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Highly monodispersed nitrogen doped TiO2 nanoparticles were successfully deposited on graphene (N-TiO2/Gr) by facile in-situ wet
10

chemical method for the first time. N-TiO2/Gr has been further used for the photocatalytic hydrogen production using naturally occurring
abundant source of energy i.e. solar light. The N-TiO2/Gr nanocomposite composition was optimized by varying the concentrations of
dopant nitrogen and graphene (using various concentration of graphene) for utmost hydrogen production. The structural, optical and
morphological aspects of nanocomposites were studied using XRD, UV-DRS, Raman, XPS, FESEM, and TEM. The structural study of
nanocomposite shows existence of anatase N-TiO2. Further, the details of the components present in the composition were confirmed

15

with Raman and XPS. The morphological study shows very tiny, 7-10 nm sized N-TiO2 nanoparticles are deposited on graphene sheet.
The optical study reveals drastic change in absorption edge (3.19-2.41 eV) and consequent total absorption due to nitrogen doping and
presence of graphene. Considering the extended absorption edge to visible region, further these nanocomposites were used as a
photocatalyst to transform hazardous H2S waste into eco-friendly hydrogen using solar light. The N-TiO2/Gr nanocomposite with 2%
graphene exhibits enhanced photocatalytic stable hydrogen production i.e. ~5941 µmole h-1 under solar light irradiation using just 0.2 gm

20

nanocomposite, which is much higher as compared to P25, undoped TiO2 and TiO2/Gr nanocomposite. The enhancement in the
photocatalytic activity is attributed to ‘N’ doping as well as high specific surface area and charge carrier ability of graphene. The
recycling of the photocatalyst shows the good stability of the nanocomposites. This work may provide new insights to design other
semiconductor deposited graphene novel nanocomposite as a visible light active photocatalyst.

25

1 Introduction
With the global depletion of fossil-based energy

40

as a preferred topic of research at present. Toxic H2S gas is

resources, naturally occurring abundant source i.e. solar light has

available abundantly as a waste from coal and petroleum

been considered to be a promising route to generate alternative

industries, natural gas, oil wells and geothermal plants.3 H2S can

source of energy for production of hydrogen.1,2 Thus, the
30

be effectively decomposed by photocatalytic process under solar

hydrogen is produced via H2O or H2S splitting using various
semiconductor photocatalysts. It would be important to point out

45

energy but also clean up the environment.

by photocatalysis or by electrolytic process. In the electrolytic

It is quite understood that solar light driven

process, some electrical energy inputs are necessary to generate

photocatalysis by semiconductor has immense importance in the

H2. As against this, H2S splitting utilizes solar energy which
otherwise is not being used creatively as proposed in the present
work. Therefore, saving of energy and offering alternative energy

light irradiation to produce hydrogen, a clean fuel. Therefore, H2S
splitting will not only effectively harness the abundant solar

that H2 generation can also be achieved by H2O splitting; either

35

source makes H2S splitting to generate H2 has significance and

50

area of water purification and catalysis. Among various
semiconductor photocatalysts such as TiO2, ZnO, CdS, MoS24,
titania has attracted much attention due to its fascinating
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remarkable properties specifically, superior mechanical strength,
45

5

5

chemical corrosions. The band gap of TiO2 is 3.2 eV and hence

and large specific surface area .13-16 These outstanding features

not effective for visible light driven photocatalysis. Therefore,

attracted graphene to be utilized as a promising support material

using pure TiO2, the solar energy conversion would be

to disperse and stabilize N-TiO2 nanoparticles which in turn

unreasonable. Additionally, fast recombination rate of the photo-

enhance the photocatalytic hydrogen production by water

induced electron–hole pairs in pure TiO2 reduces the efficiency of

10

50

photocatalytic properties of N-TiO2/Gr composite is the

practical applications. Hence, many researchers tried to dope

interfacial contact between the graphene sheet and N-TiO2

TiO2 with transition metals and investigated photocatalytic

nanoparticles. Although, there are many reports on TiO2/ Gr
composite as photocatalyst18 many of these associated to dye

activity. However, it is found that such doping created a number
of defect-states which act as the recombination centers of

55

light by photocatalysis or electro-catalysis through water/H2S

for the photocatalysis process. Therefore, creating suitable defect

splitting need more specific parameters as compared to dye

states that would be favorable in three different ways, namely, 1)

degradation. Therefore the comparison of these works would be

and 3) improving overall photocatalytic reaction by facilitating

superfluous. The present study reports the use of TiO2/Gr
60

problem. Considering the drawbacks of metal doping, anionic

To the best of our knowledge, there are few reports on

doping in TiO2 has received much attention. The anionic doping

N-TiO2/Gr composites used for photocatalytic and other

is expected to tune the band gap of TiO2 well within the visible

applications. Shengang Xu and Shaokui Cao17 synthesized

region of solar spectrum, which enhances the absorption in

charge carriers. Additionally, it is reported that ‘p’ orbitals of

water splitting. N. R. Khalid and Zhanglian Hong19 prepared

these dopants significantly overlap with the valence band O2p

nitrogen doped TiO2 nanoparticles decorated on graphene sheets

orbitals in TiO2 which suppress the recombination of charge

by low temperature hydrothermal method for methyl orange dye
70

degradation. Jingquan Liu, Dongjiang Yang and Ziyang Huo20

activity.7 Nevertheless, still the progress in enhancing quantum

prepared nitrogen doped TiO2/Gr nanohybrids for dye-sensitized

yield and suppression of recombination of photogenerated

solar cell (DSSC). Considering the very limited study on N-

8

electron–hole pairs is not satisfactory. Another common method

TiO2/Gr composites synthesis and its applications for hydrogen

for enhancing the photocatalytic efficiency of TiO2 is by

production in general and by H2S splitting in particular, we have
75

attempted

an

in-situ

preparation

of

N-TiO2

graphene

of achieving this is by confining the particle growth process in

nanocomposite and its photocatalytic application for hydrogen

the pores or at the interface of co-adsorbents such as mesoporous

production under solar light.

materials,

zeolites,

alumina,

carbonaceous materials.

9

silica

or

carbon-based

or

In the present investigation, in-situ preparation of

Such immobilization increases the

deposition of highly mono-dispersed tiny nanoparticles of N-

surface area available for the catalytic process. Among these,

40

nanocomposites of graphene oxide with nitrogen doped TiO2 via
hydrothermal method for photocatalytic hydrogen production by

preventing the agglomeration of catalyst nanoparticles. A method

35

65

visible light and consequently producing maximum number of

carriers (electron-holes) and enhancing the photocatalytic

30

composite as a solar light photocatalyst for H2 production through
H2S splitting.

charge carrier-substrate interaction which is a challenging

25

degradation using UV/Vis light. H2 generation using UV/Vis

photogenerated electrons and holes which becomes detrimental

enhancing visible light absorption 2) improving charge separation

20

splitting.17 One of the most critical parameters that affect the

the photocatalytic reactions significantly, thus limiting its

6

15

excellent mobility of charge carriers, high thermal conductivity

80

TiO2 on multi-layer of graphene sheets using facile wet chemical

carbonaceous materials are of great interest due to their unique

method has been demonstrated which is hitherto unattemped.

pore structure, electronic properties, absorption capacity and

The structural and optical properties of these nanostructures have

charge carrier mobility. These materials include carbon

been

nanotubes, activated carbon and graphene.

10-12

As it is well known that graphene is an attractive and
significant material due to its two-dimensional nanostructure with
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studied

thoroughly.

The

prepared

N-TiO2/Gr

nanocomposites showed wider spectral response and higher
85

photocatalytic activity in the visible-light region than P25,
undoped TiO2 and TiO2/Gr composite. We are reporting for the

This journal is © The Royal Society of Chemistry [year]
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first time the enhanced photocatalytic activity of N-TiO2/Gr
composites for photodecomposition of H2S under solar light

GO (with 2% loading) in absolute ethanol (without any additives,
45

i.e. urea) at 150oC to obtained the intermediate product which
was further annealed at 300oC for 3h and denoted as T3. The

illumination for hydrogen generation.

other products with dopants and graphene composites with 0.5%,
5

1% and 2% loading of GO were annealed at 300oC for 3h and

2 Exprimental part

denoted as T4, T5 and T6, respectively. After annealing, all the

Preparation of Graphene oxide (GO)
Graphene oxide was prepared from graphite powder (99.99% S d

50

samples were washed with copious amounts of hot distilled water
until all chlorine is removed and these products were then

fine) by a Hummers and Offeman method.21

subjected to XRD, UV-DRS, Raman, XPS, FTIR, FESEM, TEM
and BET, PL analysis for their characterization.

Preparation of Nitrogen doped TiO2/graphene (N-TiO2/Gr)
N-TiO2/Gr was prepared by using a simple wet chemical method.
Analytical grade Titanium tetrachloride (TiCl4), urea and absolute

55

The cylindrical quartz photochemical reactor was filled with 200

ethanol were purchased from the local chemical manufacturer

ml 0.25 M aqueous KOH and purged with argon for 1 h.

(Qualigene chemicals) and used as received. In a typical
15

Hydrogen sulphide (H2S) was bubbled through the solution for

synthesis, the as prepared GO, (0.5%, 1%, 2% and 4%) was

about 1 h at the rate of 2.5 ml min−1 at 299 K. Undoped TiO2, N-

dispersed in a absolute ethanol and ultrasonicated for half an hour
[Solution A]. A solution of 0.05 mole of TiCl4 and 0.2 mole urea

60

LOT ORIEL GRUPPE, EUROPA, LSH302) with constant

constant stirring until a homogeneous solution was achieved

stirring. The escaped hydrogen sulfide was trapped in a NaOH

[solution B]. Then, solution B was slowly added into solution A

solution. The amount of hydrogen gas evolved was collected in a

with constant stirring. The stirring was continued for additional
half an hour. This final solution was then kept in oven at 150oC to

65

Shimadzu GC-14B, MS-5 Å column, TCD, Ar carrier). All the

complex, which was found to be hygroscopic. The hygroscopic

samples (T1–T6) were tested for their catalytic activity under

product was preserved in a desiccator and then further subdivided

identical conditions. In an experiment, a composite was tested as

for heat treatment at 300oC, 400oC, 500oC and 600oC for 3h to
obtain the desired products, which were no longer hygroscopic.

70

Simulteneously, undoped TiO2, N-TiO2 and TiO2-Gr were

The crystalline phases and the crystallite size of the photocatalyst

undoped TiO2 was synthesized by preparing a solution of 0.05

was identified using an X-ray powder diffraction (XRD)

mole TiCl4 in absolute ethanol (without any additives like urea)
followed by heating it at 150oC to obtained the product which

75

studied using an UV-visible-near infrared spectrometer (UV-VIS-

synthesized N-TiO2 samples using different TiCl4:urea ratios i.e.

NIR, Perkin Elmer Lambda-950). Room temperature micro

1:2, 1:4 and 1:6 (w/w) were also prepared and the better results

Raman scattering (RS) was performed using a HR 800-Raman

are obtained for 1:4 ratio. The N-TiO2 was prepared by heat
treating homogeneous 0.05 mole TiCl4 and 0.2 mole urea (1:4

80

cooled CCD camera to collect and process the scattered data. The

obtained an intermediate product (Ti-urea complex) which was

nature of chemical bonds formed in N-TiO2 and reduction of GO

further annealed at 300oC, 400oC and 500oC for 3h. The product

to

annealed at 300oC is named as T2. We discuss the results of the
final product i.e. N-TiO2/Gr with that of T2. The TiO2/Gr sample
was prepared by heat treating 0.05 mole TiCl4 and as prepared
This journal is © The Royal Society of Chemistry [year]

Spectroscopy, Horiba Jobin Yvon, France, with an excitation at
632.81 nm by a coherent He–Ne ion laser and a liquid nitrogen

w/w of TiCl4:urea) solution in absolute ethanol at 150oC to

40

technique (XRD-D8, Advance, Bruker-AXS) with Cu Kα
radiation. The optical properties of the powder samples were

was further annealed at 300oC for 3h and denoted as T1. We

35

a catalyst for a continuous period of 420 minutes (7 hrs.).

Characterization

prepared for comparison, following the same procedure. The
30

graduated cylinder and measured. The evolved hydrogen was
then analyzed for its purity using a gas chromatograph (Model

obtained the black product i.e Ti-urea-graphene intermediate

25

TiO2, TiO2/Gr and N-TiO2/Gr (0.2 g) was introduced into the
reactor and irradiated with a solar light source Xe-lamp (300 W,

(1:4 w/w of TiCl4:urea) was prepared in absolute ethanol with

20

Photodecomposition of H2S

85

graphene

were

examined

using

X-ray

photoelectron

spectroscopy (XPS, ESCA-3000, VG Scientific Ltd, England)
with a base pressure greater than 1.0 × 10−9 Pa and Mg Kα
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radiation (1253.6 eV) was used as an X-ray source operated at

Fig. 1 shows the XRD pattern for the N-TiO2/Gr nanocomposites

150 W. FTIR spectra's were recorded with a Nicolet Magna 550

(T4-T6) synthesized with different content of graphene which is

spectrometer. The morphologies of the N-TiO2/ Gr composites

compared with the N-TiO2 (T2), TiO2/Gr (T3) and TiO2 (T1).

nanostructures were characterized by field emission scanning

The peaks observed at 25.3o, 37.8o, 48.0o, 55.1o, 62.7o, 70.3o and

electron microscopy (FESEM, Hitachi, S-4800) and high

30

resolution transmission electron microscopy (HRTEM, JEOL,

(215) planes respectively, clearly reveals the formation of anatase

2010F). For HRTEM studies, samples were prepared by

(JCPDS no. 21-1272) crystallites. No peaks were observed for

dispersing the powder in acetone, followed by sonication in an

carbon species (multi-layer graphene) in the composite samples

ultrasonic bath for 2 min and then drop-casting the dispersion on

T3-T6, which may be due to low amount of graphene.22 Further,

a carbon coated copper grid and by subsequent drying in a

35

observation indicates that the full width at half maximum

vacuum. The Brunauer-Emmett-Teller (BET) specific surface

(FWHM) is more for the anatase peaks of N-TiO2 (T2) which is

area (SBET) of the powders was analyzed by nitrogen adsorption

attributed to the induction of nitrogen into the TiO2 lattice. In

in a Micro-meritics ASAP 2020 nitrogen adsorption apparatus

case of samples (T3-T6), the presence of increasing amount of

o

(U.S.). All of the prepared samples were degassed at 180 C prior
15

75.0o are indexed as (101), (004), (200), (211), (204), (220) and

to nitrogen adsorption measurements. Photoluminecence (PL)
emission

spectra

were

recorded

graphene may play an additional role in restricting the degree of
40

using

crystallization.23 Further, the existence of graphene and its
consequential effects is supported by Raman and XPS analysis.

HORIBAJOBINYVON, F-3 Fluorescence spectrophotometer.

Generally, the overall photocatalytic activity of a
semiconductor is mainly related to the optical absorption ability
in

3 Results and discussion
45

the

desired

spectral

region,

efficient

separation

of

photogenerated electrons, holes and fast transport of the
photogenerated electrons and holes to the surface which
ultimately decreases the recombination.
Fig. 2 shows the UV-Vis diffuse reflectance spectra
(UV-DRS) of undoped TiO2 (T1), N-TiO2 (T2), TiO2/Gr (T3) and

50

N-TiO2/Gr (T4-T6) composite catalysts. The spectra shows the
absorption edge at 388 nm (3.19 eV) for undoped TiO2 (T1) as
commonly observed for anatase TiO2. The band gap energies of
samples T2-T6 were determined to be 2.93 (423 nm), 2.60 (476
nm), 2.56 (485 nm), 2.53 (490 nm), 2.41 (515 nm) eV,

55

respectively. The optical absorption shows a red-shift with the
incorporation of ‘N’ dopant.24 In addition, the extended visible
light absorption edge was observed with increasing the graphene
content in composite samples.24a It is obvious that N-TiO2/Gr
shows much stronger absorption of visible light than TiO2/Gr

60

composite. When ‘N’ was introduced into TiO2/Gr composite, the
absorption edge of T6 sample is extended to 515 nm (2.41eV).25
These observations are comparable to TiO2-CNT and C-doped
TiO2.26 Also, it is reported that “black” TiO2 with defect structure

20

25

Fig. 1 XRD spectrum of samples (a) undoped TiO2 (T1) treated at
300oC for 3h (b) N-TiO2 treated at 300oC for 3h (T2) (c) TiO2/Gr
composite with 2% loading which treated at 300oC for 3h (T3)
and N-TiO2/Gr composites treated at 300oC for 3h with different
GO loading (d) 0.5% (T4), (e) 1% (T5) and (f) 2% (T6)

4 | Journal Name, [year], [vol], 00–00

shows absorption in visible region. Additionally, the extension of
65

the absorption edge to the visible region may also be due to ‘O’
deficiencies occurred during in-situ preparation where carbon
may be acting as a reducing agent at high temperatures.27

This journal is © The Royal Society of Chemistry [year]
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3h with different GO loading (d) 0.5% (T4), (e) 1% (T5) and (f)
2% (T6). (B) shows the magnified range from 1100-2000 cm-1.
(C) shows the magnified range from 2000-3000 cm-1.
Fig. 3(A) shows a comparison of the Raman spectra of
undoped TiO2 (T1), N-TiO2 (T2), TiO2/Gr (T3) and N-TiO2/Gr

20

(T4-T6) samples (composites). In case of GO (Fig. S1), Raman
spectrum shows two typical bands located at 1325 and 1591 cm−1,
which correspond to disordered sp2 carbon (D-band) and well
ordered graphite carbon structures (G-band), respectively.28 As

25

512, and 635 cm−1 which correspond to the Eg (1), B1g(1),
A1g+B1g(2) and Eg(2) modes of anatase, respectively.28b, 29 For
the N-TiO2 (T2), TiO2/Gr (T3) and N-TiO2/Gr (T4-T6)

5

Fig. 2 UV-DRS spectra of samples (a) undoped TiO2 (T1) treated
at 300oC for 3h (b) N-TiO2 treated at 300oC for 3h (T2) (c)
TiO2/Gr composite with 2% loading which treated at 300oC for
3h (T3) and N-TiO2/Gr composites treated at 300oC for 3h with
different GO loading (d) 0.5% (T4), (e) 1% (T5) and (f) 2% (T6)

composites, all the above mentioned Raman bands for anatase are
observed. Additionally, for samples T3-T6, Raman spectrum
30

shows the presence of D (1325 cm-1) and G (1603 cm-1) bands of
graphene, indicating successful incorporation of graphene in the

Raman spectroscopy is one of the most useful

composites TiO2/Gr (T3) and N-TiO2/Gr (T4-T6) respectively.

techniques for analyzing the ordered/disordered crystalline

Fig. 3(B) shows the Raman spectrum of the undoped TiO2 (T1),

structures of carbonaceous and titanium oxide-based materials.

N-TiO2
35

(T2),

TiO2/Gr

(T3)

and

N-TiO2/Gr

(T4-T6)

nanocomposites exclusively in the range of 1100-2000 cm-1. It
can be clearly seen that two prominent peaks centered at about
1325 cm-1 (D band) and 1603 cm-1 (G band) suggesting that the
structure of graphene is maintained in the composite. In addition,
the G band for samples (T3-T6) is broadened and red shifted to

40

1603 cm-1 after the reduction of graphene oxide (1591 cm-1). This
can be understood by considering Ti-O-C bond formation which
implies a close interaction between TiO2 and graphene,30 and
highlighting a real integration across the interface between
graphene and anatase TiO2.
Generally, 2D peak of Raman spectrum, observed at

45

~2700 cm-1, is a reliable test to confirm the presence of a
monolayer or few layer graphene31. Therefore, we tried to find
the presence of 2D peak in the expanded range of 2000-3000 cm-1
Fig. 3(C) shows the Raman spectrum of the undoped TiO2 (T1),
50

N-TiO2

(T2),

TiO2/Gr

(T3)

and

N-TiO2/Gr

(T4-T6)

-1

nanocomposites in the range of 2000-3000 cm . 2D peak is not
observed in the expanded range also. It is known that with
increasing number of layers of graphene, 2D peak becomes
broader and less intense. Beyond 5-6 layers of graphene, 2D peak
10

55

Fig. 3(A, B, C) Raman spectrum of samples (a) undoped TiO2
(T1) treated at 300oC for 3h (b) N-TiO2 treated at 300oC for 3h
(T2) (c) TiO2/Gr composite with 2% loading which treated at
300oC for 3h (T3) and N-TiO2/Gr composites treated at 300oC for
This journal is © The Royal Society of Chemistry [year]

is not observed. In these cases, it is reported that increased D/G
intensity ratio as compared to that of GO is an indicator of the
presence of graphene.32
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A further observation reveals that the samples T3 and

suggests that GO has been converted to graphene. Furthermore,

T4-T6 composite show an increased D/G intensity ratio 1.17 and

the band located at 283.6 eV can be assigned to the presence of

1.1, 1.23, 1.78 respectively in comparison to that of GO (0.93)

peak deconvolution of the Ti(2p) core level, as investigated in the

the sp2 domains and enhancement in the number of defects

Fig. 4 b shows the N(1s) core level spectrum where the peak at

during reduction of the exfoliated GO to graphene in the

397.5 eV can be attributed to the anionic N in O-Ti-N linkage37

33

‘N’ doping in TiO2, the Raman spectra

shows a shift in the TiO2 peak to the higher wavenumbers i.e.
-1

from 140 to 154 cm

while a peaks at 400.4 and 401.9 eV are ascribed to the
40

molecularly chemisorbed γ-N2 and N-Ox surface species
respectively.38 These peaks clearly indicate that nitrogen was

for samples T2, T4-T6 indicating an

increase in the surface oxygen vacancies.34

interstitially/substitutionally doped into TiO2 lattice.39 Fig. 4 c

X-ray photoelectron spectroscopy (XPS) measurements

shows O(1s) narrow scan spectrum. The peaks around 530.6 eV

were performed to further investigate the chemical changes that

and 532.2 eV are attributed to the Ti-O-Ti i.e. lattice oxygen and

occurred on the surface during composite formation by

15

the Ti-C bond.36 Formation of the Ti-C bond can be shown by

(Fig. S1). This change suggests decrease in the average size of

synthesis process.28b,

10

35

45

Ti-OH adsorbed on the sample surface, respectively.40 As for Ti

monitoring the signals of N, Ti, O and C to elucidate the

2p (Fig. 4d) core level photoelectron spectrum, the peaks located

interaction between graphene, TiO2 and N-TiO2 nanoparticles.

at 458.4 eV and 464.2 eV are assigned to Ti (2p3/2) and Ti
(2p1/2), respectively.41 The splitting between the two peaks is 5.8
eV, indicating predominant formation of Ti4+ chemical state in
50

the N-TiO2/Gr composite. Furthermore, there are two other
deconvoluted peaks at binding energies of 457.6 and 463.1 eV
relating to the Ti (2p3/2) and Ti (2p1/2), respectively. These two
peaks can be assigned to the presence of Ti3+ chemical state in
addition to the Ti4+ .42 The peak deconvolution of the Ti (2p) core

55

level indicated two other peaks centered at 465.9 and 460.3 eV
(relating to the Ti (2p1/2) and Ti(2p3/2) peaks) confirms the
formation of Ti-C bond.36 It should be noted that, the XPS results
also suggest the presence of Ti-O-C bonds in the N-TiO2/Gr
composite. Since graphene sheets are excellent electron

60

Fig. 4 XPS patterns of N-TiO2/Gr composite with 2% GO
loading synthesized at 300oC for 3h (T6) (a) C(1s), (b) N(1s), (c)
O(1s), (d)Ti(2p).
20

25

channels in electron transferring from the photoexcited N-TiO2
into the graphene sheets. Based on the peak areas of the Ti(2p),
C(1s) and O(1s) core levels, the Ti/C and O/C atomic ratio

Fig. 4 shows the high resolution XPS spectra for C (1s),
N (1s), O (1s) and Ti (2P) core levels of the N-TiO2/Gr

acceptors, the Ti-C and Ti-O-C bonds can act as effective

obtained in the N-TiO2/Gr (T6) composite was around 0.20 and
65

0.98, respectively which is compared with the literature.43 The

composite. The XPS spectrum of C1S from GO (Fig. S2) is

presence of small amount of hydrophilic groups on the surface of

deconvoluted into three peaks which are ascribed to the following

graphene, such as hydroxyl and carboxyl groups, can enhance the

functional groups: Sp2 bonded carbon (C-C, 284.8 eV),

photocatalytic activity.44

epoxyl/hydroxyls (C-O, 286 eV), carbonyls (C=O, 287.8 eV).35
While the first peak indicates the presence of 2D carbon
structure, the latter two peaks indicate the presence of high
percentage

of

oxygen-containing

functional

groups.

The reduction of oxigen-containg groups in GO and
70

interaction between the TiO2 and graphene during the synthesis
process was also shown by FTIR spectroscopy.

In

comparison, the XPS spectrum of C(1s) from N-TiO2/Gr (Fig. 4a)
30

shows that the peak intensity for oxygen containing functional
groups substantially lowered as compared to the intensity for
oxygen containing functional groups in the spectrum of GO,
6 | Journal Name, [year], [vol], 00–00
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Fig. S3 (a, b) shows the FESEM image of GO with
smooth surface. Fig S3 (c, d) shows the FESEM image of
40

undoped TiO2 (T1) with size 30-150 nm and Fig. S3 (d, e) shows
the tiny nanoparticles of N-TiO2 (T2). TiO2/Gr composite (T3)
sample (Fig. 6 a, b) shows the TiO2 nanoparticles with size ~10
nm are well dispersed on graphene sheet. The important
observations are 1) pure TiO2 particle size is largest among the

It could be seen that the initial GO (Fig. 5 A) displayed several

45

lowered, 3) with the inclusion of graphene in the composite,
particle size is ~7-10 nm, 4) the particles on multi-layers of
graphene sheets are well dispersed and remain firmly adhered to
it. Fig. 6 c-h shows that the N-TiO2/Gr composite with increasing
50

10

IR absorption at 1725 cm

T3-T6 are shown in inset Fig. 6 (b, d, f, h) which clearly shows

could be attributed to the C=O
-1

-1

that ~7-10 nm N-TiO2 nanoparticles confirms the same

stretching vibration. The peak at around 962 cm , 1059 cm ,
-1

1250 cm

observation. The absence of any agglomeration suggests that such

orresponds to the epoxy stretching, alkoxy C-O

stretching and C-O-C stretching peaks, respectively.44,

45

The

55

-1

process is prevented by firm bonding of N-TiO2 particles to
graphene. This intimate interaction becomes important to

broad band at 1560 cm can be assigned to in-plane vibrations of
15

percentage of graphene (T4-T6) shows well dispersed N-TiO2
nanoparticles on graphene sheet. The cross section of samples

characteristic absorption bands of oxygen containing groups. The
-1

composites, 2) during the process of doping, particle size is

2

aromatic C=C Sp hybridized carbons. As against the evidencce

facilitate photogenerated electron to get transferred from TiO2 or

of these oxygen-containing groups of GO, the absence/ negligibly

N-TiO2 nanoparticles to graphene sheets during the photo-

small intensity of bands of oxygen containing functional groups

excitation process which will be discussed later.

(C-O, C-O-C) in samples (T3-T6) was noteworthy (Fig. 5B).

45b

60

Of course T1 and T2 samples show pressnce of sharp Ti-O-Ti
20

bands in their IR studies at 650 cm-1. obviously, oxygen
containing groups mentioned above must have reacted with the
species which are in close contact with GO, namely Ti. However,
the broadening of Ti-O-Ti peak suggests the presence of a peak
due to Ti-O-C bond. Thus, Ti-O-Ti bonding is well understood.

25

However, it is reported that Ti-O-C bond also forms during the
low temperature synthesis at 200oC which is lower than the
processing temperature in present procedure.46 However, separate
existance of Ti-O-C bond is not reflected in FTIR spectra which
is reported to appear at 798 cm-1. Thus, broad bands due to Ti-O-

30

Ti and Ti-O-C overlap and do not show their separate existance.
The existance of Ti-O-C bonds suggests the chemical bonds were
firmly built between graphene and N-TiO2 nanostructures47
which is supported by the XPS study.
The morphology and microstructure of the GO,

35

undoped TiO2 (T1), N-TiO2 (T2), TiO2/Gr (T3) and N-TiO2/Gr
(T4-T6) samples were investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).

This journal is © The Royal Society of Chemistry [year]
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Fig. 5(A, B) FTIR spectra of samples (A) GO, (B) (a) undoped
TiO2 (T1) treated at 300oC for 3h (b) N-TiO2 treated at 300oC for
3h (T2) (c) TiO2/Gr composite with 2% loading which treated at
300oC for 3h (T3) and N-TiO2/Gr composites treated at 300oC for
3h with different GO loading (d) 0.5% (T4), (e) 1% (T5) and (f)
2% (T6).
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Fig. 7 TEM of N-TiO2 which treated at 300oC for 3h (T2)
The TEM images (Fig. 7 a, b) we observed ~ 5-10 nm sized
nanoparticles. The HRTEM image (Fig. 7c) shows clear lattice
fringes of N-TiO2 nanoparticles with 'd' spacing of ca. 0.355 nm
15

which corresponds to (101) lattice plane of the anatase TiO2. The
electron diffraction (Fig. 7d) shows (004), (101) and (200) planes
of the anatase TiO2.

5

Fig. 6 FESEM of samples (a,b) TiO2/Gr composite with 2%
loading which treated at 300oC for 3h (T3) and N-TiO2/Gr
composites treated at 300oC for 3h with different GO loading
(c,d) 0.5% (T4), (e,f) 1% (T5) and (g,h) 2% (T6).
The microstructure of N-TiO2 (T2) and N-TiO2/Gr (T6)
samples was further studied by TEM and HRTEM. Fig. 7 shows
the TEM images of the N-TiO2 (T2) and Fig.8 shows the typical
TEM images of N-TiO2/Gr (T6) sample.

20

Fig. 8 TEM of N-TiO2/Gr composite with 2% GO loading which
treated at 300oC for 3h (T6)
A

large

number

of

monodispersed

N-TiO2

nanoparticles with an average size of 7-10 nm were observed on
the graphene sheet (Fig 8 a, b). This can be attributed to the
interaction between the hydrophilic functional groups (e.g. -OH, 25

8 | Journal Name, [year], [vol], 00–00
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HRTEM image (Fig. 8c) shows clear lattice fringes of individual

moisture facilitates the reactions mentioned above (formation of

N-TiO2 particle with ‘d’ spacing of ca. 0.357 nm which

Ti(OH)4). Simultaneously, a complex consisting of Ti containing

corresponds to (101) lattice planes of the anatase TiO2. The

species and urea based species decompose to form TiO2 on

selected area electron diffraction (SAED) pattern (Fig. 8d)

subsequent heating at temperatures >150o C. However, nitrogen

indicates that the composite consists of crystalline phases. The

40

three inside diffraction spots are assigned correspond to the (004),

complexes. Concomitantly, surrounding gaseous medium of

(200) and (204) planes of the anatase TiO2. These observations

ammonia also may contribute for nitrogen to be a part of

are in close agreement with the XRD results (Fig.1).

TiO2 lattice leading to the formation of N-TiO2 nuclei (Fig. 9g).

The substantial role of graphene sheets in the
10

species from urea is in close proximity to Ti species in the said

formation mechanism of the N-TiO2/Gr nanocomposite is

In absence of urea, obviously, only TiO2 nuclei are formed (Fig.
45

9f). Thus, the TiO2 or N-TiO2 nuclei are formed on graphene and
as the reaction continue to 300oC, the TiO2 or N-TiO2 nuclei

illustrated in four steps in Fig. 9.

grow which suppress agglomeration (Fig. 9h, i).
N-TiO2 nanocrystals anchored on the surface of graphene
sheets look like a thin film and have a larger surface area. This
50

can offer more active adsorption sites and photocatalytic reaction
centers. Therefore, it is expected to offer an enhanced
photocatalytic activity.
The effect of graphene on the BET surface area of the as
prepared composite samples was also investigated. As shown in

55

Table 1, N-TiO2/Gr composite samples (T4-T6) show higher
BET surface area (207.53 - 219.98 m2g-1) than undoped
TiO2 (T1) (109.75 m2g-1), N-TiO2 (T2) (157.70 m2g-1) and

Fig. 9 Schematic representation of formation mechanism of
TiO2/Gr and N-TiO2/Gr composites

TiO2/Gr (T3) (118.89 m2g-1). In the composite samples, BET

15

surface area (SBET) increases with the increase of graphene

Briefly, GO is prepared using the Hummer’s method via pristine
graphite (Fig. 9b) and titanium tetrachloride were mixed in an

60

samples.50 The planar density of graphene is 0.77 mg cm-2, and

absolute ethanol solvent for the formation of TiO2/Gr composite

the density of TiO2 is 4.26 g cm-3. Therefore, the average

(T3). For the synthesis of N-TiO2/Gr composites (T4-T6), the GO
20

densities of composite samples decrease with increasing graphene

prepared using the Hummer’s method and titanium tetrachloride

content, resulting in the increase of the BET surface area.

along with urea were mixed in an absolute ethanol solvent.
During ultrasonic pretreatment, (Fig. 9c) strong van der Waals

65

would have agglomerated with a rise in density and lowered

separation of GO sheets. Simultaneously, titanium tetrachloride

specific surface area for reaction to occur. This process is

and urea which are present in the same solvent interact with

completely circumvented by graphene, making greater specific

oxygen containing species of GO, and the resulting complex
species gets anchored on oxygen site of GO possibly through

70

any of the charge carriers is transported away from the

to graphene by ammonia released from urea at moderately high

photoactive material. Graphene’s high electronic conductivity

temperatures.49 Further, raising the temperature, titanium

suits for this process leading to an enhancement of the

tetrachloride reacts with urea and form Ti(OH)4 through
hydrolysis of Ti precursor by ammonia.
At the same time, urea and urea decomposed products
are formed along with Ti(OH)4 (Fig. 9d, e). Since, alcoholic
35

hygroscopic urea is the reaction medium, adsorbed atmospheric
This journal is © The Royal Society of Chemistry [year]

surface area. Another important feature of graphene is the
recombination of separated charge carriers can be suppressed if

hydrogen bonding or via chemisorptions.48 Also, GO is reduced

30

However, the catalytic reaction is expected to occur on
TiO2 particles only. In the absence of graphene, TiO2 particles

interactions among the GO layers is overcome which leads to the

25

content, which is associated with the average densities of

75

photocatalytic performance.51
photoluminescence (PL) spectra of semiconductors are
useful to investigate the migration, transfer and recombination
processes of photogenerated electron-hole pairs. The PL emission
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Table 1 shows the hydrogen evolution rate from the

mainly originates from the recombination of the excited electrons
and holes.

Page 10 of 15

52

photodecomposition of H2S using undoped TiO2 (T1), N-TiO2
35

(T2), TiO2/Gr (T3) and N-TiO2/Gr (T4-T6). Control experiments
indicated that no appreciable hydrogen is produced in the absence
of irradiation or photocatalyst samples, implying that hydrogen is
produced only through photocatalytic reaction. Sample P25 and
undoped TiO2 (T1) shows hydrogen evolution rate ~1583 µmole

40

h-1 and ~1910 µmole h-1 respectively, which is lower than the
other samples. N-TiO2/Gr (T6) shows highest hydrogen evolution
sample (without graphene) shows hydrogen evolution rate of
around ~ 4219 µmole h-1. Thus, it can be inferred that N doping

45

in TiO2 enhances hydrogen evolution rate by ~2.2 times. Further
improvement is observed by incorporating graphene in the
composition i.e. sample N-TiO2/Gr (T6) which is optimized for

5

Fig. 10 PL spectra of samples (a) undoped TiO2 (T1) treated at
300oC for 3h (b) N-TiO2 treated at 300oC for 3h (T2) (c) TiO2/Gr
composite with 2% loading which treated at 300oC for 3h (T3)
and N-TiO2/Gr composites treated at 300oC for 3h with different
GO loading (d) 0.5% (T4), (e) 1% (T5) and (f) 2% (T6)

graphene addition (Fig. S4), shows the enhanced hydrogen
evolution rate which is ~3.1 times that of undoped TiO2 (T1). It is
50

increasing graphene content (see Table 1).

production which is unfavorable beyond 2%. We suggest that

TiO2/Gr (T3) and N-TiO2/Gr (T4-T6) monitored at an excitation

active sites of N-TiO2 may get covered by excess graphene.

wavelength of 325 nm. One peak at around 435 nm was observed
for these samples, which is attributed to the recombination of

55

catalyst surface and also rapidly decrease the intensity of light

observed that the position of peak is at 435 nm for all composites.

through the depth of the reaction solution, thus resulting in the

The PL intensity of undoped TiO2 (T1) is the highest among all

decreased photoactivity.53

the samples indicates the high probability of electron and hole
recombination. The emission intensities were significantly

60

Because of the rapid recombination

between conduction band (CB) electrons and valence band (VB)
holes resulting in small number of “active” electrons/holes for the

weakened with N doping and graphene introduction, which

20

Indeed, it is also reported that the excessive addition of black
color graphene will lead to shielding of the active sites on the

holes and electrons in the valence band and conduction band. We

15

However, further

increasing the amount of graphene affects the hydrogen

Fig. 10 illustrates PL spectra of undoped TiO2 (T1), N-TiO2 (T2),
10

also observed that the hydrogen evolution increases with

implies that the recombination of charge carriers was effectively

desired reaction in case of N-TiO2. Hence, lower activity

decreased, since, carriers have an alternative path, for example

obtained in case of N-TiO2 without graphene is quite understood.

photocatalytic reaction. Among all the samples the lowest
photoluminescence intensity was observed for T6 sample,

65

indicating that the electron-hole recombination on the surface of
catalysts is largely inhibited to generate more photoelectrons and
25

holes to participate in the photocatalytic reactions. We therefore
conclude that the enhanced photocatalytic activity of T6 sample
is mainly attributed to more effective charge separation through
trap formation in TiO2 and transportation to graphene.
The photocatalytic activity of freshly prepared undoped

30

70

TiO2 (T1), N-TiO2 (T2), TiO2/Gr (T3) and N-TiO2/Gr (T4-T6)
samples

were

performed

for

hydrogen

generation

via

photodecomposition of H2S using solar light.
10 | Journal Name, [year], [vol], 00–00
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Table1: Summary of graphene content, surface area and
hydrogen evolution for 420 minutes i.e. 7 hours of synthesized
samples

the
25

performance
55

semiconductors

of

other

metal

oxides54

and

sulfide

is reported so far. This enhancement is

attributed to two factors: (1) As compared to TiO2 (T1), N-TiO2
and TiO2/Gr (T3) samples, the larger specific surface area of NTiO2/Gr (T6) sample offers more active adsorption sites and
hence more photocatalytic reaction centers. (2) In the N-TiO2/Gr
30

system, graphene serves as an acceptor of the electrons generated
in the N-TiO2 semiconductor and effectively decreases the
recombination probability of the photoexcited electron- hole

To explain the above results, a tentative mechanism is
35

proposed for the higher H2 production activity of the N-TiO2/Gr
(T6) sample as illustrated in Fig. 12.

5

undoped TiO2 (T1) treated at 300oc for 3h, N-TiO2 treated at
300oC for 3h (T2), TiO2/Gr composite treated at 300oC for 3h
(T3) and N-TiO2/Gr composites treated at 300oC for 3h with
different GO loading (T4), (T5), (T6)

40

Fig. 12 Schematic representation of photocatalytic mechanism of
N-TiO2/Gr composite
In Fig. 13, N-TiO2 nanoparticles are in intimate contact
with graphene sheets. The intimate contact can be visualized from
the synthesis procedure. During the synthesis reactions, GO gets

45

10

15

Fig. 11 Time verses volume of H2 (µmole) evolution of samples
(a) undoped TiO2 (T1) treated at 500oC for 3h (b) N-TiO2 treated
at 300oC for 3h (T2) (c) TiO2/Gr composite with 2% loading
which treated at 300oC for 3h (T3) and N-TiO2/Gr composites
treated at 300oC for 3h with different GO loading (d) 0.5% (T4),
(e) 1% (T5) and (f) 2% (T6). (The weight of the photocatalyst use
for each run is 0.2gm)

N-TiO2. Therefore, the possibility of bond formation between
TiO2 and graphene can be believed to occur. There are numerous
instances in the literature wherein such bond formation has been
shown to occur and has also been confirmed by FTIR and XPS
50

takes place, forming a narrow impurity band near valance band of
TiO2. The optical band gap is effectively narrowed, extending the

graphene content (T3) has a significant influence on the

absorption in the visible region of the spectrum also.

photocatalytic activity of TiO2. Taking advantage of these
conclusions, it is further shown that N-TiO2/Gr

(T6) shows

higher activity as compared to P25, undoped TiO2, N-TiO2. We
observed

good

photocatalytic

performance

of

hydrogen

generation by H2S splitting for N-TiO2/Gr (T6) as compared to

This journal is © The Royal Society of Chemistry [year]

study.56 The nitrogen doping in TiO2 occurs when N substitutes
O in the lattice. Thus, mixing of N(2p) states with O(2p) states

As seen from Fig. 11, the nitrogen doping (T2) and the

20

reduced to graphene and simultaneously, there is a formation of

55

Another important role of graphene in the composite is
as an electron acceptor and transporter. Graphene has been
reported to be competitive candidate as an acceptor material due
to its π-conjugation structure and has excellent mobility of charge
carriers and large specific surface area. Therefore, rapid transport
Journal Name, [year], [vol], 00–00 | 11
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of charge carriers could be achieved and an effective charge

It has been reported that TiO2/graphene composite

separation consequently accomplished. Overall, both the electron

degrades on exposure to UV light and the composition changes

accepting and transporting properties of graphene in the

from the original one.34 On this background, as well as, usual

composite could contribute to the enhancement of photocatalytic

practice in catalyst tasting, it was necessary to test the catalyst for

activity.

57

Additionally, as per the PL study, the lower intensity

45

repeated reactions. Accordingly, the stability of N-TiO2/Gr

peaks observed in graphene doped samples indicating that the

composite (T6) was evaluated by performing the recycle

electron-hole recombination on the surface of catalysts is largely

experiments of the photocatalyst under similar conditions. After

inhibited to generate more free photoelectrons and holes. Hence,

three recycles (1260 minutes i.e. 21 hours) of reaction, H2

the enhanced photocatalytic activity of T6 sample is mainly

evolution did not decrease (supporting information Fig. S5). This

attributed to more effective charge transportation and separation

50

observation indicates good stability of the catalyst for hydrogen

arisen from the strong chemical bonding of N-TiO2 and graphene.

generation for a limited period reported here. The XRD, Raman

The major reaction steps in this mechanism under visible-light

and XPS of recycled catalyst (T6) did not show any change in the

irradiation are described in following equations.

phase purity and amount of graphene content, which further
supports good stability of the catalyst. (Fig. S6, S7 and S8) After
55

performing three cycles (1260 minutes i.e. 21 hours) of
photocatalytic study we observed the presence of elemental 'S'
and absence of 'SO4' in XPS studies (Fig. S9). The present study
shows that the N-TiO2 nanocomposite with graphene gives very

15

stable photocatalytic activity and can also be used in water
60

purification under sunlight.

When the as-prepared samples were irradiated by a photon of
sufficient energy equal or larger than band gap, the valence

4 Conclusion

electrons (e-) of anatase are excited to the CB, creating holes (h+)
20

Novel composite photocatalysts were prepared by depositing N-

in the valence band VB. Normally, these charge carriers quickly

TiO2 nanoparticles on graphene sheets by a facile in-situ wet

recombine and only a fraction of electrons and holes participate
in the photocatalytic reaction. This recombination of photo-

65

Considering the absorption edge of N-TiO2/Gr well within visible

the composite. The lowering of recombination effect can be

region, the photocatalyic hydrogen production from H2S under

explained by considering the energy level diagram of N-

solar light has been performed.

TiO2/graphene composite, as shown in Fig. 13. The conduction
band of TiO2 can be shown at -4.2 eV while valence band would

30

70

demonstrated an efficient solar hydrogen production from
copious, abundantly avilable H2S which is hitherto unattemted.

4.42 eV.59 Thus, transport of electrons from conduction band of

The prepared N-TiO2/Gr sample showed excellent photocatalytic
activity (~5941 µmoleh-1) for the hydrogen production under

TiO2 to graphene is energetically a favorable process. Thus,
lowering of charge recombination and effectively enhance the

solar light irradiation. A suitable mechanism of the catalytic
75

process is proposed. This study opens a new possibility in the

photocatalytic performance.60 These electrons are accessible to

investigation of N-TiO2/Gr composites and promotes their

the adsorbed H+ ions (reaction 3) to form H2. Therefore, the

practical applications in environmental issues. The method
investigated will also be useful for the formation of other

synergistic effect of H2 production on catalyst surface is because

semiconductor/graphene nanocomposite.

of extended visible light absorption due to 'N' doping, graphene
content and efficient charge separation. To the best of our

40

Use of the developed catalyst

be at -7.4 eV (vs. vacuum).58 The work function of graphene is -

efficiently separation of photo-induced charge carriers leads to

35

7-10 nm N-TiO2

nanoparticles were deposited on graphene sheet, sucessfully.

induced electrons and holes in TiO2 can be effectively lowered in

25

chemical method The well defined

80

knowledge, this is the first report showing that an inexpensive
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