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The presented work aims to reproducibly prepare UO2–Pd thin film model systems for spent nuclear fuel
in order to further investigate surface reactions of these films under relevant redox conditions. The sput-
ter co-deposition of U and Pd in the presence of O2 results in the homogeneous distribution of Pd in a
crystalline UO2 matrix. Hereby, Pd is found to be oxidized and to form PdOx. Heating the films after depo-
sition causes the diffusion of film components and induces a change in surface morphology. Independent
of the heating temperature initial UO2+x transforms into UO2. This is different for the noble metal. At high
temperatures (550–840 �C) Pd diffuses into the Si-wafer substrate and forms mixed Pd–Si–U alloys. At
moderate temperatures (150–200 �C) Pd solely diffuses within the film matrix and forms micrometer
sized metallic particles. These particles are further characterized as being an agglomeration of small
nanometer sized spheres.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The safety assessment of a nuclear waste disposal requires the
fundamental understanding of the UO2 chemistry in aqueous sys-
tems since the reactions at the fuel matrix surface can result in
the dissolution of the matrix itself and with this can lead to the re-
lease of radionuclides into the groundwater. The processes control-
ling the dissolution of spent nuclear fuel under a range of proposed
waste repository conditions have been the focus of several studies
([1–4] and references therein). The solution redox potential is the
critical variable due to the redox sensitivity of UO2 and the forma-
tion of soluble UO2þ

2 caused by oxidation of U(IV) [2,5]. Radiolysis
of groundwater will produce both oxidants (OH�, H2O2, HO�2, O2)
and reductants (H2, H�, e�) [6–11]. The mechanisms of spent fuel
oxidation under varying conditions are described in literature
[12–19].

In several experimental studies on spent fuel corrosion using
real or simulated spent fuel, the dissolution has been found slower
than expected from the concentrations of generated oxidants dur-
ing water radiolysis [20,21]. Fuel corrosion rates are reported to be
decreased by about four orders of magnitude in the presence of
hydrogen [22–25]. In the literature two types of mechanisms are
proposed as being responsible for such effects [11]. H2 can con-
sume radiolytically produced oxidants as well as dissolved U(VI)
in homogeneous reactions [26,27]. It is discussed by King and
Shoesmith [11] that these effects are of minor importance and can-
ll rights reserved.

mpf).
not explain the efficient suppression of fuel corrosion. Another
mechanism proposed by several authors ([11] and references
therein) is the heterogeneous reaction at the solid–solution inter-
face where hydrogen directly reduces the fuel matrix. At a temper-
ature range expected in a waste repository (<100 �C) hydrogen
should be quite inert [1]. Anyhow, the inhibition of fuel dissolution
due to the presence of H2 is observed already at low temperatures.
It was concluded in [1] that H2 is somehow activated, that is,
hydrogen decomposes producing H�. If waste container failure is
delayed for many thousands of years, it is unlikely that the decom-
position of H2 is achievable by the influence of radiation. It is pos-
sible that the spent fuel surface itself will be catalytic for the
production of H� since the higher oxides of uranium (U3O8/UO3)
as well as mixed oxides (USb3O10) and intermetallics (UNi5) are
known catalysts used in different fields of redox chemistry and
synthesis [28–30]. The influence of different uranium oxide sur-
faces (UO2+x-pellets, simulated high-burnup UO2-based fuel/SIM-
FUEL, CANada Deuterium Uranium/CANDU fuel) on the activation
of H2 was investigated by several authors who ascribe the catalytic
activation of hydrogen (and hydrogen peroxide) at T P 500 �C to
the oxide matrix itself [2,9,22,31–33]. In contrast to these observa-
tions several authors claim the metallic precipitates of Mo, Tc, Ru,
Rh and Pd (e-particles) in spent fuel [34] as being responsible for
the activation of H2 (and H2O2) at the fuel surface since late 4d-ele-
ments and their alloys are known catalysts for redox reactions [35–
39] Nilsson et al. and Ekeroth et al. [35,36,40] even exclude any
catalytic activity of the UO2 matrix. They demonstrate that in solu-
tion Pd catalyzes the homogeneous reaction between UO2þ

2 and H2

as well as H2 and H2O2. The corresponding heterogeneous reaction
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of H2 activation at the surface of a UO2 pellet doped with Pd was
investigated by Trummer et al. who attribute the activation of
hydrogen to the presence of Pd [37,38]. The interpretation of the
experimental results by Nilsson et al. and Trummer et al. [35–38]
is based on indirect parameters such as the determination of
H2O2 consumption and the change of UO2þ

2 concentration in solu-
tion with varying concentration of Pd in solution and in the oxide
matrix respectively. Such approach indicates the catalytic activity
of Pd. However, it does not allow drawing a definite mechanistic
conclusion on the processes ongoing at the surface.

It becomes obvious that there is a need for a model system
which on the one hand allows to selectively investigate the influ-
ence of different fuel components (UO2, Pd) on the catalytic prop-
erties of spent fuel with regard to the decomposition of H2. On the
other hand the model system should offer the possibility to di-
rectly measure and monitor surface processes. The actual investi-
gations therefore aim to prepare model surfaces which are
confined to a UO2 matrix doped with different amounts of Pd.
The preparation of actinide thin films by sputter deposition has
been developed by Gouder and Colmenares [41]. The thin film
technique allows an easy and controllable way to produce repre-
sentative samples of the desired elemental composition by the
use of small amounts of starting materials, for example elemental
uranium or palladium. Another advantage of this approach is the
accessibility of thin films to surface analysis tools, which allow
the characterization of surface properties as well as the monitoring
of surface reactions. Prior to investigations of the surface redox
behaviour it has to be clarified if the prepared thin film analogues
exhibit comparable properties as spent fuel. That is, the uranium
oxide matrix should be of polycrystalline nature and should have
a stoichiometry close to UO2. Moreover, the sputter co-deposition
of uranium and palladium should result in the agglomeration of
the incorporated noble metal and in the formation of metallic
particles.

In the present paper we describe the preparation of thin film
model systems which exhibit the cited features. Hereby, structural
investigations are performed by application of spectroscopic (XPS)
as well as microscopic methods (AFM, SEM, TEM and XRD).
2. Experimental

2.1. Thin film sputter deposition

Thin films of U–O–Pd were prepared in situ by sputter co-depo-
sition from U (99.9% purity) and Pd (99.9% purity) targets with an
O2 partial pressure up to 1 � 10�6 mbar. The pressure of the sput-
ter gas (Ar 99.9999% purity) was 1 � 10�2 mbar. The Ar-plasma
was produced by ionizing the Ar with energetic electrons (50–
100 eV) emitted from a hot W cathode. The composition of the
U–O–Pd films was controlled by the respective target voltages as
well as the oxygen partial pressure. The composition of the films
was varied between pure UO2 up to a U:Pd ratio of 30:70. The
deposition rates were about 0.5 monolayers per second. The thick-
ness of the films was calculated from weight difference before and
after sputter deposition. For high temperature treatment of the
films, the film substrate was maintained at the desired tempera-
ture for 5 min after deposition in the preparation chamber under
UHV. Then the sample was transferred to the analysis position
and XPS spectra were taken at room temperature.

For the spectroscopic investigations by X-ray Photoelectron
Spectroscopy (XPS), films of �10 nm thickness were deposited on
single crystalline Si-wafers. For the Atomic Force Microscopy
(AFM) measurements, films of about 1 lm thickness were depos-
ited on polycrystalline gold discs (10 mm in diameter, 0.25 mm
thickness, 99.99% purity). X-ray Diffraction (XRD) measurements
were done on films of 1 lm thickness, deposited on single crystal-
line Si-wafers. Transmission Electron Microscopy (TEM) measure-
ments required the deposition of �120 monolayers (36 nm
thickness) onto Cu-grids coated with carbon (3.05 mm, 1000
square mesh).
2.2. Thin film characterization

The composition of the sputtered films was determined by XPS,
analyzing the U 4f, O 1s and Pd 3d area ratios. Moreover, the cor-
responding binding energies were used to determine the oxidation
state of the film components. XPS spectra were recorded with a
hemispherical analyser from Omicron (EA 125 U5). The spectra
were taken using Mg Ka (1253.6 eV) radiation with an approximate
energy resolution of 1 eV. The background pressure in the analysis
chamber was 2 � 10�10 mbar.

The crystallinity of the films was investigated by TEM (H700
HST from Hitachi) and XRD (Philips PW3830 X-ray generator fitted
with a Philips PW 2213/20 goniometer including a 1.5 kW copper
tube).

The surface morphology was determined by SEM measure-
ments, performed on an environmental scanning electron micro-
scope (Philips ESEM XL 30 FEG) equipped with a backscatter
electron detector for imaging. As the prepared films were electri-
cally conducting their elemental composition could be analyzed
by EDX without a conducting surface coating which may impair
backscatter diffraction bands. Moreover, EDX mapping was per-
formed allowing the determination of the distribution of film ele-
ments at the surface.

A commercial AFM (Topometrix, TMX 2000, Explorer) was used
for the topographic characterization of the thin films. A series of
AFM images was recorded in contact-mode using triangular canti-
levers with silicon nitride tips (tip radius <50 nm).
3. Results and discussion

3.1. Preparation of UO2–Pd thin films at room temperature

In order to find the appropriate oxygen partial pressure for the
preparation of the UO2 films, uranium was first sputtered at vary-
ing oxygen pressures. The corresponding XPS spectra of the U 4f
states are shown in Fig. 1. The spectra exhibit a double line struc-
ture with an energy separation of about 11 eV, which are attrib-
uted to the spin–orbit split 4f5/2 and 4f7/2 lines. The energy
positions as well as the shape of the satellite peaks at high binding
energy (BE) allow the qualitative speciation of the uranium oxide
[42–45]. Evaluation of the U 4f/O 1s area ratios finally allows a
quantitative speciation.

According to literature the U 4f7/2 binding energy (BE) in metal-
lic uranium is 377.4 eV [46]. The films deposited at a O2 partial
pressure of 5 � 10�9 mbar (Fig. 1, lowest curve) can be therefore
attributed to the pure metal (measured BE: 377.4 eV). With
increasing O2 pressure the lines decrease in intensity and new fea-
tures appear on their high BE sides, at 381 eV and 392 eV. These
energy positions correspond to UO2, which is deposited simulta-
neously with elemental uranium. At an O2 pressure of
1 � 10�7 mbar the lines at 377.4 eV and 388.3 eV disappear show-
ing that all of the deposited uranium is oxidized. The energy sepa-
ration between satellite and main line, which is 7 eV, is
characteristic for UO2. Formation of this oxide is confirmed by
the U 4f/O 1s intensity (area) ratios. With further increase of the
oxygen pressure, the satellite broadens taking a shape typical for
the higher uranium oxide UO2+x [42] which is quantified as being
UO2.3.



Fig. 1. U 4f spectra of U sputtered at different O2 partial pressures. UO2 is generated
at 1 � 10�7 mbar O2.
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In a next step, the uranium oxide was loaded with Pd, by co-
depositing U and Pd in presence of oxygen (1 � 10�7 mbar). Forma-
tion of UO2 was confirmed by the corresponding U 4f spectra (not
shown here). The noble metal concentration was varied by varying
the U and Pd deposition rates, via adjustment of the respective tar-
get voltages/currents. The spin orbit split Pd 3d lines of the exper-
imental series are shown in Fig. 2.

At a Pd concentration of 60%, the two lines at BEs of 335.4 eV
(3d5/2) and 340.7 eV (3d3/2) are attributed to the deposition of pure
Pd metal [46]. The weak satellite at 346.7 eV is related to the un-
filled d-band (4d9.3) of the noble metal [47,48]. With decreasing
palladium concentration the Pd signal intensity decreases. Further-
more, the satellite disappears (zoom in Fig. 2). This points to the
filling of the Pd 4d band with decreasing Pd concentration. Such
filling is equal to the loss of band structure and with this to the loss
of metallic character. The Pd 3d lines slightly broaden indicating
the generation of chemically modified Pd atoms. At a concentration
of 16% Pd, the Pd line develops an intense feature at 2.5 eV higher
BE that can be attributed to the formation of a new Pd species.
Although Pd is a known noble metal its oxidation is reported in lit-
erature. The chemical shift of the Pd 3d peak of PdO is quoted be-
Fig. 2. Pd 3d spectra for the UO2–Pd co-deposition with decreasing Pd
concentration.
tween +1.3 eV and +1.9 eV [47,49] and for PdO2 between +2.1 eV
and +2.9 eV [49]. Even the formation of PdO3 has been proposed
by some authors (shift �+3.5 eV) [50,51]. Based on these investiga-
tions we propose the observed peaks at 337.9 eV and 343.2 eV as
being due to the oxidation of Pd and most likely the formation of
PdO2. With further lowering the Pd concentration, the Pd metal
signals disappears in favour of the PdO2 band. Surprisingly, the
deposition of Pd alone in the presence of oxygen does not result
in the oxidation of the noble metal even at p(O2) = 1 � 10�6 mbar
(own measurements; spectra not shown here).

The XRD diffractograms of thin films with varying Pd concentra-
tion are given in Fig. 3a. The selected diffraction peaks can be
attributed to crystalline UO2 (cubic fluorite structure) [52]. With
increasing Pd concentration (from 3% to 17% Pd) the peaks undergo
a slight shift of D2h = �+0.3 as compared to the given UO2 refer-
ence spectrum. The observed shift corresponds to a smaller lattice
parameter and with this indicates a distortion of the oxide matrix.
At a Pd concentration of 30% the reflexes even disappear which
points to the amorphisation of the matrix. Reflexes characteristic
of a metallic Pd phase (e-particles) are not detected. The TEM im-
age of a film with 14% Pd doping is given in Fig. 3b. The TEM dif-
fraction pattern together with the monitored Bragg circles
Fig. 3. (a) XRD diffractogram of UO2–Pd thin films at varying Pd concentration. For
comparison a UO2 reference diffractogram is also given. The UO2 matrix exhibits
crystallinity (cubic fluorite structure). With increasing Pd concentration the
diffraction peaks are shifted by D2h = �+0.3, decrease and rather vanish. (b) Bragg
cycles of a thin film with 14% Pd inclusion measured with TEM. The pattern can be
attributed to crystalline UO2 (cubic fluorite structure).
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indicates the presence of polycrystalline UO2. Reflexes correspond-
ing to a metallic Pd phase are not detected which is in good accor-
dance with the above described XRD results.

In order to obtain more insight into the composition of the sput-
tered films we also applied EDX analysis. The EDX mapping of a
UO2–Pd thin film (40% Pd; 250 lm � 200 lm detail) (Fig. 4) clearly
shows that uranium (light gray) and palladium (dark gray) both are
evenly distributed over the entire area. Local enrichment or deple-
tion of one element in favour of the other is not observed. Taking
the XRD results into account, the homogeneous distribution of film
components is equivalent to the dissolution of Pd in UO2. Such
interpretation could explain the observed distortion and even
amorphisation (at 30% Pd content) of the crystalline oxide matrix.
Several authors report on the decrease of the UO2 fluorite unit cell
size due to dissolved fission product atoms in irradiated and simu-
lated spent fuels [34,53–56]. Lucuta et al., who investigated the
microstructural features of SIMFUEL by XRD, ascribe the lack of
Pd diffraction peaks to the small concentration of the noble metal
in the UO2 matrix [57]. In the present study, we additionally pro-
pose the lack of Pd peaks as being due to the lack of a metallic
Pd phase and the formation of an oxide surface with mixed stoichi-
ometry where Pd is partly oxidized (Pd/PdOx/UOy) as it was shown
by XPS. We assume that the sputter deposition procedure is
responsible for such phenomenon. Since the substrate is hold at
room temperature during sputtering the plasma is abruptly cooled
at the surface. That is, the arrangement of components in the plas-
ma is frozen in the deposited film and the fast cooling down does
not allow further movement of the components on the surface.
Fig. 4. EDX mapping image of a UO2–Pd film (40% Pd) sputtered at room
temperature. Pd and U are homogeneously distributed over the surface.

Fig. 5. (a) XPS overview spectra of a thin film composed of UO2+x doped with 70% Pd. Hea
appears in the spectrum. (b) The corresponding Pd 3d spectra are shifted to higher BEs
With this, the film more or less represents a snapshot of a system
state which is not necessarily thermodynamically stable. During
the sputter process enough oxygen is supplied and, in contrast to
palladium, uranium is easily oxidized. The homogeneous distribu-
tion of Pd in UO2 results in its dilution and in the separation of Pd
atoms. This makes an agglomeration to metallic particles difficult.
By contrast, the only binding partner which is accessible to Pd is
represented by excessive oxygen. The noble metal is finally
oxidized.
3.2. Preparation of UO2–Pd thin films at higher temperatures

At temperatures between 400 �C and 1700 �C e-particles form in
nuclear fuel [10]. To prepare similar e-particles in thin films, sev-
eral samples were heated after deposition on the Si-wafer. As an
example, the XPS overview spectra of a UO2+x film doped with
70% Pd and heated from room temperature (RT) to successively
higher temperatures, up to 840 �C, are shown in Fig. 5a.

The continuous increase of the U/Pd ratio with increasing tem-
perature is striking and points to the diffusion of thin film compo-
nents already at temperatures of 550 �C. The evolution of the U 4f,
O 1s and Pd 3d area ratios indicate that U diffuses to the surface
replacing Pd. The oxygen concentration at the surface stays un-
changed. During diffusion U transforms from initial UO2+x into
UO2, which is confirmed by the shape of the corresponding U 4f de-
tail spectra (not shown here) and the calculation of the U/O ratio.
The initial Pd 3d spectrum can be attributed to the metal, which
seems to be plausible at this high nobel metal concentration of
70%. However, with increasing temperature the peak intensity de-
creases and the shape of the Pd 3d lines changes. At 650 �C a shoul-
der at 336.9 eV appears in the spectrum which replaces the main
line with a further increase in temperature. The intensity decrease
of the Pd 3d lines indicates that the surface is depleted in Pd, prob-
ably due to Pd diffusion out of the UO2–Pd film into the underlying
Si-substrate. The Pd 3d line at 1.7 eV higher BE can be either attrib-
uted to Pd alloying with U [58,59] or Pd oxidation (see discussion
above). The Pd 3d spectra in Fig. 5b do not allow discriminating be-
tween these two options. The formation of Pd–U alloys seems un-
likely since this requires the breaking of U–O bonds which are very
stable and the reduction of the oxide to metallic uranium which is
not observed in the spectrum. By contrast, alloying with Si could be
an explanation. Si is detectable in the XPS spectrum beginning with
ting the film up to 840 �C after deposition results in a change of the U/Pd ratio and Si
during heating. The satellite at 346.7 eV disappears.



Fig. 6. XRD diffractograms of a UO2–Pd (70%) thin film deposited on a Si-substrate
and heated in several steps from room temperature up to 840 �C. The Pd peak
disappears whereas new peaks appear that indicate alloying processes.

Fig. 7. XPS spectra of a thin film composed of UO2+x doped with 16% Pd and heated s
disappears; the broad spectra undergo a narrowing; the peak intensity increases; a satell
the broad spectra undergo a narrowing; the intensity increases. (c) O 1s: due to heating
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a temperature of 650 �C (Fig. 5a; zoom). Additional XRD measure-
ments confirm that the Pd depletion of the surface is associated
with Pd–Si alloying. The Pd peak in the XRD diffractogram at
2h = 40.3� decreases and finally disappears with increasing temper-
ature whereas new peaks appear in the spectrum that can be
attributed to PdSi, PdSiU and PdO [60] (Fig. 6).

As consequence of this finding, the sputtered films were then
repeatedly heated to moderate temperatures after deposition.
The XPS spectra of a UO2+x–Pd (Pd = 16%) film annealed in several
cycles for maximum 2 min at temperatures between 150 �C and
200 �C are shown in Fig. 7. The spectra are referenced to the O 1s
peak position of the room temperature sample.

As observed above at a Pd concentration of about 16%, the initial
Pd 3d spectrum after room temperature deposition exhibits two
features at �336 eV and �338 eV for the Pd 3d3/2 line, which are
attributed to Pd metal and Pd oxide, respectively. With increasing
number of heating cycles, the features in the Pd 3d spectrum that
can be attributed to Pd oxide decrease and finally disappear. Due to
heating the broad peak shape becomes narrow. Hereby, the right
side of the peak stays unchanged whereas only the contribution
at high BEs disappears. The peak intensity slightly increases during
everal times to moderate temperature. (a) Pd 3d: due to heating the PdOx feature
ite at 346.7 eV is evolving. (b) U 4f: due to heating U transforms from UO2+x to UO2;
the Pd 3p feature increases.
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heating and a satellite at 347 eV BE develops. The final spectrum of
the series is slightly shifted to lower BEs by 0.3 eV. U is deposited
as hyperstoichiometric UO2+x, as shown by the satellite in the ini-
tial U 4f spectrum (Fig. 7b). The temperature treatment results in
the narrowing of the U 4f bands together with a slight increase
of signal intensity. Moreover, the satellites at 386.4 eV and
397.5 eV are more pronounced. Again, the final spectrum of the
series is slightly shifted to lower BEs by 0.3 eV. In the O 1s detail
spectra an additional peak at �532 eV develops during heating
which can be attributed to Pd 3p3/2. In contrast to the observed in-
crease in intensity for Pd 3d and U 4f, the O 1s signal slightly
decreases.

The change in the Pd 3d, Pd 3p and U 4f spectral features indi-
cates the diffusion of film components already at such moderate
temperatures. The disappearance of the ‘‘PdOx” signal in the Pd
3d lines together with the generation of the satellite can be attrib-
uted to the reduction of the oxide to the metal. The initial broad
shape gives evidence that the room temperature sputtered films
exhibit defect structures with atoms in high energy positions
which in photoemission appear at high BEs. These structures dis-
appear during heating due to healing, thus leading to line narrow-
ing. The slight increase in peak intensity confirms such
interpretation, since the smoothing of the surface results in an in-
crease of the photoemission yield. This also accounts for the devel-
opment of the corresponding U 4f spectra. Again, the narrowing of
the peaks together with an increase in intensity and a pronounced
satellite structure stands for a diffusion process and a smoothing of
the film surface, where UO2+x is reduced to UO2. Obviously, the
reduction of PdOx and UO2+x involves the diffusion of excessive
oxygen down into the matrix which could explain the O 1s inten-
Fig. 8. XRD diffractogram of UO2–Pd thin films at varying Pd concentration heated
after deposition at 200 �C for 3 � 2 min. For comparison a UO2 reference spectrum is
also given. The reflexes are not shifted as compared to the given UO2 reference.

Fig. 9. AFM images of a UO2–Pd film (Pd = 16%) sputtered at room temperature and heate
(350 nm) due to the heating procedure. (b) Spherical particles (1–1.5 lm) are formed o
sity decrease. The free surface space is finally filled with Pd and U
which could additionally explain the enrichment of both compo-
nents at the surface (higher intensity + visibility of the less sensi-
tive Pd 3p feature). The observed shift of about 0.3 eV for the
final spectra of the series cannot be explained at this point.

The interpretation of XPS data is well confirmed by XRD mea-
surements of the heated samples shown in Fig. 8. In contrast to
the room temperature deposited films the diffraction peaks are
not significantly shifted as compared to the given UO2 reference.
Even at higher Pd concentrations of about 28%, diffraction peaks
that can be attributed to crystalline UO2 still are visible. These re-
sults give evidence that heating involves a recrystallization process
which comprises the development of a less distorted UO2 lattice.
This may imply that Pd segregates even though no Pd peaks are
detectable in the XRD diffractogram.

Additionally, it is possible monitoring the change of film mor-
phology due to heating by AFM. The AFM images of a UO2–Pd film
(Pd = 16%) sputtered at room temperature and heated afterwards
for 2 min at 200 �C are comparatively shown in Fig. 9a.

The surface of a film sputtered and analyzed at room tempera-
ture shows the homogeneous coverage by �100 nm sized crystal-
lites. Heating the films leads to the formation of larger crystallites
of about 350 nm in size. This confirms our previous assumption
that the film components diffuse, leading to a structural reorgani-
zation/recrystallization of the film surface. In addition, heating the
Pd doped films leads to the appearance of spherical particles with a
diameter of 1–3 lm, on top of the surface (Fig. 9b). The particles
stick about 70 nm out of the surface. The SEM image of such a par-
ticle is shown in Fig. 10. The particle consists of an agglomeration
of much smaller spheres (0.3–1 lm), which are not resolved by
AFM. The EDX analysis confirms that these agglomerates consist
of Pd and thus support the assumption that a segregation process
d afterwards at 200 �C for 2 min. (a) The 100 nm sized film crystallites become larger
n top of the surface.

Fig. 10. SEM image of the UO2–Pd film (Pd = 16%) sputtered at room temperature
and heated afterwards at 200 �C for 2 min. The particles on top of the film surface
are characterized as being an agglomeration of 0.3–1 lm sized Pd spheres (e-
particles).



Fig. 11. EDX mapping image of the UO2–Pd film (Pd = 16%) sputtered at room
temperature and heated afterwards at 200 �C for 2 min. The Pd e-particles are
randomly distributed over the surface.
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at the surface finally results in the formation of e-particle ana-
logues. The characterized agglomerates are well comparable with
mixed alloy particles (e-particles) extracted from spent fuel by
Cui et al. [39]. This again supports our approach of preparing spent
fuel model surfaces.

The EDX mapping image of the film heated at 200 �C is shown in
Fig. 11. In contrast to the mapping image of the non-annealed film
(Fig. 4) we observe a local enrichment of Pd, while uranium stays
homogeneously distributed over the surface. The Pd agglomerates
are not evenly distributed which indicates the formation of e-par-
ticles at preferential sites of the surface.
4. Conclusion

Thin film model systems for spent nuclear fuel are successfully
prepared by sputter co-deposition of U and Pd in the presence of
O2. The surface composition as well as the chemical state of the
system is monitored by photoemission spectroscopy (XPS). Varia-
tion of the U and Pd target currents and the O2 pressure provide
a control of the concentration of the Pd-inclusion as well as the
oxidation state of U.

As a first result the characterization of the thin film surfaces
sputtered at room temperature clearly shows that the sputter tech-
nique allows the generation of a UO2+x matrix which is very close
to a spent fuel matrix regarding the uranium oxidation state of
IV (generation of UO2 at 1 � 10�7 mbar O2 partial pressure) and
the matrix crystallinity (cubic fluorite structure) respectively.
However, the EDX spectra indicate that, due to the U–Pd co-depo-
sition, Pd is homogeneously distributed in the UO2 matrix and dis-
torts the oxides crystal lattice (XRD measurements). Moreover, XPS
spectra indicate the oxidation of the noble metal during co-deposi-
tion at room temperature and the authors propose the formation of
a mixed oxide film (Pd–PdOx–UO2+x).

Heating the mixed UO2–Pd films results in the diffusion of film
components and involves in change of film morphology. Initial
UO2+x is reduced to stoichiometric UO2. In contrast to the films
sputtered at room temperature, the XRD diffractograms of the high
temperature films correspond to the ones of pure UO2 and no lat-
tice distortion is detectable. By high temperature treatment (550–
840 �C) Pd diffuses into the Si-wafer matrix and forms Pd–Si as
well as Pd–U alloys. At moderate temperatures (maximum
200 �C) the diffusion of film components results in the enrichment
of Pd at the surface and causes the generation of Pd agglomerates.
The Pd agglomerates resemble quite well e-particles found in spent
nuclear fuel.

The investigations show that the thin film technique is well
suitable for the preparation of model systems for spent nuclear fuel
since the sputtered films comply with the stated requirements
such as crystallinity of the uranium oxide matrix and the formation
of e-particles. Based on the described preparative results, first
investigations of the electrochemistry of fuel-model interfaces
are now being performed.
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