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Selective photo-production of hydrogen was achieved
with visible range solar radiation without application
of any external potential. Aqueous solutions of TiO,
doped with different percentages of V,05 were used to
maximize the absorption of visible light. The effects of
the hole-scavengers such as poly-anions and solvated-
electron suppliers were studied. Studies show that in
phosphate buffer, 5% V,05; generated maximum
photocurrent. Potassium ferrocyanide gives the most
promising results as a solvated-electron supplier and
electron exchanger in basic phosphate buffer. The
aqueous nanosystems that we used retained their
stability as indicated by the reproducibility of their
photocatalytic activities. Solar-radiated assemblies of
doped TiO,/[Fe(CN)¢]* sustained cyclic systems for
continuous hydrogen production.
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PHOTOCHEMICAL cleavage of water into hydrogen and
oxygen using semiconductor mediators have been repor-
ted"™. Ordered assemblies of narrow band gap semicon-
ductor nanostructures are convenient systems to study
visible light energy. Several procedures were adopted to
prepare these assemblies. In most of them, one material
with a specific band gap is produced. Studies were
performed on metal chalcogenides such as sulphides,
selenides and tellurides, but low conversion efficiencies
were reported' >, The photocurrent obtained using such
nano-sized assemblies is often low, as fast charge recom-
bination limits photocurrent generation. When composite
semiconductors are used, it is possible to improve the
efficiency of charge separation through charge rectifica-
tion. This can take place by modifying either the surface
of the base semiconductor, or its composition, with either
inorganic or organic semiconductors.

Although most of the studies on the photo-dissociation
of water took place over compact semiconductor elec-
trodes, in some studies particle-size semiconductors were
used because of the larger surface area and their ability to
carry out all the reactions that were previously associated
with semiconductor electrodes. A platinized semiconduc-
tor powder such as TiO, is an example of the case for
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simultaneous production of oxygen and hydrogen. The
spatial separation between oxidative and reductive sites is
small and increases the back reactions.

Ti10, (titania) is known as a photocatalysis agent for a
wide range of substances®. Nano-sized TiO, possesses
enhanced photocatalytic activity and solar energy conver-
sion®***. However, some disadvantages limit the efficient
use of TiO,, for example, the high band gap energy
(3.2 eV) requires UV radiation for photo-activation limit-
ing its application in the visible light range, and charge
carrier recombination (¢ /h") occurs within nanoseconds
limiting its photocatalytic activity®’. TiO, was used to
host some rare-earth doping due to its properties such as
mechanical stability”. On the other hand, the major
advantage of TiO, is its stability in aqueous solutions.
Doping TiO, with some transition metal oxides of low
band gap may lower the band-gap energy and alter the
photonic activities by lowering the (¢ /h") recombination
process.

Effective conversion of solar energy to hydrogen
requires an inexpensive source that contains hydrogen
and a large surface area. Aqueous colloidal nanoparticle
suspensions meet these requirements.

In addition to the importance of the suspension parti-
cles, the suspension medium is equally important in gene-
rating an efficient photolysis process. Earlier studies used
semiconductor particles as major producers of photonic
outcome through heterogeneous charge transfer processes
at the particle/electrolyte interface'®***’. Hydrated elec-
trons can play an important role in photo-dissociation of
water through the following reactions:

[Fe(CN)6]* + hv=[Fe(CN)6]> + € (1)
€aq + €aq = Hay + 20H" 2)

The second reaction (eq. (2)) proceeds with a rate
k=1x10""M"s™ (ref. 28). The molecular orbital struc-
ture of hexacyano iron (II) [Fe(CN)s]™ allows electronic
transitions under the photo-excitation condition and pro-
duces hydrated electrons that react according to the above
reactions. [Fe(CN)g]* undergoes oxidation to [Fe(CN)g]>".
The oxidation process compromises of the reported high
rate of hydrated electrons reactions. The disadvantage of
a homogeneous process for hydrogen production is its
irreversibility. However, this can be overcome by the use
of a semiconductor system which acts as an electron
donor and reduces [Fe(CN)s]* back to [Fe(CN)s"*.
Achieving such a goal will create the conditions of
reversible ergo-dynamics. The perfect conditions could
be reached if the rate of reduction of [Fe(CN)s]>™ was
closer to the rate of formation of hydrated electrons from
[Fe(CN)e] "

A means to lower the TiO, band gap for efficient
capture of visible radiation is doping Ti0, with some 3d
metal oxides.
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In this communication, we study the effect of V"> on
the band gap of TiO; containing V,0s, and further on the
photocatalytic behaviour of TiO, suspensions in buffered
ferrocyanide solutions (as the hydrated electron supplier).
Different concentrations of V,0s as a dopant for TiO,
colloidal nanoparticles were used to find the effect on the
rate of hydrogen production. The possibility of using
these systems in solar energy-based photolysis cells that
achieve the goal of efficient reversible cyclic processes
for hydrogen production was explored. The effect of
some poly anions on the selectivity of the photolysis
process towards hydrogen production has also been
explored.

All the reagents used were of analytical grade. All the
solutions were prepared using deionized water, unless
otherwise stated. TiO, doped with V,05 was prepared fol-
lowing a procedure similar to that described elsewhere®.
We used NaVOj; as a source of dopant in quantities that
generate 5%, 10% and 15% of V,05 in TiO, samples.

All electrochemical experiments were carried out using
a conventional three-electrode cell consisting of Pt wire
as a counter electrode, Ag/AgCl as a reference electrode,
and Pt gauze as an electron collector. A BAS 100 W elec-
trochemical analyser (Bioanalytical Co) was used to per-
form the electrochemical studies. Steady-state reflectance
spectra were recorded using Shimadzu UV-2101 PC. An
Olympus BX-FLAGO reflected light fluorescence micro-
scope working with polarized light at a wavelength (4)
range between 330 and 550 nm was used to make sure
that the size of colloidal particles did not exceed 200 nm.

The electrolysis cell was a 120 ml, single-compartment
Pyrex cell with a quartz window facing the irradiation
source. A 10 cm?® platinum gauze cylinder was used as a
working electrode. Aqueous suspensions were stirred
with a magnetic stirrer during the measurements. The cell
design is displayed in Figure 1. An Ag/AgCl/Cl™ refer-
ence electrode was also fitted into this compartment. A
10 ¢m? platinum counter electrode was housed in a glass
cylinder sealed at one end with a fine-porosity glass frit.
The pH was adjusted by addition of either 1| M NaOH or
1 M HNOs.

L=

Figure 1. Photolysis cell. A, Photovoltaic generator; B, Light-
powered potentiostat; C, Counter electrode; D, Reference electrode; E,
Collector electrode; F, Gas outlet; G, Solar simulator and K, Cell glass
body.
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Irradiations were performed with a solar simulator
300 W xenon lamp (Newport) with an IR filter. Light was
focused on the cell window using a metal cylinder with
5 cm diameter and 15 cm length. The cell position was
adjusted to allow full illumination of the 100 ml suspen-
sion. Photolysis of [Fe(CN)s]* will generate hydrated
electrons and [Fe(CN)s]>". The potential of the working
electrode was fixed at 100 mV more negative than the
reduction potential of [Fe(CN)g]* to guarantee full reduc-
tion of ferricyanide. The current due to the reduction of
[Fe(CN)s]* collected by the working electrode during the
photolysis process is a measure of the photocurrent.
Photocurrent-time curves were obtained with a BAS
100 W bio-analytical system. The measured photocurrent
was normalized to Am = h™ (ampere per square metre per
hour) of illumination. Both the amorphous and catalytic
nature of the 3d metal oxide nanoparticles significantly
reduces hydrogen over voltage®. Because the measured
photocurrent is a function of regeneration of ferrocyanide
(the solvated electron suppliers that generate hydrogen),
the measured photocurrent was normalized considering
two photons per one hydrogen molecule (according to eq.
(2)), and was used to calculate the number of moles of
hydrogen generated per square metre per hour of illumi-
nation. In these calculations, hydrogen production gener-
ated at the semiconductor/electrolyte interface and that
generated via the mechanical effects of the magnetic stirrer
were ignored’’. Although hydrogen was detected using
HY-ALERTA™ 500 (h2 scan California), a flame test
was used to confirm that the gas bubbles generated by
irradiation were composed of hydrogen and not
HCN. There was no evidence of the discolouration of
[Cu(NH3)4]*" as [Cu(CN),]* did not form.

Test for p or n nature of the doped TiO, was performed
by photolysis of [Fe(CN)¢]*". The potential of the work-
ing electrode was fixed at 100 mV more positive than the
oxidation potential of [Fe(CN)s]* to guarantee full oxida-
tion of the ferrocyanide. The current due to the oxidation
of [Fe(CN)g]*™ collected by the working electrode during
the photolysis process is a measure of the photocurrent.
This test proved that the doped TiO, suspensions have a
dual character (p and n). This is because in [Fe(CN)g]"™
we recorded oxidation current, and in [Fe(CN)s]>~ we
recorded reduction current. The following equation is
used to calculate H, rate:

H, rate (mol m* h) = > 10,000 x 3600 , 3
2 % 96,500 x a

where 7 is the photocurrent (in A), a the electrode surface
area, the numbers 3600 corresponding to 1h (in s),
10,000 corresponding to 1 m* and 96,500 C = 1 Faraday.
Reflectance spectra of solid nanoparticles of TiO, con-
taining different ratios of V,05 were obtained. The results
displayed in Figure 2 are for TiO, doped with 10% V,0s3;
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Figure 2.

the behaviour of other mixtures was similar, but not iden-
tical to that displayed in Figure 2. Direct and indirect
band gap transitions were determined following pub-
lished work®. The results indicate an indirect band gap of
FE, =2.4 eV (intercept of Figure 2 b). This is smaller than
the direct band gap with a value of F, = 2.6 eV (intercept
of Figure 2 ¢), which is likely to be the accurate value of
the band gap of the doped TiO,. This suggests that the
doped TiO, has both direct and indirect band gap transi-
tions when doped with V*°. It is known that the depletion
layer width decreases with increasing distance between
the energy level of the doping material and the conduc-
tion band. The V, Zn and Mg oxides dopant energy levels
are not located much farther from the conduction band of
Ti10,. This increases the depletion layer width and conse-
quently enhances the charge transfer at the TiO,/
electrolyte interface.

It is well known that for indirect transition three enti-
ties are needed to interact in order to proceed: an elec-
tron, a photon and a phonon. Interaction with these three
entities causes indirect transition to take place at a much
slower rate than the direct transition. This also causes the
electron—hole recombination process to be much slower
than that in an indirect transition band gap. This is
because the electron—hole recombination process has to
be mediated by the phonons. Such an effect will enhance
the photo-conversion efficiencies of the photonic process
that takes place at the interface of these doped oxides
suspensions.

Doping of TiO, with V,0s, results in the formation of a
bi-function titanium oxide semiconductor. In the presence
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a, Steady-state reflectance spectra for TiO, doped with 10% V,O;. b, Tauc plots for indirect band gap. ¢, Tauc plots for direct band gap.

of hole-scavengers, such as tartarates or borates, charge
separation becomes more efficient. Furthermore, as men-
tioned above, the dopants cause indirect band transitions.
The magnitude of these indirect transitions can have a
direct effect on the photonic responses of these doped ti-
tanium (IV) oxides.

Photolysis of aqueous [Fe(CN)¢]" results in the forma-
tion of hydrated electrons €., and oxidation to [Fe(CN)g]*".
Due to the irreversible nature of this reaction (eq. (1)),
when all the [Fe(CN)s]* is oxidized to [Fe(CN)s]>, the
hydrated electrons are no longer generated. Reversal of
the process represented by eq. (1) is possible by illumina-
tion of doped titanium (IV) oxide particles (o) in the
presence of a hole-scavenger (¥*) such as borate (B4,07),
tartarate (K[C,H,(OH),(CO0),]*) or phosphate (HPOZ).
Reduction of [Fe(CN)s]> is possible as represented by
this reaction:

o+ hv+ X" + [Fe(CN)s] =X + [Fe(CN)6]" 4)

The rate of reaction of eq. (1) is greater than that of eq.
(4) due to the heterogeneity factor and the nature of the
indirect band transitions of the semiconductor oxide parti-
cles. Co-existence of doped titanium (IV) oxide particles
with ferro-cyanide anions under illumination allows con-
tinuity in the production of hydrogen. This can be identi-
fied by preventing the photocurrent to drop back to lower
value after reaching a maximum. This will be the crite-
rion for the comparison of one oxide with another.

Figure 3 is a plot of photocurrent versus time for the
photolysis of aqueous electrolytes containing [Fe(CN)q|*
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in phosphate buffer (pH = 10) (trace a), in the presence of
pure TiO, nanoparticles (trace b) and in the presence
of pure TiO, doped with 10% V,0s5 (trace ¢). The effect
of either pure or doped TiO, can be noticed in (i)
increased photocurrent after the peak time (ca. 350 s)
and (i1) greater peak currents generated (traces b and c,
Figure 2) than those observed in homogenous electrolytes
containing [Fe(CN)e]* only (trace a). Photolysis in other
studied buffers (tartarates, borates) generates similar
results, but not identical to those displayed in Figure 3.
From now on, we will only display the plots for calcu-
lated H, production rate versus time for the studied sys-
tems.

Whereas eq. (3) explains the increase in the photocur-
rent after the peak time, the second observation can be in-
terpreted considering the following.

Upon addition of TiO, nanoparticles, both [Fe (CN)g|*
and [Fe(CN)g]*™ (generated through eq. (2)) were com-
petitively adsorbed on the nanoparticle surface. The
modified surface of the nanoparticles enhances the kinetics
of reaction represented by eq. (1) by providing an envi-
ronment for better orientation for the reacting species.
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Figure 3. Plot of photocurrent versus time for the photolysis of aque-
ous electrolytes (a) containing 10 mM [Fe(CN)]* in phosphate buffer
(pH = 10), (b) in the presence of pure TiO, nanoparticles and (¢) in the
presence of pure TiO, doped with 10% V,0s.
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Figure 4. Schematic representation of the adsorption process.
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Figure 4 shows the suggested mechanism by which the
Ti0, nanoparticle interfaces catalyse the generation of
solvated electrons. As orientation plays an important role
in the reaction kinetics, the adsorption of [Fe(CN)s]"™ on
Ti0, particles certainly offers a more effective collision
with free [Fe(CN)s]". This will enhance the rate by
which the reaction represented by eq. (1) proceeds.

Figures 5 and 6 show that in the presence of TiO; the
calculated hydrogen production rates are greater than
those calculated in homogenous electrolytes containing
[Fe(CN)s]*™ only. The objective of doping TiO, with
V,0;5 is to create metal-oxide assemblies capable of elec-
tron—hole production when illuminated with visible light.
Figure 5 shows that adding colloidal nanoparticles results
in a better rate in hydrogen production (trace b) than that
in a basic phosphate buffer containing K4[Fe(CN)g] (trace
a). However, when Ti0, doped with 5% V,0s5 is used, the
highest hydrogen production rate is observed (trace c).
TiO, doped with 10% and 15% V,0s generated lower
rates than 5% samples, but still more than that reported
with the homogenous K4[Fe(CN)g]. Such behaviour was
expected because with TiO, only, the high band gap
(3.3¢V) allows only small wavelength UV light
(A <400 nm) to be absorbed. Because of the low UV
intensity generated by the used solar simulator, small
photonic activities of the suspended nanoparticles will
take place. However, the photocurrent of TiO, doped
with 5% V,05 was the highest among other studied sam-
ples. This indicates that in phosphate buffer, 5% V,0s;
supplied the highest surface state density introduced by
the diffusion of vanadium ions> and decreased the rate of
electron—-hole recombination due to change in the band
transition mechanism from direct to indirect.
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Figure S. Rate of hydrogen production versus time in only 10 mM of
K4[Fe(CN)4] in 0.2 M basic phosphate buffer. (a) Oxide-free media; (b)
For TiO; only; (¢) For TiO, only doped with 5% V,0s; (d) For TiO,
doped with 10% V,0; and (¢) For TiO, doped with 15% V,0s.
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Because the sample of TiO, doped with 10% V,05
shows longer time required for steady state photocurrent,
we listed the amount of recorded photocurrent for each of
studied buffers containing this sample. When borate was
used as a buffering medium for the photolysis of TiO,
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Figure 6. Rate of hydrogen production versus time in only 10 mM of
K4[Fe(CN)4] in 0.2 M basic borate buffer. (a) Oxide-free media; (b) For
TiO,; (¢) For TiO, doped with 5% V,0;s and (d) For TiO, doped with
15% V,0s.
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Figure 7. Energy diagram of p-TiO, nanoparticles in basic buffered
K4[Fe(CN)s].

Table 1.
particles at pH = 10 in different polyatomic anions (hole-scavengers)

Steady state photocurrent for studied metal oxide nano-

Anion TiO; (10% V,05) (Am™> h™")
Tartarate (K[C,H,(OH)»,(CO0),1*) 0.698
Borate ((B,0,)*) 0.699
Phosphate ((HPO,)™) 1.596
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doped with different percentages of V,0Os, the photocur-
rent recorded for 10% V,05 dopant was the greatest. Such
results are different from those observed in phosphate
buffer as shown in Figure 5. However, the calculated H,
production rate in borates (Figure ©6) and tartarates
(results similar to those of borates) was less than that
recorded in phosphates (note the Y-axis scales in Figures
5 and 6). The effect of borate, phosphate and tartarate
anions on the selective production of hydrogen by TiO,
doped with 10% V,0;5 was further studied. The recorded
photocurrent during the illumination of 10mM of
K4[Fe(CN)g] in 0.2 M solution of these anions at pH 10
was used as an indicator for this effect. The results
recorded in Table 1 show that phosphate give the greatest
photocurrent. Borate and tartarate give equal effects. Fur-
ther studies are needed to explain such behaviour and cor-
relate the photonic behaviour with certain properties of the
polyanion species, such as molecular orbital structures.

The oriented nature of the d-orbital of Fe central atom
and the geometry of [Fe(CN)s]'™ makes the outer sphere
charge transfer much easier in [Fe(CN)s]*". This suggests
that [Fe(CN)e]* can act as a hole-scavenger and compete
with buffers oxoanions (X*). For the measured photocur-
rent, each 2 photons are consumed; one H, molecule is
produced according to the following overall photolysis
equation.

o+ hv+2e +2Hs05 +2(h")
+ 2[Fe(CN)s]" = 2[Fe(CN)s]* + H, + 811,0. (5)

The major effect of V,05 can be qualitatively identified
by two important observations: (1) more efficient photo-
response (more hydrogen production) was reported when
nanoparticles of TiO, doped with V,05 were suspended in
buffered basic [Fe(CN)g]"; (ii) reproducible reactivity of
these aqueous suspensions for a long time without deacti-
vation which reflects stability against photo-corrosion.
Our studies indicate that TiO, doped with 5% V,0s5 pro-
vides the greatest effect in phosphate buffer. Furthermore,
phosphate buffer offers the best medium for hole-
scavengers among the used anions. Vanadium (V")
facilitates the transfer of charge carriers at the interface
because of alteration of the flat-band potential, and
increases the absorption of incident light energy as a
result of the increase in depletion layer width at the junc-
tion*'. V' also provides high density of states that lowers
the band gap of TiO, and changes its band gap transition
from direct to indirect. The stability of the nanoparticles
can be explained considering the stability rules in aque-
ous solutions. These rules state that the Fq (free energy
of oxidation the oxide) must be greater than the oxidation
of water (Eop—m,0) and the F,q4 (free energy of reduction
of the oxide) is smaller than the reduction potential of H"
(Eg+m,0). The energy diagram in Figure 7 shows that lar-
ger band gap of the studied p-type Ti0, offers an energy
map in which a VB and CB energy shifts to the energy
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edge where Eon-m,o 1s less than the E,q (free energy of
oxidation of iron oxide) and where Ep+m,o 1s greater than
the F,4 (free energy of reduction of titanium oxide).

Our study shows that photolysis of water can be more
efficient in the presence of a hydrated electron supplier
that can be regenerated by photolysis of TiO, doped with
V,0s. In general, percentages of V,05 dopant in TiO,
greater than 5 do not create a tangible improvement in the
photo-activities of TiO,. The aqueous nanosystems we
have used retained their stability as indicated by the
reproducibility of their photocatalytic activities.
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