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Abstract

A comparative investigation of surface hydroxylation states for anatase-am@ y-alumina is crucial for a better understanding of
how these materials behave as catalytic supports under working conditions. Our approach combines density functional simulations an
thermodynamic analysis, to determine the types of hydroxyls existing on the (100), (101), (001), and (110) surfaces of angtase-TiO
function of temperature and water pressure. The vibrational analysis of surface OH groups allows for the assignment of experimental infrarec
bands as a function of the surface orientation. A consistent and quantitative comparison with recent DFT simulatainsrona highlights
the different acidic—basic properties of the two supports. Finally, we suggest directions for increasing the density of basic and exchangeabl
hydroxyls which is governed by morphology effects.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction anatase—Ti@ However, the Co (or Ni)-promoting effect
on the intrinsic activity is significantly less pronounced on
The environmental specifications for producing diesel anatase-Ti@ than ony-alumina [4,7]. Several proposals
with lower residual sulfur content prompt researchers to have been put forward to explain these experimental obser-
keep improving the activity of hydrodesulfurization cata- vations. Among them, the role of the support on the disper-
lysts. Since the industrial catalyst is made of a Co(Ni)MoS sion (number of active sites) and on the sulfurability of the
active phase dispersed oveaalumina support [1,2], the  active phase has been invoked together with electronic, geo-
gain in activity can be reached by improving either the ac- metrical, or orientation effects. However, up to now, no clear
tive phase or the support. Huge efforts have been under-evidence has been given supporting an explanation of the
taken for optimally tuning the textural and acidic proper- different catalytic behaviors of alumina- and anatase-based
ties of they-alumina support [3]. Besides the industrially catalysts.
usedy -alumina, numerous experimental studies have shown As a first step in helping to answer these challenging
that a nonpromoted MgSphase dispersed over anatase— questions, a better description of the surface acidic—basic
TiO2 exhibits a higher intrinsic catalytic activity thap- properties of the support is needed in order to explore the
alumina-supported Mgg4,5]. Furthermore, novel methods further impact on the reactivity and interaction with the ac-
of preparation, as reported recently by Dzwigaj et al. [6], tive phase. Many experimental works underlined the extent
seem to open new routes for producing high surface areato which the particle sizes and shapes of anatase-{Jow-
ders may be modified upon various preparation conditions
— . [8-14], thereby affecting the textural properties (surface
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be possible to observe other crystallographic planes [9,10].water adsorbed at the anatase surfaces to be investigated
At the same time, many relevant infrared (IR) spectroscopy for various water coverages, and to calculate the surface
studies attempted to determine the types of hydroxyl groupsenergies for four main crystallographic orientations: (101),
present at the surface of anatase particles [15-20]. Thes€001), (100), and (110). The equilibrium morphology is then
studies reveal the difficulties of assigning unambiguously the deduced from the Gibbs—Curie—Wulff law. Furthermore, the
different types of OH groups. Numerous bands correspond-different types of surface hydroxyl groups are character-
ing to OH species are observed by some IR experimentsized by calculating the vibrational stretching frequencies and
[15-17]. Some OH-stretching frequencies were observed be-compared to IR experiments. Finally, in the discussion, we
tween 3600 and 3800 cr and 3350 and 3500 cm, while propose a quantitative comparison of the results obtained on
OH groups involved in hydrogen bonds have a signature anatase—Ti@and those o -alumina surfaces as published
at about 3300 cm!. A strong band at 1620 cm would recently by Digne et al. [30].

also correspond to the bending mode efHchemisorbed

at the surface [16,17]. However, the type and number of OH

groups revealed by IR depend on the sample origin as well as2. Methods

on the preparation conditions (temperature, water pressure)

leading to different surface species or possibly to different 2.1. DFT calculations

morphologies.

Whereas many theoretical studies were devoted to the Total energy calculations are performed within the den-
rutile phase of TiQ, fewer investigations on the anatase sity functional theory (DFT) and the generalized gradient
phase [21], which is the stable phase under hydrotreat-approximation (GGA) of Perdew and Wang [31]. To solve
ing conditions, are available in the literature. Empirical ap- the Kohn-Sham equations, we used the Vienna ab initio
proaches [22] and atomistic simulations [23] attempted to simulation package (VASP) [32-35]. VASP performs an iter-
determine the morphology of anatase and found that theative diagonalization of the Kohn—Sham Hamiltonian via un-
crystallites shape was a truncated bipyramid exposing theconstrained band-by-band minimization of the norm of the
(101) and (001) surfaces. However, these methods do notresidual vector to each eigenstate and via optimized charge
take into account either the surface relaxation energies ordensity mixing routines. The convergence criterion for the
the hydration energies, expected to play a key role in the electronic self-consistent cycle is fixed at 0.1 meV per cell.
stabilization of oxide surfaces. Semiempirical [24], Hartree- The eigenstates of the electron wave functions are expanded
Fock [25], and DFT [26] simulations found that water ad- on a plane—waves basis set using pseudopotentials to de-
sorbs dissociatively on the (001) surface. Although these scribe the electron—ion interactions within the projector aug-
studies are useful for a first step toward a better under- mented waves (PAW) approach [36]. For total energy calcu-
standing of the water—surface interaction, none has under-lations, we use a cutoff energy of 312.5 eV. The optimization
taken a systematic approach of the anatase surface hydraof the atomic geometry (also called relaxation) at 0 K is
tion process, as a function of temperature and pressure. Thigperformed by using a conjugate gradient algorithm, and by
effect may be crucial for a rigorous determination of the determining the exact Hellman—Feynman forces acting on
acidic—basic properties of anatase. Furthermore, no theoretthe ions for each optimization step. A full relaxation of all
ical assignment of the IR bands has been attempted up toatomic positions in the cell was performed until the conver-
Now. gence criterion on the energy (0.1 mg&éll) was reached.

Recent DFT calculations proved the efficiency of this ~ The OH-stretching modes are calculated within a har-
method for determining surface energies and morphologiesmonic approximation. The Hessian matrix is calculated by
as a function of working conditions for the Co(Ni)MoS ac- the finite difference approach, with a moving step size of
tive phase [27,28], as well as for aluminum oxide systems 0.005 A around the equilibrium position. The coupling with
[29,30]. In the same spirit, the goal of the present paper the first outmost layer of the surface is considered. The an-
is to determine by DFT calculations the hydration state of harmonicity corrections for OH stretching are performed by
four crystallographic planes of anatase—Ji®wide ranges  following the procedure proposed by Ugliengo et al. and as
of temperature and water pressugeifo), including those  implemented in the ANHARM program [37,38]. The anhar-
prevailing under working conditions of hydrodesulfurization monicity corrections calculated by this approach are about
(HDS) reactions, further referred to as “hydrotreating condi- 71-73 cntt, depending on the type of hydroxyl groups.
tions” (i.e., 600< T' < 700 K and lowpn,o0/ po, Wherepg

is the standard vapor pressure). The influence gk will 2.2. Surface energy calculations
be addressed in a forthcoming paper. We recently proposed _ . _ _
an approach enabling the hydration state edlumina sur- For a nanocrystallite of a given volume, the Gibbs—Curie—

faces to be determined [30]. Using the same definition of the Wulff law [39] allows the morphology to be determined ac-
chemical potential of water, we correlate the conditions im- cording to the following relationship,

posed by the gas phase and the hydration rate of the anatasg,,,

nanoparticle surfaces. This enables all the configurations of 7~~~ = Vh, k. 1, 1)
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where I, is the surface energy for thgkl) orientation,

dni stands for the distance from the surface to the center
of mass of the solid, and is a real constant independent
fromk, k, [. The objective of the present work is to calculate
Iy as a function of the working conditions fixed by tem-
perature and water pressure which have a direct influence on
the hydration state of the support. DFT calculations enable
accurate determination of the value Gfi; for many differ-

ent oxides [29,30,40]. For that purpose, we use an approach
similar to that proposed in [30] and based on the following
expression of the surface energy (referenced to the bulk en-

ergy),
Anti Tkt = G(surfyg +nH20) — G(bulk) — npn,0,  (2) X

WhereG(surfhk; + nH»0) is the Gibbs free energy of the Fig. 1. Conventional cell of anatase Tiqblack balls, titanium atoms; gray
surface(hkl) with n adsorbed water molecules and a surface P21S: ©Xygen atoms).
area ofA;;, G(bulk) is the Gibbs free energy of the bulk
normalized to the number of atoms used in the supercell of and pn,0, the lowest value of j,; gives the stable hydration
a hydrated TiQ surface, andn,0 stands for the chemical  state of the surface.
potential of water.

Neglecting for the condensed phase the variation of en-
tropy and p/ terms, as well as thermal variations of internal 3 Results
energies, the surface energy of thgl facet can be ex-
pressed as

3.1. Bulk structure
Tia =I5 + O (Eads+ Aptr,0), (3

where %, stands for the surface energy of the dehydrated
surface and is determined by the following relationship,

In the following, the notations used for describing the
various local ionic environments are-O (resp.uz-O) for
two- (resp. three) fold coordinated oxygen atoms ang Ti

0 G (surfyi) — G (bulk) (resp. Ty, Tiyy) for tetra- (resp. penta-, hexa-) coordinated
Fh = Akl titanium atoms. The unsaturated Ti (resp. O) sites will be as-
Eok (surfyx) — Eok (bulk) similated to Lewis acid (resp. basic) sites.
~ v : (4) For the correct description of the conventional cell of the

anatase bulk (see Fig. 1), we find that the convergence in
energy is better than 10 meWwell with respect to thé points
grid when a(6, 6, 6) mesh is used. The corresponding bulk

and E gsis the adsorption energy afadsorbed water mole-
cules averaged over

G (surfy; +nH20) — G(surfi) energy will be used as the energy reference for all surface
Eads= n energy calculations (see Eq. (4)).
Eoxk (surfy; + nH20) — Eok (Surfyi) The conventional cell of the anatase phase contains 12
~ n : ®) atoms, i.e., four TiQ units (see Fig. 1). Within the 14Amd

space group, the tetragonal lattice symmetry gives a cell
With aexp=3.776 A andcexp = 9.486 A, and the resulting
experimental volum&/exp = 13525 A3 [41,42]. The ionic
experimental positions are fixed by the internal parameter,
Attt =00 — Ts%, 0 + RTIn (szo) —emo.  (6)  Wexp=0208, defined asy = (d(Ti-0);)/c. The optimized
Po cell parameters arecac = 3.802 A, ccalc = 9.702 A, re-

It is crucial to point out that Eq. (3) takes into consider- Sulting in Veaic = 14022 A% and wcaic = 0.207, in good
ation the surface coverage of adsorbed water. This cover-agreement with experimental data within the DFT-GGA-
age is represented by the parameigy which is equa| to PAW accuracy. This optimized structure will be used for
n/Anu. The hydroxyl coverage is twice as large as the value constructing slab models for surface simulations. In the bulk,
of 6. Thus, for a giverd,y, it is necessary to determine  0xygen atoms are tricoordinatedstO type) and titanium
the most favorable adsorption configuration of the water atoms are hexacoordinatedyTtype) with a deformed oc-
molecules leading to the lowest adsorption energygd: tahedral environment. There exist two nonequivalent Ti-O
chemisorbed with dissociation, chemisorbed without disso- distances: two (Ti-Q)bonds along the axis, correspond-
ciation, or physisorbed. Once this configuration is found, ingto 2.01 A (exp 1.97 A) and four shorter (Ti—Q) bonds
Ok is allowed to vary. For a given working condition i belonging to theXOy) plane, corresponding to 1.95 A (exp

Aun,o represents the chemical potential of water refer-
enced to the internal energy of the isolated water molecule
(en,0):
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Table 1 Table 2

Parameters used for the simulations of theItlk phase andhk!) sur- Surface concentrations (in umoltA) of the different basic and acid Lewis

faces. i is a linear combination af andb; v of a and¢) sites for the dehydrated surfaces

Bulk hkl hkl
001 100 110 101 001 100 110 101

Number of atoms 12 60 96 48 72 Tiy) - 9.0 - 84

Number of layers - 5 8 8 6 Tiy 11.5 Q0 - 84

k points mesh 666 221 122 221 221 Tiyv - - 64 -

Surface periodicity - 2x2b 2bx¢ Ux¢  ux2b up-0 115 920 128 84

Vacuum thickness (&) - 9.7 12.7 10.0 14.1 uz-O 115 0 - 84

Slab thickness (A) - 9.7 13.3 9.4 7.9 _

Surface areas @ - 57.8 73.7 52.1 79.2 NTi-o 230 180 255 168
NTj—o (in umol m—z) stands for the number of Ti—O bonds broken per sur-
face area.

Table 3

Energetics of the dehydratedk/) surfaces before and after relaxation.
%, is defined by Eq. (4)

hkl
& 001 100 110 101
;5 before relaxation (mJ P) 1034 1412 2031 1139
ETi_o before relaxation (kJ moit) 45 78 79 68
Fig. 2. Structure of the dehydrated (001) surface after relaxafign & 0) Fhokl after relaxation (mJ m?) 984 533 1024 435
(same legend as Fig. 1). ETi_o after relaxation (kJ moil) 43 30 40 26

ETi_o is calculated by dividing“r?kI by NTi_o as defined in Table 2.

1.93 A). The shortest O-O distance is 2.48 A (exp 2.46 A) -
while the Ti-Ti distance is 3.08 A (exp 3.03 A). i A

3.2. Structure and energetics of the dehydrated surface

The optimized parameters used for the simulations are re-
ported in Table 1 for the four crystallographic orientations: {
(001), (100), (110), and (101). For each surface itheints
grid, the vacuumthickness added to separate each neigh- XI_.
boring slab, and the slab thickness (i.e., number of atomic
layers) are carefully optimized to avoid electronic interac-
tions between two slabs belonging to neighboring cells or Fig. 3. Structure of the dehydrated (100) surface after relaxafigyp & 0).
between the two sides of the slab. In order to simulate var- For the sake of clarity, only the four outmost layers are represented (same
ious water coverages with a relevant number of sites and to'egend as Fig. 1).
allow sufficient degrees of freedom for surface reconstruc-
tions, rather large surface areas are chosen. For each surfacgurface. After relaxation, the surface energy is estimated at
orientation, a full slab relaxation is carried out by keeping 984 mJnt2, revealing simultaneously a small relaxation en-
constant the cell parameters. The crystal cleavage inducesrgy of 50 mJ m?, as reported in Table 3. As a consequence,
strong perturbations on the surface depending on the crys-the structural relaxation remains moderate. The symmetry
tallographic orientation. The atoms on the surface becomeof the surface does not allow for oxygen atoms to move
undercoordinated and, thus, undergo a local reorganizationalong thex andy directions. The oxygen relaxation along
which can propagate inside the slab. For oxides, it is well thez axis implies a slight expansion of the surface (Ti=Q)
known that such a propagation can occur along many atomicdistance at about 1.96 A.
layers requiring large slab thicknesses to be used.

Z

3.2.2. (100) surface
3.2.1. (001) surface The Lewis acid sites exposed after the cleavage are of
The dehydrated (001) surface exhibits unsaturated Ti Tiyv and Tiy types, while basic sites are pb-O anduz-O
sites as well ag»-O andus-O sites (see Fig. 2 and Table 2).  types as represented in Fig. 3 and reported in Table 2. The
The number of broken Ti-O bonds is 23.0 umolaynreveal- number of broken Ti—O bonds (18.0 umol#) is lower
ing quite a high degree of unsaturation. A reasonable num-than for the (001) surface. The relaxation energy of about
ber of layers (5) is sufficient for accurately describing the 880 mJnt?2 is large for this surface. Furthermore, the relax-
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Tiw

Fig. 4. Structure of the dehydrated (110) surface after relaxatigmp & 0).
For the sake of clarity, the five outmost layers only are represented (same
legend as Fig. 1).

Fig. 5. Structure of the dehydrated (101) surface after relaxafign & 0).
ation phenomenon depends on the parity of the number ofFor the sake of clarity, the five outmost layers only are represented (same
layers. The surface energy oscillates with the number of lay- egend as Fig. 1).
ers and with a decreasing amplitude of the oscillations. For
odd numbers of layers, the energy decreases toward the tru¢ances in the surface plane also decrease to 2.86 A upon
value for a significantly larger slab thickness. This is due to relaxation.
the presence of a symmetry plane in the middle of the slab,
preventing the atoms belonging to this plane from relaxing. 3.2.5. Conclusion
A similar behavior was reported for the (110) surface of ru- Before geometry relaxation, we find results similar to
tile [43]. As a consequence, quite a large number of layers isthose of Beltran et al. [26] and obtain the following order
required to obtain a correct surface energy: we took the valuefor the surface energie$001) < (101) < (100) <« (110).
obtained for 8 layers as a good estimate (338 mJ nt2). To explain this trend, we should analyze the nature of bonds
The Ti-O distances along theandz axis become shorter  broken at the surface. Generating the (100), (110), and (101)
(see Fig. 3): two (Ti-Qy, values are found at about 1.86 and  surfaces implies cleaving (Ti-Q) bonds, whereas for the
1.81 A, while the (Ti—O) distance becomes equal to 1.84 A.  (001) surface, only (Ti-Q)bonds are broken. In the bulk,

the (Ti—O), bond length is longer than (Ti-Q),. If we de-
3.2.3. (110) surface fine the Ti-O bond energy as the surface energy divided

Two types of sites are present on this surface after cleav-by the number of Ti-O bonds (see Table 3), we find that
ing the bulk structure: Ty sites and.ip-O sites, correspond-  the surface (Ti-Q)bond energy is intrinsically of about 45
ing to the highest number of Ti-O bonds broken (Fig. 4 and kJmol1, i.e., 3035 kJ mol* weaker than (Ti-Q) , bonds,
Table 2) per surface area. The variation of the surface energybefore relaxation. This is the reason why the (001) surface
as a function of the number of layers exhibits oscillations of exhibits the lowest surface energy before relaxation.
the type observed for the (100) surface. We choose 8 layers However, as relaxation effects are crucial for a complete
for the surface energy calculation. Due to the low coordi- understanding of the energetic properties of surfaces, the
nation of Ti and O atoms at the surface, the energy of the aforementioned ranking is significantly modified after sur-
unrelaxed surface is the largest. Although the relaxation en-face relaxation{101) < (100 < (001) < (110). Beltran et
ergy of about 1100 mJT? is also the largest, the surface al. [26] observed that the (001) surface exhibits only mod-
energy at about 1024 mJTthremains the highest. The local  est relaxation while the (101) surface relaxed strongly. Our
structure of the surface is strongly modified upon relaxation: calculations confirm this trend and reveal that the (100) and
the surface Ti—O distances are found at 1.87 A, while the first (110) surfaces are also affected by strong relaxation effects.
subsurface Ti-O distances are even shorter at 1.80 A. Simul-Even if the (110) surface is always the least stable surface,
taneously, short Ti—Ti distances (2.88 A) are formed within relaxation effects allow the (100) and (101) surfaces to gain

the surface plane. such energies that their surface energy becomes lower than
the (001) surface. The evaluation of the surface Ti—O bond
3.2.4. (101) surface energies (Table 3) put forward that the (001) and (110) sur-
As for the (100) surface, the (101) surface exhibits 4 faces exhibit similar high values (of about 40 kJ mglcor-
types of Lewis sites: Ti and Tiy types as well agi-O responding to the highest surface energies, while the (100)

and u3-O sites (Table 2 and Fig. 5). At the same time, the and (101) Ti-O bonds are about 10 kJ moleaker. As we
number of Ti—O bonds broken per surface area is lower thanwill see further under Discussion, this is crucial for under-
for the (100) surface implying that the surface energy is standing the surface reactivities.

also smaller. Furthermore, the effect of surface relaxation  The equilibrium morphology, as given by the Gibbs—
leads also to a significant decrease of the surface energyCurie—Wulff law (see Methods), depends on the surface en-
at 435 mJm?2. The outer surface (Ti-Q)distances (resp.  ergies for each orientation and on the symmetry rules of the
(Ti-0),) decrease to 1.86 A (resp. 1.84), while Ti-Ti dis- solids. Figs. 6a and b show the morphology of the crystal-
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However, according to experimental and theoretical stud-
ies of various systems, it is known that the experimental con-
ditions may influence strongly the equilibrium morphologies
[3,27-29]. For that reason, in the next section, we investigate
the effect of partial pressure of water and temperature.

(001)
a) /

3.3. Effect of hydration on surface structures and energies

(101) The thermodynamic approach proposed in the method-
ology part for investigating hydration effects requires that
for each coveragey,;, the stable adsorption modes of wa-
Fig. 6. Gibbs—Curie-Wulff morphologies of fully dehydrated anatase, Tio  ter are determined. Among these modes, water may be first
nanocrystallite: (a) before relaxation and (b) after relaxation. chemisorbed in a nondissociated state on one titanium Lewis
acid site. Water may then dissociate on one titanium site and
one Lewis basic oxygen site leading to the formation of two
new hydroxyl groups at the surface. The third adsorption
mode (occurring at high water coverage) is the physisorption
of water molecules at the previously formed OH surface
groups involving hydrogen bonding. For each coverage, the

lite respectively before relaxation and after relaxation for
the dehydrated surface. We find that even if the (100) sur-
face exhibits a relatively low energy, this surface does not
appear qccordmg to the.G|bbs—.Cur|e—Wquf rules. The MO most stable configuration is determined by the calculation of
phology is a truncated bipyramid with a square basis, where adsorption energies, as defined in Eq. (5).

the two exposed surfaces are the (101) and (001) surfaces. |, the following, we callui-OH all hydroxyl groups
As is well known, the relaxation effects are crucial for de- \\here the oxygen atom is monocoordinated with one sur-
termining the correct shape. Upon relaxation, the proportion fgce aluminum atomy,-OH a twofold coordinated hy-

of the (001) surface decreases from 23 to 1%. This Shapedroxyl group, andu1-OH, a nondissociated chemisorbed
of the anatase crystallites agrees well with those observedyater molecule.

by Chemseddine and Moritz [10] or Ohno et al. [12] us-
ing electron microscopy techniques. At this stage, it must 3.3.1. (001) surface

be stressed that the aforecalculated equilibrium morpholo-  The main results concerning the (001) surface are pre-
gies do not take into account corner and edge contributions.sented in Fig. 7 which shows the variation of the adsorp-
Actually, to investigate this effect remains beyond the scope tion energy of water as a function éf The calculations

of the present work, because it is directly linked to size ef- show that water is mainly dissociated. The adsorption en-
fects. According to our approach, we assume that corner andergy varies strongly with increasing coverage frem65 to
edge energies are not high enough to modify the equilibrium —101 kJ mot1. At a low coverage, because of the formation
morphology, which seems to be reasonable for particle sizesof two iono-covalent bonds, i.e., J+OH and O-H, the ad-
observed experimentally. sorption energy is the highest. The mechanism leading to the

8 (H,O molecules/nm?)
0 1 2 3 4 5 6 7 8
-90 +

-100
-110
-120
-130
-140
-150
-160
-170
-180
-190

Eads (kJ/mol)

Fig. 7. Adsorption energy of water on the (001) surface as a function of coverage (black balls, titanium atoms; gray balls, oxygen atoms; witebalts, h
atoms). n.b.: Insets give a ball and stick representation of the local structures.
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Table 4
Type of surface species far in the range of 600-700 K anph,0/po = 1
(o), PH,0/Po = 0.01 (x) as a function of the crystallographic orientation
‘2 hkl
= 001 100 110 101
E T?VI — o X - o X
Tiv o X o X X o X
Tiyy - - x -
n1-OHp - - - -
0 . . ‘ ‘ . ‘ . p1-OH o X - o x -
400 450 500 550 600 650 700 750 800 850 900 p2-OH - - o X -
Temperatures (K) }Lz-o o X o X o X o X
u3-O o X o X - o X
Fig. 8. (001) surface energy as a function of the temperature (at standard
vapor pressurepg), calculated according to Eq. (3). Each straight line cor-
responds to the following water coverages:+)(6gp1 = 0.0 HoO nm-2; Table 5

(1) boo1 = 1.7; (A) boo1 = 3.5; (x) 601 = 5.2; (W) fipp1 = 6.9. Calculated stretching frequencies of various OH groups as a function of the

surface orientation

) L ) . OH type Orientation Onkl doH wcale wexp
dissociation of the water molecule is complex and induces a H0nm2) (&) (@Em  (emY
reorganization of the surface atoms. Boe 1.7 OH nnT 2 Tiy—p,OH (001)  6ooi—L17 0088 3760 3730-3742
andd = 3.5 OH nnT2, the dissociation of kO leads to the  Tiy—u;OH fpo1=35 0.989 3746-3751
gurface Ti-O bond_breaklng, and the simultaneous forma-; _,, on (110)  6130=38 0990 3728 3795
tion of one strong intramolecular hydrogen bond between _
the two newly formed hydroxyl groups (see inset of Fig. 7). 1V/HOH2 (100 f100=82 0992 3710 3715

y formed hydroxyl group _ 9- 1) Tiyy—OH 0100=82 0992 3688 3690
These results are in qualitative agreement with the Hartree—T_ oH 101) ; 101 0993 3665  3620-3680
; ; ; ia_ Tvi—H10Hp 101=101 0. -
Fock calculations of Fahmi and Minot [25] and quantita Tivi—11OHy fro1—101 0094 3646

tively with the DFT-GGA calculations of Vittadini etal. [44],  ppys 1o f101=10.1 2050-3253 3300

alsq shoyvmg that the dissociated state is stable versus theﬁv—mOHz/ (101) f101=101 0.990 1565-1646 16001640
undissociated one. At a coverage greater than 3.5 OFfnm phys. HO

mixed structures combining dissociated and nondissociatedriy,—;OHy/  (100) 6100=8.2 0.990 1578-1648

adsorbed HO, as represented in the second inset of Fig. 7, phys. BO

can be stabilized. However, the adsorption energy becomesrhe experimental values are collected from various published experimental
smaller corresponding to physisorbed states. This is againworks [15-20].

consistent with the results of Vittadini et al. [44] who also

ianeaSing the hydration of the Surface, the chemisorbed an interval of temperature between 600 and 700 K, and cor-
nondissociated states of water become closer in energy to th@esponding to hydrotreating conditions. We see that for the
dissociated state due to a decrease of the number of availablgoo1) surface, Brensted sites are ofFji1-OH types. Acid
Lewis sites and to an increase of hydrogen bonds. Lewis sites are of Tj types and basic Lewis sites p5-O as

Fig. 8 represents the variation of the surface energy as awell asuz-O types. As a corollary, the high water coverage
function of temperature for a standard water pressure (i.e.,(6.9 OH nnt2 with physisorbed water) can only be reached
po = 1.013 bar), as expressed by Eq. (3). Each straight line for lower temperatures or significantly higher pressure. As a
corresponds to one water coverage detailed previously andconsequence, if the (001) surface exists (see further) under
for which the adsorption energy is given in Fig. 7. The hor- hydrotreating conditions, it contains a rather high amount of
izontal thick line represents the fully dehydrated surface, as hydroxyl groups representative of Bransted acid sites.
described in the previous section, and corresponds to a sur- The vibrational analysis of the stretching frequencies of
face energy of 984 mJn?. On such a diagram, the most  the two types of OH groups is reported in Table 5. The high-
stable state is given by the lowest surface energy value at aest calculated frequency is at 3760 thand corresponds
given temperature. For standagsd,o and temperatures be-  to free Ti,—u1-OH at low water coverage. When the cover-
tween 400 and 680 K, the stable surface water coverage isage increases (3.46,8 nm2), the frequency of those OH
3.5 OH nn12 represented by the line with triangular sym-  groups is shifted downward at 3746-3751¢miThis mode
bols. When the temperature rises at 840 K, the coveragemay be assigned to the experimental value found between
decreases to 1.7 OH A (line with squared symbols) due 3730 and 3745 cm according to several experimental stud-
to water desorption. Above 840 K, all water molecules are ies [15-18,20]. It must be underlined that a low-frequency
removed from the surface leading to the dehydrated statemode (calculated at around 2300 th corresponds to the
studied in the previous section. second Ty—u1-OH group, exhibiting a strong hydrogen




C. Arrouvel et al. / Journal of Catalysis 222 (2004) 152-166 159

8 (H,0 molecules/nm?)

Eads (kJ/mol)

Fig. 9. Adsorption energy of water on the (100) surface as a function of coverage (same legends as in Fig. 7).
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Fig. 10. (100) surface energy as a function of the temperature (at standard vapor pyegsaaculated according to Eg. (3). Each straight line corresponds
to the following water coverages—) 6109 = 0.0 H,O nm-2; () 6100= 1.4; (A) 6100= 2.7; (x) 6100= 4.1; (O) 0100 = 5.4; (*) 6100= 6.8; (W) 6100= 8.2.

bond with the oxygen belonging to the previous neighboring metastable states (combining dissociated and nondissociated
hydroxyl group. To our knowledge, this band at 2300ém  configurations) found at different water coverages are all
has never been reported in IR spectra. At this stage of ourvery close in energy (less than 10 kJ mbl For instance, at
work, we cannot furnish a definite explanation on this result 6 = 1.4 H,O nm2, the nondissociated configuration is only
which might be attributed either to a lack of detailed exper- 5 kJ mol? less stable than the dissociated configuration re-
imental data in this spectra region or to a limitation of our ported in the inset of Fig. 9. As a consequence, it can be
DFT calculations in the case of strong hydrogen bonding.  difficult to determine the true stable configurations of water
on this surface. At higher coverages, mixed structures of dis-
3.3.2. (100) surface sociated and undissociated states are found to be more stable
The results of the hydration process of the (100) sur- than fully dissociated structures (see the two insets of Fig. 9
face are represented in Figs. 9 and 10 in a similar way asfor 8 = 5.44). However, the energy difference between those
for the previous case. Adsorption energies are betwedéh configurations is narrow.
and—84 kJmot?, and are significantly lower than for the Focusing on the stable states as a function of temperature
(001). This is directly connected to the fact that the surface (Fig. 10), the (100) surface exhibits a contrasted behavior
Ti—O bond energy after relaxation, as reported in Table 3, is in comparison with the (001). As soon as the temperature
weaker. The surface reactivity, regarding water adsorption, exceeds 450 K, this surface is dehydrated at standard wa-
is thus weaker. Besides, it should be underlined that manyter pressure. FOF smaller than 450 K, the surface exhibits
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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).

1.5

water coverages of 8.24@ nm~2. According to the low ad-
sorption energy, the adsorbed molecules are easily removed
from the surface. When the pressure decreases, the dehydra- uvaéa;aﬁﬁ/;
tion temperature drops simultaneously. As a consequence~ ']
assuming that this surface is present under working condi- E
tions, Lewis acid sites of Vi and Ti, types with Lewis E
basic sites ofio-O andug-O are stabilized (Table 4). How- =
ever, no hydroxyl groups (i.e., Brgnsted sites) can be ther-
modynamically stabilized under low water pressure and for
temperatures between 600 and 700 K (in particular under : : : :
hydrotreating conditions). 400 500 600 700 800 900

For this surface containing 8.28 nm2, the vibrational Temperatures (K)
analysis (Table 5) indicates that the two highest frequency Fig. 12. (110) surface energy as a function of the temperature (at standard
values at about 3688 cm (resp. 3710 cm?) correspond to vapor pressurepg), calculated according to Eq. (3). Each straight line cor-
Tivi—1-OH groups (resp. to one of the OH group belong- responds to the following water coverages:)(611g9 = 0.0 H,O nm2;
ing to a water molecule chemisorbed on,Tatoms). We (0) 6110=1.9; (A) 6110=3.8; (*) 6110=5.8; (W) H110="7.7.
find that w(Tiv;—1-OH)100 < @(Tiyv—p1-OH)go1, confirm-
ing the stronger Brgnsted basicity ofyFui-OH species.
It should also be noted, that the mode at 3710°tmorre-  hydroxyl coverages lower than 3.88 nmi-2, water disso-
sponds to a chemisorbed water molecule, traditionally ex- ciatés on one Lewis acidic and one basic site resulting in
pected at lower frequency. This is due to the specific inter- the formation of Ty—1;-OH and u2-OH groups (see first
action of the water molecule with a neighboring OH group inset of Fig. 11). The complete hydration of the surface is

0.5 #

(see insets in Fig. 9). obtained ford = 7.7 H,O nn2. The intermediate cover-
age at 5.8 HO nm~2 does not allow a complete dissociated
3.3.3. (110) surface state, preferring mixed configurations with physisorbed wa-

The results of the hydration process of the (110) surface ter. As for the (001) surface, when increasing water content,
are represented in Figs. 11 and 12. As shown in the previousphysisorbed states may compete with dissociated states due
section, the dehydrated (110) surface exhibig Whichare ~ to the increase of the stabilizing hydrogen bonds.
possible sites for water dissociation. Furthermore, the sur- As expected and according to the value of adsorption en-
face Ti—O bond energy is rather close to the value of the ergies, this surface remains hydrated for temperatures up to
(001) surface (Table 3), implying that the surface reactivity 710 K at standard pressure (Fig. 12). Two transition temper-
toward water is expected to be high. Fig. 11 confirms indeed atures are found on the surface energy diagram. Up to 460 K,
that the adsorption energies of water are similar to those onthe surface is fully saturated (7.%28 nm~2). The two types
the (001) surface: between138 and—109 kJmot L. For of hydroxyl groups are Ti—u1-OH and (Tiy, Tiyv; )—p2-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).

At 460 K, the first transition occurs leading to a coverage of ter adsorption and dissociation [45]. At= 5.0 H,O nm 2,

3.8 H,O nm~2 which remains stable up to 710 K. The types we find that the fully nondissociated state and the fully dis-
of hydroxyl groups are Ti—u1-OH and (Ti/, Tivi )—2-OH. sociated configurations can compete in energy within less
The dehydration temperature of the surface corresponds tothan 7 kJmot?. Regarding the local structure of the sur-
710 K, rather close to that of the (001) surface: hence, theface and adsorption energies, the results obtained for this
reactivities of the two surfaces are similar. For working con- suyrface are in quite good agreement with those of Vittadini
ditions corresponding to hydrotreating conditions, Bransted et a|. [44], except that the latter did not report the possible

sites of Tiy—1-OH and (Ti, Tivi)-p2-OH types as well as  competition between dissociated and nondissociated states
Lewis sites are present (Table 4). atd = 5.0 H,O nmr2.

The stretching frequency of J4u1-OH groups stable be-
tween 460 and 700 K is estimated at 3728 ¢grwhich may
be assigned to the peak at about 3725 meported in [16],
assuming the existence of the (110) surface.

Analyzing the effect of temperature on surface hydration
(Fig. 14) reveals that the (101) surface is completely de-
hydrated above 450 K for standard water pressure, as for
the (100) surface. At ambient temperature, the stable cover-
age is 10.8 HOnm 2, and no Lewis site is available. The
surface exhibits Tjj—u1-OHy species together with physi-
sorbed water molecules. The dehydration temperature for
the dehydrated surface drops to 375 K fe1,0/po = 0.01.

As a consequence, under hydrotreating conditions, the sur-
face exhibits mainly Lewis sites (Table 4).
The analysis of the OH-stretching modes (Table 5) in-

3.3.4. (101) surface

According to Fig. 13, water molecules are chemisorbed
without dissociation. The adsorption energies betwe&8
and—69 kJ mof-! remain close to the value obtained for the
(100) surface. This is again not surprising when considering
the surface Ti—O bond energy (Table 3), very close to that of
(100) surface. As a consequence, the reactivity of this sur- - :
face toward water adsorption is rather low as for the (100) dicates that at = 108 H,Onm2, wo frequencies are
orientation. For water coverages equal to 5.80Hm 2, present at 364§ and 3665 ch They correspopd to free OH.
the Lewis Ti/ sites are saturated by one chemisorbed wa- 9r0UPS belonging to water molecules chemisorbed @ Ti
ter molecule (inset of Fig. 12). For higher coverages, new atoms. We propose that the IR band§ observed in the range
water molecules can only be adsorbed through hydrogen3620-3680 cm' [15,17,18,20] be assigned to these groups.
bonds: the hydrogen atoms of water interacting with the We find the bending modes of chemisorbed and physisorbed
basic Lewis-O sites. The saturation coverage is thus Water molecules around 1565-1646 tmexplaining ex-
reached fop = 10.1 H,O nm2. It is interesting to note that ~ Perimental observations from [15-17]. These modes were
hydrogen-bonded molecules strengthen the interaction of the@lso obtained for water molecules on the (100) surface.
chemisorbed ones, leading to an increase of the adsorptiorfFinally, we find several OH-stretching frequencies around
energy. To some extent, this result can be compared to that 02950-3253 cm?, corresponding to water molecules ad-
Giordano et al. reported on the (100) MgO surface, showing sorbed through hydrogen bonds on this surface, as observed
that the formation of hydrogen bonds may enhance the wa-experimentally at about 3300 crh



162 C. Arrouvel et al. / Journal of Catalysis 222 (2004) 152-166

15 1

-
4
1

Tio1 (J.m?)

400 450 500 550 600 650 700 750 800 850 900
Temperatures (K)

Fig. 14. (101) surface energy as a function of the temperature (at standard vapor pregsuedculated according to Eq. (3). Each straight line corresponds to
the following water coverages—) 61091 = 0.0 H,O nm-2; (O) 6101 =1.3; (A) 6101 = 2.5; (x) 6101 =3.8; (O) 6101 =5.1; (x) 6101 = 7.6; (W) 6101 = 10.1.
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Fig. 15. Morphologies of anatase andalumina under different working conditions and thermodynamic statesy—EiGatase at equilibrium for
PH,0/Po = 0.01, ()T =400 K and (b)T = 700 K; for ppy,0 = po, (¢) T =400 K or T = 700 K. (d) Hypothetical metastable state of anatasezTiO
(e) y-Alumina morphologies inherited from boehmite (in the present work, we neglect the (lll) surface).

3.4. Effect of hydration on equilibrium morphologies ever the pressure and temperature. The temperature and pres-
sure variations do not allow the appearance of the (110) or

We have determined so far the surface energy of the four (100) facets. However, slight changes in the proportions of
low index crystallographic orientations of anatase as a func- the (101) and (001) surface areas are induced by tempera-
tion of temperature and partial pressure of water. Applying ture or pressure effects. For low water presspig¢/ po =
the values of Figs. 8, 10, 12 and 14 in the Gibbs—Curie— 0.01), increasing the temperature favors the (101) surface
Wulff law (Eq. (1)), we deduce the equilibrium morpholo- (see Figs. 15a and 15b). This is due to the removal of OH
gies as a function of the working conditions. For three typ- groups located on the (001) plane, implying an increase of its
ical conditions, the shapes are drawn in Figs. 15a, 15b, andsurface energy (Fig. 8), and consequently a decrease in area
15c, revealing first that at thermodynamic equilibrium, the of this plane. Conversely, at a given temperature, an increase
morphology exhibits only the (101) and (001) facets, what- of pn,0 may favor either the (101) or the (001) orientation
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due to the competitive stabilizing effect of water adsorptions ~ To further enrich the discussion on our results, the values
on the two planes. of surface energied i, are plotted as a function @f and
PH,0 in two-dimensional diagrams, such as in Fig. 16. These
diagrams use a black—gray—white tone scale to visualize the
4. Discussion Ty values. On the different toned regions, the hydroxyl
coverages], are also indicated. We use a similar representa-
tion for the (100) and (110) facets of threalumina nanopar-
ticles. The values used in Figs. 16e and 16f correspond to
surface states determined by M. Digne et al. in [30] with en-
ergetic values expressed within the DFT-GGA-PAW approx-
imation (see Methods) so that we can compare the hydrox-
ylation of the two systems in a consistent way. As already
noted by Digne et al. [30], the twg-alumina surfaces ex-
hibit distinct behaviors with respect to hydroxylation. While

At this stage, it is worth underlining that the calculated
equilibrium morphology together with the OH-stretching
analysis is compatible with the observed IR bands. Although
it is difficult to know precisely the experimental conditions
or pretreatmentq and water pressure) undergone by anatase
samples before and during IR analysis, in what follows we
attempt to confront experimental data with our simulations

?y ttaking into a(':lc%LImt. tetmhpelrtaturte andT\r/]aptor presgur(e):z'f-the (100) surface is completely dehydrated under hydrotreat-
ects, when avarlavle in the lrieraiure. The o main ing conditions, the (110) surface retains a hydroxyl coverage
bands observed experimentally and reported in the litera- of about 3—4.4 OH nm? (Figs. 16e and 16f). The surface
ture are at 3730-3745 and 36203680 ¢nrespectively energy of the (110) plane is significantly higher than that of

[15-18,20]. According to the results of the previous sec- ¢ (100) plane, due to the lower coordination number of alu-
tion, we propose that the highest frequency corresponds t0inm atoms present on this surface. As explained in detail
Tiy—p1-OH groups quated on the (001) surfage, whereas ;, [30], the (110) contains A} atoms to which OH groups
the lowest one is assugned to the OH-stretching mode of ;.o strongly bonded. For anatase—Zi6ur calculations put
water molecules chemisorbed on the (101) surface. Thus¢qnyarg two distincts families of facets. On the one hand,
we can expect that the modifications of the anatase>TiO he (101) and the (100) surfaces are poorly reactive toward
nanocrystallite morphologies at the preparation step may be\yater and are dehydrated under hydrotreating conditions
monitored according to the relative intensities observed in (Figs. 16a and 16d). Hence, regarding hydroxyl contents,
IR. Moreover, other peaks (su_ch as those calculated at ?‘bOUEhese two surfaces of anatase behave similarly to the (100)
3688, 3710, and 3725 cm) might appear due to the exis-  gyrface ofy-alumina. This implies that this group of three
tence of the (110) and (100) surfaces, such as observed ingyrfaces, with low dehydration temperature, mainly exhibits
[15-17], if specific experimental conditions allow their sta- | ewis acid-basic properties under hydrotreating conditions.
bilization. On the contrary, the (110) surface pfalumina retains a
Our results are also compatible with experimental ob- sjgnificant amount of Brgnsted acid sites under the same
servations by Morterra [17] related to the bending mode working conditions.
at about 1620 cmt. According to our calculations, chemi- The (001) and (110) surfaces of anatase exhibit an inter-
sorbed water molecules can no longer exist above 450 Kmediate behavior. They are only partially dehydrated under
either on the (101) or on the (100) surfaces, explaining why hydrotreating conditions with hydroxyl coverages between
this mode vanishes almost completely above 458 K in [17]. 0 and 1.7 OHnm? and 0 and 3.8 OH nit?, respectively
Furthermore, Munuera et al. observed that the formation of (Figs. 16b and 16c¢). This is due to the presence gp&foms
this mode upon increasing water coverage is correlated with exhibiting stronger bond energies with OH groups. As un-
stretching modes around 3620 and 3680 ¢f15], which is derlined in the previous part, the two families of surfaces
also in agreement with the calculated stretching frequenciescan be understood by a comparison of the surface Ti-O bond
found on the (101) surface at high coverages. TPD spec-energy after relaxation, representing the intrinsic surface re-
tra by Munuera et al. also reveal that the first desorption activities towards water. In Table 3, we note that the ordering
peak at about 400 K may correspond to chemisorbed waterof the Ti—O bond energy after relaxatioByi_o, is the fol-
molecules located on the (101) surface. According to [15], lowing:
no correlation was found between the bending mode and
the highest OH-stretching peak: we explain that phenom- (101 < (100 < (110 < (00D.
enon by the fact that this mode is the signature of the OH  As shown in Fig. 17, the dehydration temperatures under
species formed on the (001) surface after water dissociation.atmospheric water pressure follow the same ordering, mean-
Our calculations indicate that these OH groups should be ing that the stronger the surface Ti—-O bond energy, the more
completely removed from the (001) surface above 840 K. difficult the water removal. It is also interesting to underline
This may correspond to the high temperature peaks shownthat the twoy -alumina surfaces with Al-O energy calculated
by TGA and TPD spectra at 723 K [15]. Intermediate TPD in the same way can also be included in the correlation. This
peaks (493-573 K) may correspond to the partial removal is all the more surprising as other types of interaction such
of hydroxyls from the (001) surface leading to intermediate as hydrogen bonding (not directly accounted for in the M—O
coverages. bond energy) may influence the dehydration process. This
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Fig. 16.(I", P, T) diagrams representing the isovalues of surface energy as a functivaraf Py, for different surfaces: (a) Ti®(101) surface, (b) TiQ

(001) surface, (c) Ti@(110) surface, (d) Ti@ (100) surface, (ey-Al,O3 (110) surface, (fy-AloO3 (100) surface. Values fdi,; are also reported on the
different domains.

means that the metal-oxygen bond strength represents thered carefully. Table 6 reports the global surface hydroxyl
first-order contribution to the dehydration temperature. concentration of the nanoparticles for various morphologies
A final concern is about the global content of hydroxyl drawn in Fig. 15. For anatase—TiGf considering first the
groups of anatase-Tigrompared toy-alumina. Here, the  equilibrium morphology, the increase of temperature or de-
effect of morphology of the nanoparticles must be consid- crease of water pressure drastically diminishes the hydroxyl
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Table 6
Surface hydroxyl concentratioﬁt(c),tH (OH nn~2), for different morpholo-
gies of anatase Tigand comparison withr -Al 03 for two vapor pressures

T=400K T=600K T =700K

Type of support—
morphology

PH,0/ PO

TiOy—equilibrium 1 199 (Fig. 15a) 0.3  0.16 (Fig. 15b)
0.01 Q7 (Fig. 15c) 0.1  0.05 (Fig. 15¢c)

TiO,—metastable 1 98 5.5 2.8

(001) 80% and m1 55 2.8 2.8

(101) 20%, Fig. 15d

TiOp,—metastable 1 11 7.3 5.6

(001) 50% (110) 50% 01 111 5.6 1.7

y-AloO3—metastable 1 19 7.1 7.1

(inherited from 001 88 7.1 4.7

boehmite) (110) 80%
(100) 20%, Fig. 15e

content. In particular, close to hydrotreating conditions, the
hydroxyl concentration is low, at about 0.1 OH nfnand
results exclusively from the contribution of the (001) facet.
This value is significantly lower than the concentration on
y-alumina (about 5 OH nfr?) under the same conditions.
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lower. If experimental conditions can be found for stabiliz-
ing anatase morphologies with 80% of (001) and 20% of
(101) such as represented in Fig. 15d, the global OH con-
tents can be significantly increased to about 2.8 OHfm
Other scenarii can be imagined to favor the (110) surface
(Table 6). Such metastable morphologies must be sought, if
one aims at enhancing exchangeable basic OH species.

5. Conclusion

This work based on density functional calculations in-
vestigated the surface properties of anatases; la@naterial
investigated as a prospective and promising support for hy-
drotreating catalysts. By coupling ab initio calculations and
a thermodynamic model, we have determined the hydration
state (type of hydroxyl groups) under various working con-
ditions controlled by the temperature and pressure of water.
The characterization of Brgnsted acid sites is furnished by
means of local structure optimizations and vibrational analy-
sis of the OH-stretching bonds. This enables the assignment
of different types of OH bands observed by IR. In particu-
lar, the highest frequency band is attributed tQ-i;-OH
groups located on the (001) surface and the band at about
3620-3680 cm! to Tiyj—OH, located on the (101) sur-
face. This assignment is consistent with the bending mode
of chemisorbed water on the (101) surface. The morphology
analysis is also compatible with such an assignment, electron
microscopy observations, and TPD experiments reported in
the literature. A consistent comparison with recent results
obtained ony-alumina allows general concepts on the hy-
dration processes of these two relevant oxidic supports to be
derived. Regarding the hydroxylation state of nanoparticles
of the two supports under hydrotreating conditions, we put
forward three distinct types of surface. The surfaces dehy-
drated at low temperature are the (101) and (100) surfaces
of anatase and the (100) pfalumina. The (110) surface of

This result is explained, on the one hand, by the fact that ¥ -alumina is dehydrated at high temperatures. An interme-

OH groups attached to A or Aly sites are more stable
than Tiy—OH, Tiy;—OH, or Ti,;—OHy. On the other hand,
it is also due to a morphology effect. Indegekalumina

diate behavior is revealed by the (001) and (101) surfaces of
anatase remaining partially hydrated at high temperatures.
As a consequence for the synthesis of the anatase-sTi@

nanoparticles used as catalytic support are obtained by aPort, one should favor morphologies exposing the high en-
dehydration—calcination process of the boehmite (AIOOH) ergy (001) and (110) surfaces, if one seeks to enhance the
precursor. As a consequence, ];h@]umina Shapes are in- basic hydroxyl content of the support. Indeed, knowledge
herited from boehmite particles following topotactic rules Of these exchangeable hydroxyls will be crucial for a better
for the transformation [30,46]. Experimentally [47], it is control of the interaction between the support and the active
known that the (110) facet represents about 80% of the phase precursors, which may have a direct influence on the
external surface, while the (100) facet represents aboutfinal hydrodesulfurization activity.

20% (Fig. 15e). With this facet distribution, thealumina

particles has a metastable morphology inherited from the Acknowledgments
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