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Silver nanoparticles (NPs)-deposited tungstosilicate (Ag/SiW,/Ag) microtubes were obtained by

a redox reaction between the heteropoly blue microtubes and Ag* ions. The Ag/SiW,/Ag microtubes
were characterized by FT-IR and XPS spectroscopy. Their morphology was examined by ESEM-FEG,
showing that the microtubes kept their original microtubular morphology well after reacting with Ag*
ions and the silver NPs exhibited regular spherical morphology. The current-voltage properties of the

Ag/SiW ,/Ag microtubes were also briefly investigated.

Introduction

Polyoxometalates (POMs) are known as a unique class of inor-
ganic compounds with tunable compositional diversity, struc-
tural versatility and redox properties, which have potential
applications in the areas of catalysis, medicine as well as func-
tional materials."” POMs can be reduced to heteropoly blues
(HPBs) by undergoing stepwise multi-electron redox processes
without any structural change. HPBs are a large class of mixed-
valence POMs.®® The strong reduction capability of HPBs has
been used in the synthesis of zero valent state metal nanoparticles
(NPs).' Papaconstantinou and coworkers provided a compre-
hensive study on photochemical redox interactions between
POMS, such as [SiW12040]47, [PW12040]3’, [P2W18062]67 and
[P.Mo0;30¢,]%, and various metal ions like Ag*, Pd**, Au’**, Cu**,
Hg?*, etc.”'* By a suitable choice of POMs and organic
substrate, some metal ions can be reduced to a lower or zero
oxidation state. The metal NPs prepared in preappointed nano-
or micro-meter scale locations by POMs in solid substrates were
also achieved. For example, Wu reported the controllable in situ
synthesis of metal NPs in a POM hybrid film by utilizing electron
and proton transfer between surfactant and POM,™ and the
controllable in situ incorporation of metal NPs in silica spheres
through the photoreduction of POMs well-dispersed in a hydro-
phobic microenvironment.*s
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1 Electronic supplementary information (ESI) available: Plot of electron
number vs. the mole number of AA in HPB-i (i = 1-4); ESEM images and
EDS spectra of the outside wall of SiW |, and Ag/SiW,/Ag microtubes;
XPS spectrum of silver particles in Ag/SiW,,/Ag microtubes; ESEM
images of Ag NPs and the statistical size distributions derived from the
outside and inside wall of Ag/SiW,/Ag microtubes obtained from
HPB-i (i = 1-3). See DOI: 10.1039/c1jm10114e

Presently, morphology-tunable nano- and micro-scale mate-
rials based on POMs have been extensively researched. Some
research groups have been focused on nano- and micro-tubes of
POMs for exerting both merits of POMs and tubular
morphology.'**® We have reported the template-free aqueous
synthesis of a-K;SiW,049 microtubes' and ascorbic acid-
doped Keggin POM microtubes.?® On the basis of these investi-
gations, we have obtained the HPB microtubes. Noble metal NPs
can be immobilized on the surfaces of the HPB microtubes to
obtain composite tubular materials containing both hollow
cylindrical POMs and metal NPs, which may have potential
applications in catalysis and microelectronics, etfc. Herein we
report silver NPs-deposited tungstosilicate (Ag/SiW,/Ag)
microtubes synthesized by the redox reaction between the HPB
microtubes and Ag* ions. In addition, current-voltage (I-V)
measurements indicated that the electrical conductivity of SiW,
microtubes undergoes a notable increase after deposition of
silver NPs.

Experimental
Chemicals and measurements

Monolacunary tungstosilicate Kg[a-SiW;;039] («-SiW ;) was
synthesized according to the published procedure.?® Ascorbic
acid (C6H806)’ HCl, NH3, AgNO3, CzHSOH, N32C204, KMHO4
and H,SO, were of analytical grade. All the chemicals were used
directly without any further purification. All aqueous solutions
were made with deionized water.

FT-IR spectra were recorded on a D/MAX-IIIC instrument.
XPS measurements were carried out on a Thermo ESCALAB
250 spectrometer with an Al-Ka (1486.6 eV) achromatic X-ray
source. ESEM-FEG images were acquired with an XL30 Field-
Emission Environmental Scanning Electron Microscope. The
I-V (current-voltage) measurements were obtained on a Keith-
ley 4200 SCS instrument.
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Preparation of Ag/SiW,,/Ag microtubes

Ag/SiW ,/Ag microtubes were synthesized through three steps:
first, preparation of SiW,-AA microtubes; second, preparation
of HPB microtubes; last, preparation of Ag/SiW,/Ag
microtubes.

SiW,-AA microtubes were synthesized according to the
literature method.?® In a typical preparation process for SiW,-
AA microtubes, a-Kg[SiW;;039] (3 g, | mmol) were added in
deionized water (10 mL) under stirring. Then 3 molL ' HCI was
added dropwise until the solid dissolved completely and the pH
reached 1. This solution was heated in a 80 °C water bath for
15 min, after which 0.082 g of AA (ascorbic acid, 0.5 mmol) was
added. The resulting solution was heated for 5 min. Tubular
clusters grew rapidly in seconds on the beaker bottom after
cooling to room temperature (25 °C) for about 10 min. They were
harvested after careful filtration and dried in air. As the SiW,-
AA microtubes were intermediate products of the HPB micro-
tubes, different amounts of AA were used to obtain the HPB
microtubes with different degrees of reduction. The batch of as-
prepared SiW,-AA microtubes using 0.082 g of AA was labeled
“SiW,-AA-1”. In turn, the batch of as-prepared SiW,-AA
microtubes was labeled “SiW;,-AA-2” when using 0.164 g of AA
(1 mmol), “SiW,-AA-3” when using 0.246 g of AA (1.5 mmol),
“SiW1,-AA-4” when using 0.328 g of AA (2 mmol). The results
of TG (thermogravimetry) and element analyses indicate that the
practically doped amount of AA into the SiW,, microtubes is
approximately a quarter of the experimentally added amount.

HPB-i (i = 1-4) microtubes were prepared from the corre-
sponding SiW,-AA-i (i = 1-4) microtubes by putting the tubular
samples on a piece of filter paper, and exposing to ammonia
atmosphere. The tubular samples changed color from brown to
dark blue.

Ag/SiW,/Ag microtubes were prepared through a redox
reaction between HPB microtubes and AgNOj. In a typical
preparation process, the HPB microtubes were put on a piece of
glass substrate, then a few drops of AgNOj; saturated ethanol
solution were dropped rapidly on to the glass slice to cover the
HPB microtubes completely. The HPB microtubes adsorbed the
AgNO; solution through surface adsorption and capillary
suction;** meanwhile silver nanoparticles were deposited on the
POM microtubes to obtain brownish black Ag/SiW,/Ag
microtubes after evaporation of ethanol.

Results and discussion
Characterization of the intermediate product HPB microtubes

Our previous work has shown that the SiW,-AA microtubes can
change to a blue color in ammonia, and the coloration of the
microtubes is due to the speed up of redox reaction between the
AA and SiW|, as the basicity increases. Herein we use this
method to obtain HPB-i (i = 1-4) microtubes from the SiW,-
AA-i (i = 1-4) microtubes (Scheme 1).

The morphology of the HPB microtubes was determined by
examination of the optical micrograph (Fig. 1) and was the same
as that of the precursor SiW,-AA microtubes. The basic length
of the HPB microtubes is around 3 mm; the inner diameter is in
the range of 40-100 um; the wall thickness is in the range of
20-50 pum.

a-SiWn
Ascorbic acid

pH NH; l Ag’ I

SiW -AA HPB Ag/SiW, /Ag

Scheme 1 Process for preparation of the Ag/SiW,,/Ag microtubes.

Fig. 1 An optical micrograph of the HPB microtubes.

Potassium permanganate titration was used to determine the
degree of reduction of HPB-i (i = 1-4) microtubes (Figure S17).
The plot of electron number of the HPB-i (i = 1-4) microtubes vs.
the mole number of AA in HPB-i (i = 1-4) microtubes is linear.
The redox titration results show that the more AA in SiW,-AA,
the higher the extent of reduction for the HPB microtubes, until
the degree of reduction approaches le per HPB. The reduction
level is always less than 2e, as theoretically expected for AA,
which is probably accounted for by partial oxidation of the HPB
microtubes by oxygen present in the air.

Characterization of Ag/SiW,/Ag microtubes

The characterization of Ag/SiW,/Ag microtubes was performed
by taking the sample prepared from HPB-4 microtubes. For
a comparison, IR spectra of SiW,, HPB-4 and the Ag/SiW,/Ag
microtubes are compared in Fig. 2. The IR spectrum of HPB-4
microtubes shows the characteristic vibration absorption peaks
of a-SiW i, with slight shifts due to the redistribution of charge
density in the oxygen atoms because of the increase of negative
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Fig. 2 IR spectra of SiW,, (a), HPB-4 (b) and the Ag/SiW,/Ag (c)
microtubes.
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Fig. 4 ESEM image of Ag NPs on the outside wall of Ag/SiW,,/Ag
microtubes (left) and the statistical size distribution (right), obtained
from HPB-4.
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Fig. 5 ESEM image of Ag NPs on the inside wall of Ag/SiW,/Ag
microtubes (left) and the statistical size distribution (right), obtained
from HPB-4.

charge of the POM anion, while the peak positions in the IR
spectrum of Ag/SiW,/Ag microtubes restore to those of a-SiW,
with a full oxidation state, which supports that a redox reaction
has occurred between HPB and Ag* ions. The new vibration
absorption peaks at 1418 cm~' and 1406 cm™! are attributable to
vn-py Of the incorporated NH;3 molecules, which act as proton
acceptors in the SiW;,-AA microtubes and exist as NH4* cations
in the HPB and Ag/SiW,/Ag microtubes.

The generation of silver NPs can be distinguished easily from the
ESEM images of the microtube surfaces with silver and without
silver (Figure S2 a, bf), and the corresponding EDS spectra
confirm the exist of silver (Figure S2 ¢, dt). The original microtu-
bular morphology was still kept after immobilization of Ag NPs
(Fig. 3). XPS measurements were made to characterize the depo-
sition of Ag NPs (Figure S31), which demonstrates that the binding
energy of Ag 3ds), is 368.2 eV, attributed to elemental silver.

The morphology and distribution of the silver NPs on the two
sides of the wall of Ag/SiW,,/Ag microtubes, corresponding to
parent HPB-4 measured by ESEM are shown in Fig. 4 and 5. The

Fig. 6 ESEM images of Ag NPs on the outside wall of Ag/SiW;,/Ag
microtubes obtained by HPB-i (i = 1-4) microtubes (All these areas are
200 x 200 nm?).

ESEM images exhibit regular spherical morphology of Ag NPs.
The sizes of the Ag NPs on the outside wall of the microtubes are
narrowly distributed between 15 and 25 nm, but the sizes of the
Ag NPs broaden to 50 nm on the inside wall of the microtubes,
perhaps relevant to the rates of redox reaction and conglomer-
ation of Ag NPs, influenced by the degree of reduction of the
HPB microtubes, evaporation rate of ethanol and other factors.
The ESEM images and size distributions of the silver particles for
the other three HPB-i (i = 1-3) are presented in Figures S4-5+.

Effect of the degree of reduction of the SiW;, Keggin entity on
the formation of Ag NPs

We intended to find how the degree of reduction of SiW, Keggin
entity would influence the growth of Ag NPs by using the four
HPB-i (i = 1-4) microtubes as reductants. Fig. 6 shows the
ESEM images of Ag NPs on the surfaces of Ag/SiW,/Ag
microtubes obtained by HPB-i (i = 1-4) microtubes. From these
images we find that the morphologies and sizes of Ag NPs are
basically the same. This fact indicates that the degree of reduc-
tion of HPB microtubes does not significantly affect the growth
of Ag NPs. A probable explanation is that the redox reaction is
not dependent on the concentration of the reductant HPB
microtubes as reaction occurs on the surface. In addition, the
rapid evaporation rate of ethanol is another key factor. Gener-
ally, in the initial reduction period, metal ions are reduced to
form small clusters, and further reduction of metal ions as well as
their agglomeration occur during the growth phase.?*** Once the
solvent ethanol is evaporated, the formation and agglomeration
of Ag NPs will stop and the Ag NPs formed will be incorporated
on the surface of the microtubes. In summary, probably the
factors determining the morphology and size of Ag NPs are the
solid HPB microtubes that serve as a reductant and a substrate
for Ag NPs and the ethanol that serve as the medium for the
formation and agglomeration of Ag NPs.

The I-V property of Ag/SiW,,/Ag microtubes

I-V measurements were carried out for individual SiWi,
microtube (Fig. 7) and Ag/SiW,/Ag microtube (Fig. 8)
respectively.?>?® To carry out /-J measurements, a microtube
was placed on a glass substrate, coated with silver paste on
both ends of the microtube to form electrodes. The conduc-
tance of individual Ag/SiW,/Ag microtube estimated from the
I-V curve is approximately six times as much as that of a SiW,
microtube, which shows that electrical conductivity of the
POM microtubes has notably increased after deposition of
silver NPs.

This journal is © The Royal Society of Chemistry 2011
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Fig. 7 The I-V curve of an individual SiW, microtube.
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Fig. 8 The I-V curve of an individual Ag/SiW,/Ag microtube.

Conclusion

We have presented a convenient and mild method for immobi-
lization of Ag NPs on POM microtubes. This method is relatively
non-toxic and inexpensive. The Ag NPs obtained show a spher-
ical morphology and a uniform distribution on the two sides of
the wall of the POM microtubes. The noble metal can be recycled
by simply dissolving the POM microtubes. The Ag/SiW,/Ag
mictotubes exhibit enhanced electrical conductivity. This work
shows the significance of design, preparation and application of
composite microtubes containing both POM and metal NP
components. Moreover, immobilization of NPs on microtubes
may provide an opportunity to investigate the interactions of
nano and meso materials. Qualitative examination of the
oxidation of ethanol vapor using Ag/SiW,,/Ag microtubes as
a catalyst shows the potential for Ag/SiW,/Ag microtubes in the
catalysis field. Future work will explore catalytic applications in
more detail.
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