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Abstract

WO; films have been obtained by anodization of tungsten in the different acidic electrolytes (HCI, H,SO,,
H3;PO,4, H3PO4 + NH4F) and at various applied potentials. Electrochemical impedance spectroscopy was
used to investigate film formation and to characterize the obtained oxide films. The equivalent electric
circuits modelling reactive and blocking behaviour are provided and discussed. It was found, that oxide
film capacitance decreases linearly with increasing anodization potential. The relative permittivity of
tungsten oxide films varies from 31 to 56 depending on the acid used. A relatively high rate of the film
formation (1.87 nm V™) and increased resistance against oxide breakdown can be achieved for tungsten
oxide obtained from 0.3 M oxalic acid bath. Compact oxide films are formed at the potentials ranged
from 10 V to 30 V, whereas increasing of anodization voltage to 60 V resulted in the formation of
disordered, porous structures due to surface etching. Semiconductor properties were determined by Mott-
Schottky analysis. Photoelectrochemical properties of as-deposited and annealed at 600°C WO3 films
were determined in a Na,SO, solution under pulsed and constant UV irradiation. It was determined that
annealed WOj; films in comparison to as-deposited films are more stable and generate substantially higher

photelectrochemical currents.

Keywords: anodization, tungsten trioxide, electrochemical impedance spectroscopy, annealing,

photocurrent.
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1. Introduction

Semiconductor materials have been always an area of particular interest. Most transition metal oxides
exhibit semiconductor properties and are widely used in both industry and science. Currently, research on
the rarer metal oxides (such as tungsten or molybdenum) remains important, especially in the increasingly
vital solar energy conversion field. Anodization is a convenient and effective way to form an oxide film,
because the anodic dissolution of metallic tungsten is followed by immediate formation of WO3. One of
the first models explaining the formation of WO3 is the so-called Point Defect Model (PDM) [1-2]. It
states that the formation of the oxide layer occurs via transfer of oxygen vacancies (point defects) from
the metal | oxide interface, across the growing oxide layer, to the oxide | electrolyte interface, at which the
vacancies are consumed. According to the PDM, the film thickness depends on the applied anodization
potential. The interpretation of electrochemical impedance spectra in the frame of elaborated kinetic
models or equivalent electric circuits is a powerful tool to investigate the formation mechanism of thin
films [3-5].

The presence of a pseudo-inductive loop in the impedance spectra at intermediate frequencies indicates
point defect interaction during the film growth and dissolution processes. A kinetic model, including the
recombination reaction between positively and negatively charged point defects at the film/solution
interface, as well as an elaborated kinetic scheme for tungsten diffusion through the film, mediated by
cation vacancies, have been proposed. It is assumed that AC modulation of the space-charge layer within
the oxide, and the compensating surface charge cause the relaxation phenomenon that results in
inductance presence in the impedance spectrum [6].

The formation of a porous oxide layer occurs through equilibrium between electrochemical film
formation and chemical dissolution. As the oxide dissolves, pits form on its surface and merge into
porous structures [7]. Varieties of acidic media, as well as combinations with fluoride ions which dissolve
tungsten via a different pathway, have been used for anodizing tungsten [8-13]. Oxide films obtained at

different conditions (potential, pH, anodization duration and electrolyte used) exhibit different surface



morphology, thickness, and porosity. Thus, their photocatalytic properties can vary in a broad range [13,
14-18]. For commercial use, stable films are highly desirable. However, in many electrolytes WOj3 is
susceptible to photocorrosion. A decrease of 74% in photocurrent density of electrodeposited films was
noticed [19], after which the photocurrent remains constant for a long time. A significantly smaller drop
of 39% was found for films, prepared via the polymeric precursor method [20] and 28.4% for vertically
aligned plate-like arrays [21].

The stability of anodized WO3 films can be further increased by thermal annealing [17-22]. This is likely
caused by changes in crystallinity of the as-anodized films (from amorphous to
monoclinic/orthorhombic). Temperatures above 400 °C seem to decay surface porosity, but increase the
overall thickness of the porous layer.

It was found that the photoelectrochemical properties of WO3 films strongly depend on the film thickness.
A decrease of measured optical band gap (from 2.96 eV to 2.50 eV) was observed for electrodeposited
WO; films with thickness increase (respectively 168 nm to 431 nm) [23].

Further growth of film thickness (> 600) nm leads to a diminution in photocurrent conversion efficiency
[24]. It was proposed that for films thinner than 500 nm the surface band gap component dominates.
Whereas for thicker films (> 500 nm) it is the bulk band gap component that determines the photocurrent.
Thicker films may also have increased resistivity, larger distance of charge carrier diffusion, and greater
possibility of electron-hole pair recombination [25]. Multiple studies have shown that the limiting factor
of the WO3 film’s photocatalytic properties is the generation of charge carriers by photons [26, 27]) and
therefore a linear relation between illumination intensity and generated photocurrent was determined. The
present study was devoted to the synthesis, electrochemical impedance spectroscopy (EIS) study and

photoelectrochemical behaviour of as-deposited and annealed WO3 films.

2. Experimental

All electrodes were prepared from pure W (99.95%, Alfa Aesar): (a) plates of 1 cm x 1 cm dimensions

were used for structural analysis and photocurrent measurements; (b) wire of 1 cm? surface area was used



for voltammetry and electrochemical impedance spectroscopy. Prior to experiments, the electrodes were
polished, degreased in acetone in the ultrasonic bath and rinsed with distilled water. Based on previous
research [2, 3, 8-13], several electrolytes have been selected, and are presented in Table 1. All
measurements were carried out using programmable potentiostat Autolab 302N and NOVA software. For
high-voltage anodization, a Consort EV 245 galvanostat/potentiostat was used.
Table 1.

Tungsten oxidation at relatively low anodic potentials. Polarization curves were obtained by linear
sweep voltammetry in the 0-5 V potential range at scan rate of 50 mV s™. A two-electrode cell with a
stainless steel coil of significantly larger surface area (~30 cm?) was used as counter electrode. It was
considered that the possible potential shift during the measurement would be negligible compared to the
applied voltage.

Electrochemical impedance spectra were registered as follows: an automated program has been set up to
increase the potential in steps of 0.1 V (see Table 1). During each of these step, the electrode was kept at
corresponding anodization potential for 10 minutes (a steady-state current has been settled within this
period), then EIS spectrum was registered in the 10 kHz — 0.01 Hz frequency range at perturbation
amplitude of 5 mV. In this way, a continuous growth of the oxide film could be examined in situ.
Measurements were conducted in a two-electrode cell. Due to the bigger electrode area and large
capacitance of the counter electrode, the measured impedance belonged entirely to the working electrode.
The obtained EIS data quality and causality was confirmed by applying Kramers-Kronig procedure
integrated into the NOVA software. The determined residuals were very small for the real part of the
impedance (up to 0.8%), and their distribution appears to be random. Larger residuals occur on the
imaginary part; their appearance coincides with the frequency range that exhibits inductance in the
spectrum. Even so, only a few points are particular outliers, and generally the residuals are also within the
vicinity of 1%. The sum of squares of the relative residuals reflects the compliance to Kramers-Kronig
transforms, because the overall sums of residuals, y*> were ranged from 10° to 10* dependently of

solution.



Mott-Schottky plots were calculated based on the EIS data obtained. For these experiments the impedance
of the working electrode was measured at one frequency of 1 kHz (£ 5 mV amplitude) and at anodic
potentials from 1.2 V to 0.1 V. After measurement of each point, the oxide layer was regenerated for one
minute at a constant potential 1+ 5 V. The capacitance was calculated by fitting of the obtained results
with a RC circuit. This given frequency (1 kHz) is within the range when the capacitance can be
attributed to the barrier layer only. Moreover, this frequency was used to compare our results with other

published data.

Tungsten oxidation at relatively high anodic potentials. WOj3; films were obtained by anodization in a
two-electrode cell for 30 minutes at voltages ranged from 10 to 60 V in 0.3 M oxalic acid. Surface
morphology was evaluated with Hitachi S-3400N scanning electron microscope. The thickness of
obtained oxide films was measured based on cross-section images.
Photocurrents were measured in a three-electrode quartz cell, with a stainless steel counter electrode and a
saturated Ag/AgCl reference electrode. A 0.5 M Na,SO, electrolyte was selected. Measurements were
carried out by means of Autolab Optical Bench system with a calibrated UV LED (365 nm) and light
intensities up to 80 mW cm™ connected to Autolab N3012 potentiostat. To compare as-deposited and
annealed WOs films, samples were obtained by anodizing in 0.3 M oxalic acid at applied potential of 35
V for 30 minutes, then have been thermally treated for 3 hours at 600 °C with a temperature ramp-up
speed of 130-145 °C min™.

3. Results and discussion
3.1 Tungsten oxidation at relatively low anodic potentials
In order to compare the formation of WQOj3 in different electrolytes, potentiodynamic anodic curves for
tungsten electrode were recorded in following solutions: 1 M H,SO,4, 1M HCI, 14 M H3PQOy, 14 M H3PO,
+ 1 M NH4F, and 0.3 M oxalic acid. Obtained anodic polarization curves for tungsten in various solutions
are shown in Fig. 1. The shape of the curves is similar: a broad peak is followed by a wide passivation-
dissolution plateau that extends at least up to 5 V. The peak is less pronounced in phosphoric acid with

and without the addition of ammonium fluoride. In the presence of ammonium fluoride oxide dissolution
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is somehow facilitated by the formation of fluoride complexes with W(V1), and peak current density
increases slightly.

The polarization curves obtained in H,SO, and HCI acids have similar shapes as in phosphoric acid
solutions, but the peak current values are slightly larger. In the case of oxalic acid (Fig 1), the highest
peak and plateau current densities are observed: jpea=3.0 MA cm™ and j,=1.3 mA cm™,

Fig. 1

3.1.1 Electrochemical impedance spectroscopy study

In order to reveal the different anodization behaviour of tungsten in the investigated electrolytes the
electrochemical impedance spectroscopy was used. The EIS spectra and the equivalent electric circuits
that best fit to the obtained spectra, are given in Fig. 2 and 3, respectively. The shapes of Nyquist and
Bode plots differ, and represent either reactive (HsPO, solutions) or blocking (HCI and H,C,0, solutions)
systems in accordance with classification based on the impedance behaviour at the low frequencies and
provided in [28]. For reactive systems, when frequency approaches 0, the impedance magnitude reaches a
finite value [29]. Phase angle also approaches 0, showing that the current and potential are in phase. The
system is then conductive to direct current. Such behaviour can be seen on the Bode plots (see Fig. 2 a
and b) of impedance in phosphoric acid solutions. Blocking systems, however, completely prevent
passing of direct current. It follows that when frequency approaches zero, imaginary part of impedance,
Zim, approaches -co. Tungsten passivation in hydrochloric and oxalic acids reveals a strong capacitive
response at the low frequencies (Fig. 2, ¢ and d).

The impedance magnitudes decrease in the following order of acids: H3PO, > H3PO, + HF > HCI >
H,C,Q,, as it can be predicted from the potentiodynamic curves. Notably, the shapes of the Nyquist and
Bode plots depend on the chemical composition of the solution and anodization potential. The increase in
impedance magnitude with increasing anodization potential in all studied cases can probably be explained
by the increasing film thickness in these systems.

In addition, in the range of intermediate frequencies a pseudo-inductive response is visible in the studied

potential range (at 1 V and higher) that can be ascribed to the relaxation phenomena at the oxide film /
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solution interface [4]. The differences that arise between impedance spectra in the investigated solutions
are caused by the specific kinetics of WO3; formation in chemically dissimilar solutions. The anodization

of tungsten oxide in aqueous electrolytes is a complicated reaction, but can be represented as:
W +3H,0 ->WO, +6H" +6e” 1)
Then, partial dissolution of formed WOj3 occurs in acidic media [2]:
WO, +2H" —WOZ" +H,0 (2)
The addition of NH4F to the solution promotes three reactions, which can occur simultaneously: (i)
tungsten oxide formation — Eq. (1); (ii) tungsten dissolution through the oxide [6], because of increased

defectiveness of the outermost layer of the oxide — Eq. (3); and (iii) WO3 dissolution — Eq. (4). The last

two reactions result in the formation of tungsten and fluoride complexes:

W +nF~ —[WF, [ +6e” 3)

WO, +6H" +nF~ —[WF, ] +3H,0 4)

When the mentioned reactions occur under AC perturbation of small amplitude, the H3PO, and
H3PO4+NH4F systems behave as reactive at the low frequencies (Fig. 2 a and b), and impedance spectra
fit well to the equivalent circuit shown in Fig. 3a. The constant phase element (CPE) in the equivalent
electric circuits used to fit obtained spectra represents the imperfection of double layer capacitance. In

general, the impedance of CPE is given by:
1,. \-n
Z(w)za(Jw) ®)

where Q is a constant, and 0<n<1.
After adding NH4F to the H3POy electrolyte (Fig. 2¢) a substantial decrease (6 to 10 times) in the system
impedance is obtained (see Fig. 2a and b). It is caused by the electrochemical dissolution of W leading to
the formation of complexes in the solution according to the reaction (3). In addition, the value of
coefficient n (see Eq. (5)) decreases from 1 to 0.92 probably due to increased defectiveness of the oxide

film in the presence of F-ions.



Fig. 2
Fig. 3
EIS spectra obtained in HCI and oxalic acid solutions (Fig. 2c and d) are of similar shape, and
demonstrate blocking behaviour at the low frequencies. Probably, in these systems the concentration of
WO,?* formed in the reaction (2) reaches the point of supersaturation and an extra oxide layer of
WO3-2H,0 is formed by the following reaction [30]:

WO? +3H,0 -»WO, - 2H,0+2H* (6)
Therefore, the electric equivalent circuit used to fit these impedance spectra contains the additional RC
element connected in series (Fig. 3b) which is marked as “R2” and “C0”, and fitting to this equivalent
circuit is shown in Fig. 2 c and d.
Based on the impedance fitting results and taking into account the physical meaning of the elements of
equivalent electric circuits, it is possible to estimate the thickness of oxide layers formed at relatively low
anodization potentials. The capacitive behaviour can be related to the thickness and the dielectric
properties of the oxide film. However, in order to be able to separate the barrier layer capacitance (C,)
from the pseudocapacitance (Co) we needed to look into this phenomenon. A zone bordering the oxide |
electrolyte interface (the space-charge zone) can either accumulate or deplete charge under effect of the
AC signal. Then a compensating surface charge will build up from the electrolyte. It is evident that this
process will alternate along with the AC phase. Hence, a time-dependent capacitor appears at the low
frequency range.
The values of equivalent electric circuit elements depending on the potential are shown in Fig. 4. With
formation potential increasing, the oxide become thicker and both the capacitance of the barrier layer (C,)
and pseudocapacitance (Co) decreases. Simultaneously, the charge transfer resistance (Rs) increases
linearly because the charge carriers have to migrate a larger distance; the increase in resistance of the
space charge layer (R4) and in inductivity (L) can also be attributed to the larger film thickness.

Fig. 4



It has been proposed that the compact oxide layer could be modelled as a parallel plate capacitor, thus the
capacitance of the barrier film should be inversely proportional to the distance between the plates, or in

this case to the thickness of the film [3,5]:

C1: ro (7)

where ¢ and g is the apparent relative permitivity of the oxide film and the permittivity of

vacuum, respectively; L is the thickenss of obtained oxide film.

On the other hand, the thickness increases with applied potential (Eg) proportionally to a coefficient a,
which is also called the anodizing or formation ratio. Hence, the thickness can be expressed by a linear

equation:
L:oc(EF —EO) (8)

where o is the anodizing ratio; E is the applied formation potential; Ey is the starting potential of

the oxide film formation.

Combining these two equations results in a linear dependence of the inverse capacitance on the film

formation potential, and slope of this dependence is equal to .
Srgo

1 o

—=—(E—F) ©)

C, &g,

It was found that tungsten oxide layer capacitance is represented by the CPE (see. Fig. 3 and 4), and the

capacitance values were recalculated into effective capacitances, Cy, using the following equation [31]:

1 1-n

C,=Q"R" (10)

where Ry is the oxide layer resistance; Q and n are defined in Eq. 5.



The plots of the inverse capacitance on the applied potential for all investigated electrolytes are shown in
Fig. 5.

Fig. 5

They are linear as it is predicted by Eq. 9, but slopes depend on the electrolyte used. The slope is higher
in the case of HCI, H,SO,4 and oxalic acid, than for phosphoric acid solutions. If the relative permittivity
is assumed to be constant for the entire range of the applied potentials 1+5 V, then according to Eq. 7 the
capacitance decreases due to thickness increase. However, the estimation of film thickness from
capacitance measurements is not straightforward. Most of the researchers are finding the constant of
relative permittivity or are using other independent methods for thickness estimation. In this study the
method reported in [3] was applied, and the indicated averaged value of the anodization ratio 0=1.78 nm
V! was used for calculations using Eq. 9. The calculated constants of relative permittivity are presented
in Table 2 and estimated thickness of oxide layers vs anodization potential is shown in Fig. 6. Obviously,
using of o as an average value results in some smoothing out of the results, although the differences

between thickness of films formed in phosphoric acid and other electrolytes are seen clearly.

Table 2.

Fig. 6

3.1.2 Semiconductor properties of obtained WO3 films

Semiconductor properties have been determined for tungsten oxide films obtained in 0.3 M oxalic acid

using Mott-Schottky equation:

= () = Vi) (1)
CSZC qgrgoND q

where Csc is the space-charge layer capacitance; q is the elementary charge; Np is the donor density; Vg

and Vg are the oxide film formation potential and flat band potential, respectively.

In our case Cqc is equivalent to C; (Fig. 3). The Mott-Schottky plots shown in Fig. 7 were plotted based

on the electrochemical impedance data obtained at the decreasing potential values from 1.2 V to 0.1 V.
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After measurement of each point, the oxide layer was regenerated for one minute at a constant potential
of 1 V to 5 V. The capacitance was calculated through fitting with a typical RC circuit, because at 1 kHz

neither pseudocapacitance nor inductance should distort the fitting data.

The shape of plots reveals, that the obtained WO3 is an n-type semiconductor. The interception of the
trend lines with the ordinate gives the value of the flat band potential, while the donor density can be
calculated from the slope of the plots. The results of these calculations are presented in Table 3, and show
that both donor density and flat band potential vary with anodization potential. The drop in donor density
can be related to the increase in film thickness; and the bulk donor concentration must decrease with
increase in oxide volume. With rising formation potential from 2 V to 5 V the flat band potential shifts
from 0.179 V to 0.371 V vs Ag/AgCI. Clearly, a change occurs in the oxide band structure, which may

have an effect on its photoelectrochemical properties.

Fig. 7 - updated

Table 3

3.2 Tungsten oxidation at relatively high anodic potentials

High anodization potentials have been applied in order to obtain thicker tungsten oxide films, which are
more suitable for photoelectrochemical behaviour study. Due to limited rate of tungsten oxide growth in
phosphoric solutions (Fig. 6), only sulphuric, hydrochloric and oxalic acids have been used for
anodization at the high potentials. Stationary polarization curves of tungsten anodization in investigated
acidic solutions are shown in Fig. 8. The relatively high anodization potentials up to 70 V without film
breakdown can be applied only in the oxalic acid, while the oxide layers obtained in 1 M H,SO4 and 1 M
HCI solutions are not stable already at ~50 V. Also, the anodization current densities are much lower in
these solutions than in oxalic acid.

Fig. 8

Therefore, only WO; films obtained in oxalic acid have been further investigated. SEM images of these

films obtained at relatively high anodization potentials are shown in Fig. 9. It was observed that at
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formation potential of 10-20 V a compact oxide film is obtained, which covers the entire surface
uniformly. At formation potentials of 30 - 40 V, due to partial surface etching, nanoporous structures on
the compact oxide layer are formed. However, the coverage of ordered nanoporous layer was not uniform
(Fig. 9, inset images). At anodization potential of 60 V almost the entire surface of oxide film was
affected by etching (Fig. 9).

Fig. 9

The thicknesses of the anodized films obtained at high anodization potentials were estimated from SEM
images of the film cross-sections (Fig. 10, scatter points). The linear correlation between anodization
potential and the resulted film thickness is observed. Based on these experimental data the anodization
ratio a=1.87 nm V™ was determined in the oxalic acid solution. This value was introduced into Eq. 8 to
calculate the trend-line that was extended to the lower potentials as well (Fig. 10 solid line).

Fig. 10

The obtained value for anodization ratio is slightly higher than reported in [3] a=1.78 nm V™, which was
determined as an average value for several electrolytes, and can result in underestimation of oxide film
thickness. Thus, the comparison of the trend-lines, obtained by extrapolation of the data presented in Fig.
6 for oxalic acid (Fig. 10, dashed line) and experimental data (Fig. 10 solid line), reveals the difference in
the estimation of the film thickness. Moreover, based on experimentally determined value of o, the
relative permittivity for tungsten oxide obtained from oxalic acid solution has been updated from 31. 6 to

33.3 (Table 2).

3.3 Photoelectrochemical properties of as-deposited and annealed WO; films

It has been reported [14] that the band gap of WOj lies within the range of 2.6 eV to 3.0 eV, therefore the
strongest light absorbance shall occur in the ultraviolet range. Photoelectrochemical properties of
obtained tungsten oxide films in 0.3 M oxalic acid were investigated. Fig. 11 shows linear sweep
voltammetry curves obtained in the presence and without UV irradiation in a Na,SO, solution for as-
anodized sample. There is a small peak at ~ -0.2 V, and its position and height do not depend on the UV

irradiation intensity. It can likely be related to the oxidation of some remaining un-oxidized tungsten
12



through the formed oxide film. An increase in photocurrent is observed at potentials >1 V, where the
photoelectrochemical splitting of water begins to occur. Further increasing of potential yields
progressively stronger photocurrents. The increase of UV irradiation intensity also linearly increases the
photocurrent density at any given potential.

Fig. 11. - updated

Chronoamperometric measurements under pulsed UV irradiation with 2 second on-off intervals have also
been carried out on the obtained oxide films, and data are presented in Fig. 12. The highest photocurrent
density (0.11 mA cm™) was observed for the film anodized at 80 V. According to the previously
discussed results, this film would be the thickest and has the highest specific surface area. Although, some
discrepancy can be seen at lower voltages, where changes in the surface structure might have had an
effect, generally the bigger anodization voltage the larger is the photocurrent.

Although, the stability of WO3 layers has not been a major task of this study, the film degradation was
noticed. Namely, a change in film colour was detected during prolonged measurements and some films
even can dissolve. Furthermore, after 200 seconds the photocurrent decreased by 10 — 20 pA cm™ in most
cases. In order to overcome the film stability issue, the annealing was performed as it increases the
amount of oxygen vacancies and thus free electrons in the oxide, as well as improves the crystallinity
[17]. The effects of annealing have been discussed in [12, 17], where it was found that the indirect band
gap of WO3 decreases almost linearly when annealing temperature increases from 300 °C to 500 °C.
Consequently the photoelectrochemical properties of oxides improves [19].

Fig.12

Annealing of the WO3 films obtained at potential of 35 V for 30 minutes was carried out for 3 hours at
600 °C and the temperature ramp-up speed of 130-145 °C min™. The measured photocurrents of these
films are presented in Fig. 13. Annealed films showed faster response to UV illumination and higher
photocurrents (up to 1 mA cm™) compared to as-deposited films generating photocurrent of ~0.11 mA
cm™.

Fig. 13
13



The films also exhibit higher resistance to photocorrosion, because no decrease of photocurrent during the
measurement was observed. Results of voltammetric measurements (Fig. 14) reveal that the photocurrent
onset potential shifts to the lower anodic values after annealing due to possible changes in crystal
structure. Also, an increase in photocurrent from 0.37 mA cm™ at 0.5 V to 1.95 mA cm Z at 2.4 V is
observed. Thus, irradiation of annealed WO3 films at higher potentials could result in enhanced
photocatalytic behaviour for water splitting.

Fig. 14 - updated

4. Conclusions

The comprehensive investigation of as-deposited and annealed WO3; films obtained by tungsten
anodization in the different acidic solutions (1 M H,SO4, 1 M HCI, 14 M H3PQ,4, 14 M H3PO, + 1 M
NH4F, 0.3 M oxalic acid) was carried out. Highest anodization currents of tungsten oxide formation were
obtained for 0.3 M oxalic acid solution. The anodization behaviour of tungsten in the investigated
electrolytes was studied by the electrochemical impedance spectroscopy. Electrochemical impedance
magnitudes at the low frequency range decrease in the following order: H;PO4 > H3PO, + HF > HCI >
H,C,0,. The lowest charge transfer resistances are obtained for oxalic acid that is in conformity with
voltammetric data.

In addition, in the range of intermediate frequencies a pseudo-inductive response is visible, that can be
ascribed to the relaxation phenomena at the oxide film / solution interface. The shapes of the Nyquist and
Bode plots depend on the chemical composition of the solution and the anodization potential. Blocking
(HCI and H,C,0,) or reactive (H3PO,) behaviour was revealed based on EIS study. Also, Mott-Schottky
analysis has been performed in order to evaluate semiconductor properties of the obtained films and was
shown that both donor density and flat band potential vary with anodization potential.

A compact oxide film deposits at lower anodization potentials (<20 V), and some irregular, porous
structures are formed at higher anodization potentials. The thickness of WO3 formed in 0.3 M oxalic acid
linearly depends on the anodization potential, and could reach 120 nm obtained at 60 V. The anodization
ratio o = 1.87 nm V! and relative permittivity equal to 33.3 were determined for oxalic acid electrolyte.
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Photoelectrochemical behaviour of as-deposited and annealed WO5 films has been evaluated. The highest
photocurrents were generated by films obtained at higher anodizing potentials (60 V — 80 V). Annealing
at 600 °C significantly improves the stability of oxide layer and increases the photocurrent. Thus,
annealed WO3 films manifest performed photocatalytic behaviour for water splitting in comparison to as-

deposited.
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Table 1. Electrolytes and conditions of the EIS study.

14 M H3PO4 + 1 M NH4F

0.3 M oxalic acid

Anodization | No. of | Duration of
Electrolyte .
potential range | steps | each step
1 M HCI
1 M H,SO,
14 M H3PO, 0.1V-50V 50 10 min.

Table 2. Values of relative permittivity (g) of WO3 films in the investigated solutions

Solution &
HCI 37.9
H,SO4 31.2
0.3 M oxalic acid 31.6; (33.3)*
14 M H5PO, 55.9

*V/alue is calculated based on the experimentally obtained 0=1.87 nm V*

Table 3. Data of Mott-Schottky analysis.

Er, VEg VS. Ag/AgCl, Np,
\Y; \Y; cm’
2 0.179 3.910%°
3 0.260 2.4 10%°
4 0.302 1.6 10%°
5 0.371 1.1 10%°
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Figure captions
Fig. 1. Potentiodynamic curves for tungsten anodization in the investigated solutions; potential scan

rate 50 mV s,

Fig. 2. Nyquist and Bode plots obtained for tungsten anodization at various potentials (indicated on the
top) in the electrolytes: 14 M H3PO, (a); 14 M H3PO,4 + 1 M NH4F (b); 1 M HCI (c); 0.3 M oxalic acid

(d). Points are experimental data and solid lines are fitting results to the equivalent circuits (Fig. 3).

Fig. 3. Equivalent electrical circuits used to fit data shown in Fig. 2. (a): Ry is the electrolyte
resistance; CPE; is a constant phase element and ascribed to oxide layer capacitance; R, is the charge
transfer resistance; Rj is ascribed to resistance of the space-charge zone. L; is the inductance. (b): Ry
is the electrolyte resistance; Cy is pseudo-capacitance; R, is the resistance of the pseudo-capacitor;
CPE; is ascribed to oxide layer capacitance; Rs is a charge transfer resistance; Ry is the resistance of
the space-charge zone; L, is the inductance.

Fig. 4. The values of the elements of equivalent electric circuit describing tungsten anodization in
0.3M oxalic acid as a function of anodizing potential. (a) Co and C, vs E; (b) nvs E; (c) L vs E.

Fig. 5. The dependence of the inverse oxide layer capacity on the formation potential.

Fig. 6 The thickness of oxide films vs anodization potential in the investigated solutions.

Fig. 7. Mott-Schottky plots for tungsten oxide films obtained in 0.3 M oxalic acid at various potentials.
Fig. 8. Film thickness as a function of anodizing potential in 0.3 M oxalic acid solution. Points are
experimental data; solid line is calculated using a=1.87 nm V'*; and dashed line is calculated based on

the data shown in Fig. 6.

Fig. 9. Anodic polarization curve of tungsten in 0.3 M oxalic acid, 1 M HCI, and 1 M H,SO,.
Fig. 10. SEM images of WO; films, obtained by 30 minutes anodization of tungsten in 0.3 M oxalic

acid solution.
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Fig. 11. Photocurrents of WO3 obtained by anodizing for 30 minutes at 30 V in a 0.3 M oxalic acid

solution. Photocurrents were measured in 0.5 M Na,SO,. Potential sweep rate 50 mV s™.

Fig. 12. Photocurrents of WO3 films, obtained in 0.3 M oxalic acid for 30 min at different formation

potentials. UV intensity is 80 mW cm™. Measured in 0.5 M Na,SO, at 1 V anodic potential.

Fig. 13. Photocurrent of annealed WO3 film measured in 0.5 M Na,SO, at 1 V anodic potential; UV

intensity is 80 mW cm; on-off interval is10 s.

Fig. 14. Polarization curve of annealed WO3 under pulsed UV irradiation obtained in 0.5 M Na,SOyu;

UV intensity is 80 mW cm?; on-off interval is 10 s; potential sweep rate — 10 mV s™.
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