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Abstract

We used the hydrothermal approach to create nano-sized tungsten oxide (WO3) flakes. Utilizing X-ray
diffraction (XRD), scanning electron microscopy (SEM), and high-resolution X-ray photoelectron spectroscopy
methods, the structural characteristics of the as produced WO3nanoflakes were examined (XPS). Furthermore,
the basic vibration modes of WO3 flakes were further shown by Raman spectra. The distinctively nano
structured WO3 has demonstrated a fresh option for energy storage and energy conversion materials.
Keywords:WO;, nano flakes, XRD, XPS and Raman spectroscopy

Introduction

Ozone-based semiconductor materials[1-3] have drawn a lot of interest in recent years due to their usefulness in
solving energy and environmental problems[4—7]. Due to its consistent physicochemical characteristics,
resistance to photocorrosion in aqueous solution, and apparent light sensitive qualities, tungsten oxide (WO3) is
one of the most promising materials among them[3, 8]. Though, due to the high rate of electron-hole
recombination, WO3 nanoparticles are often ineffective catalysts and photocatalysts [8]. Numerous initiatives
have been made to address this limitation of surface regulations, including appropriate textural design[9], the
construction of certain morphologies with high-surface-energy facets[10], or the development of heterojunctions
[11]. Among these, the modification of structure has attracted a lot of attention due to its facile effectiveness in
improving the separation between electron hole pairs and thus improves the performance for energy conversion
and storage applications. Many important findings have been reported on the structure tuning during the past
few years[4, 12-14]. It was demonstrated that the structure of WO; could alteralone and/or with various
semiconductors, such as the typicalphotocatalysts, including UV-light driven TiO, [15], the visible light
driven BiVO, [16],g-C3N, [17],Ag;PO, [18], photocatalysts and so on. Although structure modifications on
photocatalysts is an effective method for enhancing the photocatalytic activity[19], more studies have been done
to improve the activity of WO; itself by simplestructure modifications and has been demonstrated to be efficient
in the electron-hole separation[20-22]. Besides, the structure modified WO; can be more feasible and
practical[23].Hence, it is essential to examine the structural transformation in WO; for an efficient device
fabrication. Among all the crystalline phases of WQO;, monoclinic (m- WOj3;) and hexagonal (h-WO;) are
typically used as photocatalyst in water splitting, and hexagonal (h-WO;) endures a phase transition to
monoclinic-WOQO; phase through calcination[24].In this work, an interesting surface morphology of flakes
structures was obtained for WQO;, i.e. monoclinic phase (m-WOs3). Further, XRD, XPS and Ramanspectroscopies
were conducted to confirm the monoclinic phase of WO;. It is found that the contents of WO; can be
precisely adjusted by the calcination temperature. An in- depth understanding of nanostructure-related
disputes may be a great support in thedesign and fabrication of efficient semiconductor based materials.

Materials and Methods

Materials sysnthesis

The precursor was prepared by dissolving 1.0 g Sodium Tungstate dihydrate (Na, WO, 2H,0) as tungsten (W)
source in 80 ml of 6 M Hydrochloric acid (HCI) under1 h stirring to form H,WO, solution. Then 30 ml of 2 g
Ammonium Nitrate (NH4NO3) solution for controlling monoclinic structure was mixed in the solution for the
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synthesis of WOs;flakes. The precursors solution were transferred into 100 ml Teflon-lined stainless steel
autoclave, which was processed at 200°C for 20 h. At the execution of the process, the resultant precipitates of
light-yellow (flakes) were separated by purifying, washed with distilled water to remove the remaining ions and
ethanol to facilitate the evaporationof water, and finally dried at 180°C in air for 12 h.

2.2 Materials characterization

The crystalline phases of the prepared samples were examined using X-ray diffraction (XRD) analysis (Bruker
AXS D8, Bruker, Germany). The surface morphologyof the samples was examined by field-emission scanning
electron microscopy (FE-SEM; JSM 6500F). The chemical composition and elements present in samples and
their corresponding valence states in samples were determined by X-ray photoelectron spectroscopy (XPS). The
measurements were acquired by an ESCALab220i-XL electron spectrometer (Thermo Fisher Scientific
Company, USA). The vibrational, rotational and other low-frequency modes in the sample were analyzed by
Raman spectroscopy (Thermo Scientific DXR).

Results and Discussions

XRD pattern of synthesizedWO3 by the hydrothermal process isshown in Fig. 1. All X-ray diffraction peaks are
consistent with those predictable for monoclinic WO; phase (m-WQO;), matching to the JCPDS No. 83-0950 as
normal.[24] No any other impurities were perceived, offering that the final productis pure phase. Peak
intensities are high and sharp, representingthe very good crystalline nature of the final WO; product. It is
worthto note that the strong diffraction peak of the (0 0 2) plane is higher than those of other diffraction planes,
revealing the m-WOj; structure with vastly anisotropic growth in the c-axis.The average size of the ordered V,0s
nanoparticles has been assessed from Debye- Sherrer formula [25-27]according to equation the following:

D= 0.89 A /BCos6 where, 0.89 is the shape factor, A is the x-ray wavelength, B is the line widening at half the
maximum intensity (FWHM) in radians, and 6 is the Bragg angle. The average size of WO; nanoflakes was
around ~ 29 nm from this Debye-Sherrer equation.
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Fig. 1 XRD pattern of WO;

Surface morphologies of the prepared sample were investigated by scanning electron microscope (SEM). SEM
image of m-WOj; synthesized (Fig. 2) shows the flakes over therange of 0.50-1.00 um wide and 0.30-0.50 m
thick.
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Fig. 2. FE-SEM images of WO; flakes

The low and high magnifications clearly indicated as the m-WOsflakes structureand no exposure of other
morphologies. Formation mechanisms of m-WO3 nanoplates and nanorods are able to be described as
follows[28-30].

2H" +WO,”” + nH,0 <> H,WO,nH,0 (DH,WO4nH,0 <> WO; + (n+ DH,O  (2)

By dissolving sodium tungstate dihydrate, the colorless solution made. Then this colorless solution converted
into the yellow one upon addition of HCI solution, thus showthe possible formation of tungstic acid solution.
Under hydrothermal action, the tungstic acid in the existence of NH4;NO; decomposed into flakes shaped m-
WOs;. Under hydrothermal system, WO; nuclei quicklymade from the precursor;then these nucleiserved as
seeds, produced due to self-assembled method and developed into m- WOsflakes.

waf
Wad3aiz
O1ts

W4d5i2
312

wo

Normalized Intensity (a.u)
Cis

3 : 1 4 i
T

0 200 400 600 800 1000 1200
Binding Energy (eV)

Fig. 3 XPS spectra of WO;
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Fig. 4 Raman spectra of WO;

As shown in Fig. 3, two sharp peaks with binding energies at 35.63 and 37.71 eV canbe observed, which are
related with the characteristic W4f;, and 4f;, peaks of the we species, besides they indicate the co-existence
of W' ions with oxygen (O) vacancies,the elemental composition of W is about 35 %. [31, 32]. That fact is
also reflected by characteristic O 1s photoemission lines located at 531.6 eV. Fig. 4 presents the Raman spectra
of the prepared catalysts, where the peaks at 273 cm™ and 326 cm™ are due to the O—-W—O bending vibration,
and the peaks at 716 cm™ and 807 cm™ are ascribed to the O—W-O stretching vibration.[33, 34] From these
results, it may be concluded that WO3 is perfectly produced with flakes structure. This unusual property is
highly preferred and can be deliberated as an encouraging strategy to improve the electro catalytic and photo
catalytic activity of tungsten oxide based systems.
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Conclusions

The hydrothermal technique was effective in producing monoclinic WO3 nano flakes. WO3's phase was
managed during the synthesis. XRD, XPS, and Raman spectroscopy all verified that the m-WO3 nano plates
were in their pure phase. The distinctively nano structured m-WO3 has demonstrated a fresh option for energy
storage and energy conversion materials.
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