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Abstract

A combined wet chemical strategy was adopted to fabricate size controllable ZnO-MoO; core-shell nanostruc-
tures by varying the surface potential in the reaction medium. The layered MoQ; was adsorbed on the surface
of ZnO particles by electrostatic interaction and simultaneously anchored onto graphene nanosheets (GNS) by
chemical bonds. The sunlight induced photocatalytic phenomena of the GNS-ZnO-MoO; hybrid nanoassem-
blies have been examined by photodegradation of harmful organic pollutant. As a result, the as-synthesized
GNS-ZnO-MoO; hybrid nanoassemblies showed a better photocatalytic performance towards acridine orange
dye (AO). The efficient photocatalytic performance was due to the interfacial charge transfer processes be-
tween GNS and ZnO-MoQ; that improves the electronic conductivity of the hybrid nanostructure. Moreover,
the chemical bonds formed between the MoO; shells and GNS efficiently hinder the recombination loss of
photogenerated charges. This synthesis strategy was very simple, effective and can be extended to assembling
other ternary nanostructures with enhanced photodegradation performance.
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I. Introduction sembly which works as an electron trapping agent, can
improve its photocatalytic activity by separation of elec-
trons and holes via the formation of heterojunction be-
tween semiconductor-semiconductor interfaces [7-11].

Incredible efforts have been developed towards the
examination of novel and effective photocatalytic mate-

rials to enhance the efficacy of solar energy conversion The photocatalytic efficiency of the core-shell nanos-
and environmental cleaning application. With a wide 1, cqyres should be increased if a graphene nanosheet

band gap energy of ~3.37¢V, ZnO has l?ecome a well- (GNS) is introduced into the hybrid system [12—14]. Re-
known photocatalyst among all metal oxides because of cently, GNS has been receiving great interest in the pho-

its high surface area and high photosensitivity [1,2]. Un- ,capaiytic field due to its large specific surface area, bet-
fortunately, the photocatalytic activity of the pure ZnO o1 ejectrical conductivity and excellent physiochemical
is constrained by its low efficiency due to the rapid re- properties [15,16]. Moreover, GNS darkens the hybrid
combination rate of photo-generated electron and hole .o rja] that extends their absorption range to almost
pairs [3]. The tailoring of the morphology and chemical 1,4 antire visible-li ght spectrum [17-19].

composition, especially surface modification, play a vi- Two major concerns have to be noted for the rational
tal role in the enhancement of the photocatalytic activity  gegjon and fabrication of GNS incorporated core-shell
[4-6]. Modifying ZnO with inorganic semiconductor,  pypqd nanostructures: i) control of particulate size and
such as MoOj (co-catalysts) to form a core-shell like as- 31y terface between the co-catalyst and GNS. One of
the most capable strategies to control the ZnO nanoma-
terial size is to restrict the nanomaterial growth within
individual MoO, shells and then incorporate the core-
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shells onto the GNS surfaces by chemical bonding [20-
22]. This hybrid nanostructure could be used as a high-
performance photocatalytic material. However, the fab-
rication of GNS-ZnO-MoO;, core-shell nanostructures
by wet chemical method is difficult because of the com-
plex assembly and chemical bonding with graphene
nanosheets.

In this work, a combined wet chemical method
was used for the fabrication of size-controlled ZnO-
MoO, core-shell structures incorporated onto graphene
nanosheets (Fig. 1). By using this method, the size
of ZnO nanoparticles can be controlled from ~20nm
to ~25nm by simply changing the reaction tempera-
ture. MoO; layers formed on the surface of ZnO re-
sult in electrostatic attraction due to the variation in the
surface potential between ZnO-MoO; core-shell struc-
tures which are engineered homogeneously onto GNS
by chemical interaction with the shell layer. This hybrid
nanostructure exhibited an enhanced photocatalytic per-
formance in the degradation of organic harmful contam-
inants under sunlight irradiation.
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Figure 1. Schematically represented the synthesis procedure
of GNS-Zn0O-MoO; hybrid nanoassemblies
by wet chemical techniques

II. Experimental

2.1. Materials

Analytical grade chemicals were used in this work
without any additional purification: graphite (325 mesh,
Alfa Aesar), potassium permanganate (Sigma-Aldrich),
sulfuric acid, hydrochloric acid, (Rankem Chemicals),
hydrogen peroxide (30 wt.%, Sigma-Aldrich), zinc ac-
etate dihydrate (Fischer Chemicals), oxalic acid (Fis-
cher Chemicals), ammonium molybdate tetrahydrate
(Alfa Aesar), ethanol (Hayman limited) and acridine or-
ange dye (Fischer Chemicals).

2.2. Synthesis of ZnO nanoparticles

Zinc acetate dihydrate (Zn(CH,COO), -2H,0) was
dissolved in 200 ml double-distilled water under vig-
orous stirring for few minutes at ~5°C to form so-
lution with concentration of 1.0mol%. Oxalic acid
(H,C,0, -2H,0), dissolved in 200 ml double-distilled
water at ~5°C with concentration of 1.5mol%, was
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slowly added to the cooled zinc acetate solution. It was
stirred for 2 h continuously at low temperature and the
solution was gradually turned to white precipitate. The
precipitate was then filtered and washed with ethanol
and allowed to dry at 80 °C for 2h and that ended up
in zinc oxalate formation. The zinc oxalate was further
calcined at 400 °C for 2 h to form pure ZnO nanoparti-
cles.

2.3. Synthesis of MoO3 nanogel

In a typical experiment, using low temperature sol-
gel method, 0.50g of ammonium molybdate tetrahy-
drate ((NH,),Mo,0,, - 4 H,0) was dissolved in 2 ml of
high pure ethanol and hydrolysed with 4 ml of double-
distilled water in a 50 ml glass beaker covered with glass
lid. The entire reaction was carried out in an ice bath for
5 h under vigorous stirring until a fluid gel was obtained.

2.4. Preparation of ZnO-MoQj3 core-shell particles

Zn0O-MoQO; core-shell nanoparticles with different
MoO; shell thickness were prepared by combined wet
chemical method. The synthesized ZnO nanoparticles
were dispersed in 100ml of distilled water by ultra-
sonication process. The prepared MoO; shell material,
which is unstable in the neutral pH, was introduced in
ZnO dispersion at acidic conditions. The instability of
the MoO; nanogel was controlled by adding HCI to ad-
just the pH value of 3 due to changes in the surface po-
tential of the individual nanomaterials. Further on, the
surface charge difference is associated with a pH that
supports the production of the uniform coating of col-
loidal MoO, layers on the ZnO surfaces. Then the sus-
pension was aged at room temperature for 2 h and finally
dried isothermally at 80 °C for 12h. The final residue
was transferred into the furnace at various 400 °C for
2h to crystallize the nanomaterials. The thickness of
the MoOj; shell size could be varied by changing the
concentration of molybdenum precursor. The follow-
ing concentrations were used: 0.5, 1.0 and 2 mol% and
the corresponding samples have the following notation:
ZM-0.5, ZM-1 and ZM-2, respectively.

2.5. Synthesis of GNS-ZnO-MoOQOj3 nanostructures

The detailed synthesis procedure for GNS decoration
part was reported elsewhere [10,11]. The synthesized
GNS (100 mg) were dispersed in double distilled water
(100 ml) using ultrasonicator to form a colloidal suspen-
sion. The GNS solution was added to a higher molyb-
denum concentration of ZnO-MoO; core-shell (ZM-2)
suspension (100 mg of material is dispersed in 100 ml
double distilled water). The obtained precipitate was
stirred vigorously for 30 min and separated by centrifu-
gation at 4000 rpm. The resulting product was washed
with ethanol and dried in a vacuum oven at 100 °C for
24 h to get GNS-ZnO-MoO; hybrid nanoassemblies.

2.6. Characterizations

The zeta potential was measured by Malvern Ze-
tasizer Nano ZS90 model with 50mW at 532nm
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laser source. X-ray diffraction (XRD) studies were
carried out using a PANalytical X-ray diffractome-
ter using CuKa (4 1.54 A) radiation. All the
peaks were indexed and subsequently matched with
the JSCPDS database. XPS analysis was studied using
ESCA+, Omicron Nanotechnology ESCA probe spec-
trometer using monochromatized Al Ko X-rays (en-
ergy: 1486.6eV). The binding energy was calibrated in
respect to the adventitious C 1s feature at 284.6eV. Us-
ing the CASA-XPS software, all the spectra were de-
convoluted to their component peaks. High-resolution
scanning transmission electron microscopy (HRSTEM)
was used to image the as-prepared nanoassemblies us-
ing an FEI Tecnai G2 S-twin instrument with a UHR
pole piece. The Perkin Elmer MPF-44B equipment was
used for photoluminescence studies (PL) under 325 nm
excitation.

2.7. Photocatalytic experiments

The photocatalytic performance of the GNS-ZnO-
MoO; hybrid nanoassemblies was investigated with the
model organic pollutant AO under natural solar light
irradiation following our previous work reported else-
where [18,19]. In this process, 50 ml of AO dye solution
with different concentrations (0.03 mM, 0.035mM and
0.04mM) and 50mg of the GNS-ZnO-MoO; nanos-
tructures were mixed and stirred for about 1h. Be-
fore exposing to sunlight illumination, the suspensions
were stirred in the dark for 30 min to confirm the es-
tablishment of adsorption/desorption equilibrium of AO
on the sample surfaces. Consequently, the suspension
was exposed to direct sunlight and all the experiments
were carried out under similar conditions on sunny
days in Chennai city (geographical location 13.04°N
and 80.17°E on the south-east coast of India), between
12:00 p.m. and 3:00p.m. (outside temperature, 29 to
31°C). The measured illuminance power of the sun-
light at the specified time interval was about 110000 Lux
to 120000 Lux that was measured using a Digital lumi-
nance meter (TES Electrical Electronic Corp. Taiwan).
At a particular time gap of irradiation, 5ml of the sus-
pension was withdrawn and consequently, the samples
were centrifuged at a rate of 3000 rpm for 5 min. UV-Vis
absorption spectra of the supernatant were then taken
with a Lambda 650 model Perkin Elmer UV-visible
spectrophotometer at the absorption line of 491 nm. The
EIS spectra were recorded at ambient condition using
CH instrument, 660E model cyclic voltammetry.

II1I. Results and discussion

3.1. Structure and chemical bond formations

Surface potential was studied to investigate the core-
shell formation strategy by identifying the surface
charges of the as-prepared ZnO and MoO; nanomateri-
als. Figure 2 exhibits the relation between surface po-
tential and pH of the as prepared nanomaterials sus-
pended in an aqueous medium. The obtained potentials
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Figure 2. Zeta potential with respect to pH plot for ZnO and
MoO; nanomaterials

were decreased with a decrease in pH, as it is an es-
sential criterion for surface coating phenomena and also
the core-shell fabrication approach. The dissimilarity in
surface potential is associated with the pH variation in
the materials. While reducing the pH of both pure ZnO
and MoO, by HCl addition (to pH = 3), the surface po-
tential values are —3.14mV and +19.8 mV, respectively.
As the MoO, shell nanolayer has higher surface charge
compared to the core ZnO particles, the as-fabricated
MoO, nanogel was decorated on the surface of ZnO par-
ticles by electrostatic attraction. It could be an evidence
to confirm that the nanoshells have coated on the surface
of ZnO particulates [23,24].

The XRD analysis was utilized to study the crystallo-
graphic phases of the as-fabricated ZnO, ZM-0.5, ZM-
1 and ZM-2 core-shells and GNS-ZnO-MoO; hybrid
nanoassemblies, as exhibited in Fig. 3. XRD pattern ev-
idently confirms the crystalline phase of wurtzite ZnO.
All diffraction peaks of the pure ZnO agreed well with
the data reported in JCPDS card no. 36-1451. We ob-
served broadening of the ZnO peaks in ZM-0.5, ZM-1
and ZM-2 core-shell structure by increasing the concen-
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Figure 3. XRD patterns of ZnO, ZnO-MoO; and
GNS-Zn0O-MoO; hybrid nanoassemblies
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Figure 4. The Zn 2p, Mo 3d and C 1s XPS spectra; ZnO-MoO; core-shell nanomaterials (a, b and c¢) and
GNS-Zn0O-MoO; hybrid nanoassemblies (d, e and f)

tration of molybdenum precursors. In the GNS-ZnO-
MoO; hybrid nanostructures, GNS presence was con-
firmed by the broad peaks at 25.7° and 41.16°, match-
ing the (002) and (100) crystal planes. It is apparent
that the graphene oxide is significantly reduced to nearly
pure graphene nanomaterials [25,26]. Very low quantity
of the ZM-2 core-shell nanostructure was chemically
bonded to the surface of GNS that can be compared and
confirmed with individual nanomaterials. Nevertheless,
the presence of MoO, and the nature of bonding occur-
ing in the synthesis reaction of ZnO-MoO; core-shell
with GNS can be elucidated by XPS investigation, as
conversed in the subsequent section.

The ZnO-MoOj core-shell and GNS-ZnO-MoO; hy-
brid nanoassemblies were further analysed by XPS stud-
ies. In ZnO-MoOj core-shell nanostructure, the peaks
located at 1020.2eV and 1043.2 eV match to Zn 2p3),
and Zn 2p, j», respectively, representing the existence of
Zn>* state (Fig. 4a). Figure 4b shows the doublet pattern
arising from the spin orbit splitting of Mo 3d level. The
binding energies are observed at 226.9eV and 230.2eV
corresponding to Mo 3ds;, and Mo 3d3, shells indicat-
ing the existence of Mo®" oxidation state, respectively.
The above XPS data reveal the presence of ZnO and
MoQ; in the core-shell assembly [27,28]. Further on,
the deconvoluted peaks found at the binding energy of
284.6eV and 285.6 eV were assigned to the C—C and C—
O bonds (Fig. 4c) that suggests the occurrence of only a
few oxygen-containing functional groups in ZnO-MoO,
core-shell nanostructures.

Figures 4d and 4e show the high-resolution XPS
spectral regions of Zn 2p and Mo 3d for GNS-ZnO-
MoO; hybrid nanoassemblies. Figure 4d shows dou-

blets of Zn 2p3/; and Zn 2p;, found at 1020.4eV and
1043.4 eV, respectively. The severance among these two
peaks is 24.0eV, as expected for ZnO. Figure 4e illus-
trates the Mo 3d XPS spectrum that has two bands in
this region. The bands that are centred at binding ener-
gies of 226.8eV and 231.0eV, are assigned to the Mo
3ds;, and Mo 3d3,, spin orbital-splitting of photoelec-
trons in the Mo®" oxidation state, respectively. Besides,
the small shifts in the Mo 3d peak position were accred-
ited to the formation of Mo—C bonding.

The C 1s graph of the GNS-ZnO-MoO; hybrid
nanoassemblies (Fig. 4f) can be deconvoluted into
four peaks at binding energies of 282.6eV, 284.6¢V,
287.0eV and 288.6¢eV that are assigned to Mo-C, C-C,
C-O and Mo-O-C groups, respectively. The oxygen-
containing bond at 282.6eV on the GNS surface can
perform as a bonding site for MoO;. During the syn-
thesis process, the oxygen-containing group entirely re-
duced and converted to C—Mo bond which is present
in the shell layer of the core-shell nanostructures. In
addition, the peak at 285.6eV disappears and shifts to
287.0eV and a characteristic peak emerges at 288.6eV
accredited to Mo—O—C bond. This shift indicates that
the —OH group of MoO; possibly interacts with the —
COOH group on the surface of GNS during the reaction
process [18,19,29].

For further understanding the bonding behaviour of
the GNS-ZnO-MoO; hybrid nanoassemblies, the band
gap of the as-fabricated ZnO, core-shells and hybrid
nanoassemblies were determined from the Kubelka-
Munk reflection plots drawn from the UV-visible re-
flectance spectra (Fig. 5). The band gaps of the ma-
terials were determined by extrapolating and intersect-
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Figure 5. UV-Vis diffused reflectance spectra of ZnO, ZM-0.5, ZM-1, ZM-2 and GNS-Zn0-MoOj; nanostructures

ing the linear portion of (K x hv)!/? [eV!?] to the en-
ergy axis hv. The band gap energy values for the ZnO,
ZM-0.5, ZM-1 and ZM-2 core-shells and GNS-ZnO-
MoO; hybrid nanoassemblies were found to be 3.33,
3.30, 3.29, 3.28 and 2.84 eV, respectively. Incorporation
of this core-shell nanostructure in the surface of GNS
shifts the band gap energy toward the higher absorp-
tion wavelength due to the chemical bonding between
C-Mo, which is in good agreement with the XPS re-
sults.

3.2. Morphological studies

The electron microscope images of the as-
synthesized ZnO, MoO;, ZM-0.5, ZM-1, and ZM-2
core-shell nanostructures and GNS-ZnO-MoO; hybrid
nanoassemblies are shown in Figs. 6, 7 and 8. The
resultant morphologies of the ZnO nanomaterials had
spherical structure of diameter ranging from 20nm
to 25nm as shown in Fig. 6a. To fabricate core-shell
nanostructures, MoO; gel with particles of a few
nanometers was coated onto the ZnO under stimulated
reaction medium.

Owing to the deviation in the surface potential of the
individual nanomaterials, ZnO-MoO; core-shell nanos-
tructures were shaped by electrostatic attraction be-
tween the nanoparticles as shown in Figs. 7a, 7b and 7c.
The outer shell thickness is in the range of ~2 to 4 nm
for ZM-0.5, ~5 to 6 nm for ZM-1 and ~8 to 10nm for
ZM-2, respectively. The respective insets clearly show
that the surfaces of ZnO were completely coated with
crystalline MoO, nanoshells of different thickness ob-
tained by increasing the concentration of molybdenum
precursor.

Figure 8a exhibits formed GNS as uniformly layered
and its ultra-thin wrinkled mat like structure. It is appar-
ent that the GNS certainly served as a two-dimensional
support for the integration and subsequent growth of ho-
mogeneous core-shell nanostructures. After incorpora-
tion of the ZnO-MoO; core-shell nanostructure with the
largest shell thickness, the GNS was chemically deco-
rated with ZnO-MoO; core-shell nanostructures. Due
to the preferential nucleation reaction in the synthesis
environment, the surface of the ZnO-MoO; nanostruc-
tures was chemically bonded (Figs. 8b and 8c) with

Figure 6. Electron micrographs of: a) ZnO and b) MoO; nanomaterials
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Figure 8. Electron micrographs of GNS (a), GNS-ZnO-MoO; (b) and magnified image of the GNS-ZnO-MoO; hybrid
nanoassemblies

the GNS surface. The surface morphology and elemen-
tal composition studies of the GNS-ZnO-MoO; hybrid
nanoassemblies have also been performed using FE-
SEM, TEM and EDS experiments, and confirmed the
presence of zinc, oxygen and molybdenum.

3.3. Photocatalytic performances and its mechanism

The photocatalytic activity of the as-fabricated ZnO,
Zn0O-MoO;, and GNS-ZnO-MoO; hybrid nanoassem-
blies were investigated by observing the degradation
rate of mutagenic organic pollutant (AO) in direct sun-
light irradiation. The absorption spectra changes of AO
aqueous solutions exhibited the concentration changes
of AO. The degradation rate (D%) is calculated by the
mathematical equation as given below [30]:

C-C
0

D% = X 100%

&)
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where initial (Cy) and final (C) concentrations of AO are
measured by UV-Vis.

Figure 9a presents the AO degradation against irra-
diation time plot for ZnO, ZnO-MoOj;, and GNS-ZnO-
MoO; hybrid nanostructure photocatalysts. C/Cy plot
showed that AO dye with the 3.0x 1073 M concentration
was decayed for about 74% with ZnO, 86% with ZM-
0.5 core-shell, 92% with ZM-1 core-shell, 100% with
ZM-2 core-shell all within 100 min and 100% for GNS-
Zn0O-MoO; hybrid nanostructures within only 30 min
(Fig. 9b) under direct sunlight irradiation. The GNS-
Zn0O-MoO; hybrid nanoassemblies showed higher pho-
tocatalytic efficiency compared to both pure and core-
shell nanostructure materials. These results certainly
confirmed that GNS boosted the photocatalytic perfor-
mance of ZnO-MoQOj; core-shell nanomaterial under di-
rect sunlight irradiation.

In addition, the stability of the hybrid nanostructure
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photocatalysts was studied by three experimental cycles
which is essential for the photocatalyst to be proposed
for use in the environmental technology. Figures 9c and
9d present that the photocatalytic degradation of AO
over the GNS-ZnO-MoO; hybrid nanoassemblies un-
der direct sunlight irradiation was efficient. More promi-
nently, by changing the AO dye concentration such as
3.0x107°M, 3.5x1073 M and 4.0x 107 M it was exhib-
ited that the GNS-ZnO-MoO; hybrid photocatalyst can
easily degrade the AO dye within 30 min of irradiation
in sunlight and can be separated and recycled by cen-
trifugation. It can significantly advance their practical
application to degrade and destroy the chemical chains
of mutagenic organic pollutants in waste-water.

To determine the formation of reactive radicals in-
volved in the photocatalytic activity, radicals trapping
experiment has been demonstrated (Fig. 10). In a typ-
ical experimental procedure, 10 mM of Isopropyl al-
cohol, 10mM of benzoquinone and 10 mM of sodium
oxalate were added in the AO/photocatalyst solution
to scavenge *OH, *O”~ and h*, respectively. The pho-
todegradation efficiency of AO pollutant in the presence
of above mentioned scavengers has been calculated. It
is found that, the degradation efficiency was 81%, 59%
and 21% in the presence of isopropyl alcohol, benzo-
quinone and sodium oxalate, respectively. It could be
concluded that *OH acts as a primary reactive species
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and *0* as a secondary reactive species in the efficient
photodegradation process.

From the above results, the proposed mechanism
of the efficient photocatalytic performance towards the
degradation of harmful organic pollutants under sun-
light can be credited mainly to chemically bonded in-
terface structure between GNS and MoOj; shell in ZnO-
MoQO; core-shell nanostructures. During the photocat-
alytic process, the conduction as well as valence band
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LI T T T 1 T
Scavengers
Figure 10. Reactive species involved in the photodegradation

process of AO using GNS-Zn0O-MoOj; hybrid nanostructures
under sunlight irradiation
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Figure 11. Schematic representation of the charge transfer
process involved in GNS-ZnO-MoQO; hybrid nanoassemblies

of ZnO lies above the energy band of MoO,. It means
that the photoinduced electrons can transfer from ZnO
to MoOj;, which is due to the alignment of energy band
levels at the interface of the ZnO-MoO, core-shell het-
erojunction. The positive holes created in MoO, can
migrate to the valence band of ZnO nanomaterial and
thereafter might be trapped on the surface. Thus, the
photogenerated electrons and holes can be separated
more efficiently at the interface of the ZnO-MoOj core-
shell. However, the oxygen molecules adsorbed on the

surface of the photocatalysts would react with the free
electrons. Moreover, during the transfer of these free
electrons from one semiconductor grain to another they
should get through the potential barrier which limits the
electron mobility. If the semiconductor nanostructures
were bonded chemically to the GNS surface, they can
be able to decrease the potential barrier. These chemi-
cal bonding perhaps provides a capability of transport-
ing charge carriers and offers superior spatial condi-
tions between semiconducting nanostructures and GNS
by means of interface structures [31-33].

In contrast, photogenerated electrons could not flow
directly from AO to ZnO-MoOj core-shell nanostruc-
tures (Fig. 11), as there was a mismatch in their energy
levels. The photogenerated electron from AO flows into
conduction band (CB) of MoO; shell in the ZnO-MoO,
nanostructures through GNS and consequently radical
species are generated. Generally, pollutants are aromatic
compounds that produce m—r stacking with GNS. Sub-
sequently, photocatalyst degrade the pollutants by the
formation of oxidants and reduction of radicals [34-36].
As a result, the photodegradation is improved by chem-
ical bonding of the core-shell nanostructures with the
surfaces of GNS. Furthermore, the influence of inter-
face engineering could improve the photocatalytic per-
formance of the hybrid GNS-ZnO-MoO; nanoassem-
blies.

3.4. Interfacial charge transfer and recombination
analysis

The efficient photodegradation performance of the

GNS-Zn0O-MoO; is attributed to the interfacial charge

transfer process, which rapidly enhances the number of
holes involved in the process of photo-oxidation and
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Figure 12. EIS and photoluminescence spectra of: a) ZnO, b) ZnO-MoO; and ¢) GNS-ZnO-MoO; hybrid nanoassemblies

383



R. Ajay Rakkesh et al. / Processing and Application of Ceramics 13 [4] (2019) 376-386

effectively hinders the recombination rate of electron-
hole pairs. The interfacial charge transfer process is ex-
perimentally determined by EIS and PL spectroscopic
studies. Figures 12a and 12b show the EIS Nyquist
plots of the ZnO-MoO; and GNS-ZnO-MoO; hybrid
nanoassemblies, respectively. The radius of the EIS
Nyquist curve for the GNS-ZnO-MoO, is smaller than
for the ZnO-MoO; nanostructure. The smaller semicir-
cle is a proof of a rapid interfacial charge transfer and
also effective charge separation capability. The rate of
recombination of photogenerated electron-hole pair is
a significant factor, which affects the light induced cat-
alytic performance of a photocatalyst. The recombina-
tion rate of electron-hole pair can be experimentally
found by room temperature PL emission spectra. De-
crease of the PL emission intensity indicates the en-
hanced charge separation efficacy. Figure 12¢ presents
the PL emission spectra of ZnO, ZnO-MoO,, and GNS-
Zn0O-MoQO; hybrid nanoassemblies. It is evident that the
UV peaks with significant intensity at 385 nm and the
feeble green emission peak at 535 nm were obtained for
the ZnO nanomaterials owing to its free excitonic emis-
sion and localized defect states, respectively [16,19].
The PL spectra of the ZnO-MoOj; core-shell nanostruc-
ture as compared to the ZnO nanomaterials show that
the intensity of the ZnO peaks decreased and shifted sig-
nificantly owing to the presence of MoOj, shell layer. It
is evident that the formation of heterojunction between
the semiconductors undoubtedly reduces the defect all
through core-shell creation process.

For evaluation, the GNS-ZnO-MoO;, hybrid nano-
assemblies were investigated with PL. emission spectra.
The emission intensity reduced significantly, implying
that the chemical bonding with GNS can quench the flu-
orescence from the semiconductor nanomaterials [37—
39]. This could be due to the interfacial charge transfers
between the semiconductors and GNS owing to chemi-
cal bonding. Therefore, GNS is an excellent nanomate-
rial to enhance the photocatalytic activity by increasing
the electron-hole pair lifetime that inhibits the recom-
bination rate of electron-hole pair and accelerates the
interfacial charge transfer process.

IV. Conclusions

GNS-ZnO-MoO; hybrid nanoassemblies were suc-
cessfully fabricated by combined wet chemical tech-
niques. Such hybrid nanoassemblies were made up of
ZnO-MoO; core-shell nanostructure incorporated onto
the GNS with interfacial contacts. The study shows that
the MoO; shells in the ZnO-MoO; core-shell nanostruc-
ture are chemically bonded with the GNS confirmed by
the Mo-C bond formation using XPS. The GNS-ZnO-
MoO; nanoassemblies show evidence of higher photo-
catalytic performance than the pure nanomaterials. Such
enhanced activity was attributed to the interfacial charge
transfer processes between GNS and ZnO-MoO; core-
shells that enhance the electronic conductivity of the

1

384

hybrid nanostructure. More significantly, the chemical
bonds were formed between the MoO, shells and GNS
surface, which efficiently hinder the recombination loss
of photogenerated charges.
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