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Abstract

In a recent priority communication [M. Digne et al., J. Catal. 2002) 1], we proposed the first ab initio constructed modejs-alumina
surfaces. Using the same density-functional approach, we investigate in further detail the acid—basic properties of the threealalevaat
(100), (110), and (111) surfaces, taking into account the temperagpesident hydroxyl surface coverages. The simulations, compared
fruitfully with many available experimental data, enable us to solve the challenging assignment of the OH-stretching frequencies, as obtainec
from infrared (IR) spectroscopy. The precise nature of the acid surface sites (concentrations and strengths) is also determined. The ac
strengths are quantified by simulating the adsorption of relevant probe molecules such as CO and pyridine in correlation with surface
electronic properties. These results seriously challenge the historical model of a defective spiraluimina and establish the basis for a
more rigorous description of the acid—basic propertieg-afumina.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction actions as well as the dispersion of active phases on the
support.
y-Alumina (Al,Os) is a key industrial material with nu- Since the pioneering work of Lippens and de B,
merous applications in refining and petrochemiftr]. It y-alumina surfaces have beentensively studied by nu-

can be used as a catalyst (for the Claus process) or, morélear magnetic resonance (NMfR)-7], vibrational spectro-
widely, as a catalyst support. In the latter case, it enablesSCopies[8-13], temperature-programmed desorptidd],
the dispersion of various types of active phases: transition—calorimetry measuremer{ts5-17] and electron energy loss
metal sulfides, Co(Ni)MoS in hydrotreatment catalysts, and spectroscopy (EELS]18]. Even if these techniques im-
metallic alloys Pt-Re in refoning catalysts. Adding dopes ~ Proved our understanding of thealumina properties, there
can also modify the alumina surface properties: chlorine is are still some controversies, as to the interpretation of the
known to enhance the surface acidity for reforming and iso- experimental results. For instance, the nature of the surface
merization processes, whereas sodium moderates the supdydroxyl groups and their relative concentrations are cru-
port acidic function. In all cases, the control of the surface cial to the understanding of acid—basic properties. Infrared
site properties is fundamental; it governs the acid—basic re- (IR) spectra reveal up to seven different OH-stretching bands
[19], and proton NMR experiments show two distinct peaks
S for pure alumina and five peaks for deuterated sanmples
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of vacancies, etc. The most popular model of assignmentsurface models, by comparing them with experimental data,
was given by Knoézinger and Ratnasafi@], based on an  and lead to further insight into the atomic scale of chemical
empirical estimate of the “netettric charge.” This 25-year-  processes ofi-alumina surfaces.

old model is still popular, although it has been questioned

by various experimentdl1,19]and theoretica]20] works.

The acid-basic sites have been probed mainly by the ad-2. Computational methods

sorption of molecules, coupled with IR analysis: a complete

review of these works can be found in REf9]. To investi- The calculations are based on density functional theory
gate the acidity, carbon monoxide and pyridine are the most(DFT), as implemented in the Vienna Ab Initio Simulation
popular experimentally used basic probe molecules. CarbonPackage (VASP26,27] with the Perdew—\Wang 91 (PW91)
monoxide is a weak Lewis base and preferentially adsorbsgeneralized gradient-corrected exchange—correlation func-
on unsaturated aluminum surfasites, leading to shifts to  tional [28]. The one-electron wave functions of the Kohn—
higher energy of the gas-phase CO-stretching frequency. UpSham Hamiltonian are expanded in a plane wave basis set.
to four distinct bands have been observed; however, therePeriodic boundary conditionseset, leading to an infinite

is no consensus as to the assignment and the correspondingeriodically repeated system. The self-consistent electronic

strength of the acid site. Pyridine, a stronger base, is less senenergy is obtained with an iterative matrix diagonalization
sitive to site strengths and is used to probe either Lewis or sScheme, based on an unconstrained band-by-band residuum

Bransted acid sites. minimization method. For the integration in the reciprocal

Finally, the interpretation of spectroscopic data depends SPace, a converged energy is reached foppaint grid fine-
on the structural model chosen feralumina surfaces. The  ness of 0.05 A™. Ultrasoft pseudopotentials are used to
empirical model of Knézinger and Ratnasaftg], basedon ~ describe the ion—electron interactiof29]. The cutoff en-
a defective spinel structure, gave a number of possible sur-€rgy for geometry optimization is 300 eV, whereas the cut-
face configurations ithout addressing their thermal stabili-  Off energy for frequency calculations is increased by 25%.
ties and surface relaxation effects. Theoretical studies based™0r each cell configuration, atomic forces are calculated by
on cluster modeli21,22]suffered from the same weakness; Mmeans of the Hellmann—Feynman theorem, and the geom-
the relative stability of the surface sites, the coverage of the €try optimization is performed with a conjugate—gradient
sites, and their interactions were not taken into account in @lgorithm. o .
these approaches. Attempts using periodical models have The (:kl) surface is simulated using a slab model: slabs
been published: the work of Sohlberg et[2B] overlooked in the (hkl_) crystallegraphic direction, are generated with
the thermodynamic aspects, as well as the crucial questior@t l€ast eight atomic planes. A vacuum thickness of 12 A
of surface hydroxyl groups. A recent article by lonescu et al. IS Set between two periodically repeated slabs. Each slab is
[24], dedicated to the adsorption of one water molecule on symmetrical to avoid unphysical dipole—dipole interactions

octahedral defect spinel surfaces, does not account for theP?€tween two consecutive slabs. The (de)hydration process of
coverage or temperature effects. the oriented surfaces is described by the following equilib-

The aim of the present work is to apply the periodic Mum:

DFT methods to study the complex-alumina surfaces,  syrfacgy, + nagH20(gag = [Surfacg, nag201, (1)
taking into account temperature and water pressure during

their preparation. Starting from a reliable model of bulk wherenags stands for the number of adsorbed water mole-
y-alumina[25], the termination of the three most relevant cules per sgrface unit cell.

(100), (110), and (111) surfaces is simulated. The question S €xplained in20], the surface free energy, as a

of y-alumina nanoparticle morphology is also addressed. funetlon of the hydroxyl surface coverage and temperature,
Adsorption of water molecules, coupled with Gibbs free en- 1S 9iven by

ergy calculations, leads to the determination of the stable hy-F 10 4
droxyl structure and coverage as a function of temperature.” "X = * hki T 7hkl
Hence, we do not consider the clean oxide surface as ob-with

tained by ideally cleaving the bulk structure in vacuum, but

we determine the stable cheral termination of the surface, ~ Ar8iki = Aeni + Ts(T) — [A(T) = e(0)]. (3)
including hydration processes, as a function of the prepara-wheres is the entropylh the enthalpye the internal energy
tion conditions. This step is fundamental for understanding of water, andAe;y; is the mean adsorption energy at 0 K
the chemistry of surface species within a reacting environ- of nags water molecules on theéigl) surface expressed per
ment. The resulting models allow the accurate assignment ofH,O molecule. We assume that ZPE and entropy contribu-
the highest wavenumber region of the IR spectrum by calcu- tions are mainly due to water in the gas phase, and neglect
lating the OH-stretching frequencies. Finally, the acid—basic these contributions for the condensed phases.

properties of the surface sites are studied by adsorbing probe 6, stands for the hydroxyl surface coverage and is equal
molecules and analyzing surfaglectronic states. These cal-  t0 2naqs/Anrr, With Ay the geometric area of thékl) sur-
culated properties enable first the validation of the proposedface unit ceII.F,?kl stands for the surface energy of a fully

Arghki
>

(@)
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dehydrated surfacé@y; = 0), referenced to the bulk Gibbs
free energy.

For a giverg;;, the lowest value oA ey, corresponds to
the stable configuration in the low-temperature limit among
all the possible adsorption sites and adsorption modes of the
nads Water molecules. By varyingy;, the lowest value of
Iy corresponds to the stable hydroxylation state of the sur-
face for a given temperature.

According toEqg. (2) we thus determine unambiguously
the types and concentration of the surface species (hydrox-

yls, unsaturated aluminum or oxygen atoms) as a function of
temperature. Fig. 1. Unit cell of they-alumina bulk according to Ref25]. Black balls,

oxygen atoms. Gray balls, aluminum atoms.

The stretching frequencies of OH groups are predicted,
using an harmonic approach. The Hessian matrix is calcu-
lated by a numerical finite-difference method and by displac- of the calcination of boehmite, the hydrated precursor-of
ing each ion by+/—0.005 A from its equilibrium position  alumina[25]. Starting from the layered structure of boehmite
in the three directions of space. Due to the high anhar- y-AlOOH, the dehydration process leads to the collapse of
monicity of the OH bonds, the harmonic values must be cor- the y-AIOOH sheets along thé axis, together with shear-
rected by an anharmonicity term of 80 th as calculated ~ ing along thea axis. The resulting structure exhibits a fcc
by Raybaud et al[30] for similar OH groups of boehmite  sublattice of oxygen atoms, observedjolumina by XRD
y-AlIOOH. In this former work, this approach enabled the analysig33]. This sublattice generates octahedral and tetra-
assignment of the high-frequency region of the IR spectra hedral interstices, to which aluminum atoms can diffuse.
corresponding to hydroxyl groups located on boehmite sur- A wide range of aluminum atom distributions in this oxy-
faces. It was also successfullypplied for the calculation — gen atom matrix was simulated in R¢25], and the most
of OH frequency in zeolite§31,32] However, it must be  stable structure with 25% of tetrahedral aluminum was re-
stressed that in the case of H bonding, the anharmonicitytained as the best model fpralumina €ig. 1).
term can be significantly larger than 80 th Hence, in Before our proposdR0], other theoretical as well as ex-
what follows, no attempt will be made to calculate the fre- perimental studies relied on a defective spinel-like structure.
guency of any groups involved in such H bonding: for one Compared to our model, a spinel-based structure arbitrarily
type of such OH group, an estimate ©fis given (vide in- imposes constraints on the type and number of interstices
fra), while in all other cases, only hydroxyls with no H-donor occupied by aluminum atoms. However, in order to achieve
character are considered. a Rietveld refinemerB3], extra-spinel sites for aluminum

To calculate the adsorption energies of the probe mole- atoms must be assumed as in the most stable structures de-
cules, we use the following relationships: termined by DFT calculation@5,34] Finally, it was found

that a nonspinel model is significantly more stable than tra-
A, Eads= E (surf+ probe — E(surfy — E(probe, (4) ditional spinel models (e.g=0.05 eV/AlLO3 unit compared
where E (surf) stands for the ab initio total energies of the to the model determined in R¢B5]).
surface,E (probe of the isolated gas-phase molecule, and Nevertheless, this model is not perfect: the typical size
E(surf+ probe of the adsorbed molecule on the surface. of y-alumina nanoparticles is about 50 to 100 A, and the
A negative value, corresponding to an exothermic process,crystallinity is poor. As a consequence, a periodic model
indicates a stable adsorption. In this case, because we arélike ours), including 8 AJO3 units, cannot entirely repro-
focusing on the stable adsorption configurations, whateverduce the complexity of this material. However, it is a good
the coverage and temperature may be, we neglect all ZPEcompromise between structure reliability and system sizes
corrections and thermal effects. compatible with ab initio calculations.

Table 1gives the complete crystallographic structure and
Table 2lists some important bulk properties compared with

3. Resultsand discussion the experimental data. The structural parameters are close to
the experimental ones: the cell volume is slightly larger (2%)
3.1. Whyy-aluminais not a defective spinel? within the usual GGA-DFT accucg. Twenty five percent of
the aluminum atoms are in tetrahedral sites, in agreement
3.1.1. Bulk structural properties with NMR measurements. The simulated XRD diagram is

The precise crystallographic structure pfalumina is consistent with the experimental of#5]. The model repro-
still under debatey -Alumina is a metastable transition alu- duces the tetrahedral distortion of thealumina cell in the
mina obtained by calcination of a boehmjteAlOOH pow- ¢ direction (inherited from the direction of the boehmite
der at 700 K. The bulk model used in REZ0] as well as in cell); this was experimentally observed, but leads to a slight
this study is taken from our previous theoretical investigation expansion /a = 1.02 A) instead of a contractior (a =
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Table 1 T T T E'I'I'I
Crystallographic structure of bulk-alumina, according to Ref25] i Fermi i
Space group P21/m ;
a () 5.587 : |
b (A) 8.413
c(B) 8.068 5
B (°) 90.59 10+
Atom Position (x,5,2) B
Al 2e (0.377,3/4,0.126) 0 e :
Al 2e (0.868 1/4,0.498) - — o0 Erermi 1
Al 2e (0.875 3/4,0.125 - 30 S-Al _
Al 2e (0.615 3/4,0.745 § i i
Al Af (0.367,0.075 0.612 &
Al 4f (0.116,0.579 0.862) 8 20 n
o 2e (0.881, 3/4,0.874) 3 =
e} 2e (0.614,1/4,0.640 2 10
o 2e (0.364,3/4,0.889)
e} 2e (0.132 1/4,0.627) i o~ v
o 4f (0.889,0.406, 0.899 0 L
o 4 (0.605 0.917, 0.614) 20 '15 '10 '5
o af (0.357,0.406, 0.853) Energy (eV)
e} 4f 0.138 0.916 0.63
( 8 & ? Fig. 2. Total density of states (DOS) and atom-projected density of states
(PDOS) for they -alumina bulk model. For PDOS, the projection radii are
Table 2 0.8 A for Al atoms and 1.4 A for O atoms.
able

Comparisons between bujkalumina and experimental data o . .
about 7.8 eV and exhibits several maxima, the main one lo-

_ cated at-1.9 eV (with respect to the Fermi level positioned
Cell volume (R/AI0z unit)  47.40 46.39 at the top of the valence band). The experimental electronic

Properties Calc. Exp.

élellT;Ztrf;Z?g?sl;ieg/?A)c 7.29%, 7.93,8.07 ?.g:,s;.gge, gy Structure obtained .by XPE8] exhibits an upper va[ence
Tetragonal distorsior{a)° 1.02 0.98 band with Mo maxima at-3.2 and—5.5 eV and_a Wldth.
Bulk modulus (GPa) 171 162 140 of 9.5 eV, in qualitative agreement with theoretical predic-
Electronic gap (eV) 4.9 87 tions. The calculated lower valence band exhibits a main
a Ref. [36]. maximum at—17.6 eV, a position close to the experimental
b From NMR spectra, Ref§37—39] one[18] located at—20.3 eV. Oury-alumina model gives
€ a, b, c parameters refer to an ideal spinel structure (for M@y, electronic structures very similar to those of the spinel-based
a=b=c=808 A). structure$35,41]. As a consequence, and based on this elec-
e et Lllg%: tronic analysis, the discrimination between the two models

is expected to be difficult.

The projected electronic densitii¢. 2) shows that the
0.93-0.98 A[36]) The Calculated bulk mOdUIUS (175 GPa) upper Va|ence band iS mainly Composed of Oxygpmz_
matches the experimental one (162 GPa), contrary to thepita|s, while the lower valence band is mainly composed of
spinel-based models (such as defined in R&3]), which oxygen 2 orbitals. However, since the aluminum contribu-
lead to a larger value of 219 GPa. Furthermore, the bulk tions cannot be neglected for the occupied states of the upper
modulus is known to depend closely on the type of alumina. yalence band, the O—Al bond jn-alumina tends to be rather
For instance, the calculated bulk moduluseeluminais  jono-covalent than purely ionic. Regarding the unoccupied

about 236 GPa (exp. 254 GPa), while thattehlumina  state, the contributions of oxygen and aluminum atoms are
is 189 GPa. These numerous comparisons with experimen-sjmilar.

tal data underline the robustness of our bulk model, which
serves as a reference for surface modeling. 3.2. y-Alumina morphology

3.1.2. Bulk electronic properties Preliminary considerations op-Al,0O3 particles mor-
The electronic density of states for bulk-alumina phology are required, to justify the relevance of our choice
(Fig. 2) corresponds to a highly insulating oxide. The elec- for the exposed crystallographic surfaces. The morphology
tronic gap is equal to 4.8 eV, similar to the values given of y-alumina nanoparticles depends strongly on the synthe-
by spinel-based models (4[85], 4.8, 5.1 eV[41]), but far sis pathway. The standard method to recovealumina is
from the experimental value at about 8.7 F\3]. However, the precipitation of aluminum salts in an aqueous mother so-
it is well known that standard DFT methods underestimate lution [2]: the formed product is boehmitg {AIOOH), the
the electronic gaps. The width of the upper valence band is hydrated precursor gf-Al,O3. Boehmite powders are cal-
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Table 3

Structural and morphological legions between boehmite apdalumina

Crystallographic directich Cell parameter variatidh(%) Surface area (%)

Boehmite y-Al,03 O sublattice EXg. Calc. Boehmité y-Al,038
(010) (110) Rectangular -31 —29.3 44 53

(100) (110) Rectangular -12 -3.6 22 21

(001) (100) Square +6.0 +8.0 20 16

(101) (111) Hexagonal +1.6 +3.8 14 10

@ The crystallographic directions of bujk-alumina are given within the spinel orientation.

b Contraction (negative value) or expansion (positiviei@paduring the transformation of boehmite into alumina.

¢ Ref.[3].

d Equilibrium morphology in water at 350 K according[80].

€ Morphology inherited from the one of boehm[&0] and using calculated values of the cell parameter variations.

—T _ = ,__‘\“’\“m of the different surfaces do not strongly change, justify-
(010);, Calcination 1109 ing the topotactic character of the transformation. Finally,
4 = = ]Sm in y-alumina, the (110) surface predominates with 74% of
m m s the total area, followed by the (100) surface (16%) and the
_ (111) surface (10%). These theoretical predictions are in

(101,  Boehmite am y-Alumina

good agreement with experimental results. Using neutron
diffraction analysis, Beaufils and Barba[#2] showed that

the (110) surface is estimated to be 83% of the total sur-
face area, whereas the (100) surface is at 17%. Electron
microscopy, carried out by Nortier et §#.3], confirmed that

the (110) surface is the predominant facet, covering about
70% of the total surface area. The remaining 30% corre-
spond to the (100) and (111) surfaces. One way to modify
the relative areas and thus the morphology is to change ei-
ther the pH or the ionic force of the aqueous mother solution
during boehmite synthesjg].

Fig. 3. Transformation of boehmite into-alumina nanoparticles with the
corresponding surface orientations.

cinated at 700 K to produge-Al ,O3. During the calcination
process, the transformation is topotactic; the nanoparticle
morphology remains unchanged. This important character-
istic is supported by TEM observatiof#3] as well as X-ray
diffraction datg2].

The y-Al,03 particle morphology is thus directly in-
herited from the equilibrium morphology of boehmite par-
ticles in an aqueous solution. The most common shape
of a boehmite nanoparticle is rhombohedral: the predomi-
nant (010) surface is referred to as the basal surface, while

three types of edge surfaces (100), (001), and (101) may Stoichiometric a.nd fully dehydrated:kl) surfaces are
be exposedHig. 3. The crystallographic analysis of the generated by cleaving the bulk structure along the plane de-

topotactic transformation shows a precise relationship be- finéd by the (/) Miller indexes. For each surface, different
tween boehmite surfaces andalumina surfaces. Within ~ Ways of.cut.tlng' have been tested, taking into account the dif-
the crystallographic orientation using a spinel-type indexa- ferent distributions of surface atqms. The structures with the
tion, the topology ofy-alumina surfaces depends mainly on Iowest. surface energy are considered to be the most repre-
the fcc oxygen atom sublattice: the (100) surface exhibits a Sentative of'the dehydrated surface. Some of the following
square oxygen atom sublati, the (110) a rectangular one results optalned on the (110) and (100) surfaces have been
and the (111) an hexagonal one. According to the pseudo-"éported in Ref[20].

morphism rules, the (010) basal surface and the (100) edge

surface of boehmite yield the same type of surfaces, in- 3.3.1. Local structures

dexed as (110) inv-alumina. The lateral (001) and (101) (100) Surface. The stable structure of the (100) surface
surfaces of boehmite correspond to the (100) and (111) sur-€xhibits Ak, atoms only, i.e., fivefold coordinated alu-
faces, respectively. The modifications of the lattice parame- minum (quoted as |, Il, and Il inFig. 43 and ;13—-O

ters during the transformation of boehmite intealumina ~ atoms, i.e., threefold coordinated oxygen atoms (A, B,
are well reproduced by the calculation. The main change is and C). The surface density of broken Al-O bonds is low
a strong contraction of 29% (exp. 31%) in the (010) direc- (17.1 bondsnm?), and the surface energy of the unrelaxed
tion, resulting from the collapse of hydrogen-bonded layers surface is moderate (1430 mJ#). Surface relaxation does

of boehmite. Taking these contraction factors together with not drastically change the local geometry, and the surface
the equilibrium morphology of boehmite particles in water, energy decreases to 970 mJn

determined by ab initio simulatiorf30], the morphology of

the formedy-alumina particles is deducedgble 3. The (110) Surface. On the (110) surfaceg. 4b), the surface
rhombohedral shape is not modified, and the relative areasdensity of broken Al-O bonds is higher (20.7 bonds®ijn

3.3. Dehydrated surfaces
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a) b)
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Fig. 5. Surface-projected density of states (DOS) of the (a) (100) and
(b) (110) surfaces.

(111) Surface. The (111) surface is slightly different: in
the (111) directiony -alumina exhibits alternating stacking
of oxygen atoms and aluminum atoms. As a consequence,
the (111) surface is polar (sd€g. 49. This situation is
very similar to the (0001) surface aefalumina[44]. Anal-
ogous tow-alumina, we assume that the Als©- - termi-
nation is the stable termination, avoiding the divergence of
the dipolar moment within the limits of a macroscopic sam-
ple. The surface density of broken Al-O bonds is the highest
(27.0 bondsnm?). As a consequence, the unrelaxed sur-
face energy is very high (4480 mJ®). Relaxation leads to

an important decrease in the surface energy (1970 Tdy;m
however, this value remains higher than that of the two other
surfaces. As will be shown iGection 3.4 the fully dehy-
drated structure of the (111) surface cannot be stabilized

Fig. 4. Local structures of the dehydrated (a) (100) surface, (b) (110) sur- under realistic conditions of temperature and partial water
face, and (c) (111) surface. The relevant coordinatively unsatured surfacespressure.

sites are denoted: I, Il, Ill for Al atoms and A, B, C, D for O atoms. Note
that Al denoted Il on the (100) surface is an/Asite, even if the slightly
longer fifth bond between Al(ll) and O(C) is not drawn.

2Al

3.3.2. Intrinsic Lewis acid—basic properties and electronic
surface states

The projected electronic dsity of states (PDOS) on the
first atomic layer of the (100) and (110) surfaces is plot-
Compared to the (100) surface, the unrelaxed surface en—tDegSIn ;p;?)égr:s'[lr?g Izﬁffglg'ng?scfzdﬁrgg si{l(r)eg.éoat: 3 ;%Ikev
ergy 1s higher (2.590. mJn) and the su.rfac.e atoms ex- ¢4 the (100) and (110) surfaces, respectively. Three surface
hibit lower coordinations: Al (Il and Il in Fig. 4b for electronic states, observed by EEIB], are reported to be
aluminum atoms inherited from bulk octahedral aluminum 12.5,+3.5,+4.8 eV above the Fermi level. The low-energy
atoms, and AJ; (1) for aluminum atoms originating from unoccupied bands (I, Il, Il irFig. 5) are strongly local-
bulk tetrahedral aluminum atoms, while—O (AorB), and jzeqd in energy and space. Indeed, the energy band widths
13—0 (C or D) are found for surface oxygen atoms. The sur- gre small, estimated between 0.2 and 1.2 eV, and the charge
face relaxation induces strong geometric modifications: the density Fig. 6a and 6pis located on a single surface Al
Aly atoms relax inward to reach a pseudoregular tetrahedralatom. Small contributionsom adjacent oxygen atoms con-
configuration. Besides, an upward relaxation of all oxygen firm the iono-covalent character of the Al-O bonds. As a
surface atoms is observed. TheA(l) relaxes with its sur-  consequence, a well-defined acceptor level can be attributed
rounding oxygen atoms (A) to form a planar AlGurface to each surface Al atom. Hence, bands I, II, and IIFig. 5
species. The induced energy stabilization is large, decreascorrespond to Al atoms I, Il, and Il ifrig. 4. These dis-
ing the surface energy to 1540 mJfn crete energy levels of the unoccupied states enable us to
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(b)

A

Fig. 6. Electronic density of the lowest unoccupied bands localized on the
(a) aluminum (1) of the (100) surface, (b) aluminum (I) of the (110) surface.
(c) Highest occupied band onoxygen (A, B, C) of the (110) surface. The
density plotted corresponds to an average over piints.

Table 4

Energetic levels of the surface aluminum Lewis sites

Surface (110) (100) (110) (110) (100) (100)
Site Al (1) Aly (1) Al (1) Al (1) Aly (1) Aly (1)
E(eV) -25 -16 -15 -11 -0.7 +0.1

M. Digne et al. / Journal of Catalysis 226 (2004) 54-68

specific electronic level to each surface O atom due to the
larger delocalization in energy and in space of these levels.
For instance, the highest occupied band on the (110) surface
(Fig. 69 is delocalized over three distinct O atoms includ-
ing n2—0 anduz—0. This is also true for the (100) surface.
Hence, only a global comparison between (100) and (110)
surfaces is possible: the highest occupied band of the (110)
surface is at-4.0 eV (with respect to the vacuum level),
whereas that of the (100) surface is-a6.8 eV. In other
words, the work function of the (110) surface is smaller than
that of the (100) surface, meaning that the (110) surface is
intrinsically more basic, in a Lewis sense, than the (100)
surface. The reason can be found in the higher degree of un-
saturation of the surface O atoms.

3.4. Hydration processes and thermal stability

3.4.1. (100) Surface

As explained in Ref[20], the differential adsorption
energy of water on the (100) surface as a function of
the hydroxyl coverage decreases only slightly from 105
to 65 kJmot! (see inset inFig. 79. Indeed, the unsat-
urated aluminum surface atoms are all of the, Aype,
and thus exhibit similar reactivity. The first water adsorp-
tion (f100 = 4.3 OHnnT2) follows a dissociative mode,
leading to HO+1—Aly; and HO-2—(Aly,Aly) groups.
The water molecule is not fy dissociated, because a
strong hydrogen bond remains between the two surface
hydroxyl groups (OH-: - -OH) = 1.64 A). The second ad-
sorbed moleculedgoo= 8.8 OH nnT2) leads to the forma-
tion of three surface groups: H@s—Aly;, HO—1—-Alyy,
and HO—u1—-Aly (Fig. 89. The two latter species are
linked by hydrogen bonds. The next two adsorbed water
molecules are not dissociatearfhe fourth adsorbed mole-
cule @100= 17.1 OH nnT2) the Al-O bond is longer than

The energy reference corresponds to the vacuum level (Roman numerals inin the previous cases (2.74 A versus 1.8-1.9 A on average)

parenthesis refer to quotes usedrig. 4).

establish a ranking of the surface Lewis acid sifeab(e 4.

due to steric hindrance with preexisting surface OH groups.
For 6100= 17.1 OHnnT2, no more unsaturated Al surface
sites are available, and the surface is covered by one water

Such a ranking, based on a simple electronic density analy-monolayer. Finally, the (100) surface is the most dense sur-
sis, is defined as being intrinsic acidity, whereas the ranking face: about 23.4 A per ALOz unit, compared to 33.8 A

obtained by probe molecule adsorption is extrinsic See-
tion 3.6). As expected, the lower the Al atom coordination,

per Al,Os unit for the (110) surface. Thus, the stable config-
urations of the hydroxyls network result from the complex

the stronger, generally, the Lewis acidity. Nevertheless, someoptimization of intrinsic acid—basic strengths of the sites,

exceptions exist: the most acidic\Asite of the (100) surface
is even more acidic than the @l site of the (110) surface.

Thus, the aluminum coordination is not the only parameter

relevant for Lewis acidity. Moreover, the three\Asites of
the (100) surface exhibit energy levels ranging freth6 to

together with attractive and repulsive lateral interactions be-
tween hydroxyls.

3.4.2. (110) Surface
Compared to the (100) surface, the more adsorption en-

+0.1 eV. This underlines that more subtle effects, such as ergy depends strongly on the hydroxyl coverage, decreasing
the Al atom coordination sphere beyond the first neighbors from 240 to 87 kJmol! (see inset inFig. 7b). The first
or the surface electrostatic potential, may also play a role in adsorption mode#10= 3.0 OH nnt2) is dissociative. It oc-

modifying the local electronic properties.
The electronic characterization of the intrinsic Lewis ba-

sicity of oxygen surface atoms, given by the occupied elec-

tronic levels, shows thatit is far more difficult to attribute one

curs on the A\, site and on the adjacent @>—(Aly;,Aly)
site. The high exothermicity of this process (240 kJmpl
can be explained by the strong intrinsic Lewis acidity of
the highly unsaturated Al site (seeSection 3.9. The fol-
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Fig. 7. Surface energy of the (a)-Al»,03(100), (b)y-Al,03(110), and
(c) y-Al,03(111) surface as a function of temperature for different hy-
droxyl coveragesd in OH nm‘2). Insets represent the absolute value of
the differential energy of adsorption as a functiorfofl he differential en-
ergy of adsorption is the differentetween the adsorption energies:of 1
water molecules and water molecules, expressed per water molecule.

lowing three water adsorption®s4o ranging from 5.9 to
11.8 OH nnT?) take place on the A} site, giving Al sites:
HO-u1-Aly, HoO—1—Aly, and HO—+o—(Aly,Aly) on the

surface Fig. 89. The adsorption energies are progressively
reduced: 191, 141, and 88 kJ médl The last two adsorp-
tions occur on these Al sites, forming Al sites. The ad-
sorption energies (74 and 87 kJmd) are similar to the
adsorption energies on the\Akite on the (100) surface. Fi-
nally, due to the different local environments of the Al and
O surface atoms, the (110) surface exhibits a larger range of
adsorption energies and a greater variety of surface hydroxyl
groups.

3.4.3. (111) Surface

The approach used to study the hydration effects on the
(111) surface is slightly different: it is known that a polar
surface can be stabilized by adsorbing molecules present
in the gas phase and, hence, modifying the surface dipole
[45]. Starting from the polar stoichiometric slaboADz—
---Al>—03 (such as irFig. 49, water adsorption can lead to a
symmetric nonpolar slab (H@}Alo—Os— - -Alo—0O3—H3. In
this case, the surface is fully hydrated. The work by Wang et
al. [44] on the (0001y-Al,03 surface clearly demonstrated
that the fully hydrated surface is the most stable one on a
large range of water chemical potential. Using the close sim-
ilarity between (000L)-Al 03 and (111y-Al 03 surfaces,
we first generated the fully hydrated state and then stud-
ied its dehydration process. The saturated surfagg &
14.7 OH nnT2) is optimized by using a simulated annealing
method to find the most stable configuratiéing; 8b). This
configuration exhibits a large number of distinct surface hy-
droxyls, interacting through numerous hydrogen bonds (1.4
hydrogen bonds per H atom are counted, assuming that one
hydrogen bond exists if(O- - -H) is smaller than 2.5 A). The
first water desorption energy is equal to 149 kJmaind
the second one is equal to 192 kJ mblin this range of sur-
face OH concentration (10-15 OH ), the correspond-
ing adsorption energies for the (100) and (110) surfaces are
found to be two times lower (65-88 kJ md). This result
demonstrates the high energy cost to dehydrate the (111) sur-
face due to the great number of hydrogen bonds and to the
high coordination of the.,—OH or u3—OH groups.

3.4.4. Thermal stability

From the previously obtained adsorption energies and fol-
lowing the thermodynamic model described Section 2
the surface energy is calculated for eaak!} orientation
as a function of temperature and surface OH concentrations
(Fig. 7). The most stable situation corresponds to the lowest
envelope of these lines, hence defining the optimal OH con-
centration as a function df. The three surfaces exhibit very
different thermal behaviors: the (100) surface is totally dehy-
drated above 600 K, whereas the (111) surface remains fully
hydrated up to about 800 K; even at 1000 K the hydroxyl
coverage is still high (9.8 OHnnf). The (110) surface be-
havior is intermediate: between 500 and 1000 K the OH
concentration decreases from 11.8 to 3.0 OHArThe cal-
culated surface energy is close to the experimental surface
energy: from calorimetry measuremefi3g], the surface en-
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(a) (100) Surface (b) (111) Surface

HO-p-Al

Fig. 8. Relaxed configurations of (a}Al203(100), (b)y-Al,03(111), and (c)/-Al,05(110) surfaces for different hydroxyl coveragésif OH nm~2). The
most relevant surface sites are quoted; stands for aluminum atoms surroundedsbgxygen atoms, and HQs,, for OH groups linked ton aluminum
atoms. Black balls, oxygen atoms. Gray balls, aluminum atoms. White balls, hydrogen atoms.

ergy of y-alumina has been estimated to be 1340 m3 at to the thermodynamic equilibrium morphology in vacuum,
979 K. Assuming that this value is due mainly to the pre- where the dehydrated (100) surface exhibits a lower surface
dominant (110) surface, the corresponding calculated valueenergy than the dehydrated (110) surface (as shovBea
is 1400 mJ m2. Hence, an ab initio calculation is an accu- tion 3.3.
rate and efficient approach foettrmining surface energies,
which remains a very difficult task under experimental con- 3.4.5. Conclusion
ditions. Low temperatures (or high water partial pressure)  The hydration processes are thus crucial to the analysis of
favor the (110) and (111) surfaces, which are stabilized by the surface properties grralumina. The nature and the con-
the surface hydroxyl condensation. In contrast, high temper- centration of exposed surface sites are highly dependent on
atures (or low water pressure) favor the poorly hydroxylated the working conditions. Temperature modifies the number of
(100) surface. At intermediate temperatures (600 to 700 K), free Lewis surface sites (i.e., unsaturated Al atoms) and their
corresponding to standard hydrotreatment temperatures, thaature (Al;, Alyy, Aly). At the same time, the Brgnsted
three surface energies are close to 1000 m3.m acidity depends on the concentration and the nature of stable
We observe that the relative ranking of surface energies hydroxyl groups at a given temperature. To further validate
depends on the temperature. The morphology-aiumina our model surfaces and characterize the acid—basic prop-
nanoparticles, inherited from boehmite nanoparticles, ex- erties, we have calculated hydroxyl-stretching frequencies
hibits 74% of the (110) surface, 16% of the (100), and (Section 3.5and probe molecule adsorptior&ection 3.5.
10% of the (111) surfaceSdble 9. According to the cal-
culated surfaces energies for the temperature range use@®.5. Vibrational analysis of OH-stretching frequencies
during they -alumina synthesis, the observed morphologies
are thus metastable. This implies clearly that the shape of Vibrational analysis is performed for the stable surfaces
the nanoparticles is mainly fixed at the boehmite precursor at 500 K, which is a standard pretreatment temperature of
stage. As a consequence, the shape of the firalumina y-alumina, prior to IR spectroscopic measurement. The vi-
particles can be modified by changing the experimental con- brational frequencies of the surface hydroxyl groups are re-
ditions (', pH, ionic forces, etc.) imposed in the mother ported inTable 5for frequencies higher than 3550 cf
aqueous solution where boehmite is synthesid An- Indeed, a great number of hydroxyl groups are hydrogen
other experimental method for changing the morphology bond donors. A strong downward frequency shift is thus ob-
is to choose a different synthesis pathway. In the thermal served: on the (110) surface, the free HOyAéxhibits a
oxidation of aluminum foils, the particles exhibit a totally frequency at 3842 cnt, whereas the frequency of a simi-
different morphology[18]: 80% (100) surface, 10% (110) lar group, involved in a hydrogen bond, is shifted down to
surface, and 10% (112) surface. This morphology is closer about 3200 cm!. Hence, hydrogen bonds have a signifi-
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Table 5

Vibrational stretching frequenceof surface hydroxyl groups obtained farg= 11.8, 6100 = 8.8, anddy11 = 14.7 OH nni 2

Site Surface d(OH) (A) weal (cm™1) wexp (cm™1) Knézinger's assignment
HO—1—Aly (110) 0984 3842 3800-3785 HQ—Aly,
HO—1-Aly (100) 0988 3777 3780-3760 HQq—Aly
HO—uz-Aly, (111) 0988 3752 3745-3740 HQeo—(Alvy ,Alyy)
HO—1-Aly (110) 0988 3736 3735-3730 HQeo—(Alyy,Aly)
HO—o-Aly (111) Q990 3732

HoO—1—Aly (110) 0988/1093 3717

HO—u1—Aly; (111) 0992 3713

HO—10—Aly 2 (110) Q991 3707 3710-3690 HQes
HO—uo—Aly, (111) 0993 3690

HO—2—-Aly (111) Q993 3641

Hy0—q—Aly (100) 0992/1096 3616

HO—13-Aly (100) Q997 3589 3650-3590 H bonded

a OH group stable for a low hydroxyl coverag® {o = 8.9 OH nni 2).

cant influence on the OH frequencies. The large number of be a signature of the (111) surface. Furthermore, on the (111)
OH groups involved in different hydrogen bonds explains surface, the frequency ranking is not as expected: the high-
the broad feature in the experimental spectra in the rangeest frequency corresponds to the H@s group, followed by
3000-3500 cm? in the case of highly hydrated surfaces. HO-u» and HO-u1. In fact, for these groups, the key factor
According to the remark made Bection 2in what follows determining the frequency is not the OH coordination, but
we focus on the OH groups which are not hydrogen bond the existence of hydrogen bonds. For instance, the jO—
donors and are clearly located in the high-frequency region group is the only one not involved in a hydrogen bond (ac-
of the IR spectra (i.e., above 3500 Th). For these groups,  ceptor or donor), thus explaining its high frequency. More-
it can be first easily verified that a quasilinear relationship over, the frequencies of hydroxyls belonging to the (111)
is observed between the equilibrium O-H distances (also re-surface overlap with those of the (100) and (110) surfaces.
ported inTable § and the calculated stretching frequencies. Thus, it may be difficult to clearly identify the band assigned
Taking into account the morphology ¢f-alumina, the to the (111) surface.
surface concentrations of the OH groups located on the Finally, the theoretical assignment proposed for the first
(110), (100), and (111) surfaces are 1.1, 0.3, and 0.1 OHtime in[20]is confirmed and implies a significant revision of
nm-2, respectively. As a consequence, the IR bands as-the Knozinger moddlL0]. To some extent, it appears closer
signed to groups located on the (100) and (110) surfacesto the assignment made by Busca et[&l], without re-
should have a higher contribution than those on the (111) quiring the presence of vacancies or defects. This detailed
surface. The OH-stretching frequencies of the (110) and spectroscopic analysis strongly supports the validity of our
(100) surfaces have been given in detail in R20]: among y-Al203 model, not based on a defective spinel structure but
the four highest frequencies, three are assigned to,HO— rather on the structure established25]. Furthermore, we
groups. The HOg1—Aly group exhibits the highest fre-  show how IR spectra may be sensitive to the nature and the
quency (3842 cm?) followed by the HO41—Aly; group of relative area of exposed surfaces.
the (100) surface (3777 cm), and the HOx1—Aly group
on the (110) surface (3736 crt). The multicoordinated  3.6. Adsorption of basic probe molecules
OH groups exhibit lower frequencies: 3707 thifor the
HO—u2—Aly on the (110) surface and 3589 ctinfor the In order to further characterize the surface acid prop-
HO—u3—Aly of the (100) surface. These five OH groups erties, we simulated the adsorption of two basic probe
are unambiguously assigned to the five IR bands, widely re- molecules (carbon monoxide and pyridine) on differgnt
ported in the literatureTable 5. However, up to 10 distinct  alumina acid sites. Carbon monoxide is a weak Lewis basis
experimental bands have been repof8dtheir numberand  and is widely used to probe Lewis acidity on oxide surfaces.
intensity depend on the givenalumina samples. In particu-  Pyridine exhibits a stronger basicity than carbon monox-
lar, a band at 3745-3750 crhis often present in IR spectra. ide: it is more sensitive to weak acid sites such as hydroxyl
From our calculation, the closest frequency is obtained at groups. As shown in the previous section, the surface hy-
3752 cnr! for the HO-u3 group of the (111) surface. Al-  droxyl coverage and, hence, the acidic properties are highly
though this assignment might seem surprising within the dependent on temperature. As a consequence, surfaces with
Kndézinger view, it is fully consistent with recent DFT work  various hydroxyl coverages are probed in order to evaluate
by Wang et al[44], who found similar types of hydroxyls  all the possible surface acid sites. The adsorption energies
on (0001)-Al,03. Experimentally, a band at 3742 crhis of the probe molecules (CO or pyridine) are calculated in
found on (0001g-Al,03 as reported if19]. As a conse- order to obtain the extrinsic acid strength of the different
quence, we suggest that the band at 3745-3750 anust surface sites. A detailed frequency analysis of the relevant
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adsorption configurations is compared with the available ex- Table 6

perimental data. CO adsorption on Lewis and Brgnsted acid sites for different hydroxyl cov-
erages

3.6.1. CO adsorption Site Surface § (OHNM2) A, E (kJmoFl)  Aw(CO) (cnrl)
Carbon monoxide adsorption has been widely used to Al (110) 0 —-76 +65

characterize the Lewis acidity of transition alumij@6-49] Ally (110 0 —43 +45

The CO-stretching frequencies are highly sensitive to the Aliv ~ (110) 0 —26 +34

chemical environment. The-donation from the & CO- Aly (100) 0 —40 +15

orbital to the empty B orbitals of the unsaturated Al atoms Alv.~ (100) 0 —22 +16

is the driving force for the adsorption. The £0-orbital is Alv (100) 0 —20 10

slightly antibonding: upon surface adsorption this orbital be- Alv ~ (100) 88 -15 ~7

comes depopulated, and the CO bond is stronger as revealeé (100) 88 -4 —i

by an increase in the gas-phase CO-stretching frequency”Alv ~ (110) 59 -29 +48

The more acidic the Al site, the higher the upward shift ﬁl"’ 8183 gg :18 igi

of the CO frequency. Four distinct bands are usually ob- v

served: (A) 2240-2220, (B) 2200-2190, (C) 2165-2155, AV~ (110 118 12 +10

and (D) 2150-2140 crt. Band (D), hardly shifted with ~ Alv (111 123 -18 -82

respect to CO gas, is commonly assigned to physisorbedHO-«3 (100) 88 -11 —-12

molecules[46] or hydrogen-bonded molecul§9]. There ~ HO-=1 (100) &8 -13 +16

is no consensus as to the assignment of the other three band$lO-«1  (110) 118 —6 +3

According to Zecchina et g6], the highestband (A) isas- HO#s (110) 118 Desorption 0

signed to adsorption on acid surface defects, the second one

(B) to tetrahedral Al atoms, and the third one (C) to octahe- - - - B

dral Al atoms. 60 | L ®_
To simulate CO adsorption, an extended plane wave basis A

set is required to obtain a reliable description of the CO dou- ry e

ble bond. With an energy cutoff of 400 eV, the equilibrium a0 | e & |

CO distance is 1.145 A and the CO-stretching frequency, . ,,®"

calculated within a Morse approach, is 2106 dmwhich 'E -

leads to an error smaller than 2% compared to the exper- 2 -l )

imental valuesd(CO) = 1.128 A, (CO) = 2143 cn™. g 4r * i

The following reference temperatures are used to describe < @ ® .-

the range of possible surface sites: at 500 K correspond- 2’ . e

ing t0 f100= 8.8 andé110= 11.8 OHnnT2, and at 800 K OF = T

corresponding t@100 = 0.0 andé110= 4.3 OHnnT2. We @' ®

also consider the fully dehydrated (110) surfaée;d =

(i.loo(gi)nnrz) to be stable at very high temperatures (above =20 ;=" 50" 0 e 80

First, the CO molecule is adsorbed on unsaturated Al 1A Bags| (3fmol)
atoms sites. The results are given Table 6 where the Fig. 9. Correlation between the CO adsorption energy (in absolute value)
stretching frequency shift of the adsorbed CO is given with and the stretching frequency foret{100) surface (full circles) and (110)
respect to the gas-phase stathe expected trend is veri- surface (full triangles). For the two surfaces, the lowest hydration state is
fied: the higher the degree of unsaturation for the aluminum represented by diamonds, the highest hsidn by empty circles, and inter-

mediate hydration by empty squares.

atoms, the more exothermic the adsorption, and the larger
the upward frequency shift. According Table § we assign
the observed CO frequency shifts. The calculated adsorp-lead to close adsorption energies43 and—40 kJ mot™,
tion energies are also compatible with those obtained by respectively). Furthermore, the effect of hydration is clearly
calorimetry measurements and reported46,49]. Never- shown inFig. 9. For the (100) and (110) surfaces, the hy-
theless, the correlation between adsorption energy and fre-dration decreases not only the number of free Lewis acid
quency is not linear. Linearity is obtained only for a given sites but also the strength of the remaining Lewis acid site.
surface Fig. 9). For the fully dehydrated surfaces, the ad- This means that hydration mdigis quantitatively and qual-
sorption energy ranking correlates perfectly with the intrin- itatively the surface Lewis acidity. If we consider the CO
sic Lewis acidity measured by the energy difference of the frequency shift as a measure of the extrinsic Lewis acid-
frontier orbitals Fig. 10). For instance, the Al site of the ity, the (110) surface appears to be more acidic than the
(100) surface and A} on the (110) surface exhibit simi-  (100) surface. This is consistent with the electronic analy-
lar energetic levels{1.6 and—1.5 eV, respectively), and sis of the unoccupied stateSdction 3.3.2 The effect of
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80 + P Finally, a proposed assignment for the experimental IR
bands ony-alumina is given inTable 7 According to our
calculations, the two highest frequencies (bands A and B)
correspond to the Al sites and Al, sites, respectively,
both located on the (110) surface, while the third frequency
(band C) corresponds to Wlsites of the dehydrated (100)
surface. The last band D can be assigned to different weak
acid sites as Al sites or hydroxyl groups of the (110) and
(100) hydrated surfaces. The average adsorption energy of
e each band is also in agreenemith calorimetry measure-
20 s ments[46,49]
Again, the consistency of the simulations of the hydration
processes and CO adsorption must be stressed. According
' ! ' ' to the thermal stability, Aj sites are only available above
01 0.11 012013 014 0I5 016 1100 K. The corresponding CO band at 2230 ¢nis ob-
1/(B(A)-E(B)) (eV ™) served only orny-alumina submitted to a high-temperature
Fig. 10. Correlation between the CO adstion energy and the frontier or- pretreatment. A further interESting application of Fhis work
bital energy difference (occupied Sor CO and vacant “B” acceptor level concerns they -alumina tO_S_alumma trar?s_,forr_‘natmn. IR
of the chosen surface aluminum atom). spectroscopy shows two important modifications between
the two polymorphs: the hydroxyl band at 3770 ¢hj50]
hydration is globally to decrease the CO frequency shift and and the absorbed CO band at 2160 ¢éndisappear ors-
thus the Lewis acidity. The case of the (111) surface is again alumina sample§47]. According to our previous analysis,
more specific. Within usual temperatures, no Lewis site is both IR bands correspond to surface species located on the
present on this surface. One single/Alewis acid site can ~ (100) surface (HOg1—Aly,, and Ay—CO). This implies
be formed at high temperatures fér;; = 12.3 OH nnT 2. that the (100) surface is not exposedsalumina nanopar-
A low adsorption energy and a surprising strong downward ticles. This is consistent with experimental df2$ which
shift of the CO frequency«82 cnt) are calculated in this  interprets they to § transition as resulting from sintering of
case. According to the high concentration of OH groups, the y -alumina nanoparticles along the (100) surfaces.
absorbed CO molecule is very close to one neighboring hy-
droxyl group (2.33 A). Hence, a lateral interaction is added 3.6.2. Pyridine adsorption
to theo -donation: the backdonation originates from the lone  Pyridine is more basic and more sensitive to weak acid
pair of the surface O atoms into the empty Brbitals of sites. Pyridine adsorptionades are well characterized by
CO. This backdonation effect is responsible for the down- IR spectroscopy: in the region of 1400 to 1650 Cmfour
ward shift of the frequency. Such a frequency shift has neverbands &, 8, 1%, and 1%, corresponding to ring vibra-
been observed on aluminas so far, implying that usually the tional modes, may be perturbed according to the nature and
(111) surface is usually fully hydrated. As a consequence, the acid site strength. According to the literat[&®], the &
the (111) surface exhibits the weakest Lewis acidity in terms band is the most sensitive.
of the number of sites and the strength of the site measured Adsorption energies and vibrational frequencies of pyri-
by the CO shift. To a lesser extent, this phenomenon alsodine are calculated for different surface sitdstfle §.
takes place for the (100) Alsites, which exhibits a down-  For a given surface, the stronger adsorption energy is ob-
ward shift (<11 and—7 cm 1) at 6100= 8.8 OHnnT L. It tained for the unsaturated @l atoms. However, contrary
can be considered to be a signature of highly hydrated sur-to CO adsorption, the orders of magnitude are similar,
faces, where lateral interactions occur between adsorbed CQlue to the stronger basicity of pyridine. For instance, on
and surface OH groups. the (100) surface and fof1go = 8.8 OHnNNT?2, the Al
The CO adsorption was also performed on some surfaceacid Lewis site has an adsorption energy-&8 kJ mot?,
hydroxyl groups: the adsorption energies are low, and spon-whereas on the HQ# Brgnsted site the adsorption en-
taneous desorption occurs in one case. The CO frequency isrgy is—32 kJmot ™. As a consequence, by increasing the
close to that of isolated CO molecule. No significant charge pyridine pressure, adsorption may occur on both Lewis and
transfer is found: the adsorption is mainly due to electro- Brgnsted acid sites.
static interaction§49]. For the HO+3 on the (100) sur- Concerning the vibrational properties, the calculated fre-
face, a downward shift is observed; this is again induced by quencies of the gas-phase pyridine molecule are in good
the backdonation effect of the neighboring O atoms. This agreement with experimental values. When pyridine is ad-
downward shift is enhanced on the H@s-because of their  sorbed on alumina surfaces, our calculations confirm that the
buried location on the hydroxylated surfaces which implies frequency of the 8 band is the most sensitive to the nature
a screening effect by the other neighboring hydroxyls (see of the acid site. Even if the Oband is also slightly shifted
also next paragraph). (as observed experimentally), the frequency shifts of the 8

60

| A E, 4| (kJ.mol"1)
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Table 7

Assignment of CO adsorbed stenchingguencies and adsorption energies

Band Awexp® (cm™1) Awcalc (cm™1) Ar Eexp® (kJmolt) Ay Ecalc (kImol1) Assignment (present work)

A [90; 57] 65 [—85; —50] -76 Al (110)

B (6741 [48; 24] [—65; —35] [—43; —10] Aljv(110) and Ay (110)

C [22; 11] [16; 10] [—45; —20] [—40; —20] Aly(100)

D [0; —8] [10; —12] — [—11; -3] Aly (on highly hydrated surf.)

or Brgnsted sites

@ Average values taken from the literature, such g4@49]

Table 8

Frequencies of adsorbed pyridine for differ@adsorption sites of the (100) and (110) surface®{gp= 8.8 andf10= 3.0 OH nni2

Adsorption site d(N---Al) d(N---H) d(OH) AE w8y wgp w19, w19 «(OH)
A (kJmol1) (em™1

Isolated Pyr 1574 1579 1435 1418

(Exp?) (1581) (1574) (1482) (1437)

Pyr---Aljy (110) 2056 - - —55 1617 1586 1465 1436 -

Pyr- - -HO—u1—Aly (110) - 1626 1019 —40 1610 1591 1453 1429 3201

Pyr---Aly (100) 2142 - - —38 1606 1579 1448 1424 -

Pyr- - -HO—1—Aly; (100) - 1770 1019 -32 1593 1586 1450 1423 3083

Pyr- - -HO—u3—Aly; (100) - 2742 0998 -10 1591 1586 1452 1423 3580

@ According to D.R. Lide, Handbook of Chemistry and Physics, 76th ed., CRC Press, New York, 1995-1996.

(b)

Fig. 11. Adsorption configurains of pyridine (a) on the A} site and (b) on
the HO-x1—Al)y of the (110) surface.

19, and 1% bands are less sensitive to the adsorption site.
The assignment of the experimental bands on the Lewis sites
is straightforward. Referring to the review of Morterra and
Magnaccd19], we confirm unambiguously that the band at
1598 cn1! (calc. 1606 cm?) corresponds to Al site, the
band at 1610-1620 cm (calc. 1617 cm?l) to the Aly site

(Fig. 119, and the band at 1625 crhto the Al site. We

did not calculate this latter configuration, since both elec-
tronic analysis and CO adsorption have shown that the Al
site is the most acidic. Thus, it is expected that the shift
should be larger in this case. As a consequence, the stronger
the Lewis site, the larger the calculated frequency shift of the
8a mode.

According to our calculations, pyridine also adsorbs on
hydroxyl groups via O—H -N hydrogen bond. In most cases
explored so far on thermodynamically stable hydrated sur-
faces, we found that the pyridiniumion is generally unstable
(Table §. Only when we tested the unlikely situation of one
isolatedu,—OH group, is proton transfer possible. The pro-
ton transfer is thus energetically unfavored, when compared
to the O—H--N bond. In two cases (HQ#—Aly; and HO—
us3—Alyy), the frequency shift of thes8band is weak. The
bands are at 1593 and 1591 thirespectively, in agreement
with the experimental bands at 1590-1594¢nj13,19]

The behavior of the HOw—Al\y group Fig. 11H is more
specific: the 8 band shifts to 1610 cmt, within the region
corresponding to Lewis site adsorption. This Brgnsted site
thus exhibits adsorption energy and a spectral signature close
to the Lewis site. A corollary result concerns the downshift
of OH-stretching frequencies upon pyridine adsorption due
to hydrogen bonding: for the two H@=+ groups, the fre-
quency decreases to 3201 and 3081 &mxompared to 3842
and 3777 cm! before adsorption. These shifts are only in
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gualitative agreement with the OH-stretching values of 3150 allows a step forward to a more rational understanding of
and 2920 cm? [13] found by HREELS on alumina thin  y-alumina acid—basic properties. The bulk model used for
films. Indeed, the comparison with such experiments must the surface construction is not a defective spinel-like struc-
be carried out carefully. Instead of the great variety of OH ture, showing that our model allows the occupation by Al
groups traditionally observed op-alumina samplesTa- atoms of other than spinel siteThis is also a key difference
bles 5 and B a single peak at 3711 crh is observed on  amongy-alumina models reported so far. Our structure re-
such thin films, leading to the two frequencies at 3150 and sults from the simulated dehydration process of boehmite
2920 cnm! under pyridine pressure. As a consequence, ei- into y-alumina, which is the industrial way of producing

ther before or after pyridine adsorption, the OH-stretching alumina. Numerous correlations with experimental data are
bands involved in our calculations are not the same as thatin favor of such a model:

observed if13]. We suggest that the frequency of this type

of hydroxyls involved on the thin film might be of the HO— (i) bulk properties such as Al atom site distribution (given

w2 type. However, further investigations are required to de- by NMR and XRD), bulk modulus, or electronic den-

termined the precise nature of the aluminum oxide films, sity,

which does not seem to be of/aalumina type. (i) morphology properties as inherited from the boehmite
Finally, no significant perturbation of the H@s group morphology, and

(at 3580 cntt after pyridine adsorption) is observed: the ad- (iii) acid—basic surface properties characterized by OH-

sorption energy is low+£10 kJ mot 1) and the OH stretch stretching vibrations and probe molecules adsorption.

is not affected by the pyridine molecule. Hence, a striking
result is that pyridine adsorbs the most weakly on HH@—  With respect to the latter results, the simulations allow a ra-
groups, which are expected to be the most acidic (accordingtionalization of the interpretation of IR experiments based

to the value of the OH stretching as reportedable 5. In on probe molecule adsorptiossych as CO and pyridine, and
contrast, pyridine adsorbs more strongly on H@-groups. a better understanding of the surface chemical properties of
This result is explained by sterical constraints on H@-  y-alumina as a function of pretreatment temperature.

and HO-x2 groups, which are far less accessible to pyridine  Finally, we hope that this work opens up new ways of
than HO-1 groups. HO+#3 and HO-u» groups are deeply  investigating support effects as they occur in real industrial
buried on the hydroxylated surfaces (d€ig. 8a and 8¢ catalysts. A systematic comparison with another important
The more basic HOw groups, pointing away from the sur-  oxide catalytic support, anatase—pias been undertaken
face, may develop a screening effect, thus preventing HO—recently{52,53] Such approaches will provide new concepts
w3 groups from pyridine adsorption. As a consequence, this necessary for a more rational understanding of support ef-
effect may also explain that a clear correlation between the fects in catalysis.
Brgnsted acidity and the pyridine adsorption strength has not
been observed experimentalBA].
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