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Abstract: The radiolysis of water due to ionizing radiation results in the production of
electrons, H* atoms, *OH radicals, HsO" ions and molecules (dihydrogen H, and hydrogen
peroxide H»0,). A brief history of the development of the understanding of water
radiolysis is presented, with a focus on the H; production. This H, production is strongly
modified at oxide surfaces. Different parameters accounting for this behavior are presented.
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1. Introduction

The discovery of electrolysis dates back to the end of the XVIIIth century. The electrolysis of water
is the decomposition of water (H,0) into dioxygen (O,) and dihydrogen (H.) at electrodes due to an
electric current being passed through the water. Another pathway to produce dihydrogen is to perform
the radiolysis of water. Water radiolysis is the decomposition of water molecules due to ionizing
radiation. Usually, this ionizing radiation stems from the decay of radioactive nuclei, beams of
accelerated charged particles (electrons, protons...) and from X-ray radiation (with a photon energy
greater than 50-100 eV).

Water radiolysis occurs in many situations (radiotherapy [1], radiosterilization [2], sewage
treatment [3], food irradiation [4], etc.). In many cases, this water radiolysis is affected by solid/liquid
interfaces. For example, in water-cooled nuclear reactors, ionizing radiation induces reactions in water
and at the solid (fuel cladding)/liquid interface. In the context of the storage and disposal of nuclear
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waste, the heterogeneous materials used (concretes, mortars, etc.) can trap significant amounts of water.
Radiolysis of these trapped water molecules occurs due to the presence of nuclear waste stored in these
materials [5]. The formation of radiolytic products such as H, or H,O; has to be evaluated for safety
reasons, in order to prevent the breaking or the corrosion of the confining matrix.

After a historical survey, the mechanisms accounting for the radiolysis of water will be presented.
An emphasis is put on H, production and the modifications of H, production in radiolysis at
water/oxide interfaces are shown.

2. Water Radiolysis: A Brief Historical Survey

Here we present a brief historical survey of the development of understanding of water radiolysis.
This review is inspired by [6-9] in which more details can be found.

The path to radiation chemistry (the area involving the chemical effects induced by high-energy
ionizing radiation) was opened by the discovery of X-rays by R&itgen in 1895 and of radioactivity by
Becquerel in 1896. A few years later, the chemical changes that water undergoes in aqueous solutions
of radium salts were reported. In 1902, Giesel was the first to observe the release of dihydrogen and
dioxygen from an aqueous solution of radium bromide [10,11]. Marie Curie compared this
phenomenon to “an electrolysis without electrodes”. In 1909, Kernbaum from the Curie laboratory
reported the production of hydrogen peroxide H,O, [12].

Debierne (Photo 1) was the first to hypothesize that the radiolysis of water proceeds through the
production of the H* atom and the *OH radical [13]. This concept was not well accepted at that time.
As a matter of fact, the steady-state radiolysis seemed to produce only small quantities of products and
the idea was that if free radical intermediates were present, the yield of the products should increase as
the dose increased. Nevertheless, one century ago, the radiation sources (seldom more than 100 mg of
radium) were very weak, and moreover, the detection techniques were not very sensitive. Therefore,
mostly qualitative observations and semi-quantitative measurements could be reported.

Photo 1. AndréDebierne (1874-1949), around 1901.

Radiation chemistry, trying to unravel the mechanism of water radiolysis, was extensively studied
during World War Il especially under the Manhattan Project in the United States. Milton Burton’s
group at the University of Chicago (USA) worked on the mechanism of water radiolysis and they
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hypothesized that hydrogen atoms and hydroxyl radicals were produced. It was also shown that the H*
and *OH radicals convert the molecular products (H, and H,0,) back to water molecules and that water
used in reactors should be very pure to prevent its radiolytic decomposition. The mechanisms found
were then explained by A.O. Allen [14].

After World War 11, the mechanism of the radiolysis of water focused on the H* and *OH species. It
then became clear that the fate of the oxidizing species was satisfactorily described, which was not the
case for the reducing species. Two reducing species, labeled as H and H’, were used then [15,16].
Czapski and Schwarz [17] and Collinson et al. [18] showed, by studying reactions as a function of the
ionic strength, that H’ had a unit negative charge, leading to the conclusion that this specie was the
hydrated electron. Nevertheless, this was only indirect proof. By 1960, several facilities had achieved
the possibility to perform pulsed electron radiolysis [19], which is the equivalent of flash photolysis in
the field of radiation chemistry. The final confirmation of the presence of a solvated electron—through
observation of its transient absorption spectrum—by means of pulse radiolysis arose in 1962 from Hart
and Boag’s experiments [20,21], even if Keene may have observed it first [22]. The authors detected a
real transient optical absorption around 700 nm and the analogy of the spectrum to that of the electron
in ammonia convinced them that it was the solvated electron [20,21]. It is worth stressing that the
presence of the solvated electron had been theoretically invoked by Stein in 1952 [23], by Platzman in
1953 [24] and by Weiss in 1953 [25] and 1960 [26].

As time goes by, units and notation changes. At the beginning of radiation chemistry, the notation
M/N was introduced to quantitatively measure the effect of ionizing radiation, where M is the number
of molecules transformed and N is the number of ion pairs formed. This notation arose from work on
gases. At a conference in Leeds in 1952, Milton Burton suggested to replace this M/N notation by a
radiolytic yield labeled as a “G value” which represents the number of molecules created or destroyed
per 100 eV of energy deposited in the system [27]. This notion of radiolytic yield G is still widely used
today. The units have evolved: the SI unit for the dose is now the gray (Gy), which represents 1 joule
per kilogram and radiolytic yields are now expressed in mol J™".

In 1948, Bonet-Maury and Lefort showed that a-rays produced hydrogen peroxide independent of
the dissolved dioxygen concentration whereas this hydrogen peroxide yield depended strongly on the
dioxygen concentration in the case of X-ray irradiation [28]. This and other results [14] demonstrated
the influence of the original ionization density on the molecular yield. Allen suggested that the
molecular yield arose from hydrogen atoms and hydroxyl radical recombinations occurring in tiny
regions of high radical concentrations [14]. Radicals escaping these regions would diffuse and react
with a solute or become distributed more uniformly [14]. Magee [29] and Samuel and Magee [30]
expressed a diffusion theory, taking into account this non-homogeneous behavior of ionizing radiation.
They used the term of “spur” to characterize a cluster of reactive species. The first complete
deterministic treatments of the radiolysis of water addressed specifically the evolution of the molecular
yields as a function of the solute concentration [31]. This heterogeneity of the distribution of water
decomposition products around the path of the particles (which is called the track) is reflected by the
linear energy transfer (LET) value corresponding to the energy deposited by an ionizing particle in the
medium per unit path length (LET = —dE/dx). Low-LET radiation (gamma radiation, accelerated
electrons, high-energy X-rays) deposits energy discretely along the path of the particles whereas
high-LET radiation (heavy ions, alpha particles and neutrons) deposits it densely. Gamma radiation of
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®Co has thus a LET value of 0.2-0.3 keV pm™' whereas the value is 140 keV pm™! in the case of
5.3 MeV alpha particles (**°Po) [8]. The LET is one of the important parameters to account for the
yields of products obtained in radiolysis.

After the 1950s, the development of nuclear reactors enabled more and more radionuclides to be
produced. Among them, **’Cs and ®°Co sources made it possible to get clean sources of radiation
(y-radiation, and not a mixture of different types of radiation leading to complex chemistry) with high
dose rates and high penetrating power enabling the rapid development of radiation chemistry studies.
Moreover, starting from 1960, much experimental work was carried out to develop pulse radiolysis
equipment to directly measure the time dependence of some of the reactive species formed and the
corresponding rate constants. In 1960, pulse radiolysis facilities had a time resolution of the order of
the microsecond [19]. The time resolution was then lowered to the nanosecond [32] and then
picosecond time scale [33-38]. Among the species to be studied, the hydrated electron [39-42] and the
*OH radical [43] have received most attention. These transient species are detected by different
techniques: optical absorption (mainly in the UV-Visible, more recently in the infrared), conductivity,
electron paramagnetic resonance, and so on. The theory is now well established [44,45].

3. Mechanism of Water Radiolysis

The framework in which water radiolysis occurs is now well understood experimentally as well as
theoretically [44,45].
Water radiolysis can be written as (1):

lonizingRadiation -
H,0 €.

Hoc,H-1H020,H3O+,OH7,H202,H2 (1)

The HO; radical is a minor (and negligible) species in the case of low-LET radiation. We point out
that the dioxygen O is not a primary species in the radiolysis of water.

3.1. The Three Stages

Typically, the radiolytic events occur in three main stages taking place on different typical
time scales:

(1) The physical stage, which is achieved about 1 fs after the initial matter-ionizing
radiation interaction, consists in energy deposition followed by fast relaxation
processes. This leads to the formation of ionized water molecules (H,O"), excited
water molecules (H,O*) and sub-excitations electrons (e").

(2) During the physico-chemical stage (10 °-10** s), numerous processes occur,
including ion-molecule reaction (2), dissociative relaxation (3), autoionization of
excited states, thermalization of subexcitation electrons (solvation of electrons) (4),
hole diffusion, etc.

H,0"+H,0 — H,0*+HO" @)

H,0* —» HO® + H* @3)
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e - e;q (4)

(3) During the chemical stage (10 >-107° s), the species react in the tracks and then
diffuse in solution. They can thus react with each other and also with surrounding
molecules (in the solute). The track of the particles expands because of the diffusion
of radicals and their subsequent chemical reactions. Recombination becomes
unimportant after ca. 1 s for low-LET radiation.

These three stages are summarized on Scheme 1.

Scheme 1. Main reactions occurring during the three stages of water radiolysis.

Time (s) lonizing Radiation

l

0 | H,O
Physical stage eXCitaV Waﬂon
| | N PO N\ H,0*
Physico-chemical H, + O('D) H,0 HO* + H
stage
l H,0 l“zo
H* + HO* H, + 2 HO* HO* + H,O* HO®*+H,+OH e,
101%s
Chemical stage
106s _I_ €, H* HO®*, HO,*,OH", H,0%, H,, H,0,

\ 4
3.2. Radiolytic Yields

Hydrated electrons and hydrogen atoms are strong reducing agents with standard potentials E<{H,0/
€x) = 2.9 Vre and EH'/H®) = —2.3 Vnhe., respectively. These free radicals can then readily reduce

dissolved metal ions to their lower oxidation states. In contrast, hydroxyl radicals are very strong
oxidative species with a standard potential ETHO®*/H,0) = +2.7 Vnpe.

The radiolytic yields of the different products obtained are known. Nevertheless, these reaction
yields depend on time (from initial yields at 1 ps to escape yields at 1 |6 after the initial energy
deposition). Some escape yields (G-values in pmol J™) obtained experimentally are listed in
Table 1 [45,46].
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Table 1. Radiolytic yields (in pmol J™') obtained as a function of the type of radiation and
the pH. Gamma radiation and accelerated electrons have a LET value of
0.2-0.3 keV pm™', whereas in the case of 5.3 MeV alpha particles (**°Po) the LET value is

140 keV pm™.
Radiation € ag *OH H° H., H,O, HO,
Y 0.28 0.28 0.06 0.047 0.073 0.0027
Electrons (0.1-10 MeV)
pH = 3-11
Y 0 0.301 0.378 0.041 0.081 0.0008
Electrons (0.1-10 MeV)
pH=05
5.3 MeV a particles 0 0.052 0.062 0.163 0.150 0.011
(21OP0)
pH =0.5

The escape yields (Table 1) depend on several parameters, such as the LET of the radiation and the
pH [46]. For instance, at a low pH, the H" ions capture e, in the spurs leading to the formation of H*

atoms. The radiolytic yields of the molecular products (H, and H,O;) increase with the LET while
those of the radicals (esq , H" and *OH) decrease as a result of an increase of the density of ionizations
in the tracks. Thus, radicals recombine more efficiently with high LET particles (intratrack radical
processes becoming increasingly important) favoring the formation of molecular species [47].

Continuous irradiation by low-LET radiation is known to lead to very low steady-state
concentrations of dihydrogen and hydrogen peroxide (and the values presented in Table 1 are
maximum values) whereas high LET radiation can form significant amounts of these products. The
mechanism accounting for this behavior has been proposed by Allen [14,48]. Reactions (5) and (6)
make up a chain reaction in which water molecules are formed again; the rate of destruction of H, and
H,0, is equal to their production rate in water. This chain reaction is propagated by the H* atom and
the *OH radical. Therefore, the higher their concentration, the more efficient their recombination.

HO* +H,—>H,0+H" )

H* +H,0, —>H,0+HO"* 6)

In the case of low-LET radiation, these reactions are of significant importance in pure water if it is
irradiated in a closed system (i.e., H, cannot escape from the liquid water phase) or if agueous systems
are irradiated under high dihydrogen pressure. It is worth pointing out that an excess of dihydrogen is
dissolved in the primary coolant water of pressurized water reactors (PWRS) in order to prevent the
accumulation of oxidant products (such as dioxygen and hydrogen peroxide) responsible for the
corrosion of the primary system. However, in practice, dissolved dioxygen or impurities will scavenge
the radical species before they convert much of H, and H,O, back to water. In the case of high-LET
radiation, the chain reaction is no more efficient, as the concentration of the radical species (H* and
*OH) is too low. Therefore, significant amounts of molecular products are detected. Indeed, it has been
shown that water decomposition by radiolysis in the presence of H, is a threshold phenomenon as a
function of the LET of the radiation [49,50].
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3.3. Main Reactions

Some rate constants of the main reactions occurring when the tracks expand are listed in
Table 2 [51].

Table 2. A few rate constants used in the description of water radiolysis.

Reaction Rate constant (10" mol™ dm?®s™?)
e, +e,+2H,0—>H,+20H" 0.55
e,+H'+H,O—>H,+0H" 2.50
H'+H" SH, 0.78
e. +HO" —>OH" 3.00
e, +H.0O" >H"+H,0 2.30
HO®* +HO® > H,0, 0.55
HO'+H' - H,0 2.00
H.0" +OH~ — 2H,0 14.0

The first three reactions in Table 2 are responsible for most of the formation of Hy, i.e., around 70%
of the observed yield in the y radiolysis of water [52,53]. In this latter case, as the hydrogen atom yield
is much smaller than that of the hydrated electron (see Table 1), most of the H, produced is due to the
reaction between two hydrated electrons. Moreover, recent studies have proven that the remainder of
the H, formation is due to the precursor of the hydrated electron [53]. It has been suggested that the
mechanism responsible is the dissociative recombination of the water cation and a non-hydrated
electron [53,54].

4. Water Radiolysis and H, Production in Heterogeneous Systems at Oxide/Water Interfaces

The radiolysis of water can be strongly affected at solid/liquid interfaces. In heterogeneous systems,
all the three stages described in Section 3.1 can be modified with respect to those taking place in bulk
water. The energy deposition is different and various energy transfer processes can occur between the
initial ionizing radiation-matter interaction and the chemical events observed in water. These
phenomena can correspond to a change in the dose received by the system or to a change in initial
radiolytic yields. Moreover, the reaction and diffusion of species can be modified by the presence of a
solid phase during the chemical stage. All these phenomena are particularly salient when nanoporous
materials with large specific surfaces are used (more than 50 m?/g), as specific interfacial phenomena
can thus be revealed.

First studies evidenced the fact that the decomposition of pentane was enhanced in the presence of
silicagel [55]. Moreover, the decomposition of azoethane adsorbed on different oxides was proven to
depend on the band gap of the oxide [56]. On insulators, an important decomposition was observed,
which was not the case when azoethane was adsorbed on semiconductors. These studies demonstrated
that an energy transfer from the solid to the adsorbed liquid could take place depending on the band
gap of the considered oxide. The term “energy transfer” [56,57] was used by Allen et al. to describe
the decomposition of the adsorbates. We point out that high-energy radiation is able to excite the solid,
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inducing then chemistry in remote regions due to energy transfer from the solid to adsorbed molecules
at the surface. This can be considered as “radiation catalysis”.

In the case of the radiolysis of water at oxide/water interfaces, numerous studies have focused on H,
production. These fundamental works have many practical implications. For instance, in nuclear
reactors or in stainless steel storage containers with wet nuclear waste materials, water/solid interfaces
are numerous and are submitted to ionizing radiation. It is then of significant importance to quantify
the H, production, as dihydrogen is potentially explosive.

4.1. Modification of H, Radiolytic Yields in Heterogeneous Oxide/Water Systems

It was found that the type of oxide greatly impacts the H, production [58-62]. This is illustrated in
the work of Petrik et al., who studied the H; yield as a function of the band gap of different oxides
(Figure 1) submitted to y radiation with adsorbed water molecules at their surface [60]. We point out
that the yields are determined with respect to the energy deposited directly by y-rays to the water
molecules adsorbed on oxides. If the H, yield thus calculated is greater than the value obtained in bulk
water, then an energy transfer from the oxide to water is to be expected. This study enabled the authors
to sort oxides into three groups [60]: (i) oxides lowering the H; yield as compared to bulk water (CuO,
MnO,...); (ii) oxides that do not seem to affect the H, yield (SiO,, CeO,, Al,O3, TiO,...), and (iii)
oxides increasing the H, yield (ZrO,, Nd,Os...). Figure 1 exhibits a resonant maximum for a band gap
of the oxide of 5 eV corresponding to the energy of the H-OH bond in a water molecule (5.1 eV). The
resonant character of the H, yield as a function of the band gap of the oxide is consistent with an
exciton transfer mechanism [60]. Zirconia is thus found to produce high amounts of H, (Figure 1) [60],
which is due to the scavenging of excitons by adsorbed water molecules, as also shown by
thermostimulated luminescence experiments.

Nevertheless, other H; yields using the same oxides are reported in the literature [61,62]. These
differences arise from the origin of the oxide, the size of the particles, etc. However, there is a general
agreement on the fact that the H, yield decreases as the particle size increases [60,63]. We point out
that relatively high H, yields (as compared to bulk water) are reported, which is not consistent with the
known limits for the yield of ionization events, and thus requires the presence of another species that is
not ionized.



Water 2011, 3 243

Figure 1. Dihydrogen yield as a function of the oxide band gap in the y-radiolysis of H,O
molecules adsorbed on oxides. G(H,) is calculated with respect to the energy of y rays
directly absorbed by the H,O molecules. Three groups of oxides are depicted: i) oxides
from Group 1 lowering the H; yield; (ii) oxides from Group 2 with H; yields close to those
obtained in bulk water and (iii) oxides from Group 3 increasing the H, yield as compared
with water radiolysis without oxides. (Reprinted with permission from Ref. [60] Copyright
2001, American Chemical Society).
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4.2. Mechanisms Accounting for H, Production in Oxide/Water Systems

Generally, radiation energy absorbed by solids dissipates into three main channels: thermal, defect
formation and luminescence. Thus, irradiation of oxides may give rise to color centers that absorb in
the UV and visible range. For instance, in SiO,, UV-absorbing color centers are associated with
trapped electrons and visible color centers are associated with hole trapping on impurities. For disperse
systems, an additional channel, namely surface reactions, is opened. In heterogeneous systems, there is
a competition between surface reactions and the other energy dissipation channels.

In an irradiated heterogeneous system, when the two phases each constitute a significant fraction of
the total mass, the ionizing energy is absorbed significantly by both phases. After the absorption of a
high-energy photon, a high energy Compton electron is ejected. This electron induces a large number
of secondary electrons of energies in the 100 eV range. As charge carriers may cross from one phase to
the other one, phenomena are thus different from those observed in a homogeneous phase.
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The processes underlying the dihydrogen production at oxide/water interfaces can be described as
follows. The interaction of radiation with an oxide causes electronic excitations, which promote an
electron from the valence band to the conduction band, leaving a hole in the valence band (7).

M radiation e +h+ (7)

When an excited electron and a hole in the valence band remain bound together by Coulomb
interactions, they are referred to as an exciton. The energy of the exciton is a little lower than the band
gap energy. In semiconductors, the energy transfers by the coherent excitons. Similarly to electrons
and holes, excitons can be self-trapped in insulators. They can self-trap in BeO, SiO,, GeO,, MgO,
Li,O and other oxides due to strong exciton-lattice interaction [64-66]. We point out that the
self-trapping of excitons does not occur in MgO, CaO nor in semiconductors [64]. The formation of
self-trapped excitons (STE) has two consequences: the localization of the excitation energy and the
creation of highly distorted sites (structural irregularities in terms of bond length and bond angle).

Among all the oxides of interest, the most extensive work has been performed on silica, due to the
development of high-purity silica for optical fiber applications. Therefore, the electronic excitation and
defect formation in silica are well understood. In silica, the relaxation of singlet excitons to the triplet
state and the adiabatic localization of the triplet excitons occurs rapidly and gives rise, within =250 fs,
to the self trapped excitons (STE) in the triplet state [67], see Equation 8. Calculations evidence that
there is no barrier for self-trapping [68].

‘exciton ——°STE (8)

Calculations have also proven that the exciton self-trapping is accompanied by a weakening of one
of the two Si-O bonds with an oxygen atom and by a small displacement of the oxygen ion towards an
interstitial position [69]. This species resembles an E’ center (=Si®, with = standing for the three bonds
established by the silicon atom with oxygen atoms)—peroxy linkage (=Si-O-O-Si=) defect pair. Further
adiabatic displacement of the interstitial oxygen atom to a more distant potential minimum results in
the formation of a permanent Frenkel defect pair [69]. Experiments clearly show that certain types of
damage in amorphous silica involve STEs [70]. In about 1% of the STE states created, the decay
channel back to the electronic ground state leads to a damage state. Different defects are believed to be
formed by the action of a single STE, or by the interaction of multiple STESs. In the case of amorphous
silica subject to proton irradiation, Matsunami and Hosono have demonstrated that the Frenkel defect
is created by nonradiative decay of two neighboring self-trapped excitons generated through O 2s-shell
ionization followed by an Auger decay process [71]. Lastly, interstitial O, molecules are detected upon
irradiation of silica [72,73]. One of the possible mechanisms of O, formation in irradiated silica stems
from the reaction between two peroxy linkages (=Si-O-O-Si=) [72,74].

It has been suggested [75] that the free exciton in hydroxylated silica, prior to its self-trapping,
reacts with the surface hydroxyl groups, leading to the breakage of the O-H bond (9). The =SiO*
radicals have indeed been detected by EPR (Electron Paramagnetic Resonance) spectroscopy [76,77].
Moreover the H® atom has been observed upon radiolysis of fused silica [78], MCM-41
mesoporous [79] and Vycor glasses [80]. This exciton reactivity at the surface is in competition with
the subpicosecond exciton relaxation and the self-trapping processes. Different trapping sites are
possible: silanols (labeled as =SiOH) (9) or physisorbed water molecules (10). It has been shown that
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silanol groups are much less efficient at producing H, than adsorbed water molecules [81]. We point
out that the direct excitation of hydroxyl groups, which are present as impurities on the silica surface,
is negligible. The division of bulk silica into nanometric particles emphasizes the role played by the
surface. This dramatic surface effect is then gradually suppressed when the size of the silica particles
is increased.

%exciton + = SIOH —— =SiO* + H* 9)

*exciton + H,0——>HO" +H* (10)

Nevertheless, the hydroxylation of the silica surface has an effect on the nature of the mechanism
and a strongly dehydrated surface can tune the excitonic chemistry to a more ionic one as shown by the
reactivity of the electron at the surface (dissociative electron attachment to -OH groups (11)) [82]. The
reaction shown in Equation 11 accounts for the previous observation of ionic reactions on high
temperature activated silica surfaces [83]. This variation of the surface chemistry originates from the
modulation of the hydroxyl content which is present as an impurity in the band gap.

e +=SiOH——>=Si0 +H° (11)

Contrary to silica for which mostly excitonic chemistry is reported, both zeolites and y-alumina
(Al,0O3) exhibit an ionic surface chemistry [84]. In the case of zeolites, a very efficient charge
separation takes place due to the presence of Na* and water clusters which are electron-trapping
sites [85]. In the case of alumina, both electrons and holes migrate to the surface. It is suggested that
positive holes rapidly react with surface —OH groups to give H* (12):

h*+-OH > -0 +H" (12)
The protons will then react with trapped electrons (e, ) at the surface to generate H® atom (13):
H"+e, > H’ (13)
Whether ionic or excitonic chemistry, the resulting H* atoms dimerize forming H, (14).

H*+H"—H, (14)

4.3. The Fate on Electrons and Holes—A Textbook Case: Silica

Due to the scattering of light in heterogeneous systems, few studies have focused on the electron,
although it is a precursor of dihydrogen (see Table 2). However, it was shown in the case of zeolites
that the electron spectrum in the cavities of the zeolites strongly depends on the water
loading [85]. A red spectral shift of this spectrum with the decreasing size of the confined water
clusters was observed and attributed to a decreased solvation of the electron and an increased
delocalization [85]. Moreover, pulse radiolysis experiments of aqueous suspensions of
nanometer-sized silica have proven that electrons formed in the particle migrate out in the bulk
water [86]. Energy is deposited in silica, crosses the solid-liquid interface and appears in the aqueous
phase as solvated electrons (15) [86].

e +nH,0——e, (15)
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Holes, on the other hand, remain trapped in the silica particles [87]. Thus, the dihydrogen produced
in these colloidal silica suspensions may only be due to the energy deposited in the liquid phase or to
reactions at the particle surface.

More recently, Monte-Carlo simulations of electron transport through a silica-water system were
performed in order to better understand the physical and physico-chemical stages observed in water
confined in an array of cylindrical pores made of amorphous silica [88]. The respective energy levels
in water and in silica are presented in Figure 2 [88].

Figure 2. Scheme of the energy levels in water and in silica. The conduction band edges
with respect to the vacuum level are taken as Vo (H,O) =—1.2 eV and V (SiO2) =-0.9 eV,
respectively. The difference between the valence and conduction band edge is 9.0 eV in
silica and 8.7 eV in water. (Reprinted with permission from Ref. [88] Copyright 2010,
American Chemical Society).
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Ouerdane et al. have shown that the presence and solvation of a large excess of electrons in water is
controlled exclusively by the difference between the conduction band edge of the materials AU
(4U =V, (Si02) — Vo (H20) = 0.3 eV) [88]. If this energy difference is greater than the thermal energy,
then the electrons are trapped in water, where they thermalize and get solvated. This phenomenon can
in principle be observed for any material for which the AU value is high enough [88].

Ouerdane et al. have also calculated the yields of the hydrated electron at the end of the
physico-chemical stage for different porosities (Figure 3) [88]. The electron yields increase as the pore
size decreases, especially below 100 nm (Figure 3). This yield depends on the relative value of the
low-energy electron mean free path in silica with respect to the pore radius and to the porosity. For
very small pores, the electron yields do not depend on the porosities reported for which the volume of
water and the volume of silica are similar (Figure 3). For very large pores, the difference in the
electron yields is linked to the difference in the water fraction of the simulation cell for the two
porosities, as the surface crossing by electrons becomes negligible.

The simulations of Ouerdane et al. are in agreement with the experimental work of
Schatz et al. [86]. The low-energy electrons produced in silica cross the silica-water interface to be
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trapped in water when their diffusion length becomes comparable to the particle size. This effect
becomes extremely efficient for small particles (below 10 nm). After that, these electrons will diffuse
and influence the fate of the water radiolysis.

Figure 3. Yields of the hydrated electron as a function of the pore radius for two porosities:
0.5 (considered as the reference, circles) and 0.7 (crosses) calculated at the end of the
physico-chemical stage. The porosity is defined as the volume occupied by water in
cylindrical pores divided by the total volume of the simulation cell. (Reprinted with
permission from Ref. [88] Copyright 2010, American Chemical Society).
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4.4. Parameters Affecting the Dihydrogen Yield

Many parameters have been found to affect the dihydrogen yield at the oxide/water interface:

the band gap of the oxide (Figure 1) [60];

the doping of the oxide [60];

the crystal phase [89];

the exciton migration distance. Higher distances favor exciton exciton

recombination or self-trapping instead of their reaction at the interface [90];

e The water adsorption form (physisorbed/chemisorbed water) [81]. The measure of
H, production from 10 MeV-electron irradiation on mesoporous silica has shown
that adsorbed water (physisorbed water) is attacked preferentially. Silanol groups
(chemisorbed water) are only attacked when they are in majority with respect to
adsorbed water. However, they are much less efficient in producing H; [81];

e the surface density of hydroxyl groups. The higher the density of trapping sites,

the more efficient is the energy transfer. However, we point out that not all

hydroxyl groups are efficient trapping sites. Hydroxyl groups with strong

hydrogen bonds are not very efficient trapping sites [81,90];
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e the dose rate of the irradiation. In the case of high dose rate irradiation, the H;
yields are much smaller than in the case of y-irradiation with low dose rate; most
of the received energy is not used for H, production but for recombination of
excitons on defect sites (cathodoluminescence) or exciton-exciton reaction [90].
The accumulation of defects under irradiation can provide an additional
deactivation pathway for excitons [91]: this is indeed the principle of
cathodoluminescence spectroscopy [92]. Therefore, less excitons can reach the
surface to induce H, production and the dihydrogen yields are then strongly
decreased [90];

e the LET value of the particles. Contrary to the phenomena described in the bulk
phase, the H, yields for water adsorbed on zirconia were found to exhibit a
marked decrease in the case of 5 MeV helium ion radiolysis as compared to
y-radiolysis. The heavy ions induce the formation of much more Frenkel defects
in zirconia than the y-radiolysis, which prevents the excitons from migrating to
the surface [93].

4.5. Modification of Kinetics upon Confinement

In the studies of oxide/water heterogeneous systems, nanoporous materials, which have a high
surface/volume ratio favoring the interface phenomena, have been widely used. Large effects on
Kinetics are thus expected due to restricted motion. It is usually considered that the intrapore encounter
probability is increased, which accelerates reactions. However, the situation is more complex. It is thus
important to point out that the H, production was measured in nanoporous silica/water systems without
the presence of any scavengers [62,90]. In the case of bulk water, almost no H, is produced in the
absence of scavengers. Therefore, the reaction involving the destruction of H, by HO® in free and pure
water (Reaction 5) does not occur in confined water. In these systems, the diffusion is limited and the
interpore encounter probability between H, and HO® is decreased. Compartmentalization effects prevail
here, decreasing the interpore diffusion coefficients of the reactive species.

5. Conclusions

Since the beginning of radiation chemistry at the end of the XIXth century, much work has been
devoted to unraveling the mechanisms of water radiolysis. These mechanisms, leading to the formation
of radical species (H®, *OH, e 4q) and molecular products (H,, H.O) are now well understood. The
radiolysis of water in contact with oxide surfaces is of significant practical importance but is much
more complex. Higher H, yields (as compared to bulk water) can be measured, demonstrating that a
very efficient energy transfer can take place at the interface. Many parameters control this energy
transfer, for instance the oxide band gap, the water adsorption form, and the energy migration distance.
Nevertheless, the understanding of the phenomena happening during water radiolysis in heterogeneous
media is not complete, and the theoretical framework has to be more firmly established.

In conclusion, the chemistry induced by ionizing radiation at the oxide/adsorbate interface has many
practical applications (transformation or decay of pollutants for example). Therefore, there is a need to
fundamentally understand the radiolytic processes occurring on oxide surfaces.
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