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Stability and formation of hydroxylated «-Al,O3(0001) surfaces at high temperatures
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We report a type of termination of the «-Al,03(0001) surface with low concentration of hydroxyl groups. Us-
ing density functional theory calculations, we show that this termination is more stable than previously reported
structures for low chemical potentials of water. This means that hydroxyl groups remain thermodynamically
stable up to much higher temperatures than predicted previously, for example, up to around 1000 K at 1 mbar
partial pressure of water. We also study the formation of these hydroxylated surfaces from adsorbed water and
show that the initial steps for surface reconstruction are favorable thermodynamically and also proceed with

accessible barriers.

DOLI: 10.1103/PhysRevResearch.4.013232

I. INTRODUCTION

The «-Al,03(0001) surface is frequently studied, for ex-
ample, with respect to its interface with solids and liquids
[1-14]. Like y-alumina [15], @-alumina is also employed as
a support material for metal particles in catalysis [16-28]
and for atoms or molecules [29-33]. The level of hydrox-
ylation has been shown to critically influence the reactivity
of oxide surfaces [34-40]. Due to its importance, multi-
ple studies have also focused on the atomic structure of
the clean «-Al,03(0001) surface itself [41-43]. However,
many aspects remain unclear, such as, specifically, how
the surface termination changes as a function of external
conditions.

In ultrahigh vacuum (UHV), the clean (1 x 1)-a-Al,O3
(0001) surface is stable until, at temperatures higher than
1000 °C, surface reconstructions take place. Most notably,
at above 1350°C, the oxygen-deficient (+/31 x +/31)R9°
surface is formed [44-48]. The hydroxylated state of the
«-Al,03(0001) surface, which is caused by exposure to wa-
ter, has also received considerable attention [49]. Based on
temperature-programmed-desorption (TPD) experiments, it
has been concluded that water is completely desorbed at
temperatures higher than 600 K [50]. On the other hand,
analysis of x-ray photoelectron spectroscopy (XPS) of the O
1s level suggests that hydroxyl groups are present even when
the surface is annealed up to 1000—1200 K [34,35]. Different
reports, however, propose that characteristic high-temperature
XPS features do not stem from OH groups [51]. Based on
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ion-scattering experiments, it was concluded that OH groups
are present up to 1100 °C [52]. The use of low-energy elec-
tron diffraction (LEED) for structure determination is limited
because the electron beam has been reported to lead to dehy-
droxylation [44,53]. The presence of water was also studied
for the a-Al,03(1102) surface [54,55], for the a-Al,03(1120)
surface [55-59], and for other modifications of Al,Oj3, such as
the y and 6 phases [60—63].

Various theoretical investigations have shown that the Al-
terminated, stoichiometric (1 x 1) surface is the most stable
a-Al,03(0001) surface in the absence of water and that
the formation of reduced surfaces is expected only for low
chemical potentials of oxygen [64,65]. Two main types of
hydroxylated surfaces have been studied theoretically. The
first surface results from water adsorption and dissociation on
the clean surface [66-73]. Here, multiple investigations have
shown that water adsorption and dissociation are facile up to
M0 &~ —1.5eV. The barrier for dissociation was shown to
be low, < 0.5 eV [67,70], and further diffusion of the disso-
ciated proton was also studied [69,74]. Another termination
is the fully hydroxylated surface, which can be derived from
the oxygen-terminated «-Al,O3(0001) surface, where every
surface oxygen is saturated with a hydrogen. This results in
the most stable known hydroxylated surface [64,67,68]. At
low temperatures, an additional two-dimensional (2D)-ice-
like layer of water was predicted to form on top of this surface,
and this has also been investigated in detail [66-68,75,76].
Despite being more stable, it is not clear how the fully hy-
droxylated surface can form from the stoichiometric surface,
since these surfaces differ in the concentration of Al atoms in
the first layer [66,68].

In this paper, we employ density functional theory (DFT)
calculations to study the stability and the formation mecha-
nism of hydroxylated «-Al,03(0001) surfaces. First, we show
that more stable structures than previously predicted exist,
which can be described as AI(OH); adsorbed with low cov-
erage on the stoichiometric surface. After that, we study the
mechanism for the formation of these surfaces starting from
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the well-known water adsorption and dissociation on the dry
surface.

II. METHODS

All DFT calculations were performed using the projector-
augmented wave (PAW) method, standard PAW potentials,
and a kinetic energy cutoff of 400 eV for the expansion of the
wave function in plane waves. The calculations were carried
out with version 5.4.1 of the Vienna ab initio simulation
package (VASP), except for calculations with the strongly con-
strained and appropriately normed functional (SCAN) [77],
which were done with version 5.4.4 [78,79]. All calculations
use real-space projectors (“LREAL=AUTO” in VASP) and a
plane-wave basis set for the electronic density, which includes
reciprocal lattice vectors with a norm up to 3/2 times larger
than that for the wave function, |G¢y| (“PREC=Normal” in
VASP). All optimizations and the main results in this paper
were obtained with the Perdew-Burke-Ernzerhof (PBE) [80]
functional and Grimme’s D3 dispersion correction [81]. Other
density functionals (the Bayesian error estimation functional
with van der Waals correlation (BEEF-vdW) [82], SCAN
[77], and the 2006 Heyd-Scuseria-Ernzerhof functional (HSE-
06) [83,84]) were also tested. A self-consistent field (SCF)
convergence criterion of < 1078eV was used for the total
energy, and a geometry convergence criterion of < 0.01 eV/A
was used for the maximum norm of individual atomic forces.
The lattice constants of o-Al,O3; were optimized using an
increased cutoff of 800 eV, and the obtained values (a =
b=4.787 A, ¢ = 13.045 A) agree well with the experiment
(a=b=4763A, c=13.003A)[18].

Surfaces were modeled as slabs with 7 f.u. of Al,O3 per
stoichiometric (1 x 1) surface and slabs of corresponding
thickness for other terminations. The lower part of the slabs
was terminated by a single Al layer (stoichiometric termina-
tion), and the bottom Al;Og unit per (1 x 1) surface were kept
frozen at their bulk positions. The slabs were separated by at
least 16 A of vacuum to prevent artificial interaction between
periodic images. The Brillouin zone of surfaces was sampled
using a I'-centered k-point grid with a density corresponding
to at least (3 x 3 x 1) per (1 x 1)-2-Al,03(0001) cell and
using Gaussian smearing with o = 0.1 eV.

The stability of all surfaces is discussed in terms of the
surface free energy y, which is computed as the Gibbs free
energy of formation relative to the dry surface, per surface
area A:

slab slab n rbulk gas
E¥ — Eyy’ — 5ERL,0, — m[EHZO + :“szO]

dry

y = y .
Here, E¥** and E}i" are the energies of the slab models of
the considered surface and of the dry surface with identical
surface area A, and EX‘I‘ZH(‘)S is the energy per formula unit of
bulk «-Al,O3. The surface area per (1 x 1) cellisA = 19.845
A2, The energy per bulk formula unit 3%, was determined
as the energy difference between two clean (1 x 1) slabs
differing by one Al,O; layer, and this energy was used in
all calculations. Calculating the same energy difference Ef},
for other unit cells or terminations led to negligible differences
of the order of 0.001 eV. The chemical potential of water jty,0
is given relative to the energy of water E’y, and is generally

a function of temperature and partial pressure. The stoichiom-
etry coefficients n and m are determined by the amount of
additional Al and H atoms on the surface with respect to the
dry surface.

Reaction paths were optimized using a (3 x 3) cell with
(1 x 1) k-point sampling, which is smaller than the (2 x 2)
k-point sampling used to compute the thermodynamic stabil-
ity of (3 x 3) surfaces. This is justified because formation
energies per (3 x 3) cell computed with the smaller k-point
sampling differ by less than 0.01 eV (total energies differ by
0.03 eV). The highest barriers of each pathway were deter-
mined explicitly, i.e., the transition states were obtained as
stationary points with a maximum atomic force component of
0.01eV/ 10%, and it was furthermore verified that they are first-
order saddle points through calculation of a partial Hessian
matrix, which gives a single imaginary frequency in normal
mode analysis. The connectivity of the transition state was
additionally verified through small displacements along the
transition mode followed by optimization to the end points.
Transition states were optimized either using constraints [85]
or using the dimer method [86]. Lower barriers were in some
cases only estimated through nudged elastic band (NEB) cal-
culations [87], which use typically 10-15 images. Additional
images were added through linear interpolation in Cartesian
space, so that the norm of the distance between the images
in Cartesian coordinates is always < 0.1 A. This results in a
dense reaction path with typically 50-150 images that pro-
vides a rigorous upper limit to the exact barrier. Energies
and optimized structures are provided in the Supplemental
Material [88].

III. RESULTS AND DISCUSSION

A. Thermodynamic stability of hydroxylated surfaces

The bulk structure of a-Al,Os; can be described as a
hexagonal AB stacking of close-packed O~ ions in the 0001
direction, with AI** occupying two-thirds of the available
octahedral positions. The unit cell consists of three O*~ ions
per layer and two AI*T ions in between (see Fig. 1). The AI**
ions form ABC layers, in which the unoccupied octahedral
position alternates between the three possible locations. This
means that the two AI*T ions per layer are not equivalent and
are slightly distorted in the 0001 direction. The Al layering
can be described as an (-O3-Al,-) stacking, and because of
the AB stacking of O>~ and the ABC stacking of AI’T, a
total of six (O3-Aly) layers make up the unit cell; see Fig. 1.
In agreement with previous work [41,89,90], we find that
the most stable stoichiometric surface is a (1 x 1) surface
that is terminated by a single Al layer (O3-Al), which is re-
laxed inwards considerably: —88% predicted by DFT, —63%
determined by LEED [52], and —51% determined by x-ray
diffraction (XRD) [91,92].

Figure 1 shows the most important known hydroxylated
structure, the Al,-(OH);-terminated (gibbsite-like) surface
[64,67,68]. This surface is terminated by a full layer of
oxygen that is saturated with one hydrogen per oxygen giv-
ing an OH concentration of 3 per (1 x 1) cell or 15.1 per
nm?. Based on XRD, the structure of a-Al,03(0001) at
room temperature and ambient pressure has been assigned to
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FIG. 1. Atomic structure of the most relevant surface terminations of a-Al,O3(0001). (a) Clean and dry surface. (b) Surfaces with
6[AI(OH)3] = 1 and %, which require diffusion of additional AI** ions onto the clean 0001 surface. (c) Metastable surfaces M1-M3 that
can be obtained by adsorption of water and local reconstruction. The unit cell is indicated in the top views. The number of layers visible in the

top views is indicated with braces in the respective side views.

this fully hydroxylated structure with an additional adsorbed
water overlayer [42], in agreement with our and previous
calculations [66—68]. If one compares the terminations of
the stoichiometric surface (O3-Al) and that of the fully hy-
droxylated surface (Al,-(OH)3), it is clear that these two
surfaces always differ by % H,O and :t% Al,O3. Therefore
the fully hydroxylated surface can be described as Al(OH);
adsorbed on the stoichiometric surface with a coverage of
O[AI(OH)3] = 1.

Figure 1 also shows a type of surface revolving around the
structural motif of an isolated AI(OH); fragment adsorbed on
the stoichiometric surface. By isolated we mean that a surface
Al of the underlying stoichiometric surface (shown in gold in
Fig. 1) binds at most to one of the surface OH groups, which
bridge to the adsorbed AlI(OH); (shown in blue in Fig. 1).
This can be contrasted to the known, fully hydroxylated sur-
face with 6[AI(OH)3;] = 1, where each surface Al binds to
three OH groups. Importantly, the adsorbed AI(OH); binds
in the position expected from the bulk structure of «-Al,Os3,
and binding in the other available octahedral site is signifi-
cantly weaker by 0.78 eV. The most stable orientation of the
hydroxyl groups in the AI(OH); groups (clockwise or coun-
terclockwise) depends on the relative orientation of oxygens
in the lower layer. The difference in stability between the two
different orientations is relatively large with 0.52 eV. This can
be compared with the orientation of the hydroxyl groups in

the fully hydroxylated surface (9{A1(OH)3] = 1), where it has
been shown that different configurations exist [75,93-96], in
which individual hydroxyl groups can be orientated parallel to
the surface to form hydrogen bonds, or point away from the
surface. Here, we found very small differences of less than
0.01 eV per (1 x 1) unit cell.

Figure 2(a) shows the stability of the investigated surfaces
as a function of the chemical potential of water, pp,0. At high
values of up,0, the fully hydroxylated surface [AI(OH)3] =
1 is most stable, for puy,0 > —0.76 with an additional 2D-
ice-like overlayer of water (labeled H,O* in Fig. 2). Isolated
Al(OH); groups can be formed up to a maximum coverage of
6[AI(OH);] = %, as illustrated in Fig. 2(b). Figure 2(a) shows
that these surfaces become more stable than the fully hydrox-
ylated surface already for pup,0 < —1.25€eV, for example, at
500 K and 1 mbar H,O pressure. Importantly, dehydroxy-
lation and the formation of the clean stoichiometric surface
are predicted only at puy,0 < —2.8eV, which is realized, for
example, at around 1000 K and 1 mbar H,O pressure or at
850 K and 0.001 mbar H,O pressure; see Fig. 2(c). Complete
dehydroxylation is therefore expected only for temperatures
that are about 400 K higher than previously expected for the
fully hydroxylated surface.

Isolated Al(OH); fragments show weakly repulsive
adsorbate-adsorbate interaction for 6[A1(OH);] < %, leading
to a systematic decrease in §[Al(OH)3;] from its maximum
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FIG. 2. Stability of «-Al,03(0001) surfaces. (a) Surface free en-
ergies, given relative to the dry surface as a function of the chemical
potential of water up,o0. The most stable surfaces are shown in
blue for various coverages 6[Al(OH);]. The metastable structures
M1-M3 are shown in red and black. (b) Schematic representation of
the surface Al configurations for the various coverages 6[Al(OH);].
(c) Phase diagram, showing only the most stable structures according
to Eq. (1), where un,0 was calculated using the rigid rotor and free
translator approximation. At high chemical potentials of water, the
most stable structure is a 2D-ice layer adsorbed on 6[Al(OH);] = 1,
which is labeled H,O*.

value of % to zero with increasing temperature and decreasing
pressure, as shown in Fig. 2(c). As shown in Table I, the for-
mation energy per water molecule increases only by 0.07 eV,

when going from % to % and then to é coverage, illustrating the
weak interaction. The difference in formation energy between
é and % coverage is < 0.01 eV at the PBE-D3 level of theory,
showing that adsorbate-adsorbate interaction is already negli-
gible at [AI(OH);3] = %. Table I also lists results obtained
with other functionals as single-point energies based on the
structure obtained with PBE-D3. These results show that the
overall trends are the same; however, there is a general dif-
ference in the predicted stability of the hydroxylated surfaces
with respect to the dry surface, where formation energies
increase in the order SCAN < PBE-D3 < BEEF-vdW <
HSEQ6, i.e., SCAN predicts hydroxylated surfaces to be most
stable (see also Fig. S2 of the Supplemental Material [88]).
The stability of the surfaces with 8[AI(OH)3] = %, i, and

é shown in Fig. 2 was computed for (+/3 x +/3)R30°, (2 x 2),
and (3 x 3) surfaces; see Fig. 2(b). However, due to the weak
interaction, different configurations with the same coverages
were found to show only negligible differences in stability.
For example, different configurations for 6[Al(OH);] = i
differ by less than 1 meV/A2, or equivalently by less than
0.05 eV per AlI(OH); fragment (see Supplemental Mate-
rial [88]). In the range of —1.5 eV < pup,0 < —1.2€V, there
is a large variety of structures with similar stability with
% < O0[A1(OH)3] < 1. The most stable of these surfaces with
O[AI(OH);3] = g is included in Fig. 2. As is shown in Fig. 2(b),
this surface is intermediate between having isolated A1(OH);
groups and being fully hydroxylated.

Our results suggest that hydroxylated surfaces with
0[Al(OH)3] < 1 may exhibit no ordered structure, because
different configurations at the same coverage 6[Al1(OH);]
show only very small differences in energy and because of
the slow diffusion of AI(OH); (vide infra). For this reason,
we discuss the state of these surfaces in terms of the coverage
0[Al(OH);] rather than a specific surface reconstruction such
as (2 x 2). The lack of an ordered hydroxylated structure
for 6[A1(OH)3] < 1 may explain why in LEED experiments
below 900 °C generally only a (1 x 1) pattern is observed,
which, however, improves with increasing temperatures, con-
comitantly with the desorption of water [97].

Finally, we now discuss the limitations of our investiga-
tion of the thermodynamic stability of these surfaces. Most
importantly, it is of course possible that more stable ter-
minations, for example, with different composition, exist.
Secondly, our study is limited by the choice of unit cell,
which allows only a finite number of configurations. How-
ever, for isolated A1(OH); groups, our investigation showed
that adsorbate-adsorbate interaction is negligible already at
O[AI(OH)3;] = 1/9, since the formation energy changes by
less than 0.01 eV when going from 6[AI(OH);] = 1/16 to
1/9. Additionally, we have found that, for a given cover-
age 6[AlI(OH);], the stability does not depend strongly on
the relative spatial positions of the AI(OH); groups. Conse-
quently, we do not expect that an energetically particularly
stable configuration of isolated AI(OH); groups was missed
due to the limited number of studied unit cells. Our study
did not account for vibrational and configurational entropy on
the surface and only considered the loss of entropy upon ad-
sorption of water. This approximation is expected to generally
underestimate the stability of the hydroxylated surfaces with
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TABLE 1. Overview of computed terminations of the «-Al,O3(0001) surface. The composition is specified in terms of the coverage of
H,0 and AI(OH); adsorbates relative to the dry surface. The formation energy is given per two OH groups in eV relative to the dry surface,
and AEfm, is thus equal to the chemical potential 1ty,0 at which the surface free energy is identical to that of the stoichiometric surface; see
Eq. (S1). Additionally, the concentration of hydroxyl groups per surface area, the unit cell, and the employed k-point sampling are specified.

Coverage (0) AEgym per 20H (eV) n(OH)

Surface Al(OH); H,O0 PBE-D3 BEEF-vDW® SCAN* HSE06* (1/nm?) Unit cell k-points
Dry 0 0 0 0 0 0 0 b b
O0[AI(OH);] = 1/16 1/16 0 —2.80 —2.75 —2.98 —2.76 0.9 4x4) I1x1
O[AI(OH);] = 1/9 1/9 0 —2.80 -2.75 —2.96 —2.74 1.7 (3 x3) 2 x2¢
0[AI(OH);] = 1/4 1/4 0 —-2.73 —2.70 —2.89 —2.67 3.8 2x2) 2x2
6[Al(OH);] = 1/3 1/3 0 —2.66 —2.66 —281 —2.58 5.0 (W3 x V/3R30° 4 x 4¢
O0[AI(OH);] = 4/9 4/9 0 —2.37 —-2.30 —2.51 —2.28 6.7 (3 x3) 2 x2°¢
O[AI(OH);] =1 1 0 —1.72 —1.44 —1.87 —1.56 15.1 1x1) 4 x4
O[AI(OH);] = 1; 0[H,0] =2 1 2 —1.17 —-0.93 —1.21 —0.99 353 (1x2) 4x2
M1 0 1 —1.64 —1.57 —-1.71 —1.52 10.1 (1x1) 4 x4
M2 0 3/4 —1.88 —1.73 —2.00 —-1.77 7.6 2x2) 2x2
M3 0 3/4 —2.15 —2.01 —2.31 —2.04 7.6 2x2) 2x2

Single-point calculation with the PBE-D3 structure.
The dry surface serves as the reference and was always computed with the same unit cell and k-point sampling as the hydroxylated surfaces.

“For HSEQ6, the k-point sampling in each dimension was reduced by a factor of 2.

respect to the clean surface, especially at higher temperatures.
We have studied four different density functionals, including
a hybrid functional, which all support the main conclusion
that the type of termination proposed herein is stable at low
chemical potentials of water and that 0]A1(OH);] is expected
to decrease gradually with increasing temperature. However,
the functionals differ in the prediction of the total stability
of these surfaces and in the precise values of py,o at which
the transitions between these terminations occur. The level of
electronic structure theory could be improved, for example,
with wave function methods that have already been applied to
similar problems [69,74].

B. Kinetics and mechanism for the hydroxylation
of the stoichiometric surface through local reconstruction

The hydroxylated structures discussed so far all have in
common that they cannot be generated from the clean surface,
without global reconstruction involving diffusion of addi-
tional AI** ions onto or away from the given 0001 facet. This
has already been discussed for the fully hydroxylated surface
O0[Al1(OH)3;] = 1[66,68]. Apart from the most stable, fully hy-
droxylated structure, previous theoretical investigations also
studied hydroxylation starting from the initial adsorption of
water on the clean surface, which dissociates with low barri-
ers, < 0.5eV [67,70]. At a coverage of [H,O] = 1, this leads
to structure M1 in Fig. 1, which is metastable since it is always
less stable than a structure with adsorbed AI(OH);. Figure 1
shows that the structural motif of an isolated AI(OH); group
can also be formed through local reconstruction. In structure
M3, an Al vacancy is formed and saturated with three OH
groups, and the removed AI** ion is placed on the surface
as an adsorbed Al(OH); group in the same manner as for
the structure with 6[A1(OH);] = 1/4. Importantly, formation
of M3 from the clean surface involves only local recon-
struction of the surface and the reaction with three H,O
molecules. Structure M3 can be described as a local coexis-

tence of 25% of the 6]A1(OH);] = 1 structure and 75% of the
O0[A1(OH)3] = 1/3 structure, and its stability is in fact almost
identical to that of the linear combination of these surfaces.
This is apparent from Fig. 2(a), which shows that the surface
free energies of M3, A[Al(OH)3;] = 1/3 and 8[AI(OH)3] = 1,
cross almost in one point, at up,0 = —1.25eV. At pup,0 <
—1.25 eV, M3 is actually more stable than the fully hydroxy-
lated surface, [AI(OH);] = 1.

We investigated the formation of structure M3 from the
clean surface via water adsorption and dissociation to M1
followed by diffusion of AI’** ions over the surface to
form M3; see Fig. 3. A complete reaction pathway was
obtained, for which all minima and transition states along
the reaction pathway were computed [85-87]. Although M1
and M3 are (2 x 2)-surface structures, the path was com-
puted for a (3 x 3) cell on which only four water molecules
were adsorbed in the (2 x 2) area, where the reaction takes
place. This approach was taken to avoid artificial interac-
tion between periodic images of the surface reactions taking
place, which would necessarily occur when using a (2 x 2)
cell. We decided to start from only four adsorbed water
molecules and leave the remaining five sites clean, mainly
because this results in a less complex model and because
we do not expect a large effect from additional coadsorbed
water.

The most favorable pathway for the formation of structure
M3 from structure M1 was found to proceed via two distinct
Al migrations. In a first step, the AI(OH); moiety is formed
through migration of the closest surface AI(OH) out of its ini-
tial position in the first layer (shown in gold) into the adsorbed
position (shown in blue). After a few reaction steps, this gives
the intermediate M2, also shown in Fig. 1. In a second Al
migration, the Al vacancy is then moved farther away to give
M3. In addition to water adsorption and dissociation, the re-
action path involves 14 elementary reactions that include both
H- and Al-diffusion steps. For one of the proton transfer steps,
an adsorbed H,O molecule was found to facilitate this process

013232-5



CHEN, SHARAPA, AND PLESSOW

PHYSICAL REVIEW RESEARCH 4, 013232 (2022)

2
S o= | B
A
T N Y ey ¢
Hu,0 = —1.50eV —+4H,0
'2
04 Mio=-167ev .50 30
S Br,0 = —1.80eV —"
0l tmmmemmm—be L S e - - -
L
@)
<
=27 Ml
) =Y W Q q W ') - V]
26261262 ¢; D g Pl P B
Q Q 4 d4 [N qQ S
—3 P4 P U - P )
b o< A pL oL Y pL el pL DirH
o< O O O O O ] Q
p{ 04 Qp{ b # p{ g & p{ O
—4

reaction coordinate

FIG. 3. Gibbs free energy diagram at py,0 = —1.80, —1.67, and —1.50eV for the reconstruction of structure M1 via structure M2 to
structure M3. Calculations were performed for a (3 x 3) unit cell. Selected structures are shown as insets, with the same color code as in

Fig. 1.

as a proton shuttle, which leads to the visible dependence of
the corresponding barrier on the chemical potential of water.
For all other proton transfers, where this was tested, additional
water was not found to lower the barrier at relevant values of
Wm0 for entropic reasons.

Figure 3 shows the free energy diagram for the transforma-
tion from M1 to M3 for different chemical potentials of water.
The chosen values of up,0 = —1.80, —1.67, and —1.50eV
were selected to illustrate the effect of pp,o on the Gibbs free
energy profile. At ug,0 = —1.67 eV, the initial adsorption of
the four H,O molecules is thermoneutral, while it is uphill
in free energy for smaller values of up,o. The kinetics for
the initial steps of reconstruction therefore depend on um,o0
and will become slower with decreasing pup,o0 < —1.67¢V,
even if the formation of M3 is still favorable. We note that
the value of up,0 = —1.67 eV, at which the adsorption of the
four water molecules on the (3 x 3) surface (§[H,O] = g) is
thermoneutral, is slightly lower than the corresponding value
of —1.64 eV given in Table I for 6[H,O] = 1, which we at-
tribute to adsorbate-adsorbate interaction.

Starting from dissociatively adsorbed water, formation of
M2 occurs with moderate barriers of up to 1.02 eV, which
are accessible already at ambient temperatures. Importantly,
M2 is already more stable than M1 for pup,0 < —0.90eV. We
note that the type of reconstruction shown for M2 can also
occur with a coverage of 1/3, which is slightly more favor-
able (see Supplemental Material [88]). Due to the relatively
high stability of M2, both the reaction backwards to M1 or
forwards to M3 is associated with barriers of the order of
2 eV. This becomes feasible approximately at temperatures
higher than 700 K, where a first-order rate constant with a
barrier of 2.00 eV is 0.06 s~!. Figure 3 shows that the de-
composition of M3 to M1 is associated with a large barrier of
3.02 eV. It is important to note that the decomposition of M3
back to M1 and eventually to the clean surface also requires
an additional water molecule, which facilitates the migration
of the Al species. This results in a high kinetic stability of
this surface, especially if water pressure is low, such as in

experiments where these surfaces were annealed in UHV and
hydroxyl groups were still present [34,35].

C. Formation of extended hydroxylated surfaces

The formation of the extended surfaces listed in Figs. 1
and 2 with 6[A1(OH);3] = 1,2 3 35 4, , and 116 requires the
diffusion of additional Al onto the dry surface The simplest
mechanism for this is through direct diffusion of adsorbed
Al(OH); over the stoichiometric surface; see Fig. 4. This is
associated with a high barrier of 3.22 eV, which becomes
feasible at temperatures around 1100 K, where a first-order
rate constant with a barrier of 3.22 eV is 0.04 s~!.

An alternative to the diffusion of Al(OH); is a water-
mediated Al-vacancy migration mechanism, shown in Fig. 5.
In this mechanism, an OH-saturated Al vacancy is assumed
to be present on the surface. As discussed above and shown
in Fig. 3, these vacancies can be formed concomitantly with
the AI(OH); groups through local reconstruction. Migra-
tion of the Al vacancy occurs through the diffusion of a
surface Al out of its initial position onto the surface and
then into the vacancy position. This is facile when a mobile

o4
-

-3

reaction coordinate

FIG. 4. Energy diagram for the diffusion of an adsorbed AI(OH);
group. Calculations were performed for a (3 x 3) unit cell.

013232-6



STABILITY AND FORMATION OF HYDROXYLATED ...

PHYSICAL REVIEW RESEARCH 4, 013232 (2022)

2 -
1 -
. HH,0 = —1.25eV +H20
?& 04 Mo =-167ev .
S Hu,0 = —2.20eV —_—
—1 4
/ 4 T V<  [F ™ [~ )4 e W < I ] P
o< p<|[ b p<|[ 2L p|[ DL b<d|[ b b < P { P
D D/ Dl b o< Dl b¥gd{ o PI~ B9~ O P i~ gePy Y456 1%a%¢’
f O 4 @ B 4 [ ‘,::‘ o s ol O e d U 7y o=d &> ‘I:\,,,) d
2l b D P Bl BT B PL Od B P O R « 3 4
[ s [0 8! (o O QO <} O < - o< O ?b b-ﬂQ b- - b b- Ofb‘ O"b
-3

reaction coordinate

FIG. 5. Free energy diagram for the diffusion of an OH-saturated Al vacancy on the stoichiometric surface. The final state is in both cases
equivalent to the initial state, with the AI(OH); group (Al vacancy) shifted right (left). Calculations were performed for a (3 x 3) unit cell.
Selected structures are shown as insets, with the same color code as in Fig. 1.

AI(OH) species is created through dissociative H,O ad-
sorption. The mechanism for water-mediated Al-vacancy
migration is thus similar to the transformation of M2 to
M3 (Fig. 3), where an additional A1(OH); group is coad-
sorbed. The overall barriers are in both cases on the order
of 2.2 eV. In contrast to migration of AI(OH);, this mech-
anism requires the presence of an additional molecule of
water and will become increasingly unfavorable, for up,0 <
—1.67eV. Similar to Fig. 3, Fig. 5 shows the Gibbs free
energy diagram for different values of the chemical potential
of water. The values of up,0 = —2.20, —1.67, and —1.25eV
were chosen to illustrate how the Gibbs free energy sur-
face changes when water adsorption becomes unfavorable
thermodynamically.

Based on the reconstruction and diffusion mechanisms
described above, one can now envision how the formation
of extended hydroxylated «-Al,O3(0001) surfaces can take
place. We have shown that, after adsorption and dissocia-
tion of water, local reconstruction can lead to a structure
such as M3, which contains equal amounts of Al vacan-
cies and adsorbed Al(OH);. Redistribution of these species
through diffusion allows the creation of extended facets of
hydroxylated surfaces. Redistribution of AI(OH); adsorbed
on the clean surface allows the formation of surfaces with
O0[AlI(OH)3;] < 1. Agglomeration of the corresponding OH-
saturated Al vacancies exposes the underlying Al layer and
thus leads to the formation of a lower lying, fully hydrox-
ylated surface with 6[A1(OH)3;] = 1. This lower layer with
O0[AlI(OH)3] = 1 could further rearrange itself into a struc-
ture with 6[AI(OH)3] < 1 only through diffusion of APt
away from this facet. This would be possible via diffu-
sion across a step edge, which was not investigated in this

paper.

IV. CONCLUSION AND OUTLOOK

We have described a type of termination for the
a-Al,03(0001) surface that consists of isolated Al(OH);
groups adsorbed on the dry surface. This termination is

predicted to be stable up to significantly higher temperatures
than found in existing structural models for hydroxylated
surfaces. Our investigation has shown that the interaction be-
tween adsorbed A1(OH); groups is only weakly repulsive for
6[AI(OH)3] < % Additionally, interaction at a given coverage
shows only little dependence on the position of the adsorbates,
which leads to many possible configurations with similar sta-
bility.

We have also investigated the formation and decompo-
sition of hydroxylated surfaces, starting from the known
pathway for adsorption and dissociation of water on the dry
surface. Local reconstruction can then lead to the forma-
tion of adsorbed AI(OH); groups together with an equal
amount of OH-saturated Al vacancies. The initial steps
for reconstruction require only modest barriers of the or-
der of 1 eV and already lead to surfaces that are more
stable than the initial state, where water is dissociatively
adsorbed. Further reconstruction towards the formation of
the thermodynamically most stable surfaces requires barri-
ers higher than 2 eV. The migration of Al atoms on the
surface is generally facilitated by adsorbed water. Besides
temperature, the kinetics for these processes are therefore
also predicted to depend sensitively on the partial pressure of
water. Importantly, this also applies to dehydroxylation, where
the required surface reconstructions are also facilitated by
water.

The hydroxylated terminations of the «-Al,O3(0001) sur-
face proposed in this paper are predicted to be more stable
than previously investigated structures over a wide range of
the chemical potential of water. This will enable future studies
on this surface to start from a more stable and appropri-
ate structural model, depending on the specific conditions.
Apart from the thermodynamic stability, we have computed
reaction paths for the reconstruction and formation of these
surfaces, which already allow a rough estimate of the kinetics
of hydroxylation. A detailed prediction of the evolution of
a given initial surface state for a certain temperature and
partial pressure of water could be achieved with kinetic Monte
Carlo simulations. Most of the information required for such
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a simulation on a flat (0001) surface was computed in this
paper; however, preexisting steps on such a surface could play
an important role in the kinetics and were not considered.
The hydroxylated structures found in this paper could also be
relevant for other phases of Al,Os and for other oxides that
crystallize in the corundum structure, such as the oxides of
Fe, Cr, and V, for which the hydroxylated 0001 surfaces have
also been studied [98—106].
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