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Abstract Hexagonal and cubic Liy sTiO, particles have been
fabricated through magnesiothermic reduction of Li, TiO5 par-
ticles in a temperature range of 600 to 640 °C. The prolonged
reduction time results in lattice transition from hexagonal to
cubic structure of Lij sTiO,. Their microstructures, valance
state, chemical composition, as well as electrochemical per-
formance as anode candidates for lithium ion batteries have
been characterized and evaluated. The hexagonal Lij 5sTiO,
exhibits better electrochemical activity compared with the cu-
bic one. Further, the carbon-coated hexagonal Lij sTiO, dis-
plays improved electrochemical performance with initial re-
versible capacity of 176.6 mAh g™' and excellent cyclic be-
havior except capacity fading in the initial 10 cycles, which
demonstrate a novel anode candidate for long lifetime lithium
ion batteries.

Keywords Anode - Charging/discharging - Electrochemical
characterizations - Lithium batteries

Introduction

Lithium titanate compounds, such as spinel type LisTisO;,
[1-8], spinel type LiTi,O4 [9-14], and ramsdellite structured
Li,Ti305 [15-17], have been extensively investigated as an-
ode materials for long lifetime lithium ion batteries (LIBs),
because of their excellent structural stability, electrochemical
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reversibility, safety, and environmental affinity. Nowadays,
the LisTisO;,-based LIBs have been commercialized and ap-
plied in electric vehicles.

To meet increasing requirements for high safety and long
lifetime LIBs, searching for new-type alternative electrode
materials is necessary. The ramsdellite structured lithium tita-
nate Li,TiO, with x in a range of 0.5 to 1 has been predicted
through ab initio calculations. The new phases are expected to
be potential anode candidates with the lowest Li ion insertion
potential among the lithium titanate family [18], which is very
beneficial for enhancement of the energy density of lithium
titanate-based LIBs. According to the prediction, the full
lithiation of Li, TiO, results in LiTiO, with orthorhombic
Pbnm symmetry.

Electrochemical performances of the ramsdellite structured
Li, TiO, with different x range have been investigated as anode
candidates for LIBs, which exhibit very good electrochemical
reversibility [10, 19-21]. The rock salt-type LiTiO, was ob-
tained through electrochemical insertion of Li ions into solid
anatase type TiO, in molten LiCl [22]. In addition, the rock
salt-type LiTiO, was fabricated by microwave heating of the
starting materials Li;TiO5 and TiO [23]. However, impurity
phases Li,TiO5 and Ti,O still existed in the final products.
Herein, we report a novel anode candidate for LIBs, i.e., the
hexagonal Lij 5sTiO, fabricated through magnesiothermic re-
duction of Li, TiOs. The structural transition and electrochem-
ical performance of the hexagonal Liy sTiO, have been
evaluated.

Experimental
The synthesis of TiO, and carbon-coated TiO,/C was con-

ducted in the following procedure reported elsewhere [14].
Li,CO5; was mixed with TiO, or TiO,/C with molar ratio of
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Li/Ti equal to 2:1. The mixture was transferred to a tube fur-
nace after being ground for 2 h and then heated at 650 °C for
8 h under Ar gas flow. After cooled down to ambient temper-
ature, the products with or without carbon coating were
washed with deionized water and dried overnight in vacuum.

The as-obtained products were mixed with Mg powders
with molar ratio of 5:4, and then the mixture was transferred
to a tube furnace and heated at desired temperature with de-
sired time under protection of Ar gas flow. After cooled down
to ambient temperature, the products were mixed with 1 M
HCl and stirred for 2 h and then washed using deionized water
and dried overnight in vacuum.

The microstructures and chemical compositions of the
products were characterized by X-ray diffraction (XRD, D8
Advance), X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi), scanning electron microscopy (SEM,
JSM6700F), and inductively coupled plasma atomic emission
spectrometry (ICP-AES, SPECTRO BLUE SOP).

Electrodes were prepared by drying a slurry (a mixture of
70 wt% active materials, 10 wt% acetylene black, and 20 wt%
polyvinylidene fluoride dissolved in 1-Methyl-2-pyrrolidone)
at 120 °C for 12 h under vacuum. CR 2032 coin-type batteries
were assembled with lithium metals as counter electrode. The
diameter of the electrode film is 14 mm, and the active mate-
rials are ca. 3-—4 mg. The electrolyte was composed of 1 M
LiPFg dissolved in a mixture of ethylene carbonate, diethyl
carbonate, and dimethyl carbonate with volume ratio of 1:1:1.
Cyclic voltammetry (CV) measurements were performed in
an electrochemical workstation (CHI600A) at scanning rate of
0.1 mV s '. Electrochemical impedance spectroscopy (EIS)
measurements were performed by applying a sine wave with
amplitude of 5.0 mV in a frequency range from 100 kHz to
0.01 Hz. The discharge—charge measurements were carried
out on a battery cycler in a voltage range between 0.1 and
2.5V (CT 2001A).

Results and discussion

The synthesis of Li,TiO; can be expressed by the following
equation:

TiO, + LiCO3—Li; TiOs + CO,1- (1)

And then, LiTiO, can be obtained through
magnesiothermic reduction of the as-synthesized Li,TiO3,

2LiyTiO; + Mg—2LiTiO, + MgO + Li,O (2)

MgO and Li,O can be washed out from the products using
diluted HCI solution. Finally, LiTiO, is expected to be
obtained.

Figure 1 exhibits XRD pattern of the products synthesized
through reaction (1), which can be indexed as Li,TiO3
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Fig. 1 XRD pattern of the Li,TiO; particles

(JCPDS No. 33-0831) with monoclinic structure (space group
C2/c). No other phase is resolved by XRD, implying high
purity of the products. The sharp reflection peaks indicate that
the as-synthesized Li, TiO3 has high crystallinity. SEM image
of Li,TiOj3 is shown in Fig. 2, which displays secondary ag-
gregation morphology with sizes in a range of several hundred
nanometers. It also can be seen that the primary particle sizes
are less than 100 nm.

Figure 3a displays XRD patterns of the products fabricated
through magnesiothermic reduction (Eq. (2)) with tempera-
ture ranging from 600 to 640 °C. It can be seen that the reduc-
tion products fabricated at 600, 620, and 640 °C exhibit the
same reflection positions, where reflection peaks appear at
260 = 18.7°, 43.57°, and 63.37° and corresponding to lattice
spacing 0.473, 0.207, and 0.147 nm, respectively. The XRD
patterns can be indexed as hexagonal LiTiO, (JCPDS No. 40-
1053, a = 0.2881 nm, ¢ = 1.4602 nm) through careful identi-
fication of each possible Li-Ti-O compound. The standard

Fig. 2 SEM image of the Li,TiO; particles
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Fig. 3 XRD patterns of the magnesiothermic reduction products a in a
temperature range of 600 to 640 °C and b at 600 °C with different
reduction time. The red lines in the bottom of a and b are the standard
reflection positions of hexagonal and cubic Lij sTiO,, respectively

reflection positions of the hexagonal LiTiO, are also exhibited
in the bottom of the figure, where the main reflection positions
{003}, {104}, and {0010} are consistent with the experimen-
tal ones. Figure 3a demonstrates that hexagonal LiTiO, can be
obtained through magnesiothermic reduction (Eq. (2)) in a
temperature range of 600 to 640 °C. It should be noted that
additional unknown reflection peaks appear when the fabrica-
tion temperature is below 600 °C or above 640 °C, indicating
formation of impurity phases (not shown).

ICP-AES measurements were performed to determine the
contents of Li and Ti in the products (not shown). The results
indicate that the molar ratio of Li/Ti is 0.5:1. Therefore, the
magnesiothermic reduction products can be written as
LiolsTiOQ.

Figure 3b depicts XRD patterns of the products obtained
through magnesiothermic reduction at 600 °C with different
reduction time. The XRD pattern obtained with reduction time
5 h is the same as Fig. 3a. However, the intensity of the {003}
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Fig. 4 High resolution XPS spectra of Ti 2p peaks of the hexagonal
Liy sTiO,

reflection peak gradually decreases with an increase of the
reduction time, and almost disappears after 10 h. Two reflec-
tion peaks remain and are located at 26 = 43.83° and 63.56°.
The XRD pattern obtained through 10-h reduction can be
indexed as the cubic LiTiO, (JCPDS No. 16-0223) with lattice
constant ¢ = 0.414 nm and space group Fm3m. The standard
reflection peaks of the cubic LiTiO, are displayed in the bot-
tom of the figure. ICP-AES measurements indicate that the
molar ratio of Li/Ti is the same as the hexagonal Lig sTiO,. It
is therefore demonstrated that hexagonal LiysTiO, can be
transited to the cubic Lig sTiO, with elongation of the reduc-
tion time.

To identify valance state of the hexagonal Lig sTiO,, XPS
measurements were performed. Figure 4 depicts high resolu-
tion Ti 2p peaks of Lig sTiO,, which is composed of Ti(2p;/,)
and Ti(2p;») peaks, indicating presence of Ti** and Ti** cat-
ions. Each of the peaks can be fitted by two peaks correspond-
ing to Ti**(2ps2) (458.8 eV), Ti**(2p30) (458.1 V),
Ti*" (2p1 ) (464.7 V), and Ti**(2p; ») (463.7 V), respective-
ly. Quantitative calculations made by integration of each curve
reveal that the molar content of Ti>* is 50% of the total titani-
um cations.

Subpanels a and b of Fig. 5 are SEM images exhibiting
morphology of the hexagonal and the cubic Lij 5TiO,, respec-
tively. It can be seen that the two products display irregular
particle morphology. The particle sizes of the hexagonal
LiysTiO, are around 100 nm. However, the particle sizes of
the cubic Lij sTiO, are about two times of those of the hex-
agonal Lij 5TiO,, i.e., around 200 nm. The prolonged reduc-
tion time results in particle growth.

The electrochemical performance of the products has been
evaluated. Subpanels a and b of Fig. 6 are CV curves of the
first three cycles of the hexagonal and the cubic Lij sTiO, with
scanning rate of 0.1 mV s, respectively. To compare the
electrochemical performance, CV curves of the carbon-
coated hexagonal Lig sTiO, is shown in Fig. 6¢. Inset in
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Fig. 5 SEM images of a the hexagonal and b the cubic Lij sTiO,
particles

bottom right corner is SEM image showing that the particle
sizes of the carbon-coated products decrease to ca. 20 nm,
which is much smaller than the uncoated Lij sTiO,. The car-
bon content is calculated to be 8 wt% through weight loss
analysis after oxidization of the carbon-coated Li,TiO5 in an
open muffle furnace at 800 °C, which was further modified
according to reaction (2) with target product Lij sTiO,.

It can be seen that all the three products exhibit similar CV
profiles. In the first CV cycle of each of the three products,
two cathodic peaks appear at ca. 1.6 and 0.7 V, respectively.
The cathodic peak located at ca. 1.6 V probably corresponds
to the lithiation process of Lig sTiO, [18],

LiysTiO; + 0.5Li* + 0.5¢ 2LiTiO;. (3)

Theoretically, the specific capacity of Lij sTiO; is calculat-
ed to be 160 mAh g '. Correspondingly, the anodic peaks
appear at ca. 1.9, 1.9, and 1.7 V for the hexagonal, the cubic,
and the carbon-coated hexagonal Liy sTiO,, respectively,
which represents reverse delithiation process. The decreased
voltage polarization of the carbon-coated product implies high
electronic and ionic conductivity. The cathodic peaks located
at ca. 0.7 V are believed to be derived from formation of SEI
films [24] and disappear in the subsequent cycling.

The cyclic performances of the cubic, the hexagonal, and
the carbon-coated hexagonal Liy sTiO, at current density
50 mA g ' (ca. 0.3 C) are shown in Fig. 7a—c, respectively.
In the first discharge process, all the three products exhibit
much similar lithiation potential. Li ions start to insert into
active materials at ca. 1.8 V, and then a long voltage slope
appears, which correspond to lithiation of Liy sTiO,. After
that, another voltage slope appears at ca. 0.8 V, which is due
to the formation of SEI films, and is consistent with CV per-
formance. The first-cycle discharge capacities for the hexago-
nal, the cubic, and the carbon-coated hexagonal Li, sTiO, are
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Fig. 6 CV curves of the first three cycles of a the hexagonal, b the cubic,
and c¢ the carbon-coated hexagonal Liy sTiO, with a scanning rate of
0.1 mV s . Inset in bottom right corner of ¢ is the corresponding SEM
image

277.0, 173.4, and 539.9 mAh g ', respectively.
Correspondingly, the first-cycle charge capacities are 118.9,
68.5, and 176.6 mAh g ', respectively, among which the
carbon-coated product delivers the highest discharge/charge
capacities. The cubic Lijy sTiO, exhibits the most rapid
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Fig.7 Voltage profiles of a the cubic, b the hexagonal, and ¢ the carbon-
coated hexagonal Liy sTiO, with current density of 50 mA g71

capacity fading tendency, and the discharge/charge capacities
are 44.5/44.5 mAh g ! after 50 cycles.

The cyclic performances of the three products are shown in
Fig. 8a. It can be seen that all the three products exhibit rapid
capacity fading in the initial 10 cycles, and then, the capacities
stabilize in the subsequent cycling. In overall, the cubic
Lig sTiO, exhibits the lowest capacities, which indicates that
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Fig. 8 a Cyclic performance of the hexagonal, the cubic, and the carbon-
coated hexagonal LigsTiO, with a current density of 50 mA g71 and b
rate capability of the carbon-coated hexagonal Lij sTiO,

its electrochemical activity is much limited. The electrochem-
ical activity of the hexagonal Li, 5TiO, is better than the cubic
counterpart. Its reversible capacity is 69.6 mAh g ' after
100 cycles. The carbon coating is very effective for improve-
ment of the electrochemical activity of the hexagonal
Liy 5sTiO,. Its first-cycle reversible capacity can reach
176.6 mAh g '. After 10 cycles, its reversible capacity de-
creases to 116.0 mAh g~ and then exhibits very stable cyclic
performance.

The rate capability of the carbon-coated hexagonal
Lij 5TiO, has been evaluated, as shown in Fig. 8b. The revers-
ible capacity fades with an increase of the current density. The
initial capacity is 73.8 mAh g~ at current density 630 mA g
(ca. 4 C), which is 60% of the 10th cycle at current density
63 mA g ' (123.7 mAh g ). The carbon-coated hexagonal
Liy5TiO, delivers capacity of 103.9 mAh g_l when the cur-
rent density recovers 63 mA g~ after 80 cycles at different
current density. Its capacity recovery ability is 84% compared
with the 10th cycle at the same current density.
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To investigate electrochemical kinetics of Lig sTiO, with
cycling, the hexagonal Li, 5sTiO, was selected and we per-
formed EIS measurements after different discharge/charge cy-
cling and full relaxation of the cells. The Nyquist plots of the
hexagonal LiysTiO, cells after different cycle are shown in
Fig. 9a. Each of the Nyquist plots is composed of a depressed
semicircle at relatively high frequency domain, followed by
another depressed semicircle. A slopped line appears at low
frequency domain. In order to quantitatively investigate EIS
performance, an equivalent circuit was proposed to fit the
Nyquist plots, as shown in Fig. 9b. The equivalent circuit
consists of one solution resistance R, two units in series, each
of which is composed of a resistance and a constant-phase
element (CPE) in parallel, and a Warburg diffusion element
Z» where the subscripts sei and ct represent SEI film and
double layer charge transfer performance, respectively. It can
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Fig.9 a Nyquist plots of the hexagonal Li, s TiO, at different cycle. Solid
curves represent fitting data. b The equivalent circuit for data fitting. ¢
Plot of charge transfer resistance R as a function of cycle number
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be seen that the fitting data of each plot represented by solid
curve are in good agreement with the original data. The charge
transfer resistances R, at different cycle are plotted as a func-
tion of cycle number (Fig. 9¢). R, is 148 € after 3 cycles and
then decreases steeply to 95 2 after 10 cycles. Then, R, de-
creases gradually to 72 Q after 100 cycles. Compared with the
cyclic performance of the hexagonal Li, s TiO, (Fig. 8a), it can
be seen that the cyclic capacity and R vary a little after
10 cycles.

The hexagonal Lig sTiO, electrodes after 100 discharge/
charge cycles (full delithiation state) have been collected and
washed using dimethyl carbonate, and then ex situ XRD mea-
surements were performed to characterize the structural vari-
ation, as shown in Fig. 10. It can be seen that Lij 5TiO, main-
tains hexagonal structure after cycling, indicating its high
structural stability. The broad reflection peak located at
26 ~ 25° to 35° may be derived from the acetylene blacks in
the electrode.

To date, limited investigations of Lij sTiO, have been doc-
umented. The lithiation/delithiation behavior of the hexagonal
LiysTiO, is much similar with other lithium titanate anodes
[25]. However, the hexagonal Lij 5TiO, displays rapid capac-
ity fading during the initial 10 cycles. The fading mechanism
is still not fully clear. The lower electrochemical performance
of the cubic Lij sTiO, may be due to its larger particle size
compared with the hexagonal counterpart. The enhancements
of the electrochemical performance of the carbon-coated hex-
agonal Liy sTiO, with an initial reversible capacity of
176.6 mAh g ' may be ascribed to the decreased particle size
and carbon coating effects compared with the uncoated coun-
terparts, which demonstrates a novel anode candidate for long
lifetime LIBs.
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Fig. 10 Ex situ XRD pattern of the hexagonal Liy sTiO, after 100
discharge/charge cycles. The red lines in the bottom are the standard
reflection positions of the hexagonal Lig sTiO,
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Conclusions

The hexagonal Liy sTiO, particles have been fabricated
through magnesiothermic reduction of Li,TiO5 particles in a
temperature range of 600 to 640 °C. The cubic Li, 5sTiO, par-
ticles can be obtained through prolonged reduction time. The
hexagonal LijsTiO, has high electrochemical activity com-
pared with the cubic one as an anode candidate for LIBs. The
electrochemical performance of the hexagonal Liy sTiO, has
been improved after carbon coating, which delivers initial
reversible capacity of 176.6 mAh g ' and exhibits excellent
electrochemical reversibility after capacity fading in the initial
10 cycles.
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