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For the first time, capability of the cesium salt of sodium30-tungstopentaphosphate, the so-called Preyssler’s anion (CsP
5
), as a green

and eco-friendly polyoxometalate was investigated in the synthesis of gold nanoparticles and decoration of titanium dioxide with
gold nanoparticles. Gold nanoparticles and nanocomposites were characterized by TEM, XRD,UV, and FTIR. TEM images showed
that the gold nanoparticles have tubular and spherical shapes and particle size ranges from 10 to 25 nm. For gold-decorated titanium
dioxide/Preyssler, a comparison between pure and amine-modified titanium dioxide showed higher loading of gold nanoparticles
on amine-functionalized titanium dioxide. The performance of CsP

5
was compared with its pure acid (HP

5
). Our findings showed

that CsP
5
, as a catalytic linker to bind onto titanium dioxide surface for reducing gold nanoparticles, renders decoration better than

HP
5
in both pure and modified titanium dioxide. In addition, efficiency of the photocatalytic bleaching of malachite green by the

synthesized nanocomposites was found to be excellent.

1. Introduction

Therecent advances in green catalysis, particularly when cou-
pled with modifying of inorganic materials, have opened
new avenues for the catalytic technology. One of the most
important inorganic materials is titanium dioxide and dif-
ferent applications of it have been discovered in many fields,
including photovoltaics [1, 2], photocatalysis [3, 4], self-
cleaning coatings [5], and photoelectrocatalytic degradation
of organic compounds [6, 7].

But, despite these large range of applications, the applica-
tion of these particles is limited by the challenge of electron-
hole recombination and their band-gap energy of 3.2 eV [8],
which requires exposure to ultraviolet light for photocatalytic
applications. For overcoming the electron-hole recombina-
tion phenomenon, many researchers have made an attempt

to shift the band-gap energy of titanium dioxide toward the
visible region [9–11] and used doping with small amounts of
transition metals [12, 13].

To this end, titanium dioxide has been decorated with
metals and metal oxides through chemical or photodeposi-
tion methods [14–23].

However, in deposition of metal nanoparticles on tita-
nium dioxide surface, the final product contains a mixture
of both metal nanoparticles and metal-decorated titanium
dioxide. A possible solution to overcome this problem could
be based on the immobilization of a reducing agent on the
surface of titanium dioxide particles.

Polyoxometalates can reduce easily without any change
in the structure and the reduced form of them bound to
titanium dioxide can act as a reducing agent for metal ions
to decorate metal nanoparticles, specifically on titanium
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dioxide surfaces [24]. Pearson and coworkers demonstrated
decoration of titanium dioxide with metal nanoparticles
usingKeggin as an efficient polyoxometalate [25]. In addition,
polyoxometalates can reduce noble metals to prepare nan-
oclusters in the presence of light [26, 27]. Anyway, although
there are many structural types of polyoxometalates, the
majority of processes use the most common Keggin type,
owing to its availability and chemical stability, and the role
of Preyssler polyoxometalate, [NaP

5
W
30
O
110

]14−, has been
largely overlooked.

The oval-shaped Preyssler polyoxometalate consists of
a cyclic assembly of five PW

6
O
22

units, each derived from
the spherical Keggin anion, [PW

12
O
40
]3−, by the removal

of two sets of three corner-sharing WO
6
octahedra. The

[XM
12
O
40
]
𝑛− (Keggin structure) consists of one XO

4
tetrahe-

dron surrounded by fourM
3
O
13
sets linked together through

oxygen atoms. The Preyssler’s anion structure consists of
five PO

4
tetrahedron surrounded by 30 WO

6
which are

connected to each other by edge and corner-sharing oxygens.
A sodium ion is located within the polyanion on the five-fold
axis and 1.25 Å above the pseudomirror plane that contains
the five phosphorus atoms.

The properties of polyoxometalates such as thermal sta-
bility as well as hydrolytic stability and catalytic activity are
sensitive to their structures [28, 29]. In addition, the kind and
number of counterions as well as their constituent elements
have an important effect on the catalytic activity, chemical
behavior, and the redox properties of the polyoxometalates.
Due to these reasons, a different behavior and activity is
expected for each polyoxometalate with a different struc-
ture. Among a wide variety of studied heteropolyacids (an
important class of polyoxometalates) with different size and
structures, there are only three anions, [NaSb

9
W
21
O
86
]−,

[NaAs
4
W
40
O
140

]25−, and [NaP
5
W
30
O
110

]14− that have been
reported to encapsulate rare-earth ions [30–32]. The latter
of these, Preyssler’s anion, is one of the largest known
polyanions and important advantages of this polyanion
over the Keggin and Dawson heteropolyacids are (i) more
thermal stability, (ii) more hydrolytic stability (pH = 0–
12), (iii) larger number of counter cations, and (iv) larger
number of metal atoms. These properties are very important
in catalytic processes, especially when we work in acidic and
basic conditions. For example, while Keggin and Dawson,
[X
2
M
18
O
62
]
𝑛−, polyoxometalates are stable in pH= 1–3 and 1–

6, respectively, the Preyssler is stable in pH = 0–12. Addition-
ally, while the oxidation of organic substrates by hydrogen
peroxide in the presence of Keggin proceeds via degradation
of structure to an active peroxopolyoxometalate, the Preyssler
catalyst catalyzes the reactions without any degradation of
structure [33]. This is very important in catalytic reactions in
the presence of hydrogen peroxide. The large anion with the
larger number of metal atoms also provides many “sites” on
the oval-shapedmolecule that are likely to render the catalyst
effective, better than Keggin and Dawson types.

In continuation of our works on applications of Preyssler
acid, H

14
[NaP
5
W
30
O
110

], in catalytic and photocatalytic
reactions [34, 35] and cited references in [35] and extending
the applications of Preyssler, and also due to the importance
of metal-titanium dioxide decoration, it is highly relevant to

know what occurs if the Preyssler’s anion joins with titanium
dioxide and use it as a catalytic linker for reducing gold
ions. In addition, it is also important to investigate the role
of another polyoxometalates apart from Keggin heteropoly-
acids. We think the most important and credential part of
our work is to introduce and establish nanocesuim salt of
Preyssler type heteropolyacid, Cs

12
H
2
[NaP
5
W
30
O
110

], which
can be applied as an efficient and competing nanocatalyst
with those of Keggin type which have been already reported
as bulk.

Also, another goal in this research was to answer this
question: does counter cation in the Preyssler structure,
which is responsible for primary, secondary, and tertiary
structures, have an important role on loading of gold nano-
particles onto titanium dioxide?

To this purpose, in the present work, at first in contin-
uation of our earlier works [36], we investigated the per-
formance and capability of cesium salt of sodium 30-
tungstopentaphosphate, Cs

12
H
2
[NaP
5
W
30
O
110

], in synthesis
of gold nanoparticles and after that, we studied decoration of
titanium dioxide with gold nanoparticles in the presence of
the Preyssler with different counterions including Cs+ and
H+. Interestingly, we have found that the Preyssler catalyst
with Cs+ as counterion not only can change shape and size
of gold nanoparticles but also can lead to a higher loading
of gold nanoparticles onto titanium dioxide. Also we have
investigated the application of different forms of Preyssler
nanocomposites for bleaching of malachite green.

2. Experimental

2.1. Materials and Methods. All of the chemicals were pur-
chased from Merck and Sigma Aldrich Companies and used
as received. FT-IR spectra were recorded with a Brucker
scientific spectrometer (solid sample, KBr pellets). The syn-
thesized nanostructures were characterized by Transmission
Electron Microscopy (PHILIPS CM-120 and JEOL-2200FS
FEG). A double beam spectrophotometer UV-Vis was used
for UV-Vis analysis (OPTIZEN 3220).

2.2. Preparation of HP
5
and CsP

5
. At first, 33 g Na

2
WO
4
⋅

2H
2
O was dissolved in 45mL water by stirring; and then

25mL of phosphoric acid 85% was added. The mixture was
refluxed for 5 h. After that, 10mL H

2
O and 10 gKCl were

added into the abovemixture to form a light green precipitate.
The green precipitate was obtained by filtration and washed
successively by 2M aqueous solution of CH

3
COOK and

methanol. Recrystallization in hot water led to formation of
K
12.5

Na
1.5
[NaP
5
W
30
O
110

] in needle white color crystals.
Preyssler acid, H

14
[NaP
5
W
30
O
110

] (HP
5
), was prepared

by the passage of a solution of the K
12.5

Na
1.5
[NaP
5
W
30
O
110

]
in water through a column (50 cm) of Dowex 50WX8 in
the H+ form and evaporation of the elute to dryness under
vacuum.

For the preparation of CsP
5
, Preyssler acid and CsCl in a

mole ratio of 1 : 14 were put into a mortar and several drops of
surfactant Triton X-100 were added. The formed microcells
in the solid state reaction owing to the interaction between
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the crystal water of Preyssler and the triton-X-100 are me-
tastable and provide reaction fields for the formation of
nanoparticles. The mixture was ground for 50min and after
washing in an ultrasonic bath, the mixture was centrifuged.
The synthesized nanoparticles dried in an oven for 4 h (50–
60∘C). The number of obtained Cs ions was 12, measured
by ICP measurement and titration method. Preyssler acid is
highly soluble inwater but has lower surface area (0.78m2/gr)
than acidic cesium salt of Preyssler (2.61m2/g).

2.3. Preparation of Titanium Dioxide-CsP
5
and Amine-Func-

tionalized Titanium Dioxide-CsP
5
. The functionalized tita-

nium dioxide is prepared as follows.
2.5 g of TiO

2
was suspended in 25mL toluene and re-

fluxed for 1 h; and then 1.25 g 3-aminopropyltriethoxy silane
was added into the above mixture with further stirring for
24 h. The product was obtained by filtration, washed succes-
sively with toluene, ethanol, and water, and finally dried in
vacuum at 80∘C for 12 h.

Titanium dioxide-CsP
5
and amine-functionalized tita-

nium dioxide-CsP
5
were synthesized by impregnating tita-

nium dioxide (anatase, Aldrich, 232033) and functionalized
titanium dioxide powders with an aqueous solution of the
HP
5
or CsP

5
. After stirring the mixture, the solvent was

evaporated to dryness. The obtained powders were dried in
an oven at 80∘C.

2.4. Decoration with Gold Nanoparticles. In two parallel ex-
periments, a suspension of the obtained powders, titanium
dioxide-CsP

5
and amine-functionalized titanium dioxide-

CsP
5
, (10mg) was dispersed in an ultrasonic bath. After that,

5mL HAuCl
4
(10−3M) and 2mL propan-2-ol were added to

each solutions; and then it was irradiated under the high
pressure of mercury lamp as UV light source. After 1 h, the
suspensions were filtered, rinsed with water, and dried in a
vacuum oven. The obtained nanocomposites were used in
photocatalytic reactions.

2.5. Typical Procedure for Bleaching of Malachite Green. In
a typical reaction, 0.01 g photocatalyst was added to 100mL
of malachite green (10 ppm), sonicated for 10min, and left
for 15min in a dark place. The mixture was irradiated in a
photoreactor.The photoreactor was designedwith an internal
light source surrounded by a quartz jacket. The temperature
of the suspension was maintained at 25∘C by circulation
of water through an external cooling coil. The optical path
length was about 2 cm. The light source was a 125W high-
pressure mercury lamp. The suspension was illuminated
from the top and at given irradiation time intervals, liquid
samples were taken from the mixture and the absorbance of
the malachite green solution was measured with a UV-Vis
spectrophotometer.

3. Results and Discussion

Synthesis of gold nanoparticles was performed with a one-
pot synthesis technique in the presence of Preyssler with
Cs+ as counterion. The used method is simple and efficient

and takes place within a short time (15min) at ambient tem-
perature. Using Preyssler as a reducing agent and stabilizer,
the synthesis of gold nanoparticles by photolysis of gold
(III)/Preyssler/propan-2-ol solution was carried out.

Preyssler polyoxometalate (POM) plays the role of trans-
ferring electrons from propan-2-ol (S) to gold (III) and also
stabilizing the nanoparticles (1). Consider

POM + S → POM (e−) + SOX

POM (e−) + Au3+ → POM + Au0
(1)

The morphology and size of gold nanoparticles were charac-
terized by TEM.The TEM image is shown in Figure 1(b).

Interestingly, as we can see, counterions can affect both
the size and the shape of the nanoparticles. So, when H+ is a
counterion, the shapes of the gold nanoparticles were nearly
uniform hexagonal structures and the size of the synthesized
gold nanoparticles varied from 13 to 43 nm (Figure 1(a)).
When H+ was replaced by Cs+, interestingly, a mixture of
tubular and spherical gold nanoparticles with the size of 10–
25 nmwas obtained (Figure 1(b)).With respect to the fact that
Preyssler with Cs+ could changemorphology and size of gold
nanoparticles, it is suggested that the tertiary structure type
has an important effect in this catalysis process.

There are three classes of structures which we call
the primary, secondary, and tertiary structures [29]. Het-
eropolyanions in the solid state are ionic crystals consisting
of large polyanions (primary structure), cations, water of
crystallization, and other molecules. This three-dimensional
arrangement is the secondary structure. In addition to these
two structures, the tertiary structure is very influential on the
catalytic function of solid heteropolyanions. Counter cations
greatly influence the tertiary structure of heteropolyanions,
and the salts are classified by the size of cation into group
A (small metal cations like Na and Cu) and group B (large
metal cations likeCs,NH

4
, etc.) [29]. So, we can conclude that

the synthesis process can be controlled by tertiary structure
of Preyssler. Also, from Figure 1, it is clear that there is no
agglomeration. Usually there is a tendency of agglomeration
via Coulomb or van der Waals forces in the synthesis process
of nanoparticles [37]. Preyssler is an excellent stabilizer
to prevent agglomeration. In addition, Preyssler is easily
separated after the reaction and will not contaminate the gold
nanoparticles.

Figure 2 shows UV-Vis absorption spectra of the syn-
thesized gold nanoparticles. A surface plasmon resonance
band of gold nanoparticles at about 530 nm appeared after
45 and 15min, in the presence of HP

5
and CsP

5
, respectively.

UV-Vis analysis showed that in the presence of CsP
5
, gold

nanoparticles were synthesized in shorter time.
TEM micrographs of gold-decorated titanium dioxide-

Preyssler with H+ and Cs+ as counterions are shown in Fig-
ure 3.

In comparison with HP
5
, there is a higher loading of

gold nanoparticles on titanium dioxide in the presence of
CsP
5
. Group B salts of polyoxometalates with larger metal

ions like Cs+ have higher surface area than group A. Thus,
it is suggested that, because Preyssler acts as a localized
reducing agent, a higher surface coverage with CsP

5
results
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(a)

(b)
Figure 1: TEM images of the synthesized Au nanoparticles in the
presence of HP36

5
(a) and CsP

5
(b).

in enhanced reduction of HAuCl
4
to gold nanoparticles on

titanium dioxide surface. The gold nanoparticles formed
using HP

5
and CsP

5
are 2–10 and 20–50 nm, respectively.

TEMmicrographs for decoration of the amine-function-
alized titanium dioxide with gold nanoparticles are shown in
Figure 4.This figure shows higher loading of gold nanoparti-
cles on amine-functionalized titanium dioxide. This higher
loading can be related to strong electrostatic interactions
between negatively charged Preyssler polyoxometalate with
positively charged amine-functionalized titanium dioxide.
Interestingly, for amine-modified titanium dioxide, higher
loadings were obtained in the presence of CsP

5
again. So, we

can conclude that the tertiary structure in polyoxometalate,
which led to a higher surface coverage, can control loading
amounts.

Binding of Preyssler to titanium dioxide was confirmed
by infrared spectroscopy as shown in Figure 5. Because
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Figure 2: UV-Vis spectra of the synthesized gold nanoparticles in
the presence of HP

5
(a) and CsP

5
(b).

intermolecular interactions lead to a change in the frequen-
cies of the metal-oxygen stretching bands, as well as the
intensity and position of the corresponding IR bands, FTIR
spectroscopy can be used to confirm the interaction of HPAs
with different molecules [38].

Preyssler’s structure gives rise to four types of oxygen
that are responsible for the fingerprints bands of Preyssler
anion between 1200 and 600 cm−1. The characteristic bands
of Preyssler structure, [NaP

5
W
30
O
110

]14−, are three bands
due to P-O stretching at 1163 cm−1 (medium), 1079 cm−1
(medium), and 1022 cm−1 (weak), and twobands attributed to
W-O-W at 941 cm−1 (medium) and 913 cm−1 (weak), a band
at 757 cm−1 (strong) corresponding to W=O and a band at
536 cm−1 (strong) due to P-O bending.These bands can shift,
weaken, strengthen, or mask in different conditions.

In Figure 5, compared with the initial Preyssler’s struc-
ture, the bands arising from the synthesized nanocomposite
changed obviously either in intensity or in position. Our find-
ings show thatmany of the vibrational bands of Preyssler have
blue-shifted and many of them have red-shifted, indicating
that many of the bonds were strengthened and the others
were weakened. As we can see, there is a significant shift
in the W-O-W vibrations from 941 to 958 cm−1 and some
displacements in the P-O stretchings from 1163 and 1079 cm−1
to 1156 and 1089 cm−1, respectively. The characteristic band
in 913 cm−1 is unchanged and the W=O band along with
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(a)

(b)

Figure 3: TEM images of Au/HP
5
/TiO
2
(a) and Au/CsP

5
/TiO
2
(b).

the P-O bending bands are overlapped by that of titanium
dioxide. With respect to the PO

4
tetrahedrons vibrating

almost independently from the rest of the anion, the signif-
icant blue shift of 17 cm−1 in the W-O-W vibrational mode
suggests that Preyssler interacts strongly with the titanium
dioxide surface and binds to it by the oxygen atoms in the
W-O-W positions.

Titanium dioxide does not have significant bands be-
tween 800 and 1200 cm−1 and shows a broad band between
600 and 800 cm−1. The W=O band placed in the 757 cm−1
is masked by that of titanium dioxide. These observations
indicate that the Preyssler’s anion chemically adsorbed onto
the surface of titanium dioxide and interaction between
Preyssler’s anions and support mostly caused the distortion
of anion and thus substantially not only weakened the IR
vibrations covered up by the titanium dioxide background,
but also caused some displacements in some bands. It is

(a)

(b)

Figure 4: TEM images of Au/HP
5
/NH
2
-TiO
2
(a) and Au/CsP

5
/

NH
2
-TiO
2
(b).

completely common in IR spectra of polyoxometalates, when
interacting with different counter ions [39]. Additionally,
the organosilanes and amine groups characteristic peaks
(2921, 1637, 1508, and 1458 cm−1) in the FTIR spectra of the
nanocomposites confirmed the presence of ligand on the sur-
face.

Finally, XRD analysis confirmed the presence of gold na-
noparticles and titanium dioxide in the synthesized nano-
composites (Figure 6).

The bleaching of the malachite green in a designed pho-
toreactor was performed as a test reaction to estimate the cat-
alytic activity of both synthesized nanocomposites (Au/CsP

5
/

-TiO
2
and Au/CsP

5
/NH
2
-TiO
2
). We checked the intensity

changes of UV band in malachite green in a photocatalytic
reaction. Figure 7 summarizes UV-Vis results. It is clear that
the photocatalytic activity strongly depends on the used cat-
alyst.
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As a control experiment series, in the same conditions
we studied the bleaching of the dye in the presence of tita-
nium dioxide, CsP

5
, and titanium dioxide-CsP

5
(Figure 7).

As we can see, there is an increase in photocatalytic activity,
resulting in 100% bleaching of the dye after 20 minutes in the
presence of Au/CsP

5
/TiO
2
. As expected, when Preyssler joins

with titanium dioxide, photocatalytic activity is increased. It
is suggested that CsP

5
as a cocatalyst can improve photocat-

alytic activity of titanium dioxide. The reduced photoactivity

of CsP
5
-aminemodified titanium dioxide-gold nanoparticles

in Figure 7 can be attributed to higher gold loading in this
nanocomposite, which might decrease the total effective
titanium dioxide surface area during the bleaching of the
dye. At the end of the reaction, the photocatalyst was
filtered, washed, dried, and reused in another reaction. The
recycled photocatalyst was used for three reactions without
observation of appreciable loss in its catalytic activity. It is
suggested that, because CsP

5
is not very soluble, it is present

in the photocatalysts during the dye bleaching runs.

4. Conclusion

Green, eco-friendly, recyclable, and easily preparable cesium
salt of Preyssler’s anion is an efficient solid acid catalyst for
the synthesis of gold nanoparticles as well as decoration
of gold nanoparticles on the surface of titanium dioxide.
Important features of this polyanion are high thermal and
hydrolytic stability throughout a wide pH range.Thus, a wide
range of chemical reactions can be affected without loss of
structure or activity. Our findings show that counterions play
an important role in the decoration of titanium dioxide, and
Preyssler acts as a reducing agent and catalytic linker.

We observed that both of the synthesized nanocompos-
ites with pure andmodified titaniumdioxide exhibit excellent
photocatalytic activity in the bleaching of malachite green
when exposed to UV irradiation. The remarkable bleaching
of malachite green in the presence of these nanocomposites
indicates that the treatments of other organic pollutants could
be performed in the presence of this catalyst in order to obtain
a perfect bleaching degree. This catalytic activity can also be
extended to the other photocatalytic reactions.
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