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ABSTRACT A simple and scalable method is developed to
synthesize Ti0,/graphene nanostructured composites as high-per-
formance anode materials for Li-ion batteries using hydroxyl
titanium oxalate (HTO) as the intermediate for Ti0,. With assistance
of a surfactant, amorphous HTO can condense as a flower-like
nanostructure on graphene oxide (GO) sheets. By calcination, the
HTO0/GO nanocomposite can be converted to Ti0,/graphene nano-

composite with well preserved flower-like nanostructure. In the
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composite, Ti0, nanoparticles with an ultrasmall size of several nanometers construct the porous flower-like nanostructure which strongly attached onto

conductive graphene nanosheets. The Ti0,/graphene nanocomposite is able to deliver a capacity of 230 mA h g at 0.1 C (corresponding to a current

density of 17 mA g ), and demonstrates superior high-rate charge—discharge capability and cycling stability at charge/discharge rates up to 50 Cin a half

cell configuration. Full cell measurement using the Ti0,/graphene as the anode material and spinel LiMnO, as the cathode material exhibit good high-rate

performance and cydling stability, indicating that the TiO,/graphene nanocomposite has a practical application potential in advanced Li-ion batteries.
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ith rising interest in green elec-
trode materials for lithium-ion
batteries (LIBs), increasing atten-
tion has been paid to titanium dioxide (TiO,)
anode material in recent years because of its
long cycle life, low cost, and minimum en-
vironmental impact.” Moreover, the rela-
tively high lithium insertion/extraction voltage
of aTiO, anode (higher than 1.5V vs Li*/Li) can
efficiently avoid the formation of SEl layers and
lithium plating on the anode, which improves
the safety of the batteries as compared with its
carbon-based counterparts>~> However, the
practical application of the TiO, anode is still a
challenge due to its low intrinsic electrical
conductivity (107'% S cm™") which leads to
limited rate capability.5 2
The construction of TiO, nanostructures,
for example, 1D nanowires or nanotubes,”~ >
2D nanosheets,''> and even complicated 3D
structures with highly energetic facets as the
dominant crystal face,'"®"%° has been exten-
sively studied in order to improve its rate
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performance by shortening the Li-ion and
electron diffusion path, enlarging the elec-
trode/electrolyte interfacial area as well as
facilitating strain relaxation during the in-
sertion/extraction processes.?’** However,
the extremely low electrical conductivity of
TiO, still limits its electrochemical perfor-
mance. A combination of TiO, with con-
ducting agents, such as metals,?®> metal
oxides,>*?° and carbonaceous materials®®
has proved to be an effective strategy to
enhance electron transport. As compared
with conventional conductive additives, the
graphene nanosheet, as a new type of 2D
carbon nanomaterial, appears particularly
promising to improve the electrochemical
performances of various electrode materials
owing to its superior electrical conductivity,
large surface area, and excellent structural
flexibility.”” Even at a very low weight fraction,
graphene can serve as an efficient electron-
conducting network and an excellent support
that buffers the volume variation of electrode
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materials.?® Consequently, modification of TiO, anode
material with graphene has attracted broad interest.

Direct hydrolysis of Ti(lV) precursors such as TiCl,
and titanium alkoxide in aqueous solution is an easy
process to produce TiO, nanostructures, which can
also be employed to synthesize TiO,/graphene nano-
composites.’? 3! However, Ti(IV) precursors have a
very rapid hydrolysis rate, and even hydrolyzed in-
stantly when exposed to moisture.®> Accordingly, the
as-prepared TiO, nanoparticles on graphene sheets
usually have a relatively large particle size and/or are
severely aggregated, which causes limited rate perfor-
mance. Therefore, efforts have been made to address
this problem by precisely controlling the formation
process of TiO,/graphene composites through various
methods to obtain suitable nanostructures for fast
electron and Li ion diffusion.>*>7*° Yang et al. de-
signed a TiO,/graphene composite with sandwich-like
structure using graphene and mesoporous silica as the
template. Such TiO,/graphene nanosheets with thick-
ness of ~50 nm provided numerous open channels for
the access of electrolyte and facilitated the ultrafast
diffusion of lithium ions during the cycling process. The
composite could reach a high capacity of 80 mAh g™
even at the high rate of 50 C° Li et al. reported the
synthesis of mesoporous TiO, nanospheres/graphene
composite by a hydrothermal process. The rapid diffu-
sion of electrolytes within the mesopores and electrons
through thin TiO, walls, as well as highly conductive
graphene sheets supporting TiO, spheres gave rise to
excellent rate performance that a capacity of 97 mAh g™
could be obtained when the discharge rate was as high
as 50 C.3* Ding et al. controlled the orientation of TiO,
nanosheets loaded on graphene using solvothermal
treatment to make sure that the (001) high-energy
facets were exposed to electrolytes. The highly active
facet endowed the composite with the capacity as high
as 100 mA h g~ at 20 C.3° Other attempts to precisely
control the particle size and nanostructure of TiO, on
graphene nanosheets have also been reported using
various methods, such as template-assisted synthsis,*
an electrospun technique,®” or hydrothermal treat-
ment,*#7*° etc. Although the electrochemical perfor-
mance of TiO,/graphene composites can be remark-
ably improved in these cases, the synthetic routes,
however, require relatively complicated experimental
procedures and are not easy to be scaled up for
practical application. Therefore, it is urgently desirable
to develop a simple and cost-effective method for
synthesizing TiO,/graphene composites with opti-
mized nanostructures as high performance anode
materials.

In this paper, a simple and scalable method to
synthesize high-performance TiO,/graphene compo-
site anode material via hydroxyl titanium oxalate (HTO,
Ti(OH),C,0,4) as the intermediate is presented. HTO
with an amorphous nature has been studied as the
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coating layer in smart materials for electrorheological
fluids, or as the precursor for preparing barium
titanate.*’*? No attempt of using HTO as the precursor
to TiO, for energy storage applications has been
carried out to the best of our knowledge. HTO can be
easily synthesized through the reaction

Ti(OC4Hg)q + HyC204 + 2H20 — Ti(OH),C044+4C4HgOH

Further calcination can convert HTO to TiO, with
controllable polymorphs. Compared with the fast hy-
drolysis process of tetrabutyl titanate (TBT) in water,
the reaction between TBT and oxalic acid (OA) to form
HTO is much less vigorous and proceeds gradually in a
much longer time span (tens of minutes). Conse-
quently, the structure and morphology of HTO can
be easily tuned using simple and existing solution
chemistry techniques; hence TiO, anode materials with
desirable nanostructures can be obtained. In our ex-
periments, HTO with a unique flower-like architecture
attached to graphene oxide (GO) sheets was synthe-
sized in the GO solution containing sodium dodecyl
benzene sulfonate (SDBS) as the surfactant under mild
reaction conditions. By calcination, this intermediate
can be successfully converted into TiO,/graphene
nanocomposite which still remains the flower-like
nanostructure. The final product exhibits outstanding
rate capability due to its novel structure that facilitates
fast diffusion of lithium ions and electrons during
charge/discharge processes. Moreover, the simple and
low-cost HTO mediated synthetic process can be easily
scaled up. A scale of 1 kg/batch was successfully realized
in our lab. Further verification of the electrochemical
performance of as-prepared TiO,/graphene composite
by commercial full cells with a capacity of ~1 Ah shows its
great potential as a high-rate anode material for ad-
vanced LIBs.

RESULTS AND DISCUSSION

The synthesis strategy for different TiO,-based sam-
ples is schematically depicted in Scheme 1. OA can
remarkably reduce the hydrolysis rate of TBT, and the
reaction between TBT and OA generates an amor-
phous HTO complex (refer to Figure S1, Supporting
Information). As observed in our experiments, the
white precipitate of HTO started to form 10 min after
the dropwise addition of TBT, and the reaction pro-
ceeded gradually during the whole time range (~40 min)
of the addition of TBT. Therefore, it is easy to control the
reaction process, and consequently the structure and
morphology of HTO products by using suitable addi-
tives, due to the slow reaction rate. The morphologies
of HTO are strongly affected by the additives, as shown
in Figure 1. Without adding SDBS, the HTO sample
shows an irregular particulate morphology under SEM
characterization (Figure 1a). This product is named
p-HTO hereafter. The TEM image (Figure 1b) reveals
that the particles of p-HTO have sizes ranging from
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Scheme 1. lllustration of the preparation processes and growth mechanisms of TiO,-based nanocomposites.

Figure 1. SEM and TEM images of p-HTO (a, b), ~HTO (c, d),
and f-HTO/GO (e, f).

30 to 40 nm, and they aggregate severely. The mor-
phology of HTO changes when SDBS is added, as shown
in Figure 1c. The product (named f-HTO hereafter) con-
sists of flower-like particles with diameters of ca. 1—
1.5 um. The detailed structural characterization by TEM
(Figure 1d) reveals that the entire flower-like nanostruc-
ture is composed of intercrossed nanosheets which are
5—10 nm thick, and connected to each other to form a
complicated 3D structure. When the morphologies of
p-HTO and -HTO are compared, it can be concluded that
SDBS plays an important role in HTO growth. As an
anionic surfactant, SDBS can significantly change the
interface property between hydrophobic TBT and water,
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and thus affects the hydrolysis process of TBT, which
alters the morphology of HTO from isotropic nanoparti-
cles to anisotropic sheet-like nanostructures. When GO
sheets are further introduced with a weight ratio of GO/
TBT = 2/50, HTO nanosheets can grow uniformly on both
sides of the GO sheets as shown in Figure 1e and f.
Hereafter, this product is named f-HTO/GO. As compared
with FHTO in which nanosheets are interconnected
to form relatively dense aggregates, in f-HTO/GO, HTO
nanosheets are loosely distributed on GO due to the large
surface area of GO sheets. It is also noted that HTO does
not separate from GO sheets even under ultrasonication
treatment, indicating that HTO and GO are strongly
bonded rather than loosely aggregated.

To understand the formation process of f-HTO/GO,
the structures of intermediate products sampled every
5 min during the addition of TBT are characterized as
shown in Figure S2 (Supporting Information). Tiny
nanoparticles with diameters smaller than 10 nm can
be found on the GO sheets after 10 min of TBT addition,
and both of the amounts and the size of HTO increase
along with the reaction time. It is interesting that nano-
particles rather than nanosheets are observed during
15—25 min, and a mixture of nanosheets and nano-
particles are discerned at 30 min. After 35 min, pure
nanosheets are formed finally. The effect of GO on the
structure of HTO is also investigated by varying the
ratio of GO/TBT as shown in Figure S3 (Supporting
Information). It is found that at a low weight ratio of
1/50, HTO attached to the surface of GO is obviously
aggregated. When the GO content is increased, the
density of HTO on the GO sheets gradually decreases,
and its extent of aggregation also declines. When the
weight ratio of GO is higher than 2.5/50, some bare GO
surface can be observed. Therefore, the weight ratio of
GO/TBT = 2/50 is proper in our experiments to achieve
uniform and loose distribution of HTO on GO sheets.

Thermal decomposition can easily transform HTO
into TiO,. The polymorphs of TiO, strongly depend on
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Figure 2. TEM and HRTEM images of p-TiO, (a, b), f-TiO,
(c, d) and £-TiO,/G (e, f).

the calcination temperature. Previous researches have
revealed that the anatase phase exhibits a better
electrochemical performance than the rutile one.>'
Consequently, the calcination process in our experi-
ments was carried out at 450 °C to ensure the forma-
tion of pure anatase, which can be proved by the XRD
results (Figure S4, Supporting Information). After calci-
nation, the p-HTO decomposes to p-TiO, which still
possesses the particulate morphology with a mean
diameter of 20—30 nm as shown in Figure 2a,b and
Figure S5a (Supporting Information). However, the
products aggregate severely due to the fusion of
nanoparticles during thermal treatment. For f~-HTO,
calcination destroys the characteristic flower-like mor-
phology, and aggregations of TiO, nanoparticles are
gained (Figure 2cd and Figure S5b, Supporting
Information) in the product of £-TiO,. High resolution
TEM characterization reveals that TiO, nanoparticles
have diameters of 10—20 nm. The clearly visible set of
lattice fringes with a period of 0.35 nm is characteristic
of the (101) lattice planes of anatase TiO,. For f-HTO/
GO, after calcination, the resulted f-TiO,/G composite
retains almost identical morphology, as observed in
the TEM image with a low magnification (Figure 2e).
Flower-like TiO, nanosheets distribute homoge-
neously on thermally reduced graphene sheets. A high
resolution TEM image (Figure 2f) further shows that the
walls of the TiO, nanosheets are composed of tiny TiO,
nanoparticles whose diameters are in the range of
5—10 nm, which are apparently smaller than those in
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Figure 3. Nitrogen adsorption—desorption isotherms of
p-TiO,, -TiO,, and f-TiO,/G. The inset shows their pore-size
distribution plots.

the sample of £TiO,. The lattice fringes observed in
f-TiO,/G are also consistent with the (101) lattice plane

of anatase.

The specific surface area and pore size distribution of
three TiO, samples are further investigated by nitrogen
adsorption—desorption measurement, and their iso-
therms are shown in Figure 3. The specific surface area
of £TiO, is calculated to be 92.6 m? g~ ', much higher
than that of p-TiO, (38.8 m? g~ "), which can be ascribed
to the smaller particle size of the former sample. f-TiO,/
G possesses an even higher specific surface area of
211.6 m? g™, which should be mainly attributed to the
contribution of graphene, as well as the smaller crystal
size of TiO, nanoparticles in -TiO,/G. The pore size
distribution plots calculated from the desorption iso-
therm using the Barrett—Joyner—Halenda (BJH) meth-
od (inset image in Figure 3) indicates the presence of
rather uniform mesopores with an average pore di-
ameter of 22 nm in -TiO, and 10 nm in f-TiO,/G. On the
basis of the electron microscopy data, such mesopores
in both samples are ascribed to the interparticle space
caused by the random stacking of TiO, nanoparticles.
Therefore, the smaller pore diameters in f-TiO,/G re-
flect its smaller particle sizes, coincident with the
results from SEM and TEM characterization.

The electrochemical performance of p-TiO,, -TiO,,
and f-TiO,/G as anode materials is comprehensively
evaluated in lithium half-cells. Figure 4a presents the
first galvanostatic discharging/charging curves of three
samples at 0.1 C within a cutoff window of 1.0—3.0 V. All
three materials display a discharge voltage plateau at
1.78 £0.01 Vand a charge voltage plateau at 1.98 - 0.01V,
which are characteristic of anatase TiO,. The initial
discharge and charge capacities of three samples are all
above 200 mA h g~ ', which are higher than the theore-
tical capacity of bulk titania (167.5 mA h g~") with the
maximum lithium insertion coefficient of 0.5 (Lip5TiO,)
based on the following electrochemical reaction: TiO, +
xLi + xe~ < Li,TiO, (0 < x < 0.5).** Among three
titania samples, f-TiO,/G shows the highest discharge
and charge capacity of 280 and 226 mA h g/,
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Figure 4. (a) Curves for galvanostatic discharge/charge of
TiO, at 0.1 C. (b) Rate capability of p-TiO,, f-TiO,, and f-TiO,/
G. The Li" insertion rate (discharge) and Li* extraction
(charge) rate were changed from 0.1 to 50 C.

respectively, f-TiO, shows intermediate, and p-TiO,
shows the lowest, which might be attributed to the
difference of the particle size and structure in these
anode materials. f-TiO,/G which is modified by gra-
phene and possesses the smallest particle size among
three samples is believed to have the best ionic and
electronic conductivity. It is noticed that £-TiO,/G has a
shorter voltage plateau and longer terminal voltage
slope in its discharge curve as compared with the other
two samples. The voltage slope is generally considered
as capacitive behavior of the surface or interfacial
storage of lithium ions, whose proportion in the total
discharge capacitance increases when the particle size
decreases.®~* Such phenomenon can be observed in
other nanostructured materials, such as LiFePO,* and
LiMNn,0..% It should be mentioned here that graphene is
also electrochemically active within the current voltage
window as reported earlier”®*" It normally has a rever-
sible capacity higher than 500 mA h g', and typical
slope-like charge or discharge curves with no plateau.
Subsequently, the existence of graphene in -TiO,/G
may contribute partially in its relatively higher capacity
and longer voltage slope in the discharge/charge
curves as compared with those of £-TiO,.

Figure 4b presents the rate capability of three anode
materials tested from 0.1 to 50 C with identical dis-
charge and charge current density and five discharge/
charge cycles at each rate. The results show that in the
initial several cycles at a low rate of 0.1 C, both £-TiO,
and f-TiO,/G possess a distinctly higher capacity than
p-TiO,. At higher rates from 1 to 3 C, the capacities of
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f-TiO, and f-TiO,/G are comparable. Both have a capa-
city retention rate of 70% at the rate of 3 C. The capacity
of p-TiO,, however, fades quickly when the rate in-
creases, whose retention rate at 3 Cis smaller than 50%.
The capacities of £-TiO, and £-TiO,/G tend to differenti-
ate above the rate of 5 C. The capacity of £TiO,/G
apparently exceeds that of £TiO, when the rate is
raised to 10 C, and their difference gradually becomes
larger along with the increase of the rate. At the high
rate of 50 C, £-TiO,/G reaches a capacity of 80 mAh g™
(35% of the initial capacity), which is ~30% higher than
that of £-TiO, (60 mA h g”). After the high rate test, the
cells are remeasured at a relatively low rate of 1 Cagain.
It is surprising to find that the remeasured capacity for
f-TiO,/G even exceeds the one measured during the
initial 1 C cycles. The same phenomenon has been
observed in some earlier reports,>?° which may be
ascribed to the activation process of the electrode
materials during cycling. However, the remeasured
capacity for f-TiO, and p-TiO, are only 95% and 83%
of their initial ones, respectively. Consequently, f-TiO,/
G possesses superior rate capability than TiO, and
p-TiO,. Cyclic voltammograms (CVs) of £TiO,/G at differ-
ent scan rates (0.2—5.0 mV's~ ') are shown in Figure S6
(Supporting Information). A pair of redox peaks can be
clearly observed even at a scan rate of 5mV s~ '. These
peaks correspond to the reversible biphasic transition
between tetragonal anatase and orthorhombic Li,TiO,.>
The good symmetry of the redox peaks at all scan rates
further suggests the outstanding rate capability of £TiO,/G.
The effect of graphene content (measured by TGA as
shown in Figure S5h, Supporting Information) in the
f-TiO,/G sample is also evaluated. It is found in Figure S7
(Supporting Information) that samples with 8 wt %
of graphene (corresponding to the weight ratio of GO/
TBT = 2/50) exhibit the best electrochemical perfor-
mance. Lower graphene content leads to poor rate
capability probably due to relatively severe aggregation
of TiO; (Figure S5¢, Supporting Information), while high-
er graphene content results in lower capacity because of
less weight fraction of active titania materials.

The f-TiO,/G also demonstrates excellent cycling
stability at high current densities. Lithium cells using
f-TiO,/G as the cathode were run at constant rates of 1,
10, 20 C, respectively, after being aged at 0.1 C for 2
cycles. Approximately 97%, 98%, and 99% of its initial
charge capacity is retained after 100 discharge/charge
cyclesat 1, 10,and 20 C, respectively as shown in Figure 5a.
The average capacity fading per cycle is as small as
0.03%, and the Coulombic efficiency is nearly 100% at
each cycle. The cycling stability of f-TiO,/G is also
measured at randomly varied rates within the range
of 1-50 C. Figure 5b shows that a large capacity of
nearly 180 mA h g™, which is comparable to the initial
capacity in the first cycle, was achieved when the
current rate was returned to 1 C even after 70 cycles
at high current rates up to 50 C. Such outstanding rate
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Figure 5. (a) Li* extraction capacity vs cycle number of
f-TiO,/G nanocomposite; (b) typical cycling behavior of
f-TiO,/G coin-type cells at various rates of discharge.

capability and cycling stability excel reported titania
materials and make -TiO,/G a good candidate for anode
materials in high power lithium batteries.>?**73! The
outstanding electrochemical performance can be attrib-
uted to the unique nanostructure of £TiO,/G. On one
hand, the ultrasmall particle size of £TiO,/G not only
guarantees the shorter Li* diffusion length which is the
key to improve the rate performance, but also enhances
the storage capacity which is the main characteristic of
the nanostructured electrode material. On the other
hand, the existence of graphene as a conducting agent
greatly improves the electrical conductivity of the nano-
composite. In addition, graphene sheets with a large
surface area also serve as substrates that effectively
inhibit the aggregation of titania nanoparticles, which
remarkably raises the homogeneity of the Li ion inser-
tion/extraction. More importantly, as compared with
those of previous reports, the synthetic route for
f-TiO,/G provided in this paper is easier to operate and
nontoxic, therefore can be readily scaled up. A scale of
1 kg/batch was conveniently realized in our lab, which
shows the attractive application potential of f-TiO,/G
anode materials in commercial lithium ion batteries.
To evaluate the practical performance of £-TiO,/G in
commercial batteries, a prototype of 18650-type full
cell was manufactured by using f-TiO,/G as the anode
active material, and spinel LiMn,0, as the cathode
active material. The voltage profile of the full cell is
shown in Figure 6a. It discharges at an average voltage
of 2.1V, lower than commercial LiMn,0, cells, due to
the relatively higher charge potential of titania than
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Figure 6. (a) Curves for galvanostatic discharge/charge of
LiMn,0,4-f-TiO,/G full cell at 0.2C; (b) curves for galvano-
static discharge/charge of the full cell at different rates; (c)
discharge capacity vs cycle number of the full cell. The
charge rate was fixed at 1 C while the discharge rates were
1Tand5C.

commercial graphite anode materials. The cell delivers
an initial discharge capacity of 700 mA h which is close
to the designed capacity of 800 mA h. The rate capab-
ility and cycling performance are demonstrated in
Figure 6b,c. The discharge capacity slowly decays
along with the increase of the current rate. When the
discharge currentis as high as 12 C, the cell still reaches
a discharge capacity of ~430 mA h, approximately 60%
of its capacity at 0.2 C. The full cell has a capacity re-
tention rate of 90% after 200 cycles under a 1 C charge/
discharge rate, and 80% after 300 cycles undera 5 C
rate, which is comparable or even better than com-
mercial LiMn,0, batteries using graphite anode. How-
ever, the large surface area of £TiO,/G gives rise to a
relatively large initial irreversible capacity (Figure 6a)

A N NS
VOL.6 = NO.12 = 11035-11043 = 2012 @L%N {\)

WWW.acsnano.org

11040



and a low compact density. Therefore, the synthesis of
f-TiO,/G needs further optimization to pave the way to
the practical applications of this new type of anode
materials in lithium ion batteries.

CONCLUSIONS

An environmental benign and high yield method
has been developed for the synthesis of TiO,/graphene
nanocomposites as anode materials for LIBs. Using
HTO as the precursor to TiO,, the hydrolysis of titanium
alkoxides can be easily controlled, and a unique archi-
tecture that ultrasmall anatase nanoparticles assembled

EXPERIMENTAL METHODS

Material Synthesis. Graphene oxide (GO) nanosheets were
prepared according to the method we reported previously.”
The experiment details are described in the Supporting Infor-
mation. In a typical synthesis, 30 mL of ethanol solution contain-
ing 5 g of Ti(OC,4Ho), (tetrabutyl titanate, TBT) and 0.3 g of acetic
acid was dropwise added into 60 mL of water/ethanol solution
(3:1, in volume) containing 2 g of oxalic acid (OA), 0.2 g of SDBS,
and 0.2 g of graphene oxide (GO) nanosheets under stirring at
50 °C. The resulting light brown slurry was further stirred for 3 h
and additionally aged for 1 h. The precipitate was collected by
centrifuge and repeatedly washed with ethanol and deionized
water, and then air-dried at 80 °C. The obtained nanocomposite
was further calcinated at 450 °C for 5 h, resulting in the final
product. The weight ratio of GO/TBT was tuned to 1/50, 1.5/50,
2/50, 2.5/50, and 3/50, respectively, in our experiments. The
corresponding weight content of graphene in the final products
is measured to be 4, 6, 8, 10, and 12 wt %, respectively, using
thermal gravimetric analysis. For comparison, the samples
synthesized without adding GO and/or SDBS were also pre-
pared using the same synthesis procedures.

Structural Characterizations. Powder X-ray diffraction (XRD)
measurements were performed using an AXS D8 Advance
diffractometer (Cu Kat radiation; receiving slit, 0.2 mm; scintilla-
tion counter, 40 mA; 40 kV) from Bruker Inc. The morphology
and structure were analyzed by a Hitachi S-4800 field emission
scanning-electron microscope (SEM) and an FEI Tecnai G* F20
transmission-electron microscope (TEM) at an accelerating voltage
of 200 kV. The nitrogen sorption isotherms (BET) were recorded by
a Micromeritics ASAP-2020 M nitrogen adsorption apparatus. Pore
size distribution plot was obtained by the Barrett—Joyner—
Halenda (BJH) method. Thermal gravimetric analysis (TGA) was
performed on a Pyris Diamond thermogravimetric/differential
thermal analyzer by Perkin-Elmer.

Electrochemical Tests. The evaluation of electrochemical per-
formance was carried out in both CR2032-type coin cells and
18650-type full cells. For the coin cells, the working electrode
contained 80 wt % of active materials, 10 wt % of Super P, and
10 wt % of polyvinylidene fluoride (PVDF). The Li metal foil served
as the counter electrode. The electrolyte was composed of T M
LiPF solution in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1 by volume). The coin cells were activated at a current
density of 0.1 C (17 mA g™ ") for the first cycle, and then cycled
under different current densities within the voltage range of
1.0—3.0 V using a LAND-CT2001A battery test system (Jinnuo
Wuhan Corp., China). For the full cells, the cathode contained
94 wt % of spinel LiMn,Q, as the active material, 3.8 wt % of Super
P and 2.2 wt % of PVDF; the anode was composed of 93 wt % of
TiO,/graphene nanocomposite as the active material, 3.5 wt % of
Super P and 3.5 wt % of PVDF. The full cells were activated at a
currentdensity of 0.1 C for the first three cycles, and then aged for
about 3 days. Afterward, the cells were cycled under different
current densities within the voltage range of 1.25—3 V.

Conflict of Interest: The authors declare no competing
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in a flower-like structure and strongly bonded to the
surface of graphene sheets can be successfully ob-
tained. The nanosized TiO, particles, porous structure
and highly conductive graphene provide negligible
diffusion time, fast phase transfer reaction and en-
hanced local conductivity, resulting in exceptionally
high rate capability and excellent cycling stability. The
synthesis route provided in this paper only requires mild
reagents and ambient reaction conditions, which is
anticipated to be a scalable production method for high
performance TiO,-based anode materials to be used in
the next-generation LIBs.
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images, and electrochemical testing results of TiO,/graphene
nanocomposites. This material is available free of charge via the
Internet at http://pubs.acs.org.
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