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Abstract

A novel method has been implemented to prepare metal oxide nanopowders covered with
known quantities of adsorbed water; we subsequently studied the y-radiolysis of ZrO2
nanopowders covered with H20 layers. H2 yields from the adsorbed water radiolysis are
of importance in multiple industrial contexts - the nuclear industry being a prime example.
Measured H2 yields at water coverages of just below and above one monolayer are around
350 times greater than for neat water, but these yields decrease rapidly with increasing wa-
ter loading of the ZrO2 nanoparticles, approaching the yield of bulk water at coverages of
tens of water layers. The observed plateau of the yields at 0.5 to 2.0 monolayers coverage
can be explained by the ease with which electronic excitations in the ZrO2 can be trans-
ferred across the interface to the first one or two adsorbed water layers. However, with
increasing water loading, energy transfer to water layers further away from the interface
becomes less efficient, and above ~30 water layers, most of the water is not affected by any
exciton formation in the ZrO2.
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Abstract

A novel method has been implemented to prepare metal oxide nanopowders covered with
known quantities of adsorbed water; we subsequently studied the y-radiolysis of ZrO, nanopowders
covered with H>O layers. H yields from the adsorbed water radiolysis are of importance in multiple
industrial contexts — the nuclear industry being a prime example. Measured H, yields at water
coverages of just below and above one monolayer are around 350 times greater than for neat water,
but these yields decrease rapidly with increasing water loading of the ZrO» nanoparticles, approaching
the yield of bulk water at coverages of tens of water layers. The observed plateau of the yields at 0.5
to 2.0 monolayers coverage can be explained by the ease with which electronic excitations in the ZrO,
can be transferred across the interface to the first one or two adsorbed water layers. However, with
increasing water loading, energy transfer to water layers further away from the interface becomes less
efficient, and above ~30 water layers, most of the water is not affected by any exciton formation in

the ZrO,.
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1. Introduction

Water radiolysis is a process which has been studied for decades.'? It has important
implications in areas as diverse as interstellar chemistry,* food sterilisation,* as well as in the nuclear
industry.’ The radiolysis of liquid water is a well-defined process, and there is general a consensus as
to the yields of the stable products such as H,O, and H,.°

The radiolysis of condensed water in contact with a solid substrate is also important in a
number of areas. Water radiolysis occurs in interstellar space on ice grains (which typically grow on
dust particles), and in nuclear environments, where water may be in contact with reactor walls or
adsorbed on cladding material or fuel pellets; the adsorbed water is naturally exposed to ionising
radiation under those conditions. Radiolysis of adsorbed water gives rise to H, evolution but the yield
of H, depends strongly on the identity of the species on which the water molecules are adsorbed.'
This is because different phases absorb different amounts of energy, and this energy may migrate
within one phase, but may also transfer across the interface with varying efficiencies. In particular, the
energy migration from phase A to phase B may have a very different efficient than from phase B to A,
and this energy redistribution may lead to radiation yields in heterogeneous systems that can differ
significantly from those in homogeneous systems.

Increased H» yields from water adsorbed on metal oxides during water radiolysis in the
nuclear industry can present significant safety and engineering challenges from the formation of
flammable atmospheres, or the alteration of reactor water chemistry, to the corrosion of storage
containers or triggering of hydrogen embrittlement of steels.”®

Water can come into contact with spent nuclear fuel (i.e. UO; and PuO,) during storage, or
water vapour from the atmosphere or remnants from the cooling and separation process may adsorb
on the oxides. Water may also be in contact with ZrO, from zircalloy cladding in water-cooled
reactors. Due to the self-irradiating nature of UO, and PuO; and the multicomponent radiation field
present in fuel storage facilities, the radiolysis of adsorbed water under these conditions is a process
which requires thorough characterisation. There has hence been an increase in the studies of the
radiation-induced chemistry of water adsorbed on or aqueous suspensions of various metal oxides,

both active and non-active, in recent years.”!%!1:1213.1415 One of the oxides which has attracted



particular attention is Zirconia (ZrO»); this is for a number of reasons, but one contributing factor is
the remarkably high radiation-catalytic yield of H, from ZrO»-adsorbed water radiolysis. '¢!718

Alloys of zirconium are used as fuel rod cladding due to their high thermal conductivity and
low neutron capture cross section,'® meaning water in contact with ZrO, (either in the liquid phase or
adsorbed on its surface) is commonplace in the nuclear industry through the use of water
cooled/moderated reactors and the ubiquitous nature of water in contaminated waste storage.
Therefore, a thorough understanding of the radiation induced chemistry of water adsorbed on ZrO, is
required.

In radiation chemistry, yields are conventionally defined as G values, the number of
molecules of a species produced or consumed per 100 eV of energy absorbed by the irradiated
system. G(H>), the G value for H, production for water in the presence of a radical scavenger is well
documented to be ~0.45 molecules/100 eV. A radical scavenger (Br~, from 0.1 mmol KBr) quickly
reacts in solution with the OH radical (which would otherwise react with the newly-formed H,), and
the scavenger’s presence thus ensures true H, yields are measured.

Previous works by Petrik et al. and LaVerne et al. have reported a three order of magnitude
enhancement in the radiolytic yield of H, for the radiolysis of water adsorbed on ZrO, compared to
the yield from neat water in the presence of a radical scavenger.>!”-!

The abnormally high radiation-catalytic yield of H, from water adsorbed on ZrO; is observed
to become more pronounced as the water coverage decreases, in particular below five monolayers.
The quantity of adsorbed water present on a surface can be expressed as the average number of
monolayers (MLs). A single ML, defined here a 10! cm™, is said to have formed when each available
surface adsorption site is occupied.?’ In reality, the water molecules may not deposit onto a surface in
an ordered, perfectly layered fashion, however, the number of water layers is a good indication of
water loading.

In the case of H; production from water adsorbed on ZrO,, the G value has been shown to
increase from 0.45 (for scavenged water) to greater than 150 molecules/100 eV for less than three

MLs of adsorbed water.?! However, it has not yet been possible to extend this range to coverages

below two MLs. It is important to note here that radiation-catalytic yields can be expressed with



respect to the whole chemical system (i.e. metal oxide and water), or with respect to the mass of the
water alone. In the data presented here — in agreement with the majority of previous studies — the
energy absorbed (and hence the G values) are calculated with respect to the mass of the water only.*!
This procedure shows most clearly any influence that the metal oxide substrate has on the radiation-
catalytic yield.

One possible explanation for the enhanced radiation-catalytic yield of H, from the
decomposition of surface bound water is related to the band gap of ZrO», which is ~5.0 eV.?? Incident
radiation may lead to the formation of excited states within the ZrO, crystal (known as excitons —
electrostatically bound electron hole pairs), which have an energy of at least the band gap, i.e. ~5.0 eV
for ZrO,. Migration of these excitons to the surface of the metal oxide can lead to energy transfer
from the oxide to the adsorbed water molecules.?® This is compounded by a close match in energy
between the exciton and the dissociation energy of the H-OH bond of adsorbed water, which is
~5.5 eV.* This close match not only facilitates energy transfer from the metal oxide to the water, but
the energy is also in the desired range to cause dissociation of the adsorbed water, ultimately leading
to H, production, such that this exciton migration and transfer across the interface may initiate
radiolysis processes and may be responsible for the enhanced G(H») values observed during water
radiolysis in the presence of ZrOs.

One would expect that as the amount of water increases, the yield of H, would increase.
However, these enhanced G(H>) values (calculated per mass of adsorbed water) from adsorbed water
radiolysis decrease as the amount of adsorbed water increases.

As exciton migration distances are finite, adsorbed water layers more distant from the oxide
interface hence do not experience the effect of the exciton once it transferred from the ZrO, to the
water. Excitation of the water is most likely for those water layers closest to the ZrO,, yet the mass of
the outer water layers is considered in dose calculations, thus G values decrease with increasing water
loading until they ultimately reach the value for pure water (in the presence of a scavenger) as most of
the water molecules do not experience the effect of the ZrO, excitation and hence tend towards the G

value of pure water.



Since the yields of H, production have been fairly well characterised down to one water
monolayer, but not below, the results presented here for ZrO, with water adsorbed at sub-monolayer
coverages are required for a better elucidation of the energy transfer across the oxide/water interface,
and a more precise determination of the relevant length scales of energy transfer to condensed-phase
water.

Previous investigations which studied the radiation-catalytic yields of water on ZrO,, or other
oxides, down to a few layers have achieved water adsorption by exposure to a constant Relative
Humidity (%RH) in a sealed chamber'*?' or by introduction of a fixed amount of water vapour.**
Nominally dry oxide powders are exposed to an atmosphere with a constant %RH content determined
by either saturated salt solutions or an acid solution (e.g. H»SO4) of varying concentration.?>?® The
average number of water layers is then quantified by the change in mass of the sample between pre
and post %RH exposure.

However, the relative humidity method does not allow a priori control over the how much
water is introduced to the sample. To select the number of water layers, salt solutions must be
adjusted in a “trial and error” fashion until desired water coverages are achieved. In practice, water
coverages of between three and thirty water layers have been achieved, depending on the nature of the
oxide, whereas our newly developed method allows lower coverages to be reached to extend the data
range.”"?” Water adsorption by %RH control also bears the risk of contamination of sample surfaces
with species present in the air or humidity control chamber, since the sample is exposed to the
atmosphere after baking.

It is hence important that any experiments are performed under as clean and well-defined
conditions as possible. The precise number of water layers deposited onto a clean surface must be
known for an accurate calculation of the energy deposited, and the capability to deliver pre-selected
amounts of water promises an opportunity to better observe the effect of the interface on adsorbed
water radiolysis at low water coverages.**

This paper thus describes a novel method to prepare adsorbed water on metal oxide
nanoparticles using a bespoke vacuum line. The method minimises exposure to air after heat

treatment (to drive off excess water) to a minimum, and keeps the nano-powder under vacuum for



cleaner and better-defined conditions. The amount of water to be adsorbed can be pre-selected with
sub-monolayer precision and is reproducible. This allows the quantification of radiation yields for
water coverages that were previously much more difficult to access. That is, the number of water
layers can be finely selected during preparation to below one monolayer. Finally, metal oxide samples
can be recovered and re-used at the end of each experimental run.

This preparation method was applied to the y-radiolysis of water adsorbed on ZrO, to measure
G(H») values in the 0.5 to 5.0 ML range. The species produced under these clean conditions and low
adsorbed water layer coverages were quantified by gas chromatography, crucially without the need to
open the sample system to the atmosphere between irradiation and measurement.

Experiments were also carried out using the humidity control method of sample preparation.
The data obtained from both methods were compared to literature data and were found to be in

excellent agreement.

2. Experimental

2.1 Sample pre-treatment

Zr0; (99.999%, 20 nm nominal average particle diameter) was procured from Alfa Aesar and
used without further purification. The crystal structure was established using a Bruker D8
diffractometer (between 20 values of 20° and 80° while the sample was static) and observed to be
monoclinic. The specific surface area of a representative sample of the batch was determined by the
BET method using a Tristar II surface area analyser and determined to be 22.5 = 0.1 m?/g. The shape
of the isotherm and lack of hysteresis loop indicate the non-porosity of the particles. Heat treatment or
irradiation up to the maximum dose of 51.14 kGy did not cause any detectable change in crystal

structure or specific surface area of the particles.



2.2 Humidity Chamber Method

ZrO; powder was baked at 400°C for up to 24 h to remove adsorbed water and subsequently
cooled in a desiccator at atmospheric pressure at <4 %RH. Within 10-15min, samples were weighed
in Pyrex sample tubes (10.0 cm length, 1.0 cm diameter) and placed in a sealed constant humidity
chamber for 12-48 hours, depending on desired water uptake. The humidity of the chamber was
controlled using saturated salt solutions and the %RH measured using Testo 174H data loggers.?
After uptake of water, samples were re-weighed, followed by purging the sample tubes with a positive
pressure of argon (99.999%, procured from BOC), which only affected the water loading by a few %
of a water layer, before being flame-sealed. Control experiments were performed in which empty,
purged Pyrex tubes were irradiated, and these did not generate a detectable amount of either H or O.
Samples were irradiated using a Foss Therapy Services Inc. 812 self-contained 60-Co radiation source
located at the Dalton Cumbrian Facility, The University of Manchester. To analyse the gases
produced, the Pyrex sample tubes were broken in a Tygon sampling loop of a specially adapted SRI
8160C Gas Chromatograph (GC) coupled to a Thermal Conductivity Detector (TCD).'*!3
The drawbacks of this method, which drove the development of the vacuum line method, are: the
sample is opened to air multiple times during preparation, i.e. during sample heat treatment, cooling,
transfer from %RH chamber to the balance, and prior to purging with Ar, which could introduce
contamination to the oxides. Any change in water loading on the oxide surfaces - while potentially
small — can still occur during the weighing process on exposure to laboratory air and cannot be
quantified. The sample can also be contaminated by species present from the salt or acid solutions
during water adsorption by %RH control.

This method is also prone to a high error rate as e.g. analyte gas may be lost if the Pyrex cuts

through the Tygon tubing. Most importantly, oxide samples prepared by this method cannot be re-



used as they are contaminated by glass. This method has hence major drawbacks, especially for

expensive or rare materials and radioactive substances such as PuO,, UO, and ThO:..

2.3 Vacuum Line Method

Stainless-steel Swagelok vessels (SS-4CS-TW-10) of volume 10 cm® with gas-tight all-metal
stop taps (SS-4H), which can be irradiated without forming further radiolysis products, were loaded
with ZrO, (~1.5 g, 22.5 m*g). These were subsequently baked (with the stop taps in the open
position) for 24 h at 400°C and under vacuum (~50.0 mTorr) to remove adsorbed water and surface
contaminants. There may be trace amounts of residual water on the metal oxide surface remaining, or
dangling OH bonds from dissociatively chemisorbed water; however, these are below our detection
sensitivity, as shown by our irradiation experiments of nominally dry oxide sample surfaces: these
yielded no detectable volumes of H,, showing that this drying procedure leads to clean and dry
samples for the purpose of this study. Irradiation of empty sample vessels also did not generate any
detectable amounts of H, gas. Vials containing powder were cooled to a temperature at which they
could be handled using heat proof gloves and stop taps closed immediately upon breaking the oven
vacuum. These were then connected to a bespoke Swagelok vacuum line constructed from 316-
stainless steel and re-evacuated using a turbomolecular pump (Edwards EXT 75DX) backed by a
rotary vane pump (Edwards D4B) to an ultimate pressure of ~0.4 mTorr; a schematic diagram of the

vacuum line is shown in Figure 1.
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Figure 1: Schematic diagram of the vacuum manifold; the system is constructed from all-metal 316 stainless-steel parts and
evacuated using a turbomolecular pump backed by a rotary vane pump to an ultimate pressure of 0.4 mTorr to ensure
minimal exposure to contaminants during sample preparation.

The system has a leak rate significantly below the rate which would contribute to the gas
measurements on the time scale of the experiments. Care was taken when opening the stop taps
during evacuation to ensure that the nanopowder is not drawn into the vacuum line. Contamination of
the vacuum line was avoided using particle filters (SS-4F-2) mounted above the SS-4H taps, and
visual inspection of these filters confirmed that only a negligible amount of nanopowder — if any at all
— was removed from the sample vessels. All samples are stored under vacuum when not in use.

Using the labelling from Figure 1, vials containing oxide powder (V) are evacuated to
~0.4 mTorr before being isolated from the vacuum line by closing the all-metal stop tap. V; is isolated
by closing the relevant taps and the evacuated vacuum line was then connected to a liquid water
reservoir; volume V; is then filled with approximately 16.0 Torr of water vapour (measured using
Kurt Lesker 2751 pressure gauges) from the H»O reservoir (ultrapure water with a resistivity of 18.2
MQ cm and used without further purification). The reservoir was then closed-off from the vacuum
line and the vapour pressure in V; is allowed to equally distribute in V; while V, remains evacuated.
The water vapour in V; is then opened to the sample volume, V,. Knowing the volumes of V; and V;
allows the pressure change after re-opening V; (now containing water vapour) to the evacuated
sample vial, V, in the absence of ZrO,, to be calculated. This pressure change was verified in control
experiments.

In the presence of ZrO, powder, a significantly greater pressure drop was observed while the
oxide powder was exposed to the water vapor for between 5 and 20 minutes, when the pressure
asymptotically reached an equilibrium value. This pressure drop was attributed to adsorption of water
onto the surface of the oxide. Using the mass of the dry sample and its specific surface area, the
average number of adsorbed water layers was then calculated from this greater difference in pressure
change. In essence, this method for the preparation of nano-powders is a cruder version of the King-
Wells method to measure sticking coefficients on single crystals under ultra-high vacuum.?® Once the

desired number of water layers had been adsorbed on the ZrO, sample, the vial was briefly re-



evacuated to remove any non-adsorbed water vapour. The water layer range obtained in this way
could be chosen to be between 0.5 and five monolayers. We note that we evacuated the vial after
water adsorption to not distort our results due to the presence of water vapor, which may also form H;
radiolytically. Some water from the adsorbed layers will (after evacuation of the vial to ~0.4 mTorr)
evaporate to re-establish an equilibrium, but we have not measured the corresponding isotherm.
However, in a ‘worst case’ scenario, the water vapor pressure after evaporation would be 16 Torr, see
above, which in a vessel of 10 cm® volume corresponds to ~5x10'® water molecules. Since our
samples adsorb ~3x10%° water molecules per water layer, the introduced error is ~1.5%. Moreover,
adsorption energies for water on ZrO, (first layer) are higher than those for consecutive layers
(reducing the error further), and the agreement of the G values at 4 ML coverage and more between
the vacuum line method and the relative humidity chamber lend confidence to this method.

To further validate this method, we have also compared the difference in mass of the sample
vessel, including sample, stop tap, and adsorbed water, before and after water adsorption on the one
hand with the mass increase calculated due to the number of water layers as established by the
pressure drop method; this correlation is shown in Figure 2. Due to the excellent agreement, we have
in practice only used the pressure drop method due to its quicker application and instantaneous

results.
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Figure 2: Correlation of the mass of adsorbed water with the number of water layers as calculated from the pressure drop
method, see text. Errors derived from an average of three measurements and the error associated with the balance.

Evacuated vials were subsequently irradiated at 298 K using y-rays from the 60-Co radiation
source. We measured the dose rate by Fricke Dosimetry in September 2017 to be 447.8 Gy/min. The

gases produced were analysed using a specially adapted SRI 8610C GC coupled to a TCD by directly
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mating the sample vessels to the GC and evacuating the pipework in-between (before opening the
stop taps) to exclude any errors potentially being introduced by the presence of atmospheric gases.
The narrow width of the detected peaks confirms the prompt and complete injection using this
method. The carrier gas determines the sensitivity of the TCD to the analyte gas. Argon (99.999%)
was selected as the carrier in this case due to H> and Ar having significantly different thermal
conductivities. Gas concentrations were extracted from the integrated GC signals for each respective
gas.

The main benefits of this vacuum method over the humidity control chamber method are: 1)
sub-monolayer coverages on the sample surface can be achieved; 2) water coverages can be pre-
selected rather than having to be established after exposure in a relative humidity chamber; 3) the
vacuum line method also minimises sample contact with air, ensuring cleaner conditions; 4) samples

can be recovered after each experiment.

3. Results and Discussion
3.1 Humidity Chamber Method

Figure 3 shows the number of H> molecules as a function of the energy absorbed by the water
adsorbed on the ZrO, only. The large errors associated with the data points take into account the
errors introduced during calibration of the GC (estimated to be 7%) arising from the difference in
integrated peak area when injecting three identical volumes of calibration gas, but are also due to

increasing G values as the water loading decreases during experiments.
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Figure 3: Number of molecules of H2 produced as a function of the energy absorbed from the 60-Co y-ray radiolysis of eight
monolayers of water adsorbed on ZrO2 (1.0 g, 22.5 m?/g). Absorbed energy calculated with respect to the mass of the
adsorbed water only. Note the unit of the abscissa of 100 eV — the slope of the linear best fit then directly yields the G(Hz)
value.

The yield of H, appears to be roughly linear with respect to energy absorbed up to the
maximum dose in this series of experiments, 36.5 kGy. As is clear from the plot, the data has a large
amount of scatter. Water adsorption to oxide samples by the %RH method introduces a range of
errors, not all of which can be quantified. The errors that are quantified and included in the plot are
the error associated with the balance, the change in sample mass when open to atmosphere, and the
error associated with the thermal conductivity detector.

Figure 4 shows the variation in G(Hz) with the number of adsorbed water layers when the
samples are prepared by the humidity chamber method. The results show that as the number of water
layers increases, G(H,) sharply decreases. These yields approach those expected for pure water as the
number of water layers exceeds ~30. This is because the (now dominating) outer water layers may
simply undergo direct radiolysis without experiencing any effect from the interface as they are simply
too far removed from the interface.

It is worth noting that those lower yields for higher coverages do not indicate that less Hy is
formed, but since the yields are calculated with respect to the mass of the adsorbed water (which
increases with increasing number of water layers), the radiation yields decrease as the amount of H»

formed increases at a slower rate than the mass of the adsorbed water.
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Figure 4: G(H2) values plotted as a function of the number of water layers adsorbed on ZrO> and compared to literature data
taken from Ref. 21. Red open circles (o) represent data recorded using the vacuum line method to prepare 0.5 to 5
monolayers of adsorbed water. Energy absorbed is calculated with respect to the mass of the adsorbed water only. Blue open
squares (') represent data obtained using the humidity control method, and literature data by LaVerne et al. [Ref. 21] is
shown as closed black triangles (A ). The blue line is an offset reciprocal fit to all red and blue data points. Green data points
o and | | are the same data, but G values are calculated with respect to the mass of the whole system (ZrO2 substrate and
adsorbed water).

The maximum G(H;) value observed using the humidity chamber method was
158.5 £ 10.9 molecules/100 eV and was observed for one monolayer of water. The effect of the oxide
can be clearly seen to diminish rapidly within the first five monolayers of adsorbed water, and by ten
monolayers, G(H>) has decreased more than an order of magnitude. While we have managed to record
G(Hy) values for the range between ~5 and 30 monolayers using the relative humidity chamber, there
is still a lack of both literature and our own data at below 5 monolayers, especially in the crucial
region just above and below one monolayer.

The large errors associated with the experimental results presented in Figure 4 arise —
amongst others — from uncertainties introduced when the sample is exposed to the atmosphere during
the preparation process (such as when moving the sample from the relative humidity chamber to
record its mass). This gives rise to an average error of 5 molecules/100 eV. Hence, when measuring

a small G(H>) values, the uncertainty can be significant.

3.2 Vacuum Line Method
Figure 5 shows the amount of H, (expressed as the number of molecules) produced from
similar oxide samples (i.e. with identical water loading) as a function of radiation dose using the

vacuum line method. It is clear that the yield linearly increases with absorbed energy, within error, up
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to 51.1 kGy, the maximum dose in these experiments, as expected, and that the vacuum line method
gives rise to a smaller error as compared to the relative humidity chamber method, see Fig. 3. Un-
irradiated samples with adsorbed water, left under vacuum for an extended period of time, did not
yield any H». Further experiments (not shown) have established that yields are only a function of the

dose, but not the dose rate.
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Figure 5: Number of molecules of Hz produced as a function of energy absorbed for 2 monolayers of water adsorbed on the
surface of ZrOz (1.5 g, 22.5 m?/g). Note the units on the abscissa (per 100 V) such that G values can be extracted directly
from the slope of the linear best fit.

As previously stated, the absorbed dose is calculated with respect to the mass of the water
only and not to the whole metal oxide/water system for two reasons: 1) It is in agreement with most
previous work in the literature; 2) more importantly, it shows most clearly any potential influence
from the oxide substrate. If the metal oxide substrate did not have an effect on the production of Ha,
then the radiolytic yield calculated for the energy absorbed by the mass of the adsorbed water only
would be approximately the yield for water (~0.45 molecules/100 eV for radically scavenged water);
any deviation from this G(H;) value can now be attributed to the presence of the oxide.

Figure 4 also includes the G(H.) values obtained using the vacuum line method, shown
against data from the corresponding humidity chamber experiments and results by LaVerne and co-
workers using a variation of the humidity chamber method.'>!*2? One can see from Figure 4 that the
yields obtained employing the vacuum line method overlap with those obtained using the humidity

chamber method, giving confidence in our methodology. More importantly, the vacuum method
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reduces errors, evenly covers the range up to five MLs, and extends the range of water coverages for
which yields have been obtained to below one monolayer.

Figure 4 also shows an apparent plateau between 0.5 and 2 monolayers of water coverage,
followed by a steep decrease in yields between two and five water layers, followed by the radiation
yields G(H;) slowly approaching the bulk value for water of 0.45 molecules/100 eV at even higher
coverages.

These three features (plateau around 1 ML, steep decrease, and levelling off around
0.45 molecules/100 eV) are all consistent with the previously suggested mechanism involving bulk
exciton formation followed by exciton migration to the interface, currently the most widely accepted
mechanism explaining the enhanced H» yields compared pure water. More specifically, excitons are
created within the oxide (or on the surface of the ZrO,) from where they migrate to the surface; due to
the close match of the exciton energy (at or above the band gap of the substrate, ~5.0 eV for ZrO,),?
and the water dissociation energy, the exciton energy can transfer across the interface to the water; the
close match with the H-OH bond dissociation energy can then cause water dissociation, leading to H»
production. The release of energy upon exciton relaxation can then trigger the dissociation of
adsorbed species.’**

The yields which approach values close to those for pure water at coverages from above
around ~20 water layers can be explained by the finite migration distance of excitons through water.
Since water layers far away from the oxide substrate do not experience the influence of the substrate,
the radiation chemical yield of these outer layers is close to that for water, and since the abundance of
water far enough away from the interface increases with increasing coverage, the decline of the G(H>)
value towards 0.45 molecules/100 eV is expected.

At between 0.5 and 1.5 monolayers, G(H) is around 158 molecules/100 eV with little
variation. This means that since the mass of water increases three-fold (and absorbed dose is
calculated with respect to the mass of the water), but radiation yields are the same, the amount of H»
produced from 1.5 MLs of water is three times more than that at 0.5 MLs. Firstly, this indicates that
the number of excitons in the oxide exceeds the number of water molecules as the number of water

molecules limits the yield, i.e. our results show that roughly the same number of H, molecules are
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produced as H>O molecules are initially adsorbed, and for twice the amount of water adsorbed, twice
as much H; is detected. Secondly, it also implies that exciton transfer is equally efficient to every
water molecule in the first shell, and evidently also for part of the second shell.

To support the theory that additional MLs of water molecules do not experience the effect of
exciton formation in the solid to the same extent, a reciprocal function relating the observed yields
G(H») to the number of monolayers has been fitted; this reciprocal fit is shown as the solid curve in
Figure 4. We have chosen a reciprocal function (to fit both our two experimental data sets and
literature data) slightly offset to account for the fact that for coverages of 0.5, 1 and even 2 layers of
water, the G values barely change, indicating that energy transfer from the nanoparticle to any water
molecule in the first two shells is roughly equally likely. The sharp drop in radiation yields with

increasing water coverages for the ZrO,/H,O system has been observed previously.?

4. Conclusion

This work reports H» yields from the y-radiolysis of water adsorbed on ZrO; nanopowders by
two different methods. The yields are highest at low water loading (between 0.5 and 1.5 monolayers
of water on the ZrO; surface), indicating an efficient energy transfer from the oxide to the adsorbed
water, but the yields decrease with increasing water loading, approaching the bulk value of 0.45
molecules/100 eV at tens of monolayers.

Those higher water loadings were realised using the previously employed humidity chamber
method, while coverages with four or fewer water layers were realised using the vacuum line method,
which had not been applied to ZrO, nanopowders previously. This technique allows precise control
over the quantity of water adsorbed onto a clean oxide surface, and kept the oxide under clean and
well defined conditions throughout. It also allowed us to expand the range of water coverages to
below one monolayer. The experimental results using the new method thus focus on between 0.5 and
four water layers where the effect of the surface on the radiation yields is felt the strongest.

This work allowed us to better characterise the energy transfer process across the ZrO,/H,O
interface which is of fundamental importance in nuclear reactor safety, and relevant to nuclear waste

storage and incident prevention. The better control which this novel method allowed helped in
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understanding processes underpinning phenomena such as enhanced H, production from metal oxides

relevant to the nuclear industry.
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