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ABSTRACT

The novelty of this research works in the two-step formation of tungsten oxide (WO3) -loaded
TiOz nanotube arrays composite film by study the optimum conditions of electrodeposition of
WOj3 nanoparticles on TiO2 nanotubes arrays based on their photo-activity performance. The
W have been incorporated from a sodium tungstate-based aqueous electrolyte containing from
0.2 M sodium tungstate (Na,WO4) with addition of 0.13 M hydrogen peroxide (30%) and
drops from H>SOy4 up to get pH = 1; it accumulates to form a self independent structure of
WOj3 on the surface of the nanotubes. WO3 was deposited for several times intervals at room
temperature and annealed at 350 °C for 30 minutes. TiO2 nanotubes (TNTA) were successfully
grown by anodizing of titanium foil (T1) in organic (98% vol., ethylene glycol, 2 vol.% Di water
and 0.5 wt% ammonium fluoride and acidic (0.5M phosphoric acid and 0.14M sodium
fluoride) electrolyte. The possible growth of TiO2 nanotubes in the applied potential at 20V
for 45 minutes was investigated. It were found such electrochemical condition resulted in
formation of nanotube with average diameter 50 & 120 nm and the length 3.5 & 0.6 pm for
organic and acidic electrolytes respectively. The anodized samples were annealed at 500 °C in
N2 gas for 3 hours. The structural, morphology and composition of TiO: nanotubes and
WO3/TiO; nanotube were characterized with XRD, FESEM and EDX. FESEM results of the
nanotubular arrays showed uniform arrays of titania nanotubular and showed. EDX results
showed trace of tungsten has been incorporated into TiO,. The influences of tungsten
content on the photocurrent densities of WO3/TiO2 nanotubular photoanodes wete
investigated by recording current-potential profiles. The preliminary results indicated that the
WO3/TiO; produced showed good photocurrent densities due to the behavior of Wo* ions
which allows to electron traps that suppress electron-hole recombination and exploit the lower
band gap of material to produce a water splitting process by increasing the charge separation
and extending the energy range of photo-excitation for the system.

Keywords: Titanium oxide nanotubular arrays (INT), Anodization, tungsten oxide (WOs3), electrodeposition,
photoelectrochemical measurements.
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1 Introduction

Hydrogen is an attractive alternative source of energy because it is renewable if collected
through the splitting of water, burns cleanly (producing only H>O), and could deliver energy
in the same method as fossil fuels, via combustion or electricity through the use of fuel cells.
Generated hydrogen through the splitting of water is a very desirable alternative fuel for the
following reasons: sunlight is a plentiful and renewable energy source [1]; the hydrogen
generating device has no moving parts, therefore maintenance is minimal; and the associated
infrastructure is simple [2]. Photoelectrochemical reaction for water splitting is a process in
which water is split into hydrogen (Hz) and oxygen (Oz) on the surface of a specific type of
photoactive material, namely titania (TiO2) semiconductor [3, 4]. The photocatalytic splitting
of water using oxide semiconductors is initiated by the direct absorption of a photon, which
creates separated electrons and holes in the energy band gap of the material [5]. During the
past few decades, significant efforts have been made to search for a low cost and efficient
photoelectrochemical cell (PEC). An ideal PEC cell needs to have an optimum band gap
with the right band positions for both its CB and VB. In addition, it needs to be readily
available, non-toxic and stable in an aqueous solution. Moreover, this material has to have a
high absorption and good photon-to-electron conversion efficiency. So far, no single
material has been found that meets all the criteria above for a cheap and efficient PEC cell.
Most of the existing materials suffer from either stability issues or low photon-to-electron
conversion efficiency. TiOz has high band gap level which has a potential for water splitting
under UV-light, but it cannot absorb visible light and hence, suffer from low light
absorption efficiency. An anatase TiO2 shows fewer recombination reactions due to the
indirect band gap and hence, produces better photocatalytic activity compared to rutile that
has a direct band gap. Moreover, other oxide such as WOs3 has low band gap level of 2.2-2.8
eV [6] has good absorbance in visible light but it has insufficient CB or VB edge for water
reduction and oxidation; it can absorb the blue region of the solar spectrum up to ca. 500
nm. Recently, WO3; was considered as a new photoanode material or mixture material with
TiO» for water splitting because WOs3 can offer relatively small band gap and has high
stability in an aqueous solution. Although WOj; has shown great potential such as photo-
oxidation of water with visible light and has high photocurrent levels with nanocrystals, the
quantum yield is still low [7, 8]. In this work, strategies were centred on controlling the
structure or the chemical composition of the TiO nanotube arrays composite (INTA). The
electrochemical anodization is the simplest method of fabricating TNTA from a titanium
foil. The 1-D nanostructures offer highly efficient charge transport channels longitudinally.
Vatious efforts have been made to employ mixed WO;/TiO: systems to enhance the
efficiency of electrochromic effects in aqueous solution [9, 10]. Whereas, the enhancement
of the photocatalytic performances of TiO2 was possible since WO3 can serve as an electron
accepting species [11]. However, WO3/TiO2 or WO/TiO; wete mainly prepared by
different methods as physical mixing [12], multi-step grafting of ammonium tungstate [13,
14], improved sol-gel method, co-precipitation [15], hydrothermal method [16] and
electrodeposition [17], where WO3 or WOy only covered the surface of TiO» with low
amounts in most situations. The ability of WOx-TiO2 to be excited by visible light and
degrade the dyes were confirmed by several researchers, where Li et al. (2001) proven that
the photoactivity of WOx-TiO, was significantly higher than that of pure TiO: and an
optimal content of WOux in TiO2 was found to be 3% for WO, in TiOs was the highest rate
of methylene blue (MB) photodegradation [18]. The most related researches about
WQO3/TiO; were summarized in Table 1.
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Table 1: Summary of previous researches about Tungsten trioxide on TNTA

Synthesis Significant Findings Ref
Method

WO3/TNTA Electrochemica | The maximum conversion efficiency of 0.87% was obtained for WO3/TNTA nano-composite. H; and Oz gases [19]

nanocomposite | 1 deposition were collected during the photoreaction were had the volume ratio of 2.2:1 volume ratio.

W-Doped A direct Showed that photocurtent densities of 3 wt% W-doped TNTA which wete obtained wete 0.25 mA/cm? at 1 V [20]

TNTA anodization bias, which is much higher than that of the undoped sample.

WO;/TNTA A facile Exhibited enhanced photocatalytic activity toward Rhodamine B (RhB) degradation when compared with pure [21]

nanocomposite | hydrothermal TNTA and P25. The optimum percentage of WO3 decorated on TNTA for the improvement of photocatalytic
method properties is 5 wt. %.

WO;3-TNTA A sol—gel Samples exhibited a strong photoresponse in the visible region and a low PL emission. [22]
template High efficiency of 2,3-dichlorophenol degradation was obtained under visible light.
technique

W doped An anodization | The content of 9 at% WOj3 in photoresponse experiments is most beneficial, in long term experiments a higher [23]

TNTA of Ti—W alloys | efficiency is observed for the 0.2 at% W content.. This demonstrates that under optimized WOj3; doping

conditions a lasting visible light activation of TiO2 nanotubes can be achieved.

W-TNTA A radio- The effect of W on the photoelectrochemical properties of TNTA was due to W atoms which occupy the [24]
frequency (RF) | substitutional position within the vacancies of TNTA. Found the W-TNTA system plays important roles in
sputtering efficient electron transfers due to the reduction in e /h* recombination.

WOs3-TNTA A wet A maximum photocurrent of 2.1 mA/cm? with a photoconversion efficiency of 5.1% was obtained, which is [25]
impregnation approximately twice higher than that of pure TiOz nanotubes. The findings were mainly attributed to higher

charge carrier separation, which minimized the recombination losses and enhanced the transportation of photo-
induced electrons in this binary hybrid photoelectrode.

WO;3-TNTA A wet A low content of WOj species successfully diffused into the TiO lattice and formed W-O-Ti bonds, which [26]
impregnation significantly promoted effective charge separation by trapping photo-induced electrons from TiO,. The

photocurrent density, photoconversion efficiency, STH efficiency, and H» generation of the resultant hybrid
nanotubes were increased.

WO;3-TNTA A wet In PEC studies, high-crystallinity anatase-phase WTNs exhibited a highet photocutrent density (2.4 mA/cm?) than [27]
impregnation WTNs of amorphous or polycrystalline phases.

WO0s3/TiO; Liquid phase TiO; film provides an excellent platform for WO3 deposition. WO3 expands the absorption band edge of TiO» [28]

heterojunction | deposition film to visible light region.WO3/TiO; heterojunction film shows high photoelectrocatalytic activity.

WOs-loaded Tungsten as WOs-loaded TiO; nanotube arrays with the highest aspect ratio, geometric surface area factor and at% of tungsten [29]

TiO; nanotube

the cathode

exhibited the more favorable photocatalytic degradation of MO dye under UV light irradiation
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As a result, the main focus of this work is to enhance the photocurrent density of TNTA
and increased its ability to generate hydrogen by deposition of WOs3 nanoparticles and to
form a highly efficient nanocomposite structure. As well, the optimum conditions of
electrodeposition of WO3; on TNTA to get the best photocurrent of TNTA semiconductors
in PEC. A full investigation of the intrinsic material properties of the resulted samples was
performed, which included crystallinity, morphology, and electronic absorption spectrum, by
FESEM, X-ray diffraction (XRD) and UV-VIS diffuse reflectance. Finally the optimised
photoelectrodes were investigation by measuring photocurrents enhancement via PEC
measurements.

2  Materials and Methods

Short TiOz nanotubular array (STNTA) was prepared by anodizing a Ti-foil in an acidic
electrolyte [30] containing 0.5M ortho-phosphoric acid and 0.14M sodium fluoride at pH 2
under constant stirring and the voltage profile. Similarly, a much longer titania nanotubes
were synthesized in accordance with the procedures reported by [31]) which required the
anodization of T-foil in an organic electrolyte consisting of ethylene glycol (EG) with 2%
vol. DI water and 0.3 wt% of NH4F at pH 5.9. The post-treatment process of the TNTA
prepared above involved annealing, which is a vital step for the transformation of the
amorphous state of titanium oxide into anatase crystals. Prior to annealing, the surface of the
anodized samples was cleaned with deionized water to remove ionic residues, and the
samples were dried under Nz flow at 100 °C for 12 hr. The TNTA samples were loaded in to
a muffle furnace in a ceramic boat and were annealed at 500 °C for 3 hr in N» flow. The
temperature was increased at a rate of 5 °C/min. The synthetic procedures for making
Tungsten Oxide/TNTA were improved from previously reported work through few
modifications such as deposition bath compositions, calcination temperature and electrodes
configurations as summarized in Table 2. However, Figure 1 shows the cyclic voltammetry
scan of TNTA in deposition electrolyte, whereas, the cyclic voltammogram suggested that
the electrodeposition potential of about -0.38 V which is similar to the reported potential for
W({V) reduction to W(0) [32].

Table 2 : Electrodeposition and calcinations conditions of tungsten oxide on TNTA electrodes.

Electrodeposition Bath Deposition Electrodes Calcination Ref.
Temperature Configuration Conditions

¢ 0.2M of Sodium tungstate 23-25°C Anode: Long- 350 °C for | Krasnov
(NazWOy4, 99%, Merck) TNTA (LTNTA) & | 30 min in and

¢ 0.13M of Hydrogen Peroxide Short-TNTA purified air | Kolbasov
Solution (H205, 30%, Sigma- (STNTA) 33]
Aldrich), and Cathode:Pt

e drops of Sulfuric acid Reference:
(H2S0., 70%, Merck) Ag/AgCl
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Figure 1: Cyclic voltammaogram of TNTA electrode in 0.2M Na,WO,, 0.13M H,0, electrolyte.

The synthesized photoanodes were characterized by field emission scanning electron
microscope (FESEM), energy dispersive X-ray (EDX), X-ray photoelectron spectrometer
(XPS), X-ray diffraction (XRD) and ultraviolet and visible light (UV-VIS) spectroscopy.
Photoelectrochemical data of the photoanodes were collected by using the in-house PEC
system [34, 35] and the results were discussed in comparison with TNTA.

3  Results and Discussion

Figure 2 and Figure 3 show the morphology (FESEM top-view) of the STNTA and LTNTA
with WOs3 deposit, respectively. It can be seen that TiO; tubes are covered with a very thin
layer of WO3 started to form and became much thicker as the deposition period became
longer (Figure 2c and 3c). However, in most cases the surface area shows open and nicely
decorated tubes with small individual WOs3 nanoparticles (diameter of ~5 nm) was visible for
5 minutes deposition period and became larger (agglomeration) as the deposition time
getting longer until a thick layer was formed as shown in Figure 2e & f and 3f. The EDX
result is represented and it clearly indicates that W is present (Table 3) in the particles.

Table 3: Elemental Composition of WO,/ TNTA at different deposition periods.

Elemental content (Atomic %)
Deposition Time WO;3/STNTA WO;3;/LTNTA
(min) Ti o) C W Ti o) C W
1 35.38 64.57 - 0.04 41.69 51.08 7.13 0.11
5 37.96 61.88 - 0.16 37.07 59.09 3.61 0.23
10 38.69 61.05 - 0.26 28.89 57.02 13.82 0.28
15 57.41 42.19 - 0.40 26.55 55.32 17.68 0.45
30 51.26 47.73 - 1.01 30.72 59.61 9.01 0.66
45 32.60 60.58 - 6.823 26.45 65.04 5.77 2.74
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Figute 2: FESEM top view of WO,/ STNTA at variety deposition time: (a) 1, (b) 5, (¢) 10, (d) 15, (e) 30, and (f)
45 minntes.

Figute 3: FESEM top view of WO,/ LTNTA at selection deposition time: (a) 1, (b) 5, (¢) 10, (d) 15, (¢) 30, and
(1) 45 minutes.
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For WO3-TNTA nanocomposite electrode, the content existences of deposited WOs3
nanoparticles on short and long TNTA were studied by XRD measurement. The XRD
patterns for WO3;-STNTA and WO3-LTNTA are depicted in Figure 4a &b, respectively.
Previous investigations on bulk WOj; have reported the following phase transformation
sequence upon heating: triclinic (8-WO3) (=30 °C) — monoclinic (y-WO3) (330 °C) —
orthorhombic (8-WO3) (740 °C) — tetragonal (x-WOs3) [36]. In this work, the XRD patterns
(Figure 4a & b) show diffraction signals for the monoclinic WOs3 under the conditions
(JCPDS No.83-950), indicating a desirable crystallinity was formed in the nanocomposite
sample after calcinations at 350 °C [37]. As shown in Figure 4a &b, there was no new
diffraction peak can be ascribed to the crystal phase of W, Tij-«O2 for the calcination
temperatures used in this study which can be concluded that no reaction between oxides.
The nanocomposite show sharp diffraction peaks at 34.0° (202), 49.0° (004), and 55.3° (024),
for WO;/LTNTA’s XRD spectrum which were similar to those detected by Lai and
Sreekantan [25].

v WO, ¥ Wo,
A TiO2 (Anatase) A TiO2 (Anatase)
R TiO2 (Rutile) -~ R TiO2 (Rutile)
_ 4]
2z g
= WO,-STNTA S | WO,-LTNTA
= 8
S =
£ s
< oy
Z g
2 =
= —
LTNTA
l PUTIr o A A
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Figure 4: X-ray diffraction patterns of (a) WO,/ STNTA and (b)) WO,/ LTNTA.

However, the peak at 30° was unknown. The XRD profiles of WO3/LTNTA became
stronger and sharper than WO3/STNTA because most of the deposited WO3 nanoparticles
were formed on the surface of the LTNTA (due to smaller tube diameter) but the particles
were deposited in the tubes and on the surface (due to big diameter) of the STNTA. The
reflectance (R%) of WO;/TNTA nanocomposites were measured using UV-VIS
spectroscopy, and the reflectance spectra are shown in Figure 5. The transmittances were
almost zero due to the Ti base. The intensity of the reflectance depends on the morphology
and amount of metal oxide formed on the surface. Besides absorption by the deposited
nanoparticles, the detected scattering of light was very weak due to the morphological
structure of tubes which absorbs the scattering light. The fluctuation of reflectance was
sttong in 1-WO;/TNTA samples in the visible region (400 to 800 nm) for one min
deposition period as shown in Figure 6. This is due to the small amount of WOs3 content.
The WO3/TNTAs with different WO3 contents were used as photoelectrodes in PEC watet-
splitting cell for evaluation of their photocurrent densities production. The photocurrent
density-voltage response was plotted under 100 W/m? illuminations. The corresponding
experimental results are presented in Figure 6a & b for WO;/TNTA and WOs3/TNTA
respectively for different deposition periods. The maximum photocurrent densities of 0.3
and 0.37 mA/cm? were observed at 1 V vs. SCE in the 10-WO;3;/STNTA and 15-
WO;3/LTNTA with 0.16 and 0.45 at% of W content respectively, which is relatively higher
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compatred with that of the pure STNTA and LTNTA (0.06 and 0.32 mA/cm? at 1 V vs.
SCE, tespectively). The WO3/STNTA prepared by deposition for 1, 5, 15, 30 and 45 min
exhibited decreased photocurrent densities of approximately 0.1, 0.18, 0.17, 0.14 and 0.12
mA/cm? at 1 V vs. SCE, respectively. It is noted that WO;/LTNTA photoanodes which
were deposited for 1, 5, 10, 30 and 45 min produced photocurrent densities about 0.19, 0.26,
0.33, 0.22 and 0.09 mA/ecm? at 1 V vs. SCE, respectively. These tesults clearly showed the
significant effects of different WO3 contents in the TNTA on the PEC performances. The
resultant photocutrent densities of WO3;/STNTA increased lineatly as shown in Figutre 6a.
Moteover in Figure 6b, the photocuttrent densities of WO3/LTNTA at 1, 15 and 45 min
deposition periods were mostly constant, and the other curves were increased slightly in
logarithmic shape.
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Figutre 5: Reflectance spectra of WO,/ STNTA (left) and WO,/ LTNTA (right) at varions deposition periods.
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Figutre 6: Photocurrent density as a function of measured potential (vs. SCE) for a) WO;/STNTA and b)
WO,/ LTNTA photoelectrodes deposited at different deposition period under light illumination.

Figure 7 was illustrated the predicted mechanism of electrons movement in WO3;/TNTA
photoelectrodes. Composite WO3 and TNTA materials have shown a favorable electron
injection from the CB of TNTA to that of WO3 and hole transfer between VBs in the
opposite direction, which reduces e'/h* recombination in both semiconductors. The CB of
WOj3 is not negative enough for water reduction, some modifications are needed to achieve
H: evolution. Also WO;/TNTAs have a higher UV response compared to WO3 materials.
This is improvement could be attributed in part to better absorption and better transport
due to the organized nanostructures. In addition, the electron transfer from TNTA to WOs3
results in a wide electron-hole separation, which could improve the IPCE values as well
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h* vB

h* vB
Figute 7: Schematic diagram showing the energy band position and the electron transfer direction for WO,/ TNTA
nanocomposite electrode after being excited by light.

4  Conclusion

This work was focused on the synthesis, characterization, PEC testing of hetero-
nanocomposite TNTA semiconductors with WOs3 nanoparticles. However, getting the best
performance for the photoelectrochemical testings for electrodes were quite difficult since it
was influenced by the stability and the ability of the electrodes to produce photocurrent.
However, short and long TNTA synthesized by anodization of Ti-foil in two types of electrolytes
(acidic and organic) lead to synthesis two different morphologies of TNTA. Subsequently, Metal
oxides nanoparticles (WO3) which has a small band gap were deposited on TNTA
individually from sodium tungstate aqueous solution at room temperature. The
morphologies of deposited WO3; on TNTA varied depending on deposition periods and
crystal type. Similarly, the content of WO3; on TNTA increased upon electrodeposition
petiod according to EDX results. Likewise, for WO;3;/STNTA and WO3;/LTNTA the
maximum photocurrent were 0.3 mA at 10 minutes and 0.37 mA at 15 minutes, respectively.
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