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The syn the sis of ce ramic ma trixes for the long-term stor age of highly ac tive
radionuclide wastes and de ter mi na tion of phys i cal and chem i cal forms of
radionuclides in them is one of the im por tant prob lems in radioecology. It en ables to
cre ate pur pose fully ma te ri als for the long-term stor age of radionuclides. In the pres -
ent work the sam ples of ce ram ics [CaCe0.9Ti2O6.8 (I) and CaCeTi2O7 (II)] formed un -
der var i ous con di tions were in ves ti gated with the X-ray pho to elec tron spec tros copy. It 
is nec es sary for syn the sis of ce ramic ma trixes, for the dis posal of the plu to nium and
oth ers tetravalent actinides. A tech nique was de vel oped for the de ter mi na tion of ce -
rium ox i da tion state (Ce3+ and Ce4+) on the ba sis of the X-ray pho to elec tron spec tros -
copy spec tral struc ture char ac ter is tics. It was es tab lished that the sam ple (I) formed at
300 MPa and T = 1400 °C in the air at mo sphere con tained on the sur face two types of
ce rium ions in the ra tio – 63 atomic % of Ce3+ and 37 atomic % of Ce4+, and the sam -
ple (II) formed at 300 MPa and T= 1300 °C in the ox y gen at mo sphere con tained on
its sur face two types of ce rium ions also, but in the ra tio – 36 atomic % of Ce3+ and 64
atomic % of Ce4+. It was es tab lished that on the sur face of the stud ied ce ram ics car -
bon ates of cal cium and/or ce rium could be formed un der in flu ence of the en vi ron ment 
that leads to the de struc tion of ce ram ics.
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IN TRO DUC TION

One of the most im por tant eco log i cal prob -
lems is a cor rect se lec tion of ce ramic ma trixes for
the long-term stor age of long-lived radionuclides
and high-level wastes (HLW). An un der stand ing
and pre dic tion of chem i cal pro cesses in such ce -
ramic ma trixes re quires the knowl edge of phys i cal

and chem i cal states of radionuclides and el e ments
of ce ramic ma trixes (el e men tal and ionic com po si -
tion, ox i da tion states, num ber of un cou pled elec -
trons in ions, chem i cal bond na ture, struc ture of
close en vi ron ment, etc.). This would en able pro -
duc tion of pur pose ful ma te ri als for the long-term
stor age of the HLW and ac ti nide wastes of var i ous
com po si tions. De ter mi na tion of ox i da tion states
of el e ments in HLW ce ram ics can be achieved by,
for ex am ple, XANES [1, 2] and EPR [3, 4]. One of
the most ad e quate meth ods of de ter mi na tion of
the state of radionuclides in en vi ron ment is X-ray
pho to elec tron spec tros copy (XPS) [5, 6].

The pres ent work car ried out the XPS study
of ce ram ics of the cal cu lated com po si tions
CaCe0.9Ti2O6.8 (I) and CaCeTi2O7 (II) pro -
duced un der var i ous con di tions, which are the
model ma te ri als in pro duc tion of the ce ramic
ma trixes for im mo bi li za tion of plu to nium and
other tetravalent actinides. One of the main
goals was to de velop a tech nique of ce rium ox i -
da tion state de ter mi na tion on the ba sis of the
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fine XPS struc ture pa ram e ters. The tra di tional
in for ma tion (bind ing en er gies, line in ten si ties
and chem i cal shifts) are not suf fi cient for the de -
ter mi na tion of ce rium ox i da tion states be cause
of the spec tral struc ture com pli ca tion [6-8]. So,
to de ter mine ce rium ox i da tion state in com -
pounds, the pres ent work used the fine core and
outer XPS struc ture pa ram e ters.

EX PER I MEN TAL

Sam ples of the cal cu lated com po si tions
CaCe0.9Ti2O6.8 (I) and CaCeTi2O7 (II) were pre -
pared from the mix tures of CaCO3, CeO2, and
TiO2 ground in the ag ate mor tar to the size of
20-30 mm. The mix tures were pressed at 300 MPa
into  tab lets of 20 mm in di am e ter and 3 mm high
and sintered at 1400 °C in the air (Sam ple I) and at
1300 °C in ox y gen (Sam ple II) for 20 hours. Pre -
lim i nary pa ram e ters of the sam ples are given in [9]. 
More de tailed data were mea sured with X-ray
diffractometer DRON-4 (Cu Ka – ir ra di a tion) and 
scan ning elec tron mi cro scope with the en ergy dis -
per sion sys tem (SEM-EDS) on the an a lyt i cal com -
plex JSM-5300 + Link ISIS.

XPS spec tra of the stud ied solid-state sam ples
were taken with an HP-5950A spec trom e ter us ing
monochromatized Al Ka1,2 (hn = 1486.6 eV)
X-rays (Com pounds 3-7, tab. 1) and MK II VG Sci -
en tific (Com pounds 1and 2, tab. 1) at ~1.3×10–7 Pa 
at room tem per a ture. Over all res o lu tion mea sured
as the Au4f7/2 elec tron line full width half max i mum 
(FWHM) was better than 0.8 eV (ÍÐ 5950À) and
1.2 eV (ÌÊ II VG Sci en tific). Elec tron bind ing en er -
gies are given rel a tive to the Eb of (C1s) elec trons
from ad ven ti tious hy dro car bons at the sam ple sur -
face defined as 285.0 eV. The mea sure ment er rors of 
line po si tion and widths were 0.1 eV, whereas rel a -
tive line in ten si ties er rors were about 10%. The
sam ple ma te ri als were pre pared by press ing pow -
ders into in dium on ti ta nium sub strates.

The quan ti ta tive atomic and el e men tal
anal y sis based on the fact that the peak in ten si -
ties are pro por tional to the ionic con cen tra tion
was done for all the stud ied sam ples. It was done
us ing the ra tio: ni/nj=(Si/Sj)(kj/ki), where ni/nj is
the rel a tive con cen tra tion of the stud ied at oms,
Si/Sj – rel a tive in ten sity (area) of the cor re spond -
ing core XPS lines, and kj/ki – ex per i men tal rel a -
tive sen si tiv ity co ef fi cient. This work used the
fol low ing co ef fi cient rel a tive to car bon: 1.00
(C1s); 2.8 (O1s); 4.8 (Ti2p3/2); 4.2 (Ca2p3/2),
and 20.3 (Ce3d5/2). Sen si tiv ity co ef fi cient
ki(Ce3d5/2) = 20.3 for Ce3d5/2 was found for
CeNbO4 tak ing into ac count the cor re spond ing
kj(Nb3d) = 9.6 for the Nb3d elec trons. The
spec tral pa ram e ters of CeO2, CeNbO4, CeL3,

and CeL3¢1.5H2O, where L – and L¢ – residua of
ortho-metoxibenzoic [CH3OC6H4COO–] and
di phen yl-acetic [(Ñ6Í5)2ÑÍÑÎÎ–] ac ids, were used
for in ter pre ta tion of the XPS spec tra from the
stud ied sam ples (Sam ples I and II).

RE SULTS AND DIS CUS SION

As it fol lows from the diffractograms (fig. 1),
Sam ple I was formed mostly by the perovskite-based
phase (~85%) and a small amount of cerianite
(~15%). By the SEM–EDS data, the chem i cal com -
po si tion of the gen eral mass changes slightly in the
sam ple bulk. Against the back ground of the gen eral
perovskite-related mass, (Ca0.56Ce0.32Ti0.98O3) dark
on the SEM im age (fig. 2a), some lighter grains were
ob served (fig. 2b). They con sist of pyrochlorite
(Ca1.08Ce0.89Ti2.03O6.92) with 4 cat ions. Sam ple I
con tains not more than ~3% of this phase, since it
could not be de tected by the X-ray dif frac tion.
Perovskite for mula in this case cor re sponds to the
solid so lu tion CaTiO3-Ce0.66TiO2.975. Cerianite for -
mula is Ce0.94Ti0.04Ca0.02O1.97.

Sam ple II was based on pyrochlorite, whose con -
tents was 70-80% (fig. 1b). This phase is man i fested in
the SEM im age (fig. 2c) as gray mass, while the im pu -
rity perovskite phases (the darker spots) and cerianite
phase (white grains) took 10-15% each. The
SEM-EDS data show that these phases cor re spond to
for mu las Ca1.06Ce0.98Ti1.96O6.94, Ca0.80Ce0.18Ti0.95O3,
and Ce0.92Ti0.06Ca0.02O1.98, re spec tively.

The thechnique of de ter mi na tion of phys i -
cal and chem i cal states of el e ments in the stud -
ied ce rium compounds used in this work is
based on both tra di tional XPS pa ram e ters (elec -
tron bind ing en er gies and line in ten si ties) and
fine core and outer spec tral struc ture pa ram e -
ters such as: rel a tive in ten sity of the Ce4f elec -
trons weakly par tic i pat ing in the chem i cal
bond, rel a tive bind ing en er gies of the in ner va -
lence mo lec u lar orbitals (IVMO), core line
multiplet split ting, fine spec tral struc ture pa -
ram e ters due to the dy namic ef fect, rel a tive
bind ing en er gies of shake up sat el lites in the
core level spec tra [5, 6]. These spec tral data pro -
vide much in for ma tion on the phys i cal and
chem i cal states of lanthanides, in par tic u lar –
ce rium, in com pounds [7, 8].

Low bind ing en ergy spec tral range. Since
atomic ce rium elec tronic con fig u ra tion is
{Xe•4f15d16s2, Ce3+ – {Xe}4f1, and Ce4+ –
{Xe}4f0, where {Xe} xe non elec tronic con fig u ra -
tion, XPS spec tra from Ce3+ com pounds un like
those from Ce4+ ones are ex pected to man i fest
the line re lated to the lo cal ized Ce4f elec trons for 
the ba sic Ce3+ state around zero bind ing en ergy.
In deed, this line shows up in the XPS spec tra
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from CeF3, CeNbO4, CeL3, and CeL3¢1.5H2O
and does not show up in the spec tra from CeO2

[6, 10]. The rel a tive in ten sity of this line mea -
sured as the ra tio Ce4f/Ce5s line ar eas is 0.61 ±
0.03, 0.38 ± 0.04, and 0.41 ± 0.04 for CeF3,
CeL3, and CeL3¢1.5H2O, which cor re sponds to
the elec tronic den si ties 1.00 ± 0.05, 0.77 ± 0.08,
and 0.84 ± 0.08e– re spec tively [7, 8]. The low
bind ing en ergy XPS spec trum in di cates that
Sam ple I can con tain an ad mix ture of Ce3+ ions
since a low in tense Ce4f re lated peak is ob served
around zero bind ing en ergy (at ~2 eV) (fig. 3c).
Un for tu nately, this spec trum does not al low a
cor rect quan ti ta tive eval u a tion of the Ce4f in ten -
sity since the Ce5s is over lapped with the in tense
Ti3p line and the other Ce lines are struc tured
and the sam ple con tains ce rium ions of dif fer ent
ox i da tion states (fig. 3c). Be side the band in the
bind ing en ergy range 0-10 eV, due to the outer

va lence mo lec u lar orbitals (OVMO), the XPS
spec trum shows the struc ture due to the in ner va -
lence mo lec u lar orbitals (OVMO) in the bind ing 
en ergy range 10-45 eV. These IVMOs are re lated
to the Ce5s,5p, Ca3s,3p, Ti3p and O2s atomic
orbitals (AO) from the neigh bor ing at oms [6,
10]. The bind ing en er gies for Sam ples I and II
are qual i ta tively com pa ra ble to each other and
other Ce3+ and Ce4+ con tain ing com pounds
(tab. 1).

Core elec tron spec tral range. Dur ing sam ple
prep a ra tion some hy dro car bon and wa ter mol e -
cules may ab sorb on the sam ple sur faces. The ex -
ist ing tech niques of sur face clean ing were not
used in the pres ent work in or der to avoid sam ple 
de struc tion. The C1s spec tra show the peaks at
Eb =285.0 eV (sat u rated hy dro car bons) used for 
the bind ing en ergy cal i bra tion, and CO3

2– re -
lated peaks at Eb = 288.5 eV (fig. 4). The spec -
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Fig ure 1. Diffractograms of ce ramic
sam ples: (a) – CaCe0.9Ti2O6.8 (I);
(b) – CaCeTi2O7 (II); C – cerianite,
P – perovskite, Py – pyrochlorite

Fig ure 2. Scanning elec tron mi cro scope im ages of ce ramic sam ples: (a, b) – CaCe0.9Ti2O6.8 (I); ( c) – CaCeTi2O7

(II). In fig ures (a), (b), and (c) the MKM sym bol de notes micrometer



trum from Sam ple I shows an ex tra low in tense
peak at Eb = 280.3 eV which was at trib uted to
metal car bides (fig. 4a). The O1s spec tra show
the ba sic lines at Eb = 529.5 eV and ex tra lines at
about Eb = 532 eV at trib uted to ox y gen of car -
bon ate group and wa ter (fig. 5). De spite the sur -
face con tam i na tion, their XPS lines were ob -
served, in tense and sharp. Thus, the Ti2p3/2

bind ing en ergy (Sam ple II) Eb = 458.2 eV
agrees to the cor re spond ing bind ing en ergy for

La2Ti2O7 458.4 eV and to a lesser de gree – to
459.0 eV for TiO2 [10]. This spec trum shows
the typ i cal shake up sat el lites (fig. 6). The Ca2p
spec tra from the stud ied sam ples show low in -
tense shake up sat el lites, and the Ca2p3/2 bind ing 
en ergy Eb = 346.5 eV (fig. 7) dif fers from that
for CaO 346.0 eV [11].

Ce3d XPS spec tra. The most in tense ce rium
line is the Ce3d one. For me tal lic ce rium this line
con sists of a spin-orbit in ter ac tion re lated dou blet
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Fig ure 3. Low bind ing en ergy XPS spec tra from:
(a) – CeO2, (b) – LnNbO4, (c) –  CaCe0.9Ti2O6.8 (I).
Spec tral in ten sity was no nor mal ized

Ta ble 1. Core and outher elec tron bind ing en er gies (Eb
(a), eV) of sam ples (I, II) and ce rium com pounds [6, 10]

N Compound Ion

OVMO IVMO Core levels

Ce4f
Ce5d, 6s
O(F)2p

Ce5p3/2 O(F)2s Ce5s Ce3d5/2
(b) O(F)1s

1 CaCe0.9Ti2O6.8(I)(c) 1.2(e) 5.0 17.7 21.2 (882.8) 884.8 529.5

2 CaCeTi2O7 (II) (d) 882.6 (889.1) 898.6 529.5

3 CeO2 Ce4+ 5.0 18.0 36.8 882.3 (888.8) 898.0 529.5

4 CeNbO4 Ce3+ 1.4 5.8 17.8 21.8 (881.8) 885.8 530.0

5 CeL3 Ce3+ 2.2 5.1 18.7 25.7   27.0 37.3  38.3 (882.8) 885.8 531.8

6 CeL¢3 1.5H2O Ce3+ 3.2 5.8 19.3 25.8 37.3 (882.3) 885.4 532.4

7 CeF3 Ce3+ 3.4 8.4 19.4 29.5 38.0 884.7 (888.2) 685.4

(a) Bind ing en er gies given for the peak max ima, in cases when the atomic lines of Ln, Nb, and O over lap, the bind ing en er gies are not given
in the ta ble

(b)Pa ram e ters of less in tense of the two neigh bour ing peaks be long ing to the com mon struc ture are given in pa ren the sis
(c) Con tains 0.63 of Ce3+ ions and 0.37 of Ce4+ ions
(d)Con tains 0.36 of Ce3+ ions and 0.64 of Ce4+ ions
(e) Low in tense line

Fig ure 4. C1s XPS spec tra from: (a) – CaCe0.9Ti2O7 (I), 
(b) – CaCeTi2O7 (II). Spec tral in ten sity was no nor -
mal ized



with the split ting DEso(Ce3d) =18.5 eV [12]. Be -
side the ba sic lines, this spec trum shows the
many-body per tur ba tion re lated shake up sat el lite
on the higher bind ing en ergy side. The struc tures of
these sat el lites are typ i cal for cer tain ox y -
gen-containing ce rium com pounds. Thus, the
Ce3d spec tral struc ture for Ce3+ com pounds is well
known [6, 10]. For ex am ple, for CeNbO4 this struc -
ture con sists of a spin-orbit dou blet with the split -
ting DEso(Ce3d) = 18.3 eV and in tense (Is/I0 =
=j113%) shake up sat el lites at 3.8 eV on the higher
bind ing en ergy side from the ba sic lines (fig. 8b).
The Ce3d spec trum for CeO2 con tain ing Ce4+ ions
be side the ba sic spin-doublet shows some ex tra
peaks [13], which are ab sent in the cor re spond ing
spec tra from Ce3+ ox y gen con tain ing com pounds
and ce rium trifluorite (fig. 8a, tab. 1). The con sid -
ered ex tra struc ture at Eb = 898.0 eV (tab. 1) and Eb

= 916.3 eV for CeO2 is a 18.3 eV split dou blet.
This split ting agrees well with the ob served in this
work Ce3d split ting DEso(Ce3d) = 18.3 eV and the
data of [14]. Such a fine spec tral struc ture was sug -
gested in [7, 8] to be due to the un usual fi nal state of
ce rium ions af ter the photoemission of a Ce3d elec -
tron.

This fi nal state can be the re sult of the
many-body per tur ba tion (shake up pro cess) with the
trans fer of a Ce5s (or Ce5p) elec tron to the va cant
mo lec u lar orbitals (MO) dur ing the Ce3d
photoemission. As a re sult, an ex tra quasi-core hole in

the Ce5s(5p) forms, which is re spon si ble for the fi nal
state Ce3d95s14fj0MOn+1 (or Ce3d95p54f 

0MOn+1)
shifted in re la tion to the ba sic fi nal state by 15.7 eV.
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Fig ure 5. O1s XPS spec tra from: (a) – CaCe0.9Ti2O7

(I), (b) – CaCeTi2O7 (II). Spec tral in ten sity was no
nor mal ized

Fig ure 6. Ti2p XPS spec tra from: (a) – CaCe0.9Ti2O7

(I), (b) – CaCeTi2O7 (II). Spec tral in ten sity was no
nor mal ized

Fig ure 7. Ca2p XPS spec tra from: (a) – CaCe0.9Ti2O7

(I); (b) – CaCeTi2O7 (II). Spec tral in ten sity was no
nor mal ized



This agrees with the cal cu la tion re sults of the work

[14], which sug gested that dur ing the Ce3d

photoemission, a com plex fi nal state is es tab lished,

con sist ing of three states Ce3d94f0 (882.3 and 900.6

eV), Ce3d94fi

1OVMO–1 (888.8 and 907.2 eV), and

Ce3d95p5np (898.0 and 916.3 eV). In the Ce3d three 

dou blets cor re spond to these fi nal states (fig. 8a, tab.

1). The prob a bil i ties of these fi nal states pro por tional

to the ar eas of the cor re spond ing spec tral lines found

from the Ce3d spec tra of CeO2 (fig. 8a) are: 0.43 ±

0.08 (Ce3d94f0), 0.21 ± 0.04 (Ce3d94fi

1OVMO–1),

and 0.36 ± 0.04 (Ce3d95p5np). 
The Ce3d XPS spec trum from CeNbO4 con tain -

ing Ce3+ ions (fig. 8b) cor re sponds well to the spec tra

from other triplevalent ce rium com pounds (tab. 1), in

par tic u lar, Ce2O3 [15]. The struc ture of this spec trum is

due to the com plex fi nal state con sist ing of the two states

Ce3d94f 
1 (881.8 and 900.1 eV) and Ce3d94f i

2OVMO–1

(885.8 and 904.1 eV) (fig. 8b).

De spite the fact that the Ce3d XPS spec trum
from Sam ple I is by its struc ture close to that of
CeNbO4, and the one from Sam ple II – to that of
CeO2, these spec tra still re flect the com plex phases of 
the stud ied com pounds (Fig. 8c, d). How ever, hav -
ing sug gested that Sam ples I and II con tain for mally
Ce3+ and Ce4+ ions, one can eval u ate the rel a tive
per cent ionic com po si tions of these com pounds us -
ing the ar eas of low en ergy (Ce3d5/2 at Eb = 885 eV)
and high en ergy (Ce3d3/2 at Eb = 916 eV) com po -
nents S1 and So (fig. 8). In deed, since the area ra tio in 
the spec trum from CeO2 can eas ily be de ter mined by 
us ing the photoionization cross-sections, one can
sub tract the Ce4+ re lated area from the to tal Ce3d
area for the stud ied sam ples. Hav ing sug gested that
the re main ing area cor re sponds to Ce3+, it is pos si ble 
to de ter mine the quan ti ta tive ionic com po si tion. In
prac tice only the Ce3d5/2 lines were used that sim pli -
fies this de ter mi na tion. If the ra tio of the Ce3d5/2

com po nents S1 and (3/2)So for CeO2 is al ready
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Fig ure 8. Ce3d XPS spec tra from: (a) – CeO, (b) – LnNbO4; (c) – CaCe0.9Ti2O7 (I); (d) – CaCeTi2O7 (II). Spec tral
in ten sity was no nor mal ized



known to be a= S1/(3/2)So, the parts í(Ce3+) and
í(Ce4+) in the stud ied sam ple are:

n( )Ce 3

0

1

0

1

1
3

2

1
3

2

+ =

-

-

a
S

S

S

S

(1)

n n( ) ( )Ce Ce4 31+ += - (2)

In this ap prox i ma tion us ing eqs. (1) and (2)
the Ce3+ and Ce4+ con cen tra tions were found to
be n(Ce3+) = 0.63 and n(Ce4+) = 0.37 for Sam ple 
I, and n(Ce3+) = 0.36 and n(Ce4+) = 0.64 for
Sam ple II. These data re flect the stoichiometric
sur face com po si tions of crys tal line and amor phous 
frac tions and can dif fer from the X-ray dif frac tion
data. How ever, these ra tios agree well with the
X-ray dif frac tion and SEM-EDS data. Thus, in
Sam ple I perovskite struc ture con tain ing Ce3+ pre -
vails, and the ex tra struc ture is cerianite re lated
with Ce4+. Be side, the sam ple con tains an im pu -
rity pyrochlorite like phase with tetravalent ce -
rium. In Sam ple II the main phase is pyrochlorite
con tain ing Ce4+, with the ex tra ones of cerianite
with Ce4+ and perovskite with Ce3+.

An ex tra er ror in quan ti ta tive el e men tal and
ionic chem i cal anal y sis of the stud ied sam ples
(Sam ples I, II) co mes from the com plex fine spec -
tral struc ture due to the sec ond ary elec tronic pro -
cesses (many-body per tur ba tion and dy namic ef -
fect). It com pli cates the cor rect mea sure ment of
spec tral line ar eas. Since the many-body per tur ba -
tion re sults in the shake up sat el lites on the higher
bind ing en ergy side from the ba sic lines, their in -
ten si ties can be par tially taken into ac count in the
quan ti ta tive anal y sis (fig. 6-8). To take into ac -
count the in flu ence of the dy namic ef fect is dif fi -
cult, but its in flu ence on the con sid ered spec tra is
not high. It all can cause an er ror of more than 10% 
in the quan ti ta tive anal y sis. In this ap prox i ma tion
the sur faces of the stud ied sam ples were found to
have the fol low ing com po si tions rel a tive to ti ta -
nium at oms:

(Sample I)

Ca Ce Ce Ti O oxide0.38

3+

0.23

4+

3.13

I

0 54 1 00. . ( ) ( .)

( ) ( )

O abs

C carbide C CH C

1.09

II

0.16

I

1.52

II

0.27

II×
-3

I CO( )
3

2-

(Sample II)

Ca Ce Ce Ti O oxidI

0 53 0 21

3

0 38

4

1 00 3 26. . . . . (+ + e O abs

C CH C CO

II

I III

) ( .)

( ) ( )

.

. .

0 95

1 36 3 0 26 3

2

-

-

where the value 1.09 for ox y gen OII (Sam ple I)
can in clude 0.81 of ox y gen from (CO

3

2- ), 0.27 of

ox y gen from the ba sic ox ides. The value 0.95 for
ox y gen OII (Sam ple II) can in clude 0.78 of ox y -
gen from (CO

3

2- ), 0.17 of ox y gen from the ba sic
ox ides. Since the ox y gen con cen tra tion was mea -
sured more cor rectly, one can con clude that the
ex tra sur face ox y gen is in cluded in the car bon ate
groups con nected with cal cium and/or ce rium.
From the prac tice of the XPS study of HTSC
metal-oxide ce ram ics cal cium is known to form
ac tively car bon ates on the sur face [6]. With this in 
mind, ex clud ing the im pu rity car bon com pounds
ex cept for car bon ates on the sam ple sur face, the
fol low ing for mu las can be writ ten for the sur face
stoichiometric com po si tions:

(Sam ple I)

Ca Ce Ce Ti O COI

1 08 0 76

3

0 46

4

2 00 6 26 0 56 3

2

0 54. . . . . . .
( )+ +

+

-

(Sam ple II)

Ca Ce Ce Ti O CO
0.42

3+

0.76 6.52+ 0.34

I

1 06

4

2 00 3

2

0 52. . .
( )+ -

where car bon ate groups can be con nected with
both cal cium and ce rium. It has to be noted that cal -
cium and ce rium con tents in the sam ples was
slightly over es ti mated due to the mea sure ment er -
ror, as it was dis cussed ear lier in this work. De spite
this and the fact that the pres ent data were ob tained
for the sur face of the stud ied sam ples, the XPS data
co in cide with the X-ray dif frac tion and elec tron mi -
cros copy re sults (fig. 1, 2, and text).

CON CLU SIONS

On the ba sis of ce rium fine core and outer
X-ray pho to elec tron spec tral data a tech nique of
de ter mi na tion of ce rium ox i da tion state, rel a tive
ionic com po si tion of Ce3+ and Ce4+ con tain ing
com pounds was de vel oped. It en abled anal y sis
of two sam ples of cal cium-cerium-titanium ce -
ram ics [CaCe0.9Ti2O6.8 (I) and CaCeTi2O7

(II)], which are the ma trixes for the long-term
stor age of the long-lived radionuclides and
high-level wastes.

Sam ple I pro duced at 300 MPa and 1400 °C in 
the air was found to con tain on its sur face two types
of ce rium ions in the ra tio 63 at.% of Ce3+ and 37
at.% of Ce4+. Sam ple II pro duced at 300 MPa and
1300 °C in ox y gen, con tained also two types of ce -
rium ions in the ra tio 36 at.% of Ce3+ and 64 at.%
of Ce4+. This agrees sat is fac to rily with the data of
X-ray dif frac tion anal y sis and scan ning elec tron mi -
cros copy.

The in ter ac tion with the en vi ron ment was
shown to re sult in for ma tion of cal cium and/or
ce rium car bon ates on ce ram ics sur face. It can
lead to de struc tion of ce ram ics.
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Jurij A. TETERIN, Sergej V. STEFANOVSKIJ, Sergej V. JUDINCEV,
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PROU^AVAWE  KERAMI^KIH  MATRICA  ZA  ODLAGAWE
DUGO@IVE]EG  RADIOAKTIVNOG  OTPADA  XPS  POSTUPKOM

Sinteza kerami~kih matrica za trajno sme{tawe radioaktivnog otpada visoke
aktivnosti i odre|ivawe fizi~kih i hemijskih formi radionuklida u wima, jedan je od zna~ajnih
zadataka radioekologije jer omogu}ava da se stvore svrsishodni materijali za ove potrebe. U ovom
radu, kerami~ki uzorci [CaCe0.9Ti2O6.8 (I) i CaCeTi2O7 (II)] oblikovani pod razli~itim uslovima
prou~avani su rendgenskom fotoelektronskom spektroskopijom u ciqu sinteze kerami~kih
matrica za potrebe odlagawa plutonijuma i drugih tetravalentnih aktinida. Razvijena je posebna
tehnika za odre|ivawe cerijumovog oksidacionog stawa (Ce3+ i Ce4+) na osnovu karakteristika
spektralnih struktura dobijenih rendgenskom spektrometrijom. Utvr|eno je da  uzorak (I),
formiran pri 300 MPa i T = 1400 °C u vazduhu, sadr`i na povr{ini dve vrste cerijumovih jona u
atomskom odnosu  63% Ce3+ i 37% Ce4+, a da uzorak (II), nastao pri 300 MPa i T = 1300 °C u sredini sa
kiseonikom, sadr`i na svojoj povr{ini tako|e dve vrste cerijumovih jona, ali u drugom atomskom
odnosu – 36% Ce3+ i 64% Ce4+. Ustanovqeno je da na povr{ini prou~avanih keramika pod uticajem
okoline mogu nastati karbonati kalcijuma ili cerijuma {to vodi destrukciji same keramike.


