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Abstract
Hydrogen from water provides safe and alternative route for sustainable energy production. The present investigation reports the
photocatalytic water splitting using rGO–TiO2 which efficiently promotes the conversion of solar energy to chemical energy
through charge promotion activity. The catalyst was prepared by hydrothermal decomposition process and further characterized
for its structural morphology, crystal structure, and photocatalytic properties. Incorporation of GO in the hybrid material found to
shrink the band gap of the samples from 3.12 to 2.99 eV. Further, promotion of charge separation is confirmed from the
quenching of the emission spectra of the material. The hybrid material with proportionate increment in GO content enhances
the H2 production up to five times higher than pristine TiO2 material. The catalytic material with 1 wt% GO loading shows decay
of methylene blue (MB) dye in aqueous solution at 0.07622 mmol/min. The hybrid material (rGO–TiO2) found to inhibit
recombination center of electron-hole pairs successfully, thus facilitating overall photocatalytic properties of the material for
diversified applications.
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1 Introduction

Designing a new type of photocatalytic material often require
successful inhibition of electron-hole pairs’ recombination
process [1]. Generally, in a single-component photocatalytic
material, the quick recombination of the photo-generated
charge carriers significantly reduces the conversion efficiency
of solar energy into hydrogen energy [2–4]. Increase in con-
version efficiency of such kind of catalyst often requires pro-
longation of lifetime of charge carrier as well as enhancement

of charge transfer rate. In this aspect, combination of two
dissimilar materials (composite) involving doping/deposition
of transition metal, noble metals, or mixing of other semicon-
ductors or supported by any other conducting material such as
carbon nanotubes, graphene, and other conducting polymers
are immensely useful for fabrication of new photocatalytic
materials with improved properties [5–11]. Such kind of struc-
ture is commonly known as heterostructure configuration.
Heterostructured photocatalytic materials could satisfy both
kinetic and thermodynamic stability in addition to providing
favorable energy levels for enhancement of redox ability to-
wards charge transfer processes. Absorption of light by
heterostructured materials could provide suitable band gap
required for improvement of process efficiency.

Graphene–metal oxide composite material possesses good
photocatalytic activities in comparison with unadulterated
metal oxide. It is mainly due to the unique chemical and phys-
ical properties of the material [12, 13]. Combination of
graphene oxide with semiconductor photocatalysts such as
g-C3N4/graphene [14], CdS/graphene [15], and ZnO/
graphene [16] could enhance photocatalytic performance by
transferring photo-excited electrons from semiconductor sur-
face to graphene oxide sheet, thus delaying the recombination
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process and augmenting the oxidative reactivity. Titanium di-
oxide (TiO2), a proven n-type semiconductor, can be consid-
ered as an ideal photocatalytic material primarily due to its
stability towards various photochemical reactions. Apart from
this, material cost, relatively non-toxic nature of the material,
and its photocorrosion properties also attributed to the use of
TiO2 in various photocatalytic applications [17–20]. TiO2 pos-
sesses wide band gap (> 3.2 eV), therefore, quick recombina-
tion rate of photo-generated charge carrier pairs inhibits its
effectiveness towards UV radiation [21, 22]. So, semiconduc-
tor materials with wide band gap, noble metals, or sacrificial
inorganic electron donors reported to increase the photocata-
lytic productivity of TiO2 when used in appropriate amount
and condition [22–27].

In this context, the present investigation reports the produc-
tion of hydrogen from water using reduced graphene oxide
(rGO) with TiO2 as nanocomposites. The material was also
used for the study of methylene blue (MB) dye degradation in
an aqueous medium. All prepared materials were character-
ized. The charge promotion activities of the preparedmaterials
were studied using optical spectra. In addition, the kinetics of
the MB dye degradation was also studied from rate constant
data and half lifetime of the degradation process.

2 Experimental

2.1 Materials

The materials procured for the experiments are listed as fol-
lows: graphite powder (325 mesh, fine powder extra pure,
Alfa Aesar), hydrochloric acid (HCl, 37%, Fisher), sulfuric
acid (H2SO4, Fisher 98% v/v, AR grade chemical), potassium
permanganate (KMnO4, Fisher), hydrogen peroxide (H2O2,
30% v/v, AR grade chemical), and tetra-isopropoxide (TTIP,
Merck). All materials were used as received. Deionized water
was obtained from Millipore water system. The solvent ethyl
alcohol (EtOH, 95%) was procured from Merck and used as
such.

2.2 Graphene oxide synthesis

Graphene oxide sheets (GOs) was prepared using commer-
cially available graphite powder following Hummer’s method
with some modifications [28]. In a typical procedure, 18 mL
of concentrated H2SO4 was taken in a 100 mL beaker.
Subsequently, sodium nitrate (2.0 g) with graphite (0.5 g)
powder was mixed to the H2SO4 solution, and the entire mix-
ture was stimulated vigorously at 0 °C for 1 h in an ice bath.
Powdered potassium permanganate (3.0 g) was added slowly
to the above mixed solution, and the entire mixture was stirred
continuously for 3 h. The mixture found to form a dark brown
color paste. In a subsequent step, 110 mL of deionized water

(conductivity, 18.4 MΩ cm) and H2O2 (~ 30%, 10 mL) were
added to the said mixture following stepwise addition process.
The entire solution mixture turned to yellow color dispersion
which was washed over and over again with dilute hydrochlo-
ric acid and water to eliminate any insoluble salt. Thus, fol-
lowing filtration, a dark brown color solid residue was obtain-
ed which was vacuum dried at 60 °C for 48 h.

2.3 Synthesis of TiO2 nanoparticles

TiO2 nanoparticles were prepared using environment
friendly sol–gel process. Here, TTIP, ethyl alcohol, and
HCl were chosen as starting materials. Ethanol (20 mL),
in a beaker, was added with 0.5 mL HCl (37% v/v) in a
drop-wise manner. The entire mixture was stirred for
10 min. Subsequently, 2.5 mL TTIP was mixed slowly
to the above mixture solution. The whole solution mix-
ture was stirred for 4 h to get a transparent gel of TiO2.
The TiO2 gel was dried in a hot air oven at 100 °C for
12 h. The solid TiO2, so obtained, was mechanically
grinded and calcined at 450 °C in muffle furnace for
1 h. The material was collected and stored in sealed
bottle (flushed with nitrogen).

2.4 Synthesis of rGO–TiO2 binary heterostructured
photocatalysts

The reduced graphene oxide (rGO)–TiO2, a binary
heterostructured photocatalyst, was prepared using hy-
drothermal process. GOs was suspended in mixed
water-ethanol (2:1) for 24 h to facilitate exfoliation of
material. Further, the re-exfoliation of the exfoliated
GOs were done in a mixture of water and ethanol
(2:1) solution by ultra-sonication for 2 h. Aqueous so-
lution of re-exfoliated GOs mixed with TiO2 powder
(1 g) was agitated slowly for 2 h to ensure a homoge-
neous dispersion of the materials. In a subsequent step,
60 mL of homogeneously dispersed solution of GOs
mixed with TiO2 powder was transferred to a Teflon-
sealed (100 mL) autoclave for hydrothermal reaction
process. The hydrothermal reaction was carried out for
5 h at 180 °C. The hydrothermal treatment process en-
sures formation of rGO–TiO2 where TiO2 could prefer-
ably got anchored to the available active sites of rGO.
The material was recuperated by sluicing the material
numerous times with deionized water and subsequently
washed using with ethanol. The material, named as re-
duced graphene oxide–TiO2 (rGO–TiO2), was dried at
40 °C in an oven for almost 2 h. In the process, TiO2

with selective wt% of graphene oxide (GO) (e.g., 0.5,
1.0, 2.0, and 4.0 wt%) were prepared for further studies.
Scheme 1 shows the schematic preparation procedure of
rGO–TiO2 nanocomposite.
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3 Characterization

Characterization of materials were done using various ad-
vanced instrumentation techniques. X-ray diffraction (XRD)
powder patterns of the materials were recorded using Bruker
D8 Advance diffractometer with CuKα radiation of 1.5418 Å.
Shape and size of the sample materials were recorded using
transmission electronmicroscopy (TEM), operating at 100 kV
accelerating voltage (Philips). Photo-energy absorption be-
havior were studied using Carry 500 Diffuse reflectance UV-
visible spectrophotometer in the range of 200–800 nm. Raman
spectrophotometer, model iHR550, made of Horiba Jobin
Yvo, equipped with He–Ne laser as an excitation source, hav-
ing 632.8 nm wavelength were used to obtain the Raman
spectra of the materials. The hydrogenation reaction process
was performed in quartz reactor having a well-shaped double
wall. A high pressure Hg lamp of 450 W was placed at the
center of the reactor as a photon source for the irradiation. In
this experiment, fine rGO–TiO2 (200 mg) powder
photocatalyst was dispersed in a 350 mL of aqueous methanol
(10% (v/v)) solution containing as scavenger, and the reactor
was purged with argon for 30 min to maintain an anaerobic
environment inside the reactor. The sample was irradiated by a
photon source, and the temperature of the reactor was main-
tained in an ambient condition by flowing the chilled water at
the outer periphery of the reactor. The photocatalysis process
was continued for 5 h. Further, in every 1 h interval, the reac-
tion mixture was intermittently analyzed by gas chromatogra-
phy (GC), model GOW-MAC 580, equipped with All Tech
molecular sieve (80/100), 5 A column, and thermal conduc-
tivity detector (TCD).

4 Results and discussions

4.1 Structural analysis

Oxidation of graphite results in formation of GO consisting of
oxygen functionalities such as epoxy groups, hydroxyl
groups, and carboxylic acid groups. These functional groups

favor the attachment of metal ions through electrostatic attrac-
tion. Here, the successive addition of Ti4+ ions to the GO
sheets facilitate the growth of titanium in the composite ma-
terial under hydrothermal conditions. Digital images of the
pristine TiO2 and the reduced GO–TiO2 are furnished in
Fig. 1.

XRD is one of the tool using which phase purity of the
derived samples can be investigated. The XRD pattern of the
materials is also shown in Fig. 2. Figure 2(a) shows a peak at
diffraction angle (2θ) of 15.97°, which corresponds to the
reflection plane (002) of GO with calculated interlayer dis-
tance of 0.55036 nm. It may be noted that the interlayer dis-
tance of graphite was reported to be 0.335 nm. Therefore, the
increase in interlayer distance in case of sample material could
be resulted due to the presence of oxygen-containing function-
al groups in addition to intercalated water molecules present in
the moiety [29].

Hydrothermally synthesized pristine TiO2 sample pattern,
in Fig. 2(b), indicates the presence of two phases, i.e., anatase
and rutile structural phases in the sample material. The diffrac-
tion peaks of TiO2 anatase phase observed at 2θ values
(degree) of 25.87, 36.29, 38.49, 48.29, 55.64, 63.14, 69.39,
70.6, and 82.59 are indexed to the reflection from (101),
(103), (004), (200), (2 11), (211), (204), (114), and (215)
planes, respectively; whereas, the rutile phase peaks observed
at 2θ values (degree) of 27.63, 41.41, 54.72, 75.13 are indexed
as (110), (111), (211), and (301) planes of reflections,
respectively.

All these peaks are found to be fairly consistent with
JCPDS no. 21-1276 for rutile and 21-1272 for anatase struc-
ture, respectively. Using Scherer’s equation (Eq. 1), the aver-
age crystallite size (D) of the TiO2 powder was found to be
approximately 25 nm [30, 31].

D ¼ 0:9� λ
Δβ1=2

Cosθ
ð1Þ

In Eq. (1), λ represents the wavelength (Cu K∝ radiation =
1.5418 Å), θ is the diffraction angle, and β is the full width at

Scheme 1 Schematic representation of synthesis of rGO-TiO2 nanocomposite
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half maxima (FWHM). It may be noted that no peak of GO is
detected in case of rGO–TiO2 nanocomposite; Fig. 2(c)–(f)
indicate the reduction of GO to rGO. However, less quantity
of GO, i.e., below the detection limits of the X-ray, or over-
lapping of the peaks with TiO2, could also be attributed to the
absence of GO peaks in the diffractogram [32].

4.2 Microstructural analysis

The morphology of prepared materials were examined using
both field emission scanning electron microscope (FESEM)

and TEM. The FESEM images of the GO and its composites
are shown in Fig. 3a–d. In this aspect, Fig. 3 a and b show
SEM image of GO sheet and TiO2 nanoparticles, respectively.
TiO2 nanoparticles are found to be small in size and largely
agglomerated in characteristics. Figure 3 c and d show the
loading of the TiO2 nanoparticles onto the GO sheets.
Agglomeration of the TiO2 particles upon the surface of
rGO sheets is also observed in micrograph.

TEM measurement, on the other hand, can able to provide
precise observation of the morphology, crystal structure, and
distribution of the nanoparticles. TEM images of GO and its
composite samples are shown in Fig. 3e–h. Micrograph of
GO, in Fig. 3e, shows that the GO sheet are locally crumpled
which could be attributed to different nucleation growth rate
of particles. TiO2 nanoparticles are thin and transparent with
an average particle size distribution of 20–30 nm (Fig. 3f). On
the other hand, Fig. 3 g and h) indicate that the TiO2 nanopar-
ticles are attached onto the rGO surface which form a com-
posite structure.

4.3 Fourier transform infrared and Raman analysis

FTIR analysis is helpful in material characterization.
Functionalized GO, prepared by modified Hummers’method,
and reduction of GO to rGO in hydrothermal treatment form
composite structure bridged with TiO2. Figure 4 shows the
FTIR spectra of GO and rGO–TiO2 composites. The FTIR
spectra of GO shows various peaks that can be attributed to
the presence of oxygen-containing functional groups in the
material. The bands at 1034 cm−1 shows the stretching vibra-
tion, ν(C–O)str, of alkoxy functional groups. The peaks at
1192 and 1405 cm−1 indicated the presence of ν(C–O–C)str
and ν(C–O)str vibration of carboxyl groups, respectively. A
peak at 1270 cm−1 is attributed to the ν(C–O)str vibrational
frequency of epoxy functional group. The absorption peak at
1720 cm−1 corresponds to ν(C=O)str vibration of carboxyl
functional groups. A broad peak observed at 3400 cm−1 and
the presence of peak at 1630 cm−1 corresponds to the
stretching vibrational and bending vibrational frequencies, re-
spectively, of hydroxyl functional groups of H2O molecules
which could got adsorbed/attached to surface of graphene

Fig. 2 XRD patterns of (a) graphene oxide (GO) (b) pristine TiO2, rGO–
TiO2 composite with GO wt%. (c) 0.5. (d) 1.0. (e) 2.0. (f) 4.0

Fig. 1 Digital images of a pristine TiO2; TiO2 with GO. b 0.5 wt%. c 1.0 wt%. d 2.0 wt%. e 4.0 wt%
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oxide. The presence of absorption peaks at 2900 cm−1 and
2687 cm–1, respectively, are related to both symmetric and
anti-symmetric stretching vibrations of methylene (–CH2–)
groups [33]. It may be noted that the peaks related to the
presence of functional groups containing oxygen is absent,
in case of nanocomposites, indicating reduction of GO to
rGO. Further, rGO–TiO2 nanocomposites shows additional
peaks within 400–500 cm−1, which attributed to the presence
of TiO2 in the moiety [34]. It is presumed that the functional

groups available in GO act as active sites for interfacial inter-
action with TiO2 in order to form stable composites structure.

Raman analysis is carried out to understand more about
functionalization of graphite, particularly the formation of
GO. The Raman spectra of sample materials is shown in
Fig. 5. GO sample shows the typical D band at 1340 cm−1

attributed to the defects and in-plane vibration of sp2 bonded
carbon atom in GO network structure; whereas, peak at
1610 cm−1, referred to G band, is primarily due to formation

Fig. 3 SEM images. a GO. b
pristine TiO2. c rGO(1 wt%)–
TiO2. d rGO(4 wt%)–TiO2. TEM
images. e GO. f Pristine TiO2. g
rGO(1 wt%)–TiO2. h rGO(4
wt%)–TiO2
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of ordered graphitic structure [28, 35]. The spectrum of pris-
tine TiO2 is also furnished in Fig. 5. It is reported that Raman
bands observed at 143, 144, 235, 395, 445, 515, 612, and
638 cm−1 are attributed to typical vibration bands of TiO2.
Peaks at 143, 395, 515, and 639 cm−1 are ascribed to the
presence of anatase–TiO2 phase that corresponds to Eg(1),
B1g(1), A1g + B1g(2), and Eg(2) mode of vibrations [36].
Similarly, peaks observed at 144, 235, 446, and 613 cm−1

are attributed to B1g, two-phonon scattering, Eg, and A1g

modes of vibration in rutile–TiO2 phase, respectively. The D
band and G band of graphene in rGO–TiO2 composites were
found to be shifted from their emblematic positions. Such kind
shifts following change in the characteristic D/G intensity ra-
tios could be attributed to surface strain which could happen
due to the incorporation/immobilization of TiO2 in rGO struc-
ture [37, 38], and the ratio of D/G is reported as inversely
proportional to the average size of the sp2 domains [27]. In

this context, the rise in the D/G intensity ratios from 1.08 (in
case of 0.5 wt% GO) to 1.24 (in case of 1% rGO) and 1.27 (in
case of 2 wt% GO) indicates that the TiO2 is successfully
incorporated in GO sheets to form rGO–TiO2 composite ma-
terial. The addition of GO reduces the intensity of TiO2 which
is evident fromRaman activemodes of vibration that indicates
changes through substitution of one or more П-bonds of GO.

4.4 X-ray photoelectron analysis

X-ray photoelectron spectroscopy (XPS) can provide valuable
information related to the surface chemical structure of the
material. The XPS spectra of rGO–TiO2 nanocomposites are
furnished in Fig. 6. The full survey spectrum of 1 wt% GO
with TiO2 (Fig. 6a) shows strong Ti (Ti2p), O (O1s), and C
(C1s) peaks. Similarly, XPS spectra in Fig. 6 b and c show high
resolution presence of C and O in GO sample material. The Ti
spectrum is furnished in Fig. 6c, and the presence of the C, O,
and Ti in survey spectra supports the formation of rGO–TiO2.
However, the peak intensity of oxygenated carbon was found
to be more than the C–C as shown in Fig. 6b, indicating the
conversion of graphite into graphene oxide [39]. The peak
position of the C–C, C=O, and C–OH species in GO are ob-
served with binding energy of 284.1, 286.7, and 287.6 eV,
respectively. Similar peaks are also observed in rGO–TiO2

which could be attributed to the presence of residual oxygen-
ated groups. High-resolution Ti (2p) spectrum corresponds to
the presence of Ti4+, indicating that the TiO2 remains intact in
characteristic crystal structure during the process. The bands
located at energies of 457.9 eV (Ti 2p3/2) and 463.8 eV (Ti
2p1/2) were assigned to the O–Ti bond in TiO2. The binding
energy of the composite material, in summarized form, is pre-
sented in Table 1.

4.5 Charge carrier transportation study

Figure 7 shows the diffuse reflectance UV–Vis optical re-
sponse spectra of GO and rGO–TiO2 studied in the range of
200–600 nm. The pristine TiO2 sample, in Fig. 7a, shows an
absorption edge at around 320 nm (UV range) attributed to
electronic transitions from O2p to Ti3d level in TiO2 [40].
Titanium shows significant UV region absorption, and the
band gap was calculated to be 3.12 eV. The addition of small
amount of rGO in TiO2 shows a red shift in absorption edge
with significant improvement in the absorption intensity in
UV region with broad absorption in visible region. The max-
imum absorption was recorded in case of TiO2 incorporated
with 1 wt%GO. Improvement in absorption intensity supports
the fact of more accumulation of the electron density at mate-
rial surface facilitating effective electron transfer. Existence of
heterostructure at the material surface also manifest visibly
from change in color of the material (Fig. 1) and shifting in
the peak positions in the spectra. Incorporation of rGO also

Fig. 4 FTIR spectra of (a) GO, (b) TiO2, and TiO2 with GO (c) 0.5, (d)
1.0, and (e) 4.0 wt% substitution

Fig. 5 Raman spectra of GO, TiO2, and rGO–TiO2 nanocomposites
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modify the band gap energy of TiO2, where the estimated
band gap energy is reduced from 3.12 eV (TiO2) to 2.89 eV
(0.5 wt% rGO–TiO2). The band gap further changes to
2.99 eV or 2 wt% rGO–TiO2. The narrowing of band gap in
case of rGO–TiO2 nanocomposites (with different wt% of
rGO) could be related to Ti–C covalent bond formation for
the case of rGO–TiO2 sample.

The photoluminescence (PL) emission spectra of the sam-
ple materials is furnished in Fig. 8. The spectra were recorded
at excitation wavelength of 275 nm. The PL spectra could
correlate the photo-generated electron-hole separation and

recombination efficiency, which is essential for study of pho-
tocatalytic properties of the material. The high intensity emis-
sion peak in TiO2 nanoparticles is observed at 403 nm, which
could be originated from free excitation of electron, i.e., direct
electrons transition from valence to conduction band. Few
other peaks, with variation in intensities, are observed at
421, 442, 483, 536 nm that could be attributed to Schottky
barrier formation at metal nanoparticles and substrate interface
[41]. Increase in amount of GO in composite materials grad-
ually reduces the peak emission intensities. Therefore, in-
creasing the GO contents in rGO–TiO2 nanocomposites and

Fig. 6 XPS (a) survey spectra and close spectra of (b) C(1s), (c) O(1s), and (d) Ti (2p) peaks

Table 1 Binding energy vs
chemical bond species for GO
and rGO-TiO2/binary
heterostructure

Elements GO (eV) Chemical bond species rGOTiO2 (eV) Chemical bond species

Ti 2P3/2 - - 457.9 Ti–O

Ti 2P1/2 - - 463.8 Ti–O

O 1s A 529.3 C–O 529.3 Lattice oxygen (Ti–O)

O 1s B 531.8 C=O 531.8 Surface hydroxyl (Ti–OH)

C 1s A 284.8 C–C/C–H 283.9 C–C/C–H

C 1s B 286.2 C–OH/C–O–C 285.4 C–OH/C–O–C

C 1s A 287.6 O–C=O 286.5 O–C=O
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corresponding reduction in emission intensity indicates that
the presence of GO effectively lowering the rate of recombi-
nation of photo-induced charge carriers (electron-hole pairs)
by formation of Schottky barrier at the rGO–TiO2 interface.
Further, it is evident that during the electronic transition pro-
cess, the composite material could behave either as an electron
sinker or transporter efficiently. It is to be noted that such

electronic transition mostly depend on charge carriers density
and their transition probability from excited energy state to
ground energy state. It also signifies that the rGO–TiO2 pos-
sess longer carriers lifetime due to the rapid charge transport in
rGO network. The enhancement in charge carrier lifetime is
possibly due to transfer of excited electrons from conduction
band of TiO2 to rGO sheets averting the possible direct
electron-hole recombination. Inhibition of electron-hole re-
combination behavior is essential for materials to exhibit
properties for the photocatalytic applications. Therefore, the
result indicates that chemically bonding interface of rGO and
TiO2 composite enabled the charge separation and transporta-
tion during photo-irradiation process.

Further, electrochemical impedance spectroscopy
(EIS) measurement was conducted to show the interfa-
cial charge transfer process in TiO2 and rGO–TiO2 com-
posite material. Figure 9 presents the Nyquist plots of
TiO2 and rGO–TiO2 nanocomposites to illustrate the
influence of rGO on separation and migration of
electron-hole pairs. In Fig. 9, the diameter of the
Nyquist semicircle reveals the charge transport and re-
combination properties of the material. In present inves-
tigation, the semicircle of TiO2 was found to be larger
than that of the rGO–TiO2. The charge transfer resis-
tance (RCT) estimated from the semicircle diameters
shows that the rGO–TiO2 composite (~ 4 Ω) has a lower
RCT value than TiO2 (~ 26 Ω). It indicates the rGO–
TiO2 composite increases the charge transportation and
reduces the recombination rate which is in good agree-
ment with reported photoluminescence values [42, 43].
Hence, it is evident that the enhanced charge transfer
process in case of rGO–TiO2 could improve the separa-
tion efficiency of charge carriers (electron-hole pairs)
resulting in longer carrier lifetimes, thereby improving
in photocatalytic activity of the material.

Fig.7 a Diffuse reflectance spectra and b band gap of rGO–TiO2

nanocomposites

Fig. 8 Photoluminescence spectra of pure and rGO–TiO2 samples Fig. 9 Nyquist plots of pure TiO2 and rGO–TiO2 nanocomposite samples
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4.6 Photocatalytic methylene blue degradation

The material was tested for its photocatalytic activities for
degradation of organic dye. It is known that organic dye is
one of the important component for coloring and printing
applications in industries. The industrial effluent often contain
organic dyes creating environmental concern. The degrada-
tion of dyes resulted in toxic byproducts causing severe water
pollution affecting human being as well as various aquatic
species. Photocatalytic degradation of selected MB dye was
attempted using newly prepared composite material (rGO–
TiO2). The experiment was conducted in the presence of sim-
ulated solar light, i.e., in the presence of UV–Vis irradiation,
as well as in the absence of light. Figure 10 shows degradation
behaviors of MB dye in the presence of TiO2 and rGO–TiO2.

The degradation characteristics of MB dye in the presence
of rGO–TiO2 catalyst was studied spectrophotometrically
from relative concentration/absorbance (λ(max) = 663 nm)
change of the dye solution using calibration curve. It is ob-
served that rGO–TiO2 could be able to degrade MB solution
in the absence of light (Fig. 10c). However, TiO2 nanoparti-
cles shows no apparent change in spectra even within 60-min
time period (Fig. 10b) under same experimental condition.

In this aspect, Fig. 10d shows that the characteristic absorp-
tion peak of MB dye decreases and finally disappeared after
60 min. Figure 10 a and b also show the qualitative aspects of

degradation of MB molecules (85–97%) using rGO–TiO2.
Table 2 provides a comparative account of degradation effi-
ciency of various materials under consideration. rGO–TiO2

shows better photocatalytic activity than bare TiO2.
Methylene blue is a photoactive phenothiazine dye. In the
presence of rGO–TiO2 and light irradiation, it is possible that
synergetic competitive processes such as demethylation of
MB dye followed by decomposition of the aromatic rings in
dye molecule could take place thus degrading the entire mol-
ecule [44].

The kinetics of photocatalytic degradation was studied
using Eq. 2 [45, 46]:

Rate ¼ −
dc
dt

¼ KC ð2Þ

where, K and C are the rate constant and concentration of the
solution, respectively. The plot of (Ct/C0) versus time (mi-
nutes), in Fig. 11 a and b, and corresponding logarithmic plots
(Fig.11 c and d show the degradation rate of MB. The slope of
the plot yielded a value of rate constant as 0.07622 min−1 for
rGO(1 wt%)–TiO2 which corroborated to the kinetics of 1st
order reaction. Among all the prepared catalysts, rGO–TiO2

(with 1.0 wt% of GO) shows excellent photocatalytic activity,
where almost 97% MB degradation was observed in 60 min
time interval (Fig. 11b). Table 2 shows the degradation values
of MB dye in the presence of photocatalytic materials. rGO–

Fig. 10 UV–visible absorption spectra of methylene blue (a, b) for TIO2 and (c, d) for rGO(1 wt%)–TiO2
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TiO2 nanocomposites show enhanced photocatalytic activity
in the absence of light/irradiation. The decrease in concentra-
tion of MB in the absence of light could also be due to ad-
sorption of MB upon the surface of photocatalytic material in
addition to degradation process.

4.7 Photocatalytic hydrogen production

The prepared materials were used for production of hydrogen
from photocatalytic splitting of water molecules. Both TiO2

and rGO–TiO2 sample materials were used for the production
of hydrogen under equal conditions of illumination with sim-
ulated solar source. The experimental set up for photocatalytic
hydrogen production is furnished as supporting information

(S1). The results of the experiment regarding hydrogen evo-
lution is furnished in Fig. 12.

It is interesting to note that in case of rGO–TiO2, the quan-
tity of hydrogen production is higher than that of pure TiO2

sample material. Pure TiO2 produces 173 μmol of H2 and the
rate of hydrogen production was 35 μmol/h. The low photo-
catalytic activity for pure TiO2 could be attributed to quick
recombination between core-bonded (CB) electrons and va-
lence bond (VB) holes facilitated by generation of large over
potential during H2 generation. GO(1 wt%)–TiO2, on the oth-
er hand, promotes available photo-excited electrons for proton
reduction, and the result is in consistent with the UV–Vis
spectra (Fig. 7a) indicating high absorption intensity resulting
in high H2 production rate. As the GO loading is increased
from 0.5 to 1 wt%, the H2 production is also increased from

Table 2 Optical response and
photocatalytic activity of TiO2

and its composite with rGO

S. no. Photo-catalysts Band gap (eV) Degradation rate constant (min−1) Hydrogen production

(μmol)
Dark UV-visible irradiation

1 Pure TiO2 3.12 0.00178 0.03422 173

2 rGO(0.5 wt%)–TiO2 2.89 0.01644 0.07422 190

3 rGO(1.0 wt%)–TiO2 2.97 0.01800 0.07622 838

4 rGO(2.0 wt%)–TiO2 2.99 0.01511 0.06222 106

5 rGO(4.0 wt%)–TiO2 3.02 0.01089 0.04733 339

Fig. 11 Study of degradation efficiency with respect to irradiation time. a and c In the absence of light. b and d In the presence of light
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190 to 838mmol which is five times higher than pristine TiO2.
TiO2–GO (1.0 wt%) shows highest 168 μmol/h H2 produc-
tion. With increment in GO loading, i.e., TiO2–GO (2%), the
amount of H2 production was found to decrease. Increase in
amount of graphene in the composite material reduces the
photocatalytic activity of the material. In this context,
graphene content of 4.0 wt% in the composite material could
significantly reduce the photocatalytic properties of the mate-
rial. The reason could be attributed to the statistic that higher
amount of graphene block the surface active sites of TiO2

photocatalyst, therefore, shields the sites from receiving inci-
dent photons; subsequently, a rapid decrease in H2 production
is observed (Fig. 12). The study indicates that an optimized
loading of graphene to TiO2 is crucial for optimizing the pho-
tocatalytic behavior of graphene–TiO2 composites for effi-
cient hydrogen production and pollutant degradation. In this
aspect, Table 2 shows the hydrogen production rate of differ-
ent sample materials.

4.8 Mechanism of charge separation
and transportation process in photocatalyst
for hydrogen evolution and pollutant degradation

Charge separation and transportation in semiconductor
photocatalyst depends on the subjugation of the

recombination center of the excited charge carriers in response
to incident solar light radiation. Normally, traditional semicon-
ductors exhibit poor response to light radiation due to fast
recombination of charge carriers. Response to light can be
improved by developing a photocatalyst which has
heterostructure surface with a suitable potential energy barrier.
In the present study, GO was used to build Schottky barrier
that facilitate the electron restoration by providing chemically
active sites, where chemical changes can ensue due to low
activation energy barrier. Therefore, use of GO serve as a
support and/or anchored material for the immobilization of
TiO2 particles in addition to its activity towards inhibiting
further accretion of TiO2 upon material surface.

Figure 8 shows the photoluminescence emission spectra of
the composites. The PL intensity is related to the amount of
charge carriers (electron-hole pairs) recombination process. At
constant or common excitation irradiation, PL peak at 403 nm
which aroused from the recombination of photo-generated
electron-hole pairs. It may be noted that PL intensity of the
same peak in rGO–TiO2 noticeably decreases after bridging
TiO2 on the rGO surface, which could be attributed to the
transfer of electron from the TiO2 surface to the rGO surface
on account of their closely acquainted interfacial contact and
favorable energy level configuration. Further, the lesser emis-
sion intensity indicate that electron-hole pairs are trapped or
recombined via a radiation-less path or process, or transferred
at the particle surface. The above process can be expressed in
terms of photo-generated conduction band electrons in the
following manner:

Excitedelectron = Trapelectron + Nelectron + Relectron +
Tranelectron.

The above equation represents that the electrons which are
primarily get excited after they trapped at defect sites (trap),
recombined via a non-radiative (N) pathway, recombined (R)
with PL (rad), or transferred at the interface. The maximum
photo–catalytic activity results from the ratio of the transfer
electron to the excited electron. Therefore, higher photocata-
lytic activity is related to poorer emission intensity, only if, the
sum of the trapped electron and the non-radiative electron
remains relatively constant. But, the higher graphene contents
TiO2 materials could be an exclusion to the above assumption
even though having poorer emission intensity. This implies
that the trapped electron and the non-radiative electron is
higher in other materials than the rGO(1 wt%)–TiO2 because
it could show the presence of a larger number of defect sites
that enhances the trapped electron and the non-radiative elec-
tron as confirmed by increasing the defect (D) band in Raman
spectra. This is also observed in UV–Vis spectra in terms of
enhancement in absorption intensity (Fig. 7a). The process
resulted in delaying the recombination of the reactive elec-
trons and holes lifetime, thus increasing the photocatalytic
activity of the material. The suppression of charge recombi-
nation and enhancement of electron acceptance and

Fig. 12 Photocatalytic water splitting in presence of photocatalysts
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transportation is further confirmed by study of EIS of the
material through reduction in the charge transfer resistance
in rGO–TiO2 interface layer (Fig. 9). The proposed mecha-
nism of photocatalysis for H2 generation and MB degradation
using rGO–TiO2 composite is presented in Scheme 2.

In this context, it is understood that the hybridization of
rGO–TiO2 effectively lower the overall band gap (Fig. 7b)
in order to improve the light absorption capacity, which in turn
facilitate the creation of a large number of electron-hole pairs.
Using the band gap measurement, the EVB (valence band edge
potential) and ECB (conduction band edge potential) potential
of TiO2 nanoparticles and rGO were calculated using the fol-
lowing equations [46]:

EVB ¼ X−E0 þ 1

2
E g ð3Þ

ECB ¼ EVB−E g ð4Þ

where electronegativity (X) values of the TiO2 semiconductor
is 5.81 eV [46, 47]. The free electrons energy (EO) on the

hydrogen scale is 4.5 eV. The band gap (Eg) of TiO2 was
measured to be 3.12 eV. The ECB and EVB edges of TiO2

and rGO were estimated by using these values in the above
equations and the corresponding energy band diagram of
rGO–TiO2 heterostructure is shown in Scheme 2b. The study
suggests that the ECB and EVB edges of TiO2 are more nega-
tive and positive than rGO. Therefore, electrons inject from
the CB of TiO2 to rGO resulted in the separation of electrons
and holes, because graphene can act as a trapper for the photo-
generated electron due to the much lower Fermi energy of
graphene than the ECB of TiO2. Therefore, the excited elec-
trons can be stored in the graphene nanosheetsπ–π network in
the composites that helps in retarding the electron-hole pairs
recombination on TiO2 surface. This process could facilitate
effective interface charge separation and, therefore, deters
charge carrier recombination process. The electron transfer
process between TiO2 and graphene nanosheets can be
expressed as

TiO2 þ hv→e− CB;TiO2ð Þ þ hþ VB;TiO2ð Þ
Grapheneþ e− CB;TiO2ð Þ→e− Grapheneð Þ þ TiO2

Scheme 2 Schematic illustrations of (a) the formation of Ti–O–C bond in
the separation-free rGO–TiO2 catalyst and the photocatalytic process, (b)
energy band diagram of TiO2 and rGO, charge transfer for (c)

photocatalytic H2 production on rGO-TiO2, and (d) photocatalytic meth-
ylene blue dye degradation
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It may be noted that electrons can efficiently reduce protons
to molecular hydrogen (H2) at the surface of rGO, and photo-
generated holes get scavenged by methanol solution at the
TiO2 surface which is demonstrated in Scheme 2c.

Furthermore, the pathway of the decomposition of the dye
in the presence of photocatalyst is presented in Scheme 2d. It
shows that the degradation proceeds through three different
modes, i.e., excitation/sensitization followed by transportation
and degradation process. The self-sensitization of MB mole-
cule upon the surface of catalyst happens due to transfer of
electrons from TiO2 to rGO. The transported electrons further
interacts with the dissolved oxygen to generate the reactive
oxygen radical anion (•O2

−), and the highly unstable reactive
species in aqueous solution can be converted to hydroxyl rad-
ical (OH•) species. The hydroxyl radical facilitates degrada-
tion of MB dye under illumination/radiation.

5 Conclusions

In the present study, a series of rGO–TiO2 heterostructured
nanocomposites were synthesized and studied for their en-
hanced photocatalytic activities for the production of H2 as
well as for the degradation of methylene blue dye. The en-
hanced photocatalytic activities of the materials were attribut-
ed to the promotion of charge separation. Quenching of the
emission spectra in the presence of rGO indicate the ability of
rGO to delay the recombination of photo-excited charge car-
riers. Composite material with TiO2 and GO content (from 0.5
to 1 wt%) facilitate enhanced H2 production, i.e., from 190 to
838 mmol. Enhanced GO loading, however, shows reduction
in the production of H2 which could be attributed to shielding
of active sites of TiO2. rGO(1 wt%)–TiO2 effectively maxi-
mize hydrogen production rate to 168 μmol/h and MB degra-
dation to 0.07622/min. The study indicates that TiO2–rGO
could efficiently inhibit the recombination center of electron-
hole pairs of semiconductors.
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