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ABSTRACT: Lanthanoid silicate apatite solid electrolytes contain one-dimensional channels. These materials display substantial
oxygen mobility at temperatures lower than conventional zirconia-based ionic conductors because interstitial oxygen displace-
ments, mediated by Ln cation vacancies, have a lower activation energy. For these non-stoichiometric apatites, crystal structure
solutions derived from X-ray and neutron powder diffraction yield the average atomic arrangement, but these techniques also aver-
age over local lattice disorders. Large apatite single crystals permit the evaluation of oxygen migration anisotropy using impedance
spectroscopy, and the correlation of this behavior to atomic scale domain formation or defect cluster aggregation if present. Aberra-
tion-corrected scanning transmission electron microscopy, in both high angle annular dark field (HAADF) and bright field (BF)
modalities, was applied to characterize the local atomic structure of Nd9.33Si6O26 and Nd8Sr2Si6O26 apatite electrolytes. Quantitative
image analysis found, the distribution of metal vacancies and dopant metal in apatites to be remarkably homogeneous at the unit
cell scale. This is distinct from other oxide electrolytes including fluorites, perovskites and melilites, where domain and superstruc-
ture formation are a consequence of interstitial oxygen incorporation and prescribe the mode of ionic transport. In the present case,
the unexpectedly high perfection of silicate apatites arises from the flexible topological response of one-dimensional channels pene-
trating the structure, which in turn, allows robust chemical tailoring of these electrolytes.

■ INTRODUCTION

Lanthanoid silicate apatites are one-dimensional tunnel struc-
tures that adopt hexagonal (P63/m) or pseudo-hexagonal crys-
tal symmetry and are candidate electrolytes for next generation
solid oxide fuel cells (SOFC) (Figure 1). These materials show
significant ionic conductivity at intermediate temperatures
(500-700°C)1 that reduces mechanical stress in the cell assem-
blages and extends their serviceable lifetimes. The general

composition of the apatite prototype is Ln9.33□0.67Si6O26 (Ln =

La) with Ln3+ vacancies (□) required for charge balance. More
completely, two distinct Ln sites occupy the tunnel (LnT) and
framework (LnF) of apatite and the formula can be recast as

[LnF
3.33□0.67][LnT

6][SiO4]6O2.
2 Extra-stoichiometric Ln3+ can be

introduced with an accompanying interstitial oxygen (2Ln3+ +
3Oi

2-), and both atomistic modeling3, 4 and neutron diffraction5,

6 suggest this substitution creates an [001]7 conduction path for
O2-. However, intra-tunnel transport only accounts for two-
thirds of the conduction, with the balance by cross-tunnel mi-

gration, which is less well understood. In any event, ionic mo-
bility in apatites is quite distinct from the extensively studied
yttria-stabilized zirconia8 electrolytes, and other ionic conduc-
tors, such as doped-ceria9 and La-Sr-Ga-Mg perovskites,10

whose O2- conduction is based on vacancy transport.11

In apatites, the dominant through-channel transport route
suggested through simulation12 was consistent with the aver-
age interstitial locations obtained by X-ray and neutron dif-
fraction of polycrystalline13 and single crystal14 samples.
However, microscopic observations of sufficient resolution to
provide insights into defect distribution, as recently achieved
for melilite-type electrolytes,15 have been lacking. For ceram-
ics that show sufficient stability toward high energy electrons,
scanning transmission electron microscopy (STEM)16 can
reveal chemical information through atomic number (Z) or Z-
contrast imaging.17 To a first approximation, the higher the
average atomic number of an atom column the greater the
average scattering angle, and by collecting electrons scattered
to high (>50 mrad) semi-angles with a HAADF detector high-
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er average Z columns will show higher intensities. Here, we
use STEM images of the neodymium silicate apatite electro-
lytes, Nd9.33Si6O26 and Nd8Sr2Si6O26, to both validate the aver-
age structure and search for defective regions that may influ-
ence oxygen ion mobility. In the strontium variety, the large

cation sites are fully occupied (□Ln + 2Nd3+  3Sr2+) with
respect to Nd9.33Si6O26 and both compositions contain a stoi-
chiometric complement of 26 oxygen per formula unit. This
apatite compositional pair was selected to most directly exam-
ine the heavy cation (Nd/Sr) distribution and correlate crystal
chemistry with oxygen mobility measured by impedance spec-
troscopy.

■ EXPERIMENTAL METHODS

Synthesis. Single crystals of Nd9.33Si6O26 and Nd8Sr2Si6O26

were grown using an FZ-T-4000-H-VPO-VII-PC optical float-
ing zone furnace (Crystal Systems Corporation, Japan).18 Pol-
ycrystalline feed rods were prepared by conventional solid
state sintering. Nd2O3 (Alfa Aesar, 99.9%), SrCO3 (99.9%,
Alfa Aesar) and SiO2 (Alfa Aesar, 99.9%) were thoroughly
mixed in stoichiometric metal ratios in an agate mortar with
manual grinding for 1h, followed by pre-heating (1200°C/10h)
to decarbonize SrCO3. The mixture was then reground for 1h
to ensure homogeneity and isostatically pressed into cylindri-
cal rods in a hydraulic press, and finally calcined
(1650°C/24h) in a platinum crucible to obtain monophasic
apatite feeders (7mm in diameter and 30 mm in length). The
crystal growth was performed in a steady flow of Ar (2L/min)
at a rate of 5mm/h to obtain clear and transparent single crys-
tal ingots without macroscopic cracks.

Transmission Electron Microscopy. The specimens were
crushed in ethanol with an agate mortar and pestle, and depos-
ited on holey carbon films supported by copper grids. The
microscopy was performed with an FEI Titan3 field emission
gun (FEG) transmission electron microscope fitted with aber-
ration-correctors on both the illumination and imaging system
and operated at 300 kV. Alignment and correction of the Cs-
corrector allowed images to be collected at a probe conver-
gence semi-angle of 15.1 mrad, corresponding to an aperture
limited probe size of ~1.2Å. The inner collection semi-angle
of the HAADF detector was 57 mrad and outer collection an-
gle for the BF detector was 14 mrad. CRISP19 software was
used for the processing of the experimental images by per-
forming fast Fourier transformation (FFT) over a selected area
of ~100 unit cells to generate the diffraction pattern, which
was then converted back to high resolution images via inverse
FFT and the signal-to-noise ratio was thus greatly improved.
HAADF images and position averaged convergent beam elec-
tron diffraction (PACBED)20 patterns were also simulated with
JEMS,21 using the CIF from X-ray diffraction and the micro-
scope parameters specified above. ImageJ22 was used to obtain
the line profiles across the atomic columns centers to quantita-
tively assess the relative contrast in the experimental and sim-
ulated images.

Impedance Spectroscopy. Conductivity measurements
were carried out in air from 200°C to 860°C using AC imped-
ance spectroscopy (Hewlett Packard 4192A impedance ana-
lyzer, frequency range 10 Hz to 13 MHz, applied voltage of
0.1V). Specimen discs of ~5mm diameter and 2-3mm thick-
ness were cut perpendicularly from the as-grown crystals, and
the crystallographic orientation was confirmed with electron
backscatter diffraction (ESBD) as described elsewhere.18 Gold
paste was applied to opposing disc surfaces and thermally

bonded (700°C/1h). The spectra were analyzed with ZView
software,23 which estimates the resistance and capacitance
associated with the equivalent circuits through complex non-
linear least squares fitting; the equivalent circuit is as de-
scribed previously,24 and is typical for solid oxide ion conduc-
tors.25 As noted in our previous study discussing the conduc-
tivities of Nd9.33Si6O26 and Al-doped analogues, the circuit
consists of a "bulk" component and a second component ar-
ranged in series, with each component including a resistor and
constant-phase element (CPE) connected in parallel. The ca-
pacitance of the second component semicircle was of the order
of 10-7 Fcm-1, which is larger than the typical value for a grain
boundary response and may be correlated with a sur-
face/interface layer effect24. The conductivity values reported
are based on the first semicircle (bulk) component, with repre-
sentative fits presented in details elsewhere24.

 ■ RESULTS AND DISCUSSION

The [001] projection of apatite separates the two types of Nd
(NdT and NdF) atomic columns. The scattering power of the
NdF and NdT columns are distinct, as the former resides in the
4f Wyckoff position where two Nd reside in each column per
unit cell, while the latter occupies the 6h site, leading to a sin-
gle atom per column per unit cell. Therefore, the NdF atomic
columns nominally scatter electrons twice as effectively as
NdT (ignoring for now the influence of vacancies) to yield
distinct HAADF contrast. For both Nd9.33Si6O26 and
Nd8Sr2Si6O26, the scattering from Si (Z=14) and O (Z=8) is
relatively minor in a matrix dominated by Nd (Z=60) and Sr
(Z=38). The presence of vacancies or substitution of Sr in the
NdF sites reduces electron scattering and the HAADF signal.
While in some situations it is possible to link composition
directly to the collected STEM signal,26, 27 the difficulty in
obtaining reliable thickness measurements makes an ab-initio
assessment of contrast impractical. However, the relative con-
trast can be examined with the aid of image simulation, and
the frequency, nature and distribution of chemical defects es-
tablished.

Single crystal determinations of the Nd9.33Si6O26 and
Nd8Sr2Si6O26 apatite structures using X-rays and neutrons5

conformed to P63/m (see supplementary Table S1), and were
used as input to calculate HAADF images. For Nd8Sr2Si6O26,
the inclusion of larger Sr2+ (IR = 1.18Å)28 in place of Nd3+

(0.983Å)28 causes the unit cell to dilate, particularly in the c
axis direction, but with a slight contraction in the basal plane.
This is expected since apatite is especially flexible in (001)
through adjustment of the NdFO6 metaprism twist angle;29 the
increase from 22.43

° (in Nd9.33Si6O26) to 25.17
° (Nd8Sr2Si6O26)

confirms the distinct preference of Sr2+ for the NdF site that
causes framework expansion with a concomitant reduction of
the tunnel diameter. However, X-ray diffraction cannot estab-
lish unambiguously the partitioning of Sr over the NdF and
NdT sites as both site vacancies and Sr reduce scattering; a
parallel neutron study has revealed the incorporation of Sr to
be wholly on the framework site.5 Consequently, for X-ray
analysis Sr is constrained to be fully tenanted at NdF. Using
the contrast criteria described in the previous paragraph,
HAADF imaging provided direct confirmation that Sr resides
in the framework (NdF) (Figure 2), and moreover, shows the
distribution of the alkaline earth to be homogeneous; in other
words, the proportion of Sr/Nd in adjacent framework cation
columns was not detectably variable. Neutron diffraction
found the principal difference between the Sr-free and Sr-
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bearing apatites was the splitting of the O(3) site (12i) in the
former. Such degeneracy is sometimes indicative of domain or
superstructure formation, but the HAADF experiments found
crystals with imperceptible heterogeneity amongst the NdF and
NdT columns and an absence of domain mosaics.

Thickness measurements were collected from PACBED pat-
terns that over a range of thickness were compared with simu-
lations (Figure 3a), and the good match between the experi-
mental and the simulated at 44 nm (Figure 3b) suggests the
Nd9.33Si6O26 specimen thickness to be about 63 unit cells.
However, the Nd8Sr2Si6O26 specimen is found to have a much
less thickness of 2 nm, which is equivalent to 3 unit cells (Fig-
ure 3c). This analysis will be affected by small crystal misa-
lignments relative to the electron beam, variations in thickness
across the field of view and deposition of surface oxide during
observation. With the thickness of the specimens determined,
the HAADF images can be simulated accordingly and com-
pared with the experimental ones, and their quantitative analy-
sis can probe the vacancy concentration at NdF for Nd9.33Si6O26

(Figure 4a) as well as the Nd/Sr partition among NdF and NdT

sites in Nd8Sr2Si6O26 (Figure 4b) by plotting the line profiles
across the NdF and NdT scattering centers. For undoped
Nd9.33Si6O26, it was found that the contrast ratio between NdF

and NdT (1.63:1) of the experimental image agrees with the
ideal (1.60:1), based on 13.3%-13.6% NdF site vacancy as
determined from single crystal X-ray and neutron diffraction.5

For Nd8Sr2Si6O26, HAADF simulations were carried out for
three discrete models – Sr solely in the framework
[Nd2Sr2]

F[Nd6]
TSi6O26; Sr evenly spread in

[Nd3Sr]F[Nd5Sr]TSi6O26; and Sr resident in the tunnel
[Nd4]

F[Nd4Sr2]
TSi6O26. The superior agreement with the first

model is evident and consistent with the X-ray and neutron
data,5 with the contrast ratio between NdF/Sr and NdT centers
of the experimental image (1.36:1) matching the simulated
(1.37:1). From the HAADF experiments, the homogeneous
distribution of LnF vacancies and SrF dopant implies the inter-
stitial oxygen should be evenly dispersed through the apatite
crystals. This was confirmed by BF imaging of Nd8Sr2Si6O26

(Figure 5), where the bright contrast shows the SiO4 groups
and the tunnel O(4). Thus, these thin crystal sections are
chemically homogenous.

The ionic conductivities of Nd9.33Si6O26 and Nd8Sr2Si6O26

along c are invariably higher than in the ab basal plane, alt-
hough for the latter, where cation vacancies are eliminated by
Sr-doping, intratunnel ionic conductivity is an order-of-
magnitude lower than intertunnel mobility (Figure 6). Howev-
er, the difference between conductivity along [001] and [100]
for Nd8Sr2Si6O26 is less anisotropic, an effect previously ob-
served in aluminum-doped Nd9.33+x/3AlxSi6-xO26.

24 The linearity
of the conduction plots indicate constant activation energy
over the measured temperature range, with the only exception
being the conductivity of undoped Nd9.33Si6O26 along c axis,
which shows a negative inflection at ~500°C, caused by the
change in migration path of the interstitial oxygen. This may
indicate a degree of interstitial defect trapping at low tempera-
tures, as shown for apatite germanates.30 The absence of cation
vacancies in Nd8Sr2Si6O26 ensures the framework more rigid,
temperature dependent dimorphism or trimorphism is elimi-
nated,31, 32 and consequently [001] conductivity does not show
a change in activation energy.

■ CONCLUSION

In summary, atomic-scale Z-contrast images permit differenti-
ation of Nd, Sr and the lighter elements (Si and O). By corre-
lating electron scattering with the structure models from single
crystal X-ray and neutron diffraction, the presence of cation
vacancies and the incorporation of Sr at the NdF site have been
confirmed. These apatite electrolytes are exceptionally chemi-
cally and topologically homogeneous when compared to other
classes of oxide electrolytes. Impedance measurements re-
vealed the essential role of Nd vacancies that enhance [001]
conductivity by two orders of magnitude. As the primary con-
duction mechanism in apatites is based on interstitial transport,
it is favorable to have a higher symmetry (P63/m) with mini-
mal structural distortion for optimal performance. This is quite
different to other ionic conductors, such as melilites and per-
ovskites, which benefit from structural defects and modula-
tions that accommodate interstitial oxygen, and provide the
structural adaptability required to enhance mobility.33 STEM is
an invaluable tool to directly monitor the dopant distributions
and structural defects in electrolytes, and can be used to vali-
date and optimize the design of SOFC apatite ion conductors.
The present investigation provides the first quantitative analy-
sis of the nanostructure of pristine apatite electrolytes and
creates a baseline for evaluating defect evolution after expo-
sure to high temperature environments. Future studies will
investigate silicate apatites after extended deployment in fuel
cells to establish their chemical stability, defect distribution,
and identify possible changes in the oxygen migration mecha-
nism.
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Figure 1. Polyhedral and atomic column representation of Nd9.33Si6O26 with vacancies reporting to the framework NdF site34 (illustrated by
the filled area of the sphere). The NdF atoms are located near the centers of NdO6 metaprisms that are corner-connected to rigid SiO4

groups, forming a framework enclosing the tunnel NdT atoms and the pair of O(4) located along the c axis. For P63/m the structural formu-

la can be expressed as [NdF
3.33□0.67][NdT

6][SiO4]6O2.

Figure 2. [001] HAADF images of (a) Nd9.33Si6O26 and (b) Nd8Sr2Si6O26. Such images, collected from much larger regions (see supple-
mentary information (Figures S1 and S2)), show little contrast variation. (c) The positioning of the line scan used for quantitative analysis
in Figure 4 crosses the NdF (left side) and NdT (right side) atomic columns.
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Figure 3. The determination of thickness of specimens from which the HAADF images in Figure 2 were collected. (a) PACBED patterns
of Nd9.33Si6O26 were simulated over a range of thickness and compared with (b) the original experimental PACBED pattern collected at 2.8
mrad convergence angle, and its good match with the simulated PACBED pattern at 44 nm suggests the Nd9.33Si6O26 specimen to have a
thickness of 63 unit cells (c = 0.7016 nm). (c) The good match between the experimental PACBED pattern collected at 1.2 mrad conver-
gence angle and the simulated pattern at 2 nm thickness suggests the Nd8Sr2Si6O26 specimen to have a much less thickness of 3 unit cells (c
= 0.7102).

Figure 4. Quantitative comparison of [Ln]F-[Ln]T line scan intensities of (a) an experimental Nd9.33Si6O26 HAADF image (1.63:1) with
simulated images calculated using single crystal X-ray diffraction data (with 13.3% vacancy at NdF) (1.60:1) and calculation of modified
chemistries containing 10.0% (1.77:1) and 16.7% (1.37:1) vacancies at the NdF site; and (b) an experimental HAADF image of
Nd8Sr2Si6O26 (1.36:1) compared with the simulated intensity of three models: [Nd2Sr2]

F[Nd6]
TSi6O26 (Sr solely doped at NdF) (1.37:1),

[Nd3Sr]F[Nd5Sr]TSi6O26 (Sr is evenly doped at NdF and NdT) (1.94:1) and [Nd4]
F[Nd4Sr2]

TSi6O26 (Sr is solely doped at NdT) (2.86:1). For
Nd9.33Si6O26, the presence of vacancies at NdF is also confirmed by quantitative comparison of the line scan intensities between experi-
mental image and that of a hypothetical case without vacancy at NdF site (see Figure S3 in the supplementary information). As Sr is signif-
icantly lighter than Nd, its doping leads to a decrease in the brightness of the corresponding atomic column contrast, and validates the
complete partitioning of Sr to the framework position as suggested by X-ray and neutron diffraction.



- 7 -

Figure 5. The BF STEM image of Nd8Sr2Si6O26 allows direct
observation of SiO4 tetrahedra and tunnel O(4) and confirms the
expected homogeneity of light atom distribution inferred from the
HAADF micrographs (Figure 4). Bottommost is the processed
image with CRISP software19 where P6 plane symmetry is im-
posed.

Figure 6. An Arrhenius plot of Nd9.33Si6O26 (undoped) and
Nd8Sr2Si6O26 (Sr-doped) ionic conductivity (σ) yields an activa-
tion energy (Ea) of ≈0.59-0.71eV. The conductivity are measured 
along both [001] (i.e. the c axis direction) and perpendicular to
[001] (i.e. across the ab basal plane). The inflection in the c-axis
conduction for Nd9.33Si6O26 is indicative of a change in activation
energy, and reflecting a degree of defect trapping at low tempera-
tures.
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Scanning transmission electron microscopy (STEM) images with atomic-scale resolution are correlated with crystallographic
structure established by single crystal X-ray diffraction.


