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Abstract: The interfacing of nanostructured semiconductor photoelectrodes with redox proteins is an
innovative approach to the development of artificial photosynthetic systems. In this paper, we have
investigated the photoinduced electron-transfer reactions of zinc-substituted cytochrome ¢, ZnCyt-c,
immobilized on mesoporous, nanocrystalline metal oxide electrodes. Efficient electron injection from the
triplet state of ZnCyt-c is observed into TiO, electrodes (00 ~ 100 us) resulting in a long-lived charge-
separated state (lifetime of up to 0.4 s). Further studies were undertaken as a function of electrolyte pH
and metal oxide employed. Optimum yield of a long-lived charge-separated state was observed employing
TiO; electrodes at pH 5, consistent with our previous studies of analogous dye-sensitized metal oxide
electrodes. The addition of EDTA as a sacrificial electron donor to the electrolyte resulted in efficient
photogeneration of molecular hydrogen, with a quantum yield per one absorbed photon of 10 + 5%.

Introduction have only achieved limited success to date, not least because
. . . of the difficulty of interfacing a suitable water oxidation catalyst

The development of artlf.|C|a.I .photosynthesm systems Is to the photoelectrode. One approach to this challenge is to target

currently attracting strong scientific interésin the one hand,  q interfacing to the photoelectrode of polypeptide-based water
such studies are inspired by the rapid progress currently beingyiqation catalysts mimicking the water oxidation complex of
made in elucidating the function of natural photosynthetic pg | “employing either the natural protein or synthetic protein

sy_stems, in particular the structure and function of the water maquette analogues. The study reported here represents a key
oxidation complex of photosystem Il (PS Rj.On the other step toward achieving this long term objective, namely, the

h?.nd, growing lenwronmental concerns are motr:\_/ar'ilggllztudles demonstration of efficient interfacing of a redox protein to a
ofinnovative solar energy conversion systems, which build Upon ¢ rystalline metal oxide electrode resulting, in the presence
our understanding of natural photosynthesBine goal of such ¢ 5 g jitable sacrifical electron donor, in remarkably efficient

systems is the conversion of solar irradiation into electrical qrq0en production under visible light irradiation, as illustrated
power. However, increasing interest in the potential of hydrogen ;; Figure 1

as a fuel vector is motivating studies of the photolysis of water s . .
to generate hydrogeit® In pioneering studies in the 1970s The sensitization of nanocrystalline metal oxide electrodes
; ' with molecular dyes is now well established for the photoelec-

Fujishima and Honda demonstrated that photoexcitation of TiO ) . .
. : trochemical conversion of solar energy to electrical potfel®
electrodes could be used to achieve such photolysis of water to . ) . .
. We and others have conducted extensive studies of interfacial
molecular hydrogen and oxygéiowever, such photolysis was electron-transfer dynamics in such systems as a function of
only achieved by band gap (ultraviolet) excitation of the FiO y Y

L . °. molecular control of the interface and the correlation of these
electrodes, limiting the potential of such electrodes for efficient . . . . ;
. . ; dynamics with device performance. In parallel with these studies
solar energy conversion. Extensive attempts to modify such

. : .y - we have also shown that it is possible to anchor to a range of
electrodes to achieve the photolysis of water by visible light - .
redox proteins and enzymes to these mesoporous electrodes with

t imperial Collene London remarkably high protein loadings (on the order of 10 nanomoles/
¥ Univeraitat do walontia, cn? for 4 um thick films)14 Optical, electrochemical, and

(1) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Re001, 34, 40-48. spectroelectrochemical studies of such films all indicate that
(2) Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; lwataS8ience
2004 303 1831-1838.
(3) Barber, Jint. J. Photoenerg2004 6, 43—51. (10) Durrant, J. R.; Haque, S. ANat. Mater.2003 2, 362—363.
(4) Pacala, S.; Socolow, FBcience2004 305, 968-972. (11) Hagfeldt, A.; Gratzel, MAcc. Chem. Re00Q 33, 269-277.
(5) Turner, J. A.Science2004 305 972-974. (12) Durrant, J. R.; Haque, S. A.; PalomaresCBord. Chem. Re 2004 248
(13)
(14)

(6) Gratzel, M.Nature 2001, 414, 338-344. 1247-1257.

(7) Zou, Z.; Ye, J.; Sayama, K.; Arakawa, Nature 2001, 414, 625-627. Gratzel, M.J. Photochem. Photobiol., 2004 164, 3—14.

(8) Melis, A.; Happe, TPhotosynth. Re2004 80, 401—409. Topoglidis, E.; Campbell, C. J.; Cass, A. E. G.; Durrant, JL&gmuir
(9) Fujishima, A.; Honda, KNature 1972 238, 37—38. 2001, 17, 7899-7906.
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ZnCyt-c ~0.4 nm into a cavity within the protein interié?. Such
interfacial electron-transfer kinetics between the redox sensitizor
and the metal oxide electrode are expected to be slow relative
to the analogous dye-sensitized systems, opening up the potential
for not only singlet but also triplet state sensitization of the
electrode. We employ transient absorption spectroscopy to
interrogate these interfacial electron processes, and following
determination of the conditions that result in optimum interfacial
kinetics, we employ this redox-protein-sensitized film to achieve
light-driven hydrogen production.

Metal oxide
nanoparticle

VB D+ Experimental Procedures

\—/ Materials. All chemicals were obtained from Sigma-Aldrich Ltd.

unless otherwise stated. Distilled water was demineralized to a resistivity
Figure 1. Schematic representation of our ZnCyt-c/metal-oxide-based of 10 MQ cm. Horse-heart cytochronewas obtained from Sigma-
artificial photosystem. Aldrich Ltd. The preparation of free base horse-heart cytochrome

followed the method of Vanderkooi et ®l.except for the use of
immobilized proteins retain their native conformation and redox/ pyridinium-bound poly(hydrogen fluoride) instead of gaseous hydrogen

catalytic activitiest>18 fluoride. The insertion of Zn(ll) into the free base cytochrome and its
Several studies have addressed the photophysical and phopurification were performed following Ye et & yielding a ZnCyt-c
tochemical properties of Zn-substituted cytochrom@nCyt- solution with absorption maxima at 423, 549, and 585 nm, in good

c). The exchange of the iron in native Cyt-c with zinc allows agreement with previous repdftd?and confirming the conformational
the photogeneration of long-lived singlet and triplet excited integrity of the reconstituted protein. Fractions were collected with

states without significantly disrupting the protein conforma- absorption maxima intensity ratios of A423/A5 95.0 and A549/

tion 1922 Previous studies have. for example. demonstrated A585 < 2.0. Four micrometer thick nanocrystalline, mesoporous,ZrO
L ! P'e, . TiO,, and SnQ films were prepared on conducting glass substrates

photoinduced electron transfer from ZnCyt-c to plastocyanin (TEC15 FTO, Hartford Glass, 15 Ohm-sq) as reported previcsly.

in silica glasses and to polyanionic fullerene dendrimers in gor hydrogen evolution studies, &m, 1.5 cnd TiO, films were
agueous solutior®:2* Guo et al. have reported fluorescence employed.

quenching of the ZnCyt-c singlet excited state when the protein  protein Immobilization. A 25—30 uM solution of ZnCyt-c was
was immobilized on Sn@electrodes, assigned to electron prepared in 10 mM sodium phosphate (NaPi) buffer, pH 7. Prior to
injection into the Sn@ conduction band® We have recently immobilization a 1 cn? area of ZrQ, TiO,, or SnQ electrode on FTO
extended such studies to mesoporous; Ef@ctrodes, reporting glass was heated at 48CQ for 20 min to remove all the dirt and any

the photogeneration of a long-lived charge-separated state@dsorbed water. After cooling, the metal oxide electrodes were then
(ZnCyt-c)H/TiOx(e™).25 immersed in ZnCyt-c solution at 4C for up to 1 week, with the

. . . resultant protein adsorption being monitored by the film optical
In this paper, we present a detailed study of the phomsens"absorbance. Possible contributions to the spectra from scattered light

tization of nqnogrystalline metal oxide electrodes by ZnCyt?c and absorption by the TiQSNnG, or ZrO; films were subtracted by

and the application of such electrodes for the photogeneratione yse of protein-free reference films. Prior to all spectroscopic
of molecular hydrogen by visible light. A key issue in these measurements, films were rinsed with the buffer to remove nonimmo-
studies is the increased spatial separation of the sensitizer (inbilized protein.

this case the Znporphyrin species within the protein) from Light-Induced Transient Absorption Spectroscopy. Transient

the electrode surface compared to the relatively intimate binding absorption data was conducted on sensitized electrodes as reported
normally employed for the sensitization of such electrodes by previously? The ZnCyt-c-sensitized nanocrystalline films were placed
molecular dyes. Consideration of the ZnCyt-c structure indicates in & quartz cuvette containing 10 mM NaPi buffer, pH 7, and degassed
that, even with an optimal binding orientation of the ZnCyt-c with argon for 30 min prior measurements, unless otherwise stated.

- - PR For collection of transient absorption data, samples were excited at
on the metal oxide surface, the porphyrin species is incorporated ) .
porphy P P 549 nm employing a PTI GL-3300 nitrogen laser-pumped dye laser

(pulse energy 4@J per cm?, repetition rate 0.8 Hz). The photoinduced

(15) Astuti, Y.; Topoglidis, E.; Briscoe, P. B.; Fantuzzi, A.; Gilardi, G.; Durrant,

J. R.J. Am. Chem. So2004 126, 8001-8009. change in film optical density was monitored using a 100 W tungsten
(16) Astuti, Y.; Topoglidis, E.; Gilardi, G.; Durrant, J. Bioelectrochemistry lamp as a probe light, 20 nm bandwidth monochromators before and
2004 63, 5659. fter th le, home-built detection electroni d a TDS-220
(17) Topoglidis, E.; Astuti, Y.; Duriaux, F.; Graetzel, M.; Durrant, JLRngmuir aier the sample, home-built detection electronics, and a -
2003 19, 6894-6900. Tektronics DSO oscilloscope to digitize the data. Each transient decay
(18) ZﬁS%QE'J%é‘h'Z;@%'Sé’hfr'lp?gz“f'iévé%?e“ C. C.;Dutton, P. L. Durrant, J. R. - \ya5 obtained from the average oB5 laser excitation pulses.
(19) Vanderkooi, J. M.; Adar, F.; Erecinska, Mur. J. Biochem1976 64, Hydrogen Evolution from Water. For hydrogen evolution experi-
381-387. ments, the &m, 1.5 cni TiO, film was internally coated with Pt by
20) Guo, L.-H.; Muk I, S.; McLendon, G. Am. Chem. Sod. 995 117, ’ - . .
( )54u6ci547. veame chendon m. Chem. S0d993 thermal pyrolysis of HPtCk (Aldrich). A 0.5 M solution of HPtCk
(21) Il.ggé)vlirl'%liy,l\‘{&ﬁ%%osi, A. D.; Vanderkooi, J. NBiochim. Biophys. Acta in 2-propanol was spread over the film. Once dry, the slide was placed
(22) Ye, S.. Shen, C.. Cotton, T. M.: Kostic, N. M. Inorg. Biochem1997, in afurnace_ at 400C for 10 min. T_o ensure the complete _reductlon of
65, 219-226. ) Pt salt to its metal form, the film was then dipped in 200 mM
(23) Pletneva, E. V.; Crnogorac, M. M.; Kostic, N. M. Am. Chem. S02002 hydroquinone solution and then heated in an oven for 30 min &€50

124, 14342-14354.
(24) Braun, M.; Atalick, S.; Guldi, D. M.; Lanig, H.; Brettreich, M.; Burghardt,
S.; Hatzimarinaki, M.; Ravanelli, E.; Prato, M.; van Eldik, R.; Hirsch, A. (26) Vanderkooi, J. M.; Glatz, P.; Casadei, J.; Woodrow, GEMt. J. Biochem.

Chem—Eur. J.2003 9, 3867-3875. 198Q 110 189-196.
(25) Topoglidis, E.; Campbell, C. J.; Palomares, E.; Durrant, JCRem. (27) Green, A. N. M.; Chandler, R. E.; Haque, S. A.; Nelson, J.; Durrant, J. R.
Commun2002 1518-1519. J. Phys. Chem. BR005 109, 142-150.
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Figure 3. UV —vis absorption spectra for 4m thick ZnCyt-c/TiQ (—),

ZnCyt-c/SnQ (- - -) and ZnCyt-c/ZrQ (- - -) electrodes. Contribution from
absorption/scatter of the metal oxide films alone has been subtracted.

) Bxp p—————] 200 nm
0

Figure 2. SEM image of a Sn@mesoporous nanocrystalline film.

followed by rinsing in water and heating in a furnace at 460for 10 . . . . . : :

min.?28 Subsequent protein immobilization gave a ZnCyt-c loading of b [ : ! ’ !

~15 nmoles/cra The resulting ZnCyt-c/Ti@-Pt film was immersed 080 J|

in a transparent glass cuvette containing 5 mL of aqueous NaPi buffer Fo \

solution (25 mM, pH= 5) and an electron donor, typically 10 mM 0.60 | |' I'\.

EDTA. The system was degassed prior to hydrogen evolution measure- 0.40 _ || ".‘

ments for 30 min with argon gas. The film was irradiated using an 8 I II \ | | | )

Osram 150 W tungsten halogen lamp with appropriat filters to avoid a o200k | - SR f O BOE

ultraviolet irradiation £ > 475 nm), resulting in an irradiance at the 8 L |' \-

film, measured with a calibrated silicon photodiode ~#0 mW/cn#. 0.00 || \\ P SN S

The formation of molecular hydrogen in the cuvette was measured using i || ’

a H, electrode positioned above the solution. This electrode was 020 | 1

connected to an Autolab PGSTAT12 potentiostat, and the calibration L= : - - - L]
400 500 600 700 800 900

was conducted following literature methodologis.
Wavelength / nm

Results Figure 4. Absorption difference spectrum of ZnCyt-c/Zr@ms immersed
Metal Oxide Film Characterization. The nanostructured in 10 mM NaPi buffer solution pH 7, collected at 1 ms after the pulsed
) ’ laser excitation, assigned to the formation of the ZnCyt-c triplet state. The

mesoporous metal oxide films employed all comprise transpar- excitation wavelength wagex = 549 nm (laser power= 40 uJ cnr2,
ent, porous networks of ¥220 nm nanoparticles. A typical  frequency= 0.8 Hz). The inset shows the corresponding decay dynamics
scanning electron microscopy (SEM) image is shown in Figure of the transient absorption signal collected at probe wavelengths of 460
2. The pore sizes for the films, determined by BrurEmmet- a;gtﬁ;g Z;nigl%ns% with (solid lines) monoexponential fits to these transients
Teller (BET) analysis, are 2025 nm, sufficiently large for the
protein molecules to diffuse throughout the porous structure. approximately 0.7 0.1 of monolayer coverage was achieved
Film surfaces were determined by BET analyses to be-650, for each film. The protein coverage is similar to those we have
and 146 Mg for Zr0,, SnQ, and TiQ films respectively, reported previously for the immobilization of Fe¥Cyt-c on
corresponding to 306800-fold enhancements of the film nanoporous Ti@ electrodes*18 Moreover, we have demon-
surface area relative to that of flat surfaces. strated that the binding of Cyt-c on this metal oxide is mainly
Protein Immobilization. The optical transparency of the electrostatic and therefore controlled by the buffer pH, the
metal oxide films allows the ZnCyt-c adsorption process to be protein, the electrode surface charge, and the solution ionic
monitored readily by eye as a pink coloration of the films or strength.
more quantitatively by UVvis absorption spectroscopy. Figure Zn—Cytochrome c Triplet State, 3ZnCyt-c. We consider
3 shows absorption spectra ofuh thick TiO,, SnQ, and ZrQ first transient absorption data for ZnCyt-c/Zrfiims, as shown
films following the immobilization of Zr-cytochromec. The in Figure 4. In these films, electron injection from ZnCyt-c
spectra show the characteristic heme absorption bands at 42%xcited states into the metal oxide is not possible due to the
nm (Soret band) and 549 and 585 nm (Q-bands) for ZnCyt-c in high energy of the zirconia conduction band as confirmed by
good agreement with the solution spectra of this protin, our previous time-resolved fluorescene studies of such fifms.
indicating that protein immobilization does not cause any Rather, photogeneration of the ZnCyt-c excited singlet state
detectable protein denaturatiénFrom the observed optical  (!ZnCyt-c*) is expected, followed by rapidi{ ~ 4 x 1078
density of the resulting films and employing an extinction s 12539 intersystem crossing to the ZnCyt-c triplet state
coefficient of 243 000 M cm~! at 423 nm for ZnCyt-é? we (3ZnCyt-c). The transient spectrum shown in Figure 4 at 1 ms
obtain protein loadings of 3.1, 4.9, and 5.8 nanomolesm is in good agreement with this expectation, exhibiting a

for the ZrQ, SnG, and TiG films, respectively. Assuming a
cross-sectional area of ZnCyt-c of 700/4these data indicates

pronounced photoinduced absorption at 460 nm, assigned
previously to3ZnCyt-c absorptio! Under anaerobic condition,

(28) Kraeutler, B.; Bard, A. J. Am. Chem. Sod.978 100, 5985-5992.

(29) Hanus, F. J.; Carter, K. R.; Evans, H. J.Rhotosynthesis and Nitrogen
Fixation (Part C) San Pietro, A., Ed.; Academic Press: London, 1980;
Vol. 69, pp 731740.

15122 J. AM. CHEM. SOC. = VOL. 127, NO. 43, 2005

(30) Dixit, B. P. S. N.; Moy, V. T.; Vanderkooi, J. MBiochemistry1984 23,

2103-2107.
(31) Elias, H.; Chou, M. H.; Winkler, J. R. Am. Chem. Sod988 110, 429—

434,
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Figure 5. Transient absorption spectrum of ZnCyt-c/Ti@lectrodes

collected at 45 ms after the pulsed laser excitation. Other experimental
conditions are the same as for Figure 4. This transient spectrum is assigne

to the ZnCyt-c cation state generated by electron injection into the TiO
conduction band.

this 460 nm transient absorption exhibits a monoexponential

decay with a lifetime of 12= 0.5 ms, again in good agreement
with the previous solution studies of tREnCyt-c state?-30:31
accelerating te~10 us for air-equilibrated systems. The triplet
quantum yield per absorbed photah+) was determined from

T

0.8

06

0.4+

Normaliseda OD

0.2

0.0

T R TTT AR TTT AT BRI B AR TTTT BT AR B e
107 107 | a0 10t 10 Aot 102
Time [ s

Figure 6. Normalized transients monitoring (i and #nCyt-c absorption
at 460 nm and (iii) absorption at 675 nm. Transients (i) and (iii) measured

| for ZnCyt-c/TiG;, films, transient (ii) measured as control data for ZnCyt-
§/ZrC; films. Electron injection from the photoexcited ZnCyt-c into the

TiO, electrode is monitored both as an acceleration in BCyt-c
absorption at 460 nm and the concomitant grow in of the ZnCyt-c
absorption at 675 nm. Other experimental conditions are the same as for
Figure 4.

signal. It is apparent that the grow in is biphasic, an instrument
limited rise (<1 us) followed by a slower rise on the

microsecond time scale. The instrument response limited rise
is assigned to both weak triplet state absorption at this

the magnitude of the absorption transient, assuming a triplet wavelengt® and to electron injection on the nanosecond time

state molar absorption coefficient of 3:2 10* M~1 cm™, to
be 0.7+ 0.2, again consistent with previous solution studfes.

scale from the ZnCyt-c singlet state, consistent with our previous
time-resolved emission studies of analogous filtiEhe slower,

We thus conclude that the immobilized ZnCyt-c exhibits a microsecond rise is assigned to electron injection from the
similar photophysics to previous solution studies of this protein 3ZnCyt-c, consistent with the accelerated 460 nm decay dynam-
including, in the absence of suitable electron accepting levels ics shown in trace i of Figure 6. The slower injection dynamics

within the electrode, the photogeneration of a long-lived
3ZnCyt-c triplet state.

Zn—Cytochrome c Cation, ZnCyt-c*. We now consider the
transient absorption spectrum obtained for ZnCyt-cAHilins,
as shown in Figure 5. In this case, the relatively low conduction
band edge of Ti@ (~ —0.75 V versus Ag/AgCl at pH 73
allows electron injection from the photoexcited ZnCyt-c into
the metal oxide, consistent with our previous observatféns.

for the 3ZnCyt-c relative to theé'ZnCyt-c* excited states are
attributed to the lower energy of th&ZnCyt-c reducing the
density of TiQ acceptor states available for electron injection.
Further evidence for significant triplet state electron injection
comes from a comparison of data collected under aerobic rather
than anaerobic conditions, as shown in Figure 7. Aerobic
conditions result in a 1000-fold acceleration of f#nCyt-c
absorption decay dynamics monitored at 460 nm (Figure 7a)

long-lived transient signal is indeed observed, exhibiting a strong and almost complete quenching of ZnCyttransient absorption
absorption maximum at 675 nm. Comparison of this spectrum at 675 nm (Figure 7b), consistent with ZnCytformation being
to previous solution studies based on the oxidative quenchingdominated by electron injection from the ZnCyt-c triplet state.

of the 3ZnCyt-c excited state using quenchers such as Ru-

(NH3)63+,31 plastocyanir?® or cytochrome oxidasé confirms

The ZnCyt-¢ absorption observed for the ZnCyt-c/Bilm
exhibited very slow decay dynamics, with a decay time of 0.4

the assignment of this 675 nm band to absorption of oxidized % 0.1 s (Figure 6 trace iii), consistent with our previous studies

ZnCyt-c (ZnCyt-¢). Assuming an extinction coefficient of 1.4
x 1074 M~1 cm™1 for the ZnCyt-¢ at 675 nmi! the quantum
yield for cation formation @) is estimated as approximately
0.25.

Electron-Transfer Kinetics. Figure 6compares transients
measured at 460 nm, the triplet absorption maximum for ZnCyt-
c/TiO; (trace i) and ZnCyt-c/Zr®(trace ii) films. It is apparent
that the decay dynamics of tRBnCyt-c absorption at 460 nm
exhibit a 4-fold acceleration on the Ti@lectrode, consistent
with efficient quenching of this state by electron injection into
the TiO, conduction band. Trace iii shows the transient signal
at 675 nm, corresponding to the ZnCytabsorption maximum,
for the ZnCyt-c/TiQ film. The data are plotted on a logarithmic

time scale to show both the grow in and decay of the transient

(32) Hagfeldt, A.; Graetzel, MChem. Re. 1995 95, 49-68.

(33) Zhou, J. S.; Kostic, N. MJ. Am. Chem. S0d.991, 113 7040-7042.

(34) Brzezinski, P.; Sundahl, M.; Aedelroth, P.; Wilson, M. T.; El-Agez, B.;
Wittung, P.; Malmstroem, B. GBiophys. Chem1995 54, 191-197.

of analogous films. These decay dynamics are assigned to charge
recombination of injected electrons with the ZnCytspecies.
The slow time scale of these recombination dynamics relative
to those typically observed for molecular sensitizers adsorbed
to such TiQ films is attributed to a large physical separation
of the ZnCyt-c porphyrin macrocycle from the Ti®Gurface®
Optimization of Electron-Transfer Kinetics. The charge
separation efficiency and lifetime of the charge-separated state
were monitored as a function metal oxide employed and solution
pH. Figure 8 shows typical absorption transients monitoring the
formation and decay of the ZnCyt-ccation at 675 nm for
ZnCyt-c-sensitized Ti@and SnQ films at pH 5 and 7. The
ZnCyt-ct cation yield, as monitored by the maximal amplitude

(35) Consideration of the triplet state spectrum shown in Figure 4 and the relative
signal magnitudes at 460 and 675 nm observed for the ZnCyt-g/TiO
indicate approximately 98 5% of this initial absorption increase derives
from 3ZnCyt-c absorption.

(36) Haque, S. A.; Handa, S.; Peter, K.; Palomares, E.; Thelakkat, M.; Durrant,
J. R.Angew. Chemin press.

J. AM. CHEM. SOC. = VOL. 127, NO. 43, 2005 15123
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i e Tk T i Figure 9. Kinetics for the hydrogen formation observed following the white
light (1 > 475 nm) illumination of (i) a ZnCyt-c/Ti@-Pt electrode and

(i) a TiO,—Pt electrode control electrode immersed in a transparent glass
1 cuvette containing aqueous 5 mL NaPi buffer solution (25 mM,H)

1 and 10 mM EDTA as a sacrificial electron donor. Hydrogen evolution was

1 measured with an electrochemical hydrogen electrode under anaerobic

under Ar

mAOD at 675 nm
(=]
o
(=]

conditions.
0.04 + 1
0.02 __w under O; transport dynamics with in the SmQhanoparticles. These
| l‘-ﬂ'“\.["V\f%n’n‘ﬁl\w:m\, accelerated recombination dynamics are consistent with our
0.00 ... previous studies of charge recombination in dye-sensitized TiO
10_5‘ 1(‘)4 1{'}3 162 161 150 and SnQ films2” and assigned primarily to reduced electron

‘ trapping within the Sn@film. On the basis of these studies,
Time /s TiO, films at pH 5 were selected for hydrogen evolution studies,
Figure 7. Transients monitoring (a3ZnCyt-c absorption at 460 nm and as detailed below.
(b) ZnCyt-c" absorption at 675 nm, determined under oxygen and argon . . .
atmospheres for ZnCyt-c/Tigiilms. Hydrogen Evolution from Waﬁer. Havmg shown Iong-llv_e_d _
photogenerated charge separation resulting from the sensitization

i A of a nanocrystalline Ti@film with ZnCyt-c, we now turn to
06 1 consideration of the ability of this artificial photosystem to
] generate molecular hydrogen. A platinum catalyst was loaded
E i) ZnCyt-c/Sn0;, pHT | on the nanocrytalline Tigfilm before ZnCyt-c immobilization
2 i to catalyze the reduction of protons to molecular hydrogen by
g i electrons photoinjected into the TiCelectrode. EDTA was
a o2} ZaCyt-o/TiOy, pHS added to the immersion solution to function as a sacrificial
3 it A electron donor, and the solution pH was maintained at pH 5
i ™, 20 Crre/TOn g7 | using 25 mM NaPi buffer. The absorption spectrum of the
0.0 pet immobilized ZnCyt-c was independent of the addition of EDTA
: . . ZnCyt-c/Sn0;, pHS to the buffer, indicating that the EDTA did not result in any
0.00 0.01 0.02 0.03 0.04 significant degradation of immobilized protein. Figure 9 show
Time /s the time dependence of photoinduced hydrogen evolution
Figure 8. Transient signals monitoring ZnCyt-@bsorption at 675 nm, observed during whiteA(> 475 nm) light radiation of the
following pulsed laser excitation of ZnCyt-c immobilized on TFiéhd SnQ sample by a hydrogen electrode. Control data with ;FiBt

electrodes immersed in 10 mM Napi buffer pH 7 and pH 5. films alone showed only minor fevolution activity (Figure 9,

trace ii). An~10-fold increase in klevolution was observed
upon using the ZnCyt-c/Ti@-Pt electrode (trace i). Hydrogen
generation was only observed in the presence of illumination,
consistent with it resulting from optical excitation of the
sensitized photoelectode. The concentration of hydrogen in the
photoelectrochemical cell reached steady state after 40 min of
continuous illumination, most probably due to the increased
hydrogen consumption by the hydrogen electrode (and hydrogen
leakage from the cell) matching the rate of photochemical
hydrogen production. Subsequent incubation of the cell in the
dark (allowing the hydrogen concentration to fall to ap-
proximately zero) followed by repeated illumination resulted
in almost complete recovery of photochemical hydrogen pro-
duction, indicating good photochemical stability of the photo-
(37) Shinohara, H.; Graetzel, M.; Vlachopoulos, N.; AizawaBibelectrochem. electrode. We further note that the number of moles of molecular
Bioenerg.1991, 26, 307-320. H, produced exceeds the moles of ZnCyt present by almost 2

of the transient signal, was found to be greater for Sfilgs
(®.~ 1+ 0.1), consistent with the low-energy conduction band
of this metal oxidé providing a greater energetic driving force
for electron injection. Similarly a higher yieldb¢ ~ 0.32 +
0.05) was observed at pH 5 relative to pH 7, consistent with
the well-established Nernstian dependence of the T@duc-
tion band?37 resulting in, at more acidic pHs, a lower energy
conduction band and therefore again greater energetic driving
for electron injection. The advantage of Sifdms in terms of
ZnCyt-c" vyield is, however, offset by much faster charge
recombination dynamics of the injected electrons with the
ZnCyt-c" (half-lifetime of 79 ms at pH 7) compared to those
of the TiO, films resulting in greatly accelerated electron
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orders of magnitude, clearly indicating that the ZnCyt is not is possible to envisage the incorporation of further light-

functioning as a “consumable photosensitizer”. The rate of H absorbing pigments and oxidation catalysts with the sensitizing
evolution was estimated to be 17 nmol/min for the first 20 min protein, employing either existing natural pigment protein

of illumination. Assuming two electrons per hydrogen molecule complexes or artificial protein maquettes, which could lead to
released, this corresponds to a quantum vyield of hydrogendevelopment of an innovative and fully regenerative artificial

production of 104 5% per one absorbed phot&h° This photosynthetic system.

indicates a quantum yield for hydrogen production per two  QOur studies reported elsewhere have demonstrated that protein
photons absorbed (as the generation of one molecular ofjmmopilization on mesoporous metal oxide electrodes is not
hydrogen requires two electrons) of 2010%, whichis of the  |imjted to Cyt-c but can be readily achieved for a wide range
same order of magnitude as the quantum yield of ZnCyt-c  of natural and synthetic redox proteins and, moreover, for larger
cations determined from our transient optical experiments and yater soluble enzymes including cytochromperoxidase and
indicates remarkably efficient photoreduction of protons to the catalytic domain of cytochrome P450 BNf318 The
molecular hydrogen by our photoelectrode with only limited hydrophilic nature of the metal oxide surfaces appears to favor
recombination losses. protein adsorption without inducing denaturation; indeed long-
term stability studies with Cyt-c have demonstrated an improved
conformation stability of this protein adsorbed to mesoporous
We have demonstrated a remarkably simple photoelectrodeTiO2 electrodes compared to the same protein suspended in
for the photogeneration of molecular hydrogen. Mesoporous, aqueous buffer solutiori$.
nanocrystalline metal oxide electrodes are now well established In addition to our observation of hydrogen photogeneration,
as robust, nontoxic photoelectrodes for a range of photocatalyticour observation of triplet state sensitization of the nanocrystalline
and energy conversion systems. The addition of platinum metal oxide electrodes is of particular interest. Previous studies
catalysts for proton reduction to molecular hydrogen is well of light-induced electron injection into mesoporous metal oxide
documented and has previously been shown to be highly electrodes have typically focused on achieving strong electronic
effective catalysté®-42 ZnCyt-c is readily prepared from natural  coupling between the metal oxide nanoparticles and the sensitiz-
Cyt-c and is a robust and well-characterized redox protein. ing species, this resulting in ultrafast electron injection into the
Protein adsorption achieving almost monolayer coverage of themetal oxide conduction barfddowever, as we have discussed
mesoporous metal oxide films is achieved by simple immersion in detail elsewhere, such strong electronic coupling tends to have
of the unsensitized film in an appropriate buffer solutten-’ the disadvantage of resulting in relatively fast charge recom-
Following these simple procedures, visible light photogeneration bination dynamics between the injected electrons and sensitizer
of molecular hydrogen is achievable with a quantum yield of cations, which can result in significant efficiency losses of
~10 £ 5% per one photon absorbed, comparable to the bestoverall energy conversioit.In the system reported here, the
light photoelectrodes reported to dé4te?’ protein matrix acts as a physical spacer between the sensitizer
There are clearly significant limitations to the study reported molecule (the Zr-porphyrin) and the nanoparticle surface. As
here. Most obviously, the photosystem developed does notsuch, electron injection from the singlet state of the sensitizer,
oxidize water to molecular oxygen but rather requires the although possiblé}is likely to be less efficient. We demonstrate
addition of a sacrificial electron donor (in common with most here an alternative electron injection pathway on relatively slow
other hydrogen photogeneration systems reported to e} (microsecond) time scales proceeding from the sensitizer triplet
Moreover, there are clearly issues of efficiency optimization state. Triplet state sensitization from this sensitizer is favored
and photochemical stability, which remain to be addressed. We by the high $to T; intersystem crossing efficiency of ZnCyt-c
have, however, demonstrated a potentially generic strategy for(measured as 0.9 in aqueous solutiidng triplet state lifetime
the interfacing of light-absorbing redox proteins with a nano- (12 ms on inert electrodes), and relatively small energy splitting
structured, inorganic hydrogen generation catalysts. As such, itbetween the Sand T, states (350 me¥). This sensitization
pathway has the advantage of requiring only relatively weak
(38) Herein we define the quantum yield as the ratio of the initial rate of electronic coupling between the sensitizer and the electrode
B ocbitred SnCyte. Taking actoun of sambie abssrpton at wave.” surface, resulting in_concomitantly slow  interfacial charge

lengths longer than the 475 nm cut off filter (absorption maximum of 0.25  recombination dynamics, as observed here, and thereby facilitat-
at 549 nm), the flux of absorbed photons was estimated as 0.7 m\& cm

Discussion

(39) Serpone, N.; Salinaro, Rure Appl. Chem1999 71, 303—320. ing efficient energy conversion.
(40) Borgarello, E.; Kiwi, J.; Pelizzetti, E.; Visca, M.; Graetzel, MAm. Chem. . o . :
Soc.1981, 103 63246329, _ _ It is striking that the quantum yield for hydrogen gvolutlon
(41) Xlan%hD'_L';scg%bA?'iéa TSSSZE‘&ES W.-S.; Yuzawa, T.; Aida, J. reported here is higher than that reported previously for
m. em. S0 . s H .
(42) Hinnemann, B.; Moses, P. G.; Bonde, J.; Jorgensen, K. P.; Nielsen, J. H.; analogous dye-senS|t.|zed nfar.]ocrySta"'ne2Tpmt0eIe'Ctr0de@-'
?gécaﬁ,sg(.):QChorkendorff, I; Norskov, J. K. Am. Chem. So@005 127, Most probably, the high efficiency we report here is associated
(43) Kim, H. G.; Hwang, D. W.; Kim, J.; Kim, Y. G.; Lee, J. Shem. Commun. with the long lifetime (0.4 3) of the Tige™)/ZnCyt-c" charge- '
1999 1077-1078. ) separated state, along with the reasonable charge separation
(44) Abe, R.; Sayama, K.; Arakawa, Bl. Photochem. Photobiol., 2004 166, .. .. .
1152129, guantum efficiency. These promising results confirm the
(45) Abe, R.; Hara, K.; Sayama, K.; Domen, K.; Arakawa,HPhotochem.  potential of redox proteins to achieve efficient sensitization of

Photobiol., A200Q 137, 63—69. . ) . . .
(46) Aroutiounian, V. M.; Arakelyan, V. M.; Shahnazaryan, G S8l. Energy nanocrystalline metal oxide films for light-driven hydrogen

2005 78, 581-592. i i i i i

(47) Mor G. K. Shankar, K.: Paulose, M.; Varghese, O. K.. Grimes, C. A. evolu_t|on. Extensions to t_h|§ study employing synthetlc_ redox
Nano Lett.2005 5, 191—195. proteins selected to optimize electron-transfer function are

(48) Saiki, Y.; Amao, Y.Int. J. Hydrogen Energ004 29, 695-699. ; ; ; _

(49) Evans, B. R.; O'Neill, H. M.; Hutchens, S. A.; Bruce, B. D.; Greenbaum, Currentl_y in prpgresg ?nd will hopefu!ly lead to furthe_r Improve
E. Nano Lett.2004 4, 1815-1819. ments in device efficiency and, ultimately, potentially to the
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