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Abstract

The photophysical and photocatalytic behavior of sandwich Cd(OH)2-coated Q-CdS–Ag2S and the mixture of sandwich colloidal
semiconductors consisting of Ag+-containing Q-CdS–TiO2 and Ag+-doped TiO2–Cd(OH)2-coated Q-CdS have been examined. The
addition of Ag+ to Cd(OH)2-coated Q-CdS causes the quenching of bandgap emission of CdS and induces simultaneously the red
emission. For a typical [Ag+] (2.0 × 10−5 mol dm−3) the average lifetime (〈τ〉) of Cd(OH)2-coated Q-CdS decreases from 19.97 to
15.99 ns whereas at 650 nm it increases from 7.72 to 14.68 ns. Unlike stoichiometric Q-CdS–Ag2S system these particles do not sensitize
the reaction of indole–O2 redox couple. Coupling of Ag+-containing Cd(OH)2-coated Q-CdS with TiO2 as well as of Ag+-containing
TiO2 with Cd(OH)2-coated Q-CdS quenches the 462 nm emission of CdS completely and produces a new emission band at around 650 nm.
Quenching of emission fits to a Perrin model. In both the cases the doping of Ag+ modifies the TiO2 phase. At high [Ag+] it produces a three
component composite catalyst, CdS–TiO2–Ag2S. The photogenerated hole CdS (h+) in the Ag+-activated composite CdS–TiO2 catalyst
forms an emissive exciplex with indole and results in its decomposition to yield indigo. The photoinduced charge separation in this system
was twofold higher compared to the undoped composite photocatalyst (CdS–TiO2). This catalytic action of Ag+ is understood in terms of the
positive redox potential of the Ag+/Ag couple, which serves to intercept the conduction band electron and reduces the e−–h+ recombination.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis initiated by colloidal semi-
conductors has drawn considerable attention over the last
one decade in view of their large specific surface, high redox
potential of the photogenerated charge carriers and selec-
tive reduction and oxidation of different class of organics at
their interface[1–6]. The utilization of solar energy to effect
these processes requires using the low bandgap material as
a sensitizer. The photochemical efficiency of the reactions
studied at their interface is often poor as the majority of
the charge carriers recombine readily through radiative or
non-radiative pathways. Besides, the high recombination
rate of e−–h+ pair compared to the rate of electron transfer
to the oxygen, being used generally as an electron acceptor,
further limits the efficiency of this system[1]. An improve-
ment in their catalytic activity necessitates increasing the
charge separation in the illuminated photocatalyst by en-
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hancing the lifetime of the e− and h+. An elegant approach
to meet these requirements is to make use of coupled pho-
tocatalyst[5–12] in which the small bandgap component is
used as sensitizer and the large bandgap component having
low energy of conduction band acts as a sink for photo-
generated electron. It would thus separate the two charge
carriers effectively. The coupled catalysts have not been
examined as yet extensively for performing synthetic pho-
tochemical reactions. In our recent study we have employed
Cd(OH)2-coated Q-CdS–TiO2 composite catalyst[12] for
the photooxidation of indole. Cd(OH)2-coated Q-CdS did
not induce its photochemical reaction but its coupling with
TiO2 initiated this reaction efficiently and produced indigo
with a quantum efficiency of 0.08.

Addition of metal/metal ion to a semiconductor is known
to affect their both photophysical behavior as well as pho-
tochemical reactivity[2,13–15]. Metals affect the surface
properties by generating a Schottky barrier of the metal
in contact with semiconductor’s surface, which acts as an
electron trap. Similarly, the addition of transition metal
ions to semiconductors improves the trapping of electron
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and inhibits e−–h+ recombination. In the present work we
have investigated the effect of addition of metal ions on the
photoactivity of the composite photocatalyst (CdS–TiO2).
Interestingly, the addition of Ag+ to each of its component
prior to their coupling activates this photocatalyst and at
high [Ag+] it leads to the generation of hitherto unreported
three components system (CdS–TiO2–Ag2S). The photo-
catalytic activity of this sensitizer is increased by about
twofold compared to the sandwich CdS–TiO2 catalyst. The
photophysics and photocatalytic properties of these parti-
cles have been examined by addition of Ag+ to each of the
components of the catalyst prior to and after their coupling.
Indoles have been found to be among several effluents
present in the industrial coal waste[16].

2. Experimental

2.1. Materials

All chemicals used in the present study were of ana-
lytical grade. Cadmium perchlorate (Alfa); indole, indigo
(Aldrich); sodium hexametaphosphate (Qualigens); silica
gel G, chloroform, carbon tetrachloride, sodium hydrox-
ide, perchloric acid, silver nitrate (E. Merck) were used
as received. Titanium tetrachloride (Reidel de Häen) was
distilled under vacuum. The dialysis membrane was spec-
tra/por with mw cut-off 6000–8000.

2.2. Equipment

Electronic spectra were recorded on Shimadzu UV-2100
S and DU-6 Beckman spectrophotometers. Emission spec-
tra were measured on a Shimadzu RF-5301-PC spectroflu-
orophotometer. Steady-state photolysis was carried out on
an Oriel photolysis assembly equipped with 200 W Hg (Xe)
arc lamp, solution and glass cut filters. Electron microscopy

Fig. 1. TEM micrograph of: (a) Cd(OH)2-coated Q-CdS, (b) Cd(OH)2-coated Q-CdS–TiO2, (c) Cd(OH)2-coated Q-CdS coupled with Ag+-doped TiO2.

was performed by a Philips CM-10 transmission electron
microscope equipped with a 35 mm camera by applying an
accelerating voltage of 100 kV. The fluorescence lifetimes
were measured on an IBH-5000 single photon counting
fluorimeter using a picosecond Ti-sapphire mode locked
laser for excitation. Hamamatsu photomultiplier was used
for detection of fluorescence. Decay curves were analyzed
by iterative reconvolution technique. The multiexponential
fitting program was provided from IBH.

2.3. Methodology

Colloidal CdS[17] and colloidal TiO2 [18] particles were
synthesized by following the earlier methods except SH−
was injected to precipitate CdS. Cadmium hydroxide was
coated on CdS particles by adding excess of NaOH followed
by excess Cd2+ (≥6×10−4 mol dm−3) to the stoichiometric
3 × 10−4 mol dm−3 CdS particles. The pH of this solution
was maintained at 11.0. Colloidal TiO2 particles were syn-
thesized by slow addition of TiCl4 to water at 0◦C. Thus
prepared colloidal CdS and TiO2 were spherical in shape
having an average size of 6 and 8 nm, respectively. Colloidal
CdS was activated with different amounts of Ag+ by its
quick addition under vigorous shaking. Silver-doped TiO2
was prepared by addition of Ag+ to the ice cold water prior
to the addition of TiCl4. This solution was subsequently
dialyzed at about 5◦C till pH lay around 3. The coupling of
Ag+-containing CdS with TiO2 and Ag+-doped TiO2 with
CdS was carried out by quick injection of TiO2/TiO2–Ag+
to CdS–Ag+/CdS solutions, respectively. The interaction
between CdS and TiO2 in these mixed colloids was checked
by monitoring the photophysics of CdS and recording their
electron micrographs (Fig. 1). TEM pictures clearly reveal
the coupled particles to be aggregated which formed bigger
clusters unlike naked Cd(OH)2-coated Q-CdS. Actinometry
was performed using a ferrioxalate actinometer. The prod-
uct(s) of reaction was identified by TLC and its amount
was estimated spectrophotometrically.
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Fig. 2. Electronic spectra of Cd(OH)2-coated Q-CdS (1.35× 10−4 mol dm−3) containing [Ag+] (×10−5 mol dm−3): 0.0 (—); 0.5 (- - -); 2.0 (– - –); 3.0
(– - - –). Emission spectra of Cd(OH)2-coated Q-CdS doped with different [Ag+] (×10−5 mol dm−3): 0.0 (· · ·); 0.5 (–· · · –); 1.0 (–· · –); 2.0 (–· –); 4.0
(–×–), λex = 400 nm.

3. Results and discussion

3.1. Effect of activation by silver on photophysical and
photocatalytic properties of Cd(OH)2-coated Q-CdS

The electronic and emission spectra of Cd(OH)2-coated
Q-CdS before and after activating with different amounts
of silver are shown inFig. 2. At low [Ag+] (<3.5 ×
10−6 mol dm−3) the absorption spectrum of Q-CdS re-
mains unaffected but at its higher concentrations (≥4 ×
10−6 mol dm−3) the absorption threshold gets red shifted.
For a typical 3× 10−5 mol dm−3 of Ag+ the bandgap shifts
from 2.36 to 1.97 eV.

In emission spectroscopy the addition of Ag+ to the
Q-CdS causes the quenching of its excitonic emission
weakly and simultaneously develops a new band at around
650 nm at its higher concentrations (≥4× 10−6 mol dm−3).
The intensity of the 650 nm band was found to enhance with
an increase in Ag+ up to 2× 10−5 mol dm−3 and thereafter
it starts decreasing. The above observations suggest that
Ag+ at its low concentrations (<3.5 × 10−6 mol dm−3)
remains dissolved in the CdS lattice[15] due to which the
electronic and emission spectra are not affected. The addi-
tion of higher amounts of silver generates anion vacancies
at the interface of Cd(OH)2-coated Q-CdS which induces
the red emission. At high concentrations of silver a separate
Ag2S phase is produced which though lowers the bandgap
of the sandwich CdS–Ag2S catalyst but does not partici-
pate in the enhancement of emission. This argument is also

supported by the fact that pure Ag2S does not exhibit any
emission in the recorded wavelength region.1

To analyze the dynamics of the charge carriers in this sys-
tem the emission lifetime of Cd(OH)2-coated Q-CdS was
monitored both in the absence and presence of different
amounts of silver at 462 nm as well as 650 nm. A few rep-
resentative fluorescence decay curves at these wavelengths
are shown inFig. 3. All decay curves were found to be the
best-fit into a three-exponential program. From these traces
the average lifetime (〈τ〉) of the charge carriers was evaluated
using Jame’s equation[19]. Tables 1 and 2present the ki-
netic analysis of different components of decay curve at 462
and 650 nm. The activation of Cd(OH)2-coated Q-CdS with
a typical 2× 10−5 mol dm−3 Ag+ reduces the average fluo-
rescence lifetime at 462 nm from 19.97 to 15.99 ns whereas
at 650 nm the〈τ〉 is increased from 7.73 to 14.68 ns. The
bandgap emission of Cd(OH)2-coated Q-CdS (462 nm) has
been considered to be the excitonic emission[20–22]arising
due to the trapping of one of the charge carriers in the shal-
low trap and the 650 nm band has been attributed due to the
recombination of trapped e−–h+ [23,24]. A slight decrease
in the fluorescence lifetime of bandgap emission can be un-
derstood by the interception of conduction band electron
present in shallow traps by Ag+. The enhancement of life-
time of red emission may be attributed to the increased trap-
ping of e− and h+ pair in deep traps in the presence of Ag+.

1 In a separate experiment colloidal Ag2S was synthesized by injecting
SH− to AgNO3 solution using sodium hexametaphosphate as stabilizer.
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Fig. 3. Fluorescence decay curves for Cd(OH)2-coated Q-CdS in the presence of different amount of [Ag+] (×10−5 mol dm−3) at 462 and 650 nm: 0.0
(a, d); 1.0 (b, e); 2.0 (c, f) atλex = 440 nm. Time calibration: 5.079× 10−11 s/channel.

Table 1
Emission lifetime measurements at 462 nma

Cd(OH)2-coated Q-CdS
(1.35× 10−4 mol dm−3)

Component 1 Component 2 Component 3 〈τ〉 (ns) χ2

τ1 (ns) Emission
(%)

τ2 (ns) Emission
(%)

τ3 (ns) Emission
(%)

Pure 0.44 (5.38) 2.84 3.37 (3.04) 12.39 23.06 (3.04) 84.77 19.97 0.998
Containing Ag+ (1.0 × 10−5 mol dm−3) 0.45 (45.86) 2.18 2.68 (37.45) 10.52 18.74 (44.44) 87.30 16.65 1.018
Containing Ag+ (2.0 × 10−5 mol dm−3) 0.30 (5.55) 2.13 2.04 (3.79) 9.87 17.94 (3.84) 88.00 15.99 1.059
Coupled with pure TiO2 0.34 (0.13) 15.27 2.00 (4.28E−2) 30.53 7.19 (0.02) 54.19 4.46 1.115
Coupled with TiO2 doped with

Ag+ (3.5 × 10–7 mol dm−3)
0.29 (0.14) 12.91 1.59 (0.05) 25.28 6.27 (3.12 E−02) 61.81 4.32 1.207

a Values given in the bracket denote the pre-exponential factor corresponding to the respectiveτ.
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Table 2
Emission lifetime measurements at 650 nma

Cd(OH)2-coated Q-CdS
(1.35× 10−4 mol dm−3)

Component 1 Component 2 Component 3 〈τ〉 (ns) χ2

τ1 (ns) Emission
(%)

τ2 (ns) Emission
(%)

τ3

(ns)
Emission
(%)

Pure 0.40 (16.25) 13.13 1.77 (6.79) 24.03 11.54 (2.71) 62.83 7.73 1.075
Containing Ag+ (1.0 × 10−5 mol dm−3) 0.30 (148.72) 6.01 1.61 (94.48) 20.27 12.56 (43.98) 73.72 9.61 1.042
Containing Ag+ (2.0 × 10−5 mol dm−3) 0.41 (157.62) 5.62 2.40 (87.08) 18.26 18.68 (46.64) 76.12 14.68 1.020
Coupled with TiO2 0.40 (0.38) 7.54 2.06 (0.17) 16.74 17.14 (0.09) 75.72 13.31 1.071
Coupled with Ag+

(3.5 × 10−7 mol dm−3) doped TiO2

0.47 (0.34) 5.36 2.90 (0.13) 12.81 26.91 (8.95E−02) 81.83 22.40 1.512

a Values given in the bracket denote the pre-exponential factor corresponding to the respectiveτ.

These particles were fairly photostable and underwent
photodissolution with a quantum efficiency of<0.002 sim-
ilar to that of non-activated Cd(OH)2-coated Q-CdS. To
check their photocatalytic activity these particles were used
to sensitize the reaction of indole–O2 redox couple. In the
presence of indole–O2 redox couple the photophysics of
Cd(OH)2-coated Q-CdS activated with silver remains un-
affected. The illumination of this catalyst by light ofλ >

400 nm, where indole does not possess any absorption, did
not initiate any appreciable reaction of indole (φindole <

0.002). It was also revealed by the absence of any product of
its oxidation. This behavior is different to that of stoichio-
metric Ag+-activated CdS in which the separation of charge
and the redox reactivity are enhanced[15]. Thus in the pres-
ence of silver the e− and h+ pair remain trapped at the in-
terface of the CdS in relatively deep traps which undergo
radiative recombination and enhance the red emission but
still cannot escape the surface of Q-CdS particles coated by
Cd(OH)2 layer to scavenge O2 and indole, respectively. This
can be explained by the low solubility product of cadmium
hydroxide compared to that of silver hydroxide[25,26].

3.2. Electronic properties of coupled Cd(OH)2-coated
Q-CdS–TiO2 activated with Ag+

3.2.1. Optical behavior
In these experiments one of the component of the

composite catalyst (Cd(OH)2-coated Q-CdS/TiO2) was
activated with Ag+ prior to their coupling with another
component. The absorption spectra of Ag+-containing
Cd(OH)2-coated Q-CdS before and after coupling with
TiO2 are shown inFig. 4. The coupling of the two shifts
the excitonic peak of CdS to higher energy from 450 to
420 nm and exhibits slight change in the absorption spec-
tra. At low [Ag+] (<3.5 × 10−6 mol dm−3) the absorption
threshold of the coupled semiconductors was not very dif-
ferent to the non-activated CdS–TiO2 but at higher [Ag+]
(>4 × 10−6 mol dm−3) it shifts to the red. The low [Ag+]
(<3.5 × 10−6 mol dm−3) corresponds to about 2% equiva-
lent of CdS and at this concentration a large amount of Ag+
is known to remain dissolved in the CdS lattice[15,27,28].
Similar electronic spectral changes were observed upon

coupling of Ag+-doped TiO2 with Cd(OH)2-coated Q-CdS
at high [Ag+]. However, relatively much less [Ag+] were
used for doping of the TiO2 phase compared to those added
to CdS phase and under these conditions no change in
optical absorption was noted (inset,Fig. 4).

3.2.2. Emission behavior
Coupling of Ag+-containing Cd(OH)2-coated Q-CdS

with TiO2 quenches the bandgap emission of CdS com-
pletely even at the lowest used [Ag+] (3.5×10−6 mol dm−3)
(Fig. 5a). At low [Ag+] (<3.5 × 10−6 mol dm−3) the red
emission band was not affected, however, at higher [Ag+]
(>4× 10−6 mol dm−3) the 650 nm band simply grows with-
out causing any spectral shift up to 3× 10−5 mol dm−3

of Ag+. Thereafter, the intensity of this band decreases.
Similar observations were recorded upon coupling of
Cd(OH)2-coated Q-CdS with Ag+-doped TiO2. The addi-
tion of Ag+-doped TiO2 to the colloidal Cd(OH)2-coated
Q-CdS causes the quenching of its bandgap emission along
with a simultaneous enhancement of red emission (Fig. 5b).
The enhancement of red emission in this case is similar to
those when Ag+-containing CdS was coupled with TiO2
except that increase in emission intensity was of a little less
magnitude. These data do not fit to a simple Stern–Volmer
equation and demonstrate a curvature at high concentrations
of Ag+-doped TiO2 (Fig. 6a). On the other hand, Perrin
model depicts relatively a better fit (Fig. 6b). From this
curve an effective quenching volume of donor–acceptor
(Q-CdS–Ag+-doped TiO2) quenching sphere is calculated
to be 4.03 × 103 Å3. The fact that emission intensity data
do not fit well to a Stern–Volmer relationship suggests the
absence of diffusion of Ag+-doped TiO2 to excited CdS to
demonstrate a bimolecular quenching. On the other hand, a
better fitting of emission data to a Perrin Model indicates
the donor and acceptor to be associated to form such a
cluster which is unable to change its spatial position with
respect to each other during the process of quenching. A
fairly large value of quenching sphere suggests the electron
transfer from the excited CdS to TiO2 to be more facile and
this is indeed the case (Fig. 6b). The above observations
also indicate that Ag+ remains dissolved at its low con-
centration in the CdS lattice but at higher concentrations, a
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Fig. 4. Electronic spectra of Ag+-activated Cd(OH)2-coated Q-CdS before (–· –) and after coupling with TiO2 (1.28×10−3 mol dm−3) containing different
amounts of Ag+ (×10−5 mol dm−3) in CdS phase: 1.0 (· · ·) and 3.0 (–· –). Inset: electronic spectra of Cd(OH)2-coated Q-CdS (1.35× 10−4 mol dm−3)
coupled with TiO2 doped with [Ag+] (×10−7 mol dm−3): 0.0 (– –) and 1.75 (· · ·).

separate Ag2S phase is precipitated which does not emit in
the red region (see footnote 1). This composite photocata-
lyst thus consists of three components TiO2, CdS and Ag2S
phases (CdS–TiO2–Ag2S).

3.2.3. Photodecomposition
The decomposition of CdS phase for different oxy-

genated catalysts activated with Ag+ viz. Q-CdS–Ag2S,
Ag+-containing Cd(OH)2-coated Q-CdS coupled with TiO2
and Ag+-doped TiO2 coupled with Cd(OH)2-coated Q-CdS
as a function of illumination time by light ofλ > 400 nm
are shown inFig. 7. The highest decomposition is observed
when TiO2 component is doped with Ag+ and then coupled
to Cd(OH)2-coated Q-CdS. Obviously, TiO2-doped with
Ag+ modifies this phase so as to enhance the trapping of
more e− as shown below (Eqs. (1)–(4)) and thus hole can
oxidize more of CdS.

Cd(OH)2 · CdS
hν→Cd(OH)2 · CdS(e−–h+) (1)

Cd(OH)2 · CdS(e−) + TiO2

→ CdS+ TiO2(e
−) + Cd2+ + 2OH− (2)

TiO2(e
−) + Ag+ → TiO2 + Ag (3)

TiO2(e
−) + O2 → TiO2 + O2

− (4)

CdS(h+) + CdS+ O2 + O2
−

→ Cd2+ + SO4
2− + CdS (5)

3.2.4. Charge dynamics
Relaxation of charge carriers in the composite catalyst

(CdS–TiO2) without and with Ag+ in TiO2 phase were
followed by monitoring the decay of emission at 462 and
650 nm (Fig. 8). These samples were illuminated by light of
375 nm, which is absorbed by CdS phase only as colloidal
TiO2 does not have any absorption at this wavelength. All
these traces depicted multiexponential decay and were found
to be the best-fit in three-exponential program.Tables 1
and 2present the kinetic analysis of decay curves at 462
and 650 nm. At 462 nm〈τ〉 reduces from 4.46 to 4.32 ns,
whereas at 650 nm〈τ〉 is increased from 13.31 to 22.40 ns.
Interestingly, at 650 nm amongst three lifetime components
it is the third component which has relatively a longer time
constant and high percentage emission, and arises due to
radiative recombination of the trapped charge carriers. It is
this long time constant component which contributes pre-
dominantly to the increased average lifetime at 650 nm in the
presence of Ag+. These observations indicate an increased
transport of shallowly trapped electron from the conduction
band of CdS to the TiO2 phase and trapping of more charge
carriers into the deeper traps in the presence of Ag+.

3.2.5. Photophysics and photocatalytic activity of
Ag+-activated Cd(OH)2-coated Q-CdS–TiO2 system in the
presence of indole–O2 couple

In order to check the separation of charge in the illu-
minated composite catalyst, its photophysics and photocat-
alytic activity were monitored in the presence of indole–O2
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Fig. 5. (a) Emission spectra of pure Cd(OH)2-coated Q-CdS (— —) and Cd(OH)2-coated Q-CdS doped with different amounts of Ag+ before coupling
with TiO2 (1.28×10−3 mol dm−3) [Ag+] (×10−5 mol dm−3): 0.35 (–×–); 1.0 (– – –); 2.0 (· · ·); 3.0 (–· –), 4.0 (–· · –) at pH= 11.0. Emission spectrum of
Cd(OH)2-coated Q-CdS (1.35× 10−4 mol dm−3) coupled with TiO2 (1.28× 10−3 mol dm−3) doped with Ag+ (3.5× 10−7 mol dm−3) (—), λex = 400 nm.
(b) Emission spectra of Cd(OH)2-coated Q-CdS in the presence of different [Ag+ (3.5 × 10−7 mol dm−3)-doped TiO2] (×10−4 mol dm−3): 0.0 (- - -);
1.46 (· · ·); 1.83 (–· –); 2.20 (–×–); 2.56 (–�–); 3.30 (—).

redox couple. In these experiments each of the CdS and
TiO2 component was activated with Ag+ prior to their cou-
pling with other non-activated component. In the first case
Ag+ was added to Q-CdS solution prior to its coupling with
TiO2. The excitation of this catalyst in the presence of in-
dole by light of λ ≥ 400 nm where indole does not have
any absorption causes the production of a new fluorescence
band at around 495 nm. The intensity of this band was found
to depend on [indole] (Fig. 9). The development of a new
band at 495 nm is considered to be due to the formation of
an emissive exciplex between the acceptor CdS (h+) and
donor indole. Similar exciplex has been suggested to form
between the CdS–TiO2–indole system. However, its inten-

sity under identical conditions was fairly low compared to
the present system[12].

The illumination of reaction mixture containing Ag+-
activated composite catalyst CdS–TiO2 and indole in the
presence of O2 by visible light (λex > 400 nm) led to the
production of bluish color product. Electronic and chromato-
graphic study showed it to be the indigo similar to that ob-
served with undoped CdS–TiO2 system. The amount of in-
digo was measured by monitoring its absorption at 602 nm
where the absorption due to indole does not interfere. The
yield of indigo as a function of [Ag+] added to CdS phase
is shown inFig. 10. At low [Ag+] the amount of indigo in-
creases linearly with the [Ag+] up to 9.0× 10−6 mol dm−3,
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Fig. 6. (a) Stern–Volmer plot for the quenching of emission of
Cd(OH)2-coated Q-CdS in the presence of varying amount of Ag+
(3.5 × 10−7 mol dm−3)-doped TiO2 at 462 nm. (b) Perrin plot for the
quenching of emission of Cd(OH)2-coated Q-CdS in the presence of
varying Ag+ (3.5 × 10−7 mol dm−3)-doped TiO2 at 462 nm.

thereafter, a further increase in the concentration of silver
results in a decrease in the yield. At 9× 10−6 mol dm−3 of
Ag+, φindigo was computed to be 0.14. This yield is about
75% higher compared to that of undoped CdS–TiO2 catalyst
under identical experimental conditions.

In an alternative plan TiO2 was doped with silver and then
these particles were coupled with Cd(OH)2-coated Q-CdS.
In reference to the quenching of bandgap emission in the
absence of indole and the development of CT emission band

Fig. 8. Fluorescence decay curves of Cd(OH)2-coated Q-CdS coupled with TiO2 at 462 nm (a) and 650 nm (b); Cd(OH)2-coated Q-CdS coupled with
Ag+ (3.5 × 10−7 mol dm−3)-doped TiO2 at 462 nm (c) and 650 nm (d) atλex = 375 nm. Time calibration: 5.079× 10−11 s/channel.

Fig. 7. Photodecomposition of CdS in Cd(OH)2-coated Q-CdS (–�–);
Cd(OH)2-coated Q-CdS activated with Ag+ (1.0×10−5 mol dm−3) (–�–);
Cd(OH)2-coated Q-CdS coupled with TiO2 (1.28 × 10−3 mol dm−3)
(–�–); Cd(OH)2-coated Q-CdS activated with Ag+ (1.0×10−5 mol dm−3)
and coupled with TiO2 (1.28× 10−3 mol dm−3) (–�–); Cd(OH)2-coated
Q-CdS coupled with TiO2 doped with Ag+ (3.5×10−7 mol dm−3) (–�–)
at pH= 11.0 at λex = 400 nm.

(495 nm) in the presence of indole, the photophysics of these
particles was very similar (Fig. 11) to that of observed when
CdS was activated with silver and then coupled with TiO2
(Fig. 9).

Fig. 12 presents a change in the yield of indigo as a
function of silver added to the TiO2 phase. At low [Ag+]
(<3.5× 10−7 mol dm−3) the amount of indigo increases al-
most proportionately. A further increase in the [Ag+] causes
a decrease in the yield of product. It follows the trend very
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Fig. 9. Emission spectra of Cd(OH)2-coated Q-CdS activated with Ag+ (1.0 × 10−5 mol dm−3) and coupled with TiO2 (1.28× 10−3 mol dm−3) in the
presence of different amounts of indole (×10−3 mol dm−3): 0.0 (—); 0.05 (- - -); 0.1 (–×–); 0.25 (–�–); 0.5 (–�–); 1.0 (· · ·); 2.0 (–· –); 3.0 (–�–); 4.0
(– · · –). Inset: variation of emission intensity vs. [indole] at 495 nm.

similar to that of intensity of exciplex emission as a function
of [Ag+] doped in TiO2 (inset,Fig. 12). Obviously, both of
these processes are related with the separation of charge. At
3.5 × 10−7 mol dm−3 of silver, φindigo was computed to be
0.16. This yield is exactly twofold higher than that of un-
doped TiO2-coupled with CdS. Coupling of both TiO2 and
CdS, activated with the above-optimized amount of silver
separately before coupling, did not enhance the yield of the

Fig. 10. Effect of activation of Cd(OH)2-coated Q-CdS by adding
Ag+ on the yield of product obtained after 10 min of illumination
[CdS] = 1.35 × 10−4 mol dm−3, [TiO2] = 1.28 × 10−3 mol dm−3 at
pH = 11.0.

product any further. At fairly high [Ag+], a separate Ag2S
phase is formed which may also compete with indole for
the interception of hole. The dynamics of charge carriers
in this composite catalyst is illustrated inFig. 13. Similar
photocatalytic activity has been observed with other related
additives and will be published elsewhere.

From the above observations it can be inferred that the
initial separation of the charge in Cd(OH)2-coated Q-CdS
obtained by coupling with TiO2 is essential for exhibiting
the catalytic effect of Ag+. The added silver ion modifies
TiO2 particles such that it traps more electrons on its surface
(Eq. (3)) and these can now reside for longer period of time.
It in turn serves to reduce the rate of e−–h+ recombination
and enhances their reactivity with the redox couple.

(6)

The negative effect at high [Ag+] possibly arises due to
the interception of hole by silver deposit which inhibits the
reaction of h+ with the substrate. The fact that the catalytic

CdS(h+) + Ag → Ag+ + CdS (7)

effect with either TiO2 doped with Ag+ or CdS activated
with Ag+ are very much alike except that a little higher
[Ag+] is necessary for improving the charge separation with
the latter system, it is likely that the Ag+ which remains
dissolved in CdS lattice creates additional trap sites in TiO2
component similar to those in silver-doped TiO2 catalyst
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Fig. 11. Emission spectrum of Cd(OH)2-coated Q-CdS coupled with TiO2 containing different amount of Ag+ (×10−7 mol dm−3): 0.87 (–· · –); 1.75
(– · –); 3.5 (– – –); 5.25 (· · ·); 7.0 (—) in the presence of indole (3× 10−3 mol dm−3) at pH= 11.0.

Fig. 12. Effect of doping of Ag+ to colloidal TiO2 on the yield of product obtained after 10 min of illumination [CdS]= 1.35 × 10−4 mol dm−3,
[TiO2] = 1.28 × 10−3 mol dm−3 at pH = 11.0. Inset: variation of emission intensity of Cd(OH)2-coated Q-CdS–TiO2 in the presence of indole
(3 × 10−3 mol dm−3) as a function of [Ag+] doped in TiO2 at 495 nm.



A. Kumar, A.K. Jain / Journal of Photochemistry and Photobiology A: Chemistry 156 (2003) 207–218 217

Fig. 13. Charge dynamics in Ag+-activated coupled Q-CdS–TiO2.

and the Ag2S phase does not contribute significantly to the
catalytic effect. This viewpoint is also supported by the ex-
periments in which the coupling of both TiO2 and CdS ac-
tivated separately with the above-arrived optimum amount
of Ag+ did not affect the reaction efficiency.

An analysis of the relaxation of the charge carriers in
CdS-Ag2S and Ag+-activated CdS–TiO2 colloids reveal that
in both cases there is a transport of shallowly trapped elec-
tron from the conduction band of CdS to the Ag+ which
increases the trapping of charge carriers in the deeper traps
as was evidenced by decrease in〈τ〉 at 462 nm and increased
〈τ〉 at 650 nm. However, the photocatalytic activity is seen
to enhance enormously with the latter system. Obviously,
the electron and hole could become available for reaction
upon coupling of the two catalysts possibly by removing
Cd(OH)2 layer. The hydroxylation is known to reduce the
conduction band potential of TiO2 to a more negative value
[29], which possibly facilitates this reaction effectively. A
change in the electronic and emission spectra also illustrate
a chemical interaction after coupling the two components
(Figs. 4 and 5).

Some experiments were also designed by doping of TiO2
colloids with Cu2+ and Mn2+ keeping rest of the compo-
nents and conditions in this system identical as used above.
The optimum concentration of Cu2+ was found to be 3.5×
10−7 mol dm−3. It enhanced the catalytic activity for oxida-
tion of indole by about 40% compared to that of undoped

catalyst. Mn2+ did not depict any catalytic action. These
findings can be interpreted in terms of the redox poten-
tials of Ag+/Ag (0.76 V); Cu2+/Cu (0.1 V) and Mn2+/Mn
(−1.029 V) couples. The photoelectron in the conduction
band of TiO2 is known to have a reduction potential of about
−0.5 eV which can easily reduce Ag+ and Cu2+ like metal
ions and O2 like species. In reference to the redox poten-
tials of the used metal ions, the electron trapping would ob-
viously be more efficient in case of TiO2-doped with Ag+
and the order of catalytic activity should be Ag+ > Cu2+ >

Mn2+ which is indeed the case.
In summary, Cd(OH)2-coated Q-CdS activated with

Ag+ is fairly photostable and sensitizes the reaction of
indole–O2 redox couple poorly. Coupling of Ag+-containing
Cd(OH)2-coated Q-CdS with TiO2 or Ag+-doped TiO2 with
Cd(OH)2-coated Q-CdS produces an efficient photocatalytic
system. This photocatalyst is twice as effective compared to
the non-activated composite CdS–TiO2 system for perform-
ing synthetic photochemistry. A three component-coupled
semiconductor (CdS–TiO2–Ag2S) is produced at higher
[Ag+]. Both the photophysics and the electron microscopy
suggest the existence of these clusters. Pure Ag2S phase
does not participate in the observed photophysical changes
and catalytic action. The composite semiconductors have
lately been explored extensively for the development of
efficient photocatalytic and photoelectrochemical solar con-
version systems[30–32].
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