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Fishbone-like PbMoO4 nanostructures are successfully obtained via the surfactant-assisted hydrothermal
method at 160 ◦C. Polyethylene glycol (PEG2000) is used as the template agent. The nanostructures are
characterized via X-ray diffraction, field-emission scanning electron microscopy, Fourier transform infrared
spectroscopy, ultraviolet-visible light (UV-Vis) spectroscopy, and photoluminescence (PL) measurements.
The PbMoO4 morphology is highly associated with the molecular nature of PEG2000. PbMoO4 nanopar-
ticles obtained from PEG2000 have a fishbone-shaped, scheelite-type tetragonal structure, in which nu-
merous secondary branches vertically grow on both sides of the main stem. The structures exhibit broad
PL emission bands with the maximum at 306 and 390 nm when excited at 250 nm. In addition, the UV-Vis
absorption edge of the structures is in the 280 to 310 nm region, and the band gap is 4.07 eV. A plausible
formation mechanism for the fishbone-like PbMoO4 nanostructures is also discussed.
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The scheelite -type family of molybdates and tungstates
has been extensively investigated to obtain new func-
tionalities and behaviors associated with a broad range
of properties[1−3]. Lead molybdate (PbMoO4) belongs
to this family and is a promising material for industrial
applications such as acoustic-optical deflectors, modula-
tors, ion conductors, and low-temperature scintillators
in nuclear instruments[4−7].

In the past decades, PbMoO4 crystals were prepared
mainly via the solid-state reaction and Czochralski crys-
tal growth, which usually require complex experimental
procedures, sophisticated equipment, and harsh synthe-
sis conditions[8,9]. Recently, the controlled synthesis of
molybdate crystallites with desirable shapes, sizes, and
crystal structures have become of considerable interest
because of its wide range of technological applications[10].
Several wet-chemical solution methods such as microwave
irradiation have been developed. However, some of
these methods have verified serious problems, including
polydispersed particle size distribution and uncontrolled
morphology[11−13]. Thus, the controllable synthesis of
PbMoO4 crystals with homogenous and well-defined
morphologies via facile routes remains a significant chal-
lenge.

Complex nanostructures have unique optical and elec-
tronic properties because of their morphologies and spa-
tial organization[14,15]. In this study, a novel, fishbone-
like PbMoO4 nanostructure was synthesized via a sim-
ple polyethylene glycol (Mw 2000) (PEG2000)-induced
hydrothermal approach. PEG2000 is often used as a
template in nano- and microcrystal fabrication. These
distinct fishbone-like PbMoO4 nanoproducts have po-
tential applications in the fabrication of electronic and
optoelectronic nanodevices.

For the hydrothermal reaction, the reagents were of
analytical grade and used as received. In a typical syn-
thesis, 11.124-g PbCl2 and 9.678-g Na2MoO4·2H2O were

separately dissolved in 40-mL hot water and transferred
into two separate 100-mL flasks. Water was then added
to the graduation mark to obtain 0.4 mol/L solutions.
Afterward, 3 mL of the as-prepared PbCl2 solution,
0.2-g PEG2000, and 30-mL water were successively
added into a 50-mL flask under vigorous stirring. An
equimolar Na2MoO4 solution was then added into the
mixture, which was subsequently ultrasonically treated
for 30 min (frequency, 40 kHz). The resulting white so-
lution was transferred into a 50-mL Teflon-lined stainless
steel autoclave. The sealed tank was heated to 160 ◦C
and maintained at this temperature for 4 h without shak-
ing or stirring. The solution was then collected and nat-
urally cooled to room temperature. The resulting white
precipitate was washed three times with distilled water
and absolute alcohol to remove the reactant residues and
then preserved in absolute alcohol for further character-
ization.

The crystalline phase was identified via X-ray
diffraction (XRD) using a Rigaku D/max2550
diffractometer with Cu-Kα radiation (λ = 0.15418 nm).
The sample morphology was observed under an FEI
Quanta 200F field-emission scanning electron micro-
scope (SEM). The Fourier transform infrared (FTIR)
spectra of KBr powder-pressed pellets were recorded
with a Nicolet NEXUS870 FTIR spectrometer (USA).
Photoluminescence (PL) and UV-visible light (UV-Vis)
spectra were obtained using a Perkin-Elmer lumines-
cence spectrophotometer (LS-55, USA) and an Agilent
8453 UV- Vis spectrophotometer, respectively.

The as-synthesized product was first analyzed via
SEM. The corresponding low- and high-magnification
SEM images are shown in Fig. 1. The low-magnification
image of the product (Fig. 1(a)) shows an interesting
fishbone-like morphology, with no trace of any other
morphology. The high-magnification SEM images (Figs.
1(b) and 1(c)) verify this morphology. Figure 1(c) shows
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Fig. 1. SEM images of fishbone-like PbMoO4 nanostructures
at (a) low-, (b) medium-, and (c) high-magnifications. (d)
Typical broken fishbone nanostructure.

that the main spine is several micrometers long. Both
sides of this spine are covered with several uniformly dis-
tributed secondary branches (length: ∼400 nm; widths:
40 to 80 nm). This unique, fishbone-like PbMoO4 nanos-
tructures are considerably different from the previously
reported nanoplates[14], indicating that PEG2000 is vital
to PbMoO4 shape control. Most of the large prod-
ucts consist of small pieces such as those shown in Fig.
1(d). These products may have developed at a later
stage of the hydrothermal process as a result of vigor-
ous movement and impingement of the fishbone under a
high-temperature and high-pressure environment, which
in turn led to the formation of a large amount of broken
fishbone.

PbMoO4 crystals exhibit a (I41/a) space group, which
belongs to a tetragonal structure that consists of tetrahe-
dral [MoO4] clusters and deltahedral [PbO8] clusters[16].
XRD was used to analyze the phase structure of the as-
grown product; the results are shown in Fig. 2. All the
diffraction peaks in the XRD pattern can be identified
to the scheelite-type tetragonal PbMoO4 structure. This
result is in agreement with that of the standard JCPDS
card No. 44-1486 [space group I41/a][17], with lattice
parameters of a = b = 0.5433 nm, c = 1.202 nm, and α
= β = γ = 90◦. No impurities were detected. The sharp
XRD peaks imply high sample crystallinity. These re-
sults indicate the successful fabrication of the phase-pure
PbMoO4 tetragonal structure via the proposed process.

Based on the broadening behavior of the XRD peaks,
the widths of the secondary branches were estimated
using the Scherrer equation, D = 0.941λ/βcosθ, where
D is the average grain size, λ is the X-ray wavelength
(0.154 05 nm), and θ and β are the diffraction angle and
full-width at half-maximum (FWHM, in radian) of an
observed peak, respectively[18]. The diffraction peak at
2θ = 26.9761◦, which is associated with the (112) crys-
tallographic plane, was used to calculate the widths of
the secondary branches. The calculated average values
were approximately 38.5 nm, which is in high agreement
with the obtained SEM results.

PbMoO4 crystals have 26 distinct vibration modes sim-
ilar to those of CaWO4. These vibration modes can be
classified into external and internal modes, which origi-

nate from the lattice phonon (or motion) of [PbO8] and
[MoO4] clusters, respectively[19]. An isolated [MoO4]
cluster has a Td cubic symmetry, and its vibrations con-
sist of four internal modes, specified as ν1(A1), ν2(E1),
ν3(F2), and ν4(F2), which correspond to the stretching
(ν1 and ν3) and bending (ν2 and ν4) modes, respectively.
When these modes exist in the scheelite structure, the
size symmetry is reduced to S4

[20,21]. In vibrational
infrared modes, only eight stretching and/or bending
IR-active vibrational modes are included.

Figure 3 shows the FTIR spectrum of the fishbone-like
PbMoO4 nanostructures. The PbMoO4 crystals exhibit
an intense absorption band at 780 cm−1, which are as-
cribed to the ν3 antisymmetric stretching vibrations of
the Mo-O bond in the [MoO4] clusters. On the other
hand, the ν4(F2) modes at around 475 cm−1 are at-
tributed to the bending vibrations within the [MoO4]
clusters[22,23]. The weak ν1 mode at ∼920 cm−1 is at-
tributed to the symmetric vibration of the [MoO4] clus-
ter, which is originally IR inactive, thereby confirming
the symmetry lowering of [MoO4] tetrahedrons in the
PbMoO4 crystal lattice. Meanwhile, the IR peaks at
975 and 670 cm−1 are attributed to the Mo-O and Pb-
O stretching modes, respectively. As previously stated,
the FTIR spectrum indicates the existence of a well-
crystallized PbMoO4. The absence of a bandshift or
of peaks that correspond to substructures in the FTIR
spectrum indicates that the grown crystals possess FTIR
absorption characteristics that are identical to those of
PbMoO4.

After the formation of a two-armed structure, the main
framework of the fishbone-like crystal is built. The crys-
tal is believed to result from PEG-induced growth effects.
The plausible formation mechanism is shown in Fig. 4.

Fig. 2. XRD pattern of the fishbone-like PbMoO4 nanostruc-
tures.

Fig. 3. FTIR spectrum of fishbone-like PbMoO4 nanostruc-
tures.
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The PbMoO4 nanocrystals in the PEG medium exhibit
an “oriented attachment” and is significantly different
from the previously reported plate-like products, which
were driven only by their own crystal nature[24,25]. Ori-
ented aggregation is considered an important crystal
growth mechanism in both aqueous and nonaqueous
solutions[26]. Bonding between the particles reduces the
overall energy by removing the surface energy associated
with unsatisfied bonds.

The growth of the PbMoO4 fishbone through the ori-
ented attachment of nanoparticles is preferentially along
specified crystallographic directions. The exact rea-
son for this unique structure is unclear. However, the
PEG2000 surfactant may be a key element in this pro-
cess, as indicated by the absence of dendrites when the
reaction is performed without PEG2000[24]. Thus, the
adherence of PEG2000 molecules to the crystal planes of
the PbMoO4 nanoparticles may be occurring at an early
crystal growth stage, which can result in the inhibition
of further nanoparticle growth.

Given the exponential relationship of the crystal
growth rates and the corresponding crystal face ener-
gies, the crystals preferentially grow along the direction
of the crystal face with the maximum energy and ex-
hibit the rod-like stem structures. In this case, the PEG
molecules are absorbed on the crystal face with the higher
negative-charge density (high-index). Thus, the desorp-
tion of PEG2000 molecules from specific planes become
more difficult as a result of violent thermal disturbance,
which results in the exposure of low-index surfaces and
leads to an increase in the total energy of the system. To
conform to the principle of minimum energy, PbMoO4

secondary nanorods gradually grow on two sides of the
stem along the stem direction and eventually form the
fishbone structures.

Figure 5 shows the room-temperature PL emission
spectrum of the fishbone-like PbMoO4 nanostructures.
When excited at 250 nm, the as-prepared PbMoO4

nanopowders exhibit PL emissions in a broad wavelength
range. The maxima are at 4.05 eV (306 nm) and 3.18 eV
(390 nm), which are blueshifted compared with literature
results[27]. Given that the nature of the optical transi-
tions of PbMoO4 remain unclear, these two PL emission
bands may have originated from Pb3+ and O− hole cen-
ters based on previous reflectivity measurements as well
as on current knowledge of their electronic structures.
The top level of the valence band of the lowest unoccu-
pied states consists of 4d Mo states that are split into
two sets of bands with e (primarily Mo 4d) and t (pri-
marily O 2p) symmetries. Thus, the PL emission bands
correspond to the electron transitions from the valence
O 2p states to the Mo 4d states, which have different
symmetries[28].

Fig. 4. Schematic growth diagram of the fishbone-like
PbMoO4 nanostructures.

Fig. 5. PL spectrum of the fishbone-like PbMoO4 nanostruc-
tures.

Fig. 6. UV-Vis absorption spectrum of the fishbone-like
PbMoO4 nanostructures.

The UV-Vis absorption spectrum of the fishbone-like
PbMoO4 nanostructures is shown in Fig. 6. The absorp-
tion of PbMoO4 exhibits a noticeable blueshift compared
with that of the bulk sample. This blueshift can be at-
tributed to nanosize effects[29]. Moreover, the absorption
edge is in the 280 to 310 nm region. This absorption is
attributed to a charge-transfer transition, in which an
oxygen 2p electron transfers to one of the empty Mo 5d
orbital. The excitation from O2p to Mo5d in the [MoO4]
group results in the absorption of ultraviolet radiation
by PbMoO4. In the excited state of the [MoO4] group,
the hole (on the O) and the electron (on the Mo) remain
paired during excitation because of their strong interac-
tion.

The band gap of a material is related to the absorbance
and photon energy. The direct-transition band gap of
crystalline tetragonal PbMoO4 can be calculated by
extrapolating the linear portion of the plot of (αhν)2

against the photon energy (hν) to 0. The obtained re-
sult is shown in Fig. 7 and listed in Table 1. The table
also shows the Egap values for PbMoO4 formed via other

methods[30,31].
The estimated Egap value obtained in this study (4.07

eV) is a slightly higher than previously reported data.
Egap is associated with the presence of intermediary
energy levels within the band gap, which depend on
the degree of structural order-disorder in the lattice[28].
Thus, the increase in structural organization leads to
a reduction in these intermediary energy levels, which
results in an increase in the Egap value. The previously

reported Egap value (4.7 eV)[26] is the largest and is at-
tributed to the presence of Mn3+ ions in PbMoO4. This
Egap leads to an increase in the energy levels within the
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Fig. 7. Plot of (αhν)2 against the photon energy (hν) of the
fishbone-like PbMoO4 nanostructures.

Table 1. Comparative Egap Values of the PbMoO4

Obtained in This Work and Those Previously
Synthesized in Literature via Different Synthesis

Methods

Method
Temperature Time Egap

(◦C) (min) (eV)

Chemical 900 1 800 2.94
Conventional Hydrothermal 120 10 3.19

Czocharalski 1 000 1 440 3.58
Linear-Augmented-Plane-Wave – – 3.62
Hydrothermal-Sonochemical 160 160 3.95

Numerically Discrete Variational – – 4.7
This Work 160 240 4.07

forbidden band region.
In conclusion, a PEG2000 surfactant-assisted hy-

drothermal method is used to prepare fishbone-like
PbMoO4 nanostructures, in which numerous secondary
branches vertically grow on both sides of the main stem.
The results show that the molecular nature of PEG2000
significantly affects the PbMoO4 nanoparticle morpholo-
gies and sizes, particularly when compared with the prod-
ucts obtained in aqueous media. The XRD and FTIR re-
sults both indicate that the particles exhibit a scheelite-
type tetragonal structure. The UV-Vis absorption edge
of the PbMoO4 nanofishbones is in the 280 to 310 nm
region, and the band gap is 4.07 eV. When excited at
250 nm, the particles exhibit broad PL emission bands
with the maxima at 306 and 390 nm. PbMoO4 nanocrys-
tals in PEG medium orientedly grow and form rod-like
stem, which leads to an increase of total energy of the sys-
tem. To meet the princle of minimum energy, PbMoO4

secondary nanorods grow gradually on two sides of the
stem, and thus yield final fishbones.
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