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Scope 

The ability to synthesize bimetallic and metal-semiconductor nanoparticles of 

desired composition, size and shape facilitates precise tailoring of their properties and 

the eventual use of these structures in various applications, ranging from electronics 

and photonics, catalysis and sensing, to biology and medicine.  Focus of the work 

presented in this thesis is bimetallic nanoparticles and metal-semiconductor 

nanoparticles with specific composition and structure, fabricated in situ inside a solid 

polymer thin film matrix. The former is obtained by the galvanic displacement route 

using suitable templates, whereas the latter is formed through a seed-mediated method. 

The prospect of using nanoparticle-embedded polymer thin films is extremely attractive 

since they exhibit the mutualistic effect from the components present.  In situ generation 

of the nanoparticles is one of the most convenient, simple and efficient route to the 

fabrication of the nanocomposite thin films.  The soft-chemical protocol we have 

optimized for the fabrication of bimetal nanostructures as well as metal-semiconductor 

nanoparticles inside the polymer thin films is environment-friendly, with the polymer 

acting as the stabilizing agent, and also as the reducing agent in many of the cases.  We 

have employed the nanocomposite thin films in various applications such as chemical 

catalysis, photocatalysis and surface-enhanced Raman scattering (SERS).  

This chapter is developed as follows.  First, we present a brief introduction to 

the different types of materials (Sec. 1.1).  Sec. 1.2 describes the historical aspects, 

uniqueness and classification of nanomaterials.  The following sections discuss the 

synthesis and structures, as well as the properties and applications of bimetallic 

nanoparticles (Sec. 1.3) and metal-semiconductor nanocomposites (Sec. 1.4).  The 

methodologies available for the fabrication of polymer thin films embedded with in situ 

generated metal nanoparticles and the unique features and applications that highlight 

the versatility of these nanocomposite materials are presented in Sec. 1.5.  Sec.1.6 offers 

an overview of the topics of particular interest in this thesis, namely nanoparticles in 

catalysis, photocatalysis and surface-enhanced Raman scattering.  Layout of the thesis 

is outlined in Sec. 1.7. 
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1.1 Materials 

Materials play a crucial role in our daily life, covering a wide range of arenas 

such as transportation, housing, clothing, communication and food production.  The 

various applications exploit their basic properties such as mechanical, electrical, 

thermal, magnetic, optical, and various combinations of these.  Various factors such as 

the elemental composition, bonding, structure, presence of impurities, surface structure 

and method of fabrication can alter the properties associated with materials.  However, 

inherent properties of these materials are generally independent of the actual physical 

size and shape.  The nature and type of materials are often classified based on their 

chemical/elemental composition and bonding interactions.
1
 

Metals, Dielectrics and Semiconductors  

Metals are characterized by a large density of non-localized electrons (the so-

called free electrons) contributed from the unbound electrons of the constituent atoms.  

They are good conductors of electricity and heat.  Combination of two or more metals, 

called alloys, can show increased chemical stability and strength as well as novel 

properties over the components; examples are the increased stability of Fe-Cr and 

magnetic properties of Cu-Mn.  Dielectrics are compounds with strong covalent 

bonding between metal and nonmetal elements; examples include oxides, nitrides and 

carbides, as well as clay minerals, and ceramics that are hard and stable up to high 

temperatures.  They are electrical insulators; showing low charge transport, but capable 

of charge storage through polarization.  Semiconducting materials, also composed of 

similar atoms as in dielectrics, show electrical conductivity between metals and 

semiconductors, which are highly sensitive to the presence of small amount of impurity 

atoms.  Electrical conductivity of semiconductors increases with temperature, a trend 

opposite to that shown by metals.  Examples of semiconductors include Si, Ge, TiO2, 

ZnO, GaAs etc.  Semiconductors are used extensively in various applications, including 

electronics, catalysis, and sensors.   
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Molecular Materials and Polymers 

Molecular materials are composed of small molecules or molecular ions as well 

as macromolecules, held together by relatively weak interactions like hydrogen bonds, 

π-stacking and dispersion forces.  The molecular properties are largely transferred to the 

bulk material, with novel features added due to the association.  An important aspect of 

these materials is that they can be easily dissociated into their constituents through 

dissolution in appropriate solvents, melting or sublimation, and reassembled into new 

structures with properties that are different from the earlier assembly.
2
  Polymers are 

versatile materials with special mechanical properties.  Conjugated polymers are unique 

materials as they exhibit additionally, metallic or semiconducting properties as well. 

Examples of polymers include rubber, nylon and silk as well as the natural polymers 

such as proteins, enzymes, starch, and cellulose; polyacetylene and polyaniline are 

famous examples of conjugated polymers. 

Composites and Biomaterials 

Composite materials consist of more than one disparate material type, and may 

show synergetic properties arising from the individual components. If optimised 

protocols are used for the synthesis, they exhibit a combination of the best 

characteristics of each of the constituents; for example, fiberglass acquires the strength 

of glass and flexibility of the polymer forming the composite.  Biomaterials are 

composites, natural or synthetic, alive or lifeless, and usually fabricated from the 

various types of materials discussed above including metals, polymers, ceramics, etc., 

which are compatible with biological systems.  Natural biomaterials include shells, 

bones and teeth. Synthetic biomaterials are frequently used in medical applications to 

augment or replace a natural function.  Examples include heart valve, bone plates, hip 

joint, contact lenses, drug delivery systems and scaffolding for tissue regeneration.
3
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1.2 Nanomaterials 

Nanomaterials are characterised by size scales in the range of 1-100 nm, at least 

in one dimension.
4,5

  They exhibit properties that are different from the bulk materials as 

well as the building blocks such as atoms or molecules.  Without being established as 

such, nanomaterials, have been used from ancient days in applications that utilise their 

optical and medicinal properties.  "Swarna Bhasma" an ancient Indian medicine is now 

established to be made up of gold nanoparticles.
6
  "Lycurgus cup" from the 4

th
 century 

AD
7
 is another example; it appears greenish under reflected light and red when 

illuminated from inside, the optical properties arising due to the embedded gold and 

silver nanoparticles (Fig. 1.1a). The magnificent south rose windows (Fig. 1.1b) of 

Notre Dame Cathedral also get their color from the metal nanoparticles embedded in the 

glass.  Nanowires in the Mediterranean cementite and carbon nanotubes in Wootz steel 

are other famous examples.
8
  

The ability to master the synthesis and characterization, and eventually targeted 

application of nanomaterials has led to the emergence of the field of nanoscience and 

nanotechnology.  The first documented synthetic route for Au nanoparticles (finely 

divided gold) was given by Faraday in 1857;
9
 it involved the reduction of gold chloride  

 

 

 

 

 

 

 
Figure 1.1.  (a) The Lycurgus cup in reflected light (green) and transmitted light (red) 

and (b) magnificent south rose window of Notre Dame Cathedral (figure adapted from 

ref. 5). 

 

(a) (b) 
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using phosphorus in CS2.  Many theoretical approaches were developed to understand 

the optical properties of nanoparticles.  Maxwell-Garnett gave the first quantitative 

theoretical description of light scattering by small particles in 1904; he assumed that the 

particles size is negligible compared to the wavelength of the incident light.
10

 Later, Mie 

provided the first theoretical treatment for optical properties of small particles in 1908.
11

  

The morphology and structure of nanoparticles were directly observed only after the 

invention of electron and probe microscopy techniques.  The electron microscope was 

invented by Knoll and Ruska, in which they used an electron beam rather than visible 

light.  Later, in 1938 Prebus and Hillers built the first practical transmission electron 

microscope (TEM).  TEM provides high-resolution images of nanostructures using 

electron beams with the wavelength comparable to atomic dimensions achieved by 

accelerating the electrons in the vacuum. In 1981, Binning and Rohrer invented the 

scanning tunneling microscope (STM); which provides some of the highest resolutions 

in imaging to date.
12

 In 1986, Binning, Quate and Gerber invented the atomic force 

microscope (AFM).
13

  Earlier in 1959, Feynman had highlighted the importance of 

physics at extremely small length scales, in his famous lecture entitled, “There's Plenty 

of Room at the Bottom”.
14

  Taniguchi used the term "nanotechnology" for the first time 

in 1974.  The discovery of carbon nanotubes, fullerenes and graphene has further 

advanced the field of nanoscience and nanotechnology. 
15

 

The unique nature of nanomaterials originates from the fact that, upon 

decreasing the size of the material to a few nanometers, they exhibit high surface to 

volume ratio
16,17

 and confined quantum electronic states,
18,19

 resulting in characteristic 

properties that are different from that of their bulk state. In the case of nanomaterials, 

relatively large fractions of atoms are on the surface as the surface to volume ratio 

increases; atoms at the surface have fewer neighbours than those present in the bulk.  

This leads to various effects such as decrease in the melting point of the material and 

efficient catalytic and bacterial action.  Stabilization of specific surfaces can impart 

special catalytic capability to nanoparticles.  At extremely small sizes, electronic energy 

levels of nanoparticles become discrete, changing from the continuous band structure.  

Unique effects such as absorption in the visible region due to localized surface plasmon 
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resonance (LSPR) can be observed, whereas bulk metal reflects.  The unique features of 

nanomaterial have been exploited in a broad range of areas such as energy, 

environment, medicine, textiles, cosmetics, food and information technology. 

Gleiter classified nanomaterials based on the growth habit and morphology;
20

 

and later, Skorokhod extended it further.
21  

They classified nanomaterials into 2-, 1- and 

0-dimensional structure based on extension of the bulk material.  2-dimensional 

structures include thin films and plates with a variety of shapes, wires, fibres and rods 

belong to 1-dimensional structures; spheres, clusters and cubes are examples of 0-

dimensional system (Fig. 1.2).  Anisotropy of the shape usually expressed as an aspect 

ratio, is basic to the description of a 2- dimensional or 1-dimensional structure.  Unusual 

structures like bipods, tripods and multipods do not fit into this classification.  Powders 

and fibrous, multilayer and polycrystalline materials in which the 0-D, 1-D and 2-D 

structural components are connected with each other and form interfaces, belong to 3-D 

materials. 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.  Classification of nanomaterials based on growth habit (figure adapted 

from ref. 21). 

1-D 

Nanofibers and 

rods 

3-D 

Bulk nanomaterials 
Cubes, spheres 

and clusters 

0-D 

Thin films, plates 
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1.3 Bimetallic Nanoparticles 

Bimetallic nanoparticles have attracted considerable attention in recent 

times.
22,23  

Combination of two different metals in the same nanoparticle adds the 

possibility of tuning the composition and structure, in order to vary the characteristics of 

the nanoparticles.  The two elements involved can adopt different organizations, core-

shell, hollow structures and alloys are common (Fig. 1.3).  Alloys may have segregated 

domains of the two atoms or a homogeneous distribution which may be random (solid 

solution) or with a specific structure;
24,25 

Janus structures have also been reported.
26

  

The composition, structure, size and shape of the bimetallic nanoparticles control their 

electronic structure and surface organization, leading to unique physical attributes and 

chemical reactivities.
27-29

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic of the structures of bimetallic nanoparticles: (a) mixed alloys; (b) 

subclusters with an interface (c) core-shell nanoparticles (d) multishell core-shell 

nanoparticles and (e) movable core within hollow shell material (figure adapted from 

refs. 24 and 25). 

 

(a) (b) (c) 

(d) (e) 
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1.3.1 Synthesis and Structures 

Co-reduction is commonly used to produce alloy and intermetallic 

compounds.
30-32 

 It involves simultaneous reduction of two metal precursors as well as 

nucleation and growth of the atoms together, resulting in the nanostructures.  Structure 

of the bimetallic nanoparticles is tailored by exploiting parameters such as the reduction 

potentials of the metal ions, reducing agents, coordinating ligands, capping agents, and 

the reaction temperature.  This method is favourable for metal ions with small 

difference in their redox potentials. Pd-Pt alloy nanoparticles
33

 are prepared by 

simultaneous reduction of Pd(acac)2 and Pt(acac)2 with morpholine borane, and 

nanoparticles of Au-Ag alloy is achieved by concomitant reduction of HAuCl4 and 

AgNO3 with oleylamine.
34

 

Thermal decomposition is another popular method for the fabrication of 

bimetallic nanoparticles, often in alloy form.  It involves the decomposition of two 

metal precursors concurrently or a bimetallic precursor compound at elevated 

temperatures.  It is highly favourable for metals with relatively low standard reduction 

potentials such as Fe, Co and Ni, which are difficult to convert to the metal chemically. 

Simultaneous decomposition of Fe(CO)5 and Co2(CO)8 leads to the formation of Fe-Co 

nanocrystals;
35

 Fe-Pt nanocrystals have been prepared by decomposing Pt3Fe3(CO)15.
36

 

Core-shell nanoparticles are specifically obtained through seed-mediated growth 

approach as, such structures are difficult to achieve either through co-reduction or 

thermal decomposition methods.  This is a prominent route for the fabrication of 

rationally designed bimetallic nanoparticles with precise architecture.  In this route, pre-

synthesized monometal nanoparticles with definite shape are used as seeds, and the 

second metal is nucleated heterogeneously on the seed by either reduction or thermal 

decomposition of the metal precursor.  Heterogeneous nucleation has low energy barrier 

compared to homogeneous nucleation; due to this factor, the second metal (material) 

nucleates easily on the seed particles.  Pt nanocubes are used as seeds to synthesize 

Pt@Pd core-shell nanocrystals
37

 through the overgrowth of Pd on Pt surface.  
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Galvanic displacement strategy is widely used to fabricate hollow bimetallic 

nanoparticles.
38,39

  Metal nanoparticles with low standard reduction potentials are used 

to reduce ions of a second metal with high reduction potentials, where the former one 

acts as a sacrificial template. The second metal ions are reduced by the electrons from 

the template atoms, and grow on the surface while the interior atoms that are oxidized, 

dissolve into the reaction medium.  This process results in hollow bimetallic 

structures.
40

  These uniquely structured nanoparticles are difficult to fabricate through 

other methods.  Ag nanocrystals with a definite shape were used as a sacrificial template 

to obtain various hollow bimetallic systems such as Ag-Au, Ag-Pd and Ag-Pt.
41-43

  

Also, other metal nanoparticles like Ni, Cu, Co and Pb have been used as sacrificial 

templates to generate hollow bimetallic nanoparticles.
44

 

1.3.2 Properties and Applications 

Similar to single metal nanoparticles, the optical properties of bimetallic 

nanoparticles are affected by various factors such as size, shape and the dielectric 

environment; additionally, the properties are crucially dependent on the composition 

and structure.  Bimetallic nanoparticles are used in several applications such as 

catalysis, photocatalysis, SERS and sensing.  The characteristic LSPR of metal 

nanoparticles is due to the collective oscillation of the surface free electrons resonating 

with the incident light (Fig. 1.4).
45

  The LSPR lies in the visible region for metals like 

Ag, Au and Cu; it occurs in the ultraviolet (UV) region for Ru, Rh, Pd and Pt 

nanoparticles.
46,47

  The scattering of light by small particles can be understood in terms 

of the Mie theory, wherein Maxwell's equations are solved for a homogeneous sphere 

irradiated by an electromagnetic plane wave.  It is applicable when the size of the 

spherical particle is negligible compared to the incident light wavelength.  The 

extinction cross section is given by,  
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where λ is the incident light wavelength, εm is the dielectric constant of the surrounding 

medium,
48

 R is the radius, and εr and εi are the real and imaginary parts of the dielectric 

constant of the particles.  The dielectric constant of the nanocrystals is assumed to be 

similar to that of the material in the bulk state, independent of the size and shape.  The 

LSPR shifts towards the higher wavelength with increasing size of the metal 

nanoparticles or an increasing dielectric constant of the medium.  Mie theory can also 

be applied to spherical bimetallic nanocrystals, with the dielectric constant of the alloy 

(of M and N metals) is taken to be, εMN(α) = αεM + (1 − α)εN (where α is mole-fraction 

of M and εM and εN  are the dielectric constants of pure M and N respectively). Size 

dependent dielectric constants are used in some extensions of the Mie theory.
49

  

Simulation methods, such as DDA
50

 and FDTD
51

 are widely used to model LSPR 

spectra of nanoparticles; to explore the impact of size, shape, composition and structure 

(hollow, core-shell, etc.,).  The LSPR of bimetallic (Au-Ag, Au-Cu and Ag-Cu)
52-54

 

nanoparticles can be tuned over the visible region, exploiting the composition, structure 

and shape.  Combinations with metals like Pd or Pt result in drastic dampening of the 

LSPR extinction of Ag nanoparticles. 

Figure 1.4.  Localized surface plasmon resonance due to the coherent interaction of 

the electrons with light in metal nanoparticles. 
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Bimetallic nanoparticles often show higher catalytic activity in terms of turn-

over-number (TON) or frequency (TOF) compared to individual metal nanoparticles, 

and hence are highly useful in industrial applications.  Rate of a catalytic reaction 

strongly depends on the adsorption process.  The coordination number of atoms on the 

surface depends on the facets of the metal nanoparticles, which therefore influence the 

activity in heterogeneous catalysis.
55

  In the case of fcc metals, {111}, {100} and {110} 

- facets have a coordination number of 9, 8 and 7 respectively. {111}-facet is the most 

stable.  Nanosized defects like steps or kinks usually have a coordination number of 6.  

Bligaard and Nørskov demonstrated that energetic differences between these different 

facets on a catalytic surface could vary by up to 1 eV for the chemisorption of CO on 

Pt.
56

  Incorporating the second metal can result in many new effects including charge 

transfer between the two different surface atoms, altering the electronic structure and 

activity.  The spatial arrangement of surface atoms is affected by strain, geometry and 

size.  A typical example of bimetallic nanoparticle catalyst is Au-Pd used for the 

acetoxylation of ethylene to vinyl acetate.
57

  Growing catalytic Pt from the ends of 

plasmonic Au rods gave a novel class of bimetallic hybrid whose catalytic activity could 

be enhanced using light.
58

  Depositing Pd on the surface of magnetic Ni nanocrystals 

produces a catalyst with high activity per Pd atom as all the atoms being on the surface 

are catalytically active; it also makes the hybrid system magnetically recoverable.
59

 

Bimetallic magnetic nanoparticles have attracted great interest in various fields 

such as biomedicine
60

 and information storage
61

 in addition to catalysis.  Ni, Co and Fe 

nanoparticles as well as their alloys (Co-Ni, Fe-Pt and Co-Pt) exhibit ferromagnetism.  

Nanomagnetic materials behave as single domain magnets when reduced down to a 

critical size, whereas bulk materials are composed of multiple magnetic domains.  When 

a ferromagnetic nanocrystal is reduced even further in size, it eventually reaches the 

superparamagnetic limit.  The temperature above which ferromagnetic nanocrystals 

become superparamagnetic is known as the blocking temperature.  It is observed that 

the incorporation of strong spin-orbit coupling metals (Rh, Pd and Pt) into metals with 

large local magnetic moments (Fe, Co and Ni) enhance their magnetic moments, 
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stability and anisotropy.
62

  For example, FePt alloy is stabler, and exhibits superior 

magnetic properties compared to their single metal nanoparticles.
63,64 

1.4 Metal-Semiconductor Nanoparticles 

Metal-semiconductor nanoparticles are useful hybrid materials showing novel 

properties because of the synergistic effect of the individual components, in addition to 

the impact of size, shape, structure and composition.  The combination of two different 

materials, metals and semiconductors, can be fabricated through different processes and 

growth mechanisms (as shown in Fig. 1.5).
65-70

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) (c) 

Figure 1.5.  Schematic of growth mechanisms (a) surface nucleation and growth of a 

second phase on a seed nanoparticle (b) surface nucleation followed by surface 

diffusion of the metal phase and an inward diffusion and (c) simultaneous nucleation 

and growth of both materials (figure adapted from ref. 65). 
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1.4.1 Synthesis and Structure 

Seed-mediated growth is commonly employed to fabricate metal-semiconductor 

nanoparticles.  Semiconducting nanomaterials are often used as seeds and metal 

nanoparticles are grown heterogeneously on the seed surface (Fig. 1.5a). The final 

structure of the composite material depends on various factors such as the size, 

morphology and facets of the seed.  For example, Au nanocrystals preferentially 

nucleate at the tips of CdSe and CdS nanorods rather than on the side walls, because the 

facets of the tips possess relatively higher surface energy.
71-74

  High temperature as well 

as light have been used as external stimuli to overcome the energetic barrier for the 

growth of Co on TiO2
75 

and Ag on ZnO
76

 respectively.  Nucleation and growth on the 

surface may be followed by diffusion (Fig. 1.5b).  Diffusion on the surface can lead to 

coalescence of clusters at a single location, either on the surface of the hybrid particle or 

within the center of the hybrid particle. Gold diffuses into InAs nanocrystal due to the 

concentration gradient between the surface and interior of the particles.
77

  

Nucleation and growth of nanocrystal can occur concurrently. In this process the 

initial seeds are not isolated before the second material grows; the two fragments grow 

mostly independently (Fig. 1.5c).  The above route is used in the synthesis of Ag/AgBr 

hybrid nanocrystals, in which Ag and AgBr nanocrystal are nucleated and grown 

simultaneously, where the Ag nanocrystals are obtained by the reduction of silver ions 

which are coordinated to ionic surfactant containing a bromide counterion.
78

  

Replacement of a sacrificial domain involves the conversion of heterostructure 

nanocrystals into hybrid nanoparticles, primarily through the replacement or reaction of 

a sacrificial component within the heterostructure nanocrystal. Liu and Guyot reported 

the synthesis of Ag2S- and Ag2Se-coated gold nanoparticles by treating the core-shell 

Au@Ag nanoparticles with sodium sulfide or selenourea.
79

 

1.4.2 Properties and Applications 

The unique properties of metal-semiconductor nanocomposites arise from the 

fundamentally different nature of the individual components in the system as well as the 
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interaction between the two at the metal-semiconductor contact.  The metal-

semiconductor nanoparticles show remarkable optical properties due to interaction of 

the different electronic structures.  Metal nanoparticles exhibit LSPR, whereas the 

semiconducting materials often show photoluminescence characteristics.  The plasmon 

peak of the metal nanoparticles can be shifted to longer wavelength in the presence of 

semiconducting material with a higher index of refraction;
80

 a typical example is the 

Au/CdS nanoparticles.
81

  Luminescence of the semiconducting material may be 

quenched or enhanced in the presence of metal nanoparticles.  Fluorescence quenching 

can occur due to the energy transfer from the exciton in the semiconductor to the metal.  

Au in Au/CdSe,
71

 Au/CdS
72

 or Au/InAs
77

 hybrid nanosystems is known to quench the 

fluorescence of the respective semiconductor.  Fluorescence enhancement together with 

the decreased lifetime is known to occur due to the interaction between  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6.  Schematics illustrating the generation of electrons and holes, and electron 

transfer from (a) the semiconductor to the metal and (b) the metal to the semiconductor 

(where ESP and EFM refer to the surface plasmon state and Fermi level of metal, EFS is  

the Fermi level of the semiconductor) (figure adapted from ref. 84). 
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collective surface plasmons of metal nanoparticles and the excitons of the 

semiconductor nanowires; this was observed in CdTe nanowires with chemically linked 

Au nanocrystals.
82

 

Metal-semiconductor hybrid nanoparticles are known to be efficient 

photocatalysts, providing efficient charge separation at the metal-semiconductor 

interface.  Photon absorption by the semiconductor or metal region generates an 

electron–hole pair, followed by the fast transfer of one of the charge carriers into the 

closely spaced energy levels in the metal (Fig. 1.6a) or semiconductor (Fig. 1.6b) 

nanoparticle domain.
83

  Most of the semiconductors have strong absorption only in the 

UV region, which constitutes only about 4% of the entire solar spectrum. An efficient 

photocatalyst must have absorption that extends into the visible range. Therefore 

semiconducting materials are combined with plasmonic metals mainly Ag and Au, to 

enhance the absorption in the visible region. Metallic deposits on oxide nanocrystals 

(TiO2, ZnO),
84,85

 significantly improve the photocatalytic and photoelectrochemical 

responses of the semiconductor cores, as photoinduced charge carrier separation is 

promoted upon electron migration towards the metal domain. The latter can also favor 

fast electron release to suitable acceptors in the solution. Recently, Ag/AgCl 

nanocomposites have attracted attention as efficient photocatalysts.
86

   

1.5 Metal-Polymer Nanocomposite Thin Films 

Metal-polymer nanocomposite materials are versatile materials in which the 

nanoparticles are stabilized inside a polymer matrix.  The properties such as the optical 

response of the nanoparticles are affected by the dielectric environment of the 

polymer,
87

 whereas the mechanical properties and thermal behaviour of the polymer are 

influenced by the presence of the metal nanoparticles.
88-90

 

1.5.1 Fabrication 

The metal-polymer nanocomposites can be fabricated through different 

methods,
91

 which can be broadly classified as in situ
92

 and ex situ.
93

  In situ method 
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involves generally two steps: in the first step, metal precursor is incorporated into the 

polymer or monomer (before polymerization); the metal ions are reduced using thermal 

treatment, light irradiation etc., resulting in metal nanoparticles in the second step.  In 

the case of ex situ methods, the pre-synthesized metal nanoparticles are mixed with the 

polymer or the monomer which is subsequently polymerized.  In situ synthesis offers a 

relatively more homogeneous distribution of metal nanoparticles in the polymer matrix.  

Several in situ methods have been developed, among which two methods are commonly 
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Figure 1.7.  Schematic of the two approaches employed for the in situ synthesis of 

metal nanoparticles inside a polymer thin film on substrate (figure adapted from refs. 

100 and 101). 
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used to generate metal nanoparticles inside a solid polymer thin film (Fig. 1.7).  In 

Method 1, the metal precursor is incorporated into a prefabricated polymer thin film 

through different methods (treatment with metal precursor solution
94-97

 or vapor,
98

 

plasma treatment, etc.,) whereas in Method 2, a mixture of the polymer and metal 

precursor in solution is used for coating the film to obtain the metal precursor-polymer 

thin film.  The film formed by either method (through spin-coating commonly) is 

treated by various ways such as photo-irradiation, chemical reduction, electrochemical 

reduction
99

 and thermal treatment to generate the nanoparticles in situ inside the film.  

In general, Method 2 produces a more homogeneous distribution of nanoparticles than 

Method 1. Thermal treatment is probably the simplest procedure, which can cause either  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Schematic of the protocol developed in our laboratory for the in situ 

synthesis of metal nanoparticles inside PVA film and the fabrication of (a) film on 

substrate and (b) free-standing films (figure adapted from refs. 100 and 101); 

(PS=polystyrene). 
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decomposition of the precursor or reduction of the metal ion precursor by the polymer 

itself; polymers with functional groups like alcohols and amines can act as reducing 

agents.  The metal-polymer nanocomposites are fabricated in different forms including 

fibers, gels and thin films.  A simple protocol has been developed in our lab, for the 

fabrication of nanoparticles of metals such as Ag, Au, Pd, Hg and Pt,
100,101

 embedded in 

a polymer thin film on substrates as well as free standing form (Fig. 1.8a,b).
102

  The 

method ensures the formation of the metal nanoparticles within the polymer matrix 

thereby avoiding their exposure to the environment.  Poly(vinyl alcohol) (PVA) is one 

of the best choices for the polymer, as it reduces the metal precursor under mild thermal 

annealing conditions or photo-irradiation, using the hydroxyl groups.  The reduction of 

metal ions to atoms and their aggregation to form nanoparticles inside the polymer film 

is accompanied by chemical changes in the polymer including oxidation of hydroxyl 

groups and formation of ether cross-linkage.
103

  Formation of the metal nanoparticles 

can be conveniently monitored through various spectroscopy and microscopy 

techniques.  Free standing films obtained using the polystyrene (PS) as the supporting 

layer which is dissolved out subsequently (Fig. 1.8b) are extremely thin, and can be 

used directly for imaging in a TEM.  The size, shape and density of the metal 

nanoparticles in polymer thin films can be tailored by changing the metal to polymer 

ratio, viscosity of the solution and the spin-coating conditions and finally the thermal 

annealing time and temperature.  Polymers such as the poly(vinylpyrrolidone) (PVP) 

and poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVVV) have also been used 

to prepare metal-polymer nanocomposite thin film in our laboratory. 

A wide range of spectroscopy and microscopy techniques have been used for 

monitoring the formation as well as the final structure and composition of the metal 

nanoparticles.  Electronic absorption/extinction spectrum is used to monitor the 

emergence of the characteristic LSPR of the metal nanoparticles in the visible or UV 

region.  The process can be followed as a function of time to monitor the progress and 

completion.
104,105

  X-ray photoelectron spectroscopy (XPS) provides proof of the 

reduction of the metal ions to atoms based on the oxidation state changes.
106-108

  Atomic 

force microscopy (AFM) has been used not only to look at the final nanocomposite 
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film, but also for real-time monitoring of the in situ growth of nanostructures in the 

polymer film.
109,110

  Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM), combined with energy dispersive X-ray scattering (EDXS) and 

selected area electron diffraction (SAED) are used for the detailed characterization of 

the nanomaterials, including size, shape, composition and structure.  Besides these, X-

ray diffraction (XRD) techniques can be used to characterize the size and structure of 

crystalline metal nanoparticles and simultaneously, any crystalline structure present in 

the polymer.  Formation of gold nanoparticles inside PVA films by photo-irradiation 

has been monitored using XRD.
111

   

1.5.2 Applications 

Metal-polymer nanocomposite thin films fabricated through in situ methods 

have been shown to be useful in a number of applications.  Simultaneous formation of 

metal nanoparticles and polymer chain cross-linking results in reduced solubility of the 

final nanocomposite thin film, thereby enhancing its application potential in aqueous 

media.  The hydrogel character of polymers such as PVA and the swelling of the thin 

film in solution media facilitates contact between the external medium and the metal 

nanoparticles embedded within the film. These characteristics are essential for various 

applications such as catalysis and sensing.  Metal-polymer nanocomposite thin films 

with different noble metals such as Ag, Au, Pd and Pt, have been used as optical 

limiter,
102,112,113

 microwave absorber,
114

 random laser,
115

 surface-enhanced Raman 

scattering substrates (SERS),
116,117

 sensor,
118

 antibacterial,
119

 catalyst
120

 and in electron 

beam lithography (EBL).
121

 

1.6 Applications of Interest in This Thesis 

1.6.1 Nanoparticles as Catalysts 

Catalysts are an integral part of the production of fine chemicals, plastics and 

fertilizers as well as the remediation of environmental pollutants.  Catalysts are 

classified as homogeneous and heterogeneous. Even though, homogeneous catalysts are 
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in general highly efficient, there is an inherent problem of catalyst separation for 

recycling, thereby reducing the overall catalyst utilisation.  Heterogeneous catalysis 

offers a more convenient option for catalyst recovery; however, the catalytic activity is 

limited as the surface atoms only are involved in the conversion of reactants to products.  

Metal nanoparticles are highly attractive as catalysts, as the large fraction of surface 

atoms present are utilised.  However, proper embedding in a matrix is essential to effect 

efficient recovery.  If that is achieved, nanocatalysts can harness the benefits of 

homogeneous and heterogeneous catalysis.
122

  Catalytic activities of metal nanoparticles 

have been studied extensively, and the relevance of size and shape has been highlighted.  

Nanoparticles with sharp edges and corners as well as rough surfaces have high 

catalytic efficiency.
123

  The structure can indeed influence the catalytic activity, so also 

the incorporation of another metal.  Au@Pd core-shell nanoparticles catalyse the 

Suzuki-Miyaura coupling between chlorobenzene and phenylboronic acid more 

efficiently than pure Pd.
124

  Hollow nanoparticles with high surface area and low density 

exhibit high catalytic activity than solid particles.  In the case of oxygen reduction and 

methanol oxidation reactions, Pt nanotubes and Pt hollow spheres have been shown to 

exhibit higher activity than their solid counterparts.
125

  Separation of the catalyst and 

products is further improved by incorporating the metal nanoparticles into various 

supports like oxides, magnetic nanostructures, carbon nanotubes and polymers.
126

  The 

concept of „dip catalysts‟ developed in our laboratory exploits the possibility of 

nanocatalyst-embedded polymer thin film that can be conveniently introduced in a 

reaction system and retrieved by simple mechanical dipping and removal.
127,128 

1.6.2 Nanoparticles as Photocatalysts 

Semiconductor nanomaterials are widely used as photocatalysts in applications, 

such as degradation of pollutants, water splitting and sunlight harvesting.  

Photocatalysis is one of the focal areas of research and development in the broad arena 

of sustainable energy, manufacturing and environmental remediation technologies. 

Inexpensive and easily fabricated photocatalysts with high efficiency and reusability, 

form an important and evolving theme of research.  Metal-semiconductor composite 
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nanostructures are prime candidates in these applications.  Nanoparticles of noble 

metals like Ag, Au and Cu show strong light absorption in the visible regime.  The 

metal-semiconductor interface facilitates the separation of charge carriers generated by 

light absorption; these electrons and holes induce reductive and oxidative reactions 

leading to photocatalysis.  Exploitation of this general principle has led to extensive 

research on the design and fabrication of plasmonic photocatalysts.  

Even though combinations like Au/TiO2, Ag/Ag3PO4 and Ag/AgBr have been 

explored,
129-131

 the most extensively studied and popular new composites in this field 

are Ag/AgCl or AgCl/Ag (nano Ag on nano/micro AgCl or the reverse respectively).  

The high photocatalytic efficiency results from the strong visible light absorption due to 

the LSPR of the Ag nanoparticle, and the separation of the photo-generated charge 

carriers by the intense electric fields at the Schottky junction between Ag and AgCl. 

1.6.3 Nanoparticles as SERS Substrates 

When light interacts with matter, it undergoes various processes like 

transmission, absorption and scattering. The scattered light can have the same energy as 

the incident light (hυI) (known as Rayleigh scattering) as well as different energies 

(known as Raman scattering) (Fig. 1.9).  Vibrational Raman transition arises from the 

change in the polarizability (α) during the molecular vibrations.  Only a very small 

fraction of the incident photons undergo Raman scattering.
132

 

The inherently weak Raman signal is enhanced significantly through the 

influence of the strong local field offered by the substrate surface.
133-137

  The surface-

enhanced Raman scattering (SERS) effect has been explained in terms of the general 

mechanism of electromagnetic field enhancement
138

 as well as the role of chemical 

enhancement effects
139,140

 in specific cases.  While the latter addresses the impact of the 

substrate surface on the analyte molecule through chemical interactions such as charge 

transfer, the former is a consequence of the strong local field provided by the surface.  

Metal nanoparticles, especially those of Ag, Au and Cu, with their strong LSPR fields  
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which can be excited by visible radiation, have been the popular choices for realizing 

high SERS effects. 

The SERS response is critically dependent on the impact of the local electric 

field on the exciting (frequency = I) and scattered (frequency = R) photons in the 

Raman process [Stokes/Anti-Stokes = (I-R)].  Therefore the SERS enhancement factor 

(EF) due to a metal nanoparticle based substrate is likely to be influenced by the 

correlation between the LSPR energy and the exciting laser energy.  Wavelength-scan 

studies with different substrates have shown that maximum enhancement occurs when 

the LSPR peak is approximately midway between the I and R; for Stokes lines in the 

Raman spectrum, maximum EF is obtained when the LSPR peak is slightly red-shifted 

with respect to the exciting laser wavelength.
141,142

  However, several studies show that 

the correlation between the LSPR extinction and the SERS EF is not so straight 

forward.  The link between the LSPR extinction and the SERS can be quite indirect and 

the spatial distribution of resonance plays a significant role, the bulk-like character of 

the collective resonance at a specific wavelength contributing to the extinction and the 

surface-like character to the SERS.
143

  The inherent competition between extinction and 

enhancement can lead to maximum signals off-resonance, at optimal concentrations in 
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Figure 1.9.  A schematic illustration of Raman and Rayleigh scattering of light. 
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colloidal media, and in particular when the LSPR is blue-shifted with respect to I.
144,145

  

Another factor of fundamental relevance in this context is that the extinction is 

controlled by the far-field behaviour of the plasmonic substrate while the SERS 

response is determined by the near-field effects which once again makes the correlation 

between the two responses complex.
146

  A major focus in the development of SERS 

substrates has been the generation of large local fields through the formation of features 

such as „hot spots‟.
147,148

  The impact of cluster size and inter-particle separation in 

nanoparticle aggregates on the near field enhancement and the design of ultrasensitive 

plasmonic nanostructures for SERS have been investigated in detail.
149,150

  From an 

alternate perspective, the facility with which the LSPR of metal nanoparticles can be 

systematically tailored through various methods, allows fundamental studies of SERS 

EF tuning and optimization of the substrate to realize maximum enhancement.  LSPR of 

metal nanoparticles such as Au and Ag have been tuned by varying their size and shape, 

and different aspects of their assembly.
151-155

 

1.7 Layout of the Thesis 

The main objective of this thesis is to develop and optimize new protocols for 

the in situ generation of bimetallic as well as metal/semiconductor nanoparticles 

embedded in polymer thin films, and explore their unique application potentials.  The in 

situ fabrication strategy is simple and environmentally benign.  Following earlier work 

in our laboratory on metal-polymer composites; we have used PVA as the polymer 

because it can reduce most of the noble metals as well as act as a stabilizer for the 

nanoparticles.  This polymer is soft and water soluble; it has excellent film forming 

capability and is biodegradable.  In this thesis, we have explored a variety of problems: 

details of the in situ formation of metal nanoparticle, and the control of the size of Ag as 

well as Cu nanoparticles, use of these particles as templates for the fabrication of 

bimetallic nanoparticles such as Ag-Pd, Ag-Au and Cu-Ag.  The metal/semiconductor 

composite nanoparticles of Ag/AgCl in PVA thin film were also developed.  We present 

our investigations of Ag-Pd-PVA and Ag/AgCl-PVA thin films as catalyst and 

photocatalyst respectively; Ag-Au-PVA and Cu-Ag-PVA thin films are shown to be 
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efficient SERS substrates. The thesis is organized in six chapters. Following the 

introductory material presented in this chapter, we present details of our investigations 

in the following chapters as noted below. 

Chapter 2   

This chapter focuses on the in situ formation of Ag-Pd nanoparticles embedded 

in polymer thin films.  The Ag nanoparticles size was tuned by introducing catalytic 

amounts of Cu
2+

 into the reaction mixture.  Ag nanoparticles with selected size range, 

embedded in the polymer thin film are used subsequently as sacrificial templates to 

generate hollow Ag-Pd nanoparticles in situ inside polymer thin film by treating with 

aqueous K2PdCl4 under ambient conditions, in a galvanic displacement reaction.  

Hollow Ag-Pd nanoparticles embedded in PVA thin film were employed as „dip 

catalysts‟ in the Suzuki-Miyaura reaction of iodobenzene with phenylboronic acid.  The 

TON and TOF obtained using the bimetallic nanoparticles were shown to be 

significantly higher than that obtained with monometallic nanoparticles. 

Chapter 3  

Ag/AgCl nanoparticles were synthesized inside a PVA thin film in two steps. In 

the first step, AgCl nanoparticles were formed by mixing AgNO3 and HCl in presence 

of PVA, and the solution was spin coated to form AgCl-PVA thin film.  Photo-

irradiation of AgCl-PVA film in the second step led to the formation of Ag/AgCl-PVA. 

The thin film was used as an efficient photocatalyst for the degradation of methyl 

orange dye.  Extensive recyclability and the unique advantage of convenient catalyst 

monitoring between the reuse cycles were demonstrated.  

Chapter 4  

The general methodology developed in Chapter 2, was extended to fabricate Ag-

Au nanoparticles embedded in a polymer thin film.  Ag-Au nanoparticles with various 

compositions were fabricated in PVA thin film by treating the Ag-PVA films with 

different concentrations of HAuCl4 solutions under ambient conditions.  The LSPR of 
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the system could be tuned over the visible region, by varying the compositions 

systematically.  The Ag-Au-PVA thin films with different Ag and Au composition were 

used as SERS substrates. Raman scattering experiments were carried out using R6G as 

the analyte molecule.  The SERS enhancement was shown to vary strongly with the Ag-

Au composition; high enhancement factor was obtained for the Ag-Au-PVA thin film 

with low amount of Au.  Correlation of the enhancement factor with the LSPR 

extinction was analysed.  

Chapter 5  

This chapter focuses on the fabrication of Cu nanoparticles in the polymer thin 

films followed by the fabrication of Cu-Ag-PVA thin films.  CuO-PVA thin films were 

first prepared by thermal decomposition of Cu(NO3)2 incorporated in a PVA thin film.  

Cu-PVA nanocomposite thin film was fabricated by exposing the CuO-PVA thin film to 

hydrazine vapors.  Cu nanoparticles embedded in the polymer film was used as a 

sacrificial template to generate Cu-Ag nanoparticles through galvanic displacement 

reaction by treating with aqueous AgNO3.  Cu-Ag-PVA with different compositions, 

Cu-PVA and Ag-PVA thin films were studied to explore their efficiency as SERS 

substrates. Raman scattering experiments with analyte molecules such as rhodamine 6G 

and methylene blue and under different excitation lasers, established Cu-Ag-PVA as a 

highly efficient SERS substrate for broad spectra applications. 

Chapter 6   

The final chapter presents a brief overview of the various investigations in this 

thesis and highlights the significant achievements of the new explorations.  The 

highlights of the work include: (i) the development of general, simple and mild 

strategies to fabricate in situ inside a polymer thin film, bimetallic and metal-

semiconductor nanoparticles with tuned composition and structure, (ii) the 

demonstration of effective use of these nanocomposite thin films in catalytic, 

photocatalytic and SERS applications.  The new directions in which the present studies 

can be expanded and evolved are also discussed in this chapter. 
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Hollow Bimetallic Nanoparticles Generated In Situ Inside a 

Polymer Thin Film: Fabrication and Catalytic Application of 

Silver-Palladium-Poly(vinyl alcohol) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hollow Ag-Pd nanoparticle-embedded PVA thin film is fabricated by an in situ 

protocol involving thermal annealing assisted reduction and galvanic displacement, 

and its catalytic activity is demonstrated. 
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Scope 

This chapter outlines the development of a general approach to the fabrication 

of bimetallic nanoparticle-embedded polymer thin film by presenting the specific case of 

generating hollow bimetallic nanoparticles of silver-palladium (Ag-Pd) in situ inside 

poly(vinyl alcohol) (PVA) thin films by a two-stage process.  In the first stage, Ag-PVA 

is fabricated by mild thermal treatment of a spin-coated thin film, the polymer 

functioning as the reducing agent for the embedded metal precursor ions as well as the 

stabilizer for the generated nanoparticles.  An important methodology for the formation 

of relatively larger Ag nanoparticles is also developed.  In the second stage, an aqueous 

solution of potassium palladium chloride (K2PdCl4) is spread on this film under ambient 

conditions, whereupon Pd gets deposited on the Ag nanoparticles through a galvanic 

displacement reaction and alloys with it.  A gradual variation of the concentration of 

K2PdCl4 solution used in the in situ process allowed a systematic demonstration of the 

evolution of the bimetallic nanoparticles with the eventual formation of hollow particles 

with Ag-Pd alloy walls.  The high catalytic efficiency of the Ag-Pd hollow nanoparticle-

embedded PVA thin film is demonstrated by its application in the Suzuki-Miyaura 

reaction. 

 

2.1 Introduction 

The versatility of metal nanoparticles arises from the ease and facility of their 

synthesis, tunability of their size and shape, unique properties such as the localized 

surface plasmon resonance (LSPR) extinction that they exhibit, and the strong 

dependence of these properties on the metal and the size, shape/morphology and 

assembly of the particles.  These attributes lead to potential applications of metal 

nanoparticles in fields such as electronics, photonics, analytical and environmental 

sciences, catalysis, biology and medicine, as noted in Sec.1.2.
1-5 

  As highlighted in 

Sec.1.3, the presence of two or more types of metals in the same nanoparticle adds the 

new dimensions of composition and structure to the factors that can be used to tune the 
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characteristics of the nanoparticles.  Bimetallic nanoparticles have attracted great 

attention in recent times.
6-11

  The highly tunable optical properties and the enhanced 

catalytic efficiencies of bimetallic nanoparticles have led to their extensive application 

in plasmonics and catalysis.
12-20

  As discribed in Sec.1.3.1, popular routes to the 

fabrication of these versatile nanomaterials involve the chemical reduction of the 

precursor ions; the two types of metal ions may be reduced concomitantly
21

 or in 

successive steps;
22

 some of the methods follow a templated approach.
23

  Bio-synthetic 

processes
24

 and thermal decomposition protocols
25

 are also commonly used.  Other 

techniques reported for the synthesis of bimetallic nanoparticles include laser ablation,
26

 

ion implantation,
27

 electrochemistry,
28

 radiolysis
29

 and sonochemistry.
30

 

The importance of metal-polymer nanocomposites,
31,32

 and the in situ fabrication 

protocol developed in our laboratory using a simple, inexpensive and environmentally 

benign route,
33

 have been described in Sec.1.5.  The ease of deployment of the metal-

polymer nanocomposte thin film in catalytic applications has been highlighted by 

qualifying it as a ‘dip catalyst’, examples being Ag-PVA thin film used in reduction of 

p-nitrophenol,
34

 and Pd-PVA thin film used in C-C bond coupling reactions.
35

  In the 

study presented in this chapter, we have explored the utility of this facile in situ 

approach to the fabrication of bimetallic (Ag-Pd) nanoparticles.  Several studies on Ag-

Pd alloy nanoparticles have been reported earlier.
15,36-38

  We have developed a simple 

technique for the generation of relatively large Ag nanoparticles in the polymer thin 

film, followed by the formation of Ag-Pd alloy nanoparticles within the film through an 

ambient temperature templating approach.  The in situ approach allowed convenient and 

systematic monitoring of the different steps in the growth of the hollow bimetallic 

structure.  The high catalytic efficiency of these bimetallic nanoparticles is 

demonstrated by using the Ag-Pd-PVA nanocomposite thin film as a ‘dip catalyst’ in 

the Suzuki-Miyaura coupling reaction.   
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2.2 Ag-PVA Thin Film  

2.2.1 Fabrication of Ag-PVA Thin Film  

The protocol for the in situ fabrication of metal-polymer nanocomposite thin 

films that was developed earlier
32,33

 in our laboratory involves essentially two steps: 

spin-coating of the polymer thin film with the metal precursor uniformly dispersed 

within, and thermal annealing during which the metal ions are reduced and the 

nanoparticles are generated, the polymer acting simultaneously as the reducing agent 

and stabilizer.  PVA has been the polymer of choice in most cases.  The Ag-PVA thin 

film contains nearly monodisperse nanoparticles with sizes that can be tuned from ~ 2-9 

nm by controlling the Ag/PVA weight ratio (x), in the initial mixture and the thermal 

annealing conditions.
33

  In order to proceed further to fabricate bimetallic nanoparticles, 

relatively larger Ag nanoparticles which can act as templates are required; the larger 

size will also facilitate unambiguous structural characterization of the bimetallic 

systems.  An obvious approach to produce larger particles would be to increase the 

Ag/PVA ratio (x); however, we found that this leads to a polydisperse size distribution 

including smaller ones, possibly due to more extensive nucleation within the polymer 

film.  Increase in the temperature or time of thermal annealing generally resulted in 

damage of the polymer film.  A wide range of variations in the thermal annealing 

conditions and procedures that we explored, also failed to produce monodisperse, large 

nanoparticles in the polymer film.  In a modified protocol, a high Ag/PVA weight ratio 

of 0.8 was used and the thermal annealing carried out for a short period of 30 min and 

the unreduced Ag
+
 was washed away using water.  Examination of the nanocomposite 

film revealed only a marginal increase in the size of the Ag nanoparticles to ~12 nm.   

We have solved the problem finally by using the general procedure above, but 

incorporating additionally, very small quantities of Cu
2+

 ions in the initial solution 

mixture.  The protocol followed for the fabrication of the Ag-PVA film is shown 

schematically as Stage I in Fig. 2.1.  The procedure used for the preparation of Ag-PVA 

thin films using different quantities of Cu
2+

 ions was as follows.  Aqueous solutions of  
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AgNO3 and PVA were mixed in required proportions; for example, 0.32 g of AgNO3 

dissolved in 2.0 mL of water was mixed with 0.25 g of PVA dissolved in 5.0 mL of 

water to prepare a film with an Ag/PVA weight ratio (x) of 0.8.  The appropriate 

quantity of an aqueous solution of Cu(NO3)2 was mixed with this solution; the 

maximum amount of copper used was 1.4 weight % in terms of the total metal (Ag + 

Cu) content.  Glass/quartz substrate for coating the films was cleaned by washing and 

sonication in isopropyl alcohol and dried.  In order to prepare free-standing films for 

TEM imaging, the substrate was first coated with a few drops of a solution of 

polystyrene (PS) in toluene (1 g in 8 mL) by spinning at 1000 rpm for 10 s and dried in 

a hot air oven at 90
o
C for 15 min.  The solution mixture (PVA + AgNO3 + Cu(NO3)2) 

was spin-coated on the substrate (glass/quartz/PS coated glass) at 500 rpm for 10 s 

followed by 6000 rpm for 10 s.  The film was heated at 130
o
C for 30 min and then 

washed with ~ 1 mL of water and dried under ambient atmosphere.   

Figure 2.1.  Schematic of the in situ fabrication of Ag-PVA (Stage I) and Ag-Pd-PVA 

(Stage II) thin films.  PVA = poly(vinyl alcohol).  

Stage I 

Spin-coat 

Glass / Quartz 

130
o
C, 30 min 

Wash, Dry 
H2O + PVA + AgNO3  

+ Cu(NO3)2 (cat.)  

 

Stage II 

Spread 

K2PdCl4 
28

o
C, 30 min Wash, Dry 

Ag-Pd-PVA Ag-PVA 

Ag-PVA 
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2.2.2 Spectroscopy, Microscopy and Chemical Analysis of Ag-PVA Thin Film  

We have measured the thickness of the film using a surface profilometer; it was 

found to be ~ 150 nm.  LSPR extinction spectra and TEM images of the Ag-PVA films 

fabricated without adding Cu
2+

 and with the addition of different amounts of Cu
2+ 

(0.8 – 

1.4 % by weight in terms of the total metal content) are shown in Figs. 2.2 and 2.3 

respectively.  The films fabricated with low percentage of Cu
2+

 show enhanced LSPR 

extinction, with a slightly red shifted (416 to 425 nm) max.  With higher Cu
2+

 content 

the spectrum broadens and exhibits a larger red shift; the max for the case with 1.4 % 

Cu
2+

 is ~ 432 nm.  Increase in the size of Ag nanoparticle resulting from the presence of 

Cu
2+

 is clearly seen in the TEM images; the size (diameter) obtained with 1.4 weight % 

of Cu
2+

 is ~ 28 nm.  The Cu
2+

 ions also appear to impose a faceted structure on the Ag 

nanoparticles.  Identity of the Ag nanoparticles is proved later by electron diffraction 

pattern and lattice images.   

  

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  LSPR extinction spectra of Ag-PVA thin films (x=0.8) synthesized in 

presence of different weight % (in terms of the total metal content) of Cu
2+.
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Fate of the Cu
2+

 ions is not fully clear. We have checked carefully to see if the 

few very small particles observed in Fig. 2.3e are copper or copper oxides.  However 

this possibility is ruled as similar particles are seen in the image of the film formed 

without Cu
2+

, shown in Fig. 2.3a; further, high resolution image of a ~ 5 nm diameter 

particle confirms that it is also silver.  In an earlier solution synthesis of silver 

nanoparticles,
39 

it was suggested that Cu
+
 formed by the reduction of Cu

2+
 removes 

oxygen thus preventing the reoxidation of the silver atoms and enhancing the 

nanoparticle size.  In the present case the nanoparticles are generated inside the solid 

polymer thin film, but under ambient atmosphere.  We have carried out control studies 

involving thermal annealing of the films under vacuum, to explore the effect of 

atmospheric oxygen on the size of the Ag nanoparticles.  TEM images of these films  

Figure 2.3.  TEM images of Ag-PVA film synthesized in the presence of different 

weight % of Cu
2+

: (a) 0.0, (b) 0.8, (c) 1.0, (d) 1.2 and (e) 1.4 (scale bar = 20 nm). The 

insets of (a) and (e) show the images of the corresponding films prepared under 

vacuum (scale bar 20 nm). 
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Box 2.1.  ICP-OES analysis of the metal content present in Ag-PVA thin film 

fabricated with 1.4 wt % of Cu
2+

 

The Ag-PVA film coated on a 3.5 × 1.5 cm
2
 glass plate was dissolved in 

69% nitric acid.  The solution was diluted to 100 ml and ICP-OES analysis was 

carried out.  The metal content found are provided below. 

Metal 

Concentration of 

the solution 

analyzed (ppm) 

Total weight 

in the film (µg) 

Atom content 

in the film (µmol) 

Cu 0.0174 1.74  0.027 

Ag 0.632 63.2 0.59 

The Cu/Ag weight (atom) ratio from the ICP analysis is: 0.028 (0.046).  This is 

consistent with the Cu/Ag weight (atom) ratio obtained from the EDX analysis: 

0.023 (0.039) (based on the spectra shown in Fig. 2.4b). 

 Weight of the PVA matrix in the sample analyzed works out to be 86.4 µg 

(assuming a film thickness of 150 nm, density of PVA to be 1.20 g cm
-3

, and 

correcting for the very small volume occupied by the Ag nanoparticles).  This 

implies an Ag/PVA weight ratio of ~0.73 and Cu/PVA weight ratio of 0.02.  The 

Ag/PVA ratio is slightly lower than the weight ratio of 0.8 taken for the synthesis, 

since the film is heated only for 30 min, leaving some of the Ag
+
 unreduced that is 

subsequently washed away during the last step of the Ag-PVA fabrication. 

 

(a) (b) 

Element Weight 

% 

Cu  2.22 

Ag  97.78 

 

Figure 2.4.  (a) FESEM image (scale bar 20 nm)and (b) EDX spectrum of Ag-PVA 

thin film fabricated with 1.4 weight % Cu
2+

. 
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fabricated under vacuum without (inset of Fig. 2.3a) and with (inset of Fig. 2.3e) the 

addition of a 1.4 weight % of Cu
2+

 show that the size of Ag nanoparticles obtained are 

very similar to the similar ones fabricated under ambient atmosphere.  The above 

observations suggest that the Cu
2+

 reduced to Cu
+
 by the PVA may be catalyzing the 

reduction of Ag
+
 leading to the increase in the size of the particles.  This possibility is 

further supported by the reported observation of the reduction of Cu
2+

 to Cu
+
 by PVA in 

a solvothermal process.
40

  EDXS analysis on the FESEM image (Fig. 2.4) suggests that 

the amount of copper present is negligible; this is confirmed by the ICP-OES analysis of 

the Ag-PVA thin film (Box 2.1).   

2.3 Ag-Pd-PVA Thin Film 

2.3.1 Fabrication of Ag-Pd-PVA Thin Film 

We have used Ag-PVA films containing the large Ag nanoparticles (~ 28 nm) to 

synthesize the bimetallic nanoparticles with Pd by performing a galvanic displacement 

reaction on the Ag nanoparticles (Stage II in Fig. 2.1).  The Ag nanoparticles 

immobilized inside the PVA thin film act as convenient templates for this process.  The 

synthesis procedure of Ag-Pd-PVA thin film was as follows.  ~ 0.4 mL of an aqueous 

solution of K2PdCl4 with concentration ranging from 0.05 – 0.25 mM was spread 

uniformly on the Ag-PVA film and kept for 30 min under ambient temperature (~ 28
o
C) 

conditions, inside a closed petri dish to avoid evaporation.  The film was then washed 

with ~ 1 mL of water to remove any unreacted K2PdCl4 solution present on the film as 

well as the byproducts including Ag
+
 and KCl, and dried under ambient atmosphere.  

2.3.2 Spectroscopy, Microscopy and Chemical Analysis of Ag-Pd-PVA Thin 

Film  

We have investigated the change in the LSPR extinction spectra of the resulting 

films.  Fig. 2.5 clearly shows the decrease of the extinction due to Ag nanoparticles and 

the appearance of the extinction tail of the Pd nanostructures progressing gradually with  
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increase in the concentration of the K2PdCl4 solution.  It may be noted that a coating of 

Pd on Ag can also affect the LSPR extinction of Ag nanoparticles.
13,21,41

  The TEM 

images in Fig. 2.6 illustrate the change in the nanoparticles resulting from the treatment 

with increasing concentrations of the K2PdCl4 solution.  The electron diffraction 

patterns in the insets clearly show the formation of Pd and Ag-Pd crystallites as the 

concentration of K2PdCl4 spread on the film increases; Table 2.1 shows that the 

diffraction patterns can be indexed to the lattice planes of pure Ag (when not treated 

with K2PdCl4) and to Ag-Pd exclusively when treated with 0.25 mM K2PdCl4, with 

gradual transformation between the extremes.  The lattice images of individual particles 

(Fig. 2.7) show the evolution of their morphology and lattice structures.  The faceted 

structure of the Ag nanoparticles formed in the Cu
2+

 catalyzed reaction is seen clearly in 

Fig. 2.7a,b.  Formation and increase of the hollow space in the particles is revealed in 

the subsequent images.  All particles attain the hollow morphology when the 

concentration of K2PdCl4 solution is  0.20 mM.  The lattice structure observed in these 

images indicate the formation of small domains of Pd (Fig. 2.7b,c), followed by Ag-Pd 

alloy when increasing concentrations of the K2PdCl4 solution are used (Fig. 2.7c-e).  In  
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Figure 2.5.  LSPR extinction spectra of Ag-PVA thin film treated with different 

concentrations (mM) of K2PdCl4 solutions. 
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(f) (e) 

(d) 

(a) (b) 

(c) 

Figure 2.6.  TEM images of Ag-PVA thin films treated with different concentrations 

(mM) of K2PdCl4 solutions :  (a) 0.00, (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20 and (f) 0.25.  

Scale bar = 20 nm.  The insets show the corresponding electron diffraction patterns. 
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the case where 0.10 mM K2PdCl4 solution is used, Ag particles containing domains of 

Pd and Ag-Pd, as well as hollow particles of Ag-Pd containing Pd are observed; the two 

cases are shown in Figs. 2.7c1 and 2.7c2 respectively.  The HAADF and FESEM 

images (Fig. 2.8) combined with EDX line spectra (Fig. 2.9) confirm the hollow 

structures and the presence of Ag and Pd in the shell region.  The EDX data shows that 

the Ag-Pd-PVA film prepared using 0.25 mM K2PdCl4 has an Ag:Pd ratio  

Table 2.1.  Details of indexing of the electron diffraction patterns shown in Fig. 2.6. 

Image 

label 

in Fig. 2.6 

Conc. of K2PdCl4 

solution used 

(mM) 

d 

(Å) 

Miller plane 

h k l 

a 0.00 

2.34 

2.04 

1.44 

1.18 

1 1 1 (Ag) 

2 0 0 (Ag) 

2 2 0 (Ag) 

2 2 2 (Ag) 

b 0.05 

2.34 

2.03 

1.23 

2.24 

1 1 1 (Ag) 

2 0 0 (Ag) 

3 1 1 (Ag) 

1 1 1 (Pd) 

c 0.10 

2.33 

2.29 

2.23 

1.99 

1.39 

1 1 1 (Ag) 

1 1 1 (Ag-Pd) 

1 1 1 (Pd) 

2 0 0 (Ag-Pd) 

2 2 0 (Ag-Pd) 

d 0.15 

2.29 

1.97 

1.14 

1 1 1  (Ag-Pd) 

2 0 0 (Ag-Pd) 

2 2 2 (Ag-Pd) 

e 0.20 

2.28 

2.00 

1.39 

1 1 1 (Ag-Pd) 

2 0 0 (Ag-Pd) 

2 2 0 (Ag-Pd) 

f 0.25 

2.30 

1.98 

1.14 

1 1 1  (Ag-Pd) 

2 0 0  (Ag-Pd) 

2 2 2  (Ag-Pd) 
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2.05 Å (Ag200) 

2.34 Å (Ag111) (a) 

2.23 Å (Pd111) 

2.34 Å (Ag111) (b) 

2.23Å (Pd111) 

2.29 Å (Ag-Pd111) 

2.34 Å (Ag111) 

(c1) 2.23 Å (Pd111) 

 

2.30 Å (Ag-Pd111) 

(c2) 

2.29 Å (Ag-Pd111) 

2.29 Å (Ag-Pd111) 

(e) 2.30 Å (Ag-Pd111) 

2.29 Å (Ag-Pd111) 

(d) 

Figure 2.7.  TEM images showing the lattice structures of the nanoparticles in the Ag-

PVA thin films treated with different concentrations (mM) of K2PdCl4  solutions :  (a) 

0.00, (b) 0.05, (c) 0.10, (d) 0.15 and (e) 0.25; in (c), two kinds of particles observed 

(c1 and c2) are shown.  Scale bar = 5 nm. 
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(b) (a) 

Figure 2.8.  (a) HAADF and (b) FESEM images (scale bar 20 nm) of Ag-Pd hollow 

nanoparticles in Ag-Pd-PVA (prepared by treating with 0.25 mM K2PdCl4 solution) 

thin film. 

Figure 2.9.  HAADF image with EDX line profile recorded in different directions on 

the Ag-Pd hollow nanoparticles in Ag-Pd-PVA (prepared by treating with 0.25 mM 

K2PdCl4 solution) thin film. 

. 
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Box 2.2.  ICP-OES analysis of the metal content present in Ag-Pd-PVA thin 

film  

The Ag-Pd-PVA film (concentration of K2PdCl4 solution spread = 0.25 mM) 

coated on a 3.5 × 1.5 cm
2
 glass plate was dissolved in 69% nitric acid.  The solution 

was diluted to 100 mL and ICP-OES analysis was carried out.  The metal content 

found are provided below. 

 

Metal 

Concentration of 

the solution 

analyzed (ppm) 

Total weight 

in the film (µg) 

Atom content 

in the film (µmol) 

Pd 0.0881 8.81  0.0828 

Ag 0.386 38.6 0.358   

 

The Ag/Pd weight (atom) ratio from the ICP analysis is: 4.38 (4.32).   

The catalysis (Suzuki-Miyaura reaction) study employed two Ag-Pd-PVA 

films (total surface area = 2 × 3.5 × 1.5 = 10.5 cm
2
).  Therefore the amount of Pd 

used = 0.165 µmol ie. 17.6 µg.   

Table 2.2.  The Ag/Pd weight ratios inferred from the EDX spectra recorded at 

different points on the Ag-Pd-PVA thin film fabricated with 0.25 mM K2PdCl4 and the 

average value. 

Position 
Weight % 

of Pd 

Weight % 

of Ag 

Ag/Pd weight 

ratio 

1 24.78 75.22 3.04 

2 17.00 83.00 4.88 

3 14.36 85.64 5.96 

4 21.21 78.79 3.71 

5 23.00 77.00 3.34 

6 21.73 78.27 3.60 

Average 4.09 

 



Hollow Silver-Palladium…as catalyst…  51 
 

 
 

 

 

 

 

 

 

 

 

 

of ~ 4:1 (Table 2.2); this is consistent with the ratio obtained from the ICP-OES analysis 

(Box 2.2).  X-ray diffraction (XRD) of the Ag-Pd-PVA film (Fig. 2.10) shows clear 

peak shifts with respect to the Ag-PVA film and the peak positions are in good 

agreement with the electron diffraction and lattice imaging from TEM discussed above.   

The hollow morphology of the bimetallic nanoparticles is similar to that reported 

for Ag-Au
42

 and Ag-Pd
43

 prepared through solution routes; it is relevant to note that the 

protocol we have developed for Ag-Pd is considerably simpler and faster than that 

reported earlier.  The steps involved in the formation of the bimetallic nanoparticles can 

be visualized based on the spectroscopy and microscopy observations described above; 

Fig. 2.11 is a schematic illustration of the complete process.  The Ag nanoparticles 

immobilized inside the polymer thin film serve as a sacrificial template for the galvanic 

displacement reaction with the incoming Pd
2+

 ions.  When the concentration of Pd 

atoms is low, they form small domains on the Ag nanoparticles.  At higher 

concentrations, regions of Ag-Pd alloy are formed.  With increasing Pd content, the 

concentration of Ag atoms near the surface is reduced and the Ag atoms from within the  

Figure 2.10.  X-ray diffraction patterns of thick films of Ag-PVA and Ag-Pd-PVA 

prepared by treating with 0.25 mM K2PdCl4 solution. 
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particle start diffusing outward and forming the alloy.  Difference in the rates of 

diffusion of Ag atoms outward and that of Pd
2+

 ions inward (reminiscent of the 

Kirkendall effect)
9,44

 leads to the formation of hollow spaces within the nanoparticles. 

2.4 Catalysis Studies 

In order to demonstrate the utility of the bimetallic nanoparticle as a catalyst, we 

have deployed it in the Suzuki-Miyaura coupling reaction of iodobenzene with 

phenylboronic acid.  The reaction was carried out in a glass tube with a ground glass 

stopper, provided with a magnet bar for stirring (Fig. 2.12).  The procedure is similar to 

that using the Pd-PVA thin film ‘dip catalyst’ developed earlier.
35

  In a typical reaction, 

2 mmol K2CO3 was taken in the tube and 1 mmol of iodobenzene, 1.2 mmol of 

phenylboronic acid and 18 mL of ethanol were added.  Two glass plates coated with the 

Ag-Pd-PVA film (each one having an area of 3.5 × 1.5 cm
2
) were placed together, with 

the films on the exposed faces, and tied together at the ends with a Teflon tape.  The 

catalyst was suspended in the reaction mixture using a Teflon thread hung from the 

ground glass stopper.  The reaction tube was closed and introduced in an oil bath 

maintained at the desired temperature, typically 80
o
C.  The reaction mixture was stirred 

using a magnetic stirrer.  Progress of the reaction was monitored by analyzing 0.2 mL 

samples removed periodically from the reaction mixture, using gas chromatograph-mass 

spectrometer (GC-MS). 

Ag Ag-Pd Ag + Pd Ag + Pd + Ag-Pd 

Increasing concentration of K2PdCl4 

Pd + Ag-Pd 

Figure 2.11.  Schematic of the in situ formation of hollow Ag-Pd nanoparticles 

starting from Ag nanoparticles, inside PVA thin film. 
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The Pd content in the dip catalyst film of Ag-Pd-PVA was determined by ICP-

OES analysis to be ~17.6 µg (Box 2.2).  The reaction mixture was heated at 80
o
C with 

constant stirring using a magnetic pellet.  A 1 mmol scale reaction using this catalyst 

(0.165 µmol Pd) was completed in ~ 2.5 h.  The turn-over number (TON) and turn-over 

frequency (TOF) for the reaction work out to be 6,061 and 2,424 h
-1

 respectively.  These 

figures are considerably superior to those observed with most of the Pd nanoparticle 

based catalysts; in particular, it is approximately twice that obtained in one reaction 

cycle with the Pd-PVA film reported from our laboratory earlier.
43

 With the current 

formulation of the Ag-Pd-PVA thin film, it is not possible to reuse the catalyst 

efficiently in several cycles; this issue needs to be addressed for realizing practical 

applications.  We have explored the feasibility of using the Ag-Pd-PVA thin film having 

the same composition as above for the Suzuki-Miyaura reaction with other substrates.  

While ineffective with chlorobenzene, it is found to catalyze the reaction of 

bromobenzene as well as its 4-nitro, 4-methoxy and 4-acetyl derivatives.  For 1 mmol 

scale reactions of the latter, the TON and TOF obtained are ~ 2,400 and ~ 800 h
-1

 

respectively.  It is likely that further optimization of the Ag/Pd and metal/polymer ratios 

Figure 2.12.  (a) Schematic of reaction setup used to study the Suzuki-Miyaura 

reaction using the Ag-Pd-PVA ‘dip catalyst’; (b) Scheme of the reaction. 

Reaction tube 

Catalyst film 
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Oil bath 

(a) (b) 
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HO
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in these nanocomposite thin films is required to enhance the catalytic efficiency for a 

wide range of substrates. 

2.5 Summary 

We have described in this chapter, the optimization of an efficient and facile 

method for the controlled fabrication of hollow bimetallic Ag-Pd nanoparticles using 

the in situ approach to the fabrication of metal-polymer nanocomposite thin films.  A 

simple technique is developed for the in situ synthesis of relatively large Ag 

nanoparticles, with a fairly narrow size range is achieved by the introduction of catalytic 

amounts of Cu
2+

.  Exposure of the Ag nanoparticles embedded within the polymer film 

to K2PdCl4 solution under ambient conditions is shown to be a quick, mild and 

convenient approach to the generation of bimetallic particles through the galvanic 

displacement reaction; the process is investigated in detail, using spectroscopy, 

microscopy and diffraction tools.  Reaction on the Ag nanoparticles acting as sacrificial 

templates leads to a hollow morphology which is of special interest in applications such 

as catalysis.  Utility of the hollow bimetallic nanoparticle-embedded polymer thin film 

as an efficient catalyst for the Suzuki-Miyaura reaction of iodobenzene with 

phenylboronic acid is demonstrated.  The soft-chemical methodology developed for the 

in situ fabrication of alloy nanoparticles within solid polymer films is quite general and 

can easily be extended to other bimetallic and multimetallic systems, as will be 

demonstrated in later chapters. 
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CHAPTER 3 
 

 

 

 

In Situ Fabricated Silver/Silver Chloride-Polymer 

Nanocomposite Thin Film: An Appraisal of the Efficient and 

Reusable Photocatalyst 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Silver–silver chloride nanocomposite-embedded poly(vinyl alcohol) thin film 

fabricated through a facile in situ process is shown to be a highly efficient and 

reusable plasmonic photocatalyst for methyl orange degradation.  The thin film ‘dip 

catalyst’ could be monitored easily through the recycle runs to unravel the fate of the 

catalyst.  
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Scope 

This chapter provides an overview of the development of a general approach for 

the fabrication of a metal-semiconductor nanoparticle-embedded polymer thin films, its 

use as a photocatalyst and the in situ monitoring of the catalyst during repeated uses.  

Silver/silver chloride (Ag/AgCl) nanocomposite is a versatile plasmonic photocatalyst 

studied extensively in recent times; however, its stability and evolution through catalytic 

runs have not been explored.  We have developed a simple protocol for the in situ 

fabrication of nanocomposite thin films of Ag/AgCl in poly(vinyl alcohol) (PVA).  AgCl-

PVA film formed first was photo-irradiated in water to form Ag/AgCl-PVA; the 

fabrication is monitored through spectroscopy, microscopy and chemical analysis.  

Photocatalytic application of Ag/AgCl-PVA was demonstrated by its efficient 

degradation of methyl orange under low power visible light; the ‘dip catalyst’ nature of 

the film facilitated several efficient reuses.  Significantly, the thin film form facilitated 

rigorous monitoring of the composite through the reuse cycles; a small but steady 

evolution of the AgCl to Ag was revealed.  In addition to the facile in situ fabrication of 

an efficient nanocomposite thin film plasmonic photocatalyst, the study projects a 

convenient approach to evaluate its fate through multiple reuses. 

 

3.1 Introduction 

Metal-semiconductor composite nanostructures are prime candidates for 

photocatalytic applications as described in Sec. 1.4.  Nanoparticles of noble metals such 

as gold, silver and copper in particular, exhibit strong light absorption in the visible 

regime, and the metal-semiconductor interface promotes facile separation of charge 

carriers generated through the light absorption; these electrons and holes induce 

reductive and oxidative reactions leading to efficient photocatalysis.  Exploitation of 

this general principle has led to burgeoning research efforts in the design and fabrication 

of plasmonic photocatalysts.
1-4
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The versatility of Ag/AgCl composite is illustrated by the wide variety of ways 

in which it has been fabricated and deployed for the photo-decomposition of typical dye 

molecules like methyl orange (MO).  The most common methodology has been to 

prepare microparticles, microspheres and microrods of AgCl, followed by photo-

irradiation to reduce it partly to Ag.
5-7

  Similar strategies have been used to synthesize 

cubic cage, hollow and frame structures of Ag/AgCl.
8-11

.  Laser ablation and chemical 

reduction have also been employed to form Ag.
12,13

  In a slightly different approach, the 

AgCl nanoparticle formation occurs concomitantly with the formation of Ag, the latter 

through chemical reduction
14,15

 or photo-induced reduction under ambient light
16-18

.  

Similar protocols have been used to fabricate Ag/AgCl film at the air-water interface,
19

 

in cellulose acetate membrane,
20

 and on g-C3N4,
21

 graphene,
22

 and graphene oxide
23

 

nanosheets.  The reverse structures of AgCl/Ag have been formed by first preparing Ag 

nanoporous films,
24

 nanoparticles,
25

 nanowires,
26-28

 and nanotubes,
29

 followed by 

chemical oxidation of the surface atoms.  Many of the studies listed above have 

explored the possibility of reusing the photocatalyst.  However, the colloidal nature of 

the catalyst and loss during recovery has limited the number of efficient reuses; most 

have reported 4 or 5, and the maximum is 10,
5,17,19

 with significant decrease of 

efficiency towards the end in some of the cases.  Reason for the latter has not been 

explored in any detail.  In all the reported studies, an excess of the photocatalyst has 

been deployed for the MO decomposition, the catalyst/MO mol ratio being typically ~ 

900 – 50.  The relatively large quantity used hinders an unambiguous and systematic 

evaluation of the fate of the catalyst through multiple uses; further, the large size of the 

composite nanoparticles (0.1 m – 2 m) makes it difficult to discern any minor 

changes occurring in them during the use. 

We have developed a simple in situ method for the fabrication of Ag/AgCl 

composite nanostructure within a solid polymer thin film and explored its utility as ‘dip 

catalyst’ (Sec. 1.6.1) in the photocatalytic process.  The ease of fabrication, potential 

efficiency and reusability, and the convenience of monitoring the thin film catalyst 

through the reuse cycles form the prime objectives.  The initial step was to fabricate 

AgCl nanoparticles embedded in a PVA thin film through the formation of the salt in an 
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aqueous solution of the polymer, followed by spin coating.  A short thermal annealing 

of the film at relatively low temperatures, followed by photo-irradiation in water led to 

the formation of Ag nanoparticles on the AgCl nanostructures within the polymer film.  

Choice of PVA was dictated by its hydrogel character and swelling in aqueous medium 

that facilitate ready access of the reaction system to the catalyst without unfavorable 

leaching of the latter.  The Ag/AgCl-PVA thin film was shown to be an efficient 

plasmonic catalyst for the decomposition of MO, using relatively low power, 

exclusively visible light from a commercial fluorescent lamp, under ambient conditions.  

The photocatalyst film could be retrieved from a reaction run, washed and reinserted 

into the next recycle; ten repeat uses of the same ‘dip catalyst’ film with high dye 

decomposition efficiency were demonstrated.  Most importantly, the nanocomposite 

thin film nature allowed systematic monitoring of the photocatalyst between uses, and 

revealed a small but steady shift in the Ag/AgCl composition.  This is consistent with 

the reduction of AgCl under photo-irradiation
30,31

 and electron beam irradiation,
32

 and 

provides a direct view of the gradual inactivation of the catalyst.  

3.2 Fabrication of Ag-AgCl-PVA Thin Film  

We have carried out several experiments to identify the optimal route to 

fabricate polymer thin film with embedded nanocomposites of Ag and AgCl.  One of 

the approaches explored was to generate Ag nanoparticles inside the PVA thin film by 

the in situ reduction procedure developed in our laboratory as discussed in Sec. 1.5,
33

 

followed by the partial conversion of the nanoparticles to AgCl by treating with various 

chlorinating reagents.  Initially, Ag-PVA thin film (Ag/PVA weight ratio, x = 0.8, T = 

130
o
C, t = 30 min) was prepared following the procedure described in Sec. 2.2. The film 

was then dipped in different reagents like aqueous NaOCl or FeCl3 or exposed to Cl2 

vapors produced by the reaction of KMnO4 with HCl.  Formation of AgCl/Ag 

nanocomposite in situ inside the PVA thin film in all the above processes was 

monitored by the extinction spectra of the Ag-PVA; upon chlorination the extinction 

due to LSPR of Ag nanoparticles decreases and a new peak or shoulder appears at ~ 255 

nm due to the formation of AgCl nanoparticles in the PVA thin film (Fig. 3.1a-c).  For 
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the practical application of photocatalysis, the catalyst film should be stable during the 

light irradiation.  To check the stability of the AgCl/Ag-PVA film, it was subjected to 

light irradiation for 2 h; whereupon the AgCl was completely reduced back to Ag, 

which is evident from the increase in the extinction due to Ag and complete 

disappearance of AgCl band absorption at ~ 255 nm (Fig. 3.1d).  Therefore, the 

AgCl/Ag-PVA was found to be unsuitable for photocatalytic applications.   

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.1.  Extinction spectra of AgCl/Ag-PVA thin film fabricated by treating Ag-

PVA (x = 0.8) film with aqueous solutions of (a) NaOCl, (b) FeCl3 and (c) Cl2 

vapors; and (d) AgCl/Ag-PVA thin film under photo-irradiation. 
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We then explored the alternate approach of preparing AgCl nanoparticles 

embedded in a polymer film and converting it partially to Ag.  AgCl nanoparticles were 

generated by mixing AgNO3 with NaCl or HCl (1:1 mol ratio) in an aqueous solution of 

PVA and spin-coating the film followed by heating at 130
o
C for 30 min.  Subsequently, 

reduction of the AgCl by chemicals such as hydrazine (N2H4) vapor as well as photo-

irradiation was investigated.  Upon N2H4 vapor exposure for 5 min, the AgCl was 

completely converted to Ag; disappearance of the peak at ~ 250 nm and simultaneous 

appearance of peak at 415 nm due to the LSPR of Ag nanoparticles (Fig. 3.2a) were 

observed.  Photo-irradiation of the AgCl-PVA film (prepared by AgNO3 and NaCl in 

1:1 mol ratio) immersed in water, for 5 h by two 85W compact fluorescent lamps, 

produced Ag/AgCl nanocomposite.  However, the film obtained was unstable and 

showed signs of degradation within a couple of runs of photocatalysis; this was 

attributed to the solubility of the PVA thin film because of the absence of cross-linkage 

in the PVA.  Fig. 3.2b shows the drastic decrease in absorbance of AgCl within three 

runs; this indicates that a fraction of the AgCl converts to Ag, and some leaching out 

from the film.  These experiments ruled out the feasibility of using hydrazine as a 

reducing agent or NaCl as the chloride source in the two step synthesis of Ag/AgCl-

PVA thin film photocatalyst. 

Figure 3.2.  Extinction spectra of (a) AgCl-PVA thin film treated with hydrazine and 

(b) Ag/AgCl-PVA thin film (obtained using NaCl) during a few reuses in 

photocatalysis. 
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We have finally adopted the optimal protocol (Fig. 3.3) that consists of (i) 

fabrication of AgCl-PVA by spin coating an aqueous solution of (PVA+HCl)+AgNO3 

followed by thermal treatment, and (ii) photo-irradiation of AgCl-PVA in water to yield 

Ag/AgCl-PVA.  For the specific case of Ag/PVA weight ratio, x = 1 and Ag:Cl mol 

ratio = 1:1, 0.45 g of PVA dissolved in 9.0 ml of water was mixed with 0.36 ml of 12 M 

HCl (4.32 mmol), stirred for 5 min and 0.72 g of AgNO3 (4.24 mmol) dissolved in 1.5 

ml of water was added to yield a pale white dispersion (Fig. 3.3); protected from light, 

stirring was continued for 30 min.  The AgCl formed, remained in a stable colloidal 

state in the presence of PVA.  The AgCl-PVA solution was spin-coated on glass/quartz 

substrate at 500 rpm for 10 s followed by 3000 rpm for 10 s.  Subsequently, the film 

was heated at 130
o
C for 30 min in a hot air oven under ambient atmosphere.  It is 

pertinent to note that mixing HCl with PVA in solution and the thermal treatment of the 

AgCl-PVA film in the first stage, possibly facilitate partial cross-linking of the polymer 

matrix, leading to enhanced stability of the final ‘dip catalyst’ film which does not show 

any leaching through repeated uses.  The AgCl-PVA thin film on glass/quartz substrate,  

Figure 3.3.  Fabrication of AgCl-PVA followed by Ag/AgCl-PVA thin film; 

photographs of the solutions and films on quartz substrate (along with the schematic 

of the protocol) are shown. 
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was immersed in water and irradiated with two commercial 85 W compact fluorescent 

lamps for 5h; the lamp has no emission in the UV region (lamp profile is shown in Fig. 

3.4).  The Ag/AgCl-PVA film formed was removed and dried under vacuum. 

3.3 Spectroscopy, Microscopy and Chemical Analysis of AgCl-PVA and 

Ag/AgCl-PVA Thin Films 

UV-visible absorption spectrum of the AgCl-PVA film formed in the first stage 

shows the characteristic semiconductor band absorption rising below 300 nm with a 

shoulder peak at ~ 255 nm (Fig. 3.5a).  These spectra resemble those reported for AgCl 

nanoparticles formed in emulsions and polymer solutions
13,34-36

 and clearly indicate the 

formation of the nanoparticles inside the PVA thin film.  Tauc plots (Fig. 3.5b,c) reveal 

a direct band gap of 5.11 eV and an indirect band gap of 3.21 eV for AgCl, close to the 

values reported earlier;
13,36-38

 the shoulder peak at 4.86 eV may be attributed to an 

excitonic absorption.   

 

Figure 3.4.  (a) Emission spectra of the compact fluorescent lamp used in the 

fabrication of Ag/AgCl-PVA as well as its photocatalytic application and  (b) 

reported spectrum of the lamp (adapted from http://www.tf.uni-

kiel.de/matwis/amat/admaten/kap5/backbone/r526.html) 

 

(a) (b) 

http://www.tf.uni-kiel.de/matwis/amat/admaten/kap5/backbone/r526.html
http://www.tf.uni-kiel.de/matwis/amat/admaten/kap5/backbone/r526.html
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The dry AgCl-PVA film is stable under extended photo-irradiation by visible 

light, with no discernible change in its absorption spectrum (Fig. 3.6a).  However, when 

the film immersed in pure water was irradiated with visible light (similar to some of the 

reported methods),
39

 Ag nanoparticles were generated inside the film, as seen from the 

LSPR extinction appearing in the spectrum, growing with time and saturating in ~ 5 h 

(Fig. 3.6b). The weak absorption of AgCl extending slightly into the visible range may 

initiate the process; the initial Ag nanoparticles formed could enhance the light 

absorption and through electron transfer, catalyze further reduction, as discussed later.  

It is likely that the aqueous medium with its high dielectric constant reduces the 

recombination of the charge carriers photo-generated by the indirect band gap  

Figure 3.5.  (a) Extinction spectrum of AgCl-PVA film; and Tauc plots for the (b) 

direct and (c) indirect band gap of the AgCl (an approximate interpolation across the 

exciton peak is used to evaluate the gap). 
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Thin film 

Mol ratio Ag:Cl 

ICP-OES/IC TEM-EDX FESEM-EDX 

Ag Cl Ag Cl Ag Cl 

AgCl-PVA 57 43 53 47 51 49 

 

 

Ag/AgCl-PVA 

before use 65 35 55 45 55 45 

after 1 use - - 59 41 63 37 

after 5 uses 78 22 67 33 65 35 

 after 7 uses 82 18 - - - - 

 after 10 uses 85 15 - - - - 

 

Table 3.1.  Atom % of Ag and Cl in the AgCl and Ag/AgCl-PVA thin films fabricated, 

estimated using ICP-OES/ IC, EDX (TEM) and EDX (FE-SEM) analysis; data for the 

Ag/AgCl-PVA after several uses in the photocatalytic reaction are provided. 

Figure 3.6.  Extinction spectrum of AgCl-PVA films irradiated by two 85 W compact 

fluorescent lamp in (a) dry state, (b) immersed in water, recorded at different time 

intervals and (c) calculated Mie scattering spectrum for Ag in an AgCl environment. 
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absorption, facilitating the reduction of Ag
+
 ions.  LSPR extinction of Ag nanoparticles 

in aqueous medium typically has max at ~ 400 nm.  Shift of the peak in the present film 

to ~ 500 nm is likely to be due to the AgCl environment; this is supported by a Mie 

scattering model calculation of the LSPR spectrum (Fig. 3.6c) for a Ag sphere of 10 nm 

radius with an AgCl environment (refractive index 2.06).
40

  It should also be noted that 

when strong reducing agents like hydrazine is used, the reduction of AgCl is complete, 

and the resulting Ag nanoparticles show the extinction maximum at ~ 415 nm (Fig. 

3.2a).  Change in the AgCl absorption (Fig. 3.6b) accompanying the formation of Ag is 

small, suggesting that it is primarily the Ag
+
 ions adsorbed on the AgCl nanoparticles or 

present in the polymer thin film that are reduced to form Ag nanoparticles.  This is 

supported by the elemental analysis (using ICP-OES and IC) of the film before and after 

the irradiation (Table 3.1).  Different kinds of chemical analysis showed that the AgCl-

PVA has an Ag:Cl ratio slightly higher than 1:1 suggesting the presence of additional 

Ag
+
 than that present in AgCl; the Ag/AgCl-PVA shows an Ag:Cl ratio of ~ 2:1, 

equivalent to ~ 1:1 ratio of Ag:AgCl (Table 3.1).  X-ray diffraction pattern recorded for 

the AgCl-PVA thin film before and after irradiation in water are shown in Fig. 3.7.  The 

initial pattern corresponds to crystalline AgCl and the emergence of the additional peak  

Figure 3.7.  X-ray diffraction patterns of AgCl-PVA and Ag/AgCl-PVA thin films. 
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at 2  = 38.5
o
 for the film after irradiation indicates the formation of Ag nanoparticles 

(see also the electron diffraction analysis below). 

FESEM and TEM imaging combined with EDX spectroscopy and electron 

diffraction allowed further characterization of the Ag/AgCl nanostructures formed in the 

synthesis and their status following catalytic application to be discussed later.  Fig. 

3.8a,b show the FESEM images of the AgCl-PVA film before and after irradiation.  

Nearly spherical particles with diameters ~ 10 – 50 nm are seen in the AgCl-PVA thin 

film; EDX data reflecting the composition in the image area shows an Ag:Cl ratio of 

1:1, and the mapping shows the particles to be AgCl.  Upon irradiation, some larger 

particles are formed, presumably due to the formation of Ag; the EDX analysis indeed 

shows an enhancement of the Ag:Cl ratio (Table 3.1),
31

 which is also reflected in the 

mapping.  Increase in Ag:Cl ratio results from the decrease in the Cl content relative to 

Ag in the film, which may be understood as follows.  Reduction of AgCl to Ag during 

the irradiation of AgCl-PVA film immersed in water is accompanied by the oxidation of 

OH
-
 in water and leaching of Cl

-
 out of the film to form HCl.  This is confirmed by the 

decrease in the pH of the aqueous medium down to ~3.8, and the formation of 

appreciable Cl
-
 content in it (tested by adding AgNO3) as the photo-irradiation proceeds.   

100 nm 

50 nm 

(b) 

100 nm 

(a) 

50 nm 

Figure 3.8.  FESEM images of (a) AgCl-PVA thin film and (b) Ag/AgCl-PVA thin 

film; scale bar = 100 nm.  EDX spectra based mapping of Ag (red) and Cl (green) in 

single particles is shown in the insets. 
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Figure 3.9. TEM images (scale bar = 50 nm) of (a) AgCl-PVA and (b) Ag/AgCl-PVA 

thin films; (c) and (d) the corresponding electron diffraction patterns (the diffraction 

spots are indexed to AgCl (blue) and Ag (red) nanoparticles); (e) and (f) the 

corresponding lattice images (scale bar = 5 nm) (relevant lattice planes observed in 

the high resolution images are indicated). 
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Fig. 3.9a,b show the TEM images of the nanocomposite thin films; the changes 

observed upon irradiation are consistent with the FESEM images.  Further support for 

the formation of Ag nanoparticles is obtained from the electron diffraction patterns; 

while Fig. 3.9c shows diffraction exclusively from cubic AgCl (JCPDS file no: 02-

0848): 3.18 Å (1 1 1), 2.78 Å (2 0 0), 1.94 Å (2 2 0), 1.58 Å (2 2 2), and 1.38 Å (4 0 0); 

Fig. 3.9d shows the presence of AgCl and Ag; the diffraction can be indexed to cubic 

Ag (JCPDS file no: 01-1164): 2.35 Å (1 1 1), 2.03 Å (2 0 0) and 1.43 Å (2 2 0) along 

with that of AgCl.  The higher magnification TEM images in Fig. 3.9e,f reveal lattice 

spacing values consistent with the observations from the electron diffraction patterns; 

notably the Ag and AgCl nanoparticles in the Ag/AgCl-PVA film are in intimate 

contact.  EDX data collected with the TEM images are consistent with that discussed in 

the case of the FESEM images (Table 3.1).  The electron microscopy images together 

with the EDX and electron diffraction analysis thus confirm the two stages of 

fabrication of the nanocomposite thin films, AgCl-PVA followed by Ag/AgCl-PVA, the 

latter with ~ 1:1 ratio between Ag and AgCl, consistent with the ICP-OES and IC 

analysis. 

3.4 Photocatalysis Studies 

We have investigated the photocatalytic activity of Ag/AgCl-PVA thin film in 

the MO degradation under visible light irradiation.  A schematic of the experimental 

setup is shown in Fig. 3.10.  The photocatalytic reaction was carried out in a glass tube, 

equipped with a magnet bar for stirring, placed in a glass container provided with water 

circulation jacket, and the assembly was placed on a magnetic stirrer.  Two 85 W 

fluorescent lamps (same as those used in the fabrication of the catalyst film) were 

placed on either side of the reaction setup at a distance of ~ 8 cm.  The entire assembly 

was placed inside an enclosure.   

In a typical reaction, 4 ml of a 10 µM aqueous solution of MO was taken in the 

reaction tube and four quartz plates coated with the Ag/AgCl-PVA film (each 4 cm
2
) 

were placed in it; the total amount of catalyst is 7 mol (Box 3.1).  The reaction system 
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was irradiated for 60 min with constant stirring; the power available at the reaction 

mixture was measured using a calibrated photoresistor and found to be 100 mW/cm
2
.  

The jacket of circulating water ensured that no thermal contribution to the reaction 

occurred, as confirmed by monitoring the temperature of the reaction mixture, which 

was found to remain at ~ 28
o
C.  Progress of the reaction was followed by recording the 

absorption spectrum of the MO solution at regular time intervals; there is no 

interference from catalyst as it is confined in the polymer film, and no leaching occurs 

as proved by monitoring the Ag/AgCl-PVA catalyst film through repeat uses, using 

spectroscopy and microscopy.  After a reaction run, the catalyst film was simply taken 

 

 

 

 

MO 

Magnetic 

Stirrer 

CFL CFL 
Water 

jacket 

Catalyst 

Film 

Figure 3.10.  Schematic of the photocatalysis experiment setup. (CFL = Compact 

fluorescent lamp) 

Box 3.1.  Amount of catalyst used in the photocatalytic degradation of MO 

Weight of Ag in two films (each 4 cm
2
) determined by ICP-OES = 379 g 

Weight of Cl in two films (each 4 cm
2
) determined by IC = 66 g 

The composition corresponds to a molecular formula Ag0.46[AgCl]0.54  

The amount of catalyst present in 4 films (each 4 cm
2
) = 7 mol 
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out, dipped in water to remove any reactant/product material sticking on it, and dried 

under vacuum for ~ 30 min; it was then ready for insertion into another reaction run. 

3.4.1 Kinetic Studies 

We have investigated the kinetics of degradation of MO using Ag/AgCl-PVA 

thin film having Ag/PVA weight ratio of 1.0 and Ag/AgCl mol ratio of ~ 1.0.  The 

absorption spectrum was recorded at regular intervals during irradiation, to monitor the 

degradation of MO.  Fig. 3.11a shows the profile of a typical reaction run; the peak 

decays steadily with irradiation time.  The plot in Fig. 3.11b shows that the reaction 

catalyzed by the Ag/AgCl-PVA thin film follows first order kinetics with respect to the 

dye concentration with a rate constant of 0.045 min
-1

.  In a reaction with 40 nmol of MO 

using 7 mol of catalyst, the extent of degradation was found to be ~ 93% in 1 h.  The 

apparent quantum efficiency defined 
41,42

 using the initial rate of decomposition of the 

dye and the total incident power is 4.7 nM J
-1

 (Box 3.2).  Unlike most of the earlier 

studies in this area which employed relatively high power (300 – 500 W) lamps with 

UV-Visible emission (requiring filters to remove UV light), we have experimented 

specifically with lower power, commercially available compact fluorescent lamps, 

showing emission exclusively in the visible range.  Mol ratio of the catalyst to the dye 

(for one run of the reaction) extracted from the earlier reports where this information is 

available, ranges from ~ 50 – 900 (Table 3.2); the ratio in our case is 175 and therefore 

among the more efficient in the group.  Similar conclusion can be drawn about the time 

taken for the reaction. 

 

 

 

 

 

Box 3.2.  Calculation of apparent quantum efficiency for MO degradation  

Initial concentration of MO = 10 M 

Rate constant = 0.045 min
-1

 = 7.5 10
-4

 s
-1

  

Initial rate of degradation of MO by Ag/AgCl-PVA = 7.5 nM s
-1

  

Optical power incident at the reaction sample = 100 mW cm
-2

  

Total optical power on the catalyst (4  4 cm
2
) = 1.6 W 

Apparent quantum efficiency = (Initial rate/Total power) = 4.7 nM J
-1
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The control experiment with Ag-PVA showed no reaction (Fig. 3.11c).  AgCl-

PVA catalyzes the reaction at a lower rate than Ag/AgCl-PVA; AgCl is evidently a 

poorer photocatalyst, and Ag/AgCl that could enhance the rate forms only gradually 

under the photo-irradiation.  Photo-degradation of dyes by Ag-AgCl through the  

Figure 3.11. (a) Optical absorption spectra of MO solution as a function of time (t) 

during the photocatalytic degradation, using Ag/AgCl-PVA.  (b) Plot of the logarithm 

of the normalized absorbance (A) of the peak at 468 nm as a function of time (t); the 

least square fit to a straight line is also shown.  (c) Decomposition of MO dye in 

presence of Ag-PVA, AgCl-PVA and Ag/AgCl-PVA thin films under visible-light 

irradiation; change of concentration (C) of the dye with time (0 corresponds to 

switching on the light) is shown. 
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excitation of plasmons in Ag by visible light leading to formation of an electron, 

followed by ultrafast electron transfer to AgCl has been discussed in earlier 

reports.
8,12,17

  The band gap of AgCl (Fig. 3.5) does not support efficient absorption of  

Table 3.2.  Comparison of the Ag/AgCl-PVA thin film with earlier reported Ag/AgCl 

catalysts used in the photo-decomposition of MO. 

Ref. Lamp used for 

Irradiation 

Time for 

one run 

(min) 

Number 

of uses 

Catalyst/MO 

mol ratio 

Type Power 

(W) 

one 

run 

total 

runs 

9 Xe 300 30 8
a
 57 7 

13 Xe 300 20 4 51 13 

28 LED ? 150 9
d
 125 14 

29 Xe 500 10 4 64 16 

Ag/AgCl-PVA 

(this work) 

CFL 170 60 10
b
 175 18 

10 W 500 30 5
b
 116 23 

5 Xe 300 15 10 229 23 

17 Xe 500 8 10
a
 229 23 

19 Xe 500 15 10
d
 230 23 

16 Xe 500 24 5 159 32 

8 Xe 300 6 6 230 38 

6 W 300 40 5
a
 229 46 

14 Xe 300 180 5
a
 229 46 

18 Xe 500 1.5 4
 

229 57 

20 Xe 500 160 4
c
 229 57 

26 Xe 300 8 1 58 58 

12 Xe 500 24 4
a
 230 58 

25 Xe 55 120 5
b
 394 79 

28 Xe 300 6 1 115 113 

11 Xe 500 18 4 456 114 

24 Xe 300 60 3
c
 574 191 

15 Halogen ? 18 4
e
 916 229 

 
Percentage of MO degradation at the end of multiple uses (first use: 90 - 100%) : 
a
 95%  

b
 80%  

c
 75 %  

d
 50 %  

e
 large decrease  
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visible light; as suggested by the mechanism referred to above, the Ag nanoparticles in 

the Ag/AgCl- PVA film with their strong LSPR extinction, act effectively as dye-

sensitizers and absorb visible light.  Subsequent electron transfer to the conduction band 

of AgCl leads to the separation and stabilization of electron-hole pairs that finally carry 

out efficient dye degradation.  Liquid chromatography-mass spectrometry (LC-MS) 

N

N N

HO3S CH3

CH3

N

NH

HO3S

OH

OHHO3S

-
O3S

 m/z  

(main peaks) 

Structure (M) 

Reactant solution 

303 [M-2] 

 

 

 

 

Product solution 

202 [M] 

 

 

 

 

173 (M-1) 

(& 348 [2M]) 

 

 

 

156 [M-1]  

(& 334 [2M+Na-3]) 

 

 

 

97 [M-1] 

 

H2SO4 

 

62 [M-1] 

 

HNO3 

                                       

 

Table 3.3.  Mass spectral data of the MO dye solution before and after photocatalytic 

reaction revealing the photo-degradation products. 
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analysis of the reaction product solution indicated typical fragments expected from the 

degradation of MO.  The fragments and their corresponding m/z values along with the 

characterization of the reactant are summarized in Table 3.3.
43,44

   

3.4.2 Catalyst Recycling and Monitoring 

The unique advantage of the ‘dip catalyst’ is the ease with which it can be 

retrieved from a reaction system and reintroduced into another batch of the reaction 

after a simple wash; this is very much easier than the other methods of catalyst 

separation commonly employed, such as ultracentrifugation, filtration, magnetic 

separation etc.  Equally important is the fact that the thin film nature of the ‘dip catalyst’ 

allows its convenient monitoring between successive reaction runs, by direct 

spectroscopy and microscopy.  The extent of MO degradation achieved in 60 min in ten 

successive runs of the reaction using the same set of Ag/AgCl-PVA films is shown in 

Fig. 3.12.  It is pertinent to note that the mol ratio of catalyst to dye over the ten runs 

works out to be ~ 18, which may be compared to the corresponding values in the earlier 

reports in the range 7 – 230 (Table 3.2).  The photocatalytic application experiments 

thus demonstrate that the Ag/AgCl-PVA thin films show similar dye degradation 
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Figure 3.12. Reuse of the Ag/AgCl-PVA thin film ‘dip catalyst’ in the degradation of 

MO; percentage of degradation at 60 min of reaction in each use is shown. 
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capability and recyclability as some of the best formulations of the same catalyst 

developed earlier; as noted above, there are very few of those formulations that allowed 

recycling up to ten times as in the case of our ‘dip catalyst’.  

The high catalyst/dye ratio in the large number of earlier studies made it difficult 

to assess any changes or degradations that may be occurring in the Ag/AgCl system 

during its photocatalytic application.  As mentioned earlier, AgCl does get reduced to 

Ag under photo-irradiation as well as e-beam irradiation;
37-39

 in fact the former is 

commonly employed in the fabrication of the Ag/AgCl composite including our 

protocol (Fig. 3.3).  The relatively small ratio of catalyst/dye used in our application and 

the thin film nature of the catalyst made its monitoring convenient through multiple 

runs.  Extinction spectrum of the film recorded after successive pairs of runs (Fig. 3.13) 

shows a small but steady evolution (this may be contrasted with the strong decay in 

about 3 runs shown in Fig 3.2b); decrease in the UV absorption and a concomitant 

increase in the visible range with a clear isosbestic point at ~ 290 nm is suggestive of a 

gradual and directed shift in the Ag/AgCl composition.  This observation as well as the 

elemental analysis indicates that there is no catalyst leaching during the reaction runs.  It 

appears that even though the photo-generated charge carriers in the semiconductor-

metal nanocomposite are effectively used in the degradation of MO, a fraction also 

contributes to the gradual reduction of part of the AgCl to Ag; this is indeed, an 

extension of the effect exploited for the initial fabrication of the nanocomposite thin 

film.  It is relevant to note here that some of the earlier reports
5,6,11,19,45

 of the fabrication 

of Ag/AgCl nanocomposite involved photo-irradiation of the AgCl in the presence of 

the same dye, decomposition of which is explored subsequently, using the fabricated 

Ag/AgCl.  Broadening of the absorption in the visible range (Fig. 3.13) with increase in 

intensity in the 350 – 450 nm and > 600 nm ranges, is indicative of the formation of 

small Ag nanoparticles as well as the aggregation of the particles; many of the incipient 

nanoparticles with free surfaces are likely to add on to the existing particles leading to 

aggregate formation.  These spectral observations are supported by the FESEM and 

TEM images Figs. 3.14 and 3.15.  The electron diffraction pattern and high resolution 

TEM images (Fig. 3.15c-f) show the Ag and AgCl nanoparticles continue to coexist.  
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The gradual transition of part of the AgCl to Ag is clearly revealed in the elemental 

analysis which shows a parallel increase in the Ag:Cl ratio (Table 3.1).  ICP-OES and 

IC analysis indicate that the Ag:AgCl ratio is ~ 2.5:1 after five uses of the Ag/AgCl-

PVA thin film; the ratio increases to 3.6:1 and 4.7:1 after seven and ten uses  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.14.  FESEM images of Ag/AgCl-PVA thin film (a) after 1 use and (b) after 5 

uses; scale bar = 100 nm.  EDX spectra based mapping of Ag (red) and Cl (green) in 

single particles is shown in the insets. 
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Figure 3.13.  Extinction spectra of the Ag/AgCl-PVA thin film through the reuse runs 

in the photocatalytic degradation of MO. 
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Figure 3.15.  TEM images (scale bar = 50 nm) of Ag/AgCl-PVA thin film (a) after 1 

use and (b) after 5 uses; (c) and (d) the corresponding electron diffraction patterns 

(the diffraction spots are indexed to AgCl (blue) and Ag (red) nanoparticles); (e) and 

(f) the corresponding lattice images (scale bar = 5 nm) (relevant lattice planes 

observed in the high resolution images are indicated). 
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respectively (Table 3.1).  As the high catalytic efficiency of Ag/AgCl-PVA thin film 

shows signs of decline after the seventh use (Fig. 3.12), it is concluded that an Ag:AgCl 

ratio higher than ~3.5:1 is not desirable for the efficient photocatalytic degradation of 

MO.   

It has been reported recently that the shift of AgCl to Ag due to photo-irradiation 

can be reversed by adding NaOCl into the reaction system;
31

 consequent enhancement 

in the degradation of formic acid, but no reuse of the catalyst, was demonstrated in that 

study.  We have checked the effect of NaOCl on catalyst stability as well as on MO 

degradation and observed that even though addition of NaOCl does retard the change in 

the Ag/AgCl-PVA film, it also oxidizes MO thus interfering in the degradation of the 

dye (Fig. 3.16); it is well known that peracids and NaOCl can oxidize MO and azo dyes 

in an aqueous medium.
46,47

  Thus, addition of NaOCl does not help in demonstrating the 

utility of Ag/AgCl in the present instance.   

Our study clearly shows that the gradual reduction of AgCl together with the 

aggregation of the Ag nanoparticles impair the photocatalytic activity after extended 

reuse of the Ag/AgCl catalyst; decrease in the effective surface area of individual 
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Figure 3.16.  Optical absorption spectra of MO (10 µM, 4 ml) solution treated with 

varying concentrations of NaOCl (recorded after 60 min of addition).   
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particles as well as the interface region between the metal and semiconductor particles 

are likely to contribute to this.  Further optimization of the size and structure of the 

nanocomposite particles can provide improved stability and enhanced photocatalytic 

activity, allowing extended application of the Ag/AgCl-PVA thin film.  

3.5 Summary 

We have developed a facile in situ protocol for the fabrication of Ag/AgCl-PVA 

thin film with detailed characterization at each stage of the nanocomposite formation.  

The thin film was shown to serve as an efficient plasmonic photocatalyst for the 

degradation of MO dye, affording multiple, efficient reuses in the form of a ‘dip 

catalyst’.  The thin film form of the nanocomposite catalyst facilitated its concomitant 

monitoring by spectroscopy and microscopy, and the relative amount of catalyst and 

substrate employed in our studies allowed clear demonstration of how the Ag/AgCl 

system undergoes subtle changes over repeated uses which eventually can lead to the 

decline of catalytic activity.  This study should prove useful in evaluating the current 

status of the metal-semiconductor nanocomposite based photocatalysts, and progressing 

towards even more efficient and sustainable designs. 
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Tuning the SERS Response with Silver-Gold Nanoparticle-

Embedded Polymer Thin Film Substrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ag-Au nanoparticle- embedded polymer thin films are fabricated and the 

composition dependence of SERS efficiency is explored. 
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Scope 

In this chapter we extend the methodology developed in chapter 2, to the 

fabrication of bimetallic silver-gold (Ag-Au) nanoparticles embedded in a polymer thin 

film, and investigate their utilisation as surface enhanced Raman scattering (SERS) 

substrate; the topic of special interest is the dependence of SERS enhancement on the 

Ag-Au composition.  Development of facile routes to the fabrication of thin film 

substrates with tunable SERS efficiency, and identification of the optimal conditions for 

maximizing the enhancement factor (EF) are significant in terms of both fundamental 

and application aspects of SERS.  We fabricated polymer thin films with embedded 

bimetallic nanoparticles of Ag-Au by the simple 2-stage protocol described in chapter 2.  

Ag nanoparticles were formed in the first stage, by the in situ reduction of silver nitrate 

by the poly(vinyl alcohol) (PVA) film through mild thermal annealing, without any 

additional reducing agent.  In the second stage, aqueous solutions of chloroauric acid 

spread on the Ag-PVA thin film under ambient conditions, lead to the galvanic 

displacement of Ag by Au in situ inside the film, and the formation of Ag-Au particles.  

Evolution of the morphology of the bimetallic nanoparticles into hollow cage structures, 

and the distribution of Au on the nanoparticles were revealed through electron 

microscopy and energy dispersive X-ray spectroscopy.  The localized surface plasmon 

resonance (LSPR) extinction of the nanocomposite thin film evolves with the Ag-Au 

composition; theoretical simulation of the extinction spectra provided insight into the 

observed trends.  The Ag-Au-PVA thin films were shown to be efficient substrates for 

SERS.  The EF follows the variation of the LSPR extinction vis-à-vis the excitation laser 

wavelength, but with an offset, and the maximum SERS effect was obtained at very low 

Au content; experiments with Rhodamine 6G showed EFs of the order of 10
8
 and a limit 

of detection of 0.6 pmol.  The study presented in this chapter describes a facile and 

simple fabrication of a nanocomposite thin film that can be conveniently deployed in 

SERS investigations, and the utility of the bimetallic system to tune and maximize the 

EF. 
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4.1 Introduction 

Surface enhanced Raman scattering (SERS) is a phenomenon of great interest 

and impact from both fundamental science and analytical application perspectives.
1,2

  

Many of the basic as well as application requirements for realizing efficient SERS 

response highlighted in Sec. 1.6.3 can be met using in situ fabricated metal-polymer 

nanocomposite thin films.
3,4

  The method developed in our laboratory which allows the 

generation of a homogeneous distribution of nanoparticles of noble metals such as 

silver,
5
 gold

6
 and palladium,

7
 and also uncommon materials like nanodrops of mercury,

8
 

within a thin polymer film, through the in situ reduction of the metal ions by the 

polymer has been described in Sec. 1.5.1.  The protocol was extended to generate 

bimetallic nanoparticles of Ag-Pd as described in chapter 2.
9
   

Here we described a protocol similar to that used for Ag-Pd nanoparticles, now 

optimized for the fabrication of Ag-Au nanoparticles with systematically varied 

composition, in situ inside poly(vinyl alcohol) (PVA) thin film.  Ag-PVA thin film 

containing a uniform distribution of Ag nanoparticles was fabricated in the first stage by 

the reduction of AgNO3 inside solid PVA film catalysed by a small amount of 

Cu(NO3)2.  Spreading the required amount of HAuCl4 solution on the Ag-PVA film 

under ambient conditions followed by simple washing, led to the formation of Ag-Au-

PVA thin film.  The LSPR peak could be tuned from ~ 430 to ~ 760 nm by increasing 

the concentration of the HAuCl4 solution up to ~ 0.15 mM; the trends could be analysed 

through spectral simulations.  Evolution of the composition and morphology of the alloy 

nanoparticles is explored using ICP analysis, TEM, FE-SEM and EDX spectroscopy 

and mapping.  SERS experiments were conducted using Rhodamine 6G (R6G) as the 

probe molecule on the substrates having varying Ag-Au composition and exhibiting a 

smoothly evolving LSPR peak.  With 488 nm excitation laser, the EF was found to 

increase briefly with increasing Au content but then fall off at higher values.  We 

discussed the relation with the LSPR peaks of the substrates. 
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4.2 Ag-Au-PVA Thin Film  

4.2.1 Fabrication of Ag-Au-PVA Thin Film  

We have fabricated Ag-Au-PVA thin film using the two-stage fabrication (Fig. 

4.1) methodology similar to that developed for the in situ generation of Ag-Pd 

nanoparticles embedded in PVA film in chapter 2.  In the first stage, Ag-PVA thin film 

with Ag/PVA weight ratio (x) =0.8 and 1.4 wt % of Cu
2+

 was fabricated on the glass/ 

quartz/ Si wafer substrates as discussed in Sec. 2.2, relatively large (30 - 40 nm) Ag 

nanoparticles were formed in the thin film.
9
  In the second stage, bimetallic 

nanoparticles of Ag-Au were prepared by the galvanic displacement of Ag by Au atoms 

using the following procedure.  Aqueous solutions of ~ 0.5 mL of HAuCl4 with 

concentrations ranging from 0.005 – 0.200 mM was spread uniformly on the Ag-PVA 

film and kept for 15 min under ambient temperature (~ 25
o
C) conditions, inside a closed 

petri dish to avoid evaporation.  The film was then washed with ~ 1 mL of water to 

remove the unreacted HAuCl4 solution present on the film as well as byproducts such as 

Ag
+
 and HCl, and dried under vacuum.   

 

 

 

 

 

 

 

 

 

Figure 4.1.  Schematic showing the in situ synthesis of Ag-PVA followed by Ag-Au-

PVA thin film. 
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4.2.2 Spectroscopy, Microscopy and Chemical Analysis of Ag-Au-PVA Thin 

Film  

Thickness of the final films was measured using a surface profilometer, and it 

was found to be ~ 200 nm.  The Ag-Au composition of the Ag-Au-PVA thin films, were 

estimated by ICP-OES analysis and EDX spectroscopy together with imaging in TEM 

as well as FESEM (Table 4.1).  The expected trend of increasing Au content with 

increasing concentrations of HAuCl4 is found to be similar in all the cases; the 

difference in observed values is discussed later.  The values from ICP-OES analysis 

represent to bulk composition; the maximum Au content is found to be ~ 5.4 atom% in 

the film fabricated with c = 0.2 mM.   

We have examined the systematic evolution of the LSPR extinction of the metal-

polymer nanocomposite thin films as the nanoparticles change from pure Ag to Ag-Au 

with increasing Au content (Fig. 4.2).  The peak at 434 nm observed with the original 

Ag-PVA shifts gradually up to 761 nm in the case of Ag-Au-PVA prepared using a 0.15 

mM solution of HAuCl4 (Table 4.2).  There is a concomitant and steady decrease in the 

intensity of the extinction peak; this is mainly a consequence of the relatively lower 

extinction coefficient of Au compared to Ag.   

 

 

 

 

 

 

 

 

c (mM) 
Atom% of Au 

ICP-OES EDX (TEM) EDX (FESEM) 

0.025 1.62 2.77 1.25 

0.050 2.43 4.73 5.65 

0.100 3.00 11.51 10.25 

0.200 5.37 24.01 16.25 

 

Table 4.1.  Atom % of Au with respect to the total metal (Au+Ag) content in the Ag-

Au-PVA thin films fabricated by spreading different concentrations (c, mM) of HAuCl4 

on Ag-PVA(x=0.8) thin films, estimated using ICP-OES, EDX (TEM) and EDX 

(FESEM) analysis. 
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In order to gain insight into the evolution of the spectral profiles and peak shifts, 

we have carried out computational simulation of the LSPR extinction spectra of 

spherical hollow Ag-Au nanoparticles with different sizes and compositions using the 

DDSCAT software (Version 7.3), that employs the discrete dipole approximation.
10,11

  

The ‘CONELLIPS’ option was used to specify the target geometry of hollow spheres; 

the inner and outer radii were chosen based on the average values observed in the 

relevant TEM images shown later.  The inner sphere was chosen to be vacuum and the 

shell, AgpAuq alloy, where p and q are the mol fractions of Ag and Au (values 

determined from the EDX analysis in TEM were used in the computation, however, 

those based on the other analyses lead to similar spectral profiles and variations).  

Optical constants, n and k of AgpAuq alloy at wavelength  were estimated as the 

weighted average of the values of pure Ag and Au: 

, 
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Figure 4.2.  Optical extinction spectra of Ag-PVA and Ag-Au-PVA thin films formed 

by treating Ag-PVA with different concentrations (c, mM) of HAuCl4 solution. 
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Table 4.2.  max of the LSPR spectra simulated for spherical hollow AgxAuy 

nanoparticles with different compositions and outer (alloy) / inner (vacuum) radii, in 

PVA matrix; the compositions and radii are chosen based on the EDX and TEM 

measurements on the Ag-Au nanoparticles in PVA fabricated using different 

concentrations (c, mM) of HAuCl4.  max of the experimental LSPR spectra of the 

respective Ag-Au-PVA thin films are also shown. 

 

c 

(mM) 

AgpAuq Outer 

radius 

(nm) 

Inner 

radius 

(nm) 

max (nm) 

(simulation) 

(Fig. 4.3) 

max (nm) 

(experiment) p q 

0.000 1.00 0.00 15 0 430 434 

0.025 0.97 0.03 20 0 439 459 

0.050 0.95 0.05 20 10 470 473 

0.100 0.89 0.11 25 15 510 628 

0.150 0.84 0.16 25 18 552 761 

0.200 0.76 0.24 25 20 605 522 

 

Figure 4.3.  LSPR extinction spectra simulated for spherical hollow AgpAuq 

nanoparticles with different inner and outer radii (see Table 4.2) in PVA matrix. 
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and similarly, k.
12

  PVA (refractive index = 1.55) was used as the ambient medium.  

Formation of hollow structures with decreasing shell thickness causes significant red 

shift and broadening of the LSPR peak (Fig. 4.3).  The red shift observed in the films 

with relatively low fractions of Au (fabricated with c  0.05mM) is in good agreement 

with the computed values; however at larger fractions of Au, the computed values are 

significantly lower than that observed experimentally (Table 4.2).  In order to 

understand the latter discrepancy, we have carried out simulations for spherical hollow 

Au nanoparticles following similar procedure as above.  The inner sphere was chosen to 

be vacuum (air) and the shell to be pure Au.  The outer radius was fixed at 25 nm, and 

different inner radii were considered.  The simulated spectra are shown in Fig. 4.4; the 

data in Table 4.3 suggest strong red shift of the peak as Au shells with decreasing 

thickness are formed.  These computations on hollow Au spheres suggest that the red 

shifts of observed peaks with respect to the simulated are for c = 0.1 – 0.15 mM in table 

4.2 may be due to the formation of thin Au shells through partial separation of Au.  On 

further increase of Au (c = 0.20 mM), the LSPR peak blue shifts to ~ 522 nm (Fig 4.2), 

indicative of extinction due to solid Au nanostructures with no noticeable intensity due 

to Au-Ag; this could be due to the formation of Au patches over the Ag-Au  
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Figure 4.4.  LSPR extinction spectra simulated for spherical hollow Au nanoparticles 

with outer radius of 25 nm and different inner radii, in PVA matrix. 



94  Chapter 4 
 

 

 

 

 

 

 

 

 

nanoparticle.  It is pertinent to note that several earlier studies have reported similar 

observations of blue shift in the LSPR peak of Ag-Au nanoparticles upon enhancing the 

Au content significantly, and attributed it to the fragmentation of the nanostructures.
13-16

  

Tuning of the LSPR peak forms the basis for the SERS studies discussed later. 

Evolution of the morphology of the nanoparticles with increasing Au content is 

revealed by the TEM images in Fig. 4.5; selected area electron diffraction shows that 

these particles are crystalline.  Formation of the hollow cage structures at higher Au 

content is seen in the more magnified images.  The presence of Ag and Au in Ag-Au 

nanoparticles cannot be confirmed by electron diffraction and lattice images because of 

the similar lattice spacing values of the two metals.  It is confirmed by EDX mapping of 

the nanoparticles discussed below.  The hollow structures appear to result from the 

Kirkendall effect
17

 arising due to the different rates of diffusion of the two kinds of 

atoms/ions involved; similar observations have been made earlier with Ag-Pd
9
 as well 

as Ag-Au
13

 nanoparticles.  The increasing surface roughness could support applications 

such as catalysis or SERS.  The FE-SEM images of the Ag-Au nanoparticles embedded 

in the PVA thin film (Fig. 4.6) reveal morphological changes similar to that observed in 

the TEM images.  The area mapping of single particles shows graphically, the  

Table 4.3.  max of the LSPR spectra simulated for spherical hollow Au nanoparticles 

with outer radius of 25 nm and different inner radii, in PVA matrix. 

Inner radius 

(nm) 

max (nm) 

(simulation) 

(Fig. 4.4) 

0 558 

10 568 

15 591 

20 671 

23 760, 925 
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Figure 4.5.  TEM images of (a) Ag-PVA and Ag-Au-PVA thin films formed by treating 

Ag-PVA with different concentrations (c, mM) of HAuCl4 solution: (b) 0.025, (c) 0.05, 

(d) 0.10, (e) 0.15 and (f) 0.20.  Scale bar = 20 nm; magnified images (scale bar = 5 

nm) of single particle and electron diffraction pattern are shown in the inset. 

(a) (b) 

(d) (c) 

(e) (f) 
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(a) 

100 nm 

(c) 

100 nm 

100 nm 

(b) 

100 nm 

(e) 

100 nm 

(f) 

100 nm 

(d) 

Figure 4.6.  FE-SEM images combined with EDX area mapping, of (a) Ag-PVA and 

Ag-Au-PVA thin films formed by treating Ag-PVA with different concentrations (c, 

mM) of HAuCl4 solution: (b) 0.025, (c) 0.05, (d) 0.10, (e) 0.15 and (f) 0.20; scale bar 

= 100 nm.  The EDX mapping shows Ag (red) Au (green) regions in a selected 

particle. 
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Figure 4.7.  FE-SEM images combined with EDX line mapping (red - Ag; cyan - Au) 

of (a) Ag-PVA and Ag-Au-PVA thin films formed by treating Ag-PVA with different 

concentrations (c, mM) of HAuCl4 solution: (b) 0.025, (c) 0.05, (d) 0.10, (e) 0.15 and 

(f) 0.20.  Scale bar = 100 nm. 
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increasing Au content and the distribution of Au on the Ag nanoparticles (Fig. 4.6).  The 

EDX line profile is consistent with the hollow structure of the particles and provides 

insight into the elemental distribution (Fig 4.7).
  

Quantitative estimates of the Au 

content across the series follow the same trend as observed from the ICP analysis, but 

show relatively higher values (Table 4.1); such differences are well-known
18

 and 

attributable to the fact that the EDX probes primarily the surface composition whereas 

the ICP analyzes the total content. 

4.3 SERS Studies 

The protocol we have optimized for the preparation of samples on the SERS 

substrate is particularly convenient, as the analyte solution is simply spread on the 

nanocomposite thin film and allowed to get absorbed in the polymer film, and get 

adsorbed on the bimetal nanoparticles; this may be contrasted with methods such as 

incubation required in some of the earlier studies.
19,20

  We have conducted the SERS 

experiments using different substrates including Ag-PVA as well as Ag-Au-PVA (with 

different Au content) coated on silicon wafer.  Rhodamine 6G (R6G) was used as the 

analyte molecule; 20 µL of a 4.5 µM solution of R6G in methanol was spread uniformly 

on the substrate and dried under ambient atmosphere. A WITec model Alpha 300 R 

Raman microscope (with AFM) was used for recording the Raman spectra, with 0.5 s 

integration time and 10 accumulations, through a 20  aperture (NA = 0.4).  A 488 nm 

laser was used as the excitation source.  The laser intensity was maintained constant in 

all measurements, 100 µm detecting fiber was used to collect the spectra.  Raman 

spectrum for the bulk material used as the reference, was recorded using a small R6G 

microcrystal placed on the Si wafer.   

The spectra of R6G recorded using the Ag-Au-PVA thin films with low Au 

content were found to increase slightly in intensity with time and reach steady values 

after ~ 24 h; the relative SERS intensities across the substrates with different 

compositions remain the same, however.  As the LSPR spectra of these Ag-Au-PVA 

films are reproducible over several days, we believe that the spectral changes occur due 

to the progress of the analyte adsorption on the nanoparticles reaching equilibrium over  
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several hours.  The Raman spectra of R6G recorded on different substrates after 24 h are 

displayed in Fig. 4.8.  Peaks in the spectrum of the reference R6G sample spectrum are 

hardly visible, but can be discerned on magnification, allowing the quantitative 

estimation of the EF.  A relatively low spectral profile is obtained with Ag- PVA as the 

substrate.  With increasing Au content, intensities of all the peaks increase, reach a 

maximum and thereafter decrease steadily.   

4.3.1 Calculation of SERS Enhancement Factor 

The number of molecules in the reference sample (NBulk) was determined using 

the focal volume of the laser spot incident on the microcrystal and the density of the 

material.  The number of molecules in the sample (NSERS) was estimated by considering 

the total number of molecules spread on the substrate, assuming a homogeneous 

distribution across the thin film and the fraction falling within the laser spot area. 

Figure 4.8.  Raman spectra of R6G microcrystals and solution adsorbed on Ag-PVA 

thin film and Ag-Au-PVA thin films formed by treating Ag-PVA with different 

concentrations (c, mM) of HAuCl4 solution. 
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Intensity of the aromatic C-C stretch vibration of molecules in the reference sample at 

1645 cm
-1

 (IBulk) and in the solutions spread on the Ag-PVA and Ag-Au-PVA substrates 

at 1650 cm
-1

 (ISERS) were used to estimate the enhancement factor, EF =(NBulk / 

NSERS) (ISERS /IBulk).  NBulk / NSERS was determined as shown in Box 4.1.  Table 4.4 lists 

the specific parameters used in an experiment; the value obtained of NBulk / NSERS for 

R6G in the present experiment was found to be 6.4 × 10
5
. As

 
NSERS includes all the 

probe molecules in the focal volume and not just a monolayer on the nanoparticles, the 

EF we report is the lower bound of this value.  Intensity of the 1645 - 1650 cm
-1

 peak 

for the reference, IBulk is found to be 58.88 (Fig 4.8).  The EF estimated for the different 

substrates are collected in Table 4.5; the EF values are typically ~10
8
.   

 

Box 4.1 :  Derivation of NBulk / NSERS 

 

Laser spot diameter, 
NA

W o

22.1
 Focal depth:   
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Focal volume:  
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2
 

NBulk = ((Focal volume * Density)/ (Molecular weight))*NA 

NSERS = (Laser spot area/Substrate area) * (NA * Volume * Concentration) 
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Where λ is wavelength of the laser light (nm), NA is Numerical Aperture, A is Area 

of the film (cm
2
), w  and ρ are the weight of the analyte present in the solution 

spread on the film (ng) and density of the analyte crystal (g cm
-3

) respectively. 
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4.3.2 Correlating the Enhancement Factors with LSPR of Substrate 

We have looked at different parameters, to understand the variation of the EF 

with changing the Au amount in Ag-Au-PVA thin films, like extinction and resonance 

condition between excitation laser and LSPR of the subtrates.  Fig. 4.9 shows the 

variation of the EF with the concentration (c, mM) of HAuCl4 used in the fabrication of 

the substrate.  The maximum value of 2.84  10
8
 is ~70% higher than that obtained with 

Ag-PVA as the substrate, and is achieved using the Ag-Au-PVA thin film substrate 

containing 1.62 atom% of Au (based on ICP-OES analysis), corresponding to c = 0.025 

mM.  Fig. 4.9 shows also the plot of | |
-1

 against c;  = I - LSPR (Table 4.6) where I 

corresponds to the frequency of the excitation laser (  = 488 nm) and LSPR is the 

frequency of the LSPR peak for each substrate (Fig. 4.2).  The maximum EF is obtained 

with the substrate having an LSPR peak that is slightly blue-shifted with respect to the 

c (mM) I1650 ISERS/IBulk EF (10
8
) 

0.000 15764.58 268 1.71 

0.005 17117.10 291 1.86 

0.010 19822.16 337 2.15 

0.025 27579.22 468 2.84 

0.050 20870.31 354 2.27 

0.075 12748.13 217 1.39 

0.100 5182.47 88 0.56 

0.150 161.85 3 0.02 

0.200 355.65 6 0.04 

 

Table 4.5.  Estimation of the SERS enhancement factor (EF) for R6G analyte on Ag-

Au-PVA thin film substrates fabricated by spreading different concentrations (c, mM) 

of HAuCl4 on Ag-PVA thin films. 

Parameter λ (nm) ρ (g cm
-3

) w (ng) NA (20x) A (cm
2
) 

Values 488 1.28 43.11 0.4 3 

 

Table 4.4.  Parameters used for the estimation of NBulk/NSERS. for R6G on the Ag-Au-

PVA film. 
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excitation laser, rather than with the substrate that has a nearly resonant LSPR (ie. with 

the lowest ).  This observation is similar to that reported earlier with Au nanosphere
21

 

and nanostar
22

 based colloidal substrates; however, we believe that the maximization of 

the enhancement off-resonance with respect to the exciting radiation does not arise due 

to a competition between the extinction and enhancement effects for the following 

reasons.  In the present case, we are working with a planar substrate rather than a 

colloidal suspension.  More importantly, the extinction is found to gradually decrease as 

the Au content increases (Fig. 4.2) consistent with the simulations based on hollow 

alloy nanoparticles described above.  A subtle trade-off between resonance and 

extinction appears to lead to the maximization of the SERS EF.  Incorporation of small 

but increasing amounts of Au into Ag moves the LSPR peak closer to the excitation 

wavelength, but concomitantly decreases the extinction peak intensity; the opposing 

impacts of the two factors leads to a maximization of the EF at an intermediate Au 

content.   Similar observation in an earlier study,
23

 of maximum SERS response with 

Ag-Au core-shell nanoparticles having intermediate composition, has been attributed to 

the maximization of pinhole formation.  In the present case, as the thickness of the 

 

 

 

 

 

 

 

 

 

Table 4.6.  LSPR peak wavelength ( max), magnitude of the frequency difference 

between the exciting laser and the LSPR peak (| |) of Ag-PVA and Ag-Au-PVA 

prepared using different concentrations (c, mM) of HAuCl4 solution. 

c (mM) max (nm) | | (cm
-1

) 

0.000 434 2549. 7 

0.005 434 2549. 7 

0.010 434 2549. 7 

0.025 459 1294.7 

0.050 473 649.9 

0.075 517 1149.4 

0.100 628 4568.2 

0.150 761 7351.2 

0.200 522 1334.7 
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nanocomposite film is ~ 200 nm and the Ag-Au nanoparticles are 40 – 50 nm in 

diameter (slightly larger than the Ag nanoparticles), the close contact of particles can 

give rise to regions of high local electric field and contribute to enhanced SERS effects.   

4.3.3 Limit of Detection  

SERS experiments on several samples of Ag-Au-PVA substrate and multiple 

measurements on each sample showed a high level of reproducibility (Table 4.7).  

Experiments were carried out with different concentrations of R6G solutions on the film 

having the optimal Au concentration (fabricated with c = 0.025 mM); the spectra 

recorded and the plot of the intensity of the 1650 cm
-1

 peak as a function of the 

concentration of the R6G solution, including the standard deviation in each case, are 

shown in Fig. 4.10.  The limit of detection is defined as 3 blank/m where blank is the 

standard deviation for blank measurements and m is the slope of the intensity- 
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Figure 4.9.  Plot of the SERS EF and | |
-1

 against the concentration (c, mM) of 

HAuCl4 used to prepare the Ag-Au-PVA thin film (c = 0 corresponds to the Ag-PVA 

thin film);  = I - LSPR where, I = frequency of the excitation laser, LSPR = 

frequency of the LSPR peak for the Ag-PVA or Ag-Au-PVA thin film. 
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concentration plot.
24,25

  σblank on the Ag-Au-PVA substrate (without probe molecules) 

was determined by recording the Raman spectra 7 times.  The value was estimated to be 

52 counts for the intensity at 1650 cm
-1

 (excitation at 488 nm) for R6G.  The slope m 

was determined from the calibration plot of signal intensity versus concentration shown 

in Fig. 4.10b.  The LOD estimated for R6G on Ag-Au-PVA is 0.6 pmol.  It may be 

Peak (cm
-1

) 
ISERS  

(mean value) 
EF (10

8
) 

610 10024 3.21±0.68 

769 8405 2.15±0.31 

1186 9172 1.73±0.32 

1361 21532 2.70±0.27 

1570 15049 2.35±0.18 

1650 26111 2.84±0.12 

 

Table 4.7.  Mean ISERS and the corresponding enhancement factor (EF) with standard 

deviation for different vibrational peaks of R6G on Ag-Au-PVA (c = 0.025 mM) as 

the substrate. 
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Figure 4.10.  (a) Raman spectra of R6G solutions with different concentrations 

adsorbed on Ag-Au-PVA thin film (c = 0.025 mM of HAuCl4) and (b) plot of the 

intensity of the 1650 cm
-1

 peak as a function of the concentration of R6G solution (the 

least square fit line is also shown). 
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noted that this value is based on the total solution spread on the substrate; the value 

would be still lower if only those in the focal volume are considered.  The fact that the 

maximum EF is obtained at very low concentrations of Au in the Ag-Au-PVA, is of 

great practical utility in terms of cost-effectiveness of the substrate.  The ease of 

fabrication and utilization of the in situ fabricated bimetal - polymer nanocomposite thin 

films is an added benefit. 

4.4 Summary 

In this chapter we have discussed the in situ fabrication of Ag-Au nanoparticles 

with hollow cage structures and systematically varied composition, embedded within a 

PVA thin film.  The Ag-Au-PVA thin films exhibit systematically tuned LSPR peak 

across a range of ~ 330 nm.  These nanocomposite thin films were used as substrates for 

SERS experiments with Rhodamine 6G as the analyte molecule.  Enhancement factors 

of ~ 10
8
 were obtained.  The maximum EF was observed with the substrate having a 

relatively small Au content.  This substrate shows an LSPR extinction peak blue-shifted 

with respect to the laser excitation wavelength, highlighting the trade-off between the 

extinction and resonance leading to maximum SERS response.  The utility of LSPR 

tuning in easily fabricated bimetallic nanoparticle-embedded polymer thin films, leading 

to the fabrication of efficient SERS substrates was demonstrated. 
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In Situ Fabricated Copper-Silver Nanoparticle-Embedded 

Polymer Thin Film as an Efficient Broad Spectrum SERS 

Substrate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cu-Ag-polymer nanocomposite thin film fabricated by a novel in situ protocol is 

an efficient SERS substrate for sensitive detection of different analytes with a 

range of excitation wavelengths. 
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Scope 

Fabrication of copper as well as copper-silver nanoparticles embedded in 

polymer thin films and their application in surface-enhanced Raman scattering (SERS) 

form the subject of this chapter.  As discussed in the previous chapter, the thin films of 

metal-polymer nanocomposites are good candidates for efficient SERS substrates; it 

would be highly advantageous if they can be fabricated by a cost-effective and facile 

protocol, and high enhancement factors (EF) can be realized for a range of excitation 

wavelengths, enabling sensitive detection of different analytes.  We have fabricated 

poly(vinyl alcohol) (PVA) thin films with embedded Cu-Ag nanoparticles through an in 

situ procedure via step-wise formation of CuO-PVA and Cu-PVA; the fabrication was 

monitored through the different stages, by spectroscopy, microscopy, electron 

diffraction and elemental analysis. Choice of the Cu-Ag combination was dictated by its 

broad plasmonic extinction, favorable cost factor, and chemical stability of the 

nanocomposite; the hydrogel character of PVA facilitates analyte absorption and 

contact with the nanoparticles leading to efficient SERS.  Cu-Ag-PVA thin film with an 

optimal composition displays plasmonic extinction over an appreciable part of the 

visible range and provides EF of the order of 10
7
-10

8
 for the analytes, Rhodamine 6G 

and methylene blue, at three different excitation wavelengths; the EF values are 

significantly higher than that reported earlier, with most of the Cu-Ag based SERS 

substrates.  The novel bimetal-polymer nanocomposite thin film is an efficient SERS 

substrate providing sub-picomol limits of detection. 

 

5.1 Introduction 

Surface enhanced Raman scattering (SERS) is a facile and powerful analytical 

tool for the sensitive detection of molecules, thanks to the combination of unique 

Raman spectral signature of molecules with extremely large signal enhancements.  The 

latter is often achieved through the interaction of the molecules with metal nanoparticles 

and nanostructures, and the field associated with their localized surface plasmon 
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resonance (LSPR) extinction as discussed in Sec. 1.6.3.  Metals such as Au, Ag and Cu 

with LSPR extinction in the 400 – 700 nm range are suitable for visible light excitation; 

even though Ag and Cu provide obvious cost advantages, the relatively higher reactivity 

is a cause for concern in practical applications.  The large extinction cross-section 

associated with silver nanoparticles has been exploited extensively;
1
 copper 

nanoparticles and nanostructures have also been shown to be efficient substrates for 

SERS.
2,3

  As the LSPR extinction of Ag and Cu nanoparticles peak at ~ 400 nm and ~ 

600 nm respectively, an optimal combination of the two should provide local field 

enhancement over a significant part of the visible spectrum, and lead to efficient SERS 

with different excitation wavelengths;
4
 strong dependence of the SERS enhancement 

factor (EF) on the excitation wavelength is well-established.
5,6

  A Cu-Ag nanostructure 

with appropriate composition would serve as an efficient SERS substrate for different 

analyte molecules, through resonance effects; practical application would be facilitated 

if the substrate is stable and in the form of a solid thin film. 

Cu and Ag form a binary alloy system with a eutectic at 42 atom% Cu.
7,8

  The 

relatively lower surface energy and larger atomic size of Ag induce phase separation in 

the alloy, and core-shell structures emerge in nanoparticles within some size limits.
9
  

Formation of Ag shell on Cu nanoparticles imparts stability against oxidation, as has 

been shown in the case of air-stable dispersions for inkjet printing.
10

  Treatment of Cu 

with Ag
+
 ions is a facile route to deposit Ag on Cu through galvanic displacement; this 

approach has been adopted in various ways, to fabricate SERS substrates based on the 

Cu-Ag bimetallic system.  The most common protocol involves formation of Ag 

nano/microstructures with a variety of morphologies, on the surface of Cu in the form of 

grid,
11

 foil,
12-14

 plate,
15,16

 membrane,
17

 layer deposits
18-20

 and powder;
21

 Ag 

nanoparticles have been formed also on Cu nanowalls in a microfluidic device.
22

  Cu-

Ag nanoparticles,
23,24

 dendrites
25,26

 and core-shell structures
4,27

 formed in a fluid phase 

have also been developed for SERS application.  Bimetallic nanoparticles embedded in 

a suitable thin film matrix that can efficiently absorb analyte molecules, should prove to 

be a versatile SERS substrate.  An optimal substrate that provides high EF for different 
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analyte molecules employing different excitation wavelengths, remains an important 

goal. 

In situ formation of metal
28-30

 and bimetallic
31,32

 nanoparticles inside polymer 

thin films is a facile route to the fabrication of efficient SERS substrates.
33

  Fabrication 

of Ag, Au, Pd and Pt nanoparticles inside a poly(vinyl alcohol) (PVA) thin film by mild 

thermal annealing using the polymer itself as the reducing and stabilizing agent was 

discussed in Sec.1.5.
30

  This method is ineffective in the case of Cu in view of its 

relatively lower reduction potential.  Therefore, we have optimized a new methodology 

for the formation of Cu nanoparticle-embedded PVA thin film (Cu-PVA) through the 

intermediate formation of CuO-PVA.  Brief treatment of the Cu-PVA film with AgNO3 

solution of varying concentration under ambient conditions led to the formation of Cu-

Ag-PVA thin films with different Cu-Ag compositions.  The Cu-Ag-PVA thin films 

provide SERS EF of the order of 10
7
-10

8
 (higher than that reported earlier, with many of 

the Cu-Ag based substrates) for two different analyte molecules, with three different 

laser excitation wavelengths; improved efficiency over the corresponding single metal 

systems, Cu-PVA and Ag-PVA with similar metal loading was demonstrated.   

5.2 Cu-PVA Thin Film  

Among the metals fabricated and studied as nanoparticles and nanostructures, 

Au and Ag dominate significantly above all others.  Even though relatively less, 

nanoparticles of the remaining coinage metal, Cu have also been studied extensively.
34

  

The lower reduction potential of Cu
+
/Cu and Cu

2+
/Cu compared to Ag

+
/Ag or Au

3+
/Au, 

necessitates stronger reducing agents for the formation of Cu.  The associated ease of 

oxidation of Cu makes the stabilization of Cu nanoparticles more difficult.  However, if 

formed inside the polymer film, the Cu nanoparticles are likely to be relatively more 

stable against atmospheric oxidation.  Cu nanoparticles can be generated by the direct 

treatment of Cu
2+

 salts such as Cu(NO3)2 introduced in a PVA film by strong reducing 

agents like hydrazine; however, the quality of the Cu-PVA films thus obtained was 

poor.  Therefore, we have developed a two-step protocol (Fig. 5.1) for the fabrication of 
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uniform and good quality Cu-PVA thin films.  In the first step CuO-PVA was 

fabricating by thermal annealing of Cu(NO3)2-PVA which was treated with hydrazine to 

obtain the Cu-PVA in the second step.   

5.2.1 Fabrication of CuO-PVA Thin Film  

The procedure used for the preparation CuO-PVA thin film is as follows.  

Required weight of Cu(NO3)2.3H2O dissolved in 1.6 mL of water was mixed with 0.20 

g of PVA (average molecular weight = 85 - 146 kDa, % hydrolysis = 99+) dissolved in 

4.0 mL of water to prepare different compositions designated using the Cu/PVA weight 

ratios, x (for example, 76 mg of Cu(NO3)2.3H2O gives x = 0.10).  The solution mixture 

was spin-coated on the glass/ quartz/ Si wafer substrates at 500 rpm for 10 s, followed 

Figure 5.1.  Schematic showing the fabrication of Cu-PVA thin film and its conversion 

to Cu-Ag-PVA thin film. 
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by 6000 rpm for 10 s.  The film was then heated in a convection oven at 130
o
C for 60 

min. 

In order to check the effect of PVA on decomposition, we have carried out 

control experiments, thermal annealing of pure Cu(NO3)2.3H2O as well as its mixture 

with PVA, at various temperatures.  Color change observed in the pure Cu(NO3)2.3H2O 

powder heated at 130
o
C is due to the formation of basic copper nitrate (change from 

blue to cyan as shown in Fig. 5.2a,b) and the black material obtained when heated at 

200
o
C is cupric oxide (CuO) (Fig 5.2c).  Heating the mixture of Cu(NO3)2.3H2O and 

PVA at 130
o
C produces a black solid suggesting the formation of CuO (Fig. 5.2e).

  

Thermal decomposition appears to be facilitated by the addition of PVA; this may arise 

due to the coordination of the alcoholic groups on PVA to Cu
2+

.  Absence of the 

characteristic red color of Cu2O rules out the possibility of reduction of Cu
2+

 by PVA 

during this process. 

 

 

 

 

 

 

 

 

 

 
Figure 5.2.  Photographs of Cu(NO3)2·3H2O : (a) Unheated (b) heated at 130

o
C for 

120 min; (c) heated at 200
o
C for 60 min; Cu(NO3)2·3H2O + PVA: (d) Unheated; (e) 

heated at 130
o
C for 60 min. 

  

 

(a) (b) (c) 

(d) (e) 
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5.2.2 Spectroscopy and Microscopy Studies of CuO-PVA Thin Film 

We have experimented with spin-coated thin films of Cu(NO3)2-PVA with three 

different weight ratios, x, heated at 130
o
C for 60 min.  Formation of CuO nanoparticles 

by the thermal decomposition of Cu(NO3)2 is clearly demonstrated by the development 

of the characteristic band absorption starting at 300 - 550 nm, increasing with x (Fig. 

5.3a).  Tauc plots indicate direct band gaps in the range 3.36 – 4.01 eV for the different  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3.  Electronic absorption spectra of (a) Cu(NO3)2-PVA and CuO-PVA; and 

Tauc plots for the direct band gap of the CuO-PVA film with different values of x (b) 

0.1, (c) 0.25 and (d) 0.50. 
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compositions (Fig. 5.3b-d).  These values are consistent with those reported for CuO 

nanoparticles;
35,36

 the decrease in the band gap with increasing x indicate the effect of 

particle size increase.  TEM images of the films reveal small particles, 1 - 10 nm in size 

depending on x (Fig. 5.4).  The high resolution TEM image of the particles in the film 

with x = 0.5 shows the spacing corresponding to the (110), ( ), and ( ) lattice 

planes of CuO (particles in the case of films with lower x are too small to provide lattice 

resolution images).  The electron diffraction pattern shown in the inset of Fig. 5.4c can 

be indexed to monoclinic CuO (JCPDS file no: 89-2531): 2.76 Å (110), 2.50 Å ( ), 

and 1.48 Å ( ).  

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (c) 

(d) (e) (f) 

2.54 Å; CuO 

(111 ) 

 

(a) 

Figure 5.4.  TEM images (scale = 20 nm) of CuO-PVA thin films with weight ratios 

(x), (a) 0.10, (b) 0.25 and (c) 0.50; the corresponding magnified images (scale = 5 

nm) are shown in (d – f); electron diffraction pattern and lattice spacing are indicated 

in the insets in (c) and (f) respectively.   
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5.2.3 Fabrication of Cu-PVA Thin Film  

In the second stage (Fig. 5.1), CuO-PVA thin film could be converted to Cu-

PVA thin film by the in situ reduction of Cu
2+ 

to Cu inside the film, using hydrazine 

vapor.  The fabrication procedure of Cu-PVA thin film was as follows.  CuO-PVA film 

(x = 0.10, 0.25 and 0.50) coated on the substrate was kept in a closed petri dish (150 mm 

dia, 15 mm high) together with 3 mL of 80 % hydrazine hydrate taken in an open petri 

dish (50 mm dia, 12 mm high).  The whole system was kept in a convection oven at 

160
o
C for 20 min (Fig. 5.1), resulting in the transformation of CuO-PVA to Cu-PVA. 

5.2.4 Spectroscopy and Microscopy Studies of Cu-PVA Thin Film 

The reduction of Cu
2+

 to Cu is probed initially by recording the extinction 

spectrum of the thin film.  The spectra in Fig. 5.5, may be contrasted with the ones in 

Fig. 5.3a; they show clearly, the emergence of the LSPR peak at ~ 580 – 590 nm due to 

Cu nanoparticles.  The peak intensity is directly related to the value of x; the scattering 

contribution increases significantly at higher values of x.  The LSPR extinction 

spectrum of Cu-PVA thin film is stable for several hours, but shows small variation  

 

 

 

 

 

 

 

 Figure 5.5.  Extinction spectra of Cu-PVA thin films with different weight ratios (x) of 

Cu/PVA. 
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            (111) 

 

Figure 5.7.  TEM images (scale = 20 nm) of Cu-PVA thin films with weight ratios (x), 

(a) 0.10, (b) 0.25 and (c) 0.50; the corresponding magnified images (scale = 5 nm) 

are shown in (d – f); electron diffraction pattern and lattice spacing are indicated in 

the insets in (a-c) and (e) respectively. 
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Figure 5.6  X-ray photoelectron spectra of (a) CuO-PVA and (b) Cu-PVA thin films 

with x = 0.25. 
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Image 
Average roughness (nm) 

CuO-PVA Cu-PVA 

1 0.63 0.44 

2 0.24 0.40 

3 0.65 0.41 

4 0.26 0.55 

5 0.34 0.69 

Average for the 

5 measurements () 
0.42 (0.20) 0.50 (0.12) 

 

Table 5.1.  Average roughness with standard deviation () inferred from the AFM 

images taken at 5 different regions (10 × 10 µm
2
) on the CuO-PVA and Cu-PVA thin 

films. 

 

 

 

 

 

(c) (a) 

(d) (b) 

Figure 5.8.  AFM images of (a) CuO-PVA and (b) Cu-PVA thin films; (c) and (d) the 

corresponding histogram of the surface (height) roughness. 
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over a few days (discussed later).  Fig. 5.6 shows the X-ray photoelectron spectra (XPS) 

of CuO-PVA and Cu-PVA thin films (x = 0.25).  The CuO-PVA film shows broad 2p3/2 

and 2p1/2 peaks with maxima at 933.1 and 953.1 eV and a satellite with peak at ~ 940.1 

eV; the broader peak is associated with the presence of Cu(II).
37

  Cu-PVA film (x = 

0.25) shows 2p3/2 and 2p1/2 peaks of Cu at 932.7 and 952.4 eV; the satellite with peak at 

~ 942.1 eV appears to be due to the partial oxidation of the Cu in the sample.
10

  TEM 

images of the Cu-PVA films show the presence of Cu nanoparticles with sizes in the 

range 10 - 30 nm (Fig. 5.7).  Identity of Cu is proved by the high resolution TEM image 

showing the (111) lattice plane of Cu with a spacing of 2.10 Å (Fig. 5.7e).  The electron 

diffraction pattern shown in Fig. 5.7a-c are consistent with Cu: 2.10 Å (111), 1.81 Å 

(200), 1.28 Å (220) and 1.07 Å (311). AFM images  of CuO-PVA and Cu-PVA thin 

films (Fig. 5.8) reveal an average roughness of 0.42 nm and 0.5 nm respectively, 

indicating the smooth surface of the films; roughness measured at 5 different regions on 

the films are collected in Table 5.1.   

5.3 Cu-Ag-PVA Thin Film  

5.3.1 Fabrication of Cu-Ag-PVA Thin Film  

We have generated Cu-Ag nanoparticles by treating the Cu-PVA thin films with 

AgNO3 solution having different concentrations; as the film with x = 0.25 showed the 

clear plasmon peak due to Cu with relatively low scattering (Fig. 5.5), it was chosen for 

this third stage of fabrication (Fig. 5.1).  0.5 mL of an aqueous solution of AgNO3 with 

concentrations (c) ranging from 1 – 30 mM was spread uniformly on the Cu-PVA film 

and kept for 10 min under ambient temperature (~ 28
o
C) inside a closed petri dish to 

avoid evaporation of the solution.  The bimetallic nanoparticles of Cu-Ag are formed by 

the galvanic displacement of part of the Cu atoms by the Ag atoms.  The film was then 

washed with ~ 1 mL of water to remove any unreacted AgNO3 solution present on the 

film as well as the byproducts including Cu
2+

 and HNO3, and dried under ambient 

atmosphere.  
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5.3.2 Spectroscopy, Microscopy and Chemical Analysis of Cu-Ag-PVA Thin 

Film  

Galvanic displacement of Cu by Ag is revealed by the emergence of the LSPR 

extinction due to Ag with max at ~ 400 – 450 nm (Fig. 5.9).  Amplitude as well as width 

of the extinction and hence the coverage over the 350 – 700 nm increases with the 

concentration, c up to 12 mM; the spectrum changes very little beyond this point, 

indicating saturation (in fact the 450 nm peak decreases marginally and more scattering 

is observed at higher wavelengths).  The nanocomposite films are extremely stable as 

shown by the reproducibility of the extinction spectrum even after several days (Fig. 

5.10a,b) or on exposure to O2 gas (Fig. 5.11a), the stability being attributable to the 

incorporation of Ag with a higher reduction potential than Cu; exposure to reactive 

gases like H2S however does affect the film (Fig. 5.11b).  It is seen that the extinction of 

Cu-PVA shows gradual decrease over a period of a few days indicating relatively lower 

stability (Fig. 5.10c).  X-ray photoelectron spectra of the Cu-Ag-PVA film (Fig. 5.12) 

shows the Cu 2p3/2 and 2p1/2 peaks at 933.1 and 953.0 eV and a weak satellite 

 

 

 

 

 

 

 

 

 

Figure 5.9.  Extinction spectra of Cu-PVA (x = 0.25) and Cu-Ag-PVA thin films 

fabricated by treating the Cu-PVA film with different concentrations (c, mM) of 

AgNO3 solution. 
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Figure 5.10.  Extinction spectra of Cu-Ag-PVA thin films formed by treating the Cu-

PVA with different concentrations (c, mM) of AgNO3 solution: (a) 9 and (b) 12, and 

(c) Cu-PVA (x = 0.25), recorded over different time intervals. 
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Figure 5.11.  Extinction spectra of Cu-Ag-PVA (x = 0.25, c = 12 mM) thin film 

exposed to (a) O2 and (b) H2S gas. 
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peak at ~ 940.6 eV (most likely due to CuO); peak due to Ag 3d5/2 is clearly observed at 

368.8 eV.  The shift in energies observed for the peaks with respect to Cu(0) and Ag(0) 

may be attributed to the presence of each other. 

We have collected the TEM images of the Cu-Ag-PVA thin films in Fig. 5.13 

and 5.14; the electron diffraction patterns are shown in the insets of the former, and the 

latter with higher magnification show the lattice planes.  Nearly spherical particles are 

observed in all cases, with the average particle size increasing from (a) to (e); the 

spectral changes are consistent with this.  The lattice spacing of 2.34 Å can be attributed 

to the (111) planes of Ag; the spacing of 2.08 – 2.10 Å could be either due to the (200) 

planes of Ag or the (111) planes of Cu (Table 5.2).
25  

EDXS data clearly show the 

presence of Cu and Ag, with the atom % of Ag in the films fabricated with c = 1 to 12 

mM, increasing from 29 to 81 respectively (Table 5.3).  The Cu-Ag composition 

variation can be clearly visualized from the FESEM images combined with EDXS 

mapping shown in Fig. 5.15; it is also seen that the two elements are distributed fairly 

evenly throughout the particle.  A parallel trend in the Cu-Ag composition is observed 

in the ICP analysis data obtained using bulk film samples of Cu-Ag-PVA (Table 5.3); 

differences in the absolute values from EDXS may be attributed to the fact that the latter 

probes primarily the surface region of the thin films.   
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Figure 5.12.  X-ray photoelectron spectra of Cu-Ag-PVA (x = 0.25, c = 12 mM) thin 

film (two energy region are shown).  
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d (Å) h k l 

2.34 1 1 1 (Ag) 

2.10 1 1 1 (Cu) 

2.04 2 0 0 (Ag) 

1.82 2 0 0 (Cu) 

1.43 2 2 0 (Ag) 

1.23 
2 2 0 (Cu) 

3 1 1 (Ag) 

1.04 
2 2 2 (Cu) 

4 0 0 (Ag) 

 

Table 5.2.  Indexing of the electron diffraction pattern and lattice planes shown in Fig. 

5.13 and 5.14.  

 

Figure 5.13.  TEM images (scale = 50 nm) of Cu-Ag-PVA thin films fabricated by 

treating Cu-PVA (x = 0.25) with different concentrations (c, mM) of AgNO3 solution: 

(a) 1, (b) 3, (c) 6, (d) 9 and (e) 12.  Electron diffraction patterns are indicated in the 

insets. 
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(b) 

2.34 Å  

2.08 Å  

(d) 

2.34 Å  

2.10 Å  

(a) 

2.09 Å  

2.34 Å  

(e) 

2.34 Å  (c) 

2.09 

Å  

2.09 Å  

Figure 5.14.  TEM images (scale = 5 nm) of Cu-Ag-PVA thin films fabricated by 

treating Cu-PVA (x = 0.25) with different concentrations (c, mM) of AgNO3 solution: 

(a) 1, (b) 3, (c) 6, (d) 9 and (e) 12; lattice spacing values are indicated and discussed 

in the text. 

 

Substrate 

Atom% 

ICP-OES EDX 

(TEM) 

EDX 

(FESEM) 

Cu Ag Cu Ag Cu Ag 

Cu-PVA 100 0 100 0 100 0 

Cu-Ag-PVA 

[c (mM)] 

1 78 22 71 29 70 30 

3 - - 56 44 62 38 

6 54 46 34 66 45 55 

9 45 55 24 76 28 72 

12 35 65 19 81 24 76 

 

Table 5.3.  Atom % of Cu and Ag in the Cu-Ag-PVA thin films fabricated by spreading 

different concentrations (c, mM) of AgNO3 on Cu-PVA thin films, estimated using ICP-

OES, EDX (TEM) and EDX (FESEM) analysis. 
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5.4 Ag-PVA Thin Film 

5.4.1 Fabrication of Ag-PVA Thin Film  

We have also fabricated Ag-PVA thin films in order to perform control 

experiments in the study of the SERS application of Cu-Ag-PVA thin film discussed in 

the next section.  160 mg AgNO3 dissolved in 0.8 mL water was mixed with a solution 

of 0.10 g of PVA in 2 mL water (Ag/PVA weight ratio = 1.0).  The solution mixture 

was spin-coated on glass/ quartz/ Si wafer substrates as described in Sec. 5.2 and heated 

at 130
o
C for 60 min.  In an alternate approach, the film was exposed to hydrazine vapor 

at ~ 28
o
C for 10 min.  

5.4.2 Spectroscopy, Microscopy and Chemical Analysis of Ag-PVA Thin Film  

Extinction spectra of the Ag-PVA films fabricated by thermal annealing as well 

as exposure to hydrazine vapor are shown in Fig. 5.16. Both show the clear peak due to  

100 nm 

(a) 

100 nm 

 

(b) 

100 nm 

(c) 

100 nm 

 

(d) 

100 nm 

(e) 

100 nm 

(f) 

Figure 5.15.  FE-SEM images combined with EDXS area mapping, of (a) Cu-PVA (x 

= 0.25) and Cu-Ag-PVA thin films formed by treating the Cu-PVA with different 

concentrations (c, mM) of AgNO3 solution: (b) 1, (c) 3, (d) 6, (e) 9 and (f) 12; scale 

bar = 100 nm.  The EDXS mapping shows Cu (red) and Ag (green) regions in a 

selected particle. 
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the LSPR extinction of Ag nanoparticles.  The film fabricated by exposing to hydrazine 

vapor has higher extinction compared with that fabricated under thermal annealing.  Fig 

5.17a,b shows the TEM images of the Ag-PVA thin films.  The Ag nanoparticles 

formed by exposure to hydrazine vapor are relatively larger than that obtained in 

thermal annealing; the particles size distribution in the former case is similar to that of 

Cu-Ag-PVA thin film (fabricated with c = 12 mM).  Content of Ag and Cu in the  

Figure 5.17.  TEM images (scale = 50 nm) of Ag-PVA thin films fabricated by (a) 

thermal treatment and (b) exposure to hydrazine vapors at room temperature.  

(b) (a) 
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Figure 5.16.  Extinction spectra of Ag-PVA thin film.  
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various thin films analysed using ICP-OES are collected in Table 5.4.  It is seen that the 

amount of Ag in Ag-PVA is higher than that in all the Cu-Ag-PVA films.  Hence it 

would serve as a good control sample for the SERS studies.   

5.5 SERS Studies  

The Cu-PVA, Cu-Ag-PVA and Ag-PVA thin films coated on glass substrates 

are ~ 300 nm thick.  As shown in Sec. 5.3.2, the Cu-Ag-PVA films exhibit strong LSPR 

extinction over a broad range in the visible regime, due to the embedded bimetallic 

nanoparticles; the hydrogel character of PVA facilitates efficient swelling and 

absorption of analyte solutions.  These characteristics are expected to make these 

nanocomposite thin films cheap, easily fabricated and efficient substrates for the 

sensitive SERS detection of analytes using different excitation wavelengths.  SERS 

experiments were conducted using Cu-Ag-PVA (with different Ag content) coated on 

silicon wafer as the substrate; control experiments were carried out using Cu-PVA and 

Ag-PVA films also coated on silicon wafer.  Rhodamine 6G (R6G) and methylene blue 

(MB) were used as the analytes.  Their absorption spectra (Fig 5.18) show strong visible 

light absorption at 460 - 560 nm and 580 - 680 nm respectively.  Solution with  

 

Substrate 

Atom content 

in the film (µmol) 

Cu Ag 

Cu-PVA 0.6590 0 

Cu-Ag-PVA  

[c (mM)] 

1 0.6987 0.1954 

6 0.4572 0.3888 

9 0.3632 0.4432 

12 0.2931 0.5431 

Ag/PVA 1.0 0 0.8292 

 

Table 5.4.  The metal contents found by ICP-OES analysis, in Cu-PVA (x=0.25) and 

Cu-Ag-PVA (fabricated using AgNO3 solution of concentration, c) and Ag-PVA thin 

film formed by hydrazine vapor treatment, coated on 3 × 1 cm
2 

quartz plate; the films 

were dissolved in 69% nitric acid to do analysis. 
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concentrations of 8.6 µM and 6.3 µM respectively were used in the SERS experiments 

(the concentrations were confirmed by the measured absorbances and reported 

extinction coefficients).  20µL of each of the analyte solutions were spread uniformly on 

the thin film substrates listed above, and allowed to dry under ambient atmosphere.  A 

WITec model Alpha 300 R Raman microscope was used for recording the Raman 

spectra, with 0.5 s integration time and 10 accumulations, through a 20 aperture (NA = 

0.4).  Three different line lasers (488, 633 and 785 nm) were used as the excitation 

source; the power at focus (spot diameter) was 4.8 mW (1.49 µm), 13.4 mW (1.93 µm) 

and 10.5 mW (2.39 µm) respectively.  The laser intensity was maintained constant in all 

the measurements; 100 µm (for 488 nm) and 50 µm (for 633 and 785 nm) detecting 

fibers were used to collect the spectra.  Raman spectra for the bulk material used as 

reference, were recorded using a small R6G and MB microcrystal placed on the Si 

wafer.   

Raman spectra recorded with the pure PVA film as well as Cu-Ag-PVA film 

showed negligible background, but the spectra of the films with the analyte had a broad 

background due to fluorescence (Fig. 5.19); the spectra presented are corrected for this 

background, and used for analyzing the spectral line intensities to calculate EF.  Raman 
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Figure 5.18.  Absorption spectra of R6G and MB aqueous solutions.  
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spectra recorded for R6G and MB on different thin film substrates are collected in Fig. 

5.20 and 5.21, respectively; spectra obtained with three different excitations are shown 

in each case.  Spectrum recorded for the reference microcrystal is shown in each panel; 

the peaks are hardly visible, but can be discerned on expanding the scale.  Spectrum of 

R6G (λexc = 488 nm) recorded with Cu-PVA as the substrate shows slightly improved 

intensities.  Incorporation of Ag by treatment with AgNO3 of increasing concentrations 

led to significant increase in the spectral intensity with the maximum observed with c = 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19.  Raman spectra of PVA and Cu-Ag-PVA thin films (without and with) (a) 

R6G (8.6 µM) and (b) MB (6.3 µM), recorded using 488 and 633 nm laser excitations 

respectively.  The raw and corrected (for background due to fluorescence) spectra of 

(c) R6G and (d) MB on Cu-Ag-PVA are also shown. 
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12 mM; aggregation of particles in the films fabricated with c > 12 mM possibly lead to 

decreasing SERS efficiency.  The spectrum recorded on Ag-PVA (with similar content 

of Ag as that of Cu-Ag-PVA, c = 12 mM) is significantly weaker, with intensity 

comparable to the Cu-Ag-PVA film formed by treatment with 1 mM AgNO3; a 

comparison of the spectra obtained on Cu-Ag-PVA (c = 12 mM) film and Ag-PVA film 

having similar size nanoparticles (Fig. 5.17) shows the former to be significantly 

stronger, revealing the critical role of the bimetallic composition.  Parallel trends are 

seen in the case of MB (λexc = 633 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20.  Raman spectra of R6G solution (8.6 µM) on Cu-PVA (x = 0.25), Ag-

PVA and Cu-Ag-PVA thin films fabricated by treatment of the Cu-PVA with different 

concentrations (c, mM) of AgNO3, using (a) 433, (b) 633 and (c) 785 nm lasers as 

excitation. 
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Experiments were carried out with the other two laser excitations in each case.  

In the case of R6G, 785 nm excitation produces relatively weak spectral lines (Fig. 

5.20c); the spectral intensities are very high with the excitations at 633 (Fig. 5.20b) and 

488 nm (Fig. 5.20a), the low energy vibrations being stronger with the former and the 

high energy vibrations with the latter.  With MB, 488 nm excitation produces weaker 

spectra (Fig. 5.21a) than 633 nm (Fig. 5.21b) and 785 nm (Fig. 5.21c) excitations; in the 

Figure 5.21.  Raman spectra of MB solution (6.3 µM) on Cu-PVA (x = 0.25), Ag-PVA 

and Cu-Ag-PVA thin films fabricated by treatment of the Cu-PVA with different 

concentrations (c, mM) of AgNO3, using (a) 433, (b) 633 and (c) 785 nm lasers as 

excitation. 
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latter two cases once again, the lower energy vibrations dominate with the higher 

excitation wavelength and vice versa.  These observations of selective enhancement of 

vibrational modes related to the excitation wavelength are consistent with earlier 

observations on R6G on Ag colloids, and MB on random array of gold nanoparticles 

covered with silica.
6,38

   

5.5.1 Calculation of Enhancement Factor 

The EF values were calculated using the approach discussed in Sec. 4.3, EF is 

given by the general expression,  

where  

To estimate the EF, intensity of different vibrational peaks were chosen, based on the 

excitation wavelength and analyte.  NBulk/NSERS was estimated for the probe molecules 

by substituting the values given in Table 5.5.  Table 5.6 shows the vibrational peak 

chosen, intensity of the peak for the bulk crystal and the value of NBulk/NSERS under the  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

λexc 

(nm) 

R6G MB 

Peak 

(cm
-1

) 
IBulk 

NBulk / NSERS 

(×10
5
) 

Peak  

(cm
-1

) 
IBulk 

NBulk / NSERS  

(×10
5
) 

488 1645 58.72 3.33 1620 37.09 5.22 

633 1509 86.30 4.32 1623 78.95 6.77 

785 1506 99.00 5.36 445 74.59 8.39 

 

Table 5.6.  The vibrational peaks chosen, Raman intensity of this peaks for the 

reference bulk crystal, and the values of NBulk/NSERS estimated for R6G and MB, for the 

three excitation lasers.  

w
A

NAN

N

SERS

Bulk 


2

2344

Analytes 
Parameters 

ρ ( g cm
-3

) w (ng) NA (20x) A ( cm
2
) 

R6G 1.28 82.39 0.4 3 

MB 0.98 40.3 0.4 3 

 

Table 5.5.  Parameters used for the estimation of NBulk/NSERS for R6G and MB on Cu-

Ag-PVA film.   

 

Bulk

SERS

SERS

Bulk

I

I

N

N
EF 
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Substrate 
R6G (λexc : 488 nm) 

I1645 ISERS/IBulk EF (×10
8
) 

Cu-PVA 1137 19 0.06 

Cu-Ag-PVA  

[c (mM)] 

1 7180 122 0.41 

3 13643 232 0.77 

6 25314 431 1.44 

9 31169 531 1.77 

12 40063 682 2.27 

Ag-PVA 15140 258 0.86 

 

Table 5.7.  Estimation of the SERS enhancement factor (EF) for R6G analyte on 

different substrates (λexc : 488 nm and peak : 1645 cm
-1

).  

Substrate R6G (λexc : 785 nm) 

I1507 ISERS/IBulk EF (×10
8
) 

Cu-PVA 123 1 0.01 

Cu-Ag-PVA 

[c (mM)] 

1 256 3 0.02 

3 288 3 0.02 

6 451 5 0.03 

9 491 5 0.03 

12 40 0.4 0.002 

 

Table 5.9.  Estimation of the SERS enhancement factor (EF) for R6G analyte on 

different substrates (λexc : 785 nm and peak : 1507 cm
-1

).  

 

Substrate 
R6G (λexc : 633 nm) 

I1509 ISERS/IBulk EF (×10
8
) 

Cu-PVA 258 3 0.01 

Cu-Ag-PVA 

[c (mM)] 

1 3911 45 0.19 

3 5219 60 0.26 

6 7635 88 0.38 

9 26110 303 1.31 

12 31904 370 1.60 

 

Table 5.8.  Estimation of the SERS enhancement factor (EF) for R6G analyte on 

different substrates (λexc : 633 nm and peak : 1509 cm
-1

).  
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Substrate 
MB (λexc : 633 nm) 

I1620 ISERS/IBulk EF (×10
8
) 

Cu-PVA 611 8 0.05 

Cu-Ag-PVA  

[c (mM)] 

1 15933 202 1.37 

3 24310 308 2.09 

6 27594 350 2.37 

9 35464 449 3.04 

12 40687 515 3.49 

Ag-PVA 2637 33 0.22 

 

Table 5.11.  Estimation of the SERS enhancement factor (EF) for MB analyte on 

different substrates (λexc : 633 nm and peak : 1620 cm
-1

).  

 

Substrate 
MB (λexc : 785 nm) 

I445 ISERS/IBulk EF (×10
8
) 

Cu-PVA 453 6 0.05 

Cu-Ag-PVA  

[c (mM)] 

1 1136 15 0.13 

3 1640 22 0.18 

6 1777 24 0.20 

9 3026 41 0.34 

12 5467 73 0.61 

 

Table 5.12.  Estimation of the SERS enhancement factor (EF) for MB analyte on 

different substrates (λexc : 785 nm and peak : 445 cm
-1

).  

 

Substrate 
MB (λexc : 488 nm) 

I1620 ISERS/IBulk EF (×10
8
) 

Cu-PVA 200 5 0.03 

Cu-Ag-PVA  

[c (mM)] 

1 1295 35 0.18 

3 1192 32 0.17 

6 1376 37 0.19 

9 593 16 0.08 

12 417 11 0.06 

 

Table 5.10.  Estimation of the SERS enhancement factor (EF) for MB analyte on 

different substrates (λexc : 488 nm and peak : 1620 cm
-1

).  
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three excitation lasers, for the experiments on R6G and MB.  Details of the estimation 

of the SERS EF in experiments using the three different laser excitations with R6G on 

different substrates are collected in Tables 5.7-5.9.  Similar data for MB are collected in 

Tables 5.10-5.12.  Summary of the EF estimated from the various experiments for the 

analytes R6G and MB are collected in Tables 5.13 and 5.14 respectively;  it is seen that 

Substrate 
EF (×10

8
) for λexc 

488 nm 633 nm 785 nm 

Cu-PVA 0.06 0.01 0.01 

Cu-Ag-PVA  

[c (mM)] 

1 0.41 0.19 0.02 

3 0.77 0.26 0.02 

6 1.44 0.38 0.03 

9 1.77 1.31 0.03 

12 2.27 1.60 0.002 

Ag-PVA 0.86 0.09 ~ 0.00 

 

Table 5.13.  Enhancement factor for the Raman spectra of R6G recorded (with 

different λexc) on Cu-Ag-PVA thin films fabricated by treatment of Cu-PVA (x = 0.25) 

with different concentrations (c, mM) of AgNO3; values for Cu-PVA and Ag-PVA are 

also shown. 

 

Substrate 
EF (×10

8
) for λexc 

488 nm 633 nm 785 nm 

Cu-PVA 0.03 0.05 0.05 

Cu-Ag-PVA  

[c (mM)] 

1 0.18 1.37 0.13 

3 0.17 2.09 0.18 

6 0.19 2.37 0.20 

9 0.08 3.04 0.34 

12 0.06 3.49 0.61 

Ag-PVA ~ 0.00 0.22 ~ 0.00 

 

Table 5.14.  Enhancement factor for the Raman spectra of MB recorded (with 

different λexc) on Cu-Ag-PVA thin films fabricated by treatment of Cu-PVA (x = 0.25) 

with different concentrations (c, mM) of AgNO3; values for Cu-PVA and Ag-PVA are 

also shown.   
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the excitation wavelength of 488 nm provides the highest EF with the different Cu-Ag-

PVA films for R6G, whereas 633 nm is the best suited for MB.  These observations are 

consistent with the absorption profile of the two analyte molecules, and point to 

potential resonance effects in the Raman scattering response.  It is seen also that the EF 

are very low with Cu-PVA; the Cu-Ag-PVA films produces EF of the order of 10
7
-10

8
, 

significantly higher than that obtained using Ag-PVA having higher Ag content.  The 

Cu-Ag nanoparticle substrate provides not only strong plasmonic fields over a wide 

range of wavelengths facilitating excitation by different lasers, but also efficient 

enhancement due to the interfaces that form between the bimetallic particles.  Table 
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Ref. No λexc (nm) Analyte EF (×10
6
) 

4 514 R6G * 

11 514 R6G 1.1 

12 785 Fluoranthene 0.21 

13 633 R6G * 

14 780 Perchlorate * 

15 514 R6G 1.15 

16 514 MBO 0.001 

17 532 R6G * 

18 633 CV * 

19 514 R6G 1.0 

20 532 R6G 2.5 

21 633 4-ABT 1.4 

22 514 CV 240
 

23 532 R6G * 

25 532 R6G * 

26 785 4-MBA 0.37 

27 514 R6G 10.0 

Present 
488 R6G 227 

633 MB 349 

*Absolute value of EF is not reported, R6G: Rhodamine 6G, MBO: 2-mercaptobenzoxazole, 

CV: Crystal violet, MB: Methylene blue, 4-ABT: 4-aminobenzenethiol and 4-MBA: 4-

mercaptobenzoic acid.  

Table 5.15.  Comparison of SERS enhancement factors of Cu-Ag based substrates 

reported earlier for different analytes using different excitation wavelengths. 
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5.15 shows that SERS EF values obtained with Cu-Ag-PVA are significantly higher 

than that observed with a wide range of Cu-Ag based substrates and analyte molecules, 

in earlier reports. 

5.5.2 Limit of Detection 

We have examined the linearity of the SERS response with respect to the analyte 

concentration and the limit of detection (LOD).  Raman spectra recorded for different 

concentrations of R6G (λexc = 488 nm) and MB (λexc = 633 nm) spread on the Cu-Ag-  
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Figure 5.22.  Raman spectra for varying concentrations of (a) R6G (λexc = 488 nm) 

and (b) MB (λexc = 633 nm) on Cu-Ag-PVA thin film fabricated by treatment of Cu-

PVA (x = 0.25) with 12 mM AgNO3 solution.  Plot of the intensity of (c) 1645 cm
-1

 of 

the R6G spectra and (d) 1620 cm
-1

 peak of the MB spectra versus concentration; 

standard deviations in the data and the linear best fit are shown. 
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PVA film substrate (fabricated with c = 12 mM) are shown in Fig. 5.22a and 5.22b.  

Plots of the intensities of the 1645 cm
-1

 peak of R6G and 1620 cm
-1

 peak of MB versus 

the analyte solution concentration show clear linear variation (Fig. 5.22c,d).  The LOD 

is defined as 3blank/m (where blank is the standard deviation for blank measurements 

and m is the slope of the intensity-concentration plot).
39,40

  σblank on the Cu-Ag-PVA 

substrate (without probe molecules) was determined by recording the Raman spectra 5 

times.  The value was estimated to be 52 counts for the intensity at 1645 cm
-1

 

(excitation at 488 nm) and 31 counts for the intensity at 1620 cm
-1

 (excitation at 633 

nm); these corresponds to the Raman peaks of interest and the excitation wavelength for 

the probe molecules R6G and MB respectively.  The slope m was determined from the 

calibration plot of signal intensity versus concentration; the plots for R6G and MB are 

shown in Fig. 5.22c and 5.22d.  The LOD estimated are 0.66 pmol and 0.32 pmol for 

R6G and MB respectively.  These observations point to the high sensitivities of 

detection that can be achieved using the Cu-Ag-PVA thin films as SERS substrates 

5.6. Summary 

We have demonstrated in this chapter, a facile route to the formation of stable 

bimetal-polymer nanocomposite thin films using the cost-effective choice of noble 

metals, Ag and Cu, serving as an efficient broad spectrum SERS substrate.  Thin film 

with an optimal composition was shown to produce high enhancement factors for 

different analytes at varying excitation wavelengths. The general concept demonstrated 

can be implemented with other nanocomposite thin films to realize high SERS 

responses. 
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6.1 Overview of the Present Work 

Development of new designs and novel fabrication methods of nanomaterials, as 

well as exploration of their unique characteristics and applications are core issues in 

contemporary research.  Deep interest and extensive activity continue because of the 

uniqueness of these materials and the promise they hold for future technologies.  The 

ability to control the growth, morphology and interfacial interactions of nanoparticles is 

highly important for realising well-defined and reproducible properties of 

nanomaterials.  Polymer-embedded nanostructures are of special interest, and are 

potentially useful in various technological applications.  The in situ methodology 

developed in our laboratory, for the fabrication of metal nanoparticles in polymer thin 

films, is one of the efficient, simple and environmentally benign approaches that enables 

control of size, shape and distribution of the particles.
1,2

  A significant features of this 

protocol is that it allows us to monitor the nanoparticles during their fabrication as well 

as repeated applications in various situations, using techniques like spectroscopy, 

microscopy and chemical analysis.  Embedding the nanoparticles inside the polymer 

film effectively prevents aggregation and enables long-term storage of these 

nanocomposite films, an aspect of considerable practical utility.  Earlier work in our 

laboratory has demonstrated the appreciable optical limiting capability,
3,4

 effective 

antibacterial activity,
5
 strong microwave absorption,

6
 selective chemical sensing,

7 
 

efficient catalytic activity
8,9

 and surface enhanced Raman scattering (SERS) capability 

of the metal-polymer nanocomposite thin films.
10

   

The work presented in this thesis demonstrates the facile extension of the 

protocol, for the in situ generation of bimetallic and metal/semiconductor nanoparticles 

in polymer thin films, and their efficient applications in catalysis, photocatalysis and 

SERS (Fig. 6.1).  We have used poly(vinyl alcohol) (PVA) as the polymer, in the 

different studies presented.  PVA acts as both the reducing agent for the formation of 

noble metal nanoparticles from their precursor (using the hydroxy functionality), and as 

the stabilizing agent for the nanoparticles.  The polymer gets cross linked during the 

fabrication process and becomes insoluble even in water; the resulting stability of the 
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thin film, is a key factor for its versatile applications.  The hydrogel nature of the PVA 

is also equally important; it allows the film to swell in an aqueous medium and provides 

efficient access for the reactant molecules to nanoparticles embedded within.  This is 

critical for the high efficiency of the nanocomposite thin films in applications such as 

catalysis and sensing.  The thin film structure of nanocomposite facilitated easy retrieval 

and reinsertion of the catalyst into the reaction system, justifying the qualification, ‘dip 

catalyst’.  We have developed an efficient and facile method for the controlled 

fabrication of bimetallic nanoparticles in polymer thin films, using a suitable metal 

nanoparticle, M (Ag or Cu) as a sacrificial template.  Treatment of the M-PVA thin film 

with an aqueous solution of the precursor of a second metal (N, with higher reduction 

potential compared to M, eg. Pd or Au relative to Ag or Ag relative to Cu), under 

ambient conditions, generates bimetal-polymer nanocomposite system (M-N-PVA); the 

process involved is a simple galvanic displacement.  Hollow bimetallic (Ag-Pd and Ag-

Au) nanoparticles were generated inside the polymer thin film with controlled 

composition and morphology.  We have also developed a general approach to fabricate 

metal/semiconductor-polymer nanocomposite; the example illustrated is Ag/AgCl-PVA 

formed by the visible light irradiation of preformed AgCl nanoparticles in PVA thin 

film immersed in water.   

Application potential of the bimetal-polymer (Ag-Pd-PVA) and 

metal/semiconductor-polymer (Ag/AgCl-PVA) nanocomposite thin films is 

demonstrated by employing them as a ‘dip catalyst’ in carbon - carbon bond formation 

reaction and photo-degradation of a dye respectively.  The hollow bimetal-polymer 

nanocomposite thin film (Ag-Pd-PVA) is shown to be a significantly more efficient 

catalyst over the single metal nanocomposite thin film (Pd-PVA) in spite of the 

considerably lower precious metal content, because of the high surface area provided by 

the hollow morphology.  The Ag/AgCl-PVA thin film served as an efficient plasmonic 

photocatalyst for the dye degradation, affording multiple, efficient reuses; the thin film 

nature of the catalyst allowed careful monitoring during the reuse cycles, yielding useful 

insight into the status of the catalyst and the eventual decline of its activity.   
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Another application of interest discussed in the thesis is the use of bimetal-

polymer (Ag-Au-PVA and Cu-Ag-PVA) nanocomposite thin films as efficient SERS 

substrates. Thin films with optimized bimetallic composition were shown to produce 

high SERS enhancement factors of the order of 10
8
, with sub-picomol limits of 

detection for some standard analytes.  Some fundamental questions in this field could 

also be addressed; composition (and hence the LSPR extinction) dependence of the 

SERS efficiency using Ag-Au-PVA thin films, as well as the broad spectral applications 

of Cu-Ag-PVA thin film for different analytes were demonstrated.   

We believe that the fabrication, characterization and applications of the in situ 

fabricated bimetal and metal/semiconductor-polymer nanocomposite thin films 

presented in this thesis represent a new direction in the field of nanocomposite 

materials. Further optimization of the methodologies we have developed, could lead to 

further improvement of the desired features and functions of these novel materials. 

6.2 New Directions of Research 

The in situ method presented in this thesis can be extended to fabricate polymer 

thin films with a wide range of important bimetallic nanoparticles, such as Ag-Pt, Cu-

Au, Cu-Pd and Cu-Pt.  Nanoparticles of metals such as Ag and Cu are appropriate as 

sacrificial template for the generation of these bimetallic systems; this is confirmed by 

some preliminary experiments that we have carried out.  The in situ method that we 

have developed for the fabrication of nanoparticles of metals with low reduction 

potential (eg. copper) using an external reducing agent, could be employed in the case 

of other metals such as Ni and Fe, which can also act as a template for further synthesis.  

Morphology of the resultant bimetallic particles is dependent on the difference in the 

reduction potentials as well as the relative rate of diffusion of the metals used.  The 

fabrication protocol can easily be extended to multi-metallic systems like Ag-Au-Pd, 

Ag-Au-Pt and Ag-Pd-Pt.  Fabrication of metal nanoparticles in polymer films described 

in this thesis involved thermal treatment, photo-irradiation and chemical reduction.  

Alternate methods like microwave heating, electron beam irradiation/electron beam 

lithography and focused ion beams, for the generation of metal nanoparticles in situ 
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inside the polymer films need to be explored.  The reduction process can have 

significant effect on the particle size and shape distribution, depending on the nucleation 

and growth processes involved.   

Another interesting avenue to investigate is the synthesis of semiconductor 

nanoparticles inside polymer thin films.  Simple approaches would involve the thermal 

decomposition of suitable metal precursors inside the polymer thin film.  Another 

approach would be to use the metal nanoparticles generated inside the film as templates 

to obtain nanoparticles of metal oxide or metal sulfide through oxidation or sulfidation.  

Semiconductor/semiconductor-polymer nanocomposite could be fabricated by the 

simultaneous thermal decomposition of two metal precursors inside the polymer thin 

film.  Photocatalytic applications of a wide range of metals/semiconductor composite 

nanostructures in polymer thin films remains to be investigated.  The fabrication of 

these catalyst films could involve the partial oxidation of metal to form semiconductor 

as well as the partial reduction of semiconductor to form metal.   

Use of conjugated polymers (such as polypyrrole and polyaniline) as the matrix 

and the in situ generation of nanoparticles to form nanocomposite thin films would be 

another direction for future studies.  The optical and electronic properties of these thin 

films are likely to be fascinating.  Development of chemical and biological sensors 

based on various metal-polymer combinations would be interesting.  The wide range of 

possibilities thus includes metal, multimetal, metal/semiconductor, semiconductor, 

semiconductor/semiconductor-polymer (conjugated polymer) nanocomposite thin films; 

they are likely to have immense potential in areas such as sensing, photonics and fuel 

cells.  Use of top-down approaches like lithography to patterns the various composite 

structures embedded in the polymer thin film can have important application in device 

fabrication.   

The development and applications of bimetal-polymer and metal/semiconductor-

polymer nanocomposite thin films presented in this thesis, and the exploration of the 

proposed ideas and methods outlined above, will open up new avenues for promising 

and exciting research in future. 
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APPENDIX  

Materials  

Silver nitrate : Aldrich, 99+% 

Copper (II) nitrate trihydrate : Aldrich, 99+% 

Potassium tetrachloropalladate (II) : Aldrich, 99.99% 

Hydrogen tetrachloroaurate (III)    

trihydrate  
 

: 

 

Aldrich, 99.9+% 

Hydrazine hydrate : Finar, 80% 

Hydrochloric acid : Merck, 37% 

Iodobenzene : Aldrich, 98% 

Phenylboronic acid : Aldrich, 95% 

Rhodamine 6G : Aldrich, 95% 

Methylene blue : Aldrich, 97% 

Methyl orange : Aldrich, 85% 

Polystyrene : Aldrich, Mw = 280 kDa 

Poly(vinyl alcohol)  
: 

Aldrich, Mw = 87-146 kDa, % hydrolysis = 99+ 

Aldrich, Mw = 146-186 kDa, % hydrolysis = 99+ 

Nitric acid : Merck, ≥69%  

Ultrapure water : Millipore MilliQ (resistivity = 18.2 M  cm) 

 

   

Instrumentation 

Spin-coater 

 Laurell Technologies Corporation Model WS-650HZ-23NPP/LITE photoresist 

spinner was used for the fabrication of thin polymer films.  
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Film thickness measurement 

 Thickness of the films was measured using an Ambios Technology XP-1 

profilometer. 

Absorption spectroscopy 

 Absorption spectra were recorded on a Cary 100 UV-Visible spectrophotometer 

or Shimadzu Model UV-3100 UV-Visible Spectrophotometer.   

X-ray photoelectron spectroscopy 

XPS analysis was carried out on a VG Microtech, model ESCA 3000 instrument 

equipped with ion gun (EX-05) for cleaning the surface; with binding energy resolution 

of 0.1 eV.  Un-monochromatized Al K  radiation (photon energy = 1486.6 eV) was 

used where the electron take off angle (angle between electron emission direction and 

surface plane) was 60
o
.  Spectra were calibrated using the C 1s peak at 284.8 eV. 

X-ray Diffractometer 

X-ray diffraction was recorded on a SMART Bruker D8 Advance X-ray 

Diffractometer using Cu-K  radiation (  = 1.5406 Å). 

Atomic force microscopy  

AFM images were recorded on a Solver Pro M (NT-MDT) atomic force 

microscope in contact and semi-contact modes. A tip having a force constant of 11.8 

N/m was used in semi-contact mode.  Images were analyzed using the NOVA (version 

1.0.26) software supplied by the microscope manufacturer.   

Scanning electron microscopy  

Field emission scanning electron microscope (FE-SEM) imaging with energy 

dispersive X-ray spectroscopy (EDXS) was carried out on a Carl Zeiss model Ultra 55 
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microscope; EDX spectra and maps were recorded using Oxford Instruments X-Max
N
  

SDD (50 mm
2
) system and INCA analysis software.   

Transmission electron microscopy  

 TEM images were recorded on a FEI TECNAI G
2
 S-Twin 200 kV TEM at an 

accelerating voltage of 200 kV.  

Inductively coupled plasma-optical emission spectrometer 

 A Varian Model Liberty Series ICP-OES was used.  Samples dissolved in 69% 

aqueous nitric acid and diluted to required concentrations were used.  

Ion Chromatography  

 A Metrohm 850 Professional Ion Chromatography (IC) was used.  Sample for 

the analysis was prepared by dissolving the film in 24 ml pyridine-water (1:5 v/v) 

mixture and sonicating for 30 min, followed by adding 20 ml of 69% nitric acid and 

sonicating for another 30 min; the solution volume was finally made up to 100 ml using 

water. 

Gas chromatograph-mass spectrometer 

GCMS analysis was carried out on Shimadzu model QP2010 Gas 

chromatograph-Mass spectrometer. 

Confocal Raman microscope 

WITec model Alpha300 R equipped with an AFM was used for the Raman 

spectral studies.   
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