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Convenient Controllable Synthesis of Inorganic 1D Nanocrystals and
3D High-Ordered Microtubes
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Polyoxometalates (POMs) nanorods, hollow particles, micro-
tubes, and 3D-ordered tube systems were prepared using a
novel and simple PEG/H,0O liquid system. POM nanorods
with various diameters (30-400 nm) and lengths (500 nm to
2 pm) were produced in a well-controlled manner.
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Introduction

Many interesting and technologically important phenom-
ena occur in systems that have a spatial dimension similar
to that of fundamental physical, chemical, or biological
processes.['l As a bridge between the molecular and the
macroscopic world, mesosystems have become one of the
most attractive subjects in physics, materials science, chem-
istry, and biology.'!l Nanosystems with characteristic
lengths between 1 and 100 nm exhibit fascinating proper-
ties, such as quantized excitation, coulomb blocking, single-
electron tunneling (SET), and metal—insulator trans-
itions.[ One-dimensional (1D) nanomaterials are of great
fundamental and practical interest owing to their novel
properties, which depend on their particular sizes and
shapes.['! Recently, much attention has been paid to the
construction of advanced materials with such nanoscale
building blocks.”! Therefore, the exploration of preparation
methods to control the sizes and shapes of nanomaterials
is one of the focuses for the development of
nanotechniques.>~#

A number of methods have been employed for the pre-
paration of 1D nanomaterials, including template-as-
sisted,P! vapor-liquid-solid-(VLS-)assisted,[® and electro-
chemical processes.[”l For most of these strategies, however,
complicated process control, high reaction temperature, and
long synthesis time are required. Recently, the introduction
of microemulsions (or reverse micelles) has provided a rela-
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tively simple and powerful method for controlling the size,
shape, and surface texture of nanoparticles and nanorods.
In such microenvironments, the nanomaterials are encap-
sulated in the closed shells of surfactant molecules. The size
and shape of nanoclusters can be well controlled by the size
of the capsules, which can be controlled by changing the
ratios of water and o0il.!¥] From this model of reaction fields,
we speculate that if the closed capsules composed of sur-
factant molecules could be opened in one direction, a linear
reaction field could be formed and a 1D nanomaterial
could grow in such a microenvironment. Based on this
speculation, we chose the nonionized surfactant polyethyl-
ene glycol (PEG) mixed with water so as to form a linear
reaction field and explore the controllable synthesis of po-
lyoxometalate (POM) nanocrystals and their nano/micro-
structure material forms.

As one of the typical inorganic metal oxide clusters,
POMs have recently received much attention owing to their
novel compositions, structures, and applications in the
fields of catalysis, pharmacology, electronic, and magnetic
materials.”-'? They can be regarded as extremely versatile
inorganic entities for the construction of functionally active
solids and are one of the favorite candidates to be trans-
formed into nanometer-sized materials.

It is noteworthy that POMs are nanosized polyoxometal-
ate clusters that form by a self-assembly process in solution
and can be isolated as solids. They have unique physico-
chemical properties such as strong Brensted acidity, revers-
ible multielectron redox transformations, activation of mo-
lecular oxygen and hydrogen peroxide, high proton mobility
across their discrete ionic structure, etc.’] These properties
make POMs promising acid, redox, and bifunctional cata-
lysts in homogeneous and heterogeneous systems. POMs
are widely used as model systems for fundamental research,
providing unique opportunities for mechanistic studies on
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the molecular level. They have also become increasingly im-
portant for applied catalysis. Several new industrial pro-
cesses based on POM catalysis have been commerciali-
zed.['?] Current studies of catalysis by POMs and related
systems concentrate on the catalyst preparation, character-
ization and monitoring, mechanistic aspects, application for
organic synthesis and fine and specialty chemicals, and al-
kane activation. Other topics of interest include the design
of advanced solid acid catalysts based on POMs incorpor-
ated into mesoporous zeolites.l>!?l POM crystalline nanom-
aterials, especially nano/microtubes and their 3D-ordered
systems, will provide an opportunity to explore their unique
properties on catalysis in many fields.

Miiller et al.l'% have ingeniously synthesized many giant
clusters of POMs on the nanometer scale, including novel
kinds of large rings and wheel-shaped systems with 176 or
even more Mo atoms. Recently, Misono et al. have studied
the growth process of polyoxotungstate (NH4);PW 5,04
crystalline nanoparticles.''l However, the rational design
and controllable preparation of POM-based crystalline
nanomaterials are still huge challenges. Because numerous
well-characterized POMs are available,['?] it is extremely
important to develop new strategies for the preparation of
POM nanocrystals and nano/micro systems to explore their
novel properties.

In this paper, we report on the 1D POM crystalline nano-
rods, hollow particles, nano/microtubes and 3D high-or-
dered tube systems prepared by a convenient and novel con-
trollable synthesis method. Both the size and shape of these
POM crystalline nanorods can be controlled by the use of
different kinds of PEG and various volumes of water.

Results and Discussion

POMs Crystalline Nanorods

In our experiments, AgNO; (0.25g) and
H4SiW,049:nH>0 (1 g) were dissolved in a mixture of two
different PEG/H,O systems, one with w = 2.5:1 and the
other with w = 2.5:2.5 (w = [PEGJ/[H,O]). Both of the
systems were stirred before to give transparent sticky fluids.
After the two systems were mixed, the reaction mixture re-
mained clear. However, a large amount of white flocculent
precipitate formed when a fourfold excess of ethanol was
added. Element analysis of the white products give a molar
ratio of Ag/SiI/W = 4:1:12. The FT-IR spectrum exhibits
characteristic peaks at 1100, 1011, 970, 919, 882, and 795
cm~!, which are attributed to the v(Si=0a), v(W=O0t),
v(W—-0b—W), and v(W—0Oc—W) absorptions of a Keggin-
type structure, respectively. Transmission electron micro-
scopy (TEM) images of samples taken from the PEG-400/
H,O (w = 2.5:1.5) system showed Ag;SiW,0,4y nanorods
with a regular shape and size (Figure 1, a and c). The elec-
tron diffraction (Figure 1, b) and XRD patterns (Figure 1,
d) confirm that these AgySiW,04 nanorods are crystal-
line.
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Figure 1. (a) TEM image of Ag4SiW,04y nanorods taken from the
PEG-400/H,O (w = 2.5:1.5) system; (b) electron diffraction pattern
of the nanocrystals of AgsSiW;,04p; (¢) SEM image of Ag,S-
iW,0y0 nanorods; (d) XRD patterns of Ag,SiW ;049 nanorods

In these experiments, the surfactant PEG molecules act
as the most important component introduced into the reac-
tion system. It is known that the nonionized surfactant
PEG molecules form chain-like structures due to the assem-
bly in water.['3] Therefore, we can imagine that many 1D
liquid reaction fields could be formed when the PEG and a
small amount of water are mixed together. The metathetical
reactions of AgNO; and H4SiW,049'nH>0O and the growth
of Ag4SiW,04 nanoclusters are strictly limited in such di-
vided linear reactions along the directional space. Owing to
the inhibition of surfactant PEG, further agglomeration will
be stopped and the nanorods are therefore formed and fixed
in the linear environments. Scheme 1 illustrates the possible
mechanism. The TEM images of POM nanorods shown in
Figure 2 proved these assumptions to be correct. Nanorods
with various regular sizes and shapes can be prepared in
different PEG/H,O systems.

It is noteworthy that different molecular masses of PEG
molecules lead to a variety of lengths of nanorods. Lower
molecular weight surfactant of PEG-400 could be selected
to prepare shorter POM nanorods with average lengths of
500—800 nm. PEG-600, which has a higher molecular
weight, could be used to synthesize longer POM nanorods
with average lengths of 1—2 pm. Figure 2, a and b, show
the nanorods produced by the PEG-400/H,O systems. Fig-
ure 2, c and d, illustrate the nanorods prepared by the PEG-
600/H,O systems. With increasing molecular mass of PEG,
the length of the linear reaction fields is probably greater,
and thus the size of nanorods is increased. Therefore, the
length of POM nanorods can be controlled by adjustment
of the molecular weight of PEG.

We further showed that the content of water in the pre-
paration of 1D POM nanomaterials has a direct influence
on the diameter of the nanorods. The relationship between
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Scheme 1. Schematic diagram of the proposed formation process
of POM nanorods
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Figure 2. TEM images of Ag,SiW,0O4 nanorods with a length of:
(a) and (b) 500—800 nm in the PEG-400/H,O system; (c) and (d)
1—2 pm in the PEG-600/H,O system

the size of 1D POM nanomaterials and the content of water
is shown in Table 1. It is noteworthy that the diameter of
the nanorods increases with increasing water content. As
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noted above, in this liquid system, many linear reaction
fields exist, and the nanorods can be formed and fixed
there. With the addition of water, the linear reaction field,
i.e. the reaction space, will become larger, and thus the
nanorods will also have larger diameters. Figure 3 shows
nanorods with different diameters prepared in PEG-400/
H,O systems containing different amounts of water. Their
diameters vary with the content of water in PEG-400/H,O
systems, namely 30, 70, and 90 nm for (a) PEG-400/H,O =
2.5:1.0, (b) PEG-400/H,O = 2.5:1.5, and (c) PEG-400/
H,O = 2.5:2.0, respectively. Similar results are also found
in the PEG-600/H,O (w = 2.5:1.5, 2.5:2.0, 2.5:2.5) systems
(as shown in Figure 4), in which nanorods with diameters
of (a) 200 nm, (b) 300 nm, and (c) 400 nm are obtained,
respectively. Figure 5 shows the SEM images of POM nano-
rods with different diameters and lengths.

Table 1. Influence of the amount of water in PEG/H,O systems on
the diameters of the POM 1D nanomaterials

Surfactants AgsSiW 504 Content of water
nanorods/nanowires [nm] PEG/H,O [mL/mL]
PEG-400 30 2.5:1.0
70 2.5:1.5
90 2.5:2.0
PEG-600 200 2.5:1.5
300 2.5:2.0
400 2.5:2.5

Figure 3. TEM images of nanorods taken from the PEG-400/H,O
systems; the diameters of these nanorods vary with the amount of
water, namely 30, 70, and 90 nm for (a) PEG-400/H,O = 2.5:1.0;
(b) PEG-400/H,0O = 2.5:1.5; (¢) PEG-400/H,O = 2.5:2.0 (mL/mL)
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667 nm

Figure 4. TEM images of nanorods taken from the PEG-600/H,O
systems; the diameters of these nanorods vary with the amount of
water, namely 200, 300, and 400 nm for (a) PEG-600/H,O =
2.5:1.5; (b) PEG-600/H,O = 2.5:2.0; (¢) PEG-600/H,O = 2.5:2.5
(mL/mL)

Figure 5. SEM images of POM nanorods with different diameters
and lengths

Eur. J. Inorg. Chem. 2003, 370—376

In order to investigate the action of PEG in this liquid
system, control experiments without PEG addition were
carried out. Figure 6, a—c, show the SEM images of Ag,S-
iW 1,04 particles with a diameter of about 5 pum. Figure 6,
d, is the XRD pattern of Ag,SiW,04 particles. From this
figure we can see that the products are huge particles in the
ordinary liquid system, hence PEG is a very important fac-
tor in controlling the shape and size of products.
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Figure 6. SEM images and XRD pattern of Ag,SiW,04 particles

In this liquid system, the reaction process was analyzed
by conductometry. Figure 7 shows the relationship between
the time and the conductivity in the PEG-400/H,O (w =
2.5:1.5) system. Curve (a) shows the conductivity during
the reaction when the solution containing PEG, water, and
AgNO; was added to the other solution containing PEG,
water, and H4SiW,04. Curve (b) shows the conductivity
during the reaction when the solution containing PEG,
water, and H4SiW,,04, was added to the other solution
containing PEG, water, and AgNOjs. Because of the coor-
dination action between the Ag* and O atom in the PEG,
the conductivity of the solution containing PEG, water, and
AgNOj; is lower than the solution that contains PEG, water,
and H4SiW,040. When the reaction happens in the linear
reaction fields, the formation of Ag,SiW,0O4, nanocrystals
leads to a decrease of the electrolyte concentration. Thus,
the conductivity of the reaction system decreases with the
growth of nanocrystals. Curve (b) exhibits a sharp rise at
the beginning of the reaction. This is due to the fact that
the solution containing PEG, water, and H;SiW,04, has a
higher conductivity than that of the solution that contains
PEG, water, and AgNO;.

According to these experimental results, these liquid-
phase reactions can be regarded as a method that can be
used to control the length and diameter of 1D POM nano-
materials rationally and effectively. During the preparation
of 1D POM nanomaterials, the sticky solution, in which the
uniform POM nanorods and/or nanowires could be ob-
tained and exist stably without further agglomeration, is
one of the important factors.

373



FULL PAPER

Z. Kang, E. Wang, M. Jiang, S. Lian, Y. Li, C. Hu

2.6
24
2.2
2.0
1.8
1.6+
1.4+
1.2
1.0

107Sem™

0 2 4 6 8

Figure 7. Relationship between the time and the conductivity

POM Hollow Particles

We wanted to produce short POM nanorods by means
of the PEG-200/H,O system, but, hollow particles were ob-
tained instead of the expected short nanorods. This result
can be attributed to the following. PEG assembly structures
in water are flexible and chain-like. Surfactant PEG with
lower molecular weight becomes more flexible and looser
aggregates form. For PEG-200, the aggregates in water are
different from those that form with higher molecular weight
PEGs. The aggregates of PEG 200 in water are so soft that
they cannot template the synthesis of POM nanorods. Thus,
the soft and crimped aggregates lead to the formation of
hollow particles. The diameters of these hollow particles are
about 800 nm with homogeneous wall thickness (70 nm).
Typical SEM images of hollow POM particles are shown
in Figure 8. As noted above, many unique properties make
POMs promising acid, redox, and bifunctional catalysts in
homogeneous and heterogeneous systems. These hollow
POM particles could be useful in a rich variety of applica-
tions. For instance, they may be suggested or demonstrated
as extremely small containers for microencapsulation — a
process that plays an important role in many areas such as
catalysis, delivery of drugs, development of artificial cells,
and protection of biologically active materials (e.g., en-
zymes, proteins, or deoxyribonucleic acids, DNAs).['4

POM Microtubes and a 3D Ordered Microtube System

We can imagine that many 1D liquid reaction fields can
be formed when PEG and a small quantity of water are
mixed together. The larger the amount of water, the broader
the reaction fields become. If the reaction fields are so
broad that they can embrace the PEG aggregate then can-
nular structures may be obtained from PEG/H,O systems.
Figure 9, a, shows the half-tube obtained when PEG-400/
H,O = 2.5:3.5 (mL/mL) was used. Whole microtubes
(shown in Figure 9, b—f) with diameters of about 700 nm
were obtained using PEG-400/H,O = 2.5:5 (mL/mL). Here,
another important factor is the speed of stirring. High-
speed stirring leads to the degradation of POM microtubes.
On the contrary, well-grown microtubes were prepared at
low stirring speeds (shown in Figure 9, d—f).

During the course of preparing the microtubes, an inter-
esting phenomenon (shown in Figure 10, a) was observed:
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Figure 8. SEM images and XRD pattern of hollow AgsSiW,04
particles

Figure 9. SEM images of Ag,SiW,,0,, microtubes

several microtubes fused together. So, we have developed
a low-temperature controlled hydrothermal method using
PEG/H,0 systems to synthesize 3D highly ordered micro-
tunnel arrays. We mixed an AgNOs/PEG/H,O system and
an H4SiW,04¢/PEG/H,0 system and then stirred slowly in
order to make the mixture homogeneous. Then, the mixture
was sealed in a 25-mL Teflon-lined reactor, with 70% filling,
and heated at about 70 °C for 72 h. Figure 10, b and c,

Eur. J. Inorg. Chem. 2003, 370—376
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show the SEM images of 3D-ordered microtunnel POM
materials with diameters of about 1 um. These ordered tun-
nels may be used as a microreactor. They should be useful
in various applications, such as catalysis, selective delivery,
and template for the synthesis of nanostructure materials.
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Figure 10. SEM images and XRD pattern of AgsSiW,04 3D-
ordered microtubes

Figure 11 shows N, adsorption isotherms of the hollow
particles, microtubes, and 3D-ordered tubes. In these sys-
tems there are many very large cavities. These isotherms
have the typical shape of large porous materials.
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Figure 11. Isotherms of N, adsorption at 77 K: (a) hollow particles;
(b) microtubes; (¢) 3D-ordered tubes

Conclusion

In conclusion, the novel, and simple liquid PEG/H,O system was
applied in the preparation of POM nanorods, hollow particles, mic-
rotubes, and 3D-ordered tube systems. A possible mechanism is
that chain-like PEG molecules segment the liquid reaction fields to
form many linear microenvironments, in which the interaction of
reactants and the growth of nanomaterials are limited in the direc-
tional space. From this reaction model, we presume that many

Eur. J. Inorg. Chem. 2003, 370—376

other 1D nanomaterials such as metal salts (BaSO,, CdS) and
metal oxides (ZnO, CuO, Fe;04) could also be prepared.

Furthermore, 1D POM nanorods, hollow particles, microtubes,
and 3D-ordered tube system have been prepared. The regular sizes
and shapes are well controlled by the PEG/H,O systems. Owing
to the extensive applications of POMs in catalysis, medicine, and
functional materials, the preparation of POM nanostructured mat-
erials could provide a new route to explore their excellent proper-
ties.

Experimental Section

General: All reagents were purchased from commercial suppliers
and used without further purification. The SEM images were ob-
tained with a JEOL JSM-840 operating at 20 kV. The XRD pat-
terns were obtained with a Rigaku D/max 2500V PC diffractometer
with Cu-K, radiation. A JEM-2010 transmission electron micro-
scope was used to examine the morphology of the POMs nanocrys-
tals.

General Preparation of Ag,SiW,04, Nanorods: H;SiW,0,4,-nH,O
(1 g) was dissolved in a mixture of PEG-400 (or PEG-600)/H,O
(2.5 mL/1 mL, about 2.5 mL of the mixture) whilst stirring to give
a clear and homodisperse system. Another 2.5 mL of PEG-400 (or
PEG-600), mixed with 1—2 mL of H,O and 0.23 g of AgNO3;, was
stirred until it became clear. The above two solutions were then
mixed and stirred for 1 min. Then, a fourfold excess of ethanol
was added to form a white precipitate. The white precipitate was
centrifuged, washed with ethanol, and dried in air at 50 °C for 1 h.
The yield was 90% (Ag4SiW 1,049, 1.14 g, based on W). A similar
approach was used for the synthesis of POM hollow particles using
the PEG-200/H,O (2.5 mL/1.5 mL) system. A clear and homodis-
perse system of AgNO3/PEG-200/H,O (0.5 g/2.5 mL/1.5 mL) and
a similar system of H;SiW,040/PEG-200/H,O (0.5 g/2.5 mL/
1.5 mL) were prepared according to the above procedure. Then, the
two systems were mixed and stirred. A fourfold excess of ethanol
was added to form a white precipitate. The white precipitate was
also centrifuged, washed with ethanol, and dried in air at 50 °C
for 1 h. A very similar approach was employed to prepare the
Ag4SiW 1,04y microtubes. A large amount of water (PEG/H,O =
1:2) was added to the reaction system, with slow stirring. This
mixture was sealed in a 25-mL Teflon-lined reactor, with 70%
filling, and heated to about 70 °C for 72 h, to give the 3D-ordered
microtube arrays.
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