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a  b  s  t  r  a  c  t

Molybdenum  oxide  (MoO3)  with  two different  crystal  structures  (hexagonal  and  orthorhombic)  was
successfully  synthesized  by an  effective  and  environmental  friendly  hydrothermal  method.  The  phase
confirmation  and  structural  properties  of the  sample  was  elucidated  by  X-ray  diffraction  (XRD)  method.
The reaction  temperature  has  great  impact  on  the  crystal  structure,  size,  shape  and  chemical  compo-
sition  of  the  samples.  Vibration  behavior  of  chemical  bonds  was  characterized  by  Fourier  transform
infrared  spectroscopy  (FT-IR)  and  the  observed  peaks  confirm  the  formation  of MoO3.  Scanning  electron
microscopy  (SEM)  observation  shows  that  an increase  in  reaction  temperature,  the shape  was  drastically
changed  from  one  dimensional  (1D)  to two  dimensional  (2D)  layered  structures.  Energy  dispersive  X-ray
analysis  (EDX)  reveals  that the as-prepared  samples  are  in non-stoichiometric  composition  and  their
hase transformation
–M function

composition  varies  with  reaction  temperature.  The  thermal  study  was  acquired  by thermo  gravimetric
analysis  and  it demonstrates  the  process  of  dehydration  and  deammonization,  observed  below  260 ◦C
and phase  transformation  from  hexagonal  to highly  stable  orthorhombic  phase  at  400–450 ◦C. Addition-
ally,  the  optical  absorption  properties  were  measured  using  diffuse  reflectance  spectroscopy  (DRS)  and
the band  gap  energy,  estimated  from  Kubelka–Munk  function  (K–M)  was  found  to be in the  range  of
3.01–3.24  eV.
. Introduction

Many physical properties of nanostructured materials depend
trongly on their size, shape and crystal structure. Thus, the mod-
rn chemistry and material science have been highly focused on the
evelopment of precise architectural manipulation of nanocrys-
als with well defined crystal structure and tunable size [1]. The
roduction of nanostructures with phase controlled procedure is
till a challenge for material scientists and there is a great interest
n developing new methods to adopt phase controlled synthesis.
ecently, molybdenum oxide and its compounds have been focused
ue to their unusual physical and chemical properties in the
anoscale regime. Their unique structural and optical properties
re being a promising material for various industrial applications
uch as catalysis, sensors, photo-chromic, electro-chromic devices,
isplay materials and battery systems [2–6]. A variety of techniques
ave been developed to control the structure and morphology
f MoO3 material like sputtering, thermal evaporation, template
ynthesis, chemical synthesis and hydrothermal method [7–13].

ompared to the above mentioned methods, the hydrothermal
ethod is the solution phase route, has been proven to be an effec-
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tive and convenient process to fabricate new meta-stable structures
with controlled size and dimension.

In this paper, we  established a general strategy for the synthesis
of MoO3 with meta-stable (hexagonal) and stable (orthorhombic)
crystal structures using hydrothermal method. The reaction tem-
perature is varied and their effect on the crystal structure, shape and
size are investigated. Synthesized samples are studied by XRD, TGA,
FTIR and SEM to know the structural, functional and morphology of
the resultant products. Further, Kubelka–Muck function is carried
out to study the stoichiometric effects on the optical properties.

2. Experimental

2.1. Preparation

In a typical procedure for the preparation of MoO3 nanoparticles, 0.2 M ammo-
nium molybdate was  added to 10 ml  of distilled water. After vigorous stirring for
15  min, 5 ml  of concentrate HNO3 was introduced into the solution. The mixer
solution was transferred into a teflon-lined stainless steel autoclave, sealed and
maintained at different temperatures (T = 90, 150 and 210 ◦C) for 12 h. The obtained
precipitates were separated by centrifugation, washed with ethanol and distilled
water in sequence, and finally dried in vacuum at 70 ◦C for 12 h.

2.2. Characterization
XRD measurements were performed using Ultima III Rigaku X-ray diffractome-
ter at a scanning rate of 0.2◦/min in the range of 5–80◦ with Cu K�1 radiation
(1.5406 Å). FT-IR measurements were carried out by Perkin Elmer, Spectrum RX1
spectrometer using KBr pellet technique. SEM micrographs and EDX analysis were
obtained using SEM (S4800 Hitachi). The thermal behavior was analyzed using EXS-

dx.doi.org/10.1016/j.jallcom.2011.05.067
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:acbose@nitt.edu
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AR6200 thermal analyzer at a heating rate of 10 ◦C/min from room temperature
o 550 ◦C. The weight loss, mass differential and thermal differential were observed
rom thermo gravimetric (TG), differential thermo gravimetric analysis (DTG) and
ifferential thermal analysis (DTA). The optical properties were studied using DRS
nd were recorded using a computer controlled T90+ UV/Vis spectrophotometer. A
aSO4 plate was used as a reference (100% reflectance), on which a fine ground pow-
er  of the sample were pressed. The spectra were recorded at room temperature in
he  wavelength range of 230–800 nm with the speed of 1 nm/s.

. Results and discussion

.1. Crystal structure analysis

The XRD pattern of the samples synthesized for different reac-
ion temperatures (T = 90, 150 and 210 ◦C) are displayed in Fig. 1.
t is clearly observed that the MoO3 crystal has different phase
s a function of hydrothermal reaction temperature. At 90 ◦C, it
avors the formation of pure hexagonal MoO3 (JCPDS – 21-0569)
Fig. 1a), whereas at 150 ◦C, the product comprises of hexagonal and
rthorhombic phases (Fig. 1b). It is well noticed that there is a phase
hange transformation from hexagonal to more stable orthorhom-
ic MoO3 phase as the reaction temperature increases. Further

ncrease in reaction temperature to 210 ◦C (Fig. 1c), a complete
hase change from hexagonal to orthorhombic is observed. The
btained pattern is well matched with standard data file (JCPDS –
5-0569). It states that an increase in reaction temperature changes
he pressure inside the reactor that provides sufficient surface free
nergy and internal energy to the growing nuclei. This energy dif-
erence prompt new crystal structures in the final product [14,15].
n Fig. 1c, the diffraction peaks along (0 b 0) has stronger intensity
ompared to the standard JCPDS data, indicating the orientation of
articles along the b-axis and thus, resulting in anisotropic growth
16]. In addition, the increase in intensity indicates an improvement
n the crystallinity of the product under hydrothermal condition.
he crystallite size of the as-synthesized samples are calculated
sing the Debye–Scherrer equation [17]

hkl = K�

ˇhkl cos �hkl
(1)

here Dhkl is the crystallite size (nm), K is shape factor (0.9),
 is the wavelength of Cu K�1 radiation (1.5406 Å), ˇhkl is the

ull width at the half maximum (FWHM) intensity which is ini-
ially eliminated from the instrumental broadening using silicon
s standard reference and �hkl is the Bragg’s diffraction angle. The
tructural parameters including crystal phase, crystallite size and
attice parameters are tabulated in Table 1. From Table 1, one can
bserve that the growth of the MoO3 particle is highly accelerated
ith the increase in reaction temperature and thus, enhances the

rystallite size. The calculated lattice parameters values are com-
aratively lower than standard JCPDS data and can be attributed
o the changes in size, shape, and non-stoichiometry [18] of the
ample which is supported from following results. From Fig. 1d, a
ignificant peak shift towards higher angle (2�) value is observed
t 25.7◦ implying a decreased lattice parameter. This deviation is a
irect indication of compressive strain present in the MoO3 mate-
ial and thus the lattice parameter values are comparatively lower
han the standard JCPDS value.

.2. Functional group analysis

The functional groups present in the as-synthesized materials
re identified by FT-IR analysis. Fig. 2 shows the vibrational spec-
ra of MoO3 in the spectral range of wavenumber 400–4000 cm−1.

ig. 2a and b is the FT-IR spectra of MoO3 samples prepared
t T = 90 ◦C and 150 ◦C respectively. The peaks at 3550 cm−1 and
618 cm−1 correspond to the stretching and bending vibration
f hydrogen bonded –OH group water molecules, respectively.

Fig. 1. (a–c) XRD pattern of MoO3 synthesized at (a) 90 ◦C, (b) 120 ◦C and (c) 210 ◦C.
(d)  Peak shift variation in pure and mixed phase MoO3 synthesized at different
temperatures.
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Table  1
Structural and optical properties of MoO3 nanoparticles.

Reaction
temperature

Crystalline phase Crystallite
size (nm)

Lattice parameters O/Mo atomic
ratio

band gap
(Eg) (eV)

a (Å) b (Å) c (Å)

90 ◦C Hexagonal (h)-MoO3 49 nm 10.47 (10.53a) 10.47 (10.53a) 14.918 (14.876a) 3.85 3.01
150 ◦C Mixed phase (h/˛)-MoO3 60 nm 10.54/ 3.7874 

210 ◦C Orthorhombic (˛)-MoO3 82 nm 3.78 (3.962a) 

a Bulk value.

S
s
o
[

Fig. 2. (a–c) FT-IR vibrational spectra of MoO3.

−1 −1
imilarly, the peaks at 3186 cm and 1400 cm are due to
tretching and bending vibration of N–H of NH4

+ groups. The
bservations are well consistent with the previous reported data
19,20].  It is well noticed in Fig. 2c (T = 210 ◦C) that there is no

Fig. 3. (a–c) SEM images of MoO3 synthesize
10.54 /13.80 14.90/3.2521 3.10 3.24
13.776 (13.85a) 3.25 (3.697a) 2.22 3.15

trace of –OH or N–H related absorption peaks. This is due to the
absence of surface ligands in sample synthesized at higher reac-
tion temperature [21]. The samples show absorption peaks in the
region of 1000–400 cm−1 corresponding to stretching and bend-
ing vibrations of metal–oxygen characteristic bonds. In Fig. 2a, the
vibrational peaks confirm the sample is single phase hexagonal
(h)-MoO3. The observed small intensity followed by high intensity
peak at 978 cm−1 and 916 cm−1 are the characteristic of �s(Mo=O)
stretching vibrations of hexagonal phase. The absorption peaks
between 500 and 600 cm−1 correspond to the vibration of Mo–O
bond [22]. Fig. 2b gives similar spectral band as h-MoO3 and a small
peak appears at 998 cm−1, indicating the presence of secondary
phase. Fig. 2c is FT-IR spectrum for orthorhombic (�)-MoO3, shows
sharp and broad peak in the region 1000–900 cm−1 attributed to
stretching vibration of molybenyl bond �s(M=O). Another broad
vibration band at 555 cm−1 is due to interaction of oxygen atom
with three metal atoms �(O–3Mo) [23]. From the above results, in
Fig. 2b, the peak observed at 998 cm−1 is due to the existence of
orthorhombic phase with hexagonal phase.

3.3. Micro-structure and elemental analysis
Fig. 3a–c is SEM micrographs, revealing the surface morphol-
ogy and shape of the resultant products synthesized at various
hydrothermal reaction temperatures. Sample synthesized at low

d at (a) 90 ◦C, (b) 120 ◦C and (c) 210 ◦C.
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450 ◦C (figure not included). The sample synthesized at T = 210 ◦C
(Figs. 5c and 6c), predicts no such decomposition process or phase
transformation on heating. Thus, it confirms the absence of coordi-
Fig. 4. (a–c) EDX analysis of MoO3 syn

eaction temperature (Fig. 3a), exhibit hexagonal rods with diam-
ter of 300 nm and length of several micrometers. When the
eaction temperature increases to 150 ◦C (Fig. 3b) the particle
rowth is stimulated and thus particles are highly agglomerated.
hen T = 210 ◦C (Fig. 3c) there is a morphology change from hexag-

nal rods to layered structure. Thus, hexagonal rods formed at
ow temperature apparently grow in size and transformed to
ayered structure at higher hydrothermal reaction temperature.
his anisotropic growth under hydrothermal reaction condition is
ue to several factors including the intrinsic structure features of
pecific faces, precursors, the foreign energy activation, and the
utogenous pressure [14]. This favors preferable 1D rod and layered
tructure in the MoO3 material. The elemental composition is ana-
yzed using EDX results and the atomic ratio (O/Mo) is tabulated in
able 1. From Fig. 4a–c, it confirms that the samples are composed
f only Mo  and O, no trace of secondary impurities is observed.
nterestingly, it is noted that the atomic percentage of oxygen
ecreases as increase in hydrothermal reaction temperature. Thus,

t promotes MoO3 with stoichiometric and non-stoichiometric
ompositions resulting in excess of oxygen and oxygen vacancies
n the sample.

.4. Thermal properties

The phase change in the as-synthesized pure and mixed phase
oO3 material have been investigated using TG/DTG and DTA

nalysis by heating the samples up to 550 ◦C. Fig. 5a and b rep-
esents the TG/DTG curves for sample synthesized at T = 90 ◦C and

 = 150 ◦C, respectively. The first weight loss up to 130 ◦C is due

o the complete desorption of water molecules that are physi-
ally adsorbed on the surface. The second weight loss (at 230 ◦C)
an be attributed to an elimination of ammonia (NH3) from the
oO3 sample [24]. Broad hump below 260 ◦C in DTA curve (Fig. 6a
ed by different reaction temperatures.

and b) representing the dehydration and deammonization process.
After dehydration and deammonization process, sudden weight
loss in TG and rise of sharp exothermic peak in DTA in the range
of 400–420 ◦C is due to liberation of coordinated water and ammo-
nia molecules from the internal structure of solid sample which
promotes phase change of MoO3 from hexagonal to orthorhom-
bic structure [25,26]. Above 450 ◦C, no change in TG/DTA curve is
observed revealing that the thermodynamically stable �-MoO3 is
attained. The powder subjected to TGA measurements are given for
XRD and confirms the stable orthorhombic structure formed above
Fig. 5. (a–c) TG/DTG graph of MoO3 prepared at (a) 90 ◦C, (b) 120 ◦C and (c) 210 ◦C.
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Table  2
Weight loss and temperature range from TG and DTA measurements.

TG analysis Hydrothermal reaction temperature

T = 90 ◦C T = 150 ◦C T = 210 ◦C

Temperature range (◦C) Weight loss (%) Temperature range (◦C) Weight loss (%) Temperature range (◦C) Weight loss (%)

Dehydration 75–190 2.52 75–190 1.71 –
Deammonization 190–265 1.02 190–260 

Phase  change 350–450 1.55 350–450 

Total  weight loss (%) 7.3% 6.3%

Fig. 6. (a–c) DTA curve of as-synthesized MoO3.

F
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ig. 7. (a–c) Diffuse reflectance spectra of as-synthesized MoO3 and the inset is band
ap energy of MoO3.

ated water and ammonium ions and exhibits highly stable phase.
he observed results well agreed with XRD results. The weight loss

 and temperature range for dehydration, deammonization and
hase transformation are summarized in Table 2.

.5. Diffuse reflectance spectra
The optical absorption properties of the as-prepared MoO3
aterials are characterized by DRS measurement. Fig. 7a–c shows

he reflectance spectra of sample synthesized at various reaction
0.78 –
1.6 –

1.8%

temperatures. The maximum reflectance of 95% is observed in the
range of 800–450 nm due to weak absorption by the material.
Below 450 nm,  a fall in reflectance can be assigned to the fun-
damental absorption by the material which gives direct band to
band (valance band to conduction band) transition [27]. The optical
absorption co-efficient is evaluated using K–M function [28]

F(R∞) = (1 − R∞)2

2R∞
= K(�)

s(�)
(2)

where F(R∞) is the K–M function or re-emission function, R∞ is
the diffuse reflectance of an infinitely thick sample, K(�) is the
absorption coefficient, s(�) is the scattering coefficient. For direct
band gap transitions, the optical band gap value Eg is calculated
using the relation [29] (F(R∞)h�) = A(h� − Eg)1/2, where A is con-
stant, h� is the photon energy and Eg is the optical band gap.
The Eg is determined by extrapolating the linear portion of the
plot between (F(R∞)h�)2 and (h�) shown as an inset in Fig. 7. The
band gap values are estimated and summarized in Table 1. From
Table 1, the band gap value of MoO3 synthesized at 150 ◦C shows
higher band gap value (3.24 eV) and the samples synthesized at
90 ◦C and 210 ◦C gives low Eg values. Based on the XRD and EDX
results, it is proposed that the pure hexagonal and orthorhombic
phase contains grain boundary defects (interstitial oxygen or oxy-
gen vacancy) which lead to non-stoichiometric behavior [19,30].
The MoO3 synthesized at 150 ◦C is in mixed phase which consists
of different crystallographic features. Further, the reflectance inten-
sity decreased for sample synthesized at 210 ◦C is attributed to
crystallite size effect on the scattering phenomenon. The increased
crystallite size significantly decreases the scattering co-efficient
and there by, reduce the reflectance intensity in the spectrum
[28].

4. Conclusions

In conclusion, hydrothermal method is used to synthesize MoO3
with two  different phases (hexagonal and orthorhombic). The
significant outcome of the study is the achievement of phase con-
trolled MoO3 through hydrothermal synthesis as a function of
reaction temperature. The presence of metal–oxygen vibrational
band is identified and located in the region of 1000–400 cm−1. The
morphology change from 1D hexagonal rod to layered structure
is investigated and is found to be strongly dependent on reaction
temperature. The phase transition from meta-stable hexagonal to
stable orthorhombic �-MoO3 phase is observed at 430 ◦C. The opti-
cal band gap is calculated based on K–M function and is in the range
of 3.01–3.24 eV.
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