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Abstract 

Since the seminal work of Haruta and Hutchings in late 80s, gold catalysis has become 

very important. And on the other hand, a plethora of synthetic modifications for the preparation 

gold nanoparticles emerged. The understanding of nucleation and growth mechanism has led 

also to other gold nanostructures like twinned and anisotropic gold nanomaterials.  However, the 

search for novel reducing agents have been an on-going process. From functionality perspective, 

core-shell nanoparticles has taken a special place. In state of the art research,the wet-chemical 

methods involve involves the coating of shell materials on the pre-formed core. Although, the 

mechanism is well understood, the large scale synthesis and use of harmful solvents cannot be 

avoided. Thus, new reagents and synthetic strategy are required which can address some issues 

in the existing methods. 

In the first chapter, basic concepts of nanoscience and an overview of synthetic 

procedures for the preparation of gold nanosystems and core-shell nanomaterials are discussed. 

The properties and application of such materials in general have also have been highlighted. In 

the chapter 2, the reagents and chemicals used for the synthesis and applications are given. 

Various analytical instruments that were utilized for the characterization of materials have also 

been listed in this chapter. 

We hypothesized that those organic molecules can lose H moieties in order to achieve 

aromaticity can be a good reducing agent for gold salts. In chapter 3, we present the results of 

gold nanoparticle synthesis. For the Au nanoparticle synthesis, three hydrocarbon molecules 

were used reducing agents for Au
3+

 ions in aqueous medium. The hydrocarbon molecules used 

are cycloheptatriene, 1,2 hexadiene and 1,4 hexadiene. The Au nanoparticle synthesis were 

carried out at room temperature. The synthetic procedure was optimized for the molar ratio of 

reducing agent to Au
3+

 as 3:1. The products were characterized by XRD. TEM, UV-Vis and 

NMR instrumental techniques. The results indicated that there is a difference in the reactivity 

between the molecules studied. The cycloheptatriene molecule reduced Au
3+

 ions with in a 

duration of 3 minutes, leading to the formation of red color which a typical color is observed 

aqueous Au nanoaparticle solution. The reducing agent molecule attain aromaticity by 

converting to trophylium ion which was confirmed from 
1
H NMR. Besides, the formed 

trophylium ion also acts as a weak stabilizer yielding red colored twinned Au nanoparticles 
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which was confirmed by XRD and TEM. The other two molecules showed a weak reactivity- by 

appearance of a pale blue color in the reactant solution in approximately 8 min reaction duration. 

Core-shell nanoparticles were prepared by using a solvent-less solid-state approach. We 

hypothesized that a surfactant based precursor coated on a preformed core followed by high 

temperature heat-treatment would yield core-shell nanoparticles. In chapter 4, we have 

demonstrated successful formation of Fe3O4@Au nanostructures. Gold tetraoctylammonium 

bromide surfactant-based precursor (Au-TOAB) was prepared by using the procedure reported in 

the literature. The Au-TOAB precursor was coated onto the Fe3O4 purchased commercially. The 

melting point of the precursor is 50C. And so this feature enables a smooth coating of precursor 

during solid-state grinding. The grinding was performed for 10 min. On heating at 250 C for 2 h 

in autoclave, the precursor decomposes and result in melting, thereby enabling the coating of Au 

shell. The Au in the shell do not ball-up due to the presence of alkyl chain surfactant which 

reduces the surface energy of the melt resulting in the smooth coverage. This was confirmed 

when the samples were quenched from 250 C. A wavy features rather than a smooth surface 

supports our explanation. The important salient features of this procedure is the composition is 

governed by the initial precursor to Fe3O4 feed ratio. The initial content of the precursor was 

varied from 10 mg to 40 mg by keeping the core weight as 100 mg. The as-synthesized 

Fe3O4@Au were characterized by ED-XRF, XRD, BET, XPS, FE-SEM. HRTEM, STEM and 

SAXS. To exhibit the applicability of the method, SiO2@Au was also prepared by using the 

same gold precursor. A clear Au shell of thickness ~ 5-9 nm was formed which was confirmed 

by STEM results. And in XRD, the intensity of Au (111) plane for Au increased with increasing 

Au content, the uniformity of thickness of the shell layer could not be controlled. While, a local 

variation of shell thickness may present, the average increase in thickness with increasing Au 

amount can be confirmed from SAXS results.      

We applied the solvent-less solid-state approach for the synthesis of Fe3O4@Ag 

nanostructures. In chapter 5, we have demonstrated successful formation of Fe3O4@Au 

nanostructures. Silver N-Lauryl sarcosinate(Ag-NLS) surfactant-based precursor was prepared in 

the lab and was used as precursor. The melting point of the precursor is 60 C. And so this 

feature enables a smooth coating of precursor on the commercial Fe3O4 during solid-state 

grinding. The solid-state grinding was carried out for 10 min. The resultant mixture was heated 

at 250 C for 2 h in an autoclave. During the heat-treatment, the precursor decomposed and 
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resulted in smooth formation of Ag shell. The thickness of the Ag was ~ 5 nm which was smooth 

when compared to the Au counterpart. Ag shell do not ball-up like Au due lower surface energy 

and slight surface oxidation. The initial content of the precursor was varied from 10 mg to 40 mg 

by keeping the core weight as 100 mg. Similar to results presented in chapter 4, the as-

synthesized Fe3O4@Ag were characterized by ED-XRF, XPS, BET, XRD, FE-SEM. HRTEM, 

STEM and SAXS. To exhibit the applicability of the method, SiO2@Ag was also prepared by 

using the same silver precursor. A clear Ag shell formation was confirmed by STEM results and 

in XRD, the intensity of Ag (111) plane for Au increased with increasing Ag content while the 

uniformity of thickness of the shell layer could not be controlled. A local variation of shell 

thickness was present, however, the average increase in thickness with increasing Ag amount can 

be confirmed from interpretation of SAXS results.    

In chapter 6, we present the results of AuAg alloy shell formation over commercially 

purchased Fe3O4 sample. The alloy composition was changed by varying the weight ratio of Au 

and Ag precursor in the initial feed. We have used Au-TOAB and Ag-NLS as precursor for Au 

and Ag respectively. A known amount of precursors was added to Fe3O4 and the resultant 

mixture was grounded for 10 min and followed by the heat-treatment at 250 C for 2 h in an 

autoclave. Despite the presence of Au the surface of the alloy shell was smooth indicating the 

properties of Ag dominates due to surface oxidation. Similar to results presented in chapter 4 and 

5, we found a variable thickness in the samples. Both ED-XRF and SAXS results were found to 

be sensitive to the composition. In SAXS, especially at higher “q”, intensity was less when the 

gold content was increased. To determine whether shell formation depends on composition and 

shape of the core, SiO2@Ag-Au nanostructures were also prepared. In XRD, the position of 

(111) plane was dependent on the composition of the alloys thus confirming the successful 

preparation of core-shell nanostructures and the applicability of solid-state approach to various 

core and shell materials. 

 Ammonia borane is an important molecule in green and sustainable hydrogen storage. In 

chapter 7, we present the catalytic H2 generation from ammonia borane using the as-synthesized 

catalysts. The rate of H2 generation was found to be higher when a combination of sodium 

borohydride and ammonia borane was used. The kinetic parameters for H2 generation have been 

determined. The catalytic activity of silver and silver-rich catalysts showed better catalytic 

activity. In the case of alloys, the rate of hydrogen generation with all the alloy catalysts 
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remained almost constant throughout the reaction, which was not the case with pure Ag catalyst 

that slowed down towards the end of the reaction. The leaching was attributed to the formation 

of Ag[(NH3)2]
+
 complex. From the sustainable perspective, magnetic recoverability was also 

demonstrated due the presence of magnetic Fe3O4 core. The recycled catalyst was characterized 

by ED-XRF, XRD, FE-SEM, and HR-TEM. However, on increasing the recycle, the catalytic 

activity was found to reduce due to the formation of polyborazylene by-product.  This was 

evident from the FE-SEM images. The saturation magnetization of Fe3O4 decreased from its 

pristine value on addition of Au, Ag and AuAg shell due to diamagnetic nature of the noble 

metal shells.  

Chapter 8 deals with the synthesis, characterization and catalytic activity studies of 

Fe3O4@Pd nanostructures prepared by solid state approach using a non-surfactant precursor. 

Palladium acetate was mixed with Fe3O4 core and grounded for 10 min. The resultant mixture 

was heat-treated at 250 C for 2 h in an autoclave.  The as-synthesized Fe3O4@Pd were 

characterized by XPS, BET, XRD, FE-SEM. HRTEM. The FE-SEM results indicated that at low 

Pd loading, Pd was dispersed as nanoislands on the surface of Fe3O4 whose number density 

increased with increasing Pd loading. Interestingly, the coalescence of Pd was not observed. 

Only at relatively higher Pd loading, coalescence Pd to form shell-like feature was observed. A 

heat treatment was required to the complete shell formation. HR-TEM showed an amorphous 

layer which was assigned to -Fe2O3 layer on the surface of Fe3O4 due to the metal-support 

interaction. XRD results corroborated the formation of Fe2O3 phase. The heat-treatment at 900 

C lead to complete mixing of core and shell aspects of nanosystems. The catalytic efficacy of 

Fe3O4@Pd was studied for 4-ntrophenol reduction. Magnetic recoverability of the catalysts was 

also demonstrated. 

 The conclusions of this work and the future scope of the present work are discussed in 

chapter 9. 
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The objective behind the search for new materials or improving the properties of existing 

materials is to find a suitable applications for practical purposes. In order to achieve the 

objective, it is necessary to tailor or manipulate the composition, alter the electronic, atomic and 

micro- structures. The manipulation becomes interesting and intriguing if the properties depends 

on the other finer details such as particle size and shape. In this regard, study and research on 

nanomaterials has become imminent as the properties depends on physical attributes such as 

particle size and shape. The properties of nanomaterials combined with their preparation 

methods play a critical role in contributing to the objective mentioned above. Besides the 

synthetic methods, the functionalization of nanomaterials have also become important due to the 

enhanced suitability of materials for a particular study or application. This thesis report novel 

synthetic approach for the synthesis of gold (Au) nanoparticles and core-shell nanostructures. 

Core-shell nanostructures are a class of materials denoted by core@shell, indicating the 

encapsulation of core by shell materials. A brief introduction to the concept of “nano” is given 

which is followed by a brief review various synthetic techniques that have been applied for the 

synthesis of Au nanoparticles and core-shell nanostructures. Along with the review of synthesis, 

the applications of these materials is also mentioned.   

 

1.1   Nanocrystalline materials 

Nanocrystalline materials are single crystalline or multiphase polycrystalline materials 

with crystallite size in the range of few nm, 1-100 nm.
1
 The structures of these materials deviate 

from the structures of corresponding ideal crystals. These materials consist of high fraction of 

defects of about 50% with crystallites whereas the conventional materials have fraction of 

defects in the order of 10
-4

%.
2
 The large fraction of defects results in reduced atomic density, 

different local atomic arrangement and a broad distribution of interatomic spacings.
3
 At the 

surface of nanocrystalline materials, the atoms experience forces or potential that is altogether 

different from the atoms present in the crystallites. Thus, the arrangement of atoms at the surface 

happens in such a way that it leads to minimum energy configuration. As the particle size is 

decreased, the ratio of surface area/volume increases and this results in the change in the fraction 

of atoms present at the surface. This ultimately leads to a different configuration progressively 

on decreasing particle size. Hence, the properties of nanocrystalline materials are also governed 
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by the size of the particles. Both the defect concentration and the particle size have to be tuned to 

get interesting desirable host properties. 

1) Cluster – A collection of units (atoms or reactive molecules) of up to about 50 units. 

Cluster compounds are such moieties surrounded by a ligand shell that allows isolation of 

molecular species (stable / isolable / soluble). 

2) Colloid – A stable liquid phase containing particles in the particle size range of 1-1000 nm 

range. A colloidal particle is one such 1-1000 nm sized particle. 

3) Nanoparticle – A solid particle in the 1-1000 nm range that could be noncrystalline, an 

aggregate of crystallites, or a single crystallite. 

4) Nanocrystal – A solid particle that is a single crystal in the nanometer size range (1-to 10 

nm). 

5) Nanostructured or nanoscale material – Any solid material that has a nanometer dimension; 

three dimensionsparticles; two dimensionsthin films; one dimensionthin wire 

6) Nanophase material – The same as nanostructured material. 

7) Quantum dot – A particle that exhibits a size quantization effect in at least one dimension.  

It is important to know that quantum chemistry works in individual atoms and molecules 

whereas condensed matter theory works in conventional materials. Since, the microstructure is 

different in nanocrystalline systems, it can be expected to show unusual properties when 

compared to amorphous or conventional materials having same composition. Hence, the 

nanocrystalline solids can be represented as a class of compounds with a unique solid-state 

structure and their properties are always intriguing.  

 

1.2 Gold Nanoparticles 

The use of noble metal particles dates back to ancient times. Not much thought was given 

until late 1800s when Michael Faraday chemically synthesized colored Au nanoparticles. 

Although, the properties of Au nanoparticles were fascinating, the interesting applications drove 

the field
4-6

 The state of the art of Au nanoparticle synthesis have been reported by Astruc et. al.
7
 

Another excellent review on Au nanoparticle synthesis focusing on chemical reduction synthesis 

mechanisms
8
 It can be summarized that Au nanoparticle synthesis involve reduction of Au

3+
 or 



4 
 

Au
+
 by suitable reducing agents. The typical reaction parameter variations are i) Temperature, ii) 

Concentration of ions, iii) Nature of reducing agents, and iv) Stabilizing ligands. As huge 

number of literature is available on the synthesis, it is not possible to quote all the reports. We 

present the general synthetic methodology based on bottom-up approach for synthesis of Au 

nanoparticles which also present the subject from hierarchical evolution in the field of Au 

nanoparticle synthesis. The following are the important bottom-up methods that were reported at 

various stages of development of synthetic strategies: 1) Turkevich method; synthesis with 

sodium borohydride with/without citrate; 2) Seeding- growth; 3) synthesis by ascorbic acid; 4) 

green synthesis; 5) Brust-Schiffrin; and 6) synthesis using other reducing agents. A schematic 

representation of Au nanoparticle synthesis is given in Fig. 1.1. 

 

 

Figure 1.1: Schematic representation of Au nanoparticle synthesis adapted from
9
. 

 

In a typical Turkevich based procedure
10

 for Au nanoparticle synthesis, a known volume 

of 34.0 mM (1.0 wt.%) trisodium citrate solution was rapidly injected to a known volume of 0.25 

mM aqueous HAuCl4 solution which is already kept at its boiling point.  
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Frens
11

 reported that when a boiling solution of HAuCl4 (0.2%) mixed with 0.5 mL of 

1% sodium citrate for 5 min yielded nanoparticles with 16 nm. The colors varied from faintly 

blue to red. 

 Brust method involve a bi-phase reaction. An aqueous HAuCl4 solution was mixed with 

tetraoctylammonium bromide (TOAB) (80 mL). During the vigorous stirring, the Au
3+

 species 

gets transferred into the organic layer and then dodecanethiol ligand (170 mg) was added. And a 

freshly prepared 0.4 M aqueous solution of sodium borohydride (25 mL) was slowly added with 

vigorous stirring. The reactant solution was stirred for 3 h, and the organic phase was separated 

and the solvent was evaporated. The resulting mixture was washed with 400 mL ethanol to 

remove excess thiol. This washing was carried out for another time. The particle size of 1.8 – 2.5 

nm can be obtained by manipulating the ligand amount.
12

 

In the seeded-growth method, a reducing agent was used to form in a first stage Au(0) 

nanoseeds from a Au precursor. These seeds were induced to grow into anisotropic Au in a 

second stage by using molecules (usually cationic surfactants) that adsorb preferentially on 

specific crystal facets showing high surface energies. A small concentrations of additional ions 

(such as or halides) are used as surface passivation components in a structure-directing role that 

enables control on the nanorod aspect ratio.
13

 

In ascorbic acid method, a 4.0 mL of 0.01 M of aqueous solution of ascorbic acid was 

added to a series of solution containing 0.001 M HAuCl4 (4.0 mL) and 0.01 M cetyltetraoctyl 

ammonium bromide (CTAB) (1.0 to 8.0 mL). The reaction was perfomed at room temperature. 

The yellow colored reaction mixture became purple after the addition of ascorbic acid. The shape 

controlled anisotropic Au nanoparticles have been of great interest.
14, 15

 Novel reducing agents 

and stabilizing agents have been used. In the past four decades, there is a large volume of work 

exploring several synthetic strategies for the preparation of Au nanoparticles and solvents.
16

 Few 

strategic modifications that can be summarized into: 1) reducing agents 2) starting precursor 3) 

capping agent 4) dispersion in aqueous and organic phases. white phosphorus,
17

 cysteine.
18

 A 

green method was devised by Sadeghi et al.
19

 who used Stevia rebaudiana leaves extract to 

produce Au nanoparticles ranging from 5 to 20 nm. A 0.1 g of dried extract of stevia leaf to 50 

mL deionized water and then stirred for 1 h in a magnetic stirrer. Clear stevia leaf extract was 
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mixed immediately into a 0.1 mM AuCl4 solution of equal volume leading to the formation of 

Au nanoparticles with size ranging between 5 and 20 nm. 

Dendrimers are three-dimensional, highly-branched and monodispersed polymeric 

nanostructures have been used in drug delivery systems.
20, 21

 They are synthesized via an 

iterative sequence of reactions such as Michael addition, alkylation and reduction.
22, 23

 Their 

shape and macromolecular characteristics allow ideal drug delivery by encapsulating drugs in 

their interior or covalently conjugating drugs on their surfaces. In particular, the application of 

dendrimers as versatile platforms for targeted cancer therapeutics.
21

 Another important 

modifications is the solid state synthesis of Au nanosystems to control the size.
24-26

 

 To summarize, from the review of synthesis of Au nanoparticles, we note the following: 

1) while it is desirous to have stabilizing to control size, the occupancy of ligands leads to the 

reduction in the catalytic active sites at the surface, 2) and similar detrimental effects observed 

for surface enhanced Raman scattering experiments, and 3) the presence of strong ligands such 

dodecanethiol ligands inhibits the formation of anisotropic structures. Recently, it was shown 

that a surfactant/polymer-free approach to achieving high-performance Au nanoparticles is 

reported.
27

 With in a theoretical framework for the growth mechanism of nanoparticles without 

surfactant, strategies for shape-controlled synthesis based on a simple, green-chemistry synthesis 

of the four most commonly used morphologies: nanostars, nanospheres, nanorods, and 

nanoplates were applied. The nanoparticles obtained as result of implementing this strategy were 

showed superior performance than the particles coated with surfactants and polymers.  

Using the above observations, our objective is to prepare Au nanoparticles by using 

reducing molecule for Au
3+

 ions which is a relatively a strong agent, and at the same time, the 

oxidized form of the reducing agent would acts as a weak stabilizer allowing the growth of Au 

nanoparticles, a strategy similar to that proposed in reference 27.   

1.3 Core-shell nanostructures 

Core–shell nanoparticles are of great interest to a various disciplines and applications. 

These core-shell nanoparticles find applications in a lot of areas including catalysis,
28-31

 energy 

conversion, biological separation, medical imaging,
32-34

 and sensing. Therefore, important 

reviews have been reported. In 2012, a comprehensive review was performed by Paria et 
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al.,
35

covering all aspects of core-shell nanoparticles including synthesis, properties, 

characterization and applications. As mentioned earlier, the manipulating properties of materials 

is possible through composition, size, and shape. Thus, the synthetic aspects along with 

chemistry of functionalization play a critical role in the applications of core-shell nanoparticles.  

The bottom-up approach can be classified into following concepts: wet-chemical 

synthesis, chemical-vapor deposition, laser-induced assembly (i.e., laser tapping), self-assembly, 

colloidal aggregation, film deposition and growth.
36-38

 These concepts give better control over 

particles attributes like size, shape and composition. Although various types of core-shell 

nanoparticles are present with chemical, and structural attributes with diversity, we concentrate 

on metal-oxide@metal nanostructures. And show that the synthetic scheme presented in this 

thesis can be extended to other types also. The synthesis of core-shell nanoparticles involve two 

steps: 1) the synthesis of core materials and 2) the formation of shell over the synthesized core. 

The synthesis of core oxide- nanoparticles itself is a subject which can be prepared by wet-

chemical co-precipitation, precursor decomposition, hydrothermal reaction. The second step of 

metal deposition can be achieved by chemical reduction of salts or decomposition of shell salt 

precursor, both in the presence of core materials and suitable ligands.  

In seed growth method, specific to Fe3O4@Au, the Au atoms are deposited onto Au-

seeded Fe3O4 NPs in which Au seeds act as nucleation sites to facilitate the growth of Au shell. 

While the Au-seeded growth method requires an extra step than the direct-deposition method, 

but it also provides a possibility to tune the morphology of Au shell. Here, we list out details 

about the procedures that can be adopted for the synthesis of Fe3O4@Au nanoparticles. 

Au shell were formed onto magnetic iron oxide nanoparticles in an aqueous solution via 

hydroxylamine seeding.
39

 The hydroxylamine shells reduce Au
3+

 using a modification of Brown 

and Natan's iterative method and subsequently Au deposit onto the iron oxide surfaces yielding ~ 

60 nm particles. A dilute iron oxide aqueous solutions of concentration 1.1 mM and stirred with 

an equal volume of 0.1 M sodium citrate for 10 min. In this way, the exchange of the adsorbed 

OH
-
 with citrate anions was acheived. This solution was further diluted and small volume of 1% 

HAuCl4 were incrementally added along with an excess of 0.2 M NH2OH·HCl. A total of five 

additions were performed; the clear solution became purple upon addition of Au
3+

 and gradually 

changed to deep pink during the successive iterations. 
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Figure 1.2: Synthesis of Fe3O4@Au core–shell nanoparticles by iterative hydroxylamine seeding 

the direct deposition method.
39

 

 

Using micelle capped pre-prepared Fe3O4 and 1.0 M NaBH4, followed by an addition of 

aqueous 0.1 M HAuCl4 solution core-shell nanoparticles can be prepared. The coating thickness 

can be varied by addition of different amount of Au
40

 and in this way, gold (silver)-coated 

magnetite
41

 nanoparticles have also been synthesized.  

A microemulsion that was prepared from octane, cyclohexane, CTAB, and an aqueous 

mixture of ferric chloride, ferrous chloride, and HAuCl4 solutions. The concentration of the stock 

solutions was maintained for instance, 1 × 10
-1

 M for FeCl3, 5 × 10
-2

 M for FeCl2, 0.8 M for 

NaBH4, and 1 × 10
-1

 M for HAuCl4 aqueous solution. The assembly of Au nanoparticles on SiO2 

cores has been shown to be an approach to the formation of core-shell SiO2@Au nanoparticles.
42

 

A diluted Au nanoparticle solution was mixed with a known volume of pre-prepared SiO2 

nanoparticle solution that required to provide a surface area of silica equal to the total cross-

sectional area of the Au nanoparticles. The solutions were stirred for 30−90 min. A similar 

approach has been demonstrated for the formation of Au-coated Fe3O4 nanoparticles, which 

involved the attachment of 2-3-nm-sized Au nanoparticles via 3-aminopropyltrimethoxysilane 

(APTMS) onto 10-nm-sized SiO2 coated Fe3O4 nanoparticles.
43

 The second step involved the 

attachment of 2−3 nm size Au nanoparticles onto APTMS-coated Fe3O4 nanoparticles. For this 

purpose, negatively charged Au are required which was then prepared by a modification of the 

method of Duff et al.
44
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Figure 1.3: Synthesis of Fe3O4@Au core–shell NPs via Au-seeded growth methods using 

APTMS.
45

 In the figure, TEOS refers to tetraethyl orthosilicate. 

 

Wang et al. reported Au shell formation in organic molecule (oleic acid/oleyl amine) 

encapsulated Fe3O4 nanoparticles.
46

 The second step is described here. A phenyl ether pre-

prepared Fe3O4 nanoparticle solution was mixed with gold acetate (Au(OOCCH3)3), 1,2-

hexadecanediol. A 1:1 molar ratio of oleic acid and oleylamine was added to the reaction 

mixture.. In this case, the mole ratio of the Au precursor to the iron oxide nanoparticles was 

approximately 7:1. The reaction solution was heated to 180−190 °C under argon atmosphere and 

vigorous stirring for 1.5 h. This synthesis procedure for Fe3O4@Au nanoparticles leads to very 

high monodispersity and controllable surface capping properties. 

To summarize, from the introduction for core-shell nanoparticles we note the following: 

1) while it is desirous to have stabilizing to control aggregation and deposit shell material, the 

diversity of shell materials is limited by the shell material precursor, and 2) such chemical 

methods use extensive solvent, the products needs purification, and control of feed ratio are 

difficult. It can be seen from the above scheme the if the nucleation and seed growth of Au do 

not happen on the surface then it leads to separated Au nanoparticles thereby control of the 

composition of the product and thereby  control of thickness is also difficult. Also, from the 

above scheme, it is clear the presented scheme offer a limitation in the choice of shell materials. 

The metal ions which can be reduced easily like Au and Ag can used a shell material thereby 

limiting the choice of shell. Besides, the presence of ligands affects the applicability especially 

the bio-compatibility the sensing and catalytic properties.  

In order to address the above research gaps, we propose a solvent-less solid-state method. 

By applying a solid-state strategy during the shell formation step, the applicability of the 
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synthetic strategy to diverse shell materials will be enhanced. A solid-state chloride free method 

was used
47

 prepare supported nanoparticles, however, the synthetic work did not represent core-

shell nanoparticles. 

 

1.4 Catalysis: H2 generation and 4-nitrophenol reduction 

 H2 is a green and sustainable fuel. Therefore, the studies on storing and generating H2 has 

been an intense topic of research. The potential candidates for hydrogen storage have been 

identified and they are sodium borohydride
48

 and ammonia borane.
49

 An excellent review on the 

potential of these molecules was given by Balaji Jagirdar.
50

 The hydrolysis of ammonia borane 

gives H2 as a product based on the equation below: 

 

NH3BH3 + 2H2O   NH4
+
 + BO2

-
+ 3H2------------------------(1) 

NaBH4 + 2H2O  NaBO2 + 4H2 --------------------------------(2) 

 

 The core-shell nanoparticles prepared by solid-state approach were tested for their 

catalytic activity towards H2 generation and 4-nitrophenol reduction. The volume of H2 

generated was followed by burette reading connected to the reaction vessel. There are other H2 

sources which are being studied but not discussed as it is beyond the scope of this introduction. 

 4-nitrophenol reduction reaction is considered as a benchmark reaction.
51

 A 

comprehensive kinetic analysis of this reaction is given by Ballauf et al.
52

 The reaction was 

shown to follow Langmuir-Hinshelwood mechanism. 

                                    R-NO2 + 2H2 R-NH2 + H2O --------------------------------(3) 
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Figure 1.4: The schematic representation of 4-nitrophenol reduction reaction in the presence of a 

catalyst surface.
52

 In the figure, Nip and Amp refers to 4-nitrophenol and 4-aminophenol 

respectively. 

 

The reaction is performed typically under excess borohydride conditions, say concentration of 

borohydride is 100 times more than the concentration of 4-nitrophenol  which would enable the 

researchers to study the reaction kinetics using pseudo-first order model with respect to 4-

nitrophenol. The reaction do not proceed in the absence of the catalyst. In the presence of sodium 

borohydride the 4-nitrophenol (colorless) gets converted to 4-nitrophenolate (yellow) exhibiting 

a UV-visible spectral peak at 400 nm. The decrease in the absorbance value of 400 nm peak (due 

to 4-nitrophenolate species) in the UV-spectra was monitored and considered as the progress of 

the reaction.  

 In recent times, the magnetic recoverability concept has been shown as a green and 

sustainable option.
53

 The core-shell nanostructures with magnetic core would give another 

advantage of catalyst retrieval using a magnet post the reaction completion.
54

 

 

1.5 Scope of the Present Study 

In the present study, Au nanoparticles are prepared by using hydrocarbon based reducing 

agent. The driving force for such reduction reaction is the driving force for the reducing 

molecules to attain aromaticity by donating H
-
/H species from it. The reaction products were 

analyzed using NMR, TEM, XRD and UV-visible spectroscopy. The Au nanoparticles were 

found to possess a diameter of approximately 15 nm with twinned structure. As the thesis reports 
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novel reducing agents for the synthesis of Au nanoparticles, the Au nanoparticle formation and 

particle growth studies are beyond the scope the scope of this thesis. The application studies of 

Au nanoparticles thus synthesized, for instance, catalysis may be a part of future studies.    

A strategy for solvent-less solid-state process have been developed for the synthesis of 

Fe3O4@M (M=Au, Ag, Pd and AuAg) core-shell nanoparticles. To demonstrate the versatility of 

the solid-state strategy, synthesis of SiO2@M (M=Au, Ag, AuAg) have also been performed. 

This rationally designed strategy is scalable, eco-friendly, cost-effective, and the composition of 

products is as per the initial feed ratio. Both surfactant (only Au, Ag, AuAg) and non-surfactant 

(only for Pd shell system) based metal precursors were coated on the pre-formed core uniformly 

in solid–state. The dispersion of the precursor aided by its melting lead to a uniform coating and 

on precursor decomposition, the core-shell nanostructures are formed. The composition of the 

product was controlled by the initial metal precursor content. The synthesis process have been 

studied by using TGA/DTA and the structural features and size/shape attributes of the products 

have been characterized by XRD, FE-SEM, HR-TEM, SAXS, ED-XRF, STEM and XPS. A lot 

of parameters like temperature gradient, heating and cooling rate during the synthesis may a 

significant role in the formation of uniform shell layer thickness. This aspect may be considered 

in our future studies. The as-synthesized Fe3O4@M (M=Au, Ag, and AuAg) core-shell 

nanostructures have been tested for their catalytic activity towards hydrogen generation reaction 

using ammonia borane and sodium borohydride as sources. A detailed kinetic analysis have been 

performed of H2 generation reaction have been performed. Fe3O4@Pd nanoparticles were tested 

for 4-nitrophenol reduction using sodium borohydride reaction. For Fe3O4@Pd systems, the 

catalytic studies were performed to illustrate the effectiveness of the synthetic strategy, the 

comparison of catalytic activity with the reported materials and structure catalytic-activity 

correlation have not been conducted.  
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This chapter present details with various experimental techniques that were used for chemical 

analyses, characterization of the synthesized Au nanoparticle samples and Fe3O4@M (where M = 

Au, Ag, Pd and AuAg alloy) and SiO2@M (where M = Au, Ag, AuAg alloy) core-shell 

nanostructures.  

2.1 Instrumental methods 

2.1.1 X-ray diffraction 

 X-ray diffraction (XRD) patterns have been recorded using Rigaku Ultima IV with Cu 

Kα radiation (λ = 1.5418 Å) at a scan rate of 1°/min and Ni filter. This technique has been used to 

ascertain the amorphous and crystalline nature of Au nanoparticles, and Fe3O4@M (where M = 

Au, Ag and AuAg alloy) core-shell nanostructures. The XRD pattern of Fe3O4, Fe2O3, Au, Ag, 

AuAg and Pd were assigned using the reported literature values. In a similar way, SiO2@M 

(where M = Au, Ag and AuAg alloy) nanostructures were also characterized. 

 The crystallite size of ferrite nanoparticles was estimated from the XRD line broadening. 

The extent of broadening is expressed as  

 = k /D cos 

where  = broadening of diffraction line measured at half of its maximum intensity (radians), 
2
 

= M
2
 - S

2
, D is the mean diameter of the particles, M is the measured breadth of the diffraction 

line of the sample, S is the measured breadth of the line of the standard, k = 0.9 constant 

referred as shape factor, and  is the wavelength of the x-rays used and is 1.5418 Å. 

2.1.2 Thermal analysis 

 Thermal analysis has been used to study the thermal decomposition of surfactant based 

metal precursor by recording weight loss vs temperature, T (difference in the temperature 

between the sample and reference) vs temperature at different heating rates. Thermogravimetric 

analysis (TGA) and differential thermal analysis (DTA) of the ferric citrate precursor was 

performed in Shimadzu DTG-60 instrument from 30 to 700 °C with a heating rate of 10 °C/min 

in a nitrogen atmosphere to understand the mass loss and decomposition temperature. The 
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samples were placed in a platinum crucible and ignited alumina was used as the reference 

material. Using TGA mass loss analysis, the sample synthesis temperature was fixed. 

2.1.3 Surface area measurements 

Surface area measurements of the samples reported in this study were carried out by 

using single point BET (Brunauer, Emmett, Teller) method. BET surface area measurements on 

the samples were measured using Micromeritics ASAP 2020 surface area analyzer. The effect of 

shell formation on the porosity of core-shell nanostructures can be inferred from the magnitude 

of surface area.  

2.1.4 X-ray photoelectron spectroscopy 

The chemical composition and oxidation states of component elements were determined 

by X-ray photoelectron spectroscopy (XPS) at the respective core level XPS using PHI 5000 

Versa Prob II (FEI Inc.). Both survey and narrow scans have been performed. The narrow scans 

were performed at the respective element edges. XPS is used to find the binding energy of the 

atoms except hydrogen and helium in the periodic table. From the binding energy values 

obtained from the surface of the material, one would be able to identify the elemental 

composition and their oxidation states 

2.1.5 Energy-Dispersive X-Ray Fluorescence measurements 

Energy-Dispersive X-Ray Fluorescence measurements (ED-XRF) experiments on the 

core-shell nanostructures were conducted on Panalytical Epsilon-1 instrument. This techniques 

was useful to check the chemical composition of products is whether as per the feed ratio. The 

leaching studies of catalytically active constituents from the catalyst surface were also performed 

by ED-XRF. X-ray fluorescence is an emission phenomenon of the secondary X-rays that come 

from the element when it is bombarded with high energy radiation. Sodium to uranium can be 

easily detected from sub-ppm level to percentage level with the help of XRF. Elements with 

higher atomic number are easier for the detection as compared to the elements with lower atomic 

number. Hence, the technique is highly useful for studying the composition of metal oxides, 

doped samples and composite materials. XRF compares the spectral intensity of unknown 

samples to the standard samples. 
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2.1.6 Electron microscopy 

  The finer details of nanocrystalline ferrite particles have been determined using electron 

microscopy. The particle size and the morphology of the samples were studied using Field-

Emission Scanning Electron Microscope (FE SEM) fitted with energy dispersive spectroscopy 

[Carl-Zeiss ULTRA-55] and High Resolution Transmission Electron Microscope (HR-TEM) 

images were obtained using JEOL, JEM 2100 at an accelerating voltage of 100 kV.  

The scanning electron microscopy is an important characterization technique that uses a 

focused electron beam. In FE-SEM secondary electrons are emitted from the solid sample, which 

are collected to create an area map of the secondary emission. The technique is used to determine 

the surface morphology (texture) and chemical composition (in energy dispersive spectroscopy 

mode) of the material samples. For the SEM measurements, the samples in powder form were 

mounted on carbon tape. The samples were not subjected to sputtering due to the presence of 

metal shell. 

 In HR-TEM, the contrast between transmitted and non-transmitted e- beams is 

used and the image is created. This technique provides very high resolution image to the extent 

of 0.2 Å. One would be able to measure the inter-planar distance for the crystalline materials 

using this technique. A tiny speck of sample was suspended in about 10 ml of spectroscopic 

grade acetone and ultrasonicated for 30 s. A drop of this solution was spread on a 3 mm carbon 

coated copper grid.  

2.1.7 Scanning Transmission Electron Microscope 

Bright and dark-field scanning transmission electron microscopy (STEM) images were 

taken by using the FE-SEM (Apreo S, FEI) instrument with retractable STEM 3+ detector. 

2.1.8 Small angle X-ray Scattering: 

Small Angle X-ray Scattering (SAXS) measurements have been performed using a 

Rigaku Ultima IV instrument. The measurements have been made from 2θ (q=4πsinθ/λ) value of 

0.06° to 2° at a scanning speed of 0.03 °/min. The sample was placed and spread over a scotch 

tape and data were recorded in transmission geometry. Only the intensity analysis were 

performed using the equation, μ = -ln(Is/I0) x t, where μ is the linear absorption coefficient, Isis 



22 
 

the maximum scattering intensity of the sample, I0 is the maximum intensity without the sample 

and t is the thickness of the sample. 

2.1.9Magnetic measurements 

Room temperature magnetization curves were measured using vibrating sample 

magnetometer (VSM) (Lakeshore 665).  

2.2 Catalysis 

For the hydrogen generation reaction studies, a two necked round bottomed flask was used 

the reactor vessel. One neck of the flask was connected to the gas burette and the other one was 

sealed with a rubber septum. The pH of the reaction medium was observed to be in the range of 

9.2-9.7. The generated hydrogen was collected in the gas burette and the volume of hydrogen 

was measured as a function of time. The control experiments were also performed in this 

identical way except the usage of the catalyst.  

 4-nitrophenol reduction reaction was monitored by using UV-visible spectrometer 

(JASCO-V650). The reaction was followed by monitoring the absorbance of 400 nm peak 

corresponding to 4-nitrophenolate peak as a function of time. 
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3.1 Introduction 

A rich chemistry, physics and application exhibited by Au nanoparticles have led to a plethora 

of studies.
1, 2

 As a consequence, not only various synthetic strategies have been developed, which 

evolved through the years but functionalities were also attributed to suit the applications. Various 

organic molecules that were used in the synthesis of Au nanoparticles include citric acid,
3-5

 

sodium borohydride,
6
 fungus Verticillium sp.,

7
 polyols,

8
 aldehydes

9
 and ketones.

10
 In the same 

way, citrates,
4
 thiols,

6
 and polymers

11, 12
 have been used as capping or encapsulating agents. Pure 

hydrocarbon based acetylide group has also been used to stabilize the Au nanoparticles by 

performing ligand exchange on the Au-PVP with phenyl acetylide.
13

 

Conventionally, most of the synthetic methods reported involve the reduction of Au
3+

 salts 

using compounds or reducing agents that provide a course for hydride ion or organic compounds 

that can be easily oxidized.
8-10

 In this chapter, we reveal that Au nanoparticles in the size range 

of ~ 15 nm can be synthesized at room temperature using aromaticity as the driving force.  

 

Scheme 3.1: Schematic representation of reducing molecule attaining aromaticity and thereby 

leading to the formation of Au nanoparticles. The red square denotes H atoms that is donated for 

the Au
3+

 reduction.  
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By this way, a stabilized and twinned nanoparticles can be obtained. The mechanism for the 

formation of nanoparticles has been discussed. A schematic diagram that explain the reaction 

between reducing agents used in this study is given below: 

3.2 Experimental details 

The hydrocarbon based molecules such as cycloheptatriene (CHTE), 1,3 cyclohexadiene (1,3- 

CHDE) and 1,4 cyclohexadiene (1,4-CHDE) have been used as the reducing agents. At room 

temperature, to a 70 mL of 8 mM HAuCl4 aqueous solution, 5 L of CHTE was added in one lot 

using a micropipette. The molar ratio of Au
3+

 to CHTE was 1:3. The pale yellow color solution 

turned into characteristic wine red within two minute indicating the formastion of Au 

nanoparticles. The color change was instantaneous and there was no deepening of color later 

than this period. The synthetic protocol for Au nanoparticles remained same when diene systems 

was the same except the amount of reducing agent used was 10 L.  The time taken for the 

complete reaction with 1,3-CHDE and 1,4-CHDE was 6 and 8 minutes, respectively. A faint blue 

color appearance indicated the reaction completion. 

3.3 Results and Discussion 

Figure 3.1 (a) shows the UV-visible spectra of reaction mixtures at the end of the reaction, 

carried out using (i) CHTE (ii) 1,3-CHDE and (iii) 1,4-CHDE as reducing agents. A maximum in 

the absorbance (intensity) is observed in all the systems, indicating the presence of Au 

nanoparticles. While the max for Au-CHTE system was 520 nm, the max for 1,3-CHDE and 1,4-

CHDE was red-shifted and was observed around 620 nm. Higher max values can be attributed to 

the aggregated state of formed Au nanoparticles. The color intensity of the reaction solution was 

weak in diene systems than the CHTE system. The presence of a strong peak at 240 nm 

corresponding to the unreacted CHTE and the emergence of a new peak at 320 nm can be 

attributed to the presence of trophylium ion in solution (Figure 3.2). A black solid was obtained 

(Au-CHTE-precipitate) by centrifuging reaction mixture at 2000 rpm for 20 min.  
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Figure.3.1: (a) UV-Vis spectra of reaction mixture (i) CHTE (ii) 1,3-CHDE and (iii) 1,4-CHDE 

and (b) powder x-ray pattern of solid obtained by centrifuging reaction mixture (CHTE) at 2000 

rpm for 20 min. 

After centrifugation, the color intensity of the supernatant solution was observed to be lesser 

than that of the original reaction mixture. This indicated that the reaction mixture consisted of 

stabilized and unstablized Au nanoparticles. Fig. 1(b) shows the powder x-ray pattern of black 

solid obtained (Au-CHTE-ppte). The pattern clearly indicated the sample to be gold (JCPDS file: 

04-0784) and the broadened peaks indicated that the sample was composed of nanocrystallites. 

Figure 3.3 displays the TEM of Au nanoparticles obtained from (a) Au-CHTE (supernatant) (b) 

Au-CHTE-(ppte) (c) Au-1,3-CHDE and (d) Au-1,4-CHDE. Fig. 3.3(a) showed that the Au 

nanoparticles that were formed have a size of ~15 nm. The inter-planar spacing determined from 

lattice fringes was 0.236 nm, which corresponds to the value for Au (111) plane. The Au-CHTE-

(ppte) consists of agglomerates of 5 nm particles. In the case of dienes, (Fig. 3.3 (c) and (d)), the 

particle size was found to be around 15 nm and 5 nm, respectively. Also from images, the 

twinning in nanoparticles were observed in Au-CHTE (supernatant) and 1,3-CHDE but not in 

1,4-CHDE system.  
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Figure 3.2: UV-spectra for (i) CHTE (ii) 1,3-CHDE and (iii) 1,4-CHDE 

Figure 3.4 shows the 
1
H NMR spectrum of reaction mixture measured in D2O. The peaks at  

1.2, 4.4 and 5.5 indicated the presence of unreacted CHTE left over in the reaction mixture 

(Figure 3.5). The appearance of peak at  9.5 confirmed the formation of trophylium ion in the 

reaction mixture. A spurious peak was also observed at around  7.3. As, at the end of the NMR 

measurement, the solid got settled at the bottom, this spurious peak may be due to any other 

organic side product or a complex between CHTE and Au
3+

 ions.  

 

 

 

 

 

 

 

 

Figure 3.3: TEM images of Au nanoparticles obtained by (a) CHTE supernatant (b) CHTE solid 

(c) 1,3-CHDE and (d) 1,4 CHDE. 



28 
 

 

 

 

 

 

 

 

Figure 3.4:
1
H NMR spectra of reaction mixture, the reaction being the reduction of Au

3+
 by 

CHTE. The reaction was conducted in NMR tube with D2O. 

 

Figure 3.5: NMR spectrum of CHTE in CDCl3. 

From the UV-visible spectra, TEM, XRD the formation of Au nanoparticles can be 

ascertained. Despite the very less reaction time (below 1 min) for Au
3+

 reduction by CHTE, it is 

interesting to note the formation of twinned crystals. We propose that the first step is the 
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interaction of electrons of CHTE and CHDE with metal ions which is followed by the second 

step of reduction of metal ions by the same molecules. Further, the formed nanoparticles nucleate 

and grow in this environment resulting in twinning to yield such nanoparticles. The reduction 

reaction is not complete as evident from the UV-spectra and NMR, which showed the presence 

of unreacted CHTE. 

The reaction of CHTE is faster than dienes that are considered in this study. The pKb of 

CHTE is 36, indicating that it can readily give out H
-
 species. In the process of giving H

-
 species, 

CHTE can attain aromaticity readily.
14

 The H
-
 species thus generated reduce the Au

3+
 ions to Au 

leading to the formation of nanoparticles. Although, the resonance energy for 1,3 and 1,4-CHDE 

is same which is about 10 kJ/mol, a difference in reactivity between two dienes was observed. 

1,3-CHDE is higher in energy over 1,4-CHDE by 1.6 kJ/mol.
15

 Hence, 1,3-CHDE reacts slightly 

faster and lead to the formation of benzene. Typically, the max for Au nanoparticles was reported 

to be around 520 nm and here in the case of dienes it is 620 nm. From the TEM images, the sizes 

were determined to be below 20 nm, thus higher max may indicate that there is agglomeration or 

the formation of super lattice structures. 

In conclusion, we have demonstrated that Au nanoparticles can be prepared by using non-

aromatic compounds as reducing agents. Thereby, these non-aromatic molecules attain a stable 

aromatic state. The synthesis is rapid and occur at room temperature in water as the solvent. This 

opens up the avenue for design of synthetic methods for such Au nanoparticle synthesis with a 

variety of substituted systems and water soluble derivatives that still have the tendency to attain 

aromaticity.   

3.4 Conclusions 

We have demonstrated that driving force towards aromaticity can be exploited for the 

synthesis of Au nanoparticles. Cycloheptatriene readily loses H- which can be used a reducing 

agent that the reaction is completed in 3 min yielding 15 nm twinned Au nanoparticles. The 

interesting point is that CHTE is not soluble in water giving a turbidity which was not observed 

when Au
3+

 was present. Thus, this reaction takes place at the interface and the reaction proceeds 

the CHTE goes into reaction solution as trophylium ion. The reaction and Au nanoparticles 

formation needs further detailed investigation. 
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Solid-state synthetic approach for the fabrication of 

Fe3O4@Au core-shell nanostructures 
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4.1 Introduction  

This chapter deals with the synthesis of Fe3O4@Au nanostructures. The results obtained 

for structural, chemical, microstructural, magnetic characterization results by using TGA-DTA, 

XRD, XRF, XPS, FE-SEM, BET, HR-TEM, STEM, SAXS, VSM techniques are discussed. To 

demonstrate the versatility of the method, SiO2@Au nanostructures were prepared and the 

respective data are also presented.  

In Fe3O4@Au nanoparticles, researchers have utilized epitaxial growth approach, wherein 

Au
3+

 was reduced in the presence of Fe3O4 core using various reducing agents such as sodium 

citrate, sodium borohydride, glucose etc.
1
 This method suffers a setback as individual self-

nucleated Au nanoparticles may also be formed during the reaction and a separate purification 

step is needed. In another approach, a small amount of Au nanoparticles were adsorbed onto 

Fe3O4 nanoparticles that act as a seed layer for further growth of the metal shell. This approach 

requires the surface of the core to be chemically modified or pre-conditioned for favorable 

chemical or electrostatic interactions.
1
 Despite the enormous potential offered by these type of 

core-shell nanostructures, their utility at the industrial level is limited by the solution-phase 

synthetic approaches that lack scalability, the requirement of further purification step, and the 

resulting high cost. Furthermore, some of the core-shell nanostructures e.g. metal sulfide@metal 

selenide, the syntheses are mainly carried out in harmful organic solvents like trioctylphosphine-

trioctylphosphine oxide mixture.
2
 Solid-state synthesis of metal nanoparticles (Pd and Au) 

anchored onto support (TiO2 and carbon) has been reported by physically mixing the precursor 

with the support and subsequent calcination.
3
 Such systems studied in the literature do not 

represent core-shell nanostructures.
4
 On the other hand, the formation of a continuous metal film 

over oxide support from a molten metal at high temperatures is a long standing problem, wherein 

the uniform spreading of the metal film is inhibited by the formation of ridges on the oxide 

surface.
5, 6

 Therefore, any factor that decreases the formation of ridges or decreases the surface 

tension of the molten metal will lead to the formation of a continuous metal film. Here, we 

demonstrate the fabrication of Fe3O4@Au nanostructures using solid state synthetic approach. 

This approach involves simple physical grinding of the metal precursor over commercial Fe3O4 

core followed by calcination (Scheme 4.1).  
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Scheme 4.1: Figure 1. Schematic representation of the solid state synthesis methodology to 

obtain Fe3O4@M (M=Au, Ag, AuAg, Pd) core-shell nanostructures. The right-hand side images 

are representative SEM images of the core-shell systems reported in this thesis. For Au, Ag and 

AuAg surfactant-based precursor was used. And for Pd a non-surfactant based precursor was 

used. The applicability of the scheme was also demonstrated for spherical SiO2 particles. 

The magnetite coated with Au nanosystems offers properties like magnetic recoverability 

in catalysis, magnetic hyperthermia, magnetoplasmonic etc.
7-12

 In case of metal shells, Au has 

been chosen for its well-known plasmonic,
13

 catalytic and biological applications, We 

hypothesized that coating a noble metal-containing surfactant-based precursor over an oxide core 

as a thin film followed by metallization would result in a continuous metal shell formation. 

Therefore, keeping the coatability in mind, surfactant-based metal precursors such as gold-

tetraoctylammonium bromide complex (Au-TOAB). The complex Au-TOAB is known for its 

film formability and therefore expected to yield a good coating over the magnetite core during 

the synthesis.
14
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4.2 Experimental details 

4.2.1 Materials. Commercial Fe3O4 obtained from Aldrich was chosen to be the core particles. 

SiO2 was prepared by adopting Stober’s method. The commercial Fe3O4 had a regular 

octahedron and SiO2 had a spherical morphology.  The particle dimension was approximately 

around 250 nm in both core materials. The gold precursor, Au-TOAB was synthesized following 

the literature procedure.
14

  

4.2.2 Synthesis procedure. In a typical core-shell synthesis using our solid-state approach, a 

calculated amount of the Au-TOAB was mixed with the magnetite core followed by thorough 

grinding for 10 min in order to achieve a uniform coating of the precursor over the Fe3O4 core. 

The obtained mixture was transferred to an autoclave and subjected to calcination 250 C for 2 h. 

An autoclave was used in order to avoid any surface oxidation during metallization. Typically, 

the core–precursor assembly after the calcination step was allowed to cool naturally inside the 

furnace, thus ensuring a slow cooling, unless otherwise mentioned. The resultant products have 

been labelled as Fe3O4@M-X, where M and X represent the metal and the weight percent of its 

corresponding precursor with respect to the initial Fe3O4 content, respectively. The product 

obtained was Fe3O4@Au and was used without any purification for characterization purposes. 

4.3. Results and discussion 

4.3.1 TGA-DTA results 

The thermal stability of the precursors has been studied using thermogravimetric and 

differential thermal analyses. The differential thermal analyses revealed the low melting point of 

Au-TOAB to be 50 C. The thermal decomposition and the corresponding derivative plot of the 

precursors are given in the Fig 4.1. The onset of the thermal decomposition in these precursors 

was found to be close to 200 °C and the major mass loss was found to occur between 230 and 

270 °C. Based on the derivative plot, the lowest calcination temperature in this study had been 

fixed at 250 °C. The calculated and experimental residual mass of the metals in the 

corresponding precursors is given in the Table 4.1. 
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Figure 4.1. Thermogravimetric and differential thermal analyses of the Au-TOAB used in this 

study. Black, red and blue lines represent thermogravimetry, differential thermogravimetry, and 

differential thermal analysis curves, respectively. 

 

 

 

 

 

 

 

  

 

Figure 4.2Thermogravimetric analyses of the physically grounded samples of Fe3O4 core with 

Au-TOAB precursor before calcination. 
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Table 4.1.The calculated and experimentally obtained residual mass in different Fe3O4@Au-X 

samples. The calculated values were obtained from TGA of pure Au-TOAB. 

Sample Calculated residual mass 

(wt.%) 

Experimental residual mass 

(wt.%) 

Fe3O4@Au-10 93.2 91.9 

Fe3O4@Au-20 87.6 86.7 

Fe3O4@Au-30 82.3 81.3 

Fe3O4@Au-40 78.7 77.1 

The structural and morphological characteristics of commercial Fe3O4 are given in Fig. 

4.3. The powder X-ray diffraction (XRD) pattern clearly indicates the presence of cubic spinel 

phase of Fe3O4 core. The FE-SEM indicates the morphology of commercial samples is regular 

octahedron in nature.  

 

 

 

 

 

 

 

 

 

Figure 4.3 Morphology and structural characteristics of commercial Fe3O4. Top row is FESEM 

images at different magnification and bottom row is the XRD and XRF data. 
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4.3.2 XRF studies 

To further validate and quantify the metal content against the precursor loading, the synthesized 

core-shell nanostructures were characterized using energy dispersive X-ray fluorescence (ED-

XRF). ED-XRF was employed as X-rays in this technique have higher penetration depth (~1-2 

μm) and therefore the elemental composition obtained using this technique would be close to the 

bulk composition. Figure 4.4 shows the ED-XRF spectra of Fe3O4@Au-X. As seen in figure, the 

intensity of Fe Kα at 6.4 keV was decreasing with increasing Au content, while the intensity of 

Au Lα at 9.7 keV was systematically increased. The peak intensities fit linearly with increasing 

the noble metal content, which confirms that the composition of the resultant core-shell 

nanostructures is as per the feed ratio. 

 

 

 

 

 

 

 

Figure 4.4 ED-XRF spectra of Fe3O4@Au-X. The respective edges are marked for Fe and Au. 

The y-axis on the left is for Fe and the one on the right is for Au.  

4.3.3. XRD studies 

The powder X-ray diffraction (XRD) patterns of the products obtained from the 

commercial Fe3O4 mixed with various loadings of Au-TOAB is shown in Fig. 4.5 (a-d). The 

products were obtained after calcination at 250 °C for 2 h. It can be observed from the figure that 

along with the inverse spinel magnetite phase, the characteristic peaks for (111) planes of Au 

were also observed. As expected, the relative intensity of (111) plane increased with increasing 
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metal precursor loading. This is indicative of the increase in Au content as per the increasing 

feed ratio. 

 

 

 

 

 

 

 

 

Figure 4.5 XRD patterns of Fe3O4@Au-X after calcilation at 250 C for 2 h. 

4.3.4 XPS studiesX-ray photoelectron spectroscopy (XPS) studies were performed to determine 

the oxidation state of the metal in the calcined samples, and the results are shown in Fig. 4.6.  

 

 

 

 

 

 

 

 

         Figure 4.6 (a) Survey scan and (b) Au narrow 4f scanXPS of Fe3O4@Au-10. 
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The survey scan of the samples showed the presence of the respective metal as well as 

iron from the magnetite core. The Au 4f core level narrow scan of Fe3O4@Au-40 revealed two 

peaks at 84.02 and 87.73 eV corresponding to Au 4f7/2 and Au 4f5/2 levels, respectively. These 

binding energy values along with the separation value of 3.7 eV confirmed the oxidation state of 

Au to be zero  

4.3.5 FE-SEM studies 

The FE-SEM analysis of Fe3O4@Au-10 (Fig.4.7 (a-c)) clearly revealed the coating of metal over 

the magnetite core, thus forming a MO@M core-shell nanostructure. In addition to the wavy 

surface that substantiates the metallic shell formation, a fusion of several magnetite cores 

mediated by the metal was also observed.  

These results confirm the successful fabrication of core-shell nanostructures through the 

physical grinding approach. The mechanism of the metal shell formation can be envisaged as 

follows: (i) the surfactant-based precursors possess relatively low melting points that assist in 

conformal precursor coating over the magnetite core. (ii) The surfactants present in the 

precursors also help in minimizing the surface energy during the metallization step.  

 

 

 

 

 

Figure 4.7 FE-SEM images of Fe3O4@Au-10 under different magnification 

The surface morphology studies using FE-SEM with varying Au content have been 

shown in Fig 4.3.7. With increasing loading of the Au-TOAB, a few free metal nanoparticles had 

also been observed along with the core-shell structures (Fig. 4.8 (a and b)). In addition, more 

metal-mediated inter-particle conjunction was found with increasing precursor loading. In case 

of Fe3O4@Au-40 and Fe3O4@Au-50 (Fig. 4.8 (c and d)), several Au nanoneedles were found to 
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co-exist along with the core-shell nanostructures, indicating a large excess amount of the metal 

precursor over the magnetite. This excess amount of precursor that may have been segregated 

resulting in the nanoneedle formation upon decomposition. 

 

 

 

 

 

 

Figure 4.8  Low magnification FE-SEM images of Fe3O4@Au-X, where X = (a, b) 20, (c, d) 30, 

(e, f) 40, and (g, h) 50. Scale bar = 500 nm. 

 

 

 

 

 

Figure 4.9   High magnification FE-SEM images of Fe3O4@Au-X. Naturally cooled (a) Au-20, 

(b) Au-30, (c) Au-40, and (d) Au-50; Rapidly cooled (e) Au-10, (f) Au-20, (g) Au-30, and (h) 

Au-40. 

In order to gain insight to the shell formation mechanism, the core–gold precursor assembly was 

subjected to a rapid cooling by immersing the autoclave into an ice-cold water set up 

immediately after the 2 h calcination.In the case of Fe3O4@Au-10 (Fig.4.8(e)), several hump 

type structures in the shell layer of Au was visible over the shell, indicating that the Au-TOAB 

initially formed nanoparticles during the decomposition step, which further melted or diffused to 
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form a continuous thin film. With the increment of Au-TOAB as in Fe3O4@Au-20 (Fig.4.8(f)), 

the rapid cooling revealed relatively lesser amount of humps in the shell, but resulted in more 

metal-mediated particle aggregation, indicating the higher amount of the Au. In case of 

Fe3O4@Au-40 (Fig. 4.8(h)), the rapid cooling showed a small number of nanoneedles along with 

core-shell structures similar to the slow cooling process that reaffirmed the excess amount of Au-

TOAB as discussed earlier. These observations can be interpreted in terms of surface energy. 

The surface energies of Au is1500 mJ/m
2
.
15

 As Au has higher surface energy, it has an inherent 

tendency to ball up, leading to segregated nanoparticles at higher loadings. The high 

magnification FE-SEM images of the samples are presented in the Fig 4.9. 

4.3.6 HR-TEM 

High-resolution transmission electron microscopy (HR-TEM) analysis was performed over 

selected samples to investigate the surface coverage of the metal shell. The HR-TEM images of 

Fe3O4@Au-10 showed complete coverage of Fe3O4 with Au, confirming the core-shell formation 

(see in Fig 4.10). The higher magnification image revealed the shell thickness in the range of ~5-

9 nm. In the case of Fe3O4@Au-40 core-shell nanostructures were clearly visible.  

 

 

 

 

 

 

Figure 4.10 HR-TEM images of Fe3O4@Au-40 (a-c) at different magnifications 

In these cases, the shell thickness was found to be slightly higher and rougher than that in 

Fe3O4@Au-10. The respective fringes with lattice spacing of 0.24 nm characteristic of (111) 

planes of Au corroborated the crystallinity of the metals as confirmed by XRD. 
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4.3.7 STEM 

 

Figure 4.11 STEM images of (a-c) pristine Fe3O4(d-f) SiO2 (g-i) Fe3O4@Au-20 (j-l) SiO2@Au-

40. The first column are bright field images. The second and third column are composite images 

obtained in different magnifications. 

The STEM analyses of Fe3O4, Fe3O4@Au-20, SiO2, and SiO2@Au-40 (Fig. 4.11) revealed and 

confirmed a smooth and continuous metal shell layer coating over the core. It is clear that the 

presence of shell is not evident in bright field images but when the images were made in dark 

field mode.  

4.3.8 BET 

Brunauer–Emmett–Teller (BET) surface area measurements on selected samples were 

performed to understand the effect of precursor loading in inter-particle aggregation. The surface 

area of the commercial Fe3O4 was determined to be 7.5 m
2
/g. Compared to this, Fe3O4@Au-10 

showed a decreased surface area of 4.6 m
2
/g, respectively. When the precursor loading was 
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increased to 40%, the surface area of the corresponding Au samples further decreased to 2.6 

m
2
/g. While the decrease in surface area with the Au metal reveal the occurrence of aggregation, 

the data also suggest that the aggregation is pronounced to a greater extent in case of Au. This 

observation is in line with our FE-SEM analyses. 

4.3.9 SAXS 

Small angle X-ray scattering (SAXS) is a powerful technique that reveals the 

microstructural information of the sample over a large area. In our study, qualitative SAXS 

analysis studies were performed for selected materials in order to ascertain the structural details 

in the nanoscale regime (Fig. 4.12).  
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Figure 4.12 SAXS data for Fe3O4, Fe3O4@Au-10, Fe3O4@Au-40 samples. 

The scattering intensity is dependent on two factors: the constituent elements present and 

the sample thickness. It is known that the scattering generally increases with increasing atomic 

number. Pristine Fe3O4 was used as the control material for discussion. In the case of Au shell 

materials, the scattering intensity of Fe3O4@Au-10 was more than the pristine Fe3O4 at all q 
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values. Au has a higher atomic number and therefore expected to have higher scattering. Thus, 

the observation indicates that the pristine Fe3O4 is completely modified on the surface due to the 

formation of the Au shell layer. With the increase in Au content further as in Fe3O4@Au-40, the 

scattering intensity was found to be less than both pristine Fe3O4 and Fe3O4@Au-10. And, at 

high q values, it was difficult to differentiate the scattering between the pristine Fe3O4 and 

Fe3O4@Au-10 samples. The linear absorption coefficient μ is defined as -ln(Is/I0)t, where Is is the 

maximum intensity of the sample, I0 is the maximum intensity without the sample and t is the 

thickness of the sample. As the sample was smeared over the scotch tape, any change in Is can be 

attributed to the change in the μ value. Thus, the observed decrease in the scattering intensity (Is) 

with the increase in Au loading is due to the increase in μ, which signifies the increasing Au shell 

thickness. 

4.4 Conclusion 

We have shown a solid-state synthetic approach to fabricate Fe3O4@Au core-shell 

nanostructures leading to gram scale synthesis in the laboratory conditions. Extensive 

characterizations using XRD, XPS, ED-XRF, FE-SEM, and HR-TEM analyses have confirmed 

the successful synthesis of Fe3O4@M core-shell nanostructures. Furthermore, qualitative SAXS 

analyses have revealed continuous metal shell formation and thus confirming the core-shell 

architecture present over a large area of the sample. 
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Chapter 5 

Solid-state synthetic approach for the fabrication of 

Fe3O4@Ag Nanostructures 

 

 

 

 

 

 

 

 

 

 



48 
 

5.1 Introduction 

This chapter deals with the synthesis of Fe3O4@Ag nanostructures. The results obtained 

for structural, chemical, microstructural, and magnetic characterization results by using TGA-

DTA, XRD, XRF, XPS, FE-SEM, BET, HR-TEM, STEM, SAXS, VSM techniques are 

discussed. To demonstrate the versatility of the method, SiO2@Ag nanostructures were prepared 

and the respective data are also presented. 

Solid-state synthetic approach for the fabrication of Fe3O4@Ag core-shell nanostructures 

in nearly quantitative yields that involves a simple physical grinding of a metal precursor over 

Fe3O4 core, followed by calcination. The process involves smooth coating of low melting hybrid 

organic-inorganic precursor over the Fe3O4 core, which in turn facilitates a continuous shell layer 

post thermolysis. Silver has been chosen due to its dominant plasmonic and anti-microbial 

properties.
1-7

Anti-microbial properties, biocompatibility of silver nanoparticles (AgNP’s) mainly 

due to release of  Ag
+  

ions into the surroundings
8,9

. Ag@Fe3O4 core-shell structure has stronger 

bactericidal efficiency than Ag-Fe2O3 heterodimers or plain Ag
12

. The possible explanation of 

this finding is due to release of ofAg
+  

ions from amorphous thin oxide shell in comparison to 

organic-wrapped Ag nano particles 

We hypothesized that coating a noble metal-containing surfactant-based precursor over 

an oxide core as a thin film followed by metallization would result in a continuous metal shell 

formation. Therefore, keeping the coatability in mind, silver N-lauryl sarcosinate (Ag-NLS) for 

Ag have been chosen. Since surfactants possessing amphiphilic properties are known to form 

good quality films, N-lauryl sarcosinate derivative of silver was synthesized.  

5.2 Experimental details  

5.2.1 Materials. Commercial Fe3O4 obtained from Aldrich was chosen to be the core particles. 

SiO2 was prepared by adopting Stober’s method. The commercial Fe3O4 had a regular 

octahedron and SiO2 had a spherical morphology.  The particle dimension was approximately 

around 250 nm in both core materials. Ag-NLS was synthesized by adding a stoichiometric 

amount of saturated sodium N-lauryl sarcosinate solution to a solution of AgNO3 in a water-

ethanol mixture. The obtained white precipitate was washed thoroughly and dried under vacuum 
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for overnight.Since surfactants possessing amphiphilic properties are known to form good 

quality films, N-lauryl sarcosinate derivative of silver was synthesized. 

5.2.2 Synthesis procedure.  In a typical core-shell synthesis using our solid-state approach, a 

calculated amount of the metal precursor, Ag-NLS was mixed with the magnetite core followed 

by thorough grinding for 10 min in order to achieve a uniform coating of the precursor over the 

Fe3O4 core. The obtained mixture was transferred to an autoclave and subjected to calcination at 

different temperatures for 2 h. An autoclave was used in order to avoid any surface oxidation 

during metallization. Typically, the core–precursor assembly after the calcination step was 

allowed to cool naturally inside the furnace, thus ensuring a slow cooling, unless otherwise 

mentioned. The resultant products have been labeled as Fe3O4@M-X, where M and X represent 

the metal and the weight percent of its corresponding precursor with respect to the initial Fe3O4 

content, respectively. 

5.3 Results and Discussion 
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5.3.1 TGA-DTA studies 

Figure 5.1. Thermogravimetric and differential thermal analysis of the metal precursors used in 

this study. Black, red and blue lines represent thermogravimetry, differential thermogravimetry, 

and differential thermal analysis curves, respectively. 

The thermal stability of the precursors has been studied using thermogravimetric and 

differential thermal analysis. The differential thermal analysis revealed the low melting points of 

Ag precursors 73 °C. The thermal decomposition and the corresponding derivative plot of the 

precursors are given in the Fig. 5.1. The onset of the thermal decomposition in these precursors 

was found to be close to 180 °C and the major mass loss was found to occur between 220 and 

250 °C. Based on the derivative plot, the lowest calcination temperature in this study had been 

fixed at 250 °C. The calculated and experimental residual mass of the metals in the 

corresponding precursors is given in Table 5.1. 

Table 5.1. Calculated and experimental metal content (wt.%) in the Ag precursor used in this 

study.  

Sample Code Calculated  Experimental  

Ag-NLS 28.5 28.8 

5.3.2 XRF studies 

Figure 5.2 shows the ED-XRF spectra for Fe3O4@Ag-X. The intensity at the Ag Lα at 

2.98 keV was systematically increasing with Ag loading. The peak intensities fit linearly with 
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increasing the noble metal content, which confirms that the composition of the resultant core-

shell nanostructures is as per the feed ratio.  

Figure 5.2 ED-XRF spectra of Fe3O4@Ag-X. The respective edges are marked for Fe and Au. 

The y-axis on the left is for Fe and the one on the right is for Au.  

5.3.3 XRD studies 

The powder X-ray diffraction (XRD) patterns of the products obtained from the 

commercial Fe3O4 mixed with Ag-NLS (e-h) by calcining at 250 °C for 2 h is given in Fig. 5.3. 

It can be observed from the figure that along with the inverse spinel magnetite phase, the 

characteristic peaks for (111) planes of Ag was also observed. As expected, the relative intensity 

of (111) plane increased with increasing metal precursor loading. This is indicative of the 

increase in Ag content as per the increasing feed ratio. 

 

 

 

 

 

 

 

Figure 5.3 XRD patterns of Fe3O4@Ag-X obtanined after calcilation at 250 C for 2 h. 

5.3.4 XPS studies 

X-ray photoelectron spectroscopy (XPS) studies were performed to determine the 

oxidation state of the metal in the calcined samples, and the results are shown in Fig.5.4. The 

survey scan of the samples showed the presence of the respective metal as well as iron from the 

magnetite core. The Ag 3d core level narrow scan of Fe3O4@Ag-10 showed the characteristic Ag 

3d5/2 and Ag 3d3/2 peaks at 367.6 and 373.52 eV, respectively. In this case, the binding energy 
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values and their separation (~6 eV) confirmed the presence of Ag in its (+1) oxidation state as in 

Ag2O. It is known that the surface of silver gets oxidized upon exposure to air. Since XPS is a 

surface sensitive technique, it reveals the presence of silver oxide in the surface, while XRD 

ascertained the bulk film (in the shell layer) as metallic silver.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.XPS survey (top panel) and narrow (bottom panel) scan of Fe3O4@Ag-10 

5.3.5 FE-SEM studies 

The field emission scanning electron microscopy (FE-SEM) images of and Fe3O4@Ag-

10 (see Fig. 5.5) clearly revealed the coating of metal over the magnetite core, thus forming a 

MO@M core-shell nanostructure. In addition to the wavy surface that substantiates the metallic 

shell formation, a fusion of several magnetite cores mediated by the metal was also observed. 

These results confirm the successful fabrication of core-shell nanostructures through the physical 

grinding approach. The mechanism of the metal shell formation can be envisaged as follows: (i) 

the surfactant-based precursors possess relatively low melting points that assist in conformal 
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precursor coating over the magnetite core. (ii) The surfactants present in the precursors also help 

in minimizing the surface energy during the metallization step.  

 

Figure 5.5 Field emission scanning electron microscopy (FE-SEM) images of Fe3O4@Ag-10 at 

different magnifications. 

In the case of silver systems, the shell was found to be much smoother than in the case of 

gold (Fig. 4.7). It is noteworthy that the FE-SEM images of Fe3O4@Ag-20 Fe3O4@Ag-30, 

Fe3O4@Ag-40, and Fe3O4@Ag-50 (Fig. 5.6) revealed a much smoother Ag coating over the 

magnetite core even at this high loading.  

 

Figure 5.6FE-SEM images of (a) Fe3O4@Ag-20, (b) Fe3O4@Ag-30, (c) Fe3O4@Ag-40, and (d) 

Fe3O4@Ag-50. 

However, the metal-mediated aggregation of the core-shell nanostructures with an increase in 

metal precursor loading was evident. These observations can be interpreted in terms of surface 

energy. The surface energy of Ag is ~1250 mJ/m
2
.
13

 As Au has higher surface energy (section 

4.3.5), it has an inherent tendency to ball up, leading to segregated nanoparticles at higher 

loadings. Although Ag also has a similar surface energy, its oxidized form is known to possess 

surface energy in the range of 30 to 50 mJ/m
2
.
43

 Therefore, the formation of thin oxide layer 

(evidenced by XPS) on the very surface of Ag shell could have further assisted in minimizing the 

surface energy, which could have additionally contributed for a relatively smoother shell surface 
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with lessaggregation, when compared to Au. The low magnification FE-SEM images of the 

samples are presented in the fig 5.7. 

 

Figure 5.7Low magnification FE-SEM images of Fe3O4@Ag-X, where X = (a, b) 20, (c, d) 30, 

(e, f) 40, and (g, h) 50. Scale bar = 500 nm. 

5.3.6 HR-TEM studies 

High-resolution transmission electron microscopy (HR-TEM) analysis was performed over 

selected samples to investigate the surface coverage of the metal shell. The HR-TEM images of 

Fe3O4@Ag-10 (Fig, 5.8) showed complete coverage of Fe3O4 with Ag, confirming the core-shell 

formation. The higher magnification image revealed the shell thickness in the range of ~5-9 nm. 

Fe3O4@Ag-40, such core-shell nanostructures were clearly visible.  

 

     Figure 5.8. HR-TEM images of Fe3O4@Ag-10 (a-c) at different magnifications. 
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In these cases, the shell thickness was found to be slightly higher and rougher than that in 

Fe3O4@Au-10. The respective fringes with lattice spacing of 0.23 nm characteristic of (111) 

planes of Ag corroborated the crystallinity of the metals as confirmed by XRD (see fig 5.8). 

 

5.3.7 STEM studies 

The STEM analyses of Fe3O4@Ag-20, and SiO2@Ag-40 (Fig. 5.9) revealed and 

confirmed a smooth and continuous metal shell layer coating over the core. It is clear that the 

presence of shell is not evident in bright field images but when the images were made in dark 

field mode. 

 

Figure 5.9 STEM images of (a-c) Fe3O4@Ag-20 (j-l) SiO2@Ag-40. The first column are bright 

field images. The second and third column are composite images obtained in different 

magnifications. 

5.3.8 BET studies 

The surface area of the commercial Fe3O4 was determined to be 7.5 m
2
/g. Compared to this, 

Fe3O4@Ag-10 showed a decreased surface area 4.9 m
2
/g. When the precursor loading was 

increased to 40%, the surface area of the corresponding Ag samples further decreased to 3.9 

m
2
/g, respectively. While the decrease in surface area with both the metals reveal the occurrence 



56 
 

of aggregation, the data also suggest that the aggregation is pronounced to a greater extent in 

case of Au. This observation is in line with our FE-SEM analyses. 

5.3.9 SAXS studies 
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 Figure 5.10 SAXS data for Fe3O4, Fe3O4@Ag-10, Fe3O4@Ag-40 samples 

As mentioned in section 4.2.9, the scattering intensity is dependent on two factors: the 

constituent elements present and the sample thickness. In the case of Ag shell materials, the 

scattering intensity of Fe3O4@Ag-10 was more than the pristine Fe3O4 at all q values. Ag has a 

higher atomic number and therefore expected to have higher scattering. Thus, the observation 

indicates that the pristine Fe3O4 is completely modified on the surface due to the formation of the 

Ag shell layer. With the increase in Ag content further as in Fe3O4@Ag-40 (Fig. 5.10), the 

scattering intensity was found to be in between pristine Fe3O4 and Fe3O4@Ag-10. And, at high q 

values, it was difficult to differentiate the scattering between the two Ag samples. The linear 
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absorption coefficient μ is defined as -ln(Is/I0)t, where Is is the maximum intensity of the sample, 

I0 is the maximum intensity without the sample and t is the thickness of the sample. As the 

sample was smeared over the scotch tape, any change in Is can be attributed to the change in the 

μ value. Thus, the observed decrease in the scattering intensity (Is) with the increase in Ag 

loading is due to the increase in μ, which signifies the increasing Ag shell thickness. 

5.4 Conclusion 

We have shown a solid-state synthetic approach to fabricate Fe3O4@Ag core-shell 

nanostructures leading to gram scale synthesis in the laboratory conditions. Extensive 

characterizations using XRD, XPS, ED-XRF, FE-SEM, and HR-TEM analyses have confirmed 

the successful synthesis of Fe3O4@M core-shell nanostructures. A qualitative scattering intensity 

analysis of SAXS data have revealed continuous metal shell formation.  
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Chapter 6 

Solid-state Synthesis of Fe3O4@AuAg alloy Core-shell 

Nanostructures 
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6.1 Introduction 

This chapter deals with the synthesis of Fe3O4@AuAg nanostructures. The results obtained for 

structural, chemical, microstructural, magnetic characterization results by using XRD, XRF, 

XPS, FE-SEM, BET, HR-TEM, STEM, SAXS, VSM techniques are discussed. To demonstrate 

the versatility of the method, SiO2@Au nanostructures were prepared and the respective data are 

also presented.  

The Au/Ag  surfactant free core–shell NPs suited for biomedical applications because of 

higher plasmonic efficiency
5
 and superior electromagnetic enhancement in the visible

4
,Thus, it is 

important to prepare AuAg alloys with magnetic recoverable functionality stronger Raman
7, 8

 

and fluorescence enhancements,
1
 higher solar energy conversion efficiencies, and higher 

refractive index sensitivities. We hypothesized that coating a noble metal-containing surfactant-

based precursor over an oxide core as a thin film followed by metallization would result in a 

continuous metal shell formation. Therefore, keeping the coatability in mind, we used Au-TOAB 

and Ag-NLS for Au and Ag respectively.  

6.2 Experimental details  

6.2.1 Materials. Commercial Fe3O4 obtained from Aldrich was chosen to be the core particles. 

SiO2 was prepared by adopting Stober’s method. The commercial Fe3O4 had a regular 

octahedron and SiO2 had a spherical morphology.  The particle dimension was approximately 

around 250 nm in both core materials. The gold precursor, Au-TOAB were procured from 

Aldrich. Ag-NLS was prepared as described in section 4.1. 

6.2.2 Synthesis procedure. In a typical core-shell synthesis using our solid-state approach, a 

calculated amount of the Au-TOAB and Ag-NLS were with the magnetite core followed by 

thorough grinding for 10 min in order to achieve a uniform coating of the precursor over the 

Fe3O4 core. The obtained mixture was transferred to an autoclave and subjected to calcination at 

different temperatures for 2 h. An autoclave was used in order to avoid any surface oxidation 

during metallization. Typically, the core–precursor assembly after the calcination step was 

allowed to cool naturally inside the furnace, thus ensuring a slow cooling, unless otherwise 

mentioned. The resultant products have been labelled as Fe3O4@M-X, where M and X represent 

the metal and the weight percent of total precursor added with respect to the initial Fe3O4 



61 
 

content, respectively. We further continued to explore the potential of fabricating metal 

oxide@alloy core-shell nanostructures by making AuAg alloys of different compositions such as 

1:3, 1:1 and 3:1 over the Fe3O4 core. The total amount of metal precursors was maintained as 

20% with respect to Fe3O4. 

6.3 Results and Discussion 

6.3.1  XRF studies 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. ED-XRF spectra of the three different alloy-based core-shell nanostructures. 

As mentioned in section 4.2.2 and 5.2.2, ED-XRF was employed to study the composition and 

the peak intensities fit linearly with increasing the noble metal content, which confirms that the 

composition of the resultant core-shell nanostructures is as per the feed ratio. 
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Figure 6.2 The calculated theoretical and obsrved variation of intensity at respecitve Au and Ag 

edge as a function of corresponding composition in the core-shell nanostructures.  

The variation of intensity at respecitve Au and Ag edge as a function of corresponding 

composition in the core-shell nanostructures is shown in figure 6.2. The percentage determined 

from XRF almost matched with the calculated intensity. And in the case of AuAg alloy 

nanostructures the observed intensity matched well with expected value indicating again that the 

intial feeed ratio is maintained. 

6.3.2 XRD studies 

The XRD results showed that the peak of (111) plane of the AuAg alloy was positioned 

between the 2 values of pure Au and Ag (see Fig. 6.3). For these alloys, the ED-XRF showed 

that the Au Lα peak was increasing with Au content in the alloy and simultaneously showing the 

decrease in the intensity of Ag Lα peak (see Fig.6.1). 
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Figure 6.3.XRD patterns of the three different alloy-based core-shell nanostructures. 

6.3.3 FE-SEM studies 

The FE-SEM analyses (Fig 6.4) have shown smooth coverage (lower surface energy due 

to silver oxidation) of the AuAg alloy as a shell layer on top of the Fe3O4 core (Fig. 6.4(a-c). To 

ascertain the reproducibility and credibility of this solid-state approach for alloys, we synthesized 

SiO2@AuAg-10:10. The characterization details such as XRD, ED-XRF, STEM and surface area 

analyses have been presented in the Fig 6.5. 

 

Figure 6.4. FE-SEM AuAg alloy as a shell layer on top of the Fe3O4 core (a) Fe3O4@AuAg-

15:5, (b) Fe3O4@AuAg-10:10 and (c) Fe3O4@AuAg-5:15 nanostructures. 
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Figure 6.5. (A) The XRD patterns of SiO2@AgAu-10:10, SiO2@Ag-40, SiO2@Au-40 and 

pristine SiO2. (B) The magnified plot of (111) XRD planes for each catalyst to compare the 

variation of peak position with composition. (C), (D) and (E) ED-XRF spectra of SiO2@Ag-40, 

SiO2@Au-40, and SiO2@AgAu-10:10, respectively. 

The XRD patterns of SiO2@M clearly revealed the presence of respective metals and alloys 

(after washing with aqueous ammonia). The magnified view of the (111) planes revealed a 

systematic shift in peak position with respect to the composition. The ED-XRF spectra 

confirmed the presence of metals with respect to the feed ratio. The low magnification images of 

Fe3O4@AuAg alloy nanostructures have been given in Fig. 6.6. 

 

 

(B) 
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Figure 6.6. Low magnification FE-SEM images of (a, b) Fe3O4@AuAg-15:5, (c, d) 

Fe3O4@AuAg-10:10 and (e, f) Fe3O4@AuAg-5:15 alloy core-shell nanostructures. Scale bar = 

500 nm. 

6.3.4 HRTEM studies: 

The HRTEM images for alloys Fe3O4@AuAg-10:10 is given in Fig. 6.7. A relatively 

smooth surface is visible and can be attributed due to the presence of Ag and the surface 

oxidation of Ag. These results corroborates FE-SEM data. 
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Figure 6.7. HR-TEM images (d–f) with various magnifications of Fe3O4@AuAg-10:10 under 

various magnifications. 

6.3.5 STEM studies 

 

Figure 6.8. Composite STEM images of (A-C) Fe3O4@AuAg-10:10 and (D-F) SiO2@ Ag-10:10 

under different magnifications. 

The STEM analyses of Fe3O4, Fe3O4@AuAg-10:10 and SiO2@AuAg-10:10 (Fig. 6.8) revealed 

and confirmed a smooth and continuous metal shell layer coating over the core. It is clear that the 

presence of shell is not evident in bright field images but when the images were made in dark 

field mode the illumination at the surface indicates the metal shell. The uniformity indicates that 

Au and Ag do not segregate but form uniform alloy. 

6.3.6 SAXS studies 

The scattering intensity is dependent on two factors: the constituent elements present and 

the sample thickness. It is known that the scattering generally increases with increasing atomic 

number. Pristine Fe3O4 was used as the control material for discussion. Thus, in alloy system the 

pristine Fe3O4 is completely modified on the surface due to the formation of the AuAg alloy shell 

layer. Au has a higher atomic number than Ag and so it can be expected that Au based materials 

will have a higher scattering which is indeed the case (Fig. 6.9 (a)). However, on increasing the 

content, the linear absorption also increases by formula, -ln(Is/I0)t, where Isis the maximum 
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intensity of the sample, I0 is the maximum intensity without the sample and t is the thickness of 

the sample. As the sample was smeared over the scotch tape, any change in Is can be attributed to 

the change in the µ value. Thus, the observed decrease in Au-40 and Ag-40 (Fig. 6.9 (b)) in the 

scattering intensity (Is) is due to the increase in µ, which signifies the increasing Au and Ag shell 

thickness in respective materials. Interestingly, in SAXS analyses for the AuAg alloy shell 

materials such as Fe3O4@AuAg-5:15, Fe3O4@AuAg-10:10 and Fe3O4@AuAg-15:5. As can be 

seen from Fig. 6.9(c), the scattering intensity of alloys is higher than the control Fe3O4 and 

similar amongst the compositions at lower q values. However, the scattering intensity, especially 

at higher q values, gently decreases with increasing Au content in the alloy. These results 

ascertain the continuous metal shell formation over the Fe3O4 core. 

 

 

 

Figure 6.9. Small angle X-ray scattering (SAXS) Fe3O4@X-10, Fe3O4@X-40, Fe3O4@AuAg-20 

(for different composition). 

6.4 Conclusion 

We have shown a solid-state synthetic approach to fabricate Fe3O4@AuAg alloy core-

shell nanostructures leading to gram scale synthesis in the laboratory conditions. Extensive 

characterizations using XRD, XPS, ED-XRF, FE-SEM, and HR-TEM analyses have confirmed 

the successful synthesis of Fe3O4@M core-shell nanostructures. A qualitative SAXS intensity 

analyses have revealed the pattern is sensitive to the surface alloy composition especially at 

higher “q” which enable to confirm continuous metal shell formation with an average thickness 

over large area of the sample. 
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This chapter deals with the catalytic activity of core-shell nanostructures synthesized by solid-

state approach. The catalytic activity was tested for H2 generation from ammonia borane and 

sodium borohydride with empahsis of role of Ag in alloys systems and magnetic recoverability. 

7.1 Results and Discussion 

7.1.1 Catalytic studies 

The catalytic applicability of the core-shell nanostructures obtained through the solid-state 

synthetic approach has been studied by choosing catalytic hydrogen generation as a model 

reaction. Ammonia borane (AB) was chosen as the hydrogen source, as it possesses attractive 

properties like low molecular weight, easily transportable solid, safe and high gravimetric 

hydrogen storage.
1-3

 The catalytic activity experiments were conducted in water. The catalytic 

activity of Fe3O4@Au-20 and Fe3O4@Ag-20 catalysts was found to be comparable and in both 

the cases ~16 mL of hydrogen was generated by ~1150 s (see Fig 7.1(a)).  

 

 

Figure 7.1.Hydrogen generation studies with Fe3O4@Au-20 and Fe3O4@Ag-20 from a 20 mL of 

a solution containing (a) 50 mM of AB and (b) 25 mM of NaBH4 as the hydrogen sources. 
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Figure 7.2. (a) Hydrogen generation studies for different catalysts using a mixture of AB and 

NaBH4 as the hydrogen sources: (i) Fe3O4@Au-20, (ii) Fe3O4@AuAg-15:5, (iii) Fe3O4@AuAg-

10:10, (iv) Fe3O4@AuAg-5:15 and (v) Fe3O4@Ag-20. (b) Recyclability studies under same 

conditions using Fe3O4@AuAg-10:10. In all cases, [AB] = 50 mM; [NaBH4] = 25 mM; Total 

volume of the solution = 20 mL, Catalyst loading = 50 mg. 

Hydrogen was also generated using NaBH4 as the hydrogen source since it is also considered to 

be one of the potential hydrogen storage compounds.
4, 5

 Despite taking half equivalent of NaBH4, 

the total hydrogen generated was higher than the case of only AB. The volume of hydrogen 

generated was ~30 mL with Fe3O4@Ag-20 and ~22 mL with Fe3O4@Au-20 by ~1200 s (see fig 

7.1(b)). Interestingly, when AB and NaBH4 are mixed together in 2:1 molar ratio, the 

Fe3O4@Ag-20 was found to be highly active that rapidly produced 60 mL of hydrogen by 270 s. 

After this time, another 5 mL of hydrogen was slowly produced in an additional 450 s (Fig. 7.2 

(a)). With Fe3O4@AuAg-15:5 alloy, the hydrogen produced was 65 mL by 960 s, which was 

better than the pure Au catalyst. When the Ag content was increased as in Fe3O4@AuAg-10:10 

and Fe3O4@AuAg-5:15, the rate of hydrogen generation was found to be high and comparable to 

that of pure Ag catalyst. With both of these catalysts, ~66 mL of hydrogen (close to 100% of 

theoretical estimate) was generated by ~430 s. Interestingly, the rate of hydrogen generation with 

all the alloy catalysts remained almost constant throughout the reaction, which was not the case 
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with pure Ag catalyst that slowed down towards the end of the reaction. The Fe3O4@AuAg-

10:10 catalyst was studied for its kinetics, thermodynamics and magnetic recyclability.  

Figure 7.3. Kineticstudies with respect to (a, b) catalyst loading and (c, d) AB + NaBH4 mixture. 

Kinetics experiments were performed in order to determine the order with respect to the 

concentration of catalyst and the hydrogen source mixture. The reaction was found to follow first 

order kinetics (slope of 0.994) with the catalyst loading in the range of 10 to 50 mg (see fig 7.3 

(a) and (b)) and the reaction was found to follow zero order kinetics (slope of 0.2) with respect 

to AB/ NaBH4 mixture (see fig 7.3 (c and d)).
6-8

 Similar values for order were obtained for SiO2 

based catalysts as well, which indicates that the reaction pathway is identical irrespective of the 

core component (see fig 7.4 (c,d). The thermodynamic studies revealed the activation energy to 

be 42.4 kJ/mol (see fig 7.5 (a and b)).  
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Figure 7.4.Kineticstudies with respect to (A) catalyst loading and (B) AB + NaBH4 mixture 

using Fe3O4@AgAu-10:10. 

Figure 7.5. Temperature-dependent hydrogen generationstudies (a) to estimate the energy of 

activation from Arrhenius plot (b). 

The kinetic and thermodynamic parameters have been found to be similar to the works 

reported in the literature.
6-8

 Control experiments were performed, wherein pristine Fe3O4, SiO2, 

and no-catalyst were employed for the hydrogen generation (see Fig. 7.6). Our results indicate 

that ~9-12 mL of hydrogen was generated in 600 s in all the three scenarios employed for the 
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reaction. The higher catalytic activity of the core-shell materials indicates the role of the shell 

layer composition in the hydrogen generation.  
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Figure 7.6. Control experiments for hydrogen generation from AB and SBH mixture using 

pristine Fe3O4, SiO2, and no-catalyst conditions. 

The Fe3O4@AuAg-10:10 catalyst retained similar activity over the successive cycles and 

the activity was found to remain very similar even after five cycles (Fig. 7.2(b)). The recycled 

Fe3O4@AuAg-10:10 catalysts were characterized using FE-SEM, HR-TEM and ED-XRF (see S 

Fig. 7.7). FE-SEM and HR-TEM revealed that the overall morphology of the core-shell 

nanostructures remained intact. However, along with the core-shell nanoparticles, some 

additional mass feature was noticed that could be attributed to the polyborazylene byproduct that 

might have come along with the catalysts (see Fig. 7.8). It is pertinent to mention that the 

composition of the recovered catalyst by ED-XRF indicates leaching of Ag to the tune of 35.8%, 

while a minimal leaching of Au to the extent of 8.7% (see Fig. 7.8 (d)). The unexpectedly high 

leaching of Ag could be attributed to the possible formation of silver-amine borane complex. 

Although there have been instances in the literature on the combined use of both AB and NaBH4, 

the exact role of NaBH4 in altering the reaction rate is not clearly established.
9-13

It is reported 

that the release of hydrogen from AB is activated by the presence of bases and borohydrides.
14, 15
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Hence, in the similar line, our results can be attributed to a synergistic mechanism operating 

between the two hydrogen sources.  

 

 

Figure 7.7. FE-SEM (a, b), HR-TEM (c) and ED-XRF (d) analyses on recycled Fe3O4@AuAg-

10:10 alloy catalyst. The arrows indicate the polyborazylene regions. 
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Figure 7.8. Low magnification FE-SEM images of Fe3O4@AuAg-10:10 alloy catalyst after 5 

cycles. Scale bar = 500 nm. 

7.1.2 Magnetic studies 

Since the saturation magnetization (Ms) is an indicator of magnetic recoverability of a 

catalyst, we performed room temperature vibrating sample magnetometer (VSM) measurements 

for selected samples and the results are plotted in Fig 7.9. The saturation magnetization (Ms) 

value of the pristine Fe3O4 sample was reported to be ~174 emu/g.
16

 The Ms values obtained for 

Fe3O4@Au-10, Fe3O4@AuAg-10:10, Fe3O4@Ag-10 were 68.5, 82.1 and 98.1 emu/g, 

respectively. In comparison to the pristine Fe3O4, the decrease in Ms value of Fe3O4 with the 

incorporation of Au or Ag can be attributed to the shielding effect of diamagnetic noble 

metal/alloy shell layer coated over the Fe3O4 core. The obtained Ms values indicate that these 

materials retain sufficient magnetization, which is crucial for the excellent magnetic 

recoverability and reusability of the catalysts. 
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Figure 7.9. Magnetization as a function of external applied magnetic field for three samples as 

indicated in the figure. 

7.2  Conclusions 

The Fe3O4@Ag and Ag-rich alloy catalysts synthesized in this study have shown high 

catalytic efficacy for hydrogen generation than Fe3O4@Au and Au-rich alloy. Such a high 

catalytic efficacy has been found to be profound when a mixture of AB and NaBH4 is used rather 

than employing the hydrogen sources individually. The magnetic recoverability and recyclability 

studies on Fe3O4@AuAg-10:10 catalyst has demonstrated the efficient reusability of the catalysts 

even after 5 cycles. In general, a solvent-less simple physical grinding of a metal precursor over 

an oxide core followed by thermolysis is presented as a potential strategy for facile, robust, and 

cost-effective large scale synthesis of MO@M systems. In addition, the prime merit of this 

approach is to maintain the metal content in the resulting MO@M systems as per the feed ratio. 

We believe that this approach will be a paradigm shift for further synthetic explorations on 

different shell materials such as oxides, sulfides, nitrides, and non-noble metals via reduction of 

an initially formed oxide shell.  
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8.1 Introduction 

This chapter deals with the synthesis of Fe3O4@Pd nanostructures. The results obtained 

for structural, chemical, microstructural, magnetic characterization by using TGA-DTA, XRD, 

XPS, FE-SEM, BET, HR-TEM, and VSM techniques are discussed. The catalytic activity was 

tested for 4-nitrophenol reduction by sodium borohyride aqueous solution. Magnetic 

recoverability have also been demonstrated, 

The formation of Fe3O4@Pd core-shell nanostructures in near quantitative yields through 

a solid-state approach that involves a simple physical grinding of a metal precursor over Fe3O4 

core, followed by calcination. The process involves mixing of palladium precursor over the 

Fe3O4 core, which in turn facilitates a continuous shell layer post thermolysis. Palladium is 

exciting and excellent as a catalyst towards broad areas of industrial and chemical reactions It is 

well-known for heterogeneous catalysis in automobile industries,
1
 fuel cells,

2, 3
 energy storage

4, 5
 

electrochemical redox reactions,
6-8

 and many organic C-C coupling reactions.
9-11

 Few reports are 

available on Fe3O4 supported palladium (Pd) nanoparticles synthesis and their promising 

catalytic property towards nitro-group reduction using sodium borohydride as a hydrogen 

source.
12-14

 

Among the various applications, the reduction of nitro to amine functionality is an 

industrially relevant conversion. Aromatic amines find colossal use in the production of various 

components like dyestuff, rubber-processing, and drugs.
15

 These amines find use in the 

preparation of polyurethane polymers.
16

 The nitro to amine conversions takes place at elevated 

temperatures such as 200-300 C. A plethora of studies on nitro-group reduction, especially by 

sodium borohydride, in the presence of various types of catalysts has been well-documented.
17

 

The supported catalysts are preferred since such a design allows immobilization of catalytically 

active species at the surface, and thereby, helps prevent their agglomeration.
18

 From a sustainable 

perspective, magnetic recoverability is an important approach that has garnered an enormous 

attention.
19

 Among the various magnetic supports, magnetite can act as excellent support for 

nanoparticles as it is easily recoverable and reusable after catalysis experiments. 

We hypothesized that addition of non-surfactant based metal-based precursor over an 

oxide core followed by decomposition resulting in metallization and a progressively increasing 
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the metal precursor content would result in a continuous metal shell formation. Therefore, 

palladium acetate (Pd-ac) have been chosen as a source of Pd.   

8.2 Experimental details 

8.2.1 Materials. Commercial Fe3O4 obtained from Aldrich was chosen to be the core particles. 

The commercial Fe3O4 had a regular octahedron.  The particle dimension was approximately 

around 250 nm in both core materials. Palladium acetate, Pd(OAc)2 was also purchased from 

Aldrich.  

8.2.2 Core-shell synthesis.  In a typical core-shell synthesis using our solid-state approach, a 

calculated amount of the metal precursor, Pd-Ac was mixed with the magnetite core followed by 

thorough grinding for 10 min in order to achieve a uniform coating of the precursor over the 

Fe3O4 core. The obtained mixture was transferred to an autoclave and subjected to calcination at 

different temperatures for 2 h. An autoclave was used in order to avoid any surface oxidation 

during metallization. The core–precursor assembly after the calcination step was allowed to cool 

naturally inside the furnace, thus ensuring a slow cooling, unless otherwise mentioned. The 

resultant products have been labeled as Fe3O4@M-X, where M and X represent the metal and the 

weight percent of its corresponding precursor with respect to the initial Fe3O4 content, 

respectively. For instance, 100 mg of Fe3O4 was mixed with 10 mg of Pd(OAc)2 and 

decomposed, it results in sample Fe3O4@Pd-10. The nanostructures were characterized and 

tested for catalytic activity without any further purification. 

8.2.3 Catalysis: In catalytic 4-nitrophenol reduction experiment, 5 mg of the catalyst was added 

to 10 mL of a solution containing the mixture of 4-nitrophenol (0.143 mM) and NaBH4 (14.3 

mM). 

The reduction reaction was performed under pseudo-first order conditions that concentration of 

NaBH4 was maintained 100 times more than the concentration of 4-nitropheniol, The reaction 

was monitored by UV-vis spectrometer by monitoring absorbance of 400 nm peak due to 4-

nitrophenolate species. 
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8.3 Results and Discussion 

8.3.1 TGA-DTA studies 

The thermal stability of the precursors has been studied using thermogravimetric analysis. 

The thermal decomposition and the corresponding derivative plot of the precursors are given in 

the Fig. 8.1. The onset of the thermal decomposition in these precursors was found to be close to 

200 °C and the major mass loss was found to occur between 210 and 230 °C. Based on the 

derivative plot, the lowest calcination temperature in this study had been fixed at 250 °C. The 

calculated and experimental residual mass of the metals in the corresponding precursors is given 

in Table 8.1. 

 

Figure 8.1. Thermogravimetric and differential thermal analyses of the metal precursors used in 

this study. Black and red represent thermogravimetry and differential thermogravimetry, curves, 

respectively. 

Table 8.1. Calculated and experimental metal content (wt.%) in the Pd precursor used in this 

study.  

Sample Code Calculated  Experimental  

Pd-ac 48 45 
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8.3.2 XRD studies 

In case of Fe3O4@Pd, the XRD (Fig. 8.2 e-h) patterns revealed a strikingly contrast observation 

that the Pd (111) peak decreased with increasing loading of the Pd-Ac precursor. In 20% loading of the 

precursor, the Pd (111) peak intensity became negligible, which completely disappeared with further 

increment in the precursor loading. This is contradictory to that observed in Fe3O4@Au and Fe3O4@Ag 

reported in chapter 4 and 5. Interestingly, at the same time, with 30% loading of the Pd-Ac precursor, the 

formation of α-Fe2O3 phase was observed, whose relative amount increased at the expense of magnetite 

with further loading.  
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Figure 8.2 XRD patterns of Fe3O4@Pd-X obtanined after calcination at 250 C for 2 h. (e) 10 

mg, (f) 20 mg, (g) 30 mg and (h) 50 mg of precursor.  

We speculate that this observation can be attributed to the interaction between metal and 

the support. After the discovery of the strong metal-support interaction (SMSI) concept by 

Tausteret al.
20

 in 1978, further studies revealed that in several systems wherein a noble metal is 

supported onto an oxide, the support species migrate onto the metal particles and encapsulate 

them in an oxide matrix.
21, 22

 This effect was initiated and facilitated by the metal-metal bonding 

between the noble metal and the metal ion present in the support.
23

 In our study, the observed 
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trend in surface oxidation of Fe3O4 to α-Fe2O3 with higher loading of Pd-Ac further substantiates 

the occurrence of metal-support interaction in this system. 
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8.3.3 XPS studies 

Figure 8.3 (a) XPS profile of Fe3O4@Pd-X (X=10,20,30) and Pd 3d narrow scan spectra for 10, 

20 and 30 respectively. 

 

Fe3O4@Pd-10 was studied for its 3d core level XPS spectrum, which revealed the Pd 3d5/2 and 

Pd 3d3/2 peak values to be 335.4 and 340.7 eV, respectively. The characteristic Pd 3d peak values 

and their separation of 5.3 eV confirmed the presence of zero valent palladium.
24

 However, the 

non-Gaussian profile of these peaks at the tail end warranted their deconvolution that suggests 

the presence of a small amount of palladium in its +2 oxidation state. On increasing Pd content 

the fraction of Pd
2+

 was found to increase (Fig. 8.3). On heat treatment at 900 C for 2 h, the 

increase in the intensity of XPS peak corresponding to Pd
2+

 is obvious (Fig. 8.4). 
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Figure 8.4 (a) XPS profile of Fe3O4@Pd-10, Fe3O4@Pd-10 heat treated at 900 C and the 

duplicate spectra of the heat treated sample.  
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8.3.4 FE-SEM studies 

We further continued to explore the unique SMSI behavior of palladium, which is 

markedly different as opposed to gold and silver. The surface morphology of Fe3O4@Pd samples 

with increasing Pd-Ac precursor loading have been explored using FE-SEM analyses and are 

presented in Fig. 8.5. As can be observed, the Fe3O4@Pd-20 was found to possess nanoislands 

having size in the range of ~10 nm. When the weight percent of Pd-Ac was progressively 

increased, the size of the nanoislands was not increased proportionally, however, the number 

density of the nanoislands was found to be increasing. This phenomenon was prominent till the 

Pd-Ac loading was as high as 70 % (Fig. 8.5 (A-E)), above which a considerable amount of 

coalescence between the nanoislands has been observed. With 80% of the precursor loading (Fig. 

8.5 F), complete shell formation was also visible in several places. This strongly validates the 

SMSI in this system, thereby corroborating the surface oxidation of Fe3O4 to α-Fe2O3 with 

increasing Pd content, as observed with XRD. Thus, in our system, we believe that the surface of 

Fe3O4 gets oxidized during the calcination step to form α-Fe2O3 that encapsulates the Pd 

nanoparticles, which in turn prevents conjoining of Pd nanoislands to form a continuous shell 

layer. To study the effect of calcination on the nanoisland structures, the Fe3O4@Pd-10 was heat-

treated at 500 and 900 °C in air. At 500 °C, the Pd particles were found to be grown in size (Fig. 

8.5 G), possibly in the process of lateral spreading. At 900 °C, there were no nanoisland type 

structures, but flat conjoined magnetite core nanoparticles through possible Pd/α-Fe2O3 shell was 

evident (Fig. 8.5 H). 

 

Figure 8.5. High magnification FE-SEM images of Fe3O4@Pd-X, where X = normally cooled 

(A) 20, (B) 30, (C) 50, (D) 60, (E) 70, (F) 80, (G) 10 – heat treated at 500 C, and (H) 10 – heat 

treated at 900 C. 
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While the metal-mediated aggregation of the core-shell nanostructures with an increase in metal 

precursor loading was evident in Au and Ag systems, the observations for Pd systems is quite 

different. For Au and Ag the observations can be interpreted in terms of surface energy, while in 

Pd the spill-over of iron oxide over Pd play an important role. This is corroborated the 

observation of XRD results that on increasing Pd content, Fe2O3 covering the Pd islands leading 

to the amorphous like observation.  

8.3.5 HR-TEM studies 

Further evidence for this SMSI state in our system came from the HR-TEM analysis 

(Figure 8.6). To verify the presence of oxide coating over the Pd nanoislands, we performed the 

HR-TEM analysis over Fe3O4@Pd-10 calcined at 250 and 900 °C. The Fe3O4@Pd-10 calcined at 

250 °C (Figure 8.6 (A-C)) revealed the presence of Pd nanoislands over Fe3O4 core. It can also 

be observed that an ultrathin oxide coating layer (~2-3 nm) was present over the Fe3O4 surface 

and also encapsulating the Pd nanoislands. The lattice fringe widths determined in the islands 

was 0.23 nm, which confirmed the presence of Pd as nanoislands in crystalline form at this 

loading. The Fe3O4@Pd-10 calcined at 900 °C appeared as reddish brown in color, indicating the 

excessive surface oxidation of Fe3O4. The HR-TEM image of Fe3O4@Pd-10 did not show any 

metal nanoislands (Figure 8.6 (D-F)), but showed the aggregated nanoparticles whose surface 

was found to possess a thin shell layer, presumably due to the formation of palladium-iron oxide 

composite that can be represented as Fe3O4@Pd/α-Fe2O3.  
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Figure 8.6 HR-TEM images with various magnifications Fe3O4@Pd-10: (A-C) – heat treated at 

250 C, and (D-F) – heat treated at 900 C. It is clear that on heat-treatment the nanoislands like 

structure transforms into a core-shell structure. 

8.3.6 BET studies 

In case of Pd, the respective surface areas of Fe3O4@Pd-10 and Fe3O4@Pd-40 were found to be 

17.8 and 14.4 m
2
/g. Though the trend in the decrement in surface area with increasing the metal precursor 

loading is similar to Au and Ag, the absolute values reflect that the surface area values are much higher 

than the commercial Fe3O4 core. This could be attributed to the SMSI state, wherein Pd-nanodomains 

were formed over the Fe3O4 core along with an encapsulated layer of α-Fe2O3. When the Fe3O4@Pd-10 

was calcined at 500 and 900 °C, the surface area values obtained were 13.2 and 4.1 m
2
/g, respectively. As 

observed with FE-SEM, the calcination at 500 °C flattened the nanoislands, but did not result in severe 

inter-particle aggregation. However, the sample calcined at 900 °C was found to be highly aggregated and 

therefore resulted in a drastic decrement in the surface area. These results confirm that the structural 

evolution is different in Pd, when compared to gold and silver. 

8.3.7 Magnetic studies: 

As the magnetic property would be of interest for several applications, we probed the 

change in saturation magnetization (Ms) in Fe3O4@Pd-10 as a function of calcination 

temperature and the results are plotted in Fig. 8.7. The as-procured commercial Fe3O4 possessed 

a Ms value of ~174 emu/g, whereas the Fe3O4@Pd-10 synthesized at 250 °C possessed Ms value 

of 161.4 emu/g. Since the Fe3O4 to Pd weight ratio in this product is ~95:5, the Ms value reveals 

negligible loss in the magnetic property of the Fe3O4 core. However, the Ms values of 

Fe3O4@Pd-10 calcined at 500 and 900 °C were found to be 28.5 and 0.98 emu/g, respectively. It 

is obvious that the tremendous decrease in the Ms values can be attributed to the oxidation of 

Fe3O4 to α-Fe2O3. These results suggest that acceptable degree of magnetic properties are 

retained till a calcination temperature of 500 °C.  
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Figure 8.7. Plot of saturation magnetization (emu/g) vs external applied field for Commercial 

Fe3O4, Fe3O4@Pd-10 – heat treated at 250 C, Fe3O4@Pd-10 – heat treated at 500 C, and 

Fe3O4@Pd-10 – heat treated at 900 C. 

8.3.8 Catalytic studies: 

A demonstrative experiment was carried out to check the availability of Pd towards 

catalysis. The well-known p-nitrophenol reduction to p-aminophenol in the presence of NaBH4 

was carried out using Fe3O4@Pd-10 (Fig. 8.2.8), and these catalysts demonstrated a decent 

catalytic activity. The reduction reaction was found to progress well despite the presence of 

amorphous α-Fe2O3 layer over Pd. Fig. 8.2.9 shows the plot of (C/C0) vs time for progressive 

five cycles. The metal-support interaction phenomenon was not found to be universal for all 

noble metal and oxide combinations, but for selected metals and oxides combinations only. In 

some cases reported in the literature, the metal-support interaction state has been considered to 

be beneficial in catalysis. One such example is hydroformylation of ethylene over Pd/Nb2O5, in 

which the strong metal-support interaction state (SMSI) is known to catalyze the reaction, but 

not the non-SMSI state of Pd/Nb2O5.
25

 Naumann d’Alnoncourtet al. has reported the SMSI state 

between Pd/FeOx system and demonstrated it to be beneficial for CO oxidation.
26

 It is believed 

that the oxide provides the initial adsorption sites for the reactants, followed by the catalysis over 

the noble metal surface. 
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Figure 8.8 Plot of absorbance versus time. The decrease in the absorbance of 400 nm indicate 

the consumption of 4-nitrophenlate species. The appearance of peak at 300 nm is due to 

formation of 4-aminophenol product. 
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Figure 8.9 Plot of C/C0 versus time for the five successive cycles.  
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8.4  Conclusions 

We have shown a solid-state synthetic approach to fabricate Fe3O4@Pd core-shell 

nanostructures leading to gram scale synthesis in the laboratory conditions. Extensive 

characterizations using XRD, XPS, FE-SEM, and HR-TEM analyses have confirmed the 

successful synthesis of Fe3O4@Pd core-shell nanostructures. Furthermore, on increasing Pd 

content the Pd nanoislands do not coalesce to form a shell but the number density of Pd islands 

increased. On loading even 1:1 weight ratio of Fe3O4 to Pd.  Besides, on increasing Pd amount, 

the formation of -Fe2O3 was observed which was attributed to the interaction of strong metal 

(Pd) support (Fe3O4) interaction. Only on heating to 900 C, the Pd nanoislands were found to 

coalesce on the surface. The Pd catalyst exhibited catalytic activity towards 4-nitrophenol 

reduction. We believe that this approach will be a paradigm shift for further synthetic 

explorations on different shell materials such as oxides, sulfides, nitrides, and non-noble metals 

via reduction of an initially formed oxide shell.  
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9.1 Conclusions  

In this thesis, we present three aspects of nanoparticle synthesis. 1) A hydrocarbon based 

reducing agent for the synthesis of Au nanoparticles. The driving force of the Au
3+

 reduction is 

the reducing molecule attain aromaticity on sourcing H- species, and core-shell nanoparticles by 

solvent-less solid-state approach by coating a 2) surfactant based precursor, and 3) non-

surfactant precursor over a pre-formed core followed by heat-treatment. Such an approach led to 

the formation of metal-shell coating over oxide core.   

The Chapter 1 provides a broad introduction to the various synthetic aspects of gold nanoparticle 

and core-shell nanoparticles synthesis. Several characterization techniques and applications of 

the Au nanoparticles and core-shell nanostructures were also explained in this chapter. In chapter 

2, the chemicals and characterization tools were listed, which were utilized for the synthesis and 

analysis of the materials. 

Chapter 3 describes the design of a reducing agent and stabilizing ligand for the synthesis of Au 

nanoparticles was presented. Cycloheptatriene on losing H- converts to trophylium ion and the 

H- reduces Au
3+

 to Au in 3 minutes. The molar ratio of CHTE to Au
3+

 was 3:1. The trophylium 

ion formed acts as a weak ligand leading to the formation of Au nanoparticles of size 15 nm. The 

powder XRD for Au nanoparticles collected after centrifuging the reaction solution clearly 

indicate the Au phase. The 
1
H NMR spectra of the reaction solution also clearly indicate the 

presence of trophylium ion. A spurious NMR peak at a higher value has been assigned to 

trophylium ion present on the surface of Au nanoparticles.  

In chapter 4 to 6, the results of synthesis of Fe3O4@M (M=Au, Ag, AuAg) nanostructures by 

solid-state approach are presented. A calculated amount of surfactant-based metal precursor was 

added on to the pre-formed core followed by grinding. The grinding process aided by low 

melting behaviour of the precursor enable a smooth coating of the precursor onto the core. The 

resultant mixture was subjected to heat-treatment at 250 C for 2 h in an autoclave resulting in 

the formation of core-shell nanoparticles. For testing the applicability of the method SiO2@M 

(M=Au, Ag, AuAg) core-shell nanostructures were also prepared and characterized for their 

structural and physical features.    
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In chapter 4, synthesis and characterization of Fe3O4@Au nanostructures have been discussed. 

For this purpose, Au-TOAB precursor was used which in-turn was prepared by using a reported 

literature procedure. The Au-TOAB precursor was mixed with pre-formed Fe3O4 at room 

temperature by grinding for 10 min. After grinding process is completed, the resultant mixture 

was heat-treated at 250 C for 2 h in an autoclave. The samples were cooled normally to room 

temperature and the as-synthesized samples were used for characterization purposes and 

catalysis experiments. Presumably, on decomposition, the Au-TOAB convert to Au which seems 

to show melting behaviour and thereby forming a metal coating over the Fe3O4 core. The ED-

XRF shows that the initial feed ratio of metal is maintained in the products. The peak intensity of 

Au(111) increased with increasing precursor loading. The STEM and HR-TEM images 

confirmed the presence of the Au shell of thickness ~5-9 nm.  

In chapter 5, synthesis and characterization of Fe3O4@Ag nanostructures have been discussed. 

Silver N-lauryl sarcosinate precursor was used which in-turn was prepared by using a simple 

procedure. The surfactant based silver precursor was mixed with pre-formed Fe3O4 at room 

temperature by grinding for 10 min. After grinding process is completed, the resultant mixture 

was heat-treated at 250 C for 2 h in an autoclave. The samples were cooled normally to room 

temperature and the as-synthesized samples were used for characterization purposes and 

catalysis experiments. Due to the decomposed gases, Ag which seems to show reduced state and 

thereby forming a metal coating over the Fe3O4 core. The ED-XRF shows that the initial feed 

ratio of metal is maintained in the products. The peak intensity of Au(111) increased with 

increasing precursor loading. The STEM and HR-TEM images confirmed the presence of the Ag 

shell of thickness ~5 nm.  

In chapter 6, synthesis and characterization of Fe3O4@AuAg nanostructures have been 

discussed. The precursor used in earlier studies (chapter 4 and chapter 5) were used for Au and 

Ag sources. The surfactant based precursors were mixed with pre-formed Fe3O4 at room 

temperature by grinding for 10 min. After grinding process is completed, the resultant mixture 

was heat-treated at 250 C for 2 h in an autoclave. The samples were cooled normally to room 

temperature and the as-synthesized samples were used for characterization purposes and 

catalysis experiments. Both ED-XRF and XRD confirmed the alloy composition. The STEM and 
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HR-TEM images confirmed the presence of the Ag shell of thickness 5 nm. The SAXS patterns 

were sensitive to the composition especially at higher “q” confirming the alloy formation. 

In chapter 7, the catalytic efficacy of the as-synthesized core-shell nanostructures were studied. 

The Fe3O4@Ag and Ag-rich alloy catalysts synthesized in this study have shown high catalytic 

efficacy for hydrogen generation than Fe3O4@Au and Au-rich alloy. Such a high catalytic 

efficacy has been found to be profound when a mixture of AB and NaBH4 is used rather than 

employing the hydrogen sources individually. The magnetic recoverability and recyclability 

studies on Fe3O4@AuAg-10:10 catalyst has demonstrated the efficient reusability of the catalysts 

even after 5 cycles.   

In chapter 8, we have tested solid-state synthesis approach for non-surfactant based precursor, 

palladium acetate for the synthesis of Fe3O4@Pd core-shell nanostructures. Pd nanoislands were 

observed to be formed on the surface of Fe3O4. On increasing Pd content in the initial feed the 

number density of Pd islands increased and also resulted on the formation of a -Fe2O3 phase. 

From HR-TEM, an amorphous layer was observed which hindered the coalescence of Pd 

nanoislands. This observation was attributed to metal support interaction. At high Pd loading and 

high temperature, the Pd nanoislands coalesce to shell layer. The catalytic efficacy of Fe3O4@Pd 

was tested for 4-nitrophenol reduction reaction and magnetic recoverability was also tested. 
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9.2 summary 

The development of synthetic strategies for nanoparticles and cores-hell nanostructures is 

a continually progressing and evolving field. In this thesis, a solid-state solvent-less surfactant 

based metal precursor has been shown to be strategy which is highly scalable, eco-friendly and 

product composition control as per the initial feed ratio.  

Though only a limited number of oxide core and metal precursor have been 

demonstrated, a numerous other oxides, sulphides, nitrides cores and other metal shells. 

Furthermore, this approach potentially reserves the possibility of those metal shells via forming 

their corresponding oxides followed by reduction. Such a strategy would be applicable for the 

oxides, whose reduction potential lie above that of hydrogen in the Ellingham diagram. 

Furthermore, the versatility of the approach was also demonstrated for the cores having different 

shapes. The foundation behind application of materials is the compatibility. The 

functionalization and creating colloidal dispersion from core-shell nanostructures prepared by 

solid-state approach can push the applications of the materials beyond catalysis. As evident, the 

coating of metal shell over oxide core and controlling the thickness are challenging problems. It 

would be interesting to apply solid state approach reported in this thesis to metal coating on 

oxide thin-films. Further in-situ characterization would throw more light on the core-shell 

interface formation and properties.   
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