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Effect of Hydrogen on the Dissolution of Uranium Dioxide in
Peroxide-Containing Environments
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The ability of hydrogen (H,) to scavenge hydroxy radicals (OH") created by the dissociation of hydrogen peroxide (H,O,) on the
surface of uranium dioxide (U'VO,) has been studied in a chloride/bicarbonate (pH = 9.5) solution. The oxidation/reduction of the
oxide surface was monitored by measuring the corrosion potential as a function of time in this solution, containing various
concentrations of H,O, sparged with either Ar or an Ar/H, mixture. The surface oxidation was subsequently determined using
X-ray photoelectron spectroscopy. In the absence of H,, the peroxide oxidized the surface to U'V1_2XUV2X02+X with x varying with
H,0, concentration and eventually achieved a composition of U340 0.6602.33. At this surface composition, the surface becomes
unstable with respect to dissolution, but the dominant reaction is H,O, decomposition. In the presence of H,, the initial oxidation of
the U'VO, when H,0, was added was reversed by the ability of H, to scavenge the OH" with the H" radicals formed. This led to a
reduction of the oxidized surface. The efficiency of this process is determined by the relative concentrations of H,O, and H,.
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The internationally accepted approach for the disposal of high-
level nuclear waste is to isolate and contain it within a deep geologic
repository (DGR). Canada’s design to ensure the containment of
used nuclear fuel is to seal it in a corrosion-resistant Cu-coated steel
container isolated within a multiple barrier system composed of the
fuel waste form, the container, bentonite clay buffer and seals around
the container and the surrounding host rock. While the container will
provide long-term containment,’ it is necessary to evaluate the
potential consequences of its failure when the fuel waste form could
come in contact with groundwater. An extensive international effort
has been expended on determining fuel behaviour and the possible
release from the fuel of radionuclides under a range of DGR
conditions.>™"?

The groundwater entering the breachedcontainer will be anoxic,
the dissolved O, in the vicinity of the container having been
consumed by reactions with organic matter, oxidizable minerals in
the clay buffer and the host rock, and container corrosion processes.
Consequently, the radiolysis of the groundwater will be the only
source of oxidants within the container. Since U solubility increases
by many orders of magnitude when U" is oxidized to UY" (as
U024 radiolytic oxidants, in particular, H,O,, will lead to fuel
corrosion and radionuclide release.'> However, the radiolysis of H,O
and the corrosion of the carbon steel container will produce the
oxidant scavengers H, and Fe®*, which will suppress oxidizing
conditions at the UO, surface by both homogeneous and hetero-
geneous reactions.'®™'® Of these two potential reducing agents, H,
has been shown to be dominant in suppressing corrosion.'®!”!?
Consequently, the influence of H, on fuel corrosion has been
extensively studied as summarized by Badley and Shoesmith, and
references therein.'>

For dissolved H, to act as a reductant, it must be activated, i.e.,
dissociated into reactive H" radicals. This has been shown to occur
on the surfaces of simulated spent nuclear fuels (SIMFUEL),
catalyzed by noble metal (¢) particles composed of metals known
to catalyze H, dissociation [Rh, Pd, Ru, Mo].20 These particles are
galvanically coupled to the UO, matrix and act as anodes which
catalyze H' oxidation to H', forcing the matrix to adopt a corrosion
potential (Ecorr) too low for the oxidation/dissolution of UO,. In
the absence of such particles, galvanic protection does not occur,
with experiments indicating minimal activation of H, on the UO,
surface.'” Activation can also be achieved in the presence of
radiation (both « and ) with the radiolytically-produced H on the

“E-mail: jjnoel@uwo.ca

UO, surface acting as a scavenger for radiolytic oxidants, a process
shown to suppress their reaction with UQ,.'"?!-28

Since the noble metals in the e-particles are catalytic for both the
reduction of oxidants, such as H,O,, as well as the oxidation of H,, it
is not surprising that UO, oxidation in H,O, solutions containing H,
can be suppressed when noble metals are present either as particles
in the UO, surface or as separated powder in the solution.'*?°=!
However, experiments in which HO, was added to Ar/H,-sparged
solutions in the presence of a SIMFUEL containing no e-particles
suggested, but did not clearly demonstrate, that H, scavenging could
also occur directly on the UO, surface. This would not be surprising
since H,O, reactions (particularly its decomposition to O, and H,0)
have been shown to proceed via the formation of surface OH’
radicals, introducing the possibility that they could be scavenged by
reactions with soluble H, on the UO, surface in the absence of
radiation and e-particles.** 8

In this study, the role of the UO, surface in reactions involving
H,0, and H; is investigated using a combination of electrochemical
and surface analytical techniques.

Experimental

Electrode materials and preparation.—Experiments were con-
ducted on an un-doped natural UO, electrode cut as a 2 mm-thick
disc from a commercial fuel pellet manufactured by Zircatec
Precision Industries (Now Cameco Fuel Manufacturing, Port
Hope, Ontario) in September 1990. The details of electrode
preparation have been discussed previously.®® The surface area of
the single exposed face of the disc was 1.16 cm®. The resistivity of
UO, is known to be sensitive to the degree of hyperstoichiometry (x
in U02+X).4M4 The measured resistance of the specimen used was
10 kQ.cm. This is close to that measured on a UO; o> specimen,45
suggesting the pellet may have had a slight residual excess O within
the matrix. Before each experiment, the electrode was groundwith
1200 grit SiC paper, then sonicated for 2min in Type 1 H,O
(resistivity = 18.2 MQ.cm) to remove polishing debris.

Solution preparation.—Solutions were prepared using Type 1
H,O from a Millipore Milli-Q direct water purification system and
deaerated using either Ar or 5% H,/95% Ar gas (Praxair) for one hour
prior to each experiment. All experiments were conducted in a
0.1 mol1~! NaCl (Fisher Scientific) + 0.05 mol.l~! NaHCO,/Na,CO;
(EMD Chemicals) solution, with the pH adjusted to 9.5 using
0.5 mol.I"! NaOH. H,0, was added by diluting a 3% W/V solution
(Fisher Scientific).
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Figure 1. Cyclic voltammogram recorded on a UO, electrode in Ar-purged
0.1 mol.I™!" NaCl + 0.05 mol.1~! HCO; /COs>~ solution adjusted to pH 9.5.
The vertical dashed line at ~—400 mV (vs SCE) indicates the thermo-
dynamic threshold for matrix oxidation.
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Figure 2. Raman spectra recorded across the surface of an unoxidized UO,
specimen.

Electrochemical cell and equipment.—All experiments were
conducted using a conventional 1 L three-electrode, three-compartment
electrochemical cell. All potential measurements were recorded against
a commercial saturated calomel electrode (SCE; 0.241 V vs standard
hydrogen electrode).*® A 1 em? Pt foil spot-welded to a platinum wire
was used as the counter electrode. The electrochemical cell was housed
in a grounded Faraday cage to minimize interference from external
electrical noise. Applied potentials and measured current responses
were controlled, recorded, and analyzed using a Solartron Model 1480
Multistat and CorrWare software (Scribner Associates), respectively.

Electrochemical techniques.—Prior to each experiment, the UO,
specimen was potentiostatically polarized to —1200 mV (vs SCE)
for 2min. This process removes any air-formed oxides on the
surface to ensure that each experiment begins with a fresh surface.

Cyclic voltammetry (CV) experiments were performed to con-
firm the electrochemical viability of the UO, specimen. A potential
scan was performed from —1200 mV (vs SCE) to a positive limit of
250 mV (vs SCE) and back at a scan rate of 10 mV.s~!. The current
interrupt method was used to compensate for electrode resistance.

Open circuit potential measurements were performed in solutions
sparged with either UHP Ar (Praxair) or UHP 5% H,/95% Ar
(Praxair) (dissolved [H,] ~107*M). After reducing the surface
electrochemically at —1200 mV (vs SCE) for 2 min, we allowed
Ecorr to stabilize for 1-2 d before H,O, additions.

Potentiostatic polarization (PSP) experiments were performed
with UHP 5% H,/95% Ar. After 1 d, to allow the system to reach a
steady state, the UO, electrode was polarized to 0.1 V (vs SCE) or
—0.1V (vs SCE), with Ecorgr being monitored both before and after
polarization.

X-ray photoelectron spectroscopy.—X-ray photoelectron spec-
troscopy (XPS) was used to measure the surface composition of the
electrode on completion of some experiments. Samples were
transferred between the electrochemical cell and XPS instrument
using a vacuum-sealed desiccator. Analyses were performed using a
Kratos AXIS Supra Spectrometer with a monochromatic Al Ka
(15 mA, 14 kV) radiation source (hv = 1486.6 V). The instrument
work function was calibrated for the Au 4f;,, metallic gold binding
energy of 83.96 = 0.025eV, and the spectrometer dispersion was
adjusted to a binding energy (BE) of 932.62 + 0.025 eV for metallic
Cu 2p3,,. When necessary, surface charging was corrected by setting
the C 1s BE at 284.8 eV. Survey spectra were collected over a BE
range from 0 to 1100eV, at a pass energy of 160eV. High-
resolution spectra were collected for O 1s, U 4f, and C 1s at a
pass energy of 20 eV. For all measurements, the area of analysis was
~400 x 700 pum. All spectra were analyzed using CasaXPS software
(version 2.3.19) with the fitting parameters used described
elsewhere.*’

Raman analyses.—Raman spectra were acquired using a
Renishaw 2000 confocal Raman spectrometer (Renishaw, UK).
Spectra were excited using a 50 mW He—Ne laser with a wavelength
of 632.8 nm. The power of the laser beam was reduced to 50% to
avoid heating effects. Spectra were recorded over the wavenumber
range 150 to 1400 cm™'. A Gaussian-Lorentzian peak model with a
Shirley background correction was used to fit spectra. The decon-
volution of the broad band between 500 and 700cm™' was
performed as previously described.*®#

Results and Discussion

Figure 1 shows a CV recorded from —1200mV (vs SCE) to
4250 mV (vs SCE), with the vertical line at ~—400 mV (vs SCE)
indicating the thermodynamic threshold for oxidation of stoichio-
metric UO,. By confining the negative potential limit to —1200 mV
(vs SCE), the possibility of reducing any oxidized states (U) pre-
existing in the UO, specimen was avoided, as demonstrated
previously.*> Consequently, the shallow, sub-thermodynamic oxida-
tion current observed on the forward scan (from ~—800mV to
—400 mV) can be attributed to the oxidation of pre-existing non-
stoichiometric locations within the UO, matrix. This sub-thermo-
dynamic oxidation at such sites is thought to be associated with grain
boundaries,”®>' and has been observed previously and characterized
in detail **>*>3 The current plateau observed when the scan was
extended to more positive potentials can be attributed to the anodic
oxidation of the surface of the U™VO, matrix to a thin layer (a few nm)
of UIVI_ZXUVZXOHX. The final rise in current, as the positive potential
limit was approached, is attributable to the further oxidation of this
layer to soluble uranyl carbonate complexes (UYI0,(CO;), T2+ >3
The cathodic peak observed on the reverse scan has been shown to be
due to the partial reduction of the surface layer.>®

A series of Raman spectroscopic spot analyses yielded mainly
spectra exhibiting onl}f a single peak located at 445 cm™ !, assigned
to the symmetric O-U"" stretching mode in an undisturbed stoichio-
metric lattice. However, a number of locations exhibited both this
peak and a broad shallow band located between 500 and 700 cm ™",
Fig. 2, indicative of a disturbed lattice. Deconvolution of this band
yielded a peak at 575 cm ™', assigned to a first-order LO phonon, and
a second peak at 630 cm™'.*® This latterpeak can be attributed to
distortion of the anion sublattice involving the formation of clusters
of interstitial O atoms and is a signature of a degree of
non—st(;icshsiometry consistent with the voltammetric observation,
Fig. 1.
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Figure 3. Ecorr as a function of time with sequential additions of [H,0,],
recorded on a natural UO, electrode in 0.1 mol.l~! NaCl + 0.05 mol.l ™!
HCO; /CO5>~ solution adjusted to pH 9.5 with (a) Ar, or (b) 5% H»/95% Ar
sparge gas. The legend values show the actual concentration of H,O, during
that measurement period.

Figure 3 shows a series of Ecorg measurements in solutions
sparged with either Ar (Fig. 3a or 5% H»/95% Ar (Fig. 3b). Prior to
the first H,O, addition, Ecorg Was allowed to approach a steady
state. Irrespective of the sparge gas, Ecorr increased to a value
between —150mV (vs SCE) and —100 mV (vs SCE). Since the
thermodynamic threshold for the oxidation of stoichiometric UO, is
~—400mV (vs SCE) for the conditions employed in these experi-
ments, Fig. 1, these values suggest a slight oxidation of the UO,
surface, probably by traces of dissolved O,.

In the absence of H,, Fig. 3a, each H,0, addition led to a small
increase in Ecorr to a new steady-state value, up to [H,O,] =
10°°M. For [HyO,] = 5 x 10°°M, a very marked increase in
Ecorr occurred, with subsequent increases in [H,O,] leading to only
minor further increases and the potential stabilizing around ~60 mV
(vs SCE). When H, was present (in the present case at ~1074 M),
Fig. 3b, increases in [H,O,] up to 107°M led to similar small
increases in Ecorr. However, when [H,O,] was increased to
>10"%M, a rapid initial increase in Ecorg was eventually reversed.
A similar initial increase/subsequent decrease was observed for
[H,0,] = 1073 M. However, at 5 x 107> M, the eventual decrease
was arrested, as Ecorr decreased only slightly and approached a
steady-state value of ~60mV (vs SCE). This indicates an
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Figure 4. Final Ecorr values from Fig. 3, as a function of total [H,O,]. The
horizontal arrow indicates the range in which Ecogrr is sensitive to the
presence of Hj.

insensitivity to H, for [H,O,] = 5 x 10> M on the time scale of
this experiment. Similar Ecorg behaviour has been consistently
observed on SIMFUELs containing rare Earth dopants and e-
particles or rare Earth dopants only.”>*° While the general form of
the transients (in the absence and presence of Hy) is reproducible, the
actual values recorded can vary as observed in this study and
previously.

Figure 4 shows the final measured values of Ecorg, from Fig. 3,
as a function of the total [H,05] in the solution. While the values for
[H,0,] < 10°°M may reflect the influence of traces of dissolved O,
which could be present at a concentration > that of the added H,O,,
there is a clear separation in the values measured in the presence and
absence of H, in the [H,O;] range indicated approximately by the
horizontal arrow. At the highest [H,O,] (5 X 1075 M), there is no
difference in the two values, indicating an insensitivity to H, in this
range. This clearly demonstrates that H, (at a concentration of
~10"*M) can interfere with the reactions of H,O, on the UO,
surface when [H,O,] is in the concentration range between
approximately 107® M and 107> M. It is likely that this interference
extends to lower [H,O,] but is undetectable in these measurements.

A similar insensitivity of Ecorr to [H>O5] > 1073 M has been
observed previously on undoped UO, and attributed to the redox
buffering of the H,O, decomposition reaction. Under these condi-
tions, the equilibrium potentials for the two half-reactions involved,
reactions 1 and 2, exhibit dependencies on [H,O,] which are
identical but opposite in sign. Providing both reactions are rapid
and equally influenced by [H,O,], a change in [H,O,] would change
the decomposition rate without influencing Ecorr-

H,0, + 2¢~ — 20H- (1]
H,O0, - O, + 2H* + 2e~ [2]

The decomposition of H,O, proceeds on the surface of various
. . . . -3
metal oxides via a radical mechanism.*—*

(HZOZ)adS - 2(OH.)ads [3]
(H02)ads + (OH a0 = HyO + (HO3 )5 (4]
2(HO3ags = H,05 + O, [5]

On UQ,, this process has been shown to be catalyzed by the
presence of a thin UIVI,ZXUV2X02+X surface layer; i.e., by the
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formation and destruction of U surface sites accompanied by the
incorporation and release of O®~ at vacant interstitial sites readily
available in the UO, cubic lattice.’® This peroxide decomposition
process occurs in competition with the oxidative dissolution (corro-
sion) of the UO, surface via the extraction of the UV state (from the
vV I_ZXUVQXOZH surface layer) and its further oxidation to UV and
release to solution as a HCO; /CO5*~ -complexed uranyl ion"?

UV(in U}Y,,U3,024,) + HCO3™ — (UYO,HCO3)ugs + €~ [6]
(UVO,HCO3),4s + OH™ — (UV'0,C03),44s + HO + e~ [7]

(UY10,C03)4s + (y — DHCO3 — UVI0,(CO3)J ™ + (y — DH*
(8]
with the electrons consumed by the reduction of (OH"),gs.
2(OH")ygs + 2~ — 20H [9]

The balance between H,0O, decomposition and UO, dissolution
depends not only on the [H,0,] and [CO3], ((HCO3™ ] + [CO327])
but also on the composition of the vV 1,2XUV2x02+X surface layer. It
also depends on whether or not the oxide matrix is stabilized by rare
Earth (RE™) doping, with ~14% of the H,O, consumed by
dissolution on undoped UO, but <4% on RE™-doped UO,.”**’

It should be noted that C1~ and HCO; /CO;>~ ions in solution
can also react with hydroxyl radicals on the UO, surface.’®
However, all solutions used for immersion experiments had constant
[NaCl] and [NaHCO3/Na,COs3], resulting in a consistent influence
on the surface reactions. The effect of these ions is therefore not
considered in this article.

Figure 5 shows a series of individual Ecorg measurements at
different single [H,O,] values. As observed in Fig. 3, Ecogrr
increased, prior to the addition of H,O, in both the absence
(Fig. 5a) and presence (Fig. 5b) of H,, towards a steady-state value
between —160 mV (vs SCE) and —200 mV (vs SCE). The increases
are attributed to slight surface oxidation due to trace dissolved O,.
This occurred independently of the presence of H,, confirming there
is no detectable influence of H, in the absence of H,O,. The values
recorded after H,O, addition did not show the same consistent
behaviour as in the first set of experiments (Fig. 3). However, the
tendency to more readily generate a peak in the presence of H, was
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Figure 6. Surface compositions recorded on a natural UO, electrode as a function of the final measured Ecogg in a solution sparged with either (a) Ar or (b) 5%
H,/95% Ar (from Fig. 5). The horizontal dashed lines refer to the percentages of utv (green) and uY 4+ vt (magenta) after experiments with no H,O, added.
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observed. As discussed below, this is not surprising given the
competition between surface oxidation and oxidant scavenging in
the presence of surface radical species. While the results collected in
this study were based on single experiments, the behaviour observed
(with and without H,) was consistent with our previous
observations.

After the individual H,O, addition experiments, the extent of
surface oxidation was determined by XPS, Fig. 6. The percentages of
reduced (UY) and oxidized (UY and UYY) states are plotted as a
function of the final Ecorr value recorded. Although the individual
fractions of UY and U"" are determined when deconvoluting the XPS
spectra, as described elsewhere,29 the extent of air oxidation from UY to
UYis difficult to control, making the relative analyzed contributions of
UY and U somewhat variable. This makes the sum of the two states
(UY + UYY a more reliable indication of the extent of oxidation.

Figure 6 shows that, despite the absence of a clear relationship
between Ecorr and [H,0,], Fig. 5, the surface composition is
dependent on the final measured value of Ecorr. The data show that
the extent of oxidation increases as Ecorgr becomes more positive in
both Ar and Ar/H, sparged solutions. A similar analysis of the
oxidation state of the surface after each incremental addition of
H,0, (Fig. 3) was not possible. This introduces the possibility that
the transient behaviour in Ecorr observed in these experiments
when H, is present, Fig. 3b, can be attributed to a rapid initial
oxidation of the surface when H,0, is first added, followed by a
subsequent reduction of the temporarily oxidized UO, surface.
These results suggest that the anticipated scavenging of the surface
OH’ radicals, created by reaction 3, by dissolved H, could involve
catalysis by the U"V/U" states in the UO, surface.

UV + (OH"),gs — UY + OH™ [10]

Hy + (OH")a4s = (H"ags + H20 (11]

U + (H)us — UV + H* [12]

The ability of H' radicals to reduce U" states in a UO, surface has
been demonstrated in gamma radiolysis experiments.*’

Figure 7 shows the relationship between the final measured
Ecorr values (from Fig. 4) and the surface comPosition expressed as
a fraction of surface oxidized states (UY + UY")/U,q,). The amounts
of surface oxidized states are compared to the composition of a Gd-
doped UO, surface after electrochemical treatment at a series of
applied potentials for 1 h in a solution with the same composition as

that used in the experiments in this paper.*** The increase in
oxidized surface states with potential was considerably steeper for
the undoped UO, from this study than that observed on the Gd-
doped UO,. The enhanced stability of RE™-doped UQ, against
oxidation has been shown to be due to the formation of RE™-oxygen
vacancy (Oy) clusters. These clusters limit the available number of
Oy, which are required to accommodate interstitial oxygen (O;) ions
as UO, is oxidized to U"Y, ,, UV 2xO024x- 49

Several regions (A to D) are noted in Fig. 7, in addition to several
compositions for specific fractions of oxidized surface states. These
regions denote specific ranges of composition and lattice structure
determined by He and Shoesmith using Raman spectroscopy.*® For
relatively low degrees of non-stoichiometry (region A), excess
oxygen is randomly distributed within the oxidized surface, with
an increase in the value of x (in UIVI,ZXUV2XO2+X) leading to the
association of Oj ions into clusters. For a sufficiently high degree of
non-stoichiometry (x > 0.15) (region B), the generation of large
cuboctahedral clusters leads to a significant loss of cubic symmetry,
resulting in the onset of a cublc to tetragonal structural transition and
the initiation of dissolution.® In region C, the UO, achieves a
terminal irreversible composition for the fluorite structure
(U™ 03400 6602.33). Region D, indicated by the horizontal arrow,
shows the potential range (and, hence, the range of surface
compositions) over which the sequence of reactions 10 to 12 can
be sustained, allowing H, to scavenge OH’ radicals and possibly
control the surface composition. It is likely that H, scavenging of
OH’ radicals and, hence, a suppression of surface oxidation, the first
essential step in the dissolution process (reactions 6 to 8), is possible
at lower [H,O5] (and, hence, lower Ecorgr) but is not detectable in
these experiments. Although the potential region over which (H")qs
species appear able to suppress or reverse surface oxidation is
narrow (region D) and the change in composition is significant,
leading to some uncertainty, these results suggest an ability of the
UIVI,ZXUVZXOHX layer to act catalytically via the reaction sequence
10 to 12. Once the surface reaches the terminal composition (region
E), OH" radical scavenging is kinetically more difficult, as indicated
by the only minor reversibility of Ecorg When [H,O,] > 107°M
(Fig. 3). At sufficiently high [H,O,] and Ecorg, Within region E, the
dominant reaction is H,O, decomposition (reactions 3 to 5)
accompanied by some dissolution (reactions 6 to 8). Whether or not
OH’ radical scavenging would compete with these reactions at
higher [H,] remains to be investigated.

To demonstrate that H, is only active on the surface at
compositions less oxidized than the terminal composition

084 ® Ar-Gd-UO, e Ar-H.,spike
0 7_‘ = H,-H,0, spike @ “©
UY034UY06602.33 = R . .
e 5 0.6 ¢ « ¢ y
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v v —_— > | "- *
U%0.5U%.502.25 =~ 0'5__ . .
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Figure 7. Comparison of (UY + UY!)/U . ratios at different [H,0,] as a function of potential. The solid circles were measured on a Gd-UO, electrode in Ar-

sparged 0.1 mol.I”! NaCl + 0.05 mol.I~! HCO;/CO5>" solution.®”
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Figure 8. Ecorr as a function of time in a solution sparged with 5% H,/95%
Ar. The arrow indicates the time at which the electrode was potentiostatically
polarized to either 100 mV (blue) or —100 mV (red). XPS was performed
immediately after polarization (dashed) or after 4 d of allowing the system to
return to a steady state (solid).
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Figure 9. Surface compositions recorded as a function of the polarization
potential from Fig. 8. XPS was performed immediately after polarization
(open points) or after 4 d of allowing the system to return to a steady state
(solid points). The horizontal dashed lines refer to the percentages of U
(green) and U+ uV! (magenta) after experiments with no H,O, added.

(UV34U0Y0660233) in the presence of OH" radicals, a set of
potentiostatic polarization experiments were performed in a
Hj-sparged solution. After reaching a steady state Ecogrr, the
electrode was electrochemically oxidized at —100 mV (vs SCE) or
100 mV (vs SCE) for one hour and immediately analyzed by XPS. In
an additional experiment, the electrode was electrochemically
oxidized, then Ecorr Was measured for 4 d before XPS analysis
was repeated. The Ecorgr-time curves and the oxidized fractions
((UY + UYY/U,,,) are shown in Figs. 8 and 9, respectively. Despite
the applied overpotential, Ecorr rapidly recovered to steady-state
values measured prior to polarization. For both applied overpoten-
tials, there was little difference between the surface compositions
recorded immediately after polarization and after 4 d at Ecorr. This
is unsurprising for the —100 mV overpotential, as the steady state
Ecorr is only slightly lower than the applied overpotential. In
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Figure 10. Ecorr as a function of time in a solution sparged with 5%
H,/95% Ar. The arrows indicate the times at which H,O, was added.
Electrodes were removed for XPS analysis at either the peak potential
(dashed lines) or after the eventual achievement of a steady state (solid lines).
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Figure 11. Comparison of (UY 4 UY!)/U 4 ratio as a function of potential.
XPS analysis was performed after the immersion experiment (Fig. 10) at
peak potential (open points) or after the potential returned to a steady state
(solid points).

comparison with to Fig. 7, the compositions are in reasonable
agreement. However, even though Ecorr rapidly recovered to those
values measured prior to applying the 100 mV overpotential, the
surface composition remained close to the terminal composition
(U340 6602.33). While UY10,%* formed at this potential would
be expected to dissolve as UVIO2(CO3)Y(2’2”)+ via reaction 8, this
result demonstrates that H, alone cannot reduce the extensively
oxidized surface on the time scale of this experiment.

To further investigate the ability of H, to reduce a partially
oxidized UO, surface in H,O, containing solutions, experiments
from Fig. 5 were repeated for [H,O,] of 5 x 107"M and 10°°M
under a H, sparged environment. In all experiments, the system
was left for 24 h to establish a steady-state Ecorr before the
qddition of H,O,, indicated by the vertical arrows. After the H,O,
was added, either the system was left to return to a steady state
(solid line) or the experiment was terminated before Ecorr could
begin to recover from the initial increase (dashed line), Fig. 10.
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Following each experiment, the sample was taken for XPS analysis
to determine the fraction of surface oxidized states, Fig. 11. The
reproducibility of the initial increase in Ecorg allowed for reliable
termination at the maximum Ecorgr value of ~—50 mV (vs SCE).
When left to return to a steady state, Ecorr decreased to a value
lower than the pre-addition value. The surface oxidation ratio for
all experiments was approximately 0.66, regardless of the initial
[H>O,] or final measured Ecorg. While H, was shown to reduce
the UO, surface over the same concentration range in previous
experiments, Fig. 7, this was not observed in the current experi-
ments. This confirms that once the UO, surface reaches the
terminal composition of U0 34UY0660233, the formation of
cuboctahedral defect clusters occurs.”> When such lattice defects
form, H, is unable to reduce the surface regardless of the presence
of H,O, or the value of Ecorr. The transient observed in Ecorg is
therefore more likely to have been due to the continued consump-
tion of H,O, rather than the reduction of the UO, surface.

Summary and Conclusions

Based on these results, it can be claimed that H, can scavenge
(OH"),4s, Which would otherwise oxidize the UO, surface, catalyze
the decomposition of H,O,, and stimulate a small amount of
dissolution. These results are consistent with recently published
model predictions.5 ° Whether or not the H,, as (H),4s, is involved in
changing the surface composition is not clear.

The results in Figs. 7 and 11 suggest that H, may reduce U
states on the surface, providing the extent of surface oxidation by
(OH"),q4s is limited, and the value of x in UIVI,ZXUVAOZ_,_X remains
<0.25; i.e., within the composition range where O; remain randomly
distributed, allowing surface oxidation to be reversed. At higher
values of x, when O; are dominantly located within defect clusters,
reversibility of the surface composition does not appear to occur, and
H,0, decomposition is the dominant reaction. Whether (H"),q,
produced by the scavenging of (OH’),qs have an influence in
re-reducing the uv 1—2va2x02+x surface layer remains to be
demonstrated. This is likely to require experiments at higher H,
concentrations.
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