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Abstracts 

Chapter-1 

This chapter provides a brief introduction to semiconductor-based photocatalysis, how TiO2 

acts as a photocatalyst, and its advantages and applications, such as photocatalyst for the 

degradation of hazardous water pollutants and photocatalytic hydrogen production, are 

discussed in this chapter. To overcome its drawbacks, the modification of TiO2 with metal 

deposition and carbon-rich graphene oxide (GO) has been outlined. The related literature has 

been systematically reviewed, and a brief description of characterization techniques for 

assessing the properties of synthesized GO-modified metal- TiO2 nanocomposites has been 

provided. In this regard, the realized research gaps were mentioned with the objective of the 

current research work. 

 

Chapter-2 

Graphene oxide (GO), an atomic sheet structure made of sp2-bonded carbon atoms with 

superior optoelectronic, and catalytic properties, has attracted much interest. Incorporating a 

carbon-rich material, onto metal-loaded TiO2 is reported to increase the photocatalytic 

properties of resultant composites. This research aimed at the deposition of different amounts 

(1-5 wt%) of GO using the ultrasonication method on bare TiO2 and Ag (3wt%)-TiO2 (AT3) 

and studied their influence on piroxicam-20 degradation under visible light and methanol 

dehydrogenation under UV light. The prepared composites' structural, optical, and 

morphological properties were characterized using XRD, DRS, HR-TEM, FE-SEM, and XPS. 

HRTEM analysis confirmed the existence of GO layers and spherical-shaped Ag nanoparticles 

deposited over the TiO2 surface. GO(5wt%)@Ag(3wt%)-TiO2 (G5@AT3) displayed better 

photodegradation efficiency (78%) (k = 0.0082 min-1) under 120 min, and 

GO(1wt%)@Ag(3wt%)-TiO2 (G1@AT3) composite produced higher amount (427 mmol) of 

H2 from photocatalytic dehydrogenation of CH3OH under 5h relative to TiO2 (2 mmol),  AT3 

(166 mmol) and GO(5wt%)@TiO2 composite (GT5) (11 mmol). HRMS analysis was 

performed to identify the piroxicam-20 degradation intermediates. Thus, this research provides 

a proactive strategy highlighting the cooperative effect of Ag and GO loading to improve the 

photocatalytic efficiency of TiO2 photocatalyst using both UV-visible light irradiation. 
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Chapter-3 

 The high efficiency of the production of hydrogen from alcohols is vital to the advancement 

of energy technology. This study thoroughly investigates the process of alcohol 

dehydrogenation utilising GO-modified Cu-TiO2 photocatalyst under UV light and sunlight 

exposure. GO-modified Cu-TiO2 photocatalyst was synthesised using the hydrothermal 

method. Various experimental techniques, including FESEM, HRTEM, XPS, and DRS, 

confirmed the formation of the ternary composite. The influence of different alcohols 

(methanol, ethanol, propanol) and their concentrations (same vol% and molarity) on the 

amount of hydrogen (H2) production was examined in this study. The study thoroughly 

investigated the impact of various parameters, such as the influence of GO and Cu loading on 

TiO2 and their combined effect, time course, nature of alcohol and the reaction conditions on 

the photocatalytic hydrogen production. The GO(0.5wt%)/Cu(3wt%)-TiO2 (G0.5C3T) 

composite demonstrated the highest quantity of hydrogen production during methanol 

dehydrogenation when subjected to both UV and sunlight irradiation. The composite exhibited 

remarkably about three-fold higher hydrogen evolution in sunlight(881 mmol) than in UV 

light(294 mmol). The exceptional performance of this composite can be attributed to the 

efficient transfer of charge carriers and the delayed recombination of electron-holes, which is 

a result of the cooperative effect of GO and Cu deposited over the TiO2 system. This approach 

offers a proactive strategy, signifying the synergetic effect of loading GO and Cu over TiO2 to 

enhance the photocatalytic hydrogen production, which is regarded as a green fuel solution, 

and turns these materials into useful energy sources by using inexpensively synthesised 

photocatalysts. 

 

Chapter-4 

 Graphene oxide (GO) has now emerged as one of the most promising materials in different 

areas such as photocatalysis, adsorption, and energy storage due to its high surface area, unique 

layered structure, etc. Among various types of precursors, anthracite coal has attracted a lot of 

attention nowadays as it affords GO a high concentration of sp2 carbons, resulting in high 

conductivity and superior absorbance in the visible region. In this report, we have prepared 

GO-TiO2 nanocomposites as it is supposed to possess high photocatalytic activity owing to 

facile electron transmission from the conduction band of TiO2 to the GO surface, resulting in 

a much lower degree of electron-hole pair recombination. To boost the photocatalytic activity 

further, TiO2 was coated with Ag nanoparticles also. These hybrid structures were 
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characterized by different analytical techniques, for example, XRD, HR-TEM, SEM, Raman 

spectroscopy, etc. The XRD pattern of these composites consists of characteristic peaks 

corresponding to GO, TiO2 and Ag. The HR-TEM studies confirm the presence of GO layers, 

cube-shaped TiO2 and spherical Ag nanoparticles. Phenol and 4-nitrophenol have been used as 

model pollutants to evaluate the photooxidation efficiencies under both UV and visible light 

irradiation. Under UV irradiation, the GO/Ag-TiO2 ternary nanocomposite shows better 

photooxidation efficiency (62%) compared to Ag-TiO2 (38%), GO-TiO2 (9%), GO (17%), TiO2 

(8%) towards phenol degradation. The GO/Ag-TiO2 also has the highest photocatalytic activity 

towards the removal of phenol under visible light irradiation (34%). The ternary heterostructure 

(85%) also possesses superior photooxidation activity compared to, Ag-TiO2 (44%) and GO-

TiO2 (71%) towards the degradation of p-nitrophenol under UV light radiation for 60 minutes. 

The above observation reveals that the cooperative effect of Ag, TiO2, and GO plays a crucial 

role in resulting in the high photooxidation activity of the GO/Ag-TiO2 hetero-nanocomposites. 
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 CHAPTER- 1 

  

1.1 Introduction 

1.1.1 TiO2 as photocatalyst  

In the present era, the world is facing two significant challenges: the need to protect and restore 

the environment and the requirement to manage, store, and convert energy in alternative ways. 

These challenges have arisen due to the substantial growth in global population, 

industrialization, and the consumption of natural resources. Therefore, it is imperative to 

discover an effective approach to address the issue of energy scarcity and the harm to the 

environment. "Semiconductor-based photocatalysis" is considered a promising approach for 

achieving a clean and sustainable future, considering its purity, inexhaustibility, effectiveness, 

and low-cost [1]. It mostly involves accelerating the chemical reaction by employing a light-

activated SC(semiconductor) catalyst. In this context, the advanced oxidation process (AOP) 

is one of the most intriguing process that can achieve total oxidation of both organic and 

inorganic water pollutants. The term "heterogeneous photocatalysis" describes a process 

wherein a semiconductor material's surface is activated by light to produce reactive species, 

most notably hydroxyl radicals (•OH), that subsequently mineralize the pollutant of concern. 

Among various photocatalysts, Titanium dioxide (TiO2) is an established photocatalyst known 

for its robust photocatalytic oxidation, high room temperature activity, and excellent 

photostability. Titanium dioxide, or titania, is a naturally-found transition metal oxide 

represented by the scientific notation TiO2. Furthermore, it is widely utilised throughout several 

industrial sectors like paints, varnishes, paper, printer inks, rubber, plastics,  cosmetic items, 

and more[2–4]. As a result of its distinctive structural, optoelectrical, and photocatalytic 

characteristics, it is recognised as a promising semiconductor nanomaterial[5,6]. The physical-

chemical stability, high refractive index, low toxicity, strong reactivity, ease of synthesis, low 

price, excellent catalytic activity, and excellent energy conversion efficiency of TiO2 have been 

widely recognised (Scheme- 1.1(a) )[7,8]. For that reason, it is appropriate for a variety of 

critical technological applications, including the treatment of wastewater, the development of 

self-cleaning coatings[9], the production of disinfecting materials, the production of fuel cells 

[5,10], the development of solar cells[11,12], and sensors (Scheme- 1.1(b)). 
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Scheme-1.1: (a) Various properties and (b) different applications of TiO2 nanostructures. 

 It occurs naturally in the following three forms: anatase, rutile, and brookite. The states are 

defined by the interaction of TiO6 octahedra while preserving the overall stoichiometry 

consistent with TiO2[13–15]. This semiconductor photocatalyst demonstrates high efficiency, 

exhibiting band gaps of ~3.2 eV, ~3.02 eV, and ~2.96 eV across its anatase, rutile, and brookite 

phases, respectively. It demonstrates absorption in the ultraviolet (UV) region[2,16]. 

General mechanism of TiO2 during photodegradation reaction on organic pollutant 

Upon exposure to light irradiation, the photocatalyst (TiO2) facilitates the transition of electrons 

(e-) from the valence band (VB) to the conduction band (CB), allowing them to migrate to the 

surface of the catalyst, where they subsequently undergo reduction. The holes have the ability 

to undergo an oxidation process by directly reacting with the organic molecules or generating 

hydroxyl radicals (∙OH), which then oxidise organic molecules and break them down into 

smaller products. Electrons also undergo reactions with organic molecules to produce reduction 

products. Dissolved O2 can be reduced to O2
.- radicals by the electrons in the conduction band 

(Scheme-1.2). 

𝑇𝑖𝑂2 + ℎ𝑣 →  ℎ+(𝑉𝐵) + 𝑒− (𝐶𝐵) 

ℎ+ +  𝐻2𝑂 →  𝐻+ + 𝑂𝐻− 

ℎ+ + 𝑂𝐻− → 𝑂𝐻∙ 

𝑒− + 𝑂2 → ˙𝑂2
− 
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˙𝑂2
− + ℎ+ + 𝑂𝐻∙ + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑜𝑡ℎ𝑒𝑟 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

    

Scheme-1.2: A schematic representation of the photocatalysis process towards the degradation 

of organic pollutants. 

Catalyst type Organic 

pollutant 

Source 

light  

Result Reference 

Degussa P-25 

TiO2 

Rhodamine B UV light Initial concentration is 

0.2 g/L, at 120 min, 

55% degradation 

[17] 

TiO2 

nanoribbons 

and carbon 

nanotubes 

Methylene blue UV light Initial concentration is 

0.2 g/L, at 180 min, 

97.5% degradation 

[18] 

TiO2 nanotube Orange II UV light Initial concentration is 

70 mg/L; at 2000 min, 

89.46% degradation 

[19] 

Nano flower-

like rutile TiO2 

Methylene blue Solar 

light 

Initial concentration is 

5 mg/L; at 180 min; 

98.95% degradation 

[20] 

TiO2 Degussa 

P-25 

Acridine 

Orange and 

ethidium 

bromide 

Solar 

light 

Highest efficiency of 

degradation was 

achieved using P-25 

under alkaline 

conditions (pH ¼ 10) 

[21] 

TiO2 Degussa 

P-25 

Malachite 

Green 

UV light 99.9% of Malachite 

Green was degraded 

at 6 h. 

[22] 

TiO2 Degussa 

P-25 

Acridine 

Orange and 

ethidium 

bromide 

UV light Degussa P25 showed 

better performance 

than other TiO2. 

[21] 
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Table 1.1: Summary of the photocatalytic efficiency of the TiO2 form and structure on organic 

pollutants. 

Various other shapes and structures of the TiO2 photocatalysts have been assessed for their 

effects on wastewater treatment (Table 1.1). Degussa P-25 TiO2 exhibited substantially greater 

photocatalytic activity than that of other forms of TiO2 photocatalysts, including UV100 (100% 

anatase; Hombikat) and PC500 (100% anatase; Millennium inorganic chemicals), among these 

various forms. References investigated the impact of these three versions of TiO2 on the 

degradation of Ethidium Bromide, Triphenylmethane dye and Acridine Orange. It determined 

that Degussa P-25 TiO2 exhibited the maximum degradation rate[23]. The reason for this is 

that the Degussa P-25 is composed of microscopic nano-crystallites of the rutile (18%) which 

are dispersed inside the anatase matrix (73%). During the photocatalytic activity, these two 

forms of TiO2 exhibit a synergistic effect in DegussaP-25 TiO2.  

1.1 .2 Limitations of TiO2 as photocatalyst  

Although TiO2 have significant potential for photocatalytic applications, its effectiveness is 

hindered by its rather small specific surface area, rapid recombination of photogenerated charge 

carriers, and limited efficiency in utilising solar or visible light due to the wide band gap. The 

limitations greatly constrain the widespread application of the material. A significant amount 

of effort has been directed towards the modification of TiO2 in order to enhance the lifetime of 

the charge carrier and the light absorption features.  

1.1.3 Modification over TiO2 

 1.1.3.1 Metal deposition   

On the contrary, the primary challenge to optimising TiO2's photocatalytic efficiency is the 

broadband gap (approximately 3.0–3.2 eV), which restricts its activity solely to the UV light 

region, thereby preventing the effective utilisation of the entire solar spectrum, along with a 

rapid electron-hole recombination rate. Currently, numerous potential approaches are being 

considered, including stimulating using noble or transition metals and combining them with 

other semiconductors or carbon-based substances[24]. The enhancement of photocatalytic 

processes by modifying semiconductor materials with noble metals is ascribed to more efficient 

e--h+ separation, the expansion of photoactivity to the visible range, and the surface plasmon 

resonance (SPR) exhibited by the metal nanoparticles[25]. Noble metal nanoparticles (Au, Pt, 

Ag) exhibit a significant absorption of visible light as a result of their surface plasmon 
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resonance (SPR). This phenomenon is characterised by the collective oscillation of their 

conducting electrons, which is triggered by the electric field of incoming visible light[26]. 

When the Fermi level of the metal is positioned between its VB and CB, photoinduced 

electrons transfer from the semiconductor's CB directly to the metal nanoparticles. These metal 

nanoparticles function as electron sinks owing to the Schottky barriers that are established at 

the metal-semiconductor contact. Metal nanoparticles' photoinduced electrons are captured by 

appropriate reactive species. Thus, by depositing metal on the semiconductor surface, the 

charge transfer distance is reduced, the electron-hole pairs are suppressed from reuniting, and 

the photocatalyst's response in the visible region is improved. 

The absorption and scattering properties of metallic nanoparticles can be optimised by tailoring 

their morphology and dielectric environment. Noble metals are photoactive to a limited extent 

when present in bulk. However, when deposited over the semiconductor surface, such as TiO2, 

they exhibit electron storage properties, which result in enhanced charge separation. The noble 

metal nanoparticles exhibit unique optical and catalytic properties that are not typically 

observed in bulk metal. Deposition of a nano-noble metal over the TiO2 surface can improve 

photocatalytic efficiency by facilitating faster electron transfer between semiconductor and 

metal deposits, as opposed to the surface trapping states caused by bulk modification. The 

presence of localised surface plasmon resonance (SPR) in gold (Au) and silver (Ag) 

nanoparticles often results in the appearance of intense and broad absorption bands within the 

visible light spectrum. Furthermore, this phenomenon is employed to produce photocatalysts 

that are stimulated by visible light. In this regard, the metal nanoparticle size, synthesis method, 

and weight loading play a crucial role. 

The strong SPR effect and intriguing electrical conductivities of coinage metals (such as Cu, 

Ag, and Au) have been a subject of considerable attention[27]. In this regard, these materials 

have been employed in a variety of sizes, forms, and shapes to alter the optical and surface 

characteristics of TiO2 photocatalysts[28,29]. Due to their appropriate redox potentials 

(Cu=0.337eV, Ag=0.799eV, and Au=1eV), these metals have been photo-deposited on the 

surface of TiO2 and examined for a variety of environmental photocatalytic applications. For 

example, mesoporous RuO2-TiO2 has been photo-deposited with Au, Pd, and Pt metals for 

CH3OH oxidation. RuO2-TiO2 composites containing Au exhibited a significant photocatalytic 

activity in visible light in comparison to Pd, Pt-deposited catalysts[30]. Likewise, TiO2 

nanoparticles modified with Ag and CuO have been identified as effective electron scavengers 

for the photooxidation of acetic acid and phenol[27]. Moreover, several Ag, Cu, Pt, and Au -
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modified TiO2 nanocomposites have been documented in the literature to investigate the 

efficient oxidation-reduction pathways[31,32]. 

1.1.3.2 Modification with Graphene oxide (GO) 

In an alternative method, the photocatalytic properties of TiO2 can be improved by 

immobilising TiO2 on carbonaceous materials, including carbon nanotubes and graphene[33–

36]. The 2D carbon nanostructure graphene exhibits exceptional charge transfer capabilities, 

chemical stability, and optical characteristics. Graphene is an exceptional material 

characterized by its atomic sheets consisting of sp2-bonded carbon atoms. It has garnered 

significant interest due to its remarkable properties, such as an extensive surface area, high 

chemical and thermal stability, excellent interfacial contact with adsorbents, and outstanding 

charge carrier mobility. Combining TiO2 with materials composed of graphene can reduce e--

h+ recombination, shifting TiO2's sensitivity from UV to visible range. The primary drawback 

of graphene, however, is its extremely limited solubility in ordinary organic solvents[37]. 

Conversely, graphene oxide (GO) is a perfect substitute for producing solution-processable 

graphene since it easily produces stable dispersion in a range of solvents[38]. 

It can be synthesised chemically through a chemical exfoliation process to produce GO. This 

produces a multilayered-graphene-sheet containing functional groups, including epoxy, 

hydroxyl, and carboxyl. The functional groups react with metal precursors, which causes metal 

ions to accumulate and, in the end, immobilises metal nanoparticles onto the GO sheet. The 

TiO2/graphene composite exhibits superior photocatalytic performance that possesses 

improved light absorption as well as high surface activity. Additionally, it creates interfaces 

between TiO2 and carbon nanostructures, functioning as p-n heterojunctions[39]. The 

heterojunctions facilitate the separation of photoinduced electrons and holes, which enhance 

the photocatalytic activity of such composites. The TiO2/graphene composites synthesis has 

been accomplished using several methods, such as the sol-gel[40,41], solvothermal[42–44], 

and hydrothermal processes[45–48]. The hybrid composites comprising nanoparticulate metals 

and graphene oxide (GO) can display superior characteristics, including high adsorption 

capacity for organic dyes, reduced recombination rate of the photo-generated charge 

transporters, and excellent - stacking with dye chromophores. 

Khalid and his colleagues[49] employed the sol-gel method for fabricating Cu-TiO2 

nanoparticles and then used a hydrothermal approach to combine Cu-TiO2 with graphene. The 

composites had a broad spectrum of light absorption encompassing both ultraviolet and visible 
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light wavelengths and exhibited superior photoactivity compared to the Cu−TiO2 and 

TiO2/graphene composites. A Pd−TiO2/graphene composite was synthesised by Song and his 

team[50] by the incorporation of TiO2 nanoballs onto the graphene utilising a poly (diallyl 

dimethyl ammonium chloride) as a linker. The composite was added to a solution of palladium 

chloride and ammonia and then placed inside a hydrothermal reactor, continuing heating. 

Katsarakis[38]synthesised an Ag−TiO2 powder by coupling P25-TiO2 with an AgNO3 

precursor and dimethylamine borane as a reducing agent. The obtained powder was added to 

an ethanol-water mixture, followed by the addition of GO and introduced into a hydrothermal 

reactor. The Ag TiO2/GO composite exhibited exceptional photoactivity in the 

photodegradation of methylene blue dye. 

1.1.4 Photocatalytic applications 

1.1.4.1 Water pollutant remediation 

In recent years, water contamination has emerged as a significant concern. Numerous 

hazardous substances, such as pesticides, personal care products, industrial dyes, fertilizers, 

disinfectants, prescription medications, and inorganic pollutants (specifically heavy metals), 

are being released into water bodies on a daily basis without undergoing any chemical 

treatment. The continual presence of these hazardous to-health pollutants in water sources 

poses dangers to both human and aquatic life. Industrial development is linked to the presence 

of toxic contaminants, including phenolic compounds, which are harmful to humans, harmful 

to the environment, and difficult to eliminate through natural means.  

Phenolic compounds are aromatic compounds that have one or more hydroxyl groups bonded 

to the aromatic ring. The subject matter of phenols and their derivatives has garnered an 

increasing amount of global attention. This category of pollutants is predominantly present in 

industrial effluents. Phenols, when exposed to the environment in effluent, directly pose a 

threat to humans due to their rapid absorption by the lungs in a brief period. Because of their 

corrosive properties, all forms of phenols and their derivatives can induce irritation in the 

respiratory tract, eyes, and skin. These chemicals have wide-ranging applications in the textile, 

pharmaceutical, and agrochemical sectors.  

Pharmaceutical pollutants, including antibiotics, analgesics, and disinfectants, have been found 

in surface water at concentrations ranging from ng/L to g/L. Approximately 70-90% of 

antibiotics are excreted in either chemically unmodified or active metabolite form by humans 
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and animals. The poor metabolic rate, excessive intake, and insufficient absorption of these 

compounds make environmental resources vulnerable to contamination. According to reports, 

these substances are not removed altogether at sewage treatment plants. As a result of the severe 

repercussions of water pollution caused by pharmaceutical and dye contaminants, researchers 

have made numerous efforts to remove these potentially harmful substances from the effluent. 

Recent studies have investigated and evaluated several environmental strategies for the 

removal of persistent contaminants from polluted wastewater[51]. These include integrated 

Fenton oxidation, sonochemical degradation[52], electrochemical treatment[53], 

adsorption[54,55], ion exchange[56],and biological treatment[57]. Nevertheless, those 

methods have disadvantages, including high operational costs as a result of their substantial 

energy consumption. In recent times, photocatalytic degradation has become increasingly 

attractive as a highly promising approach for eliminating refractory contaminants such as dyes, 

pharmaceutical drugs, other organic pollutants, etc. This advanced oxidation process provides 

multiple advantages ranging from minimal operational costs, reusability, ability to utilize solar 

energy, and contaminant removal from different media.  

In recent years, heterogeneous photocatalysis has shown considerable significance as a viable 

solution for treating wastewater generated by various sectors. The photocatalytic process is 

predicated on the production of hydroxyl radicals ((∙OH), which possess a high degree of 

oxidative power and can efficiently oxidise organic pollutants, as well as disinfect 

microorganisms. Barakat et al.[58] synthesized Ni(OH)2/graphene oxide/ TiO2 nanocomposite 

and employed it for wastewater treatment, including toxic organic compounds, microbes, and 

lipids in dairy effluent. It was examined for both the degradation of 2-chlorophenol (2-CP) and 

the pre-treatment of dairy effluent to enhance digestibility and remove microbial pollutants 

through anaerobic digestion. The composite efficiently removed 80% of the 2-CP in 4h under 

solar light with 25mg/l concentration (pH= 6.0). The organic solubilisation of dairy effluent is 

enhanced by the pretreatment process, resulting in an increase in soluble chemical oxygen 

demand (sCOD) content from 272 to 631 mg/l within six hours of photocatalysis. A study 

conducted by Moonrisi et al.[59] documented an increased rate of degradation of 4-

chlorophenol (4-CP) while employing Pt-deposited (1 mol%) P25 under experimental 

circumstances, including nitrogen bubbling. Their observation revealed a reduction in the rate 

of degradation when dissolved oxygen was present. Qi et al.[60] synthesized the Ag-modified 

GO- TiO2 (Ag/GO-TMCs) composite using photoreduction deposition method. The study 

aimed to explore the photocatalytic characteristics of the catalyst for the degradation of 
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Rhodamine B dye (RhB) and dinitro butyl-phenol (DNBP) when exposed to visible light. From 

the prepared composites, Ag/GO-TMCs-7.5% composite, where 7.5% Ag deposited over GO-

TMCs exhibited the highest amount of degrading efficiency for RhB and DNBP when 

evaluated under visible light illumination for 3h. The enhanced photocatalytic efficiency of 

Ag/GO-TMCs can be ascribed to the increased affinity of Ag nanoparticles and GO for visible 

light and the surface plasmon resonance (SPR) effect.  

 

1.1.4.2 Photocatalytic hydrogen production  

In the forthcoming decades, the primary obstacles will be the energy crisis and environmental 

contamination issues. Among the diverse alternative energy sources, hydrogen energy is a 

critical element of the renewable energy strategy of the developed world due to its immediate 

availability and high fuel efficiency. Researchers have devoted significant focus to the use of 

hydrogen as an environmentally friendly energy carrier and to the establishment of novel 

methods for its generation without relying on fossil fuels. Presently, the majority of the energy 

used by humankind is generated through the combustion of fossil fuels, which are a finite 

natural resource. According to statistical data, there has been a prevailing tendency in recent 

years towards economic expansion worldwide, resulting in a rise in energy consumption per 

unit of gross domestic product[61,62]. Among renewable energy sources include solar and 

photovoltaic energy, biomass, hydropower, tidal energy, ocean thermal energy[63]. In this 

instance, solar energy is a strategically significant resource, as it is the major form of renewable 

energy. Consequently, the direct conversion of light energy into the energy of chemical bonds 

is one of the most promising areas for the development of solar energy. The ultimate objective 

may be the photocatalytic production of hydrogen[64,65].  

Sodium borohydride, ammonia, borane, methanol, ethanol,  formaldehyde, and hydrazine have 

been assessed as initial substrates in catalytic and photocatalytic reactions for hydrogen 

generation[66,67]. Benzyl alcohol, glucose, alkanes, and ethanol have recently gained 

significant interest as potential precursors in photocatalytic hydrogen production 

systems[68,69]. CdS, TiO2, Cd1-xZnxS, and g-C3N4-based heterogeneous catalysts have been 

widely preferred in photocatalytic hydrogen production[70,71]. Although there is a wide range 

of suggested novel photocatalyst materials, titanium dioxide remains one of the most frequently 

used photocatalysts because of its abundant availability, very low toxicity, and exceptional 

durability. The photocatalytic efficiency of pure TiO2 is well-documented to be somewhat poor, 
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given the rapid recombination of electron-hole pairs. Deposition of noble metal co-catalysts 

onto the surface of TiO2 is a generally used method to enhance activity. Metal nanoparticles 

function as electron traps due to the creation of the Schottky barrier at the metal-semiconductor 

interface, thereby extending the lifespan of electron-hole pairs. A recent study by Zhu et al. 

revealed that plasmonic Au/TiO2 displayed exceptional HCHO oxidation activity when 

exposed to visible light. This high performance is due to the combined effects of plasmonically 

excited electrons on the Au and active oxygen species on the surface[72]. Bamwenda and 

colleagues[73] conducted an experiment to examine the catalytic activity of two catalysts, 

Au/TiO2 and Pt/TiO2, for the generation of H2. The findings indicated that the performance 

activity of the Pt sample was 30% greater than that of the Au sample. A high production of 

hydrogen was observed when both Au and Pt samples were calcined in air at 573K. 

Additionally, carbon-based materials such as graphene oxide, reduced graphene oxide, or 

graphitic nitride on TiO2 can be highly beneficial due to their high conductive properties and 

extensive surface area for electron transfer and delocalisation, which results in a reduced 

recombination rate of the e-/h+ pair. Zhang et al.[74] synthesized a ternary graphene-like 

photocatalyst using Mo and GO over a SiC semiconductor catalyst. The experimental results 

indicated that the ternary photocatalyst exhibited robust photocatalytic hydrogen production 

activity in comparison to pure SiC. The maximum quantum yield of 21.69% was observed at 

the 400–700 nm wavelength when the catalyst was loaded with 2.5 wt% of GO weight. Rayees 

et al.[75] prepared a Cu-mpTiO2 photocatalyst for hydrogen production from water under 

sunlight. Cu-mpTiO2 generated 1000 mol of H2 (AQE = 11.39%) when exposed to sunlight, 

a significant increase from the amount of H2 produced by Cu impregnated on commercial P25-

TiO2. In another study[76], they synthesized a GO-coated Au-TiO2 nanocatalyst that exhibited 

improved photocatalytic hydrogen production from water due to its core-shell morphology. 

The structural framework of Au-TiO2@GO exhibited a thin layer (about 2.5 nm) of graphene 

oxide shell on top of the Au-TiO2 core, which had a greater specific surface area (about 100 

m2g-1). The Au-TiO2@GO nanocomposite exhibited the highest rate of H2 evolution, which 

increased over a period of 3 hours (110µmol). In comparison to TiO2 and Au-TiO2, the lower 

reduction potential of GO enables a reduction in the recombination rate of charge carriers. 

Conversely, the presence of Au loading enhances the sensitivity of TiO2 to visible light, leading 

to an improvement in the efficiency of solar to hydrogen-conversion.  

These investigations consistently demonstrate a synergistic effect between graphene oxide and 

metal, resulting in an enhanced photocatalytic activity of the composite material. 
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1.2  Research Gaps 

Through the literature review, we discovered that the photocatalytic activity of bare TiO2 has 

been extensively studied for the photocatalytic degradation of organic pollutants and 

photocatalytic hydrogen generation from water splitting. Various reports have been published 

on metal-TiO2 hybrids for enhancing the photocatalytic properties of TiO2. At the same time, 

there is still plenty of scope to enhance the photocatalytic capabilities of metal-TiO2. Several 

transition metals have been found to suffer oxidation/corrosion processes that effectively 

decrease the semiconductor’s photo-efficiency. By combining it with a carbonaceous material, 

the stability of metal-TiO2 can be enhanced. It can be deduced that graphene with unpaired π 

electrons could be used to change the TiO2 surface to produce a visible-light-responsive 

photocatalyst by means of the interaction between unpaired π electrons of graphene and Ti 

atoms. Thus, the band edge and the significant reduction of the band gap of graphene-TiO2 can 

be obtained. The lower reduction potential of GO compared to TiO2 enables a rapid reduction 

in the recombination rate of charge carriers. On the other hand, the presence of metal loading 

enhances the sensitivity of TiO2 to visible light, leading to a higher efficiency of converting 

solar energy into hydrogen compared to TiO2 and metal-TiO2.  

Recent research has demonstrated that the photocatalytic activity of the SC photocatalyst can 

be significantly enhanced by the combined use of graphene oxide and metals. Exploring the 

benefits of GO/M-TiO2 nanocomposites, which include excellent electron conductivity, the 

specific Schottky barrier of the metal, enhanced light-absorption properties, and a large specific 

surface area, will greatly enhance the performance of TiO2 for the various photocatalytic 

applications. 

There are numerous reports on hydrogen production from water splitting, but there are only a 

handful of studies that have been reported on the generation of hydrogen from alcohols using 

such GO-modified/metal-TiO2 catalysts. Moreover, it would be significant to explore both 

oxidative and reductive photocatalytic properties in the same prepared GO/M-TiO2 composite. 

The objective of this research is to optimise the photocatalytic oxidative and reductive activity 

of TiO2 by modulating its band gap and surface-structural properties through the addition of 

GO and metal. This would result in the development of various ternary (GO/M-TiO2) 

heterostructure composites. Furthermore, the several hybrid interfaces formed (M-TiO2, GO-

TiO2) in the structure would lead to enhancement of the efficiency of separating photo-excited 

charges, thereby leading to improved photocatalytic efficiency of the ternary composite.  
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1.3  Objectives 

1. Preparation of Graphene oxide (GO) from coal /graphite and its coating over TiO2 for 

improved surface structural, physical and chemical properties. 

2. Preparation of different metal M-TiO2 (M= Ag, Fe, Cu, Co, Ni, etc.) nanocomposites 

and GO-coated M-TiO2 composites. 

3. Study of surface structural, optical properties and photocatalytic degradation with GO-

TiO2, M-TiO2, GO@M-TiO2 nanocomposites. 

4.  To investigate the H2 production from photocatalytic dehydrogenation of waste 

alcoholic solvents by as prepared nanocatalysts under visible light/sunlight irradiation. 

1.4  Methodology 

1.4.1 Synthesis of metal deposited TiO2 (M- TiO2) 

The photo-deposition method was applied to deposit metal over the TiO2 surface. In a standard 

procedure, about 100 mg of the P25-TiO2 catalyst was dispersed in a 50-vol% aqueous solution 

of the sacrificial agent in a test tube. For preparing different wt% metal composites, a calculated 

amount of metal salt solution was added to the above test tube. Afterwards, the test tube was 

purged with argon gas to remove excess oxygen and prevent oxidation. It was sealed with a 

rubber septum and placed and stirred under UV light for 2-4h. The obtained solution was 

centrifuged, washed and dried. 

1.4.2 Synthesis of Graphene oxide (GO)  

The GO was synthesised using the modified Hummer’s method. An initial mixture of 1 g each 

of graphite and NaNO3 powder in a 1:1 ratio was combined in a conical flask. This was then 

followed by the addition of 23 ml of H2SO4 and magnetically stirred for 3 h, maintaining the 

temperature at around 20 °C. The mixture solution was stirred continuously at ~20 °C for 2 h 

after KMnO4 (3 g) addition. Distilled water (46 ml) was added slowly to the above-mentioned 

solution and further stirred for 2 h, maintaining the temperature at ~98 °C. Afterwards, another 

100ml of distilled water was added, followed by H2O2 (10 ml) after 5 min. The resultant mixture 

was centrifuged and washed with DI water and HCl 3-4 times, and the sample was dried at 55 

°C overnight. 

1.4.3 Synthesis of GO-TiO2 and GO/M-TiO2 

For different wt% GO loadings, the pre-calculated amount of GO (1-5 wt% wrt to TiO2) was 

added in (2:1) ethanol: water solution and sonicated for over 2h to exfoliate the solution. To 



13 
 

create a homogeneous suspension, 200 mg of P25 TiO2 powder (for GO-TiO2 composite) and 

200 mg of M-TiO2 (for GO/M-TiO2 composite) were added in the sonicated GO solution and 

subjected to magnetic stirring at room temperature for 2h followed by transferring it to Teflon 

autoclave and heated at 180 °C for 5h. The resultant mixture was centrifuged and washed with 

DI water and ethanol, and dried. 

1.5  Characterization techniques 

The synthesis of M- TiO2, GO-TiO2, and GO/M-TiO2 nanocomposites involved the use of 

various modified synthetic methods (specific experimental information can be found in the 

corresponding chapters). The surface, structural, and physicochemical properties of the as-

prepared catalysts were further investigated using a variety of characterisation techniques.  

1.5.1 X-ray powder diffraction (XRD): 

The X-ray diffraction (XRD) technique was employed to quantify the diffraction pattern, 

crystallinity, and lattice plane of a catalyst that has been synthesised using an X-ray 

diffractometer (BRUKER) with Cu Kα (1.54 Å) and an angle range of 10°–90° at a rate of 5° 

per minute.  

1.5.2 Morphological analysis: 

The as-prepared nanocatalysts were analysed for their structural characteristics, including 

shape and particle size, using electron microscopy techniques such as Field Emission Scanning 

Electron Microscope (FE-SEM, JEOL JSM-7600F) and High-Resolution Transmission 

electron microscopy (HRTEM, JEOL JEM-2100 model). The elemental composition was 

determined through an Energy dispersive X-ray spectrometer (EDS) (Bruker, QUANTAX 200) 

connected to the above-mentioned FE-SEM scanning module. 

 1.5.3 Raman analysis: 

Raman spectroscopy studies were conducted using a Labram HR 124 Evolution Raman 

microscope with a 532 nm excitation laser. 

1.5.4 Optical studies: 

The UV-visible diffuse reflectance spectra (DRS) were recorded for the optical absorption 

properties of catalysts using a diffuse reflectance spectrophotometer (Avantes) with BaSO4 

serving as the reference. The PL emission spectrum was measured at room temperature to 
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investigate the separation of photoinduced e--h+ pairs. Samples were dispersed in distilled 

water, and data was recorded using a spectrofluorometer (SHIMADZU, RF-6000) for the 

analysis. 

1.5.5 Surface area and porosity determination: 

The Quanta Chrome Nova 2200 Surface Area & Pore Size Analyser was employed to analyse 

the surface area and pore size distribution of the samples using the BET (Brunauer-Emmett-

Teller) and BJH (Barrett-Joyner-Halenda) methods, respectively( Analysis gas: Nitrogen,  Bath 

Temp: 77.3 K, Outgas Time: 6 h, Outgas temperature: 200 °C). 

1.5.6  X-ray photoelectron spectroscopy(XPS): 

The XPS analysis was employed to determine the elemental composition and oxidation states 

present in the composite. Using a monochromatic Al K Alpha X-ray source (1486 eV), the XPS 

data was recorded on a Thermo Fisher ESCALAB Xi+ spectrometer. 

1.5.7 Gas-chromatography (GC): 

The hydrogen production during the photocatalytic dehydrogenation of alcohol was quantified 

using a NUCON, a gas chromatograph using argon as a carrier gas, and a molecular sieve (5X 

A column) with a thermal conductivity detector (TCD). The temperatures of the oven, injector, 

and detector were set according to the experimental conditions required. The hydrogen 

produced was quantified against a standard (505 ppm H2 and 503 ppm CO2, balanced with 

Argon). 

1.5.8 High-resolution mass spectroscopy (HRMS): 

The intermediates and degradation products were analysed using the HRMS (High-resolution 

mass spectroscopy) on Waters, QTOF mass spectrometer with UPLC (XEVO G2 XS). 

1.6  Photocatalytic activity 

The photocatalytic efficiency of synthesized GO-TiO2, M-TiO2, GO/M-TiO2 nanocomposites 

was measured by examining the following two photocatalytic reactions: 

1.6.1 Photocatalytic degradation of organic pollutants 

The photocatalytic degradation efficiency of all composites was investigated for the 

degradation of various organic pollutants. In the course of photodegradation experiments, a 
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certain quantity of catalyst was introduced into a test tube containing an aqueous solution of a 

particular pollutant. The test tube was firstly exposed to dark for a certain time period in order 

to attain adsorption-desorption equilibrium and then light illumination under two sources: UV 

lamp (125W Hg arc, 104 mW/cm2) and visible light (50W LED lamp, Wipro Garnet B22, with 

an intensity ~100W/m2, λ > 360 nm) for distinct durations. At regular intervals, the test tube 

was taken out, the catalyst was separated from the pollutant solution by centrifugation, and the 

change in the concentration of the solution at different time intervals was measured using a 

UV-visible spectrophotometer (Shimadzu UV-2600 spectrophotometer). An analysis of the 

degradation products and intermediates was conducted using HRMS.  

1.6.2 Photocatalytic dehydrogenation of alcohols 

The photocatalytic production of hydrogen by the dehydrogenation of different alcohols was 

investigated using synthesised composites. A test tube containing 10 mL of an aqueous 

alcoholic solution (50 vol%) was used along with the desired amount of catalyst. The test was 

sealed with rubber septum to establish an inert atmosphere after being purged with argon gas 

for 20 minutes. Afterwards, the test tube was placed under light illumination with continuous 

stirring for a certain time period. A syringe was used to extract 1 ml of the sample gas produced 

in the test tube, which was then injected into the injector port of the GC and analysed for 

hydrogen production. The GC chromatogram was subsequently compared to a standard 

hydrogen chromatogram. 
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CHAPTER- 2 

Photocatalytic Degradation of Piroxicam-20 and Methanol 

Dehydrogenation using Graphene Oxide-modified Ag-TiO2 under 

light irradiation  

 

Schematic outline: 

 This study investigated the impact of graphene oxide (GO) at varying amounts (1-5 wt%) on 

TiO2 and Ag (3 wt%)-doped TiO2 (AT3) photocatalysts for piroxicam-20 degradation and 

methanol dehydrogenation. The GO(5wt%)@Ag(3wt%)-TiO2 (G5@AT3) composite achieved 

the highest photodegradation efficiency (78%) under visible light. Conversely, 

GO(1wt%)@Ag(3wt%)-TiO2 (G1@AT3) produced the most hydrogen (427 mmol) from 

methanol dehydrogenation under UV light, outperforming other composites and pure TiO2. 

HRMS analysis was used to identify degradation intermediates. The results highlight the 

enhanced photocatalytic performance of TiO2 with combined Ag and GO loading under both 

UV and visible light. 
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2.1 Introduction 

Graphene oxide (GO), a widely used graphitic substance, has received significant attention 

during the past few years. It is a graphene aromatic lattice containing alcohols, epoxides, 

carboxylic groups, and ketone carbonyls. Functional groups containing oxygen on their surface 

make them hydrophilic and a good option for supporting metal oxide-based semiconductors 

[1,2]. For a variety of applications, GO displayed superior optical, electronic, and catalytic 

properties[3,4]; hence, GO-based materials have been widely reported for the photodegradation 

of various organic pollutants present in waste effluent[5–8]. Different antibiotic residue levels 

with associated harmful effects on aquatic and terrestrial organisms have been found in 

pharmaceutical and agricultural effluents[9]. Medications including piroxicam, diclofenac, 

naproxen, and ibuprofen fall under Nonsteroidal anti-inflammatory medicines (NSAIDs)[10–

12]. NSAIDs are of particular importance among the different pharmacological families due to 

their enormous consumption as they are given for numerous diseases. Numerous NSAIDs have 

been found in surface and subsurface water, wastewater effluents, and biological sludge[13,14]. 

The wastewater containing drug residues must be treated to prevent pharmaceuticals from 

entering the environment. Derikvandi et al. photo-catalytically degraded Metronidazole, one 

such water pollutant drug, with the help of clinoptilolite nanoparticles supported ZnO and NiO 

photocatalysts[15]. 

Another major growing issue is the massive amounts of alcoholic solvents that are often 

drained away after usage since they are a combination of several solvents. Various alcoholic 

solvents such as glycol, methanol, butanol, cyclohexanol, higher chain alcohols, and cyclic 

alcohols are used in chemical labs and various food, cosmetic, and fertilizer industries. The 

photocatalytic dehydrogenation of alcohols is a promising method for the conversion of 

alcoholic solvents into hydrogen, along with some useful organic products[16]. In this 

occurrence, there appears to be an ongoing research effort to develop effective visible-light 

photocatalysts with versatile properties achieved through various methods and material 

combinations, like loading semiconductors[17–20] with noble metals or carbon-based 

materials. Photocatalysis has emerged as a safe and affordable method to remove pollutants 

from water bodies[21–25]. In this process, a semiconductor material is exposed to light by a 

photon with an energy greater than the semiconductor's band gap energy. This produces 

electron-hole pairs on the surface of the catalyst, which can be used to reduce or oxidize organic 

molecules in aqueous solutions. The produced electrons and holes can also combine with water 

and dissolved oxygen to produce hydroxyl and superoxide radicals, respectively, which are 
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potent oxidizing agents capable of attacking contaminants and converting them to smaller 

fragments and, eventually, to CO2 and H2O[26]. Rather et al. coated a thin GO shell over the 

Au-TiO2 core, and it displayed better H2  productivity from water than from a bare metal-TiO2 

catalyst[27]. Hunge et al. investigated the photocatalytic activity of GO/TiO2 composite for 

salicylic acid degradation under sunlight, which showed higher photodecomposition activity 

(57%) than bare TiO2[28]. Jing et al. synthesized different TiO2/graphene oxide composites and 

compared the degradation of quinoline under visible light illumination and found that in many 

instances, the TiO2/graphene oxide composite exhibited a 6.17 times higher photodegradation 

rate than bare P25-TiO2[29]. Ghattavi et al. synthesised AgBr/g-C3N4 catalyst to 

photocatalytically degraded methyl orange (MO) dye. The carbon-based g-C3N4 increased the 

charge transfer between the composite, which significantly decreased the electron-hole 

recombination rate, suggesting the importance of g-C3N4  in photocatalytic degradation of the 

MO[30]. 

To make metal oxide-based semiconductors like TiO2, ZnO, WO3, SnO2, etc., visible light 

active, many potential approaches are being investigated, which include loading with noble or 

transition metals[31–33], coupling it with other semiconductors[34,35] or carbon-based 

materials[36] or making ternary heterojunction composites[37,38] for enhancing their 

photocatalytic activity under visible/ sunlight. Noble metal nanoparticles (Au, Ag, Pt) absorb 

visible light strongly due to their surface plasmon resonance (SPR), whereby the electric field 

of visible light causes a collective oscillation in their conducting electrons, which helps in  the 

separation of photoinduced e-/h+ pairs generated on the semiconductor surface and to make  

semiconductor as visible light active photocatalyst[39–42]. It was observed that many 

transition metals undergo oxidation/corrosion process, which retards the photo-efficiency of 

the semiconductor. Metal-TiO2 stability can be improved by introducing noble metals, and its 

photocatalytic capabilities can be further improved by loading it with carbon-rich material.  

In the past, many studies have been done using Ag-TiO2, GO-TiO2, and GO@Ag-TiO2 for the 

photocatalytic degradation of pollutants under UV/visible /sunlight. However, very rare studies 

have been reported for hydrogen production from alcohols using these catalysts and showing 

both the photocatalytic properties together i.e. oxidative (photodegradation) and reductive 

(alcohol dehydrogenation) using the same catalyst. In this article, we have synthesized a ternary 

heterojunction composite to study both the photocatalytic properties under different light 

sources. The research aimed to tune the photocatalytic oxidative and reductive activity of TiO2 

by modifying its band energetics and surface structural property with GO & Ag loading to make 
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different ternary (GO@Ag-TiO2 ) heterostructure composites. Secondly, the formation of 

different hybrid interfaces (Ag-TiO2, GO-TiO2)in this structure led to an improvement in the 

photoexcited charge separation efficiency resulting in better photocatalytic activity of this 

ternary composite. This work demonstrated the influence of different amounts (1-5 wt%) of 

GO loading and  3 wt% Ag photo deposition over the TiO2 surface on the photocatalytic 

properties of GO@TiO2, Ag@TiO2, and GO@Ag-TiO2 hybrid nanocomposite under light 

irradiation. Modifying the surface of Ag-TiO2 with GO induced light-responsive photocatalytic 

activity which helped in the photodegradation of piroxicam-20 drug under visible light and 

methanol dehydrogenation under UV light. 

2.2 Experimental Section  

2.2.1 Materials and reagents 

Silver nitrate, Graphite powder, potassium permanganate, and sodium nitrate were obtained 

from Sigma Aldrich, India. Piroxicam-20 drug tablet (Kivonyx Healthcare Pvt. Ltd.) was 

purchased from the local drugstore. The distillation unit present in our department (Milli-Q, 

Millipore) provided the distilled water (DI). Degussa Corporation from Germany provided 

commercial TiO2 (P25) as a token of gift. All chemicals were utilised without any additional 

purification. 

 2.2.2 Synthesis of Graphene oxide (GO) 

The GO from graphite powder was prepared using a modified Hummer’s method[28]. Firstly, 

1g mixture of NaNO3 and graphite powder (1:1) was mixed in the conical flask, followed by 

the addition of H2SO4 (23 ml) and stirred for 3h (~20 ᵒC). After that, KMnO4 (3g) was added 

gently, and the mixture solution was constantly agitated around ~20 ᵒC for 2h. Distilled water 

(46ml) was slowly poured into the above-mentioned solution and further stirred at 98ᵒ C for 2 

h. 100 ml water was added to the above solution, and H2O2 (10 ml) was added after 5 mins. 

The resultant black-brown coloured mixture was centrifuged @7500rpm, 10 mins with HCl 

and DI water three to four times, and the obtained product was dried for 12 h at 55 ᵒC.  

2.2.3 Synthesis of Ag(3wt%)-TiO2   

The photodeposition method was applied to deposit Ag (3wt%) over TiO2[43]. In a typical 

procedure, 100 mg TiO2 powder was dispersed in 50 vol% (5 ml isopropyl alcohol: 5 ml DI 

water), after which AgNO3 solution (0.01M, 2790μL) was added into the test tube. After that, 
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the above-mentioned test tube was purged by Argon gas, sealed using rubber septa, and placed 

under UV light (mercury arc lamp) with constant stirring for 2h. The resultant solution was 

washed with DI water and ethanol after centrifuging at @6000 rpm and dried at 70 ᵒC for 4-5 

h. The resultant sample has been abbreviated as AT3. 

2.2.4 Synthesis of GO-TiO2 / GO@Ag-TiO2  

The GT/ G@AT3 composite was synthesized using the ultrasonication method with slight 

modification. Different amount of GO (2,6,10 mg for 1,3,5wt% respectively) was dispersed in 

a 2:1 mixture solution of (DI water (20 ml) and ethanol (10 ml), and ultrasonication was used 

to exfoliate the mixture for 2h. P25 TiO2 powder (200 mg) was taken (for GO-TiO2 composite) 

/ 200 mg Ag-TiO2 (for GO@Ag-TiO2 composite) to the sonicated GO solution and 

magnetically stirred at room temperature for 6h to achieve a uniform suspension. The final 

composite was obtained, recovered by filtering, washed three to four times with DI water, and 

then dried for 12 h at 70 °C. GO(1,3,5wt%) deposition over TiO2 has been abbreviated as GT1, 

GT3,GT5 respectively. Similarly for  GO(1,3,5wt%) deposition over Ag (3wt%)-TiO2 has been 

abbreviated as G1@AT3, G3@AT3, G5@AT3 respectively. 

2.2.5 Characterization  

X-ray Diffraction (XRD) pattern was analyzed with the help of Panalytical X’Pert PRO with 

Cu Kα (λ=1.540Å) scan rate of 10 min−1. The surface morphology was studied with the help 

of Field Emission Scanning Electron Microscopy (FE-SEM, JEOLJSM-7600F) and 

furthermore, analysis was conducted using High-Resolution Transmission Electron 

Microscopy (HRTEM, JEOL JEM-2100 model). Raman spectroscopy was characterised by 

LabRam HR 124 Evolution Raman microscope with 532 nm excitation wavelength. Shimadzu 

UV-2600 spectrophotometer was used for measuring the change in concentration value of 

piroxicam-20 at an absorbance of 355nm. The oxidation state of different elements present was 

determined using XPS (X-ray photoelectron spectroscopy). The optical absorption of prepared 

composites was examined with Avantes, Diffuse reflectance spectrophotometer (DRS). Using 

a PL-spectrophotometer (RF-5301), photoluminescence investigations were carried out at an 

excitation wavelength of 320 nm. The intermediates and degradation products were analysed 

using the HRMS (High-resolution mass spectroscopy) on Waters, QTOF mass spectrometer 

with UPLC (XEVO G2 XS). The hydrogen produced during the photocatalytic 

dehydrogenation of methanol was measured with the help of NUCON, Gas chromatograph 

with argon gas as a carrier, and a molecular sieve (5X A column) with thermal conductivity 
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detector (TCD). The column, detector, and injector temperatures were set at 40 °C, 50 °C, and 

40 °C, respectively.  

2.2.6 Photocatalytic study 

2.2.6.1 Photocatalytic degradation of piroxicam-20 

The photocatalytic activity of all composites was studied for the degradation of piroxicam-20 

drug (2 mM) under visible light (50W LED lamp). For preparing a stock solution of 2 mM 

piroxicam-20, firstly, the tablet was crushed using a mortar pestle and 33 mg of drug powder 

was added into the 50 ml DI water and shaken a few times to dissolve it and filtered in a 

volumetric flask. Briefly, 5mg of catalyst was added in 10 ml piroxicam-20 solution in a test 

tube. Before light illumination, the reaction mixture was placed and stirred under the dark for 

30 min to attain adsorption-desorption equilibrium. The visible (LED) lamp was then turned 

on to study the photodegradation over different time intervals. Supernatants of the suspension 

were periodically collected from the test tube, the photocatalyst was removed using 

centrifugation, and the sample's absorbance spectrum was measured by a UV-visible 

spectrophotometer at 355 nm to assess the change in absorbance. The photocatalytic 

degradation efficiency(%) of drug removal was calculated by using the following equation:                   

                                             ƞ = (
𝑪𝟎−𝑪𝒕

𝑪𝟎
) × 𝟏𝟎𝟎(%)                          (equation no. 2.1) 

where ƞ is the photocatalytic efficiency, C0 is the initial concentration of piroxicam, and Ct is 

the concentration of piroxicam after ‘t’ minutes under visible light irradiation. 

2.2.6.2 Photocatalytic dehydrogenation of methanol 

Further, the prepared GO and Ag-loaded TiO2 nanocomposites were studied for the 

photocatalytic dehydrogenation of methanol. 50 mg of the catalyst was taken in 10 ml of 

methanol solution (50 vol%) in argon purged sealed test tube and placed under a UV lamp for 

5h. A gas-confined syringe was used to inject 1 ml of gas produced into the injector port. Gas 

chromatography was used to determine the amount of H2 produced during the process. The GC 

chromatograms were measured against a standard of 500 PPM Hydrogen.  

2.3 Results and Discussion 

2.3.1 Crystallographic, structural and surface morphological studies 
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The XRD pattern of the prepared composites is shown in Fig.2.1(a). The high-intensity peak 

was observed at 2θ =10.5ᴏ, corresponding to the characteristic lattice plane (002) for graphene 

oxide (GO) and another peak at 42.1ᴏ with lattice plane (101) confirming the formation of 

GO(as shown in Fig.2.1(b)). The lattice plane (101), (004), (200), (105), (211), (204), (116), 

(220), (215) were crystalline plane of anatase TiO2 (JCPDS card no. 21-1272) and lattice plane 

(110), (101), (111) corresponds to rutile form of TiO2 (JCPDS Card No. 21- 154 1276). Upon 

loading of GO on TiO2 (GT5) and Ag-TiO2(G5@AT3), the diffraction peak corresponding to 

GO becomes significantly weaker or negligible due to the fact that both Ag and TiO2 have a 

greater X-ray scattering coefficient compared to GO because of their higher atomic numbers. 

The existence of (111) and (200) in G5@AT3 indicates the presence of Ag NPs. For estimating 

the size of the G5@AT3 crystallites, the subsequent Scherer equation was applied[44,45]. The 

crystallite size of TiO2, GT5, and G5@AT3 composite was calculated with an average size of 

19.06, 19.23, and 19.45nm, respectively.                

D = K .λ / β.cos θ                                                          (equation no. 2.2) 

Where  D = crystallite size (nm), K = 0.9 (Scherrer constant), λ = 0.15406 nm (wavelength of 

the X-ray source Cu-Kα), β = FWHM (Full-width at half maximum), θ = the diffraction angle. 

 

Fig.2.1: XRD diffraction patterns of (a) TiO2, GT5, and G5@AT3 composites, (b) graphene 

oxide (GO).  

FE-SEM was used to determine the morphology of prepared AT3, and G5@AT3 composites. 

It was seen in Fig.2.2(a-b) that GO exhibits wrinkled layered morphology with several stacked 

layers. In Fig.2.2(c-d), due to the low wt% deposition of Ag present in the AT3 composite, the 
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deposition of Ag on the TiO2 surface was not visible. In Fig.2.2(e-f), the Ag-TiO2 was non-

uniformly dispersed on the surface of GO layers. Fig.2.3(a,b) depicts the HRTEM analysis of 

the AT3 composite. The dark grey-coloured small spherical particles of Ag (highlighted by the 

red circle) were deposited on the light grey-coloured spheres of TiO2 (circled in yellow) in 

Fig.2.3(b). Fig.2.3(c-e) showed the non-uniform dispersion of Ag-TiO2 onto the GO sheets in 

the G5@AT3 composite. The plane (111) was ascribed to a lattice fringe with a d-spacing of 

0.23nm to Ag nanoparticles and a fringe with a lattice spacing of 0.349 nm assigned to the 

(101) crystal plane of TiO2  deposited on the GO sheet. 

           

Fig.2.2: FE-SEM images of (a-b) GO sheets, (c-d) Ag(3wt%)-TiO2 (AT3) and (e-f) 

GO(5wt%)loaded over Ag-TiO2 (G5@AT3) composite. 
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Fig.2.3: HRTEM images of (a-b) AT3 composite, (c-e) G5@AT3 composite at different nm 

scale; 50nm, 20 nm. In Fig.2.3(e), the inset corresponding lattice fringes are shown.   

Raman spectra were collected and displayed to further understand the structure of the prepared 

samples. In Fig.2.4, prepared GT5 and G5@AT3 composites both displayed two peaks at 1347 

and 1595 cm-1 owing to D & G bands of GO, respectively, which confirms the deposition of 

GO onto the TiO2, Ag-TiO2 surface[46]. The D band is found in disordered sp2 carbon, whereas 

the G band, also known as the E2g mode, is found due to the stretching of sp2-hybridized C-C 

bonds. All the prepared samples displayed peaks at 146, 394, 515, and 635 cm-1 corresponding 

to Eg (O-Ti-O symmetric stretching), A1g and Eg (O-Ti-O asymmetric stretching), B1g (O-Ti-O 

wag),  modes which were in accord with anatase TiO2[47]. The GO peaks associated with the 

D and G bands appeared in the spectra which supports the deposition of GO over Ag-TiO2 as 

seen in HRTEM images of  G5@AT3 composite (figure 3). The D&G bands of GO and Eg, 

A1g, B1g modes of anatase TiO2 were found in the Raman spectra, confirming the formation of 

GT5, and G5@AT3 composites. 
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Fig.2.4: Raman Spectra of TiO2, GT5, and G5@AT3 composites showing characteristic D and 

G bands for GO-loaded samples. 

2.3.2 Optical studies 

Photoluminescence (PL) is an efficient method for evaluating the charge transfer effect. To 

determine the recombination process of electron (e-)-hole (h+) pair, photoluminescence spectra 

were recorded. As shown in Fig.2.5(a), all the GO(1,3,5) wt% loaded TiO2 composites showed 

less intensity as compared to the bare TiO2. Likewise, all GO loaded onto Ag-TiO2 (different 

wt%)composites Fig.2.5(b) was also observed to have lower intensity than AT3, suggesting 

that the charge transfer effect of GO loaded@AT3 composite was faster than that of AT3. The 

reduced PL signal intensity could be associated with improved electrical conductivity due to 

GO and the induced SPR effect of plasmonic Ag NPs. 
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Fig.2.5: Photoluminescence spectra of (a) bare TiO2, GO(x=1,3,5wt%) over TiO2 and (b) AT3, 

GO(x=1,3,5wt%)@AT3 composites. 

Fig.2.6(a) shows the UV-vis absorbance spectra of TiO2 and different wt% loaded GO 

composites with TiO2. Due to the interaction between GO and TiO2, GT(1,3,5) wt% showed 

improved light absorption ability in the 400-800 nm region than bare TiO2. In the case of AT3 

and different wt% GO loaded Ag-TiO2 composites Fig.2.6(b), a broad absorption band around 

400-600nm in the visible domain is observed which attributes the presence of Ag NPs in the 

composites. The Kubelka-Munk equation was applied to the DRS spectra using the following 

equation[48–50] and Tauc's plot ((h)n  vs h) were drawn by extrapolating the linear part of 

the curve crossing the x-axis to calculate the bandgap energy of the synthesised composites: 

 h = A(h - Eg)n                                                             (equation no. 2.3) 

where α denotes the coefficient of absorption, h is Planck’s constant, υ is light’s frequency, A 

= constant, n= ½ , 2 (for allowed direct and indirect electronic transitions, respectively), and 

Eg denotes the energy of the bandgap. As shown in Fig.2.7, the Eg values were calculated for 

n= ½ (allowed direct transition) for bare TiO2, GT5, and G5@AT3 and were found to be 3.2eV, 

2.86 eV, and 2.67 eV, respectively. It is clear that the band gap value decreases for G5@AT3 

significantly from 3.2 to 2.67 eV when Ag and GO are simultaneously added to TiO2.   
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Fig.2.6: Diffuse reflectance spectra of (a) TiO2, GO(x=1,3,5wt%) over TiO2  and (b) AT3, 

GO(x=1,3,5wt%)@AT3 composites. 

 

Fig.2.7: Tauc plots for allowed direct transition of prepared samples (a) TiO2, (b) GT5 and (c) 

G5@AT3 composites. 

XPS spectra were analyzed to determine the prepared composites' surface composition and 

elemental states. The XPS spectra Fig.2.8(a), for Ag 3d of G5@AT3 composite, showed two 

binding energy peaks at 367.5eV(3d5/2) and 373.5eV (3d3/2), and the difference in their peaks 

is 6eV which is characteristic for Ag in (0) oxidation state. The XPS spectra in Fig.2.8(b) for 

Ti 2p displayed peaks at 458.3 eV (2p3/2) and 464eV (2p1/2). It indicates the presence of Ti in 

(+4) because it agrees well with the typical binding energy of Ti in pure TiO2. In O 1s spectra 

Fig.2.8(c), the 529.6eV and 531eV peaks could be attributed to O2-, C-O in TiO2 lattice[47,51]. 

 In Fig.2.8(d) XPS spectra of C 1s, the peaks at 284eV, 286eV, and 288eV were in perfect 

accord with C-C, C-O, and C=O, respectively.  
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Fig.2.8: XPS spectra of prepared G5@AT3 composite: (a) Ag 3d, (b)Ti 2p, (c)O 1s, and (d) C 

1s. 

2.3.3 Photocatalytic activity 

2.3.3.1 Photodegradation of piroxicam-20 drug 

The photoactivity of the prepared composites was evaluated by monitoring the change in the 

absorbance peak intensity at λmax = 355nm of piroxicam-20 drug under visible light. Under 

visible light, TiO2 showed less photocatalytic activity (37%) (as shown in Fig.2.9) because of 

the wide band gap, however after photo-deposition of Ag(3wt%) nanoparticles onto TiO2, 

owing to the SPR effect and sensitization of Ag, the AT3 composite showed its increased 

degradation efficiency (42%). After the addition of GO(5wt%) onto TiO2, due to GO serving 

as an electron reservoir and transmission source, the prepared GT5 composite showed higher 

photoactivity (54%).  The G5@AT3 catalyst showed the highest degradation efficiency (78%)  
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as compared to other catalysts (as shown in Table 2.1). The recorded absorbance spectra for 

the same can be seen in Fig.2.10(a) for 120 min.  The possible reason for higher degradation 

efficiency could be due to the cooperative effect of Ag NPs, GO, and TiO2 which played an 

important role in maximizing the photocatalytic activity. Under the same experimental 

conditions, the synthesized catalysts were placed in dark and visible light for 2h, and the 

percentage adsorbed (in dark) and removed (in light) were calculated in Fig.2.10(b)& (c). 

                      

Fig.2.9: Changes in absorbance spectra of (2 mM) piroxicam-20 in the presence of different 

photocatalysts under visible light for 2 h. 

The piroxicam-20 photocatalytic degradation rate was described using the pseudo-first-order 

reaction shown below: 

𝐥𝐧
𝑪𝟎

𝑪𝒕
= 𝒌𝒕                                  (equation no. 2.4) 

where C0 is the initial concentration of piroxicam-20 solution before light irradiation; Ct is the 

concentration of piroxicam-20 solution at time t, k = pseudo-first-order rate constant, and t is 

the experimental time. According to the Langmuir–Hinshelwood model, the photodegradation 

of pollutants occurred via pseudo-first-order kinetics; therefore, the rate constants of reactions 

(k) can be determined by analysing the slopes of the straight-line segment in the plots of 

ln(C0/Ct) versus t, where t is a function of the experimental parameters that were 
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utilised[52,53]. As shown in Fig.2.10(d), the linear graphs fit best in the pseudo-first-order 

kinetics equation with the rate constant values of 0.0034, 0.0041, 0.0048, 0.0082 min-1 for TiO2, 

AT3, GT5, G5@AT3 respectively.   

The electrical energy per order (EEO) as a measure of the energy consumption efficiency for the 

photocatalytic process for the G5@AT3 system was calculated using the following 

equation[54]: 

   𝑬𝑬𝑶 =
𝑷𝑬 ×𝟎.𝟎𝟑𝟖𝟒

𝑽×𝑲𝒂𝒑𝒑
                 (equation no. 2.5) 

Where PE = electric power (in kW), V = reactor volume (in m3), Kapp = kinetic constant (in min-

1). 

The EEO for the photocatalytic system was calculated out to be 4.98 kWh.L-1. order− 1. The 

lower the value of this metric indicates a more efficient method as pollutant removal would 

require less energy. 

 

Fig.2.10: The absorbance spectra of piroxicam-20 (2mM) solution at different time intervals 

under visible light for 2h by: a) G5@AT3, (b,c) percentage adsorbed (under dark) and 

degradation removal (under visible light) of piroxicam-20 using different catalysts (d) linear 

fitting of pseudo-first-order reaction kinetic plot. 

(a) (b)

(c) (d)

TiO2 AT3 G5@AT3G1@AT3 G3@AT3
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Sr. no.  Catalyst  % Degradation  

1. TiO2 37 

2. AT3 42 

3. GT5 54 

4. G5@AT3 78 

 

Table 2.1: Comparison of the different synthesized photocatalysts for photodegradation 

removal of piroxicam-20.  

 

2.3.3.2 Scavenger studies: 

The scavenging experiments were conducted in order to find out the active species playing 

major role in the photodegradation process. Scavengers such as K2Cr2O7, methanol and iso-

propyl alcohol (IPA) were used to test for O2
.-,  ∙OH, h+ radical species respectively. For the 

scavenging experiment, the same reaction conditions as mentioned above were followed for 

the degradation of piroxicam-20 under visible light. The degradation efficiency of G5@AT3 

was found to be considerably diminished upon adding K2Cr2O7, as shown in Fig.2.11(a). The 

results suggested that the O2
.- radical species were crucial in facilitating the degradation 

process. However, methanol and isopropanol also inhibited the degradation process, suggesting 

that the ∙OH, h+ species also played essential role in the photodegradation process. 

2.3.3.3 Reusability and stability study: 

The reusability of the G5@AT3 catalyst was studied by five cycles for the photodegradation of 

piroxicam-20 under above mentioned experimental conditions. The catalyst was recovered 

from the degraded solution via centrifugation, washed with distilled water, dried and reused for 

the second run and so on. As shown in Fig.2.11(b), after five cycles, the catalyst efficiency 

only decreased by about 4% compared to the initial run. 

To determine the stability[55,56] of the G5@AT3 catalyst, the XRD spectra were recorded 

before and after the photodegradation process. Fig.2.11(c) depicts that there is no change in the 

crystal lattice structure of the photocatalyst before and after the degradation, which proves the 

high stability of the catalyst.  



37 
 

 

Fig.2.11: (a) Effect of various scavengers on the degradation of piroxicam-20 with G5@AT3 

photocatalyst, (b) Recyclability study of the G5@AT3 composite for the degradation of 

piroxicam-20 solution under visible light and (c) XRD spectra of G5@AT3 before and after 

the degradation of piroxicam-20. 

2.3.3.4 Proposed photodegradation mechanism: 

The Eg values calculated above from DRS were used to determine the valence band (VB) and 

conduction band (CB) potential positions at the zero-point charge [57,58] using the following 

equations: 

EVB = χ − Ee + 0.5Eg                                   (equation no. 2.6) 

 ECB = EVB − Eg                                            (equation no. 2.7) 

Where EVB = valence band edge, ECB = conduction band edge, χ = absolute electronegativity 

of photocatalyst (5.90 vs NHE for TiO2 ), E
e = free electron energy (4.5 eV vs NHE),  Eg = 

energy of the bandgap. 

(a) (b)

(c)
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The possible explanation for the higher photodegradation can be explained with the proposed 

mechanism Scheme 2.1. When the catalyst is exposed to light, the electrons get excited and 

move from the valence band to the conduction band. They then migrate to the surface of the 

catalyst and undergo reduction. Oxidation processes occur through the direct participation of 

the holes left in the valence band. Following this, the organic pollutant molecules are attacked 

by the present free radicals, which degrade them into smaller products. From the above 

equation no. 2.6 & 2.7, the VB and CB band edge positions for TiO2 were calculated to be 

+3.0eV and -0.20eV respectively. As the CB value was less negative for EO2/ EO2
.- (-0.046 eV 

versus NHE), the electrons present in the conduction band might reduce dissolved O2 to O2
.- 

radicals. The EVB value being more positive than that of E OH˙/H2O (+2.68 eV versus NHE), the 

valence band holes could easily oxidise H2O to ∙OH radicals. Due to the large band gap, TiO2 

cannot be excited by visible light. The Ag loading increased the sensitization of TiO2 because 

of its SPR effect in visible light, the electric field of visible light caused a collective oscillation 

in their conducting electrons, which helped in the separation of photoinduced e-/h+ pairs 

generated on the semiconductor TiO2 surface and helped it in making as a visible light active 

photocatalyst which is consistent with DRS and PL results. GO has a lower reduction potential 

(-0.08 eV) than TiO2 which results in the decrease in the recombination rate of charge carriers 

and it has high conduction which fastens the mobility of the transferred e-s. The photoexcited 

e-s react with oxygen molecules to produce (O2
.-) radical anions and the holes present in the 

valence band of TiO2 oxidize the H2O molecules to generate hydroxyl (∙OH) radicals. Finally, 

the hydroxyl(∙OH) radicals / (O2
.-) radical anions interact with the piroxicam-20 to produce 

H2O, CO2, and other small organic products. This pathway suggests the increased 

photocatalytic efficiency of prepared G5@AT3 composite. 

2.3.3.5 Degradation mechanism study using HRMS analysis: 

To further investigate the photodegradation mechanism, HR-MS test was performed to identify 

the piroxicam-20 degradation intermediates. The investigations were studied with the positive 

mode of electrospray ionization. Using the above-mentioned photodegradation conditions, 

piroxicam-20 solution photodegradation was carried out with G5@AT3 catalyst under visible 

light for  2h. Following collection and centrifugation of the degraded solution, the absorbance 

spectra were recorded with a UV-visible spectrophotometer. The degradation efficiency for the 

G5@AT3 catalyst was found to be 78%. The collected degraded solution sample was used for 

HRMS analysis to predict the intermediates formed. Possible piroxicam-20 breakdown 
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pathways are constructed, shown in Fig.2.12, according to the intermediate products identified 

in the HRMS spectra (Fig.2.13). The degradation of piroxicam-20 was initiated by the different 

reactive species attack via ring-opening reactions, functional group cleavage, etc.  In the first 

degradation pathway(I), there is the removal of a benzene ring and SO2 group, resulting in an 

intermediate product of m/z = 217, which further got oxidized by h+, and via the loss of amine, 

produced fragment at m/z = 202 which was not recorded in the spectra. The resulting fragment 

further generated m/z = 172 with the loss of the (CH2=NH) group. In pathway (II), the m/z = 

217 fragment underwent loss of methylamine (CH3NH2)  to form m/z = 186, which further 

went for removal of HCN, leading to a fragment of m/z = 162, which after decarboxylation led 

to m/z = 158 and ultimately deteriorated into smaller products [59]. For the third and fourth 

pathways, the OH˙ radical from the water molecule attacked the C-N bond, leading to the loss 

of 2-Aminopyridine, resulting in m/z = 256 for pathway (III) and m/z = 274 for pathway (IV) 

through the ring-opening process. On further degradation, it led to smaller fragments of m/z = 

121 and m/z = 136 [60]. Finally, all degradation pathways resulted in the mineralization of 

small-molecule inorganic compounds such as CO2 and H2O from the remaining organic 

molecules. As a result, HR-MS analysis showed that  h+ and OH˙ were involved in the 

photodegradation of piroxicam-20 molecules.  

 

Fig.2.12: The proposed pathway of piroxicam-20 degradation in the G5@AT3 photocatalytic 

reaction system. 
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Fig.2.13: HRMS spectra of piroxicam-20 degradation in G5@AT3 photocatalytic reaction 

system at different m/z range (a)100-800 (b)0-400.  

2.3.3.6  Dehydrogenation of methanol  

The photocatalytic activity of the different prepared GO and Ag-loaded nanocomposites was 

assessed under UV light. The photocatalyst's hydrogen production results after 5 h are shown 

in Fig.2.14. The amount of hydrogen produced followed the order: bare TiO2 < GT1< GT5< 

AT3 < G5@AT3< G1@AT3 respectively. The photocatalytic dehydrogenation activity of all 

the photocatalysts was clearly superior to those of bare TiO2. In particular, the 1 wt% GO 

loading onto the AT3 composite could achieve the highest H2 evolution amount. The results 

show that GO can significantly improve photocatalytic activity and that the loading weight of 

GO is indeed significant for photocatalytic hydrogen production[61]. The results indicated that 

with the addition of higher wt% of GO (i.e. 3,5 wt%), the photocatalytic hydrogen production 

performance became poor because the extra GO will induce more photon absorption and 

scattering during the photocatalytic process. The outcome suggests that optimum GO loading 

increased the photocatalytic hydrogen production activity. 
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Fig.2.14: Amount of hydrogen gas produced by different prepared catalysts in 50 vol% of 10ml 

methanol solution irradiated in UV light for 5h. 

Based on the preceding research, Scheme 2.1 confirms that the mechanism behind the 

production of photocatalytic hydrogen in the G5@AT3 system with GO and Ag loading over 

TiO2 can be attributed to the cooperative effect of Ag NPs, GO, and TiO2. The possible 

explanation for the photocatalytic dehydrogenation can be explained with the help of the above-

proposed Scheme 2.1: When the photocatalyst (TiO2) is exposed to UV light, electrons from 

the valence band (VB) of TiO2 are stimulated to their corresponding conduction band (CB). Ag 

loading over TiO2 serves as a heterojunction for the stimulated electrons. These e-s are further 

transferred from CB of Ag-TiO2 to GO surface, which possesses excellent conduction, which 

boosts the transferred e-s' mobility and reduces H+ to H2. The holes present in the VB of TiO2 

oxidize methanol molecules to formaldehyde and hydrogen molecules. This approach shows 

that the prepared G1@AT3 composite has a higher hydrogen photocatalytic dehydrogenation 

efficiency.   
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Scheme 2.1: The plausible reaction mechanism of piroxicam-20 degradation and 

photocatalytic dehydrogenation of methanol over G5@AT3 composite under light irradiation. 

2.4 Conclusion 

In this work, we have efficiently synthesized the photocatalyst which improved the 

photocatalytic properties of TiO2 by depositing Ag and GO and investigated their relative 

impact on  the surface structural, optical, and physicochemical properties.  The GO-loaded Ag-

TiO2 composite provided a strong optical response in the visible range, improved charge 

separation, superior photodegradation of piroxicam-20 and methanol dehydrogenation. The 

piroxicam-20 degradation reaction under visible light followed pseudo-first-order kinetics with 

a rate constant value of 0.0082 min-1 for G5@AT3 which is ~2.5 times higher than of bare 

TiO2. G1@AT3 composite produced (427 mmol) of H2 ~214 times higher than bare TiO2 under 

UV light. Based on photodegradation and reaction intermediates, a plausible mechanism has 

been proposed suggesting the cooperative effect of Ag NPs, GO, and TiO2 which played an 

important role in enhancing the photocatalytic activity of GO-loaded Ag-TiO2. The developed 

GO-loaded Ag-TiO2 composite materials are anticipated to exhibit noticeably improved 

photocatalytic activity after the synthesis process is further controlled (by determining the ideal 

mass ratio of GO-titania/ GO- Ag-TiO2). 
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CHAPTER- 3 

 

Enhanced Photocatalytic Hydrogen Production with GO-modified 

Cu-TiO2 for Alcohol Dehydrogenation under UV and Sunlight  

  

  

Schematic outline: 

This study explored the alcohol dehydrogenation process using graphene oxide (GO)-modified 

Cu-TiO2 photocatalyst under both UV light and sunlight. The photocatalyst was synthesized 

via a hydrothermal method. The research examined how different alcohols (methanol, ethanol, 

propanol) and their concentrations (both volume percentage and molarity) affect hydrogen (H2) 

production. It also investigated the effects of various factors, including GO and Cu loading on 

TiO2, their combined impact, reaction time, the type of alcohol, and the reaction conditions on 

photocatalytic hydrogen production.   
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3.1 Introduction 

The current state of maximum energy growth relies on conventional resources such as fossil 

fuels[1]. With the continuous rise in energy consumption and the depletion of fossil fuels such 

as petroleum, coal, and natural gas, there is an urgent need to develop clean and 

environmentally friendly fuel options[2],[3]. Hydrogen energy, among the numerous 

alternative energy sources, is a crucial component of the renewable energy strategies of 

developed nations due to its immediate availability and high fuel efficiency[4]. It is a viable 

green energy source that has the potential to address environmental concerns associated with 

traditional fossil fuels. Hydrogen is presently produced through electrolysis, natural gas, 

naphtha, heavy oil, and coal, among other sources. Most (96%) of hydrogen production is 

generated directly from fossil fuels, while a small portion (4%) is produced indirectly using 

energy derived from fossil fuels as feedstock[5]. Nevertheless, for hydrogen to be employed in 

future energy supply systems, it must undergo various stages, including viable production, 

storage, and transportation, considering economic, technological, and environmental 

constraints.  

The non-conventional methods for hydrogen production primarily include biomass, 

hydrocarbons, photocatalytic water splitting, dehydrogenation of waste alcoholic solvents, etc. 

In recent times, there has been a significant focus on photocatalytic approaches to hydrogen 

production due to the high cost, excessive energy use, and lack of environmental friendliness 

associated with traditional methods. One of the most eco-friendly ways to produce hydrogen 

in the future is to use energy-intensive and solar-powered semiconductors. Sun-light/Visible 

light-driven water splitting is proven to be less efficient and requires precious metal-based co-

catalysts compared to UV-light-driven photocatalysts. One of the primary issues is 

photocatalysts' very low efficiency in converting sunlight into hydrogen. Current materials and 

technologies frequently fail to capture enough of the solar spectrum or efficiently convert it to 

chemical energy. Many effective photocatalysts rely on rare or expensive elements, such as Pt, 

Pd, Au, etc., making large-scale manufacture costly. Developing inexpensive and abundant 

materials remains a big challenge. The research is still ongoing to find and create novel 

photocatalytic materials that are effective, long-lasting, and affordable. 

 A wide range of semiconductor materials have been thoroughly investigated for the purpose 

of photocatalytic water splitting to generate hydrogen. In recent times, there has been 

considerable interest in alkanes, ethanol, benzyl alcohol, and glucose as potential precursors in 

hydrogen production using photocatalytic methods[6–9]. Significant quantities of organic acids 
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and alcohols are generated as byproducts in various industrial processes, such as 

hydrometallurgy and biomass processing. These byproducts unavoidably contaminate the 

environment[10]. Eliminating or degrading these chemicals into useful substances is a 

significant focus of modern environmental conservation efforts. Various approaches to the 

dehydrogenation of alcohols have been investigated, including heterogeneous photocatalytic 

systems using semiconductor-based nanoparticles[11,12], molecular donor-acceptor 

reactions[13], and photovoltaic cells containing electrocatalysts[14–16]. Sehrawat et al. 

fabricated a Zn0.5Cd0.5S/MoS2 (ZCMS) composite and employed it for the degradation of 

ketorolac tromethamine drug and hydrogen evolution with benzyl alcohol(BA) oxidation. The 

10 wt% ZCMS composite degraded 92.54% drug under solar light within 150 min and 

produced hydrogen with the rate of 2.3470 mmol g-1h-1 and converted 38.52% of BA into BAL 

(95.48%) selectivity[17]. Another study revealed that ZnS/P–MoS2 composite, degraded 

98.52% of brilliant green (BG) dye in 40 min under sunlight and converted 46.12% of BA into 

BAL (98.30%) selectivity with hydrogen evolution rate of 1.2306 mmol g -1 h-1 [18].  

TiO2 is the most extensively studied photocatalyst for this approach because of its favourable 

redox potential. Nevertheless, the recombination rate of the fast charge carrier and its limited 

utilisation of solar energy significantly restrict its practical uses. Therefore, extensive research 

is being conducted on developing heterostructure photocatalysts by combining them with other 

semiconductors with suitable band alignments[19–23]. One conventional method to enhance 

activity involves the deposition of noble metals as cocatalysts onto the TiO2 surface[24–26]. 

Tkachenko et al.[27] fabricated the PtOx/TiO2 systems, demonstrating significant efficacy in 

photocatalytic hydrogen evolution from aqueous ethanol and glucose solutions under UV light. 

With varying Pt content (x = 0.2-0.4 wt%), the PtOx(0.29)/TiO2 photocatalyst produced the 

highest rate (0.7 mol h -1g(Pt) 
-1 ) of hydrogen from glucose solution. Qui et al.[28] reported the 

Cu@TiO2-x hybrids exhibit enhanced photocatalytic hydrogen generation, with the Cu@TiO2-

x-1% sample achieving an H2 evolution rate of 7218.8 mmol g-1 h-1, which is 2.1 times greater 

than that of TiO2-x.  

Studies have reported that in recent decades, carbon-rich materials like graphene, carbon dots, 

reduced graphene oxide, and graphene oxide have been extensively researched to enhance the 

photocatalytic activity of semiconductors like TiO2 due to their distinctive structure, high 

carrier mobility, and large specific surface area. Liu et al.[29] fabricated a TiO2/rGO-Mo2C 

photocatalyst and utilised it in the process of water splitting to produce hydrogen gas (H2). The 

composite generated a rate of 880 μmol h-1 g-1 hydrogen, exhibiting an evident quantum 
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efficiency of 2.64%. This efficiency was approximately 5.5 times greater than that of the 

TiO2/rGO composite and ~88 times more than that of bare TiO2. Viable biomass-derived 

graphene aerogels correlate with green chemistry principles, resulting in cost-effective and 

ecologically friendly water remediation solutions[30–32]. Dhiman et al. synthesized a low-

cost, green, efficient N-doped graphene aerogel for the degradation of telmisartan(TEL), a 

pharmaceutical drug which poses a threat to the environment. The photocatalyst degraded 

99.8% of the drug within 70 minutes under visible light[33]. Aggarwal et al. prepared an onion-

like carbon-based photocatalyst from diesel engine soot and utilised it for photocatalytic water 

splitting under visible light, and it produced a hydrogen rate of ~1075 μM h-1 g-1[34].  

Numerous studies utilising metal (Ag/Cu/Au/Pt)-TiO2, GO-loaded TiO2, and modified 

GO/metal-TiO2 for the photocatalytic degradation of organic pollutants in the presence of 

UV/visible/sunlight have been conducted in the past[35–37]. However, reports of studies 

utilising these catalysts to produce hydrogen from alcohols are extremely scarce. Here in this 

study, we have prepared a ternary heterojunction GO-modified Cu-TiO2 composite via the 

hydrothermal method and studied the photocatalytic application for the dehydrogenation of 

methanol under different light sources. To start with, the objective of this study is to regulate 

TiO2's photocatalytic activity by altering its band energetics and surface structural properties 

using GO and Cu loading to create various ternary (GO/Cu-TiO2) heterostructure composites. 

The incorporation of hybrid interfaces (Cu-TiO2, GO-TiO2) improved the photoexcited charge 

separation efficiency, leading to increased photocatalytic activity in the ternary composite. The 

effect of varying Cu and GO wt% over TiO2 and prepared ternary composites was studied for 

photocatalytic methanol dehydrogenation under two light sources: UV lamp and sunlight. 

Other factors, such as the influence of chain length of alcohols, concentration, and time, were 

also evaluated. Focusing on the outstanding physical and chemical characteristics of GO and 

Cu, we present a straightforward and economical approach that integrates the merits of both 

materials to substantially enhance the photocatalytic activity of the GO-modified Cu-TiO2 

composite. 
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3.2 Experimental Section 

3.2.1 Materials and Chemicals 

The utilised materials were procured from commercial suppliers without undergoing any 

additional purification processes. A commercial type of TiO2 (P25; 70% Anatase & 30% 

Rutile) was given as a gift by Degussa Corporation in Germany. Cupric acetate (Cu(CH3COO)2 

.H2O, 98–102%) supplied by Thermofisher science was used. Sigma Aldrich, India, supplied 

the graphite powder, potassium permanganate, IPA( isopropyl alcohol) and sodium nitrate 

utilised in this study. The deionised (DI) water was acquired from Organo Biotech Laboratories 

Pvt. Ltd. in India. 

3.2.2 Synthesis of Cu-TiO2   

The photo-deposition method was employed for the Cu metal deposition over the bare TiO2 

surface[38]. In a standard method, 100mg of powdered TiO2 was dispersed in a 10 mL test tube 

containing a 50% volume aqueous IPA solution. Different volumes of Cu(CH3COO)2.H2O 

(ranging from 1574 to 7870 L, 0.01M) (for different wt%= 1,3,5) were then added. 

Subsequently, the test tube was sealed with a rubber septum after being purged with argon (Ar) 

gas for about 15 minutes to eliminate any other gases. After irradiating with a mercury arc lamp 

(125W) with continuous magnetic stirring for 4 hours, the suspension was centrifuged at 8000 

rpm, rinsed multiple times with DI water and methanol, and dried overnight at 353 K. 

3.2.3 Synthesis of GO-TiO2 &GO modified Cu-TiO2  

The modified Hummers method was employed to synthesise graphene oxide (GO) from the 

graphite powder, as reported in our previous paper[28]. The hydrothermal method was 

followed to load different wt% GO over TiO2 and Cu-TiO2. Various quantities of graphene 

oxide (GO) were dispersed in a solution consisting of a 2:1 mixture of deionised water (20 ml): 

ethanol (10 ml). Ultrasonication was employed to exfoliate the mixture for a duration of 2 

hours. To the resulting GO solution,  a calculated amount of 200 mg of TiO2 was added (for 

GO-TiO2 composite) and Cu-TiO2 (for GO@Cu-TiO2 composite) and magnetically stirred for 

2h to obtain a homogeneous suspension. Further, the suspension was transferred into the 

autoclave and heated at 180 ᴏC for 5 h. The mixture was centrifuged, washed with distilled 

water, and dried at 60 ᴏC.  
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3.2.4 Characterization  

The X-ray diffractometer (SmartLab SE) was used to record the crystal structure of the powder 

samples. The diffraction angle (2θ) range ranged from 10° to 80°, and Cu-Kα (1.540598 Å) 

was used as the X-ray source. The surface morphology was examined using Field Emission 

Scanning Electron Microscopy (FE-SEM, JEOL JSM-7600F). The EDX spectra were obtained 

using the Bruker EDX equipment. Additionally, analysis was performed using High-

Resolution Transmission Electron Microscopy (HRTEM, JEOL JEM-2100 model). The optical 

analysis was conducted using diffuse reflectance spectroscopy with a UV-VIS 

spectrophotometer (JASCO V-750) within the 200-800 nm wavelength range. The Raman 

spectroscopy was performed using the LabRam HR 124 Evolution Raman microscope, which 

utilised a 532 nm excitation wavelength. The oxidation state of various elements present in the 

composite was evaluated using XPS (X-ray photoelectron spectroscopy) Thermofisher 

Scientific ESCALAB. The surface area and pore diameter were measured with the help of BET 

and BJH methods using Quantachrome Nova-1000 surface analyzer.  

3.2.5 Photocatalytic dehydrogenation of alcohols 

The photocatalytic hydrogen production from the dehydrogenation of various alcohols was 

studied with the help of prepared composites. The amount of hydrogen generated during the 

dehydrogenation of alcohols was quantified utilising a NUCON Gas chromatograph (GC) 

employing argon gas as the carrier gas and a molecular sieve with 5X A column equipped with 

a thermal conductivity detector(TCD). The temperatures of the column, detector, and injector 

were adjusted to 40 °C, 110 °C, and 90 °C respectively. 50 mg of the catalyst was added in 10 

ml 50vol% methanol solution in a test tube, and the test tube was sealed with the help of rubber 

septa after purging it with argon gas for 20 minutes in order to create an inert atmosphere. 

Afterwards, the test tube was magnetically stirred under a UV lamp (Hg arc lamp,125W, 300-

390 nm, 10.4 mW cm-2) for 4h, and it was taken out after regular intervals to study the hydrogen 

evolution. Utilising a gas-confined syringe, 1 ml of the gas produced in the test tube was drawn 

out and injected into the injector inlet of the GC. A standard of 505 ppm hydrogen was 

employed to evaluate the GC chromatograms recorded. The same procedure was followed to 

determine the amount of hydrogen produced by the catalysts under direct sunlight in May 2024, 

with an average temperature of 40°C and average solar intensity of ~680 W m-2. 
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3.3 Results and Discussion 

3.3.1 Characterization study 

3.3.1.1 XRD analysis 

The crystal planes and the diffraction angle values corresponding to the synthesised G0.5C3T, 

G5T, and C3T nanocomposites were analysed along with bare P25- TiO2 from their recorded  

XRD spectra, as depicted in Fig.3.1(a). For pure GO, the characteristic sharp peak was 

observed at an angle of 2θ = 10.5°, indicating the presence of the (002) lattice plane for 

graphene oxide (GO). Additionally, another peak was identified at 42.1° with the (101) lattice 

plane, validating the formation of GO. This information is illustrated in the supporting image, 

Fig.3.1(b). The XRD profile of the bare TiO2 sample exhibits distinct peaks at specific angles, 

namely 25.2ᴏ, 37.7ᴏ, 47.9ᴏ, 53.9ᴏ, 55.08ᴏ, 62.7ᴏ, 68.9ᴏ, 70.3ᴏ, and 75.16ᴏ. These peaks 

correspond to the (101), (004), (200), (105), (211), (204), (116), (220) and (215) diffraction 

planes of anatase TiO2 (JCPDS card no. 21-1272). The peaks appearing at the 2θ =  27.3ᴏ, 

36.1ᴏ, and 41.2ᴏ corresponds to the planes (110), (101), (111), respectively, of the rutile form 

of TiO2. This information follows the reference to JCPDS Card No. 21-1276. After the photo-

deposition of Cu metal over the TiO2, no distinct peak was observed for the Cu metal co-

catalyst. Prior reports have indicated that metal nanoparticles with a low weight percentage 

(<5wt%) are typically not observable in XRD spectra[20]. When GO is loaded onto TiO2 (G5T) 

and Cu-TiO2 (G0.5C3T), the diffraction peak associated with GO becomes much weaker or non-

existent. This is because both Cu and TiO2 have a higher X-ray scattering coefficient than GO, 

attributed to their greater atomic numbers. 

 

        Fig.3.1: XRD pattern of the prepared composites. 
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3.3.1.2 Surface morphological studies 

FE-SEM, EDX, and HR-TEM analyses were conducted on the newly synthesised C3T and 

G0.5C3T ternary nanocomposite in order to analyse its morphological and structural 

characteristics. As seen in Fig.3.2(a), given that the C3T composite had a low weight 

percentage deposition of Cu, the deposition of Cu on the TiO2 surface was not observable. The 

presence of Cu in the C3T composite was confirmed by EDX spectra in Fig.3.2(c). The 

elemental composition of Cu was found to be 2.56 wt%, which nearly matched the 3wt% of 

Cu photo-deposited over TiO2. The disparity between the desired and obtained elemental 

weight percentages may be attributed to the limited scanning of a specific area of the catalyst 

and the inevitable loss of some weight percentage of Cu during the washing process. Fig.3.2(b) 

depicts the non-uniform dispersion of Cu-TiO2 nanoparticles over the GO sheets. The EDX 

spectra, Fig.3.2(d), show the elemental composition of elements C, O, Ti, and Cu in the 

G0.5C3T ternary composite. 

 

    Fig.3.2: FE-SEM image & EDX spectra of (a,c) C3T (b,d) G0.5C3T composite. 
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The HRTEM analysis of the C3T composite is represented in Fig.3.3(a). The small spherical 

particles of Cu, which are dark grey in colour and highlighted by the red circle, can be clearly 

seen deposited on the light grey-coloured spherical-shaped TiO2, circled in yellow. 

Fig.3.3(b&c) represents two different nm scales, i.e. 50 nm and 20nm, respectively, of the 

G0.5C3T composite. The Cu-TiO2 nanoparticles are clearly seen deposited over the GO sheets. 

The plane (111) was identified as a lattice fringe with a d-spacing of 0.208 nm for Cu 

nanoparticles, while a fringe with a lattice spacing of 0.363 nm was attributed to the (101) 

crystal plane of TiO2 deposited on the GO sheet, Fig.3.3(d)inset. 

 

Fig.3.3: HRTEM images of (a) C3T (b,c) G0.5C3T composite (d) inset corresponding lattice 

fringes. 
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3.3.1.3 Raman analysis 

Fig.3.4(a) analyses the Raman shifts of different synthesised samples ranging from 100 cm-1 

to 2000 cm-1. The prepared samples showed peaks at 146, 394, 515, and 635 cm-1 for Eg (O-

Ti-O symmetric stretching), A1g and Eg (O-Ti-O asymmetric stretching), and B1g (O-Ti-O wag) 

modes, which were consistent with anatase TiO2. After depositing the Cu, no shift or 

broadening of the peaks is observed in the C3T composite, demonstrating the TiO2 structure 

remained intact. The presence of GO in the G0.5C3T composite was further confirmed by the 

Raman spectroscopy. In Fig.3.4(b), the characteristic D and G bands of GO appeared at 1347 

and 1595 cm-1 (as shown in the inset picture), confirming the formation of the G0.5C3T 

composite. 

 

Fig.3.4: (a)Raman Spectra of TiO2, C3T, G0.5C3T composite. (b) The inset image shows the 

GO-loaded sample's characteristic D and G bands. 

3.3.1.4 Optical studies 

Using diffuse reflectance spectroscopy, the light absorption, or optical characteristics, of the 

as-fabricated samples were visualised. The results are shown in Fig.3.5. The comparative photo 

absorption capacities of bare TiO2 and photo-deposited Cu-TiO2 and GO-modified Cu-TiO2 

composites were studied. The bare TiO2 exhibits a significant absorption in the UV  spectrum, 

with a maximum absorption at approximately 329 nm. The broad absorption band in the visible 

range, spanning 500-800 nm, was observed following the deposition of plasmonic metal (Cu). 
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This observation confirmed the deposition of Cu nanoparticles over the TiO2, which explains 

the wide peak observed in the C3T and G0.5C3T composites. 

                    

                        Fig.3.5: Diffuse reflectance spectra of the synthesised composites. 

The Kubelka-Munk equation was utilised to analyse the DRS spectra using the following 

equation no.3.1. The bandgap energy of the composites was obtained by extending the linear 

portion of the curve in Tauc's plot (αhv vs. hν) to calculate the value of (αhv) when it intersects 

with the x-axis.  

h = A(h - Eg)n                                                             (equation no. 3.1) 

where α denotes the absorption coefficient, h is the Planck’s constant, υ is light’s frequency, A 

= constant, n= ½ or 2 (for allowed direct and indirect electronic transitions respectively), Eg 

denotes the bandgap energy. 

The Eg values were determined for n= ½ (allowed direct transition) for bare TiO2, C3T, and 

G0.5C3T composite. The calculated values were 3.25 eV, 2.92 eV, and 2.67 eV, respectively, 

as shown in Fig.3.6. Significantly, the band gap value decreases from 3.2 eV (for TiO2) to 2.67 

eV (for G0.5C3T), signifying the role of Cu and GO in reducing the band gap and enhancing the 

optical properties of the TiO2 composites in the visible range. 
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Fig.3.6: Tauc plots for allowed direct transition of prepared samples (a) TiO2, (b) C3T and (c) 

G0.5C3T composites. 

3.3.1.5 BET analysis 

To describe the surface characteristics and pore size distributions of the as-synthesised 

materials, the N2  adsorption-desorption isotherms (as shown in Fig.3.7) were examined. The 

bare TiO2 and synthesized G0.5C3T composite both followed type IV isotherm with type H3 

hysteresis loop representing the mesoporous nature and slit-shape-like pores. The surface area 

determined using the BET technique of bare TiO2 was 48.5 m2/g, which slightly increased to 

51.4 m2/g in the case of G0.5C3T composite, which might be due to the deposition of GO and 

Cu over TiO2. The pore size was also determined from the BJH curve; the average pore size 

was found to be 5.34 nm in the case of TiO2 and 12.85 nm in the case of the G0.5C3T composite. 

                      

                    Fig.3.7: N2 adsorption-desorption isotherm of the composites. 
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3.3.1.6 XPS analysis 

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental composition and 

elemental states of the synthesised G0.5C3T composite. The XPS spectra of Ti 2p, as shown in  

Fig.3.8(a), contained peaks at 458.6 eV (2p3/2) and 464.3 eV (2p1/2). The existence of Ti in (+4) 

oxidation state is indicated by its high agreement with the characteristic binding energy of Ti 

in pure TiO2. The 529.8 eV and 531.6 eV peaks in the O 1s spectra of Fig.3.8(b) correspond to 

O2- and C–O in the TiO2 lattice, respectively [39,40]. The binding energy peaks at 284.2 

eV,285.07 eV, 286.9 eV, and 289 eV correspond to the C=C, C–C, C-O and C= O groups, 

respectively. For O 1s (GO), the peaks at 530 eV,532 eV, and 533 eV fit for the O-C=O, C=O, 

and C-O, respectively, thus confirming the formation of the GO composite[41]. The XPS 

spectra of C 1s in Fig.3.8(c) displayed peaks at 284.87 eV and 288.9 eV, which fitted precisely 

to C–Cand C= O, respectively. The XPS spectra in Fig.3.8(d) displayed two binding energy 

peaks at 932.6 eV (2p3/2) and 952.2 eV(2p1/2)  for the Cu 2p orbitals. The difference between 

these peaks, which is 6 eV, indicates Cu in the (0) oxidation state. The observed satellite peak 

of Cu 2p is expected to be present in the presence of Cu2O and CuO[42,43]. 

             

Fig.3.8: XPS spectra of prepared G0.5C3T composite: (a) Ti 2p, (b) O 1s, (c) C 1s and (d) Cu 

2p. 
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3.3.2 Photocatalytic Hydrogen production under UV and sunlight 

3.3.2.1 Influence of loading of metal(Cu) and GO over TiO2 

The influence of photo-deposition of diff. wt% (1,3,5) Cu metal over TiO2 was examined for 

the hydrogen evolution from photocatalytic dehydrogenation of methanol solution (50vol%), 

shown in Fig.3.9(a). The photocatalytic activity of TiO2 was very low, producing 38 mmol of 

hydrogen after 4h in UV light as compared to C1T(115 mmol), C3T(217 mmol), and C5T(163 

mmol). The findings suggested that a 3wt% Cu-TiO2 (C3T) composite yielded the greatest 

quantity of hydrogen, thereby optimising the Cu content. Similarly, the effect of different 

weight% (0.5,1, 3, 5) of GO loading on TiO2 was examined in terms of the hydrogen evolution 

that occurred during the photocatalytic methanol dehydrogenation of a 50% solution exposed 

to UV light for 4h. Fig.3.9(b) illustrates the amount of hydrogen generated by different GT 

composites, indicating that the 5 wt% GO-TiO2 (G5T) composite produced the highest amount 

of hydrogen compared to the other weight% synthesised composites. The bare TiO2 showed 

the least amount of hydrogen evolved, which was 38 mmol, as compared to 

G0.5T(11mmol)<G1T(18mmol)<G3T(26mmol)<G5T(42mmol). The performance of TiO2, C3T, 

and ternary different wt% (0.5,1, 3, 5) GO/C3T   photocatalysts in hydrogen evolution under 

UV light with a methanol solution(50vol%) for 4h is illustrated in Fig.3.9(c). Among all of the 

composites, the G0.5C3T produced the highest amount of hydrogen (294 mmol), which is 

approx. 7.7 times as compared to bare TiO2 (38 mmol).  

The prepared catalysts were evaluated under direct sunlight under identical experimental 

conditions, as shown in Fig.3.10(a-c). The results followed the same trend with different wt% 

Cu and GO loading as shown under UV light, but the amount of hydrogen produced was much 

higher than that produced by UV light. The C3T composite produced 636 mmol of hydrogen 

in sunlight, as compared to 217 mmol produced under UV light. The G5T composite produced 

~ 2 times higher hydrogen in sunlight than that under UV light.  

The results compared the efficiency of the GO-modified C3T composites under two different 

light sources (as shown in Table 3.1). The GO-modified C3T ternary composites possessed 

higher photocatalytic dehydrogenation ability (both in UV and sunlight) than bare TiO2, binary 

Cu-TiO2 and GO-TiO2 composites. The 0.5 wt% GO loaded over C3T (G0.5C3T) composite 

displayed the highest efficiency amongst all composites, highlighting the synergistic effect of 

GO, Cu, and TiO2. The different wt% loadings of GO over C3T followed the order: G0.5C3T > 
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G1C3T > G3C3T > G5C3T. The G0.5C3T composite produced ~3folds higher hydrogen in 

sunlight than the UV light source. 

 

            

Fig.3.9: Histogram representing the influence of (a) Cu metal and (b) GO over TiO2  (c) GO 

modified Cu- TiO2 on the amount of hydrogen gas produced (mmol) by different catalysts in 

10ml methanol solution(50 vol%) under UV light for 4 h. 
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Fig.3.10: Histogram representing the influence of (a) Cu metal and (b) GO  over TiO2  (c) GO 

modified Cu- TiO2 on the amount of hydrogen gas produced (mmol) by various catalysts in 

10ml methanol solution (50 vol%) under sunlight for 4 h. 

The GC chromatograms related to hydrogen production after 4h by different catalysts under 

UV are shown in Fig.3.11. The findings suggested that increasing the weight percent (1,3,5 

wt.%) of GO into the photocatalyst resulted in a decline in the amount of hydrogen production. 

This can be attributed to the fact that excess GO would increase photon absorption and 

scattering that occurred during the photocatalytic process[44]. 

Sr. no.  Catalyst  Methanol dehydrogenation 

(in mmol) (under UV light) 

Methanol dehydrogenation 

(in mmol) (under sunlight) 

1. TiO2 38 32 

2. G5T 42 85 

3. C3T 217 636 

4. G0.5C3T 294 881 

Table 3.1: Comparison of the synthesized photocatalysts for methanol dehydrogenation.  
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Fig.3.11: GC spectra of methanol dehydrogenation by different prepared catalysts in UV light 

after 4h. 

The results indicate that the addition of an optimal amount of GO improved the activity of 

photocatalytic hydrogen generation. Fig.3.12(a and b) demonstrates the time course study of 

the reaction that took over 4h under UV light and sunlight, respectively. The samples were 

taken out after every one-hour time interval and analysed with the help of GC. The graph shows 

that the G0.5C3T composite produced the maximum amount of hydrogen among different 

catalysts over a time period of 4h. The hydrogen evolution rate was compared for TiO2, C3T, 

G5T, and G0.5C3T photocatalysts under UV light and sunlight irradiation. Fig.3.12(c) illustrates 

the hydrogen evolution rate was much higher for the G0.5C3T catalyst for methanol 

dehydrogenation under sunlight(210 mmol/h) than under UV light(76 mmol/h). Similarly, for 

other catalysts, the hydrogen evolution rate was also higher in sunlight than in UV light, 

indicating the importance of the source of light used. The catalysts exhibited the following 

order when exposed to UV light: TiO2 (10mmol/h) <G5T (11 mmol/h)< C3T (55 mmol/h)< 

G0.5C3T (74 mmol/h). Under sunlight, the catalysts followed the order: TiO2 (8mmol/h) <G5T 

(21mmol/h)< C3T (159 mmol/h)< G0.5C3T (220 mmol/h).  
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A comparison table was drawn to better understand the photocatalytic hydrogen produced by 

the prepared composites compared to that of other recently reported literature in Table 3.2. 

 

Fig.3.12: Time course graph of H2 production from dehydrogenation of methanol solution by 

different catalysts under (a) UV irradiation, (b) sunlight, and (c) Comparative hydrogen 

evolution rates for methanol dehydrogenation under UV and sunlight. 

Sr.no. Photo-catalyst Light 

source 

Reaction 

time 

Alcohol  

used 

H2 production Referen

ces 

1.   Pt/P25 UV 2h Methanol 71.53 mmol g-1 

h-1 

[45] 

2.  1wt% Cu-TiO2 UV 3h Methanol 23.2 mmol g-1 h-

1 

[46] 

3.  Pd/ TiO2 Visible 

lamp 

2h Methanol 22835 

μmol·g−1·h−1 

[47] 
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4.  Rh-Cu/TiO2 UV  6h Methanol 9272 

μmol·g−1·h−1 

 [48] 

       5. G0.5C3T UV 4h Methanol 1470 mmol h-1 

g−1 

This 

work 

      6. G0.5C3T sunlight 4h Methanol 4405 mmol h-1 

g−1 

This 

work 

Table 3.2: Comparison table of different photocatalysts for methanol dehydrogenation under 

light irradiation. 

3.3.2.2 Influence of chain length and concentration of solution 

To check the behaviour of different alcohols (methanol, ethanol, propanol), the 

dehydrogenation of these alcohols with the best-proved catalyst, G0.5C3T, under the optimised 

conditions mentioned above was conducted. Fig.3.13(a) illustrates the results that in the same 

vol% of alcohols, methanol produced the highest amount of hydrogen (294 mmol) as compared 

to ethanol(185 mmol) and propanol( 90 mmol). In terms of hydrogen production, the most 

effective organic compounds were methanol>ethanol> propanol. The breakdown of these 

organic molecules contributes to increased hydrogen production, as hydrogen is one of their 

constituents. In this manner, adding sacrificial reagents can improve the process of 

photocatalytic hydrogen production. Organic compounds, including alcohols, and aldehydes, 

organic acids have been tested and found to be effective as electron donors for hydrogen 

production in photocatalytic reactions [48]. Among these compounds, methanol has been 

identified as the most efficient sacrificial reagent compared to other alcohols. According to 

reports, the amount of hydrogen produced reduces as the carbon number increases in the 

alcohol(methanol>ethanol> propanol)[48,49]. The primary cause of this effect is the decrease 

in the production of formaldehyde for higher alcohols. This occurs because the process of 

forming formaldehyde requires breaking C-C bonds. As the chain length and complexity of the 

alcohol molecule increase, the steric hindrance is enhanced, leading to a decrease in hydrogen 

production.  

The results were different when the same concentration of different alcohol was taken in 

Fig.3.13(b&d). It was found that ethanol showed the highest amount of hydrogen production. 

The probable reason could be that the stability of the intermediate species generated during this 

process can impact the effectiveness of hydrogen generation. Ethanol, methanol, and propanol 

undergo dehydrogenation to produce distinct intermediate species, and the stability of these 
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intermediates can differ. The intermediate of ethanol, acetaldehyde, may have characteristics 

that promote more efficient dehydrogenation and hydrogen release compared to the 

intermediates produced from methanol and propanol. 

The above-mentioned experiments were performed under sunlight in order to examine the 

influence of light sources on hydrogen production. Although the results followed the same 

pattern as discussed under UV light, the amount of hydrogen produced during the 

dehydrogenation of alcohols was much higher, emphasising the importance of the source (i.e. 

sunlight). In comparison to ethanol (625 mmol) and propanol solutions (472 mmol), 

Fig.3.13(c) shows that hydrogen production was highest (in 50vol%) with methanol solution 

(881 mmol). Of the three different alcohols, the ethanol solution produced the highest amount 

of hydrogen in the case of 0.5M solutions (Fig.3.13(d)). 

 

Fig.3.13: The influence of (a&c) different alcohol (50 vol%) solutions (b&d) same 

concentration of alcoholic solutions (0.5 M ) on hydrogen production studied with the help of 

G0.5C3T composite under UV and sunlight. 
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Fig.3.14(a) illustrates the amount of hydrogen produced using various molar concentrations of 

methanol solution under the same reaction conditions. As the concentration of the solution 

increased, the amount of hydrogen evolution correspondingly increased. The highest amount 

of hydrogen evolution was achieved using a 12.35 M methanol solution (estimated to be 

50vol%), justifying the use of the 50vol% methanol solution taken during the dehydrogenation 

process. 

 3.3.2.3 Reusability test 

The reusability of the G0.5C3T catalyst was assessed through four cycles for the photocatalytic 

methanol dehydrogenation using the same experimental conditions indicated above. The 

catalyst was retrieved from the solution using centrifugation, rinsed with distilled water, dried, 

and subsequently reused for further runs. Fig.3.14(b) demonstrates that the catalyst produced 

a significant amount of hydrogen up to four cycles under the same experimental conditions in 

comparison to the original run. 

 

Fig.3.14: (a)The influence of different molar concentrations of methanol solutions over 

hydrogen production with the G0.5C3T composite under UV light, (b)H2 production by the 

G0.5C3T photocatalyst for four cycles. 

3.3.2.4 Proposed photocatalytic dehydrogenation of methanol mechanism 

Scheme 3.1 depicts the most plausible mechanism that could be occurring given the current 

experimental conditions. The band edge positions for TiO2 were calculated from the Valence 

band XPS spectra (Fig.3.15). The valence band (VB) position was determined to be +2.85 eV, 

and the conduction band (CB) position was calculated to be -0.4 eV using the band gap value 

for the semiconductor TiO2, which is 3.25 eV. The current mechanism is suggested based on 
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the findings derived from the activity results for the superior activity of the G0.5C3T catalyst 

and the characterisation studies stated above. When exposed to ultraviolet (UV) radiation 

/sunlight, the photocatalyst TiO2 undergoes a process where electrons in the valence band (VB) 

of TiO2 get excited and go to the conduction band (CB). However, the catalyst's photocatalytic 

hydrogen production is not high due to the rapid recombination rate of the electron-hole pairs. 

To delay this quick recombination rate, Cu metal was photo-deposited over TiO2 composite, 

and due to the SPR and electron trapping effect of Cu, the electrons get captured by the metal, 

thus decreasing the recombination rate, which enhances the photocatalytic property of the TiO2 

catalyst for hydrogen production. These e-s are subsequently transferred to the GO surface, 

which has exceptional conduction and electron storage properties. Due to the lower reduction 

potential of GO ( -0.08 eV) than TiO2 (-0.24 eV), the e-s get transferred on the GO sheet, thus 

further enhancing the electron-hole recombination rate and resulting in the reduction of H+ to 

hydrogen[50,51]. Methanol molecules present in the reaction are oxidised by the holes in the 

VB of TiO2 to formaldehyde. The above-suggested mechanism explains the higher 

photocatalytic efficiency of the G0.5C3T catalyst, indicating the importance of loading GO and 

Cu metal over TiO2 and their combined cooperative effect on the catalyst. 

The photooxidation reaction of  dehydrogenation of methanol is assumingly supposed to take 

place by the following chemical equations: 

 𝐶𝐻3𝑂𝐻 →
ℎ𝜈,𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑙𝑦𝑠𝑡

𝐻𝐶𝐻0 + 𝐻2 (∆𝐺° = 64 𝑘𝐽𝑝𝑒𝑟𝑚𝑜𝑙), 

 𝐻𝐶𝐻𝑂 +  𝐻2𝑂 →
ℎ𝜈,𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑙𝑦𝑠𝑡

𝐻𝐶𝑂𝑂𝐻 + 𝐻2   (∆𝐺° = 47 𝑘𝐽𝑝𝑒𝑟𝑚𝑜𝑙), 

                      𝐻𝐶𝑂𝑂𝐻 →
ℎ𝜈,𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑙𝑦𝑠𝑡

𝐶𝑂2 + 𝐻2   (∆𝐺° = −95.8 𝑘𝐽𝑝𝑒𝑟𝑚𝑜𝑙). 

 

This mechanism is supported by earlier findings[52–54]. Nalajala et al. performed the  HPLC 

analysis to explain the mechanism with the help of the obtained products. The results 

emphasised that the test solution exhibited a new peak that corresponded to formaldehyde, in 

addition to methanol and water, along with a trace amount of formic acid formation; however, 

no CO2 was observed[52]. 
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                         Fig.3.15: XPS valence band spectra of the semiconductor TiO2. 

 

 

Scheme 3.1: The plausible reaction mechanism of photocatalytic dehydrogenation of 

methanol over G0.5C3T composite under light irradiation. 
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3.4 Conclusion 

To summarise, this work involved the synthesis of a ternary GO-modified Cu-TiO2 

photocatalyst using hydrothermal and photo-deposition methods. The attributes of the optimal 

G0.5C3T have been extensively examined using various techniques, including analysis of its 

structural, morphological, chemical composition, optical properties, etc. These investigations 

have confirmed the successful formation of the nanomaterial. The photoactivity of TiO2 has 

been extensively improved by photo-depositing Cu metal and GO loading over its surface, 

which resulted in higher photocatalytic methanol dehydrogenation under UV and sunlight 

irradiation. Various parameters, such as the influence of different wt% of Cu metal and GO 

loading, source of light, the influence of chain length of alcohols, concentration, and time 

kinetics, were studied thoroughly. For practical purposes, the recyclability of the catalyst was 

studied, and the results demonstrated that the catalyst produced a significant amount of 

hydrogen up to four cycles. For photocatalytic methanol dehydrogenation, the G0.5C3T 

composite produced ~3fold higher hydrogen in sunlight than the UV light source. The results 

validate that GO loading and Cu metal are highly encouraging substitute co-catalysts for costly 

noble metal-based co-catalysts (such as Pd, Pt, and Au) in activating TiO2 for solar hydrogen 

generation in alcohol-water mixtures. In the future, GO-modified metal-TiO2 or other 

semiconductors could enable the examination of hydrogen production from various waste 

industrial alcohols or laboratory organic solvents. This process is considered a green fuel 

solution, and it utilises low-cost synthesised photocatalysts to convert these materials into 

usable energy sources. 
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CHAPTER- 4 

 

Graphene Oxide modified Ag-TiO2 Hybrid Nanocomposites for 

Improved Photocatalytic Activity 

 

Schematic outline: 

 This report explores the creation of graphene oxide (GO) and Ag-TiO2 nanocomposites to 

enhance photocatalytic activity. GO, obtained from anthracite coal, features a high sp² carbon 

content, improving conductivity and light absorption. The goal is to develop GO-TiO2 

composites that enable efficient electron transfer, reducing recombination. By adding silver 

nanoparticles (Ag) to TiO2, photocatalytic performance is further enhanced. Characterization 

using XRD, HR-TEM, SEM, and Raman spectroscopy confirms the successful integration of 

the components. Testing with phenol and 4-nitrophenol shows that the GO/Ag-TiO2 composite 

achieves 62% phenol degradation under UV light and 34% under visible light, along with 85% 

degradation of p-nitrophenol under UV. These results demonstrate the synergistic effects of Ag, 

TiO2, and GO, highlighting the potential of these nanocomposites for effective pollutant 

removal. 
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4.1 Introduction 

In recent years, graphene oxide (GO) has attracted a significant amount of interest due to its 

fascinating structural and electronic properties [1–3]. It has become a promising candidate in a 

wider variety of applications, such as energy storage [4,5], optoelectronic devices [6,7], sensors 

[8,9], biomedical applications [10,11], photocatalysis [12,13] etc. But till now, expensive 

carbon-based precursors such as graphite have been extensively used to prepare the graphene 

oxides [14–17]. As a result, the commercial utilization of these materials is rather narrow. 

Therefore, the synthesis of graphene oxide materials from cheaper resources, including natural 

and industrial wastes, attracted a substantial extent of attention [18–23]. 

In present times, due to its high abundance and lower cost, coal has emerged as a new 

generation precursor for preparing graphene oxides [24–28]. It consists of an infinite three-

dimensional network structure comprising of sp2 and sp3 carbon atoms linked through aliphatic 

and ether groups[29–31]. The fractions of sp2 carbon are around 70%, 75%, 85%, and 94% for 

lignite, sub-bituminous, bituminous, and anthracite coal, respectively[29,30]. Such features 

enable coal to be a potentially valuable precursor for preparing graphene oxide. 

TiO2-derived photocatalysts have been extensively used for the removal of toxic pollutants 

from wastewater due to their low cost, non-toxic nature and enhanced stability[32–34]. But 

because of its wider band gap (~3.2 eV), it can only act as an efficient photocatalyst under UV 

radiation only [35]. It has been reported that depositing metal (e.g. Ag, Cu, Au) (Rather et al., 

2017; Yurdakal et al., 2017; Aulakh and Pal, 2019; Aulakh et al., 2020) or graphene oxide [40–

42] on TiO2 surface, its photocatalytic efficiency under visible light can be enhanced 

significantly.  

In this report, we have prepared graphene oxide (GO) using the methodology developed by 

Mahajan et al.[25] from anthracite coal as it contains extremely high concentrations of sp2 

carbon, resulting in excellent absorbance in the visible region and high conductivity, resulting 

in facile electron transfer. The obtained GO was then deposited on the TiO2 surface and 

examined the photocatalytic activity. Phenol and p-nitrophenol have been chosen as the model 

pollutants. These compounds have been extensively used in pharmaceutical, textiles and 

agrochemical industries [43]. Despite their widespread range of utility, these compounds are 

extremely harmful towards humans, animals and plants (Michałowicz J. and Duda W., 2007; 

Asadollahi-Baboli, 2012; Majewska et al., 2021). Furthermore, superior stability and low 
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biodegradable nature conceal their efficient removal from wastewater. Hence, their efficient 

removal becomes particularly essential.  

4.2 Experimental section 

4.2.1 Materials 

Commercial TiO2 (P25) was received as a gift from Degussa Corporation, Germany.  Anthracite 

coal was procured from the Kashmir region. Silver nitrate (AgNO3) and Graphite powder were 

purchased from Sigma Aldrich, India. Distilled water was obtained from the distillation plant 

(Milli-Q, Millipore). All chemicals were utilized without any additional purification. 

4.2.2 Preparation of Graphene oxides  

The graphene oxide from anthracite coal was obtained using one pot process[25]. Firstly, raw 

coal was mechanically powdered and then purified by dissolving in dilute acid (50ml of HCl 

(37%) and 50ml HF (45-50%) with approx. 500 ml of DI water), stirred in PP bottle for 1-2 

days. Afterwards, the resulting mixture was washed with DI water until it showed pH 7 and 

filtered the resultant purified slurry, was dried at room temperature. 5g of purified coal was 

refluxed with 80 ml of HNO3 in a round bottom flask at 120ᵒC for 5h. The resultant mixture 

was cooled at room temperature, washed several times with DI water and ultrasonicated for 2 

h to further exfoliate the oxidized coal. Subsequently, it was centrifuged at @4000rpm, washed 

a number of times with DI water and dried at 60ᵒ C. The graphene oxide from graphite powder 

was synthesized using modified Hummer’s method [47]. Firstly, a (1:1) mixture of graphite 

powder and NaNO3 was added to a conical flask, and then 23 ml of H2SO4 was added into it, 

followed by 3h stirring (~20ᵒC). Afterwards, 3g KMnO4 was added slowly, and the reaction 

mixture was vigorously stirred for 2h at 20ᵒC. 46 ml of distilled water was added to the above 

mixture slowly and stirred for 2 h at 98ᵒ C. To the above solution, 100 ml DI water was added 

and 10 ml H2O2 after 5 min. The obtained product was washed with DI water and ethyl alcohol 

3-4 times, and the final product dried at 55ᵒC for 12 h.  

4.2.3 Preparation of Ag-TiO2  

The photo-deposition method was followed for the deposition of Ag metal onto TiO2 [48]. In a 

typical method, 100 mg of TiO2 was dispersed in 50vol% of (5 ml IPA and 5 ml DI water) 

followed by the addition of AgNO3 (0.01M; 93 0μL) in a test tube. The above test tube was 

purged with Ar gas and sealed and photo-irradiated under UV light using a mercury arc lamp 
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with continuous magnetic stirring for 2h. The obtained solution was centrifuged @ 6000rpm, 

washed with ethyl alcohol and water and dried at 80ᵒC overnight. This compound will 

sometimes be referred to as ATO throughout the chapter. 

4.2.4 Preparation of GO/TiO2 and GO/Ag-TiO2  

The GO/TiO2 and GO/Ag-TiO2 composite was synthesized using the hydrothermal method 

[49]. 10 mg of GO was dissolved in a 2:1 solution of (80 ml DI water and 40 ml ethanol) and 

exfoliated by ultrasonication for 2h. To the resulting GO solution, 200 mg of TiO2 was added 

(for GO/TiO2 composite) or Ag-TiO2 (for GO/Ag-TiO2 composite) and further agitated for 2h 

to afford a homogeneous suspension. The obtained suspension was added into a 200 ml Teflon-

sealed autoclave and placed in a muffle furnace at 120ᵒC for 3h. Finally, the obtained composite 

was recovered by filtration, washed 3-4 times with DI water, and dried at 70ᵒC for 12 h. These 

composites will be occasionally denoted as GTO and AGTO, respectively, throughout the 

chapter. 

4.2.5 Characterization  

XRD (X-ray diffraction) diffractograms were recorded using the X-ray diffractometer, 

PANALYTICAL X’Pert PRO with Cu Kα (λ=1.540Å), using a scanning rate of 10 min−1. The 

surface morphology was studied by scanning electron microscopy (SEM) using a JEOL JSM-

7600 F microscope operated at 30 kV. The microstructural and crystallographic details were 

furthermore scrutinized by recording the high-resolution transmission electron microscopy 

(HRTEM) images in JEOLJEM-2100 plus microscope operating at 200 kV. The concentration 

of phenol and p-nitrophenol in the solutions was measured by determining the absorbance 

values at 269 and 401 nm, respectively, using a Shimadzu UV-2600 spectrophotometer. The 

Raman spectra were recorded using LabRam HR Evolution Raman microscope with an 

excitation wavelength of 532 nm. The HRMS (High resolution mass spectroscopy) on Waters, 

QTOF mass spectrometer with UPLC (XEVO G2 XS) was used to investigate the intermediate 

by products formed during photocatalytic degradation of phenol. The diffused reflectance 

spectra (DRS) of each individual composite were measured in the range 350-800 nm using 

DRS and Avantes spectrometer to record the solid state absorption spectra. To determine the 

solution phase, UV-visible and photoluminescence spectra, 1mg of the different nanostructures 

were dispersed in 5 ml distilled water to afford homogeneous dispersions. The absorption and 

emission spectra were recorded using Shimadzu UV 2600 and spectrometer and Perkin-Elmer 

LS55 spectro-fluorimeter, respectively. 



81 
 

4.2.6 Photocatalytic Activity 

The photocatalytic activity of the prepared composites was evaluated by monitoring the change 

in absorbance of phenol/p-nitrophenol solution in the presence of UV and visible light using a 

125 W Hg arc and 50W LED lamp, respectively. Then, 5 mg of (TiO2, Ag-TiO2, GO/TiO2, 

GO/Ag-TiO2) catalyst was added in 10 ml of phenol (1 M) /p-nitrophenol solution (0.1 mM) 

in test tubes placed under UV lamp for various time intervals, the absorbance change were 

analyzed by a UV-Visible spectrophotometer. The same procedure was used to examine the 

photocatalytic degradation of phenol using synthesized catalysts under visible lamp. Before 

every photocatalytic reaction, different mixtures were stirred in the dark for 30 minutes in order 

to complete the adsorption process. The photocatalytic degradation efficiency (%D) was 

calculated using equation 4.1. 

%𝑫 =
𝑨𝟎−𝑨

𝑨𝟎
× 𝟏𝟎𝟎                                                      (equation no. 4.1) 

Where A0 and A are the initial and final absorbance of phenol/p-nitrophenol at 269/401 nm, 

respectively. 

4.3 Results and Discussions 

4.3.1 Structural Analysis  

The formation and crystallinity of the as-prepared composites were confirmed by examining 

their XRD patterns (Fig.4.1). In the XRD pattern of graphene oxide (GO), the characteristic 

signals of the anthracite coal have almost completely disappeared along with the concurrent 

appearance of the distinctive peak for GO (Fig.4.1(a))[50]. The overall diffraction pattern 

includes the (200), (111) lattice planes of Ag-nanoparticles (Fig. 1b). It also contains (101), 

(004), (200), (105), (211), (204), (116), (220), (215) crystallographic planes of anatase TiO2 

(JCPDS card no. 21-1272) as well as (110), (101), and (111) lattice plane of rutile TiO2 

(JCPDS Card No. 21-1276) (Fig.4.1(b)). The peaks show no appreciable changes from their 

pristine analogues. Upon loading of Ag-TiO2, the diffraction peak corresponding to GO 

becomes relatively much weaker. This is because both Ag and TiO2 have higher x-ray scattering 

coefficients compared to GO due to higher atomic numbers.  
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         Fig.4.1: XRD patterns of (a) GO, (b) TiO2, GO/Ag-TiO2 composites.  

The SEM images (Fig.4.2(a-b)) of the hybrid structures show that graphene oxide layers 

undergo stacking to result in a flower-shaped morphology. In the case of GO/Ag-TiO2 hybrid, 

the Ag-TiO2 nanoparticles undergo the deposition of the external surface of graphene oxide 

microstructures. In order to check the homogeneity of the deposition process, SEM 

micrographs were collected in different areas (Fig.4.2(c-d)). It has been observed that the Ag-

TiO2 nanoparticles are deposited at different extents in the different locations of the sample, 

thereby suggesting non-uniformity of the deposition process.  

In order to scrutinize the crystallinity and morphology more, transmission electron microscopic 

studies were performed (Fig.4.3). The TEM image of GO/Ag-TiO2 hybrids consists of light 

grey coloured layers, medium grey coloured cubes and dark grey coloured spherical particles 

corresponding to GO, TiO2 and Ag nanoparticles respectively (Fig.4.3(a)). It can be clearly 

observed that the flower-shaped morphology is no longer present, thereby suggesting that the 

incorporation of Ag-TiO2 can cause the graphene layers to move away from each other. The 

HR-TEM pattern of the composites revealed the presence of (200) and (101) lattice fringes 

corresponding to Ag nanoparticles (face-centred cubic lattice) and anatase TiO2, respectively 

(Fig.4.3(b)). Such observations confirm the formation of GO/Ag-TiO2 binary composites. 
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Fig.4.2: SEM micrographs showing (a) Flower shaped Coal derived Graphene Oxide, (b) 

Stacking between different layers of GOs, (c-d) Surface deposition of Ag-TiO2 nanoparticles 

onto the GO micro(µ)-structures. 

 

Fig.4.3: (a) HR-TEM image (b) Lattice Fringes of GO/Ag-TiO2 composites. 

In order to analyze the structure further, Raman spectra of GO, GO/TiO2 and GO/Ag-TiO2 were 

recorded (Fig. 4). In the Raman spectra of GO Fig.4.4(a), there are two broad signals at 1346 

and 1593 cm−1 due to D and G band of GO indicating a significant amount of disorder [51]. 
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Apart from these two, there is a peak at 1924 cm−1 because of iTALO mode resulting from the 

stacking of graphene layers, and the calculated ID/IG ratio resulted in 0.84 [52]. Interestingly, 

upon loading of TiO2 and Ag-TiO2, the signal corresponding to the iTALO mode has 

disappeared, whereas the peaks related to the D and G bands remain practically identical 

(Fig.4.4(b)). Such observation is consistent with the delamination of graphene layers upon 

loading of TiO2 and Ag-TiO2. Furthermore, the signals at 397, 513 and 639 cm−1 are 

characteristic peaks of TiO2 [53]. 

Fig.4.4: Raman Spectra of (a) GO and (b) GO/TiO2 (GTO) and GO/Ag-TiO2 (AGTO) 

composites. 

4.3.2 Optical Properties 

In order to monitor the optical properties, solution phase UV-visible spectra of the suspensions 

as well the solid-state DRS patterns were recorded for the composites as well as their individual 

constituents (Fig.4.5(a,b) and Fig.4.6). The UV-visible absorbance spectra of GO showed a 

characteristic peak at 227 nm, which results from π→π* transitions because of the aromatic 

C=C bonds [54] and TiO2 show characteristic signals at 327 nm, respectively (Fig.4.5a), 

whereas Ag nanoparticles show representative peaks at 214 and 417 nm (Fig.4.5b). The 

GO/TiO2 and GO/Ag-TiO2 hybrids possess all the distinct signals of each discrete component 

(Fig.4.5b). The DRS spectra also displayed exactly similar patterns (Fig.4.6). In order to 

examine the electron-hole pair recombination process, the photoluminescence (PL) spectra of 

Ag-TiO2 and GO/Ag-TiO2 were recorded (Fig.4.5c). It has been observed that upon loading 

with GO on Ag-TiO2, the PL intensity decreases, thereby indicating quenching of the emission 

process due to a lower degree of electron-hole pair recombination.  
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Fig.4.5: (a) UV-Visible spectra of Ag NPs, GO, and TiO2 (b) Changes in the UV-Visible spectra 

of GO after deposition of TiO2 and Ag-TiO2 and (c) Photoluminescence spectra of ATO and 

AGTO composites.  

                                       

Fig.4.6: The DRS spectra of Anthracite coal, P25, GO sheets, TiO2@GO, Ag@ TiO2, and Ag-

TiO2@GO. 
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4.3.3 Photocatalytic Activities 

The photocatalytic activity of GO, TiO2, GO/TiO2, Ag-TiO2 and GO/Ag-TiO2 were scrutinized 

towards the degradation of phenol (neutral pH) under both visible and UV light irradiation by 

monitoring the absorbance at 269 nm (Fig.4.7). Under visible light radiation, the GO, TiO2, 

GO/TiO2 and Ag-TiO2 have 15%, 4%, 6% and 16% photocatalytic removal efficiency towards 

phenol, respectively. The poor photocatalytic activity can be attributed to their poor absorbance 

in the visible region and higher electron-hole pair recombination. Moreover, the GO/TiO2 

hybrid has inferior photocatalytic activity compared to GO. This can be due to the blockage of 

active sites present in the external surface of GO upon TiO2 loading. Interestingly, the GO/Ag-

TiO2 heterostructure had significantly higher photodegradation efficiency (34%). Such 

observation revealed that the synergistic effect of GO, Ag, and TiO2 are extremely crucial to 

afford optimum photocatalytic activity. Interestingly, under UV light irradiation, the 

photocatalytic activities of Ag-TiO2 (38%) and GO/Ag-TiO2 (62%) composites were 

significantly higher. Because exposure to UV light can lead to higher energy electronic 

transitions originating from inner core-filled bands to afford high energy holes to afford higher 

photocatalytic activity.   

      

Fig.4.7: Photocatalytic degradation of Phenol using different catalysts under (a) Visible and (b) 

UV light irradiation for 2 h. 

All these photodegradation reactions obey pseudo-first-order kinetics (Fig.4.8) (equation 4.2). 

The corresponding rate constant values are 3.94×10−3 and 8.05×10−3 min−1 for the Ag-TiO2 and 

GO/Ag-TiO2 hybrids, respectively. In order to confirm the reproducibility, photodegradation 

reactions in the presence of GO/Ag-TiO2 composite have been repeated three times. The 
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photodegradation efficiencies after 2 h were practically constant (60, 62 and 63%), thereby 

confirming the consistency of the result.   

𝐥𝐧
𝑪𝟎

𝑪𝒕
= 𝒌𝒕                                   (equation no. 4.2) 

Where C0 = the Initial Concentration of the substrate, Ct = Concentration of the substrate at 

time t, and k= rate constant. 

 

Fig.4.8: (a) variation in absorbance (at 269 nm) with time for different photocatalysts under 

UV irradiation (b) pseudo first order kinetic fitting for different photocatalysts in the presence 

of UV irradiation. 

The photocatalytic activity under UV radiation of the coal-derived GO/Ag-TiO2 hybrid was 

compared with its graphite-derived analogue to validate the choice of precursor (Fig.4.9). It 

has been observed that the coal-derived nanocomposite shows 89% photocatalytic phenol 

degradation within 4 hours and 35 minutes whereas the graphite derives analogue shows 85% 

activity in 5 hours and 25 minutes. Coal-derived GO is composed of carbon atoms that are 

planar, graphenic, sp2 and sp3 linked. Nonetheless, in coal the wide range of functional 

chemistry and molecular compounds leads to tunable electronic and optical properties as 

compared to conventional sources like graphite-derived GO. Such observation confirms that 

the coal-derived heterostructure acts as a superior photocatalyst compared to its corresponding 

graphite derivative.  
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Fig.4.9: Comparison of photocatalytic efficiency of different Ag-TiO2/GO composites under 

UV light (a) Changes in the UV spectra with time for graphite-derived AGTO composite (b) 

Changes in the UV spectra with time for coal-derived AGTO composite (c) variation in 

absorbance (at 269 nm) with time for AGTO composites (d) pseudo first order kinetic fitting 

for AGTO composites. 

 Inspired by the above observations, the photocatalytic activity of GO, Ag-TiO2 and GO/Ag-

TiO2 towards p-nitrophenol degradation was examined (Fig.4.10) under UV light irradiation. 

Among all these catalysts, the GO/Ag-TiO2 hybrid had the best photocatalytic activity. This 

composite possesses 85% degradation efficiency towards photocatalytic p-nitrophenol removal 

in 60 minutes, whereas GTO (71%) and ATO (44%) show relatively inferior photocatalytic 

activity within the same time interval (as shown in Table 4.1). This observation also reveals 

that the cooperative effect of Ag NPs, GO, and TiO2 is extremely important to maximize the 

photocatalytic activity.  
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Sr. no.  Catalyst % Degradation 

(p-nitrophenol) 

1. ATO 44 

2. GTO 71 

3. AGTO 85 

            Table 4.1: Comparison of the synthesized photocatalysts for p-nitrophenol degradation. 

 

   Fig.4.10: Photodegradation of p-nitrophenol in the presence of different catalysts. 

Similar to phenol degradation, photocatalytic p-nitrophenol degradation also obeys pseudo-

first-order kinetics (Fig.4.11). The GTO, ATO and AGTO possess the rate constant values of 

0.020, 0.010 and 0.029 min–1 respectively.  
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Fig.4.11: (a) variation in absorbance (at 401 nm) with time for different photocatalysts under 

UV irradiation (b) pseudo first order kinetic fitting for different photocatalysts in the presence 

of UV irradiation. 

Importantly, the p-nitrophenol undergoes much more facile degradation than phenol. The 

presence of electron-withdrawing nitro groups enhances the positive charge density on the 

hydroxyl group, thereby enhancing its hydrogen bond acceptance ability. Moreover, the nitro 

groups can also participate in additional non-covalent interactions with the photocatalysts. Due 

to these factors, p-nitrophenol can undergo stronger binding with photocatalysts to result in 

more efficient degradation.  

Remarkably, the GO/Ag-TiO2 heterostructure (AGTO) shows shorter reaction time and 

comparable degradation efficiency towards photocatalytic p-nitrophenol removal under UV 

light irradiation with much smaller catalyst dosage as shown in Table 4.2 [55–57]. 

Photocatalyst Catalyst 

dosage 

(g L−1) * 

Concentration 

of the 

Pollutant (M) 

pH Light 

Source 

Photocatalytic 

Efficiency 

(%) 

Time 

(minutes) 

References 

B-doped TiO2 1.0 7.2×10−6 - 125 W 

Hg 

lamp 

90 180 [57] 

FeTPP/NaY, 

H2O2 

1.0 2×10−4 6.5 12 W 

UV 

lamps 

86 180 [55] 
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K0.33MnO2·1.14 

H2O 

1.0 1.8×10−4 - TQ150–

Z0 lamp 

(power 

150 W) 

100 150 [56] 

AGTO 0.5 1×10−4 - 125 W 

Hg arc 

85 60 This Work  

 

Table 4.2: Comparative photodegradation efficiency of AGTO towards p-nitrophenol 

degradation under UV light irradiation with the reported literature. 

 

In order to identify the active species, different control experiments have been performed 

(Fig.4.12). The UV-light promoted photocatalytic p-nitrophenol degradation activity of the 

AGTO composite under different reaction conditions after 1-hour of reaction time were 

compared. It has been observed that the photocatalytic activity remains practically identical 

even after extensive argon purging. Such observation rules out any role of the electrons as well 

as the superoxide radicals in the photocatalytic reactions. Whereas the addition of 0.5 ml iso-

propanol in the 10 ml reaction mixture reduces the degradation efficiency quite significantly. 

Such observations suggest that the holes (h+) and hydroxyl radicals (∙OH) act as active species 

in the photocatalytic degradation process.  

           

Fig.4.12: Variation photocatalytic p-nitrophenol degradation efficiency of AGTO catalyst 

after 60 minutes reaction time under different conditions (A) Reaction mixture under ambient 

atmosphere (B) Reaction mixture under argon atmosphere (C) Reaction mixture containing 

0.5ml isopropanol.  
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Based on the above observation, the following mechanism has been proposed (Scheme 4.1). It 

involves the excitation of TiO2 by the incident light to generate an electron-hole pair. 

Furthermore, the Ag nanoparticles can also undergo excitation through the surface plasmon 

resonance phenomenon to afford additional electron-hole pairs. The excited electron (e−) from 

the TiO2 conduction band or Ag nanoparticles undergo facile transfer to the GO surface to 

reduce the probability of electron-hole pair recombination. The holes (h+) oxidize the water 

molecules to generate hydroxyl (∙OH) radicals. The hydroxyl (∙OH) radicals and holes (h+) 

finally react with the organic pollutants (phenol/p-nitrophenol) to afford the degradation 

products.  

 

Scheme 4.1: Schematic representation showing the proposed reaction mechanism for the 

photocatalytic degradation. 

4.3.3.1 Phenol degradation mechanism study using HRMS analysis 

Phenol degradation was carried out by taking 5mg of AGTO catalyst in 10ml of phenol (1 µM) 

solution in a test tube and kept under the dark for 30 min afterwards, placed under UV light for 

2h. The degraded solution was collected and centrifuged, and the UV-visible absorbance 

spectra were recorded. The photocatalytic degradation efficiency of AGTO was found to be 

65%. The degraded solution sample was used for HRMS analysis to identify the phenol 

degradation intermediates and to better understand the photodegradation mechanism. The 

analysis was carried out using the positive mode of electrospray ionization. The fragmented 
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mass pattern (Fig.4.12) depicted fragments of m/z = 110 (catechol, hydroquinone),108 (o & p- 

benzoquinone), 90 (oxalic acid), and 60 (acetic acid), respectively.   Fig.4.13 depicts a plausible 

phenol degradation pathway based on the intermediate compounds found in the mass pattern. 

Phenol degradation was initiated with the ∙OH radical attack (confirmed by scavenger test) on 

the phenol ring (m/z = 94), which resulted in the formation of catechol, hydroquinone, o & p- 

benzoquinone as intermediates. After gradual photooxidation by the ∙OH radical, small 

fragments were formed (oxalic acid, propionic acid, acetic acid), which mineralized into small 

compounds like CO2 and H2O[58]. The phenol fragment of (m/z = 94) was not observed in the 

spectra, which suggests that the phenol ring degraded down into smaller fragments, which 

eventually degraded into smaller compounds. 

 

Fig.4.12: HRMS spectra of degraded phenol after photocatalytic reaction with AGTO 

composite.  
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Fig.4.13: The proposed pathway of phenol degradation after photocatalytic degradation with 

AGTO composite under UV light irradiation.  

 

4.4 Conclusion 

In summary, different graphene oxide-derived composites have been prepared, and their 

activity towards degradation of phenol and p-nitrophenol was evaluated under UV as well as 

visible light irradiation. The formation of Ag-TiO2/GO ternary nanocomposites was confirmed 

by different spectroscopic and microscopic techniques such as XRD, HR-TEM, Raman, etc. It 

has been observed that the Ag-TiO2/GO hybrids show the highest catalytic activities among all 

different composites. Such observation suggests that the synchronized effect of Ag, TiO2 and 

GO plays a crucial role in maximizing the photocatalytic activity. Also, the coal-derived GO 

based heterostructure has been shown to possess superior photocatalytic efficiency compared 

to its graphene-derived analogue. Furthermore, photocatalytic degradation of p-nitrophenol is 

much more facile compared to the phenol.  The control experiments suggest that the holes and 

hydroxyl radicals are the predominant active species in the photodegradation process, while 

the electrons and superoxide radicals do not have any significant roles.  Such observation will 

endorse an emerging direction to prepare different nanostructures from cheaper, naturally 

abundant resources to afford fascinating physicochemical properties such as enhanced 

photocatalytic activity.   
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                          Summary and Future Outlook 

 

Among various photocatalysts, Titanium dioxide (TiO2) is an established photocatalyst 

known for its robust photocatalytic oxidation, high room temperature activity, and excellent 

photostability. Although TiO2 have significant potential for photocatalytic applications, its 

effectiveness is hindered by its rather small specific surface area, rapid recombination of 

photogenerated charge carriers, and limited efficiency in utilising solar or visible light due 

to the wide band gap. The core focus of this thesis is to synthesize GO-modified metal- 

TiO2  composites with efficient e--h+ pair separation for photocatalysis using the synergic 

influence of metal (plasmonic/transition) and graphene oxide (carbonaceous material) on 

them. The developed nanocomposites, such as different wt% GO/Ag-TiO2 and GO/Cu-

TiO2, have been found to exhibit improved photocatalytic performance than their individual 

counterparts (bare TiO2 and their binary composites) for the photodegradation of several 

toxic pharmaceutical and industrial pollutants. In addition, the GO-modified metal- TiO2 

catalysts performed well in tests evaluating its potential for use in the generation of green 

and renewable energy (H2). The enhancement in the photocatalytic properties is credited to 

the construction of a ternary heterojunction composite that features (i) increased specific 

surface area due to the incorporation of GO, resulting in an abundance of photocatalytic 

active sites (ii) accelerated separation and transport of photoexcited charge carriers across 

the interface contacts of metal (M), TiO2, and GO, and (iii) an expanded light absorption 

range due to surface-deposited metals. Based on the research work, it is anticipated that 

these GO-modified metal TiO2  composites with promising photocatalytic activity can be 

further investigated in other scientific fields such as sensing, fuel cells, batteries, bacterial 

disinfection, carbon dioxide (CO2) reduction, nitrogen oxide (NOx) conversion, hydrogen 

(H2) generation from biomass or water splitting, and many more. In extension to this, it is 

proposed that the strategy of promoting the photocatalysis activity via the combined effect 

of M and GO can be expanded for the modification of other semiconductor metal oxides. 
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