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a b s t r a c t

Synthesis is the base of experimental chemistry. Herein, monodisperse K3PMo12O40▪nH2O poly-
oxometalates (POMs) with different morphologies have been reached by tuning synthetic conditions of
the K/POM ratio, stirring speed and time, and reaction temperatures. Among these factors, the K/POM
ratio is identified most critical in morphological controls of the K3PMo12O40▪nH2O particles, altering
them from cubes to spheres. Additionally, morphological transformations were identified through a self-
assembly and Ostwald ripening process, setting a generic synthetic strategy for the POM systems. Such
synthetic strategies have substantial applications in catalytic or surface-demanding fields requiring POM
materials with controlled morphology.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Controlled synthesis of inorganic micro-nano functional mate-
rials is a constant focus in experimental chemistry since the
physicochemical properties of materials are substantially affected
by their morphologies and sizes [1e3]. This also applies to the
synthetic polyoxometalates (POMs), a class of anionic molecular
transition metal oxides with diverse molecular structure which is
widely used in various research domains [4e9]. Among many POM
types, the Keggin type, such as 12-phosphomolybdic acid
(H3PMo12O40, denoted by PMo12), is one of the most important and
representative polyoxo-structures which have been intensively
studied in recent decades [10e14]. These heteropolyacids can easily
react with other appropriate cations (NH4þ, Kþ, Csþ, Agþ, etc.) to
form insoluble compounds with distinct properties and morphol-
ogies [15e22]. Moreover, they can be synthesized by changing their
counter cations or the preparation methods and conditions. For
example, the Keggin-H3PMo12O40 were catalytic active in aqua-
thermolysis of extra-heavy oil [23] at the nanoparticle form and
useful in dehydration of ethanol and hydration of ethylene but in
combination with the K2H1PW12O40 [24]. Despite the progresses,
themorphological evolutions and conditions to reach the dedicated
POM shapes remain elusive in facile synthesis. A shape-controlled
synthesis of insoluble POM compounds is thus needed to estab-
lish a material ground for extensive applications of the POMs in
various fields.

One of the most efficient procedures to synthesize small-scale
materials is through the self-assembly process [25,26]. In recent
years, the self-assembly method has played an important role in
the development and research of nanotechnology and nano-
materials. As a spontaneous organization process, it is propelled by
molecular hydrogen bonds, van der Waals forces, electrostatic in-
teractions, and other mechanisms [27]. For insoluble POM mate-
rials, the self-assembled POM particles have also been reported in
literature [28e31]. Despite these progresses, the corresponding
controllable factors of morphologies and crystal growth mecha-
nisms remain elusive. Therefore, a rational design and fabrication of
such materials with special surface morphologies is needed to fully
understand and utilize the unique processes of molecular assem-
blies and to count external influencing factors such as the stirring
speed, time, and the reaction temperatures [32e34]. Even though
stirring reportedly shapes well morphologies and structures of
synthetic crystals [2,3,35,36], it remains unclear what kind of
impact the stirring speed and time will bring to the synthesis of
POMs at room temperature. Therefore, it is necessary to develop a
synthetic route to accurately control morphologies of the POM
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micro/nanostructured crystals and explore its formation and or-
ganization mechanism.

In this work, we controllably synthesized pure
K3PMo12O40▪nH2O crystals and studied the self-assembly mecha-
nisms of this new type of micro/nanostructured materials. The
monodisperse K3PMo12O40▪nH2O (KPMo) morphologies were
found substantially influenced by the synthetic conditions, such as
the molar ratio of [PMo12O40]3�/Kþ, stirring speed and time, and
reaction temperature and time. A transformation process from the
self-assembly to Ostwald ripening was identified.
2. Experimental section

2.1. Synthesis of K3PMo12O40▪nH2O (KPMo) samples

The commercial H3PMo12O40▪nH2O (PMo12) and KCl are
analytical grade without further purification. In a typical syn-
thesis, a certain amount of KCl was dissolved in 10 mL of
deionized water and the molar ratio of [PMo12O40]3�/Kþ was
controlled as 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, and 1:10, respectively,
and then obtained solution was added dropwise into PMo12
(20 mL, 0.041 M) aqueous solution under stirring to achieve
uniform solution without counting the stirring time. When the
mixed solution started to become turbid, the stirring was turn
off. Next, the residual KCl solution was rapidly added to the
mixed solution above. Subsequently, the mixed solution was
converted to a yellow colloidal suspension. After the suspension
was kept standing at room temperature (298 K) for 1 h, the ob-
tained yellow precipitations were collected by centrifugation,
washed with deionized water for several times. The cleaned
products were put into a vacuum drying oven and dried at 70 �C
(343 K) for 12 h. Finally, the yellow products synthesized under
the conditions of the different molar ratio of [PMo12O40]3�/Kþ in
reaction were correspondingly labeled as KPMo-1-n (KPMo-1-3,
KPMo-1-4, KPMo-1-5, KPMo-1-6, KPMo-1-7, KPMo-1-8, KPMo-1-
9, and KPMo-1-10, specifically).

On the basis of KPMo-1-8 ([PMo12O40]3�/Kþ ¼ 1:8), the samples
(KPMo-1-8-1, KPMo-1-8-2, KPMo-1-8-3, KPMo-1-8-4, and KPMo-
1-8-5) were prepared by changing the reaction stirring time
ranging from 5 to 60 min under the stirring speed of 300 r/min.
Table 1
The specific synthetic condition parameters of all samples.

Samples [PMo12O40]3�/Kþ (mol:mol) The stirring
time (min)

The stirring spee

KPMo-1-3 1:3 0 0
KPMo-1-4 1:4 0 0
KPMo-1-5 1:5 0 0
KPMo-1-6 1:6 0 0
KPMo-1-7 1:7 0 0
KPMo-1-8 1:8 0 0
KPMo-1-9 1:9 0 0
KPMo-1-10 1:10 0 0
KPMo-1-8-1 1:8 5 300
KPMo-1-8-2 1:8 10 300
KPMo-1-8-3 1:8 20 300
KPMo-1-8-4 1:8 40 300
KPMo-1-8-5 1:8 60 300
KPMo-1-8-6 1:8 60 600
KPMo-1-8-7 1:8 60 900
KPMo-1-9-30 1:9 0 0
KPMo-1-9-50 1:9 0 0
KPMo-1-9-70 1:9 0 0
KPMo-1-9-90 1:9 0 0
KPMo-1-9-70-6 1:9 0 0
KPMo-1-9-70-12 1:9 0 0
KPMo-1-9-70-24 1:9 0 0
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However, anther two samples (KPMo-1-8-6 and KPMo-1-8-7) were
also synthesized by changing the stirring speed at 600 and 900 r/
min under the stirring time of 60 min. The other preparation pro-
cess is the same as above. (The products based on KPMo-1-8 was
named as KPMo-1-8-m, m ¼ 1e7.)

On the basis of KPMo-1-9 ([PMo12O40]3�/Kþ ¼ 1:9), four prod-
ucts (KPMo-1-9-30, KPMo-1-9-50, KPMo-1-9-70, and KPMo-1-9-
90) were synthesized by controlling the reaction temperature
(303, 323, 343, and 363 K) in a thermostat water bath. However, by
maintaining the time of constant temperature treatment (6 h, 12 h,
and 24 h) in 343 K water bath, other three products (KPMo-1-9-70-
6, KPMo-1-9-70-12, and KPMo-1-9-70-24) were also synthesized
without agitation. The other preparation process is the same as
above. (The synthesis of all the samples shown in Table 1) And Fig. 1
showed the schematic diagram of KPMo particle synthesis.
3. Results and discussion

The morphology and structure of the product were analyzed by
scanning electron microscopy (SEM) and X-ray powder diffraction
(XRD). Fig. 2 depicts XRD patterns of KPMo-1-n sequence. A
number of peaks can be well-indexed to the standard diffraction
peaks of cubic K3PMo12O40▪4H2O (JCPDS No.09-0408), and no
obvious impurity peaks are observed, confirming the high purity of
the products. Furthermore, the XRD patterns undergo subtle
changes with the increase of the rate of Kþ/[PMo12O40]3�, sug-
gesting Kþ/[PMo12O40]3� ratio has little influences on their crystal
structure.

Fig. 3 showed the SEM images of the samples (KPMo-1-n) with
micrometer-sized crystals synthesized under the conditions of
different molar ratio of [PMo12O40]3�/Kþ in reaction solution. As
shown in Fig. 3aed, when Kþ/[PMo12O40]3�< 7, the irregular
polyhedral particles are composed of dodecahedral and cube
crystals to form hollow vesicles with 1e2 mm. Furthermore, KPMo-
1-4 and KPMo-1-5 morphologies did not undergo significant mu-
tations, probably due to the small excess of Kþ concentration in the
solution. When Kþ/[PMo12O40]3� ¼ 7, the irregular polyhedral
particles were transformed to uniform dodecahedral crystals with
1e2 mm in diameter (shown in Fig. 3e). However, when Kþ/
[PMo12O40]3�> 7, the dodecahedral crystals were altered to
d (r min-1) The reaction
temperature (K)

The time of constant
temperature treatment (h)

Diameter (mm)

298 0 1e2
298 0 1e2
298 0 1e2
298 0 1e2
298 0 1e2
298 0 1e2
298 0 2e4
298 0 4e5
298 0 0.5e1
298 0 1e1.5
298 0 1e1.5
298 0 1e1.5
298 0 0.5e0.6
298 0 0.5e0.6
298 0 0.5e0.6
303 1 5e6
323 1 5e6
343 1 5e6
363 1 5e6
343 6 5e6
343 12 4e6
343 24 4e6



Fig. 1. Schematic diagram of KPMo particle synthesis.
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uniform smooth-faced solid microspheres with 1e2 mm diameter.
And, it is clearly seen that KPMo has been changed into smooth
microsphereswhen Kþ/[PMo12O40]3� is elevated to 8. Continuing to
increase the Kþ/[PMo12O40]3� ratio, the morphology does not alter
greatly. The Kþ/[PMo12O40]3� ratio increase gradually enlarges the
diameters of microspheres as shown in Fig. 3feh. The above results
suggest that the molar ratio of Kþ/[PMo12O40]3� significantly in-
fluences the morphologies of KPMo which evolved from irregular
polyhedral crystals to monodisperse microspheres.

On the basis of the KPMo-1-8, the influences of the stirring time
and speed on the shapes and sizes of the products were studied on
Fig. 2. XRD patterns of the KPMo samples synthesized by chang
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KPMo-1-8-m samples. Fig. 4aef exhibit the SEM images of the
samples whose stirring timeswere adjusted from 0 to 60min under
a stirring speed at 300 r$min-1. As the stirring time increased from
0 min to 60 min, the KPMo were gradually transformed from
monodisperse solid microspheres to hollow microspheres. How-
ever, as shown in Fig. 4feh, the hollow structure of microspheres
gradually disappeared and re-evolved into smaller solid micro-
spheres (500e600 nm) along with the enhancing of the stirring
speed from 300 to 900 r$min-1 under the condition of the stirring
time similar to KPMo-1-8-5. Furthermore, the XRD distinctive
diffraction peak of sample in Figure S1 corresponds to
ing the molar ratio of [PMo12O40]3�/Kþ in reaction solution.



Fig. 3. SEM images of the KPMo samples synthesized by changing the molar ratio of [PMo12O40]3�/Kþ in reaction solution: (a) KPMo-1-3, (b) KPMo-1-4, (c) KPMo-1-5, (d) KPMo-1-
6, (e) KPMo-1-7, (f) KPMo-1-8, (g) KPMo-1-9, and (h) KPMo-1-10.
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K3PMo12O40▪4H2O (JCPDS No. 09e0408), and the position of the
characteristic diffraction peak is identical to KPMo-1-8, with no
obvious impurity peaks, implying that KPMo was effectively syn-
thesized. This suggests appropriate stirring speed and time
contributed to the formation of hollow structures. Significantly, the
surfaces of these samples (Fig. 4bef) became rougher, compared
with that of the sample before stirring (Fig. 4a). Therefore, the
stirring time and speed in the reaction played a vital role on the
shape and size of KPMo.

It is well known that the reaction temperatures and time have
an important impact on the growth and shape of the crystals. The
XRD spectra of the samples generated by altering the reaction
temperature and duration are shown in Figure S2. It is obvious that
we successfully prepared high-purity K3PMo12O40▪nH2O samples
even the reaction parameters were changed. Fig. 5 showed SEM
images of the samples prepared by tuning the reaction temperature
and time in thermostat water bath on the basis of KPMo-1-9
without agitation. In Fig. 5bed, when the reaction temperature
was maintained within a certain range from 323 to 363 K, a new
type of core-shell-structured microspheres (about 5e6 mm) were
obtained, in analogue to multi-shell onions. However, such a core-
shell structure can be not formed at lower temperatures below
323 K (shown in Fig. 5a) or higher temperature where irregular
maintaining the time of constant temperature treatment in 343 K
water bath for 6 h, 12 h, or 24 h, the core-shell-structured micro-
spheres evolved to the multi-shell microspheres as shown in
Fig. 5eeh. Therefore, appropriate reaction temperature and time
Fig. 4. SEM images of the samples prepared by changing the reaction stirring time or the stir
1-8-4, (f) KPMo-1-8-5, (g) KPMo-1-8-6, and (h) KPMo-1-8-7.
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can promote the formation of the core-shell-structured micro-
spheres with multi-shells.

According to these results of SEM observation above and the
self-organization mechanism of POMs salts [28e30], the formation
and growth of KPMo microparticles undergo a process of nuclea-
tioneformationegrowth. (i) The KPMo nanocrystallites were
formed through an electrostatic interaction of [PMo12O40]3� with
Kþ and self-assembly aggregated. (ii) Then, the aggregation later
grew to form cubes by 6 equivalent planes of (100) or dodecahe-
dron by 12 equivalent planes of (110) when Kþ/[PMo12O40]3�� 7
(Fig. 3aee). (iii) As the K/POM ratio of the synthetic solution
increased from 3 to 7, the crystal growth rate perpendicular to the
(110) planes was accelerated by the attachment of Kþ, and the
morphology of the KPMo particles gradually became dodecahe-
drons. (iv) When the concentration of Kþ in solution was enough
high (Kþ/[PMo12O40]3� > 7), the crystal growth rate of other crys-
tallographic plane was also accelerated, and thus, the morphology
of the particle changed from dodecahedral to spherical due to the
disappearance of the anisotropic crystal growth. (v) In order to
decrease the surface energy of particles, the spherical particles
would further grow to form bigger solid microspheres in diameter
by attachment of the residual nanocrystallites in solution
(Fig. 3feh).

The formation of the hollow microspheres can be explained
through the Oswald ripening mechanism. According to the results
of spherical KPMo BET measurement (shown in Fig. 6), the solid
microspheres formed by self-organization are porous, so that the
ring speed: (a) KPMo-1-8, (b) KPMo-1-8-1, (c) KPMo-1-8-2, (d) KPMo-1-8-3, (e) KPMo-



Fig. 5. The SEM images of the samples synthesized by controlling the reaction temperature or the time of constant temperature treatment: (a) KPMo-1-9-30, (b) KPMo-1-9-50, (c)
KPMo-1-9-70, (d) KPMo-1-9-90, (e) KPMo-1-9-70-6, (f) KPMo-1-9-70-12, (g) KPMo-1-9-70-24. (h) TEM image of KPMo-1-9-70-24.
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water molecules in solution could enter the interior through these
porous channels. The internal nanocrystallites of these micro-
spheres were scoured by water molecules and then desorbed into
the aqueous solution under appropriate stirring speeds. The des-
orbed nanocrystallites were attached on the surface of the micro-
spheres and continued to participate in the growth of the
microspheres, resulting in the formation of hollow microspheres
along with the prolonging of the stirring time (Fig. 4f).

However, the formation of the core-shell-structured micro-
sphereswithmulti-shellsmight undergo two processes of layer-by-
layer self-assembly and Oswald ripening. These solid spherical
particles formed by non-anisotropic crystal growth were used as a
template where multilayered shells gradually formed through
layer-by-layer self-assembly under the appropriate reaction tem-
perature about 343 K (Fig. 5e). This kind of microspheres was again
eroded by water molecules with higher kinetic energy subjected to
the heating. Due to the weak binding forces between these shells,
some nanocrystallites between these shells were desorbed into the
aqueous solution. As the reaction time at this temperature was
extended to 24 h, the distance between these multilayered shells
would be gradually increased, resulting in the formation of the
core-shell-structured microspheres with multi-shells (Fig. 5g).
Fig. 6. N2 adsorptionedesorption isotherm and pore size distribution plot (inset) of
KPMo-1-8.
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4. Conclusions

In conclusion, themonodispersemicron-sized K3PMo12O40▪nH2O
(KPMo) particles have been successfully prepared through a facile
synthetic method and their morphologies controlled by changing
preparation conditions. Based on experimental results, we system-
atically studied the formation and assembling mechanisms of the
KPMo particles. It is found that the morphological transformation
wasmainly driven by a combined self-assembly and Oswald ripening
process. Such a growth mechanism opens a generic synthetic strat-
egy to reach precisely controls of morphologies for the synthetic
POMs. Considering the wide application scopes of the materials, the
present work is hoped to sever as a milestone in synthesis that will
debut future studies and support large-scale utilities of the POMs in
the future.
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