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with Different Light Intensities: Cr(Vl) Reduction and
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ABSTRACT

Anodized tubular TiO, electrodes (ATTEs) with three noticeably different lengths are prepared to
determine their optimum length for the photo-driven activity in the reaction of Cr(VI) reduction and hydrogen
evolution. The ATTEs with ethylene glycol have longer TiO, tubes (7-15.6 pm) than those with hydrfluoric
acid (0.6-0.8 pm). These samples, which differ only in the length of the tubes, with a wall thickness of
ca. 20 nm, consist mainly of an anatase crystalline phase after heat treatment at 650°C, since the anatase
crystallites at the tube walls do not undergo transformation into rutile phase, due to the constraints imposed
by the wall thickness. Among them, the medium size (ca. 8§ um) tubes provide the optimum conditions,
irrespective of the light intensity, which is explained in terms of the correlation between the amount of photons
and the adsorbed electron acceptors and their location. Photocatalytic Cr(VI) reduction leads to ca. 60%
reduction of Cr(VI) even under 1 sun irradiation with the medium-sized anodized TiO; tubes, but only ca.
20% with the short- and long-sized tubes. For hydrogen evolution, tubes longer than 8 um do not exhibit
better performance with any light intensity.
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1. Introduction

The conversion of harmful chemicals into non-
toxic substances and hydrogen production by water
splitting using photocatalysis have been of interest
since the early 1970s when Honda and Fujishima
first performed their pioneering work using solar
light and UV-absorbing Ti0O,". This interest 1s, of
course, owing to the environmental problems and
the depletion of fossil fuels and, hence, photocatalysis
continues to attract the attention of researchers
because, among the various renewable energy
sources, the sun is an inherently abundant and
clean energy source”. Apart from the light source,
the semi—conductor which converts light into elec—
trical or chemical energy is essential for the photo—
electrochemical (PEC) reaction to happen. Therefore,
photocatalysts immobilized on conducting substrates
have been used as both the key part of light-driven
purification systems and the photoanode of the
PEC systems, since the conventional slurry or
coated type system presents a problem concerning
the recovery or stability of the photocatalyst. Among
semiconductor photocatalysts used as photoanodes,
titanium dioxide (TiO) has received tremendous
interest in research works of photocatalysis tech—
nology and a review of works including metal oxides
and nonoxides photocatalysts for hydrogen gen-
eration, in particular, has been published recent1y3>.
However, the photocatalytic process with semicon-
ductor particulate systems has been simultaneously
criticized as being uneconomical compared to other
oxidative treatment systems due to its inherently
low efficiency and the limitations resulting from
the necessity for a novel material, an appropriate
light source, and immobilization, which may increase
the overall energy costs” Therefore, for the im-
provement of the conversion efficiency obtained
with solar energy, it is essential to design an

1B 01 Cr(V B 2 SARIE

energetically coordinated, stably operated, and eco-
nomically feasible photocatalyst-immobilized matrix.
Over the past few decades, photoanodes covered
with TiOz-based films have been prepared using

. .50
techniques such as anodization”

and sputteringn).
Meanwhile, as the materials, TiO: nanotube
arrays prepared by the anodization of Ti foil have
attracted the particular interest of the authors as
a light-sensitizing material for photocatalytic puri-
fication and as the photoanode and cathodic sub-

12-19)
. The two

major issues concerning the light penetration, electron

strates for enzyme and metal species

migration and photohole capture associated with
the anodized TiO: tube arrays are the enhancement
of the visible-light sensitization and the increase
in the amount of the photocatalyst: this requires
the optimization of the length of the tubes and
thickness of the tube wall. For this purpose, in
this study, we examine the correlation between
the length of the tubes and the light intensity
in the Cr(VI) reduction and hydrogen evolution
reactions.

Chromium occurs in two common oxidation states
in nature, Cr(Ill) and Cr(VI), and, among them, Cr
(VD) is a frequent contaminant in water, arising
from industrial processes such as electroplating,
leather tanning and paint-making, and it has been
regulated in many countries due to its acute
toxicity, carcinogenic action and high mobility in
water. Therefore, the reduction of Cr(VI) to Cr
(OI) is highly desirable in order to reduce its
toxicity and contain the mobility of the chromium
ions. After its reduction to Cr(Ill), it can be
separated by several procedures, which involve
its precipitation in neutral or alkaline solution in
the form of Cr(OH):™. For this reason, pho-
tocatalytic Cr(VI) reduction, as well as hydrogen
evolution, was selected as one of the designated
reactions for the measurement of the activity of,
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and as a possible application of, the ATTEs.

2. Experimental
2.1 Materials and sample preparation

Titanium foil (Ti, 99.6 wt.% purity, thickness
0.25 mm, Goodfellow, England) was cut into
pieces (2 cm x 4 cm) and subjected to poten-
tiostatic anodization in a two—electrode electrochemical
cell (100 ml of an electrolyte) connected to a DC
power supply using a platinum counter electrode
with magnetic agitation, after which the samples
were annealed in an oxygen atmosphere (400 ml-
min ') at 450 or 650°C for 2 hr for Cr reduction
and H» evolution, respectively. The two different
electrolytes used were i) 0.5 vol.% hydrofluoric
(HF) acid at 5C (48-51 vol.%, DC Chemical) for
45min at 20 V for the short TiO, tubes (‘electrolyte 1)
and ii) 0.3M NHF (99.99 vol.%, Sigma-Aldrich) +
2 vol.% HoO + ethylene glycol (EG 99.8 vol.%,
Sigma-Aldrich) at 0.1 A for 1.5 hr or 3 hr for the
medium and long TiO; tubes (‘electrolyte ii’). The
resulting electrode is called an “anodized tubular
TiO, electrode” or “ATTE” and used as a photo—-
responsive material for Cr(VI) reduction and as a
photoanode in an enzymatic hydrogen evolution
system. A detailed explanation of the role of each
component of the anodizing solution is available
in the literatures””.

Potassium dichromate (KoCr207, 9.5 wt.26, Orien-
tal chemicalindustries, Korea) was used to make
the initial Cr(VI) solution. Chloroplatinic acid hex-
ahydrate (HLPtCls6H0, 375 wt.% as platinum,
Sigma-Aldrich) was used as a precursor for platinum
(Pt hereafter) deposition. Pt deposition was conducted
at a fixed current of 0.01 A for 5 min in a two-
electrode electrochemical cell using a potentiostat
(G300 with PHE200 software, GAMRY Instruments
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Electrochemistry, PA, USA) with platinum electrodes
as both the counter and reference electrodes and
the prepared anodized sample as the working
electrode. The Pt-treated samples were washed
with distilled water in order to remove any chlorine.
Then, the samples were dried at room temperature
and annealed at 500°C for 2 hr in 400 ml-min "' of
reducing gas (10% Hs in argon balance) for the
reduction of the Pt ions.

The area of the illuminated working electrode
(prepared ATTE) and the cathode for the im-
mobilization of hydrogenase was 1 cm x 1 cm (20
V at 5C for 45 min, then heat-treated at 650C
under O flow rate of 400 ml-min ). Potassium
hydroxide solution (1.0 M) was prepared from KOH
pellets (99.99 wt.%, Sigma-Aldrich) and used as
the electrolyte in both compartments for hydrogen
evolution. Purified hydrogenase (from Pyrococcus
furiosus, ‘Pfu’ hereafter) was supplied by Prof.
Adams at the University of Georgia and this
enzyme is known to be remarkably resistant to
inactivation by heat and chemical reagentSZZ). For
the immobilization of the enzyme on the ATTE,
aryl azide crosslinking reagent (Sulfo-SDA, spacer
arm 3.9A, PIERCE Biotechnology, USA) was used.
The details concerning the immobilization of the

enzyme are described in the literatures™ 7.

2.2 Apparatus and analysis

The experiments for Cr(VI) reduction were con—
ducted in a photocatalytic reactor. The volume of
the reactor was 150 ml and it contained an aqueous
solution whose initial concentration of Cr(VI) and
pH were adjusted. It is known from a previous
Studym that the surface charges of all ATTEs are
positive at pH=3 and become more negative with
increasing pH and that Cr(VI) ions (Cr:07) are
the predominant species at medium to low pH
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Fig. 1 SEM images of the selected samples; (a)~(c) top views and (d)~(f) side views for the short, medium and long
anodized TiO, tubes, respectively
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values. Therefore, the experiments for Cr(VI) re-
duction were conducted at an initial concentration
of 10 ppm at pH 3 with HCI. The outside of the
reactor was water—jacketed to keep the reaction
temperature constant. Prior to Cr(VI) reduction,
cyclic voltammetry was performed to measure the
photocurrent to evaluate the electrochemical behavior
of the ATTEs with a platinum coil as the counter
electrode and Ag|AgCl (saturated in 3.0M KCl) as
the reference electrode. For hydrogen evolution,
the experiments were conducted in a two—com-
partment reactor which was separated by a
nanofiltration (NF) membrane and a solar cell. A
detailed description of the geometry and procedure
was reported previouslylgfm. The light sources used
were a 1000 W Xe lamp (Oriel, USA), which was
filtered through a 10-cm IR water filter and a 300
W solar simulator. The irradiated light intensities
were ca. 18034 mW-cm * and ca. 1.801.3 mW-cm
(at the range of 300~400 nm measured with
UM-10 and UM-360 portable radiometers, from
Minolta Co., Japan). A reference cell (91150V, Oriel,
USA) was also used for calibration with 1 sun
irradiation. The concentration of Cr(VI) was analyzed
colorimetrically using UV/Vis spectroscopy (SCINCO,
S-3150, Korea). In this analysis, the 1, 5-dipheny -
lcarbarzide method was used™””. The hydrogen
produced was analyzed by a gas chromatograph
with a thermal conductivity detector (TCD at 260C,
oven at 40°C). The column used in the system was
a molecular sieve 5 A (Supelco, USA). The structure
and morphological characterizations were conducted
using scanning election microscopy (SEM, Hitachi
S—4700, Japan) and transmission electron microscopy
(TEM, EM912 Omega, Carl Zeiss, Germany).

3. Results and Discussion

The color of the as—anodized samples with
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‘electrolyte i was gray and changed to dark gray
after the heat-treatment, while that of the as—
anodized samples with ‘electrolyte i’ was dark
green and changed to blue after the heat-treatment.
There was no noticeable hump in the region of
400-540 nm in the UV-Vis spectra of the samples,
as reported by Varghese et al., in which heat-
treatment at 450°C under nitrogen was performed%).
This discrepancy may arise from the environment
used for the heat-treatment. The morphology of
the ATTEs prepared in this study was not no-
ticeably different, except for their length (Fig. 1
(a)~(c)). The diameter and wall thickness of the
TiO, nanotubular arrays are in the range of 140
nm and 20 nm, respectively (short, medium and
long tubes in Fig. 1(a), (b) and (c), respectively),
and these arrays were vertically oriented, compact
and straight (short, medium and long tubes in
Fig. 1 (d), (e) and (f), respectively). The hole dif-
fusion length in titania is ca. 10 nm, while the
electron diffusion length is ca. 10 pm%. Therefore,
one—-dimensional TiO; nanotubes with 10nm of
one half the wall thickness of the nanotube are
essential for charge generation and transport. The
samples prepared with EG contained very straight
TiO» nanotubes standing on the Ti foil whose
diameter was close to 10 nm.

Fig. 2 shows selected TEM images (surface
view) of the prepared short and long ATTEs. The
set of images at the top (a and b) correspond to
the sample prepared in ‘electrolyte i" and those at
the bottom (¢ and d) to the sample prepared in
‘electrolyte ii. Well dispersed Pt particles less
than 10 nm in diameter were clearly seen in all of
the images.

This supports the explanation given in the
schematic drawing in Fig. 3(c). The density of
the deposited Pt particles is different in each case,
due to difference in the length of the tubes. Their
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Fig. 2 HR-TEM images of the Pt-deposited selected samples; (a) and (b) for short anodized TiO, tubes, (c) and (d) for long

anodized TiO: tubes

X-ray diffraction patterns were reported in a
previous alticle%), where all of the as—anodized
samples were found to be amorphous, while heat-
treatment in dry O» led to the predominant formation
of anatase phase at 450C, while rutile phase
appeared at 650C when EG was added to the
anodizing electrolyte (electrolyte ii). Anodization

with ‘electrolyte 1’ led to the growth of the same
rutile phase after heat-treatment at temperatures
of 550C and above.

As shown in Fig. 3, there must be a relation
between the light intensity and length of the tubes.
Fig. 3(a) depicts the relative degree of Cr(VI)
reduction in terms of the tube length when the
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Fig. 3 Schematic represenation of the effect of the length of
the TiO, tubes and light intensity on the reactivity; (a) for low
intensity, (b) for high intensity and (c) for metal deposited
TiO;, tubes at a fixed light intensity

intensity of irradiated light is low (L1). A short
tube (less than 1 ym) can be completely irradiated
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Fig. 4 Cr(VI) reduction with different anodized TiO, tubes
under 1 sun irradiation ([Cr(VI)]O = 10 ppm at pH 3)

even with a low light intensity, while most of the
photons cannot reach the bottom (barrier layer) of
the long tubes (ca. 15 ym). However, the optimum
amount of photons is irradiated on the medium
length tubes. For this reason, the surface area is
the limiting factor for the short tubes, while the
light intensity is the limiting factor for the long
tubes. In both cases, there are too many Cr(VI)
molecules far away from the surface of the short
tubes in the radial direction of the tube, while the
adsorbed Cr(VI) molecules on the non-irradiated
surface of the long tubes obviously cannot participate
in the reaction, resulting in low efficiency. However,
the medium length tubes provide sufficient surface
area for the Cr(VI) molecules at a certain con-
centration to be adsorbed and for enough photons
to irradiate them, resulting in the highest efficiency
among the three cases.

The experimental data on Cr(VI) reduction are
shown in Fig. 4, where the percentage reductions
of Cr(VI) were 16.4+6.0, 52.9+0.3 and 185%1.0%
for the short, medium and long tubes, respectively.
This result is well matched with the hypothesis
mentioned above. At the higher intensity (L2) in
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Fig. 5 Cr(VI) reduction with different anodized TiO, tubes
under high intensity ([Cr(VD)]o = 10 ppm at pH 3)

Fig. 3(b), the only difference in the case of the
long tubes is the higher efficiency compared to
that at the lower intensity. This is because in the
other two cases, 1.e. the short and medium length
tubes, there is no advantage in using a higher
intensity, whereas the higher surface area of the
long tubes allows more radiation to act on the
adsorption sites in order for the Cr(VI) molecules
to be reduced to Cr(Ill). Accordingly, the percentage
reductions of Cr(VI) were 9.4+0.9, 57.5+8.3 and
60.7£11.3% for the short, medium and long tubes,
respectively, as shown in Fig. 5. This is also
coincident with the explanation in Fig. 3(b) above.
Fig. 3(c) depicts the case where metal is deposited
on the surface of some of the tubes. In the case
of the short and medium length tubes, the deposition
of Pt slightly increases the efficiency only when
the area of the non-irradiated surface is minimized.
This means that the deposition of Pt on the non-
irradiated surface inhibits the Cr(VI) molecules
from obtaining electrons from the photo—sensitive
materials (Figs. 4 and 5).

Cyclic voltammetry in 1.0M KCl at 25C was
employed to evaluate the photocurrent generated
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Fig. 6 Hydrogen evolution rate with anodized TiO, tubes under
different light intensities

by the prepared ATTE samples. The immobilization
of TiO; with the formation of TiO; nanotubes stand-
ing on the Ti foil by anodization makes it possible
to use the electrochemistry technique to analyze
its characteristics, as well as providing better
stahility and an improved geometric structure for
the reaction. The photocurrents generated at a
scanning voltage of 1.23V are 1.44+0.01, 2.05+0.04
and 2.45+0.19 mA-cm ° for the short, medium and
long tubes, respectively. In contrast to the reduction
of Cr(VI), the photocurrent is generated by pulling
electrons from the tube to the counter electrode
through the applied bias. Therefore, the photocurrent
1s mainly dependent on the crystallinity, the con-
centration of the electron donor, the applied bias
and the tube length. Once the parameters are fixed,
there must be acorrelation between the applied
bias and tube length. If the applied bias is high
enough to overcome the barrier caused by the
non-irradiated part of the TiO» tube positioned in
the middle of the electron collector (Ti foil in this
study) and the light source, the photocurrent will
increase monotonically as the tube length increases,
as confirmed in this study. Otherwise, the photo-
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current will decrease when the tube length surpasses
a certain threshold.

The prepared samples were also used as the
anodes in a light—sensitized enzymatic system with
the same enzyme-immobilized cathode. Without any
applied bias or cocatalyst, titania cannot effectively
reduce water to produce hydrogen, because the
position of its flat band potential is close to the
reduction potential of water”. In the present study,
we examined the effect of the length of the TiO:
tubes as a function of the light intensity. The sum-
marized results are shown in Fig. 6. Generally
speaking, the reactions with the medium length
tubes look quite promising, irrespective of the
light intensity. Up to ca. a light intensity of 90
mA-cmfz, the medium length tubes showed a
similar hydrogen evolution rate to those with a
long length, with both rates far exceeding that of
the tubes with a short length. Meanwhile, even at
a higher intensity, the rate obtained with the
medium length tubes exceeded that of the ones
with a long length. This might be due to the
existence of a barrier caused by the elongated
tubes, as mentioned above.

4. Conclusions

In this study, anodized tubular TiO: electrodes
(ATTEs) with three noticeably different lengths
were prepared to determine their optimum length
in terms of the photo—driven activity in the reaction
of Cr(VI) reduction and hydrogen evolution. The
ATTEs with 8 um-long TiO; tubes show the
optimum performance among the short (ca. 1.0 pm),
medium (ca. 8 ym) and long (ca. 15 pm) tubes,
which was well explained by correlating the amount
of photons irradiated on the sample with the ad-
sorbed electron acceptors able to participate in the
designated reaction. The optimum length may differ
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when the initial concentration changes. Further
studies on this issue have been initiated and will
be published elsewhere in the near future.
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