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The synthesis of ceramic matrixes for the long-term storage of highly active
radionuclide wastes and determination of physical and chemical forms of
radionuclides in them is one of the important problems in radioecology. It enables to
create purposefully materials for the long-term storage of radionuclides. In the pres-
ent work the samples of ceramics [CaCe ¢Ti,04 g (I) and CaCeTi, O, (II)] formed un-
der various conditions were investigated with the X-ray photoelectron spectroscopy. It
is necessary for synthesis of ceramic matrixes, for the disposal of the plutonium and
others tetravalent actinides. A technique was developed for the determination of ce-
rium oxidation state (Ce3* and Ce**) on the basis of the X-ray photoelectron spectros-
copy spectral structure characteristics. It was established that the sample (I) formed at
300 MPa and T = 1400 °C in the air atmosphere contained on the surface two types of
cerium ions in the ratio - 63 atomic % of Ce3+ and 37 atomic % of Ce#**, and the sam-
ple (II) formed at 300 MPa and T'= 1300 °C in the oxygen atmosphere contained on
its surface two types of cerium ions also, but in the ratio - 36 atomic % of Ce3+ and 64
atomic % of Ce**. It was established that on the surface of the studied ceramics car-
bonates of calcium and/or cerium could be formed under influence of the environment
that leads to the destruction of ceramics.
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INTRODUCTION

One of the most important ecological prob-
lems is a correct selection of ceramic matrixes for
the long-term storage of long-lived radionuclides
and high-level wastes (HLW). An understanding
and prediction of chemical processes in such ce-
ramic matrixes requires the knowledge of physical
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and chemical states of radionuclides and elements
of ceramic matrixes (elemental and ionic composi-
tion, oxidation states, number of uncoupled elec-
trons in ions, chemical bond nature, structure of
close environment, efc.). This would enable pro-
duction of purposeful materials for the long-term
storage of the HLW and actinide wastes of various
compositions. Determination of oxidation states
of elements in HLW ceramics can be achieved by,
tor example, XANES[1, 2] and EPR [3, 4]. One of
the most adequate methods of determination of
the state of radionuclides in environment is X-ray
photoelectron spectroscopy (XPS) [5, 6].

The present work carried out the XPS study
of ceramics of the calculated compositions
CaCe( 9T1,04¢ (I) and CaCeTi,O; (II) pro-
duced under various conditions, which are the
model materials in production of the ceramic
matrixes for immobilization of plutonium and
other tetravalent actinides. One of the main
goals was to develop a technique of cerium oxi-
dation state determination on the basis of the
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fine XPS structure parameters. The traditional
information (binding energies, line intensities
and chemical shifts) are not sufficient for the de-
termination of cerium oxidation states because
of the spectral structure complication [6-8]. So,
to determine cerium oxidation state in com-
pounds, the present work used the fine core and
outer XPS structure parameters.

EXPERIMENTAL

Samples of the calculated compositions
CaCe 911,04 g (I) and CaCeTi,O; (II) were pre-
pared from the mixtures of CaCOj;, CeO,, and
TiO, ground in the agate mortar to the size of
20-30 um. The mixtures were pressed at 300 MPa
into tablets of 20 mm in diameter and 3 mm high
and sintered at 1400 °Cin the air (Sample I) and at
1300 °C in oxygen (Sample II) for 20 hours. Pre-
liminary parameters of the samples are given in [9].
More detailed data were measured with X-ray
diffractometer DRON-4 (CuK,, —irradiation) and
scanning electron microscope with the energy dis-
persion system (SEM-EDS) on the analytical com-
plex JSM-5300 + Link ISIS.

XPS spectra of the studied solid-state samples
were taken with an HP-5950A spectrometer using
monochromatized Al K, (hv = 1486.6 ¢V)
X-rays (Compounds 3-7, tab. 1) and MK II VG Sci-
entific (Compounds land 2, tab. 1) at~1.3-10 Pa
at room temperature. Overall resolution measured
as the Audt; ), electron line full width halt maximum
(FWHM) was better than 0.8 ¢V (i 5950A) and
1.2eV (|E Il VG Scientific). Electron binding ener-
gies are given relative to the E}, of (Cls) electrons
from adventitious hydrocarbons at the sample sur-
face defined as 285.0 eV. The measurement errors of
line position and widths were 0.1 eV, whereas rela-
tive line intensities errors were about 10%. The
sample materials were prepared by pressing pow-
ders into indium on titanium substrates.

The quantitative atomic and elemental
analysis based on the fact that the peak intensi-
ties are proportional to the ionic concentration
was done for all the studied samples. It was done
using the ratio: n;/n;=(S,/S;) (kj/k;), where n;/n; is
the relative concentration of the studied atoms,
§;/S; - relative intensity (area) of the correspond-
ing core XPS lines, and k;/k; — experimental rela-
tive sensitivity coefficient. This work used the
tollowing coefficient relative to carbon: 1.00
(Cls); 2.8 (Ols); 4.8 (Ti2pz)s); 4.2 (Ca2ps)),
and 20.3 (Ce3ds)). Sensitivity coefficient
k;(Ce3ds;) = 20.3 for Ce3ds;, was found for
CeNbOy taking into account the corresponding
kj(Nb3d) = 9.6 for the Nb3d electrons. The
spectral parameters of CeO,, CeNbOy,, CeL;,

and CeL3'1.5H,0, where L —and I’ — residua of
ortho-metoxibenzoic [CH3;0CsH,COO] and
diphenyl-acetic [(N6|5)2NINII ] acids, were used
for interpretation of the XPS spectra from the
studied samples (Samples I and II).

RESULTS AND DISCUSSION

As it follows from the diffractograms (fig. 1),
Sample I was formed mostly by the perovskite-based
phase (~85%) and a small amount of cerianite
(~15%). By the SEM-EDS data, the chemical com-
position of the general mass changes slightly in the
sample bulk. Against the background of the general
perovskite-related mass, (Cag56Ceg 32 119.9503) dark
on the SEM image (fig. 2a), some lighter grains were
observed (fig. 2b). They consist of pyrochlorite
(Cal_ogceo_ggTiz_ogoélgz) with 4 cations. Sarnple 1
contains not more than ~3% of this phase, since it
could not be detected by the X-ray diffraction.
Perovskite formula in this case corresponds to the
solid solution CaTiO3-Ceg 66 110, 975. Cerianite for-
mula is Ce 94 T19,04C0,0201.97-

Sample IT was based on pyrochlorite, whose con-
tents was 70-80% (fig. 1b). This phase is manifested in
the SEM image (fig. 2¢) as gray mass, while the impu-
rity perovskite phases (the darker spots) and cerianite
phase (white grains) took 10-15% each. The
SEM-EDS data show that these phases correspond to
formulas Cay 0sCep.98T11.9606.94, Cap 80Ce0.18Ti0.9503,
and Ceg 95 Ti9.06Ca0,0201 98, respectively.

The thechnique of determination of physi-
cal and chemical states of elements in the stud-
ted certum compounds used in this work is
based on both traditional XP§ parameters (elec-
tron binding energies and line intensities) and
fine core and outer spectral structure parame-
ters such as: relative intensity of the Ce4f elec-
trons weakly participating in the chemical
bond, relative binding energies of the inner va-
lence molecular orbitals (IVMO), core line
multiplet splitting, fine spectral structure pa-
rameters due to the dynamic effect, relative
binding energies of shake up satellites in the
core level spectra [5, 6]. These spectral data pro-
vide much information on the physical and
chemical states of lanthanides, in particular —
cerium, in compounds [7, 8].

Low binding energy spectral range. Since
atomic cerium electronic configuration is
{Xe 4f15d16s2, Ce®t — {Xe}4fl, and Ce*t -
{Xe}4f, where {Xe} xenon electronic configura-
tion, XPS spectra from Ce3* compounds unlike
those from Ce** ones are expected to manifest
the line related to the localized Ce4f electrons for
the basic Ce3* state around zero binding energy.
Indeed, this line shows up in the XPS spectra
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Figure 1. Diffractograms of ceramic
samples: (a) - CaCeoTi,0¢5 (I);

(b) - CaCeTi,O; (IT); C - cerianite,

P - perovskite, Py - pyrochlorite

5]
©2.716

Figure 2. Scanning electron microscope images of ceramic samples: (a, b) - CaCe 9Ti,O0¢3 (I); ( c) - CaCeTi,O;
(II). In figures (a), (b), and (c) the MKM symbol denotes micrometer

from CeF3z, CeNbOy, Cel.z, and Cel;'1.5H,0
and does not show up in the spectra from CeO,
[6, 10]. The relative intensity of this line mea-
sured as the ratio Ce4f/Ce5s line areas is 0.61 +
0.03, 0.38 £ 0.04, and 0.41 £ 0.04 for CeFj3,
CeL3, and CeL3 1.5H,0, which corresponds to
the electronic densities 1.00+0.05,0.77 £ 0.08,
and 0.84 £ 0.08¢™ respectively [7, 8]. The low
binding energy XPS spectrum indicates that
Sample I can contain an admixture of Ce®* ions
since a low intense Ce4f related peak is observed
around zero binding energy (at ~2 e¢V) (fig. 3¢c).
Unfortunately, this spectrum does not allow a
correct quantitative evaluation of the Ce4f inten-
sity since the Ce5s is overlapped with the intense
Ti3p line and the other Ce lines are structured
and the sample contains cerium ions of different
oxidation states (fig. 3c). Beside the band in the
binding energy range 0-10 ¢V, due to the outer

valence molecular orbitals (OVMO), the XPS
spectrum shows the structure due to the inner va-
lence molecular orbitals (OVMO) in the binding
energy range 10-45 eV. These IVMOs are related
to the Cebs,5p, Ca3s,3p, Ti3p and O2s atomic
orbitals (AO) from the neighboring atoms [6,
10]. The binding energies for Samples I and II
are qualitatively comparable to each other and
other Ce3* and Ce** containing compounds
(tab. 1).

Core electron spectral range. During sample
preparation some hydrocarbon and water mole-
cules may absorb on the sample surfaces. The ex-
isting techniques of surface cleaning were not
used in the present work in order to avoid sample
destruction. The Cls spectra show the peaks at
E,=285.0¢eV (saturated hydrocarbons) used for
the binding energy calibration, and CO3%" re-
lated peaks at £, = 288.5 ¢V (fig. 4). The spec-
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Figure 3. Low binding energy XPS spectra from:
(a) - CCOz, (b) - LIleO4, (C) - CaCeo,gTi206,8 (I).
Spectral intensity was no normalized

trum from Sample I shows an extra low intense
peak at £, = 280.3 ¢V which was attributed to
metal carbides (fig. 4a). The Ols spectra show
the basic lines at £, = 529.5 ¢V and extra lines at
about E;, = 532 eV attributed to oxygen of car-
bonate group and water (fig. 5). Despite the sur-
face contamination, their XPS lines were ob-
served, intense and sharp. Thus, the Ti2p;/,,
binding energy (Sample II) E, = 458.2 ¢V
agrees to the corresponding binding energy for
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Figure 4. C1s XPS spectra from: (a) - CaCe oTi,07 (I),
(b) - CaCeTi,0O; (IT). Spectral intensity was no nor-
malized

La,Ti,0; 458.4 ¢V and to a lesser degree — to
459.0 eV for TiO, [10]. This spectrum shows
the typical shake up satellites (tig. 6). The Ca2p
spectra from the studied samples show low in-
tense shake up satellites, and the Ca2p;,, binding
energy E, = 346.5 eV (fig. 7) differs from that
for CaO 346.0 eV [11].

Ce3d XPS spectra. The most intense cerium
line is the Ce3d one. For metallic cerium this line
consists of a spin-orbit interaction related doublet

Table 1. Core and outher electron binding energies (E;@, e¢V) of samples (I, II) and cerium compounds [6, 10]

OVMO IVMO Core levels
N Compound fon 1 cear %efg‘)’zi’j Ce5psp| O(F)2s | CeSs Ceddsp® | O(F)1s
1 | CaCeyoTi,Of5(I)© 1.2(0) 5.0 17.7 212 (882.8) 884.8 | 529.5
2 CaCeTi1,0, (II) @ 882.6 (889.1) 898.6| 529.5
3 | CeO, Cet+t 5.0 18.0 36.8 |882.3 (888.8) 898.0| 529.5
4 CeNbO, Ce3+ 1.4 5.8 17.8 21.8 (881.8) 885.8 530.0
5 CeL; Ce3+ 2.2 5.1 18.7 |25.7 27.0|37.3 38.3 (882.8) 885.8 531.8
6 | Cel’;1.5H,0 Ced+ 3.2 5.8 19.3 25.8 37.3 (882.3) 885.4 532.4
7 CeF; Ce3+ 3.4 8.4 19.4 29.5 38.0 884.7 (888.2) 685.4

@ Binding energies given for the peak maxima, in cases when the atomic lines of Ln, Nb, and O overlap, the binding energies are not given

in the table

Parameters of less intense of the two neighbouring peaks belonging to the common structure are given in parenthesis

() Contains 0.63 of Ce3™ ions and 0.37 of Ce** ions
9 Contains 0.36 of Ce®" ions and 0.64 of Ce** ions
() Low intense line
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Figure 5. O1s XPS spectra from: (a) - CaCeoTi,O7
@), (b) - CaCeTi,O; (II). Spectral intensity was no
normalized

with the splitting AE,(Ce3d) =18.5 ¢V [12]. Be-
side the basic lines, this spectrum shows the
many-body perturbation related shake up satellite
on the higher binding energy side. The structures of
these satellites are typical for certain oxy-
gen-containing cerium compounds. Thus, the
Ce3d spectral structure for Ce3* compounds is well
known [6, 10]. For example, for CeNbOy this struc-
ture consists of a spin-orbit doublet with the split-
ting AE,,(Ce3d) = 18.3 eV and intense ([/[j =
= 113%) shake up satellites at 3.8 ¢V on the higher
binding energy side from the basic lines (fig. 8b).
The Ce3d spectrum for CeO, containing Ce** ions
beside the basic spin-doublet shows some extra
peaks [13], which are absent in the corresponding
spectra from Ce3* oxygen containing compounds
and cerium trifluorite (fig. 8a, tab. 1). The consid-
ered extra structure at £, = 898.0 ¢V (tab. 1) and E,
= 916.3 eV for CeO, is a 18.3 ¢V split doublet.
This splitting agrees well with the observed in this
work Ce3d splitting AE,,(Ce3d) = 18.3 ¢V and the
data of [14]. Such a fine spectral structure was sug-
gested in [7, 8] to be due to the unusual final state of
cerium ions after the photoemission of a Ce3d elec-
tron.

This final state can be the result of the
many-body perturbation (shake up process) with the
transfer of a Ce5s (or Ce5p) electron to the vacant
molecular orbitals (MO) during the Ce3d
photoemission. As a result, an extra quasi-core hole in
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Figure 6. Ti2p XPS spectra from: (a) - CaCeTi,07
I), (b) - CaCeTi,O; (II). Spectral intensity was no
normalized

the Ce5s(5p) forms, which is responsible for the final
state Ce3d”5s'4f MO *! (or Ce3d?5p4f MO 1)
shifted in relation to the basic final state by 15.7 eV.
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Figure 7. Ca2p XPS spectra from: (a) - CaCe 9Ti,0;
(I); (b) - CaCeTi,O; (II). Spectral intensity was no
normalized
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This agrees with the calculation results of the work
[14], which suggested that during the Ce3d
photoemission, a complex final state is established,
consisting of three states Ce3d?4{° (882.3 and 900.6
eV), Ce3d?4f'OVMO! (888.8 and 907.2 ¢V), and
Ce3d’5p°np (898.0and 916.3 ¢V). In the Ce3d three
doublets correspond to these final states (fig. 8a, tab.
1). The probabilities of these final states proportional
to the areas of the corresponding spectral lines found
from the Ce3d spectra of CeO, (fig. 8a) are: 0.43 +
0.08 (Ce3d”41%), 0.21 £ 0.04 (Ce3d°4'OVMO™),
and 0.36 + 0.04 (Ce3d’5p°np).

The Ce3d XPS spectrum from CeNbO, contain-
ing Ce3* ions (fig. 8b) corresponds well to the spectra
from other triplevalent cerium compounds (tab. 1), in
particular, Ce,O3 [15]. The structure of this spectrum is
due to the complex final state consisting of the two states
Ce3d”4f" (881.8 and 900.1 eV) and Ce3d*420VMO™!
(885.8 and 904.1 ¢V) (fig. 8b).

Despite the fact that the Ce3d XPS spectrum
from Sample I is by its structure close to that of
CeNbOy, and the one from Sample II — to that of
CeO,, these spectra still reflect the complex phases of
the studied compounds (Fig. 8c, d). However, hav-
ing suggested that Samples I and II contain formally
Ce3* and Ce*™* ions, one can evaluate the relative
percent ionic compositions of these compounds us-
ing the areas of low energy (Ce3ds, at Ej, = 885 ¢V)
and high energy (Ce3d3, at Ej, = 916 €V) compo-
nents S} and S, (fig. 8). Indeed, since the area ratio in
the spectrum from CeO, can easily be determined by
using the photoionization cross-sections, one can
subtract the Ce** related area from the total Ce3d
area for the studied samples. Having suggested that
the remaining area corresponds to Ce3*, it is possible
to determine the quantitative ionic composition. In
practice only the Ce3ds; lines were used that simpli-
fies this determination. If the ratio of the Ce3ds),
components S and (3/2)S, for CeO, is already
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known to be a= §1/(3/2)S,, the parts (Ce?*) and
i(Ce**) in the studied sample are:

L35
3+ 2S1

O (1)
28,

{Ce*)=1-YCe™) 2)

In this approximation using eqs. (1) and (2)
the Ce3* and Ce** concentrations were found to
be v(Ce3t) = 0.63 and v(Ce**) = 0.37 for Sample
I, and v(Ce®*) = 0.36 and v(Ce**) = 0.64 for
Sample II. These data reflect the stoichiometric
surface compositions of crystalline and amorphous
fractions and can differ from the X-ray diffraction
data. However, these ratios agree well with the
X-ray diffraction and SEM-EDS data. Thus, in
Sample I perovskite structure containing Ce3* pre-
vails, and the extra structure is cerianite related
with Ce**. Beside, the sample contains an impu-
rity pyrochlorite like phase with tetravalent ce-
rium. In Sample II the main phase is pyrochlorite
containing Ce**, with the extra ones of cerianite
with Ce** and perovskite with Ce3*.

An extra error in quantitative elemental and
ionic chemical analysis of the studied samples
(Samples I, IT) comes from the complex fine spec-
tral structure due to the secondary electronic pro-
cesses (many-body perturbation and dynamic ef-
tect). It complicates the correct measurement of
spectral line areas. Since the many-body perturba-
tion results in the shake up satellites on the higher
binding energy side from the basic lines, their in-
tensities can be partially taken into account in the
quantitative analysis (fig. 6-8). To take into ac-
count the influence of the dynamic effect is diffi-
cult, but its influence on the considered spectra is
not high. Itall can cause an error of more than 10%
in the quantitative analysis. In this approximation
the surfaces of the studied samples were found to
have the following compositions relative to tita-
nium atoms:

(Sample I)
Ca 0,54ce 328 Ce 3;3 Til ,UOO ;13 (OXide)O lI.IO9 (abs')
C (]J.lé (Carbide)c 11.152 .(CHB— )C (]JIIZ7 (CO ? )

(Sample II)
Ca 0.53Ce (3),+21 Ce 328 Til ,OOO;.Z() (OXide)O 31.95 (abs')
Cl,(CH, )C,,(COT)

where the value 1.09 for oxygen O (Sample I)
can include 0.81 of oxygen from (CO; ), 0.27 of

oxygen from the basic oxides. The value 0.95 for
oxygen O™ (Sample IT) can include 0.78 of oxy-
gen from (CO; ), 0.17 of oxygen from the basic
oxides. Since the oxygen concentration was mea-
sured more correctly, one can conclude that the
extra surface oxygen is included in the carbonate
groups connected with calcium and/or cerium.
From the practice of the XPS study of HTSC
metal-oxide ceramics calcium is known to form
actively carbonates on the surface [6]. With this in
mind, excluding the impurity carbon compounds
except for carbonates on the sample surface, the
tollowing formulas can be written for the surface
stoichiometric compositions:

(Sample I)
Ca’ Ce 0 Ce Y TiZ.l)llO:).Z()+ 0.56 (CO ii)ll.iél

1.08 0.76 0.46

(Sample II)
Ca 1 ,Oéce [3)22ce 3;6 Ti Z,OOO ;52+ 0.34 (CO :7)(]‘52

where carbonate groups can be connected with
both calcium and cerium. It has to be noted that cal-
cium and cerium contents in the samples was
slightly overestimated due to the measurement er-
ror, as it was discussed earlier in this work. Despite
this and the fact that the present data were obtained
tor the surface of the studied samples, the XPS data
coincide with the X-ray diffraction and electron mi-
croscopy results (fig. 1, 2, and text).

CONCLUSIONS

On the basis of cerium fine core and outer
X-ray photoelectron spectral data a technique of
determination of cerium oxidation state, relative
ionic composition of Ce3* and Ce** containing
compounds was developed. It enabled analysis
of two samples of calcium-cerium-titanium ce-
ramics [CaCe(¢T1,045 (I) and CaCeTi, O
(II)], which are the matrixes for the long-term
storage of the long-lived radionuclides and
high-level wastes.

Sample I produced at 300 MPa and 1400 °Cin
the air was found to contain on its surface two types
of cerium ions in the ratio 63 at.% of Ce3* and 37
at.% of Ce**. Sample II produced at 300 MPa and
1300 °C in oxygen, contained also two types of ce-
rium ions in the ratio 36 at.% of Ce3* and 64 at.%
of Ce**. This agrees satisfactorily with the data of
X-ray diffraction analysis and scanning electron mi-
CroSCopy.

The interaction with the environment was
shown to result in formation of calcium and/or
cerium carbonates on ceramics surface. It can
lead to destruction of ceramics.
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NNPOYYABAILE KEPAMNYKNX MATPULA 3A OAJATAIBE
OAYTOXUBEREI PAINOAKTUBHOT OTITAJA XPS IOCTYIIKOM

CrHTe3a KepaMHUKUX MaTpHUlla 3a TPajHO CMEIITame pPaJUOaKTHBHOT OTMajfa BUCOKE
aKTUBHOCTH U ofipebuBame (PU3MUKUX U XeMUjCKUX (POPMU paJUOHYKIIU/IA Y UM, jeflaH je Off 3HauajHuX
3ajjaTaka pajuoeKooruje jep omoryhasa a ce CTBOpe CBPCUCXOHH MaTepujain 3a OBe moTpede. Y OBOM
pany, kepamuuku y3opuu [CaCe.9Ti20¢.8 (1) u CaCeTi2O7 (II)] o6nukoBaHu OJ] pa3IMIUTHM yCIOBUMA
IpOydYaBaHU Cy PEHATCHCKOM (POTOETIEKTPOHCKOM CHEKTPOCKONHjOM y IUbY CHHTE3€ KEepaMHUYKHX
MaTpHuIla 3a moTpede ofIarama IyTOHNjyMa i APYTUX TeTpaBallecHTHUX aKTHHUA. Pa3Bujena je moce6Ha
TEeXHHKA 3a ofpebuBame nepnjyMoBOr OKCHIAIMOHOT CTambha (Ce3+ u Ce4+) Ha OCHOBY KapaKTepPHUCTUKA
CNIEKTPaJIHUX CTPYKTypa MOOWjeHMX PEHAreHCKOM crekTpomeTpujoM. YTBpheHo je ma y3opak (I),
¢opmupan nipu 300 MPa u T = 1400 °C y Ba3gyxy, cafip>ku Ha TOBPIINHY JIB€ BPCTE IIEPHUjYMOBHUX jOHA Y
aToMcKOM offHocy 63 % Ce’* u37% Ce4+, afa yzopak (II), macrao mpm 300 MPa u 7= 1300 °C y cpeuau ca
KUCEOHMKOM, CaJIpKH Ha CBOjOj MOBPIIMHU TaKOhe 1B BPCTE LIEPUjYMOBHX jOHA, AU Y APYTOM aTOMCKOM
onHocy —36% Ce>" 164% Ce**. YcranoBmbeHO je 1a Ha OBPIIMHY IPOYYaBAHAX KEPAMIKA O] yTHIIA]jeM
OKOJTMTHE MOTY HacTaTH KapOOHATH KallllAjyMa WM [eprjyMa IITO BOJU AECTPYKIMjH caMe KepaMuKe.



