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ABSTRACT: The interaction of water with the surfaces of metal oxides is
important to many fields of research, extending from nuclear science to catalysis
to energy and biomedical materials. One intriguing phenomenon is the
observation that, for a few oxides, water seems to reduce (not oxidize) the oxide
substrate. In this work, ultraviolet photoelectron spectroscopy (UPS) has been
used to study the reactions of H,O with prototype oxide nuclear fuels: UO,,
U,0;, and UQ;. On UO,, water adsorbs largely in a molecular state. On U,O;,
water partially dissociates at —60 °C, thus forming surface —OH groups, and a
fraction of the uranium cations are reduced from U* to U*. On UOQ;, a similar
reduction process is seen (reduction of a fraction of uranium cations from U®" to
U"), albeit less pronounced. The chemisorbed H,0 and —OH states via their
molecular orbitals (MOs), 1b,, 3a;, and 1b, for H,O and 16 and 1z for —OH,
were further analyzed. The 3a,—1b, binding energy difference (AE) was taken as
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a measure of the bond strength. It was found to be larger on UO, and U,O (2.9—3.0 eV) than on UO; (2.2 €V). The charge state of
the surface hydroxyl was found to be related to the 17 /1o intensity ratio, from which, and in conjunction with the created U Sf
states, electron transfer to the conduction band under UPS collection was facilitated by the hole trapping capacity of surface —OH
groups, at least in the case of UO;. An energy band diagram is constructed that may explain the redox process observed on UO,

under UV photon excitation.

INTRODUCTION

Water interactions with oxides are at the essence of many
surface and bulk reactions in natural and applied systems. At
the oxide surface, the interaction is governed by two main
reactions: acid—base and redox reactions, both of which may
occur separately or together. While many studies have
addressed water interactions with early transition metal
oxides,' ~> water interactions with actinides have received less
attention. Their redox surface character in the presence of
water/ice needs particular attention. This would further
improve our understanding of electron transfer reactions and
is of interest to many applied issues including radiation-
induced dissolution of spent nuclear fuel (most spent fuels
consist of UO,, ca. 95%),4 which contributes to the release and
spread of radiotoxic substances. Moreover, little is known
about the changes in oxidation states and the associated shift in
band energies with respect to adsorbates of the many uranium
oxide phases with stoichiometry extending from UO, (U*") to
UO, (U®), and virtually none is known for U,0 (U%).
Under reducing conditions that are expected to prevail in
groundwaters at repository sites, the UO, matrix has very low
solubility. The inherent radioactivity of the spent nuclear fuel
will induce radiolysis of groundwater and thereby change the

redox conditions locally. The oxidizing radiolysis products
(primarily OH* and H,0,) will oxidize the surface of UO, to,
eventually, the considerably more soluble U®*.

Previously, uranium oxide films exposed to H,O and H,0/
H, plasmas under ultrahigh vacuum (UHV) conditions were
studied to mimic the effect of water radiolysis in a system
where dissolution and precipitation could not occur while the
reacted surface was analyzed in situ.’"® The uranium oxide
films were characterized before and after exposure to the
plasmas using X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS). It was found
that both the crystal phase and its surface states affected the
modes of adsorption. This gives the possibility of studying the
nature of surface —OH groups by their valence state. In the
past, special attention was given to water interaction with UO,
single crystals and thin films probed with XPS, in which the
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Scheme 1. Preparation Method of the UO,, U,0;, and UO; Thin Films
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effects of oxygen vacancies were investigated. In these
experiments, the oxygen vacancies were created by Ar ion
sputtering, and the samples were heated to different temper-
atures. It was deduced that water dissociated upon adsorption
(from XPS O(ls)), H, was formed (from temperature-
programmed desorption (TPD)), and the surface was
subsequently oxidized (from XPS U 4f)”'* at temperatures
as low as 95 K. In contrast, water was shown to be only weakly
adsorbed on stoichiometric UO, (111) single crystals (from
TPD and low energy electron diffraction (LEED))."" The
latter experimental results are in broad agreement with density
functional theory (DFT) calculations, where the adsorption of
water on UO, (111) was found to be molecular. Yet, the level
of coverage considerably affected the adsorption energy, which
ranged from 0.6 eV at 1/4 ML coverage to 2.6 eV at 1 ML
coverage (due to hydrogen bonding between molecularly
adsorbed water)'? over the (111) surface. It is not uncommon
that partial molecular and dissociative adsorption occurs on
oxide surfaces, which gives rise to further adsorbate
stabilization.">™"” Furthermore, XPS and UPS were used to
study the interaction of water with PuO, films.'® At low
temperatures, water adsorbed mainly dissociatively with small
traces in the molecular form. Upon heating the sample under
ultraviolet light (with the He II light source during UPS),
PuO, was found to be reduced into Pu,O;. A surface reduction
of UOj; under similar conditions (ice coverage and UV light)
was also observed."” The possible mechanism was explained as
a photocatalytic surface reaction, which takes place when the
oxide is excited under UV illumination from the discharge
lamp. It is also possible that the ice film (at low temperature)
undergoes direct thotolysis, and the generated reductants react
with the surface.”"™*

Here, we present a study of the surface reactions of uranium
oxide thin films (UO,, U,0;, and UO;) with H,O.
Information on the adsorbed phase is largely obtained by
UPS, as it can probe the molecular orbitals of adsorbates, thus
distinguishing among H,0, —OH, and lattice oxygen (O*”). In
addition, it gives direct information about the uranium
oxidation state (U*', US*, and U®) from the presence (or
absence) of the intensity and width of the U Sf peak. It thus
allows for probing into the water adsorption modes together
with any possible changes in the uranium cation electronic
states.

EXPERIMENTAL SECTION

The starting material, a UO,,, (x < ca. 0.1) thin film, was
produced by reactive direct-current sputtering from a uranium
target. As a sputter gas, we used a mixture of Ar and O,. Films
were deposited on gold foils (99.99% purity), which were
cleaned in situ by Ar ion sputtering and annealed to 200 °C for
10 min before deposition. The plasma in the diode source was
maintained by injection of electrons of 25—50 eV energy,
which allowed the operation at low sputter gas pressures. To
produce stoichiometric UO,, the initial UO,_, was exposed to
atomic hydrogen produced with an electron cyclotron
resonance (ECR) plasma source at 400 °C for 10 min,

which eliminated potential surplus oxygen, leaving UO,,. UO;
films were prepared by exposing the UO, films to atomic
oxygen under the same conditions (i.e,, ECR exposure at 400
°C for 10 min). More details on the characterization of the
films can be found in ref 23. U,O; films were prepared by
reducing the UO; films with a mixed plasma of water and
hydrogen. The procedure is described in detail in a previous
paper (ref 24) and shown in Scheme 1. The content and purity
of the films were determined by XPS. The content and purity
of the films were determined by XPS. The positions of the U 4f
main lines, its full width at half-maximum (fwhm) and the
characteristic satellite peaks are a direct probe of the oxidation
states of the films.”

Thin film deposition, plasma treatment, gas exposure, and
data acquisition were carried out in situ. The background
pressure was lower than 3 X 1077 Pa. This ensured the
protection of the films from the laboratory atmosphere and any
possible external contamination. Low temperatures were
reached by cooling the copper sample holder stage using
liquid nitrogen. A thermocouple connected to the surface of
the films probed the change in temperature throughout the
exposure. At the desired temperature, water vapor was
introduced via a leak valve, which was connected to a stainless
steel pressure container filled with water from a Millipore Milli-
Q_system for ultrapure water. Water was condensed as a thick
ice overlayer on the surface, which later desorbed when the
sample was heated.

UPS spectra were taken with He II (40.81 eV) UV light
produced by a high intensity windowless discharge lamp. XPS
spectra were recorded using monochromatized Al Ka (1486.6
€V) radiation produced by a SPECS u-focus source. H,0
exposures were done at low temperature (—80 to —150 °C),
and the samples were then flashed at increment temperatures,
as indicated in the corresponding sections. Ar ion sputtering
was conducted using a backfilling method with a pressure of 3
X 1073 Pa, an Ar beam energy of 1 kV, and an emission current
of 10 mA.

RESULTS

UO,. The UPS spectrum of pristine UQO, is shown in Figure
1A (black line). It contains the U 5f* emission at 1.8 eV and a
broader peak system (4—10 eV) that is attributed to the
valence band.”® The valence band consists of the O 2p and U
(5f, 6d, 7s) states. A change in the oxidation state of uranium
affects the 5f states, which for U*, U**, and U®* contain 2, 1,
and O electrons, respectively. With U oxidation, the peak
centered at ca. 1.8 eV decreases in intensity and finally
disappears for UQO;. Its intensity, compared with the valence
band, thus gives a good indication of the U oxidation state. It
was also found that the Sf shape (fwhm) changes with the
oxidation state, as is further discussed below.

After UQ, is exposed to 0.2 L of water at —115 °C, three
peaks appear at the binding energies of 7.2, 9.8, and 13.2 eV
relative to the Fermi energy (Ej). These peaks are attributed to
the three molecular orbitals of water (1b,, 3a;, and 1b,).”’
Thus, water adsorbs molecularly on UO, at a low dosage.
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Figure 1. UPS spectra of UO, exposed to water. (A) 0.2 langmuir (L)
at —80 °C followed by heating (away from the UV light) to the
indicated temperatures. (B) Difference spectra of the same series.

When the surface is heated, a gradual decrease of the water
signal is observed, as seen in the difference spectra of Figure
1B; by 0 °C, almost all of the water/ice has desorbed. There
are only marginal variations in the shape and the intensity of
the U Sf peaks. These indicate the low surface coverage (much
less than a monolayer) and the fact that water does not oxidize
UO, (in which case, the 5f emission would have been
suppressed and narrowed).

At higher dosages (S L, Figure 2), water physisorbs at
temperatures below ca. —120 °C. The photoemission peaks of
the physisorbed water appear at 6.8, 9.9, and ca. 13.0 eV. A
thick ice film forms, hiding all oxide lines below (not shown).
When the surface is warmed to —60 °C, most physisorbed
water desorbs, and only the three small lines of the
chemisorbed water (1b,, 3a;, and 1b;) remain, adding to the
O 2p and U 5f oxide lines. At 0 °C, there are some differences
between the low (0.2 L) and high (S L) dosed surfaces.
Namely, the presence of the signal attributed to surface
hydroxyls at ca. 10 eV is more pronounced at the higher
dosage due to a coverage effect. This is either because of
dissociative adsorption occurring on inevitable O-defected
sites, which must be negligible since no change in the 5f lines is
seen, or because of possible non (111)-terminated surfaces that
contain alternating rows of O anions and surface cations, such
as in a (110) termination (the surface energy of the (110)
termination, 1.54 eV, is considerably higher than that of the
(111) termination, 0.9 eV).28

U,0:;. Before the results of the water interactions with U,04
are presented, it is worth discussing the core and valence levels
of this oxide together with those of UO, and UQO; As
mentioned in the Experimental Section, a nearly pure U,O4
film composed of only U* cations has been produced
recently.”” This was made possible by the reduction of UO,
and not by the oxidation of UO,. Figure 3 presents XPS U 4f
and UPS (He II) of the O 2p—U S5f region, while Tables 1 and
2 show the extracted parameters. The different oxidation states
of U cations from +4 to +6 can be distinguished by their
satellite structures and, less accurately, by their binding energy
positions. U** has two pairs of satellites at 4.0 and 9.6 eV above
their parent U 4f lines. U* has one pair of satellites at 6.9 eV,
and U** has one pair of satellites at 8.2 eV above their parent U
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Figure 2. UPS spectra of UO, exposed to water. (A) 0.2 langmuir at —115 °C and (B) S langmuir at —110 °C. Spectra are taken after exposure and

after gradual warming (—60 °C, 0 °C).
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Figure 3. (A) XPS U 4f of the as-prepared UO,, U,0;, and UOj thin films. The binding energy positions (in eV) of the 4f,,, and 4f;,, peaks are
indicated, while those of the satellites are pointed at by arrows, with the difference in energy with the parent peaks indicated. (B) UPS (He II) of
the as-prepared UO,, U,Os, and UO; thin films. The bottom inset is an intensity normalized U 5f to highlight the difference in shape between
those of U*" and U’* cations. The top right inset is a 15X magnification of the U Sf region in UO,, attributed to oxygen defects.

Table 1. XPS U 4f Binding Energy Positions of the As-Prepared UO,, U,O;, and UO; Thin Films®

XPS lines U0, (eV)
U 4, 380.5 3807
U4, 3913 3915
A(U 4, — U 4 108 10.8
S, S, 387.4, 3982
s, s, 389.0, 399.7
$,,S, S,

U,05 (eV)

U0, (V) A (S, — U 4f) (eV)
3814
3922
10.8
6.9
82
385.2, 3963, -, 401.8 4.0, 9.6

“Also shown are the binding energy positions of their satellites, as well as the energy difference between the lines (last column). Note that for the
second set of satellites for U®* (S, and S,), the first one (S;) is not resolved because it is obscured by the U 4f;, peak.

Table 2. UPS (He II) Binding Energy Positions of the As-
Prepared UO,, U,0;, and UO; Thin Films”

Uo, U,04 U0,
U 5f (normalized) 0.236 0.075
O 2p (normalized) 1.0 1.0 1.0
fwhm, U 5f (eV) 15 1.0 ;
fwhm, O 2p (eV) 4.8 43 4.3

“The normalized peak areas given for U 5f and O 2p are guides to
indicate the less pronounced presence of U%* in U,0; when compared
to that in UO,.

4f lines. Close inspection of the U 4f lines of U,O; shows the
absence of satellites related to U** and U®*, yet the peaks have
some asymmetry at their high binding energy sides, probably
due to the presence of some U®" cations that were not reduced
during the preparation. The valence band shows a clear
distinction among the three oxides based on the intensity and
shape of the U 5f line. In UQO,, a pronounced U 5f signal with a
fwhm of 1.5 eV exists at about 1.7—1.8 eV below Eg. Its peak
area is about 24% of that of the O 2p band (Table 2). UO,
shows the near absence of U 5f lines, and traces are still seen,
as indicated in the magnified region in Figure 3. These are
most likely due to unavoidable oxygen defects. The UPS
spectrum of clean U,Oj is also composed of the U 5f peak and

the O 2p valence band, just as with UO,. Its U 5f peak is
smaller than that of UO, when compared to the O 2p band
because of the higher oxidation state of U>* with, consequently,
a lower 5f count (Sf' for U,O5 and 5f* for UQ,); it represents
about 8% of the peak area of the O 2p band. Also, the U 5f
peak is narrower in U,O; than in UO, (see the inset in Figure
3 and Table 2). This is due to the Sf' configuration, which,
after photoemission, gives a single final state (5f°) that is
narrower than the doublet final state of UO, (5f's/, and 5f';,).
The shape of the O 2p band is also slightly different than that
of UO,, which is most likely due to the changed band structure
in U,0;.

When the U,O; film is exposed to 6 L of water at —150 °C,
the MO peaks of chemisorbed water appear at 13, 10.1, and 7.4
eV, but the middle peak (3a;) at about 10 eV is larger in this
case (see Figures 1 and 2, water on UO,). This is attributed to
the superposition of the 3a; water peak and the 3¢ —OH peak.
It indicates that part of the adsorbed water on U,Ojq
dissociates. Figure 4A shows the surface that has been exposed
to water at —94 °C and then heated at the indicated
temperatures, while Figure 4B shows the difference spectra.
A gradual decrease of the water signal occurs, and by about 20
°C, the adsorbed water has largely desorbed.

The changes in the intensity of the U 5f peak at the different
temperatures up to 200 °C are presented in Figure 4C. Overall,


https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02795?fig=fig3&ref=pdf

—— 200°C
Hell —— 150°C
- T2, —
A 10 — 20°C
13.6 11 — 0°C
_ 0.8 ’ - ——-20°C
) 1 ——-40°C
T § / ' | —-60°C
z 06 = ——-80°C
5 / ] —-94°C
S \ |
> \__ d 1
B 04 S | A
B N |
= N 1 /
024 \/ ! I |
1
11
0.0 T T T T T TrrrTrTT T T T T
18 16 14 12 10 8 6 4 2 0 -2
Binding energy (eV)
Hell Difference spectrum
B —-80°C
1.0
= 084
?é‘
=4
£ 06+
s
2
B 0.4
C
2L
£
0.2 -
0.0 -
15 10 5 0
Binding energy (eV)
c He (Il) U5f intensity
0.36

(=]

w

'S
1

Intensity (arbit. units

o o

w w

o N

1 1
e

-

—a—

0.28 +

T T T T
120 -80 -40 0 40 80 120 160 200
Temperature (°C)

Figure 4. (A) UPS of the valence band of U, before and after water
adsorption at —80 °C. (B) Difference spectra (unshifted) and (C) the
intensity of the U 5f peak at different temperatures.

there is an increase in the signal with an increase in
temperature. Yet, the signal goes through a maximum at
about —40 °C and then gradually decreases until about room
temperature, where it stabilizes thereafter. As mentioned

before, evidence of charge transfer in the presence of water
has been seen by (and during collection of) UPS of actinide
cations."®" To further monitor the observation of Figure 4C,
Figure S is constructed. There is a difference between the
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Figure S. UPS (He II) spectra of U,O5 exposed to water at the
indicated conditions.

spectra collected from different parts of the sample. When the
sample is warmed under UV light, it gives different signals
compared to when it is heated in the dark. Under UV light, the
U 5f signal is more intense and broad. This indicates a
reduction of U,0O;. Also note that the increase in the 5f signal
is concomitant with the appearance of surface hydroxyls. With
water exposure, all photoemission lines are shifted to higher
binding energies. This collective shift is due to a Fermi-level or
work function shift produced by chemisorbed dipoles (OH).

UO;. In UQ;, uranium has an oxidation state of +6 with all
Sf electrons having been transferred to the valence band (O
2p), thereby leaving the U Sf level empty. Therefore, UO; has
no U Sf signal (Figures 3 and 6) and the shape of the valence
band is markedly different than that seen in UO,.
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Figure 6. UPS (He II) spectra of UO; exposed to S L of water at
—110 °C.

When the UO; film is exposed to S L of water at =150 °C, a
multilayer film grows (not shown). When the sample is
warmed to —110 °C, most of the water disappears and only a
small amount stays on the surface, giving weak MO emission
lines (Figure 6). Importantly, a weak U 5f line appears at 1.8
eV, indicating that some of the uranium cations are reduced
from U®* to lower oxidation states. This spectrum comes from
a part of the sample that has been warmed under UV light (in
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order to conduct the measurement). When the sample position
was changed so that a section of the probed sample was heated
in the dark (Figure 6, dark gray spectrum), no reduction was
seen. Hence, the reduction that was observed in the first case is
a photochemical process (this point will be further considered
in the Discussion). Also, as is the case with U,Os, the
photoreduction goes along with the appearance of a hydroxyl
—OH 1o signal (Figure 7A). It should be noted, however, that
even on U®" (dark spot), there is a small —OH 16 peak.
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Figure 7. (A) UPS of UO, before and after water adsorption at —80
°C, then subsequently heated at the indicated temperatures until 20
°C. (B) Difference spectra of the data presented in (A).

To follow the changes that occur due to the reduction by
water under the UV light of He II, a submonolayer exposure to
water experiment (0.4 L) was conducted, as seen in Figure
7A,B. The appearance of the U 5f lines together with the
persistent signal of the —OH group at 9.9 eV is clear, even
upon warming to 20 °C. Figure 7B shows the difference
spectra of the same experiment. At —80 °C, the U 5f signal
appears and seems to be constant in its intensity and energy
position at the investigated temperature (positive signal < 2
eV). Also, the signals at 10 and 12.8 eV remain unshifted. The
features of the difference spectra between 7 and 2 eV are
complex, as there are contributions from the shift in the work

function due to surface coverage and rehybridization between
O 2p and U 5f upon reduction.

DISCUSSION

Termination Layer Importance. The nature of the last
atomic layer and the crystal structure have an influence on
water adsorption, and both depend on the synthesis method.
In the present study, polycrystalline films were prepared by
sputter deposition at 250 °C and then annealed at 400 °C. The
UO, films are highly textured, with a preferential orientation of
(111).* This is in line with fluorite surfaces in general, where
(111) is found to be the most stable, followed by (110) and
then the reconstructed (100).>” The termination layer on this
face is composed of 3-fold coordinated oxygen atoms.

UQO; films have been produced by oxidizing the initial UO,
films in an O plasma. U,Oy is produced by the reduction of
UO; via atomic hydrogen. Water chemisorbs on cations rather
than on anions. This is due to an interaction between a Lewis
base (lone pair on the oxygen atom of water, O 2p, being }O)art
of the 3a; MO of water) and a Lewis acid (the U cation).”” In
general, hydrogen bonding also occurs, particularly when
mixed molecular and dissociated modes are involved.’!
Consequently, water chemisorption on oxygen-terminated
surfaces is weak. For example, it was observed that water
adsorption on a stoichiometric UO, (111) single crystal is
weak when compared to that on oxygen-deficient UO, (111),
produced by Ar ion sputtering (preferentially removing the
oxygen atoms).'’ This is due to the partial reduction of U*
upon removal of a fraction of the terminal surface oxygen
anions. For the three oxides studied here, water is weakly
adsorbed (the —OH 1b, signal at 13 eV is weak, indicating a
low surface concentration).

To probe this adsorption mode, Figure 8 compares water
adsorption on two U oxide surfaces prepared by chemical and
physical reduction of UO;. In the first case, UO; has been
reduced by being exposed to atomic hydrogen at 400 °C. In
this case, reduction proceeds via the reaction of hydrogen
atoms with surface oxygen, thereby producing —OH groups.
Subsequently, after a second reaction with another hydrogen
atom, water is produced, which desorbs due to the high
temperature. As such, this reaction is not different from that of
reduction using molecular hydrogen, except that the sticking
coefficient of the latter is many orders of magnitude smaller
than that of a hydrogen atom on metal oxides in general.””
However, there are subtle differences that are worth
mentioning here. Strictly speaking, when bonding with surface
oxygen ions, a hydrogen atom is a hydrogen ion and an
electron. Because of the ionization potential and electron
affinity differences between a hydrogen ion and an oxygen
anion, in making an —OH group, the two electrons of the bond
originate from the oxygen anion. Therefore, for each —OH
group formed, one electron (from each hydrogen atom) goes
into the oxide.

) 2—
H" + O(surface) - _OH(surface) + le (l)

2(_OH(surface) + le)

2—
- HZO T4000(: +VO + O(surface) + 2e (2)

Here, Vo is an oxygen vacancy, and the H—H bond
dissociation energy is 4.44 eV at 298 K.**
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Figure 8. (A) Water adsorption of U oxide surfaces produced by (i)
chemical (H exposure) and (ii) physical (Ar ion sputtering/
reduction) modification of UO;. (B) Normalized spectra with respect
to the U 5f line intensity.

This is unlike the reaction with molecular hydrogen, where
the latter is heterolytically dissociated®* and, therefore,
reduction only occurs when water is removed, leaving behind
an oxygen vacancy and two electrons (just as is the case with H
atoms). In other words, reduction occurs with H atoms
irrespective of water desorption (eq 1), while reduction with
molecular hydrogen requires the desorption of water (eq 2 or
3).

H,(g) + Ofurtice) . = H,0(g) + Vo + 2e (3)

The reduction with H atoms most likely involves hydrogen
interatomic diffusion, which results in the reduction of deeper
layers. In the absence of a known diffusion coeflicient of
hydrogen atoms in UQ;, we can make an estimate based on
that of UO,: D = D, exp(—14.3 kcal/RT) cm?/s. At 400 °C, D
is about 107¢ cm?/s or 10'° A%/s (with D, = 0.037 cmz/s).35
Bulk defects may also act as traps for hydrogen atoms.*®

In the second case, the surface was bombarded with Ar ions
at room temperature. Ar ions preferentially remove oxygen
atoms and not uranium atoms due to their mass difference.
This is a complex process with a cascade of reactions that are
well described by the so-called “Sigmund theory of
sputtering”.”” Sputtering efficiency is a function of many
parameters, such as the Ar ion flux, the accelerating voltage,
and the angle of incidence (all of which affect the extent of ions
that penetrate the oxide layers and the associated local heat
generated).” In this case, the removal of oxygen atoms leaves

behind two electrons, as in the case of reduction with two
hydrogen atoms. However, hydrogen is not used. As seen in
Figure 8, there is a pronounced hydroxyl signal in addition to
the appearance of the 5f band and, therefore, all of the signal
would originate from water adsorption (neglecting back
groundwater contribution).

HZO(g) + VO + O(surface) - 2‘_OI_I(surface) (4)

This reaction (eq 4) is charge-neutral; it does not consume
electrons unless molecular hydrogen is formed, and it does not
add electrons unless molecular oxygen is formed.

Since water adsorption on fully oxidized surfaces is
negligible, then the presence of surface hydroxyls is related
to water dissociation on oxygen defects (which may titrate
them). In Figure 8, both spectra are normalized to the
maximum intensity of the U 5f signal. It is seen that the fwhm
of U 5f is the same in both cases. However, water dissociative
adsorption is more pronounced on the Ar ion sputtered surface
when compared to the surface reduced with H atoms. Because
Ar ions (with an energy of 1 kV) are not poised to penetrate
deep into the subsurface while H atoms can diffuse into the
bulk, the exact difference in the reduction bulk process is not
known. It is worth noting the ill-defined nature of the O 2p
band of the sputtered surface compared to that of the as-
prepared surface. This difference is because Ar ions, in addition
to the reduction process, cause surface disorder. This has been
observed before on Ar ions sputtered on single crystalline
oxide surfaces and noncrystalline powder.*”*

Hydroxyl Radicals (—OH®), Hydroxyl Groups (—OH),
and a Plausible Band Energy Diagram. Water molecules
can have a weak electrostatic interaction (ion—dipole
attraction) with the surface in the physisorbed state, or they
can exhibit orbital overlap in the chemisorbed state. The ionic
nature of metal oxides promotes Lewis acid—base and/or
donor—acceptor interactions.”’ Accordingly, the oxygen ions
of the surface will act as basic sites and interact with the H" of
the —OH group of water. The deprotonation of water
molecules will produce surface hydroxyl groups on the metal
oxide. This is described as a heterolytic dissociative
chemisorption according to the reaction below (note that
the two —OH groups on the right-hand side of eq 5 are not
equivalent):

HZO(g) + O(lattice)z_ - _OH(Iattice) + _OH(adsorbate)
(8

Figure 9 compares the difference spectra of UO; and UO,
containing surface hydroxyls and adsorbed water molecules.
These are produced by exposure to H® at —80 °C and warming
to —60 °C. Both —OH groups and H,O are present on the
surface, and their signals overlap. The spectra were normalized
to the 1b, peak intensities of water. It can be seen that the 1b,/
17 peak is significantly smaller for UOj;. Since the 1b; water
contribution can be assumed to be the same in both cases (due
to the normalization to the 1b, intensities of water), the
difference must be attributed to the 1z being smaller for
—OH/UOQ; than for —OH/UO,. A possible explanation for
this difference would be the charge of the surface on —OH. In
—OH, the binding orbital 36 is constructed by hybridization of
the O 2p, and H 1s orbitals, which corresponds to the 3a, of
H,0 (Scheme 2). The remaining 2p, and 2p, atomic orbitals
are degenerate and essentially nonbonding (even slightly
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Figure 9. Difference spectra (subtraction of the oxide signal) of UO,
and UO; exposed to atomic hydrogen and warmed to —60 °C.

antibonding). They are at a higher energy (lower binding
energy) than the 3c.

Scheme 2. Molecular Orbitals of a Hydroxyl Group
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In —OH, the orbitals contain four electrons, while in OH®,
they only contain three. These orbitals establish bonding with
the surface as 7-bonding (between p, or p, and the orbitals of
the surface atoms).

As seen in Figures 4 and S for U,0Oj and in Figures 6 and 7
for UO;, under UV light and water, there is a clear presence of
U Sf. Scheme 3 presents a possible explanation. To construct
this energy diagram, the following points were considered. The
valence band (VB) edge energy position of UQ; is assumed to
be marginally different from UO, (see ref 42). In the present
work, it appears that the VB of UO; is slightly lower than that
of UO,; this has been neglected. From the work function of
UO, (ca. 6 eV) and the standard hydrogen electrode energy
position with respect to the vacuum level (—4.44 eV), it is
possible to position the conduction band and redox potentials
of water to hydrogen.” Although we do see shifts in the UPS
spectra in the presence of water, band bending was also
omitted for simplicity. The stability of the created reduced
state (5f) in the case of UO; (and U,Ojs) indicates that the
system has reached a steady-state condition in the presence of
water at —60 °C. In line with the difference observed of the 17
of the —OH groups between UO; and UO,, as indicated
above, and the creation of 5f electrons upon UV excitation, it is
postulated that surface —OH groups inject electrons into the
VB (to trap the holes) and, thus, further stabilize the

Scheme 3. Diagram of Electron Transfer under UV Light
Excitation of UOj;, on Which a Layer of Water Is Present at
—60 °C“
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“The computed, at the DFT/HF hybrid method (HSEO6, that is
known to give accurate band gap for early transition metal based oxide
semiconductors), band gap and edges of UO; changes with its
crystallographic structure, and it is between 3 and 3.2 for @ and y
UO;. The measured optical band gap of UO; is 2.6 eV (from refs 21
and 42).

conduction band electrons. The —OH groups would then
have the character of a more neutral (i.e., less anionic) species
and would, therefore, correspond more closely to an adsorbed
—OH*® (—OH® radicals are usually analyzed after trapping
them***> or upon desorption*®). As a consequence of this hole
trapping, electrons under light excitation that have been
transferred from the valence band (largely O 2p) to the
conduction band (U 5f) are more stable, and the reduction of
U* to U™ in UO; or U to U* in U,O4 occurs, as seen
experimentally in Figures 4—7.

Molecular Orbitals (MOs) of Chemisorbed Water. The
MO emission lines of water give information on the change of
intramolecular and intermolecular (here, with the surface)
bond strengths upon adsorption by the energy difference of the
involved molecular orbitals.

(i) The 1b, MO (lone pair on O) does not participate in
bonding, neither in intramolecular bonding nor between
the molecule and the surface. This is the O 2p, orbital,
perpendicular to the HOH plane and parallel to the
surface. It is taken as the reference level.

(ii) The 3a; participates most strongly in bonding to the
surface. It contains the O 2p, orbital, oriented along the
molecular axis and perpendicular to the surface. It gives
water its Lewis base character.

(iii) The 1b, is formed with the 2p, orbital (in the molecular
plane), overlapping with the H 1s orbitals. It is the main
intramolecular bonding orbital and participates little in
bonding to the surface.

Upon strong bonding to the surface, the 3a; orbital should
be stabilized, and its binding energy and, consequently, its
AE;,,_1,; increase. Upon the increase of the intramolecular
bond strength, the 1b, binding energy and, consequently,
AEy, 1) increase. Figure 10 compares the MO spectra of
water chemisorbed on UO, to that of water/ice on UQO,. For
the chemisorbed water, the UO, substrate background (its VB)
was subtracted. The ice spectrum was shifted to have the 1b,
reference line overlap with that of the chemisorbed water. The
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Figure 10. MO lines for water chemisorbed on UO, and for
multilayer (ice) water on UO,.

two 1b, lines superimpose remarkably well. The strong
intensity increase of 3a, is surprising; this is not due to lo
of the —OH superimposing onto the water signal, as the
corresponding 17 is missing. However, it may instead be due
to the increase of the cross section upon mixing with the U f/d
states (covalent mixing), or an increased lifetime of the
photohole because of solid-state screening. A similar intensity
increase was also observed for water adsorbed on SrTiO;.*

Upon bonding to the surface, AE;, j,, increases consid-
erably to 2.9 eV. This value is lower than that of rutile TiO,
(110) and perovskite SrTiO; (100), whose AE;,;_y,; values
are 3.5 and 3.2 eV, respectively, and higher than that of rutile
SnO, (110), whose AEs,_y,; is 2.6 eV. The intramolecular
bond strength also increases upon adsorption, as reflected by
an increase of AE;,_j,; to 5.9 eV. However, this increase is
weaker in comparison to that of rutile TiO, (110), perovskite
SrTiO; (100), and rutile SnO, (110), whose AE,;,_j1,; values
are 6.2, 6.2, and 6.1 eV, respectively.

Table 3 compares the MOs for water adsorbed on the three
oxides. Based on AEj;,;_;;,;, one expects the adsorption energy

Table 3. Molecular Orbital Emissions for Water Adsorbed
on UO,, U,0;, and UO,

1by¢ 3a, 1b, 3a;—b; 1b,—b,
U0, 7.1 10.0 12.0 2.9 5.9
U,04 7.4 10.4 13.3 3.0 5.9
U0, 6.6 8.8 12.6 2.2 6.0

of water to be lowest on UO;. The intramolecular bond
strength does not seem to vary among the three oxides.

CONCLUSIONS

The adsorption modes of H,O on UQO,, U,0;, and UO; have
been studied by UPS (He II). These three oxides present
uranium in different oxidation states (+4, +5, and +6,
respectively).

On UO,, water adsorbs molecularly, as seen by the three
emission lines 1b,, 3a;, and 1b;. Surface hydroxyl formation
shown by the 1z (superimposing to the 3a;) does not take
place. On U,Os, water partially dissociates, forming surface
—OH. Uranium is reduced from U>* to U* only under UV
excitation and the presence of adsorbed water. Reduction is,
therefore, a photoinitiated process that involves hole trapping
by surface hydroxyls and electron transfer to the metal cations.
Atomic hydrogen reduces UO; by forming —OH species, while
Ar ion sputtering reduces UQ; directly and, thus, the

formation of —OH groups is a consequence (not a signature)
of the reduction.

UPS (He II) has been used to characterize chemisorbed
H,O and —OH via their molecular orbitals (MOs). The weak
intensity of the —OH group 17 may be an indication of some
hydroxyl radical properties when binding to U* of U,O5 when
compared to UO,. Lastly, the chemisorption strength obtained
from AE,,;_p; of the three oxides was extracted and compared
to one another. It was found that UO; has the weakest
adsorption strength (2.2 eV) when compared to UO, and
U,0;.
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