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The samples of the (Cay 5GdU 5)Zr,0, and (Cay 5GdU) 5)(ZrTi)O, ceramics with the fluo-
rite and pyrochlore structures used as matrixes for the long-lived high-level radioactive
waste disposal were studied with the X-ray photoelectron spectroscopy method. On the ba-
sis of the X-ray photoelectron spectroscopy parameters of the outer and core electrons from
the binding energy range of 0-1250 eV the oxidation states of the included metal ions were
determined, the quantitative elemental and ionic analysis was done, and the orderliness
(monophaseness) was evaluated. The obtained data agree with the X-ray diffraction and the

scanning electron microscopy results.
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INTRODUCTION

The most dangerous long-lived radionuclides in
the high-level radioactive waste (HLW) are actinides.
Their immobilization requires the higher stability ma-
trixes. To understand the chemical processes inside
these matrixes it is necessary to know the physical and
chemical states of the included radionuclides (elemen-
tal and ionic compositions, oxidation states, number of
uncoupled electrons on the metal ions, close environ-
ment structure, etc.).

The correct choice of materials is the key prob-
lem of safety during the HLW management. Under-
standing of the chemical processes in the matrixes re-
quires knowledge of the physical and chemical states
of the included radionuclides and matrix elements. It
will allow a purposeful production of materials for the
HLW and other wastes long-term storage [1-3].

The HLW containing actinides and some
long-lived fission products (**Zr, ®Tc, 2°Sn, etc.) are
proposed to be included in the firm matrixes for the later
underground disposal. To understand the chemical pro-
cesses inside these matrixes it is necessary to know the
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physical and chemical states of the included matrix
elements and radionuclides (elemental and ionic compo-
sitions, oxidation states, number of uncoupled electrons
on the metal ions, close environment structure, efc.). The
present work carried out an X-ray photoelectron spectral
(XPS) study of the two ceramic samples
(Cay sGdU) 5)Zr,0, and (Ca, sGdU, s)(ZrTi)O; with the
fluorite and pyrochlore structures as possible matrixes
for the HLW disposal. Gadolinium (Gd) was introduced
for neutron absorption. The XPS method has proven to
be the most adequate for this purpose. On the basis of the
core and outer electron XPS parameters in the binding
energy range of 0-1000 eV the quantitative elemental and
ionic analysis of the studied samples was done, oxidation
states of the included metal ions were determined, and
the interatomic metal-oxygen distances were evaluated.

The XPS proved to be an effective and adequate
method for this field [4-6]. Therefore, this work carried
out the qualitative elemental and ionic analysis and stud-
ied the oxidation states of included elements for the two
ceramic samples (Ca,s GdU,5)Zr,0, (1) and (Cas
GdU, 5)(ZrTi)O; (2) with fluorite and pyrochlore struc-
tures used as matrixes for the long-term storage of the
long-lived radionuclides from HLW. Gadolinium was in-
troduced in the matrixes as a neutron absorber. The ob-
tained results were compared with the X-ray diffraction
and scanning electron microscopy data.
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EXPERIMENTAL

Samples with the calculated compositions
(Cay sGdU, 5)Zr,0, (1) and (Ca, sGdU 5)(ZrTi)0O,
(2) were prepared from the mixtures of CaCOj,
Gd,0;, UO,, TiO,, and ZrO, ground in an agate
mortar to the size of 20 um to 30 pm. The mixtures
were pressed under 200 MPa to 400 MPainto 12 mm
to 30 mm diameter 4 mm to 5 mm high cylindrical
pellets and sintered in alundum crucibles at 1500
°C-1550 °C for 6 hours to 10 hours. The structure of
pyrochlore samples was studied with XRD on the
DRON-4 (CuK,), as well as on the scanning
(SEM/EDS: JSM-5300 with the energy-dispersion
spectrometer Link ISIS) and transmission
(JEM-100) electron microscopes [3-5].

XPS spectra of the studied samples were mea-
sured with electrostatic spectrometers HP 5950A using
monochromatized AIK,,, , (hv = 1486.6 eV) radiation
and MK II VG Scientific using non-monochromatized
AIK,,, , and MgK,, radiation under 1.3-10~7 Pa at room
temperature. The device resolutions measured as full
width at the half-maximum (FWHM) of the Au4f;,
peak on the standard rectangular gold plate were 0.8 eV
(HP 5950A) and 1.2 eV (MK II VG Scientific). Elec-
tron binding energies £, (eV) were measured relatively
to the binding energy of the Cls electrons from hydro-
carbons absorbed on the sample surface accepted to be
equal to 285.0 eV. For the gold standard the calibration
binding energies £, (Cls) =285.0 eV and E,(Audf,,) =
= 83.7 eV (MK II VG Scientific) were used. The
FWHM in tab. 1 are given relatively to that of the Cls
peak of hydrocarbons accepted to be equal to 1.3 eV for
comparison with the data of other studies [4-6]. The un-
certainty in determination of electron binding energies
was 0.2 eV and that of the relative peak intensities was
less than 10%. The studied samples were prepared as
pellets (samples 1 and 2) and as finely dispersed pow-
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ders ground in an agate mortar pressed in indium on ti-
tanium substrate (standard samples).

The quantitative elemental and ionic analysis
was done for all the samples. It was based on the fact
that the spectral intensity is proportional to the num-
ber of certain atoms in the studied sample. The fol-
lowing ratio was used: n;/n; = (S/S;)(k;/k;), where
n;/n; is the relative concentration of the studied at-
oms, S;/S; —the relative core-shell spectral intensity,
and k;/k; —the relative experimental sensitivity coef-
ficient. This work used the following coefficients
relative to carbon: 1.00 (Cls); 2.66 (Ols); 4.2
(Ca2py),), 6.32 (Ca2p); 8.4 (Zr3d), 4.16 (Z13p;)),
36.0 (U4f,),), 1.08 (Si2p) [7, 8]. XPS parameters of
Ca, Ca0O, CaCO;, UO,, SnO,, ZrO,, and SrZrO,
(tab. 1) were used for the interpretation of the spec-
tra from the studied samples.

RESULTS AND DISCUSSION

The XPS from the studied HLW matrixes ceramics
(Cay sGdU 5)Zr,0, (sampe 1) and (Ca,, sGdU, s(ZrT1)O,
(sample 2) — in the binding energy range of 0-1250 eV ex-
hibit the peaks attributed to the included elements (fig. 1).
This binding energy range can be subdivided into the three
sub-ranges [4-6]. The first one from 0 to ~15 eV exhibits
the structure attributed mainly to the electrons of the outer
valence molecular orbitals (OVMO) formed with elec-
trons from incompletely filled atomic valence shells. For
example, the An5f intensity at zero binding energy can be
used for determination of actinide oxidation states [4]. The
second binding energy sub-range from ~15 eV to ~50 eV
exhibits the structure attributed to the electrons of the inner
valence molecular orbitals (IVMO) formed with electrons
from the completely filled atomic low-energy shells. Pa-
rameters of this structure characterize the close environ-
ment of the considered ion, in particular, for actinide com-
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Figure 1. Survey XPS in the binding energy range of 0-1250 eV from samples: (a) — (CaysGdU,s)Zr,0;

(b) — (CaysGdUys)(ZrTi)O,
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pounds the IVMO parameters can be used for
determination of the actinide-neighbour interatomic dis-
tance [6]. The third sub-range above ~50 eV shows the
structure attributed to the core electronic shells weakly
participating in the chemical binding. However, this
sub-range can exhibit the structure due to the spin-orbit
splitting AEy(eV), multiplet splitting AE, (eV),
many-body perturbation, dynamic effect, ezc. [4, 5]. Since
these structure parameters correlate with the physical and
chemical properties of compounds, they are used together
with the traditional XPS characteristics like electron bind-
ing energies, chemical shifts, core-valence binding energy
differences, and peak intensities [7, 8]. To simplify the dis-
cussion, we are going to use both molecular and atomic
terms.

Low binding energy XPS (0 to ~50 eV). The
low-binding energy XPS range from (Ca, sGdU, 5)Zr,0O,
(1) and (CaysGdU,s)(ZrTi)O, (2) exhibit the
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Figure 2. Low binding energy XPS from samples:
(a) - (Cay5GdUy5)Zr,07; (b) — (CagsGdUys)(ZrTi)O,

two-humped OVMO structures attributed to the outer va-
lence Cads, U5f,6d,7s, Zr4d,5s, Gd4f,5d,6s, Ti3d,4s, and
O2p electrons, as well as the VMO structure due to the
Ca3s,3p, U6bp, Gd5p,Ss, Zrdp, Ti3p, and O2s electrons
(fig. 2, tab. 1). The Zrdp, O2s, and other peaks are ob-
served to be sharp. This XPS structure allows only a quali-
tative elemental analysis because the considered spectra
appear as complicated MO-related lines, not single peaks.
This binding energy range consists of only the peaks at-
tributed to the included elements. Small peaks at 9 eV and
13 eV can be explained by the presence of a CO,>~ impu-
rity on the sample surface, which was confirmed by the
Cls spectra.

Core-electron XPS (~50 eV to 1250 eV). The
XPS elemental and ionic quantitative analysis usually
employs the most intense peaks from the included ele-
ments [7, 8]. In the case of the studied compounds
(Cay sGdU 5)Zr,0; (1) and (CaysGdU 5)(ZrTi)O,
(2) the Ca2p, U4f, Gd3ds,, 4d, Zr3p,3d, Ti2p,and Ols
peaks were used (tab. 1). In the case of an overlap of
the peaks, other available single peaks like, for in-
stance, the Th5d and Zr3d can be used. The Cls XPS
from the samples (1) and (2) were observed to be sym-
metrical with the low-intense shoulders of the CO,*
and = CO, groups at289.1 eV and 287.3 eV (tab. 1).
A small widening of the C1s peak from the sample (2)
in comparison with that from the sample (1) can be ex-
plained by the inhomogeneous charging of the sample
surface or by the presence of hydrocarbons of different
types on the surface.

The Zr3p and Ca2p peaks overlap (fig. 3, tab. 1).
The Ca2p and Zr3p are observed as typical spin-orbit
split (AEy(Ca2p)=3.7 eV, AEy(Z1r3p)=13.6 eV) dou-
blets [9]. The Zr3d XPS from the samples (1) and (2)
appear as symmetrical doublets. The U4f XPS are also
observed as spin-orbit split doublets typical for the
U(IV) ions shake-up satellites (fig. 4). The peaks from
the included elements were observed to be single and
sharp. It confirms the XRD results that the considered
samples are monophase (figs. 3 and4). The Gd4d XPS
show the fine structure typical for the Gd(III) ions (tab.
1). But, for the studied samples (1 and 2) these spectra
exhibit an extra peak at 152.6 eV that must be attrib-
uted to the Si2s peak from the silicon impurity. The
Gd3ds), XPS correspond to Gd(I1I) in Gd,O; (tab. 1).
These spectra show extra peaks at 1196.1 eV which are
attributed to the CaKLL Auger spectra (1195.6 eV).
The Ti2p XPS appears as a spin-orbit split doublet
(AE, = 5.8 eV) and shake-up satellites.

The O1s XPS from the sample (1) consists of the
three peaks at 529.0, 530.5, and 531.6 eV, and that
from the sample (2) consists of the three peaks at
529.2 eV, 530.9 eV, and 532.1 eV (fig. 5). Taking into
account eqs. (I, II) from [10]

Ey(eV) =227 Ry o '(nm) + 519.4 (I)

where from
Ryro(nm) =2.27 (£, — 519.4)7! (II)
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Table 1. Binding energies E;, (eV) and FWHM I'® (eV) of the outer and core electrons from pyrochlore ceramics

Andf | Ansd | zr3d .
Compound MO erll3 4 L§4 g sfr13 q | Zsp | Cap | Ti2p Ols Cls
7.0 20.3 3807 | 1404 | 1811 | 3318 5290 | 285.0
25.0 3014 | 1428 | 18355 5305 | 2891
(Cag5GdUo5)Zr,0 29’5 1186.7 | 14538 531.6
437
_ 72 237 | 3804 | 1400 | 181.1 | 3314 4573 | 5292 | 285.0
(CapsGdU, 5)(ZrTi)O, 205 3912 | 1424 | 18355 4631 | 53009 | 2873
360 425 | 11863 | 146.1 532.1
19 6.1 3809 | 973 5305 | 285.0
uo, 18.0 3918 | 1055
233
53 206 1817 | 3323 | 3503 5298 | 285.0
20.6 183.9 5316 | 2895
CaZrO,® 248
30,0
4356
56 213 1825 | 3328 530.1 | 285.0
210, 30.6 346.4
0.6 (12) 3(‘1‘47')7 2(5153';)
Ca (metal) 23.4 348 4 ’
425(1.8) 15
43 2.1 346.0 5289 | 285.0
20.1 (1.7) (4) | (13)
(2.6) 3497
Ca0 243 (1.7)
(2.0)
4.9
(1.9)
3'532(2'2) 347.3 5316 | 285.0
: (1.7) 1.6 | (13)
CaCO; (42401) 351.0 289.7
AP (1.7) (13)
59 7.6 4589 | 5305 | 2850
- 224 466.3
Ti0, 374 62.6
3s
57 9.0 11873 | 1428 5293 | 285.0
Gd,0, 223 12193 | 1479
27.4 171.8

@EWHM are given in parentheses relative to the FWHM of the Cls, ['(Cls) = 1.3 eV;
®01s and C1s binding energies (531.6 and 289.5 V) for the CO5*~ group on the surface

On the basis of the O1s binding energies one can
evaluate the metal-oxygen interatomic distances Ry, o
(nm) in the samples (1) and (2). Thus, for the sample
(1) they are 0.236 nm, 0.205 nm and 0.186 nm, respec-
tively, while for the sample (2) —0.232 nm, 0.197 nm,
and 0.179 nm, respectively. Since the O1s binding en-
ergy can be measured with the accuracy to within
+0.05 eV, not £0.2 eV as it was measured in this work,
the accuracy of the interatomic distance evaluation can
be higher. As it follows from eq. (I) as the interatomic
distance R, grows, the Ols binding energy de-
creases. Therefore, one can conclude that, for exam-
ple, the value 0.179 nm is too low to be observed in ce-
ramics. Apparently, this distance can be attributed to a
surface state.

The two low-energy O1s components in the XPS
from the samples (1 and 2) can be attributed to the ox-
ides of the basic ceramics, but the higher-energy com-
ponents are, apparently, attributed to impurities like

Ca(OH),, SiO,, CO;%7, Na,0, etc. (fig. 5, tab. 1). It has
to be noted that, for example, in ZrO, three oxygens
are located from zirconium at 0.207 nm, four oxygens
—at 0.221 nm, and the next closest oxygen not belong-
ing to the first co-ordinating sphere —at 0.358 nm[11].
For this environment the O1s XPS must consist of two
peaks at 530.4 eV and 529.7 eV with the intensity ratio
4/3. Therefore, the interatomic distances evaluated on
the basis of the O1s XPS are good enough for the qual-
itative and partially quantitative identification of the
O1s XPS peaks.

Quantitative analysis. The uncertainty in the
quantitative elemental analysis of the samples 1 and 2
increases because the core XPS peaks have the
multiplet splitting and secondary electronic processes
related extra structure. Since the many-body perturba-
tion results in the shake-up satellites on the higher
binding energy side from the basic peaks, their intensi-
ties can be taken into account (fig. 4). The dynamic ef-



A. Yu. Teterin, ef al.: The XPS Study of the Structure of Uranium-Containing ...

Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 2, pp. 107-113 111
. Ca2pZr3py,, )
£ . 5
c
@ o
£ 5
) £
c =z
= 7]
z 3
B €
@ £
2
£
(a) T T T T T @) T T T T T 1
370 360 350 340 330 320 410 400 390 380 370 3602
Binding energy [eV] Binding energy [eV]
5 Cazp%rSpwa 7 :
2 1 5 ]
£ 7] >
a3 © 4
= 1 ]
2 =
@ ] = A
z ] 5 |
@ =
2 ]
g
£ ] ]
(b) T 1 T T T (b) 1 T T T T T 1
370 360 350 340 330 320 410 400 390 380 370 360

Binding energy [eV]

Figure 3. Zr3p and Ca2p XPS from samples:
(a) — (CagsGdUg5)Zr,07; (b) — (CagsGdU,s)(ZrTi)O,

fect is more difficult to take into account, but its influ-
ence is low. All these effects lead to an enhancement of
the uncertainty in the elemental and ionic quantitative
analysis, so the total uncertainty can exceed 10%. In
this approximation the surface (~5 nm) compositions
of the studied samples relative to zirconium atoms
were found to be

(Cag.50Gd; 13U042)Z1.000' 15(0)0" 1 5(0)0™ o
(OH', 8i0,)Ca 45[Ca(OH),]Si; 4(Si0,)C'10.40(CH; )
Cly5:(CO5™) (1)

(Cagso Gdi 01Ug25)(Zr1 00 Ti1 37) O'.56(0)0"s539(0)0™ 570
(OH_, SiOg)CaO‘g4[Ca(OH)2]Si2,42(SiOz)Na0,34(NaZO)
C'135(CH3)C" ) 76(-CO,.) 2

where 0'(0), 0" 45(0), and O"(OH", SiO,) are
oxygens of oxides and hydroxyl groups (silicon diox-
ide). In the studied samples the CO5* impurities from
calcium carbonate are present on the surface.

The obtained data differs slightly from the XRD
results measured for the sample bulk

Binding energy [eV]

Figure 4. U4f XPS from samples:
(a) — (Cay5GdUy5)Zr;07; (b) — (CagsGdUps)(ZrTi)O,

(Cay50Gd; 14U 42)Zr2,000' 15 + 0.87 (1), and
(Cay5Gd, Ao1U0.25)(Zl'1400T11A37)OI<>.56+ 0.60 (2)—XPS data
for the surface;

(CaysGdUp5)Zr,07 (1), and
(Cag.62Gdo.97U0.23)(Zro84Ti1.34)Og9 (2) — XRD data for
the bulk.

It can be explained by the fact that the XPS re-
flects the 5 nmto 10 nm surface composition, while the
XRD reflects the bulk. The XPS shows that calcium on
the surface of the studied samples (1) and (2) is present
partially in form of hydroxide, and it gathers more
preferably on the surface rather than in the bulk. The
relative surface and bulk titanium, zirconium, and ura-
nium contents do not differ significantly. During the
study of the Bi-Ca-Cu-O-based metal-oxide ceramics
[12] it was found that calcium hydroxides and carbon-
ates are formed on the sample surface under the envi-
ronment influence. In other words, the instability of
the ceramic surface is associated with the presence of
calcium oxides.
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Figure 5. O1s XPS from samples:
(a) — (CagsGdUg5)Zr,07; (b) — (CagsGdU,s)(ZrTi)O,

CONCLUSIONS

On the basis of the core and outer electrons XPS
parameters of the studied ceramics (Ca, sGdU, 5)Zr,0,
and (Ca, sGdU, 5) (ZrTi)O; in the binding energy range
0f 0-1250 eV the oxidation states of the included metals
were determined, quantitative elemental and ionic anal-
ysis was carried out and a conclusion on the
monophaseness (orderliness) of the studied samples
was drawn. The obtained data agree with the X-ray dif-
fraction and scanning electron microscopy results. It is
shown that the XPS method can be effectively applied
for the study of the elemental and ionic composition of
ceramic matrixes for the HLW disposal.
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MNPOYYABABE CTPYKTYPE KEPAMUKA CA CAIPXAJEM
YPAHUIJYMA PEHATEH-MHAYKOBAHOM CIHEKTPOCKOIIMJOM

Y3opum Kepammke (IyopuTHe W IHUpoxiopHe crTpykType, (Ca,sGdU;s)Zr,0; u
(CaysGdU 5)(ZrTi)O4, Koju cy KopultheHl Kao MaTPUKCH 3a PagMOaKTUBHM OTMAJ ca Jyroxusehum
PaMOHYKINANMAa BHCOKOT HHBOA AaKTHBHOCTH, MPOYYaBaHM Cy METOAOM pEHATCH-MHAYKOBaHE
¢oroesekTpoHCKe crieKTpockonuje. Ha 0CHOBY CIIEKTPOCKOIICKHX MapaMeTapa eJeKTpOHa Y je3rpy U y
€JIEKTPOHCKOM OMOTauy, y orcery enepruje Be3a o 0 eV go 1250 eV, onpebena cy okcupanmona crama
IPUCYTHUX METAJIHUX jOHA, ypabeHa je KBaHTHUTATHBHA aHAJHN3a ejleMeHaTa M joOHAa U NPOLEH-EHA je
MoHO(pa3HOCT. [locTUTHYTH PE3yATATH CY ¥ CarJIaCHOCTH ca pe3yJITaTuMa JoOujeHIM NoMohy peHAreHCKe
mudppakiyje u ckeHnpajyhe eJeKTpoHCKe MUKPOCKOTIH]E.

Kmwyune pequ: pen02eH-UHOYKOBAHA CUleKMIPOCKOUUja, CKeHupajyha eaeKiipoHcKka MUKpocKoiuja,
MONeKYyAapHe 8aeHiliHe opOuilie, HUPOXAOD, 00Aa2are PAOUOAKINUBHOZ OO




