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ABSTRACT. This article briefly reviews some of our recent work carried out both from an experimental
point of view as well as from a theoretical perspective to gain further understanding of the events that take
place in Heterogeneous Photocatalysis. Previously, the multitude of reports from our laboratory and from
many others looked at the primary photocatalytic events as involving (a) absorption of light, (b) formation
of the free (electrons and holes) and/or trapped charge carriers (Ti3* and «OH radicals), and (c) reaction
of pre-adsorbed acceptor or donor molecules with the relevant trapped carrier. Our recent work notes that
this view is reasonable if the only purpose of photocatalysis is elimination of undesirable environmental
pollutants. But when we begin to query how to render a process more efficient, we need to address the
primary events following photoexcitation of the photocatalyst, which in most instances has been titanium
dioxide (in the anatase form). Owing to the nature of light absorption by TiO» we resorted to examining other
metal oxides, most of which are dielectric insulators with very large bandgap energies, for example zirconia
(ZrO7) and scandia (Sc203). These dielectrics have provided added information on the photophysical events,
many of which are masked by the strong light absorption in titania. Despite some of our recent progress,
much remains to be done for a fuller understanding of the events that occur at the surface, which we have
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often considered to be the greatest and most complex defect in metal oxide particulates.

1. INTRODUCTION

The great interest witnessed in studies of photoin-
duced processes in heterogeneous systems is not
surprising. What was the sphere of interest of a few
research groups some years ago, we now note hun-
dreds of such groups exploring and exploiting the
potentials of heterogeneous photocatalysis. To ap-
preciate this ongoing interest, we need only look
around us to discover surfaces (on soil, buildings,
walls, streets, and others) that serve as interfaces
between solid, liquid and gas phases. We can see
these surfaces because when exposed to sunlight they
reflect and scatter the incident radiation. We also
appreciate a world of colored surfaces because of
selective absorption of sunlight by entities at such
interfaces, the effect of which creates thermodynam-
ically open heterogeneous systems with flow of free
energy of light. Of consequence, it is relevant to query
how such systems convert this free energy, what the
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consequences of light energy conversion in heteroge-
neous systems are, what parameters govern and are
responsible for the photostability and/or photosensi-
tivity, and for the photoactivity of such heterogeneous
systems, and what factors control photo-induced
processes. These are only but a few of the questions
that Nature has collectively challenged and engaged us
in exploring photostimulated processes that take place
in heterogeneous systems.

2. PHOTO-INDUCED PROCESSES IN SOLIDS

Among the countless photo-induced processes, our at-
tention has been concentrated particularly on those
photochemical processes that occur at the interface of
solid/liquid and solid/gas heterogeneous systems, and
on their relationship(s) with photophysical processes
that take place in the solids. The first step of any pho-
tostimulated process is photoexcitation of the system
resulting from absorption of photons. Typically, the
solid is responsible for light absorption in a heteroge-
neous system. The photon energy in the near-UV/Vis
spectral region corresponds to the energy of excitation
of the electronic subsystem(s) of the solid. We distin-
guish several types of photoexcitation of solids. The
first type is an intrinsic photoexcitation which leads to
electron transitions from the valence band to the con-
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Figure 1. Schemes of excitation processes and relaxation in heterogeneous systems containing solid particles. (a) step 1:
photoexcitation; step 2: complete relaxation in ideal solids (band-to-band recombination); step 3: complete relaxation in real
solids (free charge carrier recombination through defect centers, R). (b) step 1: photoexcitation; step 2: interfacial electron
transfer from the solid to the acceptor molecule (stoichiometric reaction, incomplete relaxation). (c) step 1: photoexcitation;
step 2: interfacial transfer electron from the solid to the acceptor molecule; step 3: interfacial electron transfer from donor
molecules to the solid to complete solid relaxation and the photocatalytic cycle; step 4: secondary chemical process to close
the cycle of the charge carriers. (d) step 1: photoexcitation; step 2: electron trapping by defect sites to form F-type color
centers (incomplete relaxation); step 3: hole trapping by defect centerss to form V -type color centers (incomplete relaxation);
steps 4 and 5: slow recombination process through color centers to complete the relaxation of the solid; step 6: electron
trapping by surface defects to form surface active (color) centers, S, (incomplete relaxation); step 7: deactivation of surface

active centers through recombination (complete relaxation).

duction band of the solid, or to formation of excitons
(bound electron-hole pairs) when the excitation energy
coincides with the excitonic absorption band of that
solid. This type of photoexcitation corresponds to the
fundamental absorption of solids, that is band-to-band
absorption.

In the ideal case of a perfect lattice structure, in-
trinsic absorption of light is the only possible type
of electronic photoexcitation of solids. The opposite
processes of excitation decay in an ideal solid, which
return the solid to its initial ground state, are the

band-to-band electron-hole recombination or exciton
decay (Figure 1a). When the solid is an integral compo-
nent of a heterogeneous system, interfacial transfer of
charge carriers becomes possible. This is synonymous
with a well-known three-level photochemical system
(Figure 1b). The pathway corresponds to a simple sto-
ichiometric heterogeneous photoreaction. However, if
the energy diagram of Figure 1b were expanded to a
four-level system (see Figure 1c), when the charge car-
rier cycle is closed due to redox reactions with both ac-
ceptor and donor molecules at the surface, which leads
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to complete relaxation of the solid back the ground
state, the process can then be viewed as being photo-
catalytic. Thus, any stoichiometric surface photoreac-
tion can be considered as an incomplete photocatalytic
cycle. The result of such an incomplete cycle is that
at the end of the reaction the system goes into a new,
higher energy state. An example of such a process is
the photo-induced adsorption of molecules on metal-
oxide surfaces.

3. PHOTOCHEMICAL PROCESSES ON SOLIDS

There are two well-known surface stoichiometric pho-
tochemical reactions that can be identified immedi-
ately: (i) the photostimulated adsorption of dioxygen
(acceptor molecules), and (ii) the photostimulated ad-
sorption of dihydrogen (donor molecules), both of
which result in a new state of the heterogeneous sys-
tem with charged species adsorbed on the solid’s sur-
face. If these two processes occurred simultaneous-
lythey would yield a reaction identifiable as the photo-
catalyzed oxidation of hydrogen to water. Nonetheless,
such a simple mechanism gives but just a small reflec-
tion of the real processes that take place on solids and
at interfaces of heterogeneous systems.

4. NATURE OF SOLIDS

It is important to recognize that no solid is perfect
and that none possesses an ideal lattice structure. Even
for an ideal solid, its surface interrupts the translation
symmetry of the lattice and consequently disturbs the
periodic potential of the solid, and leads to the cre-
ation of so-called regular surface states. These surface
states have different energy distributions compared to
the distribution of defects in the bulk. Consequently,
they will display their own absorption bands causing
specific surface absorption with the energy of the pho-
tons absorbed being typically smaller than in the fun-
damental absorption (Figure 1d). The result of surface
absorption of light is the formation of surface free elec-
trons and holes, or surface excitons, which can partic-
ipate in redox surface reactions just as much as the
charge carriers generated in the bulk do subsequent to
their migration to the surface. Surface reconstruction
and surface relaxation processes may lead to changes
in the energy distribution of carriers, and may even lead
to formation of a new structure of the solid in the sub-
surface space. Adsorption of molecules on the surface
also changes the charge-carrier and energy distribution
at the surface. All these events result in a new charge
and energy distribution in subsurface space (i.e., the
space-charge layer), which typically manifests itself as
band-bending in semiconductors.

Even with the most advanced methods of crystal
growth, solids still contain lattice defects at concen-

trations around 10!3-10!'% cm~3, whereas the typical
concentrations of defects and impurities in commer-
cial samples fluctuate around 108 cm~3. Note that this
concentration is usually much greater than the concen-
tration of photogenerated free charge carriers in the
solids under moderate photoexcitation. Consequently,
one must expect the defects to play an important role in
photoexcitation and relaxation processes in heteroge-
neous systems. In fact, the defects create a local distor-
tion of the periodic potential in the solid’s lattice. This
results in the appearance of local energy levels within
the band gap that lead to changes in the optical and
electronic properties of solids.

Defects often play a dual role during photoexcitation
of solids (Figure 2). First, their presence, together with
surface states, causes extrinsic absorption of light at
energies much lower than the bandgap of solids [1, 2].
Depending on the type of defects and on the mecha-
nism of their photoexcitation, extrinsic absorption also
leads to photoinduced generation of both electrons and
holes [1-4]. Second, lattice defects can serve as carrier
traps in processes of charge carrier recombination and
in the formation of photoinduced defects (color cen-
ters). Carrier decay occurring through lattice defects is
a more efficient process than band-to-band recombina-
tion since there is no limitation regarding charge carrier
momentum conservation. As well, the system’s energy
conservation rule is more easily satisfied. Results of car-
rier trapping by pre-existing defects is the formation of
new photo-induced defect states, or generation of a new
type of defects which lead to a new energy distribution
of charge carriers in solids.

5. PHOTOPHYSICAL EVENTS IN SOLIDS

Photogenerated color centers differ from each other
by the energy difference E; between the level of the
trapped carrier within the energy bandgap of the semi-
conductor (or of the insulator) and the bottom of the
conduction band for electron centers, and the top of
the valence band for hole centers (see Figure 2 for de-
tails). From this point of view, a given photogenerated
center can be described as a shallow center (or trap) if
the energy of the trapped carrier is comparable to the
energy of thermal excitation of the crystal lattice (i.e., if
E4g ~ kT), or as a deep energy center (trap) if Eg > kT.
The difference between the various types of photogen-
erated centers is determined by the dominant decay
pathway that brings the solid back to the initial state
(without trapped carrier). In general, any photo-induced
center can lose a carrier as a result of: (i) thermal ion-
ization with a thermal quenching probability given by
qw; (ii) recombination with a charge carrier of the op-
posite sign for which the recombination probability is
drec; (iii) photoionization caused by incident photons,
dph; and (iv) tunnelling recombination of adjacent hole
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Figure 2. Summary of photoexcitation and relaxation processes in solids as part of heterogeneous system: step 1a: intrinsic
(band-to-band) photoexcitation corresponding to the fundamental absorption of the solid; step 1b: extrinsic photoexcitiaiton
of bulk defects (Dy,) in solids leading to generation of free carriers; step 1c: photoexcitation of intrinsic and extrinsic surface
states generating surface charge carriers; steps 2a and 2b: charge carrier trapping by bulk defects to form color centers;
steps 3a and 3b: recombination of free charge carriers with carriers trapped by color centers; steps 4a and 4c: free charge
carrier trapping by deep and shallow surface traps (surface defects) to form surface active centers; step 4b: recombination
between free and trapped charge carriers by surface active centers; step 4e: thermoactivated deactivation of surface active
centers; steps 4d and 4f: chemical interaction of molecules with electron and hole surface active centers.

and electron centers, gwn. The total probability of de-
cay of these centers is then given by,

q = qth t qrec + dph t qrun- (1)

Following the work of Siline and Trukchin [5] for the
simplest case of centers with one trapped carrier, the
kinetics of their formation typically follow an exponen-
tial growth and approach the steady-state concentra-
tion of photo-induced defects N, as given by,

Nd=No(p’jq), @

where N, is the number of pre-existing defects of a
given type, p is the probability of photocarrier trapping
defined, as are the corresponding quenching probabili-
ties ¢q, as the number of events per unit time. For shal-
low traps, thermal ionization usually dominates, that
IS qth > qrec + dph + qun. In contrast, thermal ion-
ization can be neglected for deep energy centers, i.e.
dth < qrec + qph + qun. In the latter case, centers that
have a high capability to capture a carrier of the oppo-
site sign, i.e., for qrec > p, can serve as effective re-
combination centers. These centers do not accumulate
in considerable quantity in illuminated crystals. At the
same time, recombination centers are mainly respon-
sible for the concentrations of photogenerated carriers
in wide bandgap solids because the direct band-to-band
recombination is rather inefficient compared with the

one involving deep energy centers. Contrasting recom-
bination centers, deep energy centers, for which grec ~
p, do accumulate in sufficient amount in solids under
illumination. Such defects are referred to as color cen-
ters because they usually have absorption bands placed
in the UV and visible regions of the spectrum and de-
termine the lasting stable color of pre-illuminated, ini-
tially colorless wide bandgap solids (see Figures 1d and
2). Photoionization of color centers by the actinic light
may, to some extent, reduce the color saturation level
under illumination when grec ~ gph. An increase in tem-
perature causes an increase of the probability gy for
the thermal ionization of color centers, which de facto
may become the dominant pathway for the decay of
color centers.

In our recent studies we have examined the pro-
cesses of formation and decay of photoinduced centers
under steady-state photoexcitation conditions, as well
as under picosecond laser pulse excitation [1-4, 6, 7].
The spectra of color centers induced in some of the
solids examined under steady-state irradiation are pre-
sented in Figures 3a and 3b for irradiation of ZrO;
and Sc2 03, respectively, in vacuo, in oxygen and in hy-
drogen. Figure 3c illustrates the temporal evolution of
photo-induced color centers in colloidal titania, TiO,
following picosecond laser pulse excitation. These cen-
ters are formed as a result of carrier/exciton trapping
by pre-existing defects (anion V, and cation V. vacan-



Vol. 3

Photo-induced processes in heterogeneous nanosystems. From photoexcitation ... 5

0,08 1 3) (@)
0,06 1
~ 0,04 4
<
0,02 1
0,00 1 T T 1
5 4 3 2 1
hv, eV
b
0.10 - _.-@ (b)
0.08 -
0.06 A
]
<
0.04 -
0.02 1
0.00 — T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0
hv, eV
(0
0.65 - 10ns
,"M 7ns
o 0.55 A P A A
S / ¢ A/J‘{"L,w’\.,w}( A
£ 045 =il 51 W
g A 3
w
< 035 5
= y an 2ns
v o ~—-, -
& 0.25 - ke B e’ o
g - o 1ns i
f) 0.15 A e~ I 230, A-;\h’\‘
500 ps S
0.05 -~ M S .ar‘)\,,r"’\m s "
A,
450 500 550 600 650

Wavelength (nm)

Figure 3. (a) Absorption spectra of photoinduced color cen-
ters in powdered ZrO» particles formed under irradiation
in vacuo (1), in the presence of dioxygen (2), and in the
presence of dihydrogen (3). From reference [1] {Copyright
by the American Chemical Society}. (b) Absorption spectra
of photoinduced color centers in powdered Scy O3 particles
formed under irradiation in vacuo (1), in the presence of
dioxygen (2), and in the presence of dihydrogen (3). From
reference [2] {Copyright by the American Chemical Soci-
ety}. (c) Absorption spectra of photoinduced color centers in
colloidal TiOy particles formed after picosecond laser pulse
excitation. From reference [7] {Copyright by the American
Chemical Society}.

cies), and by some ions in irregular (defect) positions in
the lattice, for example Ti‘”irreg in titania (or ergeg in
zirconia).

Va+e —F, (3a)
Va+e®° — F+h, (3b)
Ve+h —V, (3¢)
Ve+e® — Ve, (3d)

Ti* irpeg + € — Ti%Firreg, (3e)
Ti*" irpeg + €° — Ti%*ipreg + h. (3f)

The kinetics of formation of color centers under steady-
state irradiation are illustrated in Figure 4a for ZrO»
and Figure 4b for Sc;03 systems. It is clear that after a
period of growth, the concentration of the color centers
reaches steady-state, which is determined by the com-
peting processes of formation and decay of the color
centers from recombination events (see stages (4a)-(4f))
as determined by equation (1).

F+h — V,, (4a)
V+e—V, (4b)

V +e° — V¢ +h, (4c)
F+e®°—V,+e, (4d)
Ti*Firreg + h — Ti*¥irreg, (4e)
Ti**irreg + €2 — Ti*"irreg + €. (4f)

The same processes (stages (3) and 4) occur after the
solid is photoexcited by picosecond laser pulses. The
time evolution of photoinduced electron centers, Ti3*,
in TiO» is presented in Figure 4c. The difference in for
pulse-induced and stationary-excited processes the for-
mation of color centers lies in the different probabili-
ties of formation and decay of the centers, which dic-
tates the different time evolution and different time
scales of the relevant processes. First, a disparity in the
excitation intensity causes the concentration of pho-
togenerated charge carriers to be different. For sta-
tionary irradiation at moderate light intensity, the car-
rier concentration is much smaller than the concentra-
tion of defects, whereas under laser pulse excitation
the concentrations of charge carriers and defects may
be comparable. Second, during steady-state irradiation
F and V centers (see stages (3a)-3c) will form such
that the steady-state irradiation event will also activate
these centers, contrary to the case of laser pulse excita-
tion where irradiation will only encounter the original
pre-existing defects on the metal oxide particles. For
example, in the original state before laser pulse excita-
tion, there exist only anion and cation vacancies, and
consequently only processes of charge carrier trapping
by these vacancies is possible. This means that any
faster process (either electron or hole trapping) occurs
first with a probability dictated by the trapping cross-
section of the corresponding type of vacancy and by the
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Figure 4. (a) Kinetics of formation of F-type color centers in
powdered 7rO> particles under stationary photoexcitation
in vacuo (1), in the presence of dioxygen (2), and in the pres-
ence of dihydrogen (3). (b) Kinetics of formation of V -type
color centers in powdered Scz O3 particles under stationary
photoexcitation in vacuo (1), in the presence of dioxygen
(2), and in the presence of dihydrogen (3). From reference
[2] {Copyright by the American Chemical Society}. (c) Kinet-
ics of fromation of Ti3* -type color centers in colloidal TiO»
after picosecond laser pulse excitation. From reference [7]
{Copyright by the American Chemical Society}.

mobility of the corresponding type of carriers, followed
by slower processes of trapping and recombination of
charge carries of the opposite sign. By contrast, un-
der stationary irradiation all these processes may occur
simultaneously since some photogenerated color cen-
ters will have been formed during irradiation. Conse-
quently, lifetimes of charge carriers and photo-induced
centers assessed by time-resolved laser techniques will
not correspond to those determined under stationary ir-
radiation conditions.

The rates of recombination of free holes with F cen-
ters (trapped electrons; stage (4a)) and free electrons
with V centers (trapped holes; stage (4b)) are slow com-
pared to those occurring at recombination centers R.
Ordinarily, R centers are also deep energy carrier traps
that can later capture carriers of both signs. These pro-
cesses can also be expressed by quasi-chemical reac-
tions (not shown) similar to stages (3a), (3b) and (4a),
(4b). The distinction between color centers and recom-
bination centers is the trapping efficiency of the sec-
ond carrier. Color centers (small rate constants for
stages (4a) and (4b), or small cross sections of second
carrier trapping) accumulate in dielectrics in amounts
comparable to those for primary defects (in our nota-
tion, V, and V.). By contrast, the ultimate concentra-
tions of recombination centers R~ and R™* (in the charge
states corresponding to F and V centers, respectively)
are much smaller than the concentration of R because
of the large cross sections in the trapping of the sec-
ond carrier. In this description, intrinsic defects as well
as impurities can serve as primary defect species for
both color and recombination centers, depending on
the peculiarity(ies) of their interaction with free carri-
ers. In other words, the process of coloration of solids
may be taken as an incomplete recombination through
the defects when trapping of the second carrier is not
fulfilled. Note the analogy between coloration (as in-
complete recombination) and recombination on the one
hand, and surface stoichiometric photochemical reac-
tion and photocatalysis on the other (see for example,
Figures 1 and 2). The difference between these two pairs
of processes is that the photocatalytic process closes
the external charge carrier cycle, whereas the recombi-
nation process results in the complete internal charge-
carrier cycle. To support this analogy, we suppose that
photoprocesses of defect formation can also be consid-
ered as a reduction or oxidation of intrinsic or extrinsic
pre-existing defect sites. Indeed, electron trapping by
some defects (e.g., by Ti** to form Ti3*) can be des-
ignated as a reduction process, whereas hole trapping
to produce such hole centers as the O~* radical anion
state localized at a negatively charged defect in a metal
oxide lattice can be described as photooxidation of ox-
ide 02~ anions. Also, according to the electronic theory
of catalysis [8], any adsorbed molecule is a defect at the
solid’s surface and can act as a carrier trap just as much
as intrinsic lattice defects do in the bulk of the solid.
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Adsorbed species such as, for example, the localized
0O, * anion radical formed through electron trapping by
molecular oxygen is one such defect. In terms of defect
formation, the interaction of O,° anion radicals with
photo-holes at the TiO, particle surface, which leads
to photodesorption of O» molecules [9, 10] or to disso-
ciation of the O;* anion radical into oxygen atoms, as
proposed by Formenti and Teichner [11], can be charac-
terized as recombination decay of photo-induced cen-
ters. Clearly, these external and internal cycles compete
with each other. We then infer that this is competition
between physical (internal cycle) and chemical (external
cycle) pathways for the system to relax after photoex-
citation.

Irradiation of solids in vacuo leads to formation of
photoinduced color centers (see Figures 3 and 4). Those
photo-induced centers formed at the surface can serve
as reactive centers for surface chemical processes: V-
type holes centers (Os~°) serve as reactive centers for
oxidative reactions with donor molecules, whereas elec-
tron F-type centers or low-coordinated metal ions with
trapped electrons (Ti3*, Zr3*) lead to a reductive reac-
tion with acceptor molecules.

Absorption changes caused by adsorption of donor
(H2) and acceptor (O2) molecules on pre-irradiated sam-
ples corresponding to the absorption spectra of sur-
face active (color) centers are presented in Figure 5.
These centers are long-lived centers because as color
centers they belong to the class of deep traps, and con-
sequently the probability of their thermoionization is
very low, that is qqm — 0. After irradiation is termi-
nated, the probability of photoionization gph is 0 and
the probability of recombination decay grec is also 0
since there are no free charge carriers left in the solid.
Thus, the total probability of decay of centersis 0 (equa-
tion (1)). These centers are responsible for the “mem-
ory” effect when pre-irradiation of solids causes con-
sequent dark reactions. However, under irradiation the
recombination probability for the decay of color centers
on the surface and in the bulk is not 0, that is grec # O.
Note that if solids are excited in their fundamental ab-
sorption band, the probability of photoionization of ac-
tive (color) centers may be negligible compared to the
recombination probability, that is gpn < grec. Thus, un-
der irradiation the active states of surface defects have
a limited lifetime to initiate surface chemical reactions.

To summarize what has been noted above we pro-
pose the following series of reactions of surface photo-
chemical processes:

S+e—S~ (ke)
(formation of active surface center), (5a)
ST+h—S (kr)

(recombination decay of active center), (5b)

0.025 7
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Figure 5. (a) Absorption spectrum of long-lived surface hole
active centers on powdered ScpO3 particles. From refer-
ence [2] {Copyright by the American Chemical Society}. (b)
Absorption spectrum of long-lived surface electron (1) and
hole (2) active centers on powdered ZrO; particles. From
reference [1] {Copyright by the American Chemical Soci-
ety}l.

ST+ Mgas) — M~ (kq)

(reaction with molecule). (5¢)

Formation of surface active (color) centers occurs via
capture of free electrons and holes by the surface traps
S. For completeness, creation of electron active centers
S~ are indicated in stage (5a) (k¢). The centers interact
with molecules M to yield the intermediate species M~
(stage (5¢), kg). Stage (5b) describes the recombination
pathway for the decay of surface active centers.

In the quasi-stationary approximation (d[S~]/dt =
0; d[e]/dt = 0; and d[h]/dt = 0), the rate of the
photochemical reaction d[M]/dt can be expressed in
terms of steady-state surface concentrations of photo-
electrons [e] and photo-holes [h], namely

_dlm] _ kcSlelka[M]
dt  (kg[h] + ka[M])"

(6)
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We now consider further a more detailed expression
for the surface concentration of charge carriers. We
assume that the steady-state concentration of photo-
electrons and photo-holes is given by equations (7)
and (8):

[e] = apT, = gTe, (7)
[h] = apT)p = gTn, (8)

where g denotes the volume rate (cm—3 s~!) of gener-
ation of charge carriers and « is the absorption coef-
ficient (cm~!). Consequently, taking into account equa-
tions (7) and (8), equation (6) can be transformed to the
form that summarizes the dependence of the reaction
rate on the concentration of reagent and on the photon
flow (p):

xp[M]

da[M]
( (Bp + y[M])’ ©)

e ALOE

where the coefficients «, 8, and y are independent of
photon flow p and reagent concentration [M]. Equa-
tion (9) completely describes the experimental depen-
dencies of the rate of the photodegradation of phenol
in TiO» dispersions on both photon flow and phenol
concentration [12], and the dependencies of the rate of
photostimulated adsorption of dioxygen on ZrO; parti-
cles on both oxygen pressure and photon flow [13]; they
are presented in Figure 6. Note that equation (9) can
be cast into the Langmuir-Hinshelwood form when the
photon flow p is constant. Also note that equation (9)
can be used to describe all the experimental dependen-
cies of the reaction rate on light intensity (photon flow).
In fact, when Bp <« y[M] equation (9) gives the linear
dependence on light intensity observed in some recent
studies by Emeline and coworkers [13] and by Basov et
al. [14], whereas when Sp > y[M] the reaction rate is
independent of photon flow as reported by Ollis [15]. In
other cases, when p is comparable to y[M] the depen-
dence of the reaction rate on photon flow is sub-linear;
at certain ratios between these two terms the depen-
dence may be similar to the square-root dependence
reported by Emeline and coworkers [12, 13]. Thus, rate
dependencies on light intensity and on concentration
of reagent are in fact interdependent. The reason for
such behavior is the competition between the physi-
cal pathway (internal cycle, Figure 1d) of system excita-
tion decay through recombination involving surface ac-
tive (color) centers and the chemical pathway (external
cycle, Figures 1b and 1c) through chemical interaction
between molecules and surface active centers. Indeed,
at sufficiently high concentrations [M], or at low light
intensity (that is, for Bp < y[M]) recombination

6. DEPOSITION OF SILVER (CLUSTERS) ON TIO,
PARTICLES

Our conclusion of competition between the physical
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Figure 6. (a) Three-dimensional dependence of the rate of
phenol photodegradation in illuminated aqueous TiO; dis-
persions on the concentration of phenol and on the photon
flow of the actinic light. (b) Dependencies of initial rates of
oxygen photo-adsorption, v, (p), on pressure p at different
photon flow (po = 1x1015 photons cm™ sec™1): (1) p = po;
2)p =0.78p0; (3) p = 0.5p0; (4) p = 0.3py; (5) p =0.1p,.
From reference [13] {Copyright by the American Chemical
Society}. (c) Dependencies of initial rates of oxygen photo-
adsorption as vy (p) on photon flow p {as p/po} at differ-
ent initial oxygen pressures: (1) p = 2.8 Pa; (2) p = 0.28 Pa;
(3)p = 0.11Pa; (4) p = 0.028 Pa; (5) p = 0.028 Pa. The
straight line corresponds to the first-order process depen-
dence on photon flow. From reference [13] {Copyright by
the American Chemical Society}.
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recombination pathway through surface active cen-
ters and surface chemical reaction was supported by
the time-resolved spectroscopic data for the photocat-
alytic deposition of silver on nanoparticulate TiO> in a
solid/liquid heterogeneous system consisting of TiO»
particles and silver acetate as reported by Sahyun and
Serpone [7]. The system was excited by picosecond laser
pulses in the presence of high concentrations of alco-
hol pre-adsorbed on the particle surface. The alcohol
served as an effective hole scavenger to prevent recom-
bination decay of photoinduced surface active (color)
centers Ti3* (stage (4e)). As a result, the dependencies
of the concentration of photoinduced surface active
centers Tig>* and of the concentration of reaction prod-
uct Ag® that formed during the reductive interactions
with surface active sites (reaction (10)) on the energy of
the laser pulse was linear (Figure 7), whereas the extent

Ag® + Tig" — Ag® + Tig*+ (10)

of absorption by Ag® was nearly independent of
concentration of Ag* in solution. This infers that be-
cause of effective hole scavenging by the alcohol, the
recombination of holes with Ti3* (stage (4e)) was shut
down and the lifetime of surface active centers was
then long enough to permit the centers to react with
any amount of Ag* used in our experiments [Ag"] >
5 x 107> M. This assumption is strongly supported by
the kinetics of formation of Ti3* species (see Figure 4c)
where no decay through recombination is observed.

7. CHARGE CONSERVATION IN SOLIDS

The charge conservation law requires that the concen-
tration of electrons and holes trapped in color centers
during irradiation in vacuo under steady-state condi-
tions (since the concentration of free charge carriers
can be neglected compared to that of trapped carriers)
or after irradiation must be equal. That is,

Fo =V,. (11)

Then, at high concentration of donor molecules (D),
when recombination through surface hole centers is
shut down, the charge conservation law requires that

Fp=Vp+DT, (12)

where D" is the concentration of cation radicals formed
by donor molecules with trapped holes, and Fp and Vp
are the concentrations of electron and hole color cen-
ters, respectively, in the solid in the presence of donor
molecules at the interface. At high concentrations of ac-
ceptor molecules (A), expression (11) transforms into

Fo+ A7 =Va, (13)

where A~ is the concentration of anion radicals formed
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Figure 7. (a) Dependence of the amount of the laser pulse-
induced surface active centers Tis3* on the laser pulse
energy. From reference [7] {Copyright by the American
Chemical Society}. (b) Dependence of the amount of photo-
reduced silver Ag® on the laser pulse energy. From refer-
ence [7] {Copyright by the American Chemical Society}.

by acceptor molecules with trapped electrons, and Fa
and V, are the concentrations of electron and hole color
centers, respectively, in the solid in the presence of ac-
ceptor molecules at the interface. For the general case
of a complete photocatalytic cycle, we have

F+A™ =V +D". (14)

Taking the difference between equations (14) and (11)
yields

AF + A~ = AV + DY, (15)

where AF and AV denote the difference in concentra-
tion of color centers caused by surface chemical re-
actions compared to those in vacuo when only the
physical (internal) pathway of excitation decay takes
place. Consequently, equation (15) can be expressed
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differently as
Yox + A[V]/dt = 1req + d[F]/dt, (16)

where 7,x and 77eq are the rates of surface oxidation
and reduction reactions, respectively, and d[V]/dt and
d[F]/dt denote the rates of hole and electron trap-
ping by defects. Equation (16) reflects the competition
between internal and external cycles of the relaxation
in heterogeneous systems. Our conclusions from equa-
tions (11) to (16) can be illustrated by our recent exper-
imental results [1, 2] summarized in Figures 3 and 4
for the processes of formation of color centers during
photoexcitation in the fundamental absorption band of
solids in both solid/gas and solid/liquid heterogeneous
systems.

Another illustration of the competition between
chemical and physical pathways can be made on the
basis of photobleaching of color centers. Absorption
bands of photoinduced color centers formed during
the photoexcitation of solids is typically red-shifted for
up to a few eV compared to the intrinsic or extrinsic
absorption bands. Photoexcitation can lead to pho-
toionization of the color centers and consequently to
generation of free charge carriers that can participate
both in physical and chemical processes. As aresult, the
spectral limit of photochemical and photophysical pro-
cesses is red-shifted in pre-photocolored solids com-
pared to their initial states. Thus, photocoloration leads
to the spectral sensitization of solids in heterogeneous
systems [1, 2, 4, 6].

8. PHOTOEXCITATION OF COLOR CENTERS

For the case of photoexcitation of color centers, the
probability of photoionization of these centers is ei-
ther comparable to or greater than the probability of
recombination decay. The fate of free charge carriers
generated from the photoionization of color centers is
the same as in previous considered cases as described
by equations (3)-(5). Analysis of the kinetics and the
mechanism of photobleaching yields for electron color
centers:

(45), (40 -

dt dt dt

and similarly for hole color centers:

(4 (0,450

dt dt dat
(), Ca )= @

which correspond to equation (16) and describe the
experimental kinetics of photobleaching illustrated in
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Figure 8. Kinetics of the photobleaching of V -type color cen-
ters in Sc2 03 in vacuo (1), in the presence of dihydrogen (2),
and in the presence of CO (3). From reference [2] {Copyright
by the American Chemical Society}.

Figure 8. On the basis of the experimental data and the
relationships between coloration and surface chemical
processes described by equations (17) to (20), we were
able to estimate the quantum yields of photobleaching
processes together with the quantum yields of surface
photochemical reactions for solid/gas heterogeneous
systems involving ZrO» and Sc»O3 specimens. Experi-
mental quantum yields of photobleaching of F centers
in ZrO; are (in vacuo) ®rac) = 0.32 = 0.03; in the pres-
ence of oxygen in the gas phase ®r2) = 0.52 = 0.04;
and in the presence of dihydrogen ®g2) = 0.22 +0.03.
The quantum yields of photostimulated adsorption of
dioxygen and dihydrogen during the photoexcitation
of color centers are &g = 0.16 = 0.02 and ¢ =
0.11 + 0.02, respectively. Clearly, the relationship be-
tween measured quantum yields considering dissocia-
tive adsorption for dihydrogen on surface hole centers
can be presented in the form,

®r02) — PF(vac) = Po2, (21)
Pr(vac) — Pr(u2) = 2PH2 (22)

in complete accord with equations (17) and (18).

The same is true for the heterogeneous system in-
volving scandia ScpO3 photoexcited in the absorption
band of V-type hole color centers. The quantum yield
of photobleaching of V-type color centers was &y =
0.022 + 0.002 in vacuo, and ®y = 0.046 + 0.003 in a
dihydrogen or carbon monoxide atmosphere. The quan-
tum vyield of the photostimulated adsorption of dihy-
drogen and carbon monoxide on colored scandia is
® = 0.023 = 0.002, so that the quantum yield of pho-
tobleaching of hole color centers in dihydrogen (or car-
bon monoxide) reflects the sum of the quantum yield of
photobleaching of coloration in vacuo and the quantum
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yield of surface photochemical processes. That is,

Py m2) — Pv(vac) = Pr2. (23)

Ionization of photoinduced color centers can also be
caused by an increase in temperature, which increases
the probability of the thermostimulated decay of color
centers, qu (see equation (1)). Thermoionization and
photoionization of color centers generate free charge
carriers. These can participate in both physical and
chemical processes. Examples of such processes and
their correlations are presented in Figure (9). Figure 9a
depicts the temperature dependencies of the decay of
V-type hole color centers in Sc;O3 and of the extent
of hydrogen adsorption. The latter is not observed in
non-colored samples [6]. The dependencies are caused
by the appearance of holes on the surface generated
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Figure 9. (a) Temperature dependence of the absorption of
V -type color centers in Sc2 03 (1), and the thermostimulated
adsorption of dihydrogen (2). From reference [2] {Copyright
by the American Chemical Society} (b) Temperature de-
pendencies of the thermostimulated emission (1) and of the
rate of the thermostimulated adsorption of dihydrogen on
MgAl>04. From reference [6] {Copyright by the American
Chemical Society}.

from the thermal ionization of hole color centers (equa-
tions (24), (25)).

V — V¢ +h, (24)

h(Os™°) + H» — OHg™ + He. (25)
Similar effects have been observed for the hetero-
geneous systems MgAl>O4/Hp and ZrO»/0O» where
a correlation between the rate of thermostimulated
adsorption and the intensity of thermostimulated
luminescence was established (Figure 9b) [4, 6, 16]. In
this case, thermostimulated luminescence was caused
by free charge carrier trapping that accompanied emis-
sion of photons:

h+V,— V+hv. (26)

Again this physical process (26) competes with the
chemical process of reaction (25). In the ZrO» /0> het-
erogeneous system, the thermal destruction of elec-
tron color centers is responsible for the appearance
of free electrons participating in both thermolumines-
cence and oxygen adsorption processes.

It is worth summarizing all the processes considered
above. They are displayed in some detail in Scheme 1.

Bulk processes

1. Intrinsic photoexcitation of the bulk lattice Ly
(fundamental absorption of light with photon en-
ergy hvy, 2 Eg) leads to generation of free elec-
trons (e~) and holes (h™), or excitons (e°) (step 1).

2. Extrinsic photoexcitation of pre-existing bulk de-
fects Dy, by light with photons energy hv, < hv;
also leads to generation of free electrons and
holes (step 8).

3. Trapping of free charge carriers and excitons by
the bulk defects form color (F- and V-type) cen-
ters (step 2) in the bulk.

Mgas Mgas
i
Ms (M~ +MJr
g

Ls,Ds+ hvy _"/ ( “,ht)s (S~ +S+
g

Ly +hvi T2 4__ (e% e, )y (F+V)p

+hV3 Q

Dy + ]’le

Scheme 1. Summary of photostimulated processes in a het-
erogeneous system containing a wide bandgap solid.



12 A. Emeline et al.

Vol. 3

4. Photobleaching (hv3) and thermo-annealing (Q)
of color centers leads to generation of free elec-
trons and holes (step 10).

5. Band-to-band recombination of free charge car-
riers and exciton decay (step 1’), and recombina-
tion and exciton decay through defects (step 8’)
is likely accompanied by luminescence (hv, and
hv», respectively).

6. Free carrier and exciton exchange between the
bulk and the surface due to diffusion and/or drift
of these carriers (steps 3 and 3’).

Surface processes

1. Light absorption (hv2) by regular and irregular
surface states Ly and D; leads to generation of
surface free charge carriers and surface excitons
(step 9).

2. Charge carrier and exciton trapping by pre-
existing surface defects (S) yields surface active
centers (S~ and S*) for adsorption and catalysis
(step 4).

3. Interaction of molecules in the gas (or liquid)
phase, Mg, with surface active centers initi-
ates surface chemical processes (step 5; the Eley-
Rideal mechanism).

4. Adsorption and desorption of molecules in the
gas (or liquid) phase (steps 7 and 7’) lead to ad-
sorption/desorption equilibria.

5. Interaction of surface charge carriers and ex-
citons with pre-adsorbed molecules (Mg) initi-
ates surface chemical processes (step 6; the
Langmuir-Hinshelwood mechanism).

6. Surface recombination of free charge carriers
and surface exciton decay (step 9’) occurs and
is likely accompanied by luminescence.

9. THEORETICAL DESCRIPTION OF QUANTUM
YIELDS IN HETEROGENEOUS SYSTEMS

It is evident in Scheme 1 that there always exists com-
petition between different photophysical and photo-
chemical processes. The efficiency of each process is
determined by the efficiencies of others. The efficiency
of surface photochemical reactions is typically charac-
terized by the quantum yield of the photoreaction oc-
curring on the particle surface. The quantum yield in
heterogeneous media has been described [17, 18] in a
manner identical to that in homogeneous photochem-
istry which defines it (equation (27)) as the ratio of the
number of molecules that undergo a chemical trans-
formation per unit time, AN, /dt (molecules s~1), to the

number of photons absorbed by the heterogeneous sys-
tem per unit time at a given wavelength, dNy,, (abs)/dt
(photons s~1), equation (27).

dNy/dt

¢ = ol
ANpy(abs) /At

27)

Experimental measurements of the reaction rate
create no problems and can be done by simple kinetic
measurements of the (initial) reaction rate. However,
appropriate determination of the fraction of absorbed
light in heterogeneous systems has made the measure-
ments of quantum yields a complex issue. This problem
was solved for solid/gas heterogeneous systems using
either diffuse reflectance spectroscopy with a standard
reference sample, or a black body-like reactor [2-
4,6, 14, 19]. The experimental protocol for determining
the fraction of absorbed light in solid/liquid hetero-
geneous systems was reported recently by Serpone
and coworkers [17, 18] using an integrating sphere
assembly.

As noted earlier, the rate of a surface photochemical
reaction depends on the concentration of the reagent
and on photon flow (see equation (9)). In the general
case then the quantum yield of the reaction will also
depend on these two parameters. Indeed, substituting
the reaction rate expression (equation (9)) into expres-
sion (27) gives,

x[M]

2 M) =SB+ ym]) @8
where A represents the fraction of the photon flow
absorbed by the heterogeneous system. It is rather
obvious that the necessary condition to determine the
highest value of the quantum yield that would be inde-
pendent of the concentration and photon flow occurs
when y[M] > Bp.Note that this condition corresponds
to the highest efficiency of the chemical reaction in
competition with recombination through the surface
active centers, when recombination is completely shut
down and the reaction rate is determined solely by the
rate of generation of surface active sites. Note also that
under such conditions, to achieve the higher efficiency
for a given photocatalyst at lower concentrations of
reagent requires a lower photon flow.

To gain a better understanding of those factors that
determine the efficiency (quantum yield) of heteroge-
neous photocatalytic processes we examined a theoret-
ical approach that required consideration of both bulk
and surface processes in the photocatalyst, along with
primary and secondary chemical surface reactions [20].
At sufficiently high concentrations of reagent, when the
chemical reaction dominates the physical pathway of
surface recombination of carriers, the reaction rate is
equal to the rate of generation of surface active centers
which in turn is proportional to the surface concentra-
tion of free charge carriers of the corresponding sign
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(see stages (5a)-(5¢)).

(4t

= ) — keles][S]. (29)

The concentration of surface charge carriers can be
found from the solution to the continuity equation un-
der the steady-state approximation:

on(x,t) __dJulx,t) nix,t) LG =0 (30)
ot ox T

with the given boundary conditions given by,
Js = sng, (31)

where n(x, t) is the concentration of free charge carri-
ers at a given point in space with spatial coordinates x
at a given time t; J(x,t) is the flow of charge carriers
caused either by diffusion or by drift; G(x, t) is a time-
space function of carrier photogeneration; T is the life-
time of carriers in the bulk of the solid; and s is the rate
constant of surface carrier recombination. The solution
to the continuity equation (30) for a one-dimensional
infinite plate model taking into consideration a non-
uniform function of carrier generation that obeys the
Lambert-Beer law and with diffusion as the major path
of carrier flow gives the spatial distribution of carriers
in the bulk of the solid (see Figure 10). The expression
for the surface concentration of carriers is then given
by [20],

e = 2(1 — e *)yxpxL?
7 D(tanh(d/2L) + £)(1 — o?L2)

X [tanh(%) COth(%) fth]. (32)

In equation (32), « is the absorption coefficient of the
solid, d is the thickness of the plate, L = (DT)!/? is the
diffusion length of the charge carriers, and £ is a ratio
of the rates of surface to bulk recombinations. Substi-
tution of the surface concentration of carriers (equa-
tion (32)) into equation (29) for the reaction rate, fol-
lowed by substitution of the resulting expression into
equation (27) for the quantum yield {considering that
the fraction of absorbed photonsis A = 2(1 —e~*4) for
the infinite plate irradiated from both sides} results in
the expression for the quantum yield ® of the primary
surface chemical process given by equation (33):

®— keSxoL?
" D(tanh(d/2L) + £)(1 — «?L2)

X [tanh(%) Coth(a—d) 70(L]. (33)

2

Several inferences can be made from this last expres-
sion for the quantum yield. The greater the probability
of the chemical pathway, which is proportional to k.S,
the greater is the quantum yield of the photochemical

reaction. However the efficiency of the physical path-
way also plays a key role. The greater the efficiencies of
the physical pathways the smaller is the quantum yield
of the photoreaction. Indeed, a faster rate of surface re-
combination increases the value & in the denominator,
whereas a faster rate of bulk recombination decreases
the lifetime of the charge carriers, T, and so decreases
the diffusion length L in the numerator from the rela-
tionship L = (DT)/2.

Equation (33) also infers that a spectral variation of
the absorption coefficient « leads to a spectral variation
of the quantum yield of chemical processes, and per-
mits inferences on the conditions which may determine
whether the quantum vyield is spectrally dependent
or spectrally independent. Specifically, the quantum
yield becomes spectrally independent in the case of
very strong fundamental absorption (i.e. when & —
o), and when absorption of the incident light is weak
(i.e. for x — 0) corresponding to extrinsic light ab-
sorption (see Figure 11). The quantum yield is also
spectrally independent when the surface states ab-
sorb the incident radiation. When «L is near unity,
® becomes spectrally variable and increases with in-
creasing absorption coefficient (see e.g. Figure 12). The
reasons for such a behavior are that the spectral varia-
tions of the absorption coefficient change the number

G(x), n(x) G(x), n(x)

G(x =0) rG(x=d)
hv hv
—» «—
Nns(x = 0) Fns (x = d)
0 — ’x

0 L 1/« d-1ud-L d

Figure 10. Scheme of an infinite solid plate of thickness d
irradiated uniformely from both sides. Curve G(x) denotes
a nonuniform spatial distribution of carrier photogenera-
tion. Straight vertical lines between the plate surface and
the bulk represent the depth equal to the average diffusion
length of the carriers L and average length 1/« of light
penetration into the bulk. Carriers generated within the
diffusion length can reach the plate surfaces by diffusive
migration. Carriers generated in the rest of the lattice bulk
do not take part in surface chemical processes. Curve n(x)
represents the spatial distribution of the concentration of
free charge carriers. From reference [20] {Copyright by the
American Chemical Society}.
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Figure 11. Absorption spectrum of F color centers in KBr
(1), and spectral dependence of the quantum yield of pho-
toadsorption of molecular oxygen considering only the ab-
sorption of F centers (2) and the total (active and inactive)
absorption of KBr (3). From reference [3] {Copyright by the
American Chemical Society}.

of charge carriers generated within the diffusion length
(L) able to reach the surface and to participate in sur-
face photoreactions. For weak light absorption, the ra-
tio of the number of such carriers to the number of ab-
sorbed photons is a constant, so that the quantum yield
of a surface photoreaction for a given photocatalyst de-
pends on the ratio d /2L, which in the one-dimensional
model is proportional to the ratio between the total vol-
ume of the bulk crystal (Verys, o< d) and the volume of
the bulk space near the surface (Vgiff oc 2L) from which
photogenerated carriers can reach the surface by dif-
fusion. In the spectral region where the absorption co-
efficient increases, more carriers are generated within
the diffusion length leading to an increase in the quan-
tum vyield of surface chemical reactions. For the case
of very strong absorption, all the carriers are generated
within the diffusion length with a certain probability of
participating in surface processes.

More complex events take place when the absorp-
tion spectra of the solids are formed by the overlap
of several single absorption bands that belong to dif-
ferent types of light absorption, and that differ either
(i) by their ability to form free carriers (internal quan-
tum yield of photoeffect, x) and/or (ii) by the properties
(e.g., mobility, lifetime) of newly generated carriers. In
this case, the total quantum yield of the surface photo-
chemical reaction is given by,

= i — M, (34)

Ap 2iAi
where R = > R; and R;{= A;p¢;} is the rate of the
elementary reaction under excitation in the i-th single
absorption band, A; is the absorbance in the i-th single

absorption band, and ®; is the corresponding quantum
yield of the reaction. The total number of absorbed pho-
tons per unit time is given by Ap = p >; A; (Where A is
the total absorbance at a given wavelength).

We have demonstrated both theoretically and exper-
imentally [3, 20, 21] that the former reason (i) is es-
sential for weak extrinsic light absorption by defects,
which leads to band-like or step-like spectral depen-
dencies of the quantum yields (see Figures 11 and 13)
whose shape is dictated by the degree of overlap of
the single absorption bands of different types (partic-
ularly by the degree of overlap of active and inactive
light absorption), whereas the latter reason (ii) becomes
important in the spectral range of intrinsic (fundamen-
tal) light absorption by the solid when the hot carriers
generated at a photon energy greater than the bandgap
are involved in surface processes. In such a case, in
addition to the spectral variations of ® caused by the
spectral variation of the absorption coefficient « (see
above), especially at the fundamental absorption edge,
the spectral dependence of ® may also be attributed to
the spectral variation of the mobilities and lifetimes of
the charge carriers generated at different wavelengths
(see equation (33)) owing to different direct and indi-
rect band-to-band transitions that result in different
initial population of the electronic states in the valence
and conduction bands. This latter factor becomes im-
portant when communication between different sub-
bands (in the Brillouin zone) is weak enough to render
fast thermalization of hot carriers unlikely. In such a
case, competition between diffusion of carriers toward
the surface and their energy losses is quite effective in
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Figure 12. Spectral dependence of the quantum yield within
a single absorption band (curve (1)) for different maximal
values of the co-relationship «L: curve (2), xL = 0.1; curve
(3), &L = 1; curve (4), L = 10; and curve (5), xL = 1000.
From reference [20] {Copyright by the American Chemical
Society}.



Vol. 3

Photo-induced processes in heterogeneous nanosystems. From photoexcitation ... 15

small particles; this promotes the involvement of carri-
ers with excess energy into surface processes. The latter
may also affect the reactivity of the surface active sites.
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Figure 13. (a) Step-like spectral dependence of the quan-
tum yield of the photostimulated adsorption of dioxygen on
colored ZrO» particles (1), and absorption spectrum of F-
type color centers (2). From reference [3] {Copyright by the
American Chemical Society}. (b) Theoretical step-like spec-
tral dependence of the quantum Yyield (4) for the case of
a complex absorption band (1) formed by the overlap of
two single absorption bands (2, 3) of two different types of
defects.

Experimental spectral dependencies of & [3, 21] of
surface photochemical processes in illuminated aque-
ous TiO> dispersions (Figures 14) both in rutile and in
anatase forms demonstrate a band-like structure with
maxima corresponding to the energies of indirect and
direct transitions in TiO». This infers that photocarri-
ers generated at different wavelengths of excitation do
differ in their mobilities and activities both in the bulk
and in the surface processes.
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Figure 14. (a) Spectral dependencies of the quantum yields
of the photostimulated adsorption of dioxygen (1), dihydro-
gen (2), and methane (3) on powdered TiO> (rutile). From
reference [3] {Copyright by the American Chemical Soci-
ety}. (b) Spectral dependencies of the quantum yields of the
photodegradation of phenol (1), and 4-chlorophenol (2) in il-
luminated aqueous TiO; dispersions (Degussa P-25 titania).
From reference [21] {Copyright by the American Chemical
Society}.

10. CONCLUDING REMARKS

While much has been done to gain a fairly good appreci-
ation of heterogeneous photocatalysis, this article has
shown that absorption of incident light by a metal oxide
photocatalyst leads to a very complex series of photo-
physical and photochemical events in the bulk, in the
space charge layer, and on the surface of the metal ox-
ide particles. The most dramatic discovery was that the
quantum vyield, for which a protocol is now available
for its assessment in heterogeneous media, of photo-
redox reactions, that of necessity take place at the par-
ticle surface, is wavelength dependent. This aspect has
a number of implications. For example, the mobilities
and lifetimes of the charge carriers depend on the wave-
length of irradiation, but more importantly hot carriers
formed at short UV wavelengths of excitation do not re-
lax as rapidly in their respective band as conventional
wisdom has dictated for some time. We have also in-



16 A. Emeline et al.

Vol. 3

ferred that, in this event, it is not unlikely for the pri-
mary oxidizing entity on the metal-oxide surfaces be
the surface-bound OH radicals in some excited state.
Of necessity, such an inference requires further work
from both a theoretical and experimental viewpoint to
lay down the foundations for a more comprehensive un-
derstanding of what actually takes place on the surface
subsequent to absorption of photons by metal-oxide
particles of semiconductors and dielectrics.
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