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Two different methods of synthesis of TiO,/WO, heterostructures were carried out with
the aim to increase photocatalytic activity. In this study, anodic TiO, nanotube films were syn-
thesized by electrochemical anodization of titanium foil. WO, particles were applied to anodic
Ti/TiO, samples in two different ways — by electrophoretic deposition (EPD) and insertion dur-
ing the anodization process. Structural and photocatalytic properties were compared between
pristine TiO, and TiO, with incorporated WO, particles. Raman mapping was used to character-
ise the uniformity of EPD WO, coating and to determine the structural composition. The study
showed that deposition of WO, onto TiO, nanotube layer lowered the band gap of the binary sys-
tem compared to pristine TiO, and WO, influence on photo-electrochemical properties of titania.
The addition of WO, increased charge carrier dynamics but did not increase the measured photo-
current response. As the WO; undergoes a phase transition from monoclinic to orthorhombic at
approximately 320 °C proper sequence WO, deposition could be beneficial. It was observed that
secondary heat treatment of WO, lowers the photocurrent.
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1. INTRODUCTION

In search of new sustainable energy
sources, photocatalysis is a prominent area
of research. However, synthesis of materi-
als for an efficient photocatalytic cell still is
a great challenge. Titanium dioxide (TiO,,
titania) is extensively studied as a possible
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candidate owing to abundance, stability,
and synthesis options. Nanostructured tita-
nia can be synthesized in a great variety of
methods, i.e., sol-gel [1], physical vapour
deposition PVD [2], magnetron sputtering
[3], electrochemical anodization [4]. The



increased active surface area is desirable;
therefore, electrochemical anodization is
preferred as anodic TiO, forms a self-orga-
nized nanotube layer with a high surface
area and geometry, enables high charge
transfer and electron percolation [5]-[7],
and the method is energy and cost-effective
with a potential for scale-up [8].

Photocatalytic activity of TiO, was
discovered only in 1972 by Fujishima and
Honda [9], although TiO, had been used for
decades in various everyday applications,
such as gas sensing, colouring pigment,
additive for food, toothpaste [10]-[12]. The
process of photocatalytic water splitting
happens thanks to absorbed photons with
energy at least as a band gap of TiO:, creat-
ing electron-hole pair (e-h), which must be
separated before recombination [13]. Elec-
trons are collected by current conductor and
transferred to the cathode, but holes migrate
to the surface and drive a catalytic reaction
(splitting H,O, organic/inorganic pollut-
ants, gas-phase pollutants, etc.) reducing or
oxidating molecules [14].

The potential of generated charge carri-
ers must be sufficient to reduce target mol-
ecule, TiO, conduction and valence bands
are at a sufficient level. However, titania has
a wide band gap reaching in the UV region
(A <380 nm), thus limiting the use of sun-
light as the light source for activation. Com-
bination of TiO, with other photocatalytic
materials, which are sensitive in the visible
light region, could solve this problem, as it
was shown in [15]-[18]. The tungsten tri-
oxide (WO,) — a comparatively less studied
photocatalytically active semiconducting
oxide (n-type) — is capable of being acti-
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vated by visible light in the blue region with
A <450 nm [19].

It has been shown that WOs incorpora-
tion in TiO, is a viable method. A single-
step anodization process for WOs-doped
TiO2 nanotubes in an aqueous electro-
lyte containing the tungsten precursor
Na:WO42H:0 and fluoride ions is char-
acterised by homogenous doping of WOs
into the TiO: nanotube structures [20].
The doping concentration depends on
the concentration of the tungsten precur-
sor in the electrolyte, demonstrating that
the reported anodizing process is the most
efficient approach for metal oxide doping
in TiO:2 [21]. For example, the incorpora-
tion of WOs species onto TiO2 nanotubes
also improved the mercury removal perfor-
mance due to improved charge separation
and decreased charge carrier recombination
due to the charge transfer from the conduc-
tion band of TiO: to the conduction band of
WOs [22].

In our study, the combination of anodi-
cally grown TiO, nanotubes with WO, is
achieved through electrophoretic deposi-
tion (EPD) and simultaneous synthesis of
TiO,/WO,. Anodization of TiO, and EPD
of WO, are time and cost-effective meth-
ods, providing high photochemical stabil-
ity and usage of non-toxic materials. The
potential of WO, deposition and secondary
treatment must be understood for success-
ful TiIO,/WO, system description [15], [23].
Single-step Ti anodization with simultane-
ous incorporating of WO, microcrystalline
powder was tested by pouring WO, into an
electrolyte and mixing with a magnetic stir-
rer during the anodization process.

TiO, nanotubes were synthesized by
electrochemically anodizing titanium (Ti)
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foil (0.5 mm, Sigma Aldrich) in water-based
electrolyte. Ti foil was cleaned and polished



(abrasive material Cr,0, (Sigma Aldrich),
average particle size 400 nm), then ultrason-
icated for 10 min in acetone (99 % Sigma-
Aldrich) and dried in ambient atmosphere.
Anodization was performed in two steps: 1)
5 V applied for 10 minutes, 2) 20 V applied
for 90 minutes with electrode separation of
2 cm. It is known that anodizing in water
based electrolytes requires F- ions for TiO,
dissolution as reported by Regonini [24] and
Grimes [5]; NaF (Sigma Aldrich) was used
as F~ ion source. pH was adjusted with 1M
NaOH (Sigma Aldrich) solution until pH
level of 4. Anodized samples were rinsed in
deionized water and dried in ambient atmo-
sphere. To obtain crystalline TiO, samples
were heat treated in a furnace at 500 °C for
120 minutes, heating speed 5 °C/min and
natural cooling. WO, (powder from Sigma
Aldrich) was deposited on Ti/TiO, via EPD
from isopropanol/HCIl electrolyte (both
from Sigma Aldrich) in volume ratio 150:1
with WO, particles mixed by vigorous stir-
ring and ultrasonication until homogeneous
distribution was achieved. EPD process and
experimental setup was used similar to the
one described by Liepina et al. [15]. Work-
ing and auxiliary electrodes were respec-
tively Ti/TiO, and platinum foil (0.2 mm,
Sigma Aldrich). Deposition was performed
for various time intervals under constant
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potential. In this study, three sample series
were produced indicated with the follow-
ing identifiers: AT — pristine anodized TiO-,
EW — deposited WOs on anodized TiO, and
AW — anodized TiO: with WOs particles
present in the electrolyte. Production of AW
follows AT procedure, where electrolyte
contains dispersed WOs particles.
Morphological properties were deter-
mined by scanning electron microscope
(Phenom Pro). Structural properties were
determined by Raman spectroscopy (REN-
ISHAW inVia Raman Microscope) and
X-Ray diffraction (X-ray Diffractometer
X’Pert Pro MPD, Cu anode, A = 0.154
nm). Optical band gap was calculated from
reflectance spectra, acquired in 240 to 780
nm range, using integrating sphere in spec-
trophotometer (Shimadzu SolidSpec-3700).
Photoactivity was determined using three-
electrode cell, where AT, EW and AW
samples were used as working electrode; Pt
and calomel (SCE) were used respectively
as auxiliary and reference electrodes in 1M
NaOH electrolyte. Photoactivity measure-
ment data were collected by potentiostat
VoltaLab 40 (PGZ301 Radiometer analyti-
cal) while using the visible region of 150 W
xenon lamp as a light source. The sample
EW synthesis process is shown in Fig. 1.
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Fig. 1. Sample synthesis procedure: Ti is polished, then anodized in electrolyte without or with WO, (in case
of single-step AW sample the tungsten oxide particles were dispersed in anodization electrolyte). In a two-step
process (below), anodic TiO: is heat treated, then WOs deposited using EPD.



3. RESULTS AND DISCUSSION

Morphology of the obtained samples
was investigated before and after EPD. As
it can be seen in SEM images (Fig. 2a),

-
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TiO, was synthesized in nanosized tubular
forms. EPD of WO, covers TiO, partially as
seen in Fig. 2b.

Fig. 2. Morphology investigation with SEM: (a) tubular structures of TiO,
in an anodized sample, (b) TiO, nanotube layer decorated with
WO, microparticles.

As measured from SEM photo (Fig.
2b), the average dimensions of WO, par-
ticles are 150-250 nm. It is also seen that
microparticles result from the agglomera-
tion of WO, nanocrystals, thus indicating
the importance of sonication for even dis-
tribution as well as appropriate EPD param-
eters. It is known that amount threshold of
WO, deposition exists [25], where overde-
position shows lower photo-activity; thus,
the only appropriate correct amount can
enhance photoelectrochemical properties
[15], [26].

Sample crystallinity and the presence
of WO, and TiO, were determined through
XRD. As it can be seen in Fig. 3, the WO,
is present in sample EW, but the AW sample
does not show monoclinic WOs structure
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indicating the undergoing phase transition
during sample preparation. The change is
clearly seen in the typical 20 mode intensity
of peaks at 22° 23° and 24°. The size of
WO, crystallites was evaluated from Scher-
rer equation (Patterson et al. [27]), using
parameters of the peak 26=23° — 40+5 nm,
whereas TiO, crystallite size — 173 nm
was calculated for 26=25°. It is well known
that crystallite size from XRD scattering is
a qualitative indicator. The high-intensity Ti
peak in the diffraction spectra comes from
the Ti substrate as the radiation penetra-
tion is much deeper compared to the overall
thickness of the samples. On the other hand,
AT samples showed standard TiO, anatase
phase, i.e., (101) peak at 20 = 25° was
present.
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Fig. 3. XRD diffractogram of EW (in black) and AW (in red), strong Ti peaks from the substrate, distinctive
WO, peaks below 25°, TiO, rutile peak at 27°. XRD diffractogram confirms that EW sample contains WO, as
seen by specific monoclinic peak trio and not present in AW with the absence of those.

Raman investigation shows characteris-
tic WO, band at 272 cm™ band (Fig. 4a and
4c¢), similar to 270 cm™ [28] and 262 cm!
[29]. Particle size directly affects Raman
band position, nanosized particles show a
shift in Raman band positions [29]. It con-
firms that our WO, has smaller particles,
large grain surfaces, and developed grain
boundaries, higher concentration of struc-
tural defects.

For more comprehensive surface struc-
tural composition, the Raman mapping was
performed. As seen in Fig. 4 b, ¢, and d,
where phase distribution provides insight
not only into the overall phase composition
of samples, but also into uniformity of the
sample structure. Sample before EPD can be
seen in Fig. 4b, it shows TiO, composition
of two phases, rutile majority with anatase
spots. After EPD, WO, particles were found
on TiO, surface as shown in Fig. 4c. It is
possible to imagine the particle distribution
on the surface using colour differentiation
by phase. By assigning a colour to a single-
phase the surface phase map can be created
as seen in Fig. 4d, where red and green rep-
resent TiO, and WO,, respectively. It shows
a single particle on the TiO, surface.

Optical band gap (E,,,) was determined
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from reflectance spectra using Kubelka-
Munk equation to find absorption edge by
plotting , as seen in Fig. 5, where 7 is deter-
mined by the electron transition nature —
indirect allowed transition in case of TiO,.
The same methodology can be applied for
WOs — the monoclinic phase has direct
allowed transitions and orthorhombic — indi-
rect allowed transitions [30]. Introduction of
WO:s clearly lowers the optical band gap as
seen in sample EW (Fig. 5a). Pristine anatase
TiO- optical band gap is close to the theo-
retical value of 3.1 eV; similarly, the AW has
3.1 eV optical band gap. After EPD of WO,,
the optical band gap lowered to 2.86 eV.

As the directly incorporated WO, under-
goes heat treatment, anodized titania is amor-
phous after synthesis, the influence of anneal-
ing should be estimated. Samples from EW
series were compared as-prepared and with
secondary heat treatment. Figure 5b shows
that a small increase in the optical band gap
is present. Thus, photoelectrochemical prop-
erties could also be changed. Diaz-Reyes et
al. [31] also reported an increase in the band
gap of WO, after the heat treatment, where
they suggested higher crystallinity and oxy-
gen vacancies as the reason for change.
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Fig. 4. (a) Raman spectra of WO, for EW sample; (b) TiO, Raman spectra for EW in another position — clear
TiO: anatase bands and Rutile bands are seen; (c¢) Raman mapping of EW sample, WO; bands with high
intensity and low intensity anatase TiOz; (d) EW sample in 2D composition/structural distribution of both
materials — TiO, (red), WO, (green).
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Fig. 5. (a) E. comparison between various samples; (b) optical band gap comparison for WO,/TiO, deposited
with EPD before and after heat treatment.
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Photoactivity was determined by
measuring photocurrent response (PCR) —
voltage transient characteristics — see
Fig. 6¢, and open circuit potential (OCP) —
see Fig. 6b and 6d. In addition, the Mott-
Schottky method was used to determine
charge carrier density. Comparing PCR
values for samples before and after EPD
there can be an increase in PCR and OCP
values as provided in the literature showing
that WO, deposition on TiO, can have a
positive effect on photoactivity.

Upon deposition of WO, a certain limit
has to be maintained, as overdeposition of
WO, has anegative impact on photoactivity
as seen in Fig. 6a. A test sample in EW
series was overdeposited and ultrasonically
cleaned to decrease WO, amount on the
surface; OCP value rose again as seen in
Fig. 6a red plot. In this study, for EPD
the electric field was kept at 5-6 V/cm
considering lower necessary deposition
time. With higher deposition times, the
film thickness easily saturates within
minutes with deposited layer over 60 um,
lowering a photo-electrochemical activity
as shown in Fig. 6a. Such observation
supports the necessity to find equilibrium
and even distribution of WO, particles on
TiO, for an increase in activity. Similar
findings were reported by Khoo et al. [25].
Comparing annealing influence on the
PCR and OCP, PCR and OCP decreased by
70 % and 75 %, respectively (see Fig. 6b).
The change could be attributed to change
in crystallinity and phase transition from

monoclinic to triclinic as seen in structural
analysis. Thus, it is not surprising that
sample AW provides similar results,
showing 55 % and 36 % decrease in OCP
and PCR, respectively, and EW shows
65 % and 48 % decrease, respectively, as
seen in Fig. 6¢ and d as well as in Table 1.
Though, it is noteworthy that AW shows
higher charge carrier dynamics indicating
more rapid higher charge carrier separation
compared to AT dynamics, where reaching
plato takes more time. Dynamics can be
seen in Fig. 6¢c — PCR and Fig. 6d — OCP.

Amount of WO, on/in TiO, is critical
for a higher photocatalytic activity, which
is confirmed by existence of WO, amount
threshold for the increased photo-physical
activity [10]. Existence of a threshold is
determined by generated charge carrier
interfacial transfer, thereof it stops over
the threshold when most of the light is
absorbed by WO, and as material with
lower photocurrent values the result
shows overall lower photocurrent. It can
be assumed that generated e-h pairs go
through charge interfacial transfer, hole
from valence band (V) of WO, to V, of
TiO, and e from TiO, conduction band (C)
to WO, C,. Estimation of charge carrier
density shows that addition of WO, in both
series (EW and AW) provides with two
orders of magnitude higher charge carrier
density compared to AT samples. For AW,
the great change is seen in PCR dynamics,
but an absolute value did not increase.

Table 1. Summary of Results (OCP and PCR — photoactivity,
E,.— optical band, E, —flat band potential and N, — charge carrier density)

Sample OCP, mV PCR, pA/cm? Egap, eV E,,, mV N, (cm™)
AT -222.6+4.7 4.01+0.79 3.11+0.04 -1919.4+0.2 4.7-107
EW -80.5 2.07 2.86 -668.8 1.6-10%
AW -99.3 2.63 3.13 -799.3 6.1-10%
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Fig. 6. Sample photoactivity dependence and comparison. (a) OCP value comparison of WO, deposition
amount. Overdeposition decreases OCP. (b) OCP value comparison for WO, before and after heat treatment.
(c) PCR comparison of samples, AW has the highest charge separation, EW shows low PCR values and a high
recombination rate. (d) OCP comparison for samples, AT shows the highest OCP.

4. CONCLUSIONS

In this study, different methods of syn-
thesis and investigation of Ti/TiO,/WO, sys-
tem were carried out. Firstly, anodic titania
was synthesized. Secondly, electrophoretic
deposition of WO, particles on the surface
of an anodically grown TiO, nanotube layer
done. Thirdly, a single-step Ti anodization
with simultaneous incorporating of WO,
microcrystalline powder was performed
by the addition of WO, in the anodiza-
tion process. Morphological and structural
investigation of samples showed that WOs
formed separated “islands” on TiO, nano-
tube film in EPD and incorporated WO, in
TiO, nanotubes in the single-step method.
Characteristic WO, band shifts in Raman
spectroscopy were observed after anneal-
ing, indicating the change in crystallinity of
WO:s, the same was seen in XRD diffrac-
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tograms. The presence of Raman bands, as
well as XRD provided clear evidence of
synthesis of Ti/TiO2/WO, system. In the
study, the addition of WO, introduced lower
OCP, PCR values even though the optical
band gap was lowered, and charge carrier
density increased.

As anodic titania required anneal-
ing after synthesis, monoclinic WO, par-
ticle introduction did not show promise
for increased photoactivity in the visible
range due to a decrease in photoactivity
after heating. Similarly, overdeposition
of WO, in the EPD method on TiO, low-
ered the photo-response of samples. How-
ever, it does not exclude the possibility of
a specific ratio and/or introduction of WO,/
TiO, for an increase in photo-response. The
introduction of tungsten atoms directly into



TiO, structures could be beneficial through
organic tungsten acids or substituting
anodization cathode. Lowered activity is
explained with additional trapping sites on
the WO, grain boundaries, as well as lower
WO, photo-activity compared to pristine
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