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Abstract Porous lithium titanate (LiyTisO;,) fibers, com-
posed of interconnected nanoparticles, are synthesized by
thermally treating electrospun precursor fibers and utilized
as an energy storage material for rechargeable lithium-ion
batteries. The material is characterized by X-ray diffraction,
scanning electron microscopy, high-resolution transmission
electron microscopy, and thermal analysis. Scanning electron
microscopy results show that the Li,TisO1, fibers calcined at
700 °C have an average diameter of 230 nm. Especially, the
individual fiber is composed of nanoparticles with an average
diameter of 47.5 nm. Electrochemical properties of the mate-
rial are evaluated using cyclic voltammetry, galvanostatic
cycling, and electrochemical impedance spectroscopy. The
results show that as-prepared LiyTisO,, exhibits good cycling
capacity and rate capability. At the charge—discharge rate of
0.2,0.5,1, 2,10, 20, 40, and 60 C, its discharge capacities are
172.4, 168.2, 163.3, 155.9, 138.7, 123.4, 108.8, and
90.4 mAh g', respectively. After 300 cycles at 20 C, it
remained at 120.1 mAh g~'. The obtained results thus strongly
support that the electrospun Li4TisO;, fibers could be one of
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the most promising candidate anode materials for lithium-ion
batteries in electric vehicles.
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Introduction

Lithium-ion batteries have attracted attention as power
supplies of electric vehicles and hybrid electric vehicles
due to its high power, high energy density, and long cycle
life [1-3]. The spinel lithium titanate (LisTisO;,) has been
demonstrated as a potential candidate for the anode elec-
trode material in high-power Li-ion batteries as well as
hybrid electric vehicles [4—13]. It has good structural stabil-
ity with an almost negligible volume change during the
discharge—charge processes, which suggests good Li-ion
insertion and extraction reversibility and long cycle life.
However, one practical problem associated with Li;TisO;,
anode is its poor rate performance at high charge—discharge
rates mainly due to its low electronic conductivity (only
1072 S em™ at 20 °C). To overcome this problem, it is
important to design and fabricate nanostructured electrode
materials that provide high interface area between the metal
oxide and electrolyte and short diffusion paths for ionic
transport and electronic conduction during charging and
discharging [14, 15].

Generally speaking, various synthesis methods such as
sol—gel route [16], hydrothermal synthesis [17], molten salt
process [18], and so on have been proposed to prepare nano-
structured LiyTisO, electrode materials. For example, Li et al.
[8] have reported one-dimensional LisTisO;, prepared by
hydrothermal method that exhibits high rate performance.
Kang et al. [9] have reported a mesostructured spinel
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Li4TisO;,/carbon nanocomposite via block copolymer self-
assembly that shows a reversible capacity of 115 mAh g'
with 90 % capacity retention after 500 cycles at 10 C. Kim et
al. [10] reported that a spinel LisTisO;,/reduced graphite
composite prepared by a two-step microwave-assisted solvo-
thermal reaction and heat treatment yields excellent rate capa-
bility and cycling performance. In order to improve the
electrochemical performances during cycling, nanocrystalline
Li4TisO;, was synthesized by a single-step solution combus-
tion method, previously described by Prakash et al. [19]. As
we are known, nanoelectrode materials composed of one-
dimensional nanowires for lithium-ion batteries by electro-
spinning [20, 21] have shown great advantages over other
processing methods. The electrospinning approach provides
a flexible way to prepare large-scale nanomaterials to fulfill
the requirements for electrode materials. Chan et al. reported
that the electrodes composed of one-dimensional nanowires
could bring significant improvement in the electrochemical
performance, attributing the increased performance to a better
strain relaxation and firm electronic contact during charge—
discharge cycles [22, 23]. Lu et al. [24] reported that spinel
Li4Tis01, nanofibers with 3D net architecture were prepared
by electrospinning, exhibiting good cycle stability. Guo et al.
[25] have reported that LiyTisO,,/C fibers were synthesized
through the electrospinning method, which exhibited high
reversible capacity and great rate capability.

In this work, we successfully synthesized porous LisTisO1,
fibers through an electrospinning method and high-
temperature thermal treatment. The morphology, crystal
structure, and electrochemical properties of LiyTisOq,
fibers were systematically investigated. The individual fi-
ber is composed of nanoparticles; it produces porous
interconnected nanoparticle network which would provide
higher electrode/electrolyte contact surface and better elec-
tronic and ionic conductivity. The results of electrochem-
ical measurements indicate that the anode material made of
LiyTisO;, fibers exhibits excellent cycling stability and
high rate capability.

Experimental section
Materials preparation

The LisTisO,, fibers were prepared by combining the sol—
gel chemistry and electrospinning technique. The solution
for electrospinning was prepared from tetrabutyl titanate
(TBT), lithium acetate (LiOAc), polyvinyl pyrrolidone
(PVP, My=1,300,000), ethanol, and acetic acid. All chem-
icals were obtained from Aldrich. TBT (3.00 g), CH;COO-
Li-2H,O (0.72 g), PVP (0.79 g), and acetic acid (3.0 mL)
were added to the ethanol solvent (15.5 mL). The mixture
was stirred for 24 h to obtain the precursor solution.
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Subsequently, the precursor solution was loaded into a
one-off injector with a spinneret made of stainless steel.
The distance between the spinneret and the collector was
20 cm, and the applied voltage was 28 kV. The precursor
solution was fed by a pump at a rate of 0.25 mL h™'. The
electrospun fibers were dried in air at 100 °C overnight, and
then calcined at different temperature (600, 700, 750, and
800 °C) for 12 h at a heating rate of 1 °C min ' in air to
obtain LisTi505.

Characterizations

The surface morphologies were investigated by scanning
electron microscopy (SEM; JEOL JSM-6360) and high-
resolution transmission electron microscopy (TEM; JEOL
3010). The crystal structures of LiyTisO, calcined at dif-
ferent temperatures were determined by X-ray diffraction
(XRD; Rigaku D/max 2550) pattern (Cu K« radiation) in
the range of 10-80° at a scan rate of 10° min™'. The thermal
behavior of the gel precursor was characterized by thermog-
ravimetry (TG) and differential thermal analysis in the
SDTQ 600 instrument ranged from room temperature to
800 °C at a heating rate of 10 °C min™' in air.

Electrochemical measurement

The electrode was prepared by using 70 wt% of LizTisO;,
as active materials, 20 wt% carbon black and 10 wt% poly-
vinylidene difluoride as binder, which were dissolved in N-
methyl-2-pyrrolidinone. The obtained slurry was then coat-
ed onto the copper foil current collectors and dried for 12 h
in a vacuum oven at 120 °C. The coin cell (CR2016) was
fabricated using the lithium metal as a counter electrode and
reference electrode. The electrolyte was 1 mol L™ solution
of LiPF¢ in a mixture of 1:1 (v/v) ethylene carbonate and
diethyl carbonate. The separator (Celgard 2400) was soaked
in an electrolyte for 24 h prior to use. Coin cell assembly
was carried out in an argon-filled glove box by keeping both
the moisture content and oxygen level less than 1 ppm. The
charge—discharge measurements were carried out in the
voltage range of 2.0—-1.0 V at different rates, which were
performed through a NEWARE BTS-5 V10 mA computer-
controlled battery test station at different rates of 0.2-60 C.
The capacity was based on the amount of the active mate-
rial, excluding the weight of the additives in the electrode.
The cyclic voltammetry (CV) was performed on a Potentio-
stat/Galvanostat M273 in conjunction with M5210 Lock-in
amplifier instrument (Princeton Applied Research &
AMTECT Company). The electrochemical impedance spec-
troscopy was also investigated by the Potentiostat/Galvano-
stat M273 in conjunction with the M5210 Lock-in amplifier
instrument with an AC voltage of 5 mV amplitude in the
frequency range from 1x10° to 1x107° Hz.
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Fig. 1 TG/DTA curves of the electrospun LIOAc/TBT/PVP fibers at a
heating rate of 10 °C min™" in air

Fig. 2 a SEM image of
electrospun LiOAc/TBT/PVP
fibers, b—e SEM images of
Li4TisO,, which is synthesized
at different temperatures (b 600,
¢ 700, d 750, and e 800 °C), f
TEM images of LiyTisO;,
fibers calcined at 700 °C

Results and discussion

Figure 1 shows the TG/DTA curves of the electrospun LiOAc/
TBT/PVP precursor fibers at a heating rate of 10 °C min ™"
under air atmosphere. It is found that there are two main
endothermic peaks during heating the fibers from room tem-
perature to 800 °C. The first endothermic peak can be ascribed
to the evaporation heat of absorbed water from the precursor
fibers at around 100 °C. The second endothermic peak (280—
350 °C) may be relative to the thermal decomposition of
lithium acetate, tetrabutyl titanate, and PVP. Subsequently,
the curve is flat, and no endothermic peak is observed. For
the TG curve, no obvious weight loss is also observed after
500 °C. The sample remains about 36.7 % of the initial
weight when the temperature is higher than 500 °C. As
shown in Fig. 1, the TG curve demonstrates that the anneal-
ing temperature must be higher than 550 °C to make the
thermal reaction complete.
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Figure 2a shows a SEM image of the electrospun LiOAc/
TBT/PVP fibers. All fibers exhibit a long and straight mor-
phology with relatively uniform diameters ranging from 400
to 600 nm, and no beads or fiber defect with so-called beads
on a string morphology is observed. Figure 2b—e shows
SEM images of LisTisO;, calcined at different temperatures
[(b) 600, (c) 700, (d) 750, and (e) 800 °C]. The sample
heated up to 700 °C could maintain the conventional elec-
trospun fiber morphology. The diameter of fibers decreases
after annealing at 700 °C due to the decomposition of
lithium acetate, tetrabutyl titanate, and PVP in the electro-
spun fibers. It can be seen that there were a number of large
size particles or particle aggregates after the fibers were
calcined at 750 °C. As shown in Fig. 2e, it is obvious that
there is a significant change in microstructure when increasing
the calcination temperature to 800 °C, indicating that obvious
melting occurs. Figure 2f shows the TEM image of Li4TisO,
fibers calcined at 700 °C. The individual fiber with porous
structure is composed of uniform interconnected nanoparticles
with average diameter less of than 50 nm, which is consistent
with the result of XRD. The possible mechanism behind the
formation of these fibers is suggested in the schematic shown
in Scheme 1. The thermal decomposition of lithium acetate,
tetrabutyl titanate, and PVP occurs simultaneously under sin-
tering; the sintering process has an effect on the growth of
Li4TisO;, nanoparticles and allows the nanoparticles to join
together, forming porous fibers.

The cycling performances of LiyTisO;, calcined at dif-
ferent temperatures are shown in Fig. 3. The LiyTi5O0;,
fibers calcined at 700 °C show the best cycling stability; a
discharge capacity of 173.0 mAh g ' is maintained at 0.2 C
after 10 cycles. However, the LiyTisO;, calcined at 600,
750, and 800 °C has discharge capacities of only 110, 110,
and 132 mAh g_1 after 10 cycles, respectively. The experi-
mental results indicate that Li4TisO;, calcined at 700 °C has
the best electrochemical performance. Thus, we choose
700 °C as the annealing temperature to obtain the Li;TisO;,

Calcined
PVP e TBT
o LiOAc ® LisTisO12

Scheme 1 A schematic diagram for the formation of porous LisTisO1,
fibers during sintering
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Fig. 3 The cycling performances of LisTisO, calcined at different
temperatures

fibers, which could maintain the fibrous morphology and
have excellent electrochemical performance.

The influence of calcination temperature on the formation
of LiyTisO;, was investigated. Figure 4 shows XRD patterns
of the as-prepared Li;TisO;, obtained by calcining the pre-
cursor fibers at different temperatures. It can be seen that the
anatase TiO, and Li,TiO; impurities are present when
annealed at 600 °C. The existence of the impurities is related
to the incomplete reaction of the precursor. When increasing
the calcination temperature to 700 °C, the main diffraction
peaks appear at 20=18.33°, 35.57°, and 43.24°, which can be
attributed to (111), (311), and (400) reflections of the cubic
structure of spinel LiyTisO;, (JCPDS no: 49-0207) with
Fd3m space group. A diffraction peak located at 26=27.38°
is assigned to rutile TiO, impurity, although a trace amount of
TiO, is still observed at very weak peak intensity. Such a trace
of impurity phase is later found out to have a negligible effect
on the electrode performance. This result suggests that the
Li4TisO;, can be facilely formed by calcining the precursor at
700 °C for 12 h. A detailed crystal line size (D) is calculated
using a Scherrer equation (cos(@) = kND, where [ is the half-
peak width of the XRD diffraction peak, € is the position of

* Rutile TiO, # LiTi,0,
| \ 800 °C
e v Lo

750 C
' 700 C
N
* * Anatase TiO, « LiTiO,
| i 600 C

5 20 L 2 4ux |

10 20 30 40 50 60 70 80
2 Theta /Degree

Fig. 4 XRD patterns of the as-prepared LiyTisO;, at different temper-
atures (600, 700, 750, and 800 °C)
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Fig. 5 The CV curves of the Li;TisO,; electrode calcined at 700 °C in
the voltage range of 2.0—-1.0 V at different scan rates

the peak (20=18.33°), A is wavelength of CuK« radiation,
and £ is a constant (0.89) [26]. It is found that the average
crystalline size (D) of the nanoparticles is 47.5 nm, providing
a short Li-ion diffusion path. Further increasing the calcina-
tion temperature to 750 °C, the intensities of the diffraction
peaks increase, which indicate that the average crystallite size
of the nanoparticles increases. When the temperature is 800 °©
C, the impurity phase rutile TiO, and LiTi,O4 appear which
might be ascribed to the decomposition of LisTisO;,. So, it
can also be concluded that the 700 °C is an optimized calci-
nation temperature to obtain LisTisO,, fibers.

Figure 5 shows the cyclic voltammograms of the
Li4TisO,, electrode calcined at 700 °C at different scan
rates. A couple of redox peaks located at about 1.67 and
1.47 V (vs. Li/Li") are observed at a scan rate of
0.1 mV s !, which indicates the reversible Li" intercala-
tion and de-intercalation in LizTisO;,, namely, the redox
reaction of Ti**/Ti*". The potential interval AE between
the anodic and cathodic peaks increases when scan rate is
increased gradually from 0.1 to 2 mV s~', which is caused
by the polarization.

The profiles of voltage versus capacity at different rates
for the LisTisO,, electrode calcined at 700 °C are shown in
Fig. 6. The material shows an initial discharge capacity of
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Fig. 6 The profiles of voltage versus capacity of the Li;TisO;, elec-
trode calcined at 700 °C at charge—discharge rates between 2.0 and
1.0V
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Fig. 7 Rate performances of the LisTisO;, calcined at 700 °C at
different rates between 2.0 and 1.0 V

175.5 mAh g ' and charge capacity of 174.5 mAh g ' with
99 % the coulomb efficiency during the first charge and
discharge cycle (0.2 C), and voltage plateaus (discharge and
charge) appear at 1.53 and 1.60 V, respectively, which are
consistent with the CV curves. By increasing gradually the
galvanostatic charge—discharge rate from 0.2 to 60 C, the
voltage plateaus of the discharge shift to lower potential,
while the voltage plateaus of the charge shift to higher
potential at higher rates due to kinetic effects of the material.
In addition, when the charge—discharge rate is higher than
10 C, high polarization for the charge—discharge process
occurs, which could be related to a more evident surface-
confined charge transfer kinetics (known as the pseudoca-
pacitive faradaic kinetics) and diffusion-controlled kinetics
as lithium intercalating/deintercalating in LizTisO1, [27].
Figure 7 shows the cycling performance of LisTisOq,
calcined at 700 °C at different discharge rates between 2.0
and 1.0 V. The galvanostatic charge—discharge rate was
increased gradually from 0.2 to 60 C, 10 cycles for each
rate. A specific discharge capacity of 173.0 mAh g ' is
obtained at a rate of 0.2 C after 10 cycles; the reversible
discharge capacity of 168.2, 163.3, 155.9, 138.7, 123.4,
108.8, and 90.4 mAh g ' is observed at a discharge rate of
0.5, 1,2, 10, 20, 40, and 60 C in the last cycle, respectively.
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Fig. 8 Cycle performance of the LisTisO;, calcined at 700 °C at a rate
of 20 C
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Fig. 9 SEM image of the LisTisO, fibers electrode after 20 cycles

This rate capacity is higher than the recently reported for
similar anode materials [28]. Such good rate capability
results from its good electrode electronic contact and high
surface area of the fibers, which is a high electrode—electro-
lyte contact area, resulting in improvement of both electron
and Li" transport.

In order to further evaluate the electrochemical performance
of the product, the variation of discharge capacity with cycle
number at 20 C charge—discharge rate is shown in Fig. 8. It can
be observed that the Li4TisO;, shows a stable cycle life. The
discharge capacity in the first cycle is 122.4 mAh g ' at 20 C,
and a capacity of 120.1 mAh g is obtained after 300 cycles.
The LisTisOy, electrode shows a capacity retention of 98.1 %
of the first discharge capacity. Furthermore, as shown in Fig. 8,
the coulombic efficiency remains almost at 100 %. These
results show that lithium-ion intercalation into and deintercala-
tion out of the LisTisO1, electrode are highly reversible. It can
be seen that the LiyTisOy, fibers have good cycling perfor-
mance even at high current density.

Figure 9 shows the SEM image of the LiyTisO,, fiber
electrode calcined at 700 C. This sample went through 20
charge—discharge cycles at 1 °C with a cutoff range of 2.0—

1.0 V. The SEM image shows essentially the same morpho-
logical features of the LiyTisO;, fiber structures, which
indicate that the fibrous morphology of LisTisO;, is not
destroyed after lithium-ion intercalation/deintercalation in-
to/out of the electrode. In all, the morphology change is
essentially negligible after charge—discharge cycles, which
corresponds to the excellent cycling performance.

Figure 10a shows the impedance spectra of LizTisO;,
calcined at 700 °C, which were measured in the fully dis-
charged state after cycling. The impedance spectra have two
semicircles: one semicircle is in the high-to-medium frequen-
cy region and is attributed to the resistance of surface film (R
covering on the particles, and the other is in the low-frequency
region approximately and represents the charge transfer resis-
tance (Ry) [29]. The inclined lines in the lower frequency are
attributed to the Warburg impedance, which is associated with
lithium-ion diffusion in Li4TisOq, electrode. The lithium-ion
diffusion coefficient could be calculated using the following
equation [29]: D = R*T? 24°n* F*C? 0.

Herein, R is the gas constant, 7 is the absolute temper-
ature, A is the surface area of the cathode, n is the number
of electrons per molecule during oxidization, F is the
Faraday constant, C is the concentration of lithium-ion
(0.014 mol cm > for x=1), and o is the Warburg factor which
is associated with Z..: Z,. = R. + Rst + Rt + ow1/?

Herein, R, is the resistance of electrolyte, Ry is the resis-
tance of surface film, and R, is the charge transfer resistance.
R . and Rgrare found to be 56 and 55 Q, respectively, based on
the fitted data using the equivalent circuit. Figure 10b shows
the relationship plot between Z,., and reciprocal square root of
the angular frequency (w %) at low-frequency region. The
lithium-ion diffusion coefficient of Li,TisO,, was calculated,
and is 3.14x107"" em® s™!, which is higher than that of the
recently reported [30]. In addition, an electric conductivity of
2.1x1077 S cm ! is obtained for the LiyTisO,, fibers (mea-
sured by a four-point probe method). These results exhibit that
the porous fiber structure allows better lithium-ions diffusion
and electronic conductivity, which is in good agreement with
the rate capability.

Fig. 10 a The impedance a b
spectra of the LisTisO,, -250 190
calcined at 700 °C, and b the 1801
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and w2 at low-frequency 170+
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N 140}
-50-
130}
01 120}
0 30 60 90 120 150 180 00 05 10 15 20 25 3.0 35
Z' 10hm o 12 /5172

@ Springer



J Solid State Electrochem (2012) 16:3307-3313

3313

Conclusions

Porous LiyTisO, fibers, composed of interconnected nano-
particles, have been successfully synthesized via electro-
spinning method followed by thermal treatment. The
LisTisOy, fibers calcined at 700 °C have an average diam-
eter of 230 nm. Especially, the individual fiber is composed
of nanoparticles with an average diameter of 47.5 nm. Elec-
trochemical measurements indicate that the anode material
made of the LiyTisO;, fibers displays a highly reversible
capacity and excellent rate capability, which is due to the
short lithium diffusion path and high electric conductivity of
Li4Ti5012 fibers.
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