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Resolving the atomic structure of y-alumina:
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v-Alumina, as a widely utilized material in human civilization for centuries, has been highly debated on its
precise atomic structure. Herein we explore more than 10 million structures on the (Al,O3),H,O global
potential energy surface from machine learning global optimization, and thus identify the most
representative model for y-alumina, namely the y-AD model, which is a non-spinel phase featuring
a highly distorted anion sublattice with connected voids forming three adjacent long channels. The y-AD
model is 57 meV f.u.”! less stable than the 6-phase and at least 40 meV fu.*
previously proposed models. Importantly, our y-AD model reproduces correctly all minor structure
patterns observed in the experiment, including the broadened small peaks below 33° in X-ray diffraction
and the broadened double peak around 0.35 to 0.45 A~ in electron diffraction. The simulated surface
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Introduction

y-Alumina (y-Al,03), known for its defect structure, surface
acidity, high surface area, and thermal stability, is widely used
as an absorbent, catalyst, and catalyst support.*” However, the
growth of defect-free large single y-Al,O; crystal has not been
feasible despite over a century of scientific efforts. This is
primarily because y-Al,O; acts as a transition phase from
boehmite to a-phase®” upon heating (1500 K), being less stable
compared to 6- and a-phases, the growth of a defect-free large
single y-Al,O; crystal has not been feasible despite over
a century of scientific efforts. As a result, while many atomic
structure models of y-Al,O3 have been proposed in the past few
decades, none of them can fully explain experimental structural
data. The key questions surrounding the nature of defective
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sites, intrinsic disordering, and the thermodynamic stability of
v-Al,O3; remain open.

Fig. 1 compares the simulated X-ray diffraction (XRD)
patterns and electron diffraction (ED) patterns of three repre-
sentative y-Al,O; models with experimental data. All models, no
matter being the spinel or non-spinel crystal structure, capture
a face-centered cubic (fcc) arrangement of O anions in y-Al,O3,
which accounts for the XRD main peaks at 26 = 37.3°, 45.9°, and
67.1° and thus can be all termed an anion-ordered vy-Al,O;
model. However, the broadened small peaks from 28° to 33° in
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Fig. 1 Previously proposed y-AlLOz models (anion-ordered models).
The simulated XRD (a) and ED (b) patterns of three representative y-
AlbOs models (named by the first author and the year of
publication).®-° The experimental data are given for comparison. (c
and d) Atomic structure snapshots of (c) a perfect spinel unit cell and
(d) the Ouyang-2009 model.”** The lattice direction corresponding to
the fcc sublattice is labeled. Purple balls: Al in octahedral sites; yellow
balls: Al in tetrahedral sites; red balls: O.
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XRD and the broadened double peak around 0.35 to 0.45 A" in
ED’ (see red arrows in Fig. 1), are not reproduced properly by
any of the previously proposed models. These fine structural
features were suggested to be caused by the intrinsic defect sites
in y-Al,03," e.g. the non-spinel site occupation. For example,
Krokidis et al® (Krokidis-2001 model in Fig. 1) performed
molecular dynamics (MD) simulations of the boehmite dehy-
dration and identified a non-spinel atomic model using a fixed
orthogonal lattice (the space group P2,/m), capturing the major
features of the experimental XRD patterns. Paglia et al. (Paglia-
2003 model in Fig. 1) incorporated aluminium atoms occupying
non-spinel sites, which can indeed better depict the long-range
pair distribution function derived from the XRD of y-Al,O;
compared to conventional spinel-like models." Interestingly, by
superposing two different unit cells with imposed stacking
faults, they further demonstrate that such a generated artificial
model fits well the short-ranged pair distribution function.*
Paglia's models, aiming to reproduce the experimental data by
introducing fractionally occupied Al sites and stacking faults,
not only lacks the thermodynamics basis on the stability
(particularly on stacking faults), but also neglects the possible
distortion of the anion sublattice (e.g., deviating from the fcc
lattice). Indeed, theoretical calculations show that the spinel
model is more stable than the non-spinel structure. The spinel
model within a relatively large unit cell (160 atoms, Ouyang-
2009 model)>* is 50 meV f.u.”' more stable than the
Krokidis-2001 model and 4.2 eV f.u.”" more stable than Paglia's
artificial model.

Herein, by machine-learning-based large-scale global
potential energy surface (PES) scan, we identify an anion-
distorted +y-Al,0; model, named the y-AD model, that is
found to best match with experimental structural data and
more importantly, is thermodynamically more stable than all
previously proposed models. The defect sites of the y-AD model
originate from the fast dynamics of 66% tetrahedral Al to the
nearest octahedral and tetrahedral sites as facilitated by the
highly distorted O sublattice.

Results and discussion

Our global structure search was performed using the stochastic
surface walking method with global neural network potential
(SSW-NN method'”**) as implemented in LASP software (see the
ESI} for all methodology details).?*** All likely AlI-O-H compo-
sitions, including the H-containing phases, (Al,03)(H,0), (x =
1-9; y = 1-2) (H may be present as OH or H,O in the lattice) and
(Al,O3), have been extensively explored with various supercells
containing 26-66 atoms for Al-O-H and 40/50 atoms for Al-O
phases, where more than 10 local minima in total (4 x 10> for
Al,03) are visited by SSW-NN. The low-energy structures were
further verified by DFT calculations, from which the global
minimum (GM) for each composition was obtained (all ener-
getic data reported in this work are from DFT). We found that
the H-containing phases are generally less stable than the non-
H phases based on thermodynamics (see ESIf Fig. S1 for
details). This is consistent with the experimental knowledge
that v-Al,O; is formed at 573-773 K, while thermogravimetry
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analysis (TGA) shows that H,O desorption is completed before
773 K.*® Hence, in the following we only focus on non-H models,
which are more stable at the synthetic temperatures of y-Al,O;.

Fig. 2a shows the global PES of Al-O phases (Al,O3) by pro-
jecting the structure fingerprint using a Steinhardt order
parameter'>'® of 125316 distinct Al,O; minima against their
energy, where two large PES funnels can be distinguished at the
bottom of the global PES, namely the 6-alumina funnel with the
fce O-sublattice and the a-alumina funnel with the hcp O-
sublattice. We note that the 6-alumina is the GM among all
Al-O phases, being 7.4 meV f.u.”! more stable than o-alumina.
Fig. 2b further highlights the PES contour plot of 62 lowest
energy minima (within 150 meV f.u.”' above GM) in the 6-
alumina funnel, which are all non-spinel phases. Their struc-
tural data are summarized in Table S1.T By simulating the XRD
and ED patterns (with Gaussian expansion, see Fig. S2 and S37
for details) of all low energy minima in Fig. 2b and comparing
them with the experimental data of y-alumina, we identify the
v-AD model that produces the best match, which locates near
the bottom of the 6-alumina funnel, 57 meV f.u.”! above 6-
alumina (ranked 9th minimum in the energy sequence) and,
importantly, is 40 meV f.u.”" more stable than the Ouyang-2009
model. It should be emphasized that the structures (7 minima)
with energy lower than the y-AD model but higher than 6-
alumina all exhibit major XRD features of 6-alumina structures
(ESI Fig. S21), suggesting they are structural distorted phases of
0-alumina. We have conducted extra SSW runs with 80-100
atoms of Al,O; for more than 2 x 10° steps to verify the stability
of the y-AD model, identifying 264 extra unique minima with
oxygen-sublattice packed in the fcc motif and energies within
150 meV f.u.”! above the GM. We find that the y-AD model is
still the most stable minima apart from the structurally dis-
torted phases of 8-alumina.

The y-AD model, as depicted in Fig. 2c, has a distorted fcc
lattice with a unit cell of 40 atoms (a = 7.419 A b=93514A,c=
5.680 13, a = 90.06°, 8 = 79.74, y = 79.20°, space group Pi), as
evidenced by 29 distinct first-neighbor O-O distances of all 144
pairs, spanning from 2.53 to 3.23 A (c.f only one possibility in
a perfect fcc lattice, and 33 distinct distances of 576 pairs in the
Ouyang-2009 model). The close-packed (111) surface of the
oxygen sublattice (see Fig. 2¢) is parallel to the (0 1 0) surface of
the unit cell. 16 Al atoms fill the interstitial sites, including 6
tetrahedral Al atoms (Aly, 37.5%) and 10 octahedral Al atoms
(Alp, 62.5%) in the unit cell. Viewed from the [001] direction of
the unit cell (Fig. 2c), there are three neighbouring void-
connected long channels, one 8-membered-ring void (Vg) and
two 6-membered-rings (Vg), which differs from that in the 6-
phase (only Vg) and Ouyang-2009 model (no large channel). The
presence of these stable voids reflects the defect-creation ability
and nanoporous nature of y-alumina.

Since y-alumina is best known for its defect structure, it is
important to evaluate the dynamic behavior of ions in the
lattice, which is also strongly correlated with the phase transi-
tion between different alumina phases.* To this end, we further
performed 0.1 us molecular dynamics (MD) simulation using G-
NN under 1000 K (the upper limitation temperature for y-Al,O3
synthesis), in the isothermal-isobaric (NPT) ensemble of 480-
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Fig. 2 Global PES of Al,Oz and the anion-distorted y-Al,Oz model. (a) Global PES contour plot of Al,O3 using 125 316 distinct minima obtained
from SSW-NN. The y axis is the energy referring to the GM (eV per formula unit, eV f.u. ™). The x-axis is OPg, the Steinhart order parameter with “l"
in the spherical harmonic function equal to 6.1 The dashed red box indicates the boundary of (b). (b) The PES contour plot of the bottom of the
fcc O sublattice funnel, 62 structures within 0.15 eV f.u.”* above the GM. The 6 phase, our model (y-AD), Ouyang-2009 model and Krokidis-2001
model are labeled using black cross marks. (c) The atomic structure of the y-AD model. The lattice direction corresponding to the fcc sublattice is
labeled. The 8-membered-ring void (Vg) and 6-membered-ring void (Vg) channels are highlighted. The unit cell at the same view angle is shown
in the inset. The color scheme for the atoms is the same as in Fig. 1. (d and e) The dynamic behavior of the O anion (c) and Al cation (d) froma 0.1
us MD trajectory of the y-AD model at 1000 K. The size of the ball (red: fcc sublattice site, yellow: tetrahedral site; magenta: octahedral site) from

small to large reflects the overall occupancy probability Po.. of each site (relative to the y-AD model) from high to low (L1 to L3).

atom simulation cell for the y-AD model and compared it with
that of 6-alumina. We selected one structure every 10 ns from
the MD trajectory and benchmarked the G-NN potential with
DFT calculations, showing an average energy error of 3.01 meV
per atom. After the first 10 ps for equilibrium, the snapshots
were taken from the MD trajectories every 0.1 ps from all MD
trajectories and optimized to the local minima (the inherent
structure). We found that there is no appreciable atomic diffu-
sion in 0-alumina within the long simulation time (0.1 ps). In
contrast, from the y-AD model trajectory, we obtained 831
distinct local minima, suggesting a highly dynamic nature of
the y-AD structure. By calculating the overall occupancy prob-
ability of each site statistically, i.e., Py, the overall occupied
duration time divided by the total simulation time (0.1 ps), we
can resolve the physical origin of the structure dynamics. The
results for the O anion and Al cation are shown in Fig. 2d and e,
respectively, where the size of the ball reflects the stability of the
site—the larger the ball is, the less time the site is occupied.
We found that (i) all O anions (red balls in Fig. 2d) only
vibrate at the equilibrium lattice sites, despite the sublattice
deviating largely from the perfect fcc lattice and the cation
motion and (ii) it is Al cations that migrate between the inter-
stitial sites. The extent of the migration can be classified into
three levels as visualized from the ball size in Fig. 2e. The most

This journal is © The Royal Society of Chemistry 2025

immobile site (L1 in Fig. 2e) corresponds to Poc. > 99%, which
includes all the occupied octahedral sites and two occupied
tetrahedral sites (red arrows in Fig. 2e); the second level (L2)
corresponds to P,.. > 90%, including the rest four occupied
tetrahedral sites (green arrows); and the third level (L3) corre-
sponds to P,.. = 7-4%, including four void octahedral sites next
to the tetrahedral sites at the L2 level, suggesting their fast
interexchange. Overall, 20 different octahedral and tetrahedral
sites per unit cell (16 Al atoms) can be occupied; in particular,
the total occupancy of the tetrahedral site is 5.78 in the 40-atom
unit cell, reduced by 22% compared to the static y-AD model,
corresponding to 36% of all the Al atoms. This agrees nicely
with the important experimental fact on y-alumina that the Aly
takes 32-37% from Al>* NMR.?® The chemical shift between Al
and Al, in the y-AD model is 57.7 £ 3.8 ppm, being consistent
with the literature.>*=** To further check the MD results in 0.1 us
at 1000 K, we also speeded up the MD simulation by elevating
temperature to 1800 K (Fig. S47T). The results are basically the
same, which confirms the rigidity of the O sublattice but
exhibits more rapid cation dynamics.

Importantly, we find that by considering the cation dynamics
at finite temperatures, the XRD pattern of the y-AD model can
even better match with the experimental data. Usinga 2 x 2 x 1
supercell of y-AD and considering all possible Al migration
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according to MD simulations, we obtained 156 most stable bulk
structures and their corresponding nanoparticle models, which
were built following the proposed rhombic motif.>* The lengths
of the three edges of the models are 11.6, 5.5, and 2.5 nm,
respectively (Fig. S51). The final XRD and ED patterns (Fig. 3a)
are an average over these particles, weighted by the Boltzmann
distribution of the potential energy of their bulk. These patterns
of y-AD match excellently with the experimental data, as both
the positions and the intensity rank of the main peaks corre-
spond well with the experimental results.

Table 1 lists the key structural features of the y-AD model,
including the Miller indices of the diffraction peaks, their
correspondence to the Miller indices of the fcc sublattice, and
the origin of the diffraction peaks, as further elaborated below.
The details of XRD peaks within the 28-33° range are summa-
rized in Table S4.1 The main structural features of y-AD include
three major peaks, 37.3°, 45.9°, and 67.1°, in XRD (Fig. 3a), also
0.43A7%,0.52 A7, and 0.72 A~* in ED (Fig. 3b). Importantly, the
minor broadening peaks below 33° in XRD and 0.35-0.45 A™*
broadened double small peaks in ED are now captured correctly
by the y-AD model. The radial pair distribution function (RDF,
g(r)) between atoms can provide more detailed knowledge on
the atom distribution. As shown in Fig. 3c, the Al atoms (g(Al—
Alyp)) have two types of local connectivity, a smaller peak at 2.82
A for Aly sharing one O atom and a larger peak at 3.45 A
involving two Alr atoms separated by an unoccupied octahedral
site. By contrast, the Al, atoms exhibit a strong preference for
sharing edges with nearby Al, atoms, manifested by the large
peak at 2.82 A in the RDF of g{Alo-Alp). The local connectivity
between Aly and Alp atoms is through the sharing of corner
oxygen atoms, as reflected by the dominant peak at 3.3 A in the
RDF of g(Al,-Aly). We note that the Ouyang-2009 model lacks
the first (2.82 A), the third (4.47 A) and the fourth (4.89 A) peaks
between two Al (red curve in g(Al;-Aly)), thus appears to be
more crystalline compared to our y-AD model. Moreover, from
the g(0O-0) patterns (Fig. 3c), we observe a large oxygen lattice
distortion. For instance, the signal at 2.82 A corresponds to the
[110] orientation and 3.98 A corresponds to the [100] orientation
of the perfect fcc oxygen sublattice both split into two peaks.
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Fig. 3 (a and b) The simulated XRD (a) and ED (b) of y-AD particle
models in comparison with experimental results and the Ouyang-
2009 model. (c) The RDF of the y-AD model (red) from different
atomic pairs. The blue curve in Aly—Aly corresponds to the result from
the Ouyang-2009 model.
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Table 1 Structural correspondence of the y-AD model. Listed data
include the Miller index of major diffraction peaks in XRD, ED patterns
inthe y-AD lattice and in the ideal fcc sublattice “(hkl)¢..", and their RDF
information

RDF
(hkl) y-AD  XRD () ED(@A™Y)  r(A)  Pair (RkD)gee
(104) 67.1 0.72 2.82 Al-Alp (440)
(412) Alp-Alg
(152) 0-0
(152) 60.5 0.65 5.17 Al;-O (115)
(252) Alp-Aly
(132) 45.6 0.50 1.99 Aly-O (400)
(232)
(320)
(212) 39.5 0.43 1.72 Al-O (222)
(112) 5.17 Alo-Aly
(212) 37.3 0.42 3.30 Alp-Alr (311)
(112) Al-O
(300)
(211) 34.5 0.39 4.88 Al—Aly (7,13,9)
(130) Alp-Aly (7,15,7)

0-0

(131) 32.5 0.36 3.30 Alo-Alp (3,3,11)
(031) Al-O (31,15,7)

Finally, it is interesting to link the y-AD structure with its
physicochemical properties. We examined the surface point-of-
zero charge, ie., the pHpyc, using our y-AD model, which is
a basic surface property of oxides. Our simulation was carried out
in a (110) slab that exposes in an aqueous solution. The y-Al,O/
water interface at the thermal equilibrium was first achieved using
SSW exploration followed by MD simulation.*® In total 1.375
monolayer water is found to adsorb on the surface, 59% disso-
ciative and 41% molecularly (Fig. S6T). These dissociated H and
OH will contribute to surface acidity. By further carrying out free
energy calculations with umbrella sampling,**** we obtained the
surface deprotonation (AGq) and protonation (AG,) free energy
change, being AG4 = 0.34 & 0.01 eV and AG, = 0.17 £ 0.01 eV
(Fig. S71). This leads to the computed pHp,* as 8.34 & 0.17 (see
the ESIf), which falls nicely within the range of experimental
values of 8-8.6.*” It might be mentioned that the previous theo-
retical results are obviously too low (6.67) using the spinel model.*®

Conclusion

To recap, machine learning-based global PES exploration reveals
the most representative structure model of y-alumina, the y-AD
model. It has a highly distorted anion sublattice with neighbour-
ing 8-membered-ring and 6-membered-ring void channels, which
generates a rich cation dynamics flexibility. This y-AD model
explains the long-standing puzzles on the structural features ob-
tained from XRD and ED in the experiment and should open a new
era for understanding and designing y-alumina based materials.

Data availability

All data are available within the article and its ESIt files. The
software of LASP is available on the website http://
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www.lasphub.com. The NN potential and the corresponding
training dataset can be downloaded from the following:
http://www.lasphub.com/supportings/AlOH.pot &  http://
www.lasphub.com/supportings/Trainfile_AIOH.tar.gz.
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