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The aluminum oxihydroxide boehmite (γ -AlOOH) is the topotac-
tic precursor of γ -alumina, widely used as a support of refining cata-
lysts. We use ab initio calculations and molecular dynamics (MD)
to study water–boehmite interfacial properties, which are believed
to play a key role during the industrial synthesis of boehmite in
aqueous solution. For four relevant crystallographic planes—(010),
(100), (001), and (101)—we develop a theoretical approach for cal-
culating surface energies and interfacial energies that cannot be
determined experimentally. From these values, the morphology of
boehmite nanosized particles is constructed either in vacuum or in
water, highlighting the strong effect of the solvent. It is clearly shown
that during MD water molecules react on the surfaces by molecular
adsorption and dissociative chemisorption, producing surface hy-
droxyl groups. A detailed analysis of the local structure before and
after water adsorption is furnished. Particularly, four main surface
hydroxyl groups are identified by their stretching vibrational fre-
quencies: µ2-AlVI (νOH = 3676 cm−1), µ1-AlVI (νOH = 3712 cm−1),
µ1-AlV (νOH = 3741 cm−1), and µ1-AlIV (νOH = 3819 cm−1). This
analysis of surface hydroxyl groups gives us some new insights
for the understanding of experimental IR band assignment and
Brønsted acidity by ammonia adsorption. The localization of basic
and acid Brønsted sites on the boehmite nanosized particles is re-
solved. An interpretation of these results in the light of γ -alumina
is attempted. c© 2001 Academic Press

Key Words: boehmite; γ -alumina; DFT calculations; molecu-
lar dynamics; interfacial properties; surface energy; morphology;
Brønsted acidity; infrared analysis; hydroxyl group; vibrational
frequencies.
I. INTRODUCTION

Boehmite, or aluminum oxihydroxide (γ -AlOOH), is the
precursor of the most important of industrial catalysts sup-
ports: γ -alumina (γ -Al2O3). γ -Al2O3 plays an important
role in industry, widely used as a catalyst carrier (1, 2)
in refining (3, 4) such as reforming (5, 6), isomerization
(7), hydrotreatment (8), and hydroconversion of residues
(9). This is the reason why the surface properties of γ -
Al2O3 have been the subject of extensive experimental in-
vestigations for many years. In particular, Brønsted acid-
ity can be characterized by infrared (IR) spectroscopy of
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the surface hydroxyl groups. Nevertheless, IR analysis en-
countered difficulties in assigning unambiguously the great
number of observed OH stretching vibrational frequencies
within the range 3650 to 3800 cm−1 to the right types of
surface hydroxyl groups (10–14). Although several mod-
els have been proposed in the literature (10–13) to identify
the IR vibrational frequencies, some controversy still exists
(15, 16).

At the same time, few experimental studies (17, 18) on
the surface properties of boehmite have been reported, al-
though the hydroxide precursor is at the core of the in-
dustrial preparation of the resulting support. Upon con-
trolled calcination under air flow, boehmite undergoes a
topotactic transformation into γ -Al2O3 so that the con-
served morphology and size of boehmite nanosized par-
ticles are reflected in those of the final transition alu-
mina. All important textural properties of the industrial
catalysts (surface area, pore size distribution, pore shapes,
etc.) are essentially determined at the boehmite produc-
tion step. A recent ab initio study (19) of the γ -AlOOH
to γ -Al2O3 transformation underlines the fundamental
role of the precursor on the inherited bulk properties of
the final support. Furthermore, the interactions between
boehmite particles occurring at the peptizing step are gov-
erned by surface properties. Many factors such as pH, tem-
perature, and aqueous mother solution composition in-
fluence the solid/liquid interfacial energies, which in turn
determine the size and morphologies of boehmite crystal-
lites (2, 20, 21). It is well known however that solid/liquid
interfacial energies are not directly accessible experimen-
tally, but at best their ratios can be deduced from the ob-
servation of experimental morphologies (21–23). Another
center of interest is found in adding catalytic active phase
precursors at the boehmite stage (24). In this case, the sur-
face properties of boehmite should be described precisely
since it governs the interactions with active phase precur-
sors.

In an effort to develop a well-founded prediction of
these effects of obvious industrial outcomes, we propose
first in the present paper a strategy for evaluating ab initio
6
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interfacial energies for the water–boehmite interface. The
Gibbs–Curie–Wulff law enables determination of the mor-
phology of boehmite nanocrystallites in a region of pH close
to the zero point charge (ZPC) according to our simulations.
Then, we calculate ab initio stretching vibrational frequen-
cies of surface hydroxyl groups and adsorption enthalpies of
ammonia to characterize Brønsted acidity of the nanocrys-
tallites with the well-defined morphology. These results
will be compared with experimental data on this system
(17, 18). We are convinced that this approach also brings
new insights and helpful arguments for a better under-
standing of IR experimental results obtained on γ -Al2O3

as far as the Brønsted acid sites simulated on boehmite
within this work can be regarded as relevant models for
γ -alumina.

II. METHODS

A. Bases of DFT Calculations

Our calculations are based on density-functional the-
ory, using the local exchange-correlation functional pro-
posed by Perdew and Zunger (25), corrected for nonlocal
effects by using the generalized gradient corrections de-
veloped by Perdew et al. (26). Electronic eigenstates are
expanded in terms of plane waves, using ultrasoft pseu-
dopotentials (27, 28) to describe the electron–ion in-
teractions. The solution of the generalized Kohn–Sham
equations valid for a system modeled by ultrasoft pseu-
dopotentials is performed using the Vienna Ab-Initio Sim-
ulation Package (VASP) (28–30). VASP performs an iter-
ative diagonalization of the Kohn–Sham Hamiltonian via
unconstrained band-by-band minimization of the norm of
the residual vector to each eigenstate and optimized charge
density mixing routines. The optimization of the atomic ge-
ometry at 0 K is performed by using a conjugate gradient
algorithm and by determining the exact Hellman–Feynman
forces acting on the ions determined at each optimization
step. A Verlet algorithm is used for integrating Newton’s
equations of motion during molecular dynamics (MD). For
the aluminum atom, the atomic reference configuration is
3s23p1 and for the oxygen atom, 2s22p4. The calculations
have been performed using the soft oxygen potential and
thus a relatively small energy cutoff of 300 eV. Hydrogen
has also been modeled by an ultrasoft pseudopotential for
an atomic reference of 1s11p0.

We have carried out MD in the (NVT) ensemble by equi-
librating the temperature of the system using a Nosé ther-
mostat procedure (31). The temperature of the simulation
is 350 K and corresponds to the usual experimental condi-
tions of boehmite preparation. The MD time step is 0.5 fs
after replacing hydrogen by the deuterium atom. The total
MD duration as reported in Table 1 depends on the iter-

ation number before reaching equilibration, given by the
stabilization of the internal energy of the system.
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TABLE 1

Parameters Used for the Simulation of the Bulk Phase,
the Water Layer, and the Interface Systems

Bulk 010 100 001 101

Number of atoms 16 96(+36)a 96(+36) 80(+36) 64(+36)
Slab thickness (Å) — 18.0 9.2 9.3 9.1
Surface areas (Å2) — 43.0 87.5 69.1 56.2
Surface periodicity — 2Ea× 2Ec 1Eb× 2Ec 2Ea× 1Eb 1Eu× 1Eb
K-point mesh 844 411 111 211 211
Water thickness (Å) — 8.4 4.0 5.3 6.6
Total MD-time (ps) 1.1 0.5 1.5 1.1 1.5

a Corresponding to 12 water molecules.

B. Morphology Determination

The interfacial energy for the 〈hkl 〉 orientation, 0hkl, is
given by the equation

0hkl = Ghkl − Gbulk− Gwater

2 · Shkl
, [1]

where Ghkl is the free energy of the oriented water–
boehmite interface (its average value is calculated at T=
350 K over the last 0.5 ps once the equilibration is reached),
Gbulk is the reference free energy of the bulk phase of
boehmite containing the same number of atoms as in the
slab and at T = 350 K, Gwater is the reference free energy of
the liquid water at T = 350 K, and Shkl stands for the area
of the oriented surface.

For surface energies calculated in vacuum, Eq. [1] can be
simplified by the relationship

0vac
hkl =

Gvac
hkl − Gbulk

2 · Shkl
, [2]

where Gvac
hkl is the free energy of the boehmite surface in

vacuum including relaxation effects at T = 0 K. Later on in
the paper, 0vac∗

hkl will stand for the surface energy in vacuum
without relaxation.

When the entropic contributions are neglected, the free
energies, G, will be approximated by the internal energy of
the system, E. So the notation E will be preferred in what
follows.

The morphologies derived by this approach will corre-
spond to equilibrium morphologies since boehmite parti-
cles produced experimentally (21) and of industrial inter-
est exhibit characteristic sizes of a few nanometers or even
smaller. The formula [2] differs slightly from the one pro-
posed by Gay et al. (32) since in our case we are dealing with
supercells containing slabs simulating the oriented surfaces
instead of semi-infinite models. The slab thickness is large

enough to mimic bulk properties for atoms located close
to the center of the slab (see Fig. 3a) and to ensure that
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both sides are independent. Hence, the surface energy is
deduced by subtracting the energy reference of a bulk su-
percell (and water supercell) from the total energy of the
slab for the same composition.

For a fixed volume of the boehmite crystallite and at
thermodynamic equilibrium, the Gibbs–Curie–Wulff law
enables construction of the morphology by applying the
relationship

0hkl

dhkl
= A; ∀ h, k, l , [3]

where dhkl is the distance from the surface to the center
of mass of the solid, and A a real number independent of
h,k,l.

Equation [3] is equivalent to minimizing the total inter-
facial energy, Etot,

Etot =
∑
hkl

Shkl0hkl, [4]

with the constraint that the total volume,

Vtot = 1
3

∑
hkl

Shkldhkl, [5]

is held fixed.

C. Vibrational Frequency Mode of Hydroxyl Groups

We calculate ab initio OH vibrational stretching modes in
vacuum for the different hydroxyl groups formed after MD
simulation, considering that according to the experimental
procedures (17, 18) all physisorbed molecules are removed
after heating at 423 K in vacuum. We assume that this mode
is a pure one uncoupled from the rest of the motion of the
boehmite structure. So we have performed this calculation
assuming the rest of the boehmite structure as fixed. Due
to the small mass of hydrogen, the quantum behavior of
this atom should be taken into account. We follow the pro-
cedure proposed by Ugliengo et al. (33) and successfully
applied for characterizing the Brønsted acidity of zeolite
systems (34, 35). The potential energy is calculated for each
value of the OH distance around the equilibrium position
and is fitted by a sixth-order polynomial within the interval
[−0.3 Å,+ 0.4 Å]. The lowest vibrational levels are calcu-
lated by solving the one-dimensional nuclear Schrödinger
equation (36) as implemented in the ANHARM program
(37).

The anharmonicity constantsωeχ e are estimated from the
frequencies of the two lowest eigenmodes,

2ωeχe = 2ω01 − ω02, [6]

and the corresponding harmonic frequencies are given by
the following relation:
ωe = ω01 + 2ωeχe. [7]
ET AL.

All notations that have been defined within this section are
used in the following paragraphs of the paper.

III. RESULTS AND DISCUSSION

A. Boehmite Bulk

The bulk structure of boehmite has been studied exten-
sively in the past by X-Ray Diffraction (XRD) (38–41),
Infra-Red (IR) spectroscopy (42–46) and Nuclear Mag-
netic Resonance (NMR) (47). Boehmite exhibits a lamellar
structure within an orthorhombic symmetry (Fig. 1). Each
layer constitutes the (OAlOH–HOAlO) stacking sequence
in the x- and z-direction. The octahedral aluminums are
surrounded by four tetrahedral oxygens and two hydroxyl
groups. The cohesion of the stacked layers in the y-direction
is ensured by hydrogen bonds between hydroxyl groups
belonging to two consecutive layers and forming a zig-zag
chain along the z-direction.

FIG. 1. Unit cell of the boehmite bulk containing 4 AlOOH units.

Black balls: oxygen atoms; gray balls: aluminum atoms; white balls: hy-
drogen atoms.
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TABLE 2

Energetics of the Differently Oriented Surfaces in Vacuum and of the Corresponding Boehmite–Water Interfaces

0vac∗
hkl 0vac

hkl Areavac Ehkl Ewater 0hkl Area
hkl (mJ ·m−2) (mJ ·m−2) % (eV/cell) (eV/cell) (mJ ·m−2) %

010 455 455 61 −799.08 −174.53 465 44
100 2630 1860 15 −794.91 −175.07 650 22
001 1980 1165 24 −691.34 −175.26 750 20
101 4585 3000a 0 −586.56 −174.41 825 14
p
Note. Surface areas and interfacial areas correspond to mor
a Approximate value.

The optimized parameters for the bulk phase, a= 2.90 Å,
b= 11.97 Å, c= 3.71 Å, and V= 128.63 Å3, are in rather
good agreement with the experimental parameters (41):
aexp= 2.87 Å, bexp= 12.23 Å, cexp= 3.69 Å, and Vexp=
129.63 Å3. The slight underestimation of the b parameter
due to the difficulty in describing hydrogen chemical bond
strength within DFT formalism will have only a minor ef-
fect on the surface energetics and surface properties that
involve mainly Al–O and O–H iono-covalent bond break-
ing or formation.

The mean internal energy, Ebulk, after MD simulation at
T = 350 K is equal to −104.51 eV per cell containing four
AlOOH units.

B. Energetics of Surfaces and Reactivity

We have chosen the (010), (100), (001), and (101) planes
as the most relevant crystallographic orientations.

The oriented interfacial energies are plotted in Fig. 2 as
a function of time using Eq. [1] with the mean values of the
internal energies of the bulk phase, Ebulk, and of the water
cell, Ewater.

The surface energies, 0vac
hkl , calculated in vacuum, the in-

ternal energies Ehkl of the interfaces, and the interfacial
energies, 0hkl, calculated at the end of the equilibration in
water are reported in Table 2.

To simulate the corresponding interfacial systems, we
use a thin water layer to separate the neighboring slab of
boehmite. According to periodic boundary conditions, the
water layer is sandwiched between the boehmite’s slabs.
Figures 3a, 4a, 5a, and 6a represent the supercells containing
the ideally as-cleaved oriented slabs in vacuum and without
relaxation. The same boehmite slab is used for relaxations
done in vacuum and for MD in the presence of water. All
relevant slabs parameters are reported in Table 1, such as
the size of slabs (thickness of water or vacuum). In particu-
lar, it has been checked carefully that the thickness of each
slab and the thickness of the vacuum are sufficient in en-
suring that each side of the slab behaves as an independent
interface.

The surface areas of the oriented planes, Shkl, (used in

] and [2]) are given in Table 1 and represented in
6 by dotted planes. This choice of relative large sur-
hologies displayed in Fig. 7.

face areas is justified by the fact that surfaces exhibiting
multiple periodicities with respect to the bulk periodicity al-
low reconstructions as well as adsorptions of multiple water
molecules on unequivalent surface sites. Furthermore, the
minimal k-point number required to describe the first Bril-
louin zone has been tested. Indeed, it is of first importance
to ensure the k-point convergence to calculate interfacial
energies with sufficient accuracies.

The water layer contains 12 water molecules within a
volume corresponding to a density of 0.9 at T= 350 K. Ac-
cording to the relative small size of the water box, its inter-
nal energy, Ewater, depends also slightly on the orientation.
To be consistent, we have considered different reference
energies for the liquid phase according to the orientation
(Table 2). Nevertheless, this deviation remains significantly
smaller than the final relevant differences obtained on the
interfacial energies. Starting from the ionic positions of
the ideally as-cleaved surface and water layer, we allow
the water-surface to react chemically by performing MD at
T= 350 K. Once the internal energy of the water–boehmite
system converges, we check for the saturation of adsorption
at the interface by eventually “re-filling” the interslab liq-
uid space to compensate for the consumption of water by
reaction at the interface.

(010) surface. In Fig. 2, we observe first that the
(010) surface reaches equilibration the most rapidly (after
0.15 ps), characterizing very weak interfacial relaxation ef-
fects. At the end of the equilibration, this surface exhibits
the smallest interfacial energy. The surface energy in vac-
uum at 0 K and the interfacial energy in water at T= 350
K are very close: 455 and 465 mJ m−2, respectively. The
generation of this surface implies that only 31.2 µmol m−2

of hydrogen bonds are cut (Table 3). This corresponds to
14.6 kJ mol−1 of hydrogen bond, which is in gross agree-
ment with experimental knowledge. This explains why the
surface energy is the lowest in vacuum and why the chem-
ical reactivity remains weak in water: water molecules are
only physisorbed on this surface.

(100) and (001) surfaces. The (100) and (001) surfaces

exhibit intermediate behaviors. Indeed, their surface en-
ergies in vacuum and interfacial energies in vacuum range
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FIG. 2. Variation of the interfacial energies (in mJ ·m−2) as a function o

between the values of the (010) and (101) orientations: 1860
and 1165 mJ m−2, respectively, corresponding to 29.4 and
18.9 µmol m−2 of Al–O bonds cut. For the (100) surface
the Al–O bond energy is about 90 kJ mol−1 while for the
(001) orientations it is 104 kJ mol−1. Furthermore, it is in-
teresting to observe that the order of magnitude of surface
energies are comparable to those obtained in vacuum on

corundum (α-Al2O3) (32). We confirm simultaneously that
relaxation effects modify significantly the surface energies
time (in ps) during the molecular dynamics of water–boehmite systems.

and hence cannot be neglected. The equilibration times are
about 1.0 and 0.6 ps for the (100) and (001) interfaces, re-
spectively. This means that their reactivities with the solvent
are also intermediate with a higher reactivity than exhib-
ited by the (001) interface. The interfacial energies are in a
reverse order in comparison with the surface energies, due
to the higher reactivity of the (100) orientation. So the ef-

fect of the environment will be critical for determining the
morphology.
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TABLE 3

Coordination Numbers of Surface Aluminum Atoms, NAl, and of Oxygen Atoms, NO, and
Numbers of Al–O Bonds or of Hydrogen Bonds Per Surface Area, Initially Cut, Nbonds

010 100 001 101

Surface Initial Final Initial Final Initial Final Initial Final

NAl 6 6 4 5–6 5 5–6 3 4
NO 3–4 3–4 2–3 2–4 3 3–4 2 2–3

Nbonds (µmol ·m−2) 31.2 — 29.4 — 18.9 — 34.8
(101) surface. For the (101) surface, the equilibration
time is the longest: about 1.0 ps is required. The sur-
face energy in vacuum without relaxation is the highest:
4585 mJ m−2. The effects of surface relaxation in vacuum
are huge and the relaxed surface energy is estimated to
be about 3000 mJ m−2. This is explained by the fact that
the number of Al–O bonds cut, 34.8 µmol m−2, is also
the highest and corresponds to 131 kJ mol−1 of Al–O
bond. At the end of the MD equilibration in water, the
interfacial energy is 825 mJ m−2 and remains the high-
est, although it has been significantly decreased by water
stabilization.

Finally, in vacuum, surface energy values vary within
455 mJ m−2 and at least 1860 mJ m−2, whereas in water
this range of variation diminishes strongly between 465 and
825 mJ m−2. This result demonstrates that the solvent effect
of water tends to level surface energies. This will have of
course a direct influence on the morphology.

C. Morphology and Local Structure

Morphology analysis. From the energetics, the mor-
phology of a nanosized boehmite crystallite can be deter-
mined using the Gibbs–Curie–Wulff law as described in
the Computational section. It should be underlined that
the simulation in water corresponds to zero point charge
(ZPC) only since no charged species are introduced on the
surface or in water.

We have constructed the morphology in two cases: in
vacuum (Fig. 7a) and in water (Fig. 7b). It is obvious that
the observed morphology depends strongly on the envi-
ronment. In particular, the percentages of the (010) sur-
face areas (Table 2) varies between 61% (in vacuum) and
44% (in water). In both cases, this surface, also called the
basal surface, represents the major area, while the other
surfaces are the edge surfaces of the nanocrystallite. The
solvent tends to stabilize the edge surfaces (100), (101),
and (001) versus the basal one by adsorbing water on their
aluminum unsaturated sites as explained in the following
section.
edge surfaces, the (101) surface is one of
gly stabilized by water and its percentage
is about 14% in water whereas in vacuum this surface does
not exist. The proportion of the (100) and (001) surfaces
remains rather similar either in vacuum or in water, al-
though there is a slight inversion of their area percentages
(Table 2).

(010) surface. On the basal (010) surface (Fig. 3), all
the aluminum sites and oxygen atoms are fully saturated
since the ideal as-cleaved surface implies that only hydro-
gen bonds are cut. From energetics as well as from structural
analysis, this surface is highly unreactive and exhibits a lo-
cal environment in water very similar to the one obtained
in vacuum (Table 3). Each aluminum atom is bound to two
bridging hydroxyl groups: these OH species will be refered
as the µ2-AlVI types.

(100) surface. In vacuum, the ideal as-cleaved (100)
surfaces exhibits four-fold-coordinated aluminum atoms
bound to two oxygen atoms three-fold-coordinated
(Table 3). The surface reconstruction in vacuum implies
the formation of a corrugated surface due to the outward
relaxations of the three-fold-coordinated oxygen atoms
(Fig. 4b). This leads to an ondulated chain of Al–O–
Al–O where oxygen atoms are two-fold-coordinated and
aluminium atoms are in a perfect tetrahedral environ-
ment. The water adsorption on the unsaturated aluminium
atoms prevents this outward relaxation of oxygen atoms
(Fig. 4c). After MD equilibration, the average number of
coordination of surface aluminum is increased to a value of
5 or 6. Simultaneously, a great number of surface OH groups
has been created (Fig. 4c) via dissociative adsorption of wa-
ter molecules according to the following mechanism:

Al–¤+ Al–O–¤+ H2O→ 2Al–OH. [8]

This produces two main types of surface hydroxyl groups:
the µ1-AlVI and µ1-AlV types. Some nondissociated water
molecules remain also adsorbed.

(001) surface. On the (001) surface, all aluminium
atoms are initially five-fold-coordinated in an octahe-
dral environment, while oxygen atoms are threefold-

coordinated (Table 3 and Fig. 5a). After relaxation in vac-
uum, we observe in Fig. 5b that there is an inward relaxation
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FIG. 3. (a) Relaxed configuration in vacuum at 0 K of the as-cleaved
(010) surface; (b) configuration equilibrated at T = 350 K of the water–
boehmite (010) interface. The planes represented by dotted areas stand
for the Shkl surfaces on each side of the slab. (Same legend as Fig. 1.)

of aluminum atoms. Such structural changes in vacuum are
well known for other types of oxides (48, 49). Unlike the
(100) surface for which the chemical adsorption of water

governs the interfacial stabilization, on the (001), there is
a competition between water adsorption and the inward
ET AL.

relaxation of the surface aluminium atoms. This explains
why a significant number of Al surface sites remain five-
fold-coordinated and can be regarded as weak Lewis acid
sites. Furthermore, when a water molecule adsorbs on such
an aluminum site, it induces an outward relaxation of the
aluminum atom (Fig. 5c), leading to a distorted octahedral
environment of aluminum. The hydroxyl groups formed are
considered µ1-AlV types.

FIG. 4. (a) Initial configuration of the as-cleaved (100) surface; (b)

relaxed configuration in vacuum at 0 K; (c) configuration equilibrated at
T = 350 K of the water–boehmite (100) interface. (Same legend as Fig. 1.)
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FIG. 5. (a) Initial configuration of the as-cleaved (001) surface; (b)
relaxed configuration in vacuum at 0 K; (c) configuration equilibrated at
T = 350 K of the water–boehmite (001) interface. (Same legend as Fig. 1.)

(101) surface. The (101) as-cleaved surface exhibits two
kinds of surface aluminium sites: the fully saturated alu-
minum sites with bridging oxygen atoms and threefold alu-
minum atoms (Table 3 and Fig. 6). In the presence of wa-
ter, a great number of chemical reactions occur following
a similar mechanism as [8] and forming exclusively sur-

face hydroxyl groups from the µ2-AlVI and µ1-AlIV types
(Fig. 6b).
PROPERTIES OF BOEHMITE 243

D. Hydroxyl Stretching Mode Analysis
and Brønsted Acidity

In the previous section, we analyzed the different local
environments of four oriented surfaces, revealing the pres-
ence of four possible hydroxyl groups:µ2-AlVI,µ1-AlVI,µ1-
AlV, and µ1-AlIV. According to the morphology predicted
previously, the fraction of each type of site on the boehmite
crystallite in an aqueous environment can be estimated and
is reported in Table 4. It shows clearly that µ2-AlVI groups
are present in the majority at 75% (including the (010) and
(101) surfaces), followed by the µ1-AlVI groups represent-
ing 12% of the OH sites and located on the (100) surface.
The least frequent OH groups are the µ1-AlV and µ1-AlIV

ones with 5 and 8%, respectively.

FIG. 6. (a) Relaxed configuration in vacuum at 0 K of the as-cleaved

(101) surface; (b) configuration equilibrated at T = 350 K of the water–
boehmite (101) interface. (Same legend as Fig. 1.)
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FIG. 7. Nanonosized boehmite crystallite morphologies calculated by
injecting the energetics as reported in Table 2 into the Gibbs–Curie–Wulff
law (see Text): (a) in vacuum, (b) in water.

The stretching modes of the different OH groups have
been calculated so as to mimic the experimental procedures
(17, 18) where all physisorbed molecules are evaporated
after heating at 423 K in vacuum. So after MD simulation all
remaining water molecules corresponding to physisorbed
states have been removed for the vibrational analysis. The
results are reported in Table 4 including the corresponding
local Al–O and O–H distances. It should be noticed that, for
µ1-Al type groups, the vibrational frequencies of stretching

modes correlates well with the O–H length: the higher the
νOH, the smaller t

which the hydroxyl groups are bonded:µ1-AlIV>µ1-AlV>

he O–H distance.

TABLE 4

Local Structure (All Distances are in Å) and Vibrational Stretching Frequencies (in cm−1)
of Surface Hydroxyl Groups

Type (surface) Proportion (%) d(OH) d(AlO) ω01 ω02 ωe ωeχ e

µ2-AlVI (010) 67 0.990 1.904–1.908 3676 7200 3826 75
µ2-AlVI (101) 8 0.991 1.889–1.976 3691 7221 3852 81
µ1-AlVI (100) 12 0.990 1.832 3712 7271 3865 77
µ1-AlV (001) 5 0.988 1.755 3741 7325 3897 78
µ1-AlIV (101) 8 0.980 1.659 3819 7479 3977 79

µ1-AlVI.
Note. See Methods for the definitions of ω and
ET AL.

From the IR experiments (17, 18), the boehmite spectra
exhibit two bands corresponding to the internal hydroxyl
groups at 3088 and 3287 cm−1. These are discussed in de-
tail in the literature (42–46) and are beyond the scope of
our work. A well-controlled heating process implying des-
orption of a physisorbed water molecule as described in
(18) enables the revealing of two other bands in the region
of surface hydroxyl groups at about 3665–3668 cm−1 with
a rather high intensity and 3695–3705 cm−1 with a signifi-
cantly smaller intensity (17, 18). According to our results,
we find that the most frequent µ2-AlVI groups present on
the (010) basal surface (and for a minor fraction on the (101)
surface) vibrate at 3676 cm−1. So we assign the experimen-
tal band at about 3665–3668 cm−1 with the highest intensity
to the surface µ2-AlVI hydroxyl groups (with an eventual
contribution of the OH of the (101) surface). We propose
that the second IR band, located at 3695–3705 m−1, con-
tains as a main contribution the µ1-AlVI types for which the
calculated stretching frequency is at 3712 cm−1. An even-
tual contribution of the µ1-AlV group at 3741 cm−1 cannot
be fully excluded.

We have also calculated the stretching mode of the µ1-
AlIV hydroxyl groups revealed by our simulations on the
(101) surface. The frequency modes are at 3810 cm−1 but
should lead to a minor contribution since they represent
only 8%. None of the available experimental IR studies re-
port these vibrational frequencies on boehmite. This can be
due to experimental conditions for preparing the boehmite
sample, leading to a slightly different morphology, imply-
ing a smaller amount of the (101) surface than the one
calculated in pure water at zero point charge within our
work.

As a consequence of the four different models for sur-
face hydroxyl groups, the ranking of the vibrational values
for the stretching modes is as follows: µ1-AlIV > µ1AlV >
µ1-AlVI > µ2-AlVI. It shows clearly that the OH stretch-
ing frequencies are influenced by the coordination number
of oxygen: µ1-AlVI > µ2-AlVI (see also Refs. (12, 16, 49)).
However, our results demonstrates clearly that it depends
also on the coordination number of the aluminum atoms to
χ .
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TABLE 5

Local Structure and Adsorption Enthalpies of NH3

on Three Brønsted Sites and One Water Site

Site d(NH) (Å) d(HO) (Å) 1H (kJ ·mol−1)

OH–µ1–AlV 1.948 1.005 −34.3
OH–µ1–AlIV 1.705 1.017 −55.5
OH–µ2–AlVI 1.724 1.031 −61.5
H2O–µ1–AlVI 1.598 1.053 −86.1

Although we are well aware of the differences between
the surface properties of boehmite and those of γ -Al2O3,
it is interesting to compare this result with the IR assign-
ment proposed for γ -Al2O3. The three species simulated
previously can be regarded as models for the OH groups
encountered on γ -Al2O3 surfaces. The ranking obtained
previously would correspond for γ -Al2O3 to the following
one: Ia > Ib > II using Knözinger’s notation (12), for which
Ia stands for µ1-AlIV, Ib for µ1-AlVI, and II for µ2-AlVI. So
the highest frequencies observed at about 3800 cm−1 on
γ -Al2O3 would actually be assigned to type Ia groups. This
assignment would be in favor of Morterra’s (14) and Busca’s
(15) proposals.

Finally, we have calculated the adsorption enthalpies at
0 K of a basic model molecule, NH3, to investigate the acid
strength of previously defined relevant Brønsted sites. The
results obtained after a full optimization of the geometry
are reported in Table 5. The O–H distances of the hydroxyl
groups and the N–H distances at equilibrium are reported.
The larger the O–H distance, the more advanced the pro-
tonic transfer and the more favorable the adsorption en-
ergy. The ranking of the adsorption enthalpies is as follows:
µ1-AlV > µ1-AlIV > µ2-AlVI. This confirms clearly that the
hydroxyl groups of the basal plane exhibit the highest acid
strength whereas the edge planes (101), (001), and (100)
contain mainly the basic hydroxyl groups. The adsorption
enthalpies on the water molecules is even stronger, which
characterizes an even stronger acid group. The adsorption
enthalpy of NH3 on the O1H1–µ1-AlVI (Fig. 4c) site is about
−42.6 kJ mol−1, a surprisingly low value according to the
general assumption that the µ1-AlVI group should be more
basic than theµ1-AlV group. Nevertheless, according to the
local structure of the site, we are able to put forward that a
cooperative effect of two neighboring OH groups can take
place during the adsorption of NH3. Indeed, the full relax-
ation of the system leads to the transfer of one hydrogen
atom, H2, coming from the neighboring OH2 group to the
oxygen atom, O1, of the hydroxyl group where NH3 adsorbs
(see Fig. 4c). This implies a stabilization of the adsorbed
NH3. For γ -alumina, this phenomenon can play a signifi-
cant role and depends directly on the hydroxylation state
of the surface (13).
As a corollary of fundamental interest for catalysis, our
study shows clearly that the strongest Brønsted acid sites
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of boehmite are located on the (010) basal plane, while the
basic ones are on the edge planes.

IV. CONCLUSION

In this paper we presented calculations based on the
density-functional theory (DFT) and applied it to detailed
investigations on aluminum oxihydroxide, boehmite, pre-
cursor of the catalytic carrier γ -alumina. We have proposed
an approach to determine morphologies of the vacuum–
boehmite and water–boehmite sytems using ab initio molec-
ular dynamics for precise calculations of surface energies
and interfacial energies in water.

This makes it possible to demonstrate first the signifi-
cant effect of the solvent on the modification of the mor-
phologies and so on the surface properties of boehmite. In
vacuum, the surface energies are directly correlated to the
number of Al–O bonds or hydrogen bonds, which are cut
after generating the as-cleaved surface. In water, crystallo-
graphic planes exhibiting high surface energies in vacuum
are stabilized due to water molecules adsorption. Differ-
ent chemical mechanisms have been revealed during MD
such as water physisorption, water molecular chemisorp-
tion, and dissociative chemisorption. The latter chemical
event explains the formation of surface hydroxyl groups
during the preparation of the boehmite sample.

In agreement with experimental IR analysis, we have
proposed an assignment of the observed surface hydroxyl
groups by calculating their vibrational stretching modes.
For the different surface hydroxyl groups of boehmite, the
following ranking of the stretching frequencies is found:
µ1-AlIV > µ1-AlV > µ1-AlVI > µ2-AlVI. A Brønsted acid-
ity scale has been established by calculating NH3 adsorp-
tion enthalpies. This analysis has enabled us to locate the
strongest Brønsted acid sites of boehmite nanosized parti-
cles on the basal surface, while the basic centers are on the
edge plane.

Finally, we attempted to give an interpretation of our re-
sults considering the γ -alumina system discussed in detail
in the literature. If the surface hydroxyl groups simulated
on boehmite can be regarded as relevant for some surface
species of γ -alumina surfaces, our assignment would con-
verge with Busca’s or Morterra’s. Nevertheless, we remain
cautious since it is well known that, unlike boehmite, the
spinel-like structure of γ -alumina contains vacancies un-
derlying the surface hydroxyl groups. The precise effects of
these vacancies on the OH surface stretching frequencies
and on the Brønsted acidity are not well understood. We
hope to be able to investigate further this issue in the near
future by simulating realistic models of γ -Al2O3 surfaces.
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