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Abstract. In the present study, two different methods for preparing hexagonal WO; (h-WOs3) photocatalysts were used -
controlled thermal decomposition and hydrothermal synthesis. WO; nanoparticles with hexagonal structure were
obtained by annealing (NH4),WOs._, at 500 °C in air. WO; nanorods were prepared by a hydrothermal method using
sodium tungstate Na,WO,, HCI, (COOH), and NaSO, precursors at 200 °C. The formation, morphology, structure and
composition of the as-prepared nanoparticles and nanorods were studied by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), and scanning electron microscopy combined with energy-dispersive X-ray
spectroscopy (SEM-EDX). The photocatalytic activity of the h-WO; nanoparticles and nanorods was studied by
decomposing methyl orange in aqueous solution under UV light irradiation.

INTRODUCTION

WO; is an n-type semiconductor with a bandgap of 2.4-2.8 eV and it is one of the most widely researched
photocatalysts [1-2]. Its photo-generated h' is oxidant enough to generate *OH from water, but the photo-excited ¢
cannot reduce the O,, which decreases its photocatalytic activity. Nevertheless, this is compensated by that WO;
absorbs also visible light in the most intensive part of the solar spectrum, besides UV light [3-4].

WO; has several crystalline modifications, however up to now almost only the monoclinic WO; (m-WOs3) was
studied as a photocatalysts [5-7]. However, there has been only one study on the photocatalytic properties of the
hexagonal WO; (h-WOs3) [4]. The h-WO; has a three dimensional channel-system along its structure, which is
stabilized by cationic impurities, e.g. Li", Na', K, NH," [8]. Due to this the W atoms in h-WO; are partially reduced
to maintain electroneutrality, and they can serve as recombination centers during photocatalysis, and decrease the
activity. The m-WOs;, on the other hand, is completely oxidized, and therefore has a better photocatalytic activity
[4]. Still, the h-WOs; could be also applied for photocatalysis, especially when its surface is nanostructured and with
high surface area.

In order to enhance the photocatalytic efficiency, the catalyst should have high specific surface area. Therefore,
in the recent years the researchers are focused on studying novel nanomaterials, like nanoparticles [4,9], nanofibers
[10-11], nanorods [12-13], which possess high surface-to-volume ratio, and thus increased photocatalytic effect.

The h-WO; sample used for photocatalysis was prepared by annealing hexagonal ammonium tungsten bronze,
(NH4)WO;., (HATB) in air at 500 °C, and was composed of 50-70 nm particles [4]. On the other hand, the
hydrothermal synthesis is powerful method for preparing nanostructured WO; photocatalysts [13-15]. When SO, is
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added to the standard Na,SO, and HCI reaction mixture, it acts as a structure directing agent during the
hydrothermal synthesis to obtain h-WOj; nanorods [16].

Hence, in this study we prepared h-WO; nanoparticles by annealing (NH4)xWO;, and h-WO; nanorods
hydrothermally using Na,WO,, HCI, (COOH), and NaSO, as precursors. The as-obtained samples were investigated
by powder X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (SEM-EDX). The photocatalytic activity of the h-WO;
nanoparticles and nanorods was studied by decomposing methyl orange in aqueous solution under UV light
irradiation.

EXPERIMENTAL

Hexagonal WO; nanoparticles were prepared by annealing hexagonal ammonium tungsten bronze, (NH,),WO;._y,
in air at 500 °C. (NH4),WO;, was prepared by the partial reduction of ammonium paratungstate tetrahydrate,
(NH4)10[H,W,04,].4H,0 (APT), in H, for 6 h at 400 °C [17]. The annealing parameters of (NH4),WO;, were
determined previously to obtain h-WO; [18]. At temperatures below 500-550 °C WOj; crystallizes in the hexagonal
structure, while over 550 °C predominantly in the monoclinic structure [19].

Hexagonal WO; nanorods were obtained by adding 4.1 g Na,WO,-2 H,0O to 100 ml water, then the pH was set to
1 by adding 3 M HCI. Afterwards 3.2 g oxalic acid was added to the solution, and then 60 ml of the solution was
poured into a Teflon lined stainless steel autoclave (Parr Instrument, 302 AC T304). It was heated to 200 °C with 1
°C/min and kept there for 24 h. After the reaction, the product was centrifuged and washed with both H,O and EtOH
several times, and dried in air at 60 °C.

The XRD patterns of the samples were recorded by a PANalytical X’pert Pro MPD X-ray diffractometer using
Cu Ko radiation. Transmission electron microscopy (TEM) images were taken by an FEI Morgagni 268D device. A
JEOL JSM 5500 1v scanning electron microscope (SEM) was used for the SEM-EDX study.

The photocatalytic efficiencies of the as-prepared catalysts were tested in the photo-bleaching reaction of
methyl-orange (MO) by UV light (2 parallel 18 W Osram black lights). 1 mg of WO; powder was placed inside a
quartz cuvette, then 3 mL MO solution (0.0133 mg/ml) was pipetted into the cuvette. It was then closed with
Parafilm and left in the dark for 15-30 min, so that the particles can absorb the dye, and an equilibrium can be
reached. Methyl orange was selected as a probe molecule, as its absorption maximum (465 nm) is exactly where
WO; has a minimum in its UV-Vis spectrum. MO is one of the most widespread dyes for testing the photocatalytic
activity of WO; [14]. Then the lamp was switched on and the decline of the MO concentration was followed by a
Jasco V-550 type UV-Vis spectrophotometer.
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FIGURE 1. SEM images of h-WOj; (a) nanoparticles and (b) nanorods.
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RESULTS AND DISCUSSION

The morphology of the as-prepared WO; samples was studied by SEM (Fig. 1) and TEM (Fig. 2). The h-WO;
nanoparticles consisted of 50-70 nm particles. While the h-WO; nanorods were 5-10 pm long and 150-500 nm thick.
Both structures are beneficial for photocatalysis. The EDX study detected the presence of W and O in the h-WO;
nanoparticles. Nitrogen from NH," was not observed clearly, since it was present in small amounts [4], and below
the detection limit of EDX. In the h-WO; nanorods ca. 0.7 m% Na was detected and it was explained by the
presence of structure stabilizing Na" ions in the hexagonal channels of h-WO;.

(b)

FIGURE 2. TEM images of h-WO; (a) nanoparticles and (b) nanorods.

The hexagonal WO; crystalline structure of the nanoparticles and nanorods were confirmed by the XRD study
(XRD patterns not shown here). The samples exhibited typical hexagonal WO; patterns corresponding to ICDD 85-
2460. The results for both the nanoparticles and nanorods indicated that the samples consisted of pure h-WO; phases
and they were highly crystalline, which was important, as from our previous studies it was determined that WO;
with higher degree of crystallinity showed better photocatalytic properties [4].
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FIGURE 3. Photocatalytic study of h-WO; nanoparticles and nanorods: decomposing aqueous methyl orange by UV light.

140003-3



The photocatalytic activity of the WO; powders is shown in Fig. 3. After 150 min reaction time the relative
absorbance of methyl orange, which is proportional to its concentration according to Lambert-Beer’s law, decreased
to 0.96 in the case of using WOj; nanoparticles as photocatalysts. The WO; nanorods performed much better, since
in their case the A/A, of methyl orange decreased to 0.94. The higher specific surface, i.e. nanorods vs. nanoparticle
morphology, is explained as the key factor in the 50 % higher photocatalytic efficiency. The results are still
preliminary, and by improving the photocatalytic setup from a cuvette to e.g. a stirred jacketed beaker with much
higher volume the A/A, decline is expected to be increased significantly, and thus the sensitivity of the
photocatalytic measurement will be better. Nevertheless, the obtained data clearly show that h-WO; nanorods
obtained by hydrothermal synthesis operate much better in photocatalysis than h-WO; nanoparticles obtained by
thermal decomposition of HATB.

CONCLUSIONS

We obtained h-WO; nanoparticles by annealing (NH4),WO;, in air at 500 °C and h-WO; nanorods
hydrothermally using Na,WO,, HCI, (COOH), and NaSO, as precursors at 200 °C. The h-WO; nanoparticles were
50-70 nm in size, while the h-WO; nanorods were 150-500 nm thick and 5-10 um long. Both samples were
composed of h-WOs;, without any impurities. The photocatalytic activity of the h-WO; nanorods turned out to be 50
% better compared to h-WO; nanoparticles, owing to the higher specific surface of the h-WO; nanorods.
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