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Hierarchical core/shell PbWO4/WO3 microcrystals were subjected to convergent electron beam irradiation in
a 300 kV transmission electron microscope, and W18O49 nanowires can be rapidly produced within 5 s
irradiation. It was found that the produced W18O49 nanowires are single crystals with monoclinic structure.
The lengths of these nanowires rapidly increase with the electron beam irradiation time and decrease with the
increase of distance between source microcrystal and the formed nanowires. Our method is a quite simple
and efficient way for the rapid synthesis of single-crystalline W18O49 nanowires and may be extended to
synthesize other metal oxide nanowires with judicious choice of source materials.

1. Introduction

One-dimensional (1-D) metal oxide nanowires, such as ZnO,
In2O3, SnO2, WO3-x, and MgO, etc., have attracted a lot of
recent attention because of their unique properties for applica-
tions ranging from nanoelectronic devices, nanolasers, and solar
cells to chemical and biosensors.1-16 Among them, nanostruc-
tured tungsten oxide (WO3) and its sub-oxides (WO3-x, x g 0)
are of particular interest due to their promising physical and
chemical properties and their broad range of applications, such
as in gas sensors, photocatalysts, electrochromic devices, field-
emission devices, and solar-energy devices.17-20 In particular,
due to its unusual defect structure and promising properties in
nanoscale regime, 1-D monoclinic W18O49 nanostructures have
attracted much attention in recent years.19-30 For example,
single-crystal W18O49 nanowires have an turn-on field of 9.5
V/µm and can be used as potential field emitters.27 W18O49 has
sheet superconductivity which is closely related to its substruc-
tures and defects. Single-crystal W18O49 nanotips show good
mechanical properties and can be laser welded and used as a
point electron source.29 Attracted by their important potential
applications, much effort has been made to synthesize 1-D
W18O49 nanostructures including nanowires, nanotubes, and
nanobelts.19-31 In most cases, 1-D W18O49 nanostructures were
synthesized from high-temperature vapor or vapor-solid meth-
ods. For example, W18O49 microtrees consisting of numerous
nanowires can be synthesized by heating a W foil at 1600°C.19

Nanoneedles of W18O49 can be obtained by reaction between
W and water at 800-1000 °C.25 Single-crystalline W18O49

nanowires were also synthesized by thermally evaporating WO3

powders or thermally annealing W2N films.27,28 Low-temper-
ature wet chemical methods were also developed recently to
synthesize W18O49 nanowires. Monodispersed W18O49 nanorods
with dimensional control in the quantum confinement regime
were synthesized by hydrothermal reaction for 2-24 h.31 W18O49

nanowires with a high aspect ratio were synthesized under
hydrothermal conditions in the presence of surfactants.24 Both
high-temperature vapor methods and low-temperature solution

methods obviously have their own advantages and disadvantages
from different viewpoints. It is still challenging to develop a
new synthetic method to synthesize W18O49 nanowires in a rapid
and efficient way.

In this paper, we developed a rapid method for the synthesis
of single-crystalline W18O49 nanowires by subjecting hierarchical
core/shell PbWO4/WO3 microcrystals to convergent electron
beam irradiation in a 300 kV transmission electron microscope.
Using this method, single-crystalline W18O49 nanowires directly
grown on the TEM grid not only can be synthesized within
several seconds but also promise further single-nanowire
properties measurements directly like field emission properties.

2. Experimental Section

Synthesis of Hierarchical Core/Shell PbWO4/WO3 Mi-
crocrystals. Single-crystal W18O49 nanowires grown on TEM
grid were synthesized from hierarchical core/shell PbWO4/WO3

microcrystals, which were synthesized from a wet chemical
method.32 Briefly, PbWO4 rod/dendrite-like crystals were first
synthesized from the hydrothermal method using equivalent
amounts of Pb(AC)2 and Na2WO4 powders at 160°C for 10 h.
Then they were immersed in 4 M HNO3 solution for 24 h. After
being dried in air, the powders were subsequently calcined at
500 °C for 2 h.

Synthesis of W18O49 Nanowires. To get single-crystalline
W18O49 nanowires, the hierarchical core/shell PbWO4/WO3

microcrystals were ultrasonically dispersed in ethanol and
transferred to a carbon-coated TEM copper grid. Then the grid
was inserted into a field emission JEM-3000F high-resolution
transmission electron microscopy. In-situ irradiation nanowires-
growth experiments were carried out with electron probes with
a 5-100 nm diameter. A 300 keV accelerating voltage was
applied through all experiments.

Characterization. The structures and compositions of the
obtained products were characterized using a field emission
JEM-3000F high-resolution transmission electron microscopy
equipped with X-ray dispersive energy spectrometer and an
Akashi 002B transmission electron microscope.

3. Results and Discussion

Figure 1a shows the SEM image of the hierarchical core/
shell PbWO4/WO3 microcrystal precursors, which consist of
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numerous microrods and dendrites. The lengths of these
precursor crystals range from 1 to about 10µm. Interestingly,
the high-magnification SEM image shown in Figure 1b reveals
that all of them are not with smooth surfaces but have a rough
hierarchical surface. In other words, the surfaces of these
precursors are composed of many tiny nanoplatelets standing
perpendicular to the surfaces. Typical nanoplatelets are of
uniform thickness of tens of nanometers. Characterization by
X-ray diffraction (XRD) reveals that the as-synthesized precur-
sors consist of two typical phases, the monoclinic WO3 and
tetragonal PbWO4, confirming formation of hierarchical core/
shell PbWO4/WO3 microcrystal precursors. The core/shell
structures were well verified from a SEM image of a broken
crystal as depicted in Figure 1c. X-ray energy-dispersive spectra
(EDS) taken from this crystal reveal that the inner part is PbWO4

while the outer shells are WO3, also confirming formation of
hierarchical core/shell PbWO4/WO3 microcrystal precursors. A
TEM image of a core/shell PbWO4/WO34 microrod is shown
in Figure 1d. The clear contrast variation between the core and
the shell provides more evidence for the core/shell structures.

These hierarchical core/shell PbWO4/WO3 microrods/den-
drites are sensitive to an electron beam (EB) under TEM
observations. Figure 2a and b shows TEM images of a core/
shell PbWO4/WO3 microrod after irradiated under EB for 10
and 30 s, respectively. From these images two phenomena are
clearly observed. One is that the core/shell structure is a little
damaged with the increase of irradiation time. Another is that
nanowires are continuously produced around the precursor after
irradiation. The length and density of the produced nanowires
gradually increase as indicated by arrows in these images. The
observations indicate that these core/shell microcrystals can be
used as efficient precursors for the synthesis of nanowires.

Figure 3a-c shows typical TEM images with different
magnifications of the nanowires after EB irradiated for 30 s. It
is obvious that nanowires are produced efficiently on the TEM
grid. All nanowires have uniform diameters of about 10 nm
and lengths of about 100 nm with smooth surfaces. The EDS

spectrum of the nanowires shown in Figure 3d shows that they
are composed of W and O with an approximate atomic ratio
close to WO2.72, indicating that these nanowires are W18O49

nanowires. In this spectrum, the signals of Cu come from the
TEM grid.

Detailed structural analysis of the products was further carried
out using high-resolution TEM (HRTEM). Figure 4a and b
shows HRTEM images taken from two W18O49 nanowires.
Shown in Figure 4c and d is the fast Fourier transform (FFT)
pattern and selected area electron diffraction (SAED) pattern
taken from the nanowires. Both show obvious streaking around
diffraction spots, revealing the existence of stacking faults
formed in the direction normal to the [010] direction. Such
planar defects are commonly observed in many kinds of 1-D
nanostructures, such as SiC nanowires, WO3 nanowires, etc.33-36

A lattice-resolved HRTEM image of the W18O49 nanowire is
shown in Figure 4e. The clearly observed spacing of the lattice
fringes was about 0.38 and 0.37 nm, corresponding to the [010]
and [103] planes of a monoclinic W18O49, respectively. This
result is in good agreement with the FFT and SAED results.
All of the above discussions indicate that single-crystalline
monoclinic W18O49 nanowires are synthesized in the present
work with preferred growth direction along the [010] orientation.

Figure 1. (a) Low-magnification SEM image of the hierarchical core/
shell WO3/PbWO4 microcrystals. (b) High-magnification SEM image
taken from a WO3/PbWO4 microcrystal, indicating the hierarchical
structure. (c) SEM image of a broken microcrystal clearly showing
core/shell structure. (d) TEM image of a core/shell WO3/PbWO4

microcrystal.

Figure 2. TEM images of a core/shell WO3/PbWO4 microcrystal after
electron beam irradiation for different times: (a) 10 and (b) 30 s. Scale
bars are 500 nm.

Figure 3. (a-c) TEM images with different magnifications of the
produced W18O49 nanowires. (d) Nanobeam EDX spectrum taken from
a single W18O49 nanowire.
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It is well known that during TEM observations when a high-
energy electron passes through a specimen its energy may
partially be transferred to the target and enhance the movement
of atoms. If the electron beam intensity goes above the threshold,
damage to the target is usually caused.37 The beam damage is
generally dominated by direct displacement of atoms from a
specimen, namely, knock-on displacement. This damage can
occur within a very short time of around 10 ps to produce atomic
defects. In the present work, when high-energy EB passed
through hierarchical core/shell PbWO4/WO3 microcrystals, the
core PbWO4 species decompose and generate W18O49 instead
of WO3 due to the lack of enough oxygen in high-vacuum
microscopy. In the experiments the wrapped WO3 shell is quite
stable, and they prevent the abrupt consuming of inner PbWO4

species, thus resulting in slow release of newly generated
W18O49, which deposited on the copper grid to form W18O49 as
seeds for further nanowire growth. If irradiated for enough time,
1-D W18O49 nanowires are obtained. In fact, if only PbWO4

microcrystals were used as the precursors instead of the core/
shell PbWO4/WO3 microcrystals, only W18O49 particles with
large size distributions are obtained instead of nanowires.
Whereas if only WO3 shells were used in the experiments, no
W18O49 species were generated since they are relatively stable
to an electron beam.

We found that the length and density of the produced W18O49

nanowires gradually increased with the increase of EB irradia-
tion time. Figure 5 shows TEM images of W18O49 nanowires
produced after EB irradiated for 5, 15, 30, and 50 s. It can be

seen that small W18O49 nanowires can be produced within 5 s,
which have lengths of about 20 nm (Figure 5a). When irradiated
for 15 s, most of the lengths of the produced W18O49 nanowires
increased to about 35 nm (Figure 5b). With a further increase
of EB irradiation, the lengths of the produced nanowires further
increased from 35 nm after 15 s irradiation (Figure 5b) and 80
nm after 30 s irradiation (Figure 5c) to several hundred
nanometers after 50 s irradiation (Figure 5d). It is expected that
the diameters of W18O49 nanowires will gradually increase until
all the precursors are exhausted. Figure 5e shows some HRTEM
images of the synthesized W18O49 nanowires with different
lengths collected after electron beam irradiation time. It can be
seen that all the nanowires are of single-crystalline nature and
with the preferred growth direction along the [010] orientation.

Besides EB irradiation time, the distance between the
precursor and the target W18O49 nanowires also influences the
lengths of the formed W18O49 nanowires. It is known that, under
electron beam irradiation, if the irradiated precursor is viewed
as the point source, the source flux will decrease with the
increase of the distance between the source and the target
position. Figure 6summarizes the relationship between the
lengths of W18O49 nanowires and the distance between the
precursor and the target W18O49 nanowires after being EB
irradiated for 50 s. The plot shows that W18O49 nanowires have
average lengths decreasing from ca. 250, 160, 70, 45, and 25
to 10 nm with the increase of distances from 0.2, 0.5, 1.0, 1.5,
2.0, and 2.5µm to 3.0µm, clearly verifying that the lengths of
W18O49 nanowires continuously decrease with the increase of
deposition distance.

4. Conclusion

We report the rapid synthesis of W18O49 nanowires. Subject-
ing hierarchical core/shell PbWO4/WO3 microcrystal precursors
to convergent electron beam irradiation in a 300 kV transmission
electron microscope, W18O49 nanowires can be rapidly produced
within 5 s irradiation. Both EB irradiation time and distance
between the precursor and the produced nanowires have an
influence on the lengths of the final W18O49 nanowires. The
present method not only provides a simple and rapid method
for the efficient synthesis of single-crystalline W18O49 nanowires
but also makes it possible to directly manipulate a single such
synthesized W18O49 nanowire precisely and measure the proper-
ties of a single W18O49 nanowire, such as field emission
properties, mechanical properties, etc.
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Figure 4. (a, b) Lattice-resolved HRTEM images of two W18O49

nanowires. (c) FFT pattern and (d) SAED pattern of the W18O49

nanowires. (e) Higher magnification HRTEM image clearly showing
the lattice distance of about 0.38 and 0.37 nm corresponding to the
(010) and (103) planes of monoclinic W18O49.

Figure 5. (a-d) TEM images of the produced W18O49 nanowires after
different EB irradiations. (e) HRTEM images of W18O49 nanowires with
different lengths.

Figure 6. WO3 nanowires length versus distance between source
microcrystal and the formed W18O49 nanowires.
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