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Abstract
The production of H2 from the radiolysis of water in contact with spent nuclear fuel presents
significant safety and engineering challenges. Anomalous gas production from adsorbed water
radiolysis has the potential to generate flammable atmospheres in PuO2 storage containers residing
in interim storage. Due to the nature of working with PuO2, a non-active analogue must be sought
so the anomalous effects it has can be probed without the limitations associated with working with
plutonium.
The search for a metal oxide with a similar effect on radiolytic yields of H2 to PuO2 was undertaken
by investigating the radiolysis of water adsorbed on or aqueous suspensions of ZnO. Samples were
prepared humidity control it was found that the presence of ZnO enhances radiolytic H2 production,
contrary to indications from literature. During the same experiments, O2 was observed in
comparable quantities. Remarkably, O2 was also observed during the radiolysis of dry ZnO,
previously unseen in similar experiments with other oxides. The 5.5 MeV He2+ ion beam radiolysis
of aqueous ZnO suspensions was also undertaken and the results compared to the -ray radiolysis
results.
In conjunction with this, the development of a novel method by which the radiolysis of water can
be evaluated is discussed. The vacuum line method was developed primarily to give much greater
control over the amount of water introduced for a metal oxide sample surface for irradiation and
aimed to reduce the sources of unquantifiable errors in the experiment. The method was then used
to investigate the radiolysis of water adsorbed on ZrO2 with a particular focus on low water
loading.
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Chapter 1: Introduction

Chapter 1: Introduction
The challenge
The 120 tonne UK stockpile of PuO2 from legacy and spent fuel separation is currently in
interim storage and will remain so for several decades more. The storage environment is harsh and
dynamic as the canisters are reported to heat to over 400°C and are subject to a multicomponent
radiation field, liberated from the radioactive decay of plutonium and other actinide species.
Inspection of the stockpile found some storage canisters had become pressurised, but due
to the nature of the storage facility, it is not possible to monitor all canisters individually at all
times. Relatively little is known about the gas and adsorbed phase chemistry occurring in the
canisters, hence the reasons and mechanisms by which these canisters have pressurised is largely
unknown.
Clearly, this is a significant safety and environmental concern as pressurisation could cause
deformation possible failure of canisters which could expel the radioactive contents into the
surroundings. Adsorbed water radiolysis causing H2 build up is suggested to play a major role in
possible pressurisation mechanisms.
The overarching aim of this research is to investigate metal oxides in the search for a
surrogate material for PuO2 with respect to H2 yields from adsorbed water radiolysis. Then the
pressurisation processes can be probed without the strict limitations associated with working with
PuO2. This aim is broken down into deliverable objectives and discussed in detail in Section 1.11.
The research described in this thesis would also aid in building the safety case for long term storage
of PuO2.
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Chapter 1: Introduction
1.1 Background
Energy generated by nuclear fission contributes some 20% of the electricity produced in
the United Kingdom.1 With the construction of Hinkley Point C, plans for a second reactor at
Sizewell and more, this value is set to rise. There is a push to move away from fossil fuel based
energy as the need to reduce carbon emissions rises and the demand for energy continues to soar.
Nuclear power offers a viable, stable, long term option for energy generation.
While nuclear fission generated energy is relatively carbon-free compared to burning fossil
fuels, it is not without waste. One of the principal scientific and engineering issues concerning the
nuclear industry is the safe long term storage of separated and reprocessed fuel and contaminated
material. The active components of spent fuel can have half lives of millennia, therefore, it is
imperative that its long term behaviour is understood. This will aid in constructing the safety case
for each viable long term option regarding the final destination of, for example, plutonium from
reprocessed spent fuel.
The reprocessing and disposition facilities in the UK are located at the Sellafield Site in
West Cumbria, home to the largest stockpile of separated plutonium world wide. The majority of
UK plutonium is derived from two sources. Either “Magnox PuO2” which comes from the
reprocessing of fuel from Magnesium non-oxidising (Magnox) reactors which utilised uranium
metal as a fuel, or “Thorp PuO2” from the Thermal Oxide Reprocessing Plant (THORP) which
was obtained from Advanced Gas-cooled Reactors (AGR) that utilised UO2 as a fuel.
Actinide recovery from the spent fuel is commonly performed via the Plutonium Uranium
Redox Extraction (PUREX) process. Species such as uranium, plutonium and other fission
products are separated with high selectivity based on their redox chemistry and relative solubility
in organic and aqueous media. This process has been implemented for a number of years, world
wide.2
Spent fuel is dissolved in HNO3 before an organic binding ligand such as tributyl
phosphate (TBP) and odourless kerosene are added.3 The actinide complexes are then separated
based on their relative solubility in the organic and aqueous phases once bound to TBP ligands. 4

15

Chapter 1: Introduction
Selection of organic binding ligands is based on factors such as; 1) high selectivity for Pu and U,
2) high radiation resistance and 3) price and 4) availability.
One of the final steps is the dissolution of actinide-TBP complexes in oxalic acid
producing an actinide oxalate species. These are then thermally decomposed in an O2 rich
atmosphere producing, taking plutonium as an example- the desired oxide according to
Reaction R1.4
1

Pu(C2 O4 ) ∙ H2 O + 2 O2 → PuO2 + CO2 + CO + H2 O

R1

Prior to packaging, PuO2 is heated to a high temperature to reduce the carbon contaminants
residual from the oxalate derivation, to remove adsorbed water and to remove other volatile
contaminants remnant from the PUREX process. Both Thorp and Magnox PuO2 are then packaged
for interim storage and subsequent use as Mixed Oxide (MOX) fuel, storage or immobilisation and
disposition.5 This is a brief overview, with several steps and significant detail omitted, intended
only to discuss the source of the PuO2 currently in interim storage. There are multiple variants of
the PUREX process, such as UREX or COEX which will aim to co-extract Pu and U as opposed to
actinide pure products.6
Little information is publicly available on the UK calcination process and the conditions of
the PuO2 stockpile but based on information from the US Department of Energy (DoE), the
calcination process occurs at between 600-950°C for a minimum of two hours.7 Studies have
shown higher temperature reduces the surface area and porosity and alters the morphology of the
grains. With a reduced surface area, the potential for use as MOX fuel is reduced, however, the
likelihood of radiation-induced chemistry of adsorbed species is also reduced as a result, in turn
also lessening the probability of problems arising during storage.
Thorp PuO2 is packaged into a stainless steel triple can system consisting of a screw top
inner can, vented intermediate can and welded outer can under a pure Ar atmosphere. Magnox
PuO2 is packaged in an aluminium screw top container inside a polyethene bag in a welded outer
stainless steel canister.
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There are strict limitations on the composition of the stored oxide powders such as the
Specific Surface Area (SSA) of the powders, the amount of PuO2 in each canister (to avoid
criticality) and the water content adsorbed onto the surface of the PuO2 - which must be below
0.5 wt%.
A large portion of this stockpile has been in interim storage for several decades thus far
and is set to remain so for at least another 50 years. The canisters and their contents are subject to a
harsh environment; the centreline temperature of the canisters is reported to be over 300°C with the
PuO2 surface temperature at around 60°C.8 The nature of the storage facility also means the
canisters are subject to a constant multicomponent radiation field. Hence, a thorough understanding
of the radiation-chemistry occurring in the gas phase and residual adsorbed species is necessary to
help to build the safety case for medium to long term storage of PuO2 in these conditions. With
growing pressure to devise a long term solution for an ultimate destination of the PuO 2 stockpile,
there have been three credible options put forward.9 These are:
•

Long term storage

•

Immobilisation and disposal as waste

•

Reuse as reactor fuel (followed by immobilisation and disposal)

Immobilisation and long term storage seem the most likely options. The current projection
is that the stockpile will remain in storage for over 100 years while a location for a disposal facility
is decided upon, then constructed. Encapsulation of the plutonium in cement, vitrificaiton or
immobilisation in ceramic or polymer matrices are commonly suggested options.10 The drawbacks
of these immobilisation methods include the maturity of the encapsulation technology, i.e. glass or
polymer cracking, helium bubble formation or gas generation from cement radiolysis.11,12,13,14,15
The ability to re-separate plutonium at a later date for use as MOX fuel is also an impeding factor
as well as the possible environmental impact of the disposition of over 120 tonnes of plutonium.
5% of the current stockpile must be immobilised and disposed of regardless of the decision
regarding the fate of the bulk due to contamination.16
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Conversion of the stockpile to MOX fuel has many advantages; including the economy of
fuel and non-proliferation of plutonium which could potentially be weaponised. However, this
option would come at a significant financial cost as new infrastructure would have to be built such
as reactors, fuel fabrication plants, reprocessing and disposal facilities. Considerable research is
being conducted into this area in France regarding next generation reactors capable of burning
MOX fuel of this kind, however, the technology is some years away from maturity and commercial
energy generation.17
Another important factor that must be considered if the current containers are to reside in
long term storage is the growth of different isotopes as Pu naturally decays. An example of this is
the decay of 241-Pu to 241-Am. This isotope of americium is an

-emitter with a half life of

432 years and is considered to be a major contributor to the long term radioactivity of nuclear
waste. The build-up of these species reduces the effectiveness of reuse of the plutonium as fuel as
further separation steps would have to be implemented – at a significant extra cost.
In order for canisters to be considered to conform to specification, the total water content
must be below 0.5 weight percent (wt%). Upon inspection of the stockpile, it was found that certain
out of specification canisters, containing very wet material, had become pressurised.8 Analysis of
the overpressure gas indicated that a major component of the gas was H2. There is limited
information available concerning the storage and conditions of the PuO2 stockpile in the UK, but
information released into the public domain by Eller et al. from Los Alamos National Laboratory
suggests that there are four possible mechanisms of can pressurisation.18
•

Adsorbed and/or gas phase water radiolysis

•

Thermal heating of moisture

•

Helium accumulation from -decay

•

Chemical or radiolytic degradation of PVC packaging
Thermal heating of the gas phase was discounted as the major contributor option as the

resulting overpressure would have been visible on a much shorter timeframe than is actually being
observed. Helium formation from -decay and HCl build up from PVC packaging degradation are
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also only observed to be minor contributors to the overpressure. As discussed by Eller et al., the
clear focus has since been on adsorbed water radiolysis as the prime contributor to pressure buildup.
Storage canisters containing PuO2 which is known to be calcined to 0.2 wt% water or
below do not evolve substantial pressures of H2 and O2. The clear focus is on the adsorbed water
radiolysis in canisters which are above 0.5 wt% water as these are the only ones which have
displayed notable pressurisation.18
0.2 wt% water adsorbed on 5.0 m2/g of PuO2 would correspond to two hydration layers,
also known as monolayers.19 Scheme 2 shows the interaction adsorbed water with a PuO2 surface
for the formation of the first two monolayers, postulated by Stakebake. 19 Step 1, the oxygen of an
incoming water molecule binds to the Pu cation allowing hydrogen bonding between the H atoms
of the water molecule and the neighbouring O anions of the Pu centre.

Scheme 1 - Mechanism of water dissociation and adsorption on a PuO2 surface, image taken from [20] originally adapted
from [19].
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The first interaction leads to the dissociation of the water molecule into two hydroxyl
groups resulting in the first chemisorbed water layer. The second water layer forms between the
chemisorbed layer and an unbound, intact water molecule, shown in Step 2. This is a quasichemisorbed molecule and can be mono- or bi-dentate depending on the number of terminal
hydroxyl groups it binds to. Finally, a free water molecule physisorbs to this quasi-chemisorbed
layer by hydrogen bonding only, which is a much weaker interaction. The calcination process aims
to drive water off down to only the chemisorbed water layer.
Plutonium is observed to bind water strongly in temperatures up to 120 C, but this water
desorbs as the temperature increases to over 200 C down to the first hydrogen bonded layer.21
Hence, residual water in out of specification canisters will likely be in the surrounding gas phase as
the ambient of the cans exceeds 300 C.
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1.2 Radiation Types
A brief introduction of the different types of radiation is presented to aid in the description
of their interaction with matter. Radioactive decay is the process by which an unstable or excited
nucleus returns to a stable state with the emission of a combination of high energy charged
particles (i.e. electrons,

- or - particles), photons ( -rays) or neutrons. The type of radiation

emitted and its energy is defined by the composition of the parent nucleus.

1.2.1 Alpha Emission
Alpha radiation is the nucleus of a helium atom, has a charge of +2 and is commonly
emitted by species in the heavy nuclei region of the periodic table. -decay occurs as the parent
nucleus with a large proton to neutron ratio tries to shed excess mass and enter a more stable
nuclear configuration. The decay of 283-U to 234-Th shown by Equation 1.1 is an example of this
type of heavy charged particle emission:
238
94U

→

234
4
90Th + 2α

1.1

Due to the large difference in mass between the daughter nucleus and the He2+ particle, the
majority of the excess energy is given to the -particle in the form of kinetic energy. -decay is
monoenergetic, and the energy is characteristic of the parent nucleus. Two implications of this are;
an

-emitter can be identified by the energy of the He2+ particles; and capable accelerators can

utilise He2+ ions to mimic the -decay of any isotope.
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1.1.2 Beta Emission
Beta decay can be divided into three subcategories, each involving the emission or capture
of electron mass particles, otherwise known as Light Charged Particles (LCP’s). These are termed:
electron or positron emission and electron capture.
Electron Emission
A nucleus rich in neutrons can convert a neutron into a proton with the emission of an
electron and an antineutrino 𝜈̅. An example of this is the decay of 14-C, shown in Equation 1.2.
14
6C

→

14
7N

+ e− + νe

1.2

Neutrinos possess a spin of +1/2, and have a negligible mass and zero charge. An
antineutrino is the antimatter equivalent and they are formed to conserve energy, momentum and
spin during the radioactive decay process. Due to their lack of electrostatic charge, neutrinos and
antineutrinos are virtually unreactive and do not interact with the Coulomb field of absorbing
matter.
Positron Emission
Also known as

+

decay, positron emission occurs in nuclei which are neutron deficient.

This is achieved by the conversion of a proton to a neutron, accompanied by the emission of a
positron and a neutrino. An example is the
23
12Mg

-

→

23
+
11Na + e

+

decay of 23-Mg to 23-Na, shown by Equation 1.3.

+ νe

1.3

particles are emitted with a range of energies up to a certain maximum, as defined by

the parent nucleus. A portion of the energy is carried by the neutrino emission.
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Electron Capture
A neutron deficient nucleus may capture an inner orbital electron, converting a proton to a
neutron in the process, shown by Equation 1.4.
13
7N

+ e− →

13
6C

1.4

+ ν̅e + γ

Electron capture is accompanied by the emission of a neutrino and the process is typically
accompanied by the emission of a -rays.

1.2.3 -Ray Emission
The emission of

-radiation occurs almost always accompanies the aforementioned

radiation types as processes such as particle emission leave nuclei in an excited state. A metastable
nucleus relaxes to its ground state with the emission of one or more -ray photons. The decay of
60-Co to 60-Ni is a prime example of this type of radiative emission.22 The emission of two -ray
photons is followed by the

-

decay of 60-Co to 60-Ni.
60Co

0.31 MeV β- (99.98%)

1.48 MeV β- (0.12%)

1.1732 MeV γ

1.3325 MeV γ
60 Ni

Figure 1.1 - Decay scheme of 60-Co to 60-Ni showing the proportion of each decay pathway and the energy of the
radiation emitted. 60-Co has a half life of 5.27 years.22

-radiation has a short wavelength, ranging from 10-9 – 10-11 m. In energetic terms, this
equates to energies of the order of megaelectron volts (MeV). Like -particles, -ray photons due
to radioactive decay are monoenergetic, and the energy of the photon emitted is defined by the
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identity of the parent nucleus. However, a nucleus may emit a cascade of -ray photons as it decays
to its nuclear ground state.

1.3 Radiation Interaction with Matter
1.3.1 Interactions
The structure and composition of the path a particle or photon leaves in an irradiated
material depend highly on the energy of the incident radiation and the Linear Energy Transfer
(LET) of the particle or photon. Since this project only utilises -particles and

-rays, only they

will be discussed.

-particles
The primary mode of energy loss for -particles is via a series of inelastic collisions with
electrons in the irradiated medium. Due to the difference in mass between the

-particle and the

electrons, only a small fraction of the -particles’ energy is lost with each collision, there is little
deflection of the alpha particle. An -particle loses around 35 eV in each collision hence a 5 MeV
-particle can cause up to 150,000 ionisation events before thermalisation, meaning there is a high
number of ionised particles is left in its track.23 This results in a linear primary track with a high
number of ionised and excited species meaning the probability of reactions between radiolysis
fragments is greater. Spurs of secondary electrons may also form, initiating chemistry of their own.

-rays
The lack of charge means there are no Coulombic interactions with electrons, and since a
photon does not possess mass, there are no collisions. Consequently, the ionisation density is low
in and tracks electromagnetic waves are sparsely populated. Excitation and ionisation events occur
from -ray interactions by absorption (and re-emission) of photons by the irradiated medium.
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Therefore, as -rays traverse matter they become attenuated and deflected. One process is the
photoelectric effect, shown in Figure 1.2.24
X-ray

Incident g-photon
hf > f w

Photoelectron
Ekmax = hf - f w

Figure 1.2 – Schematic diagram of the photoelectric effect. Figure adapted from [24].

An incident -ray photon is absorbed by an inner orbital electron. If the photon has energy
greater than the work function (the energy required to ionise an electron) of the material, the
electron will be ejected with energy equal to the photon minus its binding energy and some recoil
of the nucleus. An outer orbital electron then relaxes to fill the residual hole, with the emission of
an x-ray of characteristic energy corresponding to the difference between the two energy levels.
As shown by Figure 1.3, Compton scattering occurs with free or loosely bound electrons.
Electrons are excited by interaction with the incident -ray photon. Only a small portion of the
photon energy is transferred to the electron, the photon is scattered and the electron becomes
excited.
Scattered photon
Energy = E1

Incident g -ray
Energy = E0

f – scattered
photon
angle

Θ –electron angle
Recoil electron
Energy = E e

Figure 1.3 - Diagrammatic representation of Compton scattering. Adapted from [24].
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-ray photons may also undergo pair production, however, this can only occur for photons
of above 1.02 MeV, twice the rest mass of an electron. As shown in Figure 1.4, the incident photon
is completely absorbed by a nucleus (or much less commonly, an electron). An electron and a
positron are then emitted with the kinetic energy, less the rest mass of the two particles, being
shared between the two particles.24
Electron,
Kinetic energy = Ee

Incident g -ray
Energy = E0

0.51 MeV

+ e-

Annihilation
radiation

0.51 MeV

Figure 1. 4 - Pair Production, figure adapted from [24].

Pair production can be identified by observation of characteristic annihilation radiation
emission. Energy loss by radiation as it passes through matter is commonly described by Bragg
curves, with the peak (i.e. the Bragg peak) occurring immediately before the particle comes to rest.
The Bragg peak occurs directly before the particle loses the majority of its kinetic energy because
the interaction cross section increases as the energy of the particle decreases.

1.3.2 LET and Track Structure
The trail of ionisation and excitation events that ionising radiation leaves is known as a
track, but the time scales on which these processes occur, in the femtosecond timeframe, make
their formation difficult to observe. The structure and composition of the track is defined by the
Linear Energy Transfer (LET) which describes the rate at which an ionising particle loses energy as
it passes through matter. It is typically quoted as the average energy loss (in electron volts, eV) per
unit distance (usually micrometres). LET can also be expressed as the average energy loss across
the whole distance the particle travels, as energy deposition may not be uniform across the full
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distance, an example of this is -radiation. As a result of this effect, radiolysis products have a nonhomogeneous distribution in an irradiated medium and the distribution of the species is governed
by the LET of the radiation.
Low LET radiation, such as -rays, has an energy loss rate of 0.2 eV/nm which means that
ionisation events occur with significant spatial separation within the irradiated matter and a long
track length, shown diagrammatically in Figure 1.5. In an aqueous sample, product forming
reactions would proceed by first-order kinetics as primary radicals are formed large distances apart.
This means radicals are much more likely to react with the solvent molecules than with other
radiolysis products, as the solvent is present in large excess.10
On the other hand, high LET radiation, such as He2+ particles, has a much greater energy
loss rate – 156.0 eV/nm.11 High LET radiation has a short track length meaning the majority of the
particles’ kinetic energy is deposited into the medium over a short distance, also shown
diagrammatically by Figure 1.5. These tracks are much more densely populated due to the much
larger number of ionisation events per unit distance. Highly reactive primary radiolysis products
have reaction rate constants which are greater than the rate of diffusion meaning they are more
likely to react with each other before diffusing into the bulk. In turn, the probability of radicalradical reactions of the radiolysis products increases, meaning the rates of reactions in the tracks of
high LET particles are more likely to proceed with second-order kinetics.24
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α-particle

α-particle

γ-ray

γ-ray

Figure 1.5 - Absorption by matter of -particles and -rays (not to scale). Adapted from [23].

The fine structure of the tracks ionising radiation creates comes from a sequence of energy
transfer events and can be broken down based on the amount of energy transferred. Primary events,
in order of the energy transferred, are spurs, blobs, short tracks, and branches.25,26
•

Spur: 6-100 eV

Ionisations producing low energy secondary electrons that deposit their energy in a localised area.
•

Blob: 100-500 eV

Ionisations produce intermediate energy electrons, generated by knock-on collisions of the primary
ionising particle. Spurs and blobs form the central core of heavy ion tracks in irradiated media.
•

Short Track: 500-5000 eV

Also known as -rays – high energy secondary electrons sufficiently energetic that they are capable
of forming their own blobs and spurs.27
Electrons with energies in excess of 0.5 keV form branches off the initial ionisation track.
Branches are not structures in themselves but combinations of the above entities.
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1.4 Radiation Chemistry of Water
Radiolysis, a term which features heavily in this research, is defined as radiation-induced
breakdown and water radiolysis is possibly the most studied system in the radiation chemistry
discipline. Initial research into the radiation chemistry of water was undertaken in the 18 th century,
and it remains an active area of research to this day. The interaction of ionising radiation with
water in all phases is a prevalent process and in a multitude of fields and industries with important
implications in areas as diverse as medicine, interstellar chemistry,28 food sterilisation,29 as well as
the nuclear industry – i.e. in the safe long term operation of LWR’s and spent fuel disposition.30
The underpinning mechanisms are considered to be well understood and the product yields
thoroughly quantified.31,32
Ionising radiation incident on water can cause either ionisation or excitation of the water
molecules, and the cross sections of the processes at a given energy governs which process
dominates followed by the LET of the incident radiation.33 Figure 1.6 shows the primary species
produced after an ionisation or excitation event. These species are highly reactive and hence
extremely short lived – the primary products are formed around one microsecond after the initial
dissociation event which can then diffuse away and undergo further reactions.
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Incident Radiation

H2O
Physical Stage: 1 fs
after irradiation

Physiochemical
Stage Stage: 10 -15 to
10 -12 s after
irradiation

Excitation

Ionisation

H2O*

H2O+ + e-

H· + · OH

H2 + O(1D)
H2 O

H2 O
· OH

+ H3

H2 O
O+ · OH

H2 O

H2 + 2 · OH
· OH

Chemical Stage: 10 -12
to 10 -6 s after
irradiation

+

H2 O* e-aq

H-

+ H2 + OH-

e-aq, OH, · H, H3O+ , OH-, H2O2, H2

Figure 1.6 - Flow diagram of the primary products from the passage of ionising radiation through water and the
subsequent reactions of the primary radiolysis products from both excitation and ionisation reaction pathways. 34

The primary and radical species are highly reactive, for example, the rate constant of the
hydrated electron approaches the rate for a diffusion controlled reaction hence are likely to react
rapidly with neighbouring species. Another factor that governs the composition of the track or the
yields of the products is the phase. In gas phase water, for example, the species are much more
sparsely distributed hence electrons produced by ionisation or dissociation may become solvated
and subsequently cause their own series of reactions.24 An exhaustive set of reactions can be found
in the literature but presented below is are the key reactions in water radiolysis.23,24,31,32 After an
initial ionisation event (Reaction 1), some of the important reactions for room temperature water
radiolysis are summarised by Reactions 1-14:

H2 O ⇝ H2 O∗ or H2 O+ + e−

R1

•
−
e−
aq + OH → OH

R2

OH • + OH • → H2 O2

R3

•
−
e−
aq + H2 O2 → OH + OH

R4

OH • + H2 O2 → HO•2 + H2 O

R5
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H2 O

−
e−
aq + eaq →

H2 + 2OH −

R6

+
•
e−
aq + H → H

R7

H • + H2 O2 → H2 O + OH •

R8

H • + OH • → H2 O

R9

H • + H • → H2

R10

H • + O2 → HO•2

R11

•−
e−
aq + O2 → O2

R12

H2 O

•
e−
aq + H →

H2 + OH −

R13

H + + OH − → H2 O

R14

This series of reactions was adapted from Mozumder & Hanato and Spinks & Woods. 24,35
One of the most reactive species produced during water radiolysis is the hydrated electron (e-aq).
This is considered to be a single electron surrounded by a solvation shell of polarised water
molecules that stabilises the single negative charge and the electron loses energy via the
reorientation of surrounding dipole moments. The hydrated electron is the primary reducing species
produced from water radiolysis and is visible in the UV-Vis region at ~700 nm.36,37 Further
reactions of the hydrated electron are covered in Section 1.8.
Hydroxyl radicals are powerful oxidising species and are the key species in the
consumption of molecular hydrogen formed from water radiolysis. This can be suppressed with the
addition of a scavenger to allow radiolytically formed H2 to escape into the gas phase for detection.
A radical scavenger is used to selectively block certain reaction pathways. This is done to
elucidate mechanistic details or block reactions that will consume specific species, such as OH
radical consumption of H2. Typically, this is achieved using the Br- ion by adding KBr (0.1 mMol)
to the irradiated solution. The key reactions are shown by Reactions 15 and 16.
HO. + Br − ⇌ [HOBr]−

R15
Br−

+
[HOBr]− + H(aq)
→ Br . + H2 O → Br2.−

R16
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The role of a scavenger is to selectively react with a targeted species before it can diffuse
away into the bulk or consume the species of interest which one wants to obtain the yield of.
Without a bromide scavenger present, OH radicals would react with H2, reducing the observed
yields. The reduced yield observed with no scavenger present would be referred to as a chemical
yield.
Yields from radiolysis studies are not always expressed in absolute terms, by volume for
example. In radiation chemistry, it is by convention that the yields are described by the G value.
This denotes the number of molecules of a species produced, or consumed, per 100 eV of energy
absorbed by the irradiated system. The G value for hydrogen production from water with a small
quantity of radical scavenger, G(H2), is well documented to be 0.45 molecules/100 eV.38,39 This
equates to 0.45 Mol J-1 in SI units.40

1.5 Radiation Chemistry of Water at Metal Oxide Interfaces
The radiolysis of water in contact with a metal oxide is an area of research which has seen
a resurgence in recent years. It was known that the presence of a metal oxide can have a significant
effect on product yields during water radiolysis. An example of one effect which is not discussed in
this research is the enhanced decomposition of hydrogen peroxide in aqueous solutions when a
metal oxide such as ZrO2 is present during irradiation.41
The presence of a metal oxide has a profound effect upon is H2 generation from water
radiolysis. The level of influence the oxide has upon the radiolytic yield of H2 is defined by the
identity of the metal oxide. A large scale investigation into the effect of a range of metal oxides has
on radiolytic H2 yields during water radiolysis was undertaken by Petrik et al. in 1991 which
initially classified the metal oxides by their effect upon the radiolytic yield of H2 from water
radiolysis.42
In 2001, a further study by Petrik et al. re-classified some of these oxides, extended the
materials covered and elucidated more mechanistic detail.43 The result of this work divided metal
oxides into three categories, each compared to deaerated water radiolysis. These are; Group 1 are
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oxides which lower G(H2), Group 2 are oxides which have similar G(H2) to deaerated water and
Group 3 are oxides that increase G(H2). These are summarised in Table 1.
Table 1 - Summary of classification of oxides based upon their effect upon the radiolytic yield of H 2 when present during
water radiolysis. Adapted from [43]. Highlighted in bold are oxides which feature heavily in this research.

Group 1
Lower G(H2)
MnO2, Co3O4, CuO,
PuO2, Fe2O3

Group 2
Little effect on G(H2)
MgO, CaO, SrO, BaO, ,
ZnO, CdO, Cu2O, NiO,
Cr2O, Al2O3, CeO2, SiO2,
TiO2, WO3, Nb2O5

Group 3
Increase G(H2)
ZrO2, Ga2O3, Y2O3,
La2O3, Nd2O3, Sm2O3,
Eu2O3, Gd2O3, Yb2O3,
Er2O3, HfO2

However, since this large-scale investigation multiple, more detailed, investigations into
the effects of specific oxides were pursued in which H2 yields were characterised as well as surface
species and changes induced in the crystal morphology or structure of the materials. Work by
LaVerne et al. reclassified some of these oxides such as CuO and Fe2O3 from Group 1 to
Group 3.44,45 Research presented in this thesis also reclassified ZnO as an oxide that enhances the
yield of H2 as opposed to having little effect on G(H2).
Subsequent investigations into the radiolysis of water adsorbed on UO2 and PuO2 (the
principal components of nuclear fuel) as well in-active surrogate materials such as CeO2 and ZrO2
have extensively characterised H2 yields from water radiolysis in contact with these respective
oxides both in the adsorbed phase or in aqueous suspensions.43,46 It became clear from the ever
growing body of work that there must be multiple underpinning mechanisms contributing to the
chemistry of adsorbed species.
Further work elucidated more detail on the effect of water loading on the radiolytic yield of
H2.46 During the radiolysis of water adsorbed to the surface of ZrO2 nanoparticles, it was observed
that there was a three order of magnitude increase in radiolytic yields of H2 as the water loading
decreased to below five monolayers. This phenomenon was also observed in the radiolysis of water
adsorbed on UO2 and CeO2 nanoparticles, however, the enhancement was nowhere near as
pronounced for the latter oxides.46,47 CeO2 and ZrO2 have received particular focus as they are
typically used as surrogates for PuO2 and UO2.
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There is a clear need to understand the radiation-induced processes occurring at the oxidewater interface in these systems as they are widely used in a multitude of areas. A prime example is
ZrO2 (zirconia) which has been the particular focus of a large body of work. This is due to
remarkable, up to three orders of magnitude, enhancing effect upon G(H2). Work by both
Petrik et al. and LaVerne et al. have highlighted the importance of this area of research with
regards to the nuclear industry.47,57

1.6 Proposed Mechanisms of Energy Transport
It has long been known that the presence of an inert surface has an effect on the yields of
products from the radiolysis of adsorbed species. This was observed in the -ray radiolysis of
organic species (pentane) adsorbed on an inert framework and in the radiolysis of cyclohexane
adsorbed on silica gel.48 The results hinted at some energy transfer process occurring from the
substrate to the adsorbed molecules, as the yields of H2 were greater than those observed for the
radiolysis of the respective neat organics. The most likely explanation for this effect was therefore
attributed to an energy transfer from the substrate to the adsorbed organic molecules.49
Since these initial observations, the field has developed substantially. A suggested
mechanistic interpretation underpinning the influence of a metal oxide on radiolytic H2 yields from
water radiolysis was evaluated in detail by Petrik et al. A resonance was highlighted between the
band gap of the oxide and effect on G(H2) by plotting the G value as a function of the band gap
(Eg) of the oxide. As seen in Figure 1.4, there is a spike in observed radiolytic yields is seen at
Eg ≈ 5 eV. This value approximately corresponds to the Bond Dissociation Energy (BDE) of
adsorbed water, which is a strong indicator that the band gap of the metal oxide plays a role in the
break down of adsorbed species, hence effects G(H2).43
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Figure 1.7 - G(H2) from the -ray radiolysis of water adsorbed on plotted as a function of the band gap of the oxide. The
three groups are marked differently, with oxides classified as Group 3 represented by (●) and are observed to enhance H2
yields. Figure taken from [43].

The correlation between the band gap and enhanced H2 yields is related to the BDE of
adsorbed water, which is ~5.1 eV.50 Hence, oxides with a band gap roughly corresponding to the
BDE of adsorbed water will exhibit enhancing properties. This could be attributed to the formation
of sufficiently energetic radiation-induced, mobile excited states that can then have the potential to
cause adsorbed water dissociation.
Excited states in semiconductor oxides are also known as an excitons: an electrostatically
bound electron-hole pair.51 An exciton is formed when an electron receives sufficient energy to be
promoted from the valence band to the conduction band of the semiconductor material.52 The
enthalpy change of recombination is the process that is postulated to cause the dissociation of the
adsorbed water.52 A mechanism proposed for water adsorbed on Al2O3 was proposed according to
this theory, shown by Reactions 17 and 18, where a hole is represented by h+.43,53
e−

h+ + H2 O → H2 O+ → H2 O∗ → H + OH

R17
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H + H → H2

R18

For oxides which are observed to enhance G(H2) during water radiolysis by the greatest
amount, the energy released on exciton recombination corresponds closely to the BDE of adsorbed
water. For this reason, it is thought exciton migration plays a strong role in enhanced H2 yields.
This work was extended by LaVerne and co-workers who proposed a mechanism based on
hole migration via OH groups into chemisorbed H2O molecules on ZrO2 according to
Reactions 19-21.54 A similar mechanism was suggested for the enhanced H2 yields from water
radiolysis on TiO2.55
exciton + 2Zr − OH → H2 + 2Zr − O.

R19

exciton + 2Zr − OH − Zr → H2 + 2Zr − O. − Zr

R20

exciton + Zr − H2 O → H2 + ZrO.

R21

The radiolysis of water adsorbed on zirconia is a notable example that has been the focus
of intense study as zircalloy alloys are used as nuclear fuel rod cladding.56,57 ZrO2 is observed to
enhance H2 yields dramatically, by up to three orders of magnitude and the band gap is ~5.1 eV.
Excitons are mobile and they are able to migrate before recombining with either its original
hole, a hole from a different promoted electron or becoming trapped at a defect site however, their
migration distances are finite. An exciton formed within migration distance of an interface between
the oxide and adsorbed molecules can migrate into the adsorbed molecule.58 This theory is
supported by the dramatic decrease in observed radiolytic H2 yields as the number of adsorbed
water layers increases on the irradiated oxide surface, shown in Figure 1.8.
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a) γ-radiolysis of H2O/CeO2

b) γ-radiolysis of H2O/ZrO2

Figure 1.8 – Radiolytic H2 yields from the -radiolysis of water adsorbed on a) CeO2 and b) ZrO2. Maximum G(H2) is
observed at ca. 1 monolayer and is 20 and 150 molecules/100 eV for CeO2 and ZrO2 respectively. Figure adapted from
[46].

The greatest G(H2) values are observed for the radiolysis of the first three monolayers, with
a dramatic decrease as the number of monolayers continues to increase. This is an indication of the
finite distance of energy transport via exciton migration.
The oxide is the dominant energy absorbing material being irradiated, and the radiolytic
yield of H2 is calculated relative to the energy absorbed by the water layer(s). The energy that is
deposited into the oxide that migrates into the water layers is available to cause H2 production. The
rapid sharp decrease in the excess H2 production at the oxide/water interface could be due to a
‘dilution’ of the effect as the mass of the adsorbed water increases. The increase in the number of
water layers, hence the mass of adsorbed water, leads to an effective decrease in H2 yield when
energy deposition is calculated by the fraction of energy absorbed by the oxide and the fraction of
the energy escaping into from the oxide into the adsorbed water is constant.46
This is by no means a conclusive mechanism, and it is possible that there are multiple
competing mechanisms at work. An alternative mechanism for enhanced H2 production at a
ceramic interface is the transport of electrons from the irradiated oxide into the adsorbed species.
This work was carried out by Fitting et al. concerning the electron transport in SiO2.59 It is
proposed that charge carriers produced by the interaction of ionising radiation are able to migrate
from the silica and into adsorbed species.60
Currently, there is no universally accepted mechanism amongst those that have been
suggested to play a role in the enhancement of H2 yields. Extensive research has been carried out in
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recent years by various groups, characterising the radiolytic yields of species as well as chemical
changes induced in the materials however comparatively little has been done to determine the
underpinning mechanism. This information would aid incident prevention and help the
construction of safety cases. Knowing the mechanism behind enhanced radiolytic yields of H2
could be beneficial in the production for fossil fuel free H2 production for hydrogen fuel cells if the
process could be harnessed.

1.7 Radiolysis of Water Adsorbed on PuO2
It is clear that there is substantial, complex chemistry occurring in the pressurised canisters.
The effect of the presence of PuO2 on H2 yields from adsorbed water radiolysis appears to be a
unique case. Self radiolysis by 5.5 MeV -particles gave rise to H2 yields of up to approximately
0.30 molecules/100 eV, a value significantly lower than observed for deaerated water 5.5 MeV radiolysis which is recorded to be 1.20 molecules/100 eV.61 In contrast to other all water-oxide
systems investigated, G(H2) also increases as a function of water loading, these are shown in
Figure 1.9.8

Figure 1.9 - H2 yields from the 5.5 MeV He2+ self radiolysis as a function of water loading on Thorp and Magnox PuO2.
Figure taken from [8]. G(H2) is lower than the value observed for deaerated water. Radiolytic H2 yields also decrease as
water loading increases.

Initially, it was suggested that there was simply little energy transfer from the oxide to the
adsorbed water as radiation damaged materials may not be able to transfer energy as efficiently.
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However, this does not seem likely as the overwhelming majority of other oxides tested in this way
exhibit enhanced radiolytic H2 yields when present during water radiolysis.
A possible explanation is that the PuO2 surface may be an incredibly efficient scavenger of
radicals produced from water radiolysis. The time taken for a radical formed a short distance from
the surface can be calculated using Equation 1.5, in the form of Equation 1.6. Assuming a Radical
Diffusion Constant (D) of 1 10-5 m2/s, the time taken for the radical to reach the surface is given.
𝑥 = √2D𝑡
𝑥2

1.5
1.6

𝑡 = 2D

where x is the migration distance in meters and t is the time taken in seconds. A radical formed
three monolayers away from the surface, using the diameter of a water molecule as approximately
3 10-10 m, would hence take approximately 5 10-10 s to reach the interface.8 Therefore, if the
surface contains redox active Pu ions then radicals produced by water radiolysis could quickly be
consumed, which would lead to a reduction in the yield of H2 observed. This process could still
also occur after energy transfer from the oxide to the adsorbed water.
However, this does not account for the pressurisation of PuO2 storage containers.
Haschke et al. suggest the surface of PuO2 is catalytically active towards H2 and O2 recombination.
along with the formation of super-stoichiometric PuO2+x which suggests incorporation of O2 into
the PuO2 lattice structure.62 Two processes are suggested to play a role in excess hydrogen
production, one is simply adsorbed water splitting forming molecular hydrogen and oxygen. The
second is summarised by Reaction 22. This reaction drives a catalytic cycle that forms PuO2+x from
either moist or O2 rich air.63
PuO2 (s) + 𝑥H2 O(ads) → PuO2+𝑥 + 𝑥H2 (g)

R22

Currently, CeO2 and ZrO2 (ceria and zirconia) are used as analogues of PuO2 to investigate
some processes because they share a similar crystal structure. However, both of these oxides
exhibit enhanced H2 yields during adsorbed water radiolysis. At low water loading, CeO2 and ZrO2
are observed to have G values of 20 and 150 molecules/100 eV respectively.46 Radiolytic yields are
also observed to dramatically decrease as the water loading on the oxide surface increases, which is
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at odds with the water-PuO2 system. Clearly, these oxides cannot be used as a non-active analogue
for probing the processes underpinning the effect on G(H2). Hence, there is a clear need to find a
metal oxide, if one exists, with a similar influence on G(H2) as PuO2.

1.8 Radiolysis of Other Important Systems
The radiolysis of air is notable as it has the potential to occur in improperly prepared
samples or at the exit window of the ion beam line. Air radiolysis is described by Reactions 23-30.
N2 → 2N

R23

O2 → 2O

R24

N + O2 → O + NO

R25

2NO + O2 → 2NO2

R26

N + NO2 → 2NO

R27

N + NO2 → O + N2 O

R28

N + NO → O + N2

R29

O + O2 + M → O3

R30

The major species formed here are NO2, N2O and O3. Ozone formation has implications
regarding ion beam experiments as it is corrosive to equipment hence its formation should be
mitigated where possible.64 When water vapour is present, nitrous and nitric acid formation also
occur and their presence is also corrosive to components of the experimental setup.65
2NO2 + H2 O → HNO2 + HNO3

R31

2HNO2 → NO + NO2 + H2 O

R32

There are a large number of processes initiated by radiation in a multitude of materials
which will of course not all be covered in this review, such as water radiolysis on carbides,66 ion
exchange resins,67 molecular sieves, and even sea water.68,69 A major challenge, not directly related
to this project, is the generation of hydrogen from the radiolysis of water in contact with cement
based materials. This could occur either with radionuclides in direct contact with cement, in
encapsulated waste for example, in geological repositories, reactor or re-processing facility

40

Chapter 1: Introduction
shielding. All of these will place cement or similar materials in the vicinity of ionising radiation
fields.70 Knowledge of the processes which can lead to the leaching, corrosion or gas build up in
these systems, where it is not possible to monitor the external environments, is critical to ensure the
long term safety of the stored waste.12

1.9 Electron Initiated Reactions in Aqueous Systems
A large portion of radiation-induced processes occur because of processes initiated by
secondary electrons produced from initial ionisation events. These electrons are produced in large
quantities by interactions from types of energetic radiations.71 These electrons, if sufficiently
energetic, can then go on to cause further ionisation and excitation until they thermalize. Notable
examples of where these processes have importance are astrochemistry and in biology. The
background temperature of the Interstellar Medium (ISM) is significantly below that which
molecules could traditionally freeze out onto objects, icy mantles are commonly found. Radiation
damage and toxicity in biological tissue is not only caused by primary ionisation from events by
interacting radiation but also by the single and double strand DNA breaks caused by the attachment
of secondary electrons.72,73 With up to 5 104 secondary electrons produced per MeV of deposited
energy, understanding the processes induced by a species present in such abundance is key to
radiation science.74
Therefore, investigations into electron-initiated processes are fundamental in understanding
the abundance of species and the origin of complex molecules in space. At a terrestrial level,
radiation-induced chemistry causes a cascade of charge separation in irradiated aqueous media.
Sufficiently energetic primary species can then go on to generate large numbers of secondary
electrons thus giving rise to a cascade of low energy electrons.75 A high energy electron in water
will lose energy rapidly by a series of collisions with the solvent until it has energy in the region of
5-20 eV, this will occur in around 10-20 fs.76 At this point, the electron with thermalise and move
into the conduction band of the solvating water. Neighbouring water molecules will then orientate
around the electron – localising the free thermal electron until a stable low energy configuration is
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found. Full solvation to form the hydrated electron will occur ~240 fs after the initial ionisation
event.77
Reactions 33-36 show some of the hydrated electron interactions with water in the gas
phase including a three-body reaction.78
•
H3 O+ + e−
aq → H2 O + H

R33

−
OH • + e−
aq → OH

R34

2OH • → H2 O2

R35

H2 O

2e−
aq →

H2 + OH •

R36

Low Energy Electron (LEE) interactions occur below 100 eV and are able to cause
excitation and ionisation of water molecules by Dissociative Electron Attachment (DEA). In this
process, an electron occupies an empty molecular orbital in water forming a Transient Negative Ion
(TNI), which then can then dissociate or the electron could simply detach leaving the neutral water
molecule vibrationally excited. Reactions 38–43 summarise the possible fragmentation pathways of
a TNI, formed by Reaction 37 and denoted by H2O*—, in water.79
∗−
H2 O + e−
aq → H2 O

R37

H2 O∗− → H − + H • + O•

R38

H2 O∗− → H − + HO• (𝐴2 Π) or HO• (𝐴2 Σ)

R39

H2 O∗− → O− + 2H •

R40

H2 O∗− → O− + H2

R41

H2 O∗− → OH − + H •

R42

H2 O∗− → H2 O∗ + e−

R43

This was a process first observed in the electron bombardment of gas phase hydrogen form
the ionisation for water vapour by Lozier.80 Since its discovery, extensive theoretical and
experimental works have been done to determine the structure and properties of TNI resonances.
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1.10 Computational Research
With respect to the focus of the research in this project, there is little theoretical research in
the available literature. Computational studies on the radiolysis of gas-phase water over PuO2 was
carried out at Los Alamos, however, the results discussed are limited.81 The research focused on the
gas phase chemistry rather than the adsorbed phase or energy transfer processes and is limited to
self radiolysis rather than interaction from an external radiation field.
A significant portion of the theoretical research on water radiolysis focuses on pure water
systems,

82,83,

or aqueous solutions of species of significance to the nuclear industry. A prime

example of this is the self radiolysis of nitric acid systems.84 Track structures of ionising radiation
passing through matter are calculated using a method known as Monte Carlo simulations. These
calculations give probability distributions based on the cross sections of the interaction processes of
radiation in specific media.85 Kinetic models (evaluated in programs such as FACSIMILE) can be
employed to calculate radiolytic yields or consumption of starting species based on experimentally
determined rate constants.86 These can be used to predict the behaviour of irradiated systems such
as reactor water in operational power facilities.
Research by Kaltsoyannis et al. also aims to simulate the interactions of water or HCl
(contaminant derived from the break down of PVC packaging of some PuO2 in storage) with
actinide species of relevance to the nuclear industry to better understand the processes occurring in
PuO2 waste canisters.87
There is also a body of research into the interaction of radiation with metal nanoparticles
has this has specific ramifications in the medicine, potentially improving cancer treatment as they
ae shown to be good radiosensitizing agents. This includes calculations of the energy absorbed and
subsequently transferred from the metal nanoparticle into the surrounding environment.88
The lack of theoretical research into the radiolysis of water adsorbed on a ceramic oxide
surface and the underlying energy transfer mechanism resulting in anomalous behaviour may, in
part, be due to the complexity of the systems. That is, not enough has been determined
experimentally about the processes underpinning water radiolysis at a ceramic interface to build a
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reaction model. This is a very brief overview as computational modelling is outside the scope of
this project.

1.11 Project Outline
The aim of this project is to investigate the radiolysis of water adsorbed to metal oxide
surfaces in an attempt to find a suitable analogue for PuO2 such that the anomalous processes
underpinning its reducing effect on G(H2) can be probed without the limitations of working with an
active material. This will aid in building the safety case for long term storage of reprocessed
plutonium from spent nuclear fuel. In order to address this, the project was split into
subcomponents, aims and deliverable objectives which are outlined in the following section.

1.12 Project Aims and Objectives
The overall aim of this project is to explore the radiation induced chemistry of water
adsorbed on the surface of metal oxides, quantifying the yields of gaseous products. This will be
done by developing an improved method of introducing water to the surface of dry oxides. The
novel method will aim to be able to introduce known amounts of water to the oxide surfaces, under
better defined conditions for subsequent irradiation. Overall, these aims will be pursued by
following these distinct objectives:

•

Using existing methods and techniques, investigate water radiolysis from the surface of
ZrO2 to quantify G(H2) values over a large range of water coverages

•

Determine sources of error in the above method, then develop a new method for
introducing known amounts of water to the surface of dry oxides for subsequent irradiation
ensuring the method is able to select the water coverage and

•

Prove the capability of the method by investigating water coverages which previously were
difficult to reliably reach on ZrO2 and overlapping the data from both experimental
methods and with literature data
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•

Characterise and quantify gaseous products from the radiolysis of water adsorbed to ZnO a metal oxide not yet thoroughly investigated to determine if the oxide can be used as an
analogue for PuO2 for H2 production

•

Determine changes, if any occur, to the oxide powders (crystal structure, surface area)
caused by interaction with ionising radiation

•

Investigate aqueous systems using 5.5 MeV He2+ ions to simulate the alpha decay of 238Pu – the emission from the Pu species with the shortest half-life in PuO2 storage canisters

The findings of this project will be displayed in the following format; three results and
discussion chapters presented in the form of journal articles and one standard format chapter. Each
chapter will be preceded by a brief overview or description of the relevance of the work to the
initial project aims, along with the author contribution and, where necessary, a brief description of
any specialist equipment required for that portion of the experiment.
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Chapter 2: Techniques and Methods
This section describes the experimental techniques and respective instrumentation
employed throughout this project to characterise, irradiate and analyse metal oxides and gases
produced. Also described is the experimental method used to adsorb water to oxide powder
samples and the techniques used for irradiation and subsequent analysis.

Research Facilities
The research described in this thesis was performed predominantly at the Dalton Cumbrian
Facility (DCF), The University of Manchester. The DCF, Whitehaven is a state-of-the-art facility
designed to fill the gap in UK knowledge in the nuclear industry, specifically regarding waste and
decommissioning. The building is home to the University’s radiation facilities accompanied by a
comprehensive suite of characterisation and analytical equipment.

2.1 Material Characterisation Methods
2.1.1 DRIFT Spectroscopy
Due to the nature of the sample preparation in this project, characterisation of species
present on the surface of metal oxide samples is a necessity, for example, to determine if the oxide
surface is clean of organic contaminants or at what temperature the surface is free of weakly bound
water. H2O molecules are IR active hence Fourier Transform Infra-Red (FTIR) was selected, the
Diffuse Reflectance (DRIFT) variant was specifically chosen due to the uneven nature of the
surfaces being analysed.
DRIFT measurements were carried out using a Bruker Vertex 70 FT-IR spectroscope.1 To
boost the spectral output arising from the uneven nature of the powder sample surface, the
instrument was coupled with a Harrick Praying Mantis Diffuse Reflectance Accessory (model
DRP-XXX)2, fitted with a Harrick Praying Mantis Diffuse Reflectance High Temperature Reaction
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Cell (model HVC-DRP-5)3 to allow the temperature programmed desorption of water from the
sample surface to be tracked.
Two parabolic mirrors fitted to the Praying Mantis accessory collect and focus light
reflected from the sample surface to the HgCdTe detector which is cryo-cooled to reduce
background noise. 120 scans are typically taken at a resolution of 4 cm-1. Key characteristics
desired from the DRIFT spectra are features at ca. 3500 cm-1 corresponding to the water O-H
stretching mode adsorbed to the oxide surface,4 and vibrational features in the 1800-1600 cm-1
region typically corresponding to organic contaminations.5

2.1.2 Surface Area Analysis
The Specific Surface Area (SSA) of powders is a parameter which is crucial in the
calculation of the average number of monolayers of water deposited onto an oxide surface. This is
done with the assumption, from Brunauer–Emmett–Teller (BET) theory, that monolayer formation
occurs in a successive layers and a new layer can only begin to form once the preceding layer is
complete. Without knowledge of the SSA of each batch of metal oxide powder the energy
absorption cannot be accurately calculated.
BET theory is used to calculate the SSA of powder samples from the measurement of a
full adsorption/desorption isotherm performed using a Micromeritics Tristar II surface area
analyser instrument.6
The surface area and porosity are measured by introducing gaseous adsorbate (in this case,
N2) at the boiling point of liquid N2 (-196 C). At this temperature N2 will condense on the surface
as a monolayer. As the size of the adsorbing molecules is known, the surface area and porosity can
be calculated from the amount of gas that adsorbs to the sample surface.
This information is subsequently used to calculate the average number of water layers on
the surface of the oxide samples during preparation for irradiation. Details on the porosity can also
be derived from the shapes of the adsorption/desorption isotherms.7
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2.1.3 X-Ray Diffraction (XRD)
Determination of the crystal structure is important as the crystal structures of certain metal
oxides have been observed to influence the radiolytic yield of H2 in, for example, the radiolysis of
water adsorbed on monoclinic or tetragonal ZrO2.8 The interaction of -radiation causes the
formation of colour centres but is not observed to cause macroscopic changes to the structure in the
same way as heavy ions.
Crystal structures were recorded using a Bruker D8 Discover Diffractometer with a
Bruker LYNXEYE 1D detector, located in the XRD suite in the School of Chemistry,
The University of Manchester.9 Scans were taken at 0.05 steps between 10 and 85 and samples
were kept static during measurements.
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2.2 Radiation Sources
In order to replicate the radiation fields present in real world situations, artificial radiation
sources were employed. Self-radiolysis cannot be investigated since only non-active samples are
used in this research project. A Co-60 radiation source was used to deliver -rays, and a tandem ion
accelerator for irradiation by He2+. The following section is an overview of how the sources were
employed for this research. Careful analysis and characterisation of radiolysis products must follow
in order to acquire the desired information, details of this are included in subsequent sections.

2.2.1 60-Co -Source
-Irradiations were carried out using three rods of 60-Co in a Foss Therapies Model 812
self-contained radiation source.10 60-Co is widely used as its decay liberates 99.88% -ray photons
for each

⎯

decay. The

⎯

particles are significantly less penetrating and hence are absorbed by the

stainless steel cladding on the cobalt rods, meaning all of the radiation-induced processes are
caused by the 1.17 and 1.33 MeV -ray photons alone. The decay scheme is shown in Figure 2.1.
Three 60-Co rods, located at the rear of a 9 L irradiation chamber, deliver a dose rate of up
to 447.7 ± 50.2 Gy/min (measured by the Fricke Dosimeter, July 2017). The dose rate shows a
dependence upon the distance to the sample as the photon flux decreases according to the inverse
square law. Additionally, there is a dependence upon the sample position relative to each source
rod as each of the three rods has a different activity. Therefore, the dose rate must be measured for
all sample of positions.
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60 Co
27

0.31 MeV β- (99.98%)

1.48 MeV β- (0.12%)

1.1732 MeV γ

1.3325 MeV γ

60 Ni

28

Figure 2.1 - Decay scheme of 60-Co to 60-Ni, showing proportions of each type of emitted radiation and its respective
energy.

60-Co has a half-life (

1/2)

of only 5.27 years.11 As a result, the dosimetry must be

performed routinely and compared to calculated dose rates so as not to introduce a new source of
error into the experiments. This process is described in Section 2.2.3.

2.2.2 Ion Accelerator
An ion beam was supplied by an NEC 5 MV Tandem Pelletron ion accelerator capable of
delivering a beam of 15 MeV He2+ ions, as well as protons and Heavy Charged Particles (HCP’s)
of many other elements.12 In this research, 5.5 MeV He2+ ions were used to simulate the alpha
decay of 238-Pu.
Figure 2.2 shows a schematic diagram of the accelerator used. Initially, to for the ion beam
He gas is fed into the Toroidal Volume Ion Source (TORVIS). A current is then supplied across a
filament to ionise He to He+. The He+ ions are steered through a rubidium vapour oven which
ionises He+ to form He- ions. The first stage of acceleration is to an Ar gas stream at 3.36 MV
where He- ions are stripped to form He2+ ions. After charge exchange, the second stage of
acceleration is away from the gas stream again at 3.36 MV. The acceleration the beam experiences
depends on the charge state during this stage.
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Figure 2.2 – Schematic diagram of NEC ion accelerator, located at the Dalton Cumbrian Facility, The University of
Manchester. Figure taken from [13].

The beam energy is reduced when the beam passes through matter – which the beam must
to leave the beam line and enter the sample cell. In order to quantify this energy loss, the beam is
passed through a titanium exit window on the end of the beam line and a mica window of known
composition, density, and thickness on the sample cell. The machine settings and hence initial
beam energy can then be corrected allowing the ion beam incident on the sample cell to be of
known energy. Figure 2.3 shows the bespoke sample cell mount attached to the end of one of the
beam lines.

Figure 2.3 - Sample cell with stirring mechanism, attached to the end of the DAFNE ion beam line at the Dalton
Cumrbian Facility, The University of Manchester.
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The TRIM (Transport of Ions in Matter) software package was used to calculate the energy
lost by the ion beam during its passage through these two windows. The machine energy and
steering magnets are then adjusted to ensure a beam with the desired energy arrives on the
sample.14 In the case of this research, the initial ion beam energy was between 10.82 MeV and
10.86 MeV, depending on the thickness of the mica window in use. A constant flow of N 2 is
introduced between the titanium window and the mica window of the sample cell to prevent the
formation of O3 from air radiolysis which could cause corrosion of the beam line end station.

2.2.3 Dosimetry
Energy absorption by matter was discussed in more detail in Chapter 1. Dosimetry is the
measurement of the amount of energy absorbed by matter exposed to radiation, a parameter that is
fundamental to this research and to radiation science in general. This section includes a brief
overview of the principal dosimetric technique employed for each radiation source used in this
research. Namely, the Fricke dosimeter for γ-irradiation and the use of the sample cell as a Faraday
cup during ion beam irradiations. Radiation dose is defined in terms of energy absorbed per unit
mass. The SI of energy absorption is the Gray, with 1 Gy = 1 J kg-1 meaning that absorbed energy
is determined per unit mass of the absorbing material hence the mass of the absorbing system must
also be known. This can then be converted to a total absorbed energy for each irradiated sample.

2.2.4 60-Co – The Fricke Dosimeter
Chemical dosimeters are commonplace in radiation science. This is a type of secondary
dosimeter – whereby the absorbed dose is determined by a change in the system induced by
interaction with ionising radiation. The series of reactions which allow the determination of dose
by Fricke dosimetry are outlined by Reactions 1-6.

∙
H + + e−
(aq) → H

R1
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H ∙ + O2 → HO∙2

R2

HO∙2 + Fe2+ → Fe3+ + HO−
2

R3

+
HO−
2 + H(aq) → H2 O2

R4

Fe2+ + H2 O2 → Fe3+ + HO∙ + OH −

R5

Fe2+ + HO∙ → Fe3+ + OH −

R6

This is the aerated variation of the Fricke system and it concerns the oxidation of Fe2+ to
Fe3+ by the radiolysis products of H2O. Fe3+ is UV-Vis active with a characteristic absorbance at
304 nm. The solution is composed of Fe2SO4 (0.2 g) and H2SO4 (11 mL) made up to 500 mL with
deionised water to form a stock solution.
The protons provided by the acid help to convert reducing species (i.e. hydrated electrons)
to oxidising species (H atoms and O2 molecules) which in turn leads to the oxidation of Fe2+.
UV-Vis spectroscopic analysis was carried out using a Keison Products Jenway 6715 UV-Vis
spectrometer immediately following radiation exposure.15 The absorbed dose is then calculated
using Equation 2.1.
Dose Rate (Gy/min) = [

(100 F)(𝑂𝐷𝑖 −𝑂𝐷𝑢 ) 60
] (17)
𝜌𝑑 G(Fe3+ )

2.1

where F is the Faraday constant (9.65 104 C/mol), ODi is the optical density of the irradiated
solution, ODu is the optical density of the un-irradiated solution,

is the molar absorption

coefficient of ferric ions at the wavelength of maximum absorbance (2204.0 mol -1 cm-1 at 304 nm),
G(Fe3+) is the radiolytic yield of Fe3+ (15.5 molecules/100 eV for

-rays),

is the density of the

Fricke solution (1.024 g cm-3), and the path length, described by d, is 1.0 cm. The equation is
multiplied by (60/17) to correct for the fact that the irradiation was 17 s in length but the dose rate
is expressed in Gy/min. A worked example is shown by Equation 2.2.
= [

(100×9.65×104 )(0.607−0.157) 60
] (17)
(1.024)(1.0)(2024.0)(15.5)

= 440.47 Gy/min

2.2

This value will then be carried forward in the dose rate calculation, in conjunction with the
values calculated for a 15 s and 19 s irradiation, to account for uncertainties introduced when the
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source rods are raised and lowered from their shielding. The value from Equation 2.2 was carried
forward to calculate the dose rate at position 2A, and is given in Table 2.
The high activity of the three cobalt radiation source rods means the maximum expected
dose rates of this irradiator are above 400 Gy/min. However, the Fricke dosimetry solution has a
linear response with respect to a dose up to a limit of 400 Gy.16 Hence, the solution would become
fully oxidized after approximately one minute and the optical density of the solution would no
longer be linearly related to the absorbed dose. For this reason, the Fricke solution is irradiated for
a maximum time of 15 seconds. This yields a total dose absorbed in 15 seconds, which is then
multiplied by four to convert this value to a dose rate in units of Gy/min. The Fricke solution is
also photosensitive, i.e. light will cause the oxidation of Fe2+, hence the solution must be kept in
darkness at all times, as a non-irradiated aliquot of the stock solution is used to provide the value
corresponding to ODu.
Dose rate measurements were made by irradiating 3 mL aliquots of the stock solution in
the sample vials which will be used to carry out experiments and at each position within the
irradiator chamber. The measurement at each position was repeated three times for reproducibility.
Radiation from the 60-Co source cannot be switched on and off like light from a bulb –
radiation, while always present, is not incident on the sample at all times as the rods are housed in
shielding to allow access to the irradiation chamber. Instead, the rods are raised from the shielding,
which exposes the sample to the radiation and this takes approximately two seconds and a further
two to be lowered back into the shielding. This extra time introduces some uncertainty which must
be accounted for when calculating absorbed doses or the dose rates for the various positions. The
error is more pronounced for short irradiations, however, due to the high dose rate experienced
from the irradiator used here, long irradiations of the Fricke solution were not possible as the upper
limit of 400 Gy would have been exceeded. The dose rates were calculated as shown below in
Table 2, corrected for the time taken to raise and lower the rods into the shielding.
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Table 2 - Dose rates and the associated errors at corresponding positions within the irradiator chamber in units of
Gy/min, calculated by Fricke Dosimetry for 15 second irradiations. Dose rates corrected for time take for rods to be
moved into an out of shielding. A, B, and C indicate 60-Co radiation source rods.

A

B

C

1

2

3

A

336.9
± 39.8

444.7
± 50.2

438.8
± 37.4

328.8
± 36.4

B

223.3
± 23.7

250.2
± 27.4

256.1
± 27.8

217.3
± 22.9

C

156.2
± 18.4

167.9
± 19.9

171.9
± 20.3

149.3
± 17.7

D

98.2 ±
11.6

103.2
± 12.2

120.8
± 14.2

110.0
± 13.0

4

The calculation of the error associated with the dose rates is discussed in Section 2.4.5. As
a proportion, four seconds is much more significant for the 15 second Fricke irradiation than it
would be for a 12-hour overnight irradiation, a factor which is also discussed in 2.4.5.
Other methods used to measure dose rates for this project include the RadCal. This method
could not be used alone as it does not take into account potential attenuation by the sample vessel
and hence was used in conjunction with other dosimetry methods to ensure a dose rate with as little
associated error as possible.

2.2.5 Pelletron Dosimetry
The dosimetry of an ion beam is an absolute measurement, rather than determining the
absorbed dose from the change in properties of a solution as is the case for the the Fricke
dosimeter. That is, the absorbed dose can be counted directly. The number of ions hitting the
sample, N, during an irradiation of time t (in seconds) can be calculated by recording the current,
using a Keithley Picoammeter, using Equation 2.3. This method is commonly used in ion
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accelerator dosimetry, and works because the sample cell and the titanium window setup at the end
of the beam line act as a Faraday cup.17,18
𝑁
𝑛

=

𝐼𝑡
e

2.3

where I is the measured electrical current (in Amps), e is the elementary charge (in Coulombs) and
n is the charge state of the ions. In the case of this research, the beam consists of ions in a single
charge state; He2+ ergo n = 2. The number of ions reaching the sample, N, can then be calculated by
dividing by the elementary charge according to Equation 2.4. The absorbed dose, D, is calculated
using Equation 2.4. In order to calculate the absorbed energy (D) in units of MeV, the beam energy
(E) must be known. The initial energy of the beam is pre selected to compensate for the stopping
powers of the titanium exit window, N2 purged air gap, and mica window on the sample cell, which
is calculated using the TRIM software package.
𝐷=

𝑁𝐸
𝑛

2.4

where E is the energy of the incident beam (in MeV). As the energy absorbed by the sample is in
eV, the results can be compared directly to results obtained from -ray irradiations.

2.3 Analysis Techniques
2.3.1 Gas Chromatography
This subsection explains how the gases formed during irradiation of water adsorbed on
metal oxides are measured. In order to measure the amount of gas produced by water radiolysis,
gas chromatography was employed. This was done using a specially adapted SRI 8160C Gas
Chromatograph (GC) coupled to a Thermal Conductivity Detector (TCD).19 The GC was fitted
with an adapted 4 m length column with a ¼” outer diameter containing 14 molecular sieves. The
sampling system is arranged as shown in Figure 2.4 when valve G is opened to guide the sample to
the detector.
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Figure 2.4 - Internal setup of adapted SRI 8160C Gas Chromatographs showing gas flow when valve is activated for
sample detection.

A flow rate of 50 mL/min was achieved by operating the GC at 40 C and an Ar pressure of
8 psi.20 This setup is an example of an inline sampling method chosen as it is possible to sample all
of the gas produced rather than taking an aliquot and making the assumption that the sample is
representative of the products. The benefit of this method is that even if small volumes of H2 are
produced, the gas may still be sampled. Whereas - if using the headspace injection method sampling low yields may mean that the amount of gas taken from the sample headspace may be
below the lower limit of detection of the TCD. The lower limit of detection of the TCD used here
was tested to be ~1.0 L by injecting decreasing gas volumes into the sample loop until no detector
response was observed.
Thermal conductivity detectors work on the principle that the thermal conductivity of the
analyte gas is significantly different from the thermal conductivity of the carrier gas. Gas is guided
from the GC through two channels and over two filaments – one for reference and one for
detection, in a setup known as a Wheatstone Bridge.21 A TCD does not give any information on the
identity of the gas which is being detected. The role of the molecular sieve is to separate gases by
their relative mass meaning larger molecules have a longer retention time in the sieve column so
the TCD can detect the gases individually. The identity of the gases can be determined by
observing their retention times by injecting H2, O2 and N2 (individually then combinations thereof)
into the sample line.
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If the reference gas and the analyte gas are identical, then there is no difference in thermal
conductivity between the reference and detection filament and therefore no signal. If one or more
gases are present with a significantly different thermal conductivity to the carrier gas, the filament
temperature will change at a different rate on the detection side than the reference side, resulting in
a signal.
TCDs operate best when there is a large difference in the thermal conductivity between the
analyte and carrier gas. Table 3 lists some common gases and their thermal conductivities.
Table 3 - Thermal conductivity of common gases.22,23

Ar

Thermal Conductivity /
cal s-1 cm-1 C 106
42.57

N2

62.40

O2

63.64

He

360.36

H2

446.32

Gas

From Table 3, it can be seen that the carrier gas of choice for H2 detection would be Argon.
In the case of this project, ultrapure Ar is used (99.999%), supplied by BOC. In order to change
sensitivity to, for instance, O2, the carrier gas is switched to Helium.
The sensitivity of the TCD filaments may change over time which can be attributed to
change in the ambient conditions of the lab (i.e. %RH or temperature), because of the amount of
water present in the column, or because the filament has become oxidised. However, injecting
corrosive materials into the GC can cause the eventual corrosion and oxidation of the detection
filaments, therefore compromising sensitivity. Because of this, it is important to calibrate the GC
frequently. This is done by injecting different volumes of gas into the GC. An example of hydrogen
calibration is shown in Figure 2.5.
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Figure 2.5 - Calibration of GC performed by injecting known volumes of 5% H2 in Ar. The detector response (change in
voltage with respect to time) is then integrated giving a peak area which is in turn plotted as a function of injected H 2
volume. The gradient from this plot can then be used to calculate unknown volumes from peak areas.

The response of the TCD should be linear, hence a linear fit is performed through the
points and the gradient of the line is used to determine the volume of unknown samples according
to Equation 2.4.
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

Vol μL = 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡.

2.5

Calibration was done using pre-mixed 5% H2 in Ar gas (Scientific and Technical Gases
Ltd.) using a Sample-Lok A2 gas-tight microlitre syringe (Sigma Aldrich). A description of how
analyte gas from samples is introduced to the sample loop is covered previously.

2.3.2 Sources of Error
The volume of H2 gas is calculated by the integration of the plot of the change in voltage
with respect to time. However, the voltage response of the detector can also be affected by a
number of factors. The amount of water present on the TCD filaments, for example, can affect the
voltage response. This can be mitigated by performing a “Bake-Out” cycle prior to measurements.
To drive water off the column and detector, the temperature is typically set to 120 C for 60 mins.

63

Chapter 2: Techniques and Methods

A factor which cannot be controlled is the oxidation of the tungsten-rhenium TCD
filaments over time. In order to account for this, three or four point calibrations are performed prior
to each experiment and comparted to the original calibration data. If the value is significantly
different, a new full calibration is performed and the new relationship is used. This helps to ensure
consistency in the data.
Calibration injections were performed using a gas tight syringe, however uncertainty may
still have been introduced at this point. Analysis of the calibration points, i.e. the difference seen
when injecting “identical” volumes, gave an average error of

2.5%.

2.4 Methodology for Adsorption of Water onto Oxide Particles
A critical parameter that must be quantified in this work is the amount of water adsorbed
on an oxide surface. Radiation dose is calculated with respect to mass, if the amount of water is not
known, it is not possible to calculate accurately the amount of incident radiation energy is absorbed
by the irradiated sample. Accurate knowledge of the amount of water present also allows the effect
of the presence of the oxide to be studied and comparisons made to other materials and
experiments. This section will describe the specific details of a commonly used method for water
adsorption to oxide surfaces for irradiation and analysis of gases.24,25
To remove water adsorbed to the sample surface before preparation by humidity control,
the oxide samples are placed in a Carbolite Furnace and heated to 400 C. The mass of the samples
was taken periodically and were removed from the furnace when the mass had stopped decreasing.

2.4.1 Humidity Control
Water adsorption onto nominally “dry” powders is achieved by relative humidity (%RH)
control. After samples are dried (baked at 400 C for 24 h), a 1.0 g sample is exposed to a constant
%RH in a sealed chamber. Initially in this project, %RH was determined by a saturated salt

64

Chapter 2: Techniques and Methods

solution according to Table 4.26 The relative humidity of the chambers was measured using Testo
174H data loggers.

Table 4 – %RH a saturated aqueous solution of the respective salt would produce in a sealed chamber

Aqueous Salt Solution

%RH

H2O

99.9

KCl

84.2

NaCl

75.1

Mg(NO3).6H2O

52.8

CH3.COOK.1.5H2O

22.2

An alternative approach is to use aqueous solutions of H2SO4 of varying concentrations
according to Table 5.27 Using H2SO4 solutions allowed greater precision when selecting %RH
hence the switch to sulphuric acid solutions was made for the majority of these experiments.

Table 5 - %RH corresponding to concentration of H2SO4 solution at 25 C in a sealed chamber.27

Concentration (%)

%RH

64.8

10

55.9

25

43.4

50

30.4

75

18.5

90

When a “dry” oxide is exposed to an atmosphere of a certain %RH or water vapour
pressure, water molecules will adsorb to the oxide surface. The number of water molecules
adsorbed on the oxide sample surface corresponds to the water vapour pressure present with an
equilibrium eventually established, i.e. the greater the vapour pressure, the more water will adsorb.
The amount of water adsorbed to a solid surface can be expressed in terms of the number of
monolayers. A monolayer is defined as a single layer of molecules, occupying each vacant
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adsorption site.28 In order to calculate this, it is first assumed that there are 1 1015 available H2O
adsorption sites per cm-2 of oxide, calculated from the lattice parameters of monoclinic ZrO2.29
If the SSA of the oxide (or a representative sample of the whole batch) is known typically
in units of m2/g, the number of available adsorption sites can also be calculated when one
monolayer of coverage is achieved when each available adsorption site is occupied by one H2O
molecule. The mass of one water molecule is known, ergo the mass of one complete monolayer can
be calculated. In real systems, adsorption does not end at a single monolayer and multilayer
formation occurs.27 On this basis, since the effect of the presence of an oxide on the yield of H2
from adsorbed water is under investigation, this knowledge is critical.

2.4.2 Basis for the Number of Surface Adsorption Sites
Interpretation of the production of H2 and O2 is based on the number of monolayers of
water present on an oxide surface. This quantity is inferred from an estimate of the number of
surface adsorption sites for water. In the analysis presented, the number of surface sites on the ZrO2
nanoparticles is taken to be of the order 1019 m-2. This assumption is based on a standard and
widely accepted value.30 The number of surface adsorption sites on an oxide surface can be
measured by the reaction of terminal -OH groups produced by the chemisorption of water on the
oxide surface with a Grignard reagent, such as methyl magnesium bromide (CH3MgBr) to yield
gaseous CH4, shown by Reaction 7.31
−OH + CH3 MgBr → −OMgBr + CH4 .

R7

The volume of CH4 can then be measured as a function of the mass of the bulk oxide. The
number of surface sites is obtained from the slope of the line of best fit to a plot of the yield of CH4
to the specific surface area of the oxide. In reference [31], the gaseous yield of CH4 from a ZrO2
sample with a surface area of 104 m2/g was found to be 20.6 10-3 moles/m2, giving a density of
surface sites of 2.62 1019 sites per m2.
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The assumed value is also consistent with the following two simple calculations. Firstly,
the unit cell parameter of monoclinic ZrO2 is 5.2 Å.32,33 Hence, the area which one surface atom
occupies is ~2.7 10-19 m2.
If the area that one atom occupies is 2.70 10-19 m2 and there is one H2O binding site per
atom, then there are 3.70 1018 possible binding sites per m2 of metal oxide. Of course, the oxide
samples are not perfect crystals, and specific information is not known about the surface of each
sample.
An additional simple estimate of the number of surface sites can be made by recalling that
a mole of H2O has a mass of 18.0 g and contains 6.022 1023 molecules. Therefore, 1.0 g of H2O
contains 3.34 1022 molecules and occupies a volume of 1.0 10-6 m3 (density of 1 g/mL), hence
each H2O molecule occupies a volume of 3.0 10-29 m3, which means a unit parameter is 3.1 Å
(assuming for simplicity a cubic volume for each water molecule). This calculated value is close to
the measured value of water molecules ( 3.0 Å) documented in the literature.34
Water molecules, which are 3.1 Å in size, would cover a surface area of 9.64 10-20 m2,
meaning 1.03 1019 molecules are able to pack per m2. Here, the approximation that has been made
is that all molecules align the in the same way, as it is not known specifically how water molecules
will adsorb on the surface of the metal oxide powders, i.e. whether, for example, they have
dangling OH groups or are bound by the oxygen to a terminal OH group or whether they are intact
or dissociated.
The latter calculation is supported by the following idea: pure bulk water has a density of
about 1000 kg/m3, while hexagonal crystalline ice is less dense having a density of 917.0 kg/m3,
hence ice floats on liquid water.35 The density of 1.0 1019 adsorbed water molecules on the surface
of a metal oxide can be calculated using the volume one water molecule occupies (3.0 10-29 m3)
and the mass of one water molecule (2.99 10-26 kg)
𝜌=

𝑚
𝑉

=

2.99×10−26
3.0×10−29

= 998.0 kg/m3

2.1
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where

is the density in kg/m3 , m is the mass in kg and V is the volume in m3. The density of the

first monolayer of water adsorbed to the surface of a metal oxide is, therefore, lower than the
density of bulk pure liquid water but of greater than the density of hexagonal ice.
The metal oxide samples used in this research are powders, and have an irregular microcrystalline surface with different crystal planes exposed. Intricate details of the surface of the
entirety of each sample are not known. This estimated number of surface sites employed in this
work is commonly used and is a standard value in literature sources.2,36,37

2.4.2 Tube Crush Method
The method will hereafter be named the “tube crush” method because in order to liberate the
analyte gas for analysis, the Pyrex sample tube must be shattered in the GC sample loop. The flame
sealed Pyrex tubes were used to ensure samples were kept isolated as closed systems and prevented
lab air from contaminating the results. All samples are baked at 400 C for a period of 24 hours to
remove adsorbed water and residual contaminants leaving roughly one monolayer of adsorbed
water. This could be in the form of dissociativley chemisorbed molecules and this would require
much higher temperatures to remove. However, at these temperatures there is a risk of sintering the
oxide which could change the structure.
1.0 g of sample is placed into Pyrex tubes (10 cm length, 1 cm diameter) and exposed to a
constant %RH in a sealed chamber. Water adsorption was quantified as the average number of
monolayers by measuring the change in mass between pre and post %RH exposure. The samples
were then purged of air with Argon (99.999%). Care must be taken because air can become trapped
in the packed powder which would contribute to the radiolysis products and skew the results. After
the sample tube has been purged for a period of time while gently agitating the sample and it can be
assumed that the sample is as air free as possible, then the Pyrex tubes are flame sealed and
irradiated, this is shown in Figure 2.6. A worked example of the calculation of the number of
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monolayers adsorbed on the surface of ZrO2 nanopowder by this method is provided in
Appendix B.

a.

b.

Figure 2.6 – a. Gas chromatograph with Pyrex sample tube set up for sample analysis. b. Pyrex sample tube in Tygon
sample loop. Image taken from [38].

In order to release the analyte gas, the Pyrex tubes are “crushed” inside a Tygon GC
sample loop. Once crushed, the flow of carrier gas is activated to carry the sample through the
molecular sieve loop and into the TCD for analysis. The crushed Pyrex glass and oxide sample are
then disposed of.

2.4.3 Method Validation
Figures 2.7a) shows the FT-IR spectrum of a ZrO2 sample after the drying process - baking
under vacuum at 400 C for a period of 24 h. Figure 2.7b) shows the FT-IR spectra of the same
ZrO2 sample after preparation exposure to a 99.9 %RH atmosphere for 24 h. From the mass
increase of the sample between pre- and post-%RH exposure, it can be calculated that 22
monolayers of water had adsorbed onto the ZrO2 sample.
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Figure 2.7a) FT-IR spectrum between 4000 - 500 cm-1 of a representative sample of ZrO2 (26.2 m2/g) after baking at
400 C under vacuum for 24 h. b) FT-IR spectrum between 4000 - 500 cm-1 with a spectral resolution of 1.0 cm-1 of ZrO2
(26.2 m2/g) powder after exposure to 99.9 %RH atmosphere, having gained 22 monolayers of adsorbed water. Spectra
recorded using ATR FT-IR with a spectral resolution of 1.0 cm-1.

The absence of any peaks indicative of -OH groups from water in Figure 2.7a indicates that
the sample preparation by baking at 400 C under vacuum is adequate to drive water from the
surface of the ZrO2 oxide powder. The presence of a peak at ~3400 cm-1 after exposure to a water
saturated atmosphere indicates that water has adsorbed to the surface of the oxide, shown in
Figure 2.7b.39
Figure 2.8 shows the DRIFT spectrum for a sample of ZnO after baking at 400 C for 24 h,
and after sample preparation by exposure to a 99.9 %RH atmosphere for a period of 24 h. As the
SSA of the sample is known, from the mass change of the sample, it can be calculated that
8 monolayers of water had adsorbed to the sample surface.
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Figure 2.8 - FT-IR spectrum of ZnO powder (4.1 m2/g) showing dry ZnO powder after baking at 400 C for a period of
24 h (red) and ZnO powder after exposure to an atmosphere of 99.9 %RH to allow eight monolayers of water to adsorb to
the sample surface (black). Spectrum recorded using DRIFT with a resolution of 1.0 cm-1.

Figure 2.8 demonstrates that water can be introduced to a nominally dry ZnO powder
surface by exposure to a water saturated atmosphere. The magnitude of the -OH peak could, in
theory, be used to quantify the water loading on the oxide sample surface. In practice, however,
this is almost never done due to experimental difficulties. In this case, it is only a qualitative
exercise to demonstrate that water adsorption by %RH control is capable of introducing water to
the surface of a dry powder.
To lend credibility to the measurement of the radiolytic yield of gases, it was necessary to
quantify the yield of H2 from water radiolysis as there is a wealth of literature data to draw
comparisons. This was done using ultrapure water (18.2 M /cm) and a water containing a small
amount of a species which will inhibit H2 consuming reactions known as a scavenger – in this case
0.1 mMol KBr, this was covered previously in Section 1.4, but is summarised in Reaction 8.
H+

Br−

HO• + Br − ⇋ [HOBr]− → Br • + H2 O →

B2•−
2

R8

It is well known that Br- is an efficient scavenger of the OH radical. The OH radical is the
only species which will consume H2 in solution. Hence, adding small amount (mMol) of Br- will
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block this H2 consuming reaction and yield a better overall picture of the quantity of H2 that is being
produced. The number of molecules of H2 as a function of absorbed dose from water with a radical
scavenger is shown in Figure 2.9 along side the plot attained from the radiolysis of pure water with
no scavenger present.
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Figure 2.9 - Variation of the number of H2 molecules produced with the energy absorbed, in units of 100 eV, by the
system. G(H2) is extracted from the slope of the trend line for 0.1 mMol KBr solution (left) 0.42 molecules/100 V and
ultrapure (18.2 M cm-1) water (right) G(H2) = 0.21 molecules/100 eV.

Note, the axis units are in a form where the G value can be taken directly from the slope of
the trend line, i.e. absorbed energy is in units of 100 eV and volume converted into number of
molecules according to the ideal gas law. In line with literature, H2 yields increase linearly as a
function of absorbed energy giving a G(H2) value of 0.42

0.01 molecules/100 eV, a value in good

agreement with the average quoted literature data.40 The same was true for ultrapure deaerated
water, an experimental G(H2) value of 0.21

0.02 molecules/100 eV was calculated from the

gradient of Figure 2.9, which is also in agreement with literature values.40
The agreement between the literature data and this experimental data suggests that the
technique can be trusted to yield accurate data, hence the project can progress to the investigation
of metal oxide-water systems.
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2.4.4 Error Associated with Tube Crush Method
Reducing the sources of error was critical to this project because of the sensitivity of the
measurements to changes in conditions. When measuring the mass of the sample after baking and
again after %RH exposure, the sample is exposed to a change in %RH. This may change the
amount of water present on the surface of the oxide while the sample is on the balance. A sample
exposed to an atmosphere saturated with 99.9% water vapour moved into the lab air (typically
around 40% water vapour but varies according to the local climate) will observably lose mass
through desorption of water as the sample rests on the balance. This means that while the sample is
out of the saturated atmosphere, water molecules will desorb from the oxide and this cannot be
quantified or accounted for. The antithesis occurs for samples taken from an ultra-dry atmosphere
into the lab air – powders will observably gain mass while on the balance. These factors make
determining the monolayer coverage with certainty a difficult task. These discrepancies in adsorbed
water mass may, however small, remain an unquantifiable source or error. Water may also be lost
from the surface during the purge process with Ar. These cannot be accounted for or corrected,
therefore a large uncertainty is introduced to a critical parameter needed for this series of
experiments.
Tygon tube attached to glass adapters to the GC fittings are not air tight and can also break,
split or come loose hence introducing another possible means by which an experiment can fail.

2.4.5 Analysis of Errors
Error in Sample Preparation and Analysis
Uncertainty is ubiquitous in scientific measurements and errors can arise via two different
means. Unavoidable imprecision in the instruments and detectors are named systematic errors and
propagate throughout a series of measurements, hence must be accounted for. The second type of
error is introduced by factors which vary from one measurement to the next and cannot be
controlled, these are termed random errors. Equation 2.6 was employed to account for the total
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error, both random and systematic, introduced to the experiment during sample preparation and
analysis.41
𝛿𝑘r = √(𝛿𝑘ran )2 + (𝛿𝑘sys )2

2.6

where kran denotes random errors, ksys denotes systematic errors and kr is the total error for the
measurement. When a sample is prepared by the tube crush method, a systematic error arises
during the measurement of the sample mass. No manufacturer data is available for the actual error
associated with the mass measurement by the balance, but the accuracy of the balance is 0.0001 g.
To get a relative error from this absolute measurement the accuracy of the balance is divided by the
mass of a typical sample (1.0020 g), giving a relative error of 0.00998.
The systematic error in the gas measurements comes from detection by the TCD which is
coupled to the GC, however, no manufacturer information was reported for the error associated
with the output. A measurement was taken of the variation in peak areas when identical volumes of
H2 gas was introduced to the TCD and was calculated to be 2.5%. Hence, the total systematic
errors were 0.025. The total random error was assumed in the worst case scenario to be 0.05 arising
from the variation in %RH of the lab and changing moisture content of the column over a series of
measurements. This gives a fractional error of 0.50 according to Equation 2.7:
= √(0.00998 + 0.025)2 + (0.05)2 = 0.05

2.7

and this is equal to 5.0%. For measurements made using the vacuum line method, the error in the
high precision digital pressure gauges attached to the vacuum line is reported to be 0.1%. The same
value 0.05 is carried forward for the error introduced by the TCD. Hence, the fractional error
introduced in these measurements by the vacuum line method is calculated to be:
= √(0.026)2 + (0.05)2 = 0.056

2.8

which is equal to 5.6%, carried forward throughout the measurements.
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Error in Energy Absorbed
The error introduced during the exposure of samples to an external radiation field is
systematic in nature and arises from the time taken for the source rods to rise from their shielding
and retract after irradiation. Radiation exposure time begins to be measured only when the rods are
fully raised from their housing, however, due to the nature of the

-source, samples will be

exposed to some radiation immediately as the rods leave the shielding. In the worst case, it takes
two seconds for the rods to be drawn from the shielding and a further two seconds for the rod to be
fully lowered after an irradiation. Hence, in the worst case scenario the samples are exposed to
some level of radiation for an extra four seconds, which must be accounted for.
The dose rate experienced at the rear of the irradiator, closest to the source rods, is
expected to be above 400 Gy/min. Complete oxidation of the Fricke solution will occur at 400 Gy,
hence samples for dosimetry measurements are irradiated for a maximum of 15 seconds. An extra
four seconds of radiation exposure, which could be the case for the rods moving from their
shielding, is a significant fraction of this time. Hence, the effective dose was calculated using three
different lengths of irradiation:
•

15 s - no additional time for source rod movement – ideal situation

•

17 s - one second for rods to rise and a further one second to fall – the most likely
situation

•

19 s - two seconds for rods to rise and two seconds to fall – worst case scenario

The energy absorbed (averaged over three measurements for each length of irradiation)
was calculated for each of the radiation exposure times using Equation 2.1, then the percentage
deviation from the mean of these values was calculated. This was repeated for each sample position
in the irradiator.
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Table 6 - Dose rates (in Gy/min) measured by Fricke dosimetry with their associated error, measured in July 2018.
Measurements were carried out using SS sample vessels used for sample irradiations, and taken at each sample position
in the irradiator. A, B and C represent source rods.

A

B

C

1

2

3

A

336.9
± 39.8

444.7
± 50.2

438.8
± 37.4

328.8
± 36.4

B

223.3
± 23.7

250.2
± 27.4

256.1
± 27.8

217.3
± 22.9

C

156.2
± 18.4

167.9
± 19.9

171.9
± 20.3

149.3
± 17.7

D

98.2 ±
11.6

103.2
± 12.2

120.8
± 14.2

110.0
± 13.0

4

The average deviation in dose rates for each position was calculated to be 11.45% and this
value is carried forward throughout the experiments. These dose rates and their respective errors
are based on the average of the three measurements – 17 second irradiations.
The magnitude of the error associated with the dose rate diminishes with increased
irradiation time. The error introduced by the time taken for the source rods to rise and fall during a
2-hour irradiation, for example, is much lower as 4 seconds is 0.05% of the irradiation length,
whereas during the dose rate measurements 4 seconds is 23.5% of the irradiation length.

Summary
The error associated with each measurement of the gas produced from adsorbed water
radiolysis was determined to be 5.0% and 5.6% for the traditional method and vacuum line
methods respectively. The average error in the energy absorbed for all -radiolysis experiments was
determined to be 11.5%. These values are considered to propagate throughout and are not
expressed on the plots.
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Discussion of Figure 3.6:
G values are calculated relative to the energy absorbed. Since the energy absorbed is
determined by the mass of the material (in this case, ZnO and adsorbed water), as the mass of water
present increases the absorbed energy will increase. Hydrogen production appears to occur by
competing processes. As can be seen in Figure 3.6, excess H2 formation is most pronounced within
the first two monolayers where adsorbed water molecules have a more ordered structure. In this
region, energy transport, either by exciton migration (electrostatically bound electron-hole pairs) or
by excess low energy electron migration from the oxide into the water molecules is thought to be
responsible for enhanced H2 production but this process is limited to the first few monolayers
because due to the finite migration distance. Hence, the enhanced radiolytic yields observed in the
first monolayers of water decrease as the mass of the adsorbed water taken into account in the
calculation increases.
Evidence of the finite migration distance of energy from the oxide into the adsorbed water
layers can be observed by the large drop off in G(H2) value as the water loading increases beyond
two monolayers. At this point, adsorbed water molecules have a structure resembling bulk liquid
water. As a result, in water layers further from the oxide interface water radiolysis would occur in
the same way as for bulk water and not due to energy migration from the interface. As such, the G
value tends towards the value observed for deaerated water, namely 0.45 molecules/100 eV.
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3.1 Abstract
The presence of a metal oxide surface can significantly alter the product yield distribution
during the radiolysis of water with some metal oxides such as ZrO2 or CeO2 increasing the yield of
H2 during the irradiation of water adsorbed on the oxide as compared to liquid water while other
oxides such as PuO2 decrease H2 yields. In this study, the γ-ray radiolysis of the ZnO/H2O system
was investigated. Surprisingly, both O2 and H2 were produced in similar quantities. The production
of O2 is unexpected as no, or negligible, amounts of O2 have been observed for the radiolysis of
water adsorbed on other oxides. Molecular oxygen production is observed during the radiolysis of
both wet and dry ZnO, indicating that the source of at least some of the O 2 is the bulk oxide. The
production of H2 due to the radiolysis of water adsorbed on ZnO is an order of magnitude greater
than for pure water. This increase is likely due to an energy transfer process from the oxide to the
adsorbed water molecules. However, the radiolysis of aqueous suspensions of ZnO resulted in
lower radiolytic H2 yields than for pure water.
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3.2 Introduction
The interaction of ionizing radiation with water adsorbed on the surface of metal oxides
has been the subject of intense study in recent years.1,2,3,4,5,6 It has been shown that the presence of
certain metal oxides has been observed to have a pronounced effect upon the yields of some
important species produced during irradiation.7,8 While the radiation chemistry of water is well
understood, and the yields of radiolysis products are reliably established, the mechanisms
underpinning radiolysis of water in the presence of a ceramic interface are not universally
agreed.9,10
The radiolysis of water adsorbed on ZrO2 and CeO2 particles increases the yield of H2 by
up to four orders of magnitude compared to the yield for pure water.11 Conversely, certain metal
oxides decrease the radiolytic yield of H2 relative to the radiolysis of water.8 An important example
of an oxide that appears to decrease the yield of H2 is PuO2, a product of the reprocessing of spent
nuclear fuel.12
Attempts to ascertain the oxidising products formed in the radiolytic splitting of water at an
oxide surface have been inconclusive. For instance, when molecular oxygen (O2) is detected from
the radiolysis of water in the presence of metal oxides, it is in almost negligible volumes as O 2 is a
highly efficient scavenger of the H atom and the hydrated electron.13 This renders the detection of
any quantities of O2 novel and worthy of further investigations.14
Phenomena such as the enhancement of the radiolytic yield of H2 or the radiolytic
production of O2 in the presence of oxides common to the nuclear industry could give rise to
operational and safety concerns.15,16 These include the pressurisation of waste containers, alteration
of coolant water chemistry and hydriding of fuel cladding in reactor cores. For these reasons, the
investigation of the radiation-induced chemistry, including the production of H2 and other species,
of water in contact with metal oxides is of utmost importance, and understanding the mechanism of
H2 production and common trends amongst various oxides are valuable. The exact mechanism
behind the increased H2 yield during the radiolysis of water adsorbed on oxide surfaces is not
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known, but it must involve energy or charge transfer from the solid oxide to adsorbed water
molecules leading to altered yields of molecular products, or changes of surface structure or
morphology.17
The Zn cation is an important additive in the primary circuit coolant chemistry of light
water reactors. It is added to reduce the build-up of radiation fields away from the reactor by
replacing and limiting the incorporation of gamma emitting Co in oxide films.18 Petrik et al. have
suggested that the presence of a zinc oxide, ZnO, surface does not increase the radiolytic yield of
H2.8 It has also been reported that dry ZnO thermally releases O2 when heated to above ca. 400°C.19
The oxide subsequently enters a sub-stoichiometric state and changes color from white to
green/yellow. After cooling in an O2 rich atmosphere, the color change quickly reverses as the
oxide incorporates O2. The sub-stoichiometry is documented as Zn(1+x)O where x = 7.0×10-4.20 It
has also been reported that the radiation tolerance of ZnO can be tuned by engineering specific
defects into the lattice for increased stability in radiative environments.21
In this study, the effects of -irradiation on the water–ZnO system are investigated. First,
the structure of the ZnO powder was determined by X-ray Diffraction (XRD) and the surface
moieties were characterised by Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectroscopy. The surface area and porosity of the oxide particles were determined by the
Brunauer-Emmett-Teller (BET) method. Irradiations were performed using 1.173 MeV and
1.332 MeV -rays from a 60-Co source. The radiolysis of water adsorbed on the surface of ZnO
particles and of water – ZnO slurries was examined by characterising and quantifying the gaseous
products. The dependence of the yield of H2 and O2 upon radiation dose was investigated also, as
was the variation of both products as a function of water loading on the oxide surface. Both of the
molecular gases, H2 and O2, were detected, but not in stoichiometric quantities. Most interestingly,
O2 was also detected from the irradiation of nominally dry ZnO particles, i.e. the interaction of
ionizing radiation with the ZnO powder seems to have a similar effect to thermal treatment.
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3.3 Experimental
Zinc oxide (99.9%) was purchased from Sigma Aldrich and used without further
purification. The surface area and the estimated particle size were determined by the BrunauerEmmett-Teller (BET) method using a Micromeritics TriStar II surface area analyzer. Analysis of
water and other contaminants on the surface of the powder was conducted using temperature
dependent DRIFT spectroscopy. DRIFT spectra were measured in situ with a Bruker Vertex 70 FTIR spectrometer employing a Harrick Praying Mantis high temperature cell. X-Ray diffraction
(XRD) measurements were taken using a Bruker D8 Powder X-ray Diffractometer. Scans were
taken over 2 values between 20° and 85° with a step size of 0.05°. Samples were kept static
during measurements.
Prior to preparation by humidity control, samples were heated to 500°C for up to 36 hours
to remove adsorbed water and any residual organic contaminants from production. Heating to this
temperature was not found to alter the specific surface area (determined by BET). The oxide was
cooled and stored under vacuum, then weighed in sample tubes and finally placed in a constant
humidity chamber. Sample tubes consist of 1 cm diameter Pyrex tubes 10 cm in length. The
humidity of the chamber was controlled using saturated salt solutions and the percent relative
humidity (%RH) measured using Testo 174H data loggers.22 After uptake of water, samples were
re-weighed, followed by the sample tubes being purged with a positive pressure of argon (99.999%
procured from BOC) before being flame sealed. We also performed control experiments in which
we irradiated empty, purged sample tubes, which did not generate a detectable amount of either H 2
or O2.
Gamma-irradiation was performed using a Foss Therapy Services Inc. 812 self-contained
60-Co radiation source. In July 2017, the dose rate was measured by Fricke dosimetry to be
442.7 Gy/min. Samples were irradiated with up to 36.5 kGy. The gases produced were measured
(after cracking open the glass sample tubes under argon flow) using an SRI 8610C Gas
Chromatograph (GC) equipped with a Thermal Conductivity Detector (TCD). Argon carrier gas
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was passed through a constant flow regulator, an injection loop connected to a four-way valve and
into a column containing a molecular sieve.
The carrier gas selection determines the sensitivity of the TCD to the analyte gases. In
order for the TCD to have high sensitivity to a specific gas, the thermal conductivity of the analyte
must be significantly different to that of the carrier gas.23 There is a large difference in the thermal
conductivities of H2 and Ar, hence Ar was used as the carrier gas in the detection H2. In contrast,
Ar has a similar thermal conductivity to O2, hence in this instance, He was selected as the carrier
gas to increase O2 sensitivity.24
GC calibration was performed for each gas by injecting known quantities of either premixed 5% H2 in Ar or 5% O2 in Ar calibration gases (Scientific and Technical Gases Ltd).
Injections were performed using a Sample-Lok A2 gas tight microliter syringe (Sigma-Aldrich).
The lower limit of detection of the GC is 1.0 L, determined by injecting progressively smaller
volumes until no signal was observed. H2 and O2 volumes were calculated from the GC output
using the ideal gas law.
3.4 Results and Discussion
The diffraction pattern of ZnO powder used in this study was recorded both pre and post
exposure to gamma irradiation. Comparison of the measured spectrum for the un-irradiated powder
with known XRD data25 suggests the crystal structure of the nanoparticles is hexagonal (0001)
wurtzite. Gamma irradiation did not noticeably alter the crystal structure even at the maximum
dose used in this study, 36.5 kGy. A figure comparing the XRD data is included in the
supplementary information (Figure S1).
To compare the radiolytic H2 yields from water adsorbed on metal oxides for different
measurements, and more importantly for a range of metal oxides, it is crucial to correctly quantify
the amount of water adsorbed on the ZnO surface; here this parameter will be expressed as the
average number of monolayers of water on the oxide surface. In order to calculate this quantity, the
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specific surface area (SSA) of the particles was determined by the BET method (4.12 ± 0.1 m2/g)
and it is assumed that there are 1019 adsorption sites per m2. The shape of the isotherm (included in
the supplementary data, Figure S2) indicates that the particles are non-porous. Assuming that the
particles are spherical and non-porous, based on the surface area, the average particle diameter is
~270 nm.
Figure 3.1 shows the increase in mass as a function of %RH of the humidity chamber.
Even when left for an extended period at 99.9% relative humidity, the maximum water coverage
achieved is only 8 monolayers. In contrast, ZrO2 adsorbs three to four times that amount in the
same time.11
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Figure 3.1 - Number of water layers adsorbed after 24 hours (□) by ~ 1.0 g samples of ZnO as a function of relative
humidity. After 14 days at 99.9%RH, the coverage reaches a maximum of approximately 8 monolayers (○). Error bars
included, however, they are hidden by the data points.

The number of monolayers is calculated from the difference in mass between the dry
powder and the the powder post exposure to water vapor in the relative humidity chamber. The
uptake of water on the surface of dry ZnO is a slow process with several days required to achieve
more than two to three monolayers coverage. Water desorption from the powder samples does not
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occur on a time scale that would significantly decrease the adsorbed water content during
experiments. This fact was verified by observation of the mass decrease of the sample maintained
in a low %RH atmosphere.
Figure 3.2 shows the effect of temperature on the DRIFT spectra of ZnO particles left in a
relative humidity chamber for 14 days at 99.9%RH to analyse the amount of intact water molecules
present. The spectra were recorded at 25°C, 100°C, up to 500°C in incremental steps of 100°C. The
spectrum was then re-recorded once the sample had cooled to 25°C.
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Figure 3.2 - DRIFT measurements taken at temperatures of 25°C, 100°C, and in 100°C intervals until 500°C. The
spectrum was recorded again after the sample had cooled back to 25°C. Free OH bond stretching vibrational frequency
range is visible below 3500 cm-1, taken from Ref. [26] shown as the red bar under the spectrum. The spectra taken at
400°C, 500°C and after cooling to 25°C are indistinguishable.

The OH bond stretching vibrations between 3000 cm–1 and 3500 cm–1 (indicated by the red
bar in Figure 3.2) are characteristic of undissociated water.26 The absorbance is strongest at 25°C
and decreases in magnitude until at 500°C where it disappears. After the sample cools down to
ambient temperature, the signal for adsorbed water does not re-appear. These data suggest heating
the oxide sample to above 400°C removes intact water molecules from the surface of the oxide
down to surface coverages below the detection sensitivity of the spectrometer. Hence, following
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heat treatment, the coverage with undissociated water will be well below one monolayer, although
there may also be species from dissociatively chemisorbed water (such as OH groups) present on
the surface. The feature at around 2250 cm-1 is due to the presence of gas phase CO2 in the
headspace above the sample in the Harrick cell. No changes in the DRIFT spectrum are observed
after heat treatment of up to 500 C (or after irradiation up to 36.5 kGy dose) apart from those
associated with the release of adsorbed water. This lack of change indicates that any modifications
induced by heat (or ionizing radiation) are either quickly reversed in an O 2 rich atmosphere, or
below the detection limit of the spectrometer.
In radiation chemistry, the yield of a species produced by ionizing radiation is usually
expressed by a G value, which denotes the number of molecules of a species produced per 100 eV
of radiation energy deposited into the system. The G(H2) value for deaerated water with a small
quantity of a hydroxyl radical scavenger (typically 0.1 mM KBr) to prevent recombination
chemistry is 0.45 molecules/100 eV, which translates to about 0.45×10−7 mol J-1 in the
corresponding SI units.27 This value can, therefore, be used as a benchmark when investigating the
effect of the presence of an interface or substrate during water radiolysis as deviation from 0.45
indicates the substrate is indeed having an effect on the radiation chemical mechanism.
When assessing radiation effects in multiphase systems (such as water/metal oxide
systems), two options exist for quantifying the radiation dose received by a sample; the first
approach is to calculate the dose received by the water-metal oxide system as a whole. The second
approach is to only consider the dose received by the water adsorbed on the oxide. Calculating the
dose received with respect to adsorbed water only means any deviation from the yield for deaerated
water is attributable to processes involving the oxide, such as the transfer of energy from the oxide
to the water.10 In the following discussion unless otherwise stated, the dose of radiation quoted is
with respect to the mass of the adsorbed water only to allow identification of any effect due to the
oxide. For instance, an increased yield might signify energy is transferred to the adsorbed water
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from the oxide while a decreased yield might suggest enhance recombination chemistry on the
oxide surface.
The effect of the gamma radiation dose on the number of molecules of H 2 produced by
radiolysis of 1.2 monolayers of water adsorbed on ZnO nanoparticles is shown in Figure 3.3. As
the release of physisorbed water from the oxide surface into the Ar over gas is slow on the
timescale of the experiments, the observed production of H2 is only from the radiolysis of adsorbed
water. Any contribution to the yield from gaseous water molecules is negligible. The production of
H2 increases linearly with radiation dose, over the dose range investigated. No H2 release is
observed from an un-irradiated sample of wet ZnO powder, indicating that the production of H2 is a
radiation effect, not a catalytic effect of the oxide alone. In addition, the irradiation of dry ZnO also
yields no H2, indicating that the source of H2 is the adsorbed water.
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Figure 3.3 – Effect of energy absorbed by the water on H2 production from the gamma radiolysis of 1.2 monolayers of
water adsorbed on 1.0 g of dry ZnO particles with a surface area of 4.12 m 2/g. The slope of the plot gives
G(H2) = 5.56 molecules/100 eV.

The yield of H2 produced, G(H2), is obtained from the slope of the best fit line to the
experimental data. At 5.56 molecules/100 eV, the value is more than an order of magnitude greater
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than is observed for the radiolysis of deaerated water containing a small amount of OH radical
scavenger, 0.45 molecules/100 eV. This observation is in disagreement to results by Petrik et al.,
who suggested that ZnO is a member of the group of oxides that do not enhance the production of
H2 from adsorbed water. The increase suggests that energy is transferred from the oxide to
adsorbed water molecules. While the exact mechanism for energy transfer is not known, Petrik et
al. have suggested that the enhanced production of H2 at water-oxide interfaces could be attributed
to exciton (electrostatically bound electron-hole pair) formation in the bulk oxide due to the
irradiation and subsequent exciton migration to the oxide/water interface. 8 At the interface, exciton
annihilation would then cause dissociation of the water molecules leading to the formation of H 2.28
Petrik et al. also postulate that the band gap of the oxide plays a role in determining the magnitude
of enhancement in the H2 yield with the maximum enhancement being observed for oxides with a
band gap of ~5 eV (such as ZrO2)29 which is close to the bond dissociation energy of the H-OH
bond of (adsorbed) water.8 Thus annihilation of a surface exciton at the water-oxide interface is
postulated to lead to H-OH bond breakage. In the case of ZnO, the band gap is 3.3 eV, which is
significantly less that H-OH bond energy, yet the enhancement in the yield of H2 is considerable.30
This result implies the exciton mechanism postulated by Petrik et al. is not applicable to ZnO.
LaVerne and co-workers have also observed significantly enhanced H2 production from water
adsorbed on a variety of oxides including CeO2, TiO2 and SiO2 with band gaps different from
5 eV.1,2,11,17,28
The amount of O2 produced from the radiolysis of 1.2 monolayers of water adsorbed to the
surface of ZnO nanoparticles as a function of radiation dose to the water is shown in Figure 3.4. No
O2 was detected from un-irradiated ZnO samples, nor does water left in contact with ZnO without
irradiation yield a detectable quantity of O2. The quantity of O2 produced radiolytically increases
linearly with dose. The only previous observation of the radiolytic production of O 2 from water
adsorbed on an oxide was by LaVerne and Tandon. They detected O2 in amounts at least an order
of magnitude lower than H2 production during their work on the radiolysis of water adsorbed on
UO2.31 Several studies of the radiolysis of confined water in molecular sieves have also observed
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the production of small amounts of O2.32,33,34 This work on the radiolysis of water adsorbed on ZnO
observes O2 production in similar yields to H2.
The yield of O2, G(O2), from the radiolysis of 1.2 monolayers of water adsorbed on ZnO
determined from the gradient of the best fit to the data in Figure 3.4 is 2.07 molecules/100 eV.
While the amounts of O2 and H2 detected from the radiolysis of 1.2 monolayers of water adsorbed
on ZnO nanoparticles are similar, they are not stoichiometric: the yield of O2 is somewhat less than
half that of H2.
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Figure 3.4 - Effect of energy absorbed by the water on O2 production from the gamma radiolysis of 1.2 monolayers of
water adsorbed on 1.0 g of dry ZnO particles with a surface area of 4.12 m 2/g. The slope of the plot gives
G(O2) = 2.07 molecules/100 eV.

The stable oxidising products typically detected during the radiolysis of water are H2O2 and
HO2, while O2 is generally not observed.10 Furthermore, O2 is not produced unless the oxide is
irradiated suggesting that the production of O2 is not a catalytic effect of the oxide alone, but due to
the interaction of radiation with the oxide. Figure 3.5 shows the volume of O2 produced from
irradiation of ~1.0 g of dry ZnO as a function of the radiation dose to the oxide. Even dry samples
of ZnO not exposed to water vapor in a relative humidity chamber, generated O2 when irradiated,
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with the rate of production increasing linearly with dose. The yield of O2 determined from
Figure 3.5 is G(O2) = 8.34 10-3 molecules/100 eV (with the absorbed energy calculated with
respect to the mass of the oxide).
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Figure 3.5 – Effect of energy absorbed by the oxide on the number of molecules of O 2 produced from the gamma
radiolysis of 1.0 g of dry ZnO nanopowder. The slope of the plot gives G(O2) = 8.34 10-3 molecules/100 eV.

Observing O2, but not H2, during the irradiation of the dry oxide samples clearly
demonstrates that the source of O2 is the oxide, and the decomposition of physisorbed water
molecules. However, it is not possible to rule out dissociatively chemisorbed water/OH groups as
the potential source of O2.
As briefly mentioned previously, it is known that thermal treatment of ZnO can lead to a
reduction of the oxide; the sub-stoichiometry that arises from the thermal treatment of ZnO to
above 400°C is reported to be Zn(1+x)O where x = 7.0×10-4.19,20 Based on this stoichiometry, heating
1.0 g of ZnO should produce about 87

L of O2. This value is of the same magnitude as the

volumes measured in this work, which strongly suggests that gamma irradiation reduces ZnO in a
similar vein as thermal treatment of ZnO. A white to yellow/green color change is also observed
during gamma irradiation, which is quickly reversed upon exposure to an O2 rich atmosphere.
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While the previous discussion was centred around H2 production from 1.2 adsorbed
monolayers of water on ZnO nanoparticles, we have repeated these experiments for further
coverages to extract G(H2) values as a function of the average number of water layers, see
Figure 3.6.
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Figure 3.6 – Yield of H2 as a function of the number of water layers adsorbed on about 1.0 g of dry ZnO particles. The
yield for the radiolysis of deaerated water containing a small amount of OH radical scavenger to prevent recombination
reactions is G(H2) = 0.45 molecules/100 eV and is shown as a dashed line for comparison.a1

In order to explain these experimental results, it is worth comparing the observed G-values
for H2 production with those for other metal oxides. Experiments investigating the radiolysis of
water adsorbed on ZrO2 and CeO2 particles found G(H2) values of 150 molecules/100 eV and
20 molecules/100 eV, respectively.11 The radiation-catalytic activity of ZnO towards H2 production
is much less than for ZrO2. According the mechanism proposed by Petrik et al., this discrepancy is
explained in part by the (larger) difference between the band gap for ZnO and the H-OH bond
strengths as compared to ZrO2. However, some form of energy transfer must still take place,
otherwise G(H2) values similar to deaerated water (0.45 molecules/100 eV) would be expected.

a1Figure

3.6 cannot be expanded upon on this page as Chapter 3 is comprised of a paper that is published in Journal of
Physical Chemistry C and hence cannot be changed. Discussion of figure can be found on Page 78.
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The G(H2) values in the experiments ZrO2 and CeO2 show a sharp rise in G(H2) as the water
loading is decreased,11 which is not observed for ZnO. The yields for all oxides, however, should
decrease to the value for deaerated water as the water loading on the oxide increases; this is
because the influence of the substrate is felt less and less as the water coverages increases, and
outer water layers are further removed from the oxide interface. It is reasonable to assume that the
propagation of energy from the oxide surface through the adsorbed water layers is independent of
the oxide substrate. Consequently, the lower G(H2) values for ZnO must be due to a less efficient
energy transfer from the oxide to the adsorbed water, or different chemistry occurring at the ZnO
surface compared to the ZrO2 surface.
H2 production from the radiolysis of aqueous suspensions of ZnO in water has also been
investigated. The amount of ZnO present (in terms of weight percent) was varied from 1% to 80%,
shown in Figures 3.7(a) and (b). A slurry of twenty weight percent water corresponds to over 100
monolayers of “adsorbed” water, therefore a direct comparison between the data presented in
Figures 3.6 and 3.7a is not appropriate; however, the two sets of data appear to transition
reasonably well.

94

Chapter 3: -ray Radiolysis of ZnO/H2O

3.5

G(H2) / molecules/100 eV

3.0
2.5
2.0
1.5
1.0
0.5
0.0

0

20

40

60

80

100

Water %

Figure 3.7a - Yield of H2 as a function of the weight percentage of water. G(H2) is calculated with respect to energy
absorbed by H2O only. The solid horizontal line indicates the yield for deaerated water with a small quantity of OH
radical scavenger to prevent recombination reactions, 0.1 mM KBr (~0.45 molecules/100 eV), and the dashed line
indicates the yield measured under the experimental conditions from deaerated water without an OH radical scavenger
(~0.22 molecules/100 eV).
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Figure 3.7b - Yield of H2 as a function of the weight percentage of water. G(H2) is calculated with respect to energy
absorbed by H2O and ZnO. The solid diagonal line indicates the yield from deaerated water with a small quantity of OH
radical scavenger to prevent recombination reactions, 0.1 mM KBr (~0.45 molecules/100 eV), and the dashed line
indicates the yield measured under the experimental conditions from deaerated water without an OH radical scavenger
(~0.22 molecules/100 eV).
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Figure 3.7(a) and (b) shows the variation in G(H2) with weight percent water with the Gvalue calculated relative to the amount of energy deposited in the water only in Figure 3.7a and
relative to the amount of energy deposited in the water and the oxide in Figure 3.7(b.) The figure
also includes lines showing the G-value for H2 that would be expected if it was produced solely
from the radiolysis of deaerated water (with and without a small amount of OH radical scavenger
to prevent recombination reactions, 0.1 mM KBr). The energy deposited to the two phases is
calculated according to the “mixture law”, which states that the fraction of the total energy initially
deposited into a multicomponent mixture is proportional to the electron density (or the mean mass
collision stopping power) of each component.35
At 30 and lower weight percent water, the samples are a damp powder or a paste rather
than an aqueous suspension/slurry: the distribution of water is not even throughout the oxide
powder sample. This heterogeneity is the principal reason for the error associated with the yields at
low weight percent water.
These data show that as the weight percent of water increases, G(H2) decreases. This effect
shows the decreasing influence of energy transfer from the oxide to the water phase as the amount
of water increases and approaches 100%. Interestingly, as the percentage water present reaches
100%, G(H2) tends towards the value observed for the radiolysis of deaerated water in the absence
of an OH radical scavenger measured as 0.22 molecules/100 eV and shown by the dashed lines in
Figure 3.7a and 7b. This result is at odds with work performed on other water/oxide systems. For
instance in aqueous suspensions of ZrO2 and Al2O3, G(H2) falls to approximately the value for
deaerated water with a radical scavenger (0.45 molecules/100 eV), indicating that oxide particles
scavenge OH radicals.28,36 In this study, the ZnO particles are not sufficiently reactive towards
radiation-produced radicals (due to concentration, size or chemistry) to break the reaction chain.
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3.5 Conclusion
The

-radiolysis of dry ZnO and water adsorbed on ZnO powder has been examined.

Following irradiation, no change in the bulk crystal structure of ZnO was detected by XRD up to a
dose of 36.5 kGy, nor was there any change in surface area as measured by the BET method.
Most strikingly, the production of O2 was observed in comparable amounts to H2 during the
radiolysis of water adsorbed to ZnO. The volume of O2 was observed to increase linearly with dose,
and O2 was (even) observed after irradiation of dry ZnO powder. O2 has never previously been
observed in similar quantities to H2 during irradiation experiments with any other metal oxides. In
analogy with the well-known thermal reduction of ZnO, we conclude that the ZnO itself appears to
be the most likely source of O2 in these experiments.
Molecular hydrogen yields from the radiolysis of water adsorbed to ZnO nano-particles are
an order of magnitude greater than G(H2) from deaerated water. G(H2) was observed to decrease as
the number of water layers increased, which indicates that some form of energy transfer from the
ZnO particle to the adsorbed water layers takes place. The increased H2 yields, however, are less
pronounced compared to other oxides previously studied, suggesting a less-efficient energy transfer
mechanism or different chemistry occurring at the ZnO surface compared to the ZrO2 surface.
The amount of H2 detected from the radiolysis of aqueous suspensions of ZnO was lower
than the value observed for water containing a small quantity of OH radical scavenger to prevent
recombination reactions, but in line with the value observed for pure deaerated water. This
indicates that the ZnO particles used were not sufficiently reactive towards OH radicals (due to
concentration, size or chemistry) to break the reaction chain reforming water.

Supporting Information
Recorded x-ray diffraction pattern of ZnO powder pre and post irradiation.
Experimental N2 adsorption/desorption isotherm of ZnO powder.
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Figure S1- X-ray diffraction patterns of ZnO before irradiation (top, red) and after -irradiation to a dose of
36.5 kGy (bottom, black) which was not observed to change the crystal structure. Assignment in agreement
with Ref.[25].
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Figure S2– Full adsorption/desorption isotherm (using N2) used to determine the BET surface area of ZnO
nano-particles which was, in this case, 4.121 0.1 m2/g. The shape of the isotherm and lack of hysteresis
loop indicates that the particles are highly non-porous.
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Chapter 4: A Novel Method for Measuring the Radiolysis Yields of
Water Adsorbed on ZrO2 Nanoparticles
4.1 Preliminary
The radiolytic yield of H2 from the radiolysis of water adsorbed on a metal oxide exhibits
dramatic variation with the amount of adsorbed water. In this situation, there is a substantial
challenge to obtain reliable results through methods adopted from literature which rely on small
increments in sample mass to determine water adsorption. Water vapour is delivered from aqueous
salt or acid solutions in sealed chambers which are repeatedly opened to the atmosphere which
could cause contamination or unmeasurable changes in the mass of adsorbed water present. This
work sets out to address this challenge by developing a method which accurately controls and
measures the amount of water adsorbed on an oxide for irradiation by utilising the change in
pressure of a closed, vacuum system. Prior to the presentation of the results obtained in this body of
work, a description of the development of a novel method of introducing known quantities of water
to metal oxide samples for irradiation is presented.
The focus of this section is the development of a method for the control over adsorption of
water to dry powder sample surfaces for irradiation and subsequent analysis. This will be referred
to hereafter as the “vacuum line method” and the apparatus referred to interchangeably as the
“manifold” or “vacuum line”. The vacuum line was developed to replace the previous water
adsorption method which was by humidity control and analysis by the tube crush method.
As discussed in Section 2.4, a critical parameter that must be quantified in this body of
work is the number of water layers adsorbed on metal oxide sample surfaces, expressed as the
average number of monolayers. Radiation dose is defined as an absorbed energy per unit mass,
hence if water present on the surface of an oxide is not quantified it is not possible to accurately
calculate how much energy is absorbed by the system meaning any trend will have significant
scatter and reduce the reliability of the data. Accurate knowledge of the amount of water present
also allows the effect the presence of an oxide has on the radiation-induced chemistry to be studied
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and comparisons to be made to other materials and experiments. A detailed description of the
errors associated with sample preparation and energy absorption can be found in Section 2.3.3.
Systematic errors introduced to the measurements of water adsorption by humidity control by the
uncertainty in balance.
Random error is introduced during the measurement of the mass of the sample – the
sample must be taken from a constant humidity chamber into the lab air. The %RH of the lab varies
with the local climate, hence the water loading on each sample can change by differing amounts
between sets of measurements.
The method will be described with specific details given on the design, material selection
and construction of the vacuum line. A method validation exercise is presented and concluding
remarks on the advantages the vacuum line offers over other methods. A short overview of the
limitations of the vacuum line method is also given.

4.1.1 Design and Material Selection
Performing the experiments under vacuum conditions is a logical evolution of the
experimental method since air (and the radiolysis products thereof) contaminate the gas phase
products and as a result would mask the results. The focus of this work is detection of H2 and O2,
however, as O2 and H2O are present in air (or from air radiolysis), removing air from the sample
vials will give much more clearly defined experimental conditions to study the products formed
from adsorbed water radiolysis.
The system was constructed entirely from Swagelok 316 stainless steel as: the risk of
implosion is eliminated; corrosion of the stainless steel occurs on a much longer time scale than the
length these experiments; the system leaks at an insignificant rate on the time scale of the
experiments and water radiolysis on steel has negligible contribution to gaseous products – which
was confirmed in control experiments.
The valves, taps and connections that will be subjected to irradiation are constructed from
all metal components with no polymer or oil based lubricant that could break down on exposure to
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ionising radiation and would contribute to the gas phase radiolysis products. The pumping system
selected is a rotary vane (Edwards D4V) backed turbomolecular pump (Edwards EXT 75DX)
shown in Figure 4.1. This system is capable of evacuating the manifold to 0.3 mTorr, below the
lower detection limit of the Thermal Conductivity Detector (TCD) fitted to the Gas Chromatograph
(GC) used in this series of experiments.

Figure 4.1 – 316 stainless steel vacuum line manifold and pumping system.

The pressure of the vacuum line is measured using two Kurt Lesker 275i gauges accurate
to 1 10-4

1 10-5 Torr. Evacuation of the manifold to the lowest possible base pressure is

necessary so the contribution of radiolysis products from air is minimised. The manifold is also
held at a constant temperature by heating tape to prevent cold spots where water may condense and
distort the pressure change measurements necessary to quantify water adsorption.

4.1.2 Modifications
Initially, to introduce water vapour to the evacuated manifold, a glass reservoir was
attached, as indicated in Figure 4.3. However, due to the nature of the glass to metal connection,
the leak rate was too great. Therefore, the decision was made to switch to an all metal Swagelok
water reservoir, located in the centre of the vacuum line.
Backfilling the sample vials with 600 Torr of Argon was initially tested, primarily because
Ar is the carrier gas of choice for H2 detection using a TCD, but also so the conditions would more
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closely mimic the PuO2 storage system in industry. However, it was found that this forced the
oxide powder into the manifold causing the pressure gauge filament contamination, hence
irradiations were carried out with a base pressure of 10.0 mTorr. The dose rate to the head space
gas present remains the same however, there is less gas present thus minimising gas phase
contributions to the radiolysis products. This is so all of the analyte gas can be attributed to
adsorbed water radiolysis as opposed to gas phase water radiolysis.
During analysis, the sample vials are attached to the GC and the connections of the sample
line are evacuated. In order for the sample to be analysed, the pump provides a pressure gradient
for the analyte gas to flow out of the sample vial and into the GC. Initially, the diaphragm pump
was only capable of evacuating the GC to ~70.0 Torr, while the sample vials were at ~10.0 mTorr.
This meant the gases would flow in the opposite direction however, this was addressed by
upgrading the pumping system on the GC from a diaphragm pump to an Edwards D4B rotary vane
pump.

4.1.3 Applications of the Vacuum Line Method for Radiolysis Studies
Metal oxide powder, in this case ZrO2 (1.0 g), of known SSA (22.5 m2/g) are placed in
Swagelok sample vials (Figure 4.2) and baked at 400 C for 24 hours (until the mass of the oxide
stopped decreasing) to remove adsorbed water. Oxide samples are then stored under vacuum prior
to preparation. These are then attached to the vacuum line, re-evacuated while still hot and all taps
are closed so air cannot enter the sample after baking.
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Figure 4.2 - Image of vacuum line sample vessel.

The entire manifold is evacuated to a base pressure of 10.0 mTorr. According to
Figure 4.3, tap (a) and tap 1 are closed to create two separate volumes, V 1 and V2. A known
pressure of water vapour is released into V1 (while keeping V2 evacuated) and tap 2 is closed. Once
the pressure is has equilibrated and stabilised, the gas in V1 is introduced to V2 by opening tap (a)
while all other taps remain closed.
Pressure
Gauge

Pressure
Gauge

Pressure

Gauge

V1 V1

1

3

2

5

6

4
7

Pumping System
Water
Reservo ir

a
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Figure 4.3 - Schematic diagram of vacuum line manifold, constructed from Swagelok 316 stainless steel and developed
for adsorption of water to dry powder surfaces.

When a known vapour pressure of water is extended from V 1 into evacuated V2 containing
no oxide powder, using the ideal gas law and knowing the volumes of the two components means
one can calculate the pressure should drop by 0.37 Torr. A pressure change of 0.1 Torr is actually
is observed when V2 does not contain any oxide powder. With a starting pressure (P1) of 16.0 Torr,
the expected pressure change can be predicted by calculating P2 using the relationship described by
Equation 4.1.
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𝑃1 𝑉1 = 𝑃2 𝑉2 ⟹ 𝑃2 =

𝑃1 𝑉1
𝑉2

(16.0×133.32)(4.3×10−5 )

=(

4.4×10−5

)/133.32 = 15.63 Torr

4.1
4.2

where P1 and P2 (in units of Pa) are the initial and final pressures respectively, and V 1 and V2 (in
units of m3) are the initial and final volumes respectively, which is then conversion from Pa to Torr
as 1.0 Torr = 133.32 Pa. The calculated pressure change is 0.37 Torr, which is close to the observed
change of 0.1 Torr. The discrepancy could be due to the accuracy and error associated with the
digital pressure gauges. The measurement is also small in magnitude and the pressure gauge is
located at the opposite end of the manifold. To lend greater precision to this measurement, a high
precision pressure gauge could be attached to the vacuum line just above the volume V2. This
would not be practical during sample preparation however, as it greatly increases the risk of
contaminating the pressure gauges.
The presence of an oxide sample presents a significant number of new adsorption sites for
water molecules and the surface area of the oxide sample adds significant new surface area to the
sample vial. For this reason, the pressure change when the known vapour pressure of water is
opened to V2 containing an oxide is expected to be greater than the change of 0.1 Torr (when V2 is
empty).
Initially, the pressure decrease observed when an oxide sample is present is approximately
4.0 Torr, this value is specific for this Specific Surface Area (SSA) and oxide. The pressure
continues to decrease as more H2O molecules adsorb to the oxide surface. The vacuum system is
sealed, with a known leak rate and held at a constant temperature by heating tape therefore, it can
be safely assumed that the pressure decreases observed can be attributed to adsorption of water
vapour onto the oxide.
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4.1.4 Proof of Concept - Calculation of Number of Monolayers by Vacuum Line Method
In order to calculate the water layer coverage on an oxide sample by this method, the
volume of internal components must be known so the pressure change associated with adsorption
of water molecules to the sample can then be determined. The internal volume was calculated by
releasing a known vapour pressure of water into a section of known volume. The volume
containing a now known pressure was then opened to the section of unknown volume which was
then calculated using the ideal gas law. Water vapour was used as the detector response of the 275i
pressure gauges is linear and requires no correction. This value was corroborated by repeating the
measurement with gaseous Ar. However, when using Ar, a correction to the output was required
because 275i gauges have a non linear response to changing argon pressures. Special care had to be
taken not to pressurise the vacuum line above the limit of the detectors when using Ar as
pressurisation of above 1000.0 Torr would cause the pressure gauge filaments to fail irreparably.
To ensure the calculation of water coverage by the vacuum line method is consistent with
adsorption by %RH control, the mass was taken of the oxide samples prior to evacuation and
exposure to water vapour under vacuum. The monolayer coverage was then calculated from the
pressure change and the mass increase. The two values agree to within 2%, thus allowing the
investigation to progress. Expressing the quantity of water present on a molecular surface as the
average number of monolayers is commonplace in surface science.
To quantify the pressure change from water vapour adsorption to the oxide as the average
number of monolayers, the specific surface area of the oxide sample must be known, measured
here by the BET method, then the ideal gas law can be used. Equations 4.3-4.6 illustrate an
example of the pressure change associated with one monolayer of water adsorption onto ZrO 2
(1.0 g, 22.5 m2/g).
4.3

𝑝𝑉 = 𝑁k𝑇
∴𝑝=

𝑁k𝑇
𝑉

× 133.32

4.4

where p is the pressure difference (Torr), V is the volume (m3), T is the temperature (K), N is the
number of moles and k is the Boltzman constant (1.38 10-23 m2 kg s-2 K-1). The factor of 133.32
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corresponds to the conversion from Pa to Torr. Since N can be drawn from the number of
adsorption sites available on the sample (2.25 1022 m-2, from ), T (in the case of these experiments,
296.15 K) is known and the volume of all the internal components is known, it can be calculated
the pressure change that would correspond to one monolayer of adsorption:
𝑝=

(2.25×1022 )(1.38×10−23 )(296.15)
×
0.0608

133.32

= 11.34 Torr.

4.5
4.6

Once the pressure change corresponding to one monolayer for the specific powder is
known, a cycle of water adsorption runs will then select the water coverage desired. Obviously, the
specific surface area of each sample must be known so the pressure change of water vapour per
monolayer can be calculated and the water adsorption can be tailored.
As the manifold is held at a constant temperature of 30°C, water adsorption to the pipes
can be neglected as it should remain constant throughout the experiment after initial equilibration
when water vapour introduced to a section, before opening to the sample. As the surface area of the
sample is greater than the surface area of the sample vial, adsorption to the sample vial can be
ignored.
If the vial containing the ZrO2 oxide sample was cooled during water adsorption, it would
appear that more water would adsorb on the oxide surface. However, once sample vials are
removed from the vacuum line, there is no facility available to keep them cooled during and after
irradiation, meaning any extra water layers which would have adsorbed due to the reduced
temperature would desorb from the sample surface over the course of the measurement. Hence, it is
advantageous of the setup to hold the manifold at a constant temperature.
After cycles pertaining to the adsorption 2 monolayers (ML’s) of water to the surface of a
ZrO2 sample, the sample vial was evacuated as if it were being prepared for irradiation. The mass
increase of the sample which would correspond to 2 ML’s of water adsorption was also calculated
(0.00216 g for a 1.0 g ZrO2 sample with an SSA of 7.2 m2/g). The vial was then opened to the lab
air, the pressure allowed to equilibrate, then the actual mass on the sample with adsorbed water was
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compared to the calculated mass. These values were found to be in close agreement, meaning water
layers were not desorbed from the ZrO2 surface by the brief pre-irradiation evacuation.

4.1.5 Remarks on Method
The development of the vacuum line method aimed to minimise the sources of error
associated with water adsorption to oxide surfaces by humidity control and allow better defined
experimental conditions. By carrying out the work under vacuum, contamination by air is
minimised. The advantages the vacuum line method offers include:
•

Less exposure to lab air. Heat treatment is done under vacuum and the sample vial sealed
from air and re-evacuated while still hot. Water adsorption by %RH control involves
removing the sample from the %RH chamber which perturbs the system. Some water gain
or loss (depending on the conditions of the lab) is inevitable however, the vacuum line
method ensures a controlled atmosphere at all times

•

More precise control over the number of monolayers and can reach much lower or
fractional monolayer coverage

•

Vapour from distilled water used to introduce water to samples rather than saturated salt
solutions which should minimise the risk of contaminating the powders

•

No Pyrex or Tygon used therefore, no easily broken lab ware and less waste

•

All sample can be easily recovered

•

Able to do multiple GC runs with one sample

•

Increased sample throughput
The agreement between the water layer preparation by %RH control and by the vacuum

line method lends credibility to the vacuum line method. The vacuum line method also allows the
average number of monolayers to be selected by controlling the number of adsorption cycles or
vapour pressure of water introduced to the sample. This cannot be done reliably or reproducibly by
controlling relative humidity.
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An additional advantage of the vacuum line method is that samples are recoverable. The
%RH preparation method and analysis by crushing the Pyrex tube does not allow any sample
recovery as the powders could become stuck to the sample loop or contaminated with glass or
traces of other substances that may be impregnated in the GC sample loop. Being able to easily
recover and reuse samples would allow this method to be extended to investigate EURATOM
accountable substances such as ThO2, UO2 and PuO2 without losing material or frequently handling
open radioactive materials. The vacuum line method also removes the wasteful and costly
sacrificial use of Pyrex and Tygon tubing, which cannot be recycled.
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of the vacuum line method as there is documented evidence that radiolytic H2 yields are enhanced
when ZrO2 is present during water radiolysis. Hence, generating detectable volumes of H2 would
not be an issue. There is also a gap in the literature data in a key region of water coverage (i.e.
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between 0.5 and 5 ML’s) which could not be specifically targeted with reliable reproducibility
using the %RH control method.
The article discusses the rationale behind the development of a new method, the proof of
concept and the data range selected is discussed. The experimental data obtained from both
experimental methods are then compared to each other and with literature data. The discussion of
the transfer of energy from the oxide to the adsorbed water layers is then discussed.
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Abstract
A new method has been developed to prepare oxide nanopowders covered with known
quantities of adsorbed water, and investigate the -radiolysis of these ZrO2/H2O systems. H2 yields
from the adsorbed water radiolysis were measured as these are of importance in multiple industrial
contexts. Nuclear energy industry aside, H2 yields are important in food sterilization by irradiation,
polymer production and the production of hydrogen fuel cells.1,2,3 Yields of H2 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 ZrO2 nanoparticles, approaching the
yield of bulk water at a coverage of in the region 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 of the ZrO2 can be transferred across the interface to the first one or two adsorbed water
layers. However, with increasing water loading, energy migration through the condensed water
layers becomes less efficient, and above 30 water layers, the majority of water is not influenced by
any energy migration that may have occurred at the ZrO2/H2O interface.
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4.2.1 Introduction
Water radiolysis is a process which has been studied for decades.4,5 It has important
implications in areas as diverse as interstellar chemistry,6 food sterilisation,1 as well as in the
nuclear industry.7 The radiolysis of water is a well-defined process, and there is generally a
consensus as to the stable product yields such as H2O, H2O2 and H2.8
The radiolysis of condensed water in contact with a solid substrate is important in a
number of areas. Water radiolysis in interstellar space occurs on ice grains which typically grow on
dust particles and in nuclear environments. Water in contact with reactor walls or water adsorbed
on spent nuclear fuel cladding, pellets and plutonium oxide is exposed to ionising radiation.
Radiolysis of adsorbed water results in H2 evolution but the yield of H2 depends strongly on the
identity of the species on which the water molecules are adsorbed. 12 Increased H2 yields during
water radiolysis in the nuclear industry can present significant safety and engineering challenges
from the formation of flammable atmospheres, alteration of reactor water chemistry, corrosion of
storage containers or triggering the embrittlement of steels. 9,10
Water can be in contact with spent nuclear fuel (i.e. UO2 and PuO2) during storage, water
vapour from the atmosphere or remnant from the cooling and separation process may adsorb on the
oxides. Water may also be in contact with ZrO2, from zircalloy cladding, in water-cooled reactors.
Due to the self-irradiating nature of UO2 and PuO2 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 radiationinduced chemistry of water adsorbed on or aqueous suspensions of various metal oxides, both
active and non-active, in recent years.11,12,13,14,15,16 One of the oxides which has attracted particular
attention is Zirconia (ZrO2); this is for a number of reasons, but one contributing factor is the
remarkably high radiation-catalytic yields of H2 from adsorbed water radiolysis.17,18,19,20,21
Alloys of zirconium are used as fuel rod cladding due to their high thermal conductivity
and low neutron capture cross section.22 Meaning water in contact with ZrO2 (either in the liquid
phase or adsorbed on its surface) is commonplace in the nuclear industry through the use of water
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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 2
is required.
In radiation chemistry, these 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(H2), the G value for H2 production, for pure 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 the OH radical in solution, the only H2-consuming species, as these would otherwise
distort the H2 yields.
Previous work by Petrik et al. and LaVerne et al. have reported a three order of magnitude
enhancement in the radiolytic yield of H2 for the radiolysis of water adsorbed on ZrO2 compared to
the yield from radiolysis of water with mMol concentration of a radical scavenger species.12,21
The abnormally high radiation-catalytic yield of H2 from water adsorbed on ZrO2 is
observed to become more pronounced as the water coverage decreases, in particular below five
monolayers.21 The quantity of adsorbed water present on a surface can be expressed as the average
number of monolayers (MLs). A single ML is said to have formed when each available adsorption
site is occupied.23 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 H2 production from water adsorbed on ZrO2, the G value has been shown to
increase from 0.45 (for scavenged water) to over 150 molecules/100 eV for below three MLs of
adsorbed water.24 However, it has not yet been possible to extend this range to coverages below
two MLs. It is important to note 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 subsequently the G values are calculated with respect to the mass of the water only. 24
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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 H2 from the
decomposition of surface bound water is related to the band gap of ZrO2, which is ~5.0 eV.25
Incident radiation may lead to the formation of excited states within the ZrO2 crystal (known as
excitons – electrostatically bound electron hole pairs), which have at least an energy corresponding
to the band gap of ~5.0 eV. Migration of these excitons to the surface of the metal oxide can lead to
energy transfer from the oxide to the adsorbed water molecules.26 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.27 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 H2 production so this exciton migration and transfer across the
interface may initiate radiolysis processes and be responsible for the enhanced G(H2) values
observed during water radiolysis in the presence of ZrO2.
One would expect that as the amount of water present increases, the yield of H2 would
increase. However, somewhat counter intuitively, these enhanced G(H2) values from adsorbed
water radiolysis decrease in magnitude as the number of water layers on the oxide increase.
As exciton migration distances are finite, adsorbed water layers more distant from the
oxide interface hence do not experience the effect of the exciton transfer. Excitons may not reach
the outermost water layers, yet the mass of these layers is considered in dose calculations, thus G
values decrease with increasing water loading until they ultimately reach the value for pure water
(plus scavenger) as the majority of the water does not experience the influence of the ZrO 2
substrate and hence, tends towards the G value of pure water.
Since the yields of H2 production have been well-characterised down to three water layers,
but not below, the studies presented here of ZrO2 with water adsorbed at monolayer coverages is
desirable for a better elucidation of the energy transfer across the oxide/water interface, and a more
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precise determination of the relevant length scales of energy transfer through condensed-phase
water.
Previous investigations which studied the radiation-catalytic yields of water on ZrO2, or
other oxides, down to a few layers have achieved water adsorption by exposure to a constant
Relative Humidity (%RH) in a sealed chamber.16,24,27,25 Nominally dry oxide powders are exposed
to an atmosphere with a constant %RH content determined by either saturated salt solutions or an
acid solution of varying concentration, H2SO4 for example.28,29 The average number of water layers
is then quantified by the change in mass of the sample between pre and post %RH exposure.
However, this method does not allow specific control over how much water 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, and in our
own previous experiments using the newly developed method, lower coverages have now been
reached to extend the data range.24,30 Water adsorption by %RH control also bears the risk of
contamination of sample surfaces with species present in the air or humidity control chambers,
since the sample is exposed to the atmosphere after baking.
It is important that any experiments are performed under clean and well-defined
conditions. The precise number of water layers deposited onto a clean surface must be known for
accurate calculation of energy deposition, and the capability to deliver pre-selected amounts of
water promises an opportunity to observe the effect of the interface on adsorbed water radiolysis.
This article describes a novel method to prepare adsorbed water on metal oxide
nanoparticles using a bespoke vacuum line. The method minimises exposure to the air after heat
treatment (to drive off excess water) to a minimum, and keeps the nano-powder mainly under
vacuum for cleaner and better defined conditions. The amount of water to be adsorbed can be preselected with sub-monolayer precision and is reproducible. This allowed the quantification of
radiation yields for water coverages that were previously much more difficult to reproducibly
access. That is, the number of water layers can be finely selected during preparation to below a
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monolayer. Finally, metal oxide samples can be recovered or re-used at the end of each
experimental run.
This preparation method was applied to the -radiolysis of water adsorbed on ZrO2 to
measure G(H2) 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 without
the need to open the sample system to atmosphere. H2 yields were measured down to submonolayer water coverages to access the range important in the elucidation of interfacial energy
transfer.
Experiments were also carried out using the humidity control method of sample
preparation based on %RH control. The data obtained from both methods were compared with each
other and to literature data, and were found to be in excellent agreement.

4.2.2 Experimental
Sample pre-treatment
ZrO2 (99.999%, 20 nm average particle diameter) was procured from Alfa Aesar and used
without further purification. The crystal structure was recorded using a Bruker D8 diffractometer
(between 2 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 m2/g. Heat
treatment or irradiation up to the maximum dose of 51.14 kGy, in this case, did not cause any
detectable change in crystal structure or specific surface area of the particles.

Humidity Chamber Method
ZrO2 powder was baked at 400 C for up to 24 h and cooled at atmospheric pressure to
remove adsorbed water. Samples were weighed in Pyrex sample tubes (10.0 cm length, 1.0 cm
diameter) and placed in a sealed constant humidity chamber. The humidity of the chamber was
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controlled using saturated salt solutions and the %RH measured using Testo 174H data loggers. 28
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) before being flame sealed. Control
experiments were performed in which empty, purged Pyrex tubes were irradiated which did not
generate a detectable amount of either H2 or O2. 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 tube was broken
in a Tygon sampling loop of a specially adapted SRI 8160C Gas Chromatograph (GC) coupled to a
Thermal Conductivity Detector (TCD).14,15
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. The change in water loading on the oxide surfaces,
while they may be small, still come about during the weighing process on exposure to lab air and
they cannot be quantified. The sample can also be contaminated by species present from the salt or
acid solutions during water adsorption by %RH control.
The analyte gas can also be lost if the Pyrex cuts through the Tygon tubing, as well as this
being a wasteful use of Tygon tubing and Pyrex glassware both of which cannot be recycled.
Furthermore, oxide sample prepared by this method cannot be reused as they are contaminated by
glass or remain inside the Tygon tubing. This method has major drawbacks, especially for
expensive or rare materials and EURATOM accountable substances such as some radioactive
elements such as PuO2, UO2 and ThO2.

Vacuum Line Method
10 cm3 stainless steel Swagelok vessels (SS-4CS-TW-10) with gas-tight all-metal stop taps
(SS-4H), which can be irradiated without forming further radiolysis products, were loaded with
ZrO2 (~1.5 g, 22.5 m2/g). These were subsequently baked (with the stop taps in the open position)
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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 H2, 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 of H2 gas. Vials containing powder were cooled to a temperature which
they could be handled using heat proof gloves and taps closed immediately upon breaking the oven
vacuum. These were then connected to a bespoke Swagelok vacuum line constructed from 316stainless steel and re-evacuated using a turbomolecular pump (Edwards EXT 75DX) backed by a
rotary vane (Edwards D4B) pump to an ultimate pressure of ~0.4 mTorr; a schematic diagram of
the vacuum line is shown in Figure 4.4.
Pressure
Gauge

Pressure
Gauge

Pressure

Gauge

V1 V1

1
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Pumping System
Water
Reservoir

a

V2
Figure 4.4 - Schematic diagram of Vacuum Line Manifold (the terms “vacuum line” and “manifold” are used
interchangeably). The system is constructed from all metal 316 stainless steel parts and evacuated using a rotary vane
(Edwards D4B) backed turbomolecular pump (Edwards EXT 75DX) 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 the opening the stop taps
during evacuation to ensure that nanopowder is not drawn into the vacuum line. Contamination of
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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
preparation.
Using the labelling from Figure 4.4, vials containing powder (V2) are evacuated to
~0.4 mTorr before being isolated from the vacuum line by closing the all-metal stop tap SS-4H, (a)
on Figure 4.1. V1 is isolated by closing the relevant taps and the evacuated vacuum line was then
connected to a liquid water reservoir, volume V1 is filled with approximately 16.0 Torr of water
vapour (measured using Kurt Lesker 275i pressure gauges). The H2O reservoir was then closed-off
from the vacuum line and the vapour pressure in V1 is allowed to equilibrate while V2 remains
evacuated. The water vapour in V1 is then opened to the sample volume, V2. Knowing the volumes
of V1 and V2 allowed the pressure change after re-opening V1 (now containing water vapour) to the
evacuated sample vial, V2, in the absence of ZrO2, to be calculated. This pressure change was
verified in control experiments.
In the presence of ZrO2 powder, a significantly greater pressure drop was observed,
attributed to adsorption of water to 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 the
greater change in pressure. 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 ultrahigh vacuum.31 Once the desired number of water layers had been adsorbed on the ZrO2 sample,
the vial was briefly re-evacuated. The water layer range obtained in this way could be chosen to be
anywhere between 0.5 and five monolayers.
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
with the mass increase calculated due to the number of water layers as established by the pressure
drop; this correlation is shown in Figure 4.5, 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 4.5 - a) Change in mass as a function of pressure change for sample vessels, stop taps and ZrO 2 (26.4 m2/g)
powder. Error derived from the average of three measurements and the error associated with the balance. b) Number of
adsorbed water layers as a function of the change in pressure, average of three experiments. Error derived from the
detection limits of the pressure gauges. Validation experiment to ensure calculation of the number of water layers by
mass change is consistent with calculation by pressure change.

Evacuated vials were subsequently irradiated using -rays from the 60-Co radiation source.
The dose rate was measured to be 447.8 Gy/min by Fricke Dosimetry, in September 2017. The
gases produced were analysed using a specially adapted SRI 8610C GC coupled to a TCD by
directly mating the sample vessels to the GC and evacuating the pipework in-between to exclude
any errors introduced by the presence of atmospheric gases. 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 H2 and Ar having significantly different thermal conductivities. Gas concentrations were
extracted from the integrated GC signals for each respective gas.
The main benefit of this vacuum method versus the humidity control humidity chamber
method is that sub-monolayer coverage of the sample surface can be selected. The vacuum line
method also minimises sample contact with air allowing cleaner sample surfaces, and also allows
the recovery of the samples.
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4.2.3 Results and Discussion
Humidity Chamber Method
Figure 4.6 shows the number of molecules as a function of the energy adsorbed by the
mass of the water adsorbed to of ZrO2 only. The large errors associated with the points take into
account the errors introduced when calibrating the GC for use with this method (considered to be
5%, arising from the difference in integrated peak area when injecting three identical volumes of
calibration gas, and propagating throughout).

Equation
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of Squares
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Adj. R-Square
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Figure 4.6 - Number of molecules of H2 produced shown as a function of the energy absorbed from the 60-Co -ray
radiolysis of nine monolayers of water adsorbed on ZrO2 (1.0 g, 22.5 m2/g). Absorbed energy calculated with respect to
the mass of the adsorbed water only. Note the axis unit of 100 eV – G(H2) can then be directly taken from the slope of the
line of best fit.

The yield of H2 appears to be roughly linear with respect to energy absorbed up to the
maximum dose in this series of experiments, 36.5 kGy. The SI unit for radiation dose is J/kg (even
though Gray (Gy) is common in radiation chemistry) and describes the energy absorbed per unit
mass of irradiated matter. To calculate the amount of energy absorbed by the sample, the total dose
must be corrected for the mass of the sample, thus giving the energy absorbed in units of J which
can then be converted to eV.
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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, and the
change in sample mass when open to atmosphere and the error associated with the TCD.
Figure 4.7 shows the variation in G(H2) 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(H2) sharply decreases. These yields approach those expected for pure
water as the outer water layers may simply undergo direct radiolysis without experiencing the
effect of the interface.
It is worth noting that those reduced yields do not indicate that less H2 is formed, but since
the yields are calculated with respect to the mass of the adsorbed water (which increases with
increasing water layers), the radiation yields decrease as the number of water layers’ increases.
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Figure 4.7 – Variation in G values as a function of the number of water layers adsorbed on ZrO 2 (1.0 g, 22.5 m2/g) and
compared to literature data taken from [24]. Figure 4.6 is an example of how each G(H2) value in this plot is calculated.

The maximum G(H2) 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
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oxide can be clearly seen to diminish rapidly within the first five monolayers of adsorbed water and
by ten monolayers, G(H2) has decreased roughly by two orders of magnitude. However, there is
clearly a large gap in the experimental and literature data at lower water layers.
The large errors associated with the experimental presented in Figure 4.7 arise 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 measure the
mass. This gives rise to an average error of

5.0 molecules/100 eV. Hence, when measuring a

small G(H2) value, the uncertainty can be significant.

Vacuum Line Method
Figure 4.8 shows the volume of H2 (expressed as the number of molecules) produced from
similar oxide samples (i.e. identical water loading) as a function of radiation dose. It is clear that
the yield linearly increases with absorbed energy, within error, up to 51.1 kGy, the maximum dose
in these experiments, as expected. Un-irradiated samples with adsorbed water, left under vacuum
for an extended period of time, did not yield any H2. In addition, experiments (not shown) have
established that yields are only a function of the dose, but not the dose rate.
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Figure 4.8- Number of molecules of H2 produced as a function of energy absorbed for 2.0 monolayers of water adsorbed
on the surface of ZrO2 (1.5 g, 22.5 m2/g). Note the units on the abscissa (per 100 eV), such that G values can be extracted
directly from the slope of the linear best fit.
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As previously stated, the absorbed dose is calculated with respect to the mass of the water
only and not by the whole metal oxide/water system for two reasons: 1) It is in agreement with
most previous literature work for similar systems; 2) more importantly, it shows most clearly any
potential influence from the oxide substrate. If the metal oxide substrate did not have any effect on
the production of H2, then the radiolytic yield calculated for the energy absorbed by the mass of the
adsorbed water only would be the yield for radically scavenged water ( 0.45 molecules/100 eV);
deviation from this G(H2) value can now be attributed to the presence of the oxide.
Therefore, precise knowledge of the amount of water adsorbed on the surface of ZrO 2 samples
is crucial for these experiments, and many other branches of radiation chemistry, as this
information is critical to calculate the deposition of energy in the sample.
Figure 4.9 shows G(H2) as a function of the number of water layers, obtained from extracting
the G value for each coverage. These data are shown against data from the corresponding
experiments using the humidity chamber method and experiments by LaVerne and co-workers
using a variation of the humidity chamber method, also shown in Figure 4.9.14,15,30 The vacuum
method presented here yields a smaller error in the amount of water adsorbed, evenly covers the
range up to five MLs, and most importantly, adds data points to sub-monolayer coverages.
The vacuum line method cannot be extended to further monolayers because increasing the
vapour pressure of water in the vacuum line would cause water to condense on the pipes rather than
the powder. Because the pressure gauges could not distinguish water adsorption to the pipes from
adsorption to the powder, this would compromise the determination of the number of water layers
– the critical measurement in this research.
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Figure 4.9 - G(H2) plotted as a function of the number of water layers adsorbed on ZrO2 (26.4 m2/g). (○) represent data
gathered using the vacuum line method for 0.5 to 5 monolayers of water adsorbed on ZrO2 (1.5 g, 22.5 m2/g) using the
vacuum line method to prepare the samples. Energy absorbed is calculated with respect to the mass of the adsorbed water
only. (•) represent data obtained using the humidity control method (literature data by LaVerne et al. is represented
by ■).11 The reciprocal curve y=158.5/x is plotted (black line) to relate the properties of the G(H 2) plot.

One can see from Figure 4.9 that the yields obtained employing this novel vacuum method
overlap with those obtained using the humidity chamber method, giving confidence in our
methodology. More importantly, the vacuum method reduces errors and extends the range of water
coverages for which yields have been obtained to below one monolayer.
Figure 4.9 also shows an apparent plateau between 0.5 and 1.5 monolayers of water
coverage, followed by a steep decrease in yields between two and five water layers, followed by
the radiation yields G(H2) 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
exciton migration and transfer, currently the most widely accepted mechanism explaining the
enhanced H2 yields compared pure water. More specifically, excitons are created on the surface of
the ZrO2, or within the oxide, 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 2),25 and the water
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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 H2
production. The release of energy upon exciton recombination could be attributed to the
dissociation of adsorbed species.11,27
The yields which approach values close to those for water (0.45 molecules/100 eV) at
coverages from above around ten 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 feel the
influence of the substrate, the radiation chemical yield of these outer layers is close to that for
water, and since the ratio of water layers far enough away from the interface increases with
increasing coverage, the decline of the G(H2) value to 0.45 molecules/100 eV is expected.
At between 0.5 and 1.5 monolayers, G(H2) is around 158 molecules/100 eV, i.e. 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
H2 is threefold for 1.5 MLs of water compared to 0.5 MLs. Firstly, this indicates that the number of
water molecules limits the yield (all water molecules form H2, of which we detect double the
amount for twice the amount of water), and the number of excitons produced exceeds the number
of water molecules. As expected, it also means that exciton transfer is equally efficient for every
water molecule in the first shell (and evidently also for half of the second shell, up to 1.5 MLs), i.e.
only migration over length scales larger than one or two MLs will cause efficiency loss of energy
migration.
To support the theory that additional ML’s of water molecules do not experience the effect
of energy migration, a plot of the maximum observed G(H2) against the number of monolayers.
The reciprocal relationship is shown as the solid curve in Figure 4.9.
As well as showing the G(H2) as a function of the number of monolayers for both the
experimental and literature data, a reciprocal curve following the function G(H 2) =

158.5
𝑀𝐿

is plotted.

The agreement observed supports the model describing the exciton migration distance decreasing
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as expected for a spherical particle. The majority of the associated chemistry seems to occur in the
first few layers after the oxide interface.
The dramatic, almost tenfold, decrease in radiation yields between two and five layers has
been observed previously, and gives a good indication of the distances which excitons may diffuse
through adsorbed water, i.e. in the range between 5 Å and 20 Å.32

4.2.4 Conclusion
This body of work reported H2 yields from the -radiolysis of water adsorbed on ZrO2
nanopowders by two different methods. Water molecules were introduced to ZrO2 samples by a
newly developed vacuum line method. This technique allowed precise control over the quantity of
water introduced to a clean oxide surface, and kept the oxide under clean and well defined
conditions throughout, compared to the previously employed humidity chamber method. It also
allowed us to expand the range of water coverages to below one monolayer. The experimental
results using the new method from the newly developed method thus focused on between 0.5 and
five monolayers of water where the effect of the surface on the radiation yields is felt the strongest.
The radiolytic yield of H2 was measured as a function of the energy absorbed by the water
on ZrO2 to determine G(H2) values, which were observed to be ~350 times greater compared to
deaerated water radiolysis.
The enhancement was observed to decrease as the water loading increased, indicating that
an energy transfer process from the oxide to the adsorbed water takes place. This energy transfer
appears complete for between 0.5 and 1.5 monolayers of water on the ZrO2 surface. Due to the
energy migration through the water layers, the yields decrease with increasing water loading,
approaching the bulk value of 0.45 molecules/100 eV at tens of monolayers.
Water adsorption by the vacuum line method was corroborated with control experiments
and reduced the error associated with water adsorption by humidity control. Experimental results
from this method were in agreement with existing literature data, thus lending credibility to the
technique and allowing a direct comparison with existing data. Characterising the effect of an oxide
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interface, specifically ZrO2, is of fundamental importance in nuclear reactor operations safety,
waste storage and incident prevention. The better control which this novel method allowed helped
in understanding processes underpinning phenomena such as enhanced H2 production from metal
oxides relevant to the nuclear industry.
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Chapter 5: H2 Production from the Radiolysis of Aqueous Suspensions of
ZnO Nanoparticles by 5.5 MeV He2+ Ions
5.1 He2+ Ion Beam Irradiation
The first stage in generating a He2+ ion beam using DAFNE is introducing He gas into the
Toroidal Volume Ion Source (TORVIS). A current of between 80-90 A is placed across a tungsten
filament which emits sufficient electrons to form a plasma which ionises the surrounding helium.
Reversing the magnetic field, and thus plasma, forms He+ ions which are extracted from the
TORVIS using electromagnetic lenses.
The He+ ions are steered through a rubidium vapour oven which ionises He+ to form Heions. The first stage of acceleration is to the Ar gas stream at 3.36 MV where He- ions are stripped
to form He2+ ions. After charge exchange, the second stage of acceleration is away from the gas
stream at 3.36 MV. The beam energy then depends on the charge state of the ion during this
acceleration stage, in this case 2+ charge. The beam is then steered down the appropriate beam line
and focused to achieve a circular cross section using electric fields (using Einzel lenses) and
magnetic fields (using pairs of quadrupole magnets). This is also done to steer the beam onto the
sample and not onto the accelerator components which would activate the parts of the machine
resulting in health and safety concerns for users.
The initial accelerator potential was set in order to ensure the ion beam had an energy of
5.5 MeV when it had passed from the machine to the sample. The titanium exit window is 8 m
thick and has a density of 4.506 g/cm³. At the end of the beam line there is a 6.6 mm gap between
the titanium exit window and mica window of the sample cell which is purged with N 2 gas, the
density of the N2 gas is 1.25 10-3 g/cm3. The mica (K 9.81%, Al 20.3%, Si 21.13%, O 47.35%, H
0.45%, F 0.95%) window has a density of 2.82 g/cm-3 with a thickness of between 2.12 10-3 cm
and 2.85 10-3 depending on the sample cell in use. Energy will be lost due to the stopping power of
each of these components, hence the initial value was calculated using the SRIM (Stopping Range
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of Ions in Matter) software package based on these factors to be either 10.28 MeV or 10.86 MeV
depending on the thickness of the mica window in use.

5.2 Experimental Modifications
The nature of these experiments means the GC setup required modifications in order to be used
in conjunction with the ion beam. The tube crush method described in Section 2.4.2 and used to
perform gas measurements for the data presented in Chapters 3 and Chapter 4 would not have
been suitable because of the nature of the deposition of energy from the ion beam into the sample.
Nor would the vacuum line method, described in Section 4.1, be suitable because vacuum studies
are inappropriate for aqueous phase samples. A specially adapted sample cell, shown schematically
in Figure 5.1, is used so the energy loss by the beam can be quantified.
Sample
to TCD

Carrier Gas
From GC

Half-turn
Valves

Incident He2+
Beam

Magnetic
Stirrer

Commercial
Drill and
Magnet

Mica Window

Figure 5.1- Schematic diagram of sample cell containing mica window, used for ion beam experiments.

The ion beam is directed through a titanium exit window on the beam line and through the
mica window. Both have a known thickness and composition, so the energy loss can be calculated
and the initial settings adjusted to accommodate for this energy loss.
Sections of the beam line, and potentially also the oxide depending on its identity and the
energy of the incident beam, can activate upon absorption of 5.5 MeV He2+ ions. After an
irradiation, care had to be taken to allow the beam line and irradiated oxide to decay to a safe
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working radiation level. The half turn valves shown in Figure 5.1 are attached to the GC sample
loop and remained closed during irradiation.
The sample cell is connected directly to the GC sample loop. After the sample loop is initially
purged irradiations are performed with the valves closed and they remain closed until the
measurement is ready to be made. This mitigates diffusion of the gaseous products out of the
sample cell and into the GC loop, becoming more dilute in the Ar carrier gas, while the activity of
the beam line and sample decays to workable levels so the measurement can be made.
The sample is stirred at a high rate so there is a homogeneous distribution of species in the
solution during and after irradiation. This was achieved using a conventional magnetic stirrer bar
and a magnet mounted to a commercial drill.
The effects of a change in pH on the yield of H2 are small, but at extreme high and low pH,
they cannot be ignored. More experimental data is available at low pH as these conditions arise
more frequently during nuclear reactor operation, hence have been the focus of more research,
while data is sparse at extremely high pH.1
Table 7 – Literature values for primary H2 yields - g(H2) for the 60-Co -ray radiolysis of H2SO4 (0.4 M, pH = 0.46).
Table taken from [1].

g(H2) /
molecules/100 eV
0.45

Authors

0.40

Ferrandini, C.,
et al.
Allen, A. O,
Letford, M
Sworski, T. J
Hochanondel, C.
J, et al.
Mahlmon, H. A,
et al.
Hayon, E, et al.

0.39

Schested. K, et al.

0.40

Spinks & Woods

0.45
0.39
0.40
0.45

Literature data on the the radiolysis of aqueous solutions of varying pH between the two
extremes (i.e. in the range pH = 3-13) indicate the H2 yields are roughly constant. Only at high pH
does the data deviate from ~0.45 molecules/100 eV.
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Table 8 – Literature values for primary H2 yields - g(H2) values for the 60-Co -radiolysis of high pH solution
(pH = 13.5), composition of solution not given. Table taken from [1].

g(H2)
/
molecules/100 eV
0.45
0.43
0.40
0.36
0.45

Authors
Dragonić, et
al.
Hayon, E
Haissinsky,
M
Dainton, F.
S, et al.
Cheek, C. H,
et al.

The literature data at high pH is less readily available than for low pH, but is fairly consistent.
The literature is in agreement that the deviation in hydrogen yields is small at extreme pH values.
However, for the pH range of this research project (essentially neutral, pH 7) hydrogen yields will
not be affected. The effect of a change in pH on hydrogen yields is discussed here, but the trend is
similar across the primary yields of all radiolysis products – slight deviations at the extreme ends of
the pH scale, but no significant alterations between pH = 3-13.

138

Chapter 5: 5.5 MeV He2+ Ion Irradiation of ZnO/H2O

5.2 H2 Production from the Radiolysis of Aqueous Suspensions of ZnO
Nanoparticles by 5.5 MeV He2+ Ions
Authors: Jamie S. Southworth a, b, Simon M. Pimblott a, b, d & Sven P. K. Koehler a, b, c,
Affiliations: a School of Chemistry, The University of Manchester, Oxford Road, Manchester, M13
9PL, UK
b

Dalton Cumbrian Facility, The University of Manchester, Westlakes Science & Technology Park,
Moor Row, CA24 3HA, UK
c

Current address: School of Science & the Environment, Manchester Metropolitan University,

Chester Street, Manchester, M1 5GD, UK
d

Current address: Idaho National Laboratory, Nuclear Science User Facilities, 995 University

Boulevard, Idaho Falls, ID 83401-0355, USA

Thesis page number: 139

Author contributions: Performed experiments in conjunction with accelerator operation team.
Worked up the data obtained and wrote the drafts of the manuscript.

Relevance: This article presents the measurements of H2 from production from the 5.5 MeV He2+
irradiation of aqueous suspensions of ZnO. There is comparatively little data in this area compared
to results from irradiation by -rays, potentially due to the intricacies of the experimental setup.
The -ray radiolysis of water/ZnO systems exhibited enhanced radiolytic yields, contrary to
indications from literature. The experiments also yielded interesting and previously undetected
results – the observation of O2. Hence, the quantification of gaseous products from the 5.5 MeV
He2+ ion beam irradiation of ZnO slurries of varying wt% water was investigated.

Status: Prepared for submission to Radiation Physics and Chemistry.

139

Chapter 5: 5.5 MeV He2+ Ion Irradiation of ZnO/H2O

H2 Production from the Radiolysis of Aqueous Suspensions of ZnO
Nanoparticles by 5.5 MeV He2+ ions
Jamie S. Southworth a,b*, Simon M. Pimblott a,b,c , and Sven P. K. Koehler b, d
a

School of Chemistry, The University of Manchester, Oxford Road, Manchester, M13 9PL, UK

b

Dalton Cumbrian Facility, The University of Manchester, Westlakes Science & Technology Park,

Moor Row, CA24 3HA, UK
c

Idaho National Laboratory, Nuclear Science User Facilities, 995 University Boulevard, Idaho

Falls, ID 83401-0355, USA
d

School of Science and the Environment, Manchester Metropolitan University, Chester Street,

Manchester, M1 5GD, UK

*

Corresponding author: Jamie.southworth@postgrad.manchester.ac.uk

Abstract
The effects of ion beam irradiation on aqueous suspensions of metal oxides has received
relatively little attention compared to -ray irradiation despite being a highly prevalent process in
spent nuclear fuel storage and reprocessing. This is due to the difficulties associated with
homogeneously irradiating condensed-phase matter using

-particles. Here, we report the

measured yields of H2 from the 5.5 MeV He2+ ion irradiation of aqueous suspensions of ZnO
nanoparticles. The obtained results are compared to those measured in the γ–radiolysis of the same
ZnO suspensions. The quantity of H2 increases linearly with adsorbed dose for all the slurries
studied. As expected the measured yields are of the same order of magnitude as those observed for
pure water, but decrease with increasing water content. Overall, the yields follow a similar trend to
those observed for γ-ray radiolysis.
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5.2.1 Introduction
The -ray radiolysis of water adsorbed on a metal oxide surface has been the subject of
intense study in recent years.2,3,4,5,6,7,8 However, the consequences of -particle irradiation of these
systems has had reduced focus despite being a prevalent process in storage and disposition of spent
and reprocessed nuclear fuel.
The yields of the stable products formed from the -radiolysis of water radiolysis (H2, H2O2
and H2O) have been investigated for a number of years.9,10 However, product yields differ
depending upon the Linear Energy Transfer (LET = -dE/dx) of the interacting radiation.11 As the
LET of the radiation traversing an aqueous solution or suspension increases the molecular yields of
the radiolysis products increase. As the LET of radiation increases the number of ionisation and
excitation events per unit distance increases. In turn, this increases the likelihood of the
recombination of radical species in the spurs forming from the radiation track, leading to an
increased yield of molecular products.12,13 That is, heavy ion irradiation will result in significantly
different H2 yields than -rays. In high LET irradiation, there is a much larger deposition of energy
in the irradiated material, thus causing a higher local concentration of ionised species. In turn, this
increases the probability of second order reactions in the ion tracks, hence further processes occur
before the primary species diffuse away into the bulk. 14 It is also well documented that primary
ionic yields are much higher compared to excited state or radical yields from high LET
irradiation.15,16
The presence of a solid surface in contact with water during radiolysis has a profound
effect upon the radiolytic yields of stable species.17,18 Enhanced yields of H2 are postulated to be
due to energy transfer from the oxide to the water.19 This is thought to be caused by the formation
and migration of excitons (electrostatically bound electron-hole pairs) from the oxide particles into
the surrounding water molecules, followed by their subsequent recombination.3 However, this is
not a universally accepted mechanism. It is also documented that secondary electrons, even at
energies below 20 eV, can cause dissociation of water molecules by processes such as dissociative
electron attachment.20,21 Increased yields of H2 could lead to the formation of flammable
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atmospheres in high level waste storage or alteration of reactor water chemistry in operational
power stations. Hence, the interaction of radiation with aqueous suspensions or slurries of metal
oxides requires thorough understanding and quantification.
Zinc Oxide is a semi-conductor with band gap ~3.3 eV. Zn cations (sometimes from
depleted ZnO)22 are injected into the primary circuit of Light Water Reactors.23 The aim is to
inhibit the incorporation of -ray emitting 60-Co into the pipe work by instead incorporating Zn
into the pipes out of the reactor core. Thus, the addition of Zn cations would reduce 60-Co
incorporation and lead to reduced radiation fields away from the reactor, in manned areas,
decreasing the dose workers are receiving.24,25,26
-ray radiolysis of water adsorbed on ZnO powder shows an enhancement in the yields of
H2 an order of magnitude larger than that of pure water radiolysis and as the water loading on the
ZnO increased, the radiolytic yield of H2 decreased. Interestingly, the production of O2 in
comparable volumes to H2 during -radiolysis of water adsorbed to the surface of ZnO was also
observed.27 This is of significance as in similar experiments with other oxides, O2 was either not
observed or detected in negligible amounts.5 Indeed, it is worth investigating the effect the
presence of ZnO has upon the

-irradiation of water and the identity and quantity gaseous

products.
Two key radicals formed from water splitting are H• and OH•, and the formation of H2
occurs when two H atoms meet. The proximity of their formation depends on the LET of the
incident radiation, hence the energy deposition rate is a key parameter in determining radiolytic
yields. The rate constants for reactions involving the H atom and OH radical are significantly
greater than the diffusion rate as they are highly reactive species, so it is likely that they will react
with each other before they are able to diffuse away and react with the bulk.
If spurs are formed with significant spatial separation, the most likely reaction would
between the H atom and the OH radical which would reform water. This is more commonly the
case with low LET radiation such as -rays, hence the G(H2) value of 0.22 molecules/100 eV for
pure, deaerated water with no radical scavenger.
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As spurs are formed closer in proximity to one another, such as the case for He2+ particles,
the likelihood of two H atoms meeting increases, hence the probability of the H 2 forming reaction
increases
The addition of a radical scavenger to water irradiated by high LET radiation does not have
as profound an effect as for low LET radiation. The rate of radical reactions is so high that the H
atoms are likely to react in the spur before they are able to diffuse out into the bulk and interact
with a scavenger species. G(H2) is approximately ~1.20 molecules/100 eV and does not change
significantly with the addition of a radical scavenger.
This article describes the 5.5 MeV He2+ ion irradiation of aqueous suspensions of water
and ZnO. The gases produced were quantified by Gas Chromatography (GC) and the dependence
of the radiation dose upon the yield of H2 was investigated, as was the variation of H2 as a function
of the weight percent (wt%) of water present. The experimental data is discussed in light of our
recent results on the -radiolysis of the analogous aqueous ZnO system.
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5.2.2 Experimental
ZnO (99.9%, ~270 nm average particle diameter) was procured from Sigma Aldrich and
used without further purification. The specific surface area (5.41

0.10 m2/g) was measured by the

BET method using a Tristar II Surface Area Analyser. The crystal structure was determined by
X-ray Diffraction using a Bruker D8 diffractometer and was found to be (0001) hexagonal
wurtzite. Prior to irradiation, samples were baked at 400 C for a period of 24 h to remove adsorbed
water and residual organic contaminants; the cleanliness of the samples was confirmed using
Diffuse Reflectance Fourier Transform Spectroscopy (DRIFT). The temperature programmed
desorption of water from the surface of the powder samples was used to determine at what point
the oxide could be considered free of physisorbed water by tracking the reduction in the strength of
the OH stretch between 3200-2800 cm-1 as the temperature increases. This was found to be above
400 C however, the presence of chemisorbed species cannot be ruled out. Neither heat treatment or
irradiation up to the maximum dose was observed to alter the particle size or crystal structure.
In order to prepare ~5.0 mL samples, the appropriate weight percent (wt%) of ZnO powder
was mixed with the corresponding wt% of deionised H2O (18.2 M /cm) to make 60-90 wt% water
slurries. The slurries were then introduced to a specially adapted glass sample cell which is coupled
directly to the Gas Chromatograph (GC) and purged of air with Ar. Argon is the carrier gas of
choice for H2 detection using a Thermal Conductivity Detector (TCD) due to the large difference in
their thermal conductivities. A constant stream of N2 is flown through the small volume between
the end of the beam line and the sample cell to prevent the formation of O 3 from air radiolysis. A
schematic diagram of the experimental setup is shown in Figure 5.2.
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Figure 5.2 - Schematic diagram of U shaped sample cell with mica window of known density, thickness and composition
used for ion beam irradiation. GC is coupled directly via haf-turn valves. 5.0 mL of the slurry sample is introduced to the
sample cell and stirred at a high rate by a magnetic stirrer affixed to a commercial drill.

Irradiations were performed using 5.5 MeV He2+ ions produced using an NEC Van de
Graff Tandem Pelletron 15SDH-4 accelerator located at the Dalton Cumbrian Facility, The
University of Manchester. The beam current incident on the sample was around 5.0

0.1 nA with a

beam diameter of approximately 3.0 mm. An ion beam is heavily attenuated when it traverses
matter, to account for this the ion beam is directed through a titanium exit window on the beam line
and through a mica window on the sample cell. The thickness, density and composition of both
windows are known and this allows the TRIM (Transport of Ions in Matter) software package to
calculate the energy lost by the beam when passing through the windows so the settings can be
adjusted so the sample cell received the desired energy, in this case 5.5 MeV.28
The initial beam energy was hence selected to be between 10.82 and 10.86 MeV depending
on the mica window thickness. The dose was calculated by attaching a Keithley 6485 picoammeter
directly to the sample cell and and counting the accumulated charge as a function of time. This was
subsequently converted to an absorbed dose in units of eV such that results can be directly
compared to experiments involving other materials, in which the energy absorbed is typically
quoted in units of (100 eV)-1.
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The oxide containing suspension is constantly stirred at a high rate using a magnetic stirrer
mounted to a commercial drill, shown in Figure 5.2. This aims to distribute reactive species in the
sample homogeneously, giving reproducible results, and further prevents the nanoparticles from
settling.
The gases produced were analysed using a specially adapted SRI 8610C GC coupled to a
TCD. Detection of gases by the TCD relies on the principle that the analyte gas has a significant
difference in thermal conductivity to the carrier gas. Therefore, for H2 sensitivity, the carrier gas of
choice is Ar due to the large difference in thermal conductivity between the two gases.29,30 The
sample cell is connected directly to the GC sample loop. Calibration of the GC was performed by
injecting known amounts of pre-mixed 5% H2 in Ar (from Scientific Gases Ltd.). The error
associated with the measurements in the volumes of gas measured is calculated to be 5.0% and
considered to propagate throughout.
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5.2.3 Results and Discussion
Radiation chemical yields are conventionally described by the G value, the number of
molecules of a species produced, or consumed, per 100 eV of energy absorbed by the irradiated
system. The G value for H2 production from deaerated water by 5.5 MeV He2+ ions is
~1.20 molecules/100 eV.31 In order to investigate the effect of the presence of the oxide on the
yield of H2 from water radiolysis, the 5.5 MeV He2+ irradiation of pure water was measured and
this measurement was subsequently used as a benchmark, so deviation from this value can be
attributed to the presence of the oxide.
At this point, it is worth pointing out that in future discussions the absorbed energy is
calculated the with respect to mass the whole irradiated system so that any deviation in the G(H2)
value from the value obtained for deaerated water radiolysis can be attributed to the presence of the
oxide.32 Using the same conditions throughout, the G(H2) value for pure water was determined to
be 1.65

0.13 molecules/100 eV, greater than the value reported by LaVerne et al.

of 1.20

0.12 molecules/100 eV.31 This 25% discrepancy in G(H2) value for deaerated water

radiolysis could have arisen from various sources. The most likely explanation is related to the
energy of the -particles; uncertainties in the thickness of the titanium exit window of the beam
line and thickness and composition the specific mica window used on each sample cell leads to
differences between the calculated ion beam energy and the actual energy the sample receives,
resulting in slightly different radiolytic yields.
Due to the nature of the suspended solids within the samples, they must be stirred at a high
rate to ensure the ZnO nanaoparticles do not settle and remain evenly dispersed throughout the
solvent. In addition, slurry is stirred at a high rate because, unlike -rays, the energy from ion
irradiation is not distributed almost evenly throughout the sample. Due to the LET of the He 2+ ion
beam, a high concentration of ionised and excited species form in the radiation tracks at the point
of beam entry into the sample, hence stirring is necessary to refresh the irradiation volume so one
spot is not over exposed, receiving a disproportionately high dose and instead species become
dispersed in the solution after irradiation, especially as the wt% of water decreases in the sample.
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Figure 5.3 shows the production of H2 for 20 wt% ZnO (5.41 m2/g) in water
(18.2 M

cm-1). The radiolytic yield is expressed as the number of molecules and the absorbed

energy is expressed in units of 100 eV, such that G(H2) values can be extracted directly from the
slope of the best fit line passing through the origin.
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Figure 5.3 - Number of molecules of H2 produced as a function of energy absorbed for the 5.5 MeV He2+ irradiation of
20 wt% ZnO (5.41 m2/g) in water (18.2 M cm-1). H2 production appears linear up to the maximum dose delivered in
this experiment. Each data point is an average of three measurements taken at the same absorbed dose.

Un-irradiated aqueous suspensions of ZnO did not yield any H2 or O2 indicating that gas
production was a radiation-induced process. The radiolytic production of H2 is linear with respect
to the absorbed energy, up to the maximum dose delivered in this series of experiments. Each point
is an average of three measurements taken at the same approximate dose, i.e. same irradiation time,
and the sample was not changed between measurements.
It is worth pointing out at this stage that in our previous work on the -ray radiolysis of
water adsorbed on ZnO (i.e. not slurries), we observed O2 gas in comparable amounts to H2.27
However, O2 was not observed in this series of experiments, most likely due to the experiments
being performed in aqueous solutions, which significantly reduces the sensitivity towards O2 gas as
compared to detection in the gas-phase.
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The method displayed to extract G(H2) values, exemplified in Figure 5.3, is used for
various concentrations of ZnO to evaluate the variation in G(H2) with the wt% of water. In order to
account for the discrepancy in G(H2) observed between the experimental data obtained and the
accepted literature data for deaerated water radiolysis, Figure 5.4 shows the G value as a fraction of
the value obtained from deaerated water radiolysis, G(H2) = (GE(H2)/1.65)×1.20 where GE(H2) are
the experimentally obtained values.

2.5

5.5 MeV He2+
-radiation

G(H2) / molecules/100 eV

2.0
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Figure 5.4 – G(H2) values obtained from irradiation of ZnO (5.41 m2/g) slurries from 60-90 wt% water by 5.5 MeV He2+
ions (○) and -rays (■).27 Due to the discrepancy between the literature and experimental G(H2) values for 5.5 MeV ion
irradiation of deaerated water, here yields are expressed as a fraction of the experimental obtained for deaerated water.
i.e. G(H2) = (GE(H2)/1.65)×1.20. The values expected for water with mMol concentrations of radical scavenger are
shown for 5.5 MeV He2+ ions and –rays by the solid and dashed lines, respectively.

At 80 and 90 wt% water the solution is free flowing in nature, however, at 60 and 70 wt%
the sample becomes much more like a paste and is difficult to stir. The large error associated with
the data points at 60 and 70 wt% water in Figure 5.4 arises from this changing composition.
Therefore, the investigation was limited to 60-90 wt% water as the sample becomes significantly
less free flowing as the amount of ZnO increases. Because at lower wt% water the sample is less
homogeneous in nature, even when stirred vigorously, energy deposition into the sample cannot be
assumed to be even. The diffusion of reactive species away from the radiation track may also be
affected as the reactive species are more likely to interact with oxide particles as the wt% of water
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decreases due to the increased probability of radiolysis products encountering metal oxide particles.
This would lead to the influence of the oxide becoming more pronounced as the wt% of the oxide
increases. The uncertainty in measurements arising from the non-homogenous nature of the sample
would be too great.
The penetration depth of the ion beam into an aqueous sample of this nature is of the order
of micrometres and this was calculated using SRIM (Stopping Range of Ions in Matter) software
package. Using Monte Carlo methods, the software simulates the slowing down of ions in
amorphous matter and can be used to calculate ion range, scattering, and damage.28,33,34
For the aqueous sample containing ZnO concerned in this research, the penetration depth
was determined to be 44.0 m. If the sample was left un-agitated, the spot in contact with the
mica window would become ‘baked’ (i.e. the oxide could be dried onto the sample cell window) as
it would receive the entire dose for the irradiation. Therefore, to achieve roughly uniform
irradiation and to avoid a small volume receiving a disproportionately high dose, there must be
continuous, rapid mixing of the solution. This can be tested by varying the speed of the magnetic
stirrer and observing the yield response. Once there is no further variation in yield with increased
stirrer speed, the solution is considered to be mixed adequately to assume an even dose distribution.
It was not possible to investigate the effect of He2+ irradiation of water adsorbed on ZnO
particles as it could not be assumed that the whole sample was receiving an equal dose, i.e. the dose
would not be distributed evenly.
The proximity of the G values to those observed for deaerated water indicate that there is
little energy transfer occurring from the oxide to the solvating water. However, this does not
explain the reduction in G(H2) observed at 90 wt% water.
Figure 5.4 also shows the G(H2) values for the -ray radiolysis of 60-90 wt% water. The
error associated with the

-ray experiments is much smaller compared to He2+ irradiation,

presumably due to the more even dispersion of radiation throughout the sample. The dashed line in
Figure 5.4 displays the G(H2) value obtained from the -ray radiolysis of water containing mMol
amounts of a radical scavenger, an example of this is the Br- ion. Radical scavengers, in effect,
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protect H2 being consumed by preferentially reacting with the OH. radical (the primary H2
consuming species). For -radiolysis, this results in an increase in G(H2) from 0.20 (without
scavenger) to a more realistic value of 0.45 molecules/100 eV with the radical scavenger. However,
during heavy ion irradiation, this effect is not observed due to the significantly higher LET heavy
ions, -radiation forms almost no OH. radicals or hydrated electrons compared to -rays. Meaning
the Br- ions have fewer species to preferentially react with hence the radiolytic yield would does
not change as significantly as when bromide is present during -irradiation.
Greater LET radiation gives greater radiolytic yields of H2 as less radical species are
produced in the radiation tracks hence there are less H2 consuming species present (i.e. less OH
radicals). Therefore, it is expected that G(H2) value is greater for He2+ irradiation than -radiolysis.
However, the G(H2) values were lower than one would expect if an energy transfer process from
the ZnO particles into the adsorbed water was occurring as the maximum observed G value
(1.36 molecules/100 eV) is close to the value observed for deaerated water radiolysis.
The reduction in G value at 90 wt% water may be due to the size of the nanoparticles used,
in this case, ~270 nm particle diameter. If the energy transfer is occurring from the oxide, excitons
or excess electrons formed in large particles may not reach the interface before quenching. Or,
excited species formed away from oxide particles, at a diffusion controlled rate, may react with
other radiolytic species before reaching an oxide particle for reaction, an effect observed in the
radiolysis of water with silica (SiO2) nanoparticles.35 But this does not explain the reduced G(H2) at
90 wt% water, nor can an explanation can be offered for the increase in G(H 2) from 70 to 80 wt%
water. There is limited literature data on similar experiments with other oxides with which to draw
comparison, a factor which could be due to the difficulty of the experimental setup.36,37,38
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5.2.4 Summary
This article describes the variation in radiolytic yields of H2 from the irradiation of a range
of aqueous suspensions of ZnO varying from 60 wt% to 90 wt% water. Radiolysis was stimulated
using 5.5 MeV He2+ ions, and the gaseous products generated were analysed using an in-line gas
chromatography technique.
The maximum G(H2) value observed was 1.36 molecules/100 eV however, this was an
outlier observed at 80 wt% water. The G value was roughly the same as the value for deaerated
water at 70 and 60 wt% water. G(H2) appeared to be lower than the G value for deaerated water at
90 wt% H2O at 0.86 molecules/100 eV. H2 yields were greater than those observed in the -ray
radiolysis of 60-90 wt% water systems, which is expected due to the LET effect, but not as high as
expected when compared with the value for -particle radiolysis of pure water.
H2 yields were roughly similar to pure water radiolysis at 60 and 70 wt% water indicating
the same magnitude of G value enhancement does not occur with -particles compared to -rays,
however, this could be an LET effect. The production of O2 was not observed in these experiments
which is consistent with the -ray radiolysis of aqueous ZnO systems. That is not to say O2 is not
produced, but any molecular oxygen that forms may become solvated in the high concentration of
water present.
H2 formation from the irradiation of metal oxide-water systems is a highly important
process, ion irradiation especially is an understudied area. Particular relevance is the safe long term
operation of nuclear reactors, seen in the interaction of radiation with reactor additives or spent
nuclear fuel storage.
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6.1 Conclusions
This section describes the conclusions met in each component of this thesis and how they
link to the aims set out at the beginning of the project alongside the significance of the results that
were obtained.
The overall aim of this project was to characterise H2 production from the radiolysis of
water adsorbed on the surface of metal oxides. The overarching drive behind this research is to find
a metal oxide with a similar radiation-catalytic effect on H2 production, G(H2), and other gas phase
chemistry, to PuO2. These effects are a reduction in H2 production compared to pure water
radiolysis and an increase in the radiolytic yield of H2 as the adsorbed water loading on PuO2
increases.1,2 This is so that the processes behind the anomalous effects the presence of PuO2 has on
G(H2) can be investigated and understood without the hazards, risks and control measures
associated with plutonium research. Another drive behind this research is to test which materials, if
any, will be suitable replacements for items such as fuel rod cladding in nuclear environments.
A major objective of this project was to develop a more effective method of introducing
known quantities of water to the surface of a dry material for irradiation and subsequent analysis of
the gaseous products. The method devised aimed to reduce the unquantifiable sources of error
previously present in the experiment by performing the experiment under cleaner and better
defined conditions. The new method also aimed to increase sample success, turn over rate and,
most importantly, be able to select the water coverages on a dry surface.
In order to prove the effectiveness of the novel method, the -ray radiolysis of water
adsorbed on zirconia was investigated. ZrO2 was the logical choice for proof of concept
experiments as there is already a wealth of existing literature on adsorbed water radiolysis for
comparison. However, there are large gaps in the literature data which this method has the
capability to fill. Zirconia does not make a good PuO2 analogue as ZrO2 only shares the same
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crystal structure at 3000 K and many of the physical and chemical properties differ greatly. The
radiolysis of water in contact with ZnO was also investigated in the adsorbed phase or as aqueous
suspensions and radiolysis was initiated by both -rays and 5.5 MeV He2+ ions to determine
whether ZnO would be a good surrogate material for PuO2.

6.1.1 -Ray Radiolysis of ZnO/H2O Systems
Literature sources indicated that ZnO may be a suitable analogue for PuO2 with regards to
H2 production. Initially, ZnO was reported to reduce G(H2) in the same way as PuO2.3 However,
this was later reclassified to having no effect on radiolytic H2 yields.4 Our experiments showed that
this is not the case, and H2 yields are actually enhanced when ZnO is present during water
radiolysis.5 However, the ZnO system proved to be a highly interesting system to investigate for
other reasons.
Water adsorption to the surface of dry ZnO powder was, by comparison to ZrO2, a slow
process with only a maximum of around eight monolayers able to adsorb to the surface. While the
influence of the presence of ZnO upon G(H2) during water radiolysis is the opposite to the H2OPuO2 system (greater G value than for pure water and the radiolytic yield increases as the water
loading decreases).
The least expected result from the -radiolysis of ZnO systems was the detection of O2 in
comparable amounts to H2. This has not been observed in similar experiments performed by
LaVerne et al. in which O2 was observed in negligible amounts, if at all. Hence, determining the
source of the O2 became an additional objective. The production of comparable amounts of H2 and
O2 was noteworthy. Remarkably, O2 production was even observed from the -irradiation of dry
ZnO which is a strong indication that the source of the molecular oxygen is the oxide itself.
When the dose received is calculated with respect to the mass of the adsorbed water, the
max G(H2) value observed for adsorbed water radiolysis is 6.30 molecules/100 eV. For aqueous
suspensions of ZnO, the max G(H2) observed is 2.24 molecules/100 eV. It is not entirely
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appropriate to compare the data sets because the behaviour of adsorbed phase water differs
significantly to the aqueous phase.
An aqueous suspension of 20% water would equate to around 150 adsorbed water layers,
so it would approach bulk liquid behaviour and not adsorbed phase behaviour, i.e. the presence of
the interface would not be felt by the water molecules beyond the first few layers. However, when
plotted together the data appears to transition smoothly from adsorbed to aqueous as shown in
Figure 6.1. The difference in composition of the systems may account for the lack of a smooth
transition from adsorbed water to the aqueous regime.
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Figure 6.1 - G(H2) plotted as a function of the water present, calculated with respect to the energy absorbed by the water
only, as a function of the amount of water presented as the average number of monolayers.

It is straight forward to see that 700 monolayers of water do not behave, or even resemble,
adsorbed water in terms of structure and the G value for 700 monolayers is vastly different to 1-5
monolayers. Figure 6.1 is only intended to show the transition of data from the monolayer to the
aqueous phase, which appears to be reasonably smooth.
Results from the 5.5 MeV He2+ irradiation of ZnO-water slurries gave G(H2) values which
were greater than -radiolysis due to the LET effect. Over the wt% range investigated, the G value
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was similar to pure water for 60 and 70 wt%. However, a maximum was observed at 80 wt% water
of 1.36 molecules/100 eV, followed by a reduction to 0.86 molecules/100 eV for 90 wt% water.

6.1.2 Limitations
In order to determine the source of the O2, efforts were made to determine the surface
changes to ZnO post irradiation by X-ray Photoelectron Spectroscopy (XPS). However, due to the
large transfer time between the radiation source and the spectrometer, this was not possible within
the remit of this project. In order to observe the changes, the powder would have to be irradiated,
evacuated immediately and isolated from any contact with an O2 rich atmosphere to prevent reuptake of O2 by the ZnO(1-x) to reform ZnO. XPS is a surface sensitive technique, and it is possible
that the source of the O2 is the bulk oxide, rather than the surface, which would yield no change in
intensity of the O1s peaks. It is also possible that the loss of oxygen from the surface is too small to
yield an observable change in the XP spectrum.
The effect of the particle size on the scavenging capacity of the ZnO nanoparticles was not
investigated during this study. It may be possible that the reason the G(H2) value reached the value
for pure, deaerated water is that the reaction may be diffusion limited. That is, the radicals
produced have reaction rate constants much quicker than their diffusion rates so would react to
form H2O2, H2 or reform H2O before reaching a large oxide particle.
Radiolysis experiments on the ZnO/H2O system were carried out using only the “tube
crush” method due to time constraints on the project and equipment access. Experiments were
repeated (data omitted) to ensure overlap of data between the tube crush method and the vacuum
line method also developed in this work.

6.1.3 Vacuum Line Development
There were four motives behind the development of the vacuum line method. The first
reason was to give much more control over the amount of water introduced to an oxide sample.
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Secondly, the experimental conditions are better defined and cleaner as the method was designed
so the entire preparation process could be performed under vacuum. The experiments are also
subjected to fewer unquantifiable sources of error. Finally, the ability to control the quantity of
water introduced to a surface is valuable as the migration distances of energy through water layers
can also be observed.
The vacuum line was constructed with 316-stainless steel such that component degradation
as a result of interaction with ionising radiation is negligible, and it would be sufficiently robust to
withstand the vacuum. The selected vacuum system (Edwards D4B rotary vane backed Edwards
EXT 75DX turbomolecular pump) is capable of evacuating the system to 0.4 mTorr – chosen such
that the sample vessels are at a pressure significantly below the lower limit of detection of the GC.
The internal volume of the components was calculated by pressure changes when opening
isolated and evacuated known volumes to sections containing a known pressure of water. Then
repeated using Ar gas (with the appropriate correction applied to the pressure gauge output). This
was corroborated by measuring the parts and calculating the volume manually. The two methods
were found to agree within 2% of one another. This information was crucial to calculate the
number of water layers introduced to a sample, so it was paramount that this information is known
with high precision. Over the time scale of the experiments, the vacuum line was also observed to
have a leak rate significantly below that which would have distorted the volumes of gas produced.
The calculation of the number of water layers deposited onto ZrO2 samples by the vacuum
line method was calculated by the change in water pressure, then corroborated by noting the
change in mass pre- and post- water vapour exposure. The number of monolayers calculated by
both methods were within 2% agreement.

6.1.4 Limitations of the Vacuum Line Method
The method is only applicable to materials that are able to adsorb water. It would not be
useful in the investigation of adsorbed water radiolysis to, SiC for example, a compound which is
not observed to adsorb water.6 Due to the strength of the pumping system, there is also a risk that
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samples composed of fine particles may get drawn out of the sample vial and into the manifold,
pumps or pressure gauges. Oxide particles lining the pipes of the manifold would distort the
pressure changes associated with water adsorption to the sample surfaces.
The method is also not appropriate for investigating aqueous samples because the nature of the
vacuum system means that liquid water would evaporate.

6.1.5 -Ray Radiolysis of Water Adsorbed on ZrO2
Using the “tube crush” method described in Chapter 2 (whereby the analyte gas is
liberated from a flame sealed pyrex tube by shattering the glass) the radiolysis of adsorbed water
was investigated. Water deposition was performed by humidity control. While the method allowed
no prior control over the number of water layers introduced to the sample, a range of coverages
from 2-30 water layers was achieved. The radiolysis results observed were in line with the
literature, that is, the G(H2) value increased by more than two orders of magnitude as the water
coverage decreased.
The vacuum line method was then used to target the gap in the data between 0.5 and
5 monolayers as the vacuum line method allows specific, and fractional, water coverages to be
selected. The data obtained fill the gap and agree with the current trend of increased G(H2) with
reduced water loading.
When the reciprocal of the number of monolayers (i.e. 1/monolayers) was plotted against
the experimental data obtained from both the vacuum line and tube crush methods for H 2
production from adsorbed water radiolysis, the plots aligned with little deviation. This provides
evidence that the radiation-induced chemistry happening in the first two or three monolayers of
adsorbed water and the effects are subsequently masked by increased amount of water. This also
gives evidence to support the finite energy migration theory behind enhanced H 2 production from
water adsorbed on ZrO2.
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The G(H2) maxima observed in both methods (158.5 and 154.8 molecules/100 eV for the
vacuum line and tube crush method, respectively) were within 2.5% of each other. This level of
agreement lends further credibility to the development of the vacuum line method.
6.2 Future Work
This section summarises the potential directions for further research utilising the work
presented in this thesis.

6.2.1 Vacuum Line Method
The vacuum line technique offers the capability to test a series of metal oxides at a much
higher rate than was possible by the previous method. This means that other oxides can be tested
under identical conditions, with much greater sample turn over and more reliably. This will allow a
metal oxide with similar properties to PuO2 on water radiolysis to be found with relative ease,
should one exist.
Headspace gas analysis by the tube crush method resulted in the powder becoming
inseparably contaminated with the Pyrex sample tube and sample being lost to the GC sample loop.
Policies such as EURATOM dictate that when using accountable substances, such as ThO2, the
mass used and/or disposed of as waste must be reported, down to milligram quantities. This means
the tube crush method is not suitable to test substances such as PuO2, UO2 or ThO2 etc.
Characterisation of radiolytic yields of potentially explosive species in contact with these
compounds is critical information for the safe long-term storage of nuclear materials. It is also
possible to use this method to investigate materials other than metal oxides. For example, the
vacuum line could be utilised to research the radiolysis of water adsorbed to the surface of carbides
or nitrides.
To summarise, a major advantage of the vacuum line method, over previously used
methods, is the ability to recover all of the sample for re-use. This means the vacuum line method
can be extended to cover substances that are accountable by EURATOM. Using this method, the
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self-radiolysis of water on active materials could also be analysed and the entire sample retrieved
afterwards. This simply was not possible using the humidity control method and analysis by tube
crush as it was sacrificial to the sample material and glassware involved.
Another key factor this method allows control over is the headspace gas composition. The
headspace can be back-filled with, for example, varying O2, N2 or CO2 mixtures (before or instead
of water loading onto the samples) and used to replicate atmospheric conditions. Clearly, using
laboratory air is not advisable since the exact concentration of species is variable and would,
therefore, introduce an unquantifiable source of error. This means the radiation chemistry of gas
mixtures or the presence of a surface on the gas phase chemistry could be investigated.

6.2.2 Irradiation of ZnO/H2O Systems
The source of the molecular oxygen produced by the interaction of ionising radiation with
ZnO should be further investigated. This could be done using XPS surface analysis, however, due
to the large transfer time for the sample from the radiation source to the spectrometer, and hence
the time required, this was not possible on the time scale of this project. Special measures would
have to be put in place as irradiated ZnO must be immediately isolated from any O 2 to avoid reabsorption of oxygen by the irradiated oxide. Re-uptake of O2 would mean any changes induced by
interaction of ionising radiation were reversed before analysis.
The source of the O2 could be confirmed by isotopic labelling of oxygen atoms in water.
This could be performed using water containing 18-O, rather than 16-O, and coupling the GC setup
with a mass spectrometer. Hence, if the O2 detected contained no 18-O, it could be confirmed that
the source of the molecular oxygen is the oxide itself, as it would contain only 16-O.
The ion beam experiments should be extended to cover low weight % water coverage, as
well as investigating adsorbed water layers on ZnO powder. This would allow a direct comparison
of the LET effect of the radiation on H2 yields to be drawn. Adsorbed water samples would have to
be prepared by %RH control as bespoke, specialised sample cells must be used for ion irradiation,
and these cannot be connected to the vacuum line. Specialised vacuum line sample cells could also
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be designed containing mica windows for ion beam irradiation. However, these would have to be
able to withstand high vacuum. It should then be determined whether 5.5 MeV He2+ also causes the
release of O2 from ZnO in the same way as -irradiation.
As indicated in Chapter 3, the size of the particle influences the scavenging activity of the
nanoparticles in a suspension. In a diffusion-controlled reaction at low ZnO concentration, the
limiting factor on scavenging efficiency may be the size of the particles. This would mean ZnO
particles may be reactive towards OH radicals formed, but the radicals may react with each other or
the solvent before reaching the large oxide particles. Therefore, samples composed of smaller
particles could be used to determine whether the scavenging effect observed with slurries of ZrO2
or CeO2 is also seen in ZnO slurries.
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This appendix presents work carried out investigating the Low Energy Electron (LEE)
irradiation of water-ice adsorbed on the surface of a copper crystal under ultra-high vacuum,
including a summary of the importance of the work and an overview of the equipment. The section
then goes on to describe the experimental data acquired, the reasons the experiments met a
conclusion and the future work proposed. This is included as a record for future group members.
The initial aim of this experiment was to produce and subsequently detect nascent OH
radicals by Laser Induced Fluorescence (LIF) or radiolysis products released into the gas phase
from the LEE irradiation of water-ice adsorbed on the copper crystal surface by mass spectrometry.

This appendix is presented in standard format.
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A.1 Introduction
When high energy radiation passes through fluid, solid or adsorbed phase water, a cascade
of secondary electrons form in the track of the particle or photon. These electrons can then go on to
cause a series of further ionisation and excitation events in structures known as “spurs” until they
thermalize and are absorbed by the medium. Electrons with energy as low as 20 eV can cause as
dissociation of water molecules by forming Transient Negative Ions which then undergo
Dissociative Electron Attachment (DEA).12 Therefore, investigating the effect of electron
irradiation on water is highly important. The field also has applications in biological systems as
secondary electrons can cause strand breaks in DNA3 and solar irradiation of icy bodies in space.4
In order to detect H2 or radiolysis fragments, the experiment must be done under a level of
vacuum such that the mean free path of electrons is significantly greater than the distance between
the electron source and copper surface. Unwanted electron collisions with background molecules
would cause loss of resolution of the electron beam by changing the direction and energy.

Table 9 - Classification of vacuum by pressure in Torr.

Type

Pressure / Torr

Mean Free Path / cm

Atmospheric

~760

7 10-6

Rough/Low vacuum

~10-2

50

High Vacuum

~10-6

5 103

Ultra-High Vacuum

>10-9

5 106

Performing experiments under ultra-high vacuum helps to ensure the copper crystal
remains “clean” of adsorbed species and contaminants. The base pressure must also be low to
allow nascent radiolysis products released into the gas phase to be excited by the incoming laser
before collision with background molecules. A higher base pressure increases the probability of
unwanted interactions of either the electron beam or OH radicals being produced. If the nascent
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OH radicals collide multiple times with background molecules, then the spectral information the
radicals are ejected with will be lost. The energy state distribution and degrees of freedom the
radicals are ejected from the solid phase will be altered hence the radicals become thermalised.
The electron beam must reach the crystal surface uninhibited so the pressure must be many
orders of magnitude below a pressure at which water can exist in the liquid state. Therefore,
studying the effects of water under vacuum conditions, requires the solid state.
Phases of solid water can be broadly divided into two types; crystalline and amorphous.
Crystalline water-ice forms in relatively high temperature environments and has the regular,
ordered structure typically associated with water-ice. The phases are hexagonal ice, formed at
> 150 K and cubic ice formed between 140 - 120 K.
Amorphous Solid Water (ASW) forms when water is deposited on a surface below 130 K
under vacuum - when molecules adhere to a surface at a temperature at which they do not have
sufficient energy to orientate into an ordered crystalline lattice and lacks long range structure. The
forms ASW can assume heavily depends on the preparation process, namely the deposition rate and
the substrate temperature. These phases are: hexagonal ice (> 150 K), cubic ice (140 - 120 K), low
density ASW (100 – 40 K) and high density ASW (40-30 K).5,6 ASW is used as an ultra-high
vacuum analogue of liquid water due to the disordered structure and because it can be deposited
onto a surface.7,8 Monte Carlo simulations of electron-initiated processes in ASW have also been
found to have good agreement with similar studies in liquid water.9
Low energy electrons (LEE) typically have energy up to 100 eV.10 In water, there are
approximately 4.0 104 non-thermal electrons produced per MeV of absorbed energy.11 Those that
are not recaptured, around 80% after 100 fs, undergo energy loss via a series of collisions before
thermalisation. This means that there tends to be an abundance of non-thermal electrons in
irradiated water. Electron initiated processes in water are complex. A low energy electron in the
presence of a water molecule for an extended period can from a Transient Negative Ion (TNI),
where the electron occupies an empty molecular orbital. Even below the ionisation energy,
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following electron attachment to H2O, the excited TNI can fragment according to Equations A.1A.3.
H2 O∗− → OH + H −

A.1

H2 O∗− → O− + H2

A.2

H2 O∗− → OH − + H

A.3

Dissociative Electron Attachment (DEA) and water fragmentation after interactions with
electrons was described in more detail in Chapter 1. The dominant process in 100 eV electroninitiated reactions in water is generally ionisation rather than excitation.12 This is followed by
dissociation resulting in the formation of H2 and a large number of H and OH radicals. This is not
an exhaustive list but a short overview of the possible fragmentation pathways a water molecule
may take.13

A.2 Equipment and Method
A.2.1 Reaction Chamber and Adaptions
The original chamber was developed previously and a schematic diagram is shown in
Figure A.1.14 Evacuation of the chamber is achieved using rotary vane (Edward D4V) backed
Turbomolecular pumps (Edwards STP-1000C and STP-1003) capable of evacuating the chamber to
10-10 Torr. Initially, the base pressure of the reaction chamber was between 10-7 and 10-8 Torr.
Efforts were made to reduce the base pressure, for example, the chamber was baked to remove
adsorbed species, which eventually yielded a base pressure of between 10-9 and 10-10 Torr. The
lowest base pressure the chamber achieved during this series of experiments was 6.4 10-10 Torr.
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Figure A.1 - Schematic diagram of UHV chamber located at the Dalton Cumbrian Facility, The University of
Manchester.14

Low energy electrons are susceptible to stray magnetic fields and the magnetic field of the
Earth. These can cause deflection of the electron beam from the surface. In order to reduce external
magnetic fields as much as possible in the vicinity of the copper surface, the chamber is surrounded
by Helmholtz Coils.15 The coils used in this study are a pair of coaxial coils of radius R, equal to
the distance between the coils. The radii of the coils are 0.6 m in the x and y and 0.5 m in the z
direction. These radii were chosen as it was possible to fit them onto the chamber table. Typically,
the current in the respective Helmholtz Coils was; x = 0.24 A, y = 0.36 A, z = 0.44 A.
In order to carry out the surface study, modifications were made to the molecular beam
chamber. A liquid N2 cooled surface manipulator arm was constructed, shown in Figure A.2.16 The
surface arm was constructed to be able to rotate the surface within the chamber by 360 so the
surface could be moved to ensure correct alignment of the crystal with the electron gun, LIF laser
and Photomultiplier Tube (PMT).
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Figure A.2– Diagram (left) and image (right) of liquid N2 cooled crystal surface manipulator mount, with important
features highlighted.

Heating the surface when under vacuum is necessary to remove already adsorbed water or
contaminants prior to water deposition. This is achieved by supplying 400 V at 6 A by tungsten
heating wires. To avoid supplying an electrical current to the entire chamber when heating the
copper surface, the surface is electrically insulated from the manipulator arm while remaining
thermally connected. This is done using sapphire disks selected due to their high thermal
conductivity and electrical insulating properties.
The surface is cryo-cooled to encourage water molecules adsorb to the surface upon
collision, which is why the surface must remain thermally connected to the arm. Liquid N 2 was
selected to ensure the surface could reach a temperature at which solid phase water can condense.
The construction must also be robust with respect to large temperature fluctuations, i.e. from 673 K
to 150 K. This was done by mounting the surface to the arm on U-shaped tungsten wires. If the
wires were linear, the expansion and contraction of the wires caused by heating and cooling cycles
could cause the crystal to become dislodged or the wires to snap.
The electron gun is designed to provide a collimated beam of electrons to initiate electron
driven reactions in the water-ice adsorbed to the surface of the crystal. A schematic diagram of the
electron gun is shown in Figure A.3. These reactions include the Low Energy Electron (LEE) water
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radiolysis and Dissociative Electron Attachment (DEA). The gun is tuneable and able to provide a
beam of electrons of between 10 and 100 eV with a resolution of 0.1 eV.

Figure A.3 - Schematic diagram of electron gun showing filament (purple), lens elements (red), apertures (blue) and
deflectors (green). Developed from designs by Murray et al.17

The outer tube is constructed from titanium which contains molybdenum lenses, apertures
which are mounted on four ceramic rods. The ceramic rods are placed to form the four corners of a
square and hold the assembly in place. A tungsten filament is heated by providing 2.4 A emitting
electrons by thermionic emission. This process occurs when the thermal energy supplied to the
filament exceeded the work function of the metal causing ejection of the charge carrier from the
filament.
A Pierce Grid is the first element by which the ejected electrons emitted from the filament
are focused into a beam. This is done using a non-straight diode positioned either side of the
filament that is biased with a negative charge relative to the filament. The main principle behind
the Pierce Grid is to ensure the electron beam leaves the filament area for acceleration.
A three element lens system is used to focus the beam and collimate the output. A
schematic diagram of this is shown in Figure A.4. The first element, V1, is set relative to the
filament voltage and determines the energy of the electron beam. V 3, or the “end cap” is held at
ground potential, the same potential as chamber. This is so the electron beam does not immediately
change energy once leaving the gun, as control over the beam energy is an important parameter in
this experiment.
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Figure A.4 - Schematic diagram of lens system used to collimate and focus electron beam, highlighted in red in
Figure A.3.

The potential of V2 is varied to further collimate the beam, and the focal length of the beam
can be varied by altering the ratios between the three elements. Three sets of deflectors are used to
make small corrections to the beam to account for stray fields within the gun. These consist of four
perpendicular plates whose potential can be varied. An image of the gun is shown in Figure A.5.14

Figure A.5 - Image of bespoke, custom made electron gun taken from [14], constructed previously [17].

The position of the crystal in the chamber prohibits the electron beam from reaching the
Faraday cup however, the surface is insulated from the chamber hence itself acts as a Faraday cup
meaning detection and characterisation of the electron beam energy remains possible.
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A.2.2 Laser and Detection System
Two distinct laser systems were used in this experiment. The first laser was only used to
perform calibration experiments by initiating the photodisscoation of allyl alcohol vapour
according to Scheme A.1.

Scheme A.1 - 193 nm photodissociation of allyl alcohol vapour.

The second laser was then used to induce fluorescence of the OH radicals produced by the
photodissociation reaction shown in Scheme 1, before being used in the subsequent investigation.
A Questek Series 2000 Excimer laser was used to initiate the reaction within the allyl
alcohol vapour. The lasing cavity was filled with Ar, He and F2 to provide the starting materials
required to generate the “excited dimer” species required for radiative emission. A high voltage
electrical pulse creates the excimer species which decays via fluorescence prior to dissociation.
This fluorescence resonates between the parallel mirrors at either end of the cavity thus generating
laser light. 10 Hz electrical pulses produce the pulsed laser output, with an energy of around
4 mJ per pulse. A lens with a 0.3 m focal range was used to focus the beam into the centre of the
chamber.
The lasing system used induce the fluorescence of OH radicals first involves a Nd:YAG
laser. A Continuum Surelite II containing the Y5Al5O12 crystal doped with 1% Nd3+ is used to
produce 1064 nm light. Q-switching is used to generate high power pulses. This 1064 nm output is
doubled using a Potassium Dihydrogen Phosphate (KDP) crystal and the resultant 532 nm light is
used to pump a Radiant Dyes NarrowScan dye laser. Rhodamine 6G laser dye (120 mg/L in
ethanol) was selected as this dye emits most efficiently at 532 nm. The output is then doubled using
a Barium Borate (BBO) crystal to give the 282 nm light which is used to excite the desired
electronic transition of OH radicals. The pulse energy is approximately 1.5 mJ per pulse. The LIF
laser output does not pass through focusing optics prior to entering the chamber.
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Light produced by the fluorescent decay of the excited OH radicals is collected by a Liquid
Light Guide (LLG) placed 0.01 m above the reaction region. This is subsequently detected by an
ET Enterprises 9235QB Photo Multiplier Tube (PMT) with a Quartz window and a 160-630 nm
spectral response. These are designed to amplify few photons of light into a detectable signal.
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A.3 Results and Discussion
A.3.1 Electron Gun Characterisation
The original design of the chamber allowed the electron beam to be characterised using a
Faraday cup located at the back of the chamber. However, in this iteration the surface manipulator
mount prohibited the electron beam from reaching Faraday cup at the rear of the chamber. An
ammeter and conductive surface form a makeshift Faraday cup directly in the centre of the reaction
region. This allowed the current of the electrons incident on the surface to be measured and
optimised. The electron current on the surface as a function of the beam energy is shown in
Figure A.6.
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Figure A.6 - Variation of current on sample surface as a function of gun energy (determined by the voltage supplied to
the gun filament) between 0 and 100 eV using the surface as a Faraday cup.

Once the gun energy that supplied the highest current on the sample surface had been
determined, the current was further optimised by adjusting parameters such as the Helmholtz coil
voltages. This was also done to ensure the beam was centred on the reaction surface. Knowledge of
the current incident on the sample surface is necessary so the deposition of energy into adsorbed
species can be calculated.

176

Appendix A: Low Energy Electron Irradiation of Water-ice Under Ultra-High Vacuum

A.3.2 Laser Induced Fluorescence
Calibration
To demonstrate the equipment has the capability of detecting the LIF spectrum of OH
radicals, the 193 nm photo dissociation of allyl alcohol was carried out as a calibration exercise.
This test proves the PMT is capable of detecting photons from the fluorescent decay of OH
radicals, the dye laser is scanning over the correct wavelength range and the alignment of the lasers
and optics is optimised. The calibration would also allow adjustments to the scanning range of the
dye laser to ensure the desired excitations were targeted.
This is carried out by isolating the reaction chamber from the pumping system and
introducing 1 10-1 Torr of allyl alcohol vapour. The excimer laser and LIF laser are then used in
concert to generate then immediately excite nascent OH radicals.
The spectrum of interest, in this case, for the OH radical is the A2Xi←X2Π+ of the (1,0)
transition. This can be simulated using the LIFBase software package, Figure A.7.
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Figure A.7 - Simulated spectrum of the A2Xi←X2Π+ transition of the OH radical at room temperature, from LIFBase.
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Agreement between the simulated spectrum and the observed spectrum was necessary for
the experiment to progress. Figure A.8 shows the observed spectrum recorded from the
photodiossociation of allyl alcohol.
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Figure A.8 – Calibration experiment to observe the LIF spectrum for the OH radical from the 193 nm photodissociation
of 1.2 10-1 Torr allyl alcohol. Spectrum recorded over the 281.5-283.3 nm scanning range of the NarrowScan dye laser.

Overlaying the simulated and experimental spectra show that the experimental spectrum
has deviation in spacing and differing intensities compared to the simulated spectrum. Comparison
of the spacing in Figures A.7 and A.8 show that a LIF spectrum was observed but it could not be
confirmed beyond reasonable doubt that it was the spectrum of OH radicals from the
photodissociation of allyl alcohol.
Calculating the number of OH radicals produced by the photo induced reaction is
necessary in the calculation of the lower limit of detection for the system. If the limit of detection is
above the number density of OH radicals being produced, no signal will be observed. Hence, this
would mean aspects of the experiment would need to be altered to increase the likelihood of
detecting OH radicals by LIF, or a different spectroscopic or spectrometric technique would have
to be used.
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The first step in determining the number density, N’, of allyl alcohol molecules in the
chamber. This is calculated using the ideal gas law, A.10:
A.10

𝑝 = 𝑁𝑖 𝑘𝑇

where p is the pressure of the gas in Pa, Ni is the number density of the molecule of interest, k is the
Boltzmann constant in m2 kg s-2 K-1 and T is the temperature in K. This gives a number density of
allyl alcohol molecules of 3.89×1021 m-3 at pressure 1.2×10-1 Torr.
The next step is to calculate the number of photons per pulse of the excimer laser, see
Equation A.11. This gives the photon energy of the laser at a wavelength of 193 nm,
𝐸=

ℎ𝑐
𝜆

A.11

where E is the energy in J, h is Planck’s constant, c is the speed of light in a vacuum and λ is the
wavelength in m of the incident photons. This gives 1.02×10-18 J per 193 nm photon. The measured
energy of the laser is 4 mJ per pulse, thus giving 3.89×1015 photons per pulse.
OH radical production from allyl alcohol by 193 nm photo-dissociation is a single photon
process with a dissociation cross section, σ = 3.35×10-19 cm2.18 The Beer-Lambert law, shown in
Equation A.12, allows the estimation of the fraction of 193 nm photons which will dissociate the
allyl alcohol molecules:
𝐼 = 𝐼𝑜 exp(−𝜎𝑁 ′ 𝑙)

A.12

where I and Io are the final and initial intensities of the excimer laser beam respectively, N’ is the
number density of allyl alcohol in m3, and l is the path length of the laser in the detection range of
the LLG which, here, is 0.01 m. The ratio

𝐼
𝐼0

is the fraction of photons not absorbed in the

dissociation of allyl alcohol. The result of this calculation is that only ~1% of 193 nm photons
absorbed by allyl alcohol molecules are causing a dissociation event. Overall, this leads to an
estimate of the production of 1.5×1012 OH radicals per cm3 per pulse.
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Repeated experiments using 10-1 Torr allyl alcohol vapour could have caused organic
molecules to adsorb on the chamber walls. As the chamber is brought to vacuum, these molecules
will desorb from the chamber walls and increase the base pressure. To clean the chamber walls and
hence reduce the ultimate pressure, a bake cycle at 120 C for 24 h was performed while under
vacuum. Heating tape was used externally to evenly heat the chamber walls. Even distribution of
heating tape is imperative so there are no large temperature gradients around glass windows of
viewing ports. This could cause uneven expansion of components surrounding the glass which
would cause the windows to shatter.

A.3.2 Electron Irradiation of Water-ice
Laser Induced Fluorescence
As the calibration proved the system was capable of detecting LIF spectra, the focus of the
experiment moved to aim to detect OH radicals desorbing from the LEE irradiation of water-ice
adsorbed on a copper surface.
The copper crystal was cooled with liquid N2 to 151.0 K at a base pressure of
1.2 10-10 Torr. Deionised water vapour was introduced to the chamber at a pressure of
1.0 10-6 Torr. Care must be taken during this process not to allow the pressure of the chamber to
increase to above 1.0 10-4 Torr as this can cause catastrophic failure of the turbomolecular pumps.
After multiple layers of ice had adsorbed on the surface of the crystal (initially, confirmed visibly),
the surface was irradiated with 80 eV electrons for a period of up to 10 minutes. The recorded LIF
spectrum for this, recorded during electron irradiation, is shown in Figure A.9.
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Figure A.9 - LIF spectrum of OH radicals from the electron irradiation of water-ice adsorbed to the crystal surface.

Figure A.9 shows clearly that no transitions that correspond to the (1,0) transition of the
OH radical are observed. The variations in intensity could be attributed to high pulse energies and
not ascribed to LIF transitions. The most likely explanation for this is that the number density of
OH radicals being produced is not sufficiently high, or the laser scan was in the wrong region. That
is, the number density being released into the gas phase from water radiolysis is below the limit of
detection for the PMT, hence the signal is not observed.

Quadrupole Mass Spectrometer (QMS)
It became clear that the detection of OH radicals by LIF was not possible without major
alterations to the equipment. Therefore, mass spectrometry was employed to detect water radiolysis
fragments leaving the water-ice adsorbed on the copper crystal surface. This was done using a
HAL Quadrupole Gas Analyser. In order to prove the QMS was capable of detecting H 2O,
temperature programmed desorption of water-ice from the copper surface was performed. This test
also confirmed that when a pressure of 1×10-6 Torr of deionised water was introduced to the
reaction chamber, there was adsorption of water molecules on the cryo-cooled Cu, shown in
Figure A.10.
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Figure A.10 - QMS output from the temperature programmed desorption of water from the Cu surface when heating
from 133 K to 283 K at a rate of 1 K per second. Spectrometer set to scan for M r = 18 only.

The results displayed in Figure A.10 showed it was possible to detect gas phase water that
had desorbed from the copper surface upon heating. Figure A.11 shows the same scan after
10 minutes of 80 eV electron irradiation of water-ice adsorbed to the Cu crystal.
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Figure A.11 - QMS spectrum from the 80 eV electron irradiation of water-ice adsorbed to the Cu surface. Data recorded
during irradiation while Cu surface was at 155 K.

The results shown in Figure A.11 are inconclusive. Clearly there is detection of a multitude
of species, and a large peak at Mr = 2, which corresponds to H2. However, whether this can be
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attributed to background molecules in the chamber, or from desorption of radiolysis products from
irradiated ice adsorbed on the surface is not clear. The distribution of detected masses suggests the
presence of a large amount of impurities in the background gas.
In “multi-ion detection” mode, the QMS could detect up to three pre-selected molecule
masses simultaneously. Hence, 18 (H2O), 17 (OH radical) and 2 (H2) were selected. The water-ice
adsorbed to the surface was irradiated with 80 eV electrons for up to 10 minutes and the spectrum
recorded. It was also attempted to ascertain whether H2 was being produced, but was trapped in the
ice by heating the surface to 0°C to force the desorption of molecules from the surface.
The spectra recorded after 10 minutes of 80 eV electron irradiation and the surface was
heated to 0°C are shown in Figure A.12.
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
31
1
0.00E+00

b)

Time / s

Time / s

Time / s

a)

5.00E-10

1.00E-09

1.50E-09

2.00E-09

Counts

Counts / arb.

2.50E-09

3.00E-09

3.50E-09

31
46
1
16
31
46
1
16
31
46
1
16
31
46
1
16
31
46
1
16
31
46
1
0.00E+00

c)

5.00E-10

1.00E-09

1.50E-09

Counts

Figure A.12– Multi-ion detection of thermally driven desorption of water-ice from a Cu surface after 10 minutes of 80
eV electron irradiation. Plots show number of counts as a function of time when the surface was heated at 1 K per second
for Mr = 18 (a), 17 (b) and 2 (c).

Again, it was clear that a signal corresponding to H2 was not present and only the signal for
H2O desorption was being detected. While there appears to be a constant signal at Mr = 17, the lack
of any features as the temperature of the water-ice is increased indicates that this is not due to OH
fragments from water radiolysis. This indicates that only H2O is present in large enough volumes to
be detected, and the sensitivity of the detector is too low to detect the quantity of gas being released
from the adsorbed phase by the LEE irradiation of water-ice. It is not possible to boost the amount
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of H2 being produced without significant alterations to the apparatus or experimental setup, nor is it
possible to boost the detection sensitivity of the spectrometer.
In work undertaken by McCoustra et al., a signal for H2 is detected upon activation of the
electron beam.19 However, this work was done at a temperature at which ASW existed. It may be
the case that H2 is being produced but becoming trapped in the crystalline ice layers.

A.4 Summary and Future Work
The low energy electron irradiation of condensed water (ice) on a copper crystal surface
under ultra-high vacuum was investigated by LIF and QMS. Low energy electron reactions are of
fundamental importance as it is understood that ionising radiation can go on to create up to
10,000 secondary electrons in aqueous media which can themselves go on to cause other ionisation
and excitation events.20
From the body of results, it did not appear that the system was capable of detecting
radiolysis products from electron irradiation of water-ice. Ensuring a high signal to noise ratio is
paramount in spectroscopic experiments. Clearly if the signal is weak and the background noise is
high then the signal may become lost. Therefore, there are two possible methods to address the lack
of desired molecule detection. They are to boost signal output; increasing the initial signal or
reducing the background noise.
One way to reduce the base pressure in the chamber, and the spectral noise, would be to
differentially pump the mass spectrometer. Not only would this reduce the base pressure but it
would increase the probability of radiolytically generated species reaching the spectrometer for
detection. One explanation for the lack of radiolysis product signals may be that the base pressure
of the reaction chamber is high. The base pressure of the reaction chamber could be reduced by
performing bake cycles of the chamber walls to remove adsorbed molecules.
The lowest temperature the surface could reach was approximately 151.0 K. This is above
the temperature threshold at which ASW can form so it is most likely that crystalline water-ice was
present on the substrate surface. An implication is that H2 or other radiolysis fragments could

184

Appendix A: Low Energy Electron Irradiation of Water-ice Under Ultra-High Vacuum

become trapped in the ice layers. However, because of the lack of detection sensitivity or excess
background noise, no H2 signal was detected in the gas phase either during LEE irradiation of
water-ice or upon heating the crystal post LEE irradiation by.
It was clear from the body of work that the mass spectrometer was not sufficiently
sensitive, or the sensitivity of the detector has deteriorated due to age. The solution to this may
indeed simply be replacement of the QMS with an up to date, more sensitive spectrometer.
Once sufficient alterations have been made to the system such that the setup is capable of
detecting H2 and other fragments, there is a variety of routes this experiment can take. Since the
centre point of this work is the safe storage of spent fuel and contaminated waste, a single crystal of
a material such as UO2 or thin films of ZrO2 could be placed at the centre. The energy transfer
process governing the alteration of the G(H2) value by the presence of metal oxides compared to
water radiolysis can be investigated at a mechanistic level.
At a pressure of 1 10-7 Torr of H2O vapour, one monolayer will adsorb to the surface per
ten seconds. With appropriate precision, it would be possible to alternate layers of H2O and D2O or
introduce single layers of D2O amongst layers of H2O. Using a sufficiently sensitive residual gas
analyser, it would be then possible to determine the penetration depth of incident charged particles
by characterising the distribution of hydrogen and deuterium in the mass spectrum of the radiolysis
products.10
The final stage the experiment could reach is to mate the UHV chamber to the DAFNE ion
accelerator at DCF. The machine is capable of can delivering 5.5 MeV He 2+ ions – simulating the
alpha decay of plutonium which would be a more direct simulation of the real storage conditions.
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Appendix B: Specimen Water Layer Calculation
Appendix B: Specimen Water Layer Calculation
For 1.0 g of ZnO (4.12 m2/g):
The mass increase due to %RH exposure is measured and this is converted to a number of
water molecules. It is assumed that there is an average of 1 1019 adsorption sites per m2 of ZnO.
Hence, 4.12 1019 adsorption sites in 1.0 g.
Dry ZnO / g

Post %RH / g

Mass Increase / g

Number H2O Molecules

10.51735

10.51881

0.00146

2.43 1020

Assuming one water molecule per adsorption site, then this equates to 1.01 monolayers of
water. After irradiation, the signal from the TCD is integrated and the area under the curve is used
to determine the volume of H2 gas produced, shown in Figure B1.

Figure B1 - TCD trace for H2 detection from SRI 6010 GC.
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In this case, peak area = 343.49. The relationship from the calibration described in Section
2.3.1 is then used to convert this to a number of molecules. The relationship varies over time due to
changes in the conditions of the GC.
Volume = 343.49/371.68
= 9.24 L
= 2.48 1020 H2 molecules.
The dose is determined by the position in the irradiator and time the for which the sample
is subject to irradiation. The dose is measured by Fricke dosimetry prior to each experimental run
and compared to the calculated dose rates to ensure accuracy. Dose is an energy per unit mass,
hence the value is corrected for the mass of adsorbed water to obtain the absorbed energy.
For a 120-minute irradiation at a dose rate of 285.3 Gy/min, the total absorbed dose was
34236 Gy which equates to 6.6280917 1020 eV absorbed.
This process is repeated for each measurement and an average is taken at each water
loading. The data is then plotted as a function of absorbed energy and the G(H 2) value is extracted
from the slope of the trend line that goes through the origin, shown in Figure B2.

Figure B2 – Number of H2 molecules produced as a function of adsorbed energy for one monolayers of water adsorbed
on ZnO (1.0 g, 4.12 m2/g).

188

Appendix B: Specimen Water Layer Calculation

In this example the absorbed energy is in units of eV hence the gradient must be divided by 100 to
obtain the G value. G(H2) = 5.25 molecules/100 eV.
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Appendix C: Conferences and Presentations
Appendix B constitutes a list of national and international conferences attended and the title of
the poster or oral presentation delivered at each conference.

International Conferences:
•

Waste Management Symposium 2018, Arizona, March 2018 – Poster (2nd place in
student poster competition)

Title: H2 production from H2O Adsorbed on Nuclear Fuel, page 191
•

Miller Conference on Radiation Chemistry, Sicily, October 2017 – Poster

Title: Investigation of Anomalous H2 Production from Water Adsorbed on Metal Oxide Surfaces,
page 192
•

International Conference on Ionising Processes, New York, October 2016 – Young
Investigators Presentation & Poster

Title: Investigation of Anomalous H2 Production from Water Adsorbed on Metal Oxide Surfaces,
page 193

National Conferences and Meetings:
•

Distinctive Theme 2 Meetings: November 2015-2017, The Reghed Centre, Penrith

Poster and Oral Presentation
•

NDA PhD Conference: January 2015-2018, Manchester Conference Centre, Manchester

Poster and Oral Presentation
•

School of Chemistry Postgraduate Research Showcase, 2017

Oral Presentation & Poster
•

The University of Manchester Research Showcase, 2018

Poster
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Investigation of anomalous H2 production from water
adsorbed on metal oxide surfaces
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1. Introduction
The 126 ton stockpile of legacy plutonium resides in sealed containers in interim storage as PuO2 at Sellafield, UK. Metal oxides are known to alter the yields of H2 during water radiolysis, this
may have caused the pressurisation of some out of specification canisters.
ZrO2 (alloys used as fuel rod cladding) is known to increase G(H2) by up to three orders of magnitude compared to the radiolysis of pure water. Conversely, PuO2 has been observed to
decrease the yield of H2 during water radiolysis. In order to probe the reducing effect of PuO2 on G(H2) without the associated hazards, a metal oxide must be found with similar properties.
The evolution of gas from water adsorbed on or aqueous suspensions of ZnO was investigated to determine the effect the presence of ZnO had on the yield of radiolysis products.

2. Experimental

4. Results – O2 from radiolysis of ZnO nano- powder

Powders heated to 450°C for 24 h to remove adsorbed water. 1.0 g samples
introduced to constant humidity chamber, flame-sealed then irradiated. Number of
water layers quantified by mass change of oxide pre and post %RH exposure.

O2 was detected from the ɣ-radiolysis of dry ZnO powder. When heated to over 400oC
ZnO undergoes a colour change from white to green/yellow. Signifying to O2 being
released from the oxide by reaction 1.
𝑥 = 7.0 ×10 −4

ZnO → Zn ( 1−𝑥) O

(1)

Corresponds to microliter quantities of O2 released on heating – same order of
magnitude as irradiation. G(O2) = 20.6 molecules/100 eV when dose calculated with
respect to the mass of the adsorbed water.
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Figure 2:
Number of molecules of O2
produced by the gamma
radiolysis of 1.2 monolayers of
water on ZnO as a function of
energy absorbed.

O2 molecules produced
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All gaseous products are analysed by gas chromatography using bespoke gas
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3. Results – H2 from radiolysis of ZnO nano- powder
Previously reported that ZnO either lowered or had a similar G(H2) to the ɣ- radiolysis
of pure water.1,2
10

Figure 1:
G(H2) as a function of the
number
of
water
layers
adsorbed to ZnO nano-powder
(4.1
m2/g
surface
area
measured by BET).
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adsorbed water only.

4

Irradiation was not found to
change the crystal structure up
to the maximum dose for this
experiment.

2

0

1

2

3

4

5

Figure 3:
Number of molecules of O2
produced as a function of
energy
absorbed
by
the
system.

5x1020

O2 molecules produced

G(H2) / molecules/100 eV

8

0

Amount of radiolytic O2 released increases linearly with dose. No O2 detected from
unirradiated samples. O2 detected from the radiolysis of water on ZnO in comparable
volumes to H2. During experiments with other metal oxides, O2 is not observed.2
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G(H2) = 5.2 molecules/100 eV, an order of magnitude more than pure water radiolysis
(0.45 molecules/100 eV). Indicates some transfer of energy from the oxide to the
adsorbed water.
G(H2) decreases as the number of water layers increases – indicates enhancement is
an effect of the oxide.
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O2 detected from the radiolysis of dry ZnO. This indicated the source of O2 may not
be the adsorbed water but the oxide powder. O2 and H2 are not observed in
stoichiometric amounts. G(O2) = 0.82 molecules/100 eV.

5. Conclusions
H2 detected from the gamma radiolysis of water adsorbed on the surface of ZnO nano-particles. Amount detected is an order of magnitude greater than pure
water, and G(H2) observed to decrease with increased water loading.
O2 was detected at the same time in non-stoichiometric amounts. O2 also detected from the radiolysis of nominally dry ZnO powder indicting the ZnO is the
source of the majority of the O2. While the radiolysis of water adsorbed on ZnO cannot be used as an analogue for the water-PuO2 system, the radiolytic
generation of O2 from ZnO is worthy of further investigation.
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O2 detected from the radiolysis of water on ZnO in comparable volumes to H2.
During experiments with other metal oxides, O2 is not observed.2

Zirconia was chosen as starting point due to a well documented catalytic
enhancing effect on G(H2) using Method 1.

Metal oxides can have a catalytic effect on the yield of H2 during the radiolysis of
water. This may have caused the pressurisation of some PuO2 storage containers at
Sellafield, UK.

5. Results – O2 from radiolysis of wet ZnO powder

3. Results – H2 from radiolysis of water on ZrO2

1. Introduction

ZrO2 (alloys of which are used as fuel rod cladding) is known to increase G(H2) by up
to three orders of magnitude compared to the radiolysis of pure water. Conversely,
PuO2 and UO2 are known to decrease the yield of H2.
The 126 tonne UK stockpile of legacy plutonium is stored in the form of PuO2. The
aim of the project is to find a metal oxide with similar catalytic activity to PuO2 so the
behaviour of PuO2 storage containers can be modelled more accurately over their
projected lifetimes.

2. Experimental

METHOD 1: Powders heated to 500oC for 24 h. 1.0 g samples introduced to constant
humidity chamber, flame-sealed then irradiated. Number of water layers quantified by
mass change of oxide pre and post %RH exposure.

G(H2) plotted as a function of the number of water layers (below). The
experimental data for the radiolysis of water on ZrO2 overlapped directly with
literature data, validating the experimental method.1

G(H2) /molecules/100 eV

Number of Molecules O2

Left: G(H2) vs number of water layers for water adsorbed to ZnO micro particles. Right: Number of
molecules of O2 as a function of dose for water adsorbed on the surface of ZnO for 1.0 g samples. Dose
calculated with respect to mass of adsorbed water.

When thermally treated: ZnO →ZnO1− , when x= 7×10-4. Meaning 1.0 g
samples release micro-litre volumes of O2 during heating. Experiments suggest
interaction with radiation has a similar effect.
Main: G(H2) from water adsorbed to ZrO2 plotted as a function of the number of water layers
and compared to literature values Insert: No. of molecules vs Dose (eV) – for calculation of
G(H2).

“Tube Crush” method
Humidity control chamber

Up to three order of magnitude increase in G(H2). As water loading decreased
the magnitude of enhancement increased. Indicates an efficient energy transfer
process from the oxide to the adsorbed water.

4. Results – H2 from radiolysis of aqueous ZnO
60Co Gamma Irradiator (DCF, Cumbria)

METHOD 2: Powders heat treated as above then 1.0 g samples are transferred to
metal vials which are evacuated to 1.5 mTorr . Water vapour introduced to vacuum
line and allowed to adsorb to oxide then re evacuated. Vial then back filled with 0.8
ATM of Ar. Number of water layers quantified by pressure change of vacuum line.

6. Future work
Determine source of O2 using XPS, MS and isotope labeling as well as gas
sampling during irradiation.
UHV experiments to determine the effects of low energy electron irradiation
on water-ice adsorbed to ZnO singe crystal. Detect products by QMS.

The radiolysis of aqueous suspensions of ZnO and water adsorbed to the
surface of ZnO was investigated. G(H2) order of magnitude less than pure
water.

Pressure
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Pressure
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eV

Rotary Vane Pump
Water
Reservoir

0.0567
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Liquid N2 cooled surface manipulator with
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UHV Chamber

Heavy ion irradiation using 2.5 MeV He ions and protons using ion
accelerator at DCF.
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Vacuum line (pumps excluded)

All gaseous products are analysed by gas chromatography using bespoke GC’s. The
vacuum line method aims reduces sources of error in the experiment.

Number of molecules of H2 as a function of dose received by the whole system for 90 – 70% water. Table
contains associated G(H2) values.
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