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A simple co-precipitation method has been developed to synthesize NbyOs/reduced graphene oxide nano-
composite (NbO/RGO). The effect of various % of strontium doping on NbO/RGO was studied. The character-
ization results for its structure; morphology confirms the decoration of NbO with RGO followed by Sr doping
resulting in Sr@N/R-wt% nanocomposite. Various % of Sr has been doped to NbO/RGO and evaluated for
photocatalytic Hy evolution, degradation benzophenone-3, and Cr(VI). Enhanced Hy evolution was observed in

Cr(vI) Sr@N/R-0.75% nanocomposite (1925 pmol) and found three and two times greater than pristine NbO and NbO/
RGO, respectively. Sr@N/R-0.75% nanocomposite was able to degrade 94.6 and 87.7% of BP and Cr(VI)

respectively.

1. Introduction

Industrialization and urbanization across the globe have led to a
huge demand for energy which is causing energy scarcity and environ-
mental pollution indirectly. The energy sources like fossil fuels need
alternate sources of energy that can meet the energy demand and reduce
environmental contamination [1]. Hydrogen is a fuel that burns with
zero emission with high energy density. Classical hydrogen evolution
utilizes Pt, Ru, and Pd as electrocatalysts which are costly and consume
lot of energy in the form of electricity [2]. Recently, photocatalytic
hydrogen evolution technology has gained high prominence due to its
eco-friendly nature, no electricity consumption etc. [3].

Along with the energy sector, environmental pollution particularly
water treatment needs lot of improvement. Water contamination due to
the accumulation of heavy metals, Cr(VI), personal care products, syn-
thetic dyes, pesticides, and insecticides causes ecological imbalance and
is a threat to living beings [4]. People use many organic compounds in
their day to day life like, cosmetics, shampoo, hair spray, deodorant,

* Corresponding authors.

perfumes, detergents, makeup, etc. These are covered under a separate
class of pollutants of emerging concern since their impact is not explored
and they are not regulated [5].UV filters like Benzophenone-3 (2-hy-
droxy-4-methoxyphenyl) phenylmethanone) are extensively used in
sunscreen lotions, cosmetics etc. by human beings to avoid exposure to
UV radiations. BP is an organic UV filter that can only absorb specific
wavelength range of radiation and hence offer protection to the skin. BP
and other personal care products are made to discharge into the water
bodies and soil without any concern [6]. This leads to environmental
pollution which persists for a longer time due to the complex structures
and causes ecological imbalance. BP has been identified in surface
water, swimming pools as well as in fish. BP of 10% concentration in
sunscreen could penetrate the human body in several hours and disrupts
the endocrine, nervous system, hormonal system etc. [7]. Chromium is
an inorganic compound that has been used extensively in leather in-
dustries, electroplating, mining, etc. The toxicity of Cr is high in its Cr
(VI) state compared to Cr(III) state. The upper limit for Cr(VI) in water is
0.05mg L' beyond this leads to cancer, liver damage etc. [8]. By
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Scheme 1. Synthesis of NbO/RGO and Sr@N/R nanocomposite.

looking into the need for green energy and adverse effects of pollutants
in the water among the life of living beings, the production of H, and
pollutant treatment is in high demand.

The multifunctional materials that can tackle both energy and
environmental related issues are of great concern among researchers.
Compare to many other methods available for the removal of pollutants
from water, photocatalytic treatment has maximum advantages, since it
completely converts the pollutants to less toxic/harmless products [9].
The main characteristics of materials to exhibit photocatalytic proper-
ties involve high surface area, low bandgap, good conductivity, electron-
hole separation, ability to generate active species in presence of dis-
solved oxygen, ability to absorb visible light, etc. [10]. Several metal
oxides like TiOy, RuO,, ZrO,, V505, Tas0s, ZnO, and CuO have been
extensively used for hydrogen evolution and photocatalytic degradation
[11]. NbyOs (NbO) is one of the promising metal oxides with lowered
bandgap (~3.2 eV), and good conductivity that is used in several studies
like hydrogen evolution, batteries, adsorption, supercapacitors and solar
cells [12]. The limitation of NbO is its lower stability towards advanced
oxidation process due to fast recombination of photo-excited electrons
and holes, incomplete absorption of visible light, low conductivity, etc.
[13].

Hence NbO is to be decorated with other metal oxides, graphene-
based compounds or other two-dimensional materials. Reduced gra-
phene oxide has been used by several researchers as a matrix material to
enhance the photocatalytic efficiency of host materials. RGO exhibits
high surface area, superior conductivity, flexibility, high young’s
modulus, and easy functionalization with other metal oxides [14]. To
further enhance the light-driven activity of NbO/RGO nanocomposite it
is doped with abundantly available alkaline earth metal strontium.
Doping of Sr to NbO/RGO could help in reducing the bandgap by
generating energy states in the forbidden gap and also creating an
electron trapping site for photoexcited electrons/holes [15]. In addition,
there could be a structural modification, defects due to variation in the
ionic radius, increase in surface area, conductivity, and morphological
changes that show its effect on the advanced oxidation process [16].

The methods available for the synthesis of metal oxide/Graphene
based nanocomposite include solvo/hydrothermal method,

microemulsion approach and sol-gel etc. [17]. Developments of
methods which are simple to the above-said methods are on demand.
Reduction of GO has been done by many methods like photo-reduction,
microwave reduction, electrochemical reduction as well as chemical
reduction. The results of the chemical reduction method were most
explored due to economic and effective degree of reduction. The
reducing agents used in chemical reduction usually involve sodium
borohydride, strong alkalies, hydrazine hydrate, hydrohalic acid and
dimethylhydrazine [18]. Though, these reducing agents show good
properties exhibiting toxicity to the health and environment. Hence
environmental benign approach using biomass, agro wastes etc. could
help in partial reduction of environmental pollution and a great decrease
in the reduction of toxicity, cost etc. [19]. Green synthesis of metal
oxide/RGO nanocomposites was greatly explored by several scientists
that involve wealth from waste, low energy, replacing toxic solvents etc.
Punica Granatum (Pomegranate) is a fruit consumed worldwide and
sometimes uses its peels and leaves of them as agro wastes [20]. The peel
of pomegranate consists of several organic compounds like polyphenols,
punicalin, punicalagin and ellagitannins and is used as antioxidants.
These phytoconstituents have been used as reducing agents in many
metal oxide nanoparticle synthesis [21].

Punica Granatum peel extract has been used as a reducing agent for
the synthesis of Sr doped Nb2O5/RGO nanocomposite. The method in-
volves a simple precipitation approach which gives the Sr@N/R nano-
composite. The developed method does not involve any high energy
radiations or temperature and the reaction is processed at room tem-
perature. A slight agglomeration is observed in the nanocomposite,
which is confirmed by the morphological characterization. The effect of
doping of Sr % to NbO/RGO nanocomposite has been studied. ST@N/R-
0.75% nanocomposite also subjected to TOC removal in swimming pool
water sample. The results reveal that Sr@N/R-0.75% nanocomposite
could be a material that probably finds a way for further research in the
area of heterogeneous catalysis.
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2. Experimental
2.1. Materials

Niobium chloride (NbCls), Strontium chloride hexahydrate
(SrCl,.6H50), NaOH, KMnO4, H2SO4 and CoHsOH, were procured from
Fisher Scientific India Pvt. Ltd. in Mumbai, India. All chemicals
(Analytical grade reagents, AR) were used in the experiments, without
further purifications.

2.2. Preparation Punica Granatum peel extract

Punica Granatum peels were collected from the nearby juice center in
Bangalore. Peels were washed thoroughly with water and sundried for 7
days. Completely dried peels were ground thoroughly and then added
with 1:2 mixtures of ethanol and water and heated slowly at room
temperature for 2 h. the extract obtained was filtered and the superna-
tant was stored in an air-tight container for further use.

2.3. Preparation of NbO /RGO and Sr@N/R nanocomposite

Graphene oxide (GO) was synthesized by the Modified Hummers
method [22]. NbO/RGO nanocomposite was synthesized by using low
energy and an economical method called co-precipitation. Wherein,
100 mL of 1 M sodium hydroxide was taken in a 250 mL beaker and
stirred continuously for 10 min at room temperature. 0.5 M Niobium
chloride hexahydrate solution was added dropwise into the beaker with
continuous stirring till white colour precipitate is obtained. In a later
stage, 1 mg mL™! of GO solution and 5 mL of Punica Granatum Peel
extract was added and stirred continuously for 1 h. Srt@NbO/RGO of
various wt% (0.25,0.50, 0.75 and 1.0) was prepared by loading a stoi-
chiometric amount of strontium chloride hexahydrate (SrCl,.6H20) into
the precipitates obtained in the above step. The entire mixture is stirred
continuously for an hour. The precipitate is allowed to settle, filtered
and washed continuously with water and ethanol thrice to remove all
the impurities. Precipitates were collected and dried in an oven at 50 °C
for 2 h. In all the above-mentioned experiments, we have used only room
temperature except the drying process. The synthetic procedure is
clearly figured out in Scheme 1.

2.4. Hydrogen evolution

In a round bottom flask containing 50 mL of water, 25 mg of syn-
thesized catalysts were added and the reaction mixture was purged with
N, after adding 25 mL of the sacrificial agent. 400 W Xe light was illu-
minated over the solution. The evolved gas was collected and measured
at a thermal conductivity detector in a gas chromatograph.

2.5. Photocatalytic degradation studies of BP and Cr(VI)

A degradation study of benzophenone-3 was examined under UV,
visible and sunlight (carried out during summer in Bangalore, India,
having 57,000 fluxes). A standard solution (100 mg L™ of BP was pre-
pared in deionized water and used accordingly after dilution. Under
optimum conditions (Fixed pH, initial concentration and catalyst
dosage) the BP solution was taken in a round bottom flask and dispersed.
Then, the solution was stirred continuously for 30 min to attain
adsorption/desorption equilibrium. At an interval of 10 min after light
irradiation, a 3 mL aliquot of BP was collected and measured the
absorbance using a UV-visible spectrophotometer. The percentage of
degradation of BP was calculated using Eq. (1);

Coc

%degradation = x 100 (@D)]

0

where, Cp and C are initial and final concentrations of the BP,
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Fig. 1. The X-ray diffraction patterns of RGO, NbO, NbO/RGO, Sr@N/R-
0.25%, Sr@N/R-0.5%, Sr@N/R-0.75%, Sr@N/R-1% nanocomposite.

respectively.
The same procedure was followed to calculate the % reduction of Cr
(VI) using potassium dichromate solution under optimum conditions.

2.6. Characterization

Bruker D2 Phaser XRD equipment was used to analyze the materials’
X-ray diffraction (XRD) patterns. The SEM and TEM analyses were
conducted using the JEOL JSM 840A and JEOL/JEM 2100, respectively.
Omicron spectrometer was used to measure and record X-ray photo-
electron spectra. The ASAP 2010 Micrometrics system was used to
measure the surface area of the BET. The photoluminescence studies
were evaluated using Shimadzu RF-6000 spectroflurometer, while the
Shimadzu 1600 model was used to record absorbance.

3. Results and discussion
3.1. Photocatalyst characterization

The crystallanity, degree of purity, nanocomposite formation and
crystallographic of the synthesized materials have been examined using
X-ray diffraction studies. Fig. 1 shows the XRD patterns of the above-
mentioned materials like RGO, NbO, NbO/RGO, and different wt% of
Sr@N/R nanocomposites. The peaks in the Fig. 1 indicate the formation
of the orthorhombic structure of pure NbO. All the peaks are indexed
perfectly to the JCPDS card No. 37-1468 [23]. The peaks obtained at 2
theta and their corresponding diffraction planes are as follows: 24.4°,
28.1°, 35.3°, 42.6° and 48.5° can be ascribed to the (001), (180), (181),
(002), and (202). In addition to the peaks of pure NbO a small and broad
peak at 20 ~ 26° indicates the presence of RGO. The reduction of GO to
RGO is confirmed by the XRD of GO (Fig.S1), exhibiting its characteristic
peak at 2 theta 10.6 belongs to 001 plane and the absence of broad peak
at ~ 26°. In any of the XRD patterns all the above-said peaks were
retained and also there were no extra peaks are observed for SrO and any
Sr-based oxides. This indicates that Sr metal is doped on the crystal
structure (voids) of NbO. In the later stage when different concentrations
of Sr was doped, a slight shift in the peak position and also a decrease in
the intensity of the peaks are observed. This shift may be due to the
difference in ionic radii of Nb and Sr, and also Sr ions enter into the Nb
lattice through interstitial or substitution mode. It is possible that the
relatively low concentration of RGO in the composites, which is capped
by the high (101) diffraction signal from crystalline NbO, accounts for
the absence of a major peak relevant to RGO. Further confirmation of
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Fig. 2. SEM micrographs of a)RGO, b) NbO ¢) NbO/RGO d) Sr@N/R-0.25% e)Sr@N/R-0.5% f) Sr@N/R-0.75%, g) Sr@N/R-1% and h-1) EDS mapping of Sr@N/R-

0.75% nanocomposite.

reduction of GO to RGO is done through Raman spectroscopic analysis
and the obtained spectra is given in Fig.S2.

SEM is one of the powerful tools to study the morphology of the
synthesized material. Fig. 2 emphasizes the SEM images of RGO, NbO,
NbO/RGO and Sr@N/R nanocomposites at various concentrations.
Fig. 2a shows the formation of thin layers of sheet-like structures of RGO
which are also stacked over one another. These nanosheets are aligned
as a horizontal layer with the crosslinking structures. Fig. 2b illustrates
an SEM image of NbO indicates the presence of an irregular pellet-like
structure. Fig. 2¢ shows the image of NbO/RGO nanocomposite which

indicates the coexistence of stacked nanosheets and also the distribution
of NbO particles on the surface of the sheets. The growth of NbO might
have increased the thickness of the sheets and aggregation of the par-
ticles are also may be due to the lower temperature used during the
reaction. XRD results show the presence of Sr metal in the composite,
different concentrations of Sr doped NbO/RGO are shown in the Fig. 2d-
g. Images clearly indicates that as the concentration of Sr increased
preliminary the sheet-like structure was distorted, crumpled and also
layers got separated. With further increase in the concertation of the Sr,
nearly globular particles are started to scatter on the top of the
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Fig. 3. TEM micrographs of a) RGO, b) NbO ¢) NbO/RGO and d) Sr@N/R-0.75% nanocomposite.

composites. Whensoever the concentration reaches to 0.50 (Fig. 2e) and
1.0 (Fig. 2g), the Sr particles covered the whole surface of the under-
neath sheet like NbO/RGO nanocomposites. It indicates that the thick-
ness of the nanosheet layers is increased and only spherical particles are
seen from the top view with a lot of aggregation. Fig. 2h-2i shows the
elemental mapping results of the Sr@N/R-0.75% nanocomposite, it
clearly shows the presence of C, O, Nb, and Sr elements and shows the
uniform distribution of all the elements in the Sr@N/R-0.75%
nanocomposite.

By using TEM, the morphology and particle size of RGO, NbO, NbO/
RGO, and Sr@N/R-0.75% were identified and further investigated.
Fig. 3a depicts the sheet like structure of RGO. NbO NPs were displayed
in Fig. 3b as a nearly round or flake-shaped structure with a size of 35
nm. The shape of the particles remains unchanged after the NbO to RGO
layers are inserted, but there is a clear increase in the size of the parti-
cles. Large numbers of NbO particles are unevenly distributed on the
layers of RGO, and the structure of the RGO sheets remained the same
even after the composites were formed (Fig. 3c). As seen in Fig. 3d, there
is a cluster of metal particles that are anchored to the composites’ crystal
structure after the Sr ions have been added. Additionally, the results are
in line with the SEM data, however, in the instance of Sr@N/R-0.75%,
we were still able to identify the layers of RGO and distinct particle
contrasts.

Fig. 4 shows the XPS analysis of the Sr@N/R-0.75%, survey spectrum
(Fig. 4a) shows the signals corresponding to the Sr, Nb, C and O species.
XPS of pure NbO and RGO is given in Fig. S3. The presence of Sr ion is
confirmed by the peak at binding energies of 133.23 eV and 134.94 eV in
the Core Sr 3d spectra displayed in Fig. 4b. Fig. 4c displays the binding
energy of the high-resolution Nb 3d spectrum. Niobium pentoxide, Nb
3ds3/2 and Nb 3ds,2, will correspond to the peaks at 209.92 and 207.25

eV supporting the idea that Nb exists in the +5 oxidation state. Similarly,
the peaks located at 532.31 and 530.41 eV in Fig. 4d clearly show the
existence of bond between C=0O bond, C-OH or C-O-C bond, and
Nb—O bond. The peaks observed at 284.13 and 286.82 eV (Fig. 4e) is
due to the bond between the carbon and oxygen atom precisely (O-C=0,
C=0, C—O0 bonds). In Sr@N/R-0.75% nanocomposite the Sr substitu-
tion significantly increased the release of ions to the target during the
photocatalytic dye degradation process.

Further UV-DRS studies of the materials have been examined to
evaluate the light-harvesting ability. Fig. 5a shows the absorption
spectra of NbO, NbO/RGO and Sr@N/R-0.75% nanocomposite. The
light absorption capability of NbO is only up to 380-400 nm, but NbO/
RGO and Sr@N/R-0.75% show a blue shift where light absorption
ability is found to increase up to around 500 nm. A corresponding plot of
photon energy against the Kubelka-Munk factor is given in Fig. 5b. The
bandgap of NbO is found to be 3.02 eV, which is found to decrease upon
decorating it with RGO (2.8 eV) Further decrease in the bandgap of
NbO/RGO is observed upon doping it with Sr (0.75%) and the observed
bandgap of Sr@N/R-0.75% is found to be 2.6 eV which is highly desired
in light-driven photocatalytic reactions. Doping of Sr to the NbO/RGO
nanocomposite probably created the defects in the structure and shows a
decrease in bandgap and could enhance the photocatalytic property due
to decreased bandgap and effective separation of photoexcited charge
carriers.

Fig. 6 shows the adsorption-desorption isotherms for NbO, NbO/
RGO, and Sr@N/R 0.75%. The adsorption-desorption isotherms of all
samples are of isothermal type-IV with a hysteresis cycle, which in-
dicates a mesoporous structure according to the IUPAC classification.
The BET surface area samples have been determined to be respectively
57.3,98.7, and 107.4 m> g’l. NDbO particles had the lowest surface area,
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Fig. 4. XPS of Sr@N/R-0.75% nanocomposite a) Survey spectrum b) Sr 3d, c) Nb3dd)O1sande)C1s.

but following the addition of RGO, there is a significant increase in
surface area. This may be because the accumulation of NbO particles on
the surface may have increased the stacking structure and also decreased
agglomeration. Doping of metals enhances the surface area of NbO/RGO
due to pore plugging.

3.2. Photocatalytic hydrogen evolution

Hydrogen evolution in presence of UV light has been evaluated
under different conditions. The amount of hydrogen evolved (Fig. 7a) is

in the order of Sr@N/R-0.75% > Sr@N/R-1% > Sr@N/R-0.5% > Sr@N/
R-0.25% > NbO > NbO/RGO > NbO > RGO. The activity of NbO (586
pmol) towards Hj evolution was found to enhance upon the addition of
RGO (986 pmol). Further enhanced catalytic behavior of NbO/RGO is
observed upon doping Sr. The effect is found to be linear from 0.25 to
0.75% of Sr doping to N/R nanocomposite and found to decline slightly
at 1% Sr. The linear increase in Sr doping from 0.25 to 0.75% could be
attributed to availability of easy mobility of electrons, formation of
defects and found to decrease after 0.75% Sr doping probably due to the
agglomeration of the nanocomposite. The maximum Hj evolution is



K.Y. Kumar et al. Catalysis Communications 173 (2023) 106560

a) NbO b)
NbO
S@NIR-0.75% NbOIRGO
- o Sr@N/R-0.75%
=]
8
© N
£ 3
£ =
S
o
7]
2
<
200 300 400 500 600 700 2 3 4 5 6 7
Wavelength (nm) Photon energy (eV)

Fig. 5. 5a) UV-Vis spectra of NbO, NbO/RGO and Sr@N/R-0.75% nanocomposite.
5b) Kubelka-Munk curves of NbO, NbO/RGO and Sr@N/R-0.75% nanocomposite.
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observed in ST@N/R-0.75% and found to be 1925 pmol of Hy evolution 3.3. Photocalytic degradation studies
which is almost 2 times higher than NbO/RGO. Sr doping to the nano-

composite shows superior light-driven activity probably attributed to Two different sample solutions (benzophenone-3 and Cr(VI)) were
the decreased bandgap, increased defects, and lowered recombination of evaluated to understand the catalytic property of synthesized materials
photoexcited electrons and holes. The stability studies of Sr@N/R- towards their degradation under different conditions. The degradation
0.75% towards hydrogen evolution (Fig. 7b) show good reusability of of BP and Cr(VI) is almost nil under dark conditions (Fig. 8a). Upon
the catalyst even after the 4th cycle speaks about good stability. illuminating with visible light in presence of RGO, a slight degradation is

observed. NbO was able to degrade 54 and 63% of Cr(VI) and BP in a
time of 100 and 120 min, respectively. In presence of NbO/RGO nano-
composite, 77 and 82% of Cr(VI) and BP degradation is observed.
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Fig. 9. a) Transient Photocurrent response of NbO, NbO/RGO and Sr@N/R-0.75% nanocomposite.
b) Photoluminescence spectra of NbO, NbO/RGO and Sr@N/R-0.75% nanocomposite.

Sr@NbO/RGO nanocomposite exhibit enhanced activity compared to
Sr@NbO/GO nanocomposite as observed in Fig.S4. A further increase in
the efficiency of NbO/RGO is observed in Sr@N/R-0.75% and found to
degrade 86.8 and 93% of Cr(VI) and BP (The superior efficiency of
Sr@N/R-0.75% towards the degradation of both BP and Cr(VI)
compared with other % of Sr doping in Sr@N/R nanocomposite as
shown in Fig. S5). The ability of Sr@N/R-0.75% was further examined
for degradation of BP and Cr(VI) under sunlight. The efficiency of
Sr@N/R-0.75% towards the degradation of BP and Cr(VI) under sun-
light is high and found to be 94.6 and 87.6%, respectively. The enhanced
activity observed under sunlight is probably due to the involvement of
both visible and UV radiations. The bandgap engineering of NbO upon
decorating with RGO and Sr doping worked well in the photocatalytic
activity of NbO. The superior activity in Sr@N/R-0.75% could be
attributed to the lowered bandgap, enhanced surface area, and con-
ductivity, and ability to pull out the electrons by Sr from CB without
allowing them for recombination.

Though the efficiency of Sr@N/R-0.75% is high under sunlight,
optimizations of the different parameters were examined under visible
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light sources due to variation in the light flux under sunlight. The pH of
the reaction medium is one of the key features in photocatalysis. The
Fig. 8b indicates the effect of pH on the degradation and detoxification
of BP and Cr(VI in presence of Sr@N/R-0.75%. For Cr(VI) the efficiency
of Sr@N/R-0.75% was high at pH 2 which is found to decrease upon an
increase in the pH value. The proficient degradation of Cr(IV) takes
place under acidic conditions only. In contrast, the efficiency of ST@N/
R-0.75% towards the degradation of BP is less under the acidic condition
which is found to increase upon raise in the pH and the maximum is
observed at pH 10. BP exhibits its molecular structure below its pKa
(8.06) and stability is high in acidic condition [24]. At basic pH more
hydroxyl ions would be generated which also increases the number of
hydroxyl radicals. Due to the higher amount of hydroxyl radicals in the
medium, the photocatalytic degradation of BP is highly influenced at pH
10.

The amount of catalyst is one of the important features in photo-
catalytic degradation studies. The property of a catalyst will be
considered as a favor if the amount used is less and the degradation
ability is more. The amount of ST@N/R-0.75% varied from 10 to 30 mg
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b) Mechanism of photocatalytic degradation of BP and Cr(VI).

for both samples under study (Fig. 8c). At a lower amount (10 mg) of
catalyst, the efficiency was found to be less (68 and 75.8% respectively
for Cr(VI) and BP). The maximum detoxification of Cr(VI) was observed
when the catalyst used was 20 mg, on the other hand, the maximum
degradation was observed for BP in presence of 25 mg of catalyst. Above
20 mg for Cr(VI) and 25 mg for BP, the efficiency was found to decrease
slightly due to the development of non-transparent photosystem which
will not allow much illumination of light for electron excitation. The
effect of the initial concentration of BP and Cr(VI) has been evaluated
and the results are depicted in Fig. 8d. The efficiency of photocatalytic
degradation was high at lower concentrations under optimized condi-
tions, so 10 mg L~! of BP as well as Cr(VI) has been used for further
studies.

Heterogeneous catalysis involved in the degradation of organic and
inorganic species mainly depends on the reactive species generated
during the reaction. To know the reactive species responsible for the
reduction of Cr(VI) and degradation of BP scavenger studies have been
evaluated using different scavengers for holes (Ammonium oxalate;
AO), superoxide radical (p-benzoquinone; p-BQ) and hydroxyl radical
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(Benzoic acid; BA). The results in Fig. 8e indicate the negligible effect of
holes on the photocatalytic activity at the same time the photocatalysis
of both samples was greatly affected in the other two cases (*OH and
'03). This suggests the involvement of both superoxide and hydroxyl
during the degradation of BP and reduction of Cr(VI).

3.4. Photoelectrochemical and photoluminescence studies

Photocatalytic reactions mainly depend on the charge transfer ki-
netics between NbO, RGO and Sr in Sr@N/R-0.75% nanocomposite.
Three intermittent cycles constituting 40 s for each cycle were recorded
in switch-on-off mode. The transient current plot of NbO, NbO/RGO and
Sr@N/R-0.75% nanocomposite is given in Fig. 9a [25]. Transient
photocurrent response of Sr (0.25-1%) doping to NbO/RGO nano-
aocomposite is given in Fig. S6. The current response is observed for all
the three materials under test, but maximum photocurrent response is
observed for Sr@N/R-0.75% which is 2 times higher than NbO. This
enhanced current response in Sr@N/R-0.75% could be attributed to the
occurrence of defects upon doping Sr and layered structure and
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enhanced conductivity of RGO accelerate the polarization effect that
would enhance the electron distribution during the photocatalytic pro-
cess. Photoluminescence studies of NbO, NbO/RGO and Sr@N/R-0.75%
nanocomposite were conducted and the results are given in Fig. 9b. The
intensity of NbO/RGO and Sr@N/R-0.75% nanocomposite has greatly
reduced indicating the effective suppression of photoexcited charge
carriers. This reduced intensity and a slight blue shift in the peak
encompass the enhanced photocatalytic activity of ST@N/R-0.75% to-
wards the degradation of BP and reduction of Cr(VI).

3.5. Degradation pathway analysis

As a result of photocatalytic degradation, organic carbon and
hydrogen are transformed into safe gaseous forms of CO, and HyO,
respectively. Under the influence of visible light, benzophenone-3 was
photocatalytically degraded in presence of Sr@N/R-0.75% nano-
compoiste. The identification of the principal by-products using an LC-
MS was done to determine the predominant pollutant breakdown
route during the photoredox reaction. Scheme 2 depicts the probable BP
degradation pathway as well as demineralization products. The photo-
catalytic degradation of benzophenone-3 produced several intermediate
compounds, some of which were identified, like (2,4-dihydroxyphenyl)
(phenyl)methanone (m/z 215.06), benzaldehyde (m/z 107.01), resor-
cinol (m/z 111.04), benzoic acid (m/z 123.06), and oxalic acid (m/z
91.01) as shown in the mass spectra given in Fig. S7. Several studies
show that (2,4-dihydroxyphenyl)(phenyl)methanone) is the main
product of benzophenone-3 metabolism. Initially, the intermediate (2,4-
dihydroxyphenyl)(phenyl)methanone) is generated as a result of
demethylation of BP. A likely bond cleavage between the carbonyl group
and the aromatic ring bearing the hydroxyl group in their structure
owing to the assault of hydroxyl radicals led to the later generation of
the by-products benzaldehyde and resorcinol from (2,4-dihydrox-
yphenyl)(phenyl)methanone. Oxalic acid and formic acid are produced
through the aromatic ring opening of the di-hydroxy aromatic molecule
resorcinol. In contrast, benzaldehyde that has undergone oxidation
produces benzoic acid, which is then converted into aliphatic acids by
the breakage of its aromatic ring. Finally, the intermediate carboxylic
acids would result in the formation of the demineralization products.

3.6. Mechanism of photocatalysis

The results indicate the occurrence of light-driven reaction between
Sr@N/R-0.75% and BP and Cr(VI). By using the insights of degradation
pathway, bandgap analysis, photocurrent measurement, and scavenger
studies mechanism of photocatalysis has been predicted and is given in
Fig. 10. The exact edge potential of the conduction band (CB) was

11

examined using an electrochemical workstation and the obtained Mott-
Schottky plot is given in Fig. 10a. The plot indicates n-type nature of all
the three materials under study (NbO, NbO/RGO and Sr@N/R-0.75%
nanocomposite). The conduction band edge potentials of NbO, NbO/
RGO and Sr@N/R-0.75% nanocomposite are found to be 0.62, 0.5 and
0.4 eV. By using this and the obtained bandgap it is easy to locate the
edge potential of the valence band (VB) as shown in Fig. 10b. The
bandgap of Sr@N/R-0.75% is found to be 2.6 eV, when light radiations
are illuminated on the active semiconductor NbO, the electrons in the
VB are excited to the CB. During this, the holes present in the CB oxidize
the sacrificial agent. The electrons in the CB are utilized by water and
evolve hydrogen. In the case of BP and Cr(VI) reduction, the electrons in
the CB tend to move to the defects created by Sr as well as RGO sheets
[13]. In pristine NbO the photoexcited electrons experience recombi-
nation due to poor charge separation and higher bandgap. But in the
case of NbO/RGO the charge separation was sufficient enough for
photocatalysis. Further enhancement in the photocatalytic efficiency is
observed in Sr@N/R-0.75% nanocomposite due to effective inhibition of
photoexcited electrons and hole recombination. The synergy, discrete
energy levels, decreased bandgap, enhanced surface area and conduc-
tivity would help for the swift mobility of electrons that are utilized for
the reduction of Cr(VI) to Cr(Ill) in an acidic medium and presence of
light.

Cr,0;,” + 14H" 4+ 6e"—2Cr*" + 7H,0

During the photoredox reaction of BP, the dissolved oxygen in an
aqueous medium utilizes the electrons and reduces to superoxide
radical. Superoxide radical in presence of water generates the hydroxyl
radical which degrades the BP into carbon dioxide and water as the final
eco-friendly products as given in scheme 2.

3.7. Total organic carbon (TOC) removal in swimming pool water and
reusability studies

Photocatalytic reactions mainly aim at demineralization of hazard-
ous impurities into environmentally friendly products. Degree of
demineralization of BP in presence of light, Sr@N/R-0.75% nano-
composite was subject to analyze the TOC in real sample using analyzer
(UV/persulphate TOC removal) in swimming pool water. At first the
swimming pool water was collected and prepared a sample solution by
adding BP (10 mg L™1). This BP sample solution was subjected to
potocatalysis in presence of Sr@N/R-0.75% nanocomposite under
optimized conditions. Fig. 11a indicates 63% of TOC removal at 240 min
indicates the ability of Sr@N/R-0.75% nanocomposite towards the
degradation of BP under light in swimming pool water. Reusability
studies of Sr@N/R-0.75% nanocomposite for photocatalytic
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Table 1
Comparison of present work with previously reported nanocomposites
comprising Nb for hydrogen evolution.

Sl Material Condition  Sacrificial agent H, Ref
No. evolution,
pm gt
1 KTag.75Nbg 25 300 W Xe, Methanol 86.2 [26]
O3 g-C3Ny, Pt >420 nm
2 BasNb4O;5 8- 3 W LEDs Oxalic acid 2673 [271
C3Ny 420 nm
3 HNb3Og NiS 300 W Xe Triethanolamine 1519.4 [28]
4 AgNbO3 g- 300 W Xe, Methanol 88.0 [29]
C3Ny, Pt >420 nm
5 CdS/Nb205/ 150 WXe  NayS -NaySO3 800 [30]
N-doped- > 400 nm
graphene
6 C-doped 300 W Xe Methanol 1300 [31]
KNbO3 MoS,,
Pt
7 NbO 400 WXe TEOA 586 Present
NbO/RGO > 400 nm 986 work
Sr@N/R- 1925
0.75%
Table 2
Comparison of degradation of BP with reported methods.
SL Material Optimal condition % Reference
No. Degradation
1 TiO, coated pH -10 concentration 1 98% [32]
quartz tube mg L™}, UVC irradiation
2 TiO (Degussa P- pH -9 91.66% [33]
25) concentration 1 mg L™
H,0; concentration
128.06 mg L1
3 TiO, nanowires pH -4 90% [34]
4 concentration of 20
pM, 180 min UV
irradiation (400-360
nm)
4 PbO/TiOx-2:1 pH-7 86.6% [34]
concentration 20 pM
Sb,03/Ti05-2:1 pH -9
concentration 20 pM 80.3%
UVC irradiation
5 Fe,03, TiO, pH -7, 90% [35]
coated cellulose concentration of
acetate Cellulose  pollutants: 0.051 pM BP-
3
UVC irradiation
6 Sr@N/R-0.75% pH-10 Present
concentration 10 mg work
L! 93%
visible light 94.6%
Sunlight

degradation of BP and reduction of Cr(VI) were examined and the ob-
tained results are given in Fig. 11b. Even after 4 cycles, the Sr@N/R-
0.75% nanocomposite showed good stability towards photocatalysis and
was able to degrade 67% and 58% of BP and Cr(VI), respectively.
decrease in the degradation efficiency probably due to adsorption of the
sample on the catalyst surface and thereby blocks the active sites of the
catalyst. The results of TOC removal and reusability studies indicate the
good stability of the composite for efficient photocatalysis of hazardous
organic as well as inorganic species present in water. Overall the effi-
ciency of the synthesized Sr@N/R-0.75% nanocomposite towards
hydrogen evolution, degradation of BP and Cr(VI) is high compared to
many reported methods as given in Tables 1 and 2 [26-35]. The amount
of hydrogen evolved is high, high degree of degradation of BP and Cr(VI)
occurred in visible region are the appreciable futures of the present
work.
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4. Conclusions

An environmentally benign, low-cost, low-energy method has been
developed for the synthesis of niobium pentoxide/reduced graphene
oxide nanocomposite and studied the effect of different weight % of Sr. It
is observed that upon doping Sr to the nanocomposite the material
showed enhanced photocatalytic activity due to the formation of de-
fects, discrete energy, enhanced surface area and decreased bandgap.
The photocurrent response and photoluminescence results are in good
agreement with the obtained results. The hydrogen evolution efficiency
of Sr@N/R-0.75% nanocomposite is very good with good stability
compared to many reported methods available in the literature. The
results of TOC removal in swimming pool water show the practical
applicability of the synthesized nanocomposite. UV filter benzophenone
degradation in presence of Sr@N/R-0.75% nanocomposite is high and
showed efficiency in presence of sunlight which is an add-on advantage
of the material for practical applicability. Furthermore, Sr@N/R-0.75%
nanocomposite showed its effect on inorganic Cr(VI) reduction in an
acidic medium. The results speak about the good stability and reus-
ability of Sr doped NbO/RGO nanocomposite that creates a roadway
towards energy and environmental applications.
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