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Developrent: of artificial (non-biological) devices that achieve fuel generat- 
ion by visible light is cumently an ever growing area of research, Light driven 
redox reactions on organized ass&lies afforded by semiconductor dispersions 'or 
colloidal sols provide the impetus. The various strategies usedin aaieving 
generation of dihy&ogen, H2, f-the photodissociationofwater are discussed. 
One inportantpoint that is made is dye sensitizationofwide bandgap semicon- 
ductors ,!m imprare their spectral response to visible light. In practical term, 
we present three examples frcan our recent mrk, inwhich the semiconductorpart- 
icle surface (TiO2) has been mdified by adsorption cf various dye rmlecules ti 
by surface derivatizption with ruthenQm(I1) ccqlexes. In the latter case, we 
have demonstratedthe feasibility ofproducingboth H2 and02instiichicmstric 
amounts frun the cleavage of water, and this without the need for a sacrificial 
electron domr. 

&search activity in the field of~@mtochemical conversion and storage of 

solar energy has experienced tremendous growth in recent years as a result of 

interdisciplihary efforts from many areas su& as photochemistry, ele&mchemis- 

try, catalysis, solid state chemistry, and. photobiolcgy. Various teams in many 

laboratories throughout the mrld are n-eking great mntributions towards achiev- 

ing a practical devioa(s) for the gemration and storage of chemical fuels frmn 

a variety of cheap and readily available non-fossil energy souroes (ref.1). 

Lightdrivenredox reactions, coupledwith redox catalysts,have been and 

continue tobe investiga-das apossible route forthe gensrationof fuelsby 

visible light (refs.Z-5). Extensive studieswith transitionmstal qlexes co* 

taining such ligands as bipyridines mdphenanthrolines, organicdyes, andmet- 

allopmphyrins have shown the potential utility of these materials as "photosen- 

cifi VP_” ip_ t-_e nhnf-nr*lpmi r;ll mp_x_qz=icp_ of salm P~PT-OV (r-fs s&E) ~ c_ese in_- . .._ -__- - r**-----.--‘-- ---32 

vestigations have also revealed an iTcportantprobleminthe utilizationof these 

materials inhcnmgerreous solutions; thisisthethe~lreverseelectrontrans- 

fer between the redoxproducts, an energy wasting reaction. Results fm studies 

in organized mlecular assen-blies such as micelles, vesicles, and micro-emuls- 
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ions shcw prcmis& (refs.5,12,13). To scow extent, the light-induced charge sepa 

rationprocess canbe wntrolled.With the limitations imposedby the n&r diff 

usion-wntrolled rates for the back reactions that follow endergonic (uphill) 

photoredox reactions with organic, imrganic dye based system, attention is in- 

creasinglybeing focused towards heterogeneous semiconductorpartia.Aates and 

colloidal systems as lic$tharvestingunits. 

Heterogeneous photocatalysis With semiconductor particulate systems off&s 

several advantages. Colloidal sqniwnductors canbine a mmber of desirable prop- 

erties such as high absorption cross-sections, fast carrier diffusion to the 

interface and suitable positioning of valence and wnduction bands to achieve 

high efficiencies in light energy conversion processes. Particularly attractive 

is alsothe addedpossibilityofrmdifyi~gthestiace ofthesemiwnductir 

particles'by chemisorption, chemical derivatization and/or catalyst deposition 

that assist the light-induced charge separation and subse@ent fuel generating 

dark reactio~.Mreover, it is irqmrtant to note that photoredox reactions that 

occur at the semiconductor/solution interface be-n the excited semiconductor 

n-eterial and the .redox species in solution occur in one direction aMl are, in 

general, mt reversible (ref.14). 

In any practical energy wnversion device, both energy transferprocesses and 

to a greater extent electron transfer processes play a vital role. Indeed, of 

.prinordiaJ.,iqmrlqme is the charge separation event. Thus, in photosynthesis 

antenna chlorophyll mlecules perform the task of light harvesting,.while the 

light-induced charge separation is achieved throuc$ vectorial electron transfer 

across the photosynthetic membrane (ref.l5). In a similar fashion, the distinct 

environmnt present in molecular assemblies (micelles, vesicles,...) affords a 

kinetic wntrolon the chargetransferevents. Inthe case of smallsen!iwnduc+ 

torparticles, it is the rapidnmvemntof charge carriers intheirrespective 

band and the present 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. -cent studies in our laborat- 

oryin~Lausann&has revealedthatthrough couplingof t-m seniiwnductor catal- 

ysts possessing suitable redox potentials for the respective wnductionbands, 

an efficient vectorial displawmmt of charges (conduction band electrons, e-w, 

and valence band holes, h&) can be achieved (ref.16). 

Iwo major strategies are being wnsidered (ref.17) in the design of potential 

devices lmproduoa H2 and02 franthephotocleavage ofwater. (i) One approach 

wnsidershomogeneous systems (or nearlyhcm>gereous systans) intiich aphoto- 

sensitizer is used to prcxmte electron tramfer between suitable electron relay 

species. The oxidized and reduced forms of these relays, in the presence of 
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Fig. 1. Perceived coupling of two photosystem units in the photodeccqosition 
of water qloying tm photosensitizers and tsm electron relays. Frm ref.17. 

scme appropriate catalyst(s), can ii&rate oxygen and hydrogen, respectively. 

Fig.1 shows the coupling of two pbotosystem units in which, in one photosystem, 

a photosensitizer S1 (e.g. a water soluble matalloporphyrin) reduces an electron 

acceptor A (e.g. mthylviologen, ML?+ ). The oxidized form of the sensitizer, Sl, 

is subsequently reduced by an electron dornx D thereby recycling Sl; A- is used 

to liberate H2 frcm water in the presence of a Pt catalyst. In photosystem unit 

2, D+, the oxidized form of the donor, oxidizes another photosensitizer S2 (e.g. 
2+ 

Wbpy)3 , where bpy is 2,2'-bipyridine) to Si which can oxidize water to 02 in 

the presence of RuO2 or Ir02 under suitable amditions.Mbilephotosystemunits 

1 and 2 have separately been investigated extensively, mupling of the tm units 

has notbeenrealized, ardnrxeoverthe D+/Doxplehas mmally consistedof 

such sacrificial donors as EDTA, triethanolamine (WA) ,...In Tables 1 and 2 are 

smmarized the nature of the sensitizers, electron acceptors and electron donors 

as well as the catalysts used in the photosystem units 1 and 2 of Fig.1. 

Sensitizer Electqn~ptor JGxtronDomr catalyst 
@W2 

Eu(bpy)32+ Mv2+ EVCA Pt colloid 0.26 

ProLavine 
11 cysteiue PtD2 
11 Pt/asbestos - 

acridirq+yellow II II Pt colloid 0.32 

znIW?P 
r-E&e 

II II 0.60 

ZnGPP4- 
I, II 0.07 

w2+ II II 0.02 

= Raf.17 

(ii) The other approach uses inorganic semiconductirmterials 050,; SrTi03, 

cds,...) for which irradiation with hv > I$._ leads to formation of e&k++ 

pairs thatcanseparatelymigrate to the smioonductor surfacewherewaterred- 



TABLE2 

Oxygen photosystem unit 25 

Sensitizer ElectronAcceptor Catalyst 
1/402 

Ru(bw)3 
2+ 

Co(NH3)5Cl 
2-k 

Ru02~&r 0.012 

II ,r RuO cclloid 0.20 

II II CM6 0.08 

U II Ru0 Tzeclite 0.05 

II II Ruo2/mo2 o.l.2 
,t II I?JIO$ 

'2'8 
2- 

Ti3P 

RuOA/Ti02 
Ir02 
RuO; cnlloid 

0.24 
0.14 
0.01 

i+ Fran ref.17 

u&ion and oxidation can occur in the presence of sm suitable redcx catalyst 

(cf. Fig.2); alternatively, the ekfi+vD paircanreccmbimatthesemiccnductm 

particle surface-an alternative appmachto thephotcsystemunits land 2 of 

Fig.1 is illustrated in Fig.3 which utilizes a simle sensitizer (S), one elec- 

tron relay species (R) and twc appropriate r-e&x catalysts to effect water clea- 

vage (ref.18). 

- 02 

Fig. 2. Schematic illustrationof awater cleavage process by a semiamductor 
particle. From ref.1. 

The cam&n demminator in the above applies is that light is first used to 

generate reduction eguivalenti (R- in Fig.3, or A- iti Fig;l, or em& in Fig.2) 

and oxidation equivalents (D+ in Fig.l, or h& in Fig.2, or S+ in Fig.3). This 

lightimkmadreactionis thencoupledtc scmsdark’(catalytic) pmcessespm- 

ducinghydmgenandoxygen frunwaterandregeneratirq the starting&emicals. 

T&k-q the processes in Fig.1, the‘oVerall fuel generating steps can be smma- 
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Fig. 3. Schematic illustration of the principle of water cleavage cyclesinvolv- 
ing sensitizer, electron relay, and two redox catalysts. Frm ref.1. 

rized as in eg.land eq.2. Clearly, fouroxidationequivalents areneededto 

produce dioxygsn,02, audtwo reductionequivalents are necessary togenerate 

dihyhgen, H2- Indeed, the formation of oxygen frm water by a single electron 

4D+ + 2H20 + 4D + 4H+ + O2 (1) 

2A- + 2H20 ---c 2A + 2OH- + H2 (2) 

oxidant (D+ or S+) is a formidable task because it pmoeeds in four subsequent 

stepsinvolvinghighenergyinten-msdiates such as OH- radicals,hydrogenperox- 

ide,andsupemxide radicals. To avoid f&mation of these intermdiates, elect- 

ronstorage catalysts are requized. Sams years ago (1978) it was discovered in 

our laboratory (Lausanna) (ref.19.20) that mble metal oxides such as Pt02, 

IrO2, and~2in.amcrodispersedorcolloidal formare capable of mediating 

water oxidation by sub reagents as Ce *+, Wm.')32+, and Fe(bp&+. Of these 

three metal oxides, Ru02 has been the mast widely investigated (refs.21-26). 

Hcmaver, it sho~ldbenotedthatF&Q~ismtaselective catalystforoqgen 

production almeinasm ch as it can also be used for hydrogen generation. 

Afurther amrentneeds tobemde concerning the fuelgeneratingdark react- 

ions (es-1 and eg.2). They both represent multi-electron transfer reactions con- 

nected with hi@ kinetic barrier; inthe absmce of suitable redox catalvsts, 

reactions lard 2 are either not &served atallor are very inefficient. It 

must also be en-phasized here that at&spts to design artificial photocmmersion 

devices should notblindly imitate the intricate steps of naturalphotosynthe- 

sis. Itwould.be inomceivable,for ex&mple,tm accmplish the dmllenging task 

ofdrivingendergmic chemicalreactionsbyvisible lightwithoutsuitableen- 

gineeringonthemolecularscale. Sirrple hmqemous solution system have 

little, if any, prospects of being applied in such artificial &vices. First, 



these systerrs suffer frm the fact that the rate of light driven electron tr*- 

fer processes is limited by the diffusion of the reactants. Secondly, there is 

nobarrierto irrpairthe thenmlbackelectron transferwhich degrades light 

energy into heat. Firmlly, the solution reaction is alrmst always a single elec- 

tron transfer-cveiit, while multi-electron redox processes are frequently requi- 

red in fuel generating reactions such as eqs. 1aml2.Iheseproblemscano1ily 

be overccme by using micrchetercgeneous solution systfms (as may be the case 

wifh semiconductor dispersions), 

Semiconductordispersions coatedwithmtals and/or noblemetal oxides are 

finding extenkive application in studies of the photoreduction and photooxidat- 

ion of water. As inplied earlier, bandgap excitation of a semiconductor leads 

to the fomationofh& and e- * as specifically &picted in Fig.4. In the case 

2otr + Hz 

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

of Tio2, wO9, andSiri03 semiconductors,h~ have high oxidizing properties 

(Eti;L 2.0 ev) that should lead to oxidation of water withcut the assistant of 

redox catalysts. The overvoltage regui rements to oxidize water as in Fig.4 are 

not clear atpmsent. Our previous studies (ref.4) have clearly shown the cat- 

alytic effects of a noble metal oxide (Ruo2) in this regard. Wstnaked serni- 

conductors are poorelectrocatalystsinthe reductionofwaterbye-b andoften 

a metallic deposit such as Ptis necessary to reduos theovemltage require- 

~~toaonvertprotonstohydrogen.NakedTiO2shaws1loactivity~dsthe 

photolysis of either liquid- or gas-phase water, but Pt-coated T~?Y~ dkpersions 

are active (refs.27-29). Presumably, water photilysis though thwcally 
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favourable does not conpete with e-&h++ pair recmbinationinnakedsemiconduc- 

lmrs. Photoadsorption of the photogemrated 02 on the semiconductor often pre- 

cludes observationof the oonccmi tant evolution of 02 with H2 during photolysis 

(see belaw). Sustained generation of H2 from photolysis of gas-phase water have 

not been achieved (refs.28,29) because of the thermlback reaction betmen the 

photoproducts (eg.3) of the-cleavage reaction catalyzed by platinum. 

H2 + l/2 O2 Tio2rpy, Hz0 

Early reports of successful uv-induced water cleavage with mtallized semi- 

conductor dispersions were those of Bulatov and Khidekel (ref.30) who used plat- 

inized Ti02 in lN H2S04. Wrighton and co-workers (ref.31) have described sir&- 

tamus evolution of H2 and 02 from water upon irradiation of platinized single 

crystals of SrTi03 and KTab3. Cleavage of water into H2 and 02 has also been 

reported by us and by others on Ti02/Pt (refs.28,32-35) and.on m-coated S&O3 

(ref.25). Detailed discussions on various features, results, exisitinq problem, 

and possible strategies of the photodeomposition of water with catalyst-loaded 

semiconductor dispersions have been presented by Pelizzetti and Vista (ref.36), 

Kiwi (ref.37), Sakata and Kawai (ref.38) and by Kalyanasmdaram (ref.14). 

Bardgapirradiationofmetallizedsemiamductordispersions inthe.presence 

of "sacrificial" electron donors leads to very efficient production of H2 f- 

water (ref.14). Platinized CdS and TiO, have been the most studied systems with 

a wide variety of sacrificial substrates.su& as EDNA, cysteine, TEOA, and.alco- 

hols.These substrates scavenge h&, thus reducinged,/h&remnSjination.The 

photcoxidationofwate~in~ W3 dispersiorkwith Fe3+ acting as anelect- 

ronacoeptorhas been examined by Darwant ard Mills @f-39)-; the g&t-km effi- 

ciency is low, 0.0031 at 405 m. Oxygen'pmduction is inhibited by Fe 
2+ 

,_02, and 

hi@ concentrations of Fe3+. Deposits of Ihx02 on W3enhanoe oxygen generation 

but deposits of Pt, R-I, and Ru only appear to inhibit generatio? of 02. 

In our laboratory, Pt (ref.40) and Bh or Bu (ref.41) loaded Ti02 particles 

have been examined forwater cleavagewith -asis beingplacedon achieving 

very high dispersions of the metal deposits. Rh6(CO)16 an3 F~u~(CD)~~ clusters 

were enployedin thepreparationof the catalysts, and the activity of these in 

mdiatirrg water cleavage th&gh bandgap excitation increases in the order F&I < 

m102 < R-l % R1203 ?J Pt. 

(b) Bifunctional Catalysts 

Studies usingnob1emetdL;oxid.e dapositsof Ru, Rh,Ni, andIron semimmduc- 

torlxmders have shcwnp ranking resultsinthepossible catalysis of various 

oxidation reactions of h" vb,Theoxi~ layer/semimn&ctor junctionmtbebave 

as aSchottkybarri.er (theheightofwhichdatemines theoxidizingpcwerof 

h&) for the mataloxi& layer to act as a "hole-transfer catalyst" (ref.14). 
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If the catalytic redox~reactionby these deposits were specific, then abifimct- 

ional redox catalystwould be obtained if both Pt and RuO2, for example, were 

deposited on the semiqmduct;or particle surface. Bifunctional catalysis with 

TiO2 (amorphous or anatase) 'and coated with Pt and RuO2 in the photodeccmposit- 

ion of'water has been examined in som? detail in om laboratiry (refs.4,32,42). 

Fig.2 sch&&ically depicts the bifun&onal~redox behaviour of such Ti02/m02/ 

Ptparticles: thee; migrate toPt (forms aohmic contactwith the Semiomduc- 

imr) sites where B2 is formed and the h' vbmigrateto~2which~~lyzesevol- 

ution of O2 fromwater-. Ihe initial-rate of H2 evolution is 2-3 mI& for a 25- 

mLsolutio~.S&nilartothe'results obtairedfromexperimentswith Ti02/Pt (see 

-.3), aphotostatiomry stateobtains ardifirradiationwere stopped, adark 

remnhination of H2 and O2 would~occur over the Pt sites. Chromiur+dc@ng of 

Ti02 particles significantly improves the sensitivity of the photoprocess to 

visible light (ref.5). Bifunctional Rh,&u02 loaded Ti02 exhibits optimal perfor 

mance over Rh, Rh/Ru, Ru02, or Ftu &pad Ti02 particles (ref.41); the over&l1 

light to chemicalenergy oonversionefficiencywas 0.13%. Oxygenwas notobsem- 

ed in the gas phase during.photolysis in closed system owins to significant O2 

uptake by the Ti02 p&ticles. A u-pemxo bridged titanic species was idmtifi- 

ed in water cleavage in alkaline solutions where O2 uptake is surprisingly high. 

Bifunctional catalysis has been further dealt with in refs.14, 36, and 37. 

Pedox catalysts can also be supported on "inert" sq$orts. For example, fire- 

ly dispersed'pt or Rh when deposited on semiconductor particles such as TiO2 or 

SrTi03 ("i~rt" supports in absence of direct bardgap excitation) exhibit excel- 

lent catalytic activity for H2 formation in the photoredox system ccnrprised of 

Ru(bpy)3 2+, MV2+, and EUTA (ref.43) as well as in the Pu(bpy) 2+/Ph(bpY)33+/ 
3 

TEDA syshm (ref.44). In these tm systerrs, photogenerated MV and Rh(lq~)~~+ 

arebeliedto directly reduoewatertoH2 atthe catalyticsites affordedby 

Ptor E&I deposits. (Note that EIYTAtiTlEJAact as thesacrificial donors and 

Mv2+ acts as the electronacceptor relay). Wehave also achievedtotalwater 

decmqqositiontoH2 andO withvisible lightwithoutthe sacrificial donor 

EDTA by utilizing the bifunctional catalyst Ti02/Ru02/Ptin the presence of Ru- 

(bw)3 2+ and MV2+ (refs.32,43,45). mraover, emploYing surfactant derivatives 

of Ru(bp$3 
2+ 

wehave demnstratedthatH2 evolution canbe achievedevenwith- 

out aethylviolcgm (refs.32,33). 

The photocleavage of water that uses the systerms just considered above can 

be ratiomlized by direct d-mqe injection'fran the excited state of Ru(bp~)~~+ 

to the mndtiction band of Ti02 followed by waterreduction at Pt, while water 

is oxidized by the oxidized dYe RIJ(@~)~'+ and catalyzed by Ru02. Fig.5 depicts 

tie processes andeqs. 4-6 smmarize the various steps involved. The sequence 
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Fig. 5. Sda~tic illustration Of the dye-sensitized phptodeccxqosition of water 
with a "02 semiconductor dispersion. Fran ref.1. 

*Ru(bw), 2+ + Ti02 B Ru(bpy)33+ 

4m(bpy)33+ + 2H20 ---_) 4Ru(bpy)32+ 

+ ek(Ti02) 

+ 4H+ + O2 (5) 

ecb(Ti02) + 230 ___L H2 + 2 OH- (6) 

of reactions 4-6 represents "sensitization" of the semiconducWr 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 tovisible lighthasbeenstudiedextensivelyby&nyworkers. Thishas 

been made possible throuc# inpurity doping with transition metals (refs.46-48), 

&e sensitization (e.g. organic dyes (ref.49), phthalocyanines (refs.50,51), 

porphyrins (refs.51-53), and transition n&al cclrplexes (refs.33,42,54,55)) and 

surface o3mplexation (ref.56,57). 

Honda and -workers (refs.58,59) have exam.ined the photochemical behaviour 

ofadsorbedrhodamina 3 and mathylene 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 electrode, 

in accelerating the rate of the desired redox pticess, in measuringrate const- 

ants for reactions of surface confined redox reagents, in bringing about changes 

in the eneryetics of the semiconductor/electrolyte interface, ard in altering 

the distribution of surface states associated with the semioonductirs (ref.60). 

As well, ithas alsobeendem>nstrated tobeirrq?ortantin mrovikg thevisible 

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 df the adsorption 

and desorption of photDsensiti.zers and r&&x relay species on rmztal oxide sur' 

faces; pH, ioni,cstrength, andequilibriumadsorbate ooncentration are iqxnAant 

factors. 

Fox and oowrkers (ref.67) have discussed four ways of attaching a highly 

conjugated dye (organic or inorganic) onto a semioondutir surface: (a) silanat- 
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ion with tetrachlorosilane or scme related siiane ampouud (refs.60,67-69) 

appearsvery cmmm (eq.7); (b) via a linking agent such as qanuric chloride; 

(c) via the electropAymrization (ref.68) of fumtionalized namers; and (d) 

via adsorption of dyes (ref.70) or preformA polymers onto the surface. The 

SiCL - b 

OH 
sno G >SiO 

iP 00° 

(7) 

latter method is verymuch depe~nton the nature of the surface charge. E&o- 

mura and co-wrkers (ref.70) have suggested a m&al for the direct adsorption of 

rose bengal on ZnO, or thmugh Al 
3-k 

ions (see Fig.6). 

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

Of greater importance tous here is the sensitization ofrwtaloxide semicon- 

ductors with inorganic dye basedsystem as with the wellkncwn Ftu(bp~)~'+or 

related Ckrivatives. In 1979, the Oxford-Imperial Ewrgy Group (ref.71,72) re- 

ported an interesting mathod of attaching a derivative of F&~(bpy)~~+, the bis- 

(2,2'-bipyridyl) (2,2'-bipyridine-4,4'-dicarboxylate) ruthdum(~~), ~~~(bpy)~- 

(bpca) on a semiconductor; the n&e of attachment, depicted in Fig.7, omurs 

through two ester linkages using the carboxylate gxou~ to titanium (for n-Ti02) 

Fig. 7. Chemical attachment of Ft~(bpy)~(bpca) to the Ti02 surfaace throu~$~ an 
ester linkage. 
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exposed on the particle surfaos. n-SrTi03 and n-SnO2 have likewise been surface 

modified. A kinetic analysis reveals a surprisingly low quantum efficiency (n, 

Q 0.0025) for electron injection frcm the photoexcited dye into the semiconduc- 

tor and a law rate constant for moxidation of the dye:Illumination of the 

sitized electrode for many hours lead to a deterioration in the perfonranua 

the photo-electrc& (ref.72). 

Atta&n-entof an analogous carrplexonto the Sn02 semiconductor surface 

through silanation with OH groups on the particle surface has been enployed 

sen- 

Of 

bY 

&osh and Spiro (ref.69). Though the surface coating was stable tc organic sol- 

vents aswell as to aqueous acids andbases, prolonged irradiation producedex- 

tensive hydrolysis of the outer layers of the coating (there were about 1000 

layers in the surfa= coating). Also, only a smll fraction of the electroactive 

molecules (corresponding to a few layers) appeared to participae in the excited 

state electron transfer process ("e Q 0.03). 

CHARGE INJMTTION IN DYE SENSITIZATION 

Photosensitization of electron transfer across a semiamductor/solution 

terface can play an important role in light energy conversion as witnessed 

in- 

by 
the several studies on photoelectrochemical cells '(ref.73). The major efforts 

inthis areahave been devotedto the irrprovemntof visible light response of 

wide bandgap smticonductirs (e.g. ZnO, Ti02, Sfi03,...). As pointed out earlier 

sensitization canbe achieved (otherways have been noted) by adsorptionof scme 

suitable dyermlecules ontothesemimnductor surfacewhich, upon lightexcit- 

ation, injects an electron intm the conduction band of the semiconductor. While 

the overallperformance of ~~sensitizedsemicx3nductorsystemshas beenreport- 

ed (ref+74) extensi=ly, details of the electmn injection process have been 

scarce.Thisis the result of difficulties that are enomnteredinthe applicat- 

ion of fast kinetic methods to studies of solid electred% and PckJders. Hmever, 

this is not the case of semiconductor colloidal sols wing to their small dimm- 

sions (20-200 X) 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, theexcellentstudieshy Kmat 

andFox (ref.77) on theerythrosine sensitizationof colloidalTi02inCH3CN, 

by Kiwi (ref.45) on the electron transfer frun the excited FLu(bpy)32+ to mllo- 

idal Ti02 at elevated tezperatures, aridthevery recentextensivemrkby I%ser 

and Gratzel'(ref.78) on the eosine-Y sensitized electron injection into Ti02 are 

mrth mtirq. Inthelatter study, apart framtheinitialeledrontransfere~ 

ent (refs.78,79) wehave also explored the fate of the injected electron with 

particular emphasis on its back reaction with the eosine cation, Eo+, as well 

asthecmpetirqelectrontrappingpzoces s byncblen-etals depositedonthesur- 

face of the semiomductor colloidal particles. 
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aul&ic interactions between the !lLi02 surface and eosin dianion play a vit- 

al role in the adsorption of EO onto mlloidal "02 particles, inasmuch as abs- 

orption spectral shifts occur in the pH range (7.5 to 5) .where the charge of the 

colloidal particles changes frcan negative to positive. Addition of TiO2 to a W 

solution at pH 4 also has a pronounced effect on the ltinescenoe which red- 

shifts upon adsorptionof EOto the TiO2 surfaceindicatingbinding to theOH 

groups at the TiO2 surface with relatively acidic character. The eosin fluoresc 

ence is strongly quenched by Ii02 particles; the smallest emission intensity was 

obtained for the highest mean occupancy of TiO2 particles: 160 rralecules of Eo 

per particle (surface eosin concentration % 2 x 10 
13 2 

can; eosin-eosin distance 

on the surface % 22 $. !Ilms, 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 Sn02 and In203 

surfaces (ref.80). These short lifetimes on the two semiconductors as well as on 

glass have been interpreted as nest likely due to energy transfer followed by 

trapping at de'fect sites. Gang et al., (ref.80) did not consider electron in- 

jection for the decrease of Tf from 1.4 nsec to % 60 psec in the adsorbed state. 

Addition of Ti02 to a solution of eosin leads to drat~tic &anges in the pho- 

toredox behaviour of W. The formation of ED" by photoexcitation of the ground 

stats Eo(So) in colloidal TiO, solution has been confirmad by Rcssetti and Brus 

(ref.81) by time-resolvedlaser Ramanspectrosoopy. DifferencesintheRaman 

spectrumof M+inwater andaqueous TiO, solutions ware attribuedto proton- 

ation of ED+ by surface hydroxyl groups. The quantum yield of for&&ion of ED+, 

G&+, increases frcm 0.27 to 0.35 upon increasing Ti02 from 0.1 to 0.5 g/L and 

reaches a plateau at 0.38 at 3 g/L Ti02 (ref.80). In pure water, the photogener- 

ation of IX)' is a relatively slow (4.2 x 104s-') and inefficient pro~~ss (Q,+ 

% 0) arising from dismutation of the triplet states (eq.8). By contrast, in the 

2EO(Tl)--+EO+ + EO- (1.3 x 10gM-1s-1)(ref.82) (8) 

presence of Tio2, W" is generated efficiently (Qm+ 'L 0.4, pH 3) and at high 

rate (k. 
-mj 

Q 8.5 x 108s-l), its formation being ccsrpletid in < 10 nsec (ref. 

78). The mechanism of ED' formation is different frcsn that in water and involves 

'electron injection frcm the lcf&zst singlet excited state of Eo, EO(Sl), to the 

conduction band of oolloidal Ti02 particles (eq.9). It should be noted that 

EO(S1) + TiO,- %inj+nO+ + e,(Ti02) (9) 

charge injection is only observed atpH ,$ 6, under conditions where eceinis 

associatedwith LlLi02particles; closep rmcimity of reactants is required for 

electron transfer to oorrpete with the other &annels of EO(S1) deactivation, 

viz., intersystemcrossing (eq.10) andradiative a.ndnonradiative&c~ (eqs. 
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lla and lib, respectively). While charge injection frm ED(T1) is themodymmic- 

ally possible,.it does not occur; -cT 
1 
is the sang in water as it is in TiO2 zq- 

-0~s solutions (eg.12). 

M)(Sl)- %sc--f lKl(T1) (10) 

(lla) 

(llb) 

m (Tl) + Ti02.e nO+ + ek(TiO2) 

Back electron transfer between e- cb(Ti02)'aud Eo” occurs y&a rapid intra- 

particle reaction between EQ+;.....e- &(Ti02) pairs associated with the sama Ti02 

host aggregate andvia aslcwarpmces s involving bulk diffusion (ref.78). The 

rate mnstant for intraparticle reccmbination is 2 x 10 5 -I, s about 4000 Ctes 

slower than that for electron injection. This enables lightinduoadchargesep- 

aration to be sustained on a colloidal Ti02 particle for several Vsecs, suffi- 

cient to trap.the electron by a noble metal deposit on Ti02. 

The intin-ate processes of dye sensitization of a TiO, semiomductcr particle 

and ~otosensitizatio~ of elect& injection in ncble metal loaded TiO2 partic 

les are illustrated in Fig.8 and Fig.!& respectively (ref.78). In the former 

prooess, light excitation of E0 to Sl leads to injection of electrons to the 

colloidal 

particle TiOp .-r 

Fig. 8. Sc3mmti.c illustration of electron injection andintraparticle back el- 
ecbmn transfer in the photosensitization of colloidal semiconductor-particles, 
without redox catalyst. Fm ref.78. 

conductionband of Ti02 leavingaCO+atthesurface. In Um secondprocess, 

the role of the noble metal catalyst is to trap the photoinjected electron and 

to intercept the rapid bade reaction between EO+....-e-&(Ti02) pairs. This all- 

ows alaqar fraotionof all the~+fomdduringthelaserpulsetoescqe to 

the bulk of the solution with the subse&ent back reaction being relatively 

slow. 

?he effect of high pressure (to 10 kbar) on the dye%ensitized photocument 
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catalyst 

colloidal 

Fig. 9. E&ematic illustration of electron injection and intraparticle back el- 
ectron transfer in the photosensitization of colloidal semiomductor particles, 
in the presence of a redox catalyst. Frm ref.78. 

specztrum of an n-type TiO2 photo-anode.has also been investigated using the TiO2 

bound ruthenimbipyridine qlex depicted in Fig.7 (ref.83). The am@ex Ru- 

(bw)2(bpca) is bound to the TiO2 particle surface (ref.71) e a r-bond be-en 

a 3fititanium orbital and a R* of the -CEO- group (ref.72). With Rude+ as 

the sensitizer, light absorption leads first to formation of the lowest'singlet' 

of dm-T* character which relaxes to the MICC 'triplet' manifold of states fm - 

whichensues electroninjectionintothe omductionbsndof the semicmnductor 

(eg.13). Alternatively, as suggested by Gcodenough and m-workers (refs.71,72, 

84), the observed la& of structure in the dye sen.sitized:absorption spectrum is 

S 
hv _ s* 

/ Ti"2+ e-&i?i02) + S+ (13) 

duetodirectexcitationoftheelectron frmthe groundstate of the dye tithe 

conduction band of Ti02 (eg.14). The high pressure studies 

S 
hv, TiO 

2-f+i02) + s+ 

indicate otherwise, hmever.Cmthebasis of shifts of the 

(ref -83) appear to 
, 

(14) 

abeorption-peak loca- 

tions inthe absorptionspectm, the dye sensitization proa% involves, ini- 

tially, electron excitation to a dye.excited state follmed by electron inject-' 

ion into the semiamductor conduction band, rather than initial'electron excit- 

ation directly into the mnduction band. 

WA~CLEXVAGEVIADYE SENsITIZATION 

As noted earlier, surfaos modification of large bandgap semiconductors (Ti02, 

Sh02,". ) by adsorbed or covalently linkedphmactive dyes is atitterof 

great interest in view of potential applications to solar energy cmversion. 
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Clark and Sutin (ref,55) wal?e the first to achieve spectral sensitization of 

TiO2 witi W(bpy)32+ in aqueous solution. One major drawback of this sort of 

spectral sensitization is that the light absorbed by the dye is inefficiently 

used.While all the dyen-oleculeswill absorb theinccming ligbt,only those 

excited dyemleculesin close enough proximity to the semiconductor particle 

surface can efficiently inject an electron into the Ti02 conduction band. One 

means of overmming this difficulty is direct atta&msnt'of the dye molecule on- 

to the semiconductor surface. 

Our laboratory has long been involved in improving tie various techniques of 

dye sensitization of semiconductor colloidal sols and dispersions in an effort 

of achieving the photocleavage of water (and other photoprocesses) using visible 

light sources. In this regard, we present helm three examples from om recent 

work: (a) surface modification of anatase Ti02 by the dye 8-hydrmyquinoline, 

HCQ, and the ability of such edified TiO2 powders to generate H2 in a sacrifi- 

cial water reduction system using visible light (ref.56); (b) sensitization of 

Pt-loaded Ti02 with M(a), complexes (M = Pt(II), Ir(III), Pb(II), and Bi(II1)) 

which shmsuitable absorptioninthe visible spectral region andsuitable ex- 

cited state properties (ET = 2 eV and ~~ k 2 pet) (ref.85); and (c) a recent 

integrated system for w&e h cleavage by & sible light qloying sensitized Ti02 

particles which have been surface-derivatized with ruthenium(I1) cmplexes (ref. 

86). 

(a) Surface Cmplexation of Ti02 with 8$-lydroxyquimline 

Whm powdered TiO, is introduced in an aqueous solution of Ha, a bright yel- 

low orange color develops awing to the formation of surface Ti(IV)-CQ coz@exes, 

most likely the result of 'esterification' of surfaoehydroxylgmupswith on-i- 

cm&ant loss of water. Rnission normally detectable for HCQ and closed shell 

M(a), 0canplexe.s (refs.87,88) was not observed from solid smles of Hmrmdifi- 

ed Ti02 pow&r or -mdified Ti02 colloidal sols at roam tenperature. EVen nsec 

flash photolysis studies of HNfied Ti02 colloid shcwed neither emission 

nor transients.Hence, tbeexcitedstate lifetimeofthe surface Ti(IV)-CQ corn- 

plex is less than the 11-25 wet typically observed for emissive M(a)n oanplex- 

es in DMF (ref.88). The HC+modified Ti02 powder proved to be a good photosensi- 

tiziq agent in the following sacrificial water reduction system comprising in 

5-m smles of 10m3M HCQ equilibrated with 5 mg TiO2 pow&r, 2 x 1Qm2M EWTA 

(the sacrificial electron donor), and 10 r&L of Pt(0) sol. For comparison pur- 

poses, an analogous sqle was studied in which 10 
2+ 

-4M of ti(bpy)2(4,4'-trideoyl- 

2,2'-bpy) surfaotant was physisorbed onto Ti02 and HCQ was cmitted. Noteworthy 

is the fact that this surfactantabso&ed 2-6 times mma lic$tdependingonthe 

surface areaofthe Ti02powder.Table 3 s mmarizes the results of the study 

(ref.56), which shcms that HOQ-rrPdified Ti02 smqles ccarpare favourably with 
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TABm3 

Rates of H2 formation 
containing P-t in sacri 

(STP) at X z 435 &in different anatase TiO2 pawckrs 
.ficial hydrogen generating systfrcs (ref.56) 

HOQ on 'l'iO2 
,r(H,),kW Uptake of Ha, )_quiv/g 

Degussa P-25 300 - 420 300 
Bayer Sol 800 - 1220 800 
Ti02(U)/0.2%Ru02~ TiO2UJ) 750 310 - - 1000 350 1080 

Degussa P-25 700 - 840 
Bayer Sol - 
Ti02(U)/0.2%FW+ 

700 800 
Qnn - 1080 

; 100 - 200 m/cm2 
--No Pt 

the swfactantrutkni~bipyridinemodifieds~les, despite the lower light 

absorption by the former.,$ were-O.0034 at 458 mn and 0.0014 at 515 nm for the 

HOQ-modified Ti02(D) sarrple.2Also, initial r(H2) were sustained for > 15 hours 

(turnover > 4Owith respectt HHCQ) insan'ples@re EDIAwas replenishedbefore 

the mncentration drcppedlklow I.5 rkandtiere H2was regularly mvedthrough 

argon purging. Interestingly, HCQ also forms a bright yellow ccaplex with neut- 

ral Al203 chrcmatogra&ic powder, but the ssnple was inactive in producing H2. 

This establishes the fact thatsemiconductorprqerties of Ti02particles are 

involved in the function of the HCCFnodified Ti02. 

The mschanism forH2productionis oneinwhich lightexcitationof the sur- 

face Ti(IV)-OQ species is follmd by charge injection into the Ti02 particle 

bulk.Subsequently,EDTAreduces theoxidizedsurfauebefore decortpositionoc- 

cursaxxlthee em& is &-led to the Pt (or sane other suitable catalyst) cat- 

alyst island on the surface where reduction of H+ occurs. 

(b) Sensitization of Ti02 with 8-Quinoli.1~~1 Ccarplexes 

8-Quinolinol metal qlexes (M = Pt(II), Ir(III), Pb(II), or Bi(III)) are 

powerful reductanks in the excited staizs; E(*M(a),+/M(a),) 2, -0.83 to -1,27 

V (vs. SCE) (ref.89). *en deposited onto Pt-loaded Ti02, the aqxxr~ds sensit- 

ize H2 production from water viaelectron injection fran the ligand centred ex- 

cited states of these M(a), cc~lplexes to the conductionband of Ti02 (driving 

foroe i -270 mV for the cberge injection proces s fran Pt(OQ)2; the activation 

barrierto &arge injection was estirreted to be % 16 kcal nolW1 (ref.85)); 

Pb(CQ)2 and Pt(OQ)2 were the mt efficient. 
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A typical sqle consisted of 500 nq TiO2(U) (anatase, ~ntedison) loaded 

with 0.4% Nb24, 0.2% Ruo2, and 4% Pt plaoed in a 2 x lo-4M solution of Pt(CQ)2 

we. In the presence of O.lM EDIA (pH 4.7), argon purging and irradiating at X 

> 420 m gave r(H2) = 0.8 n&/h (30°C),.6 mL& (50°C), and 2O.rWh (75OC). In the 

absence of dye, r(H2) = 0. By comparison, substitution of Pt(CQ), by l%~(bpy)~~+ 

gave r(H2) = 0.085 r&/h at 30°C. Tumover nmbers of s 200 with resect to Pt- 

(Q2 obtained in a long term experirtent at 30°C. 

(c) Wg;Aavaqs e Surface Derivatization of Ti02 with Ruthenim(I1) 

A drawback of the Hmmdified TiO, and the M(CQ)n-sensitized TiO2 systems, 

making necessary the use of sacrificial electron donors, is the inability of the 

oxidized sensitizer to produce oxygen frcm water. Recently, we (ref.86) disco- 

vered a new xlethcd for derivatizing the Ti02 particle surface by a'mre suitable 

chrormphorewhich shouldprovezostusefulin the designof catalyticsystems 

affording water cleavage by visible liwt and this without the assistance from 

sacrificial electron &norS or acceptors. -- 

A Ti02 dispersion loaded with Pt and Ru02_was surface derivat&& by photo- 

lyzing (X > 320 rnn) the aqueous mixture in the presence of IhiL3 (II = 4,4'- 

d_iisopropyldicarboxylato-2,2'-bimridina) under reflux conditions (1OOOC) to 

give apink oolouredmaterial after centrifugationor filtration.The reflect- 

ance spxtmm (Fig.10) of this material and the absorption spectrum of the fil- 

trate show that the pink material is the surface derivatized TiO2. The dye F&Y 

L2 
2+ 

is chemically linkedtothe surface titaniunsby two Ru+Tibrmds.'Ihe 

X Cnm) 

Fig. 10. F&flectanoa spem of FUL2 
taneously with 0.5% Pt and Fk02. The 

2+-darivatizedTi02particles loadfkisimul- 
absorption maximum in the visible is at 

480 rm. Fccm ref.86. 
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reflectance spsctnmn of Fig.10 is particularly significant in sensitization of 

largebandgapsemiconductorssud-i as "02 (Ebg~3eeV).Apartf~thebandgap 

transition of TiO2 belaw 400 nm, a pronounced absorption in the visible 

with maximum at 480 nm and a-tail extending beyond 600 nm are also observed. The 

features in the visible are practically identical to those observed for cis-RJ- 

(bW)2(H20)2 
2+ 

adsorbed onto he&rite (ref.90). Contrary to the behaviour of 

this hectorite species, E&&2-derivatized Ti02 particles proved to be excellent 

catalysts for H2 generation from water by visible light, both in the presence 

and absence of a’ sacrificial electron &XIK. FOK exarqle, irradiation of a 5-mL 

solution, containing O.OlM TEOA (pH LO) 'and 10 mg of RI& -&rivatized Ti02/FU02 
2 

/F'tparticles,with visible li*t (1 > 405 nm; 200 M/a) produced H2 at a rate 

of 0.93 mL/h. EVen with X > 590 rm~ illtination, H2 was produced at a rate of 

50 W/h- 

W&import-antis thatF&&2-&rivatized Tiib, particles alsoproduce hydrogen 

fromwater by visible light and this in the absence of sacrificial organic -- -, 

donors! In a typical expemt consisting of irradiating at 100°C,.50 rtg of the 

catalyst in 40 I& of "20 (pH 2, HCl) with light at X > 420 I-U-II resulted in the 

formation of'H2 at an initial rate of 30 &,&I. Typically, 400 F.IL of H2 were pro- 

duced after 20 hours of irradiation. Treatmant of the catalyst under various 

conditions resultedinnoloss of its catalytic activity. A fzI_IJmoveK nmber of -- 
2+ 

Q 8Owas found f~rthetotalH~produaadwi.th respect to FU,~. -What is also 

significant is that wn&tant with the formation of H2,.02 is also produced 

instoichiomatric amounts, thoughoxygen appearaxeinthe gas phasewas not 

consistently observed, especially at lower than boiling terperature where only 

H2 was found. The inconsistency in finding O2 is the result of O2 uptakeby 

Ti02 particles. Gratzel and co-workers (ref.9.1) have presented convincing eti- 

dance for the oc currence of su& a process in titania-based water cleavage sys- 

tens. 

IntKOdUCing the StiCDndUCtm- surface directly onto the coordination s@ere 

of the transition metal cccrplex allowing the char* injection to occur via an 

inner sphere mechanismhas rendered sensitization of Ti02 particularly effect- 
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