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C
hemically speaking, the polyoxome-
talates (POMs) are a large family of
inorganic compounds, whereas, in

general, use POM is a designation for a large
range of inorganic materials. These are al-
ways polyatomic ion compounds that con-
sist of at least two but usually three or more
transition metal oxyanions that are linked
together by shared oxygen atoms to form a
large, closed three-dimensional framework.
Sometimes the transition metal oxyanion
framework may enclose one or more hetero-
atoms, such as phosphorus or silicon, to
share neighboring oxygen atoms within
the framework. For example, the phospho-
tungstate anion [PW12O40]

3� is a typical
polyoxometalate anion. The POMs repre-
sent a diverse range ofmicro- and nanoclus-
ters, which exhibit an unmatched range of
physical and chemical properties while they
can form novel functional structures. These
characteristics have thus attracted critical
attention in material science research.1�3

Recently, some simple POMs (e.g., binary
metal oxides containing Mo, W, V, Ta, and
a second transition metal such as Cu, Fe, Co,
or Ni species) have been studied extensively
because of industrial interest in their robust
catalytic property in crudeoil refining,4,5 emis-
sive display technology,6,7 magnetism,8

sorption,9 and energy storage.10 To improve
the performance of POMs, researchers have
developed several techniques for the synth-
esis of POM nanostructures.11�14 However,
thesemethods have some visible flaws such
as the synthesis route requiring high tem-
perature or high pressure conditions, the
introduction of various templates or addi-
tives, and demanding as well as compli-
cated synthetic procedures that result in
impurities in the final products etc. These

factors restrict their application in industry.
Therefore, developing a new synthesis for
POM nanostructures is becoming urgent.
In this contribution, we propose a general

strategy for the fabrication of one kind of
POM nanostructure by electrochemically
assisted laser ablation in liquid (ECLAL). This
kind of POM is usually simple as it typically
includes two metals and it is not soluble in
water. The proposed approach is a simple,
green, and catalyst-free approach under an
ambient environment. Apart from these
merits, this novel technique allows re-
searchers to choose and design interesting
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ABSTRACT Polyoxometalate nanostructures have attracted much attention because of sig-

nificant technical demands in applications such as catalysts, sensors, and smart windows. Therefore,

researchers have recently developed many methods for the synthesis of these nanomaterials.

However, these techniques have many visible flaws such as high temperatures or high pressure

environments, various templates or additives, demanding and complicated synthesis procedures as

well as the presence of impurities in the final products. We therefore propose a general strategy for

the fabrication of particular polyoxometalate nanostructures by electrochemically assisted laser

ablation in liquid (ECLAL). These polyoxometalates are usually simple as they typically contain two

metals and are not soluble in water. This approach is a green, simple, and catalyst-free approach

under an ambient environment. Apart from these merits, this novel technique allows researchers to

choose and design interesting solid targets and to use an electrochemical approach toward the

fabrication of polyoxometalate nanostructures for the purpose of fundamental research and for

potential applications. Using the synthesis of Cu3Mo2O9 nanorods as an example, we substantiate

the validity of the proposed strategy. For the fabrication of Cu3Mo2O9 nanostructures, we chose

molybdenum as a solid target for laser ablation in liquid copper electrodes for the electrochemical

reaction and water as a solvent for the ECLAL synthesis. We successfully fabricated Cu3(OH)2(MoO4)2
nanorods with magnetic properties. Interestingly, we obtained well-defined Cu3Mo2O9 nanorods by

annealing the Cu3(OH)2(MoO4)2 nanostructures at 500 �C. Additionally, the basic physics and

chemistry involved in the ECLAL fabrication of nanostructures are discussed.

KEYWORDS: laser ablation in liquid . electrochemistry . fabrication . polyoxometalate
nanostructures
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solid targets and to use electrochemistry to fabricate
POM nanostructures for the purpose of fundamental
research and for potential applications. Laser ablation
of a solid target in a liquid environment has been
widely used in the synthesis of nanocrystals and for
the fabrication of nanostructures,15�28 and it is increas-
ingly recognized to be a general and effective tech-
nique.29�42 Among the many POM materials, the
molybdenum oxide-based materials and the copper-
containing compounds that consist of mixed metal
oxides containing molybdenum and copper species
have attracted particular interest in various research
fields because of their catalytic properties and, there-
fore, possible applications in solid-state chemistry, ion
exchange, and smart windows.43�45 Therefore, we use
the synthesis of the Cu3Mo2O9 nanostructure as an
example to show that ECLAL is an effective technique
for the synthesis of simple POM nanostructures.
ECLAL generally has three advantages, as shown in

Figure 1: (i) it is a chemically “simple and clean”
synthesis because of the simple starting materials, no
catalyst requirement, and reduced byproduct forma-
tion etc; (ii) an ambient environment is used without
extreme temperature and pressure conditions; (iii)
researchers can design nanostructures by combining
interesting solid targets (e.g., metals and semiconduc-
tors, etc.), electrodes, and a mother solution (not only
water but also organic liquids or another reactive
solution that contains interesting ions) in an electro-
chemical reaction associated with LAL for fundamental
research and for potential applications.

RESULTS AND DISCUSSION

Cu3(OH)2(MoO4)2 Nanorod Synthesis. Typical SEM images
of the as-synthesized nanostructures are shown in
Figure 2. Clearly, these nanorods are uniform, and their
average length is about 3 μmwith an average diameter
of about 100 nm. Interestingly, the high-magnification
SEM image indicates that these rod-like nanostructures
have a rough surface and the two tips are not smooth
but have defects, as shown by the detailed feature of
the single nanorod in the inset of Figure 2a. The

corresponding XRD pattern of the sample (Figure 2b)
shows that the fabricated nanostructure is a pure
monoclinic phase of crystalline Cu3(OH)2(MoO4)2. All
of the XRD peaks correspond to that in the XRD JCPDS
Card File No. 862311. Since there are no diffraction
peaks of amorphous molybdenum, copper com-
pounds, or other oxide phase in the XRD pattern, the
synthesized sample is highly pure and crystalline.
Furthermore, TEM data show the detailed crystalline
structure of the Cu3(OH)2(MoO4)2 nanorods, and this is
shown in Figure 2e,f. The interplanar spacing of the
sample was found to be 0.416 nm, which corresponds
well to the d value of the (101) crystallographic planes
of Cu3(OH)2(MoO4)2 with a monoclinic structure. The
corresponding selected area electronic diffraction
(SAED) pattern shows the same result. Additionally,

Figure 1. Schematic illustration of electrochemistry-as-
sisted laser ablation in liquid.

Figure 2. SEM images of the fabricated Cu3(OH)2(MoO4)2
nanorods (a), the corresponding XRD pattern (b), the
corresponding TEM bright-field images (c,d), the high-
resolution TEM (HRTEM) image of the tip of a nanorod (e),
and the corresponding selected area electronic diffraction
(SAED) pattern (f). FTIR spectrum of the sample (g).
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high-resolution TEM (HRTEM) and SAED reveal that the
Cu3(OH)2(MoO4)2 nanorods are elongated along the
[111] direction. Finally, FTIR data provide the chemical
structure of the sample, as shown in Figure 2g, and 10
IR absorption bands at 455, 817, 867, 919, 966, 1085,
1639, 2926, 3345, and 3418 cm�1 were found. Specifi-
cally, the band at 455 cm�1 can be attributed to the
Cu�OH vibration bands of lindgrenite, and the four
bands (two sharp, one broad, and one shoulder)
located between 817 and 966 cm�1 are due to the
symmetric vibration bands of the ν3MoO4

2� (817, 867,
and 919 cm�1) and ν1MoO4

2� (966 cm�1)modes of the
molybdate ion.13,46 The band at 1085 cm�1 is an
antisymmetric absorption peak from the SiO2 sub-
strate, and the bands at 1639 and 2926 cm�1 are
proposed to be the infrared active vibrations of the
H2O that is absorbed on the sample.47,48 The bands at
3345 and 3418 cm�1 both correspond to the sym-
metric and antisymmetric stretching modes of the
O�H bonds in Cu3(OH)2(MoO4)2.

13,46 Therefore, FTIR
data further confirm that the synthesized nanorods are
Cu3(OH)2(MoO4)2.

Magnetic Properties of Cu3(OH)2(MoO4)2 Nanorods. Figure 3
shows the isothermalmagnetization versus the applied
field recorded at 2 K and the temperature dependence
of the dc magnetic susceptibility of the sample. The
field-dependent magnetization curve recorded at 2 K

(Figure 3a) reveals a nonlinear evolution of the fraction
with a saturation value at 20 kOe, which indicates that
the sample has a ferrimagnetic property. Interestingly,
a narrow square shape hysteresis loop was present
with a maximum coercive field around 4192 Oe be-
tween�20 andþ20 kOe. Therefore, these results show
how magnetic moments on the carriers are ordered
in the Cu3(OH)2(MoO4)2 nanorods at very low tempera-
tures.46,49 Additionally, the magnetic susceptibility
measured in an applied field of 100 Oe was carried
out from 300 to 30 K, and the temperature-dependent
curve is shown in Figure 3b. The curve decreases
gradually from 300 to 25 K in a shallow minimum
before a sharp increase. From these data, we can
calculate the two Curie temperature points of the
sample, and these were 13.7 K as shown in Figure 3c
and 12.8 K as shown in Figure 3d. Considering the
measurement error, the average of 13.2 K was taken as
the Curie temperature of the sample.

Cu3Mo2O9 Nanorods Synthesis. Upon annealing the
sample at 500 �C for 5 h, the phase transformation
from lindgrenite to tertiary copper molybdate
(Cu3Mo2O9) was achieved as follows:

Cu3(OH)2(MoO4)2 f Cu3Mo2O9 þH2Ov ð1Þ
Figure 4 shows the morphology and structure of
the Cu3Mo2O9 nanostructures. Compared with the

Figure 3. (a) Isothermal magnetization analysis operated at 2 K, and (b) temperature dependence of the dc magnetic
susceptibility of Cu3(OH)2(MoO4)2 nanorods. (c) Sketch map of methods of linear extrapolation in achieving Curie
temperature (TC) point of the Cu3(OH)2(MoO4)2 nanorods, and (d) illustration of M�T differential coefficient method in
obtaining Curie temperature of the sample.
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Cu3(OH)2(MoO4)2 nanorods, the Cu3Mo2O9 nanorods
are well-defined and more uniform. Additionally, the
average lengths of the Cu3Mo2O9 nanorods are shorter,
and the average diameter is larger than that of the
Cu3(OH)2(MoO4)2 nanorods. The corresponding XRD
pattern of the Cu3Mo2O9 nanorods shows that almost
all of the detected peaks can be indexed to the
pure orthorhombic phase of the Cu3Mo2O9 crystal
(according to XRD JCPDS Card File No. 870455). The
peak at 22.31 �C is supposed to originate from the SiO2

substrate. Furthermore, TEM data reveal the detailed
crystalline structure of the Cu3Mo2O9 nanorods as
shown in Figure 4c,d. The interplanar spacing of the
sample was found to be 0.678 nm, which agrees well
with the d value of the (101) crystallographic planes
from the Cu3Mo2O9 crystal with an orthorhombic
structure. A corresponding fast Fourier transform
(FFT) analysis (inset in Figure 4d) of the lattice structure
was obtained, and a careful measurement of the
indices shows that the lattice fringe directions are the
(101) and (010) planes of Cu3Mo2O9. Moreover, HRTEM
characterization also reveals that the Cu3Mo2O9 nano-
rods are elongated along the [010] direction of the
orthorhombic structure, as shown in Figure 4c.

Finally, the FTIR data reveal that the chemical
structure of the sample is as shown in Figure 4e, and

nine IR absorption bands at 523, 615, 716, 774, 810, 893,
941, 970, and 1106 cm�1 are clearly present. A detailed
comparison of the aforementioned FTIR data of the
Cu3(OH)2(MoO4)2 nanorods is shown in Figure 4e,
which shows obvious differences. First, no absorption
bands are present that correspond to the symmetric
and antisymmetric stretching modes of the O�H peak
and the infrared active vibration bands of the H2O
molecule from 1600 to 3900 cm�1.13,46 This result
indicates that there are no hydroxy components pre-
sent in the prepared sample because of the loss of H2O
during thermal decomposition, as described in eq 1.
Second, on the basis of previous research,50 three new
bands at 523, 716, and 774 cm�1 (which do not appear
in Figure 2g) are shown in Figure 3e, and they are
assigned to the antisymmetric absorption peak and to
the two symmetric vibration bands of the Cu�O
pyramidal structure, which is present in the Cu3Mo2O9

crystal.50 Third, as indicated by Nakamoto, the symmetric
vibration bands of the ν1MoO4

2� (966 cm�1) and
ν3MoO4

2� (817, 867, and 919 cm�1) modes of the
molybdate ion will shift to a new value when symmetry
breaking takes place in the lindgrenite crystal structure.
This behavior can be attributed to thermal dehydration
upon a phase transformation to the Cu3Mo2O9 crystalline
structure.51 Therefore, in our case, the absorption bands
at 810, 893, and 941 cm�1 can undoubtedly be indexed
to the shift modes of the original ν3MoO4

2� vibration
bands, while that at 970 cm�1 can be indexed to a shift
mode of the original ν1MoO4

2� vibration bands of the
Cu3Mo2O9 nanocrystal.51 Additionally, the 615 and
1106 cm�1 vibration peaks can be assigned to the Si
crystal structure and SiO2 components, which all come
from the Si substrate.47,48,52 Therefore, FTIR data further
confirm that the synthesized nanorods are Cu3Mo2O9.

Fabrication Mechanism. Now we discuss the basic
physics and chemistry involved in the synthesis of
the Cu3(OH)2(MoO4)2 nanorods upon ECLAL. Nano-
structure formation upon ECLAL can be divided into
three processes as follows: (i) laser ablation in the liquid
wherein a plasma plume is generated at the interface
between the liquid and solid because of laser ablation
of the solid target,53,54 which contains many Mo ions
and other species under high temperature, high den-
sity, and high pressure conditions. The deionizedwater
around the plasma plume is ionized to the Hþ, OH�,
and O2� species,55,56 and these active species can
combine with the active Mo species in the plasma
plume to form a molybdenum oxide species (MoO3 or
even MoO4

2� ions). (ii) An electrochemical reaction,
wherein the copper anode is electrolyzed at a suitable
voltage causing the Cu2þ ions to easily dissolve into the
liquid environment, takes place as follows:

Cuþ 2H2O f Cu(OH)2 þH2 (2)

At the same time, the deionized water around the
electrode can also be electrolyzed into H and O ions

Figure 4. SEM image of the Cu3Mo2O9 nanorods (a), the
corresponding XRD pattern (b), TEM bright-field image of
the sample (c), and the corresponding HRTEM image (d).
The clear-cut crystal lattice and a corresponding fast Fourier
transform (FFT) analysis are shown in the inset of (d).
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under the applied electric field conditions, while the
active O will surround the plasma and take part in the
reaction. (iii) For the nanostructure fabrication, the
electric field effect causes the Cu2þ ions to show electro-
phoresis behavior in solution, and this results in the Cu
species (Cu2þ ions or Cu(OH)2) moving into the plasma
plume and reactingwith the highly activeMo-containing
species (e.g., MoO3 or MoO4

2�).57 Furthermore, the in-
cident laser pulses affect the highly active Mo-containing
species and causes them to combine with the Cu
clusters.58 Considering the complexity of this reaction,
we give a typical equation for this reaction:

2MoO3 þ 3Cu(OH)2 f Cu3(OH)2(MoO4)2 þ 2H2O (3)

As a result of high-temperature plasma region induction,
the reaction above is very effective.59 Moreover, in this
pathway, the adjacent reactant species combine by
sharing a common crystallographic orientation and
growth into a morphology that reduces the overall sur-
face energy.60�62 Additionally, the growth of Cu3(OH)2-
(MoO4)2 nanorods upon ECLAL is due to oriented
attachment with the assistance of the electric field; that
is, the stick-like shape of the Cu3(OH)2(MoO4)2 nanos-
tructures originates from the interaction between laser
ablation and the electrochemical reaction. A schematic
illustration of the fabrication mechanism of the nanos-
tructures upon ECLAL is shown in Figure 5.

As stated above, the generality of the proposed
strategy for the fabrication of these polyoxometalate
nanostructures is that this novel technique allows
researchers to choose and design interesting solid
targets and use an electrochemical approach toward
the fabrication of nanostructures of polyoxometalate
compounds for the purpose of fundamental research
and potential applications. Therefore, this synthesis of
Cu3Mo2O9 nanorods demonstrates our approach. We
provide new experiments below to further confirm the
conclusions from this work.

From ECLAL, we obtain Cu3V2O8 if we replace
molybdenum with vanadium during the ECLAL

synthesis. In our ECLAL synthesis, the molybdenum
target was replaced by a vanadium target (99.97%
purity). Interestingly, we successfully synthesized cop-
per vanadate nanostructures, as shown in Figure 6. As
shown in Figure 6a, a typical SEM image of the sample
indicates that the synthesized nanostructures are flow-
er-like and their average diameter is about 700 nm. This
morphology is similar to that reported recently for
copper vanadate micro- and nanocrystals synthesized
by a hydrothermal technique.63 The corresponding
XRD pattern of the sample was measured as shown
in Figure 6b. Upon careful analysis, we found that two
phases of the copper vanadate crystal exist in the
fabricated nanostructure. The major phase was identi-
fied as crystalline Cu3V2O8 with a monoclinic structure,
while the main diffraction peaks (indexed as a) corre-
spond with XRD JCPDS Card File No. 260567. The other
diffraction peaks are assigned to the monoclinic struc-
ture of the Cu1.82V4O11 crystal (indexed as b), which can
be indexed to XRD JCPDS Card File No. 260567. Further-
more, the TEM data in Figure 6c,d show the detailed
crystalline structure of the sample. The bright-field TEM
imageof the synthesized nanostructure shows that these
nanoflowers consist of many sheet-like nanofittings, and
the corresponding SAED pattern (shown in the inset) can
be indexed exactly to the (100), (110), and (010) planes of
the Cu3V2O8 crystal. Conversely, the HRTEM analysis in
Figure 6d shows that the interplanar spacing of the
sample was 0.334 nm, which corresponds well to the d

value of the (021) crystallographic planes of crystalline
Cu3V2O8 with a monoclinic structure.

Therefore, all of the experimental data discussed
above confirm that we could choose and design
interesting solid targets and use an electrochemical

Figure 5. Schematic illustration of fabrication mechanism
of nanostructures upon electrochemistry-assisted laser
ablation in liquid.

Figure 6. SEM image of the CuVO7 nanoflowers (a), the
corresponding XRD pattern (b), TEM bright-field image
of the sample (c), and a corresponding SAED analysis is
shown in the inset of (c). HRTEM image of one tip of the
nanoflower (d).
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approach to fabricate nanostructures of simple POM
compounds.

CONCLUSIONS

In summary, we propose a general strategy for the
fabrication of specific and simple POM nanostructures
by electrochemically assisted laser ablation in liquid.
This technique is a simple, green, and catalyst-free
approach under an ambient environment. Apart from
these merits, this novel approach allows researchers to
choose and design interesting solid targets and to use
electrochemistry to fabricate nanostructures of POM
compounds for the purpose of fundamental research

and potential applications. Using the synthesis of
Cu3Mo2O9 nanorods as an example, we showed the
validity of the proposed strategy. For the fabrication of
Cu3Mo2O9 nanostructures, we chosemolybdenum as a
solid target for the laser ablation in liquid, and we used
copper electrodes for the electrochemical reaction in
ECLAL. As a result, we successfully fabricated Cu3(OH)2-
(MoO4)2 nanorods with magnetic properties. Interest-
ingly, well-defined Cu3Mo2O9 nanorods were obtained
in a facile manner by annealing the Cu3(OH)2(MoO4)2
products at 500 �C. The basic physics and chemistry
involved in the ECLAL fabrication of the nanostructures
are discussed.

METHODS
For the fabrication of the Cu3Mo2O9 nanostructure in the

ECLAL synthesis, we chose molybdenum (99.95% purity) as a
solid target, copper (99.99% purity) electrodes, and deionized
water as the solvent. The Mo target was initially attached to the
bottom of a rectangular quartz chamber. Deionized water was
then poured slowly into the chamber until the target was
covered with 10 mm. Then, two Cu electrodes were placed
between the two sides of the chamber. The distance between
the two electrodes was 50 mm. A steady electric field with an
adjusted voltage of 20 V was produced by a direct current
voltage power source. The second harmonic laser was pro-
duced by a Q-switched Nd:YAG laser device with a wavelength
of 532 nm, a repeating frequency of 5 Hz, a pulse width of 10 ns,
and a pulse energy of 100mJ/pulse. Finally, the pulsed laser was
focused onto the surface of theMo target. During laser ablation,
the target and liquid environment were both maintained at
room temperature. After the whole interaction, which lasted for
60 min, the mother solution was evaporated and collected on
silicon substrates for further measurements. Scanning electron
microscopy (SEM), X-ray diffraction analysis (XRD), transmission
electron microscopy (TEM), and Fourier transform infrared
spectroscopy (FTIR) were used to identify the morphology,
composition, and structure of the synthesized samples and a
QuantumDesignMPMS-XL7 SQUIDmagnetometer was used to
measure the magnetic susceptibility of the samples upon cool-
ing from 300 to 2 K in a 0.010 T applied field.
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