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Abstract

Apatite silicates are attracting significant interest as potential SOFC electrolyte materials.
They are non-conventional oxide ion conductors in the sense that oxide ion interstitials,
rather than vacancies, are the key defects. In this work we compare the structures of
Lag ¢Si¢0264 and LagSr,Si0y6, both before and after hydration in order to gather
information about the location of the interstitial oxide ion site. Neutron diffraction
structural studies suggest that in the as-prepared LagSr,SisOy6 and hydrated LagSr,SicOs,
the interstitial oxide ion sites are close to the apatite channel centre. For Lag S1¢026.4, a
similar site close to the channel centre is observed, but on hydration of this particular
sample, the interstitial site is shown to be significantly displaced away from the channel
centre towards the SiO4 units. This can be explained by the need for additional
displacement from the channel centre to accommodate the large amount of interstitial
anions in this hydrated phase. The solid state *’Si MAS NMR spectra are shown to be
very sensitive to the different speciation exhibited by the LagSr,SisOy¢ and LagSr;SigOx6
systems, with the former being dominated by regular SiO4 framework species and the
latter being dominated by interruptions to this network caused by cation vacancies and
interstitials. The corresponding 'O MAS NMR study identifies a strong signal from the
O atoms of the SiO4 groups, thus demonstrating that all of the O species in these systems
are exchangeable O under heterogeneous gas phase conditions. In addition, interstitial O
species attributed to pendant OH linkages on the Si positions are clearly identified and
resolved, and these are removed on dehydration. This observation and assignment is

corroborated by corresponding 'H MAS NMR measurements.
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Overall the neutron diffraction work indicates that the interstitial site location in these
apatite silicates depends on the anion content with progressive displacement towards the
Si04 tetrahedra on increasing anion content, while the observation of exchangeable O on
the SiO4 groups is consistent with prior modelling predictions as to the importance on the

silicate units in the conduction process.

Keywords: apatite, hydration, solid state NMR, neutron diffraction
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1. Introduction

The increasing concerns regarding greenhouse gas emissions and diminishing fuel
reserves are driving considerable interest in the development of fuel cell technology. In
terms of such technology, polymer based fuel cells are the dominant system for transport
and portable applications, while Solid Oxide Fuel Cells (SOFCs) are being targeted for
stationary power generation. In terms of the electrolyte adopted for SOFC systems,
traditionally research has focused on perovskite and fluorite systems, with the most
widely researched in terms of applications being the fluorite-type materials ZrO, doped
with Y,03 (YSZ) or Sc;03 (ScSZ), and CeO, doped with Gd,0; (CGO) [1,2]. The key
defects in these fluorite systems are oxide ion vacancies which are introduced on partial
substitution of Zr*"/Ce*" by a trivalent rare earth, and conduction then proceeds via a
vacancy hopping mechanism. More recently there has been growing interest in new
structure-types displaying high oxide ion conduction. In this respect, apatite-type rare
earth silicates and germanates have attracted considerable interest, following the
identification of high oxide ion conductivity in the silicates by Nakayama et al., and
subsequently in analogous germanates by Arikawa et al. [3-5]. Since the discovery of
high oxide ion conductivity in these apatite systems, there has been considerable interest
in understanding their conduction mechanisms as well as in doping strategies to optimize
the conductivities [6-57]. The ideal apatite stoichiometry can be written A;9(MO4)cO, (A
= rare earth/alkaline earth; M = Ge, Si), and their structure can be viewed as a A4(MO4)e
framework (consisting of corner linked MO, tetrahedra and AOg trigonal metaprisms),
with the remaining AsO; units within the “channel” of this framework (figure 1) [23, 24].

The variation in the size of the A¢O, “channels” can be correlated with variations in the
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AO¢ metaprism twist angle [23]. For high oxide ion conductivity, interstitial oxide ion
defects are required, which can be achieved through increasing the oxygen content or the
introduction of cation vacancies (the latter enhancing Frenkel defect (i.e. displacement of
ions off their normal site into interstitial sites) formation). While for the apatite
germanates, there is general consensus regarding the location of the interstitial site
(neighbouring the GeOy4 units) [24, 25, 37, 40, 46, 47], for the silicates, a range of sites
have been reported [7, 11, 15, 29, 30, 31, 35, 36], although there is growing support for a
location closer to the channel centre [7, 35, 36, 43]. One of the difficulties with locating
these interstitial sites is the generally low levels of oxygen in these sites, especially for
the silicates, where prior studies have suggested a maximum limit close to 0.5 O per
formula unit [35]. In previous work on germanate apatites, we have shown that the
interstitial oxygen content can be increased through water incorporation [33], and we
have been extending this work to examine the ability of the silicate apatites to
accommodate water. These initial studies suggested low levels of water incorporation in
cation stoichiometric apatite silicates, e.g. LagixA,xSicO26x2 (A = Ca, Sr, Ba), while
higher levels were observed in systems which contain oxygen excess and cation
vacancies, i.e. Lag13xSi¢02613x2. This initial work suggested, in particular, that for x >
0.17 significant (> 0.5 O per formula unit) water incorporation was observed. In this
paper, we report a neutron diffraction and solid state NMR study examining the effect of
such water incorporation in the two systems, LagSr,Sis026 and Lag ¢Si¢O26.4. In particular,
we have analyzed the effect of water incorporation on the structure, and the location of

the interstitial oxide ion site.
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2. Experimental

Lag 6Sis0y64 and LagSr,SigO,¢ were prepared as follows. High purity La,O3;, SrCO;
and SiO, were ground together in the correct stoichiometric ratio and heated for 12 hours
at 1350°C, with a second firing at 1350°C-1400°C for a further 12 hours. Between firings
the sample was reground to ensure a homogeneous mixture. Phase purity was established
through X-ray powder diffraction (Bruker D8 diffractometer with Cu K, radiation =
1.5406 A).

For the water incorporation, half of each sample was heated in water in a hydrothermal
vessel (model 4749 Parr digestion vessel with 23 ml capacity) at 200°C for 48 hours, as
described previously [33]. The water contents were assessed through thermogravimetric
analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). The TGA experiments were
carried out in N, with a heating rate of 10 °C/min up to 700 °C.

In order to gain additional information on the thermal stability of the water in the
apatite structure, the hydrated Lag SisO264 sample was investigated further through high
temperature X-ray diffraction, utilising a Bruker D8 diffractometer. Measurements were
made between 50 and 550 °C in air.

The structures of both as prepared and hydrated LagSisOz4 and LagSr;SigOoe
samples were determined by Rietveld refinement using neutron diffraction data. Room
temperature data for as prepared LageSicOz64 and LagSr;SigOz, and hydrated
Lag 6Sis064 samples were collected on diffractometer HRPT at the SINQ, Paul Scherrer
Institut while room temperature data for hydrated LagSr,SigO,¢ were collected on the
HRPD diffractometer, ISIS, Rutherford Appleton Laboratory. All structural refinements

employed the GSAS suite of Rietveld refinement software [58].
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All ¥Si MAS and CPMAS NMR measurements were performed at an external By field
of 9.4 T using a Bruker DSX-400 spectrometer operating at a >’Si Larmor frequency of
59.61 MHz. Each MAS and CPMAS NMR experiment was undertaken using a Bruker 4
mm dual channel (HX) MAS probe in which MAS frequencies (v;) of 12 kHz were
achieved. The *’Si pulse time calibration was performed on a sample of solid kaolinite
where a m/2 pulse width of 4 us was measured, and the reported 2’Si MAS NMR data
were acquired using single pulse (Bloch decay) experiments with high power 'H
decoupling (B; = 50 kHz) during acquisition. A 7/4 excitation pulse of 2 us and a recycle
delay of 30 s were common to all measurements and provided a quantitative description
of the Si speciation, although checks with longer recycle delays of up to 120 s were also
undertaken. For the ?Si CPMAS measurements an initial 'H /2 time of 4 us and a
Hartmann-Hahn contact period of 5 ms were also calibrated on the kaolinite sample, with
a recycle delay of 5 s being used. All ’Si chemical shifts are reported against the primary
TMS solution reference (6 0.0 ppm) via the secondary kaolinite solid reference (6 —92.0
ppm).

The corresponding 'O and '"H MAS NMR measurements were performed on ''O
enriched samples at an external By field of 14.1 T using a Bruker Avance II-600
spectrometer operating at ''O and 'H Larmor frequencies of 81.30 and 600.13 MHz,
respectively. Since, the natural abundance of 'O is very low, it is important to enrich the
samples prior to measurement of the '’O NMR. To achieve 'O enrichment, the samples
(1g) were initially hydrated (0.5 cm® 90 % 'O enriched water) under hydrothermal
conditions (200°C, 48 hours) as described earlier. These 'O MAS NMR experiments

were undertaken using a Bruker 2.5 mm triple channel (HXY) MAS probe in which MAS
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frequencies (v;) of 31.25 kHz were achieved. The 0 pulse time calibration was
performed on a water sample where a ‘non-selective’ (solution) m/2 pulse width of 3 us
was measured, and the reported 'O MAS NMR data were acquired using a rotor
synchronized spin echo (8 - 7 - 20 - 7 - acq.) experiment. The ‘selective’ (solids) pulses
used 0 and 26 pulses of 1 and 2 us duration (representing flip angles of /2 and x),
respectively, and a recycle delay of 10 s was employed. All '"O chemical shifts are
reported against the primary solution reference of water (0 0.0 ppm). The 'H pulse time
calibration was performed on a water sample where a n/2 pulse width of 3 us was
measured, and the reported '"H MAS NMR data were acquired using a rotor synchronized
spin echo (0 - 7 - 20 - 7 - acq.) experiment. All reported 'H chemical shifts are referenced

to the TMS primary reference (6 0.0 ppm).

3. Results and Discussion

As prepared and hydrated LagSr;SicO»6

In the case of as-prepared LagSr,SicOx6, the sample should nominally have no oxygen
excess, and therefore negligible interstitial oxide ion content. In agreement with this, the
neutron diffraction structural study found no evidence for any interstitial oxide ions,
along with a low thermal displacement parameter for the channel oxide ion site. The final
refined structural parameters (space group P63/m was used in line with prior single
crystal structural studies of the related NdgSr,SisO,¢ system [57]) and bond distances are
given in Tables 1a and 1b, while the observed calculated and difference profiles are given

in Figure 2.
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On hydration, a small expansion in the cell volume was observed, and TGA studies
indicated a water content of 0.18 molecules per formula unit. The presence of water
means the accommodation of interstitial sites by the extra oxide ions from the water. The
neutron diffraction structural studies were in agreement with this, indicating the presence
of interstitial oxide ions at a position of (-0.0247, 0.1416, 0.6617). It was not possible to
locate the proton site, most likely due to the low occupancy, thermal motion of these
protons, and the presence of a range of different H sites with significant local
displacement in these positions. The final refined structural parameters and bond
distances are given in Tables 2a and 2b, while the observed calculated and difference
profiles are given in Figure 3.

Accompanying the water incorporation, there was a small decrease in the AOg
metaprism twist angle from 23.23 to 23.20°, leading to a small expansion of the channels

to accommodate this water.

As prepared Laog ¢SigO26.4

Among the various space groups reported to be exhibited by apatite systems
containing cation vacancies/oxygen excess [16], space groups P63 and P3 were analysed
initially, as these are the most widely reported space groups used to describe oxygen
excess apatite-type silicates [17]. The initial structural refinement using both symmetries
showed similar R-factor values, and thus the higher symmetry space group P6; was
chosen for the full structural refinement. Since there is no special position in terms of the
z coordinate in this space group, it was required to constrain the z coordinate of the

channel oxygen to a value of % to provide a fixed origin in z. In the initial structure
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refinement, there was no evidence of any cation vacancy ordering phenomena involving
the La(1l) and La(2) sites [18], and so to avoid errors involving the high degree of
correlation between these sites, their fractional occupancy and atomic displacement
parameters were constrained to be equal. Among the various interstitial oxide ion sites
reported in apatite silicates, two sites at channel periphery (0.037, 0.277, 0.584) [17] and
near channel centre (0.018, 0.050, 0.573) [12] were tested initially. The refinement for
both sites showed an improved fit compared to the model without any interstitial oxide
ion (R, = 2.18) but the interstitial oxide ion positioned near the channel centre resulted
in a small improvement in fit (Ry, = 2.08) over the channel periphery site (Ry, = 2.13).
Considering both models have the same number of variables, the full structural
refinement was continued therefore with the interstitial oxide ion near the channel centre,
although the fact that the difference in the two models is relatively small may indicate
that there are a range of interstitial oxide ion positions, with a greater occupancy of sites
closer to the channel centre than the periphery.

The structural parameters and bond distances for the as prepared Lag¢SicO264 sample
using neutron diffraction data are given Table 3a and 3b, with the observed, calculated
and difference profiles in Figure 4. The data indicated a refined composition of
Lag 5051601626, close to that expected from the starting stoichiometry. The position of the
interstititial oxide ions is similar to the position observed by Bechade ef al. and others
[10-12]. Furthermore, as in the prior studies, the presence of oxide ion interstitials is
accompanied by some vacancies in the ideal channel oxide ion site. In their work,
Bechade et al. proposed a defect complex (O;"-Vo°**—0O;" (Kroger-Vink notation,

O;"=interstitial oxide ion with a double effective negative charge, Vo°*= oxide ion
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vacancy with a double effective positive charge) ), and in the present study, a similar
complex can be proposed. The observed length scale in this study for this complex is 2.27
A which is smaller than the predicted value of 2.93 A from the modelling work [10].
However, it should be noted that the atomic displacement parameter for O(6) is very high
perpendicular to the channel (100 x U, = 34 A?%). This suggests significant local
displacement from the refined position, which may hence allow an increase in the
0;"-Vo**® length. Overall it would suggest the presence of various interstitial oxide ion
sites with differing displacements from the channel centre. In particular, the anisotropic
thermal ellipsoids for the O(6) sites are directed towards channel lanthanum, La(3) (Fig.
5), which is not unexpected as O(6) is highly underbonded (bond valence sum
calculations for this oxygen site give a value of only —1.08), and so some local

displacement might be expected to aid the stability of this oxide ion site.

Hydrated Laog SicO26.4

The structural parameters and bond distances for hydrated Lag¢SicOz64 are given in
Tables 4a and 4b with the observed, calculated and difference profiles in Figure 6. It was
not possible to locate the proton site, most likely due to the presence of a range of
different H sites, thermal motion of the H, and significant local displacement in these
positions. In this respect, further studies at low temperature (= 4K) would be required, as
has been performed to locate the proton sites in perovskite systems. The data indicated a
refined composition of Lag 5351402695 (excluding protons) showing a significant increase
in the O content. If we assume that this extra O is charge balanced by protons, the

COl’l’lpOSitiOIl of Lag 53S16026.9sH1.37 (Lag 53S16026.295.0.685H,0) is obtained. Apart from
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the increased O content, the major difference compared to the as prepared sample is the
significant deviation of the interstitial oxide ion site away from the channel centre (0.133,
0.143, 0.419) (figure 7). It can be proposed that the additional displacement from the
channel centre is required to accommodate more anions in the structure, and the data
showed that further structure distortion accompanied the water incorporation. In
particular, the calculated average metaprism twist angle of LaOs was decreased from
22.24° to 21.68°, in order to expand the channel size to allow the accommodation of the
extra oxide ions, resulting in a significant increase (0.70%) in the cell size along a/b and
decrease (0.17%) in c. These cell parameter changes can be elegantly demonstrated using
high temperature X-ray diffraction data (see Figure 8). Such data show that there is a
steep decrease in the size of a/b and increase in c¢ at around 210 °C, on heating the
hydrated sample (due to water loss), while the as prepared sample showed a linear
increase over the temperature range. This single stage dehydration process can also be
easily noticed on the plot of cell volume change with temperature.

The water content of the hydrated sample was determined by TGA measurements (see
Figure 9). Unlike the single stage dehydration suggested by the high temperature X-ray
diffraction data, there was evidence for a two stage water loss from the TGA data: firstly
there was an abrupt loss in mass at around 280 °C with a second mass loss at around
470 °C. Since high temperature X-ray diffraction data did not show any change at higher
temperature, the second mass loss was attributed to the decomposition of an impurity
phase (most likely amorphous). As the structure refinement indicated a lower La content
than the starting ratio, it was presumed that this may be amorphous La(OH);. La(OH)s is

known to decompose in two steps, via an LaOOH intermediate as outlined below, and so
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it was proposed that the second mass loss observed in the TGA plots was due to the
LaOOH dehydrating. This would suggest that part of the first mass loss was due to
La(OH); dehydrating to LaOOH.
2La(OH); —€ 5 2L.a00H + 2H,01 —*< 5 La,0; + H,01

In order to estimate the contribution from this proposed amorphous La(OH); impurity
phase, firstly, the mass of LaOOH was estimated from the mass loss at 470 °C and
subsequently, the mass of La(OH); was calculated (1.7(2) wt%). Eliminating the
contribution of the above process, the calculated level of water incorporated was 0.75
H,0 per formula unit, which is similar to the composition Lag 53Si6026295.0.685H,0 and
the calculated interstitial content (= 1 O per formula unit) from the diffraction studies.
The dehydration temperature difference between X-ray diffraction study and the TGA
result is due to the fact that the TGA measurement was performed with a 10°C/min ramp

rate, and so the experiment is performed under non-equilibrium conditions.

MAS NMR Studies

All ¥Si MAS and CPMAS NMR data acquired from the LagSr,SigOy¢ and
Lag6Sis0y6.4 systems are presented in Figures 10(a) and 10(b), respectively. The 25
MAS NMR data demonstrate that the Si speciation comprising the stoichiometric
LagSr,SigOy system is dominated by monomeric framework SiO4 environments which
are influenced by Sr substitution on the La position; this is evidenced by broadening of
the dominant »’Si resonance at an isotropic chemical shift at dis, —77.5 ppm. The much
less intense resonances at dis, ~—80.2 and —82.2 ppm are ascribed to low levels of cation

vacancies and interstitial species that originate from substitutional arrangements and
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charge balancing. In comparison, the multiple resonances from the *’Si MAS NMR data
describing the non-stoichiometric Lag 6SigO,6.4 system reveal more complex Si speciation
which emanates from the substantial influences of the much higher levels of cation
vacancies and oxygen interstitials upon the local SiO4 environment. These observations
mirror previously reported 2Si MAS NMR studies [15,26]. Similar to LagSr;SisOs6, the
Lag 6Sis076.4 system is characterised by a dominant resonance at djs, —78.4 ppm, however
the perturbations to the SiO4 framework are observed by the additional upfield
resonances at dis, —80.5, —82.3, —84.6 and —86.0 ppm. This trend of upfield shifted
resonances is consistent with the increased electronegativity influencing the immediate Si
environment induced by La’" cation vacancies immediately surrounding the SiO,
monomeric unit, coupled with an additional O coordination/proximity to the SiOy site via
the presence of O interstitials.

The *Si CPMAS NMR data shown in Fig. 10(b) contrast markedly with the
corresponding MAS NMR data discussed above. It is immediately evident that the signal-
to-noise of these CPMAS data is greatly inferior thus suggesting that, despite there being
an abundance of H species (i.e. OH and H,0) to facilitate "H-*’Si cross-polarisation, the
motion of the intercalated OH/H,0 modulates the "H-*’Si dipolar interaction and greatly
diminishes the efficiency of the Hartmann-Hahn condition. For both of the as-synthesized
LagSr,Sig0,6 and Lag 6SigOo6.4 systems only the monomeric SiO4 positions exhibit some
observable intensity above the noise level, and this is probably facilitated by proximity to
a component of immobile OH interstitial species. However, the dehydration of these
systems shows that both the mobile and immobile OH and H,O species are largely

removed, as evidenced by the absence of a *’Si signal above the baseline noise.
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From Figure 10(c) the 70 MAS NMR data shows that similar O speciation from both
systems is observed. Each spectrum is dominated by '’O resonances at an apparent shift
of 0 ~180 - 200 ppm that are attributed to O species associated with the framework SiO4
element. In addition, there are two additional signals attributed to interstitial species
observed from these data; a clearly resolved '"O resonance at d ~40 - 50 ppm, which may
represent a Si-based (Si-O-Si or Si-OH) interstitial O species bridging between SiO4
framework moieties, and a partially resolved shoulder at 6 ~260 - 270 ppm which is
assigned to the less prevalent Si-O-La interstitial species. The latter assignment is
consistent with the observation of interstitial O species in previously reported silicate-
and germanate-based rare earth apatite SOFC materials [44,46]. It can be observed that
upon dehydration of these systems both of these interstitial species are essentially
removed, with the more complete removal of the Si-O-Si/Si-OH interstitial species being
observed from the LagSr,SigO,6 system, suggesting that this component is mostly related
to Si-OH (see Figure 10(b)). Previous studies on the LagY,GesO,7 rare earth apatite phase
has clearly shown that a resonance observed at 0 ~580 ppm is associated with O channel
species [46]; this channel species is not clearly evident in the silicate-based LagSr,SicOx6
and Lag 6SisO6.4 systems under study here. In addition, the resonance at 6 ~380 - 390
ppm (marked with an asterisk) in Figure 10(c) is identified as a '’O background signal
arising from the ZrO, MAS rotor material.

Although nominal O interstitial species within the as-synthesized and dehydrated
LagSr,Sis0,6 and Lag 6Sis0,6.4 phases are indicated by 70 resonances at § ~40 - 50 ppm,
a more precise identification of these species is afforded by the accompanying '"H MAS

NMR data shown in Figure 10(d). A substantial proportion of these interstitials are
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hydroxylated or -Si-OH species as suggested by the narrow 'H resonance at 6 1.0 ppm.
The near-complete elimination of these species upon dehydration of the LagSr,SicOx6
system, coupled with their partial removal upon dehydration of the Lag ¢SiO26 4 System is
demonstrated by the concomitant reduction of the 0 ~40 - 50 ppm resonance(s) in the 0
MAS NMR data (see Figure 9(c)) and the 0 1.0 ppm resonance in the 'H MAS NMR data
(see Figure 10(d)). The resonance at 6 ~8 ppm represents H-bonded OH species residing
in more occluded and sterically crowded environments; these are characterized by the
larger downfield shift caused by the deshielding of the H-bonding arrangement and a
broader residual linewidth induced by a much larger homonuclear 'H-'H dipolar
interaction. In addition, the smaller resonances at ¢ 3.9 and 4.9 ppm represent different
H,O environments within each unit cell. These resonances are also affected by the
dehydration process.

These results demonstrate that the 'O enrichment via heterogeneous gas phase
exchange under autoclave conditions facilitates the exchange of the O positions
comprising the SiO4 groups in both the as-synthesized LagSr,SicOz6 and LagSisOa6.4
systems. These O exchange characteristics are similar to those reported for the analogous
germanate systems [46]. This work therefore suggests that while a direct interstitial
oxide ion conduction mechanism may occur down the channels, as proposed by Bechade
et al., there is likely to be significant contribution from exchange processes throughout
the SiOy4 tetrahedra network. In particular, such processes would explain the observation
of significant conductivity perpendicular to the channel direction from single crystal

studies [48].
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In comparison to the germanate (La;oxGesO27.3x2) apatite systems, there appears,
however, to be less association of the interstitial oxide ion defects with the MOy
tetrahedra (for the germanate systems, the '’O NMR data indicated that the presence of
interstitial oxide ions led to the formation of GeOs units [46]). This closer association
may explain the higher activation energies for oxide ion conduction for the germanate
compared to the silicate apatites, with a degree of trapping of the oxide ion interstitials
due to this association. This trapping contribution is supported by recent high temperature

Raman studies on germanate apatites [40].

Conclusions

In this work, we have provided a detailed account of the structures of both as prepared
and hydrated Lag ¢Si5026.4 and LagSr,Si5056. The results show that higher hydration levels
are possible for the Lag ¢Si¢O6.4 system, and the study provides an important clarification
of the effect of oxide ion content on the interstitial oxide ion position. In particular, the
structural studies show that for low oxide ion excess, the interstitial oxide ion position
appears to lie close to the channel centre, while on increasing the interstitial oxide ion
levels, there is progressive displacement of the oxide ions towards the channel periphery.
This can be explained by the need for additional displacement to prevent short O-O
interactions, and is allowed by the flexibility of the apatite framework: in particular a
decrease in the LaOg metaprism twist angle allows the expansion of the apatite channels
to accommodate more interstitial oxide ions. The NMR studies show that the oxide ions

of the SiO4 are readily exchangeable, similar to reports for Ge based apatites. These
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results suggest that oxide ion exchange processes with the SiO4 are likely to have a
contribution to the oxide ion conductivity, and this would help to explain the observation
of significant oxide ion conduction perpendicular to the channels from single crystal

studies.
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Table 1a. Structural parameters of as prepared LagSr,SisOx6

Space a/b (A) c(A) Ry, R, v
B O D .
P6y/m  9.70680 (8) 723791 (7) 2.54 1.92 5.884
Atom Site X y z Uieo X 100 (A) SOF
La(1) 2b v, 2, 20.0006(2) 0.597(20) 0.5
Sr(1) 2b v, % -0.0006(2) 0.597(20) 0.5
La(2) 2b 0.01292(11)  0.24500(9) Y 0.436(15) 1
Si 6¢ 0.40092(18)  0.37049(17) Y 0.160(30) 1
o(1) 6¢ 0.32170(13)  0.48327(14) Y 1
0(2) 6¢ 0.59401(13)  0.47124(15) Y 1
003) 6¢ 0.34263(11)  0.25364(10)  0.07024(11) 1
0(4) 2a 0 0 Y 1
L 100x Un . Un Uss Un Us o Us
o(1)  1.40(6) 1.04(6) 0.867(67) 1.049(56) 0 0
0(2)  0.43(6) 0.42(5) 1.229(58) 0.116(50) 0 0
0(3)  2.02(5) 0.77(4) 0.552(34) 0.739(38) -0.573(33) -0.287(30)
o4  0.67(5) 0.67(5) 2.427(107) 0.335(26) 0 0
Table 1b. Selected bond distances for as prepared LagSr;SigOxe.
Bond Bond distance (A)

La(1)/Sr(1)-0(1)
La(1)/St(1)-0(2)
La(1)/St(1)-0(3)
La(2)-O(1)
La(2)-0(2)
La(2)-0(3) (x2)
La(2)-0(3) (x2)
La(2)-O(4)
Si(1)-0(1)
Si(1)-0(2)
Si(1)-0(3) (x2)

2.5048(12), 2.5045(12), 2.5041(12)
2.5474(12), 2.5480(12), 2.5475(12)
2.8835(10), 2.8825(10), 2.8832(10)
2.7204(15)

2.4970(15)

2.4731(8)

2.6005(12)

2.3180(7)

1.6222(18)

1.6236(18)

1.6302(11)
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Table 2a. Structural parameters of hydrated LagSr,Si5O26
Space a/b (A) c(A) Ry, R, v
B O
P6y/m 9.72828(11) 7.25273(9) 1.58 2.23 7.773
Atom Site X y z Ui X 100 (A) SOF
La(l) 2b v, % 20.0009(1) 0.531(16) 0.5
Sr(1) 2b v, 2 -0.0009(1) 0.531(16) 0.5
La(2) 2b 0.01320(9) 0.24494(8) Vi 0.454(12) 1
Si 6c 0.40086(16) 0.3709(2) Vi 0.301(22) 1
o(1) 6c 0.32136(12) 0.4831(2) A 1
0(2) 6c 0.59393(11) 0.4711(3) Y 1
003) 6c 0.34321(9) 0.2541(1) 0.07047(8) 1
0(4) 2a 0 0 Y 0.981(6)
0(i) 6c -0.0246(33) 0.1416(32)  0.6617(35) 0.031(2)
100x Uo Uy Us U Us Uy
o) 1.49(5) 1.11(6) 0.496(47) 1.084(49) 0 0
02)  0.24(5) 0.37(4) 1.260(57) -0.001(41) 0 0
03)  2.39(5) 0.68(4) 0.404(26) 0.774(34) 0.798(31) -0.234(27)
04)  0.84(6) 0.84(6) 2.60(12) 0.418(29) 0 0
0(i) 2.5 2.5 2.5 0 0 0
Table 2b. Selected bond distances for hydrated LagSr;SisOz.
Bond Bond distance (A)
La(1)/Sr(1)-O(1) 2.5111(13), 2.5108(13), 2.5105(13)
La(1)/Sr(1)-0(2) 2.5519(13), 2.5525(13), 2.5520(13)
La(1)/St(1)-0(3) 2.8876(11), 2.8866(11), 2.8873(11)
La(2)-0(1) 2.7233(17)
La(2)-0(2) 2.5078(16)
La(2)-0(3) (x2) 2.4810(9)
La(2)-0(3) (x2) 2.6081(13)
La(2)-O(4) 2.3202(8)
La(2)-0(i) 2.40(4), 1.843(34), 2.40(4)
Si(1)-0(1) 1.6207(20)
Si(1)-0(2) 1.6258(21)
Si(1)-0(3) (x2) 1.6331(13)

Si(1)-0(i) (x2) 2.24(4)
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Table 3a. Structural parameters of as prepared Lag 6S16026.4
Spacegroup ab(h) c(A) Ry Ry €
P63 9.72441(4) 7.18726(5) 2.00 1.58 3.299
Atom Site X y z Uiso x 100 SOF
A)
La(1) 2b Vs % -0.0161(5) 1.28(2) 0.874(2)
La(2) 2b % V& -0.0139(5) 1.28(2) 0.874(2)
La(3) 6¢ 0.2286(1) -0.0119(1) 0.2427(5) 1.09(1) 1
Si 6¢ 0.4028(2) 0.3725(1)  0.2488(5) 0.69(2) 1
o(1) 6¢ 0.3235(2) 0.4847(2) 0.2429(9) 1
0Q2) 6¢ 0.5948(1) 0.4729(2) 0.2438(10) 1
03) 6¢ 0.3531(4) 0.2580(5) 0.0592(8) 1
04) 6¢ 0.6643(6) 0.7466(5) 0.9204(7) 1
0(5) 2a 0 0 Vi 0.853(5)
06 6 0.0033(23) 00193(41) 0404921) 0.09203)
________ 100x Uy Up 0 Us  Up o Us U
O(1) 2.98(7) 2.51(7) 2.43(9) 2.38(7) -1.64(20)  -0.52(21)
0Q2) 1.01(6) 0.98(5) 2.47(7) 0.37(5) 0.37(20) 0.30(21)
0(3) 2.22(11) 1.84(14) 1.75(14) 1.29(11) -0.80(9) -0.51(14)
04) 8.27(20) 1.18(14) 1.59(15) 2.08(16) -2.73(12)  -0.84(15)
0(5) 0.28(5) 0.27(5) 13.4(3) 0.14(3) 0 0
O(1) 8.9(18) 33.8(36) 8.3(15) 13.7(24) 15.0(16) 19.3(24)

Table 3b. Selected bond distances for as prepared Lag ¢SicO26.4

Bond Bond distance (A)
Si-0(1) 1.620(1)
Si-0(2) 1.618(1)
Si-0(3) 1.674(1)
Si-0(4) 1.587(1)
La(1)-0(1) (x3) 2.535(1)
La(1)-0(2) (x3) 2.503(1)
La(1)-0(4) (x3) 2.944(1)
La(2)-0(1) (x3) 2.453(1)
La(2)-0(2) (x3) 2.591(1)
La(2)-0(3) (x3) 2.806(1)
La(3)-O(1) 2.762(1)
La(3)-0(2) 2.519(1)
La(3)-0(3) 2.630(1), 2.476(1)
La(3)-0(4) 2.464(1), 2.586(1)
La(3)-0(5) 2.284(1)

0(i)-La(3)

2.632(1), 2.677(1), 2.405(1)
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Table 4a Structural parameters for hydrated Lag SisO26.4

Spacegroup _ab(A) . cA) Rwn . Ro . Lo
P63 9.79242(10) 7.17565(9) 2.47 1.93 5.309
Atom Site X y z Uiso x 100 SOF
(A)

La(l) 2b v, 7 0.0058(9)  1.93(4)  0.882(3)

La(2) 2b % v, 0.0028(9)  1.93(4)  0.882(3)

La(3) 6c 0.2360(1) -0.0077(2) 0.2438(6)  1.28(2) 1

Si 6c 0.4032(3) 0.3757(3) 0.2475(12)  1.51(5) 1

o(1) 6c 0.3269(3)  0.4877(3) 0.24941(8) 1

0(2) 6c 0.5939(2)  0.4724(3)  0.2515(9) 1

0(3) 6c 0.3624(4)  0.2649(6)  0.0628(6) 1

0(4) 6c 0.6664(6)  0.7494(6)  0.9169(6) 1

O(5) 2a 0 0 Va 0.890(11)
L 0()  6c 0133420) 0.1425(12) 04192017) 0.200(7)
________ 100x Uy Uy 0 Us  Up Uz  Uxg

o(1) 6.09(17) 4.29(17) 0.71(10) 4.70(15) -1.62(25) -2.36(18)

0(2) 2.06(12) 1.74(11) 2.25(12) 0.04(10) -0.99(30) -0.97(31)

0@3) 5.29(24) 4.75(27) 0.64(16) 4.03(23) 0.79(14) 0.17(16)

04) 8.46(29) 1.82(20) 2.18(18) 2.34(23) -3.68(15)  -1.09(19)

0(5) 1.64(15) 1.64(15) 22.5(8) 0.82(7) 0 0

O(i) 8.5(13) 0.20(58) 3.09(71) 3.07(66) 0.52(70) -2.21(51)

Table 4b  Selected bond distances for hydrated Lag §S16026.4

Bond Bond distance (A)
Si-o(1) 1.609(1)

Si-0(2) 1.618(1)

Si-0(3) 1.628(1)

Si-0(4) 1.614(1)
La(1)-0(1) (x3) 2.455(1)
La(1)-0(2) (x3) 2.580(1)
La(1)-0(4) (x3) 3.010(1)
La(2)-0(1) (x3) 2.505(1)
La(2)-0(2) (x3) 2.552(1)
La(2)-0(3) (x3) 2.740(1)
La(3)-0(1) 2.830(1)
La(3)-0(2) 2.479(1)
La(3)-0(3) 2.651(1), 2.520(1)
La(3)-0(4) 2.483(1), 2.538(1)
La(3)-0(5) 2.350(1)
0(i)-La(3) 2.489(1), 2.302(1), 2.538(1)
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Figure captions

Fig 1. Illustration of the apatite structure (A1o(MO4)sO,, showing a A4(MQO4)s framework
(consisting of corner linked MOy tetrahedra (blue) and AOg trigonal metaprisms (green))
with the remaining A¢O; unit within the “channels” of this framework (A green spheres,
O red spheres).

Fig 2 Observed, calculated and difference neutron diffraction profiles for as-prepared
LagSr;Si0x6

Fig 3 Observed, calculated and difference neutron diffraction profiles for hydrated
LagSr,SigOs6

Fig 4 Observed, calculated and difference neutron diffraction profiles for as-prepared
Lag 6516026 4

Fig 5 The anisotropic thermal ellipsoids around the apatite channel position of as
prepared Lag ¢SigO,6.4, viewed down the c-axis.

Fig 6 Observed, calculated and difference neutron diffraction profiles for hydrated

Lag 6516026 4

Fig 7 Illustration of the structures of (a) as-prepared and (b) hydrated Lag ¢SigO264 (blue
tetrahedra = SiOy, green trigonal metaprisms = LaOg, green spheres =La, red spheres=0)
showing the presence of the interstitial oxide ion site close to the centre of the oxide ion
channel for the former, while there is a significant deviation of this interstitial site away
from the channel centre for the latter.

Fig 8(a) Cell parameter variation versus temperature for the as prepared (circle) and
hydrated (triangle) Lag ¢SigO6.4 on heating.

(b) Cell volume variation versus temperature for the as prepared (circle) and hydrated
(triangle) Lag 6Sis0y6.4 on heating.

Fig 9 TG profile of hydrated Lag ¢SicO26.4

Fig 10. The (a) *Si MAS and (b) 29Si CPMAS NMR data (Bo =9.40 T, vo = 59.61 MHz,
vr=10kHz ), (c) "O MAS NMR data (By = 14.1 T, vo = 81.30 MHz, v, = 30 kHz ), and
(d) "H MAS NMR data (By = 14.1 T, vo = 600.13 MHz, v, = 30 kHz ) data from the as-
prepared LagSr,SigO,¢ dehydrated LagSr,Si056, as-prepared Lag ¢SicO26.4 and dehydrated
Lag ¢Si160,6.4 systems. The asterisk on each spectrum in (c) denotes a background signal

from the ZrO, rotor material.
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Figures

Fig 1.
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Fig. 6
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Fig 7 (a)

Fig 7 (b)
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High levels of water are shown to be
accommodated by apatite-type Lag 5150264
with an accompanying expansion of the
channels. The location of the resulting
oxide ion interstitials are assessed through
Neutron diffraction and NMR studies.




