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ABSTRACT

The research thesis entitled ‘Graphene - Metal Tungstate
Nanocomposites for Catalytic Applications’ deals with the synthesis,
characterization and studies on catalytic properties of some graphene - metal tungstate
nanocomposites. The work describes successful synthesis of five different kinds of
novel graphene-metal tungstate based nanocomposites namely, NRGO/ZnWO4/Fe304,
NRGO/NiWO04/ZnO, NRGO/CoWO0O4/Fex03, NRGO/FeWO4/Fe304 and
NRGO/BaWO04/g-C3N4 using facile microwave irradiation method. All the synthesized
nanocomposites were carefully characterized for their elemental composition,
structural, morphological and optical properties by employing appropriate techniques
such as, XRD, SEM, FESEM, TEM, HRTEM, BET, XPS, DRS, Raman, FTIR, UV-
Vis and PL spectroscopies. Thereafter, each nanocomposite was investigated for its
catalytic efficiency towards, (i) The photodegradation of methylene blue dye under the
visible light irradiation, (ii) The reduction of 4-Nitrophenol to 4-Aminophenol by
sodium borohydride in aqueous media and (iii) The electrocatalytic hydrogen evolution
reaction in alkaline media. The synthesized nanocomposites exhibit high catalytic
activity due to the synergistic effects of the components of the nanocomposite materials.
The reusability of the catalysts in all the above processes is also good. Therefore, the
observed results suggest that these novel graphene - transition metal tungstate based
ternary nanocomposites are potential candidates as multifunctional catalysts in the field

of clean energy and environmental applications.

Keywords: Graphene, Metal Tungstates, Microwave Irradiation, Photocatalysts,

Reduction, Electrocatalysts.
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Chapter 1

This chapter gives a brief introduction to the basic aspects of the study
undertaken. It also gives a brief overview of the relevant works in the literature which
focus upon graphene, metal tungstate, metal tungstate-based nanocomposites,
graphene-based nanocomposites, their synthesis methods and catalytic applications.

Scope and objectives of the present research work have been given at the end.
1.1 CARBON SOURCES

Carbon is one of the most important materials in catalytic science and
technology due to its adsorption capacities and as a support for various heterogeneous
catalysts. It also plays different roles in the preparation and performance of catalysts.
The presence of carbonaceous materials in a semiconductor composite significantly
improves the catalytic performance of the composite. (Bruno and Philippe 2012,
Philippe and Bruno 2015). Graphene oxide (GO), graphene, N-doped reduced
graphene oxide (NRGO) and graphitic carbon nitride (g-CsN4) belong to this

interesting class of carbonaceous materials.
1.1.1 Graphene Overview

Graphene i1s a two-dimensional single-layer carbon sheet that has attracted
great interest recently in various fields of science and engineering because of its
unique electrical, optical, thermal, and mechanical properties (Allen et al. 2009).
Although a lot of methods have been developed for the preparation of graphene sheets
the most widely used technique is chemical reduction of GO by Hummers’ method
(Hummers and Offeman 1958). According to this method, graphene is prepared by
exfoliating GO, obtained by oxidation of natural graphite powder with strong
chemical oxidants, such as HNO;, KMnO4 and H>SO4. In recent years, graphene
based nanocomposites have attracted attention towards the heterogeneous catalysis
such as photocatalytic dye degradation processes, electrocatalytic hydrogen evolution
reaction (HER), cross-coupling reactions, propylene epoxidation, hydrogenation
reactions, reduction of 4-Nitrophenol (4-NP) to 4-Aminophenol (4-AP), oxidation of
alcohols due to their excellent sensitivity, durability and stability (Chang and Wu
2013). Several research groups are working on graphene-based nanocomposite

materials like GO-polymer, GO-metal, GO-semiconductor, GO-metal oxide and GO-
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magnetic material composites for various engineering applications due to its high
surface area and high chemical stability (Stankovich et al. 2006). Further, graphene
has also been used profusely as an active supporting component in the preparation of
nanocomposite materials for adsorption, separation, degradation of organic dyes, the
reduction of 4-NP to 4-AP and electrocatalytic HER (Chowdhury and

Balasubramanian 2014).
1.1.2 NRGO Overview

By doping with heteroatoms (nitrogen, sulphur, boron), the physiochemical
properties of nanostructured carbon nanotubes and graphene can be improved. Among
the heteroatoms nitrogen is preferred because it can enhance the electrochemical
reduction of oxygen which increases charge transportation capacity. N-doped
graphene also possess large surface area, high thermal and electrical conductivity,
tunable electronic properties, and increased number of active catalytic sites. This can
be used as a supporting matrix for semiconductor catalyst to enhance its catalytic
activity in degradation of dyes, electrocatalysts of HER and reduction of 4-NP to 4-
AP. The photo-induced charge separation, transfer and collection is improved due to
the strengthened interfacial interaction and the formation of p-n heterojunction
between semiconductor and N-doped graphene (Zhang et al. 2014, Chang and Baek
2016, Li et al. 2016).

1.1.3 Graphitic Carbon Nitride Overview

g-C3N4 has a polymeric structure based on heptazine units. It is chemically
inert and insoluble in acidic, neutral or basic solutions. Because of the presence of
carbon and nitrogen, g-C3N4 has surface properties suitable for catalysis and includes
basic surface functionalities, electron-rich properties, H-bonding motifs etc. It has
high thermal stability (stable upto 600 °C in air) and hydrothermal stability. g-C3Na is
used as a catalyst for various reactions such as CO» activation, transesterification,
oxygen reduction, electrocatalytic hydrogen production, reduction of 4-NP to 4-AP
and photodegradation of dyes (Dong et al. 2011, Dai et al. 2013, Zhu et al. 2014).
Because of the unique electronic structure, g-C3N4 can be coupled with various functional

materials to enhance the catalytic performance. According to catalytic mechanism and
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processes, six primary systems of g-C3Ns based nanocomposites are identified: g-C3Na
based metal-free heterojunction, g-C3Na/single metal oxide (metal sulfide) heterojunction,
g-C3Ns/composite  oxide, g-CsNs/halide  heterojunction, g-C3Na/noble  metal
heterostructures, and g-C3N4 based complex system (Zhao et al. 2015).

1.2 METAL TUNGSTATE OVERVIEW

Metal tungstates with the formula of AWO4 type compounds where A is a
divalent transition metal ion have attracted a lot of scientific interest in recent times
because of their interesting structural properties (Suresh et al. 2011, Xiang and Yu
2013). It can be used in various applications such as scintillators, photoanodes,
ceramics, laser hosts, optical fibres, sensors, photoluminescence, magnetic,
multiferroic, electrical transport, photocatalysts, electrocatalysts, reduction catalysts,
oxidation of benzyl chlorides, bromides and alcohols with hydrogen peroxide (Xie et
al. 2002, Wang et al. 2006, Cavalli et al. 2008, Kumar et al. 2010, Shi et al. 2010).
The major natural tungsten ores are formed by the minerals scheelite and wolframite
with its end members ferberite and hubnerite. Depending on the ionic radius of the
cation (A" sites) tungstates can crystallize in either the scheelite or the wolframite
structure. Scheelite structures with the tungsten in tetrahedral coordination are formed
with large bivalent cations (ionic radius > 0.99 A) like Ca, Ba, Pb and Sr.
Alternatively, tungstates with smaller bivalent cations (ionic radius < 0.77A) like Fe,
Cu, Mn, Co, Ni, Mg and Zn, crystallize in wolframite structure with the tungsten in
octahedral coordination (Ryu et al. 2005, Sakthivel et al. 2012, Renkun et al. 2013,
Zawawi et al. 2013, Sakthivel et al. 2014). So far, a variety of methods have been
used to synthesize metal tungstates including hydrothermal synthesis, ultrasonic
irradiation, high temperature solid-state synthesis, flux methods, reaction of oxides
with  WOs vapor, mechanochemical activation, Czochralski technique, sol-gel
technique, aqueous solution growth polymerized complex method, hydrothermal
combined with annealing treatment, template method, self-propagating combustion
method, microwave irradiation and co-precipitation (An et al. 2002, Liao et al. 2002,
Geng et al. 2006, Kalinko and Kuzmin 2011, Kumar and Karuppuchamy 2016,
Gohari and Yangieh 2017).
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1.3 CATALYSIS

The increase in the rate of a chemical reaction with the addition of certain
substances, without itself getting consumed, is called catalysis. The term catalysis was
coined by Berzelius in 1835. The substance is called as catalyst and they can be
protonic acids, multifunctional solids, transition metals etc. Catalyst reacts with
reactant to form an intermediate with activation energy lower than that required for
the reaction without using catalysts (Zhou et. al. 2004). Types of catalysis such as
organocatalysis, electrocatalysis, nanocatalysis, enzymes and biocatalysis,
hydrogenation catalysis and photocatalysis (Viswanathan 2009) have drawn
widespread attention due to their potential applications in environmental remediation
and renewable resource production, such as water purification and hydrogen

production.
1.3.1 Photocatalysis

The toxic organic and inorganic wastes from industries are the major
contaminants in the environment and pose a serious problem in the current scenario
(Herrmann 1999). Dyes such as methylene blue (MB), rhodamine B (RhB) are the
major organic compounds used in various industries, such as textile industries,
dyeing, printing, and cosmetics (Garg et al. 2004). These dye effluents are discharged
from various industries into the nearby water source without further treatment
(Cooper 1993). Most of the dyes are toxic in nature and their disposal into the
environment causes serious health hazards and it also poses a threat to our ecosystem.
Therefore, it is necessary to remove the dye pollutants from industrial wastewater to
reduce water pollution (Robinson et al. 2001). Photocatalysis is an excellent method
for the degradation of highly toxic hazardous pollutants present in waste water
(Herrmann 1999). Although it is a less expensive process compared to other advanced
oxidation processes, the overall cost can be further reduced by optimizing the
operating environment. Hence, photocatalysis can be practically implemented along
with the combination of heterogeneous catalysts and made more cost effective.
Semiconductor photocatalytic materials are a green tool for the decomposition of

organic pollutants into non-hazardous compounds under light irradiation (Chen et al.
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2010). To date, the practical applications of photocatalysts are restricted by two
important factors: the fast recombination of photogenerated electron-hole pairs and
the limited visible-light response. Thus, there have been intense efforts to develop

new highly efficient visible light photocatalysts.
1.3.2 Mechanism of Photocatalysis

Photocatalysis generally involves the process of photosensitization, where a
photochemical reaction occurs in one chemical species due to the absorption of
photonic energy by another species called photosensitizer, which, in most cases, refers
to a semiconductor. The mechanism of photocatalysis is illustrated in Figure 1.1.
When photons with energies larger than the band gap energy (AE) of the photocatalyst
are absorbed, the electrons in the valence band (VB) of the semiconductor
photocatalyst are excited into the conduction band (CB), leaving behind an equal
number of holes in the VB (equation 1.1). Apart from the recombination that may
occur in the bulk or on the surface of the catalyst, the photo-generated electron-hole
pairs will separate from each other and migrate to catalytically active sites at the
semiconductor/liquid interface and then react with any adsorbed species. The holes,
with high oxidative potential, will either oxidize the organic species directly (equation
1.2), or form very active hydroxyl radicals (OH) by decomposition of water (equation
1.3) or react with hydroxyl ions (OH") in water (equation 1.4). The electrons in the CB
on the catalyst surface, on the other hand, can reduce adsorbed oxygen into
superoxide anions (equation 1.5) or peroxides (equation 1.6), which may subsequently
form hydroxyl radicals (‘OH) (equation 1.7). The hydroxyl radical is a highly
powerful, non-selective oxidant (E° = +3.06 V) which causes partial or complete
decomposition of many organic compounds (equation 1.8), and hence is an important
species that mineralizes organics in the photocatalytic reactions (Tang and Huren
1995, Galindo and Jacques 2001, Khodja et al. 2001, Daneshvar et al. 2004, Wan et
al. 2005).

The process of photocatalytic degradation can also be represented by a series
of equations. The photoexcitation of semiconductor catalyst (SC) by UV light

irradiation, followed by the formation of electron-hole pairs can be expressed below:
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SC + hv — SC(e+h) e (1.1)

The photogenerated holes and electrons are strong oxidizing and reducing
agents, which will cause a series of subsequent oxidative and reductive reactions,

respectively, as illustrated by

Photooxidation reactions

h" + dye + dye” — degradation of the dye =~ -—-------- (1.2)
h"+ H0O — H'+OH = e (1.3)
h*+ OH" ~ OH e (1.4)

Photoreduction reactions

e+ 0 — Oy e (1.5)
2¢ + 0y H2H" — H,0, e (1.6)
¢ + H202 — OH+OH e (1.7)
Energy Vs
~ = 'OH
i Photo-reduction
vAg A
<J®> CB® . _ . e-+H0,= OH+ OH
LA -
=
g E
i} = =
E .
‘OH ; Dye+
VB—h+7h+,l‘ Photo-oxidation
Catalysts % H,0/°OH ; Dye
‘OH + Dye ====_» Intermediates == » CO,+ H,0

Figure 1.1 A schematic diagram illustrating the principle of photocatalysis (Ahmed et
al. 2010).
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The primary degradation of dye is caused by the hydroxyl radicals generated through

the previous processes, as represented by equation (1.8).
‘OH+dye — intermediate — CO;+H.O o (1.8)

It is worth noting that the presence of adsorbed oxygen molecules prevents the
recombination of the photogenerated electron-hole pairs. In a typical photocatalytic
reaction, if the reduction of adsorbed oxygen does not take place simultaneously with
the oxidation of organic dyes, there is a large chance that the electrons will
accumulate on the catalyst surface, leading to an increased recombination rate of the
electrons and holes. Hence it is very important to prevent electron accumulation by
introducing oxygen molecules into the reaction mixture to achieve an efficient

photocatalytic reaction.
1.3.3 4-NP Reduction

Among the various organic pollutants, 4-NP is listed as toxic by the United
States Environmental Protection Agency (Ju and Parales 2010). Hence, the discharge
of 4-NP from industries into the nearby water system without any treatment leads to
serious environmental problems (Bhattacharjee and Ahmaruzzaman 2015). Therefore,
the removal of 4-NP from the wastewater is very much important from the
environmental point of view. Many processes such as adsorption, microbial
degradation, photocatalytic degradation, Fenton method and electrochemical
treatment have been developed (Chang and Chen 2009). 4-NP is also a precursor for
the synthesis of 4-AP. 4-AP is an important intermediate in the synthesis of various
analgesic and antipyretic drugs such as paracetamol, acetanilide and phenacetin
(Vaidya et al. 2003). It has enormous applications in the synthesis of various dyes, as
a photographic-developer and corrosion inhibitor. So, a great deal of efforts has been
made on the reduction of 4-NP to 4-AP. Among them, the sodium borohydride
(NaBH4) reduction of 4-NP to 4-AP by semiconductor nanoparticles (which act as a
catalyst) is particularly attractive because this reaction can be performed in aqueous
solution under mild condition. However, for the sake of saving energy, safe operation,

and avoiding the use of organic solvents, the development of more appropriate
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processes for the reduction of 4-NP to 4-AP in aqueous solutions under mild

condition is still in demand (Chiou et al. 2013).
1.3.4 Mechanism of 4-NP Reduction

The mechanism of 4-NP reduction is schematically shown in Figure 1.2. It is
believed that the 4-NP molecules would transform into p-nitrophenolate ions in alkali

atmosphere and adsorb on the surface of catalyst.
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Figure 1.2The proposed mechanism for reduction of 4-NP by NaBHsover the

catalysts.

The strong nucleophile BHs~ would give electrons to catalyst, and hydrogen is
formed from the hydride and the protons (H, provided by H>O) (Du et al. 2012, El-
Bahy 2013). The freshly formed H> molecule binds to the surface of catalyst and its
anti-bonding molecular orbital accepts the electron pairs from the catalyst. Thus, the
bond order of H» declines and active hydrogen atoms are formed on the surface of
catalyst. The active hydrogen atoms will then attack the nitro groups of 4-NP and

ultimately reduce them into amino groups via following three steps.
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Catalyst / \

Step 1: 0 NO, + H, » 0 NO + H,O
Catalyst / \

Step 2: o@—uo + H, > 0 NHOH
Catalyst / \

Step 3 : 0 NHOH + H, » 0 NH, + H,0
Catalyst

Overall reaction : O NO, + 3H, ——» 0 NH, + 2H,0

The mechanism also indicates that two factors may influence the sample’s
catalytic activity for the reduction of 4-NP: (1) adsorption of the p-nitrophenolate ion
on the surface of catalyst and generation of surface active hydrogen atoms; (2) the rate
of interfacial charge transfer in heterojunction. The reduction of 4-NP mainly happens
on the surface of catalyst. Since the larger specific surface area can provide more
active sites for borohydride ions, generated active hydrogen atoms and 4-NP
adsorption, it is easy to understand that catalysts with the largest specific surface area

will exhibit the best catalytic activity (Yu et al. 2007, Zhang et al. 2010).

1.3.5 Electrocatalysis

Hydrogen has been perceived as a valid alternative to fossil fuels in many
applications because of its advantage of being a clean fuel, considering that its use
emits almost nothing other than water. Additionally, it can be produced using any
energy source, with renewable energy being most attractive, making it one of the
solutions to sustainable energy supply in the so-called new “hydrogen economy”

(Bokris et al. 1981).

Notwithstanding the increasing interest in hydrogen as an energy carrier, its
main uses continue to be in petroleum refining, ammonia production, metal refining,
and electronics fabrication, with an average worldwide consumption of about 40
million tons (Sato et al. 2003). This large-scale hydrogen consumption consequently

requires large-scale hydrogen production. Presently, the technologies that dominate
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hydrogen production include reforming of natural gas, gasification of coal and
petroleum coke as well as gasification and reforming of heavy oil (Momirlan 2002).
Hydrogen fuel obtained by water electrolysis is free of the contaminants which are
found in hydrogen gas obtained from reformed hydrocarbons that can poison
traditional fuel cell electrocatalysts, reducing their efficiency and lifetime (Sato et al.

2003).

1.3.6 Mechanism of Electrocatalysis

HER (2H* + 2e~ = H,) is a multi-step electrochemical process taking place
on the surface of an electrode that generates gaseous hydrogen. Generally accepted
reaction mechanism of the electrocatalytic evolution of H> on the surface of the
catalystselectrode is schematically shown in the Figure 1.3. In alkaline media, the
HER pathway could be through the Volmer-Tafel (equation 1.9 and 1.11) process or
Volmer-Heyrovsky (equation 1.9 and 1.10) pathways (Conway and Tilak 2002).

Adsorption Desorption

. Recombination (Tafel Reaction)
(Volmer Reaction)  (Heyrovsky Reaction)

Voltage

H,0

GC Electrode

Figure 1.3 The schematic representation of HER mechanism.
Electrochemical hydrogen adsorption (Volmer reaction) (equation 1.9)
H,0+M+ e =& M—Hy, +OH e (1.9)
followed by
Electrochemical desorption (Heyrovsky reaction) (equation 1.10)

M—Hugs+ HyO+ e~ = M+OH + Hy T cooeeeee (1.10)
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or
Chemical desorption (Tafel reaction) (equation 1.11)
2M —Hygs = 2M+ H, T e (1.11)

where Hags designates a hydrogen atom chemically adsorbed on an active site of the

electrode surface (M).

Both pathways involve the adsorption of H»>O molecule, electrochemical
reduction of adsorbed H>O into adsorbed OH™ and H atom, desorption of OH™ to
refresh the surface and formation of H adsorbed intermediate for H generation.
Therefore, it is established that HER mechanism with Tafel slope values in the range
of 66 mV per decade corresponds to Volmer-Heyrovsky and that in the
neighbourhood of 118 mV per decade follows Volmer-Tafel and finally if the values
are above 200 mV per decade the process is known to be following the Tafel

mechanism (Markovic and Ross 2002, Norskov et al. 2005).
1.4 A REVIEW OF LITERATURE

A survey of literature, carried out to know the latest advancements in the field
of graphene based nanocomposites is given below. Various synthetic techniques
employed for the synthesis of components of the composite such as graphene, NRGO,
g-C3N4 and metal tungstates in the recent past has been discussed below, followed by a

brief account on their applications in photocatalysis, reduction of 4-NP and HER.
1.4.1 Graphene

The first reported synthesis of graphene is by mechanical cleavage of graphite
with Scotch tape. Afterwards, a wide range of synthesis methods have been reported.
These techniques can be divided into ‘bottom-up’ and ‘top-down’ methods. In the
bottom-up methods, graphene is synthesized from atoms or molecules via chemical
reactions. Some typical examples are epitaxial growth on single-crystal and chemical
vapor deposition (CVD) on metal foil surfaces. High-quality graphene with a well-
defined molecular structure is usually prepared by top-down methods such as

chemical exfoliation of graphite, thermal exfoliation and electrostatic deposition.
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Although a lot of methods have been developed for the preparation of
graphene sheets, the most suitable and efficient approach is the solution-based
chemical reduction of exfoliated RGO by Hummers’ method (Hummers and Offeman
1958). The resulting RGO product is usually purified by centrifugation, washing and
dialysis to remove some aggregates and various inorganic impurities such as residual
ions and acids. Moreover, the functional GO can be reduced to graphene with partial
restoration of the sp? hybridized network by thermal, chemical, electrochemical,
photothermal, photocatalytic, sonochemical and microwave reduction methods. The
presence of oxygen functionalities in GO allows interactions with the cations and
provides reactive sites for the nucleation and growth of nanoparticles, which results in

the rapid growth of various graphene-based composites.

Chen et al. (2009) have reported the oxidation of expanded graphite using
concentrated HoSO4and KMnOy to form high quality graphene oxide in water. The
method was claimed to be a simple and inexpensive route for the production of large

quantity of graphene sheets.

Gao et al. (2009) have devised a complete reduction process of GO through
chemical conversion by sodium borohydride and sulfuric acid treatment, followed by
thermal annealing. Only small amounts of impurities were present in the final product
(less than 0.5 wt.% of sulfur and nitrogen, compared to about 3 wt.% with other
chemical reductions). This method is particularly effective in the restoration of the n-

conjugated structure and leads to highly soluble and conductive graphene materials.

Marcano et al. (2010) have reported an improved method for the preparation
of GO. They found that excluding NaNOs3, increasing the amount of KMnOs, and
performing the reaction in a 9:1 mixture of H2SO4/H3PO4 improves the efficiency of
the oxidation process. This improved method provided a greater amount of
hydrophilic oxidized graphene material as compared to Hummers’ method. In contrast
to Hummers’ method, the new method did not generate toxic gases and the
temperature control was easy. A comparison of the methods is schematically shown in

the Figure 1.4.
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Figure 1.4 Schematic representation of Hummers’, Improved Hummers’, and

modified Hummers’ Methods.

Jacob et al. (2015) reported CVD method for synthesis of high quality
graphene sheets using isopropyl alcohol as the carbon precursor and decomposed on a
nickel foil catalyst using a Meker burner. Ni foil was submerged in acetic acid to etch
the native oxide from its surface. Then, the Ni foil was placed inside a quartz tube and
the system was tightly sealed to ensure that oxygen and water vapor from the air do
not enter during growth. The reaction conditions were maintained to obtain graphene

coated nickel foil.

Dinesh et al. (2016) fabricated graphene nanoplatelets from expandable
graphite by rapid microwave exfoliation. Expandable graphite was irradiated in
microwave in full power for 3 minutes, soaked in mixture of nitric acid and sulphuric
acid at volume ratio of 1:1 for 24 hours and re-irradiated to obtain graphene

nanoplatelets.
1.4.2 NRGO

Sheng et al. (2011) proposed a facile, catalyst-free thermal annealing approach
for large-scale synthesis of NRGO using low-cost industrial material melamine as the

nitrogen source. This approach can completely avoid the contamination of transition
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metal catalysts, and thus the intrinsic catalytic performance of pure N-doped graphene
can be investigated. This catalyst-free approach opens up the possibility for the
synthesis of N-doped graphene in gram-scale for electronic devices and as cathodic

materials for fuel cells and biosensors.

Zhang et al. (2014) proposed a solid microwave-mediated method for scalable
production of nitrogen-doped graphene sheets using low-cost industrial material
melamine as functionalizing agent and nitrogen source. The strong interaction of
microwaves with graphene oxide has been fully utilized to generate in situ heating

that induces the decomposition of melamine and nitrogen doping of graphene.

Liu et al. (2016) synthesized N-doped graphene in hexamethylenetetramine
flame from graphite oxide powder within a few seconds. The hexamethylenetetramine
not only acts as the fuel for flame, but also as the nitrogen source and reducing agent.
The exfoliation, reduction and nitrogen doping are achieved simultaneously in the
nitrogen-rich flame plasma. The method features high efficiency, cost-effective and
facile operation, and shed a light for the synthesis of nitrogen doped carbons in gram-
scale towards energy storage applications. The N-doped graphene was evaluated as

good electrode material for supercapacitor applications.
1.4.3 Graphitic Carbon Nitride

Dong et al. (2011) synthesized polymeric g-C3N4 layered materials with high
surface areas efficiently from an oxygen-containing precursor by directly treating urea in
air between 450 °C - 600 °C, without the assistance of a template. The g-C3N4 materials
are demonstrated to exhibit much higher visible light photocatalytic activity than that of
carbon doped TiO; and g-Cs3Ngprepared from dicyanamide. The efficient synthesis
method for g-CsN4 combined with efficient photocatalytic activity is of significant interest
for environmental pollutants degradation and solar energy conversion in large scale

applications.

Roberto et al. (2011) synthesized g-C3N4 starting from melamine and uric acid.
Uric acid was chosen because it thermally decomposes, and reacts with melamine by

condensation at temperatures in the range of 400 °C - 600 °C. The reagents were
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mixed with alumina and subsequently the samples were treated in an oven under
nitrogen flux. Alumina favored the deposition of the graphitic carbon nitrides layers

on the exposed surface. This method can be assimilated to an in-situ CVD.

Dai et al. (2013) prepared g-C3N4 sub-microspheres via a facile microwave
synthesis through polymerization reaction between cyanuric chloride and sodium
azide using acetonitrile as solvent. The results show that g-C3Njare insoluble to
conventional solvents except dimethyl sulfoxide, and it exhibits a good chemical
stability, thermal stability (<650 °C), particle size with 0.076 pum - 0.137 um
diameter, surface area of 89.1 m*/g and a band gap of 2.41 eV. Additionally, g-
C3N4 prepared by microwave method also displays higher thermal stability, smaller
particle radius, larger surface area, lower band gap and stronger emission intensity

than traditional solvothermal method.

Dong et al. (2013) developed a facile in situ method to construct g-C3Na/g-
C3N4 metal-free isotype heterojunction with molecular composite precursors with the
aim to greatly promote the charge separation. Considering the fact that g-C3N4
samples prepared from urea and thiourea separately have different band structure, the
molecular composite precursors of urea and thiourea were treated simultaneously
under the same thermal conditions, in-situ creating a novel layered g-C3Na/g-C3N4
metal-free heterojunction (g-g CN heterojunction). For the removal of NO in air, the
g-g CN heterojunction exhibited significantly enhanced visible light photocatalytic

activity over g-C3Ny alone and physical mixture of g-C3N4 samples.
1.4.4 Metal Tungstates

Phani et al. (2000) have synthesized ZnWO4 by solid state process from an
equivalent molar mixture of ZnO and WOs3 at two different temperatures one at 900
°C and other at 1000 °C. The result showed the uniform crystal formation of ZnWO4
nanocrystals at 1000 °C for 24 hours.

Chen et al. (2003) have synthesized nanocrystalline ZnWOQO4 with different

morphologies and sizes at reaction temperature of 180 °C and pH ranging from 5.0 to
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11.0 by using simple hydrothermal route. It was observed that the length of ZnWO4

nanorod increased with the increase in pH of the reaction mixture.

Kloprogge et al. (2004) have reported the microwave-assisted synthesis of a
variety of metal tungstates, MWO4 (M = Ca, Pb, Fe, Mn, Zn) at two different
temperatures 100 °C and 150 °C within a time frame from 30 minutes to 2 hours. The
result shows the formation of equi-dimensional and needle-like crystals. The increase
in synthesis time and temperature resulted in the disappearance of needles and the

growth of the equi-dimensional crystals.

Cavalcante et al. (2008) have synthesized the BaWO4 powders with different
morphologies via a simple soft solution processing based on precipitation technique at
different pH (range 7-13). The increase in the pH value, caused the two ends of the
BaWO4q crystallites with more and more branches and changing morphology such as,

from double-taper-like into scissors like, fasciculus-like and flower-like structures.

Somchai et al. (2008) synthesized MnWO4 with nanoplates in flower-like
clusters from the mists of the solutions containing MnCl,-4H>O and Na,WO4-2H,0 at
different pH values by 300 W -900 W cyclic microwave radiation. The synthesized
material had bulk electrical conductivity, relatively low melting point and novel

magnetic property. It exhibited photoluminescence in 409 nm - 420 nm range.

Wu et al. (2008) prepared nanocrystalline BioWOs photocatalyst with
nanosheet morphology by a microwave-solvothermal process using Bi(NO3)3;-5H>O
and (NH4)10W12041-5H>0 as the starting materials. Ethylene glycol was used as the
surfactant and the pH was adjusted by using ammonia solution. The microwave-
solvothermal processes had many advantages: shorter reaction time, higher surface
area and more oxygen vacancies for the preparation of Bi;WOQOs samples.
Nanocrystalline Bi;WOg samples obtained by microwave-solvothermal process
showed higher photocatalytic activity than that of the sample obtained by
conventional hydrothermal process for the decomposition of RhB under visible light

irradiation.
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Shen et al. (2011) synthesized single-crystal BaWOj4 nanoparticles under
microwave irradiation using NaWO42H>O and BaCl,in 10 mL H»O. Nearly
monodisperse BaWO4 nanoparticles were successfully prepared without using
surfactants. The photoluminescence properties were studied and the products showed
a strong photoluminescence peak in 432 nm - 436 nm range with the excitation at

365 nm.

Garadkar et al. (2013) prepared ZnWO4 nanoparticles by a simple microwave
assisted technique using the solutions of zinc nitrate in ethylene glycol and aqueous
solution of NaxWOs. The pH was adjusted to 10 by using ammonia. The obtained
nanoparticles were used for the degradation of aqueous MB and RhB to test the

photocatalytic activity under UV irradiation and showed an enhanced activity.

Li et al. (2013) synthesized CaWOs4 nanoparticles by microwave-assisted
method at a temperature of 120 °C. CaCl, Na;WO4-2H>0, and poly ethylene glycol
(PEG1000) were used as the starting materials and CaWOg4 nanocrystals were
prepared by microwave-assisted method in the absence of any organic additives. The
photoluminescence property was studied and showed a good relationship with the

crystallinity.

Dhilip and Karuppuchamy (2014) synthesized CuWOsnanopowder by
microwave assisted synthesis using HoWO4 and CuCl>-2H>0O as precursors. Prepared
Cu-WO;3 sample have high conductivity and good stability when compare to
CuWOsnanopowder. The synthesized nanostructured CuWOs is promising for the

supercapacitor applications.

Farsi and Zahra (2014) prepared nanostructured calcium tungstate from
aqueous solution via co-precipitation method. CaCl>-6H>O and Na,WO4-2H,0 were
used as the precursors. The pH of the solution was adjusted to 7 using sodium
hydroxide and nitric acid. This nanostructured calcium tungstate was used as a
supporting material for platinum, a well-known electrocatalyst for oxygen reduction.
Preparation of the Pt/CaWOg4-graphite catalyst was carried out by electrodeposition of
Pt onto the surface of CaWOQu/graphite electrode. It was found that the Pt/CaWOs-
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graphite has higher electrocatalytic activity for oxygen reduction in comparison with

Pt/graphite catalyst.

Pourmortazavi et al. (2014) prepared copper tungstate nanoparticles by a
chemical precipitation reaction in aqueous solution involving direct addition of copper
ion solution to the solution of tungstate reagent. Hydrated salts of sodium tungstate
and copper nitrate were used as the precursor. Optimization of the synthesis procedure
was done using Taguchi robust design as a statistical method. Copper tungstate has
wide range of applications as scintillation detectors, photoanodes, laser host, electrode

material for photoelectrolysis, optical fibres, solar assisted water splitting etc.

Khaksar et al. (2015) prepared nanoparticles of MnWQj4 via an impregnation
method using Mn(NO3)2:4H,0 and WOs3 as a source of manganese and tungsten,
respectively. MnWO4 is a cheap, environmentally friendly material and could be
prepared as nano-sized particles with large surface area, and thus many of their active
sites are accessible to the reactants. Therefore, these nanoparticles showed severe
catalytic performances for the degradation of MB in the presence of tert-butyl

hydrogen peroxide as the oxidant at room temperature in water.

Sun et al. (2015) synthesized CaWO4 nanostructures (nanospheres, nanorods
and nanoplates) by a hydrothermal process. The magnetic measurement of these
CaWOy4 nanostructures indicated that CaWO4 nanostructures possesses obvious room-
temperature ferromagnetism, suggesting the potential of CaWO4 nanostructures in
various practical applications as laser host materials in quantum electronics and
scintillators in medical devices. The nanostructures were synthesized by a facile

hydrothermal process using Ca(CH3COO)-H20 and NaxWO4:2H>O as precursors.

Hu et al. (2016) prepared CuWO4 nanoflake array films by using a solid phase
reaction method in which the WO3 nanoflakes were employed as sacrificial templates
and Cu(NO:s); in acetic acid as copper source. The CuWO4 nanoflake films showed a
superior photoelectrochemical activity compared to other CuWO4 photoanodes
reported earlier for oxygen evolution reaction. Thus, nanostructured CuWOq4 is a

promising photoanode for solar water splitting.
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Mostafa and Ali (2016) synthesized CuWO4 nanoparticles via a large-scale
and facile sonochemical method with the aid of copper (II) nitrate and sodium
tungstate dihydrate in aqueous solution. The polymeric surfactant, polyvinyl
pyrrolidone is used to get better morphology nanoparticles. The nanocrystalline
CuWOs as a photocatalyst showed maximum degradation of methyl orange upon the

irradiation of UV light.

Khademolhosein and Zarkar (2016) prepared BaWOj4 nanoparticles by
sonochemical route based on the reaction between barium salt and Na,WO4-2H,0 in
water. This method is free from any surfactant and organic solvents. The
photocatalytic degradation efficiency of the prepared nanoparticles was investigated

using MO solution with ultraviolet light irradiation.
1.4.5 Graphene Based Nanocomposites for Photocatalysis

Huang et al. (2013) have reported formation of a-SnWO4/RGO by
hydrothermal method at 200 °C using GO, SnCl2-2H>0O and (NH4)sHs[H2(WO4)s]-

H>0 in aqueous solution.

Haldorai et al. (2014) have prepared ZnO/RGO composites by an in-situ
method using supercritical CO2. The formed ZnO were tightly coated on RGO
surface. It is believed that supercritical CO; helped to debundle RGO nanosheets and
densely dispersed ZnO on RGO prevented restacking of the nanosheets.

Ullah et al. (2014) have synthesized PbS-graphene/TiO2 photocatalyst by sol-
gel method and studied photocatalytic degradation on MB under visible light
irradiation. The result showed higher photocatalytic activity of PbS-graphene/Ti0>
composite than PbS-graphene. This was attributed to the coupling of PbS
semiconductor with TiO> which provides a maximum interfacial contact with

graphene surface.

Meng et al. (2014) have reported the flower-like ZnO/RGO/Ag micro/nano
composites by a one-step microwave technique using graphene oxide, AgNOs and
Zn(CH3COO), as raw materials without adding any external toxic reagent. The

composite shows an enhanced and faster ultraviolet and simulated daylight
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photocatalytic property, i.e. 92.73 % and 70.43 % degradation of methyl orange in 20
minutes as compared to the values of 70.91 % and 60.82 %, 55.48 % and 50.61 % by
bare ZnO and RGO/ZnO, respectively. The enhanced photocatalytic property is
attributed to an efficient charge transfer process from ZnO to both Ag and RGO. This
method was found to be beneficial for synthesizing efficient ZnO-based ternary

photocatalysts with a combination of metal and RGO.

Cheng et al. (2016) have successfully synthesized a ternary P25-graphene-
Fe30s magnetic nanocomposite by decorating P25 and Fe3Os nanoparticles on the
RGO through a facile solvothermal reaction and its ability to photodegrade organic
dyes in aqueous solutions was investigated. The as-synthesized sample exhibits high
photocatalytic activity toward RhB dye and can be easily recycled by normal magnet
due to the existence of Fe3O4 nanoparticles. Furthermore, owing to the presence of
RGO, the photodissolution behavior of Fe3O4 nanoparticles occurring in the TiO»-
Fe;O4 binary nanocomposites was suppressed effectively, which increased the

durability of such a recollectable photocatalyst.

Brindha and Sivakumar (2017) employed hydrothermal method for the
synthesis of nitrogen and sulfur co-doped TiO2/RGO composite. Photocatalytic
activity of the nanocomposites in the decolorization and mineralization of congo red,
MB and reactive orange was studied. More than 80 % mineralization was completed
in less than 120 minutes. Four successive cycles showed no considerable phase

change.
1.4.6 Graphene Based Nanocomposites for Reduction of 4-NP to 4-AP

Mao et al. (2012) have reported preparation of GO sheets decorated by Ag
nanoparticles, using a liquid-liquid two phase method at the room temperature.
Furthermore, Ag/GO were found to serve as effective catalysts to activate the

reduction of 4-NP in the presence of NaBH4 in only 30 minutes.

Sun et al. (2013) have reported a facile and green method to synthesize a new
type of catalyst by coating Pd nanoparticles on RGO-carbon nanotube nanocomposite

by hydrothermal treatment method. It exhibited excellent and stable catalytic activity
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for the reduction of 4-NP to 4-AP using NaBH4 as a catalyst. The reduction was
completed in only 20 seconds at room temperature, even when the Pd content of the
catalyst was 1.12 wt.%. This method did not require rigorous conditions or toxic
agents and thus was a rapid, efficient, and green approach for the fabrication of highly

active catalysts.

Tian et al. (2015) have developed an environmentally friendly, one-pot
strategy toward preparation of Ni nanoparticles decorated RGO hybrids, through the
use of ethylene glycol as both solvent and reducing agent under solvothermal
conditions. Furthermore, taking the advantage of the synergetic effects between
supported Ni nanoparticles and RGO sheets, Ni-RGO hybrids exhibited a better
catalytic activity than pure Ni nanoparticles for the reduction of 4-NP to 4-AP with

NaBHa4, with kinetic reaction rate being over 2.5 times that of pure Ni nanoparticles.

Nasrollahzadeh et al. (2016) have reported synthesis of Ag/RGO/TiO>
nanocomposite through simple, cost efficient, surfactant free and green method using
Euphorbia helioscopia L. leaf extract as a stabilizing and reducing agent. The
Euphorbia helioscopia L. leaf extract was used for the reduction of Ag" ions and GO
to Ag nanoparticles and RGO, respectively. The Ag/RGO/TiO2 nanocomposite was
highly active for the reduction of 4-NP, congo red and MB in aqueous media at an
ambient temperature. The Ag/RGO/Ti0, nanocomposite was easily separated and
recovered from the reaction mixture by centrifugation and reused for several cycles

without any significant loss of catalytic activity.
1.4.7 Graphene Based Nanocomposites for HER

Yang et al. (2013) reported WS> and WS2/RGO nanosheets fabricated by
hydrothermal synthesis using tungsten chloride, thioacetamide, and GO as starting
materials. The WS, nanosheets are efficiently templated on the RGO layer. The
WS2/RGO hybrid nanosheets show much better electrocatalytic activity for the HER

than WS, nanosheets alone.

Zheng et al. (2014) reported a novel solvent-evaporation-assisted intercalation

method to fabricate the hybrid of alternating MoS> sheets and RGO layers, in which
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the nanosize of the MoS, nanosheets can be effectively controlled by leveraging the
confinement effect within the two-dimensional graphene layers. Significantly, the
resulting  MoS2/RGO composite shows excellent catalytic activity for HER
characterized by higher current densities and lower onset potentials than the

conventional pre-exfoliated RGO supported MoS> nanosheets.

Lingpu et al. (2015) reported promising catalytic activity of MoSe» in the HER
and synthesized it on a new reduced graphene oxide/polyimide (RGO/PI) substrate by
a simple electrochemical method. The MoSe; nanoparticles had excellent photo-
responsive properties; the potential difference reached 0.45 V with the photo-
responsive time just 0.6 seconds. It has a greater cathode current at more positive
potential compared to other MoSe; and MoS,, and the efficiency of H» evolution is
strongly influenced by illumination which suggested that MoSe> composite film had
good photoelectrocatalysis properties for hydrogen evolution. Besides, for both dark
and illumination MoSe> films exhibited extremely high stability in acidic solution as
the HER catalytic activity shows no degradation after 100 cycles for two hours. All
results indicated that MoSe>-RGO/PI composite film had potential to be a better
catalyst for HER.

Lianbo et al. (2015) reported cobalt oxide porous (CoP) nanoparticles
uniformly deposited on RGO sheets prepared through a facile two-step approach and
the composite was investigated as an electrocatalyst for the HER. They found that the
CoP/RGO composite shows an enhanced catalytic activity with a smaller Tafel slope
(104.8 mV per decade), a much larger exchange current density (4.0 x 10 A cm™)
and lower estimated HER activation energy (41.4 kJ mol™) than pure CoP. Besides,
the CoP/RGO composite exhibits good stability in acidic solution and it's HER

catalytic activity shows no obvious degradation after 500 cycles.

Subramanya et al. (2015) reported the facile preparation of highly porous Co-
Ni-graphene composite electrodes by electrodeposition for electrocatalytic
applications. The incorporation of graphene into the Co-Ni matrix enhanced the

catalyst's activity for the HER in an alkaline solution.
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Subramanya et al. (2015) developed efficient electrode for hydrogen
production by embedding graphene in the Fe-Ni matrix via room temperature
electrodeposition. Addition of graphene to electrolyte bath resulted in porous 3D
projections of nano-sized spheres of Fe-Ni on the surface of graphene, which
effectively increased the electrochemically active surface area. The addition of
graphene favored the deposition of metallic nickel, which accelerated the rate

determining proton discharge reaction.

Kasinath et al. (2016) reported excellent electrocatalytic performance of RGO
based Mo,C composites in water splitting. It showed high catalytic current density of
~125 mA cm? (at 400 mV vs. RHE) and high stability of the RGO based composite
in long run HER (> 15 hours chronopotentiametry studies and > 1200 LSV cycles) in
acidic medium. The role of graphene in the composite was critical for its
electrocatalytic efficiency and very high catalytic activity was possible with low onset

potential (59 mV) following Volmer-Heyrovsky reaction mechanism.

Long et al. (2016) developed CoP/RGO layered composites as bifunctional
catalysts for overall water splitting, viaa GO-templated metal organic framework
growth and subsequent pyrolysis and phosphating process. The resultant CoP/RGO-
400 nanocomposite exhibits superior HER catalytic performance in acid solution.
Moreover, it was able to behave as an electrocatalyst for both the HER and OER, in
alkaline solution with great efficiency and durability. Significantly, CoP/RGO-400
can be directly employed as a catalyst for both electrodes to afford efficient H» and
O2 generation in a single electrolyzer, making it a promising overall water splitting

catalyst.
1.4.8 Recent Research Trends in Graphene Based Nanocomposites as Catalysts

A brief survey of latest advancements in the field of graphene based
nanocomposites for catalytic applications is provided here. The information is given

in the format, Catalysts; Type of Study; Synthesis Method; Observations; Reference.

CuFe>04/GO; Photocatalysis;Hydrothermal method; Source: Visible-light
irradiation (450 W Xenon lamp, cut-off filter, A > 420 nm), Model Pollutants: AO7,

23


http://www.sciencedirect.com/science/article/pii/S0013468616303565

Chapter 1

Achievements: Completely degraded within 60 minutes and Stability: Does not show

obvious loss after five recycles (Chen et al. 2016).

Molecular imprinted polymer-TiO>/graphene; Photocatalysis; Solvothermal
synthesis method; Source: Visible light irradiation (300 W Xenon lamp with a 400 nm
cut-off filter), Model Pollutant: Bisphenol A, Achievements: Optimization such as pH
of 6.0, catalyst concentration of 1.0 g/L, Bisphenol A concentration of 4 mg/L and
degradation efficiency of 67.6 % in 180 minutes (Lai et al. 2016).

Bismuth vanadium oxide-graphene sheets; Photocatalysis; Solvothermal
method; Source: Visible light irradiation (350 W Xenon lamp with a 420 nm cut-off
filter), Model Pollutant: (i) NO, Achievements: 60 % degradation in 90 minutes,
(i1)RhB, Achievements: 94 % degradation in 90 minutes (Ou et al. 2016).

Graphene-like hexagonal boron nitride/Ag3PO4; Photocatalysis;  Simple
deposition-precipitation process; Source: Visible-light irradiation (500 W Xenon arc
lamp with a 420 nm optical filter), Model Pollutants: MB, Achievements: Completely
degraded within 50 minutes and stability upto 5 cycles (Zhu et al. 2016).

Graphene-BigLai0027-Zeolite; Photocatalysis; Microwave assisted synthesis;
Source: Visible light irradiation (8 W, A>420 nm), Model Pollutant: (1) RhB,
Achievements: Rate constant (k), 5.71 x 102 min™!, (ii) MB, Achievements: Rate
constant (k), 4.74 x 102 min’!, (iii) Texbrite, Achievements: Rate constant (k),
6.94 x 102 min! and Stability: Excellent stability even after 4 successive cycles

(Areerob et al. 2017).

Ni@Ni(OH);-Pd-RGO  interfaces; = HER;  Hydrothermal synthesis;
Overpotential: 76 mV at 10 mA/cm?, Tafel slope: 70 mV/dec and Stability: Excellent
stability (1000 cycles) for the HER in alkaline environment (Deng et al. 2017).

Pd/Au@g-C3N4-N; Reduction of 4-NP to 4-AP; Facile one-pot deposition
reduction method; Achievements: Complete conversion within 4.5 minutes,
Optimization: Pd/Au@g-C3N4-N (1:1) with the highest catalytic activity and Rate
constant, k: 0.7907 min™! (Fang et al. 2017).
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W-Mo-O/RGO; HER; Simple one step hydrothermal method; Achievements:
Showed excellent electrocatalytic activity for HER (W-Mo-O/RGO), Onset potential:
50 mV, Tafel slope: 46 mV/dec and Stability: Good durability up to 2000 cycles in

acidic medium (Imran et al. 2017).

Ag>S/RGO; Reduction of 4-NP to 4-AP; Facile hydrothermal sulfurization
method; Achievements: Reduction completed in 5 minutes and Rate constant, k:
Ag>S/RGO (0.55 min™') which was almost 13-fold higher than that of Ag/RGO (0.041
min) (Lang and Yu 2017).

RGO-Ni-Au; Reduction of 4-NP to 4-AP; In-situ co-reduction and surfactant-
free method; Achievements: Complete conversion in only 4.5 minutes, Optimization:
RGO-Ni-Au-6h with the highest catalytic activity, Rate constant, k: 11.03 x 107 s,
Catalytic activity parameter: 36.77 s™'g’! and Stability: Recycled over 6 times without

obvious performance decay or even morphology change (Li et al. 2017).

AuPd NCs/RGO; HER; Simple one-pot aqueous method; Onset potential:
Eonset for AuPd NCs/RGO (-33 mV) was close to Pt/C (-28 mV), Overpotential: 55
mV was required for AuPd NCs/RGO at the fixed current density of 10 mA/cm?,
which is comparable to Pt/C (41 mV), Tafel slope: 40 mV/dec for AuPd NCs/RGO
and 31 mV/dec for Pt/C and Stability: AuPd NCs/RGO only show a slight decrease in
current density after 5000 cycles, which shows excellent stability (Lin et al. 2017).

CoS2/MoS2/RGO; HER; One-pot hydrothermal method; Onset overpotential:
80 mV (vs. RHE), Tafel slope: 56 mV/dec, Exchange current density: 11.4 A/cm? and
Stability: Good durability up to 4000 cycles (Liu et al. 2017).

(0D/3D) MoS»/P-rGO; HER; Hydrothermal method; Overpotential: only ~150
mV vs. RHE, Tafel slope: ~56 mV/dec and Stability: No deactivation observed even
after 1000 cycles (Liu et al. 2017).

Tungsten carbide/Co@Nitrogen doped CNTs; HER; Thermal annealing
method; Low Onset potential: ~18 mV, Overpotential, nio: 98 mV at 10 mA/cm?,
Tafel slope: 52 mV/dec, Exchange current density (jo): 0.103 mA/cm?, Stability:
About 97 % of the catalytic current was maintained after 45000 seconds (12.5 hours)
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testing, and a very small enhancement of ~15 mV was found at nio after 2000 cycles

and shows good stability (Ma et al. 2017).

Ag/RGO/Fe304; Reduction of 4-NP to 4-AP; Biosynthesis method using Lotus
garcinii leaf extract; Achievements: Reduction reaction was completed in 180 seconds

at room temperature (Maham et al. 2017).

1T-MoS2/RGO; Reduction of 4-NP to 4-AP; Novel self-assemble method at
low temperature; Achievements: Reduction completed in less than 4 minutes, Rate

constant, k: 0.72718 min!' and Stability: Reused for 3 consecutive catalytic cycles

(Meng et al. 2017).

Cu20-TiO2/g-C3Ns; Photocatalysis; Hydrothermal method; Source: Visible-
light irradiation (300 W Xenon lamp equipped with a 420 nm cut-off filter), Model
Pollutants: Dyes in the presence of H2O», (i) RhB, Achievements: Fully discolored
within 3 minutes, (ii) MB, Achievements: Fully discolored within 10 minutes and (iii)

Methyl orange, Achievements: Fully discolored within 15 minutes (Min et al. 2017).

3D WSy/graphene/Ni binder-free electrode; HER; Thermal decomposition
method; Overpotential: 87 mV at 10 mA/cm? Current density: 119.1 mA/cm?,
Overpotential: 250 mV and Stability: Decreases from 119.1 to 110.1 mA/cm? even
after 3000 cycles (Qi et al. 2017).

Ag@MWCNTs-polymer composite; Reduction of 4-NP to 4-AP; Simple
ultrasonic-treated method; Achievements: Reduction completed in 5 minutes, Rate
constant, k: 7.88 x 107 s’ Catalytic activity parameter: 11.64 s'g! and Stability:
Reused for 5 consecutive catalytic cycles (Saad et al. 2017).

NiO/graphene; Photocatalysis; Sublimation method; Model Pollutant: MO
dye, (i) Source: UV (OSRAM HTC 400 W, A = 315-400 nm), Achievements: 90.3 %
degradation after 75 minutes (ii) Source: Visible light (300 W Xenon lamp with a
420 nm cut-off filter, A> 420 nm), Achievements: 78 % degradation after
180 minutes (Soofivand and Masoud 2017).
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RGO-Ti0,-CdS; Photocatalysis; Hydrothermal method; Source: Visible-light
(300 W Xenon lamp with a 400 nm cut-off filter), (i) Model Pollutant: p-
chlorophenol, Achievements: 65.3 % degradation in 60 minutes and (ii) Model

Pollutant: MB, Achievements: 90.3 % degradation in 60 minutes (Tian et al. 2017).

Pd-gum arabic/RGO; Reduction of 4-NP to 4-AP; Facile approach for in-situ
synthesis; Achievements: Reduction completed in 5 minutes, Rate constant, k: 0.1199
min™! and Stability: 10 consecutive catalytic cycles without any apparent loss of its

activity (Vilian et al. 2017).

NiSe-RGO-PI/CNT film; HER; Green -electrodeposition method; Low
overpotential: 270 mV, Tafel slope: 61 mV/decand Stability: 500 cycles (Wang et al.
2017).

MoP-RGO; HER; Solvothermal followed by high temperature treatment
method; Optimization: MoP-RGO nanocomposite obtained at 900 °C exhibits
excellent electrocatalytic activity for HER, Overpotentials: 117 mV and 150 mV at a
current density of 10 mA/cm? in acid and alkaline medium and Stability: No

deactivation observed even after 5000 cycles (Wu et al. 2017).

NiFe-NGT composites; HER; Thermal annealing method; Optimization:
NiFe-NGT-800 composites exhibit excellent catalytic activity for HER, Low Onset
potential: 70.5 mV, Small Tafel slope: 63.4 mV per decade, Overpotential, n: 150 mV
and Stability: Slight decrease from 18 to 10 mA/cm? after 3000 cycles in acidic
solution (Wu et al. 2017).

MoS2/RGO; HER; Facile hydrothermal method; Achievements: MoS>/RGO
hybrid nanostructures exhibited 3D leaf-like morphology, excellent electrocatalytic
activities of HER, Low overpotential: 105 mV, Tafel slope: 51 mV/dec, Exchange
current density (jo): 3.28 x 10> A/cm? and Stability: 2000 cycles (Xiaobing et al.
2017).

Ag3POs/graphene; Photocatalysis;Hydrothermal method; Source: Visible light
(Tungsten halogen lamp with 500 W output power, with cut-off filter < 420 nm),
Model Pollutant: Organic dyes, Indigo dye heterocyclic dye, Azo dye and
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Anthraquinone dye (10 mg/L), Achievements: ~100 % degradation within 7 hours
(Xu et al. 2017).

Nitrogen-doped graphene quantum dots-BiOI/MnNb,Os; Photocatalysis;
Hydrothermal method; Source: Visible light irradiation (250 W Xenon lamp with cut-
off filter < 420 nm), Model Pollutant: Antibiotics, (i) Tetracycline, Achievements:
87.2 % degradation within 60 minutes, (ii) Oxytetracyline, Achievements: 72.1 %
degradation within 120 minutes, (iii) Ciprofloxacin, Achievements: 57.4 %
degradation within 120 minutes and (iv) Doxycycline, Achievements: 64.7 %

degradation within 120 minutes (Yan et al. 2017).

Co@carbon nitride; Reduction of 4-NP to 4-AP; Simple direct carbonization
method; Achievements: Complete conversion in 40 seconds, Optimization: Co@N-C
700 with the highest catalytic activity and Stability: Successfully reducing 100 % 4-
NP to 4-AP even after 6 cycles (Yusran et al. 2017).

Porous Bi@Cs; Reduction of 4-NP to 4-AP; Hydrothermal method,
Achievements: Reduction completed in 140 seconds, Rate constant, k: 0.02429 s71/0.1
mg and 242.9 s! ¢!, which is higher than previously reported values for Ag-C (3.38 s~
o) and Au-Fes04 (27.6 s g'!) (Zhou et al. 2017).

Reduced graphene-BiFeOs; Photocatalysis; Hydrothermal method; Source:
300 W UV-visible lamp (OSRAM, Germany, A > 400 nm), Model Pollutant: NH3,
Achievements: 91.20 % degradation of NH3 solution (50 mg/L) at pH 11 and high
stability after 7 reaction cycles (Zou et al. 2017).

Co/carbon nitride; Reduction of 4-NP to 4-AP; Facile thermal treatment
method; Achievements: Completely reduced 20 mg/L of p-nitrophenol within 7.5
minutes (Zubair et al. 2017).

1.5 PROBLEM IDENTIFICATION

Besides established synthesis methods, finding a simple and cost-effective
route to synthesize nanocrystalline AWOs is still a challenge. Microwave irradiation

has been applied for fast synthesis of inorganic solids and organic synthetic reactions
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(Gedye et al. 1986). As it causes internal heating of the material even at lower
temperature and shorter duration, it is a more efficient method than conventional one.
It is an inexpensive, facile and fast method for the preparation of nanocrystalline
sample with a unique property. Several studies on the microwave-assisted synthesis
have revealed that the kinetics of the organic and inorganic chemical reactions can be
accelerated significantly by microwave radiations. In view of this, microwave
irradiation assisted technique has been employed to synthesize selected divalent metal
tungstates that crystallize either with the scheelite or wolframite structure (AWO4, A
= Fe, Co, Ni, Zn, Ba). Only very few studies are available about AWO4 for catalytic

applications.

Photocatalysis has been proven as a promising technique for purification and
treatment of various kinds of pollutants (Herrmann 1999). However, the high
recombination rates of photoinduced electron-hole pairs and low quantum efficiency
have hindered the practical application of AWOs. There are several methods to
improve the photocatalytic activity of AWO4 such as doping with carbon, metal ions,

coupling with other semiconductors and so on (Li et al. 2017).

In the past several years, carbon materials such as graphene, nitrogen doped
graphene, g-C3N4 has drawn much attention due to its remarkable properties such as
large surface area and high carrier mobility (Allen et al. 2009). Therefore, it can serve
as an ideal support material for semiconductor catalysts, which would show improved
photocatalytic activity for the following two reasons. Firstly, a hybrid of graphene-
semiconductor would show enhanced adsorption activity. Secondly, graphene can
help to reduce the recombination rate of photogenerated electron-hole pairs.
Compared to single-phased catalysts, the advantages of heterostructures include not
only the extended light responsive range, but also the enhanced photogenerated
charge carrier separation abilities (Li et al. 2009, Liu et al. 2014). To obtain the
desirable heterostructured catalysts, another important aspect of coupled
semiconductor system is to extend the photo response of large band gap
semiconductor to visible region by coupling it with a short band gap semiconductor
i.e., matching of energy levels between the two components so as to promote charge

carrier separation. In other words, the CB minimum of the narrow band gap
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semiconductor should be higher than that of the other semiconductor component with

larger band gap (Wang et al. 2015).

Catalysis has revolutionized the field of manufacturing of chemicals. One such
manufacturing process is reduction of organic molecules by catalytic hydrogenation.
Nitrophenols are considered to be amongst the most prevalent organic pollutants in
waste water generated from agricultural and industrial sources (Pradhan et al. 2001,
Ghosh et al. 2004). In recent times, based on the requirements such as greener route
and safer operation, environmentally friendly catalytic conversion routes have been
developed for the conversion of 4-NP to 4-AP in aqueous medium under mild
conditions. One such route by which 4-AP is obtained involves direct hydrogenation
of 4-NP using NaBH4, which is a mild agent and the reaction can be conducted in an

aqueous medium (Rode et al. 1999, Yang et al. 2014, Woo et al. 2015).

Tremendous research has been conducted on development of electrocatalysts
for application in fuel cells (Guo et al. 2006, Debe 2012). Although Pt can be used as
electro-catalyst, it has various disadvantages which limit its application (Sun et al.
2011, Huang et al. 2012). For instance, Pt is a precious metal and it has limited
availability. Its high cost narrowed the interest of using it as a catalyst. In addition,
during electrocatalysis, Pt may disrupt the reaction due to poisoning of intermediate
compounds (Shao et al. 2008, Ge et al. 2014). Therefore, the development of
ecofriendly materials to overcome these problems is of great importance and a

challenge in current scenario.
1.6 SCOPE AND OBJECTIVES OF THE WORK
1.6.1 Scope

The development of newer eco-friendly methods of destroying organic
pollutants from air and wastewater streams has become an imperative task for the
world. Also, the energy demand is growing tremendously fast, because of the rapid
increase in the population as well as the increase in the per capita energy
consumption. The technology of semiconductor based photocatalytic degradation,
reduction of organic pollutants and electrocatalytic production of HER can be

considered as one of the most important approaches to solve both the environment
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pollution and world energy crisis. The benefits, which arise from the application of
semiconductor nanomaterials for remediation would be: more rapid or cost-effective

cleanup of wastes and its environmental friendly features.

Recently many research groups are working on the nanocomposite materials
particularly graphene based composite materials for energy and environmental
applications. However, limited information is available on the graphene based metal
tungstate nanocomposite materials. Furthermore, multiple catalytic activities of
nanocomposite materials towards photochemical reactions, reduction and
electrochemical processes have not been investigated. Also, there is a need to develop
a process to treat the non-biodegradable compounds present in industrial wastewater
which are not treated by conventional treatment processes effectively and also to
produce hydrogen energy from water electrolysis using electrocatalytic methods. In
order to improve the economy of the process, it is also required to increase the
efficiency of the catalyst and hence there is a great need for development of high
performance catalysts. Accordingly, this thesis work has been carried out with the

following objectives:
1.6.2 Objectives

e To synthesize graphene - transition metal tungstate nanocomposites.

e To characterize the synthesized graphene based transition metal tungstate
nanocomposites.

e To investigate catalytic property of the prepared nanocomposites towards, the
photodegradation of dyes under visible light irradiation, reduction of 4-NP to

4-AP in aqueous media and electrolytic HER in alkaline media.
1.7 THESIS WORK

The present thesis reports the successful synthesis of five different kinds of
novel graphene-metal tungstate based nanocomposites namely, NRGO/ZnWO4/Fe;04,
NRGO/NiW04/ZnO, NRGO/CoWO4/Fe;03, NRGO/FeWO4/Fe30s4, and
NRGO/BaWO4/g-C3Ns using facile microwave irradiation method. All the

synthesized nanocomposites were carefully characterized for their elemental
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composition, structural, morphological and optical properties by employing
appropriate techniques such as X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Field Emission Scanning Electron Microscopy (FESEM),
Transmission Electron Microscopy (TEM), High Resolution Transmission Electron
Microscopy  (HRTEM),  Brunauer-Emmett-Teller =~ (BET)  Method,Raman
Spectroscopy, Fourier Transmission Infra-Red (FTIR) Spectroscopy, Ultra Violet -
Visible (UV-Vis) Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Photo-
Luminescence (PL) Spectroscopy and Diffuse Reflectance Spectroscopy (DRS).
Thereafter, each nanocomposite was investigated for its catalytic efficiency towards,
(i) The photodegradation of MB dye under the visible light irradiation, (ii) The
reduction of 4-NP to 4-AP in the presence of NaBH4 in aqueous media and (iii) The
electrolytic HER in alkaline media.

The contents presented in the thesis have been broadly divided into seven
chapters with several sections in each chapter and the outline of this thesis work is

shown in Figure 1.5.

Chapter 1 gives a brief introduction to the basic aspects of the study
undertaken. It also gives a brief overview of the relevant works in the literature which
focus upon graphene, metal tungstate, metal tungstate-based nanocomposites,
graphene-based nanocomposites, their synthesis methods and catalytic applications.

Scope and objectives of the present research work have been given at the end.

Chapter 2 presents and discusses the synthesis of novel NRGO/ZnWO4/Fe304
nanocomposite as an efficient catalytic material for energy and environmental

applications.

Chapter 3 deals with the microwave synthesis of NRGO/NiW0O4/ZnO ternary
nanocomposite as an efficient catalyst for photodegradation of MB, reduction of 4-NP

and electrolytic HER.

Chapter 4 provides details of synthesis, characterization and catalytic

applications of novel NRGO/CoWO4/Fe>O3 nanocomposite.
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Chapter S describes the synthesis, characterization and studies on catalytic
performance of NRGO/FeWO4/Fe3O4 ternary nanocomposite in environmental and

energy applications.

Chapter 6 gives a descriptive report on the synthesis, characterization and
multifunctional  catalytic  performance of novel NRGO/BaWO4/g-C3Ny4

nanocomposite.

Chapter 7 outlines the summary of the work presented in the thesis along
with important conclusions drawn from the study. The results of experimental
investigation presented in the thesis are also compared with reported literatures. Scope

for further research has also been included in this chapter.

References used have been listed at the end.
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Figure 1.5 The outline of this thesis work.
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CHAPTER - 2

SYNTHESIS OF NOVEL NRGO/ZnWO4/Fe304
NANOCOMPOSITE AS AN EFFICIENT
CATALYTIC MATERIAL FOR ENERGY
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Chapter 2

Chapter 2 presents and discusses the synthesis of novel NRGO/ZnWO4/Fe304
nanocomposite as an efficient catalytic material for energy and environmental

applications.
2.1 INTRODUCTION

The toxic organic and inorganic wastes from industries are the major
contaminants of the environment and poses a serious problem in the current scenario
(Kuo 1992, Patel et al. 2014). Photocatalysis is an excellent method for the
degradation of highly toxic hazardous pollutants present in waste water (Suslick 1989,
Zhang et al. 2007). Although it is a less expensive process compared to other
advanced oxidation processes, the overall cost can be further reduced by optimizing
the operating environment. Hence, photocatalysis can be practically implemented
along with the combination of heterogeneous catalyst and made more cost effective
(Pera-Titus et al. 2004, Madhavan et al. 2010). Semiconductor photocatalytic
materials are a green tool for the decomposition of organic pollutants into non-
hazardous compounds under light irradiation. It is well known that TiO> is an
excellent photocatalytic material due to its high activity and stability, but it is only
active under UV light irradiation because of its wide band gap. Therefore, there is a

need to develop novel visible light based photocatalytic materials.

In recent years, graphene based nanocomposites have attracted attention
towards photocatalytic process due to their excellent sensitivity, durability and
stability. Several research groups are working on graphene-based nanocomposite
materials like GO-polymer, GO-metal, GO-semiconductor, GO-metal oxide and GO-
magnetic material composites for various engineering applications due to its high
surface area and high chemical stability (Allen et al. 2009). Further, graphene has also
been used profusely as an active supporting component in the preparation of
nanocomposite materials for adsorption, separation and degradation of organic dyes
from the industrial waste water (Li et al. 2008, Sun et al. 2011). The incorporation of
electron-rich nitrogen atoms into the graphene materials promotes the interaction
between neighboring carbons and electrons, providing a superior heteroatom-doped

catalyst. NRGO increases the transfer rate of electron from the conduction band of the
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semiconductor whereas, the doping of nitrogen into semiconductors creates an
additional donor level above the valence band of semiconductors thereby reducing the
energy requirement for the excitation of electron from VB to CB of semiconductor
materials. The semiconductor materials supported on nitrogen doped graphene show

significant enhancement in their catalytic performance (Li et al. 2009).

Moreover, to improve the photocatalytic activity of materials, many research
groups are focusing on the combination of metal oxides and tungstates to transfer the
photoinduced electrons. The combination of graphene and metal tungstates/oxides are
believed to increase the photoelectron transfer rate and enhance photocatalytic
activity. Several reports are available in which the transition metal oxides and carbon-
based metal oxide nanocomposites are used as a catalyst material for water
purification (Pal et al. 2007, Guo et al. 2011, Pradhan et al. 2011, Xiang and Yu
2013). Generally, metal tungstates (BaWOs, NiWOs, BioWOs, ZnWOy) are important
class of inorganic materials which can be used in many applications in various fields
like photoanodes, luminescent materials, gas-sensing, optical fibers, ceramics and
photocatalysts (Cavalli et al. 2008, Shi et al. 2010, He et al. 2011). There are several
methods to synthesize metal tungstates such as sol-gel, hydrothermal synthesis, solid
state methods, ultrasonic irradiation, microwave irradiation and co-precipitation

(Yang et al. 2008, Yu and Jimmy 2009, Kalinko and Kuzmin 2011).

Additionally, the catalytic activity for the reduction of 4-NP on metal oxide-
graphene in the presence of NaBH4 has been mostly studied in the manufacture of 4-
AP, which is a well-known intermediate in the synthesis of antipyretic and analgesic
drugs (Vaidya et al. 2003, Meng et al. 2015). 4-AP is widely used as an anticorrosion-
lubricant, corrosion inhibitor, hair-dyeing agent and photographic developer (Rode et

al. 1999, Woo et al. 2015).

Further, electrocatalysts are crucial assets in electrolysis and developing a cost
effective and efficient electrocatalyst materials is one of the most giant demanding
situations in the research development of polymer electrolyte membrane fuel cells
(Debe 2012). The most effective environmental friendly method of H> production is

known to be via electrolysis of water and has been named as HER (Zeng and Zhang
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2010). Always Pt-based catalysts are regarded as the best electrocatalysts, despite the
fact that the excessive cost and availability limit numerous utilities of Pt-based
electrocatalysts in electrolysis involving HER (Shao et al. 2008, Ge et al. 2014). For
that reason, several studies are dedicated to developing non-precious metal/metal
oxide/metal complexes based electrocatalytic materials at low cost and exceedingly

energetic electrode material for HER (Wang et al. 2012).

However, there are only a few reports on graphene based ternary
nanocomposites as catalysts with high activity towards photodegradation of dyes,
reduction of aromatic nitro compounds and electrolytic HER (Subramanya et al. 2015,
Sun et al. 2015, Woo et al. 2015). In view of this, the synthesis of novel
NRGO/ZnWO4/Fe;04 nanocomposites by microwave irradiation method and
characterization of the as prepared samples by XRD, SEM, FESEM, TEM, HRTEM,
XPS, EDX, Raman, PL and UV-Vis spectroscopic techniques is reported here. The
prepared nanocomposites have been studied as catalysts for photodegradation of MB
dye under visible light irradiation, conversion of 4-NP to 4-AP in the presence of

NaBHj and electrolytic HER in alkaline medium.
2.2 EXPERIMENTAL
2.2.1 Materials and Methods

All the reagents and chemicals were obtained from Sigma-Aldrich and were
utilized without additional purification. Natural graphite, Iron acetate and Nafion was
procured from Sigma Aldrich and zinc acetate, Sodium tungstate, potassium
permanganate, ammonia, sulfuric acid, hydrogen peroxide, hydrochloric acid and
ethanol were purchased from Merck Chemical Ltd. All experimental solutions were

prepared using deionized water (18 MQ cm).
2.2.2 Synthesis of GO

GO was synthesized from graphite flake by using modified Hummers method
(Hummers and Offeman 1958). Typically, 1.0 g of graphite flakes were mixed with
100 mL of conc. H>2SO4 in a 400 mL beaker and stirred in an ice bath. Under vigorous

stirring, 6.0 g of KMnO4 was added slowly with the temperature of the reaction
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mixture being maintained below 20 °C. Then, the reaction mixture was continuously
stirred for another 12 hours at room temperature, followed by addition of 100 mL DI
water. The temperature of the reaction mixture was increased slowly to 98 °C and
maintained for 2 hours and then cooled to room temperature. When the temperature of
the reaction mixture was dropped to 75 °C, 50 mL of DI water was added followed by
5 mL of H»O,. Further, the reaction mixture was cooled down to room temperature.
The obtained GO solution was washed, centrifuged with 5 times of 10 % HCI and DI

water several times. Finally, the sample was freeze-dried to get GO powder.
2.2.3 Synthesis of ZnWO4

ZnWO4 was prepared by the microwave irradiation method. In a typical
synthesis, 0.05 M of zinc acetate was dissolved in 50 mL of DI water to form a
solution. Then 50 mL of 0.05 M sodium tungstate solution was added slowly to the
above solution under stirring for about 2 hours. Then, the mixture was treated with
microwave irradiation at 350 W for 10 minutes and then the mixture was cooled to
room temperature naturally. The white precipitate was collected and centrifuged with
DI water and 10 % ethanol several times. Finally, the sample was dried in a vacuum

oven at 80 °C for 12 hours.
2.2.4 Synthesis of FezO4

Fe304 was prepared by the microwave irradiation method. Typically, 0.01 M
of iron acetate was dissolved in 50 mL of ethanol and water mixture and added 10 mL
of ammonia solution under stirring for about 30 minutes. After that the reaction
mixture was treated with microwave irradiation at 350 W for 10 minutes. The black
precipitate was collected and centrifuged with DI water and 10 % ethanol several

times. Finally, the sample was dried in a vacuum oven at 80 °C for 12 hours.
2.2.5 Synthesis of RGO/ZnWO4 Nanocomposites

x-RGO/ZnWOs4 (x = 1, 2, 3 and 4 wt.% GO) nanocomposite was synthesized
by a one-step microwave irradiation method. Briefly, 0.05 M of zinc acetate solution
(50 mL) was slowly added to the dispersed GO solution obtained from the procedure
above. Then 0.05 M sodium tungstate solution (50 mL) was slowly added to the

38



Chapter 2

mixture under constant stirring for about 2 hours. Using ammonia, the pH of the
solution was maintained at 9. Later, the mixture was treated with microwave
irradiation at 350 W for 10 minutes and was allowed to cool down to room
temperature naturally. The blackish precipitate obtained was centrifuged with DI
water and 10 % ethanol several times. Finally, the sample was dried in a vacuum oven

at 80 °C for 12 hours.
2.2.6 Synthesis of RGO/Fe304 Nanocomposites

RGO/Fe;04 nanocomposite was synthesized by a one-step microwave
irradiation method. Briefly, 0.01 M of iron acetate solution (50 mL) was slowly added
to the calculated amount of dispersed GO solution obtained from the procedure above.
Then 10 mL of ammonia solution was added under constant stirring for about 2 hours.
Later, the mixture was treated with microwave irradiation at 350 W for 10 minutes
and was allowed to cool down to room temperature naturally. The blackish precipitate
was collected and centrifuged with DI water and 10 % ethanol several times. Finally,

the sample was dried in a vacuum oven at 80 °C for 12 hours.
2.2.7 Synthesis of RGO/ZnWO4/Fe304 Nanocomposites

RGO/ZnWO4/Fe304(y) (y = 0.005 M, 0.01 M and 0.02 M of precursor
solution) nanocomposites were also synthesized by one-step microwave irradiation
method. In a typical experiment, to an optimized amount of RGO/ZnWO4
nanocomposite solution, 50 mL of (0.005 M, 0.01 M and 0.02 M) iron acetate in
ethanol and water mixture was added. To this 10 mL of ammonia was added and the
reaction mixture was stirred for about 30 minutes before subjecting it to 350 W
microwave radiation for 10 minutes. The obtained precipitate was washed with water

and ethanol and dried in vacuum oven at 80 °C for 12 hours.
2.2.8 Synthesis of NRGO/ZnWO4/Fe304 Nanocomposites

NRGO/ZnWO4/Fe304 ternary nanocomposites were synthesized by a one-step
microwave irradiation method similar to the one explained above for the synthesis of
RGO/ZnWO4/Fe3;04 nanocomposites but with a change that desired amount of GO

solution was mixed with 1% urea first and then followed by other steps. Schematic
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illustration of the synthesis procedure for NRGO/ZnWO4/Fe304 nanocomposite as

shown in Figure 2.1.
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Figure 2.1 Schematic illustration of the synthesis procedure for NRGO/ZnWO4/Fe304

nanocomposite.
2.2.9 Characterization

The structural characterization of the synthesized nanocomposites was
performed using X-ray diffractometer (Rigaku, Japan) using nickel filtered Cu K,
radiation at a scan rate of 1° per minute in the range of 5°-70°. The surface
morphology was observed using SEM, (JEOL), FESEM, (Zeiss Ultra 55), TEM
(Tecnai G20), HRTEM (Tecnai). Raman spectra were measured by laser Raman
microscope (Renishaw Invia) with a 532 nm excitation laser from He-Ne source. The
surface elemental analysis of the as-synthesized samples was performed by EDX
(Zeiss Ultra 55) and XPS (Multilab 2000 Thermo scientific, UK) using Mg K, X-ray
with 200 W power as excitation source and 10 eV energy pass for data collection.
Room temperature PL spectrum was measured with 380 nm excitation wavelength
source (LS-55, Perkin Elmer Instruments). The absorbance spectra were measured on
a UV-Vis spectrophotometer (Analytik Jena). The TOC concentration was measured

using TOC analyzer (TOC-V CSN, Shimadzu, Japan).
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2.2.10 Determination of Photocatalytic Activity

Determination of photocatalytic activity of MB dye was carried out using
photoreactor under ambient atmospheric condition. The photoreactor was equipped
with a 250 W Hg lamp fitted with a 400 nm cut-off filter, as a source for visible light
irradiation. In these experiments, 200 mL of MB dye solution (10 mg/L) and
photocatalyst (20 mg) was added into a 500 mL Pyrex glass beaker and stirred for
about 30 minutes in dark to reach the adsorption-desorption equilibrium of the
photocatalyst. Then the solution is exposed to the visible light irradiation. During
photocatalytic studies, at regular time intervals, 4 mL of the reacted MB solution was
taken out, centrifuged and the supernatant solution was used to measure the
concentration of the MB solution through UV-Vis spectroscopic analysis at a
wavelength of 664 nm. The percentage of degradation of dye was calculated as per

equation (2.1).
Percentage degradation of dye = [(Co - C) / Co] X 100 ====-m-=—- (2.1)

where, C, is the initial concentration and C is the concentration at a given interval
time of the MB dye solution, respectively. Further, all the data presented are averages

of three independent measurements.

The extent of mineralization of the dye was calculated by using TOC analysis.
The TOC content was analyzed before start (TOC,) and after the photocatalytic
reaction for a specific interval of time (TOC;). The percentage mineralization of the

dye was calculated by using equation (2.2).
Percentage Mineralization of the dye = [(TOC, - TOC;) / TOC,] x 100 -------- (2.2)

where, TOC, is the initial concentration and TOC; is the concentration at a given
interval time, of the dye solution respectively. All the experiments were carried out

following the same procedure for photocatalytic degradation mentioned above.
2.2.11 Catalytic Reduction of 4-NP to 4-AP

2.7 mL of 0.1 mM of 4-NP was mixed with 0.3 mL of 0.1 M NaBH4 solution

under constant magnetic stirring followed by addition of 0.1 mg of catalyst. The
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reduction reaction of 4-NP was investigated using UV-Vis absorption spectroscopy in
the range of 250 nm to 500 nm. The recovery of the catalyst was done as follows.
Once the reaction was completed, the catalyst was separated by ultra-centrifugation.
The catalyst was then thoroughly washed with 10 % ethanol solution followed by
vacuum drying at 60 °C for 6 hours. The catalyst was then reused for subsequent

cycles to study its stability and reusability.
2.2.12 Electrochemical Measurements

Typically, 2 mg of nanocomposite was mixed with 5 uL. Nafion solution (5
wt.%) and the mixture was dispersed in 995 pL of the solution containing 497.5 pL of
ethanol and 497.5 puL of DI water by sonicating for 20 minutes to reach the
homogeneous ink status. Then 5 pL of the prepared ink (containing 10 pg of
nanocomposite) was drop cast onto the surface of the glassy carbon electrode (GCE, 3
mm in diameter) and dried at room temperature to yield a catalyst loading of 0.1425

mg/cm?.

The electrocatalytic activity of the nanocomposite towards HER was measured
by standard three-electrode setup (IVIUM, Germany) using linear sweep voltammetry
(LSV) technique with a scan rate of 5 mV/s in 0.1 M KOH. Saturated calomel
electrode, Pt wire and GCE were employed as the reference, counter and working
electrodes respectively. Chronopotentiometry was carried out at a constant current
density of -10 mA/cm? to know the efficiency of the nanocomposite in HER. The
electrolyte solution was purged with N> for 30 minutes to remove the oxygen

completely before the HER experiment.
2.3 RESULTS AND DISCUSSION

2.3.1 Structural, Morphological and Elemental Studies of Graphite, GO, RGO
and NRGO

The structural, morphological and elemental composition features of the
graphite flakes, GO, RGO and NRGO sheets were determined from XRD, SEM and
EDX spectroscopy techniques.
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Figure 2.2 XRD patterns of (a) Graphite, (b) GO, (c¢) RGO and (d) NRGO.

The XRD patterns of graphite, GO, RGO and NRGO are shown in Figure 2.2.
The XRD pattern of graphite shows a sharp peak corresponding to the reflection from
the (002) plane at 26=26.3° with a d-spacing of 0.339 nm. Whereas, GO exhibits a
slightly broader peak at 10.5° with a d-spacing of 0.842 nm matching with the
reflection from the (002) plane. These patterns are very similar to those reported
previously for graphite and GO (Khandelwal et al. 2015). The XRD pattern of RGO is
quite different from graphite and GO, and shows a slightly broader peak at 22.6°
which corresponds to the reflection from the (002) plane with a d-spacing of 0.365
nm, suggesting the reduction of GO (Fu et al. 2016). Although the doping of nitrogen
in NRGO is in a small amount, differences between RGO and NRGO can be clarified
easily. In contrast to the XRD pattern of RGO, NRGO shows a relatively broader
peak at 24.4° again corresponding to the reflection from the (002) plane with a d-
spacing of 0.355 nm. The slight increase in the reflection angle for (002) plane in
NRGO compared to that of RGO may be ascribed to the entry of nitrogen atoms into
the crystal lattice of graphite causing the increased distance between the graphite

layers (Szabo et al. 2006).
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Figure 2.3 SEM images of (a) Graphite, (b) GO, (c) RGO and (d) NRGO.

SEM image of the graphite flakes, GO, RGO and NRGO sheets are shown
in Figure 2.3 Figure 2.3a shows the SEM image of the natural graphite flakes in
which the sizes of the graphite particles are shown in the micrometer range. Figure
2.3b shows the GO, which clearly reflect the morphologies of graphite flakes before
and after exfoliation. The graphite flakes presented a typical multilayer structure,
whereas their stacking graphitic sheets were separated from one another after
oxidation with the modified Hummer’s method. However, after microwave reduction,
it is highly notable in Figure 2.3c that the RGO, which consists of thin, crumpled
sheets that are closely associated with each other. It is observed from SEM image of
Figure 2.3d that the NRGO obtained in this work reveals more crumpled nanosheets,
which is ascribed to the structural distortion caused by the doped nitrogen atoms.
These morphological results also suggest that the oxidation, reduction and doping

processes have not caused much damage to the graphitic structure of graphene.

The EDX spectra in Figure 2.4 show the presence of carbon, oxygen and

nitrogen in the GO, RGO and NRGO sheets. EDX spectra of GO show the presence
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of a large amount of oxygen due to the presence of oxygen containing functional
groups in GO (Figure 2.4a). However, after the reduction of GO, the amount of
oxygen containing functional groups present in RGO gets reduced and the observed
oxygen peak is mainly due to the presence of carbon dioxide (Figure 2.4b). The EDX
spectra in Figure 2.4c show the presence of C, N, and O. The N peak confirms the
successful doping of N on the RGO sheets. Figure 2.4d shows the weight percentage
of C, O and N in all the materials.
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Figure 2.4 EDX patterns (a-c) and elemental composition (d) of the GO, RGO and
NRGO.

2.3.2 XRD Studies

Figure 2.5 shows the XRD patterns of the as-prepared RGO, ZnWO4, Fe30s4,
RGO/ZnWO4/Fe;04 and NRGO/ZnWO4/Fe304. The diffraction peaks at 22.6° and
42.6° were ascribed to (002) and (100) planes of RGO sheets. The diffraction peaks at
15.3°, 18.7°, 23.6°, 24.3°, 30.4°, 36.3°, 38.2°, 41.0°, 44.4°, 45.5°, 48.6°, 50.1°, 51.5°,
53.9°, 61.7°, 64.9° and 68.1° were ascribed to the (010), (100), (011), (110), (111),
(021), (200), (121), (112), (211), (022), (220), (130), (122), (113), (311) and (041)
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crystal planes of ZnWO4 and well conforms to JCPDS file no. 15-0774. Similarly, the
diffraction peaks at 30.3°, 35.6°, 43.4°, 53.7°, 57.3° and 62.9° can be indexed to the
(220), (311), (400), (422), (511) and (440) crystal planes of Fe3O4 and are in good
agreement with JCPDS file no. 19-0629. No obvious carbon diffraction peak for
RGO/NRGO was detected in the XRD patterns of RGO/ZnWO4/Fe30Os4 and
NRGO/ZnWO0O4/Fe304 nanocomposite, which may be due to the small amount of
RGO/NRGO in the composite samples (Liu et al. 2004, Qiu et al. 2014).
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Figure 2.5 XRD patterns of (a) RGO, (b) ZnWOu, (c) Fe304, (d) RGO/ZnWO4/Fe;04
and () NRGO/ZnWO4/Fe304 nanocomposites.

2.3.3 Raman Studies

The obtained Raman spectra of the as-prepared NRGO/ZnWO4/Fe;04
composite samples are shown in Figure 2.6. As can be observed from the figure, two
peaks at 1348.3 cm™ and 1602.2 cm™ correspond to the characteristic Raman mode of
the plane vibrations of sp> defects in carbon (D band) and sp? bonded carbons (G
band) of NRGO sheets. Above mentioned results confirmed that the
NRGO/ZnWO0O4/Fe304 nanocomposites are successfully anchored to the NRGO sheets
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and such results are also available in the literature (Xu et al. 2014). Further, D to G
band peak intensity ratio, Ip/Ig is generally used to confirm the degree of defects of
carbon nanomaterial. As shown in Figure 2.6, the calculated intensity ratio of RGO,
RGO/ZnWO4/Fe;04 and NRGO/ZnWO4/Fe;04 (In/Ig = 1.10, 1.03 and 1.01) is higher
than that of GO (Ip/Ic = 0.98), indicating the introduction of defects during the
reduction of GO into RGO/NRGO sheets. The lower Ip/Ig of NRGO/ZnWO4/Fe304
than that of RGO may be due to the adherence and interaction of ZnWO4 and Fe3zO4
nanoparticles on the NRGO sheets. Moreover, the broad D band and G band with
weak intensity may be ascribed to the low content of NRGO and relatively higher
concentration and interaction of ZnWQ4 and Fe3O4 nanoparticles on the NRGO sheets

(Wang et al. 2015).
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Figure 2.6 Raman spectra of (a) GO, (b) RGO, (¢c) RGO/ZnWO4/Fe304 and (d)
NRGO/ZnWO4/Fe304 nanocomposites.

2.3.4 Morphology Studies
The structure and morphological features of synthesized RGO/ZnWO4/Fe304

and NRGO/ZnWO0O4/Fe304 nanocomposite materials were investigated by microscopic
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techniques. Figure 2.7a and b show the SEM images of the rod shaped particles of
ZnWOq and spherical like Fe;O4 particles. Figure 2.7¢ and d show the FESEM image
of the RGO/ZnWO4/Fe30s and NRGO/ZnWO4/Fe;04 nanocomposites wherein
ZnWOs nanorods and Fes;Osnanospheres are anchored on the surface of the

RGO/NRGO nanosheets.
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Figure 2.7 SEM images of (a) ZnWOs and (b) Fe3Os. FESEM images of (c)
RGO/ZnWO0O4/Fe304 and (d) NRGO/ZnWO4/Fe304.

To get further information on morphology of the synthesized materials, TEM
and HRTEM measurements were carried out. Figure 2.8a and b show the TEM image
indicating the two-dimensional wrinkled sheet like morphology of RGO as well as
NRGO. TEM image of the synthesized ZnWOy is shown in Figure 2.8c, which clearly
reveals the nanorod-like structures. As can be observed from Figure 2.8d and e, the
rod-like ZnWO4 and spherical Fe3Os4 nanoparticles adhere on the surface of the

NRGO/RGO nanosheets.
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Figure 2.8 TEM images of (a) RGO, (b) NRGO, (c) ZnWO4, (d)
RGO/ZnWO4/Fe30s4, (e) NRGO/ZnWO4/Fe304 and (d) HRTEM image of
NRGO/ZnWO4/Fe30a4.

Figure 2.8f shows the HRTEM image of RGO/ZnWO4/Fe304 wherein, the
interface between ZnWOQO4 and Fe3O4 nanomaterials on the surface of the RGO
nanosheets can be seen. The lattice fringes of about 0.367 nm correspond to the (011)
plane of ZnWO4 and 0.258 nm corresponded to the (311) plane of Fe3O4. Thus, it is
evident that the interface is formed by the Fe3O4 (311) plane and the ZnWO4 (011)
plane on the surface of the RGO sheets. The EDX spectrum shown in Figure 2.9
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indicated N, C, Zn, W, Fe and O as the elements present in the NRGO/ZnWO4/Fe304

nanocomposite further compliments the characterization and formation of the ternary

composite.
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Figure 2.9 EDX spectrum of NRGO/ZnWO4/Fe304.
2.3.5 XPS Studies

Figure 2.10, shows the detailed information on the chemical states of ions
present in the as-prepared samples through XPS analysis. C 1s peak (284.8 eV) was
used as a reference for calibrating the binding energy values in the XPS analysis.

Figure 2.10a, shows the general survey XPS spectra of the as-prepared

NRGO/ZnWO4/Fe304 nanocomposites, the surface of which contains C, N, Zn, W, Fe
and O. Figure 2.10b, shows the high-resolution C 1s spectra, which could be
deconvoluted into four peaks of different binding energies, 284.9 eV, 286.8 eV, 289.0
eV and 291.2 eV. These peaks correspond to the C-C/C=C in the aromatic ring of sp?,
C-N, C=0 and n-rt* interaction bonds, respectively (Zhu et al. 2016). Figure 2.10c,
shows the high-resolution N 1sspectra which could be deconvoluted into four peaks at

397.8 eV (pyridinic-N), 399.0 eV (pyrrolic-N), 401.3 eV (graphitic-N) and 403.3 eV
(pyridine-N-oxide), respectively (Wang et al. 2015).
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Figure 2.10 XPS spectra of as-prepared samples (a) survey of NRGO/ZnWO4/Fe304.
High-resolution XPS spectra of (b) C 1s, (c) N 1s, (d) Zn 2p, (e) W 4f, (f) Fe 2p and
(g) O 1s.

Figure 2.10d, shows the high- resolution Zn 2p region, with two broad peaks
at 1018.9 eV and 1041.8 eV which are indexed to Zn 2p3» and Zn 2pi, state,
respectively (L1 et al. 2013). Figure 2.10e, shows the high-resolution W 4f spectra
which could be deconvoluted into two different peaks at 35.1 eV and 37.2 eV being
allotted to W 4f7, and W 4fs), respectively. These results are also in conformity with
that of ZnWO4 values reported previously (Li et al. 2013). Figure 2.10f, shows high
resolution Fe 2p region with two photoelectron peaks at 708.9 eV and 722.5 eV. They
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correspond to Fe 2p3» and Fe 2p1., states of iron respectively. Figure 2.10g, shows
the high resolution Ols spectra which could be deconvoluted into three peaks of
binding energy values, 530.1 eV, 531.6 eV and 533.2 eV corresponding to Fe-O, W-
O-W and H-O-H bonds respectively (Nguyen et al. 2005). These results ascertain that
a composite of Fe304, ZnWO4 and NRGO sheets has been formed successfully (Yang
et al. 2005).

2.3.6 Optical Absorbance Analysis
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Figure 2.11 UV-Vis spectra of (a) ZnWOs4, (b) Fe3O4, (¢) RGO/ZnWOs, (d)
RGO/ZnWO4/Fe304 and (e) NRGO/ZnWO4/Fe30s4.

Figure 2.11, shows the absorption spectrum of NRGO/ZnWO4/Fe30s,
RGO/ZnWO4/Fe304, RGO/ZnWO4 pure ZnWO4 and pure Fe3O4. The band gap is the
most important factor with regard to the photocatalytic activity of the materials. To
calculate the band gap of the materials, the Tauc relation (Tauc et al. 1966) as given in

equation (2.3) was used.

ohv=K (hv-Ex)*> e 2.3)
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where, a is the absorption coefficient, hv is the energy of photon, K is a constant, E; is
the band gap of semiconductor. Among these parameters, n is determined by the type
of transition process that occur in a semiconductor (n = 1 for a direct transition and n
= 4 for an indirect transition). Direct band gap is considered in general for
semiconductor photocatalysis processes (Hojamberdiev et al. 2010, Garadkar et al.

2013, Das et al. 2016).
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Figure 2.12 Band gap plots for (a) ZnWOs, (b) RGO/ZnWO4, (c)
RGO/ZnWO4/Fe304 and (d) NRGO/ZnWO4/Fe3Oa.

Accordingly, the band gap energy (Eg) for pure ZnWOs4, RGO/ZnWOs4, Fe304,
RGO/ZnWO4/Fe;04 and NRGO/ZnWO4/Fe;04 nanocomposites were estimated from
a plot of (ahv)? versus energy (hv), as shown in Figure 2.12 and 2.13. As can be seen
from the figure, a strong absorption edge at 313 nm is observed for pure ZnWO4
which is equivalent to a band gap of 3.35 eV. The same for RGO/ZnWO4
nanocomposite is estimated to be at 353 nm which is equivalent to a band gap of 3.0
eV. Similarly, the calculated band gap for the ternary RGO/ZnWO4/Fe3O4 and
NRGO/ZnWO0O4/Fe304 nanocomposite is 2.71 eV and 2.40 eV. The band gap narrowed
from 3.35 eV to 2.40 eV for NRGO/ZnWO4/Fe;04 nanocomposite, indicating the
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interaction between these three components. It is therefore evident that
NRGO/ZnWO0O4/Fe304 nanocomposite facilitates strong absorption in the visible
region of the spectrum and the phenomena can be attributed to the synergetic effects
of ZnWOs, Fes04 and NRGO nanosheets (Wang et al. 2012, Jo and Selvam 2015).
The results clearly suggest that the novel ternary composite can perform efficiently as

photocatalyst under visible light.
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Figure 2.13 Band gap plot for pure Fe3zOa.
2.3.7 Photoluminescence Analysis

It is well known that a PL spectrum is a very useful tool to study the dynamics
of separation and recombination of photogenerated electron-hole pairs. This is mainly
due to the fact that the PL emission signal arises from the recombination of excited
electrons and holes. It is also well established that the electron-hole pair separation
improves the photocatalytic performance of materials. The photo induced electron
hole pair transfer mechanism in the NRGO sheets, ZnWO4 and Fe3O4 nanomaterials
are determined by the photoluminescence emission intensity analysis. The PL spectra

of NRGO/ZnWO4/Fe304, RGO/ZnWO4/Fe304, RGO/ZnWO4s and pure ZnWO4
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nanocomposites are measured using an excitation wavelength of 380 nm (Figure

2.14).
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Figure 2.14 PL spectra of (a) ZnWOs, (b) RGO/ZnWO4 (¢) RGO/ZnWO4/Fe304 and
(d) NRGO/ZnWO4/Fe304.

The PL spectrum of ZnWO4 shows a high intensity broad peak at 441 nm
which can be corresponded to the recombination of photogenerated electron hole
pairs. The weak intensity of RGO/ZnWO4 nanocomposite may be due to the transfer
of photoinduced electrons from the trapped states of ZnWO4 to RGO nanosheets
(Williams and Kamat 2009). As can be seen from the figure, the PL intensity of the
NRGO/ZnWO4/Fe304 nanocomposite is very weak indicating that the fluorescence of
this nanocomposite is quenched in a more powerful manner than that of
RGO/ZnWO4/Fe;04 and RGO/ZnWO4 nanocomposite proving the synergistic effect
induced by zinc tungstate and iron oxide component via NRGO interlayer in the
nanocomposite towards the separation of electron hole pairs. This observation
suggests that the combination of ZnWO4 and Fe3Os on NRGO nanosheets can
enhance the prevention of the photoinduced electron hole pair recombination (Wang

et al. 2015).
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2.3.8 Photocatalytic Activity

The photocatalytic activity of the as-prepared materials was estimated for the
degradation of MB under visible light irradiation. The adsorption of the MB solution
was carried out for 30 minutes in dark to reach the adsorption-desorption equilibrium
with the photocatalyst before exposing it to the visible light. In a blank test, wherein
the MB solution was taken without any photocatalyst in the reactor, there was no
appreciable degradation. This result suggests that the photolysis of MB is negligible.
RGO composition in the RGO/ZnWO4 nanocomposites was optimized based on the

degradation of MB results.
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Figure 2.15 Degradation of MB by RGO/ZnWO4 under visible light irradiation.

Figure 2.15, shows the photocatalytic degradation of RGO/ZnWO4
nanocomposites with varying amounts of RGO. It is observed that the photocatalytic
degradation efficiency of the nanocomposites increased with increase in RGO content
up to 3 % which registered 85 % conversion within 150 minutes whereas the same for
pure ZnWO4 under same conditions was only 60 %. However further increase in the
RGO content decreased the catalytic efficiency of the nanocomposite and this

behavior may be due to the fact that the superfluous RGO hinders the photon
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absorption by the semiconductor and hence in turn reduces the efficiency. As 3 wt.%
RGO/ZnWO4 nanocomposite showed the best activity, the same was taken as the

optimized base material for further variation in the Fe3O4 content.
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Figure 2.16 (a)Degradation plot, (b) First order kinetics plot, (c) Rate constants plot
for the photodegradation of MB over various catalysts and (d) Effect of different
scavengers on the photodegradation of MB by 3%-NRGO/ZnWO4/Fe;04 (0.01 M)

nanocomposites under visible light irradiation.

Figure 2.16a, shows the photocatalytic degradation of MB by 3 wt.% RGO-
ZnWO4 with 0.005 M, 0.01 M and 0.02 M Fe3Osnanospheres content. The
photocatalytic activity of the nanocomposites increased with the increase in Fe3O4
content. The nanocomposite with 0.01 M Fe;O4 content showed maximum efficiency
and degraded the dye almost completely within 135 minutes. However, further

increase in Fe3Os nanoparticles content in the nanocomposite decreased the
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photocatalytic degradation rate of MB dye which may be ascribed to the hindrance of
Fe3O4 nanoparticles clusters on the ternary nanocomposites to effective charge
transfer on RGO sheets. The result confirms that the ternary 3 wt.%
RGO/ZnWO4/Fe;04 (0.01 M) nanocomposite is very efficient as photocatalyst under

visible light irradiation.

To see the effect of nitrogen doping on RGO in the catalytic activity of the
composite, 3 wt.% NRGO/ZnWO4/Fe304 (0.01 M) nanocomposite was prepared and
tested for its photocatalytic activity (Figure 2.16a). The results showed that the
Nitrogen doped RGO/ZnWO4/Fe3Ossemiconductor nanocomposite exhibits better
catalytic performance and the degradation was over within 120 minutes. Thus, 3%-

NRGO/ZnWO4/Fe304(0.01 M) was only used for all further studies.

The kinetics of photocatalytic degradation of MB dye by the prepared
nanocomposites conforming to the pseudo first order rate equation as given in

equation (2.4) is shown in Figure 2.16b.
In(C/Co)=-kt e (2.4)

where, C, is the initial concentration, C is the concentration at irradiation time ‘t’ and
‘k’ is the first order rate constant. The ‘k’ values were measured from slope of the

straight lines.

The comparison of the rate constants for different nanocomposites is shown in
a bar diagram (Figure 2.16¢). As can be seen from the diagram, the best composite
3% NRGO/ZnWO4/Fe304 (0.01 M) shows 6.64 times, 2.61 times and 1.24 times more
efficiency than the pure ZnWO04, 3%-RGO/ZnWO4 and 3%-RGO/ZnWO4/Fe304 (0.01
M) respectively. The rate constant results suggest that the ternary 3%-
NRGO/ZnWO4/Fe;04 (0.01 M) nanocomposite is very efficient as photocatalyst

under visible light irradiation.

To determine the degree of mineralization of MB, during its photodegradation
catalyzed by 3%-NRGO/ZnWO4/Fe304 (0.01M) nanocomposite, TOC analysis was
performed (Cui et al. 2013). Figure 2.17 shows the TOC values for the MB solution at
different intervals of time. The TOC value increased to 84.37 % under visible light
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irradiation for 120 minutes of visible light irradiation. Thus, it is very evident that, the
3%-NRGO/ZnWO4/Fe3;04 (0.01M) nanocomposite has high catalytic efficiency

towards photodegradation of MB molecules and that organic carbon is mostly

converted to CO: during the process.

The reusability of ternary nanocomposites is of great need for practical
applications. To evaluate the reusability of the 3 wt.% NRGO/ZnWOQO4/Fe304 (0.01 M)
nanocomposite, the photocatalytic activity of MB under visible light irradiation was
tested for 5 consecutive cycles and the same is shown in Figure 2.18. It is observed
that there is only minimum loss of photocatalytic degradation efficiency during the
test and the MB dye was almost completely degraded within 150 minutes even in the
5™ cycle. This indicates that the 3 wt.% NRGO/ZnWO4/Fe;04 (0.01 M) composite
possesses sufficient stability for photocatalytic degradation reactions and that the
novel NRGO/ZnWO4/Fe304 nanocomposite can be used as an environmental friendly

photocatalyst for water treatment.

w{  3%-NRGO/ZnWO /Fe 0,(0.01M)
84.37 %

o
s

59.99 %

=)
s

42.45 %

Mineralization (%)
£y
o

16.86 %

)
s

1.70 %

Initial
-30

0 3 60 90 120
Irradiation time (min)

Figure 2.17 Mineralization values for degradation of MB at different intervals of

time.
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Figure 2.18 Recyclability of 3%-NRGO/ZnWO4/Fe;04 (0.01 M) catalyst for the

photodegradation of MB under visible irradiation.
2.3.9 Mechanism of the Photocatalytic Activity

In order to figure out the mechanism of photodegradation of MB dye,
experiments were carried out using radical scavengers (Figure 2.16d). The control
experiments were done to analyze the role of superoxide radicals (O27), hydroxyl
radicals (‘OH), photogenerated electrons (¢”) and photogenerated holes (h*) in the
photocatalysis process by using benzoquinone (BQ), ternary butyl alcohol (TBA),
silver nitrate and potassium iodide for O2~, ‘OH, e and h* respectively. Addition of
TBA caused slight decrease in the photodegradation efficiency due to the removal of
hydroxyl radicals, indicating that they play a minor role in the mechanism. BQ,
AgNO; and KI caused decrease in the efficiency in the increasing order suggesting

that holes play a major role in the overall degradation pathway.

The enhanced photocatalytic activity of NRGO/ZnWO4/Fe;04 composites is
mainly related to the superior photo absorption in the visible region and the efficient
generation, separation and transfer of the photoinduced electron-hole pairs, which
strongly depends on the overall band structure of the composites. Thus, the VB edge

positions and the CB edge positions of ZnWO4 and Fe3;O4 were estimated according
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to the Mulliken electronegativity theory (Pearson 1988, Li et al. 2013) following
equations (2.5) and (2.6).

Eve=y-E*+05E, e (2.5)
Ecg=Eve-E. e (2.6)

where Evp is the VB edge potential, Ecg is the CB edge potential, E; is the band gap
energy of the semiconductor, y is the electronegativity of the semiconductor; the
geometric mean of the electronegativity of the constituent atoms and E° is the energy
of free electrons on the hydrogen scale (-4.5 eV). According to the % and E; values,

Evs and Ecs of ZnWO4 and Fe;O4 were separately calculated as listed in Table 2.1.

Table 2.1 Band gap parameters of ZnWO4 and Fe3Oa.

Samples x(eV) | Eg(eV) | Evs(eV) | Ecs(eV)

ZnWOy4 6.313 3.35 3.488 0.138

Fe304 5.783 2.61 2.588 -0.022

On the basis of the above results, the photodegradation mechanism for highly
efficient electron-hole pair charge separation of the NRGO/ZnWO4/Fe304
nanocomposites is proposed as shown in Figure 2.19. Clearly, Fe3O4 can be easily
excited to form electron-hole pairs under visible light irradiation. In the case of
ZnWOQyq, excitation by visible light irradiation is not possible due to its wide energy
gap. When Fe3;04 is introduced, the electrons in CB edge of Fe3Os would easily get
transferred to the CB of ZnWO4 via NRGO interlayer, leaving holes at the VB of
Fe304. Thus, the photoinduced electrons and holes can be efficiently separated
overturning the possibility of the recombination of electron-hole pairs. The separated
holes will directly react with MB or react with water to generate hydroxyl radicals.
The separated electrons would subsequently react with water and oxygen to generate
hydroxyl and superoxide radicals. The radicals would subsequently oxidize the MB

due to their high oxidative capacity to harmless degraded products.
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Figure 2.19 Schematic diagram for photodegradation of MB over
NRGO/ZnWO4/Fe;04 nanocomposites under visible light irradiation.

The improvement in the photocatalytic performance of the
NRGO/ZnWO4/Fe;04 nanocomposite is mainly due to the high efficiency in the
separation of photogenerated charge facilitated by the combination of ZnWO4 and

Fe304 via NRGO interlayer.
2.3.10 Catalytic Reduction of 4-NP to 4-AP

The catalytic activity of the as prepared 3%-NRGO/ZnWOQO4/Fe304(0.01 M)
nanocomposite in reduction of 4-NP to 4-AP by NaBHj is estimated in an aqueous
medium. The reduction reaction does not proceed in the absence of the catalyst. This
is indicated by the undeterred absorption peak at 400 nm. However, when 3%-
NRGO/ZnWO4/Fe304 (0.01 M) nanocomposite was added into the 4-NP solution, the
absorption of 4-NP found at 400 nm peak decreased immediately and new absorption
peak of 4-AP at 300 nm was obtained. The intensity of this new peak increased with
time as shown in Figure 2.20. The catalytic reduction of 4-NP into 4-AP was over
within just 30 seconds. The completeness of the reaction is indicated by the reduction
of the absorbance of the solution at 400 nm to zero and also by the change in color of

the solution from bright yellow to colorless (inset in Figure 2.20) (Zheng et al. 2013).
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Figure 2.20 UV-Vis absorption spectra for the reduction of 4-NP to 4-AP by NaBH4
in the presence of 3%-NRGO/ZnWO04/Fe304(0.01 M) nanocomposite.

For comparison, the catalytic activities of the individual components of the
composite in terms of pseudo first order rate constants have also been determined
under identical condition (Table 2.2). As can be seen from the Table, the catalytic
efficiency of the 3%-NRGO/ZnWO4/Fe304(0.01 M) nanocomposite is more than that

of the other component materials.

The reaction rate constants conforming to the pseudo first order kinetics with
respect to 4-NP concentration have been determined. The reaction kinetics can be
described as -In(C/C,) = kt, where k is the rate constant at a given temperature and t is
the reaction time. C, and C are the 4-NP concentration at the beginning and at time t,
respectively. The plot of -In(C/C,) vs. time shows a straight line with a positive slope
(Figure 2.21) from which the rate constant ‘k’ values are determined. The kinetic rate
constant ‘k’ values are given in Table 2.2. It is interesting to note the differences in
the efficiencies of various catalysts. Individually, the activity of iron oxide is more
than two times that of zinc tungstate. This may be due to higher catalytically active
sites on iron oxide. But with RGO, activity of zinc tungstate is more than three times

that of RGO/Fe304. This may be due to the ease of electron transportation that is
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possible with RGO/ZnWO4 combination compared to that of RGO/Fe304. When iron
oxide is combined with RGO/ZnWOs, the activity of the resulted nanocomposite is
more than that of RGO/ZnWO4. When NRGO is introduced in place of RGO in
RGO/ZnWO4/Fe;04, the catalytic activity of the resulting nanocomposite is much
better than that of RGO/ZnWO4/Fe304. Further, it is worth noting that the observed
activity of the catalyst described here is much higher compared to that of reported
catalysts (Jiang et al. 2011, Li et al. 2012, Wu et al. 2014, Yang et al. 2014).
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Figure 2.21 Plots of -In(C/C,) against time for reduction of 4-NP to 4-AP over

various catalysts.

The stability and reusability of the 3%-NRGO/ZnWO4/Fe;04(0.01 M)
nanocomposites was examined by carrying out the reduction reaction with the same
catalyst after recovery from the previous reaction mixture. The results from 10 such
successive reactions are shown in Figure 2.22. The reused catalyst exhibited excellent
activity even after 10 successive cycles, with nearly 100 % conversion within a time

period of 48 seconds.

The possible mechanism for reduction of 4-NP to 4-AP by NaBH4 in the
presence of 3%-NRGO/ZnWO4/Fe304(0.01M) nanocomposite catalyst may be
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explained as follows. The 4-NP molecule being slightly acidic can be adsorbed on to
the catalyst surface to a better extent because of the fact that the NRGO provides a
slightly negatively charged surface.
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Figure 2.22 Catalytic stability of 3%-NRGO/ZnWO4/Fe304(0.01M) nanocomposites

with successive 10 cycles of the same reduction condition.

Further, the presence of ZnWO4 nanoparticles on the NRGO surface provides
not only better active sites for adsorption but also facilitates effective interaction
between the substrate, reducing agent and catalyst matrix. This property is further
enhanced by the presence of Fe3O4 nanoparticles in the nanocomposite catalyst. This
is also supported by the enhancement in the rate of reduction reaction observed
(Figure 2.21) when Fe3O4 is added to the NRGO/ZnWO4 nanocomposite. Also, the
ease of electron transfer over NRGO matrix makes it an ideal mediator for reduction
process and enables the acceptance of electrons by 4-NP molecules and its conversion
to 4-AP. Over all, the combination of NRGO, ZnWO4, Fe3Os4 in the
NRGO/ZnWO4/Fe304 nanocomposite provides favorable synergetic effects to the
rapid and complete catalytic reduction of 4-NP to 4-AP by NaBH4. Further, the
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NRGO/ZnWO0O4/Fe304 nanocomposite also exhibits excellent reusability and stability

for reduction processes.

Table 2.2 The rate constant values for different types of catalysts.

Types of catalysts k(s References

RGO 0.00995 Present work
ZnWOq4 0.00483 Present work
Fe304 0.01395 Present work
3%-RGO/ZnWO4 0.05081 Present work
3%-RGO/Fe;04 0.02083 Present work
3%-RGO/ZnWO4/Fe304(0.01 M) 0.12420 Present work
3%-NRGO/ZnWO4/Fe304(0.01 M) | 0.13344 Present work
Ni/graphene 0.0007 Wu et al. (2014)
Au@Ag/ZIF-8 0.0003 Jiang et al. (2011)
Au/graphene 0.00317 Lietal. (2012)
Ni/MC-750 0.00626 Yang et al. (2014)

2.3.11 Electrocatalytic Studies of HER

The electrocatalytic activity of RGO, ZnWO4, 3%-RGO/ZnWOs, 3%-
RGO/Fe304, 3%-RGO/ZnWO4/Fe304 (0.01 M) and 3%-NRGO/ZnWO4/Fe304 (0.01
M) nanocomposites were studied in alkaline medium via LSV technique (Figure
2.23a). LSVs were measured from 0.1 V to -0.4 V vs RHE at scan rate of 5 mV/s
using 0.1 M KOH solutions. In contrast, 3%-NRGO/ZnWOQO4/Fe304 (0.01 M) exhibits
small onset potential of -113 mV, which is much smaller than that for 3%-
RGO/ZnWO4, 3%-RGO/Fe304 and 3%-RGO/ZnWO4/Fe3;04 (0.01M), which have the
values, -208 mV, -182 mV and -135 mV, at current density of 10 mA cm?,

66



Chapter 2

respectively. Normally, Pt/C shows excellent electrocatalytic activity for HER with an

overpotential close to zero (Chen et al. 2013).

Figure 2.23b shows the kinetic behavior of the RGO, ZnWO4, 3%-
RGO/ZnWO4, 3%-RGO/Fe;04, 3%-RGO/ZnWO4/Fe;04 (0.01 M) and 3%-
NRGO/ZnWO4/Fe3;04 (0.01 M) nanocomposites in terms of Tafel slopes. The
established HER mechanism in alkaline medium is as given in equations 2.7, 2.8 and

2.9 (Bhardwaj and Balasubramaniam 2008).

(1) Volmer reaction mechanism (via electrochemical hydrogen adsorption)
H,0+A+e = A—H*"+OH- e 2.7)
Tafel slope = 120 mV dec™!

(i1) Heyrovsky reaction mechanism (via electrochemical desorption)

A—-H"+ H,0+ e =2 A+OH + H,T  —oeememe (2.8)
Tafel slope = 40 mV dec™

(ii1) Tafel reaction mechanism (via Chemical desorption)

2A—-H*=2A+ H, T (2.9)
Tafel slope = 30 mV dec!

where H" is an electrochemically adsorbed hydrogen on an active site of the electrode

surface (A).

The linear region of the Tafel plots were fitted with the Tafel equation (Wang
etal. 2014) (n=Db log (j) + a, where b is the Tafel slop, j is the current density, 7 is the
overpotential and a is the constant). The yielding of Tafel slopes are at 230 mV dec™,
120 mV dec!, 103 mV dec!, 84 mV dec'and 75 mV dec! for ZnWO4, 3%-
RGO/ZnWO4, 3%-RGO/Fe3;04, 3%-RGO/ZnWO4/Fe30s (0.01M) and 3%-
NRGO/ZnWO04/Fe304(0.01M) nanocomposite, respectively. The overpotential are at -
320.48 mV, -304.14 mV, -249.21 mV and -218.55 mV for 3%-RGO/ZnWOs4, 3%-
RGO/Fe304, 3%-RGO/ZnWO4/Fe304 (0.01 M) and 3%-NRGO/ZnWO4/Fe304 (0.01

M) nanocomposite, respectively.
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Figure 2.23 (a) LSV and (b) Tafel slope curve for different electrode materials. (c)
Stability curve of 3%-NRGO/ZnWO4/Fe304 (0.01 M) nanocomposite and (d) Chrono-
potentiometry curves at -10 mA cm™ recorded using 3%-NRGO/ZnWO4/Fe304 (0.01

M) nanocomposites.

These results indicate a small Tafel slope with low overpotential for 3%-
NRGO/ZnWO4/Fe304(0.01 M) electrode compared to other materials signaling much
higher electrocatalytic activity of the ternary composite. The observation of small
Tafel slope of 75 mV dec! confirms that the HER here follows the Volmer-
Heyrovsky mechanism. However, the activity is lesser than that of the Pt based
materials but it is a satisfactory value for a Pt-free catalyst. The measured values of
important electrocatalytic parameters for the nanocomposites are listed in Table 2.3.
The results indicate that the ternary catalyst is superior in its performance compared

to other catalysts.
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The stability of the 3%-NRGO/ZnWO4/Fe;04 (0.01 M) nanocomposite is
studied via cyclic voltammetry (CV) measurements of 1000 cycles in 0.1 M KOH
(Figure 2.23c). From the figure, it is evident that, before and after stability test, there
is only very small current loss. This indicates that the 3%-NRGO/ZnWO4/Fe;04 (0.01
M) catalysts has good electrochemical stability for HER in 0.1 M KOH solution even
after 1000 cycles.

Table 2.3 Comparison of HER electrocatalysis parameter values.

Onset potential | Over potential
Catalysts mv) mv) Tafel Slope
(mV dec)
Current density (-10 mA c¢cm?)
ZnWOq4 -- -- 230
3%-RGO/ZnWO4 - 208 -320.48 120
3%-RGO/Fe;04 - 182 -304.14 103
3%-RGO/ZnWO4/Fe304(0.01 M) - 135 -249.21 84
3%-NRGO/ZnWO4/Fe3;04(0.01 M) - 113 -218.55 75

Further, the commercial application of the electrocatalyst was studied by
chronopotentiometry technique at a constant current density, applied through
sufficient period of time. Figure 2.23d shows the chronopotentiometry plots for the
3%-NRGO/ZnWO4/Fe304 (0.01 M) nanocomposites at current density of -10 mA ¢cm™
for a duration of 1500 seconds. The observed result shows that the initially high
potential later slowly decreases and then reaches a stabilized state of HER. This
phenomenon is attributed to the development of H> bubbles on the electrode surfaces.
Overall, the results demonstrate that the 3%-NRGO/ZnWO4/Fe3;04 (0.01 M)
nanocomposite is indeed a highly efficient cathode material for electrolytic HER in

alkaline medium.

2.4 CONCLUSIONS

In summary, a simple microwave irradiation method for the synthesis of novel

noble metal free ternary NRGO/ZnWO4/Fe304 nanocomposites is reported. The
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structural, surface morphological and optical properties of the as-synthesized
NRGO/ZnWO4/Fe304 nanocomposites are studied by XRD, SEM, FESEM, TEM,
HRTEM, XPS, EDX, Raman, PL and UV-Vis spectroscopic techniques. The visible
light photocatalytic activities of the as-prepared nanocomposites are evaluated using
MB solution as substrate. It is observed that 3 wt.% NRGO/ZnWO4/Fe304 (0.01 M) is
the optimum concentration for efficient catalysis of MB decomposition. The
decomposition process is completed in 120 minutes. The enhanced photocatalytic
activity of the nanocomposite may be due to the synergistic effects from its
components. The nanocomposite showed high activity and high stability, even after 5
cycles of photocatalytic processes. Also, the resulting nanocomposite possess
outstanding catalytic activity in the reduction of 4-NP to 4-AP in the presence of
NaBHs which is completed in 30 seconds. The catalyst showed good stability,
recyclability (10 cycles) and high catalytic performance due to its synergistic
chemical adsorption and electron transfer effects. Additionally, the electrocatalytic
activity of HER in 0.1M KOH solution is investigated. It showed a lesser onset
potential and overpotential of -113 mV and -218.55 mV at a current density of -10
mA cm?. The observed Tafel slope of 75 mV dec’! suggests that the Volmer-
Heyrovsky mechanism is operating in the HER process. Further, the nanocomposite

exhibited good durability and high activity for HER even after 1000 cycles.
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Chapter 3

Chapter 3 deals with the microwave synthesis of NRGO/NiWO4/ZnO ternary
nanocomposite as an efficient catalyst for photodegradation of MB, reduction of 4-NP
and electrolytic HER.

3.1 INTRODUCTION

In last few decades, water pollution due to industrial effluents has become a
huge menace to the environment (Chen et al. 2016). Waste water released from various
industries containing toxic chemicals has posed a threat to aquatic as well as human
life. In such a situation development of new strategies for environmental remediation
is the need of the day. Photocatalysis has emerged as a savior in this respect.
Nanoparticles like ZnO, NiO, TiO», Fe304, C0304 and their composites have shown a
great promise as photocatalysts due to their excellent physical and chemical properties
(Bhatt and Bhat 2012, Selvakumar and Bhat 2012, Ahmad et al. 2013). Likewise, metal
tungstates have also attracted attention due to their band gap tunability when coupled
with other semiconductors (Hisatomi et al. 2014, Pirhashemi and Yangjeh 2017). RGO
is a single-atom thick sheet formed by sp>-bonded carbon atoms packed into a 2D
hexagonal lattice. It has desirable properties like large surface area; better chemical and
mechanical strength; good optical, electrical and thermal properties (Subramanya and

Bhat 2015).

In order to achieve excellent catalytic performance in nanocomposites, two
important factors have to be considered: faster electron transfer and better charge
separation. A combination of semiconductors with suitable band gaps can promote
charge carrier separation (Banerjee et al. 2014). There are many reports on the
incorporation of carbon nanostructures such as graphene and carbon nanotubes as
components of photocatalyst composites to enhance the activity (Zhang et al. 2011,
Xiang et al. 2015, Farhadian et al. 2016, Jafari et al. 2016, Keihan et al. 2016). The
incorporation of nitrogen atoms which are rich in electrons, into RGO promotes the
interaction between neighboring carbons atoms and electrons. NRGO increases the
transfer rate of electron from the CB of the semiconductor and also creates an additional
donor level above the VB of semiconductors thereby reducing the energy requirement

for the excitation of electron from VB to CB of semiconductor materials (Wang et al.
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2015). The ternary composites have better charge carrier separation and a fast electron
transfer system compared to the pristine semiconductor materials. However, excellent
catalytic performance with high stability and low cost are still rare (Chang and Wu

2013).

In view of the aforementioned facts a novel NRGO/NiWO4/ZnO ternary
nanocomposite has been efficiently synthesized via a facile, cost effective microwave
irradiation technique. The as-synthesized nanocomposite was characterized by
diffraction, microscopic, spectroscopic techniques to study the elemental composition,
morphology and optical properties. The catalytic efficiency of the nanocomposite was
studied towards photodegradation of MB dye in aqueous solution, hydrogenation of 4-
NP to 4-AP using NaBH4 and HER via electrolysis of water in alkaline medium. The
ternary composite shows excellent photocatalytic activity, stability and reusability
compared to the pristine materials. This multifunctional catalyst shows a huge promise

in environmental remediation and industrial application.
3.2 EXPERIMENTAL
3.2.1 Preparation of NiWO4 and ZnO Nanomaterials

To synthesize NiWOs, 0.01 M of nickel acetate solution and 0.01 M of sodium
tungstate solution were stirred for 1 hour. The mixture was irradiated with microwave
for 10 minutes at 350 W. The obtained precipitate was cooled, centrifuged and washed
with water and ethanol. It was finally dried at 80 °C for 12 hours. For synthesis of ZnO
the same procedure was employed, but by using zinc acetate and sodium hydroxide

solution in 1:2 ratio.
3.2.2 Preparation of the NRGO/NiWQO4/ZnO Ternary Nanocomposites

GO was prepared by modified Hummers method as given in section 2.2.2. (A)-
NRGO/NiWO4/(B)-ZnO ternary nanocomposites (A =0.5, 1, 2.5 and 5 wt. % GO; B =
0 M, 0.005 M, 0.01 M and 0.02 M of zinc precursor solution) were synthesized via
microwave irradiation method. In a typical synthesis, 0.01 M of nickel acetate solution
and 0.01 M of sodium tungstate solution was slowly added to the dispersed GO solution

under consistent stirring for approximately 2 hours. During this calculated amount of
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zinc acetate and sodium hydroxide was also added. The pH of the solution was
maintained at 9 using ammonia. Later, 1 % urea was added to the above mixture. The
resulting solution was irradiated with microwave (350 W) for 10 minutes and the
obtained precipitate was allowed to cool naturally. The precipitate was centrifuged and
washed several times with water and ethanol and then finally dried at 80 °C for

12 hours. Control sample containing RGO was synthesized in the absence of urea.
3.2.3 Characterization and Catalytic Studies

The characterization of the synthesized samples was carried out as given in
section 2.2.9. In addition to that nitrogen adsorption and desorption experiments were
performed at 77 K on a Micromeritics ASAP 2020 system. Prior to analysis, the samples
were degassed at 200 °C in vacuum for 24 hours. The specific surface area was
calculated by the BET method based on adsorption data in the relative pressure (P/P°)
range of 0.05 to 0.3. The pore size distribution was calculated using the Barrett-Joyner-
Halenda (BJH) model applied to the desorption branch. The catalytic studies were
performed as described in section 2.2.10 - 2.2.12.

3.3 RESULTS AND DISCUSSION
3.3.1 XRD Studies

Figure 3.1 shows the XRD patterns of the as-synthesized GO, NiWOQO4, ZnO and
2.5%-NRGO/NiWO0O4/ZnO (0.01M). The diffraction peak at 10.5° corresponds to (002)
planes of GO sheets. ZnO diffraction peaks at 31.6°, 34.2°, 36.1°, 47.4°, 56.4°, 62.7°,
66.2°, 67.8° and 68.9° can be indexed to the (100), (002), (101), (102), (110), (103),
(200), (112) and (201) as indicated in JCPDS file no. 36-1451 (Bhat 2008). NiWO4
diffraction peaks at 19.2°, 24.1°, 24.8°, 30.9°, 31.5°, 36.7°, 38.7°, 41.6°, 44.9°, 49.1°,
50.6°, 52.0°, 54.2°, 65.2° and 68.6° is ascribed to the (100), (011), (110), (111), (020),
(002), (200), (102), (112), (022), (220), (130), (202), (132) and (041) planes according
to JCPDS file no. 15-0755. Peaks corresponding to NRGO were not found in the
diffraction pattern of ternary composite. This may be due to the small quantity and

exfoliated nature of NRGO in the composite (Sudhakar et al. 2014).
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Figure 3.1 XRD spectrum of (a) GO, (b) NiWO4, (¢) ZnO and (d) 2.5%-

NRGO/NiW0O4/ZnO (0.01M).
3.3.2 Raman Studies

Raman spectrum of GO (Figure 3.2a) reveals two distinct modes: G mode at
1599 cm™ and D mode at 1355 cm™'. The intensity ratios of D to G band (In/Ic) is a
measure of relative concentration of sp® hybridized defects to sp? hybridized GO
domains (Subramanya and Bhat 2014). We see that after microwave irradiation the Ip/Ig
ratio increases from 0.87 for GO to 1.09 for the composite indicating the formation of
more defects in NRGO (Figure 3.2b) during the reduction. Slight variation in the Raman
frequency, appearance of a prominent 2D band at 2639 cm™ in Figure 3.2b may be
attributed to the formation of NRGO from GO. Figure 3.2c shows the Raman spectrum
0f2.5%-NRGO/NiWO4/ZnO (0.01M) ternary nanocomposite. Raman bands at 785 cm’
1,901 cm™ and 1038 cm’! correspond to Raman active modes of NiWO4. Bands at 115
em!, 337 em™, 410 cm™, 431 em™, 535 cm™!, 860 cm™!, 1098 cm!, 1750 cm™!, 2275 cm”
"and 2813 cm™ correspond to the Raman active modes of ZnO. Peaks at 1379 cm™ (D
mode); 1609 cm™! (G mode) with Ip/Ig ratio 1.10 and 2D band at 2639 cm™! with Lp/Ig
ratio as 1.06 correspond to presence of double layered NRGO with defects in the ternary
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composite. The change in the value of Raman frequencies of D and G band and
increased value of Ip/Ig ratio in the composite may be due to the interaction between

the NRGO sheets and the semiconductor particles (Graf et al. 2007).

2639 cm’'

1598 cm”’

2639 cm’”

Intensity (a.u.)

1599 cm”

(a)

2629 cm’

400 800 1200 1600 2000 2400 2800
u -1
Raman Shift (cm’)

Figure 3.2 Raman spectra of (a) GO, (b) NRGO and (c) 2.5%-NRGO/NiWO4/ZnO
(0.01M).

3.3.3 BET Surface Area Analysis

The nitrogen adsorption-desorption isotherms were used to obtain information
about the BET specific surface area and pore size distribution in the nanocomposites
(Subramanya and Bhat 2014). As observed in Figure 3.3, the isotherm exhibits a
characteristic type-IV pattern with a significant hysteresis in the P/P, range 0.6-1.0,
implying the existence of abundant mesopores in the synthesized nanocomposites. The
slightly wide capillary condensation step is a consequence of the relatively broad pore

size distribution, as shown in Figure 3.3.

BET analysis showed that the specific surface area of NiWOs, 2.5%-
NRGO/NiWOs4 and 2.5%-NRGO/NiWO4/ZnO (0.01 M) are 25.25 m?/g, 34.64 m?/g and

38.83 m?/g, respectively. From these results, it is evident that the higher surface area of
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2.5%-NRGO/NiWO4 and 2.5%-NRGO/NiWO4/ZnO (0.01 M) nanocomposites than

that of pure NiWOQy, is due to the contribution from NRGO and ZnO components. The

pore size distribution calculated by the BJH method indicates that the nanocomposite

has a hierarchical pore structure, the sizes of which peak at 3.34 nm and 5.61 nm. The

presence of such mesopores is believed to increase the total surface area which in turn

would enhance the catalytic activity of the ternary nanocomposites.
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Figure 3.3 BET surface area analysis: Adsorption-desorption isotherms.

3.3.4 Morphology Studies

The morphology of the samples was studied using electron microscopy. The

FESEM images of the NiWO4 and ZnO (Figure 3.4a-b) suggest that the particles have

approximately spherical shape. Similarly (Figure 3.5a) reveals that the 2.5%-
NRGO/NiWO4/ZnO (0.01 M) ternary nanocomposite consists of ZnO and NiWO4

nanoparticles well anchored on the surface of the NRGO sheets. This observation is
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further supported by the TEM image (Figure 3.5b). EDX spectra of the encircled areas
are shown in Figure 3.5c-d. The average size of the nanoparticles was found to be 13.4
nm for NiWO4 and 22.7 nm for ZnO (Figure 3.6). HRTEM image in Figure 3.7a shows
the interface between NiWO4, ZnO and NRGO in 2.5%-NRGO/NiW0O4/ZnO (0.01 M)
ternary nanocomposite. The obtained lattice fringes of 0.15 nm correspond to the (111)
plane of NiWOj4 and that of 0.283 nm correspond to the (100) plane of ZnO. The EDX
spectrum (Figure 3.7b) revealed N, C, O, Ni, Zn and W as the elements present in the
composite. The elemental mapping shown in Figure 3.7c-h indicates the uniform

distribution of the particles in the composite.
3.3.5 XPS Studies

The XPS survey spectrum of 2.5%-NRGO/NiWO4/ZnO (0.01 M)
nanocomposites is shown in Figure 3.8 and detailed elemental compositions are

summarized in Table 3.1.

The binding energy positions in the XPS spectrum were calibrated with C 1s at
284.8 eV. Figure 3.9a shows the C 1s spectra which can be deconvoluted into five peaks
at 284.5 eV (C-C/C=C), 285.5 eV (C-N), 286.1 eV (C-0), 287.2 eV (C=0) and 290.2
eV (O-C=0), respectively (Zhang et al. 2016). Figure 3.9b reveals the N 1s spectra
which can be deconvoluted into four peaks at 398.4 eV (pyridinic-N), 399.4 eV
(pyrrolic-N), 400.8 eV (graphitic-N) and 402.4 eV (pyridine-N-oxide), respectively (Li
et al. 2009, Zhang et al. 2016). Figure 3.9¢ depicts Ni 2p spectra deconvoluted into six
peaks located at 855.9 eV, 857.7 eV (satellite), 861.6 eV which belongs to Ni 2p3,2 and
873.6 eV, 875.4 eV (satellite), 879.5 eV which belongs to the Ni 2p1., respectively
(Chen et al. 2016). Figure 3.9d shows the W 4f spectra deconvoluted into four peaks
corresponding to W 4f7, (34.8 eV and its satellite 35.4 eV) and W 4f5, (36.9 eV and
its satellite 37.5 eV), respectively. Figure 3.9e shows the Zn 2p spectra deconvoluted
into four peaks placed at 1018.1 eV, 1019.6 eV (satellite) which belongs to Zn 2ps3,» and
1041.1 eV, 1042.5 eV (satellite) belongs to the Zn 2p1,, respectively (Xu et al. 2016).
Figure 3.9f reveals O 1s spectra deconvoluted into three peaks at 530.2 eV, 532.2 eV
and 533.1 eV related to ZnO, NiWO4 and H-O-H bonds, respectively.
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Figure 3.5 (a) FESEM, (b) TEM image of 2.5%-NRGO/NiWQO4/ZnO (0.01 M) ternary
nanocomposite, EDX spectrum of (¢) NiWO4 and (d) ZnO nanoparticles present in the

ternary composite.
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Figure 3.6 Average particle size of NiWO4 and ZnO obtained from TEM analysis.
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Figure 3.7 (a) HRTEM image, (b) EDX spectrum, elemental mapping of (¢) C, (d) N,
() N1, () W, (g) Zn and (h) O of 2.5%-NRGO/NiWO4/ZnO (0.01 M) ternary

nanocomposite.

79



Chapter 3

Intensity (cps)

L) L) I 1 1
400 600 800 1000 1200

Binding energy (eV)

L]
0 200

Figure 3.8 XPS survey spectrum of 2.5%-NRGO/NiWO4/ZnO (0.01 M) ternary

nanocomposite.

Table 3.1 Surface elemental composition with relative intensities of C 1s, N 1s, Ni 2p,

W 4f, Zn 2p, O 1s peaks of 2.5%-NRGO/NiWO4/ZnO (0.01 M) nanocomposite from

XPS.
XPS Total Content
Elements C N Ni W Zn (0
At % 18.37 % 3.05 % 11.24 % 6.78 % 27.52%  33.04%
Cls C-C C-N C-0 C=0 0-C=0
70.15 % 14.34 % 8.51 % 5.06 % 1.94 %
N 1s Pyridinic-N Pyrrolic-N Graphitic-N  Pyridinic-N-Oxide
32.09 % 43.57 % 13.41 % 10.93 %
Ni 2p Ni 2p3n2 Sat. Ni 2pi2
3432 % 25.83 % 11.20 % 11.51 % 7.56 %
W 4f W 4f72 W 4fs;2
37.53 % 20.36 % 23.15% 18.96 %
Zn 2p Zn 2p3n Zn 2pi
35.86 % 31.09 % 18.27 % 14.78 %
O 1s Zn-0O W-0-W H-O-H
51.52 % 38.94 % 9.54 %

80




Chapter 3

Cis (a) | N1s (b)

Pyrrolic-N

I Pyridinic-N <7 (399.4 eV)

2-84 . ;{’ c-0 (398.4 eV) Graphitic-N

(284.5 eV) (286.1 eV) N, (400.8 eV)
A

C-N Cc=0 iPyridinic-N-Oxide

(2855 eV)~.. | (2872 eV) (4024 e)

0-C=0 \

(290.? eV)

282 284 286 288 290 396 398 400 402 404
Ni 2p W 4f w 4f7f2
Ni 2 (C) (d)
Pi ) W 4f
-~ 855.9 eV 348eve" M,, 36.9 eV
857.7 eV 875.4 eV 3546V i

861.6 eV 879.5 eV
- 4

Intensity (a.u.)

38 40
Zn 2p O1s
Zn-0 (f)

- (530.2eV)

- W-0-W
=7 (532.2 eV)
1041.1 eV ~--.
1042.5 eV = ” H-O-H
" (533.1 eV)

1014 1020 1026 1032 1038 1044 530 532 534 536

Binding energy (eV)
Figure 3.9 High-resolution XPS spectra of 2.5%-NRGO/NiWO4/ZnO (0.01 M) (a) C

Is, (b) N 1s, (c) Ni 2p, (d) W 4f, (e) Zn 2p and (f) O 1s.

3.3.6 Optical Absorbance Analysis

The optical properties of the as-synthesized nanocomposites are studied by
DRS. The absorption of 2.5%-NRGO/ZnO and 2.5%-NRGO/NiWO;4 (Figure 3.10a) is
high in comparison to pure ZnO and NiWOs. The optical energy band gap (Figure
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3.10b) of the nanocomposites was measured using the Tauc relation (equation 2.3) as
in the previous chapter. The obtained band gap energy values of ZnO, NiWO4, 2.5%-
NRGO/ZnO, 2.5%-NRGO/NiWO4 and 2.5%-NRGO/NiWO4/ZnO (0.01 M) are 3.0 eV,
3.10eV,2.82 eV, 242 ¢V and 2.27 eV, respectively. From the results, it is evident that
there is an appreciable reduction in the band gap energy of the ternary nanocomposite
in comparison with other components. This may be attributed to the synergic effect of
the composite components, ZnO and NRGO leading to appreciable interaction among

the components causing formation of new molecular orbitals of lower energy.
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Figure 3.10 (a) UV-Vis spectra and (b) band gap plots of ZnO, NiWOs4, 2.5%-
NRGO/ZnO, 2.5%-NRGO/NiWO4 and 2.5%-NRGO/NiWO4/ZnO (0.01 M).

Using the DRS results, the band edge positions of the nanocomposites were
calculated theoretically using Mulliken electronegativity theory following the empirical
equations 2.5 and 2.6 from chapter 2. The calculated band edge potentials of the CB
and VB of ZnO and NiWQ4 are given in Table 3.2.

Table 3.2 Band gap parameters of NiWO4 and ZnO

Samples X (eV) E¢ (eV) Evs (eV) Ecs (eV)
NiWO4 6.301 3.1 3.351 0.251
ZnO 5.792 3.0 2.792 -0.208
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3.3.7 Photoluminescence Analysis
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Figure 3.11 PL spectra of NiWO4, 2.5%-NRGO/NiWOs and 2.5%-
NRGO/NiWO0O4/ZnO (0.01 M) ternary nanocomposite.

An efficient photocatalyst should have very less recombination rate of
photogenerated electron hole pair. The recombination of photogenerated electron-holes
and charge separation in the ternary nanocomposite were investigated through PL
emission spectrum as shown in Figure 3.11. An intense PL peak corresponds to faster
recombination rate of photo generated electron-hole pairs (Wang et al. 2015). All the
synthesized materials exhibited a broad emission peak in the visible region starting
from 420 nm to 700 nm with the excitation wavelength of about 400 nm. Pure NiWO4
showed an intense broad peak around 520 nm indicating rapid recombination of charge
carriers. Introduction of NRGO led to slight decrease in PL intensity. The higher
conductivity of the NRGO sheet matrix facilitates smooth electron transport and hence
results in the increased separation of electron hole pairs (Ma et al. 2015). Further, when
Zn0O 1is introduced, the PL spectrum of 2.5%-NRGO/NiWO4/ZnO (0.01 M)
nanocomposite exhibits very less intensity. This can be ascribed to the contribution of
ZnO towards further separation of electron hole pairs. In the ternary composite,

electrons are excited from VB to CB of ZnO and then immediately transported to the
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CB of NiWO4 due to favorable energy level difference. From CB of NiWOys electrons
would get transported through NRGO network due to the high conductivity of NRGO.
Thus, the entire process results in an efficient and enhanced separation of electron hole
pairs and leads to appreciable decrease in the PL intensity in 2.5%-NRGO/NiWO4/ZnO
(0.01 M) nanocomposite (Meng et al. 2014, Ma et al. 2015, Wang et al. 2015).

3.3.8 Photocatalytic Activity
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Figure 3.12 Degradation rates of MB under visible light photocatalysis by
NRGO/NiWO4 composites.

The efficiency of the as-synthesized nanocomposite as a photocatalyst was
studied using MB as substrate in aqueous media under visible light irradiation. The
blank test was performed without adding nanocomposite to MB solution. There was no
noticeable degradation which indicated that the photolysis is insignificant for the blank
MB solution. The NRGO composition in the nanocomposite was optimized based on
the photodegradation efficiency. The photocatalytic efficiency of catalyst with varying
NRGO content (Figure 3.12) indicates that with increase in NRGO content the
efficiency increases up to 2.5 % NRGO and decreases there onwards. This decrease in

efficiency may be due to NRGO sheets covering the surface of semiconductor which in
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turn hinders the absorption of photon by the semiconductor. Such observations are well
documented in the literature (Zhang et al. 2011, Dai et al. 2013, Xiang et al. 2015).
Hence NRGO content was kept constant at 2.5 % and ZnO content was varied for

further experiments.

The photocatalytic degradation efficiency with varied ZnO content (Figure
3.13a) showed increase in efficiency with increase in ZnO content up to 0.01 M ZnO.
2.5%-NRGO/NiWO0O4/ZnO (0.01 M) ternary composite showed maximum efficiency by
degrading MB dye within 120 minutes. For sake of comparison even RGO composites

were considered. RGO composites showed lesser efficiency than NRGO composites.
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Figure 3.13 (a) Degradation rate, (b) first order kinetics plot, (c) rate constants plot for
the photodegradation of MB over various catalysts and (d) effects of different
scavengers on the photodegradation of MB using NRGO/NiWO4/ZnO ternary

composites under visible light irradiation.
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The as-prepared nanocomposite showed first order kinetics for photocatalytic
degradation of MB solution as given in equation (2.4) in the previous chapter. The rate
constant (k) values were calculated from the slope of the straight line (Figure 3.13b).
Figure 3.13c shows the rate constant values of different nanocomposites. The first order
rate constants of ternary composite show 9 and 2.5 times more photocatalytic efficiency

than that for pure NiWO4 and 2.5%-NRGO/NiWOys, respectively.

To determine the degree of mineralization of MB, during its photodegradation
catalyzed by 2.5%-NRGO/NiW0O4/ZnO (0.01 M) nanocomposite, TOC analysis was
performed (Cui et al. 2013). Figure 3.14a shows the plot of absorbance vs. wavelength
for MB at different time intervals. As can be observed from the plot, the absorbance at
664 nm decreased with time and reached 99.27 % during scan at 120 minutes under
visible light irradiation. Figure 3.14b shows the TOC values for the MB solution at
different intervals of time. The TOC value decreased to 88.28 % under visible light
irradiation for 120 minutes of visible light irradiation. Thus, it is very evident that, the
2.5%-NRGO/NiWO4/ZnO (0.01 M) nanocomposite has high catalytic efficiency
towards photodegradation of MB molecules and that organic carbon is mostly

converted to CO> during the process.
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Figure 3.14 (a) Absorbance versus wavelength and (b) TOC values for the MB solution

at different intervals of time.
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Further, the recyclability of the ternary nanocomposite has also been
investigated. It is observed that even after 5 consecutive cycles (Figure 3.15) the
efficiency of the photocatalytic activity of nanocomposite showed only a small
reduction from 99.27 % to 96.72 %, which is negligible. The results therefore ascertain

that the ternary composite also has sufficient stability for use in environmental

applications.
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Figure 3.15 Reusability test of MB using NRGO-NiWO4-ZnO nanocomposites.

3.3.9 Mechanism of the Photocatalytic Activity

To determine the active species involved in photodegradation and to find out
the mechanism, trapping experiments (Figure 3.13d) were carried using scavenging
agents such as, BQ (a quencher of O,"), KI (a quencher of h*), AgNOs3 (a quencher of
e’) and TBA (a quencher of OH-). Addition of TBA caused only a small decrease in
efficiency (97.12 %) which meant hydroxyl radical was not the active species. But
addition of KI, AgNOs; and BQ caused dramatic decrease in the efficiency 18.24 %,

50.68 % and 71.45 % respectively. Based on these results the following mechanism is

proposed.

ZnO + hv — ZnO (ecg +h'vg) e (3.1)
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ZnO (e'c) + NiWOs — ZnO +NiWO4 (e cB)  -——--—--- (3.2)
NiWO4 (ecB) + 02  — NiWOs+ O~ memmeeeee (3.3)
ZnO (h'vg) +MB  — COz + H20 + Inorganic species ---------- (3.4)

where ecp is the electron in the conduction band and h™vg is the hole in the valence

band, respectively.

A schematic diagram showing mechanism of photodegradation is given in
Figure 3.16. When ternary nanocomposite is irradiated with light, the electrons from
the VB of ZnO get excited to the CB (Xu et al. 2016). These electrons migrate to the
CB of NiWO4 and from there, the electrons get transferred through NRGO matrix
towards reaction site. This reduces the recombination rate of electron and holes. Then
the electron combines with oxygen to form superoxide radical anion. The holes formed

in the process degrade MB into products such as CO2, H>O and other harmless species.

1
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Figure 3.16 Schematic diagram of photodegradation of MB over NRGO/NiWO4/ZnO

ternary nanocomposite under visible light irradiation.
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3.3.10 Reduction Studies
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Figure 3.17 (a) UV-Vis absorption spectra for the reduction of 4-NP to 4-AP by NaBH4

in the presence of NRGO/NiWO04/ZnO nanocomposite, (b) relative concentration plot
of 4-NP to 4-AP, (c) kinetics plots and (d) rate constants of conversion of 4-NP to 4-

AP using different catalysts.

The catalytic activity of the as-synthesized nanocomposites was evaluated for
the reduction of 4-NP by NaBH4 in an aqueous solution. Blank test was carried out in
the absence of catalyst which showed negligible reduction of 4-NP. Addition of ternary
nanocomposites into the 4-NP solution decreased the intensity of absorption peak of 4-
NP found at 400 nm immediately and a new absorption peak corresponding to 4-AP at
300 nm was obtained (Figure 3.17a). The catalytic reduction of 4-NP to 4-AP was
completed in 80 seconds. This is better compared to the previously reported literature

where in the conversion took 100 seconds (Zheng et al. 2013). For comparison, the
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catalytic activity of the individual components of the nanocomposite materials was
analyzed and they showed lower catalytic activity than 2.5%-NRGO/NiW04/ZnO (0.01
M) nanocomposites. The reaction kinetics was studied as in the case of
photodegradation of MB dye (Figure 3.17b-d). 2.5%-NRGO/NiWO4/ZnO (0.01 M)
nanocomposite showed maximum rate constant 1.78 times higher than 2.5%-
NRGO/Ni1WOQy, 2.15 times higher than 2.5%-NRGO/ZnO, 2.81 times than that of ZnO,
2.96 times that of NiWO4 and 3.23 times that of NRGO. Further the stability and
reusability of the 2.5%-NRGO/NiWO4/ZnO (0.01 M) ternary nanocomposites was
analyzed. The catalyst was recovered and further used. The reused catalyst exhibited
excellent catalytic activity even after 10 successive cycles, with nearly 100 %

conversion within a time period of 108 seconds (Figure 3.18).
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Figure 3.18 Reusability test for 2.5%-NRGO/NiWO4/ZnO (0.01 M) in the reduction of
4-NP to 4-AP.

3.3.11 Electrocatalytic HER Studies

The electrocatalytic performance of the 2.5%-NRGO/NiWO4/ZnO (0.01 M)

nanocomposite investigated in 0.1 M KOH solution using a standard three-electrode
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system. For the sake of comparison, component materials and 20 wt.% Pt/C were also
tested under the same conditions. The polarization curves for the HER on various
electrodes are shown in Figure 3.19a. 2.5%-NRGO/NiWO4/ZnO (0.01M)
nanocomposites demonstrated a remarkably high activity with an onset potential 101
mV vs RHE and a HER current density of -10 mA cm™ at an overpotential of 257 mV.
On the other hand, 2.5%-NRGO/NiWOs and 2.5%-NRGO/ZnO had an onset potential
of 154 mV and 168 mV and current density of -10 mA c¢cm™ at an overpotential of 371
mV and 406 mV, respectively.

The linear regions of the Tafel plots (Figure 3.19b) were fitted to the Tafel
equation (n =a + b log (j), where j is the current density and b is the Tafel slope (Tilak
and Chen 1993) yielding 93 mV dec!, 134 mV dec!, 150 mV dec’!, 196 mV dec’!, 210
mV dec! and 230 mV dec! for 2.5%-NRGO/NiWO4/ZnO (0.01 M), 2.5%-
NRGO/NiWOs, 2.5%-NRGO/ZnO, NRGO, NiWO4 and ZnO, respectively. This
indicates that the 2.5%-NRGO/NiW0O4/ZnO (0.01M) nanocomposites electrode has
much higher activity than the component materials electrode. Although its activity is
still lower than the 20 wt.% Pt/C electrode, it may be considered significant because of
the fact that it is a Pt-free catalyst. Thus, the experimentally observed Tafel slope of 93
mV dec! indicated that the Heyrovsky mechanism is operating in the HER process for
2.5%-NRGO/NiWO4/ZnO (0.01M) nanocomposite (Bhardwaj and Balasubramaniam
2008).

Stability test for the 2.5%-NRGO/NiWO4/ZnO (0.01 M) catalyst was also
carried out via CV measurements of 1000 cycles in 0.1 M KOH. As can be observed
from Figure 3.19c, the current loss even after 1000 cycles is negligible. Thus, the test
confirms that the 2.5%-NRGO/NiWO4/ZnO (0.01 M) catalyst has good
electrochemical stability for HER in 0.1 M KOH solution.

Further, the commercial application of the electrocatalyst was studied by
chronopotentiometry technique at a constant current density of-10 mA/cm? applied for
a duration of 2000 seconds (Figure 3.19d). The observed result shows that the initially
high potential decreases slowly and then reaches to a stabilized state of HER. This

phenomenon is attributed to the development of H> bubbles on the electrode surfaces.
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Overall, the results demonstrate that the 2.5%-NRGO/NiWO4/ZnO (0.01 M)

nanocomposite is indeed a highly efficient electrocatalyst for HER in alkaline medium.
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Figure 3.19 (a) LSV and (b) Tafel curves for different electrode materials. (c) Stability

curve of 2.5%-NRGO/NiWO4/ZnO (0.01 M) nanocomposite and (d) Chrono-
potentiometry curves at -10 mA c¢cm recorded using 2.5%-NRGO/NiWO4/ZnO (0.01

M) nanocomposites.

3.4 CONCLUSIONS

In summary, a successful microwave synthesis of NRGO/NiWQO4/ZnO ternary

nanocomposites is reported. The phase structure, elemental composition, surface

morphology and optical properties of the as-synthesized nanocomposites are studied by

various techniques. The visible light photocatalytic activities of the composites towards

the degradation of MB dye are studied. Optimized concentration of efficient catalyst is
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found to be 2.5%-NRGO/NiWO4/ZnO (0.01 M). The photodegradation efficiency of
2.5%-NRGO/NiWO4/ZnO (0.01 M) is approximately 9 times higher than NiWO4 and
it showed high stability even after 5 cycles. The trapping experiments suggest that the
photogenerated holes are the active species involved in the photocatalytic reactions. On
the basis of the experimental results, the possible photodegradation mechanism is
proposed. The composite also showed excellent catalytic activity in the reduction of 4-
NP to 4-AP in the presence of NaBH4. The reaction completed in 80 seconds.
Additionally, it exhibited outstanding HER activity and stability requiring a low onset
potential of 101 mV delivering a current density of -10 mA cm™ at a low overpotential
of 257 mV. The Tafel slope of the HER was 93 mV dec’!, indicating that the kinetics

of the reaction follows Heyrovsky mechanism.
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Chapter 4

Chapter 4 provides details of synthesis, characterization and catalytic

applications of novel NRGO/CoWO4/Fe>03 nanocomposite.

4.1 INTRODUCTION

Semiconductors and their nanocomposites are used in a variety of applications
such as sensors, drug delivery, energy storage and as catalysts for several commercially
significant reactions due to their catalytic nature (Mills and Le Hunte 1997, Bhatt et al.
2011, Kochuveedu et al. 2013, Hisatomi et al. 2014, Dutta et al. 2015). If a composite
material is useful in more than one industrial or commercial applications, then such a
material would be of great interest and importance to the scientific community. They
can also have an enormous influence on the economy and the environment. Until now,
the practical applications of many catalysts are restricted due to some inherent
difficulties such as the fast recombination rate of photogenerated electron-hole pairs,
limited visible light responses, poor adsorptive performance, low efficiency, non-
reusability and high cost (Paola et al. 2012, Zhang et al. 2012). In order to overcome
these drawbacks, it is necessary to develop nanocomposite materials using simple

techniques which can be used for environmental applications.

CoWOs is considered as one of the most important class of metal tungstates
with Wolframite structure, which has been used in the field of luminescence, energy
conversion, energy storage, optical fibers, ceramics and photocatalysis (Xu et al. 2014,
Alborzi and Abedini 2016). However, the practical application of CoWOs in catalysis
is hindered due to high recombination rate and charge transfer. Hence, RGO is
incorporated into semiconductors to assist the electron transfer and charge separation.
The incorporation of electron-rich nitrogen atoms into RGO oxide materials promotes
the interaction between neighboring carbons and electrons, providing a superior
heteroatom-doped catalyst (Li et al. 2009). The semiconductor materials supported on
NRGO show significant enhancement in their catalytic performance (Liu et al. 2014).

Semiconductor materials like ZnO, NiO, Fe;O3, Fez04 are used in catalytic
studies for their excellent stability and large surface area for absorption capability
(Paola et al. 2012). Recently, Fe>O3 based semiconductor nanoparticles were found to

have excellent catalytic property due to their unique recombination rates and charge
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carrier separation which led to the improvement in catalytic efficiency. Therefore, it is
believed that Fe,O3 could be a good candidate for coupling with CoWO4 and NRGO to
form NRGO/CoWO4/Fe>O3 composite with high catalytic activity. Also, there are no
reports available on synthesis of NRGO/CoWO./Fe2O3 ternary nanocomposites using

microwave irradiation method and their catalytic studies.

In view of this, the synthesis of NRGO/CoWOQ4/Fe>Os ternary nanocomposites
by microwave irradiation method is reported here. The synthesized materials were
thoroughly characterized. The catalytic activity of the ternary nanocomposites was
tested for photodegradation of MB under the visible light source and examined for
reduction of 4-NP to 4-AP using NaBH4 reactions and also further electrocatalytic

behavior of HER studies using alkaline medium.
4.2 EXPERIMENTAL
4.2.1 Synthesis of GO

GO was synthesized by using the modified Hummers method. In brief, 5 g of
natural graphite flasks and 2.5 g of NaNOz was added in 150 mL of concentrated
sulfuric acid under constant stirring in a beaker immersed in an ice water bath. Then,
15 g of KMnO4was added slowly and the mixture was stirred at the 30 °C for 2 hours.
Later, 230 mL of distilled water was added and the mixture was further stirred for 30
min at 95 °C. Finally, 420 mL of distilled water and 10 mL of H202 were subsequently
added to terminate the reactions. The color of the solution turned from dark brown to

yellow. The obtained GO was separated by centrifugation, and washed.
4.2.2 Synthesis of COWO4

0.05 M of cobalt acetate was dissolved in 50 mL of DI water to which 50 mL of
0.05 M of sodium tungstate solution was slowly added under constant stirring for about
2 hours. The resulting mixture was treated with microwave irradiation at 350 W for 10
minutes and then allowed to cool to room temperature. The formed precipitate of

CoWOg4 was collected and washed with 10 % ethanol several times and finally dried.
4.2.3 Synthesis of Fe203

0.005 M of ferric nitrate was dissolved in 50 mL of DI water. Then, 0.4 g of

urea was added under constant stirring. Later, the reaction mixture was treated with
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microwave irradiation at 350 W for 10 minutes. Fe>Os precipitate formed was collected

and washed several times with 10 % ethanol and later dried.
4.2.4 Synthesis of NRGO

NRGO was synthesized by a one-step microwave irradiation method. Urea was
used as doping agent for nitrogen. In a typical synthesis, a calculated amount of GO
was dispersed in the ethylene glycol solution (50 mL) under ultrasonic treatment for
about 30 minutes. 1.0 g of urea was then added under constant stirring. The pH of the
solution was maintained at 9.0 using required amount of ammonia solution. After 2
hours, the mixture was treated with microwave irradiation at 350 W for 10 minutes and
then the mixture was allowed to cool to room temperature. The formed NRGO was

washed several times with DI water and 10 % ethanol and then finally dried.
4.2.5 Synthesis of NRGO/CoWO4/Fe203

(AQ)NRGO/CoWO4/Fe203(b) nanocomposites were synthesized by a one-step
microwave irradiation method (a= 0.5, 1, 2.5 and 5 wt.% of GO and b = 0.005 M, 0.01
M and 0.02 M of ferric nitrate). A calculated amount (a) of GO was dispersed in the
ethylene glycol solution under ultrasonic treatment for about 30 minutes and 50 mL of
0.05 M of cobalt acetate solution was added to the above solution. Then 50 mL of 0.05
M of sodium tungstate solution was slowly added to the reaction mixture and 1.0 g of
urea was added under constant stirring while maintaining the pH at 9.0 using ammonia.
To this mixture, designated amount of ferric nitrate dissolved in 50 mL of DI water was
added. Later, 0.4 g of urea was added under constant stirring. This was irradiated with
microwave at 350 W for 10 minutes. The obtained product of NRGO/CoWO4/Fe203
composite was washed with 10 % ethanol and dried. The schematic representation of

the synthesis of NRGO/CoWO4/Fe»03 ternary nanocomposites is shown in Figure 4.1.
4.2.6 Characterization and Catalytic Studies

The characterization of the synthesized samples was carried out as given in
section 2.2.9 and section 3.2.3. The catalytic studies were performed as described in
section 2.2.10 - 2.2.12.
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(B) : Sodium tungstate

(C) : Ferric nitrate CoWO, @ Pyridinic-N :Graphitic-N
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Figure 4.1 Schematic representation of synthesis of NRGO/CoWOu4/Fe O3 ternary

nanocomposites.
4.3 RESULTS AND DISCUSSION
4.3.1 XRD Studies

Figure 4.2 shows the XRD patterns of the as-synthesized GO, RGO, NRGO,
CoWOyg4, Fe,03 and NRGO/CoWO4/Fe203. The XRD pattern of graphite shows a sharp
peak corresponding to the reflection from the (002) plane at 26=26.3° with a d-spacing
of 0.339 nm. Whereas, GO exhibits a slightly broader peak at 10.5° with a d-spacing of
0.842 nm matching with the reflection from the (002) plane. These patterns are very
similar to those reported previously for graphite and GO (Khandelwal et al. 2015). The
XRD pattern of RGO is quite different from graphite and GO, and shows a slightly
broader peak at 22.6° which corresponds to the reflection from the (002) plane with a
d-spacing of 0.365 nm, suggesting the reduction of GO (Fu et al. 2016). Although the
concentration of nitrogen in NRGO is low, differences between RGO and NRGO can
be clarified easily. In contrast to the XRD pattern of RGO, NRGO shows a relatively
broader peak at 24.4° again corresponding to the reflection from the (002) plane with a
d-spacing of 0.355 nm. The slight increase in the reflection angle for (002) plane in
NRGO compared to that of RGO may be ascribed to the entry of nitrogen atoms into
the crystal lattice of graphite causing an increased distance between the graphite layers
(Szabo et al. 2006).
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CoWOg4 and Fe>Oz diffraction patterns well matched with JCPDS file numbers
15-0867 and 33-0664, respectively. Also, XRD traces of the NRGO/CoWOQOu4/Fe;03
ternary nanocomposite had all peaks of CoWO4 and Fe2Os confirming their existence
in the nanocomposite and hence confirming the formation of the ternary

nanocomposite. However, carbon diffraction peak for NRGO could not be clearly

identified in NRGO/CoWO4/Fe 03 ternary nanocomposite, which may be due to
overlapping with peaks from other components apart from small quantity, weak
intensity and exfoliated nature of NRGO in the composite (Li et al. 2009).
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Figure 4.2 XRD spectra of GO, RGO, NRGO, CoWOs Fe;03 and
NRGO/CoWO4/Fe20:s.

4.3.2 Raman Studies

Raman spectroscopy is widely employed to study the ordered/disordered crystal
structures of carbon-based materials (Ferrari and Basko 2013). In Figure 4.3, the Raman
spectrum of GO reveals two important functions, the G mode at 1599 cm™ springing
up from the emission region of zone-center optical phonons and D mode at 1355 cm™

arising from the doubly resonant disorder-precipitated mode. Ip/lg is the intensity ratio
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of the D and G bands and it is a measure of the relative concentration of neighborhood
defects (particularly the sp® hybridized defects) as compared to the sp? hybridized GO
domain ones. It can be noted that, before the microwave irradiation, the Ip/lc ratio was
0.87 for GO. After the microwave irradiation treatment, the Ip/lc ratio increases to 1.09,
indicating more defect formation, which may be due to the reduction and conversion of

GO to NRGO and exfoliation of graphitic domains.
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Figure 4.3 Raman spectra of GO, NRGO and NRGO/CoWO4/Fe,0s.

The bands observed at 263 cm™, 328 cm™, 527 cm™, 674 cm™, 774 cm™ and
887 cm™ are ascribed to the six Raman active modes of CoWOy., respectively (Xu et al.
2014). Raman band at 220 cm™ and 408 cm™ are ascribed to the two Raman active
modes of Fe,O3 (Wei et al. 2008). Raman peaks of 1369 cm™ (D band) to 1638 cm™ (G
band), with an o/l ratio 0.92 and the 2D band at 2738 cm™ with I2p/l ratio of 0.74,
respectively are ascribed to NRGO. The Ip/lc ratios of pure NRGO and
NRGO/CoWO4/Fe203 nanocomposite are, 1.0899 and 0.9189 respectively. These
values are slightly greater than that of GO (0.8748). This may be due to the increase in
the defects formed during the course of reduction of GO to NRGO nanosheets.
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The number of NRGO layers can be determined by the ratio lop/lg, where lop is
intensity of 2D band and I is intensity of G band. The ratio lop/lg of >2, 1 to 2, and <1
corresponds to single, double and multi-layers of NRGO sheets, respectively
(Subramanya and Bhat 2015). In the present work Ixp/lg is found to be 0.6634 and
0.7427 for NRGO and NRGO/CoWOa4/Fe;O3 nanocomposite, respectively. This

suggests that the NRGO sheets are mostly of multilayered nature.
4.3.3 XPS Studies

The chemical states of the essential elements of the NRGO/CoWOa/Fe;03
ternary nanocomposites were investigated via XPS analysis. The XPS survey spectrum
and high-resolution spectrum of NRGO/CoWOa4/Fe;03 ternary nanocomposites are as

shown in Figure 4.4 and Figure 4.5, respectively.

The binding energy states in the XPS spectrum have been calibrated with C 1s
region at 284.8 eV. The high-resolution C 1s spectrum, is deconvoluted into six peaks
at 284.54 eV (C=C), 286.04 eV (C-N), 286.93 eV (C-0-C), 288.58 eV (C=0), 289.97
eV (0-C=0) and 291.58 eV (n-n* interaction), respectively (Liu et al. 2014). The high-
resolution N 1s spectrum, is deconvoluted into four peaks at 398.77 eV (pyridinic-N),
400.14 eV (pyrrolic-N), 401.18 eV (graphitic-N) and 402.71 eV (pyridine-N-Oxide),
respectively (Liu et al. 2014). The high-resolution Co 2p spectrum, is deconvoluted into
ten peaks located at 780.31 eV, 796.79 eV of Co** and 781.58 eV, 798.49 eV of Co?*,
which correspond to Co 2ps2 and Co 2pus, respectively. The satellite peaks of Co* are
at 787.26 eV, 793.68 eV, 803.78 eV and that of Co?" are at 784.10 eV, 790.37 eV,
801.99 eV, respectively (Xu et al. 2014). The high-resolution W 4f spectrum, which
can be deconvoluted into four peaks at 34.92 eV and 37.03 eV, belong to W 4f7, and
W 4fs. And its satellite peaks are at 35.38eV and 37.43 eV, respectively (Xu et al.
2014). The high-resolution Fe2p spectrum are similarly deconvoluted into five peaks
placed at 708.3 eV, 721.45 eV of Fe?" and 710.67 eV, 724.18 eV of Fe®* belong to the
Fe 2pa32 and Fe 2p1/2 states respectively. Its satellite peak is observed at 715.43 eV. The
high-resolution O 1s spectrum is further deconvoluted into three peaks at 530.66 eV,
532.32 eV and 533.331 eV. These are related to Fe2Os3, CoWO4 and H-O-H bonds,
respectively (Xu et al. 2014). XPS also provides evidence for doping of N into RGO.
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Figure 4.6 shows survey and high resolution XPS spectra for NRGO. The presence of
N could be clearly detected in the XPS spectra of NRGO, and the high-revolution N 1s
XPS spectra could be fitted into four types of N doping, such as, pyridinic N (398.3
eV), pyrrolic N (399.6 eV), graphite N (400.7 eV) and pyridinic N Oxide (402.5 eV)
(Wang et al. 2015). The detailed composition values for C, N, Co, W, Fe and O
determined through XPS is given in Table 4.1. All the above results confirm the

successful formation of NRGO/CoWO4/Fe>O3 nanocomposite.

Table 4.1 Surface elemental composition and C, N, Co, W, Fe, O elemental contents
with relative intensities of C 1s, N 1s, Co 2p, W 4f, Fe 2p, O 1s peaks of the
NRGO/CoWOa4/Fe203 from XPS.

XPS Total Contents
Elements C N Co w Fe O
At % 15.60 % 1.07 % 5.67 % 80% 33.08% 36.58%
C1s Cc=C C-N C-O-C C=0 O-C=0 -1t~
67.30 % 23.0% 3.12 % 2.54 % 237 % 1.67%
N1s  Pyridinic- pyrrglic-N Graphitic-N  Pyridinic-N-
N Oxide
49.64 % 25.35% 16.74 % 8.27 %
Co2p Co 2psr2 Sat. Sat. Co 2p1r2 Sat.
3+ 2+ 2+ 2+ 3+ 3+ 2+ 2+ 3+
2192 213 13.18 1171 554 584 78 4.07 495 354
% 7% % % % 8% % % %
W 4f W 4f7p2 W 4fspo
37.71 % 16.24 % 25.33% 20.72%
Fe 2p Fe 2par2 Sat. Fe 2p1e
2+ 3+ 3+ 2+ 3+
35.82 % 32.47 % 10.70% 12.78% 8.23%
O 1s Fe-O W-O-W H-O-H
52.33 % 37.72% 9.95 %
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Figure 4.4 XPS survey spectrum of NRGO/CoWO4/Fe;0s.

(b)

C1s A (a)| N1s
“Cc=C (284.54 eV) e

C-N (286.04 eV) e &
x Pyridinic-N
| C-0-C (286.93 eV) (398.77 eV)

C=0 (288.58 eV)
A

0-C=0 (289.97 eV)

"-._‘_ -
% (291.58 eV)

Pyrrolic-N
(400.14 eV)
4
Graphitic-N
‘(401 .18 eV)

Pyridinic-N-Oxide
(402.71 eV)
4

N el
282 284 286 288 290 292 396 398 400 402 404 406

W 4f

4.92 oV
e _37.03 eV

35.38 eV

- 37.43 eV

Intensity (cps)

-7 (530.66 eV)
W-O-W
7 (532.32 eV)

H-O-H
7(533.33 eV)

705 710 715 720 725 530 532 534 536

Binding Energy (eV)
Figure 4.5 XPS spectra of NRGO/CoWO4/Fe203 in the high-resolution region of C 1s,
N 1s, Co 2p, W 4f, Fe 2p and O 1s.
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Figure 4.6 XPS spectrum (a) survey and high-resolution spectra (b) N 1s of NRGO.

4.3.4 Surface Morphological Studies

The total surface area of COWO4, CoWO4/Fe203 and NRGO/CoWO4/Fe,03 was
determined from BET method. BET total surface area of CoWO4, CoWO4/Fe203 and
NRGO/CoWOa4/Fe;03 was 16.21 m?g?, 22.25 m?g? and 31.38 m?g?, respectively.
From these values, it is evident that introduction of NRGO nanosheets in the
NRGO/CoWOa4/Fe203 nanocomposites increased the surface area compared to that of
CoWO4 and CoWOa4/Fe;O3. The increased surface area can contribute to the
enhancement in the catalytic activity of the NRGO/CoWOs./Fe>O3 nanocomposites

along with reduction in their reaction time.

The structural morphology of the as-synthesized nanocomposites was analyzed
by electron microscopy (Figure 4.7). Figure 4.7a shows the TEM image of the wrinkled
sheet-like nature of NRGO. Figure 4.7b reveals small rod-like shapes of CoWO4 with
a wrinkled NRGO sheet. Figure 4.7c shows NRGO/CoWOa4/Fe;Os ternary
nanocomposites containing 2D wrinkled sheet-like morphology of NRGO nanosheets,
with approximately rod-like CoWO4 and oval like Fe-O3z nanoparticles. Figure 4.7d
shows the HRTEM image of NRGO/CoWO4/Fe.O3 wherein, the formation of
heterojunction interface between CoWOs and Fe:Os on the edges of the NRGO
nanosheets is seen. The obtained lattice fringe of 0.467 nm matched with the (001)
plane of CoWO, and 0.268 nm corresponded to the (104) plane of Fe;Os. Therefore, it
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is far more evident that the interface is fashioned with the Fe>Os (104) plane and the
CoWO4 (001) planes and are stacking on the NRGO sheets. The average particle size
distribution of the nanoparticles was found to be 19.02 nm for CoWO4 and 7.74 nm for
Fe>Os3 (Figure 4.8). Further, uniform distributions of elements, N, C, O, Co, Fe and W

are shown in the elemental color mapping image, Figure 4.9.

o

Figure 4.7 TEM images of (a) NRGO, (b) NRGO/CoWOs, (c) NRGO/CoWOQ4/Fe203
and (d) HRTEM image of NRGO/CoWO./Fe20s.
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Figure 4.8 The average particle size distribution of the (a) CoWOQO4 and (b) Fe2O3 on
NRGO/CoWO4/Fe;03 from TEM.
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2.0 pm ] Fe K .U pm
Figure 4.9 Elemental mapping of NRGO/CoWO4/Fe203 (a) N, (b) C, (c) Co, (d) W, (e)
Fe and (f) O.

4.3.5 Optical Absorbance Analysis

The optical characteristics of the as-synthesized nanocomposites were
examined by using the UV-Vis DRS. The absorbances of all the samples are in the
visible region (Figure 4.10a). When Fe>Os nanoparticles are added to NRGO/CoWO4
the range and the extent to which the composite absorbs in the visible region increases
compared to the component materials. This, in turn makes the ternary composite more
efficient in photocatalytic degradation of organic pollutants. The band gaps of the

materials are shown in Figure 4.11.

The band gap energy was estimated employing Tauc approach (equation 2.3)
from plots of (ahv)? versus photon energy (hv) for CoWO4, NRGO/CoWO,, Fe;0s,
CoWO4/Fe203 and NRGO/CoWO4/Fe203 nanocomposites (Tauc et al. 1966). The
calculated direct band gap energies (n=1) are 2.52 eV, 2.18 eV, 2.04 eV, 1.90 eV and
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1.74 eV for CoWOs, NRGO/CoWO4, Fe203, CoWO4/Fe203 and NRGO/CoWO4/Fe203
nanocomposite, respectively. The decrease in the band gap energy of
NRGO/CoWOu4/Fe;O3 nanocomposite facilitates the material to possess excellent

visible light photocatalytic activity compared to other materials.

(a)

(b)

—— NRGO/CoWO,
—— NRGO/CoWO,[Fe,0

4 2°3
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PL Intensity (a.u.)
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CoWOJ/FeQO3

—— NRGOICOWO JFe,0, _\_//\'x_d
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Figure 4.10 (a) UV-Vis spectra of CoWOs, NRGO/CoWOs, CoWO4/Fe 03 and
NRGO/CoWO4/Fe20s and (b) PL spectra of CoWOs, NRGO/CoWO; and
NRGO/CoWO4/Fe20:s.

CoWoO,

—— NRGO/CoWO,

Fe,O,

CoWO /Fe,O,
——NRGO/CoWO /Fe O,

(chv )* (a.u.)

4
hv (eV)
Figure 4.11 Band gap plots of CoWQO., NRGO/CoWOQs, Fe.03, CoWO./Fe.0O3 and
NRGO/CoWO4/Fez0:s.
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Based on the above results, the band edge positions of the nanocomposites were
calculated theoretically using the Mulliken electronegativity theory as narrated in
section 2.3.9 of chapter 2. The calculated band edge potential values of CB and VB for
CoWO;4 and Fe,O3 are listed in Table 4.2. The band gap energy of the bare CoWOy is
determined to be 2.52 eV. The calculated band edge of Ecg and Evg are 0.517 eV and
3.037 eV, respectively. For Fe;Os3, the band edge values of Ecs (0.366 eV) and Evs
(2.406 eV) are slightly lesser than that of CoWQas. This type of energy band gap
alignment corresponds to type-Il junction architecture and results in efficient charge

separation and hence enhanced photocatalytic activity.

Table 4.2 Band gaps of CoWO4 and Fe Os.

Samples X (eV) Eg (eV) Evs (eV) Ecs (eV)
CoWOq4 6.277 2.52 3.037 0.517
Fe203 5.8862 2.04 2.406 0.366

4.3.6 Photoluminescence Analysis

The photocatalytic activities of ternary nanocomposites are assumed to be due
to better separation of photogenerated electrons and holes. The charge carrier separation
and recombination of photogenerated electron-holes in the ternary nanocomposite were
investigated through PL emission spectrum. The PL spectra of the CoWOsy,
NRGO/CoWO4 and NRGO/CoWO4/Fe;O3 are shown in Figure 4.10b. If the
recombination rate is lesser, then the PL intensity would be lesser. All the samples
exhibited a broad emission peak in the visible region starting from 300 nm to 650 nm
with an excitation wavelength of about 280 nm. The pure CoWO4 has an intense peak
around 453 nm corresponding to the recombination of photo generated electron-holes
(Gohari and Yangieh 2017). With introduction of NRGO the intensity of PL slightly
decreased due to the increase in trapping states at the surface defect of NRGO/CoWO4
nanocomposite. Further introduction of Fe2O3 made the PL intensity very weak due to
the synergistic effect of both CoWO4 and Fe»O3 with the NRGO interlayer in reducing

the recombination of electron hole pairs.
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4.3.7 Photocatalytic Activity

The photocatalytic activity of NRGO/CoWOa/Fe;O3 ternary nanocomposite
was assessed by the photocatalytic dye degradation of MB using the visible light source.
In order to optimize the composition of NRGO and Fe2Oz in the nanocomposite,
initially we prepared and analyzed the activities of NRGO/CoWQO4 composites with
NRGO amount varying from 0.5 % to 5 %. The nanocomposite with 2.5 % NRGO
showed highest activity and hence the nanocomposite with 2.5 % NRGO was used for
the preparation of ternary composites with varying concentrations of Fe.O3 precursor,
ferric nitrate solution (0.005 M to 0.02 M).

The nanocomposite with composition 2.5 % NRGO and Fe>Oz content of 0.01
M (in terms of ferric nitrate solution strength) showed maximum photocatalytic activity
in the degradation of MB dye. Hence the nanocomposite with this composition was
considered as the optimized sample and used for further studies. Figure 4.12a shows
the results in the form of C/C, versus time plot. Blank test (control) was performed
without the addition of nanocomposite and there was no noticeable degradation
indicating that the photolysis of MB was negligible. The photocatalytic dye degradation
efficiency of MB solutions in the presence of NRGO, CoWQOs4, NRGO/CoWOQg,
CoWO4/Fe203 and NRGO/CoWO4/Fe,O3 were about 17.35 %, 22.68 %, 59.40 %,
72.26 % and 99.05 % under visible light irradiation in time duration of 120 minutes.
The obtained results show that the NRGO/CoWOa4/Fe203 ternary nanocomposites have
excellent photocatalytic degradation efficiency than that of pure NRGO, CoWOsg,
NRGO/CoWO4 and CoWO4/Fe203 and that the photocatalytic degradation efficiency
of the CoWOsu is significantly enhanced by NRGO and Fe»O:s.

The as-prepared ternary nanocomposites exhibited first order kinetics for the
photocatalytic degradation of MB dye (Kumar et al. 2016) conforming to equation
(2.4). Figure 4.12b gives the rate constant ‘k’ values calculated from the slope of the
straight lines obtained when equation (2.4) is plotted. As can be seen from the values
that the rate constant for NRGO/CoWOa/Fe>0s is relatively high, in comparison to the
other samples such as pure NRGO, CoWOs, NRGO/CoWO4 and CoWO4/Fe20:s.
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Figure 4.12 (a) Degradation plots of MB over various catalysts under visible light
irradiation, (b) First order rate constants for photodegradation of MB over various
catalysts under visible light irradiation, (c) Plot depicting effects of different scavengers
on degradation efficiency by NRGO/CoWO4/Fe2Os under visible light irradiation and

(d) Reusability test plots.

In order to verify that the removal of MB is a process of photocatalytic
degradation leading to complete mineralization of the dye, we have determined the
TOC of the reaction medium during the photo catalysis process (Cui et al. 2013). Using
the TOC values, percentage mineralization of the dye was calculated employing the
equation (2.2) as given earlier. The mineralization test results are shown in the form of
a bar diagram in Figure 4.13. As can be observed from the figure, it is evident that the
mineralization value increased to 86.12 % in 120 minutes or TOC content decreased to

13.88 % indicating that the organic carbon is mostly converted to CO> during the
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process. In view of this, it can be concluded that the nanocomposite is an eco-friendly
photocatalyst.
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Figure 4.13 Mineralization test bar diagram.

To find out the active species involved in photocatalytic degradation, reactions
were carried out via the trapping experiments. A series of quenchers consisting of BQ
(1 mM) as a scavenger for O, KI (10 mM) as a scavenger for h*, AgQNOz (10 mM) as
a scavenger for e and TBA (10 mM) as a scavenger for OH- were added to the MB
solution before the addition of nanocomposite to determine the dominant active species.
For the ternary nanocomposites, the addition of TBA causes a small decrease in
photocatalytic degradation efficiency and hence it can be assumed that it is not the main
active species (Figure 4.12c). On the contrary the addition of KI, AgNO3z and the BQ
led to extreme decrease in the efficiency in that order. Hence it can be concluded that

holes are the major species in this catalyst system influencing the photo degradation.

To assess the usefulness of the catalyst, catalytic stability and reusability of the
NRGO/CoWO4/Fe203 nanocomposite has been studied. The catalyst was recovered
from the previous reaction mixture, washed with 10 % ethanol, then dried in a vacuum

oven for 6 hours at 60 °C. The reused catalyst exhibited excellent catalytic activity even
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after 5 successive cycles (Figure 4.12d), with small loss of activity which is 2.5 % which

is acceptable for practical applications.

For the ternary nanocomposites, the improved photocatalytic degradation
performance may be well ascribed to the synergetic contribution of Fe,O3, CoWQO4 and
NRGO. The photocatalytic degradation mechanism follows equations (4.1) to (4.4).

Fe,Os+hv  — FexOs(ece+h've) e 4.1)
Fe,Os3 (ece) + COWO4 — Fep O3 + COWO4 (cB) - (4.2)
CoWOs (ec) + 02 — CoWO4+02"  —meemeees 4.3)
Fe;03 (h*ve) +MB  — CO2+HO0 e (4.4)

where ecg is the electron in the CB and h*vg is the holes in the VB, respectively.

r ALK
“',.. oy 7
e

Figure 4.14 Schematic diagram showing mechanism for photodegradation of MB using
NRGO/CoWO4/Fe20s.

The schematic diagram depicting the mechanism of photocatalytic degradation
in the presence of ternary nanocomposites is shown in Figure 4.14. When
NRGO/CoWOa4/Fe0sis irradiated with visible light, first the electrons are excited from

112



Chapter 4

the VB to the CB of the Fe;Oz. Then, the electrons from the CB of Fe2O3 move to the
CB of CoWOg4 and then get transported through NRGO interlayer for reduction of
oxygen. The holes will immediately react with MB to yield harmless products like CO-
and H20. Thus, the recombination of photogenerated electron-hole pairs prevented and
results in improved photocatalytic degradation performance of the synthesized ternary
nanocomposites. The results also suggest that the ternary nanocomposites materials

could be promising candidates for various environmental applications.
4.3.8 Hydrogenation Activity

The catalytic activity of NRGO/CoWO4/Fe2O3 nanocomposite towards
hydrogenation was evaluated by the reduction of 4-NP using NaBH4 in an aqueous
solution. Blank test was performed in the absence of the nanocomposite which revealed
negligible reduction. However, when NRGO/CoWO4/Fe>O3 nanocomposite was added
to the 4-NP solution, the absorption of 4-NP found at 400 nm peak decreased
immediately and the new absorption peak of 4-AP appeared at 300 nm which increased
in intensity with time as shown in Figure 4.15a. The catalytic reduction of 4-NP to 4-
AP took 30 seconds to undergo completion which could also be seen visually in the
form of color change from bright yellow to colorless (inset in Figure 4.15a). The
efficiency of the ternary composite is compared with the component materials NRGO,
CoWO4, NRGO/CoWO4 and CoWOa4/Fe20s. The component materials show lower
activity than the ternary composite as shown in Figure 4.15b indicating that introduction

of NRGO improves the reduction efficiency of CoWO4/Fe20s.

The reaction followed first order kinetics with respect to 4-NP concentration
(Kumar et al. 2016). The reaction kinetics can be expressed by the relation, -In(C/Co) =
kt, where k and t are the rate constant at a given temperature and reaction time,
respectively. Co, and C are the 4-NP concentration at the beginning and at time t,
respectively. The first order rate constants (k) obtained from the slopes of -In(C/Co) vs.

time plots for all the materials are shown in Figure 4.15c.

It is obvious that, among all the catalysts, NRGO/CoWO./Fe>O3 nanocomposite
exhibits the maximum rate constant of 0.08438 s, which is 2.3 times that of
CoWO4/Fe203 (0.03620 s2), 3.5 times that of NRGO/CoWO, (0.02435 s?) and 4.5
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times that of CoWO, (0.01883 s1), which demonstrates the extremely good catalytic
activity of NRGO/CoWOa/Fe>0O3 nanocomposite. The above results clearly indicate
that NRGO/CoWO./Fe>O3 nanocomposite exhibits a significantly enhanced catalytic
activity due to the contribution of NRGO.
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Figure 4.15 (a) Absorption plot showing reduction of 4-NP to 4-AP using
NRGO/CoWOa4/Fe203 nanocomposites, (b) Relative concentration plots for reduction
of 4-NP to 4-AP using different catalysts, (c) First order rate constants for reduction of
4-NP to 4-AP using different catalysts and (d) Reusability test plots.

The catalytic stability and reusability of the NRGO/CoWO./Fe;03
nanocomposite were carried out by extracting the catalyst from the previous reaction,
washing it with 10 % ethanol, later drying it in a vacuum oven for 6 hours at 60 °C. The
reused catalyst exhibited excellent catalytic activity even after 10 successive cycles,

with nearly 100 % conversion within a time period of 60 seconds (Figure 4.15d).

114




Chapter 4

4.3.9 Electrocatalytic Activity

The electrocatalytic performance of the NRGO/CoWO4/Fe.O3 nanocomposite

was investigated in 0.1 M KOH solution using a standard three-electrode system. For

the sake of comparison, component materials and 20 wt.% Pt/C were also tested under

the same conditions. The polarization curves for the HER on various electrodes are
shown in Figure 4.16a. NRGO/CoWO4/Fe203 nanocomposites demonstrated a

remarkably high activity with an onset potential of 133 mV vs RHE and a HER current

density of 10 mA cm? at an overpotential of 331 mV. On the other hand,
NRGO/CoWO4 and CoWO4/Fe203 had an onset potential of 270 mV and 288 mV and
current density of 10 mA cm at an overpotential of 439 mV and 484 mV, respectively.
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Figure 4.16 (a) LSV and (b) Tafel curves for different electrode materials. (c) Stability
curve of NRGO/CoWO4/Fe>03 nanocomposite and (d) Chronopotentiometry curve at -
10 mA cm recorded using NRGO/CoWO4/Fe;O3 nanocomposites.
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The linear regions of the Tafel plots (Figure 4.16b) were fitted to the Tafel
equation (n =a + b log (j), where j is the current density and b is the Tafel slope (Tilak
and Chen 1993) yielding 95 mV dec?, 162 mV dec?, 178 mV dec, 196 mV dec* and
228 mV dec? for NRGO/CoWO4/Fe,03, NRGO/CoWO4, CoWOQ4/Fe,03, NRGO, and
CoWOs, respectively. This indicates that the NRGO/CoWO4/Fe;O3 nanocomposites
electrode has much higher activity than the component materials electrode. Although
its activity is still lower than the 20 wt.% Pt/C electrodes, it may be considered
significant because of the fact that it is a Pt-free catalyst. Thus, the experimentally
observed Tafel slope of 95 mV dec? indicated that the Heyrovsky mechanism is
operating in the HER process for NRGO/CoWO4/Fe20O3 nanocomposites (Bhardwaj
and Balasubramaniam 2008). The measured values for important electrocatalytic

parameters of the nanocomposites are given in Table 4.3.

Table 4.3 Comparison of HER electrocatalysis parameter values of different catalysts.

Onset Over -

Catalvsts potential potential Tafel slope

’ (mV vs. RHE) at -10 mA cm (mV dec)
NRGO -- -- 196
CoWO4 -- -- 228
NRGO/CoWO4 270 439 162
CoWO4/Fe203 288 484 178
NRGO/CoWO4/Fe203 133 331 95

The stability test for the NRGO/CoWO./Fe203 catalyst has been carried out via
CV measurements (2000 cycles) in 0.1 M KOH. As can be observed from Figure 4.16c,
the current loss even after 2000 cycles is negligible. Thus, the test confirms that the
NRGO/CoWOa4/Fe;03 catalyst has good electrochemical stability for HER in 0.1 M
KOH solution.

Further, the commercial application of the electrocatalyst was studied by

chronopotentiometry technique at a constant current density of -10 mA/cm? applied for
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a duration of 1500 seconds (Figure 4.16d). The observed result shows that the initially
high potential decreases slowly and then reach to a stabilized state of HER. This
phenomenon is attributed to the development of Hz bubbles on the electrode surfaces.
Overall, the results demonstrate that the NRGO/CoWO./Fe2O3 nanocomposite is

indeed a highly efficient electrocatalyst for HER in alkaline medium.
4.4 CONCLUSIONS

In this work, the preparation of NRGO/CoWO4/Fe2O3 ternary nanocomposite
by microwave irradiation method and its characterization by XRD, TEM, HRTEM,
XPS, BET, Raman, PL and UV-Vis spectroscopy is reported. The composite is studied
for its photocatalytic activity on MB dye under visible light irradiation, for reduction of
4-NP to 4-AP using NaBH4 and also for electrocatalytic HER. The catalytic efficiency
of NRGO/CoWO./Fe>0s is better in comparison to other composites generally used for
the purpose. Based on the experimental results, possible mechanism for

photodegradation is also proposed.
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Chapter 5

Chapter 5 describes the synthesis, characterization and studies on catalytic
performance of NRGO/FeWO./FesO4 ternary nanocomposite in environmental and

energy applications.
5.1 INTRODUCTION

Iron tungstate, a Scheelite member of metal tungstate family has attracted
attention due to its wide range of applications like optoelectronics, humidity sensors,
solid-state laser, water splitting, scintillator, photocatalysis, photoluminescence, Li-ion
batteries and energy storage materials (Zhou et al. 2009, Ma et al. 2015). But its meager
adsorptive performance and high recombination rate of photogenerated electron-hole
pair makes it less efficient in the field of photocatalysis (Cao et al. 2014). In order to
overcome this, strategies such as doping of metal ion, coupling with semiconductor and
carbonaceous materials have been made (He et al. 2015). In order to get photoresponse
of the larger band gap semiconductor into the visible region, it has been coupled with
semiconductor of smaller band gap. The size tunable optical and electrical properties
and excellent compatibility with ZnO, Fe30s, TiO2, Co304 and NiO has made hybrid
structures of these materials possible (Bhat 2008, Bhatt et al. 2011, Bhatt and Bhat
2012, Selvakumar and Bhat 2012, Hisatomi et al. 2014). Cao et al. synthesized
Fe304/FeWOs composite photocatalysts via one-step hydrothermal process and
examined the MB degradation (Cao et al. 2014). But it was found that the electron hole
pair recombination rate was faster than the reaction rate between the Fe3O04/FeWO,
composite and adsorbed pollutants. Although, different strategies have been developed
to produce FeWOs based nanocomposites to inhibit the electron-hole pair
recombination, the research community has not reached the goal quite yet.

N-doped graphene seems to be a perfect material to act as a support for
semiconductor photocatalyst, to enhance the adsorption capacity and to reduce the
recombination rate of photogenerated electron hole pairs (Li et al. 2009, Zhang et al.
2016). A good material for photocatalysis has two requirements: one-efficient charge
separation and reduction in the rate of recombination of electron hole pairs; two-faster

electron transfer. FeWQ4 coupled semiconductor with N-doped graphene may assist the
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electron transfer and charge separation between the hybrid semiconductor and N-doped

graphene.

A facile, scalable and low-cost synthesis of NRGO/FeWOas/Fez04 ternary
nanocomposite via microwave irradiation method is reported here. The prepared
materials were thoroughly characterized and tested for their catalytic efficiency. The
synergistic interactions of NRGO nanosheets, FeWO4/Fez04 coupled semiconductor is
found to increase the adsorptive property and reduce the recombination rate of
photogenerated electron hole pairs. This in turn increases the efficiency of
photodegradation of MB dye, reduction of 4-NP to 4-AP and electrocatalytic HER.

5.2 EXPERIMENTAL
5.2.1 Preparation of NRGO/FeWOa4/Fe304

NRGO/FeWO4/Fe304 ternary nanocomposites were synthesized using a facile
microwave irradiation method. GO was synthesized by following procedure given in
section 2.2.2. Iron acetate (0.01 M), ammonium tungstate (0.005 M), ammonia (10 mL)
and urea (1 %) was mixed with the calculated amount of dispersed GO solution under
constant magnetic stirring for 2 hours. Later, the above reaction mixture was irradiated
with microwave radiation at 350 W for 10 minutes. The black precipitate obtained was
allowed to cool and washed with dilute ethanol several times and vacuum dried at 80
°C for 12 hours. For the control experiments, similar procedures were carried out with
required precursors to obtain FeWOa, FesO4 and FeWOa4/Fe3z0a. The detailed scheme is

shown in Figure 5.1.
5.2.2 Characterization and Catalytic Studies

The characterization of the synthesized samples was carried out as given in
section 2.2.9 and section 3.2.3. The catalytic studies were performed as described in
section 2.2.10 -2.2.12.
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Figure 5.1 Scheme for the synthesis of various catalytic materials.
5.3 RESULTS AND DISCUSSION
5.3.1 XRD Studies

The crystal structure of GO and NRGO/FeWO4/FezO4 nanocomposites was
determined by XRD (Figure 5.2). The XRD pattern of NRGO/FeWO./Fe304
nanocomposites clearly shows that no other impurity peaks are present. Only the
characteristic diffraction patterns of FeWO4 crystals in monoclinic ferberite structure
(JCPDS No. 46-1446, space group P2/c, space group number 13, lattice constant a =
0.4739 nm, b = 0.5718 nm, ¢ = 0.4965 nm, a = y = 90° and f = 90.12°) and Fe304
crystals in cubic phase (JCPDS No. 19-0629, space group Fd-3m, space group number
227, lattice constant a = 0.8396 nm, o = f =y = 90°) are seen. For GO (Figure 5.2a),
the diffraction peak appears at 20 = 10.5°. But, in the case of NRGO/FeWOa4/Fe304
nanocomposite, no diffraction peak corresponding to GO is seen which indicates the
reduction of GO during the preparation, eliminating the oxygen containing functional
groups and exfoliation (Sudhakar et al. 2014). It is clear that NRGO coupling had
negligible effect on the crystal structure of FeWO4 and Fe3Oa.
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Figure 5.2 XRD spectra of (a) GO and (b) NRGO/FeWOQO4/Fe304 nanocomposites.

5.3.2 Raman Studies

The Raman spectrum of NRGO/FeWOa4/FesO4 nanocomposite (Figure 5.3)
shows bands at 113 cm™, 185 cm™%, 263 cm™, 340 cm™, 774 cm ™ and 894 cm™
corresponding to the FeWOs, in agreement with the previous report (Zhou et al. 2009).
The strong band at 894 cm™ is attributed to v1 symmetric Aqg mode of terminal WO,.
The v3 antisymmetric stretching mode at 774 cm ™%, v2 bending mode at 340 cm™ and
v4 bending mode at 263 cm™* are related to the bands associated with tungstate anion.
The bands at 185 cm™ and 113 cm™ that are below 200 cm™ are related to the lattice
vibration (Cao et al. 2014). The Raman peaks at 406 cm™, 532 cm* and 697 cm™
corresponds to FesO4 (Cao et al. 2014). The peak at 697 cm™ is assigned to the Aaq
symmetric stretch mode of Fe-O bonds. The two bands at 406 cm™ and 532 cm ™ are

ascribed to Tog® and Tog? vibration modes of FesOa, respectively.

In general, graphene exhibits Raman modes at 1600 cm ! and 1350 cm,
referred to as the G and D bands, respectively (Graf et al. 2007). In the Raman spectrum
of GO, the D peak at 1355 cm* arises from the sp® defective carbon structures, while

the G peak at 1599 cm™ occurs due to Ezq graphite mode, reflecting the graphitization
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of sp? carbon material. After microwave reduction, NRGO exhibits the D and G band
peak being downshifted to lower wavenumber region from 1355 cm2-1346 cm™ and
from 1599 cm1-1598 cm* respectively, owing to the self-healing characteristics of the
NRGO that recovers the hexagonal network of carbon atoms with defects. This suggests
the successful reduction of GO to NRGO. During the reduction of GO to NRGO, the
defects on the surface of the NRGO can increase, leading to an increase in the D band
intensity compared to that of GO. NRGO/FeWO4/Fe304 nanocomposite also exhibits
two peaks at 1368 cm™* and 1642 cm™ which are the D and G bands, respectively.
When FeWOQO4/Fes0s is incorporated with NRGO, a notable shift in the D and G band
is observed towards higher wavenumber from 1346 cm™ and 1598 cm™ of NRGO to
1368 cm ™ and 1642 cm™? respectively indicating strong interaction between NRGO
sheet and FeWOQO4/Fe304.

1642 cm™
1368 cm” (c) NRGO/FeWO 4IF930 H
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S ; "
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Figure 5.3 Raman spectra of (a) GO, (b) NRGO and (c) NRGO/FeWOQOu4/Fe304

nanocomposites.

The GO intensity ratio of D to G peaks (Io/lg is 0.87) displays the extent of
defects in graphitic structure. Thus, more the Ip/lc ratio, lesser is the graphite carbon
structures (Graf et al. 2007). The Ip/lc intensity ratio of NRGO and
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NRGO/FeWOQ4/Fes0s nanocomposites are higher than that of the GO. This
modification indicates an increase in the defective domains after the microwave
reduction of GO. More interestingly, the Ip/lc value of NRGO/FeWO4/Fe30;4 is
decreased to 0.88, which is less in comparison with the calculated Io/Ic value of NRGO
(1.15). This clearly suggests that the incorporation of FeWQ4/Fe3O4 has taken place on
the defective sites of the NRGO and has contributed to the reduction of defects and
restoration of the basal plane conjugation on the surface of NRGO. This phenomenon
can also be associated with the charge transfer between the NRGO and FeWO4/Fe304
nanoparticles. In this work, the presence of the 2D band at 2629 cm™ (GO), 2639 cm ™!
(NRGO) and 2741 cm™* (NRGO/FeWO4/Fe304) originates from a double resonance
process. The calculated intensity ratio values of o/l show that it changed from 0.06
to 0.66 and 0.74 after reduction with microwave irradiation, demonstrating the increase
in exfoliation extent of multilayer structured graphene sheets and reduction in the size
of graphene domains. These studies show that surface defects are present in
NRGO/FeWO4/Fe30s nanocomposites which may also contribute to the catalytic

efficiency of the nanocomposite.
5.3.3 Morphology Studies

The BET specific surface area of as-synthesized NRGO/FeWOai/Fez04
nanocomposites is found to be 48.98 m?g?. This value is lower than the theoretical
surface area of graphene (2630 m?gt) and more than the surface area of FeWOa4/Fe3O4
(24.20 m?/g). This increase in surface area is due to the introduction of N-doped
graphene nanosheets into hybrid semiconductor. In addition to this, morphology was
studied using FESEM and HRTEM (Figure 5.4). FESEM image (Figure 5.4a) shows
that the NRGO/FeWOa/Fez04 nanocomposite is composed of FesO4 nanospheres with
FeWO4 nanowire like structures along with the NRGO sheets. The nanowires of FeWQO4
have a length of 1.13 um and a width of about 150 nm. The particle size distribution of
the FesOs nanospheres shows that the average particle size is around 11.4 nm. The
HRTEM lattice fringes of FeWO, and Fe3O4 nanoparticles in the nanocomposite are
shown in Figure 5.4b. The lattice fringes of 0.37 nm and 0.26 nm match the (002) planes
of monoclinic FeWO4 and (311) planes of cubic Fe3Oa, respectively. The HRTEM

image also reveals the formation of a smooth heterojunction interface between FeWOQO4
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and FezO4 nanoparticles in the nanocomposite. To get more detailed information on the
distribution of particles in NRGO/FeWO4/Fe304 nanocomposite elemental mapping
analysis was carried out, which showed uniform distribution of N, C, Fe, W and O
(Figure 5.5).

EHT =1500 kv Signal A = SE2
WD =113mm Mag = 5000 KX

Figure 5.4 Electron microscopy images of NRGO/FeWOQO4/FezO4 nanocomposites (a)
FESEM image showing NRGO decorated with FeWOs nanowires and FezOs
nanospheres, (b) HRTEM image.

200 nm* N H=15.0 Signal A= SE2 | “ I

- WD =11.3mm Mag = 50.00 K X
Figure 5.5 Elemental mapping of NRGO/FeWOa/Fe304 nanocomposites (a) N, (b) C,
(c) Fe, (d) W and (e) O.
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5.3.4 XPS Studies

(a) NRGOIFGW041F9304 (b)C1s ——Raw (c)N1s — Pyrrolic-N
®» & ——— Graphitic-N
e — Raw ridinic-N-Oxi
o — Fitting Pyridinic-N-Oxide
—— Pyridinic-N

Fe 2s
Intensity (cps)

Intensity (cps)
Fe 2p
Intensity (cps)

T T T T T T T T T T T T
0 200 400 600 800 1000 1200 282 284 286 288 290 393 396 399 402 405

Binding energy (eV) Binding energy (eV) B i i )
— Fitting Fitting fi— il
—_ — Lattice | __
8 oxygen (Fe-0)( £ W, ,g Fe2p,,
5 — o Fe 2p
P —— Metallic 2> o -
= oxide (Fe-0) - é.
& —wow | € 0
£ —HOoH | £
£ = 2

528 530 532 534 5% 32 3 36 38 40 705 710 745 720 725 730 735

Binding energy (eV) Binding energy (eV) Binding energy (eV)
Figure 5.6 XPS spectra of NRGO/FeWOQO4/Fez04 nanocomposites (a) survey and high
resolution XPS of (b) C 1s, (c) N 1s, (d) O 1s, (e) W 4f, (f) Fe 2p.

The XPS survey spectrum (Figure 5.6a) of NRGO/FeWOas/Fe3O4
nanocomposite reveals peaks corresponding to C 1s (284.8 eV), N 1s (399.8 eV), Fe 2p
(710.6 eV), O 15 (530.8 eV) and W 4f (35.5 eV). The detailed elemental compositions
are summarized in Table 5.1. The C 1s XPS (Figure 5.6b) spectrum was deconvoluted
into three peaks of C-C (284.8 eV), C-N (286.5 eV) and C-OH (288.0 eV). The peak
corresponding to C-OH is very small, demonstrating that GO has been reduced to RGO
(Zhang et al. 2016). The N 1s XPS (Figure 5.6¢) was deconvoluted into four peaks of
pyridinic-N (398.4 eV), pyrrolic-N (399.4 eV), graphitic-N (400.8 eV) and pyridine-N-
oxide (402.4 eV), respectively (Li et al. 2009; Zhang et al. 2016). The deconvoluted Fe
2p XPS (Figure 5.6f) consists of two peaks located at 710.6 eV and 723.6 eV which

corresponds to the binding energies of Fe 2pz» and Fe 2pi». A satellite peak was
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observed at 719 eV, which conforms to the Fe ions in FeWOa./Fe304. The Fe 2ps2 and
Fe 2p12 peaks are deconvoluted into Fe?* and Fe®* peaks, and a satellite peak at Fe3*.
In W 4f XPS (Figure 5.6e), two peaks appearing at 35.5 eV and 37.6 eV corresponds
to the binding energies of W 4f7,2 and W 4fs,; corresponding to the +6 valence state of
W in FeWQ;4 (Cao et al. 2014). The O 1s XPS (Figure 5.6d) region was deconvoluted
into five peaks corresponding to lattice oxygen of Fe-O (529.8 eV), —OH bonds (530.3
eV), metallic oxides of Fe-O (531.5 eV), W-O-W (532.5 eV) and water molecules (H-
O-H) adsorbed on the surface (533.3 eV), respectively. The obtained data agrees well
with the results from XRD and Raman analysis and confirms the formation of ternary

composite.

Table 5.1 Surface elemental composition and C, N, Fe, W, O contents with relative
intensities of C 1s, N 1s, Fe 2p, W 4f, O 1s peaks from XPS analysis of the
NRGO/FeWQO4/Fe304 nanocomposites.

Contents
N C Fe w O
At %
0.31% 13.24 % 50.87 % 6.92 % 28.66 %
C=C C-N C-OH
C1s
80.04 % 14.20 % 5.76 %
Pyridinic N | Pyrrolic N | Graphitic N Pyridinic N Oxide
N 1s
15.23 % 43.77 % 26.70 % 14.30 %
Lattice -OH Metallic
O 1s oxygen Fe-O bonds oxides Fe-O W-O-W H-O-H
527 % 10.82 % 28.27 % 41.94 % 13.7 %
W 4f72 W 4fs2
W 4f
52.17 % 47.83 %
Fe 2par2 Sat. Fe 2p1e
Fe 2p +2 +3 +3 +2 +3
30.71 % 21.84 % 14.67 % 22.98 % 9.80 %
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5.3.5 DRS Analysis

The DRS analysis used to explore the electronic structural properties of the
FeWOs, Fes0s, FeWO4/Fes0s and NRGO/FeWO4/FesOs nanocomposites. It is
observed that the optical absorption of all the samples at wavelength higher than 400
nm, which corresponds to the excitation of electrons from the VB to the CB in the
visible light region. The absorption edge of the ternary composite displayed extreme
red-shift in comparison with component materials (Figure 5.7a). The band gap energy
was estimated from plot of (ahv)? versus photon energy (hv) for FeWQa, FesOa,
FeWOQO4/Fe304 and NRGO/FeWO4/Fe304 nanocomposites (Figure 5.8). The band gaps
were evaluated using Tauc approach as explained in previous chapters. The direct band
gap energies for FeWOs, Fes0s, FeWO4/Fes0s and NRGO/FeWOa/Fez04
nanocomposite are 2.73 eV, 2.61 eV, 2.12 eV, and 1.94 eV, respectively. The decrease
in the band gap of ternary composite makes it more efficient in photocatalysis compared

to other component materials.

Based on the DRS results, the band edge positions of the nanocomposites were
also calculated theoretically using the Mulliken electronegativity theory as described in
previous chapters. The calculated band edge energy of CB and VB of FeWOQO4 and Fez04
are listed in Table 5.2. For FesOa, the band edge values of Ecg and Eve are slightly
lesser than those for FeWOs. The comparison of UV-Vis absorption spectra and
bandgap energies of the composite and components of the composite considered
separately show distinct differences in their values. Such variation in the results is
attributed to the delocalization of surface charges resulting due to the interactions of
NRGO in the composite. It is believed that such interactions lead to the formation of
new molecular orbitals of lower energy which in turn facilitates the reduction in the
bandgap and hence variations in the photo physical properties (Wang et al. 2012, Jo and
Selvam 2015).

Table 5.2 Band gap parameters of the FeWO4 and Fe3zOa.

Samples X (eV) Eg (eV) Evs (eV) Ecs (eV)
FeWO4 6.301 2.73 3.082 0.352
Fe30a4 5.792 2.61 2.588 -0.022
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Figure 5.7 (a) DRS of FeWOs, Fe30s, FeWO4/Fes0s and NRGO/FeWOa4/Fe304
nanocomposites, (b) PL spectra of FeWOs, FeWO4/Fe304 and NRGO/FeWO4/Fe304

nanocomposites.
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Figure 5.8 Tauc plots of FeWOQOs, Fe30s, FEWO4/Fe3s0s and NRGO/FeWO4/Fe304

nanocomposites.
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5.3.6 Photoluminescence Analysis

PL spectra can be used to study the recombination rate of the photogenerated
electron hole pairs. If the recombination rate is lower, then the intensity of PL peak will
be lower (Wang et al. 2015). The PL spectrum of the nanocomposite was recorded using
an excitation wavelength of 380 nm and compared with that of the component materials
(Figure 5.7b). A highly intense peak at 450 cm™ was observed for FeWOQ,. The
intensity of this peak decreased for the FeWO4/Fe304 hybrid semiconductor indicating
the decrease in the recombination rate in FeWOa. In the case of the ternary composite
the intensity of the peak was very less suggesting that NRGO contributes effectively to

decrease the recombination rate to a bare minimum.
5.3.7 Photocatalytic Activity

The photocatalytic activity of the ternary nanocomposite and the individual
components were determined by studying the degradation of MB dye using visible light
source. The blank test conducted in absence of the catalyst revealed negligible
degradation of the dye. The photocatalytic dye degradation efficiency under visible
light irradiation in the presence of the NRGO, FeWOQs, Fe30s, NRGO/FeWOsg,
NRGO/Fe304, FeWO4/Fe304 and mechanically mixed NRGO/FeWO4/Fe304 (NRGO
mix FeWOu4/Fe304) are 17.34 %, 54.20 %, 36.96 %, 79.47 %, 62.05 %, 86.66 % and
92.43 % respectively (Figure 5.9a). The total reaction time considered was 120 minutes.
However, in the case of the ternary nanocomposite the degradation was over within 100
min. The results suggest that compositing of NRGO with the FeWOQO4/Fe3O4 hybrid
semiconductor improves the photodegradation efficiency vastly which is further

confirmed by the rate constants obtained.

The reaction kinetics for the degradation of MB under visible light was
determined using the equation -In(C/C,) = kt, where k, t, Co and C are the rate constant
at temperature T, irradiation time, MB concentration at the beginning and at time t,
respectively (Kumar et al. 2016). The first order kinetic plots of -In(C/C,) vs. irradiation
time for all the catalysts are shown in Figure 5.9b. The comparison of the reaction rate

constants (k) are shown in Figure 5.9c, obtained from the slope of the plot in Figure
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5.9b. NRGO/FeWO4/Fe304 nanocomposite had the highest rate constant among all

amounting up to 0.02668 min* showing incredible photocatalytic activity.
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Figure 5.9 (a) Degradation rates for MB dye, (b) First order kinetic plots of -In(C/Co)
against the irradiation time, (c) Rate constant k (min™?) for the photodegradation of MB
over various catalytic materials, (d) Effects of the different scavengers on the
photodegradation efficiency of NRGO/FeWO./Fe304 nanocomposites.

To determine the degree of mineralization of MB, during its photodegradation
catalyzed by NRGO/FeWOQO4/Fe304 nanocomposite, TOC analysis was performed (Cui
etal. 2013). Figure 5.10 shows the TOC values for the MB solution at different intervals
of time. As can be observed from the figure, it is evident that the mineralization value
increased to 89.22 % in 120 minutes or TOC content decreased to 10.78 % indicating
that the organic carbon is mostly converted to CO> during the process. In view of this,

it can be concluded that the nanocomposite is an eco-friendly photocatalyst.
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Figure 5.10 TOC values for the degradation of MB at different intervals of time.

The commercial application of a catalyst would require it to be highly stable
and reusable. NRGO/FeWOa/Fe304 nanocomposite catalyst was recovered from the
reaction, washed with ethanol and dried in vacuum oven for 6 hours at 60 °C and it was
reused. The percentage degradation for next 10 consecutive cycles is shown in Figure
5.11. The degradation efficiency decreased from 99.18 % to 93.44 % after 10 cycles
indicating high stability and reusability of the catalyst.

In order to figure out the mechanism of photodegradation of MB dye,
experiments were carried out using radical scavengers (Figure 5.9d). The control
experiments were done to analyze the role of O>~, OH, e~ and h* in the photocatalysis
process by using BQ, TBA, AgNOs and KI for O>~, -OH, photogenerated e and h*,
respectively. Addition of TBA caused slight decrease in the photodegradation
efficiency due to the removal of hydroxyl radicals, indicating that they play a minor
role in the mechanism. BQ, silver nitrate and KI caused decrease in the efficiency in
the increasing order suggesting that holes play a major role in the overall degradation

pathway.
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Figure 5.11 Stability of NRGO/FeWO4/Fe3Os nanocomposites during the
photodegradation of MB.

The possible mechanism is schematically shown in Figure 5.12. The MB
molecules get partially adsorbed on the surface of the ternary nanocomposite. When
light is irradiated on the solution, electrons get excited from the VB to the CB of FezO4
leaving a hole in the VB. This photogenerated electron is quickly transferred to FeWO4
and then to NRGO decreasing the recombination rate of electron and hole. The
transferred e then reacts with the dissolved O to yield O>~. The holes in the VB would
get transported through the NRGO matrix to react with H20 to form -OH. Finally, all
the formed active species, -OH, €7, h* and Oz~ react with the dye molecules to give
harmless products such as CO. and H20. Thus, NRGO/FeWOu/Fe3Os ternary
nanocomposite can effectively optimize the charge transfer, reduce the recombination

rate and hence improves the photodegradation rate immensely.
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Figure 5.12 Schematic diagram of the possible photocatalytic mechanism for
degradation of MB over NRGO/FeWO4/Fe3Os nanocomposites under visible light

irradiation.
5.3.8 Hydrogenation Studies

The catalytic activity of NRGO/FeWO4/Fes0s nanocomposites was also
estimated in the reduction reaction of 4-NP using NaBHa in an aqueous solution, the
results of which are compared with NRGO, FeWOs, Fe30s, NRGO/FeWOs,
NRGO/Fe30s, FeEWO4/FesOs and mechanically mixed NRGO/FeWOas/Fe30s. The
control experiment carried out in the absence of catalyst did not lead to the reduction
of 4-NP. But in the presence of NRGO/FeWO./FesO04 nanocomposite, the intensity of
absorption peak at 400 nm which is due to the presence of 4-NP, reduced immediately.
A new peak at 300 nm was observed and it increased in its intensity with time (Figure
5.13a). The peak at 300 nm resulted due to presence of 4-AP which reached its
saturation within 45 seconds indicating the complete reduction of 4-NP to 4-AP. The
changes in the color of solution from yellow to colorless indicated the completion of
the reaction. The component materials showed lower catalytic activity than the ternary

composite (Figure 5.13b). The reaction rate constant was also determined in this case
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similar to the case of photodegradation reaction of MB (Figure 5.13c) and it revealed a

rate constant value of 0.04338 s which is much higher than that for the individual

components (Figure 5.13d).
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Figure 5.13 (a) UV-Vis absorption spectra for the reduction of 4-NP to 4-AP by NaBH4
in the presence of NRGO/FeWOa/Fez04 nanocomposite (inset shows the visible color
change during the process), (b) Catalytic reduction of 4-NP to 4-AP over various
catalysts using NaBHys, (c) First order kinetic plots of -In(C/C,) against the reduction
time of 4-NP to 4-AP, (d) Rate constant values of 4-NP obtained using various catalytic

materials.

The catalyst was recovered from the reaction, washed with 10 % ethanol, dried
in vacuum for 6 hours at 60 °C and then tested for its stability and reusability. Even
after 20 successive cycles it exhibited 100 % conversion within 100 seconds (Figure
5.14). Therefore, NRGO/FeWO4/Fez04 nanocomposite can be regarded as a stable high
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performance visible light photocatalyst for photodegradation of organic pollutants and

reduction of 4-NP to 4-AP, possessing great prospects in environmental protection.
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Figure 5.14 Stability of NRGO/FeWOQO4/Fe304 nanocomposites during 20 successive

cycles of reduction reaction.

It is known that reduction of 4-NP to 4-AP does not take place in the absence of
catalyst due to the repulsion between the groups of 4-NP and BH4~, which introduces a
kinetic barrier. When the ternary catalyst is added, it efficiently transfers the electron
donated by the BH4 to the nitro group of 4-NP. The rate of reduction depends on the
adsorption of 4-NP on the surface of the catalyst and the transfer of the electron from
BH4™ to the nitro group of 4-NP through the NRGO/FeWOQO4/FezOs nanocomposite.
NRGO can improve the transfer of electron due to N-doping species like pyridine-N,
graphitic-N and pyrrole-N which can also offer electrons for conjugation with the 7-
conjugated rings. This can facilitate effective electron transfer in the active sites for
catalytic reactions (Liu et al. 2016). Thus, FeWOQO4/Fe30s hybrid semiconductor
supported by NRGO shows enhanced catalytic efficiency in conversion of 4-NP to 4-
AP.
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5.3.9 Electrocatalytic Activity

The electrocatalytic performance of the NRGO/FeWO./Fe304 nanocomposite

was investigated in 0.1 M KOH solution using a standard three-electrode system. For

the sake of comparison, component materials and 20 wt.% Pt/C were also tested under

the same conditions. The polarization curves for the HER on various electrodes are
shown in Figure 5.15a. NRGO/FeWO4/Fe3Os nanocomposites demonstrated a

remarkably high activity with an onset potential of ~59 mV vs RHE and a HER current

density of 10 mA cm at an overpotential of 292 mV. On the other hand, FeWQ4/Fe30a

had an onset potential of ~187 mV and current density of 10 mA cm at an overpotential

of 421 mV, respectively.
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Figure 5.15 (a) LSV curves and (b) Tafel curves for different catalysts. (c) Stability
curve of NRGO/FeWO./Fe304 and (d) Chronopotentiometric curves at -10 mA cm™

recorded using NRGO/FeWO4/Fe30a.
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The linear regions of the Tafel plots (Figure 5.15b) were fitted to the Tafel
equation (n =a + b log (j), where j is the current density and b is the Tafel slope (Tilak
and Chen 1993) yielding 73 mV dec?, 155 mV dec?, 196 mV dec, 200 mV dec* and
213 mV dec? for NRGO/FeWOu/Fes0as, FeWO4/Fe30s, NRGO, FeWOs, and Fes0a,
respectively. This indicates that the NRGO/FeWO4/FezO4 nanocomposite electrode has
much higher activity than the component materials electrode. Although its activity is
still lower than the 20 wt.% Pt/C electrode, it may be considered significant because of
the fact that it is a Pt-free catalyst. Thus, the experimentally observed Tafel slope of 73
mV dec? indicated that the Heyrovsky mechanism is operating in the HER process for
NRGO/FeWO4/Fe304 nanocomposites (Bhardwaj and Balasubramaniam 2008). The
measured values for important electrocatalytic parameters of the nanocomposites are

given in Table 5.3.

Table 5.3 Comparison of the HER parameters of the NRGO/FeWOQO4/Fe304 with its

component materials.

Onset potential | Overpotential
Catalysts (mV) (mV) I;‘:i'(jé‘c’ﬂf
at -10 mA cm2 (vs. RHE)

NRGO -- -- 196
FeWO4 - -- 200

FesO4 -- -- 213
FeWO4/Fe304 - 187 421 155
NRGO/FeWOQO4/Fe304 -59 292 73

Stability test for the NRGO/FeWO4/Fes04 catalysts was also carried out via CV
measurements of 1000 cycles in 0.1 M KOH. As can be observed from Figure 5.15c,
the current loss even after 1000 cycles is negligible. Thus, the test confirms that the
NRGO/FeWOQ4/Fe304 catalyst has good electrochemical stability for HER in 0.1 M
KOH solution.
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Further, the commercial application of the electrocatalyst was studied by
chronopotentiometry technique at a constant current density of -10 mA cm applied for
a duration of 2000 seconds (Figure 5.15d). The observed result shows that the initially
high potential decreases slowly and then reaches a stabilized state of HER. This
phenomenon is attributed to the development of H, bubbles on the electrode surfaces.
Overall, the results demonstrate that the NRGO/FeWOa/Fez04 nanocomposite is indeed
a highly efficient electrocatalyst for HER in alkaline medium.

5.4 CONCLUSIONS

In conclusion, this study presents a facile synthesis of NRGO/FeWOQO4/Fe304
ternary nanocomposite by a one-step microwave method and studies on its
multifunctional catalytic properties. The synthesized materials are characterized by
various techniques. The material has excellent catalytic efficiency towards the
photodegradation of MB dye and reduction of 4-NP. The nanocomposite catalyst has
high stability and reusability even after 10 and 20 cycles in the case of photodegradation
and reduction reactions, respectively. The mechanism of catalytic action is also
proposed. Further, NRGO/FeWO4/Fe304 nanocomposites exhibited outstanding HER
activity and stability requiring as low as 292 mV overpotential to deliver a current
density of -10 mA cm. The Tafel slope is 73 mV dec indicating that the mechanism
follows  Volmer-Heyrovsky  pathway.  Therefore, NRGO/FeWO4/Fe304
nanocomposites showed higher catalytic activities for photodegradation, reduction and
HER than FeWOQO4/Fe304 or NRGO alone, suggesting a synergic role of NRGO and
FeWOa./Fe304in the catalytic process.
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Chapter 6

Chapter 6 gives a descriptive report on the synthesis, characterization and

multifunctional catalytic performance of novel NRGO/BaWOa4/g-C3N4 nanocomposite.
6.1 INTRODUCTION

The abundance of existing major sources of energy such as coal, natural gas and
other fossil fuels is limited and they are non-renewable too. With increase in the
population, the global energy demand has increased and society is not able to cope with
the demand. The quest for renewable clean energy sources has turned our attention
towards hydrogen (Acar et al. 2016). Hydrogen can be produced by water splitting
through electrocatalysis. But most of the materials currently used for electrocatalytic
water splitting are noble and expensive. Development of low cost and environmental
friendly electrocatalyst is the need of the day now to commercialize hydrogen
production (Roger et al. 2017). Semiconductor photocatalysis has attracted interest of
research community as it can solve both environmental and energy problems (Li et al.
2017). A good photocatalyst should have an extended excitation wavelength, low
recombination rate of charge carriers and active sites on the surface to facilitate
adsorption and reaction. Several strategies have been developed to achieve the above
said properties like doping, coupling with semiconductors and compositing with
layered materials to improve the surface area (Li et al. 2017). Despite these efforts
commercialization of these materials is yet to be realized. Hence designing of materials
with multifaceted catalytical activity such as, high performance towards electrolysis,
photodegradation and reduction which would help in solving the energy and
environmental problems must be looked into. Such multifunctional catalysts will

provide an economic way to serve several applications.

Graphene based architectures not only provide support to other materials but
also have a potential to harness the electrical and redox properties (Chang and Wu 2013,
Sudhakar et al. 2014, Subramanya and Bhat 2014, 2015). The electronic property and
the chemical reactivity of graphene can be tailored by doping nitrogen (Li et al. 2009,
Zhang et al. 2016). In N doped graphene ~0.5 electron per N atom is provided to carbon

7 conjugated system thus enhancing the photocatalytic efficiency. When composited
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with semiconductors, NRGO increases the rate of transfer of electrons from the

conduction band of semiconductors in comparison with graphene.

g-CsN4, a metal-free polymeric semiconductor, with higher nitrogen content
and porous structure has attracted significant attentions in the field of photocatalysis
due to its good thermal-chemical stability, electronic and optical characteristics, low
cost and non-toxicity. The g-CsN4 possesses a band gap of 2.7 eV with the CB position
at -1.1 eV and VB position at +1.6 eV. As the CB potential of g-C3Ns is sufficiently
negative, the strong reducing capability of the electrons in the CB of g-C3Na4 surface
can have great potential for photocatalytic studies. Combining g-CsNa with other
appropriate semiconductors to form semiconductor heterostructure is considered as an

effective method to enhance photocatalytic activity (Pawar et al. 2015).

Semiconducting materials which possess narrow band gap have been used as
photocatalysts, as their band gap energy lies in the energy range of the UV or visible
light (Hisatomi et al. 2014). Tungsten oxides, hydrates and metal tungstates have been
studied for their photocatalytic capabilities (Montini et al. 2010). In particular, ZnWQsu,
CoWO4, FeWO4, NiWO4 have been extensively used for preparation of composites for
water splitting (Zheng et al. 2015). On the other hand, BaWO4 which has a wide variety
of applications has been studied meagerly in the field of photocatalysis due to its
instability and slow electron transfer rate. To extend the absorption of BaWwO4 from UV
region to visible region of solar spectrum the band gap has to be decreased. Since
smaller band gap leads to higher recombination rate, the transport property is tuned by
doping carbon based material to improve the photocatalytic efficiency (Wang et al.
2015).

Based on the above facts, the synthesis of NRGO/BaWOa4/g-C3sNa
nanocomposites via a facile, simple one-pot microwave method is reported here. The
as synthesized material is thoroughly characterized using various advanced techniques.
The reported material is highly efficient in catalyzing HER, photodegradation of MB
dye and reduction of 4-NP to 4-AP.
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6.2 EXPERIMENTAL
6.2.1 Synthesis of g-C3N4

g-CsN4 was prepared according to the previously reported technique (Yan et al.
2009). Typically, 2 g of melamine was put into a semi-closed alumina crucible which
was calcined at 550 °C with a heating rate of 10 °C/min for 4 hours in the air atmosphere
in a muffle furnace. The obtained light-yellow g-CsN4 product was collected and
ground into powder form, then thoroughly washed with deionized water and dried at 60

°C overnight for further use.
6.2.2 Synthesis of BaWO4

The BaWO4 nanoparticles were prepared by simple microwave route. In a
typical synthesis, solutions of barium chloride, ammonium tungstate and CTAB in
H>O/ethanol were prepared with desired molar ratio and mixed together using
ultrasonication for about 30 minutes. The resulting mixture was treated with microwave
irradiation at 350 W for 10 minutes and then allowed to cool to room temperature. The
obtained precipitate of BaWO4 was filtered and washed thoroughly with 10 % ethanol
several times to remove the impurities. Finally, the precipitate was dried at 60 °C

overnight.
6.2.3 Synthesis of NRGO/BaWOu4/g-C3N4 Nanocomposites

The NRGO/BaWO./g-C3Ns nanocomposites were prepared using a simple
microwave route. GO was synthesized as given in section 4.2.1. In a typical synthesis,
a calculated amount of g-C3N4 and GO was dispersed in the water. Then solutions of
barium chloride, ammonium tungstate, CTAB and urea in H>O/ethanol with desired
molar ratios were added. The pH of the reaction mixture was maintained at 9 using
ammonia. After 30 minutes of ultrasonication, the resulting mixture was treated with
microwave irradiation at 350 W for 10 minutes and then allowed to cool to room
temperature. The obtained precipitate of NRGO/BaWOa4/g-C3sN4 nanocomposite was
filtered and washed thoroughly with 10 % ethanol several times and finally dried at 60

°C overnight.
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Similarly, g-C3N4/BaWOs and NRGO/BaWO4 nanocomposites were prepared
using appropriate starting materials. NRGO/BaWOs nanocomposites with NRGO
content varying from 0.5 % to 5 % were prepared and their catalytic efficiency for
photodegradation of MB dye was tested. The nanocomposite with 2.5 % NRGO showed
highest activity and hence 2.5 % NRGO was taken as the optimized composition for
NRGO/BaWOs nanocomposites. Similarly, in the case of NRGO/BaWOa/g-C3Na4
ternary nanocomposites, keeping NRGO content fixed at 2.5 %, g-CsN4 content was
varied from 5% to 20 %. The nanocomposite with 10 % g-C3N4 showed maximum
catalytic activity and hence it was taken as the optimized composition of g-C3Ns in the
ternary nanocomposite (Figure 6.1). Schematic representation of the synthesis of

NRGO/BaWO4/g-C3N4 nanocomposites is shown in Figure 6.2.
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Figure 6.1 Catalytic activities of various compositions of NRGO/BaWO4/g-C3Na

nanocomposite.
6.2.4 Characterization and Catalytic Studies

The characterization of the synthesized samples was carried out as given in
section 2.2.9 and section 3.2.3. The catalytic studies were performed as described in
section 2.2.10 - 2.2.12.
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Figure 6.2 Schematic representation of the synthesis of NRGO/BaWO4/g-C3N4 ternary

nanocomposite and its constituents.
6.3 RESULTS AND DISCUSSION
6.3.1 X-ray Diffraction Studies

The XRD patterns of NRGO, g-CsNi, BaWOs, NRGO/BaWOs; and
NRGO/BaWO4/g-C3N4 nanocomposites are shown in Figure 6.3. The diffraction peak
at 20 = 24.4° corresponds to the (002) reflection plane of reduced phase of NRGO. The
peaks at 20 = 12.8° and 27.5° seen in pure g-C3Na, can be indexed to the (100) and
(002) diffraction planes conforming to the JCPDS No. 87-1526 of the graphitic carbon
nitride. The diffraction pattern of BaWO, matches well with JCPDS No. 43-0646
suggesting that the material has the scheelite-type tetragonal crystal structure with space
group of 141/a symmetry (Cavalcante et al. 2008). The peaks found at 26 values 17.3°,
26.5°, 28.1°, 31.9°, 43.0°, 45.7°, 48.7°, 53.6°, 54.5°, 66.6°, 67.7°, 69.4°, 73.0°, 73.8°,
75.8° and 76.8° can be ascribed to the (101), (112), (004), (200), (204), (220), (116),
(312), (224), (400), (208), (411), (332), (404), (420) and (228) planes of BaWOa.
NRGO/BaWO4 and NRGO/BaWO4/g-C3sN4 nanocomposite have similar diffraction
peaks corresponding to BaWOa. These results specify that the introduction of NRGO
and NRGO/g-C3zN4 do not disturb the orientation and structure of scheelite BaWOa.
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Figure 6.3 XRD patterns of the NRGO, g-CsNi, BaWOs4, NRGO/BawOs and
NRGO/BaW04/g-C3N4 nanocomposite.

6.3.2 Raman Studies

The as-synthesized nanocomposites are further characterized by using Raman
spectroscopy. As shown in Figure 6.4, five peaks are observed at 334 cm™, 478 cm™,
794 cmt, 830 cm™ and 927 cm™ in the pure BawO, sample. The bands positioned
around 334 cm™ is indexed to the stretching vibration of the BaOg octahedra. The bands
located at 478 cm™, 794 cm™, 830 cm™ are assigned to the W-O stretching vibration of
the WO, tetrahedra. The band at 927 cm™ is associated with the WOs symmetric
stretching vibration of the crystalline BaWwO4 (Zawawi et al. 2013). The Raman
spectrum of the pure NRGO reveals two prominent peaks D band and G band at 1356
cm?® and 1598 cm?, respectively (Li et al. 2009, Zhang et al. 2016). The Raman
spectrum of the NRGO/BaWOa4/g-C3sN4 nanocomposites contains all the bands
corresponding to BaWOs and NRGO. The ratios of Ip/lc in pure NRGO and
NRGO/BaWO4/g-C3N4 nanocomposites are 1.09 and 1.13, respectively. The higher
value for ternary composite may be due to the interaction of NRGO, g-CsN4, and
BaWO; leading to more defects and disorders in the NRGO/BaWOa4/g-C3N4
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nanocomposite. The typical bands of g-C3Na4 appear at 421 cm™, 605 cm™?, 897 cm™,
1087 cm™, 1219 cm™ and 1339 cm™ (Pawar et al. 2015). However, these bands of g-
C3Ng4 are difficult to identify in the Raman spectrum of the NRGO/BaWO4/g-C3N4
nanocomposite. This may be due to the weak scattering ability of g-CsNa4 on the surface

of the nanocomposite (Pawar et al. 2015).
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Figure 6.4 Raman spectra of the NRGO, g-C3N4, BaWO4 and NRGO/BaWO4/g-C3N4

nanocomposite.
6.3.3 FTIR Studies

The presence of BaWOs, NRGO, and g-CsNs4 in the as-synthesized
nanocomposite can be identified using FT-IR spectra. As shown in Figure 6.5, the main
peak at 819 cm assigned to the stretching vibration of Ba-O, W-O, and W-O-W, is
seen in the spectrum of the pure BaWO4 and NRGO/BaWO4/g-C3N4 nanocomposites
(Clark and Doyle 1966). As shown in the inset of Figure 6.5, the peaks at 3406 cm™,
2969 cm?, 2884 cm, 1633 cm™, 1465 cm™ and 1248 cm™ in the FT-IR spectra of
NRGO and NRGO/BaW0./g-C3N4 nanocomposites can be ascribed to the asymmetric
and symmetric vibrations of O-H and C-H, respectively (Appavu et al. 2016). The
spectrum of g-C3Na4 shows peaks at 1248 cm™, 1326 cm™, 1415 cmt, 1465 cmt, 1575
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cm ™t and 1633 cm™* which are characteristic stretching modes of C-N heterocycles. The
peaks at 808 cm™ and 3184 cm™ are attributed to the typical breathing mode of triazine
units and the stretching mode of N-H in g-C3aNg4, respectively (Xu et al. 2014). The FT-
IR spectrum of NRGO/BaWO4/g-C3N4 nanocomposites reveals similar peaks as that of
g-CsNa4. All the peaks corresponding to the BaWO4, NRGO, and g-CsNs are present in
the spectrum of NRGO/BaWO4/g-C3N4 nanocomposites.
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Figure 6.5 FTIR spectra of the NRGO, g-C3N4, BaWO4 and NRGO/BaWO4/g-C3Na

nanocomposite.
6.3.4 Surface Morphology Studies

The specific surface area of the as-synthesized nanocomposites was measured
by BET analysis. The specific surface areas of BaWOs and NRGO/BaWO4/g-C3N4
nanocomposites are 3.51 and 25.02 m2gt, respectively. It is very clear that the specific
surface area increases due to the introduction of the NRGO and g-CsN4 on the BaWO4
substrate. This increase in surface area facilitates the surface adsorption and creates
more number of active sites resulting in enhanced catalytic activities (Subramanya and
Bhat 2014).
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The HRTEM image (Figure 6.6a) reveals that BaWO, particles are successfully
deposited on the surface of the g-C3N4 and NRGO nanosheets. The spacing of the lattice
fringes in the BaWOs is about 0.51 nm which corresponds to the (101) plane of
scheelite-type tetragonal crystal phase (JCPDS No. 43-0646). In addition, the lattice
spacing of about 0.34 nm corresponds to the (002) plane of the graphitic carbon nitride
(JCPDS No. 87-1526) and lattice spacing of 0.36 nm corresponds to the (002) planes
of the NRGO nanosheets. The SAED pattern of the nanocomposite (inset of Figure
6.6a) shows ring pattern indicating the polycrystalline nature of the sample. The particle
size distribution of the BawWO4 (Figure 6.6b) shows that the average particle sizes is

around 12 nm.
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Figure 6.6 (a) HRTEM (inset showing SAED pattern), (b) particle size distribution, (c)
EDX spectrum and Elemental mapping (d) C, (e) N, (f) Ba, (g) W and (h) O of the
NRGO/BaW0O4/g-C3N4 nanocomposite.
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The EDX analysis (Figure 6.6¢c) of NRGO/BaWQ4/g-C3sN4 nanocomposite
further confirms the formation of the ternary composite. In addition to that, the
distribution of elements in NRGO/BaWO4/g-C3N4 nanocomposites was determined by
elemental mapping analysis (Figure 6.6d-h). The analysis infers the uniform

distribution of the particles in the composite.

6.3.5 XPS Studies
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Figure 6.7 XPS spectrum (a) survey, high-resolution spectra (b) C1s, (c) N 1s, (d) O
1s, (e) W 4f and (f) Ba 3d of NRGO/BaWO4/g-C3N4 nanocomposite.

XPS is used to investigate the elemental composition as well as the chemical
environment on the surface of the as-prepared nanocomposites. XPS survey spectrum
of NRGO/BaWO4/g-C3N4 nanocomposite is shown in Figure 6.7a. The elemental peaks
of C, N, O, Ba and W are found in the NRGO/BaWQ4/g-C3N4 nanocomposites, which
confirm the presence of NRGO, g-CsN4, and BaWOs in the nanocomposite. High
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resolution C 1s spectra (Figure 6.7b) can be deconvoluted into four peaks. Peaks at
284.2 eV and 285.3 eV can be allocated to carbon (C=C) and typical sp? carbon atoms
bonded to N atoms in an aromatic ring (N-C=N), peak at 286.98 eV can be ascribed to
C=N originated from NRGO and the formation of C-O-C bond between NRGO and g-
C3N4 during microwave treatment. The peak at 288.03 eV can be ascribed to the
interaction of C-N-C between g-CsNs and NRGO. As shown in Figure 6.7c, five
deconvoluted peaks in the high-resolution N 1s spectrum of NRGO/BaWO4/g-C3N4
nanocomposites are assigned to pristine g-CsN4 (396.8 eV), pyridinic N (397.9 eV),
pyrrolic N (399.1 eV), graphitic N (400.8 eV) and terminal amino groups (403.9 eV),
which is in agreement with the reported data (Pawar et al. 2015). The O 1s peaks in
Figure 6.7d at 528.96 eV, 530.48 eV and 534.03 eV corresponds to Ba-O-W, N-C-O
and N-C-O-W of the NRGO/BaWO./g-C3N4 nanocomposites, revealing the chemical
interaction between the NRGO, g-C3N4, and BaWOQ; in the nanocomposites. As shown
in Figure 6.7e, the doublet peaks at 37.1 eV and 35.0 eV belong to W 4fsand W 4f7,
which are the features of W®* in pure BaWOa. The peaks at 794.6 eV and 779.2 eV
correspond to Ba 3ds2 and Ba 3ds2 (Figure 6.7f), which can be assigned to Ba?* of pure
BaWO..

6.3.6 Optical Studies

The optical properties of NRGO, g-CsNi, BaWO4, NRGO/BaWOs and
NRGO/BaWO4/g-C3N4 nanocomposite are determined via the UV-Visible DRS
technique (Figure 6.8a). As shown in Figure 6.8a, the NRGO absorbs in the whole
visible region. The NRGO/BaWOQO4 and NRGO/BaWO4/g-C3N4 hanocomposites show
higher absorption as well as wider wavelength window of absorption in the visible-light
region compared with the pure g-C3N4 and BaWOa. Thus, the observation suggests that
the NRGO/BaWO4/g-C3N4 nanocomposite can efficiently utilize visible-light and

generate more electron—hole pairs under visible-light irradiation.

For a given semiconductor, its band gap energy (Eg) can be measured from the
intercept of the tangents in the Tauc plot of (ahv)?" vs photon energy (hv) (equation,
(2.3)) as shown in Figure 6.8b. The band gaps of pure g-C3N4, BaWO4, NRGO/BaWOg,
and NRGO/BaW0./g-C3N4 nanocomposite are 2.69 eV, 4.43 eV, 3.04 eV and 2.41 eV,
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respectively (Figure 6.8b). The band gaps of NRGO/BaWOa4/g-C3N4 nanocomposite
are reduced compared to its components. The reduction in the band gap may be
attributed to the delocalization of surface charges resulted by the interactions of the
components in the composite. It is believed that interactions lead to the formation of
new molecular orbitals of lower energy which in turn facilitates the reduction in the
bandgap. Such observations for semiconductor composites are reported in the literature
(Wang et al. 2012, Jo and Selvam 2015). Such reduction in the band gap of the materials

is beneficial for enhancing both visible-light absorption and photocatalytic activity.
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Figure 6.8 (a) DRS spectrum, (b) Band gap plots and (c) PL spectrum of the
NRGO/BaW0a4/g-C3N4 nanocomposites.

6.3.7 PL Studies

PL analysis represents the recombination performance of photogenerated

charge carriers in a semiconductor. Higher rate of recombination results in higher
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intensity of the PL spectrum. The enhanced photocatalytic efficiency of
NRGO/BaWOa4/g-C3N4 nanocomposite is attributed to the effective separation of
photogenerated charge carriers (Wang et al. 2015). The nature of charge carrier
recombination in BaWO4, NRGO/BaWOa, g-C3N4/BaWO4 and NRGO/BaWO4/g-C3N4
nanocomposite was investigated by PL analysis (Figure 6.8c). BaWOa exhibits strong
emission peak around 445 nm, which is due to the recombination of the photogenerated
electron-hole pairs. After NRGO or g-C3N4 was introduced, the heterostructure samples
show lower PL emission intensity compared with that of pure BaWO4, suggesting lower
recombination of the photogenerated electron-hole pairs. The PL peak of
NRGO/BaWO4/g-C3N4 nanocomposite shows the lowest intensity, which reveals
higher separation between the photogenerated electron-hole pairs in the
NRGO/BaW04/g-C3N4 nanocomposite surface.

6.3.8 Photocatalytic Studies

The nanocomposite and its components were tested for their photocatalytic
activities in degradation of MB dye. In the absence of the catalyst the degradation was
negligible. As shown in Figure 6.9a, the efficiencies of pure NRGO, BaWOs, g-C3Na,
g-C3sN4/BaWOs4, NRGO/BaWOs, NRGO/g-C3Ns and NRGO/BaWOa4/g-C3N4
nanocomposite are 13.10 %, 21.06 %, 46.99 %, 65.47 %, 74.49 %, 79.63 % and 99.44
% under 120 minutes visible-light irradiation, respectively. Clearly, the photocatalytic
degradation efficiency of these samples decreases in the following order:
NRGO/BaWO4/g-C3Ns > NRGO/g-C3N4 > NRGO/BaWO4 > g-C3aN4/BaWOs > g-C3Ny
> BaWOs > NRGO. These results demonstrate that the NRGO/BaWO4/g-C3N4
nanocomposite shows higher photocatalytic activity for MB degradation than the pure
NRGO, g-C3Ns, BaWOg, g-C3sN4/BaWO4, NRGO/BaWO4and NRGO/g-C3Na.

It is observed that the kinetics of photocatalytic degradation of MB follows
Langmuir-Hinshelwood first-order kinetics model, which can be described by the
equation (2.4). The rate constants can be obtained from the slope of the plot of -In(C/C,)

vs. irradiation time (Figure 6.9b).

The rate constant of NRGO/BaWOa4/g-CsN4 (0.01767 min™) is about 11.70,
9.11, 4.09, 2.67, 2.04 and 1.63 times greater than those of the pure NRGO (0.00151
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mint), BaWO4(0.00194 min), g-C3N4 (0.00432 mint), g-CsN4/BaWO. (0.00663 min-
1), NRGO/BaWO, (0.00865 min™) and NRGO/g-CsN4 (0.01087 min™), respectively
(Figure 6.9c). The enhanced performance of the ternary nanocomposite may be
attributed to the factors such as narrow band gap, higher extent of energy absorption in
the visible light region and efficient separation of charge carriers, contributing
significantly towards improved photodegradation of MB in comparison to that of

component materials.
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Figure 6.9 (a) Degradation plots of MB over various catalysts, (b) First order kinetics
plots of MB over various catalysts, (c) Rate constant of MB over various catalysts, (d)
Plot depicting effects of different scavengers on degradation efficiency of
NRGO/BaWO4/g-C3N4 nanocomposite under visible light irradiation.

The durability and stability of the photocatalysts are significantly important for
their practical applications. The catalytic stability was determined by recycling the
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nanocomposite. The degradation extent changed from 99.44 % to 97.44 % from 1% to
5t cycle, respectively (Figure 6.10). These results indicate that the NRGO/BaWOQa/g-
CsN4 nanocomposite is relatively stable during the photocatalytic process.
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1004
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©
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o
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Figure 6.10 Photocatalytic stability of NRGO/BaWO./g-C3N4 nanocomposites.

In order to understand the photocatalysis mechanism of the NRGO/BaWOQO4/g-
CsNs nanocomposite, the active species generated during the photocatalytic
degradation process are identified through radical and hole trapping experiments. 10
mM TBA, 10 mM KI, 1 mM BQ and 10 mM AgNO:s acted as the scavengers for “OH,
h*, "O." and €, respectively.

Figure 6.9d displays the influence of different quenchers on the visible light
photocatalytic activity of NRGO/BaWO4/g-C3N4 nanocomposite for the degradation of
MB. With the addition of TBA, the photodegradation efficiency of MB did not change
much indicating that the ‘OH is the not the active species generated in the
NRGO/BaWOa4/g-C3N4 photocatalytic reaction system. The degradation efficiency of
MB changed slightly with the addition of BQ and AgNO3, implying that ‘O, and e” was
formed in the photocatalytic reaction system of NRGO/BaWOQ4/g-C3N4 under visible
light irradiation. However, after addition of Kl, the photodegradation efficiency of MB
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decreased significantly as a result of quenching of h* in a reaction system, which
indicated that h* is the main active species generated in the NRGO/BaWQ4/g-C3N4
photocatalytic degradation of MB. The proposed reactions are shown in equations (6.1-
6.4),

g-CsNs+ hv —g-CNs(e+h") e (6.2)
g-CsN4 () + BaWO4 — g-C3Ny+ BaWOs ()  --mmmme- (6.2)
BaWOa (¢') + Oz —BaWO4+°027 e (6.3)
g-C3Ns(h*) + Dye  — CO2 + H20 + Other species ~ ---------- (6.4)

where € is the electron in the conduction band edge and h* is the hole in the valence

band edge, respectively.

The visible light photocatalytic efficiency of the NRGO/BaWOa./g-C3N4
nanocomposite can be elucidated by the band edge positions of the respective
semiconductor materials. Therefore, the VB and CB energy levels of BaWwO4 and g-
C3N4 were measured using the Mulliken electronegativity formula (equations 2.5 and
2.6). The y values of BaWOs and g-C3N4 are 5.6954 eV and 4.73 eV, respectively. The
calculated VB potentials of BaWOs and g-C3N4 were 3.4104 eV and 1.575 eV. The CB
potentials were -1.0196 eV and -1.115 eV, respectively for BaWO4 and g-C3Na.

Based on the above discussions and analysis, a possible charge transfer
mechanism for the NRGO/BaWO4/g-C3sN4 nanocomposite is proposed, as shown in
Figure 6.11. When the system is under visible irradiation, the VB electrons of g-C3N4
semiconductors are excited to the CB, leaving holes in the VB, thereby forming
photoinduced electron-hole pairs. Because the CB potential of BaWOs is slightly lower
than that of the CB of g-C3Ng4, the CB electrons of g-C3N4would easily jump to the CB
of BaWOs and from there to the highly conducting NRGO sheets, resulting in effective
charge separation and transport. These electrons would then react with the oxygen to
form superoxide radical anion. The holes will immediately get transported with the
support of conductive NRGO matrix to react with MB to form products such as COg,
H>0 and other species. Thus, the entire process leads to efficient separation of the
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photogenerated electron-hole pairs, which in turn results in the enhancement of the
photocatalytic activity of NRGO/BaWO./g-C3N4 nanocomposite for the degradation of
MB.

Figure 6.11 Proposed mechanism for the photocatalytic degradation of dye by
NRGO/BaWO4/g-C3N4 nanocomposite under visible light irradiation.

In order to understand the nature of products formed during photocatalytic
degradation of MB, the TOC of the reaction medium during the photo catalysis process
was determined (Cui et al. 2013). Using the TOC values, percentage mineralization of
the dye was calculated employing the equation (2.2) given earlier. For comparison, the
decrease in concentration of MB in terms of % decolorization was determined during
catalytic photodegradation. The concentrations of solutions were calculated from
absorbance at 664 nm. Figure 6.12a shows absorbance versus wavelength plot at
different intervals of time and Figure 6.12b shows variation of % mineralization and %
decolorization with time in the form of a bar diagram. As can be observed from the plot,
the absorbance at 664 nm decreased with time and reached 0.56 % during scan at 120
minutes under visible light irradiation. The TOC value decreased to 14.36 % or
mineralization extent increased to 85.74 % under visible light irradiation for 120

minutes of visible light irradiation. Thus, the results suggest that, the organic carbon is

157



Chapter 6

mostly converted to CO> during the process. In view of this, it can be concluded that

the nanocomposite is an eco-friendly photocatalyst.

Decolorization (%)

NRGO/BaWO,/g-C,N, (a) 100/ NRGO/BaWO,/g-C N, (b) P

804 L 80

; — Initial 9

8 =0 min ;

8 ——%mu S 60 L 60

c ———60 min -1

§ ——90 min N

) =120 min [

2 $

< S 404 - 40
204 : - 20

T T T 0 2 T g -0
400 500 600 700 800 -30 0 30 60 90 120
Wavelength (nm) Irradiation time (min)

Figure 6.12 (a) Absorbance versus wavelength and (b) Mineralization/Decolorization
test bar diagram for photodegradation of MB catalyzed by NRGO/BaWO./g-C3N4

nanocomposite at different intervals of time.
6.3.9 Hydrogenation Studies

The catalytic activity of NRGO/BaWOa4/g-C3N4 nanocomposites was evaluated
in the reduction of 4-NP using NaBH4 in an aqueous solution. In the absence of the
catalyst the reduction was negligible. However, when NRGO/BaWOa4/g-C3N4
nanocomposites were added into the 4-NP solution, the absorption of 4-NP found at
400 nm peak decreased immediately and the new absorption peak of 4-AP found at 300
nm was obtained, and it increased with time as shown in Figure 6.13a. The catalytic
reduction of 4-NP into 4-AP was completed in 60 seconds. The complete change of 4-
NP can be visually seen (inset in Figure 6.13a) as the solution color changes from bright
yellow to colorless. The observed results indicated that the NRGO/BaWO4/g-C3N4
nanocomposites are excellent catalyst in the reduction of 4-NP to 4-AP than that of pure
NRGO, BaWOQg4, g-C3N4, g-C3sN4/BaWO4 and NRGO/BaWO4 materials (Figure 6.13b).

The reaction rate for the reduction process followed pseudo-first order kinetics

with respect to 4-NP concentration similar to the one described for photodegradation
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previously. The first order kinetic plots of -In(C/C,) vs. conversion time for all the
catalyst materials are shown in Figure 6.13c. The reaction rate constant (k) is calculated
from the slope of these plots and the same is given in the form of a bar diagram for
comparison as shown in the Figure 6.13d. The above results clearly indicate that
NRGO/BaWOa4/g-C3N4 nanocomposites exhibit a significantly enhanced catalytic

activity for the reduction of 4-NP to 4-AP than that of component materials.
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Figure 6.13 (a) UV-Vis absorption spectra for the reduction of 4-NP to 4-AP by NaBH4
in the presence of NRGO/BaWOa4/g-C3N4 nanocomposite. (b) Catalytic reduction of 4-
NP to 4-AP over various catalysts using NaBHa. (¢) First order kinetic plots of -In(C/Co)
against the reduction time of 4-NP to 4-AP and (d) Rate constant values of 4-NP over

various catalytic materials.

The catalytic stability and reusability of the NRGO/BaWOa./g-C3N4

nanocomposites were tested after recovery from the previous reaction mixture (Figure
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6.14). The recycled catalyst exhibited excellent catalytic activity even after 10

successive cycles, with nearly 100 % conversion within a time period of 92 seconds.
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Figure 6.14 Catalytic efficiency of NRGO/BaWOa./g-C3sN4 nanocomposite for
successive 10 cycles.

6.3.10 Electrocatalytic Studies

The electrocatalytic performance of the NRGO/BaWO4/g-C3N4 nanocomposite
was investigated in 0.1 M KOH solution using a standard three-electrode system. For
the sake of comparison, component materials and 20 wt.% Pt/C were also tested under
the same conditions. The polarization curves for the HER on various electrodes are
shown in Figure 6.15a. NRGO/BaWOa4/g-C3N4 nanocomposites demonstrated a
remarkably high activity with an onset potential of ~83 mV vs RHE and a HER current
density of 10 mA cm? at an overpotential of 211 mV. On the other hand,
NRGO/BaWO4 and g-C3N4/BaWO4 had an onset potential of ~186 mV and ~205 mV
and current density of -10 mA cm™ at an overpotential of 320 mV and 347 mV,

respectively.

The linear regions of the Tafel plots (Figure 6.15b) were fitted into the Tafel
equation (n=blog(j) + a, where b is the Tafel slope) (Subramanya et al. 2015) yielding
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30 mV dec?, 62 mV dec?, 103 mV dec?, 112 mV dec?, 160 mV dec?, 196 mV dec™
and 227 mV dec? for 20 wt.% Pt/C, NRGO/BaWOQ4/g-CsNs, NRGO/BaWQs, g-
C3N4/BaWO4, BaWOs, NRGO and g-CzN4 electrode, respectively. This indicates that
the NRGO/BaWO4/g-C3N4 nanocomposites electrode has much higher activity than the
component materials electrode. Although its activity is still lower than the 20 wt.% Pt/C
electrode, it may be considered significant because of the fact that it is a Pt-free catalyst.
Thus, the experimentally observed Tafel slope of 62 mV dec? indicated that the
Heyrovsky process is the rate determining step for NRGO/BaWOa4/g-C3Ng4

nanocomposites.
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Figure 6.15 (a) LSV and (b) Tafel slope curve for different electrode materials. ()

Stability curve and (d) Chronopotentiometry curves at -10 mA cm recorded using

NRGO/BaW04/g-C3N4 nanocomposites.
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Stability is one of the key factors in evaluating catalyst performance. In view of
this, to assess the stability of NRGO/BaWOa4/g-CsN4 nanocomposites during HER,
continuous cyclic voltammograms up to 2000 cycles and galvanostatic polarization
curves at a current density of -10 mA cm were recorded. Figure 6.15c displays LSV
curves recorded at a scan rate of 10 mV s for NRGO/BaWOQ4/g-C3N4 nanocomposites
before and after performing 2000 continuous cyclic voltammograms between 0.0 V and
-0.5 V. Notably, no appreciable activity change was observed after 2000 cycles
indicating excellent stability of the NRGO/BaWOa4/g-C3Ns nanocomposites during
HER. This observation further suggests that the NRGO/BaWO./g-C3N4 nanocomposite
structure and composition remain unchanged during the catalytic process. The potential
required to deliver a current density of -10 mA cm is an important figure of merit for
the viability of a HER catalyst because it corresponds to the current density required to
attain 10 % efficiency in a solar-to-fuel conversion device (Subramanya et al. 2015).
Galvanostatic measurements also demonstrated the outstanding stability of the
NRGO/BaWO4/g-C3N4 nanocomposites in basic media (Figure 6.15d), confirming that
the ternary nanocomposite can be a very useful, efficient and promising candidate as
catalyst for HER.

6.4 CONCLUSIONS

In this work, NRGO/BaWO./g-C3N4 nanocomposite is successfully synthesized
by microwave irradiation method and characterized by different techniques such as
XRD, SEM, HRTEM, BET, XPS, DRS, Raman, PL and UV-Vis spectroscopy. The
synthesized composite exhibited enhanced catalytic efficiency towards HER,
photodegradation of MB dye and reduction of 4-NP to 4-AP, suggesting that the

material can be a very promising multifunctional catalyst.
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Chapter 7

Chapter 7 outlines the summary of the work presented in the thesis along with
the important conclusions drawn from the study. Scope for further research has also

been included here.
7.1 SUMMARY

The thesis reports the successful synthesis of five different kinds of novel
graphene-metal tungstate based nanocomposites namely, NRGO/ZnWO4/Fe;0s4,
NRGO/NiWO04/ZnO, NRGO/CoWO4/Fe;03, NRGO/FeWO4/Fe;04, and
NRGO/BaWO4/g-C3Ns using facile microwave irradiation method. All the
synthesized nanocomposites were carefully characterized for their structures,
morphologies, elemental and optical properties by employing appropriate techniques
such as XRD, SEM, FESEM, TEM, HRTEM, BET, XPS, DRS, Raman, FTIR, UV-
Vis and PL spectroscopy. Thereafter, each nanocomposite has been investigated for
its catalytic efficiency towards, (i) The photodegradation of MB dye under the visible
light irradiation, (ii)) The reduction of 4-NP to 4-AP in the presence of NaBH4 in

aqueous media and (iii) The electrolytic HER in alkaline media.
A brief summary of the overall work presented in the thesis is given here.

Chapter 1 gives a brief introduction to the basic aspects of the study
undertaken. It also gives a brief overview of the relevant works in the literature which
focus upon graphene, metal tungstate, metal tungstate-based nanocomposites,
graphene-based nanocomposites, their synthesis methods and catalytic applications.

Scope and objectives of the present research work have been given at the end.

Chapter 2 presents and discusses the synthesis of novel NRGO/ZnWO4/Fe304
nanocomposite as an efficient catalytic material for energy and environmental

applications.

The visible light photocatalytic activities of the as-prepared nanocomposites
are evaluated using MB solution. It is observed that 3 wt.% NRGO/ZnWO4/Fe;04
(0.01 M) is the optimum concentration for efficient catalysis of MB decomposition.
The decomposition process is completed in 120 minutes. It is shown that the
synergistic effects of the components of the catalyst are responsible for the enhanced

photocatalytic activity. The nanocomposites showed high activity and high stability,
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even after 5 cycles of photocatalytic processes. Also, the resulting nanocomposite
possess outstanding catalytic activity in the reduction of 4-NP to 4-AP in the presence
of NaBH4 which is completed in 30 seconds. The catalyst showed good stability,
recyclability (10 cycles) and high catalytic performance due to its synergistic
chemical adsorption and electron transfer effects. Additionally, the electrocatalytic
activity of HER in 0.1M KOH solution is investigated. It showed a lesser onset
potential and overpotential of -113 mV and -218.55 mV at a current density of -10
mA cm?. The observed Tafel slope of 75 mV dec’! suggests that the Volmer-
Heyrovsky mechanism is operating in the HER process. Further, the nanocomposite

exhibited good durability and high activity for HER even after 1000 cycles.

Chapter 3 deals with the microwave synthesis of NRGO/NiWO4/ZnO ternary
nanocomposite as an efficient catalyst for photodegradation of MB, reduction of 4-NP

and electrolytic HER.

The optimized concentration of efficient catalyst is found to be 2.5%-
NRGO/NiWO4/ZnO (0.01 M). The photodegradation efficiency of 2.5%-
NRGO/NiWO4/ZnO (0.01 M) is approximately 9 times higher than that of NiWO4
and it showed high stability even after 5 cycles. The trapping experiments suggested
that the photogenerated holes are the active species involved in the photocatalytic
reactions. On the basis of the experimental results, the possible photodegradation
mechanism is proposed. The composite also showed excellent catalytic activity in the
reduction of 4-NP to 4-AP in the presence of NaBH4. The reaction completed in 80
seconds. Additionally, it exhibited outstanding HER activity and stability requiring a
low onset potential of 101 mV delivering a current density of -10 mA cm™ at a low
overpotential of 257 mV. The Tafel slope of the HER is 93 mV dec™!, indicating that

the kinetics of the reaction follows Volmer-Heyrovsky mechanism.

Chapter 4 provides details of synthesis, characterization and catalytic

applications of novel NRGO/CoWO4/Fe>O3 nanocomposite.

The photodegradation efficiency of NRGO/CoWO4/Fe O3 is approximately
99.05 % for 120 minutes and it showed high stability even after 5 cycles. Based on the
experimental results, possible mechanism for photodegradation is also proposed. The

composite also showed excellent catalytic activity in the reduction of 4-NP to 4-AP in
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the presence of NaBH4. The reaction completed in 30 seconds and it showed high
stability even after 10 cycles. The nanocomposite has outstanding HER activity and
stability requiring only a low onset potential of 133 mV at a current density of -10 mA
cm™ and at a low overpotential of 331 mV. The Tafel slope is 95 mV dec! indicating
that the mechanism follows Volmer-Heyrovsky pathway. Further, the material also
exhibits good durability and high activity for HER even after 2000 cycles. The
catalytic efficiency of NRGO/CoWO4/Fe2O; is better in comparison to other

composites.

Chapter 5 describes the synthesis, characterization and studies on catalytic
performance of NRGO/FeWO4/Fe3O4 ternary nanocomposite in environmental and

energy applications.

The material showed excellent catalytic efficiency towards the
photodegradation of MB dye, reduction of 4-NP and electrolytic HER. The
photodegradation efficiency is approximately 99.18 % for 100 minutes and reduction
reaction is completed in 45 seconds. The nanocomposite catalyst has high stability
and reusability even after 10 and 20 cycles in the case of photodegradation and
reduction reactions, respectively. The mechanism of catalytic action is also proposed.
The nanocomposite as a catalyst exhibited outstanding HER activity and stability
requiring a low onset potential of 59 mV to deliver a current density of -10 mA cm™
at a low overpotential of 292 mV. The Tafel slope is 73 mV dec™! indicating that the
process follows Volmer-Heyrovsky mechanism. The durability and activity for HER

even after 1000 cycles is quite good.

Chapter 6 gives a descriptive report on the synthesis, characterization and
multifunctional  catalytic = performance of novel NRGO/BaWO4/g-C3N4

nanocomposite.

The synthesized composite exhibited high catalytic efficiency towards HER,
photodegradation of MB dye and catalytic reduction of 4-NP to 4-AP suggesting that
the material can be a very promising multifunctional catalyst. The photodegradation
efficiency of NRGO/BaWO4/g-C3Ny is approximately 9.11 times higher than BaWO4
and it showed high stability even after 5 cycles. On the basis of the experimental

results, the possible photodegradation mechanism is proposed. The composite also
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showed excellent catalytic activity in the reduction of 4-NP to 4-AP in the presence of
NaBHg4. The reaction completed in 60 seconds and it showed high stability even after
10 cycles. The nanocomposite needed onset potential of 83 mV and a current density
of -10 mA cm™ at a low overpotential of 211 mV, indicating its high efficiency for
HER. The Tafel slope of the HER is 62 mV dec’!, indicating that the kinetics of the
reaction follows Volmer-Heyrovsky mechanism. Also, the material delivered good

durability and high activity for HER even after 2000 cycles.

Chapter 7 outlines the summary of the work presented in the thesis along
with important conclusions drawn from the study. The results of experimental
investigation presented in the thesis are compared with reported literatures. Scope for

further research has also been included in this chapter.

References used have been listed at the end followed by the Bio-data.
7.2 CONCLUSIONS
The major conclusions drawn from the present research work are listed below:
e (Graphene - transition metal tungstate based nanocomposites can be efficiently

synthesized employing microwave irradiation approach.

e The synthesized nanocomposites can be used as effective catalysts for

photodegradation of dyes, reduction of 4-NP to 4-AP and electrolytic HER.

e The synthesized nanocomposites exhibit high catalytic activity due to the

synergistic effects of the components of the catalyst.
e The synthesized nanocomposite catalysts are highly stable and reusable.

e The observed results suggest that novel graphene-transition metal tungstate
based ternary nanocomposites are potential candidates as multifunctional

catalysts in the field of clean energy and environmental applications.
The summarized results of the present research work are given in Table 7.1.

Further, the results obtained pertaining to the catalysts discussed in this work
have also been compared with those of other catalysts reported in the literature in

Table 7.2, 7.3 and 7.4.
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Table 7.1 Summarized results from this work.

Catalysts NRGO/ZnWO4/Fe304 | NRGO/NiWO4/ZnO | NRGO/CoWO4/Fe203 | NRGO/FeWO4/Fez04 | NRGO/BaWO4/g-C3Ny
Photocatalytic activity towards MB under visible light irradiation
MB: 200 mL (20 mg/L), Catalyst: 20 mg, Visible light source: 250 W Mercury lamp (cutoff filter, 400 nm)
Efficiency and 99.49 %, 99.27 %, 99.05 %, 99.18 %, 99.44 %,
time required 120 min 120 min 120 min 100 min 120 min
Active species h" h" h* h* h*
Reusability 5 cycles (99.49 % to 5 cycles (99.27 % to 5 cycles (99.05 % to 5 cycles (99.18 % to 5 cycles (99.44 % to
97.51 %) 96.72 %) 96.58 %) 97.05 %) 97.44 %)
Catalytic activity towards reduction of 4-NP to 4-AP using NaBH4 in aqueous solutions
4-NP: 2.7 mL (0.1 mM), NaBH4: 0.3 mL (0.1 M) and Catalyst: 0.1 mg
Time required
for complete 30s 80's 30s 45s 60 s
reduction
Reusability 10 cycles, 10 cycles, 10 cycles, 10 cycles, 10 cycles,
and time 30sto48s 80sto 108 s 30sto 60 s 45sto75s 60sto92s
Electrocatalytic activity towards HER in alkaline medium
Catalyst: 0.142 mg/cm?, Medium: 0.1 M KOH and Scan rate: 10 mV/s
Onset 113 101 133 59 83
Over potential 218.55 257 331 292 211
Tafel slope 75 93 95 73 62
Stability 1000 cycles 1000 cycles 1000 cycles 1000 cycles 1000 cycles
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Table 7.2 Comparison of the photocatalytic degradation process parameters of reported catalysts.

Degradation extent

Photocatalysts Light Source Concentration and Time Reference
.. ) Catalyst: 0.1 g, RhB: 250 mL (2.5 . Akhundi and
- - Y s 0
g-C3N4-NS/CuCr204 (10%) | Visible light (50 W LED lamp) x 105 M) 98.8 %, 210 min Habibi 2017
. Visible-light (350 W Xe arc Catalyst: 0.04 g (20 mL), RhB: 30 o . Hao et al.
g-GNA/TIO lamp, cutoff filter, 420 nm) mL (1 x 10° M) 932 %, 90 min 2017
H-mSi0;- Visible light irradiation (500 Catalyst: 0.1 g, MO: 100 mL (50 | Completely degraded in Tian et al.
BiOCl@PANI@Pd (HBPP) W Xe lamp) mg/L) 230 min 2017
{GO-Ti0--0.55CdS Visible light (300 W Xe lamp, Catalyst: 5 mg, MB: 80 mL (5 MB: 90.3 % and 4-CP: Tian et al.
e cutoff filter, 400 nm) mg/L) or 4-CP: 25 mL (1 mg/L) 65.3 % in 60 min 2017
Light source (150 W Xe arc | Catalyst: 1.6 g/L, 2-CP: 60 mL (10 o . Wang et al.
AgCl@Ag/N-rGO lamp, cutoff filter, 400 nm) mg/L) 97 %, 150 min 2017
T i 0
Catalyst: 50 mg, Antibiotics %g;;fcl}?;?glen 6547'74‘/),
.. . . . : .1 70,
(NGQDs)-BiOI/MnNb>Os Visible light (250 W Xe lamp, '(tetracych.ne, oxytetracyhpe, oxytetracyline: 72.1 % in Yan et al.
cutoff filter, 420 nm) ciprofloxacin and doxycycline): . o 2017
100 mL, (10 mg/L) 120 min and tetracychne.
’ 87.2 %, 60 min
. . Faraji and
RGO/Ag/Tl?;;:sanotubes/Tl uv resourcei ;;125) W Mercury MB: 100 mL (10 ppm) 89 %, 120 min Mohaghegh
P P 2016
. UV light source (UV-A light ) o . Thanh-Truc et
Cu-dopedTiO2/RGO 300 W, 2=315-400 nm) MB: 35 mL (10 ppm) 63 %, 180 min al. 2015
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Exposure to natural sunlight Catalysts: 10 mg, RhB: 100 mL Completely degraded in | Gururaj et al.
Graphene-ZnO-CoPC (700-800 W/m?) (10 mg/L) 140 min 2014
. Visible light (250 W halogen | Brilliant red X-3B (25 mg/L), 0.1 0 . Wang et al.
Graphene-Bi:MoOs lamp, cutoff filter, 400 nm) g of photocatalyst (200 mL) 90.4 %, 90 min 2012

NRGO/ZnWO4/Fe;04

NRGO/NiWO4/ZnO

NRGO/CoWO4/FexO3

NRGO/FeWO4/Fe;04

NRGO/BaWO4/g-C3N4

Visible light source (250 W
Mercury lamp, cutoff filter,
400 nm)

Catalyst: 20 mg, MB: 200 mL (20
mg/L)

99.49 %, 120 min

Present work

99.27 %, 120 min

Present work

99.05 %, 120 min

Present work

99.18 %, 100 min

Present work

99.44 %, 120 min

Present work

Table 7.3 Comparison of 4-NP to 4-AP reduction parameters of reported catalysts.

Catalysts Time (min or s) Rate Constant (min! or s) Reference
Pd-GA/RGO 5 min 0.1199 min™! Ezhil Vilian et al. 2017
[Pt(ppy)Cl(3-ampy)]/GO 840 s 2.04x 103 s Fath et al. 2017
5 wt.% Ag-Fe>Os xerogel 90 s 2.08x 102 5s! Feng et al. 2017
NiFe/AC 2.5 min 1.936 min™! Gao et al. 2017
Ag NPs/PD/PANFP 30 min 0.1370 min™! Lu etal. 2017
POT/Fe;04/Au 15 min 2.28x 103 5! Sun and Chen 2017
AgNPs@MWCNTs-polymer composite 5 min 0.473 min’! Alshehri et al. 2016
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Pd/RGO/Fe304 60 min 3.06 min’! Atarod et al. 2016
1 wt % Auzs/AlLO3 90 s -—-- Farrag 2016
Ni-Ca-Al O3 18 min 2.85x 107 s! Feng et al. 2016
Ni-RGO 480 s 1.8x 1073 st Tian et al. 2015
Guar gum-PtNPs 240 min 0.42 min’! Pandey and Mishra 2014
XG/Ag NPs 24 h 0.90 min™! Xu etal. 2014
GO/Ag 0.5 min 14.5x 103 57! Mao et al. 2012
NRGO/ZnWO4/Fe304 30s 0.13344 5! Present work
NRGO/NiWO4/ZnO 80s 0.02355 57! Present work
NRGO/CoWO4/Fez03 30s 0.08468 s°! Present work
NRGO/FeWO4/Fe304 45 s 0.04338 s°! Present work
NRGO/BaWO4/g-C3N4 60 s 0.1883 5! Present work

Table 7.4 Comparison of HER parameters using alkaline medium of reported catalysts.

Onset potential Over potential
Catalysts Tafel slope (mV dec™) References
(mV vs. RHE) at -10 mA c¢m
Mo2C@NPC -137 -- 126.4 Lietal. 2016
7Z10.76C00.24S/CoS» -- 238 164 Liang et al. 2016
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MoS: CNTs aerogel -210 -- 135 Reddy et al. 2016
AgS/CuS -323 - 104 Ren et al. 2016
Carbon paper/carbon tubes/cobalt-sulfide -- 190 138 Wang et al. 2016
Co-NRCNTs -- 380 - Wu et al. 2016
AuNPs@NCNRs/CNFs-8 -190 386 110 Zhang et al. 2016
CoOx@N-doped carbon -- 232 115 Jin et al. 2015
NiCo2S4 nanowires -- 228 141 Liu et al. 2015
Co-PCPTF -- 370 -- Yang et al. 2015
CoP/CC -- 550 129 Tian et al. 2014
Fe@N-C -- 330 158 Wang et al. 2014
N,P-graphene 389 585 145 Zheng et al. 2014
Co-NRCNTs -- 370 -- Zou et al. 2014
NixCo10-x/C nanoflakes 200 -- 64 Baranton and Coutanceau 2013
NRGO/ZnWO4/Fe304 113 218.55 75 Present work
NRGO/NiWO4/ZnO 101 257 93 Present work
NRGO/CoWO4/Fex03 133 331 95 Present work
NRGO/FeWO4/Fe304 59 292 73 Present work
NRGO/BaWO4/g-C3N4 83 211 62 Present work
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7.3 SCOPE FOR FUTURE WORK

As a continuation of the investigations carried out in this thesis, there is ample

scope for further studies. The following work is suggested for the future research.

e In this thesis, the MB is selected as a model pollutant to evaluate the
photocatalytic activities of the catalysts. A host of other dyes can be taken as

substrates for photocatalytic degradation studies.

e The techniques such as HPLC and LC/MS can be utilized to further study
the intermediate products and monitor the temporal course of the reaction in

detail during the photocatalytic degradation.

e Morphology and components of the graphene based composite can be varied

and its effect on catalytic efficiency can be studied.

e Graphene based nanocomposites can be studied as cathode materials in fuel
cells for electrocatalysis of oxygen reduction reactions in both acidic and

basic medium.
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