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A porous LisTisO1, anode material was successfully synthesized from mixture of LiCl and TiCl; with
70 wt% oxalic acid by a modified one-step solid state method. The anode material LisTisO¢, exhibited a
cubic spinel structure and only one voltage plateau occurred around 1.5 V. The initial capacity of porous
Li4TisO1> was 167 and 133 mAhg-! at 0.5 and 1C charge/discharge rate, respectively, and the capacity
retention maintained above 98% after 200 cycles. The porous LisTisO1, structure showed promising rate

performance with a capacity of 70mAh g-! at charge/discharge 10C rate after 200 cycles. It was demon-
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strated that the porous structure could withstand 50C charge/discharge rate and exhibited excellent
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1. Introduction

Currently lithium ion batteries are being used in such portable
devices as cell phones and notebook computers and in many
telecommunication applications. These batteries show promise for
future use as power sources in hybrid electric vehicles because
of their high voltage and long cycling life. One of the key safety
issues in LIBs for HEVs would be the dendritic lithium ion growth
on the anode surface at high charging current, since the con-
ventional carbonous materials approach almost OV vs. Li/Li* at
the end of Li insertion [1-3]. Recently, various anode materials
with improved reversible capacity and stability over commercial
graphite have been proposed for Li-ion batteries. Among anode
materials, LizTisO12 has 3-D Li* diffusion pathway and negligible
structure change during charge-discharge cycling [4-6]. It features
aflat working voltage of about 1.5 V vs. lithium, which is higher than
the reduction potential of common electrolyte solvent. Although
Li4TisO1, anode material has many advantages, it cannot meet the
need of practical application owing to its poor electronic conduc-
tivity [7-11]. Therefore, the electrochemical of Lis TisO1, might not
be sufficient for high current applications before any modification.

The electrochemical performance of the electrode materials
depends on the synthesis method and route, leading to various
particle size and morphology of the products [12,13]. To over-
come the poor electronic conductivity of Li4TisO1, anode material,
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many works have been concentrated on synthesis method [14-17].
However, these proposed methods have such disadvantages as
they are too complicated and have only been utilized in small-
scale applications, making them difficult to commercialize. Usually,
conventional solid state cannot provide the required particle size
and homogeneity, which affects the electrochemical properties of
the products [18]. Especially, the raw materials of sol-gel method
includes organic acid, which has a high synthesized cost and eas-
ily causes the aggregation of particles during calcinated process.
Therefore, this study aims to provide a modified solid state method
to synthesize LigTi5O12. The method provides not only a porous
morphology but also low cost and less aggregation of particle.
In a previous study, the electrochemical performance of porous
LiNig5Mn; 504 cathode material was significantly improved after
prolong cycling [19]. The porous structure Li4Ti; 015 can efficiently
reduce the diffusion pathway of lithium ions and enhance the elec-
tron transport. To our knowledge, this kind of synthetic approach
and particle morphology has not been published. It is expected that
the porous Li4TisO1; structure can provide favorable electrochem-
ical properties and rate ability at RT.

2. Experiment

Appropriate amounts of LiCl and 70 wt% oxalic acid were thoroughly mixed,
and then TiCl4 was rapidly introduced using a dropper. The precursor was heated
at 150°C for 0.5h on a hot plate. Finally, it was sintered at 400°C for 3 h and then
calcined at 800 for 10 h in air to synthesize the porous LisTi5O15.

The crystal structure of the fresh LisTisO;, anode material was identified by
powder XRD (Rigaku, D/MAX-B, Japan) using Cu Ko radiation at 30kV and 20 mA.
Particle size and morphology of the LisTisO;; powder were examined with a
field emission scanning electron microscope (FE-7600, JEOL). The Li4TisOq, elec-
trode sheets employed for electrochemical examinations were fabricated by mixing
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Fig. 1. X-ray diffraction pattern for Li4TisO¢2 obtained at 400 and 800 °C.

Li4Tis 012 powder with conductive carbon (super P) and binder (PVDF) at a weight
ratio of 80:13:7 in N-methyl-2-pyrrolidinone (NMP). The anode sheet was prepared
by casting the slurry in Cu foil and drying at 100 °C for 24 h in vacuum. A Li metal disk
was used as an anode and reference in the cell. A 2032 coin cell was fabricated by
combining the Li4TisO1, anode and Li metal cathode in a stainless steel button cell
containing electrolyte, which was 1 M LiPFs dissolved in a 1:1 mixture by volume of
ethylene carbonate (EC) and dimethyl carbonate (DMC). The cells were assembled
in an argon-protected glove box in which water content was kept below 0.1 ppm
and all of the cells were cycled within the potential range between 2.5 and 1.0V at
different C rates.

3. Results and discussion

In this study, by using a modified one-step solid-state reactions
method with 70 wt% oxalic acid, Li4TisO1, powders with porous
structure were synthesized. First, LiCl and 70 wt% oxalic acid, used
as the starting materials, were mixed thoroughly for 0.5 h. Then
TiCl4 with a dropper was dripped into the beaker quickly to avoid
the hydrolysis of TiCl4. Mixing of TiCl4 and oxalic acid resulted in
the metathesis reaction and an acid mist of HCl was emitted during
the process. Following the synthesis, the precursor was sintered at
400°C for 3 h to destroy the organic framework. Oxalic acid formed
a mixed precursor, acting as substrate for the homogeneous distri-
bution of the metal oxide phase, and upon calcination in air, the
carbonaceous substrate was oxidized to CO,. Due to the release of
gas, the products left behind a divided oxide phase and avoided the
aggregation of particles during the synthesized process. Finally, the
Li4Ti501, powder was synthesized at 800 °C for 10 h to prepare the
porous LisTi5O0q5. The XRD pattern of the sample obtained at 400 °C
for 3 h exhibits the characteristic diffraction lines of anatase TiO,
and small amounts of Li4Tis 015, as shown in Fig. 1. The anatase TiO,
can accommodate much more lithium in its crystal lattice com-
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Fig. 3. XRD patterns of (a) non-porous LisTisO1, prepared by conventional solid
state method; (b) porous LisTis 01, synthesized by one-step solid state method.

pared to rutile TiO,. So, once rutile TiO, was formed, the formation
of Li4Tis 01, was suppressed due to its much worse reactivity than
anatase TiO; [20,21]. It is thus anticipated that pure LisTisO1, can
be synthesized by a one-step solid state method. The diffraction
peaks are in good agreement with those of the JCPD powder file no.
490207, indicating that the obtained powders have a cubic spinel
structure. The lattice parameter of the Li4 Tis O, obtained according
to the Rietveld method was 0.8354 nm, which was consistent with
the Li4TisO1; synthesized by Li et al. [22]. The surface morphology
and particle size of porous Li4Tis0,, were analyzed by FE-SEM, as
shown in Fig. 2. The porous structure is helpful for increasing the
contact area between the electrode and the electrolyte and thus
enhancing the lithium ion diffusion process and electron transport.
It is anticipated that the electrochemical properties of the powders
should exhibit an excellent cycling life and rate ability.

To compare the different performances of LisTis 01, synthesized
by conventional solid state method and one-step method devel-
oped in this study, the non-porous LisTis012 was synthesized by
conventional solid state method. The non-porous LigTisO15 was
prepared from TiO, (<25 nm, anatase structure) and LiCl by using
conventional solid state method. The starting materials, TiO, and
LiCl in a Li:Ti molar ratio of 4:5 were mixed and ball-milled for 5 h.
The powder was then calcinated 800 °C for 10h in air. The XRD of
non-porous LigTi5 017 is shown in Fig. 3. The crystal size was 51 and
41 nm according to the Scherrer equation and the lattice parame-
ter was 0.8354 and 0.8372 nm by the Rietveld method for porous
Li4Tis 015 and non-porous Li4Tis O, respectively. Itis apparent that
the primary particle size and lattice constant are almost the same in
both samples. However, the morphology and electrochemical prop-
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Fig. 2. FE-SEM morphology of Li4TisOq, with porous structure.



3684

180

150 -

120 -

90

60 -

Capacity [mAh/g]

30t
porous

0 50 100 150 200

Cycle numbers

C.-Y. Lin, J.-G. Duh / Journal of Alloys and Compounds 509 (2011) 3682-3685

180

150

120

90 -

05C

60 -

Capacity [mAh/g]

30 -
non-porous

0 1 1 1
0 50 100 150 200

Cycle numbers

Fig. 4. The electrochemical properties of porous and dense morphology at 0.5 charge/discharge rate.

erties appear evidently different, as shown in Fig. 4. The particles
of non-porous Li4TisOq, are aggregated. In general, the aggrega-
tion is a big problem associated with sol-gel or conventional solid
state method [23-27]. It causes lower capacity and poorer rate
capability. The non-porous Li4Tis 01, had a capacity of 115 mAh g~!
at 0.5C (87.5 mA) charge/discharge rate (Theoretically capacity of
LigTis01; is 175 mAh g~1). In contrast, the porous Li4Tis 01, showed
acapacity of 167 mAh g1 at the same charge/discharge rate. To fur-
ther understand the differences of the porous and dense Li4Tis O3
on the electrochemical performance, all the samples were investi-
gated by EIS. EIS is a versatile technique for studying the kinetics of
electrochemical system. Fig. 5 shows the impedance spectra of the
porous and dense LisTi5Oq cells which were discharged to 1.5V.
Each plot consists of one semicircles at higher frequency followed
by linear part at lower frequency. The low frequency region of the
straight line is attributed to the Warburg impedance of long-range
lithium ion diffusion. The diffusion coefficient of Li* for the porous
and dense LisTi5 015 is 2.86 x 1072 and 1.10 x 10-1% cm?/s, respec-
tively. The porous LisTisO1, has better rate capability and higher
capacity than dense Li4Tis 012, which is attributed to the lower cell
resistance and larger diffusion coefficient of Li*.

Fig. 6 shows the galvanostatic charge-discharge curves of
porous LisTi5 015 at 0.5C charge/discharge rate. The charge and dis-
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Fig. 5. AC impedance spectra of the dense and porous LisTi5O1, cell.

charge curves display very flat plateau at the potential of about
1.5V, demonstrating the characteristic of two-phase reaction based
on the Ti**/Ti3* redox couple. The coulombic efficiency of charge
and discharge is near 100% at 0.5C rate after 200 cycles, imply-
ing that the electrochemical reversibility of the porous LizTi5O1;
is excellent with an increase in the number of cycles. Fig. 7(a)
illustrates the charge/discharge curves of porous LisTisOq; at a
charge/discharge rate of 0.5 and 1C (175 mA). The porous LizTi5O13
delivers 167 mAhg-1 at 0.5C charge/discharge rate, which is very
close to the theoretical capacity 175mAhg-!, while it exhibits
133mAhg-! at a higher charge/discharge rate (1C). The capacity
retention is as high as 98% and the average discharge capacity loss
per cycle is rather low at 0.01 loss/cycle over 200 cycles. Fig. 7(b)
depicts the rate capability of the porous Li4TisO¢, charged at 0.5C
and discharged at different C rate. It is evident that the porous
Li4TisOq, without any doping or coating carbon could exhibit
good cycling stability from 0.5 to 30C discharge rate. The porous
Li4TisO1, shows a capacity of 150 mAh g1 at 1Cdischarge rate, and
even reaches ~80 mAhg~! at a much higher discharge rate of 10C.
An appropriate electrode material must meet the requirements
for battery operation under practical conditions, and it should be
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50 100 150 200
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Fig. 6. Galvanostatic charge-discharge curves of porous LisTisOq2 at 0.5C
charge/discharge rate.
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Fig. 7. (a) Electrochemical performance of Li4TisOq, with porous structure at charged/discharge 0.5 and 1C rate; (b) rate performance at charged at 0.5C and discharged at

different C rate.
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Fig. 8. Electrochemical performance of porous LisTis0;; at different

charge/discharge rate. By using a simple one-step solid-state reactions method
synthesizes a porous Li4Ti5O13.

able to withstand the rapid charging/discharging. Fig. 8 shows
the fast charge/discharge rate of porous LiyTi5O1. The capacity
of porous LigTis0¢, showed 167, 133, 100, 70, 30mAhg-! at 0.5,
1, 5, 10 and even 50C charge/discharge rate, respectively, and
the capacity retention exhibited excellent cycling stability after
200 cycles.

On the basis of above results, the porous LigTisOq, pre-
pared by one-step solid state method is beneficial for reducing
the pathway of lithium ion and electron transport, which can
enhance the electrochemical properties and rate ability for prolong
cycling.

4. Conclusion

Mixtures of LiCl and TiCl; with 70wt% oxalic acid were
employed by one-step solid-state reactions method to successfully
synthesize porous LisTi5O1, anode material, exhibiting outstand-
ing electrochemical properties. The initial capacity was 167
and 133mAhg-! at 0.5 and 1C charge/discharge rate, respec-
tively and capacity retention maintained at 98% at RT after 200
charge/discharge cycles. At a much higher charge/discharge rate
such as 10 and 50C, the porous LizTisO1, anode material with-

out doping any element or coating carbon could reach ~70 and
30mAhg!, respectively after 200 cycles.
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