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(VO)0.09V0.18Mo0.82O3·0.54H2O microrods have been synthesized for the first time via a hydrothermal
treatment of aqueous peroxomolybdic acid and vanadyl sulfate. The compound crystallizes in hexagonal rods
with space group P63, and lattice constants a=10.586 Å, and c=3.698 Å. The single crystalline rods exhibit
diameters of 1–2 μm and lengths up to 45 μm. A variety of techniques, including X-ray diffraction, scanning
electron microscopy, high-resolution transmission electron microscope, Fourier-transform infrared spectros-
copy, differential scanning calorimetry and static magnetometry were used to characterize the product.
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1. Introduction

Molybdenum compounds have received considerable attention
because of their applicability in catalytic and electrochemical
processes. Molybdenum trioxide exists in several polymorphic
forms, e.g., stable α-MoO3 as well as metastable β- and hexagonal
h-phases [1–3]. Metastable structures can demonstrate novel and
unusual properties as compared to their thermodynamically stable
phases [4]. A series of vanadium-stabilized hexagonal MoO3 com-
pounds with the general formula MxVxMo1−xO3·nH2O (M=Li, Na, K,
Rb, Cs, and NH4) has been prepared by a soft chemistry method [5–9].
The structure of these materials exhibits zigzag chains of edge-
coupled octahedra which leads to the formation of one-dimensional
channels parallel to the c-axis [10]. Monovalent cations occupy the
large tunnel sites stabilizing the hexagonal structure. Dupont L. et al.
[8,11] studied phase transformations between metastable hexagonal
and stable orthorhombic MoO3 structures in HxVxMo1−xO3·0.3H2O
(0.06≤x≤0.18) compounds.

In this paper, we report about hydrothermally synthesized
hexagonal (VO)0.09V0.18Mo0.82O3·0.54H2O rods stabilized by (VO)2+

divalent cations in the channels. The material has been characterized
by a combination of SEM, TEM, XRD, and thermal analysis methods as
well as magnetic measurements.
2. Experimental

The starting chemicals were reagent grade molybdenum powder
(99.9% metal), reagent grade 30% hydrogen peroxide, and vanadyl
sulfate VOSO4·nH2O (19.9% V) from Sigma-Aldrich. A typical synthesis
procedure was carried out as follows: 0.5 g of molybdenum powder
was dissolved in 10 ml hydrogen peroxide at 5–10 °C. The peroxide
solutionwas subsequentlymixedwith an aqueous solution containing
0.56 g vanadyl sulfate hydrate (molar ratio Mo6+:V4+=1:0.5) under
stirring to homogeneity for 1 h. The mixture was transferred into a
stainless steel autoclave with PTFE cup (23 ml capacity) and then
constantly kept at 160 °C for 5 days. After being air-cooled to room
temperature the precipitate was collected, washed with water, and
vacuum-dried at 60 °C. The molybdenum and vanadium contents
were determined using mass spectroscopy (Spectromass 2000). The
vanadium(IV) concentration was obtained by volume titration with
KMnO4. The phase analysis was performed by X-ray diffraction
(DRON-2, Cu Kα radiation, λ=1.5418 Å). The final refinement of
the structural parameters was done by a full-profile analysis using
the FULLPROF-2006 software. The morphology of the powders was
determined on a FEI Tecnai F30 high-resolution transmission elec-
tron microscope (HRTEM) and a Nano-SEM (FEI) scanning electron
microscope (SEM). Fourier-transform infrared spectra were
recorded on a Perkin-Elmer Fourier-transform spectrometer with a
resolution of 0.5 cm−1. Differential scanning calorimetry (DSC) was
carried out using a DTA 409 PC/PG thermoanalyzer (Netzsch).
Magnetization measurements have been performed using a SQUID
magnetometer (Quantum Design MPMS XL5). The applied field was
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μ0H=1 Tesla and the data were obtained in the temperature range
from 2 to 320 K.
3. Result and discussion

Fig. 1 shows the X-ray diffraction analysis of the resulting product.
All diffraction peaks can be indexedwithin the space group P63/m. The
X-ray pattern looks like that of hexagonal MoO3 (JCPDS 21-0569). The
lattice parameters are a=10.586 Å, c=3.698 Å, and V=358.87 Å3.
The Bragg R-factor equals 1.84, the Rf-factor=2.96. No peaks of any
other phase are detected which indicates the purity of the final
product. The VO2+ implantation into the structure results in the
increase of the a parameter compared to the hexagonal MoO3 phase
while the c parameter is rather unaffected. Similar data about the
cation introducing influence on the a and c parameters were reported
earlier [7]. This behavior can be explained by the fact that cations in
the tunnels have neighbors along the a- and b-axis, but not along the
c-axis. Note, that the strong diffraction peaks corresponding to (h00)
reflections imply an oriented anisotropic growth of the rods in the
[001] direction.

The size and shape of the resulting crystals were examined by SEM
and HRTEM (Figs. 2 and 3). Our data do not exhibit any indication of
an impurity phase, i.e. within the error bars of the SEM, EDX, and XRD
data the rods are phase pure. The as-prepared material shows a
unique rod-like morphology, with a hexagonal cross section of these
rods. The diameter of the rods amounts to 1–2 μm and the length is up
to 45 μm(Fig. 2). The HRTEM image of an individual rod (Fig. 3) shows
that it is constituted with layered structure plates. The lattice fringes
correspond to a d-spacing of 0.92 nmwhich is in good agreementwith
the d100-spacing value from the XRD patterns of the hexagonal phase.
The edges of the rods are smooth. In summary, all results demonstrate
that individual rods with high crystallinity have been produced. The
EDX analysis (Fig. 2c) only finds the elements Mo, V and O but no
traces of any impurities in the final product. According to the
analytical data, the general formula of the new vanadyl-stabilized
hexagonal MoO3 phase is (VO)0.09V0.18Mo0.82O3·0.54H2O.

Fig. 3a depicts the FTIR spectrumof the (VO)0.09V0.18Mo0.82O3·0.54-
H2O sample. The FTIR spectra show three peaks at 555, 921, 980 cm−1,
and one shoulder at 715 cm−1, respectively. The sharp bands at 980 and
921 cm−1 are attributed to the stretchingvibrationof theMo=Odouble
bond. This signal was also found in the orthorhombic MoO3 phase
pointing to the terminal oxygen bonds in the framework [12]. The
Fig. 1. Experimental (solid line), calculated (circles) and difference (bottom) plot for
(VO)0.09V0.18Mo0.82O3·0.54H2O rods. Vertical lines show reflection positions (Cu-Kα1

and Cu-Kα2 radiation). The inset shows XRD diffractogram of the sample after
annealing at 500 °C.

Fig. 2. (a) Typical SEM and (b) TEM images, and (c) EDX pattern for (VO)0.09V0.18-

Mo0.82O3·0.54H2O rods.
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Fig. 3. (a) IR spectrum, (b) DSC and TG scans of (VO)0.09V0.18Mo0.82O3·nH2O rod
powders (8.6 mg).
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signals at 712 and 555 cm−1 are related to stretching and bending
vibrationswith differentMo–O bond lengths [13,14]. The broad band at
3350 cm−1 is assigned to –OH stretching vibrations from water. The
δ(H2O) deformation vibrations give an asymmetric band centered at
1615 cm−1. This band is ascribed to the adsorbed water in the sample.

Data of the thermal and gravimetric analysis (DSC and TG) of the
(VO)0.09V0.18Mo0.82O3·0.54H2O sample are shown in Fig. 3b. Accord-
Fig. 4. Static susceptibility =M/H of the (VO)0.09V0.18Mo0.82O3·0.54H2O rods vs.
temperature in an external magnetic field of μ0H=1 T (circles). The solid line indicates
the Curie–Weiss law which has been fitted to the data (see the text).
ing to the TG curve, the integrated loss is as high as 6.4%; the weight of
the sample decreases continuously up to 361 °C. The broad endo-
thermic effect visible in the DSC data demonstrates the dehydration
process during heating. According to the XRD data product of the
dehydration the h-MoO3 structure is retained. Then the DSC signal
exhibits a strong exothermic peak at 469 °C. This exothermic effect
associated with a phase transition of the MoO3 polymorphs [6–8,11].
Examination of the final product by XRD showed that the annealing
induces the bulk decomposition. During annealing the hexagonal
metastable (VO)0.09V0.18Mo0.82O3·0.54H2O compound transforms
into the thermodynamically stable orthorhombic modification of the
α-MoO3 phase and the complex oxide V2MoO8 (see the inset in Fig. 1).
According to XRD data this process is proved to be irreversible. The
decomposition temperature of the (VO)0.09V0.18Mo0.82O3·0.54H2O
rods indicates that the vanadyl ions have a stabilizing effect in
comparison with metallic cations or ammonium in the hexagonal
tunnels of MoO3 [6–8].

Measurements of the static magnetic susceptibility χ=M/B vs.
temperature are displayed in Fig. 4. According to the linear temperature
dependence of the inverse susceptibility χ−1(T), the sample exhibits
paramagnetic behavior in thewhole temperature range. The data can be
described in terms of the Curie–Weiss law χ(T)=C/(T+θ), with the
Curie–Weiss temperature θ and the Curie-constant C=NApeff

2 μB2/(3kBT).
Here, NA is Avogadro's number, peff the effective magnetic moment, μB
the Bohr magneton, and kB the Boltzman constant. While C allows to
determine the effective magnetic moment, i.e. peff2 =g2·S(S+1) with
the g-factor g the spin S, θ is a measure of the dominating magnetic
interactions in the material. The fit shown in Fig. 6 yields the magnetic
moment peff=0.5 μB and θ=−1 K. The latter result implies negligible
magnetic interactions between the paramagnetic moments. The small
value of peff is consistentwith ~10% of paramagnetic ionswith S=1/2 in
the material, which agrees with 9% V4+-ions (S=1/2) present
in the vanadyl groups. Note, that the small value of peff clearly shows
that most of the ions are non-paramagnetic, i.e. the susceptibility
data confirm Mo6+ and V5+ (both exhibiting S=0) in the tunnel
structure. Unlike other nanomaterials with mixed-valent V-ions such
as VOx-nanotubes, where the magnetic exchange can be very strong
[15], the particular position of the magnetic V-sites inside the tunnel
structure of (VO)0.09V0.18Mo0.82O3·0.54H2O hinders significant mag-
netic exchange interactions as shown by the small value of θ.

In conclusion, we have presented a route to hydrothermally
synthesize (VO)0.09V0.18Mo0.82O3 ·0.54H2O using metallic Mo,
VOSO4·nH2O, and H2O2 as the starting materials. The product adopts
the hexagonal h-MoO3 type structure with a rod-like morphology. It
was found that the hexagonal MoO3 structure can be stabilized at a
higher temperature by the presence of VO2+ cations in the cavity of the
framework. Thematerial displays aparamagnetic responseof essentially
isolated spins presumably originating from the V4+-ions in the vanadyl
groups embedded in the tunnel structure. The observed paramagnetic
moment confirms the expected number of magnetic V4+-ions embed-
ded in a matrix containing only non-magnetic Mo6+ and V5+ ions.
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