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Abstract
Vanadium dioxide (B-VO2) nanowires were successfully prepared under soft conditions by hydrothermal treatment. Struc-
tural analysis and phase identification have been carried out by means of X-ray diffractraction (XRD). The morphological 
properties of the samples have been examined by scanning electron microscopy (SEM). The XRD results revealed single 
phase oxide B-VO2 with considerable differences concerning to morphology and cristallinity as observed by SEM and XRD. 
Moreover,  VO2(B) prepared for 96 h exhibited different morphology concerning to grain size and shape as well as dissimilar 
preference in crystal orientation, as a result of the processing conditions. The possible growth mechanism steps leading to 
nano-VO2(B) wires-like morphology was also proposed. The optical properties of the samples were evaluated by UV–visible 
spectroscopy and photoluminescence.
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Introduction

One-dimensional metal oxides have experienced tremendous 
growth due to their potential application in various fields 
such as optical and electronics devices [1–4]. Among them, 
nanostructured vanadium oxides have been widely studied 
due to their particular electronic, chemical and optical prop-
erties [5–11].

The most abundant oxidation states of vanadium are 
known to be  V2+,  V3+,  V4+ and  V5+ characteristic of the 
oxides VO,  V2O3,  VO2 and  V2O5, respectively. Never-
theless, intermediate phases like  V3O5,  V4O7,  V5O9 and 
 V6O11 can be produced [12, 13]. In the family of vanadium 
oxides, vanadium dioxide  (VO2) is a representative binary 
compound with different polymorphs, including  VO2(M), 
 VO2(R),  VO2(B),  VO2(A),  VO2(C),  VO2(D), etc. Among 
the  VO2 polymorphs,  VO2(B),  VO2(M/R) and  VO2(A) 
have been paid much attention in the past decades [14–17]. 
Among these, only the rutile-type  VO2 (R/M) undergoes 

a fully reversible metal–semiconductor phase transition 
(MST) at about 68°C [18]. These features make  VO2(M) 
and its related compounds to be suitable for various appli-
cations [19–22], including smart window coatings, in opti-
cal switches, storage medium, temperature-sensing devices, 
laser protection, etc. Along with the phase transition,  VO2’s 
optical and electrical properties simultaneously change as 
well [23]. Thus, the optical constants undergo a large change 
during the phase transition, causing a sharp drop in trans-
mission. This change is most evident for the near infrared 
(NIR) region up to 2500 nm [24], thus allowing  VO2 to be 
incorporated into smart window designs [25].

Recently rutile-type  VO2 (M/R) nanomaterials have been 
grown by chemical vapor deposition [26], ion beam sputtering 
and so on [27, 28]. In another way, the rutile  VO2 (M/R) can 
be synthesized by transforming from  VO2 (B) to  VO2 (M/R) 
by heat treatment [29]. Vanadium dioxide B-phase (B-VO2) 
has attracted great interest as a promising cathode material 
for Li-ion batteries due to its tunnel structure, through which 
the Li-ions can perform intercalation and deintercalation in 
reversible Li-ion battery [30–32]. It is also characterized by its 
reversible metal–insulator transition at 68 °C, which is accom-
panied by significant changes in optical properties with a tran-
sition from a transparent state at low temperature to a more 
opaque state at high temperature [33]. This material has been 
extensively studied since its discovery by Morin [34], both for 
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understanding the mechanisms involved during the transition 
and for its innovative applications meeting energy needs. From 
a crystallographic point of view, the transition involves a trans-
formation of two crystalline phases: the monoclinic (M) and 
the rutile (R) [35–38]. Chemically produced vanadium oxide 
can lead to the formation of metastable phases. This is the case 
of the two phases B-VO2 and A-VO2 which are obtained by 
hydrothermal treatment at low temperature. F. Theobald et al. 
[14] obtained the B-VO2 phase by hydrothermal treatment of 
a mixture of  V2O3 and  V2O5 at a temperature between 180 and 
220 °C. Above 220 °C, B-VO2 transforms into A-VO2, then 
into R-VO2 from 350 °C. Since the observation of its phase 
transition by Morin [34], many studies have been carried out to 
integrate the  VO2 oxide into electronic or optical devices. For 
example, smart windows [39–41], satellite thermal controllers 
[42, 43], gas detectors [44], electrodes for lithium batteries 
[45], solar collectors [46]. These various applications make 
 VO2 a material with high potential, which is why it has been 
synthesized in various forms: nanoparticles [47], nanowires 
[48], nanorods [49], nanoplatelets [50], etc.

The physico-chemical properties depend not only on the 
structural but also on the morphology of the material as well as 
the size of the crystallites. In this context, several studies have 
been devoted to the synthesis of nanostructured B-VO2 phase 
and the improvement of their electrochemical activity [51–56]. 
So far, the synthesis of B-VO2 oxide is carried out from hydro-
thermal treatment or reduction of vanadium oxide precursors 
under different atmospheres. In fact, the hydrothermal process 
has many advantages by offering several experimental param-
eters such as: reaction time, temperature, autoclave filling rate, 
nature of the reducing and structuring agent. These parameters 
are often very useful to obtain materials with desired mor-
phologies and to explore new phases.

B-VO2 phase has attracted great interest as a promis-
ing cathode material for Li-ion batteries. The present study 
provides a rapid way to obtain B-VO2 under economical and 
environmentally friendly conditions. In fact, B-VO2 nanowires 
were successfully synthesized by one-step hydrothermal pro-
cess at 180 °C for 96 h using  V2O5 as vanadium source and 
3-amino-1-propanol as reducing and structure-directing agent 
for the first time. The obtained samples were characterized by 
several techniques such as X-ray powder diffraction, scanning 
electron microscopy, Fourier transform infrared and Raman 
spectroscopy. In addition, the optical properties have been 
studied by UV–visible spectroscopy and photoluminescence.

Experimental

Hydrothermal synthesis

All the chemical reagents were procured from Acros 
Organic. Vanadium (V) oxide was used as vanadium source. 

The organic reagent 3-amino-1-propanol has been used as 
reducing and structure-directing agent for the first time. 
Nano-B-VO2 wires-like morphology was prepared by hydro-
thermal treatment of a mixture of  V2O5, 3-amino-1-propanol 
and distilled water, in a molar ratio 2:1: 350. After a few 
hours of stirring, the mixture was heated under hydrother-
mal conditions for different reaction times. A mixture of a 
supernatant solution and a black precipitate was obtained. 
This was recovered, washed with distilled water and ethanol 
and then dried in air at 60°C then characterized by multi-
ple physico-chemical techniques. The black coloring of the 
precipitate implies the existence of  V4+ ions in the structure 
resulting from the reduction of  V5+ ions by the oxidation of 
the organic compound [57].

In order to study the effect of the reaction time on the 
structural, morphological and optical properties several 
preparations were carried out.

Characterization techniques

Powder X-ray diffraction analysis was performed on a Pana-
lytical X`Pert Pro diffractometer, with a continuous scan 
of  CuKα radiation (λ = 1.5406 Å) and graphite monochro-
mator in the 6—70° range. The morphology of the sam-
ples was examined using Stereoscan 120 scanning electron 
microscope. Infrared spectra were recorded from 4000 to 
400  cm−1 on a Nicolet 380 spectrometer on pellets of the 
samples dispersed in KBr. A Raman Jobin Yvon T 64000 
spectrometer was used to analyze chemical bonding between 
various elements. The optical properties of the samples 
were evaluated from UV–visible spectroscopy (Shimadzu-
3101PC UV–vis spectrophotometer) and photoluminescence 
measurements (JobinYvon luminescence instrument).

Results and discussion

XRD analysis: structural study

In order to determine certain experimental factors which 
can influence the structural properties, a study of the effect 
of the reaction time on the crystallinity was carried out. The 
crystallinity and the identification of the crystalline phases 
of the obtained powders after hydrothermal treatment were 
examined by X-ray diffraction. To do this, preparations were 
made for reaction times equal to 24, 48, 72 and 96 h. The 
X-ray diffractograms of the obtained samples are shown in 
Fig. 1a. It is clear that the reaction time plays an impor-
tant role on the nature and the crystallinity of the material. 
Indeed, when the synthesis was carried out for 24 h, the 
powder obtained after hydrothermal treatment presents a 
diffractogram characteristic of an amorphous phase in the 
presence of a few diffraction peaks. Note that the increase 
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in reaction time leads to the appearance of characteristic 
peaks of  VO2(B). Indeed, when the hydrothermal treatment 
was carried out for 48 or 72 h, all the diffraction peaks have 
been identified at the monoclinic B-VO2 phase with the 
lattice parameters a = 12,030 Å; b = 3,693 Å; c = 6,420 Å 
according to JCPDS 31–1438, thus indicating the reduction 
of  V5+ ions to  V4+ ions by the organic precursor (reducing 
agent). However, when the hydrothermal treatment was car-
ried out for 96 h, the diffractogram shows the presence of 
high intensity diffraction peaks which have been perfectly 
indexed to the crystalline B-VO2 phase (JCPDS 31–1438). 
It should be noted that no other diffraction peak related to 
the presence of other phases or impurities was detected, 
which indicates the purity of the crystalline B-VO2 phase 
produced under these conditions. This study shows that 
the reduction rate of vanadium ions is proportional to the 

reaction time. Thus, the characteristic peaks observed at 
2θ values of 14.435°, 15.375°, 25.406°, 29.093°, 30.182, 
33.933°, 44.116°, 45.149°, 53.884° and 59.164° are asso-
ciated to (001), (200), (110), (002), ( 4 01), ( 3 01), (003) 
( 5 01), (312), (601) and ( 7 01) plans of  VO2(B) (JCPDS # 
71–2248). According to F. Theobald [14],  VO2(B) structure 
is formed by the packing of edge-sharing octahedra that are 
only linked at corners in the (001) plane, as shown inset in 
Fig. 2. There are two types of distorted oxygen octahedra in 
the structure, with vanadium atoms being shifted from the 
center [58, 59]. The compound  VO2(B) crystallizes in space 
group C2/m and exhibits a three-dimensional framework of 
 VO6 octahedra. This structure is formed by two layers of 
identical atoms along the [010] direction. Moreover, there 
are stacks of octahedral structure sharing the edges which 
are bound only by the corners in the (010) planes.

Fig. 1  Powder X-ray diffraction 
patterns of the resulting prod-
ucts synthesized for different 
reaction times: 24 h, 48 h, 72 h 
and 96 h
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Furthermore, the average crystallite size of the samples 
prepared for 24, 48, 72 and 96 h was determined using the 
Debye Scherrer formula below:

The results relating to the most intense peaks showed 
that the crystallites size decreases when the reaction time 
increases. In fact, this size goes from 94 nm for a sample 
prepared for 24 h to 43 nm when the synthesis was carried 
out for 96 h (Table 1). Thus, this study allowed us to observe 
that the size of the crystallites evolves exponentially with 
the reaction time.

FTIR spectroscopy

To investigate the chemical bonding between vanadium 
and oxygen ions and to confirm the phase purity, we per-
formed FTIR spectroscopy. The infrared spectra of the 

D =
0.9 �

β cos θ

as-synthesized samples at 180°C for different reaction time 
are shown in Fig. 2. Analysis of these reveals that all spectra 
are superimposed and show the same absorption bands. The 
attribution of the vibration bands of the vanadium–oxygen 
bonds is carried out from the structure of  VO2(B) which 
comprises two types of octahedra [14]. The main vibrational 
bands observed from the FTIR spectra are at 530, 757, 934 
and 997  cm−1 can be attributed to the various vibrational 
bands of vanadium–oxygen bonds. The absorption peaks 
among 1100 and 400  cm−1 are assigned to V–O vibration 
band in the infrared spectra [60, 61]. Indeed, the 995–1000 
 cm−1 band observed for B phase  VO2 is present in many 
vanadium oxide compounds with intermediate oxidation 
state between  V5+ and  V4+. It is attributed to the symmet-
ric stretching vibration of short  V4+ = O bonds [59], while 
that observed around 757  cm−1 is attributed to the stretching 
vibration of the vibrator O–V–O connection [62] and that 
at 934  cm−1 is ascribed to V–O bonds according to J.-C. 
Valmalette [59]. However, the located band at around 530 
 cm−1 is attributed to the elongation vibration of the V–O–V 
octahedra bending modes [62–64]. Therefore, the vibration 
modes detected by infrared absorption spectroscopy are 
characteristic of vanadium oxide B-VO2 which is in agree-
ment with the results of X-ray diffraction.

Raman spectroscopy

Typical Raman spectra, recorded at room temperature, 
of the samples synthesized for 72 and 96 h are shown 

Fig. 2  FTIR spectra of the 
as-synthesized samples for 72 h 
and 96 h

Table 1  Variation of crystallites 
size as a function of reaction 
time

Reaction time 
(hours)

Crystallites 
size (nm)

24 94.230
48 76.315
72 64.510
96 43.015
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in Fig. 3. In fact, the spectra exhibit a series of Raman 
bands in the range of 100 to 1000  cm−1 centered at 283, 
405, 512, 688, 836, 870 and 990  cm−1, characteristics 
of the O–V–O and V–O–V bending modes and the V–O 
stretching modes [65–67]. Indeed, the detected bands at 
280 and 405  cm−1 are attributed to the bending vibra-
tion of the  O3–V = O bonds and to that of the V–O3–V 
bonds, respectively [67]. However, the observed band 
at 512  cm−1 is attributed to the triply coordinated oxy-
gen stretching mode  (V3–O) [67, 68]. Nevertheless, the 
band at 688  cm−1 corresponds to the stretching vibra-
tion of doubly coordinated oxygen  (V2–O) [67–71]. 
However, the high frequency Raman band at 990  cm−1 
is attributed to the terminal stretching mode of oxygen 
(V = O) which arises from unshared oxygen [67, 68]. 
Nevertheless, the spectrum of the sample prepared for 
96 h reveals the presence of two narrow, well resolved 
and well defined bands at 836 and 873  cm−1 compared 
to that prepared for 72 h. These bands are attributed to 
the bending vibration of V–O-V groups involving dou-
bly coordinated oxygen’s. In addition, no other bands 
related to the presence of other phases or impurities 
were detected, indicating the purity of the B-VO2 crys-
talline phase produced under these conditions, which 
synchronizes well with the XRD and EDX results. The 
narrowness and well-defined character of the bands 
indicate that the sample prepared for 96 h has a high 
crystallinity compared to that prepared for 72 h.

SEM analysis: morphological study.

The evolution of the morphological properties of the 
prepared samples was carried out by scanning electron 
microscopy. Figure  4 illustrates the micrographs of 
the samples for different reaction time. It is clear that 

observation by scanning electron microscopy reveals 
an evolution of the morphology as a function of the 
reaction time. Indeed, when the synthesis was carried 
out for 24 h, the sample is formed of a heterogene-
ous phase consisting of a majority amorphous phase 
decorated on its surface by a few crystallized particles 
(Fig. 4a). By increasing the reaction time to 48 h, it is 
observed that the number of particles dispersed on the 
surface increases with the reaction time. Indeed, the 
analysis of the micrograph reveals that the material has 
two aspects, thus showing the existence of two different 
phases. In fact, it is a majority phase consisting of a few 
crystallized particles in the presence of an amorphous 
minority phase (Fig. 4b). When the synthesis is carried 
out for 72 h, the analysis of the SEM micrograph reveals 
a notable change in morphology and the particles 
evolve into wires (Fig. 4c). Thus the material obtained 
becomes more homogeneous than that prepared for 48 
h. It can be said that the increase in reaction time in 
the hydrothermal bomb causes this noticeable change 
in morphology. This is confirmed by the fact that after 
96 h of hydrothermal treatment (Fig. 4d), the obtained 
material consists of a homogeneous phase, formed by 
an assembly of wires, thus forming turns of nanowires 
whose average wire width is of the order of 20 µm and 
50 nm thick (Fig. 5). These results confirm that the 
reaction time plays an important role with respect to 
the dispersion, the homogeneity and the shape of the 
material.

To determine the chemical composition of the nanow-
ires, we resorted to microanalysis using energy dispersive 
X-ray (EDX) analysis (Fig. 6). Thereby, the EDX spectrum 
reveals the presence of the elements oxygen and vanadium 
with a molar ratio very close to 2, which confirms the results 
obtained by X-ray diffraction. However, the weak signal cor-
responds to the carbon atom coming from the scanning elec-
tron microscope grating.

Proposal mechanism formation of nano‑VO2(B) 
wires‑like morphology

In the formation process, 3-amino-1-propanol as a tem-
plate was used in the reaction system and  V2O5 was 
introduced as a vanadium source. Based on the layered 
structure of vanadium pentoxide and the experimental 
results, the 3-amino-1-propanol intercalating and split-
ting process was proposed to explain the formation of 
the 1D nanostructure. Then, as shown in Fig. 7, the 
interlayer spaces in the layered structure of  V2O5 are 
occupied by molecules of 3-amino-1-propanol giving 
rise to an intermediate precursor of lamellar struc-
ture whose stability can be explained by the presence 
of 3-amino-1-propanol molecules inserted into the Fig. 3  Raman spectra of the as-synthesized samples for 72 h and 96 h
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vanadium oxide interlayer space. Then, during the 
hydrothermal process and under the thermal effect, the 
intercalated molecules progressively deintercalate in a 
statistical way and the inorganic layers become desta-
bilized. This allowed us to think about the breaking of 
bonds and the formation of others. Thus, the interac-
tions between the layers are weakened and after heat 
treatment, the layered structure gradually splits to form 
 VO2(B) nanowires.

Uv–visible and photoluminescence study: optical 
properties

The optical properties of the samples prepared for 72 and 
96 h were estimated by UV–visible spectroscopy. Thus 
from the UV–visible spectra it is possible to determine the 
value of the width of the forbidden band (the gap). Gener-
ally, the absorption bands observed in the 200–1000 nm 

range correspond to oxygen—vanadium  Vn+ (O→Vn+) 
charge transfers or d-d type transitions, when the vana-
dium oxide exhibits a mixed valence [70–74]. The absorp-
tion spectra of the two samples are represented in Fig. 8 
which shows a practically total superposition of the two 
spectra. Indeed, we note the presence of a band towards 
low wavelengths attributed to a charge transfer O→V5+ or 
 V4+ where the vanadium ion is in an octahedral environ-
ment [70, 74–76].

Generally, vanadium oxides are direct gap semiconduc-
tors and the value of the gap (Eg) can thus be determined 
from the following equation [76–78]:

Figure 9 represents (αhv)2 as a function of hv of the 
samples prepared for 72 and 96 h. This study shows 
that the graph of (αhv)2 as a function of hv gives a 
straight line, which allows us to conclude that the opti-
cal transition is direct with a gap energy Eg = 3.511 eV 

�hv = A(hv − Eg)n

Fig. 4  SEM micrographs of the resulting samples synthesized for different reaction times: 24 h (a), 48 h (b), 72 h (c) and 96 h (d)
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and 3.614 eV for samples prepared for 72 h and 96 h, 
respectively. Indeed, due to the confinement of elec-
trons and holes, the band gap energy increases between 
the valence band and the conduction band with 

decreasing particle size. This energy can be attributed 
to a direct allowed transition from the occupied O2p 
orbital of oxygen to the unoccupied 3d orbital of vana-
dium in B-VO2 oxide.

Fig. 5  SEM micrograph of B-VO2 phase synthesized for 96 h

Fig. 6  EDX spectrum of B-VO2 
nanowires
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The optical properties of the B-VO2 nanowires were 
also evaluated by photoluminescence (PL). Indeed, this 
technique makes it possible to explain the nature of the 
intrinsic defect in the structure of the B-VO2 phase. 

Figure 10a-b shows the photoluminescence spectra of 
samples prepared for 72 and 96 h. The results obtained 
reveal that the spectra obtained are similar with the 
presence of a series of bands around 363, 435, 457, 485 

Fig. 7  Schematic representation 
of possible mechanism steps 
leading to nanowires of B-VO2

Fig. 8  UV–visible absorption 
spectra of the samples synthe-
sized for 72 h and 96 h
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and 530 nm. Indeed, the emission band in the UV local-
ized at 363 nm is attributed to free excitation emission 
[79]. Although the emission band at 435 nm is related 
to charge transfer from  O2− to  V5+ [72, 73]. However, 
the emission band observed at 455  nm is attributed 
to electric charge transfer and corresponds to the low 
energy of the V = O double bond [64]. However, the 
bands located around 485 nm and 530 nm seem to be 
attributed to energy defects within the material [79, 80].

Conclusion

In summary, nano-VO2(B) wires-like morphology has been 
selectively synthesized via controlled and eco-friendly 
hydrothermally route using  V2O5 as vanadium source and 
3-amino-1-propanol as reducing and structure-directing 
agent for the first time. In this study, we found that the 
reaction time played an important role in the structural, 
the morphological and optical properties of the material. 
SEM micrographs revealed that the particles have a wire-
like morphology with a uniform size distribution whose 
average wire width is of the order of 20 µm and 50 nm 
thick. The optical properties of the as-synthesized samples 
were investigated by UV–visible and photoluminescence 
spectroscopy. Optical band gap was found to vary with 
reaction time and crystallites size. Thus, when the hydro-
thermal treatment was carried out for 72 h, the gap is equal 
to 3.628 eV. However, it becomes equal to 3.774 eV when 
the synthesis has been performed for 96 h. Furthermore, 
we have used photoluminescence spectroscopy in order to 
explain the nature of intrinsic defects in the structure of 
the B-VO2 phase. In fact, this study allowed us to highlight 
the presence of the emissions bands relating to the emis-
sion of free excitation, to the charge transfer from  O2− to 
 V5+ as well as to the energy defects within the material. 
The formation mechanism of B-VO2 nanowires was also 
proposed and allowed us to understand the processes lead-
ing to the observed nanowires-like morphology.

Fig. 9  Variation of (αhν)2 with 
photon energy of the samples 
synthesized for 72 h and 96 h

Fig. 10  The photoluminescence spectra of the B-VO2 synthesized for 
72 h and 96 h
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