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Li4TisO,5> nanosquares@ultrathin carbon nanofilms
on a large scale with enhanced properties in
lithium-ion batteries¥
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In this paper, functionalized carbon-anchored LisTisO1, (C-LTO) ultrathin nanosquares were synthesized
via a combination of ball milling and solid state routes in a large scale. The resulting products were
investigated by instrumental analyses such as XRD, SEM, HRTEM and IR. It was found that the
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and Ostwald ripening” mechanism via examining the intermediate product structure at different reaction
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. Introduction

Ultrathin two-dimensional (2D) layered materials applied in
lithium-ion batteries have received considerable attention in
recent years, not only because of the peculiar and fascinating
properties associated with the remarkable surface-to-volume
ratio but also attributed to their unique structures they can
satisfy the applications for energy storage and conversion."* For
the anode materials in lithium ion batteries, Li,TisO;, (LTO)
with a spinel structure has been demonstrated as a promising
alternative material due to the zero strain characteristic during
Li insertion/extraction and high flat potential of about 1.55 V
(vs. Li'/Li).*” Nevertheless, the poor rate performance of the
pristine LTO was seriously affected by sluggish kinetics of
lithium electronic conductivity. Hopeful strategies for solving
this problem mainly focus on adding conductive carbon,
doping metallic cation or developing nanoscaled particles.*>*
However, so far, less attention has been paid to the formation of
2D LTO nanosheets in a large scale. Especially, the controlled
synthesis of carbon-anchored Li,Ti5sO;, ultrathin nanosquares
is insufficient. The major scientific challenges are the effective
control of thermodynamics and kinetics for ultrathin Li TisO;,
nanosheets, and then uniform anchoring of carbon on the
LiyTisO4, surface. To excellently solve these issues, the solid-
state synthesis is a good choice due to the relatively simple
synthesis conditions and low synthesis cost.

Herein, we report a simple ball milling and solid state
process for the preparation of C-LTO ultrathin nanosquares
with a highly crystalline by using anatase TiO, as the titanium
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material for high-specific-energy in rechargeable lithium batteries.

source, Li,CO; as the lithium source, and glucose solution as
the carbon source. Then, a novel formation mechanism of
C-LTO ultrathin nanosquares is proposed by systematically to
reveal the relationship between vital reaction conditions and
prevailing morphology. The C-LTO ultrathin nanosquares in
commercial 18 650 cells are opening a reasonable and prom-
ising way in boosting the electrochemical performance for
lithium-ion batteries.

Il. Experimental section
A. Sample preparation

Products of Li,TisO;, (LTO) nanosquares were successfully
synthesized via a simple and low cost solid-state method using
anatase phase TiO, powder (99.99% purity, Hangzhou Wanjing
materials co., LTD., Hangzhou China), and Li,CO; reagent
(99.99% purity, Tiangiliye co., LTD., Sichuan, China). Briefly,
the chemical reaction can be described as follows:

solid-state method

5TiO, + 2Li,COs LiyTisOy,

In a typical fabrication of Li,TisO;, nanosquares,
1510.3116 g of Li,CO; and 4000 g of TiO, (molar ratio of 4 : 5)
were thoroughly mixed with the ethyl alcohol as milling
medium and stirred at room temperature for 3 h, and then
milled in a planetary ball mill for 90 min at a speed of 400 rpm
to prepare the uniform precursors. Specially, 2.2 wt% excess
Li,CO; was increased to offset the loss of Li during the whole
reaction.”® Following the ball-milling procedure, the these
precursors were dried at 100 °C for 4 h in air environment to
evaporated the alcohol medium, and the as-fabricated powders
were subsequently milled in an agate mortar for 1 h. Afterwards,
the fine mixtures were calcined at 750 °C by 6 h with a constant
heating rate of 5 °C min~" to obtain the Li TisO;, nano-
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samples. After naturally cooled to the ambient temperature,
glucose (660.5700 g) was dissolved into 5240 g of ethyl alcohol,
and 4000.0000 g of LTO powders were slowly added to the above
glucose solution under a strong stirring process. Next, all of the
wet materials were half-dried at 60 °C for 24 h, and then sin-
tered at 800 °C for 6 h under high-pure nitrogen atmosphere
(99.999%, Air Products and Chemicals, Inc., Tianjin, China)

with a heating rate of 5 °C min—".

B. Characterization

Chemical compositions and crystalline structures of the
resulting LTO products were investigated by using a Rigaku
D/max2500PC X-ray diffraction (XRD) with Cu-Ke radiation (A =
1.54056 13). The surface morphologies of the samples were
performed on a field-emission scanning electron microscopy
(JSM-6360LV, Japan Electronics Co., Ltd Tokyo, Japan) and
a high resolution transmission electron microscopy (HRTEM,
FEI Tecnai G2 F20 S-TWIN TMP with an acceleration voltage of
40-200 kV). The carbon content of C-LTO nanosquare sample
was measured by TG method (Netzsch STA 449C).

C. Electrochemical measurement

The first discharge-charge curves and rate capacities of the pure
LTO and C-LTO sample assembled in CR2430 coin cell were
tested in the range of 1-3 V. The more electrochemical perfor-
mances of C-LTO sample were measured in the 18 650 cells
which were designed as power battery. The anode electrode was
assembled by the mixture of Li,Ti;O,, nanosquares: carbon
black: polyvinylidene fluoride (PVDF) with a weight ratio of
92:4:4. The cathode electrode was assembled by 90%
LiMn,0,4 (LMO) with 6% carbon fiber and 4% binder PVDF.
1.1 M LiPFg was dissolved in a 40: 30 : 30 vol% mixture of
dimethyl carbonate (DMC), diethylene carbonate (DEC) and
ethylene carbonate (EC) as electrolyte and Celgard®PP/PE/PP
(20 pm) as separator. The rate discharge performance of full
battery was tested over the voltage of 1.2 to 3.0 V on an Arbin
Battery Test Equipment (Arbin (60 A/5 V), America). If without
any special explaining, the other testing voltage is the range of
1.5-3.0 V in full battery.

[ll.  Results and discussion
A. Characterization of the as-obtained C-Li, Ti5;O;,

The crystal phase of the C-LTO samples prepared in these
experiments was characterized with the XRD measurement.
Fig. 1 shows the representative XRD pattern of the as-
synthesized product, and all the Bragg reflection peaks can be
readily indexed to the cubic phase of Li TisO;,. The lattice
constants of LTO can be assigned to be a = 8.358(8) A, which
match well with the standard values [space group: Fd3m (no.
227), ICDD-JCPDS card no. 49-0207]. The phase of the final
products was expectantly crystallographic in nature because the
preparation was achieved at an adequately high temperature.
The diffraction peaks from the carbon phase was very weak for
the ultrathin amorphous nanofilm on the outside of nano-
squares, which can be proved by the following investigation by
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Fig. 1 Structural characterization of LisTisO1, nanosquares material
for lithium-ion batteries in 18 650 cells.

HRTEM technology. No signals from other impurity phases
such as TiO, and Li,CO; were observed. After heating at 800 °C
for 6 h, the crystallinity of Li,TisO;, nanosquares became
remarkable as evidenced by the sharp and strong peaks,
particularly the (111), (311) and (400) peaks from the cubic
Li;Ti504,.%¢

To monitor the formation mechanism of these Li Ti;O;,
nanocrystals, a series of shape-controlled experiments were
performed by examining the intermediate products structure at
different reaction stages. Fig. 2 shows the SEM images of the

Fig. 2 The corresponding SEM images of the samples fabricated at
different growth conditions: (a, b) microspheres, the stoichiometric
mixture of TiO, and Li,COz was milled for 90 min; (c, d) nanosheets,
mixture calcined at 750 °C for 6 h; and (e, f) ultrathin nanosquares,
adding glucose solution and sintered at 800 °C for 6 h.
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samples taken from the reactants at different growth durations.
These images definitely indicated the conversion process from
nanoparticles to nanosheets and then to ultrathin square-like
architectures. Fig. 2a displayed the SEM image of the prod-
ucts synthesized after ball mill for 90 min. It was observed that
the initial stage products were made of numerous microspheres
with the diameter of 200-400 nm. These microspheres was
assembled by a great number of nanoparticles with a diameter
of 10-20 nm, as shown in the high-magnification SEM image in
Fig. 2b. After thermal treatment at 750 °C for 6 h, nanosheets
with the thickness of about 60 nm and the length of 250-400 nm
appear instead of nanoparticles (Fig. 2c and d). And this
phenomenon powerful related to the high reaction rate caused
by the enhanced of reaction temperature. It is worth noting that
anchoring of carbon on the LTO surface is achieved, when the
LTO powders were added to the glucose solution and continu-
ously sintered at 800 °C for 6 h (Fig. 2e). The high-resolution
image shown in Fig. 2f illustrated that the samples were
composed of ultrathin nanosquares coating carbon without
other aggregates. Compared with the product obtained after
calcined at 750 °C for 6 h (Fig. 2c and d), the nanosquare lengths
remained constant (250-400 nm), but the thickness dramati-
cally decreased to about 25 nm, which may be the result of an
Ostwald process.*” In addition, the surface of these nanosquares
is relatively smooth due to the high surface energy. It was deeply
believed that the reaction temperature significantly influence
the nucleation rate and morphology of the final nanocrystals,
and higher sintered temperatures fit for the growth of single-
crystal nanostructures.

For the formation of these inorganic square-like structures,
here, a novel growth mechanism model has been put forward.
In the first step, through the mechanical activation, nano-
particles easily appear in the ball grinder after intensive milling
for 90 min, and these nanoparticles may serve as the primary
particles for the formation of nanosquares. During the nano-
structures annealing at 750 °C, the nanoparticles spontaneous
self-organization and transformed to uniform LTO nanosheets.
In the following experiment stage, owing to the “Ostwald
ripening process”, C-LTO ultrathin nanosquares formed at
800 °C.

The thickness of carbon film and the high crystallinity of C-
LTO nanosquares, which is fabricated at 800 °C, is further
analyzed by HRTEM measurements. The high crystallinity and
carbon film was confirmed in Fig. 3(c and d). The HRTEM
images in Fig. 3(a and b) reveal well-defined nanosquares and
carbon coating surface. Carbon coating layer about 5-10 nm in
size was easily observed on the outer surface of nanosquares,
which is in agreement with IR spectra in Fig. S1.1 As shown, two
absorption peaks at 657.8 cm ™" and 467.3 cm ™' can be clearly
seen. These two bands are due to the symmetric and asym-
metric stretching vibrations of the octahedral groups TiOg
lattice, respectively.”® The multi-absorption peaks at
700-1700 cm™ ' range are due to the flexural vibrations of C-O
band, which confirmed the existence of carbon in the
composite.

A curve of weight loss as a function of temperature for pure
LTO sample and C-LTO samples by TG method is presented in
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Fig. 3 The corresponding HRTEM images of the C-LTO samples
fabricated at 800 °C for 6 h.

Fig. S2.7 The greatest weight loss for the samples both occurred
in a temperature range of 400-600 °C. The content of carbon in
the composite C-LTO sample at 800 °C is 4.29%. And the weight
loss of pure LTO sample for comparison is 0.48%.

Fig. 4 displays the first discharge/charge curves of pure LTO
and C-LTO samples in coin-type cell at current rate of 0.05C over
the range of 1-3 V. The curves present very flat plateaus at the
potential of around 1.55 V (vs. Li'/Li), which is ascribed to a two-
phase reaction.” A single-phase region with a sharp potential
drop from 3 to 1.55 V and 1.55 to 1 V was found. The first effi-
ciency is up to 94.7% which discharge and charge capacity of
C-LTO sample is 177.2 mA h ¢! and 167.8 mA h g™, respec-
tively. And the first efficiency is 94.3% of pure LTO for
comparison and near to C-LTO sample. But the polarization
between the discharge and charge plateau is 102 mV for pure
LTO and only 28.6 mV for C-LTO, indicating that the kinetics of
the pure LTO sample are indeed improved after carbon coating.

Furthermore, the rate performance of C-LTO sample and
pure LTO sample for comparison in coin cell is shown in
Fig. S3.7 At current rates of 5C and 10C, the discharge capacities
of C-LTO sample are 147 and 136 mA h g™, respectively, which

pure LTO

Voltage (V)

1 L L L
0 50 100 150

Capacity (mAh/g)

200

Fig. 4 The first discharge/charge curves of the pure LTO sample and
C-LTO sample in coin cell.
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are higher than those of the pure sample (101 and 48 mAh g™ %).
It is further confirmed the advantage of the use of carbon as
a coating layer for LTO material.

To further investigate on the C-LTO nanosquares electro-
chemical performance which is manufactured in the large scale,
the power battery was designed using 18 650-type battery. The
basic data including capacity, internal resistance (IR) and
coulombic efficiency of 18 650-type cells (DA for cell number) is
shown in Fig. S4.1 The capacity and IR is about 1090 mA h and
13.5 mQ. The average efficiency is ~92% (from 91.5-93.7%). The
volume energy density of the cell is about to 168 w L™ ".

The discharge capacities of the cells at the different
discharge rates are listed in Table S1.1 The discharge capacity of
DA10 is 1054 mA h and 1023 mA h at 20C and 30C, which is the
96.9% and 94.0% of 0.5C capacity, respectively. It shows excel-
lent large current discharge performance which is due to the
nanosquares and carbon coating layer. The discharge voltage
profiles vs. capacity are demonstrated in Fig. 5. It is observed
that at very low current densities, such as 0.5C to 1C, the voltage
profiles coincide almost completely. The voltage profile declines
obviously when the rate increases to 30C, which can be ascribed
to the high polarization from the fast extraction and insertion of
lithium ions.

Furthermore, the cells with C-LTO nanosquares are per-
formed excellent ultra-low temperature charge and discharge
performance. As known, the higher the constant-current charge
capacity is, the better the fast charge performance will be. It is
shown the constant-current charge capacity is up to 72.5% at
—40 °C with 1C current charging in Fig. 6, indicating the good
charge performance at ultra-low temperature. Conversely, the
batteries with graphite anode are normally not allowed to be
charged under —10 °C (otherwise it exists the risk of lithium
deposition). Furthermore, the discharged performance with 6C
at —40 °C is shown in Fig. S5.f Due to high polarization the
voltage curve reduces steeply firstly, then rapidly rise ascribing
the heat release and the discharging time continues 555 S. The
discharged capacity of 92.5% is achieved. The excellent charge
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Fig. 5 Rate discharge performance of 18 650-type cells with C-LTO
nanosquares between 3 and 1.2 V, charging to 3 V with 1C with 60 mA
cutoff and rest 15 min, and discharging to 1.2 V.
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Fig. 6 Ultra-low temperature charge performance at —40 °C,
charging to 3 V with 1C with 60 mA cutoff.

and discharge performance at ultra low temperature will be
helpful to enlarge its application field.**

The cycle performance is shown in Fig. S67 at high rate of 5C.
The reversible capacity of the two cells after 1000 cycles, are well
maintained 1022, 1050 mA h, respectively. The cycle capacity
retention of 95.72% and 96.58% are achieved that the capacity
loss is less than 4.5%. This excellent cycle performance could
result from the surface modification by carbon and
nanosquares.

IV. Conclusions

In summary, unique 2D ultrathin C-LTO nanosheets with highly
single-crystalline nature were successfully synthesized on
a large scale via a ball milling and calcination process. Initially,
a stoichiometric mixture of TiO, and Li,CO; was milled and
calcined at 750 °C to obtain Li,TisO;,. Secondly, after adding
glucose solution, the mixture was further intensively milled by
a planetary ball mill and sintered at 800 °C to prepare carbon-
anchored Li,TisO;, ultrathin nanosquares. Furthermore, the
mechanism of “mechanical activation” following the “Ostwald
ripening” process is reasonable to explain the growth of 2D
C-LTO ultrathin nanosheets. The investigation on the carbon-
anchored Li,TisO;, ultrathin nanosquares expands a new way
for the controlled size and morphologies preparation, and can
promote their advanced application in lithium-ion batteries
and supercapacitor. The batteries with C-LTO nanosquares have
shown excellent electrochemical properties, especially rate
discharge/charge at low temperature performance and large
current cycle performance.
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