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This paper described the fabrication of a flexible composite film electrode (rGT) composed of 

the reduced graphene oxide (rGO) and TiO2 in an aligned stacking structure of rGO/TiO2 

layers using a simple vacuum-assisted filtration method. The SEM images of rGO and rGT 

films indicate that the rGO film (d = 5.6±0.5 µm) was highly expanded into a layered structure 

of the rGT (d = 7.2±0.5 µm) intercalated by the TiO2 nanoparticles, which prevent the 

interlayer stacking of graphene sheets. The intensities of C-O and C=O bonding peaks in X-ray 

photoelectron spectra of rGT films, decreased dramatically, as the reduction temperature was 

increased from 100 to 600 oC, indicating almost complete removal of the oxygenated 

functional groups. Hence, the electrochemical property of rGT film electrode significantly 

relied on the reduction temperature of graphene oxide (GO)-TiO2 film. The rGT600 electrode 

(annealed at 600 oC) in 1.0 M Na2SO4 aqueous electrolyte exhibited the specific capacitance of 

286 F/g in addition to the excellent cycling stability with 93% capacitance retention after 1000 

continuous charge/discharge cycles at 1 A/g. The specific capacitance of rGT600 electrode in 

the expanded interlayer stacking structure of rGO and TiO2 particles was by 63% higher than 

that of the three-dimensional TiO2-graphene hydrogel electrode (175 F/g, 1A/g) prepared using 

one-step hydrothermal approach.1 The modification in the preparation of the composite films 

comprising rGO sheets and TiO2 particles optimized the supercapacitor electrodes into the 

expanded interlayer stacking rGO/TiO2 structure, exhibiting the excellent electrochemical 

performances, which are required for the development of advanced micro-size and flexible 

electrodes in energy storage devises. 

 

 

 

1. Introduction  

The development of highly efficient energy storage 

devices has attracted great interest due to the drastic 

depletion of fossil fuel reserves and the environmental 

pollution caused by the excessive use of fossil fuels. 

Furthermore, the invention of small, flexible, and portable 

electronic devices have triggered the development of high 

performance micro- or nanoscale power sources.2,3 Among 

different types of energy storage devices, supercapacitors 

are attractive systems, which bridge the gap between 

batteries and conventional capacitors, because of their 

higher power density and longer life cycle than batteries, as 

well as higher energy density than conventional capacitor.4,5 

Supercapacitors can be classified into two basic types 

according to their charge storage mechanism: electrical 

double layer capacitance (EDLC) and pseudocapacitance. 

The EDLC is generated from the charges that built up 

electrostatically at the interface of electrode and electrolyte, 

whereas the pseudocapacitance is generated from the rapid 

faradaic reactions that occur on either the surface or bulk of 

electrode.5,6 In general, highly porous carbon materials 

(activated carbon, carbon nanotube, graphene) are used for 

charge storage via the formation of the EDL at the 

electrode/electrolyte interface. Almost unlimited number of 

charge-discharge cycle can be expected due to the absence 

of electrochemical degradation in the electrode. 

Pseudocapacitors that use reactive materials including 

transition metal oxides and conducting polymers are able to 

store charges via redox reaction. Pseudocapacitances 

normally suffer from low power density and poor 

electrochemical stability due to the irreversible redox 

processes.6-12 Therefore, current research has been focused 

mainly on the development of supercapacitor with hybrid 

electrode containing redox active materials and porous 

carbon materials for achieving both high power density and 

energy density.13,14  

 Graphene, a two-dimensional sheet of sp2-hybridized 

carbon, is one of the most attractive materials for energy 

storage devices due to its extraordinary thermal, 

mechanical, and electrical properties.15 Reduced graphene 

oxide (rGO), which is generated from graphite oxide, has 

been a promising route for mass production of chemically 

modified graphene sheets.16,17 Graphene oxide (GO) 

obtained via simple and cheap solution processes is 

hydrophilic due to the presence of various oxygenated 

functional groups, and forms stable aqueous colloids.15,17,18 

GO is electrically insulating material due to disrupted sp2 

carbon bonding networks, and, thus, not suitable for 

supercapacitor applications. Chemical or high temperature 

treatment of is required to convert it to the electrically 

conductive rGO.19 However, rGO inclined to restack and 

aggregate due to the strong hydrophobic and π-π 

interactions between rGO sheets, which lead to reduced 
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specific surface area, thereby resulting in poor capacitive 

performance.20,21 The restacking of rGO sheets can be 

suppressed by incorporating secondary materials such as 

RuO2.
5 polyaniline nano fibers,22 and carbon black 

composites23 for porous composite electrode. Titanium 

oxide (TiO2) was investigated for the electrode material in 

energy storage devices due to the pseudocapacitance 

behavior, excellent chemical stability, eco friendliness, and 

low production cost.1,24-27 However, the poor electrical 

conductivity of the TiO2 has limited its use in many 

electronic applications28 Incorporation of conductive rGO 

into TiO2 electrode would overcome the shortcomings in the 

conductivity and mechanical flexibility of either rGO or 

TiO2 electrode. Many methods have been proposed to 

prepare the graphene-TiO2 hybrids composites for 

supercapacitor electrodes. For example, TiO2 nanoparticles 

with particle sizes in the range of 8-15 nm were decorated 

over functionalized graphene by sol-gel methods.29 Xiang 

and co-workers24 synthesized rGO-TiO2 round-shape 

nanoparticles and fiber-shape nanobelts using hydrothermal 

approach and studied the effect of the TiO2 shape on the 

supercapacitor performance. Additionally, Graphene-TiO2 

hybrid nanostructure with uniformly distributed TiO2 

nanoparticles on the graphene surface was successfully 

synthesized using microwave-assisted method.27 However, 

these rGO-TiO2 electrodes required the use of 

poly(vinylidene fluoride) (PVDF) binder, which severely 

decreased the electrode conductivity and porosity, leading 

to poor capacitive performance.  

The rapid development of portable and flexible    

electronic devices has triggered a concerted effort among 

researchers to develop high performance flexible energy 

storage devices. Recent studies related to the flexible 

supercapacitors have shown promising electrochemical 

performances particularly of those devices composed of 

carbon-based electrode.30-33 For example, free-standing 

SWNT/PANi composite film(synthesized using in-situ 

electrochemical polymerization/degradation process)30,31 

could show high specific capacitance of 706 F/g in a three 

electrode system. A flexible asymmetric supercapacitor 

composed of graphene/carbon nanotube/MnO2 (positive 

electrode) and graphene/carbon nanotube/polypyrrole 

(negative electrode) operating at a cell voltage of 1.6 V in 

aqueous electrolyte showed high energy density and power 

density of 22.8 Wh/kg and 860 W/kg, respectively.32 In 

addition, 3D graphene hydrogel films used in a solid state 

flexible supercapacitor achieved high specific capacitance 

of 186 F/g at 1 A/g in polymer electrolyte.33 

Here, we report the fabrication of a binder-free 

composite freestanding film composed of rGO and TiO2 

(rGT) for supercapacitor electrode, whereby TiO2 particles 

were formed via the hydrolysis of Ti(SO4)2 on GO sheets. 

The resulting homogenous GO-TiO2 dispersion was filtered 

using a vacuum-assisted filtration to form GO-TiO2 (GT) 

film, which was converted to rGT during a thermal 

treatment at 600 oC. These preparation procedures led to the 

optimization of the rGT electrode structure with an 

expanded stacking rGO/TiO2 layers, exhibiting the highly 

improved electrochemical properties, compared to the one-

step hydrothermal approach for three-dimensional (3D) 

TiO2-graphene hydrogel electrode, which was developed by 

Zhang and co-workers.1 Simultaneous reduction of GO and 

crystallization of TiO2 is one of the optimal approaches as it 

provides good contact between the two materials with 

defined crystallized morphology.34 The highly expanded 

layer-structured rGT electrode exhibited the specific 

capacitance of 286 F/g at a current density of 1 A/g, which 

was by 63% higher than that of the 3D TiO2-graphene 

hydrogel electrode (175 F/g at 1 A/g).1 

 

2. Experimental 

2.1 Materials 

Natural graphite powder (particle size < 20 µm), potassium 

permanganate (KMnO4), potassium persulfate (K2S2O8), 

titanium sulfate (Ti(SO4)2) and phosphorus pentoxide 

(P2O5) were purchased from sigma-Aldrich, and used as 

received. Concentrated sulfuric acid (H2SO4) was 

purchased from Daejung Chemicals (South Korea), and 

hydrochloric acid (HCl, 35%) and hydrogen peroxide 

(H2O2, 30%) were obtained from OCI Company Ltd. 

(Korea). Tin-doped indium oxide (ITO glass, 8 Ω cm-1, d = 

100 mm) was purchased from MEMC Electronic materials 

Inc. 

 

2.2 Preparation of graphene oxide (GO) 

    GO solution was synthesized according to the 

modified Hummers method.35 First, 10 mL of concentrated 

sulphuric acid (H2SO4) in 500 mL round bottom flask was 

heated to 80 °C, and then 0.9 g of potassium persulfate 

((NH4)2S2O8) and 0.9 g phosphorus pentoxide (P2O5) were 

added into the solution while stirring. After stirring for 30 

min, 1 g of graphite powder was added at 80 °C for 4.5 h. 

Upon being cooled to RT, the mixture was diluted with 

250 mL of distilled water, and kept for 12 h at RT. The 

mixture was then filtrated, washed at least 5 times with 

distilled water, and dried in vacuum oven. The dried solid 

sample was added to 40 mL of concentrated sulphuric acid 

in 500 mL round bottom flask in an ice bath. Then, 5 g of 

potassium permanganate (KMnO4) was slowly added into 

the mixture (5 g per 40 minutes) with keeping the 

temperature under 10 °C. The reaction mixture was heated 

at 35 °C for 2 h (a color change from black to greenish 

brown), and followed by dilution with 85 mL of DI water. 

(Caution: the temperature must be kept at < 35 °C 

throughout). After that, 250 mL of DI water and 10 mL of 

30% aqueous hydrogen peroxide (H2O2) was added into 

the mixture. Bubbles were observed from the aqueous 

mixture along with a color change to brilliant yellow. 

Then, the mixture was allowed to settle for 12 h; the clear 

supernatant was removed and the sediment was washed 

with H2SO4 (5 wt%), H2O2 (0.5 wt%) and HCl (10 wt%) 

solutions, repeatedly. The dark yellow sediment was 

washed with DI water. This washing step was repeated, 
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until no layer separation was observed after centrifuging at 

4000 rpm. Finally, the synthesized GO solution was 

dialyzed against DI water for 7 days, and dried in vacuum 

oven. 

 

 

Fig 1. Schematic of the formation of GO film (top), and 

GT (bottom) film. 

 

2.3 Preparation of reduced graphene oxide/titanium 

(rGT) composite films           

 

 The GT composite film was prepared based on the 

previous reports.36,37 To prepare a GT dispersion, 20 mg of 

dried GO and 60 mg of Ti(SO4)2 were dispersed in 40 mL 

of DI water, and the mixture solution was stirred and 

heated at 60 °C for 24 h. In this procedure, TiO2 

nanoparticles were formed during the hydrolysis of 

Ti(SO4)2, and attached to GO sheet. The obtained product 

was centrifuged, and washed 5 times with distilled water, 

and then re-dispersed in the mixture of 20 mL of ethanol 

and 28 mL of DI water, and kept in an oven at 60 °C for 3 

days. The composite sample was centrifuged, and washed 

with DI water at least 5 times to eliminate any impurities. 

Finally, the obtained GT composite was dispersed in 20 

mL of distilled water. GT composite freestanding film was 

prepared by vacuum filtration of the 20 mL of composite 

solution through cellulose acetate membrane (50 mm 

diameter and 0.2 µm pore size), followed by peeling off 

from the membrane filter after drying, as shown in Fig. 1 

The obtained-freestanding GTx (x = 100, 200, 300, 400, 

500, and 600 °C) films were thermally reduced at various 

temperatures ranging from 100 to 600 °C in a tube furnace 

in an argon atmosphere with heating rate of 10 °C min-1. 

GO film was also prepared using the same experimental 

procedure for comparison with the GT film. 

 

2.4 Material characterization 

 The cross sectional view and surface morphology of 

the rGO and rGT films were investigated using field 

emission scanning electron microscopy (FE-SEM) (JEOL 

JSM-7001F). The microstructure and grain size of the GO-

TiO2 composite were determined using high-resolution 

transmission electron microscope HRTEM (JEOL JEM 

3010) with an accelerating voltage of 300kV. The 

structural characteristics were investigated using Raman 

spectroscopy (Raman-LTPL) at λex = 532 nm, and FT-IR 

spectroscopy (Nicolet MAGNA 560-FTIR). The electrical 

conductivity of the samples was measured using the four 

probe method on CMT-Series (Jandel instrument) at RT, 

and the elemental compositions of the films were 

investigated using X-ray photoelectron spectroscopy 

(XPS), and PHI 5000 VersaprobeII (Ulvac-PHI. Inc.). X-

ray diffraction (XRD) pattern of the samples were achieved 

using Bruker D8 Discover with Cu target of X-ray tube. 

The wettability of the films was assessed using the face 

contact-angle meter (Kyowa Interface Science-CA-DT). 

The water contact angle was measured 5 min after a fixed 

volume of water droplet was dropped onto the film. 

 

2.5 Electrochemical characterization 

All electrochemical measurement of cyclic 

voltammetry, galvanostatic charge/discharge of rGT films 

were investigated by scanning over the potential range of 

0.0 to 1.0 V in an aqueous 1 M Na2SO4 solution with using 

potentiostat/galvanostat (Ivium-Stat Technologies 

compactstat) with the standard three-electrode cell 

configuration, whereby a platinum wire was used as 

counter electrode, Ag/AgCl (1M KCl) was used as 

reference electrode, and an ITO-coated glass was used as 

current collector. The electrode with an active area of 0.1 

cm2 was being exposed to the electrolyte during 

electrochemical measurements. 

 

 
 

Fig. 2 (a) GO colloidal dispersion (left) and GT composite 

dispersion (right). Digital images of the freestanding (b) 

GO, (c) rGO600, (d) GT, and (e) rGT600 films. Insets display 

the flexibility of the corresponding films upon bending. 

 

 

3. Results and discussions 

3.1 Preparation of rGO and rGO-TiO2 freestanding 

films 

A stable homogeneous suspension of GO (Fig. 2a, 

left) was formed in an aqueous solution owing to the 

hydrophilic oxygenated functional groups. The thermal 

hydrolysis of Ti(SO4)2 in the GO suspension resulted in the 
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formation of GT precipitates (Fig. 2a, right). Free standing 

GT and GO films were obtained by filtering the GT and 

GO suspension through a cellulose acetate filter, 

respectively. The as-prepared freestanding films of GT and 

GO were annealed at 600 °C to synthesize rGT600 and 

rGO600, respectively. The resulting films appeared robust 

and flexible without formation of cracks upon bending, as 

shown in Fig. 2(b-e). 

 

 
 

Fig. 3 Surface morphology and cross sectional view of 

rGT600 film (a,c) and rGO600 film (b,d). 

The surface and cross-sectional morphologies of the 

rGT600 and rGO600 films were characterized using FESEM, 

as shown in Figure 3. The rGT600 film featured rough and 

crumpled morphology, indicating the formation of TiO2 

particles that attached homogeneously onto the surface of 

rGO600 sheets (Figure 3a). The rGO600 film featured 

wrinkled morphology typical of pure graphene sheet (Fig. 

3b). The cross-sectional images of rGT600 (Fig. 3c) 

revealed a layer-by-layer loosely-packed structure with 

larger interlayer spacing, compared with that of rGO600 

film (Fig. 3d). The cross-sectional thickness of rGT600 and 

rGO600 were measured to be 7.2 (±0.5) µm and 5.6 (±0.5) 

µm, respectively. The thickness increase clearly indicated 

the expansion in the interlayer spacing of GT600 sheets due 

to the TiO2 nanoparticles, which were intercalated into the 

sheets of rGO sheets. The crumpled structure of rGT600 

film would generate enlarged pores accessible to the 

electrolyte ions, as compared to the compact stacked 

structure of rGO600 film.38 

 

3.2 Material characterization of freestanding rGO and 

rGT films 

 

The GT films were converted to rGT films by thermal 

annealing at different temperature (100 - 600 ºC). The 

effect of the thermal treatment on the reduction degree of 

GT was investigated using FTIR spectroscopy, as shown in 

Fig. 4a. The FTIR spectra of the GT composite films 

showed a strong absorption peak at 600 cm-1, which was 

ascribed to Ti-O-Ti vibration of TiO2 particles formed on  

the GO flakes.27 The broad peaks at 3400, 1380, and 1050 

cm-1 were attributed to O-H, C-OH, and C-O stretching 

vibrations, respectively, indicating the presence of the 

epoxide and hydoxyl groups on the GO layers.39 The peak 

at 1740 and 1620 cm-1 were assigned to C=O stretching of 

COOH (carboxyl) functional group and aromatic C=C, 

respectively.40 After thermal annealing at 600 ºC, the 

spectra of rGO and rGT films exhibited drastic decrease in 

almost peaks of the oxygenated functional groups, 

indicating the complete reduction of GO to rGO. 

 

          
Fig. 4 (a) IR spectra of GO, rGO600, GT, and rGT600, (b) 

Raman spectra of GT and rGT films reduced at different 

temperatures.(c) The plot for the ID/IG value of rGT films 

vs. reduction temperature. (d) Plot of the sheet resistance 

and electrical conductivity of GT films as a function of the 

reduction temperature.  Note that the sheet resistance of the 

GT films was measured using a standard four-point probe 

method.  

600 1200 1800 2400

(b)
600 

o
C

500 
o
C

400 
o
C

300 
o
C

200 
o
C

100 
o
C

 

 

In
te
n
s
it
y

Raman shift (cm
-1
)

GT

D G

4000 3000 2000 1000

rGO

 

 

T
ra
n
s
m
it
ta
n
c
e
 (
%
)

Wavenumber (cm
-1
)

GO

GT

rGT

(a)

0 200 400 600

1.30

1.32

1.34

1.36

1.38

1.40

 

(c)

I D
/I
G

Temperature (
o
C)

300 400 500 600
103

104

105

106
 

Temperatu re (
o
C)

S
h
e
e
t 
r
e
s
is
ta
n
c
e
 (
ΩΩ ΩΩ
/s
q
)

(d)

0.0

0.1

0.2

0.3

E
le
c
tr
ic
a
l 
c
o
n
d
u
c
ti
v
it
y
 (
S
/c
m
)

Page 4 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name RSC Advances 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

Fig. 4b showed the Raman spectra of GT before and 

after thermal treatment at different temperature (100 – 600 

ºC). The characteristic D (1340 cm-1) and G (1595 cm-1) 

bands of GO indicate the presence of disordered sp3 and 

sp2 carbon atoms, respectively. The intensity of D to G 

ratio (ID/IG) is widely used to estimate the degree of both 

the disorder and the crystallite size in graphitic 

materials.39,40 The ID/IG values of the rGT films increased 

linearly with increasing annealing temperatures (Fig. 4c), 

indicating the fact that the oxygenated functional groups 

were removed more effectively at higher temperature along 

with increase of the sp2 domains.43 Furthermore, the sheet 

resistance of the rGT film prepared at different reduction 

temperature was measured using four-point probe 

technique, as shown in Fig. 4d. The films annealed at 

temperature below 200 ºC showed insulating properties. 

However, the sheet resistance of the films decreased by 

about two orders of magnitude from 2.5 x 105 to 4.7 x 103 

Ω/sq, when the reduction temperature was increased from 

300 to 600 ºC. The electrical conductivity of the rGT films 

recalculated from the corresponding sheet resistances 

increased exponentially from the insulating state to 0.29 

(±0.03) S/cm, indicating great improvement in the 

electrical conductivity of the films due to the incorporation 

of the highly conductive rGO component into the 

composite rGT-TiO2 electrodes. 

 

 

 

 

 

 

 

 

 

 

 

         

 

 

 

Fig. 5 XPS spectra of GO, rGT200, rGT400, rGT600 films. (a) The survey scan, (b) Comparison of O 1s, (c) Comparison of C 

1s, (d) Scaled Ti 2p of rGT600 film. 

 

Table 1.The binding energy (eV) and composition (%) of the functional groups comprised in C 1s and O 1s peaks in XPS 

of the GO and rGT at different reduction temperature. 
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The reduction of GT to rGT films at different 

temperature was evaluated based on their elemental 

compositions that were determined using X-ray 

photoelectron spectroscopy (XPS), and were compared with 

those of the pure GO. A high-resolution XPS survey scans 

of the rGT film annealed at different temperature (Fig. 5a) 

showed three distinct peaks; O 1s (532 eV), C 1s (285 eV) 

and Ti 2p (460 eV).27,44,45 These three characteristic peaks 

were deconvoluted to resolve the individual peaks of the 

functional groups obtained from the detailed scan. The 

binding energy (eV) and the relative composition (%) of the 

functional groups are listed in Table 1 for comparisons. 

Deconvolution of O1s peak for GO film (Fig. 5b) exhibited 

three distinguishable peaks, which were assigned to various 

oxygenated GO functional groups; O=C-O/C=O (531.6 eV), 

C-O (532.4 eV), and H2O (533.8 eV).45 In addition, two 

additional peaks of Ti-O (529.6 eV) and O2
2- (530.1 eV) 

were observed from the rGT film.28,44 A profound reduction 

in the peak intensity of C-O bonding (532.4 eV) was 

observed from rGT versus GO films, as the reduction 

temperature increased to 600 ºC, indicating the elimination 

of oxygenated functional groups including hydroxyl, 

carbonyl and carboxyl groups.45 Furthermore, deconvolution 

of C1s peak (Fig. 5c) showed characteristic peaks of C-

C/C=C (284.4 eV), C-OH (285.6 eV), C-O (286.5 eV), C=O 

(287.2 eV), and O=C-O (288.8 eV) in the GO and rGT 

films, indicating the presence of oxygenated functional 

groups on the GO sheet.1,25-27,44 The peak intensity of C-O 

and C=O bonding decreased dramatically, when the 

reduction temperature was increased to 600 ºC, indicating 

almost complete removal of the oxygenated functional 

groups including hydroxyl, epoxy, and carbonyl.45 The 

deconvolution of Ti 2p for Ti atom (Fig. 5d) showed two 

characteristic peaks corresponding to Ti 2p3/2 (459.4 eV) and 

Ti 2p1/2 (465.2 eV). The presence of Ti-O peaks in the GT 

film before and after thermal treatment implied the high 

thermal stability of the TiO2 particles.25 

The morphology and structure of the GO and GT were 

characterized using HRTEM. A typical wrinkle structure of 

GO sheet was shown in Fig. S1 (a). TiO2 particles with the 

average particle size of 5nm were uniformly deposited on 

the GO sheet with high density (Fig. S1b). The lattice fringe 

of TiO2 nanoparticle (Fig. S1c) displayed the lattice spacing 

of the anatase (101) plane of TiO2 to be 0.35 nm, which 

agreed well with the lattice spacing of TiO2 reported 

previously.25,46 The crystalline structures of GO and rGT at 

different temperature were determined by powder X-ray 

diffraction measurement, as shown in Fig. S2. The XRD 

pattern of GO showed a pronounced diffraction peak at 2θ 

of 12°, which was attributed to (002) plane of GO.47 The 

diffraction peak of GT and rGT heated at different 

temperature were observed at 2θ of 25°, 48° and 55°, 

corresponding to (101), (200), and (105) planes of anatase 

titania, respectively.25 By increasing the temperature to 600 
oC, the GO peak in rGT at 12° disappeared completely and a 

new broad peak appeared at 2θ of 22°, indicating reduction 

of GO to rGO.27            

 

Fig. 6 Water contact angle of (a) GO, (b) rGO600, (c) GT, 

and (d) rGT600 

  

 The wettability of an electrode is an additional critical 

factor to decide the accessibility of aqueous electrolytes into 

the electrode. Thus, the wettability of rGO600 and rGT600 

film surfaces was assessed based on the stationary water 

contact angle. The water contact angle (29.5º) of GO 

drastically increased to 73.9º as reduced to rGO600 after 

thermal reduction at 600 ºC, indicating the increased surface 

hydrophobicity, as shown in Figure 5. However, the contact 

angle (19.7º) of GT increased not strongly for rGT600 (48.9º) 

compared to the case of the GO and rGO600. The enhanced 

water wettability of both the GT and rGT600 electrodes could 

be ascribed to the involvement of the hydrophilic component 

TiO2 in addition to the increased film porosity, which was 

attributed to the crumpled and TiO2-intercalated structure of 

the GT films. 

 

 
 

Fig. 7 (a) Comparison of CV curve for rGO600 and rGT600. 
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 at various current densities (d) cycling stability and 

coulombic efficiency of rGT600 electrode. 

 

3.3 Electrochemical properties of the rGT electrode in a 

three-electrode setup 

 The capacitive performance of the rGTx electrode was 

evaluated using cyclic voltammetry (CV) and galvanostatic 

charge/discharge technique in 1 M Na2SO4 aqueous 

electrolyte. The nearly-rectangular CV curve of rGT600 

electrode appeared relatively larger compared to that of the 

rGO600 electrode, indicating the higher capacitive 

performance, as shown in Fig. 7a. The improved capacitive 

performance of the rGT600 electrode versus the rGO600 

electrode could be attributed to the improved hydrophilicity 

of the rGT600, which enhanced the accessibility of the 

aqueous electrolyte into the rGT600 electrode. The area under 

the CV curve of the rGT600 electrode (Fig. 7b) increased 

with the scan rate ranging from 10 to 100 mV/s. However, 

the CV curve was slightly distorted due to the increase in the 

electrode resistance at a high scan rate of 100 mV/s.48 Fig. 

7c showed the charge-discharge curves of the electrode, 

which was measured at various current densities ranging 

from 1 from 10 A/g within the potential range of 0 – 1 V. 

Asymmetrical behavior of the charge-discharge curve was 

observed for the electrode at low region of current densities, 

which can be ascribed to the redox reaction of TiO2.
27 

However, the capacitive performance of the rGT600 electrode 

decreased upon increasing the scan rate and the current 

density, due to the high electrical and ionic resistances of the 

electrode at high charging-discharging rates. At low scan 

rates, nearly the entire electrode is accessible to the 

diffusion-controlled intercalation/deintercalation of 

electrolyte ions, resulting in the improved specific 

capacitance of the electrode.49,50  

 The specific capacitances of rGT electrode were 

determined from the galvanostatic discharge curve as a 

function of the reduction temperature (Fig. 7d), according to 

the following equation (1)48  

 

Cs = (I·∆t)/(m·∆E)            (1) 

 

where I is the current loaded, ∆t is the discharge time, ∆E is 

the potential range after IR drop during discharge process, 

and m is the mass of the working electrode of rGT. The 

maximum specific capacitance of the rGT electrode 

annealed at 600 ºC was calculated to be 286 F/g. The 

resulted value is much higher, compared to a closely related 

electrode like TiO2-graphene nanocomposite hydrogel (175 

F/g at 1 A/g), which was prepared using hydrothermal 

approach reported in a previous literature.1 The 

improvement of specific capacitance by the rGT was 

attributed to the loosely-stacked layered structure of the rGT 

electrode, in which the TiO2 nanoparticles was formed 

directly on the graphene sheets,34 compared to the bulk 

nanocomposite of TiO2-graphene hydrogel electrode.1 The 

good contact between the two materials can be beneficial for 

rapid charge transfer by electron injection from TiO2 into the 

graphene sheets. Furthermore, the average energy density (E, 

Wh/Kg) and power density (P,W/kg) of the rGT600 electrode 

were calculated using the following equation (2) and (3):27  

 

E = 0.5·Cs·(∆V)2                                                                       (2) 

 

P = E/t                                                                       (3) 

 

where the Cs is the specific capacitance of the electrode 

material (F/g), t is the discharge time of the charge/discharge 

curve, and ∆V is the potential window. The average energy 

density and power density of the rGT600 electrode were 

calculated to be 39.7 Wh/kg and 472 W/kg at 1 A/g, 

respectively. The rGT electrode showed a tendency for the 

area under CV and the charge-discharge curves to increase 

upon the reduction temperature for rGT, which increased 

from 300 to 600 ºC, as shown in Fig. S3 (a) and (b) in 

supporting information (SI). The long-term cycling stability 

and coulombic efficiency of rGT600 electrode in 1.0 M 

Na2SO4 aqueous electrolyte (Fig. 7d) were evaluated using 

galvanostatic charge/discharge measurement at 1 A/g for 

1000 cycles in the potential range of 0 to 1V. The rGT600 

electrode exhibited excellent cycling stability with 93% 

capacitance retention after 1000 continuous 

charge/discharge cycles and a coulombic efficiency of 

almost 80%. 

 

4. Conclusion 

In summary, we have fabricated a highly flexible 

freestanding film electrode composed of graphene and TiO2 

using a simple vacuum-assisted filtration, resulting in the 

aligned stacking structure of GO/TiO2 layers. The TiO2 

intercalated into GO layers, led to the formation of crumpled 

GO/TiO2 films, in which large pores accessible to 

electrolytes would be generated. The electrical conductivity 

of an electrode is a critical factor to decide the level of 

energy storage in supercapacitor. The conductivity of the 

hybrid rGT electrode strongly relies on the reduction state of 

GO, which was investigated as a function of the annealing 

temperature. The reduction state of GO in the hybrid 

electrode was evaluated using RAMAN and XPS, as the 

annealing temperature was ranged from 100 to 600 ºC. From 

RAMAN spectra of the rGT films, the ID/IG values increased 

linearly with increasing annealing temperatures from 100 to 

600 ºC, indicating the fact that the oxygenated functional 

groups were removed more effectively at higher temperature 

along with increase of the sp2 domains. In addition, the peak 

intensity of C-O and C=O bonding, which was determined 

from XPS of rGT films, decreased dramatically, as the 

reduction temperature was increased to 600 ºC, indicating 

almost complete removal of the oxygenated functional 

groups including hydroxyl, epoxy, and carbonyl. The sheet 

resistances of the rGT films decreased exponentially by two 
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orders of magnitude from 2.5x105 to 4.7x103 Ω/sq, as the 

reduction temperature of GT (to rGT) increased from 300 to 

600 ºC. These results indicated that the thermal reduction of 

the GT at 600 ºC was an optimal condition for the resulting 

film electrode, which is conductive, robust, and flexible. The 

rGT600 film electrode exhibited the specific capacitance of 

286 F/g at the 1 A/g, which is much higher than the closely 

related electrode, TiO2-graphene nanocomposite hydrogel 

(175 F/g at 1 A/g), which was prepared using hydrothermal 

approach reported in a previous literature.1 The long-term 

cycling stability of rGT600 electrode in 1.0 M Na2SO4 

aqueous electrolyte exhibited excellent cycling stability with 

93% capacitance retention after 1000 continuous 

charge/discharge cycles at 1 A/g under the potential range of 

0 to 1V. The hybrid rGT600 electrode exhibited the excellent 

electrochemical properties, which are required for the 

development of advanced micro-size and flexible electrodes 

in energy storage devises. 
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