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The chemical states of U and Ce in the solid solutions of UO, and CeO, are studied using the X-ray pho-
toelectron spectroscopy. A detailed analyses on U 4f and Ce 3d photoelectron peaks revealed the presence
of Ce*" and U°*/U®" states in the mixed oxides. The oxygen to metal ratios in different compositions of

mixed oxides were estimated from the quantity of different chemical states of U and Ce present in mixed

oxides.
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1. Introduction

Cerium is one of the major fission products of uranium contain-
ing nuclear fuels. Therefore knowledge of chemical phases and
oxygen stoichiometry in UyCe;_,O,.s are of basic importance to
understand the behavior of uranium dioxide fuel under irradiation
conditions [1-3]. Uranium and cerium dioxide are known to form
solid solution covering a wide compositional range of Ce (2-
90 at.%) content due to their structural similarity [2-5]. Various
properties have been studied in past on varying composition of
U,Ce;_,0,.; mixed oxides [6-8]. Most of the data available in the
literature are on measurement of electrical conductivity [6], ther-
mal expansion [1], oxygen potential [7], lattice parameter [8] and
heat capacity [4]. Oxidation behavior of U,Ce;_x0,.; systems have
been studied using the X-ray photoelectron spectroscopy (XPS)
technique [9]. The presence of U°* and Ce** was detected by XPS
technique in oxidized U-Ce oxides containing different amount
of Ce [9]. However, a detailed XPS analysis on chemical states of
U and Ce in U-Ce mixed oxides is still lacking. Detailed chemical
analysis of U and Ce in U,Ce;_x0O,.; may not only be of academic
interest, but it is expected to offer guidelines for explaining the
oxidation and storage behavior of the mixed oxides.

In the case of pure CeO,, existence of Ce3* is always expected
due to presence of oxygen vacancy, especially at the surface of
the samples. Similarly, UO, is also known to be unstable in air
and gets oxidized to higher oxidation states, thus creating UO.,
type oxide [10]. Hence, it is interesting to investigate chemical
states of U and Ce in their solid solutions of mixed oxides which
has not been studied. In this paper, a detail analysis on chemical
states of U and Ce in UyCe;_,0,.5, obtained from XPS, is presented.
U 4f;/, and Ce 3d photoelectron spectral line shapes were analyzed
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to estimate the relative atomic concentrations of different chemi-
cal states of U and Ce in the mixed oxides. In addition, these results
have helped us to quantify the reacted oxygen content in the oxi-
des. As the depth of information in XPS is limited to few nanome-
ters from the surface of the sample, the oxygen to metal (0:M)
ratio obtained from XPS is expected to be applicable only to few
atomic layers from the surface.

2. Experimental details

Mixed oxide samples of U,Ce;_,O,.s (x=0.06, 0.12, 0.20, 0.30
and 0.80) are prepared by taking stoichiometric quantities of UO,
and CeO,. Preparations of the mixed oxides, X-ray diffraction stud-
ies and bulk analysis of these samples have been described else-
where [4]. XRD analyses of the samples reveal single phase
formation of the oxides and the lattice parameter of the cubic
phase are found to follow the Vegard’s law [4]. Fine powders of
the mixed oxides prepared through combustion synthesis and sub-
sequent calcinations were compacted into pellets of 5 mm diame-
ter weighing approximately 200 mg. The pellets were further
heated at 1073 K for 4 h under a flowing stream of Ar + 8% H, gas
equilibrated with water at 298 K to ensure that the O:M ratio of
the mixed oxide is maintained at 2.0 [4]. The ratio has also been
verified using a solid electrolyte (calcia stabilized zirconia based)
cell [11]. Prepared samples were stored in an inert atmosphere
glove box and the exposure of the sample to the atmosphere were
only during the transport, handling and during XPS measurement.
The approximate exposure time of the pellets will be around
4 days. However, the pellets of the mixed oxides were cleaved
ex-situ and the cross-sectional new surface was loaded immedi-
ately in the analysis chamber of the XPS instrument to minimize
the exposure time of the newly created surface.

XPS characterization was done using VG ESCALAB MKII system.
The base vacuum of the chamber was 10~ % mbar and Al Ko was
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used as the exciting source for photoelectron emission. Ceria is
known to undergo reduction due to X-ray beam exposure
[12,13]. It was observed that a measurable reduction of Ce*" to
Ce®* in CeO, occurred on exposure to Al Kot in UHV for more than
45 min [13]. In the present case, U-Ce oxides samples were tested
for X-ray beam effects using a 300 W Al Ko X-ray beam. In Fig. 1,
the XPS spectra for Ce 3d at different exposure time are shown.
It was observed that measurable changes were seen only after
1 h of exposure as indicated by an arrow in Fig. 1. So, the experi-
ments were performed within 15 min duration to avoid beam in-
duced reduction of Ce**.

The spectra were acquired by a hemispherical analyzer with
150 mm mean radius at 20 eV pass energy and the surface compo-
sitions was quantified by measuring the areas under Ce3d and U
4f;), photoelectron peaks and standard sensitivity values available
in the hand book of XPS for data analysis [14]. The deconvolutions
of the spectra were carried out using standard software ‘Eclipse
V2.1’ integrated with the data acquisition software. The compo-
nent spectra were fitted with Gaussian-Lorentzian peak functions
on a Shirley background. Uranium 4f;, peaks were fitted using
standard peak width and peak positions for U*" and U®* peaks [15].
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Fig. 1. Ce 3d XPS spectra acquired from CeggoUp2002+5 wWith different X-ray beam

exposure; (a) as loaded sample, (b) 15 min irradiation, (c) 1 h irradiation, (d) 2 h
irradiation and (e) after Ar ion beam sputtering for 5 min.

Table 1

3. Results and discussion

In XPS, the escape depth depends upon the mean free path of
the photoelectrons emerging from the materials. The mean free
path for U 4f and Ce 3d photoelectrons was calculated to be around
1.8-1.9 nm and the total escape depth was found to be around
6.0 nm from the surface of the sample [16,17]. So, the information
obtained from the technique is specifically limited to the surface of
the crystallites. In situ sputtering using Ar" ion beam is a widely
used technique to remove multiple layers to acquire bulk informa-
tion of the materials. But we observed that these oxides undergo
tremendous reduction even after a short exposure (5 min) of
3 keV Ar* ion beam with ~2 pA sample current (Fig. 1(e)). So, to
avoid the ion beam damage on the samples, sputtering was not
used to obtain O:M ratio information at the bulk.

3.1. U 4f photoelectron peak analysis

The binding energy of U 4f;/, photoelectron is very sensitive to-
wards oxidation state and shows positive chemical shift with
increasing oxidation states. In Table 1, binding energy values of U
and its various oxides (U** and U®") are given along with the full
width at half maximum (FWHM) values [15].

Measured photoelectron peak width (FWHM) is the convolution
of energy-width of the X-ray source, analyzer resolution and the
natural width of the core levels. The first two widths are fixed
for an instrument and hence the FWHM of U 4f;, is related to
the width of the excited state which is directly dependent on the
chemical environment or bonding. Thus, the photoelectron peak
width is an important parameter for chemical state analysis. In
case, photoelectron peaks from two different chemical states of
the same element are lying very close, they may overlap to give
single peak with larger FWHM. Composite peaks are resolved by
fitting the Gaussian-Lorentzian line-shape functions using the
peak position and FWHM values for the respective oxidation states
taken from similar standard compounds.

The peak binding energy and the peak widths for U 4f;, in dif-
ferent U,Ce;_0,.s oxides are presented in Table 1. Measured peak
widths are higher than that either U%*" or U®" chemical states.
Hence, the peaks are deconvoluted into two peaks corresponding
to various chemical states of U as shown in Fig. 2. Table 1 shows
the deconvolution parameters of different chemical states of U in
different U,Ce;_x0,.5; compounds. In case of UggoCen200,+5 and
Ug30Ce0.7002:5 samples, the presence of U is seen after deconvo-
luting the spectra.

Satellite of U 4f photoelectron spectrum is found to be very use-
ful in identifying the chemical states of U [18]. In Fig. 3, U 4f spectra
obtained from two different samples like Ug;,Ceggg0-+s and
Uop.g0Ce0.2002+5 are shown. In case of Ug 12Ceq 830245, a distinct satel-
lite at around 6.5 eV corresponding to U%* has been seen. In case of
Up.g0Ce0.200,+5 the satellite position at around 8.2 eV confirms the
presence of the U>* [15,18].

Binding energy of U 4f;, photoelectron peaks recorded from different U standards and U-Ce mixed oxides. The peak positions of the deconvoluted peaks are presented.

Sample U 4f;, (FWHM) Deconvoluted U 4f;;, (FWHM) (eV)

(eV) us* s+
ue 377.2
U 379.9 (2.2)
us* 381.1 (2.5)
Uo.06C€0.9402+5 379.8 (2.6) 379.7 (2.2) 381.1 (2.5)
Up.12Ce0.8502+5 380.2 (2.7) 379.9 (2.2) 381.1 (2.4)
Uo20Ce0.500255 380.2 (2.9) 379.7 (2.2) 381.0 (2.4)
Uo30C€0.700215 380.7 (2.5) 380.1 (2.2) 380.7 (2.4)
Uo.50C€0.2002:5 380.6 (2.5) 380.2 (2.2) 380.7 (2.4)
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Fig. 2. Deconvolution of U 4f ;, recorded from U,Ce;_,0,.; mixed oxides for x = 0.06, 0.12, 0.20 and 0.80.

3.2. Ce 3d photoelectron peak analysis

Usually, Ce 3d spectrum from CeO, contains a spin orbit doublet
of 3dsj; and 3dsp,. In addition to these two peaks, it exhibits a
three-peak structure in each of 3ds, and 3ds), components (a total
of six peaks) due to different final states in the O 2p and Ce 4f va-
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Fig. 3. U 4f photoelectron spectra obtained from (a) Ug12Ceogs02+5 and (b)
Up.goCep2002+s. A distinct satellite (marked by vertical line) observed at 8.2 eV
above the principal 4f peak in UggoCeg2002:s indicates the presence of U°*.

lance orbital [19]. In the present case of mixed Ce3* and Ce** sys-
tems, Ce 3d spectra present ten peaks with six distinct
contributions from Ce** and four distinct components from Ce>".
The Ce 3d spectra obtained from U,Ce;_,O,.; are observed to show
spectral features similar to CeO, The main Ce 3d peaks and its sat-
ellites obtained from UgggCep 940,45 are presented in Table 2. In
case of Ce*, up and u; (Table 2) are the main component and
shake-down peaks respectively from 3ds;, and uj and u) corre-
spond to that for the 3ds, contribution. For Ce*, v, and V), peaks
are the principal 3ds;, and 3dsp; contributions. The peaks vo, vq
are associated with 3ds;; and vy and v; are the satellites for
3ds)2. The initial and final states contributing to the Ce 3d spectra
[19] are given in Table 2. Ce 3d peak parameters of other U-Ce oxi-
des obtained through deconvolutions have been used to quantify
Ce3* and Ce*" in the mixed oxide samples. The detailed deconvolu-
tions of Ce 3d peaks are shown in Fig. 4.

Presence of all these ten peaks in Ce 3d spectra makes the fitting
very complicated and renders it difficult to quantify different
chemical states present in the samples. In general, two methods
are followed to find the concentration of Ce** and Ce*" in a convo-
luted Ce 3d peak, such as, factor analysis and deconvolution of Ce
3d peak through suitable Gaussian- Lorentzian peak fitting. These
two methods produce equivalent results [20,21]. Ce 3d peaks, ob-
tained from different U,Ce;_40,.s samples, have been deconvo-
luted by curve fitting method. Two additional peaks (marked as
s1 and s2) known to be shake up satellites of main Ce>* component
[20] are used for the fitting. The peak widths and peak positions for
the different peaks are kept same while fitting the Ce 3d peak re-
corded from other U,Ce;_,0,.;. An efficient method was suggested
by Romeo et al. [22] where all the peaks were used to determine
Ce®* content. The concentration of Ce®* is calculated from the fol-
lowing equation [22],

Up+Uuj+Up+uy+S;+S;

total area of Ce 3d

= integral area of Ce®" /total area of (Ce®' + Ce*").

Ce3+ —

In Table 3, calculated concentrations of Ce3* in different mixed
oxides are shown.
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Table 2

Origin of different satellites of Ce 3d photoelectron peaks from Ug gsCep 940245 (v represents the valence band; S represents satellite).

Ce ion Initial state Final state Peaks Ce 3d (eV) FWHM (eV) Origin Notation
ce** 3d'04f 3d%f2yn-! 881.2 2.7 S-3ds)> Uy
900.0 25 S-3ds, u
3d%f!v" 885.0 32 Main-3ds)» Up
903.7 3.6 Main-3ds; up
895.3 4.0 Added-satellite S
913.0 4.0 Added-satellite Sy
Ce™* 3d'04f° 3d%f2yn-2 882.8 22 S1-3dsp2 Vo
901.3 2.1 S1-3dsp; vh
3d%4f!v"! 888.9 5.8 S2-3ds) Vi
907.6 4.6 S2-3ds); A
3d%4f0y" 898.5 24 Main-3ds, Vo
917.1 2.7 Main-3ds, A

Intensity (K C P S)

Binding Energy (eV)

Fig. 4. Deconvolution of Ce 3d photoelectron spectra obtained from various oxide samples (a) Ug05Ce0.9402+5, (D) Up20Ce0.8002+s (€) Up30C€0.7002+5 and (d) UggoCep 200245

3.3. Compositional analysis

The peak area under U 4f5), and Ce 3d photoelectron peaks were
measured to calculate the relative atomic concentration of the ele-
ments taking into account of their respective standard sensitivity
values [14]. In Table 3, surface composition of different U,Ce;_,O5.;
(for x ranging from 0.06 to 0.80) is presented. It is observed here

Table 3
Atomic concentration (at.%) of U and Ce obtained from the XPS analysis.

Sample U at.% Ce at.% Ce3*% of total Ce U* at.% of total U
Uo.06C€09402:5 5 95 33 66 34
Uo.12Cep 880245 9 91 26 50 50
Uo.20C€0.8002+5 15 85 26 44 56
Uo.30C€0.7002+5 35 65 30 22 78
UosoCeo2002:5 88 12 44 27 73

that U,Ce;_ 0,5 samples have multiple oxidation states for both
U and Ce. Uranium in U,Ce;_,0,.; oxides with U concentrations
ranging from 0.06 to 0.20 are present in U*" and US* states. With
increasing concentration of U (x = 0.30 and 0.80) it is present dom-
inantly in U* states. Ce is found to be present in both Ce** and Ce**
states. Thus, the oxides stabilize as a mixture of different states of
U and Ce to give the total charge neutrality in the material. In Table
3, the atomic % of different chemical states of U and Ce are given.
Further it is observed here that the amount of U#* gradually re-
duced as the U content in the sample increased (Fig. 5).

Oxygen to metal ratio (O:M) at the surface can be estimated
easily from the peak area under Ols and the peak area of U and
Ce photoelectrons. Since the surface is usually contaminated with
adsorbed oxygen, calculation of oxygen content from the spectra
may lead to a wrong estimation of oxygen involved in the reaction.
The amount of reacted oxygen on the surface depends on the
chemical states of the metals below the oxygen layer [23,24]. Thus
from the knowledge of chemical states of U and Ce, amount of
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Fig. 5. Variation of U%" with total U content in different U-Ce mixed oxides (from

Table 3).

Table 4
Oxygen stoichiometry in UyCe;_4O,.s obtained from XPS analysis.

Sample From U and Ce atomic % derived from XPS
Uo.06C€0.9402:5 Ug53US02Ced51Ced56401 56
Uo.12Ce0.8802+5 U504UG05Ced54Ce55701 02
Uo.20Ce0.8002+5 U5 07U bsCed52Ce55301.97
Uo.30C€0.7002+5 U 0sUs57Ced50Ce84502.04
Uo.80C€0.2002+5 Ug54U3/54Cedl05Ced16702.20

reacted oxygen have been calculated in the mixed oxides (Table 4).
This amount of oxygen seems to be necessary to obtain an equilib-
rium chemical structure at the surface or grain boundary in these
oxides through the oxidation of U** and reduction of Ce** ions.
Assuming the charge neutrality in the oxides, different amount
of oxygen obtained from the chemical state analysis is shown in

2.40
S5 225 -
+
Q
e
=
5 2101
1.95 /
180 T T T T

0 20 40 60 80 100
100. U/(U+Ce) mol %

Fig. 6. Variation of oxygen to metal (O:M) ratio with respect to U content in mixed
oxides obtained from XPS analysis (from Table 4).

Table 4. In Fig. 6, variation of calculated O:M ratio is shown as a
function of uranium content. It is observed that the O:M ratio in-
creased with the increase in U content in the material. This result
agrees with previous results obtained from titrimetric method on
oxidized UyCe;_y oxides [2,9]. It can be seen that the total oxygen
content in the material is controlled by the dominant metal in
the oxide. It appears from the XPS analysis that it could be difficult
to maintain O:M ratio 2 on the oxide surface even after the heat
treatment of the sample in Ar + 8% H, atmosphere. In Ce dominat-
ing oxides, stable oxygen vacancies are present as natural defects
at the surface and grain boundary regions or created during the
hydrogen treatment of the sample that reduces Ce*" to Ce3" in
the mixed oxides. In contrary, U has a tendency to get higher oxi-
dation states and it may try to accommodate more oxygen at the
defect sites of the surface. As a result, there will be a distribution
of Ce** and U**/U®" along with usual lattice of U*" and Ce**. In case
of higher content of Ce, the oxides show a domination of Ce>** com-
pare to U®* that result lower values of O:M ratio than the expected
2.0 (Fig. 6). Similarly, when U is the major metal in the oxide, the
oxygen content is controlled by U which has a tendency to accom-
modate more oxygen in the lattice. This would show higher oxida-
tion states resulting in the higher oxygen in the material (Fig. 6). It
appears that though the oxide crystallites show the presence of cu-
bic phases (XRD), the presence of different states at the surface
lead to the deviations of O:M ratio from 2.0 at the surface.

4. Conclusions

XPS analysis is carried out on the U,Ce;_,0,.; mixed oxide sam-
ples to find the chemical states of U and Ce. U 4f;;, and Ce 3d pho-
toelectron peaks are analyzed and the presence of Ce** and U>*/6*
along with U*" and Ce** states have been detected in the mixed
oxide samples. The amount of reacted oxygen at the surface is esti-
mated from the amount of different chemicals states of U and Ce in
the oxides assuming the charge neutrality. Oxygen to metal ratio at
surface is found to deviate from the expected value of 2.0 at the
bulk of the materials and is governed by the major element (U/
Ce) in the oxides. In case of U major oxides, O:M ratio is higher
than 2.0 and in case of Ce major oxides the ratio is lower than
2.0. As the materials were found to be single phased in XRD, the
oxygen metal ratio is mainly contributed by the lattice vacancies
and defects at the surfaces.
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