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The photoinduced reduction of oxygen and photooxidation of hydrogen occurring onoxidizedandreducedsurfaces of the metal-oxid
ielectric material ZrO2 (in monoclinic form) have been examined to probe the spectral variations of the photoactivity and photose
f this metal oxide by determining (true) photochemically defined quantum yields for the two redox reactions at various wavel
hotoexcitation (200 nm <λ < 400 nm). Irradiation of zirconia in the fundamental absorption (intrinsic; λ < 260 nm) region leads predom
antly to the photoreduction of oxygen, whereas the photooxidation of hydrogen predominates on irradiation in theextrinsicspectral regio
260 nm <λ < 360 nm). A pathway for the formation of electron-trapped states (Zr3+) and hole-trapped states (O•−) in the extrinsic spectra
egion is described since both oxidation and reduction take place in this extrinsic region with oxidation predominating. The repor
mental results provide the long sought-after spectral variations into the photoactivity and photoselectivity of metal-oxide photoc
as/solid heterogeneous systems.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Improving the activity and selectivity of photocatalysts
s a major challenge in studies of photochemical processes
aking place in heterogeneous systems. To meet this chal-
enge, a better understanding of the key-factors that govern
heir activity and selectivity is of great importance in hetero-
eneous photocatalysis, which describes the generalization
f a chemical reaction that converts reagent M molecules to
roduct P molecules{i.e. M→ P}, a heterogeneous catalytic
eaction{M + Cat→ P + Cat}, and a photochemical reaction
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{M + light → P} with involvement of free energy in the pr
cess. When the catalytic cycle is incomplete (i.e. Cat is
restored), the process then represents a simple stoichio
heterogeneous photoreaction. Examples of such photo
tions are the photoadsorption of molecules when the
tion product is strongly bonded to the surface of the s
[1–7]. Typically, the initial steps of photoexcitation of h
erogeneous systems are the same for both photocatalyt
non-photocatalytic chemical processes, regardless of the
result of secondary surface chemical reactions. The pho
sorption step is often the first chemical event in heterogen
photocatalysis.

There are several different photochemical processe
can occur in heterogeneous systems and which are d
guished only by their mechanistic behavior[8–10]. The ma
jor pathway involves first the photogeneration of free ch
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carriers (electrons, e−; holes, h+) in the solid photocatalyst
that are subsequently localized on the surface poised to in-
teract with molecules (M) to initiate chemical changes that
ultimately yield reaction products P1 and P2 (Eqs.(1) and
(2)):

M + eS
− → M− → P1 ke (1)

M + hS
+ → M+ → P2 kh (2)

The activity of the metal-oxide photocatalyst can be char-
acterized by the quantum yield (Φ) of photoreaction in the
heterogeneous system, withΦ defined precisely as is done in
homogeneous photochemistry[11]—Eq.(3):

Φ = dNM/dt

dNhν/dt
= (ke[e−] + kh[h+])[M]

fρ
(3)

whereNM is the number of M molecules being reduced and/or
oxidized,Nhν is the number of photons absorbed,f is the frac-
tion of photons absorbed by the heterogeneous system andρ

is the photon flow of the incident actinic light. Eq.(3) also
shows that the photoactivity of a metal-oxide catalyst is de-
termined by the surface concentrations of the charge carriers
(e− and h+) and by the corresponding reaction rate constants
ke andkh (Eqs.(1) and (2)). In turn, both [e−] and [h+] de-
pend strongly on the spatial distribution of photogeneration of
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SP2 = kh[h+]

ke[e−] + kh[h+]
= 1

(ke/kh)γ + 1
(5)

whereγ = [e−]/[h+] is the ratio of the concentrations of carri-
ers on the photocatalyst surface. Consequently, the selectivity
depends onγ and on the ratio of rate constants for the reduc-
tive (ke) and oxidative (kh) reactions. The reductive path-
way predominates when (ke/kh)γ � 1, that is, when either
ke� kh or [e−] � [h+]. For the opposite case, the oxidation
pathway predominates. Accordingly, the spectral variation of
[e−]/[h+] causes the spectral variation of the selectivity of a
photocatalyst[12–14].

As noted earlier, the initial steps of photoprocesses in
heterogeneous systems are common regardless of the type
of photoreactions. Accordingly, such a simple photoreaction
as the photoinduced surface redox reactions of such probe
molecules as O2 and H2 should reflect the major

e− + Se → Se
− O2−→ O2 ads

•− (6)

h+ + Sh → Sh
+ H2−→{H2 ads} → {H+ + H•} (7)

features of a photocatalyst, particularly the spectral variation
of surface concentrations of electrons and holes and their
ratioγ, and as result the spectral variation of the activity and
selectivity of the photocatalyst. In Eqs.(6) and (7), Se and Sh
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arriers, and on their lifetimes and mobilities[12,13]. Com-
ination of these factors results in the spectral variatio

he surface concentrations of charge carriers, and thus t
ivity of photocatalysts depends on the spectral variatio
he absorption coefficient of the solid. In turn, the lifetim
f the charge carriers are strongly dictated by the effici
f charge carrier trapping by and recombination through

ects in the solid. In a simplified presentation, the lifetim
charge carrier (τ) is given byτ = 1/

∑
ikiNi , whereNi is the

umber ofith-sort carrier traps, andki is the correspondin
ate constant of carrier trapping. Thus, the higher is the
entration of the corresponding defects in the solids an
igher is the efficiency of carrier trapping and recombina

he shorter will be the lifetime of free charge carriers and
ower will be their concentration on the surface. Thus, the
ivity of a photocatalyst is dictated by the efficiency of b
nd surface electronic processes, both of which lead t
pectral dependence of the activity of photocatalysts.

Another major feature of the metal-oxide solid in a h
rogeneous system is the selectivity of the photocataly
ard certain products (Si) given by the ratio of the rate

ormation of a given productRi to the sum of rates of form
ion of all reaction products (or rate of consumption of
eagents),

∑
iRi , in the heterogeneous photoreaction: tha

i =Ri /
∑

iRi . In a simple interfacial photochemical reacti
he selectivity of the photocatalyst toward either P1 or P
hen given by Eqs.(4) and (5), respectively:

P1 = ke[e−]

ke[e−] + kh[h+]
= (ke/kh)γ

(ke/kh)γ + 1
(4)
-

enote the surface-active centers of photoreduction of ox
nd photooxidation of hydrogen.

In the present article we report experimental data
emonstrate the spectral dependence of quantum yie

he photoinduced reduction of oxygen as a probe for su
lectrons, and the photooxidation of hydrogen as a prob
urface holes on zirconia particles. Moreover, we delin
he spectral regions in which photoreduction of oxygen
hotooxidation of hydrogen predominate foroxidizedand
educed zirconia specimens.

. Experimental

The powdered monoclinic form of the ZrO2 specimen
roduced from zirconium(IV) oxychloride was of high pur
rade (“7–4”, IREA, Russia). The specific surface area o
ample determined by the BET method with nitrogen gas
a. 7 m2 g−1. Adsorbed water and organic impurities were
oved from the surface of the metal-oxide specimens by

reatment at 900 K in an oxygen atmosphere (p≈ 100 Pa) fo
everal days. Before every measurement, samples wer
eated in an O2 atmosphere at 900 K for 30 min and th
ooled under dynamic vacuum. X-ray diffraction struct
ethods (X-ray diffractometer DRON-2, Co KR line) co

rmed that high-temperature pretreatment and pre-irradi
f the zirconia samples caused no modifications to the cr

orm. Experimental errors in the measurements caused b
eproducibility of the original state of the specimen do
xceed ca. 15%.
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Fig. 1. Graph displaying the diffuse reflectance spectra (R) of the oxidized
ZrO2 specimen (spectrum 1) and the reduced zirconia sample (spectrum 2).
Spectrum 3 illustrates the difference diffuse reflectance spectrum (as�R) of
the defect centers obtained as (spectrum 1) minus (spectrum 2) – note that
the�Rspectrum is equivalent to the change-in-absorption�A spectrum of
the defect centers in the extrinsic wavelength region ca. 240–350 nm. Note
that the error inRdoes not exceed 0.001 in absolute values.

Samples were contained in quartz “blackbody”-like cells
specially designed by Basov and Solonitsyn[15] to measure
quantum yields of heterogeneous photoreactions; details of
the procedure were given in an earlier article[16]. Oxidized
and reduced zirconia specimens were obtained by a proce-
dure also reported earlier[1]. In essence, the oxidized state
of the zirconia surface was formed by pre-heating the sample
at 600◦C in an oxygen atmosphere inside the cell. By con-
trast, the reduced state of the ZrO2 surface was produced by
pre-heating the sample inside the cell in a hydrogen atmo-
sphere for 1 h followed by continued heating under dynamic
vacuum at 600◦C for 10 h.Fig. 1 shows the corresponding
diffuse reflectance spectra of the oxidized (spectrum 1) and
reduced (spectrum 2) ZrO2 samples, together with the absorp-
tion spectrum (3) of defect centers. The mass of the sample
in the blackbody-like cells was such (ca. 1 g) as to prevent
light transmittance through the external wall, and thus en-
suring that complete light absorption by the ZrO2 specimen
occurred in the black-body like cells. The major advantage of
the type of cell design used[15] is that there is no need to carry
out spectroscopic measurements, since the absorptance (i.e
fraction of light absorbed[11]) of the incident light of any
wavelength that penetrates through the small inlet is unity,
even for very weak absorption by the metal-oxide specimen.

The reaction cell was connected to a high-vacuum setup
equipped with an oil-free pump system; residual pressure in
t e-
t
H r. The
i 20
( e-
l The
i ele-
m s
fi be-

hind the output slit of the monochromator. Metal-supported
neutral quartz filters (Vavilov SOI) were used to vary the
intensity of the actinic light.

3. Results and discussion

Zirconium dioxide, ZrO2, finds many useful applications
among which are: (1) as a component in super-fine particle
films on light permeable plates for image display panels[17];
(2) in microfiltration membranes[18]; (3) as a humidity sens-
ing porous material[19], (3) as a catalyst and catalyst support
[20]; (4) when stabilized by added metal oxides (e.g. CaO,
Y2O3), as a solid electrolyte to measure the oxygen activ-
ity in steel making[21]; (5) as a component in all-ceramic
fixed partial dentures[22]; (6) as a component in combustible-
gas-sensitive gas-symmetric electrolytic cells with oxide-ion-
conducting solid electrolytes[23]; (7) in magnetic storage
media[24]. Moreover, zirconia belongs to the class of pho-
toresistant metal oxides, and typical of this class new defect
centers are formed by trapping of carriers by existing lattice
defects[25].

The principal intrinsic defects in powdered zirconia are an-
ion vacancies, Va [26]. UV irradiation of this dielectric gives
rise to broad absorptions in the 250–900 nm spectral region
assigned to formation of electron (Zr3+, F and F+ species)
a -
e (V
g res-
e ular
n Zr
c t Zr
c s
b t al.
[ m lu-
m n:
Z he
Z r, the
n d co-
w re
o k of
H
d f de-
f tice
d

ia is
l s no
d .
T
g
[ bulk
o mp
( ere
u
t of
t a; the
he cell was ca. 10−7 Pa. A modified Pirani-type manom
er with sensitivity 35 mV Pa−1 for O2 and 42 mV Pa−1 for

2 was used to measure gas pressure in the reacto
lluminating system was a 120 W xenon lamp DKSH-1
MELZ) with a monochromator MSD-1 (LOMO) for wav
ength selection. The spectral resolution was ca. 5 nm.
ncident light irradiance was determined using a thermo

ent{IOFI; sensitivity, 20 mV W−1}. Suitable cutoff glas
lters (LOMO) eliminated any detrimental scattered light
.

nd hole (V-like) color centers[27,28]. Trapping of photo
lectrons by the positively charged anion vacancy sitesa)
enerates F+ and F centers in the zirconia lattice. The p
nce of Zr4+ defect sites (particularly reasonable at irreg
ear-surface sites) rationalizes the photogeneration of3+

enters by electron capture. The existence of such defec4+

ations with coordination other than regular Zr4+ cations ha
een treated in some detail in the work by Harrison e

29]. For instance, these authors treated the 280–300 n
inescence band in ZrO2 as originating from the reactio
r5+ + e− → (Zr4+)* → Zr4+ +hν, in a manner such that t
r4+ cations serve as centers for hole capture. Howeve
ature of the luminescence was disputed by Bettinali an
orkers[30,31] and by others[27,32]. Whatever the natu
f the 280–300 nm emission, the crystallographic wor
arrison et al.[29] supports the notion of preexisting Zr4+

efect sites in zirconia, in accord with the mechanism o
ect formation via photocarrier trapping by preexisting lat
efects.

The nature of photogenerated hole centers in zircon
ess certain. Intrinsic and extrinsic preexisting hole trap
oubt exist with Harrison’s[29] Zr4+ being among them
he trapped hole O−-like center (g1 = 2.0196,g2 = 2.101, and
3 = 2.0045) was detected by Burukina[33] and Prudnikov
34] by EPR techniques both at the surface and in the
f the zirconia lattice after UV irradiation by a mercury la
note the same ZrO2 sample and same irradiation source w
sed as in the present study). The growth kinetics of O− cen-

ers under illumination correlate with the growth kinetics
he color centers detected by diffuse reflectance spectr
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surface O− trapped holes vanish upon post-illumination ad-
sorption of H2. Similar EPR signals of these O− hole cen-
ters were reported forγ-irradiated zirconia[35]. Mechanistic
details of defect formation in ZrO2 under a variety of ex-
perimental conditions have been reported in several studies
[36–46].

3.1. Photoactivity

Zirconia (ZrO2;Ebg∼ 5.0 eV) is an active and typical pho-
toadsorbent and photocatalyst among wide band gap metal
oxides in accordance with the empirical correlations between
the metal oxide’s photoinduced adsorption (PhA) activity and
its band-gap energyEbg. [47]. The fundamental absorption
edge of this metal oxide is ca. 250 nm (intrinsic absorption oc-
curs at wavelengths below 250 nm). The red limit of the PhA
for O2, H2, CH4, and C2H6 on powdered ZrO2 [37,43,48]
occurs at approximately 3.0 eV (λ = 410 nm) in the extrinsic
absorption band region. The PhA of methane and ethane is the
first stage of their photooxidation and conversion to other hy-
drocarbons[43,49]. The quantum yieldΦ of photooxidation
of propene, for example, over powdered zirconia is∼0.03
[50], whereasΦ of PhA of O2 reaches 0.02 on irradiation at
the red edge of the fundamental absorption band[51]. ZrO2
powder is photocolored under UV excitation due to formation
of stable defects (color centers). The color centers localized
a post-
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Fig. 2. Spectrally dependent quantum yields for the photoinduced reduction
of oxygen (1) and the photoinduced oxidation of hydrogen (2) on oxidized
zirconia particles.

transitions, and (ii) a spectral region corresponding to ex-
trinsic light absorption by defects and surface states in the
260–400 nm region.

Earlier theoretical modeling and expectations[12,13] in-
dicate that the quantum yield of a photochemical process
remains constant within a single absorption band for weak
extrinsic light absorption, regardless of whether the surface
or the bulk of the metal oxide absorbs the incident radia-
tion. However, when a background of inactive absorption (or
active absorption with less efficiency for charge separation)
overlaps with active absorption, the spectral dependence of
the quantum yield can be transformed into a band-like or a
step-like shape[12,16]. In this case, the expression for the
quantum yield is given by Eq.(8):

Φobs = αaΦa

αa + αin
(8)

whereαa andαin are the absorption coefficients of the active
and inactive absorption bands, respectively,Φa the quantum
yield of the photoprocess with respect to the active absorption

F uction
o uced
z

t the surface serve as long-lived PhA centers (i.e. as
rradiation adsorption centers) for acceptor (O2) and dono
H2, CH4) molecules, respectively. The activity of the P
enters for O2 under UV illumination of ZrO2 (∼90%) had
arlier been assigned to shallow trap centers whose life
ranged from 10−2 to 10−3 s [42,52]. More recent studie

53,54], however, have demonstrated that short-lived a
enters in ZrO2 are the same as the long-lived centers of p
rradiation adsorption. Differences in lifetimes are dictate
ecombination of carriers through these surface defects
ng irradiation (thus short-lived sites), but when irradiatio
erminated these same sites become the long-lived sit
ost-irradiation adsorption.

In a set of preliminary experiments, we established
he chosen experimental conditions (Pgas= 3 Pa) satisfied tw
ajor requirements for determining quantum yields: (i)

ate of the photoprocess was maximal at the saturation
n the dependence of rate on gas pressure, and (ii) the d
ence of the rate of the photoprocess scaled linearly with

rradiance[53]. These two conditions stipulate that the rat
photoprocess, and therefore its quantum yield, reflec
aximal efficiency of the photogeneration of reactive s
n the surface of the photocatalyst.

Figs. 2 and 3illustrate, respectively, the experimen
pectral variations of quantum yields of the photoinduce
uction of oxygen and oxidation of hydrogen on oxidized
educed zirconia surfaces. In both cases, the spectral r
f photoactivity of zirconia can be divided into two pa
i) a spectral region corresponding to intrinsic fundam
al absorption (λ < 260 nm) caused by band-to-band elec
-

ig. 3. Spectrally dependent quantum yields for the photoinduced red
f oxygen (1) and the photoinduced oxidation of hydrogen (2) on red
irconia particles.
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only, andΦobsis the experimentally observed quantum yield.
From Eq.(8), Φ increases with increase of active absorption,
and is constant whenαa� αin. This conclusion corresponds
to the experimentally observed spectral dependencies of pho-
toinduced reactions of both O2 and H2 in the spectral region of
extrinsic light absorption. The remarkable feature of extrin-
sic photoexcitation of zirconia is that it leads to both oxida-
tion (photoadsorption of H2) and reduction (photoadsorption
of O2) at specific surface sites yielding surface type com-
plexes. This behavior is important in terms of photocatalysis
which requires that both reactions complete the catalytic cy-
cle. This implies that photogeneration of electrons and holes
also occurs during extrinsic photoexcitation of the metal ox-
ide. For instance, Moon et al.[55,56] have suggested that
photoexcitation of low-coordinated (LC) ZrO2 surface sites
may be responsible for this behavior. Indeed, a photoinduced
charge transfer process in such surface-type complexes re-
sults in charge separation to yield electron-donor (Zr3+) and
electron-acceptor (O•−) surface states (Eq.(9)):

(Zr4+ − O2−)LC + hν → (Zr3+ − O•−)∗LC (9)

Absorption in the extrinsic spectral region can also be at-
tributed to light absorption by Zr3+ defects formed through
electron trapping by low-coordinated Zr4+ sites. These de-
fects can be produced by thermoreduction of zirconia as ev-
i 3+

b ctra
[
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on (or very close to) the surface without exchange of excita-
tion with the bulk. This leads to a so-calledisolated surface.
However, the quantum yield of photoreduction of oxygen is
much less than the quantum yield of photooxidation of hydro-
gen, which infers the possible existence of an electron sink
in the bulk of zirconia particles. At the same time, if such an
electron sink does exist, its efficiency at trapping electrons is
not affected by reduction of the surface.

The photoexcitation model described by Eqs.(11a)–(11c)
can also provide an interpretation of the spectral variation of
quantum yields and their independence on the (reduced or
oxidized) state of the surface. On the one hand, the values
of Φ do not depend on the state of the surface if reduction
or oxidation of the metal-oxide surface does not significantly
affect the surface potential and the sub-surface electric field.
In this case, any difference between quantum yields of pho-
toprocesses that involve electrons and holes is dictated by
differences in mobilities and lifetimes of the different charge
carriers[12,13], provided that surface reduction does not
cause significant changes in such properties of charge car-
riers. On the other hand, if surface reduction does change the
surface potential and the sub-surface electric field,Φ would
then remain the same only if the Zr3+defects are localized at
the surface or are very close to the surface[13]; see also Refs.
[57,61–64]for the characterization of surface Zr3+ centers.
This means that the depth of the space charge region of their
l , and
t all,
w lec-
t

orre-
s trin-
s r by
E o-
e fects
t arri-
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o f the
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o ease
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a
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t e. at
λ t is,
t ward
s

ced
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s effi-
c ida-
t
F life-
denced by the appearance of ESR Zrsignals[57,58] and
y absorption bands in UV–vis diffuse reflectance spe

1,37].
Photoexcitation of such defects leads to photoioniza

Eq. (10)) producing free charge carriers, in this case
lectrons. However, this pathway does not explain the

r3+ + hν → Zr4+ + e− (10)

oncomitant photoinduced formation of hole states for
hotooxidation of hydrogen in the same extrinsic spectra
ion. Applied to this type of defects, the center conver
odel[59,60] indicates that hole states can also form c

idering that Zr3+ ions are in low-coordinated positions (E
11a)–(11c)) which cause strong local distortion in the ne
st neighborhood of an otherwise periodic potential:

Zr3+ − O2−)LC + hν → (Zr4+ − O2−)LC
∗ + e− (11a)

Zr4+ − O2−)∗LC → (Zr3+ − O•−)∗LC (11b)

Zr3+ − O•−)∗LC → (Zr3+ − O2−)LC + h+ (11c)

hus, the precise mechanism of photoexcitation in the ex
ic spectral region remains somewhat uncertain.

Another feature evident from the experimental data is
urface reduction does not change the values and the sp
ependence of the quantum yields of photoreactions of
xygen and hydrogen. This can easily be explained w

he model of photoexcitation of surface states (Eq.(9)). Even
f the number of corresponding surface states were to ch
y surface reduction, by definition the quantum yield sh
emain the same provided that excited states remain loca
l

ocalization is smaller than the Debye screening length
herefore the potential gradient within this region is sm
hich is the condition for the vanishing influence of the e

ric field on charge carrier transport to the surface.
The spectral region at wavelengths below 260 nm c

ponds to the fundamental bulk absorption of zirconia (in
ic excitation). According to the models examined earlie
meline et al.[12,13], a strong variation of the absorption c
fficient at the fundamental absorption edge strongly af

he spatial distribution of photogeneration of charge c
rs in the bulk of the photocatalyst that cuddles the s
f photogeneration at the surface for higher values o
bsorption coefficient, thus increasing the surface con

ration of charge carriers. The latter results in an incr
f the quantum yield of the photoprocess with an incr
f the absorption coefficient at the edge of the fundam
bsorption. Clearly, the experimental dependencies ofΦ of
hotoinduced reduction and oxidation of O2 and H2, respec

ively, at the fundamental absorption edge of zirconia (i.
< 260 nm) behave according to model predictions; tha

he quantum yields of both photoreactions increase to
horter wavelengths[12,13].

The surface transformation from oxidized to redu
tates causes remarkable changes in the values of the
um yields of photoreactions of both oxygen and hydro
n the spectral region of fundamental absorption. Moreo
urface reduction leads to a significant increase in the
iency of both photoreactions (ca. 30% for hydrogen ox
ion, and 100% for oxygen reduction; compareFig. 2 with
ig. 3). This effect can be explained by changes in the
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times of charge carriers caused by surface reduction. Indeed,
surface reduction causes formation of Zr3+ states at the sur-
face and therefore decreases the number of electron traps
(Zr4+), which in turn leads to longer lifetimes for free elec-
trons and increases the probability for electrons photogener-
ated in the bulk to reach the surface. At the same time, Zr3+

states formed by surface reduction are stabilized by lattice
reconstruction (regrouping of oxygen anions around Zr3+ at
elevated temperatures) and become more stable than Zr4+

states. This decreases hole recombination through Zr3+ de-
fects, and therefore increases the probability for holes to react
with hydrogen. In other words, surface reduction decreases
the efficiency of surface recombination which, in turn, in-
creases the efficiency of surface (both oxidation and reduc-
tion) reactions.

3.2. Photoselectivity

We noted earlier (see Section1) that the ratioγ = [e−]/[h+]
is one of those key parameters that determine the selectivity of
a photocatalyst. It can be readily shown that for the same state
(oxidized or reduced) of the photocatalyst, this ratio scales
with the ratio between the quantum yields of photoinduced
reduction and oxidation of O2 and H2, respectively (Eq.(12)).
That is, when

Φ k [S ][e −]

t rface
o
s -
t r the
p
s

w ole
t
r ratio
o ation
o t the
s nges
i
o
d ntum
y
Φ

s
uan-

t the
i -
w nges
s ed by
t the
s ces

Fig. 4. Spectrally dependent ratios between quantum yields of the photoin-
duced reduction of oxygen and oxidation of hydrogen on oxidized zirconia
particles: (1)ΦO2/ΦH2 ratio which scales withγ, and (2)ΦH2/ΦO2 ratio
which scales with 1/γ.

in the lifetimes and mobilities of electrons and holes, and
from changes in the surface potential which favors drift of
one type of charge carrier (e.g. electrons) from the bulk to
the surface and prevents the drift of the other type (holes)
of carriers. By contrast, in the extrinsic spectral region, the
spectral variation of photoexcitation should cause an increase
in the efficiency of the photooxidation pathway with maxi-
mal selectivity toward oxidation products in the wavelength
range 260 nm <λ < 360 nm, as evident inFigs. 4 and 5re-
gardless of the state of zirconia. Thus, in terms of selectivity,
the behavior of zirconia as a photocatalyst is expected to de-
pend on the spectral region of photoexcitation, which should
lead to a significant difference in the composition of reaction
products between the intrinsic and extrinsic spectral region
of photoexcitation.

In summary then, the experimental data reported herein on
the spectral dependencies of quantum yields of photoredox
reactions of probe molecules (oxygen and hydrogen) have

F otoin-
d n re-
d
Φ

O2

ΦH2

= e e S

kh[Sh][hS
+]

= const. γ (12)

he photoreduction of oxygen predominates on the su
ver the photooxidation of hydrogen, the ratioΦO2/ΦH2

hould then scale withγ = [e−]/[h+]. However, when the pho
ooxidation of hydrogen on the surface predominates ove
hotoreduction of oxygen, then the ratioΦH2/ΦO2 should
cale with 1/γ = [h+]/[e−] (Eq. (13)):

ΦH2

ΦO2

= kh[Sh][hS
+]

ke[Se][eS
−]

= 1

const. γ
(13)

hereke andkh are the rate constants for electron and h
rapping by the corresponding surface-active sites Se and Sh,
espectively. Consequently, the spectral variation of the
f the quantum yields corresponds to the spectral vari
f the ratio between electron and hole concentrations a
urface, which in turn is a cause for the spectral cha
n selectivity of the metal-oxide photocatalyst.Fig. 4 for the
xidized state of ZrO2 andFig. 5for the reduced state of ZrO2
isplay the spectral dependencies of the ratio of qua
ields of photoreduction of O2 and photooxidation of H2,
O2/ΦH2, which scales withγ. The inverse ratioΦH2/ΦO2

cales with 1/γ.
The reported spectral dependencies of the ratios of q

um yields indicate that photoexcitation of zirconia in
ntrinsic spectral region (λ < 260 nm) shifts the selectivity to
ard the reduction pathway with the most dramatic cha
een at the fundamental absorption edge, as predict
he models[12,13]. Indeed, these models inferred that
pectral variation of selectivity originates from differen
ig. 5. Spectrally dependent ratios between quantum yields of the ph
uced reduction of oxygen and photoinduced oxidation of hydrogen o
uced zirconia particles: (1)ΦO2/ΦH2 ratio which scales withγ, and (2)

H2/ΦO2 ratio which scales with 1/γ.
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provided the long sought-after spectral variations into the
photoactivity and photoselectivity of metal-oxide photocata-
lysts in gas/solid heterogeneous systems.
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