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Abstract  

The photocatalysed oxidation of phenol, 2-chlorophenol and pentachlorophenol was re-examined under conditions in which 
TiO2 anatase was sensitized by CdS in air-equilibrated aqueous media; this was to assess whether or not the interparticle 
electron transfer pathway, first discovered a decade ago (N. Serpone, E. Borgarello and M. Gratzel, J. Chem. Soc., Chem. 
Commun., (1984) 342) and subsequently applied to enhance reductive processes on titania, could also be applied to photo- 
oxidative processes. The results indicate that combinations such as CdS/TiO2 lead to an enhanced rate of disappearance of 
the initial substrate by a factor greater than two, consistent with the notion that (irradiated) CdS electrons are vectorially 
displaced onto the non-illuminated TiO2 particulates. Cadmium sulphide is a poorer photo-oxidation catalyst than titania. 
Other semiconductor materials have also been examined under a variety of conditions of pH and irradiation wavelength. The 
data also show that when both semiconductors in a coupled system are illuminated simultaneously and their valence and 
conduction bands are suitably disposed, both electron and hole transfer occur (as in the CdS/TiO2, ZnOFFiO2, TiOJFe203 
and ZnO/Fe203 couples), which will influence the efficiency of photo-oxidation. NzO-saturated aqueous dispersions of TiO2 
have no effect on the photo-oxidation of phenol, although it was expected that nitrous oxide would scavenge the photogenerated 
electrons in a manner similar to chemisorbed molecular oxygen, and enhance the efficiency. It is suggested that the role of 
oxygen in photo- oxidations may be more than just a simple electron scavenger. 
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1. Introduction 

Semiconduc tor  part iculates have proven to be par- 
ticularly attractive photocatalysts  in he te rogeneous  pho- 
tocatalysis and in advanced oxidation processes in gen- 
eral as they provide an interface with the aqueous  
medium. Redox  species (conduct ion band  electrons, 
ecB- and valence band  holes, hvB +) are eventually 
poised at the interface (in the case of  TiO2 as Ti nI 
tbr the electrons and T i I V - ' O H  for the holes) following 
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irradiation of  the dispersions with light energy appro-  
priate to their band  gaps (TiO2 anatase, 3.2 eV; CdS, 
2.4-2.6 eV). Much  of  the research on the photodeg-  
radat ion of  organic substrates over irradiated anatase 
titania has been  reviewed in detail in several recent  
articles [1-7]. In this paper ,  we examine the photo-  
catalysed t ransformat ion of  three selected substrates 
to determine whether  or  not the interparticle electron 
transfer ( IPET)  pathway can be applied, which was 
first repor ted  in 1984 [8] and which demons t ra ted  that  
the coupling o f  two semiconductors  (e.g. CdS and TiO2) 
leads to improved dihydrogen product ion  from the 
photoreduct ion  of  water  in the presence of  hydrogen 
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sulphide as sacrificial agent. We have also demonstrated 
the photocatalytic usefulness of coupled semiconductors 
in the dehydrogenation of alcohols [9] and have probed 
the IPET process by photoelectrochemical [10] and 
photoconductivity [11,12] experiments in solid systems. 
A limiting factor that controls the efficiency of pho- 
tocatalysis is the rapid recombination of photogenerated 
electrons and holes in semiconductor particulates. A 
variety of methods have been employed to retard such 
recombination: the addition of surface dopants and 
electron or hole scavengers adsorbed on the surface. 
Recently, the application of the coupled systems WO3/ 
CdS and WO3/Pt-CdS as photocatalysts has been shown 
to enhance the efficiency of hydrogen production [13]. 

The coupling of two semiconductors possessing dif- 
ferent redox energy levels for their corresponding con- 
duction and valence bands provides an attractive ap- 
proach to achieve more efficient charge separation, 
increase the lifetime of the charge carriers and enhance 
the efficiency of the interfacial charge transfer to ad- 
sorbed substrates. In the case of CdS and TiOz, a 
photoelectron generated on CdS can be injected into 
the (inactivated) TiOz conduction band while the pho- 
tohole remains on CdS (Fig. I(A) [14-18]). This IPET 
pathway therefore affords vectorial electron transfer 
which is irreversible under certain conditions. For a 
colloidal system of CdS and TiO2 or ZnO, the rate 
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Fig. 1. (A) Energy diagram illustrating the coupling of various 
semiconductors (SCs) in which vectorial electron transfer occurs 
from the light-activated SC to the non-activated SC. (B) Diagram 
depicting the coupling of various SCs in which vectorial displacement 
of  electrons and holes is possible. 

constant for this vectorial electron transfer is 5 × 101° 
s-X or greater [19,20]. In alkaline aqueous dispersions, 
the conduction band of TiO2 particulates is 100 mV 
more anodic than the corresponding band of CdS [10]. 
Our photoconductivity studies [11,12] have revealed 
that, in the solid phase, vectorial electron transfer occurs 
from TiO2 to CdS, a reversal from the colloidal or 
dispersion phases owing to modifications of the surface 
properties of the TiO2 particulates under the prevailing 
conditions used. An additional feature of Fig. I(B) is 
that simultaneous activation of both semiconductors 
may lead to simultaneous electron transfer from CdS 
to TiO2 and hole transfer from TiOz to CdS. Since 
our first report, several other coupled systems have 
been examined by a variety of photochemical and 
photophysical methods [14,19]. Although the photo- 
catalysed oxidation of the substrates examined here 
has been investigated previously in oxygen-equilibrated 
aqueous suspensions of CdS [21-23] and TiO: and ZnO 
[1-7], the photocatalytic properties of coupled systems 
have hitherto remained largely unexplored. 

Photocatalytically, in the past the coupling of semi- 
conductors has been examined only from the photo- 
reductive side. In this report, we explore the potential 
applications of the IPET process for the oxidative 
decomposition of selected polluting organic substances. 
We have chosen phenol, 2-chlorophenol and pentach- 
lorophenol as test substrates. We show the usefulness 
of using a semiconductor (CdS) to sensitize a larger 
band gap semiconductor such as TiO2; other coupled 
systems have also been explored. We also infer that 
both electron transfer from illuminated CdS to light- 
activated TiO: and hole transfer from illuminated TiO2 
to activated CdS occur in the CdS/TiO2 coupled system. 
This double charge transfer has not hitherto been 
reported for coupled or sandwiched semiconductor 
systems; however, hole transfer from light-activated ZnO 
particulates sandwiched by a layer of ZnSe or ZnS has 
been observed [24-26]. 

2. Experimental section 

2.1. Materials 

Phenol, 2-chlorophenol and pentachlorophenol were 
purchased from Aldrich and were of the best grade 
available; they were subjected to no further treatment. 
The semiconductor powders, CdS, ZnO and SnO2 
(Fluka), WO3 (Johnson Matthey), WS2 (Alfa), TiO2 
(Degussa P-25) and Fe203 (prepared by Dr. M. Cas- 
tellano of ENI, Milan), were used as received. In a 
few cases, SnO2 was further ground mechanically to a 
finer powder. The water used throughout was deionized 
and doubly distilled. 
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2.2. Procedures 

The irradiation source was a 1000 W Hg/Xe arc lamp 
(Oriel Corporation) operated at 900 W. Suitable cut- 
off filters (355 and 406 nm) were used to eliminate 
undesirable UV radiation; a water jacket was employed 
to eliminate IR radiation. The reactor consisted of a 
60 ml capacity glass vessel. The photocatalyst materials 
(80 mg of each) and 50 ml of an aqueous solution of 
the substrate (about 200/zM unless stated otherwise) 
were stirred magnetically. In other cases, the irradiation 
source was a Solar Box (1500 W Xe lamp; 
CO.FO.MEGRA, Milan, Italy) which delivered air mass 
(AM) 1 simulated solar light (about 80-100 mW era-z). 

The apparent kinetics of disappearance of the original 
substrate (or formation and decay of the intermediate 
species) were followed by determining the concentration 
of the substance at various time intervals by high 
performance liquid chromatography (HPLC). The 
HPLC assembly consisted of a Waters 151 HPLC pump, 
a Millipore /z Bondapak reverse phase C-18 column, 
a Millipore Waters 441 absorbance detector and a 
Hewlett Packard HP 3396A integrator. The detection 
wavelengths were 254 and 280 nm. A 3 ml aliquot of 
the reaction mixture was sampled periodically and 
filtered with a 0.2 /zm membrane filter before acidi- 
fication to pH 1-2 prior to analysis. Analyses of the 
pentachlorophenol system were carried out at the ex- 
perimental value of pH = 12. The mobile phase consisted 
of a 40:60 methanol-water mixture, except for pen- 
tachlorophenol where the phase was a 50 : 50 mixture 
of methanol and water. 
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Fig. 2. Plots showing the photocatalysed transformation of phenol 
as a function of irradiation time under various conditions (concen- 
tration of phenol, 230-250/.~M): (A) Pyrex reactor used (wavelengths 
above 320 nm); (B) 406 nm cut-off filter used. 

3. Results and discussion 

3.1. Phenol oxidation 

The photocatalysed disappearance of phenol in air- 
equilibrated aqueous CdS, TiO2 and CdS/TiO2 systems 
(pH 12), irradiated in the UV-visible region at wave- 
lengths greater than 320 nm (Pyrex reactor used) or 
greater than 406 nm (cut-off filter used), is illustrated 
in Figs. 2(A) and 2(B) respectively. The rates for TiO2 
and the CdSfriO2 system are identical (2.05_+ 0.06 ~M 
min -1 and 2.0_+0.2 /zM min -1, Table 1; irradiation 
wavelength, greater than 320 nm); that for CdS alone 
is twofold slower (1.09 + 0.04/zM min-1). By contrast, 
when only visible radiation is used to illuminate the 
photocatalytic materials, there is no reaction with the 
TiO2 dispersions (bandgap, 3.2 eV; 380 nm). For the 
CdS system, the rate is 0.56_+0.08 /zM rain -1, while 
it is twofold faster for the coupled CdSfrio2 system 
(Table 1). In both cases, the rates are slower by a 
factor of two when visible radiation is used. 

In argon- or nitrous-oxide-purged aqueous TiO2 sus- 
pensions (pH = 5.7-6), there is no effect on the photo- 
oxidation of phenol (Fig. 3) in contrast with air-equil- 
ibrated systems where molecular oxygen has a significant 
impact. The result for the nitrous-oxide-purged systems 
was somewhat unexpected. When a colloidal aqueous 
ZnO suspension is saturated with N20, which reacts 
with solvated electrons in the pulse radiolysis of aqueous 
systems, the trapped electrons on the ZnO surface 
decay faster than in N20-free suspensions [24], sug- 
gesting that the trapped electrons are scavenged from 
the ZnO surface by nitrous oxide in a manner which 
parallels the behaviour of oxygen-saturated ZnO sus- 
pensions. Evidently, nitrous-oxide-saturated TiO2 par- 
ticulates behave differently, as  NEO has no apparent 
effect on the photo-oxidative decomposition of phenol. 
We speculate that the surface trapped e -  on ZnO, 
(Zn]I-e-)aq where the interaction between the metal 
ion and the electron is relatively small, resembles eaq 

more so than does the corresponding (TiIV-e-)aq where 
the interaction is significantly greater and the trapped 
electron is considered to be Ti m . Alternatively, the 
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Table 1 
Rates of disappearance of phenol, 2-chlorophenol and pentachlo- 
rophenol for CdS, TiO2 and CdS/TiO2 combinations 

System" Rate (izM min -~) 

No filter b With 406 nm filter 

PhenoF 
CdS 1.09 + 0.04 0.56 + 0.08 
TiO2 2.05 + 0.06 NR 
CdS/TiO2 2.0 + 0.2 0.95 + 0.05 

2-Chlorophenol a 
CdS 0.3 + 0.1 NR 
TiO2 5.1+0.1 NR 
CdS/TiO2 4.1 +0.5 2.2+0.1 

Pentachlorophenol c 
CdS 0.76 + 0.11 0.39 + 0.05 
TiO2 3.61 + 0.06 0.33 + 0.01 
CdS/TiO2 4.9 + 0.2 1.6 + 0.2 

~pH = 12 in all cases; [CdS] = [TiO2] = 80 mg per 50 ml of aqueous 
phenolic solution; lamp Hg/Xe, 900 W. 

bPyrex reactor used allowing wavelengths greater than 320 nm. 
¢Concentration, (2.3-2.5) × 10 -4 M. 
dConcentration, (2.0-2.3) X 10 -4 M. 
CConcentration, (1.2-1.5) × 10 -4 M. 
NR, no reaction. 
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Fig. 3. Effect of added gases on the photocatalysed conversion of 
phenol (Pyrex reactor used). Other conditions as in Fig. 2(A); pH = 5.8. 

N20 may act simply (as argon) to deprive the suspension 
of much needed oxygen. However, if nitrous oxide does 
scavenge electrons, the role of molecular oxygen in 02- 
saturated (or air-equilibrated) aqueous TiO2 dispersions 
may be more than just a simple electron scavenger 
[27a]. In this regard, we note that N20 has no effect 
on the electrical photoconductivity of a solid TiO2 P- 
25 specimen in the "dry state" [27b], so that nitrous 
oxide is not an electron scavenger under these con- 
ditions. 

Fig. 4 depicts the AM1 simulated sunlight irradiation 
(wavelengths greater than 310 nm) of three alkaline, 
air-equilibrated phenolic dispersions of CdS, TiO2 and 
CdS/TiO2. The photo-oxidative transformation of phenol 
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Fig. 4. Photocatalysed transformation of phenol in alkaline media 
with various semiconductor dispersions irradiated with AM1 simulated 
sunlight from a Solar Box. 

Table 2 
Apparent first-order kinetics for the disappearance of phenol in air- 
equilibrated aqueous media using AM1 simulated solar light for 
irradiation 

Semiconductor 1 ~ Semiconductor 2" k Intermediates 
(10 -3 min - I )  

Conditions: p H =  12.2; [Phenol] = 136 izM 
CdS - 3.8 + 0.5 - 
-- TiO2 19 + 5 - 
CdS TiO2 8 + 1 (CC) b 

Conditions: pH = 8.2; [Phenol] = 150-170 p.M 
ZnO - 52+3 HQ, CC 
CdS - 0.8 4- 0.2 HQ, (CC) 

- -  SnO2 NR -- 
CdS SnO2 2.7 + 0.4 HQ, (CC) 

aConcentration, 80 mg in 50 ml aqueous phenolic solution. 
bTrace quantities of catechol formed under these conditions. 
CC, catechol; HQ, hydroquinone; NR, no reaction. 

follows first-order kinetics. Cadmium sulphide is a 
poorer photocatalyst than TiO2 (k values are 
(3.8___0.5)x 10 -3 min -1 and ( 1 9 _ 5 ) x 1 0  -3 min -1 re- 
spectively; Table 2); the coupled CdS/TiO2 system also 
photocatalyses the oxidative conversion of phenol, but 
at a twofold slower rate than TiO2, even though this 
system absorbs more light than TiO2 alone (see below). 

3.2. 2-Chlorophenol oxidation 

The photo-oxidative disappearance of 2-chlorophenol 
in the presence of CdS, TiO2 and CdS/TiO: in aqueous 
alkaline media (pH 12) is depicted in Figs. 5(A) and 
5(B) for UV-visible (Pyrex reactor) and visible (406 
nm cut-off filter) illumination respectively. The cor- 
responding rates are 0.3+0.1 /xM min a, 5.1+0.1 IzM 
min -1 and 4.1+0.5 /~M min -1 for irradiation wave- 
lengths above 320 nm. For the CdS system, the apparent 
photo-oxidation in the UV-illuminated system is prob- 
ably due to direct photolysis and not to a photocatalysed 
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Fig. 6. Photocatalysed conversion of pentachlorophenol (PCP) in 
alkaline media (concentration of PCP, 120-150 /xM): (A) Pyrex 
reactor used; (B) 406 nm cut-off filter used. 

process, since visible radiation which activates CdS has 
no effect (Fig. 5(B) and Table 1). By contrast, when 
the coupled CdS/TiO2 system is illuminated with visible 
radiation only, the photo- oxidative disappearance of 
2-chlorophenol is effective (rate, 2.2+0.1 /xM min-1). 

3.3. Pentachlorophenol oxidation 

The photo-oxidation of pentachlorophenol by 
UV-visible and visible illumination of the three pho- 
tocatalytic systems in aqueous alkaline media (pH 12) 
is examined in Figs. 6(A) and 6(B) respectively. With 
visible illumination only, the rates for CdS and TiO2 
are nearly identical; for the coupled semiconductor 
system the rate is fourfold faster (Table 1). When 
UV-visible radiation is used, the photo-oxidative pro- 
cesses are accelerated both for direct photolysis in the 
presence of CdS (0.76+0.11 ~M min -1) and for the 
photocatalysed oxidation with TiOz and CdS/TiO2; the 
respective rates are 3.61 _+0.06/~M min -1 and 4.9+0.2 
/ ~ M  m i n -  1 

The data of Figs. 2(A), 4, 5(A) and Table 1 show 
that CdS is a poorer photocatalyst in the oxidative 

degradation of phenol, 2-chlorophenol and pentach- 
lorophenol than TiO2 by a factor of 2-17, even though 
the former material absorbs a greater quantity of light 
(UV and visible wavelengths to 520 nm). As expected, 
no degradation of phenol or 2-chlorophenol occurs 
when TiO 2 is irradiated with visible light only (wave- 
lengths above 406 nm; Table 1), but pentachlorophenol 
shows a small but measurable rate of oxidation. Since 
TiO2 is not activated by visible radiation, photo-oxidation 
must proceed via direct photolysis of the pentachlo- 
rophenolate anion, probably adsorbed to some extent 
on TiO2 under the prevailing conditions. Substrates 
adsorbed onto metal chalcogenide supports may have 
their absorption spectra red shifted by several tens of 
nanometres. Direct photolysis is also probable for the 
CdS system even though this photocatalyst material is 
activated by light. 

It is noteworthy that CdS quenches the degradation 
of phenol on TiO2 at pH 12 when the coupled system 
is irradiated with simulated sunlight (Table 2 and Fig. 
4). This observation is consistent with the notion that 
electron and/or hole transfer between the activated 
CdS and activated TiO2 particulates inhibits the pho- 
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tocatalytic activity of the latter, thereby decreasing the 
concentration of the active oxygen species that lead to 
oxidation (namely the surface bound "OH radicals [28]). 
At near-neutral conditions, ZnO is a very efficient 
photocatalyst for phenol degradation, unlike CdS for 
which degradation is some 65 times slower and unlike 
SnO2 which shows no photocatalytic activity (Table 2). 
By contrast, when CdS is coupled with SnO2, phenol 
oxidation is threefold faster, reflecting the charge trans- 
fer between CdS and the conduction band of SnO2 or 
one of its surface states, thereby increasing the con- 
centration of active oxidative entities in the former 
material (see below). The major intermediate product(s) 
is hydroquinone, with trace quantities of catechol, except 
for the ZnO dispersion where catechol and hydroqui- 
none are both produced in nearly equal amounts. 

3.4. Various semiconductor combinations 

Table 3 summarizes the kinetic results from the photo- 
oxidation of phenol for a variety of semiconductors 
used either alone or in binary combinations under a 
variety of conditions, but all in air-equilibrated aqueous 
media; it also summarizes the various intermediates 
detected by liquid chromatography. At the more acidic 
pH values, both hydroquinone and catechol are readily 
formed; in more alkaline media, catechol is not an 
important intermediate, unlike hydroquinone and ben- 
zoquinone. Several features of the results in Table 3 
are worth noting. 

At pH 12.2, on exposure to visible irradiation (A > 406 
nm), both TiO2 and WS2 are inactive (Table 3) towards 
phenol oxidation; however, when these two materials 
are coupled with CdS, a twofold improvement in the 
photo- oxidative conversion is witnessed. The Fe203 
specimen used in this study shows activity similar to 
CdS and to the coupled systems CdS/TiO2, CdS/Fe203, 
CdS/WS2, CdS/SnO2 and CdS/~VO 3. Hydroquinone and 
benzoquinone together with trace amounts of catechol 
are formed under alkaline conditions for CdS and CdS/ 
TiO2; no intermediates are detected for Fe203 and for 
the coupled systems under otherwise identical condi- 
tions. Decreasing the pH value to pH---8 (Table 3), 
SnO2, WS2 and ZnO are inactive as is the CdS/WS2 
combination. Tin oxide, iron oxide and zinc oxide appear 
to quench the CdS oxidation of phenol. Only hydro- 
quinone is formed in observable quantities under the 
prevailing conditions. 

On exposure to UV-visible irradiation (greater than 
355 nm), iron oxide quenches the photocatalytic activity 
of TiO2 by a factor of 3-4, while it has little effect on 
the photocatalytic activity of ZnO (Table 3); hydro- 
quinone is formed with the TiO2 systems and both 
hydroquinone and catechol are formed with the ZnO 
dispersions. On acidification to about pH 6.7 (Table 
3), the rate of photo-oxidation of phenol by ZnO and 

TiO2 decreases by about 30%; the photo-oxidation of 
phenol by irradiated WO3 is quenched by SnO2 by a 
factor of approximately four, while it slightly enhances 
the efficiency of ZnO-photocatalysed oxidation. In more 
acidic aqueous media, pH 3, and with UV-visible ir- 
radiation (Table 3), the TiO2 photo-oxidation of phenol 
is not affected by the simultaneous presence of either 
SnO2 or WO3; the latter semiconductor material is also 
photo-oxidatively active. 

3.5. Mechanistic considerations 

Hydrous CdS contains two types of surface functional 
site [29]: (a) Br6nsted sites where hydrogen ions and 
hydroxide ions determine the surface potential; (b) 
Lewis sites where cadmium and sulphide ions determine 
the potential (pKa = 6.10 and 9.02; point of zero charge 
(pzc), 7.5). The dissociative interaction of water with 
the non-polar face of CdS therefore gives Cd-OH and 
S-H groups; molecular water is weakly chemisorbed 
on the polar face of the CdS particle [30]. Organic 
substrates, such as phenol and chlorophenols, are ad- 
sorbed on the CdS particle surface, with the adsorption 
increasing with the number of chloro substituents on 
the phenol group [21,23]. 

Irradiation of aqueous CdS dispersions with 
UV-visible or visible light (wavelengths below 520 nm) 
generates conduction band electrons and valence band 
holes which migrate to the surface and subsequently 
become trapped as S- and Cd ÷ (or Cd °) species [31] 
(Eq. (1)). In oxygen-equilibrated media, the trapped 
electrons are scavenged by molecular oxygen to yield 
the superoxide radical anion and then the peroxide ion 
(Eq. (2)) [32,331. 

CdS+hz, , CdS(ecB- -t-hvB +) > 

CdZ(etr- +htr +) (1) 

e t r -+ 02 > 0 2 -  err-) 022_ " (2) 

nhtr + + CdS(nS-) ---~nS(CdS) + Cd 2 + (aq) (3) 

If the photogenerated holes are not consumed rapidly 
by the Cd-OH groups (or chemisorbed water) and/or 
the adsorbed phenolic substrate, photoanodic corrosion 
rapidly ensues, leading to the release of Cd 2+ ions in 
solution [32] (in rather large quantities; about 1 mM 
[23]) and the formation of a layer of elemental sulphur 
on the CdS particulate surface (Eq. (3)); this may affect 
significantly the subsequent efficiency of the photo- 
oxidation of organic substrates. Illuminated aqueous 
CdS dispersions oxidatively decompose adsorbed sub- 
strates such as the phenols examined here (see above 
and Refs. [21-23]). 

The photocatalytic expectations from coupled systems 
can best be predicted and described from a knowledge 
of the fiat band potentials of the system components. 
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Table 3 
Apparent  first-order kinetics for the disappearance of phenol in air-equilibrated aqueous media a 
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Semiconductor 1 b Semiconductor 2 b k (10 -3 min -~) Intermediates  detected 

Conditions: pH 12.2 and 406 nm filter; [Phenol]=215 M 
CdS -- 3.1+0.3 BQ, HQ, others c 

- TiO2 NR -- 
CdS TiO2 5.3±0.4 BQ, HQ, (CC), others 

- WS2 NR - -  

- -  Fe203 4.6 ± 0.8 d 

CdS FezO3 4.0 _+ 0.6 d 

CdS WS2 5.9 ± 0.3 a 

CdS SnO2 3.1 + 0.4 a 

CdS WO3 7.4 _+ 0.7 a 

Conditions: p H - - 8  and 406 nm filter; [Phenol]--210-220 /zM 

CdS -- 4.3 ± 0.5 HQ, (CC) 

- SnO2 NR - -  

- -  WS2 NR - -  

- Fe203 2.5 ± 0.4 d 

-- ZnO NR -- 

CdS WS2 ( = 0.07) -- 

CdS SnO2 0.9+0.2 HQ 

CdS Fe203 0.9 ± 0.3 a 
CdS ZnO 2.0 _+ 0.8 HQ 

Conditions: pH=8 .1  and 355 nm filter; [Phenol] =181 /zM 
Yi02 -- 27 ± 2 HQ 

-- Fe2Os 1.6 ± 0.6 a 

TiO2 Fe203 6.7 ± 0.8 HQ 
ZnO -- 90_+ 5 HQ, CC 

ZnO Fe203 76 ± 2 HQ, CC 

Conditions: p H = 6 . 7  and 355 nm filter; [Phenol]=200 /tM 
ZnO -- 61_+4 HQ, CC 

-- SnO2 NR - 

- WO3 3.3 _+ 0.4 HQ, CC 
-- TiO2 19 _+ 1 HQ 

ZnO SnO2 84 + 5 HQ, CC 

ZnO WO3 50 ± 7 HQ, CC 

ZnO TiOz 71 ± 2 HQ 

W O  3 SnO2 0.8 ± 0.2 HQ, CC 

Conditions: pH =3  and 355 nm filter; [Phenol[ = 204 /.tM 

TiOz -- 14 + 1 HQ, CC 

- WO3 3.8 ±0.4 HQ, CC 

- SnO2 NR -- 

TiO2 SnO2 12:t: 1 HQ, CC 

TiO2 SnO2 15 ± 2  HQ, CC 

TiO2 WO3 11 _+ 1 HQ, CC 

aAbbreviations used: BQ, benzoquinone; HQ, hydroquinone; CC, catechol; NR, no reaction. 

bConcentration, 80 mg in 50 ml aqueous phenolic solution. 

tOther  HPLC peaks were not identified. 

dNo HPLC peaks other  than those of the initial substrate and the mobile phase were noted (note that there may have been species that 

eluted with the mobile phase or may have remained adsorbed on the particulates). 

Fig. 7 depicts the flat band potentials [14-18] of the 
valence and conduction bands at pH 7 (vs. the normal 
hydrogen electrode (NHE)) for various semiconductor 
materials together with their band gap energies. It 
should be noted that suitable redox levels are only one 
factor affecting IPET and thus photocatalysis. No doubt, 
the geometry of the particles, surface texture and particle 
size also play a significant role. 

In the presence of TiO2 in a coupled CdS/TiO2 
system, where this metal oxide semiconductor is not 
light activated, it can be sensitized by IPET from the 
irradiated (greater than 406 nm) CdS particulate to 
the conduction band (or surface states, see Fig. I(A)) 
of TiO2, thereby leaving an excess of surface trapped 
holes on CdS (Eq. (4)). This vectorial transfer of charge 
should therefore enhance the photo-oxidation of the 
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-1 0 J CdS 

 +20J . . . .  5 . . . .  1 . . . . . .  / . . . . . .  , . . . . .  j _  : . . . . . .  

741 
Fig. 7. Diagram depicting the redox potentials of the valence and 
conduction bands and the band gap energies for various semiconductor 
particulates estimated at pH 7. Adapted from data and analogous 
diagrams at other pH values from Refs. [14-18 I. Also illustrated are 
the redox potential positions of the water couples at pH 7 together 
with the potential of the "OH/OH- couple estimated at pH 7. Note 
that the redox potentials for the water couples and the O H  radical 
pertain to a homogeneous aqueous phase not the heterogeneous 
phase [34]. 

sorbed organic substrate; this is shown in Tables 1, 2 
(for CdS/TiO2 and CdS/SnO2) and 3 (for the various 
combinations indicated) and in Figs. 2(B), 5(B) and 
6(B) (Eq. (5)). 

CdS(e- + h+) +TiO2 ,CdS(h+) +TiO2(e -)  (4) 

CdS(h + or OH radical)+phenol(ads) > 

intermediates , products (5) 

Where both components of the coupled systems are 
simultaneously activated by the UV-visible irradiation 
conditions used, Fig. I(B) suggests that, where the flat 
band potentials are suitably disposed for the components 
and combinations indicated, electron transfer may occur 
from the more cathodic band of one semiconductor 
(e.g. CdS) to the more anodic band of the other 
component (e.g. TiO2), while hole transfer may occur 
from the more anodic valence band of TiO2 to the 
valence band of CdS, in competition with electron-hole 
recombination in the respective semiconductors. Thus 

CdS(e- + h+) +TiO2(e - +h  +) ; 

CdS(h + +h+)+TiOz(e - + e - )  (6) 

The excess holes on CdS ultimately oxidize the organic 
substrate (see Table 2 and Fig. 4) and may also anodically 
autocorrode the CdS particulates [21-23]; the excess 
electrons on TiO2 are scavenged by chemisorbed mo- 
lecular oxygen to produce the superoxide radical anion, 
the rate of which may be the decisive factor on the 
overall rate of oxidation by the active oxygen species 
[35]. It is clear from the earlier discussion that CdS 
is a poorer photocatalyst than TiO2, such that a slower 
rate of oxidation is observed for the CdS/TiO2 couple 
(Fig. 4). Along these lines, in a recent study on the 
photo-oxidation of 2-propanol with irradiated CdS/ 
A1203, Green and Rudham [30] noted that TiO2-based 

catalysts are about 20 times more active than CdS- 
based catalysts; interestingly, activation energies pre- 
dicted an activity ratio for TiO2 to CdS of about 5 x 105 
which was offset by the greater entropic factor on CdS. 

A similar situation is encountered in the ZnO/TiO2 
combination (see Table 3), where electron transfer 
occurs from light-activated ZnO to the conduction band 
of light-activated TiO2 and, conversely, hole transfer 
can take place from the valence band of TiO2 to the 
corresponding band of ZnO. The kinetic evidence re- 
ported in Table 3 demonstrates that ZnO is a more 
efficient photocatalyst than TiO2 under the present 
conditions (90 × 10- 3 min- 1 vs. 27 × 10- 3 min- 1). Thus 
the slight increase (Table 3) in k from (61+4) x 10 -3 
min -1 for ZnO suspensions alone to (71-+2) X10 -3 
min-1 for the ZnO/TiO2 couple is in keeping with the 
above expectation. 

Of the various combinations examined in Table 3 
with phenol as the test substrate, the TiOz/Fe203 system 
is rather unique in that both the valence and conduction 
bands of Fe203 are sandwiched between the corre- 
sponding bands of TiO2 (Fig. 7). Thus simultaneous 
excitation of both components can lead to a one-way 
vectorial transfer of both electrons and holes from TiO2 
particulates to Fe203; the latter is a less efficient 
photocatalyst than its counterpart (k values are 27 x 10-3 
min - 1 and 1.6 x 10 - 3 min - 1 respectively; Table 3) under 
otherwise identical conditions. A parallel situation is 
evident in Table 3 on comparing ZnO and FezO3 
performances alone and in the ZnO/Fe203 combination; 
electron and hole transfer from ZnO to Fe203 diminishes 
the efficacy of ZnO. 

4. Conclusions 

The vectorial transfer of electrons and holes between 
semiconductor particulates is a significant process in 
the photo- oxidative degradation of aromatic polluting 
substances, e.g. phenol and chlorophenols. The aim of 
this study was to select reactions that allowed the 
occurrence of such charge transfer to be shown. To 
our knowledge, this is the first report of hole transfer 
between coupled semiconductor particulates, together 
with a vectorial one-way displacement of both electrons 
and holes from one semiconductor to another. Work 
is under way to establish simultaneous charge transfer 
by picosecond laser spectroscopy on the appropriate 
colloidal materials. It must be pointed out that the 
photocatalytic activity of a semiconductor material de- 
pends, to a large extent, on its preparation (source), 
its nature (where more than one polymorph is available) 
and the pre-treatment the material receives prior to 
utilization. Thus the conclusions reached here pertain 
to those materials examined. Moreover, from a practical 
viewpoint, utilization of CdS alone or in coupled systems 
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is not desirable owing to the significant quantities of 
toxic cadmium that are released into aqueous media 
from the photoanodic corrosion of the CdS-based sys- 
tem. 
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