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Abstract

We describe a simple route to mesoporous rod-like nanocrystalline of hybrid organic–inorganic based vanadium oxide through the
hydrothermal method using V2O5 as vanadium source and 2-phenylethylamine as reducing and structure-directing agent. Techniques X-ray
diffraction (XRD), scanning electron microscope (SEM), thermal analysis (TG-DTA), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, UV–visible spectroscopy and nitrogen adsorption/desorption isotherms (BET)
have been used to characterize the structure, morphology and the texture of the samples. The nanorods are up to several hundred nanometers in
length, the width and the thickness are 280–300 and 60 nm, respectively. The molar ratio plays a key role on the structure and the morphology of
the materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Vanadium oxides have been extensively studied for their
interesting physicochemical properties such as electrochemical
performance [1–3]; a high capacity for lithium insertion makes it
attractive to be used as cathodes in high-capacity batteries [4–8];
as well as in the field of catalysis [9,10]. The wide range of
oxidation state and coordination polyhedra in the system
vanadium/oxygen and the use of soft chemical process, in
particular the mild hydrothermal method (120–250 1C) allows
the synthesis of large amounts of vanadium oxide with open
structure intercalated simple cation metal or organic molecules.
Recently, several studies have been reported on the hydrother-
mal synthesis of hybrids organic-vanadium oxides materials
using linear diamines molecules [11–16] ammonium cations
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.07.039

g author at: Tunis El Manar University, Chemistry
ences Faculty of Tunis, El Manar 2092, Tunisia.
6641; fax: +216 71337323.
sses: faouzi.sediri@ipeit.rnu.tn,
com (F. Sediri).
[17–22] or alkyloviologen [23]. The organic molecules are
sandwiched between the inorganic frameworks, where this latter
has a lamellar structure formed by vanadium oxide layers with
negative charge. The negative charges are then balanced by
cations present in the interlayer space. More, pH plays a critical
role in the formation of structure layers and the coordination of
vanadium centers. Indeed, the vanadium may exhibit both V4+

and V5+ oxidation states and the layers are currently built from
[VO5] square pyramids and [VO4] tetrahedral, at a pH close to 7
[24].
Furthermore, the physicochemical properties of solid state

materials mainly depend on their size, structure and mor-
phology [25]. Subsequently, nanostructured materials have
attracted considerable attention due to their remarkable physi-
cochemical properties, which differs considerably to dense
materials, thereafter their use in great potential applications
[26–28]. Among them, one-dimensional (1D) nanostructure
vanadium oxides, such as nanotubes, nanowires, nanobelts and
nanorods, have been extensively studied the past few years
[25,29–33].
ghts reserved.
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Fig. 1. Powder X-ray diffraction patterns of the resulting products synthesized at different molar ratio V2O5:2-phenylethylamine (a) 1:1, (b) 0.5:1 and (c) 2:1.
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This paper deals with the synthesis of rod-like hybrid
organic–inorganic nanocrystalline based vanadium oxide by
hydrothermal reaction of V2O5 as a vanadium source and
2-phenylethylamine which acts as structure-directing, size and
morphology-controlling agent. The impact of the molar ratio
on the particles size and the morphology has been investigated.
Although many methods have been developed to elaborate
hybrid organic-inorganic nanocrystalline based vanadium
oxide, to the best of our knowledge, this is the first report of
hybrid organic–inorganic nanomaterial based vanadium oxide
synthesis using V2O5 and 2-phenylethylamine as a structure-
directing template.
2. Experimental section

2.1. Characterization techniques

X-ray powder diffraction data (XRD) were obtained on a
X'Pert Pro Panalytical diffractometer with CuKα radiation
(λ=1.5418 Å) and graphite monochromator. The XRD mea-
surements were carried out by applying a step scanning
method (2θ range from 31 to 59.981), the scanning rate is
0.017 s�1 and the step time is 12 s. Scanning electron micro-
scopy (SEM) studies were recorded on a Cambridge Instru-
ments Stereoscan 120 at an accelerating voltage of 10 kV.
Fourier-transform infrared spectra (FTIR) were recorded from
4000 to 400 cm�1 on a Nicolet 380 spectrometer in pellets of
samples dispersed in KBr. Raman spectroscopy was performed
using a Jobin Yvon T 64000 spectrometer (blue laser excita-
tion with 488 nm wavelength and o55 mW power at the
sample). Thermogravimetric analyses were carried out under
an oxygen flux of 5 cm3 min�1 at a heating rate of 10 1C
min�1 between room temperature and 600 1C, using a Netsch
STA 409 thermogravimetric analyzer. X-ray photoelectron
spectroscopy (XPS) experiments were performed using
a Shimadzu ESCALAB, at room temperature. The optical
parameters of sample were calculated from the optical absor-
bance data recorded in the wavelength range from 200 to
800 nm using a UV–visible spectrophotometer Shimadzu-
3101PC.

2.2. Hydrothermal synthesis

All of the chemical reagents were analytical grade. They
were purchased from Acros Organics and used without further
purification.
The detailed process for the synthesis was as follows. In a

typical synthesis, the preparation was made from a mixture of
V2O5, 2-phenylethylamine and distilled water (5 mL) at
different molar ratio of V2O5 to 2-phenylethylamine. Reactants
were introduced in this order and stirred a few hours before
introducing the resulting mixture in a Teflon-lined steel
autoclave and the temperature set at 180 1C for 2 days under
autogenous pressure. The pH of the reaction mixture remains
close to pH≈10. The resulting black powder was washed with
water and acetone to remove the residues of 2-pheny-
lethylamine and then dried at 80 1C for 6 h. The black color
of the powder suggests that some V5+ ions have been reduced
to V4+ by the decomposition of the organic compound [34].
Comparative experiments were carried out to investigate the
influence of the molar ratio of V2O5 to 2-phenylethylamine on
the crystallinity, morphology and texture of the materials.

3. Results and discussion

3.1. X-ray diffraction

The crystallinity of the resulting samples synthesized at
180 1C for different molar ratio of V2O5 to 2-phenylethylamine
(a) 0.5:1, (b) 1:1 and (c) 2:1, were studied by X-ray powder
diffraction (XRD), as shown in Fig. 1. It is obvious that the
crystalline phases for vanadium oxide nanocrystals are dis-
criminatory at different molar ratios. Indeed, when the molar
ratio R¼0.5:1 (Fig. 1a), the patterns predominantly consist of
a series of peaks with high intensity corresponding to the
stacking of the layers along a direction perpendicular to the
substrate which have d-spacings of the type d001/l, where l is



Fig. 2. SEM micrographs of the resulting products synthesized at different molar ratio V2O5:2-phenylethylamine (a) 0.5:1, (b) 1:1 and (c and d) 2:1.
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an integer, and that is a strong indication of the occurrence of
lamellar structure [16,35]. The 00l series provided the distance
between the vanadium oxide layers (e.g. d00l=1.287 nm).
However, when the molar ratio R=1:1, it was possible to
distinguish an additional 00l′ series of reflections whose basal
distance was close to 1.445 nm. This second series may be
assigned to another lamellar stacking. In fact, the X-ray
diffraction pattern displayed the formation of a lamellar
compound with a stacking defect. This behavior can be
attributed to two different orientations of organic molecules
between the vanadium oxide layers, where their presence has
been confirmed by infrared spectroscopy. Besides, when the
molar ratio R=2:1, the XRD patterns shown in Fig. 1c
indicates that the d-spacing values of all diffraction peaks are
characteristic of well-ordered lamellar compound. The 00l′
series provided the distance between the vanadium oxide
layers (e.g. d00l¼1.445 nm).

Vanadium oxides with mixed valency, containing V5+ as
well as V4+ cations, were usually obtained by hydrothermal
processing of precursor and reductive organic molecules [36].
In the present study, during the hydrothermal synthetic process
from the V2O5, the 2-phenylethylamine served as a template as
well as a reducing agent. The products were in black color after
the hydrothermal process, which indicates V5+ cations partially
reduced to V4+ cations. The 2-phenylethylamine played a
critical role in the formation of the lamellar hybrid materials
based vanadium oxide during the hydrothermal process.
The average crystallite size of the as-synthesized materials
was calculated by using Scherrer's formula:

L¼ 0:89λ
β cos θ

where L is the average crystallite size, λ¼0.15418 nm, β is the
half maximum peak width and θ is the diffraction angle in
degrees [37]. The average crystallite size values, calculated
from XRD patterns of the samples synthesized with the molar
ratio 0.5:1, 1:1 and 2:1, have been found to be, about 119, 111
and 95 nm, respectively.

3.2. Scanning electron microscopy

The morphology evolution of the samples was carried out
with respect to different molar ratio of V2O5 to
2-phenylethylamine. Indeed, the morphology of synthesized
samples was studied by using the scanning electron micro-
scopy (SEM). It was found that the molar ratio plays a critical
role in the morphology and leads to the different morphologies
of samples as shown in SEM micrographs (Fig. 2). Indeed,
when the molar ratio R¼0.5:1, the SEM image of the material
reveals the layered morphology with stratified structure
(Fig. 2a). However, when the molar ratio R¼1:1 was used,
the synthesized sample had a nearly only square platelets as
thick as 1 μm, as shown in Fig. 2b. With increasing the molar
ratio to 2:1, the micrographs show a change in the morphology



Fig. 3. Thermal analysis of the hybrid organic–inorganic nanorods.

Fig. 4. IR spectra of the resulting materials synthesized at different molar ratio
V2O5:2-phenylethylamine (a) 1:1 and (b) 2:1.

L. Soltane, F. Sediri / Ceramics International 40 (2014) 1531–15381534
of the sample. Indeed, the SEM images shown in Fig. 2c–d
indicates that with a V2O5:2-phenylethylamine ratio of 2:1 the
material consists of a homogenous phase of uniform nanorods.
Dimensions of these nanorods found from SEM images are
about 60 nm in thickness, 280–300 nm in width, and several
micrometers in length. As reported in the literature, organic
molecules were found to play an important role in the
controlling the morphologies [38,39]. In view of these results,
we can conclude that 2-phenylethylamine plays important role
on the types of structure and the morphology of the product.

3.3. Thermal analysis

The thermal stability of the as-synthesized hybrid organic–
inorganic nanorods was studied by carrying out TG and DTA
analysis (Fig. 3). Thermogravimetric analyses show that the
sample contains almost no water. A large weight loss is observed
between 260 and 400 1C corresponding to the combustion of
organic molecules (26% in weight). It is associated with three
exothermic peaks in DTA. The remaining 74% in weight
corresponds to vanadium oxide. A slight increase in weight
corresponding to an exothermic DTA peak occurs around 400 1C.
It could be assigned to the oxidation of V4+ into V5+ leading to
the formation of the yellow crystalline V2O5 [JCPDS 89-2482].

3.4. Infrared spectroscopy

The Fourier Transform Infrared (FT-IR) spectra of post
hydrothermal treated samples of V2O5:2-phenylethylamine¼
1:1 and 2:1 are shown in Fig. 3. For V2O5:2-phenylethy-
lamine¼1:1, the infrared spectrum of the material (Fig. 4a)
exhibits the bands at 2966, 2931, 2851 and 1511 cm�1, which
could be assigned to the stretching and bending modes of the
different C–H vibrations in the 2-phenylethylamine [40].
The band around 3195 cm�1 corresponds to the stretching
vibrations of N–H bonds in the NH3

+ group [41]. The broad
band at 3436 cm�1 corresponds to the OH groups coordinated
to the vanadium, whereas the bending vibrations of water
molecules become visible as a narrow band at 1609 cm�1,
which might indicate that a certain amount of water molecules
is embedded between the layers [42]. The bands vibrations of
different V–O vibrator are observed below 1100 cm�1.
Indeed, the bands at 984 cm�1 and 923 cm�1 correspond to
the symmetric stretching vibration of the νs (V5+¼O) and νs
(V4+¼O) bonds, respectively [42]. The bands at 522, 702 and
780 cm�1 can be assigned to the V–O–V symmetric and
asymmetric stretching vibration, respectively [43]. The FTIR
results show intercalation reaction of 2-phenylethylamine and
V2O5 [44]. However, for V2O5:2-phenylethylamine¼2:1, the
infrared spectrum of the nanorods (Fig. 3b) reveals the
disappearance of the related water molecules bonds which
has been confirmed by thermogravimetric analysis. Further-
more, the infrared spectrum confirms that the product contains
organic molecules. Indeed, the Fig. 4b reveals adsorptions
bands at 3195, 3045, 2894 and 1518 cm�1, which could be
assigned to the stretching and bending modes of the different
[�NH3]

+ and C–H vibrations in 2-phenylethylamine cation,
respectively. All the vibration modes occurring below
1100 cm�1 can be attributed to the inorganic network. Indeed,
the bands at 982 and 923 cm�1 are attributed to the symmetric



Fig. 5. Raman spectrum of the hybrid organic–inorganic nanorods.

Fig. 6. UV–Visible absorption spectrum and the (αhν)2 versus hν plot (inset)
of the hybrid organic–inorganic nanorods.
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stretching of the νs (V5+¼O) and νs (V4+¼O) bonds,
respectively. The broad band located at 523 cm�1 is assigned
to V–O–V stretching modes [45].
3.5. Raman spectroscopy

A typical room temperature Raman spectrum of the nanor-
ods is shown in Fig. 5. In fact, the spectrum displays a series of
Raman band in the range of 100–1000 cm�1, which is due to
the various (group) vibrations of V–O type. The low wave-
number modes can be described in terms of external modes.
Indeed, two low-frequency Raman bands located at 192 cm�1

(B1g mode) and 141 cm�1 (B3g, B2g symmetry) which are
assigned to the stretching mode of (V2O2)n correspond to the
chain translation [46,47]. These bands are strongly associated
with the layered structure which is in agreement with the
XRD results. Moreover, the sharp, strong and dominant band
observed at 141 cm�1 indicates that the crystalline product has
a very long-range order [47,48]. On the other hand, the internal
modes are observed in the medium and high wavenumber
region can be described in terms of O–V–O and V–O–V
bending modes and V–O stretching modes [46]. Indeed, the
bands observed at 280 (B2g, B3g) and 405 cm�1 (Ag) are
assigned to the bending vibration of the O3–V¼O bonds and
to the bending vibration of the V–O3–V, respectively [47,49].
The band situated at 480 cm�1 (Ag) is attributed to the
bending vibration of the bridging V–O2–V [47]. However,
the band at 524 cm�1 (Ag) is assigned to the triply coordinated
oxygen (V3–O) stretching mode [46,49]. Nevertheless, the
band located at 688 cm�1 (B2g, B3g) is assigned to the
stretching vibration of the doubly coordinated oxygen
(V2–O) [46–50]. While, the high frequency Raman band
situated at 991 cm�1 (Ag symmetry) corresponds to the
terminal oxygen (V=O) stretching mode which results from
an unshared oxygen [47,49]. Therefore, the Raman active
modes can be described as follows: 4Ag+B1g+3B2g+3B3g.

3.6. UV–vis spectroscopy

The optical properties of as-obtained hybrid organic–inorganic
nanorods were investigated by UV–visible spectroscopy. The
absorption spectrum of the nanorods is shown in Fig. 6.
It is well-known that the maxima band of O-Vnþ charge
transfer transition depends on the number of O atoms surrounding
the central vanadium ion [51,52]. Therefore, V5+ in tetrahedral
coordination absorbs in the range 240–350 nm, in square
pyramidal coordination at 350–450 nm and in octahedral coordi-
nation at 450–600 nm [51,52]. In fact, the UV–vis spectrum
shows a weak absorption band at around 318 nm which can be
attributed to lower energy charge transfer to V5+ species in
tetrahedral coordination [51]. Another weak band located at
360 nm can be attributed to the n-π* transition centered on
the V¼O group in square pyramidal coordination [51]. However,
the spectrum a exhibits a large absorption band centered at around
430 nm was shifted to shorter wavelengths (blue-shift) compared
to that of bulk V2O5 powders (470–500 nm) [16,53]. This band
can be attributed to the electron transfer from oxygen atoms to
vanadium in octahedral coordination [54]. The origin of this
change of spectral band position was suggested to be the
contribution of a quantum size effect in the hybrid nanorods
[50,55].
The optical band gap, Eg, can be estimated from the

following equation known as the Tauc plot [56]:

αhν¼ ðhν�EgÞn

where n is an exponent, ν is the frequency of the incident
radiation, h is the Plank's constant, and Eg is the optical energy
gap of the material. The exponent n can take the values 2, 3, 1/2
and 3/2 for indirect allowed, indirect forbidden, direct allowed
and direct forbidden transitions, respectively [56,57]. Plotting of
(αhν)1/n versus (hν) and extrapolating to (αhν)1/n=0 yields the
value of Eg. In the inset in Fig. 6, as example the plot of (αhν)2

versus photon energy (hν) for the nanorods is shown; the results
obey the above equation with n¼1/2 indicating direct allowed



Fig. 7. XPS of the hybrid organic-inorganic nanorods: (a) survey spectrum and
(b) core level spectrum of V2p.

Fig. 8. N2 absorption/desorption isotherms of the hybrid organic-–inorganic
nanorods.
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transition and correspond to Eg¼2.31 eV. The optical band gap
of 2.31 eV can be attributed to direct transition from occupied
2p bands of oxygen to unoccupied 3d bands of vanadium
[56,57].

3.7. X-ray photoelectron spectroscopy

The composition and vanadium valence state of the surface
of the as-synthesized nanorods were further investigated by
X-ray photoelectron spectroscopy (XPS), as shown in Fig. 7a
the typical XPS survey spectrum of the as-synthesized
nanorods and the fitted-curves about V2p3/2 and V2p1/2 are
illustrated in Fig. 7b. The XPS survey spectrum reveals that the
sample only consists of carbon, nitrogen, vanadium and
oxygen. The core level binding energies of V2p3/2 and V2p1/2
spectra are located at 517.93 and 524.59 eV, respectively. The
V2p3/2 peak of the sample is divided into two peaks at the
binding energies of 516.88 and 517.75 eV, assigned to V4+

and V5+, respectively [58,59]. Therefore, the core-level spectra
of V2p further confirm that the as-synthesized nanorods
consist of V5+ and V4+.
3.8. Nitrogen adsorption

The specific BET surface area (SBET), pore volume (Vpor)
and average pore size (dpor) of the hybrid organic-inorganic
nanorods were measured by physisorption of nitrogen accord-
ing to the Brunauer–Emmett–Teller (BET) method. The
following results are noticed: SBET=11 m2 g�1, Vpor=22.
10�3 cm3 g�1 and dpor=71 Å. It is known to all that many
chemical and physical properties of products deeply depend on
both initial material size and the synthetic method. Moreover,
N2 adsorption–desorption isotherms of the sample (Fig. 8)
exhibits IV-type hysteresis loops which are characteristics of
mesoporous materials having pore diameter between 2 and
50 nm [60,61]. This result is confirmed by the specific surface
area and the average pore size values. IV-type hysteresis loops
are usually observed with rigid bulk particles having
a uniform sizes.
4. Conclusion

In summary, mesoporous rod-like nanocrystalline of well-
ordered layered structure hybrid organic–inorganic based
vanadium oxide intercalated by 2-phenylethylamine was
synthesized through mild hydrothermal process. The layered
structure with an inter layer distance of 1.445 nm was con-
firmed by X-ray diffraction patterns. In fact, the presence of
organic molecules and the vanadium valence state were
confirmed by FTIR spectroscopy, thermal analysis and XPS
measurements. The rod-like nanostructure in this study has
high crystallinity with the mean width of 280–300 nm,
thickness of 60 nm and surface area 11 m2 g�1. The optical
properties of the as-synthesized nanorods were investigated by
UV–visible spectroscopy. As a result, the optical band gap was
found to be 2.31 eV and attributed to direct transition from
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occupied 2p bands of oxygen to unoccupied 3d bands of
vanadium.
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