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Selective Synthesis and Characterization of Single-Crystal Silver Molybdate/
Tungstate Nanowires by a Hydrothermal Process

Xianjin Cui,’™" Shu-Hong Yu,*'*"! Lingling Li,'! Liu Biao,™ Huabin Li,"
Maosong Mo, and Xian-Ming Liu"

Abstract: Selective synthesis of uni-
form single crystalline silver molyb-
date/tungstate nanorods/nanowires in
large scale can be easily realized by a
facile hydrothermal recrystallization
technique. The synthesis is strongly de-
pendent on the pH conditions, temper-
ature, and reaction time. The phase
transformation was examined in details.

and pH 2, respectively, whereas other
mixed phases of Mo;0,;, Ag,Mo,0;
Ag¢Mo,,03; were observed under dif-
ferent pH conditions. AgsMo0;,Os;
nanowires with uniform diameter 50—
60 nm and length up to several hun-
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dred micrometers were synthesized in
large scale for the first time at 140°C.
The melting point of AggMo,,0;; nano-
wires were found to be about 238°C.
Similarly, Ag,WO,, and Ag,W,0,
nanorods/nanowires can be selectively
synthesized by controlling pH value.
The results demonstrated that this
route could be a potential mild way to

Pure Ag,MoO, and Ag¢Mo,,03; can be
easily obtained under neutral condition

Introduction

Searching for new strategies toward one dimensional nano-
sized building blocks such as nanorods, nanowires, nano-
tubes, and nanobelts has attracted intensive interest because
of their distinctive geometries, novel physical and chemical
properties, and potential applications in nanodevices."?
These systems are expected to display the size and shape de-
pendent optical, magnetic, and electronic properties.*
Exploration of new synthetic routes for preparing novel
nanocrystals with structural speciality and complexity has
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single crystals - tungsten

selectively synthesize various molyb-
date nanowires with various phases in
large scale.

been a recent focus.”’ The main synthesis techniques for di-
mensional (1D) nanostructures include template directed
growth methods such as carbon nanotubes,® porous alumi-
num template,”) vapor-liquid-solid (VLS) mechanism,!”!
and vapor-solid (VS) mechanism.!'!! In contrast, the solution
approaches have been proved to provide an alternative
route for the synthesis of 1D nanostructures.”'>”! Especial-
ly, hydrothermal process has been successfully applied for
the synthesis of low dimensional nanorods/nanowires/nano-
tubes. [7b,18-20]

Recently, the synthesis of low dimensional metal molyb-
dates and tungstates materials such as BaWO, nanorods,['*l
CdWO, nanorods,"*?"! MoO, nanorods® have attracted a
lot of recent interests due to their strong application poten-
tial in various fields™! such as photoluminescence,”"! micro-
wave applications,®! optical fibers,® scintillator materi-
als,”! humidity sensor,”! magnetic properties,” and cata-
lyst.’! Most previous approaches for preparation of these
families of molybdates and tungstates need high tempera-
ture and hard reaction conditions such as the solid state
metathesis reaction at 1000°C,”"" and sol-gel method.”
Few reports are related with the synthesis of metal molyb-
dates through solution methods.” Silver tungstates such as
Ag,Mo0,0;, Ag,Mo0,0; and Ag,MoO, were traditionally
synthesized by straight and harsh reaction in MoO,/Ag,O
system.’¥ These materials have high electrical conductivity
and usually have found important applications in conducting
glass.”™ However, solution synthesis of silver molybdates
nanorods/nanowires was not found in literature up till now.
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Recently, our group has reported a general synthesis of
tungstate nanorods/nanowires by hydrothermal method
without using any ligand (or surfactant, or polymer).5®!

In this paper, we report how to selectively synthesize
silver molybdate nanorods/nanowires in large scale through
a simple hydrothermal approach. The influence of pH, reac-
tion time, and temperature on the phase transformation was
discussed. Increasing temperature leads to an increase in di-
ameter of the nanowires.

Results and Discussion

Hydrothermal treatment of a amorphous particulate disper-
sion made of AgNO; and (NH,)¢Mo,O,, at 140°C for 12 h
led to the formation of pure phase Ag,MoQO, with well crys-
tallinity as shown in Figure 1a, all reflection peaks of the dif-
ferent product prepared at pH 7 can be easily indexed as a
pure cubic structure with cell parameters a=9.26 A, which
is in good agreement with the previous literature (JCPDS
Card number: 76-1747). TEM image shows that the product
was composed of irregular particles with average size of 1-
2 ym.

However, when the more acidic solution was used, differ-
ent phases were obtained as shown in Figures 1 and 2 and
Table 1. A mixture of anorthic AgiMo,,05; (JCPDS Card:
72-1689, a=7.59, b=831, c=1142 A, a=82.6, f=102.9,
y=106.4°) and anorthic Ag,Mo0,0, (JCPDS Card: 75-1505,
a=6.095, b=7.501, c=7.681 A, a=110.4, =93.3, y =13.5°)
was obtained at pH 5 as detected by the X-ray diffraction
pattern (Figure 1b).

The phases such as AgeMo0,(Os;, Ag,M0,0,, and Mo;Oy4;
were observed in the samples obtained at different pH
value. With pH decreasing from 5 to 3, the products were
found to be a mixture of AgiMo,,03; and Ag,Mo0,0,, and
the content of AgdMo,;0;; phase increased. Pure
AggMo,,03; phase can be obtained at pH 2 as shown in Fig-
ure 2a. TEM image (Figure 3a) and SEM image (Figure 4b)
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Figure 1. XRD patterns of the products obtained at different pH, 140°C,
12h. a)pH7, [AgNO;]=0.1m, [(NH,)Mo0;0,]=0.014m. b)pHS5.
[AgNO;]=0.05m, [(NH,)sM0,0,]=0.014m. c) pH4, [AgNO;]=0.05Mm,
[(NH,)sM0,0,,] =0.014 M. 00: Ag,M0,07; 0: AggM0,;03;.
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Figure 2. XRD patterns of the products obtained at different pH,
[AgNO;]=0.05m, [(NH,){Mo0,0,,]=0.014M, 140°C, 12 h. a) pH 2. b) pH
1. 0: AggMo0,;033, Y: M0;0;.

Figure 3.a), b) TEM image and electron diffraction pattern of
AgsMo,(,0;; nanowires. [AgNO;]=0.1m, [(NH,)sM0,0,,]=0.014M, pH 2,
140°C, 12 h: a) TEM image; b) Electron diffraction pattern taken along
[100] zone axis, showing that the nanowires are perfect single crystal.
c¢) TEM image of a mixture containing AgsMo,,0s; and Ag,Mo,0,.
[AgNO;]=0.1M, [(NH,)sM0;0,]=0.014m, pH 3, 140°C, 12 h. d) TEM
image of a mixture of two intermediate phases Ag; sHz5,M0s55,0,5 and
Ag,M0;0,,:8H,0. [AgNO;]=0.1™M, [(NH,);Mo0,0,,]=0.014m, pH 2, 140
°C, 6 h.

show that uniform nanowires with diameter of 50 nm and
length up to several hundred micrometers. However, a small
amount of large fiber bundles with diameter about 2-3 um
can also be observed (Figure 4a). If the pH dropped to 3,
the product was a mixture of AgiMo,;0O3; and Ag,Mo,0,
(Table 1). TEM image in Figure 3c shows that the particles
are also rod-like and the diameter is about 500 nm.

When the pH value was further decreased to 1, a mixture
of Mo;0,; and AgsMo,,0;; was detected as shown in Fig-
ure 2b. Interestingly, a mixture of two intermediate phases
hexagonal Ag; osH g5,M055,0:5 (JCPDS Card: 83-1173) and

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 219


www.chemeurj.org

FULL PAPER

S.-H. Yu et al.

Figure 4. SEM images of the Ag¢Mo,,0;; nanowires obtained at pH 2,
[AgNO;]=0.1™m, [(NH,;)¢M0;0,,]=0.014M, 140°C, 12h: a)a general
view shows the coexistence of the very uniform extremely long nanowires
and small amount of large nanofiber boundles; b)a high resolution
image shows extremely long nanowires.

cos¢ = did,V? - [Syhihy + Spkiky + Sslily

1)
+ S (kib+koly) + Sis(hihatbhy) + S (hik,+hok, )]

V = abcy/ 1 —cos? a — cos? f — cos? y +2cosa cosfcosy  (2)

Sll = b2C2 Sinza; Szz = a2C2 Sinzﬁ (3)
S33 = azbz Sinzy (4)
S, = abc?(cosa cosf — cosy) (5)

S,; = a*bc(cosBcosy —cosa), S = ab’c(cosa cosy — cosf)

(6)
Table 1. The main phases obtained at different pH (*: dominant phase).
pH Phase Shape Diameter
1 Mo;047* + AgeMo0,iOs3 nanowires 30-50 nm
2 AgMo0,003; nanowires 50 nm
3 AgMo,,03* + Ag,M0,0, nanowires 50-60 nm
4 AgMo0,,03;+ Ag,M0,0; nanowires 50-60 nm
5 AgMo0,,03;+ Ag,M0,0,* nanowires 50 nm
7 Ag,Mo0O, irregular particles 1-2 um

orthorhombic Ag,M0;0,;8 H,O (JCPDS Card: 39-0045)
was observed when the reaction was conducted for 6h
(XRD data not shown). TEM image in Figure 3d shows that
the product was also wire-like structures with diameter
about 40 nm and an aspect ratio of 10-50. Very rough sur-
face suggested that these nanorods could be not stable and
may start to transform into other phases. Further prolonging
the reaction time up to 12h, the AgsMo,,0O; nanowires
formed. An increase in temperature leads to an increase in
diameter of the nanowires.

220 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

High resolution TEM images in Figure 4 shows that very
tiny nanoparticles with size of 5 nm attached on the back-
bone of the AgiMo,,03; nanowires. Interestingly, after ex-
posed under TEM electron beams, a lot of tiny nanoparti-
cles appeared on the backbone of the nanowires. We believe
that the Ag¢iMo,,05; nanowires are not stable under electron
beam irradiation. After exposed for longer time, many tiny
nanoparticles appeared on the wire surfaces and these parti-
cles tend to become amorphous as confirmed by electron
diffraction observation. TG-DTA analysis shows that the
melting point of this compound is about 238°C, suggesting
that the nanowires could be destroyed under too longer
electron beam irradiation. The detailed analysis of such phe-
nomena is needed in future.

The lattice resolved HRTEM images were shown in Fig-
ure 5d and e. The lattice spacing 3.16 A corresponding to
(022) planes. The angle between (002) and (022) can be cal-
culated from the following formulae for anorthic system:

Figure 5. High magnification SEM images of the AggMo,,03; nanowires
obtained at pH2, [AgNO;]=0.1M, [(NH,)sM0;0,,]=0.014m, 140°C,
12 h: a) a general view shows there are very tiny nanoparticles on the sur-
face of the nanowires; b)—c) high resolution image show the surface
structures of the nanowires after exposed electron beams; d) lattice re-
solved HRTEM image, showing that the nanowires grow along [002],
which also corresponds to that shown in its electron diffraction pattern in
Figure 3b.

Where cell parameters for the anorthic AggMo,,O;; are
a=1759, b=831, c=1142 A, a=82.6, =102.9, y=106.4°)
(JCPDS Card: 72-1689). The calculated angle between (002)
and (02) is 50.3°, which is consistent with that observed in
Figure 5d. In addition, the angle between (020) and (022) is
148.4°, which fits the measured value very well too. These
results suggested that the nanowires grow preferentially
along ¢ axis. (See also the electron diffraction pattern shown
in Figure 3b).

Figure 6 shows the X-ray photoelectron spectroscopy
(XPS) spectrum of AgiMo,;,0;; nanowires. The survey indi-
cates the presence of Mo¥! and Ag as well as C from refer-
ence and O from absorbed CO, molecules. Ag 3d spectrum
(Figure 6b) is very similar to that measured for Ag' in silver
oxides (Ag,0).”"! The binding energy of Mo 3ds, in the
Ag¢Mo,,05; nanowires is identical with that of pure a-MoO;
(232.6 eV).P¥l The core-level O 1s spectrum in Figure 6d

www.chemeurj.org Chem. Eur. J. 2004, 10, 218-223
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Figure 6. XPS spectrum of the AggMo,,05; nanowires. The sample was obtained at pH 2. [AgNO;]=0.1M, [(NH,)sMo0,0,,]=0.014M, pH 2, 140°C, 12 h.
a) A full spectrum. b) Ag 5, core-level data. ¢) Mo"'y, core-level data. d) Oy, core-level data.

shown a peak at 530 eV, which is also similar to that in CuO
or Ag,0O systems.*!

Similarly, perfect single crystals of a-Ag,WO, nanorods
and Ag,W,0, nanowires can be selectively synthesized at
pH 9 and 2, respectively. The sample obtained at pH 9 can
be indexed as orthorhombic a-Ag,WO, (JCPDS Card: 34-
0061, a=10.82, b=12.01, ¢c=5.90 A) as shown in Figure 7a.
Anorthic Ag,W,0; phase (JCPDS Card: 75-1506, a=6.033,
b=7.051, c=7.735 A, a=73.8, f=92.2, y=104.7°) was ob-
tained at pH2 (Figure 7b). TEM observation shows that
both phases are in form of wire-like structures. A typical
TEM image in Figure 7a indicated that Ag,W,0O, nanowires
are uniform with diameter 50 nm and length up to microme-
ters. Electron diffraction pattern in Figure 8b taken along
(010) zone axis indicated that the nanowires are prefect
single crystals. These nanowires can be doped into glass to
produce conducting glass, which could give different con-
ducting performances. Further work is still underway.

From the viewpoint of crystallography, the shape of the
mesoscale or macroscale crystals is in fact the outside em-
bodiment of the intrinsic cell structure. The high anisotropic
growth we observed in molybdate systems could be related
with the intrinsic crystal habit.*® The promotion of aniso-
tropic growth of nanorods/nanowires in ligand-free system
could be related with several parameters, including the in-
trinsic structural features of specific faces, the local solution

Chem. Eur. J. 2004, 10, 218-223 www.chemeurj.org
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Figure 7. XRD pattern of a-Ag,WO, nanorods and Ag,W,0; nanowires
synthesized at pH 9 and 2, respectively.

details, the foreign energy activation, and the autogenous
pressure.”® The detailed formation mechanism of such 1D
nanostructures under hydrothermal conditions need more
clarification in future.

About results demonstrate that it is possible to produce
various molybdates and tungstates with different phase due
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Figure 8. a) TEM image of Ag,W,0, nanowires synthesized at 140°C for
12 h. b) Electron diffraction pattern taken along [010] zone axis.

to their rich families of polyanion species formed in the sol-
ution. Further understanding the solution chemistry of mo-
lybdates and tungstates will be very helpful for systematic
synthesis of various kinds of nanowires/nanorods through
this approach. Our elementary results show that other tran-
sition metal molybdate nanorods such as NiMoO,, CuMoO,,
and PbMoO, could be synthesized through the similar
method, indicating that the present approach could be a
general approach for the synthesis of other rich family of
metal molybdate nanorods/nanowires. These low dimension-
al materials could find important applications in various
fields.

Conclusion

In summary, we have shown that selective synthesis of uni-
form single crystalline silver molybdate/tungstate nanorods/
nanowires in large scale can be realized by a facile hydro-
thermal re-crystallization technique. The synthesis is found
to be strongly dependent on pH, temperature, and reaction
time. Extremely long Ag¢Mo,,Os; single crystal nanowires
covered with a lot of tiny nanoparticles can be obtained at
pH 2. The pH dependent phase transition process was dis-
cussed. Similarly, Ag,WO,, and Ag,W,0; nanorods/nano-
wires with diameter 50 nm and length up to micrometers
can also be selectively synthesized by controlling pH value.
The results demonstrated that it is possible to selectively
synthesize other family of molybdate nanowires with con-
trollable phases and structural specialty. The discovery of
this new family of molybdate nanowires could lead to new
applications of these materials. Further extension of this ap-
proach and investigation on their property of these new
kinds of 1D nanobuilding blocks are ongoing.

Experimental Section

Analytical grade AgNO;, (NH,)¢Mo,0,, Na,MoO,2H,O, and
Na,WO,-2H,0 were purchased from Shanghai Chemical Industrial Com-
pany and were used without further purification. The reaction was car-
ried out in a 60 mL capacity Teflon-lined stainless steel autoclave, which
was done in a digital type temperature controlled oven.

In a typical procedure, 0.71 mmol analytical grade (NH,);Mo,0,, was dis-
solved in 30 mL distilled water and 5 mmol AgNO; was dissolved in
20 mL distilled water, respectively. Then (NH,);Mo,0,, solution was
slowly added into AgNO; solution under magnetic stirring to form a ho-
mogeneous green-yellow solution at room temperature. The pH was ad-
justed to a specific value using NaOH or HNO, (1 mol L") solution. The

222 ——— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

resulting precursor suspension was transferred into a Teflon-lined stain-
less autoclave. The autoclave was sealed and maintained at 140°C for
12 h, then allowed to cool to room temperature naturally. The green-
yellow products were filtered off, washed several times with distilled
water and absolute ethanol, and finally dried in a vacuum at 60°C for
4h.

The products were characterized by X-ray diffraction pattern (XRD), re-
corded on a MAC Science Co. Ltd. MXP 8 AHF X-ray diffractometer
with monochromatized Cuy, radiation (4 =1.54056 A); transmission elec-
tron microscopy (TEM) and high-resolution transmission electron micro-
scopy (HRTEM), performed on a Hitachi (Tokyo, Japan) H-800 trans-
mission electron microscope (TEM) at an accelerating voltage of 200 kV,
and a JEOL-2010 high-resolution transmission electron microscopy
(HRTEM), also at 200 kV, respectively. X-ray photoelectron spectra
(XPS) were recorded on an ESCALabMKII instrument with Mgy radia-
tion as the exciting source. The binding energies obtained in the XPS
analysis were corrected by referencing the C 1s line to 284.60 eV.
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