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X-ray photoelectron spectroscopy (XPS) has been used to study the effect of mixed H,O/H, gas plasma
on the surfaces of UO,, U,Os5 and UOs3 thin films at 400 °C. The experiments were performed in situ
under ultra-high vacuum conditions. Deconvolution of the U4f;,, peaks into U(v), U(v) and U(v) com-
ponents revealed the surface composition of the films after 10 min plasma exposure as a function of H,
concentration in the feed gas of the plasma. Some selected films (unexposed and exposed) were also
analysed using grazing-incidence X-ray diffraction (GIXRD). The XPS results show that U(v) is formed as a
major product upon 10 minutes exposure of UOz by a mixed H,O/H, plasma in a fairly wide H, concen-
tration range. When starting with U(v) (U,Os), rather high H, concentrations are needed to reduce U(v) to
U(v) in 10 minutes. In the plasma induced oxidation of UO,, U(v) is never observed as a major product
after 10 minutes and it would seem that once U(v) is formed in the oxidation of UO; it is rapidly oxidized
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further to U(vi). The grazing incidence X-ray diffraction analysis shows that there is a considerable impact
of the plasma and heating conditions on the crystal structure of the films in line with the change of the
oxidation state. This structural difference is proposed to be the main kinetic barrier for plasma induced
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Introduction

Many countries using nuclear power are considering deep geo-
logical repositories as the solution for the storage of highly
radioactive used nuclear fuel. Most geological repository con-
cepts are based on a mixture of natural and engineered
barriers™” to prevent intrusion of groundwater into the canis-
ters containing the nuclear fuel and migration of radio-
nuclides out of the canisters.® The used fuel is mainly UO,
(95%) and 5% of heavier actinides and fission products.*
Noble metals like Mo, Ru, Pd, Tc, and Rh are among the
fission products which form metallic alloy particles commonly
known as e-particles.” Although groundwaters at many poten-
tial repository sites are reducing and UO, has very low solubi-
lity under reducing conditions, the inherent radioactivity of
the used fuel can also drive its dissolution. Ionizing radiation

“School of Engineering Sciences in Chemistry, Biotechnology and Health (CBH),
Department of Chemistry, Applied Physical Chemistry, KTH Royal Institute of
Technology, SE-100 44 Stockholm, Sweden. E-mail: ghadaej@kth.se

bEuropean Commission, Joint Research Centre, Postfach 2340, DE-76215 Karlsruhe,
Germany

“Institute of Physics, ASCRPrague, Czech Republic

“Faculty of Mathematics and Physics, Charles University, 12116 Prague, Czech
Republic

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
didto1020d

This journal is © The Royal Society of Chemistry 2021

transfer between U(v) and U(v) in both directions.

emitted by the fuel and absorbed by the adjacent groundwater
(in the event of canister failure) will induce water radiolysis
producing oxidizing (H,O,, "OH, HO,") and reducing species
(H,, H', e,q7).% Since the fuel matrix is mainly in its reduced
form (U(v)), the radiolytic oxidants will initially dominate the
chemistry at the fuel surface and drive the oxidative dis-
solution process where the fission products and actinides will
subsequently be released.® In the process of anaerobic cor-
rosion of iron in the canister, large quantities of H, will be
produced.”'® H, has been shown to efficiently inhibit the radi-
ation driven oxidative dissolution of used nuclear fuel,"*™* an
effect that can mainly be attributed to e-particle catalysed
reduction of oxidized uranium in the fuel matrix.">'® The
reduction competes with the dissolution of oxidized uranium
but becomes dominating at fairly low H, concentrations. The
other inhibiting effect of H,">""® is the impact it has on
water radiolysis. H, reacts with hydroxyl radicals producing
H,0 and hydrogen atoms. This reduces the yield of oxidants
and increases the yield of reductants and thereby reduces the
rate of oxidative dissolution.

As dissolution and precipitation of secondary phases occur
in parallel with the redox processes, it is difficult to draw
reliable mechanistic conclusions for the individual processes
from experiments performed in solution. To circumvent this
problem, we have recently developed an approach to simulate
the radiolysis by a vacuum ECR (electron cyclotron resonance)
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water plasma (the products are to a large extent the same as
the aqueous radiolysis products) to which we expose uranium
oxide model films. In situ X-ray photoelectron spectroscopy
(XPS) analysis was used to monitor the evolution of the freshly
reacted surfaces, without interference of laboratory atmo-
sphere, dissolution or precipitation reactions. Our previous
work using this methodology has shown that a pure water
plasma oxidizes UO, and U,O5 (U(v)) to UO; (U(v1)). In a series
of exposures of UO, films to the water plasma for different
times we could evaluate the dynamics of the process. The
results showed that UO, is initially oxidized to U(v) and U(vi)
and the latter becomes the major product after 10-15 minutes
exposure. For longer exposures, U(vi) is slowly reduced back to
U(v). These findings were discussed in detail and a simple
kinetic model was developed to describe the dynamics of the
process.”” While we have previously only used this method-
ology for exposures to pure water plasma,*® we have extended
in the present study the experimental conditions by using a
mixed H,O/H, plasma.

The use of a mixed H,O/H, plasma does not simply mimic
the impact of H, on water radiolysis since, in water radiolysis,
the radiation energy is completely absorbed by water and H,
only reacts with the aqueous radiolysis products. In the mixed
plasma, the plasma is generated both from H,0 and H, and the
products may react with each other inside the plasma generator,
while outside the plasma generator the pressure is too low to
allow bimolecular processes before the plasma products reach
the oxide surface. The use of a mixed H,O/H, plasma enables
fine-tuning of the redox properties of the plasma, which opens
up the possibility for more detailed studies of the redox chem-
istry of uranium oxide films under UHV conditions.

In this work, we have exposed UO,, U,05 and UO; films to
mixed H,O/H, plasmas and analysed the films after 10 min
plasma exposure using XPS complemented by grazing-inci-
dence x-ray diffraction (GIXRD). The results are discussed in
terms of intrinsic kinetic barriers for the transfer between
different oxidation states.

Experimental
Sample preparation

Uranium oxide UO,, films were prepared in situ using opti-
mized conditions of direct current (DC) sputtering from a
uranium metal target in a gas mixture of Ar (6N) and O, (5N).
The Ar pressure used was 5 x 10> mbar and the O, pressure
ranged between 107® mbar and 2 x 107° mbar. The uranium
target voltage was fixed at —700 V. The films of 20 nm thick-
ness were deposited at 400 °C on polycrystalline Au substrates,
cleaned by annealing to 200 °C for 10 min. The deposition
time was 15 min. The plasma in the diode source was main-
tained by injecting electrons of 25-50 eV energy (triode setup),
allowing working at a low Ar pressure in the absence of stabi-
lizing magnetic fields. UO; films were prepared by exposing
the UO, films to the oxygen plasma produced by the electron
cyclotron resonance (ECR) source.
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ECR plasma source

In the ECR source, the excitation of electrons is based on sto-
chastic heating by microwave radiation in magnetic fields pro-
duced by permanent magnets. The electrons gain sufficient
energy to ionize the gas and sustain the plasma when the reso-
nance condition between the electrons and the microwave elec-
tric field is fulfilled. A reactive plasma environment is formed
of excited species, free radicals, and ions. The temperature of
samples during exposure was maintained at 400 °C using a
pyrolytic boron nitride (PBN) heater installed below the
sample holder. The water vapour used as a feed gas was in
some cases mixed with H, gas. Gas pressures were kept con-
stant by a flowmeter setup to ensure stable plasma conditions.

More details about the ECR source and different gas
plasma characterization methods with a RGA-Mass spectro-
meter are reported in a previous study.>’

Surface characterisation

High-resolution X-ray photoelectron spectroscopy (XPS) was
used to analyse the chemical surface composition of the films
before and after each treatment. The spectra were obtained
using a Specs Phoibos 150 hemispherical analyser, using Al-Ka
(1486.6 eV) radiation, produced by an XRC-1000 p-focus
source, equipped with a monochromator and operating at 120
W. The background pressure in the analysis chamber was 2 x
107'° mbar. The Au4f,, line of the Au metal (83.9 eV BE) and
the Cu-2pj3), line of the Cu metal (932.7 eV BE) were used for
calibration of binding energies. Photoemission spectra were
taken at room temperature. The spectra obtained at high
resolution were analysed by deconvolution into simple com-
ponents. The U4f;, components were fitted to Gaussian/
Lorentzian functions. In all cases, a standard Shirley baseline
was employed to separate the real signal from the background.
The deconvolutions have been carried out by using XPS
peak41 software.

Grazing incidence X-ray diffraction

The grazing incidence X-ray diffraction (GIXRD) measurements
were carried out on a Rigaku SmartLab diffractometer using a
9 kW copper rotating anode X-ray source (Cu-Ka radiation A =
0.15418 nm). It was equipped with a parabolic multilayer
mirror in the primary beam, a set of axial divergence eliminat-
ing Soller slits in both the incident and diffracted beam
(acceptance 5°) and a parallel beam Soller slit collimator
(acceptance 0.5°). A HighPix-3000 2D hybrid pixel single
photon-counting detector was located in the diffracted beam.
The constant incidence angle of the primary beam w = 3.0°
was used for the measurement. Origin 2019b was used to
retrace the figures. ICSD database was used to assign the
different phases present in the films.

Results and discussion

Before discussing the impact of the mixed H,O/H,-plasmas on
uranium oxide films, it is important to understand the impact

This journal is © The Royal Society of Chemistry 2021
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of pure plasmas. In two recent papers, it was shown that a
pure H,O plasma oxidizes both UO, and U,Os to UO; in
10 min at a sample temperature of 400 °C. For longer
exposures of UO, to a pure H,O plasma it was shown that the
UO; formed initially and was slowly reduced back to U,Os. It
has also recently been shown that UO; exposed to a pure H,
plasma at a sample temperature of 400 °C for 10 min was
quantitatively converted to UO,.*° Exposing U,O5 to a pure H,
plasma under the same conditions also leads to the formation
of UO, while exposing UO, to a pure H, plasma leaves the
oxide film unchanged.

In this paper, we perform all plasma exposures for 10 min
and at a sample temperature of 400 °C. Based on that found in
the previous studies, the plasma-induced reactions are well
advanced but not necessarily complete after 10 min.
Nevertheless, the use of a common exposure time for all
oxides and plasma compositions allows direct comparison of
the results.

Properties of mixed H,O/H, plasma

Before discussing the impact of the mixed H,O/H, plasma on
different uranium oxides, it is necessary to address the pro-
perties of the mixed plasma. Hydrogen is introduced into the
plasma chamber together with water and both gases are sub-
jected to the ECR plasma. Fig. 1 shows the evolution of three
crucial gas species, O,, H,O and H,, as the plasma is switched
on and the hydrogen partial pressure is gradually increased.
The RGA-Mass spectrometer is placed outside the plasma gen-
erator and only detects species escaping the plasma generator.
As the pressure is very low, the probability for bimolecular
reactions between plasma constituents outside the plasma
generator is very low. Consequently, the detected products will
reflect chemistry inside the plasma generator.

Before the plasma is switched on and while the plasma
chamber is loaded with pure H,O, only water is detected.
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Fig. 1 Pressures of molecular products in a mixed H,O/H, plasma in a
system where the H, pressure in the plasma generator is first stepwise
increased and thereafter stepwise decreased.
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When the plasma is switched on the water signal decreases
and H, and O, are also detected. These two products originate
from the recombination of H atoms and O atoms, respectively.
Both H atoms and O atoms are produced in a water plasma (in
addition to hydroxyl radicals). After 200 s, H, is added to the
plasma chamber with a relatively low partial pressure(1). The
immediate response of the system is a slight decrease in the
O, pressure, a slight increase in the H, pressure and a signifi-
cant increase in the H,O pressure. After 250 s the partial
pressure of H, is increased for the second time (II). The
immediate response is a further decrease in the O, pressure,
an increase in the H, pressure and a rapid initial increase in
the H,O pressure followed by an even larger drop in the
pressure. This pattern is reproduced, although with a smaller
initial increase and the following decrease in the H,O pressure
for the following three incremental steps in the H, pressure
(I, IV, and V). The transient behaviour of H,O could partly be
due to a slow response of the system when the H, pressure is
increased. After the third incremental increase in the H,
pressure, the O, pressure is insignificant. The H, supply is
thereafter reduced in three steps (VI, VII, and VIII) and the
system gradually recovers from the impact of H, in the plasma
generator. The decrease in the O, pressure with increasing H,
pressure is partly due to the direct reaction between the O
atom and H, producing water, and the reaction between the O
atom and the H atom producing hydroxyl radical. The gradual
increase in the H, pressure will also have an impact on the
energy deposition in the plasma, and as the H, pressure
increases the primary production of the water plasma products
will decrease. The consequence of this is that the oxidant con-
centration decreases both in absolute and relative terms with
increasing H, pressure. When increasing the H, fraction in the
plasma chamber of a mixed H,O/H, plasma, the plasma
changes from containing both oxidants and reductants to a
purely reducing plasma.

U0,

A number of UO, films prepared by sputter deposition were
exposed to mixed H,O/H, gas plasmas under the standard con-
ditions (10 min exposure at 400 °C) and characterized by
means of XPS. The U4f, O1s, and valence band regions of the
samples before and after exposure were mutually compared.
The resulting U4f spectra are shown in Fig. 2. At 0, 3, and 10%
H,, the core level peaks shift towards higher binding energy as
compared to the reference lines of the precursor UO,. For the
pure water plasma reaction (0% H,), this was attributed pre-
viously®® to a chemical shift showing the oxidation of UO,
(U(w)) into UO; (U(vi)). A quite similar effect is observed for 3
and 10% H,. However, at 20% H,, the core level peak is similar
to that of UO,. A more detailed view reveals that it is broad-
ened, developing intensity at low binding energy (BE), and
positioned between the peaks of UO; and UO,. This gives a
first hint of the formation of an intermediate oxidation state
(U)-

Besides the main lines, a convenient indicator of the oxi-
dation state is the satellites on the high binding energy side.
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Fig. 2 U4f core level X-ray photoemission spectra of uranium recorded
for the precursor UO, film and for the UO, films exposed to pure water
plasma and a mixed gas plasma of water and hydrogen.

Although their intensities are much lower compared to the
main lines, they can much better resolve individual species. In
Fig. 2 (right), when the UO, film is exposed to a pure water
plasma, the typical satellite peak of U(vi) appears. With
increasing H, concentration up to 10% (hereafter referred to
as 10% H, in the H,O/H, mixed plasma) in the mixed gas
plasma, it is gradually replaced by the U(v) satellite peak. At
20% H, in a mixed plasma, the satellite peak of U(wv) is finally
formed. These data consistently show a decreasing oxidation
power of the water plasma with increasing H, content.

The valence band spectra and O1s peaks of the plasma-
exposed UO, films are plotted in Fig. 3. Regardless of the H,
concentration, the intensity of the U5f peak originally present
at 1.2 eV below the Fermi level decreases after the exposure.
We have previously concluded that the loss of the U5f intensity
is due to the occupancy of the 5f states decreasing with
uranium oxidation (nominally 2 for U(wv), 1 for U(v) and 0 for

a) Valence band
—uo,
——UO, + H,0 Plasma

U0, + 97- 3% (H,0-H,) Plasma
~©-UO, + 90-10% (H,0-H,) Plasma
~©~ U0, + 80-20% (H,0-H,) Plasma

c) Zoom at Vb

Intensity (arbitrary unit)

10 8 6 4 2 0 533 532 531 530 529 528 527

Binding Energy (eV)

Fig. 3 X-ray photoemission spectra of the valence band (a) and Ols
core level line (b) recorded for the precursor and plasma treated films.
Panel (c) captures the details of the 5f states normalized and shifted in
energy for comparison as described in the text. Films exposed to pure
water plasma and a mixed gas plasma of water and hydrogen.
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U(v1)).*° The intensity loss is strongest for the pure water
plasma exposure, pointing to strong oxidation (close to U(vi)).
Even when the H, concentration in the plasma feed gas is as
low as 3%, the U5f intensity is much higher compared to the
peak observed for the pure water plasma exposure. At 20% H,,
the intensity is almost the same as for the unexposed film.
This shows that the oxidizing effect of the water plasma is sup-
pressed by hydrogen, up to the point that practically no oxi-
dation takes place at 20% H,. In Fig. 3¢ the U5f bands are nor-
malized to the same height and shifted to the same lower
binding energy side for easier comparison. The spectra can be
divided into two groups. One group contains broad peaks and
is observed for the untreated and 20% H, in the H,O/H,
mixed plasma films. The other group has narrow peaks and is
observed for all other plasma processed films. The different
peak widths are attributed to the different 5f counts, leading
to different final state multiplets: the broad shape corresponds
to the 5f> ground state of U(v) while the narrow peak corres-
ponds to the 5" ground state of U(v). This shows that for the
0, 3, and 10% H, treated films, UO, is oxidized into a mixture
of U(v) (giving 5f') and U(vi) (giving no peaks at all because of
the 5f° configuration). The result is a pure 5f" signal. For 20%
H, in a mixed plasma almost no oxidation takes place and the
pure 5f> is observed, just as for the untreated film. All the
plasma treated films have a featureless and broad O2p band
(dominating the valence band spectra in the energy range 3-7
eV), except the one exposed to the 20% H, in a mixed plasma,
which exhibits the same two-peak shape and low intensity as
UO, (observed for the untreated films).

The observed evolution of the U oxidation state is corrobo-
rated by the O1s spectra for different treatment conditions
(Fig. 3b). The O1s signal of the original UO, film lies at 530.1
eV. When the film is exposed to a pure H, plasma under the
conditions used in this work, the resulting XPS spectra are
identical to UO,, proving that the oxide is unchanged. After
exposure to the pure water plasma, the O1s signal strongly
broadens and shifts towards the lower binding energy, as
expected for UO;. Moreover, it acquires the shape typical of
UO;.>° The broadening is attributed to the crystal structure of
UO;, having inequivalent oxygen atoms (in contrast to UO,).
With increasing hydrogen concentration, the broadening
becomes less pronounced. The O1s peak width after exposure
to 10% H, in mixed plasma is between the O1s peak widths
observed for UO; and UO,. This is typical of U,0s, as shown
previously.®® The sample exposed to 20% H, in mixed plasma
has an O1s peak of the same width as the original UO,, but
only slightly shifted to the lower binding energy (by - 0.3 eV).

U0,

Thin films of UO; were prepared by exposing UO, films to
atomic oxygen at 400 °C for 10 min. The preparation procedure
has been described in detail in a previous paper.*’ Each film
was then exposed to a mixed H,O/H, plasma at 400 °C for
10 min. The corresponding regions of U4f probed with XPS are
presented in Fig. 4.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 UA4f core level XPS spectra recorded for the precursor UOs film
and the films with plasma treatment.

It was shown previously that UO; is prone to reduction
when exposed to pure water plasma.>® This was attributed to
the atomic hydrogen, also being present in the pure water
plasma. The effect is, though, very weak and longer exposure
times than used in the present study are needed (30-60 min
(ref. 27)) to observe partial reduction of U(vi) into U(v). For
mixed H,O/H, plasma, the reduction becomes more
pronounced.

The U4f peaks shift to lower binding energy and broaden:
the U(v) component grows at the expense of the U(vi) com-
ponent at higher BE. After exposure to 20% H, in a mixed
plasma the U(vi) component is still the dominating peak, while
after exposure to 50% H, in a mixed plasma the U(v) peak
becomes the most prominent one. After exposure to the 20%
H, in a mixed plasma, the satellite peak of U(v) appears. For
exposures to 30% H, or higher H, concentration, the U(v) satel-
lite completely replaces the U(vi) satellite (data not shown). For
the sake of clarity, we only plotted the result for the film
exposed to 50% H, in a mixed plasma.

At still higher H, concentrations, the surface is further
reduced and the U(wv) satellite appears. However the reduction
is not complete even for 90% H,, and a residual U(v) satellite
remains. It is only when the UO; film is exposed to a pure H,
plasma that it is fully reduced to U(w).

The valence band and O1s spectra for the UO; films
exposed to mixed H,O/H, plasmas are plotted in Fig. 5. From
these spectral features it is, as expected, evident that the
degree of reduction increases with increasing H, content of
the mixed plasma. The O2p band loses its broad symmetrical
shape, decreases in intensity and eventually takes the two-peak
shape of UO, (Fig. 3) after exposure to a mixed plasma contain-
ing 90% H,. In addition, the U5f peak increases in intensity
due to the enhanced 5f population (n5f) after the reduction of
U(vi) to U(v) and then U(wv) (n5f = 0, 1 and 2, respectively). After
exposure of pure UO; to the mixed plasma the O1s signal is
identical to the signal before exposure. With increasing H,
concentration, the O1s peak narrows and shifts towards higher

This journal is © The Royal Society of Chemistry 2021
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a) Valence band with XPS
—Uo,

—4—UO, + H,0 Plasma
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Fig. 5 a) Valence band and b) O1s core level XPS spectra for the pre-
cursor and plasma treated UOs films.

binding energies. The exposure to 30% H, in a mixed plasma
(not shown) yields a similar O1s spectrum for the 50% H, in a
mixed plasma. This is attributed to the presence of an inter-
mediate oxidation state (U(v)), stable over an extended range of
reducing conditions. It is only when UOj; is exposed to 90% H,
in a mixed plasma that the peak narrows even more and takes
the shape typical of UO,.

U,05

Films of pure U,05 (where U(v) is the only oxidation state of
uranium) have been prepared by exposing thin films of UO; to
30% H, in a mixed plasma. The synthesized U,Os films were
subsequently exposed to a mixed H,O/H, plasma with variable
feed gas compositions at 400 °C for 10 min. The U4f spectra of
these films are presented in Fig. 6. Pure water plasma has an
oxidizing effect on U,0s, manifested by the shifted main line
and the respective satellite, being a hallmark of U(vi).>* When
H, is introduced in the feed gas of the plasma, the oxidation
of U,0s5 is less pronounced. After exposure to 20% H, in a
mixed plasma, the U(vi) main line component is smaller than

— U05

—— U,0; + H,O Plasma

—6— U,0; + 80-20% (H,0-H,) Plasma
—&— U,05 + 60-40% (H,0-H,) Plasma
—v— U,0; + 50-50% (H,0-H,) Plasma

Zoom at Satellite region

Intensity (arbitrary unit)

400 396 392 386 384 360 376 405 402 399 396
Binding Energy (eV) BE (ev)

Fig. 6 U4f core level XPS spectra recorded for the original U,O5 film
and U,0Os films exposed to plasma with variable H,O-H, composition.
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after exposure to the pure water plasma. In addition, the U(vi)
satellite peak is less developed, and the U(v) satellite peak
more intense. When U,Os is exposed to 40% H, in a mixed
plasma, the resulting U4f is almost identical to the unexposed
U,0;5 film, showing only the U(v) satellite peak. After exposure
to 50% H, in a mixed plasma, the U4f peaks undergo an
additional shift towards lower binding energy, showing that
uranium is now reduced to U(w). Accordingly, the satellite
peak of U(wv) replaces the U(v) satellite peak (Fig. 5). However,
this reduction does not advance any further for the film
exposed to 80% H, in a mixed plasma. Even though the U(v)
satellite line is solely present after exposure to 80% H, in a
mixed plasma, the full width at half maximum of the main
peak is larger than that for pure UO,. Hence, there is still a
noticeable U(v) component in the main line (and a weak
residual U(v) satellite peak may be masked by the strong U(w)
satellite peak). This shows that the reduction is not complete.

The effect of plasma exposure is also evident in Fig. 7 where
the XPS survey spectra of the valence band and the O1s peak of
each exposed sample are presented. As discussed previously,”®
after the oxidation of U,Os with the water plasma, the intensity
of the U5f peak at 1.2 eV decreases without changing its width,
which implies that the product after plasma exposure is a
mixture of U(v) and U(vi). U(v) gives the 5f" signal while U(vi) has
no 5f emission at all. U(v) can either oxidize or reduce, depend-
ing on the redox potential of the environment. With increasing
H, concentration, the reduction in the U5f intensity is much less
pronounced than for the water plasma, which implies that U,O5
is less oxidized. Upon exposure to mixed plasmas with 50% or
more H,, the U5f line grows and the O2p band loses its broad
shape and becomes similar to the characteristic spectrum of
UO,. U,0:s is clearly reduced under such conditions.

Fig. 7 also shows that the O1s peak of U,Os5 becomes
broader after exposure to the water plasma and shifts to lower
binding energy. As discussed above, this indicates the oxi-
dation of U,05 into UO;. After exposure to 20% H, in a mixed
plasma the peak is slightly narrower. After exposure to 40% H,
in a mixed plasma, the O1s line becomes again narrower and
superimposes to the original peak of U,Os, showing that the

Valence band with XPS
—U,04

—4+—U,0; + H,0 Plasma

—©—U,0, + 80-20% (H,0-H,) Plasma
~6—U,05 + 60-40% (H,0-H,) Plasma
~9—U,0; + 50-50% (H,0-H,) Plasma

Intensity (arbitrary unit)

10 8 6 4 2 0 533 532 531 530 529 528 527

Binding Energy (eV)

Fig. 7 Valence band and O1ls XPS spectra recorded for unexposed and
plasma treated U,Os films.
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film does not react at all. For plasma containing 50-80% H,,
the O1s peak narrows even more and shifts to higher binding
energy, characteristic of UO,.

Oxidation state distribution as a function of H, concentration

To get more quantitative information, we deconvoluted indi-
vidual U4f;, lines into the respective spectra of pure UO,,
U,0s, and UO;. This gives fractions of U(wv), U(v), and U(vi) as a
function of H, concentration by the plasma treatment of UO,,
U,05, and UO; precursors. The results are plotted in Fig. 8.

The relative fractions of U(w), U(v) and U(wvi) after
10 minutes exposure to a mixed H,O/H, plasma as a function
of H, concentration in the plasma feeding gas provides inter-
esting information on the uranium oxide and mixed plasma
system. UO, is shown to be oxidized by the mixed plasma pro-
vided the H, content is below 40%. In other words, 40% H, is
sufficient to suppress oxidation by increasing the reduction
rate of U(v) at the surface, in combination with decreasing the
rate of U(v) oxidation (through increasing the flux of reduc-
tants and decreasing the flux of oxidants as seen in Fig. 1).

For UQ; it is obvious that reduction in the 10 min time
scale occurs only in presence of H,. In general, the rate and
extent of reduction appear to be increasing with increasing H,
concentration up to 30%. Between 30 and 70% H, the major
product is U(v) and the extent of reduction appears to be con-
centration independent. At around 90% H,, reduction pro-
ceeds all the way to U(iv) which becomes the major product.

As can be seen, the oxidation of UO, and the reduction of
UO; proceed via the formation of U(v). Interestingly, U(v)
(U,05) is quantitatively reduced to U(wv) at an H, concentration
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Fig. 8 Fractions of different uranium oxidation states (obtained by
decomposition of the U4f;,, spectra) as a function of H, concentration
in the plasma feed gas. The results from the unexposed films (marked by
dashed lines) are included for comparison.
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of 50% and higher, while it is oxidized to U(vi) at an H, con-
centration from around 40% and lower. The rate and extent of
the oxidation reaction within the 10 min time scale increase
with decreasing H, concentration.

The fact that U(v) is never a major product after 10 min of
UO, oxidation while the reduction of UO; involves U(v) as the
major product in a wide H, concentration range provides inter-
esting information about the kinetics of the processes. As
described above, long-term exposure of UO, to a pure water
plasma initially leads to oxidation affording U(v) and U(vi).
After reaching a state of almost pure U(vi), prolonged exposure
leads to the slow formation of U(v). Interestingly, UPS data (not
shown here) being more surface sensitive than XPS reveal the
formation of U(v) and U(v1) during the initial oxidation of UO,,
but the slow formation of U(v) from U(vi) could never be con-
firmed by this method. Therefore, it was concluded that the
U(v) formed upon reduction of U(vi) was formed deeper in the
film and thereby displayed a lower reactivity towards the water
plasma constituents. The present XPS data corroborate this
hypothesis since the reduction of UO; mainly yields U(v) in a
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very wide H, concentration range and proceeds to U(wv) only at
around 90% H,. At the same time, U,O5 exposed to mixed
plasma is quantitatively already converted to U(v) at 50% Hs,
i.e., at a considerably lower reducing power.

Grazing incidence X-ray diffraction

It is naturally very interesting to compare the in situ spectro-
scopic information with results of ex situ structural study by
X-ray diffraction. Fig. 9 displays grazing incidence X-ray diffrac-
tion (GIXRD) data for the UO, film deposited on a gold sub-
strate (pattern A) and for the UO, film exposed to an oxygen
plasma (pattern B) and a water plasma (pattern C). In pattern
A, indexing the peaks to the structures of UO, (ICSD#35204,
space group Fm3 m (no. 226), a = 5.4682(21)) and gold
(ICSD#259286, space group Fm3 m (no. 226), a = 4.0787(1)) is
reported. GIXRD reveals that the UO, film produced under the
conditions used in this work is highly textured with a preferen-
tial orientation of the [111] direction perpendicular to the sub-
strate plane. When the crystalline UO, films (pattern A) are
oxidized to UO; by the O, plasma, the crystallinity is lost and
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Fig. 9 Room-temperature grazing incidence XRD data of the UO, film on Au substrate (A). UOs is obtained by the oxidation of UO, by atomic
oxygen (B). Effects of mixed 30% H, in the mixed plasma (D1, D2) on the structure of UO3 are compared with UO, kept in water plasma for 10 min

(C). Insets in the figures show corresponding XPS data.
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the obtained UO; film is amorphous (pattern B) after 10 min,
and remains amorphous also after 20 min exposure. Exposing
the UO; film to a mixed 30% H, in a mixed plasma for 10 min
(pattern D1) or performing two consecutive exposures of
20 min duration (pattern D2) shows that the relative impor-
tance of oxidation and reduction reactions changes with the
exposure time. A mixed plasma exposure for 10 min leads to
the formation of the fluorite structure similar to UO,. After
two consecutive 20 min exposures, pattern D2 changes to a
completely different structure. A fit of the pattern was done
with the structure of 8-U,05 (ICSD#77702, Pmma, no. 51, a =
31.71, b = 8.29, ¢ = 6.73)** based on XPS-UPS analyses showing
pure U(v). However as the orthorhombic structure of 3-U,Os is
not very different from a-U;04,>® the latter cannot be excluded
by XRD analysis. The difference in the oxygen atom content
and position in the lattice can be better analysed by the
neutron diffraction technique. Other techniques such as
micro-Raman spectroscopy’® to differentiate the uranium
oxides present in the films would be also useful but maybe not
sufficient to support the XRD analyses.

Oxidation of UO, by the water plasma for 10 min (pattern
C) shows that the UO, concentration decreased substantially at
a lower intensity peak at 28.04° in 20, while a new and highly
textured phase is formed and characterized by a strong inten-
sity peak at 21.48°. This peak could be assigned to cubic UO;*’
whose Bragg positions are reported in the figure for compari-
son but it could be also linked to &-U,0s,** a-U;04* or
B-U304.*® The limited number of Bragg peaks and their low
intensities prevents us from unambiguous identification of the
crystal structure type. As suggested by the XPS-UPS results and
in agreement with the XRD analysis, sample C is not pure and
contains at least 2 phases of which only the cubic structure
expected of UO, can be clearly identified.

As has been shown in the spectral analysis above and in the
tentative deconvolution, U(v) is formed as a major product
upon the 10 min exposure of UO; to a mixed H,O/H, plasma
in a fairly wide H, concentration range. When starting with
U(v) (U,05) it is evident that fairly high H, concentrations are
needed to reduce U(v) to U(v) in 10 min. In the plasma
induced oxidation of UO,, U(v) is never observed as a major
product after 10 min and it seems that once U(v) is formed in
the oxidation of UO,, it is oxidized further to U(vi). One poss-
ible explanation may be that compounds containing U(v) and
U(vi) have similar crystal structures: UO3, U;Og (a mixed oxide
with 66% U(v) and 33% U(v1)) and U,O5 (pure U(v) oxide) all
exist in a layered structure (see the additional material), while
U(1v) mostly exists in a cubic (fluorite) structure.>'* Because
of the similarity in the crystal structure, reduction of UO; to
U305 then to U,05 does not require any major structure reor-
ganization. However, when oxidizing UO, to U,Os a major
structural transformation is required. This is also the case
when reducing U(v) to U(v). This would partly explain why the
reduction of UO; with mixed H, in a mixed plasma appears to
have U(v) as the major product after 10 min exposure within a
wide range of H, concentrations and why fairly high H, con-
centrations are needed to reduce U,05 to U(v) within 10 min.
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The kinetic limitations would also account for the fact that
U(v) is never observed as the major product in plasma induced
oxidation of UO,. Given the fairly short exposure times used in
this work, we can only rationalize the structural reorganization
in terms of a kinetic barrier.

Conclusions

In this work, we have studied the impact of mixed H,O/H,
plasma of variable composition on thin uranium oxide films
under UHV conditions. The starting compositions of the films
used were UO,, U,0s, and UO;. The analysis of the films was
based on XPS and grazing incidence XRD. The results clearly
show that the reducing power of the mixed plasma applied for
10 min increases with increasing H, concentration. At the same
time the oxidizing power inherent to the water plasma is dimin-
ished both in absolute and relative terms when increasing the
H, concentration. The changes in the plasma redox properties
are mainly attributed to recombination reactions within the
plasma generator. In all cases, the oxidation proceeds as a con-
secutive reaction: U(wv) < U(v) « U(vi). The direct transform-
ation U(v) < U(vi) does not occur. This is also supported by the
deconvolution result showing that the maximum concentration
of [U(v)] is reached when [U(w)] is at its minimum.

The XPS results show that U(v) is formed as a major product
upon exposure of UO; to a mixed H,O/H, plasma in a fairly
wide H, concentration range. When starting with U(v) (U,Os)
appreciable H, concentrations are needed to reduce U(v) to U(w)
in 10 minutes. In the plasma induced oxidation of UO,, U(v) is
never observed as a major product after 10 min and it would
seem that once U(v) is formed during the oxidation of UO, it is
rapidly oxidized further to U(vi). Formation of U(v) is easier,
obtained by the reduction of UO; by a mixed H,O/H,, plasma. It
could not be prepared by the oxidation of UO, with the water
plasma. Once U(v) is obtained from the UO; reduction, it is rela-
tively stable as it shows lower reactivity than UO, for oxidation
and UO; for reduction. The grazing incidence X-ray diffraction
analysis shows that there is a considerable impact of the plasma
and heating conditions on the crystallographic structure of the
films in line with the change of the oxidation state. This struc-
tural difference may be the main kinetic barrier for plasma
induced transfer between U(wv) and U(v) in both directions.
Further characterisation by micro-Raman spectroscopy and
transmission electron microscopy would be helpful to identify
different types of uranium oxides present on the substrate.
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