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Mesoporous LiyTisO;»/graphene hybrid was synthesized by an electrostatic assembly method to serve as the high rate anode
material for lithium batteries. The graphene sheets were strongly attatched with LiyTisO1, spheres and thus can form an efficient
electrically conducting network permeating in the electrode to speed the charge and discharge process. The discharge capacity of
Li4TisO;»/graphene hybrid was improved to 124 mAh g’1 at 20 C-rate, which is more than twice the value of the LisTisOq,

electrode.
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High power lithium ion batteries (LIBs) is the
essential part of electric vehicle (EV) and hybrid electric
vehicle (HEV) to fulfill the ultra-fast charging [1,2]. As a
zero-strain insertion material, spinel Li;Ti50;, (LTO) is
considered as one of the most promising anode for the
EV and HEV due to its outstanding reversibility, long
lifetime and eminent safety [3-5]. Nevertheless its rate
performance is strongly limited by the inherent low elec-
trical conductivity (ca. 107"* Scm™") [6,7]. In this re-
gard, conductive component such as carbon, silver and
tin have been devoted to resolve this problem by making
a composite [8-12].

Among these conductive materials, graphene is more
competitive than others owing to its high pristine con-
ductivity and the two dimensional (2D) structure char-
acteristic [13-16]. Nanosized LTO structures, such as
nanosheets and nanoparticles have been in situ synthe-
sized on the surface of graphene to construct nano-hy-
brid materials, resulting in an excellent rate
performance and cycle stability [17-19]. Whereas, the
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nanosized material has a low volumetric density and
thus fails to meet the requirement of high powder tap
density and volumetric energy density of the cell [20,21].

Motivated by this, herein, a facile electrostatic
adsorption method was employed to synthesize meso-
porous LTO/graphene hybrid [22-24]. Mesoporous
LTO spheres were firstly treated with HNOj; to form a
negative charged surface and then poly(ethylene imine)
was employed to join the LTO particles and the graph-
ene oxide (GO) sheets together. The strong electrostatic
adsorption and the 2D morphology of the graphene
sheets render the hybrid material an improved rate per-
formance. The discharge capacity reaches 138 mAhg ™'
at 10 C-rate. Most importantly, such electrostatic
adsorption method is potentially extendable to many
other lithium ion battery materials.

All reagents were used as received without further
purification. The mesoporous TiO, spheres were pre-
pared as reported by Zhong and co-workers [25]. Firstly,
6 mL butyl titanate was dissolved in 150 mL ethylene
glycol and stirred for eight hours. Then the solution
was poured into a 520 mL mixed solution which con-
tained acetone and deionized water with a volume ratio
of 340:1. Secondly, the obtained white precursor was
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refluxed with water at 100 °C for 2 h to form the meso-
porous TiO, spheres. The precipitate was separated by
centrifugation and washed with deionized water and
ethyl alcohol for several times and then dried at 60 °C
for 3 h. 0.500 g mesoporous TiO,, 0.595 g lithium ace-
tate dihydrate and 0.115 g polyethylene glycol 20000
(PEG 20000) as a carbon source were mixed in 20 ml
alcohol and stirred at 70 °C for 1 h, followed by drying
overnight at 80 °C. Then, this mixture was annealed at
800 °C for 20 h under N, atmosphere to gain carbon-
coated mesoporous LTO spheres (LTO-C). For the syn-
thesis of graphene bridge connected mesoporous LTO
(LTO-G), in the first step, 0.360 g above-described
LTO-C spheres were treated with HNOj3 (5%) for 2 h.
After repeatedly washed with distilled water, the
LTO-C nanoparticles were modified by 50.00 ml
poly(ethylene imine) (PEI) (0.2 wt%) to render their sur-
face positively charged. In the second step, graphene
oxide (GO) was prepared by a modified Hummers meth-
od from purified natural graphite powder [26]. 35 mg
GO was dispersed into 50.00 mL distilled water, fol-
lowed by the addition of positively charged nanoparti-
cles with stirring. The sample was then dried in an
oven at 60 °C, and finally heat treated at 400 °C in N,
for 2 h to obtain LTO-G nanohybrid.

The phase composition of the samples was character-
ized using X-ray diffraction (XRD, Bruker-AXS Micro-
diffractometer D8 ADVANCE) with Cu Ka radiation
(A =1.5406 A) from 10° to 80°. The morphology of
the synthesized materials was observed using a field-
emission scanning electron microscopy (FESEM, HIT-
ACHI S-4800) and a transmission electron microscope
(TEM, JEOL 2100F). The high-resolution transmission
electron microscopy (HR-TEM) image was carried out
on a JEOL JEM-2010 (HR) electron microscope oper-
ated at 200 kV. The content of coated carbon in Li4.
TisO;, sample was determined by thermogravimetry
(TG) analysis with a Rubotherm-DYNTHERM-HP
instruments.

Electrochemical experiments were carried out using
standard R2032 type coin cells assembled in an argon-
filled glove box. The anodes were prepared by mixing
80 wt% active material, 10 wt% conductive carbon black
and 10 wt% poly(vinyl difluoride) (PVDF) with appro-
priate amount of N-methyl-2-pyrrolidone solvent. The
slurry was cast on Cu foil to a thickness of approxi-
mately 70 pm and subsequently dried in a vacuum oven
at 120 °C for 8 h to remove the residual solvent. Pure
lithium foil was used as the counter electrode and sepa-
rated by a Celgard 2500 membrane separator. The elec-
trolyte solution was 1 M LiPFg in ethylene carbonate/
dimethyl carbonate (1:1 by volume). Galvanostatical
discharge-charge experiments were conducted over a
voltage range of 1.0-3.0 V (vs Li"/Li) at different rates
using a LAND battery testing system. Electrochemical
impedance spectroscopy (EIS) measurements were car-
ried out on a ZAHNER ZENNIUM electrochemical
workstation by applying a sine wave with an amplitude
of 5.0 mV over the frequency range from 100 kHz to
100 mHz.

The fabrication process of the LTO-G nano-hybrid is
illustrated in Scheme 1. LTO-C spheres were firstly trea-
ted in HNOj solution and then immersed in 0.2% PEI
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Scheme 1. Schematic illustration of the electrostatic assembly of
LTO-G.

solution to render the surface of LTO-C spheres more
positive, named as modified LTO. Whereas, GO sheets
present a negative charge originated from the ionization
of the carboxylic acid and phenolic hydroxy groups on
their surface [23]. Adding the positively charged LTO-
C spheres into the dilute GO solution can acquire the
uniform assembly of LTO-C spheres on GO sheets by
the electrostatic interaction [27]. Finally, the GO sheets
were thermally reduced to electrical conductive graph-
ene to serve as an electron transfer pathway in the hy-
brid material [28,29].

Figure 1. Typical SEM images of (a and b) LTO-C and (c and d) LTO-
G, (e) Typical TEM image of LTO-G, (f) Typical HRTEM image of
LTO-G.
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Figure 1a and b display the as-prepared mesoporous
LTO-C spheres, gained by a solid state reaction between
mesporous TiO, (SEM image of TiO, can be seen in
supporting information Fig. S1) and lithium acetate
dihydrate in the presence of PEG 20000. The LTO-C
mesoporous spheres are monodispersed in the range of
300-500 nm as shown in Figure la. The magnified
SEM image in Figure 1b reveals that the mesoporous
spheres are assembled with 10-20 nm primary nanopar-
ticles. The formation of the mesoporous sturcture of
LTO-C is benefited from the presence of PEG 20000,
which can be carbonized at high temperature and effi-
ciently restrict the growth of primary particles [21]. After
the electrostatic assembly of LTO-C with GO and fol-
lowed by the thermal reduction, LTO-G nanohybrid
was formed as shown in Figure 1c and d. The LTO-C
spheres uniformly attached and embeded onto the
graphene sheets. The amount of GO we used in the hy-
brid material is ~10%. On calcination in 400 °C in N,
for 2h, the GO sheets are reduced to graphene and
the content of graphene was calculated to be ~5% (see
TG curve in Fig. S2). It is proposed that such hybrid
structure is in favor of the realization of fast transport
the electrons in the electrode. TEM image of LTO-G
(Fig. le) shows clearly that LTO-C spheres are bridged
by graphene sheets. The HRTEM image in Figure If
shows the highly crystallized LTO nanoparticle. A dis-
tance of the clear lattice fringe is 0.472 nm, which is con-
sistent with the (111) atomic planes of the spinel LTO.
XRD patterns of LTO-G in supporting information
Figure S3 demonstrates that LTO crystals in the LTO-
G composites are well maintained in the nitric acid treat-
ment and electrostatic assembly processes. It can be seen
from Figure 1f that the surface of primary particles was
surrounded by a thin uniform carbon coating layer, de-
rived from the decomposition and carbonization of the
organic PEG precursor during the solid state reaction
[21]. In the hybrid material, carbon coating layer links
every primary particle into a submicrosphere, and every
submicrosphere is further bridged by 2D graphene
sheets. Therefore, the hybrid structure is rational to pos-
sess an excellent electrical property due to the successful
construction of the 3 D conducting network in the hy-
brid material [30].

The galvanostatic charge and discharge voltage pro-
files and specific capacities of LTO-C and LTO-G sam-
ples were tested at different rates within the potential
window of 1-3 V as shown in Figure 2. At different cur-
rent rates of 0.1 C, 1 C, 5C, 10 C and 20 C, the LTO-C
presents reversible capacities of 173, 107, 70, 52 and
40 mAhg ', respectively (Fig. 2a), while after the subse-
quent introduction of graphene bridge, those capacities
increase to 180, 165, 154, 140 and 124 mAhg{1 as shown
in Figure 2b (1 C means insertion of 3 mol Li into Li,.
TisOy, in 1 h). It can be also seen clearly that the polar-
ization for the LTO-G sample is significantly lower
compared to the LTO-C sample, especially at high cur-
rent rates. Figure 2c compares the rate capabilities of
LTO-C and LTO-G in a range of discharge rate from
0.1 C to 20 C. At a low current rate of 0.1 C, the capac-
ities of LTO-G are slightly higher than those of LTO-C
due to the contribution of graphene. Whereas, the
capacities of LTO-G at high current rates are much
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Figure 2. (a) The discharge/charge curves of LTO-C at0.1 C,1C, 5C,
10 C and 20 C; (b) The discharge/charge curves of LTO-G at 0.1 C,
1C,5C, 10 C and 20 C; (c¢) Cycling performance of LTO-C and LTO-
G at different rates; (d) Cycling performance of LTO-C and LTO-G at
10C.

higher than those of LTO-C, particularly the capacities
of LTO-G are twice higher than that of LTO-C at
20 C. The cyclabilities of LTO-C and LTO-G at 10C
are shown in Figure 2d. The initial capacity of LTO-G
reaches 141 mAh g~' at 10 C, which slightly decreases
to 129 mAh g~ ! after 100 cycles with a capacity loss of
9%. However, for the LTO-C sample, the initial capacity
at 10 C is only 77 mAh g~ ! and decreases to 62 mAh g~
after 100 cycles.

To deeply understanding the contribution of graph-
ene sheets on electrochemistry performance, the EIS
measurements were performed (Fig. 3). The depressed
semicircles in high-middle frequency are associated with
the charge transfer resistance (Rct). The Rct value of
LTO-G sample (230 Q) is significantly lower than that
of LTO-C (450 Q), the decrease of Rct is beneficial to
the transportation of lithium ions and electrons. The
improvement of the electrochemical performance is as-
cribed to the high electrical conductivity and the unique
2D structure of the graphene sheets. The graphene in the
hybrid electrode can effectively link the active LTO
spheres and the current collector, which endow the
hybrid material the outstanding cycling stability and

3000
-
2500 [

2000

7"©Q)

1500 -

1000 -

500 - » Ret 1
o
o
UH . . . .
0 500 1000 1500 2000 2500 3000
A

Figure 3. Nyquist plots for LTO-C and LTO-G samples, as well as the
equivalent circuit used to fit the EIS. The topright inset is the enlarged
Nyquist plot.
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superior rate capability. Most importantly, it worth to
note that the electrostatic absorption method employed
in this work is a post treatment process and is easy to
scale up and potentially extendable to arbitary battery
materials.

In conclusion, mesoporous LisTisO;, bridged by
graphene sheets was prepared by a facile electrostatic
adsorption method. The as-obtained LTO-G nano-hy-
brid exhibits high reversible capacity and outstanding
rate performance owing to the synergy of the good con-
ductivity, large surface area, flexibility of graphene and
good stability of mesoporous LisTisO;,. Such electro-
static adsorption method is easy to scale up and will pro-
vide a new pathway for the production of various high
rate lithium ion battery materials.
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