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ABSTRACT

We report the synthesis of crystalline W;3049 with nanosheet like morphology by low cost microwave
irradiation method without employing hydrothermal process for the first time. Initially, WO3-H,0
was synthesized using ethylenediaminetetraacetic acid (EDTA) as surface modulator. The product was
annealed at 600 °C for 6 h in ambient atmosphere in order to obtain anhydrous tungsten oxide WygOag.
Powder X-ray diffraction results confirmed the as prepared WO3-H,O to be orthorhombic and W1gQOy4g to
be monoclinic phase, respectively. Transmission electron micrographs (TEM) revealed that the W;g049
nanosheets have the average dimensions of the order of 250 nm in length and around 150 nm in width.
UV-visible diffusion reflectance spectroscopic (DRS) studies revealed the band gap energies to be 3.28
and 3.47 eV for WO3-H,0 and W;5049 samples, respectively. The growth mechanism of two dimensional

TEM analyses

EDTA W5049 nanosheets is discussed.

© 2011 Published by Elsevier B.V.

1. Introduction

The nanostructured transition metal oxides (TMOs) have
attracted considerable attention in the past decade because of
their unique chemical and physical properties leading to numer-
ous potential applications. Tungsten oxides (WO3_g) represent a
fascinating class of material used for flat panel devices [1], smart
windows [2], anti glare mirrors [3], etc. because of its outstanding
electro, photo and gas chromic properties. In particular, W;gO4g9 has
been explored for many applications such as gas sensors [4], pho-
tocatalysis [5], catalysis in electrochemical process [6], etc. Thus
controlled production of WO3 based nanostructures in the pres-
ence of surface modulators has become significant particularly due
to their flexible processing chemistry [7]. Tungsten oxide nanopar-
ticles have been prepared by diverse techniques like microwave
hydrothermal method [8], surfactant mediated method [9], acidi-
fication method [10], precipitation method [11], etc. Among these,
Jang-Hoon Ha et al. [8] have used EDTA as surface modulator to syn-
thesize self assembled one dimensional hydrated WO3; nanowire
bundles by microwave hydrothermal process. The authors have
concluded that the sodium ions from EDTA in the reaction medium
plays a unique role even though the presence of ammonium ions
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is required for producing urchin like structure because of its highly
ordered self assembled nature. Yuxiang Qin et al.[12] have reported
the synthesis of one dimensional W1g049 and two dimensional
WO3 nanostructures by solvothermal method. The authors showed
that the one dimensional W;g049 nanowire bundles have a much
higher response value and faster response-recovery characteristics
to NO, gas than WOs3. Deepa et al. [13] have derived crystalline oxy-
gen deficient WOj3 by sol-gel method. Though the sol-gel method
is simple and less time consuming, the products are predominantly
amorphous with poor chemical stability and further heat treat-
ment is necessary to enhance the crystallanity. Most of the above
mentioned methods used for the synthesis of W;gO49 are time
consuming and expensive.

In this work, we report the rapid synthesis of W;g049 by
microwave irradiation method with and without using EDTA salt
as surfactant for the first time. In both the cases, time required for
synthesis was around 10 min only and the reaction process was also
very simple.

2. Experimental procedures

The precursor solution was prepared by dissolving 2.49g of tungstic acid
(H2WO4) in 10 ml of sodium hydroxide (NaOH). This resulted in yellow colored
hydrated sodium tungstate solution due to proton exchange protocol process [14].
Subsequently 0.5 g of EDTA (i.e. ~20 wt.% of tungstic acid) was added to the precur-
sor solution to act as a surfactant and several drops of HCI was introduced into the
solution to attain the pH value of 1. HCl acts as a precipitating agent and also medium
for the product to have desired morphology [15]. About 5 ml double distilled water
(i.e. ~50vol.% of precursor solution) was added with the above solution in order
to respond to microwave quickly. The final solution was exposed to microwave
(2.45 GHz) under optimum power of 180 W for 10min in air atmosphere. After


dx.doi.org/10.1016/j.jallcom.2011.01.159
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Sekar2025@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.01.159

V. Hariharan et al. / Journal of Alloys and Compounds 509 (2011) 4788-4792 4789

= (@)

3
s
o
E =

MAE

10 20 59 (degree) 30 40
= g (b)
= -
s =
=
=
w
s
[
E
T E T

10 20 20 (degree) 30 40

Fig. 1. Powder X-ray diffraction pattern of WO3-H, O prepared (a) without and (b)
with EDTA.

irradiation a very small amount of surrounding water present in the product was
removed by drying at 60°C in air for 1 h. The above process was repeated without
adding EDTA salt under the identical conditions. Both the products resulted in yel-
low colored powder which was annealed at 600 °C in air for 6 h to attain crystalline
anhydrous tungsten oxide.

Thermal analysis was performed on SDT Q600 V8.3 Build 101. X-ray powder
diffraction (XRD) patterns of all the samples were measured on a Bruker AXS D8
advanced diffractometer with monochromatic CuKo: - radiation (A = 1.5406 A). TEM
images and a Selected-area electron diffraction (SAED) were recorded on a Tech-
nai G20-stwin High resolution electron microscope (HRTEM) using an accelerating
voltage of 200 kV. Optical properties were analyzed by UV-VIS diffusion reflectance
spectroscopy using CARY 5E UV-VIS-NIR spectrophotometer (200-800 nm).

3. Results and discussion
3.1. Synthesis of WO3

Hydrated tungsten oxide (WO3-H,0) was successfully synthe-
sized by microwave irradiation method with and without using
EDTA as surfactant. The reaction time required in both the cases was
about 10 min only. The products were found to be pale yellow in
colour. Powder XRD results confirmed the formation of orthorhom-
bic phase of perovskite-like structure for both the samples prepared
without EDTA (Fig. 1a) and with EDTA (Fig. 1b). All the diffraction
peaks could be indexed as per the JCPDS data (43-0679) [16]. XRD
pattern of WO3-H,0 prepared without EDTA revealed sharp and
stronger peaks when compared to that of the sample prepared
using the surfactant EDTA. The samples were annealed at 600°C
in air for 6 h in ambient atmosphere which resulted in oxygen defi-
cient WO5_g phase.

The XRD pattern of annealed samples prepared with and with-
out using EDTA could be assigned to W17047 (JCPDS card-79-0171)
(Fig. 2a) and W1g049 (JCPDS card-84-1516) (Fig. 2b) phases with
monoclinic structures. The oxygen content of EDTA assisted sample
was found to be slightly lower than that of the surfactant free sam-
ple. XRD pattern of EDTA assisted W1gO49 sample contains more
number of peaks and they are sharper when compared to that of
the sample prepared without surfactant. Even though the positions
of the diffractions peaks are identical, the orientations of planes
for each case are different (see Fig. 2a and b). This is attributed to
the fact that the structure variation between W03 and WO, leads
to change in linking of coordination polyhedral from corner shar-
ing to edge sharing [17]. Thus the presence of EDTA enhances the
crystallinity and reduces the oxygen content of the end product.
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Fig. 2. Powder XRD pattern of the annealed samples (a) W17047 (without EDTA) and
(b) W1g049 (with EDTA).

In general, tungsten oxides easily lose oxygen and are represented
as WOs_;. The oxidation state of tungsten in W;gOg4g lies between
+4 (WO0;) and +6 (WO3). With larger non-stoichiometry the defects
preferentially accumulate at so called crystallographic shear planes
along (I, m, 0) with the formation of edge-shared WOg octahe-
dra [18]. The intensity at (01 0) reflection for both the samples is
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Fig. 3. TG-DTA curves of WO3-H,0 prepared (a) with EDTA and (b) without EDTA.
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Fig. 4. TEM images of (a) WO3-H,0 without EDTA with low magnification. (b) WO3-H,0 without EDTA with high magnification. (c) W17047 (annealed at 600°C for 6h in
air ambient). (d) WO3-H,0 with EDTA. (e) W15049 (annealed at 600°C for 6 h) with EDTA - low magnification. (f) W1s049 (annealed at 600°C for 6 h) with EDTA - high
magnification. (g) SAED pattern of WO3-H, 0 without EDTA. (h) SAED pattern of W13049 (annealed at 600 °C for 6 h) with EDTA.

greater than other peaks suggesting that the crystalline W;7047
and W;3049 nanosheets were oriented along the (01 0) direction.

EDTA has been widely used as chelating agent and as surface
modulator in the synthesis of many nanostructured materials [8].
The presence of sodium ion (Na*) in EDTA plays a crucial role in
modifying the morphology of the product by adsorbing oxygen
quickly during the annealing process. Thus, it appears that Na*
based EDTA salt has resulted self assembled tungsten oxide nanos-
tructures [8]. In a similar work, we have prepared WO3-H, 0 using
PEG as surfactant. Subsequent annealing under identical conditions
resulted in stoichiometric WO3 which has been attributed to the
absence of non adsorbing oxygen in PEG. On the other hand, anneal-
ing of WO3-H;0 prepared using EDTA resulted in oxygen deficient
W1g049. This may be due to the formation of intermediate sodium
oxide (Na,0) during annealing process. The EDTA may also act as

a driving force in producing such sheet like structure of W1gOg4g
during annealing process.

3.2. Thermal analysis

TG-DTA curves of hydrated tungsten oxides prepared using with
and without EDTA are shown in Fig. 3a and b, respectively. The
data were recorded in air atmosphere in the temperature range
30-1100°C with the heating rate of 20°C per min. TG result of
WO3-H;0 prepared using EDTA displays weight loss in four steps:
first weight loss of 6.62 wt.% occurred up to 159°C corresponds
to the loss of interstitial water in WO3-H,0. The second weight
loss of 7.82 wt.% up to 279 °C may be due to the loss of chemically
bonded water and organic species such as carbon which is present
from surface modulating agent (EDTA salt). The third and fourth
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steps between 279°C and 572 °C (6.11 wt.% and 3.89 wt.%) may be
attributed to the removal of organic and inorganic species like car-
bonaceous compounds, sodium and chlorine ions which are present
in the precursor solution from Na,WO,4 and HCI. The observed
weight gain above 800 °Cindicates the possible oxygen uptake from
ambient air which leads to stoichiometric tungsten oxide (WO3).
The DTA results indicate the two possible phase transitions around
356°Cand 503 °C, respectively. The exothermic peak at 356 °C cor-
responds to the phase transition of orthorhombic WO3-H,0 into
orthorhombic WOs3 (Space group: Pmnb). The other peak at 503 °C
corresponds to the phase transition of orthorhombic WO3 (Space
group: Pmnb) to monoclinic W1g049 (Space group: P2/m). For com-
parison, the TG-DTA curves of WO3-H,0 prepared without EDTA
are shown in Fig. 3b. The total weight loss was found to be 13.31%
which could be attributed to the loss of some physically adsorbed
and chemically bonded water in addition to a small amount of inor-
ganic species like sodium and chlorine ions. Thus the total weight
loss (13.3%) is much less than that of the sample (25%) W0O3-H,0
prepared using EDTA. Further it can be noted that there was no
oxygen uptake during high temperature treatment from 311 °C to
1100°C. This clearly indicates that the surfactant play important
role in fixing the oxygen content and stability of the end product.

3.3. TEM analyses

Fig. 4a and b shows the TEM micrographs of WO3-H,0 synthe-
sized without adding EDTA. Higher magnification (Fig. 4b) picture
reveals that the sample consisted of nanosized tablets of different
dimensions. Upon annealing at 600 °C in air for 6 h these tiny par-
ticles aggregated and resulted in platelet like morphology (Fig. 4c).
Fig.4d shows the TEM image of WO3-H, O prepared using EDTA. This
sample is made up of nanosized crystals fairly well dispersed when
compared to the sample grown without EDTA (Fig. 4a). Annealing
this sample under identical conditions led to platelets which are
made up of a number of nanosheets with dimensions of the order
of about 250 nm in length and 150 nm in breadth (Fig. 4e). HRTEM
image of EDTA assisted annealed sample W1g04g (Fig. 4f) reveal the
d spacing of the lattice fringes to be around 0.5 nm which corre-
sponds to (102) plan in XRD pattern. This indicate that the system
is grown along a and c axes. The presence of sodium ion (Na*) in
EDTA salt absorbs oxygen during annealing process which might
lead to the growth of two dimensional sheet like structure along a
and c axes (102). It can be noticed that the width is half time than
the length in agreement with the plane value. The selected area
electron diffraction (SAED) pattern for WO3-H,0 grown without
EDTA (Fig.4g) shows the single crystalline nature whereas annealed
sample reveal the occurrence of a very uniform halo-ring shaped
electron diffraction spots indicating poly crystalline nature of the
sample (Fig. 4h).

3.4. FT-IR analyses

Fig.5a and b shows the FT-IR spectra of WO3-H, O prepared using
EDTA and annealed sample W;g049. respectively. The observed
wave numbers, relative intensities obtained from the recorded
spectra and the assignments were listed in Table 1. In both the sam-
ples, the frequency range between 900 and 600cm~! are clearly
distinguished and are attributed to stretching (v O-W-0) modes
of WO3 [19].

The bands present in the region 3100-3550cm~! belong to
O-H stretching vibrations (asymmetric and symmetric) of co-
ordinated water. The peaks ataround 1595 cm~! may be assigned to
H-0-H bending of the coordinated water [20]. The additional peaks
observed at 2822 cm~! and 1352 cm~! belong to CH, stretching,
CH wagging vibration, respectively. It can be noticed that the peak
intensity of the annealed sample (W1gO49) is slightly weaker when
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Fig. 5. FT-IR spectrum of (a) as prepared WOs3-H,0 and (b) W13049 annealed at
600°C. Both the samples were prepared using EDTA as surfactant.

compared to that of as prepared sample (W03-H;0). Although the
TG results (heating rate 20 °C/min) suggest that the organic impu-
rities are removed already at lower temperatures (Section 3.2), the
high sensitive FT-IR results indicate the presence of some organic
impurities in the product. Hence, we suggest that a prolonged
annealing is required in order to remove all the organic species
present in the samples.

3.5. UV-visible diffusion reflectance spectroscopy

Fig. 6 shows the diffusion reflectance spectra of EDTA assisted as
prepared (W03-H,0) and annealed sample (W1g049), respectively.
The absorption from 550 nm to 450 nm towards lower wavelengths
in the entire spectrum (blue shift) corresponds to the absorption
edge of the solids. The optical constant (band gap energy (Eg)) is
extracted from UV-Visible DRS spectra. The fundamental indirect
allowed transitions of WO3_g due to transition of O 2p electrons
from the valance band to the W 5d conduction band.

The band gap energies (Eg) have been calculated using
Kubelka-Munk (K-M) model as described below. The K-M model
at any wavelength is given by
K (1-R)

§=T=F(R<x)

F(Ry) is the so called remission or Kubelka-Munk function, where,

Rsample

Roc= Rstandard

Agraphis plotted between [F(R, )hv]? vs hu and the intercept value
gives the band gap energy Eg [21] of the individual sample (see
inset of Fig. 6). Thus, the band gap energies were estimated as 3.28

Table 1
Observed FT-IR wavenumbers (cm~1) of as prepared WOs3-H,0 using EDTA as sur-
factant and annealed W;3049 samples.

WO0s5-H,0 Wi5049 Tentative assignments

3424 (vs) 3402 (m) H-OH str.

2822 (vw) 2819 (vw) Assy. CHj str.

1595 (vs) 1592 (s) H-OH deformation vibration
1354 (w) 1352 (vw) CH, wagging

819 (vs) 639 (vs) W-O0 stretching

637 (vs) 816 (vs) W-0 stretching




4792 V. Hariharan et al. / Journal of Alloys and Compounds 509 (2011) 4788-4792

65

60

55

50

45

401

% Reflectance (R)

[F(RahvT’)

35 4

30

1.5 20 25 30 35
Energy (eV)

7 - T T T T T T T
400 500 600 700 800

25

Wavelength (nm)
85

80

75 1

70

% Reflectance (R)

65

[F(Ra)hv])
o =
2 g
2 3

0.005

60 -

Energy (eV)
T N T % T & T * T
400 500 600 700 800
Wavelength (nm)

55

Fig. 6. UV-visible DRS spectra of EDTA assisted samples (a) WO3-H20 (b) W13049
(annealed at 600°C for 6h in air ambient). In both the cases, inset shows a plot
between [F(R«)hv]? vs hv and the intercept value gives the band gap energy Eg of
the individual sample.

and 3.47 eV for as prepared and annealed samples, respectively.
Similar procedure was followed to calculate the band gap energies
for WO3-H,0 and for W1704; prepared without EDTA and the val-
ues were found to be 3.40 and 3.55 eV, respectively. This indicates
the EDTA assisted samples have more optical conductivity than the
surfactant free samples.

4. Conclusions

We have successfully synthesized W;7047 and WjgOgyg
nanosheet like morphology by adopting a novel microwave irradi-

ation method with and without using EDTA as surface modulator.
The powder XRD results confirmed the as prepared samples in both
the cases to be orthorhombic phase (WO3-H,0) and the annealed
samples (W17047 and W;g049) were indexed as monoclinc struc-
tures. TEM observation clearly demonstrated the role of EDTA in
shaping surface morphology through formation of sheet like struc-
ture with the dimensions of 250 nm in length and 150 nm in width
which served as building blocks for the formation of W;g0O49 bun-
dles. The UV-Visible DRS analysis indicated the band gap energies
of the EDTA assisted samples to be lighter than that of surfac-
tant free samples. These observations suggest that the W;gOg4g
nanosheets may be suitable for photo catalytic applications and
the oxygen vacancy may be used to induce the changes in electrical
properties.
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