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Abstract

The colloidal semiconductors TiO, and CdS are used for the photosensitized reduction of MV 2* and Co(lll) complexes.
Photoinduced electron transfer reactions are carried out using the semiconductorsin colloida state, adsorbed and intercalated
into Nafion and cellulose matrices. The back electron transfer reaction between h}(TiO, or CdS) and MV ™" or Co(ll)
complex is prevented by the reaction of the hole with an electron donor triethanolamine (TEA). Hydrogen peroxide (H,0,)
is produced by the reaction of the photoproduced MV ** or Co(ll) complex with dissolved molecular oxygen (O,). The
photosensitized reaction mechanisms of the formation of MV ** and Co(I1) complex and the photocatalytic reduction of O,
to yield H,0, in the semiconductor modified systems are explained. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Research activities in the field of photochem-
ical conversion and the storage of solar energy
have experienced tremendous growth in recent
years as a result of interdisciplinary efforts [1].
In a homogeneous solution, the high energy
photoredox products (S* and R™) recombine in
dark to produce the starting materias (Eq. (1))
and the efficiency of the energy conversion
system is

light _
S+R=S*+R" (1)
dark
(where S is the sensitizer and R is the electron
relay) found to be very low [1-3]. Unless this
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problem is overcome, the energy conversion
will not become efficient. One approach to solv-
ing this problem is the utilization of a micro-
heterogeneous reaction medium such as mi-
celles, vesicles, monolayer and polyelectrolytes
[1-6]. Another promising direction is the use of
a macroheterogeneous reaction system such as a
solid—solution interface, e.g. the use of chemi-
cally modified electrodes or heterogeneous cata-
lyst systems [1,5,7,8].

Light driven redox reactions at semiconduc-
tor colloids coupled with redox catalysts con-
tinue to be important as a possible route for the
generation of high energy chemicals by visible
light [9,10]. Colloidal semiconductors combine
a number of desirable properties such as high
absorption cross-sections, fast carrier diffusion
to the interface and suitable positioning of the
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valance and conduction bands. The added possi-
bility of modifying the surface of the semicon-
ductor particles by chemisorption, chemical
derivatization or catalyst deposition that assist
in the light-induced charge separation and sub-
sequent fuel generating dark reactions are par-
ticularly attractive [1]. Moreover, it is important
to note that the photoredox reaction that occurs
at the semiconductor /solution interface (be-
tween the excited semiconductor particle and
the redox species in solution) is, in general,
irreversible [10].

In photosynthesis, antenna chlorophyll
molecules perform the task of harvesting light
while light-induced charge separation is
achieved through vectoria electron transfer
across the photosynthetic membrane [11,12].
Recent preliminary studies from our laboratory
[13] have revealed that an efficient vectorial
displacement of charge can be achieved by cou-
pling a semiconductor photocatalyst and an
electron relay in a membrane system.

Titanium dioxide (TiO,) and cadmium sul-
fide (CdS) have received much attention in the
photosplitting of water and photooxidation of
organic compounds [1,7,9]. The utilization of
integrated chemical systems to carry out a par-
ticular chemical process is of current interest.
To carry out photocatalytic and photosynthetic
processes, TiO, and CdS as colloids and incor-
porated into a polymer membrane have been
used [13-22]. In this paper, we report a photo-
catalytic system based on TiO, and CdS incor-
porated Nafion (represented as Nf) and cellulose
(represented as CL) membranes. For the multi-
step one-electron photoreduction of O, to H,0,,
methyl viologen and macrocyclic cobalt(l1)
complexes were used as electron relays and as
oxygen reduction catalysts.

2. Experimental section
Cadmium chloride, sodium sulfide, tri-

ethanolamine (s.d. fine chemicals) and perchlo-
ric acid (Merck) were analytical reagents and

used as received. TiCl, (Merck) and TiO, (5
um, 99.9%, anatase form from Wako Pure
Chemicals Industries, Japan) were used as sup-
plied. Methyl vilogen (MV?2*) (1,2-dimethyl-
4,4'- bipyridiniumdichloride) (Aldrich) was re-
crystallized from methanol. Macrocyclic
cobalt(111) complex ([Co(cyclam)(H,0),1**, cy-
clam = 1,4,8,11-tetraazacyclotetradecane (repre-
sented as Co(lll)) was prepared according to
reported procedures [23,24]. CdS was prepared
by mixing equimolar concentrations of CdCl,
and Na,S in distilled water [17]. The deposited
CdS particle was used to prepare colloidal CdS.
Cellulose paper (Toyo Rosho Chemica Com-
pany, Japan), Nafion membrane (Aldrich, type
125, 1100 equiv. wt., 0.13 mm thickness) of 1
cm? area were used. The Nafion membrane was
pretreated prior to use by boiling in concen-
trated HNO, for about 10 min and the mem-
brane became clear and transparent after wash-
ing with distilled water [25].

The incorporation of Ti(IV) peroxo complex
(TiO,) in Nf membrane was carried out using
the reported procedure [25]. The Nf membrane
was soaked in deionized distilled water. Then it
was immersed into a deoxygenated 0.1 M TiCl ,
in methanol for overnight. The light purple
Ti(IV) incorporated Nf membrane was then
washed thoroughly with deoxygenated methanol .
When the Ti(IV)-Nf membrane was immersed
in an acidic solution (pH ca. 0.5) containing
excess H,0,, it yielded the orange peroxo
Ti(1IV) complex (represented as Nf /(TiO,),c).
Incorporation of CdS into the Nf and CL matri-
ces was accomplished by soaking the Nf or CL
in 0.1 M CdCl, for 2 h followed by air drying
the membrane and finally submerging the mem-
brane in a 1 M Na,S solution [26,27] (repre-
sented as Nf /(CdS),. and CL /(CdS),c). Ex-
cess Na,S was removed by washing the mem-
brane in a waterbath with several water changes
in order to ensure the remova of unreacted
Na,S.

Colloidal TiO, and CdS were prepared by
dispersing a known amount of TiO, and CdS
powders in water. The colloidal TiO, (0.05 ml



J. Premkumar, R. Ramaraj / Journal of Molecular Catalysis A: Chemical 132 (1998) 21-32 23

of 0.25%) was dispersed onto the Nf or CL
matrix and air dried (represented as Nf /(TiO,)
and CL /(TiO,),,). Similarly the colloidal CdS
(0.05 ml of 5%) was dispersed onto the Nf or
CL matrix and air dried (represented af
Nf /(CdS), and CL /(CdS),). A 150 W xenon
lamp (Photon Technology International) was
used as irradiation source (using pyrex glass and
water filters). The distance from the centre of
the lamp to the sample was 45 cm). The forma-
tion of H,O, was estimated using titrimetric
and spectrophotometric methods [28,29]. Pure
grade nitrogen and oxygen gases were used for
deaeration and oxygenation purposes. Continu-
ous bubbling of oxygen was maintained through
the experimental solution to maintain the oxy-
gen concentration during the oxygen reduction
experiment.

The surface morphology of TiO, and CdS
coated and intercalated into Nf and CL mem-
branes were examined by a scanning electron
microscope (SEM) (Hitachi S-450, Japan). Ab-
sorbance studies were carried out using aJASCO
7800 spectrophotometer. Emission spectral stud-
ies were carried out using a Hitachi F-4500
spectrofluorometer.

3. Results and discussion

Three mgjor strategies are being considered
in the design of potential devices to produce
H,O, by O, reduction using suitable photocata-
lysts and electron relays.

(i) One approach considers the colloidal
semiconductor systems.

(ii) The second approach considers the col-
loidal semiconductor coated onto the Nf and CL
matrices.

(iii) The third approach considers the semi-
conductor particles intercalated into the Nf and
CL matrices.

3.1. Photophysical properties

The absorption and emission spectral proper-
ties of the TiO, and CdS coated and interca-

lated into Nf and CL matrices have been checked
by recording the absorption and emission spec-
tra of the samples. Fig. 1 shows the absorption
spectra of coated TiO, into Nf membrane. The
modified TiO, in the Nf membrane exhibits an
absorption below 400 nm corresponding to a
bandgap energy of ~ 3.2 €V [30]. The absorp-
tion spectra of modified CdS are shown in Fig.
1. The absorption spectra of the CdS systems
exhibit an absorption below 600 nm correspond-
ing to a bandgap energy of ~ 2.4 eV [30]. The
details of the characterization of the semicon-
ductor colloids can be found elsewhere [30].
The energetics of these semiconductors thermo-
dynamically favour electron injection from the
conduction bands of TiO, and CdS to MV ?*
and Co(lll) complexes. Fig. 2 shows the emis-
sion spectra of intercalated CdS at Nf and CL
matrices recorded at an excitation wavelength of
410 nm. A narrow and edge luminescence (often
known as green luminescence) [26] at 520 nm
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Fig. 1. Absorption spectra of (&) Nf /(TiO,), (b) Nf /(TiO,) ¢,
(c) Nf /(CdS), and (d) Nf /(CdS),c membranes.
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Fig. 2. Emission spectra of (a) Nf /(CdS),c and (b) CL /(CdS),¢
membranes.

was observed (corresponding to a bandgap en-
ergy of 2.4 eV).

3.2. Surface morphology of TiO, and CdS modi-
fied Nf and CL membranes

Direct association of semiconductor colloids
with membrane is necessary for an efficient
photoinduced electron transfer between the
semiconductor and the electron relays. The
scanning electron micrographs of the semicon-
ductor particles (TiO, and CdS) on Nf and CL
membranes are shown in Fig. 3. The dispersed
semiconductor particles appear as spots in the
photographs. These films are less smooth and
randomly distributed. The micrographs display
aview of the TiO, and CdS deposits which are
formed well inside the Nf and CL matrices.
When the amount of TiO, or CdS on the Nf or
CL membrane was increased, the number of
aggregates increased but the size of the aggre-

gate semiconductors did not change drastically.
A similar observation was also observed for
TiO, and CdS intercalated Nf or CL membrane.

3.3. Photocatalysis

The first approach considers the colloidal
semiconductor systems in which the colloidal
photocatalyst is used to promote electron trans-
fer to suitable eectron relay molecules. The
reduced form of these electron relays will re-
duce O, if it possesses the suitable redox poten-
tial. The colloidal TiO, as photocatalyst and
MV 2" or Co(lll) complex as electron relay
were used for O, reduction in the colloidal
semiconductor solution phase and the yields of
H,O, were measured at different irradiation
time and the results are shown in Fig. 4. The
irradiation of an oxygenated solution containing
amixture of colloida TiO, (5 ml of 0.05%), 0.1
M HCIO, and 0.1 M TEA produced 0.12 pmol
of H,O, in 20 min irradiation (Fig. 4a). The
electron acceptor and catalyst MV 2* in combi-
nation with colloidal TiO, did not improve the
O, reduction process (Fig. 4b) when compared
to colloidal TiO, (Fig. 48). When Co(lll) com-
plex was used as an electron acceptor and cata-
lyst in combination with colloidal TiO, the
H,O, yield increased to 0.38 wmol in 20 min
irradiation (Fig. 4c). These observations clearly
show that the Co(lll) complex is a better elec-
tron acceptor and catalyst for O, reduction to
produce H ,O, in the presence of colloidal TiO,.
The presence of sacrificial electron donor (TEA)
in the solution increased the yield of H,O, by
scavenging the holes produced in TiO, upon
irradiation. The yield of H,O, increased with
time and reached a maximum. Different concen-
trations of colloidal TiO, were used for O,
reduction and a maximum yield was obtained at
0.05% TiO, colloid. Using this concentration,
we have carried out detailed investigation. The
formation of H,O, at colloidal TiO, is sug-
gested [31,32] as given in Egs. (2)—(8).

TiO, 5 [ |o+ [N*]o 2)
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O,+2[e |+ 2H;rq - H,0, 3
[h+]vb+TEA - [TEA]DX (4)
02+ [e_]cb_) [OZT]S (5)
O, +H"—[O,H]; (6)
[OZH]S+ [e_]cb_) [OZH_]S (7)
[O,H7 ]+ H = [H,0,];— H,0, (8)

In the absence of an electron acceptor and cata-
lyst, such as MV?* or a Co(lll) complex, a

lower amount of H,O, was obtained. When
Co(lll) complex was used as an electron relay
and catalyst the Co(l11) complex was reduced to
Co(Il) complex by irradiated colloidal TiO, and
the photoproduced Co(ll) complex reacted with
O, to produce the Co(ll1)-O,H complex. The
Co(Il) complex is known to react with O, to
form a Co(ll)-O,H complex [24,33]. This
Co(111)-O,H complex further reduced by irradi-
ated colloidal TiO, to produce Co(ll) and H,0,.
When MV 2* was used as an electron acceptor

Fig. 3. Scanning electron micrographs of (2) Nf membrane, (b) Nf /(TiO,)ad (c) Nf /(CdS),y, (d) Nf /(CdS),c (e) CL /(CdS),y and (f)

CL /(TiO,),q membranes.
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Fig. 4. Yields of H,O, observed with different irradiation time at
an oxygenated colloidal TiO, suspension (5 ml of 0.05%). (2) 0.1
M HCIO, and 0.1 M TEA, (b) 1 mM MV?2*, 0.1 M HCIO, and
0.1 M TEA and (c) 1 mM Co(ll1) complex, 0.1 M HCIO, and 0.1
M TEA.

and catalyst the MV 2" was reduced to MV *
by irradiated colloidal TiO, and the MV ™" re-
acted with O, to produce H,0,.

A higher amount of H,0, was observed in
the case of a Co(ll1) complex when compared to
MV 2* (Fig. 4). The one-electron reduction of
O, produces superoxide species (O ). The O5
species undergoes disproportionation reaction in
agueous solution [34] (Eq. (9)). In the case of
MV 2", the photoproduced MV ** reduces

20, + H,0 - HO; + O, + OH"™ (9)

O, to O, and the O, undergoes disproportion-
ation reaction (Eq. (9)). In addition, the MV *
species undergoes dimerization to produce the
inactive dimer (MV ™), [35,36]. When the
Co(l11) complex was used as catalyst the photo-
produced Co(ll) complex reacts with O, and
produces Co(I11)—O,H complex and hinders the
disproportionation reaction of O, and enhances
the yield of H,0,.

In the second approach, the colloidal semi-
conductors (TiO, and CdS) were spread on Nf
and CL matrices (Nf/(TiO,),, Nf/(CdS),,
CL /(TiO,)4 and CL /(CdS),,) and used for O,
reduction. The irradiation of TiO, or CdS in Nf

Table 1

Photocatalyst Electron relay Matrix for the photocatalyst
TiO, — cellulose and Nafion

Tio, MV 2+ cellulose and Nafion

Tio, [Co(cyclam)(H,0),1*" cellulose and Nafion

Cds — cellulose and Nafion

Cds MV 2+ cellulose and Nafion

Cds [Co(cyclam)(H,0),1** cellulose and Nafion

or CL with hv > E, leads to the formation of a
es/hy, pair that can separately migrate to the
semiconductor surface where O, reduction will
occur in the presence of suitable catalyst. Dif-
ferent amounts of TiO, or CdS colloids coated
on the surfaces of Nf and CL membranes were
used for O, reduction experiments. A maximum
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Fig. 5. Yields of H,O, observed with different irradiation time at
(A) Nf/(TiO,),4 and (B) CL /(CdS),q membrane dipped in an
oxygenated solution containing (a) 0.1 M HCIO, and 0.1 M TEA,
(b) 1 MM MV?*, 0.1 M HCIO, and 0.1 M TEA and (c) 1 mM
Co(I11) complex, 0.1 M HCIO, and 0.1 M TEA.
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yield of H,0, was obtained at 0.25% of 0.05
ml of TiO, and 5% of 0.05 ml of CdS on the
membranes. Using these concentration ranges
we have carried out detailed investigations. The
different electron relays and various modified
semiconductor systems used for the photocat-
alytic reduction of O, are given in Table 1.
The yield of H,0, observed at Nf /(TiO,) 4
and CL /(CdS),, membranes dipped in an oxy-
genated solution of a1 mM Co(lll) complex or
MV 2" at different irradiation times are shown
in Fig. 5. A similar observation was aso ob-
served for Nf /(CdS), and CL /(TiO,),, mem-
branes. In all the systems, a higher amount of
H,O, was observed only in the case of an
oxygenated solution containing the Co(l11) com-

Cellulose or Nafion matrix

plex and TEA. The mechanism of photo-
reduction of O, by Co(lll) and MV 2" catalysts
are the same as discussed earlier for colloidal
semiconductor systems. The TiO, and CdS
coated on Nf and CL matrices are found to yield
a higher amount of H,O, (Fig. 5) when com-
pared to colloida TiO, (Fig. 4). The adsorbed
TiO, and CdS occupy mostly the surface of the
membrane and partly the interfacial region
formed between the hydrophilic cluster and het-
erogeneous hydrophobic regions of the Nf and
CL membranes. The water soluble Co(lll) com-
plex and MV ?* eectron relays reversibily oc-
cupy the cluster regions of the Nf and CL
membranes and efficient photoinduced electron
transfer occurs at the solid—solution interface.

Cellulose or Nafion matrix

Scheme 1. Mechanism of dioxygen reduction at the semiconductors (S= TiO, and CdS) adsorbed and intercalated into Nafion and cellulose

membranes. (A) MV 2" and (B) Co(lll) complex. D = TEA.
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In the absence of an electron donor (TEA), a
very low amount of H,O, was observed for the
modified semiconductor systems. The mecha
nism of O, reduction using the modified TiO,
or CdS membrane system is shown in Scheme
1.

In the third approach, the colloidal semicon-
ductors, TiO, and CdS were intercalated into
the Nf and CL matrices. The eectron relays
(MV?2* and Co(lll) complex) and the interca-
lated semiconductor systems (TiO, and CdS)
used for the photocatalytic reduction of O, are
given in Table 2. The yields of H,0O, observed
at Nf/(CdS),. and CL /(CdS),. dipped in an
oxygenated solution containing 1 mM
[Co(cyclam)(H,0),]** or MV2" at different
irradiation times are shown in Fig. 6. A similar
observation was also observed at Nf /(TiO,),c.
A very similar trend was observed for the col-
loidal semiconductors and semiconductors ad-
sorbed or intercalated in Nf and CL membranes.
A higher yield of H,0, was observed for the
intercalated TiO, and CdS membrane systems
when compared to TiO, and CdS in the colloid
and adsorbed state. In an intercalated system,
the particles were homogeneously distributed
among the interfacia and cluster regions of the
membranes and the active surface area of the
semiconductors would be high. The diffusion of
Co(l11) complex in the hydrophilic cluster re-
gion of the semiconductor intercalated mem-
branes will be smooth unlike in the adsorbed
TiO, and CdS in the membranes. In the ad-
sorbed films, the distribution of TiO, and CdS
particles inside the membrane was not homoge-
neous.
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Fig. 6. Yields of H,0, observed with different irradiation time
observed at (A) Nf/(CdS),c and (B) CL/(CdS),c membranes
dipped in an oxygenated solution containing (a) 0.1 M HCIO, and
0.1M TEA, (b)) 1mM MV2*,01M HCIO, and 0.1 M TEA and
() 1 mM Co(lll) complex, 0.1 M HCIO, and 0.1 M TEA.

The results are best understood by a mecha-
nism in which the back reaction of h{, with the
Co(ll) complex is eliminated by the efficient
scavenging of hy, by the electron donor TEA
under the conditions employed. The reaction
scheme of the photoinduced electron transfer

Table 2

Intercalated photocatalyst Electron acceptor Matrix for the photocatalyst
TiO, — Nafion

Tio, MV 2¥ Nafion

TiO, [Colcyclam)(H,0), 13+ Nafion

Cds — Nafion and cellulose

Cds MV 2+ Nafion and cellulose

cds [Colcyclam)(H ,0),**

Nafion and cellulose
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reaction of the Co(lll) complex with TiO, or
CdS are given in Egs. (10)—(15).

[SI{[Co®* | [TEAT, ),

= [s°]{[co® ],

1

X [TEA] ) (10)
: a{[C03+] m[TEA] n}s

[s°]
5 [81.{[co™ ], [TEA]),

+ A+ hy' (12)
[s*]{[co** | [TEAL),

= [Sla-a[(S§)un] [CO* Ty

x[Co*|[TEA] (12)
laea[ (Sl {[CO* ] o s[CO*]
X [TEAL), 3 [S]{[Co™ | [TEA]L), (19
la1[(S o { Co®*],,_4[Co?*]

EA],), - [S]{[Co**],,_[Co?]

[T
X [TEA], l[TEA]oxl}s (14)
[S]{[Co®* -1 [Co** | [TEA] .4 [TEA] )
+H > [8]{[H"][Co®"],,_,
[TEA]n—l[TEA]oxl}s [C02+] (15)

In Egs. (10)—(15) the chemical species are
given in sguare brackets and subscript ‘@ repre-
sents the adsorbed or intercalated TiO, or CdS
in Nf or CL matrix and ‘s’ represents the Co(ll1)
complex and TEA present in solution and in
contact with TiO, or CdS. The subscripts ‘m'
and ‘N’ represent the number of Co(lll) com-
plex and TEA and ‘S’ represents the photocata-
lyst TiO, or CdS particle in the Nf or CL
matrix. S, S*, [h{,] and Co®" represent the
unirradiated TiO, or CdS and irradiated TiO,
or CdS*, holes produced at irradiated TiO, or
CdS and [Co(cyclam)(H,0),]*" complex, re-
spectively, and (TEA),, is the oxidised species
of TEA. The hole (h{,) scavenging reaction by
TEA, Eq. (14), competes with the back €lectron
transfer reaction, Eq. (13). Eqg. (15) represents

the ion-exchange equilibrium of Co(ll) with H*
present in the solution. A semiquantitative anal-
ysis of the reaction kinetics of the formation of
Co(Il) complex at TiO, or CdS adsorbed Nf or
CL membrane dipped in an agueous solution
could be carried out with the assumption that
the rates of the ion-exchange adsorption equilib-
rium reactions of TiO, or CdS, Co(lll) and
Co(ll) complexes in the interior of the mem-
brane would be fast and thus the reactive species
would be always distributed homogeneously, so
the reactions occurring in the membrane are
regarded as well as those occurring in the ho-
mogeneous solution [26,27]. On the basis of this
assumption and the reaction mechanism repre-
sented in Egs. (100—(14) and a steady state
approximation could be applied to calculate the
rate of formation of Co(ll) complex (Egs. (16)—
(18)).

(i) Formation of [S*]= Al[S].

Dissociation of [S*] = k,[S"] +
kJ[S*J[Co®* 1.

At steady state,
kS*I[Co®>*]=[S"}

s°] = Alo[S]
kK, + k[ Co%]

Al [S] = k,[S™] +
k, + kj[Co®" ]},

(16)

Only the species involved in the reaction is used
for calculating [S* ] and [(S}}) ]

(i) Formation of [(S}),,] = kj[S*[Co3* 1.

Dissociation of [(S}),,]=k,[Co?*"I(S/),.]
+ k[ TEAI(S!) -

At steady state, k,[Co?*1(S{),,] +
kTEAI(S),,] = kj[S*][Co®*]. Rearranging
we get [(S;/),,l{k,[Co%"] + kJTEA] =
k[S* [Co3*],

ks[S*][Co%*]
+ =
[(Sh )vb] k4[C02+] + K5[TEA] (17)
The rate of formation of [Co®?"] is
d[Co?*|
dt

= kg[S"][Co™ | —k,[Co?*][(ST )] (18)
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Fig. 7. Yields of H,O, observed at different concentrations of (a)
MV 2*, (b) Co(lll) complex in an oxygenated solution containing
01 M HCIO, and 0.1 M TEA. (A) Nf/(CdS),, and (B)
CL /(TiO,).y. Light irradiation time = 15 min. [M]=[MV?* ] (&)
and [Co®" ] (b).

In Egs. (16) and (17), A is a constant which
is determined by the experimental conditions, I,
is the light intensity and k, to kg are the rate
constants of the corresponding reactions. The
rate of formation of the Co(ll) complex is de-
fined by the moles of Co(Il) complex, i.e. [Co?"]
formed per unit time, and is given by Eq. (18).
Substituting [S*] and [(S}),,,] (Egs. (16) and
(17)) in Eq. (18), we get Eq. (19):

d[Co?"]
dt

kg Alg[S][Co%|
K, + k[ Co%* |

ksk,[Co?* ][S][Co%" ]
k,[Co?*]| + ks| TEA]

(19)

When k,[Co?"] < kTEA], dCo?*]/dt is
given by Egs. (20) and (21):

d[Co?*|  kyAl,[S][Co%*]
dt K, +ks[Co*"] (20)
K,
e T~ /Al | e +
(21)

The relative rate of formation of the [Co?*]
complex is proportional to the [Co®*] complex
concentration (Eg. (21)). The photoproduced
[Co?*] complex reduces O, to H,O,. Each
[Co?*] complex reduces one molecule of O,
and then forms a Co(ll1)-O,H complex. The
formation of H,O, is proportiona to the
[Co(l11)] complex used in all the modified sys-
tems (Figs. 7 and 8).
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Fig. 8. Dependence of H,0, yield on the concentration of (a)
MV 2" and (b) Co(lll) complex in an oxygenated solution con-
taining 0.1 M HCIO, and 0.1 M TEA. (A) Nf /(CdS),; and (B)
CL /(CdS),¢. Light irradiation time= 15 min. [M]=[MV 2" ] (@
and [Co®* ] (b).
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The formation of H,O, depends on the con-
centration of Co(lll) complex and MV 2*. The
yield of H,0, obtained for the various systems,
Nf /(CdS),, CL/(TiO,),, Nf/(TiO,),. and
CL/(CdS),. at various concentrations of
[Co(cyclam)(H,0),]** and MV?* in 0.1 M
HCIO, and 0.1 M TEA at a light irradiation
time of 15 min are shown in Figs. 7 and 8. A
similar observation was aso observed for
Nf /(TiO,),4 and CL /(CdS),; membrane. For
al the systems, linear plots were obtained for
the Co(l11) complex as an electron relay (Figs. 7
and 8). When MV 2* was used as an electron
relay, there was a gradual increase of yield of
H,O, and it reached a maximum a 1 mM
MV?2* and then the yield of H,0, decreased
(Figs. 7 and 8). The decrease in H,0, yield at
higher concentrations of MV 2" may be due to
the dimerization of photoproduced MV ** cation
radical to (MV ™), [34,35]. These results sug-
gest that the photocatalytic O, reduction reac-
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Fig. 9. Plots of 1/[H,0,] versus 1/[Co%" ] for (A) Nf /(TiO,)4
and (B) CL /(CdS),,.
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Fig. 10. Plots of 1/[H,0,] versus 1,/[Co%* ] for (A) Nf /(TiO,),c
and (B) CL /(CdS),c.

tion depends on the Co(lll) complex concentra-

tion. Eq. (21) can be written as given in Eq.
(22) and it can be modified to Eq. (23).

1 Kk,
1,0, (U(%[ﬁ)){m + 1}
(22)

s
(1,0, (a/(lo[S])){W + 1}

(23)

where « is a constant at a given experimental
condition. At a given [S] and |,, the plot of
1/[H,0,] versus 1/[Co°*] should be linear if
the reaction mechanism represented by Egs.
(10)—(15) and the assumption are correct. In all
the modified systems (Nf/(TiO,)_.q4,
CL /(CdS),,, Nf/(TiO,),. and CL/(CdS),.),
the plots of 1/[H,0,] versus 1/[Co®*] were
linear (Figs. 9 and 10) (when 1, and [S] are
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constants). These observations indicate that the
mechanism proposed for the photoinduced elec-
tron transfer reactions of semiconductors in Nf
and CL membranes and Co(lll) complex (Egs.
(10)—(15)) are correct.

In all the modified semiconductor systems,
the Co(lll) complex showed a higher yield of
H,O,. The presence of TEA in the solution
increased the yield of H,O, by scavenging the
holes created at the irradiated TiO, or CdS. The
yield of H,0O, increased with time and reached
a maximum in al the systems (Figs. 4-6).
When the H,0, concentration increases in solu-
tion the H,O, may be oxidised by the photo-
generated holes of TiO, or CdS or may decom-
pose at the surface of the solid phase [32].
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