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Nd doped LisTisO;, (LTO) was synthesized by a sol-gel method. The structure and electrochemical
properties of the as-prepared powders were systematically investigated. LisTis0sNdo02012 exhibits
excellent rate capabilities and cycling stability even at a high current rate of 10 C. Particularly, even
without utilizing carbon black as conductive material, the LisTis9sNdo 2012 still shows outstanding
rate capability and cyclability at a rate of 5 C. The excellent high rate performance may be ascribed to
the increased lattice constant and improved electronic conductivity resulting from the Nd-doping. The
novel LisTis9sNdo 02012 material stands as a promising potentially high rate anode material to be used
in power lithium-ion battery.
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1. INTRODUCTION

Lithium ion batteries (LIBs) are nowadays widely used as power sources for various electronic
devices due to their high energy density and long cycle life [1]. However, there have always been
safety issues arising from the dendritic lithium ion growth on the anode surface at high charging
current because the conventional carbon materials approach almost 0 V (vs. Li/Li") at the end of Li
insertion [2-3]. Recently, the spinel LTO has been demonstrated as a potential substitute for the
graphite anode in LIBs because of its higher flat operating voltage of about 1.5 V (vs. Li/Li") that can
avoid the safety problem caused by the deposition of metallic Li [4]. Besides, LTO is a so called zero-
strain insertion material that accommodates Li with a theoretical capacity of 175 mAh-g™ [5].
Although it has many advantages, it cannot meet the need of practical application owing to its poor
electronic conductivity with associated poor charge-discharge properties at high current rates [6].
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Several strategies have been taken to solve this problem, including synthesizing the nanosized particles
[7-10], doping with metal ions or non-metal ions [11-17] and coating with a conductive second phase
such as carbon, Ag and polyacene [18-20]. Synthesizing nanosized LTO particles and coating with
conductive phase can somehow improve the rate capability. However, the rate capabilities are still
unsatisfactory and can not meet the demand for high power density. In fact, decreasing the LTO
particle size to the nanoscale results in an anode with very low power tap density, which significantly
decrease the volumetric density of LIB. Coating carbon on the surface or compositing with carbon
materials could not enhance the intrinsic electronic and Li ionic conductivities, which inside the LTO
particles are still poor. According to some recent research, rare earth doping could improve the cycling
performance and high rate capability [21-23]. However, up to now, no investigation has been reported
on the Nd-doped LTO (NLTO) as an anode material for LIBs.

As has been reported, doping LiMn,O4 with lower valence cation Nd** yields oxygen ion
vacancies, which could behave as ionic charge carriers to greatly enhance the electronic conductivity
of LiMn,O, [24]. Inspired by this work, we prepared LTO with various Nd-doping contents, and
systematically investigated its high rate performance. This material has clearly demonstrated an
excellent improvement in high rate capability and cyclability in LIB.

2. EXPERIMENTAL

2.1 Synthesis and characterization of the samples

All the reagents involved in the present work are analytically pure. The preparation of NLTO
includes four steps. (1) 17 g tetrabutyl titanate (TBT) was added into 20 mL ethanol to form solution
A, 252 g LiOH-2H,O and an appropriate amount of Nd(OOCCHS3);-XH,O were dissolved in
deionized water to form solution B. (2) Solution A was titrated into solution B under magnetic stirring.
(3) The mixture was dried at 100 °Cthoroughly. (4) The dried mixture was calcined at 750 °Cfor 10 h.
To obtain NxLTO (x=0, 0.01, 0.02 and 0.03), the weight of Nd(OOCCH3)3-XH,0 added was 0, 0.032,
0.064 and 0.096 g, respectively. The crystal structure of the as-prepared samples was identified by
XRD using Cu-Ka radiation (10°< 20 < 80°).

2.2 Battery preparation and electrochemical measurement

The electrochemical characteristics were evaluated by means of two-electrode CR2032 coin
cells. The sample slurry was prepared by mixing active material powders with conductive carbon
(acetylene black) and binder (PVDF) at a weight ratio of 82:10:8 in N-methyl-2-pyrrolidine (NMP).
Subsequently, the slurry was coated on a copper foil using the doctor blade technique and dried at 120
°C for 10 h to evaporate the NMP solvent. The electrode foil was punched to 12 mm diameter discs,
which were used to assemble the coin cells in an Ar glove box where both moisture and oxygen
content were less than 1ppm. Li foil was used as the counter and reference electrode in the cell.
Celgard 2400 was the separator. The electrolyte solution was 1 M LiPF6 dissolved in a 1:1:1 mixture
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by volume of ethlylene carbonate (EC), dimethyl carbonate (DMC), ethylmethyl carbonate (EMC).
The performance of the cells was evaluated galvanostatically in the voltage range of 1-2.5 V (vs.
Li/Li*) at various current rates with a relaxation time of 1 min between charge and discharge unless
otherwise indicated.

3. RESULTS AND DISCUSSION
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Figure 1. (a) XRD patterns and (b) enlarged (111) peaks of N LTO (x= 0, 0.01, 0.02 and 0.03)

samples.

The XRD patterns of NLTO with various Nd-doping contents are shown in Fig. 1(a). The
diffraction peaks of all samples can be indexed as cubic spinel LTO. No impurity peaks can be
detected, indicating that the small amount of Nd** has entered the lattice structure of LTO without any
structure changes. For clear observation, the peak positions of (1 1 1) planes of the samples are
magnified and shown in Fig. 1(b). The lattice parameters of the samples obtained according to the
Rietveld method are shown in Table 1. It can be observed that the lattice parameter increases with the
increased amount of Nd-doping. The increased lattice constant resulting from Nd-doping could
broaden the pathway for Li ion diffusion and enhance the diffusion coefficient, thus is conducive to the
insertion/extraction of Li ions.

Table 1. Lattice parameters of synthesized NXLTO samples doped with different Nd amount: x=0,

0.01, 0.02, 0.03.
Sample a(A)
x=0.00 8.348
x=0.01 8.351
x=0.02 8.353
x=0.03 8.357

High rate performance is an important requirement for power LIBs. To demonstrate the effect
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of Nd-doping on improving the rate capability of the electrodes, the rate performance of the NxLTO (0
< x <0.03) samples at different current rates is shown in Fig. 2. For each stage the charge-discharge
processes of the samples were taken for 10 cycles.
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Figure 2. Rate capabilities of NXLTO for x=0 (a), 0.01 (b), 0.02 (c) and 0.03 (d). The insets are the
corresponding charge-discharge curves of the first cycle at various rates.

Table 2. Comparison of rate performances for various metallic ion-doped LTO.

Samples Synthesis method Discharge current Capacity (mAh-g™) Reference

No.ooLTO Sol-gel 10C 147.6 Current study
Liz5Zng5Ti5012 Solid-state 4C 108 [25]
LisTis8ZNng2015 Solid-state 5C 180 [26]
LigTis0Zrg1012 Solid-state 20C 118 [27]
LizRug 1 Tiz09012/C Solid-state 10C 110 [28]
LisTisg05NDbg 05012 Sol-gel 20C 127 [29]
LisTizoV01012 Solid-state 5C 117.3 [30]
LigTiso5Tag 05012 Solid-state 10C 116.1 [31]
LisTiz5Al005012 Sol-gel 5C 116 [32]
Yo.0sLTO Sol-gel 10C 161.1 [33]
Li3oSngTisOy,/C Sol-gel 5C 130 [34]
LisTizgNig1Mng 01, Sol-gel 05C 172.41 [11]
LigssLagssTiO3 Sol-gel 5C 150.79 [23]
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From Fig. 2a, the reversible capacity of pure LTO decreases markedly with increasing the
current rate from 0.1 to 10 C. For Nd-doping contents of 0.01-0.03, Noo,LTO exhibits excellent rate
performance even when cycled at a rate of 40 C (Fig. 2c). However, when the Nd-doping content
reaches 0.03, the rate performance worsens, demonstrative of over doping of Nd in LTO. It can be
clearly seen that N o,LTO presents the best rate performance among the samples.

Table 2 compares the results of the current study with the rate capability taken from the
literature for various metallic ion-doped LTO electrodes discharge to 1 V. It demonstrates that the rate

performance of Noo,LTO obtained in this study is considered highly comparable or even much better
than the majority of LTO anodes.
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Figure 3. Cyclic performance of NxLTO for x=0 (a), 0.01 (b), 0.02 (c) and 0.03 (d). The insets are the
corresponding charge-discharge curves of selected cycles.

The corresponding charge-discharge curves of the first cycle at various rates are depicted in the
insets of Fig. 2, further demonstrating the dependence of the rate performance on the Nd-doping
content in LTO.

To evaluate the cycling stability of the as-prepared samples, the cycling performances of LTO
electrode at 5 C and Nd-doped LTO electrodes at 10 C are shown in Fig. 3. The reversible capacity of
LTO decreases almost linearly to 65.9 mAh-g™ when cycled at 5 C for 100 cycles (shown in Fig. 3a).
With respect to N,LTO cycled at 10 C after 100 cycles, the reversible capacities are 89.5 mAh-g™ for
x=0.01 (Fig. 3b), 147.6 mAh-g™ for x=0.02 (Fig. 3c) and 90.1 mAh-g™ for x=0.03 (Fig. 3d), which are
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more stable than that of undoped LTO. Thus, NooLTO exhibits the highest capacity among all
samples. From the corresponding charge-discharge curves for selected cycles shown in the insets of
Fig. 3, the reaction mechanism does not alter during the cycling process. Taking into consideration the
cyclability and rate capability, No.o,LTO demonstrates optimal comprehensive performance.
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Figure 4. Rate performance of LTO (a) and Nog,LTO (b) without using carbon black as conductive
material. The insets are the first charge-discharge curves at various rates.

An comparative test was used to experimentally verify the improved electronic and ionic
conductivities of NLTO. No carbon black was added in the slurry and the weight ratio of LTO or
No.o2LTO to polyvinylidene fluoride is 9:1 when fabricating the electrodes. The rate capabilities of
LTO and Ngo,LTO without conductive materials are shown in Fig. 4. Even in the absence of carbon
black, the No.g2LTO cell could still maintain a stable reversible capacity of 154.3 mAh-g” at a rate of 5
C, and the capacities at 1, 2 and 5 C exhibit almost no reduction. The rate performance of the No o, LTO
cell is obviously superior to that of LTO using carbon black as conductive material (Fig. 2a), and is

significantly enhanced over that of LTO cell without conductive carbon black at identical rates (Fig.
4a).
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Figure 5. The cycling performance of the Ny o,LTO cell without using carbon black as conductive
material at 5 C rate. The inset is the curves for selected cycles.
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The cycling performance of the Ngo,LTO cell without the addition of carbon black was also
tested at 5 C (Fig. 5). The reversible capacity is 104.3 mAh-g™ after 100 cycles, which is also much
higher than that of the LTO cell using carbon black as conductive material (Fig. 3a). These indicate
that the Nd-doped LTO really possesses good electronic and ionic conductivities, which are beneficial
for the high rate performance of LIBs.
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Figure 6. AC impedance spectra of NXLTO (x= 0, 0.01, 0.02 and 0.03) electrodes.

Fig. 6 shows the AC impedance spectra of LTO and Nd-doped LTO electrodes. The EIS
measurements were carried out after the cells were charge-discharged by one cycle at the stable
voltage of 1.55 V (vs. Li/Li"). All the EIS curves are composed of a depressed semicircle at the high to
intermediate frequency range, and there is a straight line at lowest frequency region. The high
frequency semicircle is related to the charge transfer resistance at the active material interface, while
the sloping line at the low frequency end indicates the Warburg impedance caused by a semi-infinite
diffusion of Li* ion in the electrode. It can be found from the Fig. 6 that the charge transfer resistance
of No 2L TO is much lower than that of other samples. The decrease of charge transfer resistance is
beneficial to the improvement in conductivity and the kinetic behaviors during charge-discharge
process, which is attributed to the doping of Nd** in LTO. The EIS results demonstrate that Nog,LTO
electrode would have the best high rate performance.

4. CONCLUSION

NLTO with different Nd-doping contents was prepared by a sol-gel method. XRD results show
that the dopant Nd thoroughly entered the lattice structure of LTO as the doping amount increased, and
no impurity was detected. The electrochemical reaction process has not been changed by Nd doping, as
indicated by charge-discharge curves at various current rates. EIS results indicate that the conductiv-ity
is improved by Nd doping and, hence, an improvement in rate capability is achieved. NgoLTO
exhibited the best high rate capability and cyclability among all samples. Even when directly cycled at
a current rate of 10 C without carbon black as conductive material, an outstanding cyclic performance
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can still be achieved. All evidences demonstrate that Nd-doped LTO could be a promising anode
material for high rate LIBs.
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