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Abstract
The present study discusses the synthesis of Nb doped TiO2/reduced Graphene Oxide (GO) intercalated
nanocomposites via sol-gel route at a lower temperature by using different loading amounts of GO (1 to
10 wt%). The synthesized composite materials were further characterized by copious instruments such
as X-ray Diffractometer, UV-vis Diffuse Re�ectance Spectroscopy, Scanning Electron Microscopy,
Transmission Electron Microscopy, BET surface area analysis, Raman and FT-Infrared Spectroscopy. The
experimental results stated that the Nb doped TiO2 nanoparticles uniformly distributed on the surface of
reduced Graphene Oxide (rGO) with an interfacial linking bond between TiO2 and rGO. Later, the
photocatalytic degradation of Rhodamine B dye using produced materials under visible light irradiations
was examined. These results reveal that Nb doped TiO2/rGO nanocomposites exhibited better
photocatalytic performance than Nb doped TiO2 for the removal of Rhodamine B dye. However, among
all, the nanocomposite having 5% of GO content achieves the highest degradation rate for Rhodamine B
dye approximately 98% under visible light exposure. Overall, the unique properties such as electron
accepting and transporting properties of GO in the nanocomposites help to enhance photocatalytic
activity by minimizing the charge carrier’s recombination rate.

1. Introduction
Since the past few decades, textile wet processing and �nishing industries are strongly dependent on
synthetic dyes that severely contaminating water along with other very harmful organic pollutants.
Cleansing of industrial wastewater is attracting more importance in present days due to toxic, low
biodegradable, high persistence and carcinogenic nature of dye pollutants. Removal of these complex
dye molecules is compulsory before their emergence into the environmental streams [1, 2]. These are
degraded naturally under alkaline conditions, ultraviolet (UV) light illumination, high temperature, and
other radical initiators. Unfortunately, by-products from these processes are more hazards than original
dyes to the environment [3]. Thus, for removing dyes from textile wastewater, an effective and
economical treatment technique is needed. In view of this, various conventional methods have been
developed to remove these most harmful and complex structured dye molecules from waste water such
as adsorption on carbon materials, coagulation, �occulation, reverse osmosis (RO), biodegradation,
membrane �ltration, ozonation, advanced oxidation process (AOP) etc [4, 5]. Among these, AOP is largely
adopted method for remediation of dye contaminated e�uents because of their �exibility, e�cacy and
relatively low expensive [6]. AOP covers wide variety of treatment techniques; among those approaches,
semiconductor-mediated photocatalytic oxidation has been used extensively to abolish the recalcitrant
organic pollutants from its contaminated wastewater. With this process degradation of a broad array of
organic pollutants is possible which �nally turns into H2O, CO2, etc through oxidation-reduction
interactions between organic pollutants with photogenerated reactive oxygen species [7].

In particular, Titania (TiO2) has been generally admitted as a promising photocatalyst for the
decomposition of hazardous environmental impurities owing to its unique physical and chemical
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properties [8]. However, due to large band gap energy 3.2 eV (anatase TiO2) and poor electron mobility, it
shows very limited photosensitization in the visible range of Earth’s solar spectrum. To overcome the
grand challenges, several efforts have been made by researchers such as transition and noble metals
doping [9, 10], semiconductors coupling [11], surface polymer sensitization [12, 13] and combination with
carbonaceous materials [14]. In particular, metal ion doping of TiO2 along with carbonaceous material
combination is the emerging area at present in the photocatalysis. Doping can narrow the band gap and
carbonaceous material can limit the charge carriers (e− - h+ pair) recombination [15]. There are several
investigators reported doping of TiO2 lattice with numerous transition metal ions i.e., Cr, Cu, Zr, Ce, Sn, Fe,
Ni etc [16]. Presently, as compare with many dopants, Nb doped TiO2 has attracted greater attention
because of its utilization in various applications like photocatalysis, dye sensitized solar cells, sensors,
fuel cell catalysis, and transparent conductive �lms [16]. It is mainly due to the ionic radius of Nb5+ (0.064
nm) is signi�cantly 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 thermally unstable as well as
effortless to cause the charge carriers recombination [17].

Given on this obstacle, several researchers investigated and achieved e�cient photocatalyst by providing
2-Dimensional support to TiO2 nanoparticles such as multiwall carbon nanotubes because of its multiple
grapheme layers contacts with TiO2 allows electrons can �ow through, which accelerate the
photogenerated charge separation more favorably [18]. Signi�cant results have been obtained using
graphene as 2-dimensional supporting material to catalyst due to that this material has a single atomic
thick two-dimensional hexagonal lattice sheet structure aligned by a sp2-hybridized carbon network and
its wide variety of features such as electrical, thermal, mechanical, etc [19]. Additionally, the surface of
graphene can be easily fabricated with different functional groups in contrast to carbon nanotubes. It is a
0 eV bandgap semiconductor [20] with high charge carrying property [21], high speci�c area (2600 m2g− 

1) [22], high adsorption capacity and can be produced e�ciently through “graphite oxide” intermediate
from inexpensive natural graphite [23]. Because of the hydrophobic nature of graphene, strong
intercalation of metal oxide on graphene surface is di�cult. In spite of this, chemically modi�ed
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 hydrophilic character and good intercalation chemistry [24]. It appears reasonable to conceive
that much greater advancement in photocatalytic performance of Nb doped TiO2 (NT) can be achieved
by the novel Nb doped TiO2/rGO composite materials with high interfacial contact and potential.

Herein, this paper demonstrated that synthesis of Nb-doped TiO2/rGO (NTG) nanocomposite by altering
the GO loads using a modi�ed sol-gel method via in situ process at low temperature, which is industrially
scalable. Improvement in the photocatalytic e�ciency of NTG catalysts caused by GO insertion was
orderly investigated depending upon the electronic structure, optical absorption, microstructure, and
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electrochemical behaviours. The photocatalytic activity of the NTG nanocomposites was assayed by
degrading the Rhodamine B (RhB) under visible light exposure.

RhB is a Xanthene group dye that is broadly using as a colouring compound in the manufacturing
industries such as textiles, food products, paper, pharmaceutical, and dye laser production. Besides, also
used for visual identi�cation to illustrate the rate, �ow path, and movement within water. As a
consequence, it has been con�rmed that polluted water with Rhodamine dyes could cause subcutaneous
tissue borne sarcoma which is extremely fatal. Furthermore, other types of toxicities like reproductive and
neurotoxicity have been thoroughly and intensively inspected as well as veri�ed by the exposure of these
dyes [25].

2. Materials And Methods

2.1. Chemical reagents
Reagents included Titanium tetra n-butoxide (TTBO) (E-Merck, Germany) and Niobium Chloride (NbCl5)
(Koch-light laboratories ltd.) were taken as Ti and Nb sources respectively for the preparation of
nanocomposites. 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%) �akes purchased from Sigma Aldrich, USA and used
for the synthesis of GO. To perform the photocatalytic degradation experiment, aqueous RhB dye (HI-
Media, India) solution was used. For solutions preparation, doubly distilled water was used. All these
speci�ed chemicals were analytical grade reagents used without further puri�cation.

2.2. Synthesis of Graphene Oxide
The modi�ed hummer’s method was adopted to synthesize GO by the oxidation process under acidic
conditions [26]. Brie�y, graphite powder (1.0 g) and NaNO3 (0.5 g) were added together into Con. H2SO4

(23 mL). Then, KMnO4 (3.0 g) was added simultaneously with vigorous stirring in cold condition and the

reaction mixture temperature was regulated in an ice bath below 20 0C. Further, the reaction mixture was
stirred for 30 min at 35 0C. Followed by the slow addition of 46 mL of distilled water causes in raising the
temperature to 100 0C and continued stirring for 15 min, then the reaction was abolished by the addition
of distilled water and H2O2 (30%) solution. Then, the suspension was centrifuged and obtained GO was
washed thoroughly with 5% HCl solution and distilled water periodically until got con�rmation of sulphate
anion (SO4 − 2) absence. The resultant GO was dried at 50 0C.

2.3. Nb doped TiO2/rGO nanocomposite synthesis
Following the previously reported method by same author [27] NTG composites were synthesized via in
situ process through modi�ed sol-gel approach by dispersing different GO concentrations from 1 to 10%
weight ratios and �xing Nb loading as 5 wt% corresponding to Ti from previous studies [28] at low
temperatures and schematic representation of synthesis process shown in Fig. 1. Partial deoxygenating
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of GO to rGO and the deposition of NT on the surface of rGO occurred simultaneously during the
synthesis process. Also, an excellent interfacial contact can be achieved between NT and rGO sheets
through this synthesis process. In a typical synthesis route, NbCl5 and TTBO have chosen as source
materials for Nb and Ti respectively. Firstly, 0.305 g 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, 0.021 g of GO taking into 50 mL of ethanol (containing 1 wt% of GO relevant to Ti)
underwent ultrasonication for 1 h to obtain homogeneous GO suspension named as Solution II. These
following two solutions mixed vigorously by adding solution I into solution II slowly. Followed by the
addition of 2 mL water and 1 mL nitric acid mixture (H2O: HNO3 = 2: 1 ratio) dropwise through the burette
to attain solution mixture under continuous stirring. The obtained colloidal suspension was undergone
for more than 1 h stirring and was aged at 25 0C until gel formation has occurred. The resulting wet gel
was dried at 70 0C in a hot air oven for 24 h and ground; the resultant powder labelled as NTG1. By
following the same procedure NTG5, NTG10 and NT were synthesized by varying the GO concentrations
in colloidal suspension from 5% GO, 10% GO and without GO respectively.

2.4. Characterization techniques
The structural characteristics of as-synthesized materials were studied by analytical X-ray diffractometer
(XRD) at room temperature using Cu Kα radiation operated at 30.0 kV and 30.0 mA over at 20 per min
scan rate. The optical properties investigation of as-prepared samples was carried out by using BaSO4 as
reference material over the spectral range of 200–800 nm on a UV-visible diffuse re�ectance
spectrophotometer (DRS) (Scinco Co. Ltd., S-3100). The morphologies of photocatalysts can be ascribed
on scanning electron microscopy (SEM) (JSM-6610 LV) which was out�tted with an energy dispersive X-
ray analysis system (EDX). The TEM analysis of NTG nanocomposites was examined on a JEOL 120 KV
transmission electron microscopy (TEM) instrument with copper grid support. The surface areas and pore
size distribution of the nanocomposites were described from nitrogen adsorption–desorption isotherms
calculations which are recorded on Brunauer-Emmett-Teller (BET) (Quantachrome Nova version 10.0) at
-196 0C. Chemical states of constituent elements in the as-synthesized NTG5 sample were studied with X-
ray photoelectron spectroscopy (XPS) (PHI quantum ESCA microprobe system) using the AlKα line of a
250-W X-ray tube as a radiation source with an energy of 12,536 eV, current of 16 mA and voltage of 12.5
kV. Raman measurements are noted by using the RM2000 Raman spectrometer. Fourier Transform Infra-
Red (FT-IR) spectra were obtained on Shimadzu FT-TR spectrophotometer over the frequency range of
400–4000 cm− 1 with KBr pellets as a reference sample to explain surface functionalities of
photocatalysts. The decomposition kinetics for the photocatalytic activity of nanocomposites was
acquired on a UV-visible spectrophotometer (UV-2200, Shimadzu, Japan). By using a �uorescence
spectrophotometer (Hitachi, F-7000, Japan), photoluminescence (PL) spectra were obtained; the
instrument was operated at 315 nm excitation wavelength with the 1200 nm/min scan rate followed by
700 V PMT voltage at room temperature. The slit width of both excitation and emission was 5.0 nm.

2.5. Experimental procedure for the photocatalytic activity
of nanocomposites
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Photocatalytic decomposition capabilities of NTG catalysts were evaluated under visible light stimulation
by the degradation of choice pollutant RhB in aqueous solution. Photodecomposition experiments of RhB
dye were performed in a photo reactor which consists of 400 W mercury high-pressure vapor lamp using
as visible light source with oriel (51472) cut-off �lter to remove undesired UV-radiation and placed it
about 20 cm distance far from the reaction vessel. The running water system was circulated around the
reaction vessel to maintain the reaction system at room temperatures and also to exclude IR radiation.

The experimental procedure as follows, initially 0.050 g catalyst (NT and NTG nanocomposites) was
dispersed in 100.0 mL (2 mg/L) of RhB aqueous solution. After stirring under dark condition for 30 min to
attain adsorption-desorption equilibrium, the light was switched on for testing. A sample of 5.0 mL well-
dispersed suspension containing photocatalyst particles was withdrawn by a Millipore syringe at regular
intervals of time and the photocatalyst particles were separated by centrifugation from collected
suspension prior to analysis. The change in RhB dye concentration was measured by absorbance at 543
nm using a UV-visible spectrophotometer.

The extent of photodegradation e�ciency of catalysts was calculated by obtaining the relationship
between C/C0 and illumination time (min), here C and C0 are the concentrations of RhB dye at time t and
time zero respectively. Because the RhB concentration changes (C/C0) were directly proportional to
absorbance changes (A/A0) during photodecomposition; the RhB degradation % was calculated by the
below formulae.

Where A0 is the absorbance of RhB at an initial time and At is the absorbance of RhB at a time ‘t’ during
the degradation process.

2.6. Analysis of hydroxyl radical
Hydroxyl radicals (•OH) are extremely reactive species which are mainly responsible for photocatalytic
degradation of dye molecules. The PL technique is used to identify the hydroxyl radical (•OH) formation
using Terephthalic acid (TPA) as an ideal molecule on the surface of NTG5 photocatalyst. Highly
�uorescent 2-hydroxyterephthalic acid (TAOH) was attained by the rapid reaction of TPA with
photoinduced •OH and found around at 420 nm wavelength [29]. The most favorable concentration of
Terephthalic acid solution was about 5 × 10− 4 M in a diluted 2 × 10− 3 M NaOH aqueous solution. A
similar experimental process was followed to detect hydroxyl radical’s generation as, like photocatalytic
decomposition of dyes, the TPA solution was taken instead of dye solution. Taken solution after 30 min
of irradiation interval and centrifuged, that TAOH clear solution was examined by calculating absorbance
at its excitation wavelength of 315 nm using Hitachi F-7000 �uorescence spectrophotometer.
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3. Results And Discussion

3.1 XRD analysis
As shown in Fig. 2a, XRD analysis of various samples such as graphite, synthesized GO, and NTG
composites were carried out. The diffraction peak centered at 2θ = 26.190 was found a clear (002)
orientation of pure graphite with an interlayer spacing of 0.34 nm is depicted in Fig. 2a. The degree of
oxidation in XRD is directly proportional to the spacing between the interlayers of the materials. The
formation of GO was con�rmed by the appearance of the new peak at 2θ = 12.680 with an interlayer
distance of 0.699 nm corresponding to the (002) lattice plane. It is well known that owing to the oxygen-
containing functional group’s deposition on the graphene surface and disruption of the ordering of
graphene sheets in graphite [26].

Out of the different crystalline forms available for TiO2, the anatase form of TiO2 is best suitable for a
combination of photoactivity and photostability [30]. Comparison of XRD results of pristine TiO2 with that
of the NT and NTG composites reveals that all diffraction patterns essentially identical as evident from
Fig. 2b. All the discerned peaks for NTG nanocomposites at 2θ = 25.060, 37.270, 47.990, 54.80, 62.320,
68.80 can be signed to the respective anatase crystal faces of (101), (004), (200), (211), (204) and (220)
which is in well concord with the JCPDS No. 21-1272. The relevant peaks for rutile and brookite phases
are absent which are usually appeared at 2θ = 27.30 and 2θ = 30.80 in all XRD patterns of NTG
composites implying that formation of pure anatase TiO2 at low temperatures. It also suggested that the
absence of re�ections from impurity phases, i.e., from Nb2O5 or NbO2, proper doping of Nb into TiO2

lattice occurred. Moreover, it can be identi�ed that reappearance of the (002) diffraction line and no sign
for the peak at 12.680 in XRD patterns referred that GO has been reduced to rGO and as such restored the
ordered crystal structure. There is no signi�cant peak relevant to rGO observed in composites, possibly
due to the comparatively low concentration of GO in the composites capped by the strong (101)
diffraction signal from crystalline TiO2. Furthermore, the existence of rGO in NTG5 nanocomposites
explained clearly in Raman analysis.

In addition, it is noticed that the slight broadening in peak width with the introduction of GO (Fig. 2b)
occurred. It can be viewed from Table 1 that 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. It is inferred that, because of the attained strong interactions between TiO2 and graphene
during the hydrolysis of sol samples, the TiO2 crystalline particles were unable to agglomerate [31].
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Table 1
Average crystallite size (nm), band gap energy (eV), BET surface area (m2/g) and mean pore diameter

(nm) of each catalyst.
S.No Photocatalyst Crystallite

size (nm)
Band gap
energy (eV)

BET surface
area (m2/g)

Mean pore
diameter (nm)

Pore
volume
(cm3/g)

1 NT 58.19 2.98 209.4 5.62 0.14

2 NTG1 30.73 2.68      

3 NTG5 29.58 2.62 256.5 4.24 0.18

4 NTG10 31.72 2.52      

3.2. UV-vis/DRS analysis
For visible light and sunlight induced photocatalysis, it is necessary that the catalysts must absorb the
broad region of light (400–800 nm). From Fig. 3a it is observed that a signi�cant in�uence on optical
absorption of NTG nanocomposites by varying in the 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 indicates band gap narrowing of TiO2 [32]. Besides, TiO2 and NT spectrums are
showing relatively lower absorption intensity compared with NTG nanocomposites in the visible region.

The optical band gap of photocatalysts is calculated using the Tauc’s relationship. The Equation for band
gap energy is described as below,

where, h is Planck’s constant,  is the frequency of light, C is the proportionality constant, α is the
absorption coe�cient at a certain wavelength λ of the solid, Eg is the band gap energy.

Figure 3b displays the relationship between (αh )1/2 and photon energy (h =1239/λ) for TiO2, NT and
NTG nanocomposites. 2.98 eV is the band gap for NT, whereas the band gap of NTG nanocomposites is
2.68 eV, 2.62 eV and 2.52 eV correspond to NTG1, NTG5 and NTG10 respectively i.e., band gap energy
decreases with increase in GO content. These results evident (listed in Table 1) that compare to the bare
TiO2 and NT, red shift was quantitatively observed in NTG nanocomposites. In general, functional groups
with oxygen like epoxide, hydroxyl and carbonyl groups in GO are covalently attached to its sheet
surfaces. The interactions between π 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 causing in the shifting of
the valence band and band gap energy reduction of nanocomposites [32]. These interactions can
stimulate the photogenerated charge transfer from TiO2 to GO and vice versa which subsequently leads
to photocatalytic degradation enhancement of catalyst.
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3.3. SEM and TEM analyses
Surface topography of produced photocatalysts was enlightened from SEM micrographs and surface
modi�cation as well as particle sizes were obtained by TEM analysis. The resultant SEM, TEM and
HRTEM 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 was implied by the presence of kinked and
wrinkled shaped structures that were corrugated and scrolled intrinsic to graphene sheets [33]. Figure 4b
presents the representative view of exfoliated GO, the observed crumples and folds in image suggested
that the presence of typical single layered or multilayered GO. The existed functional groups on GO sheets
could supports for nucleation and uniform growth of nanoparticles by providing reactive and anchoring
sites [34]. It can be clearly identi�ed from the TEM image (Fig. 4c) of NTG5 nanocomposite, it consists of
a large amount of the spherically shaped NT nano particles (np’s) that were uniformly anchored on rGO
sheet surface without obvious agglomeration. Additionally, it also evident that NTG5 had the smallest
particle size (approximately 5–10 nm) due to the hindering effects of rGO on the growth of NT np’s.
Taken together, the existed interaction between NT np’s and rGO suggests that a complete conduction
network could attain throughout the NTG5. This would allow injecting photogenerated electrons from NT
np’s into the rGO sheets upon which they are anchored and the electrons to �ow through the graphene
network within the composite rather than passing through the NT np’s themselves. This could
signi�cantly cause enhancement in the photocatalytic e�ciency of the photocatalyst. Figures 4d and 4e
depict the HR-TEM images of NTG5 nanocomposite. These are unequivocal reveals that the speci�c
interplanar spacing is 0.35 nm belonging to the (101) plane of anatase TiO2, which are coincident with
the results of XRD. The identi�cation of crystalline fringes in rGO sheets is impossible due to the ultrathin
structural network of rGO. From the SAED patterns of NTG5 (Fig. 4f), it was found that a typical 6-fold
symmetric diffraction pattern observed in the NTG5 catalyst. Furthermore, the existence of the
polycrystalline structure of TiO2 in composites is matched with the XRD analysis results. Notably, any
additional pattern in SAED corresponds to the crystalline impurities did not observed.

EDX spectrum of NTG5 (Fig. S1b) demonstrates that presence of Ti, O, and C mainly along with small
quantities of dopant Nb which is signi�cant to the successful generation of highly pure nanocomposite.
Mainly, the signals for C and Ti could have emerged from the rGO sheets and the TiO2 nanoparticles
respectively. Following, the signal for O could be arisen from both TiO2 and rGO because of its oxygen-
containing functional groups. The elemental microanalysis of NT and NTG5 are summarized in Table S1.

3.4 BET analysis
Porous nature and surface area of photocatalyst were described by nitrogen adsorption-desorption
measurement. The nitrogen sorption isotherms and distribution of pore sizes of NTG5 and NT np’s can be
found in Fig. 5. In accordance with the IUPAC representations, the microporous materials are having pore
diameter smaller than 2 nm, substances having greater than 50 nm termed as macroporous materials; at
last, substances lies in the middle fall under the mesoporous category and the isotherm of NTG5
nanocomposite shown in Fig. 5a corresponds to type IV classi�cation and the type E hysteresis loop is an
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exceptionally matched with the De Boer classi�cation ascribed to the mesoporous solid substances [35].
The obtained BET speci�c surface area (SBET) and pore volume (Vp) of NT and NTG5 are tabulated in

Table 1. Signi�cantly, the surface area of NTG5 (256.5 m2/g) is greater than that of NT (209.4 m2/g), it
might be attributed due to the deposition of NT np’s on the surface of rGO in NTG5 nanocomposite. This
may be attained either because of the rGO sheets stacking structure or by the insertion of rGO layers that
minimizes the NT np’s agglomeration.

In addition, pore size distribution curves were plotted (shown as in Fig. 5b) which are calculated by the
BJH (Barrett-Joyner-Halenda) method from the desorption isotherm. From the BJH plot of NTG5
nanocomposite, it can be understood that the majority of the pores lie below 10 nm and exhibits a peak
at 3.32 nm denotes its mesoporous nature. Further, it is observed that the obtained average mean pore
diameter of NTG5 and NT np’s were 4.24 nm and 5.62 nm, respectively lies under mesoporous which are
distributed uniformly. Thus, the smaller pore diameter in NTG5 re�ects its smaller particle sizes, coincides
with the SEM and TEM characterization results. Therefore, greater SBET and pore volume of NTG5
nanocomposite can e�ciently provide the enhanced absorption of dye molecules on its surface in
aqueous solution which results in an enhancement in photocatalytic degradation of dye.

3.5. XPS analysis
Chemical states of constituent elements in the as-synthesized NTG5 sample have been illustrated by XPS
analysis and obtained results are portrayed in Fig. 6. The signals correspond to the Ti, O, Nb and C
species can be clearly identi�ed from the full range spectrum of NTG5 (Fig. 6a). As seen in Fig. 6b, the Ti
2p core level spectrum demonstrates a single pair of binding energy peaks corresponds to Ti 2p3/2 and Ti

2p1/2 are centered at 459 eV and 465 eV, respectively, which clearly represents the Ti+ 4 state [36]. The
core level XPS spectra of C 1s and O 1s provide explicit information regarding the oxygen functional
groups present in the graphene skeleton of NTG5 catalyst. A typical binding energy peak ascribed at 531
eV in O 1s core level XPS spectrum (Fig. 6c) indicates to metallic oxides (Ti-OH) as well as the residual –
COOH [37]. In addition, according to the attained C 1s core level spectra in Fig. 6d, the characteristic main
peak observed at 284.6 eV is attributed to sp2 carbon in rGO which represents C-C, C = C, and C-H bonds.
A peak at the binding energy of 288.4 eV devoted to carboxyl carbon (O = C-O) and/or Ti-O-C group [35,
38, 39]. Further, this will con�rm by the FT-IR results. As shown in Fig. 6e, Nb 3d peaks at 207.8 eV and
210.8 eV corresponding to the Nb 3d5/2 and Nb 3d3/2 respectively. The presence of doublet represents the

oxidation state of Nb as Nb+ 5 [40]. Moreover, due to lower synthetic temperatures, there is no signal at
281 eV observed for C 1s spectra which clearly reveals that there is no carbon doping in TiO2 lattice. It is
further noticed that, an observed signi�cant reduction in the intensities of C-O-C and C-OH signals of
currently obtained C 1s spectra of NTG5 nanocomposite with previously reported C1s spectra of GO
suggesting that, during reaction process the precursor GO undergone partial reduction to rGO [36, 41].

3.6. Raman spectroscopy analysis
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Raman spectroscopy is a broadly used technique to know ordered and disordered crystal structural
behaviour of the carbonaceous materials. The information furnished by de�ection in intensities and
shifts of Raman bands explains C-C bonds nature and defects. The chemical composition of NTG5
nanocomposite was determined by correlating its Raman spectra with those of bare TiO2 and GO. As

delineated in Fig. 7a, the Raman spectral response obtained at 402.5, 517.8 and 641.6 cm− 1 were
assigned to the B1g (1), A1gB1g (2) and Eg (2) modes of NTG5 composite matches with the anatase
structure of TiO2 respectively which are coincident with the earlier reports [42, 43]. There are two

respective noticeable peaks observed at 1350.3 and 1600.25 cm− 1 in the GO spectrum relevant to D and
G bands. On the other hand, the NTG5 nanocomposite shows these characteristic bands at 1375.6 and
1611.9 cm− 1 in accordingly. The D band is usually attributed to A1g symmetry breathing mode of k-point
photons which is described disordered carbon, its defects, and edges. The G band ascribes from E2g

mode, relating to sp2-bonded carbon atoms ordered structure. The shifting in both above bands in the
NTG5 composite compared to GO exhibited the presence of interactions between NT np’s and rGO. It is
worth noting that, a decrease in D/G intensity ratio was recognized for NTG5 photocatalyst (ID/IG=0.837)
comparing with GO (ID/IG=0.874), implying that the reduction of functional groups with oxygen (hydroxyl

and epoxy) and the restoration of sp2-bonded carbons. Further, it is con�rmed the occurrence of rGO in
the NTG5 composite. In conclusion, the Raman spectra conveyed the existence of rGO and anatase TiO2

in NTG5 nanocomposite which is matched with the obtained XRD results.

3.7. FT-IR analysis
Further, synthesized GO and NTG nanocomposites were investigated by using FT-IR spectroscopy in order
to ascertain the extent of ionic interactions between GO and NT np’s. And the results obtained for
Graphite, GO and NTG5 nanocomposite are depicted in Fig. 7b. The presence of prominent peaks of
oxygen-containing functional groups like C-O-C ( C−O−C at 1231 cm− 1), C-OH ( C−OH at 1384 cm− 1), and C 

= O carbonyl groups ( C=O at 1720 cm− 1) in GO spectra veri�ed that successful synthesis of hydrophilic

GO by the oxidation of graphite. The broad peak at  3404 cm−1 appeared for both GO and NTG5
nanocomposite assigned to the C-OH groups stretching vibrations and intercalated water within graphene
sheets. NT np’s are covalently anchored on the surface of GO through these surface functional groups
with oxygen. Vibration band appearing around 1631.9 cm−1 in NTG5 nanocomposite assigned to the C-C
vibration of graphene sheets. Signi�cant low frequency bands corresponding to Ti-O-Ti and Ti-O-C were
found around 651.6 cm−1 and 762.1 cm−1 respectively [44]. Thus, the obtained broad peak for the
composite at the low frequency region re�ects the chemical interactions between NT np’s and rGO which
results from the combination of Ti-O-Ti and Ti-O-C vibrations.

It can be clearly understood from the spectra of GO and NTG5 composite that carbonyl (C = O) and epoxy
(C-O-C) stretching peaks were faded away and identi�cation of sharp peak for C-O band in NTG5
con�rms the existence of rGO formed by the slight reduction of GO during synthesis. Lastly, these results
offered the presence of interfacial linkage in NTG5 nanocomposite which leads to an extended lifetime of
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photoinduced e−-h+ pairs. Consequently, this helps to improve in photocatalytic e�ciency of NTG5
composite.

3.8. PL study
The photoluminescence study of NTG5 nanocomposite is certainly useful to ascertain the formation of
•OH radicals on its surface during the irradiation process. The •OH radicals were examined by recording
the high �uorescent characteristic peak acquired from 2-hydroxyterephthalic acid (TAOH) which was
triggered during the reactions between terephthalic acid (TPA) and •OH radicals. Fig. S2 in ESI shows the
variation in the PL emission spectra of TAOH with time under visible light exposure. A linear increase in
the �uorescence intensities over the irradiation time at 420 nm was observed. Further illustrates that the
spectral intensity of the TAOH is increasing with an increase in •OH production in water which are
matches to the accordance with the former reports [29]. It portrayed that minimizing the charge
recombination of electron-hole pair can be attained with greater in the formation of •OH. Thus, the
generation of •OH shows a considerable positive response on the e�ciency of the photocatalyst. Higher
photocatalytic activity of nanocomposites can be achieved with the faster generation of •OH.

4. Photocatalytic Degradation Study
The photocatalytic activity of NTG nanocomposites was assessed by the widely accepted photocatalytic
degradation reaction of dye (Here RhB as a model pollutant) under visible light exposure. These results
were compared by taking NT photocatalyst as a reference.

4.1. Adsorption study
Before commencing the photocatalytic degradation of RhB under visible light irradiation, the adsorption
behaviour of nanocomposites determined by keeping the mixture of RhB aqueous solution and
photocatalysts under dark stirring for 30 min. The extent of adsorption capacity of the photocatalyst was
measured by recording absorbance of RhB dye at its characteristic wavelength 554 nm which is
proportional to its concentration. Results obtained (displayed in Fig. S3), indicates that both the NTG
nanocomposites and NT photocatalyst show considerable adsorption towards RhB. Increased adsorption
of RhB in the dark (7%, 22%, 27% and 30% for NT, NTG1, NTG5, and NTG10 respectively) has been
observed with increasing rGO concentration from 1 to 10 wt% in nanocomposites. Notably, 27% of RhB
adsorbed on the NTG5 catalyst surface; in contrast, only 7% of RhB solution was adsorbed for NT
catalyst. This improvement in adsorption for NTG5 nanocomposite is caused by the introduction of
graphene because of its crumpled surface could provide a larger surface area and mesoporosity. This
illustrates that enhancement in adsorption of RhB dye molecules on nanocomposites results from the
dispersion of NT np’s on the surface of graphene, this could have resulted from π-π conjugation between
RhB and aromatic regions of rGO [45]. In addition, NT np’s prevents aggregation of rGO sheets on
themselves during the formation of nanocomposites and it will enhance the adsorption capability of
nanocomposites further. Such an intensive absorptivity is favorable for photodegradation of RhB on
photocatalysts surface.
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4.2 Effect of GO concentration
The photocatalytic performances of as-prepared NT photocatalyst, NTG1, NTG5, and NTG10
nanocomposites were assessed by deploying them in the decomposition of RhB as a model pollutant
under visible light to validate most suitable concentration of GO in the nanocomposite. Figure 8 describes
that the photocatalytic decomposition curves of RhB with NT and NTG nanocomposites under the
stimulation of visible light at ambient conditions. Evidently, NTG nanocomposites are exhibited better
photodegradation performance than the controlled sample NT as shown in Fig. 8a due to the availability
of more contact surface between NT np’s and RhB dye molecules by the incorporation of rGO [46]. From
the experimental results, it can be stated that the photocatalytic e�ciency following increasing trend with
the amount of incorporated graphene content in nanocomposites and after optimum concentration of
graphene load e�ciency was decreased. It is clearly established in the case of NTG10 after optimum
concentration of rGO, the activity was decreased with the further increment in GO amount. The fact
behind this may be that excessive rGO content in composite offers more opportunities for the collision of
the photogenerated electron-hole pair which consequently encourages their recombination. Nevertheless,
it also suppresses the contact surface between NT np’s and RhB dye molecules resulting in lower
photocatalytic performance [2, 47]. In particular, it was found that NTG5 photocatalyst with 5 wt% rGO
content displays higher photocatalytic activity. Approximately 98% of RhB was degraded
photocatalytically with the NTG5 catalyst in 90 min under visible light stimulation followed by 93% for
NTG1, 92% for NTG10 and 79% for NT. From the UV-vis absorption changes of RhB during photocatalytic
decomposition with NTG5 catalyst shown in Fig. 8b, it can be seen that the maximum adsorption
observed at 554 nm decreased with the raising light exposure time which demonstrates that the
photodegradation of RhB steadily. It was revealed from RhB absorption spectra that there is no indication
of the generation of by-products after slight decomposition, which tells that the dye is degraded
completely by the photocatalysts.

From the plots of the degradation rate versus the illumination time (Fig. 8c), straight lines can be �tted in
the �rst part of the plots, allowing to estimate apparent pseudo �rst-order kinetic constants follow the
order NTG5 > NTG1 > NTG10 > NT plotted in Fig. 8d and tabulated in Table 2 [48]. As the degradation
reactions proceed, signi�cant de�ection in degradation reaction rates from the straight line was found
implying that the existence of adsorbed intermediates and/or products of the complete degradation
adsorbed on the surface of the photocatalysts affect process [49]. The obtained photocatalytic
degradation results were compared with the previously reported results and tabulated in the Table 3.
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Table 2
Pseudo �rst-order kinetic rate constant (k), regression coe�cient (R2) and %

of degradation of different photocatalysts for RhB dye under visible light
irradiation.

S. No Photocatalyst Rhodamine B % of degradation

k × 10− 4 in min− 1 R2

1 NT 1.68 0.95 78.69

2 NTG1 3.03 0.96 93.03

3 NTG5 3.98 0.93 97.67

4 NTG10 2.58 0.91 92.2

Table 3
Comparative table for photocatalytic e�ciency of NTG5 nanocomposite with the previously reported

results.
S.
No

Nanocatalyst Dye
pollutant

% of
degradation

Degradation
time (min)

Reference

1 Nb doped TiO2 (under UV light
irrdiation)

Rhodamine
B

90.00 60 51

2 TiO2-GO Methyl
Orange

35.00 180 52

3 CdS-graphene/TiO2 composite Methylene
Blue

33.00 150 53

4 TiO2/N-Graphene
nanocomposite

Eosin Y 63.40 180 54

5 rGO/Ag/Fe-doped TiO2 Methylene
Blue

95.33 150 55

6 Nb doped TiO2/rGO
nanocomposite (5% GO)

Rhodamine
B

98.00 90 Present
study

4.3 Effect of catalyst dosage for NTG5 catalyst
To investigate the suitable catalyst concentration of NTG5 for RhB photocatalytic degradation, sequential
experiments were conducted at identical conditions (RhB dye, 2 mg/L) by varying amounts of NTG5
photocatalyst from 0.025 g to 0.075 g in 100 mL of RhB dye solution. As shown in Fig. 9a, it is clearly
described that the degradation rates have been increased slightly with the amount of catalyst up to 0.050
g and then suppresses with further increase. This was happened due to the following main reasons.
Firstly, more number of catalyst active sites are becoming available with the increasing amount of the
catalyst which helps to adsorb more RhB dye molecules as well as to absorb photons leading to the
increase in photocatalytic behavior of catalyst. In addition, the solution turbidity increases with further
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increase in higher proportions of catalyst even though more areas are available for RhB molecules for
adsorption. This hinders the penetration of light through and also scatters the exposed radiation.
Collision held between ground state molecules and activated molecules may also one more added cause
for lesser photocatalytic e�ciency [50]. Thus, the addition of catalyst above a certain level may not
contribute to excess catalytic e�ciency, hence degradation rate decreases.

4.4 Effect of dye concentration for NTG5 catalyst
The effect of RhB dye concentration on its photodegradation was deliberated by taking a �xed amount of
NTG5 catalyst. From Fig. 9b, it has been illustrated that the degradation rate increases with the increase
in dye concentration from 2 mg/L to 6 mg/L and a further increment leads to a decrease in degradation
rate. This might be due to the quenching of active sites on the catalyst by absorption of more number of
dye molecules on it which causes a decrease of the •OH radical generation on catalyst surface [50].

5. Recyclability And Stability Of Ntg5 Nanocomposite
The long-term viability of the photocatalyst for commercial applications mainly depends on the
recyclability of the photocatalytic activity. In this experiment, the suspended solid (photocatalyst) in RhB
dye suspension was collected from the reaction vessel and washed with Milli Q water followed by ethanol
to examine the recyclability of as-synthesized NTG5 nanocomposite. Therefore, the same photocatalyst
was utilized for �ve successive trials or runs in photocatalytic degradation of RhB dye solution under
similar conditions repeatedly. After every 90 min of photocatalytic reaction, the concentration of the RhB
was measured. The results clearly said that the NTG5 nanocomposite has great potential for the
degradation up to �ve successive runs without signi�cant loss in photocatalytic activity of the
photocatalyst (Fig. 10). This slight depletion in photocatalytic activity may be due to the loss of the
quantity of catalyst during washes and adhesion of dye molecules on the surface of the photocatalyst.
After examination of the recyclability of tested nanocomposite, collected and checked it’s stability by
characterizing with XRD and FT-IR. The XRD and FT-IR patterns are similar even after �ve successive 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 �ve runs.

By considering all the above results, it was found that several factors play a signi�cant role to achieve
better photocatalytic e�ciency of NTG5 nanocomposite under visible light irradiation. This includes
adsorption capacity, light absorption behavior, and effective charge distribution ability through an
interface of photocatalysts, which are explained below:

1) The larger surface area of catalyst helps to interact more number of dye molecules through aromatic
regions of rGO on NTG nanocomposites [45, 46]. 

2) The existed Ti–O–C chemical bond at the interface between NT np’s and rGO can narrow the band gap
of TiO2 and extends the photo-responding range [40]. 
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3) Lengthening of e−-h+ pair separation by electron insertion through existed interfacial chemical linkage
(Ti-O-C), which greatly suppresses their combination e−-h+ pair in the excited TiO2 [31, 45].

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 aforementioned two bands of TiO2 which can effectively
reduce the band gap energy of TiO2. It is well-known that in semiconductor photocatalysis, charge

recombination will occur rapidly. It is renowned that graphene can also generate e−-h+ pairs under visible
light exposure, these electrons from graphene surface can enter into the TiO2 conduction band through п-
п conjugation and vice versa. Further, the electron cloud on TiO2 conduction band and rGO surface could
produce hydroxyl radical (•OH) through superoxide formation by reaction with adsorbed oxygen on
nanocomposites 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 radicals are the most
powerful tools to decompose the organic pollutants into CO2, and H2O. Based on the experimental results,
a possible mechanism was proposed in an earlier reported publication from our group [27] as shown in
Fig. 11.

 

Conclusions
The Nb doped TiO2/rGO nanocomposites were successfully synthesized via in situ process by modi�ed
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, DRS, and EDX
techniques. Furthermore, experimental results clearly recommended that there is a signi�cant interaction
between rGO and Nb doped TiO2 nanoparticles. Thereafter, the in�uence of different operating factors
such as GO concentration, catalyst loadings and dye concentration on photocatalytic degradation of RhB
was demonstrated under 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 e�ciency was achieved compared with NT
nanoparticles. The NTG5 exhibits greater photocatalytic e�ciency towards RhB about 98% within 90 min
among all the catalysts under visible light irradiation. Based on its excellent photocatalytic activity,
stability and recyclability shows that NTG nanocomposites are promising materials for various practical
applications in the �eld of photocatalysis and wastewater remediation.
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Figures

Figure 1

Schematic representation of synthesis of Nb doped TiO2/rGO nanocomposite.
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Figure 2

XRD patterns of Graphite, GO and NTG nanocomposites

Figure 3

(a) The UV-vis diffuse re�ectance absorption spectra and (b) corresponding Tauc’s plot of NTG
nanocomposites compared with NT.
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Figure 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

Figure 5

(a) Nitrogen adsorption-desorption isotherms of NT and NTG5 photocatalysts and (b) The corresponding
BJH pore size distribution plot of NTG5



Page 24/27

Figure 6

XPS spectra of NTG5 (a) Full range spectra, (b) Ti 2p spectra, (c) O 1s spectra, (d) C1s spectra and (e) Nb
3d spectra.
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Figure 7

(a) Raman spectra of TiO2, GO and NTG5 (b) FT-IR spectra for Graphite, GO and NTG

Figure 8

(a) Effect of rGO loads on the degradation of RhB dye by different photocatalysts, (b) UV-vis absorption
spectra of RhB for NTG5 nanocomposite as a function of irradiation time, (c) Relation between irradiation
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time and ln(c/c0) and (d) Pseudo �rst-order rate constants for photocatalytic degradation experiments of
RhB with different photocatalysts.

Figure 9

(a) Effect of catalyst dosage on photodegradation of RhB and (b) Effect of initial concentration of RhB
on photodegradation.

Figure 10
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Recyclability test of NTG5 nanocomposite for consecutive reaction cycles

Figure 11

Schematic representation for degradation of RhB dye on Nb doped TiO2/rGO nanocomposites.
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