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Abstract Nanoporous LiyTisO;, (N-LTO) was prepared
by sol-gel method using monodisperse polystyrene spheres
as a template and followed by calcination process. The as-
prepared N-LTO has a spinel structure, large special surface
area, and nanoporous structure with the pore average diam-
eter of about 100 nm and wall thickness of 50 nm. Electro-
chemical experiments show that N-LTO exhibits a high
initial discharge capacity of 189 mAh g ' at 0.1 C rate
cycled between 0.5 and 3.0 V and excellent capacity reten-
tion of 170 mAh g™ " after 100 cycles. EIS and CV analysis
show that N-LTO has a higher mobility for Li" diffusion and
a higher exchange current density, indicating an improved
electrochemical performance. It is believed that the nano-
porous structure has a larger electrode/electrolyte contact
area, resulting in better electrochemical properties at high
charge/discharge rates.

Keywords LisTisO;, - Nanoporous structure - Anode
material - Lithium-ion battery
Introduction

Lithium-ion batteries, as a dominant power source for por-
table electronic devices such as cameras, mobile phones,
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computers, electric vehicle (EV), and hybrid electric vehicle
(HEV), have attracted much attention in the scientific and
industrial fields [1-5]. The performance of lithium-ion bat-
tery is mainly determined by the properties of the battery
active materials (cathode materials, anode materials, and
electrolyte materials) [6—9]. The currently commercialized
graphite anode cannot satisfactorily meet the safety and rate
performance requirements for the future applications, espe-
cially in EV and HEV.

Recently, spinel structured LisTisO4, (LTO) has attracted
much interest due to its potential application as an anode
material for high-rate lithium-ion batteries [10—12]. This
material has a stable charge/discharge plateau voltage at
approximately 1.55 V (vs. Li'/Li), which can avoid the
reduction of organic electrolyte and deposition of metallic
lithium, thus making batteries more safe. The zero-strain
LTO displays small volume change in the charge/discharge
process, which makes a structural stability, benefiting for a
good reversibility and long cycling life. However, its low
electron conductivity greatly influences its discharge ability
at high rate. Thus, much efforts have been devoted to
modify LTO with metal ion doping (La, V, Na, Mn, Fe,
Ni, Cr, and Mg) [13-20], carbon coating [10, 21, 22], or by
various controlling particle size to nanometer level [23] and
morphologies [24-28] to improve the rate capability. It is of
especially interesting to synthesize nanoporous LTO
because of several advantages of this geometry listed
as follows. Firstly, the open nanopores allow for better accom-
modation for the volume changes without causing perfor-
mance deterioration than micron-sized materials (Fig. la—c)
[29]. Secondly, the nanoporous LisTisO;, (N-LTO) can
quickly absorb and store large numbers of Li" ions due to
the large surface area and short Li" diffusion lengths. Fur-
thermore, the N-LTO has short electronic pathways allowing
for efficient charge transport.
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Fig. 1 a—d Schematic of morphological changes and electron transport
that occur in anode material during electrochemical cycling

Herein, we report the synthesis of N-LTO by sol—gel meth-
od using polystyrene spheres as templates and followed by
calcinating the polystyrene spheres/LTO gel precursor. The
physical characterizations and electrochemical properties of
this N-LTO for lithium-ion cells have been investigated.

Experiment
Synthesis of N-LTO

Synthesis of monodisperse polystyrene spheres (PS) was
described in our previous works [30]. Precursor sol of N-
LTO was prepared by dissolving Li acetate (1.4 g A.R.) and
tetrabutyl titanate (4.9 g A.R.) in the mixture of 30 ml
ethanol (A.R.) and 0.5 ml diethanolamine (A.R.) acted as a
chelating agent to slow down the hydrolysis reaction of
tetrabutyl titanate [31]. This sol was added dropwise to the
surface of the precursor (PS) template, then the sol was
infiltrated into the voids between PS particles by vacuum
filtration. After that, the deposit was removed from the
Buchner funnel, and dried at 60 °C for 4 h. The obtained
white solid was the precursor (PS-LTO) of LTO containing
PS template. Finally, the precursor was calcinated in air at
400 °C for 4 h with a ramp of 10 °C/min from room
temperature to 400 °C, then 750 °C for 10 h. The N-LTO
was obtained after cooling to room temperature. For com-
parison, solid particles of Li;TisO;, (P-LTO) were synthe-
sized by sol-gel method using Li acetate and tetrabutyl
titanate as raw materials without the PS template.

Characterization and electrochemical properties

The surface functional groups of the samples were charac-
terized by a Fourier transform infrared spectrometer (FTIR,
Nicolet avatar 360 E.S.P). TA-60 was used for thermogravi-
metric analysis (TGA) with a heating rate of 15 °C min '
from 50 to 800 °C at air atmosphere. The structures of
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products were determined by X-ray diffraction (XRD,
D/Max-1II X-ray diffractometer with Cu Ka radiation).
The morphologies of the final products were obtained
by scanning electron microscopy (SEM; JEOL JSM-
6380LA, Hitachi S-4800). The specific surface area of
the prepared sample was evaluated by N, gas adsorption and
desorption measurements (Gemini-2390, Micromeritics)
with Brunauer—Emmett—Teller (BET) method.

Electrochemical performances were tested by assembling
CR2025 coin cells in a glove box filled with ultrapure argon,
using lithium metal as the counter electrode, 1 mol dm >
LiPFg dissolved in ethylene carbonate/dimethyl carbonate
(1:1, v/v) as electrolyte, and microporous polypropylene
film (Celgard 2400) as a separator. The working electrodes
were fabricated by mixing as-prepared N-LTO powders
(80 wt.%), carbon black (electronic conductive additive,
10 wt.%), and polyvinylidene fluoride (binder, 10 wt.%) in
N-methylpyrrolidinone. This slurry was coated on copper foil
and dried at 100 °C overnight under vacuum. Galvanostatic
charge/discharge tests were performed at room temperature
on a LAND CT-2001A cell program-control test system at
various rates between cutoff voltages of 0.5 and 3.0 V vs.
Li/Li". Electrochemical impedance spectroscopic (EIS)
measurements were carried out on an IM6e electrochemical
workstation with an oscillating voltage of 5 mV from
10 mHz to 1 MHz frequency range. The cyclic voltammo-
grams (CV) were obtained using Potentiostat/Gallanostat
Model (Perkin-Elmer 273A, EG&E).

Results and discussion

Figure 2 shows the IR spectra of PS, PS-LTO gel, and the N-
LTO prepared by carbonizing PS-LTO precursor. In the IR
spectrum of PS, the strong characteristic absorption bands
appear at 693, 770, 1,600-1,300, 2,923, and 3,037 cm ! are
assigned to —(CH,),— in-of-plane bending vibration, y(Ar—
H) out-of-plane deformation vibration, C=C aromatic skel-
etal vibration, C—H stretching vibration, and Ar-H stretch-
ing vibration of benzenes, respectively. Compared with the
IR spectrum of PS-LTO gel composite, as shown in Fig. 2
(c), the characteristic absorption bands of PS disappeared,
indicating the complete decomposition of PS template after
calcinations at 400 °C for 4 h. The absorption bands at
556 and 1,448 cm™ ' present the stretching vibration of Ti—O
and —CO;, which can be considered as the intermediate
during the heating process. Figure 2 (d) shows the IR
spectrum of N-LTO and the absorption bands at 678 and
525 cm' related to the symmetrical stretching vibration
and asymmetrical stretching vibration of Ti—O [32, 33],
respectively. Meanwhile, the characteristic absorption bands
of —CO5 disappeared. The peaks at 3,300 and 1,600 cm '
are due to the absorbed water on the surface of samples [34].
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Fig. 2 IR spectra of PS (a), the solid precursor PS-LTO gel (b), the
products obtained by calcination of the precursor at 400 °C for 4 h (¢),
and N-LTO (d)

Figure 3 displayed the TGA curves of the mixture con-
sisting of PS and LTO sol from 50 to 800 °C in air atmo-
sphere. The TG curve [Fig. 3 (a)] shows that a small loss of
mass occurs in the temperature range from 50 to 200 °C.
This effect is due to desorption of water condensed on the
sample surface. Also, on the DTG curve [Fig. 3 (b)] at 100 °C
an endothermic process starts caused by the melting and
followed dehydration of CH;COOLi-2H,0 under the influ-
ence of crystallization water [35]. Next, on the TG curve
between 350 and 420 °C a significant mass loss of the
sample is seen, corresponding to the thermal decomposition
of PS and a phase transition. This corroborated by a peak on
the DTG curve between 350 and 420 °C with a maximum at
410 °C. In the further range from 420 to 470 °C, a mass loss
caused by the thermal decomposition of amorphous
CH;COOLI, whereas the curve from 470 to 700 °C mainly
corresponds to the crystallization of spinel LTO [10]. As
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Fig. 3 TG (@) and DTG (b) curves of the solid precursor PS-LTO gel
mixture under air atmosphere

shown in Fig. 3 (a), there was almost no further weight loss
at temperature higher than 700 °C.

Figure 4 illustrated the X-ray diffraction pattern of the
product obtained by calcination of the precursor at 400 °C
for 4 h in air [Fig. 4 (a)] and N-LTO sample [Fig. 4 (b)]. The
N-LTO sample has several sharp diffraction peaks at 20=
18°, 35°, 37°, 43°, 47°, 57°, 62°, and 66°. These peaks
correspond to (111), (311), (222), (400), (331), (333),
(440), and (531) planes of a face-centered cubic spinel
structure with Fd3m space group [36, 37], respectively,
which coincides with spinel LTO (JCPDS data card No.49-
0207). The unit cell parameter (@) calculated by using the
software JADE is 0.8382 nm, which is slightly larger than
reference value (PDF card ¢=0.8358 nm). As shown in
Fig. 4 (a), some diffraction peaks of weak intensity, assigned
to TiO, phase, were observed. However, no lithium-related
phase was detected, suggesting an amorphous structure of
the lithium compounds in the product obtained by calcina-
tion at 400 °C, according with the TGA results. After the
calcination at 750 °C, only the spinel phase was detected,
suggesting the successful formation of a phase-pure LTO.
Therefore, a high temperature can promote the phase reac-
tion between TiO, and the Li-related phase by incorporating
Li" into the TiO, lattice with the formation of LTO [36].

The morphology of PS templates is shown in Fig. 5a. It
can be clearly observed that the PS has an average diameter
of about 350 nm. SEM image of N-LTO is shown in Fig. 5b.
It is obviously found in Fig. 5b that N-LTO is assembled by
many nano-hollows. The cavities can be clearly seen from
the SEM observation. Fig. 5c displays some representative
open hollows, the shells of which are formed by nanopar-
ticles. It could be seen that the pores’ average diameter and
wall thickness of N-LTO are about 100 and 50 nm, respec-
tively. It implied that the large shrinkage happened in the
calcination process. In the images, many cracked shells were
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Fig. 4 XRD patterns of N-LTO sample () the products obtained by
calcination of the precursor at 400 °C for 4 h (a)
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Fig. 5 SEM images of PS (a) and N-LTO (b, ¢)

found. The cracked shells might be ascribed to the fast
escaping of CO,, H,O, and CO from the interior of the
precursor. The BET surface area of N-LTO particles
(19.08 m* gy significantly exceeds that of the P-LTO
powder (1.12 m* g ') and the reported three dimensionally

Fig. 6 Schematic mechanism
for the formation of N-LTO
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ordered macroporous LisTisO;» membrane (8.30 m* g ")
[38]. The fabricating process was presented in Fig. 6.

Figure 7 exhibits the initial charge and discharge profiles
for the N-LTO sample [Fig. 7 (a)] and P-LTO powder [Fig. 7
(b)] at 0.1 C rate in the voltage of 0.5-3.0 V. The initial
discharge capacities of the P-LTO and the N-LTO were 164
and 189 mAh g', respectively. The high capacity means
that the hollow nanostructure of N-LTO was well devel-
oped, and the Li*-ion insertion and extraction took place at
entire part of the porous N-LTO, which originates from the
hollow structure and a large specific surface area [28, 39].
However, the N-LTO sample shows a large irreversible
capacity at the first cycle. The capacity loss might be attrib-
uted to the breakdown processes in the electrolyte solution,
such as reduction of trace water, which is more pronounced
for high-surface area electrodes [28]. The discharge curve of
the N-LTO sample also shows very flat plateau at 1.55 Von
a large Li content domain. The very flat plateau indicates the
characteristic of two-phase reaction. It has been proposed
that Li™ ions are inserted into LisTisO;, which converted
into Li;TisOq, [40, 41]. The variation of discharge capacity
of the N-LTO sample with cycle number at 0.1 C rate is
shown in Fig. 8. After the initial cycles, capacity retention is
excellent. The discharge capacity of 170 mAh g ' (close to
the theoretical capacity of 175 mAh g ' [37]) is obtained
after 100 cycles, representing capacity retention of about
100% per cycle during the 10-100th cycle. This excellent
capacity performance is mainly due to its nanoporous struc-
ture, which allows the electrolyte to penetrate inside N-LTO
particles, resulting in high accessibility of the active material
[7, 42].

The charge and discharge curves and rate performances
of N-LTO electrode at 0.1-10 C are shown in Figs. 9 and 10.
It can be seen in Fig. 9 that the cell voltage and discharge
capacities both exhibit a tendency to decrease with increas-
ing discharge rates. The N-LTO sample delivers specific
capacities of 162, 149, 131, 110, and 102 mAh gf1 at 0.5,
1, 2,5, and 10 C rate, respectively. It can be also noticed in
Fig. 10 that as long as the current rate reverses back low
current rate, the cell capacity can recover to the original
value, indicating that the integrity of the N-LTO anode
material has been maintained even after high-rate charge
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Nanoporous LTO
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Fig. 7 The initial charge—discharge curves for N-LTO (@) and P-LTO (b)

and discharge. This clearly demonstrates that our hollow
nanostructure material architecture is tolerant to varied
charge and discharge current, which is a desirable charac-
teristic required for high-power applications. The high-rate
capacity performance could be attributed to the nanoparticle
distribution. Nanometer-sized electrode material can reduce
transport distances for both e and Li" transport makes full
Li" diffusion possible in a short time and at high charge/
discharge rates [43].

In order to further investigate the effect of nanopo-
rous structure system on the electrode performance, the
EIS of N-LTO (a) and P-LTO powder (b) were mea-
sured. As shown in Fig. 11, all the EISs were composed of
one semicircle at higher frequencies followed by linear part
at lower frequency end. Such EIS patterns can be fitted into
an equivalent circuit, as shown in the inset figure. The
relationship between the imaginary impedance and the low
frequencies is illustrated in Fig. 12. The graph of Z' against
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Fig. 8 Cycling performance of N-LTO sample (0.1 C)
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Fig. 9 The initial charge and discharge curves of N-LTO at various
rates

w *3 in the low-frequency region is a straight line with the
slope of o. This relation is governed by Eq. 1 [36]. The
diffusion coefficient values (Dy;") of the Li" and the ex-
change current density (¢) in the samples are calculated by
Egs. 2 and 3 [44].

7' =Ry + Ry + Ry + 00 %3 (1)
D = 0.5R*T? /n* 4> F*C?? (2)
i = RT /nFRy (3)

where the meanings of o is the Warburg factor, n is the
number of electrons per molecule during oxidization, w the
angular frequency in the low-frequency region, R the
charge transfer resistance, D the diffusion coefficient, R
the gas constant, 7 the absolute temperature, /' Faraday’s
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Fig. 10 Rate performances of N-LTO
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Fig. 11 EISs of N-LTO (a) and P-LTO (b). The inset figure shows the
equivalent circuit for the EIS measurement

constant, 4 the area of the electrode surface, C the molar
concentration of Li*, and i the exchange current density.

These calculated results are recorded in Table 1. The
obtained D;;" showed that the N-LTO sample has higher
mobility for Li" diffusion than the P-LTO powder. Further-
more, the exchange current density of the N-LTO sample is
higher. From the results of EISs analysis, the nanoporous
structure enhanced the conductivity of the samples, which
directly led to improved high-rate capabilities of the anode
material.

Shown in Fig. 13 are the first cyclic voltammetry curves
of N-LTO [Fig. 13 (a)] and P-LTO [Fig. 13 (b)] between 0.5
and 2.5 V with a voltage scan rate of 1 mV/S. Both curves
show a pair of reversible redox peaks, which can be ob-
served near the potential of 1.55 V vs. Li'/Li, due to the
solid-state redox of Ti**/*" accompanying with the Li'-ion

300F
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0.2 03 0.4 0.5 0.6 0.7 0.8

W-O,S

Fig. 12 The relationship between imaginary impedance (Z') and
square oot of frequency (w ) in the low-frequency region for N-
LTO (a) and P-LTO (b)
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Table 1 Electrochemical parameters obtained by the electrochemical
impedance spectroscopic measurements

Sample Ry (Q) o(Qem?>S ™) D(em’S™") i(mAcm?)
N-LTO 170 93 2.98x1071 5.9x107°
P-LTO 250 126 1.60x10° 1 4.0%x1073

insertion and extraction. This indicated that Li" ions can
successfully insert/extract into both materials. Compared
with P-LTO electrode, the voltage separation between anod-
ic peak and cathodic peak of N-LTO electrode is smaller,
and peak current is larger. These should be due to the higher
electrode activity of N-LTO than P-LTO powder, agreeing
well with the EISs results.

Conclusions

The N-LTO sample was prepared by using monodisperse
polystyrene spheres as templates. The as-prepared N-LTO
has a spinel structure, large special surface area of
19.08 m? g ', and nanoporous structure with the pores’
average diameter of about 100 nm and wall thickness
of 50 nm. Electrochemical performance measurements
indicated that the N-LTO electrode material achieved
the initial discharge capacity of 189 mAh g ' at 0.1 C
rate with excellent capacity retention and rate capabilities.
This sample also showed a higher mobility for Li" diffusion
and a higher exchange current density, as indicated by EIS
and CV. The result was mainly due to the nanoporous
structure and the nanoparticle distribution. Accordingly,
the large contact surface area between the anode particle
and electrolyte improves the high-rate performance, provid-
ing potential as anode material for high-rate lithium-ion
batteries.
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Fig. 13 Cyclic voltagrametric figures of N-LTO (@) and P-LTO (b)
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