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Abstract

Successive ionic layer adsorption and reaction (SILAR) method has been used to decorate Prussian blue (PB) on tungsten-doped
titanium oxide nanotubes (WTiO,). Scanning electron microscopy (SEM), X-ray diffraction (XRD), EDX, and UV-Vis-DRS
methods have been used to characterize the morphology, phase composition, elemental composition, and optical properties of the
samples prepared. The PB/WTiO, samples prepared were then used as photoanodes in photoelectrochemical water splitting to
yield hydrogen. The morphology, optical property, and photoelectrochemical performance of the prepared samples were highly
affected by the SILAR deposition cycle, according to the results obtained. The sample with PB deposited in 9 SILAR cycles
(sample S9) showed the highest photocurrent value (0.118 mA/cm?) under illumination. This enhancement is mostly due to
visible light harvesting and reduced recombination of photo-generated electron-hole pairs, resulting from the synergistic effect of
the heterojunction and the well-organized morphology of WTiO,.
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Introduction

The efficient use of energy has become an important issue
worldwide considering global warming [1]. The world is
quickly turning into a global village due to the ever increasing
need for energy to provide the increasing social and economic
development, welfare, and health of humans. All societies
require energy to meet their basic human needs including
health, lighting, cooking, mobility, and communication. Two
fundamental challenges of energy toward a sustainable future
are the protection of energy supplies and restriction of energy
contribution to climate changes. Surprisingly enough, over 1.4
billion of the world population do not have access to electric-
ity while 85% of them live in the countryside [2]. Since it was
first investigated by Fujishima, titanium dioxide (TiO,) has
become one of the best photocatalysts because of its extraor-
dinary photoelectric, environmentally friendly, and stable
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chemical properties [3, 4]. TiO, nanotubes can improve the
visible light absorption and help the transfer of photoelectrons
to the cathode in comparison with TiO, nanoparticles due to
their unique geometry [5—7]. Compared with TiO, nanoparti-
cles, the nanotube array structure both provides facile routes
for electron transfer along the tubes to the electrical contact
and allows the permeation of conductive electrolyte to the
entire internal and external array surfaces. Hole transfer at
the TiO,/electrolyte interface can also be facilitated by TiO,
nanotubes since the minority of carriers only need to diffuse
across half thickness of the nanotube wall [7, 8]. Nevertheless,
due to the wide band gap and easy recombination of photo-
generated carries, TiO, nanotubes may only absorb in the UV
region of solar energy and show limited photocatalytic perfor-
mance [9]. To overcome these major obstacles, different mod-
ifications such as metal doping and non-metal doping, cou-
pling with other semiconductors, noble metal deposition,
quantum dot sensitization, and dye sensitizing, have been
made [10-18].

The preparation of tungsten-doped titanium oxide nano-
tube (WTiO,) arrays on titanium foil via one-step electro-
chemical anodization followed by deposition of Prussian blue
(PB) on WTiO, by the successive ionic layer adsorption and
reaction (SILAR) method from an aqueous ferric ferricyanide
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solution has been carried out. Prussian blue has been chosen
due to its photostability and electrochemical activity. PB or
iron (III) hexacyanoferrate (I1) is well-known for its outstand-
ing electrochemical, electrochromic, photophysical, and mag-
netic properties [19, 20]. The photoelectrochemical (PEC)
properties of the photoelectrodes prepared were compared un-
der illumination by xenon lamp.

Experimental section
Materials

Analytical grade chemicals were used without further purifi-
cation prior to use. Distilled water (pH= 6.5, conductivity =
1.0-1.5 pS.cm™) was used to prepare solutions. Titanium foils
with purity and thickness of 99.9% and 1 mm, respectively,
were purchased from Sigma-Aldrich.

Preparation of nanotubes photoanodes

WTiO, nanotubes on titanium foil were prepared by electro-
chemical anodization of titanium in an appropriate electrolyte
according to a method previously reported by this group [21,
22]. Having been anodized, the samples were annealed in
oxygen atmosphere at 450°C for 2 h at a rate of 2°C/min to
yield crystalline samples. Figure 1 shows the synthesis proce-
dure for Prussian blue-sensitized WTiO, nanotube. Prussian

Fig. 1 Schemes of preparation of
Prussian blue-sensitized WTiO,
nanotubes via in situ anodizing
and SILAR methods
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blue (PB) films were easily prepared through conventional
SILAR method using two solutions. One of the solutions
was prepared by mixing 15 ml of 0.1 mol/dm® Fey(SO,)s,
90 ml of H,O, 0.5 g of ethylenediaminetetraacetic acid
(C10H,6N,Og; EDTA), and 10 ml of 3 mol/dm>® HCl in a
250-ml beaker. The second solution was an aqueous solution
containing 15 ml of 0.1 mol/dm?® K4[Fe(CN);], 90 ml of H,0,
and 10 ml of 3 mol/dm® HCl in a 250-m] beaker. The solutions
were heated up to 50°C prior to deposition. The films were
formed by successively immersing the substrates (WTiO,/T1)
into the solutions between 2 and 3 seconds. The number of
deposition cycles varied from 2 to 15 and the samples were
labeled as S2, S3, S5, S7, S9, S10, and S15 accordingly. The
number of deposition cycles was changed to optimize the
amount of PB deposition on the WTiO, surface and the cor-
responding effect on the photoelectrochemical properties of
the samples was investigated.

Sample characterization

Field emission scanning electron microscopy (Hitachi S-4160,
Japan) was used to study the surface morphology of the sam-
ples prepared. The optical absorption properties of the
annealed samples were characterized by UV-Vis spectroscopy
(JASCO V-570) in the 300-600 nm range. The crystal struc-
ture of the samples was analyzed by X-ray diffraction analysis
(XRD, Philips X Pert PRO) using a Cu K radiation.

PB/WTIO,
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Photoelectrochemical measurement

The PEC properties of the photoelectrodes were assessed
using a 35-W xenon lamp illumination (420<A<700nm) in
1.0-M potassium chloride (KCl) solution in a three-electrode
photochemical quartz cell. A platinum foil and an Ag/AgCl
(KCI saturated) were used as the counter and reference elec-
trodes, respectively. The illuminated area of the prepared
photoanode and the illumination intensity were 1 cm® and
100 mW/em?, respectively.

Hydrogen production tests

Hydrogen generation from the samples was recorded under a
35-W Xenon lamp illumination and H, gas was collected by
water displacement technique based on a previously published
procedure [6, 21, 22]. Hydrogen gas was formed at the counter
electrode in the PEC cell.

Results and discussion

Field emission scanning electron microscopy (FE-SEM) was
used to characterize the morphology of the prepared samples.
Figure 2 shows micrographs of the as-synthesized WTiO,
nanotubes grown on the titanium substrates. Nanotubes grew
homogeneously over the substrate surface. The cross-section
SEM image of WTiO, nanotubes layer shows that the obtain-
ed nanotubes are highly ordered and straight over their entire
lengths. Figure 3 shows the FE-SEM images of different PB/

Fig. 2 SEM images of the top
surface and cross section of as-
synthesized WTiO, nanotubes on
Ti substrate with different
magnifications

WTiO, nanotubes. The surface morphology of the WTiO,
nanotube arrays prepared showed that the surface of the nano-
tubes was clean, without any cluster formation. The nanotubes
prepared were open at the top end and closed at the bottom.
Uniform nanotube arrays could be formed by the one-step
anodization and the separated nanotubes may grow vertically
on Ti substrates. The mechanism for the formation and surface
properties of WTiO, nanotube arrays was extensively
discussed in a previous work [22]. In addition, a tubular struc-
ture was shown by the FE-SEM images of PB/WTiO, (Fig.
3a—g). Following the SILAR deposition, the smooth surface
of the nanotube was covered by some nanoparticles and
nanocubes, the size and amount of particles increasing as the
number of SILAR cycles increased. At low immersion cycles,
there was no evidence for the formation of nanocubes on the
WTiO, nanotube surface. At high SILAR cycles, the forma-
tion of nanocubes on the nanotube surface can be clearly de-
tected. As Fig. 3a and b shows, at low SILAR cycles, few
nanocubes are scattered across the nanotube surface and the
big size even blocks the tube opening. Careful observations
show the dispersion of the nanoparticles on the surface with-
out particle agglomeration. More nanocubes were formed on
the tubes surface upon increasing the deposition cycle to 5.
Further increase of the immersion cycle to 15 formed massive
nanocubes with a 200- to 300-nm diameter range in some
parts, which agglomerate and cover nearly the whole surface
of WTiO, nanotube. As observed in Fig. 3g, the entire nano-
tube surface is covered by nanoparticles and nanocubes for
fifteen SILAR cycles. According to the SEM results, the ap-
propriate SILAR
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cycles favor uniform nucleation and growth of
nanoparticles and nanocubes while very high
SILAR cycles lead to the particle agglomeration.
Figure 4 shows the XRD patterns of the PB/WTiO, sample
synthesized in which Prussian blue was prepared by 9 SILAR
cycles. The coatings mostly consist of TiO,, confirming the

crystalline nature of the nanotubes and the presence of anatase
phase (JCPDS card No. 00-021-1272), as one would expect
for titanium nanotubes annealed at 450°C. Two characteristic
peaks are observed at 20 = 17.6° (200) and 35.4° (400), which
match the standard pattern of Prussian blue (JCPDS 01-073-
0687). It can be said that due to the dispersion and incorpora-
tion of tungsten in the crystal lattice of TiO,, no characteristic
peak attributed to tungsten oxide can be found in this XRD

Fig. 3 SEM top-view images of prepared samples with different magnifications: a sample S2, b sample S3, ¢ sample S5, d sample S7, e sample S9, f

sample S10, and g sample S15
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Fig. 3 (continued)

pattern. Energy dispersive X-ray spectroscopy (EDX) was
used to analyze the chemical composition of the electrodes
obtained. The elemental EDX images of pure WTiO, and
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Fig. 4 XRD pattern of sample S9 annealed at 400°C

PB/WTIO, electrodes prepared by SILAR method are shown
in Figs. 5 and 6, respectively. Energy dispersive X-ray spec-
troscopy (EDS) is an analytical process that identifies the el-
ements (and their composition) present in prepared samples.
As observed in Fig. 5, the characteristic peaks in the spectrum
of uncoated WTiO, nanotubes are due to Ti, O, and W. Three
new peaks are observed in the EDX images of PB/WTiO,
electrodes, which are associated with Fe, C, and N in addition
to the peaks ascribed to pure WTiO, nanotubes (Fig. 6).

The UV-Vis diffuse reflectance absorption spectra (DRS)
of the uncoated WTiO, and different PB/WTiO, electrodes in
the 300-600 nm range are shown in Fig. 7. UV-Vis most often
refers to absorption spectroscopy, measured by transmission,
whereas DRS specifically refers to diffuse reflection spectros-
copy. Normally, the former is used for solutions/suspensions,
whereas the latter is used for films or powders. The strong
absorption observed in a wavelength below 400 nm corre-
sponds to the intrinsic interband transition absorption of
TiO,-based semiconductors. Very low absorptions are
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Fig. 5 EDX spectrum of uncoated WTiO, nanotubes
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observed in the UV-Vis spectrum of pure WTiO, in the visible
light region. However, PB/WTiO, electrodes exhibit higher
absorptions in the visible light. In addition, increasing the
amount of Prussian blue on the film has increased visible light
absorption. The redshifts observed upon increasing the
amount of Prussian blue of the sample films show that the
band gap energy of the samples has slowly decreased. On
the other hand, the light absorption range is broadened by
the PB particle deposition. Therefore, increasing the number
of SILAR cycles increases the absorption edge of the spectra
redshift and the absorbance in the visible range. A Tauc plot
can be created by a Kubelka-Munk transformation on the UV-
Vis absorption data to estimate the band gap energy of the
electrodes prepared with various SILAR cycle numbers
[23-26]. The Kubelka-Munk function, [F(R.,)hv]"?, is deter-
mined by (ahv)"?, in which hv and « are the photon energy
and the absorption coefficient, respectively [26]. Plotting
(ahv)"? vs. hv gives a Tauc plot. Consequently, the approxi-
mate optical band gap energies measured were 2.80, 2.72,
2.70, 2.60, 2.58, 2.66, and 2.40 eV for the S2, S3, S5, S7,

S9, S10, and S15 samples, respectively. As observed, band
gap values decrease upon increasing the deposition process
cycles (n) from 2.90 eV for uncoated WTiO, to 2.40 eV after
15 immersion cycles (# = 15). The minimum band gap energy
is shown by sample S15 since it has the highest Prussian blue
amount. The electron-hole pairs can be excited by lower en-
ergy visible light to participate in the photocatalytic process
due to band gap narrowing. The photoelectrochemical activity
of WTiO, should be enhanced by loading with Prussian blue
due to the intensification and effective broadening of the ab-
sorption to the visible region.

Amperometric measurements under intermittent illumina-
tion were used to study the photocurrent response of the sam-
ples prepared. I-t curves obtained from the PEC cell PB/
WTiO, (apparent surface area of 1x1 cm?) and a platinum foil
(apparent surface area of 2x2 cm?) as the anode and cathode,
respectively, at 0.6 V vs. Ag/AgCl are shown in Fig. 8. As
observed in this figure, regular ups and downs are shown by
the PB/WTiO, photoelectrodes along light on and off. The
current increases immediately and reaches a steady state for

Ti
9.9K

8.8K

7.7K

0'06.0 13 26 39 5.2

6.5 7.8 9.1 104 117 130

Lsec: 327.7 Det: Octane Elite Plus

Fig. 6 EDX spectrum of sample S9
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Fig. 7 UV-Vis absorption spectra and direct band gap of prepared samples

each sample upon beginning of illumination. The data indi-
cates a very low dark current for all samples prepared. The

photocurrent densities are highly affected by the SILAR de-
position. Sample S9 (SILAR cycle=9) shows the highest pho-
tocurrent value. In addition, the photocurrent density of 0.118
mA/cm? is 1.05-, 2.14-, 1.68-, 1.3-, 2.41-, and 1.44-folds of
the corresponding values for S2, S3, S5, S7, S10, and S15,
respectively. Similar results are observed in the J-V curves.
Moreover, S9 photoelectrode shows the optimal photoelectric
efficiency along the increased applied bias. The presence of a
regular structure of nanotubes on the surface of sample S9
increases the surface area. The increasing surface area would
improve the light absorption which consequently could in-
crease the photocurrent density of this sample. In sample
S15, most of the nanotubes are covered by nanoparticles and
nanocubes, which reduces its active surface area and its ability
to absorb light is reduced; therefore, it shows weak photoelec-
tric efficiency. PB/WTiO, nanotubes with different cycles of
deposition of PB also show photoanodic behavior.

Figure 9 shows the photovoltages of PB/WTiO, electrodes
investigated by OCP. The OCP response was used to evaluate
the electrons resulting from band gap excitation of PB/WTiO,
photoelectrodes and accumulated at the electrode surface un-
der light irradiation and open-circuit conditions. Upon
switching the light on, the OCPs of these photoanodes nega-
tively shift due to the generation of photo-induced electrons
and their accumulation on the electrode surface. The OCPs of
these photoanodes positively shift immediately upon
switching the light off. Surface photovoltage is quickly pro-
duced by these new photoelectrodes when the Xe lamp is
switched on and the values remain stable during light irradia-
tion. S9 photoelectrode produces the highest photovoltage
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Fig. 9 Photo-induced potential- 600
time response (OCP-time) curves
of photoelectrodes
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Fig. 10 Comparison of the hydrogen evolution rate for different
photoelectrodes and stability test of hydrogen production for sample S9
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(0.12 V/em?). Maximum photo-induced potential drop of ap-
proximately 300 mV is shown by S9 photoanode, which con-
firms that the PEC conversion performance under light illu-
mination has been considerably improved by the Prussian
blue.

Hydrogen evolution measurement in a three-electrode sys-
tem was used to evaluate the PEC water splitting performance
of various photoanodes [22, 27]. The working electrode was
set at a bias potential of +0.6 V vs. Ag/AgCl and illumination
was provided by a 100 mW cm™ xenon lamp light during the
gas evolution process. The hydrogen generation rates in 1 h
for samples S2, S3, S5, S7, S9, S10, and S15 are 15, 23, 24 35,
45,30, and 26 ul/em?, respectively (Fig. 10a). The hydrogen
generation rate by sample S9 is clearly the highest, as expect-
ed from the photocurrent density values. Since photocatalyst
recyclability is a major concern with regard to practical appli-
cations, so hydrogen productions of sample S9 as a function of
sequence of reaction time under the conditions described in
this work were studied, and the result is shown in Fig. 10b.
Hydrogen production rate has no obvious decay and maintains
an average value of 45 pl/cm?” after four continuous cycles,
indicating the good chemical stability of the composites syn-
thesized by this method in photoelectrochemical process and
their potential for long-term hydrogen production.

Conclusion

Prussian blue/WTiO, nanotube (PB/WTiO,) nanocomposite
has been prepared through titanium anodization and SILAR
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method. The surface morphology, phase composition, struc-
tural, and optical properties of PB/WTiO, samples sensitized
have been studied. According to the results, the morphology,
visible light response, and photoelectrochemical properties
were considerably affected by the SILAR deposition cycle,
and promising harvesting and optimal photocurrent under xe-
non light irradiation were shown by sample S9 prepared with
9 SILAR cycles. The photovoltage and photocurrent density
of sample S9 photoelectrode were 0.12 V/cm? and 0.118 mA/
cm?, respectively. The improved photocatalytic properties can
be due to the extended absorption in the visible light region
and efficient separation of photo-generated electron-hole pairs
by Prussian blue deposition on the WTiO, nanotube.
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