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Abstract. - In this work, nanowires and nanorods of WOx have been synthesized by the solvothermal method.
The effect of reaction time and acetic acid as solvent were studied. X-ray diffraction (XRD) patterns showed the
monoclinic WO2.72, WO2 .79 and orthorhombic WOs crystalline structures. Scanning Electron Microscopy (SEM)
and High-Resolution Transmission Electronic Microscopy (HRTEM) images presented nanostructures such as
nanowires and nanorods at different sizes. Band gap energies were supplied by Ultra Violet visible (UV-vis)
absorption spectra. The Photoluminescence (PL) spectra exhibited three emission peaks in the blue zone at 440,
460 and 484 nm. X-ray Photoelectron Spectroscopy (XPS) were used to calculate We+, Ws+ and Wa+ oxidation
states. The results showed that increasing the reaction time from 10 h to 24 h affected the crystalline structure
from monoclinic to orthorhombic. Moreover, with the addition of acetic acid as solvent, the crystal structure is
not affected, but stabilizes the monoclinic phase in the course of time.

Keywords: Acetic acid; WOx nanowires; Solvothermal; Optical properties.

Resumen. - En este trabajo se han sintetizado nanocables y nanovarillas de WOx por el método solvotermal.
Se estudio el efecto del tiempo de reaccion y del acido acético como disolvente. Los patrones de difraccion de
rayos X (XRD) mostraron las estructuras cristalinas monoclinicas WO2.72, WO2.79 y ortorrombicas WOs. Las
imagenes de microscopia electrénica de barrido (SEM) y microscopia electronica de transmision de alta
resolucion (HRTEM) presentaron nanoestructuras como nanocables y nanobarras de diferentes tamafios. Las
energias de banda prohibida fueron suministradas por espectros de absorcion ultravioleta visible (UV-vis). Los
espectros de fotoluminiscencia (PL) exhibieron tres picos de emision en la zona azul a 440, 460 y 484 nm. Se
utilizé espectroscopia de fotoelectrones de rayos X (XPS) para calcular los estados de oxidacion We +, Ws +y
W4 +. Los resultados mostraron que el aumento del tiempo de reaccion de 10 h a 24 h afectaba la estructura
cristalina de monoclinica a ortorrémbica. Ademas, con la adicién de acido acético como disolvente, la
estructura cristalina no se ve afectada, pero estabiliza la fase monoclinica con el paso del tiempo.

Palabras clave: Acido acético; Nanocables de WOXx; Solvotermal; Propiedades dpticas.
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1. Introduction

Nanostructures of metal oxide semiconductors
are highly attractive due to their optical and
electronic applications. Tungsten oxides have n-
type conductivity with an indirect wide band gap
which ranges from 2.5 to 2.8 eV [1], and have
been of great interest because of promising
chemical and physical properties. In the last
decades, tungsten oxides have been paid great
attention as a consequence of their possible
applications in electro-chromic devices [2], gas
sensors [3], field emission display [4], catalyst
[5], [6] and electronic devices of nanostructures
[7]. Many methods have been developed to
synthesize 1-D nanostructures, such as chemical
vapor deposition [8], pulsed-laser deposition [9],
[10], template assisted growth [11], thermal
annealing [12] and solvothermal synthesis [13],
[14]. The solvothermal synthesis is the most
simple and effective method due to low
temperature growth of nanostructures and low

which is condensed from an esterification
process as follows:

CH3COOH + ROH - CH3COOR + H,O (1)
A starting solution of 25 mM of tungsten
hexachloride (99.99%, WCls, Sigma-Aldrich)
was added in 38 mL of ethanol (99.8% HPLC,
Sigma-Aldrich). The prepared solution was
transferred to a 45 mL teflon-lined stainless steel
autoclave.  Solvothermal  synthesis  was
conducted at 200 °C using an electric oven. Two
experiments were carried out varying the
reaction time for 10 h and 24 h. After reaction,
the autoclave was cool down at room
temperature. After the above, a blue precipitate
was collected and washed with ethanol, and then
dried at 80 °C. In a different approach, 0.5 mL
of acetic acid (ACS reagent, > 99.7%, Sigma-
Aldrich) was added to the precursor solution
(WCle/ethanol) and the solvothermal reaction
was conducted at 200 °C for 10 h and 24 h.

cost. Here, we report the synthesis and Structural characterization and morphology were
characterization of tungsten oxide nanorods and studied by X-ray diffraction, XRD
nanowires by solvothermal method varying (Difractometer Rigaku, Geigerflex D/Max),

reaction parameters.
2. Experimental

Metal alkoxides are derivated from alcohols that
can be easily removed by hydrolysis and heating

scanning electron microscopy, SEM (FEI NOVA
2000  NANOSEM) and  high-resolution
transmission electron microscope, HRTEM
(JEOL-2010). Finally, ultra violet visible, UV-
vis, absorption spectra for all the as-prepared
WOx samples were carried out using a VARIAN

treatment in order to obtain high purity metallic CARY 300 double beam UV-Vis’s
oxides. In usual methods, metal alkoxides are spectrophotometer. X-ray photoelectron
synthesized by direct reaction of reactive metals spectroscopy, XPS (SPECS) was used to

and alcohols [15]. Ethanol and acetic acid as a
solvent have been used in metallic oxides
nanostructures  principally to favor an
esterification reaction between acetic acid and an
alcohol that influences the formation of a certain
type of metallic oxide modifying the reactivity of
the metal alkoxide [16], [17]. In this method,
reacts homogeneously with a water molecule
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analyzing oxygen vacancies in the samples.
3. Results and discussion

3.1  Structural analysis

Figure 1 depicts the XRD patterns of the tungsten

oxide nanostructures synthesized at different
solvothermal reaction conditions. The XRD
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peaks for the sample obtained after 10 h of
reaction with  WCle/ethanol  shows the
monoclinic WO2.79 phase with preferential
orientation along [101] and observed relative
high intensity (101). The lattice parameters
measured are, a (A) = 18.28, b (A) = 3.775, ¢ (A)
=13.98 and B (°) = 115.2, these are according to
(JCPDS Card No. 05-0392), figure (al).
However, when the reaction time was increased
to 24 h the structure turned to orthorhombic WOs3
phase, a (A) = 7.384, b (A) = 7512 and ¢ (A) =
3.846, with JCPDS card 20-1324 Figure 1(a2).
When acetic acid was introduced to the reaction,
the XRD patterns showed the monoclinic WO2.72
structures for both reaction time products Figure
1 (b1) and (b2).

Figure 2 shows the SEM images of the as-
prepared tungsten oxides powders synthesized
using different solvothermal reaction conditions.
The sample prepared with WCle/ethanol at 10 h
shows spherical and semi-spherical nanowires
aggregates with diameters from 500 nm-1.5 pm,
figure 2 (a). This morphology was affected when
the reaction time increased from 10 to 24 since
the nanowires aggregates get lost, and nanorods
with diameter of 55-65 nm appeared, figure 2 (b).
The sample synthesized with
W(Cle/ethanol/acetic acid precursor for 10 h does
not affect the nanostructures of the WO
powders obtained without acetic acid, figure 2
(c). Figure 2 (d) shows nanowire arrays of WO2.7,
products at 24 h of reaction in the
W(Cle/ethanol/acetic system.
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Figure 1. XRD patterns images of tungsten oxide
nanostructures synthesized at 200°C. WCle/ethanol system
at (a1)10 h and (a2) 24 h, respectively. WClg/ethanol/acetic
acid system at (b1) 10 h and (b2) 24 h. respectively.

Figure 3 depicts HRTEM images of WO2 79
powder obtained after 10 h reaction time. These
images showed the presence of nanowire arrays
with a 10 nm nanowire average diameter size,
Figure 3 (a), this observation is the same found
in the SEM results, Figure 2 (a). The spacing of
the lattice is around 0.376 A, as shown in Figure
3 (e). This plane can be well indexed as (010)
plane of the monoclinic WO 72 crystal, according
with the results of XRD on the samples, this
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suggest that the nanowires grow as single crystals
with a preferential growth along the <010>
direction. The HRTEM image for the sample
prepared at 24 h of reaction time shows
nanowires with 8 nm of average diameter size

- “
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and nanorods with diameters ranging from 50 to
150 nm, Figure 2 (b). The respective HRTEM
image (Figure 3f) shows nanowires that grow
along the <001> direction.

Figure 2. SEM images of synthesized tungsten oxide nanostructures. WCls/ethanol system at (a) 10 h and (b) 24 h respectively.
W(Clg/ethanol/acetic acid system at (c) 10 h and (d) 24 h respectively. Insets show images of high magnification.

The HRTEM image of the sample prepared using
acetic acid as additive and at 10 h of reaction time
is presented in Figure 3 (c). The presence of
nanowires aggregates with diameter size ranging
from 200-300 nm was also observed. In addition,
the diameter size of the nanowires was 4 nm.
When the reaction was carried out at 24 h of
reaction time the average diameter size of
nanowires in the hiperbranched arrays increased
to 7 nm, Figure 3 (d).

Based on SEM, TEM, HRTEM and XRD results
we propose a possible WOy nanowires growth
mechanism. For the case of the first conditions or
only ethanol as solvent and 10 h of reaction,
reaction situation bring about the formation of
the WO279 nucleus given the conventional
mechanism of growth and nucleation, rendering
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the monoclinic phase. As soon as the temperature
get to the 200 °C and the nucleus has reached
optimums size to not dissolve, the production of
these particles continues. During the growth
process, the nanowires display an epitaxial
growth in the <010> direction as single crystals,
in agreement to the results obtained by HRTEM,
Figure 3(e) [18]. As the reaction continues, the
high surface energy of nanowires is passivated by
self-assembly and form spherical aggregates.
When the reaction is kept for 24 h, the
concentration of the number of growing species
diminished and at solvothermal conditions the
system enters into the Ostwald ripening regime,
which favors the formation of nanorods and
aggregation arrays like hiperbranched particles.
Recent DFT studies have revealed that the
creation of vacancies and defects is energetically
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unfavorable in monoclinic compounds [19]. This can explain the driving force behind the phase
prompted us look for the formation of vacancies formation and the transformation behavior from
for both orthorhombic and monoclinic phases monoclinic to orthorhombic observed in these
and it is larger for the orthorhombic phase due to materials [20].

the deficiencies of oxygen. This suggests that, the
orthorhombic phase to be more stable. The above

L S g -

anol system at (a,e)10 h and (b,f)

AN

Figure 3. HRTEM images of synthesized tungsten oxide nanostructures. WClg/eth
24 h, respectively. WClg/ethanol/acetic acid system at (c) 10 h and (d) 24 h.
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More studies on both phases could be done like
Differential Scanning Calorimetry (DSC) curves
of thermodynamic field [21] but these are beyond
the scope of this work. For the case when acetic
acid was added and 10 h of reaction,

3.2 Optical measurements

3.2.1. UV-Vis absorption
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Figure 5 shows the UV-vis absorption spectra for
all the as-prepared WOx samples. Here a slide of
maximum absorption to UV region can be
observed, which suggests a quantum
confinement effect due to the presence of
nanometer size particles.

Eg= 1@ eV
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Figure 5. UV-Vis spectra of the obtained WOx from a) WCl6/ethanol 10 h b) WCl6/ethanol/acetic acid 10 h ¢) WCl6/ethanol
24 h and d) WCl6/ethanol/acetic acid 24 h reaction conditions.

Optical band gap can be obtained from the UV
region by means of the fundamental absorption
edge or coefficient and it is determined by
considering an indirect transition between the 2p

electrons from the valence band of the oxygen
and the 5d conduction bands of tungsten [22].
The optical band gap is formally described as the
intercept of the plot of (ahv)1/2 against hv, where
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a and hv denote the absorption coefficient and
photon energy [23], respectively. The obtained
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WOx nanostructures band gap energies and
particle sizes are presented in Table 1.

Table 1. Band gap energies and particle sizes of WOx nanostructures for both systems

System Eg (eV) Particle size (nm)
WCl6/ethanol 10 h 2.56 (484 nm) 10
WCl6/ethanol 24 h 2.68 (463 nm) 8

WCl6/ethanol/acetic acid 10 h 3.28 (378 nm) 4
WCl6/ethanol/acetic acid 24 h 2.60 (477 nm) 7

As can be observed from Table 1, the quantum
size effect optical band gap value increases when
the average particle size decreased, this is
possible due to the quantum confinement size.
The higher band gap energy value was the one
from the WOXx obtained using acetic acid as an
additive at 10 h with an average diameter size of
4 nm.

3.2.2. Photoluminescence (PL) spectra

In order to study the optical properties of the
synthesized nanostructures we used the PL
spectra. The WOx prepared under hydrothermal
conditions at 10 and 24 h exhibit three emission
peaks in the blue zone at 440, 460 and 484 nm.
The blue emission observed for WOx has not
been completely clarified, but several works have
focused in its study. The emissions at 484 nm and
460 nm are attributed to the indirect band to band
transition of tungsten oxide, according to the
values of band gap energies for WO-.72 nanowires
(2.56 eV) and WO3 nanowires/nanorods (2.68
eV) for the samples prepared under hydrothermal
conditions at 10 and 24 hours of reaction time,
respectively. On the other hand, the transitions in
the blue region have been assumed as a result of
the presence of oxygen vacancies in the structure
of the WOs.x nanowires. According to studies
carried out by Jian Yi, et al. [24]. The emissions
of three-dimensional nanowires nets are
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attributed to structural and surface defects based
on non-stoichiometric tungsten oxide (WOs.x).
Also, the spectra for the products prepared using
acetic acid as additive at 10 and 24 h of reaction
time are presented in figure 5 (a). The sample
prepared at 10 h presents PL emission very
similar to the sample prepared without acetic acid
with 3 emission shoulders at 439, 458 and 484
nm. Nevertheless, in the sample synthesized at 24
h in presence of acetic acid an intense UV
emission at 380.5 nm was observed, besides the
emission in the visible region, figure 5 (b). This
UV emission is not typical; nevertheless it
already has been reported by J. Wang, et al [25].
These authors studied the luminescence of WOs3
nanosheets obtaining two emissions in the UV
region which were attributed to oxygen
vacancies. To obtain major information about the
presence of these oxygen vacancies, the samples
were analyzed by XPS using monochromatized
Al-Ka radiation with photon energy of 1486.6
eVv.

The XPS spectra for the Wss and O1s peaks for
the WOy prepared under solvothermal conditions
at 10 and 24 h are shown in figure 6 (a) and (b),
respectively. At 10 h the XPS spectra showed
that the peak for O1s was at 530.35 eV. 4f peaks
binding energies were at 38.0 and 36.0 eV, which
corresponds to spin-orbit splitting of the W 4f7,;
and W 4fs;; components, respectively [30]. W®*,
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W°* and W** oxidation states of the WA4f peak
depict to the WO..7> phase. These results are
consistent to Angelis, B. A. and Karuppanan S.
[26], [27]. While at 24 h only the Ws+ and WS
oxidation states appear in the Wi peak
deconvolution which agrees with literature
reported for the WOs phase [27]. The peak
position for O1s at 24 h was 530.4 eV. The XPS
collected spectra data for both systems is showed
in table 2. The compositional stoichiometry O/W
was calculated from the relative intensities of the
XPS spectra of all procedures and showed in
Table 2.

Here, one can observe that all the samples have
oxygen deficiencies. This is definitively due to
the presence of oxygen vacancies which are
common in WOy structures. It is necessary to
mention that the sample corresponding to the
W(Cle/ethanol/acetic acid system at 24 h is the
one that has a high deficiency of oxygen
(O/W=0.7) and also the one that has the highest
concentration of W°* (40.02%). This supports the
photoluminescence results where the same
sample presents an intense emission in the UV
region also presents a higher concentration of
oxygen vacancies. A possible explanation to this
is that in the WOy sample prepared using acetic
acid as additive during esterification reaction
water molecules were generated and they can
hydrolyze the WCls.x(OC2H3)x complexes which
were produced in the reaction between WClg and
ethanol. Here the W% can be reduced to W°*
during the oxidative esterification reaction of
ethanol in ethyl acetate (see Scheme 1). This way
one can expect that the addition of acetic acid to
the precursor solution WCle/ethanol causes a
major concentration of W°* in the final product
in function of the time.
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a) WClg + CH;CH,0H — 3 WClg, (OC2H3), + HCl,

b)CH;CH,0H + CH;COOH——3 CH;CH,00CCH; + H,0

Scheme 1. (a) Reaction between tungsten hexachloride and
ethanol, (b) esterification reaction between ethanol and
acetic acid.

4. Conclusions

WOy nanowires were obtained by using a simple
solvothermal method varying the reaction time
and the use of acetic acid as an additive in the
precursor solution. XRD patterns showed the
monoclinic WO279 and orthorhombic WOs3
phases. SEM and TEM images showed
nanowires (500 nm-1.5 um) and nanorods (55-65
nm) structures. UV-Vis absorption presented a
range of band gap energies depending of the
particle size (4 nm-3.28 eV) and (10 nm-2.56
eV). The PL spectra exhibited three emission
peaks in the blue zone at 440, 460 and 484 nm.
WE* W and W** oxidation states of the War
peak depict to the WO2.72 phase were supplied by
XPS. The results showed that increasing the
reaction time from 10 h to 24 h affected the
crystalline structure changing from monoclinic to
orthorhombic. Moreover, with the addition of
acetic acid as solvent, the crystal structure is not
affected, but stabilizes the monoclinic phase in
the course of time.
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