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Core–shell nanoparticles are a special category of materials with nanostructures that have obtained more

attention in recent times owing to their fascinating properties and extensive choice of applications in

catalysis, photocatalysis, materials chemistry, biology, drug delivery, sensors and other electronic device

applications. By wisely modifying the cores along with the shells material and morphology, a variety of

core–shell nanostructures can be created with tunable properties that can perform vital roles in several

catalytic and photocatalytic developments and promise sustainable solutions to current environmental

remediation problems. Recently, the development of core–shell nanoparticles with Au, Ag, Pt, Pd, Zn, Ni

etc. metals as a core and ZnO, TiO2, SiO2, Cu2O, Fe2O3 and SnO2 etc. metal oxide semiconductors as

a shell has engrossed huge research interest in catalysis, photocatalysis, solar photovoltaics and so on

owing to their tunable nanoscale functionalities in the core and shell particles. This review covers the

core–shell nanomaterials, mainly, metal–metal oxide core–shell nanostructures with an overview of the

recent advances in their synthesis, and applications. It includes a critical review of application of these

materials towards photocatalytic wastewater purification and bacterial disinfections under UV and visible

light irritation. It also includes a brief discussion on mechanisms of heterogeneous and homogeneous

photocatalysis and the effect of different morphologies of photocatalysts in view of photocatalysis for

wastewater treatment. Finally, recycling, reuse and actual photocatalysis in a photocatalytic reactor of

core–shell nanostructures have also been discussed which is very important for a sustainable wastewater

treatment. The future prospects of such core–shell nanoparticles for cancer treatment by hyperthermia,

drug delivery and several other interesting applications have been covered with a distinct emphasis on

their structural depending properties.

1. Introduction

Core–shell nanostructured materials have developed signicant

research interest for the last couple of decades owing to their

impending uses in several elds such as heterogeneous photo-

catalysis, energy storage, biosensing, gas sensing, biomedical

and electronic and bioelectronics applications, and many

others.1–12 Interestingly, a recent investigation shows that around

one thousand reports have been published per year on core/shell

nanoparticles mentioning their synthesis and applications.13

The core–shell nanostructured materials can be fabricated with

diverse shapes and sizes of varying core as well as shell widths by

means of different structural morphologies. These nanoparticles

could be of any shape like centric, eccentric, spherical,

star-shaped, brous or tubular and so on.14 The physicochemical

properties of the core–shell nanostructures may be modied

simply by adjusting their size and shape focusing on their

particular applications.1,14–16 Different core–shell nanostructures

have many distinct characteristics which have been used in

various elds of biomedical and nanomedicine, like drug

delivery,17 bioimaging,18 cancer treatment,19 so on and so forth.20

Recently, core–shell nanoparticles are engineered with solid core

and porous shell such as porous metal–silica, metal–zeolite etc.,

have been progressively used for extremely capable separation

with reasonably low back pressure and quick ow rate.21 The

macroscopic solid core and shell offers low working back pres-

sure whereas the nanoporous shell and small solid core can

deliver very higher surface area for the separation to happen.

When the surface morphology of the nanoparticles is altered by

means of coating with a thin lm of other materials, adding

various chemical functional groups or even attaching other

molecules they display better material characteristics than the

uncoated nonfunctionalized nanoparticles. Interestingly, there
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are various kinds of core–shell nanostructures are possible, such

as metal-core and semiconductor shell, metal-core and

nonmetal shell, metal-core and different metal shell,

semiconductor-core and metal shell, semiconductor core and

dissimilar semiconductor shell, metal-core and polymer shell,

nonmetal-core and nonmetal shell, semiconductor-core and

polymeric shell, polymeric-core and nonmetallic shell and core

and shell of two dissimilar polymers. Intended for these types of

nanostructures, the material of the core and the shell may be

interchanged. There is a schematic illustration of a metal-core

and semiconductor-shell nanoparticles which is shown in Fig. 1.

The design and production of innovative core–shell nano-

structured nanomaterials with metals, polymers, semi-

conductors, alloys, graphene, carbon nanotubes, and quantum

dots etc. that own extraordinary functionalities are one of the

key challenges in core–shell nanoparticle research.22–28 In

a typical core–shell morphology, the core and the shell can be

formed by different materials or the identical materials but with

dissimilar structures.1,29–32 Fig. 2 shows the schematic depiction

of different kinds of core/shell nanoparticle morphologies

where the core and the shell are conveyed in different colors. It

was observed that sometimes the core may be a single sphere

(Fig. 2a) or aggregation of many continuous shells (Fig. 2b). It is

also possible that the shell is continuous and incorporated

several small spheres within it (Fig. 2c). Complex core–shell

assemblies may also be made where the shell may be made of

either many small identical spherical particles or different

spheres shown in Fig. 2d and e, respectively. The shell structure

can be a porous layer (Fig. 2f) when core is nonporous solid or

both the core and the shell can be porous (Fig. 2g). It is also

found that the core is in the form of multiple small sphere

which are covered by a continuous single shell (Fig. 2h) or

a shell layer with several spherical particles (Fig. 2i). Interest-

ingly, the core–shell morphology cab be made in the form of

solid bers as shown in Fig. 2j. Also, the core–shell structure can

form yolk–shell structure where there is a movable core situated

inside a hollow shell (Fig. 2k).33 The selection of morphology of

core–shell particles depends on specic application, for

example, the core–shell particles employed in chromatography

are generally made of the similar material, commonly SiO2,

however, with a porous shell and solid core. The size of the core

particle, the thickness of the shell material and the porosity in

the core or shell are adjusted to garb different kinds of appli-

cations. In case of photocatalytic application, the porous sem-

iconducting shell and conducting core particles are preferred.

In this context, the metal and metal oxide semiconductor,

polymer core–shell have engrossed substantial curiosity as

a class of innovative nanomaterials with interesting uses in

numerous electronics containing organic photovoltaics solar

cells, sensors, organic light-emitting diodes, and eld effect

transistors etc. owing to their benets, such as cheap price and

stress-free device fabrication capabilities.13,34–37

The core–shell nanoparticles are designed by numerous

fabrication methods like sol–gel process, hydrothermal

production, emulsion polymerization technique, micro-

emulsion polymerization, solvothermal synthesis, and chemical

vapor deposition method etc.38–44 These particles are typically

fabricated by a dual-step or many-step synthesis route. Firstly,

the core is made and then shell is formed on the core particle

through various techniques subjected to the variety of core–

shell nanostructured materials and their surface morphol-

ogies.45 Interestingly, the core–shell nanostructured nano-

particles have been mostly explored, as compared to core–shell

microspheres.
Fig. 1 An illustration of a spherical metal–semiconductor core–shell

nanostructure.

Fig. 2 Different core–shell nanostructures: (a) core is a single sphere,

(b) core with multiple concentric shells, (c) shell incorporated with

smaller spheres, (d) shell in the form of identical smaller spheres, and

(e) shell in the form of different spheres, (f) solid core and porous shell,

(g) core–shell both porous, (h) multiple spherical cores, (i) multiple

cores covered by shell formed by several small spheres, (j) core–shell

fiber, and (k) yolk–shell morphology shows a movable core within

a hollow shell.
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Recently, copious research consideration has been dedicated

to metal–semiconductor core–shell particles created on silver,

gold, platinum, and palladium etc., core and titanium dioxide,

silica, zirconia, zinc oxide etc., shell since their nanoscale

properties which distinctly vary from their bulk counter-

parts.2,46–48 These nanoparticles of metal–semiconductor core–

shell morphologies exhibit size-reliant quantum-size effects49

and can be utilized for a variety of applications requiring

advanced functionality such as sensors, energy storage, elec-

tronics, optoelectronics, catalysis and photocatalysis.50 The

catalytic and plasmonic characteristics of the novel metals and

the photocatalytic properties of the semiconductors open up

a new area of application for these metal–semiconductor core–

shell nanoparticles as a promising photocatalyst material.51–53

The metal–semiconductor core–shell nanostructured photo-

catalysts can modify greatly semiconductor energy band

diagram, lower the bad gap energy and causing a slow electron–

hole pair recombination rate with a fast electron transfer

ability.54 Thus, these core–shell photocatalysts with metal–

semiconductor nanoparticles can perform efficient visible light

photocatalyst and nd interesting applications in the eld of air

and wastewater purication, bacterial disinfections and so on.

Therefore, the motivation in the exploration of core–shell

nanoparticles is to associate the chosen belongings of dissim-

ilar materials and nanostructures in order to provide synergistic

result, to stabilize the active nanoparticles, or to deliver

biocompatibility into the functional matrix and explore various

applications accordingly.

In this review we have discussed the challenges and recent

advancement in the synthesis of metal–semiconductor core–

shell nanostructures and their application prospects utilizing

their interesting structures and catalytic and electronic prop-

erties. Also the photocatalytic reaction mechanisms for the

core–shell nanostructures and their potential applications for

environmental remediation, in particular-towards waste treat-

ment by organic pollutant removal and bacterial disinfection

from wastewater, air purication by UV and visible light medi-

ated photocatalysis.

2. Mechanisms of photocatalysis

The energy difference between the valence band (VB) and the

conduction band (CB) of the semiconductor is acknowledged as

the ‘Band Gap’. When TiO2, ZnO, ZrO2, and CdSe etc., photo-

catalyst semiconductor absorbs ultraviolet energy from sunlight

or any irradiated articial light source (uorescent lamps, light

emitting diodes etc.), it yields an electron–hole pair only if the

energy is more than the bandgap energy of the material. The

conduction band electron (eCB
�) of the photocatalyst gets

excited because of the exposure of the illuminated light energy.

This phase is said as the photocatalyst's ‘photo-excitation’ state.

The photo generated electron is negative and the hole is posi-

tively charged. The positively charged hole of the photocatalysts

in valance band (hVB
+) splits the water molecule into hydrogen

gas and high energetic hydroxyl free radical. The electron

counters with oxygen and produces super oxide anion. This

cycle lasts until the light energy is accessible.

The photocatalysis process and the related chemical reac-

tions are elucidated as follows with the help of eqn (i)–(ix). The

reaction mechanism for ZnO and TiO2 photocatalysts are

explained by Sharma's group.55,56 By way of the semiconductor

photocatalyst exposed with illuminated light, the valence band

electron goes to the conduction band creating a positively

charged hole in the valance band. The photocatalysts would be

further efficient if these and hVB
+ will spend longer time prior to

recombine. The eCB
� electrons counter with oxygen and H+ of

the aqueous medium and produce H2O2 which further origi-

nated into OH� ion and OHc free radical. Likewise, hVB
+

respond with H2O to contribute OHc free radical. Creation of

these highly energetic reactive species supports to reduce the

recombination rate of electron–hole pair and provides addi-

tional time for dealings with the organic pollutant molecules.

Fig. 3 shows idea of the photocatalysis thorough a pictorial

illustration.

The mechanisms of two other situations (a) the CB of pho-

tocatalyst is less negative than the O2/O2
� redox potential and

(b) the VB of photocatalyst is less positive than the H2O/OH
�

redox potential. To achieve overall wastewater treatment, the

energy necessities indicate that the bottom of the CB must be

located at a more negative potential than the reduction poten-

tial of H+/H2 (0 V vs. NHE at pH 0), whereas the top of the VB

essentially be located more positively than the oxidation

potential of H2O/O2 (1.23 V vs. NHE). Conferring to this theo-

retical value, the photocatalysis can only be directed if the

photon energy is greater than 1.23 eV. This amount energy is

equal to the energy of a photon (wavelength of �1010 nm),

signifying that visible light holds enough energy for the degra-

dation of wastewater in aqueous medium.

The photocatalytic oxidation of organic compounds under

UV light can be presented as follows:56

Semiconductor photocatalyst + hn/ eCB
� + hVB

+ (i)

h+ + H2O/ H+ + OHc (ii)

h+ + OH�
/ OHc (iii)

e� + O2/ O2
� (iv)

2e� + O2 + 2H+
/ H2O2 (v)

e� + H2O2/ OHc + OH� (vi)

Organic pollutant + OHc/ degradation products (vii)

Organic pollutant + semiconductor photocatalyst (hVB
+)/

oxidation products (viii)

Organic pollutant + semiconductor photocatalyst (eCB
�)/

reduction products (ix)

The recombination of the excited electron–hole pair produces

excess energy from the excitation of the electron which releases

in the form of heat. As the recombination process is unwanted

and causes to an incompetent photocatalysis, therefore the

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 83589–83612 | 83591
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crucial aim of the photocatalysis is to achieve a catalytic reaction

among the excited eCB
� electrons and oxidant to harvest

a reduced product. Furthermore, a reaction among the gener-

ated with a reductant is a must desirable to yield an oxidized

product. It is important to mention that the reduction and

oxidation reactions occur at the surface of photocatalysts since

this reaction creates positive holes and electrons. In the oxida-

tive reaction, the positive hVB
+ counter with the moisture content

on the catalyst surface and yield a hydroxyl free radical. In

addition, if more oxygen is supplied from outside to the pho-

tocatalytic reactor, this will perform as electron acceptors and

can boost the degradation of pollutant by further delaying the

recombination rate.55 Also, the total time for the complete

pollutant degradation increases with the reduction in photo-

catalyst loading. Fig. 4 depicts a typical photocatalytic degrada-

tion of a PAH pollutant naphthalene in wastewater where it

describes the gradual degradation of the pollutant by measuring

its absorption with time.

2.1 Heterogeneous photocatalysis

Heterogeneous photocatalysis is a well-developed branch of

chemical catalysis appreciated for wastewater treatment and air

purication. In case of heterogeneous catalysis, the phase of the

catalyst is different from the reactants. Heterogeneous photo-

catalysis contains a large variety of reactions, such as dehy-

drogenation, minor or total oxidations, hydrogen transfer,

water detoxication, metal deposition, deuterium–alkane

isotopic exchange, gaseous and aqueous pollutant removal, etc.

The utmost common examples of heterogeneous photocatalyst

are the transition metal oxides and semiconductors, which have

exceptional features.

2.2 Homogeneous photocatalysis

In a homogeneous photocatalytic reaction, the reactants and

the photocatalysts are exist in the similar phase. The ozonolysis

and photo-Fenton systems are the most commonly employed

homogeneous photocatalysts. Fenton revealed that a combina-

tion of hydrogen peroxide and Fe(II) in acidic environment have

very dominant oxidizing properties.58 However, the exact

mechanism of this reaction, now identied as the Fenton

reaction, is still the topic of some debate.59,60 It is usually

presumed to be an imperative chemical source of hydroxyl

radicals. The classical mechanism can be demonstrated as

a simple redox reaction in which Fe(II) is being oxidized to Fe(III)

and H2O2 and further reduced to hydroxide ion and the

hydroxyl radical.

Here in this catalysis the reactive species cOH is employed for

diverse commitments. The hydroxyl radical production mech-

anism of by ozone can occur in the following paths.61

O3 + hn/ O2 + [O] (x)

Fig. 3 The idea of degradation of pollutant by heterogeneous photocatalysis. Here, the redox potentials (E0) of some active radicals, such as H+/

H2, O2/O2
� and H2O/OH� should be noted as 0 V, �0.33 V and �0.42 V, respectively.57

Fig. 4 Monitoring of a typical photocatalysis by UV-vis absorption

spectrophotometer. Here, a typical aqueous naphthalene solution was

mixed with TiO2-NF and data collected at different time interval. The

inset image shows magnified lmax (monitored at 275 nm wavelength).

Reprinted with permission from ref. 56. Copyright (2014) American

Chemical Society.56
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[O] + H2O/ H2O2 (xi)

H2O2 + hn/ cOH + cOH (xii)

[O] + H2O/ cOH + cOH (xiii)

In the same way, the Fenton system yields hydroxyl radicals

by the following way:62

Fe2+ + H2O2/ cOH + Fe3+ + OH� (xiv)

Fe3+ + H2O2/ Fe2+ + cOOH + H+ (xv)

Fe2+ + cOH/ Fe3+ + OH� (xvi)

In a photo-Fenton kind reaction processes, additional sour-

ces of cOH generated over photocatalysis of hydrogen peroxide,

and reduction of Fe3+ ions in presence of light energy:63

H2O2 + hn/ 2HOc (xvii)

Fe3+ + H2O + hn/ Fe2+ + H+ + cOH (xviii)

The productivity of the photon-Fenton kind routes is gov-

erned to some operational parameters such as pH of the solu-

tion, concentration of H2O2, and intensity of UV light. The key

benet of this reaction is the capability of expending solar

energy spectrum up to 470 nm, and can escaping the use of high

priced UV and electrical energy sources. The photon-Fenton

processes have been recognized much competent than the

other photocatalytic reactions. In spite of that, the main draw-

backs of these process are the low operating pH standards

which are necessary for the reactions, since iron precipitates at

higher pH.

3. Effect of photocatalyst
morphology on photocatalysis

The photocatalytic oxidation process be inuenced by creation

and recombination of electron–hole pair within the photo-

catalyst. The oxygen molecules absorbed on the surface of the

semiconductor photocatalyst performs as an electron impris-

oner and can govern the photo induced electron–hole pair

recombination process. The nanostructured semiconductor

owns superior photocatalytic competence as compared to the

bulk photocatalysts.64,65 The causes behind this can be

explained by quantum size effect and higher specic surface

area.

The size of the catalyst particles when turn out to be less than

a certain precarious limit (i.e., size decreases to the nanometer

size range) this causes quantum size effects owing to the

conne movement of electrons. The quantum size effect is one

of the utmost direct effects and this can leads to the conduction

band and valence band of the semiconductor catalyst to change

into discretized energy states. This discretization process

depends on the size of the material structure, which indicates

that either the potential of valence band alters more positively,

or the conduction band potential becomes further negative.

Thus, the red-ox potential of the electrons and holes is

augmented, and thereby the oxidation reactivity of nano-

structured photocatalysts is improved.66,67

The other important factor is the higher specic surface area

of the catalysts. The adsorption capacity of the semiconductor

photocatalysts to organic waste materials increased if there are

additional atoms be present onto the surface. The photo-

catalytic activity of the catalyst is related to the time period

drained by electron–hole pairs to get in contract to the particles

surface. When the sizes of the particle are in nano-regime the

diameter of those catalysts becomes very minute, then the

movement of the charge carriers from inside to the surface

becomes very straightforward, and so benets to red-ox reac-

tion. Greater the surface area to volume ratio, lesser the diam-

eter of the particle and the shorter time may be taken up by

electron–hole pairs diffusing to the surface from inside of the

catalyst. This can deliver reduced probability for the recombi-

nation of electron and hole. Consequently, the more photo-

catalytic action can be attained. Therefore, the nanosized

semiconductors have superior photocatalytic prociency than

the bulk.68,69

The catalytic activity greatly inuenced by porous nature and

porosity distribution of the photocatalyst. The optimum

porosity distribution in a micro (pore size < 2 nm)/mesoporous

(pore size � 2–50 nm) catalyst is essential for efficient catalysis.

Auyeung et al.70 demonstrated the method for controlling

structure and porosity in catalytic nanoparticles. In case of

heterogeneous catalyst with an enforced nanotexture, such as

zeolite, mesoporous sieve etc. the distribution of macropores

and large mesopores helps if efficient transportation reactants

to overcome diffusion limitations during catalytic reaction. The

pore size and porosity distribution are of great signicance to

the practical use of sensibly designed nanoporous catalysts, as

the absence of an elegant porous interconnected network

assembly at greater length scales might unfavorably affect the

overall photocatalytic performance. Interestingly, the presence

of big pores in channels ease access to the active catalytic sites,

however, it diminishes the quantity of active catalysts. Thus,

there is a clear need of an optimally distributed porosity. In this

context, Coppens group demonstrated that the catalysts usually

get benet from a hierarchically porous network with an

extensive pore-size distribution.71

3.1 Nanostructured metal-oxide semiconductor

photocatalysts

A nanostructured semiconductor photocatalyst is a class of

semiconducting nanomaterials that produces catalytic activity

by means of light energy. Semiconductor metal-oxides nano-

structured photocatalysts have attained excessive technological

signicance in electronics and environmental remediation. The

encouraging electronic structural arrangement, superior light

absorption abilities, and favorable charge transport properties

of the metal-oxide nanomaterials has made conceivable its use

as photocatalyst.55

The noteworthy features of the photocatalysts are the

appropriate band gap, preferred morphology, high surface area

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 83589–83612 | 83593
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to volume ratio, chemical and thermal stability and most

important the reusability.72–75 Titanium dioxide, zinc oxide,

zirconium dioxide, cadmium selenide are the typical photo-

catalyst materials. Other metal-oxides like oxides of vanadium,

tin, cerium and chromium, possessing these features show

comparable photocatalysis and are able to oxidize organic

pollutant molecules to degrade completely or else convert them

to less hazardous derivatives.

There are many nanomorphologies of photocatalysts such as

nanoparticles, thin lms, nanospheres, nanobers, nanotubes,

nanoribbons and core–shell nanostructured photocatalysts

described in the literature for their exciting photocatalytic

activities. Among those nanostructures core–shell nano-

structured photocatalysts are the most efficient one.

There are lot of semiconductor metal-oxides nanostructures

plentifully available in nature such as ZnO, SnO2, TiO2, and

CeO2, BiVO4, Bi2WO6, InTaO4, Zn1.7GeN1.8O, ZnAl2O4, ZnGaNO

and so on which have also been extensively used as photo-

catalysis, predominantly as heterogeneous photocatalysis

application since quite a few decades. Metal-oxides nano-

structured semiconductors are very useful in chemical catalysis

due to their excellent chemical stability in a diverse environ-

mental conditions, biocompatibility, and competence to create

electron–hole pair when irradiated with necessary expanse of

photon energy owing to their nanoscopic properties.

3.2 Nanotube

There is an ongoing research exertion to exploit the distinctive

structures of these nanoscale photocatalysts by altering parame-

ters such as shape, size, and arrangement of patterns. One-

dimensional (1D) nanostructured morphologies such as nano-

tubes, nanorods, and nanobers, have turn out to be a hot

research topic in the area of photocatalysis due to their excep-

tional physicochemical belongings and anisotropic congura-

tions.77–79 Efforts have been made on various processes

parameters to obtained different shaped nanostructures and

among these, tubular and rod shaped structures are much

explored. The photocatalyst with nanotubes have structurally

stable to several hundred degree Celsius temperature. The nano

interface, wall thickness, and tube-to-tube interaction points seem

to have important roles in dening the photocatalytic perfor-

mance.80 In the recent past, Kang et al.81 have synthesized nano-

tube nanostructures of titanium dioxide photocatalyst and

demonstrated towards the photocatalytic reduction of methylene

blue. They have observed that within the slight temperature range,

the titania nanotube arrays showed a binary combination of

brookite and anatase crystalline phases which are highly effective

for photolysis. Grimes's group has fabricated tapered, conical-

shaped TiO2 nanotubes expending anodic oxidation process.80

Interestingly, Ratanatawanate et al.82 have been synthesized

S-nitrosocysteine ornamented PbS quantum dots/TiO2 nanotubes

for better creation of singlet O2 where they have used the nano-

morphology as a nitric oxide releasing vehicle to promote pho-

tocatalysis. In a recent study Gupta and his co-workers have been

developed extreme-dense ZnOnano-forest comprising of vertically

grown high aspect ratio nanotube/nanorod like nanostructures

and demonstrated their prospective as photocatalysts.76 Interest-

ingly, Fig. 5 shows the typical FESEM images of 1D zinc oxide

nanotube/nanorod nanomorphologies pinned in nanocarpets

which was reported by Gupta et al.76

3.3 Nanobers

Nanobre photocatalyst is one of the advanced expertise and

broadly used due to their large surface area to volume ratio and

has tunable nanopore morphology. It provides a structural

exibility and superior functionality of its surface and further-

more the mechanical properties of nanobre such as the tensile

strength is surprising.83,84 Amongst the enormous number of

fabrication processes aimed to achieve 1D nanober nano-

structures, the electrospinning method is a most opportune and

scalable technique.85,86 Nanobers attained by the employing

electrospinning technique have copious notable characteristics,

for instance, a high surface area, tunable huge porosity, and

exceptional substrates for the gathering of secondary nano-

structured morphologies.87 Currently, nanobers photocatalysts

have involved much consideration owing to their striking

features of 1D nanostructure for uses in photocatalysis.88–93 This

has also been conveyed that electrospun nanobrous photo-

catalysts were advantageous to the vectorial transportation of

photocreated charge carriers through their grain boundaries,

causing an enriched separation of electron–hole pairs compared

to other nanomorphologies.94,95 Therefore, the design and

architecture of nanobrous nanostructured photocatalysts

response in the visible-light irradiation are still of major

research emphasis. Recently, Singh et al.55 have been demon-

strated an innovative approach for the free-standing meso-

porous ZnO nanobrous mats fabrication of by employing

electrospinning technique. The FESEM images in Fig. 6 shows

the morphology of the calcined (Fig. 6a and b) ZnO nanober

and free-standing photocatalyst mat (Fig. 6c) with porous crys-

tallinity (Fig. 6d) fabricated by employing electrospinning

method. They have shown that the optimized �60 nm diameter

nanober photocatalysts are extremely effective in the photo-

catalysis of the polycyclic aromatic hydrocarbon (PAH) dyes,

such as anthracene and naphthalene. In the same context,

Sharma's group has been fabricated electrospun partially

aligned free-standingmesoporous pure anatase TiO2 nanobers'

mats for aqueous photocatalysis application.56 The have

demonstrated that the nanober photocatalyst mats are kineti-

cally very procient in whole photocatalysis of aqueous naph-

thalene solution, which is assisted by the hierarchical porosity

and extraordinary surface to volume ratio of the brous photo-

catalysts. The uniform ber morphology of the electrospun TiO2

nanobers (Fig. 7a and b) along with visible mesopores (Fig. 7c)

and crystalline nature (Fig. 7d) is shown here in Fig. 7. It is also

interesting that the photocatalyst can be engineered easily by

doping with desired metal, carbon and other nanocomposites

into the nanobrous structures during electrospinning.56

3.4 Nanoribbons

In recent times, Feng et al. have fabricated various ultrathin

nanoribbons/nano sheets of Fe2V4O13,
96 Zn2GeO4,

97 (shown in
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Fig. 8 with their FESEM, TEM, and HRTEM images) and nano-

sheets of Bi2WO6,
98 TiO2/graphene,

99 and WO3,
100 and demon-

strated them as very efficient and highly selective photocatalysts.

The unusual high photocatalytic activity of the ultrathin

nanostructure can be arises because of the thickness scale down

to some tens of nanometer which offers a huge specic surface

area and nanoscale geometry permits fast mobility of charge

carriers from the inside onto the surface to contribute in the

photocatalysis in compare with their bulky counter parts. Inter-

estingly, a micron thick, ultra-thin Na2V6O16$H2O nanoribbon

has been synthesized by the same group using hydrothermal

technique and the nanoribbons was conrmed to signicantly

endorse the photocatalytic activity under exposure of visible

light.101 In similarly context, Zhang's group102 has prepared well-

dispersed boron-doped graphene nanoribbons and Shao's and

his coworkers103 have developed single-crystalline a-MoO3 nano-

ribbons for efficient photocatalytic applications.

3.5 Other nanostructures

There are many other different nanomorphologies have been

explored towards photocatalysis such as nanospheres, thin

Fig. 5 FESEM micrographs of ZnO nanoforest which were imaged at different zones and magnifications using normal/angled sample stage of

the electron microscope. Reproduced with permission from ref. 76. Copyright 2015, Royal Society of Chemistry.76
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lms, nanocone, nanoribbons etc. For example, Zhang et al.104

have been developed a method to produced porous TiO2 hollow

nanospheres.

The photocatalytic activities of the nanocatalysts were

assessed by the photodegradation of methyl orange dye under

UV irradiation. Their studies indicates that the TiO2 hollow

nanospheres displayed outstanding photocatalysis, improved

than that of commercial Degussa P25 in the existence of Cr(VI)

owing to the elevated specic surface area. Recently, Bi and his

coworkers fabricated Bi and BiAg alloy nanospheres via

a simplistic hydrothermal route and demonstrated photo-

catalytic activity towards H2 generation.105 Zhou's group has

reported a synthesis protocol for a of C@Ag/TiO2 composite

photocatalyst by combining a hydrothermal and sol–gel method

and claimed that the photocatalytic activity considerably boos-

ted under visible light.106 In the context of composite nano-

structured photocatalyst, Mondal et al.107 have been fabricated

macroporous TiO2/polyacrylonitrile and TiO2/carbon hybrid

lms using spin coating technique. They have demonstrated

that porous carbon lm acts as a catalytic support material for

the TiO2 nanoparticles with an average size 40 nm. The resul-

tant TiO2/carbon hybrid porous lms reveal outstanding pho-

tocatalysis as displayed for the degradation of aqueous

rhodamine B dye.

4. Metal–semiconductor
nanostructured photocatalysts

An indispensable requirement for the photocatalyst is its

robustness to the reaction occurring at the solid/liquid inter-

face, which can involve its physicochemical belongings.

Fig. 6 FESEM micrograph of electrospun ZnO nanofibers formed at

two different calcination temperatures; 450 �C (a), 650 �C (b); (c)

shows low magnified view of the ZnO nanofiber mat after and TEM

image of ZnO nanofibers (d). The selected area electron diffraction

(SAED) pattern shows the crystal planes (inset). Reprinted from ref. 55,

copyright (2013), with permission from Elsevier.55

Fig. 7 FESEM image of electrospun TiO2 nanofiber mat produced at

500 �C (a); (b) shows the higher magnifiedview of a single fiber; TEM

micrograph of TiO2-nanofibers (c); and the SAED pattern presentation

the crystal planes of anatase TiO2 (d). Reprinted with permission from

ref. 56. Copyright (2014) American Chemical Society.56

Fig. 8 Zn2GeO4 nanoribbon nanostructures are described by (a and b)

FESEM, (c) TEM, and (d) HRTEM images. Structural model of a nano-

ribbon shown in (e). (f) HRTEM micrograph imaged along [001] plane.

The inset of (d) displays the FFT pattern achieved from the HRTEM

micrograph. Reprinted with permission from ref. 97. Copyright (2010)

American Chemical Society.97

83596 | RSC Adv., 2016, 6, 83589–83612 This journal is © The Royal Society of Chemistry 2016

RSC Advances Review

P
u
b
li

sh
ed

 o
n
 2

5
 A

u
g
u
st

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 3

:1
3
:5

6
 A

M
. 

View Article Online

https://doi.org/10.1039/C6RA18102C


However, it has demonstrated hard to nd an ideal photo-

catalyst, which encounters all the necessities like physico-

chemical stability, resistance to corrosion, harvesting visible

light and appropriate band gaps that would enhance photo-

catalytic response as a viable alternative. Providentially, recent

research in the eld of nanoscience and nanotechnology has

improved the alteration of obtainable photocatalysts and the

nding and improvement of new materials.108,109 The fast

growing number of scientic publications establishes vibrant

bibliographical conrmation for the implication of this hot

subject matter. Several papers considered the inuence of

diverse nanostructures of nanomaterials on their performance

as photocatalysts, as their efficiency of energy conversion is

mostly determined by nanoscopic properties.

In this context, metal-oxide semiconductors are of excessive

scientic signicance in electronics and environmental reme-

diation as they have competence to create charge carriers when

irradiated with requisite expanse of energy. The encouraging

organization of electronic arrangement, efficient light absorp-

tion capabilities, and interesting charge transport features of

maximum of the metal-oxides has ended promising its use as

photocatalyst. But, there are some drawbacks in semiconductor

photocatalysts, such as, fast recombination of photogenerated

chare carriers, wide bandgap which makes the possibility to

engineer new composite photocatalysts.

The most important objective of designing composite pho-

tocatalyst is to modify the photoelectrochemical possessions of

the semiconductor nanomaterials. A sequence of metal–semi-

conductor and semiconductor–semiconductor composite

nanoparticles have been demonstrated to ease charge rene-

ment in the metal-oxide semiconductor nanostructures.110–113

The noble metal can performs as a sink for photogenerated

charge carriers and thus helps interfacial charge-transfer

procedures in these composite photocatalysts.114 The sche-

matic describing the electron transfer in noble metal–semi-

conductor photocatalytic system is shown in Fig. 9. In a latest

report, research effort was ended to include noble metal ions to

encompass the photoresponse of titania keen on the visible light

radiation.115 A straight correspondence between the photo-

catalysis for the production of ammonia from azide ions and the

work function of the metal has been prepared for metallized

TiO2 systems has been described by Nosaka et al.116 Also, doping

of TiO2 nanomaterials with transition metal ions has been

explored by a number of researchers to increase the photo-

catalytic properties of metal-oxide semiconductor photo-

catalysts.117,118 An infrequent photoelectrochemical consequence

has also been described for Ni/TiO2 photcatalyst in the form of

lms.119 These fascinating features of metal–semiconductor

photocatalytic systems encouraged many research groups to

probe the impact of metal nanoparticle on the photocatalytic

properties of metal-oxide semiconductors.120

4.1 Metal–metal-oxide semiconductor heterostructure

photocatalysts

Heterogeneous nanoparticles comprising two or more dissim-

ilar functional units in epitaxial conjugation are of immense

research concern since they possesses exclusive physicochem-

ical, magnetic, electronic, optical, catalytic and photocatalytic

belongings.121–123 These properties typically consequence from

their nanoscopic junction effects existing in the structure. It is

well-known that for a heterojunction between a hetero-

structured metal and metal oxide nanoparticle, the material

characteristics at both ends adjacent to the interface are altered

from their bulk counterpart. This could be instigated by various

inuences, comprising surface reconstruction nearby the

junction, lattice mismatch persuaded crystal strain, and elec-

tron interaction/transfer through the interface. However,

modifying material belongings by heterogeneous conjugation

to a large degree depends on the epitaxial link between the two

unlike materials.124,125 A typical metal–metal-oxide semi-

conductor heterostructure of Au–Fe3O4, Ag–Fe3O4, Pt–Fe3O4 and

AuAg–Fe3O4 nanostructures are shown in Fig. 10.126

The metal–metal-oxide semiconductor nanostructured pho-

tocatalysts can be differentiate mostly in to two classes. Firstly,

the materials is photoenergetic and, upon excitation, the

excited charge carriers are shied to further share of the

material, which thereby prompts the catalytic method. The

plasmonic nanomaterials such as gold, silver, platinum the

grouping of elevated bandgap semiconductors like TiO2 fall in

this group, where upon photoexcitation the plasmon electrons

are transported from gold to the TiO2 semiconductor for start-

ing the catalytic activity.127–132 These are identied as plasmonic

photocatalysts which have been extensively studied and

described in the literature. A probable electron removal from

the surface plasmonic state of gold to the semiconductor

material has been illustrated in Fig. 11 while connecting the

recent literature.133–135 The second further option is that both

the semiconductor and metal are photosensitized and captivate

the solar light. The material systems where the plasmonic

material gold is combined with small bandgap semiconductors

(for example Au–CdS, Au–PbS, Au–CdSe, etc.),136–138 counted in

this class.136 Interestingly, it is perceived that there is a chance

of the electron transfer from both ends, i.e., either metal to

semiconductor or the reverse subjected to the bandgap

arrangement along with the excitation basis.

Fig. 9 Scheme diagram of the electron transfer mechanism of the

metal–metal-oxide nanostructures.
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In certain occasion, if only the metal is excited, then electron

handover can trail alike to the scheme shown in Fig. 11a,

providing the surface plasmonic state rests above the conduc-

tion band (CB) of semiconductor. In the same way, with selec-

tive excitation of the semiconductor can ease the electron

movement from CB to the electronic band of gold and a sche-

matic presentation of such electronic movement has been

shown in Fig. 11b. But then, the circumstance turn out to be

further complex once both semiconductors andmetal are photo

excited simultaneously (shown in Fig. 11c). Despite the fact

utmost of the information anticipated the photoexcited electron

assignments from the agitated state of semiconductor to plas-

monic metal, but few latest research on gold–cadmium sulde

metal–semiconductor exhibited that, the electron assignment

in together traditions are probable, yet more probable is the

handover from CdS toward Au. The coupling of the exciton is

also possible between semiconductor and plasmon of

metal.138–140 Conversely, it is demonstrated that the occasion

when both the semiconductor and metal are photoexcited, it

turns out to be more encouraging, as they together can captivate

solar radiation and produce more photoexcited charge carriers

than the rest two kinds. On the other hand, even thoughmost of

the cases it is considered for metal–semiconductor hetero-

structures, but besides gold, further metals are also been

coupled with many semiconductors and can be employed in

efficient photocatalysis. For example plasmonic platinum has

been considered even further effective in few circum-

stances.141,142 But mostly the metallic Au is used for metal–

Fig. 10 TEM micrographs showing different noble metal nanoparticles: 5 nm Au (a), 5 nm Ag (b), 5 nm Pt (c), 6 nm AuAg (d); noble metal–metal

oxide heterostructures of 5–12 nm Au–Fe3O4 (e), 5–12 nm Ag–Fe3O4 (f), 5–12 nm Pt–Fe3O4 (g), and 6–10 nm AuAg–Fe3O4 (h) nanoparticles.

Reprinted with permission from ref. 126. Copyright (2010) American Chemical Society.126

Fig. 11 Schematic representation of the electron transfer process in a metal–semiconductor heterostructure.
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semiconductor photocatalyst systems as this one has surface

plasmon resonance (SPR) which falls in the strong vicinity of the

solar spectrum.

4.2 Metal–metal oxide semiconductor core–shell

nanostructured photocatalysts

In recent past, there have been made noteworthy advances in

the designing of core–shell metal–semiconductor photo-

catalysts.143–147 Until now, the struggles to employ these core–

shell nanostructures as photocatalyst materials in the photo-

energy renovation systems such as hydrogen generation, water

splitting, photoelectrochemical cells, photocatalysis of waste-

water etc. are restricted.

In this context, it is imperative to interpret the effect of the

metal core on the photocatalytic belongings of exterior metal

oxide shell (shown in HRTEM micrograph of an individual Au–

Cu2O core–shell nanostructure along with its SAED patterns in

Fig. 12a and b respectively). As a distinctive class of innovative

core–shell photocatalysts, metal-core and semiconductor-shell

nanocomposites are capable of doing noteworthy advantages

as a candidate in heterogeneous photocatalysts. Firstly, encap-

sulating metal nanoparticles inside a metal-oxide semi-

conductor outer shell can signicantly improve their stability in

contrast to agglomeration, and help to escape unwanted photo

corrosion or suspension in the course of the process of catalytic

reactions in real uses.148,149 Secondly, as per the core material

being a noble metal, its small Fermi energy level can function as

a pool of photo generated electrons and extend the lifespan of

photogenerated charge carriers. Thus this phenomenon perhaps

increases the total photocatalytic performance.4,120,150,151 These

features have been well described by Kamat's and his coworkers,

which can be realistically explained by a semiconductor–metal

nanocomposite system as shown in Fig. 13.127,143,152 Furthermore,

the core–shell nanostructural design offers a 3D close interac-

tion between the semiconductor shell and metal core which

takes most advantage of the metal-support interfacial interac-

tion. In this manner it eases the interfacial charge transfer

procedure.143 Lastly, the metal–metal-oxide core–shell nano-

structured conguration delivers a homogeneous photocatalytic

environment for reactions to continue.153,154 These exceptional

advantages essentially accompanying with the metal-core and

metal-oxide semiconductor-shell nanocomposite photocatalysts

propose that they can be employed as a innovative approach for

light harvesting in heterogeneous photocatalysis.

4.3 Synthesis of metal core–metal oxide shell photocatalysts

The designing of metal core–metal oxide shell nanostructures

needs full control over some processes parameters, including

nucleation and growth in the semiconductor shell nano-

structure surrounding the seeds of metal-core nanoparticles.

These routes are controlled by means of various experimental

factors, for example, temperature, time, solution concentration,

mismatch in lattice parameters, presence of surfactant, inter-

facial energy, and so on.

Usually, the mismatch in lattice parameters and shortage of

chemical interaction between metal–metal oxides interfaces

frequently consequences in a huge interfacial energy generation

between the metal oxide and a metal. Unfortunately, if there

exists a lattice incompatibility between two constituent mate-

rials then that would be very problematic to create their core–

shell formation. Yet, suitable ligand or surfactant might be

helpful to adjust the interfacial energy between these two

constituent materials. The nanoparticle assembly with the

noble metal core and SiO2 shell is quite recognized, however,

this technique has not been widely applied to other oxide shells,

mostly for the reason of agglomeration in the solution.156

Furthermore, syntheses of various metal oxides, excluding

silicon dioxide, need the usage of metal precursor salt, which

could lead to aggregation of the nanoparticle seeds. Although, if

the consumption of metal salt as a precursor is inevitable, the

introduction of proper surfactant, ligand etc. can be an alter-

native favorable solution to synthesize core–shell nano-

morphology. Therefore, the choice of a friendly ligand or

surfactant remains interesting, and thus there are very few

literature exist reporting the synthesis of core–shell nano-

particles with metal oxides, even if their analogous pure oxides

are available commonly. This is a probable the cause why the

core–shell nanoparticles with metal and metal oxides is case

Fig. 12 (A) TEM micrograph of an individual Au–Cu2O core–shell

nanoparticle with a compact metal oxide shell and (B) SAED pattern

showing individual crystal planes. Reprinted with permission from ref.

155. Copyright (2012) American Chemical Society.155

Fig. 13 Scheme of a light-induced charge separation mechanism in

a typical metal–metal oxide semiconductor core–shell in a photo-

catalytic reaction.
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specic. The fabrication of TiO2 and SnO2 core–shell nano-

particles is comparatively much easier as both of them have

cubic crystal structure comparable to silver, gold, platinum etc.

noble metals, and as a result, there has exists a good match in

lattice parameters for core–shell construction in this combina-

tion. However, it is very difficult to create a ZnO nanostructure

surrounding a noble metals to design core–shell structure since

ZnO is hexagonal and differently grows along c-axis. In conse-

quence, the formation of core–shell structure by metal–ZnO

combination was challenging owing to their lattice mismatch

and very unfortunately neither a surfactant nor a ligand can

help to overcome the encapsulation problem during

synthesis.157 As a solution to this problem, recently, Zhao et al.158

have fabricated Ag–ZnO core shell nanoparticles by laser abla-

tion technique nanoparticles and proposed that synthesized

nanoparticles may have outstanding application towards micro-

nano optoelectronic device fabrication. They have synthesized

for the rst time a silver–ZnO core–shell by a 248 nm KrF

excimer pulsed laser ablation in a liquid solution. It was

observed that Ag–ZnO core–shell nanostructures show strong

surface plasma resonance absorption and that can be altered by

tuning the thickness of the ZnO shell. Also, Sun et al.159 have

successfully produced metal–ZnO core–shell structure with

distinct morphology and obtained a comprehensive growth

mechanism (Fig. 14a–f show TEM images and photographs of

metal–ZnO core–shell nanostructures that were produced from

different noble metal used as cores). They have established

a general scheme for coating ZnO on various core metals,

oxides, polymer nanoparticles, graphene oxide, and carbon

nanotube seeds. They have also shown that this technique

works well and can be further extended to include many other

semiconductors like Fe3O4, MnO2, Mn3O4, MnO, Co2O3, TiO2,

Eu2O3, Gd2O3, ZnS, Tb2O3, CdS and b-Ni(OH)2, as the shell

materials (shown in Fig. 15a–i). It was observed that poly-

vinylpyrrolidone (PVP) and 4-mercaptobenzoic acid played an

imperative role in the Au–ZnO synthesis. They have also

revealed that 4-mercaptobenzoic acid can substantially decrease

the Au–ZnO interfacial energy. Although, ZnO does not coop-

erate well with the hydrophobic ligands attached to the surface

on the gold in the absence of PVP polymer demonstrating that

the amphiphilic nature of PVP is crucial in the ZnO encapsu-

lation on the metallic core with hydrophobic ligands.

Interesting core–shell structure with Ag metal and WO3

metal-oxide nanostructures were synthesized by a hydrothermal

method for effective localized surface plasmon propagation by

Liu's group.160,161 Size and shaped dependent silver nano-

particles with diameter in the 25–60 nm range have been

prepared successfully. First, Ag nanoparticles were dispersed

into a Na2WO4 solution and then aer adding nitric acid Agx-

H2WO4 was precipitated in the solution. A high temperature

calcination process then employed and removes water from the

precipitate to form Agx–WO3 core–shell nanostructure where

the shell thickness was �60 nm in a �200 nm overall particle

size.

In a recent study, Lu et al.162 have been demonstrated

a robust room-temperature wet chemistry methodology to

fabricate hollow Au–Cu2O core–shell nanostructures where they

can control the regulation and augmentation of plasmonic

properties of cores (hollow gold nanoparticles) via tuning the

nanosized dielectric Cu2O shells. It was evident that, the

epitaxial growth of Cu2O on the Au nanoparticle surface

happens because of the good affinity of Cu2O to gold surface

and their comparable crystal symmetry. Fig. 16a–d show typical

TEM micrographs of hollow core–shell nanomorphology of

Au–Cu2O particles with increasing shell thicknesses and

Fig. 16e describes the size distribution.

There are very few information on the realization of core–

shell nanoparticles using Co3O4 as shell material. In this

context, Hu et al.164 the synthesized Au–Co3O4 core–shell

nanocubes via solvothermal process, however, there is no

strong indication of core–shell nature in these nanostructures.

Xu's group has been reported a simplistic synthesis method to

attain a Pd–CeO2 hollow core–shell nanostructures made up of

Pd nanoparticle cores coated with CeO2 hollow shells.165 Kim

Fig. 14 TEM micrographs and digital photographs of metal–ZnO nanoparticles that were made from diffrent noble metal cores: citrate-

stabilized nanoparticles, including nanospheres of Au (a); Ag (b); and Pt (c). PVP-stabilized nanoparticles, including nanospheres of Pd (d); Ag (e);

and Ag nanowires (f) (diameter ¼ 120 nm, length ¼ 3–5 mm). Insets display magnified views of typical nanomorphologies. All scale bar: 200 nm.

Reprinted with permission from ref. 159]. Copyright (2013) American Chemical Society.159
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and other co-workers have fabricated Au–Co3O4 core–shell

nanowires.166 Recently, Yan's group reported the preparation of

monodisperse Au–Co3O4 core–shell nanostructures, where nal

structures produced from the oxidation of monodisperse Au–Co

core–shell nanocrystals and explored their catalytic activity for

oxygen evolution application.167 Zhang et al.163 reported metal–

Al2O3 yolk–shell nanostructured particles with improved

thermal stability where metal nanoparticle is conned inside

alumina nanoshell. They have employed a one-pot hydro-

thermal reaction to prepare a core–shell structure of metallic

core surrounded by carbon shell and that was then used as

seeds for the subsequent surface growth of Al2O3. Fig. 17 shows

the TEM images of Au/carbon/Al2O3 nanostructures where in

Fig. 17a and b, conrms that the diameter of carbon shell rise to

200 and 300 nmwhen extending the hydrothermal reaction. It is

worth mentioning that, varying the parameters like aluminum

salt concentration and the reaction time, the Al2O3 nanoshell

thickness could be tuned (shown in Fig. 17c and d). In the same

context, Huo's group has demonstrated the simplistic approach

for encapsulation of prefabricated nanoparticles into carboxylic

acid mediated metal–organic framework using metal–metal

oxide core–shell nanoparticles as the self-template.168 The yolk–

shell surface morphology of the reaction product was charac-

terized by TEM and STEM which are shown in Fig. 18a–c. They

have shown that the core–shell nanoparticle-metal oxide self-

template could be converted yolk–shell metal–metal oxide het-

erostructures with preferred encapsulating functional materials

and metal oxide shells. The thickness of the shell, encapsulated

materials, and encapsulated nanoparticles in each petalous

heterostructure, all of them could be tuned straightforwardly by

varying the concentration of copper salt, the nature and

concentration of used nanoparticles during synthesis of the Au–

Cu2O core–shell NPs (shown in Fig. 18d–g).

Transition metal core–semiconductor shell nanoparticles

are also important candidate in this topic. For example, Chang

et al.169 have been reported the synthesis of a Cu–ZnO metal–

semiconductor core–shell nanoparticles containing Cu nano-

particles as core with an average diameter of 44.4 � 4.3 nm and

coated with 4.8 � 0.5 nm-thick ZnO nanoshell. Chen's group

has been reported a new and facile route to develop the fabri-

cation of Zn–ZnO core–shell metal–semiconductor nano-

structures on a large scale.170 Recently, Kudrynskyi's group has

been reported a route for the controlled synthesis of greatly

ordered core–shell nickel–carbon nanoparticle arrays.171 Ivanov

et al.172 have been synthesized core–shell nanowires with a Fe

core coated by an iron oxide shell via a facile low-cost fabrica-

tion method. They have demonstrated that the magnetic prop-

erties of the core–shell nanostructures can be altered by

changing magnetite shell thicknesses to obtain signicantly

multi-functionality and new properties.

Fig. 15 TEM micrographs of Au-oxide nanoparticles (diameter of Au ¼ 40 nm) with different types of metal oxide shell materials: Au–Fe3O4 (a),

Au–MnO (b), Au–Co2O3 (c), Au–TiO2 (d), Au–Eu2O3 (e), Au–Tb2O3 (f), Au–Gd2O3 (g), Au–Ni(OH)2 (h), and (Au–Ni(OH)2)–ZnO (i). Insets describe

magnified views of typical nanoparticles. All scale bar: 200 nm. Reprinted with permission from ref. 159. Copyright (2013) American Chemical

Society.159
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Interestingly, metal–metal oxide core–shell nanoparticles

systems sometime conrmed photocatalytically more effective

owing to the fact of doping of the core–shell systems, such as

doping in TiO2 shell by Zn, F, S or C etc., nanoparticles. For

example, it has been observed that a simple doping in TiO2 with

Zn173 or F174 gives higher photocatalytic activity in systems with

Pd–TiO2 nanoparticles. Recently, Er3+, Yb3+ doped core–shell

nanostructured BiVO4 and their near-infrared photocatalytic

prospects have been reported by Shan's group.175 Along the

same concept, Pihosh et al.176 have doped WO3 into BiVO4

system and have reported enhanced photocatalytic activity.

Moreover, core–shell nanostructures with other metals and

metal oxides have also been described, but, many of them do

not have well-dened core–shell structures and failed to achieve

uniform particle sizes.

5. Environmental applications of the
core–shell photocatalysts

Semiconductor nanostructured mediated photocatalytic degra-

dation of organic pollutants have revealed excessive prospective

as a wastewater management technology. This method can be

employed to eliminate persistent organic compounds and

various micro-organisms that are involved water pollution, and

it has been established extensively.177–181 Semiconductors are

encouraging catalysts for this technology since they are envi-

ronmentally friendly and can perform great photocatalysis of

waste at small cost in ambient conditions.182 Although, there are

few disadvantages to the usage of semiconductors photo-

catalysts that bounds their wide spread acceptability for exten-

sive photocatalytic developments. For example, they have a high

rate of recombination of photogenerated electron–hole charge

pairs and on top of that they show poor recovery aer

photocatalysis.

To address both issues with photocatalytic semiconductors,

core–shell nanomorphology of the metal–semiconductor pho-

tocatalysts is a feasible option. Nanaoscopic metal core and

semiconductor shell are able to decrease the rate of recombi-

nation rate of electron–hole pairs. Without a doubt, there is

a fast transfer of electrons from the conduction band of the

semiconductor to that of the metal and slow recombination of

charge carriers as there is defect sate created below the

conduction and above the fermi energy levels owing to the

metal–semiconductor bandgap modication.183 A summary of

the nanostructured metal–semiconductor core–shell phtocata-

lysts and their use towards various environmental applications

Fig. 16 TEM micrographs of hollow Au–Cu2O core–shell nano-

structures with adjustable shell thicknesses. The inset in (a) shows the

scheme of cross-sectional drawing of core–shell nanoparticle where

R1, R2, and R3 are the average inner radius and outer radius of core and

overall radius of core–shell structure, respectively. The thickness was

tuned by mixing different volumes of colloidal hollow gold nano-

spheres in the reaction (a) 1.8, (b) 1.0, (c) 0.4, and (d) 0.3 mL. (e)

Histogram describing size distribution (R3) of the aforesaid core–shell

nanoparticles with different of Cu2O shell thicknesses. Reprinted with

permission from ref. 162. Copyright (2016) American Chemical

Society.162

Fig. 17 TEM micrograph shows Au/carbon/Al2O3 (a and b) different

carbon sphere diameter and several alumina shell thickness (c and d).

Reprinted with permission from ref. 163. Copyright (2015) American

Chemical Society.163
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based on visible and UV light mediated photocatalysis is

explained in Table 1.

5.1 Wastewater treatment and air purication with core–

shell nanostructured photocatalysis

Conventional metal-oxide photocatalysts have been widely

considered for wastewater management and polluted air puri-

cation application and it is well acknowledged to be an active

scheme to treat a number of hazardous materials in polluted

water and also the air. More emphasis is specied at the present

time to core–shell metal–metal oxide-based photocatalysis and

their use concerning the remediation of controlled and emer-

gent pollutants of concern. Owing to the dissimilarity between

the atomic electronegativity, the metallic nanostructured layer

in the double-layered conguration helps the photogenerated

charge transfer of in the conduction bands of the semi-

conductor photocatalyst, permitting electrons to counter with

reactants efficiently.

Recently, since silicon nanowires have been conrmed to be

very useful in the degradation of organic dyes by photocatalysis,

Jiang and coworkers195 have studied a system where they have

fabricated Si/SiOx metal–semiconductor photocatalyst and

applied for wastewater treatment. They have purposely designed

SiO2 shells on the surface of Si nanowires to yield Si/SiOx core–

shell nanowire photocatalyst. The photo degradation study was

done on indigo carmine dye which is a model organic contam-

inant in wastewater and interestingly the core–shell photo-

catalyst was observed to be very active towards the

photocatalysis. In another study, Zhang's group196 has prepared

Zr-doped silica shell/titania core nanoparticle photocatalyst

through extended channels into polyvinylidene uoride (PVDF)

Fig. 18 Surface morphology of yolk–shell nanoparticles petalous heterostructures: (a and b) TEM micrographs and (c) STEM dark-field

micrograph of the Au petalous heterostructures displaying good product concentration and consistency. TEM micrograph shows the hetero-

structures encapsulating (d) a single gold nanorod, (e) a single Au nanoparticle, (f) a single Pd nanocube, and (g) several Pd nanocubes,

respectively. Reprinted with permission from ref. 168. Copyright (2014) American Chemical Society.168

Table 1 Table for core–shell nanostructured photocatalyst and environment applications

Core–shell photocatalyst Average particle size Light irradiated Application Literature

Au–TiO2 100 nm (core–Au (25 nm)) UV Photocatalysis of ethanol Goebl et al.184

Au–Cu/TiO2 5.4 nm (core–Au (4.5 nm)) Visible Selective oxidation of amines Sato et al.185

Pt–SnO2 12 nm (core–Pt (7 nm)) Visible Degradation of formaldehyde Chang et al.186

Pt–TiO2 90 nm (core–Pt (30 nm)) Visible Photocatalysis Fang et al.187

Ag–TiO2 15 nm (core–Ag (5 nm)) UV Destruction of methylene blue Chen et al.188

Ag–TiO2 37.33 nm (core–Ag (33.63 nm)) UV and visible Degradation of azo dyes in wastewater Khanna et al.189

Ag–SiO2/TiO2 80 nm (core–Ag (60 nm)) Visible Photocatalysis Zhang et al.190

Ag–Cu2O 100 nm (core–Ag (31 nm)) Visible Photocatalysis Li et al.191

AgAu alloy–TiO2 30 nm (core–Ag (10 nm)) UV Photocatalysis of methylene blue Xiao-yu et al.192

Ag–ZnO 100 nm (core–Ag nanowire (83 nm)) Visible Degradation of rhodamine B Xiong et al.193

Ag–ZnO 15 nm (core–Ag (10 nm)) Visible Disinfection of bacterium

Vibrio cholerae 569B

Das et al.194
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membrane to improve mass transfer depending on immobiliz-

ing and recycling TiO2 in the course of photocatalysis of methyl

orange dye solution and oil in wastewater comprising oil,

respectively. They have demonstrated that the photocatalytic

membranes own encouraging requests in the immobilization

and recycling of photocatalysts with improved photocatalytic

activity for wastewater treatment. It can be interesting to note

that Xu's group4,197 is the foremost one who has fabricated noble

metal core and semiconductor shell nanostructured photo-

catalysts and put on them as a photocatalysts for selective

oxidation of alcohols to aldehydes. They have synthesized an

aqueous phase Pt–CeO2 photocatalyst with controllable core–

shell and yolk–shell nanomorphologies by template-free hydro-

thermal method which can assist as a competent visible light

driven photocatalyst towards wastewater treatment.

Additionally, to the examples with core–shell nano-

composites as photocatalysts for wastewater treatment and

selective oxidation reaction stated earlier, Liu and other

coworkers199 have designed a Ni–NiO core–shell nanostructure

modied with nitrogen doped InTaO4 photocatalyst and

explored its photocatalytic action for the choosy reduction of

CO2 to methanol which is as example of treatment of pollutant

air via photocatalyst. They have fabricated InTaO4 followed by

its sintering in an ammonia atmosphere at reasonably high

temperature for conrming nitrogen doping. The nitrogen

doped catalyst Ni–NiO/InTaO4–N shows the maximum photo-

catalytic activity as compared to without doped one under the

exposure of visible light rendering to the rate of methanol

formation. The improved photocatalysis can be attributed due

to three causes. First, doping of nitrogen can thinner the band

gap of core–shell InTaO4 photocatalyst, thereby growing both

the wavelength and the quantity of light energy absorbed.

Second, the O2 atoms could be substituted by the nitrogen

atoms due to doping, causing in the creation of some oxygen

vacancies, which are important to augment the photocatalytic

activity. Lastly, chemical alteration of InTaO4–N by putting the

Ni–NiO core–shell constituent will give rise to an additional

photoactivity enrichment. Rabbani's group200 has developed

a Zn–Fe2O4@ZnO core–shell structured hollow nanospheres

and demonstrated their visible light photocatalytic activity by

degradation of methylene blue dye. The study reveals that due

to magnetic properties Fe2O4 the catalysts are very efficient and

easily recyclable. Recently, Singh et al.198 studied the meso-

porous, hollow TiO2 nanobers fabricated by coaxial electro-

spinning method for the photocatalytic decomposition of para-

nitrophenol (4-NP) dye which is a familiar model water

pollutant dye. They have sensitized hollow titania nanobers by

cadmium sulphide (CdS) quantum dots (QDs) over successive

ion layer adsorption and reaction (SILAR) technique for

different deposition cycles (the fabricated nanobers are shown

in Fig. 19a–h). The CdS QDs loaded hollow titanium dioxide

nanobers yield catalytic spots at the QDs and TiO2 interface

which benets in improved exciton separation. It was reported

that TiO2/CdS photocatalyst for 3 SILAR deposition cycles is

three times more photocatalytically efficient than hollow TiO2

nanobers and eight times effective than the pristine solid

nanobers.

5.2 Water disinfection with core–shell photocatalysts

Over the past few years visible light induced photocatalytic

decontamination of wastewater has gained substantial research

consideration.201–203 Various semiconductor photocatalysts have

also been explored for a variety of decontamination uses,

together with water cleansing. Thirty years later Matsunaga

et al.204 reported the rst work regarding disinfection of waste-

water using titania/Pt nanoparticles photocatalysis for a variety

of organisms (Lactobacillus acidophilus (bacteria), Saccharo-

myces cerevisiae (yeast), and Escherichia coli (bacteria), Yu et al.205

published paper on decontamination of the wastewater con-

taining Gram positive bacterium Micrococcus lylae. In this work

sulfur doped TiO2 was irradiated to 100 W tungsten halogen

lamp and wavelengths less than 420 nm eliminated using

a suitable glass lter.

The study (Saito et al.206) revealed that that photo activated

photocatalysts triggered split of the cell membrane of the

microorganisms, as shown in representative Fig. 20 and vali-

dated by intracellular leakage of K+ ions that correspondence to

cell damage. Added conrmation of this microorganism cell

death mechanism was establish by Sunada and co-workers,207

who showed that semiconductor mediated photocatalysis

damage of endotoxin, an vital constituent of the external

membrane of bacteria. Maness et al.208 further revealed that the

existence of lipid peroxidation and the concurrent damage of

both membrane-dependent respirational movement and cell

feasibility rigorously rest on both the exposed light energy and

photocatalyst. It has also been studied (by Huang et al.209) the

positions of cellular destruction and their impact to cell death

in Escherichia coli with photoexcited titanium dioxide catalyst

particle. Her it was suggested that the surface of photocatalyst

rst creates contact with whole cells and immediately aer the

oxidative destruction happens to the cell wall. Once the pho-

tocatalysis gradually amplied cell permeability and then

subsequently, open up intracellular constituents, and permits

the catalyst nanoparticles an easy entrance and photo-oxidation

of intracellular components, thus speed up the cell death209,210

(as shown in Fig. 20).

It is well acknowledged that UV radiation creates damage in

DNA, however, once cell wall mutilation is instigated by the

photo-oxidation of photocatalysts, they can also yield further

damage to the intracellular modules.211,212 In light of this

context, Hidaka and co-workers213 implemented in vitro tests

and monitored the outcome of DNA, RNA, and their purine and

pyrimidine bases as soon as exposed by UVA light in presence of

photocatalyst nanoparticles. Interestingly, till to date, the

photochemical biocidal mechanism is mostly unclear.214 It is

still unclear what exact reactive oxygen species are openly

intricate the photocatalytic cell killing procedure, particularly

the characteristics of the key reactive oxygen species (ROS),

which not only contain the OHc, but also H2O2, and O2
�.

Interestingly, Ag–ZrO2 core–shell photocatalysts have also

prepared very recently and veried for the antibacterial prop-

erty towards various organisms (Escherichia coli and Staphylo-

coccus aureus) and the antifungal effect against Candida

glabrata, Candida albicans, Aspergillus avus, and Aspergillus
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niger fungi by the agar diffusion technique.215 DNA intercala-

tion studies were also performed in CT-DNA in presence of the

photocatalyst. The study reveals that semiconductor ZrO2

supported on the Ag nanosurfaces not only prohibited

agglomeration of nanoparticles, but also showed superior DNA

intercalation and antimicrobial activity than the pristine silver

nanoparticles which could have encouraging application as

antimicrobial materials for microbicides disinfection in

wastewater. Meena et al.216 demonstrated core–shell Au–SiO2

metal–semiconductor nanoparticles by Stober's synthesis and

their result reveals that improved core–shell nanoparticles

nanostructure displays that the formation of singlet oxygen.

The cell viability of the core–shell nanoparticles in contrast to

HeLa cell lines were deliberated by MTT assay technique. The

consequences of their study point out that, the Au–SiO2 core–

shell nanoparticles are enormously stable with a high photo-

dynamic efficacy in visible light.

Recently, Karunakaran's group has been synthesized core/

shell Fe3O4/Ag–ZnO nanostructured composite photocatalyst

nanoakes via hydrothermal method followed photodeposition

technique.217 The magnetically recoverable core–shell catalyst

was used for photocatalytic and antibacterial activities for dye-

degradation and E. coli bacteria disinfection. In another

study, Dhanalekshmi et al.218 have prepared core–shell type Ag–

TiO2 nanoparticles of size <50 nm by reduction of silver nitrate

salt and hydrolysis of Ti(IV) isopropoxide. The antibacterial

Fig. 19 FESEM images (a, b, c and d) showing CdS loaded TiO2 hollow nanofibers after 1, 2, 3 and 5 SILAR cycles, respectively (marked regions

show the hollow morphology of nanofibers); TEM images (e, f, g and h) reveal CdS loaded TiO2 hollow nanofibers after same SILAR cycles,

respectively. Reproduced with permission from ref. 198. Copyright 2016, Royal Society of Chemistry.198

Fig. 20 Proposed bacterial disinfection mechanism during solar excitation.
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properties of Ag–TiO2 core–shell nanostructured photocatalysts

were demonstrated towards Escherichia coli and Staphylococcus

aureus bacteria disinfection in wastewater. They have claimed

that Ag helps in antibacterial activity while TiO2 serves the

photocatalytic activity in contaminated water. The have also

compared the antibacterial activity of Ag–TiO2 core–shell with

Ag–SiO2 core–shell photocatalysts and demonstrated that the

antibacterial action of Ag–SiO2 is greater than the Ag–TiO2

owing to their superior surface area.219 Positively charged core of

Ag nanostructures responded straightforwardly with Gram

negative bacteria reasonably than gram positive bacteria and

further successfully killed Escherichia coli and Staphylococcus

aureus. Antimicrobial activity of nanocomposite TiO2–NiFe2O4

with a photocatalytic titania shell covering a magnetic nickel

ferrite core is reported by Misra's group.220 TiO2-coated NiFe2O4

nanoparticle photocatalysts display remarkable anti-microbial

activity when brought near UV light irradiation. It was also

found that the bacterial disinfection reaction of anatase TiO2

coated nickel ferrite is greater than brookite phase of titania,

even when the photocatalytic reaction rates are identical.

5.3 Other applications of metal–semiconductor core–shell

nanostructures

Core–shell nanoparticles can be used in other elds like reus-

able supply, prosthetic kit, dental devices, implant material,

wound dressings, external corporeal devices, encapsulating

medium, devices nanoparticle-polymeric drug delivery, tissue

engineering, and other biomedical applications. Additionally,

the core–shell nanostructured materials have revealed an

extensive range of new requests in the elds of biochemistry,

biomaterial sciences due to their better physicochemical

behaviors. Core–shell nanomaterials also play vital parts in

emerging medical and biological uses. Suitably designed core–

shell structures can deliver biocompatibility, environmental

safety, and better surface functionalization that is compulsory

for particular applications in vivo and in vitro systems. For

example, cancer and tumor treatment is a well-known eld

where core–shell nanomaterials have proved their ability. In

light of this, we know that in case of treatment of hyperthermia

with size-dependent iron oxide magnetic nanoparticles

(SIONPs) comprises a local rise in temperature up to 45 �C when

the magnetic nanoparticles are subjected to a strong external

magnetic eld. Such an increase in temperature could be deadly

for temperature-sensitive biological cells, for instance

cancerous cells. Modern studies by calorimetry conrms that

the rate of heating depends on the size of the SIONPs. Thus the

nanoparticles should be fabricated which have optimum

particle size with narrow-size distribution for improved hyper-

thermia treatment.221

There are also some reports about the toxic and cytotoxic

potential of core–shell hybrid nanostructured systems. Guo

et al.222 have prepared sulydryl-modied Fe3O4–SiO2 core–

shell magnetic nanocomposites to evaluate their toxicity in

vitro, and demonstrate their potential application in the

biomedical elds. Atif et al.223 demonstrated in vitro cytotoxicity

of mesoporous SiO2–Eu(OH)3 core–shell nanospheres in human

breast cancer cells (MCF-7). Also, Fan's group has reported the

synthesis of multifunctional Fe3O4@SiO2-GdVO4:Dy
3+ core–

shell nanoarchitecture and characterize for their cytotoxicity

property as an efficient drug carrier.224

Recently, Sharma et al.225 have fabricated monodisperse

iron–iron oxide core–shell magnetic nanoparticles and have

been investigated their uptake by the cancer cells (LX-1 small

cell lung cancer) and the stability in aqueous solution. Their

ndings have shown that core–shell metal–metal oxide semi-

conductor iron nanoparticles are very resistive to oxidation even

aer one week in presence of water, corroborating these nano-

particle assembly is a potential candidate for cancer treatment

by hyperthermia.

6. Photocatalyst recycling

A mechanical pump is placed between the reactor and the

reservoir for pumping the reactant via a ow-through cuvette

located inside a photometer for nonstop on-line data collection

of the catalyzed product (shown in Fig. 21). The reactor is

consists of quartz glass tubes layered on its exterior surface with

catalyst particles. The photocatalytic reactor is designed in such

a way so that it could get sufficient dose of light energy. Few

glass valves are used between the water and reactant reservoir

for primary null setting of the analytical instrumentation part

prior to the start of an experiment, feed of the reactant into the

system, removal of air bubbles occurred throughout the reac-

tion cycle, and nishing purging of the complete system.

The semiconductor photocatalyst can be introduced into

reactor either in a colloid form or in the form of an immobilized

lm. In a typical photoreactors run with catalysts in the form of

slurry, the reaction rate is mostly controlled by the intensity of

exposed light on the catalyst surface, the quantum efficiency of

the photocatalyst particles and the adsorption nature of the

reactant and non-reactant species present in the reaction envi-

ronment.226 On the other hand, the usage of suspended catalyst

needs the separation and recycling of the nanocatalyst from the

treated solution and can be a difficult, time intense costly

method.227 Furthermore, the penetration depth of UV radiation

is restricted for the reason that of strong absorptions by both

the catalyst and thawed organic compounds. These difficulties

could be escaped in photocatalytic reactors where catalyst

nanoparticles are immobilized on a support material, however,

immobilization of photocatalyst particles on a supporter creates

Fig. 21 Schematic diagram of a tubular photocatalytic reactor.
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a distinctive difficulty. Since the reaction happens at the solid–

liquid interface and mass transfer from the catalyst surface to

the reactant may now hindered and could make the process

slower. However, the design of reactor, use of high surface area

porous supporter and suitable nanostructured catalyst along

with their recycling process is essential for an efficient waste-

water management.

The reusability and recovery of the catalyst is a vital issue in

photocatalysis ever since it can subsidize considerably the

operating cost of the treatment process, therefore making

photocatalysts recyclable is a striking way for wastewater treat-

ment. In this context, several repeated decolonization of waste

are accomplished, for each time the same catalyst is used and

with a fresh waste solution.

Membrane ltration is a smart tactic for solvable catalyst

recycling. Applications of nanoltration and ultra-ltration

have established their excessive prospective as a technique for

process intensication in organic, enzymatic, and homoge-

neous catalysis, both in laboratory exercise and on an industrial

scales.228 Continuous ow nanoltration is an interesting

option for photocatalyst recycling. In addition to the catalyst

recycling, continuous process operation with a combined

membrane ltration can have many advantages. As of an

economic perspective, an integrated process such as a contin-

uous ow membrane reactor can be helpful towards lowering

entire investment costs and total energy consumption. With

regard to the chemistry point of view, the nonstop withdrawal of

product can reduce conceivable product inhibition and unde-

sirable repeated reactions. This may end result in greater reac-

tion rates and a cleaner stream of product by simplifying

product isolation. Interestingly, organic, aqueous or organic/

aqueous photocatalysis permits stress-free separation of

a homogeneous catalyst from the product phase, but is

frequently incompetent when hydrophobic substrates are

employed. A recycling system based on switchable water

biphasic in presence of CO2 and is single phase in the absence

of it. Photocatalysis can be executed rst in the single phasic

solvent, and then swapped to a biphasic system, extracting

catalyst from product phase. Upon removal of CO2 permits an

easy recycling of the catalyst particles. The catalyst could be

recycled numerous times with minimal loss of catalytic

activity.229 In this context, Myakonkaya et al.230 have demon-

strated a method for separation, recycling and reuse of a highly-

active Au and Au–Pd nanoparticle catalysts using the practically

simple method of solvent quality tuning. In another study

magnetic metal-oxide core (Fe3O4) and polymeric shell (PVA

polymer) nanoparticles were efficaciously prepared and conju-

gated with heparin (HEP) in order to offer anticoagulation. The

magnetic properties of the core–shell nanostructured catalysts

helps in easy recycling by applying magnetic elds.231 Further-

more, magnetic nanostructured powders and nanostructured

arrays lms are other two kinds of photocatalysts which could

be recycled easily. Most recently, Zhang et al.232 have been re-

ported magnetic properties of CoFe2–CoFe2O4 core–shell

composite nanopowder formed via oxidation route. Interesting

core–shell nanostructure in a Ge0.9Mn0.1 magnetic lm has also

been demonstrated by Réotier et al.233 Similarly, 1D magnetic

Ni/Ni3C core–shell nanoball chains with an average diameter

� 30 nm were produced via a mild chemical solution route by

Chen's group.234

7. Conclusions and future
prospective

Aer reviewing the latest representative literature reports, the

role of various metal–semiconductor core–shell nanostructured

photocatalysts towards environmental remediation application.

It was found that there are different varieties of core–shell

nanostructures. Depending on the selection of core and shell

materials they can be categorized in several types like metal,

nonmetal, semiconductor and polymers etc., core–shell nano-

structures. The core–shell particles are reasonably stable and

could retain their structural integrity when redisposed in

aqueous medium. The core–shell structures signify a new class

of metal–semiconductor composite nanomaterials that can be

applied for catalytic, and biomedical, and photocatalytic usage

using extraordinary electronic properties. The metal and metal-

oxide semiconductor core–shell nanostructures, and metal–

semiconductor heterostructures or hybrid nanoparticles with

added functionalities can be used for the several applications

including environmental remediation and bacterial disinfec-

tion. Core–shell nanostructures and hybrid core–shell nano-

particles will be occupying an important role in designing

efficient photocatalytic reactors, medical devices, drug delivery

vehicles, tissue engineering, and especially in water disinfection

by germs and bacteria killing. In recent times, much consider-

ation has been dedicated onmetal nanoparticles such as Ag, Au,

Pt and Pd as core material because of their physicochemical,

and electronic properties such as plasmonic property which

may signicantly vary from their individual bulk counterparts.

The metal-oxides are the interesting option as a semiconductor

shell material as they are economic and easy to engineer on core

particles. These shell particles have good electronic, magnetic,

optoelectronic, photocatalytic and photon harvesting capability

which helps in designing competent transistors, sensors, drug

delivery, bioimagination and photovoltaics devices. It can be

predicted that the metal–semiconductor core–shell nano-

structure based core–shell functional nanoparticles have

potential future compared to the other assemblies in environ-

mental remediation application via photocatalytic wastewater

treatment since they can perform efficient solar light driven

photocatalysis. Moreover, since metal-core such as silver, gold

have antimicrobial property and metal-oxide photocatalysts are

known to kill germs by using UV light, the metal–semi-

conductor core–shell nanoparticles are promising candidates

for bacterial disinfection and air purication. Additionally, the

interesting physicochemical properties like nanoscale

morphology, porosity, magnetic property etc. of the core–shell

nanocatalysts comforts in easy recycling and reusability.

In order to many fold increase the activity of core–shell

nanoparticles in various uses, it is essential to choose the

constituents of the core–shell nanoparticles with superior

catalytic, photocatalytic and electrochemical activity to interact

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 83589–83612 | 83607
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with the target molecules. Also manipulate more elegant

nanoarchitecture without hampering the physicochemical

properties of core–shell materials, like electrical and thermal

conductivities, surface area, pore morphology, etc., that are

promising ways for future research. Also, the surface plasmonic

property of noble metals core along with metal-oxide semi-

conductor shell can be employed to further increase the bio-and

gas sensing efficiency of core–shell nanostructures under visible

light. Therefore, we need to focus for developing more reliable

and simplistic technique for the synthesis of good class core–

shell particles with more control over shape, size, structure and

better functionality, achievable at reasonably low cost.
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