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Heterogeneous photocatalysis provides means to
produce fuels/chemicals at the expense of solar
energy. The development and application aspects of
various semiconductor particulate models in hetero-
ceneous photocatalysis constituted primarily the
common aim of achieving efficient charge separation.
In this article, the electron and energy transfer
processes associated with these particulate models
have been discussed and the experimental perfor-
mance of the systems constructed based upon these
models have been contrasted in the light of the more
efficient and simpler systems. The potential of the
semiconductor catalysts for water decomposition,
hydrogen evolution from H,S/sulphidic media,
fixation of nitrogen and carbondioxide reduction has
been highlighted. The entry of nanosize semi-
conductor photocatalysts in heterogeneous phota-
catalysis has been addressed. The important areas of
applications of photocatalysis in organic synthesis,
pellution treatment, area-selective reactions to
generate Jight images and metallic patterns have also
been incorporated in this review,

PHOTOCATALYSIS is a direct quantum conversion
process and as in the case of photovoltaics, photo-
electrochemistry and photosynthesis, it has been
investigated for utilizing solar energy to produce value-
added chemicals. Substantial progress has been made in
the field of photocatalysis in the bench scale. In order to
achieve applications with high efficiency and economy
it is realized that lot more work has to be done before
any commercially viable system can be developed.
While reviewing the literature it is recognized that in the
period immediately after 1970°s more emphasis was
given 10 the development of an ‘apparatus’ that
produces electrical/fuel energy efficiently; however,
since the end of 1980°s the emphasis seemed to have
been towards the understanding of basic processes
involved in ‘light-harvesting systems’. While water-
splitting process is extensively studied, photofixation of
nitrogen, photoreduction of carbondioxide, photo-
catalytic destruction of pollutants, recovery of trace
metals etc., have also received considerable attention.
Photocatalysis has been investigated for various
applications and has been the subject of several
international conferences'™. A few review articles™
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have appeared bringing out the fundamental aspects
related to photocatalysis. Recently, Fox and Dulay” have
reviewed the heterogeneous photocatalysis emphasizing
its application in organic chemistry and also discussed
experiments that elucidate mechanism of photocatalysis.
In this article we attempt to give an overview of the
subject emphasizing typical cases and giving examples
from the studies carried out in our laboratories.

Role of semiconductor particles in
photocatalysis

Water-splitting, photofixation of nitrogen, photo-
reduction of carbon dioxide and many other reactions do
not occur on illumination with hight alone. These
reactions often require the use of Photocatalysts —a
term that implies photon-assisted generation of catalyti-
cally — active species. The role of photons (sunlight in
general) i1s to generate catalysts (excited states in the
case of molecular photocatalysts, also called as sensi-
tizers) or electron (¢”) —hole (4" ) pairs in the case of
semiconductor materials that yield fuels or chemicals in
subsequent dark (thermal) reactions.

Organic dyes, polypyridyl complexes, and metallo-
porphyrins in homogencous media have been used as
‘photosensitizers’ to induce photoredox reactions. How-
ever in homogeneous solutions the major disadvantage
is the energy-wasting back-electron transfer reaction to
give back the starting material. To overcome this
problem, studies on organized assemblies (micelles,
vesicles, microemulsions etc.) as a means to mitigate
back electron transfer have been undertaken by
investigators working in this arca. Heterogeneous
semiconductor particulate/colloidal systems which act as
light absorbing units offer an excellent route to
overcome this problem. However, i this case too,
strong e — A" recombination process is a formidable
obstacle for realizing high efficiency in the photo-
catalytic processes. The development of effective means
to suppress back-electron transfer or ¢ — /4 recombi-
nation process 1s vital for increasing chemical
conversion efficiency. Various other reasons that justify
the use of semiconductor particulates/colloids are (i)
they are relatively inexpeunsive {ii) they have high
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Figure 1. Hypothesized ilfuminated semiconductor particle ¢ A"
pair formation.

surface area (iii) broad absorption spectra with high
absorption coefficients (iv) their properties can be
modified by size reduction (quantum Size effects),
derivatizations, doping, junction formations etc. (V)
facility for multielectron transfer process and (vi) when
desired, they may be used directly for driving some half
reactions e¢.g. hydrogen evolution. In addition in
semiconductor particle (exception, quanfum size
particles) like in bulk semiconductor, irradiation with
light of energy equal to or greater than band-gap energy
(E,) leads to generation of pairs of e” — 4" by promotion
of electrons from valence band (VB) to the conduction
band (CB) (Figure 1). The e — 4" generated thus can be
used to drive chemical reactions provided: (a) the
energy separation (band-gap) between ¢ and / is larger
than the energy required for the desired reaction; (b) the
redox potentials of the e and /" (thus the positions of
CB and VB) are suitable for inducing redox processes
and (¢) the rates of these redox reactions are faster than
or at least fast enough to compete with the electron-hole
recombination. Therefore, development of efficient
redox catalysts capable of making product formation
competitive with these recombination processes 1is
recognized to be important in this field. As will be seen
later in this review, several investigators approached
this problem in various discrete ways: by adapting
semiconductor material modification (doping, deposi-
ting isiands of metals/metal oxides, microhetero-
junctions between high and low-band gap materials,
microemulsions, vesicle supporting, encapsulations,
immobilizations etc.) or by changing the chemistry of
the surrounding medium (pH, addition of promoters,
sensitizers, electron relays, sacrificial electron donors
etc.) we can make the product formation to outdo the
recombination reaction.

Photocatalytic reactions

It is known'® that illumination together with application
of small bias voltage to the single crystal TiO; electrode
causes evolution of Hy and Os simultaneously. This
discovery acted as a nucleus for the enormous interest
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Figure 2. Simplified energy level diagram showing relative
positionns of walence and conduction bands in TiO; (anatase)
semiconductor and hydrogen and oxygen redox couples in water,

developed subsequently in  heterogeneous photo-
catalysis. A great deal of information has been accu-
mulated on the photocatalytic water-splitting process
over various oxidic, mixed oxidic non-oxidic chalco-
genide type of semiconductors primarily with the aim of
creating artificial water-splitting systems.

Using the energy diagram shown in Figure 2, it would
be easy to understand the water-splitting process on
TiO, semiconductor. Combining the facts that (i) the
band edges of TiO; envelop the water reduction and
water oxidation couples and (ii) the anodic decom-
position potential of TiO2(Ey) is placed at more positive
potential than the water oxidation couple itself, we
understand that irradiation of TiO, semiconductor
should lead to evolution of H, and O, in stoichiometric
quantities. This conceptually simple cyclic water-
splitting scheme has not been practically realized even
today. This led to the adaption of various strategies
wherein either semiconducter (surface or bulk) or
aqueous medium is modified suitably. Thus, we find at
least four light harvesting units for water-splitting
processes, each one of them incorporating the idea of
making redox processes faster than e — 4" recombi-
nation process {see Figure 3a-d). On the other hand
considerable progress has been made to optimize the
half-cycles of water-splitting process independently.
System a (Figure 3) exemplifies the use of sensitizer-
electron relay components in conjunction with catalysts
such as metal or metal oxide colloids. System b is a
widely used metal (e.g. Pt) and metal oxide (¢.g. RuQ-)
deposited scmiconductor particulate unit, System ¢ 1s
designed to avoid band-gap illumination (especially
desirable with large band gap materials) by using visible
licht excitable sensitizer molecule. In system d the
principle of interparticic electron transfer is introduced
as a means to effectively separate e and h™. The
presence of metals or metal oxides in general and Pt and
RuQ; in particular indeed helps the reactions (1) and (2)
to compete with the recombination process of

2¢" +2 1t s 1, (1)
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Figure 3. a, Metal(metal oxide)-sensitizer-relay water splitting system. 5, A typical bifunctional redox catalysts
supported over semiconductor particles. Light of energy equal to or greater than E; needs to be used «,
Photosensitization of wide band gap semiconductor particulate system using a sensttizer (S) that has excitation
maximum 1n the visible region and the electrons from the excited molecules (S*) are pumped into conduction band of
wide band gap semiconductor. d, A mode! representing the use of micro-hetergpunction formation for efficient H,
evolution from sulfidic medsa (high efficiency). Eiectrons are transferred into CB of the wide band gap semiconductor
and holes are transferred into VB of the narrow band gap semiconductor and thus the electrons and holes are

eflectively separated in the heterojunction field.

4h* +2H,0—22 5,0, +4H" (2)

e —h" pairs generated by illumination’. The idea of
depositing metals as catalysts for H evolution seems to
have been borrowed from electrochemistry wherein their
ability to lower overpotentials for water electrolysis is
well known. Based on these four models discussed
above considerable information is gathered for the
feasibility of cyclic water cleavage, although the
efficiencies of gas evolutions are rather low.

The photolysis of chemisorbed water on Tio,' 12,
PUTIO 'Y, SrTi0s'™>', M/SrTiO;" (M =Rh, Ry, Re,
Ir, Pt, Pd, Os, and Co), mixed powders of TiO; and
RuO," and n/p type TiOx/GaP particles” has been
reported.

Photocatalytic systems which can evolve Hs and O
using sensitizer [Ru(bpy)s® J-relay [MV]®', and sacri-
ficial electron donor [EDTA] in conjunction with metal
colloids®, PUTiO;”, Pt and RuO,”, and PUTIOy
RuO,> have been studied for water decomposition. The
photochemistry of polypyridine and porphyrin comp-
fexes has been recently reviewed by Kalyanasundaramz"’.
Our studies on PUTiO2, Ru(bpy);®’, ascorbic acid
system have shown that hydrogen evelution is facilitated
by quick reduction of Ru(bpy)s’* by ascorbic acid®. A
number of publications have reported the promoting
effect of certain cations (doped TiQ;) or some anions in
aqueous medium on the photocatalysis. Thus addition of
Nb, Mg, Li and Ba®" cations to TiQ; dispersions under
irradiation shows remarkable promoting effect®®. Further
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an interesting effect of carbonate addition to water has
been reported which significantly improved H; and O,
yie}dsﬂ over Pt/Ti0,. Sodium hexatitanate (Na;Ti503)
and barium tetratitanate (BaTi4Og) with incorporated
RuO,”, ion-exchangeable potassium niobates™ °
(KsNbgO)9) have been shown to exhibit stable photo-
catalytic activity for the stoichiometric productijon of H;
and O, from water.

Another well-characterized semiconductor believed to
be more suitable for the direct splitting of H0O is
cadmium sulphide®®. Hydrogen production from CdS
itself has been observed by several authors™. The
catalytic effect of Pt and RuO; has been exploited to
stabilize small band-gap semiconductor particles,
especially CdS. Sustained water cleavage by visible
licht has been reported with Pt/CdS/RuQ; powder™.
Similarly, aqueous dispersions of CdS loaded with noble
metal oxides> are shown to be capable of evolving O,
upon illumination with visible light in the presence of
PtCls>" as scavenger for CB electrons. Vesicle-
stabilized, Rh-coated CdS>® has been found to generate
hydrogen. The photocatalytic H; and O, generation has
been reported from our laboratory using a CdS
dispersion (CdS loaded with Pt, Ir, Rh and RuO,) and a
(L-peroxo)Ru(IV)-dioxygen complex as an electron
relay’’. Use of the said relay molecule helps to catalyse
the hole-mediated oxidation of OH™ to generate O; via
the participation of superoxocomplex (see Figure 4).

Highest rates of hydrogen evolution have been
rce]:warrteda’E with zinc sulphide catalyst in aqueous media.
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Figure 4. A model particulate system elucidating the use of
bifunctional redox catalyst (Pt, Rh, or [r)/CdS/Ru0O; and a u-oxo
complex for stoichiometric splitting of water. ‘L’ s ethe-
lenediaminetetracetate ligand.

Thus in situ formed ZnS colloid is reported to photo-

catalyse hydrogen evolution from H;0O in presence of

sacrificial electron donors such as MeOH, EtOH and
THF. The production of H; (0.50 ml/h) is reported to be
stable even after 22 h operation. In another study by
Reber and Meir’® with ZnS in electrolyte solution
(20 ml) containing sacrificial electron donors which was
exposed to UV light at 60°C, a quantum yield of 0.90
has been reported for H evolution. This system has been
claimed to produce about 15 liters of hydrogen in about
34 h of irradiation. The performance of these simpler
ZnS-based systems s far more superior to model
systems constructed based on those shown in Figure 3.
Hydrogen sulphide (H;S), like water, is another
potential source of hydrogen. Photocatalytic dissocia-

tion of H,S is highly desirable from the point of view of

product value as well as waste utilization. First
observation of H;S photodissociation over CdS has been
made by Borgarelio and coworkers*®, These authors*!*2
have subsequently reported quantum efficiency of H;
evolution about 0.45 and overall energy conversion
efficiency about 3%, for Rh/CdS catalyst in an alkaline

solution of H,S and SO,. The photodecomposition of

H,S over CdS may be mechanistically exemplified as
shown in Figure 5. Polysulphide (S,*>) formation
(shown in Figure §) needs to be suppressed for en-
hanced hydrogen production for which sulphite addition
is found to be useful. Serpone et al.** have used the
principle of interparticie electron transfer between two
different types of semiconductors to accomplish visible
light-induced decomposition of H,S. Hydrogen evolu-
tion from H;S has also been reported using Rh/CdS*,
CdS/RuQ; supported on polycarbonate matrix/glass
beads*®, ZnFe;04' spinel catalyst, RhS/CdSY, Cd/
RuO,* and PvCdS®.

Photocatalytic systems that utilize light energy to
produce ammonia from nitrogen and water form an
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Figure 5, Hydrogen evolution from aqueous sulfidic media over
illumihated CdS containing appropriate metal deposit (e.g., Rh)
where sulfide oxidation and water reduction cycles are coupled.

important area of research. Originally, sand from coastal
areas of California, Arabia, India and China was found
to contain titanium which was shown to act as catalyst
for ammonia formation upon exposure to sunlight in
humid atmosphere”. This finding, while establishing the
ecological significance of sand in nitrogen reduction,
also indicated the possibility of photocatalytic nitrogen
reduction over sand where a part of the activation
energy is provided by light. Following this the first
observation of nitrogen reduction over illuminated TiO;
and Fe doped TiO; has been reported by Schrauzer and
Guth®!. They have shown that photolysis of chemisorbed
water over degassed Th0O; (rutile powder) vields H; and
O, in 2 : 1 ratio in Ar atmosphere. Introduction of N,
gas is found to strongly inhibit the H; evolution only;
this effect is more pronounced with Fe-doped TiO;.
This is attributed to dinitrogen reduction which used up
photoproduced hydrogen. They proposed a mechanism
wherein both water-splifting and nitrogen reduction are
shown to occur simultaneously. The 2¢™ water reduc-
tion process has lower activation energy (per electron
transferred) than the 6e¢™ nitrogen reduction; chemi-
sorption of both H,O and N; over TiO; catalysts is
suggested to be essential for the catalytic process.
Following this the possibility of photocatalytic fixation
N, over a number of semiconductors is stirred up. Many
studies have reported photocatalytic reduction of
nitrogen using TiO, or Fe doped Ti0;%, TiO, supported
catalysts”, CUQOM, MoOfs, metal su]ﬁdes“, Fe,O; and
hydrous fetric oxide®’. WO, based catalystsﬁ, Me doped
TiO>2, pin junction type doped Fe,05°", super acid®®
catalyst o-Fe O3+ Ndy,O4* SO.;Z', SrTiO, incorporating
oxides of Fe, Eu, and Tb®*, hydrous Fe,Q; (nano-
particles) in nafion films®, Fe compounds in the
presence of Li poly(p-phenylene)’ ™, Sm(ilf), Eu(I1l),
and V(1) substituted Fe205« H,0%% Mo(111-V)
hydroxide/Ti(O1);*°, and Ti*" exchanged zeolites®.

The problem of photocatalytic nitrogen reduction has
be¢n approached 1n a different way in our own studies
where aqueous solutions of truthenium aminopoly-
carboxylato dinitrogen complexes comprising of imetal
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Ficure &. A scheme showing photocatalytic reducuion of
roordinated dinttrogen to ammaonia using Pt/Cd5//RuQ; bifunctional

redox catalyst, The complex reduction cycle tn the left is coupled to
water oxidation half ¢ycle in the night.

chalcogenide particles were illuminated with visible
light. The underlying idea of using transition metal
complexes of dinitrogen is to lower the activation
energy for the transfer of electrons thus facilitating
reduction of nitrogen. The catalytic reduction of coordi-
nated dinitrogen in [Ru(HEDTA)N,;]” over Pt/CdS/
RuO,>**" has been demonstrated using visible light. The
mechanism of photocatalytic reduction of nitrogen is
believed to be as shown in Figure 6, the catalytic nature
of this system is primarily attributable to the ability of
the metal complex to bind nitrogen reversibly. Later it
fas been shown that there is no need to isolate the
dinitrogen complex in separate experiment, instead it
may be generated in situ employing CB electrons of
illuminated CdS°*. This system produces significant
quantities of ammonia in presence of sacrificial electron
donors ltke EDTA. It was further shown that when the
semiconductor in the Pt/CdS/RuQ; incorpgrates doped
Ag,;S, the yield of ammonia is enhanced’®. Through the
detailed spectroscopic studies®®™ the N=N bond in
[Ru (HEDTA)N;] has been shown to undergo stepwise
reduction via hydride, diazinido, and hydrazido
intermediates. In continuation of the above work it also
has been found that the photocatalytic reducibility of
dinitrogen 1s a function of Ru'/Ru' redox couple”®, On
an average, a turnover number of 6-10 can be
demonstrated with the [Ru(HEDTA)N,]/CdS/visible
light system operable stably for 6-10 hours. This is
significant compared to the amounts of ammonia
obtainable photocatalytically when merely various
semiconductors were used.

Two reasons appear to be responsible for the poor
efficiency: the N> adsorbing properties of oxidic semi-
conductors are not optimum and the probable slow

transfer of (H).gs to Nogys . 1t appears that the use of the
dimtrogen complexes adsorbed on the semiconductor

surface through their loose COO™ groups and the
reversible binding nature of N, under ambient
conditions seems to offer a greater advantage. The
coordinated dinitrogen in such adsorbed complex may
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be reduced catalytically provided the CB electrons are
effectively transferred to Ru metal centre, Despite these
advantages with photocatalytic systems that incorporate
reduction of coordinated nitrogen, their performance is
still unsatisfactory as they are not spared from either
degradation of metal chalcogenide or complex side
reactions in which Ru complex is shown to participate.

Besides photocatalytic reduction of nitrogen, oxida-
tion reactions of chemisorbed nitrogen also appear to be
feasible on illuminated TiO, surface™®’. The oxidation
product (NO) of nitrogen has been detected by Bickley
and Viswanathan®’ upont illuminating TiO; powders
(pretreated with H,0,) in the gas phase. In experiments
with TiO, in aqueous medium’® only nitrite (NO;") ions
have formed, however with TiQO; pretreated with H,0O,
both nitrite and nitrate have been reported. As TiO;
promotes photooxidation of NH;®, initially formed
ammonia by photocatalytic reduction of N; may
participate in oxidation reaction. In fact, the decrease in
NHj concentration frequently observed after reaching a
maximum in a number of nitrogen photoreduction
experiments, has been attributed to simultaneous
oxidation of NH; formed®. These studies®®, however,
have shown that TiO, catalysts coated with Ag, Hg, and
Pt produce ammonia predominantly, while Zn0O
produces only nitrate. Oxidation of coordinated nitrogen
in [Ru(HEDTA)N;]™ over UV irradiated Pt/TiO/RuQ;
in aqueous solution has been reported’® by us; here,
anatase catalyst is found to be superior (by about 25-30
times) and a mechanism showing surface oxygen atom
transfer to adsorbed dinitrogen complex has been
proposed. A composite ZnO-Fe,O; catalyst has also
been reported to photooxidize N, to NO;  in aqueous
solutions’'.

Conversion of carbon dioxide into C,-chemicals using
solar energy is of great significance. The process of
photocatalytic reduction of CO, to a variety of pro-
ducts”> has been reported using suspensions of
semiconductor particles such as SiC, GaP, CdS, TiO,,
Sn0;.and WQ; in aqueous carbonate solutions”.
Various reduction products of CO2/CO;° have been
reported (e.g., carbon, methane, formaldehyde, metha-
nol, formic acid, carbonmonoxide, and isocitric acid)
using PU/TIO, -Fe,03z, Zn-Fe oxide, Co—Mo oxide,
Pt/La—Ni oxide catalyst Pt/SrTiO;* Co-Mo-Al-oxide
catalyst”, enzyme coupled CdS™, Cu and TiO; or
Cu/TiO;", Cu(l%)/ZrOfs, Ti1O, anchored to vycor
class’, silica-supported Fe®™ and poly(3-alkylthio-
phene) films®. The strategy of combination of homoge-
neous catalyst that activates CO; by coordination and
illuminated semiconductor surface which acts as a pool
of redox species has also been applied to photocatalytic
reduction of CO,. Thus the system® comprising Ru-
aminopolycarboxylate complex, Pt/CdS/RuQ, and dis-
solved CQ, produces HCOOH and HCHO on
illumination at A = 505 nm. While it is clear that the
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photocatalytic route for carbondioxide reduction into
C,-chemicals is feasible, enhancement of their yields as
well as selective reduction of CO; to the required
C.-chemicals should be attempted.

Photocatalytic oxidation of pollutants

Photocatalytic oxidation (PCQO) of water-bound envi-
ronmental contaminants by semiconductor powders
irradiated with solar or simufated light is a compara-
tively new method for the destruction of toxic chemi-
cals in water®. The objective hereg is to effectively
mineralize organic contaminants i.e. convert them into
carbon dioxide, water and oxidized inorganic anions (if
any heteroatoms present). It is preferable to classify the
published literature according to the class of the
contaminants: halohydrocarbons, surfactants, dyes/dye-
stuffs, oils, cyanide, trace noble and/or toxic metals,

Halohydrocarbons are widely used solvents, pesti-
cides, insecticides and herbicides and pose severe
environmental hazard even in very low concentrations in
water. The higher the number of halogen atoms in a
molecule, the higher is its toxicity. These substances are
not readily degraded or hydrolysed in normal aquatic
environment. Titanium dioxide can be used to comp-
letely photodegrade simple chlorinated hydrocarbons
{nto COy and HC*Y ™ Among the compounds studied
are  dibromoethane®, trichloroethylene®®,  chloro-
aceticacids and chlorobenzenes’ >, chlorophenols”),
benzoic and salicylic acids’"®, PCBs™ ftrichloro-
phenoxyacetic acid” and chigromethane®, A review on
environmental photochemistry of chlorinated aromatics
is presented by Cesareo ef af.”". Some volatile organic
pollutants (such as TCE and PCB) can be removed from
waste gasfair/water by PCO using TiO;, Zn0O, SnQ;,
ZrQ, Ce0O,, WO; and Fez{:);g?"m”. Chlorobenzenes are
found to be harder to destroy, while totally halogenated
fluorotrichloromethane and 1,1,1~trifluoro,2,2,2-tri-
chloroethane did not show any significant degradat-
ion'®. Recently we have found that TiOQ, is a better
catalyst for the destruction of 2,4-dichlorophenoxyacetic
acid, while MoQ4/TiO, is better for the destruction of
parachlorobenzene'®’. Complete mineralization of
50 ppm solution of TCE containing 0.3% TiO; in a
quartz recirculating reactor is reported to be possible in
solar light in 2-3h 1ime®. The participation of
photoproduced (OH).as on TiO; surface is conclusively
shown' %1% in the photocatalytic degradation of organic
contaminants, The possibility of considering photo-
catalytic oxidation to be an alternative to known water
{reatment methods has been proposedm"ﬂ. How-
ever, there exists possibility to generate highly toxic
phosgene due to 1ncomplete photooxidation of tri-
chloroethylene over TiO; catalysts'”‘m In the photo-
catalytic reactions.
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Surfactants pose severe ecological problems as their
biodegradation is often too slow and inefficient. Anio-
nic 21, cationic'”” and non-ionic!®®'?® surfactants can
be destroyed under solar or simulated sunlight in the
presence of aerated aqueous Ti(Q; suspensions. A
mechanism of photocatalysed destruction of surfactants
is proposed by Hidaka et al''"’ In general, anionic
surfactanfs are easier to degrade, while any side chains
present react slower than the aromatic groups”ﬂ*m.

Photocatalytic destruction of different classes of
organic dyes using highly concentrated solar light and
TiO, suspension has been reportedm where hetero-
atoms such as S and N in the dye molecules transform
into SO~ and NQ3 . Mineralization is reported to vary
between 80 and 100% in <30 min irradiation. This
work suggests that potential exists for the use of highly
concentrated sofar light in the destruction of textile dyes
and biological stains from waste waters.

Photocatalysed oxidation of crude oil residue/oil slick
by beach sand'” and hallow glass beads coated with
TiO,'" has been reported. The ability of sandy beaches
to slowly degrade the oil fayers using solar [ight has
been recognized.

Cyanide is frequently found in rinse water of steel
industry, electroplating, gold extraction in mines and
metal cleaning, Here, cyanide jon binds to prevailing
metal ions and exists as metal complexes. Photo-
catalytic oxidation has been suggested to have sufficient
potential to convert cyanide into less toxic oxidized
products. Thus cyanide'” and ferricyanide''® can be
degraded on irradiated TiO; suspensions. Removal of
CN- coupled to photocleavage of H:S to form
thiocyanate has also been rf:]:h::rrtf',d'r"’“E using CdS/Rh.
While cyanide oxidation to QCN~ over illuminated
TiO,'"” is frequently found, some authors have
recently'”® shown further oxidation of OCN™ to NOj3
and CO.*". This work suggests the possibility of direct
oxidation into non-toxic products of native elements in
CN~ without having the risk ef preducing OCN™ which
is only relatively less toxic compared to CN™.

The ability of irradiated TiO; to reduce metal ions fo
metallic state on its own surface ™' has been exploited to
remove toxic and/or trace noble metal ions from waste
water' 2%, Typically, abour 80% removal was possible
with respect to Cu from a plating (ndustry eftluent
containing Cu, Fe, and Zn using TiO; and UV lamp or

solar lightm.

Photocatalysis-nanoscale materials

fn recent years research work in the area of particles of
small size (10-100 A) has received much attention.
There has been quite intense work in the methodology
of preparation and stabilization of these particles and
studying their physical and chemical properties.
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Stabilization of these particles has been a particularly
intriguing problem, and some new routes to stabilize
them have been developed. Several review papers'?
have dealt these aspects in detail. As atoms and
molecules form clusters or aggregates there exists a
particular situation when the small particles show
properties different from those of the bulk materials.
Particularly the electronic properties of these clusters
depend on the cluster size, a phenomenon known as
‘size quantization effect’ i.e., the energy of the electrons
becomes quantized. Depending on whether size
quantization takes place in one, two or three dimen-
sions, one can obtain quantum dots, quantum wires, or
quantum layers respectively. Size quantization leads to
significant changes in spectral, electrical and reactivity
properties. Primarily this effect can be identified by its
manifestation as a blue shift in the absorption edge of
the materials (i.e., exciton energy). For instance, Figure
7 shows the effect on the absorption spectra of CdS in
solution wherein for relatively smaller particles
structured absorption spectra are obtained. A blue shift
in the excitation wavelength implies that an electron-
hole pair is bound by coulomb interaction and thus
relaxation of photoinduced e — /4" pairs should be
slower in the quantized semiconductors. Therefore,
enhanced photoconversion efficiencies are theoretically
possible with nanosize semiconductor particles.

There have been a few reports on the photocatalysis
reactions using nanoscale materials. Particle size effects
of colloidal Pt catalysts'?® and Pt clusters on TiO,"?' and
other metal clusters (micr-:::;ele«:tnﬁ:uu::hi-s)123 pertinent to
licht-induced hydrogen evolution have been established.
Using small particles of Fe;O4 (= 100 A) stabilized by
surfactant solutions we have shown'®” that dinitrogen
can be reduced to ammonia. Further, flash photopreci-
pitated Pt clusters (1020 A or 50-500 atoms) have
been shown to photocatalyse water decomposition. a

Absorption

200 300 400 500
Wavelength (nm)

Figure 7. lHustration of the size quantization cifect through
absorption spectra of CdS colloids. Average diameter of colloddal
parhicies — 2R S ami—-—. 2R 2.5 pm; --- 2R | 5 nm
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sustained evolution of H; and O, is reported to be
possible under visible light'’’. A system containing Pt
colloidal solstabilized by viologen polymer and
nanoparticles of CdS (dia. <5 nm) has been shown"! to
photolyse heavy water (D,O) upon irradiation for 1 h. It
has been reported that quantum size CdS (2-5 nm)
particles catalyse the photoreduction of aromatic
ketones and electron-deficient alkenes with triethanol-
amine as an electron donor under visible Iightm. From
this survey in the field of nanomaterials we felt that
there appears the need for more attention in the area of
the application of these materials for photocatalytic

reactions considering their attractive properties.

Photocatalysis — Organic reactions

Photocatalysis may also be applied to organic redox
reactions " >>. Electrons in the conduction band (or
(H),qs or superoxide radical anions, O;.) may be
advantageously used for reduction of unsaturated bonds
viz: C=C, C=C, C=N, and C=0; while holes in the
valence band (or OH- or H,0; formed thereby) can be
used for the oxidation processes.

Photohydrogenation of alkynes and alkenes has been
reported (sometimes accompanied by the fission of C=C
or C=C bond) over TiO,, PVTiO,”* and Pt or Ru
supported cds’™, products such as CO, CO,, CH4 and
C,Hg have formed. Metal colloid-sensitizer-electron
relay system has been also applied for photohydro-
genation of unsaturated organic substrates such as
styrene, cyclohexene, acrylonitrile, benzylchloride and
cyclohex-}en-l—ﬂnel?'ﬁ. We have rep{}rtedm the
hydrogenation of cyclohexene in aqueous ethanolic
solutions of K[Ru(HEDTA)C1] - 2H;0 over illuminated
P/CdS/RuQ,. On the other hand, examples also exist
for photocatalysed dehydrogenation reactions. Forma-
tion of ethylene and acetaldehyde from ethanol and
HCHO from CH;0OH, acetone and isobutenc trom -
butanol, isobutyraldehyde from isobutanol and corres-
ponding ketones from 2-propanol and 2-butano! has
been reported’®.

In addition the photocatalysis may be apphed 10
various organic oxidations. The well known water-gas-
shift reaction may be photocatalysed over TiQ; powders'””
and n-ZnS'*. In a reaction between carbon and H;O
over illuminated Pt-TiO;,, products H,, CO, and small
amounts of O; are reported to have formed'*'. In liquid
phase, oxidation of carbon is reported to be inhibited.
Many hydrocarbons such as benzene, hexane, cyclo-
hexane, heptane, nonane, decane and kerosene have
been reported to be oxidized over Pt-TiO; and porphyrin
modified TiO, powders'*?, Recent reports'® suggest that
fullerenes get oxidized under UV, visible or laser irradia-
tion in the presence of TiO; powders. The photoproduct,
fullerene epoxide (CgoO) has been isolated.

CURRENT SCIENCE, VOL. 66, NO. 10, 25 MAY 1994



SPECIAL SECTION

—

{Humination of platinized TiO; dispersions in
aqueous-aliphatic acid mixtures has been reported to
produce hydrocarbon and CO,;'** which is the well-
known photo-Kolbe reaction. Compounds such as
benzoic acid yield CO, and phenolic resin polymers,
instead of usual Kolbe products'®. Dicarboxylic acids
such as adipic acid have been found to react under
similar conditions to yield CQ, and butane. Ethane is the
product of vapour phase photocatalysis of acetic acid'®.
Sakata''” has described the mechanisms of these photo-
Kolbe processes under various conditions.

Several authors'® have observed photoisomerization
reactions while investigating reactions of alkenes over wet
TiO, powders; the photocatalytic butene (but-2-ene to but-
[-ene)} isomerization is reported to be more efficient,

Formation of certain amino acids/peptides over irradiated
PTi0,'* and CdS™ powders suspended in ammoniacal
sofutions saturated with methane has been reported.
Further, photochemical nucleic acid base (hypoxanathine)
formation when Pt loaded TiO; or Pt-CdS suspensions in
aqueous solutions of KCN and NH; are illuminated”' and
photoformation of polypeptide from glucose-ammonia-
water over Pt-Ti0O; has been documented'?’.

Depending upon the method of preparation of the
semiconductor catalyst, the performance of the
photocatalyst varies. In particular it has been observed
that the rutile phase is active or inactive according to the
preparative conditions'>”. The reactivity and application
aspects of photochemistty and photocatalysis on
semiconductor surfaces have been reviewed recentlylss.
An example of specificity of photocatalyst to a given
reaction may be mentioned here. The photocatalytic
reaction of lactic acid in H,O is reportgd to yield
hydrogen, carbon dioxide and acetaldehyde with Pt/TiO;
catalyst, while hydrogen and pyruvic acid are the
products with Pt/CdS'>*,

Recently, extra fine semiconductor particles have
joined the list of common additives used to cause rapid
degradation of polymers. For example, the low and high
density polyethylene films (50-170 um) containing
0.125-1.0 w/o TiO; (~ 20 nm) degraded in UV light in
about 200 h at ambient conditions'™>. Further, linear
accumulation of CO groups in the film upon illumina-
tion indicated the chemical transformation of poly-
ethylene chain with the properties such as transparency
and mechanical strength being also effected.

The principles of photocatalysis have been extended to
develop light images with TiO, particles”® and genera-

tion of metallic patterns over TiQ,; or TiO; sol adhered

to alumina®’.

Photocatalysis: Views and prospects

Many studies have been carried out with the aim of
cither developing models of practical interest or

CURRLNT SCIENCE, VOL. 66, NO 10, 28 MAY 1994

—

attaining more refined understanding of the functioning
of the photocatalyst. Surprisingly, many simpler systems
such as ZnS colloids for H; evolution and ion-
exChangeable potassium nigbates for water decom-
position perform with much better efficiency than the
systems constructed based upon models in Figure 3a-d.
The efficiencies reported should be jndicative of only
the occurrence of photocatalytic reactions since their
absolute comparison may not be informative as many
parameters associated with any chosen system such as
catalyst pretreatment, electrolyte composition, source of
light etc critically effect the yields, The expanding area
of the field of photocatalysis as illustrated especially for
applications in organic chemistry, light images, metallic
patterns and pollution treatments, however, makes us to
believe the prospect of wide applicability of photo-
catalysis. Aspects such as water-splitting, dinitrogen
fixation, carbon dioxide reduction, hydrogen evolution
from sulphidic media continue to receive attention. The
areas of application of photocatalysis to water
purification and treatment of water, area selective
reactions polymer degradations and se¢lective organic
synthesis will probably gain priority as they appear to
possess the potential to alter environmental and
electronic scenarios.

1. Cannolly, J S (ed}, Photochemical Conversion and Storage
of Sofar Energy, Academic Press, New York, 1981.

2. Gratzel. M (ed), Energy Resources through Photochemusiry
and Catalysts, Academic Press, New York, 1983,

3. Norris, Jr. J. R. and Meisel, D. (eds), Photochemical Energy
Conversion, Proceedings of the 7th International Conference
on Photochemistry Convers. and Stor. of Solor Energy
Evanston, USA, Elsevier, 1988.

4 Pelizzett, E. and Serpone, N. (eds), Homogeneous

and Heterogeneous Photocaralysis, D. Reidel, Dordrecht,

1983,

Fendler, J. H., . J Phys Chem,, 19835, 89, 2730

Gratze!, M., Acc. Chem. Res , 1981, 14, 376.

Calvin, M., dcc. Chem. Res., 1978, 11, 369.

Willner, [. and Willner, B, Topics in Current Chenustry (eds.

Dewar, M. J. S§. et al ) Springer-Verlag, Berlin, 1991, vol.

159, p. 153,

9. Fox, M A. and Dulay, M. T., Chem, Rev., 1993, 93, 341

10. Fujishima, A. and Honda, K., Nature, 1972, 37, 238

11. Scharauzer, G. N. and Guth, T, D., J. Am Chem. Soc., 1977,
99 7189.

12. Van Damme, 1. and Hall, W. K., J. Am. Chem. Soc., 1979,
101, 4373.

13. Bulatov, A. V. and Khidkel, M. L., Jzv. Akad. Nauk S33RK,
Ser. Khim, 1976, 1902,

14. Sato, S. and White, J. M, Chem, Phys Lets., 1980, 72, 83.

15. Wrighton, M. S., Wolczanskt, P, T. and Clhs, A. B, J Sodid
State Chem , 1977, 22,17,

16, Yooeyama, H. Y., Kowzumt, M and Tamura, H, Bull. Chem,
Soe. Jpn., 1979, §2, 3449,

17. Lehn, ). M, Sauage, ), P, and Zicssel, R, Nov J Chume , 1930,

$, 623

18 Kawat, T. and Saknta, T., Chem Phys. Len , 1980, 72, 87.

19, Noak, A. 1. Adppl Phys Lewr , 1977, 3, 867,

20. Pescourt, M, @, Keghouche, N apd Bellonm, J, Aoy J
Chim , 1983, 7T, 131

21 Amoayal, C inref 4, pp. 2853~-2635.

%0 = O

49



SPECIAL SECTION

22

23.

23

26

27.

28

30,

31.

32

33

34.

33,

36.

ii.
38.

39.

40,

41,

42

43.

43.

46

750

Kalyanasundaram. K. and Gratzel, M, Angew. Chem Int. £d.

Engl, 197918, 701.
Kiwi, J, Borgarelio, E, Pehezetts, E, Visca, M. and Gratzel,

M . Angew. Chem Int Ed Engl, 1980, I9, 046
Kalvanasundaram, K, Phetochemisiry of Polypyridine and
Porprin Complexes, Academic Press, bondon, UK, 1992,
626
'F;zqu: Khar, M M.. Bhardwaj. R C and Bhardwa), C., /norg
Chim dcta, 1987, 130, 153
ref 4, pp 273-302
a) Sayama, K. and Arahawa, H, Chem. Lett | 1992, 253; b)
ibid. J Chem. Soc., Chemy Copupnn , 1992, 150.
a) Inove, Y., Kubokawa, T and Sato, K, J. Chem. Soc, Chem
Commurn , 1990, 1298, b) Inoue, Y., Kubokawa, T. and Sato,
K.. J. Phys. Chem., 1991, 95, 5059, ¢) Inoue, Y., Nunyama, T,
Asar Y. and Sato, K. J Chem Soc, Chem Commun., 1992, 579
a) Domen, K, Akihito, K, Atsushi, S, Akira, T., Maruya, K.
and Onishi. T., Chem Soc., Chem Commun., 1986, 356,
1706, b) Stubata, M., Kudo, A, Tanaka, A, Domen, K,
Maruya. K. and Onishi T., Chem. Leu., 1987, 1017.
Domen. K.. Kudo, A., Shibata, M, Tanaka, A , Maruya, K.
and Qnushi, T, J. Chem Soc, Chem Commun , 198§, 1708,
a} Kudo, A., Sayama, K., Tanaka, A , Asakura, K , Domen, K.,
Maruya, K. and Omsln, T, J. Catal, 1989, 120, 337, b)
Domen, K., Kudo, A, Tanaka, A. and Omshy, T, Caral
Today, 1990, 8, 77; ¢) Domen, K, Kudo, A., Shinozaki, A,
Tanaka, A, Maruya, K. and Onishy, T., J Chem Soc . Chem.
Commun , 1986, 356
a) Memming, R., Electrochim Acta, 1980, 25, 77; b) Porter,
G., Nature, 1980, 288, 320.
a) Nozik, A. J .| App! Phys Lew., 1977, 30, 567, b) Frank, S.
N and Bard, A J. J Phys Chem , 1977, BI, 1484 )
Borgarello, E, Kalyanasundaram, K, Gratzel, M and
Pelizzetti, E . Helv Chim Acia, 1982, 658. 243, d) Aspens, D.
E. and Heller, A. J Phys. Chem, 1983. 87, 4919; ¢)
Matsumura, M , Saho, Y. and Tsubomura, H., J. Phys Chem
1983, 87, 3807; f) Mau, A W H, Herang, C. B, Kakuta, N,,
Bard, A. J., Campion., A, Fox, M. A, White, J M and
Webber, S. E., J Am Chem Soc., 1984, 106, 6537, g)
Darwent 1. R. and Porter, G., J. Chem. Soc, Chem. Commun ,
1981, 145
Kalyanasundram, K., Borgarello, E and Gratzel, M., Helv.
Chium Acra, 1981, 64, 362.
Dimatryevic, N. M, Shuben, Li and Gratzel, M |, J. Am Chem
Soc, 1984, 106, 6565
Tricot, Y. and Fendler, J. H., tn ref. 4, p. 241 and cross
r¢ferences theremn.
Taqur Khan, M. M,, Bhardwa), R. C. and Bhardwaj, C., J
Chem Soc., Chem. Commurn , 1985, 1690,
Yangtda, S, Azuma, T. and Sakurai, H, Chem Lett., 1982,
1069,
Reber, J. F. and Meir, K., J Phys Chenr , 1984, 88, 5903,
a) Borgarello, E. and Gratzel. M |, Hydrogen Energy Progress
IV (eds Veziroglu, T. N, YanVorst, W, D. and Kelly, J. H)
Pergamon Press, New York, 1982, p 739, b) Borgarello, E.,
Erbs, W | Gratzel, M and Pelizzetti, E., Nouv. J. Chinr, 1983,
7, 195.
Borgarello, E., Serpome, N, Barbem, M, Mipero, C,
Pelizzetti, E. and Pramaaro, E., in ref. 4, pp. 673—689.
Serpone, N, inref 3, p. 297.
Serpone, N., Borgarello, E and Gratzel, M, J. Chem. Soc.,
Chem. Commun _ 1984, 342.
Borgarella, E., Serpone, N, Pehzzetu, E. and Barbeni, M., J
Photo Chem., 1986, 33, 35
a) Borgarello, E., Serpong, N, Lrska, P., Etbs, W. and Gratzel,
M. Gazz Chim [fiai, 1985, 115, 599, b) Serpone,
N, Borgarello, E, Harris, R., Calll, P., Borgarello, M. and
Pehizzelty, E |, So! Energy Mater, 1986, 14, 121
‘Iéu Gong Xuan and Li Shuben, Adv Hydrogen Energy, 1990,
, 363

47.
48.
49,
50

51.

52.

53.
54

55

56

57.

58

59.

60.

61.

62.

63.

64.

65.

66.

Bernard Rufus, 1., Ramakrnishnan, V, Vishwanathan, B and
Kunocose, J C., Langmur, 1990, 6, 565,

Grzyll, L. R . Thomas, § ¥ and Barile, R. G, /nt. J. Hydrogen
Energy, 1989, 14, 647.

Matsumurd, M , Saho, Y. and Tsubomura, H , J Phys Chem
1985, 89, 1327.

Schrauzer, G N, Guth, T. D, Salehs, J, Strampach, N, Hui,
L. N and Palmer, M. R, inrtef 4, p. 509

Schrauzer, G N. and Guth, T D., J Am Chem. Soc., 1977,

99, 7189
a) ref. 50, b) ref. 51, ¢) Schrauzer, G N, Strampach, N., Hu,

.. N, Palmer, M. R. and Salehs, J, Proc Nail. Acad Sc:
UUSA. 1083, 80, 3873; d) Schiavello, M and Sclafani, A,
NATO ASI Ser. C. 1985, 146, ¢) Bourgois, S, Diakite, D and
Perderean, M., Rect. Solids, 1988, 6, 95, f) Conesa, I (.
Soria, J, Augugliaro, V. and Palmisano, L., Stud Surf Scr
Catal., 1988 (pub. 1989) 48 (Struct. React. Surf) 307-17, g)
Soria, J. Conesa, J., Augugharo, V., Palmisano, L,
Sachiavello, M and Sclafani, A, J Phys. Chem, 1991, 95,
274: h) lleperuma, O. A | Tennakone, K. and Dissanayake, W.
D.P. P, A~pl Catal., 1990, 62, L1, i) Taqui Khan, M M.
Chatteryce, D. and Manyu Bala, J Photochem Photofiofl A
Chem , 1992, 67, 349, j) Taqui Khan, M M., Chatterjee, D,
Krishnaratnamn, M and Mamu Bala, J Mol Caial., 1992, 72,

13.
Endoh, F. and Bard, A J, Nouv J Crim 1987, 11,217

Tennahone, K., Jaytissa, A H, Kekulawala, K. R. §. S. and
Punichihewa, 8, Chem Phys Lett, 1988, 150, 511

Liu, N H, Strampach, N, Palmer, J. G and Schrauzer, G N
fnorg Chem 1984, 23,2772

a) Taqui Khan, M M, Bhardwaj, R C. and Bhardwaj, C,
Angew. Chem Int Ed Engl, 1988, 27, 923, b) Taqui Khan,
M M, Bhardwa), R. C. and Bhardway, C., fndian J. Chem ,
1986, A25, I, Taqut Khan, M. M and Nageswara Rao, N, J
Mol. Catal., 1989, 52, L5: &) Taqui Khan, M. M. and
Nageswara Rao, N | J Photochem Protobiol . 1991, AS6.
101; €) Taqui Khan, M M, Bhardwa), R. C, Bhardwaj, C
and Nageswara Rao, N., J. Photochem Photodiol | 1992, A68,
137.

a} Tennakone, K . Wickramanayake, §, Fernando, C. A N,
lleperuma. O A and Punchibewa, §, J Chem Soc. Chen.
Commun . 1987, 1078, b} Khader, M Md, Lichtin, N N,
Vurens, G H, Salmeron, L. and Somarjai, G A., Langmurr,
1987, 3. 303. ¢} Tennakone, K, Fermando, C. A N,
Wickramaneryahe, S, Damayanthi, M W. P, Silva, L. H K|
Wreratne, W, lleperuma, O A and Punchihewa, S,
Sol. Energy AMater, 1988, 17, 47, d} Dentsov, N. T,
Shuvalova, N. I and Shilov, A. E, Kmet. Katal., 1991, 32,
12540,

Li, S., Wen, X, Cui, C. and Hua. Z_, Huaxue Tongbao, 1983,
3. 13 (Chin ) CA 110.77201¢g

Qian, X, Wang, D, Hong, G, Xiao L. and Li, T, Geodend
Xwextao Huaxue Xuebao, 1986, 7, 369 (Chin.): CA 106,
58767d

Xwao, L, Wang, D, Yu, S, Quan, H. and Li, T, Tarvangneng
Xuebao, 1986, 76, 39 (Chin.) CA 106, 93446v

Wang, D, Xiao, L, Li, T, Hong, G. and Taiyangeng Xuebao,
1586, 7, 400 (Chin )' CA 106, 165907w.

Tennakone, K., Heperuma, O A, Barrdara, J M. S,
Thaminimullah, C. T. K. and Keupearachchi, U. 8., J Chem
Soe , Cherm. Commun , 1991, 579.

Tennakone, K., lleperuma, Q. A, Bandara J] M S and
Thamimmulla, C. T K., Sof Energy Mater , 199]_22. 319
Tennakone, K., Thammimulia, C. T K and Bandara, J. M § |
J. Phatochem FPhotobiof , 1992 A68, 131,

Ref 61 and Moorehead, E. L., Weathers, B J., Utkgs. E A,
Robinson, P. K. and Schrauzer, G. N., J Am. Chem Soc,
1977, 99 6089

Khan, F., Yue, P L., Rizzuty, L., Augugharo, V. and
Schravello, M., J. Chem. Soc, Chem Commun, 1981, 1049

CURRENT SCIENCE, VOL, 66, NO 10, 25 MAY 1994



SPECIAL SECTION

&7
68

69.

70.

71.

72

73

74,

715.

76

77

78.
79.

80

g1

82.

83.

84

85

86

87.

83.
29,

9
o1

92
93
94

95

96

97.
98.

99

160

104

—

- Bickley, R. 1 and Viswanathan, V., Nature, 1979, 280, 306.

a) Mozzanega, H, Herrmann, ). M and Pichat, P, J Phys.
Chem , 1979, 83, 2251, b) Mclean, W. R. and Richtie, M., J
Appl Chem , 1965, 15, 452

a) lleperuma, QO A., Weerasmghe, F. N. §, and Bandara,
T.S L., Sol Energy Mater , 1989, 19, 409, b) Tennakong, K.,
lleperuma, O, A, Bandara, J. M S and Ketipearachchi, U. §,
J. Chem Soc., Chermn. Commun., 1991, 579

Taqut Khan, M. M and Nageswara Rao, N,, /nd J. Chem
1989, A28, 543.

Tennakone, K., Ileperuma, 0. A, Thaminimulla, C. T. K, and
Bandara, J. M S.,J Photochem Fhotobioi., 1992, Ab6, 375.
a) Inove, T., Fupushima, A, Komshi, S. and Honda, K.,
Nature, 1979, 277, 637, b) Blajeni, B A, Hallmann, M. and
Manassen, J., Solar Energy, 1980, 25, 165

Chandrasekharan, K and Thomas, J. K., Chem. Phys. Lett,
1983, 99, 7.

a) Raphal, M. W and Malati, M. A, J Chem. Soc., Chem
Commun , 1987, 1418, b) bud, J Phorochem ~Fhotobiol
1989, A46, 367

Lichtm, N N, Vyayakumar, K M and Rubio B. I, Report,
1986, TR-1, Order no AD-A 174581/9/GAR, 16 pp

Inoue, H, Kubo, Y. and Yoneyama, H J Chem Soc.,
Faraday Trans , 1991, 84, 553,

Hirano, K , lnone, K and Yatsu, T., J Photochem. Photobiol ,
1992, A64, 23)5.

Sayama, K and Arakawa, H , J. Phys. Chem , 1993, 97, 531.
Anpo, M and Chiba, K., J Mol Catai., 1992, 74, 207.

Ogura, K., Seno A. and Kawano, M., J Mol Catal., 1992, 73,
225,

Kawai, T, Kuwabara, T. and Yoshino, K., J Chem Soc.,
Faraday Trans , 1992, 88, 2041.

Taqui Khan, M. M., Nageswara Rao, N. and Chatlerjee, D., J.
Photochem FPhorobiol, 1991, A60, 311

Legring, O, Oliveros, E. and Braun, A. M., Chem. Rev., 1993,
93, 671.

Ollis, D F., Hstao, C Y. and Lee, C. L., J Caral.,, 1983, 82,
418.

Ollis, D, F. and Pruden, A L., Environ. Sci. Technol., 1983,
17, 628

Olhs, D F and Ahmed, S, Solar Energy, 1984, 32, 597,
Oihis, D. F.. Hsiao, C. Y, Budiman, L. and Lee, C. L., J
Catai , 1984, 88, 89

Olis, D. F and Pruden, A L., J Catal, 1983, 82, 404
Nguyen, T. and Olis, D F..J Phys. Chem , 1984, 88, 3386.
Matthews R. W., J Caral., 1986, 97, 565.

Barbeni, M, Pramauro, E., Pelizzetti, E., Borgarello, E.,
Gratzel, M and Serpone, N Nouv J. Chem , 1984, 8, 547,
Matthews, R W ,J Piys Chem , 1987, 91, 3328

Matthews, R W ../ Caral, 1988, 111, 264

Tunesi, S and Anderson, M A., Chemosphere, 1987, 16,
1447

Barbeni, M, Morcllo, M, Pramauro, E, Pelizzett, E.,
Vincenti, M, Borparelio, E and Serpone, N., Chemosphere,
1987, 16, 1165,

Cesareo, D, Domenico, A, Marchimi, 8., Passerini, L. and
Tosato, M. L., m ref 4, p 593

Raupp, G B and Dibble, L, US App! No. 4007, 573.
Murabayashi, M ., Itoh, K., Furushima, H. and Chen,
O C, Denk: Kaguku Oyobt Kogyo Bustutri Kagaku, 1591, §9,
524

Al-Fhabt H | Safer Zdeh-Amiri, A., Story, I and Wendy, S,
Prog Symp Adv, Oxud. Processess Treat, Contam, Water Arr,
1690, Paper No 11. 12 pp.

Sabir, F, Turk, T and Vogler, A, J. Photochem. Photobeol.,
1992, AG3, 99

Ran N N, Dube, 8. and Natarsjan, P,, Proccedings of the
Symposium TiO; Photocat Purification and Treatment of
Water and Asr (Uds. Olbis, D F. and Al-Lkabi, H ) Clsevier,
1993, pp 695--700

CURRLENT SCIENCLE, VOL, 66, NO 10,25 MAY 1994

102

103

104.

105.

106

107.

108.

109.

110

111.

112

113.
114.

I15.
116.

117.
118,

119

124.

121,

122.

123,

124,
128.

126.
127,
128.
129,

130.

{3]

132

133.

I3

—

Kochany, J. and Bolton, J R., Enviren Sci. Techno!, 1992,
26, 262,

Peacheco, J E., Cliff, C, Magmini, K. A. and Mehos, M.
Proc Waste Manage., 1990, 768,

a) Ollis, D. F., in ref 4, pp. 651-56, b) Milne, T. and Nimtos,
M, Letters, Chem Engg. News, 1992, June 22 p.2

Hidaka, H, Kubota, H, Gratzel, M., Serpone, N and
Pelizzett1, E. Nouv. J. Chim , 1985, 9, 67.

Fitdaka, H, Kubota, H, Gratzel, M., Serpone, N. and
Pelizzetti, E., J. Photochem., 1986, 35,219

Hidaka, H, Fujita, Y., lhara, K, Yamada, S, Suzuk¢., K.,
Serpone, N and Pelizzetti, E., J Jpn. O Chem. Soc, 1987,
36, 836.

Hidaka, H., Ihara, K., Fujita, Y., Yamada, § , Pelizzetts £ and
Serpone, N., J. Photochem Photobiol., 1988, A42, 375
Hidaka, H, Zhao, J, Kitamura, K., Nohara, K., Serpone,
N and Pelizzetti, E, J. Photochem. Photobiol., 1992, A64,
103.

Hidaka, H., Zhao, J, Pelizzetts, E. and Serpone, N, /. Phys
Chem , 1992, 96, 2226

Hidaka, H, Yamada, §, Suchaga, S., Zhao, J., Serpone, N
and Pelizzetti, E., J Mol Caral , 1990, 59, 279

Reeves, P,, Ohlhausen, R., Sloan, D, Pamphn, K., Scoggins,
T., Clark, C., Hutchinson, B. and Green, D, Soiar Energy,
1992, 48, 413.

Wise, H and Sancier, XK. M., Catal Lett., 1991, 11,277,
Rosenberg, 1, Brock, J R. and Heller, A., J. Phys. Chem
1992, 96, 3423,

Frank, S. N. and Bard, A J., J. Am. Chem. Soc., 1977, 99,
203

Bhakta, I, Shukla, S. 8., Chandrasekharaiah, M. §. and
Margrave, J. M., Environ. Sc1. Technol., 1992, 26, 625.
Schulek, E., Z. Anal. Chem | 1925, 65, 352.

Borgarello, E, Terzian, R, Serpone, N., Pelizzetti, E. and
Barbeni, M., Energ Chem , 1986, 25 2135,

Hidaka, H., Nakamura, T., Ishizaka, A., Tsuchiya, M. and
Zhao, J ., J. Photochem. Photobiol,, 1992, A66, 367.

a) Pollema, Cy-H and Hendrix, . H, J Photochem.
Photobiol , 1992, A66, 235; b) Peral, J., Munoz, J. and
Domenech, X., J. Photochem. Photobrol., 1990, AS3, 251

a) Krautler, B. and Bard, A. 1., J. Am. Chem. Soc., 1978, 100,
4317: v) Reiche, H, Dunn, W. W. and Bard, A, 1., J. FPhys.
Chem., 1979, 83, 2248; c¢) Borgarello, E., Serpone, N., Emo,
G, Harns, R., Pelizzetti, E. and Minero, C., fnorg. Chem
1986, 25, 4499,

Borgarello, E., Harris, R. and Serpone, N., Nouv. J. Chum,,
1985, 9, 743. 132 N. Serpone inref. 3, p 297.

Merrmann, J. M., Disdier, J , Pachat, P., Fernandez, A., Elips,
A G, Munuera, G. and Leclereq, C., J. Catal, 1991, 132,
490.

Rao, N. N,, unpublished results.

a} Henglein, A., Chem Rev., 1989, 89, 1861; b} Wang, Y. and
Herron, N. )., J. Phys, Chem , 1991, 935, 523; ¢) Wang, Y.,
Acc. Chem. Res., 1991, 24, 133, 4) Steigerwald, M. L. and
Brus, L., Acc. Chem Res., 1990, 23, 183; e) Henglewn, A. and
Weller, H., mref 3, p. 161,

Toshima, N, Kuriyama, M, Yamada, Y. and Hirai, H., Chem
Lett., 1981, 793,

Kiwi, ] and Gratze!, M, J. Phys. Chem | 1984, 88, 1302,
Mcbendon, G, in ref 2, pp. 99-122,

Taqui Khan, M M, Pant, R. P, Rao, N. N., Chatterje¢, D. and
Mchia, R V., Indian J Chem , 1991 A30, 391.

Greenbaum, E., inref 3, pp. 184-195

Nosaka, Y., Aokagaku, 1990, 14, 74, CA: 114, 32884¢
Shiragami, T, Anhyu, 1, Fupnamy, 8, Pac, C, Yangida, 5,
Mo, t] and Fuyita, 11, J Chem Soc, Faraday Trans, 1992,
88, 1055,

Fox, M A, lcc Chem Res, 1983, 16,314

Anpo, M, Alkawa, N and Kubokgwa, Y., J Pl Chem
1984, 88, 3008

751



SPECIAL SECTION

133 Frank. A ). Goren, Z. and Willner, L., J. Chem, Soc., Chem Y., Chem Lett,, 1982, 1671, ¢} Anpo, M, Yabuta, M,
Commun , 1985, 1029 Kodama, 8. and Kubokawa, Y., Bull Chem Soc. Jpn., 1986,

136 Tan, C. K., Newberry, V., Webb, T, R, and Mc Aunhilce, C. A, 59, 259, d} Anpo, M., Kawamura, T., Kodama, S, Maruya, K
J Chem Soc , Dalton Trans , 1987, 1299 and Onishi, T., J Phys Chem , 1988, 92, 438

137 Tagu: Khan. M. M and Rao, N. N, J Mol Catal., 1990, 58, 149. a) Dunn, W. W., Artkawa, Y. and Bard, A. J, J Am Chem
323 Soc., 1981, 103, 6893, b) Reiche, H and Bard, A J,, J Am

138 2) Cunmngham, J. and Fierro, 3 L. G., J Chem Soc, Faraday Chem. Soc , 1979, 101, 3127,
Trans _ I, 1982 78, 783, b) Cunningham, J., Momssey, D. J. 150 a) Onoe. J. and Kawai, T., J. Chem. Soc.,, Chem. Commun ,
and Goold. E. L., J. Caral , 1978, 53, 68 1987, 1480, b) Onoe, J., Kawai, T. and Kawai, S., Chem. Let: ,

139. Sato. S. and Whate, J. M, J Caral., 1981, 69, 128. 1985, 1667,

140 Kisch, H. and Schlamana, W , Chem. Ber., 1986, 119, 3483, 151. Onoe, J, and Kawai, T,, J. Chem. Soc., Chem. Commun | 1988,

141. Sato. S and Whate, J. M, J. Pays. Chem , 1981, 85, 336. 681. _

142. Amadellh, R, Bregola, M. Polo, E, Carassiti, V. and 152. Sclafani, A., Palmusano, L. and Schiavello, M., J Phys.
Maldott, A . J. Chem. Soc., Chem. Commun , 1992, 13535, Chem , 1990, 94, 829,

143, a) Wood. J M. Kahr, B, Hoke, S. H., Dgyarme, L., Cooks, 153 Kamat, P. V, Chem Rev, 1993, 93, 267.
R. G and Ben Amotz, D. J Am Chem. Soc, 1991, 113, 154. Harada, H., Sakata, T. and Ueda, T., J. Am. Chem. Soc., 1985,

5807, b) Taylor, R., Parsons, J. P, Avent, A. G, Rennard, 107, 1773.

S. P, Dennis, T. J, Hare, ] P., Kroto, H W. and Walton, 155. Ohatani, B., Adzuma, S., Nishimoto, S. and Kagiya, T
D. R. M, Nature, 1991, 35k, 277, ¢) Creegan, K. M., Robins, Polym. Degrd. Stab , 1992, 35, 53-60

1. L., Robbins, W_ K., Millar, J. M, Sherwood, R. D,, Tindall, 156. Yoneyama, H, Takahashi, N. and Kunwabata, 3., J. Chem.
P. ). Cox, D. M., Smtth A.B, Mc Canely, J P., Jones, D. R, Soc.. Chem Commun , 1992, 716

and Gallagher, R. T, J. Am Chem. Soc . 1992, 114, 1103, 4) 157. Morishita. S, Chem. Lett., 1992, 1979,
Gavaert, M. and Kamat P. V, J Chem Soc., Chem.

Commun., 1992, 1470.
144, a) Krautler, B. and Bard, A. J, J Am. Chem Soc,, 1978, 100, ACKNOWLEDGEMENTS. We wish to acknowledge the Ministry of

5985; b) Krautler, B, and Bard, A. I, J Am. Chem. Soc., Nonconventional Energy Sources for providing financial assistance

1978, 100, 2239. to carry out a part of research work that appeared in this review. We
145. lzumi, 1., Fan, F. R. F. and Bardq, A. 1., J. Phys. Chem., 1581, also thank Prof. ¥V Krishnan for mnviting and mspiring us to wrte

85. 218. this review. We wish to thank Mr. D. Sherwood for help on computer
146. Sato, S., S Chem. Soc.., Chem. Commun., 1982, 26. facility.

147. Sakata, T. in ref. 4, pp. 397-413.
148. a) Kodama, S and Yagi, $,J Chem. Soc., Faraday Trans.,
1992, 88, 1685 b) Kodama, S., Yabuta, M. and Kubokawa, Received 28 August 1993

____-__—.——-—-_———-——-_—_—__—-—“

752 CURRENT SCIENCE, VOL. 66, NO. 10, 25 MAY 1994



