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The effect of an oxide interface on60Co gamma radiolysis of water molecules was studied. On the basis of
the molecular hydrogen yield when compared with the radiolysis of the control ampules without oxides, all
the tested materials can be generally classified into three groups: I. Oxides that lower the H2 yield (MnO2,
Co3O4, CuO, and Fe2O3); II. Oxides with H2 yields that are close to G values obtained in control experiments
(MgO, CaO, SrO, BaO, ZnO, CdO, Cu2O, NiO, Cr2O3, Al2O3, CeO2, SiO2, TiO2, Nb2O5 and WO3); and III.
Oxides that can increase the H2 yield as compared with the radiolysis of water without oxides (Ga2O3, Y2O3,
La2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Yb2O3, Er2O3, HfO2, and ZrO2). For the third group, the H2 yield can
be much greater than for the homogeneous process due to effective energy transfer at the oxide/water interface.
There are several parameters, such as the oxide band-gap, water adsorption form, and energy migration distance
that can collectively contribute to “enhanced” radiolysis yields at interfaces. We present data of “effective”
H2 yield vs band-gap (Eg) energy that show a resonant maximum atEg ) 5 eV. This maximum corresponds
to the energy of H-OH bond in the water molecule (5.1 eV). By varying the ZrO2 specific area within a
0.02-12 m2 g-1 range, we also demonstrated that the H2 yield per unit area of the crystal surface is constant.
Doping the ZrO2 bulk with Nb5+ and Li+ ions has a remarkable effect on the H2 yield from the surface. We
estimated the energy migration distance to be∼5 nm. Thermostimulated luminescence was used to probe the
nature of the migrating electronic excitations in ZrO2. Finally, we propose a mechanism for the adsorbed
water radiolysis based on the migration of excitons to the surface and their resonant coupling with the H2O/
oxide adsorption complex.

1. Introduction

Irradiation of heterogeneous systems often leads to an
effective redistribution of absorbed radiation energy between
contacting phases. This very important and interesting feature
has received relatively little attention.1-10 The energy of ionizing
radiation absorbed in one phase can be delivered to the interface
and can induce physical and chemical processes in the other
phase. The energetic efficiency of the adsorbed molecule
radiolysis (i.e., radiation-chemical yield) should be attributed
to the energy absorbed by the molecules both directly and
indirectly (i.e., delivered from the adsorbent). Energy redistribu-
tion in heterogeneous systems, which is very important for
radiation catalysis, also is significant in material surface sciences
since it allows control of radiation-induced corrosion in many
metal, glass, ceramic, and semiconductor materials.

In general, radiation energy redistribution in heterogeneous
systems consists of two stages: (1) energy migration from the
bulk to interface and (2) energy transfer through the interface

from one phase to another phase. Usually, a primary absorption
event involving a highly energetic particle or quantum (e.g.,R,
â, γ) energy absorption and a final radiation-induced chemical
reaction event are separated in space and time. The energy
migration between these points in condensed phases is conducted
mostly by the highly energetic secondary electrons (∼102 to
105 eV); intermediate energy, nonthermal, or “hot” carriers
(∼0.1 to 100 eV); and thermalized particles or excitations (<0.1
eV).

For heterogeneous systems, the imbalance between secondary
electron fluxes in both directions through the interface for
systems with different density and atomic composition can lead
to a higher dose rate for the adsorbed molecules in comparison
to irradiation of the homogeneous molecular systems. Intermedi-
ate energy electrons (10 to 100 eV) have very short inelastic
mean free path (0.3 to 2 nm),11 and they can contribute to surface
reactions from just a few subsurface atomic layers. “Hot”
carriers can migrate further; for example, a “hot” hole in oxides
can diffuse to the surface from 50 to 250 nm.12 The lifetime of
thermalized electronic excitations in perfect, defect-free crystals
can be long enough to provide much longer distances of
migrationsup to hundreds of micrometers.3,5,13,14

For oxides, an interfacial energy transfer was observed for
radiolysis of N2O adsorbed on ZrO2 and SiO2,8 Al2O3, and
MgO;15-18 H2O adsorbed on ZrO2, Er2O3, and La2O3;19 metha-
nol adsorbed on ZrO2, CaO, Al2O3, MgO, and SiO2;9 NO3
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and azoethane adsorbed on MgO.6,10The mechanism for energy
transfer is not well understood. Three major models typically
are discussed: hole-electron (or electron-hole) recombination
on the adsorbed molecule, dissociative electron attachment, and
resonance exciton coupling.

There is a large amount of literature concerning photocatalytic
splitting of water on TiO2 and other oxide surfaces (see for
example20-25). The formation of H2 and O2 results from
electron-hole pair creation, separation, and reaction of the
separated charge carriers with water on the oxide surface loaded
with special catalysts (e.g., Pt, RuO2, etc.). Bare (not loaded)
TiO2 is not active in water photocatalytic splitting.20-23 Sayama
et al.22,23 showed that 4.88 eV (254 nm) UV light does not
dissociate water in suspension with TiO2 and Ta2O3. Rather, it
creates electron-hole pairs in these oxides, having band gaps
of 3 and 4 eV, respectively. The same UV light decomposes
water to H2 and O2 on the surface of ZrO2. However, the
efficiency of electron-hole pair production is low in this oxide
with a 5 eVband gap. Hence, an electron-hole separation is
not the only mechanism for water photocatalytic splitting on
oxide surfaces.

A goal of the study described in this paper was to investigate
the main factors that affect energy transfer in the oxide/water
system under gamma irradiation. We report on radiolysis of H2O
molecules adsorbed on ZrO2 and some other oxide powders as
a function of the oxide (band gap, crystal size, dopant type,
and concentration) and adsorbate (surface concentration, adsorp-
tion form) parameters. We suggest that an exciton mechanism
drives energy transfer from ZrO2 to the water adsorption
complex. We had reported some our preliminary data else-
where.4,26

In section II, we describe the general experimental approach,
and in section III, we present survey results on the gamma
radiolysis of water adsorbed on the surface of MgO, CaO, SrO,
BaO, ZnO, CdO, CuO, Cu2O, Al2O3, Ga2O3, Y2O3, La2O3,
Nd2O3, Sm2O3, Eu2O3, Gd2O3, Yb2O3, Er2O3, CeO2, SiO2, TiO2,
ZrO2, HfO2, Nb2O5, Cr2O3, WO3, MnO2, NiO, Co3O4, and Fe2O3

microcrystalline samples. Results on more detailed studies of
water radiolysis over the pure ZrO2 and ZrO2 doped with Nb5+

or Li+ are presented in section III. Finally, in section IV, we
present a summary of the possible mechanisms and discuss
several of the overall parameters that should be considered when
addressing radiolysis of water on oxide surfaces. The relevance
to radiolysis of heterogeneous systems is also addressed.

2. Experimental Section

The following powdered, ultrapure grade crystal oxides were
tested in our study: MgO, CaO, SrO, BaO, ZnO, CdO, CuO,
Cu2O, Al2O3, Ga2O3, Y2O3, La2O3, Nd2O3, Sm2O3, Eu2O3,
Gd2O3, Yb2O3, Er2O3, CeO2, SiO2, TiO2, ZrO2, HfO2, Nb2O5,
Cr2O3, WO3, MnO2, NiO, Co3O4, and Fe2O3. For TiO2, ZrO2,
MgO, Cr2O3, CuO, and SiO2, we used several different stocks
of a given oxide with different characteristics (purity, grain size,
specific area, etc.). The total concentration of impurities was
less than 0.01 mol % for most of the oxides (<0.001% for ZrO2).
X-ray photoelectron spectroscopy and Auger electron spectros-
copy were used to characterize the oxide surfaces. Usually, small
amounts of carbon-containing organic contaminants were de-
tected on the oxide surface.

X-ray diffraction analysis of ZrO2 showed a monoclinic
crystal structure, which is the basic structure for zirconia at room
temperature. To dope the ZrO2 with Li+ and Nb5+, we used
water solutions of LiNO3 and NbO(NO3)3. A given amount of
the dopant solution was distributed uniformly on the powder

surface, and the sample then was dried and subjected to long-
term diffusion annealing for 10 h at 1300 K in air. The reference
sample was treated with the same procedure, but no metals were
present in the water solution. ZrO2 and TiO2 were studied as
powdered crystal materials and as 0.05 to 5 mm microcrystals.
The crystals were synthesized at the A. Ioffe Institute of Physics
and Technics (St. Petersburg, Russia) using a noncrucible
induction melting method. SiO2 was studied in three different
forms: silica gel “KSK” (∼300 m2/g), ultrahigh purity amor-
phous SiO2, and crystal (R-quartz) SiO2 with grain sizes ranging
from 0.05 to 10 mm. The ultrahigh pure SiO2 samples were
synthesized at the Institute of Quartz Glass, St. Petersburg,
Russia. The specific area of the oxides was determined utilizing
the standard Brunauer-Emmett-Teller (BET) method, which
involves low-temperature (77 K) adsorption of N2, Ar, or Xe.27

The oxides were thermal treated up to 773 K in helium gas
prior to surface measurement.

Typically, we placed a portion of oxide sample into a Pyrex
glass ampule and heated it to 773 K under 10-2 Pa vacuum for
10 to 20 min. Some of the MeO-type oxides (e.g., MgO, CaO,
CdO, etc.) developed hydroxide inclusions after contact with
the atmosphere. We then subjected the samples to a 1000 to
1300 K thermal treatment for several hours prior the water
dosage. The oxide surface area was measured after the high-
temperature treatment. The water dosage system allowed us to
introduce a constant volume (1.0 cm3) of H2O vapor from the
“premixing” reservoir into the ampule. Degassed, double-
distilled water was used to create a wide range of the vapor
pressures in the vacuumized “premixing” reservoir. The water
vapor was dosed into the ampule containing the oxide sample.
The oxide samples were kept in contact with the water vapor
for 1 day to ensure an equilibrium adsorption. The temperature
conditions ranged from liquid nitrogen to ambient laboratory
temperatures. The ampule with dosed water and oxide was
sealed, cooled, irradiated, and analyzed for molecular hydrogen.
A “reference” ampule contained a dose of water without an
oxide. The temperature-programmed desorption (TPD) of water
experiments were conducted at a linear heating rate of 1 K/s
from 80 to 770 K. We monitored the pressure over the oxide
sample under a constant pumping. The samples were treated
thermally prior to the water adsorption step. Our control
experiments did not show any gases desorbing from the “dry”
surface. The absolute amount of adsorbed water was measured
by the Penfield method,28 which is based on the thermal
desorption of water from the surface at 770 K, water condensa-
tion in a fine glass capillary, and differential weight measure-
ments.

The samples were irradiated with 1.25-MeV gamma quanta
in the60Co irradiation facility at the Institute of Technology, in
St. Petersburg, Russia. The temperature during irradiation was
315( 5 K, and the absorbed dose rate was 1.8( 0.15 Gy/s, as
determined by Fricke dosimetry.29 The absorbed dose ranged
from 0.1 to 1.5 MGy (MJ/kg).

Molecular hydrogen was analyzed using gas chromatography
and a thermocatalytic detector. The determination threshold was
better than 1 nmol/probe.

Thermoluminescence (TL) of the irradiated samples was
measured at the TSL-K facility designed at the Physics Institute
of the Latvian Academy of Science. Crystals were heated using
a tantalum resistive heater at a 1 K/s linear temperature ramping
rate in the region of 300 to 770K. The temperature uncertainty
was(20 K for the largest crystals (2 to 3 mm). Emission was
detected in the 400 to 620 nm region by an FEU-71 photomul-
tiplier tube equipped with an Sb-Cs photocathode.
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3. Results

A. Effect of the Oxide Interface on the Radiolytical
Decomposition of Adsorbed Water.The effect of the oxide
interface on the radiolytical decomposition of adsorbed water
was determined by comparing of the H2 yields from the adsorbed
water and from the homogeneous water vapor. Two variations
of water dosage were used for most of the oxides studied:

1. Equal amounts of water were dosed into the ampules with
various oxides (0.02 to 0.5 mmol/gram of oxide for different
experimental series).

2. Different amounts of water were dosed into the ampules
to provide a surface coverage close to one monolayer ((0.6 to
1.0)× 1019 molecules/m2). The oxide surface area varied from
0.5 to 290 m2/g.

To compare data obtained for homogeneous and heteroge-
neous water, the hydrogen yields were calculated on an electron
fraction basis relative to the fraction of gamma-ray energy
directly absorbed by the H2O molecules.29,30 If the numbers
exceeded the “homogeneous”G(H2) values, an energy transfer
from the substrate would be expected.G(H2) is an “observed”
radiation-chemical yield of hydrogen, experimentally measured
after the irradiation. G(H2) is not a constant and relates to the
primary and secondary processes producing and decomposing
the hydrogen molecules.30,31 G(H2) is very dependent on the
various experimental conditions. For pure water we can assume
G(H2) < GH2 + 0.5(GH + Ge-) whereGH2, GH, andGe- are the
“primary” radiation-chemical yields of H2, H and e- respec-
tively.30,31 Therefore, for theγ- irradiation we can estimate
G(H2) < 4 (100 eV)-1 for the vapor water and G(H2) < 2.2
(100 eV)-1 for the liquid water according to the data from Ref
31,32. For a very pure reservoir with water vapor,G(H2) can
be as low as 0.007 (100 eV)-1.33 Depending on the referencing
oxide sample, a control ampule contained 1 to 60µmol water
as a vapor or liquid/vapor mixture. After irradiation with doses
ranging from 0.1 to 1.5 MGy, we obtainedG(H2) control values
that ranged from 0.1 to 3 (100 eV)-1, depending on the water
amount, dose, ampule condition, and other experimental
parameters.

Ampules that contained oxides showed various H2 yields, and
according to the radiation-chemical yields, the oxides can be
generally classified into three groups:

1. Oxides that lower the H2 yield (shown in parentheses as
molecules/100 eV) as compared with the radiolysis of the control
ampules that did not contain oxides. This group includes MnO2

(0.002 to 0.04), Co3O4 (0.001 to 0.06), CuO (0.001 to 0.08),
and Fe2O3 (0.09).

2. Oxides with H2 yields that are close toG values obtained
in our control experiments. This group includes MgO (1.3 to
1.9), CaO (0.2 to 1.4), SrO (0.4 to 2.4), BaO (0.3 to 3.3), ZnO
(0.1 to 1.8), CdO (0.2 to 3.0), Cu2O (0.2 to 3.0), NiO (0.3 to
0.4), Cr2O3 (0.1 to 2.0), Al2O3 (0.2), CeO2 (2.6), SiO2 (1.0 to
3.0), TiO2 (0.3 to 0.5), V2O5 (0.2 to 1.0), Nb2O5 (0.2 to 0.4)
and WO3 (0.4).

3. Oxides that can increase the H2 yield as compared with
the radiolysis of water without oxides. This group includes
Ga2O3 (30), Y2O3 (4 to 20), La2O3 (10), Nd2O3 (3.0 to 5.5),
Sm2O3 (3 to 15), Eu2O3 (6 to 40), Gd2O3 (4 to 6), Yb2O3 (6 to
10), Er2O3 (10 to 140), HfO2 (10), and ZrO2 (10 to 80). These
numbers do not reflect a real energetic efficiency of the
radiolysis and should be attributed to the effective energy
transfer at the oxide/water interface.

Figure 1 shows the amount of hydrogen produced vs the
absorbed gamma dose for 20µmol of water in the vapor phase
and for the same amount of water adsorbed on the ZrO2 surface

at coverage of 10 molecule/nm2. The H2 dose dependence is
linear. The H2 production from the adsorbed water is about 2
orders of magnitude higher than from the water vapor.

Typically, the hydrogen yield shows quite a broad distribution
for various experimental conditions: the oxide stock, the sample
pretreatment, the water coverage, and the dosage procedure, the
absorbed gamma-dose, etc. For that reason, we did not average
the presented above data taken under different conditions. The
effect of some of these parameters on the heterogeneous
radiolysis of water was studied predominately for ZrO2 as it is
one of the most effective promoters of H2 production.

B. Effect of the Water Adsorption Form on the H2 Yield.
Adsorption can remarkably change the electronic structure and
the bond energy of the water molecule and even can dissociate
it.34 Thus, different forms of water adsorption may have different
dissociation thresholds. Figures 2 and 3 show H2 yields from
the ZrO2 surfaces (12 m2/g) that were exposed to water vapor
at 77 K and heated to a given temperature for 10 min. Such
treatment leads to a selective desorption of different water
adsorption forms. Our choice of the duration of thermal
treatment was based on data presented in the Figure 2c. After
this procedure, the ampule with the sample was sealed, brought
to the room temperature, and irradiated at 315 K.

Figure 3b shows the TPD of water multilayers from a ZrO2

powder surface. A sharp peak from physisorbed water (200 to
250 K) and two broad peaks from chemisorbed water at∼400
K and 550 to 600 K are observed. Other oxides exhibit different
temperatures for the TPD peaks for chemisorbed water and
different ratios between different states of water. For Me2O3-
MeO3 oxides, the maximal total surface coverage with the
chemisorbed water was 8 to 10 molecules/nm2, which is close
to one monolayer. For ZrO2, after extended exposure to saturated
water vapor at 300 K, vacuum pumping, and desorption of
physisorbed water, the total amount of chemisorbed water was
8 ( 1.5 molecules/nm2. Of this total,∼4 molecules/nm2 desorbs
in the 300 to 473 K region, and the remaining∼4 molecules/
nm2 desorbs in the 473-773 K region (as measured by the

Figure 1. Amount of the produced hydrogen vs absorbed gamma dose
for radiolysis of 20µmol of water in vapor phase and 20µmol of water
adsorbed on the ZrO2 surface with coverage of∼10 molecule/nm2.
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Penfield method28). In addition to the chemisorbed water, one
monolayer (∼10 molecules/nm2) of the physisorbed water covers
the surface after the dosing at 77 K, sealing the ampule, and
bringing it to the irradiation temperature (see filled squares in
Figure 2a). This result agrees with the published adsorption
isotherm for H2O on ZrO2.27,35,36

A dramatic decrease of the hydrogen yield occurs after the
heat treatment at 455 K (Figure 3a). Hence, a dominant part of
the hydrogen relates to the first form of the chemisorbed water
(TPD maximum at∼400 K). The hydrogen yield corresponding
to this state of water (see Figure 3A) is as high as 75( 10
(100 eV)-1. Hydrogen yield for the high-temperature form is 1
to 2 (100 eV)-1. The energy transfer to the physisorbed H2O

molecules does not seem to be effective (compare filled and
empty squares in Figure 2a).

A similar interpretation can be given to data on water dosing
on the ZrO2 surface that has been de-hydrated at 773 K. Small
amounts of the dosed water (∼0.1 ML), adsorbed most likely
in the high-temperature state, produce very little hydrogen under
subsequent irradiation (<0.2 nmol of H2 from 1.1µmol of H2O
at 0.75 MGy). At higher surface coverage (∼0.5 ML), this state
saturates, and the low-temperature chemisorption state populates,
which leads to a remarkable increase of the hydrogen yield (540
nmol of H2 from 5.5 µmol of H2O at the same dose).

Thus, the efficiency of the energy transfer to the adsorbed
water molecules is extremely sensitive to the H2O molecule
adsorption form.

C. Effect of the ZrO2 Dispersion on the H2 Yield. The
distance of energy migration to the surface is limited and can
be evaluated by changing the sample dispersion.3,8,14 For an
interfacial process driven by migration of electronic excitations
from the bulk to the surface, the yield will be maximal when
all the excitations, which are created in the bulk, are able to
reach the surface during their lifetime. This happens when an
average displacement of the migrating excitation is equal to or
higher than a nominal crystal size.

ZrO2 crystals (see the Experimental Section) were crushed
and separated using a number of sieves in the range from 0.05
to 5 mm. Finally, the samples were stabilized by annealing in
air at 1300 K for 10 h. Specific area was measured for each
sample. One monolayer of water was dosed onto each sample,
and they were irradiated with the same gamma dose.

Figure 4 illustrates the dependence of H2 yields on the ZrO2
specific area. Hydrogen yield increases in direct proportion to
the specific area for all the crystal sizes (a dashed line is a linear
approximation). There is a slight tendency to saturation at the
highest level of dispersion. Thus, the lowest nominal crystal

Figure 2. Hydrogen production vs absorbed gamma dose (a, b) for
radiolysis of H2O molecules dosed on the ZrO2 surface at 77 K and
selectively desorbed at different temperatures in a vacuum (labels). The
irradiation temperature is 315 K. (c): H2 production vs time of the
isothermal pretreatment. H2O was dosed on the ZrO2 surface and then
desorbed at 435 K for different time.Dγ ) 0.5 MGy.

Figure 3. (a) Hydrogen production vs temperature of isothermal
pretreatment for radiolysis of H2O molecules dosed on the ZrO2 surface.
Dγ ) 1.0 MGy. The data are taken from Figure 2. (b) TPD of water
from ZrO2 surface during thermal pretreatment.
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size for the sample withS ) 12 m2 g-1 is much greater than
the energy migration distance.

D. Effect of the ZrO2 Doping on the H2 Yield. A “bulk-
surface” energy exchange also could be affected by doping the
oxide crystal lattice. Doping can create additional traps for
migrating electronic excitations, thus decreasing their lifetime
and, therefore, their diffusion path and displacement. Doping
with different cations also can effect the equilibrium concentra-
tion of structure defects (e.g., oxygen vacancies) and charge
carriers (electrons, holes).37

For an easy substitution of Zr4+ cation in the lattice site, the
Nb5+ ion was chosen as a dopant because of its neighboring
position in the Periodic Table and its similar electronic structure.
Figure 5 shows the effect of doping ZrO2 with Nb5+ ions on
the H2 yield. Quite small concentrations (∼0.1% mass.) of the
dopant cationsin the bulk of ZrO2 significantly suppress
radiolysis of water adsorbedon the surface. On the other hand,
doping ZrO2 with 0.1% mass of single-charged cations Li+ or
Rb+ promotes the H2 production by a factor of 2. The effect of
doping is consistent with low energy electronic excitations

involved in water dissociation, because all alternative mecha-
nisms, based on the secondary electron emission, would not be
so sensitive to such relatively low concentrations of the dopant.

Therefore, defects in the oxide crystal lattice and their
structure are other factors that control radiolysis of water
adsorbed on the surface of ZrO2.

E. Effect of the Oxide Dispersion and Doping on the
Stored Energy accumulation. Thermoluminescence of Ir-
radiated ZrO 2 Microcrystals. In general, radiation energy
absorbed by solids eventually dissipates into three main chan-
nels: thermal, defects, and luminescence. Energy expended on
defect creation typically is considered to be stored. For disperse
systems, an additional channelssurface reactionsis important.
Experiments with heterogeneous systems often show a competi-
tion between surface reactions and other channels of energy
dissipation.3,6,14,38 We used TL to obtain information about
stored energy and defect accumulation in the bulk of the oxide.
TL is an electron-hole or hole-electron recombination lumi-
nescence of the preirradiated samples. It is generated during
thermal annealing and thermal ionization of electron- and/or
hole-type radiation defects.39-42

We also used TL for experiments on water radiolysis on alkali
halide crystal (AHC) surfaces.43 The proposed mechanism
involves thermalized electrons migrating to the surface, reacting
with the water molecule, and producing hydrogen.3,13,14,43

Therefore, comparison with data on AHC can help understand
the energy transfer mechanism in oxides.

Irradiated ZrO2 microcrystals emit TL with a spectral
maximum at 520( 20 nm and two thermo peaks at 410( 20
K and 510( 20 K (see the inset in Figure 6). These results
very closely agree with published data for sintered ZrO2.44 The
TL yield saturates at a quite low absorption dose (∼1 kGy, see
Figure 6). This usually happens when electrons and/or holes
fill preexisting traps, and the efficiency of the additional
radiation defects/traps production is low.

The anion vacancy is one of the most effective traps for the
electrons in zirconia.45 Electrons fill these anion vacancies, thus
producing F and F+ centers.46,47Thermal treatment of the sample
at different oxygen pressures can change the oxygen vacancy
concentration. In our experiment, quenching in the 10-2 Torr

Figure 4. H2 production per gram of ZrO2 vs oxide specific area. H2O
coverage is 1( 0.2 ML. Dγ ) 0.25 MGy.

Figure 5. H2 production per gram of ZrO2 vs concentration of Nb5+

in ZrO2. Dγ ) 0.5 MGy. H2O coverage is 1( 0.2 ML.

Figure 6. TL yield for peak (1) (see inset) vs absorbed gamma-dose
for 0.25-0.5 mm ZrO2 microcrystals. Inset: thermoemission curve for
gamma irradiated ZrO2 microcrystals. Peaks 1 and 2 are labeled.Dγ )
0.24 kGy.
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vacuum of the preannealed sample increased the yield of the
main TL peak by a factor of 4( 1 vs the sample annealed in
ambient air environment. The equilibrium concentration of anion
vacancies VO

2+ in oxides depends on the partial pressure of
oxygenpO2 in gas phase as37,48

For the given experimental conditions, we expect a 5-fold
increase in the oxygen vacancy concentration, which indicates
that the TL yield is being limited by the number of electrons
trapped in anion vacancies, as described in the following
relationships

whereITL is the TL yield,F andV are the concentrations of the
electron and hole centers,k is a constant, andF∞ is the
concentration of the electron centers at the “saturating” dose.

Figure 7 shows the dependence of the TL yield on the ZrO2

specific area. TL clearly is quenched in the given range of crystal
dispersions as a result of the trapping of electrons and holes by
the surface states. This surface quenching does not depend on
the water molecules adsorbed on the surface. No degradation
of TL was observed when preirradiated “dry” crystals were
stored in a wet atmosphere, and no hydrogen was detected after
dosing of water on the “dry” surface of preirradiated ZrO2. In
other words, the ZrO2/H2O system does not show the features
of the electron-transfer mechanism that were observed for the
KI/H2O system.43

The effect of Nb5+ concentration in ZrO2 on the TL yield is
illustrated in Figure 8. TL quenches dramatically with niobium
doping. In general, doping of the crystal can influence the TL
yield by affecting the emission yield and by affecting the number
of traps for electrons and holes. We measured the radiolumi-
nescence (RL) yield of the ZrO2‚Nb crystals induced by beta
irradiation from90(Sr-Y). RL is mainly a result of recombina-
tion of electrons and holes that exist during irradiation,14,40

whereas TL is associated with electrons and holes trapped after
irradiation. In contrast to TL, the RL was quenched only by

40% for the highest Nb concentration (3% mass.). Two orders
of magnitude quenching was observed for the TL of the same
samples (see Figure 8). Hence, niobium affects mainly the trap
concentration.

The equilibrium concentration of the oxygen vacancies in
ZrO2 (eq 1) should decrease with Nb(V) doping according to
the charge and mass balance37

where (Nb5+)+ is Nb5+ in the site of Zr4+, and OO is O2- in an
anion site. Therefore, the mechanism of TL quenching with
niobium doping can be understood in terms of decreasing of
oxygen vacancy concentration (i.e., electron trap concentration,
see eq 2-4). Experiments with Li+ doping are consistent with
this model. Doping ZrO2 with Li+ should increase concentration
of anion vacancies according to the following equation37

where (Li+)3- is Li+ in the site of Zr4+. In experiments, ZrO2
crystals doped with 0.1% mass Li+ have twice the TL yield
than undoped samples. Thus, doping with Nb5+ and Li+ yield
an opposite effect on the trapping of electrons and holes in bulk
ZrO2.

4. Discussion

A. Hydrogen Yield-Band-Gap Correlation. Band-gap
energy is a fundamental parameter that affects various radiation-
induced processes on the surface of insulators and semiconduc-
tors.49,50 Two main types of “band-gap” dependence are
discussed in the literature: threshold-type (or steplike) and
resonance-type. Threshold-type dependence is reported for
mechanisms involving recombination of a band electron with a
hole (or a hole with an electron) on the adsorbed molecule.6,9,10,19

For H2O on Al2O3, the following reactions were proposed51

Recombination energy, deposited on the molecule, is close to

Figure 7. TL yield for peak (1) per gram of ZrO2 vs the oxide specific
area.Dγ ) 0.25 MGy.

VO
2+ ∝ (pO2

)-1/6 (1)

ITL ∝ k × F × V (2)

F∞ ∝ VO
2+ (3)

Figure 8. TL yield for peak (1) per gram of ZrO2 vs concentration of
Nb5+ in ZrO2. Dγ ) 0.5 MGy.

VO
2+ + Nb2O5 ) 2(Nb5+)+ + 5OO (4)

Li 2O ) 2(Li+)3- + 3VO
2+ + OO (5)

h+ + H2O f H2O
+ 98

e-

H2O* f H + OH (6)

H + H f H2 (7)
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the matrix band gap and should be higher than the molecule
bond-breaking energy. Many details of this process including
O2 creation are not clear yet.

Resonant-type dependence is suggested for the exciton
transfer process.15-17,52Exciton transfer was proposed for N2O
radiolysis on the ZrO2 and Al2O3 surfaces at 77 K.8,15-17

According to the Fo¨rster theory,53,52an exciton transfer occurs
due to a weak dipole-dipole coupling in the condensed state.
The donor (oxide) exciton spectrum should overlap the dis-
sociative excitation spectrum of the acceptor (the adsorbed
molecule). The energy of the fundamental exciton is typically
a little lower than the band gap energy. In semiconductors, the
energy transfers by the coherent excitons (wave packets), for
which mobility is very high due to relatively weak exciton-
phonon coupling and low effective mass.52 Excitons can self-
trap in BeO, SiO2, GeO2, MgO, Li2O, and other oxides due to
exciton-lattice coupling.54-57 Unfortunately, there is no informa-
tion reported on the free or localized exciton coupling with
adsorbed water molecules.

Figure 9 presents our data on the hydrogen yields from
various oxides plotted vs the oxide band gap. For most of the
oxides, we used spectroscopic data published by Strehlow and
Cook58 for the band gap. A more extended search for informa-
tion on ZrO2 yielded band-gap data that ranged from 5 to 5.5
eV.47,59-63 For La2O3 and rare-earth element oxides, we used
published data.49,64,65Unrealistically low data from conductivity
measurements for Sm2O3, Eu2O3, and Er2O3 (1.17, 1.7, and 1.4
eV respectively) were not used.58 The spectroscopic data
from49,64,65were utilized instead (5.0, 4.5, and 5.4 eV respec-

tively). Band-gap data reported in the literature, even for the
same material, often varies significantly, which is reflected on
the plot. As mentioned above, data on hydrogen yield also vary
because of factors other than band gap that control the process.
Each specific oxide shown in Figure 9 is represented by several
data points: all theG values obtained in this work for different
oxide stocks and under different conditions, duplicated for the
maximum and minimumEg value found from the literature (e.g.,
5 and 5.5 eV for ZrO2, 3 and 3.75 eV for TiO2, etc.). The plot
shows a resonant maximum nearEg ) 5 eV. All “oxide-
promoters” have band gaps within the range from 4.5 to 6 eV.
Some degree of uncertainty in the real band gaps of the studied
materials, changes in the band gap at the surface, and other
factors may affect the peak position and width. The resonant
character of the “H2 yield vs band gap” dependence is consistent
with an exciton transfer mechanism.15,16,17

B. Water Molecule Dissociation.The energy of the HsOH
bond in the water molecule is 5.1 eV.66 However, the dissocia-
tive excitation thresholds for homogeneous vapor, liquid, and
solid water are significantly higher. The VUV absorption
spectrum of H2O vapor67 shows a first band with a maximum
at ∼7.45 eV and an absorption threshold near 6.6 eV. In the
spectrum of liquid water, the lowest transition appears to be
shifted to higher energies, with a maximum at 8.2 eV and
exponential tail extending to 5.9 eV.67 The liquid water
photoionization quantum yield for one-photon excitation near
the absorption edge at 6.4 eV is 1.3%.68 The threshold value
for the 1B1 excitation in ice is 7.2 eV.69,70 At values below the
electronic excitation threshold, H2 can be produced from water
directly via a dissociative electron attachment (DEA) with
threshold at∼6.3 eV.71 Hence, the primary electronic excitations
in the ZrO2 lattice (excitons or electron-hole pairs) are not
energetic enough to dissociate a physisorbed water molecule,
which is consistent with our observations.

Photocatalytic decomposition of water on the oxide surface
typically involves excitation of the catalyst and H2O molecules
strongly bound to the surface, which yields a lower dissociation
threshold.72 The lowest reported energy of the UV quanta active
for the photocatalytic splitting of adsorbed water is 4 eV.72 H
and OH radicals are typically primary products of water
photolysis on the oxide surface.72 The most radiation-labile first
chemisorbed state of water (∼400 K TPD maximum for ZrO2)
may have a lower dissociation threshold, being altered as result
of interaction with surface ions.34 This state has been observed
in the TPD spectrum of D2O submonolayer on the surface of a
thin ZrO2 film73,74and is associated with a nondissociated water
molecule, adsorbed on a surface defect (tentatively on the anion
vacancy). The reported desorption energy for such a molecule
is 89 kJ/mol (∼ 1 eV).73 Our data show a high effective
“landing” area for this chemisorbed water (∼25 Å2 per
molecule), which indicates that the H2O molecules are localized
on particular sites of the ZrO2 surface (probably at defect sites).35

Because this state is not dissociated, a significant part of the
adsorption energy should be attributed to deformation of the
molecular structure. This energy may close the gap between
the dissociation threshold for the free water molecule and the
ZrO2 fundamental exciton energy (5 to 5.5 eV). The exciton
mechanism is consistent with reported observations of water
photodecomposition with 254 nm (4.9 eV) UV photons in ZrO2/
water suspensions.22,23 The reported 4.9 eV value is close to
the exciton absorption maximum in ZrO2, but lower than the
band gap (i.e., an onset for electron-hole pair production).

Our experimental technique did not allow us to detect the
primary products of the water molecule dissociation. The

Figure 9. Hydrogen radiation chemical yield vs oxide band gap for
radiolysis of H2O molecules adsorbed on the surface of various oxides
with coverage 1( 0.4 ML. G(H2) is calculated on an electron fraction
basis relative to the energy ofγ rays directly absorbed by the H2O
molecules. Three groups of oxides are marked differently (see above
the section 3A for the oxide/group designation). Group 1 oxides are
inhibitors, group 2- indifferent, and group 3- promoters for the
adsorbed water radiolysis. Several data points represent each oxide (see
section 3A for details).
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analyzed H2 is likely the product of the H atom recombination
(eq 7). We did not monitor the oxygen species, but we expect
that production of O2 is consistent with reported photolysis data
for the ZrO2/water system.22,23 There is no clear mechanism
reported for O2 creation during adsorbed water photolysis or
radiolysis. In liquid water, O2 is a product of the OH radical
recombination to H2O2, generation of HO2 radicals and their
recombination.30,31We also can expect an oxide catalyzed H2O2

decomposition that yields O2.
The high-temperature peak of the water TPD should be

associated with the surface hydroxyl groups.27,75Hydroxyls, as
well as physisorbed water, are much more stable under
irradiation, probably because their dissociation thresholds are
higher than the energy of the ZrO2 exciton.

C. Bulk-Surface Energy Exchange.An electronic excita-
tion (electron, hole, exciton), produced at some point of the
crystal lattice, has an average lifetime depending on the reactions
of recombination (or annihilation for excitons) and trapping

The average diffusion displacement during a lifetime will be

whereD is a diffusion coefficient. If some part of the surface
is inside a sphere with radiusL, the diffusing excitation could
be trapped on the surface or could react with adsorbed species.
To explain this process, we propose a simple model of a
spherical crystal particle with radiusR and outer layer with
thicknessL. We assume that certain excitation can be produced
by radiation with equal probability anywhere within the crystal.
There are two possibilities for the excitation:

(1) to recombine or to be trapped in the bulk of the crystal
with yield I, if the excitation was created in the sphere with
radius (R - L)

(2) to react with the adsorbed molecule or to be trapped on
the surface with 100% probability and with yieldG, if the
excitation was created in the subsurface layerL.

Simple geometric considerations give the following expres-
sions for the yields of the bulk and the surface reactions per
unit of the crystal mass vs crystal radius forR g L

whereI∞ is a yield of the oxide electronic excitations per unit
of the oxide mass for the large crystals withR . L; andG0 is
a hydrogen yield from the water adsorbed on the “small” crystals
with R) L, i.e., for the system, where all the excitations created
in the oxide, react with the water molecules at the surface.

For crystals withR . L we will have

whereSSP is a specific area of the crystals (m2/g)

andF is density. For the crystals withR ) L, we will haveI )

0 and G ) G0 ) const. Hence, changing the crystal size (or
specific area) allows evaluation of parameters such as diffusion
displacement and lifetime, which are fundamental parameters
of electronic excitations.

Our data (Figures 4 and 7) do not show a correlation between
radiation-induced processes on the surface (H2) and in the bulk
(TL). The migration distanceL(TL) for the TL surface quench-
ing is larger thanL(H2) for the hydrogen production. The latter
distance is less than the smallest crystal size used in our
experiment (see eq 13). This result can be compared to data
obtained by Sagert et al.8 for the ZrO2/ N2O system, where
maximal yields of the N2O radiolysis were obtained for much
more disperse ZrO2 samples with SSP > 90 m2 g-1, and the
authors attributed the result toexciton transfer. Using eq 14,
the exciton migration distance was evaluated to be∼5 nm.8

Solid lines in Figures 4 and 7 are approximations from eq 10,
11, and 14 forL(H2) = 5 nm andL(TL) ) 26 ( 4 nm.
Therefore, differences in the migration distances could be
associated with different types of mobile electronic excitations
involved in both processes: electrons and holes for the TL and
excitons for the H2 production.

The KI/H2O system with an alternative electron-hole mech-
anism of the energy migration shows identicalL values obtained
from the TL, RL, and H2 production experiments with similar
experimental arrangement.3-5,13,14,43,76

TL and H2 production also do not correlate in the experiments
with doping of the ZrO2 crystals. Doping with Nb5+ and Li+

changes concentration of the anion vacancy-trap for the
electrons, as seen in the TL experiments. Less efficient trapping
in the bulk (niobium doping) shouldincreasethe lifetime of
the electrons and their flux to the surface and vice versa (eqs 8,
9, 11, and 13). The observeddecreaseof the H2 production
with niobium doping (Figure 5) is another indication that
electrons are not involved in this process. The minimal
concentration of niobium∼0.1%, used in our experiment,
corresponds to the average distance of∼3 nm between the Nb5+

ions.77 This number is close to the 5 nm value obtained from
the dispersion experiments8 and also allows evaluation of the
exciton migration distance. Hence, the doping experiments are
consistent with the exciton mechanism of energy migration to
the adsorbed water molecule.

D. Surface Enhancement of Water Radiolysis and Radia-
tion-Induced Oxidation of Zirconium. The opposite effects
of niobium and lithium on energy transfer in the ZrO2/H2O
system may have a similar mechanistic basis as the known
opposite effects of those elements on the radiation-induced
oxidation of zirconium-based alloys in high temperature water.
From many tested Zr-based alloys and pure zirconium, only
niobium-doped materials typically show no radiation enhance-
ment of oxidation in high-temperature water.78,79 TL experi-
ments41 show that niobium incorporates into the ZrO2 oxide
film onto those alloys and remarkably effects lifetimes and
migration distances of the electronic excitations created by
irradiation. On the other hand, LiOH dosing into water is known
as a promoter of Zircaloy cladding oxidation due to incorpora-
tion of Li+ cations into the protective ZrO2 oxide film.80 Such
behavior may be another indication of the important role that
water radiolysis plays in the corrosion enhancement of zirconium-
based nuclear fuel cladding.78,80-86 According to the data
presented in this work, radiolysis of water coolant should be
enhanced near the fuel cladding surface due to energy transfer
from the zirconium oxide. The energy transfer is very sensitive
to the presence of Nb5+ or Li+ incorporated into the protective
ZrO2 film.

1/τ ) 1/τrec
+ 1/τtrap

(8)

L ) x4Dτ (9)

I ) I∞ (1 - L
R)3

(10)

G ) G0 (1 - (1 - L
R)3) (11)

I ) I∞ ) const (12)

G ≈ G0 × 3L
R

) G0 × L × SSP× F (13)

SSP) 3
FR

(14)
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5. Conclusion

According to the radiation-chemical yield, oxides can be
generally classified into three groups: I. Oxides that lower the
H2 yield (MnO2, Co3O4, CuO, and Fe2O3); II. Oxides with H2

yields that are close toG values obtained in control experiments
(MgO, CaO, SrO, BaO, ZnO, CdO, Cu2O, NiO, Cr2O3, Al2O3,
CeO2, SiO2, TiO2, Nb2O5, and WO3); and III. Oxides that can
increase the H2 yield as compared with the radiolysis of water
without oxides (Ga2O3, Y2O3, La2O3, Nd2O3, Sm2O3, Eu2O3,
Gd2O3, Yb2O3, Er2O3, HfO2, and ZrO2). For the third group,
the H2 yield can be much greater than for the homogeneous
process due to effective energy transfer at the oxide/water
interface. There are several parameters, such as the oxide band-
gap, water adsorption form, and energy migration distance, that
can contribute collectively to “enhanced” radiolysis yields at
interfaces. We present data of “effective”G(H2) vs band-gap
(Eg) energy that shows a resonant maximum atEg ) 5 eV.
This corresponds to the energy of the H-OH bond in the water
molecule (5.1 eV). We also demonstrate that variation of the
ZrO2 specific area in a range from 0.02 to12 m2 g-1 shows that
the H2 yield per unit area of the crystal surface is constant.
Doping the ZrO2 bulk with Nb5+ and Li+ ions remarkably
affects the H2 yield. We estimated the energy migration distance
to be∼5 nm. Finally, thermostimulated luminescence was used
to probe the nature of migrating electronic excitations in ZrO2.
We propose a mechanism for the adsorbed water radiolysis
based on the migration of excitons to the surface and their
resonant coupling with the H2O adsorption complex. We do
not exclude other possible mechanisms of energy transfer at
the oxide/water interface, but we consider them less effective
for H2 production.
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