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Abstract

A comparative investigation of surface hydroxylation states for anatase–TiO2 and γ -alumina is crucial for a better understanding
how these materials behave as catalytic supports under working conditions. Our approach combines density functional simul
thermodynamic analysis, to determine the types of hydroxyls existing on the (100), (101), (001), and (110) surfaces of anatase–2, as a
function of temperature and water pressure. The vibrational analysis of surface OH groups allows for the assignment of experimen
bands as a function of the surface orientation. A consistent and quantitative comparison with recent DFT simulations onγ -alumina highlights
the different acidic–basic properties of the two supports. Finally, we suggest directions for increasing the density of basic and exc
hydroxyls which is governed by morphology effects.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The environmental specifications for producing die
with lower residual sulfur content prompt researchers
keep improving the activity of hydrodesulfurization ca
lysts. Since the industrial catalyst is made of a Co(Ni)M
active phase dispersed over aγ -alumina support [1,2], th
gain in activity can be reached by improving either the
tive phase or the support. Huge efforts have been un
taken for optimally tuning the textural and acidic prop
ties of theγ -alumina support [3]. Besides the industria
usedγ -alumina, numerous experimental studies have sh
that a nonpromoted MoS2 phase dispersed over anatas
TiO2 exhibits a higher intrinsic catalytic activity thanγ -
alumina-supported MoS2 [4,5]. Furthermore, novel method
of preparation, as reported recently by Dzwigaj et al.
seem to open new routes for producing high surface
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anatase–TiO2. However, the Co (or Ni)-promoting effe
on the intrinsic activity is significantly less pronounced
anatase–TiO2 than onγ -alumina [4,7]. Several proposa
have been put forward to explain these experimental ob
vations. Among them, the role of the support on the dis
sion (number of active sites) and on the sulfurability of
active phase has been invoked together with electronic,
metrical, or orientation effects. However, up to now, no cl
evidence has been given supporting an explanation o
different catalytic behaviors of alumina- and anatase-ba
catalysts.

As a first step in helping to answer these challeng
questions, a better description of the surface acidic–b
properties of the support is needed in order to explore
further impact on the reactivity and interaction with the
tive phase. Many experimental works underlined the ex
to which the particle sizes and shapes of anatase–TiO2 pow-
ders may be modified upon various preparation condit
[8–14], thereby affecting the textural properties (surf
area, pore-size distributions). Most commonly, the obse
shapes exhibit the (101) and (001) surfaces, as chara
ized by HRTEM and XRD techniques. However, it seem

http://www.elsevier.com/locate/jcat
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be possible to observe other crystallographic planes [9
At the same time, many relevant infrared (IR) spectrosc
studies attempted to determine the types of hydroxyl gro
present at the surface of anatase particles [15–20]. T
studies reveal the difficulties of assigning unambiguously
different types of OH groups. Numerous bands correspo
ing to OH species are observed by some IR experim
[15–17]. Some OH-stretching frequencies were observed
tween 3600 and 3800 cm−1 and 3350 and 3500 cm−1, while
OH groups involved in hydrogen bonds have a signa
at about 3300 cm−1. A strong band at 1620 cm−1 would
also correspond to the bending mode of H2O chemisorbed
at the surface [16,17]. However, the type and number of
groups revealed by IR depend on the sample origin as we
on the preparation conditions (temperature, water press
leading to different surface species or possibly to differ
morphologies.

Whereas many theoretical studies were devoted to
rutile phase of TiO2, fewer investigations on the anata
phase [21], which is the stable phase under hydrotr
ing conditions, are available in the literature. Empirical
proaches [22] and atomistic simulations [23] attempted
determine the morphology of anatase and found that
crystallites shape was a truncated bipyramid exposing
(101) and (001) surfaces. However, these methods do
take into account either the surface relaxation energie
the hydration energies, expected to play a key role in
stabilization of oxide surfaces. Semiempirical [24], Hartr
Fock [25], and DFT [26] simulations found that water a
sorbs dissociatively on the (001) surface. Although th
studies are useful for a first step toward a better un
standing of the water–surface interaction, none has un
taken a systematic approach of the anatase surface h
tion process, as a function of temperature and pressure.
effect may be crucial for a rigorous determination of
acidic–basic properties of anatase. Furthermore, no the
ical assignment of the IR bands has been attempted u
now.

Recent DFT calculations proved the efficiency of t
method for determining surface energies and morpholo
as a function of working conditions for the Co(Ni)MoS a
tive phase [27,28], as well as for aluminum oxide syste
[29,30]. In the same spirit, the goal of the present pa
is to determine by DFT calculations the hydration state
four crystallographic planes of anatase–TiO2 in wide ranges
of temperature and water pressure (pH2O), including those
prevailing under working conditions of hydrodesulfurizati
(HDS) reactions, further referred to as “hydrotreating con
tions” (i.e., 600< T < 700 K and lowpH2O/p0, wherep0
is the standard vapor pressure). The influence ofpH2S will
be addressed in a forthcoming paper. We recently prop
an approach enabling the hydration state ofγ -alumina sur-
faces to be determined [30]. Using the same definition of
chemical potential of water, we correlate the conditions
posed by the gas phase and the hydration rate of the an
nanoparticle surfaces. This enables all the configuration
)

t

-

-

e

water adsorbed at the anatase surfaces to be investi
for various water coverages, and to calculate the sur
energies for four main crystallographic orientations: (10
(001), (100), and (110). The equilibrium morphology is th
deduced from the Gibbs–Curie–Wulff law. Furthermore,
different types of surface hydroxyl groups are charac
ized by calculating the vibrational stretching frequencies
compared to IR experiments. Finally, in the discussion,
propose a quantitative comparison of the results obtaine
anatase–TiO2 and those onγ -alumina surfaces as publishe
recently by Digne et al. [30].

2. Methods

2.1. DFT calculations

Total energy calculations are performed within the d
sity functional theory (DFT) and the generalized gradi
approximation (GGA) of Perdew and Wang [31]. To so
the Kohn–Sham equations, we used the Vienna ab in
simulation package (VASP) [32–35]. VASP performs an it
ative diagonalization of the Kohn–Sham Hamiltonian via
constrained band-by-band minimization of the norm of
residual vector to each eigenstate and via optimized ch
density mixing routines. The convergence criterion for
electronic self-consistent cycle is fixed at 0.1 meV per c
The eigenstates of the electron wave functions are expa
on a plane–waves basis set using pseudopotentials to
scribe the electron–ion interactions within the projector a
mented waves (PAW) approach [36]. For total energy ca
lations, we use a cutoff energy of 312.5 eV. The optimiza
of the atomic geometry (also called relaxation) at 0 K
performed by using a conjugate gradient algorithm, and
determining the exact Hellman–Feynman forces acting
the ions for each optimization step. A full relaxation of
atomic positions in the cell was performed until the conv
gence criterion on the energy (0.1 meV/cell) was reached.

The OH-stretching modes are calculated within a h
monic approximation. The Hessian matrix is calculated
the finite difference approach, with a moving step size
0.005 Å around the equilibrium position. The coupling w
the first outmost layer of the surface is considered. The
harmonicity corrections for OH stretching are performed
following the procedure proposed by Ugliengo et al. and
implemented in the ANHARM program [37,38]. The anh
monicity corrections calculated by this approach are ab
71–73 cm−1, depending on the type of hydroxyl groups.

2.2. Surface energy calculations

For a nanocrystallite of a given volume, the Gibbs–Cur
Wulff law [39] allows the morphology to be determined a
cording to the following relationship,

(1)
Γhkl = α ∀h, k, l,

dhkl
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whereΓhkl is the surface energy for the(hkl) orientation,
dhkl stands for the distance from the surface to the ce
of mass of the solid, andα is a real constant independe
fromh, k, l. The objective of the present work is to calcula
Γhkl as a function of the working conditions fixed by te
perature and water pressure which have a direct influenc
the hydration state of the support. DFT calculations en
accurate determination of the value ofΓhkl for many differ-
ent oxides [29,30,40]. For that purpose, we use an appr
similar to that proposed in [30] and based on the follow
expression of the surface energy (referenced to the bulk
ergy),

(2)AhklΓhkl =G(surfhkl + nH2O)−G(bulk)− nµH2O,

whereG(surfhkl + nH2O) is the Gibbs free energy of th
surface(hkl) with n adsorbed water molecules and a surf
area ofAhkl , G(bulk) is the Gibbs free energy of the bu
normalized to the number of atoms used in the superce
a hydrated TiO2 surface, andµH2O stands for the chemica
potential of water.

Neglecting for the condensed phase the variation of
tropy and pV terms, as well as thermal variations of intern
energies, the surface energy of the (hkl) facet can be ex
pressed as

(3)Γhkl = Γ 0
hkl + θhkl(Eads+�µH2O),

whereΓ 0
hkl stands for the surface energy of the dehydra

surface and is determined by the following relationship,

Γ 0
hkl =

G(surfhkl)−G(bulk)

Ahkl

(4)≈ E0K(surfhkl)−E0K(bulk)

Ahkl

,

andEadsis the adsorption energy ofn adsorbed water mole
cules averaged overn:

Eads= G(surfhkl + nH2O)−G(surfhkl)

n

(5)≈ E0K(surfhkl + nH2O)−E0K(surfhkl)

n
.

�µH2O represents the chemical potential of water re
enced to the internal energy of the isolated water mole
(eH2O):

(6)�µH2O = h0
H2O − T s0

H2O +RT ln

(
pH2O

p0

)
− eH2O.

It is crucial to point out that Eq. (3) takes into consid
ation the surface coverage of adsorbed water. This co
age is represented by the parameterθhkl which is equal to
n/Ahkl . The hydroxyl coverage is twice as large as the va
of θhkl . Thus, for a givenθhkl , it is necessary to determin
the most favorable adsorption configuration of the wa
molecules leading to the lowest adsorption energy (Eads):
chemisorbed with dissociation, chemisorbed without dis
ciation, or physisorbed. Once this configuration is fou
θhkl is allowed to vary. For a given working condition inT
-

Fig. 1. Conventional cell of anatase TiO2 (black balls, titanium atoms; gra
balls, oxygen atoms).

andpH2O, the lowest value ofΓhkl gives the stable hydratio
state of the surface.

3. Results

3.1. Bulk structure

In the following, the notations used for describing t
various local ionic environments areµ2-O (resp.µ3-O) for
two- (resp. three) fold coordinated oxygen atoms andIV
(resp. TiV, TiVI ) for tetra- (resp. penta-, hexa-) coordina
titanium atoms. The unsaturated Ti (resp. O) sites will be
similated to Lewis acid (resp. basic) sites.

For the correct description of the conventional cell of
anatase bulk (see Fig. 1), we find that the convergenc
energy is better than 10 meV/cell with respect to thek points
grid when a(6,6,6) mesh is used. The corresponding b
energy will be used as the energy reference for all sur
energy calculations (see Eq. (4)).

The conventional cell of the anatase phase contain
atoms, i.e., four TiO2 units (see Fig. 1). Within the I41/amd
space group, the tetragonal lattice symmetry gives a
with aexp = 3.776 Å andcexp = 9.486 Å, and the resulting
experimental volumeVexp = 135.25 Å3 [41,42]. The ionic
experimental positions are fixed by the internal parame
wexp= 0.208, defined as:w = (d(Ti–O)z)/c. The optimized
cell parameters areacalc = 3.802 Å, ccalc = 9.702 Å, re-
sulting in Vcalc = 140.22 Å3 and wcalc = 0.207, in good
agreement with experimental data within the DFT-GG
PAW accuracy. This optimized structure will be used
constructing slab models for surface simulations. In the b
oxygen atoms are tricoordinated (µ3-O type) and titanium
atoms are hexacoordinated (TiVI type) with a deformed oc
tahedral environment. There exist two nonequivalent T
distances: two (Ti–O)z bonds along thez axis, correspond
ing to 2.01 Å (exp 1.97 Å) and four shorter (Ti–O)x,y bonds
belonging to the (xOy) plane, corresponding to 1.95 Å (ex
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Table 1
Parameters used for the simulations of the TiO2 bulk phase and(hkl) sur-
faces. (�u is a linear combination of�a and�b; �v of �a and�c )

Bulk hkl

001 100 110 101

Number of atoms 12 60 96 48 72
Number of layers – 5 8 8 6
k points mesh 666 221 122 221 221
Surface periodicity – 2�a × 2�b 2�b × �c �v × �c �u× 2�b
Vacuum thickness (Å) – 9.7 12.7 10.0 14.1
Slab thickness (Å) – 9.7 13.3 9.4 7.9
Surface areas (Å2) – 57.8 73.7 52.1 79.2

Fig. 2. Structure of the dehydrated (001) surface after relaxation (θ001= 0)
(same legend as Fig. 1).

1.93 Å). The shortest O–O distance is 2.48 Å (exp 2.46
while the Ti–Ti distance is 3.08 Å (exp 3.03 Å).

3.2. Structure and energetics of the dehydrated surface

The optimized parameters used for the simulations ar
ported in Table 1 for the four crystallographic orientatio
(001), (100), (110), and (101). For each surface, thek points
grid, the vacuumthickness added to separate each ne
boring slab, and the slab thickness (i.e., number of ato
layers) are carefully optimized to avoid electronic inter
tions between two slabs belonging to neighboring cells
between the two sides of the slab. In order to simulate
ious water coverages with a relevant number of sites an
allow sufficient degrees of freedom for surface reconst
tions, rather large surface areas are chosen. For each su
orientation, a full slab relaxation is carried out by keep
constant the cell parameters. The crystal cleavage ind
strong perturbations on the surface depending on the c
tallographic orientation. The atoms on the surface bec
undercoordinated and, thus, undergo a local reorganiza
which can propagate inside the slab. For oxides, it is w
known that such a propagation can occur along many ato
layers requiring large slab thicknesses to be used.

3.2.1. (001) surface
The dehydrated (001) surface exhibits unsaturatedV

sites as well asµ2-O andµ3-O sites (see Fig. 2 and Table 2
The number of broken Ti–O bonds is 23.0 µmol m−2, reveal-
ing quite a high degree of unsaturation. A reasonable n
ber of layers (5) is sufficient for accurately describing
e

s

,

Table 2
Surface concentrations (in µmol m−2) of the different basic and acid Lewi
sites for the dehydrated surfaces

hkl

001 100 110 101

TiVI – 9.0 – 8.4
TiV 11.5 9.0 – 8.4
TiIV – – 6.4 –
µ2-O 11.5 9.0 12.8 8.4
µ3-O 11.5 9.0 – 8.4

NTi–O 23.0 18.0 25.5 16.8

NTi–O (in µmol m−2) stands for the number of Ti–O bonds broken per s
face area.

Table 3
Energetics of the dehydrated(hkl) surfaces before and after relaxatio
Γ 0
hkl is defined by Eq. (4)

hkl

001 100 110 101

Γ 0
hkl

before relaxation (mJ m−2) 1034 1412 2031 1139

ETi–O before relaxation (kJ mol−1) 45 78 79 68

Γ 0
hkl

after relaxation (mJ m−2) 984 533 1024 435

ETi–O after relaxation (kJ mol−1) 43 30 40 26

ETi–O is calculated by dividingΓ 0
hkl by NTi–O as defined in Table 2.

Fig. 3. Structure of the dehydrated (100) surface after relaxation (θ100= 0).
For the sake of clarity, only the four outmost layers are represented (
legend as Fig. 1).

surface. After relaxation, the surface energy is estimate
984 mJ m−2, revealing simultaneously a small relaxation e
ergy of 50 mJ m−2, as reported in Table 3. As a consequen
the structural relaxation remains moderate. The symm
of the surface does not allow for oxygen atoms to m
along thex andy directions. The oxygen relaxation alon
thez axis implies a slight expansion of the surface (Ti–O)x,y

distance at about 1.96 Å.

3.2.2. (100) surface
The Lewis acid sites exposed after the cleavage ar

TiV and TiVI types, while basic sites are ofµ2-O andµ3-O
types as represented in Fig. 3 and reported in Table 2.
number of broken Ti–O bonds (18.0 µmol m−2) is lower
than for the (001) surface. The relaxation energy of ab
880 mJ m−2 is large for this surface. Furthermore, the rela
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Fig. 4. Structure of the dehydrated (110) surface after relaxation (θ110= 0).
For the sake of clarity, the five outmost layers only are represented (
legend as Fig. 1).

ation phenomenon depends on the parity of the numbe
layers. The surface energy oscillates with the number of
ers and with a decreasing amplitude of the oscillations.
odd numbers of layers, the energy decreases toward the
value for a significantly larger slab thickness. This is du
the presence of a symmetry plane in the middle of the s
preventing the atoms belonging to this plane from relax
A similar behavior was reported for the (110) surface of
tile [43]. As a consequence, quite a large number of laye
required to obtain a correct surface energy: we took the v
obtained for 8 layers as a good estimate (533± 10 mJ m−2).
The Ti–O distances along thex andz axis become shorte
(see Fig. 3): two (Ti–O)x , values are found at about 1.86 a
1.81 Å, while the (Ti–O)z distance becomes equal to 1.84

3.2.3. (110) surface
Two types of sites are present on this surface after cl

ing the bulk structure: TiIV sites andµ2-O sites, correspond
ing to the highest number of Ti–O bonds broken (Fig. 4
Table 2) per surface area. The variation of the surface en
as a function of the number of layers exhibits oscillation
the type observed for the (100) surface. We choose 8 la
for the surface energy calculation. Due to the low coo
nation of Ti and O atoms at the surface, the energy of
unrelaxed surface is the largest. Although the relaxation
ergy of about 1100 mJ m−2 is also the largest, the surfa
energy at about 1024 mJ m−2 remains the highest. The loc
structure of the surface is strongly modified upon relaxat
the surface Ti–O distances are found at 1.87 Å, while the
subsurface Ti–O distances are even shorter at 1.80 Å. S
taneously, short Ti–Ti distances (2.88 Å) are formed wit
the surface plane.

3.2.4. (101) surface
As for the (100) surface, the (101) surface exhibit

types of Lewis sites: TiV and TiVI types as well asµ2-O
andµ3-O sites (Table 2 and Fig. 5). At the same time,
number of Ti–O bonds broken per surface area is lower
for the (100) surface implying that the surface energy
also smaller. Furthermore, the effect of surface relaxa
leads also to a significant decrease of the surface en
at 435 mJ m−2. The outer surface (Ti–O)x distances (resp
(Ti–O)z) decrease to 1.86 Å (resp. 1.84), while Ti–Ti d
e

-

y

Fig. 5. Structure of the dehydrated (101) surface after relaxation (θ101= 0).
For the sake of clarity, the five outmost layers only are represented (
legend as Fig. 1).

tances in the surface plane also decrease to 2.86 Å
relaxation.

3.2.5. Conclusion
Before geometry relaxation, we find results similar

those of Beltrán et al. [26] and obtain the following ord
for the surface energies:(001) < (101) < (100) 
 (110).
To explain this trend, we should analyze the nature of bo
broken at the surface. Generating the (100), (110), and (
surfaces implies cleaving (Ti–O)x,y bonds, whereas for th
(001) surface, only (Ti–O)z bonds are broken. In the bul
the (Ti–O)z bond length is longer than (Ti–O)x,y. If we de-
fine the Ti–O bond energy as the surface energy div
by the number of Ti–O bonds (see Table 3), we find t
the surface (Ti–O)z bond energy is intrinsically of about 4
kJ mol−1, i.e., 30–35 kJ mol−1 weaker than (Ti–O)x,y bonds,
before relaxation. This is the reason why the (001) sur
exhibits the lowest surface energy before relaxation.

However, as relaxation effects are crucial for a comp
understanding of the energetic properties of surfaces
aforementioned ranking is significantly modified after s
face relaxation:(101) < (100) < (001) < (110). Beltrán et
al. [26] observed that the (001) surface exhibits only m
est relaxation while the (101) surface relaxed strongly.
calculations confirm this trend and reveal that the (100)
(110) surfaces are also affected by strong relaxation eff
Even if the (110) surface is always the least stable surf
relaxation effects allow the (100) and (101) surfaces to g
such energies that their surface energy becomes lower
the (001) surface. The evaluation of the surface Ti–O b
energies (Table 3) put forward that the (001) and (110)
faces exhibit similar high values (of about 40 kJ mol−1) cor-
responding to the highest surface energies, while the (
and (101) Ti–O bonds are about 10 kJ mol−1 weaker. As we
will see further under Discussion, this is crucial for und
standing the surface reactivities.

The equilibrium morphology, as given by the Gibb
Curie–Wulff law (see Methods), depends on the surface
ergies for each orientation and on the symmetry rules o
solids. Figs. 6a and b show the morphology of the crys
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Fig. 6. Gibbs–Curie–Wulff morphologies of fully dehydrated anatase–T2
nanocrystallite: (a) before relaxation and (b) after relaxation.

lite respectively before relaxation and after relaxation
the dehydrated surface. We find that even if the (100)
face exhibits a relatively low energy, this surface does
appear according to the Gibbs–Curie–Wulff rules. The m
phology is a truncated bipyramid with a square basis, wh
the two exposed surfaces are the (101) and (001) surfa
As is well known, the relaxation effects are crucial for d
termining the correct shape. Upon relaxation, the propor
of the (001) surface decreases from 23 to 1%. This sh
of the anatase crystallites agrees well with those obse
by Chemseddine and Moritz [10] or Ohno et al. [12] u
ing electron microscopy techniques. At this stage, it m
be stressed that the aforecalculated equilibrium morph
gies do not take into account corner and edge contributi
Actually, to investigate this effect remains beyond the sc
of the present work, because it is directly linked to size
fects. According to our approach, we assume that corner
edge energies are not high enough to modify the equilibr
morphology, which seems to be reasonable for particle s
observed experimentally.
.

However, according to experimental and theoretical s
ies of various systems, it is known that the experimental c
ditions may influence strongly the equilibrium morpholog
[3,27–29]. For that reason, in the next section, we investi
the effect of partial pressure of water and temperature.

3.3. Effect of hydration on surface structures and energi

The thermodynamic approach proposed in the meth
ology part for investigating hydration effects requires t
for each coverage,θhkl , the stable adsorption modes of w
ter are determined. Among these modes, water may be
chemisorbed in a nondissociated state on one titanium L
acid site. Water may then dissociate on one titanium site
one Lewis basic oxygen site leading to the formation of t
new hydroxyl groups at the surface. The third adsorp
mode (occurring at high water coverage) is the physisorp
of water molecules at the previously formed OH surfa
groups involving hydrogen bonding. For each coverage,
most stable configuration is determined by the calculatio
adsorption energies, as defined in Eq. (5).

In the following, we callµ1-OH all hydroxyl groups
where the oxygen atom is monocoordinated with one
face aluminum atom,µ2-OH a twofold coordinated hy
droxyl group, andµ1-OH2 a nondissociated chemisorb
water molecule.

3.3.1. (001) surface
The main results concerning the (001) surface are

sented in Fig. 7 which shows the variation of the adso
tion energy of water as a function ofθ . The calculations
show that water is mainly dissociated. The adsorption
ergy varies strongly with increasing coverage from−165 to
−101 kJ mol−1. At a low coverage, because of the formati
of two iono-covalent bonds, i.e., TiV–OH and O–H, the ad
sorption energy is the highest. The mechanism leading to
, h
Fig. 7. Adsorption energy of water on the (001) surface as a function of coverage (black balls, titanium atoms; gray balls, oxygen atoms; white ballsydrogen
atoms). n.b.: Insets give a ball and stick representation of the local structures.
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Fig. 8. (001) surface energy as a function of the temperature (at sta
vapor pressure,p0), calculated according to Eq. (3). Each straight line c
responds to the following water coverages: (—) θ001 = 0.0 H2O nm−2;
(�) θ001= 1.7; (�) θ001= 3.5; (∗) θ001= 5.2; (�) θ001= 6.9.

dissociation of the water molecule is complex and induc
reorganization of the surface atoms. Forθ = 1.7 OH nm−2

andθ = 3.5 OH nm−2, the dissociation of H2O leads to the
surface Ti–O bond breaking, and the simultaneous for
tion of one strong intramolecular hydrogen bond betw
the two newly formed hydroxyl groups (see inset of Fig.
These results are in qualitative agreement with the Hart
Fock calculations of Fahmi and Minot [25] and quanti
tively with the DFT-GGA calculations of Vittadini et al. [44
also showing that the dissociated state is stable versu
undissociated one. At a coverage greater than 3.5 OH n−2,
mixed structures combining dissociated and nondissoc
adsorbed H2O, as represented in the second inset of Fig
can be stabilized. However, the adsorption energy beco
smaller corresponding to physisorbed states. This is a
consistent with the results of Vittadini et al. [44] who al
found a stable mixed state. It can be underlined that w
increasing the hydration of the surface, the chemiso
nondissociated states of water become closer in energy t
dissociated state due to a decrease of the number of ava
Lewis sites and to an increase of hydrogen bonds.

Fig. 8 represents the variation of the surface energy
function of temperature for a standard water pressure
p0 = 1.013 bar), as expressed by Eq. (3). Each straight
corresponds to one water coverage detailed previously
for which the adsorption energy is given in Fig. 7. The h
izontal thick line represents the fully dehydrated surface
described in the previous section, and corresponds to a
face energy of 984 mJ m−2. On such a diagram, the mo
stable state is given by the lowest surface energy value
given temperature. For standardpH2O and temperatures be
tween 400 and 680 K, the stable surface water covera
3.5 OH nm−2 represented by the line with triangular sy
bols. When the temperature rises at 840 K, the cove
decreases to 1.7 OH nm−2 (line with squared symbols) du
to water desorption. Above 840 K, all water molecules
removed from the surface leading to the dehydrated s
studied in the previous section.
e

s

e
e

-

Table 4
Type of surface species forT in the range of 600–700 K andpH2O/p0 = 1
(◦), pH2O/p0 = 0.01 (×) as a function of the crystallographic orientatio

hkl

001 100 110 101

TiVI – ◦ × – ◦ ×
TiV ◦ × ◦ × × ◦ ×
TiIV – – × –
µ1-OH2 – – – –
µ1-OH ◦ × – ◦ × –
µ2-OH – – ◦ × –
µ2-O ◦ × ◦ × ◦ × ◦ ×
µ3-O ◦ × ◦ × – ◦ ×

Table 5
Calculated stretching frequencies of various OH groups as a function o
surface orientation

OH type Orientation θhkl dOH ωcalc ωexp
(H2O nm−2) (Å) (cm−1) (cm−1)

TiV–µ1OH (001) θ001=1.7 0.988 3760 3730–374
TiV–µ1OH θ001=3.5 0.989 3746–3751

TiV–µ1OH (110) θ110=3.8 0.990 3728 3725

TiVI –µ1OH2 (100) θ100=8.2 0.992 3710 3715
TiVI –µ1OH θ100=8.2 0.992 3688 3690

TiVI –µ1OH2 (101) θ101=10.1 0.993 3665 3620–368
TiVI –µ1OH2 θ101=10.1 0.994 3646
Phys. H2O θ101=10.1 2950–3253 3300

TiV–µ1OH2/ (101) θ101=10.1 0.990 1565–1646 1600–164
phys. H2O
TiVI –µ1OH2/ (100) θ100=8.2 0.990 1578–1648
phys. H2O

The experimental values are collected from various published experim
works [15–20].

The analysis of the surface species is given in Table 4
an interval of temperature between 600 and 700 K, and
responding to hydrotreating conditions. We see that for
(001) surface, Brønsted sites are of TiV–µ1-OH types. Acid
Lewis sites are of TiV types and basic Lewis sites ofµ2-O as
well asµ3-O types. As a corollary, the high water covera
(6.9 OH nm−2 with physisorbed water) can only be reach
for lower temperatures or significantly higher pressure. A
consequence, if the (001) surface exists (see further) u
hydrotreating conditions, it contains a rather high amoun
hydroxyl groups representative of Brønsted acid sites.

The vibrational analysis of the stretching frequencie
the two types of OH groups is reported in Table 5. The h
est calculated frequency is at 3760 cm−1 and correspond
to free TiV–µ1-OH at low water coverage. When the cov
age increases (3.46 H2O nm−2), the frequency of those OH
groups is shifted downward at 3746–3751 cm−1. This mode
may be assigned to the experimental value found betw
3730 and 3745 cm−1 according to several experimental stu
ies [15–18,20]. It must be underlined that a low-freque
mode (calculated at around 2300 cm−1) corresponds to th
second TiV–µ1-OH group, exhibiting a strong hydroge
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nds
Fig. 9. Adsorption energy of water on the (100) surface as a function of coverage (same legends as in Fig. 7).

Fig. 10. (100) surface energy as a function of the temperature (at standard vapor pressure,p0), calculated according to Eq. (3). Each straight line correspo
to the following water coverages: (—) θ100= 0.0 H2O nm−2; (�) θ100= 1.4; (�) θ100= 2.7; (×) θ100= 4.1; (!) θ100= 5.4; (∗) θ100= 6.8; (�) θ100= 8.2.
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bond with the oxygen belonging to the previous neighbor
hydroxyl group. To our knowledge, this band at 2300 cm−1

has never been reported in IR spectra. At this stage of
work, we cannot furnish a definite explanation on this re
which might be attributed either to a lack of detailed exp
imental data in this spectra region or to a limitation of o
DFT calculations in the case of strong hydrogen bonding

3.3.2. (100) surface
The results of the hydration process of the (100) s

face are represented in Figs. 9 and 10 in a similar wa
for the previous case. Adsorption energies are between−65
and−84 kJ mol−1, and are significantly lower than for th
(001). This is directly connected to the fact that the surf
Ti–O bond energy after relaxation, as reported in Table 3
weaker. The surface reactivity, regarding water adsorp
is thus weaker. Besides, it should be underlined that m
metastable states (combining dissociated and nondissoc
configurations) found at different water coverages are
very close in energy (less than 10 kJ mol−1). For instance, a
θ = 1.4 H2O nm−2, the nondissociated configuration is on
5 kJ mol−1 less stable than the dissociated configuration
ported in the inset of Fig. 9. As a consequence, it can
difficult to determine the true stable configurations of wa
on this surface. At higher coverages, mixed structures of
sociated and undissociated states are found to be more s
than fully dissociated structures (see the two insets of F
for θ = 5.44). However, the energy difference between th
configurations is narrow.

Focusing on the stable states as a function of tempera
(Fig. 10), the (100) surface exhibits a contrasted beha
in comparison with the (001). As soon as the tempera
exceeds 450 K, this surface is dehydrated at standard
ter pressure. ForT smaller than 450 K, the surface exhib
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Fig. 11. Adsorption energy of water on the (110) surface as a function of coverage (same legend as in Fig. 7).
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water coverages of 8.2 H2O nm−2. According to the low ad
sorption energy, the adsorbed molecules are easily rem
from the surface. When the pressure decreases, the deh
tion temperature drops simultaneously. As a conseque
assuming that this surface is present under working co
tions, Lewis acid sites of TiV and TiVI types with Lewis
basic sites ofµ2-O andµ3-O are stabilized (Table 4). How
ever, no hydroxyl groups (i.e., Brønsted sites) can be t
modynamically stabilized under low water pressure and
temperatures between 600 and 700 K (in particular un
hydrotreating conditions).

For this surface containing 8.2 H2O nm−2, the vibrational
analysis (Table 5) indicates that the two highest freque
values at about 3688 cm−1 (resp. 3710 cm−1) correspond to
TiVI–µ1-OH groups (resp. to one of the OH group belo
ing to a water molecule chemisorbed on TiVI atoms). We
find thatω(TiVI –µ1-OH)100 < ω(TiV–µ1-OH)001, confirm-
ing the stronger Brønsted basicity of TiV–µ1-OH species
It should also be noted, that the mode at 3710 cm−1 corre-
sponds to a chemisorbed water molecule, traditionally
pected at lower frequency. This is due to the specific in
action of the water molecule with a neighboring OH gro
(see insets in Fig. 9).

3.3.3. (110) surface
The results of the hydration process of the (110) sur

are represented in Figs. 11 and 12. As shown in the prev
section, the dehydrated (110) surface exhibits TiIV which are
possible sites for water dissociation. Furthermore, the
face Ti–O bond energy is rather close to the value of
(001) surface (Table 3), implying that the surface reacti
toward water is expected to be high. Fig. 11 confirms ind
that the adsorption energies of water are similar to thos
the (001) surface: between−138 and−109 kJ mol−1. For
d
a-
,

Fig. 12. (110) surface energy as a function of the temperature (at sta
vapor pressure,p0), calculated according to Eq. (3). Each straight line c
responds to the following water coverages: (—) θ110 = 0.0 H2O nm−2;
(�) θ110= 1.9; (�) θ110= 3.8; (∗) θ110= 5.8; (�) θ110= 7.7.

hydroxyl coverages lower than 3.8 H2O nm−2, water disso-
ciates on one Lewis acidic and one basic site resultin
the formation of TiV–µ1-OH andµ2-OH groups (see firs
inset of Fig. 11). The complete hydration of the surfac
obtained forθ = 7.7 H2O nm−2. The intermediate cove
age at 5.8 H2O nm−2 does not allow a complete dissociat
state, preferring mixed configurations with physisorbed
ter. As for the (001) surface, when increasing water cont
physisorbed states may compete with dissociated state
to the increase of the stabilizing hydrogen bonds.

As expected and according to the value of adsorption
ergies, this surface remains hydrated for temperatures
710 K at standard pressure (Fig. 12). Two transition tem
atures are found on the surface energy diagram. Up to 46
the surface is fully saturated (7.7 H2O nm−2). The two types
of hydroxyl groups are TiVI –µ1-OH and (TiVI ,TiVI )–µ2-OH.
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Fig. 13. Adsorption energy of water on the (101) surface as a function of coverage (same legend as in Fig. 7).
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At 460 K, the first transition occurs leading to a coverage
3.8 H2O nm−2 which remains stable up to 710 K. The typ
of hydroxyl groups are TiV–µ1-OH and (TiV,TiVI )–µ2-OH.
The dehydration temperature of the surface correspond
710 K, rather close to that of the (001) surface: hence,
reactivities of the two surfaces are similar. For working c
ditions corresponding to hydrotreating conditions, Brøns
sites of TiV–µ1-OH and (TiV,TiVI )–µ2-OH types as well as
Lewis sites are present (Table 4).

The stretching frequency of TiV–µ1-OH groups stable be
tween 460 and 700 K is estimated at 3728 cm−1, which may
be assigned to the peak at about 3725 cm−1 reported in [16],
assuming the existence of the (110) surface.

3.3.4. (101) surface
According to Fig. 13, water molecules are chemisor

without dissociation. The adsorption energies between−79
and−69 kJ mol−1 remain close to the value obtained for t
(100) surface. This is again not surprising when conside
the surface Ti–O bond energy (Table 3), very close to tha
(100) surface. As a consequence, the reactivity of this
face toward water adsorption is rather low as for the (1
orientation. For water coverages equal to 5.0 H2O nm−2,
the Lewis TiV sites are saturated by one chemisorbed
ter molecule (inset of Fig. 12). For higher coverages, n
water molecules can only be adsorbed through hydro
bonds: the hydrogen atoms of water interacting with
basic Lewisµ2-O sites. The saturation coverage is th
reached forθ = 10.1 H2O nm−2. It is interesting to note tha
hydrogen-bondedmolecules strengthen the interaction o
chemisorbed ones, leading to an increase of the adsor
energy. To some extent, this result can be compared to th
Giordano et al. reported on the (100) MgO surface, show
that the formation of hydrogen bonds may enhance the
f

ter adsorption and dissociation [45]. Atθ = 5.0 H2O nm−2,
we find that the fully nondissociated state and the fully d
sociated configurations can compete in energy within
than 7 kJ mol−1. Regarding the local structure of the su
face and adsorption energies, the results obtained for
surface are in quite good agreement with those of Vitta
et al. [44], except that the latter did not report the poss
competition between dissociated and nondissociated s
at θ = 5.0 H2O nm−2.

Analyzing the effect of temperature on surface hydrat
(Fig. 14) reveals that the (101) surface is completely
hydrated above 450 K for standard water pressure, as
the (100) surface. At ambient temperature, the stable co
age is 10.8 H2O nm−2, and no Lewis site is available. Th
surface exhibits TiVI –µ1-OH2 species together with phys
sorbed water molecules. The dehydration temperature
the dehydrated surface drops to 375 K forpH2O/p0 = 0.01.
As a consequence, under hydrotreating conditions, the
face exhibits mainly Lewis sites (Table 4).

The analysis of the OH-stretching modes (Table 5)
dicates that atθ = 10.8 H2O nm−2, two frequencies are
present at 3646 and 3665 cm−1. They correspond to free OH
groups belonging to water molecules chemisorbed onVI

atoms. We propose that the IR bands observed in the r
3620–3680 cm−1 [15,17,18,20] be assigned to these grou
We find the bending modes of chemisorbed and physiso
water molecules around 1565–1646 cm−1, explaining ex-
perimental observations from [15–17]. These modes w
also obtained for water molecules on the (100) surfa
Finally, we find several OH-stretching frequencies aro
2950–3253 cm−1, corresponding to water molecules a
sorbed through hydrogen bonds on this surface, as obse
experimentally at about 3300 cm−1.
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ds to

r
iO
Fig. 14. (101) surface energy as a function of the temperature (at standard vapor pressure,p0), calculated according to Eq. (3). Each straight line correspon
the following water coverages: (—) θ101= 0.0 H2O nm−2; (�) θ101= 1.3; (�) θ101= 2.5; (×) θ101= 3.8; (!) θ101= 5.1; (∗) θ101= 7.6; (�) θ101= 10.1.

Fig. 15. Morphologies of anatase andγ -alumina under different working conditions and thermodynamic states. TiO2–anatase at equilibrium fo
pH2O/p0 = 0.01, (a)T = 400 K and (b)T = 700 K; for pH2O = p0, (c) T = 400 K or T = 700 K. (d) Hypothetical metastable state of anatase–T2.
(e) γ -Alumina morphologies inherited from boehmite (in the present work, we neglect the (III) surface).
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3.4. Effect of hydration on equilibrium morphologies

We have determined so far the surface energy of the
low index crystallographic orientations of anatase as a fu
tion of temperature and partial pressure of water. Apply
the values of Figs. 8, 10, 12 and 14 in the Gibbs–Cu
Wulff law (Eq. (1)), we deduce the equilibrium morphol
gies as a function of the working conditions. For three t
ical conditions, the shapes are drawn in Figs. 15a, 15b,
15c, revealing first that at thermodynamic equilibrium,
morphology exhibits only the (101) and (001) facets, wh
ever the pressure and temperature. The temperature and
sure variations do not allow the appearance of the (110
(100) facets. However, slight changes in the proportion
the (101) and (001) surface areas are induced by tem
ture or pressure effects. For low water pressure (pH2O/p0 =
0.01), increasing the temperature favors the (101) sur
(see Figs. 15a and 15b). This is due to the removal of
groups located on the (001) plane, implying an increase o
surface energy (Fig. 8), and consequently a decrease in
of this plane. Conversely, at a given temperature, an incr
of pH2O may favor either the (101) or the (001) orientati
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due to the competitive stabilizing effect of water adsorpti
on the two planes.

4. Discussion

At this stage, it is worth underlining that the calculat
equilibrium morphology together with the OH-stretchi
analysis is compatible with the observed IR bands. Altho
it is difficult to know precisely the experimental conditio
or pretreatment (T and water pressure) undergone by ana
samples before and during IR analysis, in what follows
attempt to confront experimental data with our simulatio
by taking into account temperature and vapor pressure
fects, when available in the literature. The two main O
bands observed experimentally and reported in the lit
ture are at 3730–3745 and 3620–3680 cm−1, respectively
[15–18,20]. According to the results of the previous s
tion, we propose that the highest frequency correspond
TiV–µ1-OH groups located on the (001) surface, wher
the lowest one is assigned to the OH-stretching mod
water molecules chemisorbed on the (101) surface. T
we can expect that the modifications of the anatase–T2

nanocrystallite morphologies at the preparation step ma
monitored according to the relative intensities observe
IR. Moreover, other peaks (such as those calculated at a
3688, 3710, and 3725 cm−1) might appear due to the exi
tence of the (110) and (100) surfaces, such as observ
[15–17], if specific experimental conditions allow their s
bilization.

Our results are also compatible with experimental
servations by Morterra [17] related to the bending mo
at about 1620 cm−1. According to our calculations, chem
sorbed water molecules can no longer exist above 45
either on the (101) or on the (100) surfaces, explaining w
this mode vanishes almost completely above 458 K in [1
Furthermore, Munuera et al. observed that the formatio
this mode upon increasing water coverage is correlated
stretching modes around 3620 and 3680 cm−1 [15], which is
also in agreement with the calculated stretching frequen
found on the (101) surface at high coverages. TPD s
tra by Munuera et al. also reveal that the first desorp
peak at about 400 K may correspond to chemisorbed w
molecules located on the (101) surface. According to [1
no correlation was found between the bending mode
the highest OH-stretching peak: we explain that phen
enon by the fact that this mode is the signature of the
species formed on the (001) surface after water dissocia
Our calculations indicate that these OH groups should
completely removed from the (001) surface above 840
This may correspond to the high temperature peaks sh
by TGA and TPD spectra at 723 K [15]. Intermediate TP
peaks (493–573 K) may correspond to the partial rem
of hydroxyls from the (001) surface leading to intermedi
coverages.
,

t

.

To further enrich the discussion on our results, the va
of surface energies,Γhkl , are plotted as a function ofT and
pH2O in two-dimensional diagrams, such as in Fig. 16. Th
diagrams use a black–gray–white tone scale to visualize
Γhkl values. On the different toned regions, the hydro
coverages,θ , are also indicated. We use a similar represe
tion for the (100) and (110) facets of theγ -alumina nanopar
ticles. The values used in Figs. 16e and 16f correspon
surface states determined by M. Digne et al. in [30] with
ergetic values expressed within the DFT-GGA-PAW appr
imation (see Methods) so that we can compare the hyd
ylation of the two systems in a consistent way. As alre
noted by Digne et al. [30], the twoγ -alumina surfaces ex
hibit distinct behaviors with respect to hydroxylation. Wh
the (100) surface is completely dehydrated under hydrotr
ing conditions, the (110) surface retains a hydroxyl cover
of about 3–4.4 OH nm−2 (Figs. 16e and 16f). The surfac
energy of the (110) plane is significantly higher than tha
the (100) plane, due to the lower coordination number of
minum atoms present on this surface. As explained in d
in [30], the (110) contains AlIV atoms to which OH group
are strongly bonded. For anatase–TiO2, our calculations pu
forward two distincts families of facets. On the one ha
the (101) and the (100) surfaces are poorly reactive tow
water and are dehydrated under hydrotreating condit
(Figs. 16a and 16d). Hence, regarding hydroxyl conte
these two surfaces of anatase behave similarly to the (
surface ofγ -alumina. This implies that this group of thre
surfaces, with low dehydration temperature, mainly exhi
Lewis acid–basic properties under hydrotreating conditio
On the contrary, the (110) surface ofγ -alumina retains a
significant amount of Brønsted acid sites under the s
working conditions.

The (001) and (110) surfaces of anatase exhibit an in
mediate behavior. They are only partially dehydrated un
hydrotreating conditions with hydroxyl coverages betwe
0 and 1.7 OH nm−2 and 0 and 3.8 OH nm−2, respectively
(Figs. 16b and 16c). This is due to the presence of TiV atoms
exhibiting stronger bond energies with OH groups. As
derlined in the previous part, the two families of surfac
can be understood by a comparison of the surface Ti–O b
energy after relaxation, representing the intrinsic surface
activities towards water. In Table 3, we note that the orde
of the Ti–O bond energy after relaxation,ETi–O, is the fol-
lowing:

(101) < (100)
 (110) < (001).

As shown in Fig. 17, the dehydration temperatures un
atmospheric water pressure follow the same ordering, m
ing that the stronger the surface Ti–O bond energy, the m
difficult the water removal. It is also interesting to underl
that the twoγ -alumina surfaces with Al–O energy calculat
in the same way can also be included in the correlation. T
is all the more surprising as other types of interaction s
as hydrogen bonding (not directly accounted for in the M
bond energy) may influence the dehydration process.
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e

Fig. 16.(Γ,P,T ) diagrams representing the isovalues of surface energy as a function ofT andPH2O for different surfaces: (a) TiO2 (101) surface, (b) TiO2
(001) surface, (c) TiO2 (110) surface, (d) TiO2 (100) surface, (e)γ -Al2O3 (110) surface, (f)γ -Al2O3 (100) surface. Values forθhkl are also reported on th
different domains.
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means that the metal–oxygen bond strength represen
first-order contribution to the dehydration temperature.

A final concern is about the global content of hydro
groups of anatase–TiO2 compared toγ -alumina. Here, the
effect of morphology of the nanoparticles must be con
eered carefully. Table 6 reports the global surface hydro
concentration of the nanoparticles for various morpholo
drawn in Fig. 15. For anatase–TiO2, if considering first the
equilibrium morphology, the increase of temperature or
crease of water pressure drastically diminishes the hydr
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Fig. 17. Correlation between the inverse of dehydration temperatur
atmospheric pressure) and the surface metal–oxygen bond energy (af
laxation). (!) γ -Alumina, (F) anatase–TiO2.

Table 6
Surface hydroxyl concentration,θOH

tot (OH nm−2), for different morpholo-
gies of anatase TiO2 and comparison withγ -Al2O3 for two vapor pressure

Type of support— pH2O/p0 T = 400 K T = 600 K T = 700 K
morphology

TiO2—equilibrium 1 19.9 (Fig. 15a) 0.3 0.16 (Fig. 15b
0.01 0.7 (Fig. 15c) 0.1 0.05 (Fig. 15c

TiO2—metastable 1 9.6 5.5 2.8
(001) 80% and 0.01 5.5 2.8 2.8
(101) 20%, Fig. 15d

TiO2—metastable 1 11.1 7.3 5.6
(001) 50% (110) 50% 0.01 11.1 5.6 1.7

γ -Al2O3—metastable 1 15.9 7.1 7.1
(inherited from 0.01 8.8 7.1 4.7
boehmite) (110) 80%
(100) 20%, Fig. 15e

content. In particular, close to hydrotreating conditions,
hydroxyl concentration is low, at about 0.1 OH nm−2 and
results exclusively from the contribution of the (001) fac
This value is significantly lower than the concentration
γ -alumina (about 5 OH nm−2) under the same conditions.

This result is explained, on the one hand, by the fact
OH groups attached to AlIV or AlV sites are more stabl
than TiV–OH, TiVI–OH, or TiVI –OH2. On the other hand
it is also due to a morphology effect. Indeed,γ -alumina
nanoparticles used as catalytic support are obtained
dehydration–calcination process of the boehmite (AlOO
precursor. As a consequence, theγ -alumina shapes are in
herited from boehmite particles following topotactic ru
for the transformation [30,46]. Experimentally [47], it
known that the (110) facet represents about 80% of
external surface, while the (100) facet represents a
20% (Fig. 15e). With this facet distribution, theγ -alumina
particles has a metastable morphology inherited from
boehmite precursor. This implies that the OH contents
γ -alumina particles are significantly increased by the p
dominant presence of the high-energy (110) surface. In
case where the particles would be at an equilibrium sh
the surface carrying basic OH species would not be the
jor one, and its hydroxyl content would thus be significan
-

lower. If experimental conditions can be found for stabil
ing anatase morphologies with 80% of (001) and 20%
(101) such as represented in Fig. 15d, the global OH c
tents can be significantly increased to about 2.8 OH nm−2.
Other scenarii can be imagined to favor the (110) surf
(Table 6). Such metastable morphologies must be soug
one aims at enhancing exchangeable basic OH species

5. Conclusion

This work based on density functional calculations
vestigated the surface properties of anatase–TiO2, a material
investigated as a prospective and promising support for
drotreating catalysts. By coupling ab initio calculations a
a thermodynamic model, we have determined the hydra
state (type of hydroxyl groups) under various working c
ditions controlled by the temperature and pressure of w
The characterization of Brønsted acid sites is furnished
means of local structure optimizations and vibrational an
sis of the OH-stretching bonds. This enables the assignm
of different types of OH bands observed by IR. In partic
lar, the highest frequency band is attributed to TiV–µ1-OH
groups located on the (001) surface and the band at a
3620–3680 cm−1 to TiVI –OH2 located on the (101) sur
face. This assignment is consistent with the bending m
of chemisorbed water on the (101) surface. The morpho
analysis is also compatible with such an assignment, elec
microscopy observations, and TPD experiments reporte
the literature. A consistent comparison with recent res
obtained onγ -alumina allows general concepts on the h
dration processes of these two relevant oxidic supports t
derived. Regarding the hydroxylation state of nanoparti
of the two supports under hydrotreating conditions, we
forward three distinct types of surface. The surfaces de
drated at low temperature are the (101) and (100) surf
of anatase and the (100) ofγ -alumina. The (110) surface o
γ -alumina is dehydrated at high temperatures. An inter
diate behavior is revealed by the (001) and (101) surface
anatase remaining partially hydrated at high temperatu
As a consequence for the synthesis of the anatase–TiO2 sup-
port, one should favor morphologies exposing the high
ergy (001) and (110) surfaces, if one seeks to enhanc
basic hydroxyl content of the support. Indeed, knowle
of these exchangeable hydroxyls will be crucial for a be
control of the interaction between the support and the ac
phase precursors, which may have a direct influence on
final hydrodesulfurization activity.
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