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Abstract

La-doped LisTisO;, was successfully synthesized from Li,COj;, La,O; and tetrabutyl titanate by a simple ball milling assisted
modified solid-state method. The impact of La-doping on crystalline structure, particle size, morphology and electrochemical
performance of LiyTisO;, was investigated. The samples were characterized by XRD, SEM, galvanostatically charge—discharge and
electrochemical impedance spectroscopy. The results demonstrated that the in-situ coated and ball-milling method could decrease the
particle size and prevent the aggregation of Li;TisO;,. La-doping obviously improved the rate capability of LisTisO;, via the generation
of less electrode polarization and higher electronic conductivity. LisosLag ¢sTisO1, exhibited a relatively excellent rate capability and
cycling stability. At the charge—discharge rate of 0.5 C and 40 C, its discharge capacities were 176.8 mAh/g and 54.7 mAh/g. After 10
cycles, fairly stable cycling performance was achieved without obvious capacity fade at 0.5C, 1 C,2C, 5C, 10C, 20 C and 40 C. In
addition, compared to LisTisO 5, Liz 95Lag osTisO1» almost did not have the initial capacity loss. It indicated that Li; ¢95L.ag o5TisO;, was
a promising candidate material for anodes in Li-ion battery application.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays, an ever-increasing research effort has been
paying for rechargeable batteries for applications in elec-
tric vehicles and energy storage systems. These applica-
tions demand high power, high energy densities, high
safety and long cycle-life. State-of-the-art lithium-ion
batteries have been considered as an attractive power
source for a wide variety of applications, due to their high
power and energy densities. As a promising anode material
for lithium-ion batteries, spinel LiyTisO;, has attracted
special attention due to its extremely small structural
change during Li insertion/extraction, its high reversible
capacity (175 mAh/g) and its flat discharge platform at
about 1.55 V versus Li*/Li [1-4]. This high voltage above
the reduction potential of most organic electrolytes can
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restrain the passive films from the reduction of electrolytes
and sufficiently avoid the formation of metallic lithium [5].
Therefore, LisTisO;, is much safer and more stable than
carbon-based materials.

Despite the advantages mentioned above, however, there
are some obstacles for the development and commercializa-
tion of LisTisO;,. One of the main obstacles is its low
electronic conductivity, which leads to its low rate capacity
[6]. Three typical approaches have been developed over the
past few years to resolve this problem. One is to improve
the synthesis route to get nanoparticles, which can shorten
the Li-ion diffusion path and broaden the electrode/electro-
lyte contact surface obviously [7-12]; another is to improve
the electrical conductivity by surface modification with metals
or their oxides [13,14], and carbon coating [15-18]; the other
is to substitute Li or Ti by other metal cations [19-21].

The introduction of heteroatoms is a widely adopted
promising method. The effects of the introduced heteroa-
toms on electrochemical performance are complicated
depending on species and forms of heteroatoms, and
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Fig. 1. XRD patterns of the Li;TisO;, and the Lis gsLag osTisOs.

parent structures [22,23]. Recently, Luo et al. [24] reported
enhancing the electrochemical performance of LiFePO,
electrodes by La ion doping. The method applied for
LiFePO, offers a simple approach to synthesize LisTisOq,
with high rate capacity. In this study, La doped LisTisO,
powders were prepared by a simple ball milling assisted
modified solid-state method and the influence of La doped
on the morphology and electrochemical performance of
Li4TisO4, were systematically investigated.

2. Experimental

LizgsLag¢sTisO;, was synthesized by a ball milling
assisted solid-state reaction. Solution A was obtained by
dissolving stoichiometric amount of Li,CO; (AR) and
La,03 (AR) in a volume alcohol/deionized water ratio of
4:1. Solution B was obtained by dissolving stoichiometric
amount of tetrabutyl titanate in alcohol. Solution B was
added slowly into solution A. The dried precursor was
obtained by filtering, washing, and drying the slurry
mixture. The precursor was further calcined at the 800 °C
for 7h. The obtained powders were dispersed in the
mixture solution of alcohol and deionized water and then
well mixed by ball milling using agate balls and bowl at a
ball-to-powders weight ratio of 3:1. The milling was
performed in air at 400 rpm rotational speed for 10 h.
The white slurry was dried to obtain the final powders.
For comparison, the pure LiyTisO,, powders were also
prepared using similar method.

The crystal structure of the synthesized powders was
examined by X-ray diffraction analysis (XRD, Model
X’TRAX) using nickel filtered Cu-Ka radiation
(2=0.15406 nm) over the 20 range from 10° to 80°. The
particle morphology of the powders was observed using an
S-4800 field emission scanning electron microscopy (SEM).
Electrochemical properties of the samples were measured
with the assembled swagelok cells, for which Li metal was
used as a counter and reference electrode, the electrolyte

was 1 M LiPFg¢ in ethylene carbonate and diethyl carbo-
nate (EC-DEC 1:1, v/v) and a Celgard2325 polypropylene
micro-porous film was used as the separator. The electrode
was prepared by mixing 85 wt% LizgsLagsTisO;, active
material, 10 wt% carbon black (Super P) and 5 wt%
polyvynilidene fluoride (PVDF) binder dispersed in
enough N-methyl-2-pyrrolidine (NMP). Then, the viscous
slurry was cast on the current collector of a copper foil by
a blade. After drying overnight under vacuum at 100 °C to
remove the solvent, the electrode was punched to a disk
shape with a diameter of 12 mm for the half-cell test. The
cell was assembled in a dry glove box filled with high
purity argon gas. The galvanostatic discharge—charge tests
were carried out using a Xinwei Instrument in the voltage
range of 1.0 to 3.0V versus Li"/Li. Electrochemical
impedance spectroscopy was performed by an electroche-
mical workstation (Shanghai Chenhua Instrument Co.
Ltd., China) in the frequency range from 0.1 Hz to 1 MHz.

3. Results and discussion

The color of the synthesized powder is white. The XRD
patterns of the LisTisOq, and Lis 9sLag osTisO;, are shown
in Fig. 1.

The diffraction peaks conform to spinel LiyTisO;,
structure (JCPDS file no. 26-1198) without obvious impur-
ity phase, which indicates that La’* has successfully
entered the lattice of the spinel and do not change its
structure. The crystallite sizes of LiyTisO;, and
Lis gsLag ¢5TisOq, are calculated from the Scherrer formula
D=/ A/B cos(f), where B is the full-width-at-half-max-
imum of the diffraction peaks, A is the X-ray wavelength
(0.15418 nm), f is a constant (0.89) and 0 is the reflection
angle of the peaks. Peaks at (111), (311) and (400)
reflection are taken to evaluate the crystallite sizes of
LiyTisO;, and LisgsLagsTisO, crystallites. The mean
crystallite sizes of LizTisO4, and LisgsLag gsTisO;, parti-
cles are 97.7 and 103.4 nm, respectively.

Fig. 2 shows SEM images of the undoped LisTisO;,
powders and the La-doped powders. It is obvious that
both powders exhibit a uniform particle size distribution.
Generally, the crystallite size is about 400 nm in both
samples, which is smaller than the LisTisO;, synthesized
by the traditional solid-state method. These fine powders
can be attributed to the modified solid-state method in
which the starting materials are well-dispersed and
TiO,-H,O in-situ uniformly covers the Li,CO; and
La,Os surfaces. As is seen in Fig. 2(a), the LisTisOq,
sample appears as heavily aggregated micron-sized parti-
cles of about 1 um in diameters, but the Liz 9sLag0sTi5O15
sample has no obvious aggregation. It is well known that
the agglomerated particles can make the Li* insertion/
extraction in individual Li4TisO;, grains inhomogeneous.
The LisTisO;, grains inside the densely packed particles
might be inactive especially when being cycled at high
current densities due to the increased Li™ diffusion



D. Wang et al. | Ceramics International 39 (2013) 5145-5149 5147

Fig. 2. SEM patterns of (a) the LiyTisO;, and (b) the Li; g5Lag 0sTisOy,.

distance. These results manifest that the La’*-doping can
help to hinder the agglomerate of LiyTisO, particles.

The electrochemical properties of the powders are deter-
mined by charge—discharge test at constant current density.
Fig. 3 shows the initial discharge curves of the undoped and
La-doped LisTisO;, powders at different rates from 0.5 to
40 C in potential window between 3.0 and 1.0 V. We can
clearly see that the discharge voltage plateau drops with the
current rate increasing for both the electrodes. The dis-
charge plateau potentials at 0.5 C and 1 C are very close to
the reversible redox potential of spinel LisTisO1, (1.55 V), as
reported by Scharner et al. [25]. However, after the current
rate increased, the discharge plateau becomes inconspicuous
slow and even no obvious discharge plateaus can be found
at 20 C and 40 C. The main reason is perhaps due to the
high resistance of the electrode, which causes the high
polarization of the electrode. Compared with the LizTisO1»,
the LizgslagosTis01, electrode exhibits an excellent rate
capability, especially at high rates. The LisgsLagosTisO,
presents a discharge capacity of 176.8 mAh/g at 0.5C. In
contrast, the discharge capacity of the LisTisO, is only
164.5 mAh/g. The discharge capacity of the LizgsLagos.
TisOq, is slightly higher than the theoretical capacity of
the spinel LisTisO, (175 mAh/g), which may be related to
the carbon black as the electronic conductor during
the electrode preparation. However, with increasing the
discharge—charge current rate, the difference between the
discharge capacities of these two samples becomes evident.
At 40 C, the capacity of the LiyTisOy, is only 30.2 mAh/g;
however, the discharge capacity of the LisgslagosTisO
still remains 54.7 mAh/g. This improvement in the high rate
capacity of the Lis g5sL.ag 0sTisO;, could be attributed to the
improved electronic conductivity caused by a certain
amount of Ti ions transferred from Ti** to Ti’*, while
La** doped [21].

The delithiation capacities of Liz gsLagosTisO;, after 10
charge—discharge cycles are 174.7, 169.7, 160.6, 138.3,
110.9, 81.2 and 54.7 mAh/g at 0.5C, 1 C, 2C, 5C, 10C,
20 C and 40 C, respectively. The corresponding capacity
fading rates at these C-rates are calculated to be 0.12%,
0.04%, 0.02%, 0.03%, 0.13%, 0.11% and 0.001% per
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Fig. 3. The discharge curves of (a) LisTisO;, and (b) Lis gsLag ¢5sTisO, at
different rates.

cycle, which shows very high capacity retention. But
the capacity-cycle profile of LisTisO;, shows a large
fluctuation in capacity, which is not as smooth as that of
the Lis gsLag osTisOq,, as shown in Fig. 4. We believe that
a large portion of LiyTisO;, grains in the aggregated
particles cannot be fully utilized and become inactive due
to a longer diffusion distance for the lithium ion and
insufficient lithium ion diffusion at high rates, which
inevitably decreases the discharge capacity. The lithium
ion insertion/extraction mainly takes place on the outside
of the large particles and individual lithium ion insertion/
extraction in the aggregated particles at different cycles
leads to the capacity fluctuation in the capacity-cycle
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Fig. 4. The cyclic performance of (a) Li4TisO, and (b) Li; ¢95Lag 05Ti5012
at different rates.
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FlgS EIS results of (a) Li4Ti5012 and (b) Li3_95La0_05Ti5012.

profile. The introduced heteroatoms can enhance reversible
capacity and improve cycling behavior [22]. The good
cycling stability of Liz 9sLag¢sTisO1, can be attributed to
the La’"-doping, which hinder the agglomerate and
improve the electrical conductivity. In addition, it also
could be clearly seen that Lis g5L.ag9sTi5sO1, almost has not
the initial capacity loss. The specific cause will be investi-
gated subsequently.

Electrochemical impedance spectroscopy (EIS) may be
considered one of the most sensitive tools for studying the
changes in the electrode behavior. To further demonstrate
the effect of La’*-doping on the electrode performance,
the EIS of LisTisO;, and LizgsLagosTisO, were mea-
sured. Fig. 5 shows the typical impedance spectra of both
electrodes at room temperature. The impedance plots are
composed of a depressed semicircle in the high frequency
range and a spike in the low frequency range. It is well
known that the cross-section value of impedance spectra
on the real Z' axis at the high frequency is the internal
resistance (R;), R;, corresponding the resistance of electro-
lyte mainly, while the semicircle is corresponding to the
electrochemical reaction resistance and the double layer

capacity of the electrode. The inclined line in the lower
frequency range is attributed to the Warburg impedance,
which is associated with lithium-ion diffusion through
the LiyTisO;, electrode [15]. As shown in Fig. 5, the
Liz gsLag ¢sTi5045 electrode exhibits lower electrochemical
reaction resistance, which is consistent with the result of
better reversible capacities. It demonstrates that La®™"-
doping can significantly improve the -electrochemical
kinetics of LisTisO;, samples and decrease their resistance.
Such improvement may be associated with the improve-
ment of the charge transfer process over the electrode
surface, which can increase the electronic conductivity of
LisTisO, arising from La**-doping.

4. Conclusions

Liy 9sLaggsTisOy, powders have been successfully synthe-
sized by a simple ball milling assisted modified solid-state
method. XRD patterns show that the Lizgsl.agosTisO;, has
good crystallinity and high phase purity. The LisgsLags.
TisOy, electrode presents a higher specific capacity and better
cycling performance than the LiyTisO, electrode prepared by
the similar process. Li3'95L'd()_05Ti5012 exhibits a speciﬁc
capacity of 174.7 mAh/g at 0.5C and 110.9 mAh/g at 10 C
after 10 cycles. Furthermore, LizgsLagosTisO;» has been
proved to be a high rate anode material with higher electronic
conductivity and lithium-ion diffusivity than the LisTisO»,
implying that La-doping is beneficial to the reversible inter-
calation and extraction of Li*. All the evidences demonstrate
that the LisgsLaggsTisO;, electrode is a promising anode
material for Li-ion batteries.
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