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Abstract

Metal/metal-oxide interfaces are important in many applications including metal
coatings, sensing, and catalysis. Here we investigate and predict the structure and chemical
bonding of the interface between y-Al>O3 and Pt using density functional theory. Previous high-
resolution transmission electron microscopy studies showed atomically flat interfaces between the
(111) planes of Pt and v-ALOs;this interfacial orientation is studied herein. A
simulated temperature-pressure equilibrium configuration diagram shows how the stability of the
interfaces changes with temperature and oxygen pressure. Of the three interfacial terminations (O,
Al, Al,) the oxygen-terminated y-Al,O3 (111) is the most stable at atmospheric conditions. The
stability of this interface is attributed to the strong electrostatic interaction between the Pt and the
oxygen atoms at the oxygen-terminated interface. This work provides essential insights into the
atomic structure and the origins of the interactions at the interface between transition metals and
metal oxides, as well as interfacial configuration at a range of conditions.
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1. Introduction

Metal/metal-oxide interfaces are present in many material applications such as
microelectronics, dentistry, photovoltaics, and thermal barrier coatings.[1-4] Several theoretical
and experimental studies have been devoted to understanding the relationship between processing,



structure, and properties of interfaces and the effects of oxygen activity on interfacial structure and
stability.[5-10] For example, sessile drop experiments have demonstrated the effect of oxygen
pressure on the wetting behavior, interfacial energy, and work of adhesion at molten-metal/solid-
metal-oxide interfaces.[11-13] Oxygen activity has also been shown to shift the relative interfacial
energies of liquid-Cu/solid-MgO interfaces, which is attributed to changes in the chemistry of the
interfaces.[14, 15]

Metal/Al,Os interface studies go back decades and have mostly focused on metal/a-AlOs3
interfaces due to the importance of a-Al>O3 as structural ceramic, while metal/y-Al,O3 interfaces
have been studied in less depth.[16-20] The atomically flat, non-stoichiometric a-Al>O3(0001)
facet can have an oxygen or two different types of aluminum terminations but the stability of the
different terminations depends on many parameters including the nature of the metal and oxygen
potentials.[16, 21-23] Ab initio thermodynamic studies of Nb/a-Al203(0001) interface have found
the O-terminated interface has the highest work of separation and the Al/a-Al,O3(0001) interface
is oxygen terminated except at the lowest oxygen potentials.[16, 24] The Ag/a-Al>O3(0001)
interface is Al terminated up to a chemical potential of ~1.5 eV (with reference to ambient oxygen
gas) but above 1.5 eV the O-terminated interface is more stable. Similarly, the O-terminated
interface of Pt(111)/a-Al203(0001) was found to be the most stable at experimentally accessible
temperatures and oxygen pressures by combined HRTEM and ab initio thermodynamics approach
[19].

Here, we employ density functional theory (DFT) to investigate the stability of different
chemical terminations of the Pt(111)/y-Al,O3(111)interface. The y-Al,O3 (111) facet has a polar
surface which can be terminated by a layer of aluminum (Al), layer of oxygen (O) or two layers
of aluminum (Al;). We use ab initio thermodynamics, previously presented by Reuter and
Scheffler,[23] to determine the interfacial structure and relative stability for different y-AlOs
terminations with Pt, through calculations of interfacial energies as a function of temperature and
oxygen pressure.

The choice of the interfacial orientation for this study is based on interfaces with Pt(111)]|y-
ALO3(111)y; Pt[110]|ly-Al,03[110] orientation by HRTEM, Fig. 1. [25] This orientation
relationship will hereafter be referred to as Pt(111)/y-Al,O3(111) for brevity. The HRTEM
specimen shown in Fig. 1 was produced via high-energy ion implantation of Pt into the near surface
region of a sapphire (a-Al,O3) wafer. The implantation partially amorphized the a-Al,Os, and
subsequent thermal annealing in air at 800°C for 500 h resulted in Pt nanoparticles embedded in
7-AL2Os. Details of processing and characterization have been reported elsewhere.[25]



Fig. 1. HRTEM phase contrast image showing sharply faceted Pt nanoparticles in y-Al2Os. The fast Fourier transform
(FFT) of the image region (inset) is consistent with the orientation relationship Pt(111)||y-Al2O3(111); Pt[110]|ly-
AL>03[110]]. The Pt {111} spots labeled in the FFT coincide with the y-Al2O3 222. White lines are parallel to the
{111} faceted interfaces.

This interfacial orientation has also been observed on faceted y-Al>O3 inclusions formed in Cu
by internal oxidation.[26] For Pt in y-Al>O3, this interfacial orientation relationship has a good in-
plane lattice match where the Pt-Pt nearest-neighbor spacing is only 0.31% larger than the average
0O-0 nearest-neighbor spacing in the y-Al>O3 <110> directions, so small misfit strain contributions
to the interfacial energy are expected.

The possible interfacial interactions are limited by the orientation relationship between the
matrix and the nanoparticle. The stability of the Pt(111)/y-Al2O3(111) interface could not have
been inferred from the properties of the individual components since the solid-solid
heterointerfaces are substantially different from surfaces of each component in contact with a gas
phase. The appearance of faceted (111) interfaces does not conflict with y-Al,O3(111) surfaces
having substantially higher surface energy than both (100) and (110) surfaces in vacuum.[27] The
equilibrium shape of clean Pt has been shown to have little difference in the relative surface energy
of (111) and (001) surfaces at 1200°C and at that temperature the surface energies are only a few
percent lower than other arbitrary orientations.[28] As context for the structural and electronic
study of the Pt/y-Al,Os interface, the surface energy of three low index facets of y-AlLO3 (111),
(110), and (100) are reported in the supplementary document as a function of oxygen pressure.

2. Calculation Methods



2.1. Computational details

All calculations herein were based on DFT as implemented in the Vienna Ab Initio Simulation
Package (VASP)[29-32] using generalized gradient approximation (GGA) with the Perdue-Burke-
Erzerhof (PBE) exchange correlation functional.[33] The cut-off energy for the plane wave basis
set was 450 eV and core electrons were described using projector augmented wave (PAW) method.
[34, 35] Ground state configurations were minimized until total forces on each atom were less than
0.05eV/A. A 3x3x1 Monkhorst-Pack[36] uniform k-point sampling for the integration of the
Brillouin zone was enough to ensure convergence of the surface energies of the models to within
0.001J/m?,

The structure of y-Al,0O3 is commonly described as a defective spinel with cubic close packed
oxygen anions forming tetrahedral and octahedral interstices where Al ions are randomly
distributed but not fully occupied to satisfy the y-Al2O3 stoichiometry.[37-39] The exact positions
and distributions of the aluminum cations and unoccupied oxygen interstices (Al vacancies) are
unresolved and depend on the preparation conditions of y-Al203.[38, 40] This lack of consensus
regarding the structure of the y-AlbO3z can affect our capability to predict and compare these
interfacial structures directly to high resolution TEM images of the interface. A commonly used
model for y-Al,Os is the non-spinel model proposed by Digne et al.[41] which is based on the
work by Krokidis ef al.[42] who simulated a wide range of distributions of Al cations in oxygen
interstices and found that the most stable structure has 25% tetrahedral aluminum. The Digne
model is used herein.

The optimized lattice parameters for y-Al>O;3 bulk structure were a = 5.536 A, b=8.328 A and
c = 8.018 A, consistent with previous experiment (a = 5.652 A, ¢ = 7.871 A)[43] and theory (a =
5.587A,b=8.413 A, c =8.068 A).[44, 45] A (1x1) unit cell separated by a total of ~20 A vacuum
layer in the z-direction was used for the surface energy calculations. Different terminations were
created by removing surface atoms from the top of the slab and freezing the bottom two Al,O3
layers keeping the bottom termination constant for consistent comparison. The number of different
terminations presented in Fig. 2 depends on the number of non-equivalent layers in the unit cell
for each surface orientation. The model structures with non-stoichiometric terminations,
comprising terminations B and C for (100) and O and Al for (111) are characterized by the excess
or deficiency of oxygen atoms with respect to the stoichiometry of y-Al,Os. The (100) and (110)
surface terminations are labeled using letters A, B and C while the (111) surface terminations
nomenclature are based on the species that terminate the surface, similar to the naming schemes
for polar metal oxides.[17, 19, 46-49] The surface energy was converged for slab thickness for the
three surface orientations and presented in the Supplementary-Table SI. The surface energies
converged to within ~0.02 J/m? with six layers for the y-Al,03(111) surface which was used for
interfacial calculations herein.
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Fig. 2. Side views of three unrelaxed low index planes of y-Al2O3 showing different terminations (labelled A, B, C
for (100) and (110) for which the terminating layers contain both O and Al but Al, O, Al> for (111) where the
terminating surface layer are the all same element). The stochiometric terminations include A for (100), all three
terminations of (110) and Al for (111). Al cations and O anions are shown as small light grey spheres and large red
spheres respectively.

The lattice constant used for Pt was 3.98 A, consistent with previous calculations (3.99 A-
PBE)[50, 51] and experiment (3.92 A).[52] A five-layer Pt slab was adequate to converge the
surface energy to <0.06 J/m?. The surface energies for 3-6 layer Pt slabs are presented in the
Supplementary-Table SII.

The interfacial calculations were done using a supercell model shown in Fig. 3 consisting of a
S-layer Pt (111) slab interfacing with six layers of y-Al2O3 (111) slab at a specified surface
termination (Al/O/Aly). The periodic images are separated by ~20 A of vacuum. The y-ALO;-
vacuum interface is kept frozen for consistency.
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Fig. 3. Schematic of the structure used in the DFT calculations of the interface, containing a Pt (111) slab on top of a
y-Al20s3 (111) slab, forming an interface at the point of contact between the two slabs. A 20 A of vacuum separates
the Pt and the periodic image of the y-Al20s slab in the in z-direction. Al, Pt cations and O anions are shown as small
light grey, small blue and large red spheres respectively, this color scheme is used throughout this paper.

Calculations were performed using different initial positions of the Pt slab relative to the Al
and O atomic positions on the y-AlO; surface to assess whether the calculated interfacial
configuration reflected a local or global energy minimum as presented in Fig. SI in the
Supplementary material. For Al-terminated interface, calculations were done for initial
configurations where the terminal Al atoms lined up with top and hollow site on the Pt (111)
interface. For the O terminated interface, the energy of the interfaces for Pt atoms above the top
sites, the bridge sites and the hollow sites of interfacial O atoms were calculated and for the Al
terminated interface the configurations where the Al is above top sites and mostly in line with the
hollow sites of Pt interfacial atoms was calculated.

Electron transfer at the interface was studied by Bader charge analysis[53-56] and visualized
through charge density difference plots (CDD) using Vesta.[57] Charge density difference, Ap,
was calculated by comparing the charge density of the total structure(ppt/ar,0,), Pt(Pps), and

ALOs(par,o0,) by:

Ap = Ppt/ai,05 — Ppt — Palyos €Y)

2.2. Surface and interfacial thermodynamics

The surface energy, o, was calculated using the ab initio thermodynamics approach developed
by Reuter and Scheffler,[23] and Bergemayer et al.,[48] where temperature and pressure
dependence are included through the chemical potentials of oxygen and aluminum in Eq. (2).
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where Ej;,j, represent the total energy of the slab, £, Boltzmann’s constant and A4, the area of the
slab. N; and u; represent the number of atoms and chemical potential of Al, O, Pt and Al,O3

respectively. G ,{lz 0, 1s the Gibbs free energy of ALOs formation, T temperature (K) and pO: the

partial pressure of oxygen (atm). The lowest surface energy for a given temperature and oxygen
pressure is taken to be the most thermodynamically stable surface.[23, 48]

The interfacial energies, o; were determined using the ab initio thermodynamic method
described previously[16, 17, 19, 23] and summarized in Eq. (3).
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where E¢y; and 0p¢/yqc are the total energy of the interfacial structure and the surface energy of

the Pt(111) slab respectively. The derivations for surface and interfacial energies are given in the
supplementary information.

3.0. Results and Discussions
3.1. Surface study of y-AL,O3 (111)

The structure of the y-Al2O3 surface was studied to determine the changes in the geometry
relative to the bulk. Here we focus on the y-Al2O3 (111) orientation at the interface based on the
previously mentioned experiments.

The y-ALOs (111) surface has three distinct and polar surface terminations constituted by just
one type of element (Al or O); an Al termination with a single or double layer of aluminum, and
an O termination. The unrelaxed structure and the changes in interlayer distance in the z direction
after energy relaxation for the different terminations are shown in Table 1. The Al termination
showed the largest relaxation or 94.1% reduction in the interplanar distance between the
terminating Al atoms (Table 1 - layer 1) and the subsurface O atoms (Table 1 - layer 2) which is
similar to calculations of Al-terminated a-Al>O3, where the Al-O interplanar distance decreased
by 77.0%.[58] This relaxation can be ascribed to the electrostatic interactions between Al and O
subsurface atoms to reduce the excess surface charges on the Al atoms.



Table. 1. Side view of different terminations of a y-Al2Os (111) surface after relaxation. The numbers refer to the
atomic layer positions of Al and O atoms with reference to the unrelaxed bulk structure.

Unrelaxed y-Al,O3 (111) Relaxed y-Al:O3 (111) surfaces
Al-termination O-termination Al-termination
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For the O-terminated surface, the O-Al distance between layers 2 and 3 increases by 15.1%
upon relaxation (Table 1 - layer 3), similar to O-terminated a-Al>O3 (0001) surface[59] and the
Al atoms in layer 3 shift slightly inwards closer to layer 4 reducing the interlayer distance between
layer 3 and layer 4 by only 7.8% .

Table 2. Surface relaxations of the different terminations given in % relative to the interplanar distance in the

unrelaxed geometry as illustrated in Tab. 1. Negative sign signifies a reduction in the interplanar distance. The
percentages were determined from the average interplanar distances.

Interlayer relaxations in %

Surface terminati
urlace ftermination layers 1-2  layers 2-3 layers 3-4 layers 4-5

Al termination -94.1 -21.6 +57.3 -49.9
O termination +15.1 -7.8 +11.6
Al termination +82.9 -100.0

The Alr-terminated surface is terminated by two layers of Al atoms similar to metal oxide
terminations described as metal-rich or oxygen deficient surfaces.[17, 60] The Al atoms on the
surface (Table 1 - layer 3) relax outward by 82.9% while the Al atoms in layer 4 shift inwards
increasing the interlayer distance between the two terminating Al layers. This suggests a stronger
Al-O interaction between the Al atoms in the second layer (Table 1 - layer 4) and the oxygen atoms
beneath (Table 1 - layer 5).

The surface energies were estimated using ab initio thermodynamics as a function of oxygen
pressure according to Eq. (2) at experimental annealing temperature (1100 K). The stability order
for y-Al,Os surface orientations at atmospheric pressure of oxygen (pO: =0.21 atm) is (100) >
(110) > (111) (see supplementary data Fig. S2-S4).

The surface energies of the three surface terminations of y-Al,O3 (111) are plotted as a function
of oxygen pressures at 1100 K in Fig. 4. The Al-terminated surface energy is constant and the
lowest of the three in an intermediate range of oxygen pressures while the surface energy of O-
and Al>-terminated surfaces decrease and increase with increasing oxygen pressure, respectively.



At atmospheric oxygen pressure (pO:> = 0.21 atm) and 1100 K the Al-terminated surface is
predicted to be the most stable surface termination.
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Fig. 4. Surface energy of the Al, O and Al» terminations (with insets) of the y-Al2Os (111) as a function of partial
pressure of oxygen at 1100 K. Oxygen pressure at atmospheric conditions, (pO: = 0.21 atm) is shown as a dotted
vertical line.

3.2. Interfacial study of Pt(111)|]y-AlO3(111)

The most stable configurations of each of the three interfacial terminations and the atomic
structure at the interface, in comparison with the unrelaxed structure, are presented in Table 3.

Interlayer relaxations in the Pt slab for all three interfacial structures are less than 3% relative
relaxations for the different Pt/y-Al>O; terminations relative to the unrelaxed structure are listed in
Table 4.

The Al-terminated interface has a 78.1% reduction in interlayer distance between the Al and
O layers (Table 3 layers 1-2) resulting in nearly coplanar Al and O similar to the relaxation of the
Al-terminated surface. Like the surface, interfacial relaxations at the O-terminated interface leads
to an increase in the interlayer distance between the surface O atoms and the subsurface Al atoms
(Table 3 layers 2-3). The Al-terminated interface relaxes essentially into a single plane of Al
atoms with an 82.3% reduction in interlayer distance at the Pt/y-Al,Os interface (Table 3 layers 3-
4) in contrast to the Al,-terminated surface where the distance between outermost and second Al
layers increased after relaxation.

Table 3. Side (top) and cross-sectional (bottom) views of the lowest energy configurations of the Pt/y-Al2Os interfaces
for Al, O and Alx-terminations. Pt, O and Al atoms shown in blue, red and grey respectively.

Unrelaxed Pt(111)/y- Relaxed Pt(111)/y-Al>03(111) surfaces
Al;0;(111)
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Table 4. Comparison of interfacial relaxations of the different Al>Os terminations given in % relative to the interplanar
distance in the unrelaxed geometry as illustrated in Table 3. A negative sign signifies a reduction in the interplanar

distance. The percentages were determined from the average interplanar distances.

Interlayer relaxations in % relative to unrelaxed structure

Interface Interfacial
termination Pt AlLO3 distance, A

layers 1i-1ii 1-2 2-3 3-4 4-5 Pt-Al Pt-O
Al termination +0.2 +1.6 -78.1 -15.3 +44.0 +8.4 2.1 2.3
O termination -0.8 -0.3 +154  -85.4 -63.1 1.9
Al termination +1.2 +2.3 -82.3 +68.0 2.0

For both the Al and O terminations, the interfacial O atoms align with the Pt top sites at the
interface, separated by ~2.0 A, while for the Al>-terminated interface, the Al atoms line-up with
the Pt hollow sites (Table 3-bottom). The location of the Pt atoms relative to the O atoms at the Al
and O interfaces and the short distances between them are indicative of strong Pt-O interactions



consistent with Hemmingson and Campbell [22] who showed that metal-oxygen interactions
dominate interfacial interactions

The interfacial energies for the different interfacial terminations at 1100 K as a function of
oxygen pressure are presented in Fig. 5. At very low oxygen pressures (pO>< 107195 atm), the Al-
terminated interface is the most stable configuration but this transitions to the Al-terminated
interface, and then O-terminated interface from pO;= 107" atm onwards. The interfacial energy
of the O-terminated interface decreases with increasing oxygen pressure while the Al>-terminated
interface and Al-terminated interface increases and remains independent of oxygen pressures
respectively.
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Fig. 5. Interfacial energy verses partial pressure of oxygen at 1100 K for the Al, O, and Al» terminations (with insets)
of the Pt/y-AL2Os (111) interface. Oxygen pressure at atmospheric conditions is shown as a dotted vertical line.

An equilibrium configuration diagram, based on the interfacial energy calculations, is
presented in Fig. 6 and maps the termination of the interface as a function of temperature and
oxygen pressure. At pO>=0.21 atm and T = 298 K (point ‘STP’ on Fig. 6), the O-terminated Pt/y-
AL Osinterface is the most stable in agreement with Ophus et al.[19] for the Pt(111)/a-A1>03(0001)
interface at atmospheric conditions.
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Fig. 6. Temperature-pressure equilibrium configuration diagram for the Al, O and Al: interfaces of Pt/y-Al2Os. Oxygen
pressure at standard conditions (pO2 =0.21 atm, T=298 K) is shown as point ‘STP’. The temperature beyond which -
ALOs transitions into 6-Al20s is indicated by the dotted horizontal line through 1100K.[57]

At pO; = 0.21atm the O-terminated interface is the most stable up to 1900 K but above 1100
K the y-Al,O3 phase transitions into 6-Al>O3 phase so temperature considerations should not go
beyond 1100 K for the Pt/y-Al>Oj3 interface.[61]

3.2.1. Chemical bonding at interface

Electron charge density difference and Bader charge analysis were used to analyze charge
transfer and bonding at the metal/metal oxide interface (Fig. 7). At the O-terminated interface, the
terminating O atoms align with the atop sites of the Pt surface (see Fig. 7(a)) gaining ~0.3 e,
whereas Pt atoms with which they interact lose ~0.4 e. This suggests charge transfer from Pt to O
atoms which provides the basis for strong electrostatic interaction at the interface.

At the Al-terminated interface, the Al atoms sit in the hollow sites of the Pt slab. Fig. 7(b)
shows a broad electron cloud near the Pt atoms at the interface with a net gain of ~0.4 e while the
Al atoms at the interface are depleted in electron density by ~0.8 e characteristic of metallic
bonding between the metal cations. [17]

The Pt atoms interact with both O and Al atoms at the Al-terminated Pt/y-Al,Os interface (see
Tab. III). Pt atoms located directly on top of O atoms are depleted in electron density by ~0.3 e,
whereas the O atoms with which they interact gain ~0.3 e slightly less than the charge transfer for
the O termination, suggesting a slightly weaker Pt-O interaction at the Al-terminated interface.
The Al atoms at the Al-terminated interface are aligned with the hollow sites of the Pt plane (see
Fig. 7(c)) just like Al atoms at the Al interfacial termination. The Pt atoms have a net gain of
electrons of approximately 0.5 e while the Al atoms with whom they interact lose electrons
constituted by a combination of cation-anion electrostatic contributions and metallic bond
contributions. This suggests similar but weaker metal-metal interaction than the Al interfacial
termination in agreement with the observation by Siegel[20] for Al/a-ALOs.

11
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Fig. 7. The plot presents the difference in charge density distribution (CDD) and the difference in electronic charge
of atoms at the interfacial plane of (a) O, (b) Alz and (c) Al terminations. The beige colored areas are positive CDD
corresponding to regions of electron depletion and the dark-purple regions are negative CDD corresponding to electron
accumulation. Isosurface value used for the Vesta[57] CDD plots are (a) 0.0055 (b) 0.0039 (c) 0.0044. A positive
Bader charge change corresponds to electron loss and a negative change corresponds to electron gain. Pt, O and Al
atoms shown in blue, red and light grey, respectively.

We examined the charge distribution profile (Fig. 8) along the thickness of the Pt metal slab to
determine the extent to which the charge loss to the y-Al,O3 support affects the electronic structure
of the metal for the O-terminated interface. The Pt atoms at the interface show significant loss of
electrons, but Pt atoms from the second layer and beyond show no significant changes in charge.
This implies that the electronic effect of the y-Al,Os3 support on a Pt nanoparticle is largest at the
interface and dissipates beyond the first couple of Pt layers.
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Fig. 8. The change in Bader charge, Ae, as a function of Pt atoms from the interface layer to the top layer in contact
with the vacuum.

4. Conclusions

We used density functional theory and ab initio thermodynamics to study different surface
facets and terminations of y-Al,O3 and the Pt(111)/y-Al,O3(111) interface. The most stable surface
orientation is the y-Al,03(100) while HRTEM from previous studies shows that a highly prevalent
interfacial orientation is Pt(111)/y-Al2O3(111). For this interfacial orientation, the DFT-calculated
structural models and the interfacial phase diagram of the three interfaces (Al, O, Al>) shows that
the stability between the metal/metal-oxide interface correlates with the presence of metal-oxygen
bonds at the interface. The most stable interface, over a wide range of temperature and oxygen
pressures is O-terminated comprising of only electrostatic Pt-O bonds at the interface. With
increasing temperature and decreasing oxygen partial pressure the Al-terminated interface which
has fewer Pt-O bonds becomes stable, followed by the Al>-terminated interface which has no Pt-
O at the interface. These are consistent with previous studies showing that interactions at the metal-
oxide interfaces are dominated by metal-oxygen bonds.[22]

The interfacial Pt atoms donate charge to the O but that interaction dissipates rapidly in
underlaying layers implying that the effect of the catalyst-support interactions on the catalyst
electron structure is the largest at the interface with minimum effects on atoms above the interfacial
layer. This study provides insights into the chemical bonding and the effects of temperature and
oxygen pressure on metal/metal-oxide interfaces, essential for understanding metal-metal oxide
interactions.”
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