Structural investigation of oxygen insertion within the
Ce,Sn,0,—Ce,Sn,0g pyrochlore solid solution by means of
in situ neutron diffraction experiments
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The amazing oxygen exchange properties within the Ce,Sn,0;—~Ce,;Sn,Og pyrochlore solid solution were
investigated by means of in situ neutron diffraction experiments. The structural modification of the Ce,Sn,0-
phase heated under oxygen up to 1000 °C was followed on the basis of the neutron diffraction patterns,
continuously collected with a 5 min counting rate at 2.529 A. The structure of the Ce,Sn,Og pyrochlore phase
has been previously determined at room temperature on the basis of the powder neutron diffraction pattern
collected at 1.594 A. Contrary to the oxygen-intercalated zirconate pyrochlores, oxygen atoms preferentially
occupy a 32e crystallographic site, which is more distant from the Sn** cation than the other interstitial 8a site.
Two kinds of local oxygen defects were identified within the Ce;Sn,Og—,, (0<e<0.05) pyrochlore at 400 °C. The
most stable is a tetrahedron of oxygen atoms (32e site) around an oxygen vacancy (8b site), comparable to the
Willis clusters found in UO, . The other, lying around the 8a site, involves short oxygen—oxygen distances
and constitutes a new type of oxygen cluster around tin atoms. In addition to the successive disappearance of

these local defects from 400 °C to 700 °C, cerium deinsertion was detected above 500 °C. This leads to new
cerium deficient Ce,_Sn,O,, phases, which exhibit structural changes. The oxygen storage capacity (OSC) of
the Ce,Sn,0; pyrochlore was thus detailed by considering the successive insertion/deinsertion reactions and the

Ce-Sn-O phase diagram.

1 Introduction

The pyrochlore structure is adopted by a large number of
ternary oxides with the A,B,O; chemical formulation.’
Although a lot of studies have been devoted to pyrochlores
exhibiting vacancies on the A and/or O sites,”™* oxygen
overstoichiometry had not been reported until recent works.
For the first time, Thomson ef al.> carried out the chemical
intercalation of oxygen within the cerium(in)-based Ce,Zr,O5
pyrochlore, and characterised an oxygen-rich pyrochlore-type
phase. The Ce(u,iv),Zr,07 3¢ composition was thus obtained
after mild oxidation of the stoichiometric zirconate at room
temperature in a 0.5 M sodium hypobromite solution. The
oxygen interstitial sites were determined by the authors on the
basis of neutron diffraction experiments. They remarked that
the sites around the Zr** cation were the most favourable for
oxygen insertion because of the chemical nature of zirconium.
They furthermore characterised the oxygen sublattice reorga-
nisation, and explained it by considering the convergence of the
ionic radii of the two cations after Ce®* oxidation. In the same
way, EXAFS studies of the Zr K-edge of [La(m);_,Ce(1v),]»-
Zr,07, . pyrochlores confirmed that the local coordination of
Zr** shifted from 6 to 7 with oxygen insertion.’ In addition,
the CeO,—ZrO, system, which had been extensively studied by
Collongues et al.,’ was recently reinvestigated by evolved-
oxygen gas analysis (EGA) to clarify the oxygen exchange
properties of several intermediate phases.® The authors
identified a CeZrO,4 phase (i.e. Ce,Zr,Og), with a structure
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close to that of the pyrochlore, but with several diffraction lines
not allowed by the Fd3m space group. The oxygen mobility
within this phase was remarkably enhanced compared to that
in the disordered tetragonal CeZrO, phase. In a previous
paper, we reported the synthesis of the new Ce,Sn,O5
pyrochlore.” Thermogravimetric experiments highlighted
interesting insertion/deinsertion behaviours inside this pyro-
chlore phase upon calcination. The new oxygen-intercalated
Ce,Sn,0g pyrochlore phase was thus obtained at 400 °C under
oxygen flow. This new compound exhibits oxygen under-
stoichiometry from 400 to 700 °C. Furthermore, this reaction
seems to be in competition with cerium oxide segregation at
high temperature, leading to the formation of new cerium
deficient pyrochlore phases. In situ neutron diffraction
experiments were undertaken in order to determine the
oxygen insertion sites and the insertion/deinsertion reactions
involved. This paper presents the results of these structural
investigations. The major differences between the reactivity of
cerium(i) stannate and zirconate towards oxygen will be
pointed out.

2 Experimental

The preparative methods for the Ce,Sn,O; and Ce,;Sn,Og
pyrochlore phases were described in a previous publication.’
The samples were stored in sealed silica vials in order to avoid
hydration and carbonation.

Thermogravimetric measurements were carried out on a
TAG-24 symmetrical Setaram thermobalance which compen-
sates for Archimedes’ force. The experiments were carried out
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under oxygen flow, the heating and cooling ramps being
systematically 3°Cmin~'. The room temperature powder
neutron diffraction pattern of the Ce,Sn,Og phase at
4=1.594 A was recorded on the CRG/D2B (CNRS) beam
line at the Laue-Langevin institute (ILL). Additional in situ
experiments at 2.529 A were performed on the DIB station.
For the latter, 5 g of the Ce,Sn,0; sample was poured into a
silica tube of 20 mm in diameter, tightly connected to a gas
ramp, and evacuated for 1 h at room temperature. The sample
holder was introduced inside a specially designed furnace
mounted on the diffractometer. The transmitted beam was
analysed by means of a multidetector covering 80°. The
2.529 A wavelength, selected by the (002) reflection of a
pyrolytic graphite monochromator, provides a high neutronic
flux (6.5x10°nem™2s™Y), in such a way that the diffraction
patterns could be continuously collected in 5 min with
sufficient statistics.

The "°Sn NMR spectra of Ce,Sn,Og were recorded on a
Bruker MSL 200 spectrometer (4.7 T magnet) operating at
74.5 MHz. MAS spectra were undertaken at various spinning
speeds up to 15 KHz, by means of a single pulse sequence with
phase cycling. Relaxation times were estimated with a
saturation sequence. SnO, was used as a secondary reference
for the ppm scale (—604.3 ppm with respect to Me,Sn).

3 Results and discussion

The oxygen exchange properties of the Ce,Sn,O; phase were
characterised by thermogravimetric experiments under O,
(Fig. 1), as previously described.’

3.1 Structural characterisation of the Ce,Sn,Og pyrochlore

3.1.1 Rietveld-type structural refinements. Room tempera-
ture X-ray and electron diffraction experiments led us to assign
the pyrochlore structure to the Ce,Sn,Og phase.” Rietveld-type
structural refinements were carried out on the basis of the
room temperature neutron diffraction pattern collected at
4=1.594 A. This presents 73 independent reflection lines
among which 51 are exploitable according to their resolution.
Rietveld-type structural refinements were performed by means
of the FullProf program.'® The background function results
from the linear interpolation of 26 arbitrarily selected points.
The origin shift is calculated from the unit cell parameter of
Ce,Sn,0g, which was previously refined on its X-ray diffraction
pattern. The intensities were calculated by means of a pseudo-
Voigt function, the width of the reflection lines varying
according to the function determined by Caglioti er al.'' The
structural variables were refined simultaneously, except the
oxygen thermal parameters which were set to unity. These were
refined afterwards, the occupancy factors and positional
parameters then being fixed, because of their strong correlation
with the other variables. Under these conditions, the number of
refined parameters, N=16 is rather small in comparison with
the number of independent reflections. We first verified that the
cerium and tin cations remained on their regular 16d (1/2,1/2,
1/2) and 16¢ (0,0,0) sites, respectively, no cationic site disorder
being observed. It should be pointed out that the origin is not
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Fig. 1 Thermogram of Ce,Sn,O; under oxygen flow.” Solid line:
oxidation up to 1000 °C, with an intermediate 3 h stage at 400 °C, and
cooling to room temperature. Dotted line: cooling to room temperature
after the intermediate stage.

pyrochlore structure was then used as a starting model for
the refinement. The various insertion sites within the pyro-
chlore network (8a, 32¢) and the possible rearrangement of the
oxygen subarray were then tested. Table 1 groups the different
structural models considered during the refinement, together
with the associated number of refined parameters (V) and the
corresponding Rietveld reliability factors. The final atomic
coordinates, site occupancies, thermal parameters and intera-
tomic distances are detailed in Table2. The observed,
calculated and difference profiles are plotted in Fig. 2.

The 32e (x=1/4) crystallographic site corresponds to the
cationic vacancies eight-fold coordinated to oxygen in the
parent fluorite structure (space group Fm3m). The 8a (1/8,1/8,
1/8) site is related to the vacancies created on the oxygen
subarray of fluorite to obtain the pyrochlore structure. In
contrast to the Ce>Zr,07 36 pyrochlore,5 a 32e interstitial site
seems to be the most favourable for oxygen insertion: 25% of
the 32e (0.290,0.290,0.290) crystallographic sites are found to
be occupied by oxygen atoms. This corresponds to one oxygen
per formula unit, leading to the formal composition Ce,Sn,Og
[Table 1, row (3)]. However, the refined oxygen occupancy in
the 8b site shifts from 1 to 0.75 [Table 1, row (4)]. Indeed, it can
be remarked that an 8b (3/8,3/8,3/8) site is surrounded by a
tetrahedron of 32e sites, which were displaced from the normal
site (1/4,1/4,1/4) towards the 8b site. As the distance between 8b
and 32e sites is very short (d=1.55A), it can therefore be
inferred that the oxygen atoms inserted in 25% of the 32e sites
form regular tetrahedra around the 8b sites, which are
unoccupied. This oxygen cluster model is in good agreement
with the refined occupancy of the 8b site, as the insertion of 1
oxygen per formula unit in 32e sites results in the occurrence of
vacancies in 25% of the 8b sites. This kind of local defect has
already been observed by Willis in the UO,, , overstoichio-
metric fluorite phases.'> In contrast to Zr**, which is
preferentially seven-coordinate in oxides such as monoclinic
zirconia, Sn** is only known in octahedral coordination. This
explains why oxygen is more likely to be inserted in the 32e site

the same as that chosen by Thomson.” The Ce,Sn,O,

of the stannate pyrochlore, rather than in the 8a site which is at

Table 1 Structural refinement of the Ce,Sn,Og phase based on its room-temperature neutron diffraction pattern: evolution of the Rietveld reliability
factors with the different structural models considered to describe oxygen insertion

Chemical formulation R, (%) Ryyp (%) v Rg (%) N
(1) Ce,'%48n,10cQ4 40 O, 80 28.5 27.7 8.74 20.34 8
(2) Ce,'%48n, €O O, 80O, 82 38.4 39.6 17.8 30.32 8
(3) Ce, 048, 16cQ4 40, 800 32¢ 21.2 19.0 4.09 12.89 9
(4) Ce,'%48n,10c0x* (1) Oy 75520 9932 19.4 17.0 3.30 10.92 11
(5) CC216d5n216CO4_764XM)00'1548““)01.2548f(m)00.758b01_05326 13.6 12.1 1.66 4.79 16
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Table 2 Final refinement: structural and thermal parameters for Ce,Sn,Og

Atom Site xla yla zla Biso/A? Occupancy N
Ce 16d 12 12 12 1.03(8) 2
Sn 16¢ 0 0 0 0.30(5) 2
0Ol 8b 3/8 3/8 3/8 0.67(14) 0.75(2)
02 32e 0.2864(5) 0.2864(5) 0.2864(5) 0.34(14) 1.05(2)
03 481(i) 0.3302(5) 1/8 1/8 1.05(3) 4.76(9)
04 481{(ii) 0.1506(91) 1/8 1/8 2.00(69) 0.15(2)
05 48f{(iii) 0.3706(19) 1/8 1/8 0.97(14) 1.26(7)
R, (%) Ry, (%0) Rexp, (%) Va Ry (%) 20cc.=7.97
13.6 12.1 9.36 1.66 4.79
Bond Ce-Ol Ce-02 Ce-0O5 Sn-03 Sn-O4 Sn-0O5 04-05
dIA 2.284 2.317(2) 2.311(5) 2.048(2) 2.139(29) 2.258(6) 2.321(48)

the center of a Sn*™ tetrahedron. Furthermore, the coordina-
tion of Ce shifts from (24 6) to (4+ 6) around this local defect,
as one 8b coordinating oxygen is replaced by three 32e atoms
on the side of the tetrahedron (Fig.3). This description
concerns 50% of the cerium atoms, the other half remaining
in their initial (24 6) coordination mode.

At this stage of our refinement, the chemical formulation is
Ce,Sn,07.75, which is inconsistent with the results of the
thermogravimetric analysis. Actually, the refinement reveals
the presence of a small atomic density around the 8a sites,
associated with the displacement of part of the normal oxygen
atoms in 48f (x,1/8,1/8) sites towards a less relaxed position
(x3,1/8,1/8), x3> x| [Table 1, row (5)]. Indeed, the 8a position is
surrounded by an octahedron of O~ ions (48f sites), and a
tetrahedron of Sn** ions (16c sites). Introducing an oxygen
atom around the 8a site will therefore imply the relaxation of
the surrounding ones in 48f sites due to the electrostatic
repulsion (Fig.4). The best fit between experimental and
calculated data was obtained by placing the interstitial oxygen
between the 8a (1/8,1/8,1/8) and 48f (x3,1/8,1/8) sites, ie. in
another 48f site (x,,1/8,1/8) with 1/8 < x, <x3;. We also verified
that when the interstitial atom was fixed into the 8a site, its
occupancy parameter returned to zero. Three kinds of oxygen
atoms in 48f sites are then obtained within the Ce,Sn,Og
structure (Table 2): (i) those in the normal 48f site (0.3302(5),1/
8,1/8) which is close to the original one (0.3311(2),1/8,1/8)
within the Ce,Sn,0; pyrochlore, (ii) the oxygen inserted near
the 8a site (0.1506(91),1/8,1/8), and (iii) the nearest (i) oxygen
atom which relaxed from its normal position [x=0.3302(5)] to
a more distant one [x=0.3706(19)]. As the latter 48f(iii) oxygen
position is displaced towards cerium, it enters the first
coordination sphere of cerium (Table 2). The coordination of
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Fig. 2 Experimental (crosses) and calculated (solid line) neutron
diffraction profiles for the Ce,Sn,Og pyrochlore. The lower line is
the difference function.

cerium thus shifts from (2+6) to (3+5) around this local
defect, or (4+4) if two defects are close together.

Fig. 5 describes the new coordination polyhedron of tin,
whose local coordination becomes [3(2.05 A)+1(2.14 A)+
3226 A)] around this defect. The short 04-O5
distance (d=2.32 A) involved by the insertion of O4 is out-
lined. The shift of the local coordination of tin from six to seven
can be explained, from a steric point of view, by this
short distance which could account for a slight interaction
between the oxygen atoms involved. The same explanation
was given for the unusual coordination numbers of some
peroxo complexes, such as [Mo(O,)4*~,"* where the O-O dis-
tances are much smaller (ca. 1.5 A). The refined occupancies of
the 48f sites agree with our structural model, as the
N[48f(i1)] : N[48f(iii)] ratio (Table?2) is substantially lower
than 1:1 (1:6 theoretically). This implies that the occurrence
of the interstitial O4 oxygen atom affects the six OS5 atoms
which are displaced from their normal O3 positions. It can also
be inferred that the former are delocalised on the 6 equivalent
48f(ii) sites present within this octahedron. However, taking
into account the low accuracy of the 48f(iii) occupation number
(Table 2), it is difficult to go into further detail. According to
the low x, value, close to 1/8, it can be asserted that a single
atom is inserted within an O5 octahedron, whether delocalised
or not. As the latter is situated in an Sn** tetrahedron as
mentioned earlier, this defect concerns about 30% of the tin
atoms. It has to be pointed out that the O4 positional
parameter is less accurate than the others, and that its Debye—
Waller factor is unusually high. The delocalisation of O4
atoms, inducing the dynamic relaxation of the others in 48f
sites, could be the origin of these features. Willis'> has
encountered the same phenomenon with one of the interstitial
oxygen atoms in the UO,, , fluorite-type oxide.

3.1.2 'Sn MAS-NMR spectroscopy. We have shown that
an appreciable amount of interstitial oxygen atoms lie around
the 8a site of the Ce,Sn,Og phase. According to our model, the

Fig. 3 Local environment of cerium around the 32e oxygen defect,
within the Ce,Sn,Og pyrochlore.
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Fig. 4 Local environment around the 48f(ii)/8a oxygen defect within
the Ce,Sn,Og pyrochlore. The arrows show the influence of the inserted
48f(ii)) atom on 48f(i) and 48f(iii), according to our structural
investigations.

30% of the Sn** cations which surround this defect are
unusually  [3(2.05 A)+1(2.14 A)+3(2.26 A)]  coordinated.
"9Sn NMR spectroscopy was thus carried out in order to
confirm such a local environment of tin in the pyrochlore
network.

The static NMR spectrum of the Ce,Sn,Og phase presents
two relatively narrow resonance bands; at 15 KHz they are
reduced to the two corresponding isotropic bands, with no
spinning sidebands (Fig. 6). The chemical shift of the most
intense band (—670 ppm with respect to Me4Sn) is close to
those reported for the single bands of the diamagnetic
stannates, i.e. La,Sn,O; (—642 ppm), Lu,Sn,O; (—562 ppm)
and Y,Sn,O; (—582 ppm).'* This band thus corresponds to
Sn** cations which are in distorted octahedral coordination
spheres (Dsq), identical to those found in stoichiometric
Ln,Sn,0; pyrochlores. The other band (—872 ppm with
respect to Me4Sn), which is shifted out of the diamagnetic
stannates domain, reveals the presence of a different environ-
ment for part of the Sn** cations within the Ce,Sn,Og
pyrochlore. Its chemical shift with respect to the first band
(—202 ppm) implies either an interaction with an unpaired
electron (Fermi contact), or a modification in the Sn**
environment. However, the spin-lattice relaxation times of
the two bands are close (ca. 1 s), therefore the first possibility is
ruled out. Furthermore, the ''Sn NMR studies of organo-
stannic compounds provide a set of remarkable data for
tetravalent tin in various coordination modes. Indeed, it
appears from the MAS-NMR studies of Reuter et al.'> and
Kiimmerlen ez al.'® that the addition of one oxygen atom to the
coordination sphere of tin results in a change in the chemical
shift by —150 to —250 ppm. Thus, assuming that the ionicity
difference in Sn—O bindings from organostannic phases to
oxides introduces an overall displacement of the chemical shifts
but doesn’t modify their evolution with the Sn** coordination
number, it can be concluded that the resonance line situated at
—872 ppm with respect to MesSn characterises a seven-
coordinate Sn** cation. On the other hand, the integration
of the bands proves that the latter concerns exactly 30% of the
tin atoms within the Ce,Sn,Og pyrochlore (Fig. 6). Those

2.32(5) A*
® Sn 2.258(6) A <78a
O[48f(i)]
O[48f{ii))] *
i 2.04802) A—" 60(5) A
@ oussiii 21403) A

Fig. 5 Modification of the local environment of tin (30%) around the
48f(ii)/8a defect. The shortest O-O distances are outlined (¥).
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Fig. 6 '"°Sn MAS-NMR spectrum of Ce>Sn,Os (single pulse sequence;
spinning speed: 15 KHz; referenced to Me4Sn).

spectroscopic results are thus in perfect agreement with the
structural refinements based on neutron data.

3.2 Investigation of oxygen exchange phenomena in the
Ce,Sn0,—Ce,Sn, 05 pyrochlore solid solution

The structural evolution of the Ce,Sn,O;—Ce,Sn,Og pyro-
chlore solid solution versus oxygen stoichiometry was con-
tinuously followed from 25 to 1000 °C. An initial diffraction
pattern of Ce,Sn,O; was recorded under vacuum at room
temperature for reference. Standard oxygen was then intro-
duced into the circuit, its partial pressure being fixed at 1 atm,
and the sample was subsequently heated. The temperature
profile adopted for these in situ neutron diffraction experiments
was the same as that employed for the thermogravimetric
analysis presented in Fig. 1. However, the stage at 400 °C was
longer in the former experiments (5h), because it involved
larger amounts of products. We nevertheless observed that the
diffraction patterns collected every 5 min did not change after
3 h. The crystal structure analysis was undertaken with the
same procedure as for the refinement of the room temperature
neutron diffraction pattern. However, it should be pointed out
that, given the 1=2.529 A wavelength used, the number of
experimental points and exploitable peaks is greatly reduced
(N=12). We therefore limited the refined variables to the
structural and thermal ones, all the others being determined
and fixed at room temperature by considering the parameters
of the Ce,Sn,05 reference diffraction pattern.

An initial Rietveld-type refinement was carried out by
considering the neutron diffraction patterns accumulated in the
last 50 min of the heating stage at 400 °C. Despite its lower
accuracy, this refinement leads to the same results as those
obtained from the room temperature neutron diffraction
pattern of Ce,Sny,Og. It should be noted that the slight
oxygen shift from room temperature (Ce,Sn,Og) to 400°C
(CerSn07.9;) detected by thermogravimetric analysis (Fig. 1)
cannot be confirmed by these refinements, given the uncertain-
ties in the crystallographic site occupancies.

The structural modification of the Ce,Sn,O;—Ce,;Sn,Og
pyrochlore solid solution versus oxygen stoichiometry was
then continuously followed from 400 to 1000 °C. Because of the
low statistics, the thermal parameters were fixed to the values
refined at 400°C, which already presented low accuracy.
Rather than the structural parameters (unit cell parameter and
site occupancies) absolute values, whose uncertainty increases
with temperature, it is their evolution along the thermal cycle
which provides useful information (Fig. 7, 8).

We have already characterised the reversible oxygen
deinsertion from the Ce,Sn,Og pyrochlore in the 400-500 °C
domain. Thermogravimetric experiments highlighted the
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bivariant redox equilibrium associated with reaction (1):

Ce(1v),Sn,0g=Ce(11,1v),Sn,05_5+06/20,
(0 < 5 < 0.25) (1)

The partial reduction of Ce*™ to Ce®* is characterised by the
increase of the unit cell parameter above 400 °C (Fig. 7). The
oxygen atoms inserted near the 8a site are mainly involved in this
reaction, as the occupancy numbers of the 48f(ii) and 48f(iii)
oxygen atoms tend to zero, while that of 48f(i) returns to 6
(Fig. 8). Oxygen clusters in 32e sites are thus the only local defect
within the Ce,;Sn,05 75 pyrochlore obtained around 500 °C.

The Ce,Sn,Og pyrochlores heated for several hours near
700°C present a colour change from yellow to green. We
remarked that the X-ray diffraction patterns of the samples
recovered at room temperature indicated a structural mod-
ification of the pyrochlore, associated with the appearance of
CeO, as an impurity phase.” Thus, additional reflection lines,
which are incompatible with the F Bravais mode of the Fd3m
space group, but allowed in a primitive cubic unit cell, were
detected at low angles. Furthermore, the unit cell parameter of
the product recovered at room temperature decreases com-
pared to that of Ce,Sn,Og. Fig. 8 indicates that a cerium
deinsertion reaction actually interferes with reaction (1).
Indeed, the 16d site occupancy notably decreases above
600 °C (Fig. 8), and it is formalised by reaction (1'):

Ce; (11,1v)Sn, 05 _ s> Cey_ (111, 1v)Sn, Og _ 52
+xCe0; (x<(1-90)/2) (1)

However, this reaction involves a partial reduction of Ce*™*
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Fig. 8 Evolution of the crystallographic site occupancies within the
cerium stannate pyrochlore under O, from 400 to 850 °C.

within the pyrochlore phase, so that equilibrium (1) should be
displaced toward the oxidation of cerium. Thus, a combination
of reaction (1") and the reverse of (1) leads to reaction (2):

Ce, (111,1v)Sn,Og _ 5 +x0, —Ces _ (111, 1v)Sn, Og 5
+xCeO; (x<5/2) ?2)

As reaction (2) implies a mass gain, it explains the slope change
of the TGA curve around 500°C. It also involves Ce’™"
oxidation, so that the higher extent of cerium deinsertion is
reached when x=0/2, as all the cerium is tetravalent. It can
therefore be concluded that the pyrochlore with the largest
amount of vacancies which can be obtained through reaction (2)
has the Ce; s**Sns** Q5 chemical formulation, assuming 5 <1.
The contraction of the structure due to Ce** oxidation and its
deinsertion is detected above 630 °C, as reaction (2) becomes
predominant over reaction (1).

Reaction (2) is irreversible and kinetically governed, in
contrast to the reversible reaction (1), which is governed by
thermodynamics. Thus, the oxygen loss is not reversible when
reaction (2) interferes, as a noticeable mass gain appears dur-
ing the heating stage, its extent depending upon time and
temperature. Furthermore, the oxygen stoichiometry does not
return exactly to Og as the temperature decreases, which
demonstrates that the oxidation reaction (3) does not go to
completion.

Ce(11,1v)2—xSny0g_5+ (0 —2x) /20,=
Cer_(1v)Sn, 055,  (x < 3/2) 3)

The A-site lacunar pyrochlore recovered at room temperature
therefore presents a Ce*T/Ce®™ mixed valence. This
was confirmed by means of magnetic measurements and UV-
VIS diffuse reflectance spectroscopy which revealed that the as-
prepared samples were paramagnetic and presented an
intervalence band which accounts for their colour change. It
should be noted that, in contrast to the room temperature
X-ray diffraction experiments, the additional diffraction lines
are not detected along the heating ramp by in situ
neutron diffraction experiments. The reorganisation of the
lattice would thus occur upon cooling, as the sample is
reoxidised.

The chemical formulation of the pyrochlore obtained from
reaction (1) and (2) at 700 °C is close to Ce; 75Sn,05, according
to Table3. The composition of the mixture (Ce ;s
Sn,07+40.25Ce0,) then agrees with the oxygen stoichiometry
given by the thermogravimetric analysis (Fig. 1). The remain-
ing 8b and 48f oxygen sites corresponding to the normal sites of
the stoichiometric pyrochlore should be more stable. However,
we can not exclude a few oxygen 8b vacancies induced by the
cerium ones. The evolution of the product is therefore driven
by a type (2) reaction, with é=1:

Cey 75(11,1v)Sn,07 + xO, —»Cey 75 (111, 1v)Sn, O
+xCeO, (x<1/4) (2)

This reaction is characterised by the first mass gain observed
from 700 to 900°C (Fig. 1). The O ;5 oxygen stoichiometry
at 900°C corresponds to the (Cej5Sn,07+0.375Ce0O,)
mixture. The neutron diffraction experiments gave the
Cej 555n,07 chemical formulation at 900°C (Fig. 8), but
with a low accuracy. This is due to the large quantity of the
CeO, segregated phase and the high value of the Debye—
Waller factors, which lead to a widening of the diffraction
lines intensity. The Ce; sSn,0O; theoretical composition which
can be obtained through reaction (2) should be reached by a
heating stage in this domain.

The decomposition of the A-site lacunar pyrochlore was
detected above 900 °C by in situ neutron diffraction experi-
ments, and is related to the last mass gain on the thermogram
(Fig. 1) according to reaction (4)
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Table 3 Crystallographic site occupancies and unit cell parameters of the cerium stannate pyrochlore under oxygen at selected temperatures,

calculated from powder neutron diffraction data

452°C 502°C 551°C 600°C 650°C 699°C
alA 10.5648(5) 10.5870(6) 10.5963(6) 10.6011(8) 10.5984(10) 10.5863(16)
Occupancy
Ce(16d) 1.97(2) 1.94(3) 1.92(3) 1.89(5) 1.79(6) 1.7209)
Sn(16¢) 2 2 2 2 2 2
O(8b) 0.75(1) 0.76(2) 0.77(2) 0.79(3) 0.87(4) 0.94(6)
0O(32e) 0.91(2) 0.76(2) 0.66(3) 0.50(5) 0.23(7) 0.01(11)
O[481(1)] 5.30(5) 5.87(6) 6 6 6 6
O[48f{(i1)] 0.11(2) 0 0 0 0 0
O[48f(iii)] 0.68(4) 0.06(5) 0 0 0 0
Reliability factors
R, (%) 13.7 159 15.7 17.4 19.3 25.6
Ry, (0) 9.27 10.9 12.7 12.1 14.0 19.1
Rexp (%) 5.92 5.92 5.96 6.09 6.19 6.26
Rg (%) 5.34 4.66 5.57 5.93 7.87 13.5

Ce1.625Sn,07+0.1250,—-1.625CeO;, +2Sn0O, (4)

As for reaction (2), it should be noted that given its kinetic
nature, this decomposition should start at a temperature lower
than 900°C, although this was not detected by in situ
measurements.

4 Conclusion

The Ce,Sn,0;—Ce,Sn,Og pyrochlore solid solution exhibits
high oxygen exchange at low temperature, as was already
observed in the homologous cerium zirconate system. The
amazing oxygen exchange properties of the Ce,Sn,O; pyro-
chlore, characterised by thermogravimetric experiments, were
related to the structural evolution of the phase. Room
temperature neutron diffraction experiments allowed us to
determine the oxygen insertion sites within the Ce,Sn,Og
pyrochlore. It appeared that two kinds of oxygen defects were
created inside the pyrochlore matrix upon oxygen insertion.
The major one is a tetrahedron of oxygen atoms in 32e sites
associated with an 8b vacancy, comparable to the Willis
clusters found in UO, . .. The other is situated close to 8a sites
and implies that the local coordination of part of the Sn**
cations (30%) shifts from six to seven. This unexpected result
was confirmed by a ''’Sn MAS-NMR study of the Ce,Sn,Og
phase. In situ neutron diffraction experiments were then carried
out in order to follow the evolution of the previously

(6]

Ce A: CeZSnZOg, B: C625n207, C: CeZSnzO7_50, Sn
D:Ce1758m07, E:Ce;75Smy0750, F:Ceys50Sn;07

Fig. 9 Detail of the schematic Ce-Sn-O ternary diagram.
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characterised oxygen defects along the thermal cycle. The
Rietveld-type structural refinements outlined two successive
deinsertion reactions. An initial reversible oxygen deinsertion,
which is thermodynamically driven, occurs above 400 °C: it
appears that the oxygen cluster in the 32e site remains the most
stable interstitial species with respect to temperature. This is
followed by a second irreversible kinetic ceria phase separation
above 500 °C, which explains why the Ce,Sn,Og_s pyrochlore
is only stable through thermal cycling up to this temperature.
All of the reactions involved along the thermal cycle were
replaced within the ternary diagram given in Fig. 9. It can be
emphasised that the compositional domain of the lacunar
pyrochlore above 400 °C lies within the (A,C,D,F) quadrilat-
eral, the chemical formulation depending on the heating rate.
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