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Abstract 

Nanoparticles exhibit size and shape dependent optical, magnetic and other physicochemical 

properties, which are different from that of bulk materials. Among the nanoparticles, core-shell 

nanoparticles are receiving immense interest due to their versatile physicochemical properties 

and various potential applications. The properties of core-shell nanoparticles strongly depend 

on composition, size of the core, shell and ratio of core to shell. These materials show improved 

properties compared to their individual components and this has been attributed to synergistic 

interaction between the core and shell. Due to their improved properties, core-shell 

nanoparticles have been used in various applications such as photocatalysis, adsorption, data 

storage, supercapacitors, solar cells, drug delivery, bio-imaging, tumor therapy, etc. Various 

physical and chemical methods have been reported for the synthesis of core-shell nanoparticles. 

But, the synthesis of core-shell nanoparticles with uniform and controlled shell thickness is still 

a challenge. 

In the present study, different core-shell nanoparticles were synthesized and the nanoparticles 

that have been investigated are: (i) SiO2@CdS (Type-I) and ZnO@CdS (Type-II), (ii) 

semiconductor-metal based core-shell nanoparticles (ZnO@Ag and Cu2O@Ag), and (iii) 

nanorattle type core-shell nanoparticles (SiO2@Co3O4 and SiO2@Ni-Co mixed metal oxides). 

The core materials with different shapes were first synthesized by StӦber’s process, 

homogeneous precipitation, and solution route. In the next step, deposition of shell 

nanoparticles with different thickness was carried out via novel and economical methods such 

as homogeneous precipitation and thermal decomposition. The synthesized core-shell 

nanoparticles were characterized by an array of analytical techniques. After thorough 

characterization, optical properties of the core-shell nanoparticles were studied. Some of the 

interesting applications of synthesized core-shell nanoparticles have also been demonstrated. 

The present thesis consists of seven chapters and a brief description of each chapter is as 

follows. 

Chapter 1 deals with a brief historical perspective of nanotechnology, an introduction to core-

shell nanoparticles, classification of core-shell nanoparticles, and their various synthetic 

methods. Different examples elucidating the optical, magnetic and electrochemcial properties 

of core-shell nanoparticles have been discussed. At the end, some of the multi-functional 

applications of core-shell nanoparticles in different fields have been briefly described. 
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Chapter 2 deals with various analytical techniques which were used to characterize the core-

shell nanoparticles and the sample preparation methods for the measurements. The analytical 

techniques include powder X-ray diffraction, Fourier transform infrared spectroscopy, thermal 

gravimetric analysis, field emission scanning electron microscopy, energy dispersive X-ray 

analysis, transmission electron microscopy, selected area electron diffraction, X-ray 

photoelectron spectroscopy, zeta potential and BET surface area analysis. Optical properties of 

the core-shell nanoparticles were studied using UV-Visible diffuse reflectance spectroscopy 

and photoluminescence spectroscopy. 

Chapter 3 deals with the synthesis of SiO2@CdS (Type-I) and ZnO@CdS (Type-II) core-shell 

nanoparticles via a novel thermal decomposition approach. This chapter contains two sections 

and each one of them has been discussed separately. 

In the first section, SiO2@CdS core-shell nanoparticles have been synthesized by a simple 

thermal decomposition approach. The synthesis involves two steps. In the first step, SiO2 

spheres were synthesized using StÖber’s process. Then, cadmium sulfide nanoparticles were 

deposited on the SiO2 spheres by the thermal decomposition of cadmium acetate and thiourea 

in ethylene glycol at 180 oC. XRD results indicate the presence of CdS nanocrystallites in all 

the SiO2@CdS samples. Electron microscopy images show uniform deposition of cadmium 

sulfide nanoparticles on the surface of SiO2 spheres. Electron diffraction patterns confirm 

crystalline nature of cadmium sulfide nanoparticles on the surface of silica and HRTEM images 

clearly show the lattice fringes due to cubic cadmium sulfide. Diffuse reflectance spectroscopy 

results show blue shift of band gap absorption of SiO2@CdS core-shell nanoparticles with 

respect to bulk cadmium sulfide and this is attributed to quantum size effect. 

Photoluminescence results show enhancement in intensity of band edge emission of CdS and 

weaker emission due to surface defects in the SiO2@CdS core-shell nanoparticles compared to 

pure cadmium sulfide nanoparticles. 

In the second section, ZnO@CdS core-shell heteronanostructures with different shell thickness 

(20 nm to 45 nm) have been successfully synthesized by a novel thermal decomposition 

approach and the synthesis involves three steps. In the first step, ZnO nanorods were 

synthesized by homogeneous precipitation method. Then, the surface of ZnO nanorods was 

functionalized using citric acid as the surface modifying agent. Finally, cadmium sulfide shell 

was deposited on the surface modified ZnO nanorods by the thermal decomposition of 

cadmium acetate and thiourea in ethylene glycol at 180 oC. XRD results indicate the presence 
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of ZnO and CdS in all the ZnO@CdS samples. SEM and TEM results prove the deposition of 

CdS shell on the surface of ZnO nanorods. SAED patterns indicate crystalline nature of the 

ZnO@CdS core-shell nanoparticles. DRS results show blue shift of CdS band gap absorption 

in ZnO@CdS with respect to bulk CdS and PL results show evidence for synergistic interaction 

between ZnO and CdS nanoparticles. 

Chapter 4 deals with the synthesis of semiconductor-metal based core-shell nanoparticles 

(ZnO@Ag and Cu2O@Ag) via a novel thermal decomposition approach. This chapter contains 

two sections and each one of them has been discussed separately. 

In the first section, ZnO@Ag core-shell heteronanostructures with varying amounts of silver 

nanoparticles on ZnO nanorods were synthesized via a novel and economical thermal 

decomposition approach. ZnO nanorods were first synthesized by homogeneous precipitation 

method and silver nanoparticles were subsequently deposited on the surface of ZnO nanorods 

by the thermal decomposition of silver acetate in diphenyl ether at 220 oC. The amount of silver 

nanoparticles on the ZnO nanorods was controlled by varying the concentration of silver 

acetate during the thermal decomposition. XRD results confirm the presence of silver 

nanoparticles (size = 24-31 nm) in the ZnO@Ag samples. SEM and TEM images prove the 

presence of silver nanoparticles on the surface of ZnO nanorods. XPS results indicate the 

presence of metallic silver in the ZnO@Ag core-shell heteronanostructures. DRS results show 

characteristic surface plasmon resonance absorption due to silver nanoparticles and PL results 

indicate an effective separation of photogenerated electron-hole pairs in the ZnO@Ag core-

shell heteronanostructures as compared to that in pristine ZnO nanorods. 

In the second section, Cu2O@Ag polyhedral core-shell nanoparticles with different 

morphologies (rhombicuboctahedron, cuboctahedron, truncated octahedron, and octahedron) 

have been successfully synthesized via a novel thermal decomposition approach and the 

synthesis involves two steps. In the first step, Cu2O polyhedral microcrystals with various 

morphologies were synthesized via a solution route.  In the second step, silver shell was 

deposited on Cu2O samples by thermal decomposition of silver acetate at 220 oC followed by 

growth at 150 oC in diphenyl ether. XRD results confirm the presence of Cu2O and silver in 

the Cu2O@Ag samples. SEM images show rhombicuboctahedron, cuboctahedron, truncated 

octahedron, and octahedron morphologies for Cu2O samples. SEM and TEM studies prove the 

formation of silver nanoparticles shell on the Cu2O polyhedral microcrystals. SAED patterns 

confirm the crystalline nature of Cu2O@Ag samples and diffuse reflectance spectra of 
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Cu2O@Ag polyhedral core-shell nanoparticles show band gap absorption due to Cu2O as well 

as surface plasmon resonance due to silver nanoparticles. 

Chapter 5 deals with the synthesis of SiO2@Co3O4 and SiO2@Ni-Co mixed metal oxide core-

shell nanorattles via homogeneous precipitation method. This chapter contains two sections 

and each one of them has been discussed separately. 

In the first section, SiO2@Co3O4 core-shell nanorattles with different Co3O4 shell thickness 

have been synthesized by calcination of SiO2@-Co(OH)2 at 500 oC and the synthesis involves 

two steps. In the first step, SiO2 microspheres were synthesized using StÖber’s process. In the 

second step, -Co(OH)2 was deposited on SiO2 microspheres via homogeneous precipitation 

and the obtained samples were calcined at 500 oC to get SiO2@Co3O4 core-shell nanorattles. 

The shell thickness was controlled by varying the concentration of cobaltous nitrate ([Co2+] = 

5, 10 and 15 mM) used during the synthesis.  XRD results indicate the presence of Co3O4 in 

all the SiO2@Co3O4 samples. SEM analysis indicates hierarchical core-shell morphology for 

SiO2@Co3O4 and TEM results indicate core-shell nanorattle morphology for the particles. 

SAED patterns demonstrate polycrystalline nature of Co3O4 shell on the SiO2. BET surface 

area measurements show higher surface area for SiO2@Co3O4 samples as compared to that for 

pure SiO2 and Co3O4 nanoparticles which is attributed to the nanorattle morphology of 

SiO2@Co3O4. Diffuse reflectance spectroscopy studies indicate that SiO2@Co3O4 core-shell 

nanorattles exhibit two absorption bands in the range 420-450 nm and 700-750 nm attributed 

to two ligand to metal charge transfer transitions (O2− → Co2+ and O2− → Co3+). 

In the second section, SiO2@Ni-Co mixed metal oxide core-shell nanorattles with different 

Ni2+:Co2+ molar ratios have been synthesized through a facile, inexpensive and self-template 

route by the calcination of SiO2@Ni-Co layered double hydroxides at 500 oC. The synthesis 

involves two steps. In the first step, SiO2 microspheres were synthesized using StÖber’s 

process. In the second step, Ni-Co layer double hydroxide shell was deposited on the SiO2 

microspheres via homogeneous precipitation and the obtained samples were calcined in air at 

500 oC to get SiO2@Ni-Co mixed metal oxide core-shell nanorattles. The shell composition 

was controlled by varying the molar ratio of cobaltous nitrate and nickel nitrate ([Ni2+]: [Co2+] 

= 7:3, 5:5, 3:7; total concentration = 10 mmol) during the synthesis.  XRD results confirm the 

formation of Ni-Co mixed metal oxides (NiO, Co3O4, NiCo2O4) in all the SiO2@Ni-Co mixed 

metal oxide core-shell nanorattles. Field emission scanning electron microscopy analysis 

indicates hierarchical flower-like morphology for the SiO2@Ni-Co mixed metal oxide core-
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shell nanorattles and transmission electron microscopy analysis confirms the formation of core-

shell nanorattles. BET surface area analysis indicates higher surface area for SiO2@Ni-Co 

mixed metal oxide core-shell nanorattles compared to their counter parts and diffuse 

reflectance spectra show two band gap absorptions in the mixed metal oxide core-shell 

nanorattles attributed to metal to ligand charge transfer transitions (Mn+ → O2-). 

Chapter 6 deals with the applications of core-shell nanoparticles/nanorattles, 

synthesized in the present study. ZnO@CdS and ZnO@Ag core-shell 

heteronanostructures were explored as photocatalysts for the degradation of methylene 

blue in aqueous solutions under sunlight. The ZnO@CdS and ZnO@Ag core-shell 

heteronanostructures exhibit better photocatalytic activity compared to their individual 

counter parts. Cu2O@Ag polyhedral core-shell nanoparticles were explored as catalysts 

for the reduction of 4-nitrophenol and methylene blue in aqueous solutions. The 

Cu2O@Ag polyhedral core-shell nanoparticles were better catalysts compared to their 

individual counter parts as well as previously reported catalysts. SiO2@Co3O4 core-shell 

nanorattles were explored as an artificial peroxidase-like enzyme mimic. The 

SiO2@Co3O4 core-shell nanorattles exhibit enhanced peroxidase-like activity compared 

to pure Co3O4 nanoparticles. The SiO2@Ni-Co mixed metal oxide core-shell nanorattles 

were explored as adsorbents for the removal of rhodamine B and methylene blue and 

their mixture in aqueous solutions. The SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles exhibit higher adsorption capacity as compared to pure components as well 

as physical mixture of NiO and Co3O4. 

Chapter 7 deals with an overall summary of the work done in the present study and 

future prospects. 
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indicating the reduction of 4-nitrophenol using Au100@Ag core-shell nanoparticles, (c) 

plot of ln (Ao/At) vs. time for the reduction of 4-nitrophenol using Au@Ag core-shell 

nanoparticles with various Au core size (a = 10, b = 20, c = 40, d = 60, e = 80, and f = 

100 nm), and (d) catalytic efficiency of Au@Ag core-shell nanoparticles with various 

Au core size [49]. 

1.31 (a) Schematic representation of synthesis of Pd@hm-CeO2 yolk-shell nanoparticles, (b, 

c) high and low magnification TEM images of the yolk-shell nanoparticles. Inset shows 

the HRTEM image of Pd@hm-CeO2 yolk-shell nanoparticles [172]. 

1.32 Schematic diagrams of core-shell nanoparticles towards photocatalysis (a) based on 

core or shell interactions, and (b) based on hierarchical structure functions [161]. 

1.33 (a) Photocatalytic activity of various catalysts (ZnO, nitrogen doped ZnO (ZON), bulk 

g-C3N4 (BCN), g-C3N4 nanosheets (CNNS), and nitrogen doped ZnO@g-C3N4 core-

shell nanoparticles (CNZON5 and CNZON10)) towards photodegradation of 

rhodamine B in an aqueous solution, (b) ln (Ct/Co) vs. time plots using the various 

catalysts, and (c) Z-scheme mechanism for the photodegradation of rhodamine B using 

nitrogen doped ZnO@g-C3N4 core-shell nanoparticles [178]. 
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1.34 (a) Volume of hydrogen evolution vs. time from ammonia borane aqueous solution 

using various catalysts, and (b) recyclability and stability of Pd@Co@MIL-101 yolk-

shell nanoparticles for hydrogen evolution from ammonia borane aqueous solution 

[180]. 

1.35 Sensing mechanism of various gases using Au@ZnO core-shell nanoparticles under air 

and targeted gas [182]. 

1.36 (a) Schematic representation of quantum dots sensitized solar cell (QDSCs), and (b) 

interfacial charge transfer mechanism in QDSCs [183]. 

1.37 (a, b) SEM and TEM images of double shelled Fe3O4@SiO2 core-shell nanorattles, and 

(c) microwave reflection loss curves of various materials (a = Fe3O4 nanoparticles, b = 

Fe3O4@SiO2 microspheres, c = single shelled Fe3O4@SnO2 yolk-shell nanorattles, and 

(d-f) = double shelled Fe3O4@SnO2 yolk-shell nanorattles with various core size, void 

size and shell thickness) [187]. 

1.38 Schematic representation of mechanism for photo-chemo therapy of human alveolar 

cancer cells A549 using DOX loaded g-C3N4@ZIF-8 core-shell nanoparticles [189]. 

3.1.1 (a) TEM image of Au@polystyrene core-shell nanoparticles [21], and (b, c) TEM and 

HRTEM images of ZnO@In2S3 core-shell nanoparticles [24]. 

3.1.2 TEM images of (a) PbS@SiO2 core-shell nanoparticles [39], (b) ZnO@SiO2 core-shell 

nanorods [41], (c) SiO2@TiO2 core-shell nanoparticles [46], and (d) 

SiO2@Ag@SiO2@TiO2 core-multishell nanoparticles [49]. 

3.1.3 Schematic illustration of CdS nanoparticles deposition on mesoporous SiO2 

microspheres via layer-by-layer self-assembly [50]. 

3.1.4 TEM images of SiO2@CdS core-shell nanoparticles prepared by (a, b) layer-by-layer 

self-assembly [50,51], (c) sonochemcial deposition [52], and (d) solution route [54]. 

3.1.5 XRD patterns of silica, cadmium sulfide, and SiO2@CdS core-shell nanoparticles (S1 

to S4). 

3.1.6 FT-IR spectra of (a) as prepared silica, pure CdS nanoparticles and SiO2@CdS core-

shell nanoparticles prepared using unactivated silica (S1 and S2), and (b) activated 

silica, pure CdS, and SiO2@CdS core-shell nanoparticles prepared using activated 

silica (S3 and S4). 
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3.1.7 FE-SEM images of SiO2 microspheres, CdS nanoparticles and SiO2@CdS core-shell 

nanoparticles prepared using unactivated silica (S1 and S2) and activated silica (S3 and 

S4). 

3.1.8 EDX patterns of SiO2@CdS core-shell nanoparticles prepared using (a, b) unactivated 

silica sample S1 and S2, and (c, d) activated silica sample S3 and S4. 

3.1.9 FE-SEM images of SiO2@CdS core-shell nanoparticles demonstrating the effect of 

temperature (a) (i) 150 oC and (ii) 180 oC and the effect of sonication time (b) (i) without 

sonication and (ii) with sonication. 

3.1.10 FE-SEM images of SiO2@CdS core-shell nanoparticles (sample S1) prepared at 

different thermal decomposition timings; (a) 30 min, (b) 60 min and (c) 90 min at 180 

oC. 

3.1.11 TEM images of SiO2 microspheres, CdS nanoparticles and SiO2@CdS core-shell 

nanoparticles prepared using unactivated silica (S1 and S2) and activated silica (S3 and 

S4). 

3.1.12 HRTEM images of CdS nanoparticles and SiO2@CdS core-shell nanoparticles 

prepared using unactivated silica (S1 and S2) and activated silica (S3 and S4). 

3.1.13 (a) DRS spectra for SiO2@CdS core-shell nanoparticles (inset shows the enlarged 

portion) and (b) estimation of band gap of CdS and SiO2@CdS samples using the Tauc 

plots. 

3.1.14 Photoluminescence spectra for silica, pure CdS and SiO2@CdS core-shell nanoparticles 

(S1 to S4). 

3.2.1 A schematic representation of wurzite and zinc blende crystal structure of ZnO [87]. 

3.2.2 Various morphologies of ZnO; (a) flower-like, (b) tetrapod, (c) tube, (d) wire, (e) comb-

like, (f) columnar nanoplates, (g) belt-like, (h) hexagonal ring, and (i) cone-like [87–

91]. 

3.2.3 TEM and HRTEM images of (a, b) ZnO coupled with ZnS [97] and (c, d) ZnO coupled 

with ZnSe [98]. 

3.2.4 Schematic illustration of the synthesis of ZnO@CdS core-shell nanorod arrays using 

solution route [86]. 
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3.2.5 TEM and HRTEM images of ZnO@CdS core-shell nanoparticles synthesized via (a, b) 

solution route [86] and (c, d) successive ionic layer adsorption and reaction [106]. 

3.2.6 XRD patterns for pure ZnO, surface modified ZnO, CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). The inset shows peaks due to CdS. 

3.2.7 FT-IR spectra of pure ZnO, surface modified ZnO, CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). 

3.2.8 TGA patterns of pure ZnO and surface functionalized ZnO hexagonal nanorods. 

3.2.9 FE-SEM images of pure ZnO, CdS and ZnO@CdS core-shell nanoparticles (ZC1, ZC2 

and ZC3). 

3.2.10 EDX analysis patterns of ZnO@CdS core-shell nanoparticles; (a) ZC1, (b) ZC2, and 

(c) ZC3. 

3.2.11 FE-SEM images of ZnO@CdS samples: (a) prepared at different temperatures (i) 150 

oC and (ii) 180 oC, and (b) ZnO@CdS samples prepared using (i) surface unmodified 

ZnO nanorods and (ii) surface modified ZnO nanorods. 

3.2.12 FE-SEM images of ZnO@CdS samples prepared at different thermal decomposition 

times: (i) 30 min, (ii) 60 min and (iii) 90 min. 

3.2.13 TEM images of ZnO nanorods, CdS nanoparticles and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3) and the insets show the corresponding SAED 

patterns. 

3.2.14 HRTEM images of CdS nanoparticles and the ZnO@CdS core-shell nanoparticles 

(ZC1, ZC2 and ZC3). 

3.2.15 (a) UV-Visible diffuse reflectance spectra and (b) Tauc plots for ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). 

3.2.16 Photoluminescence spectra of ZnO nanorods, CdS nanoparticles and ZnO@CdS core-

shell nanoparticles (ZC1, ZC2 and ZC3). 

4.1.1 TEM and HRTEM images of (a, b) Au@Ag2S and (c, d) Au@PbS core-shell 

nanoparticles [17]. Here Au is the core material. 

4.1.2 TEM and HRTEM images of (a, b) GaAs@Si [29] and (c, d) GaP@Si [30] core-shell 

nanoparticles. Here Si is the shell material. 
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4.1.3 Schematic representation of silver based core-shell heterostructures and their various 

applications [4,7–9]. 

4.1.4 Schematic representation of silver deposition on ZnO nanorods using photodeposition 

[50]. 

4.1.5 TEM and HRTEM images of ZnO@Ag core-shell heterostructures prepared using (a, 

b) solvothermal method [44] and (c, d) chemical reduction method [52]. Inset in Figure 

4.1.5b shows the FFT pattern of Ag in the ZnO@Ag core-shell heterostructures. 

4.1.6 XRD patterns of ZnO and ZnO@Ag core-shell heteronanostructures (A1, A2 and A3). 

4.1.7 FE-SEM images of ZnO nanorods and ZnO@Ag core-shell heteronanostructures (A1, 

A2 and A3). 

4.1.8 SEM-EDX of ZnO nanorods and ZnO@Ag core-shell heteronanostructures (A1, A2 

and A3). 

4.1.9 TEM images of ZnO and ZnO@Ag core-shell heteronanostructures (A1, A2 and A3). 

4.1.10 SAED patterns of ZnO and ZnO@Ag core-shell heteronanostructures (A1, A2 and A3). 

4.1.11 (a) XPS survey spectra of ZnO@Ag sample A1, and (b-d) high resolution XPS spectra 

of Zn 2p, O 1s, and Ag 3d, respectively. 

4.1.12 UV-Visible diffuse reflectance spectra of ZnO nanorods and ZnO@Ag core-shell 

heteronanostructures. The UV-Vis spectrum of Ag nanoparticles is shown as inset. 

4.1.13 Photoluminescence (PL) spectra of ZnO nanorods and ZnO@Ag core-shell 

heteronanostructures. The PL spectrum of Ag nanoparticles is shown as inset. 

4.1.14 FE-SEM images of ZnO@Ag samples prepared at different thermal decomposition 

temperatures. 

4.1.15 FE-SEM images of ZnO@Ag samples prepared at different thermal decomposition 

times. 

4.2.1 Crystal structure and various polyhedral morphologies of Cu2O with low index facets 

[75]. 

4.2.2 SEM images of various polyhedral Cu2O microcrystals with low and high index facets; 

(a) cube, (b) hopper cube, (c) 6-pod branched structure, (d) octahedra, (e) cuboctahedra, 
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(f) rhombicuboctahedra, (g) 26-facet octahedra, (h) 50-facet polyhedra with high index 

{211} facets, and (i) 50-facet polyhedra with high index {522} facets [76,79,80]. 

4.2.3 Schematic representation of Cu2O based core-shell heterostructures and their 

applications [70,71]. 

4.2.4 Schematic illustration of synthesis of Cu2O@Ag polyhedral core-shell microcrystals 

using a one-pot solution route [95]. 

4.2.5 Schematic illustration of deposition of Ag nanoparticles on branched Cu2O 

microcrystals via galvanic displacement [99]. 

4.2.6 TEM and HRTEM images of Cu2O@Ag core-shell nanoparticles synthesized via (a, b) 

one-pot room temperature method [94] and (c, d) successive one-pot route [95]. 

4.2.7 XRD patterns of Cu2O polyhedral microcrystals (C1, C2, C3, and C4). Inset shows the 

I(111)/I(200) ratio for different Cu2O microcrystals. 

4.2.8 XRD patterns of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A and 

C4A). 

4.2.9 FT-IR spectra of polyhedral Cu2O microcrystals (C1, C2, C3, and C4). 

4.2.10 TGA patterns of polyhedral Cu2O microcrystals (C1, C2, C3, and C4). 

4.2.11 FE-SEM images of Cu2O microcrystals with different shapes (C1, C2, C3, and C4). 

4.2.12 FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, 

and C4A). 

4.2.13 SEM-EDX of Cu2O polyhedral microcrystals (C1, C2, C3 and C4). 

4.2.14 SEM-EDX of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A and 

C4A). 

4.2.15 FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticles prepared at 

nucleation time (Nt) and growth time (Gt) of 15 mins, and [CH3COOAg] = 0.075 mM. 

4.2.16 FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticle samples prepared 

using 0.05 mM silver acetate, and nucleation time (Nt) and growth time (Gt) of 30 min. 
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4.2.17 TEM images of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, and 

C4A). The samples were prepared by refluxing conditions at 220 oC, 30 min followed 

by refluxing at 150 oC, 30 min and [CH3COOAg] = 0.075 mM. 

4.2.18 SAED patterns of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, 

and C4A). 

4.2.19 DRS spectra of Cu2O polyhedral microcrystals (C1, C2, C3, and C4). 

4.2.20 DRS spectra of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, and 

C4A) along with the spectrum of silver nanoparticles. 

5.1.1 Types of nanorattles and various applications [7-13]. 

5.1.2 TEM images of different metal oxide nanorattles; (a) SiO2 [17], (b) Fe2O3 with multi-

shells [19], (c) SnO2 [20], and (d) TiO2 [21]. 

5.1.3 TEM images of (a) Au@SiO2 nano-matryoshka [24], (b) Fe3O4@TiO2 [29], (c) 

SnS2@TiO2 [31], and (d) SnO2@C [36] nanorattles. 

5.1.4 TEM images of (a) SiO2@TiO2 [38], (b) Ru@SiO2 [43], (c) Ni@SiO2 [44], and (d) 

Fe2O3@SiO2 [45] nanorattles. 

5.1.5 TEM images of (a) Co3O4 multishells [59], (b) Pd loaded Co3O4 multishells [60], (c) 

Co3O4@SiO2 [61], and (d) Fe3O4@Co3O4 [62] nanorattles. 

5.1.6 Schematic representation of synthesis of Fe2O3 nanorattles with multiple shells by spray 

pyrolysis method [19]. 

5.1.7 Schematic representation of synthesis of Ag@Pt yolk-shell using galvanic 

displacement [64]. 

5.1.8 XRD patterns of (i) as prepared SiO2, (ii-iv) SiO2@-Co(OH)2 samples (P1, P2 and 

P3), and (v) -Co(OH)2. 

5.1.9 XRD patterns of (i) SiO2, (ii-iv) SiO2@Co3O4 (S1, S2, and S3), and (v) Co3O4. All the 

samples were calcined at 500 oC. 

5.1.10 (a) FT-IR spectra of (i) as prepared SiO2, (ii) -Co(OH)2, and (iii-v) SiO2@-Co(OH)2 

samples (P1, P2 and P3) and (b) FT-IR spectra of (i) SiO2, (ii) Co3O4, and (iii-v) 
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SiO2@Co3O4 (S1, S2, and S3) samples after calcination at 500 oC. The inset shows the 

magnified view of IR bands for SiO2@Co3O4 samples (S1, S2, and S3). 

5.1.11 TGA patterns of (a) as prepared SiO2, (b) -Co(OH)2, and (c-e) SiO2@-Co(OH)2 

samples (P1, P2 and P3). 

5.1.12 FE-SEM images of (a) as prepared SiO2 (b) -Co(OH)2, and (c-e) SiO2@-Co(OH)2 

samples (P1, P2 and P3). 

5.1.13 FE-SEM images of (a) Co3O4, and (b-d) SiO2@Co3O4 samples (S1, S2, and S3). All 

the samples were calcined at 500 oC. 

5.1.14 EDX spectra of (a) -Co(OH)2 and (b-d) SiO2@-Co(OH)2 core-shell nanorattles (P1, 

P2 and P3). 

5.1.15 EDX spectra of (a) Co3O4 and (b-d) SiO2@Co3O4 core-shell nanorattles (S1, S2 and 

S3). 

5.1.16 TEM images of (i) SiO2, (ii) Co3O4, and (iii and iv) SiO2@Co3O4 samples (S1, and S2). 

The images are obtained for all the samples after calcination at 500 oC. 

5.1.17 SAED patterns of (i) Co3O4, and (ii and iii) SiO2@Co3O4 core-shell nanorattles (S1, 

and S2). 

5.1.18 (a) UV-Visible DRS spectra of (i) Co3O4, and (ii and iii) SiO2@Co3O4 core-shell 

nanorattles (S1 and S2) and (b) Tauc plots of (i) Co3O4, and (ii and iii) SiO2@Co3O4 

core-shell nanorattles (S1 and S2). 

5.1.19 (a) TEM images of SiO2@-Co(OH)2 samples (P1) synthesized at 2 h, 4 h and 6 h and 

(b) TEM images of SiO2@Co3O4 obtained on calcination of SiO2@-Co(OH)2 (P1) at 

500 oC for 1 h and 3 h. 

5.2.1 TEM images of various binary transition metal oxide nanorattles; (a) ZnCo2O4 [96], (b) 

ZnFe2O4 with double shell [97], (c) MnCo2O4 [98], and (d) CoFe2O4 [99]. 

5.2.2 TEM images of various multi-transition metal oxide nanorattles; (a) Mn0.75Co0.25Fe2O4 

[100], (b) LiNi0.8Co0.15Al0.05O2 [101], (c) TiO2-Al2O3-ZrO2-CeO2- Y2O3 [102], and (d) 

AB2O4 (A = Cu, Zn, Ni, B = Co, Mn, Fe, Mo, Cr) [103]. 
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5.2.3 (a) SEM image of CoSn(OH)6, (b, c) TEM and HRTEM images of CoSn(OH)6 

nanorattles [104], (d) TEM image of MgFe-LDH [105], and (e, f) SEM and TEM 

images of SiO2@NiAl-LDH nanorattles [106]. 

5.2.4 TEM images of (a) Pd@AuxCu1-x [108], (b) Fe3O4@NiSiO3 [112], (c) -

Fe2O3@SiO2@SiO2 [115], and (d) Fe3O4@C@TiO2 [120] nanorattles. 

5.2.5 Schematic representation of the synthesis of mixed metal oxide nanorattles using 

ultrasonic spray pyrolysis [103]. 

5.2.6 (a) XRD patterns of SiO2@Ni-Co LDH samples (PM1, PM2, and PM3), and Ni-Co 

LDH ([Ni2+:Co2+] = 1:2); (b) XRD patterns of SiO2@Ni-Co mixed metal oxides (M1, 

M2, and M3), and NiCo2O4. 

5.2.7 XRD patterns of (i) NiO, (ii) Co3O4, (iii) SiO2@NiO, and (iv) SiO2@Co3O4 samples. 

5.2.8 (a) XRD patterns of pure Ni-Co LDH samples, and (b) pure Ni-Co mixed metal oxides 

which were obtained after calcination of the corresponding Ni-Co LDH samples at 500 

oC in air. 

5.2.9 (a) FT-IR spectra of (i) as prepared SiO2, (ii-iv) SiO2@Ni-Co LDH samples (PM1, 

PM2, and PM3), and (v) Ni-Co LDH (Ni2+:Co2+ = 1:2); (b) FT-IR spectra of (i) SiO2 

after calcination, (ii-iv) SiO2@Ni-Co mixed metal oxides (M1, M2, and M3), and (v) 

NiCo2O4. 

5.2.10 TGA patterns of (a) (i) as prepared SiO2, (ii-iv) SiO2@Ni-Co LDH samples (PM1, 

PM2, and PM3), and (v) Ni-Co LDH (Ni2+:Co2+ = 1:2) and (b) (i-iii) SiO2@Ni-Co 

mixed metal oxide samples, M1, M2, and M3, respectively. 

5.2.11 FE-SEM images of (a) as prepared SiO2, (b) Ni-Co LDH (Ni2+:Co2+ = 1:2) and (c-e) 

SiO2@Ni-Co LDH samples (PM1, PM2, and PM3). 

5.2.12 FE-SEM images of (a) NiCo2O4 and (b-d) SiO2@Ni-Co mixed metal oxide samples 

(M1, M2, and M3). 

5.2.13 SEM-EDX spectra of (a) Ni-Co LDH ([Ni2+:Co2+] = 1:2), and (b-d) SiO2@Ni-Co LDH 

samples (PM1, PM2, and PM3). 

5.2.14 SEM-EDX spectra of (a) NiCo2O4, and (b-d) SiO2@Ni-Co mixed metal oxide samples 

(M1, M2, and M3). 
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5.2.15 TEM images of (a) SiO2, (b) NiCo2O4 and (c-e) SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3). 

5.2.16 SAED patterns of (a) NiCo2O4 and (b-d) SiO2@Ni-Co mixed metal oxide samples (M1, 

M2, and M3, respectively). 

5.2.17 UV-Visible DRS spectra of (a) pure Ni-Co mixed metal oxides and (b) SiO2@Ni-Co 

mixed metal oxide core-shell nanorattles (M1, M2, and M3). 

5.2.18 (a) TEM images of SiO2@Ni-Co LDH samples synthesized at 2 h, 4 h and 6 h and (b) 

SiO2@Ni-Co mixed metal oxides obtained on calcination of SiO2@Ni-Co LDH 

samples at 500 oC for 1 h and 3 h. 

6.1.1 Kinetics of photodegradation of methylene blue using (a) ZnO nanorods, (b) CdS 

nanoparticles, and (c-e) ZnO@CdS samples (ZC1, ZC2 and ZC3, respectively) as the 

catalysts. For more details on the samples, see Table 3.2.1.  

6.1.2 (a) Comparison of photocatalytic performance of ZnO@CdS samples (ZC1, ZC2 and 

ZC3) with pure ZnO nanorods and CdS nanoparticles, (b) plots of ln(Co/Ct) versus 

irradiation time for various photocatalysts and (c) comparison of methylene blue 

degradation efficiencies of ZnO nanorods, CdS nanoparticles, and ZnO@CdS samples. 

6.1.3 (a) Photodegradation of methylene blue using ZnO nanorods, silver nanoparticles, and 

ZnO@Ag core-shell heteronanostructures (A1, A2, and A3), (b) comparison of kinetics 

of photocatalytic activity of ZnO@Ag core-shell heteronanostructures (A1, A2, and 

A3) with ZnO nanorods and silver nanoparticles, (c) plots between ln(Co/Ct) versus 

irradiation time using different photocatalysts, and (d) comparison of methylene blue 

degradation efficiency using ZnO nanorods, silver nanoparticles and ZnO@Ag core-

shell heteronanostructures. For more details on the samples, see Section 4.1.2.2. 

6.1.4 Determination of hydroxyl radicals on the surface of (a) ZnO@CdS (ZC3) and (b) 

ZnO@Ag (A1) samples under sunlight irradiation using photoluminescence 

spectroscopy (exc =315 nm). Insets show the plot of PL intensity versus irradiation 

time. 

6.1.5 The recyclability (photostability) of ZnO@Ag core-shell heteronanostructures (sample 

A1) and ZnO nanorods for the photodegradation of methylene blue. 
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6.2.1 (a-d) Catalytic reduction of 4-nitrophenol using Cu2O@Ag polyhedral core-shell 

nanoparticles (C1A, C2A, C3A, and C4A). For more details on the samples, see Section 

4.2.2.2. 

6.2.2 (a-d) Catalytic reduction of 4-nitrophenol using pure Cu2O microcrystals (C1, C2, C3, 

and C4), (e) silver nanoparticles, (f) physical mixture of Cu2O (C4) and silver 

nanoparticles, and (g) PVP stabilized silver nanoparticles. 

6.2.3 Comparison of catalytic reduction of 4-nitrophenol using (a) various Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A, C2A, C3A, and C4A), (b) Cu2O 

microcrystals (C1, C2, C3, and C4), silver nanoparticles, physical mixture of Cu2O and 

silver nanoparticles, and PVP stabilized silver nanoparticles, and (c) ln(Co/Ct) vs. time 

plots using different Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, 

and C4A), (d) ln(Co/Ct) vs. time plots using different Cu2O microcrystals (C1, C2, C3, 

and C4), silver nanoparticles, physical mixture of Cu2O and silver nanoparticles, and 

PVP stabilized silver nanoparticles. The solid lines are the fits obtained using pseudo-

first order kinetics model. 

6.2.4 (a-d) Catalytic reduction of methylene blue using Cu2O@Ag polyhedral core-shell 

nanoparticles (C1A, C2A, C3A, and C4A). 

6.2.5 (a-d) Catalytic reduction of methylene blue using Cu2O microcrystals (C1, C2, C3, and 

C4), (e) silver nanoparticles, (f) physical mixture of Cu2O (C4) and silver nanoparticles, 

and (g) PVP stabilized silver nanoparticles. 

6.2.6 Comparison of catalytic reduction of methylene blue using (a) Cu2O@Ag polyhedral 

core-shell nanoparticles (C1A, C2A, C3A, and C4A), (b) Cu2O microcrystals (C1, C2, 

C3, and C4), silver nanoparticles, physical mixture of Cu2O and silver nanoparticles, 

and PVP stabilized silver nanoparticles, (c) ln(Co/Ct) vs. time plots using different 

Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, and C4A), (d) 

ln(Co/Ct) vs. time plots using different Cu2O microcrystals (C1, C2, C3, and C4), silver 

nanoparticles, physical mixture of Cu2O and silver nanoparticles, and PVP stabilized 

silver nanoparticles. The solid lines are the fits using pseudo-first order kinetics model. 

6.2.7 (a, b) UV-Visible spectra indicating 4-nitrophenol and methylene blue reduction using 

Cu2O@Ag polyhedral core-shell nanoparticle sample C4A up to five cycles, and (c, d) 

percent reduction of 4-nitrophenol and methylene blue using C4A up to five cycles. 



xxiii 
 

6.3.1 (a) Time dependent UV-Visible spectral results indicating the peroxidase-like activity 

on TMB using SiO2, Co3O4 nanoparticles, and SiO2@Co3O4 core-shell nanorattles (S1, 

S2 and S3) as the catalyst (max = 652 nm), (b) Comparison of peroxidase activity of 

SiO2@Co3O4 core-shell nanorattles (S1, S2 and S3) with that of SiO2 and Co3O4 

nanoparticles. For more details on the samples, see Section 5.1.2.2. 

6.3.2 The effect of physicochemical conditions on peroxidase-like activity of SiO2@Co3O4 
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1.1 Nanotechnology: Historical perspectives 

The term ‘nano’ was derived from the Greek word ‘nanos’ which means ‘dwarf’. “Nano” 

designates a billionth fraction of a meter, i.e. 10-9 m [1]. Now a days, nanotechnology is an 

emerging technology and it comprises many different fields such as chemistry, physics, 

engineering, materials science, biology, medicine, etc [2–5]. With regards to historical 

perspectives of nanotechnology, in the fourth century, Romans had made the ‘Lycurgus cup’ 

which is an example of dichroic glass [6]. It is made up of gold and silver nanoparticles in a 

glass matrix which allow it to look translucent red when light shines through inside and opaque 

green when light shines from outside. In 6th – 15th centuries, ‘vibrant stained glass windows’ 

were used in European cathedrals which owe their rich colors to incorporation of gold 

nanoparticles in mixed metal oxides (Figure 1.1a). In these windows, gold nanoparticles act as 

photocatalytic air purifiers [7]. In 9th – 17th centuries, ‘luster ceramic glazes’ were used in the 

Islamic world, and later in Europe. The glowing or glittering luster is due to silver or copper 

atoms (Figure 1.1b) [8]. In 13th – 18th centuries, ‘Damascus saber sword’ was used and it 

consists of carbon nanotubes and cementite nanowires, which provide strength, and resilience 

to the sword [9]. In the modern era, Michael Faraday discovered colloidal ‘ruby’ gold in 1856, 

and he called it as ‘divided metal’ and this colloidal solution is still preserved in the Royal 

Institution [10]. 

 

Fig. 1.1: (a) The south rose window of Notre Dame Cathedral, 12th century, Paris [7], and (b) 

polychrome lustreware bowl, 9th century, Iraq, British Museum [8]. 
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Physics Nobel Laureate Richard Feynman delivered a lecture at the Annual American Physical 

Society meeting held on 29 December 1959 at California Institute of Technology regarding the 

problems of manipulating things on small scale for the first time [11]. His talk was entitled 

‘There is Plenty of Room at the Bottom: Invitation to Enter a New Field of Physics’. The entire 

talk theoretically suggested ‘manipulation of atoms the way you want’. After over a decade, 

the term ‘nanotechnology’ was first coined by Professor Norio Taniguchi in 1974 at the 

International Conference on Production Engineering (ICPE), Tokyo in his talk entitled “On the 

Basic Concept of ‘Nano-Technology’” [12]. In 1981, Scanning Tunneling Microscope was 

invented by IBM Zurich scientists Gerd Binnig and Heinrich Rohrer and they received Nobel 

prize in 1986 for their great invention [13]. In 1981, the ‘founding father of nanotechnology’, 

Eric Drexler introduced the concept of nanotechnology in his seminar proceedings paper at the 

National Academy of Sciences. He wrote two books on fundamental principles of molecular 

engineering entitled ‘Engines of Creation: The Coming Era of Nanotechnology’ and 

‘Nanosystems: Molecular Machinery, Manufacturing, and Computation’ [14,15]. 

1.2 Nanoparticles and nanomaterials 

Nanoparticle is the fundamental component in construction of a nanostructure or nanomaterial. 

It is typically defined as a particle which has one or more dimensions in the length scale range 

of 1-100 nm [16]. Nanomaterials possess different physicochemical properties (e.g. optical, 

electrical, mechanical, and magnetic) compared to their bulk materials [17].  The properties of 

nanoparticles are greatly influenced by size and shape of the particles [18]. As the particle size 

decreases from bulk to the nano range, surface area of nanoparticles increases due to exposure 

a of large fraction of atoms on their surface. This leads to an enhancement in surface to volume 

ratio [19]. Nature provides a huge number of nanoscale materials and organization of 

nanoarchitectures is considered to be central to biology. Inspired from Mother nature, human 

beings have made nanostructured materials which are comparable with the things present in 

nature (Figure 1.2) [20]. The diameter of DNA molecule is about 2 nm and an ATP synthase 

biochemical motor is about 10 nm whereas the diameter of manmade nanostructures is about 

1 nm for iron atoms on copper surface, 1 nm for a carbon bucky ball, and 1.2 nm for a single-

wall carbon nanotube. In the length scale of micrometers, the diameter of red blood cells is 

about 7-8 m, fly ash is about 10-20 m, human hair is between 60 and 120 m, dust mite is 

about 200 m, and an ant is about 5 mm whereas the diameter of zone plate X-ray lens is about 
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35 m, micro electro mechanical device (MEMS) is about 10-100 m, and the head of a pin is 

about 1-2 mm. 

 

Fig. 1.2: The scale of things present in nature and those made by human [20]. 

1.2.1 Classification of nanomaterials 

Nanomaterials are broadly classified into two main categories. 

(i) Organic nanomaterials 

e.g. Fullerenes, carbon nanotubes, graphenes, and dendrimers [21–25]. 

(ii) Inorganic nanomaterials 

e.g. Self-assembled monolayers, clusters, metals, metal oxides, quantum dots, 

nanocomposites, core-shell/yolk-shell nanoparticles, and nanoshells [26–33]. 
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1.2.2 General synthetic methods for the preparation of nanoparticles 

In general, nanoparticles are synthesized via two main approaches. 

(i) Top-down approach 

(ii) Bottom-up approach 

A schematic illustration of top-down and bottom-up approach for the synthesis of nanoparticles 

is shown in Figure 1.3 [34]. 

Top-down approach 

In top-down approach, nanoparticles are synthesized via thermal, chemical or mechanical 

disintegration of bulk materials into nanoparticles [35]. Examples for top-down synthetic 

approach are physical vapour deposition (PVD), pulsed laser method, high energy ball milling, 

laser ablation, ion implantation, sputter deposition, electric arc deposition, thermolysis, melt 

mixing, and microwave-assisted synthesis [36,37]. 

Bottom-up approach 

In a bottom-up approach, nanoparticles are synthesized through chemical reactions among 

atoms and/or molecules [36]. Examples for bottom-up synthetic approach are co-precipitation, 

sol-gel, micro emulsion, chemical reduction, thermal decomposition, hydrothermal, chemical 

vapour deposition, and sonochemcial synthesis [36,38,39]. 

The bottom-up approach has several advantages as compared to the top-down approach. The 

bottom-up approach is simple, versatile, and economical whereas the top-down approach 

requires expensive equipments, and also need a longer reaction time to complete the synthesis. 

The bottom-up approach has a good control on size and shape of the nanoparticles.  
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Fig. 1.3: Schematic illustration of top-down and bottom-up approaches for the synthesis of 

nanoparticles [34]. 

1.3 Introduction to core-shell nanoparticles 

Historically, the term, “core-shell nanoparticles” was coined for the concentric multilayer 

semiconductor nanoparticles [40,41]. Core-shell nanoparticles are constructed with cores 

(inner material) and shells (outer materials) in which either the core or the shell or both are at 

nanoscale range [30]. This definition is extended to the class of nanomaterials, in which the 

shell material covers either fully or partially the core material as long as they can be separately 

distinguished [30]. Different shaped core-shell nanoparticles such as spherical core-shell 

nanoparticles, hexagonal core-shell nanoparticles, multiple core materials coated by a single 

shell material, nanomatryushkas, and movable core-hollow shell nanoparticles have been made 

by the scientists and a schematic representation of various shaped core-shell nanoparticles is 

given in Figure 1.4. 
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Fig. 1.4: Representation of (a) spherical core-shell nanoparticles, (b) hexagonal core-shell 

nanoparticles, (c) multiple cores coated by a single shell material, (d) nanomatryushka type 

core-shell nanoparticles, and (e) movable core-hollow shell nanoparticles [42]. 

The core-shell nanoparticles are broadly classified into several classes based on their 

composition and arrangement of the two components in them. 

(i) Inorganic/inorganic core-shell nanoparticles 

(ii) Inorganic/organic core-shell nanoparticles 

(iii) Organic/inorganic core-shell nanoparticles 

(iv) Organic/organic core-shell nanoparticles 

(v) Core-multi shell nanoparticles 

(vi) Movable core-hollow shell nanoparticles 

(vii) Janus type core-shell nanoparticles 

1.3.1 Inorganic/inorganic core-shell nanoparticles 

In this type of nanoparticles, both the core and the shell are made up of inorganic materials 

such as metals, metal oxides, metal chalcogenides, or silica [42,43]. Based on the nature of the 

shell material, the inorganic/inorganic core-shell nanoparticles are further broadly classified 

into two main categories. 
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(i) Inorganic/inorganic (silica) core-shell nanoparticles 

(ii) Inorganic/inorganic (non-silica) core-shell nanoparticles 

1.3.1.1 Inorganic/inorganic (silica) core-shell nanoparticles 

In these core-shell nanoparticles, the inorganic core material is coated with silica and coating 

silica on an inorganic core material has several advantages [42]. Silica is a chemically inert 

material which reduces bulk conductivity and increases suspension stability of the core material 

[44]. In addition, silica also blocks redox reactions at the core surface [42]. Silica shell has been 

coated on various inorganic core materials such as metals, binary metals, metal oxides, and 

metal salts/chalcogenides. Examples are FeNi@SiO2, Fe3O4@SiO2, AgI@SiO2, CdSe@SiO2, 

Au@TiO2, etc [45–49]. 

1.3.1.2 Inorganic/inorganic (non-silica) core-shell nanoparticles 

In this type of nanoparticles, the inorganic core material is coated with another inorganic 

material such as metals, metal oxides, metal salts, or metal chalcogenides except silica [42]. 

Examples are Au@Ag, FePt@CdS, Fe@Fe2O3, Fe58Pt42@Fe3O4, Au@CuI, Ag@Ag2S, 

Fe3O4@TiO2, etc [50–57]. 

1.3.2 Inorganic/organic core-shell nanoparticles 

In the case of inorganic/organic core-shell nanoparticles, the core materials are mostly made 

up of metals and metal oxides whereas the shell material is made up of organic materials such 

as carbon and its derivatives, polymers, or any other high density organic material [42]. Coating 

of an organic material on an inorganic material has several advantages. For example, the 

oxidation stability of the metal core is greatly enhanced simply by preventing the oxidation of 

surface atoms from air. Also, organic shell molecules are bio-compatible [42]. Based on the 

properties of the core material, inorganic/organic core-shell nanoparticles are broadly classified 

into two main groups.  

(i) Magnetic/organic core-shell nanoparticles 

(ii) Non-magnetic/organic core-shell nanoparticles 

1.3.2.1 Magnetic/organic core-shell nanoparticles 

In this type of core-shell nanoparticles, the core material is made up of inorganic magnetic 

materials such as metals and metal oxides while the shell is composed of organic materials 
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such as carbon, polymers, etc. Examples are Fe@a-PEG, Fe@PS, Fe3O4@MPEG, 

Fe3O4@PLA, -Fe2O3@PEI-PEO-PEG, etc [58–62], where a-PEG-amine-terminated-

poly(ethylene glycol), PS-polystyrene, MPEG-methoxypoly(ethylene glycol), PLA-

polylactide, PEI-poly(ethylene imine), and PEO-poly(ethylene oxide). 

1.3.2.2 Non-magnetic/organic core-shell nanoparticles 

In this type of core-shell nanoparticles, the core is made up of non-magnetic materials such as 

metals and metal oxides while the shell is composed of organic materials such as carbon and 

their derivatives, and polymers. Examples are Au@C, Ag-Au@PEG, SnO2@graphene, 

ZrO2@PMMA, BaTiO3@PMMA/PS, etc [63–67], where PMMA-poly(methyl methacrylate). 

1.3.3 Organic/inorganic core-shell nanoparticles 

In organic/inorganic core-shell nanoparticles, the core is composed of organic materials 

whereas the shell is made up of inorganic materials such as metals, metal oxides, metal 

chalcogenides, or silica [42]. The organic/inorganic core-shell nanoparticles have several 

advantages. These materials show high strength, increased thermal and colloidal stability, 

enhanced optical properties, flexibility, toughness, and brittleness [42,68]. Examples are 

PS@Ag, PU@SiO2, PVBC@Pd, Dextrose@TiO2, CTAB@Ag2S, etc [69–73] where PU-

polyurethane, PVBC-poly(vinyl benzyl chloride), and CTAB-cetyltrimethyl ammonium 

bromide. 

1.3.4 Organic/organic core-shell nanoparticles 

In organic/organic core-shell nanoparticles, the core as well as the shell are composed of 

organic materials such as carbon and their derivatives, or polymers. This type of core-shell 

nanoparticles are called as “smart particles” [42]. These materials have some advantages; 

polymer coating over another polymer leads to changes in the physical properties such as 

improvement in toughness, change in the glass transition temperature (Tg), and improvement 

in mechanical properties [74]. Examples are PEGDMA@PS, PS@PMMA, PEI@mPEG, 

PANI@PDVB, etc [75–79], where PEGDMA- poly(ethylene glycol dimethacrylate), PANI-

polyaniline, and PDVB-poly(divinyl benzene). 
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1.3.5 Core-multi shell nanoparticles 

In core-multi shell nanoparticles, the core is composed of mostly inorganic materials such as 

metals, metal oxides or metal chalcogenides whereas the different shells are composed of 

metals, metal oxides, metal chalcogenides, polymers, etc. The final shape of the material 

depends on shape of the core. Examples are -Fe2O3@Ag@SnO2, SiO2@Ag@@SiO2@TiO2, 

Fe3O4@Ag@SiO2@Au, n-GaAs@InGaP@p-GaAs, CdSe@CdS@CdS@Cd0.75Zn0.25S@Cd0.5 

Zn0.5S@Cd0.25Zn0.75S@ZnS@ZnSQDs@PMMA, CdSe@ZnSe@CdS, etc [80–85]. 

1.3.6 Movable core-hollow shell nanoparticles 

This type of core-shell nanoparticles are generally referred to as ‘yolk-shells’ or ‘nanorattles’ 

[86]. The core and the shell are made up of either inorganic or organic materials. In general, 

they are denoted as either core@void@shell or core@shell1@shell2 [87,88]. The core is made 

up of metals, metal oxides, metalloids, doped oxides or sulfides whereas the shell is made up 

of metals, metal oxides, polymers, and carbon or nitrogen doped carbon [87]. Based on 

properties of the shell material, these core-shell nanoparticles are broadly classified into two 

main categories [30]. 

(i) Hollow core-shell nanoparticles 

(ii) Core-porous shell nanoparticles 

1.3.6.1 Hollow core-shell nanoparticles 

In this type of core-shell nanoparticles, the core is sacrificed using various methods. For 

example, organic cores are removed by either calcination or dissolution in suitable organic 

solvents whereas inorganic cores are removed by reaction with a strong acid or a base [30,86]. 

Examples are SiO2@void@TiO2, ZrO2@void@BiVO4, hollow MFe2O4 (M= Zn, Co, Ni, Cd), 

-Fe2O3@SnO2, etc [89–92]. 

1.3.6.2 Core-porous shell nanoparticles 

In this type of nanoparticles, the core and shell are made up of either inorganic or organic 

materials but the shells possess porous nature. Examples are SiO2@Au@SiO2, Ca-Pd@SiO2, 

-Fe2O3@SnO2@C, Au-M (M = Au, Pd, and Pt), Fe3O4@SiO2@mSiO2, etc [93–96]. 

 

mailto:CdSe@CdS@CdS@Cd0.75Zn0.25S@Cd0.5Zn0.5S@Cd0.25Zn0.75S@ZnS@ZnSQDs@PMMA
mailto:CdSe@CdS@CdS@Cd0.75Zn0.25S@Cd0.5Zn0.5S@Cd0.25Zn0.75S@ZnS@ZnSQDs@PMMA
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1.3.7 Janus type core-shell nanoparticles 

In this type of nanoparticles, single crystal shells (either atomic or mesoscale ones) are coated 

on the core materials [97]. These materials possess asymmetric morphology and provide 

different physicochemical properties within a single nanoparticle. The name janus originates 

from the Roman God janus, the God of beginning and ending, doors and gates. The term ‘janus’ 

is first coined by Nobel Laureate P. G. de Gennes in his lecture entitled “Soft Matter” in 1991 

[98]. Examples are SiO2@-Fe2O3, MNP’s@PS-b-PAA, Pd/Au@Fe3O4, CdSe@Pt, etc [99–

102]. 

1.3.8 Miscellaneous core-shell nanoparticles 

In recent years, new heterostructured materials such as core-satellite nanoparticles and 

core@MOF’s have been developed. In the case of core-satellite nanoparticles, the shell is 

immobilized on core surface via coupling agents [103]. In most of the cases, inorganic 

materials are used as the core as well as the shell. Examples are Dy-SiO2@Fe3O4, 

Fe3O4@SiO2@Au@mSiO2, Au@Ag, Ag@BaTiO3, etc [103–106]. In the case of 

core@MOF’s, the core is made up of mostly metal and metal oxides whereas the shell is 

composed of metal organic frameworks (MOF’s) which possess porous nature. Examples are 

M@MOF-5 (M = Pd, Au, Ru, Cu, Pt, Ni, and Ag), Fe3O4@[Cu3(btc)2], ZnO@ZIF-8, 

Cu/ZnO@MOF-5, Fe3O4@ZIF-8, Co3O4@MOF, Pd/ZnO@ZIF-8, etc [107–110]. 

1.4 Synthesis of core-shell nanoparticles 

In general, core-shell nanoparticles are synthesized in two or more steps. The core 

nanoparticles are synthesized in the first step and the shell nanoparticles are synthesized in the 

next step [30]. Depending on availability of the core materials, the synthesis of core-shell 

nanoparticles is broadly classified into two types. In the first type, the core particles are 

synthesized and used in the second step with or without surface modification to coat the shell. 

In the second type, core particles are synthesized and this is followed by coating of shell 

material carried out in situ. Among the two methods, the first method is more versatile and 

superior because the shell is coated after proper cleaning of core surface. This results in 

enhancement in properties of the overall material as compared to the materials synthesized via 

in situ process [30,42]. Uniform coating of shell with controlled thickness on the core is 

difficult due to different physicochemical properties of the core and shell. In general, core-shell 

nanoparticles are synthesized in two ways. 
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(i) Top-down approach (physical route) 

(ii) Bottom-up approach (chemical route) 

Synthesis of core-shell nanoparticles has been reported in the literature using various synthetic 

methods such as reduction/transmetalation, thermal decomposition, chemical vapour 

deposition, sol-gel, precipitation, reverse micro-emulsion, sonochemical, hydro/solvothermal, 

microwave, polymerization, spray pyrolysis, galvanic displacement, template route, wire 

electrical explosion, and photo laser deposition. Some of the reported synthetic methods are 

explained in brief as follows. 

1.4.1 Physical routes 

1.4.1.1 Pulsed laser deposition 

This method is used for the synthesis of either metal/metal oxide/metal chalcogenide core or 

shell nanoparticles. In this method, glass or quartz is used as a support. Before starting the PLD 

process, the chamber is purged with either helium or argon gas to eliminate residual oxygen or 

air present in the chamber. All the reactions are carried out inside the vacuum chamber at a 

residual pressure of about 10-8 Torr. Target pellet is prepared using a manual pellet presser and 

the pellet is used as a deposition source. In the PLD process, mostly, two types of lasers 

(Nd:YAG laser source (= 355 nm) and KrF laser ( = 248 nm)) are used. The laser pulse 

width used is about 20-25 ns with a repetition rate of 5-10 Hz and the deposition is carried out 

for several minutes. The target to substrate distance is maintained at several centimeters and 

the target is continuously rotated during the deposition to produce uniform deposition. The 

energy of the laser pulse, used for the deposition, depends on respective ablation threshold of 

the substrate. The core-shell nanoparticles, prepared using this method, are Ge@GeO2, 

CdS@ZnTe, ZnO@SnO2, Ga@graphene, etc [111–114]. A schematic illustration for the 

synthesis of Ga@G core-shell nanoparticles using pulsed laser deposition is shown in Figure 

1.5.  

 

Fig. 1.5: Schematic illustration using PLD process for the synthesis of Ga@G core-shell 

nanoparticles [114]. 

SiO2/Si substrate Ga Film Ga NPs Ga@G NPs 
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1.4.1.2 Chemical vapour deposition 

Chemical vapour deposition is used mostly for the synthesis of either semiconductor core or 

shell (thin film) nanoparticles. It is classified into different types based on the nature of 

precursors employed during the synthesis. They are local laser assisted chemical vapour 

deposition (LCVD), metal-organic chemical vapour deposition (MOCVD), and organo-

metallic chemical vapour deposition (OMCVD). The CVD chamber is of cylindrical shape, 

made up of stainless steel with inlet and outlet connections for the precursor gaseous molecules 

as well as residual gases. The precursors used in the CVD process are volatile and they are put 

into a quartz boat and placed inside a quartz tube. The whole process is carried out under low 

vacuum of about 1 Torr in the presence of argon or nitrogen atmosphere to avoid chemical 

reactions with water or oxygen inside the chamber. The deposition undergoes near the hot 

surfaces inside the chamber and after the deposition, the sample chamber is allowed to cool to 

room temperature under the flow of either argon or nitrogen gas with the formation of thin film 

of nanoparticles. In the CVD process, the growth rate is effective due to three dimensional 

mass transport of the gaseous precursor molecules into the deposition zone. The core-shell 

nanoparticles, prepared using this method, are Ag@ZnO, Ni-Sn@C, SiC@Si, NiSi@SiC, etc 

[115–118]. 

 

Fig. 1.6: (a, b) SEM and TEM images of Ni-Sn@SiO2 core-shell nanoparticles, and (c, d) TEM 

and HRTEM images of Ni-Sn@C core-shell nanoparticles prepared by chemical vapour 

deposition [116]. 
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1.4.1.3 Spray pyrolysis 

This method is mostly used to prepare metal oxide core or shell nanoparticles. In this method, 

metal precursors are dissolved in diluted nitric acid to get a clear solution. The spray pyrolysis 

system contains a quartz reactor, droplet generator, and powder collector. All the reactions are 

carried out under vacuum after removing water vapour and exhausted gases by means of a 

vacuum pump. The metal precursor solutions are fed from a burette to an atomizer, which are 

nebulized by an ultrasonic atomizer (1.7 MHz). The nebulized spray is carried to the reaction 

tube chamber by air flow at a certain rate. The temperature in the reaction chamber is monitored 

using thermocouples placed near surface of the atomizer, reactor and the sample holder. These 

droplets are ignited by supported inverse diffusion of hydrogen/air flames and the flow rate of 

hydrogen/air is kept at a certain rate. During the spray pyrolysis, nanoparticles are deposited 

on the substrate placed in the tube chamber while water vapour and exhausted gases are 

discharged through a vent line. The core-shell nanoparticles synthesized using this method are 

Co3Fe7@CoFe2O4, Ce0.7Zr0.3O2@Al2O3, Fe2O3@SnO2, Ag@SiO2, etc [119–122]. A schematic 

setup of flame spray pyrolysis for the synthesis of core-shell nanoparticles and TEM images of 

Ce0.7Zr0.3O2@Al2O3 core-shell nanoparticles, synthesized using spray pyrolysis, are shown in 

Figure 1.7. 

 

Fig. 1.7: (a) Schematic setup of flame spray pyrolysis, (b) 3D model of the cooling ring, (c) 

3D model of the nozzle [119], and (d) HRTEM image of Ce0.7Zr0.3O2@Al2O3 core-shell 

nanoparticles synthesized using spray pyrolysis [120]. 

1.4.1.4 Microwave synthesis 

This method is used for the synthesis of either metal/metal oxide/metal chalcogenide core or 

shell nanoparticles. The microwave reactor operates at a frequency of 2.45 GHz which is too 
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low to break chemical bonds in a molecule. So this method is unable to induce chemical 

reactions but it generates efficient heating. Under microwave irradiation of the reaction 

mixture, ion or dipole alignment occurs. The ions or dipoles of the precursors, present in the 

reaction mixture, realign themself according to oscillation of the microwaves resulting in 

production of heat energy in a reaction system via molecular friction and dielectric loss. The 

fast energy transfer between the reactants allow fast decomposition of precursors and create 

highly supersaturated solutions. The ability of heat generation in the reaction mixture depends 

on dielectric property of the solvent used. The commonly used solvents are dimethylsulfoxide, 

isopropanol, formic acid, etc. The core-shell nanoparticles, synthesized using this method, are 

Ni@C@Ag3PO4, Fe3O4@C@CdS, CdTe@CdS, Ag@Ag2SO4, etc [123–126]. The TEM and 

HRTEM images of Fe3O4@C@CdS core-shell nanoparticles, synthesized using microwave 

synthesis, are shown in Figure 1.8. 

 

Fig. 1.8: (a) TEM image of Fe3O4@C core-shell nanoparticles, (b, c) TEM images of 

Fe3O4@C@CdS core-shell nanoparticles, and (d) HRTEM image of CdS nanoparticles in the 

Fe3O4@C@CdS core-shell nanoparticles [124]. 
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1.4.2 Chemical routes 

1.4.2.1 Reduction/Transmetalation 

Generally, either core or shell of metal nanoparticles are synthesized using this method. 

Aqueous or organic solutions are used as the reaction media and metal salts are used as the 

precursors. Either sodium borohydride or hydrazine is used as a reducing agent. Surfactants or 

capping agents are also used to control the particle size as well as to coat a uniform shell of 

another metal on the metal core surface. Sodium borohydride is the most commonly used 

reducing agent due to its high solubility in both aqueous and organic media. It possesses high 

reduction potential of -1.24 V vs. NHE at pH =14 and decreases to 0.48 V at pH= 0 indicating 

that the reduction potential depends on pH of the reaction media. The reducing agent provides 

electrons to metal salts and the reduction proceeds to produce either metal core or shell 

nanoparticles. Transmetalation is an advanced method to produce bimetallic core-shell 

nanoparticles. In this method, core particles are synthesized using common reduction method 

and after that, reactants corresponding to the shell material are added to the reaction media 

without any reducing agent. Once the metal core surface atoms come into contact with the 

reactants of the shell, they are reduced by surface atoms of the metal core and deposited on the 

core surface to produce a uniform shell. The limitation of this method is that the reduction 

potential of shell material should be higher than that of the core material. The core-shell 

nanoparticles, synthesized using this method, are Ni@Ag/Au, Ru@Pt, Pd@Pt, etc [127–129]. 

A schematic indicating the reduction-transmetalation route for the synthesis of Sn@Cu core-

shell nanoparticles is shown in Figure 1.9 [130].  

 

Fig. 1.9: Schematic illustration of the synthesis of Sn@Cu core-shell nanoparticles via 

reduction-transmetalation route [130]. 

 

Repeated 
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1.4.2.2 Thermal decomposition 

This method is used to synthesize either metal/metal oxide/metal chalcogenide core or shell 

nanoparticles. Organometallic compounds are used as metal precursors but their high 

decomposition temperature as well as toxic nature limit their use. To reduce decomposition 

temperature of the precursors, the organometallic precursors are replaced by metal-complexes 

or metal acetates. All the reactions are carried out in high boiling organic solvents under either 

air or an inert atmosphere. Surfactants such as oleic acid, oleylamine, hexadecanediol, or 

triphenylphosphine are used as stabilizing agents which control either the core morphology or 

particle size of the shell. The core-shell nanoparticles, synthesized using this method, are 

Co@Fe3O4, Pt-rich@Pt-Ni alloy, CoxFe1-xO@CoyFe3-yO4, CdSe@ZnO, etc [131–134]. A 

schematic illustration of CdSe@ZnO core-shell nanoparticles synthesized using thermal 

decomposition approach is shown in Figure 1.10 [134]. 

 

Fig. 1.10: Schematic illustration of the synthesis of CdSe@ZnO core-shell nanoparticles via 

thermal decomposition approach. Routes 1-4 are one-pot shelling reactions. A, B, C, and D 

represent equimolar amounts of one, two, three, and four monolayers of shelling precursor, 

respectively. Route 5 is monolayer-by-monolayer deposition, A´, B´, C´, and D´ represent 

amount of Zn precursor needed for each monolayer, respectively [134]. 
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1.4.2.3 Sol-gel 

This method is a wet-chemical technique and it is mostly used to prepare metal oxide core or 

shell nanoparticles. Metal alkoxides and metal chlorides are used as precursors to synthesize 

the metal oxide core or shell nanoparticles. Two steps are involved in this method; they are 

hydrolysis and polycondensation. Metal alkoxide precursors undergo hydrolysis in the 

presence of water and produce hydrated metal hydroxides which subsequently undergo 

condensation to form a sol. This sol contains –M–O–M– network with low viscous nature 

which casts into gel under heating. During gelation, the –M–O–M– network makes a bond with 

colloidal particles to form a 3D network with high viscosity. The obtained high viscous liquid 

is allowed to dry via xero-gel or aero-gel process. Solid powders are obtained which are 

calcined under air or oxygen atmosphere to produce metal oxide core or shell nanoparticles. 

The core-shell nanoparticles, synthesized using this method, are V2O5@TiO2 loaded on 

graphene sheets, Au@mesoporous Si-Al shells, Fe2O3@SiO2, FePt@SiO2-Au, etc [135–138]. 

TEM and HRTEM images of the V2O5@TiO2 core-shell nanoparticles loaded on graphene 

sheets are shown in Figure 1.11. 

 

Fig. 1.11: (a-c) TEM images of V2O5@TiO2 core-shell nanoparticles, graphene sheets, 

V2O5@TiO2 core-shell nanoparticles loaded on graphene sheets, and (d) HRTEM image of 

V2O5@TiO2 core-shell nanoparticles loaded on graphene sheets [135]. The core-shell 

nanoparticles were prepared by sol-gel method. 
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1.4.2.4 Precipitation method 

This is another wet-chemical method and metal oxide/metal chalcogenide core or shell 

nanoparticles are synthesized using this method. Generally, precipitation reactions are divided 

into two types; one is homogenous precipitation and the other one is co-precipitation. In both 

the methods, metal salts such as metal chlorides, nitrates, or sulfates are used as metal 

precursors. In homogeneous precipitation, urea is generally used as the precipitating agent 

whereas sodium hydroxide or ammonium hydroxide is used as a precipitating agent in co-

precipitation. Homogeneous precipitation reactions are carried out at about 80 oC while co-

precipitation reactions are carried out either at room temperature or at slightly high 

temperature. In both the reactions, metal precursors react with the precipitating agent and 

precipitate out a water insoluble compound from the reaction media. The important factor for 

these reactions is the solubility product. When the concentration of a product crosses its 

solubility product, it gets precipitated from the reaction media and produce either core or shell 

nanoparticles. The core-shell nanoparticles, synthesized using this method, are CuO@NiO, 

ZnO@ZnS, CeO2@ZnO@SiO2, etc [139–141]. The schematic illustration for the formation of 

CuO@NiO core-shell nanoparticles by homogeneous precipitation is shown in Figure 1.12 

[139]. 

 

Fig. 1.12: Schematic illustration of the synthesis of CuO@NiO core-shell nanoparticles using 

homogeneous precipitation [139]. 

1.4.2.5 Microemulsion technique 

This method is used for the preparation of either metal/metal oxide/metal chalcogenide core or 

shell nanoparticles. A microemulsion contains a ternary mixture of water, oil, surfactant and 

co-surfactant. Sodium dodecyl sulfate (SDS) and bis(2-ethylhexyl) sulfosuccinate sodium 
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(AOT) are usually used as the surfactants. The hydrophobic groups of the surfactant are 

nonpolar and they face towards the oil phase and the hydrophilic groups (polar) face towards 

the water phase. The surfactant molecules form reverse micelles and stabilize the water droplets 

whereas co-surfactant reduces the electrostatic repulsive forces between the charged head 

groups of the surfactant and facilitate the micellization process. During the reaction, 

interchange of the reactants takes place by means of collision of water droplets and the 

nanoparticles are produced. The final particle size and morphology of the nanoparticles depend 

on reduction, nucleation, and growth of particles inside the droplet. The size of the droplet 

depends on water to surfactant ratio and chain length of the surfactant. Examples for the core-

shell nanoparticles, synthesized using this method, are ZnO@Ag, Fe3O4@SiO2, 

Cs2[Mo6Br14]@SiO2, In2O3@SiO2, etc [142–145]. The La Mer diagram and TEM images of 

Fe3O4@SiO2 core-shell nanoparticles prepared using various amounts of TEOS are shown in 

Figure 1.13. 

 

Fig. 1.13: (a) La Mer diagram indicating the hydrolyzed TEOS concentration with time, (b) 

the existence of both Fe3O4@SiO2 core-shell nanoparticles and SiO2 particles in the reaction 

media, (c) the existence of only Fe3O4@SiO2 core-shell nanoparticles, and (d-g) TEM images 

of Fe3O4@SiO2 core-shell nanoparticles prepared using 75, 150, 300 and 600 L of TEOS 

[143]. 
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1.4.2.6 Hydrothermal method 

This method is used for the synthesis of either metal/metal oxide/metal chalcogenide core or 

shell nanoparticles. In this method, metal salts, metal acetates, or metal complexes are used as 

the precursors. Capping agents such as long chain amines, thiols, and trioctylphospine oxide 

are used to prevent aggregation as well hindering the irregular growth of particles. All the 

reactants are mixed in certain amount in an aqueous solution along with capping agents and 

stirred at room temperature to get a uniform mixture. Then, the contents are transferred into a 

Teflon lined stainless steel autoclave and heated at elevated temperatures (e.g. 150-250 oC) for 

several hours to get the core-shell nanoparticles. The core-shell nanoparticles, synthesized 

using this method, are SnO2@graphene, -Fe2O3@Ag@SnO2,-Fe2O3@SnO2, Fe3O4@ZIF-

8, etc [65,80,92,108]. The TEM image, EDX plot, FFT pattern, and HRTEM image of -

Fe2O3@SnO2 core-shell nanoparticles, synthesized using the hydrothermal method, are shown 

in Figure 1.14. 

 

Fig. 1.14: (a) TEM image of-Fe2O3@SnO2 core-shell nanoparticles. Insets show the EDX 

spectrum and FFT patterns at the regions b, c, and d, respectively, and (b-d) HRTEM images 

of -Fe2O3@SnO2 core-shell nanoparticles at edge, center, and tip regions, respectively [92]. 
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1.4.2.7 Sonochemical synthesis 

This method is used for the synthesis of metal/metal oxide/metal chalcogenide/carbon core as 

well as the shell. The basic phenomenon involved in a sonochemical synthesis is breaking of a 

chemical bond by applying high power ultrasound ranging between 20 kHz and 10 MHz and 

the main physical phenomenon involved is acoustic cavitation. During the synthesis, three 

major events occur. They are creation, growth, and collapse of bubbles in a liquid. All the 

reactions occur in cavities or bubbles and they serve as microreactors. Initially, solute vapour 

diffuses into the bubbles and reach to certain size. Then, collapse of bubbles take place in less 

than a nanosecond. During the collapse, high temperature of 5000 to 25000 K is generated in 

the bubble which is sufficient enough to break the chemical bonds of solute in the gas phase. 

The shock waves generated during the synthesis hinder agglomeration and produce 

nanoparticles with either amorphous or crystalline nature. The physical nature of nanoparticles 

depends on the temperature present inside the bubble. The core-shell nanoparticles, synthesized 

using this method, are ZnO@SiO2, Ag@TiO2, Au@SnO2, Fe@PtRu, etc [146–149]. 

 

Fig. 1.15: (a, b) TEM image of Au nanoparticles, (c) the corresponding SAED pattern, (d, e) 

TEM images of Au@SnO2 core-shell nanoparticles prepared at 30 min, (f) the corresponding 

SAED pattern, and (g, h) TEM images of Au@SnO2 core-shell nanoparticles prepared at 90 

min, and (i) the corresponding SAED pattern [148]. 
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1.4.2.8 Polymerization technique 

This method is used for the preparation of organic core or shell nanoparticles. The core-shell 

nanoparticles are prepared in two ways. The first one is called “grafting-from” and other one 

is “grafting-to”. In both the types, living radical polymerization such as atom transfer radical 

polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT) occur. In 

the “grafting-from” method, initially, the core nanoparticle surface is functionalized using 

initiation sites and then the polymerization of monomers is carried out in situ on initiator 

functionalized core surface. In “grafting-to” method, the polymer monomer chains are grafted 

on surface of the core via a reaction between the functional groups of core nanoparticle surface 

and end-groups of the polymer. In the polymerization process, initially the monomers form 

oligomers. These oligomers crosslink together and form aggregates which grow bigger. During 

the crosslinking of oligomers, two mechanisms occur; enthalpy precipitation and entropy 

precipitation. In enthalpy precipitation, monomer grows upto its solubility limit in the organic 

solution and then it precipitates out from the solution. Monomers grow further by capturing 

other polymer nuclei and makes a bigger polymer. In entropy polymerization, the crosslinking 

groups of the polymers (e.g. vinyl) react with soluble oligomers leading to crosslinking of 

polymers with further growth. The core-shell nanoparticles, prepared using the polymerization 

method, are Ag-Au@PEG-HA, ZrO2@PMMA, BaTiO3@PMMA, PS-co-PMMA@PMMA, 

etc [64,66,67,76]. 

1.4.2.9 Template route 

This is the most commonly used method to prepare nanorattles or yolk-shell nanoparticles 

containing hollow cores or hollow multi-shells. Template route is divided into hard template 

and soft template routes. Hard template method is frequently used to prepare nanorattles and 

in this method, the core material (metal, metal oxide, or polymer) is coated with one or more 

layers of the shell material. The shell coating is controlled by several factors such as hydrolysis 

and condensation, for example, in the case of silica and seeded distillation-precipitation, e.g. 

in the case of polymerization. If the core is an inorganic material, it is etched using either acids 

(hydrofluoric acid, hydrochloric acid, sulfuric acid, nitric acid) or bases (sodium hydroxide, 

ammonium hydroxide). If the core is an organic material, it is removed by simple calcination 

at high temperatures under air or inert gas atmosphere. In soft template route, micelles, 

microemulsion or vesicles formed by surfactants are used as the soft templates. In this method, 

either the core nanoparticles are encapsulated into the shell or shell is coated on the core 
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particles. Most of the multi shelled nanorattles are prepared using this approach. Examples for 

the core-shell nanoparticles, synthesized using this method, are MFe2O4 (M = Zn, Co, Ni, and 

Cd), -Fe2O3@SnO2, Au@SiO2, Ca-Pd@SiO2, -Fe2O3@SnO2@C, Au-M (M = Au, Pt, and 

Pd), etc [91–96]. The schematic illustration of synthesis of core-shell nanoparticles using hard 

template route is shown in Figure 1.16 and that for the core-shell nanoparticles synthesized 

using soft template route is shown in Figure 1.17. 

 

Fig. 1.16: Schematic illustration of the synthesis of core-shell nanoparticles via hard template 

route. The void is obtained by (a) removal of the interlayer [150], and (b) partial removal of 

the core [151]. 

 

Fig. 1.17: Schematic illustration of the synthesis of core-multi shell nanoparticles using 

surfactants as the soft templates [152]. 
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1.5 Properties of core-shell nanoparticles 

In the following sections, the most interesting properties of core-shell nanoparticles have been 

discussed. 

1.5.1 Optical properties of core-shell nanoparticles 

Semiconductor nanoparticles exhibit size and shape dependent optical properties which are 

different from that of bulk materials [153,154]. The band gap (Eg) of semiconductor 

nanoparticles is strongly dependent on particle size as well as Bohr radius.  On illumination 

with light whose energy is higher than the band gap of the semiconductor, electrons in the 

valence band are excited to the conduction band and electron-hole pairs called excitons are 

formed. The distance between the electron-hole pair is called as exciton Bohr radius. When the 

size of semiconductor nanoparticles is smaller than Bohr radius of the semiconductor, quantum 

confinement occurs which results in an increase in the band gap of the semiconductor 

nanoparticles [153]. Brus equation is used to calculate the particle size of semiconductor 

nanoparticles which is expressed as follows [155]. 

∆𝐸 =  𝐸𝑔
𝑛𝑎𝑛𝑜 −  𝐸𝑔

𝑏𝑢𝑙𝑘 =  
ħ2𝜋2

2𝑅2
 (

1

𝑚𝑒
∗

+  
1

𝑚ℎ
∗ ) −  

1.86 𝑒2

𝜖𝑅
 

where, Eg = Shift in the band gap of semiconductor nanoparticles from that of bulk   

                      semiconductor 

   R = Radius of the semiconductor nanoparticles  

𝑚𝑒
∗  = Effective mass of electron 

𝑚ℎ
∗  = Effective mass of hole  

𝑚𝑜 = Mass of electron (9.11 × 10-28 g)  

 = Relative permittivity of the semiconductor  

   e = Charge of an electron (1.60 × 10-19 C) 

  h = Planck’s constant (4.1l × 10-15 eV or 6.62 × 10-34 JS). 
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Semiconductor nanoparticles exhibit either direct or indirect band gap which is dependent on 

conduction and valence band edge alignment. In general, the band gap of semiconductor 

nanoparticles is calculated using Tauc equation which is expressed as follows [156]. 

(𝛼ℎ𝜈)1 𝑛⁄ = 𝐴 (ℎ𝜈 − 𝐸𝑔) 

where, h = The Planck’s constant 

  = Frequency of light 

  = Absorption coefficient 

 Eg = Band gap of the semiconductor nanoparticles 

 A = Proportional constant 

 n = Type of transition in the semiconductor  

n = ½ for direct allowed transition and n = 2 for indirect allowed transition. 

Based on band edge alignment of valence band and conduction band as well as the band gap 

of core and shell nanoparticles, the optical properties of core-shell nanoparticles are classified 

into three categories. They are type-I, reverse type-I, and type-II. A schematic representation 

of band edge alignment in type-I and type-II core-shell nanoparticles is shown in Figure 1.18. 

 

Fig. 1.18: Schematic representation of band edge alignment at the interface of semiconductor 

core-shell nanoparticles; (a) type-I and (b) type-II. Sem1 = semiconductor 1 and sem2 = 

semiconductor 2 [42]. 
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1.5.1.1 Type-I core-shell nanoparticles 

In the case of type-I core-shell nanoparticles, the shell nanomaterial has wider band gap than 

the core nanomaterial. The excitons are confined within the core due to band edge alignment. 

Both valence band and conduction band of the core nanomaterial are placed within the band 

gap energy of the shell nanomaterial. The valence band of the shell nanomaterial is located 

below than that of the core and this type of alignment confines excitons within the core 

[42,153]. The coating of a wider band gap shell material over a core material with narrow band 

gap passivates the core surface leading to enhancement in photostability as well as fluorescence 

quantum yield. On coating a thicker shell on the core surface, strain occurs at the interface due 

to lattice mismatch between the core and shell nanoparticles which leads to reduction in 

fluorescence quantum yield [42]. Examples for type-I core-shell nanoparticles are CdSe@ZnS, 

CdSe@CdS, CdTe@CdS, InP@ZnS, InAs@InP/ZnS/CdSe/ZnSe/GaAs, and PbSe@PbS 

[157–159]. Zhang et al. have studied optical properties of CdSe@ZnxCd1-xS type-I core-shell 

nanoparticles [153]. They observed that as the reaction time increases from 0 to 180 min, the 

UV-Visible absorption and PL emissions are red shifted (Figure 1.19a). The CdSe@ZnxCd1-xS 

type-I core-shell nanoparticles show about 80 % quantum yield within 30 min and this is 

stabilized up to 2 h (Figure 1.19b) indicating almost no change in particle size of the core-shell 

nanoparticles. Nan et al. have studied the optical properties of CdSe@CdS type-I core-shell 

nanoparticles [154]. PL studies showed shift of emission wavelength from about 500 to 650 

nm on increasing the CdS shell monolayer coating on the CdSe core (Figure 1.19c). The 

CdSe@CdS core-shell nanoparticles with two CdS monolayer coatings on the CdSe core 

exhibit higher quantum yield than the core-shell nanoparticles with more number of CdS 

monolayer coatings on the CdSe core (Figure 1.19d). More number of CdS monolayer shell 

coating on the CdSe core induces more defects at the interface of CdSe core and CdS shell with 

reduction in quantum yield. 

1.5.1.2 Reverse type-I core-shell nanoparticles 

In reverse type-I core-shell nanoparticles, a narrow band gap shell nanomaterial is coated on a 

wider band gap core nanomaterial. In this type, both the electrons and holes are confined in the 

shell and the optical properties of core-shell nanoparticles are tuned by controlling thickness 

of the shell [42,157]. The most extensively studied core-shell systems that belong to this type 

are CdS@HgS, ZnS@CdSe, ZnSe@CdSe, In2O3@In2S3 and CdS@CdSe [157,160,161]. These 

core-shell nanoparticles exhibit lower quantum yield as compared to type-I core-shell nanopart- 
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Fig. 1.19: (a) UV-Visible absorption and PL emission spectra of type-I CdSe@ZnxCd1-xS core-

shell nanoparticles, (b) PL quantum yield and peak positions at different growth times of 

CdSe@ZnxCd1-xS [153], (c) luminescence of CdSe@CdS core-shell nanoparticles under UV 

light illumination (top) and PL emission spectra with different monolayer thicknesses of CdS 

shell, and (d) PL quantum yields of CdSe@CdS core-shell nanoparticles with different 

thicknesses of CdS shell on CdSe core [154]. 

icles but they exhibit higher resistance against photobleaching. Coating of a shell with wider 

band gap improves quantum yield of the core-shell nanomaterials [42]. Zhong et al. have 

reported that the PL emission of ZnSe@CdSe core-shell nanoparticles is red shifted from 375 

to 674 nm on increasing the CdSe monolayer shell coating on the ZnSe core (2.8 nm) [160].The 

UV-Visible absorbance is red shifted from about 370 to 700 nm on increasing the coating of 

the CdSe shell on the ZnSe core. These results prove the role of CdSe shell thickness on the 

emission properties of ZnSe@CdSe core-shell nanoparticles [160]. The PL and UV-Visible 

spectra of ZnSe@CdSe core-shell nanoparticles are shown in Figure 1.20. 
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Fig. 1.20: (a) PL emission spectra, and (b) UV-Visible absorption spectra of ZnSe@CdSe core-

shell nanoparticles (Reverse type-I) with 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, and 6.0 monolayers of CdSe 

shell [160]. 

1.5.1.3 Type-II core-shell nanoparticles 

In type-II core-shell nanoparticles, the band edge of valence band and conduction band of the 

core are located either lower or higher than that of the shell. This type of band alignment results 

in confinement of one of the charge carriers in the core and the other one is confined in the 

shell. The optical properties of this type of core-shell nanoparticles are tuned by controlling the 

size of either the core or the shell or both [42,157,162]. Figure 1.21 (a, b) illustrates the UV-

Visible and PL spectra of CdS@ZnSe type-II core shell nanoparticles [163]. The diameters of 

the CdS cores are 3 nm and 6 nm with two monolayer ZnSe shell coating and the samples were 

annealed at 300 oC for different timings. UV-Visible spectral results show disappearance of 

absorbance hump besides the PL emission band. The broadening of the absorbance tail towards 

longer wavelength indicates type-II band alignment in these core-shell nanoparticles [163]. The 

PL spectra of CdS (3 nm)@ZnSe and CdS (6 nm)@ZnSe core-shell nanoparticles show red 

shift from 475 nm to 520 nm and 575 nm to 590 nm as the reaction time increases from 0 to 

180 min. On changing the diameter of CdS core from 3 to 6 nm, the PL emission is shifted 

from 475 to 575 nm in the CdS@ZnSe core-shell nanoparticles. These results indicate that 

tuning of PL emission is possible by changing either the core diameter or the shell thickness 

[163]. The PL decay kinetics profile of CdS (5 nm)@ZnSe with five ZnSe monolayer coating 

and CdS (6 nm)@ZnSe with two ZnSe monolayer coating annealed at 300 oC for 0-180 min 

are shown in Figure 1.21 (c, d). The mean decay life time values of CdS (5 nm)@ZnSe with 

five ZnSe monolayer coating are about four times greater than that of the corresponding CdS 
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cores. In the case of CdS (6 nm)@ZnSe with two ZnSe monolayer coating annealed at 300 oC 

for 0-180 min, about ten times increase in mean decay life time than that of CdS core is 

observed. These results suggest that slow recombination of electron-hole pairs of excitons as a 

consequence of effective separation of electrons and holes in the CdS cores and ZnSe shells 

[163]. 

 

Fig. 1.21: (a, b) UV-Visible and PL emission spectra of CdS@ZnSe core-shell nanoparticles 

with CdS core diameters of 3 and 6 nm at different annealing timings (temperature = 300 oC), 

and (c, d) PL decay kinetics of CdS(5 nm)@ZnSe core-shell nanoparticles with different 

monolayers of ZnSe shell and CdS(6 nm)@ZnSe core-shell nanoparticles with two monolayers 

of ZnSe shell annealed at 300 oC for different timings [163]. 

1.5.2 Magnetic properties of core-shell nanoparticles 

The magnetic properties of core-shell nanoparticles are dependent on shape, size, composition, 

interparticle and intraparticle interactions which are controlled by controlling either the core 

size or the shell thickness. Core-shell magnetic nanoparticles show phase transition at about 

blocking temperature (TB) and mathematically it is expressed as follows [164]. 
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𝑇𝐵 =  
𝑘𝑉

25𝑘𝐵
 

where,   k = Magnetic anisotropic constant 

            V = Average volume of the magnetic core-shell nanoparticles and 

𝑘𝐵= Boltzmann constant 

The core-shell nanoparticles with different core size show dramatic effect on their magnetic 

properties. Figure 1.22 (a, b) shows the core (MnxFe3-xO4) size dependent zero field cooling 

(ZFC) and field cooling (FC) curves and the M-H hysteresis loops at 10 K for MnxFe3-xO4@ 

FexMn3-xO4 core-shell nanoparticles [165]. The blocking temperature (TB) and saturation 

magnetization (MS) are directly proportional to volume or size of the core. The MnxFe3-xO4 soft 

ferrimagnetic core with 7.5 nm diameter (CS2) shows lower blocking temperature (115 K) and 

lower MS (40 emu/g) while MnxFe3-xO4 soft ferrimagnetic core with 11.5 nm diameter (CS1) 

shows higher blocking temperature (205 K) and higher MS (48 emu/g). These samples show 

another blocking transition at about 40 K and this is due to hard antiferromagnetic FexMn3-xO4 

shell. In the case of antiferromagnetic and ferrimagnetic systems, coercivity (HC) and exchange 

bias (HE) are inversely proportional to size of the soft ferrimagnetic material [165]. In the case 

of MnxFe3-xO4@FexMn3-xO4 core-shell nanoparticles, the sample with smaller core size (CS2) 

shows higher HC and HE than the sample with bigger core size (CS1). These results suggest 

that the magnetic properties (TB, MS, HC, and HE) of MnxFe3-xO4@FexMn3-xO4 core-shell 

nanoparticles are strongly dependent on soft ferrimagnetic core size [165]. 

 

Fig. 1.22: (a) Temperature dependent ZFC-FC curves, and (b) M-H hysteresis curves at 10 K 

for MnxFe3-xO4@FexMn3-xO4 core-shell nanoparticle samples CS1 and CS2 with 11.5 nm and 

7.5 nm MnxFe3-xO4 core diameter. The inset shows the full M-H hysteresis loops [165]. 
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Ding et al. have explained the core and shell thickness dependent magnetic properties of 

Fe3O4@SiO2 core-shell nanoparticles [143]. Figure 1.23 (a, b) shows the TEM images of 

Fe3O4@SiO2 core-shell nanoparticles with different thickness (14.1 and 19.8 nm) of SiO2 shell. 

Figure 1.23 (c, d) shows the field dependent magnetization at 300 K and ZFC-FC curves of 

Fe3O4@SiO2 core-shell nanoparticles with different thickness of silica shell and capping of 

Fe3O4 core with oleic acid. The oleate capped Fe3O4 core nanoparticles show saturation 

magnetization of about 27.7 emu/g whereas Fe3O4 core nanoparticles coated with SiO2 shell 

thickness of 2.0, 12.1, and 18.5 nm show saturation magnetization of 30.0, 5.2 and 1.9 emu/g, 

respectively. The blocking temperature (TB) of oleate capped Fe3O4 core nanoparticles is 155 

K and SiO2 coated Fe3O4 core-shell nanoparticles show 146, 135 and 133 K as the blocking 

temperatures for 2.0, 12.1, and 18.5 nm thickness of silica shell. The decrease in saturation 

magnetization and blocking temperature of silica coated Fe3O4 core-shell nanoparticles by 

increasing the shell thickness as compared to oleate capped Fe3O4 core nanoparticles is 

attributed to decrease in the dipolar interaction of Fe3O4 core nanoparticles, which is due to 

increased interparticle distance with increased silica shell thickness [143]. 

Figure 1.24a shows the field dependent magnetization of La1-xSrxMnO3 core nanoparticles and 

La1-xSrxMnO3@Au core-shell nanoparticles at 300 K. Figure 1.24b shows the field dependent 

magnetization of La1-xSrxMnO3@Au core-shell nanoparticles at 395, 300 and 5 K [166]. At 

300 K, the La1-xSrxMnO3@Au core-shell nanoparticles show superparamagnetic behavior with 

a coercivity of 9.0 Oe and saturation magnetization of 18.26 emu/g whereas La1-xSrxMnO3 core 

nanoparticles show soft ferromagnetic or near superparamagnetic behavior with a coercivity of 

15.2 Oe and saturation magnetization of 36.31 emu/g. The La1-xSrxMnO3@Au core-shell 

nanoparticles show lower coercivity as well as lower saturation magnetization as compared to 

La1-xSrxMnO3 core nanoparticles, which is attributed to unique spatial configurations and 

proximity effects [166]. The coercivity and saturation magnetization of La1-xSrxMnO3@Au 

core-shell nanoparticles increases with decreasing temperature, which is attributed to 

overcoming of the magnetic anisotropic energy over the thermal energy. Figure 1.24 (c, d) 

shows the ZFC and FC curves of La1-xSrxMnO3@Au core- shell nanoparticles and                     

La1-xSrxMnO3 core nanoparticles under a magnetic field of 500 Oe. Both La1-xSrxMnO3@Au 

core-shell nanoparticles and La1-xSrxMnO3 core nanoparticles show superparamagnetic 

behavior at temperatures above 355 K and they show sharp ferromagnetic phase transition in a 

narrow temperature range 355-320 K. As compared to La1-xSrxMnO3 core nanoparticles, the 

La1-xSrxMnO3@Au core-shell nanoparticles show lower saturation magnetization, lower Curie  
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Fig. 1.23: (a, b) TEM images of Fe3O4@SiO2 core-shell nanoparticles with 14.1 nm and 19.8 

nm thicknesses of SiO2 shell, and (c, d) the field dependent M-H hysteresis plots at 300 K and 

ZFC-FC curves of Fe3O4@SiO2 core-shell nanoparticles with different thickness of silica shell 

along with oleate capped Fe3O4 core nanoparticles [143]. 

temperature (TC) and lower blocking temperature, which is attributed to reduced volume 

fraction of La1-xSrxMnO3 core as well as particle size effect [166]. 

Patange et al. have studied the magnetic properties of graphitic carbon coated Ni@NiO core-

shell nanoparticles and the corresponding TEM image and SAED pattern are shown in Figure 

1.25 (a, b) [164]. The ZFC-FC and M-H hysteresis curves of graphitic carbon coated Ni@NiO 

core-shell nanoparticles are shown in Figure 1.25 (c-e). The ZFC-FC curves show 

irreversibility behavior, which is attributed to either clustered glassy system or magnetically 

frustrated spin disordered system. These sample show flat FC curves indicating strong inter 

particle dipolar interactions. These samples show blocking temperature above room temperatu- 
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Fig. 1.24: (a) Field dependent M-H hysteresis plots for La1-xSrxMnO3 and La1-xSrxMnO3@Au 

core-shell nanoparticles at 300 K, (b) M-H hysteresis plots of La1-xSrxMnO3@Au core-shell 

nanoparticles at 395, 300, and 5 K, and (c, d) temperature dependent ZFC-FC curves of La1-

xSrxMnO3@Au core-shell nanoparticles and La1-xSrxMnO3 core nanoparticles [166]. 

re, which is due to the smaller crystallite size of Ni core (21 nm and 31 nm) compared to critical 

size of pure Ni nanoparticles. This indicates the existence of superparamagnetic behavior at 

room temperature [164]. The increase in saturation magnetization and remanence (MR) of 

graphitic carbon coated Ni@NiO core-shell nanoparticles on increasing the calcination 

temperature from 400 oC to 600 oC are attributed to increase in Ni content as well as 

crystallinity of the particles [164]. The saturation magnetization of graphitic carbon coated 

Ni@NiO core-shell nanoparticles is lower as compared to that of bulk ferromagnetic Ni (MS = 

55 emu/g). This is attributed to disordered magnetic orientation of large percentage of surface 

spins and proximity effects between ferromagnetic Ni and carbon [164]. 
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Fig. 1.25: (a, b) TEM and SAED pattern of graphitic carbon coated Ni@NiO core-shell 

nanoparticles, (c, d) ZFC-FC curves of graphitic carbon coated Ni@NiO core-shell 

nanoparticles annealed at 500 and 600 oC, and (e) field dependent M-H hysteresis plots of 

graphitic carbon coated Ni@NiO core-shell nanoparticles annealed at 400, 450, 500 and 600 

oC [164]. 

1.5.3 Electrochemical properties of core-shell nanoparticles 

Core-shell and core-multi shell nanoparticles show enhanced electrochemical properties as 

compared to their counter parts. For example, ZnO@Au@NiO core-shell nanoparticles show 

enhanced electrochemical properties compared to ZnO@NiO core-shell nanoparticles. Figure 

1.26a shows the TEM image of ZnO@Au@NiO core-shell nanoparticles and the 
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corresponding HRTEM images are shown in Figure 1.26 (b, c). A schematic illustration of 

energy level diagram at the interface of ZnO/Au/NiO during charge and discharge processes is 

shown in Figure 1.26 (d, e). The cyclic voltammetry (CV) curves of ZnO@NiO and 

ZnO@Au@NiO core-shell nanoparticles in the voltage range of 0-0.5 V are shown in Figure 

1.26f. The CV curves of ZnO@Au@NiO core-shell nanoparticles shift much as compared to 

the ZnO@NiO core-shell nanoparticles, which is ascribed to decreased energy barrier due to 

the formation of localized Schottky barrier at the interface [167]. The discharge curves and 

specific capacitance of ZnO@Au@NiO and ZnO@NiO core-shell nanoparticles at different 

current densities are shown in Figure 1.26 (g, h). During the charging, electrons are temporarily 

trapped and accumulated at the Fermi level until the gap between NiO and ZnO is filled. During 

the discharge process, additional electrons at the Fermi level are released, which leads to 

enhanced capacitance in the case of ZnO@Au@NiO core-shell nanoparticles as compared to 

that of ZnO@NiO core-shell nanoparticles [167]. 

Zhu et al. have reported the dielectric and energy storage properties of BaTiO3@polymer 

(PHEMA, PMMA, and PGMA) shell/PVDF core-shell nanoparticles [168]. The dielectric 

constants of BaTiO3@polymer (PHEMA, PMMA, and PGMA) shell/PVDF core-shell 

nanoparticles are higher than that of pure PVDF. BaTiO3@PHEMA/PVDF core-shell 

nanoparticles show higher dielectric constant, which is attributed to suppression of  

macromolecular movement at the interfacial region due to strong polymer interaction and also 

restricted dipole movement of grafted polymer chains [168]. BaTiO3@PGMA/PVDF core-

shell nanoparticles show high discharge energy density with higher energy storage efficiency, 

owing to low leakage currents and low remanant polarization compared to pure PVDF [168]. 

Huang et al. have studied ultraviolet photodetection properties of ZnS@SnO2 core-shell 

nanoribbons and the TEM and SAED patterns for these core-shell nanoparticles are shown in 

Figure 1.27 (a, b). A schematic diagram of an electrochemcial measurement specimen is shown 

in Figure 1.27c and I-V curves of pure ZnS nanoribbons and ZnS@SnO2 core-shell 

nanoribbons with Au or ITO contact are shown in Figure 1.27d. The ZnS@SnO2 core-shell 

nanoribbon with ITO contact shows very high conduction current of 3.5 A at 5 V as compared 

to pure ZnS nanoribbon (10-7 A). This is attributed to better contact of ZnS@SnO2 core-shell 

nanoribbons with ITO substrate [169]. Annealing process induces diffusion of indium ions at 

the interface which leads to decrease in the contact barrier and enhances the electron transport 

by means of thermionic-field emission [169]. The source drain voltage (Vds) and source drain 
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Fig. 1.26: (a) TEM and (b, c) HRTEM image of ZnO@Au@NiO core-shell nanoparticles, (d, 

e) charge and discharge process in ZnO@Au@NiO core-shell nanoparticles, (f) CV curves of 

ZnO@NiO and ZnO@Au@NiO core-shell nanoparticles, (g, h) discharge curves for 

ZnO@NiO and ZnO@Au@NiO core-shell nanoparticles at various current densities, and (i) 

specific capacitance curves of ZnO@NiO and ZnO@Au@NiO core-shell nanoparticles [167]. 

current (Ids) of ZnS@SnO2 core-shell nanoribbons with ITO substrate at different gate voltages 

(Vg) are shown in Figure 1.27e.  These results suggest that ZnS@SnO2 core-shell nanoribbons 

show n-type characteristics. The source drain current (Ids) reaches its maximum value of about 

11 A at an applied gate voltage (Vg) of + 40 V which is turned off at an applied voltage of - 

40 V [169]. The I-V curves of ZnS@SnO2 core-shell nanoribbons illuminated at different 

wavelengths are shown in Figure 1.27f. Illumination of UV light on the electrochemical device 

results in higher current (17.4 A) compared to the device illuminated under visible light (3.6 

A). Figure 1.27g shows the photoresponse of the electrochemical device at various incident 

light wavelengths at a bias voltage of 1 V. The photoresponse of the device is about six orders 

of magnitude higher in the UV region as compared to that in the visible region. This is due to 

effective generation of electron-hole pairs in the ZnS@SnO2 core-shell nanoribbons under the 

UV light illumination. These results indicate that ZnS@SnO2 core-shell nanoribbons can act 

as either visible-blind or ultraviolet photodetectors [169]. Time resolved response of the 

electrochemical device at an applied voltage of 1 V is shown in Figure 1.27h. Under the 

illumination of UV light, photocurrent of the device reaches about 3.2 A and it drops down 

to about 0.4 A when the light is turned off with good stability and reproducibility. The 

photocurrent to dark current ratio is about 8 and the higher photoconductivity in these samples 
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is due to enhanced adsorption and desorption rates of oxygen molecules on the surface of 

ZnS@SnO2 core-shell nanoribbons [169]. 

 

Fig. 1.27: (a, b) TEM and SAED pattern of ZnS@SnO2 core-shell nanoribbons, (c) schematic 

diagram of an electrochemical measurement specimen, (d) I-V curves of ZnS@SnO2 core-shell 

nanoribbons and ZnS nanoribbons, (e) Ids-Vds curves at different gate voltages (Vg), (f) I-V 

curves of the electrochemical device on illumination at different wavelengths, (g) sensitivity 

of the electrochemical device at various wavelengths at an applied voltage of + 1.0 V, and (h) 

time resolved photoresponse of the electrochemical device [169]. 

1.6 Applications of core-shell nanoparticles 

Core-shell nanoparticles have received considerable attention as compared to their counter 

parts because they have potential applications in various fields such as catalysis, environmental 

remediation, pharmaceutics, electronics, data or energy storage devices, solar cells, fuel cells, 

supercapacitors, light emitting diodes, and bio-medicine [30,42,170,171]. A schematic 
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representation of various applications of the core-shell nanoparticles is given in Figure 1.28 

and some of them are discussed in brief as follows [30]. 

 

Fig. 1.28: Applications of core-shell nanoparticles in various fields [30]. 

1.6.1 Catalysis 

Core-shell nanoparticles exhibit enhanced catalytic activity as compared to the core or shell 

nanoparticles. This is attributed to high surface area, porosity, surface charge, stability, and 

synergistic interaction between the core and shell. The catalytic properties of core-shell 

nanoparticles are affected by their structural and compositional features as well as the surface 

features of the core and shell (Figure 1.29 (a, b)) [30,172,173]. Core-shell nanoparticles have 

been used in different catalytic applications such as oxidation or hydrogenation reactions, 

cross-coupling reactions, Henry reaction, tandem deprotection-Knoevenagel reaction, aerobic 

oxidative esterification, etc. 
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Fig. 1.29: (a) Various factors that can affect the catalytic properties of the core-shell 

nanoparticles, and (b) type of core, shell, interface and architecture of core-shell nanoparticles 

that can affect the catalytic activity [30,172]. 

1.6.1.1 Hydrogenation 

Hydrogenation of alkenes, alkynes and aromatic nitro compounds play an important role in 

various industrial applications. As compared to traditional catalysts, core-shell nanoparticles 

have received great attention in catalytic applications due to their high chemo and regio 

selectivity, ease of separation and recyclability [30,42]. Haldar et al. have demonstrated the 

core size dependent catalytic activity of Au@Ag core-shell nanoparticles towards the reduction 

of 4-nitrophenol in an aqueous solution in the presence of NaBH4 [50]. Figure 1.30a shows the 

TEM image of Au100@Ag core-shell nanoparticles. Figure 1.30 (b-d) shows the absorbance 

spectra, kinetics plots and catalytic reaction efficiency plots for the reduction of 4-nitrophenol 

to 4-aminophenol using the Au@Ag core-shell nanoparticles. On increasing the Au core size 

from 20 to 100 nm, the catalytic activity of Au@Ag core-shell nanoparticles increases. As 

compared to pure components, the Au100@Ag core-shell nanoparticles show enhanced catalytic 

activity, which is attributed to strong electronic effect and ligand effect. The capacitance 

increases with core size and accordingly electron density increases in the Au@Ag core-shell 

nanoparticles. The higher electron density enhances the overall catalytic activity of Au@Ag 

core-shell nanoparticles as compared to that of the constituents [50]. These results indicate that 

Au@Ag core-shell nanoparticles are useful in various industrial catalytic applications with 

tunable activity by changing the core size. 
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Fig. 1.30: (a) TEM image of Au100@Ag core-shell nanoparticles, (b) UV-Visible spectral 

results indicating the reduction of 4-nitrophenol using Au100@Ag core-shell nanoparticles, (c) 

plot of ln (Ao/At) vs. time for the reduction of 4-nitrophenol using Au@Ag core-shell 

nanoparticles with various Au core size (a = 10, b = 20, c = 40, d = 60, e = 80, and f = 100 nm), 

and (d) catalytic efficiency of Au@Ag core-shell nanoparticles with various Au core size [50]. 

1.6.1.2 Oxidation 

Oxidation reactions have great importance in industrial applications like hydrogenation. For 

example, Chen et al. have investigated the catalytic activity of Pd@hollow mesoporous CeO2 

yolk-shell nanoparticles (calcined at 350 and 550 oC) towards CO oxidation as well as aerobic 

oxidation of cinnamyl alcohol to cinnamaldehyde [174]. Figure 1.31a shows the synthetic 

scheme for the synthesis of Pd@hollow mesoporous CeO2 yolk-shell nanoparticles and Figure 

1.31 (b, c) shows the low and high magnification TEM images of the yolk-shell nanoparticles. 

The Pd@hollow mesoporous CeO2 yolk-shell nanoparticles calcined at 550 oC show better CO 

conversion at low temperature (80-100 oC) than the Pd@hollow mesoporous CeO2 yolk-shell 

nanoparticles calcined at 350 oC. This is due to enhanced surface cleaning of Pd nanoparticles 

during calcination at 550 oC than at 350 oC [174]. As compared to pure Pd nanoparticles and 

Pd@SiO2 core-shell nanoparticles, and Pd@hollow mesoporous CeO2 yolk-shell nanoparticles 

(calcined at 550 oC) show enhanced catalytic activity. This is attributed to enhanced stability 
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of Pd nanoparticles in the CeO2 matrix at elevated temperatures via synergistic interaction 

[174]. 

 

Fig. 1.31: (a) Schematic representation of synthesis of Pd@hm-CeO2 yolk-shell nanoparticles, 

(b, c) high and low magnification TEM images of the yolk-shell nanoparticles. Inset shows the 

HRTEM image of Pd@hm-CeO2 yolk-shell nanoparticles [174]. 

In the case of aerobic oxidation of cinnamyl alcohol to cinnamaldehyde, the Pd@hollow 

mesoporous CeO2 yolk-shell nanoparticles show enhanced selectivity compared to Pd/C, 

Pd/CeO2 and Pd nanoparticles (4.9 nm) supported on hm-CeO2. A comparison of catalytic 

conversion using different catalysts is given in Table 1.1. These results indicate Pd@hollow 

mesoporous CeO2 yolk-shell nanoparticles show higher catalytic activity compared to the other 

catalysts. In the Pd@hollow mesoporous CeO2 yolk-shell nanoparticles, the reactants easily 

access the Pd nanoparticles via permeable porous CeO2 shell which enhances the catalytic 

activity [174]. The Pd@hollow mesoporous CeO2 yolk-shell nanoparticles show greater than 

99.9 % conversion up to three cycles indicating high stability with good recyclability of the 

catalyst. These results indicate that Pd@hollow mesoporous CeO2 yolk-shell nanoparticles are 

useful in various catalytic applications. 
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Table 1.1. Aerobic oxidation of cinnamyl alcohol to cinnamaldehyde using Pd@hm-CeO2 

yolk-shell nanoparticles, Pd/hm-CeO2, Pd/CeO2, and Pd/C nanoparticles [174]. 

Catalyst No. of cycles Time (h) Conversion (%) 

Pd@hm-CeO2 First 1.5 > 99.9 

 Second 1.5 > 99.9 

 Third  1.5 > 99.9 

Pd/hm-CeO2  1.5 42.1 

Pd/CeO2  1.5 24.5 

Pd/C  1.5 62.6 

1.6.1.3 Coupling reactions 

Coupling reactions play a crucial role in the synthesis of many pharmaceutical precursors and 

drug intermediates. The most studied coupling reactions are Suzuki-Miyaura, Henry, 

Sonogashira, and Ullmann coupling reactions. In all the reactions, precious metals (Pd, Pt, Au, 

etc.) are used as the catalysts [30,88,175,176]. To make these reactions more economical, Kou 

et al. have synthesized inexpensive Cu@Cu2O inside-out core-shell nanoparticles via solution-

phase strategy and have used them as the catalyst in Sonogashira reaction of aryl halides and 

phenyl acetylenes [177]. Pure Cu and Cu2O does not catalyze the reaction and the conversion 

occurs only when Cu@Cu2O core-shell nanoparticles are used as the catalyst. They show 85-

94 % yield in the absence of precious metals and ligands. In addition to this, the recovered 

catalyst retains its core-shell morphology and exhibits significant catalytic activity without any 

loss in the multiple runs. The Cu@Cu2O core-shell nanoparticles act as noble metal free and 

ligand free catalyst for Sonogashira coupling reaction with good efficiency [177]. These results 

suggests an alternative, economic and good sustainable pathway for Pd catalyzed reactions. 

1.6.2 Photocatalysis 

1.6.2.1 Photodegradation of organic dyes 

The contamination of water sources by various industrial pollutants make a serious threat to 

aquatic life and environment. To degrade the organic pollutants, photocatalysis has been used 

in which, semiconductor nanoparticles such as ZnO, TiO2, SnO2, CdS are used as the 

photocatalysts but their fast recombination limits their use [80,81,178]. To overcome this 

problem, in recent years, heterostructures have been developed and they exhibit enhanced 
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catalytic activity towards the degradation of organic dyes (rhodamine B, methylene blue, 

methyl orange, malachite green, etc.) as well as water splitting reactions [92,109,135]. 

Schematic diagrams of core-shell nanoparticles towards photocatalysis based on their core or 

shell interactions and based on their hierarchical structure are given in Figure 1.32 (a, b). 

 

Fig. 1.32: Schematic diagrams of core-shell nanoparticles towards photocatalysis (a) based on 

core or shell interactions, and (b) based on hierarchical structure functions [179]. 

For example, Kumar et al. have reported the photodegradation of rhodamine B in an aqueous 

solution using nitrogen doped ZnO@g-C3N4 core-shell nanoparticles under sun light [180]. As 

compared to the pure components, the nitrogen doped ZnO@g-C3N4 core-shell nanoparticles 

show enhanced apparent rate constant (kapp), indicating higher catalytic activity. The higher 

catalytic activity of nitrogen doped ZnO@g-C3N4 core-shell nanoparticles is due to effective 

separation of charge carriers at the interface of nitrogen doped ZnO and g-C3N4 [180]. Under 

sun light irradiation, the photogenerated electrons in the conduction band of nitrogen doped 

ZnO are unable to produce 𝑂2
•− from dissolved O2 by photoreduction process due to more 

positive conduction band edge level of nitrogen doped ZnO (– 0.2 eV vs. NHE) than the 

standard redox potential of 𝑂2/𝑂2
•− (– 0.3 eV vs. NHE). On the other hand, the photogenerated 

holes in the valence band of g-C3N4 is unable to oxidize the adsorbed H2O molecules to •OH 

due to the fact that the valence band edge of g-C3N4 is more negative (+ 1.3 eV vs. NHE) than 

the standard reduction potential of − 𝑂𝐻/𝐻2𝑂 (+ 2.8 eV vs. NHE) [180]. An efficient electron-

hole separation is achieved based on Z-scheme mechanism which is responsible for higher 

catalytic activity of nitrogen doped ZnO@g-C3N4 core-shell nanoparticles [180]. A comparison 
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of photocatalytic activity using various catalysts and the plots of ln (Ct/Co) vs. time are shown 

in Figure 1.33 (a, b). The mechanism of degradation of rhodamine B using nitrogen doped 

ZnO@g-C3N4 core-shell nanoparticles is shown in Figure 1.33c. 

 

Fig. 1.33: (a) Photocatalytic activity of various catalysts (ZnO, nitrogen doped ZnO (ZON), 

bulk g-C3N4 (BCN), g-C3N4 nanosheets (CNNS), and nitrogen doped ZnO@g-C3N4 core-shell 

nanoparticles (CNZON5 and CNZON10)) towards photodegradation of rhodamine B in an 

aqueous solution, (b) ln (Ct/Co) vs. time plots using the various catalysts, and (c) Z-scheme 

mechanism for the photodegradation of rhodamine B using nitrogen doped ZnO@g-C3N4 core-

shell nanoparticles [180]. 

1.6.2.2 Water splitting 

In 1972, Fujishima and Honda discovered catalytic hydrogen production using TiO2 as the 

catalyst [181]. The fundamental principle to choose a suitable semiconductor for water splitting 

is that the valence band edge is more negative than 0 V vs. NHE and the conduction band edge 

is more positive than +1.23 V vs. NHE at pH =0. Thermodynamically, water splitting reaction 

requires a minimum energy of 1.23 eV and the Gibbs free energy change (G) for water 

splitting reaction is 237.2 kJ/mol or 2.46 eV per molecule of H2O [181]. The core-shell 

nanoparticles exhibit better catalytic activity towards water splitting compared to their counter 

parts. Recently, Chen et al. have reported that the Pd@Co@MIL-101 core-shell nanoparticles 

acts as efficient catalysts for water splitting reaction. Ammonia borane (AB) is used as the 
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reducing agent which is introduced into water along with various catalysts to produce hydrogen 

(H2) [182]. Pd@Co@MIL-101 (the Pd/Co molar ratio is 0.3 and (Pd + Co)/AB is 0.011) 

achieves 100 % H2 production with higher catalytic activity than pure Pd, Co, PdCo alloy, 

Pd@Co/MIL-101, and MIL-101. The core-shell nanoparticles show higher turnover frequency 

(51 𝑚𝑜𝑙𝐻2
. 𝑚𝑜𝑙𝑐𝑎𝑡

−1  . 𝑚𝑖𝑛−1) than the noble metal catalyst Ru (36.3 𝑚𝑜𝑙𝐻2
. 𝑚𝑜𝑙𝑐𝑎𝑡

−1  . 𝑚𝑖𝑛−1) and 

non-noble metal catalysts such as Ni (8.8 𝑚𝑜𝑙𝐻2
. 𝑚𝑜𝑙𝑐𝑎𝑡

−1  . 𝑚𝑖𝑛−1) and CuCo 

(9.18 𝑚𝑜𝑙𝐻2
. 𝑚𝑜𝑙𝑐𝑎𝑡

−1  . 𝑚𝑖𝑛−1) [182]. They show the lowest activation energy (Ea) of 22 kJ/mol 

compared to Ni@Ru (44 kJ/mol) and Ru (39 kJ/mol). The core-shell nanoparticles show similar 

catalytic activity up to five cycles without any loss indicating high durability of the catalyst. 

The higher catalytic activity of Pd@Co@MIL-101 core-shell nanoparticles is due to 

synergistic effects of Pd and Co as well as confinement effect of MIL-101 [182]. The plots of 

volume of hydrogen evolution vs. time and durability of Pd@Co@MIL-101 core-shell 

nanoparticles are shown in Figure 1.34 (a, b). 

 

Fig. 1.34: (a) Volume of hydrogen evolution vs. time from ammonia borane aqueous solution 

using various catalysts, and (b) recyclability and stability of Pd@Co@MIL-101 yolk-shell 

nanoparticles for hydrogen evolution from ammonia borane aqueous solution [182]. 

1.6.3 Sensors 

Sensors play a crucial role in the detection of hazardous volatile gases present in environment 

and they have a great impact in biological applications. Metal oxide nanoparticles are used as 

sensors and the sensing properties depend on size, shape, surface property, electronic structure, 

etc [87,183]. As compared to pure metal oxide semiconductors, heterostructures show better 

sensing activity with good selectivity [91,183]. For example, Majhi et al. have investigated the 

gas sensing activity of Au@ZnO core-shell nanoparticles towards various gases such as 

hydrogen, acetaldehyde, ethanol and CO [184]. The Au@ZnO core-shell nanoparticles exhibit 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

46 
 

enhanced response for all the gases than that of pure ZnO nanoparticles at 300 oC. Among the 

gases, the Au@ZnO core-shell nanoparticles show higher response for H2 indicating its better 

ability to distinguish H2 in the environment [184]. The gas sensing mechanism is shown in 

Figure 1.35. The higher sensing activity of Au@ZnO core-shell nanoparticles is due to 

electronic and chemical sensitization effects. The electronic sensitization effect is responsible 

for higher sensitivity and the chemical sensitization effect is responsible for higher selectivity 

[184]. The Au core nanoparticles enhance the overall gas sensor activity of Au@ZnO core-

shell nanoparticles via spillover effect [184]. These results suggest that Au@ZnO core-shell 

nanoparticles can be used as an effective and selective sensor to detect H2 in the environmental 

applications. 

 

Fig. 1.35: Sensing mechanism of various gases using Au@ZnO core-shell nanoparticles under 

air and targeted gas [184]. 

1.6.4 Quantum dots sensitized solar cells 

For the last two decades, dye sensitized solar cells are receiving much attraction due to their 

high conversion efficiency of solar energy to electricity. But their high cost, tricky synthesis 

procedure of organic dyes, and limited solar to electricity conversion efficiency restricts their 

commercial use in the market [185]. To overcome this problem, third generation quantum dots 

sensitized solar cells (QDSCs) have been developed and they are more cost effective with good 

photo conversion efficiency [185,186]. The quantum dots with higher conduction band edge 

level with free trap states enhance the photo conversion efficiency. A schematic representation 

of quantum dots sensitized solar cells and charge separation process is shown in Figure 1.36 
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(a, b) [185]. The QDSCs consist of QD sensitized photoanode, counter electrode, and redox 

electrolyte couple of 𝑆2−/𝑆𝑛
2−. The QDs are coated on wide band gap semiconductor (e.g. TiO2, 

ZnO). On illumination with light, electrons in the valence band of semiconductor are excited 

to the conduction band and the excited electrons are transferred to the conduction band of TiO2. 

These electrons are transferred to the transparent conductive oxide (TCO) via an external TiO2 

network. The electrolyte acts as a hole transport medium, which reduces the QD and regenerate 

the QD. Finally, the holes are transported to the counter electrode, which reduce the oxidized 

counterpart of the redox system. As compared to DSSC, the photo conversion efficiency is still 

lower, which is due to insufficient light absorption, fast recombination of electrons with holes 

in the electrolytes, and slow charge transfer between the counter electrode and electrolyte 

[185]. Type–II core-shell nanoparticles show better photo conversion efficiency due to 

confinement of holes in the core and electrons in the shell. Such an interface enables enhanced 

electron injection rate by reducing the charge recombination process [187]. Type –II 

ZnTe@CdSe core-shell nanoparticles show higher photo conversion efficiency () of 7.17 % 

with short circuit current (Jsc) of 19.65 mA/cm2 and open circuit voltage (Voc) of 0.642 V 

compared to that of CdTe@CdSe core-shell nanoparticles (= 6.67 %, Jsc = 18.53 mA/cm2, 

Voc = 0.597 V). The higher photo conversion efficiency of ZnTe@CdSe core-shell 

nanoparticles is due to relatively larger conduction band offset (1.22 eV) compared to that of 

CdTe@CdSe (0.27 eV). This induces a strong dipole effect at the interface of TiO2 and 

ZnTe@CdSe core-shell nanoparticles resulting in high photo conversion efficiency compared 

to CdTe@CdSe core-shell nanoparticles [187]. These results indicate that by tuning the 

conduction band edge alignment with free trap states can enhance the photo current efficiency 

of the quantum dots sensitized solar cells. The cost effective QDSCs can be used in the 

commercial market. 

 

Fig. 1.36: (a) Schematic representation of quantum dots sensitized solar cell (QDSCs), and (b) 

interfacial charge transfer mechanism in QDSCs [185]. 
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1.6.5 Microwave absorbers 

Microwave absorbing materials have received great attention due to their wide range of 

applications in electronic industries, commerce, and defence. Magnetic loss materials such as 

ferrite, nickel, cobalt, and dielectric materials such as metal oxides, carbon, and conducting 

polymers have been used to develop the microwave absorbing materials [188]. Liu et al. have 

investigated the microwave absorbing properties of double shelled Fe3O4@SnO2 yolk-shell 

nanorattles. They exhibit enhanced microwave absorption as compared to their counter parts, 

solid Fe3O4@SiO2 core-shell nanoparticles, and single shell Fe3O4@SnO2 nanorattles. By 

tuning the core, void size and the shell thickness, the microwave absorption is greatly enhanced 

in double shelled Fe3O4@SnO2 yolk-shell nanorattles [189]. The enhanced microwave 

absorption of Fe3O4@SnO2 yolk-shell nanorattles is due to synergistic effect of Fe3O4 core and 

SnO2 shell as well as the presence of increased void space [189]. The SEM and TEM images 

of double shelled Fe3O4@SnO2 core-shell nanorattles are shown in Figure 1.37 (a, b) and 

microwave loss curves using the various materials are shown in Figure 1.37c. 

 

Fig. 1.37: (a, b) SEM and TEM images of double shelled Fe3O4@SiO2 core-shell nanorattles, 

and (c) microwave reflection loss curves of various materials (a = Fe3O4 nanoparticles, b = 

Fe3O4@SiO2 microspheres, c = single shelled Fe3O4@SnO2 yolk-shell nanorattles, and (d-f) = 

double shelled Fe3O4@SnO2 yolk-shell nanorattles with various core size, void size and shell 

thickness) [189]. 
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1.6.6 Bio-medical applications 

Core-shell nanoparticles have important applications in bio-medical field such as targeted drug 

delivery, bio-imaging, cell labelling, sensing, gene delivery, etc. Within the past decade, some 

of the applications have already been well explored and some are still under investigation 

[42,88,190]. Recently, Chen et al. have investigated the photo-chemo combination therapy 

using g-C3N4@ZIF-8 core-shell nanoparticles [191]. The g-C3N4@ZIF-8 core-shell 

nanoparticles exhibit higher amount of DOX (doxorubicin) release at pH 5.0 (~ 85 %) than that 

at pH 7.4 (~ 25 %) in 70 hours as compared to free DOX. The higher DOX release at pH 5.0 is 

attributed to acid-prompted dissolution of ZIF-8 [191]. The g-C3N4@ZIF-8 core-shell 

nanoparticles exhibit dual color fluorescence, in which red fluorescence arises from DOX in 

the nuclei and blue fluorescence arises from g-C3N4 in cytoplasm of human alveolar cancer 

cells A549. These results indicate effective delivery of DOX at cancer cell nucleus [191]. A 

schematic illustration of mechanism for photo-chemo therapy is shown in Figure 1.38. The 

higher DOX release at pH 5.0 with better florescence suggest that the g-C3N4@ZIF-8 core-

shell nanoparticles are very promising targeted drug candidate to release DOX at acidic tumor 

sites with enhanced fluorescence. 

 

Fig. 1.38: Schematic representation of mechanism for photo-chemo therapy of human alveolar 

cancer cells A549 using DOX loaded g-C3N4@ZIF-8 core-shell nanoparticles [191]. 
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Aim of the present study 

Core-shell nanoparticles with different sizes and shapes play an important role in tuning their 

physicochemical properties. The uniform deposition of shell nanoparticles with controlled 

thickness on various shaped core materials is difficult. In the present study, various shaped core 

materials have been synthesized by StӦber’s process, homogeneous precipitation, and solution 

route. Successful deposition of different shell nanoparticles with different thickness was carried 

out via novel and economical methods such as homogeneous precipitation and thermal 

decomposition. The core-shell nanoparticles that have been investigated are (i) type-I and type-

II semiconducting core-shell nanoparticles (SiO2@CdS and ZnO@CdS), (ii) semiconductor-

metal core-shell nanoparticles (ZnO@Ag and Cu2O@Ag), and (iii) nanorattle type core-shell 

nanoparticles (SiO2@Co3O4 and SiO2@Ni-Co mixed metal oxides). The synthesized core-shell 

nanoparticles were characterized by an array of techniques such as powder XRD, FT-IR, TGA, 

FE-SEM, EDXA, TEM, XPS, BET surface area and zeta potential measurements. After 

thorough characterization, optical properties of the core-shell nanoparticles were studied using 

UV-Visible DRS and PL spectroscopy techniques. Applications of synthesized core-shell 

nanoparticles have been demonstrated using photocatalytic degradation of methylene blue in 

an aqueous solution, the reduction of 4-nitrophenol and methylene blue in presence of NaBH4 

in an aqueous solution, an artificial peroxidase-like enzyme mimic activity, and adsorption of 

mixture of rhodamine B and methylene blue in aqueous solutions. 
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To investigate the properties of core-shell nanoparticles in depth, various analytical techniques 

are required. In the present study, the synthesized core-shell nanoparticles were investigated 

using a set of techniques such as powder X-ray diffraction (PXRD), Fourier transform infrared 

spectroscopy (FT-IR), thermal gravimetric analysis (TGA), field emission scanning electron 

microscopy (FE-SEM), energy dispersive X-ray analysis (EDXA), transmission electron 

microscopy (TEM) and selected area electron diffraction (SAED). The oxidation state of metal 

and atomic composition were investigated using X-ray photoelectron spectroscopy (XPS). The 

surface charge of the core-shell nanoparticles was studied using zeta potential measurements. 

The surface area analysis was carried out using BET surface area analyzer. After thorough 

characterization, optical properties of the core-shell nanoparticles were investigated using UV-

Visible diffuse reflectance spectroscopy (DRS) and photoluminescence spectroscopy (PL). To 

monitor the concentration of various dyes during photodegradation, adsorption and reduction 

experiments, UV-Visible spectroscopy was employed. A brief description of the analytical 

techniques used and the corresponding sample preparation methods have been discussed 

below. 

2.1. Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction is an important tool to identify the state of solid sample (amorphous 

or crystalline), phase purity, crystallographic structure, and crystallite size. Powder XRD is a 

non-destructive technique [1]. According to Bragg’s law, when X-ray radiation is incident on 

a sample surface, diffraction takes place with an angle of diffraction equal to angle of incidence. 

The diffracted beam undergoes constructive interference when the path length between the 

beams is an integral multiple of the incident X-ray wavelength. It is expressed as follows. 

                                                   𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                              (1) 

where n is the order of diffraction (n = 1, 2, 3), λ is wavelength of the X-ray radiation, d is the 

interplanar spacing between the planes, and θ is the angle of diffraction [1]. 

In the case of core-shell nanoparticles, XRD results give an indirect evidence for the presence 

of a shell on the core surface. On coating of a complete shell on the core, the XRD peak 

intensity of core nanoparticles usually reduces as compared to that of pure core nanoparticles 

[2]. In some of the cases, XRD peaks of core nanoparticles completely vanish due to thicker 

coating of shell nanoparticles [2].  
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In the present work, the XRD patterns of all the synthesized core-shell nanoparticles were 

recorded on a Brucker AXS-D8 diffractometer at room temperature. About 100 mg of powder 

sample was filled in the sample groove and the sample surface was flattened using a glass slide. 

Then, the sample groove is placed on the sample holder to run the XRD measurements. All the 

XRD input parameters were given using DIFFRACplus software and the data evolution was 

carried out using EVA® software. The following instrumental parameters were employed 

during the XRD measurements; the X-ray source used was Cu-K radiation ( = 1.5406 Å) and 

the instrument was operating at 40 kV and 40 mA. All the XRD patterns were recorded in the 

2 range of 5-90o with a goniometer speed of 1o/min. The obtained XRD patterns were 

analyzed using JCPDS (Joint committee on powder diffraction standards) database. The effect 

of finite crystallite size or grain size on the core-shell nanoparticles is measured by peak 

broadening and change in intensity of the peaks in the X-ray diffraction pattern, which is 

explained by the Debye-Scherrer equation and it is expressed as follows [3]. 

                                    𝛿 =
𝐾𝜆

𝛽 𝐶𝑜𝑠𝜃
                                              (2) 

where,  is the average crystallite size of nanoparticles in nm, K is a dimensionless constant 

and it varies between 0.89 to 1.39 (for most of the two dimensional lattices, it is taken as 0.89), 

 is the wavelength of Cu-K X-ray radiation,  is the full width at half maximum, and  is the 

Bragg angle. In the present study, the most intense XRD peaks of either the core or the shell 

nanoparticles were chosen for the crystallite size calculations. 

2.2. Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy is a sensitive technique and it gives information about surface functional 

groups, ligands, intercalated molecules, and nature of metal-oxygen interactions in inorganic 

materials. The basic principle of FT-IR spectroscopy is that when IR radiation (400-4000 cm-

1) falls on the sample surface, vibrational transitions occur in molecules [4]. The frequency of 

the absorbed IR radiation is equal to the vibrational transition energy of a group of the 

molecules. In the case of core-shell nanoparticles, FT-IR results give information on surface 

functional groups present on the core surface. Appropriate functional groups can be coated on 

a core surface using various ligands to deposit a uniform shell of interest which can be analyzed 

using FT-IR spectroscopy [5]. 

In the present study, FT-IR spectra of the synthesized core-shell nanoparticles were carried out 

on a Thermo Nicolet infrared spectrometer in the range of 400-4000 cm-1 with 16 scans. 
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Initially, the background was corrected using potassium bromide (Aldrich®) pellet. All the 

sample powders were prepared using KBr pellet method (KBr: sample = 100: 1). To prepare 

the pellet, the samples were mixed with potassium bromide and grounded into a fine powder 

in a mortar and the pellet was prepared using a hydraulic press. All the instrumental input 

parameters were given using Omnic® software. The baseline correction was carried out for all 

the samples using automatic baseline correction. 

2.3. Thermal Gravimetric Analysis (TGA) 

Thermogravimetry is a destructive technique, in which change in the weight of a sample is 

recorded as a function of time or temperature [6]. It provides quantitative information about 

the sample which is based on weight loss of the sample. The plot between percentage weight 

loss and temperature or time is called a thermogram. The important requirement for this 

technique is precision balance with a programmed furnace for a linear rise of temperature with 

respect to time. The derivative thermogravimetric (DTG) curve is obtained by measuring the 

first derivative of thermogravimetric (TG) curve [6]. A few milligrams of the sample was 

placed in a precision balance and heated to high temperatures (e.g. 1000 oC) under air or inert 

atmosphere. In the present study, TGA patterns of silica, surface modified ZnO, SiO2@-

Co(OH)2, SiO2@Ni-Co mixed metal hydroxides and Cu2O samples were recorded on a 

EXSTAR TG/DTA 3600 instrument. About 10 mg of the sample was used for the TG analysis. 

All the samples were heated under air in the temperature range of 25-1000 oC and the heating 

rate was 10 o/min. 

2.4. Field Emission Scanning Electron Microscopy (FE-SEM) and Energy Dispersive X-

ray Analysis (EDXA) 

FE-SEM is an important analytical tool to investigate the sample topography, and morphology. 

An electron beam passes through narrow magnetic lenses and reach to LaB6 electron gun tip 

(electric field at the tip is about 107 V/cm). The primary electron beam and the sample surface 

moves in a raster pattern (point-by-point) and form a three dimensional image [7]. FE-SEM 

has higher magnification, greater resolution, and large depth of field. The interaction of 

electron beam on a sample surface results in emission of characteristic X-rays, secondary 

electrons, back scattered electrons, Auger electrons and cathode luminescence [7]. The emitted 

back scattered electrons are detected by surface barrier detector, secondary electrons are 

detected by Everhurt-Thronley detector, and the X-rays are detected by photomultiplier tube. 

The emitted X-rays have characteristic energy for a particular element and its intensity is 
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directly proportional to the concentration of a particular element [7]. In the case of core-shell 

nanoparticles, FE-SEM analysis cannot distinguish clearly core from the shell and it provides 

only a surface image. But when it is coupled with EDX analysis, determination of elemental 

composition is possible [2]. 

In the present study, FE-SEM images of all the synthesized core-shell nanoparticles were 

recorded using a FEI Quanta 200F or Carl Zeiss ULTRA plus field emission electron 

microscopes operating at 15 or 20 kV. The sample chamber was maintained under high vacuum 

of about 10-7 Torr, which avoids reduction in the electron beam intensity and reduction in 

contrast of the images caused by gaseous molecules present in the chamber. Very fine FE-SEM 

images were recorded by adjusting the stigmator, which controls the optical aberrations. The 

elemental composition (atomic percent and weight percent) of all the core-shell nanoparticles 

were estimated at different spots and areas in the FE-SEM images. The sample preparation for 

SEM or EDX analysis was as follows. Initially, isoamyl alcohol was taken on a smooth cloth 

and bras stubs were cleaned thoroughly. After that, conducting carbon tape was stuck on the 

bras stub and the sample powder was smeared on the stub. To avoid charging during the SEM 

measurements, gold sputtering was carried out for about 100 seconds at 30 mA of current 

density. 

2.5. Transmission Electron Microscopy (TEM) 

TEM is a perfect analytical tool to confirm the formation of a core-shell structure based on 

contrast difference between the core and the shell. It gives information about core size, shell 

thickness, and the overall shape and mean diameter of the particles. A high energetic (e.g. 200 

kV) and narrow electron beam passes through the magnetic lenses and strikes the sample 

surface under high vacuum. The transmitted electrons from the sample surface forms a two-

dimensional image on a charge coupled device (CCD) or a scintillation screen [2, 7]. In recent 

years, high resolution transmission electron microscopy (HRTEM) has been introduced which 

is able to provide images at a point resolution of 0.24 nm and a line resolution of 0.14 nm. 

HRTEM gives the information about lattice fringes and lattice planes of both the core and shell 

nanoparticles. The selected area electron diffraction (SAED) provides information about the 

crystallinity and lattice planes [7].  

In the present study, TEM images of all the core-shell nanoparticles were recorded on a 

TECHNAI G2 20 S-TWIN transmission electron microscope operating at a voltage of 200 kV. 

A LaB6 thermionic cathode was used as a high energetic electron source. The sample 
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preparation for the TEM measurements is as follows. About 2 mg each of the synthesized core-

shell nanoparticle powder samples was dispersed in about 5 mL of ethanol and sonicated for 

about 15 min which avoids aggregation of the particles and makes a good dispersion. After 

that, about two to three drops of the suspension was placed on a carbon coated copper grid with 

the help of a micropipette and the grids were dried under air for overnight. In the sample 

chamber of TEM, high vacuum of 1×10-9 Torr was created using a turbo molecular pump and 

an ion getter pump. Then, the sample grids were inserted into the sample holder and the electron 

beam was focused on the sample by adjusting Z-height of the sample specimen. Finally, images 

of the samples were seen on a fluorescent screen which were recorded using a charge coupled 

device (CCD) detector. To record a SAED pattern, the objective aperture was removed and 

SAD aperture was inserted. Then, the electron beam was focused on image of the back focal 

plane of the objective lens. The role of SAD aperture is to limit the sample volume and intensity 

of the electron beam that contributes to the diffraction pattern. 

2.6. X-ray Photoelectron Spectroscopy (XPS) 

XPS is an important technique which gives information about the surface composition, depth 

profiling, empirical formula, and electronic state of the metal. It is a surface sensitive technique 

and it requires ultrahigh vacuum of about 10-9 Torr [8]. The basic principle involved in XPS is 

photoelectric effect discovered by Albert Einstein in 1905 and it was successfully demonstrated 

by Kai Siegbahn and his group in 1961 [8]. Two types of X-ray sources are used; they are Mg 

K (1253.6 eV) and Al K (1486.6 eV). The X-ray source hits the solid sample surface and 

emits the core electrons with characteristic binding energy corresponding to a particular 

element. The number of electrons emitted and their kinetic energy in the depth of 1-10 nm from 

the surface are analyzed using a cylindrical mirror analyzer. 

In the present study, the oxidation state of silver and surface composition of ZnO@Ag core-

shell nanoparticles (Chapter-4) were studied using a VG Microtech ESCA (XPS) 3000 

spectrometer with Al K X-ray source. The sample preparation for XPS was as follows. First, 

a few milligrams of sample powder was sprinkled on a carbon tape and introduced into a low 

vacuum chamber which was in contact with the environment. Once ultrahigh vacuum was 

attained in the second chamber, the sample was introduced into the ultrahigh vacuum chamber. 

After that, any contaminated gases present on sample surface was removed by bombardment 

with argon ions (Ar+). Then, the survey spectrum of the sample was recorded and the peaks of 

various elements were analyzed. The binding energy values give information about the 
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oxidation state of the metal and the intensity gives information regarding the surface 

composition. 

2.7. Zeta Potential Measurements 

Zeta potential gives information about surface charge of core-shell nanoparticles. It helps in 

choosing appropriate shell material to coat on a particular core based on the surface charge. 

Zeta potential works on the principle of laser Doppler micro-electrophoresis. When an electric 

field is applied to a colloidal solution, the sol particles move with a velocity according to their 

Zeta potential. The velocity is calculated using phase analysis light scattering [9]. In the present 

study, surface charge of SiO2, NiCo2O4 nanoparticles, and SiO2@Ni-Co mixed metal oxide 

core-shell nanorattles (Chapter-5) were analyzed using a Malvern Zetasizer (Nanoseries, Nano 

ZS-90). The instrumental input parameters were given using Malvern Zetasizer (version 7.03) 

software. To measure the zeta potential, about 0.1 milligram of each sample powder was 

dispersed in 10 mL of Millipore® water and sonicated for about 5 min. A few milliliter of the 

obtained colloid solution was injected into a capillary cell using a syringe and the cell was 

introduced into the sample chamber. The Zeta potential measurements were then carried out 

using the standard operating procedure. 

2.8. Surface Area Measurements (BET) 

Surface area analysis provides information about specific surface area, pore size and pore 

volume of the materials. Mostly nitrogen gas is used as the adsorbate and the adsorption or 

desorption of nitrogen gas on the surface of a material is measured as a function of relative 

pressure 𝑃 𝑃𝑜⁄  [10]. Brunauer-Emmett-Teller (BET) method is the mostly commonly used 

method to measure the specific surface area of the materials whereas Barrett–Joyner–Halenda 

(BJH) method is used for the determination of pore volume and pore size of the materials [2]. 

In the present study, the specific surface area of different shaped Cu2O polyhedral 

microcrystals and Cu2O@Ag polyhedral core-shell nanoparticles (Chapter-4), SiO2, Co3O4, 

and SiO2@Co3O4 core-shell nanorattles (Chapter-5), NiCo2O4 and SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles (Chapter-5) were analyzed using Nova 2200e Quantachrome 

instrument and nitrogen gas was used as the adsorbate. All the measurements were carried out 

at 77 K via nitrogen gas adsorption. For the surface area measurements, about 100 mg of the 

sample powder was weighed in a glass bulb which was degassed under vacuum at 150 oC for 

about 2 hours. After that, the sample bulbs were attached to the measurement stations and the 
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input parameters were given using QuantachromeTM NOVA Win software. Surface area of the 

materials was calculated using BET multi-point method and the formula is as follows. 

                                           𝑆𝑡 =
𝑊𝑚𝑁𝐴𝑐𝑠

𝑀
                                              (3) 

where 𝑆𝑡 is total surface area, 𝑊𝑚 is the weight of monolayer of adsorbate, 𝑁 is Avogadro’s 

number, 𝐴𝑐𝑠 is cross sectional area of adsorbate molecule (N2), and 𝑀 is molar mass of the 

adsorbate. 

The specific surface area of the materials was calculated using the following equation. 

                                                    𝑆 = 𝑆𝑡 𝑤⁄                                             (4) 

where 𝑤 is weight of the sample. 

2.9. UV-Visible Spectroscopy 

The basic principle involved in UV-Visible spectroscopy is the absorption of UV or visible 

light of electromagnetic radiation (200-800 nm) by molecules which causes excitation of 

electrons [11]. UV-Visible diffuse reflectance spectroscopy (DRS) provides information about 

band gap of semiconductor nanoparticles. In the case of solid samples, when a beam of light 

hits the surface of sample, it undergoes reflection in various directions which is measured as 

reflectance [12]. In the present study, diffuse reflectance spectra of all the synthesized samples 

were carried out in the reflectance mode and the slit width used was 5 nm with a time constant 

of 0.1 seconds. The wavelength range used was 300-700 nm for SiO2@CdS and ZnO@CdS 

core-shell nanoparticles (Chapter-3), 350-550 nm for ZnO@Ag core-shell nanoparticles 

(Chpater-4), 360-800 nm for SiO2@Co3O4 core-shell nanorattles and 280-800 nm for 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles (Chpater-5) and the DRS measurements 

of all these samples were carried out on a Shimadzu UV-2450 UV-Vis spectrophotometer 

attached with a diffuse reflectance accessory. The diffuse reflectance spectra of Cu2O@Ag 

polyhedral core-shell nanoparticles were recorded on a Varian Carry 5000 UV-VIS-NIR 

spectrophotometer in the wavelength range of 350-650 nm (Chapter-4). The sample 

preparation for the DRS measurements is as follows. About 40 mg of the sample powder was 

mixed thoroughly with about 4 g of BaSO4 using a mortar and pestle. Before running 

measurements on the samples, baseline correction was carried out using BaSO4 as the reference 

material. The obtained percentage of reflectance was converted to absorbance unit using 

Kubelka-Munk equation which is expressed as follows. 
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                                      𝐹(𝑅∞) =
(1−𝑅∞)2

2𝑅∞
=  

𝐴𝐶

𝑆
=

𝐾

𝑆
                                               (5) 

where 𝐹(𝑅∞) is remission or Kubelka-Munk function, 𝑅∞ is the percentage of reflectance of 

an infinitely thick sample, 𝐴 is the absorbance, 𝐶 is the concentration of absorbing species, 𝑆 

is the scattering coefficient, and 𝐾 is the absorption coefficient [12]. The band gap of core-shell 

nanoparticle samples was estimated from (h)2 versus hplots. 

In the case of liquid samples, absorbance was measured using UV-Visible spectroscopy at 

ambient conditions. In the present study, photodegradation of methylene blue, peroxidase 

activity of 3,3’,5,’5’-tetramethyl benzidine (TMB), adsorption of mixture of rhodamine B and 

methylene blue in aqueous solutions, and reduction of 4-nitro phenol and methylene blue in 

aqueous solutions (Chapter-6) were studied using a Shimadzu UV-2450 UV-Visible 

spectrophotometer. All the measurements were carried out using quartz cuvettes in the 

absorbance mode and the slit width used was 5 nm with a time constant of 0.1 seconds. Initially, 

by keeping both the reference and sample cuvettes in their compartments with the solvent, 

baseline correction was made. After that, the sample solution was placed in one cuvette and 

other one was filled with the solvent and the absorbance spectra in the wavelength range of 

200-800 nm were recorded. 

2.10. Photoluminescence Spectroscopy (PL) 

Photoluminescence spectroscopy provides information about band edge emission and surface 

defect states present in semiconductor nanoparticles. The absorption of either UV or visible 

light by a semiconductor promotes the excitation of electrons from valence band to conduction 

band. The electrons return back to the valence band via radiative or non-radiative 

recombinations [8]. The emitted emission depends on different singlet or triplet excited states 

and based on that photoluminescence is divided into several types. They are fluorescence, 

phosphorescence, cathodoluminescence, and electroluminescence [8, 12]. The mostly used 

term to indicate photoluminescence is either fluorescence or phosphorescence. 

In the present study, photoluminescence spectra of the samples were carried out using 

Shimadzu RF 5301-PC fluorescence spectrophotometer. The instrumental parameters were as 

follows. All the spectra were recorded in emission mode. Both the excitation and emission slit 

widths were kept as 5 nm, and Xenon lamp was used as the source. The PL spectra were 

recorded in the wavelength range of 400-700 nm for SiO2@CdS core-shell nanoparticles and 

the excitation wavelength was 380 nm (Chapter-3), 350-700 nm for ZnO@CdS core-shell 
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nanoparticles (Chapter-3) and 350-600 nm for ZnO@Ag core-shell nanoparticles (Chapter-4) 

and in both the cases (ZnO@CdS and ZnO@Ag), the excitation wavelength used was 325 nm. 

The sample preparation for the PL measurements was as follows. About 5 mg of the sample 

powder was dispersed in about 5 mL of methanol and sonicated for about 10 min to obtain a 

uniform suspension. Then, the PL measurements were carried out using the prepared 

suspensions. 
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3.1 Synthesis of SiO2@CdS (Type-I) Core-Shell Nanoparticles via a Novel Thermal 

Decomposition Approach 

3.1.1 Introduction 

Over the past decade, scientists have been devoting their efforts to make advanced 

heteronanostructures which can be useful in multi-functional applications. Among them, core-

shell nanoparticles have attracted significant attention due to their versatile physicochemical 

properties and various functional applications [1–4]. The physicochemical properties of core-

shell nanoparticles are strongly dependent on size of the core, the shell and the ratio of core to 

shell nanoparticles [5]. Core-shell nanoparticles have been used in various interdisciplinary 

fields such as material science, chemistry, physics, electronics, biology, etc [1–3,5–7]. These 

materials show improved properties and activity as compared to their counter parts which is 

attributed to synergistic interaction between the constituents at the interface. Due to their 

improved activity, core-shell nanoparticles have been used in different applications such as 

photocatalysis, adsorption, data storage, supercapacitors, solar cells, drug delivery, bio-

imaging, tumor therapy, etc [2,3,8–12]. 

Among the core-shell nanoparticles, optoelectronic core-shell nanoparticles have great impact 

in various applications such as photocatalysis, water splitting, energy storage devices, surface 

enhanced Raman scattering (SERS) substrates, solar cells, and LEDs’ [13–17]. Various 

optoelectronic core-shell nanoparticles have been reported and some examples are Au@Ag 

[18], Au@Pd [19], SnO2@ZnO@SiO2 [20], CuInS2@ZnS [21], Au@polystyrene [22], 

ZnTe@ZnS [23], CdSe@CdS [24], ZnO@In2S3 [25], etc. The TEM images of 

Au@polystyrene and ZnO@In2S3 core-shell nanoparticles are shown in Figure 3.1.1. 

 

Fig. 3.1.1: (a) TEM image of Au@polystyrene core-shell nanoparticles [22], and (b, c) TEM 

and HRTEM images of ZnO@In2S3 core-shell nanoparticles [25]. 
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Now-a-days, metal sulfide nanoparticles such as CdS, ZnS, CoS, Bi2S3, SnS2, etc., have 

attracted great attention of scientists due to their unique optoelectronic properties. They have 

potential applications in photocatalysis, fuel cells, drug delivery, solar cells, and sensing [26–

31]. The metal sulfide nanoparticles have some disadvantages such as less stability, tendency 

to aggregate and it is difficult to separate them from a reaction medium. To overcome these 

drawbacks, metal sulfide nanoparticles have been incorporated in polymer matrices or other 

inorganic materials [32,33]. Cadmium sulfide (CdS) is a well-known II-IV group n-type 

semiconductor with a direct bulk band gap of 2.42 eV. Cadmium sulfide nanoparticles have 

applications in areas such as light emitting diodes, photovoltaic devices, water splitting, sensors 

and biology [34]. CdS nanoparticles have a tendency to aggregate with the formation of bigger 

particles. To avoid aggregation of CdS nanoparticles, silica has been chosen as the core 

material. Silica exists in polymorphic forms such as quartz, tridymite or cristobalite along with 

an amorphous form [35]. Silica exists as SiO4 in quartz and the four oxygen atoms are located 

at each apex of a tetrahedron and silicon atom exists at the center. Silica is a well-known inert, 

optically transparent material which reduces bulk conductivity with increase in suspension 

stability [5]. Silica is used in various industrial applications such as ceramics, glass, 

semiconductors, metallurgy, and photovoltaic cells. In many applications, silica has been used 

as an adsorbent as well as a catalyst support [35]. 

A lot of reports are available on core-shell materials in which semiconductors act as the core 

and silica acts as the shell. Examples are CdS@SiO2 [36], CdTe@SiO2 [37], CdSe@SiO2 [38], 

CdTe@CdS@SiO2 [39], PbS@SiO2 [40], ZnxCd1-xSe@SiO2 [41], ZnO@SiO2 [42], and 

Fe2O3@SiO2 [43]. In these core-shell materials, the core materials have been synthesized using 

methods such as hydrothermal, reverse microemulsion, radio frequency magnetron co-

sputtering, precipitation, chemical vapor deposition, and polyol mediated reaction [36–43]. The 

shell (SiO2) was synthesized using either StÖber’s method or reverse micelle method. Only a 

few reports are available in which silica acts as the core and metals or semiconductors act as 

the shell. Examples are SiO2@M (M = Au, Pd, Pt) [44], SiO2@CdS [45], SiO2@CdSe [46], 

SiO2@TiO2 [47], and SiO2@ZnO [48]. In these core-shell materials, the core (SiO2) has been 

synthesized using StÖber’s method and the shell materials have been synthesized using 

methods such as reduction, successive ionic layer adsorption and reaction (SILAR), 

sonochemical method, layer by layer self-assembly, and thermal decomposition [44–48]. In 

addition, core-shell systems such as SiO2@CdTe@SiO2, SiO2@Ag@SiO2@TiO2 have also 
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been reported [49,50]. The TEM images of some of the above mentioned core-shell 

nanoparticles are given in Figure 3.1.2.  

 

Fig. 3.1.2: TEM images of (a) PbS@SiO2 core-shell nanoparticles [40], (b) ZnO@SiO2 core-

shell nanorods [42], (c) SiO2@TiO2 core-shell nanoparticles [47], and (d) 

SiO2@Ag@SiO2@TiO2 core-multishell nanoparticles [50]. 

SiO2@CdS core-shell nanoparticles come under type-I core-shell nanoparticles (section 3.1) 

and type-I core-shell nanoparticles have important applications in various fields. The optical 

properties of type-I core-shell nanoparticles have been discussed in Chapter-1 (Section 1.5.1.1). 

Synthesis of SiO2@CdS core-shell nanoparticles have been reported by different synthetic 

methods such as successive ionic layer adsorption reaction (SILAR) [45], layer-by-layer self- 

assembly [51,52], sonochemcial deposition [53,54], solution route [55], reverse microemulsion 

[56], chemical coordination [57], and sol-gel method [58]. A brief description of the reported 

methods for the synthesis of SiO2@CdS core-shell nanoparticles are given below. 
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Successive ionic layer adsorption and reaction [45]: In this method, SiO2 microspheres are 

synthesized using StӦber process. Initially, SiO2 beads are immersed in an aqueous solution of 

cadmium sulfate for about 5 min and washed thoroughly for several times with distilled water. 

After that, the Cd2+ adsorbed SiO2 microspheres are immersed in an aqueous solution of sodium 

sulfide and kept for about 5 min and washed for several times to obtain the CdS deposited SiO2 

microspheres. The amount of CdS nanoparticles on the SiO2 microspheres is controlled by 

varying the number of SILAR cycles. 

Layer-by-layer self-assembly [51]: In this method, mesoporous SiO2 microspheres are prepared 

by modified StӦber process and hexadecylamine is used as a template. To expand the pore 

size, the mesoporous SiO2 microspheres are soaked in a mixture of LiCl, NaCl, and KNO3 

solution and sonicated for several hours and the obtained product is calcined at 300 oC for 3 h. 

To deposit Cd2+ ions on the mesoporous SiO2 microspheres, certain amount of Cd(NO3)2 is 

added to an aqueous suspension containing the mesoporous SiO2 microspheres and stirred at 

room temperature for 24 h. Then, polyelectrolytes such as poly(allylamine hydrochloride) or 

poly(styrene sulfonate) are deposited by layer-by-layer self-assembly on the Cd2+ deposited 

mesoporous SiO2 microspheres. After this, thioacetamide solution is mixed with the obtained 

product and sonicated for several minutes to coat CdS nanoparticles on the polyelectrolyte 

deposited mesoporous SiO2 microspheres. Finally, hollow mesoporous SiO2 microspheres 

decorated with CdS nanoparticles are obtained by etching with hydrofluoric acid. A schematic 

illustration of CdS nanoparticles deposition on mesoporous SiO2 microspheres via layer-by-

layer self-assembly is shown in Figure 3.1.3. 

 

Fig. 3.1.3: Schematic illustration of CdS nanoparticles deposition on mesoporous SiO2 

microspheres via layer-by-layer self-assembly [51]. 
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Sonochemcial deposition [54]: In this method, silica microspheres are prepared by StӦber 

process and calcined at 750 oC for 6 h.  To deposit CdS nanoparticles on the SiO2 spheres, 100 

mg of SiO2 microspheres are mixed with certain amounts of cadmium sulfate and thiourea in 

an aqueous solution. The reaction contents are sonicated using high intense ultrasonicator for 

three hours at 80 oC. 

Solution route [55]: In this method, SiO2 microspheres are synthesized using StӦber process 

and the surface of SiO2 microspheres is modified using 3-aminopropyltrimethoxysilane (APS). 

CdS nanoparticles are synthesized by mixing cadmium acetate and thioglycerol in ethanol and 

then sodium sulfide is added drop wise and stirred for 6 h. The surface functionalized SiO2 

microspheres and CdS nanoparticles are mixed in ethanol and stirred at room temperature for 

several hours to obtain CdS deposited SiO2 microspheres. 

Reverse microemulsion [56]: In this method, SiO2 spheres are synthesized using a reverse 

microemulsion method. A quaternary mixture of cyclohexane, water, hexanol, and Triton-101 

or poly(oxyethy1ene) nonylphenyl ether (Igepal CO520) are mixed with 10 mL of tetraethyl 

orthosilicate and stirred at room temperature for 24 h. To deposit CdS shell on the SiO2 

microspheres, initially, a microemulsion is prepared using a mixture of cyclohexane, water, 

hexanol, and Triton-101. Then, required amounts of cadmium nitrate and ammonium sulfide 

are dissolved in the microemulsion mixture. After that, a specific amount of SiO2 microspheres 

are mixed with the microemulsion mixture and stirred at room temperature for several hours. 

Chemical coordination [57]: In this method, SiO2 microspheres are synthesized using StӦber 

process and calcined at 700 oC for 4 h. Then, certain amounts of diethylamine or n-

hexylmethylamine along with CS2 are mixed with an ethanolic solution of cadmium hydroxide 

and stirred for 2 h to obtain cadmium alkyldithiocarbamate. About 250 mg of SiO2 

microspheres are then mixed with the cadmium alkyldithiocarbamate complex in acetone and 

then ethylenediamine is added drop wise. The contents are stirred under N2 flow at room 

temperature to deposit CdS shell on the SiO2 microspheres. 

Sol-gel method [58]: Initially, tetraethyl orthosilicate, water, ethanol and nitric acid are added 

in a round bottom flask and stirred at room temperature for about half an hour. Then, ethanolic 

solutions of cadmium nitrate and thiourea are added and stirred for 30 min. After that, a few 

milliliters of water is added and the stirring is continued for about one hour. The obtained 
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mixture is transferred into a Teflon lined stainless steel container and gelatinized at 40 oC. The 

obtained alcogel is aged at 40 oC for four days and finally annealed at 150 oC for 2 h. 

The TEM images of SiO2@CdS core-shell nanoparticles, prepared by some of the above 

mentioned methods, are shown in Figure 3.1.4. 

 

Fig. 3.1.4: TEM images of SiO2@CdS core-shell nanoparticles prepared by (a, b) layer-by-

layer self-assembly [51,52], (c) sonochemcial deposition [53], and (d) solution route [55]. 

The reported methods for the synthesis of SiO2@CdS core-shell nanoparticles have several 

disadvantages. For example, the SILAR technique produces only decorated CdS nanoparticles 

with aggregation on the silica microspheres [45]. Sonochemical deposition and solution routes 

require surface modification of SiO2 microspheres to deposit the CdS shell [53,55]. Layer-by-
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layer self-assembly and chemical coordination methods require separate coupling agents to 

anchor CdS nanoparticles on the SiO2 microspheres [51,57]. The reverse microemulsion 

method is expensive and requires longer time [56]. The sol-gel method also requires longer 

time [58]. 

In the present study, StÖber’s process was chosen for the preparation of silica microspheres. 

StÖber’s process is simple and one can have control on size distribution and achieving 

monodispersity is possible on nano to micro-meter scale. The thermal decomposition approach 

has been used to prepare the SiO2@CdS core-shell nanoparticles for the first time. 

3.1.2 Experimental details 

Tetraethyl orthosilicate (98%, ACROS®), ethanol (99.9%, AR), ammonia solution (25%, 

Rankem, AR), cadmium acetate (99%, Himedia, AR), thiourea (99%, Rankem, LR), and 

ethylene glycol (99%, Rankem, LR) were used as received and methanol (99%, SD Fine) was 

distilled before further use. The synthesis of SiO2@CdS core-shell nanoparticles involves two 

steps and the details are as follows. 

3.1.2.1 Synthesis of SiO2 microspheres 

The schematic illustration of the synthesis of SiO2 microspheres is shown in Scheme 3.1.1. 

Silica microspheres were synthesized according to StÖber process [59]. In a typical synthesis, 

about 88 mL of ethanol and 12 mL of ammonia solution were mixed in a 250 mL beaker. Then, 

about 3.7 mL of tetraethyl orthosilicate (TEOS) was added drop wise under vigorous stirring 

and then, the contents were kept under constant stirring for 24 h at room temperature. The 

obtained white precipitate was centrifuged at 3000 rpm for about 15 min, washed several times 

with ethanol and kept for drying in an oven at 70 oC for overnight. As prepared SiO2 

microspheres were calcined at 500 oC for 3 h to obtain the activated SiO2 microspheres.  
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Scheme 3.1.1: Synthesis of SiO2 microspheres using StӦber process. 

3.1.2.2 Synthesis of SiO2@CdS core-shell nanoparticles 

The schematic representation of synthesis of SiO2@CdS core-shell nanoparticles is given in 

Scheme 3.1.2. The deposition of cadmium sulfide nanoparticles on the silica microspheres was 

carried out by the thermal decomposition of cadmium acetate and thiourea in ethylene glycol. 

The synthetic procedure is as follows. Two different silica samples (unactivated silica and 

activated silica (at 500 oC, 3 h, air)) were used for the synthesis of SiO2@CdS core-shell 

nanoparticles. In a typical synthesis, 0.5 mM of silica powder was mixed with different molar 

ratios of cadmium acetate and thiourea (Table 3.1.1) in a 50 mL round bottom flask. Then, 

about 20 mL of ethylene glycol was added and sonicated for 3 min. The contents were refluxed 

at 180 oC for 1 h in air. The yellow colored slurry obtained was allowed to cool to room 

temperature. Then, about 25 mL of methanol was added. The obtained precipitate was 

centrifuged at 3000 rpm for 3 min, washed with methanol and dried under vacuum. The 
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nomenclature and various synthetic conditions employed for the preparation of SiO2@CdS 

core-shell nanoparticles are given in Table 3.1.1. 

 

Scheme 3.1.2: Synthesis of SiO2@CdS core-shell nanoparticles via thermal decomposition 

approach. 

Table 3.1.1: Nomenclature and concentration of reagents used during the preparation of 

SiO2@CdS core-shell nanoparticles. 

Sl. no Sample 

ID 

Type of 

silica used 

Amount of 

silica 

(mM) 

[Cd(CH3COO)2.2H2O] 

(mM) 

[(NH2)2CS] 

(mM) 

1 S1 Unactivated 0.5 0.125 0.125 

2 S2 Unactivated 0.5 0.25 0.25 

3 S3 Activated 0.5 0.125 0.125 

4 S4 Activated 0.5 0.25 0.25 

The synthesized SiO2@CdS core-shell nanoparticles were characterized using X-ray 

diffraction (PXRD), Fourier transform infrared spectroscopy (FT-IR), field emission scanning 

electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The optical 

properties of SiO2@CdS core-shell nanoparticles were studied using UV-Visible diffuse 
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reflectance spectroscopy (DRS) and photoluminescence spectroscopy (PL). More details on 

the experimental techniques have been discussed in Chpater-2. 

3.1.3 Results and discussion 

3.1.3.1 XRD analysis 

The XRD patterns of pure silica, cadmium sulfide, and SiO2@CdS core-shell nanoparticles, 

prepared using unactivated and activated silica, are shown in Figure 3.1.5. Pure silica is 

amorphous. The SiO2@CdS core-shell nanoparticles (S1-S4) show peaks due to cadmium 

sulfide (JCPDS file no: 75-1546). The XRD patterns show three prominent broad peaks due to 

cadmium sulfide which could be indexed to (111), (220) and (311) reflections of cubic CdS. 

Two minor peaks observed between 70o and 85o could be indexed to (331) and (422) planes of 

CdS. The crystallite size of cadmium sulfide was calculated using Debye-Scherrer formula 

using (111) reflection of CdS at 2 = 26o. The CdS in the core-shell nanoparticles possess a 

crystallite size of about 2 nm and pure cadmium sulfide exhibits a crystallite size of about 6 

nm. 

 

Fig. 3.1.5: XRD patterns of silica, cadmium sulfide, and SiO2@CdS core-shell nanoparticles 

(S1 to S4). 
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3.1.3.2 FT-IR spectral studies 

FT-IR spectra of as prepared silica, activated silica, pure cadmium sulfide nanoparticles and 

SiO2@CdS core-shell nanoparticles are shown in Figure 3.1.6. Silica and SiO2@CdS core-shell 

nanoparticles show a broad band at about 3400 cm-1 due to hydroxyl stretching and a band at 

1650 cm-1 due to hydroxyl bending. The bands at 1100 and 800 cm-1 are attributed to 

asymmetric and symmetric stretching of SiOSi bond. The band at about 475 cm-1 is due to 

SiOSi bending vibration. The band at 950 cm-1 in the spectrum of as prepared silica is due 

to SiOH group and this band is absent in the spectra of activated silica and the core-shell 

nanoparticles prepared using activated silica (S3 and S4). This indicates the absence of surface 

hydroxyl groups in these samples [60,61]. 

 

(a) 
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(b) 

Fig. 3.1.6: FT-IR spectra of (a) as prepared silica, pure CdS nanoparticles and SiO2@CdS core-

shell nanoparticles prepared using unactivated silica (S1 and S2), and (b) activated silica, pure 

CdS, and SiO2@CdS core-shell nanoparticles prepared using activated silica (S3 and S4). 

 

3.1.3.3 FE-SEM studies 

The FE-SEM images of pure silica, cadmium sulfide and SiO2@CdS core-shell nanoparticles, 

prepared using unactivated and activated silica (S1 to S4) are shown in Figure 3.1.7. Pure silica 

shows spherical particles (diameter = 300 ± 20 nm) and pure cadmium sulfide shows 

agglomerated small particles. The SiO2@CdS samples, prepared using unactivated silica (S1 

and S2), show uniform deposition of cadmium sulfide nanoparticles on silica. In sample S1, 

prepared using low concentration of cadmium acetate and thiourea ([Cd2+]:[S2-] = 0.125:0.125), 

uniform deposition with thinner shell of CdS is observed. Sample S2 shows thicker shell of 

CdS on the silica spheres attributed to the formation of bigger CdS nanoparticles compared to 

sample S1. In samples S1 and S2, the uniform deposition of CdS is attributed to strong 

interaction between the cadmium ions (Cd2+) and the surface silanol groups (vicinal and 

geminal) of silica. In comparison to S1 and S2, the SiO2@CdS samples prepared using 
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activated silica (S3 and S4) show the deposition of cadmium sulfide nanoparticles on silica but 

a few extra uncoated particles of cadmium sulfide nanoparticles are also noticed. This is due 

to lack of presence of surface hydroxyl groups on the surface of activated silica. In the core-

shell nanoparticle samples S3 and S4, the interaction between cadmium ions and the silanol 

groups is weak due to the absence of vicinal silanol groups on the surface of activated silica. 

Out of all the SiO2@CdS samples, S1 shows the uniform deposition of cadmium sulfide 

nanoparticles on the silica spheres. 
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Fig. 3.1.7: FE-SEM images of SiO2 microspheres, CdS nanoparticles and SiO2@CdS core-

shell nanoparticles prepared using unactivated silica (S1 and S2) and activated silica (S3 and 

S4). 

3.1.3.4 SEM-EDX analysis 

The amount of cadmium, sulfur, silicon and oxygen present in the SiO2@CdS core-shell 

nanoparticles was analyzed using EDX analysis. The EDX results (Figure 3.1.8) indicate 

uniform distribution of cadmium and sulfur in all the samples. The atomic percent of oxygen 

in the SiO2@CdS core-shell nanoparticles varies from 0.7 to 2. 

 

 

 

(a) 
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(b) 

(c) 

(d) 

Fig. 3.1.8: EDX patterns of SiO2@CdS core-shell nanoparticles prepared using (a, b) 

unactivated silica sample S1 and S2, and (c, d) activated silica sample S3 and S4. 

The effects of temperature, thermal decomposition time and sonication on the deposition of 

CdS nanoparticles on silica were investigated using the synthetic conditions for SiO2@CdS 
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sample S1. It was observed that 150 oC is not sufficient for the good deposition of cadmium 

sulfide nanoparticles on silica, as observed by the SEM studies (Figure 3.1.9a) which show 

uncoated cadmium sulfide nanoparticles. On the other hand, uniform deposition of cadmium 

sulfide nanoparticles over silica is observed at 180 oC. Sonication was found to play an 

important role in uniform dispersion of the reactants (cadmium acetate and thiourea) and 

sonication was carried out before start of the reaction. Two thermal decomposition reactions 

were tried, one with sonication for 3 min and another without sonication. Sonication leads to 

good deposition of CdS nanoparticles but in the absence of sonication, uncoated CdS particles 

are observed (Figure 3.1.9b). 

(a) 

(b) 

Fig. 3.1.9: FE-SEM images of SiO2@CdS core-shell nanoparticles demonstrating the effect of 

temperature (a) (i) 150 oC and (ii) 180 oC and the effect of sonication time (b) (i) without 

sonication and (ii) with sonication. 

(i) (ii) 

(i) (ii) 
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To study the effect of time on CdS coating on the SiO2 spheres, the synthesis was carried out 

at 180 oC for different time periods (30 min, 60 min and 90 min). In 30 min, lack of deposition 

and some uncoated cadmium sulfide nanoparticles are observed (Figure 3.1.10a). At 90 min, 

agglomerated cadmium sulfide nanoparticles on silica are observed (Figure 3.1.10c). But in the 

case of 60 min, uniform deposition of CdS with no uncoated CdS nanoparticles is observed 

(Figure 3.1.10b). 

Fig. 3.1.10: FE-SEM images of SiO2@CdS core-shell nanoparticles (sample S1) prepared at 

different thermal decomposition timings; (a) 30 min, (b) 60 min and (c) 90 min at 180 oC. 

3.1.3.5 TEM studies 

The TEM images of SiO2@CdS core-shell nanoparticles are shown in Figure 3.1.11. Silica 

shows spherical morphology and cadmium sulfide shows agglomerated nanoparticles. The 

diameter of the silica spheres is 300 ± 20 nm. Sample S1 which was prepared using unactivated 

silica shows uniform CdS shell over the silica spheres; the shell thickness is 25 ± 3 nm. Sample 

(a) (b) 

(c) 
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S2 shows a CdS shell thickness of 70 ± 10 nm. The increment in the shell thickness is due to 

higher concentration of precursors (cadmium acetate and thiourea) used during the synthesis. 

The SiO2@CdS samples S3 and S4, prepared using activated silica, show cadmium sulfide 

nanoparticles on the surface of silica but they also show some uncoated cadmium sulfide 

particles. The poor deposition is attributed to lack of surface silanol groups on the surface of 

activated silica. The SAED patterns show three rings corresponding to (111), (220) and (311) 

reflections of CdS. The ring patterns also indicate polycrystalline nature of CdS nanoparticles 

on the surface of SiO2 microspheres. 
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Fig. 3.1.11: TEM images of SiO2 microspheres, CdS nanoparticles and SiO2@CdS core-shell 

nanoparticles prepared using unactivated silica (S1 and S2) and activated silica (S3 and S4). 

A detailed structural investigation of cadmium sulfide nanoparticles on the silica was carried 

out by HRTEM studies. The HRTEM images (Figure 3.1.12) clearly indicate the crystalline 

nature of cadmium sulfide nanoparticles with a lattice spacing of about 0.36 nm corresponding 

to (111) plane of cubic cadmium sulfide.  
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Fig. 3.1.12: HRTEM images of CdS nanoparticles and SiO2@CdS core-shell nanoparticles 

prepared using unactivated silica (S1 and S2) and activated silica (S3 and S4). 

The optical properties of SiO2@CdS core-shell nanoparticles were studied using UV-Visible 

diffuse reflectance spectroscopy (DRS) and photoluminescence spectroscopy (PL) and the 

results are discussed below. 

3.1.3.6 UV-Visible diffuse reflectance spectroscopy (DRS) 

The DRS results for the SiO2@CdS core-shell nanoparticles are shown in Figure 3.1.13a. The 

band gap of pure cadmium sulfide nanoparticles and the SiO2@CdS core-shell nanoparticles 

were estimated from DRS results using the equation proposed by Tauc et al [62]. The band gap 

values for pure cadmium sulfide and SiO2@CdS core-shell nanoparticles were estimated by 

S2 S3 

S4 
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plotting (h)2 versus hFigure 3.1.13b). Pure cadmium sulfide nanoparticles possess a band 

gap of about 2.55 eV which is higher than the bulk band gap of CdS (2.42 eV) [63]. In the 

present study, the SiO2@CdS core-shell nanoparticles show band gap absorption between 2.56 

and 2.60 eV. The SiO2@CdS core-shell nanoparticles show a blue shift in the band gap 

absorption by about 0.18 eV with respect to bulk CdS and the observed increase in the band 

gap depends on the particle size of CdS. 

The particle size of CdS in the SiO2@CdS core-shell nanoparticles was calculated using Brus 

equation which is expressed as follows [64]:  

∆𝐸𝑔 =  𝐸𝑔
𝑛𝑎𝑛𝑜 −  𝐸𝑔

𝑏𝑢𝑙𝑘 =  
ħ2𝜋2

2𝑅2
 (

1

𝑚𝑒
∗

+  
1

𝑚ℎ
∗ ) −  

1.86𝑒2

𝜖𝑅
                           (1) 

Where ∆𝐸𝑔 is the shift in the band gap with respect to the bulk 𝐸𝑔, 𝑅 is the radius of CdS 

nanoparticle, 𝑚𝑒
∗  is the effective mass of electron (0.19 𝑚𝑜), 𝑚ℎ

∗  is the effective mass of hole 

(0.80 𝑚0), 𝑚𝑜 is the mass of electron (9.11 × 10-28 𝑔), 𝜖is the relative permittivity of CdS 

(5.7), 𝑒 is the charge of an electron (1.6 × 10-19 𝐶 or 1 𝑒𝑉) and ℎ is the Plank’s constant (6.62 

× 10-34 𝐽 S or 4.13 × 10-15 𝑒𝑉). 

The band gap values and calculated particle size of pure CdS and the CdS in SiO2@CdS core-

shell nanoparticles are given in Table 3.1.2. The SiO2@CdS core-shell nanoparticles exhibit 

particle size less than the Bohr radius of bulk CdS and this is the reason for the increase in the 

band gap of CdS in the SiO2@CdS core-shell nanoparticles. The Bohr radius (𝑎𝐵) for bulk CdS 

is 2.5 nm [65]. The small size of cadmium sulfide nanoparticles on the surface of silica limits 

the volume occupied by the electron-hole pairs [56]. 
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Fig. 3.1.13: (a) DRS spectra for SiO2@CdS core-shell nanoparticles (inset shows the enlarged 

portion) and (b) estimation of band gap of CdS and SiO2@CdS samples using the Tauc plots. 
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Table 3.1.2: Band gap and estimated particle size of CdS in SiO2@CdS core-shell 

nanoparticles. 

 

3.1.3.7 Photoluminescence spectroscopy (PL) 

The PL spectra of cadmium sulfide nanoparticles and the SiO2@CdS core-shell nanoparticles 

are shown in Figure 3.1.14. Pure cadmium sulfide nanoparticles show an emission band at 

about 540 nm attributed to surface trap states and no band is observed due to near band edge 

emission [66]. The surface trap state emission in cadmium sulfide nanoparticles is due to 

recombination of electrons trapped in the sulfur vacancies with holes in the valence band. The 

SiO2@CdS core-shell nanoparticles S1, S2, S3 and S4 show emission bands at about 510, 520, 

505 and 510 nm, respectively. These emission bands are attributed to near band edge emission 

of cadmium sulfide nanoparticles [67]. All the SiO2@CdS samples show a very weak shoulder 

band at about 560 nm and this is attributed to surface trap states. The SiO2@CdS core-shell 

nanoparticles show about 20 nm red shift of the surface trap state emission compared to pure 

cadmium sulfide nanoparticles. The PL results also show enhancement in the intensity of near 

band edge emission of CdS due to immobilization of CdS nanoparticles on the surface of silica 

and also by reducing the surface trap states in the SiO2@CdS core-shell nanoparticles [52,68]. 

Rafati et al. and Hebalkar et al. have reported the band gap of CdS in SiO2@CdS core-shell 

nanoparticles as 3.7 and 3.0 eV, respectively [53,55]. The reported band gap of CdS in these 

samples lies near to UV region which restricts its use in visible light. Kang et al. have reported 

the band gap of CdS in SiO2@CdS core-shell nanoparticles as 2.8 eV [52]. In the present study, 

the synthesized SiO2@CdS core-shell nanoparticles exhibit the band gap of CdS as 2.6 eV. 

Compared to the previous reports, the SiO2@CdS core-shell nanoparticles reported in the 

present study can be useful in the visible region of the solar spectrum. Kang et al. have reported 

Sample name Band gap (eV) Estimated particle size (nm) 

Bulk CdS 2.42 - 

Nano CdS 2.55 2.15 

S1 2.60 1.83 

S2 2.56 2.10 

S3 2.58 1.95 

S4 2.58 1.95 
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the photoluminescence of CdS in SiO2@CdS core-shell nanoparticles at 468 nm attributed to 

band edge emission and at 663 nm attributed to surface defects [52]. Li et al. have reported the 

photoluminescence of CdS in SiO2@CdS core-shell nanoparticles at 383 nm attributed to band 

edge emission and at 486 nm attributed to surface defects [51]. Dhas et al. have reported the 

photoluminescence of CdS in SiO2@CdS core-shell nanoparticles at 500 nm related to band 

edge emission and at 570 nm related to surface trap states [54]. In the present study, the 

SiO2@CdS nanoparticles show emission due to band edge at 510 nm and a weak shoulder 

emission at 560 nm due to surface defects. The observed photoluminescence spectral results 

compare with those reported by Dhas et al [54]. The SiO2@CdS core-shell nanoparticles show 

a red shift (about 20 nm) of surface defect emission with respect to pure CdS. This indicates 

the synergistic interaction between CdS and SiO2. The presence of weak emission with reduced 

intensity in the SiO2@CdS core-shell nanoparticles indicates the presence of less number of 

defects in the core-shell nanoparticles. Semiconductor materials with fewer defects have good 

efficiency compared to those with more defects and they can be useful in different applications 

such as photodegradation of organic pollutants in industrial waste, environmental remediation, 

etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.14: Photoluminescence spectra for silica, pure CdS and SiO2@CdS core-shell 

nanoparticles (S1 to S4). 
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3.1.4 Proposed mechanism of formation of SiO2@CdS core-shell nanoparticles 

The possible mechanism of formation of SiO2@CdS core-shell nanoparticles is shown in 

Scheme 3.1.3. Silica has a number of hydroxyl groups on the surface. The silanol groups readily 

react with hydroxyl groups of ethylene glycol and form silica-ethylene glycol complex 

(SiO2(EG)2) with the loss of water molecules [69–71]. Cadmium acetate reacts with the silica-

ethylene glycol complex with the formation of ionic bond between the hydroxyl groups of silica 

and the cadmium ions. Thiourea reacts with the water present in the ethylene glycol and also 

the water of crystallization present in cadmium acetate, releasing H2S, gradually. The released 

hydrogen sulfide reacts with the cadmium ions of the complex leading to the nucleation of 

small CdS particles on silica [69,72]. The small cadmium sulfide nanoparticles undergo further 

growth and form a uniform shell over the silica core. 

 

Scheme 3.1.3: Possible mechanism for the formation of SiO2@CdS core-shell nanoparticles. 
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3.1.5 Conclusions 

SiO2@CdS core-shell nanoparticles with different shell thickness have been successfully 

synthesized by a thermal decomposition approach. Uniform deposition of cadmium sulfide 

nanoparticles over unactivated silica spheres is possible at 180 oC. TEM / SEM images clearly 

show the uniform deposition of cadmium sulfide nanoparticles on unactivated silica 

microspheres. SAED / HRTEM studies confirm the crystalline nature of cubic cadmium sulfide 

nanoparticles on the surface of silica. DRS results show an increase in the band gap of CdS and 

a blue shift is observed in the SiO2@CdS core-shell nanoparticles compared to pure CdS 

nanoparticles due to quantum size effect. PL results show enhancement in the intensity of near 

band edge emission of CdS due to immobilization of CdS nanoparticles on the surface of silica 

and also by reducing the surface trap states in the SiO2@CdS core-shell nanoparticles. 

Compared to all the reported methods, the present method is superior, facile and has several 

advantages. There is no need for surface functionalization of silica core and uniform CdS shell 

with different thicknesses on silica can be achieved in 60 min. The chemicals used in the 

preparation are inexpensive and no inert atmosphere is required. This method can be extended 

to prepare other core-shell nanomaterials with type-I band alignment.  
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3.2 Synthesis of ZnO@CdS (Type-II) Core-Shell Nanoparticles via a Novel Thermal 

Decomposition Approach 

3.2.1 Introduction 

A number of researchers have made tremendous effort to use semiconductors in photocatalysis, 

water splitting, environmental remediation, solar cells, and sensors[73–80]. Metal oxide 

semiconductors such as ZnO [81,82], TiO2 [83,84], and -Fe2O3 [85,86] have been used as 

efficient photocatalysts. Among the metal oxide semiconductors, ZnO is the most widely used 

one and it is an intrinsic semiconductor with a band gap of about 3.38 eV, and high exciton 

binding energy (60 meV) [87]. ZnO mainly exists in two forms. They are hexagonal wurzite 

and cubic zinc blende structure. The most stable structure of ZnO is hexagonal wurzite with 

lattice parameters a = 3.25 Å and c = 5.21 Å [88]. In hexagonal wurzite structure of ZnO, both 

the 𝑍𝑛2+ cations and 𝑂2− anions are in tetrahedral coordination which results in non-central 

symmetrical structure. This type of symmetry leads to piezoelectricity and pyroelectricity in 

ZnO [88]. The crystal structures of ZnO (hexagonal wurzite and cubic zinc blend) are shown 

in Figure 3.2.1. 

 

Fig. 3.2.1: A schematic representation of wurzite and zinc blende crystal structures of ZnO 

[88]. 

In the past few years, a lot of effort has been made by researchers for the synthesis of ZnO 

nanoparticles with different morphologies and sizes. The SEM and TEM images of various 

morphologies of ZnO are shown in Figure 3.2.2. One dimensional nanostructures (e.g. 

nanowires, nanorods, nanoneedles, nanotubes, columns, and helices) play an important role in 

many applications because they possess high surface to volume ratio with short diffusion length 
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[88–93]. The one dimensional nanostructures provide a direct pathway for charge transport 

since they possess large junction area which imparts low reflectance [94]. Also, these materials 

reduce the recombination of excitons and thus show high energy conversion efficiency. 

 

Figure 3.2.2: Various morphologies of ZnO; (a) flower-like, (b) tetrapod, (c) tube, (d) wire, 

(e) comb-like, (f) columnar nanoplates, (g) belt-like, (h) hexagonal ring, and (i) cone-like [88–

92]. 

Since ZnO has a wide band gap, its use is restricted to the UV region. To enable the use of 

semiconductors in the visible region, the wide band gap semiconductors have been coupled 

with semiconductors with narrow band gap such as CdS, ZnS, PbS, ZnSe, and CdSe [95–101]. 

The coupling of wide band gap semiconductor with a narrow band gap semiconductor can lead 

to type-II structures. The condition to form a type-II structure is that both the valence and 

conduction bands of the wide band gap semiconductor should be either lower or higher than 

those of the narrow band gap semiconductor. They have potential applications in areas such as 
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nonlinear optics, photovoltaics, photodetectors, cell imaging, etc [102–105]. The TEM and 

HRTEM images of ZnO coupled with ZnS and ZnSe are shown in Figure 3.2.3. 

 

Fig. 3.2.3: TEM and HRTEM images of (a, b) ZnO coupled with ZnS [97] and (c, d) ZnO 

coupled with ZnSe [98]. 

Among the narrow band gap semiconductors, CdS is an excellent choice since it has a band 

gap of about 2.42 eV and the conduction band edge of CdS (− 4.1 eV) is slightly higher than 

that of ZnO (− 4.3 eV) [106]. Also, ZnO and CdS have nearly the same lattice constants. These 

characteristics have enabled achieving good efficiency in different applications like 

photocatalysis, solar cells, etc [87,106]. 

Different synthetic routes have been reported in the literature for the synthesis of ZnO@CdS 

core-shell nanoparticles. They include solution route [87], successive ionic layer adsorption 

and reaction [106,107], chemical bath deposition [75,94,108], sonochemical synthesis [109–
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111],  hydrothermal synthesis [112], electro deposition [113], sol-gel method [114], and 

photodeposition [115]. A brief description of the reported methods for the synthesis of 

ZnO@CdS core-shell nanoparticles are given below. 

Solution route [87]: In this method, ZnO nanorod arrays are synthesized by heating zinc acetate 

at 300 oC for 12 h in air. Then, certain amount of ZnO nanorod arrays are dispersed in an 

aqueous solution containing different amounts of citric acid and stirred at 40 oC for 2 h to obtain 

functionalized ZnO nanorods. After that, cadmium chloride solution is added drop wise to the 

aqueous solution containing the functionalized ZnO nanorods and stirred for about 2 h. This is 

followed by drop wise addition of sodium sulfide solution and the stirring is continued for 

further 1 h to obtain CdS deposited ZnO nanorods. A schematic illustration of ZnO@CdS core-

shell nanorod arrays, synthesized using the solution route, is shown in Figure 3.2.4. 

 

Fig. 3.2.4: Schematic illustration of the synthesis of ZnO@CdS core-shell nanorod arrays using 

solution route [87]. 

Successive ionic layer adsorption and reaction [107]: In this method, ZnO nanorods are 

deposited on indium tin oxide (ITO) glass via hydrothermal method. The obtained ZnO 

nanorods are immersed in cadmium nitrate aqueous solution for 30 s and rinsed thoroughly 

with water. Then, the Cd2+ adsorbed ZnO nanorods are immersed in aqueous sodium sulfide 

solution for 30 s and rinsed several times with water. The thickness of CdS shell on the ZnO 

nanorods is controlled by varying the number of SILAR cycles. 

Chemical bath deposition [108]: In this method, ZnO nanowires are grown on silicon substrate 

via hydrothermal method. The obtained ZnO nanowires are annealed at 400 oC for 1 h in air. 

Then, the ZnO nanowires are immersed in a mixture of cadmium sulfate, thiourea and 

ammonium hydroxide and the reaction contents are heated at 60 oC for a period of 100-200 

min. 
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Sonochemcial synthesis [111]: In sonochemical method, zinc nitrate is dissolved in an aqueous 

solution and then polyethyleneglycol (PEG-20000) and tetraethylamine (TEA) are added. 

Before ultrasonic irradiation, the oxygen present in the reaction mixture is removed by purging 

high purity argon gas for several minutes. Then, the reaction contents are irradiated with high 

intensity ultrasound for 2 h at room temperature which results in the production of ZnO 

nanospheres. A mixture of cadmium chloride and thiourea are added to an ethanol suspension 

of ZnO nanospheres. The reaction contents are irradiated for about 30 min to produce CdS 

deposited ZnO nanospheres. 

Hydrothermal synthesis [112]: ZnO nanorods are prepared using the sonochemcial route. To 

deposit CdS shell on the ZnO nanorods, certain amount of ZnO nanorods is suspended in an 

aqueous solution and then cadmium nitrate is added and the pH is maintained at 8 by adding 

ammonia solution. After that, required amount of thiourea is added to the above mixture and 

oxygen is removed from the reaction mixture by purging high purity argon gas and the stirring 

is continued for 1 h. Finally, a few milliliters of mercaptoethanol are added. The reaction 

contents are transferred into a Teflon lined autoclave and are heated at 150 oC for 24 h. 

Electro deposition [113]: In this method, ZnO nanorods are obtained by mixing zinc nitrate, 

ammonium acetate and bis(hexamethylene)triamine in aqueous solution followed by stirring 

for half an hour. The obtained ZnO nanorods are calcined at 350 oC for 1 h. The obtained ZnO 

nanorods are used as working electrode which is dipped in a mixture of aqueous solutions of 

cadmium nitrate and thiourea at 90 oC. A current density of 0.5 mAcm-2 is applied to deposit 

CdS nanoparticles on the ZnO nanorods. 

Sol-gel method [114]: In this method, zinc acetate is dissolved in a mixture of 2-propanol and 

diethanolamine and stirred for 2 h. A mixture of cadmium nitrate and thiourea is dissolved in 

2-propanol and stirred for 2 h. After that, both the solutions are mixed and stirred for a few 

hours and the obtained sol is evaporated to get a gel. The gel is dried in an oven to get CdS 

coated ZnO. 

Photodeposition method [115]: First, ZnO nanoparticles are prepared by a solution route. Then, 

certain amount of ZnO nanoparticles, S8, and cadmium nitrate are mixed in a mixture of ethanol 

and water. Before the photodeposition, the suspension is purged with nitrogen gas for 2 h under 

dark to eliminate oxygen. Then, the reaction contents are irradiated with a 300 W xenon lamp 

for about 3 h to obtain CdS deposited ZnO nanoparticles. 
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The TEM images of ZnO@CdS core-shell nanoparticles, prepared by solution route and 

successive ionic layer adsorption and reaction (SILAR), are shown in Figure 3.2.5. 

 

Figure 3.2.5: TEM and HRTEM images of ZnO@CdS core-shell nanoparticles synthesized 

via (a, b) solution route [87] and (c, d) successive ionic layer adsorption and reaction [107]. 

In the present study, ZnO@CdS core-shell nanoparticles have been successfully synthesized 

by a simple, economical and novel thermal decomposition approach. The CdS shell thickness 

in the ZnO@CdS nanoparticles could be controlled by varying the concentrations of precursors 

used during the thermal decomposition. 

3.2.2 Experimental details 

Zinc nitrate (99%, Himedia, AR), urea (99.5%, Rankem, AR), citric acid (99%, Himedia, LR), 

cadmium acetate (99%, Himedia, AR), thiourea (99%, Rankem, LR), and ethylene glycol 

(99%, Rankem, LR) were used as received and methanol (99%, SD Fine) was distilled before 
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further use. The ZnO@CdS core-shell heteronanostructures were synthesized in three steps and 

the detailed procedure is as follows. 

3.2.2.1 Synthesis of ZnO hexagonal nanorods 

The schematic representation of synthesis of hexagonal ZnO nanorods is given in Scheme 

3.2.1. The ZnO hexagonal nanorods were synthesized by homogeneous precipitation method 

as reported in the literature with some modifications [116]. The concentration of reagents used 

were 0.05 M zinc nitrate and 0.25 M urea in a mixture of ethylene glycol and water (1:1 vol 

%). In a typical synthesis, 100 mL of 0.05 M zinc nitrate solution was mixed with 100 mL of 

0.25 M urea solution and the contents were stirred at 90 oC. After completion of 5 h, a white 

precipitate was obtained. The contents were cooled to room temperature, filtered, washed with 

water and allowed to dry in an oven at 70 oC for 12 h.  

 

Scheme 3.2.1: Schematic representation of synthesis of ZnO hexagonal nanorods. 

3.2.2.2 Surface modification of ZnO nanorods 

The schematic representation of surface functionalization of hexagonal ZnO nanorods with 

citric acid is given in Scheme 3.2.2. Surface modification of ZnO hexagonal nanorods was 

carried out using citric acid as the surface modifying agent. Citric acid was chosen since it has 

been successfully used as the surface modifying agent for ZnO [87,117]. About 1 mM of ZnO 

powder (0.0873 g) was dispersed in 50 mL of distilled water and then 5 mg of citric acid was 
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added. At higher amount of citric acid (i.e. > 5 mg), it was found that the ZnO nanorods begin 

to dissolve. The contents were stirred at room temperature for 4 h, filtered, washed and dried 

in the oven at 70 oC.  

 

Scheme 3.2.2: Schematic representation of surface functionalization of ZnO hexagonal 

nanorods using citric acid. 

3.2.2.3 Synthesis of ZnO@CdS core-shell nanoparticles 

The schematic representation of experimental setup and the procedure for the deposition of 

CdS shell on the ZnO hexagonal nanorods is given in Scheme 3.2.3. In a typical synthesis, 

about 50 mg of the surface modified ZnO hexagonal nanorods was mixed with different molar 

ratios of cadmium acetate and thiourea (Table 3.2.1) in 10 mL of ethylene glycol. The contents 

were sonicated for 3 min to achieve good dispersion, and heated at 180 oC for 1 h. During the 

reaction, the color of the contents changed to yellow which indicates the formation of CdS. 

After completion of the reaction, the contents were cooled to room temperature and 25 mL of 

methanol was added to get a precipitate. The obtained precipitate was centrifuged, washed with 

methanol and dried under vacuum to get the ZnO@CdS powder samples.  The nomenclature 

of various ZnO@CdS samples, prepared in the present study, is given in Table 3.2.1. 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

116 
 

 

 

Scheme 3.2.3: Schematic representation of (a) experimental setup, and (b) procedure for the 

synthesis of ZnO@CdS core-shell nanoparticles. 

(a) 

(b) 
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Table 3.2.1: Concentration of reagents used during the synthesis of ZnO@CdS core-shell 

nanoparticles. The nomenclature for the samples is also given. 

Sample ID Amount of surface 

modified ZnO (mg) 

[Cd(CH3COO)2.2H2O] 

(mM) 

[(NH2)2CS] 

(mM) 

ZC1 50 0.075 0.075 

ZC2 50 0.100 0.100 

ZC3 50 0.125 0.125 

The synthesized ZnO@CdS core-shell nanoparticles were characterized using PXRD, FT-IR, 

TGA, FE-SEM, EDX, and TEM. The optical properties were studied using DRS and PL 

spectroscopy. More details on the experimental techniques have been discussed in Chapter-2. 

3.2.3 Results and discussion 

3.2.3.1 XRD analysis 

The XRD patterns of pure ZnO, surface modified ZnO, pure CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3) are shown in Figure 3.2.6. Pure ZnO and surface modified 

ZnO show reflections due to only ZnO (JCPDS file No: 36-1451). The observed reflections at 

31.75o, 34.41o, 36.25o, 47.54o, 56.55o, 62.82o, 67.92o and 69.17o are attributed to (100), (002), 

(101), (102), (110), (103), (112) and (201) planes of ZnO, respectively. The intense peak at 2 

= 36.25o confirms the preferred orientation of ZnO facet along the (101) plane. Pure CdS shows 

reflections at 26.44o, 43.80o and 52.00o corresponding to (111), (220) and (311) planes of cubic 

CdS (JCPDS file no: 75-1546). In the XRD patterns of ZnO@CdS core-shell nanoparticles, 

reflections due to both ZnO and CdS are observed. The XRD peaks due to CdS in the core-

shell heteronanostructures are less intense and broad and they are shown in the inset of Figure 

3.2.6. The crystallite size of ZnO and CdS in the ZnO@CdS samples was calculated using 

Debye Scherrer equation using the XRD peaks at 2 = 36.25o for ZnO ((101)) and at 2 = 

26.44o for CdS ((111)). The crystallite size of pure ZnO is higher (50 nm) compared to that in 

the ZnO@CdS core-shell heteronanostructures (36-45 nm). The crystallite size of ZnO 

decreases after the formation of CdS shell on the ZnO. It was difficult to calculate the crystallite 

size of CdS in the ZnO@CdS samples due to less intense and broad XRD peaks of CdS. This 

suggests the presence of small CdS nanoparticles in the ZnO@CdS samples. 
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Fig. 3.2.6: XRD patterns for pure ZnO, surface modified ZnO, CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). The inset shows peaks due to CdS. 

3.2.3.2 FT-IR analysis 

FT-IR spectra of pure ZnO, surface modified ZnO, pure CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3) are shown in Figure 3.2.7 and the assignments are given in 

Table 3.2.2. All the samples show IR bands at 3435 and 1630 cm-1 attributed to stretching and 

bending modes of hydroxyl groups of water molecules physisorbed on the surface of ZnO 

[118]. They show a weak band at 2922 cm-1 and another band at 1120 cm-1 attributed to 

asymmetrical stretching of CH2 group and symmetrical stretching of C–OH due to ethylene 

glycol molecules, respectively [119,120]. All the samples show a band corresponding to ZnO 

vibration at about 570 cm-1 [116,121]. In ZnO, the band at 1382 cm-1 is attributed to 

symmetrical stretching of carbonate groups [116]. Surface modified ZnO shows a band at 1397 

cm-1 attributed to symmetrical stretching of COO– due to citrate ions used during the surface 

modification of ZnO [120]. Pure CdS shows a band at 649 cm-1 attributed to CdS stretching 

[122]. Pure CdS and the ZnO@CdS core-shell nanoparticles (ZC1, ZC2 and ZC3) show bands 

at 1403, 1397, 1395 and 1395 cm-1, respectively, which are attributed to symmetrical stretching 

of COO–  group [120]. 
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Fig. 3.2.7: FT-IR spectra of pure ZnO, surface modified ZnO, CdS and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). 

Table 3.2.2: FT-IR band assignments for ZnO, surface modified ZnO, CdS and ZnO@CdS 

core-shell nanoparticles (ZC1, ZC2 and ZC3). 

 

Band position (cm-1) 
Assignment 

ZnO SMZnO CdS ZC1 ZC2 ZC3 

3430 3430 3435 3430 3430 3430 𝜈𝑠𝑦𝑚(−𝑂𝐻) 

2922 2922 2922 2922 2922 2922  𝜈𝑠𝑦𝑚(−𝐶𝐻2) 

- - 1725 - - - 𝜈𝑠𝑦𝑚C 

1628 1628 1628 1628 1628 1628 𝛿 (−𝑂𝐻) 

- 1397 1403 1397 1395 1395 𝜈𝑠𝑦𝑚(𝐶𝑂𝑂−) 

1382 - - - - - 𝜈𝑠𝑦𝑚(𝑁𝑂3
−)

1118 1118 1120 1118 1118 1118 𝜈𝑠𝑦𝑚C 

- - 649 - - - 𝜈𝑠𝑦𝑚CdS 

570 570 - 570 570 570 𝜈𝑠𝑦𝑚Zn 
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3.2.3.3 TGA analysis 

TGA analysis was carried out for pure ZnO hexagonal nanorods and surface functionalized 

ZnO hexagonal nanorods and the TGA patterns are shown in Figure 3.2.8. Pure ZnO shows a 

weight loss of 1.8 % and surface modified ZnO shows a weight loss of 2.5 % in the region 35-

800 oC. This indicates the presence of more organic content in the surface modified ZnO 

compared to pure ZnO [123,124]. 
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Figure 3.2.8: TGA patterns of pure ZnO and surface functionalized ZnO hexagonal nanorods. 

3.2.3.4 FE-SEM studies 

The FE-SEM images of pure ZnO, CdS and ZnO@CdS samples are shown in Figure 3.2.9. 

Pure ZnO shows rods with hexagonal facets and smooth surface. The length of ZnO rods is 

about 2 m and the diameter is 250 ± 20 nm. Pure CdS shows agglomerated small particles. In 

the ZnO@CdS samples, the surface of ZnO is rough which indicates the deposition of CdS on 

ZnO and the diameter of the ZnO nanorods (250 nm) increases in the ZnO@CdS samples (ZC1, 

ZC2 and ZC3) to about 290, 330 and 370 nm, respectively. 
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Fig. 3.2.9: FE-SEM images of pure ZnO, CdS and ZnO@CdS core-shell nanoparticles (ZC1, 

ZC2 and ZC3). 
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3.2.3.5 EDX analysis 

The elemental composition of ZnO@CdS core-shell nanoparticles was analyzed using EDX 

analysis (Figure 3.2.10). The elemental composition along with standard deviation (cadmium 

and sulfur) from the data measured at different spots on the samples is given in Table 3.2.3. 

All the samples show the presence of cadmium and sulfur on the surface of ZnO nanorods. An 

increase in the weight percent of cadmium and sulfur is observed according to the 

concentrations of CdS precursors (cadmium acetate and thiourea) used during the synthesis 

([Cd2+]:[S2-] = 0.075:0.075, 0.100:0.100 and 0.125:.125). 
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(c) 

Fig. 3.2.10: EDX analysis patterns of ZnO@CdS core-shell nanoparticles; (a) ZC1, (b) ZC2, 

and (c) ZC3. 

Table 3.2.3 Elemental composition along with standard deviation of cadmium and sulfur in 

the ZnO@CdS core-shell nanoparticles. 

Sample name Weight percent of cadmium Weight percent of sulfur 

ZC1 3.3±0.2 1.5±0.2 

ZC2 6.1±0.3 1.8±0.1 

ZC3 16.4±0.3 5.3±0.2 

 

The effects of reaction temperature, thermal decomposition time and surface modification of 

ZnO nanorods on the quality of CdS coating in the ZnO@CdS core-shell nanoparticles were 

studied and the results are discussed below. 

Since sample ZC3 shows more uniform deposition of CdS on ZnO compared to the other 

samples (ZC1 and ZC2) as evidenced by the SEM results, the thermal decomposition reactions 

were carried out for this sample at 150 oC and 180 oC while the heating time was fixed (1 h). 

The sample prepared at 150 oC shows poor deposition of CdS on ZnO (Figure 3.2.11a). In the 

case of 180 oC, the ZnO@CdS sample clearly shows good deposition of CdS. Two CdS 

deposition reactions were carried out using (i) surface unmodified ZnO nanorods and (ii) with 

surface modified ZnO nanorods at 180 oC for 1 h. In the case of surface unmodified ZnO, poor 

deposition of CdS and extra CdS particles are observed in the ZnO@CdS core-shell 
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nanoparticles (Figure 3.2.11b). In the case of surface functionalized ZnO, uniform deposition 

of CdS nanoparticles on the surface of ZnO nanorods is observed. 

 

Fig. 3.2.11: FE-SEM images of ZnO@CdS samples: (a) prepared at different temperatures (i) 

150 oC and (ii) 180 oC, and (b) ZnO@CdS samples prepared using (i) surface unmodified ZnO 

nanorods and (ii) surface modified ZnO nanorods. 

To understand the effect of thermal decomposition time on the deposition of CdS shell on the 

ZnO nanorods, the reactions were carried out for sample ZC3 at 180 oC for different times, e.g. 

30 min, 60 min and 90 min. Deposition of CdS shell is observed in all the cases but in the case 

of 30 min and 90 min, extra CdS particles are observed in the ZnO@CdS core-shell 

nanoparticles (Figures 3.2.12 (i) and (iii)). In the case of 60 min, uniform CdS shell on the ZnO 

nanorods with no extra CdS particles is observed (Figure 3.2.12 (ii)). 

 

 

(a) 

(b) 
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Fig. 3.2.12: FE-SEM images of ZnO@CdS samples prepared at different thermal 

decomposition times: (i) 30 min, (ii) 60 min and (iii) 90 min. 

3.2.3.6 TEM studies 

The TEM, and SAED images of pure ZnO, CdS and ZnO@CdS core-shell nanoparticles (ZC1, 

ZC2 and ZC3) are shown in Figure 3.2.13. Pure ZnO nanorods show very smooth surface and 

the length of ZnO nanorods is about 2 m and diameter is about 200 nm. Pure CdS 

nanoparticles show aggregated particles. The ZnO@CdS samples show clearly the deposition 

of CdS shell on the ZnO nanorods. Compared to samples ZC1 and ZC2, sample ZC3 shows 

uniform CdS shell on the ZnO nanorods. The SAED patterns for pure ZnO, CdS and 

ZnO@CdS core-shell nanoparticles are shown as insets in the corresponding TEM images 

(Figure 3.2.13). The SAED pattern of a single ZnO nanorod shows a set of diffraction spots 

due to hexagonal structure and this confirms the single crystalline nature of the nanorods. The 

distance between two adjacent spots was measured as 0.27 nm which is attributed to (002) 

plane of hexagonal ZnO [125,126]. The SAED pattern of pure CdS shows a ring confirming 
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the polycrystalline nature of CdS and the rings are attributed to (311), (220) and (111) planes 

of cubic CdS [95]. The SAED patterns for ZnO@CdS samples ZC1 and ZC2 show both spots 

and ring patterns due to ZnO and CdS but sample ZC3 shows only a ring pattern due to CdS 

which suggests thicker CdS shell on the ZnO nanorods. 

 

Fig. 3.2.13: TEM images of ZnO nanorods, CdS nanoparticles and ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3) and the insets show the corresponding SAED patterns. 
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3.2.3.7 HRTEM studies 

The HRTEM images of ZnO@CdS samples (Figure 3.2.14) show clearly the crystalline 

interface between the ZnO core and the CdS shell. A crystalline interface facilitates the 

injection of photo excited electrons from the CdS shell to the ZnO nanorods [106]. The 

thickness of CdS shell in the ZnO@CdS core-shell nanoparticles was estimated from the 

images and the thickness values for the samples ZC1, ZC2 and ZC3 are about 20 nm, 33 nm 

and 45 nm, respectively. The CdS shell thickness increases with increasing concentration of 

CdS precursors ([Cd2+]:[S2-] = 0.075:0.075, 0.100:0.100 and 0.125:0.125) used during the 

synthesis. From the HRTEM images, lattice spacing was calculated for the CdS shell as 0.36 

nm which corresponds to (111) plane of cubic CdS. This indicates that the growth of CdS shell 

on the ZnO nanorods is along the (111) direction. 

 

Figure 3.2.14: HRTEM images of CdS nanoparticles and the ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). 
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3.2.3.8 UV-Visible diffuse reflectance spectroscopy (DRS) 

The DRS spectra of ZnO@CdS core-shell nanoparticles are shown in Figure 3.2.15. The band 

gap values of pure ZnO, CdS and the ZnO@CdS core-shell nanoparticles were calculated using 

the Tauc equation [94,127] and the Tauc plots were obtained by plotting (h)2 versus h. Pure 

ZnO and CdS have direct bulk band gap values of 3.38 and 2.42 eV, respectively [63,109]. In 

the present study, pure ZnO nanorods possess a band gap of 3.31 eV and this is in good 

agreement with the reported band gap for hexagonal ZnO nanorods [106,128]. No quantum 

confinement effect is observed in the case of ZnO nanorods as their diameter (250 nm) is much 

larger than the Bohr exciton radius for ZnO (𝑎𝐵 = 1.8 nm) [106,128]. Pure CdS nanoparticles 

exhibit a band gap of 2.53 eV with a blue shift of about 0.1 eV with respect to bulk CdS which 

is attributed to quantum size effect [56]. The ZnO@CdS core-shell nanoparticles show band 

gap of about 3.25 eV for ZnO core and between 2.61 and 2.66 eV for the CdS shell. The ZnO 

in the ZnO@CdS core-shell nanoparticles show about 0.13 eV red shift with respect to bulk 

ZnO (Eg = 3.38 eV) and the CdS in the ZnO@CdS samples show about 0.24 eV blue shift with 

respect to bulk CdS. The blue shift in the band gap of CdS is attributed to quantum size effect 

due to the presence of small CdS nanoparticles on the ZnO nanorods; small size limits the 

volume occupied by the electron-hole pairs [56]. In the DRS spectra of ZnO@CdS core-shell 

nanoparticles, the intensity of ZnO band gap absorption decreases and the intensity of CdS 

band gap absorption increases. This also indicates the formation of CdS shell on the ZnO 

nanorods.  
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Figure 3.2.15 (a) UV-Visible diffuse reflectance spectra and (b) Tauc plots for ZnO@CdS 

core-shell nanoparticles (ZC1, ZC2 and ZC3). 
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The particle size of CdS nanoparticles on the ZnO nanorods was calculated using the Brus 

equation [64]. For CdS, 𝑚𝑒
∗  = 0.19 𝑚𝑜, 𝑚ℎ

∗  = 0.80 𝑚𝑜, 𝑚𝑜 = 9.11  10-28 𝑔 and 𝜀5.7. The 

calculated band gap and particle size values for CdS are given in Table 3.2.4. The calculated 

particle size of CdS nanoparticles using the Brus equation is smaller than the Bohr radius of 

CdS (2.5 nm). The blue shift of the band gap absorption of CdS in the ZnO@CdS core-shell 

nanoparticles is attributed to quantum size effect [56]. 

Table 3.2.4 Band gap and calculated particle size values of CdS in ZnO@CdS core-shell 

nanoparticles (ZC1, ZC2 and ZC3). 

Sample name 
Band gap (eV) 

Calculated Particle size of CdS from Eg 
ZnO CdS 

Pure ZnO 3.31 - - 

Pure CdS - 2.53 2.15 

ZC1 3.26 2.66 1.58 

ZC2 3.26 2.62 1.73 

ZC3 3.25 2.61 1.77 

 

3.2.3.9 Photoluminescence spectroscopy (PL)  

The room temperature PL spectra of pure ZnO, CdS and ZnO@CdS core-shell nanoparticles 

are shown in Figure 3.2.16. Pure ZnO nanorods exhibit emission bands at 383, 452, 469, 485 

and 494 nm and the observed spectrum is in good agreement with results reported for ZnO 

nanorods [125,129]. The strong UV emission band centered at 383 nm is attributed to excitonic 

recombination corresponding to the near band edge emission of ZnO [95]. The emission band 

in the blue region at about 452 nm is associated with the electronic transition between excitonic 

level and interstitial oxygen (𝑂𝑖). The emission band in the blue-green region at 469 nm is 

attributed to the electron transition between a shallow donor (𝑍𝑛𝑖) and a deep acceptor (𝑉𝑍𝑛) 

[130]. The two emission bands in the green region (485 and 494 nm) are attributed to 

stoichiometry related defects and these are generally attributed to zinc vacancies as well as 

interstitial zinc and structural defects [129,131]. Pure CdS shows a broad emission band 

between 450 and 630 nm which is attributed to surface defects associated with cadmium and 

sulfur vacancies [66]. 

In the case of PL spectra of ZnO@CdS core-shell nanoparticles (ZC1, ZC2 and ZC3), the 

luminescence in the UV region has vanished. They show luminescence in the visible range 
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between 450 and 630 nm. The emission bands in the ZnO@CdS core-shell nanoparticles are 

attributed to the following transitions: (i) from conduction band to deep acceptor levels (𝑂𝑖 or 

𝑂𝑍𝑛), (ii) from deep donor levels (𝑉𝑂𝑍𝑛𝑖) to valence band, and (iii) from shallow donor levels 

(𝑍𝑛𝑖) to shallow acceptor levels (𝑉𝑍𝑛 and 𝑂𝑖) [87,125,132]. The emission intensity related to 

defect states in the visible region, in the case of ZnO@CdS samples, is relatively lower 

compared to pure ZnO. In the ZnO@CdS core-shell nanoparticles, the CdS nanoparticles 

(shell) act as the sulfur dopant, which reduces defect emission from the surface of ZnO 

nanorods [94]. The absence of luminescence in the UV region and reduced intensity in the 

visible region in the ZnO@CdS samples is attributed to the synergistic interaction between 

ZnO core and CdS shell. In the case of ZnO@CdS core-shell nanoparticles, the emission 

maximum (495 nm) is blue shifted by about 40 nm compared to pure CdS nanoparticles (535 

nm). This is again the evidence for electron transfer from CdS shell to the ZnO core on 

excitation. 

 

Figure 3.2.16: Photoluminescence spectra of ZnO nanorods, CdS nanoparticles and 

ZnO@CdS core-shell nanoparticles (ZC1, ZC2 and ZC3). 
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The band alignment of ZnO core with the CdS shell in ZnO@CdS is shown in Scheme 3.2.4. 

The excitons are generated in the CdS shell on visible light excitation and the photo generated 

electrons in the conduction band of CdS migrate to that of ZnO. This is because the conduction 

band of CdS is higher than that of ZnO [87]. The photogenerated holes in the valence band of 

ZnO migrate to that of CdS. The interfacial charge transfer lowers the direct transition 

probability from the conducting band to valence band and reduces the emission intensity related 

to defect states [133] and the same is observed in the present study. 

 

Scheme 3.2.4: Band alignment of ZnO (core) with CdS (shell) in the ZnO@CdS core-shell 

nanoparticles. 

3.2.4 Proposed mechanism for the formation of ZnO@CdS core-shell nanoparticles 

The proposed mechanism for the formation of ZnO@CdS core-shell nanoparticles is shown in 

Scheme 3.2.5. On surface modification of ZnO nanorods with citric acid, the citrate groups 

adsorb on the surface of hexagonal ZnO nanorods [87]. Cadmium acetate and thiourea form a 

complex [Cd(Tu)2]
2+ in ethylene glycol which prevents the release of a large amount of S2- ions 
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in the solution [134]. The cadmium ions in the complex ([Cd(Tu)2]
2+) form an ionic bond with 

the citrate groups present on the surface of ZnO nanorods. When the temperature is increased 

about to 180 oC, the complex undergoes decomposition leading to the formation of uniform 

nanocrystalline CdS shell on the surface of ZnO nanorods [134–136]. In the case of 30 min and 

90 min, the amount of CdS seems to be higher compared to that at 60 min due to non-uniform 

deposition of CdS on the surface of ZnO at these timings. In the case of 30 min, very few CdS 

nuclei are generated in the solution and the growth of CdS is faster. Hence, the CdS 

nanoparticles deposit irregularly on the surface of ZnO which leads to agglomeration. As the 

reaction time is increased to 60 min, stable CdS nuclei are formed in large numbers. This leads 

to decrease in the concentration of CdS precursors in the solution with a uniform deposition of 

CdS. In the case of 90 min, further growth of CdS occurs, which results in agglomeration.  

 

Scheme 3.2.5: Proposed mechanism for the formation of ZnO@CdS core-shell nanoparticles. 

3.2.5 Conclusions 

ZnO@CdS core-shell nanoparticles with different CdS shell thickness (20 nm to 45 nm) have 

been successfully synthesized by a novel thermal decomposition approach. XRD results 

indicate the presence of both ZnO and CdS in all the ZnO@CdS core-shell nanoparticles. 

Uniform deposition of cadmium sulfide nanoparticles on the surface modified ZnO nanorods 
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is possible at 180 oC. Surface modification of ZnO nanorods is necessary for the uniform 

deposition of CdS on the ZnO nanorods. TEM/SEM images clearly show the uniform 

deposition of cadmium sulfide nanoparticles on the surface functionalized ZnO nanorods. 

SAED/HRTEM studies confirm the crystalline nature of hexagonal ZnO nanorods and cubic 

cadmium sulfide nanoparticles. DRS results show red shift of the band gap of ZnO and blue 

shift of the band gap of CdS in the ZnO@CdS core-shell nanoparticles compared to pure ZnO 

and CdS nanoparticles. The blue shift in the band gap of CdS shell is attributed to quantum size 

effect. Photoluminescence spectroscopy results show disappearance of UV emission band and 

reduction in the intensity of visible emission in the ZnO@CdS core-shell nanoparticles. These 

observations are explained on the basis of synergistic interaction between ZnO and CdS in the 

ZnO@CdS core-shell nanoparticles. 
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4.1 Synthesis of ZnO@Ag Core-Shell Heteronanostructures via a Novel Thermal 

Decomposition Approach 

4.1.1 Introduction 

In recent years, various heteronanostructures such as semiconductor-semiconductor, 

metal-semiconductor, and carbon-semiconductors have attracted the attention of 

scientists due to their improved optical and electronic properties and they have been 

used in multi-functional applications such as catalysis, sensors, and optoelectronics [1–

6]. Among them, metal-semiconductor heteronanostructures have great importance and 

they exhibit better and tunable physicochemical properties [7–9]. Metal-semiconductor 

heteronanostructures have been extensively used as photocatalysts and these 

heterostructures enhance the photocatalytic efficiency by reducing the electron-hole pair 

recombination. The photogenerated electrons in the conduction band of the 

semiconductor transfer to the metal which enables lower recombination rate of the 

photogenerated excitons. The metal acts as an electron sink due to the Schottky barrier 

at the metal-semiconductor interface [7–9]. 

In the metal-semiconductor heteronanostructures, metal nanoparticles are used either as 

the core or the shell material. A number of reports are available where metal acts as the 

core and semiconductor acts as the shell material. Examples are Ag@AgX (X = Cl, Br) 

[10], Ag/Au@CdSe [11–13], Au@MO2 (M = Sn, Ti) [14,15], Au@Fe2O3 [16], Au@MS 

(M = Cd, Pb, Zn) [17], M@ZnO (M = Au, Zn) [18,19], M@In2O3 (M = Au, In) [20,21], 

Zn@ZnSe [22], Si@WO3 [23], Ge@Si( GeSi)n, and Si@(GeSi)n [24]. Various authors 

have reported metal-semiconductor heteronanostructures where semiconductor acts as 

the core and metal acts as the shell. Examples are CdSe@M (M = Au, Pd, Pt) [25], 

FePt@Au [26], GaAs@M (M = Al, Ga, Si) [27–29], GaP@Si [30], MnSi@Si [31], 

SnO2@Te [32], WO3@Ag [33], and ZnO@M (M = Ag, Au, Pt, Si) [34–36]. In addition 

to these metal-semiconductor heteronanostructures, bimetallic core or shell 

nanomaterials coupled with semiconductor nanoparticles have also been reported. 

Examples are AuCo@g-C3N4 [37], AuNi@ZnO [38], Co@CoPt3 [39], and -

Fe2O3@Ag/AgCl [40]. The TEM and HRTEM images of Au@Ag2S and Au@PbS core-

shell nanoparticles are shown in Figure 4.1.1 and the TEM and HRTEM images of 

GaAs@Si and GaP@Si core-shell nanoparticles are shown in Figure 4.1.2. 
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Fig. 4.1.1: TEM and HRTEM images of (a, b) Au@Ag2S and (c, d) Au@PbS core-shell 

nanoparticles [17]. Here Au is the core material. 

 

Fig. 4.1.2: TEM and HRTEM images of (a, b) GaAs@Si [29] and (c, d) GaP@Si [30] 

core-shell nanoparticles. Here Si is the shell material. 
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Among the noble metals, silver is the most sought after metal due to its good chemical 

stability, low-cost and high efficiency [41,42]. Silver has been used as the core or shell 

in silver based heterostructures. A schematic representation of silver based core-shell 

heterostructures is shown in Figure 4.1.3. 

 

Fig. 4.1.3: Schematic representation of silver based core-shell heterostructures and the 

various applications [4,7–9]. 

 

Among the silver based core-shell heteronanostructures, ZnO@Ag core-shell 

heteronanostructures have much attracted immense attention. On coupling silver 

nanoparticles with ZnO, the photocatalytic activity and light harvesting efficiency of 

ZnO are enhanced under visible light by improving the charge separation at the 

interface. Moreover, the surface plasmon resonance absorption of silver nanoparticles 

creates a local electric field which enhances the photocatalytic activity. 
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Different chemical and physical methods have been reported for the synthesis of 

ZnO@Ag core-shell heteronanostructures. The chemical methods include 

electrodeposition [43], hydrothermal/solvothermal [44,45], water-in-oil microemulsion 

[45], seed mediated particle growth [46,47], sol-gel [48], wet-chemical method [49], 

photodeposition [50], sonochemcial [51], chemical methodology [52], and dip-redox 

method [53]. The physical methods include electron beam evaporation [54], laser 

ablation [55], and microwave assisted route [56]. A brief description of some of the 

methods for the deposition of silver nanoparticles on ZnO nanorods are discussed below. 

Solvothermal [44]: In this method, appropriate amounts of zinc acetate and silver acetate 

are placed in a Teflon lined stainless steel container and then 30 mL of ethanolic NaOH 

solution is added drop wise to the above contents with stirring. After that, the reaction 

contents are heated at 160 oC for 24 h. 

Water-in-oil microemulsion [45]: In this method, first Triton X-100 solution is prepared 

in a mixture of cyclohexane and hexanol. Then, certain amount of zinc nitrate is taken 

in the Triton X-100 solution and after that, ammonium hydroxide solution is added and 

kept for overnight to get ZnO solution. To this certain amount of AgNO3 dissolved in 

Triton X-100 is added followed by addition of NaBH4 to deposit Ag nanoparticles on 

ZnO. 

Seed mediated particle growth [46]: In this method, first ZnO microspheres are 

synthesized by a two-step thermal decomposition approach. Then, certain amount of 

ZnO microspheres are dispersed in an ethanolic solution of SnCl2.H2O and stirred for 

half an hour. The Sn2+ deposited ZnO microspheres are dispersed in an ethanolic 

solution of Ag(NH3)2
+ and stirred for 1 h. During the stirring, silver ions are reduced by 

Sn2+ ions and silver seeds are formed on the ZnO microspheres. The silver seeded ZnO 

microspheres are redispersed into an aqueous AgNO3 solution and heated to 80 oC. To 

grow the silver nanoparticles on the ZnO microspheres, sodium citrate is added at 80 oC 

and the stirring is continued for about 1 h. 

Photodeposition [50]: In this method, ZnO nanorods are deposited on a glass substrate 

using chemical solution deposition. The ZnO nanorods are dispersed in AgNO3 solution 

to adsorb Ag+ ions on the ZnO nanorods. Then, the film is irradiated with a 20 W low-

pressure mercury lamp (λ = 254 nm, 1.9 mW/cm2) for 20 min to deposit Ag 
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nanoparticles on the ZnO nanorods. A schematic representation of Ag deposition on the 

ZnO nanorods is shown in Figure 4.1.4. 

 

Fig. 4.1.4: Schematic representation of silver deposition on ZnO nanorods using 

photodeposition [50]. 

Sonochemical route [51]: First, ZnO nanorods are prepared using hydrothermal method. 

The ZnO nanorods are dispersed in Ag(NH3)2
+ solution and stirred at room temperature 

for about 30 min. Then, formaldehyde solution is added drop wise to the reaction 

mixture and then the reaction contents are irradiated using a high intense ultrasonicator 

at room temperature for 1 h to deposit Ag nanoparticles on the ZnO nanorods. 

Chemical method [52]: First, ZnO nanorods are prepared by hydrothermal process. The 

ZnO nanords are dispersed in an aqueous solution and sonicated for about half an hour. 

After this, certain amount of CTAB is added, heated to 40 oC under constant stirring and 

cooled down to room temperature gradually. Then, AgNO3 aqueous solution is added to 

the above solution at room temperature and stirred for 1 h. To reduce the Ag+ ions, an 

aqueous solution of NaBH4 is added and stirred for further 1 h. 

Dip-redox process [53]: ZnO nanords are first synthesized via hydrothermal process. 

The surface of ZnO nanorods is modified with polydopamine via in situ polymerization. 

Then, the surface modified ZnO nanorods are dipped in AgNO3 solution at room 

temperature for 2 h followed by drying in vacuum for 24 h. The samples are annealed 

at 500 oC for 3 h under argon flow to deposit Ag nanoparticles on the ZnO nanorods. 

Laser ablation [55]: ZnO nanorods are first prepared using hydrothermal method. Ag 

nanoparticles are then prepared by laser ablation. High purity plates of Ag with thickness 

of 1 mm are irradiated with Q-switched Nd:YAG pulsed laser (λ = 532 nm) for 20 min. 

Then, the obtained Ag nanoparticles and ZnO nanorods are mixed in an aqueous solution 
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and irradiated for about one and half hour to deposit silver nanoparticles on the ZnO 

nanorods. 

The TEM and HRTEM images of ZnO@Ag heterostructures, prepared using 

solvothermal and reduction methods, are shown in Figure 4.1.5. 

 

Fig. 4.1.5: TEM and HRTEM images of ZnO@Ag core-shell heterostructures prepared 

using (a, b) solvothermal method [44] and (c, d) chemical reduction method [52]. Inset 

in Figure 4.1.5b shows the FFT pattern of Ag in the ZnO@Ag core-shell 

heterostructures. 

The preparation of ZnO@Ag heteronanostructures with uniformly deposited silver 

nanoparticles on ZnO nanorods without free silver particles is still a challenge due to 

self-nucleation of silver nanoparticles during the deposition of silver on ZnO. In the 

present study, a facile, economical, and simple thermal decomposition approach for the 
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synthesis of ZnO@Ag heteronanostructures has been reported. The particle size of silver 

nanoparticles on the ZnO nanorods could be controlled simply by varying the 

concentration of silver acetate during the thermal decomposition. 

4.1.2 Experimental details 

Zinc nitrate (99%, SRL, AR), urea (99.5%, Rankem, AR), ethylene glycol (99%, 

Rankem, LR), silver acetate (98%, Loba Chemie), diphenyl ether (99%, Sigma-Aldrich) 

were used as received without further purification. Methanol was received from SD Fine 

Chemicals and was used after distillation. More details on the synthetic procedure for 

the preparation of ZnO@Ag core-shell heteronanostructures are discussed below. 

4.1.2.1 Synthesis of ZnO nanorods 

ZnO nanorods were synthesized using homogeneous precipitation method [57,58]. The 

details on synthesis of ZnO nanorods have been given in Chapter-3. 

4.1.2.2 Synthesis of ZnO@Ag core-shell heteronanostructures 

The schematic representation of synthesis of ZnO@Ag core-shell heteronanostructures 

is given in Scheme 4.1.1. About 50 mg of ZnO nanorods was mixed with different 

amounts of silver acetate (0.10, 0.15 and 0.25 mmol) in 10 mL of diphenyl ether and the 

contents were sonicated for about 3 min to achieve good dispersion. The contents were 

refluxed at about 220 oC for 1 h in air. After completion of the reaction, the obtained 

slurry was cooled to room temperature and then 25 mL of methanol was added. The 

obtained precipitate was centrifuged, washed with methanol several times and dried in 

an oven for overnight. The obtained silver deposited ZnO samples were labelled as A1, 

A2, and A3 corresponding to 0.10, 0.15, and 0.25 mmol concentration of silver acetate, 

respectively.  
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Scheme 4.1.1: Schematic representation of synthesis of ZnO@Ag core-shell 

heteronanostructures via thermal decomposition approach. 

The synthesized ZnO@Ag core-shell heteronanostructures were characterized by 

PXRD, FE-SEM, SEM-EDX, TEM and XPS. The optical properties were studied using 

DRS and PL spectroscopies. More details on the experimental techniques have been 

discussed in Chapter-2. 

4.1.3 Results and discussion 

4.1.3.1 XRD analysis 

The XRD patterns of pure ZnO and ZnO@Ag core-shell heteronanostructures (A1, A2 

and A3) are shown in Figure 4.1.6. Pure ZnO shows diffraction peaks at 2 values of 

31.61o, 34.41o, 36.24o, 47.61o, 56.59o, 62.87o, 66.31o, 67.94o, 69.06o, 72.54o, 76.96o, and 

81.31o attributed to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), 

(202), and (104) planes of wurzite ZnO (JCPDS file no. 36-1451), respectively. All the 
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as prepared ZnO@Ag samples show two set of diffraction peaks. The diffraction peaks 

marked with “#” indicate peaks due to wurzite ZnO. The peaks marked with “*” at 2 

values of 38.12o, 44.32o, 64.46o, 77.47o, and 81.53o correspond to (111), (200), (220), 

(311), and (222) planes of face centered cubic silver (JCPDS file no. 04-0783), 

respectively. The crystallite size of ZnO and silver in all the ZnO@Ag samples was 

calculated using Debye-Scherrer formula using the XRD peaks at 2 = 36.24o and 

38.12o, respectively. The crystallite size of pure ZnO is about 50 nm. In the ZnO@Ag 

samples, the crystallite size of silver nanoparticles was found to be 24 nm, 26 nm, and 

31 nm and the crystallite size of ZnO was 48 nm, 42 nm and 35 nm for the samples A1, 

A2, and A3, respectively. In the ZnO@Ag samples, the decrease in the crystallite size 

of the ZnO compared to pure ZnO is attributed to the deposition of silver nanoparticles 

on its surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.6: XRD patterns of ZnO and ZnO@Ag core-shell heteronanostructures (A1, 

A2 and A3). 
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4.1.3.2 FE-SEM studies 

The morphological studies were first carried out using FE-SEM analysis and the FE-

SEM images of pure ZnO nanorods and the ZnO@Ag core-shell heteronanostructures 

(A1, A2, and A3) are shown in Figure 4.1.7. The length and diameter of pure ZnO 

nanorods were found to be about 2.5 ± 0.4 m and 260 ± 20 nm, respectively. The FE-

SEM images of ZnO@Ag samples (A1 to A3) show clearly the deposition of silver on 

the ZnO nanorods. The particle size values of silver in the ZnO@Ag 

heteronanostructures are 53.5 ± 15.7 nm, 62.3 ± 14.2 nm, and 70.2 ± 16.4 nm for 

samples A1, A2, and A3, respectively. As the concentration of silver increases from 

sample A1 to A3, the particle size of silver also increases.  

 

Fig. 4.1.7: FE-SEM images of ZnO nanorods and ZnO@Ag core-shell 

heteronanostructures (A1, A2 and A3). 

4.1.3.3 SEM-EDX analysis 

The elemental composition of ZnO@Ag core-shell heteronanostructures was estimated 

using energy dispersive   X-ray analysis and the results are shown in Figure 4.1.8. The 
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EDXA results of ZnO@Ag core-shell heteronanostructures show the presence of zinc, 

oxygen, and silver in all the samples (A1, A2 and A3). The weight percent of silver in 

the ZnO@Ag core-shell heteronanostructures was found to be 20.4 ± 2.3, 25.4 ± 1.9, 

and 26.6 ± 3.7 for the samples A1, A2 and A3, respectively. 

 

 

Fig. 4.1.8: SEM-EDX of ZnO nanorods and ZnO@Ag core-shell heteronanostructures 

(A1, A2 and A3). 
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4.1.3.4 TEM studies 

To understand the ZnO@Ag core-shell heteronanostructures better, TEM analysis was 

carried out for pure ZnO and ZnO@Ag core-shell heteronanostructures and the TEM 

images are shown in Figure 4.1.9. The length of pure ZnO nanorods is about 2.5 ± 0.15 

m and the diameter is about 200 ± 20 nm. In the TEM images of ZnO@Ag core-shell 

heteronanostructures (A1, A2 and A3), one can clearly see adhered silver nanoparticles 

on the surface of ZnO nanorods; no free silver nanoparticles are found in the TEM 

images. The particle size distribution of silver nanoparticles on the ZnO nanorods are 

shown as insets in the corresponding TEM images. The mean diameter of silver 

nanoparticles on ZnO nanorods was found to be 52.8 ± 14.1 nm, 60.7 ± 16.7 nm, and 

68.4 ± 8.8 nm for samples A1, A2, and A3, respectively. The broad size distribution of 

silver nanoparticles on ZnO nanorods is attributed to site-selective positioning of silver 

on ZnO nanorods prompted via a small lattice mismatch between silver and ZnO at the 

respective crystallographic plane [56]. The nucleation of silver takes place on 

energetically favoured (101) plane of ZnO nanorods and then the silver clusters are 

formed at different positions on the ZnO nanorods. The SAED patterns of pure ZnO and 

ZnO@Ag samples are shown in Figure 4.1.10. Pure ZnO nanorods show a set of 

diffraction spots in the SAED patterns due to hexagonal wurzite structure which 

indicates single crystalline nature of the ZnO nanorods. The distance between the two 

consecutive spots in the SAED pattern of pure ZnO was found to be 0.263 nm which is 

attributed to (002) plane of hexagonal ZnO which suggests the preferential growth of 

ZnO nanorods along (001) direction [59]. The SAED patterns of ZnO@Ag 

heteronanostructures show spot patterns due to ZnO and ring patterns due to cubic silver. 

 

 

 

 

 

 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

161 
 

 

Fig. 4.1.9 TEM images of ZnO and ZnO@Ag core-shell heteronanostructures (A1, A2 

and A3). 

 

Fig. 4.1.10 SAED patterns of ZnO and ZnO@Ag core-shell heteronanostructures (A1, 

A2 and A3). 
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4.1.3.5 XPS studies 

In order to understand if the silver deposited on the ZnO surface is in metallic form or 

not and also the surface composition of ZnO@Ag sample, XPS analysis was carried out 

and the results are shown in Figure 4.1.11. The XPS results for ZnO@Ag (A1) indicate 

the presence of Zn, O, and Ag. The Zn 2𝑝3/2 spectrum (Figure 4.1.11b) shows a peak 

centered at about 1021.3 eV. This is attributed to the presence of Zn2+ on the sample 

surface [44]. The O1s spectrum (Figure 4.1.11c) is asymmetric and the spectrum was 

deconvoluted. The deconvolution results suggest that there are two kind of oxygen 

species; the peak with binding energy of about 530.5 eV is due to lattice oxygen of ZnO 

and the XPS peak at about 532.1 eV is due to the oxygen of surface hydroxyls [43]. The 

Ag 3d spectrum (Figure 4.1.11d) shows two peaks with binding energies 367.4 eV (Ag 

3d5/2) and 373.4 eV (Ag 3d3/2) with a splitting of 6 eV. The observed binding energies 

and the doublet splitting indicate the presence of metallic silver in the ZnO@Ag sample 

[60]. The ratio of Zn to Ag in ZnO@Ag sample (A1) was found to be 2.46. 

 

Fig. 4.1.111: (a) XPS survey spectra of ZnO@Ag sample A1, and (b-d) high resolution 

XPS spectra of Zn 2p, O 1s, and Ag 3d, respectively. 
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The optical properties of pure ZnO nanorods and ZnO@Ag core-shell 

heteronanostructures (A1, A2, and A3) were investigated using UV-Visible diffuse 

reflectance spectroscopy (DRS) and photoluminescence (PL) spectroscopy. 

4.1.3.6 UV-Visible diffuse reflectance spectroscopy (DRS) studies 

The DRS spectra of pristine ZnO nanorods, and ZnO@Ag core-shell 

heteronanostructures are shown in Figure 4.1.12. The bulk band gap of pure ZnO is 3.38 

eV [61] and pristine ZnO nanorods possess band gap absorption at 373 nm (3.33 eV). 

Quantum confinement effect is not observed in the case of ZnO nanorods due to their 

large diameter (about 250 nm) which is much higher than the Bohr radius of ZnO (𝑎𝐵 = 

1.8 nm). Pure Ag nanoparticles show surface plasmon resonance absorption at about 

405 nm (inset in Figure 4.1.12). The DRS spectra of ZnO@Ag core-shell 

heteronanostructures show two prominent absorption bands in the UV-Visible region. 

The band at 370 nm is due to the band gap absorption of ZnO and the band at about 400 

nm is due to the surface plasmon resonance of silver nanoparticles present in the 

ZnO@Ag core-shell heteronanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.12 UV-Visible diffuse reflectance spectra of ZnO nanorods and ZnO@Ag core-

shell heteronanostructures. The UV-Vis spectrum of Ag nanoparticles is shown as inset. 
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4.1.3.7 Photoluminescence spectroscopy (PL) studies  

The room temperature photoluminescence (PL) spectra of pristine ZnO nanorods, pure 

Ag nanoparticles, and ZnO@Ag core-shell heteronanostructures (A1, A2 and A3) are 

shown in Figure 4.1.13. The PL spectrum of pristine ZnO nanorods show emission 

bands at 380, 412, 435, 466, 485 and 494 nm. The emission bands at 380 and 412 nm 

are attributed to band edge free exciton recombination of ZnO [56,62]. The multiple 

peaks in this region are due to the formation of different shallow levels inside the band 

gap due to the presence of interstitial zinc atoms [56,63]. The strong emission in the 

blue region at about 435 nm is attributed to the electronic transition between the 

excitonic level and the interstitial oxygen (𝑂𝑖). The emission in the blue-green region 

(at 466 nm) is attributed to the electronic transition between a deep acceptor (𝑉𝑍𝑛) and 

a shallow donor (𝑍𝑛𝑖). The emission bands in the green region (at 485 and 494 nm) are 

attributed to zinc vacancies, interstitial zinc and structural defects [57]. Pure Ag 

nanoparticles show a strong emission band at 357 nm and a broad emission between 400 

and 600 nm. The strong emission band at 357 nm is attributed to radiative recombination 

of occupied electrons from the sp band with holes in the valence d band [64]. The broad 

emission between 400 and 600 nm is due to radiative decay of the surface plasmon 

resonance (SPR) excitation in the Ag nanoparticles [65]. 

The PL spectra of ZnO@Ag core-shell heteronanostructures exhibit similar emission 

bands as that of pure ZnO nanorods and pure Ag nanoparticles with noticeable intensity 

reduction. The reduction in intensity, observed in the PL spectra of ZnO@Ag core-shell 

heteronanostructures as compared to pure ZnO nanorods, is attributed to an efficient 

interfacial charge transfer from the ZnO nanorods to the silver nanoparticles; silver acts 

as an electron sink which traps the electrons from ZnO and hinder the recombination of 

photogenerated excitons in ZnO [46]. In the case of ZnO@Ag core-shell 

heteronanostructures, sample A1 exhibits lower PL emission intensity compared to the 

other ZnO@Ag samples and the PL intensity order is A1 < A2 < A3. The recombination 

of electron-hole pairs depends on the amount of silver nanoparticles present on the 

surface of ZnO nanorods. From A1 to A3, the amount of silver nanoparticles on the 

surface of ZnO nanorods increases and the extent of recombination of electron-hole 

pairs increases and accordingly, the PL intensity also increases in the same order. When 

sufficient amount of silver metal sites are present on the surface of ZnO nanorods (e.g. 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

165 
 

sample A1), these metal sites  trap the electrons effectively and this leads to an increase 

in the charge separation of photogenerated electron and hole pairs on the surface of ZnO 

nanorods [66]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.13: Photoluminescence (PL) spectra of ZnO nanorods and ZnO@Ag core-shell 

heteronanostructures. The PL spectrum of Ag nanoparticles is shown as inset. 

4.1.4 Proposed mechanism of formation of ZnO@Ag core-shell 

heteronanostructures 

The possible mechanism for the formation of ZnO@Ag core-shell heteronanostructures 

is described in Scheme 4.1.2. In the first step, silver acetate decomposes to produce 

silver ions and acetate ions at 220 oC.  At elevated temperatures, the thermal energy is 

sufficient to drive the silver ions (Ag+) to the surface of the ZnO nanorods. In the second 

step, the acetate ions transfer electrons to the silver ions with the formation of silver 

nanoparticles on the surface of  ZnO nanorods with the release of CO2 and H2 [67]. The 

reducing environment (H2) leads to more decomposition of silver acetate. 
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Scheme 4.1.2: The proposed mechanism for the formation of ZnO@Ag core-shell 

heteronanostructures. 

To understand the silver deposition on the surface of ZnO nanorods better, thermal 

decomposition reactions were carried out at different temperatures (180, 200 and 220 

oC) and the ZnO@Ag samples were analyzed using FE-SEM. At 220 oC, uniform 

deposition of silver nanoparticles on ZnO nanorods is noticed as compared to the 

reaction carried out at 180 oC (Figure 4.1.14). The ZnO@Ag sample prepared at 180 oC 

shows adherence of a few silver nanoparticles on the surface of ZnO nanorods. The 

ZnO@Ag sample prepared at 200 oC shows the deposition of silver nanoparticles on 

ZnO nanorods but some of the ZnO nanorods are uncoated and free silver nanoparticles 

are also observed. The thermal decomposition carried out at 220 oC leads to good 

adherence of silver nanoparticles on the surface of ZnO nanorods and the SEM image 

does not show any free silver nanoparticles. The better deposition of silver nanoparticles 

on ZnO at 220 oC is attributed to higher rate of reduction of silver acetate at elevated 

temperatures [68,69]. 
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Fig. 4.1.14 FE-SEM images of ZnO@Ag samples prepared at different thermal 

decomposition temperatures. 

The quality of silver coating on the ZnO nanorods was also studied by varying the 

thermal decomposition time (at 220 oC) from 30 min to 90 min and the SEM results are 

shown in Figure 4.1.15. In the case of 30 min, the average particle size of silver 

nanoparticles present on ZnO is 66.2 ± 17.3 nm. When the reaction time is increased to 

60 min, the average particle size of silver nanoparticles decreases to 53.5 ± 15.7 nm. 

When the thermal decomposition time is further increased to 90 min, an increase in the 

average particle size of silver (83.3 ± 19.2 nm) is observed. At lower thermal 

decomposition time, i.e. 30 min, only less amount of silver nuclei nucleates from the 

solution and during the growth stage, these fewer nuclei grow rapidly as the 

concentration of silver ions per silver nuclei in the solution is high and this results in an 

increase in the average particle size of silver [68,69]. At 60 min, nucleation takes place 

rapidly compared to that at 30 min thereby resulting in a decrease in the concentration 

of silver in the solution. This leads to decrease in the particle size of silver at 60 min as 

compared to that at 30 min. When the thermal decomposition time is increased to 90 

min, further growth of silver nuclei occurs resulting in an increase in the average particle 

size of silver nanoparticles. 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

168 
 

 

Fig. 4.1.15 FE-SEM images of ZnO@Ag samples prepared at different thermal 

decomposition times. 

These results conclude that the thermal decomposition time of 60 min and temperature 

of 220 oC leads to uniform deposition of silver nanoparticles on the surface of ZnO 

nanorods. 

4.1.5 Conclusions 

ZnO@Ag core-shell heteronanostructures have been successfully synthesized through 

a cost effective, facile and simple thermal decomposition approach. XRD results 

indicate the presence of both ZnO and Ag in all the ZnO@Ag core-shell 

heteronanostructures (A1, A2 and A3). Better deposition of silver nanoparticles on 

surface of ZnO nanorods is possible at 220 oC. SEM and TEM images show the 

deposition of Ag nanoparticles on ZnO nanorods. SAED studies confirm the crystalline 

nature of ZnO and ZnO@Ag core-shell heteronanostructures. DRS results show the 

absorption bands of both ZnO and Ag nanoparticles in the ZnO@Ag samples. PL results 

of ZnO@Ag samples show emission bands with reduced intensity as compared to pure 

ZnO which is attributed to effective charge separation at the interface of ZnO and Ag 

nanoparticles. The reported synthetic method can be extended to prepare other metal-

semiconductor heteronanostructured materials for various functional applications. 
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4.2 Synthesis of Cu2O@Ag Polyhedral Core-Shell Nanoparticles via a Novel Thermal 

Decomposition Approach 

4.2.1 Introduction 

In the past few decades, semiconductor nanoparticles have attracted considerable 

attention of the scientists because of their potential applications in multidisciplinary 

fields. Among the metal oxide semiconductors, Cu2O is an important visible light active 

semiconductor and its performance strongly depends on size, morphology, and 

composition [70–73]. Cu2O is a non-stoichiometric p-type semiconductor with a direct 

band gap of 2.17 eV [74]. It possesses cuprite structure in which oxygen forms body 

centered cubic lattice while copper goes to half of the tetrahedral sites. Various 

morphologies of Cu2O have been reported and they are polyhedra, branched structures, 

solid/hollow spheres, and hierarchical structures [75–78]. Cu2O polyhedral crystals with 

different shapes (cubes, truncated cubes, rhombicuboctahedrons, cuboctahedrons, 

truncated octahedrons, octahedrons, etc.) have been reported which are composed of 

low index facets such as {100}, {110} and {111} [71,76]. A schematic representation 

of crystal structure and polyhedral morphologies of Cu2O are shown in Figure 4.2.1. 

 

Fig. 4.2.1: Crystal structure and various polyhedral morphologies of Cu2O with low 

index facets [75]. 
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In addition to Cu2O polyhedra with low index facets, Cu2O polyhedra with high index 

facets have also been reported. SEM images of various polyhedral microcrystals of 

Cu2O composed of low and high index facets are shown in Figure 4.2.2. 

 

Fig. 4.2.2: SEM images of various polyhedral Cu2O microcrystals with low and high 

index facets; (a) cube, (b) hopper cube, (c) 6-pod branched structure, (d) octahedra, (e) 

cuboctahedra, (f) rhombicuboctahedra, (g) 26-facet octahedra, (h) 50-facet polyhedra 

with high index {211} facets, and (i) 50-facet polyhedra with high index {522} facets 

[76,79,80]. 

Cu2O has been used in various applications such as photocatalysis [81], water splitting 

[82], solar energy conversion [83], sensors [84], antibacterial agents [85], carbon 

monoxide (CO) oxidation [86], lithium-ion batteries [87], switching memories [88], bio-

medicine [89], chemiluminescence [90], and chemical templates [91]. To improve its 

performance in various applications, Cu2O has been coupled with different metals and 

semiconductors to produce heterostructures. These heterostructures show improved 

physicochemical properties as well as enhanced performance in multifunctional 
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applications [70,92] A schematic representation of Cu2O based core-shell 

heterostructures along with their applications is shown in Figure 4.1.3. 

 

Fig. 4.2.3: Schematic representation of Cu2O based core-shell heterostructures and their 

applications [70,71]. 

Among the Cu2O based core-shell heterostructures, Cu2O@Ag polyhedral core-shell 

nanoparticles are of significant interest due to their improved optoelectronic properties 

as well as their applications in various fields such as catalysis, surface enhanced Raman 

scattering and bactericides [93–101]. Coating metal or semiconductor nanoparticles on 

Cu2O with different shapes helps in tuning their optical properties and catalytic activity. 

The catalytic activity of different shaped Cu2O heterostructures is dissimilar and it is 

dependent on band alignment, facet surface energy and reactivity of exposed facets at 

the interface [102]. The synthesis of Cu2O@Ag core-shell nanoparticles has been 

reported using various methods such as photocatalytic method [93], one-pot room 
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temperature method [94], successive one-pot route [95], electron beam irradiation [96], 

in situ solution route [97], wet-chemical reduction [98], galvanic displacement [99], 

hydrothermal method [100], and photodeposition [101]. A brief description of reported 

synthetic methods for the synthesis of Cu2O@Ag polyhedral heteronanostructures is 

given below. 

Photocatalytic method [93]: First, Cu2O octahedral nanocrystals are synthesized via reduction 

route. Then, the Cu2O octahedral nanocrystals are dispersed in 50 mL of distilled water and 

sonicated for a few minutes at 30 oC. This suspension is irradiated with 500 W iodine tungsten 

lamp and then certain amount of AgNO3 solution is added. The contents are irradiated for 

another 20 min to deposit Ag shell on the Cu2O octahedral nanocrystals. 

One-pot room temperature method [94]: In this method, certain amount of copper acetate is 

dissolved in distilled water and then required amount of N2H4.H2O solution is added and stirred 

for 30 min to get Cu2O microspheres. After this, AgNO3 solution is added drop wise to the 

Cu2O mother solution and stirred for another 30 min to deposit Ag on the Cu2O microspheres. 

Successive one-pot route [95]: Copper sulfate is dissolved in distilled water and then a aqueous 

solution containing sodium citrate and sodium carbonate is added. After some time, 

polyvinylpyrrolidone is added to the above solution and then a few mL of glucose solution is 

added drop wise. The contents are heated to 80 oC and kept for 15 min and then exposed to air 

for 14 days at room temperature. After 14 days, certain amount of AgNO3 is added to the above 

solution and stirred for 20 min to deposit Ag on the Cu2O cuboctahedron microcrystals. A 

schematic illustration of Cu2O@Ag polyhedral core-shell microcrystals using the one-pot 

solution route is shown in Figure 4.2.4. 

 

Fig. 4.2.4: Schematic illustration of synthesis of Cu2O@Ag polyhedral core-shell 

microcrystals using a one-pot solution route [95]. 
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Electron beam irradiation [96]: In this method, certain amount of AgNO3 is dissolved in a 

mixture of water, polyvinyl alcohol, and isopropanol. To this mixture, required amount of 

CuSO4.5H2O is added and pH of the solution is maintained at 8 using ammonium hydroxide 

solution. Then, the reaction contents are transferred into a plastic bag and irradiated using an 

accelerator at the absorbed dose of 280 kGy. 

Wet-chemical reduction [98]: Initially, Cu2O nanocubes are synthesized via solution route. 

Certain amounts of CuCl2 and NaOH are dissolved in distilled water under magnetic stirring. 

Then, ascorbic acid is added and the contents are stirred at room temperature for 15 min. The 

obtained Cu2O nanocubes are redispersed in an aqueous solution and then AgNO3 and HNO3 

are added to it. The contents are then stirred at room temperature for 2 h. 

Galvanic displacement [99]: Branched Cu2O crystals are deposited on ITO substrate via 

electrodeposition. The obtained branched Cu2O crystals are immersed in a solution of AgNO3 

and 5-sulfosalicylic acid for a certain period of time to deposit Ag nanoparticles on the Cu2O 

microcrystals. A schematic illustration of deposition of Ag nanoparticles on branched Cu2O 

microcrystals via galvanic displacement is shown in Figure 4.2.5. 

 

Fig. 4.2.5: Schematic illustration of deposition of Ag nanoparticles on branched Cu2O 

microcrystals via galvanic displacement [99]. 

Hydrothermal method [100]: Before the deposition of Ag nanoparticles, Cu foil is cleaned with 

HCl and then washed with ethanol and water mixture. After that, AgNO3 solution is prepared 

by dissolving in water and transferred to a Teflon lined stainless steel autoclave. Then, the 

cleaned Cu foil is dipped into the autoclave and the contents are heated in the oven at 120 oC 

for 12 h. 
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The TEM and HRTEM images of Cu2O@Ag core-shell heteronanostructures, synthesized 

using one-pot room temperature method and successive one-pot route, are shown in Figure 

4.2.5. 

 

Fig. 4.2.6: TEM and HRTEM images of Cu2O@Ag core-shell nanoparticles synthesized via 

(a, b) one-pot room temperature method [94] and (c, d) successive one-pot route [95]. 

In the present study, Ag nanoparticles have been successfully deposited on Cu2O with 

rhombicuboctahedron, cuboctahedron, truncated octahedron and octahedron morphologies via 

a novel, facile, and economical thermal decomposition approach. 

4.2.2 Experimental details 

Copper (II) chloride dihydrate (99 %, Merck), diethylene glycol (98.5 %, SD Fine Chemicals 

Limited), poly(vinylpyrrolidone) (PVP, Mw = 10000, Sigma-Aldrich), sodium hydroxide 

(98 %, SD Fine Chemicals Limited), L-ascorbic acid (99.7 %, Rankem), silver acetate (98 % 
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Loba Chemie), diphenyl ether (99 %, Sigma-Aldrich) and ethanol were used as received. 

Methanol was received from SD Fine Chemicals Limited and was distilled before further use. 

The procedure for the synthesis of Cu2O@Ag polyhedral core-shell nanoparticles with 

different shapes is as follows. 

4.2.2.1 Synthesis of Cu2O polyhedral microcrystals 

Cu2O polyhedral microcrystals were synthesized according to a reported method with 

some modifications [79]. A schematic representation of synthesis of Cu2O polyhedral 

microcrystals is shown in Scheme 4.2.1. A summary on the synthetic conditions 

employed and the obtained morphologies for Cu2O are given in Table 4.2.1. For the 

synthesis of rhombicuboctahedron Cu2O, copper chloride (0.85 g, 0.05 M) was 

dissolved in 100 mL of water in a beaker and for the synthesis of Cu2O cuboctahedron, 

the same amount of copper chloride was dissolved in a mixture of 73 mL water and 27 

mL diethylene glycol. For the synthesis of truncated octahedron and octahedron shaped 

Cu2O microcrystals, copper chloride (0.05 M) was dissolved in the mixture of 73 mL 

water and 27 mL diethylene glycol along with polyvinylpyrrolidone (1.11 g (10 mM) or 

2.22 g (20 mM)). In all the cases, once the reaction temperature reached 55 oC, under 

constant stirring, 50 mL of 2 M sodium hydroxide solution was added drop wise in about 

30 min, followed by the addition of 50 mL of 0.6 M ascorbic acid solution in water drop 

wise in about 30 min. Finally, the contents were aged for 3 h at 55 oC and the obtained 

products were centrifuged, washed with ethanol several times and dried under vacuum. 

The obtained Cu2O powder samples with rhombicuboctahedron, cuboctahedron, 

truncated octahedron, and octahedron morphologies were designated as C1, C2, C3 and 

C4, respectively.  

Table 4.2.1: Summary of synthetic conditions employed and morphologies obtained for 

Cu2O microcrystals. 

 

Sample 

code 

CuCl2.2H2O 

(g) 

Amount of reagents 
Morphology of Cu2O 

H2O (mL): DEG (mL): PVP (mM) 

C1 0.85 100: 0: 0 Rhombicuboctahedron 

C2 0.85 73: 27: 0 Cuboctahedron 

C3 0.85 73: 27: 10 Truncated octahedron 

C4 0.85 73: 27: 20 Octahedron 
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Scheme 4.2.1: Schematic representation of synthesis of Cu2O polyhedral microcrystals. 

4.2.2.2 Synthesis of Cu2O@Ag polyhedral core-shell nanoparticles 

The schematic representation of synthesis of Cu2O@Ag polyhedral core-shell 

nanoparticles is shown in Scheme 4.2.2. About 50 mg of each Cu2O powder samples 

(C1, C2, C3, and C4) with various morphologies was mixed with silver acetate (0.075 

mmol) in 10 mL of diphenyl ether in a round bottom flask and sonicated for about 3 min 

to get a uniform dispersion. Then, the contents were first refluxed at 220 oC for 30 min, 

followed by heating at 150 oC for 30 min. After completion of the reaction, the contents 

were allowed to cool to room temperature and then about 25 mL of methanol was added 

to get a precipitate. Finally, the precipitate was centrifuged, washed with methanol 

several times and dried under vacuum. The obtained Cu2O@Ag powder samples were 

labelled as C1A, C2A, C3A and C4A corresponding to rhombicuboctahedron, 

cuboctahedron, truncated octahedron, and octahedron morphologies of Cu2O 

microcrystals, respectively. Pure silver nanoparticles were also synthesized using the 

same procedure as discussed above but in the absence of Cu2O microcrystals. Ag 
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nanoparticles stabilized by polyvinylpyrrolidone (PVP) were also synthesized by a 

polyol process [103]. In a typical synthesis, 0.075 mM silver nitrate was dispersed in 20 

mL of ethylene glycol along with 75 mg of polyvinylpyrrolidone (PVP 10 K) and 

refluxed at 160 oC for 1 h to get polyvinylpyrrolidone stabilized Ag nanoparticles.  

 

Scheme 4.2.2: Schematic representation of synthesis of Cu2O@Ag polyhedral core-

shell nanoparticles. 

The synthesized Cu2O@Ag polyhedral core-shell nanoparticles were characterized 

using PXRD, FT-IR, TGA, FE-SEM, SEM-EDX, TEM and BET analysis. The optical 

properties were studied using DRS spectroscopy. More details on the experimental 

techniques have been discussed in Chapter-2. 

4.2.3 Results and discussion 

4.2.3.1 XRD analysis 

The XRD patterns of pure Cu2O samples are shown in Figure 4.2.7. Pure Cu2O samples 

(C1 to C4) show reflections at 2 values 29.65o, 36.52o, 42.42o, 61.54o, 73.72o, and 
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77.61o corresponding to (110), (111), (200), (220), (311), and (222) planes of cubic 

Cu2O (JCPDS no. 77-0199), respectively. The ratio of intensity of (111) to (200) planes 

(I(111)/I(200)) increases gradually with the shape evolution of Cu2O from 

rhombicuboctahedron through cuboctahedron, truncated octahedron and finally to 

octahedron. The shape evolution of Cu2O is attributed to progressive shrinkage of {100} 

facet and enlargement of {111} facet [79].
. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.7: XRD patterns of Cu2O polyhedral microcrystals (C1, C2, C3, and C4). Inset shows 

the I(111)/I(200) ratio for different Cu2O microcrystals. 

The XRD patterns of Cu2O@Ag samples are shown in Figure 4.2.8. The XRD patterns 

of Cu2O@Ag samples (C1A to C4A) show two sets of peaks. The XRD peaks marked 

with “*” are the reflections due to cubic Cu2O and the diffraction peaks marked with 

“#” at the 2 values 38.12o, 44.27o, and 64.43o correspond to (111), (200), and (220) 

planes of cubic silver (JCPDS no. 04-0783), respectively. In the Cu2O@Ag samples, the 

diffraction peaks due to silver are broader as compared to that of Cu2O indicating the 

presence of nanosized silver particles. The crystallite size of silver in the Cu2O@Ag 

samples was calculated using Debye-Scherrer formula using the (111) reflection and it 

was found to be 23, 30, 27, and 21 nm for the samples C1A, C2A, C3A and C4A, 

respectively. 
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Fig. 4.2.8: XRD patterns of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A and C4A). 

4.2.3.2 FT-IR spectral studies 

The FT-IR spectra of pure Cu2O samples (C1 to C4) are shown in Figure 4.2.9. All the 

samples show IR bands at about 3440 and 1620 cm-1 attributed to stretching and bending 

modes of physisorbed water molecules [57]. The bands at 1386, 1268, and 1130 cm-1 

are attributed to symmetric deformation of C-H, symmetric stretching vibration of C-O-

C, and symmetric stretching vibration of C-OH due to surface adsorbed ascorbic acid, 

respectively [57,77]. All the samples show a prominent IR band at about 625 cm-1 

attributed to Cu(I)-O stretching [77]. 
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Fig. 4.2.9: FT-IR spectra of polyhedral Cu2O microcrystals (C1, C2, C3, and C4). 

4.2.3.3 TGA analysis 

The TGA patterns of pure Cu2O samples (C1 to C4) are shown in Figure 4.2.10. The 

TGA patterns of all the Cu2O samples (C1 to C4) show a minor weight loss (<1.5 %) 

from 30 oC to 200 oC attributed to the loss of moisture. The samples show 9.4, 9.2, 9.1, 

and 8.7 % increase in weight in the temperature range 290-530 oC attributed to the 

oxidation of Cu2O to CuO [104]. A close look at the TGA results indicate different 

oxidation onset temperatures for Cu2O with different shapes. The oxidation starts at 290 

oC for rhombicuboctahedron (C1), 300 oC for cuboctahedron (C2), 320 oC for truncated 

octahedron (C3), and at 345 oC for octahedron (C4). The oxidation is completed at about 

460, 460, 490 and 530 oC for the samples C1, C2, C3, and C4, respectively. The order 

of oxidation temperature in pure Cu2O samples follows the order of facet stability; 

{111} > {110} > {100} [71]. Sample C4 with octahedron morphology possesses higher 

number of {111} facets compared to the other morphologies which leads to higher 

stability compared to the other Cu2O samples. The higher oxidation temperature of 

Cu2O@Ag sample C4 indicates that octahedron is more stable than the other 

morphologies of Cu2O. 
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Fig. 4.2.10: TGA patterns of polyhedral Cu2O microcrystals (C1, C2, C3, and C4). 

4.2.3.4 FE-SEM studies 

The Cu2O samples with various morphologies were studied using field emission scanning 

electron microscopy and the SEM images are shown in Figure 4.2.11. It is known that varying 

the concentration of surfactants/organic additives, during the synthesis, produce particles with 

variable sizes and shapes [79]. In the present study, diethylene glycol and polyvinylpyrrolidone 

(PVP) play an important role via face selective adsorption in determining final shapes of the 

Cu2O microcrystals. In the absence of diethylene glycol and PVP, Cu2O rhombicuboctahedrons 

are produced (Fig. 4.2.11 (C1)). The rhombicuboctahedrons consist of three pairs of {100} 

facets, four pairs of {111} facets and six pairs of {110} facets. The mean diameter of the 

rhombicuboctahedron is 1.8 m and the mean edge length is 0.73 m. The addition of 

diethylene glycol during the synthesis of Cu2O leads to vanishing of {110} facets resulting in 

the formation of cuboctahedron (Fig. 4.2.11 (C2)) with four pairs of {111} facets and three 

pairs of {100} facets. The mean diameter of cuboctahedron is 1.4 m and the mean edge length 

is 0.56 m. PVP is known to preferentially adsorb on the {111}  planes of the Cu2O crystals 

and the amount of PVP, added during the synthesis, controls the evolution of different 

morphologies [79]. The use of 10 mM PVP along with diethylene glycol (27 mL) results in 
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lowering the surface energy of {111} plane. This leads to shrinkage of {100} and enlargement 

of {111} planes producing truncated octahedron (Fig. 4.2.11 (C3)) exposing four pairs of {111} 

facets and three pairs of {100} facets [79]. The mean diameter is 1.2 m and the mean edge 

length is 0.17 m. Increased amount of PVP (20 mM) along with diethylene glycol (27 mL) 

results in further lowering of surface energy of the {111} plane with the evolution of 

octahedron (Fig. 4.2.11 (C4)) exposing four pairs of {111} facets. The mean diameter of the 

octahedron is 1 m. From the SEM results, it is observed that the edge length of Cu2O 

microcrystals decreases on going from rhombicuboctahedron to truncated octahedron.  

 

Fig.4.2.11: FE-SEM images of Cu2O microcrystals with different shapes (C1, C2, C3, and C4). 

The SEM images of silver deposited Cu2O polyhedral microcrystals (C1A, C2A, C3A and 

C4A) are shown in Figure 4.2.12. The SEM images show the deposition of silver nanoparticles 

on the surface of Cu2O polyhedral microcrystals. The Cu2O@Ag polyhedral core-shell 

nanoparticles possess the same shapes as that of the Cu2O microcrystals. The mean diameter 

of the Cu2O@Ag samples is 1.9, 1.6, 1.4, and 1.1 m for the samples C1A, C2A, C3A, and 

C4A, respectively. The diameter of Cu2O@ Ag samples is higher than that of the Cu2O 

microcrystals due to the deposition of silver nanoparticles on the surface of Cu2O 

microcrystals. It was unable to estimate the edge length due to thick deposition of silver 
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nanoparticles on the surface of Cu2O polyhedral microcrystals. In the Cu2O@Ag polyhedral 

core-shell nanoparticles (C1A, C2A, C3A, and C4A), the mean particle size of silver 

nanoparticles is 54.2 ± 6.7, 70.8 ± 6.3, 65.2 ± 3.8, and 50.9 ± 2.6 nm, respectively. 

 

Fig. 4.2.12: FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A, and C4A). 

4.2.3.5 SEM-EDX analysis 

In the case of pure Cu2O polyhedral microcrystals, the atomic ratio of copper to oxygen was 

estimated and it was found to be 2:1 as expected. The SEM-EDX analysis results for pure Cu2O 

polyhedral microcrystals are shown in Figure 4.2.13. 
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Fig. 4.2.13: SEM-EDX of Cu2O polyhedral microcrystals (C1, C2, C3 and C4). 

The EDX spectra of Cu2O@Ag polyhedral core-shell nanoparticles are shown in Figure 

4.2.14. The EDX spectra confirm the presence of copper, oxygen, and silver in all the 

Cu2O@Ag core-shell nanoparticles. The weight percent of silver (by analyzing at 

different spots on the surface of Cu2O@Ag samples) was 10.1 ± 0.9, 12.9 ± 1.4, 9.8 ± 

0.8, and 5.1 ± 0.3, for the samples C1A, C2A, C3A, and C4A, respectively.  
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Fig. 4.2.14: SEM-EDX of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A and C4A). 

The nucleation and growth rates of silver nanoparticles on different facets of Cu2O 

decide the particle size as well as the weight percent of silver [68]. Zhang et al. have 

theoretically predicted that Cu2O with {111} facet is thermodynamically more 

favorable, as compared to the other facets, for exchange of surface atoms with silver 

atoms [79] and the order is {111} > {110} > {100}. Silver embryo is easily formed on 
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the {111} facet during nucleation as compared to the other facets. During the growth 

stage, the small silver embryos grow and form silver shell on the Cu2O with smaller 

silver particle size. Thus, the Cu2O@Ag sample with octahedron morphology (C4A) 

possesses smaller silver nanoparticles compared to other morphologies of Cu2O@Ag 

samples. The weight percent of silver in the Cu2O@Ag polyhedral core-shell 

nanoparticles follows the order C2A > C1A > C3A >C4A. 

To understand the nature of deposition of silver nanoparticles on the Cu2O polyhedral 

microcrystals better, the nucleation time (Nt), the growth time (Gt) and the concentration 

of silver acetate were varied during the synthesis of Cu2O@Ag samples. The thermal 

decomposition reactions were carried out using the Cu2O samples C1, C2, C3, and C4 

with 0.075 mM silver acetate at 220 oC for 15 mins followed by growth of 15 mins at 

150 oC and the corresponding SEM images of the products obtained are shown in Figure 

4.2.15. Under these conditions, the SEM images show incomplete deposition of silver 

nanoparticles on the surface of Cu2O microcrystals with broad particle size distribution 

(120-180 nm) along with some free silver nanoparticles.  

 

Fig. 4.2.15: FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticles prepared 

at nucleation time (Nt) and growth time (Gt) of 15 mins, and [CH3COOAg] = 0.075 mM. 
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Another synthesis was carried out by lowering the concentration of silver acetate from 

0.075 mM to 0.05 mM while keeping the nucleation time (Nt) as 30 min at 220 oC and 

the growth time (Gt) as 30 min at 150 oC and the corresponding SEM images of the 

products are shown in Figure 4.2.16. On decreasing the concentration of silver acetate 

from 0.075 mM to 0.05 mM, the SEM images show deposition of silver nanoparticles 

on the edges, vertices and facets of Cu2O. In both the cases (decreasing the nucleation 

time (Nt), and growth time (Gt) from 30 mins to 15 mins as well as lowering the 

concentration of silver acetate from 0.075 mM to 0.05 mM), complete coverage of silver 

nanoparticles on the Cu2O microcrystals is not observed. 

 

Fig. 4.2.16: FE-SEM images of Cu2O@Ag polyhedral core-shell nanoparticle samples 

prepared using 0.05 mM silver acetate, and nucleation time (Nt) and growth time (Gt) of 

30 min. 

4.2.3.6 TEM studies 

For understanding the deposition of silver nanoparticles on the Cu2O microcrystals 

better, TEM analysis was carried out for the Cu2O@Ag samples (C1A to C4A) and the 

corresponding TEM images are shown in Figure 4.2.17. All the Cu2O@Ag samples 

clearly show thick deposition of silver nanoparticles on the surface of the Cu2O 
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microcrystals. No free silver nanoparticles are observed in the TEM images. The particle 

diameter of the Cu2O@Ag polyhedral core-shell nanoparticles is 2.1, 1.6, 1.4, and 1.2 

m for the samples C1A, C2A, C3A, and C4A, respectively. The mean particle size of 

silver nanoparticles is 53.5 ± 5.9, 67.3 ± 6.2, 63.4 ± 3.7, and 49.4 ± 4.1 nm for the 

samples C1A, C2A, C3A, and C4A, respectively. The observed size of silver 

nanoparticles on Cu2O, from the TEM studies, is comparable with that observed from 

SEM studies.  

 

Fig. 4.2.17: TEM images of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A, and C4A). The samples were prepared by refluxing conditions at 220 oC, 30 min 

followed by refluxing at 150 oC, 30 min and [CH3COOAg] = 0.075 mM. 

Selected area electron diffraction (SAED) patterns of the Cu2O@Ag polyhedral core-

shell nanoparticles are shown in Figure 4.2.18. The SAED patterns of Cu2O@Ag 

samples show rings corresponding to (111), (200), (220), (222), and (420) planes of 

silver which indicate poly-crystalline nature of silver nanoparticles on the surface of 
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Cu2O microcrystals. No diffraction due to Cu2O was observed which proves the 

formation of thick silver shell on the surface of Cu2O microcrystals. 

 

Fig. 4.2.18: SAED patterns of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A, and C4A). 

4.2.3.7 BET surface area analysis 

The surface area of pure Cu2O microcrystals and the Cu2O@Ag polyhedral core-shell 

nanoparticles were measured using Brunauer-Emmett-Teller (BET) method. The values 

of crystallite size, particle size, and surface area of pure Cu2O microcrystals and 

Cu2O@Ag polyhedral core-shell nanoparticles are summarized in Table 4.2.2. Pure 

Cu2O microcrystals C1, C2, C3, and C4 possess surface area of 14.3, 12.2, 15.1, and 

16.2 m2/g, respectively. The surface area of Cu2O@Ag polyhedral core-shell 

nanoparticles is 15.9, 14.4, 19.0, and 22.2 m2/g for the samples C1A, C2A, C3A, and 

C4A, respectively. The Cu2O@Ag polyhedral core-shell nanoparticles possess 

marginally higher surface area compared to pure Cu2O microcrystals.  
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Table 4.2.2: Crystallite size, particle size, and surface area of Cu2O and Cu2O@Ag 

polyhedral core-shell nanoparticles. 

 

4.2.3.8 UV-Visible diffuse reflectance spectroscopy (DRS) 

The optical properties of pure Cu2O microcrystals with various morphologies (C1 to 

C4) and Cu2O@Ag polyhedral core-shell nanoparticles (C1A to C4A) were studied 

using UV-Visible diffuse reflectance spectroscopy. The DRS spectra of bare Cu2O and 

Cu2O@Ag polyhedral core-shell nanoparticles are shown in Figure 4.2.19 and Figure 

4.2.20, respectively. Pure Cu2O samples show band gap absorption at 579, 576, 572, 

and 568 nm for the samples C1, C2, C3, and C4, respectively [102]. Pure silver 

nanoparticles show an absorption band at about 420 nm attributed to surface plasmon 

resonance [93]. The Cu2O@Ag polyhedral core-shell nanoparticles (C1A to C4A) show 

two sets of absorption bands. The absorption bands at 580, 577, 574, and 571 nm are 

attributed to band gap absorption of Cu2O and the absorption at about 415 nm is 

attributed to surface plasmon resonance (SPR) of the silver nanoparticles present on the 

surface of Cu2O microcrystals [93]. The Cu2O@Ag polyhedral core-shell nanoparticles 

do not show red shift of SPR band compared to pure Ag nanoparticles. The shift of SPR 

band due to metal aggregates depend on several factors such as particle size within the 

aggregate, interparticle distance, electron density, dielectric constant of the medium, 

degree of aggregation and orientation of the individual particles within the aggregate 

[105]. When the interparticle spacing between the nanoparticles within the aggregate 

increases, dipole-dipole interaction becomes weaker and no shift in SPR band of metal 

is observed [105]. In the case of Cu2O@Ag polyhedral core-shell nanoparticles, it is 

Sample 

code 

Crystallite size 

of Ag from XRD 

(nm) 

 

Diameter of 

Cu2O and 

Cu2O@Ag 

particles (m) 

 

Particle size of Ag 

(nm) 

Wt.% of 

Ag (From 

EDX) 

Surface 

area 

(m2/g) 

SEM TEM SEM TEM 

C1 -  1.8 -  - - - 14.3 

C2 -  1.4 -  - - - 12.2 

C3 -  1.2 -  - - - 15.1 

C4 -  1.0 -  - - - 16.2 

C1A 23  1.9 2.1  54.2 ± 6.7 53.5 ± 5.9 10.1 ± 0.9 15.9 

C2A 30  1.6 1.6  70.8 ± 6.3 67.3 ± 6.2 12.9 ± 1.4 14.4 

C3A 27  1.4 1.4  65.2 ± 3.8 63.4 ± 3.7 9.8 ± 0.8 19.0 

C4A 21  1.1 1.2  50.9 ± 2.6 49.4 ± 4.1 5.1 ± 0.3 22.2 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

191 
 

proposed that the interparticle spacing between the Ag nanoparticles within the 

aggregate is increased which weakens the dipole-dipole interactions and hence no red 

shift in SPR band of Ag nanoparticles is observed. Various authors have reported the 

UV-visible DRS spectra for Cu2O@Ag core-shell nanoparticles up to 800 nm [93,94] 

and any important spectral feature for Ag nanoparticles beyond 650 nm has not been 

observed. 

 

 

 

 

 

 

 

 

 

Fig. 4.2.19: DRS spectra of Cu2O polyhedral microcrystals (C1, C2, C3, and C4). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.20: DRS spectra of Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, 

C3A, and C4A) along with the spectrum of silver nanoparticles. 
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4.2.4 Proposed mechanism of formation of Cu2O@Ag polyhedral core-shell nanoparticles 

The mechanism of formation of Cu2O@Ag polyhedral core-shell nanoparticles is 

described in Scheme 4.2.3. The nature of silver coating and the particle size of silver are 

dependent primarily on three factors; nucleation temperature (NT), nucleation time (Nt), 

and the difference between the nucleation temperature (NT) and the growth temperature 

(GT), T = NT-GT. In the case of pure silver nanoparticles, nucleation temperature (NT) 

of 200-220 oC and growth temperature (GT) of 150 oC produce narrow sized silver 

nanoparticles [68]. At shorter nucleation time (Nt), the size of silver embryos would be 

large and longer nucleation time (Nt) leads to dissolution of initially formed silver 

embryos producing stable smaller silver embryo. With further increase in the nucleation 

time (Nt), the stable smaller silver embryos grow further resulting in an increase in the 

size of silver [68,98]. In the present study, the deposition of silver nanoparticles on the 

surface of Cu2O occurs in two steps. Initially, silver acetate decomposes at 220 oC and 

produces silver ions and acetate ions in the solution [106]. At elevated temperatures (e.g. 

~ 220 oC), the silver ions and acetate ions possess high thermal energy and the silver 

ions present in the solution preferentially adsorb on different planes of the Cu2O 

microcrystals. The acetate ions in the solution provide electrons to the silver ions leading 

to the formation of silver embryos on the surface of Cu2O microcrystals with the release 

of CO2 and H2 [68,106]. In the second step, when the reaction temperature is decreased 

to growth temperature (GT), i.e. 150 oC, the silver embryos on the surface of Cu2O 

dissolve in the growth medium due to sufficient T (in this case, 70 oC). During the 

growth process, Ostwald’s ripening occurs, which controls the coating and the particle 

size of silver nanoparticles on the surface of Cu2O microcrystals [68,98]. 

 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

193 
 

 

Scheme 4.2.3: Proposed mechanism for the formation of Cu2O@Ag polyhedral core- 

shell nanoparticles. 

4.2.5 Conclusions 

A facile, economical and an efficient thermal decomposition approach has been demonstrated 

for the preparation of Cu2O@Ag polyhedral core-shell nanoparticles with different 

morphologies. XRD results indicate the presence of Cu2O and Ag in all the Cu2O@Ag samples. 

SEM and TEM results confirm the deposition of Ag on Cu2O microcrystals with various 

polyhedral morphologies. The nature of coating and particle size of silver nanoparticles on the 

surface of Cu2O microcrystals were successfully controlled by optimizing the thermal 

decomposition conditions. DRS spectra show the bands due to Cu2O and Ag in the Cu2O@Ag 

samples. The current synthetic approach can be extended to prepare other metal-semiconductor 

core-shell materials for various functional applications. 
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Synthesis of SiO2@Co3O4 and SiO2@Ni-

Co Mixed Metal Oxide Core-Shell 

Nanorattles via Homogeneous 

Precipitation Method 
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5.1 Synthesis of SiO2@Co3O4 Core-Shell Nanorattles via Homogeneous Precipitation 

Method 

5.1.1 Introduction 

In recent years, research is focused on core-shell nanoparticles with yolk-shell or 

nanorattle morphology. Nanorattles refer to hollow shells with solid cores with 

interstitial hollow space between core and the shell [1,2]. As compared to core-shell 

nanoparticles, nanorattles have advantages of having both hollow and core-shell 

structures together. They possess enhanced surface area [3], and provide more active 

sites on core surface due to unblocking of the surface [4]. The porous shell has access 

to active sites from inner and outer sides [5], and the void space is able to accommodate 

guest molecules like drugs and vesicles [6].  Nanorattles exhibit interesting 

characteristics which are useful in diverse areas such as catalysis [7], sensors [8], gas 

storage [9], energy storage [10], adsorbents [11], microwave absorbers [12], dye-

sensitized solar cells [13], switches [14], and bio-medicine [15,16]. A schematic 

representation of different types of core-shell nanorattles and their various applications 

is shown in Figure 5.1.1. 

 

Fig.5.1.1: Types of nanorattles and various applications [7-13]. 
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In the last decade, noble metals, metal oxides, metal sulfides and metal nitrides with 

nanorattle morphology have been reported by several authors. In the case of metal 

oxides, SiO2 [17], CeO2 [18], Fe2O3 [19], SnO2 [20], TiO2 [21], and V2O5 [22] 

nanorattles have been well studied. The TEM images of various metal oxide nanorattles 

are shown in Figure 5.1.2. 

 

Fig.5.1.2: TEM images of different metal oxide nanorattles; (a) SiO2 [17], (b) Fe2O3 

with multi-shells [19], (c) SnO2 [20], and (d) TiO2 [21]. 

Mostly, noble metals have been explored as effective catalysts for organic conversions. 

But, in most of the cases, during the catalysis, noble metals undergo either leaching or 

aggregation [1,2]. To avoid these problems, noble metals have been incorporated into 

mesoporous shells such as SiO2, CeO2, TiO2, ZrO2, and carbon. Various reports are 

available on metal@metal oxide nanorattles where noble metals act as the core and 

metal oxides act as the shell. Examples are Au@Al2O3 [23], Au@SiO2 [24], Pd@CeO2 
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[25], and Pt@TiO2 [26]. Reports are available on metal oxide@metal oxide and metal 

sulfide@metal oxide nanorattles where either metal oxide or metal sulfide acts as the 

core and a metal oxide acts as the shell. Examples are -Fe2O3@SnO2 [27], 

Fe3O4@SnO2 [28], Fe3O4@TiO2 [29], ZnO@Mn3O4 [30], and SnS2@TiO2 [31]. Carbon 

has been used as a shell and various metal@carbon and metal oxide@carbon nanorattles 

have also been reported. Examples are Au@C [32], Si@C [33], Fe3O4@C [34], 

SnSb@C [35], and SnO2@C [36]. TEM images of some of the above mentioned 

nanorattles are shown in Figure 5.1.3. 

 

Fig.5.1.3: TEM images of (a) Au@SiO2 nano-matryoshka [24], (b) Fe3O4@TiO2 [29], 

(c) SnS2@TiO2 [31], and (d) SnO2@C [36] nanorattles. 

Among the metal oxides, SiO2 has been used as the core or as the shell material. Very 

few reports are available where silica is used as the core. Examples are SiO2@C [37], 

SiO2@TiO2 [38], and SiO2@PSDVB@PAN [39]. Most of the authors have reported 

SiO2 as the shell and a metal or metal oxide as the core. Some of the examples are 

Ag@SiO2 [40], Au@SiO2 [41], Pt@SiO2 [42], Ru@SiO2 [43], Ni@SiO2 [44], 
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Fe2O3@SiO2 [45], Fe3O4@SiO2 [46], ZnO@SiO2 [47], etc. TEM images of some of the 

above mentioned nanorattles are shown in Figure 5.1.4. 

 

Fig.5.1.4: TEM images of (a) SiO2@TiO2 [38], (b) Ru@SiO2 [43], (c) Ni@SiO2 [44], 

and (d) Fe2O3@SiO2 [45] nanorattles. 

Co3O4 is an important p-type antiferromagnetic semiconductor with a normal spinel 

structure [48]. It is used in various applications such as anode materials in lithium ion 

rechargeable batteries [49], sensors [50], electrochemical devices [51], supercapacitors 

[52], water oxidation [53], and heterogeneous catalysis [54]. Especially, the 

electrochemcial properties of Co3O4 strongly depend on morphology and structure. 

Various morphologies of Co3O4 have been reported and they are nanowires [55], 

nanoneedles [56], nanobelts [57], nanoplatelets [58], and multishells [59]. In the case of 

nanorattles, Co3O4 has been used as either as the core or shell. Examples are Co3O4 

multishells [59], Pd loaded Co3O4 multishells [60], Co3O4@SiO2 [61], and 

Fe3O4@Co3O4 [62] nanorattles. TEM images of Co3O4 based nanorattles are shown in 

Figure 5.1.5. 
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Fig.5.1.5: TEM images of (a) Co3O4 multishells [59], (b) Pd loaded Co3O4 multishells 

[60], (c) Co3O4@SiO2 [61], and (d) Fe3O4@Co3O4 [62] nanorattles. 

Several methods have been reported for the synthesis of nanorattles and they include 

hydrothermal synthesis [18], spray pyrolysis [19], template-route [34], selective etching 

[41], annealing [43], ship in bottle [63], galvanic replacement [64], Kirkendall reaction 

[65], and Ostwald ripening [66]. Some of the methods for the synthesis of nanorattles 

are discussed briefly below.  

Hydrothermal synthesis [18]: This method is used to synthesize either the core or the 

shell or both the materials. In this approach, metal salts are mixed in water or in an 

organic solvent and stirred for some time. After uniform mixing, the reactants are 

transferred to a Teflon lined stainless steel autoclave and heated to elevated temperatures 

for a certain period of time to get the nanorattles. In some cases, the obtained products 

are calcined to get the nanorattles. Examples are CeO2 [18], -Fe2O3@SnO2 [27], 

Fe3O4@TiO2 [29], and SnS2@TiO2 [31]. 
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Spray pyrolysis [19]: In this approach, a metal salt is reduced by a reducing agent at 

high temperature in an aqueous droplet. Then, the excess reducing agent forms the shell 

on the periphery of the hot droplet. In most of the cases, sodium citrate and glucose are 

used as the reducing agents. Once the shell is completely carbonized, removal of water 

soluble products occurs resulting in the formation of void space. Examples are Fe2O3 

[19], SnO2 [20], and ZnO@Mn3O4 [30]. A schematic representation of synthesis of 

Fe2O3 nanorattles with multiple shells by spray pyrolysis is shown in Figure 5.1.6. 

 

Fig.5.1.6: Schematic representation of synthesis of Fe2O3 nanorattles with multiple 

shells by spray pyrolysis method [19]. 

Template approach [34]: This is the most commonly used approach to synthesize 

nanorattles. In this approach, first the core material is coated with one or more shell 

materials and then the middle layer is selectively removed by calcination or etching. 

The sacrificial layer is other than the core or the shell of interest. In some of the cases, 

either the core or inner portion of the shell is removed partially. Examples are SnO2@C 

[36], SiO2@TiO2 [38], and Au@SiO2 [41]. 

Ship in a bottle approach [63]: This is an advanced synthetic approach to encapsulate 

core materials with shells. In this approach, first hollow shells are prepared and then 

core precursors are introduced into a solution containing the hollow shells. The core 

material is developed in a shell via self-assembly or chemical reactions. Metal, metal 

oxides, drugs, and polymers are easily encapsulated using this approach. Examples are 

Au@Pt/Pd [63], and Au@SiO2 [67]. 

Galvanic displacement [64]: This strategy is mostly used to synthesize metal alloy 

nanorattles with different sizes, shapes and morphologies. The basic principle involved 
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in this method is electrode potential difference between the core and the shell metals; 

one of the metals acts as the cathode and the other one acts as the anode. The metal with 

low standard reduction potential acts as sacrificial core and that with high standard 

potential acts as the shell. The ions of one metal react with other zero valent metal, and 

galvanic displacement occurs spontaneously in the aqueous solution. Examples are 

Au@Pt [64], and Ag@Cu [68]. A schematic representation of synthesis of Au@Pt yolk-

shell by galvanic displacement is shown in Figure 5.1.7. 

 

Fig.5.1.7: Schematic representation of synthesis of Ag@Pt yolk-shell using galvanic 

displacement [64]. 

Kirkendall reaction [65]: The basic principle involved in this method is diffusion of 

metal ions at the interface. Diffusion occurs via vacancies or ions with different 

mobilities. The movement of vacancies is from material with low diffusion coefficient 

to that with high diffusion coefficient. The excess vacancies undergo condensation at 

the interface and produce void space via faster diffusion. Examples are Au@Fe2O3 [65], 

and FePt@CoS2 [69]. 

Ostwald ripening [66]: Ostwald ripening is a template-free approach. In Ostwald 

ripening, smaller crystals with higher solubility dissolve and form larger crystals by 

minimizing the surface energy. This is a physical phenomenon. During ripening, a void 

space is generated between the core and the shell. When the core is composed of small 

nanoparticles and located at the central part of the nanorattle, the process is called as 

symmetric Ostwald ripening and when the core is located asymmetrically in the 

nanorattle, the process is termed as asymmetric Ostwald ripening. Examples are Co3O4 

[59], and Fe3O4@Co3O4 [62]. 

In the present study, SiO2@Co3O4 core-shell nanorattles with uniform Co3O4 porous 

shell over the silica core have been successfully synthesized using a self-template route 
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by the calcination of SiO2@-Co(OH)2 at 500 oC. The shell thickness is controlled by 

varying the concentration of precursors during the synthesis. 

5.1.2 Experimental details 

Tetraethyl orthosilicate (98%, ACROS®), ethanol (99.9%, AR), ammonia solution 

(25%, Rankem, AR), cobaltous nitrate hexahydrate (98%, Rankem, LR), and urea 

(99.5%, Rankem, AR) were used as received without further purification. The synthesis 

of SiO2@Co3O4 core-shell nanorattles involves two steps and the details on synthesis is 

as follows. 

5.1.2.1 Synthesis of SiO2 microspheres 

SiO2 microspheres were synthesized according to StÖber process [70]. The details on 

the synthesis of SiO2 microspheres have been discussed in Chapter-3 (Section 3.1.2.1). 

5.1.2.2 Synthesis of SiO2@Co3O4 core-shell nanorattles 

A schematic representation of the synthesis of SiO2@Co3O4 core-shell nanorattles is 

shown in Scheme 5.1.1. About 100 mg each of silica microspheres was dispersed in 100 

mL of aqueous cobaltous nitrate solution with different concentrations (5 mM, 10 mM 

and 15 mM) in a 250 mL beaker and sonicated for 3 min. After uniform dispersion of 

the silica spheres, 5 g of urea was added. The contents were heated at 85 oC and stirred 

for 6 h. During the reaction, the colour of the contents changed from pink to violet 

indicating the formation of -cobalt hydroxide. After 6 h, the contents were allowed to 

cool to room temperature, filtered using Whatman® filter paper, washed with Millipore® 

water several times and dried in an oven for overnight. The obtained products were 

calcined in a muffle furnace (Nabertherm®) at 500 oC for 3 hours (heating rate = 2o min-

1), under air, to get the SiO2@Co3O4 core-shell nanorattles. The obtained SiO2@Co3O4 

samples were labelled as S1, S2, and S3, corresponding to 5 mM, 10 mM and 15 mM 

concentrations of cobaltous nitrate used during the preparation of SiO2@-Co(OH)2 

samples (P1, P2 and P3 corresponding to 5 mM, 10 mM and 15 mM), respectively.  
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Scheme 5.1.1: Schematic representation of procedure for the synthesis of SiO2@Co3O4 core-

shell nanorattles. 

The synthesized SiO2@Co3O4 core-shell nanorattles were characterized using PXRD, FT-IR, 

TGA, FE-SEM, EDX, TEM and BET analysis. The optical properties were studied using DRS 

spectroscopy. More details on the experimental techniques have been discussed in Chapter-2. 

5.1.3 Results and discussion 

5.1.3.1 XRD analysis 

The XRD patterns of as prepared SiO2, -Co(OH)2, and SiO2@-Co(OH)2 are shown in Figure 

5.1.8. Silica is amorphous. The XRD patterns of -Co(OH)2, and SiO2@-Co(OH)2 show 

raising background which is attributed to X-ray fluorescence since Cu-K was used as the X-

ray source during the measurements. -Co(OH)2 shows reflections at 12.18o, 24.37o, 33.11o, 

38.08o, 45.98o, 52.05o, and 59.71o which are attributed to (003), (006), (012), (015), (018), 

(100), and (110) crystal planes (JCPDS file no: 46-0605), respectively [71,72]. The first two 

planes in the XRD pattern of -Co(OH)2 are related to d-spacing between the intercalated 

layers (d(003) = 2d(006)) [73]. The XRD patterns of SiO2@-Co(OH)2 samples show broad peaks 

due to (003), (006), and (110) planes of -Co(OH)2 with low crystallinity [74,75]. The 
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interplanar spacings of -Co(OH)2 and SiO2@-Co(OH)2 samples was calculated using the 

(003) plane and the value is ca. 7.2 Å. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1.8: XRD patterns of (i) as prepared SiO2, (ii-iv) SiO2@-Co(OH)2 samples (P1, P2 and 

P3), and (v) -Co(OH)2. 

The XRD patterns of SiO2, Co3O4 and SiO2@Co3O4 samples (S1, S2, and S3) after calcination 

at 500 oC are shown in Figure 5.1.9. Pure Co3O4 shows reflections at 19.09o, 31.26o, 36.89o, 

38.47o, 44.77o, 59.19o, 65.27o, 74.26o, and 78.80o corresponding to (111), (220), (311), (222), 

(400), (511), (440), (620), and (622) planes of cubic Co3O4 (JCPDS file no. 42-1467), 

respectively. Since the major component in the core-shell nanorattles is SiO2 which is 

amorphous, the XRD patterns for SiO2@-Co(OH)2 (Fig. 5.1.8) as well as SiO2@Co3O4 core-

shell nanorattles (obtained on calcination) indicate poorly crystallinity. The XRD patterns for 

-Co(OH)2 (Figure 5.1.8 (v)) and pure Co3O4 (Figure 5.1.9 (v)), however, show that these 

samples are more crystalline compared to the other samples. Calcination does not improve the 

crystallinity since it only converts -Co(OH)2 present on SiO2 to Co3O4 and Co3O4 exists as 

small nanoparticles (as evidenced by the TEM results). 
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Fig. 5.1.9: XRD patterns of (i) SiO2, (ii-iv) SiO2@Co3O4 (S1, S2, and S3), and (v) Co3O4. All 

the samples were calcined at 500 oC. 

5.1.3.2 FT-IR spectral studies 

FT-IR spectra were recorded for as prepared SiO2, -Co(OH)2, and SiO2@-Co(OH)2 

samples (P1, P2 and P3) (Figure 5.1.10a). The IR spectra for calcined SiO2, Co3O4, and 

SiO2@Co3O4 (S1, S2, and S3) samples are shown in Figure 5.1.10b. All the samples 

show two bands at about 3430 and 1630 cm-1 assigned to stretching and bending 

vibrations of OH groups of physisorbed water molecules. All the samples except -

Co(OH)2 and Co3O4 show bands at about 1100, 800, and 475 cm-1 attributed to 

asymmetric, symmetric stretching, and bending vibration modes of SiOSi. Pure SiO2 

shows a characteristic band at 950 cm-1 due to SiOH group [70]. The SiO2@-

Co(OH)2 samples and -Co(OH)2 show IR bands at 2235 and 1387 cm-1, attributed to 

stretching frequencies of 𝑁𝐶𝑂−, and 𝑁𝑂3
−, respectively. This indicates the presence of 

𝑁𝐶𝑂−, and 𝑁𝑂3
− in between the layers [73,76]. All the samples except SiO2 show a band 

at 1023 cm-1 attributed to the deformation mode of OH group [77]. The -Co(OH)2 

and SiO2@-Co(OH)2 samples show a band at about 660 cm-1 attributed to CoOH 

vibration. Pure Co3O4 shows two characteristic bands attributed to Co(II)O stretching 
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when Co2+ ions are in tetrahedral coordination and Co(III)O stretching when Co3+ ions 

are in octahedral coordination [76]; SiO2@Co3O4 (S1) shows IR bands at 667 and 560 

cm-1, sample S2 shows bands at 667 and 576 cm-1, and sample S3 shows bands at 664 

and 568 cm-1. In summary, FT-IR results show evidence for the presence of 𝑁𝐶𝑂−, and 

𝑁𝑂3
− ions in -Co(OH)2, and SiO2@-Co(OH)2 and the presence of Co3O4 in the 

SiO2@Co3O4 samples. 
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Fig. 5.1.10 (a) FT-IR spectra of (i) as prepared SiO2, (ii) -Co(OH)2, and (iii-v) SiO2@-

Co(OH)2 samples (P1, P2 and P3) and (b) FT-IR spectra of (i) SiO2, (ii) Co3O4, and (iii-v) 

SiO2@Co3O4 (S1, S2, and S3) samples after calcination at 500 oC. The inset shows the 

magnified view of IR bands for SiO2@Co3O4 samples (S1, S2, and S3). 

5.1.3.3 TGA analysis 

The thermogravimetric analysis (TGA) patterns of as prepared SiO2, -Co(OH)2, and 

SiO2@-Co(OH)2 samples are shown in Figure 5.1.11. The as prepared SiO2 shows a 

total weight loss of 12.5 % upto 1000 oC with two weight loss steps. The first step from 

35 oC to 170 oC (weight loss = 5 %) is attributed to the loss of physisorbed water 

molecules. The second weight loss from 350 oC to 660 oC (wt. loss ~ 7.5 %) is attributed 

to the dehydroxylation of surface hydroxyl groups [78]. The -Co(OH)2 shows a total 

weight loss of about 35 % upto 1000 oC in three steps. The weight loss upto 150 oC (~ 

2.5 %) is related to the loss of physisorbed water molecules. The major weight loss (~ 
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28.3 %) observed between 220and 400 oC is attributed to the loss of intercalated water 

molecules, anions, and dehydroxylation of -Co(OH)2 accompanied by its conversion 

to spinel Co3O4 [79]. Another weight loss (~ 4.2 %) between 940 and 985 oC is 

associated with the thermal decomposition of Co3O4 to CoO [80]. The SiO2@-

Co(OH)2 samples (P1, P2 and P3) show weight loss features due to both SiO2 and -

Co(OH)2 and the overall weight loss values are 25.5 %, 25.2 % and 19.5 %, respectively. 

The SiO2@-Co(OH)2 samples (P1 and P2) show major weight loss (~ 12.5 %) between 

30 and 150 oC, while SiO2@-Co(OH)2 sample (P3) shows a weight loss of about 4.5 

% in the same temperature range. Sample P3 (SiO2@-Co(OH)2 prepared using 15 

mmol cobalt nitrate) shows different weight loss features compared to P1 and P2 

(SiO2@-Co(OH)2 samples, prepared using 5 mmol and 10 mmol cobalt nitrate, 

respectively). It was found from SEM studies (see Figure 5.1.12e) that sample P3 before 

calcination consists of SiO2@-Co(OH)2 as well as free -Co(OH)2 particles. Sample 

P3 (SiO2@-Co(OH)2) shows less weight loss below 150 oC (~ 4.5 %) similar to -

Co(OH)2 (~ 2.5 %). The low weight loss below 150 oC in these samples (-Co(OH)2 

and P3) is attributed to strong interaction between the surface hydroxyl groups which 

delay the dehydroxylation process [81,82]. The low weight loss at temperature below 

150 oC leads to an overall low weight loss in P3. TGA results indicate that the complete 

formation of spinel Co3O4 occurs at about 500 oC by the loss of intercalated water 

molecules, anions and dehydroxylation of surface hydroxyl groups of -Co(OH)2. 
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Fig. 5.1.11: TGA patterns of (a) as prepared SiO2, (b) -Co(OH)2, and (c-e) SiO2@-

Co(OH)2 samples (P1, P2 and P3). 

5.1.3.4 FE-SEM studies 

Morphological studies of the synthesized samples were first investigated using FE-

SEM. The FE-SEM images of SiO2, -Co(OH)2, and SiO2@-Co(OH)2 samples (P1, 

P2 and P3, before calcination) are shown in Figure 5.1.12 (a-e). Pure silica shows 

uniform spherical particles and the diameter of the spheres is 300 ± 20 nm; the average 

diameter of particles and errors were calculated using about ten particles. -Co(OH)2 

consists of sheets and clusters. The SiO2@-Co(OH)2 (P1 and P2) show that the silica 

spheres are completely covered with -Co(OH)2 sheets (petals) to form flower-like 

morphology. But in the case of SiO2@-Co(OH)2 sample (P3), the SiO2 spheres are 

covered with -Co(OH)2 sheets and some uncoated particles of -Co(OH)2 can also be 

noticed. 
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Fig. 5.1.12: FE-SEM images of (a) as prepared SiO2 (b) -Co(OH)2, and (c-e) SiO2@-

Co(OH)2 samples (P1, P2 and P3). 

The FE-SEM images of Co3O4 and SiO2@Co3O4 samples (i.e. after calcination) are 

shown in Figure 5.1.13 (a-d). Pure Co3O4 shows particles with petals-like morphology. 

The SiO2@Co3O4 samples (S1 and S2) show uniform shell of Co3O4 over the silica core 

but sample S3 shows coating of Co3O4 shell on the SiO2 spheres with some extra 
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uncoated particulates of Co3O4. Based on UV-Vis transmittance measurements, it was 

found that the dispersion of the core-shell particles in water is stable for at least 6 h. It 

was also found that the powder obtained after drying the particles can be redispersed 

effectively. 

 

Fig. 5.1.13: FE-SEM images of (a) Co3O4, and (b-d) SiO2@Co3O4 samples (S1, S2, and 

S3). All the samples were calcined at 500 oC. 

5.1.3.5 SEM-EDX analysis 

The elemental composition of the SiO2@-Co(OH)2 samples (P1, P2 and P3) and 

SiO2@Co3O4 core-shell nanorattles (S1, S2, and S3) was determined using EDX 

analysis (Table 5.1.1) and EDX spectra of SiO2@-Co(OH)2 core-shell nanorattles are 

shown in Figure 5.1.14 and EDX spectra of SiO2@Co3O4 core-shell nanorattles are 

shown in Figure 5.1.15. The EDX results confirm the presence of silicon, oxygen and 

cobalt in the SiO2@Co3O4 core-shell nanorattles as well as the SiO2@-Co(OH)2 

samples. Increase in the weight percent of cobalt in the core-shell samples is observed 
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according to the concentration of cobaltous nitrate used during the synthesis of SiO2@-

Co(OH)2 samples (5 mM, 10 mM, and 15 mM). 

 

 

Fig. 5.1.14: EDX spectra of (a) -Co(OH)2 and (b-d) SiO2@-Co(OH)2 core-shell 

nanorattles (P1, P2 and P3). 
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Fig. 5.1.15: EDX spectra of (a) Co3O4 and (b-d) SiO2@Co3O4 core-shell nanorattles 

(S1, S2 and S3). 
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Table 5.1.1: Elemental composition (Wt. %) of silicon, cobalt, and oxygen in the 

SiO2@-Co(OH)2 samples (P1, P2 and P3) and the SiO2@Co3O4 core-shell nanorattles 

(S1, S2 and S3). 

*The concentrations of Co(NO3)2.6H2O used during the preparation of SiO2@-Co(OH)2 

samples P1, P2 and P3 were 5 mM, 10 mM and 15 mM, respectively. 

5.1.3.6 TEM studies 

The TEM images of SiO2, Co3O4 and SiO2@Co3O4 core-shell samples (S1 and S2) are shown 

in Figure 5.1.16. TEM analysis was not carried out for the SiO2@Co3O4 sample S3 since the 

SEM analysis on this sample indicated the presence of uncoated -Co(OH)2 particles in the 

SiO2@-Co(OH)2 sample (see Figure 5.1.12e). SiO2 shows uniform spherical particles with a 

diameter of 300 ± 10 nm. The TEM image indicates the nanosized nature of Co3O4 particles 

(13.7 ± 2.1 nm). The TEM images for the SiO2@Co3O4 samples (S1 and S2) show the core-

shell morphology with a void space between the SiO2 core and the Co3O4 shell. These type of 

structures are referred to as “nanorattles” [83,84]. In addition to the nanorattle morphology, the 

SiO2@Co3O4 samples show porous hair-like morphology for the Co3O4 shell. The measured 

shell thickness values are 37 ± 3 nm, 63 ± 8 nm, for S1 and S2, respectively. The estimated 

void space between the core and the shell lies between 40 and 45 nm and 64 and 72 nm for the 

SiO2@Co3O4 samples S1 and S2, respectively. The thickness of hair-like structure of the Co3O4 

shell is 27 ± 3 nm and 45 ± 5 nm for the samples S1 and S2, respectively.  

 

Sample name 
Weight percent 

Si Co O 

SiO2 28.0 ± 1.4 - 32.5 ± 3.5 

Co(OH)2 - 93.4 ± 1.5 6.6 ± 1.5 

SiO2@-Co(OH)2 (P1)* 15.2 ± 1.9 17.6 ± 3.1 37.4 ± 2.3 

SiO2@-Co(OH)2 (P2)* 13.4 ± 0.2 21.2 ± 2.6 35.1 ± 1.2 

SiO2@-Co(OH)2 (P3)* 10.9 ± 0.5 23.6 ± 1.5 38.9 ± 1.3 

Co3O4 - 83.6 ± 0.7 16.4 ± 0.3 

SiO2@Co3O4 (S1) 11.1 ± 0.6 14.0 ± 0.5 37.9 ± 0.7 

SiO2@Co3O4 (S2) 11.4 ± 0.2 16.0 ± 1.0 34.8 ± 0.1 

SiO2@Co3O4 (S3) 9.7 ± 1.1 27.9 ± 0.3 30.3 ± 0.2 
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Fig. 5.1.16: TEM images of (i) SiO2, (ii) Co3O4, and (iii and iv) SiO2@Co3O4 samples (S1, 

and S2). The images are obtained for all the samples after calcination at 500 oC. 

The SAED patterns of pure Co3O4 and SiO2@Co3O4 core-shell nanorattles (S1 and S2) are 

shown in Figure 5.1.17. The SAED patterns show spots/rings indicating polycrystalline nature 

of the samples. The SAED patterns could be indexed to (111), (220), (311), (400), (511), and 

(440) planes of cubic Co3O4. Pure Co3O4 exhibits stronger electron diffraction compared to the 

SiO2@Co3O4 nanorattles (S1 and S2). The less crystalline nature of SiO2@Co3O4 samples 

compared to pure Co3O4 suggests that the Co3O4 (shell) particles formed on the silica are 

smaller in size. 
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Fig. 5.1.17: SAED patterns of (i) Co3O4, and (ii and iii) SiO2@Co3O4 core-shell nanorattles 

(S1, and S2). 

5.1.3.7 BET surface area analysis 

The specific surface area of pure SiO2, Co3O4 and the SiO2@Co3O4 nanorattles (S1 and S2) 

were measured using Brunauer-Emmett-Teller (BET) measurements using nitrogen gas 

physisorption. Pure SiO2 and Co3O4 possess surface area of 34.2 and 46.5 m2/g, respectively. 

The SiO2@Co3O4 nanorattles (S1 and S2) possess surface area of about 279 m2/g and 268 m2/g, 

respectively. The higher surface area of SiO2@Co3O4 core-shell nanorattles (S1 and S2) 

compared to pure Co3O4 and SiO2 is attributed to the nanorattle morphology of SiO2@Co3O4 

(S1 and S2). The nanorattles consist of porous shell along with interior void space between the 

core and the shell. 
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5.1.3.8 UV-Visible diffuse reflectance spectroscopy (DRS) studies 

The optical properties of pure Co3O4 and SiO2@Co3O4 nanorattles (S1 and S2) were 

studied using UV-Vis diffuse reflectance spectroscopy (Figures 5.1.18a and 5.1.18b). 

All the samples exhibit two broad bands in the region 420-450 and 700-750 nm. Co3O4 

shows absorption bands at 745 and 450 nm while SiO2@Co3O4 samples (S1 and S2) 

show absorption bands at about 705 and 425 nm. The band at 745 nm in pure Co3O4 and 

705 nm in SiO2@Co3O4 samples (S1 and S2) are due to O2 → Co3+ charge transfer 

transition and the band at 450 nm in pure Co3O4 and 425 nm in SiO2@Co3O4 samples 

(S1 and S2) are due to O2 → Co2+ charge transfer transition [53,85]. Both the 

SiO2@Co3O4 samples (S1 and S2) show blue shift of about 40 nm with respect to the 

745 nm band in pure Co3O4 and 25 nm with respect to the 450 nm band in pure Co3O4. 

The blue shift in the case of SiO2@Co3O4 samples (S1 and S2) is attributed to quantum 

confinement effect and smaller particle size of Co3O4 [53,85]. Co3O4 is a p-type 

semiconductor and the band gap energies are calculated using the Tauc equation which 

can be expressed as h = k (hEg)
n, where Eg represents the band gap, h is the photon 

energy, k is the constant,  is the Kubelka-Munk function and n is dependent on the 

type of transition involved. In the present case, n = 1/2 gives the best fit for (h)1/n 

versus h plots suggesting direct allowed transition in Co3O4. The calculated band gap 

energy (Eg) values for Co3O4 is 1.70 and 2.43 eV and for the SiO2@Co3O4 samples, the 

values were 1.72 and 2.52 eV (S1) and 1.74 and 2.57 eV (S2). The band gap values for 

bulk Co3O4 are 1.48 and 2.19 eV [86]. The obtained band gap values for SiO2@Co3O4 

samples (S1 and S2) are in good agreement with the previously reported values for 

Co3O4 nanoparticles [53,87]. 
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Fig. 5.1.18: (a) UV-Visible DRS spectra of (i) Co3O4, and (ii and iii) SiO2@Co3O4 core-shell 

nanorattles (S1 and S2) and (b) Tauc plots of (i) Co3O4, and (ii and iii) SiO2@Co3O4 core-shell 

nanorattles (S1 and S2). 
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5.1.4 Proposed mechanism for the formation of SiO2@Co3O4 core-shell nanorattles 

For the formation of Co3O4 shell on the SiO2 core, the following mechanism is proposed 

based on the experimental results (Scheme 5.1.2). It is proposed that an adsorption-

nucleation-coalescence-anisotropic growth-self-assembly occurs [88,89]. At first, Co2+ 

ions from the solution are adsorbed on the surface of SiO2 through electrostatic 

interaction. Urea decomposes to produce NH3 and CO2 and the released NH3 readily 

reacts with the available Co2+ ions on the surface of SiO2 to form a complex (i.e. 

Co(NH3)y; y ≤ 2) which reduces the concentration of free Co2+ ions in the solution. After 

attaining the optimum temperature (e.g. 85 oC), OH– ions are steadily produced through 

the hydrolysis of urea, which is favourable for nucleation and formation of -Co(OH)2 

on the surface of SiO2 spheres based on the coalescence mechanism. The -Co(OH)2 

further undergoes Ostwald ripening to produce flower-like hierarchical -Co(OH)2 on 

the surface of SiO2 [89]. 

Yan et al. and Yuan et al. have explained the formation of hierarchical 3D metal 

hydroxide flower-like structures based on thermodynamics [88,89]. If one considers a 

single nanoplatelet of -Co(OH)2, the surface energy is very high. In order to reduce the 

overall surface energy, the formed ultrathin -Co(OH)2 nanoplatelets tend to aggregate 

which decreases the surface energy by reducing the unsatisfied bonds at the exposed 

areas. The formed thinner plates self-assemble spontaneously based on the coalescence 

mechanism to produce thicker plates. The pH would decrease and Ostwald ripening 

would dominate leading to flower-like hierarchical -Co(OH)2 on the surface of SiO2. 

In the final step, calcination of SiO2@-Co(OH)2 in air at 500 oC for 3 h leads to the 

formation of SiO2@Co3O4 core-shell nanorattles through self-template route retaining 

its 3D hierarchical flower-like morphology. 
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Scheme 5.1.2: Proposed mechanism for the formation of SiO2@Co3O4 core-shell 

nanorattles. 

To understand the mechanism of formation of nanorattle structures further, time 

dependent TEM analysis (Figure 5.1.19) was performed at different time intervals for 
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SiO2@-Co(OH)2 (P1)  (e.g. 2 h, 4 h and 6h) and SiO2@Co3O4 (S1) (e.g. 1 h and 3 h). 

An overview image for the formation of SiO2@Co3O4 core-shell nanorattles is shown 

in Scheme 5.1.3.  

 

Scheme 5.1.3: An overview image for the formation of SiO2@Co3O4 core-shell nanorattles. 

Initially (e.g. 2 h), -Co(OH)2 nanoparticles are formed around the SiO2 spheres (Figure 

5.1.19a). The crystallites of -Co(OH)2 present on SiO2 are loosely packed and the 

crystallites located at the outermost surface act as the nucleation seeds for the 

recrystallization process. As the reaction proceeds from 2 h to 4 h, inside-out Ostwald 

ripening process dominates which starts the hollowing process by dissolving the smaller 

crystallites of -Co(OH)2 present in the interior region. At 6 h, the outer -Co(OH)2 

crystallites become larger which creates an interstitial space with the formation of a 

compact shell. Calcination of SiO2@-Co(OH)2 at 500 oC leads to the formation of 

SiO2@Co3O4 core-shell nanorattles with the retention of core-shell nanorattles 

morphology (Figure 5.1.19b). The TEM images show the shrinkage of silica core as 

well as the Co3O4 shell. 
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(a) 

 

(b) 

Fig. 5.1.19: (a) TEM images of SiO2@-Co(OH)2 sample (P1) synthesized at 2 h, 4 h 

and 6 h and (b) TEM images of SiO2@Co3O4 obtained on calcination of SiO2@-

Co(OH)2 (P1) at 500 oC for 1 h and 3 h. 

The size of inner core (SiO2) and shell (Co3O4) particles exhibits a rather larger 

polydispersity compared to pure SiO2 and Co3O4 particles. This is explained as follows. 

It can be noted from TEM studies that the formation of an interface between SiO2 core 

and -Co(OH)2 shell occurs within 2 h. After 4 h, formation of core-shell nanorattles 

with some extra particles of -Co(OH)2 occurs and core-shell nanorattles with compact 
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-Co(OH)2 shell are obtained after 6 h. When SiO2@-Co(OH)2 core-shell nanorattles 

are calcined to get the SiO2@Co3O4 core-shell nanorattles, polydispersion of silica core 

particles with slight shrinkage occurs. Intercalated water molecules and anions (𝑁𝐶𝑂−, 

and 𝑁𝑂3
−) present in -Co(OH)2 and surface hydroxyl groups in silica are lost during 

the conversion of SiO2@-Co(OH)2 to SiO2@Co3O4 core-shell nanorattles. The 

polydispersity of SiO2 spheres and Co3O4 shell is attributed to different dehydroxylation 

rate of loss of surface hydroxyl groups and other species from silica (core) and -

Co(OH)2 (shell). 

5.1.5 Conclusions 

A novel self-template method for the synthesis of SiO2@Co3O4 core-shell nanorattles 

with different shell thickness has been reported. The shell thickness is controlled by 

varying the concentration of precursors during the synthesis. XRD results indicate the 

presence of Co3O4 in all the SiO2@Co3O4 samples. SEM results show the deposition of 

Co3O4 on the SiO2 microspheres. TEM results clearly show the nanorattle structures and 

void space between SiO2 core and Co3O4 shell. SAED patterns indicate polycrystalline 

nature of Co3O4 shell on the surface of SiO2. DRS results show absorption bands due to 

Co3O4 in all the SiO2@Co3O4 samples. Compared to other preparation methods, this 

approach does not require any surface modification and the method is facile, and 

inexpensive. This method can be extended to prepare other metal oxide core-shell 

nanorattles for various functional applications. 
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5.2 Synthesis of SiO2@Ni-Co Mixed Metal Oxide Core-Shell Nanorattles via 

Homogeneous Precipitation Method 

5.2.1 Introduction 

In recent years, binary transition metal oxides with spinel-like structures (e.g. AB2O4) 

have attracted considerable attention of scientists due to their tunable optical and 

electrical properties as well as wide range of applications in various fields such as water 

splitting [90], adsorption [91], sensors [92], gas storage [93], lithium ion batteries [94], 

and bio-medicine [95]. Various binary transition metal oxide nanorattles such as 

NiCo2O4 [94], ZnCo2O4 [96], ZnFe2O4 [97], MnCo2O4 [98], and CoFe2O4 [99] have 

been reported. TEM images of some binary metal oxide nanorattles are shown in Figure 

5.2.1. 

 

Fig.5.2.1: TEM images of various binary transition metal oxide nanorattles; (a) 

ZnCo2O4 [96], (b) ZnFe2O4 with double shell [97], (c) MnCo2O4 [98], and (d) CoFe2O4 

[99]. 
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In addition to binary transition metal oxides, tertiary, quaternary, and multi-transition 

mixed metal oxide nanorattles have also been reported. TEM images of some of multi-

transition mixed metal oxide nanorattles are shown in Figure 5.2.2. 

 

Fig.5.2.2: TEM images of various multi-transition metal oxide nanorattles;                        

(a) Mn0.75Co0.25Fe2O4 [100], (b) LiNi0.8Co0.15Al0.05O2 [101], (c) TiO2-Al2O3-ZrO2-

CeO2- Y2O3 [102], and (d) AB2O4 (A = Cu, Zn, Ni, B = Co, Mn, Fe, Mo, Cr) [103]. 

Various mixed metal layered double hydroxides (LDH) such as CoSn(OH)6 [104], 

MgFe-LDH [105], SiO2@NiAl-LDH [106], and M1@M2@M1(OH)2 (M1= Co, Ni, M2 

= Pt/Pd, Pt, Pd and Au) [107] have been reported by several authors. SEM, TEM and 

HRTEM images of some mixed metal layered double hydroxide nanorattles are shown 

in Figure 5.2.3. 
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Fig.5.2.3: (a) SEM image of CoSn(OH)6, (b, c) TEM and HRTEM images of 

CoSn(OH)6 nanorattles [104], (d) TEM image of MgFe-LDH [105], and (e, f) SEM and 

TEM images of SiO2@NiAl-LDH nanorattles [106]. 

Binary metal alloys have been used as the core or shell. Examples are Pd@MxCu1-x (M 

= Au, Pd and Pt) [108], AuAg@C [109], PtCu@Ru [110], and PdFe@SiO2 [111]. Most 

of the authors have used Fe3O4 as the core and metal silicate as the shell because of their 

porous nature, good chemical and thermal stability. Some of the examples are 

Fe3O4@CuSiO3 [84], Fe3O4@MgSiO3 [91], Fe3O4@NiSiO3 [112], and Fe3O4@BaSiO3 

[113]. Nanorattles with single core and multi shells have also been reported by several 

authors. Examples are CuO@CuO@CuO [114], -Fe2O3@SiO2@SiO2 [115], -

Fe2O3@SiO2@TiO2 [116], Pd-SnO2@Pd-SnO2@Pd-SnO2 [117], Fe3O4@SiO2@Co3O4 

[118], and Pd@TiO2/ Pd@TiO2 [119]. Some of the authors have reported, carbon as 

middle layer in the nanorattles. Examples are Fe3O4@C@TiO2 [120] and 

Ag@C@mSiO2 [121]. SiO2 has been used as the core or shell material. Various reports 

are available where SiO2 has been used as the shell and examples are FexOy/Pd@SiO2 

[122], Ni-yolk@Ni@SiO2 [123], CdS-Au@SiO2 [124]. Recently, Dong et al. have used 

SiO2 as the core and NiTiO3 as the shell [125]. TEM images of some of the above 

mentioned nanorattles are shown in Figure 5.2.4. 
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Fig.5.2.4: TEM images of (a) Pd@AuxCu1-x [108], (b) Fe3O4@NiSiO3 [112], (c) -

Fe2O3@SiO2@SiO2 [115], and (d) Fe3O4@C@TiO2 [120] nanorattles. 

Among the binary transition metal oxides, NiCo2O4 has been extensively studied. 

NiCo2O4 is a binary mixed metal oxide with spinel structure in which nickel ions occupy 

octahedral sites and cobalt ions randomly occupy both the octahedral and tetrahedral 

sites. NiCo2O4 has been used in various applications such as supercapacitors and 

methanol fuel cells because of its good electrical conductivity, availability, low cost, 

and eco-friendliness [94,126,127]. NiCo2O4 has also been used in lithium ion batteries 

[94], energy storage [126], electrocatalysis [127], radio frequency absorption [128], and 

photocatalytic splitting of water [129]. Hu et al. have reported the synthesis of 

Co3O4@NiCo2O4 core-shell nanorattles, where ZIF-8 has been used as a sacrificial 

template [130]. 
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Various mixed metal layered double hydroxides or mixed metal oxide nanorattles have 

been synthesized using hydrothermal method, ultrasonic spray pyrolysis, thermal 

decomposition, and homogeneous precipitation. A brief description on the synthetic 

methods is given below. 

Thermal decomposition [91]: In this approach, pre-prepared core material is mixed with 

shell precursors in a high boiling solvent. Then, the reaction contents are refluxed at 

elevated temperatures for several hours. Finally, the obtained products are calcined in 

the presence of air or an inert gas to get the nanorattles. MnxCo1-xFe2O4 nanorattles have 

been synthesized using this approach [91]. 

Ultrasonic spray pyrolysis [103]: In this method, a high frequency ultrasound is passed 

through precursor solutions to generate an aerosol, which is nebulized into micro-

droplets. The generated micro-droplets are transferred to a furnace with the help of a 

carrier gas. In the furnace, the precursor molecules undergo decomposition by the loss 

of solvent. The decomposed reactants undergo diffusion. In the final step, the volatile 

components escape from the micro-droplets and produce the void space. The ultrasonic 

waves provide phase isolation of droplets from other droplets. Examples are ZnCo2O4 

[96], TiO2-Al2O3-ZrO2-CeO2-Y2O3 [102], AB2O4 (A = Cu, Zn, Ni, B = Co, Mn, Fe, Mo, 

Cr) [103], and CuO@CuO@CuO [114]. A schematic representation of synthesis of 

nanorattles using ultrasonic spray pyrolysis is shown in Figure 5.2.5. 

 

Fig.5.2.5: Schematic representation of the synthesis of mixed metal oxide nanorattles 

using ultrasonic spray pyrolysis [103]. 
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Hydrothermal method [105]: In this method, two or more metal salts are mixed in an 

aqueous solution and stirred for a certain period of time. Then, the reaction contents are 

transferred to a Teflon lined stainless steel autoclave and heated inside an oven at 

relatively high temperature (e.g. 200 oC) to get mixed metal oxide nanorattles. Examples 

are NiCo2O4 [94], MgFe-layered double hydroxides [105], SiO2@NiAl-layered double 

hydroxides [106], Co3O4@NiCo2O4 [130] and Au@MSiO3 (M = Mg, Ni, Cu) [131]. 

Homogeneous precipitation [132]: This method comes under solution route and either 

core or shell materials are synthesized using this method. In this method, urea is 

generally used as a precipitating agent. Two or more metal salts such as metal nitrates, 

sulphates, or chlorides are mixed in an aqueous solution along with urea and the reaction 

contents are heated at 80-90 oC for several hours (e.g. 6 h) to get mixed metal layered 

double hydroxide nanorattles. Examples are MgAl-LDH [132], SiO2@MgAl-LDH 

[133], CoNiAl-LDH [134], and NiCo-LDH [135]. 

In the present study, SiO2@Ni-Co mixed metal oxide core-shell nanorattles have been 

successfully synthesized, for the first time, via a novel, economical, and facile self-

template route. The composition of Ni-Co mixed metal oxides was controlled by varying 

the concentration of precursors during the synthesis. 

5.2.2 Experimental details 

Tetraethyl orthosilicate (98%, ACROS®), ethanol (99.9%), ammonia solution (25%, 

Rankem), cobaltous nitrate hexahydrate (98%, Rankem), nickel nitrate hexahydrate 

(98%, Rankem), and urea (99.5%, Rankem) were used as received without further 

purification. 

5.2.2.1 Synthesis of SiO2@Ni-Co mixed metal oxide core-shell nanorattles 

A schematic representation of synthesis of SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles is shown in Scheme 5.2.1. The synthesis of SiO2@Ni-Co mixed metal oxide 

core-shell nanorattles involves two steps. First, silica microspheres were synthesized 

according to StÖber process [70]. The details on the synthesis of SiO2 microspheres 

have been discussed in Chapter-3 (Section 3.1.2.1). 
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In the second step, about 100 mg of silica microspheres was dispersed in 100 mL 

aqueous solution containing nickel nitrate and cobaltous nitrate with different molar 

ratios ([Ni2+]: [Co2+] = 7:3, 5:5, 3:7; total concentration = 10 mmol) in a 250 mL beaker 

and sonicated for 3 min to get a uniform dispersion of the silica spheres. Then, 5 g of 

urea was added and the contents were continuously stirred at 85 oC for 6 h. After 

completion of the reaction, the contents were allowed to cool to room temperature, 

filtered using Whatman® filter paper, washed with Millipore® water for several times 

and dried in an oven for overnight. The obtained SiO2@Ni-Co LDH samples were 

calcined in air inside a muffle furnace (Nabertherm®) at 500 oC for 3 h (heating rate = 

2o min-1) to get the SiO2@Ni-Co mixed metal oxide core-shell nanorattles. The 

SiO2@Ni-Co LDH samples were labelled as PM1, PM2, and PM3, corresponding to 

Ni2+ to Co2+ ratios, 7:3, 5:5, and 3:7, respectively and the corresponding SiO2@Ni-Co 

mixed metal oxide samples were labelled as M1, M2, and M3. For comparison, pure 

SiO2@-Ni(OH)2, SiO2@-Co(OH)2, SiO2@NiO and SiO2@Co3O4 samples were also 

synthesized using the procedure similar to that used for the preparation of SiO2@Ni-Co 

mixed metal oxides. The concentration of nickel nitrate and cobaltous nitrate solutions 

used was 10 mM each.  

 

Scheme 5.2.1: Schematic representation of synthesis of SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles. 
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The synthesized SiO2@Ni-Co mixed metal oxide core-shell nanorattles were 

characterized using a variety of analytical techniques such as PXRD, FT-IR, TGA, FE-

SEM, EDX, TEM, Zeta potential, and BET surface area measurements. The optical 

properties were studied using UV-Visible DRS spectroscopy. More details on the 

experimental techniques have been discussed in Chapter-2. 

5.2.3 Results and discussion 

5.2.3.1 XRD analysis 

The XRD patterns of SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) before 

calcination and that of pure Ni-Co LDH ([Ni2+:Co2+ = 1:2)] are shown in Figure 5.2.6a. 

The XRD pattern of silica indicated amorphous nature. The XRD pattern of pure Ni-Co 

LDH ([Ni2+:Co2+] = 1:2) and SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) show 

four prominent peaks at 2 values of 12.15o, 24.56o, 33.47o, and 59.48o which are 

attributed to (003), (006), (101), and (110) planes of -Co(OH)2 and -Ni(OH)2 [136]. 

Both -Co(OH)2 and-Ni(OH)2 have similar lattice constants, and their diffraction 

peaks are very close. The first two peaks (003 and 006) in the XRD patterns are related 

to d-spacing between the layers [134]. The broad XRD peaks with reduced intensity 

indicate less crystalline nature of the SiO2@Ni-Co LDH samples. The interlayer d-

spacing was estimated using the (003) plane and it was found to be ca. 7.28 Å. The XRD 

patterns of NiCo2O4 and SiO2@Ni-Co mixed metal oxide samples (M1, M2 and M3) 

which were obtained after calcination of the corresponding LDHs at 500 oC are shown 

in Figure 5.2.6b. Pure NiCo2O4 shows reflections at 19.21o, 31.12o, 36.75o, 43.82o, 

59.02o, and 65.17o attributed to (111), (220), (311), (400), (511), and (440) planes of 

cubic NiCo2O4, respectively [137].  

The SiO2@Ni-Co mixed metal oxide samples show weak XRD peaks indicating the 

formation of nanosized mixed metal oxides on the surface of SiO2. The XRD peaks are 

relatively stronger for M1 compared to that for M2 and M3 (Figure 5.2.6b). Sample M1 

is nickel rich compared to M2 and M3 and it was prepared by the calcination of 

SiO2@Ni-Co LDH sample PM1 at 500 oC. Well-ordered LDH is formed in the case of 

samples prepared using higher Ni2+ concentration (Figure 5.2.6a) [138]. Incorporation 

of Co2+ ions with larger size (0.74 Å) into the lattice of LDH leads to its instability 

resulting in LDH samples with lower crystallinity (see the XRD patterns for PM2 and 
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PM3, Figure 5.2.6a). Since PM1 possesses well-ordered LDH structure compared to 

PM2, and PM3, the corresponding calcined sample M1 exhibits stronger XRD peaks 

(Figure 5.2.6b) compared to M2, and M3 [139]. The calculated crystallite size for pure 

NiCo2O4 nanoparticles is 4.6 nm and the crystallite size for NiCo2O4 in the SiO2@Ni-

Co mixed metal oxide samples could not be calculated. 
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Fig. 5.2.6: (a) XRD patterns of SiO2@Ni-Co LDH samples (PM1, PM2, and PM3), and Ni-Co 

LDH ([Ni2+:Co2+] = 1:2); (b) XRD patterns of SiO2@Ni-Co mixed metal oxides (M1, M2, and 

M3), and NiCo2O4. 
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The XRD patterns of NiO, SiO2@NiO, Co3O4, and SiO2@Co3O4 samples are shown in 

Figure 5.2.7. The XRD patterns of SiO2@NiO sample shows reflections due to only 

NiO whereas SiO2@Co3O4 sample shows reflections due to Co3O4. The crystallite size 

values of pure NiO and Co3O4, estimated using Debye-Scherrer’s equation, are ca. 7 nm 

and 21 nm, respectively. SiO2@NiO and the SiO2@Co3O4 samples show less intense 

XRD peaks compared to pure NiO and Co3O4 which indicates the formation of nano 

sized NiO and Co3O4 nanoparticles on SiO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2.7: XRD patterns of (i) NiO, (ii) Co3O4, (iii) SiO2@NiO, and (iv) SiO2@Co3O4 

samples. 

The XRD patterns of pure Ni-Co LDHs prepared using different Ni2+:Co2+ ratios and 

the corresponding Ni-Co mixed metal oxides, which were obtained on calcination of the 

pure Ni-Co LDHs, are shown in Figure 5.2.8a and 5.2.8b, respectively. All the pure Ni-

Co LDH samples show reflections attributed to both -Co(OH)2 and -Ni(OH)2. The 

XRD patterns of pure Ni-Co mixed metal oxide samples confirm the formation of mixed 

metal oxides. The mixed metal oxide prepared using [Ni2+:Co2+] = 7:3 shows (311) 

reflection due to cobalt oxide (JCPDS No. 42-1467) and (200) and (220) reflections due 

to nickel oxide (JCPDS No. 78-0423). In the case of mixed metal oxide prepared using 

[Ni2+:Co2+] = 5:5, the XRD pattern shows (111), (220) (311) (400) (511) and (440) 
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reflections due to nickel cobaltite (JCPDS No. 73-1702). The (200) reflection due to 

nickel oxide coincides with the (400) reflection of nickel cobaltite. In the case of the 

mixed metal oxide prepared using [Ni2+:Co2+] = 3:7, a mixture of nickel cobaltite and 

cobalt oxide is formed. 
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Fig. 5.2.8: (a) XRD patterns of pure Ni-Co LDH samples, and (b) pure Ni-Co mixed metal 

oxides which were obtained after calcination of the corresponding Ni-Co LDH samples at 500 

oC in air. 
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5.2.3.2 FT-IR spectral studies 

The FT-IR spectra of SiO2, pure Ni-Co LDH [Ni2+:Co2+ = 1:2] and SiO2@Ni-Co LDH 

samples, before calcination and after calcination at 500 oC, were recorded (Figure 5.2.9). 

All the samples showed two IR bands at about 3438 and 1635 cm-1 attributed to 

stretching and bending vibrations of hydroxyl group of physisorbed water molecules. 

SiO2, SiO2@Ni-Co LDH samples  and SiO2@Ni-Co mixed metal oxide samples show 

three prominent IR bands at about 1108, 804, and 470 cm-1 attributed to asymmetric 

stretching, symmetric stretching, and bending modes of SiOSi bond. SiO2 before 

calcination shows a band at 950 cm-1 which is characteristic band of SiOH group [70]. 

The Ni-Co LDH ([Ni2+:Co2+] = 1:2) and all the SiO2@Ni-Co LDH samples (PM1, PM2 

and PM3) show IR bands at 2240 and 1383 cm-1 attributed to stretching vibrations of 

𝑁𝐶𝑂−, and 𝑁𝑂3
−,  respectively which confirm the presence of 𝑁𝐶𝑂−, and 𝑁𝑂3

− between 

the layers [128]. The Ni-Co LDH ([Ni2+:Co2+] = 1:2) and SiO2@Ni-Co LDH samples 

also show a band at about 646 cm-1 attributed to the bending vibration of MOH (M = 

Co, Ni). Pure NiCo2O4 show two characteristic IR bands at 660 and 561 cm-1 attributed 

to CoO and NiO vibrations, respectively [127,140]. The SiO2@Ni-Co mixed metal 

oxide samples (M1, M2 and M3) show IR bands at about 667 and 560 cm-1 attributed to 

metal-oxygen vibrations. 
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Fig. 5.2.9: (a) FT-IR spectra of (i) as prepared SiO2, (ii-iv) SiO2@Ni-Co LDH samples (PM1, 

PM2, and PM3), and (v) Ni-Co LDH (Ni2+:Co2+ = 1:2); (b) FT-IR spectra of (i) SiO2 after 

calcination, (ii-iv) SiO2@Ni-Co mixed metal oxides (M1, M2, and M3), and (v) NiCo2O4. 
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5.2.3.3 TGA analysis 

Thermogravimetric analysis of as prepared SiO2, Ni-Co LDH ([Ni2+:Co2+] = 1:2) and 

SiO2@Ni-Co LDH samples before calcination are shown in Figure 5.2.10a. In pure 

silica, the first weight loss step observed between 35 oC and 170 oC (~5 % weight loss) 

is attributed to the loss of physisorbed water molecules [141,142]. The second weight 

loss observed between 350 oC and 660 oC (% wt. loss ~ 7.5 %) is attributed to the 

removal of surface hydroxyl groups [78]. SiO2 shows a total weight loss of about 12.5 

% up to 1000 oC. Pure Ni-Co LDH shows a total weight loss of about 33.1 % up to 1000 

oC. The weight loss from room temperature to 140 oC (~ 2.5 %) is attributed to 

desorption of the physisorbed water molecules. The major weight loss (~ 28.1 %) 

observed between 140 oC and 300 oC is attributed to the loss of interlamellar water 

molecules and anions accompanied by the decomposition of Ni-Co LDH to form 

corresponding mixed metal oxides [143]. The third step shows a minor weight loss (~ 

2.5 %) between 300 oC and 860 oC due to the decomposition of mixed metal oxides 

[136]. The SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) show weight loss due to 

both silica and Ni-Co LDH’s and the overall weight loss values, up to 1000 oC, are 24.7 

%, 21.7 % and 28.1 % for samples PM1, PM2, and PM3, respectively. All the SiO2@Ni-

Co LDH samples show an initial weight loss (8.8 to 10.0 %) at about 140 oC which is 

due to removal of the physisorbed water molecules. They show a major weight loss 

between 140 oC and 530 oC (~ 14.7 % for PM1, ~ 12.9 % for PM2, and ~ 18.1 % for 

PM3) which is attributed to the loss of interlayer water molecules and anions and also 

due to the conversion of Ni-Co LDHs to the corresponding mixed metal oxides [136]. 

-Ni(OH)2 looses its hydroxyl groups between 250-320 oC whereas -Co(OH)2 looses 

the hydroxyl groups between 220 and 300 oC [78,144]. The SiO2@Ni-Co LDH samples 

exhibit different thermal decomposition behaviour which is an indication that the 

dehydroxylation and decomposition steps depend on the Ni/Co molar ratio which was 

used during the preparation of the LDHs. In the case of sample PM1 ([Ni2+:Co2+] = 7:3), 

dehydroxylation starts at about 305 oC indicating that the major loss is due to the 

presence of higher -Ni(OH)2 content compared to -Co(OH)2. In sample PM2 

([Ni2+:Co2+] = 5:5), dehydroxylation starts at about 290 oC which is lower than that of 

PM1. In the case of sample PM3 ([Ni2+:Co2+] = 3:7), the loss due to dehydroxylation 

occurs in two steps. The first step is at 230-285 oC, due to the loss of hydroxyl groups 
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from the layers of -Co(OH)2. In the second step, the loss of hydroxyl groups from the 

layers of -Ni(OH)2 occurs at about 285-297 oC. Among all the SiO2@Ni-Co LDH 

samples, PM3 exhibits the lowest dehydroxylation temperature as expected for Co-rich 

LDH samples. Based on the TGA results, the calcination temperature for SiO2@Ni-Co 

LDH samples to obtain the SiO2@Ni-Co mixed metal oxide was chosen as 500 oC. The 

TGA patterns of SiO2@Ni-Co mixed metal oxide samples (M1, M2 and M3) are shown 

in Figure 5.2.10b. M1, M2 and M3 show an overall weight loss of 8.4 %, 10.1 % and 

9.7 %, respectively. All the samples exhibit a weight loss of about 5 % in the temperature 

range 25 oC-180 oC due to the loss of physisorbed water molecules. The samples exhibit 

a weight loss of about 4-5 % in the temperature range 180 oC-1000 oC. The weight loss 

in the temperature range 800 oC-1000 oC is due to the decomposition of NiO, Co3O4, 

and NiCo2O4. 

200 400 600 800 1000

65

70

75

80

85

90

95

100

(v)

(iv)

(iii)

(ii)

%
 W

ei
g
h

t

Temperature (
o
C)

(i)

 

(a) 

 

 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

249 
 

200 400 600 800 1000

90

92

94

96

98

100

(iii)

(ii)

%
 W

ei
g

h
t

Temperature (
o
C)

(i)

 

(b) 

Fig. 5.2.10: TGA patterns of (a) (i) as prepared SiO2, (ii-iv) SiO2@Ni-Co LDH samples (PM1, 

PM2, and PM3), and (v) Ni-Co LDH (Ni2+:Co2+ = 1:2) and (b) (i-iii) SiO2@Ni-Co mixed metal 

oxide samples, M1, M2, and M3, respectively. 

5.2.3.4 FE-SEM studies 

The surface morphology of SiO2, Ni-Co LDH ([Ni2+:Co2+] = 1:2), and SiO2@Ni-Co 

LDH samples before calcination was investigated using FE-SEM analysis (Figure 

5.2.11). SiO2 shows well dispersed particles with uniform spherical morphology and 

diameter of the spheres lies in the range 250-320 nm. Pure Ni-Co LDH shows 

hierarchical flower-like morphology and these hierarchical structures are composed of 

thin plates. The FE-SEM images of SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) 

show hierarchical flower-like core-shell morphology. The images clearly indicate 

complete coverage of Ni-Co LDH sheets on the SiO2 spheres. 
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Fig. 5.2.11: FE-SEM images of (a) as prepared SiO2, (b) Ni-Co LDH (Ni2+:Co2+ = 1:2) and (c-

e) SiO2@Ni-Co LDH samples (PM1, PM2, and PM3). 

The FE-SEM images of the NiCo2O4 and SiO2@Ni-Co mixed metal oxide samples (M1, 

M2 and M3), which were obtained after the calcination of corresponding LDHs at 500 

oC, are shown in Figure 5.2.12. All the samples retain their hierarchical flower-like 

morphology after calcination. -Ni(OH)2 and -Co(OH)2 showed petal-like 

morphology, and SiO2@-Ni(OH)2 and SiO2@-Co(OH)2 showed hierarchical flower-

like core-shell morphology. Pure NiO and Co3O4 also showed petal-like morphology as 

that of -Ni(OH)2 and -Co(OH)2. The SEM images of SiO2@NiO and SiO2@Co3O4 

showed core-shell morphology. 
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Fig. 5.2.12: FE-SEM images of (a) NiCo2O4 and (b-d) SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3). 

5.2.3.5 SEM-EDX analysis 

The elemental composition of SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) and 

SiO2@Ni-Co mixed metal oxide samples (M1, M2 and M3) was estimated using energy 

dispersive X-ray analysis (Table 5.2.1). EDX analysis confirms the presence of silicon, 

oxygen, nickel and cobalt in all the SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) 

as well as the SiO2@Ni-Co mixed metal oxide samples (M1, M2 and M3). The SEM-

EDX spectra of SiO2@Ni-Co LDH samples (PM1, PM2 and PM3) are shown in Figure 

5.2.13 and the SEM-EDX spectra of SiO2@Ni-Co mixed metal oxide samples (M1, M2 

and M3) are shown in Figure 5.2.14. 
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Fig. 5.2.13: SEM-EDX spectra of (a) Ni-Co LDH ([Ni2+:Co2+] = 1:2), and (b-d) SiO2@Ni-Co 

LDH samples (PM1, PM2, and PM3). 
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Fig. 5.2.14: SEM-EDX spectra of (a) NiCo2O4, and (b-d) SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3). 
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Table 5.2.1: Elemental composition (At. %) of Si, Ni, Co, and O in SiO2@Ni-Co LDH samples 

and SiO2@Ni-Co mixed metal oxide (MMO) core-shell nanorattles. 

 

5.2.3.6 TEM studies 

In order to understand the structural features further, TEM analysis was carried out for 

SiO2, NiCo2O4 and SiO2@Ni-Co mixed metal oxide samples (M1, M2 and M3) (Figure 

5.2.15). Silica shows uniform spheres with a mean diameter of 310 ± 30 nm. Pure 

NiCo2O4 shows particles with sheet-like morphology. The TEM images of SiO2@Ni-

Co mixed metal oxide samples (M1, M2 and M3) show core-shell nanorattle 

morphology with void space between the SiO2 core and the Ni-Co mixed metal oxide 

shell and the shell is composed of hair-like porous structure. The shell thickness was 

estimated from the TEM images and it is 39 ± 2, 55 ± 2, and 67 ± 3 nm, for samples 

M1, M2, and M3, respectively. The shell thickness of M3 is the largest and that of M1 

the smallest. M1, M2 and M3 samples were prepared by the calcination of 

corresponding SiO2@Ni-Co LDH samples with [Ni2+:Co2+] ratios, 7:3 (PM1), 5:5 

(PM2) and 3:7 (PM3), respectively. Thus, PM3 contains more -Co(OH)2 compared to 

-Ni(OH)2. The rate of dissolution-recrystallization of -Co(OH)2 and -Ni(OH)2 

determines the thickness of the LDH shell on SiO2 [145]. The solubility product of -

Co(OH)2 is higher (Ksp = 5.9 × 10-15) compared to that of -Ni(OH)2 (Ksp = 5.5 × 10-16). 

This leads to more dissolution-recrystallization of -Co(OH)2 on SiO2 in the case of 

PM3 ([Ni2+:Co2+] = 3:7) compared to PM1 and PM2 leading to a thicker shell [146]. 

Sample name 
Atomic percent 

Si Ni Co O 

SiO2 28.0 ± 0.4 - - 57.5 ± 0.4 

Ni-Co LDH ([Ni2+:Co2+] = 1:2) - 9.1 ± 0.5 17.9 ± 0.3 54.5 ± 0.9 

SiO2@Ni-Co LDH (PM1) 17.7 ± 0.5 4.4 ± 0.2 1.4 ± 0.1 61.1 ± 0.8 

SiO2@Ni-Co LDH (PM2) 17.7 ± 0.8 4.5 ± 0.2 4.8 ± 0.3 56.2 ± 0.8 

SiO2@Ni-Co LDH (PM3) 16.3 ± 0.8 2.3 ± 0.1 4.5 ± 0.2 56.6 ± 0.3 

NiCo2O4 - 8.7 ± 0.3 17.8 ± 0.4 35.7 ± 0.4 

SiO2@Ni-Co MMO (M1) 9.6 ± 0.8 4.6 ± 0.1 1.8 ± 0.1 43.8 ± 0.3 

SiO2@Ni-Co MMO (M2) 12.2 ± 0.9 3.3 ± 0.2 3.9 ± 0.2 54.2 ± 0.3 

SiO2@Ni-Co MMO (M3) 12.5 ± 0.3 2.3 ± 0.1 5.1 ± 0.2 55.3 ± 0.2 
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The order of shell thickness follows the order of concentration of Co2+ in the LDH (i.e. 

PM3>PM2>PM1). Calcination of a LDH precursor with thicker shell (PM3) leads to 

the corresponding SiO2@Ni-Co mixed metal oxide (M3) with thicker shell. The void 

space was also estimated and the values are 80-85, 52-57, and 17-21 nm, for samples 

M1, M2, and M3, respectively. The thickness of porous hair-like structures of Ni-Co 

mixed metal oxides is 124 ± 5, 109 ± 3, and 100 ± 8 nm, for M1, M2, and M3, 

respectively. On-going from sample M1 to M3, increment in the shell thickness and 

decrement in the void space between the core and the shell can be noticed.  

 

Fig. 5.2.15: TEM images of (a) SiO2, (b) NiCo2O4 and (c-e) SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3). 
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SAED patterns of pure NiCo2O4 and SiO2@Ni-Co mixed metal oxide samples (M1, M2 

and M3) are shown in Figure 5.2.16. The SAED pattern of pure NiCo2O4 shows spot 

pattern with well-defined rings while SiO2@Ni-Co mixed metal oxide samples show 

ring patterns which suggest polycrystalline nature of the Ni-Co mixed metal oxides on 

the SiO2 spheres. The SAED pattern of NiCo2O4 could be indexed to (220), (311), (400), 

(511), and (440) planes of cubic NiCo2O4. The SiO2@Ni-Co mixed metal oxide (M1) 

shows (311) plane due to Co3O4 and (200) and (220) planes due to NiO. The SiO2@Ni-

Co mixed metal oxide (M2) shows (311) and (440) planes due to NiCo2O4 and (200) 

plane due to NiO. The SiO2@Ni-Co mixed metal oxide (M3) shows (311) and (440) 

planes attributed to Co3O4/NiCo2O4 [147]. Pure NiCo2O4 shows stronger electron 

diffraction pattern compared to that of SiO2@Ni-Co mixed metal oxides which indicate 

less crystalline nature of the Ni-Co mixed metal oxide nanoparticles on the SiO2 spheres. 

 

Fig. 5.2.16: SAED patterns of (a) NiCo2O4 and (b-d) SiO2@Ni-Co mixed metal oxide samples 

(M1, M2, and M3, respectively). 
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5.2.3.7 BET surface area analysis 

The specific surface area of SiO2, NiCo2O4 and the SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3) were determined using Brunauer-Emmett-Teller (BET) 

measurements using nitrogen physisorption. The surface area values of SiO2 and 

NiCo2O4 are 34.2 and 95.4 m2/g, respectively. The SiO2@Ni-Co mixed metal oxide 

samples (M1, M2, and M3) possess surface area of about 234.5, 223.1, and 218.8 m2/g, 

respectively. The higher surface area of SiO2@Ni-Co mixed metal oxide samples is 

attributed to their nanorattle structure and also the porous hair-like structure of the shell 

on the surface of SiO2 spheres. 

5.2.3.8 UV-Visible diffuse reflectance spectroscopy (DRS) studies 

The optical properties of pure Ni-Co mixed metal oxides, and the SiO2@Ni-Co mixed 

metal oxide core-shell nanorattles (M1, M2 and M3) were studied using UV-Vis diffuse 

reflectance spectroscopy (DRS) and the DRS results are shown in Figure 5.2.17. The 

band gap energy of the samples was calculated using the equation, 𝐸𝑔 = 1240 𝜆 (𝑛𝑚)⁄  

[148]. In the structure of NiCo2O4, divalent Co2+ (eg
4t2g

3) cations occupy the tetrahedral 

sites while the trivalent Co3+ (t2g
6) and Ni3+ (t2g

6eg
1) ions are located in the octahedral 

sites [149]. In the band structure of NiCo2O4, 2p orbitals of oxygen constitute the 

valence band and 3d orbitals of Ni or Co ions constitute the conduction band [150]. In 

NiCo2O4, two direct band gap transitions are possible, i.e. one transition from 2p orbital 

of oxygen to 3d-eg of cobalt or nickel ions and the other from 2p orbital of oxygen to 

3d-t2g of cobalt or nickel ions [150]. 

The bulk band gap of NiO and Co3O4 are 3.9 eV and 2.19 eV, respectively. Pure mixed 

metal oxide sample prepared using [Ni2+:Co2+] = 7:3 shows a strong band gap absorption 

edge at about 360 nm (3.45 eV) due to NiO nanoparticles and another absorption band 

edge at about 575 nm (2.16 eV) attributed to Co3O4 nanoparticles. The red shift in the 

band gap absorption of NiO can be attributed to the presence of defects in the 

intergranular regions. The other pure mixed metal oxide samples ([Ni2+:Co2+] = 5:5 and 

3:7) show absorption band edge at about 350 nm (3.54 eV) and 580 nm (2.14 eV) which 

are attributed to O2- → Ni2+ and O2- → Co3+ charge transfer transitions related to direct 

band gap of NiCo2O4. Pure NiCo2O4 shows absorption bands at 377 nm (3.32 eV) and 

585 nm (2.12 eV). The band gap values of bulk NiCo2O4 are 1.97 and 3.40 eV [150]. 
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The SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1, M2, and M3) show 

absorption bands at 364 nm and 608 nm for M1, and 350 nm and 575 nm for M2 and 

M3. The SiO2@Ni-Co mixed metal oxide (M1) possesses band gap energies of 2.04 and 

3.41 eV due to Co3O4 nanoparticles and NiO nanoparticles, respectively. The SiO2@Ni-

Co mixed metal oxide samples (M2 and M3) possess band gap energies of 2.16 and 3.54 

eV related to direct band gap transitions of NiCo2O4. Sample M1 exhibits red shift with 

respect to bulk NiO and samples M2 and M3 exhibit blue shift with respect to NiCo2O4. 

The red shift in sample M1 is attributed to the presence of defects in the intergranular 

region and blue shift in the band gap energies of samples M2 and M3 are attributed to 

quantum confinement effect and smaller particle size of NiCo2O4 [150,151]. 
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Fig. 5.2.17: UV-Visible DRS spectra of (a) pure Ni-Co mixed metal oxides and (b) 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1, M2, and M3). 

5.2.4 Proposed mechanism for the formation of SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles 

For the formation of SiO2@Ni-Co mixed metal oxide core-shell nanorattles, the following 

mechanism (Scheme 5.2.2), based on adsorption-nucleation-coalescence-anisotropic growth-

self-assembly, is proposed [144]. Urea as a precipitating agent releases slowly OH– ions due to 

its controlled hydrolysis [137]. In the aqueous solution, urea decomposes to produce NH3 and 

CO2. After attaining the optimum temperature (e.g. 85 oC), NH3 readily undergoes hydrolysis 

and produces OH– ions. In the aqueous solution, Co2+ and Ni2+ ions are able to adsorb on the 

surface of silica via electrostatic interaction. Then, the OH– ions readily react with the available 

metal ions on the surface of silica and the nucleation and growth of Ni-Co LDH proceeds on 

the surface of SiO2 based on the coalescence mechanism [126,137]. The formed Ni-Co LDH 

further undergoes Ostwald ripening to produce hierarchical flower-like Ni-Co LDH particles 

on the surface of SiO2. 
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The single ultrathin nanoplatelet of Ni-Co LDH possesses high surface energy and, in order to 

minimize the overall surface energy, the formed ultrathin nanoplatelets of Ni-Co LDH undergo 

coalescence and self-assembly to produce thicker nanoplatelets of Ni-Co LDH. During this 

process, the pH of the solution decreases and Ostwald ripening would dominate leading to 

flower-like hierarchical Ni-Co LDH particles on the surface of SiO2 [144]. In the final step, 

calcination of SiO2@Ni-Co LDHs, in air at 500 oC, leads to the formation of SiO2@Ni-Co 

mixed metal oxide core-shell nanorattles through self-template route while retaining their 

morphology as that of SiO2@Ni-Co LDHs. 

 

Scheme 5.2.2: Proposed mechanism for the formation of SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles. 

To elucidate the formation mechanism of nanorattles further, time dependant TEM 

studies was carried out at different time intervals during the formation of SiO2@Ni-Co 
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LDH (PM1)  (e.g. 2 h, 4 h and 6 h) and SiO2@Ni-Co mixed metal oxide (M1) 

(calcination temperature = 500 oC for 1 h and 3 h) (Figure 5.2.18). In the case of 

SiO2@Ni-Co LDH, up to 2 h, a solid interface is formed between the SiO2 core and the 

Ni-Co LDH shell leading to the formation of SiO2@Ni-Co LDH core-shell structure 

(Figure 5.2.18a). As the reaction proceeds from 2 h to 4 h, the smaller crystallites of Ni-

Co LDH located at the interior region starts dissolving and the hollowing process 

proceeds, which can be explained on the basis of inside-out Ostwald ripening. During 

this process, the loosely packed crystallites of Ni-Co LDH located at the outer region 

act as the nucleation sites for the recrystallization. After 4 h, dissolution of the interior 

crystallites of Ni-Co LDH is observed. At 6 h, the outer Ni-Co LDH crystallite becomes 

larger through recrystallization and forms the compact shell over the SiO2 core which 

creates an interstitial space between the SiO2 core and the Ni-Co LDH shell. Calcination 

of SiO2@Ni-Co LDH at 500 oC for 1 h leads to the formation of SiO2@Ni-Co mixed 

metal oxide core-shell nanorattles with the retention of core-shell nanorattles 

morphology. On further increase of calcination time to 3 h, creation of more interior 

space is observed (Figure 5.2.18b). During the calcination, shrinkage of SiO2 core with 

creation of more interior space is observed. This is attributed to loss of surface hydroxyl 

groups present on SiO2 as well as loss of intercalated water molecules and anions 

(𝑁𝐶𝑂−, and 𝑁𝑂3
−) present in Ni-Co LDH during the conversion of SiO2@Ni-Co LDH 

to SiO2@Ni-Co mixed metal oxide core-shell nanorattles. 
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(a) 

 

(b) 

Fig. 5.2.18: (a) TEM images of SiO2@Ni-Co LDH samples synthesized at 2 h, 4 h and 

6 h and (b) SiO2@Ni-Co mixed metal oxides obtained on calcination of SiO2@Ni-Co 

LDH samples at 500 oC for 1 h and 3 h. 

5.2.5 Conclusions 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles have been successfully 

synthesized through a self-template route and the synthetic method is facile, and 

inexpensive. XRD results confirm the presence of Ni-Co mixed metal oxides (NiO, 

Co3O4, NiCo2O4) in the SiO2@Ni-Co mixed metal oxide core-shell nanorattles. SEM 

results show the deposition of Ni-Co mixed metal oxides on the surface of SiO2 
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microspheres. TEM images provide evidence for the formation of core-shell nanorattles. 

SAED patterns indicate polycrystalline nature of the Ni-Co mixed metal oxides. BET 

surface area results show higher surface area of SiO2@Ni-Co mixed metal oxide 

samples due to the formation of nanorattles. DRS results show band gap absorptions of 

NiO, Co3O4 and NiCo2O4 in SiO2@Ni-Co mixed metal oxide samples. The current 

method can be extended to prepare other mixed metal oxide core-shell nanorattles for 

various multi-functional applications. 
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Core-shell nanoparticles/nanorattles have potential applications in various fields such as 

catalysis [1–3], adsorption [4], peroxidase mimics [5], water splitting [6], supercapacitors [7], 

dye sensitized solar cells [8], energy storage [9], light emitting diodes [10], lithium ion batteries 

[11], sensors [12], gas storage [13], and bio-medicine [14]. In the present study, photocatalytic 

degradation of methylene blue (MB) using ZnO@CdS core-shell nanoparticles (Chapter-3) and 

ZnO@Ag core-shell heteronanostructures (Chapter-4), catalytic reduction of 4-nitrophenol (4-

NP) and methylene blue using Cu2O@Ag polyhedral core-shell nanoparticles (Chapter-4), 

peroxidase-like activity using SiO2@Co3O4 core-shell nanorattles (Chapter-5), and adsorption 

of mixture of rhodamine B (RhB) and methylene blue using SiO2@Ni-Co mixed metal oxide 

core-shell nanorattles (Chapter-5) have been demonstrated. An overview of various 

applications of synthesized core-shell nanoparticles/nanorattles is shown in Scheme 6.1.1. 

Scheme 6.1.1: Various applications of the synthesized core-shell nanoparticles/nanorattles 

explored in the present study. 

The details on the catalytic experimental conditions and results on the above mentioned 

applications have been discussed in separate sections. 
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6.1 Photodegradation of methylene blue using ZnO@CdS core-shell nanoparticles and 

ZnO@Ag core-shell heteronanostructures 

6.1.1 Introduction 

Contamination of our water resources due to discharge of industrial effluents is one of the 

serious environmental issues. Textile, rubber, plastic, paper, cosmetics, leather, food, and 

mineral processing industries release often organic and inorganic wastes into the water sources 

leading to major environmental pollution [15,16]. The discharged industrial waste usually 

contains dyes (e.g. azo-aromatic dyes), which are non-degradable, toxic, carcinogenic, 

mutagenic, and tetratogenic. The industrial waste pose serious threat to aquatic life because of 

reduction in penetration of light which inhibits photosynthesis [17,18]. Removal of industrial 

waste is very important for the environmental safety. Semiconductors (e.g. ZnO, TiO2, SnO2, 

CdS, etc.) have been explored as effective photocatalysts and their band structure possesses a 

filled valence band (VB) and an empty conduction band (CB) [19–22]. Photocatalytic 

degradation of organic compounds usually involves the following steps: (i) when the energy of 

a photon is higher than or equal to the band gap of the semiconductor, electrons are excited 

from the VB to the CB with the creation of equal number of holes in the VB, (ii) the 

photogenerated excitons (electron-hole pairs) are trapped by dissolved oxygen in the aqueous 

solution resulting in the production of reactive oxidizing species (ROS), for example, 𝑂𝐻•, and 

(iii) the ROS attacks and mineralize the adsorbed organic molecules. In a semiconductor, the 

photogenerated excitons easily undergo recombination which decreases the photocatalytic 

activity [18,20,21]. To overcome this limitation, semiconductor based heteronanostructures 

have been developed. Tak et al., Kanchandani et al., and Li et al. have demonstrated 

applications of ZnO@CdS core-shell nanoparticles in environmental remediation such as 

degradation of orange-II, rhodamine B and erichrome black T, respectively [22–24]. Lu et al., 

Zheng et al., Wu et al., and Shan et al. have used ZnO@Ag core-shell heteronanostructures as 

photocatalyst for the degradation of orange-II, methyl orange, rhodamine B, and rhodamine 

6G, respectively [25–28]. Chen et al. and Lin et al. have used ZnO@Ag core-shell 

heteronanostructures as photocatalyst for the degradation of methyl orange, and rhodamine 6G, 

respectively [29,30]. Ren et al. and Sun et al. have used ZnO@Ag core-shell 

heteronanostructures as photocatalyst for the degradation of methylene blue [31,32].  
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In the present study, the synthesized ZnO@CdS core-shell nanoparticles and ZnO@Ag core-

shell heteronanostructures were explored as photocatalysts for the degradation of methylene 

blue in aqueous solutions under sunlight irradiation. 

6.1.2 Experimental details 

The photocatalytic activity of synthesized ZnO@CdS core-shell nanoparticles and ZnO@Ag 

core-shell heteronanostructures was tested under sunlight irradiation and methylene blue was 

chosen as the model dye. The experimental procedure for the photodegradation of methylene 

blue using the ZnO@CdS core-shell nanoparticles and ZnO@Ag core-shell 

heteronanostructures is given in Scheme 6.1.2. 

 

Scheme 6.1.2: Experimental procedure for the photodegradation of methylene blue using 

ZnO@CdS and ZnO@Ag as catalysts. 

All the photocatalytic reactions using ZnO@CdS core-shell nanoparticles were carried 

out under direct sunlight between 12:00 noon and 14:00 pm at IIT Roorkee campus in 

the month of February 2014 when the solar intensity fluctuation was minimal. The 

intensity of sunlight at Roorkee (the latitude and longitude are 29o52׀ N and 77o53׀ E, 

respectively) in the month of February was 166 Watt/m2 [33]. All the photocatalytic 

experiments using the ZnO@Ag core-shell heteronanostructures were carried out 
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between 11:30 am to 13:00 pm in the month of May 2015. The average sunlight intensity 

in the month of May 2015 was 245 Watt/m2 [33]. In a typical photocatalytic experiment, 

about 25 mg of the photocatalyst (ZnO@CdS samples (ZC1, ZC2, and ZC3, see Table 

3.2.1), ZnO@Ag samples (A1, A2 and A3, see Section 4.1.2.2), ZnO nanorods, CdS 

nanoparticles and silver nanoparticles) was dispersed in 100 mL of 1×10-5 M methylene 

blue aqueous solution in a beaker and stirred in dark for about 20 min to achieve 

adsorption-desorption equilibrium. After this, the beaker was kept under exposure of 

sunlight for about 90-120 min. During the photocatalytic experiments, about 5 mL each 

aliquot withdrawn at regular time intervals, centrifuged and the supernatant solutions 

were analyzed using UV-Visible spectroscopy. A blank reaction was also carried out 

without using any catalyst under similar experimental conditions. The percent 

degradation of methylene blue was estimated using the formula, 

% Degradation = (1-𝐶 𝐶𝑜⁄ ) × 100                               (1) 

where Co and C are the concentrations of methylene blue at adsorption equilibrium and 

at irradiation time ‘t’, respectively. 

To understand the mechanism of photodegradation of methylene blue better, and to prove the 

involvement of hydroxyl radicals in the photodegradation in the presence of ZnO@CdS and 

ZnO@Ag as the catalysts, terephthalic acid was used as a probe molecule [34,35]. In a typical 

experiment, 20 mg of the catalyst (ZnO@CdS (ZC3) or ZnO@Ag (A1)) was dispersed in 50 

mL of an aqueous solution of terephthalic acid (5×10-4 M) containing sodium hydroxide (2×10-

3 M). The contents were kept under sunlight for 2 h. During the irradiation, aliquots (5 mL 

each) were taken and analyzed by PL spectroscopy (excitation= 315 nm) at regular intervals (10 

min) after removing the solid residue by centrifuging.  

6.1.3 Results and discussion 

6.1.3.1 Photodegradation of methylene blue using ZnO@CdS core-shell nanoparticles 

The kinetics of methylene blue degradation was studied using ZnO nanorods, CdS 

nanoparticles and ZnO@CdS samples (ZC1, ZC2 and ZC3) and the results are shown in Figure 

6.1.1 (a-e). 
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Fig. 6.1.1: Kinetics of photodegradation of methylene blue using (a) ZnO nanorods, (b) CdS 

nanoparticles, and (c-e) ZnO@CdS samples (ZC1, ZC2 and ZC3, respectively) as the catalysts. 

For more details on the samples, see Table 3.2.1.  

The photodegradation of methylene blue follows pseudo-first-order kinetics which can 

be written as  

                                            ln 𝐶𝑜 𝐶𝑡⁄ = 𝑘𝑡                                              (2) 
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where Co and Ct are the concentrations of methylene blue at time = 0 and time = t, respectively 

and k is the apparent pseudo-first-order rate constant. The ZnO@CdS samples show higher 

photocatalytic activity compared to pure ZnO nanorods and CdS nanoparticles (Figure 6.1.2a). 

The ZnO@CdS samples show linear relationship between ln(Co/Ct) and irradiation time 

(Figure 6.1.2b) which indicates that the photodegradation of methylene blue follows pseudo 

first order kinetics [36,37]. The apparent pseudo first order rate constant (k) for the degradation 

of methylene blue was calculated as 2.72×10-2, 1.96×10-2, 1.33×10-2, 9.43×10-3, and 6.58×10-3 

min-1 for ZC3, ZC2, ZC1, ZnO, and CdS, respectively. Among all the samples, ZC3 shows the 

highest rate constant and the degradation efficiency follows the order: ZC3 > ZC2 > ZC1 > 

ZnO > CdS (Figure 6.1.2c).  

 

Fig. 6.1.2: (a) Comparison of photocatalytic performance of ZnO@CdS samples (ZC1, ZC2 

and ZC3) with pure ZnO nanorods and CdS nanoparticles, (b) plots of ln(Co/Ct) versus 

irradiation time for various photocatalysts and (c) comparison of methylene blue degradation 

efficiencies of ZnO nanorods, CdS nanoparticles, and ZnO@CdS samples. 
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The higher photocatalytic efficiency of ZC3 is attributed to an efficient charge separation and 

good synergistic interaction between ZnO core and CdS shell in this sample. ZC3 consists of 

thicker shell of CdS compared to ZC1 and ZC2, and the increased photocatalytic efficiency of 

ZC3 is attributed to uniform coverage of CdS shell on the ZnO nanorods. The above results 

suggest that the synthesized ZnO@CdS core-shell nanoparticles can be used as good catalyst 

for the degradation of organic pollutants in aqueous solutions under sunlight. 

6.1.3.1.1 Proposed mechanism for the photodegradation of methylene blue using 

ZnO@CdS core-shell nanoparticles 

The possible mechanism for the photodegradation of methylene blue is given in Scheme 6.1.3. 

In type-II semiconductors such as ZnO@CdS, the photogenerated excitons are confined in the 

core and the shell. On illumination of ZnO@CdS samples under sunlight, the photogenerated 

electrons in the conduction band of CdS are transferred to that of ZnO which facilitates the 

charge separation of the electron-hole pairs before they recombine [38]. The conduction band 

of ZnO possesses more electrons and no free holes are available in the valence band of ZnO 

for the recombination. The holes remain in the valence band of CdS and they are not transferred 

to that of ZnO since the valence band of CdS is more cathodic than that of ZnO. The electrons 

in the conduction band of ZnO readily react with the dissolved oxygen in water and produce 

highly reactive superoxide radical anions (𝑂2
•−). The electrons in the conduction band of ZnO 

also react with dissolved oxygen and H+ ions present in the aqueous solution leading to the 

formation of hydroxy radicals (OH•). The active species such as holes (h+) in the valance band 

of CdS, superoxide radical anions (𝑂2
•−) and hydroxyl radicals (OH•) are responsible for the 

photodegradation of methylene blue [24,39,40]. 

                                               𝑍𝑛𝑂@𝐶𝑑𝑆 + ℎ𝜈 → 𝑍𝑛𝑂 (𝑒−) + 𝐶𝑑𝑆 (ℎ+) 

                                                𝑍𝑛𝑂 (𝑒−) + 𝑂2  →  𝑂2
•− + 𝑍𝑛𝑂 

                                                                   𝐻2𝑂 ⇌  𝐻+ +  𝑂𝐻− 

                                             2𝑒− +  𝑂2 +  2𝐻+  →  𝐻2𝑂2 

                                                                  𝐻2𝑂2  →  2𝑂𝐻• 

                                  𝑀𝐵 + 𝑂𝐻• +  𝑂2
•− +  ℎ+  →  𝐶𝑂2 + 𝐻2𝑂 +  𝑆𝑂4

2− +  𝑁𝑂3
− +  𝐶𝑙− 

Scheme 6.1.3: Proposed mechanism for the photodegradation of methylene blue using 

ZnO@CdS core-shell nanoparticles as the catalyst. 
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6.1.3.2 Photodegradation of methylene blue using ZnO@Ag core-shell 

heteronanostructures 

The photocatalytic activity of the ZnO@Ag core-shell heteronanostructures (A1, A2 

and A3) was explored towards the photodegradation of methylene blue in an aqueous 

solution under sunlight and the kinetic results are shown in Figure 6.1.3. The results 

indicate that ZnO@Ag core-shell heteronanostructures possess higher photodegradation 

efficiency as compared to pristine ZnO nanorods and pure silver nanoparticles. 

Photodegradation of methylene blue in the absence of any catalyst under sunlight was 

also tested and the results indicated only a marginal degradation of methylene blue. The 

deposition of silver nanoparticles on the ZnO nanorods enhances the degradation of 

methylene blue. The degradation of methylene blue by the ZnO@Ag core-shell 

heteronanostructures follows pseudo-first-order kinetics as indicated by a linear 

relationship between ln(Co/Ct) and irradiation time. The apparent pseudo-first-order rate 

constant (k) was calculated from the slope of the plot between ln(Co⁄Ct) versus time ‘t’. 

The estimated apparent pseudo-first-order rate constant (k) values for the degradation of 

methylene blue are 0.041, 0.025, 0.024, 0.014, and 0.010 min-1 for the ZnO/Ag samples 

A1, A2, A3, pure ZnO nanorods and silver nanoparticles, respectively. The order of 

degradation efficiency of photocatalysts is A1 > A2 > A3 > ZnO > Ag. The higher 

degradation efficiency of ZnO@Ag core-shell heteronanostructures as compared to 

pristine ZnO and silver nanoparticles is due to the fact that the silver nanoparticles 

present on the surface of ZnO nanorods act as electron sink and provide sites for the 

accumulation of photogenerated electrons with an efficient charge separation of 

photogenerated electrons and holes. 
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Fig. 6.1.3: (a) Photodegradation of methylene blue using ZnO nanorods, silver nanoparticles, 

and ZnO@Ag core-shell heteronanostructures (A1, A2, and A3), (b) comparison of kinetics of 

photocatalytic activity of ZnO@Ag core-shell heteronanostructures (A1, A2, and A3) with 

ZnO nanorods and silver nanoparticles, (c) plots between ln(Co/Ct) versus irradiation time 

using different photocatalysts, and (d) comparison of methylene blue degradation efficiency 

using ZnO nanorods, silver nanoparticles and ZnO@Ag core-shell heteronanostructures. For 

more details on the samples, see Section 4.1.2.2. 

Li et al. have evaluated the photocatalytic activity of the ZnO@Ag samples using 12 mg 

of the catalyst in 40 mL of the methylene blue (10 ppm) aqueous solution, under visible 

light for 150 min with the first order rate constant (k) of 1.02×10-2 min-1
 [41]. Ren et al. 

have investigated photocatalytic activity of ZnO@Ag films (1 cm × 2 cm) placed in 15 

mL of methylene blue (2 mg/L) aqueous solution, irradiated in presence of UV light for 

about 90 min [29] and they found that the first order rate constant (k) was about 7.63×10-

3 min-1. Sun et al. have examined photocatalytic activity of ZnO@Ag samples using 50 

mL of the methylene blue (20 mg/L) aqueous solution and 50 mg of the sample [32]. 

The aqueous solution was irradiated in the presence of UV light and they have reported 
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that complete degradation of methylene blue takes place in 2 h. Saravanan et al. have 

studied photocatalytic activity of ZnO@Ag samples using 500 mL of 3 × 10-5 M 

methylene blue aqueous solution [42]. The solution was irradiated under visible light 

for 2 h and they have reported a first order rate constant (k) of 3.66×10-4 min-1. In the 

present study, 25 mg of ZnO@Ag sample was dispersed in 100 mL of 1×10-5 M 

methylene blue aqueous solution and the solution was irradiated under sunlight for about 

90 min and the first order rate constant (k) is 4.10×10-2  min-1. The synthesized ZnO@Ag 

heteronanostructures show higher rate constant (k) for the degradation of methylene blue 

as compared to the previous reports. 

6.1.3.2.1 Proposed mechanism for the photodegradation of methylene blue using 

ZnO@Ag core-shell heteronanostructures 

The proposed mechanism for the photodegradation of methylene blue by ZnO@Ag is 

shown in Scheme 6.1.4 [26,27]. On illumination with sunlight, electrons (𝑒−) in the 

valence band of ZnO are excited to the conduction band of ZnO which leaves the same 

amount of photogenerated holes (ℎ+) in the valence band. The energy of bottom of the 

conduction band of ZnO is higher than the Fermi energy of the ZnO@Ag core-shell 

heteronanostructures and the electrons in the conduction band of ZnO transfer to the 

silver nanoparticles. Silver acts as an electron sink which promotes interfacial charge-

transfer and reduces the recombination of photogenerated electron-hole pairs. The 

electrons present on the surface of silver nanoparticles are trapped by dissolved oxygen 

in the aqueous solution and produce superoxide radical anions (𝑂2
•−). The 

photogenerated holes in the valence band of ZnO are easily trapped by 𝐻2𝑂 and 𝑂𝐻−and 

hydroxyl radicals (𝑂𝐻•) are produced. The active species such as holes (ℎ+), superoxide 

radical anions (𝑂2
•−), and hydroxyl radicals (𝑂𝐻•) are responsible for the mineralization 

of methylene blue [26–28]. Pure Ag nanoparticles show considerable photocatalytic 

activity for the degradation of methylene blue and the suggested mechanism for the 

ability of naked silver nanoparticles in the photocatalytic degradation is as follows. On 

illumination with sun light, silver strongly absorbs the incident light through surface 

plasmon resonance (SPR) and the 5sp band electrons are excited to higher intraband 

energy levels [43]. The excited methylene blue dye molecules (MB*) inject their 

electrons to the 5sp band of silver nanoparticles via photosensitization. This reduces the 

concentration of holes in the 5sp band with reduction of recombination of excitons [44]. 
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The electrons in the higher intraband energy levels are captured by oxygen with the 

formation of 𝑂2
•− species on the surface of silver nanoparticles. The produced 𝑂2

•− 

species react with H+ and produce reactive species such as 𝐻𝑂2
•  and 𝑂𝐻• which start the 

degradation of methylene blue [44]. The recombination rate of excitons is reduced by 

photosensitization. 

 

Scheme 6.1.4: Proposed band structure and photocatalytic mechanism using ZnO@Ag 

core-shell heteronanostructures as the catalyst [46,47]. 

                                                           𝑍𝑛𝑂 + ℎ𝜈 → 𝑍𝑛𝑂 (𝑒𝐶𝐵
− +  ℎ𝑉𝐵

+ ) 

                                                                       𝐴𝑔 → 𝐴𝑔+ +  𝑒−) 

                                                        𝑒− +  𝑂2  →  𝑂2
•− 

                                                          𝑂2
•− + 𝐻+  →  𝐻𝑂2

• 

                                                       𝐻𝑂2
• +  𝐻𝑂2

•  →  𝐻2𝑂2 + 𝑂2 

                                                        𝐻2𝑂2 + 𝑒−  →  𝑂𝐻• + 𝑂𝐻− 

              𝑀𝐵 + 𝑂𝐻• +  𝑂2
•− +  ℎ+  →  𝐶𝑂2 + 𝐻2𝑂 +  𝑆𝑂4

2− +  𝑁𝑂3
− +  𝐶𝑙− 

The enhanced photocatalytic activity of ZnO@Ag core-shell heteronanostructures as compared 

to pristine ZnO nanorods and silver nanoparticles can be explained based on the 
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photoluminescence results (see Chapter-4, Figure 4.1.13) and the relationship between 

photoluminescence properties and photocatalytic activity is of particular importance [26,29]. 

The observed photoluminescence intensity of the ZnO@Ag core-shell heteronanostructures is 

lower as compared to that of pristine ZnO nanorods. This indicates that the silver nanoparticles 

present on the ZnO nanorods reduce the recombination of electron-hole pairs on the surface of 

ZnO nanorods. Samples A2 and A3 possess larger silver nanoparticles as compared to sample 

A1. On illumination with sunlight, in these samples (A2 and A3), more accumulation of 

electrons on the silver nanoparticles occurs as compared to sample A1. The photogenerated 

holes in valence band of the ZnO are attracted to the electrons present in silver which enhances 

the recombination leading to lower catalytic activity in samples A2 and A3. Also, the larger 

silver nanoparticles present on A2 and A3 reduce the available surface on ZnO for light 

absorption thus lowering its photocatalytic activity. Sample A1 has the optimum amount/size 

of the silver nanoparticles on the ZnO nanorods as compared to samples A2 and A3 which 

leads to an effective separation of photogenerated electron-hole pairs. 

6.1.3.3 Determination of hydroxyl radicals 

Hydroxyl radicals play an important role in the degradation of organic pollutants. To prove the 

production of hydroxyl radicals on the surface of ZnO@CdS (ZC3) and ZnO@Ag (A1) under 

sun light illumination, terephthalic acid (TA) was chosen as the probe molecule [34,35]. On 

sun light irradiation, the hydroxyl radicals produced readily react with terephthalic acid and 

produce highly fluorescent 2-hydroxy terephthalic acid (TAOH), which exhibits an emission 

band at about 425 nm. The measured photoluminescence intensity of hydroxy terepthalic acid 

increases linearly with irradiation time. This suggests that the amount of hydroxyl radicals 

formed on the surface of photocatalysts is proportional to the irradiation time [45,46]. The 

determination of hydroxyl radicals on the surface of ZnO@CdS and ZnO@Ag samples under 

sunlight irradiation is shown in Figure 6.1.4. 
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Fig. 6.1.4: Determination of hydroxyl radicals on the surface of (a) ZnO@CdS (ZC3) 

and (b) ZnO@Ag (A1) samples under sunlight irradiation using photoluminescence 

spectroscopy (exc =315 nm). Insets show the plot of PL intensity versus irradiation time. 
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6.1.3.4 Reusability of ZnO@Ag core-shell heteronanostructures 

The reusability of a photocatalyst explains stability and activity of the catalyst. One of 

the problems associated with ZnO as the photocatalyst is its lower photostability and it 

easily undergoes photoinduced dissolution [32]. The photocorrosion can be expressed 

as follows: 

ZnO + 2ℎ+ → 𝑍𝑛2+ + 1 2⁄ 𝑂2 

Holes in the valence band of ZnO migrate to the solid interface and react with the surface 

oxygen leading to the photocorrosion of ZnO. To test the photocatalytic stability 

(reusability) of the ZnO@Ag core-shell heteronanostructures, sample A1 (the best 

among the ZnO@Ag samples) was chosen and photocatalytic experiments were carried 

out up to 5 cycles (Figure 6.1.5). The efficiency of the sample A1 is reduced only by 3 

% after five cycles indicating good stability and durability of the ZnO@Ag core-shell 

heteronanostructures. On the other hand, the photostability of pristine ZnO nanorods 

drastically decreases due to photocorrosion. These results demonstrate the role of silver 

nanoparticles present on the ZnO nanorods in improving photostability of the ZnO@Ag 

heteronanostructures as compared to pristine ZnO nanorods. 

 

Fig. 6.1.5: The recyclability (photostability) of ZnO@Ag core-shell 

heteronanostructures (sample A1) and ZnO nanorods for the photodegradation of 

methylene blue. 
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6.2 Catalytic reduction of 4-nitrophenol and methylene blue using Cu2O@Ag polyhedral 

core-shell nanoparticles 

6.2.1 Introduction 

Phenolic compounds such as nitrophenols, their derivatives, and organic dyes cause 

most of the water pollution which makes a serious threat to the environment and aquatic 

life [47–49]. 4-nitrophenol is toxic to the environment even at small amounts and 

degradation of 4-nitrophenol is very difficult due to its high stability and solubility in 

water [50]. The reduction product of 4-nitrophenol (i.e. 4-aminophenol) is less harmful 

to the environment compared to 4-nitrophenol and it is more biodegradable [51]. In 

addition, 4-aminophenol is used in various applications such as preparation of 

antipyretic and analgesic drugs, photographic developing, and anticorrosion lubricant 

[50]. The reduction of 4-nitrophenol to 4-aminophenol not only decreases the toxicity 

but also produces an important industrial intermediate. During the catalytic reduction, 

NaBH4 reacts with water and produces hydrogen and sodium metaborate as the by-

product which is less hazardous to the environment [52]. Pang et al. have been used 

Cu2O@Au nanostructures as catalyst for the reduction of 4-nitrophenol [53]. Various 

other core-shell heteronanostructures such as C@Au, Au/-Fe2O3@SiO2, and 

SiO2@Au yolk-shell nanoparticles have been used as the catalysts for the reduction of 

4-nitrophenol [54–56]. Fe3O4@polydopamine-Ag core-shell microspheres, and 

Au@polypyrrole/Fe3O4 hollow capsules have been used as the catalysts for the 

reduction of methylene blue [57,58]. The reduction of 4-nitrophenol and methylene blue 

in aqueous solutions using Cu2O@Ag polyhedral core-shell nanoparticles as the 

catalysts have not been reported yet. In the present study, the reduction of 4-nitrophenol 

to 4-aminophenol and methylene blue to leucomethylene blue were chosen as model 

reactions to evaluate catalytic activity of the Cu2O@Ag polyhedral core-shell 

nanoparticles (C1A to C4A, Chapter 4.2). 

6.2.2 Experimental details 

6.2.2.1 Reduction of 4-nitrophenol to 4-aminophenol 

The experimental procedure for the catalytic reduction of 4-nitrophenol and methylene 

blue using Cu2O@Ag polyhedral core-shell nanoparticles is given in Scheme 6.2.1. In 

a typical catalytic experiment, 100 L of 4-nitrophenol aqueous solution (5 mM) was 
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taken in a quartz cuvette. Then, freshly prepared 1 mL of NaBH4 aqueous solution (0.02 

M) and 2 mL of water were added. Finally, about 50 g of the catalyst (Cu2O polyhedral 

microcrystals, Ag nanoparticles, physical mixture of Cu2O octahedrons with silver 

nanoparticles (wt. % of Ag = 5.1), PVP stabilized silver nanoparticles or Cu2O@Ag 

polyhedral core-shell nanoparticles) was added. The reduction process was monitored 

in situ by UV-Vis spectroscopy using a Shimadzu UV-2450 UV-Visible spectrometer 

in the time course mode at room temperature in the wavelength range 200-800 nm. 

6.2.2.2 Reduction of methylene blue to leucomethylene blue 

About 3 mL of methylene blue aqueous solution (6×10-5 M) was taken in a quartz cuvette. 

Then, freshly prepared 0.3 mL of NaBH4 aqueous solution (0.02 M) and 100 g of the catalyst 

were added. The methylene blue reduction was monitored in situ using the UV-Visible 

spectrometer in the time course mode at room temperature in the wavelength range 200-800 

nm.  

 

(a) 

 

(b) 

Scheme 6.2.1: Experimental procedure for the catalytic reduction of (a) 4-nitrophenol and (b) 

methylene blue. 
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6.2.3 Results and discussion 

6.2.3.1 Catalytic reduction of 4-nitrophenol to 4-aminophenol 

The reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH4 over noble 

metal nanoparticles supported on various materials has been well studied [47,48,59]. 

The end product, i.e. 4-aminophenol is used in various applications [54]. An aqueous 

solution of 4-nitrophenol shows an UV-Visible absorbance band at 317 nm and upon 

the addition of freshly prepared NaBH4, the absorbance maximum is red shifted to 400 

nm due to the formation of 4-nitrophenolate ion [54,55]. In the present study, the 

reduction of 4-nitrophenol to 4-aminophenol was carried out using different Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A to C4A), pure Cu2O microcrystals (C1 to C4), 

silver nanoparticles, physical mixture of Cu2O octahedrons with silver nanoparticles 

(Ag wt. % = 5.1), and PVP stabilized silver nanoparticles. The UV-Visible spectral 

results indicating the reduction of 4-nitrophenol to 4-aminophenol using the Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A to C4A) as the catalysts in the presence of 

NaBH4 are shown in Figure 6.2.1 (a-d). The UV-Visible spectral results for the reduction 

of 4-nitrophenol using Cu2O microcrystals (C1 to C4), pure silver nanoparticles, 

physical mixture of Cu2O (C4) and silver nanoparticles, and PVP stabilized silver 

nanoparticles are shown in Figure 6.2.2 (a-g). The spectral results show the 

disappearance of the band at 400 nm due to 4-nitrophenolate ion and the appearance of 

a new absorption band at 295 nm which confirms the formation of 4-AP [53]. 
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Fig. 6.2.1: (a-d) Catalytic reduction of 4-nitrophenol using Cu2O@Ag polyhedral core-

shell nanoparticles (C1A, C2A, C3A, and C4A). For more details on the samples, see 

Section 4.2.2.2. 
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Fig. 6.2.2: (a-d) Catalytic reduction of 4-nitrophenol using pure Cu2O microcrystals 

(C1, C2, C3, and C4), (e) silver nanoparticles, (f) physical mixture of Cu2O (C4) and 

silver nanoparticles, and (g) PVP stabilized silver nanoparticles. 

To understand the catalytic behavior better, kinetic studies for the reduction of 4-NP to 

4-AP were carried out and the results are shown in Figure 6.2.3a using Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A to C4A) as the catalyst. The kinetics results 

for the reduction of 4-NP to 4-AP using pure Cu2O microcrystals (C1 to C4), silver 

nanoparticles, physical mixture of Cu2O (C4) and silver nanoparticles, and PVP 

stabilized silver nanoparticles as the catalysts are shown in Figure 6.2.3b. The 

Cu2O@Ag polyhedral core-shell nanoparticles exhibit complete reduction of 4-NP to 4-

AP within 6-13 min. Whereas pure Cu2O microcrystals show the reduction in 13-22 

min, pure silver nanoparticles in about 1 h, physical mixture exhibit the reduction in 

about 15 min, and PVP stabilized silver nanoparticles in about 64 min. The kinetic 

studies show that the reduction of 4-NP follows pseudo first order kinetics [54,60]. The 
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plots of ln(Co/Ct) versus time indicating linear relationship for all the Cu2O@Ag 

polyhedral core-shell nanoparticles are shown in Figure 6.2.3c and for pure Cu2O 

microcrystals, silver nanoparticles, physical mixture of Cu2O (C4) and silver 

nanoparticles, and PVP stabilized silver nanoparticles, the plots are shown in Figure 

6.2.3d. The apparent rate constant (kapp) calculated from the slope of the plots was found 

to be 5.28 × 10-3, 7.26 × 10-3, 1.14 × 10-2, and 1.48 × 10-2 sec-1 for Cu2O@Ag polyhedral 

core-shell nanoparticles C1A, C2A, C3A, and C4A, respectively. The kapp was 3.35 × 

10-3, 4.46 × 10-3, 6.31 × 10-3, 7.28 × 10-3, 5.29 × 10-3, 1.43 × 10-3, 1.24 × 10-3 sec-1 for 

the pure Cu2O microcrystals C1, C2, C3, C4, physical mixture of Cu2O (C4) and silver 

nanoparticles, silver nanoparticles, and PVP stabilized silver nanoparticles, 

respectively. The Cu2O@Ag polyhedral core-shell nanoparticles possess higher kapp 

indicating higher catalytic activity compared to pure Cu2O microcrystals, silver 

nanoparticles, physical mixture of Cu2O and silver nanoparticles, and PVP stabilized 

nanoparticles. 

 

Fig. 6.2.3: Comparison of catalytic reduction of 4-nitrophenol using (a) various Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A, C2A, C3A, and C4A), (b) Cu2O microcrystals (C1, 

C2, C3, and C4), silver nanoparticles, physical mixture of Cu2O and silver nanoparticles, and 
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PVP stabilized silver nanoparticles, and (c) ln(Co/Ct) vs. time plots using different Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A, C2A, C3A, and C4A), (d) ln(Co/Ct) vs. time plots 

using different Cu2O microcrystals (C1, C2, C3, and C4), silver nanoparticles, physical mixture 

of Cu2O and silver nanoparticles, and PVP stabilized silver nanoparticles. The solid lines are 

the fits obtained using pseudo-first order kinetics model. 

To compare catalytic activity of the catalysts, investigated in the present study, towards 

the reduction of 4-nitrophenol with the reported literature, the turnover frequency (TOF) 

and activity parameter (kact) were calculated [47,48,54–56,59,60]. Turnover frequency 

(TOF) is defined as number of moles of 4-NP reduced per mole of silver per hour 

[56,61]. The TOF values were 49.2, 45.8, 94.8, and 211.5 h-1 for the Cu2O@Ag 

polyhedral core-shell nanoparticles C1A, C2A, C3A, and C4A, respectively. kact is 

defined as ratio of kapp to weight of the active sites of silver [48,55]. The amount of 

active silver sites was estimated from the weight percent of silver in Cu2O@Ag 

polyhedral core-shell nanoparticles, as observed by the EDX analysis. The kact was 

estimated to be 1.039 × 103, 1.125 × 103, 2.326 × 103, and 5.725 × 103 s-1g-1 for the 

Cu2O@Ag polyhedral core-shell nanoparticles, C1A, C2A, C3A, and C4A, 

respectively. A comparison of TOF and kact values for various noble metal nanoparticles 

supported on various materials as the catalysts with the values observed for the catalysts, 

investigated in the present study, is given in Table 6.2.1. As compared to the reported 

values, Cu2O@Ag polyhedral core-shell nanoparticle sample C4A shows higher TOF 

and kact values indicating better activity compared to the reported catalysts towards the 

reduction of 4-nitrophenol.
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Table 6.2.1: Turnover frequency and kcat values for the reduction of 4-nitrophenol using various catalysts along with that for Cu2O@Ag 

samples. 

 

Catalyst Amount of 
catalyst 

(mg) 

Metal 
loading 
(Wt. %) 

Concentra
-tion of 

4-NP(M) 

Time required 
for complete 

reduction (sec) 

kapp 

(sec-1) 
(× 10-2) 

TOF 
(h-1) 

kcat 
(s-1g-1) 
(× 103) 

Reference 

CNFs@Au 0.10 22.68 3.6 × 10-6 300 0.542 - 0.0542 [54] 

Au/-Fe2O3@SiO2@KCC-1 0.20 4.63 3.0 × 10-7 370 1.450 - 1.5660 [55] 

Ni@Au/KCC-1 0.30 9.10 3.0 × 10-7 580 0.830 - 0.3070 [48] 

Pd-Au@ MWCNT 0.02 46.70 2.0 × 10-7 960 0.181 - 0.0205 [59] 

Au@meso SiO2 0.40 - 2.0 × 10-7 900 - 38.0 - [56] 

TiO2@Au 0.60 1.97 3.0 × 10-7 960 0.406 58.8 - [47] 

TiO2@GO@Au 0.04 63.80 7.4 × 10-5 90 0.450 126.0 - [60] 

Ag(seed)-SiO2 (p-TSA-) 0.45 9.90 9.0 × 10-7 600 0.248 186.0 - [61] 

Cu2O@Ag (C1A) 0.05 10.12 5.0 × 10-7 780 0.525 49.2 1.039 
Present 

work 

Cu2O@Ag (C2A) 0.05 12.87 5.0 × 10-7 660 0.726 45.8 1.1250 “ 

Cu2O@Ag (C3A) 0.05 9.77 5.0 × 10-7 420 1.14 94.8 2.3260 “ 

Cu2O@Ag (C4A) 0.05 5.13 5.0 × 10-7 360 1.46 211.5 5.7250 “ 

Physical mixture of Cu2O 

(C4) and Ag nanoparticles 
0.05 5.13 5.0 × 10-7 900 0.529 84.4 2.0623 “ 

PVP stabilized Ag NPs 0.05 5.13 5.0 × 10-7 3840 0.124 19.7 0.4829 “ 
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6.2.3.2 Catalytic reduction of methylene blue to leucomethylene blue 

The higher catalytic activity of Cu2O@Ag polyhedral core-shell nanoparticles towards 

the reduction of 4-nitrophenol prompted an opportunity to investigate another catalytic 

reduction; the reduction of methylene blue to leucomethylene blue in the presence of 

NaBH4 in an aqueous solution. An aqueous solution of methylene blue shows an UV-

Visible absorption band at 655 nm and upon addition of the catalyst in the presence of 

NaBH4, the absorbance approaches zero as a function of time due to the formation of 

colorless leucomethylene blue [57,61]. Figure 6.2.4 (a-d) show the reduction of 

methylene blue in an aqueous solution using Cu2O@Ag polyhedral core-shell 

nanoparticles (C1A to C4A) as the catalyst in the presence of NaBH4. The UV-Visible 

spectral results for the reduction of methylene blue using pure Cu2O microcrystals (C1 

to C4), silver nanoparticles, physical mixture of Cu2O (C4) and silver nanoparticles, and 

PVP stabilized silver nanoparticles are shown in Figure 6.2.5 (a-g). 

 

Fig. 6.2.4: (a-d) Catalytic reduction of methylene blue using Cu2O@Ag polyhedral core-shell 

nanoparticles (C1A, C2A, C3A, and C4A). 
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Fig. 6.2.5: (a-d) Catalytic reduction of methylene blue using Cu2O microcrystals (C1, C2, C3, 

and C4), (e) silver nanoparticles, (f) physical mixture of Cu2O (C4) and silver nanoparticles, 

and (g) PVP stabilized silver nanoparticles. 

To understand the catalytic activity of Cu2O@Ag polyhedral core-shell nanoparticles 

(C1A to C4A) towards the reduction of methylene blue, kinetic experiments were 

carried out and the results are shown in Figure 6.2.6a. No induction period is observed 

for the Cu2O@Ag polyhedral core-shell nanoparticle samples C3A and C4A whereas 

an induction period is about 3-4 min is observed for the samples C1A and C2A. The 

kinetic results for the reduction of methylene blue using pure Cu2O microcrystals (C1 

to C4), silver nanoparticles, physical mixture of Cu2O (C4) and silver nanoparticles, and 

PVP stabilized silver nanoparticles are shown in Figure 6.2.6b; induction period is 

observed in all the cases. The Cu2O polyhedral microcrystals show an induction period 

of 5-7 min whereas silver nanoparticles and physical mixture of Cu2O and silver 

nanoparticles show an induction period of about 8 min and 5 min, respectively. The PVP 
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stabilized silver nanoparticles show an induction period of about 12 min. The Cu2O@Ag 

polyhedral core-shell nanoparticles exhibit complete reduction of methylene blue to 

leucomethylene blue within 5-9 min. Whereas, pure Cu2O microcrystals exhibit the 

reduction in 11-16 min, pure silver nanoparticles show complete reduction in about 20 

min, physical mixture of Cu2O and silver nanoparticles completes the reduction in 15 

min, and PVP stabilized silver nanoparticles show complete reduction in 23 mins. The 

observed results are in accordance with reported results on the catalytic reduction of 

methylene blue using Au@polypyrrole /Fe3O4 hollow capsules, and silver supported on 

silica spheres [58,62]. 

The plots between ln(Co/Ct) and time show linear relationship (Figure 6.2.6c) for the 

Cu2O@Ag polyhedral core-shell nanoparticles (C1A to C4A) indicating that the 

reduction of methylene blue follows pseudo first order kinetics [61,63]. The kapp, 

calculated from the slope of the plots, was 1.36 × 10-2, 1.48 × 10-2, 1.54 × 10-2, and 1.88 

× 10-2 sec-1 for the Cu2O@Ag polyhedral core-shell nanoparticles C1A, C2A, C3A, and 

C4A, respectively. The plots of ln(Co/Ct) versus time using pure Cu2O microcrystals, 

silver nanoparticles, physical mixture of Cu2O and silver nanoparticles and PVP 

stabilized silver nanoparticles as the catalysts are shown in Figure 6.2.6d. The kapp values 

for pure Cu2O microcrystals (C1, C2, C3, and C4), physical mixture of Cu2O and silver 

nanoparticles, silver nanoparticles, and PVP stabilized silver nanoparticles was 6.13 × 

10-3, 6.58 × 10-3, 7.80 × 10-3, 9.68 × 10-3, 9.28 × 10-3, 5.62 × 10-3, and 5.21 ×     10-3 sec-

1, respectively. The Cu2O@Ag polyhedral core-shell nanoparticles show higher kapp than 

pure Cu2O microcrystals, silver nanoparticles, the physical mixture of Cu2O and silver 

nanoparticles, and PVP stabilized silver nanoparticles. The catalytic activity of 

Cu2O@Ag polyhedral core-shell nanoparticles was compared with the reported 

literature values (Table 6.2.2). The higher kapp for Cu2O@Ag sample C4A indicates 

higher catalytic activity towards the reduction of methylene blue compared to the 

reported catalysts. 
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Fig. 6.2.6: Comparison of catalytic reduction of methylene blue using (a) Cu2O@Ag 

polyhedral core-shell nanoparticles (C1A, C2A, C3A, and C4A), (b) Cu2O 

microcrystals (C1, C2, C3, and C4), silver nanoparticles, physical mixture of Cu2O and 

silver nanoparticles, and PVP stabilized silver nanoparticles, (c) ln(Co/Ct) vs. time plots 

using different Cu2O@Ag polyhedral core-shell nanoparticles (C1A, C2A, C3A, and 

C4A), (d) ln(Co/Ct) vs. time plots using different Cu2O microcrystals (C1, C2, C3, and 

C4), silver nanoparticles, physical mixture of Cu2O and silver nanoparticles, and PVP 

stabilized silver nanoparticles. The solid lines are the fits using pseudo-first order 

kinetics model.
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Table 6.2.2: Apparent rate constant (kapp) values for the reduction of methylene blue using various catalysts along with that for Cu2O@Ag 

samples. 

 

Catalyst 
Concentration of MB 

(M) 
Amount of 

catalyst (mg) 
Required time for 

complete reduction (s) 
kapp 
(s-1) 

Reference 

Fe3O4@PDA-Ag 1.3 × 10-4 1.50 540 7.16 × 10-3 [57] 

Au@PPY@Fe3O4 7.5 × 10-5 0.20 1200 4.43 × 10-3 [58] 

Ag(E)-SiO2 5.0 × 10-4 0.75 600 1.34 × 10-2 [61] 

Ag/Fe3O4@C 6.0 × 10-5 1.50 240 1.71 × 10-2 [63] 

Cu2O@Ag (C1A) 6.0 × 10-5 0.10 540 1.36 × 10-2 Present work 

Cu2O@Ag (C2A) 6.0 × 10-5 0.10 480 1.48 × 10-2 “ 

Cu2O@Ag (C3A) 6.0 × 10-5 0.10 360 1.54 × 10-2 “ 

Cu2O@Ag (C4A) 6.0 × 10-5 0.10 300 1.88 × 10-2 “ 

Physical mixture of Cu2O 

(C4) and Ag nanoparticles 
6.0 × 10-5 0.10 660 9.28 × 10-3 “ 

PVP stabilized Ag NPs 6.0 × 10-5 0.10 1380 5.21 × 10-3 “ 
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6.2.4 Mechanism of reduction of 4-nitrophenol and methylene blue using Cu2O@Ag 

polyhedral core-shell nanoparticles 

The mechanism of catalytic reduction of 4-nitrophenol and methylene blue using 

Cu2O@Ag polyhedral core-shell nanoparticles as the catalysts is shown in Scheme 

6.2.2. The catalytic reduction reactions can be explained on the basis of two 

mechanisms; electrochemical mechanism and chemisorption [55,61]. In the 

electrochemical mechanism, the catalyst (Cu2O@Ag polyhedral core-shell 

nanoparticles) acts as an electron relay for the oxidant as well as the reductant and the 

electron transfer is facilitated by the supported silver nanoparticles [61]. 4-nitrophenol 

and methylene blue act as electrophiles (electron acceptor) while 𝐵𝐻4
− acts as a 

nucleophile (electron donor) [61,64]. In the chemisorption mechanism, the nucleophile 

adsorbs on Cu2O@Ag and the electrophile co-adsorbs simultaneously on the surface of 

supported silver nanoparticles. The nucleophile (i.e. 𝐵𝐻4
−) donates electrons to the 

electrophile (4-NP or MB) via the supported silver nanoparticles and the reduction 

proceeds [54,61]. The aqueous medium offers the required H+ ions to complete the 

reduction of 4-NP to 4-AP (or MB to LMB) [65]. The higher catalytic activity of 

Cu2O@Ag polyhedral core-shell nanoparticles as compared to pure Cu2O microcrystals, 

and silver nanoparticles is explained as follows. 

The electron relay in a catalytic reduction occurs on surface of the catalyst and the 

electron transfer ability depends on the particle size, stability as well as surface area of 

the catalyst [64,66]. The lower catalytic activity of pure Cu2O microcrystals is attributed 

to low electron density as well as lower surface area as compared to that of Cu2O@Ag 

polyhedral core-shell nanoparticles. In the catalytic reduction of rose bengal, methylene 

blue and eosin, Jiang et al. have attributed the lower catalytic activity and induction time 

of pure silver nanoparticles (as compared to supported silver nanoparticles) to the 

formation of silver aggregates in the aqueous solution which reduces the potential 

difference between the electrophiles and silver nanoparticles [64]. In the present study, 

it is proposed that aggregation of pure silver nanoparticles occurs in the aqueous 

solution. Due to aggregation, the particle size of Ag increases, which reduces the 

potential difference between the electrophile (4-NP or MB) and silver particles. This 

results in lower catalytic activity in both the reduction reactions [64,66]. The Cu2O@Ag 

polyhedral core-shell nanoparticles possess marginally higher surface area compared to 
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Cu2O microcrystals (see Chapter-4, Table 4.2.2) indicating the presence of higher 

number of reactive sites for the adsorption of electrophiles and nucleophiles. Further, 

the immobilization of silver nanoparticles on the surface prevents aggregation and 

increase in the stability of silver nanoparticles on the surface of Cu2O microcrystals. 

The smaller silver nanoparticles present on Cu2O@Ag polyhedral core-shell 

nanoparticles create a larger potential difference between them and the electrophile and 

fast electron transfer occurs [64,66]. Also, the electron density in the Cu2O@Ag 

polyhedral core-shell nanoparticles is higher compared to pure Cu2O microcrystals. The 

higher surface area and high electron density facilitates the electron transfer between 4-

NP/MB and the supported silver nanoparticles which enables a fast reduction process 

[64,66]. Due to these reasons, either lower induction period or no induction period is 

observed in the case of reduction of MB where Cu2O@Ag polyhedral core-shell 

nanoparticles are used as the catalysts. In the case of Cu2O@Ag polyhedral core-shell 

nanoparticles, catalytic reduction occurs on the surface of Ag nanoparticles. The 

catalytic activity is primarily dependent on number of available active metal sites on the 

surface of catalyst. Depositing small amount of Ag nanoparticles on Cu2O results in 

incomplete deposition of Ag nanoparticles on the Cu2O polyhedral microcrystals. 

Growing thicker layer of Ag on Cu2O leads to the formation of Cu2O@Ag polyhedral 

core-shell particles which are more effective for the catalytic reduction because they 

provide more number of silver sites during the catalytic reduction as compared to 

partially covered Ag nanoparticles on the surface of Cu2O. 

 

Scheme 6.2.2: Proposed mechanism for the catalytic reduction of 4-nitrophenol and 

methylene blue by Cu2O@Ag polyhedral core-shell nanoparticles. 
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6.2.5 Reusability and stability of Cu2O@Ag polyhedral core-shell nanoparticles 

In the case of practical applications, reusability of the catalysts is very important 

[57,58,61]. The reusability studies for the best catalyst Cu2O@Ag (C4A) was carried 

out upto five cycles. After the catalytic reduction, the catalyst was separated from the 

reaction flask through centrifugation and washed several times with water and the 

catalyst was reused for the next five cycles. The reusability of the catalyst was monitored 

using UV-Visible spectroscopy and the results are shown in Figure 6.2.7 (a, b). The 

corresponding percent reduction of 4-NP/MB using the catalyst up to five cycles are 

shown in Figure 6.2.7 (c, d). In the catalytic reduction of 4-NP and MB, about 2 % and 

3 % decrease, respectively, in the catalytic activity is observed after five cycles which 

indicates higher stability and applicability of the Cu2O@Ag polyhedral core-shell 

nanoparticles for practical applications. 

 

Fig. 6.2.7: (a, b) UV-Visible spectra indicating 4-nitrophenol and methylene blue 

reduction using Cu2O@Ag polyhedral core-shell nanoparticle sample C4A up to five 

cycles, and (c, d) percent reduction of 4-nitrophenol and methylene blue using C4A up 

to five cycles. 
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6.3 Peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles 

6.3.1 Introduction 

In recent times, scientists are paying increasing attention towards the use of metal oxide 

nanoparticles in various biological applications due to their versatility, sensitivity, stability, etc 

[67–74]. Enzymes are typically proteins that catalyze bio-chemical reactions in cellular 

metabolic processes and they enhance rate of the reactions [75,76]. Horseradish peroxidase 

(HRP) is a natural peroxidase enzyme which is extracted from plants and it catalyzes 

decomposition of peroxides and oxidation of various substrates [77]. HRP is expensive, 

difficult to store, and it easily becomes inactive. Scientists have an immense interest to develop 

artificial enzymes (mimics) due to inherent drawbacks of the natural enzymes; they have a 

tendency to undergo denaturation under environmental conditions with low stability, and low 

redox activity [75,78]. Nanomaterials based enzyme mimics have the advantage of higher 

stability under harsh conditions, low cost, tunable catalytic activity and they can be potentially 

useful in different fields of biology. 

Very less attention has been paid towards the use of metal oxide nanoparticles in 

biological applications. For example, Mu et al. have reported peroxidase-like activity 

for Co3O4 nanoparticles and, recently, they have also studied the effect of crystal plane 

of Co3O4 on the peroxidase-like activity [78,79]. Gao et al. have reported that Fe3O4 

nanoparticles possess intrinsic peroxidase-like activity [80]. In addition to Fe3O4 and 

Co3O4 nanoparticles, other systems such as graphene supported Au-Pd bimetallic core-

shell nanoparticles [81], Au nanoparticles on citrate-functionalized graphene sheets 

[82], Co-Al layered double hydroxides [83], porous platinum nanotubes [84], CuS-

graphene nanosheets [85], and Fe3O4 nanoparticles loaded on graphene oxide-dispersed 

carbon nanotubes [86] have been explored for the intrinsic peroxidase-like activity. 

Peroxidase-like activity has also been demonstrated in Co3O4 nanoparticles coupled 

with carbon nitride nanotubes and reduced graphene oxide [87,88]. In the present study, 

the intrinsic peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles using 

3,3’,5,5’-tetramethyl benzidine (TMB) as the substrate has been investigated. 

6.3.2 Experimental details 

To investigate the peroxidase-like redox catalytic activity of SiO2@Co3O4 core-shell 

nanorattles (Chapter-5.1), the oxidation of 3,3’,5,5’-tetramethyl benzidine (TMB) was 
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examined in the presence of H2O2. The reaction was studied at room temperature in 

acetic acid-acetate buffer containing SiO2@Co3O4 nanorattles as the catalyst. The 

experimental procedure for the peroxidase-like activity of SiO2@Co3O4 core-shell 

nanorattles is given in Scheme 6.3.1. 

 

Scheme 6.3.1: Schematic representation of experimental procedure for studying 

peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles. 

First, 30 g of SiO2@Co3O4 catalyst was dispersed in 3 mL of 0.1 M acetate buffer and 

sonicated for 3 min. Then, 300 L of 3 mM DMSO solution of TMB and 31 L of 30 

% H2O2 (100 mM) were added. The absorbance values at max = 652 nm were recorded 

upto 5 min in time course mode on a Shimadzu UV-2450 UV-Vis spectrophotometer. 

Kinetic studies were carried out using the same instrument. While keeping the TMB 

concentration constant, kinetic analysis was performed by varying amount of the 

SiO2@Co3O4 catalyst (5-60 g per 3 mL), pH (2-12), temperature (20-70 oC), and H2O2 

concentration (5-200 mM). Kinetic studies were also carried out under the following 

conditions; 30 g catalyst per 3 mL, pH = 5, temperature = 30 oC and TMB 

concentration = 0.015- mM while keeping H2O2 concentration as 100 mM. In another 

kinetic experiment, while keeping the concentration of TMB as 0.3 mM, the 

concentration of H2O2 was varied (20-200 mM). The apparent rate constant values (kapp) 

were evaluated from the absorbance data [77,78]. The Michaelis-Menten constant (Km) 

and the maximal reaction velocity (Vmax) were determined from the Lineweaver-Burk 

double reciprocal plots. The Michaelis-Menten equation can be expressed as  

                      
1

𝜈
= (

𝐾𝑚

𝑉𝑚𝑎𝑥
) (

1

[𝑆]
+  

1

[𝑉𝑚𝑎𝑥]
)                                           (3) 

Where,  is the initial velocity, Km is the Michaelis-Menten constant, Vmax is the maximal 

reaction velocity, and [S] is the concentration of the substrate (TMB).  
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6.3.3 Results and discussion 

TMB is a colourless peroxidase substrate which is oxidized by H2O2 very slowly to form 

a blue coloured product. The oxidation of TMB was carried out using Co3O4 

nanoparticles and SiO2@Co3O4 core-shell nanorattles (S1, S2 and S3) as the catalysts 

in the presence of H2O2. The blue colored product formed as a result of the catalytic 

reaction was monitored by UV-Visible spectroscopy (max = 652 nm). A blank reaction 

was also carried out with TMB and H2O2 in the absence of any catalyst. It was found 

that there is no peroxidase activity in absence of the catalyst which confirms the role of 

catalyst in the peroxidase-like activity towards TMB. Although, pure Co3O4 

nanoparticles and SiO2@Co3O4 core-shell nanorattles (S1, S2 and S3) produce blue 

coloured product on reaction with TMB in the presence of H2O2, the blue colour was 

more intense in the case of SiO2@Co3O4 core-shell nanorattles (S1, S2 and S3) 

compared to pure Co3O4. The time dependent catalytic activity for Co3O4 nanoparticles 

and SiO2@Co3O4 core-shell nanorattles towards TMB oxidation, as indicated by UV-

Visible spectral results are shown in Figure 6.3.1a. The relative catalytic efficiency of 

various catalysts is shown in Figure 6.3.1b which follows the order: S2 > S3 > S1 > 

Co3O4 > SiO2; the activity of sample S3 is lower compared to S2 but higher than that of 

S1. 

 

(a) 
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(b) 

Fig. 6.3.1: (a) Time dependent UV-Visible spectral results indicating the peroxidase-

like activity on TMB using SiO2, Co3O4 nanoparticles, and SiO2@Co3O4 core-shell 

nanorattles (S1, S2 and S3) as the catalyst (max = 652 nm), (b) Comparison of 

peroxidase activity of SiO2@Co3O4 core-shell nanorattles (S1, S2 and S3) with that of 

SiO2 and Co3O4 nanoparticles. For more details on the samples, see Section 5.1.2.2. 

6.3.3.1 Effect of physicochemical conditions on the peroxidase-like activity 

Any catalytic reaction demands optimum conditions for maximum activity. In the 

present study, TMB and H2O2 were chosen as the reagents. Effort was made to 

understand the catalytic activity of SiO2@Co3O4 core-shell nanorattles on varying 

conditions such as amount of the catalyst, temperature, and pH. The amount of catalyst 

(SiO2@Co3O4, S2) was varied from 5 to 60 g per 3 mL while keeping the pH at 5, 

temperature at 30 oC and the concentration of H2O2 at 100 mM. A linear relationship 

between amount of the catalyst and peroxidase activity was found (Figure 6.3.2a). The 

catalytic activity was tested by varying the pH from 2 to 12 and also by varying the 

temperature between 20and70 oC while keeping the amount of catalyst (SiO2@Co3O4, 

S2) as 30 g per 3 mL, and the concentration of TMB and H2O2 as 0.3 mM and 100 

mM, respectively. From the results (Figures 6.3.2b and 6.3.2c), the optimized pH and 
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temperature are found as 5 and 30 oC, respectively. The effect of H2O2 concentration on 

the catalytic activity of SiO2@Co3O4 (S2) was also studied. By increasing the H2O2 

concentration, the peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles is 

steady even at higher H2O2 concentrations (Figure 6.3.2d). Previous reports have 

indicated that higher concentration of H2O2 leads to negative impact on the activity. At 

higher concentrations, H2O2 inhibits the catalytic activity of HRP due to its conversion 

from active form to an inactive form [78,89]. Leaching test was also performed to prove 

that the peroxidase-like activity of the catalysts does not result from leaching of the 

cobalt ions from the catalysts into the solution. To prove this, 30 g of SiO2@Co3O4 

(S2) was incubated in 3 mL of acetate buffer solution (pH = 5) for 30 min, and then the 

SiO2@Co3O4 sample was separated from the solution by centrifugation. The catalytic 

activity using the resultant solution (from the leaching experiment) was tested (3 mL of 

solution, 300 L of 3 mM TMB, and 31 L of 100 mM H2O2). The peroxidase activity 

using the leached solution was compared with that of SiO2@Co3O4 sample (S2). 

Negligible absorbance was found as shown in Figure 6.3.2e when the leached solution 

was used as the catalyst. These results conclude that the peroxidase-like activity is only 

due to Co3O4 nanoparticles and not from the leached cobalt ions. 
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Fig. 6.3.2: The effect of physicochemical conditions on peroxidase-like activity of 

SiO2@Co3O4 core-shell nanorattles (S2): (a) amount of catalyst, (b) pH, (c) 

temperature, (d) H2O2 concentration, and (e) the effect of leaching. 
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6.3.3.2 Kinetic studies of peroxidase-like activity using SiO2@Co3O4 core-shell 

nanorattles 

To understand the peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles better, 

steady state analysis was carried out by choosing TMB and H2O2 as the reactants. The 

kinetic analysis was carried out by varying the concentration of TMB while keeping the 

H2O2 concentration constant, and vice- versa (Figure 6.3.3). The steady state kinetic 

parameters (Michaelis constant, Km and maximal reaction velocity, Vmax) were estimated 

using the Lineweaver-Burk double reciprocal plots [77,87] which show linear 

relationship between 1/[V] and 1/[S], as shown in Figures 6.3.3c and 6.3.3d. The 

estimated kinetic parameters for the SiO2@Co3O4 core-shell nanorattles (S2) were 

compared with the reported values for Co3O4 nanoparticles and HRP (Table 6.3.1). 

 

Fig. 6.3.3: Steady state kinetic analysis for SiO2@Co3O4 core-shell nanorattles (S2) 

under various conditions: (a) [TMB] = 0.3 mM; [H2O2] = 20-200 mM, (b) [H2O2] = 100 

mM; [TMB] = 0.015-4 mM, and (c and d) are the Lineweaver-Burk double reciprocal 

plots corresponding to conditions (a) and (b). Other conditions: 30 g catalyst per 3 mL 

of 0.1 M acetate buffer, pH = 5, and temperature = 30 oC. 
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The Michaelis constant (Km), obtained from the slope of Lineweaver-Burk double 

reciprocal plot, is related to properties of the substrate, enzyme and the reaction 

conditions [77]. A smaller Km value suggests higher affinity between the substrate and 

the enzyme. The Km value for SiO2@Co3O4 core-shell nanorattles (S2) is 0.087 for TMB 

and 25.2 for H2O2, respectively. The Km values for TMB and H2O2 are comparable with 

that of Co3O4-carbon nitride nanotubes [87] (0.056 for TMB and 30.04 for H2O2) and 

Co3O4/reduced graphene oxide (0.19 for TMB and 24.04 for H2O2) [88]. The 

SiO2@Co3O4 core-shell nanorattles (S2) exhibit five times higher affinity for TMB than 

HRP and almost two times lower affinity for TMB compared to pure Co3O4 

nanoparticles. In the case of H2O2, the SiO2@Co3O4 core-shell nanorattles show almost 

six times higher affinity compared to Co3O4 nanoparticles and six times lower affinity 

compared to HRP. Higher concentration of H2O2 and lower concentration of TMB are 

the best conditions to achieve maximum peroxidase-like activity using the SiO2@Co3O4 

core-shell nanorattles. The higher activity of the nanorattles compared to HRP is 

attributed to the availability of more active sites on the surface of SiO2@Co3O4 core-

shell nanorattles compared to HRP, which has only one active site (iron (II)) [80,90]. 

In order to compare the peroxidase-like activity of SiO2@Co3O4 core-shell nanorattles 

(S2) with that of natural peroxidase (HRP) and pure Co3O4 nanoparticles, turnover 

number (kcat) values were also estimated (Table 6.3.1). The kcat value for SiO2@Co3O4 

core-shell nanorattles is much higher than that of pure Co3O4 and HRP. These results 

suggest that the SiO2@Co3O4 core-shell nanorattles can be used as highly efficient 

peroxidase mimic compared to pure Co3O4 nanoparticles and HRP [78,90]. The ratio of 

kcat/Km is often referred to as specificity constant; a higher specificity constant value 

indicates higher peroxidase-like activity of the material. The kcat/Km values estimated 

for SiO2@Co3O4 core-shell nanorattles (S2) are given in Table 6.3.1. In the present 

study, the SiO2@Co3O4 core-shell nanorattles show higher specificity constant 

compared to pure Co3O4 and HRP for TMB. With respect to H2O2, the SiO2@Co3O4 

core-shell nanorattles show two orders of magnitude higher specificity compared to pure 

Co3O4 nanoparticles and the specificity is similar to that of HRP [90]. These results 

demonstrate that the SiO2@Co3O4 core-shell nanorattles show higher peroxidase-like 

activity compared to Co3O4 nanoparticles and HRP. 
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Table 6.3.1: Comparison of the kinetic parameters for SiO2@Co3O4 core-shell nanorattles with those for Co3O4 nanoparticles and HRP. 

 

 

 

 

 

 

* [E] = The concentration of catalyst (e.g. SiO2@Co3O4) or the concentration of enzyme (HRP). 

Catalyst *[E]/ M 
Subst
rate 

Km /mM 
Vmax/ Ms-1 

(10-8) 
kcat/ s-1 

kcat/Km 
(M-1s-1) 

Reference 

SiO2@Co3O4 (S2) 7.54  10-11 TMB 0.087±0.0028 0.012±0.00056 1.49  104 1.75  108 Present work 

SiO2@Co3O4 (S2) 7.54  10-11 H2O2 25.2±1.28 0.015±0.00035 1.96  104 8.08  105 Present work 

Co3O4 NPs 3.43  10-10 TMB 0.037 6.27 1.83  102 4.94  106 [78] 

Co3O4 NPs 3.43  10-10 H2O2 140.07 12.1 3.53  102 2.52  103 ״ 

HRP 2.50  10-11 TMB 0.434 10.0 4.00  103 9.22  106 [90] 

HRP 2.50  10-11 H2O2 3.70 8.71 3.48  103 9.40  105 ״ 



Synthesis of Core-Shell Nanoparticles and Studies on Their Properties and Applications 

 

320 
 

6.3.4 Proposed mechanism for the peroxidase-like activity of SiO2@Co3O4 core-

shell nanorattles on TMB 

The proposed mechanism for the peroxidase-like activity of SiO2@Co3O4 core-shell 

nanorattles on TMB is given in Scheme 6.3.2 [78,87,88]. Neither H2O2 nor 

SiO2@Co3O4 core-shell nanorattles alone was found to exhibit peroxidase-like activity. 

The presence of SiO2@Co3O4 and H2O2 together are important for the peroxidase-like 

activity on tetramethyl benzidine. When SiO2@Co3O4, H2O2 and TMB are present, the 

TMB molecules adsorb on the surface of SiO2@Co3O4 and increases the electron 

density by donating the lone pair electrons of the amino groups [78,91]. The 

SiO2@Co3O4 core-shell nanorattles induce electrochemical reduction of H2O2 

producing 𝑂𝐻− and 𝑂𝐻• species which involve in the oxidation of TMB to produce 

𝑇𝑀𝐵•+
 (a charge transfer complex which is blue in colour). Mu et al. have reported 

electrochemical reduction of H2O2 using pure Co3O4 nanoparticles [78]. In the case of 

core-shell nanorattles, there is an assembly of Co3O4 nanoparticles on the surface of 

SiO2 spheres. The TMB molecules undergo less steric hindrance to reach the catalytic 

active centers (cobalt) in the case of SiO2@Co3O4 core-shell nanorattles compared to 

pure Co3O4 nanoparticles. This increases the electron density on the core-shell 

nanorattles and facilitate the electron transfer. The enhancement in the peroxidase-like 

activity of SiO2@Co3O4 core-shell nanorattles compared to pure Co3O4 nanoparticles is 

due to increased surface area and also due to increase in the electron density. Sample S2 

shows higher activity than S1 and this is due to the presence of more number of catalytic 

active centers in S2 compared to S1 but sample S3 consists of free Co3O4 nanoparticles 

in addition to SiO2@Co3O4 nanorattles which leads to lower activity compared to S2. 
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Scheme 6.3.2: Proposed mechanism for the peroxidase-like activity of SiO2@Co3O4 

core-shell nanorattles on TMB. 
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6.4 Adsorption of mixture of rhodamine B and methylene blue in an aqueous solution 

using SiO2@Ni-Co mixed metal oxide core-shell nanorattles 

6.4.1 Introduction 

Removal of industrial waste is very important for environmental safety and various 

methods such as adsorption, membrane separation, oxidation, reduction, coagulation 

and flocculation, and biological treatment have been used for the removal of organic 

waste from the water resources [92–96]. Among all the methods, adsorption plays an 

important role due to its ease of operation, low cost and it is most widely used in 

industries for the removal of various contaminants. Different adsorbents such as red 

mud, fly ash, clay, banana peel, coconut shell, orange peel, peanut hulls, sugar cane 

bagasse, rice husk, saw dust, and activated carbon have been reported [97–102]. Zhou 

et al. have explored C@Al2O3 core-shell rattles as adsorbent for the removal of orange-

II [103]. Liang et al. have used Fe3O4@mesoporous carbon core-shell nanoparticles as 

adsorbent for the removal of rhodamine B [104]. Zheng et al. have used Fe2O3@SiO2 

yolk-shell nanoparticles as adsorbent for the removal of methylene blue [105]. Xie et al. 

have explored Fe3O4@polydopamine-Ag core-shell nanoparticles as adsorbent for the 

removal of methylene blue [57]. Li et al. have used TiO2/graphene oxide core-shell 

nanoparticles as adsorbent for the removal of congo red [106]. Pradhan et al. have 

explored Fe/Al2O3-MCM-41 nanoparticles as adsorbent for the adsorption of mixture of 

methylene blue and methyl orange [107]. Till date, the use of nanoparticles with core-

shell, yolk-shell, and nanorattle morphology as adsorbents for the adsorption of the 

mixture of dyes has not been reported. In the present study, SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles have been explored as adsorbents for the removal of mixture 

of rhodamine B and methylene blue from an aqueous solution. 

6.4.2 Experimental details 

Stock solutions of the dyes (rhodamine B and methylene blue) were prepared at a 

concentration of 100 mg/L, and subsequently the test solutions were prepared by 

sequential dilution of the stock solutions with Millipore water®. The dye solution 

mixtures (RhB and MB) were prepared by mixing solutions of rhodamine B and 

methylene blue at desired concentrations. The concentration of the dyes (RhB and MB) 

in the aqueous solution after the adsorption was determined using a Shimadzu UV-2450 
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UV-Visible spectrophotometer by measuring the absorbance at the corresponding max 

(664 nm for MB and 554 nm for RhB). In the case of binary mixture of dyes A and B, 

the individual dye concentrations were determined by measuring the absorbance values 

at their maximum wavelengths max1 and max2, respectively using the following 

equations [108]. 

                                        𝐴𝜆1 =  𝜀11𝐶1𝑙 +  𝜀12𝐶2𝑙                                (4) 

                                        𝐴𝜆2 =  𝜀21𝐶1𝑙 +  𝜀22𝐶2𝑙                                 (5) 

Where, 𝐴𝜆1 and 𝐴𝜆2 are the corresponding absorbance values at max1 and max2, 

respectively. 𝜀11 and 𝜀21 are the absorbance coefficients of dye A at wavelength max1 

and max2, respectively. 𝜀12 and 𝜀22 are the absorbance coefficients of dye B at 

wavelengths max1 and max2, respectively and 𝑙 is the path length. 

For the preliminary adsorption studies, 100 mL of dye mixture (1×10-5 M of each dye) 

was used. About 50 mg each of the adsorbent (e.g. SiO2@Ni-Co mixed metal oxide 

core-shell nanorattles (M1, M2, and M3), SiO2@Co3O4 core-shell nanorattles, 

SiO2@NiO core-shell nanorattles, SiO2, NiCo2O4, Co3O4, NiO, physical mixtures 

(NiO:Co3O4 ratio = 7:3, 5:5, and 3:7)) was added into 100 mL of the dye mixture in a 

250 mL beaker covered with an aluminium foil and stirred in dark at 25 oC for 30 min. 

Aliquots (about 4 mL) were taken at periodic time intervals, centrifuged, and the 

supernatant solutions were analyzed using UV-Visible spectroscopy. The effect of 

varying the pH, amount of adsorbent, and concentration of the initial dye mixture on the 

adsorption was investigated. To study the effect of pH, 25 mg of the adsorbent (M1) 

was dispersed in 50 mL of the dye mixture (1×10-5 M) and the pH was varied between 

3 and 13. To study the effect of amount of adsorbent, the concentration of dye mixture 

was kept as 1×10-5 M and the amount of adsorbent (M1) was varied between 5 mg and 

25 mg. For studying the effect of initial dye concentration, the concentration of dye 

mixture was varied from 1×10-5 M to 5×10-5 M while keeping the amount of adsorbent 

as 25 mg. The adsorption capacity of the adsorbent towards MB and RhB was calculated 

using the following equation [98,101]. 

                                                𝑄𝑒 =
𝐶𝑜 − 𝐶𝑒

𝑊
 × 𝑉                                          (6) 
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Where 𝑄𝑒 is the amount of dye adsorbed (mg/g), 𝐶𝑜 and 𝐶𝑒 are the initial and equilibrium 

concentrations of dye (mg/L), 𝑊 is the mass of adsorbent (g), and 𝑉 is the volume of 

dye solution (L). 

6.4.3 Results and discussion 

6.4.3.1 Preliminary adsorption studies 

Preliminary adsorption studies were carried out using 100 mL of mixture of rhodamine 

B and methylene blue (1×10-5 M each) with 50 mg powder of each of the adsorbent (e.g. 

SiO2, NiCo2O4, Co3O4, NiO, physical mixtures (e.g. NiO:Co3O4 ratio = 7:3, 5:5, and 

3:7), SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1, M2, and M3), 

SiO2@Co3O4, and SiO2@NiO core-shell nanorattles). The adsorption of dyes using 

different adsorbents was monitored using UV-Visible spectroscopy and the results are 

shown in Figure 6.4.1. Pure SiO2 shows preferential adsorption of methylene blue over 

rhodamine B where as pure NiCo2O4, Co3O4, NiO nanoparticles, and the physical 

mixtures show incomplete adsorption of both methylene blue and rhodamine B. The 

SiO2@Co3O4 and SiO2@NiO core-shell nanorattles show complete adsorption of 

methylene blue and appreciable adsorption of rhodamine B (70-75 %). The SiO2@Ni-

Co mixed metal oxide core-shell nanorattles (M1) show complete adsorption of both 

methylene blue as well as rhodamine B from the mixture whereas the other two 

SiO2@Ni-Co mixed metal oxide core-shell nanorattle samples (M2 and M3) show 

complete adsorption of methylene blue and about 92-95 % adsorption of rhodamine B. 
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Fig. 6.4.1: UV-Vis spectra for monitoring the adsorption of mixture of rhodamine B and 

methylene blue from an aqueous solution using different adsorbents (e.g. SiO2, NiCo2O4, 

Co3O4, NiO, physical mixtures (Co3O4:NiO as 3:7, 5:5, and 7:3), SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles (M1, M2, and M3), SiO2@Co3O4, and SiO2@NiO core-shell 

nanorattles). 

For a better understanding of the adsorption, kinetic studies were performed using all 

the adsorbents and the results are shown in Figure 6.4.2. The results clearly indicate that 

SiO2@Ni-Co mixed metal oxide nanorattles (M1) show complete adsorption of 

methylene blue and rhodamine B from their mixture within 2 min while the other 

samples M2 and M3 show complete adsorption of methylene blue and about 92-95 % 

adsorption of rhodamine B in the same time period. The dye removal efficiency results 

of different adsorbents are shown in Figures 6.4.2c and 6.4.2d. The SiO2@Ni-Co mixed 

metal oxide core-shell nanorattles (M1, M2 and M3) show enhanced adsorption 

efficiency of dyes from the mixture compared to all the other adsorbents.  
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Fig. 6.4.2: (a and b) Kinetics of adsorption of rhodamine B and methylene blue from 

their mixture in an aqueous solution using different adsorbents; (c and d) comparison 

of rhodamine B and methylene blue removal efficiency from their mixture using 

different adsorbents. 

The adsorption efficiency depends on factors such as amount of adsorbent, initial dye 

concentration and pH of the medium. A series of experiments were carried out by 

varying these factors and the results are discussed below. For these studies, SiO2@Ni-

Co mixed metal oxide core-shell nanorattles (M1) was chosen as the adsorbent since it 

exhibits the highest adsorption efficiency. 

6.4.3.2 Effect of external factors on adsorption 

6.4.3.2.1 Amount of adsorbent 

In order to study the effect of amount of adsorbent on the adsorption efficiency, a series 

of adsorption studies were carried out by varying the amount of adsorbent (M1) from 5 

mg to 25 mg in 20 mL solution of mixture of dyes (1×10-5 M each) which was stirred in 

dark up to 30 min at room temperature and the results are shown in Figure 6.4.3a. The 
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results indicate that, increasing the amount of adsorbent from 5 to 25 mg, leads to 

complete adsorption of both the dyes (methylene blue and rhodamine B). 10 mg of the 

adsorbent (M1) exhibits maximum removal efficiency of both the dyes (about 98.5 % 

of rhodamine B and 100 % of methylene blue) and therefore 10 mg of the adsorbent was 

used for further studies. 

6.4.3.2.2 Initial dye concentration 

The effect of initial concentration of mixture of rhodamine B and methylene blue was 

studied using 20 mL solutions of different dye mixtures (8-40 mg/L; 1×10-5 M to 5×   

10-5 M), 10 mg of the adsorbent (M1), pH = 6.75, and the results are shown in Figure 

6.4.3b. On increasing the initial concentration of mixture of dyes from 8 mg/L to 40 

mg/L, the percent removal of methylene blue is decreased from 99.5 to 83.2 and the 

removal of rhodamine B is drastically decreased from 99.4 % to 20.3 %. At lower 

concentration of mixture of dyes, the cationic dye (methylene blue) adsorbs on the 

surface of the negatively charged adsorbent while at higher concentration of mixture of 

dyes, the surface of adsorbent is occupied with a large number of methylene blue 

molecules which retards the adsorption of rhodamine B (zwitterionic dye) due to 

presence of bulky groups. This results in decrease in the adsorption of rhodamine B 

from the dye mixture at higher concentration of the mixture of dyes. 

6.4.3.2.3 Effect of pH 

To investigate the effect of pH on the adsorption efficiency, adsorption studies were 

carried out using 20 mL solution of mixture of dyes (1×10-5 M) at different pH (e.g. 3-

13), and 10 mg of adsorbent (M1) was used. The results are shown in Figure 6.4.3c. On 

increasing the pH from 3 to 13, the percent removal of methylene blue increases from 

70 to 100 while the removal of rhodamine B drastically decreases from 95 to 14 %. The 

zeta potential values of SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1) at 

different pH values are shown in Figure 6.4.3d. In an acidic medium, the negatively 

charged carboxylate groups of rhodamine B get adsorbed on the surface of adsorbent 

through electrostatic interaction while in a basic medium (e.g. pH = 7-14), the surface 

of adsorbent possesses negative charge which is favourable for the adsorption of 

positively charged N-ethyl groups of methylene blue through electrostatic attraction. 
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Similar behaviour has been reported by several researchers for different adsorbents 

[100,109,110]. 

 

Fig. 6.4.3: Effect of external factors on the adsorption of rhodamine B and methylene blue dye 

mixture on SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1); (a) the amount of 

adsorbent, (b) initial concentration of mixture of rhodamine B and methylene blue, (c) pH and 

(d) zeta potential of sample M1 at different pH values. 

6.4.3.3 Adsorption isotherm studies 

Adsorption isotherm studies play an important role in measuring adsorption capacity of 

the adsorbent. They also demonstrate how an adsorbate interacts with the adsorbent at 

a particular temperature. Different models (e.g. Langmuir, Freundlich, Temkin, Sips, 

etc) have been proposed to explain the adsorption [100,101]. Among these, Langmuir 

and Freundlich models are the most versatile and commonly used ones. In the present 

study, Langmuir and Freundlich models were used to describe the adsorption of 

methylene blue and rhodamine B on SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles. 
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6.4.3.3.1 Langmuir isotherm 

The Langmuir isotherm assumes monolayer coverage of adsorbate on the surface of the 

adsorbent and all the adsorption sites are considered to be energetically identical [98]. 

The model also assumes that the adsorbent possesses homogeneous adsorption sites on 

its surface and the adsorbate selectively adsorbs on these sites [15]. The linear form of 

Langmuir isotherm can be expressed as 

                                               
𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚𝑎𝑥
+  

1

𝑞𝑚𝐾𝐿
                                        (7) 

where 𝑞𝑒is the amount of either rhodamine B or methylene blue adsorbed at equilibrium 

(mg/g), 𝑞𝑚𝑎𝑥 is the maximum monolayer adsorption capacity of SiO2@Ni-Co mixed 

metal oxides  (mg/g), 𝐾𝐿 is the Langmuir adsorption constant (L/mg) and 𝐶𝑒 is the 

equilibrium concentration of the either rhodamine B or methylene blue (mg/L). 

6.4.3.3.2 Freundlich isotherm 

Freundlich model is applicable for multilayer non-ideal adsorption on a heterogeneous 

surface [100,111]. The linear form of Freundlich equation can be expressed as 

                                             𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 +  1 𝑛⁄  𝑙𝑛𝐶𝑒                                   (8) 

where 𝐾𝐹 is the Freundlich equilibrium constant (L/g), n is the empirical constant, 𝑞𝑒 is 

the amount of either rhodamine B or methylene blue adsorbed at equilibrium (mg/g) and 

𝐶𝑒 is the equilibrium concentration of either rhodamine B or methylene blue (mg/L). 

In the case of adsorption of individual dye systems (rhodamine B and methylene blue), 

the adsorption parameters were calculated using Langmuir and Freundlich models and 

the parameters are given in Table 6.4.1. The adsorption isotherms for individual dyes 

(rhodamine B and methylene blue) show L-type curves (Figures 6.4.4a and 6.4.4b) 

which indicate higher affinity of the adsorbate for the adsorbent [15]. The maximum 

adsorption capacity (𝑞𝑚𝑎𝑥) has a significant role in deciding the applicability of the 

adsorbent; higher value of 𝑞𝑚𝑎𝑥 indicates higher adsorption capacity of the adsorbent 

[100]. The Langmuir constant (𝐾𝐿) relates to the heat of adsorption and affinity of the 

adsorption sites. The maximum adsorption capacity (𝑞𝑚𝑎𝑥) and Langmuir constant (𝐾𝐿) 

for SiO2@Ni-Co mixed metal oxide core-shell nanorattles (M1, M2, and M3) were 
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calculated from the slope and intercept of the linear plots between 𝐶𝑒 𝑞𝑒⁄  and 𝐶𝑒, 

respectively (Figures 6.4.4c and 6.4.4d). Among all the samples, SiO2@Ni-Co mixed 

metal oxide core-shell nanorattles M1 show the highest adsorption capacity (79.1 mg/g 

and 83.5 mg/g for rhodamine B and methylene blue, respectively). 

 

Fig. 6.4.4: Langmuir isotherms for the adsorption of rhodamine B (a and c) and 

methylene blue (b and d) from pure aqueous solutions using SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles. 

The Freundlich parameter 𝐾𝐹 indicates adsorption capacity of the adsorbent similar to 

𝑞𝑚𝑎𝑥 in the Langmuir isotherm, and parameter n demonstrates strength of the adsorption 

and a higher value of n indicates strong bonding between the adsorbate and the adsorbent 

[100,111]. The Freundlich constant (𝐾𝐹) and the empirical constant (n) were calculated 

from the slope and intercept of the linear plots between 𝑙𝑛𝑞𝑒 and 𝑙𝑛𝐶𝑒, respectively 

(Figure 6.4.5a and 6.4.5b). Among the adsorbents, the SiO2@Ni-Co mixed metal oxide 

core-shell nanorattle sample M1 shows the highest Freundlich equilibrium constant 

(𝐾𝐹) values (13.56 L/g and 47.11 L/g for rhodamine B and methylene blue, 
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respectively). All the samples show that the value of n is greater than 1 which indicates 

strong bonding between the adsorbate and the adsorbent. The adsorption data fits well 

with both Langmuir as well as Freundlich models. The linear regression correlation 

coefficient (r2) values are about 0.99 and 0.98 for Langmuir isotherm and Freundlich 

isotherm (Table 6.4.1), respectively. 
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(b) 

Fig. 6.4.5: Freundlich isotherms for the adsorption of (a) rhodamine B and (b) methylene blue 

from pure aqueous solutions using SiO2@Ni-Co mixed metal oxide core-shell nanorattles.
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Table 6.4.1: Langmuir and Freundlich adsorption isotherm parameters for rhodamine B and methylene blue in single dye systems using SiO2@Ni-

Co mixed metal oxide core-shell nanorattles. 

 

 

Dye  

 

Adsorbent 

Langmuir model 

 

Freundlich model 

𝒒𝒎𝒂𝒙 

(mg/g) 

𝑲𝑳 

(L/mg) 
𝒓𝟐 

𝑲𝑭 

(L/g) 
𝒏 𝒓𝟐 

RhB 

M1 79.11±1.21 0.28±0.01 0.9952  13.56±0.27 2.26±0.15 0.9797 

M2 57.37±1.39 0.44±0.02 0.9914  8.67±0.34 1.73±0.13 0.9728 

M3 51.25±1.89 0.55±0.04 0.9938  4.99±0.37 1.33±0.10 0.9709 

MB 

M1 83.47±0.88 2.55±0.12 0.9944  47.11±1.04 1.36±0.08 0.9887 

M2 79.61±2.65 2.22±0.06 0.9952  41.98±1.10 1.43±0.12 0.9771 

M3 73.85±2.77 2.924±0.17 0.9992  31.45±0.78 1.67±0.19 0.9851 
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In the case of mixture of dyes, competitive adsorption occurs and this limits the number 

of adsorption sites. The adsorption of adsorbate molecules on the surface of an adsorbent 

depends upon the interaction between the adsorbate and the adsorbent [15]. The binary 

Langmuir model assumes that the surface of the adsorbent is homogeneous with respect 

to the energy of adsorption and all the adsorption sites are equally available to all the 

adsorbate molecules [15,112,113]. The competitive binary Langmuir equations can be 

expressed as follows. 

 

                                             𝑞𝑒1= 

𝑞𝑚𝑎𝑥1𝐾𝐿1𝐶𝑒1

1 +  𝐾𝐿1𝐶𝑒1 + 𝐾𝐿2𝐶𝑒2
                                       (9) 

                                             𝑞𝑒2= 

𝑞𝑚𝑎𝑥2𝐾𝐿2𝐶𝑒2

1 +  𝐾𝐿1𝐶𝑒1 + 𝐾𝐿2𝐶𝑒2
                                        (10) 

where 𝑞𝑚𝑎𝑥1 and 𝑞𝑚𝑎𝑥2 are the maximum adsorption capacity for rhodamine B and 

methylene blue, respectively, and 𝐾𝐿1 and 𝐾𝐿2 are the Langmuir constants for rhodamine 

B and methylene blue, respectively. 

The adsorption isotherms for the binary system (mixture of dyes) are shown in Figure 

6.4.6a and 6.4.6b. The adsorption isotherms of the binary system also show L-type 

curves similar to that of single systems which indicate higher affinity of the adsorbate 

for the adsorbent [15] and the estimated Langmuir parameters are given in Table 6.4.2. 

For a binary system, the maximum adsorption capacity (𝑞𝑚𝑎𝑥) and the Langmuir 

constant (𝐾𝐿) were calculated from the slope and intercept of the linear plot between 

𝐶𝑒 𝑞𝑒⁄  and 𝐶𝑒, respectively (Figure 6.4.6c and 6.4.6d). The SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles M1 shows the highest maximum adsorption capacity and 

the values are 66.7 mg/g and 72.6 mg/g for rhodamine B and methylene blue, 

respectively. These values are lower than that for the individual dye systems which 

indicate competitive adsorption between the rhodamine B and methylene blue. The 

competitive Langmuir model follows the same assumption as that for single component 

system and it must be noted that, these assumptions are rarely accomplished in real 

systems because of surface heterogeneity and interaction between the adsorbate 

molecules [15]. 
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Fig. 6.4.6: Langmuir isotherms for the adsorption of rhodamine B (a and c) and methylene 

blue (b and d) from a mixture using SiO2@Ni-Co mixed metal oxide core-shell nanorattles. 
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Table 6.4.2: Langmuir adsorption isotherm parameters using a competitive binary Langmuir model for the adsorption of rhodamine B and 

methylene blue from a mixture in an aqueous solution using SiO2@Ni-Co mixed metal oxide core-shell nanorattles. 

 

 

 

 

Adsorbent 

Competitive binary Langmuir Model (RhB) 

 

Competitive binary Langmuir Model (MB) 

𝒒𝒎𝒂𝒙𝟏 

(mg/g) 

𝑲𝑳 

(L/mg) 
𝒓𝟐 

𝒒𝒎𝒂𝒙𝟐 

(mg/g) 

𝑲𝑳 

(L/mg) 
𝒓𝟐 

M1 66.71±1.55 0.15±0.01 0.9948  72.61±1.01 2.01±0.12 0.9935 

M2 48.47±1.68 0.24±0.03 0.9939  54.40±1.68 2.14±0.14 0.9952 

M3 41.06±2.14 0.27±0.02 0.9928  44.54±2.61 2.56±0.18 0.9974 
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6.4.3.4 Adsorption kinetics 

In the present study, pseudo-first-order and pseudo-second-order kinetic models were 

tested for the adsorption of individual dye systems as well as the mixed dye systems. 

The Lagergren pseudo-first-order model is expressed as follows [101,102]. 

                                    𝑙𝑛(𝑞𝑒 −  𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 
𝑘1

2.303
 𝑡                                     (11) 

where 𝑞𝑒 and 𝑞𝑡 are the adsorption capacity of the adsorbent at equilibrium (mg/g) and 

at time t (mg/g), 𝑘1 is the pseudo first-order rate constant (min−1) and t is the time (min). 

 

The pseudo-second-order rate equation is expressed as follows [111,114]. 

                                                 
𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2

+  
1

𝑞𝑒
 𝑡                                            (12) 

where 𝑞𝑒 and 𝑞𝑡 are the adsorption capacity of the adsorbent at equilibrium (mg/g) and 

at time t (mg/g), 𝑘2 is the pseudo second-order rate constant (g mg-1 min−1) and t is the 

time (min). 

The calculated kinetic parameters assuming pseudo-first-order and pseudo-second-

order kinetic models are given in Table 6.4.3. The rate constant (𝑘1) and 𝑞𝑒 values of 

the pseudo-first-order kinetic model were calculated from the slope and intercept of the 

liner plot between 𝑙𝑛(𝑞𝑒 − 𝑞𝑡) versus time (t). When the pseudo first order kinetics was 

used, the linear regression correlation coefficient values are lower than 1 and also the 

experimental 𝑞𝑒 values deviate much from the calculated 𝑞𝑒 values which indicate that 

the adsorption does not follow pseudo-first-order kinetics [101]. Most of the authors 

have reported that the adsorption follows pseudo-second-order kinetics [98–101]. The 

experimental data was fitted using the pseudo-second-order equation. For single and 

binary systems, the plot of 𝑡 𝑞𝑡⁄  versus t gives linear regression correlation coefficient 

close to 1 and the plots are shown in Figures 6.4.7a to 6.4.7c. The adsorption capacity 

at equilibrium (𝑞𝑒) and pseudo-second-order rate constant (𝑘2) were calculated from the 

slope and intercept of the plots. The experimental 𝑞𝑒 values are close to the calculated 

𝑞𝑒 values which indicate that the adsorption follows pseudo-second-order kinetics. 
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Fig. 6.4.7: Pseudo second order kinetics of adsorption of (a) rhodamine B, (b) 

methylene blue and (c) mixture of rhodamine B and methylene blue using SiO2@Ni-Co 

mixed metal oxide core-shell nanorattles. 
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Table 6.4.3: Kinetic parameters for the adsorption of rhodamine B and methylene blue in a single and mixed dye systems using SiO2@Ni-Co 

mixed metal oxide core-shell nanorattles. 

 

Dye Adsorbent 
𝒒𝒆 (exp) 

(mg/g) 

Pseudo first order kinetic model 

 

Pseudo second order kinetic model 

𝒌𝟏 

(min-1) 

𝒒𝒆  (cal) 

(mg/g) 
𝑹𝟐 

𝒌𝟐 

(gmg-1min-1) 

𝒒𝒆 (cal) 

(mg/g) 
𝑹𝟐 

RhB 

M1 9.45 0.31±0.06 13.40±1.62 0.8242  1.53±0.07 9.45±0.02 1.0000 

M2 9.30 0.26±0.03 4.60±0.14 0.9309  1.43±0.05 9.31±0.03 0.9999 

M3 9.03 0.18±0.02 4.42±0.35 0.9548  1.11±0.04 9.04±0.04 0.9999 

MB 

M1 6.40 0.19±0.02 17.86±0.24 0.9688  1.86±0.08 6.40±0.01 1.0000 

M2 6.39 0.18±0.02 4.61±0.10 0.9416  1.37±0.05 6.40±0.01 1.0000 

M3 6.39 0.22±0.03 4.36±0.13 0.9282  1.24±0.05 6.39±0.01 1.0000 

Binary dye 

mixture 

M1 15.83 0.31±0.06 28.08±0.43 0.8279  1.77±0.08 15.83±0.03 1.0000 

M2 15.67 0.26±0.04 4.13±0.60 0.9341  1.29±0.04 15.69±0.03 1.0000 

M3 15.37 0.18±0.02 3.96±0.82 0.9547  0.99±0.03 15.39±0.04 0.9999 
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6.4.4 Mechanism for adsorption of dyes on SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles 

A possible mechanism is proposed for the adsorption of rhodamine B and methylene 

blue from an aqueous solution based on the experimental results (Scheme 6.4.1). In 

general, the adsorption of dyes on the surface of an adsorbent involves several stages 

[16,100,111]. In the first stage, the dye molecules adsorb instantaneously on external 

surface of the adsorbent through electrostatic attraction. In the second stage, the dye 

molecules adsorb on the pores of the adsorbent gradually due to intraparticle diffusion 

of dye molecules and in the final stage, the dye molecules occupy all the active sites on 

the adsorbent and reach an equilibrium stage. Metal oxides possess negative charge on 

their surface which is favourable for the removal of most of the cationic dyes and the 

dyes are chemisorbed on the surface of metal oxides through electrostatic interaction 

[109–111,114]. The zeta potential measurements on SiO2, NiCo2O4 and SiO2@Ni-Co 

mixed metal oxide core-shell nanorattle samples indicate negative charge on their 

surface. The zeta potential values were found to be -25.1 and -3.9 mV for pure SiO2 and 

NiCo2O4 while the SiO2@Ni-Co mixed metal oxide core-shell nanorattles possess -31.9, 

-26.3 and -23.1 mV for M1, M2 and M3, respectively. 

Among all the samples, sample M1 possesses more negative charge (-31.9 mV). Pure 

cationic dye (methylene blue) contains diethylamine group which possesses positive 

charge whereas rhodamine B (zwitterionic dye) contains carboxylate group as well as 

diethylamine group [110]. In the case of binary dye adsorption, competition occurs 

between methylene blue and rhodamine B, but methylene blue dominates the adsorption 

because of its cationic nature [107]. The SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles possess negative charge on their surface which instantaneously form a bond 

with positively charged methylene blue through electrostatic interaction. Then, the 

methylene blue molecules slowly diffuse into the pores of the core-shell nanorattles via 

external diffusion/ intraparticle diffusion. At the same time, the zwitterionic dye 

(rhodamine B) adsorbs on the surface of adsorbent as well as the cationic dye (methylene 

blue) through electrostatic interaction [107]. After a certain time, the methylene blue 

molecules completely adsorb on all the active sites and tends to reach an equilibrium 

stage. At higher concentration of mixture of dyes, the surface of the adsorbent is 
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occupied with a large number of methylene blue molecules which retards further 

adsorption of rhodamine B [107,113]. 

 

Scheme 6.4.1: Proposed mechanism for the adsorption of rhodamine B and methylene blue 

from an aqueous medium on SiO2@Ni-Co mixed metal oxide core-shell nanorattles. 

After adsorption of the mixture of dyes on the surface of the adsorbent, FT-IR analysis was 

carried out to understand the adsorption mechanism which shows the presence of FT-IR bands 

due to both rhodamine B and methylene blue along with the bands due to silica and Ni-Co 

mixed metal oxide (Figure 6.4.8) [98,110]. The IR results suggests that the dye molecules are 

adsorbed on the adsorbent through electrostatic interaction. 
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Fig. 6.4.8: FT-IR spectra of (i) SiO2, (ii) NiCo2O4, and (iii-v) SiO2@Ni-Co mixed metal oxide 

core-shell nanorattles after the adsorption of mixture of rhodamine B and methylene blue from 

an aqueous solution. 

The higher adsorption capacity of SiO2@Ni-Co mixed metal oxide core-shell nanorattles is 

attributed to more negative charge on their surface and as well as higher surface area due to 

their porous shell structure. 

6.4.5 Reusability of SiO2@Ni-Co mixed metal oxide core-shell nanorattles for the 

adsorption of rhodamine B and methylene blue 

Reusability of the adsorbent was tested for five times and the removal of the dyes 

(rhodamine B and methylene blue) from the surface of the best adsorbent (M1), after 

the adsorption, was carried out using 10 % acetic acid in methanol. Only a marginal 

decrease in the adsorption efficiency was observed (3 % in the case of rhodamine B and 

0.2 % in the case of methylene blue) which indicates that the adsorbent is reusable. 
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6.5 Conclusions 

Various applications such as photocatalysis, reduction, peroxidase-like activity and 

adsorption using the synthesized core-shell nanoparticles/nanorattles were 

demonstrated. ZnO@CdS and ZnO@Ag core-shell heteronanostructures exhibit better 

photocatalytic activity in the photodegradation of methylene blue in aqueous solutions 

compared to their counter parts. Cu2O@Ag polyhedral core-shell nanoparticles show 

enhanced catalytic activity in the reduction of 4-nitrophenol and methylene blue in 

aqueous solutions compared to their individual constituents as well as previously 

reported literature. SiO2@Co3O4 core-shell nanorattles exhibit enhanced peroxidase-

like activity compared to pure Co3O4 nanoparticles and HRP. SiO2@Ni-Co mixed metal 

oxide core-shell nanorattles show higher adsorption capacity in the adsorption of 

mixture of rhodamine B and methylene blue in aqueous solutions as compared to pure 

NiO and Co3O4 nanoparticles as well as physical mixtures of NiO and Co3O4 

nanoparticles. 
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The present chapter deals with an overall summary of the present study and future prospects. 

In the thesis, different types of core-shell nanoparticles such as (i) SiO2@CdS (type-I) and 

ZnO@CdS (type-II), (ii) semiconductor-metal based core-shell nanoparticles (ZnO@Ag and 

Cu2O@Ag), and (iii) nanorattle type core-shell nanoparticles (SiO2@Co3O4 and SiO2@Ni-Co 

mixed metal oxides) were successfully synthesized. A few applications of the synthesized core-

shell nanoparticles/nanorattles were also explored. A detailed summary on the synthesis, 

characterization, properties and various applications of the core-shell nanoparticles/ 

nanorattles, presented in the thesis, along with their future prospects are discussed individually. 

Chapter-1: Introduction 

In this chapter, a brief perspective of nanotechnology, an introduction to core-shell 

nanoparticles, classification, and their various synthetic methods have been discussed. 

Different examples elucidating the optical, magnetic and electrochemical properties of core-

shell nanoparticles have been discussed. At the end, some of the multifunctional applications 

of core-shell nanoparticles in different fields have been presented. 

Chapter-2: Experimental techniques 

In this chapter, the set of analytical techniques which were used to characterize the core-shell 

nanoparticles and their sample preparation methods have been discussed. The analytical 

techniques include powder X-ray diffraction, Fourier transform infrared spectroscopy, thermal 

gravimetric analysis, field emission scanning electron microscopy, energy dispersive X-ray 

analysis, transmission electron microscopy, X-ray photoelectron spectroscopy, zeta potential 

and BET surface area analysis. Optical properties of the core-shell nanoparticles were studied 

using UV-Visible diffuse reflectance spectroscopy and photoluminescence spectroscopy. 

Chapter-3: Synthesis of SiO2@CdS (Type-I) and ZnO@CdS (Type-II) core-shell nanoparticles 

via a novel thermal decomposition approach 

This chapter contains two sub sections and summary on each of them is as follows. 

Synthesis of SiO2@CdS (Type-I) core-shell nanoparticles via a novel thermal decomposition 

approach 

The thermal decomposition approach has been used to prepare the SiO2@CdS core-shell 

nanoparticles for the first time. SiO2@CdS core-shell nanoparticles with different shell 

thicknesses have been successfully synthesized via thermal decomposition approach. First, 
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SiO2 microspheres were synthesized according to StÖber process and calcined at 500 oC for 3 

h to get activated SiO2. In the second step, CdS shell was deposited on the surface of SiO2 

microspheres by thermal decomposition of cadmium acetate and thiourea along with as 

prepared SiO2 or activated SiO2 in ethylene glycol. Four different SiO2@CdS core-shell 

nanoparticle samples were prepared by varying the concentration of cadmium acetate and 

thiourea ([Cd2+]:[S2−] = 0.125:0.125 and 0.25:0.25) and nature of SiO2. Among the four 

samples, two samples were prepared using as prepared SiO2 and another two samples were 

prepared using activated SiO2. The present method is superior, facile and has several 

advantages. There is no need for surface functionalization of silica core and uniform CdS shell 

with different thicknesses on silica can be achieved in 60 min.  

XRD results indicate the presence of CdS in all the SiO2@CdS samples and the crystallite size 

of CdS is about 2 nm. FT-IR results show IR band at 950 cm-1 in the as prepared silica and this 

band is absent in the activated SiO2 which indicate the absence of surface hydroxyl groups. 

SEM and TEM results clearly show the deposition of CdS on the SiO2 microspheres. 

SiO2@CdS samples prepared using unactivated silica show uniform deposition of cadmium 

sulfide nanoparticles on silica compared to SiO2@CdS samples prepared using activated silica. 

The uniform deposition of CdS in the case of as prepared SiO2 is attributed to strong interaction 

between cadmium ions (Cd2+) and surface silanol groups (vicinal and geminal) of silica. EDX 

results confirm the presence of silicon, oxygen, cadmium and sulfur in all the SiO2@CdS 

samples. To understand the deposition of CdS on SiO2 better, the effect of temperature, thermal 

decomposition time and sonication was investigated. SEM results indicate that sonication of 

the reaction contents before the reaction, and thermal decomposition at 180 oC for 60 min leads 

to uniform deposition of CdS on SiO2 spheres. SAED patterns indicate polycrystalline nature 

of CdS in the SiO2@CdS samples and HRTEM images show characteristic lattice spacing of 

CdS in all the SiO2@CdS samples. The SiO2@CdS core-shell nanoparticles show an increase 

in the band gap of CdS and a blue shift in the band gap absorption as compared to bulk CdS 

due to quantum size effect. PL results show an enhancement in the intensity of near band edge 

emission of CdS due to immobilization of CdS nanoparticles on the surface of silica and also 

by reducing the surface trap states in the SiO2@CdS core-shell nanoparticles. Finally, 

mechanism has been proposed for the deposition of CdS shell on the SiO2 microspheres. The 

present synthetic method can be extended to prepare other core-shell nanomaterials with type-

I band alignment. 
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Synthesis of ZnO@CdS (Type-II) core-shell heteronanostructures via a novel thermal 

decomposition approach 

ZnO@CdS core-shell heteronanostructures have been successfully synthesized by a simple, 

economical thermal decomposition approach. The CdS shell thickness in ZnO@CdS core-shell 

heteronanostructures could be controlled by varying the concentration of precursors used 

during the thermal decomposition. First, hexagonal ZnO nanorods were synthesized by 

homogeneous precipitation method. After that, the surface of ZnO nanorods was functionalized 

using citric acid. Finally, CdS shell is deposited on hexagonal ZnO nanorods via thermal 

decomposition of cadmium acetate and thiourea along with surface functionalized hexagonal 

ZnO nanorods in ethylene glycol at 180 oC. Three different ZnO@CdS core-shell 

heteronanostructured samples were prepared by varying the concentration of cadmium acetate 

and thiourea ([Cd2+]:[S2−] = 0.125:0.125, 0.1:0.1 and 0.075:0.075). The synthesized ZnO@CdS 

core-shell heteronanostructures were characterized using a set of analytical techniques. 

XRD results show peaks due to both ZnO and CdS in all the ZnO@CdS samples. The crystallite 

size of ZnO decreases after the formation of CdS shell on the ZnO and the crystallite size of 

CdS was difficult to calculate in the ZnO@CdS samples due to less intense and broad XRD 

peaks of CdS. This suggests the presence of small CdS nanoparticles in the ZnO@CdS samples. 

FT-IR results show IR bands due to citrate ions in the surface modified ZnO which prove the 

surface functionalization of ZnO. SEM images show the hexagonal morphology of ZnO 

nanorods. SEM and TEM results confirm the deposition of CdS on the ZnO nanorods. EDX 

analysis results indicate the presence of zinc, oxygen, cadmium and sulfur in all the ZnO@CdS 

samples. The effects of reaction temperature, thermal decomposition time and surface 

modification of ZnO nanorods on the quality of CdS coating in the ZnO@CdS core-shell 

heteronanostructures were studied. SEM results indicate that good deposition of CdS is 

possible at 180 oC for 60 min with surface modified ZnO nanorods. SAED patterns of ZnO and 

CdS confirm the single crystalline nature of ZnO and polycrystalline nature of CdS. The SAED 

patterns of ZnO@CdS core-shell heteronanostructures confirm the crystalline nature of all the 

ZnO@CdS samples. HRTEM images show clear interface between ZnO core and the CdS 

shell. DRS results show red shift of the band gap of ZnO and blue shift of the band gap of CdS 

in the ZnO@CdS core-shell heteronanostructures compared to pure ZnO and CdS 

nanoparticles. The blue shift in the band gap of CdS shell is attributed to quantum size effect. 

Photoluminescence spectroscopy results show disappearance of UV emission band and 

reduction in the intensity of visible emission in the ZnO@CdS core-shell heteronanostructures 
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and this is attributed to synergistic interaction between ZnO core and CdS shell in the 

ZnO@CdS core-shell heteronanostructures. Finally, the mechanism for the deposition of a CdS 

shell on the ZnO nanorods has been proposed. 

Chapter-4: Synthesis of semiconductor-metal (ZnO@Ag and Cu2O@Ag) core-shell 

nanoparticles via a novel thermal decomposition approach 

This chapter contains two parts and each of them is summarized as follows. 

Synthesis of ZnO@Ag core-shell nanoparticles via a novel thermal decomposition approach 

ZnO@Ag core-shell heteronanostructures were synthesized via a facile, economical, 

and simple thermal decomposition approach. The particle size of silver nanoparticles on 

the ZnO nanorods could be controlled simply by varying the concentration of silver 

acetate during the thermal decomposition. Initially, ZnO nanorods were synthesized via 

homogeneous precipitation method. Silver was then deposited on the ZnO nanorods by 

thermal decomposition of silver acetate along with ZnO in diphenyl ether at 220 oC. The 

particle size of silver on ZnO nanorods was controlled by varying the concentration of 

silver acetate ([Agac] = 0.10, 0.l5 and 0.25). The synthesized ZnO@Ag core-shell 

heteronanostructures were characterized by various analytical techniques. 

XRD results indicate the presence of ZnO and silver in all the ZnO@Ag samples. The 

crystallite size of silver is about 24-31 nm in the ZnO@Ag samples. FE-SEM images 

show the deposition of silver nanoparticles on the surface of ZnO nanorods. EDX results 

confirm the presence of zinc, oxygen and silver in all the ZnO@Ag samples. TEM 

results clearly show strongly adhered silver nanoparticles on the surface of ZnO 

nanorods. The broad particle size distribution of silver nanoparticles on the ZnO 

nanorods is attributed to site-selective positioning of silver on the ZnO nanorods. SAED 

patterns indicate the polycrystalline nature of ZnO@Ag samples. XPS results confirm 

metallic nature of silver in the ZnO@Ag samples. DRS results show the absorption 

bands due to both ZnO and Ag nanoparticles in ZnO@Ag samples. PL results of 

ZnO@Ag samples show emission bands with reduced intensity as compared to pure 

ZnO which is attributed to effective charge separation at the interface of ZnO and Ag 

nanoparticles. The mechanism for the deposition of Ag nanoparticles on the surface of 

ZnO nanorods has been proposed. To understand the deposition of Ag on ZnO nanorods 

better, thermal decomposition reaction time and temperatures were varied. SEM results 
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suggest that the thermal decomposition time of 60 min and temperature of 220 oC leads 

to uniform deposition of silver nanoparticles on the surface of ZnO nanorods. The 

reported synthetic method can be extended to prepare other metal-semiconductor 

heteronanostructured materials for various functional applications. 

Synthesis of Cu2O@Ag polyhedral core-shell nanoparticles via a novel thermal decomposition 

approach 

Cu2O@Ag polyhedral core-shell nanoparticles were prepared by a novel thermal 

decomposition approach. First, Cu2O with different morphologies such as 

rhombicuboctahedron, cuboctahedron, truncated octahedron and octahedron were synthesized 

via a solution route. Then, silver was deposited on Cu2O with different morphologies by 

thermal decomposition of silver acetate at 220 oC followed by at 150 oC in diphenyl ether. The 

concentration of silver acetate used was 0.075 mM. The synthesized Cu2O@Ag polyhedral 

core-shell nanoparticles were characterized using various techniques. 

XRD results confirm the presence of Cu2O and Ag in all the Cu2O@Ag samples. The crystallite 

size of silver is 21-30 nm in the Cu2O@Ag samples. FT-IR spectral results indicate Cu(I)-O 

stretching in all the Cu2O samples. TGA results indicate different oxidation onset temperatures 

for Cu2O with different shapes. The Cu2O samples with octahedron morphology show higher 

oxidation temperature indicating that Cu2O octahedron is more stable than the other 

morphologies of Cu2O. SEM images confirm rhombicuboctahedron, cuboctahedron, truncated 

octahedron and octahedron morphologies of Cu2O. SEM results also show the deposition of 

silver on Cu2O with various morphologies. EDX analysis confirms the presence of copper, 

oxygen and silver in all the Cu2O@Ag samples. To understand the nature of deposition of silver 

nanoparticles on Cu2O polyhedral microcrystals better, the nucleation time (Nt), the growth 

time (Gt) and the concentration of silver acetate were varied during the synthesis. Deposition 

of silver nanoparticles on Cu2O polyhedral microcrystals is observed only on decreasing the 

nucleation time, growth time and concentration of silver acetate. TEM images show the 

deposition of silver nanoparticles on Cu2O with various morphologies. SAED patterns prove 

polycrystalline nature of silver in Cu2O@Ag samples and no diffraction due to Cu2O was 

observed which indicates the formation of thick silver shell on the surface of Cu2O 

microcrystals. Cu2O@Ag samples show marginally higher surface area compared to pure Cu2O 

microcrystals due to the deposition of silver nanoparticles on the Cu2O polyhedral 

microcrystals. DRS results show band gap absorptions due to both Cu2O and Ag in all the 
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Cu2O@Ag samples. A mechanism has been proposed for the deposition of silver shell on Cu2O 

polyhedral microcrystals. The current synthetic approach can be extended to prepare other 

metal-semiconductor core-shell materials for various functional applications. 

Chapter-5: Synthesis of SiO2@Co3O4 and SiO2@Ni-Co mixed metal oxide core-shell 

nanorattles via homogeneous precipitation method 

This chapter contains two sections and a summary on each of the sections is as follows. 

Synthesis of SiO2@Co3O4 core-shell nanorattles via homogeneous precipitation method 

SiO2@Co3O4 core-shell nanorattles with uniform Co3O4 porous shell over the silica core 

have been synthesized using a self-template route by the calcination of SiO2@-

Co(OH)2 at 500 oC. First, SiO2 microspheres were synthesized according to StÖber 

process. In the second step, SiO2 microspheres was mixed with cobaltous nitrate and 

urea and the reaction contents were stirred at 85 oC for 6 h to deposit -Co(OH)2 shell 

on the SiO2 microspheres. The shell thickness was controlled by varying the 

concentration of cobaltous nitrate ([Co2+] = 5, 10 and 15 mM) during the synthesis. The 

obtained samples were calcined in air at 500 oC to get Co3O4 shell coated SiO2 

microspheres. The synthesized samples were characterized using various analytical 

techniques. 

XRD patterns of -Co(OH)2 and SiO2@-Co(OH)2 samples indicate the presence of -

Co(OH)2. Co3O4 and SiO2@Co3O4 samples indicate the presence of Co3O4. 

SiO2@Co3O4 samples show poor crystallinity compared to pure Co3O4 nanoparticles. 

FT-IR spectra confirms the presence of Co(II)O stretching and Co(III)O stretching in 

all the SiO2@Co3O4 samples. The TGA patterns of SiO2@-Co(OH)2 samples show 

weight loss features due to both SiO2 and -Co(OH)2 and the all the SiO2@-Co(OH)2 

samples are converted to SiO2@Co3O4 at 500 oC. FE-SEM images show flower-like 

morphology for SiO2@-Co(OH)2 and SiO2@Co3O4 core-shell samples. EDX analysis 

confirms the presence of silicon, oxygen and cobalt in all the SiO2@-Co(OH)2 and 

SiO2@Co3O4 core-shell nanoparticles. TEM results clearly show the formation of 

nanorattle morphology for SiO2@Co3O4 samples. The SAED patterns show spots/rings 

indicating polycrystalline nature of the samples. BET surface area analysis shows 

enhanced surface area for SiO2@Co3O4 samples as compared to pure SiO2 microspheres 
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and Co3O4 nanoparticles which is attributed to the nanorattle morphology composed of 

porous Co3O4 shell. DRS results show band gap absorptions due to charge transfer 

transitions of O2 → Co3+ and O2 → Co2+ in all the SiO2@Co3O4 core-shell nanorattle 

samples. SiO2@Co3O4 samples show blue shift with respect to pure Co3O4 nanoparticles 

which is attributed to quantum confinement effect and smaller particle size of Co3O4 in 

the SiO2@Co3O4 core-shell nanorattle samples. Compared to other preparation 

methods, this approach does not require any surface modification of silica and the 

method is facile, and inexpensive. This method can be extended to prepare other metal 

oxide core-shell nanorattles for various functional applications. 

Synthesis of SiO2@Ni-Co mixed metal oxide core-shell nanorattles via homogeneous 

precipitation method 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles have been synthesized, for the 

first time, via a novel, economical, and facile self-template route. First, SiO2 

microspheres were synthesized according to StÖber process. After that, SiO2 

microspheres were mixed with different ratios of nickel nitrate and cobaltous nitrate 

with urea and the contents were stirred at 85 oC for 6 h to get SiO2@Ni-Co mixed metal 

layered double hydroxides. The obtained LDHs were calcined at 500 oC in air to get a 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles. The composition of Ni-Co 

mixed metal oxides was tuned by varying the concentration of nickel nitrate and 

cobaltous nitrate ([Ni2+]: [Co2+] = 7:3, 5:5, 3:7; total concentration = 10 mmol) during 

the synthesis. The synthesized samples were characterized using various techniques. 

XRD patterns show peaks due to -Co(OH)2 and -Ni(OH)2 in SiO2@Ni-Co LDH 

samples and SiO2@Ni-Co mixed metal oxide samples show peaks due to NiO, Co3O4 

and NiCo2O4 which indicate the formation of mixed metal oxides in the SiO2@Ni-Co 

mixed metal oxide samples. FT-IR results indicate characteristic metal-oxygen 

vibrations in all the SiO2@Ni-Co mixed metal oxide samples. TGA patterns show 

different weight loss features in SiO2@Ni-Co LDH samples due to the presence of 

different amounts of -Co(OH)2 and -Ni(OH)2. FE-SEM images show hierarchical 

flower-like morphology in the case of SiO2@Ni-Co LDH and SiO2@Ni-Co mixed metal 

oxide samples. EDX results confirm the presence of silicon, oxygen, nickel and cobalt 

in all the SiO2@Ni-Co LDH and SiO2@Ni-Co mixed metal oxide samples. TEM images 

clearly show the formation of nanorattles in the case of SiO2@Ni-Co mixed metal 
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oxides. SAED patterns of SiO2@Ni-Co mixed metal oxide samples show ring patterns 

which suggest polycrystalline nature of the Ni-Co mixed metal oxides on the SiO2 

spheres. BET surface area analysis results show higher surface area for SiO2@Ni-Co 

mixed metal oxide samples which is attributed to the nanorattle morphology. DRS 

results show band gap absorptions due to NiO, Co3O4 and NiCo2O4 in the SiO2@Ni-Co 

mixed metal oxides. A clear understanding on the deposition of Ni-Co mixed metal 

oxides on the surface of SiO2 microspheres is elaborated using TEM analysis on the 

products obtained at different times. The current method can be extended to prepare 

other mixed metal oxide core-shell nanorattles for various multifunctional applications. 

Chapter-6: Applications of core-shell nanoparticles/nanorattles 

In the present study, photocatalytic degradation of methylene blue (MB) in an aqueous solution, 

catalytic reduction of 4-nitrophenol (4-NP) and MB in aqueous solution, peroxidase-like 

activity, and adsorption of mixture of rhodamine B (Rh B) and methylene blue in aqueous 

solution have been demonstrated. 

ZnO@CdS and ZnO@Ag core-shell heteronanostructures were explored as photocatalysts for 

the photodegradation of methylene blue in an aqueous solution under sun light. ZnO@CdS 

core-shell heteronanostructures show complete degradation of methylene blue in 120 min 

whereas the ZnO@Ag core-shell heteronanostructures show the complete degradation of 

methylene blue in 90 min. Both the ZnO@CdS and ZnO@Ag core-shell heteronanostructures 

show higher pseudo first order apparent rate constant (kapp) than their counter parts. The higher 

photocatalytic activity observed in the case of ZnO@CdS and ZnO@Ag core-shell 

heteronanostructures is attributed to effective charge separation at the interface. 

Cu2O@Ag polyhedral core-shell nanoparticles were explored as catalysts for the 

reduction of 4-nitrophenol and methylene blue in the presence of NaBH4 in aqueous 

solutions. Cu2O@Ag polyhedral core-shell nanoparticles complete the reduction of 4-

nitrophenol to 4-aminophenol within 6-13 mins whereas complete reduction of 

methylene blue to leucomethylene blue occurs within 5-9 mins. In both the cases, 

Cu2O@Ag polyhedral core-shell nanoparticles show higher first order rate constant 

(kapp) than pure Cu2O microcrystals, silver nanoparticles and physical mixture of Cu2O 

octahedra and silver nanoparticles. The Cu2O@Ag polyhedral core-shell nanoparticles 

show higher turnover frequency and activity parameter (kact) than previously reported 
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catalysts in the case of 4-nitrophenol reduction. Reusability studies indicate higher 

stability and applicability of Cu2O@Ag core-shell nanoparticles for practical 

applications. 

SiO2@Co3O4 core-shell nanorattles were explored as an artificial peroxidase-like 

enzyme mimic. The SiO2@Co3O4 core-shell nanorattles show enhanced intrinsic 

peroxidase-like activity compared to pure Co3O4 nanoparticles and horseradish 

peroxidase (HRP), a natural enzyme. The SiO2@Co3O4 core-shell nanorattles show 

higher turnover number (kcat) and specificity constant (kcat/Km) values compared to pure 

Co3O4 and HRP indicating their applicability as an artificial enzyme mimic in 

biomedicine and bio-sensing. The higher peroxidase-like activity in the case of 

SiO2@Co3O4 core-shell nanorattles is due to increased surface area and increased 

electron density as compared to pure Co3O4 nanoparticles. 

SiO2@Ni-Co mixed metal oxide core-shell nanorattles were explored as effective 

adsorbents for the removal of mixture of rhodamine B and methylene blue in aqueous 

solutions. SiO2@Ni-Co mixed metal oxide core-shell nanorattles completely adsorb 

rhodamine B and methylene blue within 2 min. SiO2@Ni-Co mixed metal oxide core-

shell nanorattles show higher adsorption capacity in the case of single dye adsorption 

than mixed dye adsorption indicating competitive adsorption of rhodamine B and 

methylene blue. The adsorption follows both Langmuir and Freundlich isotherms in the 

case of single dye adsorption and binary Langmuir model in the case of adsorption of 

mixed dyes. The adsorption kinetics follows pseudo second order kinetics. The higher 

adsorption capacity of SiO2@Ni-Co mixed metal oxide core-shell nanorattles is 

attributed to negative charge on their surface and as well as high surface area due to 

their porous shell structure. Reusability studies show only a marginal decrease in the 

adsorption efficiency after five cycles indicating that the adsorbents are reusable for 

various practical applications. 
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