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ABSTRACT

Development of artificial (non-biclogical) devices that achieve fuel generat—
ion by visible light is currently an ever growing area of research. Light driven
redox reactions on organized assemblies afforded by semiconductor dispersions or
colloidal sols provide the impetus. The various strategies used in achieving
generation of dihydrogen, Hy, from the photodissociation of water are discussed.
One important point that is made is dye sensitization of wide bandgap semicon-
ductors to improve their spectral response to visible light. In practical terms,
we present three examples fram our récent’ work, in which the semiconductor part-—
icle surface {TiO;) has been modified by adsorption of various dye molecules and
by surface derivatization with ruthenium(II) complexes. In the latter case, we
have demonstrated the feasibility of producing both Hy and Oz in stoichiometric
amounts from the cleavage of water, and this without the need for a sacrificial
electron donor.

INTRODUCTION

Research activity in the field of photochemical conversion and storage of
solar energy has experienced tremendous growth in recent years as a result of
interdisciplihary efforts from many areas such as photochemistry, electrochemis-
try, catalysis, solid state chemistry, and photobiology. Various teams in many
laboratories throughout the world are making great contributions towards achiev-
ing a practical devioe(s} for the gereration and storage of chemical fuels from
a variety of cheap and readily available rnon-fossil energy sources (ref.l).

Light driven redox reactions, coupled with redox catalysts, have been and
continue to be investigated as a possible route for the generation of fuels by
visible light (refs.2-5). Extensive studies with transition metal complexes comnr-
taining such ligands  as bipyridines and phenanthrolines, organic dves, and met—
alloporphyrins have shown the potential utility of these materials as "photosen—

gitizersa™ in the vhotochemical conversion of solar eneray (refs 56—-1'\) . These in-—
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vestigations have also revealed an important problem in the utilization of these
materials in homogeneous solutions; this is the thermal reverse electron trans—
fer between the redox products, an energy wasting reaction. Results from studies

in organized molecular assemblies such as micelles, vesicles , and micro—emils-
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ions show promisé (refs.5,12,13). To some extent, the light-induced charge sepa-
ration prooess can be controlled. With the limitations imposed by the near diff-
usion—controlled rates for the back reactions that follow endergonic (uphill)
photoredox reactions with organic, inorganic dye based systems, attention is in-
creasingly being focused towards heterogeneous semiconductor particulates and
colloidal systems as light harvesting units.

Heterogeneous photocatalysis with semiconductor particulate systems offers
several advantages, Colloidal semiconductors carbine a muber of desirable prop-
erties such as high absorption cross-sections, fast carrier diffusion to the
interface and suitable positioning of valence and conduction bands to achieve
high efficiencies in light energy conversion processes. Particularly attractive
is also the added possibility of modifying the surface of the semiconductor
particles by chemisorption, chemical derivatization and/or catalyst deposition
that assist the light-induced charge separation and subsequent fuel generating
dark reactions. Moreover, it is important to note that photoredox reactions that
occur at the semiconductor/solution interface between the excited semiconductor
material and the redox species in solution occur in cne direction and are, in
general, not reversible (ref.l4).

In any practical energy conversion device, both energy transfer processes and
to a greater extent electron transfer processes play a vital role. Indeed, of
-primordial importance is the charge sepération event. Thus, in photosynthesis
antenna chlorophyll molecules perform the task of light harvesting, while the
light-induced charge separation is achieved through vectorial electron transfer
across the photosynthetic membrane (ref.l15). In a similar fashion, the distinct
enviromment present in molecular assemblies (micelles, vesicles,...) affords a
kinetic control on the charge transfer events. In the case of small semiconduc—
tor particles, it is the rapid movement of charge carriers in their respectiwve
band and the presence of local electrostatic fields at the particle/water boun-
dary that renders possible the separation of oxidizing and reducing equivalents,
and the subsequent formation of fuel from light. Recent studies in our laborat—
ory in Lausanne has revealed that through coupling of two semiconductor catal-
ysts poésessing suitable redox potentials for the respective oconduction bands,
an efficien{: vectorial displacement of charges (conduction band electrons,
and valence band holes, ) can be achiewed (ref.l6).

hy, T
vb
STRATEGIES USED IN PHOTOCONVERSION

Two major strategies are being considered {(ref.l7) in the design of potential
devices to produoe H, and 0, from the photocleavage of water. (i) One approach
oonsiders homogeneous systems (or nearly hamogeneous systems) in which a photo-
sensitizer is used to pramote electron transfer between suitable electron relay
species. The oxidized and reduced fomms of these relays, in the presence of
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Fig. 1. Perceiwved coupling of two photosystem units in the photodecomposition
of water employing two photosensitizers and two electron relays. From ref.17

some appropriate catalyst(s), can liberate oxygen and hydrogen, respeétively.
Fig.l shows the coupling of two photosystem units in which, in one photosystem,
a photosensitizer Sl (e.g. a water soluble r;letallopoxphyrin) reduces an electron
acceptor A (e.g. methylviologen, M\72 +) . The oxidized form of the sensitizer, SI,
is subsequently reduced by an electron donor D thereby recycling Sl; A is used
to liberate H, from water in the presence cof a Pt catalyst. In photosystem unit
2, D+, the oxidized form of the donor, oxidizes ancther photosensitizer 82 (e.g.
Ru (bpy) 32+, where bpy is 2,2'-bipyridine) to SZ which can oxidize water to O2 in
the presence of RuO, or Iro, under suitable conditions. While photosystem units
1 and 2 have separately been investigated extensively, coupling of the two units
has not been realized, and moreover the D+/D couple has nonmally consisted of
such sacrificial donors as EDTA, triethanolamine (TEOA),...In Tables 1 and 2 are
summarized the nature of the sensitizers, electron acceptors and electron donors
as well as the catalysts used in the photosystem wmits 1 and 2 of Fig.l.

TABLE 1
Hydrogen photosystem unit 12

Sensitizer Electron Acceptor Electron Donor — Catalyst o 1/2H
2

Ra(bpy) 32 w2t EDTA Pt colloid 0.26

" " cysteine Pto2 -
Proflavine " EDTA Pt/asbestos -
acridini _'_yellcw - " Pt ocolloid 0.32
ZIIMYP w n n 0.60

w4 none "- . " 0.07
ZnTSPP M2+ N " 0.02
2 Ref.17

(ii) The other approach uses inorganic semiconductor materials ('l‘iQ2 ; Sx‘I‘iO3,
Cds, ...} for which irradiation with hv > Ebg leads to formation of e:b/h::b
pairs that can separately migrate to the semiconductor surface where water red-
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TABLE 2
Oxygen photosystem unit p

Sensitizer Electron Acceptor Catalyst
1/40,

Ru(bpy) 5 Co (NH,) (1% RuO, powder 0.012

" " Ru0., colloid 0.20

”n 1] COS 0 .08

" ; RuO,/zeoclite 0.05

1] n Ruoz/TiOz 0 - 1‘2

" " moz -

" 52082_ RuO,,/Ti0, 0.24

" Ty IxC; - 0.14

" Ti Ru0; colloid 0.01 .

2 From ref.l17

uction and oxidation can occyr in the presence of some suitable redox catalyst
(cf. Fig.2); alternatively, the e cb/h\tb pair can recombine at the semiconductor
particle surface. dn alternative approach to the photosystem units 1 and 2 of
Fig.l is illustrated in Fig.3 which utilizes a sipgle sensitizer (S), one elec-
tron relay species (R) and two appropriate redox catalysts to e’fféci: water clea-
vage (ref.l8).

H,0 Pt
RuO,
f cb
i
H, i Z
:: /
Z 77
7 %" o H,0
%7 vb O
O,

Fig. 2. Schematic illustration of a water cleavage process by a semiconductor
particle. From ref.l.

The camndn denominator in the above approches is that light is first used to
generate reduction equivalents (R in Fig.3, or A in Fig:l, or e;b in Fig.2)
and axidation equivalents (D' in Fig.l, or h:b in Fig.2, or §' in Fig.3). This
light induced reacticn is then coupled to some dark (catalytic) processes pro-
ducing hydrogen and oxygen from water and regenerating the starting chemicals.
Taking the processes in Fig.l, the overall fuel generating steps can be summa-
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Fig. 3. Schematic illustration of the principle of water cleavage cycles involv-
ing sensitizer, electron relay, and two redox catalysts. From ref.l.

rized as in eq.l and eqg.2. Clearly, four oxidation equivalents are needed to
produce dioxygen, 02, and two reduction equivalents are necessary to generate
dihydrogen, H,. Indeed, the formation of oxygen from water by a single electron

at o+ 2H,0 — 4D + o+ 0, . (1)

2A'+2H2o—r-2A+20H‘_+n2 2)

oxidant (D+ or S+) is a formidable task because it prooeeds in four subsequent
steps involving high energy intermediates such as OH- radicals, hydrogen perox-
ide, and superoxide radicals. To avoid fommation of these intermediates, elect-
ron ’storage catalysts are required. Same years ago (1978) it was discovered in
our laboratory (Lausanre) (ref.19.20) that noble metal oxides such as Pt02,
Ir0,, and RuO, in macrodispersed or colloidal form are capable of mediating
water oxidation by such reagents as Ce4+, Ru(bpy)32+, and Fe (bpy) 32+. Of these
three metal oxides, RuO,, has been the most widely investigated (refs.21-26).
However, it should be noted that RuO2 is not a selective catalyst for oxygen
production alone inasmuch as it can also be used for hydrogen generation.

A further comment reeds to be made concerning the fuel generating dark react-
ions (eg.l ard eg.2). They both represent multi-electron transfer reactions con—
nected with high kinetic barrier; in the absence of suitable redox catalvsts,
reactions 1 and 2 are either not cbserved at all or are very inefficient. It
must also be emphasized here that attempts to design artificial photoconversion
devices should not blindly imitate the intricate steps of natural photosynthe-
sis. It would be inconceivable, for example,to acoomplish the challenging task
of driving endergonic chemical reactions by visible light without suitable en-
gineering on the molecular scale. Simple homogeneous solution systems have
little, if any, prospects of being applied in such artificial devices. First,
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these systems suffer fram the fact that the rate of light driven electron trans-
fer processes is limited by the diffusion of the reactants. Secondly, there is
no barrier to impair the thermal back electron transfer which degrades light
energy into heat. Finally, the solution reaction is almost always & single elec-
tron transfer-everit, while multi-electron redox processes are frequently requi-
red in fuel generating reactions such as egs. 1 and 2. These problems can only
be overcome by using micrcheterogeneous solution systems (as may be the case
with semiconductor dispersions).

PHOTOCLFAVAGE OF WATER ON CATALYST-LOADED SEMIQONDUCTORS

(a) Metallized Semioconductors

Semi conductor dispersions coated with metals and/or noble metal oxides are
finding extens:.ve application in studies of the photoreduction and photooxidat-
ion of water. As implied earlier, bandgap excitation of a semiconductor leads

to the formation of h:b and e:b as specifically depicted in Fig.4. In the case

2H,0

200 + Hy

0, +4H"

24,0

Fig. 4. Principle of water cleavage from naked semiconductors.

of TiO,, W03, and SrTiO semiconductors, hi;b have high oxidizing properties

(E b % 2.0 eV} that should lead to oxidation of water without the assistance of
redox catalysts. The overvoltage requirements to oxidize water as in Fig.4 are
not clear at present. Our previous studies (ref.4) have clearly shown the cat-
alytic effects of a noble metal oxide (RwO,) in this regard. Most naked semi-
conductors are poor electrocatalysts in the reduction of water by e b and often
a metallic deposit such as Pt is necessary to reduce the overvoltage require—
ments to convert protons to hydrogen. Naked TiO2 shows no activity towards the
photolysis of either liquid- or gas-phase water, but Pt-coated Ti0, dispersions
are active (refs.27-29). Presumably, water photolysis though thermodynamically
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favourable does not compete with e::b/h-"vb pair recombination in naked semiconduc—
tors. Photoadsorption of the photogenerated O, on the semiconductor often pre-
cludes observation of the concomitant evolution of O, with H, during photolysis
(see below) . Sustained gereration of H, from photolysis of gas—phase water have
not been achieved (refs.28,29) because of the thermal back reaction between the
photoproducts (eq.3) of the c¢leavage reaction catalyzed by platinum.

H TiO

, t 120, 2Bt o H,0 (3)
Early reports of successful uv-induced water cleavage with metallized semi-
conductor dispersions were those of Bulatov and ¥Khidekel (ref.30) who used plat-
inized TiO, in IN H,S0,. Wrighton and co-workers (ref.31) have described simul-
taneous evolution of H, and 0, from water upon irradiation of platinized single

crystals of Sr‘I‘iO3 and KTaO; . Cleavage of water into H, and O, has also been
reported by us and by others on TiOZ/Pt (refs .28,32-35) and- on Rh—coated Sx‘I‘iO3
(ref.25) . Detailed discussions on various features, results, exisiting problems,
and possible strategies of the photodecamposition of water with catalyst-loaded
semiconductor dispersions have been presented by Pelizzetti and Visca (ref.36),
Kiwi (ref.37), Sakata ard Kawai (ref.38) and by Kalyanasundaram (ref.14).
Bandgap irradiation of metallized semiconductor dispersions in the presence
of "sacrificial" electron donors leads to very efficient prcduction of H, from
water (ref.l4). Platinized CAS and TiO, have been the most studied systems with
a wide variety of sacrificial substrates such as EDTA, cysteine, TEOA, and alco-
hols. These substrates scavenge h:/-b' thus reducing e;b/hzbéfecorrbination. The
photooxidation of water in agqueous W03 dispersions with Fe~ acting as an elect-
ron acoceptor has been examined by Darwent and Mills (ref.39); the quantum effi-

ciency is low, 0.0031 at 405 rm. Oxygen 'production is inhibited by Fe2+ 0,, and

L 2'
3+. Deposits of Ruo_2 on WO3 .enhance oxygen generation

high concentrations of Fe
but deposits of Pt, Rh, and Ru only appear to inhibit generation of 0,

In our laboratory, Pt {(ref.40) and Rh or Ru (ref.4l) loaded 'I‘iO2 particles
have been examined for water cleavage with emphasis being placed on achieving
very high dispersions of the metal deposits. RhG(CO) 16 and Ru3(CO) 12 clusters
were employed in the preparation of the catalysts, and the activity of these in
mediating water cleavage thrbugh bandgap excitation increases in the order Ru <
RuO, < Bh v R,05 v Pt. ‘ '

(b} Bifunctional Catalysts

Studies using noble métal:oxide deposits of Ra, Fh, Ni, and Ir on semiconduc—
tor powders have shown promising results.in the possible catalysis of various
oxidation reactions of h:;b' fhe oxide layer/semiconductor junction must behawe
as a Schottky ‘barrier (the height of which determines the oxidizing power of

h-:,b) for the metal oxide layer to act as a "hole-transfer catalyst" (ref.14) .
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If the catalytic redox’ reaction by ﬂ'}ése deposits were specific, then a bifunct-
ional redox catalyst would be obtained if both Pt and Ruoz, for example, were
deposited on the semiconductor particle surface. Bifunctional catalysis with
TiO2 (amorphous or anatase) -and coated w1th Pt and Ruo, in the photodecamposit—
ion of water has been examined in some detail in our laboratory (refs.4,32,42).
Fig.2 schematically depicts the bifunctional redox behaviour of such TiO,/RiO,/
Pt particles; the €4 migrate to Pt (f_oins a ohmic contact with the semiconduc—
tor) sites where I_{Z is formed and the h b migrate to Ru(_)2 which catalyzes evol-
ution of 0, from water. The initial rate of H, evolution is 2-3 mL/h for a 25-
mL sclution. Similar to the results obtained from experiments with TJ'.Oz/Pt (see
eg.3), a photostationary state obtains and if irradiaticn were stoppec?., a dark
reconmbination of H2 and dz‘would'oécur over the Pt sites. Chromium-dooing of .
TiO, particles significantly improves the sensitivity of the photoprocess to
visible light (ref.5) . Bifunctional R’h/‘Ru()2 loaded Ti02 exhibits optimal perfor-
mance over Fh, Rh/Ru, Rqu, or Ru doped 'JZ‘iO2 particles (ref.41); the overdll
light to chemical energy conversion efficiency was 0.13%, Oxygen was not cbserv-
ed in the gas phase during photolysis in closed systems owing to significant 0,
uptake by the TiO, particles. A y-peroxo bridged titanium species was identifi-
ed in water cleavage in alkaline soluticns where 0, uptake is surprisingly high.
Bifunctional catalysis has been further dealt with in refs.14, 36, and 37.

Redox catalysts can also be supported on "inert" supports. For example, fine-
ly dispersed Pt or Rh when deposited on semiconductor particles such as TiOz or
SrTiO3 ("inert" supports in absence of direct bandgap excitation) exhibit excel-
lent catalytic activity for Hy formation in the photoredox system comprised of
Ru (bpy) 32+, w?*, and EDIA (ref.43) as well as in the Ru(opy),” /Ra(bpy) >/
TEOA system (ref.44). In these two systems, photogenerated MV and Rh(bpy) 32+
are believed to directly reduce water to H2 at the catalytic sites afforded by
Pt or Fh deposits. (Note that EDIA and TEOA act as the sacrificial donors and
MV2 + acts as the electron acceptor relay). We have also achieved total water
decomposition to Hy and O, with visible light without the sacrificial donor
EDTA by utilizing the bifunctional catalyst Ti02/R102/Pt in the presence of Ru-
(bpy) 32+ arlg+l\d\72+ (refs.32,43,45) . Moreover, employing surfactant derivatives
of Ru(bpy) 3 we have demonstrated that H, evolution can be achieved even with-
out methylviologen (refs.32,33).

DYE SENSITIZATION OF SEMICONDUCTORS

The photocleavage of water that uses the systems just oconsidered -above can
be rationalized by direct charge injection fram the excited state of Ru(bpy)y>'
to the oconduction band of Tio2 followed by water .reduction at Pt, while water
is oxidized by the oxidized dye Ru(bpy) 33+. and catalyzed by Ruo,. Fig.5 dei)icts
the processes and eqgs. 4-6 sumarize the various steps involved. The sequence
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Fig. 5. Schematic illustration of the dye—sensitized photodecomposition of water
with a 'I‘iO2 semiconductor dispersion. From ref.l.

*Ru(bpy) 27 + TiO, 3= Rulbpy)y’t + el (TiOy) )
sRubpy) ,>F + 2H,0 — MRulbpy),o + 4+ O, (5)
e, (Ti0)) + 2H,0 —= Hy + 2 ™ (6)

of reactions 4-6 represents "sensitization" of'the semiconductor into the vis-—
ible region by the use of a dye. To make use of a large portion of the solar
spectrum (sunlight), extension of the photoresponse of stable wide bandgap mat-
erials to visible licht has been studied extensively by many workers. This has
been made possible through impurity doping with transition metals (refs.46-48),
dye sensitization (e.g. organic dves (ref.49), phthalocyanines (refs.50,51),
porphyrins (refs.51-53), and transition metal camplexes (refs.33,42,54,55)) and
surface conmplexation (ref.56,57).

Honda and co~workers (refs.58,59) have examined the photochemical behaviour
of adsorbed rhodamine B and methylene blue on CdS particles. Surface derivatizat-
ion via silanation of semiconductor photo-electrodes has received much attention
and has been found useful in suppressing corrosion reactions of the électmde,
in accelerating the rate of the desired redox process, in measuring rate const-
ants for reactions of surface confined redox reagents, in bringing about changes
in the energetics of the semioonductor/electmlyt-:e interface, and in altering
the distribution of surface states associated with the semiconductors (ref.60).
As well, it has also been demonstrated to be important in improving the visible
Light response of the semiconductor surface (refs.61-64) and in enhancing the
kinetics of the deposition of the n-heptylviologen cation radical HV' (ref.61).
Furlong and Sasse (refs.65,66) have reported detailed studies of the adsorption
and desorption of photosensitizers and redox relay species on metal oxide sur-
faces; pH, ionic strength, and equilibrium adsorbate concentration are important
factors.

Fox and co-workers (ref.67) have discussed four ways of attaching a highly
conjugated dye (organic or inorganic) onto a semiconductor surface: (a) silanat-
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ion with tetrachlorosilane or scme related silane compound (refs.60,67-69)
appears very common (eq.7); (b) via a linking agent such as cyanuric chloride;
(c) via the electropolymerization (ref.68) of functionalized monomers; and (d)
via adsorption of dyes (ref.70) or preformed polymers onto the surface. The

OH

- @ (7)
$a0, é——OH + SiCl, — Snoiﬁ;ﬁ—ﬂ sm%}sao @

latter method is wery much dependent on the nature of the surface charge. Tsubo-

mira and co-workers (ref.70) have suggested a model for the direct adsorption of
rose bengal on ZnO, or through A13+ ions (see Fig.6).

7
LY e s
Zn\-on! !
4 L‘Il“\ <007
oH ]
Cl

NN

N
IO

Fig. 6. Models for the adsorption of rose bengal on ZnO. From ref.70.

Of greater importance to us here is the sensitization of metal oxide semicon-
ductors with inorganic dye based systems as with the well known Ru(bpy) 32+ or
related derivatives. In 1979, the Oxford-Imperial Enerdgy Group (ref.71,72) re-
ported an interesting method of attaching a derivative of Ru(bpy)32+, the bis-
(2,2'-bipyridyl) (2,2'-bipyridine-4,4'~dicarboxylate) ruthenium(IT) , Ru(bpy) 2"
(bpca} on a semiconductor; the mode of attachment, depicted in Fig.7, occurs
through two ester linkages using the carboxylate groups to titanium (for n-TiO,)

O-0
0-Q

o=

o0
e
oike)

Fig. 7. Chemical attachment of Ru(bpy)z(bpca) to the TiO2 surface through an
ester linkage.
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exposed on the particle surface. n-SrTiO; and n-SnO, have likewise been surface
modified. A kinetic analysis reveals a surprisingly low quantum efficiency (n e
v 0.0025) for electron injection from the photoexcited dye into the semiconduc—
tor and a low rate constant for reoxidation of the dye. Illumination of the sen-
sitized electrode for many hours lead to a deterioration in the performance of
the photo-electrode (ref.72).

Attachment of an analogous camplex onto the SnO, semiconductor surface
through silanation with OH groups on the particle surface has been employed by
Ghosh and Spiro (ref.69). Though the surface coating was stable to organic sol-
vents as well as to agueous acids and bases, prolonged irradiation produced ex-
tensive hydrolysis of the outer layers of the coating (there were about 1000
layers in the surface coating). Also, only a small fraction of the electroactive
molecules (corresponding to a few layers) appeared to participate in the excited
state electron transfer process (ne ~0.03) .

CHARGE INJECTION IN DYE SENSITIZATION

Photosensitization of electron transfer across a semioconductor/soluticn in—
terface can play an important role in light energy conwversion as witnessed by
the several studies on photoelectrochemical cells (ref.73). The major efforts
in this area have been devoted to the improvement of visible light response of
wide bandgap semicconductors (e.g. ZnO, 'I‘i02, Sx‘I‘iO3, ...). As pointed out earlier
sensitization can be achieved (cther ways have been noted) by adsorption of some
suitable dye molecules onto the semiconductor surface which, upon light excit-
ation, injects an electron into the conduction band of the semiconductor. ¥hile
the overall performance of dye-sensitized semiconductor systems has been report-
ed (ref.74) extensively, details of the electron injection process have been
scarce. This is the result of difficulties that are encountered in the applicat-
ion of fast kinetic methods to studies of solid electrodes and powders. However,
this is not the case of semiconductor colloidal sols owing to their small dimen-
sions (20-200 2) that yield transparent solutions, and thus allow for direct
application of laser photolysis techniques to unravel interfacial charge trans-
fer processes (refs.4,42,75,76). In this regard, the excellent studies by Kamat
and Fox (ref.77) on the erythrosine sensitization of colloidal TiO2 in CH3CN,
by Kiwi (ref.45) on the electron transfer from the excited Ru(bpy) 32+ to collo—
idal TiO, at elevated temperatures, and the very recent extensive work by Moser
and Gratzel (ref.78) on the eosine-Y sensitized elect?:on injection into TiO2 are
worth noting. In the latter study, apart from the initial electron transfer ev—
ent (refs.78,79) we have also e}q:léred the fate of the injected electron with
particular emphas:.s on its back reaction with the eosine cation, EO+, as well
as the competing electron trapping process by noble metals deposited on the sur-
face of the semiconductor colloidal particles.
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Coulombic interactions between the ’I‘iO2 surface and eosin dianion play a vit-
al role in the adsorption of EQO onto oolloidal TiO2 particles, inasmuch as abs-
orption spectral shifts occur in the pH range (7.5 to 5) where the charge of the
colloidal particles changes from negative to positive. Addition of 'I‘iO2 to a FO
solution at pH 4 also has a pronounced effect on the luminescence which red-
shifts upon adsorption of EO to the TiO2 surface indicating binding to the OH
groups at the TiO2 surface with relatively acidic character. The eosin fluoresc—
ence is strongly quenched by '.[‘iO2 particles; the smallest emission intensity was
obtained for the highest mean occupancy of TiO2 particles: 160 molecules of EO
per particle (surface eosin concentration v 2 x 1013 c:rn2 ; eosin-ecsin distance
on the surface v 22 Zc\).) . Thus, efficient dipolar energy transfer is possible.
Using a picosecond laser/streak camera system, fluorescence lifetimes (Tf) in
the range of 50-60 psec have been measured for eosin adsorbed on SnO2 and In203
surfaces (ref.80). These short lifetimes on the two semiconductors as well as on
glass have been interpretéd as most likely due to energy transfer followed by
trapping at defect sités. Liang et al., (ref.80) did nmot consider electron in-
£ from 1.4 nsec to v 60 psec in the adsorbed state.

Addition of 'PiO2 to a solution of eosin leads to dramatic changes in the pho-
toredox behaviour of EO. The formation of EO+ by photoexcitation of the ground

state EO(SO) in colloidal TiO., solution has been confirmed by Rossetti amd Brus

jection for the decrease of T

2
(ref.81) by time-resolved laser Raman spectroscopy. Differences in the Raman

spectrum of BO' in water and aqueous Tio2 sclutions were attributed to proton-
ation of EO+ by surface hydroxyl groups. The quantum yvield of formation of E0+,
<I>EO+, increases from 0.27 to 0.35 upon increasing TiO, from 0.1 to 0.5 g/L and
reaches a plateau at 0.38 at 3 g/L 'I‘iO2 (ref.80). In pure water, the photogener-

ation of EO' is a relatively slow (4.2 x 1045_1) and inefficient process (e, +

A 0) arising from dismutation of the triplet states (eq.8). By contrast, in the
+ - 9 -1 -1

2 EO(Tl) —3» EO + EO (1.3 x 10°M "s ) (ref.82) (8}

presence of Ti02, EO+ ig czc;:.nerated efficiently (cbm+ ~ 0.4, pH 3) and at high
rate (]-Sinj '\: 8.5 x 10 i }, its formation being completed in < 10 nsec (ref.
78) . The mechanism of EO formation is different from that in water and involves
electron injection from the lowest singlet excited state of FO, EO(Sl) , to the

conduction band of colloidal TiO, particles (eg.9). It should be noted that
FO(S.) + TiO,— Sinj»®E0’ + e, (TiO ' 9
1 10, — =inj-» €4 5) (9)

charge injection is only cbserved at pH £ 6, under conditions where eosin is
associated with !1‘102 particles; close proximity of reactants is required for
electron transfer to compete with the other channels of EO(Sl) deactivation,
viz., intersystem crossing (eg.l0) and radiative and nonradiative decay (egs.
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1la and 1llb, respectively). While charge injection from EO(Tl) is thermodynamic-

ally possible, it does not occur; T,, is the same in water as it is in TiO2 ag-

veous solutions (eq.12). B!

BO(S,)— Sisc —p= EO(T)) (10)

BO(S)) — Sr ——= EO(S) + hv' (11a)
S —sm BO(S) (11b)

BO(T)) + Ti0,—¥%—5= o'+ e (i) (12)

Back electron transfer between e cb(TlOZ) and EO ‘occurs via a rapid intra-
particle reaction between EO PR - (T102) pairs associated with the same TJ.O2
host aggregate and via a slower process involving bulk diffusion (ref.78).
rate constant for intraparticle recombination is 2 x 1055_1, about 4000 times
slower than that for electron injection. This enables light induced charge sep—
aration to be sustained on a dolloidal TiO2 particle for several usecs, suffi-
cient to trap the electron by a ncble metal deposit on Ti02.

The intimate processes of dye sensitization of a TJ'_O2 semioonductor particle
and photosensitization of electron injection in noble metal loaded '1‘J'.O2 partic-
les are illustrated in Fig.8 and Fig.9.. respectively (ref.78). In the former
process, light excitation of EO to Sl leads to injecticn of electrons to the

colloidal
particle TiOy

Fig. 8. Schematic illustration of electron injection and intraparticle back el-
ectron transfer in the photosensitization of oolloidal semioconductor particles,
without redox catalyst. From ref.78.

conduction band of ’I‘iO2 leaving a EO at the surface. In the second process,
the role of the ncble metal catalyst is to trap the photoinjected electron and
to intercept the rapid back reaction between EO “ee ..e (TJ.Oz) pairs. This all-
ows a larger fraction of all the EO' formed during the 1aser pulse to escape to
the bulk of the solution with the subsequent back reaction being relat:Lvely
slow.

The effect of high pressure (to 10 kbar) on the dve-sensitized photocurrent
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catalyst

colloidal
particle TiOg

Fig. 9. Schematic illustration of electron injection and intraparticle back el-
ectron transfer in the photosensitization of colloidal semiconductor particles,
in the presence of a redox catalyst. From ref.78.

spectrum of an mrtype TiO2 photo-anode has also been investigated using the TiO2
bound rutheniumbipyridine complex depicted in Fig.7 (ref.83). The complex Ru-
(bpy) 2(bpca) is bound to the Tzi.O2 particle surface (ref.71) via a m-bond between
a 3d titanium orbital and a m* of the -CO0 growp (ref.72). With Ru(l:py)32+ as
the sensitizer, light absorption leads first to formation of the lowest'singlet'
of dn-m* character which relaxes to the MICT 'triplet' manifold of states from
which ensues electron injection into the oconduction band of the semiconductor
(eq.13) . Alternatively, as suggested by Goodenough and co—workers (refs.71,72,
84}, the observed lack of structure in the dye sensitized’ absorption spectrum is

* 1 -
s —_5 g B0 e, (Ti0)) + S (13)

due to direct excitation of the electron from the ground state of the dye to the
conduction band of 'I‘iO2 (eq.14). The high pressure studies (ref.83) appear to

hv, TiO -

. +
S 2—pme, (Ti0,)) + S (14)

indicate otherwise, however. On the basis of shifts of the absorption-peak loca-
tions in the absorption spectrum, the dye sensitization process involves, ini-
tially, electron excitation to a dye excited state followed by electron inject=
ion into the semiconductor conduction band, rather than initial electron excit-
ation directly into the conduction band.

WATER CLEAVAGE VIA DYE SENSITIZATION

As noted earlier, surface modification of large bandgap semiconductors (Ti02,
Sr0,,...) by adsorbed or covalently lirked photo-active dyes is a matter of
great interest in view of potential applications to solar energy conversion.
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Clark and Sutin (ref.55) were the first to achieve spectral sensitization of
TiO2 with Ru(bpy)‘32+ in agueous sclution. One major drawback of this sort of
spectral sensitization is that the light absorbed by the dye is inefficiently
used. While all the dye molecules will absorb the incoming light, only those
excited dye molecules in close enough proximity to the semiconductor particle
surface can efficiently inject an electron into the TiO, conduction band. One
means of overcoming this difficulty is direct attachment of the dye molecule on-
to the semiconductor surface.

Our laboratory has long been involved in improving the various techniques of
dye sensitization of semiconductor colloidal sols and dispersions in an effort
of achieving the photocleavage of water (androther photoprocesses) using visible
light sources. In this regard, we present below three examples from our recent
work: (a) surface modification of anhatase Ti02 by the dye 8-hydroxyquinoline,
HOQ, and the ability of such modified TiO2 powders to generate H, in a sacrifi-.
cial water reduction system using visible light (ref.56); (b) sensitization of
Pt-loaded TiO, with M(0Q) complexes (M = Pt(II), Ir(III), Pb(II), and Bi(III))
which show suitable absorption in the wvisible spectral region and suitable ex—
cited state properties (E'I‘ = 2 eV and Tp
integrated system for wéte% cleavage by v}:sible light employing sensitized TiO2
particles which have been surface-derivatized with ruthenium(II) complexes (ref.
86) .

A 2 usec) (ref.85); and (¢) a recent

(a) Surface Complexation of TJ';O2 with 8-Hydroxyquinoline

When powdered TiO2 is introduced in an aqueous solution of HOQ, a bright vel-
low orange color develops owing to the formation of surface Ti(IV)-0Q complexes,
most likely the result of 'esterification' of surface hydroxyl groups with con-—
comitant loss of water. Emission normally detectable for HOQ and closed shell
M(OQ)I,1 complexes (refs.87,88) was not observed from solid samples of HOQ-modifi-
ed TiO2 powder or -modified TiO2 ocolloidal sols at room temperature. Even nsec
flash photolysis studies of HOQ-modified TiO2 oolloid showed neither emission
nor transients. Hence, the excited state lifetime of the surface Ti (IV)-0) com-
plex is less than the 11-25 nsec typically observed for emissive M(C)(;))n oonplex-
es in DMF (ref.88). The HOQ-modified 'I‘iO2 powder proved to be a good photosensi-
tizing agent in the following sacrificial water reduction system comprising in
S5-mL samples of 10_3M HOQ equilibrated with 5 mg ’Ii02 powder, 2 x 10_2M EDTA
(the sacrificial electron donor), and 10 mg/L of Pt(0) sol. For comparison pur-—
poses, an analogous sample was studied in which 1074 of Ru(bpy) , (4,4 '-tridecyl-
2,2"-bpy) 2+ surfactant was physisorbed onto ']3:i.02 and HOQ was amitted. Noteworthy
is the fact that this surfactant absorbed 2-6 times more light depending on the
surface area of the 'I‘iO2 powder. Table 3 summarizes the results of the study
(ref .56) , which shows that HOQ-modified 'I';i.02 samples compare favourably with
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TABIE 3

Rates of H. formation (STP) at A > 435 m in different anatase TiO2 powders
containing Pt in sacrificial hydrogen generating systems (ref.56)

HOQ on '1'i02 _
A r(Hz) JAL/h Uptake of HOQ, pequiv/g
Degussa P-25 300 - 420 300
Bayer Sol 800 - 1220 800
'I‘.i.O2 (M b 750 = 1000 1000
TiO2 (U) /0. 23RO~ 310 - 350 -

Ru(bpy) ,{4,4'~tridecyl-2,2'-bpy) °*

Degussa P-25 700 - 840
Bayer Sol b 700 - 800
T;i.O2 (9)) /0.2%Ruoz— /nn — 1080
a 2
b 100 - 200 miW/cm

No Pt

the surfactant ruthenium-bipyridine modified samples, despite the lower light
absorption by the former. -<I>H vrere-0;0034 at 458 rm and 0.0014 at 515 nm for the
HOQ-modified 'I‘J':Oz(U) sanple.zAlso, initial r(Hz) were sustained for > 15 hours
(turmover > 40 with respect to HOQ) in sanples where EDTA was replenished before
the concentration dropped below 15 nM and where H, was regularly rerrpved through
argon purging. Interestingly, HOQ also forms a bright yellow complex with neut-
ral A1203 chromatographic powder, but the sample was inactive in producing H,.
This establishes the fact that semiconductor properties of TiO2 particles are
involved in the function of the HOQ-modi fied TiOz.

The mechanism for Hy production is one in which light excitation of the sur-
face Ti(IV)-0Q species is followed by charge injection into the 'I‘J'.O2 particle
bulk. Subsegquently, EDTA reduces the oxidized surface before decomposition oc—
curs and the e, is channeled to the Pt (or same other suitable catalyst) cat—

lo-o)
alyst island on the surface where reduction of H occurs.

(b} Sensitization of TiO2 with 8-Quinolinol Complexes

8-Quinolinol metal complexes (M = Pt(II), Ir(III), Pb(II), or Bi(IIT))} are
powerful reductants in the excited states; E(*M((I))n+/M(OQ)n) N —0.83 to -1.27
V (vs. SCE) (ref.89). When deposited onto Pt-loaded Ti02, the compounds sensit—
ize H, production from water via electron injection fram the ligand centred ex-
cited states of these M(OQ)'n camplexes to the conduction band of TiO2 (driving
force &4 =270 mV for the charge injection process from PL(0Q),; the activation
barrier to charge injection was estimated to be v 16 kcal mol—l (ref.85));
Pb(0Q) 7 and Pt{0OQ) 2 were the most efficient.
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A typical sample consisted of 500 mg TlO 49)] (anatase, Montedison) loaded
with 0.4% Nb,Og, 0.2% RuO,, and 4% Pt plaoed in a 2 x 10”%M solution of P£(0Q) ,
dye. In the presence of 0.1IM EDTA (pH 4.7), argon purging and irradiating at A
> 420 nm gave r(H2) 0.8 mL/h (30 C), 6 mL/h (50 C), and 20 miL/h (75 C). In the
absence of dye, r(H ) = 0. By comparison, substitution of Pt (0Q) 5 by Ru(bpy)
gave r(H2) = 0.085 mL/h at 30°C. Turnover nunbers of " 200 with respect to Pt—
(0Q) 2 cbtained in a long term experiment at 30°c.

(c) Water Cleavage via Surface Derivatization of TiO2 with Ruthenium(II)
Complexes

A drawback of the HOQ-modified T:E.OZ and the M(0OQ) n—senSitized TiO2 systems,
making necessary the use of sacrificial electron donors, is the inability of the
oxidized sensitizer to produce oxygen from water. Recently, we (ref.86) disco-
vered a new method for derivatizing the '.li‘i()2 particle surface by a more suitable
chromophore which should prove most useful in the design of catalytic systems
affording water cleavage by visible light and this without the assistance from

sacrificial electron donors or acoeptors.

A 'I'J'.O2 dispersion loaded with Pt and RuO,, was surfaoe derlvat_lzed by photo—
lyzing (A > 320 nm) the agueous mixture in the presence of RuL3 (L =4,4"-
diisopropyldicarboxylato-2,2'-bipyridine) under reflux conditions (100 °0) to
give a pink coloured material after centrifugation or filtration. The reflect-
ance spectrum (Fig.l0) of this material and the absorption spectrum of the fil-
trate show that the pink material is the surface derivatized Ti02. e dye Ru-

L22+ is chemically linked to the surface titaniums by two Ru1-O-Ti bonds. The
10}
0.8 =
i
3 06 f
c -
R
g oar oo
02f -
0 [] L I 1
400 500 600 700 800
A (nm)

Fig. 10. Reflectance spectrum of Rul 2+ tGerivatized ’I‘iO2 particles loadsd simul-

tanecusly with 0.5% Pt and Rt:oz. The absorption maximum in the visible is at
480 nm. From ref.86.
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reflectance spectrum of Fig.l0 is particularly significant in sensitization of
large bandgap semiconductors such as TiO, (Ebg v 3 @V). Apart from the bandgap
transition of TiO2 below 400 nm, a pronounced absorption in the visible
with maxtirmm at 480 nm and a tail extending beyond 600 nm are also observed. The
features in the visible are practically identical to those chserved for cig-Ru-
(bpy) 2(!{20) 22+‘ adsorbed onto hectorite (xef.90). Contrary to the behaviour of
this hectorite species, RuLz—der.i.vatized 'I'io2 particles proved to be excellent
catalysts for H, generation from water by visible light, both in the presence
and absence of a sacrificial electron donor. For example, irradiation of a 5-mL
solution, containing 0.01M TEOA (pH 10) and 10 mg of RulL.,-derivatized TiO.z/RuOZ
/Pt particles, with visible light (A > 405 nm; 200 niW/cm”) produced H2 at a rate
of 0.93 miyh. Even with A > 590 mm illumination, H2 was produced at a rate of
50 uL/h.

Most important is that RuLz-derivatized '[‘if.')2 particles also produce hydrogen
from water by visible light and this in the absence of sacrificial organic

donors! In a typical experiment consisting of irradiating at 100°¢c, .50 mg of the
catalet in 40 mL of H,0 (pH 2, HC1) with light at A > 420 nm resulted in the
formation of 'H2 at an initial rate of 30 uL/h. Typically, 400 uL of H2 were pro-
duced after 20 hours of irradiation. Treatment of the catalyst under various
conditions resulted in no loss of its catalytic activity. A turnover number of
~ 80 was found for the total H, produced with respect to RlJL2'2+- wWhat is also
significant is that concomitant with the formation of H,,. O, is also produced
in stoichiometric amounts, though oxygen appearance in the gas phase was nhot
consistently dbserved, especially at lower than boiling temperature where only
H, was found. The inconsistency in finding 0, is the result of 0_2 uptake by
‘I‘i02 particles. Gratzel and co-workers (ref.?l) have presented convincing evi-
dence for the occurrence of such a process in titania-based water cleavage sys-
tems . .

Introducing the semiconductor surface directly onto the coordination sphere
of the transition metal complex allowing the charge injection to occur via an
imer sphere mechanism has rendered sensitization of TiO, particularly effect-

ive.
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