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bstract

In this study, the electrical and physical properties, including the current density, open-circuit voltage, morphology and crystalline structure, of
n anodized TiO2 electrode on a titanium foil are correlated with the hydrogen production rate in an enzymatic photo-electrochemical system. The
ffect of light intensity at ca. 74 and ca. 146 mW cm−2 on the properties is also examined. Anodizing (20 V; bath temperature 5 ◦C; anodizing time
5 min) and subsequent annealing (350–850 ◦C for 5 h) of the Ti foils in an O2 atmosphere led to the formation of a tube-shaped, or a compact
ayered, TiO2 film on the Ti substrate depending on the annealing temperature. The annealing temperature has a similar effect on the properties of
he sample and the hydrogen evolution rate. The generated electrical value, the chronoamperometry (CA), is +13 to −229 and +13 to −247 �A
or light intensities of ca. 74 and ca. 146 mW cm−2, while the corresponding open-circuit voltage (OCV) is in the range of −41 to −687 and −144
o 738 mV, respectively. In the absence of light (dark), the CA is 13–29 �A and the OCV is +258 to −126 mW cm−2. The trend in the electrical

◦
roperties for the different samples is well matched with the rate of hydrogen evolution. The samples with higher activities (450, 550, and 650 C)
ave similar X-ray diffraction (XRD) patterns, which clearly indicates that the samples showing the highest evolution rate are composed of both
natase and rutile, while those showing a lower evolution rate are made of either anatase or rutile. Increasing the intensity of the irradiated light
auses a remarkable enhancement in the rate of hydrogen production from 71 to 153 �mol h−1 cm−2.

2008 Elsevier B.V. All rights reserved.
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. Introduction

There is growing interest in hydrogen which has the poten-
ial to supplement and ultimately replace fossil fuels for the
roduction of energy. Moreover, the emission of greenhouse
ases also needs to be reduced to help solve the problem of
limate change. The light-driven electrolysis of water using a
emiconductor photoanode is a non-polluting, wasteless, renew-
ble method of energy production, because water can be split
nto hydrogen and oxygen. In order to raise the efficiency of
he photo-electrochemical conversion (PEC) of solar energy, it

s essential to design a cell configuration that is energetically
oordinated, stably operated, and economically feasible. This
onclusion is derived from the fact that the efficiency of the
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photo-electrochemical cell

hoto-electrochemical production of hydrogen is determined by
combination of factors, such as imperfections in the crystalline
tructure, bulk and surface properties of the semiconductor pho-
oanode, its resistance to corrosion in electrolytes, and its ability
o drive the water-splitting reaction [1]. Following the pioneering
ork of Fujishima and Honda [2], a huge number of publications
ave been produced in the field of the photo-electrochemical
roduction of hydrogen [3,4].

The photocatalytic process has, however, been simultane-
usly criticized as being uneconomical compared with other
xidative treatment systems and modern hydrogen production
ystems, due to its inherently low efficiency and the limitations
esulting from the necessity for novel materials, an appropriate
ight source, and immobilization, which may increase the overall

nergy costs [5]. Therefore, in contrast to other research groups,
ur attention has focused on developing enzymatic photocat-
lytic systems. Comprehensive reviews have been published on
emiconductor particulate systems [5], TiO2 photocatalysts [6]

mailto:hkjoo@kier.re.kr
dx.doi.org/10.1016/j.jpowsour.2007.12.117
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1.5 V) were attached to the ATE and the platinum mesh cathode,
respectively, in order to apply an external bias to the system. An
NF membrane (molecular weight cut-off, MWCO = 200) made
of polyamide (SU-210, Toray, Japan) was inserted between the
64 S. Bae et al. / Journal of Pow

nd other material-related issues [3,7] pertaining to hydrogen
roduction. Compared with other photocatalysts, TiO2 is much
ore promising, as it is stable, non-corrosive, environmentally

riendly, abundant and cost-effective [6]. Recently, photoanodes
overed with TiO2-based films have been investigated using
echniques such as anodization [8–13] and sputtering [14]. A
anotube-film on titanium foil produced by anodization has
ttracted our particular interest as a stable, light-sensitizing pho-
oanode for the enzymatic production of hydrogen driven by
ight.

A previous study [15] proposed a different approach using a
ight-sensitized enzymatic (LSE) system. The LSE system is a
ay of producing hydrogen by coupling an inorganic semicon-
uctor with enzymes in a photo-electrochemical configuration.
he system uses the intrinsic proton reduction ability of hydro-
enase enzyme in tandem with an anodic compartment in which
lectron donors, such as water, undergo oxidative reaction on a
ight-sensitized photoanode. The generated electrons are sep-
rated and moved to the cathodic compartment through an
xternal circuit and used to reduce protons into hydrogen on
he active sites of the enzymes. In this study, the oxidized ions

ove to the cathodic compartment through an ion bridge such
s a nanofiltration (NF) membrane and, at the same time, a
olar cell applies an external bias. The proposed LSE system
eplaces the in vitro biological system used for hydrogen pro-
uction in which complex electron transport systems, known as
ain barriers, exist such as the photosystems (PS) II and I, and

erredoxin (FD). These electron transport systems can conceiv-
bly be replaced with a photocatalyst or photoanode. Thus, the
hotocatalyst sensitized by light irradiation produces electrons
nd holes (electron vacancies), which can then be separated to
educe the protons and oxidize the electron donor.

The present work aims to establish a method of characterizing
he LSE system, by correlating the physical and electrical prop-
rties of the anodized TiO2 electrode with the trend in hydrogen
volution in the LSE system.

. Experimental

.1. Sample preparation

All chemicals were used without further purification. P25
iO2 (Degussa, FRG) served as a reference for the methylene
lue (MB, 95% Showa chemical, Japan) which was used as the
robe compound for measuring the photocatalytic activity of
he anodized TiO2 electrode (ATE). Titanium foils (0.25 mm
hick, 99.6% purity, Goodfellow, England) were cut into pieces
2 cm × 2 cm) for anodization. The anodization was performed
t 20 V for 45 min at 5 ◦C with magnetic agitation in 0.5 vol.%
ydrofluoric (HF) acid, after which the samples were annealed
n an oxygen atmosphere (400 ml min−1) at 350–850 ◦C for 5 h.

detailed explanation about the role of each component of the
nodizing solution is available in the literatures [10,13].
The illuminated area of the working electrode (photoanode)
as 1 cm2. An electrical contact was made on the backside of

he titanium foil after scribing out the oxide layer. Then, an
lectrically insulated copper wire was attached to the backside

F
c
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sing silver paste and non-conductive epoxy resin. A 0.05 M
ris–HCl buffer was also prepared and used as a cathodic elec-

rolyte (Trizma base, minimum 99.9% titration and 2N HCl,
igma). Purified hydrogenase (Pyrococcus furiosus, ‘Pfu’ here-
fter) was purchased from Prof. Adams at the University of
eorgia. The activity assay of Pfu (21,834 unit ml−1) was much
igher than that of Clostridium butyricum (1442 unit ml−1) and
hiocapsa roseopersicina (1704 unit ml−1), as determined with
ris–HCl (50 mM, pH 8.5, 50 ◦C, absorbance at 570 nm). The
pecific activity (unit mg−1, Bio-rad protein assay, absorbance
t 750 nm) of Pfu was two-to-three times higher than that of the
atter hydrogenases. One unit of hydrogenase activity catalyzes
he production of 1 �mol of H2 min−1. Methyl viologen (MV)
rom Sigma was used as an electron relay.

.2. Apparatus and analysis

The experiments were mainly conducted in a two-
ompartment (anodic and cathodic elements connected via a NF
embrane and a solar cell panel) reactor, as shown in Fig. 1. The

ylindrical-shaped anodic compartment had a volume of 80 ml
headspace volume ca. 55 ml) and contained an aqueous solu-
ion of 1.0 M KOH for water oxidation unless otherwise noted.
he cathodic compartment was a water-jacketed, cylindrical-
haped cell (80 ml, headspace volume ca. 55 ml) with Tris–HCl
uffer sealed with a silicone rubber gasket. Prior to the reac-
ion, the mixture was de-aerated with argon gas for 30 min to
emove the oxygen in the water and headspace. Two terminals
rom a solar cell panel (10 cm × 10 cm, crystalline silicon, max.
ig. 1. Schematic view of reactor with anodized tubular TiO2 photoanode, solar
ell, and NF membrane for hydrogen production.
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wo cells to permit ion transport, while preventing the transport
f the enzyme and MV.

Chronoamperometry (CA), cyclic voltammetry (CV), and
pen-circuit voltage (OCV) measurements were performed
hen necessary with a potentiostat (G300 w/PHE200 software,
AMRY Instruments Electrochemistry, PA, USA) with a plat-

num mesh electrode as a counter electrode (CE) and Ag|AgCl
saturated in 3.0 M KCl) as a reference electrode (RE). The

ight source was a 1000 W xenon lamp (Oriel, USA), which was
ltered through a 10-cm IR water filter. The irradiated light inten-
ity was ca. 74 ± 3.4–146 ± 2.3 mW cm−2 (at 360 ± 50 nm), but
he light intensity absorbed by the sample seemed to be slightly

e
F
d
c

ig. 2. SEM images of selected anodized tubular TiO2 electrodes with different ann
.5 vol.% HF) and HR-TEM of tubes peeled off from anodized tubular TiO2 electro
R-TEM (550 ◦C).
urces 179 (2008) 863–869 865

ower than the irradiated intensity, due to the loss by reflec-
ion and absorption at the reactor window and electrolyte. The
rystal phase and size were determined by X-ray diffraction
XRD, Miniflex, Rigaku; k = 0.89, λ = 0.15418 for Cu K� X-
ay, 30 kV, 15 mA) and the change in absorbance of the MB was
easured with UV–vis spectroscopy (SCINCO, S-3150, Korea).
he structure and morphology were investigated using scanning
lectron microscopy (SEM/EDAX, Hitachi S-4700) and field

mission transmission electron microscopy (FE-TEM, Tecnai
30 S-Twin, FEI, Netherlands). The hydrogen and oxygen pro-
uced were analyzed by a gas chromatograph with a thermal
onductivity detector (TCD at 260 ◦C, oven at 40 ◦C). The col-

ealing temperatures for 5 h (side view, anodization at 20 V/45 min and 5 ◦C in
des (550 ◦). (a) 450 ◦C; (b) 550 ◦C; (c) 650 ◦C; (d) 750 ◦C; (e) 850 ◦C and (f)
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mn used in the system was a molecular sieve 5A (Supelco,
SA).

. Results and discussion

The SEM images of selected samples anodized in 0.5 vol.%
F are shown in Fig. 2. A clean TiO2 tube was evident only in

he sample anodized at the bath temperature of 25 ◦C (Fig. 2(f)),
hile the ones anodized at 5 ◦C (Fig. 2(a)–(e)) were comprised of
continuous nanoporous layer and a compact oxide layer of even
eight. Increasing the annealing temperature produces a highly
ense film with a thickness of 13.3 �m. The morphology of the
orous film is known to be affected by the electrolyte, electrolyte
oncentration, electrolyte pH, anodizing time and tempera-
ure, and the annealing ambient conditions. This is because
orous structures are formed during the anodization through two
rocesses: field-enhanced oxidation and field-enhanced oxide
issolution. Furthermore, solid-state sintering is likely to take
lace at elevated temperature, which leads to grain growth, den-
ification, and ultimately the complete collapse of the structure.
hese changes are more remarkable during the phase transfor-
ations which often accompany bond-breaking and enhanced
ass transport [8,9]. The HR-TEM image of tubes peeled off

rom the sample (anodized at 20 V in 0.5 vol.% HF at 5 ◦C, then
eat-treated in O2 at 550 ◦C for 5 h, Fig. 2(f)) clearly presents a
ateral view of the nanotubes with a wall thickness of ca. 14.5 nm
nd periodic ring structure, as well as a crystal fringe at the wall.

All of the as-deposited samples are found to be amorphous,
hile heat-treatment in dry O2 ambient supported the for-
ation of anatase phase up to 650 ◦C and rutile phase from

75 ◦C when the samples are initially anodized in 0.5 vol.% HF
Fig. 3(a)). In the absence of any equilibrium phase transforma-
ion temperature, no stable rutile phases are produced at the low
nnealing temperature, heating rate or duration time used for the
reparation of the sample. In the diffraction patterns, complete
ransformation to rutile phase occurs at a temperature close to
50 ◦C. Of particular note is that the similar half-width of the
natase peak between 350 and 650 ◦C and the increasing half-
idth of the rutile peak in the investigated range demonstrate

hat the growth of anatase crystals is restricted by the constraints
mposed by the walls, while the irreversible transformation to
table rutile phase increases at elevated temperatures and the
oalescence of the rutile crystals form larger crystallites [9]. The
eak height does not increase linearly with the anodization time
Fig. 3(b)). On the other hand, the temperature of the anodiza-
ion bath, pH and anodizing voltage are all known to affect the
all thickness, length and inner diameter of the tubes [8,9].
The photocatalytic activity of the ATE was first checked by

onitoring the MB discolouration rate ([MB]o = 10 mg L−1 in
00 mL solution, 200 mg of P25 or 2 cm × 2 cm ATE). Unlike
25, the samples give a lower MB discoloration rate, irrespec-

ive of the preparation conditions. A lower dose of P25 (10,
, 2 mg of P25), however, shows similar profiles to the ATE

amples. Langmuir-Hinshelwood kinetics, generally applied in
hotocatalysis, indicate that a relatively high concentration of a
robe material converts the equation to zero-order kinetics. This
s indicated in our study by varying the amount of P25 with a

I
t
K
a

ig. 3. (a) XRD peak intensities of crystalline of selected TiO2 electrodes and
b) effect of anodization time on crystallinity (anodization at 20 V and 5 ◦C in
.5 vol.% HF).

xed initial MB concentration (10 mg L−1), in order to change
he time-coursed profiles of MB discolouration from first-order
o zero-order kinetics with decreasing injection amount. The
mount of TiO2 on the Ti substrate (2 cm × 2 cm) is calculated
o be 2.3 ± 0.7 mg, assuming a film thickness in the range of
.5 �m and a TiO2 density of 3.9 g cm−3. This amount is about
ne-tenth that of P25 (200 mg initially), which is well corre-
ated with the fact that less than 5 mg of P25 shows a similar
iscolouration rate to the prepared samples.

Enzymatic hydrogen evolution in the anodic compartment
ith oxygen in the cathodic compartment was performed with

n external bias (ca. 1.5 V) applied by a solar cell. Prior to the
eactions, chronoamperometry, open-circuit voltage and cyclic
oltammetry (in the range of −1.5 to +1.5 V) measurements
ere performed with a potentiostat to facilitate the understand-

ng of the physical meaning of the obtained values. The working
lectrode (WE) was placed on either the photoanode (P25 on

TO substrate) or the Pt cathode, while the CE was on the other
ogether with the RE, which comprised Ag|AgCl in saturated
Cl. An external bias ranging from −1.5 to +1.5 V was then

pplied to the WE through the potentiostat.
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The application of either a positive bias to the photoanode or
negative bias to the Pt cathode generates a negative or positive

urrent, indicating that the electrons flow from the photoanode to
he cathode in both cases. This upward shift of the anodic energy
evel led to hydrogen evolution in the cathode compartment.

ig. 4. Correlation between hydrogen evolution rate and electrical properties: (a)

2 evolution rate (at 74 mW cm−2 for 2 h) and chronoampherometry; (b) open-
urcuit voltage with the samples; (c) cyclic voltammetry (sample annealed at
50 ◦C).
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he generated electrical values are a CA in the range of +13
o −229 �A at a light intensity of ca. 74 mW cm−2 and in the
ange of +13 to −247 �A at light intensity of ca. 146 mW cm−2

Fig. 4(a)), while the OCV is in the range of −41 to −687 mV
t a light intensity of ca. 74 mW cm−2 and −144 to 738 mV at
light intensity of ca. 146 mW cm−2 (Fig. 4(b)). In the absence
f light irradiation (dark), the CA is 13–29 �A and the OCV is
258 to −126 mW cm−2, which clearly demonstrates the effect
f light (Fig. 4(a) and (b)).

Cyclic voltammetry was used to investigate the effect of light
nd its intensity on the current density with samples annealed at
50 ◦C (Fig. 4(c)), in terms of the photocurrent and dark-current
esponse for the sample. The ATE showed n-type behaviour, i.e.,
positive photocurrent at anodic potentials [16].

After the aforementioned electrochemical values were
btained, a solar cell and a photoanode were both irradiated
o increase the Fermi level and excite electrons from the valence
and (VB) into the conduction band (CB) of the photoanode.
ith the Pfu amount optimized at 10.98 units, this system con-

guration led to the stoichiometric evolution of H2 and O2
H2:O2 = ca. 2:1). Noticeably, the trend of hydrogen evolution
ith the samples coincided well with the CA and OCV values
easured during the light irradiation, as shown in Fig. 4(a). The

amples annealed at temperatures between 450 and 650 ◦C have
igher values than the other samples, probably due to the crystal
somorphs evident in Fig. 3(a), as these samples consist of some
roportion of both anatase and rutile. Easy electron transport
rom the light-sensitized oxide layers to the substrates through
he interface region may be essential in the system. Without any
OH, ATE and Pfu, the system shows much lower activity in

erms of the H2 and O2 evolution. Prolonging the reaction time
o 3 h with different light intensities leads to an increase in the
volution rate from 41 to 71 �mol cm−2 h−1 for 74 mW cm−2

nd from 82 to 153 �mol cm−2 h−1 for 146 mW cm−2. This
ndicates that the system requires 1 h of lag time before it is

tabilized (Fig. 5). Doubling the light intensity clearly produces
ore hydrogen, but further increase in light intensity does not

ield a linear increase in the amount of hydrogen evolved, which
s to be expected because it is known that the reaction rate is

ig. 5. Time-coursed profile of hydrogen and oxygen evolution on ATE under
ifferent light intensities (20 V/45 min and 650 ◦C/5 h in 0.5 vol.% HF).
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roportional to the light intensity only up to a certain threshold
bove which the rate of point charge recombination dominates
he reaction rate [17]. In general, a first-order reaction rate with
espect to light intensity means that the system is not saturated

ith respect to the light intensity [18].
A schematic representation with energy diagrams of the

ystem used in this study is shown in Fig. 6. Without light irra-

ig. 6. Schematic representation with energy diagrams of the used system: (a)
ithout light irradiation; (b) with light irradiation; (c) with light and solar cell

pplied.
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iation, charge transfer occurs at the surface of an immersed
emiconductor and band bending occurs because of the differ-
nce in the electron affinity or electrochemical potential of the
wo phases (Fig. 6(a)). If the semiconductor photoanode absorbs
ight, electrons move towards the bulk, while holes move towards
he surface and are injected into the electrolyte. Hence, the band
ending is reduced and the Fermi level shifts upward. At this
ime, the energy level of water oxidation (O2/H2O) should be
bove the valence band (VB) of the photoanode and that of
he proton reduction (H+/H2) should be below the Fermi level
f the metal cathode (Fig. 6(b)) to split water. When an addi-
ional external bias is applied, a further shift of the Fermi level
s obtained and the ability of the electrons to reduce protons is
lso increased (Fig. 6(c)).

The rate of hydrogen production was ca. 71 �mol h−1 cm−2,
.e., ca. 15.7 L h−1 m−2. A rough calculation suggests that on a
ne sunny day with 6.5 h of sunlight, 1 023 750 L of H2 could
e evolved over an area of 104 m2 (100 m × 100 m). Assuming
hat a fuel cell vehicle requires 4.6 kg of H2 to travel 395 km,
he evolved amount of H2 is sufficient to charge ten vehicles for
journey of 7821 km.

The solar-to-hydrogen (STH) efficiency is approximately cal-
ulated according to:

= KH2

Kirr
(1)

here KH2 denotes the amount of H2 produced in
mol cm−2 h−1 and Kirr the irradiated light in �mol pho-

ons cm−2 h−1. According to Ref. [19], the UV intensity in
olar irradiation is 1.5 × 10−6 mol s−1 per 1.4245 × 10−2 m2,
hich equates to 37.8 �mol photon cm−2 h−1. A total solar light

ntensity of 950–1375 �mol photon cm−2 h−1 could be obtained
t AM 1.5 illumination. Therefore, the amount of hydrogen
volved, 71 �mol cm−2 h−1, could be equivalent to an STH effi-
iency of ca. 6.1%.

. Conclusions

For future hydrogen production with solar irradiation, a
elatively novel approach has been introduced wherein a sensi-
ized photoanode, prepared by anodization, donates electrons to
ydrogenase through an external circuit that in turn reduces pro-
ons to hydrogen. To characterize the system more efficiently, the
lectrical and physical properties of the photoanode in the photo-
lectrochemical cell are correlated with the rate of hydrogen
roduction. The trend of the electrical properties for the differ-
nt samples is well matched with the rate of hydrogen evolution.
amples with higher activities have both anatase and rutile crys-

allines, while those with lower activities have either anatase or
utile. The simple measurement of the electrical properties of the
hotoanodes, prepared by various methods under different con-
itions, can be used to determine the amount of hydrogen that

he photoanode is capable of producing. In this way, the num-
er of time-consuming operations can be reduced and thereby
ssists the search for an optimized photoanode. This indirect
haracterization can be further utilized when the efficiency of
he photoanode needs to be enhanced and controlled.
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