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ABSTRACT: Melilite-type [A,],[B'],[B",0,], gallates are prom-
ising ion conducting electrolytes for deployment in solid oxide fuel
cells. Single crystals of [CaLa],[Ga],[ Ga,0,],, grown in an optical
floating zone furnace, were investigated using a combination of
transmission electron microscopy and single crystal X-ray
diffraction. Strong anisotropic displacements of oxygen arise
from the structural misfit between the interlayer Ca/La cations
and the [Ga]-[Ga,0,] tetrahedral layers. A model employing two-
dimensional modulation achieves bond lengths and bond angles
that preserve satisfactory bond valence sums throughout the
structure. The melilite belongs to the tetragonal superspace group
P#2,m(a, a, 0)00s(a, @, 0)000, & = 0.2160(5), with a subcell
metric of a = 7.9383(2) A, ¢ = 52641(3) A, onto which

modulation vectors are superimposed: q; = & (a* + b*), q, = @ (—a* + b*). Both displacive (cation and anion) and occupational
(cation) modulations contribute to incommensuration. The analysis of structural adjustments that accompany changes in
temperature and composition provides assurance that the crystal chemical model is correct. By better understanding the flexibility
of this modulated structure a rational approach toward crystallochemical optimization of electrolyte performance by enhancing

oxygen mobility becomes feasible.

1. INTRODUCTION

The drive toward sustainable energy production and con-
servation supports the expansion of fuel cell technologies,
particularly solid oxide fuel cells (SOFC). For these devices, a
key requirement is an electrolyte possessing high oxide ion
conductivity at moderate temperature (<800 °C). To date,
electrolyte research and deployment overwhelmingly targets
fluorite- and perovskite-type oxides, for example, stabilized
zirconia (0.01 S cm™ at 700 °C) or doped LaGaO; (0.1 S cm™
at 800 °C), where oxygen transport is mediated by vacancy
defects.' ™ However, apatites (e.g, La;oGegsWy50,75 002 S cm™!
at ~800 °C) and fergusonites (e.g, CeNbO,,s 0.03 S cm™
at 800 °C) containing mobile superstoichiometric oxygen
draw growing interest.°'" Recently, layered melilite structures
with gallium oxide tetrahedral moieties (GaO,) have been
proposed as alternative, lower temperature solid electrolyte
materials. For example, [Srg46la;s4],[Gal,[Ga,05,4,], displays
an ionic conductivity of 0.02 to 0.1 S cm™ from 600 to 900
°C.'"»'* The melilite structural framework can accom-
modate a large excess of oxygen, up to 0.32 per formula unit
(e.g, [Cagssla;e)o[Gal,[Gay055,]5),"° and these interstitial
oxide ions are believed to be highly mobile.

The melilite substructure conforms to tetragonal P42;m
symmetry, yielding the ideal formula [A,],[B'],[B",0,],, where
A is a large divalent alkali earth (AE*") or trivalent lanthanide
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(Ln**) and B, B" are symmetrically distinct small cations (e.g.,
Si**, Ga*, Zn*", Co*", and Ge*") (Figure 1). Two dimensional
layers are created by corner-connection of B'O, tetrahedra and
B",0, tetrahedral dimers, separated by A cations. Misfit
between the tetrahedral layers and the interlayer cations is
accommodated by atomic displacements leading to basal plane
incommensuration in natural and synthetic melilites."*”>!
Compositions showing promise as SOFC electrolytes have
not been deeply investigated, and many outstanding questions
remain regarding the correlation of modulation with excess
oxygen content and conductivity. Recently, we described a new
incommensurate melilite structure [CaNd],[Ga],[Ga,0,],>
and found that substitution of Nd by La leads to systematic
adjustment of the modulation vector. In this related structural
study of [Calal,[Ga],[Ga,0,],, a combination of single
crystal X-ray diffraction and transmission electron micro-
scopy confirmed a (3 + 2) dimensional incommensurate
structure that can be rigorously described using superspace
group formalism.>® This quantitative description of melilite
modulation and its correlation with composition provides
guidance for optimizing the crystal chemical design of melilite
electrolytes.
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Figure 1. Average 3D structure of [CaLa],[Ga],[Ga,0,], obtained from single crystal X-ray diffraction. Ellipsoids are drawn with 50% probability.

2. EXPERIMENTAL SECTION

Single Crystal Growth. Single crystals of [CaLa],[Ga],[Ga,0,],
were grown using an optical floating zone furnace (FZ-T-4000-H-
VPO-VII-PC, Crystal Systems Corporation, Japan). A precursor
powder (10 g) containing a stoichiometric mixture of La,O4
(99.998% Alfa Aesar), CaCO; (99.9%, Alfa Aesar), and Ga,0,
(99.999%, Aldrich) was ground and homogenized in ethanol, dried
in air (100 °C/6 h), then fired (800 °C/10 h) to decompose CaCOj.
The La,O5 was dehydrated and decarbonated (1000 °C/10 h) before
use. The calcines were reground, pressed into pellets and sintered
(1400 °C/12 h/air) to yield a single phase product. The polycrystal-
line mass was isostatically pressed into duplicate cylinders (S cm X
0.5 cm), that were sintered (1400 °C/12 h), to serve as the feed and
seed rods before mounting in the mirror furnace. The optical floating
zone furnace was equipped with four 1.5 kW halogen lamps, with
corresponding ellipsoidal mirrors to focus the infrared irradiation to a
small region, while a constant flow of dry air (2 L/min) passed
through the chamber during the crystal growth. With the onset of
melting, the tips of the feed and seed rods were brought into contact
to form the floating-zone, and upon stabilization, the entire mirror
stage was raised at a rate of S mm/h for crystal growth. The rods were
counter-rotated at constant speed (30 rpm) to maintain a stable and
well-mixed molten zone. Total growth time was around 8 h. Single
crystals of [CaLa],[Ga],[Ga, 0], up to 2 mm long were obtained, and
are similar in appearance to those of [CaNd],[Ga],[Ga,0,],>> but
more difficult to prepare as the blue color in the latter better absorbs
infrared radiation and simplifies the crystal growth process. For both
compositions, crack propagation during cooling was exacerbated by
crystallographic stresses arising from misfit of the tetrahedral network
and the interlayer cations which limits crystal size.

Structural Characterization. Single Crystal Diffraction. A
single crystal shard (0.1 mm X0.12 mm X0.15 mm) was cleaved
and mounted on a glass fiber. Data was collected using a Bruker
Smart Apex II single crystal diffractometer (X-ray radiation Mo
Ka, A = 0.71073 A), over an angular range of 2.08° < 6 <
37.84°, with an exposure time of 200 s/degree to give a total
collection time of ~48 h that ensures the weaker satellite
reflections are recorded. The modulation vectors were
calculated by the least-squares method from 1876 satellite
reflections. The Saint module, deployed within Apex II, was
used for reflection integration, performing Lorentz polarization
and multiscan absorption corrections. The data were treated
using Jana 2006>* without additional absorption correction.
As a two-dimensionally modulated structure, all reflections for
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[Cala],[Ga],[Ga,0;],, were indexed using five integers (h k I
m n): H = ha* + kb* + Ic* + mq, + nq,, where a*, b* and c*
are the reciprocal lattice vectors. The modulation vectors
q, = 02160(5) (a* + b*), q, = 0.2160(5) (—a* + b*) were
determined from 908 main reflections, 1598 first order and
278 second order satellite reflections. Experimental and
structural analysis details are collected in Table 1.

Transmission Electron Microscopy. Selected area electron
diffraction patterns (SAED) of single crystals (Figure 2) were obtained
using a transmission electron microscope JEOL 2100F operated at
200 kV and fitted with a Gatan Ultra CCD camera. The crystal was
crushed and ground under ethanol, then deposited on holey carbon
coated films supported by a copper grid. The preferred cleavage favors
the [100] zone, rather than [001] where satellites are most evident in
SAED and direct measurement of q,/q, is possible. A Gatan double tilt
holder was employed to observe the principal crystallographic
orientations, and to reduce rapid beam damage, data were collected
with a defocused electron beam. The satellite reflections were
extremely weak and long exposure time (up to 80s) was required to
digitally record these features; only first order satellites were observed,
and in [001] zone, these form a square around the principle reflec-
tions. The modulation vectors g, = 023(a* + b*), q, = 0.23(—a* + b*),
are comparable to those obtained from single crystal diffraction.

3. SYMMETRY AND STRUCTURE DETERMINATION

The (3 + 2)-dimensional incommensurate structure can be
considered a 3-dimensional physical object combined with 2
higher dimensions, and the corresponding superspace group
contains the symmetry of the 3D substructure, plus the
symmetry elements of the higher dimension. Recently, Stokes
et al.>® have derived all the (3 + 2) superspace groups, and
suggested an extended formalization. Accordingly, [CaLa],-
[Gal,[Ga,0,], adopts the melilite basic metric a = 7.9383(2),
¢ = 5.2641(3)A with two incommensurate modulation vectors:
q, = 0.2160(5)(a* + b*), g, = 0.2160(5)(—a* + b*), resulting
in a superspace group P42,m(a, a, 0)00s(@, a, 0)000, where
a = 0.2160(5) is the magnitude of modulation vectors, and
s (=1/2) indicates an intrinsic translation in the fourth direction.

To determine the (3 + 2)D structure, modulation of both
atomic positions and displacement parameters (ADP) were
applied using the satellite reflections (1, 0), (0, 1), (1, 1), and
(=1, 1). The number of observed second order satellites was

dx.doi.org/10.1021/ic300585t | Inorg. Chem. 2012, 51, 5941-5949



Inorganic Chemistry

Table 1. Experimental Details

crystal data

chemical formula Cay g33La9,067Ga30,
chemical formula weight 493.50
temperature (K) 293

cell Setting tetragonal

superspace group P42,m(a, a, 0)00s(a, @, 0)000

a (A) 7.9386(2)
c (A) 5.2641(3)
volume (A%) 331.75(3)
formula units (Z) 2

D, (Mg m™) 4.939

q; = 0.2160(5) (a* + b*)
q, = 0.2160(S) (—a*+b*)

modulation wave vectors

Crystal form irregular
Crystal size (mm) 0.10 X 0.12 X 0.15
Crystal color colorless

data collection

diffractometer Bruker Smart ApexII Three circle
diffractometer
radiation type Mo Ka
wavelength (A) 0.71073
absorption correction type multiscan
absorption coefficient p 18.753
(mm™
range of h, k, |, m, n —11 - h — 13
-13 > k—13
-8—>1-9

—-1-m-1
-1->n-1

no. of measured reflections 40878

no. of unique reflections 7622
no. of observed reflections 2784
no. of main reflections 908

no. of satellites

for + (1,0) = (0, 1) 1598

for + (1, 1) + (=1, 1) 278

criterion for observed 1> 30(I)
reflections

refinement

refinement on F

R, wR (all reflections)

R, wR (main reflections)

0.0568, 0.0851
0.0319, 0.0468
R, wR (satellites) for +(1,0), 0.1170, 0.1324

+(0, 1)
for +(1, 1), =(=1, 1) 0.2230, 0.2592
N 3.70
no. of parameters 333
weighting scheme w = [6*(F) + (0.01F)*]™!
(A/s1) o 0.0494
AP (e A73) 2.97
App (6 A) -2.98

extinction correction B—C type 1 Lorentzian isotropic

(Becker & Coppens, 1974)
3400(400)

source of atomic scattering  International Tables for Crystallography
factors (1992, Vol.C)**

extinction coefficient

small (278 for I > 36) and because a ~1/4, the satellites (h, k, ],
1, 1)) (h+1) k; l/ -1, 1)) (h/ k/ l) I, _1)) (h} k+1) l/ -1, _1)
overlap, leading to a relatively high d fctor (~022). An
overlap correction was applied by treating pairs of combined

Figure 2. SAED pattern along (001) with each reflections indexed by
five integer values including q; and g,. The satellite intensity becomes
weaker and diffuse as the content of La over Ca increases.

satellites as fully overlapped reflections. R%¢ can be reduced
by ~15% with overlap correction. Occupancy modulation was
also applied for Ca/La, which is refined before the positional
modulation to minimize the coupling of modulation parame-
ters. Both harmonic and anharmonic ADP modulations have
been attempted, according to the model from Li et al,*® similar
results can be obtained by refining ADPs by 4 harmonic waves
combined with 2 anharmonic waves, and refining ADPs by
6 harmonic waves. Further inclusion of anharmonic ADP
modulation can significantly reduce the R factor, but is at the
expense of bond valence summations. Only harmonic ADPs are
refined here to minimize the complexity of the model.

4. DISCUSSION

Average Structure. In the average structure (Table 2),
Ca/La cations are statistically dispersed between the GaO,
tetrahedral layers and align as strings along [001] that are
coaxial with the pentagonal channels formed by the GaO,
tetrahedra (Figure 1). A strong anisotropy of the La/Ca and O
displacement ellipsoids is observed in the ab plane. The O2 site
has the longest ellipsoidal axis directed along (110). Ga"—02—
Ga" is linearly bonded on average, but the large ADP of 02
perpendicular to the Ga"—O2 vector suggests flexing of the
Ga""—02 bonds. This observation is consistent with twisting of
the Ga™,O, tetrahedral dimers around {001), accommodated
by a slight rotation of the Ga'O, tetrahedra, also around (001).
Almost all the oxygen ellipsoids elongate toward the A site
positions, because of the size misfit between the interstices
(volume = ~30.34 A®) and the Ca/La ionic size. In this
manner, the flexible framework is primed to accommodate a
large amount of interstitial oxygen, and consequently, for the
[Ca,_Lay,,],[Ga],[Ga,05,,/,], average structures, phase tran-
sitions from tetragonal (x < 0.5) to orthorhombic (0.5 < x < 0.6)
to triclinic symmetry (0.6 < x < 0.64) were observed as
lanthanum content increased."® Furthermore, those electrolytes
with ¥ > 0.5 gave lower conductivities attributable to the
reduction of symmetry that created more intricate diffusion
paths, show higher activation energies and poorer mobility. The
correlation of lower symmetry and inferior electrolyte perform-
ance is common to melilites, apatites, and fergusonites.7’27’28

Modulated Structure. In (3 + 2) D structures, two
additional parameters t and u are introduced, besides the x, y, z
atomic fractional coordinates, to represent the fourth and fifth
coordinates in the higher dimensions. Atomic displacements
along t and u can be very different, which necessitates the
validation of modulation with respect to A-O bond variation,
GaO, tetrahedral distortion (Table 3), occupancy modulation
of Ca/La, bond valence summation, and temperature depend-
ence. The flexible A-O and Ga—O polyhedra enable the
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Table 2. Atomic Coordinates and Isotropic ADP for the P42;m Average Structure of [CaLal,[Ga],[Ga,0,],

atoms X y z BiSO occupancy
La! 0.34137(5) 0.15863(5) 0.00415(12) 0.01045(14) 0.468(4)
Ca! 0.34137(5) 0.15863(5) 0.00415(12) 0.01045(14) 0.532(4)
Ga! 0 0 0 0.0094(2) 1
Ga" 0.14327(6) 0.35673(6) 0.46517(15) 0.00753(14) 1
o1 0.1409(5) 0.3591(5) 0.8041(11) 0.0188(11 1
02 0.5 0 —0.693(2) 0.044(3) 1
03 0.0898(13) 0.1626(7) 0.2970(10) 0.044(2) 1
Table 3. Modulated Structure: Interatomic Distances (A) and Tetrahedral Angles (deg)”
average minimum maximum
A-O Polyhedra
A-O1l-ii 2.50(5) 2.38(5) 2.62(5)
A-Ol-v 2.57(5) 2.42(5) 2.67(4)
A-Ol-ii 2.58(5) 2.42(5) 2.67(5)
A-024 2.31(5) 1.99(6) 2.62(5)
A-O3-iv,viii 2.53(6) 2.40(6) 2.63(6)
A-O3-v,vii 2.87(6) 2.66(6) 3.08(6)
Ga'O, Tetrahedra
Ga-03 1.84(6) 1.63(5) 2.04(5)
03-i(i/ii/iv)—Ga'—03-ii (v/iv/v) 111(2)° 106(2)° 118(2)°
03-i(ii)—Ga'— 03-iv(v) 107(3)° 99(3)° 114(3)°
Ga"O, Tetrahedra
Ga'-01 1.79(5) 1.72(4) 1.87(4)
Ga''-02 1.93(6) 1.76(6) 2.10(7)
Ga"-03 1.84(5) 1.70(5) 1.98(5)
01-i—Ga"—02-i 120(2)° 117.5(19)° 124(2)°
01-i—Ga''—03-iv/viii 121(2)° 115(2)° 130(2)°
02-i—Ga""—03-i 95(3)° 81(4)° 110(3)°
02-i—Ga"'—O3-viii 94(3)° 81(4)° 110(3)°
03-iv—Ga''—O3-viii 99(3)° 96(3)° 103(2)°

“Symmetry codes: (i) %, y, z; (ii) y, —x, 1=z ; (iii) «, y, —1+z ; (iv)—x, —y, —1+z; (v) =y, &, 1=z ; (vi) %, y, 1+z ; (vii) 1/2+x, 1/2—y, 1—z ; (viii) 1/
2—y, 1/2—x, z ; %, y, z are the average atomic coordinates in space group P42, m.

accommodation and relaxation of interstitial oxygen and
enhance its migration.12

A-O Bond Variation. The A-O polyhedra are strongly
influenced by the displacive modulation, and as bond lengths
vary as a function of ¢ and u, the oxygen coordination of the A
cations changes: AO4 AO-, and AOy polyhedra are found in
different parts of the structure, assuming A—O distances >2.9 A
are disregarded (see Figure 3). The change of A coordination is

VAN ZERNS

— —
03 <)
~
-

03
ol 03

Figure 3. Examples of 8-, 7-, and 6-coordinated AO polyhedra where
dashed lines represent atom pairs exceeding 2.9 A and excluded from
the coordination sphere.

clearly reflected by deformation of the pentagonal rings
(Figure 4). The largest variation is observed for the A-O2
(A~0.532 A at u = 0) and A-O3 (A~0.339 A at u = 0) bonds,
while the shortest bonds are least perturbed (Figure S). All the
atom pairs exceeding 2.9 A are of the A-O3 type, and most of
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Figure 4. Portion of modulated structure projected along the c axis; 6-,
7-, and 8-fold coordination gives rise to obvious deformation of the
pentagonal rings. Bonds < 2.9 A are represented by solid lines.

the A-O2 bonds are shorter than the presumptive La**-O** bond
length of 2.56 A (according to the ionic radii of Shannon).”
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Figure 5. A-O bond variation (A) as a function of ¢ and u. Some of the A-O3 bonds exceed 2.9 A. Symmetry code is as given in Table 3.

Tetrahedral Distortion. Bending and distortion of the
Ga',0, tetrahedral dimer is accommodated by the distortion
of Ga'O, (Figure 6). In the average structure, the Ga'—=03

Figure 6. GaO, tetrahedral distortion viewed along ¢ direction. The
dashed lines represent the ideal position of the tetrahedron. Bending
of Ga,0, tetrahedral dimers and distortion of GaO, tetrahedra can be
observed.

bond is a fixed length of 1.8325(10) A; however, modulation
permits variation from 1.63(5) A to 2.04(5) A (Figure 7). The
03—Ga-03 bond angles show the largest deviation (11.91(2)°)
from the average tetrahedral angle of 110.922(10)°, but this
is much smaller than found in the comparable [CaNd],-
[Ga],[Ga,0,], analogue (21.50(11)°), indicating less angular
distortion of Ga'O, tetrahedra. By comparison, the Ga"O,
tetrahedra are more regular with the largest departure from
ideal shown for the 02-i—Ga"—03-i angle and the Ga'"—02
bonds, with variation of ~15.33(5)° from 94.66(5)° and up to
0.19(11)A from the bond length observed in the average 3D
structure (Figure 8). The smaller distortion of tetrahedra in
[Calal,[Ga],[Ga,0;], is also consistent with the amplitude
modulation vector being less than in [CaNd],[Ga],[Ga,0,],
(a~0.2319) >

Occupancy Modulation. Modulation causes the occupancy
of La to extend from 0.464(2) to 0.503(3), and conversely Ca
from 0.497(3) to 0.536(2) to yield a structural composition of

120-0 L L L L L L L L L 120.0 L L 1 L 1 L 1 L 1
03-i-Gal-03-iii
114.0 - 114.0 4 R
. 10801 - 1080 - B
182.8 1 102.0 -
— .
O34-Gal-034ii 03-1-Gal-03-i1
9.0 " 6.0 S
90'“ T T T T T T T T T 900 T T T T ) T T T T
00 01 02 03 D4 DS 06 D7 OB 09 1.0 -
' =g 0.0 01 02 03 0.4 05 06 0.7 08 09 1.0
t (=08
2.2 L 1 L 1 1 L L 1 L 2-2 L L 1 L L 1 L L 1
2.1 - 2.1 L
20 4 - 2.0 4
) ‘\ / BN d
18 4 ‘v’ 184
16 4 - 1.6
15 15 — —

t =g

(D) 03-i: 2,5,z

T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 035 10

(2) 03-ii: -x, -y, z

T T T T T
00 01 02 03 D4 D5 05 0.7 0B D9 10
t =08}

(3} 03-iii; y, =, -z+t1 (4 O3iv; -y, x, z+]

Figure 7. Ga'=03 bond length (A) and angle variation as a function of t at u = 0 and u = 0.8.
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Figure 8. Ga"—O bond length (A) and angle variation as a function of t at u = 0 and u = 0.72. At u = 0, the most remarkable variation occurs of the

Gal'=03-i bond, and at u = 0.72, on Ga'=02.

[Cay g33La0967)2[ Gal,[Ga,0,],. Compositional variation is less
significant than reported in [CaNd],[Ga],[Ga,0,],, where Nd
content changes by more than 10% across the structure.”” As

expected, Ca-rich areas are dominant (Figure 9). Because of the

0.6 1 1 1 1 1 1 1 1 1

0.56 B
Cafu—0.5
Calu=0

E‘osz— i
5048— L

0.44 La/u=0.5

0.40 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1

£

Figure 9. Ca/La occupancy modulation as a function of ¢ at u = 0 and
u=0.S.

minor compositional change, structural models with/without
occupancy modulation do not strongly influence the atomic
displacement and bond valence summations.

Bond Valence Summations (BVS). Using the parameters of
Altermatt and Brown,*® the BVS of Ca/La were obtained by
summing the partial bond valence of Ca and La through the
occupancy ratios along t and u. Table 4 lists the BVS for all
cations for the average and modulated structures. Similar to
the incommensurate structure of [CaNd],[Gal,[Ga,0,], the
values for Ca/La are significantly lower than the formal average
charge, consistent with the interstices being too large for the
AOQyj site cations, and for this reason 6- and 7-fold coordination
is evident. However, [CaLa],[Ga],[Ga,0,], gives better A site
BVS (mean value 2.30) than [CaNd],[Ga],[Ga,0,], (mean

value 2.09),>* as the larger ionic radius of La narrows bond
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Table 4. Bond Valence Sums

modulated structure

formal average mean
value structure value minimum  maximum
Ca/la 247 2.08(10) 230(3)  1.88(10)  3.02(2)
Gal 3 3.15(3) 31020)  217(2)  371(3)
Ga'l 3 3.17(2) 3.02(10)  2.70(2) 3.22(3)
Table 5. Selected Melilite Compositions
melilite A/B'  B"radii reference
modulated [CaLal,[Ga],[Ga,0,], 2426 047  this study
structure [CaNd],[Gal,[Ga,0,], 2383 047 22
(at room
temperature) [Ca,],[Ga],[GaGeO7], 2383 043 22
[Ca,],[Mg],[S,0,], 1965 026 18
[Ca,],[Col,[Si,0,], 2000 026 17,19
[Ca,],[Zn],[Si,0,], 1.867 026 18
[Ca,),[MgosFeoe[S,0,], 1848 026 14
[Ca,),[Zn],[Ge,0,], 1.867 039 14
[Ca;74Sr26]2[Col,[S1,0,],  2.033 026 20,21
unknown [Sr,],[Mn],[Ge, 0], 1909 039
non-modulated  [Sr,],[Mg],[Si,0,], 2211 026 14
(at room [S5,]5[Zn][51,05], 2100 026 14
temperature) ]
[Ca,],[Al],[Si,0,], 2.872 026 this study
[CaLa],[Al],[ALO,], 2923 039 this study
[CaNd],[Al],[ALO,], 2872 039 this study
[SrNd],[Gal,[Ga,0,], 2532 047  this study
[SrLa],[Gal,[Ga,0,], 2.574 047  this study
[BaLal,[Gal,[Ga,0,], 2.745 047  this study

length variation. Both the occupational modulation and the
A-O bond length variation contribute to the large A site BVS
variation; with the latter displaying major influences, since the
occupational modulation between Ca/La is small. The BVS
values show large variations, but their mean values are tolerable
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Ca/LA BVS
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Figure 10. BVS for all cations in the modulated [CaLa],[Ga],[Ga,0,],.
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Figure 11. Temperature effect on modulation vectors, the magnitude
a decreases with the increase of temperature (from 100 K to room
temperature) .

(Figure 10), and in fact, the mean values for all cations in the
modulated structure are closer to the formal values than those
derived from the average structure.

Temperature Dependence. Variable temperature single
crystal X-ray diffraction showed the magnitude of the
modulation vectors a decreases from 0.2247(6) to 0.2160(S)
by warming from 100 K to 293 K (Figure 11), which is much
less than recorded for the melilite analogue [Ca],[CoggZny,],-
[S1,0,], (0.33 < a < 0.29).>" At elevated temperature, modula-
tion becomes weaker, possibly as the larger ADPs of Ca/La,
more effectively fill the interstices and reduce the stress of inter-
layer misfit. A commensurate-incommensurate phase transition
was not observed across this temperature range as reported
earlier for natural [C31.89sr0.01N30.08K0.02]2[MgoszAlo.os]z‘
[Siy07Al030-], and synthetic [(Sr/Ca)],[(Co/Mg/Zn/Fe/
Cu)],[(Si/Ge),0,], compositions.'*** Tt is of interest that
the strontium analogue [SrLa],[Ga],[Ga,0,], does not have
satellite reflections even when the temperature drops to 100 K,
and the reasons for this will be examined in a forthcoming
publication.
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Figure 12. Correlation of composition with modulation for
melilites."*'” >3 Analysis is conducted by considering the radius
ratio A/B" with respect to the B" size. The solid spots represent
incommensurate structures. The ionic radii are from Shannon.>*

Compositional Effect on Modulation. The modulation
vectors ¢;/q, are most obviously affected by the size of the A
and B'/B" cations. SAED shows that increasing the La/Ca
atomic ratio, leads to an abrupt decrease of satellite intensity
for La/Ca = 1.1/0.9 (Figure 2), and these reflections become
undetectable when La/Ca > 1.3/0.7; nevertheless, more
sensitive detection methods such as electron imaging plates
may reveal their presence. This reduction in intensity is
attributable to the increase of A:B'/B" ionic radius ratio as La
content increases, which better fits the interlayer interstice
and reduces the structural distortion. Consistent with this,
the interstice volume decreases for La/Ca = 1.5/0.5 (volume
~29.87 A3) while the average A cation size increases. To
systematize the influence of interlayer cations, the modulation
vectors and the A/B' radius ratios for a variety of B" are
summarized in Figure 12. Selected melilite compositions
are listed in Table 5. For different B",0,, changing the
combination of A and B' regulates the adoption of modulated
or nonmodulated structures (near room temperature), such
that the A/B' ratio is normally smaller for incommensurate melilite.
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For example, in [A,],[B'],[Si,O,], silicates, the modulated A/B' is
below ~2.1, while for the [A,],[B'],[Ga,0,], gallates, this value is
around 2.4. The open circle represents [Sr,],[Mn],[Ge,O,],,
whose crystallographic dimensions are not yet established, but on
the basis of our analysis, it is expected to be incommensurate.

5. CONCLUSION

In melilites, the fundamental driver toward modulation is size
misfit between the interlayer space and occupying cations.
Specifically, incommensurate modulation is expected when La/
Ca is replaced by smaller lanthanides (Gd, Sm), or a larger
cation fills the tetrahedral site (such as Fe, Zn). Even without
modulation, the two-dimensional tetrahedral network of the
type [(3.5.4.5), 3.5.3.5]* contains pentagons that geometrically
predicate distortion to allow space filling. For example,
[SrLa],[Gal,[Ga,0,], and [SrNd],[Ga],[Ga,0,], are not
modulated at room temperature, but the anion-net is
significantly different to the underlying semiregular network.
The deformations are most evident in the incommensurate
forms (e-g-, [CaLal,[Ga],[Ga,05],, [CaNd]z[Ga]z[Gazo7]222)-
Such long-range distortion is enabled by twisting of the 2D
anion array, that is a prerequisite for high interstitial oxygen
mobility, and results in very low oxygen migration excitation
energies. A key advantage of ionic conductors where mobility is
mediated by excess oxygen is the ease of migration. By way
of comparison, the activation energy of [Sryusla;s4]o[Gal,-
[Ga,0;4,], is 0.42 eV at 600—900 °C, and for [Cagsla; ¢l,-
[Ga],[Ga,0,3,], 0.45 eV above 650 °C.'>"* On the other hand,
most other ionic conductors that rely on an interstitial diffusion
mechanism show higher activation barriers (e.g, 0.56 eV for
lanthanum silicate apatite)***™>* Modulation is favored by
decreasing the A:BY/BY jonic radius ratio, that in turn delivers
lower activation energies and enhances the oxygen migration.
Quantitative crystallographic analyses, including higher dimen-
sional features, are crucial to describing oxygen diffusion in
melilite. Furthermore, mapping the large anisotropic displace-
ments of oxygen provides guidance for predicting the possible
diffusion pathway for oxide ion conduction, which can be
subsequently verified through molecular dynamic simulations.>”
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