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Abstract: NMR data have revealed thatalumina surfaces do not contain any three-coordinated Al atoms,
despite the fact that their presence is expected on the basis of the bulk structure of the material. We report
density-functional calculations gf-alumina (110) surfaces that reveal a massive spontaneous reconstruction
of the ideally terminated bulk. The three-coordinated Al atoms initially in the surface layer drop into vacant
octahedral interstices in the second layer where they become six-coordinated. The predicted reconstruction is
also fully consistent with IR studies of hydroxylateealumina surfaces and reveals the physical origin of
results obtained by earlier computational simulations.

1. Introduction 2. Computational Method

The aluminas are among the technologically most important ~ The density functional theotyalculations employed the generalized
catalytic materials, serving both as catalytic suppoarsd as ~ gradient approximation (GGA) to the exchange-correlation en€rgy,
catalysts in their own right They are employed in applications @S described in the review by Payne et“:alThe electror-ion
from petroleum refining to automotive emissions contrdl. L’;ﬁ:g;oiﬂstxveeﬁ;ﬁfﬁ;ﬁ? l"v'tz nontoI;alAre?procaI-spat():e pseudopo-
Accordingly, there has been prolonged widespread interest in i ylander fornr. A plan€ wave basis was
the structure and function of alumina surfaée®f particular used to describe the electronic density with a cutoff energy of 1000
. : L . eV as determined by convergence studies. Integrations over the Brillouin
mpor;anqe is the dlgtrlbutlon qf Sl_Jrface Al atoms and their 5,0 employed a grid of k points with a spacing of 0.1 &hosen
coordination states, since coordinatively unsaturated surface Alaccording to the Monkhorst-Pack scheth@he structural relaxation
atoms are the source of the surface Lewis acidity, which is studies employed a 56-atom unit cell consisting of a slab-alumina
central to catalysi.One of the most powerful techniques for 4 layers thick. The atoms in the bottom layer were frozen, as were the
elucidating the distribution of Al atoms of various coordination dimensions (a, b, @, 3, y) of the unit cell. The system was infinitely
on the surface i€7Al cross-polarization NMR spectroscopy.  Periodic with a vacuum spacing between slabs of 10 A. The starting
Meticulous studies ofy-alumina with this technique have structure fr_orr_1 which the slab was generated was that of fully relaxed
produced a perplexing res@ltNo three-coordinated Al is  7-aluminain its lowest energy forff.
observed, despite the fact that the presence of three-coordinate
Al on the surface would be expected based on the bulk structure.
This result is particularly important because the presence of y-Alumina is derived from the thermal dehydration of
three-coordinated Al has often been assumed for the purposeoehmite® Its structure is very closely related to that of Mg-
of assigning IR bands of the hydroxylated surfa¢é8We have spinell” which has the primitive unit cell MgAl4 Os. In Mg-
resolved this conundrum with density-functional-theory (DFT) spinel, the oxygen atoms are cubic close-packed, the Mg atoms

calculations. We find that when the (110C) layenehlumina are tetrahedrallyT) coordinated by oxygen, and the Al atoms
is exposed, it undergoes a massive spontaneous reconstruction
The three-coordinated Al atoms, initially in the surface layer, ~ (9) Kohn, W.; Sham, L. JPhys. Re. 1965 140A 1133.

. . . (10) Perdew, J. PPhys. Re. B 1986 33, 8822.
drop from the surface layer into vacant octahedral interstices (11) Payne, M. C.; Teter, M. P.; Allan, D. C.. Arias, T. A.; Joannopoulos,

. Results

in the next lower layer. J. D.Rev. Mod. Phys1992 64, 1045.
(12) Al pseudopotential: Winkler, B.; Milman, V.; Hennion, B.; Payne,
T Oak Ridge National Laboratory. M. C.; Lee, M. H.; Lin, J. S.Phys. Chem. Miner1995 22, 461. H
*Vanderbilt University. pseudopotential: CASTEP default reciprocal-space. O pseudopotential:
(1) Satterfield, C. N.Heterogeneous Catalysis in PracticBlcGraw- Winkler, B.; Milman, V.; Hennion, B.; Payne, M. C.; Lee, M. H.; Lin, J.
Hill: New York, 1980; Section 4.5. S. Phys. Chem. Minerl995 22, 461.
(2) Knozinger, H.; Ratnasamy, atal. Re.—Sci. Eng.1978 17, 31. (13) Kleinman, L.; Bylander, D. MPhys Re. Lett. 1982 48, 1425.
(3) Taylor, K. C.Catal. Re.—Sci. Eng.1993 35, 457. (14) Monkhorst, H. J.; Pack, J. PPhys. Re. B: Solid Statel976 13,
(4) Tsyganenko, A. A.; Mardilovich, P. B. Chem. Soc., Faraday Trans.  5188.
1996 92, 4843. (15) Sohlberg, K.; Pennycook, S. J.; Pantelides, S. Am. Chem. Soc.
(5) Coster, D.; Blumenfeld, A. L.; Fripiat, J. J. Phys. Cheml994 98, 1999 121, 7493.
6201. (16) Wefers, K.; Misra, COxides and Hydroxides of Aluminu#lcoa,
(6) Morris, H. D.; Ellis, P. D.J. Am. Chem. S0d.989 111, 6045. 1987.
(7) Liu, X.; Truitt, R. E.J. Am. Chem. S0d.997, 119, 9856. (17) Wyckoff, R. W. G.Crystal Structuresinterscience Publishers: New
(8) Tsyganenko, A. A.; Filimonov, V. NJ. Mol. Struct.1973 19, 579. York, NY, 1963.
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Figure 1. Edge-on view of the top four layers gfalumina before

(a) and after (b) relaxation. Note that the three-coordinated Al are
absorbed into the first subsurface layer. The bottom layer of atoms
was frozen during the calculation.
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are octahedrally@y,) coordinated by oxygen. Recently, we have
shown thaty-alumina has a range of valid stoichiometrieg,H
Alo—m O3, (0 = m =< 1/3) but the lowest energy form has the
stoichiometry of a hydrogenaluminum spinet® The primitive
unit cell of the lowest energy form is HADs, where the H
atom and one Al atom occupy (nominally) the Mg sites in the
spinel structure, and the remaining 4 Al atoms occupy the Al
sites in the spinel structure. In H&Ds, 20% of the Al atoms (1

in 5) are tetrahedrally coordinated by oxygen and 80% (4 in 5)
of the Al atoms are octahedrally coordinated by oxygen. It is
important to note, however, that throughout the range of valid
stoichiometries (&< m < 1/3), including the fully dehydrated
limit (m = 0), the structure contains Al in both tetrahedral and
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Figure 2. Top-down view of the unrelaxed (110C) surface of
y-alumina. Note that the charge on the three-coordinated Alid7

prior to reconstruction. After reconstruction the three-coordinated Al
atoms drop from the surface layer into the first subsurface layer, after
which their charge is zero. The observed reconstruction thereby
eliminates the electrostatically most unstable species from the surface.

The reconstruction can be rationalized by observing the
electrostatic distribution. We use the following definition of
effective charge introduced by Krimger and Ratnasanfpased
on the Pauling electrostatic valence ruie¢:atom chargg =
( preferredvalence of atom+ ( sum of strengths of bonds to
atom). Here, (bond strength= ( preferred charge of adjacent
atom)/ ( coordination of adjacent atojnFigure 2 shows the
unrelaxed (110C) surface of-alumina along with charges
assigned as above. The arrows indicate the motion of the three-
coordinated Al atoms upon structural relaxation. Note that, prior
to relaxation, the three-coordinated Al atoms are assigned a
charge of 1.17, the largest (in magnitude) of any surface atom.
After relaxation, however, these Al atoms are six-coordinated
by oxygen. Since every oxygen atom in the bulk is four-
coordinated, the new charge on the Al atom after reconstruction
is, by the above schemet{8) + 6(—2/4) = 0. The reconstruc-
tion therefore completely eliminates the electrostatically most
unstable surface species, three-coordinated Al.

The predicted reconstruction is consistent with results ob-

octahedral coordination. In the present work, calculations were tained by earlier theoretical studies gtalumina surfaces.

performed for the HAJOg stoichiometry. We will show,
however, that our main results have general validity.
Although early surface studies focused on the (100) #&ce,
it is now known that the (110) face gfalumina is preferentially
exposed. For example, Z-contrast scanning transmission elec-
tron microscopy (Z-STEM) images gfalumina, in application

Alvarez et aP! carried out molecular dynamics (MD) studies
of y-alumina surfaces using empirical potentials. In MD
simulations starting from truncated bulk surfaces, they reported
the loss of Al from tetrahedral cation positions on thalumina
(110C) surface. More recently, similar behavior was reported
by Guniji et al?2 While no mechanism for the observed depletion

as an automotive catalytic support, showed the (110) surfacesWas proposed, it is now clear that their observed result is a

to be exposeéd® There are, however, two (110) layers in
y-alumina, denoted (110C) and (110D)We carried out

structural relaxations of these two surfaces and found that it is

energetically preferred to expose the (110C) layer. Structural
relaxation of the (110C) surface pfalumina also showed that

manifestation of the spontaneous reconstruction reported here.

4. Discussion

The surface reconstruction reported here provides a natural
explanation for the perplexing experimental reSuientioned

it undergoes an interesting and important reconstruction. Thein the Introduction. As already noted, the (110C) layer contains
unrelaxed (110C) layer exposes both three-coordinated Al atomsboth four-coordinated Al and six-coordinated Al. When exposed,

(Al in T4 coordination with one oxygen removed) and four-
coordinated Al atoms (Al irDy, coordination with two oxygen

atoms removed). When this structure is relaxed, the three-

coordinated Al atoms drop from the surface layer into vacant
octahedral interstices in the next lower layer. An edge-on view
of this reconstruction is shown in Figure 1. In addition to the
large physical displacement exhibited in Figure 1, the recon-
struction entails a large energy gain, about 10 eV for the unit
cell employed here, which translates into-J2

(18) Peri, J. BJ. Phys. Cheml965 69, 220. Peri, J. BJ. Phys. Chem.
1965 69, 231.

(29) Nellist, P. D.; Pennycook, S. SciencgWashington, D.C.J1996
274, 413.

one would therefore expect both three-coordinated and four-
coordinated Al atoms on the surface as shown in Figure 3.
Cross-polarizing?” Al NMR studies® however, found no
observable three-coordinated AThis mystery is explained by
our surface-reconstruction studies. The three-coordinated Al
atoms drop from the surface layer into vacant octahedral
interstices in the next lower layer.

(20) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell
University Press: Ithaca, NY, 1960.

(21) Alvarez, L. J.; Sanz, J. F.; CapitaM. J.; Centeno, M. A.; Odriozola,
J. A.J. Chem. Soc., Faraday Trank993 89, 3623.

(22) Guniji, |.; Teraishi, K.; Endou, A.; Miura, R.; Yin, X. L.; Yamauchi,
R.; Kubo, M.; Chatterjee, A.; Miyamoto, AAppl. Surf. Sci1998 132
549.
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@ oxgen studies showed that surface Al in tetrahedral sites is a stronger
) Lewis acid than surface Al in octahedral sites. TypeOH
3-coordinate Al O auminum groups should therefore form even more easily than those of

(Td) with 1-O stripped away type k. The fact that the latter give rise to one of the three

prominent bands in the IR spectrum of surface OH, and the
4-coordinate Al former are not observed, is completely consistent with our
(Oh) with 2-0 stripped away surface-reconstruction studies, which find that three-coordinated
Al atoms at the (110C) surface of truncated butklumina are

Y . o depleted by a spontaneous reconstruction.
S Finally, we address stoichiometries other than &g,
’\ gt namely Hm Alo—p Oz, with m = 1/815 These materials also

o 90 have a spinel structure. Fon < 1/8, a fraction of the cation
sites are vacant, thus a (110C) surface occasionally has a cation
NOT observed observed vacancy. The existence of such cation vacancies has no bearing
Figure 3. Two types of Al expected on the surfacejehlumina when on the mechanism we report. If a three-coordinated Al (see
the (110C) layer is exposeNMR studies find four-coordinated Al, Figure 3) is absent, obviously there is no Al to reconstruct. If

but not three-coordinated Ala quandary resolved by the reconstruction a four-coordinated Al (see Figure 3) is absent, it does not impact
reported here. the reported reconstruction since three-coordinated Al and four-
coordinated Al are not adjacent gralumina (110C) surfaces.
Further confirmation of the surface reconstruction reported For m > 1/8, there is excess interstitial hydrogen in the bulk.
here comes from IR studies of hydroxylate@lumina surfaces.  Once more, this has no bearing on our results regarding the
Dry y-alumina is well-known to chemisorb wat¥r. This relaxation of surface Al atoms. These observations are consistent
chemisorption leads to the formation of surface hydroxyl groups with those of Tsyganenko and Mardiloviéhyho noted that
that have been the subject of numerous studies by IR spectrosdifferent hydrogen contents dwot lead to any new structures
copy24781823These studies clearly document that there are on the hydroxylated surface.
three prominent bands in the IR spectrum of surface OH groups
of y-alumina. Tsyganenko and Filimorfoappear to be the first 5. Conclusions
to have proposed that these three bands arise from three basic ) ) )
types of chemisorbed OH. These three types, denoted I, I, and We have carried out DET studlgs of the energetically preferred
111, correspond to the O atom of the OH group in question being (110C) surface ofy-alumina. It is found that that when the
bound to one, two, or three surface Al atom(s), respectively. (110C) layer is exposed, it undergoes a massive spontaneous
Later, Kriczinger and Ratnasarhgubdivided types | and Il into ~ feconstruction. ThPT three-coordinated Al gtoms.mltla.lly in the
la, Ib, I1a, and Ib, where the subscrip denotes that (one of) surface layer drop into vacant octahedral interstices in the first
the bonding Al atom(s) is itself in tetrahedral coordination, and Subsurface layer. In addition to the large physical displacement
the subscripb indicates that all of the bonding Al atoms are in of the initially three-coor(_jmated Al, the reconstruction liberates
octahedral coordination. More recently, Tsyganenko and Mar- @n energy of 2n~2. This spontaneous reconstruction of the
dilovich* have replaceda and b with integer subscripts to truncated bulk explgms the pgrplexmg expenmgntal observation
indicate the exact coordination of each of the Al atoms that are that no three-coordinated Al is observedjealumina surfaces
bonding to the chemisorbed OH. Each digit of the integer des_p|te the fact that th(_elr presence should be expected on the
subscript denotes the coordination of one of the Al atoms Pasis of simple truncation of the bulk at the (110C) surface,
bonding to O of the chemisorbed OH. (O from the chemisorbed '.the preferentlally.observied surface: The predicted reconstruction
OH is included in this count.) Equating the designations of IS @lso fully consistent with IR studies of hydroxylated surfaces
Knozinger and Ratnasamy with this most recent system we see@nd gives new insight into earlier computational simulations.
that Iy = la, Iy = lg, lla = llga, Il = llgg, etc. Liu and Truitt
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