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ABSTRACT

This feature article highlights various aspects of interfacial photocata-
Iytic processes including basic concepts, diverse applications toward a
green and clean environment, photoelectrochemical approach and the

developments made in thisemerging field.
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Introduction

Semiconductor mediated photocata ytic technol ogy
for thedestruction and decomposition of toxic and haz-
ardous compounds hasreceived considerabl e atten-
tion*®, Over the past two decades, researchers
throughout theworld have parti cularly focused their at-
tention onto thisemerging photocatal ytic technol ogy.
Thereason behind getting such attention isitssignifi-
cant efficacy and easy-to-use operating procedure over
the conventional biological and physico-chemical ap-
proaches, e.g. (i) adsorption, (i) membranefiltration,
(iii) coagulation, (iv) reverseosmoasis, (V) air stripping
etc. Neverthelessthey do not destruct the pollutants
but simply transfer the pollutant to another phasewhich
again creates disposa problem. On the other hand
chemica treatments, e.g. (i) chlorination, (ii) ozonation
havethedisadvantages of using strong oxidantssuch as
chlorineand ozonewhich arehazardousin nature. How-
ever, photocata ytic technol ogy asan advanced oxida
tion process (A OP) which promotesthe degradation
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of pollutantsthrough producing hydroxyl radicalsas

strong oxidizing agent and offersthefollowing advan-

tages.

i) Theprocessisfairly simplesincethe natural UV
component of the sunlight can trigger the photo-
catalytic process or it can be controlled just by
switching on and off of theUV lamp;

if) - Usualy non hazardous semiconductors(e.g. TiO,,
ZnO, Fe,0,) are used asthe photocatal ystswhich
decomposesthetoxic substancesto harmless prod-
ucts,

i) Thereisno needto useexpensive oxidants, since
atmospheric oxygenitself playstheroleof oxidant;
and

iv) Themineralization product isharmlesstotheenvi-
ronment.

Although different typesof semiconductor catdyss
areavallable(e.g. TiO,, ZnO, Fe,O,, CdS, ZnS, etc.),
but tofacilitatethesuccessful photomineraisaion of or-
ganic pollutants, anideal photocata yst must havethe
followingfeatures:

i.  Highly photocatayticaly activeand photostable.

ii. Biologicdlyandchemicdlyinert.
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iii.  Insolubleinagueoussolution.

iv. Highturnover number (i.e. number of product mol-
ecules per number of active sitesand capable of
entering into alarge number of cycles).

V. Not harmful totheenvironment.

vi. Cheapandavailable; and

vii. Ableto minerdize completely awiderangeof haz-
ardousand toxic compounds.

Cons dering the propertiesof the semiconductors,
TiO, and ZnO appeared as the most promising
photocataystsdueto their high photosenstivity, large
band gap and non-toxic nature® 9. Pure TiO, ischeap
andwiddy available, thusitiscommonly usedin () white
paint, (b) sunblocking materid, (c) cosmetics, (d) vita:
min tablets, and (€) scratch-resistant optical coatings.
However, for thelast two decades, thiswhite pigment
titaniahasbeen extensively used asthe most effective
photocatalyst to clean-up polluted water. TiO, hasdif-
ferent crystallineforms. Themost commonformsare
anataseand rutil€>™, Thethird crystalineformof TiO,
isbrookite, whichisuncommon and unstable. Theana
taseand rutileformsare photoactive because of thepres-
enceof higher degreeof surface hydroxylation. Gener-
dly, theTiO,—mediated photocatalysis process involves
theoxidation of surfacehydroxidegroups, whichactively
participatein the photodegradation process. Thus, the
higher degree of surface hydroxylation makesthesetwo
formseffectivefor awiderangeof practica gpplications
invariousfiddsof environmenta wastetrestment. How-
ever aspecia formof TiO, (DegussaP25) is accepted
and being usedin many studiesasthemost effectivere-
search standard™?. It isatypical non-porouscomposi-
tion of anatase: rutile, 70 : 30 withaBET (Brunauer-
Emmett-Teller) surfaceareaof 55 m? gt and aparticle
sizeof 30 nmin 0.1 mm diameter aggregates. It hasa
higher photocataytic activity than any other reedily avail-
ableform of TiO,. ZnO being an n-type semi conductor
asoexhibitsmany attractivefeatures. It hasalargenum-
ber of activestesonthecrystd surfacewhichmakesita
highly active photocatalyst. Thewideband gap of ZnO
(3.1 Ev) as compared to TiO, is capable to generate
hydroxyl radicalseffectively and ZnO absorbsmore UV
light. Hence, dueto thishigh UV absorption efficiency
moree/h* pair generatesuponillumination which ulti-
mately accel eratesthe photodegradation process.

The photocatal ytic processisinitiated dueto the
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UV-excitation of semiconductor. Semiconductorsare
activated by absorbing ultraviolet light, which causes
transfer of € ectronfromthevaenceband (VB) tothe
conduction band (CB). Hence photo-generated holes
(h*) and electrons(e) areformed s multaneoudy inthe
VB and CB respectively. Theredox potentia of the
photogenerated valence band hole must be positive
enough to produce adsorbed OH radical, whichisa
strong oxidant (oxidation potential is2.8V reativeto
the standard hydrogen el ectrode). The hydroxyl radi-
casquickly atack the pollutant adsorbed onto the cata
lyst surfaceand in solution aswell and canmineraize
theminto CO,, H,O etc. Indeed, hydroxyl radical is
capableto break awiderange of pollutantsinto harm-
lessproducts. Ontheother hand, theredox potentia of
the photogenerated conduction band electron must be
negativeenoughto convert O, tosuperoxideanionwhich
a sotakespart in degradation reaction. Figure 1 shows
the mode of action of the photocatalyst towards the
degradation process.

0,

Reduction pmces
/

Harmless products ; xwdatmm process

OH® —» Pollutants

)

Harmless products
Figurel: Modeof action of the photocatalyst towar dsthe
degradation process

Diverseapplicationsof photocatalyst

Photocatal yti c technol ogy isbecoming moreand
moreattractiveto theresearchersthrough out theworld
and consequently gpplication of thistechnol ogy hasbeen
diversfied asshownin Figure 2. However, anumber of
TiO,-based eco-friendly photocatalytic productshave
already been developed and commercialized and
TABLE 1. summarizesalist of TiO,-based photocata-
lytic productg.

Photocatalytic tiles have been devel oped*? and an
investigation was carried out to demonstrate the anti-
bacterid effect. Onconventiond tiles, becteriawerefound
to surviveupon exposureto light whereas on photocata-
lytictilestherewasno traceof bacteriaafter 1 hour illu-
mination. Thesdf-cleaning effect of TiO, coatedtileswas
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adsoinvestigated®?. Ontheregular tilesdirt adhered to
the surface of thetileswhilethe photocatalytictilesdid
not allow any dirt to stick to its surface. Cancer treat-
ment isoneof themaost important issueswhichisassod-
ated with photocataysis3. By usingthestrong oxidizing
power of TiO, Fujishimaet. al.I*® wereabletokill the
tumor cdlls. Inanother study Fujishimaet. al™ implanted
cancer cellsunder the skin of miceto causetumorsto
growth. When thetumors grew to about 0.5 cm, they
injected the TiO, solution and then after 2/3 daysthey
exposed thetumor andirradiated it. Thistreatment in-
hibited the growth of thetumor whichwasapromising
result for thetrestment of cancer using photocatdys. This
result encouraged them to devel op amodified device
with endoscope to allow the cancer to be exposed to

Anti-
bacterial

Deodorizing Self-sterilizing

Application of Photocatalyst

Anti-cancer
Self-cleaning

Water
treatment

Figure2: Application of photocatalyst

TABLE 1:Alist of TiO,-based photocatalytic products

Categories Products

Properties

Exterior construction materials
Interior furnishing materials Tiles, wall paper, window blinds
Road consgtruction materials
Purification facilities

Household goods Fibers, cloths, leathers, sprays

Tiles, glass, tents, plagtic films, aluminium panels

Soundproof walls, tunnel walls, lamp covers, traffic signs

Air cleaners, air conditioners, purification system for wastewater

Self-cleaning

Self-cleaning, antibacterial

Self-cleaning, air-cleaning

Air-cleaning, water-cleaning, antibacterial

Self-cleaning, antibacterial

light while TiO, was being added to thetumort. Using
suchdeviceit should bepossibletotrest various parts of
the human body containing cancer cells. TiO, coated
photocata ytic antifogging glassisasuccessful devel op-
ment*2, Usually, in caseof normd glasswhenmoist air
becomesin contact withit, smal dropletsof water form
on the surface of the glassand theglassbecomesfoggy.
ButonTiO, coated glass, thewater formsacontinuous
flat sheet and causesno fogging effect. TiO, coated ce-
ramic beadsfor photocatalytic water purificationisan-
other sgnificant development!2.

However, TABLE 21* summarizesthelatest ad-
vancements madein thefield of photocatalyst sensi-
tized dye degradation whileacomprehensivelist of or-
ganic pollutants which have been successfully
photomineraized issummarized by Millset. a [,

Kineticsof photomineralisation process

|dentifying thekey parameter in controllingtherate
of photomineraisation of organic pollutantsisacurrent
source of debate. However, several factors have be-
come significant in investigating the kinetics of
photodegradation reactionssensitized by TiO,, such as:

Physical CHEMISTRY o

(i) crystallineform and concentration of TiO, particles;
(ii) roleof dissolved oxygen; (iii) natureand concentra:
tion of organic subgtrates; (iv) intengty of theilluminat-
ing source; (V) temperatureand pH of the polluted me-
dium; (vi) thepresenceof anionsor interfering adsorbing
speciesand (vii) the effect of masstransport. Thegen-
erd findingisthat theinitial rate of photocata ytic deg-
radation of pollutant ‘S’ matches the Langmuir-
Hinshelwood (L — H) kinetic model™?:
__d[s] _ keKslS]

! dt 1+K[S]

wherer, istheinitia disappearancerate of pollutant S,
[S], istheinitial concentration of pollutant S, K isthe
Langmuir adsorption constant of ‘S’ on the TiO, sur-
faceand k, isthe proportionality constant providinga
measureof theintring c reactivity of the photoactivated
surfacewith S. The coefficient, kg isproportional to
|.™, wherel_istheintensty of light (photonss®) andm
isapower term having valuesof 0.5and 1 at high and
low intensity respectively. The coefficient, k,, isalso

proportional tothefraction of O, adsorbed, 6, which

1)
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can be expressed by thefoll owing equation:

Ko, [02]
O2= 1+K02 [02] (2)

where K, isthe Langmuir adsorption coefficient for
O,, which seemsto be non-competitively adsorbed on
TiO, duetoitsexclusiveadsorption at Ti"' sites; hy-
droxyl radicalsand organic substrates are adsorbed at
Ti'V-lattice oxygen sites. Thusequation (2) can be ex-
pressed more completely asfollows:

0

= Pyl Paper

7K02[02]|amKS[S]i
fi = ®
1+ Ko,[0,]) (1+ K[S];)

wherey isaproportionality constant.

Usudly, thisnormalised Langmuir-Hinshe wood rate
law isfairly applicablefor the TiO, suspended system
wherethesurfacekineticsbecomemoreimportant com-
pared to masstransport effects. Thisratelaw hasaso
been considered to apply to animmobilised catalyst,
assuming that the concentration of thepollutant closeto

TABLE 2: Photocatalyst mediated degr adation of dye compounds

Type of catalyst used

Type of dye degraded / mineralized

Form of the catalyst

applied
TiO, (Degussa P-25) Methylene Blue Suspension
. . Incorporated with rice
TiO, (Degussa P-25) Methylene Blueand Eosin Y husk ash
. Deposited on glass

ZnO Direct Yellow 86 beads
TiO, and ZnO with commercialy . )
activated carbon Acid Blue 29, Congo Red Suspension
TiO; (synthes zed) Methylene Blue, Rhodamine B, Methyl Red, Methyl Orange Suspension

. Congo Red, Methyl Orange, Direct Red 80, Reactive Red 17, Direct Y low 50, .
Ag doped TIO; Solophenyl Red 3BL (SR), Coperoxon navy blue RL, Suspension
TiO, (Degussa P-25) Acid Blue9, Acid Orange 7, Reactive Black 5, Reactive Black 19 Coating
TiO, (Degussa P-25) Acid Red 18 Suspension
ZnO Rhodamine B Suspension
T, (Degussa P-25), Zn0, Zr0, Reactive Y dlow 17, Reactive Blue 4, Reactive Red 2 Thin film
WQO;, CdS
ZnO Coralene Red F3BS Suspension
TiO, Congo Red Composite
ZnO Orangelll Screer_l pri nted on

ceramic tiles

Co-doped TiO, nanotube Methylene Blue Slurry

the catayst surfaceremainsthe sameasthat inthebulk
solution, whichisnot appropriateif masstransport ef-
fectsbecomeasignificant parameter in controlling the
rate. Specifically, for supported catal ysts, masstrans-
port effectsaremore significant in controlling the deg-
radation kineticg'?

Photocatalysisin suspended and supported form

Theapplication of photocata ytic technology isnow
well-established and widely used and anumber of re-
actorshave been devel oped for the successful imple-
mentation of thistechnology. The choiceof thereactors
to be devel oped mainly depends on the experimental
condition and application. Usudly thereactorsareclas-
sfiedintotwotypes: (i) thereactorsthat usethe cata-
lystinsuspensionformand (ii) thereactorswhich use
the catalyst inimmobilized form. But the debate till

continuesin devel oping thereactorsusing the catalyst

in suspended or immobilized form(*®. Themain advan-

tage of using the photocatalyst in dispersed or sus-

pended formisitshigh efficiency dueto thelarge sur-

faceareaof catdys availablefor reaction. Onthenega-

tive side, the suspended TiO, process also provides

somedisadvantages.

I. It cannot provide quantitative control of reaction
conditionsat thecatalyst - liquid interface.

ii. Theconcentration of theorganic substrateisknown
only intermsof thebulk/initid concentration.

iii. Itisdifficult to definethesurfaceconditionof TiO,.

iv. Intermediatesmay affect the purity of the catalyst.

v. Muchof thelight may be scattered by the colloidal
TiO,; and

Vi. The separation and recycling of the catalyst after
trestment isdifficult.

A Tndéan W



154

Interfacial photocatalytic processes

PCAIJ, 8(4) 2013

Full Poper ===

However, post-treatment removal/recovery of the
cadydistheimperdiveissueafter photomineraisation
of thewastes. Particularly, to scale up the photocata-
Iytic processfor industria gpplication, thereisgrowing
concernfor therecovery of thecatayst. Pozzo et. al [
highlighted that the post treatment to separatethe cata:
lyst fromtreated water isdifficult and not cost effective.
In most bench-scale studies, ssimpl e centrifugation or
filtration techniques are often applied to separate the
cadyss However, such centrifugation or filtrationtech-
nigues are not feasible to remove or recover the cata
lyst at anindustrid scal€'®. Consequently, researchers
have paidtheir attention to devel opimmobilized pho-
tocata ytic approaches, sincethisoffersamuch easier
solid-liquid separation stage. Advantages of the
immobilised catdyst systeminclude;

I.  Surface detected - thusthe reaction conditions at
the semiconductor-solutioninterfaceare control led.

ii. Continuousflow of the solution removesthe cata:
lyst from any typeof contamination.

iii. Theflowing solution effectively diss pateshest, SO
that the entire system can be operated under con-
trolled temperature.

INTERFACIAL
PHOTOELECTROCHEMICAL PROCESSES

The earliest demonstration of the semiconductor-
liquidinterfacial processwasdueto E. Becquerel in
183911%: aAgCl electrode, connected to acounter elec-
trodeinan eectrochemicd cel, exhibited a“photovol-
taic effect” upon illumination, which is known as the
“Bequerel effect”. However, afterwards, a number of
studies on the photoel ectrochemistry of varioussemi-
conductor eectrodeswerergpidly followed up between
1955 and 197019, providing new insights on semicon-
ductor-electrolyteinterfacial processes. Specificaly,
during the 1960s, Gerischer!*® and Pleskov and co-
workersg?>22 made a significant step forward to de-
velop much of the theory of “semiconductor
photoel ectrochemistry.”

Usudlly, theinterfacia photoel ectrochemical ap-
proach utilisesadetector / indicator e ectrodeas apo-
tentiometric or amperometric probeto monitor thelo-
ca courseof the photochemical reections. Severd elec-
trochemical devices havealready been developed to

Physical CHEMISTRY o

drive photodl ectrochemical reactionsthroughthefront
illumination or theback illuminationasshowninFgure
3 (aand b respectively).

)"
“»
i —A.’
AN~ hu
/ A %
/ \
Elecirode Elecir olyte
(a) Front illumination
B
&
—»>
A"
| A
v ! \
Substrate OTE Electrolyte
(Optically
transparant
dectrode)

(b) Back illumination
Figure3: Schematicdiagram of front (a) and back (b) illumi-
nation driving a photoelectr ochemical reaction
The pioneering work for theinvestigation of the
electroass ged photolysisof water a anilluminated semi-
conductor el ectrode was successfully carried out by
Fujishimaand Hondain 19722, They employed an
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electrochemical cell containingaPt blackandaTiO,
el ectrode, which were connected through an external
bias. Dueto the photoexcitation of the TiO, electrode,
apassage of current from the Pt electrodeto the TiO,
€l ectrode was observed and the photoinduced decom-
position of water was monitored via theformation of
O, and H, at the TiO, (illuminated) and Pt-electrodes
respectively.

Thechannel flow method with e ectrochemica de-
tection (CFMED) has aready been used for studying
thekineticsof photochemicd reactions, initiating reac-
tion by front (solution)-illumination. Indeed,
photoe ectrochemical experimentsshould be conducted
under regimeswheremasstransport isobviously con-
trolled and quantified. Fromthispoint of view, thechan-
nel flow cell hasbeen utilized asthe basis of experi-
menta methodol ogy in photoel ectrochemical systems
and anumber of photoel ectrochemica studieshavebeen
carried out using the channel flow method with e ectro-
chemical detection’*2*251, Thekineticsof Cl- produc-
tion from the UV-photocatal ysed degradation of aque-
ous4-chlorophenol (CP)i2324 and oxygen reduction®
by athin TiO (Degussa P25) film, in both aerated and
oxygenated solutions, have been determined by the
channel flow method with electrochemical detection.
Theexperimenta gpproach alowssurfacekineticsand
masstransport effectsto bereadily resolved.

Channel inlet / outlet unit
Solution in

— * Salution out
S L
i Teflon spacer - . k/'/i
Cover plate

Indicator electrode

Figure4: Schematic of the channel flow cell employed for
theinvestigation of interfacial

Scanning e ectrochemica microscopy (SECM) has
alsobeen used asatool for investigating theinterfacia
photochemical processesunder static conditionusing
either the probes of localised’® or broad illumina-
tion?"2 of the surface. Both amperometric?® and po-
tentiometric?” gpproaches have been utilised. Atomic
forcemicroscopy (AFM) has al so been used to study
interfacial photochemical processesfocudingtheTiO,
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- sengtized photomineralisation of partid and full mono-
layersof stearic acid.

A key point in mechanistic studies of
photominerdisation processes concernstherole of oxy-
gen. Inthemajority of cases, oxygen isemployed as
the e ectron scavenger. Sincethe quantumyieldsfor
photomineralisation under theseconditionsarelow, the
important questionsare: (1) what factorslimit the ef-
ficiency of the photoprocess? and (2) does the rate
of O, reduction governthelimiting stepinthe TiO,-
sensitised photooxidation of organic substrates? To
assessthesequestions, in particular, thelikely impor-
tant roleof electrontransfer (ET) to oxygen hasbeen
thefocusof attention in theoretical and experimental
studies under steady-state conditions***2, periodicaly
illuminated systemd*d and el ectrochemi cally-assisted
photocatalysig*4. Theoretical modelsby Gerischer and
Heller®3|ed to the propositionthat in particulate sys-
tems, electrontransfer (ET) to oxygen could beslow.
However, whilethereisexperimenta evidencefor thig®?
other investigationsindicatethat ET to oxygenisnot
ratelimiting®>%,

Aninteresting aternative gpproach to interpreting
thekineticsof ET to O, wasthe application of aflux-
matching condition by Lewisand co-workers®™ to de-
scribethe TiO, — catalysed photomineralisation of or-
ganicsubgtrates. Theoverdl rate of theinterfacia pro-
cesswas considered to be predetermined by the fact
that at steady-state, the flux of holesacrossthe solid/
liquidinterface must be ba anced by an equivaent flux
of electrons. Usingsinglecrystal TiO, photoel ectrodes,
Lewisand co-workers determined thekineticsof O,
reduction asafunction of gpplied potentid inthedark,
and compared the cathodic rates of reaction to the
photoanodic current characteristicsin the absence of
oxygen. Thedatasuccessfully explaned why recombi-
nationinTiO, — catalysed photomineralisation might be
significant, but the authors a so cautioned against ex-
trgpolating dataobtained on TiO, singlecrystalsto par-
ticulatesystems.

Interfacia photochemical processisultimately an
electrochemical process, inwhichtheanodic (photo-
oxidation viah* consumption) and cathodic (photore-
duction viae consumption) ratesmust balance. This
correl ation between anodic and cathodic routesof in-
terfacia photochemical reaction hasa so been estab-
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lished™39 which provided new insights of the semi-
conductor mediated photocatal ytic processes.

CONCLUSION

Semiconductor sensitized photocatal ytic process
hasnow emerged asan important areaof researchand
cons dering theimportanceof interfacial photocatalytic
processes, thisfeaturearticle summarized and assessed
theadvancesmadein thisarea. Particularly different
studieswhich havebeen carried out over thelast two
decades are discussed.

REFERENCES

[1] U.l.Gaya, A.H.Abdullah; J.Photochem.Photobiol.C:
Photochemistry Reviews, 9, 1 (2008).

[2] K.Rgeshwar, C.R.Chenthamarakshan, S.Goeringer,
M.Djukic; Pure Appl.Chem., 73, 1849 (2001).

[3] A.Fujishima, T.N.Rao, D.A.Tryk; J.Photochem.
Photobiol.C: Photochemistry Reviews, 1, 1 (2000).

[4] A.Fujishima, X.Zhang; C.R.Chimig, 9, 750 (2006).

[5] A.R.Khataee, M.B.Kasiri; J.Mol.Catal.A: Chemi-
cal, 328, 8 (2010).

[6] B.N.Patil,D.B.Naik, V.S.Shrivastava; J.Appl.Sci.in
Environ.Sanitation, 5, 289 (2010).

[7] T.Imgo, H.Okano, A.Maeda; The Japan Soc.of
Appl.Phys., 47(4), 2330 (2008).

[8] K.M.Joshi,V.S.Shrivastava; Intl.J.ChemTech Res.,
2(1), 427 (2010).

[9] H.R.Ebrahimi, M.Modrek, S.Joohan; Indian
J.Sci.Tech., 5(1), 1828 (2012).

[10] S.Ahmed; Electrochemical methodsfor theinves-
tigation of supported semiconductor photocataly-
sis, Ph.D.Thesis, Department of Chemistry, Uni-
versity of Warwick, UK, (2000).

[11] T.L.Thomson; Photocatalysis on titanium dioxide
surfaces, Ph.D.Thesis, University of Pittsburg,
USA, (2006).

[12] A.Fujishima, K.Hashimoto, T.Watanabe; TiO, Pho-
tocatalysis Fundamentals and Applications, Pub-
lished by BKC, Inc.Tokyo, Japan, (1999).

[13] A.Fujishima, J.Ohtsuki, T.Yamashita, S.Hayakawa;
Photomed.Photobio., 8, 45 (1986).

[14] M.F.Kabir; Development and application of
photocatlytic composite materialsfor the treatment
of textile effluent, MS Thesis, Department of Ap-
plied Chemistry and Chemica Engineering, Uni-
versity of Dhaka, Bangladesh, (2012).

[15] A.Mills, S.Le Hunte; J.Photochem.Photobiol A :

Chem., 108, 1 (1997).

[16] S.H.S.Chan, T.Y.Wu, J.C.Juan, C.Y.Teh; J.Chem.
Technol .Biotechnol ., 86, 1130 (2011).

[17] GL.Puma, A.Bono, Da Krishnaiah, J.G.Callin;
J.Hazard Mater., 157, 209 (2008).

[18] Y.Gao, B.Chen, H.Li, Y.Ma; Mater.Chem.Phys.,
80, 348 (2003).

[19] H.Gerischer in; H.Eyring, D.Henderson, W.Jost,
(Eds.); Physical Chemistry — An Advanced Trea-
tise, Academic Press, New York, 463 (1970).

[20] V.A.Myamlin, Y.Pleskov; Electrochemistry of Semi-
conductors, Plenum, New York, (1967).

[21] Y.V.Pleskov, Y.Y.Gurevich; Semiconductor
Photoel ectrochemistry, Plenum,New York, (1986).

[22] Y.V.Pleskov; Solar Energy Conversion, Springer-
Veraig, Berlin, (1990).

[23] S.Ahmed, C.E.Jones, T.J.Kemp, PR.Unwin;
Phys.Chem.Chem.Phys., 1, 5229 (1999).

[24] S.Ahmed, T.J.Kemp, PR.Unwin; J.Photochem.
Photobiol .A: Chem., 141, 69 (2001).

[25] S.Ahmed, S.M.Fonseca, T.J.Kemp, PR.Unwin;
J.Phys.Chem.B, 107(24), 5892 (2003).

[26] N.Casillas, PJames, W.H.Smyrl; J.Electrochem.
Soc., 142, L16 (1995).

[27] T.J.Kemp, PR.Unwin, L.Vincze; J.Chem.Soc.
Faraday Trans., 91, 3893 (1995).

[28] C.Lee, J.Kwak, A.J.Bard; Proc.Natl.Acad.
Sci.USA, 87, 1740 (1990).

[29] H.Maeda, K.lkeda, K.Hashimoto, K.Ajito,
M.Morita, A.Fujishima; J.Phys.Chem.B, 103, 3213
(1999).

[30] H.Gerischer, A.Heller; J.Phys.Chem., 95, 5261
(1991).

[31] H.Gerischer, A.Heller; J.Electrochem.Soc., 139,
113 (1992).

[32] C.M.Wang, A.Heller, H.Gerischer; JAm.Chem.
Soc., 114, 5230 (1992).

[33] S.Upadhya, D.F.Qllis; J.Phys.Chem.B, 101, 2625
(1997).

[34] K.Vinodgopal, U.Stafford, K.A.Gray, PV.Kamat;
J.Phys.Chem., 98, 6797 (1994).

[35] C.Kormann, D.W.Bahnemann, M.R.Hoffmann;
Environ.Sci.Technal., 25, 494 (1991).

[36] M.Bideau, B.Claudel, L.Faure, H.Kazouan;
J.Photochem.Photobiol .A.Chem., 61, 269 (1991).

[37] J.M.Kesselman, G.A.Shreve, M.R.Hoffmann,
N.S.Lewis; J.Phys.Chem., 98, 13385 (1994).

[38] S.Ahmed; Journal of Photochemistry and Photobi-
ology A: Chemistry, 154, 229 (2003).

[39] S.M.Fonseca, A.L.Barker, S Ahmed, T.J.Kemp,
PR.Unwin; Chem Comm., 1002 (2003).

Physical CHEMISTRY — commmm
A udéan Journal



