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Abstract

This paper focuses on the recent advances on radiolysis-assisted shape-controlled synthesis of noble metal

nanostructures. The techniques and protocols for producing desirable shapes of noble metal nanoparticles are

discussed through introducing the critical parameters which can influence the nucleation and growth mechanisms.

Nucleation rate plays a vital role on the crystallinity of seeds while growth rate of different seeds’ facets determines

the final shape of resultant nanoparticles. Nucleation and growth rate both can be altered with factors such as

absorbed dose, capping agents, and experimental environment condition to control the final shape. Remarkable

physical and chemical properties of synthesized noble metal nanoparticles by controlled morphology have been

systematically evaluated to fully explore their applications.
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Introduction

Recently, interest in metallic nanoparticles has been

growing steadily due to their unique and fascinating

properties and potential applications compared to their

bulk counterparts [1, 2]. It is worth pointing out that be-

haviors of metallic nanoparticles strongly depend on the

shape and size of particles [3, 4]. For instance, the com-

putational and experimental studies of localized surface

plasmon resonance (LSPR) and surface-enhanced Raman

scattering (SERS) have revealed that the number, pos-

ition, and intensity of LSPR modes, as well as the spec-

tral region or polarization dependence for effective

molecular detection via SERS, significantly vary with the

shape and structure specially in the case of Au or Ag

nanocrystals [2, 5, 6].

Many unusual properties that have been observed by

shape variation arise as a result of the spatial confinement

of electrons and phonons, their large surface-to-volume

ratios, and electric fields around the nanoparticles [7–10].

These unusual properties make the anisotropic metal

nanoparticles as promising structures for emerging appli-

cations in photonics, electronics, optical imaging, biomed-

ical sensing, and electronic devices [1, 11–16]. Due to

these reasons, more attention has been paid to find vari-

ous parameters to control the morphologies and the size

of nanomaterials and also will continue to be used as a

tool for novel future applications.

As a result of strong plasmonic properties, noble metal

nanoparticles have attracted great interest for many ap-

plications [17, 18]. In bottom-up synthesis approaches,

this class of nanoparticles can be formed atom-by-atom

in the gas phase, solid phase, or liquid phase [19]. The

colloidal methods due to the ability to synthesize metal-

lic nanoparticles directly in aqueous solutions have been

extensively used [20, 21]. Since colloidal metal nanopar-

ticles possess very active surface due to their high

surface-to-volume ratio, protecting them from aggrega-

tion and controlling their shapes remain challenging.

Therefore, multiple reaction parameters need to be care-

fully regulated in order to avoid heterogeneousity in size

and shape of this class of nanoparticles. It has been

shown that the method of preparation and specific

experimental conditions can strongly modify their
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properties such as particles size, size distribution,

morphology, and their stability [22, 23]. Among various

techniques proposed for generation of noble metal nano-

particles in solution, the radiolytic method can be con-

sidered as one of the powerful techniques with various

advantages. The radiolytically generated active species,

such as hydrated electrons and transient radicals, exhibit

strong reduction potentials which can reduce metal ions

at each encounter [24–26]. Moreover, due to its ability

in fine-tune dose of radiation, this method can offer

good control over the morphology and distribution of

metal nanoparticles [27].

This work is focused on the recent advances in the ra-

diolytic synthesis of shape-controlled noble metal nano-

particles. In addition, several strategies on controlling

the nucleation and growth process to obtain the shape-

controlled metal nanoparticles and their remarkable

properties will be reviewed.

General Methods for Preparation of Metal Nanoparticles

The ideal techniques for preparation of metallic nano-

particles should be reproducible and possess ability to

control the shape of the particles with monodispersity

yields. Moreover, avoiding use of toxic precursors, using

of environmentally friendly solvents, keeping the reac-

tion temperature close to room temperature, and also

minimizing the quantities of generated by-products are

great advantages that make this method outstanding.

In bottom-up routs, most of the preparation tech-

niques are based on the liquid phase category with the

potential to synthesize large quantity of nanoparticles

with good control of size, shape, morphology, crystallin-

ity, composition, and surface chemistry at a reasonable

low production cost [28]. Chemical method is the most

frequently applied method for the preparation of metal-

lic nanoparticles. This method can be categorized into

chemical reduction methods [29, 30], electrochemical

methods (electrolysis) [31], and radiochemical methods

[32, 33]. Among these, radiochemical methods offer

great advantages over other methods and particularly

provide a clean technique for synthesis of noble metal

nanoparticles.

Radiation Reduction Method

The synthesis of nanoparticles through radiation route re-

quires an aqueous solution of metal salt, room temperature,

and ambient pressure [34]. During radiolysis of water-

hydrated electrons, e−aq

� �

and radicals such as :H; ⋅OH;

Hþ;H2O2;H2 are produced [35]. The radiolysis of water is

usually divided in three stages: physical stage (<10−15 s),

physico-chemical stage (~10−15–10−12 s), and non-

homogeneous chemical stage (~10−12–10−6 s) [36]. All

mentioned active species and electrons are created in very

high concentration at the end of the physico-chemical stage

(Table 1).

Large number of hydrated electrons and H• atoms

which are produced during radiolysis of aqueous solu-

tions are strong reducing agents with redox potentials of

E0 (H2O/e−aq ) = −2.87 VNHE and E0 (H+/H•) = −2.3 VNHE,

respectively [28, 37]. Therefore, both can reduce mono-

valent or multivalent metal ions to state of zero-valent

metal atoms through direct reaction or multistep

process (Eqs. 1 and 2) [35].

Mþ þ e−aq →

Direct reduction
M0 orMþ þ :H→M0 þHþ

ð1Þ

Mnþ þ ne−aq →

Multistep reduction
M0 or

Mnþ þ e−aq→M n−1ð Þþ;M n−1ð Þþ þ e−aq→M n−2ð Þþ;…
� �

ð2Þ

In contrast, sibling radicals which are also formed in

radiolysis of water, such as •OH, are able to oxidize the

ions or the atoms into a higher oxidation state [38].

After appearing the zero-valent atoms or oxide particles,

by cascade of coalescence processes, metallic or metal

oxide nanoparticles will be formed. This part will be de-

scribed comprehensively in the next section.

Radiolytically synthesized nanoparticles are in the

form of colloidal particles which possess huge surface-

to-volume ratio and high specific surface area [28]. As a

result, a large part of surface of the particle atoms can

be in contact with the surrounding liquid. This implies

the formation of soluble macromolecules, which increase

the rate of interactions or in another words fasten the

reactions. Thus, colloidal nanoparticles are thermo-

dynamically unstable, which in the absence of counter-

acting force will grow and colloidal system with

nanoparticles in various shapes will be formed [39].

Table 1 Different stages and their products in gamma radiation

radiolysis of aqueous media [36]

Different stages of radiolysis of
water

Important reactions

Physical stage (<10−15 s) H2O⇝ H2O
⋅ + + e−

H2O⇝ H2O*

Physico-chemical stage
(~10−15–10−12 s)

H2O
⋅ + + H2O→

⋅OH + H3O
H2O*→ H2O
e−→e−th→e−tr→e−aq

Non-homogeneous chemical
stage (10−12–10−6 s)

H2O⇝e−aq;H
⋅; ⋅OH;H2;H2O2;H

þ;OH−

H2O
⋅ + is the ionized water molecule, H2O* is the excited water molecule, and

sub-excitations electrons e−th and e−tr are thermalized and trapped

electrons, respectively
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Nucleation and Growth

In the synthesis of metallic nanoparticles in liquid-phase

system, “nucleation” can be clarified as the formation of

a small cluster from aggregation of newly formed atoms

in the solution [40]. Due to the high binding energy be-

tween two metal atoms or atoms with unreduced ions,

the newly formed neutral M0 atoms at first dimerize

when encountering or being associated with the excess

M+ ions (Eqs. 3 and 4).

M0 þM0
→M0

2 ð3Þ

M0 þMþ
→Mþ

2 ð4Þ

The charged dimer clusters (M+
2) may further be re-

duced to form a center of cluster nucleation or leads to

cluster growth. The strong bonding between clusters

with unreduced ions (Eq. 5) or between two charged

clusters leads to fasten association processes (Eq. 6).

nM0 þ xMþ
→

Ion association
Mxþ

nþxð Þ ð5Þ

Mxþ
nþxð Þ þ M

yþ
mþyð Þ →

Association of charged cluster
Mzþ

pþzð Þ

ð6Þ

where m, n, and p represent the nuclearities and x, y,

and z stand for number of associated ions.

These nuclei grow and past a critical size and seeds

with several possible shapes will be formed. The crystal-

linity of seeds, which determined by the minimization of

surface energy, plays the most important role in control-

ling the shape of final products [41]. Figure 1 schematic-

ally presents the formation of noble metal nanoparticles

in different shapes with respect to the various stages of

the reaction. As it can be seen, an octahedron, cubocta-

hedron, cube, or octagonal rod can be grown from a sin-

gle crystal seed [42], whereas a decahedron, icosahedron,

or pentagonal rod can grow from the multiply twinned

particle [43, 44]. According to the Wulff facets theorem,

a crystal has to be bounded by facets giving a minimum

total surface energy at equilibrium [45, 46]. The surface

energies corresponding to different facets in face-

centered cubic (fcc) noble metals (e.g., Ag, Au, Cu) usu-

ally increase in the order of a(111) < a(100) < a(110) [47, 48].

Strategies for Controlling the Shape under Gamma

Irradiation

In the nano-sized regime, due to the high surface-to-

volume ratio of particles, the thermodynamic and kinetic

considerations for nanocrystal formation are more com-

plicated compare to the bulk materials [49]. Therefore,

overcoming this surface energy to control the morph-

ology of nanoparticles still remains a challenge.

In order to predict the morphology of radiolytically

synthesized nanoparticles, various methodologies have

been recently developed. These strategies can be catego-

rized in four different ways: (a) kinetically control the

growth rates of various facets by using capping reagents

and appropriate absorbed dose, (b) use of organic or in-

organic templates to control the shape, (c) effect of

anion, and (d) assembly of presynthesized nanoparticles.

In the following, we will discuss these methods compre-

hensively as well as advantages and challenges associated

with each one.

Growth Control by Using Capping Reagent and Absorbed

Dose

Colloidal metallic nanoparticles, particularly in the ab-

sence of counteracting force, are attracted to each other

by the van der Waals force [50, 51]. Consequently, over-

coming this attractive force is one of the great challenges

to control the morphology of nanoparticles. There are

several types of capping agents to balance these attrac-

tion forces by electrostatic stabilization and/or steric

stabilization. The type of capping agents depends on the

kind of metal, expected morphology, and the application

of the resultant nanoparticles.

The shape of colloidal particle mainly results from its

surface energy, which is defined as the excess free energy

per unit area for a particular crystallographic face in

nanoscale. Homogeneous nucleation and seed growth

under equilibrium conditions favor the formation of

spherical objects [52]. There are several reports about

the synthesis of spherical colloidal nanoparticles by

gamma radiation routes [53, 54]. Figure 2 shows the typ-

ical TEM micrographs of spherical Au nanoparticles

synthesized by gamma irradiation and using Chenopo-

dium murale leaf capping agent [27].

The crystal morphology can also be considered in

terms of growth kinetics, by which the fast growing

facets have high surface energies and they will vanish to

leave behind the slowest growing ones as the facets of

the product. Therefore, by introducing appropriate cap-

ping reagent(s) to change the free energies of the various

crystallographic facets and altering their growth rates,

the final shape of a crystal can be controlled.

During the radiolytic formation of nanoparticles, the

rate of reduction and growth, which can be affected by

varying the absorbed dose, influences the shape of final

products [28]. For example, during the preparation of

Ag nanoparticles by gamma irradiation in the presence

of PVA at low irradiation doses, when the initial growth

rate is slow, capping rate dominates and consequently

small spherical nanoparticles are formed (Fig. 3a). By in-

creasing gamma irradiation dose, rapid adsorption of the

cross-linked PVA chains on the (111) facets of newly

formed silver nanoparticles lead to the shape transition
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from spherical form to triangular nanoplates (Fig. 3b).

On the other hand, at higher gamma dose, larger tri-

angular nanoplates with (111) facets at flat top and bot-

tom faces and (110) facets at edges will be formed since

the reduction rate of Ag+ promotes anisotropic growth

along the (110) facets [55].

Lou et al. [56] have reported radiolytic fabrication of

single-crystal Au nanoprisms with anisotropic structure

of triangular, hexagonal, and truncated triangular (Fig. 4).

It was investigated that (3-aminopropyl) triethoxysilane

(APTES)-coated Fe3O4 nanoparticles play important

roles in the formation of Au nanoplates. Strong adsorp-

tion of the active amino group of the APTES-coated

Fe3O4 on the selected facets of gold nuclei make this

surface become hindered in growth process while the

others grow fast. Finally, growth rate was reduced along

the adsorbed surface (111) and enhance along (110) dir-

ection which can lead to the formation of anisotropic

plate form of Au nanoparticles.

Similar techniques, using different membranes, have

also been successfully applied to the synthesis of Au nano-

rods by Okamoto et al. [57]. Au nanorods with larger

Fig. 1 A schematic illustration of the reaction pathways that lead to formation of metal nanoparticles with different shapes. The ratio between

the growth rates along the (100) and (111) directions parameter have been presented by R. (Original figure from references [9, 40])
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aspect ratio are synthesized with the higher dose rate in

the presence of cetyltrimethyl ammonium bromide

(CTAB) as a capping agent (Fig. 5). At high dose rate, ad-

sorption of CTAB molecules on (110) planes and, on the

other hand, the fast reduction rate at the other facets

caused an anisotropic growth and formed small size rod-

shaped Au nanoparticles. At low dose rate, slow reduction

rate leads to form the large nucleated seed crystals and

also isotropic growth on all facets resulting in large size

and the quasi-spherical Au nanoparticles.

Using of Organic and Inorganic Templates

During the formation of metal nanoparticles in bottom-

up approach, rates of nuclear formation and growth can

be controlled by choosing appropriate templates. These

templates mostly possess nano-sized pores which can be

used to fabricate shape-controlled metal nanoparticles.

For example, the seeded growth of Ag nanoparticles

within PVA matrix has been reported by Eisa et al. [58].

In this synthetic strategy, by preparation of metallopoly-

mers films, metal centers are embedded directly into the

polymer backbone (Fig. 6).

At the cluster surface, ⋅OH groups of PVA molecule,

which appear under gamma irradiation, anchor the Ag+

ion and reduce these ions to form of Ag0 atoms. There-

fore, formation of silver nanoparticles can be attributed

to the direct reduction between PVA and Ag+ ions [58].

The resultant nanoparticles are monodispersed spherical

Ag nanoparticles (Fig. 7).

Recently, radiolytic synthesis of ultrafine Ag nanoparti-

cles by using HKUST-1 crystals as metal-organic frame-

work (MOF) template has been reported [59]. MOF

materials were used in order to prevent the aggregation

of nanoparticles. Due to their special architectures,

MOF materials provide well-defined interconnected pore

channels, large internal surface areas, and tunable sur-

face chemistry that make them as an appropriate tem-

plate for synthesis of the nanoparticles [60–62].

HKUST-1 crystals (Cu2+ coordinated to trimesic acid

(TMA) linkers) have been introduced as a hard template

for Ag nanoparticle synthesis by He et al. [59]. The crys-

tal structure of HKUST-1 is a face-centered cubic with

large square shape which at the (111) direction of this

cubic cell, there are large hexagonal-shaped windows in

Fig. 3 TEM images of irradiated samples of Ag colloids at different gamma dose. a At 30 kGy, resultant particles are mostly in the form of

spherical. b At 100 kGy, triangular nanoplates are dominant [55]

Fig. 2 TEM image of spherical Au nanoparticles. TEM micrograph of

the developed Au nanoparticles after gamma-irradiation reduction

at 6MR(~53 kGy) [27]
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honeycomb arrangement. These confined cages formed

very adequate cavities for growing nanoparticles (Fig. 8).

The morphology of the irradiated Ag@HKUST-1 crys-

tals at different gamma dose was investigated by using

scanning electron microscopy (SEM) (Fig. 9). However,

the overall morphology remained the same as that of the

pristine HKUST-1 crystals but after irradiation, the crys-

tals are covered with Ag nanoparticles which their inten-

sity increased by irradiation dose. This result is clearly

observed by the increase of Ag signal with radiation dose

on elemental distribution of samples which was evalu-

ated by EDX (Fig. 9e).

Effect of Metal Precursor

Different anions have shown visible effect on the morph-

ology of metallic nanoparticles. Chen et al. [63] have re-

ported the influence of type of anion on the radiolytic

reduction of Cu2+ and the morphologies of the reduction

products in the water-in-oil (W/O) microemulsions

media with nonionic surfactants, i.e., Brij 30, Brij 56, or

Triton X-100. In the Triton X-100-based and Brij 56-

based microemulsions, where the ω value (molar ratio of

water to surfactant) was fixed at 9.0, different morpholo-

gies of Cu nanoparticles have been synthesized by

gamma irradiation with different precursors (Cu(NO3)2,

CuSO4, CuCl2, and CuBr2) which are shown in Fig. 10.

In gamma-irradiated microemulsion system, the scaven-

ging of excess electrons, which were produced through

the radiolysis of oil in the water, is the source of hy-

drated electrons (e−aq) [64].

Reaction between hydrated electrons (e−aq ) and NO3
− is

much higher than others (Eq. 7). This reaction rate con-

stant for SO2−
4 , Cl−, and Br− are <1.0 × 106 L/mol s [65].

NO−

3 þ e−aq→NO2−
3 with rate constant of 9:7

� 109L=mol s ð7Þ

Consequently, in the Brij-56 system, NO3
− anions can

scavenge the e−aq easily and therefore, the amount of hy-

drated electrons decrease. In this case, the reduction

product of Cu(NO3)2 is mostly in the form of square-

shaped Cu2O, which is approved by the corresponding

SAED analysis (inset, Fig. 10B1). On the other hand, the

reduction products of CuSO4, CuCl2, and CuBr2 are in

Fig. 4 TEM images of gold nanoplates with anisotropic structures. a triangular, (b) hexagonal, and (c) truncated triangular shape [56]

Fig. 5 TEM images of Au nanoparticles. TEM images of Au nanoparticles synthesized by gamma-ray irradiation at different dose rate: a 1.0 kGy/h,

b 3.0 kGy/h, c 6.0 kGy/h, d 10 kGy/h, and e 13.6 kGy/h [57]
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the form of Cu nanoparticles with quasi-spherical

morphology.

The reduction products of CuSO4 in the Triton X-100

system are in the form of Cu2O nanoparticles which is

not similar to the Brij-56 system due to the different

mechanisms of reduction. Kapoor et al. [66] found that

Cl− and Br− in this system can play the role of stabilizer

for Cu nanoparticles and prevents the hydrolysis of Cu+

ions and generation of Cu2O nanoparticles.

Assembly of Preformed Nanoparticles

The small metal nanoparticles which generated at the

early stage of the reaction collide with each other due to

their higher surface energy; therefore, they have pursued

as building units for the formation of new structures

with more complex shapes. Zheng et al. have hypothe-

sized that the hydroxyl radical which produced during

radiolysis of water can oxidize the presynthesized silver

nanoparticles to form Ag+ ions [67]. In the next step, re-

ducing agents in the solution reduced these ions to form

Ag atoms, using the residual ablated particles as seed

crystals. In the absence of sufficient stabilizer, coales-

cence process continues to reduce their high surface en-

ergy and therefore different types of morphology will be

formed. However, growth based on the particle assembly

is often predicted to generate nanoparticles with den-

dritic shapes, but the radiolytic assembly procedure is

not a well controllable process, and different types of ir-

regular shapes would be formed. Figure 11 shows differ-

ent shapes of Ag nanoparticles before and after the

radiolytic assembly process [67].

The modification and control of shape and size of this

class of nanoparticles create new horizon for fascinating

new applications. Here, we pointed out a brief illustra-

tion about the effect of morphology of radiolytically syn-

thesized nanoparticles on optical behavior as an

example, in order enlighten the importance of control-

ling the shape to reach specific properties.

Optical Properties Enabled by Shape-Controlled Metal

Nanoparticles

Shape-controlled metallic nanocrystals have been moti-

vated for two main reasons. First, the new materials

bring up the potential enhancements to industrial appli-

cations, and second is the prospect for new technology

development. It is well known that the properties and

performance of metal nanocrystals in a given application

can be altering profoundly by changing the shape of the

particles. Therefore, in this section, the modification of

optical properties of shape-controlled metallic nanocrys-

tals, which are synthesized by gamma radiation method,

is mentioned. The main emphasis is on how these modi-

fied properties can be predictably adjusted to enhance

performance or give rise to new applications. We believe

that this section will promote further investigation into

the properties of metal nanoparticles with controlled

shape and also bring about the realization of new metal

nanoparticles worth targeting synthetically.

Under the irradiation of light, the conduction electrons

in a metal nanoparticles with sizes smaller than the wave-

length of light are coupled to the electromagnetic field

Fig. 6 The process of seeded growth of Ag nanoparticles on PVA matrix [58]

Fig. 7 TEM image of spherical Ag nanoparticles. TEM image of

resulted Ag nanoparticles for 75 kGy-irradiated PVA/Ag

nanocomposites (adopted from [58])

Abedini et al. Nanoscale Research Letters  (2016) 11:287 Page 7 of 13



and driven by the alternating electric field to collect-

ively oscillate in phase with it; this phenomenon is

called LSPR [68]. Due to LSPR, metal nanoparticles

can scatter and absorb certain wavelength of light

under a resonant condition which enables noble metal

nanoparticles (especially, Ag and Au) possess brilliant

optical properties [1]. This particular wavelength of

light, that metal nanoparticles interact with, can be

modified by controlling the size and shape of the

metal nanoparticles.

The changes in the color and UV-visible absorption of sil-

ver nanoparticles by variation in the morphology of irradi-

ated samples were reported by Abedini et al. (Fig. 12) [55].

It is clearly observed from Fig. 12a that surface plas-

mon resonance of spherical silver in irradiated sample at

30 kGy shows symmetric intense peak at 425 nm. By

increasing the gamma dose, the maximum plasmon ab-

sorption shifted toward longer wavelengths and new

broad peak appears at long wavelength. This is as a re-

sult of increasing in particle size and shape transition of

Fig. 8 Schematic illustration on preparation of Ag@HKUST-1 crystals. (Adopted from [59])

Fig. 9 SEM images and EDX spectra of Ag@HKUST-1 crystals. SEM results of irradiated Ag@HKUST-1 crystals at different irradiation doses. a 1 kGy.

b 10 kGy. c 100 kGy. d 200 kGy. e EDX spectra. Dark area at 200 kGy indicating localized damage at the surface [59]

Abedini et al. Nanoscale Research Letters  (2016) 11:287 Page 8 of 13



Fig. 10 Different morphologies of the radiolytic synthesis of Cu-based nanoparticles. TEM images of irradiated Cu-based nanoparticles in: a Triton

X-100-based and b Brij 56-based microemulsions (ω = 9.0) using different precursors: a1, b1 Cu(NO3)2, a2, b2 CuSO4, a3, b3 CuCl2, a4, b4 CuBr2.

The insets show the SAED patterns of the corresponding products [63]
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nanoparticles from spherical particles to triangular

nanoplates. The peaks around 340, 453, and 850 nm

are assigned to the out-of-plane quadrupole reson-

ance, in-plane quadrupole resonance, and in-plane di-

pole plasmon resonance, respectively. At 100 kGy,

because of an increase in edge length or decrease in

the thickness of triangular nanoplates, a red-shift

appears in the long wavelength in-plane dipole re-

sonance [55].

Okamoto et al. showed the shape dependency of

UV-visible absorption of Au nanoparticles synthesized

by gamma-ray irradiation with various dose rates

(Fig. 13) [57]. As it was clearly observed from TEM

images of these samples at Fig. 5, the formation of

rod-shaped Au nanoparticles was dominant at higher

dose rate. It is also observed that dose rate can mod-

ify the shape and size of Au nanorods. The absorp-

tion peak of spherical nanoparticles has been

observed around 530 nm. The synthesis of rod-

shaped Au nanoparticles at all radiation dose rates

can be approved by appearance of another absorption

peak around 700 nm. These two absorption peaks will

be more separated due to changes in depolarization

with increasing aspect ratio, and also, the longitudinal

dipole begins to red-shift.

Since physical and chemical properties of nanomater-

ials strongly depend on their size and morphology,

therefore, shape-controlled nanoparticles can introduce

Fig. 11 Representative TEM images of silver nanoparticles. TEM results of silver nanoparticles with average size of 20, 40, 60, and 80 nm before

and after assembly process. (Adopted from [67])
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ideal candidates for devising new applications. For ex-

ample, different metal nanostructures including nano-

spheres, nanotriangles, nanorods, and nanowires have

been examined as SERS substrates to improve the

sensitivity of conventional sensors. Yang et al. have

studied on dependency of Ag nanoparticles’ shapes on

SERS enhancement [69]. They have reported that, in

comparison with spherical Ag nanoparticles, triangu-

lar nanoplates perform high activity at the substrates

for the SERS detection, which is due to their sharp

corners and edges. El-sayed et al. have also studied

the impact of Au nanoparticles’ shape on the Raman

enhancement [70]. They have reported that since the

rod-shaped Au nanoparticles possess more (110) ac-

tive facets than Au nanospheres, rod-shaped Au can

strongly enhance the Raman signals [70].

Another optical property that can be affected by

shape transition of metal nanoparticles is photoemis-

sion spectrum. It has been reported that triangular

colloidal silver nanoparticles are highly photolumines-

cent compare to their spherical shape [55]. Figure 14

shows the photoluminescence spectra of radiolytically

synthesized Ag nanoparticles at different irradiation

doses.

As it is clearly observed from Fig. 14, there are two

groups of photoluminescence peaks located around

400–500 and 550–650 nm which have been enhanced

by shape transition of Ag nanoparticles from spherical

to triangular. The former group which is referred to

the visible luminescence is due to interband transi-

tions from “sp” electron states in the conduction

band to holes states in the valence “d” band. The lat-

ter group corresponded to radiative decays of LSPR

excitation in Ag nanoparticles and intraband “sp-sp”

transitions [71, 72]. The dipolar and quadrupolar

plasmon resonances of triangular Ag nanoparticles in

irradiated samples at 60 and 100 kGy can make a

strong local electric field which leads to the enhance-

ment of the electric fields of the exciting (incoming)

and emitting (outgoing) photons [55]. This enhanced

luminescence has led to the use of shape-controlled

noble metal nanoparticles especially Ag and Au in

some applications, particularly cancer imaging, bio-

logical sensing, and the development of plasmonic

solar cells [73, 74].

Fig. 12 The changes in the UV-visible absorption and color of silver nanoparticles. a UV-visible absorption spectra of colloidal silver nanoparticles

at different gamma doses. b Different colors of as-prepared silver nanoparticles. (Adopted from [55])

Fig. 13 UV-visible absorption for different structures of Au

nanoparticles. UV-visible absorption spectra for spherical and rod-

shaped Au nanoparticles synthesized by gamma-ray irradiation with

various dose rates. (Adopted from [57])
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Conclusions

We have introduced a number of useful strategies

that can be tuned to control the radiolytic synthesis

of noble metal nanoparticles with a specific shape in

a solution phase. The nucleation process of seed and

growth rate of different facets presents important role

in determining the final shape of nanoparticles. Both

nucleation and growth processes directly depend on

coalescence and reduction rate which can be con-

trolled by experimental parameters such as absorbed

dose, dose rate, capping agents, and type of metal

precursors which presented with several examples of

recent researches. It is important to consider that the

manipulation of the growth processes in the most at-

tainable strategies is built for shape-controlled synthe-

sis rather than the nucleation process. It is also

illustrated how controlling the final shape can tune

the optical properties of metal nanoparticles.

Competing interests

The authors declare that they have no competing interests.

Author contributions

The paper was written by AA and FL. The manuscript was prepared by AA

and FL. All revisions were discussed by AA, AAAB, PSM, MSI, and SS. The final

version of manuscript for publication was prepared by AA, FL and SS. All

authors read and approved the final manuscript.

Acknowledgements

This work is supported by the DIP-2014-033 and DLP-2015-009 grants of

Universiti Kebangsaan Malaysia. The authors would like to thank to the

Centre of Research and Instrumentation Management (CRIM) of Universiti

Kebangsaan Malaysia for the provision of laboratory facilities.

Author details
1Institute of Microengineering and Nanoelectronics (IMEN), Universiti

Kebangsaan Malaysia, 43600 Bangi, Selangor D.E., Malaysia. 2Department of

Electrical, Electronic and System Engineering, Universiti Kebangsaan Malaysia,

43600 Bangi, Selangor D.E., Malaysia.

Received: 11 February 2016 Accepted: 23 May 2016

References

1. Choi KW, SJY Do Youb Kim, OO Park (2014) Shape- and size-controlled

synthesis of noble metal nanoparticles. Adv Mater Res 3(4):199

2. Xia Y et al (2009) Shape-controlled synthesis of metal nanocrystals: simple

chemistry meets complex physics? Angewandte Chemie International

Edition 48(1):60–103

3. Muller O et al (2013) Size and shape effects on the nonlinear optical

behavior of silver nanoparticles for power limiters. Appl Optics 52(2):

139–149

4. Stalmashonak A, G Seifert, A Abdolvand (2013) Optical properties of

nanocomposites containing metal nanoparticles, in Ultra-Short Pulsed Laser

Engineered Metal-Glass Nanocomposites. Switzerland: Springer international

publishing; p. 5–15

5. Wiley BJ et al (2007) Synthesis and optical properties of silver nanobars and

nanorice. Nano lett 7(4):1032–1036

6. Hua Y et al (2015) Shape-dependent nonlinear optical properties of

anisotropic gold nanoparticles. J Phys Chem Lett 6(24):4904–4908

7. Sun CQ (2007) Size dependence of nanostructures: impact of bond order

deficiency. Prog Solid State Chem 35(1):1–159

8. Krahne R, et al. (2013) Optical properties of semiconductor nanorods, in

Physical Properties of Nanorods. Heidelberg-Germany: Springer; p. 7–55

9. Sajanlal PR et al (2011) Anisotropic nanomaterials: structure, growth,

assembly, and functions. Nano Rev 2(5883):4

10. Li Q (2014) Nanoscience with liquid crystals. Springer, Cham

11. Nath D, Banerjee P (2013) Green nanotechnology—a new hope for medical

biology. Environ Toxicol Pharmacol 36(3):997–1014

12. Doria G et al (2012) Noble metal nanoparticles for biosensing applications.

Sensors 12(2):1657–1687

13. Castro L et al (2014) Mechanism and applications of metal nanoparticles

prepared by bio-mediated process. Rev Adv Sci Engr 3(3):199–216

14. Khan A et al (2014) Gold nanoparticles: synthesis and applications in drug

delivery. Trop J Pharm Res 13(7):1169–1177

15. Das SK, E Marsili (2011) Bioinspired metal nanoparticle: synthesis, properties

and application. Rijeka-Croatia: INTECH Open Access Publisher.

16. Treguer-Delapierre M et al (2008) Synthesis of non-spherical gold

nanoparticles. Gold Bull 41(2):195–207

17. Mulvaney P (1996) Surface plasmon spectroscopy of nanosized metal

particles. Langmuir 12(3):788–800

18. Zhang Q et al (2010) Monodispersity control in the synthesis of

monometallic and bimetallic quasi-spherical gold and silver nanoparticles.

Nanoscale 2(10):1962–1975

Fig. 14 Photoluminescence results of Ag nanoparticles. Photoluminescence spectrum for Ag nanoparticles at different radiation dose.

(Adopted from [55])

Abedini et al. Nanoscale Research Letters  (2016) 11:287 Page 12 of 13



19. Madou MJ (2011) Manufacturing techniques for microfabrication and

nanotechnology. Vol. 2. United States: CRC Press.

20. Stevenson AP et al (2012) Three strategies to stabilise nearly monodispersed

silver nanoparticles in aqueous solution. Nanoscale Res Lett 7(1):1–8

21. Yin Y, Alivisatos AP (2005) Colloidal nanocrystal synthesis and the organic–

inorganic interface. Nature 437(7059):664–670

22. Khodashenas B, HR Ghorbani (2015) Synthesis of silver nanoparticles with

different shapes. Arab J Chem

23. Jeong L, Park WH (2014) Preparation and characterization of gelatin

nanofibers containing silver nanoparticles. Int J Mol Sci 15(4):6857–6879

24. Krklješ A (2011) Radiolytic synthesis of nanocomposites based on noble

metal nanoparticles and natural polymer, and their application as

biomaterial. Radiation Curing of Composites for Enhancing the Features and

Utility in Health Care and Industry. 128.

25. Zhu CH et al (2012) In situ controlled synthesis of thermosensitive poly(N-

isopropylacrylamide)/Au nanocomposite hydrogels by gamma radiation for

catalytic application. Small 8(6):930–936

26. Saion E, Gharibshahi E, Naghavi K (2013) Size-controlled and optical

properties of monodispersed silver nanoparticles synthesized by the

radiolytic reduction method. Int J Mol Sci 14(4):7880–7896

27. Abdelghany A, et al. (2015) Effect of Gamma-irradiation on biosynthesized gold

nanoparticles using Chenopodium murale leaf extract. J Saudi Chem Soc

28. Abedini A et al (2013) A review on radiation-induced nucleation and

growth of colloidal metallic nanoparticles. Nanoscale Res Lett 8(1):1–10

29. Khatoon UT, et al. (2011) Synthesis and characterization of silver

nanoparticles by chemical reduction method. in Nanoscience, Engineering

and Technology (ICONSET), 2011 International Conference on. IEEE, India.

30. Guzmán MG, Dille J, Godet S (2009) Synthesis of silver nanoparticles by

chemical reduction method and their antibacterial activity. Int J Chem

Biomol Eng 2(3):104–111

31. Lim P et al (2006) Synthesis of Ag nanospheres particles in ethylene glycol

by electrochemical-assisted polyol process. Chem Phys Lett 420(4):304–308

32. Ichedef C et al (2013) Radiochemical synthesis of 105gAg-labelled silver

nanoparticles. J Nanopart Res 15(11):1–13

33. Abedini, A., et al. (2015) Radiolytic formation of highly luminescent

triangular Ag nanocolloids. J Radioanal Nucl Chem. 307:1–7.

34. El-Batal A et al (2013) Gamma irradiation induces silver nanoparticles

synthesis by Monascus purpureus. J Chem Pharm Res 5(8):1–15

35. Kharisov BI, OV Kharissova, UO Méndez (2013) Radiation synthesis of

materials and compounds. Broken sound parkway, NW: CRC Press.

36. Le Caër S (2011) Water radiolysis: influence of oxide surfaces on H2

production under ionizing radiation. Water 3(1):235–253

37. Rojas J, Castano CH (2012) Production of palladium nanoparticles supported

on multiwalled carbon nanotubes by gamma irradiation. Radiat Phys Chem

81(1):16–21

38. Belloni J (2006) Nucleation, growth and properties of nanoclusters studied

by radiation chemistry: application to catalysis. Catal Today 113(3):141–156

39. Cao G (2004) Synthesis, properties and applications. World Scientific.

London: Imperial college press.

40. Xiong Y, Xia Y (2007) Shape-controlled synthesis of metal nanostructures:

the case of palladium. Adv Mater 19(20):3385–3391

41. Wiley BJ et al (2006) Maneuvering the surface plasmon resonance of silver

nanostructures through shape-controlled synthesis. J Phys Chem B 110(32):

15666–15675

42. Xiong Y et al (2007) Synthesis and mechanistic study of palladium nanobars

and nanorods. J Am Chem Soc 129(12):3665–3675

43. Ni C, Hassan PA, Kaler EW (2005) Structural characteristics and growth of

pentagonal silver nanorods prepared by a surfactant method. Langmuir

21(8):3334–3337

44. Seo D et al (2008) Shape adjustment between multiply twinned and single-

crystalline polyhedral gold nanocrystals: decahedra, icosahedra, and

truncated tetrahedra. J Phys L Chem C 112(7):2469–2475

45. Venables J (2000) Introduction to surface and thin film processes.

Cambridge, United Kingdom: Cambridge University Press.

46. Miracle-Sole S (2013) Wulff shape of crystals. Scholarpedia 8(10):31266

47. Zhang J-M, Ma F, Xu K-W (2004) Calculation of the surface energy of FCC

metals with modified embedded-atom method. Appl Surf Sci 229(1):34–42

48. Xiong Y, Wiley BJ, Xia Y (2007) Nanocrystals with unconventional shapes—a

class of promising catalysts. Angew Chem Int 46(38):7157–7159

49. Tao AR, Habas S, Yang P (2008) Shape control of colloidal metal

nanocrystals. Small 4(3):310–325

50. Schmid G (2011) Nanoparticles: from theory to application. Germany: John

Wiley & Sons.

51. Kunugi S, Yamaoka T (2012) Polymers in nanomedicine. Vol. 247. Berlin,

Germany: Springer Science & Business Media.

52. Sau TK, Rogach AL (2012) Complex-shaped metal nanoparticles: bottom-up

syntheses and applications. Germany: John Wiley & Sons.

53. Liu Y et al (2009) Preparation of high-stable silver nanoparticle dispersion by

using sodium alginate as a stabilizer under gamma radiation. Radiat Phys

Chem 78(4):251–255

54. El-Batal AI, Hashem A-A, Abdelbaky NM (2013) Gamma radiation mediated

green synthesis of gold nanoparticles using fermented soybean-garlic

aqueous extract and their antimicrobial activity. Springer Plus 2(1):129

55. Abedini A et al (2016) Radiolytic formation of highly luminescent triangular

Ag nanocolloids. J Radioanal Nucl Chem 307(2):985–991

56. Lou Z, Zhang X, Zhang H (2012) γ-radiation synthesis of nano/micrometer-

scale single-crystalline large gold plates. J Nanosci Nanotech 12(4):3142–3149

57. Okamoto A et al (2012) Synthesis of Au nanorods by using gamma-ray

irradiation. Jpn J Appl Phys 51(11S):11PH01

58. Eisa WH et al (2011) Gamma-irradiation assisted seeded growth of Ag

nanoparticles within PVA matrix. Mater Chem Phys 128(1):109–113

59. He L et al (2015) Silver nanoparticles prepared by gamma irradiation across

metal–organic framework templates. RSC Advances 5(14):10707–10715

60. Stock N, Biswas S (2011) Synthesis of metal-organic frameworks (MOFs):

routes to various MOF topologies, morphologies, and composites. Chem

Rev 112(2):933–969

61. Dhakshinamoorthy A et al (2011) Delineating similarities and dissimilarities

in the use of metal organic frameworks and zeolites as heterogeneous

catalysts for organic reactions. Dalton Trans 40(24):6344–6360

62. Horcajada P et al (2009) Colloidal route for preparing optical thin films of

nanoporous metal–organic frameworks. Adv Mater 21(19):1931–1935

63. Chen Q, Shen X, Gao H (2007) Formation of nanoparticles in water-in-oil

microemulsions controlled by the yield of hydrated electron: the controlled

reduction of Cu 2+. J Colloid Interface Sci 308(2):491–499

64. Joshi R, Mukherjee T (2003) Hydrated electrons in water-in-oil

microemulsion: a pulse radiolysis study. Radiat Phys Chem 66(6):397–402

65. Buxton GV et al (1988) Critical review of rate constants for reactions of

hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅OH/⋅O− in

aqueous solution. J Phys Chem Ref Data 17(2):513–886

66. Kapoor S, Joshi R, Mukherjee T (2002) Influence of I− anions on the formation

and stabilization of copper nanoparticles. Chem Phys Lett 354(5):443–448

67. Zheng J et al (2011) Sterilization of silver nanoparticles using standard

gamma irradiation procedure affects particle integrity and biocompatibility.

J Nanomed Nanotech 2011(Suppl 5):001

68. Kelly KL et al (2003) The optical properties of metal nanoparticles: the

influence of size, shape, and dielectric environment. J Phys Chem B

107(3):668–677

69. Yang Y, et al. (2010) Solvothermal synthesis of platinum nanoparticles and

their SERS properties. in 5th International Symposium on Advanced Optical

Manufacturing and Testing Technologies. Dalian, China: International

Society for Optics and Photonics.

70. Nikoobakht B, Wang J, El-Sayed MA (2002) Surface-enhanced Raman

scattering of molecules adsorbed on gold nanorods: off-surface plasmon

resonance condition. Chem Phys Lett 366(1):17–23

71. Yeshchenko OA et al (2009) Size-dependent surface-plasmon-enhanced

photoluminescence from silver nanoparticles embedded in silica. Phys Rev

B 79(23):235438

72. Mertens H, Polman A (2009) Strong luminescence quantum-efficiency

enhancement near prolate metal nanoparticles: dipolar versus higher-order

modes. J App Phys 105(4):044302

73. Jao C-Y et al (2015) Enhanced multiphoton-induced luminescence in silver

nanoparticles fabricated with nanosphere lithography. Plasmonics 10(1):87–98

74. Wu C, Zhou X, Wei J (2015) Localized surface plasmon resonance of silver

nanotriangles synthesized by a versatile solution reaction. Nanoscale Res

Lett 10(1):1–6

Abedini et al. Nanoscale Research Letters  (2016) 11:287 Page 13 of 13


	Abstract
	Review
	Introduction
	General Methods for Preparation of Metal Nanoparticles
	Radiation Reduction Method

	Nucleation and Growth
	Strategies for Controlling the Shape under Gamma Irradiation
	Growth Control by Using Capping Reagent and Absorbed Dose
	Using of Organic and Inorganic Templates
	Effect of Metal Precursor
	Assembly of Preformed Nanoparticles

	Optical Properties Enabled by Shape-Controlled Metal Nanoparticles

	Conclusions
	Competing interests
	Author contributions
	Acknowledgements
	Author details
	References

