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ABSTRACT: In this work, we synthesized graphene oxide (GO) using the improved
Hummers’ oxidation method. TiO, nanoparticles can be anchored on the GO sheets via
the abundant oxygen-containing functional groups such as epoxy, hydroxyl, carbonyl, and
carboxyl groups on the GO sheets. Using the TiO, photocatalyst, the GO was
photocatalytically reduced under UV illumination, leading to the production of TiO,-
reduced graphene oxide (TiO,-RGO) nanocomposite. The as-prepared TiO,, TiO,-GO,
and TiO,-RGO nanocomposite were used to fabricate lithium ion batteries (LIBs) as the
active anode materials and their corresponding lithium ion insertion/extraction
performance was evaluated. The resultant LIBs of the TiO,-RGO nanocomposite
possesses more stable cyclic performance, larger reversible capacity, and better rate
capability, compared with that of the pure TiO, and TiO,-GO samples. The
electrochemical and materials characterization suggest that the graphene network provides
efficient pathways for electron transfer, and the TiO, nanoparticles prevent the restacking

of the graphene nanosheets, resulting in the improvement in both electric conductivity and specific capacity, respectively. This
work suggests that the TiO, based photocatalytic method could be a simple, low-cost, and efficient approach for large-scale

production of anode materials for lithium ion batteries.
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1. INTRODUCTION

Lithium ion batteries (LIBs) have been the dominant power
source for a myriad of types of portable electronic devices' and
potential power source for electric vehicles.” To enhance LIB
performance, a variety of nanomaterials, including TiO,>*
graphene,”™” and its composite,”” has been researched as
alternative electrode materials.

TiO, has been particularly attractive for large-scale energy
storage, because TiO, is an abundant, inexpensive, and
environmentally benign material with various types of
nanostructures available (e.g, nanotubes,'®'! nanowires,'*'3
and nanosheets'*). Also, TiO, is structurally stable with a small
volume change (<4%) during Li ion insertion/extraction
processes and intrinsically safe by avoiding Li electrochemical
deposition."> However, low electronic conductivity within the
TiO, network and relatively low theoretic capacity are still the
main obstacles for their practical applications. In this regard,
nanocomposite of TiO, and nanostructured carbon materials
may be an efficient way to tackle the problems.'®"”

Among various nanostructured carbon materials, graphene is
expected to be an excellent supporting material of the
nanocomposite as anodes, because of its superior electronic
conductivity, high surface-to-volume ratio, ultrathin thickness,
structural flexibility, and chemical stability.> The graphene
network provides efficient pathways for electron transfer.
However, the layered graphene sheets can naturally stack into
multilayers and thus lose the advantages of high surface area
and intrinsic chemical and physical properties. Nanoparticles
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such as TiO,,""® $n0,,'"*° Co0,0,>" and Fe;0,>* anchored
on the graphene sheets could potentially resolve the problem of
graphene stacking.

The preparation of graphene using chemical method
commonly involves the oxidation of graphite to produce
graphene oxide (GO) and reduction of GO. Chemical
oxidation method (e.g, the traditional Hummers’ method) is
probably the most economical way to prepare GO in large
quantity from natural graphite.”> Recently, an improved
Hummers' method was proposed by Tour’s group®* for the
large-scale production of GO. The proposed method shows
significant advantages over the Hummers’ method: it has much
higher production yield, does not involve a large exothermal
reaction or the production of toxic gas, produces a higher
fraction of well-oxidized hydrophilic carbon material, and
possesses a more regular structure.

During the chemical oxidation of graphite, oxygen-containing
functional groups, such as epoxy, hydroxyl, carbonyl, and
carboxyl, are introduced onto the graphene sheets, which
interrupts graphitic lattice and reduces the conductivity.”> In
order to restore the conductivity of graphene, these functional
groups are removed by chemical reduction methods, such as
hydrazine,26 UV-induced reduction®® or thermal reduction,®
sonolysis.””
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Kamat and co-workers reported that GO can be photo-
catalytically reduced by the TiO, nanoparticles under the UV
illumination.”® Since the functional groups on the graphene
sheet cannot be removed completely, the reduction product of
GO is commonly referred as reduced graphene oxide (RGO).
This method has the following advantages: (1) the extend of
the photocatalytic reduction can be tuned on demand by
controlling reaction time; (2) no toxic chemicals are involved in
the reduction reaction; and, most importantly, (3) TiO,
particles can be readily dispersed and strongly bound onto
the newly RGO sheets, forming TiO,-RGO nanocomposite due
to the remaining functional groups. Rose and co-workers™®
demonstrated that the photocurrent generated by the TiO,-
RGO nanocomposite electrode was enhanced remarkably (10-
fold), compared to the pure TiO, electrode, because of the
enhanced conductivity.

In this work, inspired by the above findings, in order to
improve both electric conductivity and specific capacity, we
attempt to incorporate the TiO, nanoparticles with graphene
nanosheets without restacking of the graphene nanosheets. We
synthesize GO using the improved Hummers’ oxidation
method and prepare the TiO,-RGO nanocomposite via the
UV-induced photocatalytic reduction route to reduce GO and
anchor the TiO, nanoparticles onto the RGO sheets
simultaneously. The as-prepared nanocomposites were used
for fabrication of electrodes for LIBs. It is the first time, to the
best of our knowledge, UV-induced reduction method is
applied to prepare the TiO,-RGO nanocomposite as electrode
material for LIBs. The performance of the resultant LIBs was
evaluated systematically.

2. EXPERIMENTAL SECTION

2.1. Synthesis Procedures. a. Preparation of GO. GO was
synthesized via the oxidation of graphite using the improved
Hummers’ method, the oxidation method proposed by Tour’s
group.”* Briefly, 2 g graphite and 12 g KMnO, were placed into a
mixture of H,S0O,/H;PO, (240:26.7 mL) under vigorous stirring in
sequence. The resultant solution was continually stirred at 50 °C for
12 h. After the solution was cooled to room temperature, it was poured
onto ice (ca. 280 mL) and mixed with 3 mL of 30% H,O,. The
solution was centrifuged and washed with 30% HCI, deionized water
and ethanol in order, and filtered with a 0.45-ym PTFE membrane.
The residue on the filter (ie, GO) was dried overnight at room
temperature.

b. Preparation of Anatase TiO,. Anatase TiO, nanoparticles were
prepared according to our previous work.>® Briefly, a mixture of 25 mL
of titanium butoxide and 8 mL of propan-2-ol was added dropwisely to
300 mL of a 0.1 M nitric acid solution under vigorous stirring,
resulting in a slurry. The slurry was heated to 80 °C and stirred
vigorously for 10 h to achieve peptization. The resulting colloid was
then hydrothermally treated in an autoclave at 200 °C for 12 h. The
colloidal suspension was then introduced into a rotary evaporator and
evaporated to a final solid concentration of ca. 2% w/v with particle
sizes ranging from 8 nm to 10 nm.

¢. Preparation of the TiO,-RGO Nanocomposite. As shown in
Figure 1, a homogeneous TiO,-GO suspension was first obtained by
mixing a 0.04 g of GO in ethanol and 25 mL of anatase TiO, solution
(ca. 2% w/v) in an ultrasonic bath. The sample was then placed into a
photoreaction station under the UV irradiation of a 1000-W xenon
lamp and continuous stirring for 2—S5 h. The infrared light was blocked
by a UV-band-pass filter. The resultant solution were filtered and
rinsed with deionized water three times. Finally, the residue solids on
the filter membrane, ie., TiO,-RGO nanocomposite, were dried in a
vacuum oven at 60 °C for 12 h. Part of the TiO,-GO suspension was
dried and assembled in coin cells for comparison purposes, using the
same procedures as the TiO,-RGO.
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Figure 1. (a) Schematic diagram of the preparation of the TiO,-RGO
nanocomposite; (b) photographs of the products at different synthesis
stages.

2.2. Materials Characterization. The microstructure and
morphology of TiO,-RGO were examined using transmission electron
microscopy (TEM) (FEI Model Tecnai 20) with an acceleration
voltage of 200 kV. XRD patterns were obtained on X-ray diffraction
(XRD) (Model LabX-6000, Shimadzu, Japan) using CuKa radiation at
40 kV and 40 mA over the 26 range of 5—70 °C. The Raman spectra
of TiO,-RGO and GO were obtained using Raman spectroscopy
(Jobin Yvon Model HR800).

2.3. Electrode Preparation. Active materials (ie., the pure
anatase TiO,, the TiO,-GO mixture, and TiO,-RGO nanocomposite)
were mixed with 10 wt % carbon black and 10 wt % poly(vinylidene
fluoride) (PVDF, MW = 534 000, Aldrich) in N-methyl-2-pyrrolidone
(NMP, 99.5%, Aldrich) solvent to form a homogeneous slurry,
respectively. The resultant slurries were uniformly coated onto Cu foils
with an area of ca. 1 cm” The weight of the active material is ca. 1—2
mg. All the pasted Cu foils, i.e,, the anodes, were dried in a vacuum
oven at 120 °C for 12 h and pressed using a double-roll compressor.

Using the anodes, CR2032 coin-type cells were assembled in an
argon-filled M-Braun glovebox. A porous polypropylene film was used
as the separator, a lithium sheet as the counter electrode, and 1 M
LiPF, in a 1:1 (w/w) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) as the electrolyte. To measure the
electrochemical capacity and cycle life of the working electrodes, the
cells were galvanostatically charged and discharged using LAND-
CT2001A battery tester (Wuhan, PRC) in a voltage range from 0.01
to 3.0 V vs Li/Li* at the current densities of 100, 200, 400, 800, and
1600 mA/g, respectively.

Cyclic voltammograms (CVs) and electrochemical impedance
spectroscopy (EIS) were performed using a CHI 660D electro-
chemical workstation (CH Instrument, Shanghai, PRC). CVs were
recorded between 3.0 V and 0.0 V at a scan rate of 0.1 mV/s, using the
composite as the working electrode and a lithium sheet as both
counter electrode and reference electrode. AC impendence spectra
were carried out with amplitude of 10 mV over the frequency range
from 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

3.1. The Synthesis of TiO,-RGO. The GO used to prepare
the TiO,-RGO composite in this study was synthesized using
the improved GO synthesis method.** In contrast to the
traditional Hummers’ method, this method can generate a
larger amount of hydrophilic oxidized graphene material with
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high production yield. We obtained 1.8 g of GO product from
1.0 g of graphite, which is close to the reported production
yield** Moreover, the reaction can be easily controlled and
does not generate toxic gas.

The TiO, colloid was freshly prepared by the hydrolysis of
titanium butoxide.” It has a milky white color. The process of
the UV induced reduction reaction is shown in Figure 1. When
the TiO, solution is ultrasonicated with GO, a stable and
homogeneous TiO,-GO mixture is obtained via the afore-
mentioned interactions. The mixture has a light milky brown
color (see Figure 1b). When the TiO,-GO colloid is exposed to
the UV light, the charge separation takes place and produces
electron—hole pairs in TiO, nanoparticles. The photoholes
could easily capture the electrons from organic compounds (i.e,
ethanol in this case). Under UV illumination, the electrons are
continuously promoted to the conduction band at the surface
of TiO, surface.®® The electrons are able to reduce the
functional groups, including epoxy, hydroxyl, carbonyl, and
carboxylic functional groups on the surface of GO sheets.”>>"
As a result, GO is converted into RGO, which is evidenced by
the fact that the solution color changed from light brown (the
color of TiO,-GO) into black (the color of TiO,-RGO) as
shown in Figure 1b.>**® This anchoring of TiO, nanoparticles
onto RGO sheets could prevent the TiO, nanoparticles from
agglomeration and could minimize the restacking of RGO
sheets, which will be beneficial to maintaining high surface areas
and the stability of the nanocomposite during lithium
insertion/extraction.

3.2. Materials Characterization. The structural composi-
tion of the graphite, as-prepared GO, TiO, nanoparticles, and
TiO,-RGO nanocomposite were examined using XRD (Figure
2a). Before the oxidation reaction, the graphite showed a sharp
and strong diffraction peak at 26 = 26.4° (see Figure 2a). After
the oxidation reaction, the resultant GO shows a distinctive
(002) peak at 20 = 10.9°% this illustrates that most of the
natural graphite was oxidized to GO and the d-spacing was
expanded from 3.4 A to 9.1 A.**** The TiO,-RGO composites
exhibits similar diffraction peaks corresponding to (101), (004),
(200), (105), and (211) of pure anatase TiO, particles. The
diffraction peak for RGO was reported to appear at a 20 angle
of ~24.57° (d-spacing ~ 3.62 A) and ~23° (d-spacing ~ 3.86
A).* Interestingly, the XRD peaks corresponding to GO or
RGO in the composite cannot be observed in Figure 2a. This
phenomenon was attributed to the insufficient amount of
carbon and relatively low diffraction intensity of the RGO in
the literature."® In this work, this is more likely because the
anchored TiO, nanoparticles prevent the graphene sheets from
restacking, substantially expand the d-spacing of the graphene
layers, disrupt the layered and ordered structure, and
consequently lead to the disappearance of the reflection
peaks. This result also suggests the RGO sheets are effectively
separated and highly dispersed into the TiO, matrix.

In order to confirm the chemical composition of the
composite, the Raman spectroscopy was used to characterize
the RGO/TiO, nanocomposite as well as the as-prepared GO
(Figure 2b). According to the results examined by the
thermogravimetric analysis (TGA), the as-prepared composite
contains 5.6% (w/w) of RGO. In Raman spectra, both samples
exhibit two strong peaks, denoted as the disorder peak (D,
centered at 1350 cm™') and the graphitic peak (G, at ~1580
cm™). The D peak suggests the disruption of the symmetrical
hexagonal graphitic lattice, which associates with internal
structure; and the G peak indicates the in-plane stretching
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Figure 2. (a) XRD patterns of the graphite, GO, RGO, TiO,, and
TiO,-RGO composites. (b) Raman spectra of the as-prepared GO and
TiO,-RGO.

motion of symmetric sp> C—C bond.** Compared with the
intensity ratio of Ip/I; of GO (1.06), the ratio of the
nanocomposite increased to 1.13, sug§esting the decrease of
the oxygen-functional groups on GO.” For TiO,, due to E,
vibration modes of anatase, a sharp Raman scattering peak for
free-standing anatase nanoparticles is commonly observed at
143 cm™. In contrast, the peak was observed at 153 cm™L. The
blue shift from 143 cm™ to 153 cm™" may be attributed to the
interaction of RGO and TiOZ.36 The peaks at ~195, 400, 516,
and 639 cm™' correspond to the different vibration modes of
anatase.”” Overall, the Raman spectra suggest that the
nanocomposite contains RGO and TiO,, which is consistent
with the XRD results.

To investigate the morphology and structure of the products,
TEM and SEM images of the TiO,-RGO composite were
obtained as in Figure 3. The high-resolution TEM (HRTEM)
image (see Figure 3b) indicates that the crystal lattice fringes
with d-spacing of 0.352 nm corresponding to the (101) plane of
the anatase TiO,, which is consistent with the XRD results. The
crystal lattice fringes of the RGO could not be observed by
HRTEM, possibly because of their ultrathin structure.

Figure 3a shows that the TiO, nanoparticles are well-
dispersed and uniformly anchored on the surface of the RGO
sheet. The SEM image (Figure 3c) of the TiO,-RGO sample
demonstrates the homogeneity of the composite in a large
scale. In particular, only a small portion of RGO sheets and
trace amount of freestanding TiO, can be observed, while most
of the RGO sheets are covered by the TiO, nanoparticles (ie.,
RGO-bonded TiO,). Also, majority of the TiO, particles are
anchored on the RGO sheets (with very small amount of free-
standing TiO, nanoparticles), which is very important, because
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Figure 3. (a) TEM, (b) HRTEM, and (c) SEM images of the TiO,-
RGO nanocomposite.

this ensures the efficient electron collection via the RGO sheets
during the insertion/extraction processes.

The formation mechanism of the TiO,-RGO composite is
proposed as follows. GO possesses oxygen-containing func-
tional groups including epoxy, hydroxyl, carbonyl, and carboxyl
functional groups. Epoxy and hydroxyl functional groups are
the major part, existing on the basal plane of GO sheets, while
carboxyl and carbonyl are the minor part, occurring on the edge
of GO sheets.>**® Because TiO, nanoparticles and its surface
hydroxyl groups can readily interact with these functional
groups, TiO, nanoparticles can distribute uniformly on the
surface of GO, which also facilitates the photocatalytic
reduction of the GO. Under strong and prolonged UV
illumination in the experiment, most of the oxygen-containing
functional groups of GO are reduced and the TiO, nano-
particles remain on the surface of RGO via electrostatic and/or
van der Waals forces, resulting in the structure as shown in
Figure 3a. It was reported that the interaction of RGO and
TiO, nanoparticles was attributed to the remaining carboxyl
groups at the RGO and its strong adsorption to TiO,
nanoparticles.”® This is different from our case, in that the
carboxyl groups are mainly distributed on the edge of the GO

3639

plane, while our TiO, nanoparticles are scattered evenly on the
RGO plane (see Figures 3a and 3c).

3.3. Evaluation of Battery Performance. It is well-
established that the lithium ion insertion/extraction processes
at anatase TiO, nanoparticles proceed according to a reversible
reaction:

TiO, + xLi* + xe™ « Li,TiO, (1)

The maximum value of x for a reversible reaction at room
temperature is 0.5, which corresponds to a capacity of 168
mAh/g. Usually, the voltage window for TiO,-based anode
materials is 1—3 V, because RGO contributes charge and
discharge capacity under 1 V; we set the voltage window
between 0.01 V to 3 V to obtain the full capacity of the
composite. Figure 4 presents the charge/discharge profiles of
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Figure 4. Galvanostatic charge—discharge curves of the TiO,, TiO,-
GO, and TiO,-RGO cycled at 1st, 2nd, 10th, and 30th between 0.1 V
and 3.0 V (vs Li/Li*) at a current density of 100 mA/g.

the TiO,, TiO,-GO, and TiO,-RGO composite electrode of the
1st, 2nd, 10th, and 30th cycles at a current density of 100 mA/
g. The discharging plateaus at ~1.75 V (insertion process)
indicates the Li-intercalation into anatase TiO, lattice and the
charging plateaus observed at ~2.05 V (extraction process)
represented the Li-deintercalation of Li,TiO,.** The plateaus
showed the typical electrochemical reaction of anatase TiO,
with lithium ions. The discharge curve showed a sloping
plateau, followed by the TiO, discharging plateau, which could
be attributed to the electrochemical behavior of GO/RGO in
the composites.

Interestingly, Figure 4 shows that the reversible specific
capacity for TiO,-RGO is ~310 mAh/g, which is significantly
higher than the theoretic capacity of TiO, (168 mAh/g) and
the theoretic capacity of the composite (200 mAh/g). The
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theoretic capacity of the as-prepared composite is calculated
based on fact that the composite contains 5.6% (w/w) RGO
and 94.4% (w/w) TiO, and the theoretical capacities are 168
and 744 mAh/g for TiO, and graphene, respectively. This
suggests that RGO could also contribute the specific capacity to
the LIBs. This can be explained by the previous findings that
the Li ion can be stored reversibly in the defects of the edge site
and internal defects on RGO.*' In the case of pure graphene,
the Li-ion storage capacity in graphene could decrease rapidly,
because of the restacking of the graphene nanosheets. In strong
contrast, the restacking of the RGO sheets are effectively
prevented by the anchored TiO, particles as shown in the TEM
image in Figure 3. Consequently, the reversibly capacity
provided by the RGO are maintained.

In addition, the first discharge and charge capacities are,
respectively, 395 and 160 mAh/g for the TiO,, 536 and 220
mAh/g for the TiO,-GO, and 546 and 296 mAh/g for the
TiO,-RGO. The TiO,-RGO shows a higher Coulombic
efficiency (54%) in the first cycle. In the case of the TiO,
and TiO,-GO, in contrast, their Coulombic efficiency is lower
(both ~40%), corresponding to a high irreversible capacity.
The large initial capacity loss mainly results from the
decomposition of electrolyte in the low-potential region and
forming a passivation layer (solid electrolyte interface, SEI) on
the surface of active materials. Nanostructured electrode
materials normally possess better battery performance, in
terms of cycle life, rate capability, specific capacity, and energy
density, because of the much larger surface area. However, the
large surface could lead to significant side reaction (ie,
decomposition of the electrolyte). In our case, the formation of
the composite can effectively restrain the side reaction, which
can be demonstrated by the fact that the Coulombic efficient of
the composites sample was higher than that of the TiO, and
TiO,-GO in the initial cycle.

We compare the electrochemical properties of the TiO,-
RGO composite, pure TiO,, and TiO,-GO, using 2032 coin-
type cells to highlight the superiority of the TiO,-RGO
composite as anode material in LIBs. The cycling stabilities of
the TiO,-RGO nanocomposite, pure TiO,, and TiO,-GO are
shown in Figure 5. The TiO,-RGO sample shows great
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Figure S. Specific capacities of the TiO,, TiO,-GO, and TiO,-RGO at
a charge—discharge rate of 100 mA/g.

enhancement of the capacity retention in comparison with the
pure TiO, and TiO,-GO samples. The reversible discharge and
charge capacities are, respectively, 310 and 270 mAh/g for
TiO,-RGO, 220 and 161 mAh/g for TiO,-GO, and 150 and
128 mAh/g for the TiO,. Even up to 100 cycles, the TiO,-RGO
sample still preserves better electrochemical lithium storage
performance (more than 200 mAh/g) than the TiO, and TiO,-
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GO electrodes. The improvement of the TiO,-RGO, in terms
of cycling stabilities, may be ascribed to the strong interaction
between the TiO, nanoparticles and RGO sheets.

Figure 6 shows the rate capabilities of TiO,, TiO,-GO, and
TiO,-RGO at various current densities between 100 mA/g and
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Figure 6. Rate capabilities of TiO,, TiO,-GO, and TiO,-RGO at
various current densities.

1600 mA/g. In particular, the reversible capacity of the
composite sample is ~215 mAh/g at a current density of 200
mA/g. The cycling performance, in terms of the specific
capacity, gradually declines with the increase of the current
densities for all the samples. For example, at current densities of
800 and 1600 mA/g, the discharge capacity of the composite
sample reduces to 160 and 100 mAh/g, respectively. In all
cases, the TiO,-RGO composite samples exhibits better rate
capability, compared with the TiO, and TiO,-GO samples.
Moreover, when the current density is set back to the initial 100
mA/g, the specific capacity of the TiO,-RGO samples is fully
recovered. This is beneficial from the strong bonding between
the TiO, nanoparticles and the RGO and rate capability
contribution from RGO.

Table 1 shows the comparison of the electrochemical
performance of the LIBs based on TiO,-RGO or TiO,-
graphene composite composites in the literature. The as-
prepared TiO,-RGO is superior to some reported TiO,/
reduced graphene oxide or graphene, in terms of reversible
capacity, and comparable with others, in terms of the rate
capability in the literature.*”** The excellent electrochemical
performance suggests that the photocatalytic reduction method
is a simple, efficient approach for the preparation of TiO,-RGO
composite.

Lithium-ion insertion/extraction properties of the as-
prepared electrodes were investigated using the CV technique
(see Figure 7). In the first three cycles, all of the samples exhibit
a pair of cathodic/anodic peaks at ~1.60 and 2.05 V, which can
be ascribed to the Li-ion insertion/extraction in an anatase
TiO, lattice, respectively. The cathodic/anodic peaks are in
accordance with the discharge/charge profiles in Figure 4. The
upholding of the cathodic/anodic peak positions suggests that
the reversibility of the TiO, was well-maintained in the TiO,-
RGO composite. For the TiO,-GO and TiO,-RGO samples,
we can observe that a prominent peak is located at ~0.6 V in
the first cycle, because of the formation of SEI layer at the
surface of the anodes. These peaks disappear during the
subsequent cycle, because the SEI layer can isolate the anodes
from the electrolyte, thereby preventing further decomposition
of the electrolyte.

dx.doi.org/10.1021/am300722d | ACS Appl. Mater. Interfaces 2012, 4, 3636—3642
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Table 1. Comparison of the Electrochemical Performance of the As-Prepared TiO,-RGO with Products Reported in the

Literature
material preparing method reversible capacity (mAh/g) rate capability (mAh/g) voltage window (V) reference
anatase/RGO photocatalytic reduction 310 100 @1600 mA/g 0.01-3.0 this work
anatase/RGO hydrothermal 295.9 97.7 @2000 mA/g 0-3.0 43
graphene/TiO, thermal reduction ~170 110 @10C 1.0-3.0 42
1504 - Ti0, curves show similar characteristics, including a depressed
100] __na semicircle in high and middle frequency range and an inclined
- line in the low frequency range, corresponding respectively to
é the charge-transfer resistance associated with the surface
£ properties of insertion materials and the solid-state diffusion
E resistance of lithium ions within the host.** The ohmic
o resistances are calculated as 13, 8.5, 3.5 and the charge-transfer
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Figure 7. Cyclic voltammograms (CVs) of the TiO,, TiO,-GO, and
TiO,-RGO at a scan rate of 0.1 mV/s.

AC impedance measurements are performed for all the
samples at the charged state and the corresponding Nyquist
plots are shown in Figure 8. The inset is the equivalent circuit,
in which Rg is the total resistance of the electrolyte, separator,
and electrical contacts; R is the charge-transfer resistance; and
Cq represents the double-layer resistance. In addition, Z,, is the
Warburg impedance, reflecting the diffusion of Li ions. All the
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Figure 8. Nyquist plots of the TiO,, TiO,-GO, and TiO,-RGO
samples.
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resistance are 280, 179, and 97 for TiO,, TiO,-GO, and TiO,-
RGO, respectively. These results demonstrate that the
conductivity of the graphene sheets was recovered by the
TiO, photocatalytic reduction of the oxygen-containing
functional group on the GO sheets. Overall, the utilization of
the RGO sheets facilitates the charge-transfer process in the
LIBs.

4. CONCLUSIONS

The insuflicient conductivity and theoretical capacity of TiO,
are the main drawbacks for practical application in Li-ion
batteries. In this work, the TiO,-reduced graphene oxide
(TiO,-RGO) nanocomposite was photocatalytically synthe-
sized. The battery performance was significantly improved
because of the unique combination of the TiO, nanoparticles
and the RGO sheets. On one hand, the conductivity of the
TiO,-RGO nanocomposite was enhanced by anchoring the
TiO, on the RGO sheets and removing the oxygen-containing
functional groups, compared with that of corresponding the
pure TiO, and TiO,-GO samples. On the other hand, the
Ti0,-RGO sample exhibited much higher specific capacity than
the pure TiO, sample, because the RGO could also contribute
specific capacity without the problem of graphene sheet
restacking. This work suggests that the TiO,-based photo-
catalytic method could be a simple, low-cost, and efficient
approach for the large-scale production of anode materials for
Li-ion batteries.
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