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AAbbssttrraacctt    

The work presented in this thesis enlightens the importance of coinage metal nanoparticles (NPs) 

as co-catalysts for the enhancement of TiO2 photocatalysis. Main emphasis has been given on 

synthesis of various shapes and sizes of coinage metal nanostructures such as rods, spheres, 

truncated triangles, wires, etc., and their implication as co-catalyst towards the improvement in 

the heterogeneous photocatalytic systems, which cannot be achieved through simple 

conventional approach. This whole work has been divided into eight chapters: 

Chapter 1: Introduction and Characterization Techniques 

The first chapter provides the brief introduction on the role of coinage metal nanoparticle as co-

catalysts for the improvement of TiO2 photocatalytic reactions. Specific attention has been paid 

to the impact of catalyst-co-catalyst structure-activity interactions for enhancing the 

photocatalytic rate. A brief description of various techniques used for the characterization of 

optical, electrokinetic, co-catalytic and catalytic properties of metallic nanostructures and metal-

TiO2 composites has also been incorporated.  

Chapter 2: Size and Shape Dependent Attachments of Au Nanostructures to TiO2 for 

Optimum Reactivity of Au-TiO2 Photocatalysis 

This chapter demonstrates the effects of AuNPs of various sizes and shapes on its co-catalytic 

activity imparted to TiO2 during photocatalytic oxidation of salicylic acid. The TiO2 

photoactivity is remarkably improved with the decreasing size (9.5 ± 0.06 to 3.5 ± 0.25 nm) and 

increasing the surface to volume (S/V) ratio (0.629 to 1.95 nm
-1

) of spherical Au co-catalysts 

loading. The Au nanorod (aspect ratio = 2.8 ± 0.12 and S/V = 0.54 nm
-1

) attachment to TiO2 

significantly decreased the photoactivity compared with the highly active quantum size (3.5 ± 

0.25 nm) Au co-catalysts loading. The interaction of AuNPs of various morphologies with TiO2 

induces the photoexcited charge transfer process in varied extent, leading to diverse 

photocatalytic activity. Zeta potential/surface charge and conductance measurement of aqueous 

dispersions of TiO2, AuNPs and salicylic acid was carried out to investigate the interaction 

among the various components in the photoreaction system. 

Chapter 3: Co-catalytic and Electro-kinetic Properties of Au Nanostructures Dispersed in 

Solvents of Varying Dipole Moments 
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The influence of electrokinetic parameters; surface charge and zeta potential on the optical 

absorption band and co-catalytic activity of Au nanospheres (AuNS) dispersed in polar solvents 

i.e., methanol (MeOH), propanol (PrOH), dimethylformamide (DMF), and dimethyl-sulphoxide 

(DMSO) has been considered in detail here. The narrow intense surface plasmon resonance 

(SPR) absorption band of AuNS (520 nm) becomes broadened and a SPR band at > 970 nm is 

appeared, whose absorption intensity varies from 0.05 to 0.13 a.u with the extent of aggregation 

in solvents of varying dipole moment from 1.66 D to 3.96 D while no such alteration in SPR 

band occurs for AuNS dispersion in non-polar CCl4 as confirmed by DLS and TEM analysis. 

The effective electronic charge ca. +4306 µequ./l present over AuNS surface in water suspension 

is highly reduced to +512 µequ./l in photoreaction (TiO2 + salicylic acid + AuNS) mixture and 

the zeta potential (+50.32 mV) and conductance (1673 µS) of AuNS in water has been decreased 

to +24.06 mV and 1480 µS in methanol, respectively. The co-catalytic activity of aggregated 

AuNS (formed in polar solvents) varied in a diverse extent depending on its degree of 

agglomeration, where the non-aggregated aqueous AuNS + TiO2  mixture displayed higher 

degradation efficiency (r = 9.990×10
-3

 mM/min) of salicylic acid than that (r = 9.172×10
-3 

mM/min) of aggregated AuNS in MeOH + TiO2 mixture under UV light irradiation. 

Chapter 4: Electro-kinetic and Catalytic Sensitivity of Au Nanorods Agglomerated in 

Solvents of Varying Dipole Moment and Refractive Index 

In continuation of chapter-3, this chapter deals with the impact of dipole moment (1.66 to 3.96 

D) and refractive index (1.333-1.422) of the dispersion solvent on the optoelectronic, adsorption, 

co-catalytic and catalytic properties of Au nanorods (AuNRs). AuNRs (Length ≈ 53 nm and 

Width ≈ 20 nm) also undergo agglomeration to a varied extent (size 50-180 nm) as a function of 

the dipole moment of the solvent, similar to AuNS aggregation. The electrostatic interaction of 

AuNRs with its surface adsorbed solvent dipoles leads to alteration of the their ionic state, 

absolute electronic charge and zeta potential (+49.79 mV in H2O, +8.99 mV in DMF and -4.65 

mV in MeOH dispersion). This interaction distinctly modifies the adsorption behavior of polar 

molecules like p-nitrophenol and salicylic acid on AuNRs surface, as evidenced by the measured 

changes in their electro-kinetic parameters. As a result, we observe a substantial difference in 

catalytic and co-catalytic activities of AuNRs dispersed in various solvents (such as PrOH, 

DMSO, DMF, etc.) because the catalytic properties of AuNRs are strongly dependent on the type 

of solvent in which they are dispersed. The reduction of p-nitrophenol to p-aminophenol by 
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AuNR-H2O exhibits the highest k = 5.28×10
-2 

min
-1

 as compared to the lowest k = 1.0×10
-2

 min
-1

 

with AuNR in DMF. Similarly, the co-catalytic activity of AuNR-TiO2 mixture for the photo-

oxidation of salicylic acid is found to be higher (k = 8.4 × 10
-2 

min
-1

) in H2O than in DMF (k = 

5.2 × 10
-2

 min
-1

) due to the severe agglomeration of the NRs in the latter. 

Chapter 5: Improved Surface Properties and Catalytic Activity of Polymorphic Facets of 

Photoetched Au Nanostructures Formed by Variable Energy Laser Exposure 

Many anisotropic Au nanostructures with versatile crystal facets have been prepared in a single 

step by different energy (λ = 457.9, 488 and 514.7 nm) laser exposure and studied their optical, 

electrokinetic and catalytic properties. The surface morphology of photoetched AuNPs was 

monitored by variable energy laser beam follows an exponential (A = A0 e
-kt

) disintegration rate 

as a function of particles geometric size and shape. A variety of many irregular Au 

nanomorphology such as multifaceted spherical (5-20 nm), low aspect ratio rod, oval egg shaped, 

ice cubes (~7 nm), truncated triangle (~7-8 nm), pentagonal (~12 nm), nanocapsules, square 

types (~8 nm) and polygonal nanospheres (~8-12 nm) like particles were formed after laser 

exposure. The percentage decomposition of AuNRs (aspect ratio = 2.8) is found to increase as 59 

% > 69% > 72% with increased energy of laser exposure; 2.41 eV (514.7 nm) > 2.50 eV (488 

nm) > 2.71 eV (457.9 nm) as determined from the decrease in SPR band absorption during laser 

illumination. The formation of small clusters on laser irradiation results in the decrease of zeta 

potential from +49.79 to +12.71 mV and conductance values. Catalytic reduction of p-

nitrophenol to p-aminophenol and m-dinitrobenzene to m-phenylenediamine with 

photofragmented Au nanostructures is ~ 15-20% is higher than bare Au particles. 

Chapter 6: Co-catalysis Effect of Different Morphology of Ag Nanostructures for the 

Photocatalytic Oxidation Reaction by Ag-TiO2 Photocatalysis 

This chapter highlights the comparative co-catalytic efficiency of different shapes of prepared 

AgNPs of a size much bigger as well as smaller than titanium for the Ag-TiO2 photocatalysis. 

Quantum sized Ag nanospheres (4
_
8 nm), nanorod (length 70-75 nm and width 30-38 nm), 

polygonal nanosphere (80-120 nm) and truncated triangles (side length 70-140 nm) are prepared 

by solvothermal process. The co-catalytic activities of these Ag nanostructures were investigated 

by mixing them with TiO2 for the photocatalytic degradation of aqueous salicylic (0.5 mM) and 

benzoic acid (0.5 mM) under UV light (125 W-Hg arc, 10.4 mW/cm
2
) irradiation. The Ag co-

catalysis effect imparted to TiO2 follows as polygonal nanosphere > nanorod > truncated triangle 
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> small nanosphere due to the formation of many Ag-TiO2 interfaces by a single large-sized Ag 

nanoparticle than smaller one. As the surface coverage of Ag particles by TiO2 decreases, the 

Ag-TiO2 photoactivity is decreased accordingly. The efficient adsorption of salicylic acid to 

TiO2 surface through -COOH and -OH groups render its higher photodegradation rate (1.8-

2.7×10
-2

 µmol/min) than benzoic acid (1.5-2.5×10
-2 

µmol/min) having one chelating -COOH 

group. Zeta potential and conductance measurement of photoreaction mixture were carried out to 

investigate the ionic interaction-adsorption of reactant substrates over Ag-TiO2 surface. 

Chapter 7: Copper Nanostructures of Various Morphologies for Superior Catalytic and 

Co-catalytic Activities 

This chapter describes  the improvement in the photocatalytic rate of TiO2 by utilizing different 

morphologies of CuNPs in comparison with bare TiO2. The Cu nanospheres of three different 

sizes ≈ 3-20 nm were synthesized employing long chain fatty acid surfactant (lauric acid) and 

polyvinyl pyrollidone as capping agent. Nanorods of length ≈ 600-700 nm and width ≈ 15-20 nm 

and nanowires with dimensions, length ≈ 4-6 μm and width ≈ 60-80 nm were prepared by 

solvothermal process and characterized by UV-vis spectrophotometer, DLS, SEM and TEM 

analysis. Both co-catalytic and catalytic activities of various Cu nanomorphologies were 

evaluated for the photooxidation of acetic acid by CuNPs-TiO2 mixture, and for the reduction of 

nitroaromatics (nitrobenzene, m- chloronitrobenzene and m-nitrotoluene), respectively. A 

significant increase in the catalytic reduction (30 to 50%) was found with decreasing size (20 to 

3 nm) and increasing the surface to volume ratio (0.34 to 1.73 nm
−1

) of nanospheres, analyzed 

through UV-vis, HPLC and GC-MS measurements. The photocatalytic activity for acetic acid 

oxidation under UV irradiation and reduction reaction using varied morphologies was gradually 

improved with the increasing exposed surface area per particle as ≈ 1278295 nm
2
 for nanowires 

> nanorods (≈ 352154 nm
2
) and nanospheres (≈ 1076.02 nm

2
). 

Chapter 8: Comparative Co-catalytic Account of Coinage Metal Nanoparticles (Au, Ag and 

Cu) for TiO2 Photocatalysis under Visible Light Irradiation 

A comparative report on the nature of the coinage metal NPs (Au, Ag and Cu) co-catalysts for 

enhancement of the catalytic activity of TiO2 under visible light irradiation has been described 

here. Coinage metal nanospheres of similar sizes (3-5 nm) were prepared using sodium citrate as 

a capping agent and characterized through UV-vis spectrophotometer, DLS and TEM analysis. 

These NPs were impregnated onto TiO2 to produce metal-TiO2 nanocomposites, operating 
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efficiently under visible light owing to the surface plasmon resonance effect of metallic particles. 

The comparative impact of Au, Ag and Cu-TiO2 nanocomposites was evaluated by utilizing 

them for the photodegradation of benzaldehyde and nitrobenzaldehyde. Ag-TiO2 was found to 

exhibit highest photoactivity relative to Au and Cu-TiO2 composites. Notably, very low 

resistance and thus high conductance in Ag-TiO2 (2.7×10
-7 

S) in contrast to Au (2.5×10
-7

 S) and 

Cu-TiO2 (2.7×10
-7 

S) composites highlights the importance of interface in conduction. The 

difference in work function, redox potential, e
-
-h

+ 
recombination time, oxidation state of the M-

TiO2 nanocomposite dictates their varied co-catalytic activity. 
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CChhaapptteerr  11  
Introduction and Literature 
 

1.1 Co-catalysis  

The term “catalysis” cannot be understood only as a way to accelerate chemical reactions, indeed 

it comprises a broad field combining physical, inorganic, organic and biochemical reaction 

systems which can either be homogeneous, heterogeneous or photochemical in order to achieve 

high turnover [1-30]. The most basic definition of a catalyst, as mentioned systems is to function 

as promoters without being consumed, specific in nature, needed in a minute amount and lowers 

down the activation barrier to enhance the activity, selectivity and productivity of a reaction. 

Catalysis can be traced back to ancient times by considering the fermentation process which is an 

example of bio-catalysis. The first industrially catalyzed reaction was the oxidation of SO2 to 

SO3 where NO used as homogeneous catalyst, the classical reaction occurred in the gas phase. 

But, a major drawback of such homogenous catalysis was that it was difficult to recover the 

catalyst from the reaction medium [27]. So, in order to overcome the serious issue in term of 

recycle and reuse, heterogeneously catalyzed processes constitute the basis for a large number of 

chemical technologies employed, nowadays as they demonstrated a great potential for the ease of 

separation, continuous processing and catalyst recycling. Many commercially important 

heterogeneous catalysts comprise supported noble metal nanoparticles (NPs), metal oxides, metal 

chalcogenides, such as Ni powder used for hydrogenation of unsaturated organics, Co for the 

production of petroleum, dyes, and electronics, V2O5 in the contact process for the conversion of 

SO2 to SO3, TiO2 for the elimination of pollutants, etc [1-22]. 

 Since there are many catalysts which are not so effective on their own, but they work in 

conjunction with some other promoters and these promoters are known as “co-catalysts”. Co-

catalysts can be understood as the components that make the catalytic process feasible, 

activate the catalyst or modify its action. In simple words, “co-catalysts in the union of a 

catalyst could modify the specificity, activity and rate of a reaction through catalyst-co-catalyst 

interactions”. All the biological activities (digestion, respiration, etc.) in a human body are a 

result of enzyme (catalyst)-co-enzyme (co-catalyst) interactions. In chemical industry, synthesis 

of ammonia needs Fe as a catalyst and Molybdenum as a co-catalyst for enhancing the 

productivity. There are many industrially important reactions which need catalysts as well as co-
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catalysts for higher yield, enhanced productivity and improved rate. The most common and 

important example of this interaction is the photocatalysis (heterogeneous catalysis) in which the 

co-catalysts were employed to enhance the activity of semiconductor.  

1.2 What is photocatalysis? 

Photocatalysis is an important stream of chemistry to develop environmental friendly 

photochemical conversion processes for synthesizing useful substances. Photocatalysis, a 

heterogeneous catalytic system is a combination of photochemistry and catalysis that can be 

illustrated as a catalytic reaction which is initiated only in the presence of photons of light [31-

36]. For example, chlorophyll is a natural photocatalyst in photosynthesis, whereas 

semiconductor (SC) materials are artificial photocatalysts. Photocatalysis has been exploited for 

various environmental processes such as deodorization [36-38], water purification, solar energy 

conversion [39], and organic synthetic reactions [40]. Many researchers have put their effort on 

degradation and mineralization of a variety of toxic substances by photocatalytic oxidation 

reactions. A photocatalytic reaction system (PS) usually comprises of metal oxides or metal 

chalcogenide SC characterized by an electronic band structure with valence band (VB) and 

conduction band (CB) separated by a bandgap (Eg) [23-36]. Different types of semiconductors 

were used as photocatalyst, for eg., ZnO [19], TiO2 [5,6, 11-15, 23-28, 31-36], ZnS [22, 41], CdS 

[21], CdSe [42], ZnSe [43], WO3 [20], etc. In this study, we have chosen TiO2 semiconductor as 

an area of our research interest.  

1.2.1 Why TiO2 photocatalyst ? 

TiO2 (titanium dioxide) is an attractive, most active and highly suitable material due to its 

abundance, low toxicity, high photocatalytic activity (PCA) and have found applications in 

hydrogen evolution from photocatalytic water splitting, photovoltaic’s [25-27], solar cells, solar 

fuels, and environmental cleaning, etc [36-38]. TiO2 exhibits notable resistance to corrosion and 

photocorrosion especially in harsh aqueous environments. Its VB hole has a strong oxidation 

potential towards environmental toxic substances. Literature reveals that TiO2 SC is an excellent 

photocatalyst that can mineralize a large range of refractory organic pollutants including harmful 

herbicides, dyes, pesticides and various phenolic compounds under UV irradiation [23-28, 31-

36]. All these features, so far, make TiO2 superior for energy and environmental applications. 

Every year thousands of papers have been published on TiO2 photocatalysis, describing the 

treatment of hazardous materials, environmental pollutants, destruction of harmful bacteria, 
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Scheme 1. Mechanism of TiO2 

photocatalysis. 

organic transformations, etc. A general mechanism of TiO2 PS has been discussed in next 

section.  

1.2.2 Mechanism of TiO2 photocatalysis 

When the photon of energy higher or equal to the Eg 

is absorbed by a TiO2 particle, an electron from the 

VB is promoted to CB with simultaneous generation 

of hole (h
+
) and electron (e

−
) which may either 

resulting in recombination as heat, or it can react 

with other adsorbed species as shown in scheme 1. 

The hole will oxidize the adsorbed species, such as 

organic compounds, water or hydroxyl ions as given 

in following equations: 

                                        TiO2 + hν → e
-
 + h

+
 

                                            e
-
 + h

+
 → heat 

                                        h
+
 + H2Oads → 

•
OH + H

+
  

                                        h
+
 + OHads → 

•
OH 

                                                                 •
OH + R → CO2 + H2O 

The electrons can also react with the compounds present in the solution such as oxygen and 

hydrogen peroxide. The electrons can be absorbed by the oxygen to form superoxide or they may 

react with oxygen together with hydrogen to create hydrogen peroxide. It can then react with 

hydrogen peroxide to create hydroxyl radicals and hydroxyl ions [5,6,11-15,23-28,31-36]. 

                                  e
-
 + O2ads → O2

- 
 

                                  2e
-
 + O2ads + 2H

+
 → H2O2  

                                  e
-
 + H2O2ads → 

•
OH + OH

- 
 

 Mostly, this single component SC system exhibit relatively low photocatalytic efficiency 

(<5%) since the majority of the photogenerated charge carriers (e
-
-h

+
) undergo recombination 

as shown in scheme 1. Therefore, some controlled measures should be taken for delaying e
-
-h

+
 

pair recombination in order to achieve high PCA.   

1.2.3 Improvement in photocatalytic systems 

This charge carrier (e
-
-h

+
) recombination is an undesired process as it hinders the efficacy of a 

PS and several ways have been adopted to enhance the PCA. Various strategies like coupling 
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Scheme 2.  Fermi level equilibration in metal-TiO2 composite. 

with a narrow band gap semiconductor [25], metal ion/non-metal ion doping [44,45], surface 

sensitization by organic dyes or metal complexes [46], noble metal deposition [47-50], metal 

NPs loading [51, 52], etc. have been employed with the aim of improving charge separation and 

for acquiring higher quantum efficiency during photocatalytic reaction. Modification of TiO2 

surface with noble metals (Rh, Pt, Ag, and Au) as co-catalysts has been investigated as a far 

better technique to increase the PCA. So, here we are dealing with the metal NPs (Au, Ag and 

Cu) loading on TiO2 for the improvement of PS. 

1.2.3.1 Role of noble metal NPs co-catalyst in photocatalytic system 

Metal NP co-catalysts were known to improve the catalyst (TiO2) activity by playing a mediating 

role in storing and shuttling of photogenerated electrons from the SC to an acceptor, acts as a 

sink for photoinduced charge carriers and hence, promote interfacial charge-transfer processes 

[9,24,48,53-55]. Generally noble metals (e.g. Au, Ag, Cu, Pt, etc.) with Fermi level (Ef) lower 

than SC catalyst have been deposited on the SC surface for enhanced charge separation. As the 

Fermi levels of noble metals are lower than that of TiO2, electrons from CB can be easily 

transferred to metal NPs, while VB holes remain free on the TiO2 and this greatly reduce the 

possibility of electron-hole recombination and resulting in efficient separation (scheme 2). 

Therefore, the coupling of SC catalyst with metal NP co-catalyst provides a unique pathway for 

maximizing the efficacy of PS as metal acts as a sink for photoinduced charge carriers, 

exhibiting a shift in the Ef to more negative potential and promotes interfacial charge-transfer 

processes [53-55].  
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Scheme 3.  Morphological dependent metal NP co-catalysts effect on TiO2 

photocatalysis. 

Literature reveals that when the SC and metal NPs come in contact, the photogenerated 

electrons are distributed between TiO2 and metal NPs [9,24,48,53-55]. The transference of 

electrons from the excited TiO2 into metal continues until the two systems attain equilibration as 

shown in scheme 2. The electron accumulation increases the Ef of metal NP to more negative 

potentials and the resultant Ef of the composite system shifts closer to the CB of the SC. The 

negative shift in the Ef signifies better charge separation and more reductive power for the 

composite system. The charge transport at this metal co-catalyst–photocatalyst junction is 

strongly dependent upon the interfacial contact area, work function, Fermi level positions and 

metal reduction potential values. The interfacial contact area, in turn is highly influenced by 

geometric confirmation of metal NP. As a result, interfacial properties can be easily modulated 

by tuning the size and shape of metal NP co-catalyst because the shift in band edge, barrier 

height and space charge layer, are strongly dependent on the energetics of metal NP–SC 

interface area (scheme 3).  
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The loading of metal NPs co-catalyst on TiO2 has been accomplished by various 

techniques such as wet impregnation, in-situ deposition, photodeposition, co-precipitation, etc. 

These conventional methods are also known as in-situ growth methods, where the metal NPs are 

synthesized inside the TiO2 and yield relatively larger spherical metal island deposits or 

aggregated morphologies of metal NPs onto TiO2 surface which obscure the effect of size and 

shape dependent activity of metal co-catalysts (photodeposited particles, scheme 3). Therefore, 

conventional approach has offered limited control on the nature of the final NPs produced. 

Moreover, large metal islands on TiO2 resulting in the blocking of active sites of semiconductor, 

hinder the light absorption and hence results in the decrease of photocatalytic activity. Notably, 

it is impossible to study the morphological effect imparted by metal NPs co-catalysts onto 

photocatalyst activity by adopting the conventional methods.  

So, it would be highly desirable to have full control of the design and fabrication of 

specific catalyst-co-catalyst interfacial junctions with specific metal NPs geometries in order to 

tune activity and selectivity of PS. In this context, cost effective modified approach known as ex-

situ approach should be implemented where the NPs of variety of shapes and sizes were first 

synthesized and purified, and then loaded over TiO2 as shown in scheme 3. It includes various 

synthetic routes for preparation of NPs with controllable sizes and diverse morphologies, which 

leads to new characteristics. Scheme 3 displayed the attachments of various sizes i.e., quantum 

sized particles, photodeposited large metal islands/ aggregated particles and different shapes such 

as sphere, polygonal nanosphere, truncated triangle and rod of metal NPs to TiO2. The interfacial 

contact area between the metal NPs and SC is varied dependent on morphology of NPs and 

highly influence the rate of charge transfer in composite system, hence have an effect on the 

PCA. This modified approach takes into account the comparative aspects of various shapes and 

sizes of metal NPs co-catalyst loading on TiO2 surface as shown in scheme 3.  

(a) Influence of NP co-catalyst size 

The two main principles which cause the properties of nanomaterials to differ notably from other 

bulk materials are increased relative surface area and quantum size effects [56] as shown in 

figure 1. These factors can modify or enhance the physicochemical, optical, electrokinetic and 

catalytic characteristics of NPs. Literature reveals [56] that a particle of size 30 nm has 5% of its 

atoms on surface, 10 nm has 20%, and 3 nm has 50% exposed surface atoms which can 

efficiently participate in a chemical reaction as shown in figure 1a. Figure 1b illustrates the 
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Figure 1. Quantum Size Effect. 

enhanced surface area for NPs, i.e., if a bulk material is subdivided into individual NPs, the total 

volume remains the same, but the collective surface area would greatly increased, hence showed 

a profound effect in catalytic activity. It was believed that for small NPs, electronic effects are 

likely to be more dominating as the clusters lose their metallic character and begin to display 

discrete energy levels and electronic band separations owing to quantum confinement [57-60]. 

 

 

Haruta et al. [29,61,62] observed interesting size effect on catalytic activity for oxidation 

reactions with Au catalysts, a metal that almost inactive in its bulk state, but extremely active in 

its NP form. Since then the remarkable growth of interest in the catalysis by metal NPs have 

been emerged [63-66]. The catalytic activity for the reduction of aromatic nitro compounds with 

metal NPs was seen to increase with decreasing particle size [66]. The smaller particles are found 

to be more active owing to the larger numbers of surface active atoms available for catalysis. It 

has been reported that large sized NPs surface is characterized by large terraces of identical 

surface atoms because of less surface heterogeneity [67-69]. But decrease in the NPs size would 

result in the more surface heterogeneity due to modified surface atom statistics, which in turn 

likely to hike the surface roughness [67-69]. Furthermore, quantum sized particles are composed 

of large number of coordinatively unsaturated surface atoms which increase the surface 

roughness and promotes the chemisorption of the reactant molecules and thereby smoothen the 

progress of the reaction [67]. While the large sized particles are terminated primarily by low-

index, high-coordination surfaces related to lower surface roughness [67]. Ornelas et al. studied 

the hydrogenation of styrene using different types of Pd NPs and showed that higher activity was 
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obtained with smaller NPs, which suggests that the uncoordinated sites promote the catalytic 

reaction [70].  

Whereas in case of heterogeneous catalysis, there are only a few examples in which 

modified approach has been employed to analyze the activity and selectivity of specific catalysts 

with respect to the size of the NPs co-catalyst. Somorjai and co-workers [71,72] tested the 

performance of Pt NPs with sizes ranging from 0.8–5.0 nm for the hydrogenation and 

hydrogenolysis of pyrrole. They found that the conversion selectivity shifted from n-butylamine 

formation with larger particles to the formation of pyrrolidine with smaller particles. Moreover, 

with methylcyclopentane, the smaller Pt NPs were found to favored the hydrogenolysis to 2-

methylpentane, while the larger Pt NPs yielded primarily benzene at high temperatures [73]. It 

was investigated that the hydrogenation of neat o-, m-, and p- xylene catalyzed by C-nanotube-

supported metallic Rh NPs become faster and more stereoselective with decreasing the particle 

size. Jin et al. studied the size dependence activity of Pd nanocubes and confirmed that upon 

reducing the size of the Pd nanocrystals from 18 to 6 nm, catalytic activity was increased by a 

factor of approximately ten [74]. Subramanian et al. [48] observed -60 mV shift in flat band 

potential using 3 nm AuNPs as compared to -20 mV shift for 8 nm AuNPs. Kaur et al. [51] 

investigated a considerable improvement in the TiO2 photocatalytic oxidation with decreasing 

size (9.5 to 3.5 nm) of the spherical Au co-catalyst and was ascribed to the surface-to-volume 

ratio of the NPs, which assist in the formation of Au–TiO2 interface. It is interesting to know that 

the effective amount (0.01 wt%) of Au atom required for maximum PCA of TiO2 is 100 times 

less than the conventional prerequisite of 1–2 wt% metal deposition [51].  

Therefore, as a consequence of cost effective modified approach, different sizes of metal 

NPs can be easily synthesized and employed to tune the size dependent co-catalytic activity for 

TiO2 photocatalysis.  

(b) Impact of NP Shape 

Catalytic as well co-catalytic activity of NPs cannot be explained solely on the basis of size 

factor, another important parameter which should be taken into account is the geometric shape of 

the nanocrystal [8-18]. Every shape has its own characteristic property, have varied number of 

atoms on the corners and edges, dissimilar surface to volume ratio, high and low index planes, 

exposed crystallographic facets as shown in figure 2, etc. The atomic arrangement within the 

spherical shape is quiet different as compared to rod or wire and hence, interact in a dissimilar 
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Figure 2. Various morphologies of metal 

nanoparticles. 

manner and would result in varied catalytic 

rate. This raises the possibility that the use of 

metal NPs of varied morphologies could 

catalyze different reactions with different 

competence.  

Different shapes of NPs possess 

varied crystallographic facets and would 

expect to show diverse reactivities and 

selectivities. For example, Xu et al. [75] 

have observed that Ag nanocubes with {100} facets were 14 times more reactive than 

nanoplates, and 4 times more active than spherical NPs for the oxidation of styrene. Similarly, 

Cuenya et al. [76] reported that the Ag nanocubes and nanowires with {100} facets found to 

display better selectivities than nanospheres composed of {111} facets for the selective 

epoxidation of ethylene. Nanocubes of Pt with {100} planes were found to display enhanced 

selectivity for the conversion of benzene to cyclohexane, while a mixture of cyclohexane and 

cyclohexene were obtained using cuboctahedron Pt NPs with {100} and {111} facets [77]. 

Narayanan et al. [8,12,78] examined the rate of conversion of hexacyanoferrate (III) with 

thiosulfate ions using various shapes of Pt NPs which follow the sequence as Pt nanocubes [with 

(100) facets] <Pt nanospheres <Pt nanotetrahedra [terminated by (111) surfaces]. The kinetic 

parameters of this electron-transfer reaction were also found to correlate with the fraction of the 

resulting low-coordination surface atoms.  

A plentiful of studies showed the distinct behavior of NPs shape on the catalytic 

performance but much less research elucidates the role played by the NPs morphology as a co-

catalyst towards the TiO2 PCA. One can clearly observe from the scheme 3 that various NP 

morphologies such as rod, sphere, truncated triangle, polygonal nanospheres etc. exhibit different 

catalyst-co-catalyst interactions as discussed above and would result in varied PCA. In this 

respect Kaur et al. [51, 52] investigated the differences in the co-catalytic behavior imparted by 

Au and AgNPs of varied morphologies for the enhancement in TiO2 PS and have been discussed 

in chapter 2 and 6, respectively.  

 Unfortunately, reports in the area making an effective use of modified approach for TiO2 

photocatalysis are still limited and need more exploration. So, in this thesis, emphasis has been 
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Scheme 4. Origin of surface plasmon band. 

given on the synthesis of various shapes and sizes of coinage metal NPs and their utility as co-

catalyst for the improvement in the TiO2 PS. The synthesized coinage metal NPs were also used 

as catalyst to correlate their shape and size effect.  

1.3 Why Coinage (Au, Ag and Cu) metal nanoparticles? 

Although coinage metals are expensive yet they are extensively studied because of their non 

corrosive nature and their characteristic surface plasmon resonance (SPR) band which make their 

study accessible in visible region [79-84]. The optical properties of coinage metal NPs arising 

due to the SPR have been received noteworthy research attention in recent years because of their 

potential applications in diverse areas such as photonic circuits, biological sensors, surface 

enhanced Raman spectroscopy, photochromics, photoluminescence, bio-imaging, etc.  

SPR is the optical feature of 

metal NPs and can be defined 

as the resonance energy 

produced when the frequency 

of photons of the incident light 

matches with the frequency of 

the coherent oscillation of 

conduction electrons confined 

at the surface of the metal NPs 

(Scheme 4).  The electric fields of the incoming light polarizes the free conduction electrons with 

respect to the much heavier ionic core of a spherical NP and the negative charge of conduction 

electrons move under the influence of external fields. The resultant displacements of the negative 

charges cause a net charge difference at the nanoparticle boundaries which in turn, give rise to a 

linear restoring force to the system. As a consequence, a dipolar oscillation of the electrons is 

created and this is known as the surface plasmon oscillation [79]. This resonance frequency can 

be easily determined from absorption spectroscopy and depends on a few factors such as particle 

size, shape, nature of the surrounding medium and by manipulating these variables, metal 

nanostructures are of potential interest, can be designed to exploit the entire solar spectrum [79-

85]. For many metals such as, Pt, Rh, Pb, In, Hg, Cd and Sn etc., the surface plasmon frequency 

lies in the UV part of the spectrum and these NPs do not display strong color effects. But the 

coinage metals such as Au, Ag and Cu are exceptional. Coinage metal NPs are also known as 
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electron banks that lend out electrons at appropriate time, and store them for chemical species at 

other times and show their application in thermal catalysis, electronic devices, separation 

technology, and as a biocatalyst in many medicines to cure diseases and photocatalysis. 

1.4 Research gap and objectives  

Based on the above literature review, following important issues are the research gaps which 

need to be taken under consideration.  

1.4.1 Morphological dependent co-catalytic effect: Generally, the metal-SC catalysts have been 

prepared by precipitation deposition, wet-impregnation, doping and photoreduction methods 

under UV light irradiation which results in the formation of spherical aggregated nanodeposits 

on TiO2 surface and hence, restricts catalyst-co-catalyst structure-activity interactions. Many 

efforts have been employed to investigate optical and structural properties of coinage metal NPs 

of different dimensions, but the correlation of catalyst-co-catalyst interactions dependent on 

nature, size, shape of co-catalyst and their spatial alignments to achieve the best information in 

TiO2 photocatalysis is still essential for finding better efficient catalytic materials. It is believed 

that the addition of different morphologies of NPs to the SC suspension can significantly 

influence the overall energetics of the PS depending on interfacial contact area between the two 

that effects adsorption of substrate and expected to show different reactivities and selectivities as 

discussed above. Moreover, surface area, surface to volume ratio, per particle surface area, 

number of exposed surface atoms, and density of the active corners correlates with strong surface 

activity as a function of particle shape.  

1.4.2 Fate of NPs in organic reactions: Mostly nanocrystals are synthesized in aqueous media 

and used in many organic and inorganic reactions employing polar solvents that lead to their 

disordered arrays due to the dipole-dipole interactions [86] and mask the true catalytic activity of 

NP. During random aggregation process, the net surface charge and zeta potential (ζ) [87] of NPs 

get modified depending on aggregated cluster size and attached polar/non-polar surface active 

agents that influence the adsorption/or interaction of reacting substrate and thereby effect the 

catalytic and co-catalytic activity. In this regard, chapter 3 and 4 deals with way of AuNPs 

arrangement/agglomeration in various polar solvents and relate their catalytic and co-catalytic 

activity in order to tune the kinetics of Au catalyzed organic reactions. 

1.4.3 Co-catalytic efficiency of CuNPs: CuNPs are known to be extremely sensitive to arid 

atmosphere, and therefore there are several problems related to the stability, oxidation resistance 
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 and shape dependent co-catalytic activity that need to be solved. 

1.4.4 Comparative catalytic influence of coinage metal on reaction rate: Nature of the metal 

imparts a characteristic impact on the pace of the reaction rate and can be explained by the 

difference in their work functions, Ef, SPR and interaction/ adsorption behavior with the 

substrate. Moreover, the execution of these coinage metal NPs onto TiO2 (UV light active 

catalyst) drive the catalyst to do efficiently work in the visible light as a function of their SPR 

band. So, it is valuable to investigate the comparative activity of coinage metal NPs to know 

which metal is playing an efficient role and this comparative account has been discussed in 

details in chapter 8.  

1.5 Objectives 

1. Synthesis of coinage metal (Au, Ag and Cu) nanoparticles and the effect of different solvents 

on their aggregation.  

2. Characterization of nanoparticles using structural, microscopic and spectroscopic techniques.  

3. To study size & shape dependent catalytic activity as a co-catalyst for the metal-TiO2 

photocatalytic degradation of model compounds, e.g., salicylic acid, benzoic acid and acetic acid.  

4. To evaluate efficiency of the synthesized metal nanoparticles.  

1.6 Characterization Techniques 

Various considerable synthetic strategies have been adopted to sophisticatedly prepare various 

shapes and sizes of coinage metal NPs and have been discussed in respective chapters. The 

instrumental techniques which have been used to characterize nanomaterials to get an idea of 

their size, geometric shape, and surface area, chemical and physical details have been listed 

below. 

1.6.1 UV-vis spectrophotometer 

UV-vis absorption spectrum is a preliminary technique to characterize NPs because the absorption 

spectra give tentative information about the NP shape and size distribution. It is based on the 

principle of absorption of light with suitable energy by sample molecules, which result in the 

promotion of an electron to a higher energy level. Analysis has been done on Analytikjena 

Specord 205 instrument by taking ≈ 2.5 ml colloidal NP solution in a 3.5 ml quartz cuvette within 

the range of 190−1100 nm.  

1.6.2 UV-vis diffuse reflectance spectrophotometer  
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The absorbance of solid powders was carried on Avantes Diffuse Reflectance 

Spectrophotometer. 2-5 mg of sample was taken on a glass slide and the light source probe was 

placed over the sample to record its absorbance/ reflectance spectra by using BaSO4 as a 

reference. This technique was used to understand the Eg between the VB and CB of the 

powdered samples. Bandgap calculations of as prepared samples were done by using Tauc 

equation [88,89]. 

αhν = A(hν – Eg)
n
 

Where α is the absorption coefficient of the material, which represents the absorption ability of a 

material for a certain wavelength; h is the Planck constant; ν is the frequency of light; A is a 

constant, which depends on temperature, photo energy and phonon energy; Eg is the band gap; 

the exponent n is a characteristic of the type of electrons transition process (n = 1/2 for a direct 

allowed transition & n = 2 for an indirect allowed transition process). As TiO2 is indirect band 

gap semiconductor, hence the band gap was determined by extrapolating the linear portion of the 

plot of (αhν)
 2
 versus hν. 

1.6.3 Time resolved spectroscopy  

Time resolved spectroscopy is the study of charge dynamic processes in metal-SC composites. The 

time resolve luminescence spectra was recorded using Nitrogen laser (excitation at 390 nm) pulsed 

in operation (5-7 ns pulse width) coupled with Tektronix TDS-1012 oscilloscope. Sample was 

prepared by making a thick paste of TiO2 powder (~50 mg) and metal-TiO2 with a few drops of 

acetone to make it as a solid mass. Thereafter, stub having solid mass was suspended vertically for 

laser pulsation (excited at 390 nm) and an average lifetime was recorded and calculated using 

following equation [90]. 

 

1.6.4 Zeta potential measurements  

The zeta potential is crucial in determining the stability of a colloidal NP suspension. All the 

particles in suspension exhibit some surface charge or zeta potential, the measurement and 

knowledge of which is significant for predicting stability and interactions among the reacting 

substrates. Zeta potential (ζ) measurements were carried out by means of Brookhaven 7610 

instrument and sample was prepared by adding 1.5 ml sample in a 3.5 ml glass cuvette. It 

represents the surface charge of a particle which arises due to the potential difference between 

the particle’s surface and the surrounding medium.  
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1.6.5 Dynamic light scattering  

It provides the hydrodynamic size of the NPs and was done by taking ≈ 1.5 ml of the dispersed 

particles in a cuvette by means of Brookhaven 7610 instrument. 

1.6.6 Surface charge measurements 

Surface charge density of NPs has been measured by Mutek-PCD03pH, using 300 ml aqueous 

suspension containing 1.66 × 10
15

 atoms/ml.  

1.6.7 X-ray diffraction analysis 

Structural and phase identification of the composites was carried out with Cu-Kα (k = 1.54060 A°) 

radiation operated at 45 kV within the range of 10-90° on PANalytica X’ pert PRO X-ray 

diffractometer. XRD samples were prepared by grinding dried M-TiO2 powder in a pestle and 

mortar to form fine powders. 

1.6.8  Scanning electron microscopy (SEM) 

SEM was used to obtain information about the surface morphology of the sample. SEM images 

provide information in terms of topography, morphology (size, shape and arrangement) and 

composition of the sample surface. JSM-7600F (0.1–30 KV) SEM instrument was used for 

surface morphology analysis of sample by treating powder with an ultrathin coating of 

electrically conducting Au material, which was lodged on the sample by low-vacuum sputter 

coating. After that, conducting material was mounted rigidly on a specimen holder called a 

specimen stub for surface analysis.  

1.6.9 Energy dispersive X-ray (EDX) spectrophotometer 

This technique was used to study the chemical composition of the selected points or areas of the 

sample. It was also helpful in identifying materials and contaminants and even in distinguishing 

their relative concentrations on the surface of the sample. EDX analysis was carried on JSM-

7600F. 

1.6.10 Transmission electron microscopy (TEM) 

TEM is a valuable tool to study the structural details and statistical distribution of sizes and 

shapes of the particles in sample. The specimens were prepared by depositing a drop of a dilute 

aqueous suspension of NPs on carbon-coated copper grids and allowing the solvent to evaporate. 

Low magnification TEM (Hitachi 7500 model) was performed at operating voltages of 20-200 

kV with 2.4 A˚ resolutions and High Resolution-TEM (HR-TEM) was carried at with resolution 

2 A˚ operating at voltage 120 kV on JEOL, JEM 2100 at Sophisticated Analysis 
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Instrumentation Facility (SAIF) centre, Panjab University, Chandigarh, India; IIT-Mumbai, India 

and at Central Salt and Marine Chemicals Research Institute, Bhavnagar, Gujarat, India. 

1.6.11 Surface area analysis  

BET surface area analysis was carried out in order to measure the surface area of the powdered 

samples. The analysis of the porous surface was carried out by N2 adsorption/desorption techniques 

at 77 K. Adsorption isotherms were determined using a Smartsorb 92/93 instrument where 100 mg 

of samples are regenerated at 150 °C for 1 h.  

1.6.12 X-ray photoelectron spectroscopy 

 XPS is a spectroscopic technique that measures the elemental composition; chemical state and 

electronic state of the elements exist within a material. X-ray photoelectron spectroscopy (XPS, 

PHI 5200 mode) was performed using an Al Kα x-ray source in a chamber with base pressure of 

∼10
−10

 Torr. 

1.6.13 Current-voltage (I-V) characteristic  

The samples were doctor bladed onto soda lime glass substrates. Then the samples were cut into 

1×1 cm
2
 area and silver paste was applied at two opposite ends for electrical contact. Controlled 

potential was applied at a bias step of 0.03V to the samples and resulting current was measured 

using a computer controlled KEITHLEY source meter (KI 2400.)  

1.6.14 Ar ion LASER 

High energy laser was used to fragment the nanoparticles in a variety of shapes with reduced size 

and much exposed area. Au nanospheres and nanorods were irradiated with laser ion beam of 

different energies. Ar ion continuous laser (Stellar-Pro, MODU LASER with multiline 

configuration) having energies in the range of 40-120 W and controllable monochromatic 

wavelengths i.e. 514, 488 and 458 nm was used for photodistortion of NPs. 

1.6.15 High Performance Liquid chromatography (HPLC) was carried out by using Agilent, 1120 

Compact LC technologies with C-18 column (250 mm × 4.5 mm). The mobile phase used for the 

analysis was methanol and water in ratio of 65:35 or 70:30 with a flow rate of 1 ml/min at 220 and 

254 nm wavelengths for the detection of oxidized or reduced products. 20 μl of the reaction mixture 

was injected into the loop after filtration by cellulose filter of 0.22 μm. This technique is based on 

the principle of adsorption in which analyte molecules are separated on the basis of their interaction 

with the mobile and the stationary phase. 

1.6.16 Gas chromatography (GC) 
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Figure 4. Pictorial representation of the UV photochemical reactor. 

 

 

 

The CO2 evolution was determined by injecting 1 ml of the gaseous mixture from the reaction vessel 

into the gas chromatography using Propak-Q column, NUCON-5765 (30 mm × 0.32 mm × 12.00 

μm) with nitrogen as carrier gas (30 ml/min) and Thermal Conductivity Detector (TCD). Column 

oven was maintained at 40 
°
C while injector and detector were at 70 and 80 

°
C, respectively. 

1.6.17 Gas chromatography-mass spectroscopy (GC-MS) was carried out on Shimadzu, GC-2010 

and GC-MS-QP 2010 plus with RTX-5Sil-MS column (30 mm × 0.25 mm × 0.25 µm) to confirm 

the products/intermediates. As obtained aqueous solution of substrate after final UV-light exposure 

was centrifuged, filtered through cellulose filter (0.22 µm) and then extracted three times with 

dichloromethane. Residue thus obtained was redissolved in methanol. Helium was used as a carrier 

gas with a flow of 1ml/min through capillary column. Injector was maintained at 240 
°
C. Oven was 

programmed at 60 
°
C to 300 

°
C at 6 

°
C/min rise of temperature.  

1.7 Photocatalytic reaction setups  

1.7.1 Photocatalytic reactor with Hg (UV) light source 

It is composed of a UV light source (125 W) of low pressure mercury vapor lamp that emit mainly 

at 254 nm. The Hg lamp (125 W; intensity 10.4 mW/cm
2
) connected to power cords was set inside 

a water-jacketed quartz tube (figure 4). A continuous flow of cold water was circulating in the outer 

http://en.wikipedia.org/wiki/Mercury_lamp
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Figure 6. Design of experimental setup under 

sunlight irradiation. 

 

 

Figure 5. Experimental setup for catalytic reduction reaction using metal nanoparticles. 

jacket to make sure that it remains cool for a longer time. A maximum amount of 5 ml reaction 

sample was taken in 15 ml capacity test tube that is placed at a distance of 2-3 cm from light source 

under continuous magnetic stirring. The distance between magnetic stirrer and lamp was minimized 

to get optimum flux. The whole set up was placed in a wooden box to prevent the UV exposure as a 

safety purpose.  

1.7.2 Catalytic Reaction 

Catalytic activity with various metal nanomorphlologies was carried out by adding requisite 

amount of ice-cold NaBH4 solution to aqueous solution of nitro aromatic compounds such as p-

nitrophenol, nitrobenzene, m-dinitrobenzene, etc. at room temperature (25-30˚C, figure 5). The 

extent of reduction was monitored by measuring the absorption spectra of the reaction mixture at 

regular intervals and also analyzed by high–performance liquid chromatography. Reaction 

intermediates were investigated using GC-MS analysis. 

1.7.3 Sunlight as a visible light source 

The experiment under sunlight irradiation was 

carried out by constantly stirring 10 ml of 

substrate solution in a 25 ml capacity beaker 

(exposed area = 12.56 cm
2
) with 20 mg 

catalyst. The whole arrangement was placed 

under the direct sunlight exposure at the terrace 

between 12.00 noon – 4.00 pm (figure 6). 

Sunlight intensity (flux) was measured by using 

Lux meter. The reaction samples were analyzed 

with UV-visible spectrophotometer for 

) 
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different time intervals.  
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TiO2 Photocatalysis 

  



23 
 

Scheme 1. Various morphology of Au nanoparticles-

TiO2  junctions. 

 

2.1 Introduction 

The deposition of transition metals
 
co-catalysts, Pt, Rh, Au, Cu and Ag onto TiO2 catalyst 

usually improves the photocatalytic activity (PCA) which strongly depends on the extent, 

nature and the work function of 

the metals [1-5]. Also, several 

strategies have been employed 

to improve the PCA by tailoring 

size and shape of titania and 

metal nanostructure [3-11]. 

After photoexcitation, the 

electron migrates to the metal 

where it gets trapped and e
-
/h

+ 

recombination is reduced. The 

hole is then free to migrate to 

the surface where oxidation of 

the organics takes place. 

Conventional metal deposition 

techniques [9-14] generally lead to the growth of aggregated spherical particles and hence, 

the key effect of various sizes and shapes of metal nanoparticles (NPs) co-catalysts for 

photocatalytic reactions could not be determined. Metal NPs in the size regime 1-10 nm 

exhibit
 
characteristic size and shape dependent properties due to better charge transfer that 

cannot occur in bulk materials because the exposed surface atoms are 50 times less than 

quantum size particles [15-18]. Consequently, the size and shape specific activity of Au, Ag, 

Cu and Pt, NPs are studied
 
both as catalysts and co-catalysts for variety of thermal and 

photoreactions, respectively [12-19]. This size effect of metal NPs on the enhanced PCA of 

TiO2 has been ascribed
 
to the Fermi energy shifts to the more negative direction for smaller 

NPs, leading to decrease the potential difference between the conduction band of TiO2 and 

the Fermi level of the metal NPs [20-24]. Hence, facilitates electron accumulation in the 

metal NPs and shifts the apparent Fermi level of metal NPs close to the bottom of the 

conduction band of TiO2. As a result, Fermi level equilibrium takes place quickly and rapid 

electron transfer from TiO2 to metal NPs occurs for improved photooxidation reaction by 

photoexcited hole. However, there have been very few comparative studies in the literature 

on the use of specific metal NPs co-catalyst of unlike shapes and size dependent attachments 

on the PCA of TiO2 [22-27]. Therefore, it is worth to study the Au-TiO2 nanoassembly as a 
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function of their interface geometry, the role of Au nanoparticles (AuNPs) morphology, their 

aggregation and spatial attachments effect compared to that of bare TiO2. The loading of 

AuNPs e.g., small nanosphere (SNS, size ≈ 3.5), medium size nanosphere (MNS, size > 5 nm), 

large nanosphere (LNS, size ≈ 9.5 nm), chemically aggregated  nanosphere (ANS), nanorod 

(NR) and Au photodeposited particles (PAP), onto TiO2 as shown in scheme I (MNS not 

shown here) would alter the PCA of TiO2 in different extent. Thus, the observed change in 

PCA could be attributed to the prevailing effect of size and shape dependent co-catalytic 

activity of AuNPs imparted to TiO2. This is due to photoexcited charge transfer processess at 

the Au-TiO2 interface which can be caused in photocatalytic test reaction.   

2.2 Experimental 

2.2.1 Materials and methods 

Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), ascorbic acid (C6H8O6), 

methanol (CH3OH) and salicylic acid (SA) were obtained from Loba chemie, India. 

Commercially available P25-TiO2 is a gift sample from P-25 Degussa, Germany. Silver 

nitrate (AgNO3), cetyltrimethylammoniumbromide (CTAB) was purchased from Fischer 

Scientific and Sigma Aldrich, respectively. All the chemicals were used as-received without 

any further purification. Deionized water was obtained using an ultrafiltration system (Milli-

Q, Millipore) with a measured conductivity above 35 mho cm
-1

 at 25 
◦
C.  

2.2.2 Synthesis of various Au nanostructures 

The AuNPs of different sizes and shapes were synthesized [28-30] by seed-mediated 

approach in aqueous media at 0˚C. The Au seeds were first prepared by adding 250 μl (0.01 

M) HAuCl4 to 9.5 ml (0.1 M) cetyltrimethylammonium bromide (CTAB), followed by 

reduction with 600 μl (0.01 M) NaBH4 solution under magnetic stirring for two minutes. The 

growth solution was prepared by treating a mixture of 500 μl (0.01 M) HAuCl4, 9.5 ml (0.1 

M) CTAB and 75 μl (0.01 M) AgNO3 with 55 μl ascorbic acid (0.1 M). Then, 12 μl of above 

Au seed solution was introduced into the growth solution. Similarly, Au nanorod has been 

synthesized by the same seed approach method at 70˚C. The AuNPs were repeatedly washed 

with deionized water under four cycles of centrifugation at 8500 rpm for 10 minutes and then 

used for photocatalytic reactions. Chemical aggregation of Au nanospheres
 
[31,32] was 

carried out by the addition of 100 µl CH3OH to 100 µl Au-MNS in a test tube and then the 

solvent was vacuum evaporated and used for photoreaction. For surface plasmon resonance 

(SPR) absorption study, the aggregation of the Au-MNS (SPR band 563 nm and size > 5 nm) 

was carried out by direct addition of 1.5 ml CH3OH (or CCl4) to 1.5 ml of aqueous Au-MNS 

particles which showed 557 nm and 974 nm peaks. 
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Table 1. Calculation for the Amount of Au atoms. 

512 µl Au solution (0.01M, HAuCl4) contains 0.98 mg Au 

10 ml (10,000 µl) of AuNPs solution 

contains 

0.98 mg Au 

1 µl AuNPs contains 0.98 × 10
-4 

mg Au 

1 µl AuNPs contains 2.996 × 10
14 

atoms 

 

10 µl AuNPs contains 2.996 × 10
15 

atoms 

 

25 µl AuNPs contains 7.489 × 10
15 

atoms 

50 µl AuNPs contains 1.497 × 10
16 

atoms 

100 µl AuNPs contains 2.996 × 10
16 

atoms 

 

Photodeposition of 0.02 wt.% Au onto TiO2 (P25, Degussa, size ~ 20-30 nm) was carried out 

in a test tube using 5 ml deaerated aqueous suspension of CH3OH, 50 mg TiO2 and 

HAuCl4.3H2O for 1 hour light irradiation under stirring.  

2.2.3 Photocatalytic activity 

The photoreaction was carried out in a test tube containing 5 ml salicylic acid (SA, 1 mM), 

50 mg TiO2 and desired amount (50 to 300 µl) of various AuNPs suspension under UV 

irradiation (125W Hg-arc lamp, 10.4 mW/cm
2
 and λmax = 253.6 nm) and magnetic stirring for 

different time periods at 30°C temperature.  

2.2.4 Characterization 

The AuNPs are characterized by their SPR band and TEM (Hitachi 7500, 200 KV) size and 

shape analysis. The unreacted SA was measured by UV-visible spectrophotometer (at λmax = 

298 nm) and HPLC (C18 column, 50% CH3OH) analysis. Zeta potential measurement was 

done by using Brookhaven Instrument corporation 90plus/BI-MAS instrument. The solution 

containing Au-SNS (200 µl) or TiO2 (200 µl form 50 mg per 5 ml water suspension) and 

water (1.3 ml) was taken in a cuvette for the zeta potential measurement. Similarly, 200 µl of 

the reaction mixture (1 mM-5 ml SA+ 50 mg TiO2 + 100 µl Au-SNS) was added to 1.3 ml of 

water and analyzed for surface charge measurement. Table 1 shows the calculation for Au 

atoms as given below. 
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Figure 1. Optical absorption spectra of various Au nanostructures showing 

different surface plasmon bands: (a) SNS (size ≈ 3.5 nm), (b) MNS (size >5 nm), 

(c) LNS (size ≈ 9.5 nm), (d) NR (aspect ratio ≈ 2.8) and (e) ANS in methanol.    

 

2.3 Results and discussion 

2.3.1 Optical studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SPR band is the most important characteristic property of AuNPs to identify its 

shape and size. The interaction of light with the AuNPs results in the oscillating electric field 

which causes the conduction-electrons to oscillate in resonance with the light’s frequency 

coherently and develop the SPR resonance. The resonance condition is determined from 

absorption and scattering spectroscopy and is found to depend on the shape, size, and 

dielectric constants of both the metal and the surrounding material [33]. Figure 1 showed the 

characteristic SPR bands at 530, 563 and 590 nm for Au-SNS, and Au-MNS and Au-LNS of 

three different particle sizes, respectively [34-36]. The characteristic
 
SPR bands 535 and 657 

nm are seen for transverse and longitudinal absorption band of AuNR, respectively [33,34]. 

As the shape or size of the nanoparticle changes, the surface geometry changes that led to a 

shift in the electric field density on the surface. This causes a change in the oscillation 

frequency of the electrons, generating different cross-sections for the optical properties 

including absorption and scattering. Chemical aggregation of Au-MNS (563 nm) by CH3OH 
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addition leads to the evolution of a red-shifted SPR band at 974 nm along with a band at 557 

nm. This has been demonstrated to the formation of linear coagulation of AuNPs in polar 

CH3OH which was absent on the addition of non-polar (CCl4) solvent [31,32]. Table 2 

displayed the different physical and optical properties of these various Au nanostructures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Physical and optical properties of various Au nanostructures. 

S.No. Various Au 

nanostructures 

Measured 

SPR band 

Average 

size 

(particles 

considered) 

Expected 

Size 

Surface 

area 

Surface to 

Volume 

ratio 

1. SNS 530 nm 3.5  ± 0.25 

nm (20) 

3.5 - 37 nm 

(Ref. 36) 

333.44 

nm2 

1.95 nm-1 

2. MNS 563 nm -  

80-100 nm 

(Ref. 34) 

-  
 
 

3. LNS 590 nm 9.5 ± 0.06 

nm 

(10) 

2058.61 

nm2 

0.629 nm-1 

4. PAP - 6 - 10 mm 

(8) 

- - - 

5. ANS 557 and 

974 nm 

10 - 20 nm 

(12) 

- - - 

6. NR 535 and 

657 nm 

Aspect ratio:  

2.8 ± 0.12  

(12) 

- 757.80 

nm2 

0.54 nm-1 

 

Table 3. Calculation for Au wt%. 

Amount of AuNPs Amount of Au present in 

AuNPs 

Au wt% with respect 

to 50 mg TiO2 

50 µl 0.0049 mg Au 0.01 

100 µl 0.0098 mg Au 0.02 

200 µl 0.0196 mg Au 0.04 

300 µl 0.0294 mg Au 0.06 

1 μl AuNPs solution = 0.098 μg Au 
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Table 4. Calculation Au atom to TiO2 ratio. 

TiO2 used Amount of AuNPs No. of Au atoms TiO2 :Au atom 

50 mg = 3.773 × 10 

20 
molecules 

50 µl 1.497× 10
16

 25200 : 1 

100 µl 2.996 × 10
16

 12500 : 1 

200 µl 5.992 × 10
16

 

 

6290 : 1 

300 µl 8.988 × 10
16

 4198 : 1 

 

1 μl AuNPs = 2.996 × 10
14

 Au atoms  

 

 

2.3.2 TEM analysis 

The TEM images in figure 2a reveal that the average size of the monodisperse Au-SNS is 3.5 

± 0.25 nm corresponding to SPR band 530 nm which is found to be red-shifted as compare to 

broad absorption band at 520 nm of Au nanospheres
 
having size range 3.5 ± 0.7 nm [36]. It 

has been also reported
 
that the Au nanospheres of size range between 3.5 and 37 nm exhibit 

SPR bands within 520-530 nm [36]. The evolution of such red-shifted and intense absorption 

peak of these small AuNPs in our study can be attributed to the improper nucleation and 

growth of spherical shape particles. In fact, the TEM image of figure 2a does not show 

perfect spherical particles that may change the resonance condition/absorption of light during 

interaction with electromagnetic radiation. Hence, the apparent reason for highly red shifted 

SPR band compared to the expected value for size < 10 nm AuNPs in water might be due to 

shape and/or aggregation effects of the AuNPs. Similarly, the AuNS size corresponding to 

SPR band 563 nm and 590 nm is expected to be about 80-100 nm as reported [36,37]
 

elsewhere which is not obtained in our case. Although the size of Au-MNS is not determined, 

but the size of Au-LNS (SPR band 590 nm) is measured to be 9.5 ± 0.06 nm as shown in the 

TEM images of figure 2b. It seems that the particles are slightly elongated, hence the 

progressive red shift is observed with increasing the particle size due to their anisotropic 

shape. The TEM images in figure 2c revealed that Au nanorods (AuNRs) formed are in 

growth stage and do not show uniform size and shape. The average length, 23.6 nm and 

aspect ratio, 2.8 ± 0.12 of AuNR are (figure 2c) formed along with some cubical shape 

crystals. It is observed (figure 2d) that coagulated chain like assembly of Au-MNS (> 5 nm) 

is formed by CH3OH addition. It was interpreted by the effect of strong dipole–dipole 

interactions of asymmetrically distributed charges on AuNPs surface in polar solvents and the 

existence of dipole moments can lead to the linear assembly of Au nanospheres (AuNS) 

[31,32]. Aggregated Au deposits (black) of size ranging 6-10 nm are seen (figure 2e) onto 
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Figure 2. TEM images of (a) Au small nanospheres, SNS, (b) Au large nanospheres, LNS, (c) 

Au nanorod, NR, (d) coagulated chain like Au nanospheres, ANS, (e) 0.02 wt% Au 

photodeposited, PAP onto TiO2 and (f) NR-TiO2 nanoassembly. 

TiO2 (gray) after Au (0.02 wt%, table 3) photodeposition. Figure 2f showed the AuNRs 

attachment to TiO2 particles due to the electrostatic interaction between the two colloidal 

particles in suspension. 

 



30 
 

10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

TiO
2

MNS (> 5 nm) SNS (3.5 nm) C
o

n
c
e

n
tr

a
ti
o
n

 o
f 

S
A

/ 
m

M

Time (min)

 LNS (9.5 nm)

Figure 3. Effect of loading Au (0.02 wt%) co- catalysts of different sizes on 

the photocatalytic activity of TiO2. 

 

2.3.3 Photocatalytic activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 showed the influence of Au co-catalysts size on the PCA of TiO2 by the addition of 

100 µl =2.996 × 10
16 

atoms, (~ 0.02 wt% of TiO2, table 3) Au-SNS, Au-MNS and LNS where 

ratio of TiO2 particles to Au atoms (12,500:1, table 4) was kept same. It is observed that with 

decreasing size of AuNPs from 9.5 nm to > 5 nm and 3.5 nm, the SA photodegradation rate 

(PDR) is rapidly enhanced in comparison to bare TiO2. During SA photodegradation, the Au-

SNS exhibited highest PCA, whereas Au-MNS of size > 5 nm and Au-LNS of size ≈ 9.5 nm 

imparted nearly similar co-catalytic efficiency to TiO2. Although the added AuNS and TiO2 

are not permanently connected, it is presumed that an electrostatic interaction due to intrinsic 

surface charge of colloidal particles may occur which facilitate the conduction of 

photoexcited electron from TiO2 to AuNS and thereby, increased the PDR by valence band 

holes. It has been found that the measured zeta potential +50.32 mV for Au-SNS and -2.80 

mV for TiO2 aqueous solution is reduced to a value of +30.34 mV after mixing them. This 

fact indicates surface charge neutralization in some extent due to electrostatic interaction 

between the two unlike nanoparticles. Similar trend is also observed in the experimental 

reaction mixture of Au-SNS, TiO2 and salicylic acid. Otherwise, the improvement of PCA 
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Figure 4. Changes in absorption spectra of salicylic acid (1 mM, abs: 

2.78) during 1 h photodegradation by bare TiO2 and different Au (0.02 

wt%)-TiO2 nanostructures. 

would not have been possible if the AuNPs are not in good electrical contact to TiO2 or 

separated from each other by an insulating medium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 displayed the changes of absorption intensity of SA (1 mM, absorption = 

2.78 a.u) during its photooxidation by the addition of 100 µl AuNPs of different morphology 

to TiO2 suspension under 1 h light irradiation. Smallest Au-SNS addition almost completely 

degrades SA (abs. 0.35) as compared to the lowest (abs. 0.86) photoactivity of bare TiO2.  

The AuNR loading exhibited lower PCA (abs 0.69) of TiO2 than the Au-PAP (abs. 0.47) and 

ANS (abs. 0.50) deposition. The effect of various attachments of Au co-catalysts onto TiO2 

for the degradation of SA for different time periods was shown in figure 5. The degradation 

rate was found to be higher in first 10 min because of the strong adsorption of salicylic acid 

due to chemisorption at the TiO2 particle interface forming [38,39] inner-sphere titanium(IV)-

salicylate surface complex.
 
This is supported by the fact that the conductance of Au-SNS 

(1673 µS) and TiO2 (57 µS) aqueous solution is highly reduced to 19 µS (experimental 

reaction mixture) after SA (263 µS) addition due to the complexation through negative 

charges of –COOH and –OH groups attachments to TiO2 surface.  
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Figure 5. Comparative rate of salicylic acid photodegradation by different Au 

(0.02 wt%)-TiO2 photocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PDR of SA is gradually improved after the loading of NR, PAP, ANS and SNS AuNPs 

onto TiO2 photocatalyst. The Au-ANS and PAP displayed lower PDR in comparison to the 

bare quantum size Au-SNS addition. One can observe that the AuNR loaded TiO2 

significantly retarded the PDR of SA as compared to highly active Au-SNS (≈ 3.5 nm) 

loading. This may be due to the constraint of charge accumulation and mobility of the 

photoexcited electrons in AuNR for having lesser S/V ratio (0.54 nm
-1

) than Au-SNS (1.95 

nm
-1

). There is an exponential (1
st
 order reaction, C = C0 e

-kt
) decrease in SA concentration 

with reaction time in all the systems which is a characteristic of first order reaction. The PDR 

of SA is very less after 20-60 min reactions and SA does not completely degraded even after 

3 h light irradiation, indicating the photooxidation process follows the first order rate law. 

  Chemisorption, surface charge and thermal catalysis of various AuNPs may also 

influence the TiO2 reactivity during initial hours of light irradiation. The average surface area 

per particles of Au-SNS, Au-LNS and AuNR are found to be 333.44, 2058.62 and 757.8 nm
2
, 

respectively, and their co-catalytic activity does not follow the same order. However, their 

S/V ratio are gradually decreased as 1.95 (Au-SNS)  > 0.629 (Au-LNS) > 0.54 nm
-1

 (AuNR) 

can reasonably explain the impartment of decreasing co-catalytic activity to TiO2 catalyst 

along with the shape effect. The quantum yield of SA degradation at the maximum emission 
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Figure 6. Effect of varying amount of Au nanosphere (SNS, size ≈ 3.5 nm) 

addition on the photodegradation rate of 1 mM salicylic acid by TiO2. 

 

line, 253.6 nm of Hg arc lamp has been found to improve from 0.67 % of bare TiO2 to 0.9 % 

upon Au-SNS (3.5 ± 0.25 nm) loading. The photooxidation of SA due to only 253.6 nm UV 

exposure is verified to be insignificant as compared to photoirradiated bare TiO2 catalyst. 

Hence, the fluctuation in the PCA of TiO2 can be interpreted [21-26] due to the effect of large 

variation in S/V ratio and difference in percentage of surface active atoms of AuNPs of 

different size and shape because the amount (0.02 wt%) of Au loading is kept the same. As a 

result, the diverse rate of photoinduced charge transfer processes took place at the unlike 

nature of Au-TiO2 nanojunctions.  

 

 

 

 

 

 

 

 

In fact, because of the high electronegativity of AuNPs, the Fermi level can be shifted 

to more negative potentials as a function of its different size and shape [20,21]. Thereby, the 

equilibration of the Fermi-level between the AuNPs and TiO2, favours electron accumulation 

over small Au nanocrystals, hence, the photoexcited hole could be liberally utilized for the 

enhanced photooxidation. This was supported [40-42]
 
by the results of higher photocurrent, 

photovoltage and increasing charge separation as found in the Au-TiO2 nanostructures. 

Moreover, Wood et al. [20] also proved the substantial electron accumulation on the Ag, Au, 

and Cu islands during metal-ZnO photocatalysed reactions. Figure 6 showed the influences of 
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varying amount of Au-SNS loading on PCA of TiO2. It is observed that upto certain 

concentration (ca. 50-100 µl = 0.01-0.02 wt%) of AuNPs, addition, the PDR is highly 

increased and thereafter gradually reduced with the increasing (> 100 µl) amount of Au-SNS 

loading as compared to bare TiO2 activity. Above the optimum (> 0.02 wt%) AuNPs (Au-

SNS, Au-LNS, AuNR, Au-PAP, ANS), the PCA decreases because once negatively charged, 

AuNPs become attractive for hole, recombine with photogenerated electron in large extent 

[25,26]. The presence of large number of electron rich AuNPs and same concentration of 

photoexcited TiO2 in the reaction mixture, the recombination rate is probably enhanced 

because of the increase in frequency of interaction with decreasing ratio (12,500 : 1 to 6290 : 

1) of TiO2 to Au atom. Rather than facilitating charge transport and reducing the charge 

recombination, the Au-SNS may act as the electron-hole recombination centre and retards the 

quantum efficiency. Moreover, the presence of large number of AuNPs may also slow down 

mass transport and reduce the PDR. Hence, the optimum amount of metal loading is always 

beneficial for the maximum photoactivity of TiO2.    

This chapter has considered various parameters such as size, shape, and optimum 

amount of AuNPs addition to TiO2 for achieving better catalyst-co-catalysts interactions in 

order to tune the photocatalysis rate. It has been proven that Au-TiO2 interface plays a 

significant role in the photocatalytic reactions dependent on the morphological aspects of 

nanoparticles which has not been attained through conventional methods.  
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CChhaapptteerr  33  

Co-catalytic and Electro-kinetic Properties of Au Nanospheres 

Dispersed in Solvents of Varying Dipole Moments 

 

 

 



38 
 

3.1 Introduction  

Coinage metal (Au, Ag and Cu) nanostructures of different shapes e.g., spheres [1-3],
 
cubes [4], 

boxes, pyramids [5], plates [6], decahedrons, rods [7], bars [8], cages [9] and wires [10]
 
are 

found to exhibit tunable optical, electronic and catalytic properties [11-14].
 
Because of very 

small size (1-50 nm) and different geometrical shapes, a large fraction of atoms reside on the 

surface, hence, they exert strong affinity towards adsorption of reacting substrates and absorption 

of electromagnetic radiation which in-turn shows characteristic plasmon resonance band [15-17].
 

Haruta and co-workers [18,19] demonstrated for the first time that metal oxide-supported Au 

catalysts of size 2-5 nm showed unusually high catalytic activities as compared to the bulk. After 

that extensive research is carried out about the size and shape dependent optoelectronic and 

catalytic properties of Au nanoparticles (AuNPs) for various applications [20-22]. Luis M. Liz-

Marzan [17]
 
studied the influence of particle size, shape, the presence of a capping shell and the 

dielectric properties of the surrounding medium on the optical properties of metal nanoparticles 

(NPs). However, these small AuNPs are extremely unstable and tend to agglomerate owing to 

high surface charge and hence, it becomes difficult to measure the precise absorption and 

catalytic properties of these small size particles. Therefore, many surface capping agents such as 

glutathiol, cyclodextrins, polymers, xanthates, thioethers, disulfides, alkyl thiols, mercapto silane 

and amino acids etc. have been used to stabilize AuNPs [23-25]. However, due to presence of 

capping agent over AuNPs surface, the catalytic activity, optoelectronic and other 

physicochemical properties are masked or blocked to a certain extent. As a result, the 

functionality of AuNPs is also affected by various electrokinetic parameters such as; surface 

charge, zeta potential, conductivity, pH, dipole moment and ionic strength of the dispersion 

medium. 

The potential difference between the dispersion medium and the stationery layer of the 

fluid attached to the dispersed particle is known as zeta potential (ζ)
 
[26,27] responsible for the 

stability of colloidal system. It arises due to preferential adsorption of either positive or negative 

charge ions on the NP surface from the surrounding medium [28-30]. Kim et al. [27]
 
observed 

that the ζ ca. -52.72 mV of Au nanospheres in water was reduced to -41.38 mV by capping with 

benzyl mercaptan due to close interparticle interaction between them. This high ζ of AuNPs in 

water arises due to symmetric distribution of like charges that makes a stable Au colloid 

suspension due repulsive interaction among them. The reduction in ζ from +47.6 ± 3.3 mV to 
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+10.9 ± 4.1 mV during addition of 10
-5

 M adipic acid in Au nanorod aqueous suspension occurs 

because of the electrostatic interactions between the positively charged nanorods and negatively 

charged adipic acid [31].  Liao et al. [32] observed the chain like aggregation of Au nanospheres 

(AuNS) on changing the surrounding water medium to ethanol and found that dipole-dipole 

interaction and asymmetric distribution of the charges were responsible for such linear 

aggregation of AuNPs.  

The efficiency of such AuNPs co-catalysts as a function of its degree of agglomeration in 

polar solvents can be studied and compared for the Au-TiO2 photocatalysis. Goodman and co-

workers [33] have demonstrated the influence of AuNPs deposition on the catalytic activity of 

TiO2 catalyst. The size dependent co-catalytic activity of AuNPs in TiO2 photocatalysis for the 

improved photoactivity is also reported [34,35]. Therefore, it is useful to study the colloidal 

stability, surface charge of Au co-catalyst and their degree of aggregation can be attuned by the 

nature and polarity of solvents used for their synthesis. In this context, we investigated the zeta 

potential, surface charge, pH and conductance of small AuNS dispersed in water, methanol, 

propanol, dimethlyformamide, and dimethyl-sulfoxide and carbon tetrachloride and studied their 

influence on the relative optical absorption and co-catalytic activity (CCA) for the oxidative 

degradation of salicylic acid (SA) as a test reaction because SA is strongly adsorbed and formed 

surface complex over TiO2 surface. 

3.2 Experimental section 

3.2.1 Chemicals and materials 

Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), ascorbic acid (C6H8O6), 

methanol (MeOH), propanol (PrOH), dimethylsulphoxide (DMSO), dimethlyformamide (DMF), 

carbon tetrachloride (CCl4) and salicylic acid (SA) were obtained from Loba chemie, India. 

Commercially available P25-TiO2 is a gift sample from P-25 Degussa, Germany. Silver nitrate 

(AgNO3), cetyltrimethylammoniumbromide (CTAB) was purchased from Fischer Scientific and 

Sigma Aldrich, respectively. All the chemicals were used as-received without any further 

purification. Deionized water was obtained using an ultrafiltration system (Milli-Q, Millipore) 

with a measured conductivity above 35 mho cm
-1

 at 25 
◦
C.  

3.2.2 Preparation of Au nanospheres 

The AuNS were synthesized by seed-mediated approach in aqueous media as reported [2,3]. It 

comprised the addition of 250 μl (0.01 M) HAuCl4 to 9.5 ml (0.1 M) CTAB, followed by 
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reduction with 600 μl (0.01 M) NaBH4 solution under magnetic stirring for 2 min and resulted in 

the formation of gold seeds. This seed solution (ca. 12 μl) was introduced in the mixture of 500 

μl (0.01 M) HAuCl4, 9.5 ml (0.1 M) CTAB and 55 μl ascorbic acid (0.1 M) at 0°C. The pink 

coloured solution showing surface plasmon band at 520 nm indicates the formation of spherical 

AuNPs. The AuNPs were washed with deionized water under centrifugation at 8500 rpm for 10 

min. 

3.2.3 Dispersion of Au nanospheres in various solvents 

As synthesized AuNS was dispersed in MeOH, PrOH, DMF, DMSO and CCl4 to examine their 

optical and co-catalytic behavior. For surface plasmon absorption analysis, 1.5 ml aqueous 

suspension of AuNS (4.494 × 10
17 

atoms) was added to 1.5 ml above polar or non-polar (CCl4) 

solvent and also measured their pH. The sharp change in colour of AuNS (pink to light purple or 

blue) has been noticed within few seconds after addition of polar solvents due to the aggregation 

of AuNS. The AuNS after agglomeration (ANS) in various dispersion solvents (ANS-solvents) 

are abbreviated as ANS-MeOH, ANS-PrOH, ANS-DMF ANS-DMSO and non-aggregated 

AuNS in water and carbon tetrachloride are referred as AuNS-water, AuNS-CCl4, respectively, 

for further discussion throughout the chapter. 

3.2.4 Co-catalytic activity of Au nanospheres for Au-TiO2 photocatalysis 

The calculated amount (100 µl = 2.996 × 10
16 

atoms) of AuNS were added to various polar or a 

non-polar solvent (100 µl) which were then centrifuged, vacuum dried and finally dispersed in 

100 µl of water. These AuNS-water and ANS-solvents were added into a mixture of TiO2 and 

SA aqueous suspension to evaluate their co-catalytic efficiency for the photocatalytic oxidation 

of SA. The photocatalytic reaction was carried out by taking 5 ml SA (1 mM), 50 mg TiO2 and 

calculated amount (10-100 µl) of AuNS (polar solvents dispersion) under UV irradiation (125 W 

Hg-arc lamp, λmax = 253.6 nm and 10.4 mW/cm
2
) and magnetic stirring for different time 

periods. The commercially available P25-TiO2 (size 30-50 nm, surface area ~50m
2
/g, 70% 

anatase and 30% rutile phase) is used in photocatalytic experiment. The concentration of SA was 

measured with UV-spectrophotometer at λmax = 298 nm.  

3.2.5 Structural and electrokinetic properties analysis 

The size and shape of AuNS was analysed by TEM (Hitachi 7500, 2Å, 120 KV). Zeta potential 

and dynamic light scattering (DLS) particle size distribution analysis was carried out by means 

of Brookhaven 7610 instrument and sample was prepared by adding 1.5 ml polar or non polar 
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solvent (MeOH/ PrOH/ DMF/ DMSO/ CCl4) to vacuum dried AuNS (1.5 ml, 4.494 × 10
17 

atoms). Zeta potential measurement of the photocatalytic reaction mixture (1 mM, 5 ml SA + 50 

mg TiO2) with or without AuNS (100 µl) addition was carried out by taking 200 µl of reaction 

mixture into a 1.3 ml of water. Surface charge density (Mutek-PCD03pH) analysis was carried 

out using 300 ml aqueous suspension of AuNS containing 1.66 × 10
15

 atoms/ml. Similarly, 

reaction mixture (1 mM, 5 ml SA + 50 mg TiO2) with and without AuNS in 300 ml aqueous 

slurry has been used for the surface charge measurement. Different physicochemical, optical and 

electrokinetic parameters of Au nanostructures are summarized in Table 1. 

3.3 Results and discussion  

3.3.1 Optical properties of Au nanostructures 

Figure 1a showed the surface plasmon resonance (SPR) absorption band of AuNS of size ~ 3-6 

nm dispersed in polar solvents of dipole moments (DP) as 1.85D for water, 1.70D for MeOH, 

1.66D for PrOH, 3.82D for DMF, and 3.96D for DMSO etc. The AuNS-water exhibits a sharp 

and narrow SPR band at 520 nm having particle size in the range of ≈ 3.5 ± 0.25 nm as reported 

by N. R. Jana et al [2,3]. After addition of 1.5 ml of different polar solvents to 1.5 ml AuNS 

(4.494 × 10
17 

Au
 
atoms) in water, a red shift in the SPR band from 520 nm to 540-557 nm is 

observed. The intensity of these SPR absorption band is decreased and becomes flatten with the 

appearance of SPR band at 970-984 nm of varied absorption intensity is always noticed in all 

polar solvents. However, there is no such red shifted new SPR band (> 970 nm) appears for 

AuNS-CCl4 dispersion in comparison to AuNS-water as seen in the inset figure 1a.  

The AuNS dispersion in DMF, DMSO and PrOH almost completely suppress the absorption 

intensity of SPR band at 520 nm and the spectra are nearly levels-off. This difference in the 

absorption spectral intensity is ascribed to the nature of solvent and their polarity difference. 

DMF and DMSO being polar aprotic solvents showed a little absorption as compared to polar 

protic solvents MeOH and PrOH which displayed higher absorption intensity of AuNS SPR 

band. The SPR band at > 970 nm gradually red-shifted from 971 to 984 nm (figure 1b) and its 

absorption intensity is generally decreased with the increasing solvent polarity/ or DP as 1.70D 

(MeOH) ≈ 1.66D (PrOH), 3.82D (DMF), and 3.96D (DMSO) however, no such red shifted band 

is seen in water dispersion as shown in the enlarged view (900-1100 nm scale) of figure 1b. 

Furthermore, changes in the refractive index (RI) of AuNS (ca. 500 μl) has also been measured 

(Atago refractometer) in order to verify the extent of AuNS aggregation on varying the amount 
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Figure 1.  Influence of surface plasmon band of Au nanospheres 

(size = 3.5 nm) dispersed in (a) water, MeOH, PrOH, DMSO, 

DMF and CCl4 solvent (inset), and (b) enlarged view (900 to 1100 

nm) shows the formation of new surface plasmon absorption band 

of Au nanospheres in different polar solvents. 

 

(100-500 μl) of MeOH, 

PrOH and DMF addition, 

and a linear increase in 

the RI has been observed 

(figure 2). The RI of the 

AuNS (500 μl) ≈ 1.3349 

enhanced to 1.3457, 

1.3753 and 1.3901 on the 

addition of 500 μl of 

MeOH, PrOH and DMF, 

whose individual RI is 

1.3354, 1.3374 and 

1.4248, respectively. 

Such influence of solvent 

RI on the position of SPR 

band was also observed 

by Lee and co-workers 

[36]. They found change 

in the position of SPR 

band toward longer 

wavelength after 

introducing the Ag 

nanoparticles on 

substrates with high 

refractive indexes. 

Templeton et al. [37] 

showed the effect of 

solvent RI on the SPR 

band of alkanethiolate 

monolayer-protected gold 

clusters (size = 5.2 nm) 
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Figure 2. Changes in the refractive index of AuNS 

on adding varying amount (100-500 μl) of various 

polar solvents.  

 

and revealed 8 nm red shift as the solvent RI was varied from 1.33 to 1.55 by transferring AuNPs 

into appropriate solvents e.g., hexane, tetrahydrofuran, benzene etc.  

Thus, the cause for this red shifting, 

flattening (at 520 nm) and evolution of 

SPR band (at > 970 nm) is the polarity/ 

DP and RI of individual solvent. These 

optical changes, i.e., increase in the 

plasmon linewidth are due to change in 

the particle size distribution or 

orientation and surface morphology of 

AuNS that causes light scattering and 

plasmon oscillation in different manner 

[11].
 
J. Liao et al. also observed the 

second absorption band at the longer 

wavelength > 970 of the spectrum after 

the addition of ethanol to AuNS and 

interpreted the results on the basis of Mie Scattering theory [32]. According to this theory, this 

new SPR band at the longer wavelength is associated with the longitudinal mode of the 

electronic plasma oscillation along the long axis of the agglomerated Au nanospheres chain [38].  
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Figure 3. DLS particle size distribution of Au nanospheres dispersion in (a) water and methanol 

and (b) water and DMSO. 
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Whereas, the non aggregation of AuNS in water and CCl4 was interpreted by the dipole–dipole 

interactions among the symmetrically distributed charges that cause repulsion amongst AuNPs. 

The charge equilibrium between the particles has not been disturbed on the addition of non-polar 

CCl4 having zero DP and no charged entity. However, addition of polar solvents disturbed or 

reverse the charge equilibrium between the species carrying alike charge and results in the 

attraction between NPs, hence, responsible for their aggregation. In order to confirm this 

phenomenon of AuNPs agglomeration in polar solvents, dynamic light scattering (DLS) of 

AuNS dispersed in water, methanol and DMSO was analyzed. The average size ca. 3-6 nm 

distribution of AuNS in water was found to significantly increase to 25-40 nm in MeOH 

suspension and 15-30 nm in DMSO dispersion as shown in figure 3. This fact indicates that the 

coagulation of AuNS particles took place on changing the dispersion media from water to polar 

MeOH (figure 3a) and DMSO (figure 3b) solvents as a function of their polarity. Therefore, the 

evolution of new SPR band (at > 970 nm) can be ascribed to the agglomeration of AuNS in polar 

solvents which does not occur in non-polar CCl4 dispersion. 

3.3.2 Structural morphology of Au nanostructures 

The surface morphology of AuNS dispersed in water, DMSO, and MeOH was verified by TEM 

size and shape analysis as shown in figure 4 and 5. The AuNS-water has been found to be 

monodispersed with average size 3.5 ± 0.25 nm (figure 4a). On addition of 1.5 ml DMSO to 1.5 

ml of AuNS in water, the growth in the size of AuNS begins and finally agglomeration took 

place in different extent. They begin to link together (marked area in figure 4) or merged into one 

another to grow into bigger nanoparticles assembly that resembles chain like aggregation as seen 

in figure 4b and 4c. It seems that inter-particle distance between the AuNS is decreased in 

DMSO dispersion and nanospheres fused to large clusters consisting of many AuNS particles as 

noticed in figure 4d. Similar behavior of AuNS coagulation has also been observed on the 

addition of MeOH as revealed by the TEM images of figure 5. Individual ANS-MeOH 

dispersion is seen to be relatively bigger in size (figure 5a-d) than AuNS-water dispersion (figure 

4a). Figure 5b and d displayed aggregated clusters formed by many AuNS and a few chain like 

arrangements consisting of 3 to 5 AuNS. The average AuNS particle size increases to a large 

extent from ~ 3.5 nm (in water) to ~ 25 nm (in DMSO) and ~ 35 nm (MeOH) that is also in 

accordance with the DLS particle size distribution in figure 3 discussed above. On account of the 

negative ions adsorbed on the AuNS particle surface, linear coagulation is most probably caused 
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Figure 4.  TEM images of (a) bare Au nanospheres in water (b) marked area representing the chain 

like aggregation of Au nanospheres in DMSO and (c) and (d) forming large size aggregates in 

DMSO. 

 
by the effect of dipole–dipole interactions due to the asymmetrically distributed charges on the 

particle surface. When the dipole–dipole interaction is strong enough to overcome the thermal 

energy and the electrostatic repulsion between the colloidal particles, the existence of dipole 

moments can lead to linear assembly [32]. 

3.3.3 Electrokinetic properties of Au nanospheres in different polar solvents 
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Figure 5. TEM images of various aggregated Au nanospheres (a-d) formed in methanol 

dispersion. 

 

The zeta potential is a key parameter governing the electrokinetic behavior of particles in 

colloidal solution due to the effective surface potential that arises close to the solid-liquid 

interface i.e., between the nanoparticle surface and surrounding medium.  

A double layer is formed at the interface of the particle; the first layer (the Stern-layer) contains 

immobilized ions which are directly adsorbed to the surface. This layer is surrounded by a 

second more diffuse layer of mobile ions attracted by the surface charge. The potential difference 

between the surface of tightly bound layer developed at the surface of the colloidal particle due 

to the adsorption of ions and the electroneutral region of the solution is known as zeta potential 

(ζ). The variation in the values of ζ determines the electrostatic repulsion or attraction between 

the AuNS particles due to the change in the electronic charge of surrounding media with polar 
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Figure 6. Variation in zeta potential and conductance (over the bar) of Au nanospheres 

dispersion in polar solvents of different dipole moment (below). 

 

solvents of different DP. As a result, the surface charge of AuNS is varied that prevents or 

promotes particle attraction and adhesion as a function of the polarity of the dispersion medium.  

Literature values for the ζ of citrate coated gold nanoparticles are in the range of -29 to -50 mV 

indicating the electrostatic stabilization of the particles [27]. Sau et al. [39] measured ζ values for 

CTAB-coated gold nanocrystals in the range +49 mV to +71 mV, depending on nanoparticle 

shape and size. 

Figure 6 shows the variation of ζ and conductance of AuNS suspensions in polar and non polar 

(CCl4) solvents as a function of their dipole moments. The measured ζ value ca. +50 mV at pH = 

6.4 for AuNS in water is found to reduce to +24.06 mV (at pH = 7.62) in MeOH, +26.01 mV (at 

pH = 7.54) in PrOH and -31.88 mV (at pH = 7.84) in DMSO dispersion, respectively. It is very 

important to know that AuNS in non-polar CCl4 dispersion, the ζ value +53 mV is measured to 

be almost same (+50 mV) as water suspension. As CCl4 having zero DP does not carry any 

charge and hence, there is no influence of electric potential difference on the AuNS particle 

surface. It is evident that AuNS in solvents of varying polarity (DP = 1.46 D to 3.96 D), 

neutralization of surface charge in some extent causes the reduction in the inter-particle repulsion 

between the particles of like charge. As a result, the colloidal particles come closer to one 
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Figure 7. (a) Variation in zeta potential and conductance (mentioned below) and (b) surface 

charge of different reaction mixtures TiO2, SA and AuNS etc. 

 

another, coalesces to form bigger aggregates and thus, the stability of the AuNS colloidal 

suspension is decreased. It had been reported by Martin Moskovits and co-workers [40] that the 

metal nanoparticles are highly stabilized in aqueous solution because of the presence of double 

layer charge surrounding each nanoparticle that produces a coulomb barrier to prevent 

aggregation and stabilize the colloid suspension. 

 In order to confirm this fact of electronic charge disparity on the surface of AuNS particle, the 

conductance of each AuNS suspension in various solvents is measured. The conductance of 

solution is dependent upon the concentration and mobility of the charged ions/species present in 

solution. The conductance 1673 µS of AuNS-water is determined to be highest that decreases 

with the ionic dipoles of solvents having different polarity/ DP. Whereas in non-polar CCl4 

dispersion, the conductance of AuNS is reduced to 80 µS indicating absence of any dipolar ionic 

charge on CCl4 as compared to highly polar water molecules. Moreover, increase in carbon chain 

length/ or bigger dipole having hetero atom also can act as barrier for the conductance of ions 

leading to a gradual decrease in conductance value (figure 6) of ANS-MeOH (1480 µS), ANS-

DMSO (639 µS), and ANS-PrOH (357 µS), etc.  

3.3.4 Electro-kinetic properties of photocatalytic reaction mixture 

The synthesized AuNS in water suspension and its aggregated morphology formed in various 

polar solvents (ANS-solvents) are utilized to study the relative co-catalytic activity imparting to 
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Au-TiO2 photocatalysis for salicylic acid oxidation. The photocatalytic oxidation (SA oxidation) 

process utilizing AuNS and ANS-solvents as co-catalyst have been investigated in terms of 

electrokinetic parameters such as surface charge, zeta potential, pH, and conductance for the very 

first time. Figure 7a shows the difference in the ζ and conductance values of the reaction mixture 

(TiO2 + SA) with and without the addition of AuNS-water and ANS-solvents. The ζ ca. +43.51 

mV for TiO2 + SA reaction system has been found to be higher and opposite charge than TiO2 (-

2.80 mV) and SA (-7.07 mV) aqueous suspension alone. This high ζ indicates the stability of the 

reaction mixture due to the complexation through negative charges of –COOH and -OH groups 

of bidentate salicylate to TiO2 surface as evident by the conductance measurements. The high 

conductance 263 µS of SA aqueous solution and 59 µS of TiO2 water slurry alone is notably 

reduced to 13 µS in TiO2 + SA reaction mixture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the complexation results in the decrease of free H
+
 ions in the reaction media (TiO2 

+ SA at pH=6.13) in comparison to TiO2 (pH=5.81) and SA (pH=3.29) alone which reflects from 

its pH value (changes from acidic to alkaline) and responsible for the charge reversal. The ζ 

value of +43.51 mV for TiO2 + SA reaction mixture is further reduced to +10.38 mV and +5.46 

mV after addition of AuNS-water having ζ value +50.32 mV and +24.06 mV for ANS-MeOH, 

respectively. This fact dictates the strong affinity of AuNS for electrostatic adsorption to TiO2 

surface which in-turn will govern the photocatalytic oxidation rate of SA. For further 

Figure 8. (a) TEM images of AuNS-water (3-6 nm)-TiO2 mixture and (b) ANS-MeOH (size= 

25-40 nm) mixed with TiO2 in aqueous suspension. 
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Scheme 1.  Co-catalysis effect of AuNS-water and ANS-

solvents attached to TiO2 for the photocatalytic oxidation 

of salicylic acid.   

 

confirmation about this AuNS-TiO2 interionic interaction/adsorption, the effective surface charge 

of AuNS, TiO2+SA and TiO2+SA+AuNS-water suspension was determined. The high positive 

surface charge ca. +4306.2 µequ./litre of AuNS-water (pH = 6.4) has been significantly 

decreased to +512.5 µequ./litre in TiO2+SA+ AuNS aqueous mixture (pH = 6.14) despite having 

lower surface charge ca. +161.1 µequ./litre of TiO2+SA mixture (pH = 6.13) alone as displayed 

in figure 7b. This reduction in the surface charge affects the distribution of ions in the interfacial 

region, resulting in an increased concentration of counterions, and brings the two particles to 

come in contact through inter-ionic attractions. The strong ionic interaction/adsorption between 

AuNS-water (size = 3-6 nm) and TiO2 (size = 30-50 nm) suspension is further verified by the 

TEM images of aqueous mixture containing either 100 µl AuNS-water (2.996 × 10
16 

atoms) or 

ANS-MeOH, and 50 mg TiO2 as shown in figure 8a and 8b. It can be seen that larger spherical 

aggregates of Au nanospheres (formed in MeOH, size = 30-40 nm, encircled in red) appears to 

be present over the TiO2 surface, indicating proper attachment of AuNS-water or ANS-MeOH 

(black colored) with TiO2 particles (gray contrast) that may improve the TiO2 photoactivity. This 

close association of TiO2 and AuNS was again verified by measured ζ and conductance values as 

given in figure 7a. It has been found that the zeta potential + 50.32 mV and conductance 1673 µS 

of AuNS in water are notably reduced to 7.68 mV and 74 µS respectively, after addition of TiO2 

that evidencing strong inter-ionic attraction between themselves. 

3.3.5 Co-catalytic activity of AuNS nanostructures obtained in different polar solvents  
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 Figure 9. Changes in the absorption spectra (λmax = 298 nm) 

and (b) time course of salicylic acid (1 mM) photooxidation by 

AuNS-water and various ANS-solvents addition on TiO2 under 

UV irradiation. 

 

The AuNPs of various 

shapes and sizes have been 

extensively used as co-

catalysts to enhance the 

photocatalytic activity of 

TiO2 catalyst. It has been 

demonstrated that AuNPs 

store a fraction of electrons 

captured from photoexcited 

semiconductor [33,34,41-44]
 

and hence, the double-layer 

charging between the metal 

and semiconductor has been 

shown to play a role in 

stabilizing the stored 

electrons within the metal 

nanoparticles.
 

Most of the 

photocatalytic reactions have 

been achieved by depositing 

the metal ions on the catalyst 

surface (TiO2) which leads to 

the metal/TiO2 schottky 

barrier and the low Fermi 

level of the metal drive the 

photogenerated electron from 

TiO2 conduction band (CB) 

to the metal phase, leaving 

the valence band (VB) holes 

freely available for oxidation 

of substrate [33,34]. 

However, herein the efficiency by the AuNS is due to the rapid interfacial charge transfer 
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between reacting species (TiO2 and AuNS) due to the temporary ohmic contact, when reacting 

substrates come in close vicinity to each other during continuous stirring under UV irradiation 

and has already been discussed in our previous result [45]. Scheme 1 shows the pictorial 

representation about the difference in the co-catalysis activity of non-aggregated AuNS-water 

and aggregated AuNS (ANS-solvents) imparting to TiO2 for the photooxidation of SA under UV 

irradiation. The smaller Au nanospheres (AuNS-water, size = 3-5 nm) induce greater shift in the 

Fermi energy level than the larger agglomerated particles (ANS-solvents, size = 15-40 nm), 

hence, the catalytic efficiency of TiO2 [44,45] is expected to vary depending on the rate of 

photoexcited electron transfer process from TiO2 to AuNPs
 
surface under UV light irradiation. 

The co-catalytic efficiency of AuNS-water and ANS-MeOH, ANS-PrOH, and ANS-DMSO has 

been comparatively studied for the UV induced photooxidation of SA (1 mM) by TiO2 (50 mg, 

P-25 Degussa). Figure 9a shows the changes in the absorption intensity of SA (1 mM) during its 

photooxidation by addition of 100 µl (AuNS = 0.0098 mg of Au = 0.02 wt% Au to that of TiO2) 

of various ANS-solvents to TiO2 suspension under 1 h UV light irradiation. The absorption 

intensity (2.6 a.u) of 1 mM SA decreases in a varied extent by bare and different Au-TiO2 

heterojunction.  

The AuNS-water (size ≈ 3.5 ± 0.25) addition to TiO2 appreciably degrades SA (abs. 0.45 a.u) as 

compared to bare TiO2 (abs. 0.96 a.u) alone. The CCA imparted by ANS-DMSO (abs. 0.51 a.u) 

has been found to higher as compared to (abs 0.69 a.u) ANS-MeOH (abs 0.69 a.u) and ANS-

PrOH (0.63 a.u) suspension. This difference in the photooxidation efficiency of SA by various 

ANS-solvents mixed TiO2 suspension could be ascribed to the effect of agglomerated size of 

AuNS formed in polar solvents because almost same amount (100 µl = 2.996 × 10
16  

Au atoms) 

of aggregated AuNS are added to TiO2 and SA suspension. In a similar way, the time course of 

photocatalytic degradation of 5 ml (1 mM) SA by 100 µl (2.996 × 10
16 

atoms) with different 

ANS-solvent co-catalysts (obtained in MeOH, PrOH and DMSO dispersion) addition to TiO2 as 

compared to bare and AuNS-water mixed TiO2 suspension has been displayed in figure 9b. The 

highest photodegradation rate (r = 9.990 × 10
-3

 mM/min) has been achieved by AuNS-water and 

TiO2 mixture as compared to r = 7.710 × 10
-3

 mM/min of bare TiO2 photoactivity during 90 min 

UV irradiation. It is observed (table 1) that addition of ANS-MeOH to TiO2 exhibited lower 

photoactivity (r = 9.172 × 10
-3

 mM/min) as compared to ANS-PrOH (r = 9.442 × 10
-3

 mM/min) 

and ANS-DMSO (r = 9.771 × 10
-3

 mM/min) addition, respectively. The highest rate of SA 
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Figure 10. Effect of different amount of AuNS-water 

addition onto TiO2 for the rate of salicylic acid (1 mM) 

photodegradation under UV irradiation. 

 

Table 1. Various physicochemical, optical, electrokinetic and catalytic properties of AuNS 

dispersed in various solvents. 

AuNS  in different 
solvents and their 

(dipole moment / D) 

SPR band 
(size/ nm) 

pH 
of AuNS 

dispersion 

Zeta 
potential 

(mV) 

Conductance (µS) 
(Surface charge/ 

µequ./l) 

Photoxidation rate of 
SA 

(mM/min) 

Water  (1.85) 520 nm (3-6 nm) 6.4 50.32  1673 
(+4306.2) 

9.990 × 10-3 
 

Methanol (1.70) 555 and 973 nm 
(25-40 nm) 

7.62 24.06 1480 
(+2468.4) 

9.172 × 10-3 
 

Propanol (1.66) 975 nm 7.54 26.01 357 9.442 × 10-3 

DMSO (3.96) 976 nm  (15-30 
nm) 

7.84 -31.88 639 9.771 × 10-3 

CCl4 (0.00) 526 nm --- 53 80 --- 

 
photodegradation was achieved by the AuNS-water and TiO2 suspension followed by various 

ANS-solvent systems depending on its agglomeration in different polar solvents. The ANS-

solvent clusters immobilized on the surface of TiO2 results in the low density of the reaction sites 

for the absorption of UV light, 

therefore, photoproduction of 

hole and electrons at the 

surface would decrease and 

hence, lowered the reactivity to 

a varied extent depending on 

the AuNS co-catalysts 

aggregation or cluster size as 

shown in scheme 1. The zeta 

potential, surface charge, pH 

and conductance measurements 

provide evidence for the 

variation in the CCA of 

aggregated and non aggregated 

NPs as discussed. Furthermore, 

the effect of varying concentration (10 µl to 100 µl) of AuNS-water addition to TiO2 for the 

photodegradation of SA during 90 min of light irradiation has been carried out as shown in figure 
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10. It has been observed that on increasing the amount of AuNS (2.996 × 10
15

 to 2.996 × 10
16 

atoms) co-catalyst addition onto TiO2 (50 mg), the rate of photocatalytic oxidation of SA is 

highly enhanced as compared to bare TiO2.  

The photocatalytic degradation rate undergoes an exponential decrease in SA concentration as C 

= C0 e
-kt

 with irradiation time follows the first order kinetic reaction as typically observed in 

many photocatalytic reactions [46-51].
 
The SA photooxidation rate was found to be higher 

during first 20 min due to the formation of
 
titanium(IV)-salicylate surface complex [43]. It is 

because of the ionic adsorption of salicylic acid onto larger numbers of AuNS (100 µl)-TiO2 

particle interface. In addition, the adsorption behavior by the ANS-polar solvents was also 

carried out in comparison with AuNS-water. Thus, it is shown that ANS-solvents of different 

dipole moments displayed less adsorption and hence less co-catalysis effect to TiO2 

photocatalysis than quantum size AuNS-water dispersion because of the limitation of 

photoexcited charge transfer process and Fermi energy equilibration of ANS-solvents co-catalyst 

particles as discussed above. This phenomenon was further supported by the zeta potential and 

conductance measurements as discussed above.  

This chapter gives a new insight for tuning the reaction rate as a function of solvents 

polarity. As the extent of aggregation in various solvents is different and hence by using 

appropriate aggregated structure, yield and selectivity of a reaction can be easily manipulated. 

Moreover, this method offers an economic route for catalysis.  
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Agglomerated in Solvents of Varying Dipole Moment and 
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4.1 Introduction  

The self-assembly of Au nanoparticles (AuNPs) generally occur due to vander-Waals forces, 

dipole moment, hydrogen bonding and binding via surface active agents such as alkyl thiols, 

amino acids, hydroxyl, carboxylic group and other chelating agents [1-11]. Several reports 

exist in the literature on ordered assembly of AuNPs such as necklace like Au nanorods 

(AuNRs) structure, nanorod-nanosphere and bipyramid-nanosphere, end-to-end and parallel 

attachment by the addition of glutathione and cysteine [12], etc. The pH-dependent AuNRs 

assembly was attained by using deprotonated adipic acid form side-to-side assemblies 

consisting of 20-200 NR at pH~8 [13] and Au particles were found to spontaneously organize 

into a linear chain like aggregates in ethanol due to the dipole-dipole interaction in the polar 

solvents [1]. Various liquid crystalline ordered structures with nematic, smectic, and 

columnar phases have been observed for rod and plate shaped nanocrystals [14]. Surface 

passivation of rod-shaped AuNPs can promote end-to-end assembly instead of side-to-side 

liquid crystalline assembly [14]. Thus, it is evident that the AuNPs aggregation and their 

plasmonic properties could be well-tuned by adjusting the experimental conditions. During 

the self-assembly process, the net surface charge and zeta potential (ζ) developed over 

AuNPs surface is dependent on aggregated cluster size and attached polar/non-polar surface 

active agents could influence the adsorption/ or interaction of reacting substrate and thereby 

modify the catalytic activity. For example, the ζ of AuNRs was reduced from +47.6 ± 3.3 mV 

to +10.9 ± 4.1 mV by the addition of 10
-5

 M adipic acid due to electrostatic interactions 

between the positively charged nanorods and negatively charged deprotonated adipic acid 

[13]. Replacement of the CTAB surface group of AuNRs with phosphocholine lipid resulted 

in side-to-side assembly and the ζ potential of the composite was decreased from +39.4 ± 2.8 

mV to+11.1 ± 1.6 mV due to charge pairing [15]. 

Nanocrystals synthesized in colloidal solution require capping agents to limit their growth 

and to passivate dangling bonds, and many organic and inorganic reactions employing polar 

solvents lead to random or chaotic arrays of AuNRs and thus, affecting their catalytic 

activity. Catalysis using AuNPs of different sizes and shapes make them attractive for 

chemical reactions because of their high surface area-to-volume ratio and more active surface 

atoms located on their corners and edges [16-19]. For example, Au nanocages with fine 

intrinsic electrical connection across their entire surface are proven to be a better catalyst than 

small Au solid nanoparticles for redox reaction [20].
 
Tetrahedral Pt NPs are most active 

relative to the spherical NPs in catalyzing the Suzuki reaction between phenylboronic acid 

and iodobenzene [21]. Moreover, it is well proven that noble metal deposits as a co-catalyst 
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over TiO2 particles exhibit size-dependent shift in the Fermi level and thereby influencing the 

TiO2 photoactivity [22,23]. 
  

In spite of the large volume of research on the theoretical and experimental aspects of optical 

properties of AuNPs assembly, little attention has been paid to assess the electro-kinetic and 

catalytic properties of aggregated/assembled AuNRs in polar solvents of varying dipole 

moments [12-16]. So in continuation of chapter-3, the present chapter focuses on the effect of 

AuNRs aggregation in polar solvents (methanol, propanol, dimethylsulphoxide, and 

dimethylformamide typically used in Au catalyzed reactions) on the electro-kinetic properties 

and catalytic activity for the reduction of p-nitrophenol to p-aminophenol, and co-catalytic 

effect of AuNRs–TiO2 composite on photo-oxidation of salicylic acid under UV light 

irradiation.   

4.2 Experimental section 

4.2.1 Materials 

Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), ascorbic acid, methanol 

(MeOH), propanol (PrOH), dimethylsulphoxide (DMSO), dimethlyformamide (DMF), 

carbontetrachloride (CCl4), salicylic acid (SA), p-nitrophenol (PNP) and p-aminophenol 

(PAP) were obtained from Loba chemie, India. Commercially available titanium oxide (TiO2) 

is a gift sample from P-25 Degussa, Germany. Silver nitrate (AgNO3) was purchased from 

Fischer Scientific. Cetyltrimethylammoniumbromide (CTAB) was purchased from Sigma 

Aldrich. All these chemicals were used without further purification. Deionized water was 

obtained using an ultrafiltration system (Milli-Q, Millipore) with a measured conductivity 

above 35 mho cm
-1

 at 25 
◦
C  

4.2.2 Preparation and dispersion of AuNRs in various solvents 

The AuNRs were synthesized according to the previously reported method with certain 

modifications [24,25]. 250 μl of (0.01 M) HAuCl4 was added to 10 ml (0.1 M) CTAB, 

followed by reduction with 600 μl (0.01 M) NaBH4 solution under magnetic stirring for 2 

min, which results in the formation of gold seeds. This above formed solution (ca. 12 μl) was 

introduced to the mixture of 500 μl (0.01 M) HAuCl4, 10 ml (0.1 M) CTAB, 75 μl (0.01 M) 

AgNO3, 55 μl ascorbic acid (0.1 M) and it was kept undisturbed overnight. The formed 

AuNRs were repeatedly washed with deionized water under four cycles of centrifugation at 

8500 rpm for 10 min. For surface plasmon absorption and pH measurements, 1.5 ml aqueous 

suspension of AuNRs was dispersed in 1.5 ml polar (methanol, propanol, DMF and DMSO) 

and non-polar (CCl4) solvent. The sharp change in color of colloidal solution of nanorods 

(light purple to blackish) was noticed within a few seconds, due to aggregation with polar 
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solvents. The AuNRs after agglomeration (ANR) in various dispersion solvents (ANR-

solvents) are denoted as AuNRs-H2O, AuNRs-CCl4, ANR-MeOH, ANR-PrOH, ANR-DMF 

and ANR-DMSO for further discussion.  

4.2.3 Co-catalytic activity of bare and aggregated AuNRs mixed with TiO2 (Au-TiO2) 

Various polar or non-polar solvents (100 µl) were added to AuNRs (100 µl), centrifuged and 

vacuum dried to remove the excess solvent and were finally dispersed in 100 µl water. The 

photocatalytic reaction was carried out by taking 5 ml SA (1 mM), 50 mg TiO2 and 

calculated amount (10-100 μL) of AuNRs (formed by spreading out in various polar solvents) 

under UV irradiation (125 W Hg-arc lamp, λmax = 253.6 nm and 10.4 mW/cm
2
) and magnetic 

stirring for different time periods. The concentration of SA was determined using UV-vis 

spectrophotometer at λmax = 298 nm. 

4.2.4 Catalytic activity of AuNRs 

Catalytic activity with various aggregated morphologies of AuNRs (ca. 100 µl) was 

examined by adding 1 ml of ice-cold NaBH4 solution (0.42 M) to 7 mL PNP (0.2 mM). 

Catalytic reduction of PNP to PAP was monitored by measuring the absorption spectra (λmax 

= 400 nm for nitrophenolate ion and 298 nm for PAP) of the reaction mixture at regular 

intervals and also analyzed by high–performance liquid chromatography (HPLC, Agilent, 

1120 Compact LC, 254 nm, using C–18 column and MeOH: H2O (65:35) as mobile phase) at 

a flow rate of 1ml/min.  

4.2.5 Structural and electro-kinetic parameter analysis 

The size and shape of AuNRs was analyzed by TEM (Hitachi 7500, 2Å, 120 KV). The ζ and 

dynamic light scattering (DLS) particle size distribution analysis was carried out by means of 

Brookhaven 7610 instruments and sample was prepared by adding 1.5 ml water to vacuum 

dried AuNRs (1.5 ml, 4.494 × 10
17 

atoms) in various solvents (MeOH/ PrOH/ DMF/ DMSO/ 

CCl4). ζ measurement of the photocatalytic reaction mixture (1 mM, 5 ml SA + 50 mg TiO2) 

with or without AuNRs (100 µl) addition was carried out by taking 200 µl of reaction mixture 

into a 1.3 ml of water. Surface charge density (Mutek-PCD03pH) of AuNRs has been 

measured by using 300 ml aqueous suspension containing 1.66×10
15

 Au atoms/ml. Similarly, 

the reaction mixture (1 mM, 5 ml SA + 50 mg TiO2) with and without NR in 300 ml aqueous 

slurry was used for the surface charge measurement.  
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Figure 1. Optical absorption spectra of Au nanorods (a) in 

various polar and (b) non-polar solvents. 

4.3 Results and discussion  

4.3.1 Optical properties of AuNRs in polar and non-polar solvents 

Figure 1a shows the 

alterations in the surface 

plasmon resonance band 

(SPR, transverse band ~ 532 

nm and longitudinal band ~ 

698 nm) of AuNRs after the 

addition of polar and non-

polar solvents of different 

dipole moments (0–3.96 D). 

It can be seen that the 

absorption intensity (1.03 

a.u) at SPR = 698 nm of 

AuNRs-H2O suspension was 

appreciably dropped down 

(0.52
_
0.27 a.u.) and a small 

peak at > 1050 nm 

characteristic to aggregation 

appears, whose intensity 

depends on the solvent 

polarity [1,26]. Whereas, no 

such changes in the SPR 

were observed for non-polar 

solvent (CCl4) and water 

dispersion as seen in figure 

1b. This variation in the 

plasmonic resonance of AuNRs is sensitive to the refractive index (RI) and therefore it is 

significant to understand the dependence of plasmonic resonance on the RI of the 

surrounding medium. Figure 2a illustrates a linear increase in the RI of AuNRs (1.333
 
to 

1.4227) on the successive addition (0-1500 μl) of different polar solvents. DMSO and DMF 

with higher polarity (3.96 and 3.82 D) showed a maximum enhancement in the RI (~1.4227) 

as compared with almost no change (RI~1.334) after CCl4 addition. Figure 2b shows the 

dependence of RI and SPR (698 nm) absorption intensity of AuNRs on solvent polarity. 
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Highly polar solvents 

(DMF and DMSO) 

decrease the absorption 

intensity to a larger extent 

while non-polar solvent 

(CCl4) does not show any 

variation in the absorption 

intensity. Higher change in 

the RI by surrounding 

medium increases the 

wavelength of the 

longitudinal resonance and 

show red shift with an 

increase in the size or 

aspect ratio of rods. The 

observed variation in SPR 

and RI could occur, 

probably due to increasing 

particle diameter, nanorod 

plasmon coupling through 

nanorod-nanorod 

interactions or by 

increasing local refractive 

index (RI), etc. [27-30] 

that influences the light 

scattering behavior. The DLS particle size analysis of AuNRs dispersion (figure 3) in various 

solvents revealed a significant increase in the hydrodynamic size to ~180-200 nm in DMF 

(figure 3a), 90-120 nm in MeOH and 120-150 nm in DMSO dispersion (figure 3b) as 

compared to 50-70 nm in H2O suspension. Light-scattering measurements generally assume 

particles to be spherical and often fail to produce accurate estimates when the particle shape 

(NR) is anisotropic, hence DLS measurements have been used to monitor the variations in 

AuNRs agglomeration, not to evaluate any spatial parameters [31].  
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Figure 2. Variation in refractive index on polar solvent 

addition (b) Variation in the absorption intensity (left axis) 
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4.3.2 Structural morphology of Au nanorods 

Figure 4a corresponds to the TEM images of homogenous dispersion of AuNRs in the water 

having length ≈ 53 nm and width ≈ 20 nm (aspect ratio ≈ 2.5). MeOH addition resulted in the 

decrease of inter particle distance among the adjacent NRs and showed parallel alignment to 

a little extent (figure 4b). Formation of small groups of NR with random or haphazard 

arrangement (figure 4c) and a large clump of aggregate (figure 4d) relative to distantly 

positioned rods in aqueous media are also seen in MeOH dispersion. Figure 4e-f illustrates 

the close assembly of AuNRs in DMF dispersion and clearly evident that NRs organize 

themselves in a globular shaped structure having cluster size ~ 200 nm (figure 4f), 

resembling honeycomb like morphology. These differences in the degree of agglomeration in 

MeOH and DMF, as evidenced by TEM measurements, can be attributed to the difference in 

their dipole moments and is entirely different from regular self assembled nanostructures. 

AuNRs in aqueous media with cationic surfactant (CTAB) acquire net positive charge 

on their surface which helps in balancing the repulsive and attractive interactions between 

particles thereby, preventing their aggregation. Whereas, polar solvents results in the 

asymmetric distribution of adsorbed charge on the particles surface and generate the dipole 

moment. The dipole-dipole interactions between the two individual AuNRs results in a dimer, 

and hence, once the thermal energy and the columbic repulsion is suppressed causes 

assembling/clustering of particles [1]. 
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Figure 3. Particle size distribution of Au nanorods dispered in (a) water and DMF and (b) 

methanol and DMSO. 
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Figure 4. TEM images of (a) Au nanorods in water, (b) marked area representing the 

parallel alignment of Au nanorods in methanol, (c) and (d) clump of nanorods in methanol, 

(e) and (f) forming large size aggregates in DMF. 
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Figure 5. Zeta potential and conductance of Au nanorods dispersed in solvents of varying 

dipole moment. 

According to Onsager’s theory, this type of particle clustering depending on the solvent 

nature is irreversible and leads to much lowering of the surface energy after the elimination 

of highly curved surfaces of individual rods and is an enthalpy-favorable process [32]. An 

increase in the pH of colloidal AuNRs (6.1, aqueous media to 7.3 in DMF) on the addition of 

polar solvents has also been observed [33] which leads to the formation of larger aggregated 

size on increasing pH of Au colloidal dispersion. 

4.3.3 Electrokinetic properties of AuNRs in polar solvents 

Interactions between the AuNRs and solvents not only alter the optical properties but also 

result in modification of the charge distribution at their interface and hence affect their 

electrokinetic properties. ζ represents the surface charge of a particle which arises due to the 

potential difference between the particle’s surface and the surrounding solvent. Figure 5 

illustrates that highest ζ ca. +49.79 mV at pH=6.1 exhibited by the AuNRs in aqueous 

suspension has been dropped down ≈ +8.99 to
 
-4.65 mV in polar solvents, whereas non-polar 

CCl4 solvent suspension does not show any appreciable change in ζ (+50 mV) value. 

Conductance of AuNRs in aqueous dispersion (426 µS) has also been lowered down to 8.99 

µS in DMF. The marked reduction in ζ and conductance of AuNRs signifies the unstable 

system and is attributed to the solvent nature with varying polarity (DP = 1.46 D to 3.96 D) 

that bring about the neutralization of surface charge to a different extent and results in the 

reduction of inter-particle repulsion between the particles of like charges. As a result, the 

colloidal particles come closer to one another and coalesce to form bigger aggregates. 
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Whereas CCl4 being a non-polar solvent, does not carry any charge and hence, there is no 

influence of electric potential difference on the NR surface. Martin Moskovits and co-

workers [34] reported that the metal NPs are highly stabilized in aqueous solution because of 

the presence of double layer charge surrounding each nanoparticle that produces a coulomb 

barrier to prevent aggregation and thus stabilizes the colloidal suspension.  

4.3.4 Electrokinetic and catalytic properties of AuNRs-H2O and ANR-solvents 

It is a well proven fact that catalysis using NPs depend on their shape, size, number of surface 

active atoms, nature of charged species, which create some unbalanced forces over the 

particle surface and facilitates the adsorption of the reactant species for a reaction to proceed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As the surface charge of AuNRs-H2O (pH = 6.1) is measured to be positive (+2712.5 

µeq/litre), an electronic attraction with the negatively charged nitrophenolate ions may help 

in better PNP adsorption over AuNRs surface. Thus it is evident from the measured ζ (+49.79 

mV) of AuNRs-H2O which is significantly decreased to +29.78 mV after addition of aqueous 

PNP (0.2 mM) having ζ = -8.77 mV. ANR addition to aqueous PNP solution also gradually 

reduced the ζ value from +29.78 to 17.79 mV (ANR-DMF) as a function of the agglomerated 

size of ANR formed, owing to the difference in solvent polarity as seen in table 1. Typically 

–NO2 group reduction occurs with the transfer of hydride from BH4
-
 to NPs surface, followed 

by adsorption of nitrophenolate ions and finally, hydride ion transfer from NP surface to the 

adsorbed (PNP) species [35]. Therefore, the reduction process is highly dependent on surface 

area, nature of electronic charge, and the geometric morphology of AuNPs. 

 

Table 1. Electrokinetic properties and rate constant (k) of co-catalytic and catalytic 

reaction mixture in different polar solvents.  

S.No. AuNRs dispersion 

in various solvent-

dipole moment 

(zeta potential, mV) 

Zeta potential, ζ / mV   

(Conductance, μS) 

SA 

oxidation 

(k/ min
-1

) 

 

  PNP 

reduction 

(k/ min
-1

) 
PNP  TiO2 +SA 

+  AuNRs in various solvents 

1. H2O-1.85D 

(+49.79) 

29.78  

(275) 

31.88 

(17) 

8.4 × 10
-2

 5.28 × 10
-2

 

2. MeOH-1.70D 

(-4.65) 

22.32 

(259) 

16.88 

(50) 

5.9 × 10
-2

 2.69 × 10
-2

 

3. PrOH-1.66D 

(26.01) 

24.46 

(220) 

14.56 

(15) 

7.7 × 10
-2

 2.33 × 10
-2

 

4. DMSO-3.96D 

(8.99) 

20.32 

(234) 

10.98 

(14) 

---- 1.74 × 10
-2

 

5. DMF-3.82D 

(29.22) 

17.79  

(229) 

6.88 

(10) 

5.2 × 10
-2

 1.0 × 10
-2
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Figure 6. (a) PNP reduction by NaBH4 in the presence of different shape and sizes of 

agglomerated Au nanoparticles catalyst, and (b) time course for the reduction of PNP 

by various aggregated morphologies at various time intervals. 
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Thus, aggregation of AuNRs may likely to hinder the electron transfer process and 

further affect the adsorption and catalytic activity for PNP reduction by ANR as shown in 

figure 6a. Time course reduction of PNP to PAP formation is shown in figure 6b. It indicates 

a linear decrease of PNP concentration, like pseudo-first-order kinetics (C/C0 = e
-kt

) equation, 

where AuNRs-H2O addition (100 μl = 2.996 × 10
16 

atoms) showed a complete reduction of 

PNP within 25 min (highest k= 5.28 × 10
-2

 min
-1

) as compared to 80 min (lowest k =1.0 × 10
-

2 
min

-1
) by ANR-DMF as shown in table 1. Accordingly, PAP yield (70%) and selectivity by 

AuNRs-H2O is also found to be gradually reduced as (54%) ANR-MeOH> (48%) ANR-

PrOH> (27%) DMSO> (12%) ANR-DMF (figure 7), with increasing extent of agglomeration 

in polar solvents as quantified by HPLC analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.5 Co-catalytic activity of AuNRs and ANR  

The presence of metal NP co-catalyst on photo-catalyst (TiO2) particles enhance the 

photocatalytic efficiency of TiO2 through achieving efficient charge separation by preventing 

e
-
-h

+
 pair recombination, which is sensitive to the size and shape of NP [22,23,36-38].

 
As 

discussed above, polar solvent dipolar interactions tend to align NRs in irregular or haphazard 

arrays of size ≈100-200 nm (confirmed from TEM) that create disparity in the distribution of 

ionic dipoles over the particle surface.  

Figure 7. Yield and selectivity of PAP formation as a function of 

extent of aggregation.  
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Figure 8. (a) Schematic representation of various agglomerated 

Au morphologies onto TiO2 for tuning the rate of photocatalytic 

reaction (b) time course of salicylic acid photooxidation by bare 

and various ANR (formed in polar solvents)-TiO2 under UV 

irradiation.  

 

 

This disparity further 

influences adsorption/ 

desorption behavior 

among the reacting 

substrates and hence, 

affects the co-catalytic 

activity. ζ and 

conductance 

measurements revealed 

that ζ of TiO2 (-2.80 

mV) and SA (-7.07 

mV) aqueous 

suspension was 

enhanced to ζ +43.51 

mV for TiO2 + SA 

aqueous mixture, 

reflecting stability of 

the reaction system. 

Moreover, higher 

conductance value 263 

µS of SA solution is 

notably reduced to 13 

µS after mixing of 

TiO2 slurry (59 µS) to 

SA suspension, 

indicating the 

formation of SA-TiO2 

surface complexation 

through negative charges of –COOH and -OH groups of bidentate salicylate to TiO2 surface 

[36]. The highly positive surface charge +2712.5 µeq/litre of AuNRs-H2O (pH = 6.1) has also 

been significantly reduced to +255.0 µeq/litre in TiO2+SA+AuNRs-H2O (pH = 5.47) despite 

having low surface charge +161.1 µeq/litre in case of TiO2+SA mixture (pH = 6.13). 

Similarly, the observed ζ value of +49.59 mV for AuNRs-H2O and -4.65 mV for ANR-
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MeOH aqueous suspension were also dropped down to +31.88 mV and +16.88 mV, 

respectively, after their addition to SA + TiO2 photoreaction system as described in table 1.  

Figure 8a demonstrates difference in the photocatalytic rate imparted by TiO2 on mixing with 

AuNRs-H2O and ANR-solvents for photooxidation of SA under UV irradiation as a function 

of NRs arrangement in polar solvents. Complete time course for SA oxidation with various 

ANR-solvent morphologies are shown in figure 8b. Concentration of SA is found to be 

exponentially (C = C0 e
-kt

)
 
decreased with UV irradiation time (0 to 90 min) and the obtained 

SA degradation rate is found to be highest, k = 8.4×10
-2 

min
-1

 after AuNRs-H2O mixing into 

SA+ TiO2 suspension as compared to k = 4.8×10
-2 

min
-1

 for bare TiO2 activity during 90 min 

UV irradiation. However, ANR mixing always retard the TiO2 photoactivity (e.g., k = 

5.2×10
-2 

min
-1

 for ANR-DMF) depending on the size of agglomerated moiety formed in polar 

solvents as shown in table 1. This variation in the catalytic reduction rate can be attributed to 

the nature of agglomerated AuNRs size of the cluster formed as a function of solvent dipole 

moments. Increase in the surface roughness, differences in the distribution of surface active 

atoms over the assembled moieties, nature of ionic interactions among the reacting substrates 

as a function of solvent polarity are the cause for discrepancy in the catalytic and co-catalytic 

behavior of AuNRs-water and ANR-solvents.   

Solvent polarity is found to influence the optical, electrokinetic, structural, catalytic 

and co-catalytic properties of AuNRs. Since most of the Au catalyzed reactions utilize organic 

media, which in-turn results in the formation of aggregated morphologies and hence, true 

catalytic activity of single nanorods get hampered. But, alternatively by choosing an 

appropriate aggregated moiety (formed as a function of solvent dipole moment), one can 

easily tune the optimum catalytic activity.  
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5.1 Introduction 

The emergent opto-electronic [1-4] and catalytic properties [5,6] of metal nanoparticles (NPs) 

with various shapes are attracting a great deal of research importance, relative to their bulk 

counterparts. In nanocatalysis, structure-reactivity relationship is manifested in terms of NPs 

morphology determined by the high and low index planes, exposed crystallographic facets, 

number of atoms on the corners and edges, high density of atomic ledges, kinks, and dangling 

bonds that could considerably modify the catalytic property [5-10]. For example, studies have 

shown that high-index planes such as {210}, {410} and {557} of Pt generally exhibit much 

higher catalytic activity than that of the {111}, {100}, and {110} planes because these planes 

have high density of atomic steps and kinks which serve as active sites for breaking of 

chemical bonds [10]. The Ag nanocubes exposing more reactive {100} plane showed much 

improved activity than nanospheres and nanoplates having {111} plane [8].  

 Hence, multistep chemical procedures have been adopted [10-14] to synthesize Au 

nanocrystals (prisms, boxes, and cages, etc.) containing high index lattice planes and 

asymmetric facets possessing more surface exposed atoms for enhanced catalytic activity 

[10-17].
 
Like throwing a chalk or stone on the ground with different thrust would result into a 

number of small irregular pieces having new surface active atoms, edges and corners as 

shown in scheme 1. There is no such viable cost effective and single step mechanical process 

exists for the preparation of the different geometric morphology of metallic NPs except the 

laser mediated photo-thermal melting of Au nanostructure. Koda et al. [18] reported the 

AuNPs fragmentation into nanodots by 532 nm laser pulses and explained their results by 

slower heat transfer of the laser energy into the surrounding solvent which led to the melting 

and vaporization of the nanoparticles. Kamat et al. [19]
 
demonstrated the photo-fragmentation 

of relatively large (40-60 nm) Ag colloids to smaller sized particles (5 nm diameter) on 

excitation with 355 nm picosecond laser pulses. Chang et al. [20] studied the photon-induced 

shape transition of the Au nanorod by different wavelength (532 and 1064 nm) of laser 

irradiation. 

 All previous studies explained the mechanism and optical properties of 

photofragmented Au morphology; however, their usage in catalysis applications was not 

explored. These decomposed AuNPs over non-fragmented becomes especially significant 

when a large number of particles in a finely divided state offer more catalytic sites having 

fresh surface active atoms and enlarged per particle surface area. These AuNPs have uneven 

or imbalance forces which in turn influence the electronic charge distribution that may alter 

the surface charge, zeta potential and conductance, therefore, the extent of interaction or 



75 
 

 

Scheme 1. Photodistortion of Au nanorod into irregular shaped particles by different energy 

laser exposure and their utilization in nitro aromatic reduction reactions. 

 

adsorption of reacting substrates with fragmented AuNPs could influence the industrial 

catalytic processes (scheme 1).  

Hence, we studied the impact of different wavelengths (457.9, 488 and 514.7 nm) of Ar 

ion laser irradiation for the fragmentation of AuNPs as a function of laser energy, 

illumination time and geometric shape and determined their various electro-kinetic 

properties and catalytic activity for reduction of p-nitrophenol and m-dinitrobenzene as 

compared with bare Au nanostructures before laser exposure. 

5.2 Chemicals and materials 

5.2.1 Material and methods 

Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), ascorbic acid (C6H8O6), 

Silver nitrate (AgNO3), p-nitrophenol (PNP) and p-aminophenol (PAP) were obtained from 

Loba Chemie, India. Cetyltrimethylammoniumbromide (CTAB), m-Dinitrobenzene (DNB) 

and m-Phenylenediamine (PDA) was purchased from Sigma Aldrich. All these chemicals 

were used as-received without any further purification. Deionized water was obtained using 

an ultrafiltration system (Milli-Q, Millipore) with a measured conductivity above 35 mho cm
-

1
 at 25 

◦
C.  

5.2.2 Synthesis of Au nanospheres and nanorods  

Au nanospheres (S-1) were synthesized via. well-known chemical route [21] comprising the 

addition of 250 μl (0.01 M) HAuCl4.3H2O to 9.5 ml (0.1 M) CTAB, followed by reduction 



76 
 

with 600 μl (0.01 M) NaBH4 solution under magnetic stirring for two minutes. Then, 12 μl of 

above solution was introduced into the mixture of 500 μl (0.01 M) HAuCl4.3H2O, 9.5 ml (0.1 

M) CTAB and 55 μl ascorbic acid (0.1 M) at 0°C. The Au nanorod (R-1) was synthesized by 

seed mediated approach as reported [22, 23] i.e., by mixing 0.25 mM HAuCl4.3H2O, 0.368 g 

CTAB and 1 ml (0.01 M) ice cooled NaBH4 solution in 10 ml aqueous solution that results in 

the formation of Au seeds. Further, HAuCl4.3H2O (0.5 mM), CTAB (300 mg), 225 μl AgNO3 

(5 mM), 0.1 M ascorbic acid (250 μl) and 100 μl of Au seeds were added in 10 ml aqueous 

media in a separate beaker for the synthesis of AuNR. In a similar manner, NRs of different 

aspect ratio (R-2) was also prepared by varying the Au content (calculated from 

HAuCl4.3H2O) i.e, 0.0113 mg Au in seed and 0.98 mg Au in growth solution which was 

finally reduced to AuNRs. The obtained AuNPs and NRs were repeatedly washed with 

deionized water under four cycles of centrifugation at 8500 rpm for 10 minutes and then used 

for optical, structural, photoetching and catalytic analysis.  

5.2.3 Laser irradiation and electro-kinetic analysis of Au nanostructures 

S-1, R-1 and R-2 colloidal solutions (2 ml contains = 2.99 × 10
18 

Au atoms) were irradiated 

with monochromatic Ar ion laser light (Stellar-Pro-L Select 300) of different wavelengths ca. 

457.9 nm (λ1 = 2.71 eV), 488 nm (λ2 = 2.5 eV), and 514.7 nm (λ3 = 2.41 eV) for various time 

intervals (0 to 32 h), respectively (table 1). Colloidal Au nanosphere suspension (ca. 2.99 × 

10
18 

Au atoms) was placed in a 5 ml test tube kept at 15 cm away from the Ar ion laser beam 

(diameter of laser spot ~ 2 mm) under continuous magnetic stirring. This S-1 and R-1 AuNPs 

irradiated with λ1, λ2, and λ3 are abbreviated as S-1@λ1, R-1@λ1, R-1@λ2, and R-1@λ3, 

respectively. The progress of etching of AuNPs on laser treatment has been analyzed by the 

changes in surface plasmon resonance band absorption intensity and TEM (Hitachi 7500, 2Å, 

120 KV) shape analysis. The electrokinetic studies (zeta potential and conductance) were 

carried out by means of Brookhaven 7610 instrument by dispersing 20 µl (2.99 × 10
16 

atoms) 

etched and non etched Au nanoparticles in 1.5 ml aqueous solution.  

5.2.4 Catalytic reaction 

The catalytic reduction of p-nitrophenol and m-dinitrobenzene was carried out by adding 1 

ml of 0.42 M ice-cold NaBH4 solution to 7 ml of 0.2 mM PNP and/ or  DNB, and the 

solution was vigorously stirred for 5 min at 25˚C. Calculated amount (20 µl = 2.99 × 10
16 

atoms) of the fragmented and non-fragmented S-1 and R-1 was added to initiate the 

reduction. The reduction process of PNP to PAP and DNB to PDA was monitored by 

measuring the absorption spectra (PNP-λmax = 400 nm) and analyzed by high–performance 
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liquid chromatography (HPLC, Agilent, 1120 Compact LC, 254 nm, using C–18 column and 

MeOH: H2O (70:30) as mobile phase) with a flow rate of 1ml/min. 

5.3 Results and discussion  

5.3.1 Optical properties of laser irradiated AuNPs 

The impact of monochromatic laser irradiation of three different wavelengths (λ1, λ2, and λ3) 

on the changes in the surface plasmon resonance (SPR) band of S-1 (533 nm, size ≈ 10-15 

nm) and NR, R-1 (transverse band = 526 nm, longitudinal band = 642 nm and aspect ratio ≈ 

2.8) at various time intervals are shown in figure 1.  
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Figure 1. SPR absorption spectral changes of (a) Au nanospheres and (b) Au nanorods after laser  

irradiation with 457.9 nm, (c) 514.7 nm and (d) comparative variation of SPR band absorption 

intensity of Au nanorods during laser exposure with 457.9, 488 and 514.7 nm at various time 

intervals.      

 

 

 

 



78 
 

The transverse SPR band is blue shifted from 533 to 520 nm for S-1 and 526 to 518 nm for 

R-1 and becomes flattened with a relative decrease in the absorption intensity on increasing 

irradiation time from 0 to 6 h for S-1@λ1 (fig. 1a), R-1@λ1 (fig. 1b), and λ3 (fig. 1c), 

respectively. The SPR band intensity after laser exposure is found to be always reduced than 

the parent AuNPs because of the smaller distorted Au particles without SPR absorption have 

been formed during the irradiation process [24].
 
Always a negative absorption ~ 970 nm and 

appearance of a low intense band at ~ 1060 nm have been noticed after laser irradiation with 

all wavelengths (λ1, λ2, λ3). The photodistorted particles possess modified crystal faces with 

rough surfaces allowing surface electronic modes to differ over the surface of the 

nanostructure and results in anisotropic light absorption and scattering. The SPR band at ~ 

1060 nm is due to the instantaneous aggregation of small NPs formed after laser irradiation. 

The oscillating electrons in one particle feel the electric field due to the oscillation of the free 

electrons in a second particle, which can lead to a collective plasmon oscillation of the 

aggregated system. Link et al. [4] has also shown that aggregation of AuNPs leads to another 

plasmon absorption at longer wavelengths when the individual NPs are electronically coupled 

to each other. Mafune et al. [25] observed that the heated nanoparticle fragmented into 

smaller nanoparticles with releasing atoms and clusters, promoting the coalescence of the 

melt colloids that grow to form assembled clusters during 532 nm laser exposures. 
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Figure 2. Effect of different energy laser irradiation on the SPR band absorption decay 

during Au nanorod (R-1) photoetching and (b) influence of AuNPs shape on the SPR band 

wavelength shifts as a function of laser (457.9 nm) exposure time.  
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Figure 1d demonstrates the comparative variation in the SPR absorption of R-1 during final 

hour exposure on irradiating with λ1, λ2 and λ3 laser energies. It is seen that SPR absorption 

decreased to a maximum limit with highest energy exposure (λ1 = 2.7 eV), whereas some 

distinct SPR bands are still visible with lower energy (λ2 = 2.54 eV and λ3 = 2.41 eV) 

irradiation. All these spectral changes i.e., the decrease of the peak height and the increase of 

the peak width by laser irradiation implies that the parent NPs are decomposed into smaller 

NPs in accordance with the Drude theory [25].
 
Furthermore, the broadening and absorptive 

dissipation of the resonance plasmon band is due to the difference in the surface scattering of 

conduction electrons that strongly dependent on the geometric dimensions of the 

nanoparticles. The localized electric field of the SPR band is also very sensitive to refractive 

index change [26], however, the measured refractive index (1.3323) of R-1 remains almost 

same even after irradiation at different laser wavelengths, indicating that SPR band shift 

might occur due to the surface morphological change of AuNPs upon laser illumination.    

Figure 2a depicts the relative influence of different laser energies (λ1, λ2 and λ3) on the 

decomposition rate of R-1, where R-1@λ1 took only 3 h while low energy laser beams (λ2 and 

λ3) exposure need 4 and 6 h, respectively, for the complete flattening of transverse SPR 

absorption band (526 nm) as compared to initial absorption 1.8 a.u. for bare R-1. The 

exponential decay of SPR absorption of R-1 as a function of laser beam energy denoting the 

1
st
 order photofragmentation kinetics (At = Aoe

-kt
), where At is the absorbance decay at time t 

and Ao is the initial absorbance of AuNPs before irradiation. The absorption decay rate 

constants (k) increase from 1.47 × 10
-3 

min
-1

 to 1.89 × 10
-3 

min
-1

 upon increasing laser energy 

from 2.41 eV (λ3) to 2.7 eV (λ1), irradiation, respectively. It is believed that the different 

energy laser beams excite the metallic electrons to a variable extent and results in the 

alternation in photodissolution rate of AuNPs and hence, higher energy beam (λ1) results in 

the fast dissolution by 3 h irradiation only. 

Figure 2b illustrates the influence of disintegration rate of S-1, R-1 and R-2 (transverse 

band = 560 nm, longitudinal band = 727 nm, and aspect ratio ≈ 3.6, has not been shown here) 

by 2.71 eV (457.9 nm) laser exposure as a function of AuNPs dimension. Again an 

exponential decrease (blue-shift) in the SPR band wavelength has been examined with 

increasing irradiation time (0 to 28 h) resembling the first-order (λSPR = λSPR
0
e

-kt,
) 

photoetching kinetics of AuNPs, where λSPR is the shift in SPR band wavelength after laser 

exposure time t and λ
0

SPR is the initial SPR band λmax of AuNPs. The rate constant is 

determined to be the highest (k = 1.382 h
-1

) for R-1 followed by 0.586 h
-1 

for S-1 and lowest 

for R-2 (0.015 h
-1

), respectively. Furthermore, larger aspect ratio ~ 3.6 Au nanorod, R-2 
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taking longer time (28 h) laser exposure than 4 h for lower aspect ratio ~ 2.8, R-1 for their 

complete disintegration. Such difference in the photoetching kinetics can be interpreted to the 

disparity in breaking of many Au-Au metallic bonds depending on the dimension and per-

particle mass of various Au nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2 TEM size and shape analysis 

Figure 3a showed the TEM images of R-1 (average length 20-27 nm and width 7-10 nm) 

having aspect ratio ≈ 2.8 prior to irradiation was reduced to lower aspect ratio 2.5 (length ≈ 

18-22 nm and width ≈ 8-10 nm) and 2.0 (length ≈ 12-17 nm and width ≈ 6-8 nm) after 1 h 

and 2 h laser exposure with λ1 as seen in figure 3b and 4a, respectively. 

A variety of shapes such as polygonal multifaceted particles of sizes ~ 5-20 nm, 

(encircled in red, figure 3b), small nanorods of low aspect ratio, some spherical particles (15-

20 nm) with modified geometrical faces are seen in the TEM image. On further irradiation 

upto 3 h (figure 4b), R-1 transforms to very small spheres, oval egg shaped particles, and 

irregular morphology which seems to be formed on the melting of longitudinal end of R-1 

(marked in red), suggesting the gradual dissolution or removal of atomic layers from AuNPs 

surface.  

 

Table 1. Details of laser photoetched AuNPs and rate constants for catalytic reduction. 

S.No.  Various Au 
nanostructures 

(Irradiation 
wavelength / 

nm) 

Irradiation 
time (h) 

Observed TEM particles 
shape and size 

 

 Rate constant  
k (min

-1
) 

PNP reduction 

Rate constant 
k (min

-1
) 

DNB reduction 

1. Bare S-1 0 Spheres ≈  15-20 nm 6.6 × 10-3 2.1 × 10-2 

2. S-1 (λ1 = 
457.9) 

6 Quantum sized 
spheres 

(≈ 2-5 nm) 

7.1 ×10-3 2.4 ×10-2 

3. Bare R-1 0 Length ≈ 20-27 nm 
Width ≈ 7-10 nm 
Aspect ratio ≈ 2.8 

3.2 × 10-3 1.8 ×10-2 

4. R-1 ( λ1 = 
457.9) 

3 Small rods (aspect 
ratio≈ 2.1), Uneven 

particles and polygonal 
nanospheres (10-15 

nm) 

6.0 × 10-3 2.0 ×10-2 

5. R-1 ( λ2 = 
488) 

4 Polygonal nanospheres 
(15-20 nm) 

6.6 × 10-3 1.88 ×10-2 

6. R-1 ( λ3 = 
514.7) 

6 Square shape, 
pentagonal, ice cube 
and irregular shapes  

(8-10 nm) 

5.5 × 10-3 1.94 ×10-2 
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Figure 3. TEM images of Au nanorods (aspect ratio ≈ 2.8) (a) before laser irradiation and 

after (b) 1 h photoetching with 457.9 nm laser irradiation. 
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Figure 5. TEM images of photoetched Au nanorod after (a-b) 2 h (c) 3 h and (d) 4 h laser (488 

nm) irradiation. 

 

  

 

Figure 4. TEM images of Au nanorods after (a) 2 h and (b) 3 h photoetching with 457.9 nm 

laser irradiation. 
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Such laser induced formation of cylinders or spheres, bent and twisted Au nanorods and a 

variety of irregularly shaped Ag particles are also reported by Link et al. [4] and Kaempfe et 

al. [27] Influence of λ2 on the morphological changes of R-1 at different time (0 to 4 h) of 

irradiation has been displayed in figure 5. The R-1 aspect ratio ( ≈ 2.8) progressively  reduced 

to ≈ 2.5 (length ≈ 19-24 nm and width ≈ 7-9 nm) and 2.1 after 2 h and 3 h laser exposure, 

respectively, as shown in figure 5a to 5c. The event of fragmentation can be comprehend in 

 
Figure 6. TEM morphologies of photofragmented Au nanorods after 6 h laser 

(514.7 nm) irradiation. 
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Figure 7. Variation in zeta potential and conductanc of bare and photofragmented Au 

nanostructures (a) spherical and (b) nanorod by different energy of laser exposure at 

various time intervals. 

 

figure 5c where a large NR disintegrates into smaller NR and spherical particle (indicated by 

arrow) on the dissipation of laser energy and it resembles the breakdown of blackboard chalk 

on employing different thrust as per scheme 1.  

The formation of polygonal anisotropic Au nanostructures (size ≈ 15-20 nm) looks like 

football shape having round edges and corners formed on irradiating R-1@λ2 for 4 h (figure 

5d). Multiple shaped particles (encircles area in red) such as ice cubes like structure (~ 7 nm), 

truncated triangle (~ 7-8 nm), pentagonal (~ 12 nm), nanocapsules, square particle (~ 8 nm) 

and polygonal nanospheres (~ 8-12 nm) has been seen in figure 6 as a result of R-1 

irradiation @λ3. Each of this shape has its characteristic property with different geometric 

faces formed in a single step on laser exposure without employing any external chemicals. 

Different laser energies excite the particles to a varied extent and hence results in anisotropic 

shapes. 

5.3.3 Electrokinetic properties of AuNPs 

Zeta potential (ζ) is a function of surface charge determines electrostatic repulsive interaction 

between colloidal particles and commonly used to predict dispersion stability [28]. Figure 7 

shows the variation in the ζ and conductance of AuNPs on irradiating with three different 

laser beams during their final hours of exposure. A general decrease in ζ and conductance 

value of various nanostructures has been observed, ζ of the S-1 (≈ +50.32 mV) has been 

lowered down to +39.8 mV (S-1@λ1) in figure 7a and ζ for R-1 (≈ +49.79 mV) is reduced to 

+26.98, +25.15 and +12.71 mV (figure 7b) on irradiating with 457.9, 488 and 514.7 nm, 

respectively. This lowering in the ζ can be assigned to the attraction interaction among the 
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Figure 8. Catalytic activity for PNP reduction by various 

polymorphic AuNPs (S-1 and R-1) formed after three 

different wavelengths of laser exposure: (a) reduction rate 

and (b) yield and selectivity of PAP formation.  

 

NPs resulting in the formation of small aggregated moieties. As conductance is associated 

with the movement of ionic/ electronic species and hence, decrease in its value (426 to 74 μS) 

confirming (figure 7b) the phenomenon of agglomeration.  

Another probable reason may be the decrease in the net electronic charge on the 

smaller AuNPs surface due to the adsorption of the ionic species from the surrounding media 

or due to the formation of hydro-oxide layer or on the NP surface. Au atoms at the surface of 

the particles are coordinatively unsaturated, that is, highly unstable states are available to 

donate electron density and form Au
+3

, may be one of the causes for the aggregation and 

thereby altering the various electro-kinetic parameters. 

5.3.4 Catalytic reduction of 

p-nitrophenol and m-

dinitrobenzene 

Au nanostructures (2.99 × 

10
16

 Au atoms) before and 

after laser irradiation have 

been used for the selective 

reduction of PNP (figure 8a) 

and DNB (figure 9) by 

NaBH4 to PAP and PDA, 

respectively. As the amount 

of NaBH4 (410 μmol) greatly 

exceeds 1.4 μmol of PNP 

which is higher than 0.0049 

μmol of Au catalyst, PNP 

reduction must occur due to 

Au catalysis irrespective of 

NaBH4 concentration.  

An exponential decrease in 

the amount of PNP (figure 

8a) with gradual increase in 

PAP formation by various 

AuNPs was observed at 

different reaction time. It 
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follows the pseudo-first-order kinetics (C = C0 e
-kt

), where the rate constants k for PNP 

reduction by different Au catalysts was significantly improved after laser treatment with 

different wavelength of laser irradiation. It is found that photofragmented AuNPs, S-1@λ1 (k 

= 7.1×10
-3 

min
-1

)
 
and R-1@ λ1 (k = 6.0 × 10

-3  
min

-1
) always displayed enhanced PNP 

reduction with the extent of AuNPs photoetching rate by increasing energy of laser exposure 

as compared to bare S-1 (k = 6.6 × 10
-3

 min
-1

)
 
and R-1 (k = 3.2 × 10

-3 
min

-1
) AuNPs of 

without laser treatment as shown in table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also percentage yield of PAP formation is appreciably increased as 40% (R-1@λ1) > 30% 

(R-1@λ2) > 28% (R-1@λ3) by photoetched AuNPs treated with decreasing laser energy 

relative to 25% of bare R-1 particles and selectivity varied in the range of 50-70% (figure 8b) 

as quantified by HPLC analysis. Similarly, the amount of DNB reduced ~ 92 % for S-1@λ1 

and ~ 88% for R-1@λ1 is quite higher relative to 88% and 82% for bare S-1 and R-1 

catalysts, respectively, as shown in figure 9. The improved PDA yield ~ 80% and 66 % has 

been observed by laser photoetched particles (S-1@λ1 and R-1@λ1 ) as compared to ≈ 38 % 

for S-1 and ≈ 55 % for R-1 particles and PDA selectivity (44-82%) varied in the same extent 

as quantified by HPLC analysis (figure 10). Thus, the catalytic activity was found to be 

highly improved by the photosplited AuNPs as a function of dimensions, high surface to 

Figure 9. Catalytic reduction of m-dinitrobenzene (DNB, 0.2 mM) to m–

pheneylenediamine (PDA) by bare and photofragmented AuNPs obtained 

after different energy of laser irradiation. 
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Figure 10. HPLC chromatograms of m-dinitrobenzene reduction to m-phenylenediamine 

using various Au catalysts after 1 h. 

 

volume ratio, different geometric facets or surface exposed planes of Au nanocatalysts 

obtained by various energy of laser irradiation at different time intervals. In contrary to high 

catalytic performance, the zeta potential of the photoetched AuNPs drop down after laser 

irradiation representing unstable agglomerated system. The irradiation directs the renewal of 

NPs surface by the removal of adsorbed foreign material, leads to high surface charged 

particles and the neutralization of these charged species via. electronic interactions results in 

the lowering of zeta potential.  

The quantum sized AuNPs (1-2 nm, S-1@λ1) with rough and uneven surfaces with large 

number of low-coordinated Au atoms located at the edges and corners of AuNPs offer more 

adsorption and catalytic sites. In addition, photoetched Au particles being smaller in size (≈ 

3-5 times) with higher per-particle surface area (765.84 nm
2
), exposed fresh surface atoms 

and high surface to volume ratio (S/V = 0.64 nm
-1

, R-1@λ2) in comparison to bare nanorods 

(R-1) with lesser surface area (672 nm
2
), S/V ratio (0.52 nm

-1
) are believed to be the cause of 

high catalytic activity. Theoretically calculated molecular ratio of AuNPs to PNP/DNB 

molecules suggests that ~ 289 molecules of PNP/DNB are reduced by a single non-irradiated 

Au particle. However, as number of fragmented AuNPs (1 particle splits into 3 or more) is 

increased after laser exposure though atomic concentration remains constant, the catalytic 

reactivity of photoetched AuNPs is enhanced by almost threefold, i.e., ~ 867 molecules can 

take part in thermal catalysis with a much faster reduction rate by effective usage of 

nanoscale Au catalysts. Literature reveals [29] that the transfer of hydride from BH4
-
 to a 
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nanoparticle surface followed by adsorption of nitrophenolate ions and reduction of the nitro 

group is achieved with hydride transfer from the surface to the adsorbed species. Hence, the 

mechanism depends on the nature of the surface of the adsorbent, i.e., nanoparticles and 

adsorption constant of both of the species. 

Thus, laser irradiation provides a cost effective facile route for the synthesis of multiple 

shaped particles in a single step. These small sized and anisotropic photo-fragmented AuNPs 

exhibits superior properties because of the emergence of new surfaces/edges/corners etc. As 

a consequence of laser irradiation, geometric shape, dimensionality, size, percentage of 

surface active atoms, surface area, surface to volume ratio, etc., has been drastically 

enhanced which displayed alteration in optical and electrokinetic properties and highly 

enhanced catalytic activities.  
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Various Ag- TiO2 heterojunctions  

 

CChhaapptteerr  66  

Co-catalysis Effect of Different Morphology of Ag Nanostructures 

for the Photocatalytic Oxidation Reaction by Ag-TiO2 Photocatalysis 
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Scheme 1. Design of various Ag nanostructures 

addition to TiO2 photocatalyst. 

 

6.1 Introduction 

Metal-semiconductor nanocomposites have been widely employed to enhance the overall 

photocatalytic efficiency as metal 

facilitates the storing and shuttling 

of photogenerated electrons from 

the semiconductor to an acceptor 

and hence, exhibiting a shift in the 

Fermi level to more negative 

potential [1-4]. Studies have shown 

that transition metal (Pt, Au, Ag, 

Cu, etc.) loaded or doped 

semiconductors [5-9] allows the 

extension of the light absorption of 

wide band gap semiconductors to 

the visible light and results in 

enhanced quantum yield. Zheng et 

al. [8] prepared noble-metal plasmonic photocatalysts, M@TiO2 (M = Au, Pt, Ag) by employing 

in situ method and evaluated photocatalytic properties under visible light by monitoring the 

oxidation of benzene to phenol.  

The metal-semiconductor catalysts have been traditionally prepared [1,10] by 

precipitation deposition, wet-impregnation and photoreduction methods under UV irradiation, 

results in the formation of spherical aggregated nanodeposits on TiO2 surface and hence, restricts 

morphological dependent co-catalytic effect as already discussed in previous chapters. It has 

been proposed that addition of dissolved transition metal ions to the semiconductor suspension 

can significantly influence the overall energetics of the photocatalytic process [11-13] such as 

modification of TiO2 with [Pt3(CO)6]n
2-

 clusters or Pt ions [14] can enhance the photoconversion 

yield by inhibition of the electron hole recombination. Sclafani et al. [15] investigated the 

influence of Fe
3+

, Fe
2+

 and Ag
+
 on the photocatalytic degradation of phenol in aqueous anatase 

and rutile TiO2 dispersions. However, metal ion addition to the semiconductor does not provide 

permanent contact between the two, but it can be explained in terms of space-charge layer 

formation at interface which improves charge separation under band gap excitation, when both 
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the reacting species come in contact under continuous stirring. Platinum metal, on the other 

hand, introduces ohmic contact facilitating a quick transfer of electrons to the electrolyte [3]. 

Composite films based on TiO2 and metal (Au, Pt, Ir) nanostructures have shown higher 

photocurrent and photovoltage and increasing charge separation. Despite a large number of 

investigations reported in the literature, the factors responsible for improved performance in 

metal-semiconductor nanocomposites are yet to be understood fully. 

Among these metals, cost effective Ag nanoparticles (NPs) are of particular interest due 

to its applications [5,10,16,17] as an antimicrobial, antifungal and effective co-catalyst with 

favorable Fermi level. If such metal (Ag) nanoparticles suspended with a charged semiconductor 

nanostructure, the Fermi levels of the two systems will equilibrate. One factor that can 

potentially influence the electronic properties of the nanocomposite is the dimensionality of the 

metal nanoparticle that has not been studied well. The influence of particle shape on the catalytic 

activity depends on the density of the active corner/edge which correlates with strong surface 

activity such as binding/adsorption of substrate over the active sites. This correlation is attributed 

to the fact that nanocrystals of different morphologies have different facets with different 

fractions of atoms located at different corners, edges, and different defect sites.  

While most of the reported studies characterize the TiO2-core metal-shell composites [1-

4], i.e., large sized catalyst and smaller sized co-catalyst (8 to 10 times smaller than catalyst) 

which leaves the majority of metal surfaces unused. Therefore, it is important to develop ways of 

tailoring the design of new nanocatalyst systems with controlled sizes and shapes that result in 

high catalytic activity. Among these factors, the nature of the substrate species (either neutral or 

ionic) are also expected to play a major role by giving the tendency to efficiently adsorb over the 

catalytic moieties and resulting in the overall photocatalytic rate. Therefore, in this regard, 

salicylic acid (SA) with polar –COOH and –OH groups and benzoic acid (BA) with –COOH 

group has been chosen as model compound to investigate the comparative co-catalytic 

effectiveness of morphologically varied Ag nanostructures imparted to TiO2 for their 

photooxidation (under UV irradiation). Ag polygonal nanospheres (Ag-PNS), nanorods (Ag-NR) 

and truncated triangles (Ag-TT) of much larger size (70-140 nm) than TiO2 photocatalyst (25-40 

nm) and small Ag nanospheres (Ag-NS of size = 4-8 nm) are prepared and employed as co-

catalyst for the improvement of TiO2 photocatalysis. Scheme 1 demonstrated how various shapes 
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and sizes of Ag co-catalysts (larger as well as smaller than TiO2) with different surface area per 

particle will interact with TiO2 catalyst for the optimum photocatalytic activity.  

6.2 Experimental section 

6.2.1 Materials 

Silver nitrate (AgNO3) was purchased from Fischer Scientific. Polyvinyl pyrollidone (PVP), 

dimethylformamide (DMF), salicylic acid (SA) and benzoic acid (BA) were obtained from Loba 

chemie, India. P25-TiO2 photocatalyst (size 30-50 nm, 70% anatase and 30 % rutile) is provided 

as a gift sample from Degussa Company, Germany. All the chemicals were used as-received 

without any further purification. De-ionized water was obtained using an ultra filtration system 

(Milli-Q, Millipore) with measured conductivity above 35 mho cm
-1 

at 25 °C.  

6.2.2 Synthesis of Ag nanoparticles of different shapes and sizes 

6.2.3 Ag nanosphere preparation 

The silver nanoparticles of different shapes and sizes were synthesized by employing one-step 

seedless solvothermal reduction route [18] with a little modification. The silver nanospheres 

were prepared by introducing 6.9 mg AgNO3 and 1 mg PVP in a round-bottom flask containing 

5 ml DMF with stirring at room temperature for 10 min. The color of the solution turns yellow 

indicating the formation of silver nanospheres. These Ag-NS were separated from DMF and PVP 

by centrifugation and washed with water for five times and finally dispersed in 3 ml deionized 

water. 

6.2.4 Preparation of Ag polygonal nanospheres, nanorods and truncated triangles 

The Ag-NS colloidal solution (5 ml, without being washed) as formed above was refluxed for 1 

h at 160 °C, where nanospheres act as seeds and resulted into the formation of large polygonal 

nanospheres through Ostwald ripening process. These Ag-PNS serve as a medium and changed 

to NR and TT on further increasing the refluxing time for two and four hour by keeping the 

reaction temperature constant (160 °C), respectively. The samples were cooled at room 

temperature and washed with water to separate from DMF and PVP during centrifugation for 

five times. The supernatant was then removed, and the solid was dispersed in 3 ml of deionized 

water. This 3 ml colloidal solution of Ag nanoparticles was used for the optical and structural 

characterization. 

6.2.5 Photocatalytic activity study 
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The comparative co-catalytic activity of AgNPs as a function of their shape is investigated 

utilizing the same amount of Ag atoms, irrespective of their shapes. In this perspective, the above 

synthesized AgNPs of various shapes (3 ml) were centrifuged separately to remove the excess 

water followed by vacuum evaporation. Finally re-dispersed in the 500 µl of deionized water that 

contains an equal number of Ag atoms (ca. 2.39 × 10
19

, calculated by the amount of Ag (mg) 

taken for the synthesis of NPs) in all the various AgNPs shapes. The co-catalytic activity of the 

different shapes and sizes of AgNPs was assessed by mixing (500 µl = 2.39 × 10
19

 Ag atoms) 

them with 50 mg TiO2 (P25, size 30-50 nm having 70% anatase and 30 % rutile) for the 

photodegradation of aqueous solution of 5 ml (0.5 mM) salicylic acid (SA) and 5 ml (0.5 mM) 

benzoic acid (BA), separately. Furthermore, the effect of varying amount (100 to 700 µl) of Ag 

co-catalysts loading (4.7 × 10
18

-3.36 × 10
19 

atoms) was also carried out quantitatively. The 

reaction mixture was then irradiated under UV irradiation (125 W Hg-arc lamp, 10.4 mW/cm
2
 

and λmax = 253.6 nm) with constant magnetic stirring for different time periods. The reaction 

samples (SA and BA) were then analyzed by UV-Vis spectrophotometer (λmax = 298 nm for SA 

and 223 nm for BA) after filtration with 0.22 µm cellulose filter.  

6.2.6 Optical, structural and zeta potential analysis 

Zeta potential measurement for AgNPs were conducted (Brookhaven 7610) on introducing 500 

µl Ag nanoparticles (2.39 × 10
19 

atoms) in 1.5 ml water. Similarly, zeta potential measurement of 

the photocatalytic reaction mixture (1 mM, 5 ml SA + 50 mg TiO2, with or without 500 µl Ag-

NS addition) was carried out by taking 200 µl of reaction mixture in 1.3 ml of water. 

6.3 Results and discussion  

6.3.1 Optical properties of Ag nanoparticles of various morphologies 

Figure 1 showed the surface plasmon resonance (SPR) band of AgNPs as a function of their 

particle size and shape. The as synthesized yellow colored particles of Ag-NS displayed their 

SPR band at 413 nm corresponds [19-21] to spherical shape. It was reported that a single SPR 

band was observed for the nanospheres whereas anisotropic particles could give rise to two or 

more SPR bands in accordance with the Mie’s theory [22]. The SPR band at 454 nm has been 

accounted for anisotropic shaped polygonal nanospheres and the red shift in the SPR band from 

413 nm to 454 nm was implied to the increase in particle size [21-26]. It has been found that for 

the larger nanospheres, the resonance continues to show red shift, and the absorption spectra 

becomes significantly broadened, which is attributed to scattering cross section due to the 
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Figure 1. (a) Surface plasmon absorption spectra of Ag nanoparticles (i) small nanospheres, (ii) 

nanorods (iii) polygonal nanospheres, (b) Ag truncated triangles of different (i and ii) aspect ratio. 

 

 

different radiative damping of the plasmon resonance with increasing size of Ag-NS particles 

[21,24,25]. Furthermore, the rod-shaped nanostructures were also characterized by two SPR 

bands, namely transverse (422 nm) and longitudinal (524 nm) absorption band as shown in 

figure 1.  

It was observed [26] that majority of larger silver particles were directed to grow into nanorods 

with uniform diameters during their early stage of the ripening process. Figure 1b represents the 

absorption spectra of two different sizes of Ag-TT morphology. The theoretical calculation by 

Jin and Schatz [27,28] has predicted that such type Ag-TT nanostructure typically exhibits three 

peaks ascribed to the out-of-plane quadrupole resonance, the in-plane quadrupole resonance, and 

the in-plane dipole plasmon resonance, respectively. The shoulder peaks for two different Ag-TT 

particles at 511 and 513 nm are attributed to the out-of-plane resonance and the second peak at 

the longer wavelength at 619 and 712 nm corresponding to the in-plane quadrupole resonances 

which is very sensitive about the size and aspect ratio. The appearance of third peak at the 

longest wavelength ca. 798 and 882 nm occurs due to the in-plane dipole-plasmon resonance.  

This is in accordance with the report of Jin et al. [28], they observe the decrease in intensity of 

the characteristic SPR band for the spherical particles at λmax = 400 nm with a simultaneous 

growth of three new SPR bands at λmax = 335 nm (weak), 470 nm (medium) and 670 nm 

(strong), respectively. Similarly, Santos et al. [29] observed UV-visible spectra of the 
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nanoprisms that display an intense in-plane dipolar plasmon resonance band, as well as weak 

bands for in-plane and out-of-plane quadrupolar resonances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. TEM images of (a) PVP coated small Ag nanospheres (size - 3.4 nm), (b and c) 

polygonal nanospheres (size - 96 nm) of different sizes, (d) Ag nanorods, (e and f) truncated Ag 

nanotriangles in the growth stage. 
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Figure 3. TEM images of (a) PVP coated small Ag nanospheres (size ≈ 3.4 nm), (b) SAED 

pattern of Ag nanospheres, (c) Ag nanostructures in the growth stage (after 1.5 h of 

refluxing) and (d) SAED pattern of Ag nanorods. 

nanoprisms that display an intense in-plane dipolar plasmon resonance band, as well as weak 

bands for in-plane and out-of-plane quadrupolar resonances. 

6.3.2 Structural characterization  

The TEM image in figure 2a reveals the formation of almost spherical Ag-NS of size 4-8 nm 

having SPR absorption band at 413 nm. These Ag-NS particles are found to lie separate from 

each other because of PVP coating and most of them are embedded in PVP dispersion (figure 

3a). The selected-area diffraction pattern (SAED) of Ag-NS has been shown in figure 3b, 

evidencing the crystalline face centered cubic FCC structure [30] with lattice planes (2 0 0), (1 1 

1), (2 2 0), and (2 2 2) as calculated from the radius of circular rings. On refluxing these smaller 

Ag-NS at 160 ˚C for 1 h, larger anisotropic particles i.e., Ag-PNS of different sizes within the 
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range of ~ 80-120 nm has been formed as shown in the TEM images of figure 2b and 2c. The 

intermediate growth stage (after 1.5 h of refluxing) of AgNPs where Ag-NS has been seen 

embedded within the matrix of PVP, a large number of Ag-PNS, few Ag-TT and Ag-NR are also 

present as shown in figure 3c. Figure 2d displayed the TEM images of many Ag-NR formations 

having a length within the range of ~ 70-75 nm and width of ~ 30-40 nm (aspect ratio = 2.39 ± 

0.12) and most of the Ag-NR particles are seemed to be coated by a layer of PVP. The SAED 

pattern displayed (figure 3d) the characteristic diffraction rings for the lattice planes (1 1 1), (2 2 

0), (4 0 0), (3 1 1) and (4 2 2) of FCC Ag nanocrystal in accordance with the reported [31] 

results. The Ag-TT nanostructures of side length ca. 70-140 nm were formed through Ostwald 

ripening process on further refluxing of Ag-NR for 4 h as can be observed in figure 2e and 2f. 

6.3.3 Photocatalytic Activity 

The co-catalytic activity of as synthesized Ag nanostructures of different morphology was 

evaluated by mixing 50 mg TiO2 (3.77 × 10
20 

molecules) with them for the photooxidation of 5 

ml salicylic (SA) and benzoic acid (BA) separately. The effective amount of TiO2 used should be 

attuned primarily in order to obtain the maximum photocatalytic oxidation (PCO) rate with 

different shapes of AgNPs. Hence, influence of varying amount of TiO2 addition (10 - 200 mg) 

has been carried out by a specific amount (500 µl Ag-NS = 2.39 × 10
19

) of AgNPs co-catalyst for 

the photo-oxidation of SA and BA photodegradation (figure 4).  
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Figure 4. Effect of different concentration of TiO2 (10 – 200 mg) on the photodegradation rate of 

(a) salicylic acid and (b) benzoic acid under UV irradiation. 
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Figure 5. (a) Changes in the absorption spectra of salicylic acid (0.5 mM) and (b) time course of 

salicylic acid photodegradation by the addition of same amount (500 µl) of Ag co-catalysts of 

different shapes to 50 mg TiO2 catalyst. 

 

It is observed that upto certain amount of TiO2 (50 mg = 3.77 × 10
20

 molecules), the PCO rate of 

SA and BA is highly increased from 3.51 to 5.00 µmol/min and 1.47 to 2.62 µmol/min, 

respectively (table 1).  

 

 

 

 

 

 

 

 

 

 

 

Thereafter, on increasing the dosage of photocatalyst (100-200 mg), the PCO rate remained 

almost constant. The observed enhancement in this range (10-50 mg) is probably due to an 

increased number of available adsorption and catalytic sites on TiO2 [32]. On increasing TiO2 

concentration, increase in the surface layers of the TiO2 particles on the AgNPs does not further 

Table 1.  Effect of TiO2 concentration on the photooxidation rate of SA and BA.        

S.No. Amount of 
AgNPs 

(no. of Ag 
atoms) 

Amount of Tio2 
(no. of TiO2 

molecules) 

Rate of SA 
degradation 

(µ mol/min)×10
-2

 

Rate of BA 
degradation  

(µmol/ min)×10
-2

 

1.  
 
 

500 µl 
(2.39 × 10

19
) 

 

10 mg 
(0.754 × 10

19
) 

1.3 1.2 

2. 20 mg 
(1.508 × 10

20
) 

1.5 1.4 

3. 50 mg 
(3.77 × 10

20
) 

1.8 1.6 

4. 100 mg 
(7.54 × 10

20
) 

1.8 1.6 

5. 200 mg 
(15.08 × 10

20
) 

1.85 1.64 
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Figure 6. (a) Changes in the absorption spectra of benzoic acid (0.5 mM) and (b) time course of 

benzoic acid photodegradation by adding same amount (500 µl) of Ag co-catalysts of different 

shapes to 50 mg TiO2 catalyst. 

 

improve the PCO rate because of the denser TiO2 suspension causes hindrance in light 

penetration and photoactivation for charge separation. Hence, 50 mg of TiO2 catalyst was used 

for the optimum photocatalytic activity in all experiments.  

Figure 5a and 6a displayed the changes in the absorption intensity of SA (0.5 mM, abs. = 1.8 

a.u.) and BA (0.5 mM, abs. = 2.1 a.u.) during its photooxidation by aqueous suspension of 50 mg 

TiO2 and 500 µl (2.39 × 10
19

atoms) AgNPs of different shapes under 1 h UV light irradiation. It 

is observed that Ag-PNS addition to TiO2 exhibits highest photoactivity where almost complete 

degradation of SA (abs. 0.10 a.u.) occurs as compared to the lowest photoactivity (abs 0.54 a.u.) 

of PVP coated Ag-NS addition to TiO2 particles under similar experimental conditions. The Ag-

TT loading also significantly improved the TiO2 photoactivity for SA degradation as evident 

from the decrease in SA absorbance. The co-catalytic ability of AgNPs of various shapes 

imparting to TiO2 for the photooxidation of SA and BA is found to follow the same trend as PNS 

> NR > TT > NS (figure 5a and figure 6a). It is worthy to note that same amount of AgNPs 

addition to TiO2 always enhanced the PCO rate of SA and BA in a varied extent as a function of 

the geometric shape of AgNPs co-catalysts as compared with bare TiO2 photoactivity. The 

enhancement observed in the Ag-TiO2 system (using different morphologies of AgNPs) as 

compared to bare TiO2 is thought to be attributed to better electron capturing ability of Ag 



101 
 

deposits. These NP deposits generate greater number of strong oxidizing holes that assist the 

rapid photooxidation of adsorbed reacting species in solution [17] and also extend the lifetime of 

energetic charge carriers that reach the surface of the semiconductor by enhancing the rates of e
-
-

h
+
 separation at the AgNPs/semiconductor interface [33]. Further, the role of the AgNPs co-

catalyst is to perform the catalytic function by providing active sites where chemical reactions 

can take place with lower activation barriers than on the semiconductor (TiO2) [33].  

 

 

 

 

 

 

 

 

 

 

 

 

The plots shown in figure 5b and 6b showed the influence of Ag co-catalysts shapes (smaller as 

well as larger than TiO2) on the PCO of SA and BA by mixing AgNPs (500 μl = 2.39 × 10
19 

atoms) of different morphologies such as Ag-NS, Ag-NR, Ag-TT and Ag-PNS with 50 mg TiO2 

at various time intervals of UV irradiation. The concentration of both the SA and BA is 

exponentially decreased by an increase in the irradiation time, indicating the first-order reaction 

kinetics as Ct = Coe
-kt

, where Ct is the amount degraded at time t, Co is the initial concentration of 

SA or BA and k (min
-1

) is the first-order rate constant. Figure 5b and 6b showed that the initial 

decrease in the oxidized amount of SA during first 20 min UV irradiation over bare or different 

AgNPs-TiO2 (50 mg) suspension is always more than that of BA photodegradation under similar 

experimental conditions. Furthermore, with the gradual addition (500 μl = 2.39 × 10
19 

atoms) of 

AgNPs co-catalysts to TiO2 (50 mg) reaction mixture, a sharp decrease in SA or BA 

concentration during first 20 min UV irradiation is observed with increasing geometric surface 

area per AgNPs particle ca. 157 nm
2
 for Ag-NS < 5025 nm

2 
for Ag-TT < 8553 nm

2 
for Ag-NR, 

Table 2. Structural, optical and co-catalytic properties of different Ag nanostructures. 

Shape of Ag 
nanoparticles 

SPR band Average size of 15 
particles 

Surface area 
per particle 

(nm2) 

Rate of SA 
oxidation 

(µmol/min)×10-2 

Rate of BA 
oxidation 

(µmol/min)×10-2 

Nanosphere 
(Ag-NS) 

413 nm 4 to 8 nm 157 1.8 1.5 

Polygonal 
nanosphere 

(Ag-PNS) 

454 nm 80  to 120 nm 30088 2.7 2.5 

Nanorod 
(Ag-NR) 

422 nm 
and 524 nm 

length = 70  to 75 
nm 

width = 30  to 38 
nm 

 2.4   2.3 

Truncated 
triangle 
(Ag-TT) 

511 nm, 
619  nm 

and 
698 nm 

one side length = 
70 – 140 nm 

5025 2.2  2.1 
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Figure  7. (a) Time course of dark adsorption for salicylic 

acid (0.5 mM) and benzoic acid (0.5 mM) over TiO2 with or 

without Ag-PNS addition and (b) variation in conductance 

values of different reaction mixtures of TiO2, SA and Ag-

PNS.  

 

and < 30088 nm
2 

for
 
Ag-PNS 

(table. 2). Also increased 

surface area of AgNPs 

exhibited more adsorption of 

SA and BA and Ag-PNS 

possessing highest surface 

area (30088 nm
2
) displayed 

maximum adsorption and co-

catalytic activity as follows 

Ag-NS < Ag-TT < Ag-NR < 

Ag-PNS. 

The extent of SA or BA 

adsorption was confirmed by 

stirring the reaction mixture 

(with and without Ag-PNS) 

in the dark for 20 min and 

the changes in absorption 

intensity of SA or BA was 

recorded. Similarly, the 

comparative time course for 

the dark adsorption of SA 

and BA has been shown in 

figure 7a. It has been 

observed that SA 

concentration (0.5 mM) 

reduced to 0.38 mM on the 

addition of TiO2 during dark 

reaction because of the SA 

adsorption over TiO2 surface 

and the addition (500 μl = 2.39 × 10
19 

atoms) of Ag-PNS resulted to further reduction in SA 

concentration (0.32 mM), evidencing the existence of a strong ionic interaction between the SA, 
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Ag-PNS and TiO2 in reaction mixture (figure 7a). In contrast, a slight decrease (0.5 mM to 0.44 

mM) in the BA concentration was noticed on the addition of TiO2 and Ag-PNS to reaction 

mixture (figure 7a). Tran et al. [17] reported that the enhancement provided by silver in the 

mineralization of the organic compounds is possibly related to the adsorption of carboxylic 

functional groups on the TiO2 surface. Hence, the enhanced PCO of SA was ascribed to its 

strong affinity for adsorption onto TiO2 surface through formation of inner-sphere titanium (IV)-

salicylate complex with –COOH and –OH chelating groups [34]. But, no such complex being 

formed by the benzoic acid because of the absence of –OH group in its structural entity and 

hence the interaction between photocatalyst, and substrate was pretty low as reflected in their 

PCO rate of BA in comparison to SA. Various physical properties in correlation with the 

photocatalytic activity of different Ag co-catalysts-TiO2 samples are summarized in table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zeta potential (ζ) and conductance measurements further supported the adsorption 

behavior among Ag-PNS, SA and TiO2. The measured conductance (figure 7b) ca. 263 µS for 

SA, 57 µS for Ag-PNS and 59 µS for TiO2 aqueous solution is highly reduced to 12 µS in TiO2 + 

SA + Ag-PNS reaction mixture due to neutralization of electronic charge species (negatively 

charged -COOH and -OH) through complexation. In a similar way, the zeta potential ζ = -7.07 

mV for SA and -2.80 mV for TiO2 has been increased to + 43.51 mV in SA and TiO2 aqueous 

mixture, which further reduced to -12.33 mV after addition of Ag-PNS, whose self ζ value is -

Figure 8. Changes in absorption spectra of (a) salicylic acid (b) benzoic acid on addition of 

Ag-PNS and 50 mg TiO2 during 20 min of stirring in dark.  
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Figure 9. Effect of different amounts of Ag-PNS (100-

700 µl) co-catalyst addition on the photodegradation rate 

of (a) salicylic acid and (b) benzoic acid by TiO2 (50 mg) 

under UV irradiation. 

 

6.67 mV. This fact confirms the close interactions between TiO2, SA and Ag-PNS particles in 

reaction mixture and formation of stable surface complex between the substrate species.  

These close 

interaction/adsorption between 

aqueous mixture of Ag-NS, TiO2 

and SA is further verified by the 

TEM images (figure 8) that 

indicates proper attachment of 

AgNS (black colored) with TiO2 

particles (gray contrast) that may 

improve the TiO2 photoactivity. 

This is in accordance with Ranjit 

et al. [35] results who reported the 

enhanced degradation of salicylic 

acid as compared to cinnamic acid 

due to the favorable stereo-

configuration that coordinates the 

catalyst surface through COOH 

and -OH groups, resulting in 

efficient adsorption and interfacial 

charge transfer process, while the 

low adsorption of cinnamic acid 

on the catalyst surface resulted in 

a lower degradation rate.  

The effect of varying amount 

(100-700 µl) of Ag-PNS (4.7 × 

10
18

 – 3.36 × 10
19 

atoms) addition 

to TiO2 for PCO of SA and BA 

has also been carried out (figure 

9). It has been found that TiO2 

photoactivity first increased upto 
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300-500 µl (1.44 to 2.39 × 10
19 

atoms) Ag-PNS addition and thereby decreased [36] with 

increasing amount (600-700 µl) of Ag-PNS addition. The calculated geometric surface area of 

Ag nanoparticles and cross-sectional area of TiO2 particles suggests that around 18-20 TiO2 

particles are desired for a single Ag-PNS particle coverage, 5-6 TiO2 particles are needed for a 

Ag-NR coverage and 2-3 particles are required for a Ag-TT coverage due to the decrease in area 

of respective Ag nanostructures. However, one bigger TiO2 particle may accommodate many 

smaller Ag-NS co-catalyst over its surface for photoreaction to occur.  

Hence, for the maximum photocatalytic activity of Ag-TiO2 system, an optimum amount 

of AgNPs co-catalyst and TiO2 is very crucial. In fact, it was found that the ratio of AgNPs (500 

µl) atoms to TiO2 (50 mg) used for the highest photoactivity of Ag-TiO2 system is 2.39 × 10
19 

Ag
 

atoms: 3.77 × 10
20

 TiO2 molecules = 2.39: 37.7 = 1:16 which is closely resembled with 

determined ratio of 18-20 TiO2 to one Ag-PNS particle for highest photoactivity. The average 

surface to volume (S/V) ratio was gradually decreased as 0.981 nm
-1

 (Ag-NS) > 0.413 nm
-1

 (Ag-

NR) > 0.069 nm
-1

(Ag-PNS) cannot explain the high co-catalytic activity of Ag-PNS extended to 

TiO2 catalyst. In contrary, Ag-NS being smaller in size (4-8 nm) having high surface to volume 

ratio were expected to be better co-catalyst than bigger size (80-120 nm) of Ag-PNS. As Ag-NS, 

particles being embedded in the PVP (Figure 2a) could not be able to make suitable electrical 

contact with TiO2 and hence showed lowest co-catalytic activity.  

One plausible reason could be the higher surface area of Ag-PNS particles led to better 

ohmic contact with TiO2 surface and therefore, improves the charge transport across the Ag-TiO2 

interface for highest photocatalytic activity. The highest co-catalytic activity of Ag-PNS can also 

be explained on the basis of unsymmetrical nature having different crystalline faces act as active 

sites for the co-catalysis. Although AgNPs (SPR band > 400 nm) absorb visible light , here it is 

believed that the enhanced photoactivity of Ag-TiO2 interface as compared to bare TiO2 is 

probably due to the variation in co-catalytic effect of different AgNPs surface morphology 

because photoreaction was carried out solely under UV (125W Hg-arc lamp, 10.4 mW cm
-2

 and 

λmax = 253.6 nm) light irradiation. During photoreaction, both the catalyst (TiO2) and the co-

catalyst (AgNPs) undergo Fermi level equilibration to attain an energy level close to the 

conduction band for the facile electron transfer from photoexcited TiO2 to AgNPs and effectively 

increasing the lifetime of e
-
-h

+
 pairs as a function of particle shape and interfacial contact area. 

Christopher and co workers [37] concluded that enhanced photoactivity is attributed to radiative 
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transfer of energy from Ag to the semiconductor leading to higher concentrations of charge 

carriers (e
-
-h

+
 pairs) and hence, higher activity as a strong function of the size and shape of Ag 

nanostructures. Hirakawa et al. [38] demonstrates that the charge equilibration between the metal 

and semiconductor plays an important role in dictating the overall energetics of the composite. 

Such photoinduced charge carrier separation can be actually favored in semiconductor-metal 

nanocomposites [1-10,35-38] as proved by the improved photocatalytic and 

photoelectrochemical efficiency in many hybrid materials.  

It is worthy to mention here that it is not obligatory for a nanoparticle to lie only in 

quantum sized range for illustrating highly active photoactivity. Our experimental results for Ag 

nanostructures showed an unexpected opposite trend in which the large polygonal nanospheres 

are more catalytically active than the smaller quantum sized nanospheres owing to the uneven 

surface, sharp edges, higher geometric surface area per particle and highly favorable AgPNS-

TiO2 interface.  
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CChhaapptteerr  77  

Copper Nanostructures of Various Morphologies for 

Superior Catalytic and Co-catalytic Activities 

7.1 Introduction 

Among the coinage metal (Au, Ag, and Cu) nanoparticles (NPs), substantial amount of research 

has been aimed towards the potential applications of Au and Ag metals in diverse disciplines as 

explained in the previous chapters. Whereas Cu metal, much economic relative to Au and Ag has 

received considerably less attention due to its oxidation viable nature under ambient conditions 

[1-4]. Moreover, it is well known that Cu plays a significant role in electronics circuits due to its 

excellent electrical conductivity [1-3]. Cu nanostructures have found potential applications in 

electrochemical sensors, lubrication, thermal conducting, nanofluids, surface-enhanced Raman 

scattering, etc. [1-8]. Abdulla-Al-Mamun et al. [9] evaluated the catalytic activity of Cu–TiO2 

nanocomposite to a photocatalytic cancer cell-killing under UV–visible light irradiation. Copper 

(Cu2O, Cu
2+

, etc.) based TiO2 heterojunctions are proven to be the efficient photocatalysts for H2 

production and water splitting reactions [10]. Therefore, Cu owing to wide applications in 

various fields is an element of the choice and has been an alternate candidate for optical, 

electronic and catalytic applications. 

In this respect, several methods have been mentioned in the literature for preparing 

stabilized CuNPs, such as chemical reduction route using sodium citrate, NaBH4, N2H4 in 

combination with different surfactants and capping agents [11-21]. Other synthetic approaches 

involve solvothermal, hydrothermal, polyol, electrochemical and photochemical reduction ways, 

etc. for stabilizing the Cu nanostructures. CuNPs of size ≈ 2.8 nm has been synthesized in the gas 

phase using a sputtering-aggregation type source by Pedersen et al. [11]. Cu nanostructures were 

also prepared through hydrogenolysis of various organometallic copper precursors in an organic 

medium at moderate temperature [14]. The recent synthesis of Cu nanocubes, nanowires, and 

bipyramids, obtained in water by reduction with glucose and using hexadecylamine as a capping 

agent has also been reported [14]. Rathmell et al. [19,20] synthesized longer, thinner Cu 

nanowires (CuNW) and coated onto flexible plastic substrates to make transparent, conductive 

films that are equivalent to films of Ag nanowires in their performance.  
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Scheme 1. Cu nanostructures of dissimilar shapes exhibiting nitroaromatic reduction. 

Despite of all these synthetic approaches and applications, very few reports persist about 

the relative catalytic and co-catalytic activity of CuNPs as a function of their morphology. 

CuNPs of different dimensions and shapes would expect to interact in a varied way with the 

reactant moiety depending on their exposed surface active atoms, edges, corners, surface facets, 

adsorption behavior, surface charge, electronic movement within the nanostructures, etc. 

Moreover, the co-catalytic effect imparted by metal NPs co-catalyst onto semiconductor is 

highly dependent on interface contact between the two and influenced by the nanoparticle’s 

morphology.  

So, this chapter addresses the synthetic approach for the synthesis of stable Cu 

nanomorphologies such as nanospheres of three different sizes (3-5 nm, 5-10 and 15-20 nm), 1 D 

NR (600-700 nm×15-20 nm) and NW (4-6 μm×60-80 nm) and their comparative catalytic 

efficacy was examined by carrying out the nitro aromatics reduction (nitrobenzene, m-

chloronitrobenzene and m-nitrotoluene) to their respective amines as represented in scheme 1. 

Copper nanostructures were also employed as co-catalysts (CuNPs-TiO2) for carrying out the 

photooxidation of acetic acid under UV light irradiation. Scheme 1 clearly illustrates that the 

lengthy copper nanowire (CuNW) and nanorods (NR) with higher exposed surface area aids 

great ease for the adsorption of reactant molecules and would expect to show pronounced 

catalytic effect compared to the spherical morphology.  
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7.2 Experimental Section 

7.2.1 Materials  

Poly(N-vinylpyrrolidone) (PVP, MW = 40,000), copper sulfate, copper(II) chloride, lauric acid, 

copper nitrate, aluminum chloride, ethylene glycol (EG), ethylenediamine (EDA), sodium 

hydroxide, acetic acid, sodium borohydride, ascorbic acid, hydrazine, nitrobenzene, m-

chloronitrobenzene, m-nitrotoluene, aniline, m-chlororaniline and m-toludine were purchased 

from Loba chemie, India. P25-TiO2 photocatalyst (size 30-50 nm, 70% anatase and 30 % rutile) 

is provided as a gift sample from Degussa Company, Germany. All the chemicals were used as-

received without any further purification. De-ionized water was obtained using an ultra filtration 

system (Milli-Q, Millipore) with measured conductivity above 35 mho cm
-1 

at 25 °C. 

7.2.2 Synthesis of CuNPs of different shapes and sizes 

7.2.3 Cu nanospheres (CuNS) preparation 

CuNS of various sizes were prepared by using different capping (PVP and EDA) and reducing 

agents (ascorbic acid and EDA) employing solvothermal and hydrothermal approach [21]. For the 

synthesis of extremely fine, homogenous and stable CuNPs, 2.00 g lauric acid was dissolved in 20 

ml distilled water and mixed with 1.2 ml EDA under constant stirring for 30 min. Then 1.7 g 

Cu(II)chloride was dissolved in 5 ml distilled water which was then slowly introduced to the 

above solution and pH of the solution was adjusted upto 12–13 by the addition of aqueous NaOH 

(0.1 M). This solution was hydrothermally treated in Teflon-lined stainless steel at 170˚C for 20 

h. After the hydrothermal treatment, 20 ml ethanol was added to the reaction mixture and 

sonicated for 15 min to dissolve the residual lauric acid and EDA. This mixture was allowed to 

settle for 15 min, during which CuNS with brown color were precipitated out and then dissolved 

in 20 ml water and this sample was coded as CuNS-1. CuNS using PVP as a capping agent was 

synthesized by mixing the solution of PVP (0.3 M, 10 ml), CuSO4 (0.1 M, 6 ml) and ascorbic acid 

(0.25 M, 3 ml) in EG at 25˚C [16] and the sample was coded as CuNS-2. CuNS-3 sample was 

prepared similar to the CuNS-2 procedure expect the modification in the temperature condition. 

During the preparation of CuNS-3, solutions of CuSO4 and ascorbic acid were drop-wise injected 

into the hot PVP solution (70˚C). Heating and stirring were maintained for 1 h and the solution 

finally turned reddish brown, it was then cooled and centrifuged (2500 rpm, 15 min) in order to 

remove the by-products and excess PVP.     

7.2.4 Preparation of Cu nanorods (CuNR)  
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The CuNR were synthesized by mixing 2.00 g lauric acid, 1.2 ml EDA, 1.7 g copper(II)chloride 

and 1.3 g aluminium chloride in 25 ml distilled water [21]. The pH of this above formed deep 

blue colored solution was adjusted to 12-13 by the addition of aqueous NaOH (0.1 M). Then the 

solution was hydrothermally treated in Teflon-lined stainless steel autoclave at 200˚C for 24 h. 

The as prepared CuNR were collected by sonication followed by filtration and diluted to 20 ml 

with distilled water. 

7.2.5 Preparation of Cu nanowires (CuNW) 

CuNW were synthesized by hydrothermal approach utilizing the mixture of NaOH (200 ml, 

1.5M), Cu(NO3)2 (10 ml, 0.2M), EDA (3 ml), and hydrazine (250 μl, 35 wt%) in a reaction flask 

at 80˚C for 1h [19,20]. 5 mg of PVP was then added instantly to this mixture to prevent the 

CuNW from aggregation and this mixture was quickly cooled in an ice bath. After the reaction, 

the CuNW were washed with aqueous solution of hydrazine and stored in aqueous solution.   

7.2.6 Co-catalytic activity  

The co-catalytic activity of various Cu nanostructures (3.73× 10
18

 atoms) was comparatively 

studied by mixing 5 ml acetic acid (10 mM), 25 mg TiO2 under UV irradiation (125 W Hg-arc 

lamp, and 10.4 mW/cm
2
) with constant magnetic stirring for different time periods. The progress 

of reaction in terms of CO2 evolution was measured by GC chromatogram studies. The CO2 

evolution was measured by injecting 1 ml of the gaseous mixture from the reaction vessel (gas 

tight test tube; 2 mg TiO2-CuNPs, 5 ml acetic acid) into the gas chromatography (NUCON-5765) 

using Propak-Q column with nitrogen as carrier gas (30 ml/min) and Thermal Conductivity 

Detector (TCD). Column oven was maintained at 40
˚
C while injector and detector were at 70 and 

80
˚
C, respectively. 

7.2.7 Catalytic activity 

Catalytic activity of Cu nanomorphologies (≈ 3.73× 10
18

 atoms) was examined by adding 1 ml of 

ice-cold NaBH4 solution (0.84 M) to 5 ml nitro aromatic compounds (nitrobenzene, m-

nitrotoluene, m-chloronitrobenzene, 5 mM), where the reduction of nitro compounds to their 

respective amines was monitored by measuring the absorption spectra of the reaction mixture at 

regular intervals and high–performance liquid chromatography (HPLC, Agilent, 1120 Compact 

LC, 254 nm, using C–18 column and MeOH:H2O (70:30) as mobile phase) at a flow rate of 

1ml/min. The intermediates were examined by GC-MS analysis.  
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Figure 1. Optical absorption spectra of (a) copper nanospheres (CuNS) of three varied sizes, 

(b) copper nanorods (CuNR) and nanowires (CuNW). 

7.2.8 Characterization 

Optical property was analyzed by UV-vis absorption (Specord 205) spectrophotometer. Shape 

and size of the NPs were analyzed by SEM and TEM (Hitachi 7500 model) with resolution 2A
º 

operating at voltage 120 kV measurements. Zeta potential (ζ) and dynamic light scattering (DLS) 

measurement was conducted using Brookhaven 7610 instrument. Samples for DLS and ζ 

examination were prepared by diluting CuNPs ca. 3.73× 10
18

 atoms in 1.5 ml of water. Table 1 

shows the optoelectronic and physical parameters of Cu nanostructures.  

7.3 Results and discussion  

7.3.1 Optical properties of Cu nanostructures 

Figure 1 displayed the surface plasmon resonance band (SPR) of various copper nanostructures, 

whose position depends on the particle properties including size, shape, solvent used, capping 

agent employed, etc. The brown colored aqueous suspension of CuNS-1 particles (figure 1a) 

exhibit SPR at 590 nm, corresponds to spherical shape as in accordance with the reported results 

[21]. CuNS-2 and CuNS-3 particles with reddish brown colored appearance showed their SPR 

band at 597 and 645 nm, respectively. The CuNS-1 particles are displaying weak and broader 

band as compared to highly intense and red shifted band of CuNS-2 and CuNS-3 particles. It is 

believed that red shift in the resonance band represents increase in the particle size while an 

increase in the bandwidth (CuNS-1) of the SPR may be due to electron scattering enhancement 
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Figure 2. DLS particle size distribution of three 

different sizes of Cu nanospheres.  

at the surface of the particle signifies alteration in the particle size [22]. Two SPR bands at 576 

and 826 nm have been observed for CuNR representing its transverse and longitudinal SPR 

modes as can be seen in figure 1b. The appearance of two SPR peaks for CuNR suggests the 

decrease in the symmetry of copper nanostructure, implies the formation of less symmetric or 

asymmetric shaped particle [22]. A very broad spectrum comprising two weakly intense peaks at 

559 and 905 nm has been noticed for CuNW. The weak bands for lengthy structures (CuNR and 

CuNW) may result from the fact that the SPR of these nanomorphologies located in the region of 

the interband transitions because of the small diameter of CuNR and CuNW as already reported 

[23]. These variations in the SPR band of different Cu nanostructures can be ascribed to the 

variation in geometric facets which affects the scattering of light to diverse extent. 

7.3.2 Dynamic light scattering studies 

DLS is the preliminary study to 

investigate the NP size yet it does 

not provide the true size as it gives 

the information only about the 

hydrodynamic radius of particle 

[24]. The hydrodynamic radius is 

the radius of a sphere that has the 

same diffusion coefficient within the 

same viscous environment of the 

particles being measured. It is 

directly related to the diffusive 

motion of the particles. Figure  2 

shows the hydrodynamic radius for 

the CuNS-1, CuNS-2 and CuNS-3 

particles which lie in the range of  4-8 nm, 10-13 nm and 20-24 nm, respectively. 

 

7.3.3 TEM analysis 
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Figure 3. TEM images of aqueous suspension of Cu nanospheres of varied sizes (a, b) CuNS-1, 

size ≈ 3-5 nm, (c,d) CuNS-2, size ≈ 5-10 nm and (e, f) CuNS-3, size ≈ 15-20 nm. 
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Figure 4. (a,b) TEM images of Cu nanorods of length = 600-700 nm, width = 15-20 nm, (c-e) 

SEM image of Cu nanowires with dimensions ≈ 4-6 μm×60-80 nm and (f) TEM image showing 

the Cu nanowire, inset showing an elaborated portion of nanowire. 
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Figure 5.  SEM image of Cu nanowires.  

A representative set of TEM images for three different sized Cu nanospheres synthesized under 

dissimilar conditions has been displayed in the figure 3. TEM image for the CuNS-1 (figure 3a 

and b) showed that the particles formed are of very small in size (≈ 3-5 nm), well separated, 

homogeneously distributed and are of spherical morphology as highlighted by a graphical image 

encircled in red.  

Figure 3c and d showed the formation of 5-10 nm CuNS-2 particles, which are not so 

perfectly round in shape and some of the particles are seem to be elongated (encircled in red) and 

oval shaped. TEM image in figure 3e (CuNS-3) clearly highlights some irregular shaped 

particles such as polygonal morphology (encircled in red) along with the formation of spherical 

particles having size in the range of 15-20 nm. These CuNS-3 particles appear to be positioned in 

close proximity to each other and representing overlapped and disorganized behavior. Figure 3f 

reflects the image of fully grown spherical or polygonal shaped CuNS-3 particles.  



118 
 

Table 1.  Optoelectronic properties and physical parameters of copper nanostructures. 

S.No. Copper 

nanostructure 

SPR 

band 

Size 

TEM/(DLS) 

Surface 

area 

(nm
2
) 

Surface/ 

volume 

ratio (nm
-1

) 

Zeta 

potential 

(mV) 

Conductance 

(μS) 

1. CuNS-1 590 

nm 

3-5 nm/ (4-8 

nm) 

50.29 1.73 -26.71 668 

2. CuNS-2 597 

nm 

5-10 nm/ 

(10-13 nm) 

225.63 0.79 -12.28 454 

3. CuNS-3 645 

nm 

15- 20 nm 

(20-24 nm) 

1076.02 0.34 -10.12 286 

4. CuNR 576 

nm, 

826 

nm 

Length=600-
700 

Width = 15-
20 nm 

352154 0.20 -30.08 1542 

5. CuNW 559 

nm, 

905 

nm 

Length= 4-6 

μm 

Width =60-

80 nm 

1278295 0.05 -35.69 2364 

 

 

The uniform size and well orientation of CuNS-1 particles is due to the controlled growth carried 

out in the presence of long chain fatty acid surfactant (lauric acid) which allows the particles to 

grow in an appropriate manner and further stabilized by EDA [21]. The different geometric 

shapes of CuNS-2 and CuNS-3 particles arise because of the variance in the interaction among 

PVP, EG and Cu precursor (CuSO4) at different temperature conditions (30˚C – 70˚C) that 

played an important factor in determining the morphology [16]. CuNS-3 particles synthesized 

using PVP as a capping agent at 70˚C, undergo an Ostwald ripening process [13] and result in 

larger sized asymmetric shaped particles in comparison to CuNS-2. It was suggested that large 

size particles (15-20 nm) begin to form at the expense of smaller particles on increasing the 

temperature. This nucleation growth phenomenon can be seen in figure 3e (encircled area in 

green) in which small sized spherical particles are appearing to merge and resulting in the 

formation of larger near-spherical shaped aggregates. Wang et al. [16] synthesized CuNPs of 

various morphologies at different temperature conditions. Moreover, it is believed that PVP 
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Figure 6. Time course of CO2 evolution during acetic acid 

photodecomposition with various bare and Cu-TiO2 nanostructures 

under UV light irradiation. 

 

 

macromolecule in solution adopts a pseudo-random coil conformation with metal atoms and thus 

increasing the probability of large sized and polymorphic shaped particle formation [25]. 

 Fine CuNR with average length ≈ 600-700 nm and diameter ≈ 15-20 nm are clearly visible in 

the figure 4a and b. SEM images in the figure 4c-e revealed the presence of a vast number of 

CuNW with 60-80 nm in diameter and 4-6 μm length. CuNW are seem to be arranged in a 

randomly ordered manner and a few upright standing bundles exposing the closed ends of 

CuNW are also visible in figure 4c-e (encircled in red). A close glance at the SEM image (figure 

4d, e and 5) is illustrating the presence of some small spheres on the NW surface which makes 

the appearance of NW surface rough. It suggests an idea as either NW grew from spherical seeds 

or it is being formed by the accumulation of small spherical particles as clearly demonstrated in 

the TEM image (figure 4f). Rathmell et al. [19,20] reported the growth mechanism for the 

synthesis of CuNW and suggested that these NW grew from spherical seeds.  

7.3.4 Co-catalytic activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is well known that that metal-TiO2 system displayed higher photoactivity as compared to bare 

TiO2 due to better electron capturing ability of metal NPs and leaving the holes free for oxidation 
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Figure 7. Comparative catalytic activity of various Cu nanostructures for (a) amount (μ moles) 

of nitrobenzene reduced to aniline  and (b) m-nitrotoluene to m-toludine. 

[26,27]. Figure 6 displayed the time dependent carbon dioxide evolution on the photodestruction 

of acetic acid carried out by using the mixture of TiO2 (25 mg) and various Cu nanostructures 

(ca. 3.73× 10
18

 atoms) under UV irradiation.  

Calculations of CO2 measurement by photooxidation of CH3COOH with 25 mg TiO2 and various 

Cu nanostructures (ca. 3.73× 10
18

 atoms).  

CH3COOH + 2O2 → 2CO2 + H2O 

It means complete mineralization of CH3COOH evolved 2 molecules of CO2 

Initial concentration of CH3COOH = 50 μM 

5ml of CH3COOH 50 μM contains = 50/1000 × 5 = 0.25 μmol 

Its complete mineralization gives = 2 × 0.25 = 0.5 μmol 

It is observed (figure 6) that CuNW addition to TiO2 produced the highest amount of CO2 

i.e. ≈ 70 % (0.37 μmol) in 2 h in contrast to 50 % (0.25 μmol), 42 % (0.21 μmol) and 30 % (0.15 

μmol) by CuNR-TiO2, CuNS-1-TiO2 and bare TiO2, respectively. The difference in the co-

catalytic activity is due to the varied morphology of CuNS-1, CuNR and CuNW which could 

alter the interfacial properties of CuNPs-TiO2 junction for the photodestruction of acetic acid.  

7.3.5 Catalytic activity 

Size and shape dependent catalytic activity of Cu nanostructures (ca. 3.73× 10
18

 atoms) has been 

assessed by the reduction of nitro aromatics in the presence of reducing agent (NaBH4) and the 

progress of the reaction has been monitored through UV-visible spectrophotometer, HPLC and 

GC-MS analysis. The reaction was primarily carried by the addition of reducing agent only, but a 
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Figure 8. Plot of ln Ct/C0 versus time for the reduction reaction of (a) nitrobenzene (b) m-

chloronitrobenzene, and (c) m- nitrotoluene carried by various Cu nanomorpholgies. 

 

 

          

negligible change in the concentration of reactants has been observed, confirming the essentiality 

of CuNPs for the reaction [29-31]. Extent of reduction of nitrobenzene and m-nitrotoluene to 

aniline and m-toludine has been shown in figure 7 and quantified by HPLC analysis. Since, the 

reduction progress has been observed in the presence of NaBH4, the concentration (0.82 M) of 
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Table 2. Observed rate constant (k) and percentage conversion for nitroaromatic reduction  

  reaction.  

S.No. Catalyst Nitrobenzene m-chloronitrobenzene m-nitrotoluene 

  K (min
-1

) Conversion K (min
-1

) Conversion K (min
-1

) Conversion 

1. CuNS-1 1.5 × 10-1 72 % 1.9× 10-1 75 % 0.8× 10-1 60 % 

2. CuNS-2 1.1× 10-1 68 % 1.5× 10-1 72 % 0.6× 10-1 55 % 

3. CuNS-3 0.7× 10-1 65 % 1.1× 10-1 69 % 0.5× 10-1 59 % 

4. CuNR 1.9× 10-1 75 % 2.5× 10-1 80 % 1.1× 10-1 65 % 

5. CuNW 3.8× 10-1 86% 5.0× 10-1 96 % 1.6× 10-1 78 % 

 

 

Figure 9. GC chromatograph for the reduction of m-chloronitrobenzene (m-CNB) to m-

chloroaminobenzene (m-CAB) using (a) CuNR, (b) CuNW and (c,d) corresponding  mass 

spectrum of identified compounds, inset showing structural formula of the compounds. 

 

 

which exceeds the concentration of nitro aromatics (5mM, nitrobenzene, m-nitrotoluene, m-

chloronitrobenzene), which implies that the reaction rate follows first order kinetics (C = C0e
-kt

). 
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The logarithm of concentration of reactant compounds has been found to decrease linearly with 

reaction time (figure 8) and from slope of ln Ct/C0 versus time, apparent rate constant (k) of the 

reaction was estimated and has been displayed in table 2. These results signify that all the Cu 

nanostructures are successfully catalyzing the chemical reduction of nitro aromatic compounds.      

Moreover, it is essential to mention here that the constant amount of CuNPs (3.73×10
18

 

atoms) addition to reaction media exhibits catalytic effect in a varied extent as a function of their 

shape and size, reflected through the percentage yield and reduction rate, and follows the trend 

CuNW > CuNR > CuNS-1 > CuNS-2 > CuNS-3 (table 2). Most importantly, the above 

mentioned trend was also evidenced through the GC-MS analysis, that reveals the complete 

conversion of m-chloronitrobenzene (m/z =157, Rt = 10.8 min) to m-chloroaminobenzene (m/z = 

127.57, Rt = 10.3 min) using CuNW in relation with CuNR (Figure 9a and b), confirming the 

incomplete reduction of the same for other Cu nanomorphologies. Similar, behavior was found 

for reduction of m-nitrotoluene to m-touldine (data not shown).  

It was believed that the reduction proceeds via. utilizing the nanocatalyst surface 

efficiently through adsorbing reactant molecule followed by interfacial electron transfer and 

finally, desorption of the product as shown in the scheme 1. The 1 D lengthy Cu nanowires 

(CuNW, length = 4-6 μm, width = 60-80 nm) with highest surface area per particle (≈1278295 

nm
2
, table 1) provides much exposed surface for the reactant molecules and hence, resulting in 

immense yield in a very short period of time. On considering the size factor alone, CuNS-1 with 

smallest size (3-5 nm) are found to be more effective catalysts than the CuNS-2 (5-10 nm) and 

CuNS-3 (15-20 nm) because the decrease in the particle size results in an increase in the 

effective surface to volume ratio (table 1) and higher d-electron density of the Cu atoms, which 

leads to an increased reactivity towards hydrogen atoms [29]. The CuNS-3 and CuNR with 

comparable diameter (≈15-20 nm) were expected to show similar reduction rate, but contrary to 

this, CuNR with large surface area allow more interactions of reactant molecules with catalyst 

surface and therefore, show pronounced effect over the three dimensional nanostructure (CuNS-

3). Moreover, distortion in the symmetry from spheres to rods and then to wires leads to more 

unbalanced forces on the particle surface and more exposed surface atoms which results in the 

higher reaction rate. One more plausible reason for effectiveness of the NWs is their rough 

surface (figure 4d) which promotes more interactions amongst reacting species and hence results 

in effective reduction. It has also been reported that lengthy nanostructures (CuNW) display 
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Figure 10. UV-vis absorption spectra recorded for the chemical reduction of (a) m-

chloronitrobenzene, (b) nitrobenzene, and (c) m-nitrotoluene catalyzed by CuNW and the 

respective structures of nitrocompounds are drawn below. 
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more co-catalytic effect to TiO2 in comparison to spherical particles because of their high 

potential to act as an electron sink which in-turn increase lifetime of charge carriers 

recombination [32]. Moreover, the highest conductance of CuNW (2364 μS, table 1) relative to 

CuNS-1 (668 μS) and CuNR (1542 μS) evidenced the distinct effect of NW for fast transference 

of the electronic species from TiO2 to lengthy NW. 

7.3.6 Influence of functional group 

The above results clearly demonstrate that CuNW are considered to be the best catalyst in 

comparison with NR and NS. One more important point here to be considered is the nature of the 

substrate, i.e., reduction rate also depends on the nature of the substituent group on aromatic ring. 

Lesser reduction rate is observed for compound substituted with electron-donating group (
_
CH3) 

in comparison with compound substituted with electron-withdrawing group (
_
Cl) as can be seen 

from figure 10 and 11. Figure 10 shows the comparative UV-visible absorption spectra for the 

reduction of three compounds namely nitrobenzene, m-chloronitrobenzene and m-nitrotoluene 

employing CuNW as a catalyst. These experiments showed that aromatic compounds reduce in a 

very short time (≈12 min) interval substituted with electron-withdrawing radical (-Cl
-
) than 
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Figure 11. (a) Rate of change in the reduction of nitroaromatics (amount in μ moles) to their 

respective products utilizing CuNW catalyst as a function of functional group entity and (b) 

relative reduction rate of three nitroaromatic compounds.  

compounds with electron-donating radicals (-CH3, ≈ 20-25 min). These effects can be explained 

in the terms of localized (inductive) and delocalized (resonance) electronic effects of substituent. 

The higher inductive (+ 0.34) and lower resonance stabilization value (-0.07) of chloro group 

relative to low inductive (-0.04) and high stabilization parameters (-0.11) of methyl group reflect 

fast rate of reduction for chloro group [33]. The resonance stabilized methyl substituted nitro 

aromatic compound would not respond fast toward the acceptance of electron and thus show low 

reduction rate in longer duration (figure 10). As expected, rate constant varies with the character 

of the radical and the reaction was found to follow apparent first-order kinetics (table 2).  

In conclusion, we can say that the both catalytic and co-catalytic activities exhibited by 

the Cu nanostructures vary as a function of their morphology. Lengthy nanowires showed 

profound effect in catalyzing the reactions relative to spherical morphology owing to its highly 

exposed rough surface, more surface area and higher conductance value.  
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CChhaapptteerr  88  

Comparative Co-catalytic Account of Coinage Metal Nanoparticles 

(Au, Ag and Cu) for TiO2 Photocatalysis under Visible Light 

Irradiation 
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Scheme 1. Surface plasmon resonance effect of metal 

nanoparticles (Au, Ag or Cu) for TiO2 photocatalysis under 

sunlight irradiation. 

8.1 Introduction 

Coinage metal (Au, Ag and Cu) nanoparticles (NPs) are known as plasmonic materials because 

they strongly absorb visible light due to surface plasmon resonance (SPR), in which conducting 

electrons undergo a collective oscillation induced by the electric field of visible light. These 

plasmonic nanostructures act 

primarily as an antenna to 

concentrate the light, convert 

the light energy to heat that 

enables them to serve as 

principle candidates for 

photovoltaic’s, colorimetric 

sensors, photochromic 

devices, surface-enhanced 

Raman spectroscopy, 

photocatalysis, etc. [1-13]. 

Hence this light absorption 

property of the metallic 

nanostructures is presenting 

an opportunity to design a new class of efficient sunlight harvesting photocatalysts and have 

opened up a new direction in the field of photocatalysis. For example, Au and AgNPs supported 

on insulators such as ZrO2 and SiO2 were found to be highly efficient photocatalysts under 

visible light for the reduction of nitrobenzene to azobenzene and for the oxidation of benzyl 

alcohol [9,13-15]. In such systems, the insulator support does not play an active role in the 

catalysis as there is no electron transfer from the photo-excited metal NPs to insulator supports 

due to the wide band gap and high-lying conduction band edges [13-15]. 

In this way, metal NPs can be utilized to enhance the photoactivity of UV light active 

photocatalysts (such as TiO2) to visible or far-infrared region by altering the shape, size and 

nature of NP. Although TiO2 semiconductor is known as a benchmark material for 

photocatalysis, yet the wide band gap restricts its absorption only to UV light (λ = 388 nm), 

which accounts for less than 5% of solar light [16-19]. The metallic nanostructures in close 
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proximity with TiO2 would result in the reduction of band gap and enhancement in the visible 

light absorption [1-11]. When metal NPs are homogeneously distributed on the surface of TiO2, 

the visible-light irradiation would stimulate a fast and efficient transfer of the photo-excited 

electrons from the metal NPs to the conduction band of TiO2 [20-24]. This would result in 

electron-deficient metal NPs and electron-rich TiO2, so that the photocatalytic oxidation of 

organic molecules over M-TiO2 should occur on the metal NP surface rather than on the TiO2 

surface (scheme 1). Literature reveals that the presence of AuNPs on TiO2 results in fast 

transference (less than 240 fs) of photo-excited electrons into the TiO2 support [22,24-26]. This 

metal-TiO2 (M-TiO2) heterocomposite system is suitable to study the intrinsic association 

between the two because different types of interfacial contacts would result in varied 

photophysical, optoelectronic, chemical and catalytic properties depending on the morphology, 

composition and nature of the metal. 

While several reports showed the visible light enhancement in TiO2 photocatalyst 

employing various metallic nanostructures, but a comparative account of the co-catalytic activity 

imparted by coinage metal NPs is still need to be conferred at a glance. In our previous chapters, 

we have already dealt with the morphological dependent co-catalytic effect of coinage metal NPs 

for the enhancement of TiO2 photoactivity. So irrespective of shape and size effect, this chapter 

solely represents a comparative report on the nature of the coinage metal NPs (Au, Ag and Cu) 

for enhancement of the catalytic activity of TiO2 utilizing visible light for the photodegradation 

of benzaldehyde and nitrobenzaldehyde. The difference in work function, redox potential, 

electron storage capacity, the nature of electronic charge and conduction ability of coinage 

metal NPs would dictate their varied co-catalytic activity.  

8.2 Experimental section 

8.2.1 Materials and methods 

Chloroauric acid (HAuCl4.3H2O), copper sulphate, trisodium citrate, benzaldehyde (BZ), 

nitrobenzaldehyde (NBZ) was purchased from Loba chemicals. Silver nitrate (AgNO3) was 

purchased from Fischer scientific and commercially available P25-TiO2 was obtained from 

Degussa Corporation, Germany, respectively. Deionized water was obtained using an ultra 

filtration system (Milli-Q, Millipore) with a measured conductivity 35 mho cm
−1

 at 25 ◦C.  

8.2.2 Synthesis of Au, Ag and Cu nanospheres 
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Nanospheres (NS) of coinage metals (Au, Ag and Cu) have been prepared through reduction 

route using trisodium citrate as a reducing as well as capping agent [27]. The synthetic procedure 

involves the addition of 140 μl (0.01 M) aqueous solution of HAuCl4, AgNO3, and CuSO4 in 

three respective beakers containing 14 ml boiling solution of trisodium citrate (50 mg/ ml). The 

obtained solution was allowed to boil till the light pink, yellow and brown color appears for the 

Au, Ag and Cu nanospheres, respectively. 

8.2.3 Synthesis of M-TiO2 nanocomposites (M = Au, Ag and Cu)  

Metal loaded titania nanocomposites (M-TiO2) were synthesized through wet impregnation 

method followed by calcination. In a typical experiment, 500 mg of TiO2 was mixed with 50 ml 

distilled water by adding requisite amounts (1 wt%) of metal nanospheres (Au, Ag and Cu) 

individually, stirred for 12 h, followed by drying at 100 ˚C. The dried powder catalyst was then 

repeatedly washed with water and all the prepared samples were then sintered in muffle furnace 

at 80˚C for 10 h. The M-TiO2 (M= Au, Ag or Cu) nanocomposites displayed a variety of colors 

dependent on the nature of metal NPs present. 

8.2.4 Photocatalytic activity 

The photocatalytic activity was tested for the photooxidation of 10 ml, 0.1 mM BZ and NBZ 

with 20 mg catalysts (bare TiO2, Au-TiO2, Ag-TiO2 and Cu-TiO2) under sunlight (intensity 40 

mW/cm
2
 using a 25 ml beaker) irradiation with constant magnetic stirring. The reaction samples 

were analyzed by UV–vis spectrophotometer (λmax = 260 nm for NBZ and 242 nm for BZ) after 

filtration with 0.22 μm cellulose filter.  

8.2.5 Characterization  

The as prepared aqueous colloidal solution of metal NS (Au, Ag and Cu) and powdered M-TiO2 

composites were characterized by UV-vis absorption and diffuse reflectance spectrophotometer, 

respectively. Morphological study of size analysis was done by dynamic light scattering (DLS) 

and TEM. BET surface area was measured by N2 adsorption technique. X-ray diffraction study 

was carried out for phase identifications. XPS was done for surface elemental studies. Current 

voltage characteristics and Time resolved spectroscopy were also investigated. Intermediates 

formed during the photodegradation process were analyzed through GC-MS. Amount of CO2 

produced on mineralization of BZ and NBZ was measured by GC with a TCD as a detector. All 

these techniques have been mentioned in detailed in chapter 1. 
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Figure 2.  Partcle size distribution for Au, Ag and Cu nanospheres. 

8.3 Results and discussion 

8.3.1 Optical characteristics and DLS studies 

Figure 1 displayed the surface 

plasmon resonance (SPR) bands for 

Au (≈ 520 nm), Ag (≈ 425 nm) and 

CuNS (≈ 612 nm). Highly intense and 

sharp band has been observed for the 

Ag and AuNS whereas weak and 

broadened band was depicted for 

CuNS. The sharp band for Au and 

AgNS clarifies the presence of 

homogenous and well separated 

particles while broadening in the SPR 

band for CuNS signifies its larger size.  
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Figure 3. (a) Solid state absorbance spectra of M-TiO2 (M=Au, Ag and Cu) composites with 1 

wt% metal NP loading and P25-TiO2 (inset) nanoparticles and (b) their corresponding bandgap. 

Such SPR band for AgNS at 420 nm has also been observed by Ratyakshi et al. [28] by 

employing trisodium citrate as a reducing agent, showing the size range ≈ 10-20 nm. AuNS of 

size ≈ 3-5 nm (SPR band ≈ 520 nm) has been prepared by well known Turkevich method [29], 

using citrate as a reducing and capping agent. Samim et al. [30] reported the preparation of 

CuNS of various sizes by citrate reduction route. These nanocolloidal suspensions of metal NS 

remain stable for a long time as being stabilized by trisodium citrate. Further, the particle size of 

the prepared metal NS has been characterized through dynamic light scattering studies which 

provide the information on the hydrodynamic radius of NS. Results clearly revealed that the 

particle size distribution for all the prepared coinage metal (Au, Ag and Cu) NS were found to lie 

in the ≈ 3-7 nm size range as shown in figure 2. 

8.3.2 Diffuse reflectance studies of M-TiO2 composites 

These plasmonic metal NS operates as visible light sensitizers and their impregnation onto TiO2 

(P25, size = 30-50 nm) result in the M-TiO2 composites (discussed in experimental section) 

which would show visible light sensitivity. The UV–vis diffuse reflectance spectrum of M-TiO2 

composites relative to P25-TiO2 is being represented in figure 3a. Titania NPs are characterized 

by sharp absorption edge around ∼390 nm (band gag, Eg = 3.12 eV, inset figure 3a). The 

assimilation of coinage metal NS of similar sizes on TiO2 cause a red shift in the absorption edge 

of TiO2 (≈ 390 nm) from the UV to visible region (≈ 415-420 nm) as can be seen in figure 3a and 
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can be explained in terms of the electron transfer from Au, Ag and CuNPs to TiO2 [1-

10,14,17,31]. The coinage metal NPs displayed their characteristic surface plasmon absorption 

band at ∼521 nm for Ag-TiO2, ∼540 nm for Au-TiO2 and >700 nm for Cu-TiO2, respectively. 

One can observe that SPR band of citrate-capped Ag and AuNPs is around 425 and 520 nm 

(figure 1), whereas in composite form (Ag-TiO2 and Au-TiO2), the SPR band has been 

considerably red-shifted to 521 nm and 540 nm, respectively. This shift in the SPR towards 

longer wavelength can be attributed to the higher refractive index of the titania shell as already 

reported [32]. Zheng et al. [9] also observed red shift in SPR peaks for Au-TiO2 and Ag-TiO2 at 

540 and 451 nm, respectively. The intensity and wavelength of SPR band are highly dependent 

on the size, shape, nature of the metal NP and composition of M-TiO2 composite.  

Red shift in the absorption edge of M-TiO2 composites is an indication of narrowing of 

the TiO2 band gap. The band gap (Eg) of the M-TiO2 has been determined from the Tauc plot by 

extrapolating the linear portion of the plot of (αhν)
2
 versus hν, showed in figure 3b. The Eg aids 

in determining the energy necessary to create electron-hole (e
-
-h

+
) pairs in the semiconductor to 

initiate photocatalytic processes. Eg calculated using Tauc’s equation was found to be ca. 2.96 

eV, 2.91 eV and 2.90 eV for Au-TiO2, Ag-TiO2 and Cu-TiO2, respectively (table 1). It has been 

reported that the observed absorption edge shifting and band gap reduction in M-TiO2 can be 

controlled as a function of surface morphology or by introducing lattice strain and vacancies 

[33,34]. Thus differences in the optical characteristics arise due to the variation in the size, 

shape, amount, surrounding environment, distribution factor and nature of the metal NPs. 

8.3.3 XRD analysis 

The structural analysis of the synthesized M-TiO2 nanocomposite in comparison to bare TiO2 

(P25) particles has been carried out by XRD measurements as shown in figure 4. The XRD 

pattern indicates the mixture of anatase and rutile phase for all the synthesized M-TiO2 samples 

and does not show any peak corresponding to metal NS. The non-existence of XRD peak for 

metal NS may be due to their lesser amount (1 wt%) and very small size (3-5 nm) which is below 

the detectability limit of XRD. Similar observation has been reported by Zheng et al. [9] on 

loading 1 wt% Au, Pt, Ag on TiO2. Moreover, these results suggest that the coinage metal NS 

have been integrated into the basic structure of TiO2 and have not induced the formation of any 
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discrete impurity phase. However, the EDX of M-TiO2 composites taken during the TEM 

measurements (figure 8 and 9) and XPS analysis (table 1) confirmed the presence of metal NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, the EDAX of M@TiO2 composites taken during the TEM measurements (Figure 4) 

and XPS analysis (table 1) confirmed the presence of metal NPs. 

Table 1.  Elemental composition and physical parameters of M-TiO2 composites. 

 
Catalyst 

 

Atomic % 
(XPS data) 

Band gap 
(eV) 

SBET (m2g-1) 

C1s O1s Ti2p Respective metal 
(%) 

TiO2 - - - - 3.12 50 

Au-TiO2 35.71 50.13 14.11 Au4f  (0.06) 2.96 29 

Ag-TiO2 35.47 51.04 13.14 Ag3d (0.35) 2.91 33 

Cu-TiO2 39.78 50.98 8.89 Cu2p (0.35) 2.90 20 
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Figure 4. XRD patterns of TiO2 (P25) and M-TiO2 composites with loading 

of 1 wt% coinage metal nanoparticles. 
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8.3.4 BET analysis  

The BET surface area (SBET) of M-TiO2 heterocomposites, ca. 29, 33 and 20 m
2
g

-1 
for Au-TiO2, 

Ag-TiO2, and Cu-TiO2 has been found to be decreased relative to bare TiO2 (50 m
2
g

-1
), 

respectively (table 1). This large reduction in SBET value may be due to the partial surface 

coverage of titania porous sites with metal NPs (≈1 wt%). Alteration in surface area of M-TiO2 

relative to TiO2 (P25) signifies the presence of metal NS in TiO2 matrix. Such results for the 

decrease in SBET after deposition of metal particles over titania nanostructures were in agreement 

with the already reported results [34].  

8.3.5 XPS characterization 
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Figure 5. XPS spectra of (a) Au4f region for Au-TiO2, (b) Ag3d region for Ag-TiO2 and (c) 

Cu2p region for Cu-TiO2 nanocomposite. 
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XPS, a valuable surface analyzing technique is helpful for characterizing atomic composition 

and chemical states of elements incorporated in the surface layer of materials [23,36]. The 

presence of metal NPs was further confirmed by XPS analysis and the respective surface 

chemical composition (atomic %) of representative M-TiO2 photocatalysts determined by XPS 

analysis is being given in table 1. It has been observed that Ag-TiO2 and Au-TiO2 samples 

maintained O/Ti atom ratio very close to 3.5, indicating no variation in the metal oxide 

composition. However, for Cu-TiO2, the O/Ti atom ratio is found close to ≈ 6 depicting the 

presence of some impurities in composite. The elemental composition also represented C1s 

which may due to the adventitious hydrocarbon from the XPS instrument itself [37]. Figure 5a 

shows binding energy of Au4f7/2 at 83.4 and Au4f 5/2 at 87.7 eV, which are significantly different 

from Au
+
4f7/2 (84.6 eV) and Au

3+
4f7/2 (87.0 eV), respectively. The result suggests that the Au 

species in Au-TiO2 are in the metallic state as well stated in the reported results [23,38,39]. The 

peaks observed at 373.6 eV and 368 can be ascribed to Ag3d3/2 and Ag3d5/2 of the metallic silver 

(figure 5b), respectively [23,40]. The XPS spectrum for Cu2p (figure 5c) gives the binding 

energy of Cu2p at 933eV and 943.4 eV corresponding to Cu2p3/2 and Cu2p1/2 characteristics of 

Cu
2+ 

state [41].  

8.3.6 TEM size and shape analysis 

Figure 6-9 showed the TEM images of aqueous suspension of metal NS and M-TiO2 

nanocomposites. TEM micrographs of AuNS (figure 6) revealed that all the particles are 

spherical in shape, well dispersed having average size ≈ 3-5 nm. The inset figure 6 showed the 

magnified image of AuNS which insure their rounded/spherical shape. The homogenously 

dispersed NS of Ag were seen in figure 7a, all the NS were well separated from each other and 

displaying size range ≈ 3-5 nm. CuNS of similar size ≈ 3-5 nm with spherical morphology has 

been clearly visible in figure 7b. DLS measurements also verified that uniform size distribution 

of all the metal NS (figure 2).  

The persistence of metal NS in M-TiO2 composites and the way of their attachment to 

TiO2 was examined through TEM analysis that yield valuable and direct information on the 

dimension and the distribution of NPs on the TiO2 surface. Many black colored, spherical shaped 

AuNS in the size range 3-8 nm are seen to be uniformly distributed over TiO2 (gray color) as 

shown in figure 8. Similarly, AgNS and CuNS are seen scattered over the TiO2 surface as can be 
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seen in figure 9. The size of the NS (Au and Ag) is found to be in good agreement with the 

average diameter of original colloidal solution (figure. 6 and 7a) before impregnating to TiO2, 

verifying their non-aggregation behavior. One can observe from the image (figure 8 and 9) that 

metal nanospheres are lying in a close proximity to TiO2 and forming M-TiO2 interfaces. 

Although there is no any chemical bond between metal NS and TiO2, yet the electrostatic 

attractions between the two because of opposite charges (discussed in chapter 2 and 3) bring 

them closer. The close contact formed at the interface of NPs and TiO2 would facilitate the 

electron transfer in this composite photocatalyst and assist in the photoreaction systems. In Cu-

TiO2 composite, NS are not seen so well separated and would appear as small aggregates over 

TiO2 surface, clearly seen from the image 9c and d. The elemental analysis carried out using 

EDX (figure 8 and 9) confirms the presence of 1.13, 0.85 and 0.81 atomic % of Au, Ag and Cu 

in 1 wt % impregnated M-TiO2 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. TEM images of AuNS having size = 3-5 nm. 

 



139 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. TEM image of (a) Ag and (b) CuNS having comparable sizes ≈ 3-5 nm. 
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 Figure 8. TEM image of Au-TiO2 composite, graphic representing the presence of AuNS (dark 

colored) over TiO2 (gray colored) and its corresponding EDX profile. 
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Figure 9.  TEM images of (a, b) Ag-TiO2, and (c, d) Cu-TiO2 composites with loading amount of 1 wt 

% respective metal nanoparticles, given below their corresponding EDX profiles.  
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Figure 10. I–V characteristic curves of bare TiO2 and M-TiO2 nanojunctions. 

8.3.7 Current–voltage characteristics 

Electrical conductivity is the ability of a material to conduct an electric current which helps to 

determine the extent of flow of electronically charged species along M-SC interface [42]. When 

electrical potential difference was placed across a conductor, movable charges start to flow and 

hence giving rise to an electric current. The current–voltage (I–V) characteristics of the bare 

TiO2 and M-TiO2 heterojunctions are shown in figure 10 which found to follow the Ohm’s law 

(V=IR). The observed data shows that with increasing voltage, flow of the current through the 

heterojunctions is also increasing and, therefore, corresponding I–V curve approaches a straight 

line with a slope equal to the resistance of the M-TiO2 interface. This resistance was determined 

using the differential voltage method at large bias I–V curve as R = dV/dI, where R is resistance, 

dV/dI differential voltage, this procedure gives resistances as 6.06, 3.70, 4.44 and 4.76 MΩ (at 

voltage = -2.0 V) and corresponding conductance values 1.65 × 10
−7

, 2.7 × 10
−7

, 2.25× 10
−7 

and 

2.1× 10
−7

 S for bare, Ag-TiO2, Au-TiO2 and Cu-TiO2 composites, respectively. This I–V curve 

can be divided into two or more segments, i.e., I and II, and respective to these segments, the 

voltage (V), current (I), resistance (R) and conductance (S) has been calculated (figure 10, table 

2). The increase in conductance in M-TiO2 composites in comparison to bare TiO2 well 
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Table 2. Measurement of voltage (V), current (I), resistance (R), and conductance (S), 

corresponding to segments I and II of I–V characteristics. 

Catalyst Region Voltage (V) Current  (nA) Resistance  

(MΩ) 

Conductance (S)  

× 10
-7
 

TiO2 I -2.0 330 6.060 1.65 

II 2.0 500 5.555 1.8 

Ag-TiO2 I -2.0 540 3.703 2.7 

II 2.0 600 3.333 3.0 

Au-TiO2 I -2.0 450 4.444 2.25 

II 2.0 500 4.000 2.5 

Cu-TiO2 I -2.0 420 4.761 2.1 

II 2.0 360 4.000 2.5 

 
rationalizes the role of nature of metal for conduction developed by formation of Schottky 

barriers between different M-TiO2 nanocomposites. 

8.3.8 Time resolved spectroscopy  

The dynamics of charge recombination time and interparticle electron transfer between metal and 

semiconductor is a very important criterion to be considered which can be easily understood 

through time-resolved spectroscopy. Though reports are available regarding the electron charge 

carrier time of nanocomposites as a function of shape and size of the semiconductors [43], still 

the influence of nature of metal onto the band edge and trapping states still remains a challenge. 

The charge carrier’s relaxation dynamics of M-TiO2 relative to P25-TiO2 are shown in figure 11, 

which is measured by pulse excitation method. Samples were exposed to nitrogen laser 

(wavelength = 390 nm) and time resolved decay curves are obtained from where lifetime values 

of the various excited states have been calculated. The average lifetime τav, is related to band 

edge lifetime τ1 and trapping or defect states given by the following equation: 

 

 

where a1 and a2 represent the amplitude of band edge and trapping state emission, respectively.  
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Figure 12. Time course of photodegradation of (a) benzaldehyde and (b) nitrobenzaldehyde 

using various M–TiO2 composites under direct sunlight irradiation. 
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The estimated average lifetimes are ≈ 18, 20, 24 and 27 µs for bare P25-TiO2, Cu-TiO2, Au-TiO2 

and Ag-TiO2, respectively. An increase in relaxation time of photoexcited electron–hole pairs is 

observed with the change in the nature of the metal NPs. It has been reported that Ag metal has a 

maximum capacity to capture and store electrons and acts as a better electron sink [8]. 

8.3.9 Photocatalytic activity 
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The plots for the extent of degradation (C/C0) versus irradiation time using various M-TiO2 

composites have been displayed in figure 12 in which C is the absorbance of substrate solution at 

each time interval of irradiation and C0 is the absorbance of the initial concentration. Irrespective 

of size and shape, the comparative photocatalytic activity of M-TiO2 composites in aqueous 

suspensions under sun light irradiation has been investigated by employing BZ and NBZ 

substrates, as a function of nature of metal. The stability of both substrates was primarily tested 

under sunlight irradiation without the addition of any catalyst which confirms the non-degradable 

nature of substrate. Moreover, substrates showed a negligible loss in the concentration during 

dark reaction catalyzed by TiO2 and M-TiO2 composites.  

The photooxidation was found to follow pseudo first-order kinetics using a simplified Langmuir–

Hinshelwood model, r = −dC/dt = k(KC)/(1 + KC) where r is the initial rate of photocatalytic 

degradation (mol l
−1

min
−1

), C is the concentration of the reactant (mol l
−1

), t is the irradiation 

time (min), k is the rate constant and K is the Langmuir–Hinshelwood adsorption constant. At 

low concentration, KC can be neglected with respect to 1 and one gets the simplified equation: r 

= −dC/dt = kKC or C/Co = e−
kKt 

= e−
kt

 where k is the apparent rate constant of the pseudo-first 

order (min
−1

) reaction. The observed rate constant (k) calculated from figure 12a was found to be 

highest for Ag-TiO2 (4×10
-2 

min
-1

) as compared to 2.7×10
-2 

min
-1 

for Au-TiO2 and 1.93 ×10
-2 

min
-

1
 for Cu-TiO2 during BZ photooxidation. In a similar manner, the photodegradation percentage 

for the NBZ was highest for Ag-TiO2 (≈ 99%) relative to lowest ≈ 40% for P25-TiO2. Results 

indicate that M-TiO2 composites always exhibit higher photocatalytic efficiency than 

commercial P25-TiO2 of the same total mass (≈ 20 mg), specifying enhanced photocatalytic 

activity due to the presence of plasmonic metals (figure 12). The enhancement in the M-TiO2 

composites relative to TiO2 in visible light can be explained as per reported mechanisms [1-

10,21] and displayed in scheme 1. The noble metal NPs act as sensitizers, absorb visible light 

due to their plasmon resonance, results in the formation of the electrons and holes on the surface 

of the metal NPs which assist in the oxidation of reactant substrates. The electrons are transferred 

to the adsorbed oxygen molecules via the conduction band of TiO2 resulting in the formation of 

superoxide radicals. These radicals upon assistance with CB electrons combine to produce H2O2 

that ultimately producing hydroxyl radicals. Both hydroxyl and superoxide radicals are strong 

oxidants, and therefore oxidize BZ and NBZ, resulting in the formation of intermediate organic 
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species (figure 13) and subsequently mineralize to water and CO2. Therefore, lowest 

photocatalytic efficiency of bare TiO2 (anatase:rutile ≈ 70:30) relative to M-TiO2  

nanocomposites can be accounted to its insufficiency of absorbing visible light. The resultant 

plots (figure 12) obtained from UV-vis studies represent almost complete photodegradation of 

substrate and to insure the same, GC-MS analysis of BZ was carried out (figure 13). GC-MS 

reveals the incomplete mineralization of BZ as various intermediates such as benzoic acid (m/z = 

122, Rt = 12.5), 2-hydroxybenzaldehyde (m/z = 122.12, Rt = 14.1) and salicylic acid (m/z = 138, 

Rt = 18.3) are found to form (figure 13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, exact % age of mineralization of BZ and NBZ was perceived through quantitative 

determination of the CO2 evolution (figure 14), which is found to corroborate with their 

respective photodegradation. It has been suggested that if the molecule of BZ (C6H5CHO) and 

Figure 13. GC chromatograph for oxidation of benzaldehyde using Au-TiO2 composite after 

75 min of irradiation and mass spectra of identified compound; inset structural formula and 

retention times of identified compounds.    
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Figure 14.  Percentage of CO2 evolution on photodegradation of benzaldehyde (BZ) and 

nitrobenzaldehyde (NBZ) by using various M-TiO2 nanocomposites after 3 h of sunlight 

irradiation and (b) nitrobenzaldehyde degradation (%) after recycling with M-TiO2 composites  

under visible light irradiation. 

NBZ (C7H5NO3) was completely mineralized, it will give CO2 and water as per following 

equation: 

C6H5CHO +8O2 → 7CO2 + 3H2O; 

2C7H5NO3 + 7/2O2 → 14CO2 + 5H2O +N2 

Although other species like nitrogen (for NBZ) was not measured but the measured CO2 

formation confirmed the photodegradation of BZ and NBZ by various M-TiO2 nanocomposites 

under visible light irradiation. Figure 14a shows the relative percentage of CO2 formation 

depending on the extent of photocatalytic activity of various catalysts. It was found that Ag-TiO2 

catalyst produced the highest amount of CO2 ≈ 38% in 3 h in contrast to 29.8% and 21.5% by 

Au-TiO2 and Cu-TiO2, respectively. Similar trend has been seen for NBZ photodecomposition as 

displayed in figure 14a, represented in table 3. The GC data supports the GC-MS analysis that 

also exhibits the photoconversion of BZ to other compounds (figure 13) and rendering its 

complete mineralization.  

As a comparison of all M-TiO2 composites, Ag-TiO2 composite showed profound 

photodegradation efficiency (38%) relative to Au-TiO2 (30%) and Cu-TiO2 (22%). Such 

distinguished behavior of as mentioned catalysts in the photocatalytic activity as a function of 

nature of metal can be explained in terms of work function, charge carrier relaxation time, 
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Table 3. Chemical, elemental, electronic and catalytic parameters of M-TiO2 composites. 

 

Catalyst 

 

Conductance 

× 10
-7 

(S) 

 

e
-
 - h

+ 

recombination 

time (μs)
 

 

Oxidation 

state (from 

XPS analysis) 

 

Respective metal (Au, Ag 

and Cu) 

CO2 evolution 

(%) 

Work 

function 

(V) 

Reduction 

Potential 

(V) 

BZ NBZ 

TiO2 1.65 18 -- - - 10 9 

Au-TiO2 2.5 24 Au
0
 5.32 1.5 30 22 

Ag-TiO2 2.7 27 Ag
0
 4.30 0.80 38 30 

Cu-TiO2 2.1 20 Cu
+2

 4.70 0.34 22 18 

 

reduction potential, conductance and oxidation state of the metal NPs, expressed in table 3. The 

highest conductance of Ag-TiO2 (2.7 ×10
-7

 μS, table 3), least work function of Ag metal (table 3) 

and relative near Fermi level position to CB of TiO2 favors quick transference of electrons from 

silver to TiO2 than other composites. Most importantly, its highest recombination time of 

photoproduced charge carriers (table 3) brings more formation of highly oxidative superoxide 

and hydroxyl radicals and hence, highest photooxidation ability. Undoubtedly, the observed 

(Ag> Au> Cu) photocatalytic behavior of metal-NPs is opposite to that expected from their 

reduction potentials. This surprising trend can be explained from XPS data (table 3) that reveals 

+2 oxidation state for Cu in Cu-TiO2 composite, while zero for Ag and gold, due to which Cu 

first acquires photoproduced electrons from TiO2 making availability of holes for production of 

only OH radicals. Whereas, for Ag and Au-TiO2 (zero oxidation state) composites, there is 

formation of two highly oxidative species viz., hydroxyl and superoxide radicals that brings 

higher photoactivity for these composites.  

The reusability and stability of the prepared M-TiO2 composites were examined by 

photodegradation of NBZ for the three cycles to ensure any loss in the activity (figure 14b). The 

photocatalytic activity of Au-TiO2, Ag-TiO2 and Cu-TiO2, of the last cycle maintained 88%, 

85%, and 72% of the original photocatalytic activity, respectively. It confirms that the metal NPs 

are homogeneously embedded in the TiO2 matrix and would not lost even after reusing three 

times.  
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Hence, it has been revealed that irrespective of shape and size, nature of the metal also 

displays a great impact for the advancement in the heterogeneous photocatalytic systems. The 

Ag-TiO2 junction has shown the best photoactivity relative to Au and Cu-TiO2 hetero-junction as 

a function of electron-charge recombination time, diffusive electron movements, work function 

and reduction potential values. Therefore, the knowledge of such photocatalytic systems could be 

beneficial in designing highly active photocatalysts. 
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SSuummmmaarryy  aanndd  CCoonncclluussiioonnss  

Chapter 1 provides an introductory note on the importance of coinage metal nanoparticles 

(NPs) as co-catalysts in TiO2 photocatalyzed reactions. A general scheme of photocatalytic 

reaction and the ways towards the improvement in the yield of the photocatalytic systems by the 

loading of metal NPs has been discussed. It gives an idea that how the energetics of the 

photocatalytic system can be improved through changing shape and size of the metal NPs, which 

cannot be achieved through the earlier conventional approaches. A concise overview of the 

various studies carried out earlier in the field of presenting work and the research gaps which 

have been found during literature surveys are also presented. A short description of 

characterization techniques for the determination of optoelectronic, structural, photophysical and 

catalytic properties are also represented.  

Chapter 2 summarizes the morphological effect of AuNPs co-catalysts for the relative 

enhancement in TiO2 photocatalysis. The TiO2 photoactivity has been found to be drastically 

enhanced with the decreasing size of AuNPs loading. It is interesting to know that the effective 

amount of Au atom required for maximum photocatalytic activity (PCA) of TiO2 is 100 times 

less than the traditional prerequisite of 1-2 wt% metal deposition. The Au nanorod, aggregated 

nanospheres, and photodeposited particles addition considerably decreased the PCA of TiO2 due 

to the difference in their co-catalytic efficiency that depend on the percentage of surface active 

atoms and Fermi energy shifts because of the notable change in their size, shape and S/V ratio. 

The Au nanorods may lower the substrate adsorption and hinder the direct light absorption on the 

oxide surface and thus reduced the photogeneration of charged species and the photoactivity. 

Moreover, the surface area/charge and zeta-potential measurements of each Au-TiO2 junction of 

different conformations and the effects of aspect ratio of AuNR loading onto TiO2 photoactivity 

are needed to investigate for better understanding the relative co-catalytic activity of various Au 

nanostructures. 

Chapter 3 and 4 emphasizes the comparative study for the effect of surface charge and 

zeta potential of Au nanostructures (nanospheres and nanorods) in various polar and non-polar 

solvents as a function of their dipole moment on the stability, surface plasmon absorption, 

catalytic and co-catalysis ability of AuNPs. The dipolar interactions due to solvent polarity 
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induce the formation of AuNPs agglomerated morphologies which is significantly different from 

typical surface passivation by thiol (–SH) and amino acids (-NH2, -SH and –COOH) functional 

moieties that generally results in the end-to-end or parallel self-assemblies. The interactions 

between solvent and NP distinctly modifies the adsorption behavior of polar molecules like p-

nitrophenol and salicylic acid on AuNPs surface and thus resulted in varied catalytic and co-

catalytic efficiency, respectively. The observed co-catalytic activity and catalytic activity of 

aggregated Au nanostructures (formed in polar solvents) varied in a diverse extent depending on 

its degree of agglomeration. As most of the Au catalyzed synthetic reactions are being carried 

out in common organic polar solvents, this obtained surface structural and electro-kinetics 

properties exhibited by aggregated AuNPs can influence the adsorption interaction and catalytic 

properties as a function of the ionic nature of the reacting substrates. Therefore, it is necessary to 

choose correct solvent for controlling the kinetics for Au catalyzed reactions as true catalytic 

ability is basically masked because of the aggregated morphology. Hence, this work may 

contribute towards better understanding of solution behavior of Au nanostructures in different 

solvents in comparison with conventional aqueous suspension and their colloidal stability can be 

tuned for the optimum catalytic activity of such metal nanoparticles in heterogeneous catalysis. 

Chapter 5 explores the cost effective single step technique for the preparation of multiple 

shaped Au nanostructures by exposing Au nanorods with different energy laser irradiations 

(2.71, 2.54 and 2.41 eV). This laser-induced melting provides an intriguing way in tuning the 

surface morphology of irregular shaped multifaceted Au nanostructures in single quick pathway 

by different energy of laser irradiation without employing any typical synthetic routes. These 

photoetched Au nanostructures possess thermodynamically high-energy active surface atoms, 

enlarged per-particle surface area and more exposed fresh crystal planes that significantly affect 

the effective surface charge and zeta potential, and thus greatly altered the adsorption behavior of 

reacting substrate and thereby highly improve the catalytic activity and selectivity for the 

reduction of p-nitrophenol and m-dinitrobenzene relative to bare Au nanosphere and nanorod 

prior to laser treatment. Such easily prepared anisotropic Au nanostructures have the potential to 

become efficient and promising catalyst to be used in a wide range of industrially important 

chemical or biological systems. 
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Chapter 6 correlates the comparative co-catalytic effect of morphologically different large 

and small-sized AgNPs for superior electron storage in Ag-TiO2 photocatalytic system and has 

been found to vary as: polygonal nanosphere > nanorod > truncated triangle > nanospheres. The 

variation in the co-catalytic activity is due to the difference in the number of active facets on the 

dissimilar shapes having different interfacial or contact area. Strong interaction among the 

catalyst surface, co-catalyst surface and the substrate is essential for better photocatalytic 

process. Furthermore, the PCA of the nanostructured Ag-TiO2 hetero-interface could possibly be 

further enhanced by self-assembling AgNPs to TiO2 for better electrical contact rather than 

simple addition. Exploring the catalytic activity of AgNPs-TiO2 nanocomposite having an 

optimum amount of Ag co-catalyst could pave the way for designing novel catalysis systems. 

Chapter 7 illustrates the improvement in the photocatalytic rate by utilizing different 

morphologies of Cu-TiO2 nanocomposites in comparison with bare TiO2. Catalytic efficiency of 

CuNPs for reduction of nitroaromatics and co-catalysis effect imparted to TiO2 follows the trend 

as nanowires > nanorod > nanospheres. The excellent catalytic as well as co-catalytic activity 

exhibited by nanowires is due to its rough surface and much exposed surface area relative to 

nanorods and nanospheres, allows more adsorption interactions with the reactant substrate. The 

change in morphology from spherical to lengthy nanorod and nanowires results in the retardation 

of electron-hole recombination time and subsequently affects the photoactivity. Further this 

extremely economic and efficient photocatalytic system (Cu-TiO2) could found its way for 

scaling up many industrially important reactions.  

Chapter 8  provides a detailed study on the impact of nature of metal for the upgrading TiO2 

photocatalysis reaction rate under visible light irradiation. Irrespective of shape and size, similar 

sized nanospheres of coinage metals were impregnated on TiO2 to compare the photocatalytic 

efficiency as a function of nature of metal. Results revealed that the stable Ag-TiO2 

heterojunction exhibits enhanced photoactivity relative to Au and Cu-TiO2 governed by current-

voltage characteristics, XPS data, electron charge recombination time, work function and 

reduction potential values. So, by manipulating the Ag-TiO2 heterojunction (on employing 

various shapes and sizes of Ag nanoparticles), one can utilize the solar energy to much higher 

extent and achieve high quantum yield. 
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In brief, the whole work described in this thesis demonstrated a viable strategy for 

improving the photocatalytic reaction systems by introducing the separately synthesized coinage 

metal NPs co-catalysts of various morphologies in the semiconductor (TiO2) matrix, which is an 

advancement over the conventional approach. It has been observed that with decreasing the size 

of the metal NPs, photocatalytic activity show pronounced effect as Fermi level shift towards the 

more negative potential which assists the rapid transference of electrons from semiconductor to 

metal NPs. Moreover, the information on the solution interaction behavior of metallic 

nanostructures is quiet valuable in order to tune the optimum catalytic activity as polar solvents 

interactions result in the aggregation moieties of various sizes depending on the solvent dipole 

moment. Variation in the morphology of NPs (such as spheres, rods, polygonal nanospheres, 

anisotropic shapes, truncated triangles and wires) displayed dissimilar catalytic activities, 

dictated in terms of their diverse surface structure, exposed surface atoms, surface to volume 

ratio, interfacial contact area between TiO2 and metal particle, sharp edges and corners, etc. Cu 

nanowires were found to be highly efficient catalyst as well as co-catalyst in comparison with 

rod and sphere morphology for carrying out reduction and oxidation reactions, respectively. A 

comparative account on the nature of the coinage metal NPs irrespective of its shape reveals that 

the Ag-TiO2 nanocomposites exhibit enhanced photoactivity relative to Au and Cu-TiO2 

composites.  

Therefore, the interplay between materials properties i.e., by varying the shape, size and 

nature of metal NPs and their addition to TiO2 would ultimately lead to the path for attainment of 

better heterogeneous photocatalysts. However, there are many other issues to look forward for 

the improvement in the co-catalysis effect such as it is desirable to synthesize such a shape of 

metal NP co-catalyst whose interaction with semiconductor would act as an efficient electron 

sink and assist in diminishing the electron-hole pair recombination and hence would result in 

100% quantum efficiency. Designing the permanent assembly of metallic particles co-catalysts 

and TiO2 is another point to be considered in the future studies. The reusability of the metal NPs 

in catalytic reactions is the major issue which needs to be resolved. However, efforts have to 

continue to synthesize novel materials with desirable characteristics which can resolve the as 

mentioned issues. 
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