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Photobiocatalytic hydrogen production in a photoelectrochemical cell
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Abstract—In this study the photobiocatalytic hydrogen production system was photoelectrochemically examined.
Preliminary experiments with a mixed slurry system revealed the following five facts: direct, inter-phase, electron trans-
fer from photocatalyst to enzyme in the absence of electron relay was a rate-determining step; the enzyme was de-
activated by irradiated light (half after 10 days); physical properties (crystallinity, specific surface area, pore volume
and radius) of the photocatalysts, obtained by two preparation methods (sol-gel and hydrothermal), were seldom cor-
related with the production rate; chemical properties were postulated to have been affected; and each material needed
different reaction conditions such as pH and temperature. For the later salt-bridged system, the I-V relation for each
prepared photocatalyst was measured (V,, in the range of ca. -0.9~—1.0 and V,, close to —1.1 V vs. Ag/AgCl in saturated
KCI). The change in the amount of evolved hydrogen was also independently checked according to external bias (critical
bias around 1.0 V). Then both reaction components were connected through a salt bridge to initiate light-induced hy-
drogen production for the hybrid system. The H, production exhibited an exponential trend and the Tris-HCI buffer
showed the highest rate. A feasible reaction pathway was proposed.
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INTRODUCTION

Environmental remediation using photocatalysts has been a ma-
jor focus in many countries over the last decade. Numerous studies
have focused on hydrogen evolution from water as a clean energy
resource since the invention of photochemical water splitting over
TiO, electrode. However, the photocatalytic process has been simul-
taneously criticized as being uneconomical compared to other oxi-
dative treatment systems and up-to-date hydrogen production sys-
tems due to its inherently low efficiency and limitations resulting
from the necessity for an appropriate light source and immobiliza-
tion, which may increase the overall energy costs [1]. Therefore,
research attention has focused on developing economically feasi-
ble photocatalytic systems with future commercial applications.

As far as photo-production of hydrogen is concerned, one of the
IEA hydrogen programs (known as the Hydrogen Implementing
Agreement (HIA)), Annex-14, focused on the development of mate-
rials and systems for the photoelectrochemical (PEC) production of
hydrogen [2]. In Korea, the inception in 2003 of the 21" Century
Frontier R&D Program by the Hydrogen R&D Research Center
brought together a relatively broad range of topics to address chal-
lenges with a long term global view. Using a PEC composed of a
TiO, single crystal as photoanode and Pt as cathode involving a chem-
ical bias imposed by pH difference between the electrodes, Fujish-
ima and Honda claimed a total efficiency of solar energy conver-
sion to hydrogen of only 0.4%. Thereafter, many researchers have
searched for other oxide materials that do not require external bias
and exhibit higher light conversion, with TiO, and TiO,-based mate-
rials being identified as the most promising candidates for photoan-
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ode [3]. Hence, a different approach using a photobiocatalytic sys-
tem, rather than the development of new or modified photo-active
materials, has been proposed. The photobiocatalytic method is a
relatively novel way of producing hydrogen by coupling an inorganic
semiconductor with an enzyme. This approach, with the enzyme
being the main consideration, has been studied by many research-
ers since the mid 80’s. However, the present study was performed
from the photocatalytic point of view in combination with the elec-
trochemical setups. The system naturally uses the intrinsic proton
reduction ability of hydrogenase enzyme in tandem with an anodic
compartment where the electron donors undergo light irradiation.
In in-vitro biological systems for hydrogen production, complex
electron transport systems exist such as photosystem (PS) II and 1,
and ferredoxin (FD). These electron transport systems can theoreti-
cally be easily replaced with a photocatalyst or visible-light sensi-
tized photocatalyst. Thus, the photocatalyst sensitized by light irra-
diation produces electrons and holes (electron vacancies), which
can then be separated to reduce protons and oxidize the electron
donor. For the photocatalyst particles to be activated by visible light,
nitrogen-substituted TiO, (TION) has been studied, either by sput-
tering or by hydrolyzing an aqueous Ti(SO,), solution with a NH;
solution [4,5]. Moreover, the efficiency of the charge separation is
not related to absorption of the light with the wavelength shorter
than that of the bandgap energy, but depends rather on the physical
properties of the samples, such as the shape, distribution pores, crys-
talline phase and crystallinity, and the preparation and the post-de-
position treatments, even though they must be considered simulta-
neously with the substrate. Hence, the effect of these physical prop-
erties needs to be considered. In addition, although the enzyme that
was used from Pyrococcus furiosus (Pfu), which was first isolated
by Bryant and Adams [6], is known to be remarkably resistant to
inactivation by temperature and chemical agents, Pfu was deactivated
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by irradiated light and oxygen and different pH and temperature were
required. For this reason, a photobiocatalytic and PEC approach
with a separated reaction part has been performed. Factorial design
is recognized as a methodology for applying statistics to experimen-
tation to see how responses (output variables) change and interact at
different variable settings. Using this versatile tool, especially fractional
factorial design (FFD), economizes on time and expense. There-
fore, this method has occasionally been applied in the case of many
variables which needed to be screened according to the level of sig-
nificance.

EXPERIMENTAL

1. Sample Preparation

Visible light-activated, nitrogen-substituted titanium oxide (‘TION”)
was simply prepared by two methods: sol-gel and hydrothermal.
P25 TiO, (Degussa, FRG), UV100 (Hombikat, FRG) and NT22
TiO, (NANO Co., Ltd. Korea) were used as raw materials and re-
ference when necessary. For hydrothermal TION (‘HT-TiON’), ana-
tase TiO, powders were placed into a teflon-lined autoclave with a
50 ml capacity. The autoclave was then filled with an aqueous solu-
tion of NaOH, at various molar concentrations up to 80% of the
total volume of the autoclave, and was maintained under the de-
sirable conditions without shaking or stirring during the heating pro-
cess. Washing and drying were then performed. To narrow the con-
ditions a one-third FFD experiment involving nine factor-level com-
binations (FLC) was used to reduce the size of the experiment. In a
full factorial experiment, an FLC of 3*=27 occurs when there are
three factors and three levels for each factor. The selected factors
consist of three levels of each NaOH concentration (1, 3 and 5 M),
temperature (175, 220 and 225 °C) and time (12, 24 and 36 hr). As
a preliminary experiment, raw TiO, for TION was prepared by us-
ing titanium tetraisopropoxide (TTIP), isopropyl alcohol (IPA), ace-
tic acid and water for comparison. Finally, nitrogen was substituted
into HT-TiON by mixing TiO, powder with a NH; solution fol-
lowed by drying. Low temperature TiION (‘LT-TiON’) was pre-
pared using low temperature synthesis with triethylamine (TEA),
resulting in anatase crystallite phase and a surface area of ca. 170
m’/g.

Purified hydrogenase (Pyrococcus firriosus, Pfu) was purchased
from Prof. Adams at the University of Georgia. Pfu activity remained
stable for at least 48 hr after removal from the freezer. The activity
assay of Pfu (21,834 unit/ml) was much higher than that of Clos-
tridium butyricum (1,442 unit/ml) and Thiocapsa roseopersicina
(1,704 unit/ml), as determined with Tris-HCI (50 mM, pH 8.5, 50 °C,
absorbance at 570 nm). The specific activity (unit/mg, Bio-rad pro-
tein assay, absorbance at 750 nm) of Pfu was two to three times high-
er than that of the latter hydrogenases. The activity was lower in
phosphate, but similar in EPPS buffer. Methyl viologen (MV), tris(hy-
droxymethyl)aminomethane (Tris), phosphate, MES, sodium for-
mate, and sodium dithionite (Na-D) were obtained from Sigma and
used as received.

PEC experiment was conducted in a two-compartment (anodic
and cathodic elements connected via a Nafion membrane or salt
bridge) reactor eventually, but was started in each separate com-
partment separately. The anodic compartment had a volume of 60
ml and was a cylindrical-shaped cell. Photocatalyst films were pre-

pared by casting the photocatalyst sol mixed with polyethylene gly-
col (PEG from Fluka, MW 20,000) as a binder onto an indium-tin
oxide (ITO) conducting substrate, and subsequent heat treatment at
450 °C for 30 min under air (ca. 10 mg coated in 1x1 cm?®). The
cyclovoltammogram and photovoltage measurements were per-
formed with a potentiostat (EG&G, Model 273A) with an SUS316
electrode and Ag/AgCl (saturated in KCI) as a counter and refer-
ence electrode, respectively, in the anodic compartment containing
an aqueous solution of 0.1 M Na,S and 0.02 M Na,SO;. Cathodic
experiments were performed in a water-jacketed, cylindrical-shaped
cell with EPPS (50 mM, pH 8) buffer sealed with a silicone rubber
gasket.
2. Apparatus and Analysis

The light sources used were UV-A lamp (Sankyo Denki, Japan),
halogen lamp, xenon lamp (Oriel, USA, 1000W output max. with
water filter) and LED (green and blue peaked at 520 nm and 464
nm, respectively). [PA was used as a probe compound for measur-
ing the activity. The chemicals (IPA, acetone and CO,) were ana-
lyzed by gas chromatography with a flame ionization detector (GC/
FID, HP 5890) and a GC/FID with a methanizer (HP6890). Hydro-
gen production was analyzed by gas chromatograph with TCD (ther-
mal conductivity detector at 160 °C). The column used in the sys-
tem was molecular sieve SA. Typical oven temperature was main-
tained at 40 °C. A moisture trap (silica-gel) was placed just before
the GC auto injection valve to prevent water damage. The struc-
ture, morphology and surface area were investigated by using X-
ray diffraction (XRD, Rigaku, DMAX/2000-Ultima Plus), scanning
election microscopy (SEM, Topcon SM-720), and Brunauer Emmett
Teller (BET).

RESULTS AND DISCUSSION

Initially, a rough hydrothermal experiment with NH,OH and the
prepared raw TiO, (189 m*/g) revealed that the sample turned yel-
low and absorbed light with wavelength<ca. 520 nm. In addition,
using aqueous NaOH (10 M) and a 12 hr reaction time under reac-
tion temperatures ranging at 25 °C intervals from 100-200 °C, five
samples exhibited the beta phase TiO, (4#TiO,; Na,TiO;, Na,Ti,O;)
from XRD analysis with a maximum specific surface area of 246
m’/g at 175 °C. The addition of silica led the particle size to con-
form to a more uniform distribution (a fibrous shape was identified
by SEM [7]). The following properties, specific surface area, pore
radius and pore volume, were changed with respect to the washing
procedure used, showing a linear relationship between the specific
surface area and pore radius. This suggests that the action of wash-
ing and its procedure are essential for removing impurities and con-
trolling the shape.

The photo-active TiO, was systematically prepared by using FFD,
a tool for experimental setup [8]. From analysis of the variance
(ANOVA), the reaction temperature had 99% level of significance
on the specific surface area. The NaOH concentration was critical
to the phase formed. The anatase phase was formed with 1 M of
NaOH, the S phase with 5 M of NaOH, and for 3 M of NaOH the
anatase phase was formed below 225 °C and S phase above 225 °C.
The specific surface area increased from 65 m*/g to 144 m*/g for
5M NaOH, at 225 °C and 12 hr. A fibrous shape of TiO, was re-
vealed at NaOH concentrations >3 M. Detailed investigations based
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Table 1. Physical properties of samples from selected FLCs

P25 NT22 4M200T12 (8/2w)Si02  4M200T12 3M225T36 5M225T12
Phase anatase+rutile anatase anatase anatase anatase+ /TiO, STiO,
XRD intensity (6) 545 (25.18) 1392 (25.16) 688 (25.30) 528 (25.26) 454 (25.26) 262 (24.26)
1/2 width 0.36 0.42 0.43 0.43 0.46 -
BET (m?¥/g) 50 64.7 127.6 102.7 52.3 144.0
Pore vol. (cm*/g) - 0.228 0.448 0.365 0.189 0.566

on 3 M NaOH, at 175 °C and 12 hr were examined in terms of the
phase and shape, by firstly varying the NaOH concentration (3.5, 4,
4.5 M) and subsequently varying the reaction temperature and time.
The resulting optimum condition was found to be 4 M of NaOH,
at 200 °C and 12 hr (103 m*/g). A summary of the physical proper-
ties of the selected samples is given in Table 1, and their photocata-
Iytic activity in degrading TPA using UV-A irradiation was investi-
gated where P25 showed the fastest reaction rate, followed by NT22.
The optimized sample (4M200T12-8/2w) showed a better activity
than the other samples prepared, but was less active than the two
commercialized TiO, samples under UV-A irradiation. The observed
change in surface area was attributable to the crystallization of walls
separating mesopores, as the loss in surface area increased the pore
diameter and decreased the pore volume [9]. The optimized sam-
ple (4M200T12-8/2w) was further analyzed by DSC to identify the
heat-treatment temperature to substitute nitrogen, where a distin-
guishable exothermic band appeared near 430 °C. This exothermic
reaction was attributed to be the oxidation reaction of NH; or NH,
with the oxygen released from the amorphous grain boundaries by
forming oxygen-deficient sites [5]. This band was not significant
due to the small amount of the amorphous portion in the samples
obtained by the hydrothermal method, a result which needs to be
further studied in terms of the ease and extent of nitrogen-substitu-
tion. As a consequence, NH; treatment, followed by heat-treatment
at 450 °C, produced yellow powders (HT-TiON). A commercially
available, blue LED (with a peak at 464 nm) was used to check the
photocatalytic activity of the obtained HI-TiON. Acetone evolution
as a function of blue LED irradiation time was remarkable for the
HT-TiON sample, but no acetone was detected for the NT22 sam-
ple (P25 also revealed no acetone production in another study by
the authors; data not shown).

To obtain direct insight for photo/biocatalytic hydrogen produc-
tion system, two sets of one-third FFD experiments involving 9 FLC
were used in order to reduce the size of the experiment: a full FFD
experiment with FLC of 3’°=27. The factors included species of buf-
fer solution, the amount of hydrogenase (Pfu), electron donor, reac-
tion temperature and electron mediator. The correlation between elec-
tron mediator and Pfu was also studied by one half of 2* designs (8
FLCs). For a fixed hydrogenase (Pfu), four factors (CdCl,, Na-di-
thionite, sodium formate and MV) were tested in terms of presence
(two levels) in a designed manner. The ANOVA results showed
that the amount of Pfu and Pfu+species of buffer was significant at
the 0.25 significance level for the H, production. Moreover, Pfu+
pH of Tris was significant at the 0.1 significance level and each of
factors A and B was significant at the 0.025 significance level for
the H, production. The two-factor interactions showed significant
effect on the response variables. The described photo/biocatalytic
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system has been proposed as a possible candidate for hydrogen pro-
duction technique with solar irradiation. Rough photonic efficiency
was calculated according to the following two Egs. (1) & (2).

_Ku

¢ l<irr'

M

where K, denotes the amount of produced H, in mol/s and K, the
irradiated light in mol (photon)/s.

_Ix4
hcN,

1

K= Iadﬂ di ®)
Here, I represents the measured light intensity [W], h Planck’s con-
stant, ¢ the speed of light in vacuum, N, Avogadro’s number, and
A the representative wavelength of irradiated light [386 nm]. The
measured total intensity I of ca. 700 uW/cm® (in the range of 310-
386 nm when using a halogen lamp) was about one-fifth of the solar
UV irradiation on earth (34 mW/cm?). The calculated K, was 20.3x
107 mol photon/s. According to a reference, solar irradiation is 1.5
%107 mol/s per 1.4245x10>m’ [10], equating to 105x10™'° mol
photon/s per cm’. This is also five times higher than the measured
intensity I. As a result, with 20 mg of photocatalyst approximately
5.6x107""mol H,/s was produced, giving a rough photonic effi-
ciency of close to 30%. This value was reasonably valid given that
the intensity of the irradiated light was low and the highest H, evolu-
tion rate with the photo/biocatalytic system was 30x10° umol/(hr-g)
[11], which is a few hundred times higher than that with typical TiO,-
based photocatalytic systems (several hundred pmol/(hr-g)). Fig. 1
shows a schematic view of the summarized reaction mechanism of
the mixed slurry system where electron movement from the photo-
catalyst to the relay chemical was identified as the rate determining
step. As a preliminary result, the following two factors were selected
for consideration toward the next progress. First, was the separation
of the photocatalyst and hydrogenase to overcome barriers such as
instability of hydrogenase to photon and back reaction of hydrogen
to water; and second, from the system’s point of view, was either
immobilization of the photocatalyst and hydrogenase or connection
of both materials via an electron relay, which consequently pre-
vents deactivation and enhances durability.

A two-compartment reactor was fabricated to optimize the photo/
biocatalytic hydrogen production. Before experiments for hydrogen
production were conducted, photoanodic and cathodic compart-
ments were studied individually. When a semiconductor is in con-
tact with an electrolyte, two areas are brought together: the solid-
state physics and the electrochemistry. A connection between these
two systems must be made to describe the PEC system. This is ac-
complished since the Fermi level in the semiconductor and the re-
dox potential of the electrolyte are actually the same electrochemi-
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Fig. 1. Schematic view of the mechanism for the photo/biocatalytic hydrogen production system.

cal potential of the electron. The junction formed between an n-type
semiconductor and an electrolyte when they are in contact brings
about the band bending via charge transfer, and the excess charge
is distributed in a space charge region. The extent of the band bend-
ing is a few tenths of a volt for a ca. 50 nm in diameter semicon-
ductor [12,13].

In the case of the photoanode, nitrogen-substituted TiO, (TiION)
powder was prepared and pasted on the conducting oxide. Then,
with this photoanodic cell, the time coursed voltage curves (V-t,
V.. @ 1=0), an important criterion of PEC performance character-
istics, and cyclovoltammograms (I-V curves) were drawn to obtain
useful electrochemical values. V. is the electromotive force of the
cell which defines the maximum possible voltage across the cell in
light when no current is flowing, It also represents the energy dif-
ference between the Fermi level of a semiconductor film and the
reduction couple in the solution. During the light-off period, the cell
exhibited a voltage of ca. —0.3 V and imposition of light increased
the photo-voltage to the level of —1.0 V and of —0.7~—0.8 V with-
out and with 400 nm cutoff filter, respectively. This photo-voltage
is higher than that previously described in the literature [14,15]. Tt
is also interesting to note that the voltage drop during the light-off
period was substantially slower (2-3 hr) than voltage increase during
the light-on period (20-60 min). This result is similar to that of from
Bak et al., which they postulated was due to polarization-related
phenomena. In the meantime, TiION300 and TiON400 exhibited a
remarkable aspect in V-t analysis where the potential drop in the
presence of 400 nm-cutoff filter was not as big as that with TION450
or P25 Ti0,, indicating that TION300 and TiON400 were efficient in
producing charge carriers by light in the visible range. Both TION300
and TiON400 also revealed the highest activity for photocatalytic
TPA degradation with blue LED. The aforementioned band bend-
ing can be zero at the potential, called the flatband potential (E,),
where no excess charge exists (no electric field and no space charge
region). This flatband potential is important as it gives the approxi-
mate position of the conduction band of an n-doped semiconduc-
tor. E,, can be determined by Butler’s equation [16] as follows. By

1.0
Flat band potential (Vf,) by Butler equation
V-Vip ~ {Ipn.feq:ﬂr_uuo}z
0.8 4
500 W illumination
' 06
<
E
~
3
= 044
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0.2
0.98 V
0.0 T T T T T T
-1.2 -1.0 0.8 -0.6 -0.4 -0.2 0.0
E vs. Ag/AgCl (Sat's KCI) [V]
(a)
1.2
1.0 1
0.8 1 500W wio filter
= 0.6 1
™~
2
0.4
024 200W wio filter
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0865
0.0 . _— : - :
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
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Fig. 2. (I,,)’ vs. V plots for P25 (top) and TiON450 (bottom) for V,,
determination.
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plotting V vs. If,,,, it is possible to determine E, when If,,, is zero

(Eq. (3))
V-Egx(l/ed,am,) 3

When illuminated, the band edges and Fermi level of an n-type se-
miconductor shift to more negative potential and the amount of band
bending reduces. Our results showed that E, for prepared TiONs
was in the range of —0.7~—0.8 V vs. SHE (Fig. 2), which indicates
that an unbiased system can theoretically produce hydrogen at pH=
9 where Ej;;;, is —0.53 V vs. SHE [15]. In Fig. 3 the change in the
hydrogen production rate is shown with respect to applied external
bias and the amount of injected chemicals for EPPS buffer in the
cathode compartment. External bias (critical bias seems to be 0.5
V) was found to be more important that the amount of chemicals

07
O MgCI2 1mM, DTT 0.5 mM .
064 | ® MgCI22mM, DTT 1.0 mM
® MgCI2 4mM, DTT 1.0 mM
N 528 nmol'hr
05 1oy
3 04-
£
2
N 03
T 05V
|
0.2 A |
01V |
0.1 : 43.5 nmolhr
|
N
0.0 = = = o - -
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Time (min)

Fig. 3. Effect of external bias and injected chemicals in the cathod-
ic compartment on the hydrogen production rate.

0.6
0.5
'T>\ i
go4 ¢ ¢
=
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0.2

0 0.25 0.5 0.75 1
Shear stress (Pa)

in terms of hydrogen production rate.

Finally, the combination of obtained results produced a postu-
lated energetic scheme for the photo/biocatalytic hydrogen produc-
tion system (Figs. 4 & 5). Generally speaking, if the anodic current
starts to flow at a potential considerably more negative than the ca-
thodic current on the counter electrode, this implies that the driving
force for the anodic current is enhanced by photovoltage indicative
of an n-type semiconductor and the related reaction occurs in a cell
spontaneously with no external bias. As shown in Fig. 5 where the
internal bias already exists resulting from the pH difference of the
electrolytes, the negative shift of the Fermi level of photo-anode
leads to a higher driving force and more negative energetic level
for electron transfer to the cathode and proton reduction.

Subsequent addition of Pfu and MV into the cathodic compart-
ment while the anodic compartment was illuminated dramatically
changed the trend of H, evolution, as shown in Fig. 6 (top). The
simultaneous injection of Pfu and MV at the beginning of the reac-
tion also produced a similar curve shape to that of the last part of
the subsequent case (Fig. 6, bottom). MV only seldom produced
H,, while Pfu only did produce a little H, but much less than with-

Photocatal
Metal plate or - on?I'CD fyst
wire s
Hydrogenase (Pfu) & - lectrol
Methyl Viologen T electrolyte
Cathodic part Anodic part

Salt bridge

Fig. 4. Schematic view of the photobiocatalytic hydrogen produc-
tion system.

100

95

w
(=]

o
(&)}
Viability (%)

70
1.25

Fig. 5. Energetic view of redox potentials of components for the photobiocatalytic hydrogen production system.
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Fig. 6. Trend of hydrogen production according to the order of additive injection.

1. Catalyzed by Pfu

2. e transfer limitation

3. e back transfer

Fig. 7. Suggested explanation for three different reaction conditions (1: with MV and Pfu, 2: without MV and Pfu, and 3: with MV only).

out it. The absence of any direct electron transfer between conduc-
tor and enzyme was observed by Gurunathan [17]. The possible
reason for those phenomena is illustrated in Fig. 7 where the back
transfer of electrons in MV™ to the metal cathode was detrimental
in proton reduction, whereas the co-existence of MV and biocata-
lyst (Pfu) eased the transfer of electrons to protons. As expected,
reaction medium for the biocatalyst drastically affected the rate of
H, production (Fig. 8), which might be caused partly from the inter-
nal bias due to pH difference intrinsically, but partly from charac-
teristics of buffers considered with a fixed pH. Since the buffer played
arole as an electron donor in the photobiocatalytic system, the hy-
drogenase species and buffer may be related.

CONCLUSIONS

For hydrogen production with solar irradiation, a relatively novel
approach was described where sensitized photocatalysts donate elec-
trons to hydrogenase that in turn reduces protons into hydrogen.
Since the subtle effect of the morphology of the photocatalyst and
microstructure in photocatalysis did not seem to be critical in the
photobiocatalytic hydrogen production system, the requirements for
the development of the photocatalyst were reduced, which increases
the feasibility of the solar-driven system for future hydrogen pro-
duction. Individual photoanodic and cathodic experiments demon-
strated the close energetic relation of the system, while simultaneous
PEC experiments also produced promising results with evidence
of an exponential trend in hydrogen production. As well as improv-
ing the stability of the system, research attention is now focusing
on increasing the rate to an economical level.

Korean J. Chem. Eng.(Vol. 24, No. 5)
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Fig. 8. Effect of buffer on photobiocatalytic hydrogen production.
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