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Two pyrochlore ceramic samples were studied in this work. The X-ray diffraction and the scan-
ning electron microscopy showed that the ceramics with the calculated composition
CaThSn,0, was formed by the dominating pyrochlore phase with the traces of thorianite and
hematite, while the CaThZr,O, ceramics - by the dominating pyrochlore phase with the minor
admixtures of thorianite and perovskite. The real compositions of pyrochlore phases deter-
mined by the scaning electron microscopy are CagggThg 9,Sn,0¢ , and Cay g4 Thy goZr, Oy, e
On the basis of the X-ray photoelectron spectral parameters of the outer and core electrons in
the binding energy range of 0-1250 eV it was found that tin, zirconium and thorium in
pyrochlore are at least 93%-94% tetravalent. Sn-O and Zr-O interatomic distances in BO4-oc-
tahedrons in the pyrochlore were found to be 0.210 nm and 0.220 nm, respectively, and these
octahedrons are possible to be tetragonaly distorted.

Key words: X-ray photoelectron spectroscopy, outer and inner valence molecular orbitals,

pyrochlore, radioactive waste disposal

INTRODUCTION

Processing of the irradiated spent fuel from the
nuclear power plants produces a lot of radioactive
wastes including the high-level ones (HLW). The most
dangerous HLW radionuclides are actinides and some
long-lived decay products (**Zr, *Tc, '23Sn, etc.).
They are supposed to be included into the firm, dura-
ble, protective matrixes for the subsequent under-
ground disposal. The correct choice of materials is the
key safety problem during the HLW processing. Un-
derstanding of the chemical processes in the matrixes
requires knowledge of the physical and chemical
states of radionuclides and matrix elements.

X-ray photoelectron spectroscopy (XPS) proved
to be the most adequate tool for tackling this problem. In
particular, structural changes in pyrochlore during the
amorphization by accelerated ions were studied by
XPS. This work carried out the qualitative elemental
and ionic analysis and studied the oxidation states of in-
cluded elements for CaThZr,0, and CaThSn,0; ce-
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ramic samples with pyrochlore structure proposed as
matrixes for the long-term storage of the HLW
long-lived radionuclides.

EXPERIMENTAL

Samples of the calculated compositions
CaThSn,O, (sample 1) and CaThZr,0O, (sample 2)
were prepared from the mixtures of CaCO;, ThO,,
Sn0,, and ZrO, powders, ground in an agate mortar to
the size of 20 um to 30 um. The mixtures were pressed
under 200 MPa to 400 MPa into 12 mm to 30 mm di-
ameter and 4 mm to 5 mm high cylindrical pellets and
sintered in alundum crucibles at 1500 °C to 1550 °C
for 6 to 10 hours. The samples were studied by X-ray
diffraction analysis (XRD) on the DRON-4 (Cu K,)
diffractometer, as well as on the scanning (SEM/EDS:
JSM-5300 with the energy-dispersion spectrometer
Link ISIS) and transmission (JEM-100) electron mi-
croscopes [3-5].

XPS spectra of the studied samples were acquired
with an HP5950A electrostatic spectrometer using
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monochromatized AIK,,; , (hv = 1486.6 €V) radiation
and with an MK II VG scientific electrostatic spectrom-
eter under 1.3-1077 Pa at the room temperature. The de-
vice resolution measured as the full width on the
half-maximum (FWHM) of the Au4f;, peak on the
standard rectangular gold plate was 0.8 eV (HP 5950A)
and 1.2 eV (MK II VG Scientific). The binding energies
E,(eV)were measured relative to the binding energy of
the Cls electrons from hydrocarbons absorbed on the
sample surface accepted to be equal to 285.0 eV. For
the gold standard the calibration binding energies
E(Cls) = 285.0 eV and Ey(Au4f;,) = 83.7 eV were
used. The C1s XPS peak from hydrocarbon on the gold
plate was observed 1.3 eV wide. The error in the deter-
mination of the binding energy and the peak widths did
not exceed 0.1 eV, that of the relative peak intensity —
10%. Table 1 gives FWHMSs (I') relative to that of the
Cls peak I'(Cls) = 1.3 eV for comparison with other
studies’ results [6, 7]. Sample 1 was studied as a pellet
and the other samples for the XPS study were prepared
from the finely dispersed powder ground in the agate
mortar as a dense thick layer with a flat surface pressed
in indium foil on a titanium substrate.

For all the samples the quantitative elemental
and ionic analysis was done by the following ratio:
n/n; = (S/S)(kj/k;), where n/n; is the relative concen-
tration of the studied atoms, §/S; — the relative
core-shell spectral intensity, and kj/k; — the relative
experimental sensitivity coefficient. The present

work used the following sensitivity coefficients rela-
tive to the Cl1s: 1.00 (Cls), 2.64 (O1s), 4.2 (Ca2p;),),
6.32 (Cal2p), 8.4 (Zr3d), 4.16 (Zr3ps,), 17.2
(Sn3ds),), 31.2 (Th4f;),), and 3.6 (ThS5ds,,) [8]. XPS
parameters of metallic Ca, CaO, CaCO;, ThO,,
Sn0O,, ZrO, and CaZrO;, were used for the interpreta-
tion of spectra (tab. 1).

RESULTS AND DISCUSSION

According to the SEM/EDS data, the real
pyrochlore phase compositions in the studied ceramic
samples are Ca ggThy, 9,Sn,0 5, for sample 1 (assum-
ing that all included tin is tetravalent) and
Ca g4 Thy 4¢Zr,O¢ 44 for sample 2. The real surface
compositions determined by XPS, except for calcium,
do not differ from the SEM/EDS data within the mea-
surement error. Calcium content was observed lower
for sample 1 and higher for sample 2. It can be ex-
plained by calcium contents being different on the sur-
face compared with that in the bulk. According to the
XRD and SEM data, pyrochlore phase dominates in
sample 1 with the traces of thorianite and hematite,
while sample 2 besides pyrochlore phase contains the
noticeable admixtures of thorianite (ThO,) and
perovskite phase (CaZrO;) (figs. 1 and 2). The pres-
ence of hematite in sample 1 can be explained by the
admixture of iron during the grinding in the metallic

Table 1. Binding energies E,, and line widths "™ of outer MOs and core electrons of pyrochlore ceramics

Compound MO Thaf Th5d | Zr3d, Sn3d | Zr3p Ca2p Ols Cls
P [eV] [eV] [eV] [eV] [eV] [eV] [eV]
CaThSn,0,® ) 5.1 16.3]334.6 (1.1) 86.4 (1.2)[486.9 (1.3) 346.9 530.0 (1.6)] 285.0 (1.3)
(sample 1) [21.2 25.8|343.9 (1.1)| 93.3 (1.7)495.3 (1.2) 350.6 531.9 2882
6.1 16.6|333.4 (1.1) 86.4 181.6 (1.1)| 331.3 | 346.2 5297 (1.6)] 285.0 (1.3)
CaThZ,0,M©|21.5 24.6 | 343.9 933 183.9 3413 | 350.1 (2.0)| 531.7 289.3
(sample 2) [30.2 34.3 532.9
432
ThO 5.8 16.5]3343 86.3 5302 285.0
> 1220 2555|3436 933
53 206 181.7 332.3 | 350.3 529.8 285.0
CaZrOs® 20.6 24.8 183.9 531.6 289.5
30.0 43.6
56 213 182.5 332.8 530.1 285.0
210 I3p6 346.4
486.7 530.6 285.0
Sn0, 495.1
0.6 (1.2) 3447 (1.7) 285.0 (1.3)
Ca (metal) |23.4 3484 (1.7)
425 (1.8)
43 (2.1) 346.0 (1.7)] 5289 (1.4)] 285.0 (1.3)
20.1 (2,6) 3497 (1.7)
Ca0 17543 (20)
429 (1.9)
53 (2.2) 3473 (1.7)] 5316 (1.6)] 285.0 (1.3)
CaCO; 252 (2.0) 3510 (1.7) 289.7 (1.3)
44.1 (1.8)

@ FWHMS relative to that of the C1s one accepted to be equal to 1.3 eV are given in parentheses
®) SEM/EDS data for bulk composition: Cag g, Tho.g2 Sny06.6 (1) and Cag.e1 Thy saZr22507.00 (2) [3]
© XPS data for the surface composition: Ca()‘4xTh()'g4 Sn206_45 (1) and Caz_s()Th|.04ZI‘2_()()012,34(Si1.24) (2), Eh(Sl2p) =102.8 eV
@ Cls and Ols binding energies for COs> group on the surface are marked
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Figure 1. XRD pictures of sample 1 (a) and 2 (b)
H— hematite, P— perovskite phase (CaZrQj3), Py — pyrochlore
phase, T— thorianite

Figure 2. Backscattered electrons images of ceramic
samples 1 (a), and 2 (b); the grey spots in the picture (b) is
pyrochlor, dark-grey grains — perovskite, white impuri-
ties — thorianite, and black spots — pores; the size of
marks — 50 pm

mortar. SEM image of sample 2 (fig. 2) shows
pyrochlore as a basic light-grey background with
small white grains of thorianite and larger dark-grey
grains of perovskite-type phase distributed.

The XPS from the studied samples in the binding
energy range of 0-1250 eV exhibits the peaks attrib-

uted to the included elements (fig. 3). This energy
range can be subdivided into the three parts [6, 7]. The
first one (0-15 eV) contains the structure related to the
outer valence molecular orbitals (OVMO) formed
from the incompletely filled outer electronic shells.
For example, the An5f intensity (An—actinides) in the
low binding energy range can be used for the evalua-
tion of the actinide oxidation states [6, 7]. The second
sub-range (15-50 eV) shows the structure due to the
inner valence molecular orbitals (IVMO) formed from
the completely filled low energy electronic shells. The
OVMO parameters correlate with the close environ-
ment structure and, in particular, for actinide com-
pounds, can be used for the evaluation of the
An-neighbor interatomic distances [6, 7]. The third
sub-range: above ~50 eV, exhibits peaks from the core
electronic shells that do not significantly participate in
the molecular orbitals (MO) formation. However, this
sub-range can show the structure related to the
spin-orbit interaction (AE, eV), multiplet splitting
(AE,, V), many-body perturbation, dynamic effect,
etc. Since parameters of this structure correlate with
the physical and chemical properties of compounds,
they can be used in the XPS studies in combination
with the traditional parameters like electron binding
energies, chemical shifts, and peak intensities [7]. To
simplify the discussion, both the atomic and molecular
terms were used in this work.
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Figure 3. Survey XPS in the binding energy range of
0-1250 eV from: (a) — sample 1, (b) — sample 2



A. Yu. Teterin, et al.: The XPS Study of Pyrochlore Matrixes for the Radioactive ...
160 Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 3, pp. 157-163

Low binding energy (0-50 eV) XPS range. This
spectral range for studied samples shows two-humped
OVMO structure related to the outer valence Ca4s,
Thod,7s, SnSs,5p, Zr4dd,5s, and O2p electrons, as well
as the IVMO structure due to the Ca3s,3p, Th6p;,,
Sn4d, Zrdp, and O2s electrons (fig. 4, tab. 1). Because
of the high intense Sn4d peak, the background on the
higher binding energy side and the low calcium con-
centration, the Ca3p and Ca3s peaks at 24 and 43 eV,
respectively, are not observed in the spectrum from
sample 1. Butthese peaks are well observed in the XPS
from sample 2, which does not contain tin (fig. 4).
These spectra allow only qualitative elemental analy-
sis, since they appear not as separate atomic peaks but
as MO-related bands. The Th6p;/, and O2s peaks are
well observed. Low intense peaks at 9 eV and 13 eV,
apparently, may be attributed to the small amount of
the CO5% impurities on the sample surface. Their sig-
nature also presents in the Cls spectra (fig. 5).

Coreelectron (0-1250 eV) XPS structure. Com-
monly, the most intense XPS peaks are used for ele-
mental and ionic quantitative analysis [9]. For our
samples they are Ca2p, Th4f,5d, Sn3d, Zr3p,3d, and
Ols (tab. 1). In case of peaks overlapping like Th4f —
Zr3p for sample 2 (fig. 6), the lower intense but more
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Figure 4. Low binding energy XPS from: (a) — sample 1,
(b) — sample 2

separate peaks like the Th5d and Zr3d can be used.
The Th4f and Ca2p peaks also somewhat overlap (fig.
6, tab. 1). The Ca2p, Th4f, and Zr3p peaks appears
as typical spin-orbit split doublets with AE equal to
3.7eVand 3.9 eV for the Ca2p, 9.3 eV and 9.5 eV for
the Th4f in samples 1 and 2, respectively. AE, for the
Zr3p doublet has to be 13.6 eV [10]. The considered
XPS peaks were observed relatively sharp and single.
It confirms the X-ray diffraction data on the high
monophaseness of the studied samples.

The Th4f;,, spectrum from sample 1 exhibits a
6% shoulder on the lower binding energy side that can
be attributed to the impurity (fig. 6). The same shoul-
der appears in the Th5ds, spectrum from sample 1 and
does not appear in the spectra from sample 2. These
shoulders in the Th5d;, and Th4f;,, XPS cannot be at-
tributed to the sample charging, since a similar shoul-
der was not observed in the C1s XPS.

The C1s XPS peaks from samples 1 and 2 are ob-
served symmetric with a low-intense CO;>" related
shoulder at 289 eV (fig. 5, tab. 1). A slight widening of
the Cl1s peak from the sample 2 comparing to that from
the sample 1 can be explained either by non-uniform
charging of the sample surface or by the presence of
extra hydrocarbons on the surface.

The Sn3d and Zr3d spectra from the samples 1
and 2 appear as doublets with shoulders on the lower
binding energy sides. While in the Sn3d spectrum this
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Figure 5. C1s XPS from: (a) — sample 1, (b) — sample 2
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Figure 6. Th4f and Ca2p XPS from sample 1 (a) and
Thd4f, Ca2p, and Zr3p XPS from sample 2 (b)

shoulder is negligible, the one in Zr3d spectrum
reaches 7% of the basic peak intensity.

The Ols XPS from sample 1 consists of two
peaks at 530.0 eV and 531.9 eV, while that from sam-
ple 2 consists of three peaks at 529.7 ¢V, 531.7 eV, and
532.9 eV (fig. 7). Taking into account equations [11]

E(eV)=2.27 Ry o '[nm] +519.4 (I)
and
Ryo[nm] =2.27 (E, — 519.4)! (I1)

where from (II), on the basis of the Ols binding en-
ergy, one can evaluate the metal-oxygen interatomic
distance Ry.o for samples 1 and 2. Thus, for sample 1
these distances are 0.210 nm and 0.180 nm, respec-
tively, while for the sample 2 — 0.220 nm, 0.180 nm,
and 0.160 nm, respectively.

In the pyrochlore structure A*,B*,0, (or
A2 ALY BY,0,) the A3 cations (A?" and A*") take the
octo-co-ordinated positions relative to oxygen, and two
oxygen anions O are closer to the cation A" than the
other six. The XRD [12] gives the Gd-O distances for
Gd,Zr,0; — 0.228 nm and 0.250 (0.240) nm for
s(d)-pyrochlore (the mean distance for s- and d-
-pyrochlore is 0.2445 nm and 0.2342 nm, respectively).
The B*" anions are located in the octahedral oxygen sur-
rounding and for Gd,Zr,0, the Zr—O distance is
0.209 nm for s-pyrochlore and 0.217 nm for

(@) 540 535 530 525
Binding energy [eV]

Intensity [in arbitrary units]

540 535 530 525
Binding energy [eV]

Figure 7. O1s XPS from: (a) — sample 1, (b) — sample 2

d-pyrochlore. The EXAFS analysis [13] gives almost
the same Gd-O and Zr-O distances: 0.246 nm and 0.216
nm, respectively (for s-pyrochlore). The EXAFS stud-
iesofLa,Zr,0,and La,_ ,Ce,Zr,0,(0<x<0.25) phases
showed that the Zr-O distance in La,Zr,O, is about
0.210 nm and it grows insignificantly (to 0.212 nm) as x
increases to 0.25 [14].

The obtained results show that the Zr-O distance
in pyrochlore (s-pyrochlore with strong superstructural
reflections, i. e. with maximum cation order) is about
0.210 nm to 0.220 nm. It agrees with the distances cal-
culated in this work by formula (IT). Therefore, the dis-
tances Sn-O in sample 1 and Zr-O in sample 2 can be ac-
cepted as 0.210 nm and 0.220 nm, respectively. The
lower Sn-O distance compared to Zr-O, correlates well
with different ion radii in the octahedral oxygen sur-
rounding: 0.069 nm for Sn*" and 0.072 nm for Zr*' [15].

Since the Ols binding energy can be measured
with the accuracy to within 0.1 eV, the interatomic dis-
tances can be also evaluated accurately. As it follows
from eq. (I), the Ols binding energy decreases as the
interatomic distance Ry;_ grows. Therefore, one can
conclude that the value of 0.160 nm is too low to be
observed in ceramics, and it can be attributed rather to
water absorbed on the sample surface.

The low binding energy component of the Ols
XPS from sample 1 associated to Sn-O binding is about 5
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times more intense than the higher binding energy one,
fig. (7a). The lower intense component corresponding to
the distance of 0.180 nm can be attributed to the surface
or impurity oxygen. The other way of interpretation can
be a distortion of the SnOg4 octahedron along the c-axis,
for example, the tetragonal compression due to the un-
equal distribution of the Ca?" and Th*" cations which re-
sults in approaching of one or two oxygen anions O~ to
the central Sn*" ion up to 0.180 nm.

In sample 2 the low binding energy component of
the O1s XPS can be associated with the error during the
Ols peak decomposition, fig. (7b). The second and the
third component of the O1s XPS from sample 2 are asso-
ciated with the oxygen ions from the first co-ordinated
sphere of Zr in ZrO, octahedrons in pyrochlore (R, =
=0.220 nm) and perovskite (R, = 0.180 nm) struc-
tures. The third low intense component apparently must
be associated with surface water. It has to be noted that
e. g., in the ZrO, structure around Zr ion with septenary
co-ordination relative to oxygen, three oxygens are at
0.207 nm, and the other four — at 0.221 nm. The next
closest oxygen not belonging to the first Zr co-ordinating
sphere is at 0.358 nm [16]. For this surrounding the XPS
must consist of the two peaks at 530.4 eV and 529.7 eV
with the intensity ratio of 4/3.

Quantitative analysis results. The increase in
error in the quantitative elemental and ionic analysis of
the samples can be explained by the extra XPS struc-
ture due to the multiplet splitting and secondary elec-
tronic processes (many-body perturbation and dy-
namic effect). The surfaces (~5 nm) of the studied
samples were found to have the following composi-
tion relative to two atoms of tin (sample 1) and two at-
oms of zirconium (sample 2)

Ca0.48Th0.94SH2015.48(0)0110.98(0H7)CI4.46(CH 3— )
C"12(CO3) ()

Cag75(Ca0)Th; 04Zr,0's 86(0)Cay 72
[Ca(OH),]8i; 240"s 2(OH ,Si0,)0™ 06(H20)C'3 36
(CH; )C"16(CO3) )

where 0'(0), 0"(OH", Si0,), and 0"'(H,0)— oxygen
atoms from oxide, hydroxyl group, and water. The sur-
faces of the studied samples may contain impurities of
CO5> groups, which can participate in the formation
of calcium carbonate. The obtained data slightly differ
from the SEM/EDS analysis results for the bulk sam-
ples

Cag 48Thg 04S1,06 46 (1) and
Cag78Thy 042170006 86 (2) — XPS data for the surface,

Cag92Thg 92Sn,04.96 (1) and
Cag 91 Tho g4Z12 507,09 (2) - SEM/EDS data for the bulk.

This difference can be explained by the fact that
the XPS analysis reflects the surface (5-10 nm) com-
position. The XPS shows that calcium on the surface

of the sample 1 apparently presents as Ca(OH), and its
surface concentration is twice lower than the bulk one.

CONCLUSIONS

— Ceramic sample of the calculated composition
CaThSn,0O; is formed by the dominating pyrochlore
phase with the traces of thorianite and hematite,
while the CaThZr,0O; ceramics — by the dominating
pyrochlore phase with the minor admixtures of
thorianite and perovskite. The real pyrochlore phase
compositions determined by SEM/EDS are
Cayg 33Thy.9,Sn,067, and Cag g4Thg 802106 44-

—  XPS study of CaThSn,0; and CaThZr,O ceramics
with pyrochlore structure used as matrixes for the
disposal of long lived high level radioactive wastes
was done. The XPS proved to be an effective
method for the elemental and ionic quantitative anal-
ysis of ceramics used as matrixes for the disposal of
long lived high level radioactive wastes.

—  Onthebasis of XPS parameters of the core and outer
electrons in the binding energy range of 0-1250 eV
the oxidation states of the included metals were de-
termined, quantitative elemental and ionic analysis
was carried out and a conclusion on the
monophaseness of the studied samples was drawn.
The obtained data agree with the X-ray diffraction
and SEM/EDS data.

—  On the basis of the XPS parameters it was found
that tin, zirconium, and thorium in pyrochlore are
atleast 93%-94% tetravalent. The interatomic dis-
tances Sn-O and Zr-O in BOg-octahedrons in
pyrochlore are 0.210 nm and 0.220 nm, respec-
tively, and it is possible that these octahedrons are
tetragonaly distorted.
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NNPOYYABAIBE PEHATEH-UHIAYKOBAHOM ®OTOEJIEKTPOHCKOM
CIIEKTPOCKOIINJOM IINPOXJIOPHUX MATPUKCA
3A OUVIATAILE PAIMOAKTUBHOI' OTITAJA

Y oBOM pajly IpOy4YaBaHU Cy Y30pLM NUPOXJIOpHE KepaMuke. MeToje peHAreH-uHAYKOBaHe
(poTOENEKTPOHCKE CIEKTPOCKONHNje U CKEHupajyhe ejeKTpOHCKe MHUKPOCKOIHUje Iokaszaje cy fAa je
KepaMMUYKK MaTepujal mnpopauyHoM ofapebenor cacrasa CaThSn,O, cdopmupan ca goMHUHAHTHOM
IMIIPOXIOPHOM (pa30M M TparoBUMa TOPHjaHUTA U XeMaTHUTa, KoK y cacraBy CaThZr,0, kepamuke nopen
JAOMHIHAHTHE NUPOXJIOpPHE (paze MMa M MamHX [0faTaka TOPUjaHUTA U NEepoBCKUTa. PeanHu cacrasu
NUpOXIOpHUX (a3a oapebennx opum Metogama cy CagggTh ¢,5n,0¢ 7, 11 Cag g, Th 0 Z1,Og 44. Ha ocHOBY
PEHATeH-NHYKOBaHUX CIIEKTPAJHUX NapaMeTapa eJIeKTPOHA y €JIEKTPOHCKOM OMOTAauy U je3rpy, y ONCery
eHepruje Be3a o 0 eV-1250 eV, yrBpheHo je ma cy Kanaj, [UPKOHUjYM 1 TOPUjyM y IUPOXJIOPY HajMamkhe
93%-94% terpaBanentu. Oapebene Sn-O u Zr-O mebyatomcke ypammeHoctu y BOg-okTaeapuma y
nupoxyopy cy 0.210 nm u 0.220 nm, pecneKTUBHO, 1 MOryhe je fga cy OBM OKTae[pu TETParoHaJIHO
neOpMHCaHH.

Kwyune pequ: peH0ZeH-uHOYKOB8aHa (oilioeseKpoHCKa CUeKIpOoCcKoiiuja, Cllomauitbe U yHypaulte
BaNEHITIHE MOAEKYACKe OpOUTliane, HUpoxXaA0p, 00AaZarbe PAOUOAKTIUBHOZ ONAOA



