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ABSTRACT. During the last two decades, various pathways describing photoexcitation of small molecules’
surface reactions at the wide band gap metal oxides and halides (E; > 3 eV) have been recognized. Photogen-
eration of excitons and free charge carriers may occur in bands of: i) fundamental absorption; ii) extrinsic
and intrinsic defect absorption, including those related to surface states; and iii) in UV-induced color cen-
ters. Considerable red shifts relative to the fundamental absorption threshold of wide band gap solids have
been observed for the spectral limits of surface photoreactions induced in extrinsic absorption bands. This
allows thinking about the wide band gap solids as a potential competitors for the relatively narrow band gap
photocatalysts. This review discusses the concept of surface photoadsorption (photocatalytic) center while
differentiating active and inactive states of the center. Electronically excited defect, surface self-trapped or
bound exciton, and the surface defect with trapped photo carrier are considered as the active states of pho-
toadsorption (photocatalytic) centers of different types. The decay pathway of active state determines the
lifetime of a photocatalytic center, and in this connection the Langmuir-Hinshelwood kinetic approach is

discussed.

1. SUMMARY

This review will discuss selected topics related to pho-
toinduced chemical reactions in gas/solid heteroge-
neous systems. The photoadsorption and photocat-
alytic (photo assisted) reactions of small molecules at
the surface of wide band gap solids mainly will be exam-
ined. From the chemical point of view, photoadsorption
can be considered as the simplest process induced by
photons at gas/solid or liquid/solid interface. The vari-
ety of photophysical events preceding chemical stages
of photocatalytic reaction are often similar (if not the
same) to the events characteristic of small molecules
photoadsorption. The special emphasis will be on the
photoexcitation of solids which precedes the chemical
interaction of molecules at illuminating solid surface
during photoadsorption and photocatalysis. The con-
cept of surface photoadsorption (photocatalytic) center
will be considered in more details in connection with
the photoexcitation of a photocatalysts.

2. INTRODUCTION

The heterogeneous photocatalysis can be defined as
“Photocatalysis taking place at the interfacial boundary
between two phases (solid-liquid; solid-gas; liquid-gas)”
[1]. Symbolically photocatalytic reaction is expressed by
the equation

A + Cat+hv — B + Cat 1)

where A, B are reactants and reaction products respec-
tively, Cat is solid photocatalyst (in the case of hetero-
geneous gas/solid and liquid/solid heterogeneous sys-
tem) and hv is the symbol of photon.

In the same manner, photoadsorption defined as
“adsorption, typically chemisorption (i.e., a stoichio-
metric reaction of adsorbate molecules with a solid sur-
face), initiated by light absorbed either by the adsorbate
or by the adsorbent,” [1] can be presented as

A + Cat+hv — ACat (2)

where A are adsorbate molecules and ACat are pho-
toadsorbed species. Note, eq. (2) formally is similar to
symbolic equation for photochemical reaction, where
A and Cat are reagents and ACat are the reaction prod-
ucts. The similarities between photochemical reaction
and photoadsorption will be discussed briefly. Pho-
ton absorption by solid photoadsorbent (photocatalyst)
will be regarded as the first stage of photoexcitation of
heterogeneous system both in a case of photocataly-
sis (eq. (1)) and photoadsorption (eq. (2)). By definition,
photoexcitation is “the act by which an excited state is
produced in an entity (molecule or solid photocatalyst)
by the absorption of ultraviolet, visible or infrared ra-
diation [1]. In turn, in the light of photoexcitation of
photocatalyst, the concept of surface photoadsorption
(photocatalytic) center will be discussed in some de-
tails.

3. PHOTOEXCITATION OF WIDE BAND GAP
SOLIDS. INTRINSIC AND EXTRINSIC
ABSORPTION BANDS. PHOTOELECTRIC ACTIVE
AND INACTIVE ABSORPTION (OF LIGHT)

Photoexcitation of wide band gap solid (Eg = 3eV) is
rather complicated process. In the case of gas/solid
heterogeneous systems it often cannot be reduced to
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Figure 1. The electronic excitations related to photoelectric
active and inactive absorption of light by solid.

well known simplified approach used in the studies of
liquid/TiO, heterogeneous systems. In the latter case
to describe the main features of a large number of pho-
tocatalytic reactions the consideration of electron-hole
pairs generation via band-to-band transitions, reverse
recombination of photo carriers and electron trans-
fer through solid-liquid boundary only are often quite
enough (see, for example [2]).

It is commonly accepted to tell the difference be-
tween the so called photoelectric active and photoelec-
tric inactive light absorption depending on whether
or not the free charge carriers appear in solids un-
der illumination (see, for example [3]). On the other
hand the absorption of light quanta can be related
with regular crystal sites (fundamental or intrinsic ab-
sorption) and with crystal imperfections, i.e., with in-
trinsic and extrinsic lattice defects (see, for exam-
ple [4-6]). Among the intrinsic defects are vacan-
cies, interstitials and their aggregations (point or zero-
dimensional defects). Note, regular surface can be con-
sidered as two-dimensional defect regarding to three-
dimensional bulk area of size-restricted solid particle.
Foreign atoms, ions and their aggregations in the bulk
of host crystal and at its surface constitute the vari-
ety of extrinsic defects. The simplified representation
of possible types of electronic excitations [3] in solids
induced by light absorption of different kinds is shown
(Figure 1). The latter go as following:

I. The fundamental absorption related to the tran-
sitions between delocalized valence and conduc-
tion band states with formation of free electron-
hole pairs, i.e., separated electrons and holes;

II. The exciton absorption with formation of free
bulk excitons (e9), i.e., joint electron-hole pairs;

III. The absorption of photons by defects with for-
mation of electronically excited localized states
such as electronically excited defects (D*) and
bound or/and self-trapped excitons (e%;, see be-
low);

IV. The absorption of photons following the ioniza-
tion of defect, i.e., the transitions between local-
ized and delocalized electronic states. The latter
belong to conduction or valence band states.

To illustrate the above stated, the absorption spec-
trum of alkali halide crystal (KBr) containing F-centers
(anion vacancies occupied by electrons) is presented
(Figure 2). Note, the spectrum is for illustration only,
the positions of band maximums shown are only real.
The fundamental absorption edge (i.e., the region of
“red limit” of I type absorption, Figure 1) is not clearly
seen in alkali halides absorption spectra (Eg = 7.35 eV
for KBr) because it is hidden by exciton bands (the ab-
sorption of type II). The fine structure appears in exci-
ton region of absorption spectrum of alkali halides at
low temperature (the exciton peaks at 6.71 and 7.18 eV
for KBr). For further details (see, for example, [7]). Thus
one should expect to find the only above-named bands
in UV-VIS absorption spectra of super-fine massive al-
kali halide crystals. At the same time even solely F cen-
ter introduction into alkali halide crystal gives rise to
a few additional absorption bands [8] (Figure 2). The
so called B-band (the peak at 6.44 eV for KBr) appears
at long-wave side of first exciton band. The bands of
this kind are assigned to the so called bound exci-
tons in solids [9]. The latter are considered as excitons
weakly bound with lattice defects. The B-bands in al-
kali halides arise due to excitons coupled with F cen-
ters. Similarly, «-bands correspond to excitons local-
ized near the empty anion vacancies (the peak centered
at 6.12 eV for KBr). The absorption of this kind can be
arbitrary ascribed to type III (Figure 1) since bound ex-
citons appear in imperfect crystals. In accordance with
hydrogen-like model of F-center [9] the strong F-band
(the band maximum at 2.05 eV for KBr) corresponds to
electronic transition from ground 1s to lowest 2p ex-
cited state of the center, while very week and poorly
resolved K-band (2.36 eV, KBr) is related with the tran-
sitions to higher excited states of F-center. Both F and
K absorption should be formally put to the III type (Fig-
ure 1). However, the energy gap between the relaxed 2p
state of F centers and the bottom of conduction band
is rather small (0.138 eV for KBr). Therefore free elec-
trons appear in alkali halides under excitation in F and
K bands via two step photo-thermal ionization of F-
centers at sufficiently high temperature. The so called L
bands (Figure 2) correspond to transitions from ground
1s state of F center to delocalized conduction band
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Figure 2. The absorption spectrum of alkali halide crystal with F centers (for illustration only). For example, the positions
(eV) of absorption band maximums for excitons and F-center in KBr [7, 8] and corresponding electronic excitations are

shown.

states. (The absorption of IV type, Figure 1). The absorp-
tion spectrum outlined above becomes more complex if
one takes into consideration the F centers perturbed by
impurity cations adjacent with anion vacancies, F~ cen-
ters. i.e., vacancies occupied by two electrons, electrons
captured by divacancies and so on [8, 9].

The specific absorption originates from the surface
states of solid particles [5, 10]. The surface states cor-
respond to the regular surface sites, crystallite edges,
kinks, corner ions and atoms, and with intrinsic surface
defects such as vacancies and single ions and atoms.
Impurities (foreign atoms, ions and their associations
with intrinsic defects) distributed somehow among the
bulk and the surface of solid particles as well as ad-
sorbed species also introduce surface states and cor-
responding absorption bands appear in the overall ab-
sorption spectrum extending in UV-VIS region far from
the fundamental absorption edge of wide band gap
solid.

The photon absorption of all four types (Figure 1)
should be taken into account in order to describe a large
number of distinctive features of wide band gap pho-
tocatalysts which have been ascertained in the studies
of gas/solid heterogeneous systems. Nevertheless the
photoelectric active absorption of light is considered
to be the crucial one in this case, too.

4. PHOTOEXCITATION. A CASE OF
PHOTOELECTRIC ACTIVE ABSORPTION

It is well known that wide band gap solids (Eg = 3 eV)
are poor conductors. In contrast with narrow band gap
semiconductors the introduction of dopant impurities

in the bulk of the insulators does not increase con-
siderably the dark conductivity due to so called self-
compensation effect [11]. For example, when the so
called additive coloration of alkali halides is conducted,
the super-stoichiometric alkali atoms occupy the nor-
mal cation points in alkali halide lattice, the excess
electrons are captured by additional thermally induced
anion vacancies. Thus the highest occupied electronic
level in the crystals (ground state of F center, see above)
is located at a distance of no less than 1.5eV under
the bottom of conduction band for the series of alkali
halides. In addition, the mobility of carriers for wide
band gap solids typically is much lower than that for
true semiconductors. However, photoelectric active ab-
sorption of light indeed takes place in wide band gap
insulators. At least this is evident from the photocon-
ductivity which is known for a large number of insula-
tors [12].

The Scheme (Figure 3) displays some typical events
related to photoadsorption and photocatalysis which
occur in the bulk in the near surface area [1] and at the
surface of wide band gap solids under illumination. The
Scheme has been firstly presented in [13]. Whereupon it
has been used with minor alteration a few times (see, for
example, [14]). Nevertheless, it will be briefly discussed
below as well.

The absorption of photons can occur both in the
solid bulk (b) or at its surface (s). In turn, at any rate
three adjoining and overlapping spectral regions for
photoexcitation [13, 15] can be distinguished. There are
the following:

1) fundamental absorption bands (hv;) related to
band-to-band transitions (type I, Figure 1) in
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Figure 3. Photoinduced processes in the near surface area (b) and at the surface (s) of wide band gap photocatalyst. From

ref. [13, 14].

regular crystal bulk (Rp). To simplify the discus-
sion the bulk exciton (e) bands (type II) adjoin-
ing fundamental absorption edge of the solids
are also included in hv; region (see below);

2

~

extrinsic absorption bands (hv?) related to regu-
lar surface sites (Rg) as well as to various imper-
fections both in the bulk (D},) and at the surface
(Dg) (type III and IV);

3

~

color centers absorption bands (hvs) related to
so called deep traps in wide band gap solids.
Deep traps capture photoelectrons and photo-
holes and retain carriers for sufficiently long time
at a certain conditions (see below). To simplify
the picture here notations F and V relate to any
deep trap occupied by photoelectron or photo-
hole respectively. In contrast with other above
mentioned defects the color centers appear in
the solids due to pre-irradiation. In any case we
put the absorption of light in F and V color cen-
ters bands to type of IV or/and III (see above).

Within the model, the majority of further steps
of photoexcitation (Figure 3) following the generation
of carriers, can be described as events which include
transfer of photocarriers resulting in their trapping by
defects except of the band-to-band recombination. In
the latter only case the lattice defects do not partici-
pate in the process (1" 9’, Figure 3)

ep(eg) +hp(hg) — Rp(Rg) + (photons or/and phonons)
(3)

However, the efficiency of the recombination (eq. (3))
typically is very low in wide band gap solids. Actually,
in a case of nonradiative recombination the relatively

large energy of electron-hole pair (Eg) must be changed
for the energy of a large number of phonons in many-
particle process, while in a case of radiative (lumines-
cent) recombination the momentum conservation law
demands of practically zero sum momentum for re-
combining electron-hole pair [3]. Thus the alternative
recombination of photocarriers via subsequent trap-
ping of electrons (e) and holes (h) and vice versa by so
called recombination centers R, (not shown, Figure 3) is
considered as preferable pathway for photo carriers de-
cay under moderate irradiation in imperfect wide band
gap solids

Rc +e(h) — Re™ (Re™) 4)
Rc™(R¢*) +h(e) — Re 5)

Note, the energy levels (R™, R*) of recombination cen-
ters typically lay near the middle of band gap and so
their thermal ionization can be neglected. Typically the
amount (concentration) of R. centers in crystals and
their ability for the effective trapping of both electrons
and holes determine the lifetime of free photocarriers,
and so their concentration at a given density of carriers
photo generation [3].

The formation of F and V centers (2, Figure 3) in
the bulk of crystal particle is similar to the first stage
of recombination (4). For distinctness, the formation of
the F color center in a commonly accepted sense can be
expressed as

Va+e —F (6)

where v, and e are the symbols of anion vacancy and
electron respectively.

The recombination decay of F centers is similar
to the second stage of the recombination via defects
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(eq. (5))
F+h— v, (7)

The formation and the recombination decay of V color
centers can be expressed by

Ve+h—V (8)
and
V+e— v (9)

respectively, where v is the symbol of cation vacancy.

The rates of color centers decay (eqgs. (7) and (9))
typically are much lower than the rates of recombina-
tion centers decay (eq. (5)). As the result, in contrast
with the recombination centers in the states R~ and
Rc™ (eq. (4)), F and V centers accumulate in wide band
gap crystals under illumination, their concentration be-
come comparable in order of magnitude with the initial
concentration of trapping centers (v, and v, in our case)
at sufficiently long irradiation time. UV-induced forma-
tion of color centers (photo coloration) gives rise to ad-
ditional bands in absorption spectrum of wide band
gap solids such as F and K bands for F-centers in al-
kali halides (Figure 2). The photocolored crystals retain
color for a long time after termination of UV irradiation
at moderate temperature [8].

The alternative pathway of F and V centers decay
via their photoionization by actinic light in a coarse of
primary illumination (hv,, Figure 3) are also reduces
the overall rate of color centers formation as well as
their ultimate concentration. However, here we focus on
the photo bleaching of color centers by long wave light
(hvs, 10, Figure 3) which corresponds to photoelectric
active absorption (IV type, Figure 1) of color centers

F+hvy — va+e (10)

V+hvs —ve+h (11)

Note, the photo stimulation of only F centers (eq. (10))
typically leads also to destruction of V centers (eq.(9))
and vice versa. On the other hand both free electrons
and free holes appear in solid under illumination of col-
ored crystal in overlapping F and V absorption bands.
(Figure 3, 10). The carriers can also release from the
color centers via thermal stimulation (thermal anneal-
ing of color)

F,V+Q — va(ve) +e(h) (12)

In the latter case color centers lose captured carriers
due to their interaction with lattice phonons.
Electrons and holes release also from bulk impuri-
ties in crystals (Dy, Figure 3) which adsorb light in ex-
trinsic absorption bands (hv,, 8, 8’). The processes at
the surface which correspond to those outlined above

for crystal balk are presented (Figure 3) by the excita-
tion of regular surface sites (Rs) and any other surface
defects (Dg).

Whatever the “source” of photoelectrons (es) and
photoholes (hg) the carriers get to the surface (Figure 3,
3, 9). Both Langmuir-Hinshelwood (LH) and Eley-Rideal
(ER) types of photoadsorption of molecules (Mgas) or
the stage of photocatalytic reaction with formation of
adsorbed species (Maqs ~, Mags ¥) are presented.

The reactions of LH type are depicted as the trap-
ping of photocarriers (6) by adsorbed molecules (Mg)
which are at the adsorption equilibrium with molecules
in a gas (7, 7). The reactions of ER type are portrayed
as sticking interaction (5) of molecules (Mgas) with sur-
face defects (centers) S~ and S*. The latter generate via
trapping of electron and hole by some surface defects
S (Figure 3, 4). Hereinafter in a frame of the “photo-
electric active absorption” approach S centers will be
referred as photoadsorption (or photocatalytic) centers
while S—, S* species will be named active states of pho-
toadsorption (photocatalytic) centers [1]. Reasons for
introducing such terms will be clarified below.

5. PHOTOEXCITATION. A CASE OF
PHOTOELECTRIC INACTIVE ABSORPTION

In accordance with the simplified scheme (Figure 1) the
photoelectric inactive absorption induces free (delocal-
ized) excitons in the photocatalyst solid bulk (II, the
case of ideal lattice), and leads to formation of the lo-
calized electronically excited states of the defects (III,
the case of imperfect lattice).

The excitons are virtual particles that describe en-
ergy transfer in different condensed systems from solid
noble gases and solid hydrogen [16] to molecular crys-
tals and biological systems [17]. The bulk exciton ab-
sorption bands corresponding to direct allowed band-
to-band transitions can be very strong (the absorption
coefficient @ ~ 105cm™!) in semiconductors and in-
sulators. If the transitions are indirect and forbidden,
the exciton absorption can be rather weak [18]. Apart
from the absorption of photon, excitons may also ap-
pear in crystals via electron-hole coupling, for example,
in a case of y-rays irradiation of the solid. An exciton
transfer occurs due to a weak dipole-dipole coupling
in the condensed state [19]. The behaviour of excitons,
even though they rise in regular lattice, can be rather
complicated depending from the nature of the solid.

Free excitons, typically, undergo the annihilation
with evolving of photon (radiative decay) or dissocia-
tion onto free electrons and holes. The latter may be
predominant channel for the exciton decay depending
from the exciton binding energy and ambient temper-
ature. The so called self-trapping of excitons occur in
some solids under a certain conditions. Excitons can
self-trap due to exciton-phonon coupling. In contrast
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with the exciton trapping by defects, the self-trapping
is the formation of localized excitons in regular lattice
[18, 20]. At that excitons become immobile (or move
by “hopping”), their energy strongly reduces and the
relaxation of the neighbor lattice sites changes. The
self-trapped excitons (STE) are rather the electronically
excited lattice defects than quasi particles. The self-
trapping of excitons has been established for a large
number of alkali halides and oxides [18, 20, 21]. The
STE luminescence often reveals the exciton trapping in
solids. For example, a well-known blue emission of sil-
ica (broad peak at 2.75 eV) originates from the triplet-
to-singlet transition in the STE with decay time =~ 1 ms
[22].

In addition, the so called decay of excitons onto
Frenkel defects pairs (vacancy and corresponding in-
terstitial ion (atom)) in the regular lattice occurs under
photoexcitation in exciton absorption bands of alkali
halides and some other solids [18, 23]. Such photore-
action is the “solid analogue” of free molecules’ pho-
todissociation. In order for the exciton decay to occur
a few conditions must be observed, two of them fol-
low from the energy and the momentum conservation
laws. The exciton energy must exceed the formation en-
ergy of Frenkel pair (Eex > Erp) in a given crystal, and
the “lifetime” of the exciton in a given lattice point
must be comparable with the period of lattice vibra-
tions (Tex = Tvib = 1012 s). For example, [23] the bulk
excitons in alkali halide lattice (e?) at the primary stage
of the self-trapping process

e? — e%(Vke™) — Rp +hv (13)
decay (~ 101! s time scale): i) onto the F center and the
complementary interstitial halogen atom (H center)

eY — v, te (F) + Hal% (H-center) (14a)
and ii) onto the anion vacancy and the complementary
interstitial anion (I center)

e’ — V.* + Hal™; (I-center) (14b)
(The upper index (eqs. (14a) and (14b)) in the nota-
tions used above [23] shows the sign of the effec-
tive defect charge or its component, while the bot-
tom index indicates the anion (a) or interstitial (i) po-
sitions of the defect in the lattice.) When an alkali
halide crystal is irradiated with photons free excitons
(e%) are formed. A self-trapped exciton (e%) is created
(eq. (13)) via free exciton relaxation. The latter process
includes the self-trapping of hole component of the
exciton (h*e~). The self-trapped hole h*g (commonly
accepted name—Vi-center) takes the configuration of
halogen Hal, ~ molecular ion, i.e., a hole (Hal®,) chem-
ically bound with halogen regular lattice ion (Hal™ ).
Note, the Hal,™ species (Vg center configuration) oc-
cupies two anion vacancies, the axis of Vg center aligns

along the (110) directions in face-centered alkali halide
crystals. At that the distance between halogen atoms
for the self-trapped hole (Hal, ~) becomes shorter than
that for regular lattice sites. Thus the self trapped ex-
citon can be described as an electron coupled with Vg
center—(Vge™). The reactions (egs. (14a) and (14b)) can
be treated as the alternative pathway of exciton relax-
ation (eq. (13)). For example, the exciton reaction (eq.
(14a)) is an isomeric transformation from self-trapped
exciton to the F-H pairs. In this case the interstitial halo-
gen atom (Hal%; or so called H center) takes the config-
uration similar to that for self-trapped hole (Vk center).
However, in contrast with the self-trapped hole (Vx cen-
ter configuration) the Hal, ~ species of H center type oc-
cupies one anion vacancy and interstitial lattice point.
The another type of self-trapped exciton transforma-
tion is the reaction (eq. (14b)). Note, the reverse reac-
tion (eq. (14a)), i.e., the recombination of neutral Frenkel
defects and the reverse reaction (eq. (14b)), i.e., the re-
combination of charged Frenkel defects both lead to
restoration of regular lattice. (For further details see,
for example [18, 23]).

The interstitial H and I species stay immobile in al-
kali halides lattices only below the 10-50 K. Some poly-
atomic molecule-like hole centers are produced via sec-
ondary reactions of the interstitial defects both in the
lattice balk and at the surface of alkali halides at mod-
erate temperature. As a result, additional and even ex-
traordinary surface active sites can be created at the
surface of alkali halides by light in comparison to those,
created via carriers trapping by pre-existing defects
(eqgs. (6)~(9))-

The interaction between the excitons and the de-
fects typically leads to the exciton scattering and decay
[18]. The reactions of the three following types will be
emphasis.

1. The coupling of excitons by defects (D) with for-
mation of electronically excited states of the defects
(D*)

e’ + D — D* — D + hv + phonons (15)

Under a certain conditions the D* states of both in-
trinsic and extrinsic defects decay with the emission
of photons (exciton induced luminescence of defects).
In general terms the reaction (15) corresponds to re-
combination of free photo carriers via recombination
centers (egs. (4) and (5)).

2. The ionization of defects by excitons with the free
electron or hole releasing

F+ed —V,+e (16)

3. The exciton-defect reactions resulting in the for-
mation of electron (hole) bound with the defect (D) and
free hole (electron):

D+e —D +h; D+e®>— D" +e 17)
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The experimental evidence for the reactions (eqgs. (16)
and (17)) which occur in ionic crystals has been demon-
strated a long ago (see, for example, [18, 23]). Recently
the theory of the exciton induced ionization of the de-
fects has been proposed [25] in order to describe the ex-
citon decay in conjugated polymers. The reactions are
considered as the Auger process, in which the electron
(hole) of the exciton occupy the deep defect level while
the energy is released to the hole (electron), the defect
Auger process for excitons takes place at low exciton
density.

The interaction of bulk excitons with the solid sur-
face may be examined in the way similar to that out-
lined above for exciton-defects interaction in crystal
bulk. In general the surface are considered as the bulk
exciton sink. The surface recombination and dissocia-
tion of bulk excitons damp the exciton induced pro-
cesses in the near surface area of crystals. On the other
hand the excitons, which move from the bulk to the
surface may induce the surface chemical reactions. (We
do not discuss here resonant energy transport between
defects of the same nature such as the rare earth ions
in laser crystals which also may be refereed to the pho-
toelectric inactive process [26, 27].)

The absorption of light by solid surface with forma-
tion of surface exciton-like excited states (type II, Figure
1) which originate from the regular surface sites and
intrinsic surface defects (edges, corners, kinks) may be
identified as very significant primary process for pho-
toadsorption and photocatalysis with highly dispersed
solids. Actually, the absorption bands related to such
surface states lay in the energy scale far below the fun-
damental absorption threshold, sometimes in visible.
Therefore the dispersed wide band gap solids may be
rated as a potential competitors for relatively narrow
band gap solids. As the example, the absorption band
assigned to exciton-like excitation of 3-coordinated
oxygen corner sites in MgO peaks at 4.6eV, [5, 6, 10]
while the bulk exciton band maximum is located at
7.7 eV. Similar, the STE in the subsurface (0001) layer in
« quartz (Eg = 11 eV) has dropped in energy by 0.7 eV in
respect to the energy of bulk exciton (3.7 eV), the fur-
ther energy drop by 0.5eV occurs due to reaction of
STE with OH™ group at the surface with formation of
OH radicals [22]. Note also, that the amount of surface
defects may exceed the total amount of intrinsic and
extrinsic defects in the bulk of sufficiently small solid
particle. So, the surface of small particles may predomi-
nantly absorb actinic light in sub band gap region. In ad-
dition, roughly, surface low-coordinated (LC) electronic
excitations are less mobile (“more localized”) than the
bulk excitons [5, 6, 10]. Regarding to the ability for mov-
ing the above mentioned 3-coordinated (3C) corner ex-
citon can be described as bound or self-trapped exci-
ton, for which only “hopping” is possible. Obviously,
even localized surface excitations are accessible for
molecules (reagents). So the recombination (“quench-

ing”) of the surface excitations caused by their interac-
tion with “detrimental” surface defects may be much
less effective than that for free bulk excitons and free
carriers.

The photoexcitation of surface foreign defects re-
lated to surface chemical reactions may be very specific
compared with that for bulk defects (see, for example
[28]). In a case of phoexcitation of surface defects the
transport of carriers from the balk to the surface (path
9-3, Figure 3) may be not needed.

6. EXPERIMENTAL EVIDENCE FOR
PHOTOADSORPTION AND PHOTOCATALYSIS
ON WIDE BAND GAP SOLIDS AT SUB BAND GAP
PHOTOEXITATION

It is very likely that, the concept of “photoexcitation at
sub band gap region” had been used first in the pioneer
studies carried out by J. H. De Boer (Netherlands) and
A. N. Terenin (St.-Petersburg University, Russia) in the
early 1930s [29, 30]. The photodissociation and pho-
todesorption of small molecules such as I, Bry, NO; ad-
sorbed at alkali halides, alkali earth fluoride vacuum de-
posited films, on silica, on alumina and on some other
highly dispersed “white” powders have been studied by
using VIS spectroscopy method. However the direct ab-
sorption of actinic light by molecules adsorbed at the
optically inert surface mainly has been considered as
the primary photo process in the early works. Note, be-
cause the adsorbed molecule can be described as the
specific surface defect, formally the case can be ref-
ereed as the absorption of Type III or IV (Figure 1).
The studies of photodesorption of small molecules and
their fragments from the smooth perfect surfaces of
wide band gap solids [31] is an example of the later re-
alization of the above mentioned early concept. Along
with the evolution of the main stream of the photocatal-
ysis which is based on the well known semiconductor
model of photocatalyst it has become evident that the
sub band gap photoexcitation (hvy, Figure 3) of wide
band gap solids (dielectrics) also induces the chemical
surface reactions. For example, in the early work [32]
the absorption of near UV light by absorbed molecules
(the system NH3/y-Al>0O3) has been considered as the
reason for ammonia photolysis, while the later study
[33] has shown that the absorption of light by adsor-
bent (H>0/y-Al>03) in the same spectral region (the red
limit Ereq = 4.0 eV) causes the adsorbed water photoly-
sis. In the pilot studies of photoadsorption of oxygen,
hydrogen and methane on the series of 35 metal oxides
[34, 35] the empirical correlation between the photoad-
soption activities (A) of the oxides sample specimens
and the oxide’s band gap energy (A o Eg) has been es-
tablished, the photoexcitation of the most active oxides
only at hv, region (Figure 3) has been available. The
wide band gap oxides also occurred to be sufficiently
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more active than narrow band gap oxides in respect to
the photolysis of adsorbed water [36] (see, also [37]).
Similar, in the studies of a series of alkali halides the
photoadsorption of O> and CO;, the photodecompo-
sition of CO2 and H>O and the photooxidation of H>
and CO at repeated irradiation of adsorbents (except of
iodides) with oxygen preliminary photoadsorbed have
been observed (see [38] and references there). It has
been established that the red limits of water and CO»
photolysis are close to 5 eV, while the red limits of oxy-
gen photoadsorption are considerably shifted (Ereq ~
3.0 + 4.0 eV) to the red compared with the alkali halides
bulk exciton absorption bands (5 + 10eV). From the
correlation between the photoasorption and photocat-
alytic activities of alkali halides established [39] one
may conclude that the actinic light is absorbed by solids
for all of above mentioned photostimulated reactions.

The more detailed information about the pho-
toexcitation of solids related to the surface photore-
actions may be elucidated from the so called spec-
tral dependencies of photoadsorption quantum yield
[1, 35, 40-48].

The main characteristics of the spectral dependen-
cies of the quantum yields for photoadsorption of
small molecules are as following: i) the photoadsorp-
tion red limits (Eyeq) for both acceptor (O2) and donor
(Hz, CH4) molecules lay far below the fundamental ab-
sorption threshold for majority of oxides; ii) the spec-
tral dependencies ®(hv) have structure, the maximal
values ®pax(hv) are located within the Eieq and the
Eg interval for some oxides; iii) the ®(hv) curves for
donor molecules and for oxygen overlap, for Sc»03,
7r0;, CeOy the red limits Eyq for Hp, CHs and O»
photoadsorption are the same; iv) in some cases (ZnO,
TiO7) the &3¢ values exceed 0.1 and even reach unit
[35, 41, 43, 45].

For example, Figure 4 shows the ®(hv) dependence
for photoadsorption of oxygen, hydrogen and methane
on commercial grade powdered MgO (Sger = 50m2 g~ 1).
The ®(hv) dependencies have been obtained using the
so called “black-body-reactor” [1, 35].

The theoretical modeling of the spectral dependen-
cies of photoadsorption quantum yield [44] demon-
strated that the structure of ®(hv) spectral dependen-
cies for intrinsic and color centers absorption region
(hvo and hvj respectively, Figure 3) arise mostly from
some background “inactive” absorption of light in the
sample. The photoadsorption quantum yield has no
spectral dependence if the inverse absorption coeffi-
cient exceed the particle size (1/x > d), which is the
case of dispersed samples using in the photoadsorp-
tion studies. The same is true for surface absorption
bands. Nevertheless, the inactive background absorp-
tion “develops” somehow [43-45] the shape and peak
position of active absorption bands. So, one can as-
sign the poorly resolved broad peaks at 3.6-3.8 eV and
4.5-4.7 eV (Figure 4) to the absorption of species re-
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Figure 4. Spectral dependencies of quantum yields of pho-
toadsorption of oxygen (1), hydrogen (2), and methane (3)
on powdered MgO [45]. {Copyright by the American Chem-
ical Society.}

sponsible for photoadsorption of donor and acceptor
molecules on magnesia. The photoadsorption, which is
induced in 3.6-3.8 eV band, only for donor molecules
has been tentatively attributed to photo liberation of
holes from pre-existing V-like centers in the bulk with
following trapping at the surface [45]. Note, V centers
likely arise due to MgO high temperature oxygen pre-
treatment, which was accepted in the studies refereed.
In contrast, the band 4.5-4.7 eV in ®(hv) spectra (Fig-
ure 4) have been assigned [45, 48] to the surface low-
coordinated 3C exciton-like states in MgO with optical
absorption band centered at 4.6 eV [5, 6, 10]. In general
the formation of low-coordinated surface excitation at
oxides may be depicted as [48]:

*

(M™ = 0%7)c +hv — (M™D*" —07) "

- (O_)LC + e

(18)

i.e., as the formation of LC exciton and its following
decay onto self-trapped hole (O~ )ic and electron ey
captured by appropriate surface trap. (The path 9-4,
Figure 3). The surface center with trapped hole is the
crucial centers for many photocatalytic reactions (see,
for example, [49-52]). Recently a few special features,
related to the LC exciton photocatalysis have been em-
phasized [10]. The mobility of 4C excitation at MgO
(001) surface (edges sites) have been predicted and
demonstrated in the ESR and FTIR studies of hydro-
gen photoadsorption [6, 10]. However, it has been con-
cluded that the chemically inactive 4C excitons move
towards 3C active sites, the escape of 4C “edge” exciton
(E4c = 5.7 eV) onto the regular (001) sites (Esc =6.15eV)
is difficult. To cover the energy deficit for the separa-
tion of electron and hole coupled into 3C exciton, the
absorption of photon by exciton (eq. (18)) (note, the sec-
ond one in overall) for formation of separated electron
and hole surface centers has been suggested.
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The absorption of light by extrinsic surface defects
also can result in the formation of a pairs of active cen-
ters. For example, the red shift of the spectral limit for
photooxidation of CO over ZnO has been attained via
substitution of Zn?* surface cations by Li* dopants

Zno (Li)s + hvy — [0%-Lit],"

(19)
— [0O7-Li*]s + ey

At that the active surface hole O~ trapped by Li* cation
site stays immobile [41] while electron (ey) is trapped
by proper surface defect. Similar, the vanadium ions
supported at silica (V3*-02~) absorbs actinic light with
formation of active centers ([V4T-O~]*), for oxidative
coupling of methane. The latter have been described as
charge transfer complexes. Note, the luminescent re-
laxation of this and some other excited transition metal
complexes with millisecond scaled decay time has been
observed [53].

It will be emphasized, that the LC excitons, excited
transition metal complexes [53] as well as the excited
states of other dopant metal ions [41] mentioned above
(eq. (19)) can be considered as bound excitons whose
decay products are the pairs of chemically active cen-
ters. The decay products arise directly at the surface.
The formation of separate pairs of active centers at
sub band gap irradiation has been considered as the
forcible argument for surface character of photoexcita-
tion for wide bang gap solid a long ago [35]. The resem-
blance between the spectral dependencies of quantum
yields for donor molecules and for oxygen below fun-
damental absorption threshold can be seen for Sc,03,
Zn0, ZrO, , CaO [45]. In latter case, the ®(hv) curves are
quite similar to those outlined above for MgO and they
are shifted into the red in accordance with LC exciton
band positions for CaO [5].

At the same time, the alternative mechanism of
both electrons and holes photogeneration based on the
so called photoconversion of pre-existing F centers in
wide band oxides has been proposed. The photoconver-
sion for alumina [54] can be presented by

{F*--02"} + hv — {(F")*--0°"}
— {F+07}(=F+h)

F+hy — F* — F" + e
(21)
Ft +hy — (FH)* — Vy+ e~

Here F* and F are pre-existing anion vacancies (V,)
with one or two trapped electrons respectively, 0%~ is
the symbol of oxygen anion adjacent to anion vacancy
(or the symbol of oxygen sublattice) in the balk of crys-
tal particle, O~ (= h) and e~ are free hole and electron
delocalyzed in oxygen and metal sublattice of the solid
respectively. (Note, the symbols {F*--02~} and {(F*)* --
027} (eq. (20)) are the same as the symbols F* and (F*)*
(eq. (21)) respectively.) The free electrons appear due to

thermal ionization of photoexcited F* and (F*)* cen-
ters (eq. (21)). The “key stage” of the mechanism is the
tunneling of valence band electron (the electron delo-
calized in oxygen sublattice, denoted as 02—, eq. (20)) to
unoccupied level of excited (F*)* center with formation
of F center (in the ground state) and free hole (O~ = h)
(eq. (20)). The latter is possible since the ground state
of F* center is located below the top of valence band
in Al>O3 [54]. Later, the ®(hv) dependence for oxygen
photoadsorption on MgO peaked at ~ 5eV in strongly
overlapped F and F* centers absorption bands has been
reported [42]. The photoadsorption of oxygen on hole
centers has been suggested for Al,O3, BeO and MgO,
the photoconversion (egs. (20) and (21)) in MgO has
been taken to trust by analogy with Al,O3. Regardless
to the shortcomings of the above mentioned model for
MgO [42], recently the experimental evidence for free
holes formation during the F centers photo conversion
in MgO has been reported [55]. The novel mechanism
of F center conversion in MgO based on theoretical and
experimental studies has been proposed

F*(0%7) +hv(5eV) — F+ O~ (h) (22)

In contrast with eq. (20), eq. (22) depicts the transfer of
electron to the F* center (the ground states is located at
3 eV above the top of valence band) from the quasi-local
state induced by the charge defect in the valence band.
As the result free holes appear. The quasi-local state
which is located at 2.0 eV below the top of the valence
band in MgO has been theoretically predicted [55]. Note,
for both above mentioned mechanisms the F(F*) intrin-
sic defect looks like renewable “self-sensitizing” agent
for electrons and holes photo generation via two step
absorption of photons below the fundamental thresh-
old of wide band gap solid.

7. EXCITON INDUCED SURFACE REACTIONS OF
SMALL MOLECULES

The specific of exciton induced surface chemical trans-
formation will be illustrated below by a few examples.
The y-radiolysis of adsorbed water for the series of 30
metal oxides has been studied [56]. (Note, the fast re-
laxation of energy and momentum of gamma- and X-
rays induced “hot” carriers in the solids results in the
formation of free carriers near the bottom and the top
of conduction and valence bands respectively, trans-
port properties of the excitons originating from the
subsequent electron-hole coupling are quite similar to
those for excitons induced by UV-light.) The depen-
dence of effective hydrogen yield on the oxide band
gap energy (Eg) has shown sharp “resonant-like” max-
imum at ~ 5eV which corresponds to the energy of
H-OH bond (5.1 eV) of H>O molecule. It has been con-
cluded that the resonant coupling of bulk excitons with
adsorbed water molecules are responsible for water
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decomposition. The exciton diffusion length for ZrO;
has been estimated by ~ 5nm [56]. Note, the decom-
position of adsorbed water via the resonant triplet-to-
triplet energy transfer to its dissociative 3A, state from
T> excited states of naphthalene, diphenyl and some
other aromatic molecules deposited on silica has been
demonstrated [57]. Tentatively estimated red limits of
adsorbed water photolysis for oxides [36] and alkali
halides reported [58] are very close to 5 eV regardless to
the nature of the adsorbent. The energy transfer from
excited surface states to adsorbed water has been pro-
posed in early works [36]. If the latter is the case, ad-
sorbed water molecule seems to be able to “choose it-
self” the appropriate excited state from the wide variety
of exciton-like states which exist in the dispersed wide
band gap solids.

The surface reactions observed in alkali halides un-
der irradiation in the bulk exciton absorption bands
(hvy, Figure 3) are in many respects similar to those
photostimulated below the exciton band (hv», Figure 3)
[38, 39, 58-60]. For distinctness, KBr will be discussed
below. The first exciton band of KBr (Figure 2) is cen-
tered at 186 nm at 300 K. Photoadsorption of only ac-
ceptor molecules (02, CO2, Brp), photodecoposition of
H>0 and CO; have been observed for each spectral re-
gion. However, the photooxidation of H, and CO have
not been detected neither in exciton region (hv;) no
under combined (hv; + hv,) irradiation. The photoxi-
dation of Hp and CO for alkali halides are the two-step
photoreaction:

0Oz2(gas) + hv, — Oz (ads) (23a)

O2(ads) +hvy, — O2(ads)™ + Hx(gas)
(23b)
or CO(gas) — products

Here O(ads) is tentatively refereed as O»~ species
among others not identified, O (ads)* is likely Oz (1 Ap)
adsorbed singlet oxygen. The CO> evolves into the gas
in a course of the reaction, while the products of hy-
drogen oxidation remain at the surface. Each oxygen
adsorbed species can be transformed into the reac-
tion products in accordance with stoichiometric ratio
for complete oxidation of CO and H». The most active
electronically excited Oz (*A») species decay with k <
70 ¢! s apparent rate constant in vacuum and under-
goes the Stern-Volmer quenching by oxygen from a gas.
The ratio between the quenching constant and the re-
action constant is around 10. The same mechanism of
hydrogen photooxidation by oxygen photoadsorbed on
alkali halides and alkali earth halides have been dis-
cussed elsewhere [61]. In contrast with the preceding,
the photoadsorbed oxygen species arising at the sur-
face at irradiation of KBr in exciton band are not ac-
tive in respect to photooxidation of Hy and CO (egs.
(23a) and (23b)). The upper limit for so called photoad-
sorption capacity, i.e., the ultimate per square centime-
ter number of molecules that can be photoadsorbed

on uniformly irradiated surface has been estimated by
~ 1015 cm~2 for KBr [15]. The latter indicates that the
prolong (~ 10%*s, 100W resonant hydrogen or mer-
cury lamp) irradiation of KBr in oxygen causes chem-
ical transformation of the sample with formation of
new surface phase similar to that for radiation induced
chemical transformation of alkali halides [61]. Note, the
decay of excitons onto Frenkel pairs (eqs. (13) and (14))
and following reactions do occur in KBr and alkali io-
dides under the excitation in exciton band. However
the above mentioned respectively slow reactions can
be neglected for initial stages of KBr irradiation. The ab-
sence of photooxidation reactions (egs. (23a) and (23b))
in a case of combined irradiation (hv; + hvy) of KBr
with oxygen photoadsorbed at (hv;) region has been
attributed to the photodesorption of the most active
oxygen species

0, (ads) +hv; — 0>~ (ads) +e® — e+ 0(gas) (24)

which resembles the reaction (eq. (16)). The appar-
ent photodesorption cross section for the most active
oxygen photoadsorbed species has been estimated by
~ 10715 cm? at 300K. So, one can assume that the ef-
ficiency of exciton transport to the surface from the
near surface area of ~ 1077-10% cm in depth for KBr
is rather high. No photodesorption of O, has been ob-
served at T < 180K. Photodesorption rate decreases
with decreasing temperature by exponential law, the ac-
tivation energy has been estimated by (0.4 = 0.1) eV. The
temperature range of O, photodesorption coincides
with the temperature range (Tq > 175K) of delocaliza-
tion of self trapped excitons for KBr [62]. However, self-
trapped holes become mobile in KBr in the same tem-
perature range. So, the desorption of some part of oxy-
gen 02~ species via recombination with holes originat-
ing from the exciton dissociation are also possible.

8. PHOTOEXCITATION OF UV-INDUCED COLOR
CENTERS RELATED TO PHOTOADSORPTION

The alkali halides occurred to be convenient adsorbents
for demonstration and for studies [15, 38, 39] of the
so called photostimulated postsorption (PSPS) of small
molecules (hvs region, path 1-2-10-3-4-5, Figure 3). The
exciton decay onto Frenkel defects in alkali halides (egs.
(13) and (14)) as well as interaction of excitons with
pre-existing defects (eq. (17)) lead to formation of long-
lived F centers (here: anion vacancy with trapped elec-
tron) and some complex halogen-containing V centers
both in the bulk (Figure 3, path 1-2) and at surface of
adsorbent (not shown at Figure 3, the corresponding
path is equal to 1-3-4). In a case of alkali halides only
the surface centers with trapped electrons are active in
respect to adsorption of acceptor molecules. The ad-
sorption of O» and CO; in the dark on such centers
created by vacuum pre-irradiation of alkali halides in
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hv; (and hvy) spectral region (Figure 3, path 1-3-4, is
the example of so called memory or post-sorption ef-
fect of Solonitzyn type [63]. However, the considerable
number of surface electron traps (S, Figure 3) typically
remains empty in a coarse of irradiation of a sample in
vacuum due to reverse reactions, similar to reactions
(eq. (5)). Therefore the repeated photoexcitation of UV-
colored alkali halides in F-center bands (eq. (10)) causes
the additional photoadsorption (PSPS) of O, and CO
on alkali halides (Figure 3, path 10-3-4-5). Typically the
red limit of PSPS is considerably shifted in the red when
compared with that for non-irradiated adsorbents. For
example, the red limit Eyeq(hvs) = 1.45 eV for PSPS O»
on colored KBr corresponds to long wave tail of F ab-
sorption band (Figure 2). Quantum yield of PSPS of oxy-
gen has no spectral dependence (®#(hv) =(0.02 = 0.002)
= const) within the F-band of F center in the agree-
ment with the model developed [44]. The PSPS O, rate
increases with increasing temperature by exponential
law. Activation energy estimate E; = (0.135 = 0.01)eV
is in a good agreement with the energy gap between the
relaxed 2p-state of F-center and the bottom of the con-
duction band in KBr. In contrast with the rates of PSPS
0O induced in the F band of F center, those for L bands
only slightly depend on temperature [15, 38]. The PSPS
of acceptor molecules have been also observed on KI,
RbI [38, 58] and on X-rays irradiated CaF, and BaF; [64].
The thermally stimulated post-sorption (TSPS) of small
molecules on oxides and alkali halides have been dis-
cussed elsewhere [13, 38, 45].

PSPS of oxygen for wide band gap oxides is induced
at repeated irradiation in F-type color centers band,
while PSPS of donor molecules occur under photoex-
citation of colored oxides in V bands. The PSPS of small
donor (H2, CO, CHy) and acceptor (O2) molecules have
been observed for a wide variety of metal oxides: La>03,
Sm»03, Yb»0O3, Cd203, HfO», ZrO», and for ZrO, stabi-
lized in the cubic modification with Y»O3 [13, 45], for
MgAl>O4 [65], Y203, Sc203 [66]. Note, in the pilot stud-
ies [13] with primary excitation of oxides by mercury
lamp at E(hvy) < 6.0eV and with repeated irradiation
in visible (E(hvs) < 3.1 eV or 2.5 eV), the PSPS of oxygen
accepted as the test gas has not been detected: i) for
relatively narrow band gap poorly photocolored oxides
(ZnO, TiOy, Inp03), ii) for oxides with Eg > 6.0 eV (Al O3,
BeO, MgO) and iii) for oxides without F-type color cen-
ter bands in spectral region E(hv) < 3.0eV such as Y203
and ScpO3. For the latter ones PSPS of both donor and
acceptor molecules has been observed in the follow-
ing more detailed studies. Note, the photoexitation of
wide band gap solids below E; also can shift the red
spectral limits of surface reactions due to photo re-
charging or photoconversion of pre-existing defects. To
author’s knowledge firstly the effect of this kind have
been detected by photostimulated exchange of labeled
oxygen on BeO [67]. So, on line with photo coloration
and photo bleaching of color one can consider the PSPS

of molecules as characteristic feature of wide band gap
photoadsorbents and photocatalysts.

9. THE EFFICIENCIES AND INTERCONNECTIONS
OF DIFFERENT PHOTOEXCITATION PATHWAYS

The following data (Table 1) show the efficiency of
some pathways of ZrO, photoexcitation, expressed by
quantum yields of corresponding product formation
(color centers, photoadsorpbed species) or destruction
of color centers. The data have been obtained for mono-
clinic ZrO» of commercial grade (“0s.ch” 7-4, IREA, Rus-
sia), Sper(N2) = 7m? g~ 1.

The quantum yields for photoadsorption and PSPS
have been measured at sufficiently high gas pressure,
so they are equal to the quantum yields of formation of
corresponding centers. Among the color centers with
trapped electrons (denoted as F, Figure 3) the Zr3+*, F*
and F centers for ZrO, have been identified by diffuse
reflectance spectroscopy and assigned in accordance
with the work [71]. V centers have been identified by
ESR technique [72]. The method of measurement of the
number of UV induce color centers for ZrO» has been
described in details elsewhere [68].

The values of quantum yields for different pro-
cesses in near surface area of ZrO, (Table 1) are compa-
rable with each other in order of magnitude. The latter,
in particular, manifests itself as effect of photoadsorp-
tion on photo coloration and photo bleaching of color
established for a large number of wide band gap oxides
[13, 68, 70].

The processes of photoexcitation related to pho-
toadsorption and photocatalysis depicted at the
Scheme (Figure 3) seems to be general for wide band
gap solids. The formation of color centers in the bulk of
wide band gap solids shifts the red limits of photoad-
sorption or surface photo reactions. The latter looks
like sensitization of photocatalyst to visible light. How-
ever, color centers are consumed (bleached) in a coarse
of photoreaction, the stationary concentration of “sen-
sitizing agent” depends on the intensity of primary UV
irradiation. At the same time the interdependence of
different photoexcitation pathways can manifest itself
as so called spectral selectivity of photocatalyst [15].
For example, the photolysis of CO; over KBr under
the irradiation both in the spectral regions hvy, (exci-
ton band) and hv» (extrinsic absorption) has been de-
scribed as dissociative photoadsorption of carbon diox-
ide with formation of adsorbed oxygen species and
evolving of CO into the gas phase. The reverse reac-
tion of CO photooxidation (eq. (23)) also takes place
in a case of photoexcitation of KBr in the spectral re-
gion hv,, and process reaches the equilibrium. The
equilibrium can be shifted towards photooxidation by
adding photoadsorbed oxygen or by CO, removal from
the gas phase as if it is thermal chemical equilibrium,
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Table 1. Quantum yields of photoadsorption of Oz and Hp, and quantum yields of photocoloration and photobleaching for

Zr0>.
Process :f);s)t‘rzlvreglon, 3:f£tim Ref. Path (Figure 3)
Fundamental absorption 0.02 + 0.003 [68]* 1-3-4-5
edge (hvy), 0.045 = 0.003 [45]*
Photoadsorption hv; =4.88eV
of oxygen Extrinsic bulk or/and 0.02 + 0.003 [45] 8-3-4-5
surface absorption (hvy), or/and
hvy =3.40eV 9-4-5
Overlapping Ft and V 0.16 = 0.02 [70] 10-3-4-5
PSPS of oxygen UV induced color
centers bands (hv3),
hvsy =2.84eV
Fundamental absorption 0.025 + 0.003 [45] 1-3-4-5
edge (hvy),
Photoadsorption of hvy =4.88eV
hydrogen Extrinsic bulk or/and 0.01 = 0.001 [45] 8-3-4-5
surface absorption (hvy), or/and
hvy =3.40eV 9-4-5
Overlapping Ft and V 0.057 + 0.007 [70] 10-3-4-5
PSPS of hydrogen UV induced color
centers bands (hv3),
hvy =2.84eV
. Fundamental absorption 0.13 + 0.03 [68] 1-2
Photocoloration
(in vacuo) edge (hvy),
hv; =4.88eV
Overlapping F* and V 0.32 + 0.03 [70] 10-1’
Photobleaching of UV induced color (see also

color centers

(in vacuo) centers bands (hvz),

hvy =2.84eV

egs. (7) and (9))

*The discrepancy between ® values for oxygen photoadsorption is likely caused by the difference in the sample pre-treatment

procedure [69], accepted in the works [45] and [68].

which follows the Le Chatellier principle. In contrast to
preceding, oxygen photodesorption caused by excitons
(hvi, eq. (24)) removes the active oxygen species from
the surface and the reaction of CO; looks like “non-
saturated” as in the case of oxygen photoadsorption.
Thus, the ratio of active and inactive oxygen species
on the surface depends on the wavelength of actinic
light, and so does the selectivity of alkali halides cata-
lysts towards either CO photooxidation or CO2 photol-
ysis. The similar spectral selectivity of TiO»> has been
firstly reported [50]. In the case of methane conversion
to ethane, ethylene and other hydrocarbons over TiOp,
the significantly higher chemical yield of hydrocarbons
formation was observed on titania illumination in the
extrinsic absorption region (hv,) compared to that ob-
tained under illumination in the fundamental absorp-
tion band (hv;), where the products of complete oxi-
dation of methane dominate. Recently the spectral se-
lectivity of photocatalyzed reactions of phenol on the
surface of TiO» nanoparticles has been reported [47].

10. PHOTOADSORPTION (PHOTOCATALYTIC)
CENTERS. LIFETIME OF ACTIVE STATES

By definition the photoadsorption center is “a surface
site or a surface defect in its active state after pho-
toexcitation capable of forming photoadsorbed species
by a chemical interaction with adsorbate molecules (or
atoms, or ions).” In turn, the active state of a surface
photoadsorption center is “an electronically excited
surface center, or a surface center (surface site) with
a trapped photogenerated charge carrier, that inter-
acts with atoms, molecules or ions at the solid/liquid,
liquid/liquid, solid/gas, or solid/liquid interfaces with
formation of chemisorbed species” [1]. The similar def-
inition has been suggested for photocatalytic center.
For example, in accordance with the definition the
well known Og~ center is the active state of some sur-
face hole trap considering as the photoadsorption (pho-
tocatalytic) center. Among such hole traps are the sur-
face cation vacancy or substitutional Li* ion at the
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surface of ZnO [41]. Similar, one should consider the
3-coordinated O~ 3¢ hole [10] (see above) as the active
state of photoadsorption center which is the oxygen
(0%~3¢) corner site for MgO. Indeed, the 3C oxygen is
the pre-existing intrinsic defect (denoted as S, Figure 3),
its transition to the active state occurs via photoexcita-
tion. The latter includes the absorption of photon with
formation of 3C exciton and following exciton decay
onto self-trapped hole (O~ 3¢) and electron.

The distinguishing of two states of photoadsorp-
tion (photocatalytic) center is reasonable in order to
describe a large number of distinctive features of pho-
toadsorption and photocatalysis. In contrast with ad-
sorption and catalysis, the active (in respect to chemical
interaction) state of photoadsorption (photocatalytic)
center always decays by some physical pathway with
formation of inactive “ground” state of the center. The
latter is identified as “photoadsorption (photocatalytic)
center” [1]. The existence of the physical decay (relax-
ation) of active state of such centers allows to apply
the notion of “lifetime” in respect to the active state of
photoadsorption (photocatalytic) center.

The lifetime of active center and LH kinetics. To
author’s knowledge, firstly the notion “lifetime” in re-
spect to photoadsorption center has been used in the
studies of hydrogen photoadsorption on TiO; a long
ago [73]. In order to describe the experimental depen-
dence of the initial (quasi-stationary) photoadsorption
rate on hydrogen pressure, which is fitted by Langmuir-
Hinshelwood type curve, the simple mechanism has
been proposed

S+hy — §* kabs (25)
§* —S ka (26)
S* + M(gas) — M(ads) ka (27)

Here (in the terms suggested [1]) S is the pho-
toadsorption centers (“potencial photadsorption cen-
ter” [35, 73]), S* is active state of photoadsorption cen-
ter (“photoadsorption center” [35, 73]), M(ads) is pho-
toadsorbed species, which corresponds to M* or M~
species depicted at Figure 3. Equation (25) describes
the photoexcitation of adsorbent with formation of ac-
tive S* centers. Equation (27) depicts the adsorption
of molecule M(gas) or “chemical decay” of the active
states S*, while eq. (26) displays the “physical decay”
of S* states with the first-order constant kq. The fol-
lowing expression corresponds to the mechanism (eq.
(25)-(26))

dl _ kap
At o = kabslsoikd i kap (28)

Yo =
where 7y is the initial (quasi-stationary) photoadsorp-
tion rate, Sy is the initial concentration of photoadsorp-
tion centers, p is gas pressure and I is the photon flux,
i.e., the number of incident photons per unit area, per

unit time. [1, 35]. The second-order constant k, corre-
sponds to the chemical step of photoadsorption, while
the rate constant for photoexcitation (eq. (25)) can be
described as absorption cross section (kaps = o) related
to the photoabsorption center S. The ratio k,/kq can
be evaluated from the experimental dependence 7o (p).
In this way the low limit of lifetime T = 1/kq for pho-
toadsorption centers for H, /TiO, system has been esti-
mated by ~ 1072 s [73]. The lifetime of photoadsorption
centers for a lot of systems gas/wide band gap solid
have been estimated by 10~3-10~! s using LH type ki-
netics obtained for pressure range 0.1-10Pa (see, for
example [15, 35]).

Obviously, the mechanism (eqgs. (25)-(27)) is simi-
lar to that for some simplest photochemical reaction. It
also reminds the simplest Stern-Volmer mechanism for
luminescence (S* — S + hvyyn, see eq. (26)) with quench-
ing (eq. (27)). At the same time one may confuse read-
ing eq. (28) as the well known Langmuir-Hinshelwood
kinetics

ap | _ Kp
at|,_, MO kp

Yo = (29)

where k(I) is the apparent rate constant, K = ka/kq =
kaT is the Langmuir equilibrium constant, where, in
turn, k, is the second order adsorption constant, while
the inverse desorption constant T = 1/kq means the
“residence time” for adsorbed molecules.

The lifetime T = 1/kq (eq. (26)) can be considered as
the true inverse first-order constant for only a few types
of active state of photoadsorption center. For example,
it could be electronically excited surface center or the
self-trapped surface exciton. The formation of the pho-
toadsorption center whose active state arises via photo
carrier trapping (for distinctness, via electron trapping)
can be expressed as

S+e — S™ (carrier trapping, Ke) (30)
where Kk is the bimolecular constant for photo carrier
trapping by photoadsorption center S. The following
decay pathways for active state of the photoadsorption
center exist

ST — S+e (thermal ionization, k) (31)

ST+hv—S+e

SS+h—S

(photo ionization, o) (32)
(recombination with carrier

of opposite sign, k)

For only the photoadsorption center of shallow trap
type (eq. (31)) at constant ambient temperature the true
first order decay can be expected. For the deep traps
the apparent decay constants are presented as kq = ol
(eq. (32)), and as kg = k; [h] (eq. (33)). In the latter case
[h] is the concentration of photo holes or, in general
case, is the concentration of carriers of opposite sign
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in respect to trapped ones (eq. (33)). (We do not con-
sider here the tunneling decay of active centers, which
is also possible [74]). Note, the concentration of photo
carriers depends on light intensity, and so both decay
constants for deep photoadsorption center depend on
photon flux. The latter approach has been used to de-
scribe the interdependence of photoadsorption rate on
pressure and on light intensity observed in the studies
of the O»/ZrO> system [75]. The following generaliza-
tion of eq. (28) has been obtained for a case of linear
dependence of free carriers concentration on light in-
tensity

dp alp

Cdt T bI+ cp (34)

ro(p,I) =
t=0
where a, b, c are constants which depend neither on
photon flux I no on gas pressure p. Note, eq. (34) at
I = const can be brought to conformity with commonly
accepted LH kinetics (eq. (29)) with hidden parameter
T = 1/kq. Commonly accepted LH kinetics (eq. (29)) and
alternative Eley-Rideal-like kinetics, which is under con-
sideration, can superimpose at relatively low gas pres-
sure and high coverage of the surface by adsorbate. In
this case the diffusion of adsorbed molecules to pho-
tadsorption centers (11, Figure 3) can be considered
(For further discussion, see: [76, 77]). Note also, that
the sublinear dependence of the reaction rate on light
intensity is described by eq. (34) at condition: bI > cp.
The latter can be satisfied at moderate or weak photon
flux depending on the gas pressure. At that the quan-
tum vyield of the reaction increases with light intensity
decreasing and no longer depends on pressure [76]. (For
further discussion of low intensity photocatalysis, see
also, [78, 79]).

Solonitzyn’s effect. Post-sorption or memory effect
of Solonitzyn type [1], i.e., the adsorption in the dark
caused by the pre-irradiation of solid surface has been
recognized firstly a long ago [63]. In the following stud-
ies the post-sorption of small molecules has been ob-
served on a large number of wide band gap solids
[35, 80]. In order to characterize the memory effect
the so called post-sorption coefficient n has been sug-
gested [35]

_ Nps(®)
Npn(t)

(35

where Nps(t) is the number of post-sorbed molecules
and Npp (£) is the number of photoadsorbed molecules
for the same pre-irradiation and irradiation time ¢t. Typ-
ically, the dependence of n from delay time between the
termination of pre-irradiation and contact of a sample
surface with a gas is marked feebly for wide band gap
photoadsorbents [80]. The constancy of n at the delay
time up to 10° s has been verified by measurement for
the 02/Zn0 system [35]. The post-sorption coefficients
n obtained at sufficiently high exposition (¢ ~ 102-
103s, ~ 100 W mercury lamps), typically, have ranged

0.7 1
0.6
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Figure 5. Dependence of post-sorption coefficient of oxygen
on irradiation (pre-irradiation) time for powdered 7rO>.
The delay time of 600 s has been accepted, the manometric
(curve 1) and thermally programmed desorption methods
(curve 2) have been applied to determine the number of
photoadsorbed and post-sorbed molecules.

from 10~! to 10~2 for wide band gap oxides. The latter
had been described as a fraction of “long-lived” pho-
toadsorption centers in respect to the total number of
photoadsorption centers. The most part of the centers
had been assigned to some photoadsorption centers of
shallow trap type, whose lifetime T could be estimated
by means of ER-like kinetics (eq. (28)).

However, the lifetime of deep photoadsorption cen-
ters picked up under illumination of solids increases
drastically along with the termination of irradiation.
The electroneutrality condition for wide band gap solid
under illumination in vacuum can be expressed by

e+ S (vac) + F(vac) = h+ S*(vac) + V(vac) (36)

where, typically, the concentration of free photo car-
riers becomes much lower than the concentration of
trapped ones rapidly along with the beginning of irra-
diation: [e, h] < [S™, F, ST V] due to efficient recom-
bination of carriers in wide band gap solids (egs. (4)
and (5)). Therefore the short-lived deep photoadsorp-
tion centers become extremely long-lived immediately
after the illumination is switched off. In the absence of
tunneling decay of active photoadsorption centers and
in the absence of shallow traps, which supply conduc-
tion and valence bands by carriers becoming week, only
negligibly slow thermal decay (eq. (31)) of active states
of photoadsorption center occurs in the dark in the pre-
irradiated solid. Thus, one may assume that the fraction
of deep photoadsorption centers may be greater than
n obtained for an arbitrary fixed irradiation time ¢.
Figure 5 displays the dependence n(t) recently
obtained for oxygen post-sorption on ZrO;. Earlier,
the alike n(t) curves for the systems O»/CHs/ZnO,
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0O2/H>/CH4/BeO, 02/MgO, 02/GeO, 02/y-Al203, 02/
Ga03 and O,/SiO» have been reported [80]. Note, the
monotonic limited growth for both Nps(t) and Nph (1)
quantities (eq. (35)) with the increasing of irradiation
time has been observed for all the systems studied. In
order to describe the n(t) dependence in general case,
the formation of the photoadsorbed species (eq. (37))
and their decay (eq. (38)) should be taken into account:

M(gas) +S™ — M~ Kpha (37)
M~ +h — M(gas) +S k* (38)

where k,* is the recombination constant corresponding
to the constant k; for (eq. (33)) and kpha is the constant
for chemical stage of photoadsorption (eq. (37)). Equa-
tion (38) describes the photodesorption of adsorbed M~
via recombination with photo holes with apparent first
order constant kges = k;:*[h]. The photodesorption of
photoadsorbed oxygen species for ZrO, has been re-
ported elsewhere [81].

The results of computational modeling of n(t) de-
pendence which relates to the mechanism under exam-
ination is shown (Figure 6). The generation of electron-
hole pairs corresponding to fundamental photoelec-
tric absorption has been simulated. In order to de-
scribe the formation of the post-sorption species M~
(the pre-irradiation in vacuum and following contact
with a gas, [M™] = [Nps(t)] = [S™(vac)], see egs. (30),
(35), and (37)) the formation and the decay of active
states of photoadsorption centers (egs. (30) and (33) re-
spectively) have been included in the mechanism. The
recombination of photo carriers (egs. (4) and (5)), the
formation of color F and V centers (eqgs. (6) and (8)) and
their recombination decay (egs. (7) and (9)) respectively,
have been also simulated. The concentration of the de-
fects and the rate constants have been fitted so as to
satisfy the condition [S™, F, ST V] > 10 [e], 10[h] (eq.
(36)) for t > 0.001 (Figure 6). The decay constant for
adsorbed species k*; = 0 (eq. (38)) has been chosen be-
cause the photodesorption of photoadsorbed oxygen
can be neglected in the case of 02/Zr0O». Actually, the
apparent integrated decay constants, kq (eq. (33)) and
Kdes (eq. (38)) have been estimated by (22 + 2) s~1 [75]
and by (0.03 + 0.003) s~! [81] respectively, the UV ir-
radiation of the ZrO, samples was nearly the same as
for the case presented (Figure 5). The condition kyp
> ko (eq. (28)) has been accepted in accordance with
those in experimental studies (Figure 6). In the latter
case the rate of photoadsorption is equal to the rate of
active state S~ formation and so eq. (37) can be replaced
by eq. (30). As the result, the only difference between
the apparent decay constant kg = ky[h] (eq. (33)) and
Kdes= k: *[h] (eq. (38)) determines the ultimate value of
n(t — o) in the model (Figure 6). At the same time the
maximum value of n(t — 0) = 1. Thus, the low limit of
the fraction of deep photoadsorption centers for oxy-
gen in ZrO; can be estimated by 0.5 + 0.7 (figure 5). The
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0.8
0.6 ke =50

= kr =100

0.4
0.2 1

k= 1000

.0
0.000 0.002 0.004 0.006 0.008 0.010
Irradiation time ¢, a.u.
Figure 6. Simulation of the evolution of the post-sorption
coefficient n(t) dependence along with the changing of the

decay constant (ky), corresponding to the active state of
photoadsorption center for acceptor molecules.

detailed analysis of the model, which includes the case
of multiple photoadsorption centers will be reported
[82]. Note, the decreasing of n(t) with the increasing
of the irradiation time can be also obtained in a frame
of multiple centers model, which includes the shallow
trap, for some particular case. However, it is not the
case of the above considered O,/ZrO; system.

The increasing of the “retention time” for the
trapped photo carrier due to formation of photoad-
sorbed species (M™, eq. (38)), when compared with the
lifetime of active state of photoadsorption center (S—,
ed. (33)) in vacuum, is also connected with the effect
of photoadsorption of small molecules on photo col-
oration of wide band gap oxides [13, 70]. In general,
the electroneutrality condition provides the explana-
tion for the effect. For example, eq. (36) for the case
of photoadsorption of acceptor molecules can be ex-
pressed as

M~ (gas) + F(gas) = V(gas) + S*(gas) (39)

where M~(gas) is the number of photoadsorbed
molecules, while F(gas), S*(gas) and V(gas) are the num-
bers of photo carriers trapped by corresponding cen-
ters. The following conditions can be obtained from eq.
(36) (coloration in vacuum) and eq. (39) (coloration a
gas) for ultimate cases:

M~ (gas) = F(gas) — F(vac) = =6F at o6V =0, 6S* =0
(40)

and
M~ (gas) =6V +68ST atdF=0 41)
Actually, the photoadsorption of acceptor gas (oxygen)
reduces the efficiency of F center formation and raises
the number of V centers formed when compared with
the photo coloration of wide band gap oxides in vacuum
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Similarly, the photoadsorption of donor molecules on
the centers with trapped holes causes the additional
formation of F-centers and reduces the number of V
centers created [13, 70]. However, the electroneutral-
ity conditions (eqgs. (36) and (39)) say nothing about
the magnitude and the sign of the effect for any given
gas/solid system within the ultimate cases (eqs. (40)
and (41)).

Figure 7 displays the simulated SF(t) and 6V(t)
kinetic curves for the case of photoadsorption of ac-
ceptor gas, all rate constants and defect concentra-
tion have been chosen equal to those for the case of
n(t) simulation (figure 6). Thus the bigger the differ-
ence between the decay constants k; (eq. (33)) and k. *
(eq. (38)) the more strong is the effect of photoadsorp-
tion on photo coloration. No effect occurs at k; = 0,
or, in general case, at k; = k.*. Note, in the later case
n(t) = const = 1 (figure 6). The comprehensive analy-
sis of the effect based on the computational modeling
of the mechanism under examination will be also pre-
sented [82]. Thus, a few distinctive features of photoad-
sorption (and photocatalysis) on wide band gap solids
such as the LH kinetics of special type (eq. (34)), the de-
pendence of post-sorption coefficient n(t) on radiation
(pre-irradiation) time (Figure 5), the effect of photoad-
sorption on photo coloration (Figure 7, see also [13, 70])
can be described using the notion of active state of pho-
toadsorption (photocatalytic) center.

The lifetime of active center and characteristic pres-
sure for reaction. The lifetime T of active states of
photoadsorption (photocatalytic) center corresponds
to some characteristic pressure: p* = (k'r)_l, where
k is the bimolecular gas/solid collision constant cor-
responding to the constant k, (eq. (28)). For collision
cross section estimated by squared solid lattice con-
stant (~ 10715 cm?) for small (u =~ 30 a.m.u) molecules
at T = 300K the characteristic pressure may be pre-
sented by: p*(Pa) ~ 0.01/7(s™!). The characteristic
pressure p* is rough estimate of the gas pressure
needed for observation of the heterogeneous photore-
action involving the photoadsorption (photocatalytic)
centers which active states are characterized by the life-
time 7. The most part of the above mentioned photoad-
sorption centers in their active state are the surface de-
fects with trapped carriers. The lifetime of such active
states can be restricted by thermal ionization (shallow
centers) (eq. (31)), photoionization (eq. (32)) or recom-
bination with photo carriers of opposite sigh (eq. (33)).
Roughly estimated by T = 10713 exp(—E/KkT), the life-
time for centers of shallow trap type varies in extremely
wide range depending on the position of trapped car-
rier energy level E in respect to corresponding band’s
levels and ambient temperature T. For example, for
E = 20kJmol™! (= 0.2eV) at T = 300K, T ~ 107105,
while for E = 170kJmol~! lifetime is equal to 1.4 1016 s,
In the latter case the energy level of thermal trap (=
1.7eV) is close to the thermal depth of 1s level of

F-center in KBr (see above), while corresponding life-
time is comparable in order of magnitude with the
age of Solar system. Thus, the characteristic pressure
range for thermal traps is wider than the experimen-
tally available one. The decay time in respect to pho-
toionization of active state of photoadsorption centers
can be roughly presented as T = (0I)~!, where the
absorption cross section o for allowed optical transi-
tions can be estimated by ~ 1*10~16 cm?. For example,
the characteristic pressure range 10~% = 102 Pa corre-
sponds to the photon flux varying within the limits of
1014 + 1022 photoncm—2s~1. In order to estimate the
recombination lifetime of surface active centers (eq.
(31)) one should know the corresponding recombina-
tion cross section and concentration of photo carriers
at the surface. The latter depends on different parame-
ters, including the so called rate of surface recombina-
tion of carriers, which, typically, is not known. The ten-
tative estimates of the recombination lifetime which is
in agreement with that observed for ZrO; in the pres-
sure range 0.1 + 10Pa have been presented elsewhere
[75]. In general, one may conclude that the higher the
actual pressure, the much number of short-lived active
states of photoadsorption (photocatalytic) centers of
different types can manifest themselves in a reaction
studied. Note, that the lifetime close to 10~7-10-8 s cor-
responds to the atmospheric pressure. It will be empha-
sis in this connection that the wide variety of highly ef-
ficient reactions have been observed in the laboratory
simulation of atmospheric heterogeneous photoreac-
tions [46]. To elucidate the possible role of such short-
lived (10~8 = 1079 s) excitations in heterogeneous pho-
tocatalysis on wide band gap solids an application of
the high pressure reactors or studies of the photoin-
duced reactions in polycondensed layers at low tem-
perature is needed. Similar studies have been recently
proposed to elucidate possible role of the heteroge-
neous photocatalysis for abiogenesis in cold dense cos-
mic dust clouds and at Early Earth [37, 83].

11. CONCLUSION

The photoexcitation of surface reactions at wide band
gap solids may result from a few different pathways
involving photogeneration of excitons or free charge
carriers. Possible pathways are connected with fun-
damental absorption band, with extrinsic/intrinsic de-
fect absorption bands, or with UV-induced color cen-
ters bands. Independently of photoexcitation type, ac-
tive states of the photoadsorption (photocatalytic) cen-
ters with trapped electrons and holes far below the
fundamental absorption threshold are formed. This
allows considering the wide band gap solids (E; >
3.0eV) as potential competitors for the relatively nar-
row band gap solids in respect to oxidation-reduction
photocatalysis. The existence of surface states of
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Figure 7. Simulation of the modification of the numbers of photo-induced electron (5F) and hole (5V) color centers along with
the changing of the decay constant (K;), corresponding to the active state of photoadsorption center for acceptor molecules.

different types and strong electron-phonon coupling in
ionic wide-band gap solids favor formation of the local-
ized electronic excitations at their surface. These sur-
face excitons can serve as the sensitizers which trans-
fer energy of the electronic excitation to the reagents.
Formation of the corresponding complexes between
surface excitons and reagents seems highly probable.
These complexes would subsequently decay into reac-
tion products or intermediates. Specific pathways of
the wide band gap solids photoexcitation are accompa-
nied by formation of the localized surface excitations
and active centers, which can be characterized by some
lifetime, thus demonstrating resemblance of heteroge-
neous photocatalysis and photochemistry.
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