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shows very limited photosensitization in the visible range
of solar spectrum. To overcome these challenges, several
efforts have been made by researchers such as transition
metal doping [5, 6], semiconductor coupling [7], surface
polymer sensitization [8, 9] and combination with sup-
porting materials such as carbonaceous materials [10]. In
particular, metal ion doping of TiO2 along with carbon-
aceous material combination is the emerging area in
present era. Doping can narrow the bandgap and carbon-
aceous material can limit the charge carriers (e� -h+ pair)
recombination [11]. Several investigators reported doping
of TiO2 lattice with transition metal ions, i.e., Cr, Cu, Zr,
Ce, Sn, Fe, and Ni etc. [12]. Presently, as compare with
many dopants, Nb doped TiO2 (NT) has attracted greater
attention because of its utilization in various applications
like photocatalysis, dye sensitized solar cells, sensors, fuel
cell catalysis, and transparent conductive films [12]. It is
mainly due to the ionic radius of Nb5+ (0.064 nm) is sig-
nificantly larger than Ti4+ (0.0605 nm) which effectively
constricts the band gap of TiO2 to enlarge its adsorption
in visible region and on the other side metals are ther-
mally unstable as well as effortless to cause the charge car-
riers recombination [13].

Given on this obstacle, numerous experiments have
been conducted by researchers and achieved efficient
photocatalyst by providing support to TiO2 nanoparti-
cles such as multiwall carbon nanotubes because its
multiple graphene layers contact with TiO2 allow elec-
trons can flow through, which accelerate the photogen-
erated charge carriers separation more favourably [14].
Significant results have been obtained using graphene as
2-D supporting material to catalyst due to its single
atomic thick 2-D hexagonal lattice sheet structure
aligned by a sp2-hybridized carbon network and its wide
variety of features such as electrical, thermal, and mech-
anical [15]. Because of the hydrophobic nature of gra-
phene, strong intercalation of metal oxide on graphene
surface is difficult. In spite of this, chemically modified
graphene-based materials like graphene oxide (GO) and
reduced graphene oxide (rGO) drawing more attention
in semiconductor photocatalysis as supporting material.
The existing oxygen functionalities in GO and rGO, like
carbonyl (C=O), hydroxyl (O-H), epoxide (C-O-C)
groups making graphene to display wonderful hydro-
philic character and good intercalation chemistry [16]. It
appears reasonable that greater advancement in photo-
catalytic performance can be achieved by the novel Nb
doped TiO2/rGO composite (NTG) material with high
interfacial contact and potential.

Herein, this paper demonstrated the synthesis of
NTG nanocomposite by altering the GO loads using
modified sol-gel method via in-situ process at low
temperature. Improvement in the photocatalytic effi-
ciency of NTG catalysts caused by GO insertion was

orderly investigated depending upon the electronic
structure, optical absorption, microstructure, and
electrochemical behaviours. The photocatalytic activity
of the NTG nanocomposites has been assessed by
degrading the Rhodamine B (RhB) under visible light
exposure.

Materials and methods
Chemical reagents
Reagents included Titanium tetra n-butoxide (TTBO)
(E-Merck, Germany) and Niobium Chloride (NbCl5)
(Koch-light Laboratories), sodium nitrate (NaNO3),
potassium permanganate (KMnO4), 36.0–38.0% of
hydrochloric acid (HCl) and 95.0–98.0% of sulphuric
acid (H2SO4), ethanol and hydrogen peroxide (H2O2)
were obtained from E-Merck (India). Graphite (99%)
flakes purchased from Sigma Aldrich, USA, RhB dye
from HI-Media, India. For solutions preparation, doubly
distilled water was used. All these specified chemicals
were analytical grade reagents used without further
purification.

Nb doped TiO2/rGO nanocomposite synthesis
The modified hummer’s method was adopted to
synthesize GO [17] and explained in Supplementary
information (SI) in detail. As per the earlier reported
method by the author [18], NTG composites were syn-
thesized via sol-gel approach by dispersing different GO
concentrations from 1 to 10 wt% weight ratios and fixed
Nb loading as 5 wt% corresponding to Ti at low temper-
atures (Fig. 1). In a typical synthesis route, NbCl5 and
TTBO were chosen as source materials for Nb and Ti
respectively. At first, required amount of Nb (5 wt%) was
added into 50 mL of ethanol solution stirred for 30 min
and then 15 mL TTBO was mixed simultaneously and
resultant noted as solution I. Next, GO taken into 50 mL
of ethanol (containing 1 wt% of GO relevant to Ti)
underwent ultrasonication for 1 h to obtain homoge-
neous GO suspension named as solution II. These two
solutions were mixed vigorously by the slow addition of
solution I into solution II, followed by the addition of a
mixture of 2 mL water and 1 mL nitric acid dropwise
through the burette and continuous stirring for more
than 1 h and was aged at 25 °C until gel formation has
occurred. The resulting wet gel was dried at 70 °C in a
hot air oven for 24 h and labelled as NTG1. The same
procedure was adopted for synthesis of NTG5, NTG10
and NT by varying the GO concentrations in colloidal
suspension from 5 wt% GO, 10 wt% GO and without
GO respectively.

Characterization techniques
The instruments used to characterise the synthesized
materials are X-ray diffractometer (XRD, Bruker) using
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Fig. 2a. The formation of GO was confirmed by the
appearance of the new peak at 2� = 12.68° with an
interlayer distance of 0.699 nm corresponding to the
(002) lattice plane [15].

Comparison of XRD results of pristine TiO2 with that
of the NT and NTG composites reveals that all diffrac-
tion patterns essentially identical as evident from Fig. 2b.
All the discerned peaks for NTG nanocomposites at
2� = 25.06, 37.27, 47.99, 54.8, 62.32 and 68.8° can be
signed to the respective anatase crystal faces of (101),
(004), (200), (211), (204) and (220) which is in well con-
cord with the JCPDS No. 21–1272. The relevant peaks
for rutile and brookite phases are absent which are usu-
ally appeared at 2� = 27.3° and 2� = 30.8° in all XRD pat-
terns of NTG composites implying that formation of
pure anatase TiO2 at low temperatures. Also, the ab-
sence of reflections from impurity phases, i.e., from
Nb2O5 or NbO2 suggested that proper doping of Nb into
TiO2 lattice occurred. There is no significant peak rele-
vant to rGO observed in composites which might be due
to the relatively low concentration of GO in the compos-
ites capped by the strong (101) diffraction signal from
crystalline TiO2. Furthermore, the existence of rGO in
NTG5 nanocomposites can be explained clearly in the
Raman analysis. It can be noticed from the Fig. 2b that
the slight broadening in peak width with the introduc-
tion of GO (Fig. 2b) occurred. The average crystalline
size of NTG composites is smaller than that of pristine
TiO2 and NT which are estimated by using Debye-
Scherrer’s formula with respect to anatase peak as given

in Table 1. It is inferred that, because of the attained
strong interactions between TiO2 and graphene during
the hydrolysis of sol samples, the agglomeration of the
TiO2 crystalline particles can be reduced [19].

UV-vis/DRS analysis
From Fig. 3a, a significant influence on optical absorp-
tion of NTG nanocomposites has been observed by vary-
ing GO loads. Meanwhile, for NTG nanocomposites a
red shift towards higher wavelength with strong and
broad absorptions in the visible region can be distinctly
detected which indicates band gap narrowing of TiO2

[20]. Besides, TiO2 and NT spectra are showing rela-
tively lower absorption intensity compared with NTG
nanocomposites in the visible region. The optical band-
gap of photocatalyst is calculated using the Tauc’s rela-
tionship. The Eq. (2) for bandgap energy is described as
below,

��������
� hʋ

p
¼ C hʋ� Egð Þ ð2Þ

where, h is Planck’s constant, ʋ is the frequency of light,
C is the proportionality constant, � is the absorption
coefficient at a certain wavelength � of the solid, and Eg

is the bandgap energy.
Fig. 3b displays the relationship between (� hʋ)1/2 and

photon energy (hʋ = 1239/� ) for TiO2, NT and NTG
nanocomposites. 2.98 eV is the band gap observed for
NT, whereas the bandgap of 2.68, 2.62 and 2.52 eV

Fig. 2 XRD patterns of Graphite, GO and NTG nanocomposites

Table 1 Average crystallite size (nm), band gap energy (eV), BET surface area (m2 g− 1) and mean pore diameter (nm) of each
catalyst

Photocatalyst Crystallite size (nm) Band gap energy (eV) BET surface area (m2 g− 1) Mean pore diameter (nm) Pore volume (cm3 g− 1)

NT 58.2 2.98 209 5.62 0.29

NTG1 30.7 2.68 250 4.03 0.25

NTG5 29.6 2.62 257 4.24 0.28

NTG10 31.7 2.52 238 3.79 0.23
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correspond to NTG1, NTG5 and NTG10 respectively,
i.e., bandgap energy decreases with increase in GO con-
tent. These results evident (Table 1) that compared to
the bare TiO2 and NT, red shift was quantitatively ob-
served in NTG nanocomposites. The interactions be-
tween � electrons of GO and the existed surface free
electrons of NT are accountable for the formation of the
Ti-O-C bond structure, which subsequently caused in
the band gap energy reduction of nanocomposites [20].

SEM-EDX and TEM analyses
The resultant SEM, TEM and HR-TEM images for GO
and NTG5 nanocomposite are depicted in Fig. 4. From
SEM image of typical GO displayed in Fig. 4a, graphene

sheets were observed which implied the presence of
kinked and wrinkled shaped structures that were corru-
gated and scrolled intrinsic to graphene sheets [21]. Fig-
ure 4b presents the representative view of exfoliated GO,
the observed crumples and folds in image suggesting the
presence of typical single layered or multilayered GO.
The existing functional groups on GO sheets could sup-
port for nucleation and uniform growth of nanoparticles
by providing reactive and anchoring sites [22]. It can be
clearly identified from the TEM image (Fig. 4c) of NTG5
nanocomposite that, it consists of a large amount of the
spherically shaped NT nano particles (np’s) which are
uniformly anchored onto rGO sheet surface without ob-
vious agglomeration. It can also see that, NTG5 had the

Fig. 3 (a) The UV-Vis diffuse reflectance absorption spectra and (b) corresponding Tauc’s plot of NTG nanocomposites compared with NT

Fig. 4 (a) SEM image of GO, (b) HRTEM images of GO, (c) TEM image of NTG5, (d) and (e) are HR-TEM images of NTG5, (f) SAED patterns of NTG5
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runs completed when compared with the prepared
NTG5 nanocomposite (Fig. S4a and b). This indicates
that the synthesized NTG5 nanocomposite is stable
photocatalyst and reusable for successive five runs.

By considering all the above facts, it has been found
that numerous factors play a significant role to achieve
better photocatalytic efficiency of NTG5 nanocomposite
under visible light irradiation. This includes adsorption
capacity, light absorption behaviour, and effective charge
separation ability through an interface of photocatalysts,
which are explained below:

1) The larger surface area of catalyst helps to interact
more dye molecules through aromatic regions of
rGO on NTG nanocomposites [28].

2) The existing Ti–O–C chemical bond at the interface
between NT np’s and rGO can narrow the band gap
of TiO2 and extend the photo-responding range.

3) Lengthening of e� -h+ pair separation by electron
insertion through interfacial chemical linkage (Ti-O-
C), which greatly suppresses their combination e� -h+

pair in the excited TiO2 [19, 27].

During the photoreaction, the promotion of electron
takes place from valence band to conduction band on
the TiO2 surface under visible light exposure. In the
present catalyst system, dopant Niobium (Nb) can
create a transitional energy state between the afore-
mentioned two bands of TiO2 which can effectively
reduce the band gap energy of TiO2. It is renowned
that graphene can also generate e� -h+ pairs under vis-
ible light exposure, these electrons from graphene
surface can enter into the TiO2 conduction band
through � -� conjugation and vice versa. Further, the
electron cloud on TiO2 conduction band and rGO
surface could produce •OH through superoxide for-
mation by reaction with adsorbed oxygen on nano-
composites surface while the hole in the valence band
also can generate •OH by reaction with water or
OH� that are absorbed on the surface of the catalyst.
These generated •OH are the most powerful tools to
decompose the organic pollutants into CO2, and H2O.
Based on the experimental results, a possible

Fig. 9 (a) Effect of catalyst dosage on photodegradation of RhB and (b) Effect of initial concentration of RhB on photodegradation. Here, the
solution pH = 7

Fig. 10 Recyclability test of NTG5 nanocomposite for consecutive
reaction cycles

Fig. 11 Schematic representation for degradation of RhB dye on Nb
doped TiO2/rGO nanocomposites
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mechanism was proposed in an earlier reported publi-
cation from our group [18] as shown in Fig. 11.

Conclusions
The Nb doped TiO2/rGO nanocomposites were success-
fully synthesized via in situ process by modified sol-gel
method at room temperatures. The formation of the Nb
doped TiO2 nanoparticles and their incorporation on
the rGO nanosheets surface was established by XRD,
TEM, SEM-EDX, and UV-DRS techniques. Furthermore,
experimental results clearly recommended that there is a
significant interaction between rGO and Nb doped TiO2

nanoparticles. Thereafter, the influence of different oper-
ating factors such as GO concentration, catalyst loadings
and dye concentration on photocatalytic degradation of
RhB was demonstrated under visible light irradiation.
These exercises confessed that GO concentration in Nb
doped TiO2 nanoparticles helps in the enhancement of
RhB dye molecules adsorption in dark condition as well
as observed an appreciable change in photodegradation
efficiency was achieved compared with NT nanoparti-
cles. The NTG5 exhibits greater photocatalytic efficiency
towards RhB about 98% within 90 min among all the
catalysts under visible light irradiation. Based on its ex-
cellent photocatalytic activity, stability and recyclability
shows that NTG nanocomposites are promising mate-
rials for various practical applications in the field of
photocatalysis and wastewater remediation.
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