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Density functional theory study of clean, hydrated, and defective alumina (1102) surfaces

Sara E. Mason,' Christopher R. Iceman,> Thomas P. Trainor,> and Anne M. Chaka!
Physics Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

2Department of Chemistry and Biochemistry, University of Alaska Fairbanks, P.O. Box 756160, Fairbanks, Alaska 99775, USA
(Received 16 December 2009; revised manuscript received 1 March 2010; published 19 March 2010; corrected 1 April 2010)

We report an ab initio thermodynamic analysis of the a-Al,O5 (1102) surface aimed at understanding the
experimentally observed terminations over a range of surface preparation conditions as well as a stoichiometric
model for the (2X 1) surface reconstruction observed after high-temperature annealing. As temperature is
increased under both ultrahigh vacuum and ambient hydrated conditions, the predicted minimum-energy struc-
tural model goes through the same series of changes: from the hydroxylated “missing-Al” surface model (or
half-layer model in which the topmost Al site of the stoichiometric surface has zero occupancy), to the
hydroxylated stoichiometric model, to another hydroxylated missing-Al surface model with tetrahedral coor-
dinated surface Al, and finally to the clean (1 X 1) stoichiometric model. These results are in agreement with
observations of both missing-Al and bulklike stoichiometries under wet conditions and in agreement with
similar trends reported for isostructural hematite. However, we observe that the models with excess oxygen
have a relatively higher surface-free energy and distinct surface relaxations in the case of alumina as compared
to hematite. At very high temperatures where oxygen defects are generated, we find that a stoichiometric,
charge-neutral (2 X 1) structure becomes the most thermodynamically stable. This is consistent with the ob-
servation of a (2 X 1) electron diffraction pattern when the surface is annealed at 2000 K while a (1 X 1) pattern
persists at lower annealing temperatures. A general rule that emerges from our modeling results is that while
the full phase space of hydrated and defective surfaces is expansive, model stoichiometries that can be made
charge neutral through either hydration or defects offer the greatest thermodynamic stability. However, the
unique trends in structure and relative energies of alumina surface stoichiometries as compared to hematite can

be understood based on the difference in electronic structure of the substrate.
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I. INTRODUCTION

Within the past decade, considerable effort has been de-
voted to understanding how metal-oxide surface structures
vary from ultrahigh vacuum (UHV) conditions to fully hy-
drated conditions (e.g. Refs. 1-13). As surface structure, po-
larity, and hydration significantly affect reactivity, under-
standing how these properties vary with changes in
environmental or operational conditions is essential to under-
standing reactions at metal-oxide-water interfaces. Such in-
terfacial reactions play a major role in a variety of environ-
mental and technological applications such as contaminant
remediation,'* catalysis for automotive pollution control,'
solid oxide fuel cells,'® and nanoscale biosensors.!” Under-
standing of the unique (compared to UHV conditions)
structure-property relationships exhibited by metal-oxide in-
terfaces requires accurate structural models and motivates

our study of the hydrated a-Al,O; (1102) surface.

A. Bulk and UHV ALO,

Bulk a-Al,O5 belongs to the R3c space group and the
structure consists of alternating planes of O and Al atoms
running perpendicular to the (0001) direction. The Al layers
are hexagonally arranged with Al occupying 2/3 of the avail-
able octahedral sites. Electrostatic repulsion results in two
sublayers of Al between oxygen double layers.'®

The (1102) surface exhibits a rectangular (1 X 1) unit cell
indexed by a, defined by the [110] bulk lattice vector and by
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defined by the [333] bulk lattice vector."”” Under UHV con-

ditions, low-energy electron-diffraction and Auger-electron
spectroscopy studies report the annealed (1102) surface to be
extremely clean, chemically stable, and well ordered.?® Re-
flection high-energy electron-diffraction (RHEED) and
atomic-force-microscopy experiments of the clean a-Al,O3
surface report that both a (1 X 1) surface (after annealing at
1100 K) and (2 X 1) surface reconstruction pattern (attributed
to ordered oxygen vacancies after annealing at 2000 K) are
observed.?!?? Unlike the 0 K UHV preferred Al termination
found on the clean (0001) surface,”® the minimum energy

0 K UHV clean (1102) surface is predicted by density-
functional-theory calculations of Guo et al.** to be termi-
nated by an O layer. However, the terminations observed
under UHV may not persist under non-UHV conditions, par-
ticularly in the presence of water.

B. Measurements of hydroxylated surface structures

When immersed in aqueous solutions, metal-oxide sur-
faces are expected to hydroxylate via the dissociative chemi-
sorption of water molecules.?> This change in the stable sur-
face termination under hydrating conditions has been studied
extensively on the (0001) alumina surface through both
experimental®®~2® and theoretical methods.>*-3?> Whereas un-
der UHV conditions the Al-terminated (0001) surface is
found to be the most stable under UHV conditions, a fully
hydroxylated, oxygen-terminated surface is found to be
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FIG. 1. (Color online) Model of the stoichiometric bulk termi-
nation of AL,O; (1102). Oxygen atoms are shown in red and Al
atoms are in magenta. (a) Top-view showing the surface net. The
first layer O, second layer Al, and third layer O are shown in a
ball-and-stick representation while the layer 4-7 Al and O atoms are
shown in a line representation. The (1 X 1) unit cell is indicated by
the dashed rectangle. The real-space vector directions are indicated.
(b) Side-view showing the layer stacking sequence.

stable under a wide range of finite pressure and temperature
conditions.

The hydrated a-Al,O; (1102) surface structure differs
substantially from the (0001) hydrated surface, exhibiting
different terminal oxygen coordination chemistry and there-
fore different reactivity.® Top and side views of the stoichi-
ometric surface are shown in Figs. 1(a) and 1(b). Two differ-
ent surface structures have been proposed under hydrating or
hydrous conditions.'®3* A surface scattering study of the hy-

drated a-Al,05(1102) surface concluded that the dominant
termination is a “missing-Al” model, in which the fivefold
coordinated Al atoms of the stoichiometric surface have been
lost.' This surface structure is also referred to as the half-
layer or “Al-vacancy” model because the surface termination
is deficient by a layer of Al relative to a bulk continuation.
As noted in Ref. 35, the resulting channeled structure in the
missing-Al model resembles a face-centered-cubic (110) sur-
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face topography. While protons positions are not observed in
the x-ray scattering study, it is expected that the surface
charge is balanced by the replacing each lost AI** with the
addition of 3 H, leading to a charge-neutral hydroxylated
surface. In contrast, Catalano et al.>* reported a hydrated
stoichiometric termination, in which an additional oxygen
(or hydroxyl) layer coordinates the surface aluminum, domi-
nates under hydrous conditions.

In this study we investigate how the discrepancy between
the observations is likely tied to the different surface condi-
tions employed in experimental studies. Trainor et al. pre-
pared the surface under UHV conditions using Ar* sputtering
and oxygen annealing to approximately 1200 K followed by
dosing with H,O in a UHV chamber. Catalano et al. prepared
their sample by low-temperature annealing (about 650 K) in
air and subsequently hydroxylated the surface by contact
with aqueous solutions. As observed in the analogous

a-Fe,05 (1102) surface system,”*37 the observation of
stoichiometric and missing-Fe structural models was shown
experimentally to be a result of surface preparation.’® These
experimental observations were explained by the theoretical
work of Lo et al.*” who found a crossover in the surface
stability with temperature. Furthermore, recent atomic-force-
microscopy experiments on Al,O; surfaces demonstrated

that on the (1102) surface, the average step height and ter-
race width show a much stronger dependence on annealing
temperature than on the (0001) surface,? further demonstrat-
ing how preparation conditions influence surface morphol-
ogy of this termination.

In this work, we use first-principles modeling to study
different stoichiometries and protonation states of clean, hy-
drated, and defective (by ordered oxygen vacancies)

a-AlLO; (1102) surfaces. Our results provide a basis for un-
derstanding the variations in surface stoichiometry observed
under different surface preparation conditions. Our study
builds upon previous theoretical work?**%4! by considering a
wider range of terminations and stoichiometries and focusing
on understanding the different experimentally observed ter-
minations over a range of pressure and temperature condi-
tions. The hydrated models investigated here are analogous
to those proposed and studied by Lo et al.’ for the isostruc-

tural a-Fe,05 (1102) surface. We present a detailed ab initio
investigation of these surfaces in terms of structure and ther-
modynamic stability under a range of experimentally rel-
evant temperature and pressure conditions.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

Periodic density-functional-theory (DFT) calculations are
carried out with the Perdew, Burke, and Ernzerhof (PBE)
generalized gradient approximation (GGA) to the exchange-
correlation functional.*> All-electron calculations are per-
formed using a double-numeric-plus-polarization, atom-
centered basis set as implemented in the DMol® code.***+
Bulk lattice optimizations are converged with respect to k
points using a (55X 5) Monkhorst-Pack grid*® to sample
the Brillouin zone, and a 4.5 A real space cutoff (ry,). In
surface calculations, ., is reduced to 3.5 A, which has been
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previously reported to only minimally affected resulting cal-
culated surface-free energies on hematite.’”*” We further test
the reduction in r., on the alumina surface by considering
the range of r., from 3.5t0 5.0 A in 0.5 A increments. The
resulting calculated surface-free energies (as defined below)
vary by less than 5 meV/A?2 within reason for the desired
accuracy in the ab initio thermodynamic model.*® The opti-
mized bulk lattice constants of 4.823 A(+1.3%) and
13.111 A(+0.9%) for a-Al,O5 are in excellent agreement
with experiment (differences from experiment are indicated
in parentheses)*® and other GGA results.!%:18:30:50.51

The a-Al,O5 (1102) surfaces are modeled using (1 X 1)
periodic cells of 16-22 atomic layers depending on surface
stoichiometry. Our theoretical in-plane lattice parameters of
a,=4.825 A and b,=5.200 A are in good agreement with
the experimental values of 4.757 A and 5.127 A for a, and
b,, respectively.!® Top and side views of the stoichiometric
surface and the (1 X 1) unit cell are shown in Figs. 1(a) and
1(b). Periodic images along the surface normal are separated
by at least 10 A of vacuum. The top and bottom surfaces are
related by inversion symmetry, and full geometry optimiza-
tion is carried out on the entire slab with a structural conver-
gence set to a force tolerance of 0.01 eV/A. The slab is of
sufficient thickness such that the central layers exhibit bulk-
like geometry without imposed constraints. A converged
(5 X5 X 1) Monkhorst-Pack k-point grid*® is used for the sur-
face calculations. Surfaces with ordered oxygen vacancies
are modeled in (2X1) periodic cells with a (5X2X1)
k-point grid.

Vibrational frequencies are determined within DMol® em-
ploying a frozen phonon method”? using two displacements
per atom (of step size 0.01 a,) to construct the mass-
weighted Hessian matrix. Subsequent diagonalization yields
the harmonic frequencies of the slab. In all cases, full Hes-
sian matrix calculations are carried out.

The small molecules O,, H,, and H,O are modeled in the

same (1X 1) periodic cell as the a-Al,O; (1102) surface
and using identical computational methods and parameters.
While these methods are not optimized for calculating small
molecule properties, our goal is to treat all species involved
in the thermodynamic analysis (bulk, slabs, and molecules)
with the same level of theory for consistency and optimal
error cancellation in computed differences.

A. Ab initio thermodynamics

The goal of the ab initio thermodynamic analysis applied
here is to predict the relative stability of chemically distinct
surface terminations under variable environmental condi-
tions, including variable temperature, and oxygen, hydrogen,
and water partial pressures. The Gibbs free energy, defined as
G=H-TS, where H is the enthalpy and S is the entropy, is
the governing thermodynamic state function under condi-
tions of fixed temperature 7" and pressure p. The equilibrium
between the substrate and a gas phase is constrained at con-
ditions of constant 7" and p such that the chemical potential
of a given chemical component (u;) is equivalent in all
phases present in the system. The surface-free energy
YT,p), is defined as
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7(T7P7Ni) = {Gslab(T’vai) - E NiMi(Tap)}7 (1)

1
2A
where Gg,;, is the calculated Gibbs free energy of the solid
slab, NV; is the number of the ith type of atom, and A is the
surface area. The factor of (2A4)~' normalizes y(T,p,N;) to
energy per unit area for a semi-infinite slab with two equiva-
lent surfaces.

In applying Eq. (1), it is important to consider how to
relate DFT total energies to the appropriate thermodynamic
quantities and correct for DFT errors where necessary. The
total energy from DFT calculations, done at constant volume
and composition, provides the 0 K enthalpy (H=U+pV,
where U is the internal energy) but does not include any
vibrational contributions. Connecting DFT total energies to
thermodynamics requires accounting for the vibrational en-
ergy (including zero-point energy) and the entropy. Previous
work by Reuter and co-workers*® found that for a desired
+10 meV/A? accuracy in systems not including hydrogen,
both vibrational and entropic contributions cancel out in tak-
ing the differences between surface and bulk terms in Eq.
(1), and the pV contribution to the surface-free energy is also
negligible. However, as noted in later work,>® the entropy
contributions from adsorbed hydroxyl and waterlike species
to the surface-free energy have no counterpart in the bulk,
and must be accounted for in order to maximize agreement
with experiment. The main contribution to the entropy of
adsorbed water and water dissociation products is the vibra-
tional entropy contribution to the free energy, AG"™" (set to
zero at 0 K). We include this term in the surface Gibbs free
energy by calculating the vibrational partition function of the
full slab

Nm - By

=l — (2)

qdv= — )

P =P
where N,, is the number of vibrational modes and S is de-
fined in terms of the Boltzmann constant kg as 1/kgT. The
vibrational energy is related to ¢, by E“"=-7In ¢, and the
vibrational entropy is given by S'*=k(In ¢,+ BE""). Using
the definition of the vibrational temperature (©,=hv,/kp)

gives

i 1 1
vib
AGYP = kBEi‘, ®,,i<5 * o 1)

—k TE M —1In(1 - —(”)V./T) (3)
B : e®Vi/T— 1 e i .

As each surface is considered here to be in chemical and
thermal equilibrium with the bulk and the gas phase, the
chemical potentials of each type of atom must be equal in all
phases. The physical constraints on the ranges of ug, tem-
perature and pressure dependence, and equilibrium with
other species, within this type of analysis have been detailed
previously,3048335% and are stated here explicitly for our
model systems. We also carefully assess and, as necessary,
correct for sources of DFT error.
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The range of uq at our chosen reference state (0 K) is
defined by considering the limiting behavior at oxygen-rich
and oxygen-poor extremes and using an appropriate choice
of theoretical or experimental standard values. At the
oxygen-rich limit, gas-phase oxygen condenses at the sur-
face. At the oxygen-poor limit, the oxide surface decomposes
into solid bulk aluminum and gas-phase O,. As done in pre-
vious studies on similar surfaces,>*3’ we approximate the
limiting values of w; by defining them in terms of DFT total
energies. Therefore, we define

1
MO, max = EEOZ’ (4)

where Ep, is the total energy of the O, molecule. We rescale
Mo.max tO zero in phase diagrams while using the explicit
value in computing surface-free energies. The minimum 0 K
oxygen chemical potential is defined by

1
Ho.min = 3 Ean,0; bulk = 3 Eavbulks (5)

where the total energy used for bulk Al,O5 is for a single
Al,O5 unit and the coefficients are derived from the balanced
reaction 2A1,05=4Al+30, solving for ug per oxygen atom.

Values of uy are determined by the equilibrium between
H, and H,O in the gas phase within the limits of accessible
Mo- With respect to equilibrium with H, at 0 K, the hydrogen
chemical potential is

1
MH = _EHz,gas (6)

2
or with respect to equilibrium with H,O, the 0 K hydrogen
chemical potential is defined as

1
MH = E(EHZO,gas - /-“O) . (7)

As discussed in Ref. 48, the temperature and pressure depen-
dence of u(T,p) for gas phase species at a pressure p° can be
calculated using

1
#i(T.p) = plT.p%) + SkT ln(% ) : (8)
p

We use the NIST-JANAF tables> to determine the tempera-
ture dependence of the gas phase species at standard pressure
and Eq. (8) to compute the chemical potentials at the desired
pressures. For the bulk oxide, we use the NIST-JANAF
tables> for the enthalpic and entropic contributions to
HALO,

Finally, we write out Eq. (1) explicitly for our system. In
doing so, we use the fact that all of the species are in equi-
librium with each other, which allows us to relate their
chemical potentials. Specifically, 2MA1+3MO:GE§2})3, H,0
=Gn,0=2un+ Ko, and po= %G%“;: % Ko, Therefore

bulk

1 3
Naitar=5NaiGano, = 5 Naitto,
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1 1
Nupy = 2 Nutnyo = 5 Nuto )
and
1 vib 1
AT.,p.N;) = A Egapo x +AG™ — ENA1MA1203(T,p)
3
+ ENAI_NO Mo — Nupy |- (10)

It should be noted that the only independent variables in our
ab initio thermodynamic analysis are ug in equilibrium with
bulk Al,O3, and wy. The chemical potentials of the remain-
ing species considered in the relevant equilibria (Al, O,, H,,
and H,0) are dependent. In practice, meaningful application
of the above outlined method requires careful consideration
of theoretical errors and physical limits.

An important practical consideration in applying the
above model is the use of either calculated or experimental
values in defining the values and ranges of w;, When com-
paring total energy differences for diverse species such as
three-dimensional periodic solids, two-dimensional periodic
slabs of finite thickness, and small molecules such as H, and
spin-polarized O,, it is essential to understand the magnitude
of errors inherent in the methodology for each species and to
minimize or compensate for them where possible. Conver-
gence of computed bulk and surface properties is discussed
above, and is standard in DFT practice and established to be
in good agreement with experiment. However, the triplet
ground state and short bond distance of O, pose sources of
theoretical error not found in the other species being com-
pared in the thermodynamic model given by Eq. (10). The
GGA-PBE error of the atomization energy per O, molecule
[with zero-point energy (ZPE) removed for direct compari-
son with DFT values and using the same basis set, unit cell,
and rg, discussed in section II] using DMol® is 0.90 eV;
similar to the 1.00 eV value reported using another DFT
implementation.*> A key question is if this inherent error is
unique to the O, molecule (and thus necessitating a scheme
for correction to Eoz) or if it is a systematic error associated
with all oxygen-containing species and hence will cancel
when computing differences.

A good assessment of whether the known error in the
DFT value for Eo, fortuitously cancels out with error in the
DFT value for E ALO, is to determine the 0 K Gibbs free
energy of formation for the oxide*®

3

AGATp) =g}io, ~ 288" (Top) = Je8y(T.P), (1)
where gg‘}];)}, g%k and 85, are the Gibbs free energy of bulk
Al,O5, face-centered cubic bulk metallic Al, and isolated
molecular oxygen, respectively, and lower case g is hence-
forth used to denote a Gibbs free energy per formula unit. At
0 K, we use our DFT-GGA total energies for the Gibbs free
energy of each species in Eq. (11). Our DFT result for AG,
(0 K) recovers only 87% of the experimental value of 17.24
eV.>® By adding a 0.90 eV correction (E", determined from
the DMol® error in the atomization energy per O, molecule
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FIG. 2. (Color online) The A1 model for the a-Al,05 (1102)
surface with stoichiometry O,-Al,-O,-Al,-O,-R. Three repeats of
our (1 X 1) unit cell in the y direction are shown. Oxygen atoms are
shown in red, aluminum atoms are in magenta, and hydrogen atoms
(where present) are shown as gray spheres.

discussed above) to our DFT value of EO , our DFT-GGA
value for AG; (0 K) a-Al,O5 reduces from —12.4% to
-4.6%, 1ndlcat1ng that the majority of the error is associated
with the theoretical treatment of O,. The magnitude of E®"
is dependent on the DFT implementation used, and as noted
in other studies, is not always necessary.*® However, this
must always be carefully tested for. Otherwise, the error that
propagates through the ab initio thermodynamics will poten-
tially result in large magnitude temperature and pressure
errors.’’ Here, neglecting the error in Eo, does not affect
which structural models are calculated to be stable but it
does impact the pressure and temperature ranges over which
stability is predicted. This leads to difficulties when compar-
ing ab initio thermodynamics and experimental results as
commented upon in other work.>’

Alternative to using our suggested E" to account for
DFT error in EOZ, the choice of functional and basis set can
be adjusted to achieve a higher level of accuracy in the DFT
description of O,. However, the necessity to use consistent
theoretical methods of all species in equilibrium (gas phase
molecules, bulk oxide, and surface slabs) would be compu-
tationally prohibitive in the present study.

To assess the possible error introduced into the thermody-
namic analysis by using DFT total energies for H, or H,O,
we again determine the theoretical atomization energies. The
GGA-PBE error of the atomization energies per molecule of
H, and H,O (ZPE removed for direct comparison with DFT
values) using DMol® are 4.59 and 10.06 eV, respectively,
again in good agreement with other DFT results.*? The mag-
nitude of error between the ZPE-corrected experimental
values*? and the present DFT values of —0.13 and 0.371 eV
for H, and H,O, respectively, are much smaller than the 0.9
eV error in the O, value.

To evaluate how the errors in H, and H,O energies propa-
gate through the ab initio thermodynamic model and affect
the results, we return to the calculation of uy [Eq. (6) or Eq.
(7)]. The appropriate equilibrium depends on whether
oxygen-rich or oxygen-poor limits are considered. The ac-
cessible range of uq (as discussed above) is determined to be
5.48 eV. At a given set of conditions, the thermodynamically
most stable system minimizes y(T,p) through thermal equi-
librium with the gas phases. Therefore, as can be seen in Eq.
(1), the appropriate equilibrium is the one that also mini-
mizes py. When hydrogen on the surface is in equilibrium
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FIG. 3. (Color 2 for A2:

0,-0,-Al,-0,-Aly-0,-R

online) Same as Fig.

with H,, uy is equal to %EH2 [Eq. (6)] and independent of
Mo When surface hydrogen is considered to be in equilib-
rium with H,O, wuy is determined by Eq. (7) with our DFT
value of Ey o over the determined range wuo. The result is
that at 0 K, there is a crossover between Mom, and MH/H,0
within the range of uq such that for oxygen-poor conditions
(o <-2.88 V), the equilibrium with H, is appropriate for
the determination of uy. For oxygen-rich conditions
(mp>-2.88 eV), the equilibrium with H, is appropriate for
the determination of .

As we are chiefly concerned with the oxygen-rich limits
in the present study, we need to assess to what extent our
calculated surface-free energies (T,p) are affected by the
DFT error in Ey . This quantity enters into the calculation
of Y(T,p) through wuy as calculated using Eq. (7). Therefore,
only surface models with nonzero hydrogen stoichiometries
are affected. As there is no convenient test to determine if, or
to what extent, DFT error in Ey o persists after the difference
calculation of (T, p), we analyze the impact assuming zero
cancellation. For hydrated surface models, values of y(0 K)
are shifted by —15 to —44 meV/A?Z, depending on hydrogen
content, when Eyo is corrected to reproduce the experimen-
tal atomization energy. Due to the sign of the error in the
DFT H,O atomization energy, the values of ¥(T,p) for hy-
drated surfaces using the uncorrected value of Ey o are less
stable relative to the unaffected clean, hydrogen-free surfaces
than if an H,O E is applied. As we cannot easily deter-
mine the persistence of the En,o after subtracting total ener-
gies in Eq. (1), and as the magnitude is small, and as the
direction of this error can only underestimate relative hy-
drated surface stability, we decide to use our uncorrected
value of Ey ¢ in the thermodynamic analysis.

e w N

2% w:(\v

FIG. 4. (Color online) Same as Fig. 2 for A3:
-Al,-0,-Al,-O,-R

(HO),-0,
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FIG. 5. (Color online) Same as Fig. 2 for Bl: X-X-O,-Al,
-0,-R.

B. a-Al,04 (1102) surface models

We follow the previous experimental!®-21** and theoreti-

cal studies?*404! of the a-Al,05 (1102) and analogous he-
matite surface®’ to constrain the set of structural models used
in the present study.

1. (1X1) surface terminations

We arrive at nine unique (in terms of stoichiometry and/or

protonation state) surface terminations of a-Al,O; (1102)
that are possible candidates for the clean and hydrated termi-
nations. Using the same stoichiometry and nomenclature as
Lo and co-workers,?” surface models containing all of the
atomic layers found in the stoichiometric termination are la-
beled as A (Figs. 2—4). The clean stoichiometric termination,
labeled as model Al, is shown in Fig. 2, along with the
atomic layer numbering scheme used to define the surface
terminations. The surface model terminated at layer-3 O,
thus missing the two topmost atomic layers, is labeled as Bl
(Fig. 5). The B1 stoichiometry, X-X-O,-Al,-O,-R, can be
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FIG. 6. (Color online) Same as Fig. 2 for B2: X-X-(OH),
-AlL-O,-R

made charge-neutral by the addition of two hydrogens, as in
the B2 model (Fig. 6). The surface models with zero occu-
pancy of the layer-2 Al ions, but retaining the layer-1 O ions,
are collectively labeled as C. (The B and C series are also
referred to as “missing-Al” or “half-step” terminations.) All
of the models are listed in Table I. In each, the overall slabs
of substrate plus any water dissociation products are set to be
charge neutral. In our notation for the surface stoichiometry,
boldface is used to denote the addition of dissociation prod-
ucts, and the repeating bulk sequence (O,-Al,-0,-Al,-0,) is
abbreviated as R. Detailed discussion of the origins and ra-
tionalizations of the (1102) surface models can be found in
the previous study of Lo and co-workers,?” and is repeated

here for the nine models considered for a-Al,O; (1102).
As discussed by Lo er al., some of the surface models
posed for the hematite surface impose higher oxidation states
on surface Fe cations. In the case of alumina, it is highly
unlikely that the Al cation will be further oxidized. The
bonding in alumina relative to hematite is highly ionic as the
Al d orbitals are too high in energy to afford significant over-

TABLE 1. Surface models for the clean and hydrated a-Al,0; (1102). The atoms in boldface denote
layers added above the top layer of the stoichiometric termination and X is used to indicate zero occupancy
for an atomic layer that would be present in bulk layering. The repeating bulk sequence (O,-Al,-0,-Al,-0,)

is abbreviated as R.

Layer sequencing for modeled terminations

Model i 1 2 3 4 5

Al 0, Al, 0, Al, 0, R
A2 0, 0, Al, 0, Al, 0, R
A3 (HO), 0, Al, 0, Al, 0, R
Bl X X 0, Al, 0, R
B2 X X (OH), Al, 0, R
C1 0, X 0, Al, 0, R
C2 (HO), X (HO), Al, 0, R
C3 (HO), X (HO), Al, (HO), R
c4 (H,0), X (HO), Al, 0, R
Vacancy models

AlV1 0O; Aly Oy Aly Oy R
Al1V2 0, Aly Oy Aly (O R
B1V1 X X 0O; Aly (O R
B1V2 X X 0, Aly (O R
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FIG. 7.
-0,-R

(Color online) Same as Fig. 2 for C1: 0,-X-0,-Al,

lap with oxygen orbitals. As such, we expect that these sur-
face models (labeled as A2, B1, C1, and C2, with stoichiom-
etries listed in Table I and details given below) will exhibit
structural and thermodynamic trends different from what is
reported on the analogous hematite surface. These surface
models are included for completeness as well as to assess
their structure (which is expected to vary notably from the
analogous hematite given the inability of Al to further oxi-
dize with added O).

In the stoichiometric A series, adsorption of atomic O at
the Al lattice sites in Al yields model A2:
(0,-0,-Al,-0,-Al,-0,-R). Heterolytic water dissociation at
each of the terminal Al Al-sites yields model A3:
[(HO),-(HO),-Al,-0,-Al,-0,-R], where boldface is used to
denote layers added above the top layer of the stoichiometric
termination.

In the C series, the vacancy of the layer-2 Al is modeled.
This stoichiometry can equivalently be considered as re-
moval of this layer from the A series or as the addition of
dissociated oxygen or H,O at the fivefold-coordinated Al
sites of the B1 model. Capping the layer-1 and layer-3 oxy-
gen atoms in C1 (Fig. 7) with H* results in the C2 model:
(HO),-X-(HO),-Al,-O,-R, Fig. 8. C2 can be interpreted as
heterolytic water dissociation at each of the fivefold-
coordinated Al cations of B1. A more likely scenario is the
addition of three H* for each AI** vacancy, thus allowing all
remaining Al cations to exist in the (IIT) oxidation state. Both
C3 (Fig. 9) and C4 (Fig. 10) achieve this balance but in
different ways: in model C3, the layer-1, -3, and -5 oxygen
atoms form hydroxyl groups, resulting in

(HO),-X-(HO),-Al,-(HO),-R. In model C4, the layer-5 oxy-
gen atoms remain unprotonated while the layer-1 oxygen at-
oms form aquo groups, thus allowing coordination between
layer,

terminating Al and a water written  as

(H,0),-X-(HO),-Al,-O,-R.

./l:\'l‘.\'l:\\' =

FIG. 8. (Color online) Same as Fig. 2 for C2:
(HO),-Al,-O,-R

(HO),-X-

PHYSICAL REVIEW B 81, 125423 (2010)

FIG. 9. (Color online) Same as Fig. 2 for C3:
(HO),-Al,-(HO),-R.

(HO),-X-

2. (2X1) defect surfaces

At an annealing temperature of 2000 K, Gillet et al. report

a (2 X 1) reconstruction of the a-Al,O5 (1102) surface.?! To
investigate the (2X 1) reconstruction, we create models for
defective surfaces by constraining our efforts to ordered oxy-
gen vacancies in (2 X 1) cells. As water dissociation products
will not persist under the high-temperature annealing condi-
tions that result in the reconstruction, we form oxygen-
deficient models starting from both the clean stoichiometric
model A1 and the missing-Al model in which the outermost
oxygen layer has also been lost, Bl1. To arrive at (2X1)
defect patterns, we either remove a single O from the
(2X 1) cell, as in the A1V1 and B1V1 models [Figs. 11 and
12], or by removing one O from each (1 X 1) subcell from
alternating O sites as in the A1V2 and B1V2 models [Figs. 11
and 12]. All four defect models start from a (1 X 1) surface
and, through either single or double-oxygen vacancies, form
(2% 1) surfaces. Included in our investigation is the (2 X 1)
structure, here termed A1V1, proposed by Gillet and co-
workers to explain the RHEED pattern.?! The additional
three defect models are of our design and include a charge-
neutral (B1V2) model. By modeling a total of four defect
surfaces, we can better assess the stability of oxygen-
vacancy structures relative to the clean stoichiometric sur-
face.

III. RESULTS AND DISCUSSION

Side views of the terminating layers of the surfaces listed
in Table I are shown in Figs. 2—10. The surface-layer spac-
ings in the optimized geometries are presented in Tables
II-IV for the A, B, and C models, respectively. Structural
details and 0 K surface-free energies are discussed first, fol-

0000 00000 000 —!

{
o /e N

[N

FIG. 10. (Color online) Same as Fig. 2 for C4: (H,0),-X-
(HO),-AlL,-O,-R
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FIG. 11. (Color online) Single-oxygen-vacancy models, show-
ing two repeats of the (2X 1) cell. (a) Single-vacancy model A1V1
(05-Al4-04-Al4-O4-R) (b) Double-vacancy model A1V2 (O,-Aly
-0,-Al;-O,-R).

lowed by the results of ab initio thermodynamic analysis to
investigate the stability under different conditions.

A. Structural optimizations

We characterize the DFT-optimized geometries for all of

the modeled a-Al,O; (1102) surfaces by calculating the re-
laxed spacings between atomic layers and the percent devia-
tion from the theoretical bulk spacings in Table II for the A
models, Table III for the B1 model, Table IV for the C mod-
els, and Table V for the defect surface models. Notable cases
that show significant in-plane relaxations are also discussed.

1. (1 X1) surface terminations

The clean stoichiometric surface model (A1) exhibits an
outward relaxation of 17% relative to the bulk in the terminal
layer 1-2 O,-Al,, and a compression of 29% relative to the
bulk in the subsequent layer 2-3 Al,-O,. The terminal surface
atoms have a reduced coordination relative to the bulk and
thus a contractive relaxation is predicted for the outermost
layers. This is well documented in the Al-terminated
a-Al,05 (0001) surface under UHV conditions, in which the

PHYSICAL REVIEW B 81, 125423 (2010)

FIG. 12. (Color online) Double-oxygen-vacancy models, show-
ing two repeats of the (2X 1) cell.(a) Single-vacancy model B1V1
(X-X-03-Al4-O4-R) (b) Double-vacancy model B1V2 (X-X-O3
-Al4-O4-R).

outermost layer relaxes to about —85% of its bulk value.?>%

The higher index (1102) face is open enough to allow for
greater in-plane relaxations. Here, the counter-intuitive sur-
face expansion is explained by the lateral-surface relaxations.
We measure a 3.3% and *=5.6% in-plane relaxation in the
layer-1 O positions and layer-2 Al positions, respectively.
This is similar to the theoretical results of Lo et al., which
reported +37% and —26% relaxations between the terminal
0O,-Fe, and Fe,-0, layers, accompanied by 3.0% and £5.0%
in-plane relaxation in the layer-1 O positions and layer-2 Fe

positions, respectively, on the isostructural a-Fe,0; (1102)
surface. As in the hematite surface, these in-plane distortions
result in surface Al-O distances that are shorter than in the
bulk, stabilizing the reduced surface oxygen coordination.
When atomic O is modeled at the Al lattice sites in Al to
form A2, the resulting optimized structures are distinct be-
tween the two corundum oxides, as predicted based on the
inability of AI’* to further oxidize. As reported by Lo et al.,
the hematite A2 model exhibits short terminal Fe-O groups,
not dissimilar to the ferryl (Fe=0) groups on the a-Fe,0;
(0001) surface.’”° While such M =0 terminations at certain
oxygen pressures are thought to be stable for transition-metal
corundum oxides,®® the Al s and p orbitals are utilized. The
Al d orbitals are too high to overlap with oxygen p orbitals

TABLE II. Calculated layer spacings (A) and percent relaxations with respect to theoretical bulk spacing (%A) for stoichiometric (A)
models. Surface stoichiometries are discussed in the text and listed in Table I. Experimental values are for the stoichiometric model in Ref.

19.

Layers Al %A A2 %A A3 %A Expt. %A
i-1 0.926 1.296

1-2 0,-Al, 0.417 +17 0.264 -26 0.288 -19 0.031 -91
2-3 Al)-O, 0.510 -29 0.988 +37 0.818 +13 1.169 +64
3-4 0,-Al, 0.778 +8 0.710 -2 0.734 +2 0.424 -40
4-5 Al)-O, 0.458 +29 0.284 -20 0.313 -12 0.324 -9

5-6 0,-0, 1.285 -6 1.403 2 1.394 +1 1.365 +1

6-7 0,-Al, 0.398 +12 0.337 -5 0.340 -5 0.333 -6

7-8 Al)-O, 0.723 0 0.721 0 0.721 0 0.814 +14
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TABLE III. Calculated layer spacings (A) and percent relaxations with respect to theoretical bulk spacing
(%A) for the B1 model. Surface stoichiometries are discussed in the text and listed in Table 1.

Layers Bl %A B2 %A
34 0,-Al, 0.732 +2 1.425 +98
4-5 Al,-O, 0.365 +2 0.328 -8
5-6 0,-Al, 1.377 0 1.303 -5
6-7 Al,-O, 0.318 -11 0.392 +10
7-8 0,-0, 0.751 4 0.733 2

to stabilize the Al=0 structure. Instead, we observe in the
alumina A2 model that the added atomic oxygen is displaced
away from the Al cation to the triply-coordinated surface
oxygen on the neighboring Al site (Fig. 3), resulting in an
0-O distance of only 1.54 A. This short O-O distance is
only about 30% greater than the molecular O, double bond,
indicating that the modeled atomic O adsorption is only
slightly stable relative to a free O, molecule. Thus the Al
surface may not be quite able to fully dissociate O,. On the
hematite A2 model, the shortest distance between singly- and
triply-coordinated oxygen atoms is 2.83 A, and occurs be-
tween singly- and triply-coordinated oxygen atoms on the
same Fe cation. The analogous O-O distance between neigh-
boring singly- and triply-coordinated oxygen atoms on the
A2 hematite model is 3.24 A. This result has implications
for the surface reactivity of alumina. Surface AI(IIT) is a very
poor electron donor and O is not a strong enough oxidant to
force strong electron sharing or donation between species.

In the A3 model, the addition of protons stabilizes the
otherwise unsaturated layer-i O atoms and the optimized
structure is again highly analogous to the corresponding he-
matite surface. The layer 1-2 (O,-Al,) relaxation is —19%,
and the layer 2-3 (Al,-O, relaxation is +13%, nearly identi-
cal to the respective hematite values of —19% and +12%
reported by Lo et al.). Likewise, the terminal Al-O distances
are 1.81 A, similar to the appropriate bulk comparison val-
ues observed for the terminal Fe-O distances.

The difficulty of oxidizing AIP* also results in the B1, C1,
and C2 models adopting an unstable oxygen coordination.
On the B1 surface, we do not observe large surface relax-
ations between the outer layers (Table III). However, signifi-
cant in-plane distortions occur such that the terminal oxygen

atoms form a near-perfect row along the [1101] direction. In
the resulting structure, the oxygen atoms along this row form

similar bonds with neighboring Al cations of 1.85 and
1.87 A. The analogous hematite B1 model exhibits a —23%
layer 3-4 O,-Fe, relaxation and the terminal Fe-O distances
are 1.72 and 2.10 A. The small outer layer expansion on
alumina, along with the unique near-row arrangement of
layer-3 O on alumina, demonstrate a structural compromise
to accommodate the excess oxygen. On the C1 surface, we
again observe short O-O distances (1.45 A or 20% expan-
sion of the molecular O, double-bond distance). In other
words, we again observe that adsorbed O finds structural O a
better electron donor than Al. As observed on the A2 surface,
the singly-coordinated terminal oxygen atoms displace both
in- and out-of-plane away from the cations. On C1, the mi-
gration is to the layer-3 doubly-coordinated oxygen layer.
The analogous O-O distance on C1 hematite is 2.54 A, more
than 1 A greater than on alumina.

In the B2 model, the excess oxygen in the B1 stoichiom-
etry is compensated by hydrogen, and the resulting surface
model is charge-neutral, with tetrahedral surface Al. The ad-
dition of hydrogen to the Bl stoichiometry has a notable
effect on the surface relaxations in B2. As can be seen in
Table III, the B2 model exhibits greater relaxation between
the atomic layers than in the oxygen-rich B1 model. How-
ever, as the layer-3 oxygen atoms in B2 exist as hydroxyl
groups, the in-plane relaxations are distinct between the two
models, with the terminal oxygen atoms remaining singly
coordinated to Al cations with optimized short (between Al
and coordinating oxygen) and long (between Al and neigh-
boring oxygen) layer 3-4 O-Al distances of 1.72 and 3.23 A.
The 1.81 A AI-OH bond distance on the A3 surface is nota-
bly longer than the 1.72 A B2 Al-OH bond distance, consis-
tent with the decrease in the coordination of the surface Al
cations from sixfold in A3 to fourfold in B2.

Comparison of surface relaxations in the C2, C3, and C4
surface models (Table IV) shows how the extent and type of

TABLE 1V. Calculated layer spacings (A) and percent relaxations with respect to theoretical bulk spacing (%A) for missing-Al (C)
models. Surface stoichiometries are discussed in the text and listed in Table I. Experimental values are for the missing-Al model in Ref. 19.

Layers Cl %A C2 %A C3 %A Cc4 %A Expt. %A
1-3 0,-0, 0.102 -93 1.144 -17 1.256 -9 1.425 +4 1.460 +6
3-4 0,-Al, 0.595 -17 0.557 =23 0.436 -40 0.440 -39 0.368 —48
4-5 Al,-O, 0.584 +64 0.589 +66 0.593 +67 0.340 -4 0.465 +31
5-6 0,-0, 1.315 -4 1.239 -10 1.283 -7 1.378 0 1.200 -11
6-7 0,-Al, 0.389 +8 0.361 +2 0.436 +23 0.356 0 0.403 +14
7-8 Al,-O, 0.679 -6 0.743 +3 0.686 -5 0.729 +1 0.781 +10
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TABLE V. Calculated layer spacings (A) and percent relaxations with respect to theoretical bulk spacing (%A) for the vacancy models.

Surface stoichiometries are discussed in the text and listed in Table I.

Layers A1Vl %A A1V2 %A B1V1 %A B1V2 %A
1-2 0,-Al, 0.408 +12 0.412 +13
2-3 Al,-O, 0.525 =27 0.532 -26
3-4 0,-Al, 0.791 +10 0.802 +11 0.789 +9 0.845 +17
4-5 Al,-O, 0.450 +23 0.447 +23 0.299 -16 0.239 -33
5-6 0,-0, 1.295 -6 1.299 =5 1.389 +1 1.405 +2
6-7 0,-Al, 0.392 +7 0.390 +7 0.327 -8 0.331 -7
7-8 Al,-O, 0.725 +1 0.725 +1 0.755 +5 0.739 +2

surface oxygen functional group protonation influences the
optimized atomic layer spacings. While C2 and C3 have a
different number of surface protons (Table I), the reported
surface relaxations are qualitatively similar. Both exhibit
large layer 3-4 (O,-Al,) compression and large layer 4-5
(Al,-O,) expansions, —23% and +66%, respectively on C2,
and —-40% and +67%, respectively on C3. In both surface
models, the Al-vacancy in layer 2 is compensated by simul-
taneous layer-3 oxygen relaxation into the bulk, and layer-5
Al expansion toward the vacancy layer. These results are
strongly comparable to the commensurate hematite relax-
ations for both C2 and C3.

The fact that C2 and C3 are similar in surface relaxation
patterns despite the varying protonation states between the
two models is suggestive of interesting surface reactivity. We
interpret the anomalous structural agreement between C2
and C3 to imply that the hydroxy radical is semistable as an
absorbed species. This may help explain some of the cata-
Iytic activity of alumina with respect to electron-transfer
reactions®! despite the fact that Al is not redox labile.

The C4 relaxation pattern is distinct from the other C
models. As can be seen in Table IV, the layer 3-4 (0,-Al,)
compression is similar across the C series. The C4 disparity
appears in the layer 4-5 Al,-O, relaxation, which is —4% in
C4. This value is at least 93% smaller in magnitude and of
opposite sign compared to the other models in the C series.
As can be seen in Fig. 10, the protons on the double-
coordinated layer-3 oxygen atoms are directed into the sur-
face layer-5 triply-coordinated O layer, indicative of intrasur-
face hydrogen bonding in this surface model. The layer-3
OH bond distance is 1.01 A and the distance between the
protons and the layer-5 O is 1.64 A. The influence of surface
hydroxyl group orientation on surface stability has been ob-
served and discussed on similar hydrated surfaces.®>% A fi-
nal consideration of the C4 structure is the Al-O distance
between the layer-4 Al and the aquo groups. The distance in
the optimized structure is 2.22 A, longer than bulk-like Al-O
distances. This raises the question as to how strongly the
terminal water layer is bound. To address this, we carried out
a series of tests in which we moved the water layer in 0.1 A
increments in the direction of the surface normal. We then
computed single-point energy calculations (that is, with no
structural optimization) and compared the DFT energies.
When we move the H,O layer by —0.1, 0.0, 0.1, and 0.2 A
along the surface normal relative to the optimized C4 struc-

ture, the resulting changes in energy were 0.07, 0.00, 0.17,
and 0.19 eV, respectively. This Morse-type potential energy
profile supports that the H,O layer is coordinated with the
surface as the total energy would be unaffected by outward
displacements of an uncoordinated H,O layer. On the hema-
tite analog, the terminal Fe-O bond length of 2.42 A is also
uncharacteristically long compared to bulklike values. How-
ever, we computed a similar Morse-type potential energy
profile, again varying the height of the H,O layer with re-
spect to the hematite surface. Therefore, the C4 models have
aquo groups coordinating with the outermost cation layer
and are distinct from a surface model plus a water layer
interacting only through water-surface hydrogen bonding or
electrostatic interactions. From the above structural analysis
and considerations of Al and O coordination in the various
surface models, we can expect that some of the strongly
oxidized surfaces (such as A1, B1, and C1) will be less stable
than modeled protonations of these base stoichiometries
(such as A3, C3, and C4). In the following sections, we
present and discuss the results of our ab initio thermodynam-
ics analysis on these surface models, first at 0 K and then
under both UHV and environmentally relevant conditions.

2. (2X1) defect surfaces

Details of the relaxed spacings between atomic layers and
the percent deviation from the theoretical bulk spacings for
the defect surfaces are presented in Table V. No experimen-
tal structural data is available for comparison for these defect
surfaces. The defective surfaces also exhibit local relaxations
in the defect vicinity and the optimized terminal Al-O dis-
tances near the oxygen vacancies show trends based on the
defect stoichiometries. In the A1V1 and A1V2 models, oxy-
gen is being removed from the initially charge-neutral Al
model, leading to undercoordinated layer-2 Al cations. To
compensate for the underbonded Al cations, the remaining
layer-1 oxygen atoms in the vacancy subcell(s) form longer
bonds with nearest-neighbor layer-2 cations (up to 1.91 A in
both A1V1 and A1V2 relative to 1.797 A and 1.861 A in
A1) and shorter bonds with second-neighbor layer-2 cations
(451 A and 4.46 A in A1V1 and A1V2, respectively, com-
pared with 4.57 A in Al). In the B1V1 and B1V2 models,
oxygen is being removed from the excess-oxygen stoichiom-
etry of the Bl model, with the double-vacancy model B1V2
being charge-neutral. As such, an opposite trend is observed
relative to the A series vacancy models. The nearest-neighbor
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FIG. 13. (Color online) Free energies of various surface termi-
nation models for a-Al,0; (1102), and the Al-terminated (0001)
surface, as determined by ab initio thermodynamics. Surface sto-
ichiometries are discussed in the text and listed in Table 1.

layer 3-4 Al-O distances decrease in the vacancy subcell(s)
from 1.85 and 1.87 A in B1, to 1.81 and 1.83 A in B1V1, to
1.76 and 1.77 A in B1V2. Consistently, the shortest second-
neighbor layer 3-4 Al-O distances increase from 4.1 A in
B1, to 4.32 A and 442 A in B1V1 and Bl V2, respectively.
The changes in terminal Al-O bond distances and Al coordi-
nation foreshadow the role of AG'™® in the thermodynamic
stability of the defect surfaces as a function of temperature.

B. Surface-free energies at 0 K

Whereas relaxations constitute the most direct link of
theory with experiment, the ab initio thermodynamic analy-
sis of the surface-free energies provide the insight as to the
underlying physics that makes one surface more stable than
another under given environmental or preparation conditions.
Calculated values of surface-free energies y using Eq. (10) at
0 K at the oxygen-poor and oxygen-rich limits are plotted in

Fig. 13. Included are the nine a-Al,0; (1102) models listed
in Table I as well as the clean Al-terminated a-Al,O5 (0001)
surface for comparison.®

Over the full range of accessible uq, the surfaces that
minimize the surface-free energy are stoichiometric [A1, and
Al-terminated (0001)] or sufficiently protonated to saturate
surface oxygen (A3, C3, and C4). This is consistent with
results reported in Refs. 40 and 41, which carried out similar
analyses but with only one and two hydroxylated surface
models, respectively. Our results show that the ratio of the
A1 surface energy relative to the (0001) surface is 1.18, in
good agreement with the theoretical values of 1.03 and 1.02
(Marmier and Parker,*® and Briquet et al.,*! respectively) and
the experimental value of 1.05.% In terms of absolute theo-
retical values, our results (and those of Marmier and Parker
followed by those of Briquet et al. in parenthesis) of

112.8 (127.3, 106.7) meV/A? for the (1102) surface, and

95.4 (123.6, 104.2) meV/A? for the and (0001) surface,
also agree well.
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FIG. 14. (Color online) Free energies of clean and oxygen-
vacancy surface termination models for a-Al,O5 (1102) as deter-
mined by ab initio thermodynamics at 0 K. Surface stoichiometries
are discussed in the text and listed in Table I.

Relative to the stoichiometric references, and in the
oxygen-poor range of Fig. 13, the surface models with ex-
cessive oxygen (A2, A3, B1, C1, C2, C3, and C4) all show a
negative slope with respect to increasing ug, as is intuitive
for these already oxidized surfaces. In the oxygen-rich re-
gime, in equilibrium with H,O, the values of ¥(0 K) for A3,
B2, C3, and C4 become constant, as governed by stoichiom-
etry and Eq. (10).

In Fig. 14, we present the results for ¥(0 K) of the clean
stoichiometric surface, A1, the clean missing-Al model B1,
and the four defect models derived from these stoichiom-
etries (single-vacancy models A1V1 and B1V1, and double-
vacancy models A1V2 and B1V2). The Al-terminated (0001)
surface value for (0 K) is again included for comparison as
it is a commonly observed alumina termination. This set of
surface stoichiometries span charge-neutral models (Al,
B1V2, Al-terminated (0001), oxygen-deficient models
(A1V1, A1V2), and oxygen-rich models (B1, B1V1). As
such, we see zero, positive, and negative slopes in (0 K) as
a function of ug, respectively. While none of the four defect
surfaces compete with the clean stoichiometric A1 surface,
y(0 K) of the charge-neutral B1V2 model is only
20.1 meV/A? higher than that of the A1 model. This is simi-
lar to the 17.41 meV/A? difference in ¥(0 K) between the
Al model and the lower-energy Al-terminated (0001) sur-
face.

C. Thermodynamic stability at finite 7

We aim to determine how the thermodynamic stability of
the structural models varies with temperature under both
UHV and ambient conditions. In doing so, we can suggest
whether thermodynamic or kinetic factors, i.e., surface
preparations and/or measurement conditions, exert control on
the preferred structural phase.

1. Modeled UHV conditions

We first discuss the relative stability of the (2 X 1) defect
structures relative to the clean stoichiometric A1 model as a
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FIG. 15. (Color online) Top view of the optimized B1V2
double-oxygen-vacancy model. The first layer-3 O, layer-4 Al, and
layer-5 O are shown in a ball-and-stick representation while layer-6
(0), layer-7 (Al), layer-8 (O), and layer-9 (Al) atoms are shown in
a line representation. The (2 X 1) cell is indicated indicated by the
dashed rectangle. The large gray circles within the unit cell indicate
the vacancy sites.

function of temperature. Only the charge-neutral B1V2
model (the top view showing vacancy locations is shown in
Fig. 15) is thermodynamically competitive with the Al
model so we limit our discussion to these two surfaces. The
results for y(T) for A1 and B1V2 are presented in Fig. 16.
Note that as dictated by the model stoichiometries, there is
no dependence on the pressure of any gas-phase species. The
temperature dependence is instead governed by enthalpic and
entropic changes in 1,0, and AG"™ (Eq. (3)) as a function
of T. The former causes an increase in y(7) while the later
reduces the value of y(7). As shown in Fig. 16, the competi-
tive effects of temperature on the relative stabilities of the A1
and B1V2 models leads to a crossover at 2763 K. We note
that without inclusion of the AG"™® term, the model would
not predict this crossover. While the AG'™® term is known to
be of great importance in predicting the stability of hydroxy-
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FIG. 16. (Color online) Free energies of the clean stoichiometric
termination (A1) and the charge-neutral (2X 1) ordered oxygen-
vacancy defective a-Al,O5 (1102) model (B1V2) as determined by
ab initio thermodynamics as a function of temperature 7. Surface
stoichiometries are discussed in the text and listed in Table I.
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FIG. 17. (Color online) Free energies of various surface termi-
nation models for a-Al,05 (1102) as determined by ab initio ther-
modynamics, P0,=PH,0= 1078 kPa at all temperatures. Surface sto-
ichiometries are discussed in the text and listed in Table 1.

lated surfaces,”’ this case highlights the importance of the
entropy in a hydrogen-free but open, defective surface. Our
prediction that the (2 X 1) defective surface becomes more
stable than the clean stoichiometric (1 X 1) surface is in
qualitative agreement with the RHEED study that reports a
(2X 1) pattern when samples are annealed at 2000 K but not
when the annealing temperature is 1100 K.>' Quantitatively,
our predicted crossover temperature is higher than the ex-
perimental annealing temperature. Given the omission of
both kinetic effects and melting of Al and Al,O5; solid
phases, the accuracy of the employed model is expected to
worsen with increasing 7. We therefore consider the qualita-
tive prediction that the charge-neutral B1V2 double-vacancy
(2X1) model become more stable relative to the stoichio-
metric A1 model at high temperature to be within reasonable
agreement with the experimental observation of a (2X1)
surface after annealing at 2000 K.

We next consider the (1X 1) surfaces and select various
conditions to recreate the ranges encountered in typical ex-
periments. The first set of conditions we model are UHV O,
and H,O pressures (po,=pu,0=10""" bar) and varying T up
to 1000 K (and thus below the melting temperature of
a-Al,O3). These conditions are meant to bracket the prepa-
ration and measurement conditions likely used in UHV sur-
face preparation and measurements. The calculated values of
v as a function of T are presented in Fig. 17. We predict four
different terminations to be the stable within different tem-
perature ranges. From 0 to 142 K, the C4 model has the
minimum value of y. From 142 to 451 K, the A3 model is
preferred. Between 451 and 593 K, the B2 surface is the
predicted thermodynamically stable model. Finally, at T
>593 K, the clean stoichiometric model A1 is predicted to
be the most stable.

In addition to the minimum energy crossings, we also
predict that five surfaces cross the energy of the A1 model at
different temperatures: B2/A1 at 593 K, A3/Al at 519 K,
C4/A1 at396 K, C3/A1 at 358 K, and C2/A1 at 163 K. This
suggests that thermodynamically driven phases transitions
between a hydrated “missing-Al” model and hydrated stoi-
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FIG. 18. (Color online) Free energies of various surface termi-
nation models for a-Al,05 (1102) as determined by ab initio ther-
modynamics, p02=20 kPa and pH20=3.2 kPa at all temperatures.

Surface stoichiometries are discussed in the text and listed in Table
I

chiometric model could occur in two ways: directly at the
A3/C4 crossover temperature of 142 K, or by first heating
A3 to above 593 K. The later path would first drive off the
water dissociation products and result in the A1l structure,
which when cooled comes into equilibrium with B2, A3, C4,
C3, and C2. Kinetic barriers are not accounted for, hence
surface preparations that may lead to different stable or
metastable configurations under certain conditions could be
locked in depending on the range of temperatures used in the
preparation.

2. Modeled ambient conditions

Next, we consider conditions consistent with “wet”
sample preparation and surface measurements. We set po, to
an ambient 20 kPa and the corresponding saturated H,O va-
por pressure at 298.15 K is 3.2 kPa. In doing so, we model
the surface being heated while the gas environment effec-
tively remains cold. We are not modeling a closed system but
instead are approximating experimental conditions; hence we
fix both of these pressures and vary the temperature. This is
a reasonable recreation of experimental conditions under
which in situ measurements are made. The resulting values
of y as a function of temperature are shown in Fig. 18. We
focus on the difference between the most preferred C-series
model (C4) and the most preferred A-series model (A3). At
room temperate (298.15 K), the C4 model is preferred by
just 1.8 meV/A? relative to the A3 model. At T=265 K,
there is a crossover and the A3 model becomes the minimum
energy structural model. This crossover occurs well below
the temperatures used in the experiments of Catalano and
co-workers, and no additional crossovers occur until much
higher temperature (for example, A3 intersects B2 at 793 K,
which intersects A1 at 1152 K). Therefore our ab initio ther-
modynamic predictions under ambient air conditions are
consistent with the results of Catalano et al., showing that a
stoichiometric termination with an additional oxygen layer is
preferred. Consistent with the study by Marmier and Parker*’
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[in which two Al,O; (1102) surfaces corresponding to our
Al and A3 models were studied], and that of Briquet and

co-workers*!' [in which three Al,Os (1102) surfaces corre-
sponding to our A1 and A3 models and a third partially hy-
droxylated model were studied] we predict that this A3 ter-
mination is fully hydroxylated. In fact, the crossover
temperature between our A3 and A1 models at 958 K is in
truly excellent agreement with the calculated crossover tem-
perature of 969 K between analogous models by Briquet and
co-workers.*! Our comprehensive study with a total of nine
(1X1) surface models and four defective (2 X 1) surfaces
provides additional information about the surface stability.
The crossover between A3 and C4 reported here is qualita-
tively similar to predictions made on the analogous hematite
surface. Lo et al. report that under the same conditions, the
C4 surface is the most stable up to 435 K, at which point the
A3 termination becomes the most lowest energy configura-
tion.

Our model predictions show that the hydroxylated sur-
faces A3, B2, C3, and C4 are the most stable at room tem-
perature, consistent with the results of other similar studies
on hydrated metal-oxide surfaces.’*374047 The calculated
values of y show that at 298 K and under UHV, A3 is the
most stable, with C4, B2, and C3 189, 21.4, and
32.1 meV/A? higher, respectively. At 298 K and ambient
pressures (po,=20 kPa and py,0=3.2 kPa), C4 is the mini-
mum energy structure, with A3 and C3 1.8 and
13.2 meV/A? higher, respectively. These competitive mini-
mum energies and the discussed crossovers under both UHV
and ambient conditions predict that both surface preparation
and measurement conditions influence the thermodynami-

cally preferred structure for hydrated a-Al,05 (1102). How-
ever, we note that our results do not consider kinetic barriers.
In particular, high temperature annealing is likely consistent
with significant changes in surface Al and O stoichiometry,
which may be kinetically hindered at low temperatures.
Hence crossovers between A and C or B series at low tem-
perature may not occur. Instead, relative stabilities should be
considered among surfaces that differ by only relatively la-
bile H and O stoichiometry. For example, while the B2
model (with tetrahedral Al surface cations) is not predicted to
cross over as the minimum energy structure until at least 593
K under ambient conditions, it should be considered a com-
petitive surface model as it is within approximately
20 meV/A? of other surface models at room temperature.
In comparing our results to previous experimental find-
ings, we consider both our DFT surface relaxations (Tables
II-1V) and our temperature-dependent surface-free energies
(Figs. 17 and 18). Our computed values of y support obser-
vations of both a hydroxylated stoichiometric termination
(A3) and hydroxylated missing-Al models (C3 and C4). The
A3 surface is the thermodynamically most stable model from
T=142 to 451 K under UHV or T>265 K and up to 793 K
under ambient pressures. When the i-layer oxygen atoms are
not protonated, as in model A2, the surface is thermodynami-
cally unstable. Previous theoretical modeling of the stoichi-
ometric surface is in agreement with the need for the i-layer
oxygen to be protonated to achieve thermodynamic
stability.*>*! We also find that the C3 and C4 missing-Al
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terminations, similar to the missing-Al model observed by
Trainor et al. are thermodynamically competitive, and C4 is
the minimum energy structure under UHV conditions up to
142 K and ambient conditions up to 451 K.

Interestingly, we find two surface models with identical
stoichiometries but distinct proton arrangements (C3, with
hydroxyl groups and C4, with hydroxyl and aquo groups) to
be within approximately 20 meV/A? over a range of condi-
tions. In examining the layer spacings for the missing-Al
model, our results for C3 (-40%, +67%, —7%, and +23% for
layers 3-4, 4-5, 5-6, and 6-7, respectively) are a better match
with the corresponding reported fits to crystal truncation rod
diffraction data of —48%, +31%, —11%, and +14%. As pre-
viously discussed, the modeled C4 surface has a distinct sur-
face relaxation pattern and does not exhibit the large layer
4-5 expansion seen in the C3 model. This coupled with the
known dependence of surface structure on preparation®
make both C3 and C4 viable as a reasonable model for hy-

drated a-Al,O5 (1102).

IV. CONCLUSIONS

Our ab initio thermodynamics analysis of nine
ALO; (1102) surface models at 0 K and at two sets of finite
T, p conditions indicate that experimental conditions deter-
mine surface structure stoichiometry. Over the full range of
accessible uq at 0 K, either bare stoichiometric or hydroxy-
lated surface models are thermodynamically preferred, with a
number of thermodynamically predicted crossovers in the
minimum energy surface spanning both hydrated stoichio-
metric and hydrated missing-Al models, at both UHV and
ambient conditions. The surface structure can be interpreted
as being structurally sensitive to both surface preparation and
characterization measurement conditions. Under UHV or
ambient conditions up to 600 K, the surface-free energy of
the four most stable surface models are all within
75 meV/A2 Of these four models, two are consistent with
the missing-Al structure [C3, and C4, with surface stoichi-
ometries of (Ho)z-X-(HO)z-A12-(Ho)z-R, (HzO)z-X-(HO)Z
-Al,-O,-R, respectively], a third is consistent with the A3
surface stoichiometry of (HO),-(HO),-Al,-0,-Al,-O,-R,
and the last is a charge-neutral stoichiometry with tetrahedral
surface Al cations [X-X-(OH),-Al,-O,-R].

In addition to comparing the thermodynamic stability of
clean and hydrated (1 X 1) surfaces, we have also applied the
ab initio thermodynamic analysis to study defective (2 X 1)

a-AL,O5 (1102) surface with both single- or double-oxygen
vacancies. Starting from a missing-Al model, a double-
vacancy structure proposed here results in a charge-neutral
stoichiometry that we predict becomes more stable than the
stoichiometric (1 X 1) surface at high temperature. This is in
agreement with the reported observation of a (1 X 1) RHEED
pattern after annealing at 1100 K and a (2 X 1) RHEED pat-
tern after annealing at 2000 K,>' demonstrating the utility of
applying the ab initio thermodynamics method to defective
surface structures.

Our results indicate that both surface preparation and
measurement conditions influence the thermodynamically
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preferred surface stoichiometry. This can be seen in the
crossovers between the most stable surface structures in our
ab initio thermodynamics analyses under ambient conditions.
Notably, under our modeled in situ conditions with po_ to an
ambient 20 kPa and the corresponding saturated H,O vapor
pressure at 298.15 K is 3.2 kPa, we predict that a hydrated
missing-Al structure (C4) is preferred from room tempera-
ture up to 451 K, at which point a hydrated stoichiometric
structure (A3) becomes the minimum energy surface. This
result demonstrates that the relative thermodynamic stability
of these two surface models can reverse under variations in
the measurement conditions.

The fact that several crossovers in surface-free energies
occur in our modeled ambient and UHV conditions, includ-
ing a competitive charge-neutral stoichiometry with fourfold
surface Al (model B2) suggests that in addition to measure-
ment conditions, surface preparation conditions will also in-
fluence the minimum energy surface stoichiometry. Of
course, kinetic limitations, particularly at low temperatures,
are likely to result in metastable configurations.

The structural results of our study shed light on key dif-
ferences between alumina and transition metal-oxide-surface
stability. The inability of Al** to further oxidize with non-
protonated oxygen atoms adsorbed in excess of the corun-
dum stoichiometry leads to thermodynamically unstable sur-
faces. Instead of pairing with surface Al, adsorbed atomic
oxygen O, finds lattice oxygen Oy, ;.. t0 be a better electron
donor, resulting in short O,4-Oy,ice bond distances. On stoi-
chiometric or hydroxylated surfaces, the DFT-optimized
structures and layer relaxations relative to bulk are analogous
to the hematite analogs.

Surface reactivity predications can be made through
analysis of the thermodynamically preferred surface models.
The A3 model has both singly- and doubly-coordinated sur-
face hydroxyl groups, while the C3 model has singly-,
doubly-, and triply-coordinated hydroxylated groups. Bond-
valance predictions of surface functional group reactivity
predict that the singly- and triply-coordinated groups to be
more reactive relative to doubly-coordinated hydroxyl
groups on alumina.’3 On the B2 model, which we predict to
be a competitive surface stoichiometry, the terminal oxygen
atoms are singly coordinated to tetrahedral Al cations. This
surface could exhibit exceptional reactivity compared to the
other surface with sixfold Al. Our results that more reactive

functional groups are available on the (1102) surface, com-
bined with previous results that the most stable (0001) sur-
face under similar conditions has only doubly-coordinated
hydroxyl groups®®3® could be a partial explanation for the

known greater reactivity of the (1102) surface toward Pb(II)
than on the (0001) surface.?’

The variety of protonation states found in the surface oxy-
gen functional groups also has implications for reactivity.
The C4 model exhibits several unique traits relative to A3
and C3, including surface-bound aquo groups and intrasur-
face hydrogen bonding. Using bond valence considerations
and the empirical model of Hiemstra et al.%® to predict pK,
values, the aquo groups are predicted to have a highly labile
proton. Studies of Pb(IT) on (0001) alumina demonstrate a
strong role of surface hydroxyl group orientation on
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reactivity.®> The presence of both intrasurface hydrogen
bonding and aquo groups could lead to interesting and dis-
tinct reactivity on this surface model.
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