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Although gamma-alumina (y-Al,Os) is an extensively used material with wide-ranging applications due
to its inherently high surface area and acidity, its atomic structure is still not fully understood. y-Al,Os is
described as having a spinel-like structure, where the O sublattice has a face-centered cubic (FCC)
arrangement and Al cations are placed in the spinel tetrahedral and octahedral interstitial sites. Achieving
the correct stoichiometry of AlLOs, however, requires the introduction of Al vacancies into some of the
interstitial sites. Despite the importance of accurately describing the structure of y-AlL,Os, the distribution
of vacancies between tetrahedral and octahedral sites remains unclear, in part because of the usually
poor crystalline quality of y-Al,Oz that has often been used in previous studies. To determine the actual
cation distribution in y-Al,Os, single-crystalline y-Al,Os was investigated using a correlative approach of
experimental and simulated selected-area electron diffraction (SAED) and high-resolution electron
energy-loss spectroscopy (EELS). Comparison of the reflection intensities in single-crystal SAED to
simulated SAED from models with varied vacancy distributions revealed that vacancies exist primarily on
tetrahedral sites, contrary to the placement of vacancies on octahedral sites proposed in several
common models. Comparison of EELS spectra—acquired with the highest energy resolution reported so
far for y-AlLbOsz—with ab initio multiple scattering EELS simulations confirmed the distribution of
vacancies on tetrahedral sites. These results enable more accurate modeling of y-Al,Oz to better predict
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Introduction

Of the many polymorphs of alumina, gamma-alumina (y-Al,03)
is one of the most extensively used, with many applications,
e.g., functioning as a support or active phase in heterogeneous
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its properties in existing and future applications.

catalysis, as well as an ammonia absorbent.”” Despite its
widespread use, there is still an ongoing debate about its actual
atomic structure.>™ y-Al,0; was first described as a spinel
similar to the traditional AB,O, spinel, where A and B can be
different cations.>® Recent studies have confirmed that the
average structure of y-Al,Oj; is best described by a cubic spinel-
like structure.” ' In a spinel structure, such as MgAl,O,, the
oxygen atoms are arranged in a cubic close-packed lattice
whereas the A(Mg) and B(Al) cations occupy the tetrahedral
and octahedral interstitial sites of the lattice, respectively.
In the case of spinel y-Al,03, 8/3 cation vacancies must also
be introduced into each unit cell to maintain the correct
stoichiometry of Al,03.° The distribution of these cation vacan-
cies between tetrahedral and octahedral sites in such a model
has not been conclusively determined, however. While some
studies have suggested vacancies only in octahedral sites,"
others have suggested vacancies only in tetrahedral sites,'*"?
and more recent studies have suggested a ratio of about 63%
tetrahedral to 37% octahedral.>'* In addition to the spinel model,
several additional models have been proposed and are commonly
used to represent the crystal structure of y-Al,O; based on both
experimental and computational approaches.”"* ™

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ambiguity in the structure models has led to many different
models being used for theoretical simulations based on first-
principles density functional theory (DFT) calculations—including
models that are now known to be less accurate than others’—
sometimes resulting in contradictory findings, e.g., the predic-
tion of the relative surface energies of low index y-Al,O;
surfaces, which are important for modeling catalysis. Early
work by Blonski et al.>® using a cubic spinel model with all
vacancies in tetrahedral sites found that the y-Al,O; surface
energies followed the trend of (100) < (111) < (110). Work by
Pinto et al.>* using a spinel-based model with all vacancies in
octahedral sites showed a slightly different surface energy trend
of (100) ~ (111) < (110). On the other hand, Digne et al.*?
using a nonspinel model found that the surface energies follow
the trend of (100) < (110) < (111). These contradictory results
highlight the impact of the model on theoretical calculation
results. The challenges in modelling the y-Al,O; structure based
on DFT stem from the significant computational cost to run large
scale simulations, which is needed to model the spinel structure
and to determine the distribution of cation vacancies between
tetrahedral and octahedral sites. Machine learning accelerated
DFT methods can likely address this challenge and remains to be
seen.>*° In summary, a more accurate description of the y-Al,O;
structure is therefore vitally important to ensure the reliability of
theoretical predictions of y-Al,O; properties, with determining the
distribution of Al vacancies being a key step.

The uncertainty in the structural characterization of y-Al,0;
reported thus far is in large part due to the poor crystalline
quality of y-Al,O; produced commercially that has been used in
previous studies. Commercially available y-Al,O; is typically
produced by the dehydration of the mineral boehmite
(y-AlIOOH). This process produces porous, polycrystalline y-Al,O3
often containing other alumina phases that is suitable for com-
mercial applications but not for structural characterization.>”
Single crystals of y-Al,O;, which are better suited to structural
characterization, are not commercially available and must be
synthesized. One method of producing well-ordered v-Al,O5
single-crystals is through the thermal oxidation of Al intermetal-
lics, such as NiAl,>*>" to produce single-crystalline thin films on
the order of ~100 nm thick. This method of synthesizing single-
crystalline y-Al,O3;—which was employed in the present work—is
a crucial step to reliable structural characterization of y-Al,O3, and
has been discussed previously in detail.*®

In this study, a correlative approach of selected-area electron
diffraction (SAED) and electron energy-loss spectroscopy (EELS)
experiments and simulations was utilized with high-quality
single-crystal y-Al,O; thin films to investigate the distribution
of Al vacancies in the cubic spinel-based y-Al,O; structure. The
tens of nanometers thickness of the y-Al,O; thin films suggests
that electron microscopy-based techniques are ideal for charac-
terization. SAED was used to directly probe the crystal structure
of single-crystal y-Al,O3. The relative intensities of reflections
from the SAED patterns were compared to those of simulated
diffraction from cubic spinel-based y-Al,0; models with varied
Al vacancy distributions. EELS—in particular, the fine structure
in energy-loss near-edge spectroscopy (ELNES)—is sensitive to
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local coordination and bonding environment,** thus providing
a secondary approach to probe the Al vacancy distribution. Few
EELS spectra of y-Al,O; have been reported, with the best
energy resolution achieved being only about 0.6 eV.*** ELNES
reflects the unoccupied local angular-momentum-projected
density of states (LDOS), which can be calculated, and from
which the local coordination of atoms can be inferred.**™”
Simulated EELS spectra for several cubic spinel-based y-Al,O3
models with varied Al vacancy distributions were compared to
experimental high-resolution EELS spectra from single-crystal
v-Al,O; to characterize the cation arrangement in y-Al,O;. The
correlative approach in addition to the sample quality in this
work allows for increased confidence in these results compared
to previous studies.

Methods

Experimental methods

Single crystal y-Al,O; thin films used for the SAED and EELS
experiments were prepared according to the method described
by Zhang et al.*® After surface preparation, single-crystal NiAl
(110) was thermally oxidized in a conventional tube furnace at
850 °C for 1 hour to produce an ~80 nm thick single-crystal
(111) y-AL,O; film. Cross-sectional TEM samples were prepared
using an FEI Scios dual-beam focused ion beam (FIB-SEM)
operated at 30 kV. The samples were then thinned to <80 nm
in the FIB and given a final polish with a 5 kV and then a 2 kv
ion beam. The resulting film morphology and structure, as
determined by TEM imaging and diffraction, was consistent
with identically grown films from prior studies.”

SAED patterns were acquired using a Hitachi H9500 LaBg
TEM operated at 200 kV. SAED patterns were acquired from two
cross-sectional samples cut at a 90° angle to each other to
record diffraction patterns from several different zone axes.
Care was taken to avoid saturation of the Gatan Orius camera’s
dynamic range in all diffraction images. The intensity of each
spot was determined by fitting a Gaussian to the 2d profile of
the spot and calculating the area underneath the Gaussian.
Only reflections with intensities greater than twice the back-
ground value were used to calculate ratios. The spot with the
maximum intensity for each set of symmetrically equivalent
reflections was used to calculate the intensity ratio. The process
of calculating the intensity ratios from the SAED patterns is
discussed in detail in the ESL

Al-L2,3, O-K and Al-K EELS spectra were recorded on a
monochromated FEI Titan3™ G2 equipped with a high-
resolution Gatan Image Filter Quantum®™ ERS (996) and oper-
ated at 300 kv. High-resolution spectra reported in this work
were acquired in parallel EELS mode with a collection angle of
18 mrad and convergence angle of 10 mrad. The energy
resolution was determined from the full-width half-maximum
(FWHM) of the zero-loss peak (ZLP) to be about 0.25 eV.
A Gatan cryo-holder was used to minimize electron beam
damage by cooling the samples to liquid nitrogen temperature
(~77 K), as previously demonstrated.*® EELS spectra were
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collected as spectrum images, with an acquisition time for each
pixel of 0.5 s for the Al-L, ; and O-K edges and 5 s for the Al-K
edge. The spectra from all pixels were aligned using the ZLP
and summed to increase SNR while avoiding damage. Summed
EELS spectra were then background-subtracted using either a
power-law fit for the Al-L,; and O-K edges or a linear back-
ground for the Al-K edge. Deconvolution was found to be
unnecessary since the samples were very thin and little plural
scattering was detected in the low-loss spectra collected. Addi-
tional smoothing was performed on the Al-K edge using FFT
filtering.

Computational methods

Simulated diffraction data from the cubic spinel models were
calculated using SingleCrystal® in the CrystalMaker®™ suite.
The lattice dimensions of the cubic spinel-based model
described by Gutierrez et al.'® were used. The fractional occu-
pancy was systematically changed to create 11 models with the
same Al,O; stoichiometry but different vacancy distributions
ranging from 0% vacancies in tetrahedral sites to 100% in 10%
increments (Table S1, ESIt). Single-crystal diffraction data was
then calculated for each model. The intensity ratios of the same
pairs of reflections calculated from the SAED experiments were
then calculated for each model. The absolute deviation with
respect to the experimental value was calculated for each ratio
and all the errors were averaged to obtain the mean absolute
deviation (MAD). The vacancy distribution models were then
compared; the model(s) with the lowest MAD value indicated
the best fit.

Calculations of O-K, Al-L,; and Al-K edge ELNES for the
various y-Al,O3; models were carried out using the FEFF9 code.
FEFF9 is an ab initio multiple scattering (MS) code for calculat-
ing electronic excitation spectra. FEFF has been used exten-
sively to calculate X-ray absorption spectroscopy, and to a lesser
extent to calculate EELS.**** The inputs to the code were
crystallographic models, simulation parameters, and experi-
mental parameters matching those of the EELS experiments.
12 A clusters were made from each model for the EELS
simulations. Self-consistent field potentials (SCF) and full
multiple scattering (FMS) were both calculated with a radius
of 6 A (85-110 atoms) about the absorbing atom. This radius
was sufficient to provide converged calculations of the ELNES
spectra (Fig. S1, ESIT). Final state effects were included via
the final-state rule core-hole, and the many-pole model self-
energy.** An instrumental broadening factor of 0.25 €V was
added to each calculated spectrum to match the experimental
energy resolution. For the L, ; edge calculations, only the L,
edge was calculated since the spin-orbit effect in Al is negli-
gible and there is no difference between the calculated L2 and
L3 edge spectra.*’

For the EELS simulations, three cubic spinel-based models
with the distribution of cation vacancies in tetrahedral (versus
octahedral) sites varied between 100%, 63%, and 0% were
generated. The lattice dimensions of the cubic spinel-based
model described by Gutierrez et al.'® were also used here.
Supercells were made for each model since the cubic spinel
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unit cells contain partially occupied sites and such models
cannot be used for multiple scattering EELS simulations. For
each vacancy distribution model, we constructed a large super-
cell with no vacancies, then Al vacancies were generated
randomly to produce the correct stoichiometry and ratio of
tetrahedral to octahedral Al. This procedure was carried
out multiple times to produce'® different configurations, to
account for configurational variations due to random arrange-
ments of vacancies. The EELS simulations were performed for
each configuration and then averaged over all configurations.
Although y-Al,O; is likely under some tensile strain due to the
substrate, unstrained models were used for simulations as
strain is expected to have only a slight effect on the EELS
spectra,*®™*® see Fig. S2 (ESIt). Furthermore, comparing the EELS
spectra from this work to previously reported EELS spectra from
commercial y-Al,0;**** shows close similarity, confirming that
the strains involved have little effect on the EELS.

Calculated spectra are automatically aligned by FEFF, which
gives an approximate chemical shift, as it is an all-electron
method. A single overall shift of the final averaged spectrum
was used to align with experiment. Calculated ELNES spectra
were aligned using the major peak in the experimental spectra,
after the absolute energies of the experimental spectra were
aligned using the zero-loss peak. Additional details of the FEFF
calculations can be found in the ESLf

Results and discussion
SAED results and analysis

SAED patterns acquired from the single-crystal y-Al,O; thin
films are shown in Fig. 1a-c. Three different zone axis (ZA)
patterns were imaged. Each ZA pattern was indexed using the
cubic spinel model space group (Fd3m, no. 227). The [110] ZA
pattern (Fig. 1a) exhibited two mirrored sets of spots, indicating
widespread growth twinning about the (111) planes, as pre-
viously described in y-Al,O; produced by thermal annealing of
NiAlL7?®*® Reflections from either of the twin patterns are
indexed in cyan below the spot for twin 1 or yellow above the
spot for twin 2. In the [211] ZA pattern, the twin patterns
overlap since the pattern is mirrored across the (111) planes,
hence only one pattern is observed. Anisotropic broadening of
reflections can be seen in the SAED patterns, attributable to
both the disordered nature of the cation sublattice® and to the
presence of strain in the y-Al,O; thin film due to the substrate.

Ratios of the reflection intensities were calculated from the
SAED patterns shown in Fig. 1 since the absolute intensities
would not be directly comparable to the simulated SAED
reflections. Intensity ratios were calculated from each diffrac-
tion pattern for each pair of reflections shown in Table 1. The
intensity for each reflection was normalized by the {111}
reflection intensity. The twin patterns in Fig. 1a were treated
as two separate patterns to calculate the intensity ratios. The
intensity ratios from each pattern were then averaged to give
the values shown in Table 1. Overlapping reflections due to
twinning in the [110] ZA pattern (Fig. 1a), such as the {333}

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Single-crystal SAED patterns acquired from the (a) [110], (b) [211], and (c) [111] zone axes of y-Al,Os. Reflections used for the intensity ratio analysis
are indexed. The [110] pattern exhibits mirrored reflections due to twinning; the reflections from either twin are labeled in either blue or yellow.
(d) Schematic of a generic cubic spinel model showing a face-centered cubic oxygen arrangement and spinel interstitial sites where Al cations are placed.
(e) Mean absolute deviation (MAD) of reflection intensity ratios relative to the experimental values for each cubic spinel model vs. fraction of Al vacancies

in tetrahedral sites in the model.

reflections, were not used. The uncertainty in the averaged
intensity ratios was then calculated using the standard error of
the mean (SEM):

g
EM = -2
S NG

where ¢ = standard deviation and n = number of values
averaged. A weight was given to each pair of reflections based

on the intensities of the reflections, such that brighter spots

© 2024 The Author(s). Published by the Royal Society of Chemistry

with higher SNR were weighted more heavily. The weight for
each reflection was calculated by dividing by the sum of all the
reflection intensities. The weighting values were used to calcu-
late the weighted mean absolute deviation (MAD) for the
models.

For the comparison between the calculated relative intensi-
ties and the experimental to be meaningful, the experimental
sample must be thin enough to assume kinematical diffraction,
i.e., each electron only undergoes a single elastic Bragg

Mater. Adv,, 2024, 5,1078-1087 | 1081
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Table 1 Ratios of intensity of given pairs of reflections from Fig. 1la and b

Reflections Intensity ratios Weighting
220/111 0.88 4 0.12 0.052
113/111 3.34 4+ 0.31 0.123
222/111 1.80 £ 0.29 0.067
400/111 14.32 £+ 2.19 0.407
440/111 9.49 4 1.80 0.241
115/111 1.01 £ 0.02 0.053
622/111 1.14 £ 0.05 0.056

scattering event as it passes through the sample. Convergent
beam electron diffraction (CBED) patterns revealed no visible
fine structure, supporting the assumption of primarily kine-
matical diffraction.

A schematic of the cubic spinel model with cation sites
identified is shown in Fig. 1d. The 32 oxygen atoms are set in a
face-centered cubic arrangement. The spinel cation sites are
highlighted in green and blue; the 8 spinel tetrahedral sites are
colored green while the 16 spinel octahedral sites are colored
blue. Since the number of Al vacancies required for stoichio-
metry is fractional and Al vacancies are normally thought to be
randomly distributed in the lattice, the unit cell description
of the cubic spinel model normally includes some partial
occupancy of the Al sites.

Several cubic spinel-based models were generated with
systematically varied Al vacancy distributions between tetra-
hedral and octahedral sites, starting with a model with 0% of
vacancies on tetrahedral sites and increasing in increments of
10% up to a model with 100% of vacancies on tetrahedral sites.
The site occupancy for each model is shown in Table S1 (ESIt).
The relative intensities of single-crystal diffraction reflections
were calculated for each of the models, along with the intensity
ratios corresponding to the reflections given in Table 1. The
absolute deviation for each intensity ratio with respect to the
experimental value was determined, and then the weighted
MAD was calculated by averaging the deviations for all
the intensity ratios using the weights given in Table 1. The
unweighted MAD was also calculated for comparison and is
shown in Fig. S6 (ESIt). The choice of weighted versus
unweighted MAD produced no significant differences in the
relative intensities.

The weighted MAD for each model is plotted in Fig. 1e. The
error in each MAD was propagated from the error in the
experimental data. To use SAED in such a quantitative way,
the sources of error in the experimental intensity ratios must be
considered. There are several possible sources of measurement
error stemming from the acquisition of the SAED patterns.
Dynamic range, nonlinearity, and gain uniformity of the TEM
camera contribute to this error. To prevent dynamic range
oversaturation, SAED patterns were taken with appropriate
beam illumination and exposure time such that there was no
intensity saturation observed in the acquired patterns. A factor
of 2.5% was added to the error to account for nonlinearity and
gain uniformity, based on reported specifications of the TEM
camera. No gamma correction was applied to the images to
avoid skewing the relative intensities of spots. The spot with the
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maximum intensity out of a set of symmetrically equivalent
spots was used to reduce the error associated with slight
misalignment of the zone axis. The cubic spinel model chosen
as a basis (lattice parameters and atomic sites) is expected to
have an effect, since some models are more or less distorted
from the ideal spinel lattice, such as the cubic spinel-based
model described by Smréok et al.” Additionally, another set of
intensity ratios was calculated using different pairs of reflec-
tions, to ensure that the choice of reflection pairs did not
influence the results. The weighted MAD plot using the second
set of intensity ratios (Fig. S7, ESIT) was nearly identical to that
in Fig. 1e.

Comparison of the MAD values suggests that the models
with 50-80% of vacancies placed in tetrahedral sites provide
the best fit to the experimental data. The model with 0% of
vacancies on tetrahedral sites exhibits the worst fit to the
experimental data. This is contrary to several commonly cited
models including those proposed by Gutierrez et al.’® and Pinto
et al.®* in which placing all Al vacancies on octahedral sites is
found to be the most stable arrangement. A previous experi-
mental SAED study found that disorder in the Al sublattice is
primarily in the tetrahedral positions.’® This is consistent with
our results, since in the best fitting y-Al,O; unit cell structures
the octahedral sites are almost fully occupied (because the
majority of the vacancies are on tetrahedral sites), and so those
sites will be generally more ordered than the tetrahedral sites.
No evidence of multiple distinct phases was observed in the
HRTEM images or SAED of the films grown in this study,
supporting the vacancies being randomly distributed through-
out the film at the indicated ratio.

ELNES results and analysis

To further probe the Al cation distribution in y-Al,O3, high-
resolution EELS spectra were collected on the pure single-
crystalline y-Al,O; samples. The experimental EELS spectra
acquired from the v-Al,O; along with those calculated using
FEFF for the spinel-based y-Al,O; structural models are shown
in Fig. 2. Considering the experimental EELS spectra, the line
shape of the Al-L, ; edge spectrum is nearly identical to that
reported by Bouchet and Colliex for v-Al,05.2* The line shape of
the experimental O-K edge spectrum is characteristic of the O-K
edge EELS spectra of spinels,®>?”***? further confirming the
spinel-like structure of y-Al,O;. To the best of our knowledge,
no EELS experiment showing the Al-K edge of y-Al,0O; has been
reported before. The identifiable features in the experimental
EELS spectra are highlighted with dashed lines for comparison
with the simulated EELS spectra. The experimental high-
resolution EELS spectra without the simulated EELS are shown
in Fig. S8 (ESIY).

The Al-L, ; and Al-K EELS edges were analyzed first because
of their known sensitivity to Al coordination.?*4>3%5
We focused on the Al-L, ; edge first due to its inherently higher
SNR. Four major features were identified in the experimental
Al-L, ; edge spectrum shown in Fig. 2a, namely: a sharp peak at
79.7 eV with a prominent shoulder at about 78 eV, a second
sharp peak at 84 eV, and a broad peak at 99 eV. To investigate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Simulated (a) Al-L, 3, (b) O-K, and (c) Al-K edge ELNES from cubic
spinel y-Al,O3z models with varied vacancy distributions compared to the
experimental y-Al,O3z EELS spectra.
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the impact of the vacancy distribution on the EELS, simulated
EELS from three cubic spinel-based models with 100%, 63%,
and 0% of cation vacancies in tetrahedral sites were compared
to the experimental EELS. Qualitative agreement is achieved
between all the simulated spectra and the experimental, with
all the highlighted peaks present in the simulated spectra,
albeit with some shift of relative positions. The peaks at
78 eV and 84 eV are consistently shifted to lower energy-loss
in all three calculated spectra, while the bump at 92 eV is
shifted slightly higher. There is a small pre-edge peak present
in the Al-L, ; ELNES simulations that is not present in the
experimental.

To clarify the contributions of tetrahedral vs. octahedral Al
sites to the EELS, simulated EELS spectra from a single tetra-
hedral Al and a single octahedral Al are shown in Fig. 3
compared to the experimental Al-L,; edge. The main broad
peak at 99 eV is present in both spectra. The other two labeled
main peaks at 79.7 eV and 84 eV only clearly align with the
octahedral Al spectrum, but their relative intensities are signifi-
cantly lower in the simulation than in the experimental EELS.
Previously reported EELS simulation results of the Al-L, ; edge
using the OLCAO method have shown similarly reduced peak
intensities,”* suggesting this limitation may not be specific
to MS-based calculations. The pre-edge peak at 78 eV is also
attributed to the tetrahedral Al contribution. The octahedral Al
spectrum closely resembles the experimental spectrum, sug-
gesting the site-averaged spectrum should be dominated by the
octahedral Al contribution. This would suggest maximizing the
occupancy of Al on octahedral sites (i.e., placing vacancies on
tetrahedral sites) would increase the fit of the simulated EELS
to the experimental EELS.

Full-potential effects that are not accounted for in FEFF
are the likely cause for disparities between the simulated Al-L, 3
edge spectra and the experimental, in particular for the

79.7 eV 99 eV
i84ev i

Experimental

Tetrahedral Al

Intensity (a.u.)

Octahedral Al

Simulated

80 100
Energy Loss (eV)

Fig. 3 Simulated Al-L, 3 edge ELNES for both a single tetrahedral Al atom
and a single octahedral Al atom in the cubic-spinel based model compared
to the experimental Al-L, 3z edge spectrum.
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simulated EELS of tetrahedral Al sites. To investigate the
accuracy of the FEFF EELS simulations for differently coordi-
nated Al atoms, EELS simulations were performed on o-Al,O3
(octahedral Al sites only) and AIPO, (tetrahedral Al sites only).
Simulated Al-L, ; spectra of a-Al,0; showed good agreement
with experimental data while the simulated Al-L,; spectra of
AIPO, were less accurate, highlighting the deficiency in model-
ing EELS for Al occupying tetrahedral sites (Fig. S10, ESIY).
However, it is important to note that AIPO, has large pores in
its structure, which may exacerbate the full-potential effects
and render the FEFF EELS simulations from tetrahedral Al
atoms in that structure even less accurate. FEFF uses the
muffin-tin approximation, which approximates the potential
field around atoms in a crystal lattice as spheres within which
the potential experienced by electrons is symmetric about the
nucleus of the atom, and the potential between the spheres as
constant. This approximation can have a significant effect on
d-state level splitting.*” Full-potential based ELNES simulations
may remedy some of the undesirable consequences of this
multiple scattering approach. Thus, it is difficult to determine
to what extent the slight differences in the simulated Al-L, ; and
Al-K spectra in Fig. 2 are due to the varying vacancy distribution
in the models rather than uncertainty in the tetrahedral Al
EELS simulations.

For the Al-K edge (Fig. 2c), three major peaks are labeled,
two overlapping peaks at 1568 eV and 1574 eV, and a broad
peak at 1592 eV. The presence of the first two peaks is not
clearly identified in the simulations, but the shape of the
overlapped peak is present. There is also a small pre-edge peak
seen in the Al-K ELNES, similar to the Al-L, ; ELNES. Again,
there is little difference between the simulated EELS with
respect to Al vacancy distribution. The simulated Al-K edge
spectra for the models show better agreement with the experi-
ment, likely because the K edge transition is less complex than
that of the L, ; edge.”” As with the Al-L, ; edge, the octahedral Al
site seems to match the experimental spectrum closely
(Fig. S11, ESIt), which would be consistent with the Al-K signal
being dominated by the octahedral Al contribution.

The calculated Al-L, ; and Al-K edge EELS spectra in Fig. 2
show little variation in terms of peak positions or intensities
with respect to changes in the Al vacancy distribution. This is
attributable to the O lattices of the models being identical; the
difference between the models is the ratio of Al occupying
tetrahedral vs. octahedral sites. However, the range of possible
ratios in the spinel model is small, such that with 100% of
vacancies on tetrahedral sites the Al fraction in tetrahedral sites
is 25%, while if 100% of vacancies are placed on octahedral
sites, the tetrahedral Al fraction is 38%.

Due to the relative insensitivity of the Al edges to variation of
the vacancy distribution, focus was turned to the information
provided by the O-K edge EELS. The O-K edge should be more
sensitive to changes in the Al vacancy distribution since average
O coordination is directly affected. Three major peak positions
are identified in the O-K edge spectra (Fig. 2¢) and labeled A-C.
Peak A exhibits a left shoulder, labeled A*. Assuming there
are two peaks within the broad A peak and A* shoulder, the
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position of the shoulder A* in the experimental was determined
by fitting two Gaussians to the broad peak (Fig. S12, ESIt). The
positions of peaks A* A, and C are all consistent when
comparing experimental and calculated spectra. In the simu-
lated O-K edge spectra, the position and intensity of the
shoulder A* notably changes as the percentage of vacancies
in tetrahedral sites increases. This dependence of the shoulder
A* position and intensity on the cation site distribution has
been noted in prior studies using EELS when investigating
other spinels.*>>* This behavior is analogous to the difference
seen between O-K edge EELS spectra of normal and inverse
spinels.>”>?

The O-K edge EELS spectra of the spinel-based models show
systematic differences when varying the Al vacancy placement.
This is due to changes in the O coordination caused by the
specific arrangement of Al atoms in the structure. In a normal
spinel structure with all the spinel sites occupied (e.g. MgAlL,O,),
all O sites are four-coordinated, with each O atom having one
tetrahedral Al and three octahedral Al nearest neighbors. Since
vacancies must be introduced into Al sites to get the right
stoichiometry of Al,O3, the coordination of some O atoms must
necessarily be reduced from four. Assuming vacancies are not
placed in neighboring Al sites in the structure (typically assumed,
to maintain the highest charge distribution), then O atoms next to
vacant Al sites will have one fewer neighbor and become three-
coordinated. Thus, there are two classes of O sites present in the
cubic spinel-based y-Al,0; model regardless of vacancy distribu-
tion: four-coordinated O (O,.f01q) and three-coordinated O (Oj3.fo1q)-
Schematics of the two extremes of vacancy distribution—100%
vacancies on octahedral sites and 100% vacancies on tetrahedral
sites—are shown in Fig. 4a and b, with the two classes of O sites
highlighted in each model. Table 2 summarizes the coordination
of the nonequivalent O sites from both models. Regardless of the
arrangement of Al vacancies, the O,.¢,q4 sites always have the same
nearest neighbor coordination because of the spinel symmetry. In
contrast, the Oz 4 sites have different nearest neighbor coordi-
nation depending on the placement of Al vacancies.

The simulated EELS spectra of each of the four different O
sites described in Table 2 are shown in Fig. 4c compared to the
experimental O-K edge spectrum. In the experimental O-K edge,
the components of the main peak at ~ 541 eV were fit with two
Gaussians as shown. The simulated EELS for the O,4.¢yq Sites in
both models are unsurprisingly identical. The Ojfq Sites,
however, show key differences in the A* peak shoulder. The
peak shoulder A* is shifted closer to its position in the
experimental spectrum for the type 3 O site, and even closer
for the type 4 O site. This further confirms that when assuming
that the Al vacancies exist primarily on tetrahedral sites, the
simulated EELS is in better agreement with the observed
experimental data. Thus, the EELS simulations further support
the conclusion from our SAED analysis that Al vacancies exist
primarily on tetrahedral sites. However, the EELS data does not
show enough sensitivity to further refine the results from the
SAED analysis.

It is important to note a potential impact of the source of
the y-Al,O; used in this study. y-Al,O; derived from boehmite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cubic spinel-based y-Al,Os model with 100% of vacancies placed on octahedral sites (Gutierrez cubic spinel-based model’®). (b) The other
extreme, cubic spinel-based model with 100% of vacancies placed on tetrahedral sites. The two types of O sites, four-coordinated (O4-¢o14) and three-
coordinated (Os_o1g), are differentiated by color in both models. (c) Simulated O-K edge EELS spectra for nonequivalent O sites in cubic spinel-based
model with either 100% vacancies in octahedral sites or 100% vacancies in tetrahedral sites compared to experimental EELS. The components of the
experimental broad peak were fit with Gaussians as shown with the dashed fit lines.

Table 2 Coordination of non-equivalent O sites in the cubic spinel model
and number of bonds to each non-equivalent Al site

Tetrahedral Octahedral
O site, spinel model Al Al
Oy.fold, 100% octahedral vacancies (Type 1) 1 3
Oy.fo1d, 100% tetrahedral vacancies (Type 2) 1 3
O3.fo1d, 100% octahedral vacancies (Type 3) 1 2
O3 fo1d, 100% tetrahedral vacancies (Type 4) 0 3

has been described as frequently displaying a tetragonal disto-
rtion.***>°® It is not unreasonable to surmise that the vacancy
distribution may differ somewhat based on the synthesis of the
investigated y-Al,O3;. However, comparison of both the experi-
mental SAED patterns and EELS spectra reported here to
previously published data'***>*" from boehmite-derived
v-Al,O; confirm that the y-Al,O; synthesized for this study is
likely representative of y-Al,O; in a broad sense, such that the
conclusions drawn here could apply to v-Al,O; produced
through either synthesis route.

Conclusions

In summary, SAED patterns and high-resolution EELS spectra
have been acquired from single crystal y-Al,O; and used to
analyze various y-Al,O; structure models to determine the Al
cation distribution in y-Al,0;. Comparison of the intensity
ratios of reflections in the SAED patterns of the models to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

experimental SAED patterns revealed that the majority (50-80%)
of Al vacancies exist on tetrahedral sites. This result was corro-
borated by a comparison of high-resolution EELS experiments
with simulated EELS spectra from systematically altered y-Al,O3
models. Overall, the simulated EELS spectra were not as sensi-
tive to the Al vacancy distribution as the SAED pattern. The
similarity of the experimental Al-L, ; and Al-K edge fine struc-
tures to those of the ELNES simulations from an octahedral Al
atom suggested that the Al-L, ; and Al-K edge signal is domi-
nated by octahedral Al atoms. The simulated O-K edge spectra
for all considered spinel models were very similar to each other
and to the experimental spectrum. However, the peak shoulder
A* in the O-K edge spectrum was identified as a signature of the
cation distribution in the models. By resolving the O-K edge
EELS signatures from each type of O site present in the spinel
models, it was revealed that a y-Al,O; unit cell structure with Al
vacancies predominantly occupying tetrahedral sites is in best
agreement with our experimental EELS spectra.
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