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Abstract

We use a multitechnique approach to reveal how the nature and concentration of surface acid–basic OH groups present on an2
nanocrystallites depend on their morphologies. Coupling recent density functional theory (DFT) calculations with three physical characon
techniques (X-ray diffraction, transmission electron microscopy, and Fourier transform infrared spectroscopy), the different infrared (c-
troscopic properties of two anatase samples are explained by morphology effects resulting from the synthesis pathways. Whereas a c
route leads to anisotropic shapes, the multigelation method leads to more “spherical” shapes. As shown by the DFT calculations, the as
the OH stretching bands depends on the surfaces exposed by the anatase-TiO2 nanocrystallites. The signature of the nanocrystallites morpho
can thus be captured by IR spectroscopy.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Many industrial applications are well known for anata
TiO2 nanocrystals, including use in dye-sensitized solar cell[1],
as photocatalysts[2], and as the support of heterogeneous
alysts[3]. To improve the ultimate physicochemical propert
(e.g., photosensitivity, catalytic activity), it is crucial to provi
a rational atomistic description of the surface sites expose
the anatase nanocrystals. For dye–anatase systems, the d
dering on the anatase surface depends on the local structu
the surface atomic lattice that modifies the spectral respo
For anatase-supported MoS2 catalysts, such as those used
hydrodesulfurization (HDS), the anchorage mode of the ac
phase on the local surface sites influences the resulting
alytic activity [4]. Further extending this analogy between
two systems reveals that epitaxial relationships on the ana
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(101) surface can be found for either specific dye molecule[1]
or the MoS2 active phase[4].

The use of anatase-TiO2 as a potential support for HDS ca
alysts has been the subject of numerous experiments[3,5–8].
Much effort has been devoted to refining the preparation
synthesis of anatase-TiO2 with the goal of continuous improve
ment of its textural and acidic properties. Recent progress
been achieved in the preparation of anatase-TiO2-based cat-
alysts with higher specific areas and active phase load
[9–11], which offer new prospects for future industrial app
cations.

Various support effects, not always clearly understood,
involved in the prospect of hydrotreatment catalysts. Deta
overviews of support effects have been provided previo
[3,12]. One striking experimental result revealed that the
trinsic HDS activity of anatase-TiO2-supported MoS2 is signif-
icantly higher than that ofγ -alumina-supported MoS2 [5]. To
explain this observation, it is invoked morphology effects, s
face acidity, electronic effects[5], orientation[13], and even

http://www.elsevier.com/locate/jcat
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direct promotion by Ti atom of the support[8,14]. Density
functional theory (DFT) studies on relevant catalytic suppo
such asγ -alumina[15,16] and anatase-TiO2 [15–21], provide
insight into their acid–basic properties under reacting co
tions (T ,PH2O,PH2S). Moreover, the recent DFT simulatio
of supported MoS2 catalyst models puts forward the role
the stronger ligand effect of anatase-TiO2 compared withγ -
alumina[4]. This effect, which depends on the type of surfa
exposed by the support, stresses how crucial the morpholo
the support’s nanoparticles is to catalytic activity.

DFT work by Arrouvel et al.[17,18] has determined th
different hydroxyl species and concentrations at the origin
the surface acid–basic properties ofγ -alumina and anatase
TiO2 nanoparticles. The consistent comparison of the hydra
state of the two supports,γ -Al2O3 and TiO2, thus reveals the
connection between nanoparticle morphology and the na
and concentration of exchangeable hydroxyls depending o
types of surfaces exposed under reacting conditions. Whe
γ -alumina nanoparticles expose mainly the highly hydra
(110) surface formed during the boehmite calcination proc
[16,17,22,23], anatase-TiO2 in the equilibrium morphology ex
hibits primarily the poorly hydrated (101) surface[17]. The
hydrated (001) surface represents only a minor area on
nanoparticles according to thermodynamic considerations
surface energy calculations. One way to generate anatase2
nanoparticles with modified surface properties is to cha
the morphological features at the preparation steps and a
“soft enough” activation conditions to freeze the evolution
metastable states of interest.

The present study proposes a useful way to characterize
monitor morphological effects in anatase-TiO2 nanoparticles
Two distinct shapes of TiO2 nanoparticles produced by tw
different preparation routes were investigated and three p
ical different characterization techniques were combined w
density functional theory (DFT) calculations: X-ray diffra
tion (XRD), transition electron microscopy (TEM), and Four
transform infrared (FTIR) spectroscopy.

2. Experimental

2.1. Materials

Two types of mesoporous titania supports were used, a c
mercial one provided by Sakai Chemicals, with a specific
face area of 72 m2 g−1 and a pore volume of 0.34 cm3 g−1

(labeled A in what follows), and a second one prepared by C
oda following the multigelation method[10,11,24](labeled B),
with a higher specific surface area (120 m2 g−1) but almost
the same pore volume (0.39 cm3 g−1). Powder grain sizes be
tween 80 and 120 µm were selected for both supports.

2.2. Methods

2.2.1. Anatase-TiO2 characterization
The BET surface area and total pore volume were m

sured by nitrogen adsorption at 77 K using a Micromeri
ASAP 2010 analyzer. The samples were previously outga
,
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at 573 K for 3 h. The BJH method was used to determine
pore size distribution.

XRD was done using a Siemens D500 diffractometer an
Cu-Kα radiation. TEM was performed on a JEOL 2010 inst
ment (200 kV; point-to-point resolution, 0.195 nm) equipp
with an EDS Link-Isis detector. The titania samples were ul
sonically dispersed in ethanol, and the suspension was coll
on carbon-coated grids.

The FTIR spectra were recorded with a Bruker Vector
spectrometer (resolution, 2 cm−1; 32 scans/spectrum), con-
nected to a conventional vacuum line. The same amounts
and B TiO2 samples (20 mg) were pressed as self-suppo
wafers. After the wafers were introduced into a cell w
CaF2 windows, they were dehydrated under flowing oxyg
(30 mL min−1, 3 h) at 693 K (at a heating rate of 90 K h−1),
then evacuated for 1 h at 573 K up to 10−6 Torr (1 Torr≈
1.33× 10−3 bar). Gaseous water was directly contacted w
the dehydrated wafers by opening a connection between th
and an independent compartment containing liquid water.
FTIR spectra were recorded at room temperature after each
of sample treatment.

2.2.2. DFT calculations
Theoretical calculations used for the interpretation of the

perimental results in the present paper have been reported
detailed explanations in previously published work[17]. Here
we only recall that total energies were calculated within D
and the generalized gradient approximation (GGA) of Per
and Wang[25]. To solve the Kohn–Sham equations within p
riodic boundary conditions, we use the Vienna ab initio Sim
lation Package (VASP)[26–28]. The eigenstates of the electr
wave functions are expanded on a plane-waves basis se
ing pseudopotentials to describe the electron–ion interac
within the projector-augmented waves (PAW) approach[29].
For all convergence criteria and specific parameters (
k-point meshes, plane wave cutoff, surface slab models)
refer the reader to our previous work[17]. The OH stretch-
ing modes were calculated within the harmonic approximat
adding anharmonicity corrections for the OH stretching follo
ing the method proposed by Lindberg[30] as implemented in
the ANHARM program[31,32].

3. Results

3.1. Mesoporous properties

As mentioned in the Experimental section, support B ha
surface area about twice that of support A (120 and 72 m2 g−1,
respectively), but the two supports have similar pore v
umes (0.34 cm3 g−1 for A and 0.39 cm3 g−1 for B). The N2

adsorption–desorption curves correspond to type IV isothe
characteristic of mesoporous adsorbents[33]. Support B has a
relatively narrow pore size distribution centered at about 11
whereas the distribution in support A is slightly broader a
centered at 14 nm (Fig. 1).
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Fig. 1. Pore size distribution of A and B (Chiyoda prepared).

Fig. 2. XRD patterns of samples A and B (Chiyoda prepared).

3.2. XRD and TEM characterization

The XRD patterns for the A and B supports correspond
pure anatase (Fig. 2). The anatase structure was also confirm
by Raman spectroscopy (not reported here). We notice a
ference in relative intensities of the peaks in the diffractogra
of A and B. For sample A, the three peaks corresponding to
(101), (004), and (200) Miller planes exhibit different inten
ties. In contrast, for sample B, the (004) and (200) peaks ex
almost the same intensity. The contribution of the (101) Mi
plane is significantly more predominant in A than in B. The
different XRD patterns already suggest the different morph
gies of the particles of the two samples. This qualitative tr
is further confirmed by the analysis of TEM images (Fig. 3)
showing that the TiO2 nanoparticles in sample A exhibit
rod-type morphology with sizes of 10 nm× 20 nm, whereas
f-
s
e

it

-
d

(A)

(B)

Fig. 3. MET images for samples A and B (Chiyoda prepared).

the shapes in sample B are almost spherical, with a diam
of 10 nm.

3.3. FTIR analysis of surface hydroxyl groups

The FTIR spectra of outgassed A and B supports exh
complex features in the OH stretching spectral region (38
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Fig. 4. FTIR spectra of sample A dehydrated under flowing oxygen at 69
for 3 h, outgassed at 573 K for 1 h up to 10−6 Torr (a) and then hydrated wit
different water vapour doses at room temperature (b)–(i).

Fig. 5. FTIR spectra of sample B (Chiyoda prepared) dehydrated under flo
oxygen at 693 K for 3 h, outgassed at 573 K for 1 h up to 10−6 Torr (a) and
then hydrated with different water vapour doses at room temperature (b)–

3500 cm−1). Figs. 4 and 5show the spectra recorded
room temperature after treatment at various water press
In all cases, 5 main bands are observed at the following
quency values: 3736, 3717–3719, 3688–3696, 3670–3676
3632–3642 cm−1. Although many IR studies have been devo
g

s.
-
nd

to the assignment of the spectrum[14,34–39], they face some
difficulties to fully elucidate the IR spectrum without using th
oretical calculations.

The exhaustive theoretical assignment proposed by Arro
et al.[17] demonstrates that the contributions of different cr
tallographic planes exposed by the TiO2 nanoparticles must b
carefully taken into account, as was also suggested by B
et al. [14]. In the same spirit, Digne et al.[15,16] have shown
that the consideration of the OH surface species presen
the γ -alumina nanocrystallites provides a rational interpre
tion of their IR spectra. In line with these proposals, the
sulting IR spectra of the two samples shown inFigs. 4 and 5
exhibit obviously different features in the OH frequency
gion. The relative IR bands’ intensities differ significantly f
the two samples. For support A, two well-defined and pred
inant OH bands are revealed at 3670 and 3717 cm−1, whereas
only weak peak contributions at 3640, 3696, and 3736 cm−1

appear. In contrast, sample B exhibits a larger peak br
ening, with the most intense OH bands located at 3736
3719 cm−1 and a nonnegligible contribution of the OH ban
at 3676 and 3642 cm−1.

The influence of water pressure (in the range of 0.5–4 T
does not significantly change this trend. There is an enha
ment of all intensities with the appearance of a broad ban
about 3478–3486 cm−1 corresponding to the excess of wa
molecules physisorbed on the support developing hydroge
teractions.

Consequently, these results demonstrate that changes in
phology also have an affect on the IR spectrum. Howe
a complete and rational understanding of this morphology
fect as observed in IR requires that these experimental re
be verified by DFT simulations of the OH stretching frequ
cies.

4. Discussion

In the recent DFT study, Arrouvel et al.[17] determined the
OH stretching frequencies of the hydroxyl groups located
the low index (101), (001), and (100) surfaces. Depending
the relative areas of these three surfaces, different types of
phology with various degrees of anisotropy may be genera
Table 1 reports the OH species identified on the three s
faces according to the simulation of the vibrational stretch
frequencies of the different OH groups stable at room temp
ture. The table also recalls the assignments proposed in e
work [17] as a function of the surface orientation.

The (101) surface exhibits a water coverage (θ101) of about
10.1 H2O nm−2 at room temperature. The local structure
lustrated inFig. 6a shows that water molecules are eith
chemisorbed or physisorbed for the stable state at room
perature. Hence this surface is saturated by nondissociate
ter molecules inducing the low-frequency OH bands loca
at 3632–3640 cm−1 and 3670–3676 cm−1 (Figs. 4 and 5).
The (001) surface withθ001= 3.5 H2O nm−2 exhibits mainly
TiV–µ1OH groups resulting from the water dissociation at
surface (Fig. 6b). In contrast to the (101) surface, the hig
frequency OH band at 3736 cm−1 (Figs. 4 and 5) is expected
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Table 1
Calculated and experimental stretching frequencies of various OH group
function of the surface orientation at room temperature according to theor
values extracted from[17]

OH type Sur-
face

θhkl

(H2O nm−2)

dOH

(Å)

ωcalc

(cm−1)

ωexp

(cm−1)

Samplea

TiV–µ1OH (001) θ001= 3.5 0.989 3746–3751 3736 A (Low)
3736 B (High)

TiVI –µ1OH2 (100) θ100= 8.2 0.992 3710 3717 A (High)
3719 B (Low)

TiVI –µ1OH 0.992 3688 3696 A (Low)
3688 B (Low)

TiVI –µ1OH2 (101) θ101= 10.1 0.993 3665 3670 A (High)
3676 B (Low)

TiVI –µ1OH2 0.994 3646 3640 A (Low)
3642 B (Low)

Phys. H2O 0.994 2950–3253 ∼3484 A (Low)
B (Low)

a The qualitative peak contributions as observed in the IR-spectra ofFigs. 4
and 5is reported for each support in parentheses.

Fig. 6. Local structure of the anatase surface for (a) (101) surface atθ101= 10.1
H2O nm−2; (b) (001) surface atθ001= 3.5 H2O nm−2; (c) (100) surface a
θ100= 8.2 H2O nm−2 (according to[17]).

to be the signature of the (001) surface. Finally, the (1
surface (Fig. 6c) with θ100= 8.2 H2O nm−2 exhibits two in-
termediate calculated OH frequencies (3688 and 3710 cm−1)
corresponding to experimental values at 3688–3696 cm−1 and
3717–3719 cm−1 (Figs. 4 and 5).
a
al

)

Fig. 7. Proposed morphologies for (a) sample A with elongated shape and
anisotropy, (b) and (c) sample B with “sperical shapes” and high isotropy.

The high anisotropy of the nanoparticles in sample A
served on TEM is attributed to the predominant (101) and (1
surfaces giving rise to two main OH bands in the IR spec
The first of these bands, at 3670 cm−1, corresponds to the TiVI –
µ1OH2 species present at the (101) surface. The second b
at 3717 cm−1, is the signature of TiVI –µ1OH2 species presen
on the (100) surface. In this sample, the contribution of
species located at the (001) surface remains negligible, w
explains why the high-frequency band at 3736 cm−1 is not pre-
dominant.Fig. 7a illustrates the morphology proposed from t
IR peak intensities analysis for the anatase-TiO2 particles of
sample A. This rod-type morphology is consistent with the h
anisotropy of the particle shapes (as also observed by XRD
TEM) and is due mainly to the weak contribution of the (00
surface.

In contrast, the nanoparticles of sample B exhibit isotro
shapes as observed on TEM. This may be explained by
larger contribution of the (001) surface in sample B (
Fig. 7b). The IR spectra simultaneously exhibits the OH ban
3736 cm−1 with as great an intensity as for the other OH ban

Note that the (110) surface was also considered in our ea
work [17], in which the frequency of the TiV–µ1OH group was
calculated at 3728 cm−1. We cannot fully exclude the contribu
tion of this surface in the IR spectra, particularly for sample
In a similar way, the presence of different crystallograp
planes, such as the (111), (211), (103), and (105) surfaces
been suggested[17,20]. However, an isotropic shape such
that observed for sample B cannot be created by contribu
from the (110), (111), (211), (101), and (100) surfaces. Ind
according to crystal symmetry, such Miller orientations do
significantly perturb the elongated shapes along thez-axis. In
contrast, the (001) surface and, to a lesser extent, the (
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or (105) surface can break the anisotropy developed alon
z-axis (seeFig. 7c). Even if a DFT study of the hydration of th
(103) or (105) surface is beyond the scope of the current s
it is noteworthy that the local coordination of Ti and O si
on these higher-index surfaces is very similar to that on
(001) surface sites. Consequently, similar TiV–µ1OH groups
are expected on the (103) and (105) surfaces, contributin
the high OH stretching frequencies in the IR spectra of s
ple B. Future theoretical work characterizing surface hydro
species present on surfaces with higher crystallographic ind
may help to complete the current database. In particular, if
TiO2 nanomorphologies are produced according to new syn
sis chemical routes, then the surfaces simulated to date ma
be sufficient to enable the full assignment of IR spectra. In
present case, the available data taking into consideration th
ble surface species in an aqueous medium enable resoluti
the morphology engendered by the multigelation method.

5. Conclusion

This study combines three experimental techniques (X
TEM, and FTIR) with DFT calculations on anatase-TiO2 sur-
faces and posits that the IR spectra contain the fingerprin
morphology effects. Such an analysis can be achieved on
reliable DFT results are available to characterize the stab
of OH species and the OH frequency assignment. For the
distinct anatase-TiO2 samples, our study reveals the spec
morphology feature obtained in the Chiyoda support comp
with more conventionally prepared support. Because the m
phology of the individual nanoparticles influences how th
agglomerate to build the mesoporous structure, this spe
morphology may be suspected to be responsible for the d
ent textural properties of the support produced by multigela
methods.

On the other hand, the acid–basic surface properties o
Chiyoda nanoparticles will also differ. Enhancement of
(001) surface with a high number of exchangeable basic TV–
µ1OH hydroxyls may allow for better impregnation efficien
by a catalytic active phase precursor, such as a molybde
oxidic precursor.

Finally, the approach proposed in this work—crossing
and DFT calculations—certainly may be applied to better id
tify and monitor morphology effects on other catalytic syste
and nanomaterials. The success of this approach is based
available theoretical surface database being sufficiently ric
cover the broad spectrum of surface chemical species stab
various environments (e.g.,T ,p(H2O), . . . ).
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