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Aluminum hydrate dehydration interfaces were studied using a van der Waals density functional. The interface
configurations investigated here as a first exploration of possible interface geometries, were all found to have a
reasonable probability of occurring. From gibbsite/boehmite and boehmite/y-Al;O3 interface simulation cells,
the formation of dehydration-related defects during relaxation was observed. H transfer between hydroxyl
groups, and separation of hydroxyl groups and H atoms from the lattice, resulted in the formation of chemisorbed

H»0 and OH; groups in gibbsite; in boehmite, the formation of OHy groups and interstitial H was observed. All
interfaces show a transfer of small amounts of charge across the interface. Accumulation of charge in spaces
interstitial to the lattice was found to play a role in the dehydration process as well. The present study shows the
potential of interface studies for elucidating dehydration pathways at the atomic scale, and offers various
starting-points for follow-up studies.

1. Introduction

Alumina (AlyO3) is a ceramic material of high industrial and tech-
nological importance. Besides the thermodynamically stable corundum
form (a-Al;03), many metastable polymorphs exist. These so-called
transition aluminas are stable at ambient conditions, and are desig-
nated as x-, x-, 0-, y-, 8-, -, and p-AlyO3 (see Fig. 1) [1-3]. a-Aly03 is
mainly seen as a structural, optical, and electronic material. y-Al,O3 is
the most investigated transition alumina, and has a most prominent
application as catalyst and catalytic support. In nanocrystalline form,
v-AlyO3 is more stable than a-AlyOs; the lower surface energy of the
former thermodynamically stabilizes nanoscale y-Al;O3 over nanoscale
a-Al,O3, as was shown by McHale et al. [4]. An example of a most
promising application of nanoscale alumina is the use of Al;O3 nano-
sheets and Al,O3 nanoribbons in nanoelectronics, which in studies by
Liao etal. [5], Chaeetal. [6], and Jung et al. 7], was found to be a most
exciting progression towards the realization of high-performance gra-
phene-based field effect transistors.

Aluminum hydroxides are the hydrated precursors of the alumina
phases. There are seven different known aluminum hydroxides: the four
trihydroxide polymorphs gibbsite (y-Al(OH)s), bayerite (a-Al(OH)3),
nordstrandite, and doyleite; the two oxyhydroxides boehmite
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(y-AlIOOH), and diaspore (a-AlIOOH); and the most dehydrated species
akdalaite, also known as tohdite (5A1,03-H20 or 2Al50,(0OH)) [1-3].
Fig. 1 illustrates the most common conversion paths for aluminum hy-
droxides. All aluminum hydroxides lead to stable a-Al;O3, but only
diaspore is a direct precursor. Gibbsite and boehmite, which are used as
raw materials to produce alumina and a wide variety of other industrial
products, are the aluminum hydroxides of highest practical value.
Nanostructured gibbsite and boehmite have a thermal stability that is
consistent with the thermal stability of their bulk phases, at least for
temperatures up to 350 °C, as was shown by Zhang et al. [8]. The use of
boehmite nanosheets for improving membrane-based effluent treatment
technologies, for which they hold great promise in terms of environ-
mental sustainability, is an example of a most promising application of a
nanoscale aluminum hydroxide: Zavabeti et al. obtained boehmite
nanosheets through a green and scalable synthesis method, and
demonstrated that these can be used to fabricate membrane filters that
show an excellent separation of heavy metal ions and oils from aqueous
solutions at extraordinary flux [9].

There have been many previous studies of aluminum oxides and
aluminum hydroxides. Here just a few works will be named, with no
intention of a complete review. A review of experimental studies of bulk
phases can be found in the recent works by Busca [2], and Chandran
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Fig. 1. The transformation sequences that are most common for aluminum
oxides and hydroxides [1-3]. Greek letters indicate aluminas. Included are
indicative values of the transition temperatures.

et al. [1]. Busca discusses the synthesis and properties of various
nanostructured phases as well. A review of the methods reported in the
literature for the synthesis of nanostructured y-AlpOs and nano-
structured boehmite can also be found, for example, in works by Bell
etal. [10,11], and in the already mentioned work by Zavabeti et al. [9].
Comprehensive computational studies using hybrid density functional
theory (DFT) were carried out on aluminum hydroxides by Demichelis
et al. [12], and on aluminum oxides and hydroxides by Peintinger et al.
[13]. Nagendran et al. investigated AI(OH)s by means of DFT calcula-
tions including van der Waals corrections, and identified three new
polymorphs of AI(OH)s besides the four known polymorphs, which
provides an opportunity of targeted synthesis of new aluminum tri-
hydroxides [14]. The dehydration process of aluminum hydroxides has
been investigated computationally as well: Krokidis et al. studied the
transformation mechanism of the dehydration of boehmite to y-Al;03
using DFT and ab initio molecular dynamics (AIMD) simulations,
without observing the actual formation and release of HyO, however
[15].

The kinetics and transformation mechanisms of the thermal dehy-
dration of aluminum hydroxides are a subject of ongoing research. A
large measure of agreement has been reached on the transformation
sequences. Less information is available on the kinetics of the dehy-
dration processes, however, and little is known about the transformation
mechanisms. Investigation of interfaces between dehydrated phases and
their hydrated precursors could be helpful in elucidating reaction
pathways. Partial dehydration results in the formation of interfaces.
Most experimental studies of partially dehydrated aluminum hydrox-
ides, however, are unable to observe actual interfaces in the investigated
samples, and were found to report pseudomorphosis relationships only.
Loffler et al. [16] are an exception in this regard (the only one found
during the literature search for this study). These authors studied the
dehydration of diaspore by means of transmission electron microscopy
(TEM), and provided TEM images and a schematic representation of the
reaction interface observed in partially dehydrated diaspore crystals.
Computational studies of interfaces were not found at all. The present
study, dedicated to the computational identification and characteriza-
tion in terms of energetic stability and atomic configuration of possible
interface geometries, is intended as a first step to filling this gap in the
literature.

The present study was carried out using plane-wave DFT simulations.
In general, ab initio methods are considered more accurate than simu-
lation methods that depend on empirical potentials that have been
parametrized. DFT methods also allow the monitoring of chemical
bonding and bond-breaking processes that, for example, force-field
molecular dynamics (MD) methods are incapable of simulating with
sufficient predictive power. Force-field MD calculations are considered
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more suitable, on the other hand, when simulating large numbers of
atoms, as the increased accuracy and predictive power of quantum
mechanical methods come at a computational cost that usually makes
them too inefficient to handle large systems. MD methods are also
capable of still finding the thermodynamically most stable configuration
when DFT methods, for which starting configurations are required that
are already close to reality before relaxation, no longer can.

The interface systems considered here, indeed contain quite a num-
ber of atoms. Nonetheless, test calculations performed prior to the study
to assess the computational cost of DFT calculations, as the computa-
tional cost, due to the valence electron configurations for the H and Al
atoms, present in large numbers in the interface systems, might still be
reasonable, clearly pointed to computational feasibility of DFT simula-
tion of these interface systems. The possibility of observing bond-
breaking and bonding processes related to dehydration at the in-
terfaces was highly valued; that DFT simulation might not result in the
thermodynamically most stable configurations was therefore accepted.
(On a side note, it was found that certain atoms actually did migrate over
quite large distances during relaxation.) As a result of the choice for DFT
simulations, this paper could be written in its present form, and report,
for example, the formation of (chemisorbed) H,O molecules and the
observed route of their formation during relaxation, which would not
have been possible if a force-field MD method had been used instead.

The subject of the present investigation are interfaces between dia-
spore and a-Al,O3, boehmite and y-Al;03, and boehmite and gibbsite.
The choice of these particular bulk phases is motivated by the fact that
diaspore and boehmite are the direct precursors of a-Al;03 and y-Al,O3,
which are the thermodynamically stable and most prominent transition
alumina, respectively, while gibbsite is the most common aluminum
hydroxide and transforms to boehmite. Using plane-wave DFT calcula-
tions and employing the optB88-vdW density functional [17,18] to ac-
count for van der Waals interactions, the atomic configuration of eight
possible interface configurations was determined. Seven of these are
linked to phase orientation relationships that were found reported in
previous experimental works on the dehydration of diaspore, gibbsite,
and boehmite under hydrothermal-atmospheric conditions or during
heat-treatment in air [16,19,20]. One interface based on a previous
study of the transformation of gibbsite into boehmite under hydrother-
mal conditions in an aqueous suspension was also investigated [21], for
comparison. The stability of the interface configurations was studied by
calculation and comparison of interface energies. A Bader charge anal-
ysis [22] was performed to study interface charge effects. The route of
formation of dehydration-related interface defects during relaxation was
observed and analyzed. The results will be discussed in the light of
previous investigations of alumina hydrate dehydration.

The dehydration processes of the various aluminum hydrate phases
are complex, multi-scale, and multi-stage processes. The present study
does not claim to describe nucleation and growth, or even the time
evolution of the dehydration processes. To investigate all these phe-
nomena in a single simulation study would be an impossible task. Full
understanding of the dehydration processes must come from multiple
studies where various aspects of the processes are investigated from
different viewpoints and necessarily employing different methods. The
high-accuracy DFT results presented here contribute to the overall un-
derstanding of the energy landscape underlying the dehydration phe-
nomena, and provide details (the formation of particular defects and of
water molecules at the interface, and accumulation of charge density,
for example) that would be lost when less accurate scaled-up methods
would be used. Temperature-induced system fluctuations are beyond
the scope of the present study. Numerous suggestions are included,
however, for follow-up studies that do take dynamic and temperature
effects into account and that can benefit from the insights obtained from
the present work. Combined, this will eventually lead to multi-scale
insights and insights into the time evolution of the dehydration pro-
cesses, and hopefully one day to the full understanding of the dehy-
dration mechanisms of aluminum hydrates.
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2. Computational methodology
2.1. Bulk phase unit cells

Not all bulk phases that are considered in this study have been fully
characterized yet. In this section the structural models and unit cells that
were used for the aluminum oxides and hydroxides will be shortly dis-
cussed. Illustrations of the bulk phases can be found as Supporting
Fig. S1 in the Supporting Information. The selection of potential inter-
face geometries and the construction of corresponding interface simu-
lation supercells will be described in Section 2.2.

The crystal structures of corundum and diaspore are well known.
Corundum crystallizes in a trigonal structure with space group R3c and
can be described using either a rhombohedral or a hexagonal lattice
system [23]. Here, the hexagonal description is used, in which one unit
cell contains 30 atoms (see Fig. Sla). The unit cell of diaspore is an
orthorhombic one with space group Pbnm [24] and contains four AlO
(OH) units (see Fig. S1b). The precise location of the hydrogen atoms in
boehmite, and therefore the space group of boehmite, is not fully known.
Here, a unit cell in Cmc2; symmetry and containing 16 atoms was used
(see Fig. S1c): of the various structures considered in the literature for
boehmite, space group Cmc2, yields the most symmetric lowest-energy
configuration and was found to better describe the boehmite structure
than the more frequently quoted space group Cmcm [12]. Although not
with high accuracy, the positions of the hydrogen atoms in gibbsite are
known; the unit cell of gibbsite contains eight AI(OH)3 units (see
Fig. S1d) and possesses P2;/n symmetry [25].

The precise structure of y-AlyOs3 is still under scientific debate
[1,2,13]. Traditionally, y-AlOj3 is described as a defective cubic spinel
structure displaying Fd3m symmetry, in which the oxygen atoms form a
cubic close-packed sublattice and the aluminum atoms are located at
tetrahedral and octahedral interstitial sites. To produce the correct
stoichiometry of y-Al,Os, cation vacancies are needed, i.e., the spinel has
to be defective. The tetrahedral-octahedral ratio of cation vacancies,
however, heavily depends on synthesis conditions; and aluminum cat-
ions have been reported to occupy ‘nonspinel’ positions as well (see the
discussion in Busca [2], Peintinger et al. [13], and Chandran et al. [1],
and references cited therein). Most y-Al;03 samples are also found to
show a tetragonal distortion, and a recent experimental study suggests
that this tetragonal distortion could be an intrinsic property of y-AloO3
regardless of synthesis method [26]. At present, the spinel models by
Paglia et al. [27] are in general considered to be the best structural
models available [13,28-30]. These models each contain 160 atoms in
their unit cell, and possess Fd3m and I4;/amd symmetry. Boehmite-
derived y-Aly03, which is the y-Al,O3 of interest here, was found to be
best described by the latter [31,32]. For the present DFT calculations of
large interface systems, however, a y-Al;03 bulk phase simulation unit
cell with less than 160 atoms was to be preferred. Here, the model
proposed by Krokidis et al. [15] and published by Digne et al. [33] has
been used. This nonspinel model was found to be more stable than
traditional spinel-type models. It consists of an orthorhombically dis-
torted cubic close-packed oxygen sublattice and aluminum atoms that
are located at nonspinel sites with a tetrahedral-octahedral coordination
ratio of 1:3 and no structural vacancies (see Fig. S1e), and possesses P2,/
m symmetry. With a unit cell of 40 atoms, for the present study, this
model is a good compromise between structural reliability and compu-
tational costs.

2.2. Interface supercells

The interfaces that were simulated in this study are all linked to
phase orientation relationships that have been reported in previous
experimental studies. In general, within any one phase orientation
relationship, numerous interfaces with various interface orientations are
possible. As this investigation is intended as a first exploration, the
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present study has been limited to the interfaces that are the most
straightforward within a given phase orientation relationship. In total
three diaspore/corundum interfaces (supercells 1-3), one boehmite/
v-Al;O3 interface (supercell 4), and four gibbsite/boehmite interface
configurations (supercells 5-8) were investigated.

Table 1 provides an overview of the interface simulation supercells
that were used in this study. The construction of the supercells will be
discussed into more detail below after the more general comments on
their construction in this paragraph. The simulated configurations are
all interface configurations that, based on considerations of lattice
mismatch, common symmetry, atomic coherence, and number of defects
at the interface, have a reasonable probability of occurring. During the
construction of the interface supercells extra care was taken to ensure
atomic coherence with regard to the oxygen sublattice, as the symmetry
of the oxygen network of the hydrated precursor governs the type of
product formed after dehydration. Calculated resulting in-plane lattice
mismatches are included in Table 1. Each interface input configuration
was built as defect-free as possible from an integer number of bulk phase
unit cells. The normal of the interface plane is always along the c-axis of
the interface supercell. A minimum height of 15 A along this axis was
ensured for each bulk phase component. Within one supercell, bulk
component slabs are about the same height. The consequent number of
unit cells and the total number of atoms in a supercell required for the
construction of the supercell in accordance with the criteria mentioned
above, can be found in Table 1 as well.

Only for the diaspore/corundum interface a previous experimental
study describing the dehydration interface geometry could be found.
This study is the earlier mentioned study by Loffler et al. [16], who
investigated the dehydration of diaspore during heat-treatment in air.
The geometry reported by these authors, however, is a reaction interface
geometry, with cracks and pore lamellae and features at the micrometer
scale, and as such unsuitable for modelling and simulation in the present
study. For the construction of the diaspore/corundum interface super-
cells, the reported orientation relationship was therefore used as a
starting point instead. The orientation relationship for diaspore and
corundum is well known: during dehydration, the a, b and c axes of
diaspore transform into the c, [1120] and [1100] axes of corundum,
respectively. The most straightforward interfaces within this orientation
relationship are a diaspore(100)//corundum(0001) N [010]p//
[1120]c, a diaspore(001)//corundum(1100) N [0101p//[1120]c, and
a diaspore(01 0)//corundum(1120) N [001]p//[1100]cinterface. The
supercells simulating these three interfaces are illustrated in Fig. S2a—c.
As can be seen, in supercell 1, the diaspore (100) and the corundum
(0001) planes are parallel to the plane of the interface; whereas in
supercells 2 and 3, these planes are perpendicular to the plane of the
interface, and the bases of the hexagons that form the hexagonal oxygen
sublattices are parallel and perpendicular, respectively, to that plane.

Three of the four possible gibbsite/boehmite interface configurations
considered in this study are simulated by supercells 5-7. These simu-
lation cells are all based on the preferred crystal orientations reported by
Saalfeld [19], who studied the dehydration of gibbsite to boehmite in a
hydrothermal atmosphere. Supercell 5 is illustrated in Fig. S2e. This
supercell simulates an interface geometry that results from the contin-
uation of the pseudohexagonal oxygen sublattice of gibbsite across the
interface into the boehmite structure. Whereas all other supercells used
in this study consist of an integer number of bulk phase unit cells and
contain integer numbers of formula units, the interface in supercell 5
could not be constructed in an atomically coherent way without adding
4 Al atoms (see Table 1). Supercells 6 and 7 simulate interfaces in which
the gibbsite and boehmite octahedral layers are octahedrally linked
across the interface. The double sheets of AlOg octahedra of the
boehmite structure are perpendicular to the interface plane in supercell
6 (Fig. S2f), and parallel to that plane in supercell 7 (Fig. S2g). As can be
seen from Fig. S2f, the interface simulated by supercell 6 is an interface
that is dislocation-free, whereas the interface simulated by supercell 7
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Table 1
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Input configuration details of the interface simulation supercells. The interface plane direction is along the c-axis of the supercell. In-plane lattice mismatches 8, and 8
are the lattice mismatch along the a- and b-axis direction of the supercell calculated from the optB88-vdW-obtained bulk phase unit cell lattice parameters. Np, N¢, Ny,
Np, and Ng, denote one unit cell of diaspore, corundum, y-Al,O3, boehmite, and gibbsite, respectively.

Supercell c-axis a-axis 84 (%) b-axis 8p (%) Unit cells N in supercell Atoms
Supercell 1 [1001p//[0001]¢ [0101p//[1120]1¢ 1.3 [001]p//[1100]¢ 3.4 18 Np + 4 N¢ 528
Supercell 2 [0011p//[1100]¢ [010]p//[1120]¢ 1.3 [100]p//[0001]¢ 1.2 18 Np + 4 N¢ 528
Supercell 3 [010]p//[1120]¢ [001]p//[1100]¢ 3.4 [100]1p//[0001]¢ 1.2 18 Np + 4 N¢ 528
Supercell 4 [201],//[025]s [010],//[100]s 3.4 [T01],I//[01Z]B 2.2 12N, + 39 Np 1104
Supercell 5 [001]6//[025]s [010]6//[01 415 5.7 [T00]6//[100]5 0.1 12 Ng + 39 Np + 4 Al 1300
Supercell 6 [07316//[001]5 [100]6//[100]5 0.1 [032]6//[010]g 1.7 23 Ng + 72 Ng 2440
Supercell 7 [0731¢//[0101g [100]6//[100]g 0.1 [032]¢//[001]s 9.1 23 Ng + 72 Ng 2440
Supercell 8 [001]c//[010]5 [100]s//[100]5 0.1 [0101¢//[00T]5 2.0 6 Ng + 24 N 720

(see Fig. S2g) contains dislocations and has a large in-plane lattice
mismatch (see Table 1). A simulation cell for the latter without dislo-
cations and/or a smaller in-plane lattice mismatch could not be estab-
lished, however, without exceeding the limit of computational
feasibility of this study. Supercells 6 and 7 are the largest simulation
cells used in the present investigation.

The fourth gibbsite/boehmite interface is not based on an orientation
relationship reported for the dehydration of gibbsite during heat-
treatment in air or under hydrothermal-atmospheric conditions, but is
linked to a study of Egorova et al. [21], who investigated the dissolution
and recrystallization of gibbsite into boehmite during hydrothermal
treatment in an aqueous suspension. The mechanism suggested by these

supercell 1
1.17 J/m?

authors for the observed transition consists of delamination and subse-
quent dissolution of (001) gibbsite planes, and the successive precipi-
tation of boehmite crystals along the (001) plane of gibbsite crystals.
The gibbsite(001)//boehmite(01 0) interface of supercell 8 is based on
this suggested mechanism. In this interface configuration, the single
AlOg octahedra sheets of gibbsite and the double AlOg octahedra sheets
of boehmite are both parallel to the plane of the interface (Fig. S2h).
Because of the dissolution-precipitation mechanism, the criterion of
atomic coherence across the interface was not applied here.

In addition to the interfaces described above, one possible boehmite/
y-Aly03 dehydration interface configuration was investigated, using
supercell 4. As can be seen from Fig. S2d, this supercell was, similarly to

supercell 3
0.78 J/m?
supercell 2
0.58 J/m? ‘
FRININ
¢
R . 9
| diaspore p
____ , 4
O(,-A|203

¢

b diaspore

— B — S

O(,-A|203

Fig. 2. The supercells simulating the diaspore/corundum interfaces as obtained after full relaxation. For each supercell, the [01 0] (left) and [100] (right) projection
are shown. Light blue, red, and black spheres denote Al, O, and H atoms, respectively. The boundaries of the simulation cells are indicated with black solid lines.
Dashed lines indicate the interfaces at Z.) ~ Y. Included are the values of the calculated interface energy. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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the hexagonally aligned gibbsite/boehmite interface configuration of
supercell 5, obtained by matching the pseudohexagonal oxygen sub-
lattices present in boehmite and y-Al,O3. The orientation of this inter-
face can be linked to the phase orientation relationship reported for the
dehydration of boehmite to y-Al;03 during heat-treatment in air in a
previous study by Wilson [20].

2.3. Computational details

The DFT calculations were carried out using the first-principles
Vienna Ab initio Simulation Package (VASP) [34-36]. The perfor-
mance of four functionals and methods was investigated. Within the
projector augmented wave framework (PAW) [37,38], the generalized
gradient approximation (GGA) functional [39] by Perdew, Burke, and
Ernzerhof (PBE) was employed to allow for a semilocal treatment of the
exchange and correlation. As GGA-PBE does not take into account van
der Waals interactions and results in lower accuracy for hydrogen-
bonded layered systems [40], the optB88-vdW density functional by
Klimes et al. [18] (optB88-vdW) was also employed. The optB88-vdW
density functional, being the van der Waals density functional by Dion
et al. [17] (vdW-DF) optimized by using an optimized Becke88

Equper [l ¢O2ms3eHse ] — m-Euyit[AIOOH] — k-Eyyie [AI(OH); | — q-Eyi[Al]
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found in Table S1. To study interface charge effects, a Bader charge
analysis was carried out. Bader [22] defines the boundary of an atom as
the surface where the normal component of the gradient of the electron
density is zero. The charge within the volume enclosed by this surface is
interpreted as the electronic charge of the atom. The Bader charge
analysis was performed using the approach by Henkelman et al.
[49-51]. All calculations are valid for a temperature of 0 K and a pres-
sure of 0 Pa. Zero-point vibration contributions have been neglected.

2.4. Definition of formation energy

Because of the periodic boundary conditions that apply to plane-
wave DFT calculations, each interface supercell contains two in-
terfaces: one at Z;j~0 and another at Z. ~ '4. The interface energy Ejnt
of the simulated diaspore/corundum and boehmite/y-Al;03 interfaces,
evaluated with respect to the appropriate oxide and hydroxide reference
bulk phases, can therefore be calculated as:

Esuper [A12n+m03n+2mHm] - n'Eunil [A1203] - m'Euni( [AIOOH]

Eip = )
" 2'Aim

(€8]

and the interface energy of the gibbsite/boehmite interfaces as:

Ein =
' 2’Aim

approximation for the GGA exchange component, accounts for nonlocal
electron correlation effects due to London dispersion interactions, and
has been applied successfully to various systems [41-45]. The DFT-D3
correction method of Grimme [46] includes dispersive interactions by
adding a parametrized dispersion correction energy term to the self-
consistently calculated electronic energy and was applied here as well,
in combination with the PBE functional and with zero damping. The
performance of the more advanced Hartree-Fock/DFT hybrid Heyd-
Scuseria-Ernzerhof HSEO6 functional [47] was also investigated. The
calculations of the aluminum oxide and aluminum hydroxide reference
bulk phases were carried out with application of the functionals and
methods mentioned above. On the supercells, only optB88-vdW calcu-
lations were performed.

The calculations were conducted at a level of accuracy sufficient for
studying structural properties and total energies. Different k-meshes and
cutoff energies were tested to ensure energy convergence well within 1
meV/atom for the bulk phase unit cells. For the PBE, optB88-vdW, and
DFT-D3 calculations, the cutoff energy of the wave functions was set to
750 eV and a cutoff energy of 1050 eV was used for the augmentation
functions. The Brillouin zone was sampled, and I'-centered in the case of
the hexagonal unit cell of corundum, using the Monkhorst and Pack
scheme [48] and ensuring a linear k-point spacing of less than 0.05 A~
for each k-mesh. Table S1 lists the k-mesh sizes that were used for the
simulations. For the HSE06 calculations, the cutoff energy of the wave
functions and the augmentation functions were set to 500 and 700 eV,
respectively, and k-meshes with a linear k-point spacing of less than
0.09 A~! were used. The fraction of Hartree-Fock exchange for these
calculations was set to 0.30. For all calculations, potentials with 3s23p’,
25%2p*, and 1s! valence electron configuration were adopted for the Al,
O, and H atoms, respectively.

All structures were structurally optimized to yield lower-energy
configurations. For the bulk phase unit cell simulations, an energy
convergence criterion of 10> eV was applied for the ionic relaxation
loop and an energy convergence criterion of 10~ eV for the electronic
convergence loop. For the supercell simulations, criteria of 10~* and
107> eV were used. Resulting atomic forces for the supercells can be

(2

Here, Eguper is the total energy of the supercell; Eynit[Al203], Eyni-
t[AIOOH], and Eyit[Al(OH)3] are the energies of one unit of Al;Os,
AlOOH, and Al(OH)s3; Eypit[Al] is the energy of one bulk phase Al atom;
n, m, and k are the number of Al,O3, AIOOH, and AI(OH)3 units in the
supercell; g is the number of additional Al atoms added to the supercell
(ie., q is 4 for supercell 5, and O for all other supercells); and Ay, is the
area of the interface calculated from the supercell lattice vectors a and b
as Ain = |a x b|. Note that for supercells in which the two interfaces are
not equivalent, the calculated interface energy is the averaged value of
the interface energy of these two interfaces.

3. Results and discussion
3.1. Description of the bulk phases

Table 2 provides a summary of the PBE-, optB88-vdW-, DFT-D3-, and
HSEO06-calculated structure parameters for the bulk phase unit cells used
in this study. Experimentally determined values can be found in Table 2
as well. As can be seen, the PBE calculations resulted in an over-
estimation of the bulk phase lattice parameters, which is a known
feature of GGA functionals. The optB88-vdW, DFT-D3, and HSE06 ap-
proaches, which include nonlocal effects to a larger extent than GGA
approaches do, successively led to smaller values, and resulted in an
underestimation of the lattice parameters of gibbsite by DFT-D3, and of
all considered phases by HSE06. The predicted values of the lattice pa-
rameters of boehmite and gibbsite that are along the stacking direction
of the hydrogen-bonded layers in these structures, show a different
trend: For the b parameter of boehmite and the ¢ parameter of gibbsite,
PBE calculation resulted in values that are already smaller than the
experimentally determined values. This underestimation increased
when using the optB88-vdW and DFT-D3 approaches. Application of the
HSEO06 functional produced better estimates than the latter two, but was
found to produce worse estimates than PBE calculation.

The results are in good agreement with previous simulation results
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Bulk phase unit cell parameters and electronic band gap. Listed are the values calculated in this study using four different functionals/methods. Corundum is given in
hexagonal description. Results from previous experimental and computational studies are included for comparison.

Bulk phase Property This Work This Work This Work This Work Previous Previous Previous
(Space group) GGA-PBE optB88-vdW DFT-D3 HSEO06 Exp. vdW-DF DFT-D
Corundum aA) 4.805 4.801 4.784 4.745 4.761° 4.840" 4.806'
(R3¢) c(A) 13.114 13.095 13.057 12.956 12.996° 13.211" 13.162!
V (A% 262.25 261.38 258.82 252.64 255.05" 268.06" 263.28'
Eg (eV) 5.9 6.4 6.0 8.6 8.5-8.8" — —
Diaspore aA) 4.430 4.416 4.392 4.392 4.401¢
(Pbnm) b (A) 9.502 9.479 9.454 9.381 9.425°
c(A) 2.872 2.869 2.854 2.833 2.845°
V (A% 120.87 120.09 118.51 116.71 118.01°
Eg (eV) 6.0 6.4 6.2 9.4 —
-Al,05 aA) 5.579 5.566 5.546 5.510 — 5.568'
(P2,/m) b (A) 8.401 8.381 8.357 8.292 — 8.393'
c(A) 8.072 8.066 8.033 7.975 — 8.055'
1) 90.52 90.64 90.59 90.51 — 90.63'
V (A% 378.30 376.24 372.32 364.37 — 376.41'
Eg (eV) 4.9 5.4 5.0 8.2 7.6-8.7¢ —
Boehmite a(A) 2.895 2.891 2.876 2.858 2.876° 2.916"
(Cmc24) b (A) 12.140 12.049 11.944 12.085 12.24° 12.424"
c(A) 3.735 3.728 3.726 3.691 3.709° 3.749"
vV (A% 131.27 129.87 127.99 127.45 130.57¢ 135.83"
Eq (eV) 5.6 5.9 5.8 8.7 7.5-8.8' —
Gibbsite a A 8.766 8.685 8.665 8.643 8.684° 8.814"
(P21/n) b A) 5.108 5.075 5.056 5.049 5.078° 5.154"
c(A) 9.690 9.603 9.558 9.646 9.736° 9.864"
B ) 92.64 93.33 92.69 92.61 94.54° 93.49"
V (A% 433.45 422.51 418.29 420.50 427.98¢ 447.30"
Eg (eV) 5.2 5.5 5.4 8.1 7.3-8.5' —
2 Ref. [76].
b Refs. [54,55].
¢ Ref. [24].
4 Refs. [56,57].
€ Ref. [77].
f Ref. [58].
8 Ref. [25].

' Ref. [28]. Boehmite was described in Gmcm symmetry and with antiparallel O—H---O chains. The study reports cell volumes only. Lattice parameters were kindly

provided upon request.
! Ref. [53].

reported in the literature, as can be seen from the comparison with, for
example: Demichelis et al., who assessed the performance of 12 LDA,
GGA, and hybrid functionals in describing diaspore, boehmite, and
gibbsite [40]; Platonenko et al., who investigated the accuracy of 6
different pure and hybrid DFT functionals for corundum [52]; Ferreira
et al., who studied the effects of two GGA functionals and the original
vdW-DF van der Waals density functional by Dion et al. on the
description of corundum, boehmite, and gibbsite [28]; and Conesa, who
compared the results from standard PBE and DFT-D dispersion-corrected
PBE calculations for corundum and y-AloO3 [53]. The vdW-DF- and DFT-
D-obtained values from the latter two studies are included in Table 2.
The results by Ferreira et al. appear to be in contrast to the findings here.
Those authors found the van der Waals density functional they applied
to result in larger values for lattice parameters and cell volume than the
PBE functional, whereas in the present study the employed van der
Waals density functional was found to produce smaller values than the
PBE functional. This difference may be caused, however, by the specific
functionals used: while Ferreira et al. used the original functional by
Dion et al., here an optimized version of that functional was used.

The simulation studies mentioned in the previous paragraph all
compared the performance of GGA with either hybrid, vdW-DF, or DFT-
D methods. The present study, however, allows for a direct comparison
between the latter three types of methods as well. The previous study by
Demichelis et al. showed that the presence of H atoms and the layered
nature of a structure may introduce substantial differences in the
behavior of functionals [40]. The findings from the present study are a

clear illustration of this. Comparing the PBE, optB88-vdW, DFT-D3, and
HSEO06 results, we find that, in terms of lattice parameters and unit cell
volume: corundum, without H atoms and not a layered structure, is best
described by HSE06, then DFT-D3, then optB88-vdW, then PBE; dia-
spore, with H atoms but not a layered structure, is best described by
DFT-D3, then HSEO06, then optB88-vdW, then PBE; boehmite, with H
atoms and a layered structure without intralayer hydrogen bonds, is
overall best described by PBE and optB88-vdW, then DFT-D3, then
HSEO06; and gibbsite, with H atoms and a layered structure with inter-
layer and intralayer hydrogen bonds, is overall best described by PBE
and optB88-vdW, then HSE06, then DFT-D3.

The electronic band gaps were also calculated. As can be seen from
Table 2, unlike the structural parameters results, the band gap results
show a clear trend for the functionals and methods applied in this study.
The PBE functional was found to result in a significant underestimation
of the band gap, which is a notorious trait of DFT methods. The optB88-
vdW functional and the DFT-D3 method were found to be an improve-
ment compared to PBE, with optB88-vdW outperforming DFT-D3, but
still resulted in considerable underestimations. The HSE06-calculated
values, on the other hand, are in good agreement with experimental
values [54-58], and compare well with previous simulation results from
hybrid functionals [13,52,58].

Including dispersion interactions in the DFT calculations of the
aluminum oxide and aluminum hydroxide bulk phases resulted in an
overall better prediction of the structure parameters and band gaps of
these structures. Therefore, for the present study of aluminum oxide and
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Net atomic Bader charges (e) in the bulk phase structures. Al octahedrally coordinated Al atom. Ale: tetrahedrally coordinated Al atom. O,;: O atom coordinated by
Al atoms only. Oaj,np: O atom coordinated by 3 Al atoms and with a fourth coordination site involved in hydrogen-bonding. Oaj,y: O atom coordinated by 3 Al atoms
and 1H atom. Oaj . np: O atom coordinated by 2 Al atoms and 1H atom and with a fourth coordination site involved in hydrogen-bonding.

Atom Corundum y-Al,03 Diaspore Boehmite Gibbsite

Alger +2.50 +(2.46-2.50) +2.49 +2.49 +2.51

Al - +2.47 - - -

Oal -1.67 -1.66 - -1.66 -

Oalshb - - -1.61 - -

Oalrn - - -1.51 - -

OAl+H+hb - - - -1.45 —(1.40-1.48)

H - - +0.63 +0.62 +(0.58-0.63)
hydroxide interfaces, an approach that accounts for the nonlocal effects Table 4

of dispersion was adopted. Out of the functionals and methods consid-
ered here, the optB88-vdW functional appeared to be the overall best
choice. The interface supercells were calculated with this functional,
and the remainder of this paper will report and refer to optB88-vdW-
obtained values only.

3.2. Bader charge analysis of the bulk phases

To investigate the charge distribution among the atoms, electronic
charge was assigned to the atoms according to the Bader partitioning
scheme. The results of the Bader charge analysis of the bulk phases can
be found in Table 3. As can be seen, in all bulk phase structures
considered in this study, the Al atoms were found to have a net atomic
Bader charge of ~+2.5e. Tetrahedrally coordinated Al atoms are on
average slightly less charged than octahedrally coordinated Al atoms, as
was also found by previous simulation studies [12,28]. A Bader charge
of ~—1.65e was calculated for O atoms that are coordinated by Al atoms
only. O atoms bonding to H atoms showed a decrease that can be un-
derstood as a cumulative reduction of this charge by ~0.05e when
hydrogen-bonding to a H atom (i.e., when forming an O---H bond) and
by ~0.15e when covalently bonding to a H atom (i.e., when forming the
O—H bond in a hydroxyl group). On average, this is also true for gibb-
site, although there, the O atoms of interlayer OH groups, which are
oriented along the Z direction and whose O atoms are acceptors of
intralayer hydrogen bonds, were found to be slightly more charged, at
—(1.44-1.48)e, than the O atoms of intralayer OH groups, which lie
approximately in the XY plane and whose O atoms are acceptors of
interlayer hydrogen bonds, for which Bader charges of —(1.40-1.43)e
were calculated. A decrease in charge due to the presence of an O—H
bond has been observed experimentally in diaspore in a previous study
by Hill, who found the protonated O atom in diaspore to have a
considerably smaller net atomic charge than the non-protonated O atom
[24]. The findings from the present study are in qualitative agreement
with that study. The H atoms, finally, were found to have a Bader charge
of ~+0.6e (where in gibbsite, H atoms that are part of interlayer OH
groups were found to be slightly more charged, at +(0.61-0.63)e, than H
atoms that are part of intralayer OH groups and for which Bader charges
of +(0.58-0.60)e were found). These values compare well with previous
investigations as well [12,24].

3.3. Energetic stability of the interfaces

The calculated interface energies and the dimensions of the interface
simulation cells as obtained after full relaxation, can be found in Table 4.
As pointed out in the Introduction, the present DFT study may not have
found the thermodynamically most stable configurations. The interface
energies calculated for the obtained output configurations nonetheless
appear to be very reasonable. Previously reported ceramic-ceramic
interface energies could not be found in the literature. For metal-
ceramic [59], metal-metal [60-62], and semiconductor-insulator [63]
systems, however, previous studies have reported values ranging from
0.04 to 4.60 J/m?. The values obtained here are within that range. The

Cell dimensions of the relaxed interface simulation supercells and calculated
interface energy.

Supercell a(A) b (A) c(A) Eine (€V/A?) Eine (J/m?)
Supercell 1 9.555 8.463 52.824 0.073 1.17
Supercell 2 9.564 13.166 33.848 0.036 0.58
Supercell 3 8.453 13.137 38.273 0.048 0.78
Supercell 4 8.561 19.458 57.974 0.136 2.18
Supercell 5 19.610 8.750 60.076 0.108 1.72
Supercell 6 8.678 24.365 90.966 0.087 1.39
Supercell 7 8.689 22.616 96.869 0.142 2.27
Supercell 8 8.695 14.972 43.770 0.022 0.36

present interface configurations, with calculated interface energies of
0.36-2.27 J/m?, may therefore all be considered to have a reasonable
probability of occurring.

The obtained output configurations are shown in Figs. 2-5. As can be
seen, the diaspore/corundum interfaces were found to remain clean and
sharp interfaces upon relaxation, their simulation cells showing only a
very mild restructuring of atomic positions and cell dimensions. The
supercells simulating the boehmite/y-AloO3 and gibbsite/boehmite in-
terfaces were found to show a much stronger restructuring. In some
cases, the appearance of interface dehydration defects such as interstitial
H and chemisorbed H>O was even observed. The interface energies
calculated for these interfaces, i.e., the values obtained from supercells
4, 5, and 7, are the interface energies of interfaces containing
dehydration-related defects. A correction of these values to obtain
interface energies of dehydration defect-free interfaces is not possible. It
is estimated, however, that the effect of the dehydration defects on the
calculated interface energies will be limited, considering the relatively
large interface areas of the supercells simulating these interfaces.

The interface energy, calculated here as the energy required to form
an interface from two bulk materials, consists of a chemical bonding and
a structural strain part [59,64]. The chemical bonding part is the energy
penalty for changing the chemical environment of the bulk materials at
the interface. The structural strain component originates from the lattice
mismatch between the two materials and the presence of misfit dislo-
cations. These separate contributions to the interface energy cannot be
calculated as individual components here. From Tables 1 and 4, how-
ever, the effect of the in-plane lattice mismatch on the interface energy
can be unmistakably observed. The in-plane lattice mismatches and the
calculated interface energies of the diaspore/corundum interfaces
(supercells 1-3), for example, clearly show how the interface energy
increases with increasing lattice mismatch. The same effect can be seen
from the comparison of the gibbsite/boehmite interfaces of supercells 6
and 7, although it should be noted that the larger in-plane lattice
mismatch of the latter is interconnected with the presence of misfit
dislocations at the interface.

The chemical bonding component is nicely illustrated by the results
from supercells 6 and 8. These two supercells simulate gibbsite/
boehmite interfaces with nearly identical in-plane lattice mismatches,
and neither was found to contain dehydration-related defects upon
relaxation. Their calculated interface energies differ greatly, however.
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supercell 5
1.72 )/m?

boehmite

gibbsite

Fig. 3. The output configurations of supercells 4 and 5. For supercell 4, the [100] (left) and [01 0] (right) projections are shown. For supercell 5, the [01 0] (left) and
[100] (right) projections are shown. The boundaries of the simulation cells are indicated with black solid lines. Dashed lines indicate the interfaces at Ze = . Light
blue, red, and black spheres denote Al, O, and H atoms, respectively. Circled in black are, in supercell 4: one H interstitial; and in supercell 5: one H interstitial, one
OH,, group, and one chemisorbed H,O molecule. Included are the values of the calculated interface energy. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

This must for a large part be caused by their difference in interfacial
chemical environment: the chemical environment of an interface
resulting from the linkage of two atomically semicoherent oxygen sub-
lattices (as in supercell 6) is obviously very different from the chemical
environment of an interface that is the result of the hydrogen-bonding of
two hydrogen-bonded layered bulk materials (as in supercell 8). The
same effect must be present for supercells 1 and 3, albeit to a lesser
degree as the difference in chemical environment of two interfaces that
are both the result of the linkage of two atomically semicoherent sub-
lattices, will be less pronounced.

As can be seen from Tables 1 and 4, even the interfaces with a
relatively large in-plane lattice mismatch were found to have a fairly low
calculated interface energy (see, in particular, supercells 5 and 7).
Experimental values, however, will likely be lower, as strain at the
interface will be relieved by misfit dislocations.

From the point of view of dehydration, interfaces with a lower
interface energy are not necessarily (more) involved in the dehydration
process than interfaces with a higher interface energy. A lower interface
energy indicates that an interface is thermodynamically more stable.
Interfaces with a higher interface energy, on the other hand, will be
more reactive, and may more easily form cracks and accommodate the
release of water. It is interesting to compare the present simulation re-
sults in that regard with the experimental results of Loffler & Mader
[16], who observed the transformation process of diaspore into
corundum to occur much faster along the diaspore [01 0] direction than

it was found to take place along the other crystallographic directions.
From the calculations, the diaspore(010)//corundum(1120) interface
of supercell 3 was indeed found to have an interface energy that is not
the lowest of the three diaspore/corundum interfaces investigated here;
at the same time, it was not found to have the highest interface energy
either. It should be kept in mind that supercell 3 simulates only one of
the many possible configurations of the diaspore(010)//corundum
(1120) interface. Unlike the interfaces simulated by the supercells here,
real diaspore/corundum reaction interfaces are usually also not
perfectly flat [16]. Furthermore, dependent on experimental conditions,
the dehydration of diaspore into corundum has not only been found to
occur directly [65], but also via an intermediate diaspore-like [66] or
corundum-like [67] transition phase. Only three, flat interface config-
urations were investigated in the present study, and interfaces with in-
termediate transition phases were not included at all. An investigation
considering a larger number of interface configurations and including
intermediate transition phases, might shed more light on the relation-
ship between interface energy and the experimentally observed prefer-
ential direction of diaspore dehydration. Such a more extensive
investigation is beyond the scope of the present study, however, but
would be a most interesting follow-up study.

3.4. Interface charge effects

The results of the Bader charge analysis of the interface supercells
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supercell 7
2.27 )/m?

Fig. 4. The output configurations of supercells 6 and 7. For each supercell, the [100] (left) and [01 0] (right) projection are shown. The boundaries of the simulation
cells are indicated with black solid lines. Dashed lines indicate the interfaces at Z..) ~ '. Light blue, red, and black spheres denote Al, O, and H atoms, respectively.
Circled in black are, in supercell 7: one H interstitial, and one H, molecule. Included are the values of the calculated interface energy. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

can be found in Fig. 6, where the Bader charges of the atoms in the
supercells are plotted as a function of the Z-coordinate (height) in the
supercell (blue, red, and white circles). As can be seen from the com-
parison with Table 3, the atoms in supercells 1-3, 6, and 8, all have
Bader charges that are very similar to the Bader charges of the atoms in
the bulk phase unit cells. The same applies to the large majority of the
atoms in supercells 4, 5, and 7. A number of atoms in the latter super-
cells, however, were found to show deviating values. These atoms were
found to be part of dehydration-related defects such as chemisorbed H,O
and interstitial H, and will be discussed into more detail later.

Fig. 6 includes slab-wise summed charges for the supercells that were
not found to contain interstitial dehydration defects after relaxation
(black dots, with a dark grey line to guide the eye, over light blue ver-
tical bars that indicate the thickness of the slabs). The slabs over which

the individual atomic Bader charges were summed to obtain the plotted
values are all of stoichiometric composition. Surprisingly however,
several slabs were found to have a nonzero summed charge. As can be
seen from Fig. 6, this accumulation of positive or negative charge takes
place near the interface and in supercells 1-3 and 8 results in the for-
mation of interface dipoles. The same effect was observed in the
supercells containing interstitial dehydration defects as well but is not
shown here as, due to the dissociation of atoms from the constituting
lattice and the migration of atoms in these supercells, the definition of
stoichiometric slabs is not always possible here and the interpretation of
summed-charge effects in slabs that are no longer stoichiometric and/or
contain charged interstitial defects is beyond the scope of the present
discussion.

For the definition of the stoichiometric slabs, different choices could
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supercell 8
0.36 J/m?
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Fig. 5. The output configuration of supercell 8. On the left, the [100] pro-
jection is shown, and on the right, the [010] projection. Light blue, red, and
black spheres denote Al, O, and H atoms, respectively. The boundaries of the
simulation cell are indicated with black solid lines. The dashed line indicates
the interface at Z,¢ = Y. Included is the value of the calculated interface energy.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

be made with regard to the slab boundaries. As the layered hydroxides
considered in this study consist of single and double sheets of Al
centered octahedra, the slabs in the supercells were chosen to be
centered around Al-atomic planes. Planes of Al atoms with about the
same Z-coordinate in the supercell will therefore be at the center of the
slabs. The averaged Z-coordinate of these Al atoms defines the Z-coor-
dinate of the slabs in Fig. 6. For supercells 2, 3, and 8, the definition of
the slabs could be carried out in a most straightforward way. As can be
seen from Fig. 5, supercell 8 in itself already exists of distinct layers
parallel to the interface, and each of these layers defines one slab in the
calculation of the slab-wise summed charges. In supercell 2, atoms that
are at about the same height in the supercell are considered to form one
slab (see also the [010] projection of this supercell in Fig. 2). The slabs
in supercell 3 consist of Al layers that are sandwiched between two O
layers or between one O layer and one OH layer (see also the [010]
projection of this supercell in Fig. 2). The choice of the slab boundaries
in supercell 1 is less straightforward. Different boundary definitions are
possible here, and a different choice would change the picture, although
it would still be showing charge accumulation at the interface, signifi-
cantly. Here, in supercell 1, if an O atom connects Al atoms that are
located in different slabs, its charge is in proportion assigned to each of
these slabs; the charge of a H atom is assigned to the slab to which the O
atom that it is connected to belongs. It should be noted that in contrast to
the interface slabs in the other supercells, which all consist of only one
bulk phase, the slabs at the interface in supercell 1 are in part corundum
and in part diaspore (see also the [010] projection of this supercell in
Fig. 2). For supercell 6, the boehmite component was most easily divided

10
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into slabs by considering atoms that have about the same Z-coordinate to
form one slab (see also the [100] projection of this supercell in Fig. 4).
The atoms in the gibbsite component of supercell 6 were in principle
assigned to slabs based on their height in the supercell as well, although
reassignment by hand was sometimes needed here to preserve
stoichiometry.

The observed accumulation of charge at the interfaces is the result of
charge transfer across the interface. As can be seen from Fig. 6, the
magnitude and direction of this charge transfer depends on the interface
geometry. A possible explanation for the transfer of charge can be found
from the structural analysis of the slabs. The slab thickness resulting
from this analysis is included in Fig. 6, and as can be seen, slabs at the
interface were found to have an increased or decreased slab thickness in
comparison to the slabs located in the middle of the supercell bulk phase
components. The Coulomb interactions of atoms near the interfaces
include interactions of these atoms with atoms on the other side of the
interface. As a result, these atoms are attracted or repelled in a way that
differs from the attraction or repulsion that atoms further away from the
interface experience from their Coulomb interactions with other atoms.
This causes slabs near the interface to expand or contract, and this
expansion and contraction comes at an energy cost. To reduce this en-
ergy penalty, small amounts of charge are transferred from one side of
the interface to the other side of the interface. That this transfer of
charge must be solely ascribed to polarization effects is unlikely, as the
electrons of a polarized O atom are fully enclosed within the Bader
volume of this atom and therefore the charge of these electrons is fully
assigned to the O atom.

3.5. Interface dehydration defects

As mentioned earlier, the boehmite/y-Al,O3 interface in supercell 4
and the gibbsite/boehmite interfaces in supercells 5 and 7, were found
to contain structural defects with atomic Bader charges that (sometimes
very strongly) deviate from the perfect bulk values. These are defects
that are related to the dehydration process. The present study is not a
dynamic study. The results, however, show that these types of defects
will in themselves already form at dehydration interfaces, i.e., at the
dehydration interfaces investigated here, and the observed separation of
atoms from the constituting lattice and their subsequent migration
through the lattice to form interstitial defects or reattach to the lattice
during relaxation, may provide meaningful insights in the dehydration
mechanism at the atomic level.

First the defects in the two gibbsite/boehmite configurations will be
discussed, and then the defects in the boehmite/y-Aly03 configuration.
Interstitial defects that were already present in the initial input config-
uration, and defects that formed during relaxation from such defects,
will not be discussed here. This is mainly the case for the interface
configuration of supercell 7, which could not be constructed as defect-
free as preferred, as otherwise the limit of computational feasibility of
this study would be exceeded. Although in reality such defects will
already be present in a sample and play a role in the dehydration pro-
cess, here only the route of formation of interstitial defects that
completely formed out of the bulk phase lattices will be discussed.

3.5.1. Gibbsite — boehmite dehydration defects

Gibbsite knows various routes of dehydration (see also Fig. 1). Which
transformation of gibbsite occurs, depends on the specific experimental
conditions under which the dehydration takes place. Here, we are
interested in the transformation of gibbsite into boehmite. The global
picture is that this transformation only occurs in the presence of excess
water vapor; in dry air, gibbsite transforms into y-Al,O3, and in vacuum,
gibbsite transforms into p-Al,O3 [1,2]. The precise reaction mechanism
is unknown. There is a general consensus that the transformation of
gibbsite into boehmite requires hydrothermal conditions in the crystal,
where a water vapor overpressure is formed inside the crystallites and
favors the formation of boehmite [68-70]. The mechanism, however, by
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Fig. 6. Bader analysis results for the interface supercells. Blue, red, and white circles: atomic Bader charge (gatom) of Al, O, and H atoms, respectively, plotted as a
function of the Z-coordinate in the supercell. Black dots: slab-wise summed Bader charge (gsap) of stoichiometric slabs, with scale bar on the left, and a dark grey line
to guide the eye. Light blue vertical bars: thickness (dg,p) of the stoichiometric slabs, with scale bar on the right. The vertical dashed line indicates the interface at Zy;
~ Y. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

which dehydration water is confined inside crystal grains to produce this
overpressure, is still under debate. Explanations offered in the literature
include the formation of an impervious layer around gibbsite particles
resulting from the initial transformation of gibbsite at the surface into
¥-Al,O3 or boehmite, after which water release from the particle is
prevented and transformation into boehmite is favored (see, for
example, the discussion in Naumann et al. [69], and references cited
therein). Other models assume that the transformation of gibbsite into
boehmite directly starts in the interior of the crystal, and that it is the
gibbsite itself that, as a shell around the internally formed boehmite,
slows down the release of water [68]. In both types of models, the for-
mation of cracks, which can be experimentally observed, explains the
generally detected sudden release of water vapor after a while. The
migration of OH ions and HyO molecules through the crystal lattice,
which cannot be experimentally observed, is assumed to play a role in
the release of water from the structure as well [68,69].

The formation of OH ions was not observed in the present study.
Supercell 5, however, was found to contain two H,0O molecules after
relaxation. These molecules followed a very similar route of formation.
They are both located at the interface at Z.¢ ~ 2 (one is indicated in
Fig. 3), and both were observed to form from two adjacent hydroxyl
groups from the gibbsite lattice at that interface. During relaxation, the
O atom of the OH group that was found to split off in its entirety to form
the H20 molecule and the H atom of the OH group that was found to split
off only this H atom to form the H,O molecule, first bent towards each
other (Fig. 7a and b), trailing their OH-companion atom along. Subse-
quently, the OH group and the H atom separated from the lattice to form
Ho0 (Fig. 7c). After the separation, the Bader charge of the H atoms
remained a fairly unchanged (rounded) value of +0.6e, whereas the
Bader charge of the O atom decreased to a (rounded) value of about
-1.3e. The reduced charge of the O atom has the effect that the H,O
molecules, that are now interstitial to the gibbsite lattice, are nearly
neutral or only very slightly charged; the summed-up Bader charges for
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the molecules are —0.02e and —0.12e.

In addition to the two H,O molecules, the interface at Z,~% in
supercell 5 was also found to contain two OH; groups after relaxation
(one is indicated in Fig. 3). These groups formed at the boehmite side of
the interface. One resulted from the single detachment of an H atom
from a hydroxyl group, and the subsequent reattachment of this H atom
to the lattice after migration over a small distance along the interface, by
bonding to a hydroxyl group, which as a consequence became an OH,
group. The other OH, group in supercell 5 (encircled in Fig. 3) was found
to be the result of a series of H transfers between hydroxyl groups by
which in effect an H atom was transported away from the surface into
the boehmite along the boehmite cleavage plane (Fig. 7e-h). Supercell 7
was found to contain one OH; group that formed during relaxation as
well. This group (not indicated in Fig. 4) is located at the gibbsite side of
the interface at Z.,~', and resulted from the single transfer of an H
atom slightly away from the interface into the gibbsite. The Bader
charges of the H and O atoms in the OH; groups were all found to be
similar to the Bader charges of the atoms in the H,O molecules. The
summed-up charges for the OHy groups, following the order of their
previous discussion, are -0.08e, —0.12¢, and —-0.06e. In contrast to the
H»0 molecules, which are interstitial to the lattice, the OHy groups are
clearly part of the lattice, with Al-O bond lengths ranging from 1.9 to
2.14.

Both supercells 5 and 7 were also found to contain interstitial H after
relaxation. Surprisingly, these H atoms were all found to have a negative
Bader charge, of approximately —0.7e. In supercell 5 two of these elec-
tronegative ions formed, at the boehmite side of the interface at Z,) ~ 0.
In Fig. 3 these ions are located at the top of the supercell (one is indi-
cated), and in Fig. 6 they are found at a high Z-coordinate value, as the
interface at Zy ~ 0 equals the interface at Z,; ~ 1 due to the periodic
boundary conditions that apply to the calculations. In supercell 7 one
interstitial H ion with a negative Bader charge formed, at the boehmite
site of the interface at Z. =~ % (encircled in Fig. 4). Hydride ions, ie.,
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(a) i=3

Fig. 7. Routes of defect formation during relaxation. All panels show [010]
projections of sections of supercell 5 at various iteration steps i, except panel
(d), which shows a ~[010] projection. The location of the defects in the
supercell is indicated in Fig. 3. The atomic structural models in panels (a—c)
show the formation of H,O at the interface at Z., ~ %. Panel (d) shows in
further close-up the charge density around this molecule and the Al atoms from
which it originated, as obtained after full relaxation; note that this panel shows
a near-180° rotated view with respect to panels (a—c) to allow a better view of
the charge density. The atomic structural models in panels (e-h) show the
formation of OH, groups at the interface at Z,,, ~ ! that are the result of
multiple H transfers and by which in effect an H atom is transported away from
the interface along the boehmite cleavage plane. The charge density plots in
panels (i-k) show the formation of a hydride ion at the interface at Z,; ~ 1. In
the atomic structural models, light blue, red, and black spheres denote Al, O,
and H atoms, respectively; in the charge density plots, H atoms are indicated by
white spheres. All charge density plots show 0.20 e/A3 isosurfaces. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

electronegative H ions with a valence state of -1, are known to exist, not
only in, for example, metal hydrides, where hydrogen bonds to elec-
tropositive metal ions and assumes the formal H™ state, but also in metal
oxides, where hydrogen is usually incorporated in the formal H' state to
form OH™ [71-73]. The negatively charged H atoms in supercells 5 and 7
are atoms that separated from OH groups, and are found in spaces
interstitial to the lattice that are relatively large, as can most clearly be
seen from Fig. 3 but is also the case in Fig. 4. Previous studies have
shown that point-defect vacancies may trap, sometimes considerable
amounts of charge [74]. The spaces in supercells 5 and 7 where after
relaxation the electronegative H ions were found, trapped charge as
well, during the initial stages of the relaxation, after which the H atoms
split off and combined with the charge accumulated inside these spaces
to obtain the formal H™ state. (In one case, in supercell 5, this separation
is combined with a series of H transfers between hydroxyl groups.) A
similar mechanism, where instead of one, two H atoms split off to
combine with interstitially accumulated charge to obtain the formal H®
state, explains the formation of the neutral interstitial H, molecule that
was observed at the gibbsite site of the interface at Z;.| ~ ' in supercell 7
(encircled in Fig. 4). Bader charges for the H atoms in this molecule were
found to be +0.05e and -0.06e.

As can be seen from Fig. 6, the Bader charge analysis of supercell 5
yielded values for Al atoms at and near the interface, that, sometimes
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strongly deviate from calculated bulk values. Such deviations for Al
atoms were not observed in any of the other supercells. It should be
reminded that supercell 5, unlike the other supercells, was not built from
an integer number of bulk phase unit cells, but that four Al atoms were
added during construction of the simulation cell to ensure atomic co-
herency across the interfaces. The electrons introduced to the system by
these extra atoms, that were added as neutral atoms but are electro-
positive in nature, are most likely the cause of the observed deviation.
When performing Bader charge analysis to compute atomic charges, the
boundary of an atom is defined by the zero flux-surface of the electron
density and the charge contained within the volume enclosed by this
surface is interpreted as the electronic charge of that atom. A closer
inspection of the Bader analysis results revealed that for each of the Al
atoms with a deviating Bader charge, the charge assigned to the atom is
not so much located on the atom itself as it is near it. Fig. 7d illustrates
this for two Al atoms at the interface at Z..; ~ . Whereas Al atoms were
generally found to be +2.5e Bader charged in all supercells, Bader
analysis resulted in Bader charges of +1.2e and +2.3e for these two
atoms. From Fig. 7d it can be clearly seen, however, how the excess
charge density that resulted in these decreased values, is not centered
around these two atoms but located between them. In this particular
case, the presence of the charge is counterbalancing the absence of the
OH group that previously bonded these two Al atoms (Fig. 7a) but
migrated away to form HO (Fig. 7c). For the other deviating Al atoms, a
similar presence of charge near the atom rather than on the atom was
observed as well. The Bader algorithm assigned this charge as atomic
charge to these atoms. Their resulting reduced Bader charge values,
however, should not be understood as indicating reduced ionicity. They
rather show that electronic charge accumulated in the vicinity of these
Al atoms.

3.5.2. Boehmite — y-Al;03 dehydration defects

Boehmite transforms into y-Al;Os upon heating (see Fig. 1). The
precise mechanism of this transformation is still unknown. In the
experimental literature on the thermal decomposition of boehmite, two
general types of mechanism have been suggested (see for a discussion,
for example, Wilson [20], and references cited therein). One type
models the mechanism as a process where H,O is formed internally from
protons and hydroxyl groups and then eliminated from the boehmite
structure, after which Al cation redistribution causes the structure to
collapse [19]. The other type involves countermigration of Al cations
and protons, where protons diffuse away from between boehmite layers
and create vacant interlayer sites that accommodate counterdiffusing Al
cations; here, it is protons and hydroxyl groups near now-vacant Al sites
that are the origin of the HO eliminated during dehydration [20].

A previous computational study by Krokidis et al. [15] assumed a
model of the first type, and performed DFT and first-principles molec-
ular dynamics simulations to investigate the thermal decomposition
mechanism of boehmite. In that study, the jumping of H atoms between
hydroxyl groups was observed, very much like the consecutive H
transfers we observed between hydroxyl groups in the boehmite part of
supercell 5, as described earlier and shown in Fig. 7e-h, and by which in
effect an H atom was transported away through the boehmite cleavage
plane. Those authors did not observe, however, the actual formation and
release of HyO from the boehmite structure during their simulations.
From the boehmite/y-Al;03 interface supercell (supercell 4), the for-
mation of HyO was not observed either, nor was any transfer of H be-
tween boehmite hydroxyl groups found. A negative H atom was found,
however, at the boehmite side of the interface at Z,o ~ % and with a
Bader charge of approximately —0.8e, whose formation occurred in a
similar way as described above for the hydride ions in supercells 5 and 7.
As can be seen from Fig. 3, the interface near this hydride ion showed a
very strong restructuring during relaxation, where not only H atoms but
also Al atoms displaced over quite long distances and the formation of a
small, fully dehydrated boehmite patch was clearly observed. The
interface configuration in supercell 4 was constructed most carefully
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(see Fig. S2d), and it is very possible that the observed reconstruction
indeed indicates boehmite dehydration at the investigated boehmite/
v-Al,O3 interface (just as the earlier described formation of HoO mole-
cules, OH; groups, and H ions at interfaces indicate dehydration). The
relaxation data, however, proved very difficult to be interpreted in terms
of a dehydration mechanism. It is also very possible that the observed
reconstruction indicates that, within the present boehmite and y-AlyO3
phase orientation relationship, an interface with an orientation different
from the currently investigated configuration is energetically more
favorable. Further investigations are necessary to clarify this, but are
beyond the limits of the present study.

4. Conclusions

The results of a DFT study of aluminum hydrate dehydration in-
terfaces using a van der Waals density functional have been presented.
The interface configurations investigated here as a first exploration of
possible diaspore/corundum, gibbsite/boehmite, and boehmite/y-AloO3
dehydration interface geometries, were all found to have a reasonable
probability of occurring. Bader charge analysis revealed accumulation
and transfer of small amounts of electronic charge across the interface to
take place at all considered interfaces. In three supercells, the formation
of dehydration-related interface defects during relaxation was observed.
At the gibbsite side of gibbsite/boehmite interfaces, transfer of H atoms
between hydroxyl groups and separation of hydroxyl groups and H
atoms from the lattice, were observed to result in the formation of
chemisorbed H,O and OHj groups. At the boehmite side, the formation
of successive OHy groups via a series of H transfers between hydroxyl
groups was found to in effect transport an H atom away from the
interface. Separation of H atoms from the lattice to form interstitial H
was observed as well, in the boehmite part of both gibbsite/boehmite
and boehmite/y-Al;O3 interface simulation cells. In gibbsite, a similar
separation of H atoms was found to lead to interstitial Hp. Accumulation
of charge in spaces interstitial to the lattice was found to play a role in
the formation of these defects.

The study of dehydration interfaces may be of added value when
investigating the dehydration mechanism of hydrated alumina. The
present study is an illustration of this, and offers various starting points
for future studies. Both the gibbsite — boehmite and boehmite —
v-Al,03 transformation appear to be excellent candidates for dynamical
first-principles follow-up studies. The prompt formation of HyO in
gibbsite observed here suggests that a pure-gibbsite simulation cell
might suffice to observe the formation and release of Hy0O from gibbsite
during first-principles molecular dynamics simulations. For boehmite,
on the other hand, given that from a previous first-principles molecular
dynamics study using a pure-boehmite simulation cell the actual for-
mation and release of HyO from the structure could not be observed
[15], whereas in the present study the full dehydration of a small patch
of boehmite patch was observed to take place at the boehmite/y-Al,O3
interface, the inclusion of such an interface in the starting configuration
may be required to successfully observe the elimination of HyO from
boehmite during dynamical simulation. Another interesting topic of
study are lattice defects and the role they play in the dehydration pro-
cess, not only for gibbsite and boehmite, for which in the present study
the accumulation of charge in vacancy-like spaces was found to play a
role in the formation of dehydration-related defects, but for diaspore as
well. A more elaborate study of possible diaspore — corundum dehy-
dration interface configurations, considering a larger number of possible
interface geometries and including intermediate diaspore and corundum
transition phases as well, might clarify the relationship between inter-
face energy and the experimentally observed preferential direction of
diaspore dehydration. Such a study would not necessarily require the
use of DFT calculations, but could also be performed using classical
molecular dynamics simulations (see for example Mei et al. [75], who
used classical molecular dynamics simulations to study the interfacial
layer between Al and corundum).
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The present study shows the potential of interface studies for eluci-
dating dehydration pathways and the role that defects play in the
associated transformations. Its outcomes can be used as starting-points
for various follow-up studies, of which a few were pointed out above.
The dehydration processes of the various aluminum hydrates are com-
plex and multi-stage processes that cannot be studied using DFT alone.
Follow-up studies should therefore not be limited to DFT studies, but
include molecular dynamics, Monte Carlo, phase-field, and other con-
tinuum methods as well, and incorporate models that take the external
chemical and physical environment into account, preferably in a multi-
scale approach. Combined they will help to further unravel the mech-
anism of dehydration of the aluminum hydrates investigated here, and
together with previous and future computational and experimental
studies one day maybe even lead to a complete understanding of the
transformation mechanisms at the atomic level.
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