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Abstract Stabilized and size-controlled gold nanoparticles were
synthesized using molybdophosphoric acid (H3[PMo;,040],
HPMo) and its vanadium-substituted mixed addenda (Hs-
{PMo15-, V. Oy, x=0-3); and HPMoV,) under UV irradiation
by a simple green method. In the process, HPMo and HPMoV,.
play the role of photocatalyst, reducing agent and efficient
stabilizer. Control of gold nanoparticles size was achieved by
variation of initial gold ions concentration and molar ratio of
HPMo to gold ions. The synthesis rate of Au nanoparticles
was found to be parallel to an increasing x value in the order
of: HPMoV;>HPMoV, > HPMoV>HPMo, which leads to
smaller and more uniform particles. Also, by substitution of
vanadium instead of molybdenum in the HPMo formula, the
morphology of nanoparticles was gradually changed from
spherical-shaped nanoparticles in the presence of HPMo to
nanorods in the case of HPMoVs.
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Introduction

One of the usual metal nanostructures is gold nanoparticles (Au
NPs) which are used in optics, electrochemistry, catalysis,
sensors, environmental engineering, and electronics because
they are stable, relatively nontoxic, and biocompatible [1-5].
The size and shape of Au NPs strongly affect their physical and
chemical properties and intense research has been devoted to
the morphological control of these nanostructures in recent
years. Finding the methods in which one could control the size
and shape of the prepared nanoparticles is of great interest in
order to maximize the particles efficiency [6].

A lot of techniques have been developed for the synthesis
of these nanoparticles, such as electrochemical [7], chemical
reduction [8], sonochemical [9], photochemical [10], and so
on. To date, solution-based wet chemical synthesis is be-
lieved to be the best route to new nanostructures [11, 12]. In
most of these procedures, the use of an organic environment
and a relatively high temperature are common. Controlling
size and shape of nanoparticles can be achieved through the
control of nucleation and growth steps by varying synthesis
parameters, including activity of reducing agents, type and
concentration of precursors, and also nature and amount of
protective agents [13—15]. However, the intervention of
environmentally harmful and toxic chemicals in the Au
NPs preparation procedures is inevitable.

Recently, the green synthesis or fabrication of Au nano-
structures has been incomprehensively studied using harmless
alternative polyoxometalates (POMs) [16—19]. Since the en-
vironmental care is one of the worldwide increasing worries,
green chemistry has been defined as a set of principles which
reduce or eliminate the use of hazardous substances or cata-
lysts [20]. This fact encourages scientists to make efforts in
finding processes working in this direction. For this reason,
there is still a good scope for research towards finding green
and ecofriendly materials, solvents, and catalysts in different
reactions. Along this line, introducing clean processes and
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utilizing ecofriendly and green catalysts which can be simply
recycled at the end of reactions have been under permanent
attention and demands.

POMs as solid acid catalysts are green with respect to
corrosiveness, safety, quantity of waste, recyclability, and
separability. Therefore, using them in various processes is
one of the innovative trends.

They are a unique class of molecularly defined inorganic
metal-oxide clusters which have exceptional properties such
as: strong Bronsted acidity, high hydrolytic stability (pH=0—
12), high thermal stability, and operation in pure water without
any additive [21, 22]. Attractively, POM’s structures remain
unchanged under stepwise and multielectron redox reactions
and can be reduced by photochemical and electrochemical
procedures using suitable reducing agents [23].

These compounds have been used as both reducing agents
and stabilizers for the synthesis of metal nanoparticles such as
Ag, Au, Pt, Se, and Pd upon illumination with UV/near-Vis light
[6, 18, 24-28]. There are only limited reports regarding synthe-
sis of gold nanoparticles (Au NPs) using these kinds of green
materials. Troupis et al. used the photocatalytic process for Au
NPs synthesis in the presence of H3[SiW,04] [18]. Mandal et
al. have synthesized more complicated nanostructures such as
Au-Ag core—shell dimetallic compounds [29] and Au nano-
sheets [30]. Various crystalline gold nanostructures have also
been synthesized using B-[HsPMo;,040]> [12] and transition
metal monosubstituted POMs (PW;MO,o, M=Cu**, Ni*",
Zn**, Fe’™) [31]. Moreover, in our previous work, we have
synthesized Au NPs using Preyssler acid with a simple photo-
reduction technique [32].

Although, some Keggin, mixed valence, and Preyssler
types of POMs have been used in the synthesis of Au NPs,
to the best of our knowledge, the role of molybdophosphoric
acid, HPMo, and its vanadium-substituted mixed addenda,
HPMoV,, has not been studied. HPMo, similar to the other
types of POMs [18], can be reduced in the presence of
oxidizable organic substrates like alcohols (e.g., propan-2-
ol), under UV irradiation (Eq. (1)):

2[PMo1,040]>~ + (CH3),CHOH™ 2[PMo,04)*" (1)

+ (CH3),C = O + 2H"

In contact with gold ions, [PM012040]4_ is able to trans-
fer electrons efficiently to gold ions and reduce them to Au’.
The color of the solution is then gradually turned from
colorless to pink indicating the formation of Au’. Equation
(2) represents this reaction:
3[PM012040]47 + At — 3[PM012040]37 -+ Augolloid (2)

According to Egs. (1) and (2), HPMo ions can be utilized
cyclically as oxidizing or reducing agent and propan-2-ol
plays the role of sacrificial agent.
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In the present work, we have investigated the synthesis of
gold nanostructures generated by a green chemistry-type pro-
cess, using HPMo and HPMoV,, in the absence of any surfac-
tant or seed. Also, the effect of gold ion concentration or molar
ratio of HPMo to gold ion was studied on the size of Au NPs.
Besides, vanadium-substituted mixed addenda of HPMo (i.c.,
HPMoV,) was used for the synthesis of Au NPs and the effect
of addition of vanadium atom (x=0-3) in the POMs structure
was explored on the size and the shape of prepared NPs.

Experimental
Chemicals and apparatus

H3[PMo;,040] and other chemicals were purchased from
Merck Company and used as received. H4[PMo;;VOy0],
Hs[PMo,o0V,040] and Hg[PMo09V3049] were prepared
according to the procedure reported in the literature [33].
UV-visible spectra were obtained using Avantes Avaspec-
3648 single beam instrument. The synthesized Au NPs were
characterized mainly by particle size distribution (PSD)
using a ZetaSizer Nano ZS apparatus (Malvern Instruments
Ltd.) as a laser particle sizer. The instrument allowed to
measure particle size taking the advantage of optoelectronic
systems. Also, nanoparticles were characterized using
Transmission Electron Microscopy (Philips CM-120).

Synthesis procedure of Au NPs

In a typical experiment, 5.5x10 ' mol of HPMoV, was
dissolved in 5 mL distilled water and then 10 mL HAuCl,
(5x107* M) and 2 mL propan-2-ol were added. The solution
was placed into a spectrophotometer cell and deaerated with
N, gas. Then, the mixture was irradiated by UV light
(125 W high pressure mercury vapor lamp) under continu-
ous stirring. Reaction was performed in a constant room
temperature, using water circulating around the cell. The
color of the solution changed from colorless or pale yellow
(at high HPMo concentration) to pink, indicating the forma-
tion of Au NPs. The nanoparticles were separated from the
reaction mixture by a high-speed centrifuge (14,000 rpm),
washed twice with water and redispersed in water before
any analysis.

Results and discussion

Polyoxometalates, regarding their redox abilities, can be
divided into two groups of mono-oxo (type I) and cis-
dioxo (type II). This classification is based on the number
of terminal oxygen atoms attached to each addenda atom,
e.g., molybdenum or tungsten, in the polyanion. Examples
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Fig. 1 UV-vis spectra of HPMo (5.5x 10~* M)/propan-2-ol/Au”" (5%
10~* M) solution and the reaction progress

of type I polyanions are Keggins, Wells—Dawsons, and their
derivatives that have one terminal oxygen atom M=0 per
each addenda atom. Type II polyanions can be represented
by the Dexter—Silverton anion which has two terminal oxy-
gens in cis positions on each addenda atom.

In type I octahedral MOg, the lowest unoccupied molec-
ular orbital (LUMO) is a nonbonding metal-centered orbital,
whereas the LUMO for type II octahedral is antibonding
with respect to the terminal M=O bonds. Consequently, type
I polyoxometalates are reduced easily and often reversibly
to form mixed-valence species, heteropoly blues, which can
act as an oxidant. In contrast, type II polyoxometalates are
reduced with more difficultly and irreversibly to complexes
with yet unknown structures [34, 35]. For this reason, only
type I heteropoly compounds, especially Keggins, are of
interest for catalytic reactions. Therefore, H3[PMo0;,04¢]
with Keggin structure was selected since, to the best of our
knowledge, the role of that has not been studied in the redox
controlled synthesis of Au nanoparticles. Keeping in mind
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sized Au NPs
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Fig. 3 Effect of [HPMo]/[Au®"] ratio on the size of Au NPs ([Au*]=
5x10* M, propan-2-ol=2 mL)

that the introduction of vanadium (V) into the Keggin
framework is beneficial for redox catalysis [36] and also it
can shift its reactivity from acid-dominated to redox-
dominated, we selected Hs. ([PMo01,-,V,O40] (x=1-3).

The process was monitored by the visible absorption spec-
trometry. Figure 1 shows the UV/Vis spectra of the mixture at
different treatment stages. It can be seen that primary solution
does not have any distinct absorption band in the wavelength
range of 400-800 nm. But, after 35 min, the absorption bands
were observed in the SPR band of gold NPs at about 535 nm.
These absorption bands caused by the excitation of surface—
plasmon vibrations indicate formation of Au NPs. Further-
more, until 20 min irradiation, there is no absorption band at
535 nm, indicating that no nanoparticles were formed. In this
time interval, the rate of Au NPs production reaction (Eq. 2) is
negligible and Eq. 1 is in progress. From the figure, it can be
observed that by increasing the time, the absorption band
becomes sharper and the resonance intensity enhances due
to the formation of Au NPs during the process.
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Fig. 4 UV-vis spectra of Au®"/HPMoV,/propan-2-ol solutions. The
spectra absorbances are normalized to unity
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Fig. 5 Synthesis rate of Au NPs in the presence of HPMoV,. (x=0-3)
([Au3*1=5x10"* M, HPMoV,=5.5x10"" mol)

Besides the role as reducing agent, HPMo also plays the
role of stabilizing agent in the above reactions. In our
previous study, it was shown that in the absence of POMs,
Au particles were precipitated in less than 2 days [32], but
the resulting colloid in the presence of HPMo was stable
without any precipitation for more than 3 months. It might
be due to the adsorption of HPMo polyanions onto the
surface of Au NPs which provide both steric stabilization
and kinetic stabilization through coulombic repulsion be-
tween the negatively charged particles.
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In the photolysis reaction, the propan-2-ol serves as a sac-
rificial agent for the photoformation of reduced HPMo, HPMo
(e"), which reacts with gold ions to produce Au NPs. A control
experiment was performed in which 2 mL propan-2-ol was
added to the deaerated aqueous solution of HAuCl, and irra-
diated for 6 h. There was no change in the color of solution and
the characteristic gold absorption band was not observed. It
indicates that the UV-irradiated propan-2-ol is not responsible
for the reduction of Au>". On the other hand, our observations
show that the amount of propan-2-ol affects the reaction rate
which influences the size and uniformity of the synthesized Au
NPs and by increasing the amount of the propan-2-ol, smaller
and more uniform nanoparticles were obtained [15].

The rate of gold ions reduction (Eq. 2) affects strongly
the initial nucleation and final size of nanoparticles. In fact,
in this reaction, size control of Au NPs can be achieved via
rate control of Eq. 2 by changing the experimental condi-
tions. Faster reduction of gold ions leads to formation of
smaller and more uniform nanoparticles. The initial Au®t
ion concentration and also HPMo amount are two parame-
ters which can influence the reaction rate in Eq. (2). Our
findings show that increasing the initial Au®" concentration
enhances reaction rate. As indicated in Fig. 2, an increase in
concentration of gold ions results in the formation of larger
nanoparticles. Also, our observations have shown that at
higher gold ion concentrations, the stability of the prepared
Au NPs decreases and they are precipitated after a short
time. It might be due to (1) their bigger size or (2) increasing
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Fig. 6 Effect of vanadium substitution on the size and uniformity of Au NPs using: a HPMo, b HPMoV, ¢ HPMoV,, d HPMoV; (HPMoV,=5.5x 10" mol)
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[Au3+]/[HPMo] ratio in which the amount of HPMo might
not be sufficient for Au NPs stabilization.

Also, we have found that the desired size of Au NPs can
be achieved via changing the initial amount of HPMo. For
this purpose, we have investigated the effect of [HPMo]/
[Au’"]=~ on the size of synthesized gold NPs in which the
initial concentration of Au®" was kept constant (5x10™* M).
The results are shown in Fig. 3. At low value of ~, less than
0.73, the mean diameter of Au NPs was decreased by
increasing the <y ratio. The fact that smaller Au NPs are
formed with increasing the initial amount of HPMo implies
that the nucleation process is enhanced more than the
growth of nanoparticles.

Figure 3 also shows that by increasing the « above 0.73,
the size of the synthesized NPs exhibited a contrary trend
and larger NPs were formed through increasing the HPMo
amount. The reason of the opposing trend of large Au NPs
might be due to higher coverage of HPMo polyanions on the
exterior surface of Au NPs at higher HPMo value that
inhibits the reaction rate in Eq. 2.

For the HPMo value of 5.5x10° M and 2 mL
propan-2-ol, v=0.73 acts as a critical amount in the

Fig. 7 TEM images of
synthesized Au NPs after

35 min irradiation using a
HPMo, b HPMoV, ¢ HPMoV,,
d HPMoV;

synthesis of Au NPs in our experimental condition. This
value depends on the type of metal ions, POM type,
propan-2-ol amount and other operating conditions
(temp., pH, ionic strength, etc.). This behavior is similar
to that found in many chemical reduction approaches to
nanosystems, because the nucleation and growth sequen-
ces are both affected by the relative concentrations of
the reducing agent and the precursor [28].

Effect of vanadium substitution in HPMo

We have also investigated the effect of vanadium substitu-
tion in HPMo, i.e., HPMoV,, (x=1-3), on the photosynthesis
rate of Au NPs as well as the morphology of nanoparticles.
Figure 4 shows the surface plasmon resonance spectra of the
synthesized Au NPs solutions in the presence of HPMoV,
(x=0-3) irradiated for 35 min. HPMoV, shift the peak of
SPR bands gradually from 535 to 555 nm for x=2, which
indicates Au NPs become larger using HPMoV,.

When x=3, a new peak appears at ~690 nm, which is
related to the synthesis of Au nanorods [7]. In fact, nanorods
show two plasmon bands commonly ascribed to light
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absorption (and scattering) along both the long axis (“lon-
gitudinal plasmon band”) and the short axis (“transverse
plasmon band”) of the colloid particles. As the aspect ratio
increases, the position of the longitudinal plasmon band red
shifts, and the transverse plasmon band position stay rela-
tively invariable at ~520 nm [37]. The appearance of the
longitudinal plasmon band at ~690 indicates the preparation
of nanorods with aspect ratio of ~2 [7, 35].

Moreover, they affect the rate of synthesis reactions
presented in Egs. (1) and (2) (see Fig. 5). Faster kinetics
can be observed by increasing the number of vanadium
atoms. Figure 5 also demonstrates that increasing the num-
ber of vanadium atom substituted in HPMo (x value) im-
prove the redox potential of HPMo in the order of: HPMoV;
>HPMoV,>HPMoV>HPMo. Moreover, the synthesis re-
action rate of Au NPs as well as the nucleation rate is
enhanced in the same order, but larger NPs are produced.
This fact is shown in Fig. 6a—d. The PSD analysis in these
cases, demonstrate just the approximate size of synthesized
nanoparticles. It is clear that at the same reaction conditions,
the mean diameters of synthesized Au NPs become 16.3,
19.6, 23.8, and 30, by changing x from 0 to 4, respectively.

Moreover, increasing x has an interesting effect on the
shape of prepared nanoparticles. Figure 7a shows TEM
image of Au NPs synthesized using HPMo. The nanopar-
ticles are seen to be hexagonal and spherical in shape. By
substituting a vanadium atom in HPMo, a few anisotropic
and irregularly shaped structures are observed (Fig. 7b).
Also, by increasing the number of vanadium atom in HPMo,
Au nanorods are formed, and for x=3 almost all hexagonal
nanoparticles changed to nanorods. It has been also ob-
served that all solutions including nanoparticles and nano-
rods are stable for few weeks. The TEM images confirm the
PSD of the prepared Au nanoparticles using HPMo, but
with increasing the x value in the formula, the PSD histo-
grams underestimate the size of true particles. It may be due
to the formation of inhomogeneous nanoparticles in the case
of x=2 and 3 and also nanorods in x=3. In fact, the PSD is
unable to show a real distribution of Au nanorods.

Conclusions

Molybdophosphoric acid and its vanadium-substituted
products (HPMoV,, x=0-3) were used as excellent photo-
catalysts, reducing agents, and stabilizers in the synthesis of
gold nanoparticles. Uniform and size-controlled Au NPs
were easily obtained by simple photolysis of HPMoV,/
Au**/propan-2-ol solution at room temperature. Controlling
the size of nanoparticles was achieved by changing the rate
of Au®" reduction via variation of initial gold ions concen-
tration and molar ratio of HPMo to gold ions. Faster reduc-
tions result in smaller and more uniform Au NPs as
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exhibited by increasing the initial concentration of gold ions
or the value of x. It was found that 0.73 is a critical ratio for
[HPMo]/[Au"], in which for its lower range, increasing the
ratio leads to the formation of smaller nanoparticles and for
its higher value the opposite trend is happened. Our findings
have shown that the reduction of Au®* occurred in the order
of: HPMoV;>HPMoV,>HPMoV>HPMo. It is suggested
that, besides energy and composition of the LUMO, the
presence of both Bronsted acidity and vanadium in the
structure of mentioned heteropolyacids are responsible for
catalytic activity. The greater protons number may lower the
activation energy barrier, and the greater vanadium atoms
may provide many sites for catalytic reaction. Also, by
increasing the value of x in the HPMoV,, formula, spherical
nanoparticles changed to nanorods.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution
and reproduction in any medium, provided the original author(s) and
source are credited.
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