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alumina films grown on Ni3Al�
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Abstract

Recently, X-ray diffraction (XRD) and scanning tunneling microscopy (STM) experiments confirmed a theoretical prediction that the
surface of the two O-layer, or 5̊A, alumina film on NiAl(1 1 0) has 50% tetrahedral and 50% octahedral Al-site occupancy, a distorted A-
plane of�-alumina. Now density functional theory (DFT) calculations for a 7Å (i.e., three oxygen layer) alumina film are compared with
experiments on Ni3Al(1 1 0). To minimize the surface energy, we assume that the first two planes of the thicker film are the A- and B- planes
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f the�-phase. As with the thinner film, significant distortions occur from the crystalline form. However, a 2× 1 unit cell occurs with row
eparated by∼1 nm. STM of this film confirms this structure. Finally, an earlier theoretical conjecture is confirmed using low energy
iffraction (LEED) on the same film: the bottom oxygen layer is chemisorbed on a plane of Al(1 1 1), and these are rotated against th

o produce the observed domain structures. Thus this system is tri-layered as�-alumina (A–B planes)/O(1 1 1) on Al(1 1 1)/Ni3Al.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Recently, Qin, Magtoto, and Kelber[1] made a remark-
ble and unanticipated observation during the 300 K expo-
ure of a 7̊A film of alumina, grown on two faces of Ni3Al,
t 10−4–10−5 Torr of H2O. While the lower pressure expo-
ure had no effect, the higher pressure induced a severe to-
ographical reconstructing and roughening that completely
onsumed the surface over a period of∼1 h, as observed
y STM. No OH was visible to x-ray photoelectron spec-

roscopy (XPS) upon sample reintroduction to ultra-high
acuum (UHV;P<∼10−8 Torr), in contrast to observations
ade on other alumina surfaces at >1 Torr H2O (see below).
pon heating to 1100 K in UHV, the ordered oxide surface
as completely restored.

� Proceedings of San Luis III Conference—Journal of Molecular Catal-
sis A: Chemical, 5/04.
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Since interactions between H2O and heterogeneous c
alysts are potentially important for understanding a m
tude of reactions, many papers have probed H2O interactions
with alumina, a common support material[2–9]. Several stud
ies involved the basal plane of�-Al2O3 or sapphire(0 0 0 1)
[2–6,8–9]. Though not a cleavage plane, it can be prep
for UHV studies. It is known that the sticking probability
H2O to this surface at 300 K is essentially zero in UHV[2]. If
the partial pressure of H2O is raised to≥1 Torr, however, th
surface changes to one that is OH terminated[6]. This only
minimally disturbs the deeper crystal because the old su
layer with three O-ions and one Al-ion per unit cell ha
charge of 3−, just the same as the new OH-ion termina
surface. Indeed, all alumina exposed to ambient condi
is OH-terminated, with the clean surface 1/3 ML of Al-io
removed[6].

It has been shown that annealing the sapphire(0 0 0 1) sur
face in UHV to 1200 K[4,5] or even 1400 K[3] does no
remove all OH. We conjecture that this is because OH-
are electrostatically bound and hence immobile, so ne
neighbor OH-ions are needed to react and release H2O. In-
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.082
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deed, XPS shows about 1/3 ML of OH remains since below
this coverage, OH groups have no nearest neighbor hydroxyls
with which to react.

In order to study alumina supports without charging and to
use all surface science tools such as STM, ultrathin (<1 nm)
films have been grown on nickel aluminides such as NiAl
[10] and Ni3Al [11,12]by high temperature oxidation, which
draws Al out of the substrate but not Ni.

The most studied film is the 5̊A (or two O-layer) film on
NiAl(1 1 0) [13]. As with sapphire, H2O does not chemisorb
on Al2O3/NiAl(1 1 0) in UHV at 300 K, and only one exper-
iment created OH on this film by using a small deposition
of Al metal, which formed islands to adsorb and dissociate
water[7].

Since the earliest work on ultrathin alumina films on
NiAl(1 1 0) [10], it was known that a domain structure re-
sults because of a lattice mismatch between the overlaying
alumina and the substrate. The exact structure of the film,
however, was elusive in spite of many experiments that used
it as a model for a heterogeneous catalyst support[13]. Crys-
talline metal nanoclusters were produced and chemical ac-
tivities were determined as a function of cluster size[13].

While the structural details of the film were unknown,
STM was able to show a hexagonal array of surface O-ions
[14]. However, this is not definitive as several alumina phases
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how the film interacts with H2O as the latter produces both
of the remarkable effects mentioned above, the reactions at
10−4 Torr and the restoration upon heating to 1100 K.

In this paper, we address structural issues: (1) does the
preference for�-alumina extend to thicker films, such as those
with three O-layers? (2) What is the nature of the interface
with the underlying nickel aluminide metals? (3) To what
extent are these films accurate models for catalyst support
materials? In order to probe these questions, we combine
DFT calculations with STM, Auger electron spectroscopy
(AES) and low energy electron diffraction (LEED) experi-
ments done on a 7̊A (three O-layer) film.

It has been known for some time that films thicker than 5Å
can be grown, either on NiAl(1 0 0)[22] or on facets of Ni3Al
[1,11,23,24]. Here, using both STM and LEED, we examine
one such film, on Ni3Al(1 1 0). We compare it to our first DFT
calculation on a three O-layer film on a substrate of Al(1 1 1)
and to the earlier prediction of phase[21] and to a conjecture
concerning the oxide/metal interface[25].

2. Results

The DFT [26] calculations were made with the Vienna
Ab initio Simulations Package (VASP)[27] in the local den-
s a-
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o
5 ing
t of
ave similar O-lattice structures and the vertical relief (b
ing) could be mitigated by film thinness. In this early stu
he Al-ions were invisible.

Finally, STM was used to determine the adhesion betw
Pd crystalline nanocluster and the film[15]. Indeed, the lat

er experimental breakthrough, made in a collaboration
ween the Freund and Besenbacher groups, also stim
heoretical work concerning surface energy determina
16], which resulted in considerable recognition[17]. The-
ry and experiment now agree on the work of adhesion;
ver, sapphire (�-alumina) was used in the theoretical wor
odel the oxide surface. The agreement between theory
hire(0 0 0 1)] and experiment [5̊A Al 2O3/NiAl(1 1 0)] sug-
ests that these thinnest films (5Å) [10] are either sapphire

ike or indeed buckle less and thus behave (relax) differe
han thicker films grown on other substrates.

Very recently, crystal truncation rod (CTR) XRD
tierle, et al.[18] provided definitive information on the A
ublattice structure of the 5̊A film on NiAl(1 1 0). By having
qual amounts of tetrahedral and octahedral site Al-ions
lm resembles the A-plane of�-alumina[19]. Improved STM
xperiments were also able to show the characteristic zi
ows of Al-ions in alternating sites[20]. These results we
redicted by theory several years earlier by Jennison and

cevic [21], where DFT showed that distributing the Al-io
n this manner in the first layer was favored energetically
aving all ions occupying the same type of site.

In order to understand the results of Ref.[1], and the in
eractions of oxide surfaces with the complex reaction
ironments relevant to catalysis, we must know the ato
tructure of this film both on the surface and with depth,
ity approximation (LDA)[28] and in the generalized gr
ient approximation (GGA) known as PW91[29]. Becaus

he former yields a slightly more accurate geometry for
ystem, it was used here. The ultrasoft pseudopotenti
anderbilt[30] describe this system to high accuracy wi
lane wave cutoff of 396 eV. Because of the long-range

rostatic forces in oxide as opposed to metallic systems
sed a large vacuum gap between the slabs, which re
long thec-axis due to the plane wave basis set. We fo
15Å or greater to be adequate.
Ambient temperature scanning tunneling microsc

STM) studies were carried out using a commercial ins
ent (Omicron) in an ion-pumped system (base pres
× 10−11 Torr) equipped for Auger electron spectrosc

AES) and low energy electron diffraction (LEED). D
ails of this system, and the preparation of W tips, h
een described previously[23]. H2O exposures were carri
ut in a turbo-pumped introduction chamber (base pres
× 10−9 Torr) followed by transfer to UHV. Total contam
ant coverage after exposures was <0.05 monolayer, a

ermined by AES. X-ray photoelectron spectroscopy (X
pectra were acquired in a separate system equipped
ual anode X-ray source (Physical Electronics), hemisp
al analyzer (VSW) operated at 22 eV constant pass en
everse view LEED (Omicron), and an introduction ch
er for higher pressure H2O exposures. XPS and LEED d
cquisition and analysis procedures were as described
usly[4,24].

Al2O3 films were grown on Ni3Al(1 1 0) by exposure t
00 L O2 (saturation level) at 900 K followed by anneal

o 1100 K for 60 min in UHV. High temperature oxidation
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Ni3Al(1 1 0) was necessary since oxidation at room tempera-
ture followed by annealing to∼1100 K resulted in the disap-
pearance of the O503 signal or the O(1s) XPS signal as previ-
ously reported[12,24]. Al2O3/Ni3Al(1 1 1) films were grown
by exposure to 700 L O2 (saturation level) at 300 K followed
by annealing to 1100 K for 60 min. Constant current STM
and LEED images of the Al2O3/Ni3Al(1 1 0) film were simi-
lar to those previously reported[12], but AES spectra showed
the presence of Al+3 species, indicative of true oxide forma-
tion. AES was also used to determine the oxide film thickness
−7Å. The surface structure of the Al2O3/Ni3Al(1 1 0) film
is not known, although a model of the incommensurate inter-
face has been proposed based on studies of chemisorbed O on
Ni3Al(1 1 0) [12]. Al2O3/Ni3Al(1 1 1) STM, LEED and AES
spectra were as previously reported[23]. The proposed struc-
ture of this oxide film is�′-Al2O3(1 1 1), based on annealing
temperature and the observation of a hexagonal oxygen lat-
tice symmetry[23]. The stoichiometries of the two films are
similar, as manifested by O/Al AES peak-to-peak height ra-
tios that are equal to within experimental error, and equal
average thicknesses (7Å) [1]. No changes in STM, LEED or
AES spectra were observed for either film after >6 h expo-
sures to H2O at pressures <10−7 Torr, 300 K.

The�-phase of alumina is the CVD phase. Since the A-
plane results in a maximal spread of Al-ions in a monolayer,
i te for
f )
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A tch.
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Al-ion separation and minimal buckling, it should have the
lowest surface energy. Therefore, the theory calculation was
A/B/O(1 1 1)/Al(1 1 1) where the O(1 1 1) was chemisorbed
on the Al(1 1 1) surface (see below concerning structure with
depth).

Fig. 1 shows the top and side view of the relaxed film.
More distortion is found than Stierle, et al.[18] found for the
thinner film, as is logical since the freedom to relax is less
for the thinner film.

Fig. 2 shows a near atomic-resolution constant current
STM image obtained for Al2O3/Ni3Al(1 1 0). Clear rows are
seen and the distance between the rows,∼1 nm, is the same
as inFig. 1. BothFigs. 1 and 2have a 2× 1 surface unit cell.
As shown nicely in a figure in Ref.[18], only the�-phase has
this cell. Thus we conclude that the 7Å films are�-like; i.e.,
are distorted versions of this phase.

In Fig. 3we see a conjecture made several years ago con-
cerning the interface between alumina films and nickel alu-
minide substrates. It was proposed[25] that there would be
chemisorbed oxygen (1 ML) on Al(1 1 1), which has been
drawn out of the substrate. The logic was that less energy
would be needed to rotate Al(1 1 1) on a nickel aluminide
substrate (metal on metal) than oxide on metal in order to
relieve the lattice mismatch.

In Fig. 4, we see LEED from the film. The pattern is a clear
s s per
u is
a he
l pat-
t

l
p dure
o -
p l
p ide
s a-like
a ental

F he 2× 1 uni . “X”
m on exp ef.
O bstrate
t is natural to suspect that this might serve as a templa
urther growth. Therefore, we computed a 7Å (three O-layer
lm. Because of the rotation of the film with respect to
nderlying material (to relieve interfacial stress caused

attice mismatch), the unit cell is too large for computatio
tudy at present. Thus, we placed the film on a four l
l(1 1 1) substrate, which has a minimal lattice misma
ecause two studies (one on a film[21] and one on the sa
hire/Al(1 1 1) interface[31]) showed that a true Al met
ubstrate would result in Al atoms crossing the interface
ecoming chemisorbed on the oxide, the Al-metal subs
as frozen on thez-axis. Because the A-plane has maxi

ig. 1. Top and side views of the relaxed slab computed using DFT. T
arks the largest interstitial sites, which can contain atomic H (Ref.[33]) up
-ions are red, Al-ions are white, and Al-metal atoms in the model su
uperposition of three structures. Having the most atom
nit cell (forty) is the small�-alumina signature. There
lso the larger Ni3Al substrate pattern. Finally, having t

argest LEED pattern is the octahedral O(1 1 1)/Al(1 1 1)
ern. This supports the previous conjecture[25].

The films discussed here are�-like, but other transitiona
hase films can be grown by variations in oxidation proce
r annealing temperature[32]. A question of considerable im
ortance is the extent to which the�-like or other transitiona
hase thin alumina films grown on single crystal alumin
ubstrates are actual models for the amorphous gamm
lumina generally used as a catalyst support. Experim

t cell (left) has its edges at the row tops, explicitly shown on the right
osure to water at sufficient pressures (suggested as a possibility by R[1]).
, necessitated by a lattice mismatch at the interface, are gray.
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Fig. 2. Near atomic resolution, constant current STM image of the Al2O3/Ni3Al(1 1 0).film, showing the row structure and a row separation in agreement with
the prediction of the calculation shown inFig. 1.

[32] and theoretical studies indicate that the various transi-
tional (non-�) phases differ from each other only in terms of
relative octahedral vs. tetrahedral site occupancy and share
many common characteristics regarding density and struc-
ture. In addition, recent agreements between electrochem-

Fig. 3. The original conjecture of a structure having alumina and
chemisorbed O on Al(1 1 1), rotated on nickel aluminide substrates, from
Ref. [25].

Fig. 4. The LEED pattern of Al2O3/Ni3Al(1 1 0), supporting the trilayer
conjecture of Ref.[25].
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istry results for amorphous alumina films grown on Al(1 1 1)
and DFT calculations on a�-phase model indicate that the
kappa film is an excellent model for amorphous alumina[33].
In contrast, vibrational studies of probe molecules at vari-
ous oxide surfaces under UHV conditions indicate systematic
variation in acid/base surface properties with annealing tem-
perature and the transitional phase produced[32]. A recent
study of high resolution electron energy loss spectroscopy
(HREELS) study of a thin, amorphous�-like alumina film
indicated only two different types of surface hydroxyl sites on
the thin film surface (i.e., different pKa values), as opposed to
five observed for amorphous alumina powders. The prepon-
derance of evidence therefore seems to be that all transitional
phase alumina films manifest strong similarities in reactiv-
ity, electronic properties and structure, but that differences
in surface acid/base properties are revealed by detailed mea-
surements under UHV conditions[34]. The extent to which
differences in UHV-stable surface structures result in dif-
ferences in reactivity and supported metal particle behavior
under complex catalytic environments is an outstanding chal-
lenge for modern surface science.

3. Conclusion

First steps have been taken that to understand the struc-
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