisTisO12 can be
expected to have potential application for 3D batteries as a zero-
strain insertion material. It should be emphasized that a simple
and versatile method based on electrospinning for preparing
uniaxially aligned nanofibers could be extended to other elec-
trode materials of storage energy such as LiCoO,, LiMnyO4,
LiFePO4, SnO for the application of 3D batteries.
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