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Recent developments in the synthesis of nanoparticles using
polyoxometalates (POMs) are reviewed. This review demonstrates
the importance and various roles of POMs in developing of nan-
otechnology. Special attention has been paid to the synthesis of
silver, gold, selenium, cadmium sulfide, palladium, and calcium
carbonate nanoparticles using POMs.

Keywords nanoparticles, polyoxometalates, silver nanoparticle,
synthesis

INTRODUCTION

Interest in nanoparticles (NPs), which are defined as parti-
cles with diameters ranging from a few to 100 nm, is rapidly
increasing because NPs have unprecedented chemical and phys-
ical properties that differ markedly from those of the bulk ma-
terial. ') NPs have various applications in electronics,?! cat-
alysts,[3'4] drug carriers®®® and medical devices,” sensors,®
pigments,'! and magnetic and optical materials.!!!

So far, various methods have been reported on the synthesis of
NPs including chemical reduction, ['%!? photochemical reduc-
tion,['314] radiolytic,!>! electrochemical,!'®! and sonochemical
methods!!”-!8] by using various reagents. Most of these methods
are expensive and the applications of them cause some draw-
backs such as environmental problems, long reaction times, and
tedious work-up procedure.

Green chemistry has been defined as a set of principles that
reduces or eliminates the use or generation of hazardous sub-
stances throughout the entire life of chemical materials.!%2"]
Along this line, the green synthesis of NPs involves three main
steps, which must be evaluated based on green chemistry per-
spectives, including (a) selection of solvent medium, (b) selec-
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tion of environmentally benign reducing agent, and (c) selection
of nontoxic substances for the NPs stability.[?!)

Polyoxometalates (POMs) have been introduced as promis-
ing candidates as green materials. POMs are green and harmless
to the environment with respect to corrosiveness, safety, quan-
tity of waste, and separability. Other key green aspects of solid
POMs are related to their synthesis in an aqueous process and
achievements of successful practical applications. Thus, several
novel and facile methods have been proposed to synthesize NPs
using POMs to serve as reducing reagents, photocatalysts, and
stabilizers.

Several properties of the present POMs designate them as
suitable reagents for the synthesis of nanoparticles with many
advantages: (a) it is possible to synthesize them in the reduced
form, (b) they are highly soluble in water and are anticipated to
do so in non-aqueous solvents upon syntheses with appropriate
counter cations (these two features are not usually available with
most chemical reductants), (c¢) the reduced and oxidized forms
are simultaneously stable in a large pH domain (provisionally,
these forms must be noted to be insensitive to dioxygen, a fea-
ture that might be useful, at the very least for their storage),
(d) several of them can be operated in pure water without any
additive, (e) their apparent formal potentials can be tuned finely
to match that of the metallic cation to be reduced, and (f) finally,
they provide simultaneously a reduction and a stabilization abil-
ities.[22-2!

Therefore the role of POMs in nanoscience and their ap-
plications continues to attract significant attention, hence the
number of publications and patents continues to grow, and new
researchers are entering the field.

Encouraged by our recent successes with POMs as green
catalysts,?®-1%] we have developed our research in field of
nanotechnology,!?6-28-30.107-1111 " and  studied synthesis and
characterization of silica-supported Preyssler nanoparticles and
its catalytic activity in various reactions.

Along in our studies, we have found that despite various
reviews on POMs, no review concerning POMs in the syn-
thesis of NPs has been presented. In this review, we wish
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to present recent developments in the synthesis of NPs using
POMs.

SILVER NANOPARTICLES

There are different methods reported for the synthesis of
silver nanoparticles (Ag NPs).?!l POMs have the potential of
synthesizing Ag NPs as well as their applications in recovery
of silver.'?l As early as 1956, Chalkley had the inspiration
to use photochemically produced, one-electron-reduced Keggin
tungstophosphate, PW,040%", to reduce and precipitate silver
ions to metallic silver (Equation 1):!!13!

PW,, 0} + Agt — PW,,03 + Ag° [1]

The chemical reduction is the most common method for the
synthesis of Ag NPs. In general, in the chemical reduction,
common reductants are elemental hydrogen, citrate, ascor bate,
and borohydride.''4!181 POMs can be reduced in a plethora of
ways, for example, photochemically, electrolytically, and with
reducing reagents. 221191201

The reduced POMs can act as soluble cathodes, able to reduce
several metal ions to the elemental state. The process can be
implemented for two basic aims: (a) recovery of valuable or
toxic metals that can also be combined with the degradation of
organic pollutants in a one-pot system and (b) the synthesis of
several metal nanoparticles in a simple and efficient way.!'!’!

The reduced form of POM, is a powerful reducing reagent,
which can be easily reoxidized by a diverse number of chemi-
cals!"?!including metal ions (i.e. Ag*, Cu**, Pd**, Au*t, Hg?*,
or CI‘6+).[122]

Troupis et al. suggested a process for reduction of metal
ions to their zero state form that takes place in the presence
of organic substrates (S; (i.e. alcohols) as electron donors and
POMs as photocatalysts in a net photocatalytic cycle, according
to the following reactions:!'!3!

POM + S™ — POM(e™) + Sox [2]
POM(e™) + M™" — POM + M’ [3]
POM(e™) + M"" — POM + M? [4]

In Equation 4 Mfon = colloidal metal. By adjusting the con-
ditions at low ionic strength, synthesis of Ag, Pd, Au, and Pt
metal nanoparticles with reasonably small size distribution can
be achieved.['3!

Equations 2 and 4 may be separated in time and space (two-
pots system), or occur in a one-pot system, where POM plays
the double role of photocatalytic reducing reagent and stabilizer.
This process takes place within a few seconds at ambient tem-
perature and it can be used for the synthesis of other nanostruc-
tured materials, such as bimetallic nanoparticles, nanosheets, or
nanorings. 123

It is noted that by control of the rate of Equation 4, the
size of the particles can be controlled. Faster reduction of

metal ion leads to smaller and more uniform nanoparticles sug-
gesting that the rate of metal ion reduction affects strongly
the initial nucleation of particles."””*! A method for this can
be achieved by increasing the concentration of the reduc-
ing reagent (reduced POM). Alternatively, the concentration
of metal ions also influences the size of the obtained parti-
cles, therefore, larger concentrations of metal ions form larger
nanoparticles.?®!

Troupis et al. demonstrated that several metal ions, including
Ag*, Pd**, Au™, and Pt"Y could form metal nanoparticles in
the presence of photochemically reduced Keggin heteropolyan-
ions, such as [SiW2040]°~ and [PW204]*~ as mild reductants
(Figure 1).125:123]

The volume and negative charge of POMs could account for
the prevention of agglomeration of the metal nanoparticles. For
example, 12-tungstosilicate considered to be spherical, with a
diameter of about 12A have (4-) negative charge that the anion
is not protonated, even at pH = 1.125! Another benefit of this
process is the synthesis of metal nanoparticles is achieved in
water as a non-toxic solvent. The TEM pattern of the Ag NPs
indicated in Figure 2. It shows the particles are almost spherical
with diameter of 15.3 % 3.4 nm.[?"]

Interestingly, selecting POMs (different POMs with increas-
ing negative reduction potential or the same POM with more
electrons accumulated on it) having appropriate redox poten-
tials can control the size of Ag nanoparticles. The rates of
Ag" reduction parallel the more negative reduction potential
for POMs according to the series HoW 2049”7~ > SiW5049° ">
P,W 506%™ > P,W306"~ > P,Mo015062'%" > P,Moy5Og0®~
= 0.1'26] This precise redox-control is summarized in soluble
cathode behavior of POMs, which leads to more uniform parti-
cles than those obtained with conventional electrochemistry. On
the other hand, increasing the concentration of reducing agent
(POMs) results in the formation of gradually smaller nanopar-
ticles.!126]

Alternatively, as explained before, the concentration of silver
ions influences the size of the particles obtained: increasing the
amount of Ag™ leads to larger nanoparticles. 26!

Illumination of a system (propan-2-ol/POM/Ag™) with near-
visible and UV-light results in synthesis of Ag NPs and Equation
3 changes to:

POM™ + Ag" — POM + Ag®- [5]

and S = propan-2-ol.[?7]

We have investigated the synthesis of Ag NPs by use of
Preyssler acid, Hi4[NaPsW30Oj1¢], as the reaction promoter, by
chemical reduction of silver nitrate in water as an environmen-
tally safe solvent.['%! In this work, Poly(N-vinyl-2-pyrolidone)
(PVP) was used as stabilizer, which is an excellent stabilizer to
prevent agglomeration through a protection layer on the parti-
cles surface and can be readily washed out with acetone/water
at the end of reaction.!1%%115]
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FIG. 1. Color variation (upper part) and TEM graphs of Ag, Au, Pd, and Pt solutions (lower part), obtained upon mixing of photochemically produced, deaerated
blue solution of SiW 1,049 5- 3.5 x 1074 M) with solutions of the corresponding metal ions, AgNO3, PdCl,, HoPtCle (final concentration 1074 M), or HAuCly

(final concentration 1073 M), pH 5, T 20°CH 13! (color figure available online).

A monitored experiment in the absence of Preyssler has been
shown that the formation of nanoparticles is very slow and
Preyssler acid is easily kept out after the reaction and will not
contaminate the nanosilver particles.['%!

Shanmugam et al.['?8! described a single-step chemical route
to embed the Ag and Au NPs in composite films. They demon-
strated that the silicotungstate ions are necessary for the rapid
reduction of metal nanoparticles in composite films in their
method. The average particle size of Ag was found to be 16 nm.
The particle size can be controlled by dipping time intervals and

concentration of metal ion solutions and the particle distribution
can be altered by changing the concentration of silicotungstic
acid in the composite.!'?®!

A typical preparation of embedded Ag metal NPs is shown
in Figure 3. At first, the composite was synthesized by sol-gel
method. After preparation of the gel, it was coated on glass
slides by spin coating method. The composite film was dipped
into a solution of AgNOs3 and then exposed to sunlight. The
blue color of the film was gradually changed to yellow within
a few minutes, indicating the formation of Ag nanoparticles in

Ag

7 91012 1315161819 21 24
dinm —e

FIG. 2. (a) Transmission electron micrograph and (b) size histogram of the Ag particles.>’!
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FIG. 3. Preparation of noble metal nanoparticles embedded composite film
(color figure available online).!'28]

the composite film. The Ag™ ions from solution diffused inside
the film matrix where it is reduced to Ag metal nanoparticles.
Figure 4 is shown the TEM image of formations of these Ag
NPs in composite film.!?8!

FIG. 4. Transmission electron micrographs of noble Ag nanoparticles embed-
ded composite films. Scale bar 100 nm.

A

Addition of
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After SEM
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FIG.5. Scheme illustrating the various steps involved in the phosphotungstate
ion-templated synthesis of silver nanoparticles.!'?]

The possibility of using the Keggin framework as a UV-
switchable reducing matrix is exciting. It has been shown that
highly organized assemblies of Ag NPs can be formed by using
crystalline Ag™—Keggin ion colloidal particles as precursors,
wherein the Keggin ion host plays the role of a UV-switchable
reducing agent.!1?!

Figure 5 shows a scheme illustrating the various steps in-
volved in the phosphotungstate ion-templated synthesis of Ag
NPs. Crystalline, micron-size colloidal particles of Ag™ ions
complexed with phosphotungstate Keggin ions [(PW1,040)",
PTA; step 1, Figure 5] may be used as templates for the in
situ synthesis of Ag NPs. UV irradiation of the colloidal parti-
cles results in photochemical reduction of the PTA anions and
thereafter, electron transfer to the Ag™ ions from the electron-
rich PTA ions and the consequent formation of Ag NPs (step
2, Figure 5). The Ag NPs are assembled predominantly on the
edges of the Keggin ion framework thereby forming a 3-D super
structure. The Keggin ion template may be removed by simple
dissolution in an alkaline medium leaving behind reasonably
intact Ag NPs super structures (step 3, Figure 5).[!%]

Figure 6 shows representative SEM images recorded at differ-
ent magnifications from a drop-coated film of the aqueous mix-
ture of PTA and silver sulfate on an Si(111) substrate. Densely
populated colloidal particles of the Ag™—PTA complex are seen
on the surface of the substrate. Results of Mandal et al. in this
work showed the produced particles are extremely uniform in
size (average size ~2.3 mm) and exhibit well-defined morphol-
ogy that appears to be predominantly rhombohedral (Figure 6).

This is much more clearly seen in the higher magnification
SEM image of some of the particles (Figure 6) where the pres-
ence of spherical Ag NPs arranged along the edges in a quasi-
circular fashion is observed. Thus, the high-energy edge regions
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FIG. 6. (A) and (B): Low and high magnification SEM images of PTA—-Ag+ ion solution before UV-irradiation, respectively. (C) and (D): Low and high

magnification SEM images of PTA—Ag+ solution after UV-irradiation, respectively.

of the colloidal particles play a crucial role in assembling the in
situ formed Ag NPs. The size of Ag NPs range is from 80 to
150 nm and are thus not monodisperse.'!?"!

Laurent et al.l'®® used Dawson-derived sandwich type
POMs, [M4(P;W5056)21'%~, M = Co%t, Ni2*, and Zn?* as
photocatalysts and an organic substrate (propan-2-ol) as sac-
rificial electron donor for reduction of Ag,SO, from aque-
ous solutions to synthesis of Ag nanoparticles. In the case of
[Co4(P;W15056)21'°~, TEM experiments revealed that the Ag
NPs obtained with a slight excess of Ag™ are almost spheri-
cal with size in the range 20-50 nm (Figure 7). However, in a
large excess of Ag™, the obtained colloids are more oblate and
assembled together to give larger aggregates.'!3"!

Indeed, TEM micrographs revealed that, in those concen-
tration conditions, the Ag NPs formed using NisP4W3y and
ZnyP4 W3 are much smaller and more spherical compared with
those obtained with CosP4W3(, as their size does not exceed
30 nm. So, the central metal M of the POM seems to have an
influence on the size and stability of the formed particles.!'3!

In another Ag synthesis method, arginine (Arg)-
tungstosilicate acid (TSA, H4SiW,049) solution is used for
reduction of silver nitrate (AgNO3) by UV irradiation, wherein
the Arg-TSA complex acts as a UV-switchable reducing agent
for silver ion. This method allows synthesis of spherical particles
of diameter between several nanometers and several hundreds of
nanometers by varying the molar ratio of silver nitrate to TSA,
the pH of the reaction solution, and the reaction temperature.

[129]

Arg-TSA colloidal particles act as an active organicinorganic
template.[13!]

In another study, one-step synthesis and stabilization of Ag
nanostructures with MoY-Mo"! mixed-valence POMs in water
at room temperature has been demonstrated.['*?! This method
did not use a catalyst or a selective etching agent.

Ag NPs of different shape and size can be obtained using
different POMs in which the POMs serve as a reductant and
a stabilizer, similar to some another methods. For instance, a
salt, AgQSO4, and POMS, (NH4)10[MOV)4(MOVI)2014(O3PCH2
PO3),(HO3PCH,P03),]-15H,0, and H;[B-P(Mo"h)y(Mo“)g

50 nm

FIG. 7. TEM micrograph of Ag nanoparticles formed upon illumination of
deaerated aqueous solution containing Naj6[Co4(H20)2(P2W15056)2], propan-
2-0l and Ag;S0,.[130)
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FIG. 8. (a) SPR spectra of Ag nanoparticles obtained from different molar ratios, (b) a representative TEM image of Ag nanoparticles obtained from the mixture
with y = 4, (c) size histogram of Ag nanoparticles of about 200 NPs counted from TEM image showing the distribution of Ag NPs, and (d) a magnified Ag

nanoparticle!'32] (color figure available online).

Oy49], were reacted. After several minutes of mixing a char-
acteristic SPR band at 400 nm for Ag NPs appeared and the
location of the peak was not significantly affected by the initial
concentration of Ag,SOy (Figure 8).[132! The Ag NPs obtained
were spherical and quasi-monodispersed with a diameter of 38
nm (Figure 8), the particle size distribution was quantitatively
displayed in a histogram (Figure 8). The single Ag NP in Figure
5 has a Ag-POM core-shell structure with a ~2 nm thick POM
layer.

With H;[B8-P(MoY1)4(MoY1)gO40] in less than 4 h of aging,
irregularly shaped Ag NPs are observed. After 4 h, short Ag
nanowires were observed combined with many irregular Ag
NPs. TEM analysis of a sample taken directly from the reaction
mixture after 6 h of aging shows (Figure 9) that more than 95% of
the image represents long nanowires, with an average diameter
of ~40 nm and a length of several tens of micrometers. The

aspect ratio of the nanowires ranges from 300 to more than 1000.
About 20% of nanowires show a highly twisted helical structure
(Figure 9). Figure 9 gives a magnified image of a twisted helical
nanowire. For better understanding of the synthesis process we
can focused on Figure 10.13?]

Xu et al. investigated the preparation of Ag nanopar-
ticles in organic-inorganic hybrid thin film by incorpora-
tion of Ag nanoparticles into dioctadecylamine (DOA)/12-
molybdophosphoric acid, [PMo01,041°~, (PMo;») hybrid
Langmuir-Blodgett (LB) film through in situ reduction of
PMo;,.["*3 They employed PMoj, in the film, because it
presents a better photochromism than most of other Keggin-type
POMs and it needs much less UV irradiation time for the pho-
tochromism. This procedure is illustrated in Figure 11 (up)./3?!

Their primary research confirmed the synergistic effects of
DOA with PMoy; in the formation of Ag nanoparticles, where
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50
20/°

FIG.9. (a) TEM image of as-obtained Ag nanowires directly taken from the reaction mixture, (b) magnified nanowires, (c) magnified twisted helical nanowire,

and (d) XRD pattern of Ag nanowires fixed on an adhesive double-sided tape.!'3?!

the former supported the formation of LB film and the latter
plays a role of reductant through photo-induced charge transfer
complex and the enhancement for the property of PMoj; in
the hybrid film after the formation of nanoparticles should be
attributed to the interaction between the formed nanoparticles
and PMoy,.[133!

The size distribution of produced Ag nanoparticles by Xu et
al. was in a quite large range (from 2 to 25 nm) and the particles
are of irregular morphology (Figure 12).1!33]

GOLD NANOPARTICLES

Gold nanoparticles (Au NPs) have several applications spe-
cially as catalysts!® and variety of methods are reported for their
synthesis.

Au NPs with controllable sizes were synthesized by Troupis
et al. in the presence of photochemically reduced Keggin het-
eropolyanions including [SiW,040]°~ and [PW,04]*" as

mild reductants and using a simple process.?>!?’! They demon-
strated that gold ions (Au™) could form Au NPs in this condition.
The TEM pattern of synthesized Au NPs indicated in Figure 13
verifies the formation of these nanoparticles with size of 13.1 £
3.9 nm in the process.[>]

In another study, Au NPs were prepared via a simple pho-
toreduction technique in the presence of transition metal mono-
substituted Keggin heteropolyanions (PW;M, M = Cu?*, Ni**,
Zn**, Fe’*) as reducing agent, photocatalyst, and stabilizer.[!34
Their interesting results indicated that the formation rate and
morphology of the nanoparticles strongly depended on the kind
of transition metal substituted in heteropolyacid and the prepara-
tion conditions, such as irradiation time and propan-2-ol amount.
The results presented that the photoreduction rates of PW;;Zn
and PW, Fe were faster than those of PW;Ni and PW;;Cu and
the shapes of the nanoparticles synthesized in the presence of
PW/,Fe and PW;Zn were nearly uniform spheres, whereas the
morphologies of the nanoparticles synthesized in the presence
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FIG. 10. Schematic picture of the process of the formation of Ag nanowires.[!3?]

of PW;;Ni and PW;Cu were found to contain a mixture of
flat triangular/hexagonal structures as well as spheres (consider
Figure 14).[134

Also, they have observed that the synthesized Au NPs in the
presence of photocatalysts PW;Fe and PW;Zn are extremely
stable. The lifetime of the nanoparticles obtained using photo-
catalyst PW, Fe is even longer than four months without any
observable change at room temperature. In contrast, the aggre-
gation and precipitation of the anisotropic Au NPs obtained in
the presence of photocatalysts PW;Ni and PW;;Cu take place
easily.[134]

Previously, Systry had suggested that the formation of
the gold nanotriangles is a kinetically driven process and is
a result of aggregation and rearrangement of smaller-sized
particles, which act as the nuclei for further growing into
anisotropic, triangular structures.!'3% Then the low rate of reduc-
tion of gold ions using the photocatalysts PW;;Ni and PW;;Cu
might possibly facilitate the oriented growth of the nuclei and
thus should promote the formation of anisotropic nanoparti-
cles.!34!

As mentioned, preparation conditions have a very important
role in the synthesis of nanoparticles, such as irradiation time,

& PMo,, <o DOA + Ag' . Ag nanoparticle = AuCly ' Au nanoparticle

FIG.11. Schematic drawing of silver ions penetration and formation of nanoparticles in DOA/PMoj; hybrid LB film (up), and preparation of DOA-HAuCl4/PMoj2
hybrid LB film and formation of Au nanoparticles (down) (color figure available online).l133]
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FIG. 12.
chloroform and (B) histogram of silver nanoparticles in (A).1133]

the amount of reductant, the reaction temperature, stirring rate,
and coexisting ions.!13%136]

Also, increases in the irradiation time and the propan-2-ol
amount could make the morphology of nanoparticles uniform
and shorten the formation time of the nanoparticles. The results
suggested that prolonging irradiation time will promote gener-
ation of reduced PW;Fe, which results in a certain amount of
Au NPs formation. With overextended irradiation times, the Au
NPs become too large to be stable, and cause aggregation and
precipitation easily. Figure 15 shows the differences in UV-Vis
spectra of the Au NPs solutions synthesized in the presence of
PW/;M with two irradiation times.[!3*

Shanmugam et al. used their chemical route for synthe-
sis of Au NPs. Their method was described on Ag NPs sec-
tion. As mentioned before, they described a single-step soft
chemical route, in which Au NPs were embedded into the
organic—inorganic composite films by dipping the reduced com-
posite film in aqueous solution of HAuCly. The blue color of the

FIG. 13.

(b)

abundance / % —=

Distribution (%)

40 B
304
20 4
104
0
5 10 15 20 25
Diameter (nm)

(A) TEM image of silver nanoparticles by dissolving DOA/PMoj, LB film that encountered UV irradiation and immersion in silver ions solution in

film changed into pink indicating the formation of Au nanopar-
ticles in the composite film.!1?8!

The formations of metallic Au NPs in composites were stud-
ied by TEM studies. Figure 16 shows TEM images of Au NPs
embedded composite films. The formation of highly distributed
Au NPs in the composite film with spherical shape can be seen
with average particle size of 12 nm. In this method, the particle
size can be controlled by dipping time intervals and concentra-
tion of metal ion solutions. 28]

The method of Xu et al. is described in the Ag NPs synthesis
section. They used their method for synthesis of Au NPs, too.
They showed that the Au ions are reduced to Au NPs in the
hybrid film. But, because the volume of AuCly ions is a negative
charge and bigger than silver ions, the permeation into hybrid
LB film becomes more difficult and needs much longer time.[13%!

Because the Au ions can be well dispersed in LB film in a
controllable way, they can obtain regular aggregated structure
of the hybrid LB film under the existence of Au particles.!'3!

Au
30

5 8 1 14 17 20

d/ nm —a=

(a) Transmission electron micrograph and (b) size histogram of the Au particles.!>’]
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(a)

(b)

(d)

FIG. 14. TEM images of gold nanoparticles obtained in the presence of PW ;M. (a) Synthesized by PW Fe, irradiation time 40 min; (b) synthesized by PW11Zn,

irradiation time 40 min; (c) synthesized by PWNi, irradiation time 90 min; (d) synthesized by PW;Cu, irradiation time 90 mi

Their results illustrated that the formation of Au nanopar-
ticles in the DOA-HAuCls/PMoj, hybrid film is mainly de-
rived from the reduction of PMo,, rather than from UV irra-
diation. The DOA-HAuCl,/PMo, single monolayer exhibits a
uniformly flat morphology even at high surface pressure. The
DOA-HAuCl,/PMo;, LB film after UV irradiation can be dis-
solved in chloroform and cast to a copper grid for TEM obser-
vation. A TEM image of synthesized nanoparticles is shown in
Figure 17. The mean diameter of the Au nanoparticles is ca.
1942 nm (Figure 17).1'331

It is interesting that the formation of Au nanoparticles can
increase the speed of photochromism and the PMo, can contin-
uously convert into heteropolyblue again in the hybrid LB film
after the formation of nanoparticles.!'3!

Mixed-valence POMs have the potential to use in nanopar-
ticles synthesis. In another study, one of mixed-valence POM,
B-H3[HsP(MoV)4(MoVI)gO413~, was used as reducing agent
and capping agent in water, for synthesis of various Au NPs
in a one-pot, room-temperature process. Preliminary assays
demonstrated that this kind of POM can easily react with

L1341

chloroauric acid at room temperature to form Au nanostruc-
tures and that the reaction can be followed using its distinct color
changes.[137)

The researchers investigated effect of initial concentrations
of the POM and chloroauric acid on the shape and size of syn-
thesized nanoparticles and found that by modifying the ratio of
y = [metallic salt]/[POM], the morphology of the synthesized
Au nanostructure can be tuned (consider Figure 18). Figure
18 shows TEM images at two different magnifications, when
y = 1. In this ratio the NPs are spherically shaped with a di-
ameter of around 110 nm and a scattered size distribution. A
few anisotropic and irregularly shaped structures are also visi-
ble. The TEM image for y = 0.4 and 0.1 (Figure 2) displays
quasi-monodisperse nanoparticles with a diameter decreased to
70 nm, accompanied by numerous triangular and hexagonal
nanoplates.[!37}

Figure 19 is a schematic, which sums up the morphological
possibilities during the synthesis of Au nanostructures by S-
[HsP(MoV)4(MoVI)sO4]*>~ and suggests some recyclability of
the POM.!37]
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FIG. 15. UV-Vis spectra of the gold nanoparticle solutions synthesized in the
presence of PW M. (M = Zn?*, Fe’t, Ni*t, Cu?*) with irradiation time 40
min (a) and irradiation time 90 min (b).!'34

Furthermore, Mandal and coworkers reported that photo-
chemically generated [PW,040]* -capped Au NPs enable the
reduction of Ag™ on the surface of the Au NPs to form Au-
Ag core-shell bimetallic nanoparticles under further irradiation

FIG. 16. Transmission electron micrographs of noble metal nanoparticles em-
bedded composite films: Au. Insets show respective electron diffraction pattern.
Scale bar 100 nm.[28]

from UV light. The characteristic of this method is that the reac-
tion proceeds at room temperature within seconds and utilizes
a mild reductant, Keggin heteropolyanion.!'?3!

The simple scheme of Keggin ion-mediated synthesis of
Au core-Ag shell nanoparticles is shown in Figure 20. They
showed representative TEM images (Figure 21) of a drop-cast
film of Au core-Ag shell nanoparticles grown as described pre-
viously.!123!

As in the case of Au NPs alone, the particles are quite poly-
disperse, show a small increase in size (ranging from 20 to 100
nm), and are of varying morphology.!'?3!

Distribution (%)

10 15 20 25
Diameter (nm)

FIG. 17. (A) TEM image of Au nanoparticles after UV irradiation, prepared by dissolving DOA-HAuCl4/PMoj; LB film in chloroform and (B) histogram of

Au nanoparticles in (A).[133]
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100 nm G 20 nm

FIG. 18. TEM images of synthesized Au NPs at different molar ratios with initial concentration of POM = 1mM and (a) and (b) y = 1, (c) y = 0.4, and (d) y
= 0.1. Note the scale bars which show clearly the difference in size of the nanostructures prepared using various g values.[3”]
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FIG. 19. Morphological possibilities during the synthesis of Au? nanostructures by 8 -[H4P(MoV)4(MoVI)gOy4g]*~ and recyclability of the POM.[137]
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FIG. 20. (A) Scheme of the Keggin ion-mediated synthesis of Au core-Ag shell nanoparticles. For simplicity, Keggin ions are shown as octahedral particles.
(B) UV-vis spectra recorded from (1) 1072 M aqueous solution of PTA after UV irradiation; (2) UV-irradiated PTA solution after addition of 1073 M HAuCly;
(3) solution 2 after further UV irradiation; (4) solution 3 after addition of 1073 M Ag>S04 solution; and (5) solution 2 after addition of 1073 M AgrS04. All
UV-vis spectra have been adjusted for solution dilution effects. Pictures of sample bottles containing solutions 1-5 are shown in the inset!!!?] (color figure available

online).l'23

SELENIUM NANOPARTICLES

Among all of the semiconductors, selenium is one of the
most important semiconductors in view of its various applica-
tions. It has a number of attractive features desired for various
applications in photonics and electronics.'*®!

Equations 2—4 can be used for synthesis of selenium nanopar-
ticles (Se NPs). Se NPs are formed upon photolysis of solutions
of propan-2-ol/POM/Se(IV). Propan-2-ol serves as sacrificial
reagent for the photo formation of 1-equivalent reduced blue
polyoxometalate, POM(e), which further reacts with Se(IV) to
produce Se NPs. POM serves both as relay for the transfer
of electrons from propan-2-ol to Se(IV) and stabilizer for the
nanoparticles.[1>4

As discussed before, control of the size of the particles can be
also achieved via rate control of Equation 4. Faster reduction of
metal ion leads to smaller and more uniform nanoparticles sug-

gesting that the rate of metal ion reduction affects strongly the
initial nucleation of particles. Ionic strength and initial concen-
tration of POM are two effective parameters in size of produced
nanoparticles. As an example, changing the ionic strength from
0t00.025 and 0.05 M results in the formation of gradually larger
nanoparticles of 40, 60, and 90 nm, respectively, and increases
of the initial concentration of (SiW2040)*~ from 2 to 4 and
10 x 1073 M, resulting in the formation of gradually smaller
nanoparticles, 110, 80, and 60 nm, respectively.!!?#

The TEM images of the produced Se’ nanoparticles are
shown in Figure 22, while the inset in Figure 22 is the cor-
responding selected area electron diffraction pattern indicating
the crystallinity of the Se nanoparticles. The effect of initial con-
centration of (SiW2040)*" is clear in this figure. The fact that
smaller Se nanoparticles are formed with increasing of the ini-
tial concentration of (SiW,040)*~ implies that the nucleation

FIG. 21. (A) TEM picture of gold nanoparticles reduced by UV-irradiated PTA solution. (B) TEM picture of gold core-silver shell nanoparticles by sequential

reduction of gold and silver ions by UV-irradiated PTA solution. Scale bars in A and B correspond to 100 and 50 nm, respectively.!

123



Downloaded by [Ferdowsi University] at 00:41 13 August 2012

222 F. F. BAMOHARRAM ET AL.

200 nm C

FIG. 22. TEM images of selenium nanoparticles obtained upon reduction of Se(IV) 1 x 1073 M by various concentrations of (SiW12040)*~ (2) 2 x 1073 M, (b)
4 x 103> M, and (c) 10 x 10~3 M. The inset is the corresponding selected area electron diffraction pattern.[124]

FIG. 23. SEM images of (A) CdS particles synthesized at 50°C for 48 h, and (B-D) three representative particles.[4?!
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© TSA o Cd* @ CdS nanoparticle

FIG. 24. The proposed evolution process of spherical CdS assembly to flow-
erlike structure.!14?]

process is enhanced more than the growth of Se’ nanoparti-
cles. 124

In a study, for the synthesis of Se nanoparticles as a size-
controlled method, tungstosilicate acid (H4SiW 2,049, TSA) so-
lution that serves both as reducing reagent and stabilizer was
used. In this method, selenium acid (H,SeO;3) reduced by UV-
irradiated TSA.['3]

The synthesized nanoparticles are monodisperse with sizes
in diameter (~40 nm) and have spherical colloids of t-Se
(triangular-structured selenium forms. The TEM image implies
these spheres are smooth. Such colloids were quite uniform and
could be obtained in copious quantities. The size of nanopar-
ticles synthesized by this method can be controlled by varying
the reaction temperature.['3]

CADMIUM SULFIDE NANOPARTICLES

Cadmium sulfide (CdS) is one of the most important II-VI
group semiconductors and has been used for years in solar cells
and optoelectronic and electronic devices.['4%141] There are lim-
ited strategies have been used to synthesize these nanoparticles
by use of POMs.

In one study, the CdS NPs have been synthesized in the
combination of diffusion and hydrothermal method with type
TSA as scaffold at different temperatures.[!4?]

In this gas diffusion-hydrothermal synthesis route, the gen-
eration of H,S gas and the formation of the CdS products can
be expressed by the following equations:!14?!

CH;CSNH, + 2H,0 — CH3COONH4 + H,S [6]

FIG.25. (A)and (B): Low and high magnification TEM images from the Cd>*-PTA solution after H,S treatment. (C) and (D): Bright and dark field TEM images
of CdS nanorods formed after the alkali treatment of the CdS-PTA solution. The inset in (C) shows an image of one of the CdS nanorods in greater detail, and the

inset in (D) shows the SAED pattern of the CdS nanorods shown in (C).!'43]
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FIG.26. SEM images recorded from (A) calcium phosphotungstate colloidal particles formed by reacting an aqueous solution of phosphotungstic acid with Ca>*+
ions for 1 h, and (B-D) star-shaped CaCOj3 crystals under different stages of magnification obtained by reacting calcium phosphotungstate colloidal particles.[*>!

Cd** + TSA — TSA — Cd*t [7]
TSA — Cd?> + H,S — TSA — CdS [8]

The precipitation of CdS is mainly controlled by the diffu-
sion level of H,S gas. Because Cd>* can react with S~ very
rapidly. Mainly this parameter controls the precipitation of CdS.
When the diffusion rate is slow, diffusion controlled growth is
dominant, which leads to continual structure rearrangement and
extension growth.[14%]

FIG. 27.

abundance ( % e

In this study, it was found that the evolution of CdS micro-
sphere to flowerlike structure can be modulated by tuning the
diffusion rate of H,S gas, which is dominated by the reaction
temperature. Slow diffusion rate of H,S gas leads to a flower-
like morphology (Figure 23) and fast diffusion rate leans to a
spherical morphology. A possible mechanism for the evolution
is proposed by Zhang et al., that slow diffusion rate of H,S gas
favors the diffusion-controlled growth, and fast diffusion rate
promotes a reaction controlled growth.[14?]

Also, they proposed a clear growth mechanism like Figure
24. At the first stage, spherical CdS particles obtained from

Pd
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(a) Transmission electron micrograph and (b) size histogram of the Pd particles.[?%!
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FIG. 28. (A) Typical TEM image of palladium nanocrystals synthesized at
the KoPdCly/HPV!Y molar ratio of 0.5. (B) High-resolution TEM image and
electron diffraction pattern of Pd nanoparticles showing the crystal lattice of Pd
atoms.[149]

spherical TSA-Cd** precursor, which is played a key role on
the in situ formation of spherical CdS assemblies. After that, H, S
atmosphere promotes a diffusion-controlled growth process, in

which the petals appeared from the primal multiplayer surface
structure and then flowerlike structure formed. 4%

Likewise, reaction of aqueous cadmium cations with phos-
photungstate Keggin anions (PTA) leads to the growth of highly
dense and crystalline cadmium phosphotungstate colloidal par-
ticles with needlelike morphology of submicron dimensions.
Further treatment of these particles with H,S gas leads to the
in situ growth of CdS nanoparticles of 5-6 nm sizes without
disruption to the host Keggin ion colloidal particle morphol-
ogy. Alkali treatment results in dissolution of the PTA template,
leaving behind fused CdS nanoparticles in the form of nanorods
(see Figure 25).1143!

CALCIUM CARBONATE NANOPARTICLES

Calcium carbonate nanocrystal has wide applications in rub-
ber, plastic, printing ink, oil point, toothpaste, cosmetics, and
food industries because of its low cost and excellent physical
and chemical properties. Many chemical techniques were used
to prepare of them.['** To the best of our knowledge, there are
not many reports on synthesis of calcium carbonate nanocrystals
using POMs.

Rautaray et al. have been shown that Keggin anions com-
plexed with Ca®* can play role of template for growth of CaCO;
crystals. Reaction of an aqueous solution of phosphotungstic
acid with Ca?* ions leads to the formation of highly uniform,
stable colloidal particles of calcium phosphotungstate, which
may then be reacted with CO, results in the growth of star-
shaped CaCOj3 crystals with uniform size in solution.!'+!

An SEM image recorded from a drop-cast film of the solution
obtained by reaction of aqueous CaCl, and H3PW ;049 on an
Si (111) substrate is shown in Figure 26. Colloidal particles
have spherical morphology and average particle size of 57 £ 8
nm. Figure 26 shows SEM images at different magnifications
recorded after the formation of CaCOs crystals by bubbling
CO; into the calcium phosphotungstate colloidal particle
solution,!'*!

~ §0-100 nm

o Pd nanoparticles

@ Polyoxometalates

@ Small cations

FIG. 29. The 3-nm-radius Pd nanoparticles with a layer of POM HPV'Y or HPVY on the surface self-organize into large, hollow 60-100 nm aggregates. Small
counter-ion cations might be incorporated into the large hollow structures!!4?! (color figure available online).
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PALLADIUM NANOPARTICLES

Palladium nanoparticles (Pd NPs) have been reported to be
very active and selective in a wide range of reactions including
hydrogenations, C—C coupling and oxidations. The preparation
of small, stable Pd NPs still remains a challenging task.[!46!

For efficient synthesis and stabilization of Pd NPs, reduced
POMs were used both as reducing and capping agents at room
temperature in water.['3?! They succeeded to prepare Pd nanopar-
ticles with size of 5.0 & 1.1 nm (Figure 27).1>!

POM catalysts are more efficient in reductive recovery of
palladium. Using the POM anions as photocatalysts and propan-
2-ol as sacrificial electron donor, Pd?* can be reduced and re-
covered in metallic form.[147]

Troupis et al. indicated that palladium ions (Pd**) could form
Pd nanoparticles in the presence of photochemically reduced
Keggin heteropolyanions [SiW,040]1°~ and [PW,04]*" as
mild reductants.>!

In a method, it has been demonstrated that photochemically
reduced POMs of the Keggin structure [(PW2040)]>~ when
exposed to aqueous Pd(NO3), resulted in the formation of Pd
NPs. The results have been shown a multifunctional catalyst
consisting of the Pd core capped with the Keggin ion shell that
showed excellent activity in acylation reactions.[!?]

Dolbecq et al. reported an illustration to the POM-based mild
synthesis of metallic nanoparticles like Pt and Pd in water at
room temperature.!'*3] In their experiments, electrochemically
deposited films have been obtained from the reduction of the
hexanuclear POM, which are very efficient both as reductants of
Pt and Pd metallic salts and as capping agents for the resulting
Pt and Pd® nanoparticles. They used isolated different cyclic
anions with the general formula [(MoV;04)(O;PCH;,PO3)],,
(n =3, 4, 10), that incorporate small organic or inorganic guests
as a template and counter ion in the structure of the cyclic
anions. They found that the size of the obtained nanoparticles
depends both on the nature of the POM and on the [metallic
salt]/[POM] ratio.!148]

Some authors reported a method of making Pd° nanoparticles
by reducing K,PdCly via Dawson-type vanadium-substituted
POM, Ko[H4,PV'VW,04,] (HPV'Y), in water at room tempera-
ture.”* HPV'Y acted simultaneously as both the reducing agent
(in which it would be oxidized to HPVY) and the stabilizer.[?¥

The neutral Pd nanoparticle can absorb a layer of HPV (either
HPV!Y or HPVY) on its surface, making the overall nanoparticle
negatively charged with a relatively hydrophilic surface. The
solution behavior of such POM-coated Pd nanoparticles is
still completely unknown. The POM-coated PdO nanoparticles
are very stable in solution, showing similarities to POM
macroanions.!!4”]

The shape and size of formation nanoparticles is dependent
on the starting molar ratio of K,PdCl; to HPV' in solution.
Zhang et al. showed that when this ratio is less than 0.6, ~20
nm-radius Pd® colloidal nanocrystals are formed (see Figure
28) and when it is greater than 0.6, HPV-capped (and therefore
negatively charged) 3-nm-radius Pd° nanoparticles are formed,

which can further self-assemble into stable, hollow, spherical,
30-50-nm-radius supramolecular structures in solution with-
out precipitation (consider Figure 29). A higher molar ratio of
K,PdCl, to HPVIY corresponds to a slower reduction rate and a
faster growing process. Hence, the formation of larger nanocrys-
tals can be expected.!'*!
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