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The interconnection between photostimulated formation and destruction of defect centers (F- and V-type
color centers) and surface photochemical reactions taking place on the surface has been examined for a series
of 21 wide band gap metal-oxide specimens, which comprise insulators and semiconductors whose band-gap
energies span the range from ca. 3 eV (ZnO,,Ji0 ca. 11 eV (BeO). Photostimulated post-adsorption of

O, was seen for 9 of the 21 metal oxides tested. Three of these specimens, namely sca®djazi8mnia

(Zr0Oy), and normal spinel (MgAD.), were chosen for detailed study to establish that spectral sensitization

of metal oxides by UV illumination is a generally occurring phenomenon which is carried over to
photostimulated adsorption of molecules and to surface photochemical reactions. Results demonstrate that
irradiation into the absorption bands of the color centers of the photocolored metal oxides leads to a red shift
of the spectral limit of surface photoreactions. A simple mechanism is described quantitatively for the
photocoloration and surface reactions. Quantum yields of photobleaching of color centers in vacuo and in the
presence of bland Q are reported for scandia and zirconia, together with the quantum yields of photoadsorption

of H, and Q molecules.

Introduction impact displacement energy threshold (e.g., as might occur when
. . ) . N specimens are irradiated with high-energy radiation) down to
Interaction of light with a ;olld/gas or a solldllquld system  ihe band-gap energi&, of the solids, and perhaps even lower.
has attracted much worldwide attentiohin advancing fun- £ wide band gap ionic crystals, defect formation may occur
damental scientific knowledge and numerous technological p, 1o fundamental pathways as a result of excitation of the
apphca_lthns: e.g., optical and electronic dewcgs, environmental gjactronic subsystem of crystdiShe decay of excitons into
remediation, and heterogeneous photochemistry and photocajyinsic jon vacancies and interstitials in regular lattices have
talysis. Such interactions differ by which partner of the pheen \ell established for alkali metal halides and other
heterogeneous system absorbs photons. Absorption by moleculegjigss-10 Two conditions favor this kind of defect formation:
of the gas or liquid phase adsorbed on the solid’s surface lead i) Eox > Eq, i.€., the exciton energiiex must exceed the energy
to several consequences, most notable being formation of exciteid of defect (Fraenkel pair) formation (energy conservation law);
states of adsorbed molecules, followed by (i) luminescence and4q (il) Tex > T, i.€., the lifetime of self-trapped excitons in
energy and/or electron transfer along the layer of adsorbed g given regular lattice siteey, must be longer than the period
molecules, or to molecules in the gas or liquid phase or to the ¢ |attice vibrations: b ~ 10712—10713 5 (the momentum
bulk of the solid, and (ii) by secondary chemical processes. The ¢nservation law)t Formation of a Fraenkel pair defect as a
second p053|bll|ty is light ab;orphon by the solid p_roducmg its primary product of the photoreaction in a regular lattice is
own excited states: e.g. excitons, free charge carriers (electron%quivmem to the photodissociation of free molecules. However,
and holes), phonons, and others. Energy or charge transfeiye gecay of excitons into Fraenkel pairs, well-known in alkali
toward the surface may lead to surface chemical reactions with ,otal halides. remains a contentious issue for wide band gap

adsorbed molecules or with molecules in the gas or liquid phase eta oxided, primarily because of the failure of either one or
diffusing toward the surface. Other decay channels for the solid’s j,4ih of conditions (i) and (ii) above.

excited states are recombination of the charge carriers and the
excitons resulting in photon evolution (radiative recombination,
i.e., luminescence) or phonon emission (nonradiative recombi-
nation). Incomplete recombination of carriers and excitons leads
to radiation-stimulated formation of defects in semiconductors
and insulators.

Defect formation in metal-oxide specimens occurs by excita-
tion of the electronic subsystem of the solids under irradiation
by light of moderate photon energies in the range below the

A complex interconnection between surface photochemical
processes and defect formation in solids is caused by common
stages of photoexcitation and the participation of photoexcited
electronic subsystems in both processes, which typically mani-
fest themselves as an influence of the photoadsorption of
molecules on the photocoloration of powdered solfds?

One result connected with photoinduced defects (color
centers) is the spectral sensitization of solids in connection with
the spectral limit of surface photoreactions. This spectral
~ sensitization was originally observed on alkali metal halides by
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TABLE 1: Summary of Data from Preliminary Tests of Metal-Oxide Specimens Examined for the Photostimulated
Post-Adsorption of Oxygen

dP/dt (PhAY  dP/dt (PhSPAY
metal oxide  Exf(eV) ARaP(10°)  ORaC(10% ORI (104  (ORARE (10°Pas?) (105Pas?) PhSPA effect

BeO 10.6 15 0 0 no
MgO 8.7 32.6 53 30 0.1626 0 0 no
Al,O3 9.5 4.2 8.0 8.0 0.1905 0 0 no
MgAI ;04 8 12 0 0 no
SiO, 10 0.30 1.0 1.0 0.3333 0 0 no
TiO, 3.2 8.6 -9.0 —23 —0.1047 2.0 2.0 no
GeQ 8.5 2.0 2.0 0.0235 3.0 3.0 no
SnG 3.8 10.2 -5.0 2.0 —0.0490 101 92 no
ZnO 3.2 4.4 —-8.0 -19 —0.1818 120 37 negative
Sc0s 6.0 40.2 88 88 0.2189 0 0 no
Y203 6.2 24.2 34 22 0.1405 8.0 8.0 no
Lay0s 5.4 9.9 45 34 0.4546 81 155 yes
SmOs 5 15.2 40 41 0.2631 90 150 yes
Gd,03 5.3 18 25 0.1389 3.0 62 yes
Dy,03 5 90 84 81 no
Yb203 5.2 36 80 75 0.2222 2.8 30 yes
ZrO, 5.0 68.9 106 149 0.1539 12 320 yes
Y*ZrO, (5.5%) 71 50 60 0.0704 2.0 138 yes
Y*ZrO2 (8%) 37 80 90 0.2162 1.0 93 yes
Y*ZrO, (15%) 30 110 120 0.3667 1.0 49 yes
HfO, 55 58.1 173 174 0.2978 8.0 83 yes

2 Band-gap energy of the insulator or semiconductor specifigrtent of coloration of the specimen in vacuddextent of photobleaching of a
colored specimen in vacudExtent of photobleaching in the presence of oxydefraction of photobleached color centers after 200 s of visible
irradiation.f Rate of photoadsorption of oxygehRate of photostimulated post-adsorption of oxygeRresence or absence of a photostimulated
post-adsorption effect in the case of oxygen.

The principal objectives of this study were 2-fold. First, we Metal Oxide Samples.Zirconia (ZrQ; Epg = 5.0 eV) is a
wished to establish whether spectral sensitization of metal oxidesphotoadsorbent and an active photocatalyst in accordance with
by UV pre-illumination is a more general phenomenon than empirical correlations between the photochemical activity of
otherwise imagined, and whether it can be extended to photo-the metal oxide specimen and its band-gap end&igy* The
stimulated adsorption of molecules and to photochemical red limit of the photostimulated adsorption of,®,, CH,, and
reactions. Second, we wished to confirm whether excitation of C,Hs molecules on powdered Zp&12 is positioned in the
metal oxides in the absorption bands of photoinduced color extrinsicabsorption band region at about 3.0 el 410 nm).
centers is responsible for the red shifts of the spectral limits of The first stage of photooxidation of methane and ethane is
photoreactions as evidenced in the case of alkali metal halides.photostimulated adsorption followed by conversion to other
In the present study we tested 21 metal oxides to ascertain thenydrocarbond? The quantum yield® of photooxidation of
effect of photoinduced spectral sensitization. Zirconia, scandia, propene over powdered zirconia is ca. 0!0& of photostimu-

and spinel specimens were examined in some detail. lated adsorption of @reaches 0.05 on irradiation of Zs@t
_ _ the red edge of the fundamental absorption bEnthe main
Experimental Section types of preexistingntrinsic defects in Zr@are anion vacancies,

The 21 powdered metal oxide samples (Table 1) examined Va._18 Zirconia powder is photocolored under UV-excitation
in preliminary tests were of “high purity grade”. Three of these owing to format|o+n of fzt"’l‘gle defects (color centers) W'.th trapped
were studied in some detail. The powdered monoclinic form of €ectrons 2(? F*, F) =" or with trapped holes (O*-like v
210, (IREA) was produced from zirconium chloroxide; specific  Centers)2°Color centers localized at the surface serve as long-
surface area (BET with nitrogen gas) of the sample wasT? lived adsorption centers (i.e., post-adsorption centers) for
gL Powdered S©; (IREA) and optical material grade spinel ~ cceptor (9'9" §) and donor (e.g., Hand CH) molecules,
MgAl ;0,4 were obtained from the Vavilov State Optics Institute; respectively:

BET specific surface areas ared n? g! and~14 n? g 4, Scandium oxide (SOs) is a wide band gap insulatoEfg =
respectively. Average crystal size was caurh. These three 6.0 eV) with a cubic crystal lattice belonging to the’ Bpace
specific metal oxides were analyzed for content of impurities group; lattice constana = 9.845 A. Among the wide band

in their preparations: analyses for Zr@ave 6x 10°5% Fe,  gap metal oxides, $0s is not as frequently used in photocata-
and less than & 10-5% for Mn, Cu, Co, Cr, and Ti: for SO, lytic studies as zirconia. Nonetheless, it is an active metal oxide
analyses gave X 10759 Cu, 2 x 10-5% for Cr, Mn, and Ni, in water photolysis in a gas/solid systéfPhotoadsorption of

1 x 107%% Yb, 2 x 10%9% for V, Er, and Nd, 3x 10~%% Fe, Oz, Hz, and CH, and methane photooxidation to génd HO,

and 1x 1073% Y; for MgAl 04, analyses gave & 104% Cr, along with its conversion to ethane, ethylene, and other
3 x 1073% Mn, and 5x 1073% Ca and Fe. hydrocarbons have also been establistééPhoto- and radia-

Any adventitious organic impurity and molecules adsorbed tion-induced color centers of the F- and V-type display complex
on the surface of the metal oxide specimens were removed bySpectra in the near-UV and visible spectral regitiés:2>
thermal pretreatment (= 800 K) first in an Q atmosphereK Spinel, MgALQ;, is a complex wide band gajgdy = 7.5~
= 100 Pa) and then in vacuo. Reproduction of the original state 9.0 e\#%2% insulator with a cubic crystal lattice and spinel-
of the samples between experiments was achieved by heatingype structure Emn; lattice constanta = 8.11 A. Cation
the samples in oxygen for ca. 1 h. Any experimental error in vacancies, ¥, are the predominant type oftrinsic defects. In
the spectral measurements caused by the nonreproducibility ofaddition, synthetic spinels are partlx¢a. 20%) inversed,
the original state of the sample does not exceed about 5%. whereby a fraction of the Mg cations occupy the positions of
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AlI3* ions and in turn the Mg positions are occupied by Al

cations?® Such defects serve as hole and electron traps,

respectively. Among the several UV- and radiation-induced

centers, F and V centers have been identified in M@APE30

Photoadsorption of §© H,, and CH, and its influence on the

photocoloration of spinel MgAD, have also been exploré@3!
Procedures.Powdered specimens were contained in a quartz £

cell (path length, 3 mm; illuminated area, 7 §rnaonnected to Z

a high-vacuum setup equipped with an oil-free pumping system; A

the ultimate gas pressure in the reaction cell was ca’ P@.

The volume of the reactor occupied by the gas was 48 ém

Pirani-type manometer (sensitivity, 18 mVPdor O, and 24

mV Pal for Hy) was used to measure gas pressures in kinetic

studies Analyses of gas composition were carried out using a

mass spectrometer model MX-7301. Irradiation of the solid 140 — 1 T T "

samples was accomplished with a 120 W high-pressure mercury 0 S 100 150 20 =0

lamp model DRK-120 (MELZ). Cutoff filters from a standard Irradiation time / s

set of colored glass filters (Vavilov SOI) were used to select Figure 1. Kinetic curves as P versus time for the photostimulated post-

the spectral regions for sample excitation. adsorption of Qon: (1) YOs; (2) GdOs; (3) HfO; (4) SmOs; and
Diffuse reflectance spectra (vs Bag@ere recorded witha  (5) Y-stabilized ZrQ.

Specord M-40 (Karl Zeiss, Jena, Germany) spectrophotometer ) ]

equipped with an integrating sphere assembly; data processing () The effect of photostimulated post-adsorption of oxygen

was carried out using the Data Handling | package. In Was considered establlshgd fo.r |r'rad|aFed s'a.mple.s when oxygen

preliminary test experiments, a specially designed integrating Pressure changes under irradiation with visible light-(400

sphere interfaced to a computer was employed:; it permitted "M for ca. 600 s) exceeded 0.01 Pa and the rate of photoad-

measurements of diffuse reflectance coefficients integrated in SOrption of oxygen was at least 10% higher than for non pre-

the visible spectral range between 400 and 800 nm (powderediltadiated samples. The extent of photobleaching of the UV-

samples); accuracy of the measuremet®,0001. Unless noted  induced colordRyac (= Riis — Rw) and 0Ro, (= Ris — Rw)

otherwise, the moveable high-vacuum setup/quartz cell systemWas also measuredys is the integrated diffuse reflectance

was moved as a unit between the position of irradiation and coefficient after .|rrad|at|on with visible light in vacuo and in

thermal treatment of the sample to a position for recording 0Xygen, respectively (Table 1).

spectra; both were fixed with high precision in appropriate

positions. Thermostimulated luminescence was recorded with Results

a KSVU-12 (LOMO) spectral setup adapted to record emission

from solid powders in vacuo and in a gaseous atmosphere. Thedi

heating rate of the specimens in the linear heating regime WaSgin, 1o 0.071 for the 5.50%Y-doped ZgOspecimen) as

maintained at. 0.3 K3, . . evidenced by formation of photoinduced color centers for most
Test Experiments. Preliminary studies were conducted on ot the metal oxides examined (Table 1). Detailed data concern-
21 wide band gap metal oxides (Table 1) to diagnose the effect;ng the changes in the diffuse reflectance characteristics and
of photoinduced spectral sensitization for a simple surface yhe influence of photoadsorption of gases on these features were
photochemical process, namely photostimulated adsorption of .enorted earlier by Ryabchuck and Burukiid@hotobleaching
oxygen. This set of experiments was carried out using the ot \y.induced color centers by visible light is typical for most

UV pre-irradiation of the samples decreases the integrated
ffuse reflectance coefficien], (AR varies from 0.0003 for

following uniform procedure: of the metal oxides examined; relative value®Bf.JAR ratios

(1) The integrated diffuse reflectance coefficieRs was range from 0.02 for Gefto 0.45 for LaOs. However, visible
measured for each metal oxide specimen after sample pretreattight irradiation decreases the integrated diffuse reflectance for
ment (see above). TiO2, SnQ, and for ZnO @Ryac < 0). The effect of photo-

(2) Samples were irradiated in vacuo for ca. 200 s using all stimulated post-adsorption (PhSPA) was observed feODb,a
the wavelengths of light from the mercury lamp, followed by a SmpyOs, Yh,03, ChOs, HfO,, ZrO,, and for ZrQ stabilized in
10-min pause to permit the phosphorescence emission (typicalthe cubic modification with ¥Os. Photostimulated adsorption
of some oxides) to decay completely. The integrated diffuse (PhA) of G, by visible light was not observed for MgO, BeO,
reflectance coefficien®,, was also measured to determifR ScOs, Y203, SIO,, GeQ, y-Al,03, and MgALO,, neither before
= {Rw — R} so as to characterize the extent of photocoloration nor after UV pre-irradiation of the specimens in vacuo. No
(columnARy4 Table 1). difference in rates of @photoadsorption was detected between
(3) After addition of oxygen into the reactdPg, = 1.5 Pa), nonirradiated and UV-irradiated samples of Zi@hereas UV
the system was exposed to the dark for about 10 min until post- irradiation of ZnO caused a negative effect, i.e., decreased the
adsorption of oxygen (also typical of some metal oxides) was rate of photoadsorption under visible light irradiation.
complete. Subsequently, a given system was irradiated in the Thermostimulated adsorption of,Qakes place on UV-
visible region using a 400-nm cutoff filter and the kinetics of colored ZrQ, SmOs;, and YkOs, but was not detected on
photostimulated adsorption of oxygen determined (see Figure nonpreirradiated samples. Maximal rates of thermostimulated
1). O, adsorption in the linear heating regime of the samples (see
(4) A set of control experiments were also carried out for Experimental Section) were obtained at 420, 600, and 630 K
nonirradiated samples to establish the existence and the extentor ZrO,, SmOs, and YOs, respectively.
of photoadsorption of oxygen on a given metal oxide stimulated  Photostimulated post-adsorption of @as not found for a
by visible light @ = 400 nm). group of metal oxides (from BeO to SiQupper part in Table
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Figure 2. Diffuse reflectance spectra of powdered ZrO (1)
nonirradiated R (2) irradiated in vacuo R; (3) absorption spectrum
given asAR = R, — Ry, of photoinduced color centers.

Figure 3. Dependencies of (1) the kinetic paramepd?.,, and of (2)
the initial rate of photostimulated post-adsorption of @ ZrO, on
the extent of photoinduced coloratidR.

1) whose band-gap energiBs, are greater than 8 eV. EXCept  ¢ojor centers are formed in the bulk of Zry UV pre-

for MgO, all these specimens are poorly photocolora® (= irradiation of the sample, the spectral limits of photostimulated
0.015) by the UV light usedi(= 200 nm;En, = 6.2€V). Only  44sorption are red-shifted to 580 nm fop Bind CH, and to
intrinsic andextrinsicdefects are photoexcited in these oxides. wavelengths above 800 nm for,Cthese correspond to the

On the other hand, the metal oxides from Ti@ ZnO with positions of the absorption bands of V- and F-type color centers,
Epg around 3 eV also displayed no photostimulated post- respectively. Photostimulated adsorption of Qelllowed by
adsorption of @ The remaining oxides from 30 to the secondary chemical reactions leads to formation of higher

Y-stabilized ZrQ haveEyg around 5 eV; they show moderate hydrocarbons: ¢Hs, C;H4, C3Hg, along with CQ and HO.

to strong coloration AR > 0.02) and photobleaching effects The mass spectral analyses of the gas phase during the

(OR.adAR > 0.15). Oxygen has an influence on the photo- photostimulated post-adsorption of GHind the temperature

bleaching of these oxides (positive: increase of photobleaching desorption spectra recorded after irradiation of Zr@emon-

ORvac < ORo, Negative: 0Rjac > ORo,). However, there seem  strate the evolution of &g into the gas phase and formation

to be no correlations between the rates of photostimulated post-of C,Hg, C,H4, and other reaction products on the specimen’s

adsorptior{ dP/dt (PhSPA} and the remaining parameters (e.g., surface. Identical reaction products were reported earlier when

AR) listed in Table 1. photoadsorption of CiHon ZrO; and other wide band gap metal
Clearly, results from the preliminary studies show that UV- oxides was examined under UV-light irradiati&h.

induced photocoloration of metal oxides is a necessary but not The kinetics of photostimulated photoadsorption ofadd

a sufficient condition to observe either photostimulated or Hz on ZrQ; follow the Solonitsyn approximation (eq 1):

thermostimulated post-adsorption of, ©n the metal oxide

surfaces. Except for ZnO, all the metal oxides tested can be AP(t) = AP {L} — AP {_k&} )

classed into two groups as regards the effect of photostimulated 2 lt+ ? kot + 1

post-adsorption of @ Note that the thermostimulated post-

adsorption effect for @was also detected for metal oxides which where AP(t()j descrr]ibes the ter?pcr):al CZangl;a (ijn gas prlessTre
are otherwise also active in the photostimulated post-adsorption(cOrrESpon s to the amount of photoadsorbed gas molecules)

process. during irradiation for a timet, AP, denotes the maximal

. coverage of photoadsorbed molecules on the surface at some
To better understand the mechanism and the reasons underly: 9 P

ing the photo- and thermo-stimulated processes on the surfac given conditions when the time of irradiation approaches infinity
. o t — ), andr is the time of half-decay of the pressure durin
of UV-colored metal oxides, we selected zZrGtrong effect e( ) ‘ y P g

X i ' the photoprocess;= (ko) 2%, andp is the photon flow (photons
of photostimulated post-adsorption opjdrom the first group -2 -3y The initial rate of photoadsorption is described by
and SgO3; and MgALO, (no effect found) from the second eq 2
group of metal oxides for a more detailed exploration of these

processes. {dP} AP,

Zirconia, ZrO ,. The spectral limit of surface photochemical dtleo 7 AP kp )
processes of photoadsorption of,HCH4, and Q, as well as
the photoinduced coloration (formation of defects) of Zi® Note that the linear dependence of the initial rates of
positioned at about 410 nm. UV irradiation of powdered ZrO photostimulated post-adsorption on light intensity (photon flow)
in vacuo with light of wavelengtii < 410 nm caused the  was experimentally confirmed in special tests for all the metal
appearance of an additional broad absorption band (Figure 2).oxides examined. The dependencie#\&., and the initial rate
As evidenced from the results of previous studie¥;2°this of photoadsorptio§dP/dt (PhA); Table } of O, on powdered
band is formed by an overlap of absorption bands of electron ZrO, on the number of photoinduced color centers, represented
color centers F, F, and Zf" with maxima at 620, 390, and by AR, under photoexcitation with 436-nm light are illustrated
280 nm, respectively, and of hole color centers of the V-type in Figure 3. The linear dependence of the initial rate on the
showing maxima at ca. 410 and 270 nm. When photoinduced absorbance of the color centéR infers that the quantum yield
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Figure 4. Kinetic dependencies of the photobleaching of color centers A /nm

in ZrO, by the actinic light at 436 nm (1) in vacuo, (2) in,Gnd (3) Figure 5. Absorption spectrunAR of photoinduced color centers in
in Ha. powdered SOs.

of photoadsorption of @(®o,) is independent oAAR for the 00707
whole range of coloration. Herein, we deflté*the quantum J
yield of photostimulated post-adsorption in relation to the rate B
by which photons are absorbed by the UV-induced color centers
as

_ dN/dt

where the rate W/dt ~ dP/dt is expressed by the number of
adsorbed molecules per second. Under our experimental condi- 0.0607]
tions, the quantum yield of photostimulated post-adsorption of
O, at A = 436 nm is®p, = 0.16 + 0.02, whereas the
corresponding quantum yield forptat this wavelength iy,
= 0.057+ 0.007.

Irradiation of UV-colored Zr@ in vacuo or in a gaseous 005, " 3p 40 a0 s 100
atmosphere with visible light causes photobleaching of the color TIradiation time / s
centers that is typical of many other metal oxides (see above).
The relevant kinetics in vacuo in@&nd in H are displayed in
Figure 4. The presence of,@hcreases the rate of photobleach-
ing of electron color centers in ZegDwhereas the presence of
H, decreases the rate. Using the data for the calibration of the

absorbanceAR of F-type color centers in Zrreported by ;434 hm which consists of overlapping bands of hole color
Burukina ant_j co-workers, we estimate the quantum yield of  centers and (probably also) electron F-type color centers with
photobleaching of F centers in vacubeac relative to the maxat 330 nm (Figure 5). The spectral limits of photostimulated
number of photons absorbed by the color centers (see abovefnteraction of gases with the surface of the preirradiated sample
to beqnp(va_c)z 0.32+ 0.03 at 436 nm, whereas in the presence is red-shifted to 360 nm for £and to 560 nm for Kand CH.
gl;]ggband '2 tg 25 ;(:asoegze r%z;ﬂzgt)i/vaerli(m(% =0.52+0.04 The kinetics of photostimulated post-adsorption ofatid G
TheTr?ear Heating .reg,ime of a UV-é:oIored ZrPowdered on excitation of the photoinduced _color Cen_ters are described
specimen in the presence of, @®eads to thermostimulated by eq 1. The parametekP., scales linearly with the extent of
coloration AR, whereas the dependence of the initial rate of

adsorption of @with a maximum rate obtained at 420 K, which ' . L
also corresponds to the thermostimulated green Iuminescencef’hom"jldsorptlon of bjon ARtends t? be sublinear, |nd|cat|ng
that the quantum yield of photostimulated adsorption g¢f H

(TSL) maximum of ZrQ. The estimated activation energy of . ) ”
this TSLisEa= 1.1+ 0.1 eV. No thermostimulated adsorption 9€creases with increasingR
was detected on noncolored Samp|es_ Irradiation of UV-colored SgO3; with visible |Ight leads to
Scandium Oxide, SeOs. Scandium oxide is representative ~ Photobleaching of the color centers, the rate of which increases
of the second group of metal oxides which displayed no spectral in the presence of fHand does not change in the presence of
sensitization for the photoadsorption of 3ee above). Results Oz relative to the rate of the photoprocess in vacuo (see Figure
of detailed studies on the interconnection between photoinduced6). The linear dependence between the concentration of adsorbed
formation and destruction of defects with surface photochemical H2 and the difference between the number of color centers
processes on 903 specimens have been reported elsewkEte. photobleached in Hand in vacuo has been confirmed (see
The spectral limit of photoinduced defect formation in the Figure 7). Heating the UV-colored powdered scandia in the
bulk and photostimulated adsorption of,®l,, and CH, on the linear regime causes adsorption ofwhich correlates with the

Figure 6. Kinetic dependencies of the photobleaching of color centers
in SGO; by the actinic light at 436 nm (1) in vacuo and (2) in.H

surface of powdered 905 is located at ca. 320 nm. UV-
irradiated powdered scandia shows a broad absorption band at
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Figure 8. Absorption spectrum\R of photoinduced color centers in
powdered MgAdO..

thermoannealing of hole color centers. No adsorption of H
occurred on noncolored samplés.

Secondary reactions that follow the photostimulated adsorp-
tion of CH,; during photoexcitation of hole color centers with
visible light convert CH to higher hydrocarbons such agH,
C,H4, and GHg, among others.

Spinel, MgAl,O,. Spinel belongs to the second group of
metal oxides examined (Table 1). It displays no photochemical
activity toward Q when spinel is irradiated with visible light,
neither before nor after UV pre-irradiation in vacuo. Nonethe-
less, spinel specimens are photoactive with respect to UV-
stimulated adsorption of 1 O,, CHs, and CO3! The spectral
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Figure 9. Temperature dependence of the (1) thermoluminescence and
(2) thermostimulated post-adsorption of hydrogen on M@AI

Sof a spinel sample in vacuo increases the rate of photostimulated
adsorption of @ by up to ca. 20%. Irradiation of UV-colored
samples with light in the range 300 nmA < 400 nm affects
photobleaching of hole color centers. A decrease in the
coloration of spinel was also observed during thermal treatment
of the colored sample in the linear heating regime. Concomi-
tantly, the thermostimulated luminescence and the thermostimu-
lated adsorption of Hwere detected for colored spinel (see
Figure 9); both dependencies correlate with each other. Neither
thermostimulated luminescence nor thermostimulated adsorption
were observed for noncolored spinel specimens.

Discussion

Most metal oxides belong to the class of photoresistant solids.
The only mechanism of defect formation caused by light in such
solids is photocarrier trapping by preexistingtrinsic and
extrinsic lattice defects to yield so-called color centers. An
example of this kind of defect formation is trapping of
photogenerated electrons by anion vacancies to give F-type color
centers. A thorough discussion of the mechanisms of processes
which lead to formation of defects is given elsewhef&:3¢

Photoinduced centers differ from each other by the energy
distanceEgy, between the level of the trapped carrier within the
energy band gap of the insulator or semiconductor and the
bottom of the conduction band for electron centers, and the top
of the valence band for hole cent&p$738From this point of
view, a given photoinduced 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 (Eg.,
~ KT), or as a deep energy centerdf > KT. The difference
between the various types of photoinduced centers is determined
by the dominant decay path back to the initial state (without
trapped carrier).

In general, any photoinduced center can lose a carrier as a

limit of these surface photochemical processes and photoinduced®sult of (i) thermal ionization with a thermal quenching
formation of defects occurs at ca. 260 nm when the specimenProbability given byo; (if) recombination with a charge carrier

was not preirradiated. UV-irradiated powdered spinel (in vacuo)
displays a broad absorption bandiatx ~ 390 nm, attributable

to formation of different photoinduced hole color centers (Figure
8).2830The spectral limit of photoadsorption of,ldnd CH, is
red-shifted from 260 nm to ca. 410 nm after UV-induced
coloration of the powdered spinel specimen. No red shift was
detected for photoadsorption of,(ecause absorption by
electron color centers occurs/at 260 nm. Pre UV irradiation

of the opposite sign for which the recombination probability is
Oreg (iii) photoionization caused by incident photongy;cand

(iv) tunneling recombination of adjacent hole and electron
centers. The role of the latter process in heterogeneous systems
has been treated extensively elsewéré!

For the simplest case of centers with one trapped carrier, the
kinetics of formation of centers typically follow an exponential
growth and approach the steady-state concentration of photo-
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induced defect®q given by?® MgAl 0,4 specimens; the results suggest the following simplified
mechanism:
- p
Nd NO { p + qth + qrec + qp’.} (4) F+ hy— Va +e (Sa)
V+hr—V,+h (5b)

whereN, is the number of preexisting defects of a given type,
p is the probability of photocarrier trapping defined, as are the F+heat—V,+e (5¢)
corresponding quenching probabilitgsas the number of events V + heat— V. + h (5d)
per unit time. For shallow traps, the thermal ionization usually ¢
dominates, i.e G > Qrec + Cpn. By contrast, thermal ionization V., +e—F (+ ) (6a)
can be neglected for deep energy centers,que<< Grec + Oph- a
In the latter case, centers having a high ability to capture a carrier V.+h—V(+hv) (6b)
of the opposite sigrgec> p, can serve as effective recombina-
tion centers. These centers do not accumulate in considerable .
quantity in illuminated crystals sindé; = Nrec < Np (€9 4). At VeV (i) (73)
the same time, recombination centers are mainly responsible F+h—V,(+h) (7b)
for the steady-state concentrations of photogenerated carriers
in wide band gap solids because of the inefficient direct band- S+e—S (8a)
to-band recombination compared with recombination involving
deep energy centef& Contrary to recombination centers, deep S+h—S" (8b)

energy centersgfec ~ p) accumulate in sufficient amount in
solids under illumination. Such defects are the color centers Where stages 5a, 5b and 5c¢, 5d represent the photo- and thermo-
because they usually have absorption bands located in the UVvionization (photobleaching and thermoannealing), respectively,
and visible regions and determine the lasting stable color of of electron (F-type) and hole (V-type) color centers; stages 6a
pre-illuminated, initially colorless wide band gap solids. Pho- and 6b describe trapping of electrons and holes, respectively,
toionization of color centers by the actinic light may, to some by preexisting defects (e.g., anion ®nd cation ¥ vacancies)
extent, reduce the color saturation level under illumination when to form electron (F) and hole (V) color centers; note that these
Crec ~ Cph. processes may be accompained by lumineschnc8tages 7a
Results of test experiments demonstrate that the red shift Ofand 7b represent the recombination of free electrons and holes,

the spectral limits of photochemical processes on the surface'€SPectively, with trapped carriers of opposite sign localized at
of UV-preirradiated metal oxides may indeed be a general UV-induced defects that can also yield luminescence; however,

o recombination occurs primarily through recombination centers
rather than through color centers (see above). Finally, stages
8a and 8b represent the first steps of surface photochemical

photoinduced formation of defects (color centers) during the "€2Ctions as a process of carrier trapping by either the surface
preliminary UV irradiation of the samples. All the metal oxides d€fects to form surface active centers, or by the preadsorbed

investigated belong to the class of photoresistant solids, in which MPlecules to produce either anion radicals (electron trapping)
trapping of photocarriers by preexisting surface and bulk defects O cation radicals (hole trapping), respectively. We denote all
is the dominant mechanism of formation of color centers in these tYP€S Of electron color centers in metal oxides (F, &d ZF")
solids. Evidently, photobleaching of UV-induced color centers 35 F-Centers, Whezrf:as all the types of hole color centers (V,
by visible light is identified with the effect of photostimulated ¥ » V"> and{[Mg="]x O}) are described as V-centers.
post-adsorption of © Notwithstanding that photobleaching is ~ Because of its acceptor charactep, ®acts predominantly

typical of all the metal oxides tested, the photostimulated post- With electrons to give S.UCh anion radicals a5 Gand O™; the
adsorption event was detected only for 9 of the 21 samples.2dsorption complex ©* formed by the interaction of Owith
Moreover, ZnO displays a negative effect, i.e., the rate of the & surface hole ©* is unstable at ambient temperatures on most

photoprocess decreases. To explain this observation, we noté“eta|233§iﬂes and has been detected only at low tempera-
that up to 100% of the photoinduced electron active centers on tures:>“***Thus to observe photostimulated adsorption ef O
the ZnO surface are stable at ambient temperatures with a/"€€ €lectrons must be generated which can be achieved by
lifetime as long as (at least) a few deijdVe infer that during visible light excitation of electron color centers. That is, UV-
UV irradiation of ZnO in vacuo many of the surface active induced coloration in the visible spectral region must be due to
centers are created in a manner analogous to whémesent.  SIectron color centers. This is the case for Znghere UV
Exposing a UV-pre-irradiated sample of ZnO te @ the irradiation causes the appearance of a broad absorption band in
dark) causes all the electron surface centers to be blocked b he visible region formed by an overlap of absorption bands of

YF+ and F center Experimental ion). Excitation of th
adsorbed @ molecules, thereby inhibiting additional electron and F centers (see Experimental Section). Excitation of these

. . : nters with visible light generates fr lectrons (st
active centers from being created on the ZnO surface. This lead ceners sible light generates free electrons (stage 5a)

. - . Swhich in turn produce electron active centers (stage 8a) that
LO 3igﬁgiai’§;H;PS\;atfeg:rggﬁatt?;:snr_;ﬂa}:\?e?(:ﬁgrfeggggﬁf O react with Q molecules. On the basis of this mechanism and
Y © g P! ’ ’ the steady-state approach for the concentration of carriers at
of long-lived surface active centers does not exce&d% for

the majority of other metal oxides; UV pre-irradiation of these sufficiently high Q pressures (the case in our experiments),the

metal oxides in vacuo does not decrease the rate of surfacegigessmn for the initial rate of photoadsorption efi©given

photochemical processes. Reasons as to why photostimulate
post-adsorption of @was not universally observed for the metal - F11S

oxides of the second group necessitate certain considerations diS ] = Ksakaa [F1[S]

that emerge from detailed studies on the Zr8c0s, and dt Kea [Vl + Kza[V] + kg, [S]

phenomenon. In fact, the photostimulated post-adsorptiorn of
occurs for 9 of the 21 metal oxides tested. As evidenced by the
results, the necessary condition to observe this effect is

9)
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whereks,, Kes k7a Ksa are the rate constants of the corresponding and
steps in the mechanism (58b), andp is the photon flow of

irradiation. It is worth noting that the initial concentration of F . Ksp, [F] o in hvd 17
and V color centers and the concentration of anion vacancies, [h] = Kep [V J + Koy [F] + Kgp [S] in hydrogen  (17)
[V, depend on the time of UV pre-irradiation and on the
relationship (eq 10): We have neglected the concentrations ofs®d S centers
. in vacuo since their lifetime during irradiation with visible light
Vi =[Vad — [F] (10) does not exceed ca. 19s (i.e.,r < 1072 s) and the fraction of

these centers produced in vacuo does not exedd@ds of those

where [Va is the concentration before UV-induced coloration . aated in the presence of eithes & H,.2! Combination of

of the metal oxide specimen. _Considering th_at [39’]((_:onst_)- eqs 14-17 yields:
[F] from the charge conservation law (see discussions in refs
27 and 28), and assuming tHah [V ag = { kra (const)— keg} - d[F] d[F] —d[ST]
[F], eq 9 reduces to (F)vac (T)oz —" (18)
dis
dast_ (const) [Flp (11) d[F] d[F] —d[S']
dt =1 1= = (19)
dt Jvac dt /n, dt

whereksa ksd{ksdVa + ksdS]} = (const) such that the rate
scales linearly with the absorption (i.e., concentration) of F color S0 that
centers. (Note that [S] is constant since in the proposed
mechanism it is assumed that pre-irradiation does not affect this cI)F(Oz) ~ Pryag) = cI)02 (20)
concentration term).
To the extent that the rate of photon absorption is given by and

Pans= 0 [Flp 12) (I)F(vac)_ CI)F(Hz) =2 (DHZ (21)

whereo is the cross-section of photon absorption by F centers, which correspond to the experimental quantum yields of
the quantum yield of photoreaction will then be given by photobleaching of F centers in vacu®e{yac) = 0.32+ 0.03),
in oxygen (Pr, = 0.52+ 0.04,Pp, = 0.16+ 0.02), and in
__(const) [F] p hydrogen @gn, = 0.22 + 0.03, 2by, = 0.11 + 0.02)
o o[F] p considering a dissociative adsorption fop bh surface hole
centers to give twice the value of the quantum yield of

Thus,® is independent of the concentration of color centers, photogeneration of Ssurface active centers (eq 2'%).
and sincer scales ap~! (from eq 1), the kinetic parameter For Se03; and MgALQy,, representatives of the second group
AP, is proportional to the concentration of F centers, iR, of metal oxides, the UV-induced absorption in the visible
O [F] (egs 2 and 11). The experimental results obtained for spectral range is due to hole color cenfé®:283Consequently,
ZrO, are fully described by egs 9, 11, and 13 (see Results andphotoexcitation of these centers at> 400 nm causes the
Figure 3). photostimulated adsorption of donor molecules éid CH)

The tail end of the complex absorption band of UV-induced and does not lead to adsorption of acceptor molecules (oxygen).
hole color centers in Zr@occurs in the visible spectral region  We infer this to be the major cause for the lack of photostimu-
causing the spectral limit of the photostimulated adsorption of lated adsorption of @on other metal oxides of the second group.
H, to be red-shifted to ca. 580 nm. Irradiation of UV-colored Indeed, absorption bands in the visible spectral range for
ZrO; by visible light atd = 436 nm leads to photoexcitation of  MgO,*"~4° Al ,03,°° BeO#"~4% S,O3,1425and MgALO,283%are
electron and hole color centers (stages 5a and 5b). The rate othose of hole color centers; absorption bands of electron color
photobleaching of F centers can be written as: centers are seen in the UV spectral region. Consequently,

o[F] electron color centers are not photoexcited under visible light

_ irradiation conditions used herein (see Results), and photo-

at “kealFl ot kealVal [€] — ko [FITN] - (14) stimulated post-adsorption of donor molecules is to be expected
for these metal oxides under photoexcitation with visible light.

= (const) (13)

with the steady-state concentrations of carriers given by Photostimulated post-adsorption of acceptor molecules, e,g. O
is anticipated for these metal oxides when illuminated with UV
[e] = 5 L in vacuo (15a) light.
KealVal + Kza[V] The red shift of the spectral limit to 360 nm observed for the
photoadsorption of oxygen on £ corresponds to the absorp-
and tion region of photoinduced F centedg,fx~ 350 nm). In spinel,
the absorption bands of UV-induced F color centérs,{ 240
ks, [F] o _ and 260 nm) coincide with the spectral region of photoactive
[h] = oV + koo F1 in vacuo (15b)  absorption of nonirradiated samplés< 260 nm). There is no
7

red-shift of the spectral limit of the photoactivity of this metal
oxide within the experimental accuracy of our experiments,
owing to the restriction imposed by the sharp cutoff of the
ke [F] p optical filters used. However, photoinduced formation of
= a in oxygen  (16) electron color centers does lead to an increase in the rate of
KealV ol + k7o [V] + kgq[S] photoadsorption of © Kuznetsov et & have described a

whereas in the presence of gases, they are given by

[e]
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similar behavior for the photoadsorption of Gn BeO, which
they associated with a redistribution of carriers between
preexisting F and F centers under UV excitation.
Photoexcitation of hole color centers by visible light inSg
and MgALO, (stage 5b) leads to photostimulated post-adsorp-
tion of donor molecules () CHs;, and CO) and to the
photobleaching of coloration. By analogy with the effect of
photostimulated post-adsorption ob ©n ZrQ, on the rate of

Emeline et al.

adsorption observed for the Zs@, and MgALO4/H, systems
demonstrates the validity of the proposed mechanism described
by stages 5a to 8b. In fact, it was established e&flféthat

the thermostimulated luminescence of Zi@iginates from the
thermoionization of F-type color centers (stage 5c), that is, of
anion vacancies with trapped electrons. In our experiments, this
thermostimulated luminescence correlates with the adsorption
of O,. In spinel, the thermostimulated luminescence emanates

photobleaching of F color centers (see above), we can write afrom ionization of V-type hole color centers (stage 5d) followed

similar expression to reflect the influence of photostimulated

by retrapping or recombination of the free holes with the

post-adsorption of donor molecules on the rate of photobleachingproduced cation vacancies (stage ®#ppearance of free holes

of hole color centers in $03 and MgALOy; thus,

div] dvl\ _d[S']
(T)Va: (T)H;T (22)
or after integration
AV] =[S"] (23)

whereA[V] denotes the difference between the number of hole
color centers destroyed in the presence g&hkd in vacuo, and
[S] is the number of adsorbed molecules or spetiexjuations
22 and 23 are in accord with experimental results obtained in
this study for SgO3 (see Results and Figures 6 and 7). Taking
into account that one molecule ogldccupies one surface hole
center, $, on the surface of scandtathe experimental linear
correlation betwee®R and AP of H, (Figure 7) and with eq
23 we estimate the number of hole color centers (V) produced
in our experiments by UV irradiation of 80; to be [V] =
(0.9 x 10)AR = 6.1 x 10% centers after UV coloratio/AR
was taken from Figure 5 dt= 430 nm)>! If we further assume
that during the UV irradiation only 5 to 10 layers of the
microcrystals, average crystal size ca:46m, become colored
because of strongntrinsic absorption, the concentration of
V-type photoinduced color centers in8g are ca. (+3) x
10 cm~3 which is the typical defect concentration in com-
mercial solid specimens. Knowledge of the number of hole color
centers in colored $©3 now affords an estimate of the quantum
yield of photobleaching of these center® = 0.0224 0.002
in vacuo and 0.046t 0.003 in a H or CO atmosphere. The
guantum yield of photostimulated adsorption of &hd CO on
colored scandia is 0.028 0.0021* so that the quantum yield
of photobleaching of hole color centers in tbr CO) reflects
the sum of the quantum yield of photobleaching of coloration
in vacuo and the quantum yield of surface photochemical
processes. It is noteworthy that two V-type color centers in
S0;3 are photobleached on adsorption of onenkblecule on
the surface (ratio of quantum yields, 0.046/0.0232; e.g.,
dissociation of H into two hydrogen atoms to yield 2,
whereas the photostimulated post-adsorption of an acceptor O
molecule on the Zr@ surface implicates three F centers
destroyed (quantum yield ratio, 0.52/0.463 for oxygen to
yield three species, namely one ®and two O ions).
Destruction of color centers can also be achieved by ther-
moionization (stages 5c and 5d) yielding free charge carriers.

Trapping and recombination of these carriers is accompanied

on the metal-oxide surface induces the thermostimulated post-
adsorption of H (Figure 9 and Results). Thermostimulated
adsorption of Hon Se¢O; also results from the thermodestruc-
tion of hole color center&t By analogy, we infer that the
thermostimulated adsorption of,@n the SmO3; and YkO3
surfaces (Table 1) is a result of the thermoannealing of electron
color centers in these metal oxides.

Concluding Remarks

The data reported here emphasize the notion that the influence
of spectral sensitization on surface photochemical processes by
preliminary UV irradiation of the metal oxide specimens is
encountered not only for the photostimulated adsorption of
molecules, but also, taking Gts an example, in the multistep
chemical reaction of ClHoxidation and its conversion to higher
hydrocarbons. The results also illustrate the relevance of the
present studies in solving the problem of spectral sensitization
of wide band gap solids in heterogeneous photocatalytic
applications.

Acknowledgment. We are grateful to the Natural Science
and Engineering Research Council (N.S.E.R.C.) of Canada for
support. A.V.E. thanks N.S.E.R.C. for a North Atlantic Treaty
Organization Science Fellowship for 1997 and 1998. We also
thank Dr. A. A. Basov, Dr. G. K. Kuzmin, and N. S. Andreev
of the University of St. Petersburg for designing the setup used
in the measurement of the total reflectance.

References and Notes

(1) Photocatalysis— Fundamentals and ApplicationSerpone, N.;
Pelizzettj E., Eds; John Wiley & Sons: New York, 1989.

(2) Semiconductor Nanoclusters Physical, Chemical, and Catalytic
Aspects Vol. 103 (Studies in Surface Science and Catalysis); Kamat, P.
V.; Meisel, D., Eds.; Elsevier: Amsterdam, 1997.

(3) Miller, R. J. D.; McLendon, G. L.; Nozik, A. J.; Schmickler, W.;
Willig, F. Surface Electron Transfer Process&&CH Publishers: New
York, 1995.

(4) Kisel'ov, V. Th.; Krilov, B. O.Electronic Phenomena in Adsorption
and Catalysis at Semicondactors and Insulatdtauka: Moscow, Russia,
1979.

(5) Baru, V. G.; Volkenstein, ThThe Effect of Irradiation on Surface
Properties of SemiconductgorSlauka: Moscow, Russia, 1978.

(6) Photocatalytic Transformation of Solar Enerdyeterogeneous,
Homogeneous and Organized Molecular Structuréamaraev, K. |;
Parmon, V. N., Eds. Nauka: Novosibirsk, Russia, 1991.

(7) Luschik, Ch. B.; Luschik, A. ChDecay of Electronic Excitation
with Formation of Defects irsolids; Nauka: Novosibirsk, Russia, 1989.

(8) Hersh, H. N.Phys. Re. 1966 148 928.

(9) Pooley, D.Proc. Phys. Socl966 87, 257.

(10) Vitols, I. K. Izv. Akad. Nauk. USSR, Ser. Fii©66 30, 564.

by (thermostimulated) luminescence (stages 6a, 6b, 7a, and 7b). (11) Bradford, J. N.; Williams, R. T.; Faust, W. Phys. Lett.1975
At the same time, the carriers can migrate to the solid’s surface 35 300.

and take part in surface chemical processes (stages 8a and 8b).

Obviously, thermoannealing of hole color centers would lead
to adsorption of donor molecules, whereas thermoionization of
electron color centers would lead to surface reactions with

(12) Ryabchuk, V. K.; Burukina, G. WFiz. Khim.1991, 65, 1621.
(13) Emeline, A. V.; Kataeva, G. V.; Litke, A. S.; Rudakova, A. V.;
Ryabchuk, V. K.; Serpone, N.angmuir1998 14, 5011.

(14) Emeline, A. V.; Petrova, S. V.; Ryabchuk, V. K.; SerponeCRem.
Mater. 1998 10, 3484.
(15) Ryabchuk, V. K.; Basov, L. L.; Solonitzyn, Yu. Bsp. Photoniki

acceptor. molecules. .Experimental correlation b.etween the 1ss.'0.7.: Vilesov, Th. I.. Ed.; LGU (Leningrad State University98q p
thermostimulated luminescence and the thermostimulated gas3.



Wide Band Gap Metal-Oxide Solids

(16) Pichat, P.; Herrmann, J.-M.; Disdier, J.; Mozzanega, MJ-N¥Phys.
Chem.1979 83, 3122.

(17) Burukina, G. V.; Vitkovsky, G. E.; Ryabchuk, V. K/estn. LGU
4; LGU (Leningrad State University},99Q 25, 93.

(18) Strekalovsky, V. N.; Polejaev, Yu. M.; Palguev, S.Qkides with
Extrinsic Disorder Nauka: Moscow, Russia; 1987.

(19) Mikhailov, M. M.; Kuznetsov, N. YInorg. Mater. 1988 24, 656.

(20) Mikhailov, M. M.; Dvoretsky, M. I.;. Kuznetsov, N. Ylnorg.
Mater. 1984 20, 449.

(21) Emeline, A. V.; Rudakova, A. V.; Ryabchuk, V. K.; Serpone, N.
J. Phys. Chem. B998 102 10906.

(22) Basov, L. L.; Efimov, Yu. P.; Solonitsyn, Yu. Bspechi Fotoniki,
Iss. 4 Vilesov Th. I., Ed.; LGU (Leningrad State University)974 12.

(23) Kotova, O. B. Ph.D. Thesis, Leningrad State University, Leningrad,
Soviet Union, 1986.

(24) Emeline, A. V.; Lobyntseva, E. V.; Ryabchuk, V. K.; Serpone, N.
J. Phys. Chem. B999 103 1325.

(25) Abdurazakov, A.; Antonov, V. A.; Arsen’ev, P. A.; Bagdasarov,
H. S.; Kevorkov A. N.Inorg. Mater. 1991, 27, 795.

(26) Woosley, J. D.; Wood, (Phys. Re. B, 198Q 22, 1066.

(27) Savihina, T. I.; Merilloo, I. ATrudi Inst-ta Fiziki AN ESSRrartu;
Ed. Luschik, Ch. B.1979 49, 146.

(28) Cain, L. S.; Pogatshnik, G. I.; Chen, Phys. Re. B 1988 37,
2645.

(29) Emeline, A. V.; Ryabchuk, V. KFiz. Khim.1998 72, 305.

(30) White, G. S.; Jones, R. V.; Crawford, J. H.,JIrAppl. Phys1982
53, 265.

(31) Emeline, A. V.; Ryabchuk, V. KFiz. Khim.1997 71, 2085.

(32) Schulman, J. H.; Compton, W. DColor Centers in Solids
Pergamon Press: Oxford-London-New York-Paris, 1962.

(33) Williams, R. T.Semiconductors Insulatots97§ 3, 251.

(34) “Defects and Impurity Centers in lonic Crystals: Optical and
Magnetic Properties,” Part 1. Special Issue Phys. Chem. Solids99Q
51, N. 7.

(35) Bonch-Bruevich, V. L.; Kalashnikov, S. ®hysics of Semiconduc-
tors; Nauka: Moscow, Russia, 1990.

(36) Siline, A. R.; Trukchin, A. N.Point Defects and Elementary
Excitation in Crystalline and GlasSiOy; Zinatne Publishing House: Riga,
1985.

(37) Pankove, J. Optical Processes in Semiconductdb®ver Publica-
tions: NewYork, 1971.

(38) Bube, R. HPhotoconductiity of Solids John Wiley & Sons: New
York, 1960.

(39) Aristov, Yu. I.; Parmon, V. N.; Zamaraev, K.Khim. Fiz.1982
9, 1233.

(40) Serpone, N.; Khairutdinov, R. F. Bemiconductor Nanoclusters
— Physical, Chemical, and Catalytic Aspedtamat, P.V.; Meisel, D.; Eds.;
Stud. Surf. Sci. Catall997, 103 417.

(41) Serpone, N.; Khairutdinov, R. Prog. React. Kinet1996 21, 1.

(42) Solonitzyn, Yu. P.; Prudnikov, I. M.; Yurkin, V. AFiz. Khim
198Q 57, 2028.

(43) Irradiation of a metal-oxide specimen produces active centers at

J. Phys. Chem. B, Vol. 103, No. 43, 1998199

solely by their lifetime. In most metal oxides the lifetime is rather short,
ca. 1-10 ms, such that once irradiation is stopped there will no longer be
any surface active centers after a few tens of milliseconds because of their
decay. In the case of ZnO, however, the lifetime of the active centers is at
least a few days (perhaps because the energy levels of these centers are
sufficiently deep that no thermal ionization takes place and because the
probability of recombination through these centers is very low). Conse-
quently, UV irradiation of ZnO in vacuo generates a maximal number of
active centers under our conditions, and once irradiation is stopped
introduction of Q (in the dark) leads to reaction with these centers and
blocks these surface sites. If the specimen is now irradiated again, no new
active sites can be generated and the reaction rate for the photostimulated
adsorption of Qwill consequently decrease sharply. Clearly the factor that
contrasts ZnO with other metal oxides of Table 1 is the lifetime of the
surface active centers produced by UV irradiation.

(44) Che, M.; Tench, A. JAdv. Catal. 1982 31, 77.

(45) The concentration of F color centers in eq 9 has a distinct meaning
depending on whether it occurs in the numerator or in the denominator
because of the dual role of F centers. In the numerator, [F] denotes the
concentration of centers that absorb light (stage 5a), whereas [F] (ef [V]
const [F]) in the denominator represents the concentration of F color centers
that act as recombination centers. Consequently, under our proposed
conditions, observation of a linear dependence of the reaction rate on the
concentration of color centers infers that the efficiency of recombination
kza through color centers must be comparable to the efficiency described
by ksa for electron trapping by anion vacancies in order to keep the
concentration of color centers relatively low.

(46) (a) Solonitzyn, Yu. P.; Kuzmin, G. N.; Shurigin, A. L.; Yurkin, V.

M. Kinet. Katal. 1976 17, 1267. (b) Basov, L. L.; Kuzmin, G. N.;
Prudnikov, I. M.; Solonitzyn, Yu. PUsp. Photoniki, Iss. gVilesov, Th. I.,
Ed., LGU (Leningrad State University)977 pp 82-120. (c) Andreev, N.
S.; Koltel'nikov, V. A. Kinet. Katal 1974 15, 612. (d) Kondo, J.; Sakata,
J.; Domen, K.; Marya, K.; Onisi, T1. Chem. Soc., Faraday Trans199Q
82, 397.

(47) Schrimer, O. FJ. Phys. C: Solid State Phy$978 11, L65.

(48) Kuznetsov, V. N.; Skaletskaya, T. K.; Lisachenko, AFg. Khim.
1980 54, 2596.

(49) Henderson, B.; Wertz, J. Befects in Alkaline Earth Oxides with
Application to Radiation Damage and Catalysigylor & Francis: London,
1977.

(50) Crawford, J. HSemiconductors Insulatqrd983 5, 599.

(51) In eq 23, it should be noted thA{V] is proportional todR and
that [S], which reflects the number of V centers, is proportionalAte.

The number of V centers given in the text was calculated using the following
procedure: from the slope of the relationhip betwaéhandoR in Figure

7 we first estimate the number of molecules adsorbed using the ideal gas
law and then we weight it by the extent of coloratia®R from Figure 5 of

the UV-pre-irradiated specimen under the conditions of the experiment.

(52) Llopis, J.Phys. Status Solidi A99Q 119 661.

(53) Arsenev, P. A.; Bagdasarov, Kh. S.; Niklas, A.; Ryazantsev. A. D.
Phys. Status Solidi A98Q 62, 395.

(54) Lorincz, A.; Puma, M.; James, F. J.; Crawford JJHAppl. Phys

the surface; if done in vacuo, the concentration of these centers is determinedl982 53, 927.



