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    Abstracts 

 

The work presented in this thesis enlightens the significance of coinage bimetallic (BM) 

nanocomposites (NCs) over their monometallic counterparts. Main emphasis has been given to 

the synthesis of BM NCs in the form of core@shell alloy and hollow nanostructures by varying 

the nature of core, shell composition and composition, their characterization, and application to 

catalysis and co-catalysis. This whole work is divided into six chapters which are described 

below:  

 

Chapter 1: Introduction and Literature: The first chapter provides the brief introduction on 

the need of BM NCs over monometallic NPs which have been emerging as important catalyst 

due to the synergistic effects between the two metals. A brief description of preparation 

strategies for core@shell, alloy and hollow BM NCs and various techniques used for the 

characterization of optical, electrokinetic, catalytic and co-catalytic properties of BM NCs 

relative to their monometallic counterparts have also been incorporated. 

  

Chapter 2: Improved Catalytic Activity and Surface Electro-kinetics of Bimetallic Au-Ag 

Core-Shell Nanocomposites: This chapter demonstrates the preparation of core@shell NCs of 

Au@Ag and Ag@Au for measuring their catalytic activity and electro-kinetic properties relative 

to their respective monometallic counterparts. A significant blue-shift (530 to 408 nm) and red-

shift (420 to 550 nm) of the surface plasmon (SP) band for Au@Ag and Ag@Au NCs, 

respectively, was observed due to increased size of binary composites depending on the nature of 

core and shell material. The thickness of the deposited Ag shells varied from ~3-10 nm on Au 

core leading to the formation of Au@Ag NCs. On the other hand, the Ag core served as a 

sacrificial template, where Ag@Au NCs was converted to hollow Ag-Au alloy shells (~15 nm) 

because of the galvanic reaction between them due to the difference in their redox potential. 

Further, an increased zeta potential of resulting Au@Ag (+57.8 mV) and hollow Ag-Au alloy 

shell (-20.13 mV) NCs in comparison to monometallic Au (-6.13 mV) and Ag nanospheres (-

5.74 mV) was found due to surface passivation with aqueous AgNO3 and AuCl4
-
 solution, 

respectively. These BM NCs exhibited ~2 times higher catalytic activity than the monometallic 
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nanoparticles depending on shell thickness and the core of the respective metals for the 

nitrobenzene and 1,3-dinitrobenzene reduction. 

 

Chapter 3: Preparation and Characterization of Different Shapes of Au-Ag Bimetallic 

Nanocomposites for Enhanced Physicochemical Properties: This section reports the 

preparation and characterization of BM Au@Ag NCs consisting, Ag shell of varied thickness (2-

20 nm) and Au nanospheres (Au NS) and Au nanorods (Au NR) as cores for the selective 

catalytic reduction of nitro-organics. A significant blue-shift in the SP band of Au NS (529 nm) 

and Au NR (700 and 538 nm) to 400 nm, and 522 and 412 nm, respectively, was found with an 

increased thickness of Ag shell that led to a notable color change. The measured zeta potential of 

Au NS (+26 mV) and Au NR (+22.4 mV) were also considerably increased due to the surface 

passivation with an Ag-shell over Au particles. It revealed that the catalytic reduction of 1,3-

dinitrobenzene by the anisotropic AuNR@Ag BM NCs produced a highly selective formation of 

3-nitroaniline (74%) relative to 1,3-phenylenediamine by bare Au NR (64%), Au NS (45%) and 

AuNS@Ag NCs (76%). Whereas 53-60% aniline was obtained from the reduction of 

nitrobenzene by Au@Ag compared to 34-41% yield by bare Au NPs.  Thus, it was derived that 

the surface structural properties for the selective catalytic reduction of nitro-organics could be 

significantly tuned by varying the shape of the Au-core and Ag-shell thickness. 

 

Chapter 4: Morphological and Physicochemical Properties of Ag-Au Binary 

Nanocomposites Prepared by Different Surfactants Capped Ag Nanoparticles: This chapter 

demonstrates the influence of surfactants of different chemical nature passivizing the Ag 

nanoparticles (Ag NPs) on the morphology and physicochemical properties of Ag-Au BM NCs. 

The Ag NPs were synthesized using: polyvinylpyrrolidone (PVP), 

cetyltrimethylammoniumbromide (CTAB) and Triton X-100 (TX), followed by the deposition of 

Au on their surface. TEM analysis revealed the formation of hollow Ag-Au shells (~15 nm) and 

mixed solid Ag-Au alloys (~20-25 nm) using PVP and CTAB-Ag NPs, respectively as the 

reaction template. In contrast, the porous-hollow aggregates of Ag-Au NCs (~16-22 nm) were 

evolved during the reaction between Au
3+

 and TX-Ag NPs due to the difference in reaction rates 

between the Au
3+

 ions and various surfactants capped Ag NPs. As a result, these diverse 

morphologies of BM NCs exhibited a significant variation in SP band, color, hydrodynamic size 
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and zeta potential as compared to their monometallic Ag NPs. For example, a SP band of PVP-

Ag NPs (488 nm) gradually red-shifted to 550 nm with the addition of Au
3+

 with notable color 

change from green to characteristic blue color indicating the composition change from Ag to Au 

rich. Therefore, the catalytic activity of various Ag-Au BM NCs was found to be ~2 times higher 

than the monometallic Ag NPs for the reduction of different nitro-aromatic compounds attributed 

to the electronic effect at Ag-Au interface and their morphology. 

 

Chapter 5: Comparative Co-catalytic Effect of Monometallic and Bimetallic Core-Shell 

Nanocomposites on Titania Photocatalysis by Visible Light: This chapter signifies that the 

BM coinage metal NCs deposited on TiO2 possess the ability to absorb visible light in a wide 

wavelength range and are also expected to display the new properties due to synergy between 

two distinct metals. As a result, they reveal highest level of activity than the monometallics 

deposited on TiO2. In this respect, the core@shell, (Cu@Ag and Ag@Cu), inverse core@shell 

(Cu@Au and Au@Cu) BM NCs and their monometallics modified TiO2 have been relatively 

investigated for the optical absorption, emission, charge carrier dynamics, surface structural 

morphology and photocatalytic activity under visible light irradiation. A significant blue-shift in 

the SP band of Cu@Ag and Cu@Au and a red-shift in Ag@Cu and Au@Cu with notable color 

change were observed due to their composition change and morphology. Further, the TEM 

analysis also revealed the formation of eccentric core-shell Cu@Ag and uniform core@shell 

Ag@Cu and Au@Cu BM NCs which were deposited on TiO2, evidenced by diffuse reflectance 

spectroscopy, EDX, photoluminescence and time resolved spectroscopy. The visible light 

irradiation on core@shell BM-TiO2 promoted ~3 times higher reduction of 3-nitroacetophenone 

and 1-chloro-3-nitrobenzene and ~2 times higher degradation of salicylic acid as compared to 

monometallic-TiO2. This can be attributed to decreased work function of resulting Cu-Ag and 

Cu-Au BM NCs (ca. 3.8-4.6 eV) relative to their individual particles (4.3-5.3 eV) which 

decreased the height of Schottky barrier created at core@shell BM-TiO2 heterojunction. As a 

result, this led to the efficient electron transfer from the BM NCs to TiO2, resulting in enhanced 

photocatalytic activity than the monometallic-TiO2.   
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Chapter 6: Influence of oxidative etching of Au nanostructures by KMnO4 on its surface 

morphology, electro-kinetic properties and improved catalytic activity: This section reports 

the impact of oxidative etching of Au NS and Au NR by KMnO4 on their surface morphology, 

electro-kinetic properties and catalytic activity. A significant blue-shift of the SP bands for Au 

NS (536 to 527 nm) and Au NR (679 to 532 nm) were observed, due to their size and shape 

alterations after oxidative dissolution. TEM analysis also revealed the formation of various 

irregular Au nano-morphologies such as spheres (~4-7 nm), low aspect ratio rods (2.6) and 

spheroids (~13 nm) of narrow size distribution after KMnO4 etching. As a result, the 

hydrodynamic diameter of Au NS (~41 nm) and Au NR (~109 nm) were reduced to ~4 nm and 

~34 nm, respectively. The oxidative dissolution of Au
0
 by KMnO4 occurred via its oxidation to 

Au
3+

 ions as confirmed by the measured electrode potential, E
0
(Au

0
/Au

3+
) = -0.90 V by cyclic 

voltammetry with significant increase in the zeta potential and conductance values. The etched 

Au NPs being smaller in size and of higher surface to volume ratio resulted in ~2 fold higher 

catalytic activities for the reduction of p-nitrophenol and p-nitrobenzoic acid as compared to bare 

unetched Au nanostructures. 
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     CHAPTER 1 

Introduction and Literature 

1.1 Background 

1.1.1 Metal Nanoparticles as Catalysts 

Metal nanoparticles (NPs) have attracted extensive interest in scientific research as well as 

industrial applications, owing to their unique electronic [1-4], optical and catalytic properties [5-

9], sensing [10-12], and surface enhance d Raman scattering (SERS) [13-15]. In nano size 

regime, the metal NPs exhibit a large fraction of surface atoms i.e., high surface to volume ratio 

[16] which increases the surface energy compared to bulk materials. In addition, the continuous 

band structure of metals becomes discrete and loses their metallic character, as the size of 

particle decreases due to quantum confinement effect [17]. As a result, the high surface to 

volume ratio and quantum size effect [18] gives NPs distinctly different properties from their 

bulk counterparts. Nanomaterials, therefore, refers to the class of materials having at least one 

of its dimension in the nanoscale (1-100 nm). Thus, the metal NPs are considered as the 

promising materials for catalysis in industries. For instance, the small clusters of Au were found 

to be catalytically active [19] in contrast to bulk Au because the exposed surface atoms were 50 

times more than its bulk material. As a result, the use of NPs as catalysts has increased 

exponentially as their properties and reactions are recognized. The metal NPs have been 

considered for both homogeneous (catalyst and reactants are in the same phase) as well as 

heterogeneous (catalyst and reactant are in different phase) catalysis. The major difference 

between these two systems is that the homogeneous catalyst is difficult to recover from the 

reaction medium [20] in contrast to heterogeneous catalyst. However, the homogeneous catalyst 

is used in a very minute quantity where every single catalytic entity acts as a single activity site 

[21]. This makes homogeneous catalyst more active and selective compared to traditional 

heterogeneous catalysts such as oxides or supported metal particles. Besides this, the catalytic 

performances of NPs are strongly dependent on the morphology i.e., size and shape of the 

particles. 

(a) Influence of Nanoparticles Size 

Literature reveals [22] that a particle of size 30 nm has 5% of its atoms on the surface, 10 nm has 

20%, and 3 nm has 50% exposed surface atoms which can efficiently participate in a chemical 



                                                                                                                Chapter 1 
 

2 
 

reaction as shown in Scheme 1.1a. Scheme 1.1b illustrates that when a bulk material is 

subdivided into individual NPs, the total volume remains the same, but the collective surface 

area would greatly increase and hence, intend to show a profound effect on catalytic 

performances. Therefore, the smaller particles are found to be more active owing to the large 

numbers of surface active atoms available for catalysis. The catalytic activity of metal NPs was 

reported [23] to increase with decreasing particle size for the reduction of nitro-aromatic 

compounds. Furthermore, a large number of coordinatively unsaturated surface atoms are 

associated with quantum sized particles which have rough surfaces and therefore, exhibit 

enhanced reactivity due to the effective chemisorption of the reactant molecules [24]. Ornelas et 

al. reported the higher hydrogenation of styrene using Pd NPs of smaller size due to the presence 

of uncoordinated sites on the catalyst surface [25].   

(b) Influence of Nanoparticles Shape  

Another important parameter which plays a key role in catalysis is the geometric shape of the 

nanocrystal [26-36]. Every shape has its own characteristic property, have varied number of 
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atoms on the corners and edges, dissimilar 

surface to volume ratio, high and low index 

planes, exposed crystallographic facets, etc. 

as shown in Scheme 1.2. The atomic 

arrangement within the spherical shape is 

quite different in comparison to rod or wire 

and hence, interacts with the substrate in a 

dissimilar manner and would result in diverse 

reactivities and selectivities. This gives rise to the possibility that the use of metal NPs of varied 

geometries could catalyze different reactions with different proficiency. For example, Xu et al. 

[37] observed that the Ag nanocubes were 14 times more reactive than the nanoplates, and 4 

times more active than spherical NPs for the oxidation of styrene. Similarly, Cuenya et al. [38] 

reported that the Ag nanocubes and nanowires with {100} facets display better selectivities than 

nanospheres (NS) composed of {111} facets for the selective epoxidation of ethylene. Narayanan 

et al. [26,30,39] examined the conversion of hexacyanoferrate (III) by thiosulfate ions using 

various shapes of Pt NPs which follow the sequence as Pt nanocubes < Pt nanospheres < Pt 

nanotetrahedra. In addition, the different morphologies like hollow or porous NPs tends to 

exhibit quite distinctive catalytic performances relative to their solid NPs. For example, Au 

nanocages and nanoboxes were reported [28] to be the superior catalysts than the solid Au NPs 

for a redox reaction.
 
  

1.1.2 Why Coinage Metal Nanoparticles?  

Among the various transition metals, the coinage metal NPs (i.e., Au, Ag and Cu) with 

fascinating optical, physicochemical and electronic properties [40-42] have become the subject 

of intense research. These metals owing to their brilliant luster, stability in air and water and anti-

fungi and anti-bacterial properties [43-46] were used to make ornaments, utensils, currency 

coins, medicines, colored window glass etc. since prehistoric times. However, with the advent of 

nanoscience, the size and shape dependent unique properties of nanoscaled noble metal materials 

[47] have been investigated for many applications. The study of coinage metal NPs is 

advantageous because they are noble and stable to oxidation. The colloidal solution of these 

noble metal NPs, show a very intense color and exhibit a characteristic absorption band in the 

visible region of the spectrum, called surface plasmon resonance (SPR) band [48-53] which is  
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absent from the bulk material. SPR is the optical feature of metal NPs and can be defined as the 

resonance energy produced, when the frequency of the incident light comes into resonance with 

the frequency of the oscillating conduction band electrons (e
-
) present on the metal NPs surface 

(Scheme 1.3). The electric fields of the incoming light polarize the free conduction e
-
 and hence, 

they oscillate under the influence of applied fields against the restoring force of the heavier 

positive core of a NP. As a result, a dipolar oscillation of the e
-
 is produced which is known as 

the surface plasmon (SP) band [48]. This resonance frequency can be easily determined from 

absorption spectroscopy and depends on a few factors such as particle size, shape and nature of 

the surrounding medium [48-54]. However, the SP band of many metals such as, Pt, Rh, Pb, In, 

Hg, Cd and Sn etc., lies in the UV part of the spectrum and do not exhibit any special color 

effects. But the coinage metals such as Au, Ag and Cu are exceptional and are also known e
-
 

banks that lend out e
-
 at the appropriate time, and store them for chemical species at other times.  

1.1.3 Need of Bimetallics over Monometallic Nanoparticles 

In recent years, the bimetallic (BM) NPs, composed of two different metal elements, have gained 

tremendous progress and interest [55-59] than their monometallic counterparts due to their 

fascinating physical and chemical properties, especially in catalysis. Since the catalysis depend 

upon the catalyst surface, the precise modification by introducing another metal element on the 
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catalyst surface could alter their catalytic performances (reactivities, selectivities, etc.). A variety 

of approaches have been investigated to prepare BM nanocomposites (NCs) including 

photochemical method, co-reduction of mixed metal ions, electrochemical reduction, successive 

reduction, galvanic displacement reaction, microwave-polyol method, etc. [60-67]. Malik et al. 

[60] reported a photochemical approach for the preparation of core@shell, Au@Ag BM NCs. 

The Au-Ag BM alloy NPs were prepared by the simultaneous reduction of the metal ions in the 

presence of an appropriate stabilizer, such as sodium citrate [68] whereas the core@shell BM 

NPs were reported to generate through the sequential reduction of the different metals, with well-

defined boundaries between them [69]. Sun et al. [61] reported the formation of Au-Ag 

nanoboxes due to the galvanic replacement reaction between Ag nanocubes and HAuCl4. The 

Au@Ag nanorods were synthesized by using Au nanorods (Au NR) as the template [64] with 

different shell thickness of Ag resulting in color change of the solution from light gray to green 

to bluish green to purplish red depending upon the amount of Ag. Tsuji at al. synthesized Au-Ag 

BM NPs under oil-bath heating in ethylene glycol at 150 ºC [66] and Au@Ag [67] and Au@Cu 

[70] nanocrystals by microwave-polyol method. 

The difference in catalytic performances between a BM and monometallic catalyst can be 

explained through electronic or a ligand effect [71-73], where an electronic charge transfer 

process takes place at the interface of two metals, resulting in the change of net e
- 
density at the 

surface of BM NCs. Besides this, the new geometries of active sites are also formed [74,75] due 

to the incorporation of second metal on the surface of first metal, called the ensemble or 

geometric effect. For example, S. Tokonami et al. [76] performed glucose oxidation using Ag-

Au BM NPs and reported that the activity was 18 times higher than that of monometallic Au NPs 

under the same conditions. Zhang et al. [77] reported the higher catalytic activity of Au@Ag 

having higher rate constant, k= 0.18 min
-1

 than the corresponding monometallic Au (k=0.019 

min
-1

) and Ag NPs (k=0.069 min
-1

) for the reduction of p-nitrophenol to p-aminophenol by 

NaBH4. Similarly, the Au-Ag alloy BM NPs were also observed [78] to be highly active during 

the reduction of p-nitrophenol than their monometallic NPs. The Au-Pd, Au-Pt and Au-Ag [79] 

BM NPs showed a higher glucose oxidation of 9230, 14200, and 14900 mol glucose h
-1

 mol 

metal
-1

, respectively, than the monometallic Au NPs (4020 mol glucose h
-1

 mol metal
-1

). The Ag-

tipped Au NRs exhibited superior catalytic activity [80] than the Au@Ag NRs and Au NRs, due 

to their distinctive morphology and electronic effect between the Ag and Au metals. Monga et al. 
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[81] studied that the core@shell, Au@Ag and inverse core@shell, Ag@Au BM NCs exhibited 

higher catalytic activity for the reduction of different nitro-aromatic compounds than their 

monometallic NPs as described in Chapter 2. 

The physical and chemical (reactivities, selectivities, etc.) properties of BM NCs can be 

well tuned by varying the constituting materials, composition, nature of core, shell thickness, 

morphology (size and shape), the core to shell ratio, etc. For example, the styrene oxide 

selectivity was reported [82] to be 76.6% using Ag/Cu supported on alumina with molar ratio of 

3/1 than 66.9%, 65.6% and 20.4% by Ag/Cu (1/1), Ag/Cu (1/0) and Ag/Cu (0/1), respectively, 

for the epoxidation of styrene. In the hydrodechlorination of p-chlorophenol [83], the AgPdx (x = 

2, 4, 6, 9, 19) showed pronounced composition dependent catalytic activities, leading to the 

AgPd9 catalyst with excellent activity. Fu et al. [84] studied the impact of shell thickness on 

Au@Ag NR, where the refractive index sensitivity and figure of merit increased with Ag shell 

thickness, but decreased when Ag shell became too thick due to the change of shape from rod to 

non-regular. The Au/Ag-dendrimer NCs with a 1:1 Au/Ag metal ratio showed the highest 

reactivity [85] as compared to other metal ratios (3:1, 1:3) and to pure Ag and Au. Wang et al. 

[86] showed that the activity of Ag-Pt NWs was highly enhanced over monometallic 

nanostructures, and was optimized by a low Pt loading of 1.34 at.%, which indicated a catalytic 

role of the inter-metallic interface for the e
-
 transfer. The control of the shape of BM NCs also 

allows the various physico-chemical properties to be tuned because of the anisotropy effects. The 

electrochemical activity of Au@Pd of different shapes tetrahexahedra, concave octahedra and 

octahedral were investigated [87] for the oxidation of ethanol and found that the tetrahexahedra 

nanocrystals with high index {730} facets exhibited the best electrocatalytic activity. Au-Ag 

octahedral NPs of size (> 100 nm) with Ag shell-thickness of 22.5-37 nm displayed a higher 

catalytic reduction [88] of nitroarenes than the nanocubes of the same material. Khlebtsv et al. 

[89] investigated the better SERS response of the Au@Ag cuboids due to the uniform packing 

and more efficient generation of electromagnetic hot spots, as compared to the Au@Ag 

dumbbell. Monga et al. [90] revealed that the catalytic reduction of 1,3-dinitrobenzene by the 

anisotropic core@shell Au@Ag NR produced a highly selective formation of 3-nitroaniline 

relative to 1,3-phenylenediamine by bare Au NR, Au nanospheres (Au NS) and Au@Ag NS as 

explained in Chapter 3.  
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The introduction of a second metal element on the surface of the first metal element or 

monometallic NPs leads to the surface modification and hence, changes the functionality, 

dispersibility and stability of BM NCs. These resulting BM NCs have a distinctive type of 

binding properties with reactants as compared to the individual metal NPs. As a result, an extra 

stabilization of the transition state during the bonding between BM NCs and the reactants can be 

attained in contrast to the respective interaction with the monometallic NP [91]. In addition to the 

above properties, the cost of the catalyst can also be reduced, by coating a less noble metal with a 

more noble metal and, thereby, dropping the consumption of expensive metal compared to the 

same sized pure metal. Colloidal NPs can also act as a sacrificial template for the formation of 

hollow or porous BM morphologies which possess increased surface area, low densities [92-95] 

and show promising applications in drug delivery, nanosized chemical reactor, catalysis, and 

nanomedicine, etc. [94,96-99]. Hollow Pt/Ag nanostructures have been found [100] to catalyze 

the degradation of Rhodamine B as efficiently in the presence of KBH4 than that of Ag NS. Rao 

et al. [101] gave ~2 times higher catalytic efficiency of Ag-Pd hollow NPs embedded in PVA 

thin films than Ag NPs by its application in Suzuki-Miyaura reaction. Recently, the enhanced 

localized surface plasma response (LSPR) and SERS response of Agcore-AgAuframe nanocubes 

was reported [102], where, upon the etching of Ag-core served as an active catalyst for reduction 

of p-nitrophenol. Monga et al. [103] reported the higher catalytic activity of various hollow, 

porous and alloy Ag-Au BM NCs resulted from the different surfactants capped Ag NPs for the 

different nitroarenes reduction, ascribed to their morphology as explained in Chapter 4. 

 

1.2 Research gap 

BM NCs with controlled morphologies and composition have exhibited superior properties and 

broader applications in comparison to their monometallic counterparts. In recent years, the 

research towards the variety of BM NCs with diverse combinations of metals and morphologies 

have been developing and reported. Despite this fast progress in the exploration of BM NCs, 

challenges still remain in the following directions:  

 (a) The synergistic electronic effect at the interface of the two metals in BM NCs enhances its 

catalytic efficacy. As a result, they have the potential to exhibit higher catalytic activity and other 

functionalities by continual tuning through the different combinations of metal elements (Au-Ag, 

Au-Cu, Ag-Cu, etc.) and the composition of the constituents. Therefore, how the nature of 
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metals, shell-thickness and shape affect the reactivity and selectivity during the catalytic process 

and TiO2 photocatalysis is an emerging field of research. The core particle is prepared by the 

reduction of metal salt (M1) which acts as a seed for the deposition of shell (M2) in the presence 

of suitable stabilizer, and the shell thickness is varied by changing its molar ratio with respect to 

the core as shown in Scheme 1.4. Similarly, the inverse core@shell structures are prepared by 

reversing the metal salts (Scheme 1.4). In this way, the functionality of core@shell BM NCs 

changes by changing the shell thickness and nature of metals due to the change in the electronic 

or geometric properties of a parent monometallic NPs. Therefore, these nanostructures have 

potential to exhibit higher catalytic activity and selectivity.        

(b) The monometallic NPs are used as a sacrificial template for the formation of hollow BM NCs 

which are still under investigation due to their exceptional properties attributed to higher surface 

areas and lower densities. Infact, the chemical dissolution can lead to the nanochannels 

formation, which can offer more bonding sites for the transport of reactant and products. So, 

these metallic hollow NPs can be useful in selective organic transformations. Since the 

core@shell BM NCs are generally prepared via seed mediated process, therefore, the surfactants 

capping the monometallic NPs i.e., seed, may affect the coating of second metal on the resulting 

morphology, which may give rise to solid alloys, hollow or porous BM NCs of unique 

properties.  

(c) The etching of monometallic NPs by chemical or photo-etching process can lead to the 

narrowing of the NP size by their fragmentation into smaller sizes or transformation into a new 
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shape. This could result in the formation of particles having a higher surface exposed atoms and, 

thereby, enhanced optoelectronic and physiochemical properties.  

(d) Furthermore, there is a need to explore the surface or interfacial phenomenon (zeta potential)  

arising due to the electronic effect at the interface across the two metals or the interface of the 

core and the shell. The variation in the values of zeta potential determines the electrostatic 

repulsion or attraction between the NPs which decides the stability and net charge on the surface 

of NPs. The zeta potential measurements for the monometallic NPs have been observed by 

various research groups. However, there is no report available on the zeta potential measurement 

of coinage BM NCs. Besides this, the particle size distribution is also expected to vary from 

monometallic NPs to core@shell BM NCs. Therefore, the zeta potential  and particle size 

distribution as a function of nature of metal, core-size, shell thickness needs to be focused in 

finding an optimum catalytic activity of BM nanostructures.   

 

1.3 Objectives 

Keeping in view the above points, the following objectives have been designed: 

(i) Preparation of bimetallic/core@shell of coinage metals (Au, Ag and Cu). 

(ii) Optimization of optical properties, electrokinetic parameters (i.e., zeta potential, 

conductance) and particle size distribution as a function of nature of metal. 

(iii) Study of the effect of chemical or photo-etching (laser) on nanostructures and their 

morphology. 

(iv) Study of catalytic activity for reduction of nitro organics. 

 

1.4 Methodology 

1.4.1 Preparation of Coinage Bimetallic Nanocomposites 

Preparation of coinage (Au, Ag and Cu) BM NCs from their precursor metal salts can be divided 

into following parts: co-reduction, successive reduction and galvanic displacement reaction. BM 

NPs can have either core@shell, alloy, or hollow type of morphology depending upon the 

synthetic method adopted during their preparation. 
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(a) Co-reduction: This is a relatively simple method that involves the simultaneous reduction of 

the metal ions in their atomic form in the presence of suitable stabilizer giving rise to alloy BM 

NPs as shown in Scheme 1.5. For example, BM Au-Ag alloy NPs were prepared by the co-

reduction of Au
3+

 and Ag
+ 

metals
 
in the presence of sodium citrate [68].  

(b) Successive reduction: This method is usually carried out to prepare core@shell BM 

nanostructures. The deposition of one metal (referred as shell) on a preformed NP of another 

metal (referred as core) seems to be very effective. For this purpose, monometallic NP is pre-

synthesized and then second metal precursor is introduced into NPs solution which acts as a seed 

for the deposition of the second element as shown in Scheme 1.6.     

(c) Galvanic Displacement Reaction: It is a powerful method to produce hollow BM    

nanostructures. This comprises the usage of metal NPs having lower reduction potential and 

hence, serve as a sacrificial template for the incoming metal ions with higher reduction potential. 

As a result, the metal NP template is oxidized with the simultaneous reduction of incoming noble 

metal ions onto the surface of the template giving rise to hollow NCs (Scheme 1.7). These NCs 

may form smooth or rough surface depending on the reaction conditions, composition, capping 

agent used, etc. 
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1.4.2 Preparation of Monometallic-TiO2 and Core@Shell Bimetallic-TiO2 Nanocomposites 

The composites of as-synthesized monometallic as well as BM with TiO2 were prepared by the 

wet impregnation method in which the total metal mass percentage of NCs were kept fixed with 

respect to TiO2. In this method, TiO2 was dissolved in an aqueous or organic solution and then, 

the  NPs solution was added to a catalyst support. The catalyst was dried and treated with heat to 

drive off the volatile components within the solution, depositing the metal NPs on the catalyst 

surface. 

     

1.5 Characterizations 

Various sophisticated instrumental techniques have been used to characterize the NPs and NCs 

to get an idea of their size, shape, morphology, surface area, physicochemical properties, etc. 

which are listed below.   

1.5.1 UV-Vis Spectrophotometer 

UV-Vis spectroscopy is a technique used to quantify the light that is absorbed and scattered by a 

sample. Coinage metal NPs possess the optical properties that are dependent on their 

morphology, aggregation, refractive index and the concentration of particles, which makes this 

technique a valuable method for the identification and characterization of these nanomaterials. 

The NPs strongly interact with a specific wavelength of light which results in the promotion of 

an e
-
 to a higher energy level and hence, an absorption peak. The analysis was done on 

Analytikjena Specord 205 instrument by taking ~2.5 mL colloidal NPs solution in a quartz 

cuvette within the range of 190-1100 nm. 

1.5.2 Diffuse Reflectance Spectrophotometer  



                                                                                                                Chapter 1 
 

12 
 

Diffuse Reflectance Spectrophotometer (DRS) was used to determine the reflectance/absorption 

of as prepared bare and monometallic and BM NCs modified TiO2 in the UV-Vis region, and for 

the determination of the band gap (Eg) between the valence band (VB) and conduction band 

(CB) of the powdered samples. The analysis was carried on Avantes Diffuse Reflectance 

Spectrophotometer. The sample (2-5 mg) 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. Band gap calculations of as prepared samples were done by using Tauc equation 

[88,89]. 

αhν = A(hν – Eg)
n

           (1.1) 

A = constant; h = Planck’s constant; υ = frequency of light; Eg = band gap; n = type of e
-
 

transition process (n = ½ for direct allowed and n = 2 for indirect allowed transitions); α = 

absorption coefficient of the material. As TiO2 is the indirect band gap semiconductor, hence the 

band gap was determined by extrapolating the linear portion of the plot of (αhν)
2
 versus hν. 

1.5.3 Photoluminescence measurement 

Photoluminescence (PL) technique deals with the electronic transitions from the excited state to 

the ground state (relaxation process) complementary to UV-Vis spectroscopy. In other words, PL 

is a very sensitive method to understand the electron-hole (e
-
-h

+
)
 
recombination property of a 

particular substance. Perkin Elmer LS55 Spectrofluorimeter was used to analyze the 

recombination properties of photogenerated species of synthesized NCs. For analysis, 1mg/mL 

aqueous or ethanol dispersion of as-prepared samples were photoexcited at 225-300 nm with the 

emission range of 300-900 nm and slit width of 2.5:5.    

1.5.4 Time Resolved Spectroscopy  

Time resolved spectroscopy measures the time that an e
-
 stays in its excited state following 

excitation with a laser pulse in bare TiO2 and monometallic and core@shell BM modified TiO2 

NCs. The time resolved photoluminescence spectra was measured by time-correlated single 

photon counting (TCSPC) set up by Edinburgh FL920 model at room temperature on excitation 

with diode lasers at 390 nm in ethanol suspension. The sample was prepared by making a thick 

paste of TiO2 powder (~50 mg) and monometallic/BM-TiO2 NCs with a few drops of ethanol to 

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

pulsation and an average lifetime was recorded and calculated using the following equation [90]. 

 a1 + a2                                              (1.2)/(2حa2 + 1حa1) = avح      
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where, a1 and a2 denote the amplitude of band edge excitonic and trapping state emission, 

respectively. 

1.5.5 Dynamic Light Scattering  

Dynamic Light Scattering (DLS) is a technique used to determine the hydrodynamic size of NPs 

which have been dissolved in suspension or solution. The particle size distribution was 

determined by using a Brookhaven 90 plus Particle Size Analyzer by taking 2.5-3 mL of 

dispersed NPs solution in a cuvette. The Brownian motion of small particles in suspension 

causes the laser light to be scattered at different intensities. By measuring the time scale of these 

light intensity fluctuations, DLS can yield information regarding the average size or size 

distribution of particles in solution.       

1.5.6 Zeta Potential measurement 

When the NPs are suspended in an aqueous medium, the adsorption or ionization of ions takes 

place on the NPs surface, which leads to the formation of an electrical double layer resulting in 

the development of net charge, called zeta potential (ح). Therefore, zeta potential is an important 

tool for understanding the state of NP surface and also predicts the long term stability of the NPs. 

The measurements were carried out by means of Brookhaven Zeta Plus at 25 ºC using a cuvette 

comprising a palladium electrode mounted on a machine support immersed in 1.5-2 mL of NCs 

solution. 

1.5.7 Energy Dispersive X-ray Spectroscopy 

Energy Dispersive X-ray (EDX) Spectroscopy was used for the elemental analysis or chemical 

composition of the selected points or areas of the sample qualitatively and semi-quantitatively. 

This technique was used as an attachment on scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM) and utilizes the high-energy e
- 

that are ejected by an 

elastic collision of an incident e
-
 with sample’s atom nucleus and are referred to as backscattered 

e
-
. The yield of backscattered is in proportional to the atomic number of an element and 

therefore, the sample composition, elements and compounds, and their relative ratios in the area 

of one micrometer in diameter are determined using this technique. This EDX analysis was 

carried on JEOL JSM-6510LB.  

1.5.8 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) is used to identify finest structural details of individual 

particles and their statistical size and shape distribution in the samples. In this technique, a beam 
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of e
-
 is transmitted through the sample and due to this interaction an image is formed, then 

magnified and focused onto an imaging device. High resolution transmission electron 

microscopy (HR-TEM) becomes a valuable technique due to its high magnification by which 

lattice fringes of materials can be clearly seen. The electron diffraction in TEM can be described 

analogously with X-ray diffraction by Bragg’s equation where the selected area electron 

diffraction (SAED) of a sample area provides information about the lattice constants, 

crystallographic orientation and lattice type. In this research, low magnification TEM      

Hitachi-7500 of 20-200 kV voltage with 2.4 A˚ resolution and High Resolution-TEM (HR-

TEM) of 120 kV with 2 A˚ resolution, operating on JEOL, JEM 2100 was used to investigate 

the morphology of all the samples. All the samples prepared in an aqueous solution were 

dropped on copper grids for their analysis, which was carried out at various sophisticated 

laboratories such as IIT Bombay, Panjab University, Chandigarh, and NIPER, Mohali, Punjab, 

India. 

1.5.9 Cyclic Voltammetry 

The cyclic voltammetry (CV) studies are used to determine the electrochemical properties of an 

analyte in solution, which measures the current in an electrochemical cell when voltage is 

applied in excess. This was performed with DY2300 potentiostat (Digi-Ivy) comprising of 

Ag/AgCl as the reference electrode, platinum wire and platinum as the counter electrode and the 

working electrode, respectively, immersed in an analyte solution.   

1.5.10 Potentiometer Titration 

It is a technique similar to direct titration of a redox reaction, where potential is measured across 

the analyte with the addition of titrant. The potentiometric titration was performed with an 

Equiptronics Eq-602 potentiometer comprising of calomel electrode and platinum as the 

reference and working electrode, respectively, immersed in an analyte solution. The overall 

electrode potential is calculated as: 

E (half equivalence) = E
0

(M
+
/M) – E

0
(calomel)         (1.3) 

E
0

(M
+
/M) = E (half equivalence) + E

0
(calomel)         (1.4) 

where,  E
0

(M
+
/M) = electrode potential of analyte 

E (half equivalence) = electrode potential at half equivalence point 

E
0

(calomel) = electrode potential of calomel electrode 
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1.6 Catalytic Activity 

The catalytic performances of coinage monometallic as well as BM NCs were carried out by the 

reduction of various nitro-aromatic compounds (Table 1.1). In a typical reaction, the requisite 

amount of the ice-cold NaBH4 solution was added to an aqueous solution of nitro-aromatic 

compounds followed by the addition of calculated amount of NCs (Scheme 1.8). The reduction 

reaction was examined at regular intervals of time by measuring their absorption spectra and the 

products were further quantified using a high-performance liquid chromatography (HPLC). The 

reaction intermediates were investigated by gas chromatography mass spectrometry (GC-MS).           

 

1.7 Photocatalytic Activity 

The photocatalytic activity of TiO2 modified with monometallic and core@shell BM NCs was 

performed for the reduction of nitro-aromatic compounds (3-nitroacetophenone, 3-nitrobenzoic 

acid) and degradation of salicylic acid under visible light irradiation. A 250 W halogen lamp 

served as the visible light source which has high stability and an intense coverage of a wide 

spectrum in the range of 400-1100 nm. The experiments were carried out in a Pyrex tube 

containing substrates and catalysts under visible light illumination provided through a probe (0.7 

cm) of optical fiber (1 m × 1.4 cm) at a distance of 1 cm over the surface of reaction mixture in 

the test tube as shown in Scheme 1.9. The reaction mixture was analyzed after filtration 

withcellulose filter 0.22 μm at fixed time of interval with UV-Visible spectrophotometer and 

HPLC. 

 

 



                                                                                                                Chapter 1 
 

16 
 

 

Table 1.1. Nitroaromatics studied for catalytic reduction by monometallic and their bimetallic 

nanocomposites 
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1.8 Reaction Analysis 

1.8.1 UV-Vis Spectrophotometer 

The time course studies of the catalytic reactions were monitored by measuring their absorption 

spectra using Analytikjena Specord 205 instrument at regular intervals of time by taking 3 mL 

of filtered reaction sample in a quartz cuvette within the range of 190-1100 nm.       

1.8.2 High-Performance Liquid Chromatography  

High-performance liquid chromatography (HPLC) is a powerful tool employed to analyze the 

formation of different compounds during the reaction process. In this research, the analysis or the 

separation of the components of the reaction mixture were carried out by using Agilent 1120 

Compact LC equipped with a column of Qualisil BDS C-18 (250 mm × 4.5 mm, 5 µm). The 

mobile phase used for the analysis was methanol: water (70:30) with a flow rate of 1 mL/min at 

254 nm for the detection of the 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. 
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1.8.3. Gas Chromatography Mass Spectrometry  

Gas Chromatography Mass Spectrometry (GC-MS) technique was used to get the structural 

information of the various reaction intermediates and the products formed during the progress of 

the reaction. The spectra were measured by Shimadzu GC 2010 and MS QP 2010 Plus 

equipped with a column of RTX-5 Sil MS (30 m × 0.25 mm i.d.). The reaction solution (5 mL) 

obtained after reaction, was subjected to centrifugation, filtration (cellulose filter 0.22 μm), and 

then evaporated to dryness over rota-evaporator. The left residue was dissolved in acetonitrile (5 

mL) and then injected (1 μL) by using a 10 μL syringe for GC-MS analysis. The injection 

temperature was 270 °C, injection mode was split less and electron ionization detector with 

temperature 310 °C, oven temperature was 100 °C, and carrier gas was helium with flow rate 1 

mL/min.  
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2.1 Introduction 

The bimetallic (BM) nanocomposites (NCs) composed of two different metals are more 

significant than the monometallic ones due to their distinctive electronic and optical properties, 

superior catalytic activity, high selectivity and stability emanating from bi-functional or 

synergistic effects [1-4]. The unique properties of BM NCs over monometallic counterparts can 

be attributed to the; (i) electronic effect or ligand effect [5-7], where the electronic property of 

surface atoms in the host metal element can be varied by charge transfer between two metals, 

and (ii) an ensemble or geometric effect [8], where the substrate interact with both the metal 

elements and result in a new catalytic property. In the past, much progress has been made in the 

synthesis of BM NCs following a range of synthetic strategies, including co-reduction, galvanic 

replacement, thermal decomposition, seeded growth, photochemical, successive reduction, 

microwave, template, and electrochemical deposition methods [3,9-16]. They can adopt either 

core@shell or alloy structures depending upon the synthetic approach employed [17,18]. The 

core@shell NCs are more attractive owing to the ability to increase the functionality and stability 

of NPs by monitoring the nature of core and shell and compositions. Moreover, the lattice 

mismatch between the core and shell material may induce the interfacial strain which has been 

shown to enhance catalytic rates in dual-metal systems. For example, core@shell Au@Pt 

exhibited enhanced electrocatalysis for oxygen reduction reaction [19]. The Au@Pd 

heterostructures served as effective catalysts for catalyzing a Suzuki-coupling reaction [20].
 
  

 Among BM systems, the coinage metals (Au/Ag) nanostructures have been extensively 

explored due to their facile synthesis techniques, tunable surface plasmon (SP) band in the 

visible region, similar face centered cubic (FCC) crystal structure and lattice constants (a = 0.479 

nm; Au and 0.486 nm; Ag), where Ag shells can be epitaxially formed in Au cores or vice-versa. 

Many NCs of Au-Ag, Au-Cu, Ag-Cu, Au-Pd, Cu-Au, and Cu-Pd, etc. [13,14,21-26]
 
of different 

morphologies have been reported. Xia et al. recently synthesized core@shell nanocubes of 

Au@Ag with controllable shell thicknesses [27]. The Au@Ag NCs of different shapes e.g., 

octahedron, cube, decahedron, rod, wire, and icosahedrons using microwave-polyol method 

[12,28,29] were prepared.
 
Pal et al. reported [30] the surface enhanced Raman spectroscopy 

(SERS) activity of core@shell (Au@Ag) and reverse core@shell (Ag@Au) NCs using β-

Cyclodextrin. By changing the nature of the core, shell-thicknesses and the core/shell ratio, the 

surface properties and catalytic activity of Au@Ag NCs can be manipulated to be a consequence 
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of different work functions of two metals. Since, the electronic distribution of both Au and Ag is 

different; the catalytic activity of shell atoms (Ag) can be electronically affected by the core 

atoms (Au) and vice-versa. Moreover, the coating of Au nanoparticles (NPs) core by Ag (shell) 

or reverse alters the surface properties of NPs surface and hence its dispersion in liquid which 

governs the electro-kinetic properties i.e., Zeta-potential. Consequently, this work demonstrates 

the influence of Au@Ag and Ag@Au NCs on the optical properties, surface electro-kinetics and 

catalytic activity for model organic synthesis, as a function of their morphology, the nature of the 

core and shell thickness relative to their monometallic counterparts. 

 

2.2 Experimental  

2.2.1 Materials 

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

hydroxide (NaOH), polyvinylpyrrolidone (PVP, (C6H9NO)n), trisodium citrate (Na3C6H5O7), 

nitrobenzene (C6H5NO2) and 1,3-dinitrobenzene (C6H4N2O4) were obtained from Loba Chemie, 

India. Silver nitrate (AgNO3) was purchased from Fischer Scientific, India. 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 a measured conductivity above 35 mho cm
-1

 at 

25 ºC. 

2.2.2 Preparation of Core@Shell Au@Ag and Inverse Core@Shell Ag@Au Nanocomposites  

The citrate-stabilized Au nanospheres (Au NS) and Ag nanospheres (Ag NS) were prepared as 

reported [31-33] elsewhere. In brief, a solution of HAuCl4.3H2O or AgNO3 (70 µL, 0.1 M) 

dissolved in water was injected into pre-heated aqueous solution of trisodium citrate (14 mL, 1.6 

mM) at 100 ºC. After 20 min, the solution turned wine-red for Au and yellow for Ag, indicating 

the formation of corresponding metal NPs in the solution (pH = 6.1-6.2). The resulting washed 

citrate-capped Au NS (0.8 mL) solution was diluted with PVP (4 mL, 1 wt%) into which 

different amounts of AgNO3 aqueous solution (10-30 µL, 0.01 M) were added. This was 

followed by adding ascorbic acid (0.1 mL, 0.1 M) and then NaOH (0.2 mL, 0.1 M) to initiate the 

deposition of the Ag shell at alkaline pH (pH = 10.0-10.2) resulting in the formation of Au@Ag 

NCs [11,13]. Similarly, the inverse core@shell NCs (Ag@Au) were synthesized by taking pre-

synthesized citrate-capped Ag NS as the core (demonstrated above). For each set of Ag NS (0.8 

mL) mixed with PVP (4 mL, 1 wt%) and ascorbic acid (0.1 mL, 0.1 M), different amounts of 
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HAuCl4
-
 aqueous solution (10-30 µL, 0.01 M) were added with simultaneous stirring resulting in 

the formation of Ag@Au NCs (pH = 4.7-5.0). The prepared BM NCs were then washed with 

distilled water by centrifugation (8000 rpm for 5 min) and re-dispersed in water. 

2.2.3 Characterization 

The core@shell NCs were characterized using a UV-Vis spectrophotometer (Analytica Jena 

Specord 205), transmission electron microscope (TEM, Hitachi 7500, 2 Å, 120 kV), and an 

energy dispersive X-ray (EDX). High-resolution TEM images and selected area electron 

diffraction (SAED) patterns were taken using a FEI Technai F20 transmission electron 

microscope. The hydrodynamic size distribution of different NCs dispersed in water was 

determined using a Brookhaven 90 plus Particle Size Analyzer at 25 ºC using cumulant fitting. 

The zeta potential (ح) was studied by taking 1.5 mL of NCs solution in a cuvette consisting of 

the palladium electrode mounted on a machined support using Brookhaven zeta plus at 25 ºC. 

2.2.4 Catalytic Activity  

The comparative study of catalytic activity of core@shell BM (Au@Ag and Ag@Au) NCs and 

their monometallic NPs was carried out by the reduction of nitrobenzene (NB) and 1,3-

dinitrobenzene (DNB). In a typical reaction, ice-cold NaBH4 solution (100 µL, 0.01 M) was 

added to 5 mL nitro-organic compounds (1 mM) and then a calculated amount of NCs was 

added. The reaction was monitored by measuring the absorption spectra at regular intervals of 

time (λmax of NB = 270 nm and λmax of DNB = 240 nm) and the products were further quantified 

using HPLC and GC-MS analysis. 

  

2.3. Results and Discussion 

The monometallic Au NS and Ag NS were prepared by reducing Au and Ag metal ions with 

citrate ions and then, their BM core@shell Au@Ag and Ag@Au NCs were obtained by 

deposition of varying amount Ag and Au ions over these as-prepared Au and Ag nanospheres, 

respectively. The resultant change in their surface structural morphology and various 

physicochemical properties including catalytic activity were comparatively investigated by 

different characterization techniques as below.  
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Fig. 2.1. Effect of (a-b) AgNO3 (10-30 µL, 0.01 M) deposition onto Au nanospheres, and (c-

d) HAuCl4.3H2O (10-30 µL, 0.01 M) deposition onto Ag nanospheres for the observed  

variation in the surface plasmon band and their respective color changes. 

 

2.3.1 Optical Properties 

 

The characteristic surface plasmon (SP) band of Au NS (529 nm) blue-shifted to a broad peak at 

447 nm and 419 nm of increased intensity upon addition of Ag
+
 ions (10-20 µL, Fig. 2.1a) 

accompanied by the color change from wine red to pink to orange as seen in Fig. 2.1b. This 

indicated some morphological change in which Au NS was used as a seed for the controlled 

reduction of Ag
+ 

and, thereby, deposition of Ag-shell over the Au-core as observed from the 

absorbance measurements. With the progressive addition of Ag
+
 ions (30 µL), a sharp absorption 

band corresponding to 408 nm having a yellow color appeared. At this point, the incident light 

could only penetrate Ag shell of a certain thickness and could not reach Au cores to excite its e
-
 

[27]. The atomic ratio for the deposition of varying amount of Ag
+
 ions (10-30 µL, 0.01 M) on 

the surface of Au NS were calculated  to be 0.2-0.7 as shown in Table 2.1. Therefore, it is  
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Table 2.1. Calculations of the amount of Au and Ag atoms in core@shell Au@Ag 

nanocomposites. 

 

presumed that Au NS are completely covered by Ag giving rise to core@shell, Au@Ag NCs of 

different shell-thickness. These results are in good conformity with the reported blue shifting of 

the SP band for Au NS from 520 nm to 438 nm and 402 nm with increasing Ag-shell thickness. 

In contrast to Au NS, the SP band of Ag NS (480 nm) gradually decreased and became broader 

with a peak position shifting to longer wavelengths, 490 nm to 508 nm and 550 nm, through the 

increasing addition of HAuCl4
-
 ions (Fig. 2.1c). This observation is consistent with the report 

where, the formation of hollow Ag-Au NCs takes place via replacement of Ag by Au [34]. Due 

to the progressive galvanic replacement reaction, Au is deposited on NPs surface and the cavity 

size in hollow particles increases with reaction resulting in a red-shift [35]
 
in the SP band of 

hollow Ag-Au NCs. This morphological transformation was further evidenced by the color 

change from yellow to light orange to purple and blue as shown in Fig. 2.1d. Similarly, the 

calculated atomic ratios for the deposition of HAuCl4
- 
ions (10-30 µL, 0.01 M) on the surface of 

Ag NS were 0.2-0.7.   

2.3.2 Electro-kinetic Parameters 

When NPs are dispersed in an aqueous solution, there is adsorption or surface ionization of 

cations or anions, which results in the formation of electrical double layer leading to the 

development of new surface charge measured by Zeta potential (ζ). Here, the measured zeta 

potential of unwashed citrate-capped Au NS (-22.5 mV) and Ag NS (-28.79 mV) was found to 

be negatively charged probably due to the presence of surface adsorbed and free citrate ions in 

their aqueous suspension. However, after washing with de-ionized water, the zeta potential of 

bare Au NS (-6.13 mV) and Ag NS (-5.74 mV) was notably reduced (Fig. 2.2)
 
[36].

 
The citrate 

capped-Au NS and Ag NS are probably stabilized through steric repulsions as reported [37-40],  
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Fig.  2.2. Electro-kinetic parameters of (a) Au nanospheres, and (b) Ag nanospheres after 

deposition of AgNO3 and HAuCl4.3H2O (10-30 µL, 0.01 M), respectively. 

 due to the presence of coordinated/adsorbed citrates along with dangling citrate species which 

are not in direct contact with the metal surface of Au or Ag NPs. As a result, intermolecular 

interactions take place between the absorbed citrate and dangling citrate anion by ‒COOH 

hydrogen bonds and hence forms citrate multilayer on the NPs surface. This provides steric 

repulsion [37] between citrate layers present on the adjacent NPs, and help in NPs dispersion 

stability in solution. 

 The zeta potential for BM Au@Ag and Ag@Au NCs was measured in their aqueous 

medium having core: shell atomic ratio = 1:0.2, 1:0.5, and 1:0.7 as calculated in Table 2.1. The 

Ag
+ 

deposition on the Au NS surface led to the positive (+30.3 mV) surface charge indicating the 

bare Au NS are chemically modified through the absorbed charged Ag-shell as shown in Fig. 

2.2a. Further, it was observed that the zeta potential became more positive (+40.7 mV to +57.8 

mV), probably due to the increasing Ag-shell thickness with gradual addition of Ag
+
. In case of 

Ag NS, the surface charge became more 

negative [36] (-13.35 mV to -20.13 mV) 

after progressive addition of HAuCl4
- 

as 

shown in Fig. 2.2b. This charge alteration 

might be due to the electron (e
-
) charge 

donation from Ag with low ionization 

potential (7.58 eV) to Au with high ionization potential (9.22 eV) [41-43]
 
as depicted in Scheme 
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Fig. 2.3. DLS particle size distribution after deposition of 10-30 µL (0.01 M) (a) AgNO3 over 

Au nanospheres, and (b) HAuCl4.3H2O over Ag nanospheres. 

 

 

 

 

 

2.1. This results in the accumulation of positive charge on Ag-shell and negative charge on Au-

shell in case of Au@Ag and Ag@AuNCs, respectively, as evidenced by the above results in 

agreement with the previous report [43].  

2.3.3 Particle Size Distribution 

The coating or deposition of second metal (shell) on core NPs may lead to the change in the 

particle size of bare NPs. Therefore, the measurement of hydrodynamic size distribution of 

different BM NCs dispersed in water was carried out where; the samples were lighted with 635 

nm solid state laser ranged between 15 to 150 mW. The scattered light was detected at an angle 

of 90
◦ 
with

 
an avalanche photodiode detector. Here, the Au-core of particular size (25 nm) was 
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Fig. 2.4. Autocorrelation functions, C(ح) of (a) bare Au 

nanospheres, (b-d) core@shell Au@Ag nanocomposites, (e) 

bare Ag nanospheres, and (f-h) core@shell Ag@Au 

nanocomposites. 

 

used for the deposition of an Ag layer of varying thickness as a function of concentration of Ag
+
 

ions. The Ag
+
 ions are first 

adsorbed on the surface of Au 

NS, which then undergoes 

reduction in the presence of a 

weak reducing agent, ascorbic 

acid, so that the reduction 

takes place on the surface of 

existing metallic surfaces. 

Subsequently, the resultant 

NCs may lead to the 

increment of size compared to 

bare NPs (Scheme 2.2) due to 

the growing thickness of Ag-

shell irrespective of the Au-

core size which can be 

evidenced by the DLS particle 

size distribution [44]. It 

revealed that the average 

hydrodynamic diameter of Au 

NS (25 nm) upon addition of Ag
+
 exhibited an increase in particle diameter (31 nm) signifying 

the successful coating of Ag layer on Au NS as shown in Fig. 2.3a. Further, the successive 

addition of Ag
+
 onto Au NS, resulted in a progressive increase in particle diameter (41 nm to 62 

nm) indicating the Ag-shell growth of higher thickness depending upon its added concentration. 

Similarly, Fig. 2.3b shows that the average hydrodynamic diameter of Ag NS (21 nm) upon 

addition of different amount of HAuCl4
-
 led to the gradual increase in particle diameter (33 nm to 

58 nm). The Ag NS acts as a sacrificial template for the growth of Au layer and resulted in the 

formation of hollow Ag-Au alloy of increased cavity size due to the galvanic displacement 

reaction as depicted in Scheme 2.2. The observed hydrodynamic diameter was found to be 

greater than the TEM size due to the adherence of the hydration layer on the NPs surface while 

estimating the size by DLS. The NPs in liquid undergoes a random Brownian motion which 
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Fig. 2.5. TEM images of (a) Au nanospheres, and (b-d) core@shell 

Au@Ag nanocomposites of varying Ag-shell thickness (ca. ~3-10 nm). 

 

 

 

 

 

 

fluctuate the scattered light of the DLS with respect to time intensity and this fluctuating signal is 

converted to autocorrelation function, C(ح), where, ح is the time delay. As depicted in Fig. 2.4, 

the C(ح) decayed more rapidly for small particles than for the larger particles. This is because the 

larger size of the diffusing particle corresponds to slower diffusion and hence, the larger width in 

the autocorrelation function [45-47]. It was observed that the C(ح) broadened (Fig. 2.4) with the 

increase in the Ag/Au shell thickness with respect to bare monometallic Au/Ag NS 

corresponding to an increase in the hydrodynamic size (25 to 62 nm in case of Au@Ag NCs and 

21 to 58 nm in case of Ag@Au NCs). 

2.3.4 Morphological Studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TEM analysis revealed that the bare Au NS of diameter = 10-16 nm (Fig. 2.5a) served as a seed 

for Ag growth on its surface. The gradual addition of Ag
+ 

on pre-synthesized Au NS led to a 

coating of an Ag layer of thickness ~3-4 nm as shown in Fig. 2.5b,c. This is in good agreement 
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Fig. 2.6. HRTEM image of core@shell Au@Ag nanocomposites. 

 
with the structural configuration of core@shell, i.e., Au@Ag NCs where the dark core is 

attributed to Au and light shell corresponds to Ag. The Ag shell was observed to become thicker 

(~8-10 nm), diffused and non-uniform with the addition of higher amount of Ag
+
 ions giving rise 
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Fig. 2.7. (a) HRTEM image, and (b) SAED pattern of core@shell Au@Ag nanocomposites. 

 

           

 

 

 

 

 

Fig. 2.8. EDX pattern of core@shell (a) Au@Ag, and (b) Ag@Au nanocomposites. 

 

to irregular shape (diameter ~20 nm) as seen in Fig. 2.5d. These observations are in accordance 

with the reports, where Ag coating becomes anisotropic with increasing thickness of Ag shell 

and the shape of Au nanorods approached being a non-regular [14,48]. The HRTEM image of 

the as- prepared Au@Ag NCs of size ~14-19 nm with a thickness of Ag shell ~2-3 nm is shown 

in Fig. 2.6a,b. The measured fringes spacing are 2.3 Å and 1.4 Å, which corresponded well with 

the (111) plane of the FCC Au (2.355 Å, Fig. 2.6c) and (110) plane of Ag (1.44 Å, JCPDS card 

no. 04-07484, inset of Fig. 2.6c), respectively. Similarly, another HRTEM and the SAED pattern 

(Fig. 2.7) of the Au@Ag NCs confirmed the planes (110) of Ag and (111) of Au NPs. These 

results indicated the presence of both Au and Ag supporting the formation of Au core with Ag 

shell as suggested by the previous report [49]. Further, the elemental analysis also confirmed that 

both the Au and Ag are present in Au@Ag NCs as shown in EDX spectra, Fig. 2.8a. 
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Fig. 2.9. TEM images of (a) Ag nanospheres, (b-d) core@shell Ag@Au nanocomposites 

obtained by deposition of HAuCl4.3H2O (10-30 µL, 0.01 M), and (e) SAED pattern obtained 

from image-(c). 

 On the other hand, the different morphology of Ag NS was observed via the galvanic 

displacement reaction between Ag NS and HAuCl4
- 

as seen in Fig. 2.9. The bare Ag NS 

(diameter = 10-11 nm, Fig. 2.9a) was uniformly coated with an Au-layer (thickness = ~2.9 nm) 

upon treatment with lower amount (10 µL) of HAuCl4
- 
as noted in Fig. 2.9b. With increasing Au 

content, the Ag particles are oxidized into Ag
+
 ions due to the higher reduction potential of 

Au
+3

/Au (0.99 V) than Ag
+
/Ag (0.80 V). As a result, the growth of Au layer on the surface of Ag 
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Fig. 2.10. Changes in absorption spectra of nitrobenzene (0.2 mM) reduction by NaBH4 (a) 

in the absence of nanoparticles, and (b) in the presence of Au nanospheres. 

 

template takes place leading to the formation of Ag-Au alloys (Fig. 2.9c) of diameter ~10-12 nm. 

The difference in the rates of diffusion of Ag atoms outward and that of AuCl4
-
 ions inward 

started the formation of hollow spaces (~5 nm) to produce Ag-Au alloy nanorings (diameter = 

13-15 nm, Fig. 2.9d) with increased cavity size as reported by many groups [10,35,50]
 
in which 

the different shapes (cubes, spheres, wires, etc.) of Ag-Au BM NCs are prepared. The resulting 

hollow NCs were observed to compose of both metals as evidenced by the presence of Ag and 

Au in EDX analysis (Fig. 2.8b). Further, the SAED pattern supported the existence of the planes 

(111) of Au and (110) of Ag particles as depicted in Fig. 2.9e [51].  

2.3.5 Catalytic Activity 

The absorption spectra for the reduction of NB (270 nm) to aniline (AN) by NaBH4 exhibited 

insignificant changes in the absence of Au NS up to 120 min as shown in Fig. 2.10a. However, 

with the addition of Au NS (size = 10-16 nm), the reaction rate was accelerated and the 

absorption band intensity corresponding to NB at 270 nm was gradually reduced with the 

simultaneous evolution of new absorption band at 234 nm, characteristic of the AN formation  

(Fig. 2.10b). The time course studies (Fig. 2.11a) displayed that the Au@Ag and hollow Ag-Au 

alloy NCs exhibited higher yield of AN i.e., 50% and 72%, respectively, within 15-30 min as 

compared to bare Au NS (42%) and Ag NS (20%) within 40-50 min. The superior catalytic 

activity of BM NCs can be explained due to the modification of the electronic structures 
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Fig. 2.11. (a) Time course graph of aniline formation from the reduction of nitrobenzene by 

different monometallic and core@shell bimetallic nanocomposites, and (b) Changes in 

absorption spectra during the reduction of 1,3-dinitrobenzene by NaBH4 in the presence of Au 

nanospheres. 

 

[2,52,53]
  
in two metals which results in broader d-band shifted towards the Fermi-level. This is 

in agreement with the report [54]
 
where the polyelectrolyte multilayer supported Au@Ag (k= 

0.18 min
-1

) NCs showed higher catalytic activity for the reduction of p-nitrophenol to p-

aminophenol by NaBH4 than the corresponding monometallic Au NS (k=0.019 min
-1

) and Ag 

NS (k=0.069 min
-1

) due to synergistic effect. BM synergistic effect exhibits a dramatic 

improvement in catalytic activity and selectivity in contrast to monometallic counterparts [3,48]. 

The introduction of second metal (shell) over the surface of another metal NP core leads to the 

structural change and formation of boundaries two metal atoms. Consequently, an electronic 

charge transfer occurs between two metals leading to a change in the e
-
 density on the resultant 

BM NPs which may promote the reduction process more efficiently [41,42].     

The effect of e
-
 withdrawing group on rate of reduction was studied by carrying out the 

reduction of DNB to 3-nitroaniline (NA) and phenylenediamine (PDA) by core@shell NCs of 

varying shell-thickness. The reduction process led to the decrease in absorption spectra of DNB 

(240 nm) with the progressive rise of peak at 285 nm corresponding to a PDA (Fig. 2.11b). But 

the quantitative analysis (HPLC, Fig. 2.12) revealed the formation of other minor product also 

i.e., NA along with PDA. Fig. 2.13a shows that the yield of PDA was increased to 70% with the 

addition of Ag
+
 (10 µL) to Au NS (Au1@Ag0.2) in contrast to monometallic Au NS (45%). 

However, the further increase in the Ag amount (20 and 30 µL) on Au-core i.e., Au1@Ag0.5 
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Fig. 2.12. HPLC chromatogram of (a) mixture of authentic 1 mM 1,3-dinitrobenzene, 3-

nitroaniline and phenylenediamine, and (b) reaction product obtained after 10-18 min of 

reduction of 1,3-dinitrobenzene  by core@shell Au1@Ag0.2 nanocomposites. 

  

 

 

 

 

 

 

 

Fig. 2.13. Amount of 3-nitroaniline (NA) and 1,3-phenylenediamine (PDA) produced from 1,3-

dinitrobenzene (DNB) reduction by Au and Ag nanospheres and core@shell (a) Au@Ag, and 

(b) Ag@Au nanocomposites. 

 (PDA = 52%) and Au1@Ag0.7 NCs (PDA = 48%), respectively, dramatically decreased the  

catalytic activity. This can be ascribed to the weaker electronic effect between distant Au-core 

and Ag-shell, resulting from growing Ag-shell thickness. Ataee-Esfahani et al. [55] even 

reported that the Pt surface cannot work well as an electro-active surface for methanol oxidation 

with higher Pt/Au molar ratio or without an Au core. On the other hand, the catalytic reduction 

by Ag NS to the growing amount of HAuCl4
-
 (10-30 µL) showed progressive increase in PDA 

yield as seen in Fig. 2.13b. The hollow Ag-Au alloy (PDA = 82%) exhibited highest catalytic 
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Fig. 2.14. Gas chromatograph of reaction product obtained after reduction of 1,3-

dinitrobenzene by (a) Au nanospheres, (b) Ag nanospheres, (c) Au@Ag nanocomposites, and 

(d) hollow Au-Ag alloy. 

 

activity among the various core@shell Ag@Au NCs (PDA = 61-64%) and bare Ag NS (PDA = 

36%) due to their increased surface areas and reduced densities. In this, the inner surface of the 

hollow shell may provide more bonding sites for the chemical reaction [56-59]. In addition, the 

different arrangement of Ag and Au in the catalysts (either as core or shell) also played a role in 

affecting the catalytic efficiency due to which Ag@Au NCs exhibited better catalytic activity 

than Au@Ag NCs [38]. This is because the electronic charge could transfer from Ag-core to Au-

shell in view of their ionization potential, leading to an increase in e
-
 density on directly exposed 

Au NPs surface to the solution promoting the reduction more efficient as reported earlier [42,53]. 

Further, GC-MS analysis of reaction product obtained after reduction of DNB with NCs, 

qualitatively evidences the formation of PDA, Rt = 11.4 and 12.1 min (1 and 2) and NA, Rt 

=14.6 and 15.3 min (4 and 6) from DNB, Rt = 14.0 and 14.7 min (3 and 5) as noted in Fig. 2.14. 

The mass spectrum (Fig. 2.15) showed the peak at m = 108 for 1 and 2 and m = 138 for 4 and 6 

compounds confirming the PDA and NA formation. The other peak at m = 168 for 3 and 5 

compounds corresponding to DNB was also observed due to its incomplete conversion. Among 

DNB and NB, the higher reduction rate was found in DNB probably due to the reason that the 

insertion of the second ‒NO2 group (e
-
 withdrawing group) into NB might lower the e

-
 density on 

other ‒NO2 group favoring rapid conversion of ‒NO2 into ‒NH2 group. Hence, the conversion of 
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Fig. 2.15. Corresponding mass spectrum of Fig. 2.14. 

 
 nitro-aromatic compounds to their respective products enhanced by ~2 times using BM NCs in 

contrast to their monometallic counterparts. Therefore, through the optimization of shell-

thickness and nature of the core, the catalytic efficiency can be enhanced for the other reduction 

processes. 

 

2.4 Conclusions 

In summary, the variation of optical, surface electro-kinetics and catalytic properties of BM NCs 

relative to their monometallic counterparts have been studied as a function of the nature of 

coinage metal core as well as shell-thickness. The shell thickness on core NPs can be easily 

tuned by controlling the concentration of starting precursor solutions. These prepared BM NCs 

always exhibited significantly higher catalytic activity than their monometallic counterparts 

attributed to the synergism and the e
-
 charge transfer at the interface of two metals. However, by 

changing the morphology from solid Au@Ag to hollow Ag-Au BM NCs displayed the higher 

catalytic performance due to their more bonding sites available for the chemical reaction. 
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Therefore, the selectivity and yield of the products for the reduction of nitro-aromatic 

compounds can be tuned as a function of metal composition and morphology of the coinage BM 

NCs.  
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Au-Ag Bimetallic Nanocomposites for Enhanced 

Physicochemical Properties 

 

 

 

 

 

 

     



                                                                                                                 Chapter 3 
 

46 
 

3.1 Introduction 

Bimetallic (BM) alloys and core@shell nanocomposites (NCs) composed of two different 

metals, have received considerable attention [1-4]
 
as compared to their respective monometallic 

nanoparticles (NPs) due to superior physicochemical, optical and catalytic properties. These are 

attributed to the synergistic effects [5] which include electronic [6,7] and an ensemble effect [8],
 

induced by the interaction of two metals. Since the catalytic activity is highly dependent on the 

catalyst surface structure, the deposition of another metal on the surface of another could alter 

the interface energetic and electron (e
-
) transfer process; hence influencing the selectivity and 

yield of a catalytic reaction. Among BM systems, Au-Ag BM NCs have been widely 

investigated [3,9-18] because of their strong absorption in the visible region, stability, easy 

synthesis and similar crystal structure. Moreover, the interaction of the atomic energy level of the 

Au (6s
1
 4f

14
 5d

10
) and Ag (5s

1
 4d

10
) at the Au-Ag interface may result in the formation of wider 

d-band, moved towards the Fermi-level due to the atomic re-hybridization. It was reported that 

the spherical Ag/Au BM NCs exhibited ~18 times higher activity than Au NPs for glucose 

oxidation [19] and a higher rate constant for the reduction of p-nitrophenol was found [20] for 

core@shell Au@Ag (k= 0.18 min
-1

) than their monometallic NPs (k = 0.019-0.069 min
-1

). 

Hence, the chemical and physical properties of BM NCs can be tuned as a function of the nature 

of metals, composition, shape, size and shell thickness to be a consequence of the different 

electronic and chemical properties of Au as well as Ag.  

As the anisotropic shapes, i.e., nanorods, triangular and cubical NPs are known to offer a 

distinct fraction of atoms at the edges and corners that are more active than symmetric shapes 

and hence, can be be better suited [21-23] for a selective catalytic reaction. The catalytic 

reduction of  aromatic nitro compounds gives aromatic amines, which are used in the synthesis 

of many fine chemicals, herbicides, pesticides, dyes and pigments [24,25]. One of the 

industrially important reduction reactions is the conversion of 1,3-dinitrobenzene (DNB) to the 

products of nitroaniline (NA) and 1,3-phenylenediamine (PDA). The reduction of DNB is 

generally carried out by disulfides [26], metal acid systems [27], Fe, Zn, Sn, Au-Ni alloy, Au/Pt-

Al2O3, Pt/TiO2, Fe2O3 and ZrO2 etc. catalysts [28-31] under harsh experimental conditions such 

as high pressure (23-24 atm) and temperature (373-473 K) and toxic solvents. However, this 

paper deals with the usage of homogeneous catalysts in a very minute quantity which offers the 

effective utilization of atoms. Therefore, a distinct selectivity [32] was exhibited as a function of 
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specific modification of the catalyst in aqueous medium under ambient temperature and pressure 

conditions. The coating of Au nanospheres/nanorods core by the Ag shell of different thickness 

could change the interfacial property and effective electronic charge [33,34]. This may affect the 

interaction of reactants over the nanocatalyst’s surface and, thereby, tailoring the catalytic 

performances of Au-Ag binary NCs. Consequently, this work signifies the influence on optical, 

surface electro-kinetics, and catalytic properties of different shapes of Au-core and varying 

thickness of Ag-shell relative to monometallic Au nanostructures. 

 

3.2 Experimental  

3.2.1 Materials 

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

hydroxide (NaOH), polyvinylpyrrolidone (PVP, (C6H9NO)n), nitrobenzene (C6H5NO2) and 1,3-

dinitrobenzene were (C6H4N2O4) attained from Loba Chemie, India. 

cetyltrimethylammoniumbromide (CTAB, C19H42BrN) and Silver nitrate (AgNO3) were 

purchased from Sigma Aldrich and Fischer Scientific, India, respectively. All the chemicals were 

used without any further purification. De-ionized water was obtained using a Milli-Q, Millipore 

ultra-filtration system with a measured conductivity of above 35 mho cm
-1

 at 25
◦ 
C.  

3.2.2 Preparation of Au Nanospheres and Au Nanorods 

The Au nanospheres (Au NS) and Au nanorods (Au NR) were synthesized by a seed-mediated 

method as reported [35,36] elsewhere. The Au seed solution was prepared by reducing the 

aqueous mixture (8 mL) containing HAuCl4.3H2O (500 µL, 0.01 M) and trisodium citrate (1.47 

mg, 2.5 × 10
-4

 M) by NaBH4 (600 µL, 0.1 M). Then, the Au seeds (ca. 5 mL) were added into the 

growth solution comprising CTAB (9.5 mL, 0.08 M), HAuCl4.3H2O (1.5 mL, 0.01 M) and 

ascorbic acid (50 µL, 0.1 M) which gave rise to wine-red color of spherical Au NPs. However, 

for the preparation of Au NR, 500 µL of above seed solution was added into 25 mL of the 

growth solution containing CTAB (920 mg), HAuCl4.3H2O (1.25 mL, 0.01 M), AgNO3 (225 µL, 

5 mM) and ascorbic acid (200 µL, 0.1 M). This resulted in the appearance of violet colored 

solution indicating the formation of Au NR. These Au NPs were repeatedly washed with de-

ionized water using centrifugation machine at 8500 rpm for 5-10 min and re-dispersed in de-

ionized water. 

3.2.3 Preparation of Core@Shell Au@Ag Bimetallic Nanocomposites 
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The resulting CTAB-capped Au NS and Au NR solution (0.8 mL) was dispersed into an aqueous 

solution of PVP (4 mL, 1 wt. %) separately into which varying amount of Ag
+ 

ions (10-30 µL, 

0.01 M) were added. After this, a weak reducing acid i.e., ascorbic acid (0.1 mL, 0.1 M) in the 

presence of NaOH (0.2 mL, 0.1 M) was added in order to start the coating of the Ag shell at the 

alkaline pH (pH = 10.2-10.4) giving rise [11,13]
 
to Au nanospheres@Ag (AuNS@Ag) and Au 

nanorods@Ag (AuNR@Ag) NCs. The prepared core@shell NCs of different shapes i.e., NS and 

NR obtained by adding different amounts (10, 20 and 30 µL) of Ag
+
 ions are abbreviated as 

AuNS@Ag10/20/30 and AuNR@Ag10/20/30 NCs, respectively, and were washed with de-

ionized water under centrifugation (8000 rpm for 5 min) and re-dispersed in water.  

3.2.4 Characterization 

The as-prepared BM NCs were characterized by UV-Vis spectrophotometer (Analytica Jena 

Specord 205), Transmission electron microscopy, TEM (Hitachi 7500, 2Å, 120 KV) and an 

energy dispersive X-ray (EDX) analysis. High-resolution TEM (HRTEM) and selected area 

electron diffraction (SAED) analysis of BM NCs were done by using a FEI Technai F20 

transmission electron microscope. The hydrodynamic diameter of different BM NCs was 

measured by using a Brookhaven 90 plus Particle Size Analyzer using cumulant fitting. The zeta 

potential (ح) measurement was done by taking 1.5 mL of NCs solution in a cuvette using 

Brookhaven zeta plus at 25
 ◦
C.  

3.2.5 Catalytic Activity  

The catalytic activity of different shapes of Au@Ag NCs in comparison to their monometallic 

NPs was carried out by the reduction of nitrobenzene (NB) and 1,3-dinitrobenzene (DNB) at 

room temperature by keeping the number of particles and other conditions same in all cases. In a 

typical reaction, NaBH4 solution (100 μL, 0.01 M) was added into nitro-organic compound 

solution (5 mL, 1 mM) and then, calculated or fixed amount of different NPs (6.75 × 10
15

 atoms) 

were added. The reaction process was monitored by measuring the absorption spectra (λmax. of 

NB ~ 270 nm and λmax. of DNB ~ 240 nm) at regular intervals of time and the products were 

further quantified by HPLC.  

3.2.6 Calculation of the amount of Au atoms in Au Nanospheres 

For the preparation of Au NS, 1.5 mL of the Au
+3

 (0.01 M, HAuCl4.3H2O) in growth solution 

and 5 mL of the seed solution that contains 2.9 mg and 0.58 mg of Au, respectively, was reduced 

to Au NPs. These NPs were washed and finally dispersed in 25 mL of water that contain 3.4 mg 
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of Au. Hence, 1 µL of Au NP solution contains 1.4 × 10
-4 

mg Au that was converted to number 

of Au atoms. Similarly, further calculations are given below: 

25 mL (25,000 µL) of Au NS solution contains                                                 3.4 mg Au  

2 mL (2000 µL) of Au NS solution contains                                          0.27 mg Au 

2 mL Au NS contains                              6.75 × 10
17 

atoms 

1 µL Au NS contains                                                                                              1.3 × 10
-4 

mg Au 

1 µL Au NS contains                                                                                             3.36 × 10
14 

atoms 

20 µL Au NS contains                  6.75 × 10
15 

atoms 

 

Similarly, the number of atoms for the other NCs (Au NR, AuNS@Ag and AuNR@Ag) was 

calculated. The number of atoms was fixed to 6.75 × 10
15 

atoms in order to determine the 

catalytic activity under the same conditions. 

 

3.3 Results and Discussion 

3.3.1 Optical Properties  

The typical SP band of Au NS at 529 nm was blue-shifted to broader peaks at 500 nm and 419 

nm of higher intensity, after the addition of Ag
+
 ions (10 and 20 µL, Fig. 3.1a), respectively, 

accompanied by the color variation from wine red to pink to orange as displayed in Fig. 3.1b. 

This specified the modification of the surface of Au NS due to the partial encapsulation of Ag-

layer on the Au-core. Further, increasing the Ag
+
 ions (30 µL) addition, a sharp SP band at 400 

nm appeared and the color changed to yellow. Here, the photons of incident light could only 

reach the outer Ag shell of a certain thickness [37] and could not penetrate the Au cores to 

stimulate its e
-
. Therefore, it was assumed that the Au NS were completely enclosed by Ag 

coating forming the core@shell AuNS@Ag NCs of different shell-thickness in good conformity 

with the report [38], where the SP band of Au NS (520 nm) was gradually blue-shifted to 438 nm 

and 402 nm with growing thickness of Ag-shell. The atomic ratio for the coating of different 

amount of Ag
+ 

ions (10-30 µL, 0.01 M) on the surface of Au NS was calculated to be 0.2-0.6. 
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Fig. 3.1. Effect of different amounts of AgNO3 (10-30 µL, 0.01 M) deposition onto (a-b) Au 

nanospheres, and (c-d) Au nanorods for the variation in the surface plasmon band and their respective 

color changes. 

                                      

Table 3.1. Calculations for the amount of Au and Ag atoms in bare Au nanorods and core@shell 

AuNR@Ag nanocomposites. 
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Similarly, the characteristic longitudinal surface plasmon (LSP) band at 700 nm and 

transverse surface plasmon (TSP) band at 538 nm of Au NR gradually blue-shifted to 505 nm 

and 403 nm, respectively, after Ag
+
 (10-20 µL) deposition as shown in Fig. 3.1c. With the 

increasing amount of deposited Ag
+
 (30 µL) ions, a new peak at 412 nm appeared along with a 

shoulder peak at 522 nm probably due to non-uniform and unsymmetrical deposition of Ag layer 

on Au NR particles. This finding was consistent with the reported results [14] where coating of 

Ag
+
 on the anisotropic Au NR led to the formation of orange like-shape. Here, the calculated 

atomic ratios for the deposition of Ag
+
 ions (10-30 µL, 0.01 M) on the surface of Au NR were 

0.2-0.7 (Table 3.1). Further, this morphological change was evidenced by a notable color 

transformation from violet to blue to brown and orange as seen in Fig. 3.1d verifying the 

core@shell AuNR@Ag NCs formation. 

3.3.2 Particle Size Distribution  

The deposition of second metal on the surface of monometallic NPs may modify the overall 

particle size distribution of BM NCs which can be measured by the DLS particle size distribution 

[39]. It was found that the hydrodynamic diameter of Au NS (28 nm) changed to 30 nm after 

coating of 10 μL Ag
+
 ions. Further coating of Ag

+
 ions (20-30 μL) caused a gradual increment in 

the particle diameter from 36 nm to 42 nm due to the gradual growth of Ag-shell thickness on Au 

NS (Scheme 3.1) as shown in Fig. 3.2a. Similarly, the hydrodynamic diameter of Au NR (49 nm) 

subsequently increased to 52 nm to 55 nm and 69 nm with 10-30 μL of Ag
+ 

ions (Fig. 3.2b) 

coating. The measured hydrodynamic diameter was observed to be larger than the TEM size due 
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Fig. 3.2. DLS particle size distribution after different amount of AgNO3 (10-30 µL, 0.01 M) 

deposition onto (a) Au nanospheres, and (b) Au nanorods. 

  

 

 

 

 

 

 

 

Fig. 3.3. Variation of electro-kinetic parameters after different amount of AgNO3 (10-30 µL, 

0.01 M) deposition onto (a) Au nanospheres, and (b) Au nanorods. 

 

to the adherence of the hydration layer on the surface of NCs during the size measurement by 

DLS. 

3.3.3 Electro-kinetic Parameters  

When the NPs are dispersed in an aqueous solution, the formation of electrical double layer at 

the NPs surface takes place owing to the surface adsorbed cationic or anionic species, leading to 

the development of new surface charge called Zeta potential (ζ). As a result, ζ value of a bare Au 

NS (+26.04 mV) and Au NR (+22.4 mV) were measured to be positive [40,41] due to the 
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Fig. 3.4. TEM images of (a) bare Au nanospheres, and (b) core@shell bimetallic AuNS@Ag 

nanocomposites. 

 

presence of cationic surfactant, CTAB on their surfaces. The deposition of Ag
+ 

on the Au NS 

surface made the surface more positive (ζ = +30.07 mV) indicating that the bare Au NS are 

chemically transformed through the absorption of Ag layer as in Fig. 3.3a. Further, the zeta 

potential of AuNS@Ag was measured to be more positive (+40.7 mV to +57.7 mV) with the 

increasing Ag
+
 ions addition. Similarly, in case of AuNR@Ag, the zeta potential enhanced 

(+22.4 mV to +43.9 mV) [42] after an increased amount of Ag
+ 

deposition as revealed in Fig. 

3.3b. This charge variation might be ascribed to the e
-
 charge transfer from Ag having low 

ionization potential (7.58 eV) to Au having high ionization potential (9.22 eV) [7,19]. 

Consequently, the electronic charge transfer takes place from Ag in the shell to Au in the core, 

leading to the increase of positive charges on the Ag-shell as supported by the above results as 

reported [7]. 

3.3.4 Morphological Studies 

TEM analysis showed that the bare Au NS of size = 8-10 nm (Fig. 3.4a) acted as a seed for the 

deposition of Ag on its surface and gradually gave rise to a homogeneous formation of a Ag 

layer (AuNS@Ag NCs) having thickness of ~2 nm (Fig. 3.4b). This result was in conformity 

with the reported [38,43] core@shell AuNS@Ag NCs, where the darker portion corresponds to 

the Au core and lighter shell is ascribed to Ag metal. With the addition of higher amount of Ag
+
 

ions, the Ag shell became thicker (~8-11 nm), asymmetric, diffused and non-uniform (Scheme 
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Fig. 3.5. TEM images of (a-b) core@shell bimetallic AuNS@Ag nanocomposites of 

different Ag-shell thickness (~2-11 nm), (c) HRTEM of core@shell bimetallic AuNS@Ag 

nanocomposites, and (d) SAED patterns obtained from image (c). 

 

3.1), giving an irregular shape to the NCs of size ~20-25 nm (Fig. 3.5a and b). The HRTEM 

image of AuNS@Ag NCs of size ~20-25 nm with a Ag shell thickness of ~2-3 nm is shown in 

Fig. 3.5c and the observed fringe spacing, 1.4 Å and 2.3 Å, corresponded well with the (110) 

plane of the FCC Ag (1.44 Å) and the (111) plane of the FCC Au (2.355 Å, JCPDS card no. 04-

07484) respectively. Further, the SAED pattern (inset, Fig. 3.5d) of AuNS@Ag NCs evidenced 

the planes (111) and (200) of Au and (201) and (100) of Ag NPs. These results strongly support 

the formation of core@shell AuNS@Ag as proposed by the previous report [44].  
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Fig. 3.6. TEM images of (a) bare Au nanorods, and (b) core@shell bimetallic AuNR@Ag 

nanocomposites. 

 
           It displayed that the bare Au NR (Fig. 3.6a) of size = 15-23 nm × 6 nm was coated with a 

semi-transparent layer of Ag (~3 nm), after addition of Ag
+
 ions (10 µL) (Fig. 3.6b). The 

thickness of Ag shell was further increased to ~6-20 nm toward the lengthy direction with the 

increased amount (20-30 µL) of Ag
+ 

addition
 
(Fig. 3.7a-e). As a result, the shape of the NR 

approached to the spherical form of size = ~20-25 nm (Scheme 3.1) as observed in Fig. 3.7b-e. 

Similar report [14,33] was also
 
found, where the Ag coating became diffused with growing Ag 

shell-thickness, and the shape of Au NR grew into an irregular and asymmetric nature. Further, 

the SAED pattern evidenced the presence of both the Au and Ag particles corresponding to the 

planes of (111), (200) and (110), (004) and (104), respectively, as depicted in Fig. 3.7f. 

3.3.5 Catalytic Activity  

The relative catalytic activity of Au NS, Au NR and their core@shell (Au@Ag) BM NCs was 

carried out for the reduction of nitrobenzene (NB) to aniline (AN) by NaBH4. The time course 

graph (Fig. 3.8a) displayed that the reduction of NB to AN formation was increased to 53% 

(within 25 min) by Ag layer deposition on Au NS (AuNS1@Ag0.2) in comparison to 

monometallic Au NS (34%, within 55 min). In contrast, the yield of AN was increased to 60% 

(within 20 min) by AuNR1@Ag0.2 as compared to bare Au NR (41%, within 35 min) due to the  
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Fig. 3.7. TEM images of (a-e) core@shell bimetallic AuNR@Ag nanocomposites of 

varying Ag-shell thickness (~6-20nm), and (f) SAED patterns obtained from image (a).  

 BM synergistic effect as depicted in Fig. 3.8b. However, the NB reduction significantly 

decreased with further growth of Ag layer over Au NPs (from 47% to 14%) as seen in Fig. 3.8. It 

revealed that the thickness of Ag-shell deposited on Au NPs core i.e., composition plays an 

important role in reduction efficiency and lengthy Au NR exhibits higher catalytic activity than 

spherical Au NPs. 

          In addition, the reduction of DNB to NA and PDA by different Au@Ag NCs of different 

shapes and Ag layer thickness was carried out. The absorption maximum of DNB at 241 nm was 

decreased after the reduction process, with the simultaneous increase in peak at 285 nm 

corresponding to the PDA formation (Chapter 2, Fig. 2.14). However, the HPLC quantitative 

analysis (Fig. 3.9) showed the formation of NA along with PDA. Fig. 3.10 displays that the  
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Fig. 3.8. Time course graph of aniline (AN) produced during the catalytic reduction of 

nitrobenzene (NB) by (a) bare Au nanospheres and core@shell AuNS@Ag nanocomposites, 

and (b) bare Au nanorods and core@shell AuNR@Ag nanocomposites. 

 
 

 

 

 

 

 

 

 

Fig. 3.9. HPLC chromatogram of reaction product obtained after reduction of 1,3-

dinitrobenzene (1mM) by (a) AuNS1@Ag0.2, and (b) AuNR1@Ag0.2 nanocomposites. 

 

 

distribution of DNB reduction products i.e., NA and PDA and their yield and selectivity varied 

as a function of the shape of the monometallic NPs core and the Ag-shell thickness on Au NS 

and Au NR catalysts. It revealed that the PDA was obtained as a major product having yield 76% 

during DNB reduction by AuNS1@Ag0.2 NCs catalyst relative to monometallic Au NS (45%) 

and Ag NS (16%), and further, PDA yield decreased to 52-48% because of increasing Ag shell 

layer thickness (Fig. 3.10a). However, the lengthy elongated Au NR exhibited a considerable 
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Fig. 3.10. Amount of 3-nitroaniline (NA), 1,3-phenylenediamine (PDA) produced from 

reduction of 1,3-dinitrobenzene (DNB)  by (a) bare Au and Ag nanospheres and core@shell 

AuNS@Ag nanocomposites, and (b) bare Au and Ag nanorods and core@shell AuNR@Ag 

nanocomposites. 

 

amount of PDA formation (64%) as compared to Au NS (45%) under the same reaction 

conditions as observed in Fig. 3.10b. Interestingly, when Ag layers of different thickness (3-6 

nm) was deposited over the Au NR surface, the selectivity and yield of DNB reduction products 

significantly altered in contrast to bare Au NR and AuNS@Ag NCs. Fig. 3.10b showed that NA 

formation (65-74%) was always a major product obtained by AuNR@Ag NCs as compared to 

the PDA formation (Fig. 3.10a) by bare Au NS (45%), bare Au NR (64%) and AuNS1@Ag 0.2 

NCs (76%) as is seen in Scheme 3.1 demonstrating the essential role of synergistic effect of Au-

Ag interface [3,45,46] on the catalytic activity of BM nanocatalyst.  

Generally, the reduction of ‒NO2 to ‒NH2 occurs by the hydride ions transfer from BH4
-
 

to nitro-aromatic compounds adsorbed over the NCs surface [47-49], which in turns depends 

upon the available surface area of NCs [21,50]. Therefore, the selectivity of NA formation for 

the reduction of DNB by AuNR@Ag relative to PDA formation as the major product by 

AuNS@Ag, Au NS and Au NR could be attributed to the per-particle surface area and rate of 

hydride ions transfer [51,52].  
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Table 3.2. Calculations for surface area of bare Au nanospheres and core@shell AuNS@Ag. 

 

 

 

 

 

 

 

 

 

 

Table 3.3. Calculations for surface area of bare Au nanorods and core@shell AuNR@Ag. 
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The per-particle surface area [21,53] of AuNR@Ag (188 nm
2
) was found to be ~6 times lower 

than the AuNS@Ag (1256 nm
2
) and ~2 times lower than the Au NR (433 nm

2
) and Au NS (314 

nm
2
) (calculated from TEM images, Table 3.2 and 3.3). As a result, the extent of hydride ions 

and DNB molecule adsorption over AuNR@Ag might be lesser than the other NCs (Scheme 

3.2), which is the rate determining step [54]. Therefore, inadequate transfer of hydride ions takes 

place to DNB molecules over AuNR@Ag NCs leading to the partial reduction to NA formation 

as the major product (Scheme 3.2). The other plausible reason for the difference in selectivity of 

NA and PDA over AuNR@Ag and AuNS@Ag, respectively, can be ascribed to the exposed 

crystallographic orientation of planes (Fig. 3.5d and 3.7f) determined by the shape of the catalyst 

[55]. The (100)-bounded AuNS@Ag exhibited complete reduction of DNB to PDA to the 

maximum extent due to its more reactivity than the AuNR@Ag enclosed by (110), which gave 

rise to NA as the major product in agreement with the previous report [56]. The literature 

revealed the selectivity of NA over Pt/C [57] and PDA over Ni/SiO2 [58,59] and Ni-Pt/C [60] at 

323-393 K and 26-34 atm pressure. Saha and Ranu [61] also reported the reduction of DNB to 

NA catalyzed by Cu NPs, but it required high ratio of Cu NPs and excess reductant, long 

reaction time (8-12 h) and argon protection. However, in the present study, Au@Ag NCs of 

different shapes (NS and NR) exhibited a quite distinct selective response in aqueous medium, at 

room temperature in contrast to the catalysts used at high temperatures and high pressures. In 

addition, a very small amount and fixed particles of monometallic or BM NCs i.e., 6.75 × 10
15

 

atoms were used to carry out the catalytic reduction under similar conditions, which offers the 

effective utilization of atoms. As a result, every single catalytic entity act as an active site that 

imparted more activity and selectivity [32] as compared to supported metal oxide catalysts. Thus, 

the desired yield and selective products could be achieved by tuning surface morphology, 

core@shell composition, and nature of metal-metal interface in composite systems. 

 However, the superior or enhanced catalytic performances of core@shell NCs (Au@Ag) 

than their respective monometallic Au NPs might result from the modification of the electronic 

structure [62] through the interaction of two kinds of metals at their interface, a phenomenon 

called ligand effect or synergistic effect [3]. The incorporation of atoms of second metal on the 

surface atoms of other metal NP result in the morphological change and formation of interface 

between the two metal elements. Thus, an electronic charge transfer occurs across the interface 

of two metals leading to net e
-
 density change on the surface of BM NP which promote the 
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reduction reaction more effectively [19,63]. Menezes et al. [4] reported the enhanced catalytic 

activity of Au NPs for p-nitrophenol reduction with the addition of Ag and similar results were 

also obtained by other groups due to the different work functions of two metals [64]. This 

interfacial interaction between the two metals decreased with further increase in the Ag layer 

thickness (~9-20 nm) on the Au-core of different shapes, which largely reduced the catalytic 

activity. The core@shell structure with optimum and thin shell layer is readily activated for 

catalysis [65,66] due to lower activation barrier energy. For example, Pt surface was not an 

electro-active surface [67] with higher Pt/Au molar ratio or in the absence of Au core for the 

methanol oxidation. Hence, the reduction of nitro-aromatic compounds to their respective amines 

enhanced almost by ~2 times using BM NCs as compared to their individual counterparts due to 

synergistic effect. The atomic re-hybridization between Au (6s
1
 4f

14
 5d

10
) and Ag (5s

1
 4d

10
) and 

their close Fermi energy level (Au = -5.1 eV and Ag = -4.7 eV) might favor rapid e
-
 transfer at 

the Au-Ag interface for improved catalytic activity. Therefore, the optimization of shell-

thickness and core shape for the selected product yield is highly desired for organic syntheses. 

 

3.4 Conclusions 

In summary, the effect on catalytic performances was investigated as a function of shape 

(nanospheres and nanorods) of BM NCs comprising Au and Ag. Interestingly, the selectivity for 

the formation of NA from the reduction of DNB by AuNR@Ag was obtained, in contrast to 

PDA by AuNS@Ag ascribed to their lower surface area, without using any toxic solvents and 

harsh experimental conditions. However, the catalytic performances of core@shell BM NCs 

dramatically decreased after a certain shell-thickness due to the reduced electronic effect among 

the distant core and shell. Therefore, the strong Au-Ag interfacial interaction along with 

geometric effects can effectively tune the yield and selectivity of the products for the reduction 

of nitro-organic compounds.  
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4.1 Introduction 

Coinage metal (Au, Ag and Cu) nanoparticles (NPs) are of great research interest due to their 

fascinating optical, electronic and catalytic properties in various types of chemical 

transformations [1-4], such as hydrogenation of nitro-aromatic compounds, oxidation, carbon-

carbon bond formation, etc. In comparison to Ag and Cu, Au NPs have been extensively studied 

because of their facile synthesis, homogeneity, high resistance to oxidation and tunable surface 

plasmon (SP) band in the visible region [5-7]. The Ag NPs also have the exceptional extinction 

coefficient than any metal that lead to its use as a sensing agent and for antimicrobial treatment 

[5,8-10]. However, monometallic Ag NPs have been found to be of limited practical use because 

of its severe susceptibility to oxidation [11-12], which makes the optical and catalytic results for 

these particles non-reproducible. An extensive number of capping agents such as polymers, 

ligands, dendrimers and surfactants have been used to enhance NPs suspension stability to 

prevent their aggregation through electrostatic repulsion, steric repulsion or both [13]. The 

mechanism and functional groups involved in colloid stabilization differs with the chemical 

structure of capping agents, which may lead to varying particle size and stability [14].
 
But these 

stabilizing agents block or hinder the true optical and catalytic properties to a certain extent. 

 Therefore, another helpful attempt has been employed to coat Ag NPs with a layer of Au 

which imparts chemical stability and protects the Ag core against oxidation due to the electron 

(e
-
) transfer process [12,15,16] between the two metallic elements. This gives rise to the 

formation of bimetallic (BM) nanocomposites (NCs) which exhibit unique superior activity, high 

selectivity, and stability, interesting electronic, optical, chemical, and biological properties as 

compared to their monometallic counterparts. This can be attributed to [17-21], (i) the electronic 

effect, in which the electronic charge transfer takes place between the interface of two metal 

elements leading to a change in the e
-
 density on the resultant BM structures; (ii) synergistic 

effect, in which the new property arises due to the interaction between two metals. For example, 

the reduction of p-nitrophenol to p-aminophenol by NaBH4 was found [22] to be higher with 

core@shell Au@Ag NCs due to the synergistic effect than the bare Au and Ag nanospheres as 

depicted by their rate constants. The colloidal Ag NPs are known to serve as a versatile substrate 

or sacrificial templates for the material deposition (Au) or displacement reactions, respectively, 

leading to the formation of core@shell Ag@Au [21,23-25],
 
hollow [26-29],

 
cage-like [30,31], 

porous [32] or alloyed [33] nanostructures. These different morphologies play an important role 
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in catalysis where the hollow/porous NPs exhibit superior catalytic activities than their solid 

counterparts. For example, Xia et al. demonstrated that the Au nanocages and nanoboxes are 

better catalysts than the solid Au NPs for a redox reaction [31].
 
The previous studies [30-32]

 

showed that the replacement reaction between silver nanostructures and an aqueous HAuCl4 

solution can be used as a versatile method for generating metal nanostructures with hollow 

interiors. However, the role of capping agents, polymers, or surfactants adsorbing the Ag NPs 

(core) surface during these transformation reactions remain unexplored, as the coating of the 

shell-metal is a surface-driven charge transfer process. Therefore, the chemical species bound to 

the Ag NPs surface might alter the deposition rate of incoming metal, mechanism, and 

subsequently alloy formation. In the present study, we investigated the adsorbed surfactants on 

the Ag NPs surface, used during their synthesis can play a key role in the galvanic deposition 

mechanism. This chemical strategy allows controlling the morphological transformation of solid 

Ag NPs via the surface modification and presents the opportunity for the systematic study of 

optical, electro-kinetic parameters and catalytic properties of BM NCs.  

 

4.2 Experimental  

4.2.1 Materials 

Chloroauric acid (HAuCl4.3H2O), ascorbic acid (C6H8O6), sodium hydroxide (NaOH), 

polyvinylpyrrolidone (PVP, (C6H9NO)n), dimethyl formamide (DMF, C3H7NO), 

nitrobenzene (C6H5NO2), 3-nitrotoluene (C7H7NO2) and 1-chloro-3-nitrobenzene 

(C6H4ClNO2) were obtained from Loba Chemie, India. Sodium borohydride (NaBH4), 

trisodium citrate (Na3C6H5O7), Silver nitrate (AgNO3), cetyltrimethylammoniumbromide 

(CTAB, C19H42BrN) and Triton X-100 (TX, C14H22O(C2H4O)n) were purchased from 

Rankem, SDFCL, Fischer Scientific, Sigma Aldrich and Merck, India, respectively. All 

the chemicals were used as-received without any further purification. Deionized water 

was obtained using an ultra-filtration system (Milli-Q, Millipore) with a measured 

conductivity above 35 mho cm
-1

 at 25 ˚C. 

4.2.2 Preparation of Ag Nanoparticles using Different Surfactants 

The Ag NPs modified with different capping agents were prepared by using various 

surfactants viz., cetyltrimethylammoniumbromide (CTAB), Triton X-100 (TX) and 

polyvinylpyrrolidone (PVP). An aqueous solution (10 mL) containing AgNO3 (0.25 mM) 
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and trisodium citrate (0.25 mM) followed by reduction with NaBH4 (0.6 mL, 0.01 M) 

gave rise to the formation of Ag seeds [34,35]. This seed solution (ca. 0.0125 mL) was 

introduced at room temperature into the mixture of AgNO3 (1 mL, 0.01 M), CTAB (10 

mL, 80 mM), ascorbic acid (0.5 mL, 0.1 M) and NaOH (0.2 mL, 1M) resulting in the 

formation of CTAB-capped Ag NPs (CTAB-Ag NPs). The TX capped Ag NPs (TX-Ag 

NPs) was prepared by the addition of above prepared seed solution (ca. 0.25 mL) at room 

temperature to the aqueous mixture containing TX (25 mL, 0.015 M), AgNO3 (1 mL, 0.01 

M) and ascorbic acid (0.5 mL, 0.1 M) giving rise to brown color. On the other hand, the 

Ag NPs employing PVP (PVP-Ag NPs) were prepared through one-step seedless, solvo-

thermal reduction route [36,37],
 
by refluxing AgNO3 (0.0017 g) and PVP (42 mM) in 

DMF (20 mL) at 120 ˚C for 30 min in a round bottom flask yielding muddy-green color.  

4.2.3 Preparation of Ag-Au Bimetallic Nanocomposites  

The Ag-Au BM NCs were prepared by taking pre-synthesized Ag NPs coated with 

different surfactants (as demonstrated above). Each set of Ag NPs (0.8 mL) diluted with 

deionized water (4 mL) was treated with different amount of AuCl4
-
 aqueous solution (15-

35 µL, 0.01 M) for its deposition on the surface of Ag NPs. This resulted in the formation 

of Ag-Au NCs of different color depending on the amount of Au
3+

 ions added [38,39]. 

The prepared BM NCs were then washed with distilled water by centrifugation (8000 rpm 

for 5 min) and re-dispersed in deionized water. 

4.2.4 Characterization 

The optical properties of various Ag-Au BM NCs were analyzed by UV-Vis 

spectrophotometer (Analytik Jena Specord-205) and spectrofluorometer (Perkin-Elmer 

LS55) using xenon lamp as an excitation source. Transmission electron microscope 

(TEM) photographs and selected area diffraction pattern (SAED) were taken on the 

Hitachi 7500 model with resolution 2˚A operating at voltage 120 kV. The hydrodynamic 

size distribution of different NCs dispersed in water was determined by using Brookhaven 

90 plus Particle Size Analyzer at 25 ˚C. The zeta potential (ζ) was studied by taking 1.5 

mL of NCs solution in a cuvette consisting of the palladium electrode mounted on a 

machined support using Brookhaven zeta plus at 25 ˚C. 

4.2.5 Catalytic activity 
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Fig. 4.1. Surface plasmon absorption spectra of (a) various Ag nanoparticles capped with 

different surfactants, and (b) their corresponding colors. 

 

The catalytic activity of various Ag-Au NCs relative to monometallic Ag NPs was evaluated for 

the reduction of (5 mL, 0.2 mM) nitrobenzene (NB), 3-nitrotoluene (NT) and 1-chloro-3-

nitrobenzene (CNB) containing ice-cold NaBH4 solution (100 μL, 0.01 M) and calculated 

amounts of different NCs (5.99 × 10
16 

atoms) under similar conditions. The reaction samples 

were analyzed by UV-Vis spectrophotometer (λmax. of NB ~270 nm, NT ~272 nm and CNB ~265 

nm) and the products were further quantified by HPLC. 

  

4.3 Results and Discussions 

4.3.1 Optical Properties 

The absorption studies revealed an intense surface plasmon (SP) band at maximum wavelength, 

488 nm and a sharp SP band at 412 nm (Fig. 4.1a) corresponding to PVP-Ag NPs and CTAB-Ag 

NPs, respectively. On the other hand, TX-Ag NPs showed a blue-shifted and broader absorption 

peak at 400 nm as depicted in Fig. 4.1a. This suggested the formation of different sizes of Ag 

NPs of spherical shape as the plasmon frequencies are highly dependent on the morphology of 

NPs [40] and as a result, the Ag NPs capped with various surfactants exhibited different colors as 

seen in Fig. 4.1b. The optical properties of Ag NPs can be facilely adjusted by adding Au
3+

 ions 

of varying amounts (15-35 µL, 0.01 M) and the atomic ratio for their deposition on the surface of 

Ag NPs is calculated to be 0.2-0.4 (Table 4.1). Fig. 4.2a shows that the SP band intensity of 

PVP-Ag NPs (488 nm) gradually decreased and became broader with a peak position red-shifted 
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Fig. 4.2. Effect of different amounts of HAuCl4.3H2O (15-35 µL, 0.01 M) deposition onto 

PVP-Ag nanoparticles for the (a) variation in the surface plasmon band, and (b) their 

respective color changes. 

 

to, 500 nm and 592 nm, through the addition of aqueous solution of HAuCl4
- 
ion (15-25 µL), 

which further broadened and decreased by an increased amount of Au
3+

 ions (35 µL). These 

observations are consistent with the report [35] where the hollow Ag-Au NCs were obtained via 

replacement of Ag by Au. In the progressive galvanic replacement reaction, Au is deposited on 

the NPs surface with the Ag consumption from the core and it gave rise to the formation of 

hollow particles resulting in a red-shift [41]
 
in the SP band of hollow Ag-Au NCs. This 

morphological change was further supported by the color change from green to red to light 

purple and blue as shown in Fig. 4.2b. 

 The SP band of CTAB-Ag NPs (412 nm) red-shifted to a broad peak at 546 nm of 

decreased intensity upon addition of Au
3+

 ions (15 µL) accompanied by the color change from 

yellow to light blue (Fig. 4.3a,b). However, with the higher addition of Au
3+

 ions (25-35 µL), the 

intensity of absorption band corresponding to 565 nm increased, exhibiting a purple color 

solution. In case of the TX-Ag NPs, the characteristic SP band at 400 nm red-shifted in the range 

of 411 nm to 500 nm (Fig. 4.3c) of almost the same intensity after Au
3+

 deposition (15-35 µL) 

along with a notable color change as shown in Fig. 4.3d. The red shifting in absorption peaks of 

Ag NPs with comparatively higher intensity and the color change from yellow/brown to light 

blue and finally to intense blue during the reaction process indicated the composition change of 
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Fig. 4.3. Effect of different amounts of HAuCl4.3H2O (15-35 µL, 0.01 M) deposition onto 

(a) CTAB-Ag nanoparticles, and (b) TX-Ag nanoparticles for the variation in the surface 

plasmon band and their respective color changes. 

 

CTAB-Ag NPs or TX-Ag NPs from Ag to Au rich. These SP band variations in CTAB-Ag NPs 

and TX-Ag NPs were not similar to the observations in PVP-Ag NPs suggesting probably the 

formation of solid Ag-Au in the alloy structure form rather than the hollow interiors. 
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Table 4.1. Calculations for the amount of Ag and Au atoms in Ag-Au bimetallic 

nanocomposites. 

 

4.3.2 Electro-kinetic Parameters 

The observed red-shifts in the SP bands as noted in Fig. 4.2-4.3 is attributed to, (i) the changing 

dielectric function and composition of resulting alloy, and (ii) an increase in NCs size due to the 

deposition of Au on the Ag NPs surface [42] which can be measured by dynamic light scattering 

(DLS) particle size distribution. It showed that the average hydrodynamic diameter of PVP-Ag 

NPs (27 nm) displayed a gradual increase in particle diameter from 34 to 69 nm (Fig. 4.4a) after 

the deposition of Au on the surface of Ag NPs. Similarly, the hydrodynamic diameter of CTAB-

Ag NPs (24 nm) and TX-Ag NPs (20 nm) subsequently increased to 32-58 nm with progressive 

addition of Au
3+ 

ions (15-35 µL) signifying the coating of Au on Ag NPs (Fig. 4.4b, 4.4c). In 

addition, the zeta potential measurements specified that the as-synthesized PVP-Ag NPs (-3.5 

mV), CTAB-Ag NPs (+33.02 mV) and TX-Ag NPs (-12.4 mV), were negatively and positively 

charged confirming the presence of a weakly adsorbed layer of PVP (-6.59 mV), CTAB (+33.45 

mV) and TX-100 (-7.6 mV) capping agents, respectively, on their surfaces. However, the 

deposition of Au
3+ 

ions on PVP-Ag NPs led to the increase in magnitude of negative surface 

charge (-5.6 to -11.9 mV) as shown in Fig. 4.4d. This charge alteration was probably due to the 

e
-
 charge donation from Ag with low ionization potential (7.58 eV) to Au with high ionization 

potential (9.22 eV) [12,43,44] resulting in accumulation of negative surface charge which was 

evidenced by XPS measurements and density functional theory in the previous report [12]. 

Similarly, the net effective charge of BM Ag-Au NCs arising from CTAB-Ag NPs and TX-Ag 

NPs were also measured to be negative (Fig. 4.4e,f) as explained above. 
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Fig. 4.4. (a-c) DLS particle size distribution and (d-f) Zeta potential of different Ag nanoparticles 

after deposition of HAuCl4.3H2O of different amounts (15-35 µL, 0.01 M) onto its surface. 
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Fig. 4.5. Influence of different amounts (15-35 µL, 0.01 

M) of HAuCl4.3H2O deposition on the emission spectra 

of PVP-Ag nanoparticles (λmax = 225 nm). 

 

4.3.3 Fluorescence Properties  

The change in the photoluminescent behavior of Ag NPs after Au coating on its surface was 

studied by measuring their fluorescence emission spectra (Fig. 4.5). The emission maximum of 

PVP-Ag NPs was observed at 305 nm and 600 nm on excitation at 225 nm. 

The strong emission band at 305 

nm can probably be assigned to 

the Ag-Ag interactions, as 

reported by other authors [45,46]. 

However, the weak emission 

band at 600 nm might be due to 

the radiationless recombination of 

the charge species at the surface 

defect sites. On the addition of 

Au
3+

 to the surface of PVP-Ag 

NPs, the fluorescence intensity of 

pure Ag metal was considerably 

reduced due to the quenching by 

Au with an increase in its 

concentration (Fig. 4.8), which 

was similar to an observation 

made in the earlier report [47].
 
This effect was due to the blocking of superficial surface traps of 

the Ag NPs by the thick Au layer formation which strongly evidenced the change in morphology 

resulting from surface capping of Ag NPs by Au. 

4.3.4 Morphological Studies 

Using the PVP-Ag NPs (~10-11 nm) as the reaction template, the galvanic replacement with Au 

resulted in the formation of hollow Ag-Au shell (~15 nm) as shown in Fig. 4.6. With the 

incoming Au
3+

 ions, the Ag NPs were oxidized into Ag
+
 ions due to the higher reduction 

potential of Au
3+

/Au (0.99 V) than Ag
+
/Ag (0.80 V)

 
[48,49].

 
As a result, a galvanically reduced 

layer of Au atoms was formed on the surface of Ag NPs, while oxidized Ag
+ 

ions diffused out 

continuously across the boundaries of the Au-shell during the reaction giving rise to hollow Ag-

Au shells with cavity size ~8 nm (Fig. 4.6b).  
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Fig. 4.6. TEM images of Au deposited PVP-Ag nanoparticles 

On the other hand, CTAB-Ag NPs used as a seed for the deposition of Au furnished mixed solid 

Ag-Au alloy morphology of size ~20-25 nm rather than hollow shells. Due to the similar lattice 

constant (2.35 Å for Au and 2.36 Å for Ag), the two metal elements are miscible in all 

proportions [50,51] and thus, facilitated the alloy formation (Fig. 4.7). In this context, the TEM 

images clearly show the dense and light particles corresponding to Au and Ag nanoparticles, 

respectively, fashioned in non-uniform or irregular manner. 
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Fig. 4.7. TEM images of Au deposited CTAB-Ag nanoparticles. 

 
In contrast, the porous-hollow aggregates of Ag-Au nanostructures were evolved after the 

reaction between Au
3+ 

and TX-Ag NPs. The resulting NCs appeared to be composed of a number 

of smaller metal NPs that are interconnected to form a porous and hollow morphology (size = 

~16-22 nm) as seen in Fig. 4.8. As a result of the displacement reaction, the Au atoms underwent 

nucleation on the surface of Ag NPs along with the formation of the hole due to the consumption 

of Ag [32]. This continues until the whole Ag NPs template is etched with AuCl4
-
 and 

subsequently developed into larger BM lobes (Fig. 4.8a,b). In addition, the SAED pattern of 
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Fig. 4.8. (a-b) TEM images of Au deposited TX-Ag nanoparticles, and (c) SAED pattern 

obtained from image (b). 

 porous-hollow Ag-Au aggregates showed the presence of both Au and Ag corresponding to the 

planes (311) and (103), respectively, as depicted in Fig. 4.8c. 

Therefore, the diverse morphologies of BM NPs were obtained using Ag NPs absorbed 

with various surfactants of different chemical nature to template the galvanic reaction as 

evidenced by UV-Vis absorption studies and TEM images. This can be attributed to the 

difference in reaction rates between the Au
3+

 ions and the surfactants passivizing the Ag NPs 

surface and hence, altering the galvanic Au deposition rate. The strong electrostatic interaction 

between the PVP/ TX-Ag NPs and the incoming Au
3+

 ions promotes faster Au deposition and 
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Fig. 4.9. Changes in absorption spectra of 1-chloro-3-nitrobenzene reduction by NaBH4 (a) in 

the absence of nanoparticles, and (b) in the presence of Ag nanoparticles. 

 

 

 

thereby displacing the Ag atoms from its core, which resulted in the formation of hollow spaces 

in contrast to CTAB-Ag NPs as seen in Scheme 4.1. 

4.3.5 Catalytic Activity 

The comparative catalytic activity of Ag NPs as well as Ag-Au BM NCs was investigated for the 

reduction of 1-chloro-3-nitrobenzene (CNB) to 1-chloro-3-aminobenzene (CAB) by NaBH4 as 

shown in the scheme of Fig. 4.9. The absorption spectra for the reduction of CNB (265 nm) by 

NaBH4 exhibited insignificant changes in the absence of Ag NPs up to 120 min (Fig. 4.9a). 

However, with the addition of Ag NPs, the reaction rate was accelerated and the absorption band 

intensity corresponding to CNB at 265 nm was gradually reduced and a new absorption band 

evolved at 280 nm for the formation of the CAB (Fig. 4.9b). The time course studies (Fig. 4.10a) 

displayed that the PVP-Ag1:Au0.2 NCs exhibited the higher reduction of CNB, (CNB left = 

~37%) with higher yield of CAB (71%) within 60 min as compared to monometallic PVP-Ag 

NPs (63%, within 70 min) as depicted in Fig. 4.10b. With the growing atomic ratio of Au (0.3 to 

0.4) on PVP-Ag NPs, the progressive increase in CAB yield (83-93%) within 50-55 min was 

observed in Fig. 4.10b. This is due to the fact that the increasing percentages of Au atoms have a 

NO2

Cl

Ag-Au

NH2

Cl

+     NaBH4
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Fig. 4.10. Time course graph for the catalytic reduction of 1-chloro-3-nitrobenzene to 1-chloro-3-

aminobenzene by mono and bimetallic of (a-b) PVP-Ag nanoparticles, and (c-d) CTAB-Ag 

nanoparticles.  

 critical effect on the morphology of Ag NPs which resulted in the formation of hollow Ag-Au 

BM NCs dictating major influence on the catalytic activity. The hollow Ag-Au alloy could 

possess larger surface areas, reduced densities and may provide more bonding sites for the 

chemical reaction exhibiting higher catalytic performances [52-54]. From Fig. 4.10c-d, the 

CTAB capped Ag1-Au0.3 alloy BM NCs showed higher yields (77%, 45 min) for the CAB    

formation as compared to bare CTAB-Ag NPs (54%, 75 min). The superior catalytic activity can 

be related to the Ag/Au interface undergoing electronic effect, where Ag has a lower work 

function than Au [55].
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Fig. 4.11. Time course graph showing catalytic activity for the reduction of 1-chloro-3-

nitrobenzene to 1-chloro-3-aminobenzene by TX-Ag nanoparticles and their Ag-Au bimetallic 

nanocomposites.     

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. Amount of aniline, 1-chloro-3-

aminobenzene and 3-aminotoluene produced during 

reduction of nitrobenzene, 1-chloro-3-nitrobenzene 

and 3-nitrotoluene, respectively, by different Ag-Au 

bimetallic nanocomposites. 

 

Therefore, e
-
 transfer takes place from Ag to Au near an Ag/Au interface and this ends up with 

an e
-
 enriched region inside the Au, 

facilitating the uptake of e
-
 by adsorbed 

CNB molecules on the surface of such 

region. However, further increase in the 

Au, atomic ratio (0.4) on CTAB-Ag 

NPs comparatively decreased the 

product yield to 60% within 65 min 

reduction time. This can be ascribed to 

the decrease in accessible interfaces, as 

the increased addition of Au might start 

covering the Ag/Au interface which 

makes them inaccessible for the 

efficient electronic effect. Similarly, the 

hollow porous aggregates of Ag-Au 

alloy evolved from the galvanic 

replacement reaction between the TX-

Ag NPs and varying the atomic ratio of Au
3+

 ions displayed better catalytic performances (57-
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80%) than monometallic TX-Ag NPs (23%) as shown in Fig. 4.11a,b. The porosity in a frame-

structured Ag-Au nanostructure might have larger surface areas (both inner and outer) and an 

improved electrical connection between NPs [31] to accommodate the higher reduction of CNB. 

 The different Ag-Au BM nanostructures obtained from variously capped Ag NPs with a 

particular Au atomic ratio, exhibited highest catalytic performances as discussed above and was 

further used as a catalyst for the reduction of nitrobenzene (NB) and 3-nitrotoluene (NT) as 

shown in Fig. 4.12. Overall, the different BM nanocatalyst can be ordered as follows, PVP-

Ag1:Au0.4 > TX-Ag1:Au0.4 > CTAB-Ag1:Au0.3 attributed to their respective morphology. Among 

NB, CNB and NT, the compound with an e
-
 withdrawing group (‒Cl

-
) reflects higher catalytic 

activity relative to the compound with an e
-
 donating group (‒CH3), as can be seen in Fig. 4.12. 

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 

reflected faster rate of reduction for chloro group [56]. Hence, the conversion of nitro-aromatic 

compounds to their respective products was seen to be enhanced by BM NCs as compared to 

their monometallic counterparts. Therefore, through the optimization of the composition of these 

two metals (Ag and Au), the catalytic efficiency can be improved for the purpose of other 

reduction processes. 

 

4.4 Conclusions 

In summary, a simple technique has been demonstrated to control the morphology of Ag-

Au BM NCs using Ag template capped with surfactants of different chemical nature. A 

significant variation in the optical properties of Ag NPs can be obtained at a desired level 

as a function of concentration of Au, which is essential for the application in surface-

enhanced Raman spectroscopy (SERS) and optical sensing. Upon galvanic displacement 

reaction with AuCl4
- 
ions, the Ag NPs templates are converted either to solid, hollow or 

porous Au-Ag alloy NPs depending on the adsorbed surfactants on the Ag NPs surface. 

Therefore, the surfactants passivizing the Ag NPs surface play an important role in 

tailoring the NPs morphology, which allows the systematic studies of the synergistic role 

of Au and Ag for the evaluation of these BM NCs as potential nanocatalysts for various 

organic syntheses. 
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5.1 Introduction 

Titania (TiO2) -metal composites have been widely employed in photocatalysis, where the metal 

in contact with TiO2 prolongs the interfacial charge-transfer process [1-4] enhancing the overall 

photocatalytic efficiency. There are many reports on preparation of Au/TiO2, Ag/TiO2, Pt/TiO2, 

Cu/TiO2, etc., nanocomposites (NCs) [5-9] with different morphological forms, which are 

progressively increasing with focus on enhancing the photocatalytic efficiency in oxidation and 

reduction processes. This not only results in improved photo-conversion, quantum yield, but also 

extends the absorption of UV-light active TiO2 semiconductor in the visible light. For example, 

Zheng et al. [8] reported the photocatalytic properties of noble-metal photocatalysts, M@TiO2 

(M = Au, Pt, Ag) for the oxidation of benzene to phenol under visible light. The plasmonic 

nanoparticles (NPs) i.e., Au, Ag and Cu have the strong ability to absorb visible light due to their 

surface plasmon resonance (SPR) [10,11] effect. As a result, they act as an antenna to 

concentrate light and convert it to heat, that enables them to serve for photovoltaic, 

photochromic, surface-enhanced Raman spectroscopy, photocatalysis, etc. [7,8,12-22]. 

Therefore, the deposition of plasmonic nanomaterials onto TiO2 exhibits an effective transfer of 

the photoexcited electrons (e
-
) from the surface of metal NPs to the conduction band (CB) of 

TiO2 [23-27] under visible light. As a result, the metals become e
-
 deficient and TiO2 turn out to 

be e
-
 enriched, leading to the occurrence of photooxidation reaction on the surface of metal NPs 

rather than on TiO2. The fast transference of e
-
 (less than 240 fs) was reported [28-30] into the 

TiO2 support in the presence of Au NPs. However, the use of bimetallic (BM) nanostructures 

composed of two different metals can further enhance the photocatalytic performance [31-35], 

particularly with respect to activity and selectivity as compared to their monometallic 

counterparts. BM NPs deposited on TiO2 are expected to display not only the combination of the 

properties associated with two individual metals, but also the new properties due to synergy 

between two metals. But, there are only few reports on TiO2 modified with BM NPs. Recently, 

bimetallization of Pt with Au on TiO2 has been reported to improve the catalytic activity of Pt 

clusters for visible light-induced hydrogen generation and degradation of organic dyes or phenol 

[36]. In addition, the TiO2 modified with BM Ag-Au NPs prepared by microemulsion method 

[31] also showed an improved photoactivity under the visible light illumination. Horiguchi et al. 

[32] investigated the photocatalytic activity of trilayered Au/Ag/TiO2 nanorods for the oxidation 

of propanol and checked the effect of Au/Ag composition and TiO2 shell on the same.  
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BM nanostructures have fascinated increasing attention due to their unique optoelectronic 

and physicochemical properties owing to strong synergistic effects between two metals, which 

differ from their respective monometallic counterparts [37-39]. The physicochemical properties 

of noble metal NPs improve significantly by encapsulation with second suitable metal. Besides 

this, the consumption of expensive metal can also be reduced by coating with an inexpensive 

metal while maintaining the characteristics of outer shell metal. Although much progress has 

been made in the preparation of BM NCs based on Au-Ag [40-45], but still reports on Cu/Ag, 

Cu/Au BM particles have been rare so far. In fact, Cu NPs have been known to possess high 

electrical conductivity and is cheap compared to that of Au and Ag, but the easy oxidation of Cu 

strongly limits its use [46-49]. However, the protection of Cu NPs with an Ag or Au shell has 

been regarded as an alternative method to prevent spontaneous Cu oxidation due to the electronic 

effect between the two metals [50,51]. Moreover, the Cu alloying with Ag or Au might decrease 

the work function of resulting BM NPs and can probably decrease the Schottky barrier height 

formed at the BM NCs-TiO2 interface [52,53]. This might promotes the proficient e
-
 transfer 

from the surface of photoactivated NCs to the CB of TiO2 and hence, enhanced photocatalysis. 

Consequently, the present chapter deals with the synthesis of different core@shell (Cu@Ag and 

Cu@Au) and inverse core@shell (Ag@Cu and Au@Cu) BM NCs and their impregnation on 

TiO2 to address their comparative photo-reduction and photo-degradation reactions relative to 

their monometallics-TiO2 under the visible light.  

 

5.2 Experimental 

5.2.1 Materials 

Cupric sulfate (CuSO4.5H2O), Aurochloric acid (HAuCl4.3H2O), ascorbic acid (C6H8O6), sodium 

hydroxide (NaOH), polyvinylpyrrolidone (PVP, (C6H9NO)n,), hydrazine (N2H4), ethylene glycol 

(EG, C2H6O2) and salicylic acid (C7H6O3), were obtained from Loba Chemie, India. The 3-

nitroacetophenone (C8H7NO3), 1-chloro-3-nitrobenzene (C6H4ClNO2) and 

cetyltrimethylammoniumbromide (C19H42BrN, CTAB) were procured from Spectrochem and 

CDH, respectively.  Sodium borohydride (NaBH4), trisodium citrate (Na3C6H5O7) and Silver 

nitrate (AgNO3) were purchased from Rankem, SDFCL and Fischer Scientific, India, 

respectively. P25-TiO2 photocatalyst (size = ~30-50 nm, 70% anatase and 30% rutile) was 

provided as a gift sample from Degussa Company, Germany. All the chemicals were used as-
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received without any further purification and de-ionized water was obtained using an ultra-

filtration system (Milli-Q, Millipore) with a measured conductivity of above 35 mho cm
-1

 at 25˚ 

C. 

5.2.2 Preparation of Monometallic Nanoparticles 

(a) Cu Nanospheres   

The synthesis of homogenous and stable Cu nanospheres (Cu NS) was achieved 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 [54]. The appearance of dark reddish-brown color indicated the formation of Cu NS. 

(b) Ag Nanospheres  

The Ag nanospheres (Ag NS) was prepared by a seed-mediated method as reported [55,56] 

elsewhere. An aqueous mixture (7.5 mL) of CTAB (0.272 g) and AgNO3 (250 µL, 0.01 M) was 

reduced by NaBH4 (600 µL, 0.01 M) solution, which gave rise to the Ag seeds formation. This 

was followed by the addition of prepared seed solution (ca. 1.6 mL) into the growth mixture of 

AgNO3 (1.25 mL, 0.01 M), CTAB (1.5 g, 50 mL) and ascorbic acid (250 µL, 0.1 M) in the 

presence of NaOH (1 mL, 1M). The solution turned yellow indicating the formation of Ag NS in 

the solution.  

(c) Au Nanospheres  

The Au seed solution was prepared by the reduction of an aqueous solution (7.5 mL) containing 

CTAB (0.272 g) and HAuCl4.3H2O (250 µL, 0.01 M) using NaBH4 (600 µL, 0.01 M) solution. 

The prepared Au seeds (1.6 mL) were added to the growth solution (50 mL) containing CTAB 

(1.5 g), HAuCl4.3H2O (1.25 mL, 0.01 M) and ascorbic acid (250 µL, 0.1 M). The solution turned 

to wine-red color indicating the formation of Au nanospheres (Au NS) in the solution. 

These resulting monometallic NPs were then repeatedly washed with deionized water using 

centrifugation (8000 rpm for 5-10 min) and were re-dispersed in water. 

5.2.3 Preparation of Core@Shell Bimetallic Nanocomposites 

For the preparation of different core@shell BM NCs, the number of atoms for core was fixed to 

0.8, whereas the number of atoms for the shell was varied to 0.05, 0.1 and 0.2 by adding a certain 

amount of the metal elements which are given in Table 5.1. 
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Table 5.1. Amount of core nanospheres and 0.01 M of metal ions (shell) used for a particular 

atomic ratio and their respective surface plasmon bands obtained. 

 

(a) Preparation of Core@Shell Cu@Ag and Cu@Au Bimetallic Nanocomposites 

The pre-synthesized Cu NS was used as a seed for the coating of Ag or Au to give rise to the 

core@shell BM type of nanostructures [57,58]. Each set of Cu NS (426 µL) diluted with an 

aqueous solution of PVP (4 mL, 1 wt %) was treated with different volumes of AgNO3 or 

HAuCl4.3H2O aqueous solution (49-197 µL, 0.01 M, Table 5.1). After this, ascorbic acid (0.1 

mL, 0.1 M) and NaOH (0.2 mL, 0.1 M) was added to initiate the reduction of Ag or Au on the 

surface of Cu NS resulting in the formation of Cu@Ag or Cu@Au NCs.  

(b) Preparation of Inverse Core@Shell Ag@Cu and Au@Cu Bimetallic Nanocomposites 

The inverse core@shell NCs was prepared by taking 520 µL of pre-synthesized CTAB-capped 

Ag NS or 610 µL of Au NS solution in an aqueous solution of PVP (4 mL, 1 wt %). Then 

different volumes of aqueous solution of CuSO4.5H2O (213-854 µL, 0.01 M, Table 5.1) were 



                                                                                                                Chapter 5 
 

90 
 

added, followed by NaOH (11 µL, 1 M) and hydrazine (5 µL) to start the coating of the Cu shell 

[59] on Ag or Au surface, giving rise to Ag@Cu or Au@Cu NCs.  

The prepared core@shell BM NCs was then washed with deionized water using centrifugation 

(8000 RPM for 5 min) and re-dispersed in water. 

5.2.4 Preparation of Monometallic-TiO2 and Core@Shell Bimetallic-TiO2 Nanocomposites 

The composites of monometallic as well as core@shell BM with TiO2 were prepared by the wet 

impregnation method in which the total metal mass percentage of metal NPs was kept at 1 wt % 

with respect to TiO2. The Cu NS, Ag NS, Au NS, Cu0.8@Ag0.1, Cu0.8@Au0.1, Ag0.8@Cu0.1 and 

Au0.8@Cu0.1 NCs was added to 500 mg of TiO2 separately in an aqueous medium under magnetic 

stirring at room temperature for 2 h. The solid mass was separated using centrifugation by 

repeated washings with deionized water and then, the sample was dried in an oven overnight at 

50 ºC followed by a heat treatment in a muffle furnace at 500 ºC for 2 h. 

5.2.5 Characterization 

The optical properties of monometallic and core@shell BM NCs were characterized using a UV-

Vis spectrophotometer (Analytica Jena Specord 205). The morphology and composition were 

analyzed by transmission electron microscope (TEM) and energy dispersive X-ray (EDX) 

analysis and selected area electron diffraction (SAED) patterns using a FEI Technai F20 TEM. 

The hydrodynamic diameter of different NCs was determined by using a Brookhaven 90 plus 

Particle Size Analyzer. The optical properties of M-TiO2 samples were measured with a diffuse 

reflectance spectrophotometer (DRS) by Avantes using BaSO4 as a reflectance standard. 

Photoluminescence (PL) spectra were measured on excitation with xenon lamp at 320 nm by 

Perkin-Elmer LS5 in ethanolic medium.  

5.2.6 Photocatalytic Activity 

Irrespective of the morphology of nanostructures, the photocatalytic activity was performed by 

keeping the atomic ratio of different NCs constant. The photoactivity of various above prepared 

mono-/BM-TiO2 was examined by mixing 5 mL of 0.2 mM nitro-aromatic compounds (3-

nitroacetophenone, 1-chloro-3-nitrobenzene), 20 mg monometallic /core@shell BM-TiO2 in 50% 

isopropanol suspension and Argon atmospheres under visible light (Halogen lamp, 400-1100 nm) 

illumination. The reaction was examined at regular interval of time by UV-Vis 

spectrophotometer after filtration with 0.22 μm cellulose filter. Similarly, the photodegradation 
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Fig. 5.1. Effect of different amounts of (a-b) AgNO3 (0.01 M) deposition onto Cu 

nanospheres, and (c-d) CuSO4.5H2O (0.01 M) deposition onto Ag nanospheres for the 

variation in the surface plasmon band and their respective color changes. 

 

of salicylic acid (5 mL, 0.5 mM) was carried out in a pyrex tube by the desired amount of 

catalyst under the visible light for different time periods.  

 

5.3 Results and Discussion 

5.3.1 Optical properties 

(a) Cu@Ag and Ag@Cu Bimetallic Nanocomposites 

In this context, the pre-synthesized Cu NS and Ag NS was used as the seed for the deposition of 

Ag and Cu, respectively, to give rise to core@shell BM NCs. Owing to the SPR effect, metal 

NPs possess the collective oscillation of surface e
-
 and absorb the visible light. As a result, the 

reddish colored aqueous suspension of Cu NS exhibited a characteristic surface plasmon (SP)  
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Fig. 5.2. Effect of different amounts of  (a-b) HAuCl4.3H2O (0.01 M) deposition onto Cu 

nanospheres, and (c-d) CuSO4.5H2O (0.01 M) deposition onto Au nanospheres for the 

variation in the surface plasmon band and their respective color changes. 

 band at 600 nm corresponding to their spherical shape [60] as displayed in Fig. 5.1a. A huge shift 

in the absorption peak of Cu NS was found with the addition of different amounts of Ag 

precursor on its surface. It was observed that the SP band of Cu NS blue-shifted to 595 nm of 

higher intensity (Fig. 5.1a) on addition of Ag
+
 (53 µL, 0.01 M), along with the color change from 

red to light blue as seen in Fig. 5.1b. With the progressive increase of Ag
+ 

(100-200 µL, 0.01 M), 

the intensity of new peak at 376-382 nm increased and became sharp having deep blue color 

(Fig. 5.1a,b). This result was in agreement with the previous report, where on addition of AgNO3 

to Cu NPs solution, a strong absorption peak was observed at 402 nm due to formation of 

Cu@Ag NPs [61]. Therefore, the above result indicated the co-existence of two elements (Cu 

and Ag) in one particle and assumed that Cu NS are completely encapsulated with a layer of Ag 

giving rise to Cu@Ag NCs. As a result, the incident light could not reach the Cu-core to excite 

their electrons due to the certain thickness of Ag shell and hence a peak, 382 nm corresponding 

to Ag NPs appeared. On the other hand, the characteristic absorption band of pure Ag NS of light 

yellow was located at 409 nm in Fig. 5.1c. When the Cu
+2

 ions (213 µL, 0.01 M) were reduced 
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on the surface of the Ag-core, the SP band was red-shifted, showing a shoulder peak at 419-422 

nm of decreased absorbance. However, the plasmon intensity at 427 nm increased with 

successive addition of Cu
+2

 ions (427-854 µL, 0.01 M) due to its changes in the shell thickness 

as well as its composition. This observation was in agreement with the literature, where the 

absorption band of the Ag@Cu was red-shifted to 469 nm from 433 nm corresponding to bare 

Ag NPs [62]. In addition, the coating of the Cu-shell on the Ag-core caused the color 

transformation from light yellow of Ag NS to dark yellow color and consequently to orange as 

displayed in Fig. 5.1d.  

(b) Cu@Au and Au@Cu Bimetallic Nanocomposites 

The SP band of Cu NS (600 nm) was blue-shifted to 587 nm of higher absorbance on adding 

Au
3+

 ions (49 µL, 0.01 M) on its surface along with the color variation from dark red to light 

purple as seen in Fig. 5.2a,b. With the progressive addition of Au
3+

 ions (98-197 µL, 0.01 M), 

the SP band further blue shifted to 563 nm and finally to 559 nm of increased intensity (Fig. 

5.2a). This process was supplemented with drastic color change from light purple to light brown 

and to dark brown (Fig. 5.2b) indicating a prompt growth of the Au shell onto the Cu NPs core. 

Literature [63] also revealed that with the addition of AuCl4
- 
to the Cu core, a new absorbance 

peak at 520 nm featuring Au SP band suggesting a complete coverage of Au atoms on Cu NPs. 

In case of Au core, the SP band observed at 528 nm shifted to longer wavelengths, 550-580 nm 

of higher intensity on treatment with Cu
2+

 ions (213-854 µL, 0.01 M) as shown in Fig. 5.2c. This 

red shifting in the plasmon band of Au NS with relatively increased intensity and the color 

change from light pink to red and finally to deep orange (Fig. 5.2d) indicated the formation of 

Au@Cu NCs. In the same way, Tsuji et al. [64] reported the SP band at 580 nm due to the 

coverage of Cu shell on Au nanorods.   

5.3.2 Particle Size Distribution  

The observed changes in these SP bands can be ascribed to the change in composition, dielectric 

function and size of NCs due to the coating of shell on the surface of core [65] which can be 

evidenced by DLS particle size distribution measurements. It revealed that the average 

hydrodynamic diameter of the Cu NS (21 nm) increased to 33 nm after the deposition of Ag (0.1) 

on the surface of Cu NS (Fig. 5.3a). Similarly, the hydrodynamic diameter of the Ag NS (27 nm) 

consequently increased to 41 nm with the addition of Cu
2+

 ions (0.1) signifying the coating of Ag 
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Fig. 5.3.  DLS particle size distribution of (a) Cu nanospheres and Ag nanospheres after 

deposition of AgNO3 and CuSO4.5H2O, respectively, and (b) Cu nanospheres and Au 

nanospheres after deposition of HAuCl4.3H2O and CuSO4.5H2O, respectively. 

 

 

 

 

 

 

 

Fig. 5.4. TEM images of Ag deposited Cu nanospheres. 

 

 on Cu NS. Fig. 5.3b also shows the increased hydrodynamic diameter of Cu0.8@Au0.1 and 

Au0.8@Cu0.1 NCs to be 36 nm and 38 nm, respectively, as compared to monometallic Cu NS (21 

nm) and Au NS (25 nm). 

5.3.3 Morphological Studies  

To confirm the formation of different core@shell BM NCs, TEM measurements were conducted. 

Fig. 5.4 reveals the TEM image of Cu-Ag BM NCs, where, when Cu NS was used as a core for 

the deposition of Ag
+
 ions, they were observed to encapsulate the Cu core in a partial manner.  
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Fig. 5.5. TEM images of Cu deposited Ag nanospheres. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. TEM images of Cu deposited Au nanospheres. 

 

 

Therefore, instead of the formation of uniform Ag shell, an irregular eccentric Ag NP was 

formed in the Cu NS. TEM images clearly show that in most particles (Fig. 5.4a-c), the darker 

Ag NPs are located in the non-uniform eccentric position to the lighter Cu NS (size = ~35-40 

nm), having thickness of ~5-10 nm. In case of reverse nanostructure, the bare Ag NS of diameter 

(15-20 nm) was served as a seed for Cu deposition on its surface. The addition of Cu
2+

 ions on 

the surface of Ag NS in the presence of ascorbic acid led to the homogenous coating of the Cu-

shell of thickness ~2.8-3.5 nm as shown in Fig. 5.5a,b. This gave rise to the formation of 
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Fig. 5.7. Absorption spectra of (a) different monometallic nanoparticles, and (b) core@shell 

bimetallic nanocomposites modified TiO2. 

 

Ag@Cu NCs (size = ~25 nm) in the form core@shell structural configuration, where the darker 

particle is recognized as Ag and the brighter particle is Cu due to the different electron density of 

Ag and Cu. The thickness of Cu-shell increased to ~5.2 nm with the higher addition of Cu
2+

 ions 

leading to the overall increase in size (~28-30 nm) of core@shell NCs as seen in Fig. 5.5c. 

Similarly, the Au@Cu NCs was formed, where a uniform coating of the Cu-shell of thickness 

~1.5-2.7 nm was deposited on the surface of Au NS (~12-15 nm) which acts as the core for its 

deposition (Fig. 5.6). The size observed from the TEM images was different from the 

hydrodynamic diameter by DLS due to the existence of the hydration layer on the surface of 

NPs.   

5.3.4 Optical properties of Monometallic and Core@Shell Bimetallic-TiO2 Nanocomposites 

Fig. 5.7 shows the absorption spectra of different monometallic and core@shell BM NCs 

modified TiO2 samples. The bare TiO2 sample displayed an absorption onset at 386 nm due to 

the electronic transition from the 2p orbital of oxygen in the valence band (VB) to the 3d orbital 

of TiO2 in CB. In contrast to TiO2, the absorption onset was red-shifted to 403 nm in Cu NS 

modified TiO2 due to the electronic transitions between the metal ion and the CB of TiO2 

[7,8,12-22]. However, Ag NS and Au NS loading on TiO2 displayed a characteristic SP band at 

460 nm and 560 nm, respectively, as observed in Fig. 5.7a. Similarly, the core@shell BM NCs 

modified TiO2 showed characteristic absorption bands in the visible region at 542 nm and 550 

nm for Cu0.8@Ag0.1-TiO2 and Cu0.8@Au0.1-TiO2 NCs, respectively (Fig. 5.7b). In case of 
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Fig. 5.8. Plot of (αhν)
1/2

 function versus the band gap energy of different monometallic and 

core@shell bimetallic modified TiO2. 

 

Ag0.8@Cu0.1-TiO2 and Au0.8@Cu0.1-TiO2 NCs, the red-shifted absorption bands were detected at 

575 nm and 634 nm, respectively, (Fig. 5.7b) as compared to their respective monometallic NPs. 

Due to the coupling between the core@shell BM NCs and high reflective indexed TiO2, the 

plasmon bands were red-shifted [66]. This red shifting in the absorption peaks of core@shell 

BM-TiO2 NCs relative to monometallic-TiO2 NCs and bare TiO2 is a sign of decreasing band gap 

of TiO2 [67]. 

The band gap (Eg) of the various NCs was calculated using Tauc plot by extrapolating the 

linear area of the plot between (αhν)
2
 and hν, as shown in Fig. 5.8. The Eg helps in the 

determination of energy required to generate electron-hole (e
-
-h

+
) pairs in the semiconductor to 

start a photocatalytic reaction. The calculated band gap, Eg was found to be 3.2 eV, 3.1 eV, 3.08 

eV and 3.06 eV for TiO2, Au NS-TiO2, Ag NS-TiO2 and Cu NS-TiO2, respectively, as shown in 

Fig. 5.8. Whereas, the band gap was observed to be narrowed down in case of core@shell BM-

TiO2 NCs i.e., 3.0 eV, 2.95 eV, 2.88 eV and 2.77 eV for Cu0.8@Ag0.1-TiO2, Cu0.8@Au0.1-TiO2, 

Ag0.8@Cu0.1-TiO2 and Au0.8@Cu0.1-TiO2 NCs, respectively, in accordance with the red-shifting 
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Fig. 5.9. Variation in band gap energy of 

different monometallic and core@shell 

bimetallic modified TiO2. 

 

 

 

 

 

Fig. 5.10. EDX pattern of (a) Cu nanospheres, and (b) Cu@Ag nanocomposites modified 

TiO2. 

 

in their absorbance peaks. Interestingly, in 

Au0.8@Cu0.1-TiO2 NCs, the double band gap (2.77 

eV and 2.54 eV) was observed probably due to two 

different compositions giving rise to two different 

transitions. Therefore, the absorption-shifts and 

hence, the band gap reduction in metal-TiO2 can be 

controlled by varying the morphology of TiO2 

surface [68,69]. The comparative band gaps of 

various NCs relative to bare TiO2 are shown in the 

form of histogram, Fig. 5.9. In addition, the EDX 

elemental mapping for the different monometallic 

and core@shell BM NCs modified TiO2 clearly 

evidenced the presence of respective elements as shown in Fig. 5.10 and are summarized in 

Table 5.2.  

5.3.5 Photoluminescence Studies 

The photoluminescence (PL) emission is primarily owed to the recombination of photoexcited e
-
 

and photogenerated h
+
 in the semiconductor and thus, it is a suitable method to determine the 

efficiency of trapping, migration, and transfer of charge carriers. Fig. 5.11a shows that the TiO2 

exhibited an emission band at 385 nm on excitation at 300 nm due to the band-edge 

photoluminescence. After modifying the TiO2 with monometallic NPs (Cu, Ag and Au NS), the 

PL intensity tends to quench due to the prevention of e
-
-h

+ 
recombination, where Ag NS led to a 

larger decrease in PL intensity followed by Cu and Au NS (Fig. 5.11a). However, the core@shell 
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BM NCs displayed a maximum quenching relative to their corresponding monometallic-TiO2 

counterparts in the order of Ag0.8@Cu0.1-TiO2 > Cu0.8@Ag0.1-TiO2 > Cu0.8@Au0.1-TiO2 > 

Au0.8@Cu0.1-TiO2. This could be because of the proficient shuttling of photogenerated charge 

carriers from TiO2 surface to BM alloy, creating a Schottky barrier at the interface of BM NCs 

and TiO2 as an effective e
-
 trap and thereby, quenched the PL emission. These outcomes were 

similar to the previous results reported by Remita et al. [66] where BM Au-Cu modified TiO2 

was more perfect in electron trapping in comparison to monometallic Au or Cu NPs on TiO2. 

 

Table 5.2. Table summarizing the atomic % of elements obtained by EDX in different 

monometallic nanoparticles and core@shell bimetallic nanocomposites modified TiO2. 

 

 

 

 

 

 

 

 

 

5.3.6 Time Resolved Spectroscopy 

Time resolved fluorescence decay studies were carried out to investigate the charge dynamics, 

which is associated with the e
- 
movement. The average lifetime, حav of photogenerated e

-
/h

+
 pairs 

were calculated to be 1.04 ns, 1.1 ns, 1.5 ns, 1.8 ns, 2.2 ns, 2.5 ns, 2.8 ns, 3.0 ns for TiO2, Au 

NS-TiO2, Cu NS-TiO2, Ag NS-TiO2, Cu0.8@Au0.1-TiO2, Au0.8@Cu0.1-TiO2 Cu0.8@Ag0.1-TiO2  

and Ag0.8@Cu0.1-TiO2, respectively as shown in Fig. 5.11b. Thus, the lifetime of charge carriers 

was prolonged for TiO2 modified with BM NCs and, thereby, increased the relaxation time of 

charge species of TiO2 relative to monometallic NPs modified TiO2. Also, Remita et al. [67] 

reported that the acceleration of charge carriers was faster for Au-Cu-TiO2 NCs in contrast to 

single Au and Cu NPs.    

 

 

 



                                                                                                                Chapter 5 
 

100 
 

 

 

 

 

 

 

 

 

 

Fig. 5.11. (a) Emission spectra, and (b) Time resolved decay curve of monometallic nanoparticles 

and core@shell bimetallic nanocomposites modified TiO2.  

 

 

 

 

 

 

 

 

 

Fig. 5.12. (a) Changes in absorption spectra during the photoreduction of 3-nitroacetophenone 

(0.2 mM),  and (b) time course graph showing the amount of 3-aminoacetophenone produced 

from the photoreduction of 3-nitroacetophenone (0.2 mM) by Cu and Ag nanoparticles and 

their core@shell bimetallic nanocomposites under visible light. 

 

5.3.7 Photocatalytic Activity 

The relative photocatalytic activity of monometallic as well as core@shell BM-TiO2 NCs has 

been investigated for the reduction of 3-nitroacetophenone (NAP) to 3-aminoacetophenone 

(AAP) and 1-chloro-3-nitrobenzene (CNB) to 1-chloro-3-aminobenzene (CAB) under visible 

light.  
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Fig. 5.13. Time course graph showing the amount of 1-chloro-3-nitroenzene left and 1-chloro-

3-aminobenzene produced by (a) Cu, Ag and Au nanoparticles, and (b) core@shell Cu-Ag 

bimetallic nanocomposites under visible light. 

 
 

 

 

 

 

 

 

 

Fig. 5.14. Time course graph showing the amount of (a) 3-aminoacetophenone produced from 

the photoreduction of 3-nitroacetophenone, and (b) 1-chloro-3-nitroenzene left and 1-chloro-3-

aminobenzene produced by Cu and Au nanoparticles and their core@shell bimetallic 

nanocomposites under visible light. 

 (a)  Cu@Ag-TiO2 and Ag@Cu-TiO2 Nanocomposites  

Fig. 5.12a displays the absorption graph for the reduction of NAP to AAP by using Ag NS-TiO2 

as a photo-catalyst. It was observed that the intensity of the absorption band of NAP at 235 nm 

decreased with the emergence of new peak at 280 nm, corresponding to AAP formation, whose 

intensity gradually increased with time. Fig. 5.12b corresponds to the time course graph 



                                                                                                                Chapter 5 
 

102 
 

 

 

 

 

 

 

 

 

 

Fig. 5.15. (a) Changes in absorption spectra during degradation of salicylic acid (0.5 mM), 

and (b) time course graph showing the extent of photodegradation by different monometallic 

and core@shell bimetallic nanocomposites under visible light. 

 

displaying the concentration of AAP formation from the reduction of NAP using Cu NS-TiO2, 

Ag NS-TiO2 and their core@shell BM-TiO2 NCs. It displays that the amount of product 

increased linearly with reaction time, where the Ag0.8@Cu0.1-TiO2 and Cu0.8@Ag0.1-TiO2 

exhibited higher yield of AAP, 80% and 69%, respectively, within 45-60 min reduction time, in 

contrast to their monometallic Cu NS-TiO2 (36%) and Ag NS-TiO2 (45%) NCs within 80-90 

min. The photocatalytic reduction of CNB also displayed the decrease in concentration of CNB 

with a corresponding increase in CAB by reaction time (Fig. 5.13). In case of monometallic-TiO2 

NCs (Fig. 5.13a), the Ag NS-TiO2 (CNB left = 26%) showed the higher yield of CAB 55%, 

followed by Cu NS-TiO2 (CNB left = 30%) having a yield of CAB, 48%. However, by using 

Ag0.8@Cu0.1-TiO2 (CNB left = 10%) Cu0.8@Ag0.1-TiO2 (CNB left = 18%), the reduction process 

was highly improved, giving yield of 90% and 86% CAB, respectively (Fig. 5.13b).  

(b) Cu@Au-TiO2 and Au@Cu-TiO2 Nanocomposites 

In case of other photocatalysts, the Cu0.8@Au0.1-TiO2 and Au0.8@Cu0.1-TiO2 also showed higher 

yields of 60% and 52% AAP from the reduction of NAP than Au NS-TiO2 (29%) Cu NS-TiO2 

(36%) as shown in Fig. 5.14a. Similarly, the photo-reduction of CNB to CAB was observed in a 

trend of Au0.8@Cu0.1-TiO2 > Cu0.8@Au0.1-TiO2  > Cu NS-TiO2> Au NS-TiO2 having yields of 

CAB 74%, 66%, 48%, 42%, respectively (Fig. 5.14b). 
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Fig. 5.16. (a) Percentage degradation of salicylic acid (0.5 mM), and (b) plot of –lnCt/C0 

versus time by different monometallic and core@shell bimetallic nanocomposites under 

visible light. 

 (c) Oxidation of Salicylic acid 

The activity of various monometallic and core@shell BM-TiO2 NCs was also tested for the 

oxidation of salicylic acid (SA), where Fig. 5.15a shows the decrease in absorption peak at 296 

nm corresponding to the degradation of SA under visible light. The plot for their extent of 

degradation using above prepared catalysts versus time has been displayed in Fig. 5.15b. The 

stability of SA substrate was firstly tested under the visible light in the absence of any catalyst 

which confirmed its non-degradable nature. In addition, there was a negligible loss in the 

concentration of substrate during the dark reaction by TiO2 and modified TiO2 NCs that might be 

due to adsorption. A linear decrease in the concentration of SA was detected at various time 

intervals using different catalysts (Fig. 5.15b), indicating different extent of degradation. Fig. 

5.16a corresponds to the comparative histogram showing the percentage degradation of SA by: 

TiO2 (25%) < Au NS-TiO2 (57%) < Cu NS-TiO2 (52%) < Ag NS-TiO2 (62%) < Cu0.8@Au0.1-

TiO2 (68%) < Au0.8@Cu0.1-TiO2 (79%) < Cu0.8@Ag0.1-TiO2 (88%) < Ag0.8@Cu0.1-TiO2 (98%). 

The photo-degradation process follows pseudo first-order kinetics (Fig. 5.16b) where, the rate 

constant (k) was calculated (Fig. 5.17) and observed to be highest for Ag0.8@Cu0.1-TiO2 (2.6×10
-

2
 min

-1
) followed by Cu0.8@Ag0.1-TiO2 (1.6×10

-2
 min

-1
), Au0.8@Cu0.1-TiO2 (0.97×10

-2
 min

-1
), 

Cu0.8@Au0.1-TiO2 (0.65×10
-2

 min
-1

) as compared to Ag NS-TiO2 (0.41×10
-2

 min
-1

), Cu NS-TiO2 
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Scheme 5.1. Mechanism showing the surface plasmon resonance effect of coinage metal 

nanoparticles for TiO2 photocatalysis under visible light. 

 

 

 

 

 

 

 

 

Fig. 5.17. Comparative Rate constant, k for the photodegradation of salicylic acid (0.5 mM) by 

different monometallic and core@Shell bimetallic nanocomposites under visible light. 

 

(0.34×10
-2

 min
-1

), Au NS-TiO2 (0.29×10
-2

 min
-1

) and TiO2 (0.13×10
-2

 min
-1

) during SA photo-

degradation.  
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All the above results indicated that the TiO2 modified with core@shell BM NCs showed 

the higher levels of photoactivity than the composites with both metals individually and bare 

TiO2 under visible light. The enhanced photocatalytic activity in BM followed by monometallic-

TiO2 NCs comparative to bare TiO2 under visible light can be explained by mechanism as 

displayed in Scheme 5.1. The coinage metal NPs loaded on TiO2 absorb visible light due to the 

collective oscillation of surface free electrons in resonance with light, known as localized surface 

plasmon resonance [70]. This results in the transfer of e
-
 from the surface of metal NPs into the 

CB of TiO2 [23-27]. Therefore, the noble particles become e
-
 deficient and hence, oxidizes 

isopropanol (hole scavenger) to acetone and return to their original metallic state, while e
-
 in the 

CB of TiO2 [71] helps in the reducing the NAP and CNB substrates to their respective amines in 

the presence of inert atmosphere. In case of oxidation reactions, the transfer of e
-
 from the metal 

surface to TiO2 CB led to the formation of positive charge on a metal surface (Scheme 5.1). 

While the transferred e
-
 in TiO2 CB is consumed for the reduction of adsorbed oxygen to 

superoxide radicals [72]. Both the positive charges on metal surfaces and superoxide radicals are  
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Table 5.3. Various physical and chemical parameters of different monometallic nanoparticles 

and core@shell bimetallic nanocomposites modified TiO2. 

considered as strong oxidants and helps in the degradation SA to organic intermediates and 

consequently to water and CO2. From the above mechanism, it can be concluded that the rate 

determining step for the photocatalysis is the transfer of photoexcited e
-
 from metal NPs to TiO2. 

The photoactivated e
-
 has to overcome the Schottky barrier (ΦB) formed at the metal-TiO2 

interface and therefore, the height of ΦB strongly affects the efficiency of e
-
 transfer (Scheme 

5.2). It is reported that the work function of the metal tends to decrease by alloying with other 

metal element having a lower work function [52,53,72]. As a result, the photoactivated 

core@shell BM-TiO2 NCs transfers their e
- 
to TiO2 more efficiently than their monometallics due 

to the decrease in Schottky barrier height (ΦB) at the hetero-junction by alloying [72]. Hence, the 

transfer of photoexcited e
- 

from metal NPs to TiO2 is an important factor in controlling the 

photocatalytic activity. Based on the different catalytic activities, the different BM-TiO2 

nanocatalysts can be ordered as: Ag0.8@Cu0.1-TiO2 > Cu0.8@Ag0.1-TiO2 > Au0.8@Cu0.1-TiO2 > 

Cu0.8@Au0.1-TiO2 NCs which can be attributed to their calculated work functions as follows: 

                      Walloy (eV) = (1-x) × Wcore + x × Wshell                                                   (5.1) 
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where, 1-x = composition of core (0.8)         

    x = composition of shell (0.1)         

        WCore = work function of the core 

        WShell = work function of the shell 

Therefore, the various calculated work functions from the above equation and other parameters 

of different NCs are summarized in Table 5.3 and in agreement with the observed catalytic 

performances.   

 

5.4 Conclusions 

In summary, the comparative effect of coinage monometallic and their core@shell BM NCs on 

TiO2 photocatalysis under the visible light illumination have been investigated. The synergistic 

effect of BM NCs might have a profound influence on TiO2 photocatalysis and as a result, 

Cu@Ag-TiO2, Ag@Cu-TiO2, Cu@Au-TiO2 and Au@Cu-TiO2 exhibited efficient redox 

reactions than their monometallic counterparts because of the smooth e
-
 transfer from 

photoactivated NPs to TiO2. Besides this, the BM-TiO2 NCs shows a significant red-shift in the 

absorbance spectra, indicating that e
-
-h

+
 pairs can be generated, even when the particle is 

irradiated with visible light. As a result, the optical band gaps of the modified TiO2 NCs are 

reduced from 3.2 eV to 2.8 eV substantially. Therefore, the efficient charge separation at BM-

TiO2 NCs may contribute to the design of highly active photocatalysts driven by visible or 

sunlight.  
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    Chapter 6 

 

Influence of oxidative etching of Au nanostructures by KMnO4 

on its surface morphology, electro-kinetic properties and 

improved catalytic activity 
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6.1 Introduction 

The optoelectronics and physiochemical properties of Au nanoparticles (Au NPs) are proved to 

be very sensitive to their surface morphology [1-4]. Hence, the ability to tailor the mono-

dispersed particles could alter the optical and catalytic properties [5-10] depending on the shape 

and size of the particles. The morphology of Au NPs can be altered by regulating the 

experimental parameters [11-14] such as surfactant to water ratio, capping agents, reducing 

agents, concentration of the metal salts, time and temperature during their fabrication. Several 

groups have attempted to produce various sizes and shapes of Au NPs using various chemical 

[11-14], biological [15-17] and physical methods [18-20]. For example, plant extracts such as 

Inonotus obliquus [15], Commelina nudiflora [16], Moringa oleifera [17], etc. have been 

reported to produce different shapes of Au NPs i.e., spherical, triangular, hexagonal and rods. 

The surface atoms of Au NPs sometimes tend to become saturated with the surrounding gas or 

absorbed ionic species and, thereby, blocking or poisoning the active catalytic sites. Therefore, 

the catalyst can be renewed and reused by an oxidative etching process using a suitable oxidant, 

without hampering their surface activity. It may result in dangling bonds, imbalancing of the 

forces and thus, generates chemically unsaturated, fresh surface and thermodynamically high-

energy active anisotropic Au NPs [9,21], which is otherwise difficult to prepare by conventional 

synthetic methods. For example, the galvanic replacement reaction has been employed for 

generating noble-metal nanostructures in the form of nanocages or nanoboxes [22], but this 

special technique requires various experimental steps and high refluxing temperature. Therefore, 

alternate strategy has been reported to generate anisotropic shapes using external stimuli such as 

thermal/ or laser heating [23-25] and chemical methods [11,26-31]. In addition, electrochemical 

oxidation to Au crystals has also been reported [32,33]. Laser irradiation and thermal reshaping 

[21] processes are employed for the direct surface deformation [22], but these systems involve an 

expensive source of laser and comparatively higher temperature, respectively. In this respect, 

corrosive oxidative etching of as-prepared Au NPs have been found to be an unusual method to 

generate asymmetric Au nanocrystal possessing surface active facets [34], truncated sharp edges 

and corners [35], etc. This process may give rise to the formation of such NPs that may have 

fresh active surface atoms and high surface area, which exhibit enhanced catalytic activity 

depending on their morphology.  
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The oxidative dissolution is feasible using the oxidants that have the higher redox 

potential than Au NPs and a higher capability to gain electrons (e
-
). Many etchants such as 

persulfate (S2O8
2-

; E
0 

= 2.0 V) [11], hydrogen peroxide (H2O2; E
0 

= 1.78 V) [31] and 

coordination reagent, cyanide (CN
-
) [11], hydrochloric acid (HCl; E

0 
= 1.36 V) [26] and Pb

2+ 

[36], etc. have been used in tailoring the Au NPs surface structure. Recently, Ag
+
 ions have been 

used for lateral etching of Au nanorods, which gave rise to dumbbell like nanorods [37]. A 

variety of geometries from Ag octahedron were obtained by using NH4OH/H2O2, with PVP as 

the capping agent [38]. Fan et al. [39] reported a versatile method for the selective etching of 

edges and facets of various shaped Au nanocrystals using surface-free-energy-distribution 

modifier. Besides this, Cu
2+

 ions are proposed to oxidize the Au nanorods to shorter rods in 

synergistic effect with dissolved O2 [40], CTAB [41], H2O2 [42], KI [43] and Fe
3+ 

[44]. A redox 

reaction undergoes between the surface sites of Au NPs
 
and an oxidant leading to the dissolution 

of Au surface atoms resulting in the formation of NPs having narrow size distributions. 

However, many of these oxidants are harmful, toxic and difficult to manage, though KMnO4 is 

an easily available, inexpensive reagent in the laboratory that has easy handling, mild toxicity 

and high oxidation power. It possesses an electrochemical potential of E
0 

= 1.51 V, which is still 

higher than E
0 

= 0.96 V of Au
3+

/Au
0
 and may aid in a better way in altering the Au NPs surface 

morphology. Though, previous literature [11,26-31] has mainly reported the optical properties 

and morphological changes in Au NPs by various oxidants (H2O2, CN
-
, etc.) but none has 

reported the impact of NPs etched by KMnO4. So, the present work aims to determine the 

surface electro-kinetics of Au NPs, as the oxidative etching of Au
0
 results in its gradual 

dissolution to Au
3+

 and, thereby, altering the surface charge of Au NPs, measured in the form of 

zeta potential, ξ
 
[45,46]. This change in geometric facets and the electronic charge residing over 

the Au NP surface could influence the absorption of reacting substrates and, thereby, improving 

its catalytic effects. Therefore, the oxidative dissolution of Au nanospheres (Au NS) and Au 

nanorods (Au NR) by aqueous KMnO4 has been carried out for the formation of various 

anisotropic shapes to investigate their surface electro-kinetics and catalytic properties.  

 

6.2 Experimental  

6.2.1 Materials 
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Cetyltrimethylammoniumbromide (CTAB, C19H42BrN) and Silver nitrate (AgNO3) were 

purchased from Sigma Aldrich and Fischer Scientific, India, respectively. Chloroauric acid 

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

(KMnO4), p-nitrobenzoic acid (C7H5NO4) and p-nitrophenol (C6H5NO2) were obtained from 

Loba Chemie, India. All the chemicals were used without any further purification and de-ionized 

water was obtained using a Milli-Q, Millipore ultra-filtration system with a measured 

conductivity of above 35 mho cm
-1

 at 25 
◦
C. 

6.2.2 Preparation of Au Nanospheres and Au Nanorods  

The Au NS and Au NR were prepared by the reported [12,47] seed-mediated method. The seed 

solution of Au was prepared by reducing an aqueous mixture (10 mL) comprising CTAB (7.5 

mL, 100 mM) and HAuCl4.3H2O (250 µL, 10 mM) by NaBH4 solution (600 μL, 10 mM). Then, 

these prepared Au seeds (ca. 5 mL) were added into the growth solution (50 mL) containing 

HAuCl4.3H2O (2.5×10
-4

 M), CTAB (0.08 M) and ascorbic acid (250 μL, 100 mM) giving the 

wine red color to the Au NS solution. Whereas for the preparation of Au NR, 220 µL of above 

prepared seed solution was added into the growth solution (50 mL) comprising of HAuCl4.3H2O 

(2 mL, 10 mM), CTAB (47.2 mL, 100 mM), AgNO3 (300 µL, 10 mM) and ascorbic acid (320 

µL, 100 mM). The appearance of the deep blue colored solution indicated the formation of Au 

NR. The as-synthesized different Au NPs were then repeatedly washed with de-ionized water 

under centrifugation at 8500 rpm for 5-10 min and re-dispersed in water. 

6.2.3 Etching of Au Nanospheres and Au Nanorods 

The oxidative etching of Au NS and Au NR was carried out by adding different volumes of 

KMnO4 (20-120 µL, 100 mM) into 1 mL of NPs solution diluted in 1 mL of de-ionized water 

with simultaneous stirring. Then, the surface plasmon change in Au NPs was measured after 

each addition of KMnO4 at regular intervals of time. The etched NPs were then washed with 

deionized water using centrifugation (8000 rpm for 5 min) and re-dispersed in water. 

6.2.4 Characterization 

The as-prepared etched Au NPs were characterized by UV-Vis spectrophotometer (Analytica 

Jena specord 205), Transmission electron microscopy, TEM (Hitachi 7500, 2Å, 120 KV) and an 

energy dispersive X-ray (EDX) analysis. The hydrodynamic diameter of Au NPs before and after 

the etching process was determined by taking 2-3 mL solution of Au NPs containing KMnO4 

(100 μL, 100 mM) in a cuvette at different intervals of etching time using a Brookhaven 90 plus 
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Particle Size Analyzer. The zeta potential (ح) values were measured on Brookhaven zeta plus by 

taking 1.5-2 mL solution in a cuvette into which the palladium electrode attached to a support 

was dipped.  

6.2.5 Electrochemical Properties  

The cyclic voltammetry (CV) experiment was carried out with DY2300 potentiostat (Digi-Ivy) 

which comprises a platinum wire, Ag/AgCl and platinum as the counter, reference and working 

electrode, respectively, immersed in etched Au NS solution. This experiment for the redox 

probes Au
0
/Au

3+ 
was performed in 0.5 M H2SO4 electrolyte between the ranges of -0.2 V to 1.5 

V at a scan rate 0.1 VS
-1

. The potentiometric titration for the electrode potential of Au
0
/Au

3+
 

determination was performed with an Equiptronics Eq-602 potentiometer comprising a calomel 

and platinum electrode as the reference and working electrode, respectively, immersed in the 

solution (2 mL) of Au NS and Au NR. Then, the Au NPs solution was titrated with KMnO4 

solution (20-150 µL, 100 mM) and corresponding EMF values were noted after each addition. 

6.2.6 Catalytic Activity 

The catalytic performances of different etched Au NPs compared to bare unetched Au NPs were 

tested for the reduction of (5 mL, 0.2 mM) p-nitrophenol (PNP) and p-nitrobenzoic acid (PNB) 

containing ice-cold NaBH4 solution (100 μL, 0.01 M) and calculated amounts of Au NPs 

(6.1×10
15 

atoms). The reaction samples were analyzed by UV-Vis spectrophotometer by 

measuring the absorption maxima (λmax. of PNP ~ 400 nm and PNB ~ 260 nm) at regular 

intervals of time and further, the quantification of the products was done by HPLC. 

  

6.3 Results and Discussion 

6.3.1 Optical Properties 

The bare Au NS exhibited the characteristic surface plasmon (SP) band at 536 nm, which was 

blue-shifted to 530 nm and 527 nm (Fig. 6.1a) with the gradual decrease in the peak intensity 

during 20-30 min of KMnO4 etching. It was accompanied by a color variation from wine-red to 

orange as displayed in the inset of Fig. 6.1a. This is in agreement with the report [48], where the 

magnitude of absorption of the Au NPs was seen to decrease due to their transformation into 

quantum-sized NPs by cysteine. In case of Au NR, the longitudinal surface plasmon (LSP) band 

(679 nm) showed a blue-shift to 663 nm and 645 nm during 10-20 min of etching, while the 

transverse surface plasmon (TSP) band remained at 533 nm, with a decrease in intensity of both  
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Fig. 6.1. Surface plasmon band change during the etching of (a) Au nanospheres, and (b) Au 

nanorods with KMnO4 (100 µL, 100 mM) and inset shows the color change of Au nanoparticles 

before and after etching.  

 
 

the absorption bands as seen in Fig. 6.1b. This appearance of a blue shifted longitudinal band 

suggested that the dissolution started from the long ends of Au NR [11]. Further up to 40 min of 

etching, the LSP and TSP absorption bands of Au NR merged at λmax = 532 nm of reduced 

intensity along with a notable color change from violet to red (Fig. 6.1b-inset). This result was 

similar to the reported LSP and TSP merger of Au NR at λmax = 529 nm upon oxidation with 
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Fig. 6.2. Time course graph showing the effect 

of different amount of KMnO4 on the 

absorbance of Au nanospheres. 

 

 

 

 

 

 

 

 

 

Fig. 6.3. Time course graph showing the effect of different amount of KMnO4 on the 

absorbance of (a) transverse surface plasmon band, and (b) longitudinal surface plasmon 

band of Au nanorods.   

 

H2O2 [31]. These SP band variations 

indicated the morphological changes in 

Au NPs, as the plasmon bands are highly 

dependent on the shape, size and 

concentration of the NPs. However, the 

absorption peak of these etched Au NPs 

(Fig. 6.1) were different from the Au
3+

 

(~413 nm, Fig. 6.1a-inset) suggesting that 

the Au NPs were not entirely oxidized to 

Au
3+

. As the reduction potential of 

KMnO4 (E
0 

= 1.51 V) is higher than the 

Au
3+

/Au
0 

(E
0 

= 0.96 V), therefore, a redox 

reaction occurs between the surface of Au 

NPs and an oxidant, resulting in the gradual layer by layer removal of Au surface atoms through 

its oxidative etching to Au
3+

 as illustrated in Scheme 6.1. This whole process leads to the 

morphological transformation of Au NPs having narrow size distribution. For example, the 

formation of spherical Au nanocrystals was reported through the aging of polyhedral Au 

nanostructures with Au
3+ 

[27].  
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Fig. 6.4. Effect of KMnO4 oxidative etching on DLS particle size distribution of (a) Au 

nanospheres, and (b) Au nanorods as a function of time. 

 

The absorption intensity corresponding to the TSP band of Au NS (Fig. 6.2) and TSP 

(Fig. 6.3a) and LSP (Fig. 6.3b) bands of Au NR decreased exponentially with the gradual 

addition of KMnO4, resembling first order reaction (Ct = Coe
-kt

) kinetics for the Au NPs 

dissolution. The rate of etching increased with the addition of KMnO4 (20-150 µL) due to the 

gradual removal of Au atoms, however, it slowed down beyond 100-150 µL KMnO4 usage. The 

rate of decrease in LSP band intensity was observed to be faster than the TSP band of Au NR 

due to the progressive shortening of rod length. 

6.3.2 Dynamic Light Scattering and Morphological Studies   

The observed blue-shifts in the SP bands after KMnO4 etching as noted in Fig. 6.1 can be 

attributed to the narrowing of size of Au NPs, which can be evidenced by dynamic light 

scattering (DLS) particle size distribution. It revealed that the average hydrodynamic diameter of 

Au NS (~41 nm) reduced to ~26 nm, ~20 nm and gradually to ~4 nm during 10-30 min of 

KMnO4 etching (Fig. 6.4a) indicating the progressive decrease in size due to the etching of Au 

NS by KMnO4. In case of Au NR, the bimodal particle distribution was observed, which showed 

a broader range of particle diameter of ~109 nm (aspect ratio ~3-3.5) that decreased to ~59 nm 

(Fig. 6.4b) after 20 min of etching. This fact indicated that the Au NR was transformed to shorter 

dimensions due to the gradual oxidative removal of Au atoms from the surface of Au NPs. The 

bare and etched Au NR showed another size distribution at ~27 nm and ~23 nm, respectively, 



                                                                                                                 Chapter 6 
 

120 
 

 

 

 

 

 

 

Fig. 6.5. TEM images of Au nanospheres after oxidative etching by KMnO4. 

 

which signifies the rotational diffusion coefficient of the non-spherical nanorods as reported 

elsewhere [49-51]. Further, after 30 min of the etching process in Au NR, the DLS analysis 

showed a monomodal size distribution having an average diameter of ~37 nm, similar to Au NS, 

thereby confirming the conversion of rods into spherical particles. 

TEM analysis further revealed the decrease in size of well-dispersed Au NS (~15 nm) to 

particle size ~8-12 nm having kinked structure (Fig. 6.5) after KMnO4 etching. The Au NS was 

changed into anisotropic truncated nanostructures due to the haphazard and localized oxidative 

dissolution of the Au NS surface as can be clearly seen in Fig. 6.5a. The fringe spacings are 

measured to be 2.0 Å and 2.3 Å (Fig. 6.5a), which well corresponded with the (200) and (111) 

planes of the FCC Au (2.039 Å and 2.355 Å, JCPDS card no. 04-07484, respectively). Further, 

etching of Au NS led to their transformation into many deformed and distorted particles of size 

~4-7 nm (Fig. 6.5b-c) with rough surfaces. On the other hand, the starting bare Au NR exhibiting 

an aspect ratio of ~3-3.5 (Fig. 6.6a) showed the reduction in length from ~25 nm to ~15-17 nm 

(aspect ratio ~2.6) due to the gradual etching of Au atoms at the extremity of rods as observed in 

Fig. 6.6b. The etching of Au NR also led to the formation of spheroids of size ~13-17 nm (~70-

80%) and ~22-28 nm (~20-30%). An intermediate stage exhibited the clubbing of different 

anisotropic NPs together (Fig. 6.6c) followed by a quick dissolution and then consequently, 

fragmented (Wang et al. [48]) into a large number of smaller, distorted spherical shape particles 

of size ~1-3 nm (80-90%) and ~9-10 nm (10-20%) as seen in Fig. 6.6d. These results were 

similar to the literature [11,27,31], where H2O2, S2O8
2-

 and Au (III) aided in progressive 

shortening of Au NR and eventually their transformation into nanospheres of narrow size 

distribution. The elemental analysis of bare CTAB-capped Au NS (Fig. 6.7a) displayed the 
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Fig. 6.6. TEM images of (a) bare Au nanorods before, and (b-d) after oxidative etching by 

KMnO4. 

 

presence of Au, 90.2 atomic % and traces of Br, 9.8 atomic % due to the CTAB surfactant used 

during their preparation. On the other hand, the washed KMnO4 (Fig. 6.7b) etched Au was found 

to be composed of Au, 75 atomic % and some traces of Mn in 24 atomic % due to the presence 

of residual oxidant.  

6.3.3 Electrokinetic Parameters 

It is assumed that the surface atoms of Au NPs i.e., Au
0 

by oxidation with Mn
+7 

ions may 

produce Au
3+

 and Mn
+2 

ionic species in the solution and hence, developing an electrical double 

layer on the surface of etched Au NPs. Consequently, the net surface charge as well as the 
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Fig. 6.7. EDX pattern of (a) bare Au nanospheres, and (b) KMnO4 etched Au nanospheres. 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8. Variation of zeta potential and conductance during oxidative etching of (a) Au 

nanospheres, and (b) Au nanorods by KMnO4 (100 µL, 100 mM) at different intervals of time. 

 

conductance of the Au NPs solution was measured to be changed before and after the etching 

reaction. Therefore, the zeta potential (ζ) of bare Au NS (+ 37.8 ± 3.3 mV) was measured to 

increase to +44.08 ± 2.7 mV and +57.9 ± 4.1 mV during 10-30 min of KMnO4 etching. This was 

corresponded with markedly higher conductance values (1107 to 1390 µS) due to these surfaces 

adsorbed ionic species as displayed in Fig. 6.8a. A similar trend was also observed during 

gradual etching of Au NR at various times (Fig. 6.8b), where ζ of bare Au NR +33.81 ± 4.4 mV 

was increased to +37.93 ± 3.3 mV and +47.35 ± 4.5 mV and conductance was significantly 

enhanced from 420 to 990 µS after 40 min of KMnO4 etching. This high zeta potential values 
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Fig. 6.9. Cyclic Voltammetry studies of KMnO4 

etched Au nanospheres in 0.5 M H2SO4 electrolyte. 

may lead to the suspension stability of etched Au NPs, which prevents the agglomeration of 

smaller Au NPs and thus, exhibiting an efficient optical and catalysis process [3,52]. 

6.3.4 Electrochemical Properties 

The electrochemical study of etched Au NPs was carried out by cyclic voltammetry (CV) in 

order to confirm the Au
0
/Au

3+
 redox couple formation. The bare KMnO4 exhibited a small peak 

at 0.83 V, while no characteristic peak was found for bare Au NS confirming the absence of a 

redox
 

probe
 

couple Au
0
/Au

3+
.
 

However, after 10 min of KMnO4 

oxidative etching of the Au NS, an 

anodic peak at -0.90 V (Fig. 6.9) was 

observed in good accordance with 

the standard electrode potential value 

of Au
0
/Au

3+ 
(E

0 
= -0.96 V) 

supporting the Au
3+ 

formation. 

Another intense peak at -1.1 V was 

possibly due to the Mn
+2

/Mn
+7 

redox 

couple in close proximity to its 

standard value (-1.5 V). The anodic 

peak of Au
0
/Au

3+
 gradually

 
exhibited 

a negative shift [53] due to the decrease in size of the NPs with etching time (10-30 min) as 

supported by various experimental and theoretical results [54,55].  

The potentiometric titration of a certain amount of Au NS and Au NR with aqueous 

KMnO4 exhibited S-shaped curve as shown in Fig. 6.10. On adding KMnO4 to Au NPs solution, 

the amount of Au
0 

gradually decreased with simultaneous increase in Au
3+ 

concentrations, 

resulting in a slight increase in the EMF of the cell. After certain addition of KMnO4 (beyond 

120 µL), a sudden increase in the EMF of the cell was observed due to a complete oxidation of 

all Au
0 

atoms into Au
3+

 ions. The calculated electrode potential, E
0

(Au
3+

/Au
0
)= 0.79 V and 0.75 V 

(calculated below) at half wave potential for Au NS and Au NR, respectively, differs slightly 

from its standard value (0.96 V) possibly because of the presence of K
+
 and Mn

+7
/Mn

+2
 species. 

Hence, the electrochemical studies support the morphological conversion of Au NPs through its 

oxidative dissolution to Au
3+ 

as demonstrated by the above results.   
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Fig. 6.10. Change in electrode potential of Au nanospheres and Au nanorods as a function of 

different amount of KMnO4. 

 

 

 

 

 

 

 

 

Fig. 6.11. Changes in absorption spectra of (a) p-nitrophenol (PNP) reduction by NaBH4 in the 

(a) absence of nanoparticles, and (b) in the presence of Au nanopheres and inset show the 

enlarged view of formation of p-aminophenol (PAP). 

 

            E (half equivalence) = E
0

(Au
+3

/Au
0

) – 0.242                                                                (6.1) 

E
0

(Au
+3

/Au
0

) =  E (half equivalence) + 0.242                                                                 (6.2) 

E
0

(Au
+3

/Au
0

) = 0.55 V  + 0.242  = 0.79 V (Au NS)                                     (6.3)       

E
0

(Au
+3

/Au
0

) =  0.51 V  + 0.242 = 0.75 V (Au NR)       (6.4) 

 

6.3.5 Catalytic Activity 
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Fig. 6.12. Catalytic activity of Au nanospheres and Au nanorods at different time of KMnO4 

etching showing the reduction of (a) p-nitrophenol to p-aminophenol, and (b) p-nitrobenzoic 

acid to p-aminobenzoic acid. 

 
The anisotropic etched Au nanostructures and bare unetched Au NPs have been utilized to 

account the comparative catalytic reduction of p-nitrophenol (PNP) and p-nitrobenzoic acid 

(PNB) to p-aminophenol (PAP) and p-aminobenzoic acid (PAB), respectively, by NaBH4. The 

reduction of PNP to PAP by NaBH4 in the absence of catalyst displayed no change in absorption 

maxima (400 nm) and color of PNP (Fig. 6.11a) up to 120-150 min. However, the absorption 

band intensity of PNP at 400 nm was gradually decreased with the emergence of new peak at 

300 nm, corresponding to the PAP formation (Fig. 6.11b) with the addition of Au NS to the 

reaction medium. Therefore, the existence of metal NPs as a catalyst is very necessary for the 

commencement of the reduction reaction as the yellowish-green color of PNP was also 

disappeared (inset, Fig. 6.11b). Fig. 6.12 displayed that the etched Au NPs formed at different 

time of oxidative etching with KMnO4 showed improved reduction reactions than the bare 

unetched Au NPs as a function of dimensions, high surface to volume ratio, or surface exposed  

R R

NO2
NH2

+    NaBH4

Au NPs
R = –OH, –COOH 
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Table 6.1. Calculations of surface area to volume ratio of Au nanospheres.  

planes of Au nanocatalysts. The bare Au NS and Au NR displayed almost similar catalytic 

activity for the reduction PNP to PAP (yield = ~75-78%), however, a large difference in catalytic 

efficiency was observed after surface etching with KMnO4 as shown in Fig. 6.12a. The PAP 

yield was highly enhanced to ~80-99% during the PNP reduction by Au NPs formed at different 

times of etching which took a significantly lesser time (20 min) than bare Au NPs (30-37 min). 

Similarly, the reduction of PNB exhibited higher yield of PAB (~68-89%) in comparison to bare 

unetched Au NPs (~41-53%) as seen in Fig. 6.12b. The superior catalytic activity of etched NPs 

can be explained due to their fragmentation into a large number of smaller size NPs (~3-4 nm) 

per-unit volume having a larger surface to volume ratio (Au NS = ca. 1.4 nm
-1

 and Au NR = 4.6 

nm
-1

) relative to bare unetched Au NS and Au NR with lesser surface to volume ratio 0.6 nm
-1

 

and 0.47 nm
-1

, respectively, (Table 6.1 and 6.2). This might result in the effective adsorption of 

reactant substrates on the surface of etched Au NS and Au NR [56] and, thereby, significantly 

enhanced (almost doubles) the catalytic activity. A similar result was also reported [8] for the 

reduction of p-nitroaniline, where Au NS exhibited a higher rate of reaction due to their higher 

surface area than that of the Au nanoprisms and Au NR. Besides, the rough surfaces of NPs and 

fresh-surface exposed atoms, achieved during the etching process shows more valency-

unsaturated surface atoms which serve as active bonding sites [9,57] for superior catalytic 

performances. Thus, the surface morphology of Au nanostructures can be appropriately altered 

by the oxidative dissolution of Au surface atoms using KMnO4 as an oxidant for improved 

catalysis and selectivity for many synthetic organic reactions. 
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Table 6.2. Calculations of surface area to volume ratio of Au nanorods. 

 

6.4 Conclusions 

In summary, the oxidative etching of Au NPs by a common oxidizing reagent, KMnO4, is an 

effective post-synthesis tool for the morphological transformation and fragmentation into a large 

number of smaller size reactive Au nanocatalysts. This process has the advantage that the single 

starting NPs can be repeatedly used to obtain Au NPs of different sizes, possessing fresh active 

surface atoms using KMnO4 as an oxidant. Therefore, anisotropic Au NPs with rough and 

asymmetric surfaces having high surface to volume ratio can be prepared at ease for optimum 

catalytic activity.  
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               Conclusions and Future Outlook 

 

Chapter 1 provides an introductory note on the importance of coinage metal nanoparticles 

(NPs) of different size and shape in catalysis. It gives an idea how the development of bimetallic  

(BM) nanocomposites (NCs) overcame their monometallic counterparts in diverse applications. 

This growing interest towards the coinage bimetallic NCs have been discussed due to electronic 

and ensemble effect which are responsible for the various unique properties especially in 

catalysis. A concise overview of the various studies carried out earlier in this work and the 

research gap found during their literature surveys are also presented. A short description of 

methodology and characterization techniques for the determination of optoelectronic, structural, 

photophysical and catalytic properties are also illustrated.  

 

Chapter 2 and 3 summarizes the effect of the chemical nature of coinage metal core, shell-

thickness and the shape (nanospheres and nanorods) of BM NCs on the optical properties, 

surface electro-kinetics and catalytic activities relative to their monometallic counterparts. The   

Ag and Au shell-thicknesses on Au and Ag cores, respectively, can be easily tuned by 

controlling the concentration of starting precursor solutions. Since the chemical properties of Au 

and Ag are different, therefore, resulted in the formation of different morphologies i.e., Au@Ag 

and hollow Ag-Au alloy shells during Ag deposition on Au core and vice-versa, respectively. 

These BM NCs exhibited improved catalytic activity than their respective monometallic NPs due 

to the electronic charge transfer at the interface of two metals resulting in net electron density 

change on the surface of resultant BM NPs promoting the catalytic reactions proficiently. The 

catalytic activity of core@shell BM NCs dramatically decreases after a certain shell-thickness 

attributed to the weaker electronic effect between the distant core and shell. Among the various 

BM NCs, hollow Ag-Au shells are concluded to be the best catalyst for the reduction process as 

they offer more activity sites for the reactant substrates in addition to the synergistic effect of two 

metals. However, by changing the morphology of Au@Ag BM NCs from spheres to rods 

displayed the selective formation of 3-nitroaniline from the reduction of 1,3-dinitrobenzene 

relative to 1,3-phenylenediamine ascribed to their surface area, without using any toxic solvents 

and harsh experimental conditions. Hence, these coinage BM NCs can be utilized for tuning the 



132 
 

selectivity and yield of the product as a function of metal compositions, shape and morphology 

for the different organic reaction.  

 

Chapter 4 explores that the galvanic displacement reaction can be controlled through the 

modification of the Ag NPs surface, which acts as a versatile template for the Au deposition. 

Therefore, the surfactants like PVP, CTAB and Triton X-100 passivizing the Ag NPs surface 

played an important role in controlling the morphology of resulting Ag-Au BM NCs. This led to 

the formation of diverse morphologies i.e., hollow, solid and porous structures of Ag-Au BM 

NCs, which exhibited unique optical and surface properties, intense color variation and catalytic 

activity relative to the monometallic Ag NPs. This was ascribed to the difference in rate of 

reaction between the surfactants passivizing the Ag NPs surface and incoming Au
3+

 ions and 

subsequently, changing the galvanic Au deposition rate. Hence, this surface-directed synthetic 

strategy can be favorably used to tailor NPs morphology and, thereby, the catalytic performances 

for various organic syntheses.   

 

Chapter 5 emphasizes that the TiO2 photocatalyst loaded with Cu-M (M = Ag, Au) 

core@shell BM NCs promotes efficient reduction and oxidation reactions than their 

monometallic counterparts (Cu, Ag, Au-TiO2,) under the visible light. This is ascribed to the 

decreased height of Schottky barrier at the BM-TiO2 interface, resulted from the decreased work 

function of monometallic NPs by Cu alloying. Among the different BM-TiO2, Cu@Ag-TiO2, 

Ag@Cu-TiO2, showed the best photoactivity relative to Cu@Ag-TiO2 and Ag@Cu-TiO2 because 

of their lower calculated work function (3.8-4.1 eV) than the Cu@Au-TiO2 and Au@Cu-TiO2 

(4.2-4.6 eV) and thereby, smooth e
-
 transfer from photoactivated NPs to TiO2. Therefore, it has 

been revealed that the nature of metal also displays a great role in the heterogeneous 

photocatalysis systems. Hence, the knowledge of such photocatalytic systems could be beneficial 

in designing highly active photocatalysts.         

 

Chapter 6 explores the cost-effective single step technique for the synthesis of multi size and 

shaped Au nanostructures through the oxidative dissolution of Au nanospheres and Au nanorods 

using KMnO4. This process involves the gradual removal of Au surface atoms followed by its 

oxidative dissolution to Au
3+

 and as a result, led to the formation of anisotropic particles having 
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narrow size distribution without by means of any synthetic route. These etched Au NPs possess 

higher surface to volume ratio and valency unsaturated fresh surface atoms that greatly enhances 

the interaction of reacting substrates and, thereby, exhibits superior catalytic activity relative to 

bare Au NPs prior to etching. Hence, these prepared anisotropic Au NPs can be a promising 

catalyst in extensive areas of industrially important organic or biochemical systems.  

 

           Future Outlook 

BM NCs, a new class of nanomaterials, have great potential in catalysis; however, there is 

tremendous scope in biomedicines, SERS, nanoelectronic devices, magnetic properties of 

ferromagnetic NCs and sensing applications, etc. With the aim of improvement of preparation, 

stability, activity, selectivity and recycling properties, the BM nanomaterials can be obtained 

with different anisotropic shapes, size, metal ratio and their effect on the semiconductors. The 

application of semiconductor modified BM NCs is an attractive research objective which not 

only exhibit the better catalytic activity than the monometallic modified semiconductors, but also 

extends the light absorption of wide band-gap semiconductor to the wide range visible light. It is 

also likely that the BM NCs can be used for the synthesis of fine chemicals, i.e., cross coupling 

reactions, etc. in which the high degree of selectivity is required. In the present thesis, the BM 

NCs is based on the noble metals and therefore, sometimes the high cost and the rare availability 

of the noble metals makes the development difficult. Hence, the combination of relatively cheap 

elements with the noble metal into one composite affords more opportunities to make more 

effective and economic catalyst. In contrast to BM NCs, the trimetallic and multimetallic NCs 

may possess an even greater degree of reactivity and selectivity as more parameters are available 

for regulation. However, there are very limited reports, but it is becoming a very hot topic of 

interest from last few years.   
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