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NANOCOMPOSITE OF GRAPHENE AND 
METAL OXIDE MATERIALS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a Divisional of US. patent application Ser. No. 
12/460,993, ?led Jul. 27, 2009 now US. Pat. No. 8,257,867, 
Which claims the bene?t of US. Provisional Patent Applica 
tion No. 61/084,140, ?led Jul. 28, 2008, entitled Metal Oxide 
Graphene Hybrid Nanostructures and Method of Making, 
both of Which are hereby incorporated by reference. 

The invention Was made With Government support under 
Contract DE-AC0676RLO 1830, aWarded by the US. 
Department of Energy. The Government has certain rights in 
the invention. 

TECHNICAL FIELD 

This invention relates to nanocomposite materials of 
graphene bonded to metal oxides and methods for forming 
nanocomposite materials of graphene bonded to metal 
oxides. 

BACKGROUND OF THE INVENTION 

Graphene is generally described as a one-atom-thick pla 
nar sheet of sp2-bonded carbon atoms that are densely packed 
in a honeycomb crystal lattice. The carbon-carbon bond 
length in graphene is approximately 0.142 nm. Graphene is 
the basic structural element of some carbon allotropes includ 
ing graphite, carbon nanotubes and fullerenes. Graphene 
exhibits unique properties, such as very high strength and 
very high conductivity. Those having ordinary skill in the art 
recogniZe that many types of materials and devices may be 
improved if graphene is successfully incorporated into those 
materials and devices, thereby alloWing them to take advan 
tage of graphene’s unique properties. Thus, those having 
ordinary skill in the art recogniZe the need for neW methods of 
fabricating graphene and composite materials that incorpo 
rated graphene. 

Graphene has been produced by a variety of techniques. 
For example, graphene is produced by the chemical reduction 
of graphene oxide, as shoWn in Gomez-Navarro, C.; WeitZ, R. 
T.; Bittner, A. M.; Scolari, M.; MeWs,A.; Burghard, M.; Kern, 
K. Electronic Transport Properties of Individual Chemically 
Reduced Graphene Oxide Sheets and Nano Le”. 2007, 7, 
3499-3503 Si, Y.; Samulski, E. T. Synthesis of Water Soluble 
Graphene. Nano Le”. 2008, 8, 1679-1662. 

While the resultant product shoWn in the forgoing methods 
is generally described as graphene, it is clear from the speci?c 
capacity of these materials that complete reduction is not 
achieved, because the resultant materials do not approach the 
theoretical speci?c capacity of neat graphene. Accordingly, at 
least a portion of the graphene is not reduced, and the resultant 
material contains at least some graphene oxide. As used 
herein, the term “graphene” should be understood to encom 
pass materials such as these, that contain both graphene and 
small amounts of graphene oxide. 

For example, functionaliZed graphene sheets (FGSs) pre 
pared through the thermal expansion of graphite oxide as 
shoWn in McAllister, M. 1.; LiO, 1. L.; Adamson, D. H.; 
Schniepp, H. C.; Abdala, A. A.; Liu, 1.; Herrera-Alonso, M.; 
Milius, D. L.; CarO, R.; Prud’homme, R. K.; Aksay, I. A. 
Single Sheet FunctionaliZed Graphene by Oxidation and 
Thermal Expansion of Graphite. Chem. Mater 2007, 19, 
4396-4404 and Schniepp, H. C.; Li, 1. L.; McAllister, M. 1.; 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
Sai, H.; Herrera-Alonso, M.; Adamson, D. H.; Prud’homme, 
R. K.; Car, R.; Saville, D. A.; Aksay, I. A. FunctionaliZed 
Single Graphene Sheets Derived from Splitting Graphite 
Oxide. J. Phys. Chem. B 2006, 110, 8535-8539 have been 
shoWn to have tunable C/O ratios ranging from 15 to 500. The 
term “graphene” as used herein should be understood to 
include both pure graphene and graphene With small amounts 
of graphene oxide, as is the case With these materials. 

Further, While graphene is generally described as a one 
atom-thick planar sheet densely packed in a honeycomb crys 
tal lattice, these one-atom-thick planar sheets are typically 
produced as part of an amalgamation of materials, often 
including materials With defects in the crystal lattice. For 
example, pentagonal and heptagonal cells constitute defects. 
If an isolated pentagonal cell is present, then the plane Warps 
into a cone shape. LikeWise, an isolated heptagon causes the 
sheet to become saddle-shaped. When producing graphene by 
knoWn methods, these and other defects are typically present. 
The IUPAC compendium of technology states: “previ 

ously, descriptions such as graphite layers, carbon layers, or 
carbon sheets have beenused for the term graphene . . . it is not 

correct to use for a single layer a term Which includes the term 
graphite, Which Would imply a three-dimensional structure. 
The term graphene should be used only When the reactions, 
structural relations or other properties of individual layers are 
discussed”. Accordingly, While it should be understood that 
While the terms “graphene” and “graphene layer” as used in 
the present invention refers only to materials that contain at 
least some individual layers of single layer sheets, the terms 
“graphene” and “graphene layer” as used herein should there 
fore be understood to also include materials Where these 
single layer sheets are present as a part of materials that may 
additionally include graphite layers, carbon layers, and car 
bon sheets. 
The unique electrical and mechanical properties of 

graphene have led to interest in its use in a variety of appli 
cations. For example, electrochemical energy storage has 
received great attention for potential applications in electric 
vehicles and reneWable energy systems from intermittent 
Wind and solar sources. Currently, Li-ion batteries are being 
considered as the leading candidates for hybrid, plug-in 
hybrid and all electrical vehicles, and possibly for utility 
applications as Well. HoWever, many potential electrode 
materials (e.g., oxide materials) in Li-ion batteries are limited 
by sloW Li-ion diffusion, poor electron transport in elec 
trodes, and increased resistance at the interface of electrode/ 
electrolyte at high charging-discharging rates. 

To improve the charge-discharge rate performance of Li 
ion batteries, extensive Work has focused on improving Li-ion 
and/or electron transport in electrodes. The use of nanostruc 
tures (e. g., nanoscale siZe or nanoporous structures) has been 
Widely investigated to improve the Li-ion transport in elec 
trodes by shortening Li-ion insertion/extraction pathWay. In 
addition, a variety of approaches have also been developed to 
increase electron transport in the electrode materials, such as 
conductive coating (e.g., carbon), and uses of conductive 
additives (e.g., conductive oxide Wires or netWorks, and con 
ductive polymers). Recently, TiO2 has been extensively stud 
ied to demonstrate the effectiveness of nanostructures and 
conductive coating in these devices. 

TiO2 is particularly interesting because it is an abundant, 
loW cost, and environmentally benign material. TiO2 is also 
structurally stable during Li-insertion/ extraction and is intrin 
sically safe by avoiding Li electrochemical deposition. These 
properties make TiO2 particularly attractive for large scale 
energy storage. 
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Another Way to improve the Li-ion insertion properties is 
to introduce hybrid nanostructured electrodes that intercon 
nect nanostructured electrode materials With conductive 
additive nanophases. For example, hybrid nanostructures, 
e.g., VZOSi carbon nanotube (CNT) or anatase TiO24CNT 
hybrids, LiFePO4iRuO2 nanocomposite, and anatase 
TiOZiRuO2 nanocomposite, combined With conventional 
carbon additives (e.g., Super P carbon or acetylene black) 
have demonstrated an increased Li-ion insertion/extraction 
capacity in the hybrid electrodes at high charge/discharge 
rates. 

While the hybrids or nanocomposites offer signi?cant 
advantages, some of the candidate materials to improve the 
speci?c capacity, such as RuO2 and CNTs, are inherently 
expensive. In addition, conventional carbon additives at high 
loading content (e.g., 20 Wt % or more) are still needed to 
ensure good electron transport in fabricated electrodes. To 
improve high-rate performance and reduce cost of the elec 
trochemically active materials, it is important to identify high 
surface area, inexpensive and highly conductive nanostruc 
tured materials that can be integrated With electrochemical 
active materials at nanoscale. 

Those having ordinary skill in the art recogniZe that 
graphene may be the ideal conductive additive for applica 
tions such as these hybrid nanostructured electrodes because 
of its high surface area (theoretical value of 2630 m2/g), 
Which promises improved interfacial contact, the potential for 
loW manufacturing cost as compared to CNTs, and high spe 
ci?c capacity. Recently, high-surface-area graphene sheets 
Were studied for direct Li-ion storage by expanding the layer 
spacing betWeen the graphene sheets as described inYoo, E.; 
Kim, 1.; Hosono, E.; Zhou, H.-s.; Kudo, T.; Honma, I. Large 
Reversible Li Storage of Graphene Nanosheet Families for 
Use in Rechargeable Lithium Ion Batteries. Nano Le”. 2008, 
8, 2277-2282. In addition to these studies, graphene has also 
been used to form composite materials With SnO2 for improv 
ing capacity and cyclic stability of the anode materials as 
described in Paek, S.-M.;Yoo, E.; Honma, I. Enhanced Cyclic 
Performance and Lithium Storage Capacity of SnO2/ 
Graphene Nanoporous Electrodes With Three-Dimensionally 
Delaminated Flexible Structure. Nano Le”. 2009, 9, 72-75. 

While these results Were promising, they fell short of pro 
ducing materials exhibiting speci?c capacity approaching the 
theoretical possibilities. For example, While it has been 
shoWn that graphene may be combined With certain metal 
oxides, the graphene materials in these studies fall far short of 
the theoretical maximum conductivity of single-sheet 
graphene. Further, those having ordinary skill in the art rec 
ogniZe that the carbonzoxygen ratio and the speci?c surface 
area of graphene provide an excellent proxy to measure the 
relative abundance of high conductivity single-sheets in a 
given sample. This is because the CO ratio is a good measure 
of the degree of “surface functionaliZation” Which affects 
conductivity, and the surface area conveys the percentage of 
single-sheet graphene in the synthesiZed poWder. 

Accordingly, those having ordinary skill in the art recog 
niZe that improvements to these methods are required to 
achieve the potential of using graphene nanostructures in 
these and other applications. Speci?cally, those skilled in the 
art recogniZe the need for neW methods that produce nano 
composite materials of graphene and metal oxides that 
exhibit greater speci?c capacity than demonstrated in these 
prior art methods. 

The present invention ful?lls that need, and provides such 
improved composite nanostructures of graphene layers and 
metal oxides that exhibit speci?c capacities heretofore 
unknoWn in the prior art. The present invention further pro 
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4 
vides improved and novel methods for forming these com 
posite nanostructures, and improved and novel devices that 
take advantage of the neW and unique properties exhibited by 
these materials. The present invention meets these objectives 
by making nanostructures of graphene layers and metal 
oxides Where the CO ratio of the graphene layers in these 
nanostructures is betWeen 15-500: 1, and preferably 20-500: 1, 
and the surface area of the graphene layers in these nano struc 
tures is 400-2630 m2/g, and preferably 600-2630 m2/g, as 
measured by BET nitrogen adsorption at 77K. While those 
having ordinary skill in the art have recogniZed the desirabil 
ity of having C:O ratios and surface areas this high in the 
graphene of nanostructures of graphene and metal oxides, the 
prior art methods have failed to produce them. 

SUMMARY OF THE INVENTION 

The present invention thus includes a nanocomposite mate 
rial comprising a metal oxide bonded to at least one graphene 
layer. The metal oxide is preferably MxOy, and Where M is 
selected from the group consisting of Ti, Sn, Ni, Mn, V, Si, Co 
and combinations thereof. The nanocomposite materials of 
the present invention are readily distinguished from the prior 
art because they exhibit a speci?c capacity of at least tWice 
that of the metal oxide material Without the graphene at a 
charge/discharge rate greater than about 10 C. 

For example, While not meant to be limiting, an example 
Where titania is used as the metal oxide, the resulting nano 
composite material has a speci?c capacity at least tWice that 
of a titania material Without graphene at a charge/discharge 
rate greater than about 10 C. Continuing the example, Where 
titania is used as the metal oxide, the titania may be provided 
in a mesoporous form, and the mesoporous titania may fur 
ther be provided in a rutile crystalline structure, or in an 
anatase crystalline structure. 
The nanocomposite material of the present invention pref 

erably is provided as graphene layers With metal oxides uni 
formly distributed throughout the nanoarchitecture of the 
layers. Preferably, but not meant to be limiting, the nanocom 
posite material of the present invention provides a metal oxide 
bonded to at least one graphene layer that has a thickness 
betWeen 0.5 and 50 nm. More preferably, but also not meant 
to be liming, the nanocomposite material of the present inven 
tion provides a metal oxide bonded to at least one graphene 
layer that has a thickness betWeen 2 and 10 nm. Preferably, 
the carbon to oxygen ratio (CzO) of the graphene in the 
nanostructures of the present invention is betWeen 15-500: 1, 
and more preferably betWeen 20-500:l. Preferably, the sur 
face area of the graphene in the nano structures of the present 
invention is betWeen 400-2630 m2/ g, and more preferably 
betWeen 600-2630 m2/g, as measured by BET nitrogen 
adsorption at 77K. 

Another aspect of the present invention is a method for 
forming the nanocomposite materials of graphene bonded to 
metal oxide. The method consists of the steps of providing 
graphene in a ?rst suspension; dispersing the graphene With a 
surfactant; adding a metal oxide precursor to the dispersed 
graphene to form a second suspension; and precipitating the 
metal oxide from the second suspension onto at least one 
surface of the dispersed graphene. In this manner, a nanocom 
posite material of at least one metal oxide bonded to at least 
one graphene layer is thereby formed. The nanocomposite 
materials formed in this manner are readily distinguished 
from materials formed by prior art methods because they 
exhibit a speci?c capacity of at least tWice that of the metal 
oxide material Without the graphene at a charge/discharge 
rate greater than about 10 C. 
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Preferably, but not meant to be limiting, the ?rst suspension 
is, at least in part, an aqueous suspension and the surfactant is 
an anionic surfactant. Also not meant to be limiting, a pre 
ferred anionic sulfate surfactant is sodium dodecyl sulfate. 
The method of the present invention may further comprise the 
step of heating the second suspension from 50 to 500 degrees 
C. to condense the metal oxide on the graphene surface. The 
method of the present invention may also further comprise the 
step of heating the second suspension from 50 to 500 degrees 
C. to remove the surfactant. 

The present invention also encompasses an energy storage 
device comprising a nanocomposite material having an active 
metal oxide compound and one graphene layer arranged in a 
nanoarchitecture. The energy storage devices of the present 
invention are readily distinguished from prior art energy stor 
age devices because they exhibit a speci?c capacity of at least 
tWice that of the metal oxide material Without the graphene at 
a charge/ discharge rate greater than about 10 C. 

For example, While not meant to be limiting, an example 
Where titania is used as the metal oxide, the energy storage 
device of the present invention has a speci?c capacity at least 
tWice that of a titania material Without graphene at a charge/ 
discharge rate greater than about 10 C. 

Preferably, but not meant to be limiting, the energy storage 
device of the present invention is provided as having at least 
one component having a nanocomposite material having 
graphene layers With metal oxides uniformly distributed 
throughout the nanoarchitecture of the layers. Also prefer 
ably, but not meant to be limiting, the energy storage device of 
the present invention is an electrochemical device having an 
anode, a cathode, an electrolyte, and a current collector, 
Wherein at least one of the anode, cathode, electrolyte, and 
current collector is fabricated, at least in part, from a nano 
composite material having graphene layers With metal oxides 
uniformly distributed throughout the nanoarchitecture of the 
layers. 

In embodiments Where the energy storage device of the 
present invention includes a cathode fabricated, at least in 
part, from a nanocomposite material having graphene layers 
With metal oxides uniformly distributed throughout the 
nanoarchitecture of the layers, the graphene in the cathode is 
preferably, but not meant to be limiting, 5% or less of the total 
Weight of the cathode, and more preferably, but also not 
meant to be limiting, 2.5% or less of the total Weight of the 
cathode. In this manner, the energy storage devices of the 
present invention are distinguished from prior art devices 
Which are characterized by having more than 5% of the total 
Weight of the cathode as carbon With no graphene. 

In embodiments Where the energy storage device of the 
present invention includes an anode fabricated, at least in part, 
from a nanocomposite material having graphene layers With 
metal oxides uniformly distributed throughout the nanoarchi 
tecture of the layers, the graphene in the anode is preferably, 
but not meant to be limiting, 10% or less of the total Weight of 
anode, and more preferably, but also not meant to be limiting, 
5% or less of the total Weight of anode. In this manner, the 
energy storage devices of the present invention are distin 
guished from prior art devices Which are characterized by 
having more than 10% of the total Weight of the anode as 
carbon With no graphene. 
One embodiment Where the present invention is an energy 

storage device is as a lithium ion battery. In this embodiment, 
the lithium ion battery has at least one electrode With at least 
one graphene layerbonded to titania to form a nanocomposite 
material, and the nanocomposite material has a speci?c 
capacity at least tWice that of a titania material Without 
graphene at a charge/discharge rate greater than about 10 C. 
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The electrode of this lithium ion battery may further have 
multiple nanocomposite material layers uniformly distrib 
uted throughout the electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The folloWing detailed description of the embodiments of 
the invention Will be more readily understood When taken in 
conjunction With the folloWing draWing, Wherein: 

FIG. 1 is a schematic illustration of the present invention 
shoWing anionic sulfate surfactant mediated stabiliZation of 
graphene and groWth of TiOZiFGS hybrid nanostructures. 

FIG. 2 is a graph shoWing high energy resolution photo 
emission spectra of the C 1s region in functionaliZed 
graphene sheets (FGS) used in one embodiment of the present 
invention. 

FIG. 3 are Raman spectra of rutile TiOZiFGS and FGS in 
one embodiment of the present invention. 

FIG. 4(a) is a photograph of FGS (left) and SDS-FGS 
aqueous dispersions (right); FIG. 4(b) is a graph of the UV 
Vis absorbance of the SDS-FGS aqueous dispersion. 

FIG. 5 is an XRD pattern of one embodiment of the present 
invention, an anatase TiOZiFGS and rutile TiO2iFGS 
hybrid material. Standard diffraction peaks of anatase TiO2 
(JCPDS No. 21-1272) and rutile TiO2 (JCPDS No. 21-1276) 
are shoWn as vertical bars. 

FIG. 6(a)-(g) are TEM and SEM images of the nanocom 
posite materials of various embodiments of the present inven 
tion at selected magni?cations. 

FIG. 7(a)-(f) are graphs shoWing the electrical perfor 
mance of one embodiment of the present invention. FIG. 7(a) 
shoWs the voltage pro?les for control rutile TiO2 and rutile 
TiOZiFGS (0.5 Wt % FGS) hybrid nanostructures at C/ 5 
charge-discharge rates. FIG. 7(b) shoWs the speci?c capacity 
of control rutile TiO2 and the rutile TiOZiFGS hybrids at 
different charge/discharge rates; FIG. 7(c) shoWs the cycling 
performance of the rutile TiOZiFGS up to 100 cycles at 1 C 
charge/discharge rates after testing at various rates shoWn in 
FIG. 7(b). FIG. 7(d) shoWs the voltage pro?les for control 
anatase TiO2 and anatase TiO2iFGS (2.5 Wt % FGS) hybrid 
nanostructures at C/ 5 charge-discharge rates. FIG. 7(e) shoWs 
the speci?c capacity of control anatase TiO2 and the anatase 
TiOZiFGS hybrids at different charge/ discharge rates; FIG. 
7(}‘) shoWs the cycling performance of the anatase TiOZi 
FGS up to 100 cycles at 1 C charge/ discharge rates after 
testing at various rates shoWn in FIG. 7(e). 

FIG. 8 is a graph shoWing a plot of coulombic ef?ciency 
versus cycle number of TiOZiFGS hybrids of one embodi 
ment of the present invention at various charge/ discharge rate 
betWeen 1~3 V vs. Li/Li”. 

FIG. 9 is a graph shoWing the capacity of functionaliZed 
graphene sheets of one embodiment of the present invention 
as function of cycling numbers betWeen 1~3 V vs. Li/Li”. 

FIG. 10(a) is a graph shoWing the impedance measurement 
of coin cells using the electrode materials of control rutile 
TiO2 and rutile TiOZiFGS hybrids With different Weight 
percentage of FGSs. FIG. 10(b) is a graph shoWing the spe 
ci?c capacity of rutile TiO24CNT and rutile TiOZiFGS at 
30 C rate With different percentages of graphene. 

FIG. 11 is a graph shoWing the speci?c capacity of control 
rutile TiO2 (10 Wt % Super P) and rutile TiOZiFGS hybrids 
(10 Wt % FGS) at different charge/discharge rates. The rutile 
TiOZiFGS hybrid electrode Was prepared by mixing the 
calcined hybrid With PVDF binder at a mass ratio of 90:10. 
The control TiO2 electrode Was prepared by mixing control 
TiO2 poWder, Super P and PVDF binder at a mass ratio of 
80: 10: 10. 



US 8,557,442 B2 
7 

FIG. 12 is an SEM image of TiOZ/FGS hybrid materials 
made in one embodiment of the present invention Without 
using SDS as a stabilizer. As shoWn, TiO2 and FGS domains 
are separated from each other With minor TiO2 coated on 
FGS. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

For the purposes of promoting an understanding of the 
principles of the invention, reference Will noW be made to the 
embodiments illustrated in the draWings and speci?c lan 
guage Will be used to describe the same. It Will nevertheless 
be understood that no limitations of the inventive scope is 
thereby intended, as the scope of this invention should be 
evaluated With reference to the claims appended hereto.Alter 
ations and further modi?cations in the illustrated devices, and 
such further applications of the principles of the invention as 
illustrated herein are contemplated as Would normally occur 
to one skilled in the art to Which the invention relates. 
A series of experiments Were conducted to demonstrate 

certain embodiments of the present invention. In these experi 
ments, anionic sulfate surfactants Were used to assist the 
stabilization of graphene in aqueous solutions and facilitate 
the self-assembly of in-situ groWn nanocrystalline TiO2, 
rutile and anatase, With graphene. These nanostructured 
TiO2-graphene hybrid materials Were then used for investi 
gation of Li-ion insertion properties. The hybrid materials 
shoWed signi?cantly enhanced Li-ion insertion/extraction in 
TiO2. The speci?c capacity Was more than doubled at high 
charge rates, as compared With the pure TiO2 phase. The 
improved capacity at high charge-discharge rate may be 
attributed to increased electrode conductivity in the presence 
of a percolated graphene network embedded into the metal 
oxide electrodes. While not to be limiting, these are among 
the features that distinguish the methods, materials, and 
devices of the present invention from the prior art. 

These experiments thereby demonstrated that the use of 
graphene as a conductive additive in self-assembled hybrid 
nanostructures enhances high rate performance of electro 
chemical active materials. While the metal oxide TiO2 Was 
selected as a model electrochemical active oxide material, the 
method of the present invention is equally applicable to all 
metal oxides. 

These experiments utilized a one-step synthesis approach 
to prepare metal oxide-graphene hybrid nanostructures. In 
these experiments, the reduced and highly conductive form of 
graphene is hydrophobic and oxides are hydrophilic. The 
present invention’s use of surfactants not only solved the 
hydrophobic/hydrophilic incompatibility problem, but also 
provides a molecular template for controlled nucleation and 
groWth of the nanostructured inorganics, resulting in a uni 
form coating of the metal oxide on the graphene surfaces. 

This approach, schematically illustrated in FIG. 1, starts 
With the dispersion of the graphene layers With an anionic 
sulfate surfactant. For example, but not meant to be limiting, 
sodium dodecyl sulfate. The method then proceeds With the 
self-assembly of surfactants With the metal oxide precursor 
and the in-situ precipitation of metal oxide precursors to 
produce the desired oxide phase and morphology. 

In a typical preparation of rutile TiOZiFGS hybrid mate 
rials (e.g., 0.5 Wt % FGS), 2.4 mg FGSs and 3 mL SDS 
aqueous solution (0.5 mol/ L) Were mixed together. The mix 
ture Was diluted to 15 mL and sonicated for 10-15 min using 
a BRANSON SONIFER S-450A, 400W. 25 mL TiCl3 (0.12 
mol/L) aqueous solution Was then added into as-prepared 
SDS-FGS dispersions While stirring. Then, 2.5 mL H2O2 (1 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
Wt %) Was added dropWise folloWed by de-ionized Water 
under vigorous stirring until reaching a total volume of 80 
mL. Ina similarmanner, 0.8, 26.4, and 60 mg FGSs Were used 
to prepare the hybrid materials With 0.17, 5, and 10 Wt % FGS, 
respectively. 

Rutile TiO24CNT (0.5 Wt % carbon nanotubes) hybrid 
materials Were also prepared using corresponding single-Wall 
CNTs (2.4 mg) according to the above method. 

In a typical preparation of anatase TiOZiFGS hybrid 
materials (e.g., 2.5 Wt % FGS), 13 mg FGS and 0.6 mL SDS 
aqueous solution (0.5 mol/L) Were mixed and sonicated to 
prepare an SDS-FGS dispersion. 25 mL TiCl3 (0.12 mol/L) 
aqueous solution Was added into as-prepared SDS-FGS dis 
persions While stirring folloWed by the addition of 5 mL 0.6 M 
Na2SO4. 2.5 mL H2O2 (1 Wt %) Was then added dropWise 
folloWed by addition of de-ionized Water under vigorous stir 
ring until reaching a total volume of 80 mL. 

All of these resulting mixtures Were further stirred in a 
sealed polypropylene ?ask at 90° C. for 16 h. The precipitates 
Were separated by centrifuge folloWed by Washing With de 
ionized Water and ethanol. The centrifuging and Washing 
processes Were repeated 3 times. The product Was then dried 
in a vacuum oven at 70° C. overnight and subsequently cal 
cined in static air at 400° C. for 2 h. 
The thermal gravimetric analysis (TGA) indicated 

approximately 50 Wt % percentage loss of FGSs during cal 
cination in air at 400° C. for 2 h. The Weight percentage of the 
graphene in the hybrid materials Was thus correspondingly 
normalized, Which is consistent With TGA of the hybrid mate 
rials. 
The samples Were characterized by XRD patterns obtained 

on a Philips Xpert X-ray diffractometer using Cu KO, radiation 
at 7»:1.54 A. The TEM imaging Was performed on a JEOL 
ISM-2010 TEM operated at 200 kV. SEM images Were 
obtained on an FEI Helios Nanolab dual-beam focused ion 
beam/ scanning electron microscope (FIB/SEM) operated at 2 
kV. XPS characterization Was performed using a Physical 
Electronics Quantum 2000 Scanning ESCA Microprobe With 
a focused monochromatic Al KO, X-ray (1486.7 eV) source 
and a spherical section analyzer. Electrochemical experi 
ments Were performed With coin cells (Type 2335, half-cell) 
using Li foil as counter electrode. The Working electrode Was 
prepared using the mixture of calcined TiOZiFGS or control 
TiO2, Super P and poly (vinylidene ?uoride) (PVDF) binder 
dispersed in N-methylpyrrolidone (NMP) solution. For the 
preparation of rutile TiO2 electrode (less than 5 Wt % 
graphene), the mass ratio of rutile TiOZ-hybrid or control 
rutile TiO2, Super P and PVDF Was 80:10: 10. For the prepa 
ration of anatase TiO2 electrode, the mass ratio Was 70:20: 10 
and 80:10:10 for control anatase TiO2 and anatase TiOZi 
FGS hybrid (2.5 Wt % FGS), respectively. 

Rutile TiOZiFGS hybrid (10 Wt % FGS) electrode Was 
prepared With a mass ratio of hybrid and PVDF binder at 
90:10 Without Super P. The resultant slurry Was then uni 
formly coated on an aluminum foil current collector and dried 
overnight in air. The electrolyte used Was 1 M LiPF6 dissolved 
in a mixture of ethyl carbonate (EC) and dimethyl carbonate 
(DMC) With the volume ratio of 1:1. The coin cells Were 
assembled in an argon-?lled glove box. The electrochemical 
performance of TiO2-graphene Was characterized With an 
Arbin Battery Testing System at room temperature. The elec 
trochemical tests Were performed betWeen 3~1 V vs. Li+/Li 
and C-rate currents applied Were calculated based on a rutile 
TiO2 theoretical capacity of 168 mAh/g. 

Functionalized graphene sheets (FGSs) used in this study 
Were prepared through the thermal expansion of graphite 
oxide according to the method shoWn in McAllister, M. 1.; 








