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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 anatase-
nanocrystallites depend on their morphologies. Coupling recent density functional theory (DFT) calculations with three physical chamacterizat
techniques (X-ray diffraction, transmission electron microscopy, and Fourier transform infrared spectroscopy), the different infrarect (IR) spe
troscopic properties of two anatase samples are explained by morphology effects resulting from the synthesis pathways. Whereas a convent
route leads to anisotropic shapes, the multigelation method leads to more “spherical” shapes. As shown by the DFT calculations, the assignme
the OH stretching bands depends on the surfaces exposed by the anatasasi€rystallites. The signature of the nanocrystallites morphology
can thus be captured by IR spectroscopy.
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1. Introduction (101) surface can be found for either specific dye moledudles
or the Mo$S active phasé4].
Many industrial applications are well known for anatase- The use of anatase-Ti&s a potential support for HDS cat-
TiO2 nanocrystals, including use in dye-sensitized solar €HlJs alysts has been the subject of numerous experini8ris8]
as photocatalyst®], and as the support of heterogeneous catMuch effort has been devoted to refining the preparation and
alysts[3]. To improve the ultimate physicochemical propertiessynthesis of anatase-TiWith the goal of continuous improve-
(e.g., photosensitivity, catalytic activity), it is crucial to provide ment of its textural and acidic properties. Recent progress has
a rational atomistic description of the surface sites exposed blyeen achieved in the preparation of anatasex>fi@sed cat-
the anatase nanocrystals. For dye—anatase systems, the dyedlsts with higher specific areas and active phase loadings
dering on the anatase surface depends on the local structure[of-11], which offer new prospects for future industrial appli-
the surface atomic lattice that modifies the spectral responseations.
For anatase-supported MpS$atalysts, such as those used in  various support effects, not always clearly understood, are
hydrodesulfurization (HDS), the anchorage mode of the activghyolved in the prospect of hydrotreatment catalysts. Detailed
phase on the local surface sites influences the resulting caverviews of support effects have been provided previously
alytic activity [4]. Further extending this analogy between the[3 12]. One striking experimental result revealed that the in-
two systems reveals that epitaxial relationships on the anatasg,sic HDS activity of anatase-Tisupported MoSis signif-
icantly higher than that of -alumina-supported MgS5]. To
" Corresponding author. Fax: +33 (0)1 47 52 70 58. explain this observation, it is invoked morphology effects, sur-
E-mail addresspascal.raybaud @ifp.{iP. Raybaud). face acidity, electronic effect®], orientation[13], and even

0021-9517/$ — see front matté&t 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.09.034


http://www.elsevier.com/locate/jcat
mailto:pascal.raybaud@ifp.fr
http://dx.doi.org/10.1016/j.jcat.2005.09.034

246 S. Dzwigaj et al. / Journal of Catalysis 236 (2005) 245-250

direct promotion by Ti atom of the suppoi®,14]. Density at 573 K for 3 h. The BJH method was used to determine the
functional theory (DFT) studies on relevant catalytic supportspore size distribution.
such asy-alumina[15,16] and anatase-Ti©[15-21] provide XRD was done using a Siemens D500 diffractometer and a
insight into their acid—basic properties under reacting condiCu-K, radiation. TEM was performed on a JEOL 2010 instru-
tions (T', Pn,0, PH,s). Moreover, the recent DFT simulation ment (200 kV; point-to-point resolution, 0.195 nm) equipped
of supported Mo catalyst models puts forward the role of with an EDS Link-Isis detector. The titania samples were ultra-
the stronger ligand effect of anatase-Zi€ompared withy-  sonically dispersed in ethanol, and the suspension was collected
aluminal[4]. This effect, which depends on the type of surfaceon carbon-coated grids.
exposed by the support, stresses how crucial the morphology of The FTIR spectra were recorded with a Bruker Vector 22
the support’s nanoparticles is to catalytic activity. spectrometer (resolution, 2 ¢ty 32 scangspectrum), con-
DFT work by Arrouvel et al.[17,18] has determined the nected to a conventional vacuum line. The same amounts of A
different hydroxyl species and concentrations at the origin ofnd B TiQ, samples (20 mg) were pressed as self-supported
the surface acid-basic properties jpfalumina and anatase- wafers. After the wafers were introduced into a cell with
TiO2 nanoparticles. The consistent comparison of the hydratiogar, windows, they were dehydrated under flowing oxygen
state of the two supportg;-Al203 and TiQ, thus reveals the (30 mLmin~2, 3 h) at 693 K (at a heating rate of 90 K},
connection between nanoparticle morphology and the naturen evacuated for 1 h at 573 K up tof0Torr (1 Torr~
and concentration of exchangeable hydroxyls depending on the33  10-3 bar). Gaseous water was directly contacted with
types of surfaces exposed under reacting conditions. Wheregge dehydrated wafers by opening a connection between the cell
y-alumina nanoparticles expose mainly the highly hydratetyng an independent compartment containing liquid water. The

(110) surface formed during the boehmite calcination procesgR spectra were recorded at room temperature after each step
[16,17,22,23]anatase-Ti@in the equilibrium morphology ex- sample treatment.

hibits primarily the poorly hydrated (101) surfag¢&7]. The

hydrated (001) surface represents only a minor area on the ,

nanoparticles according to thermodynamic considerations arft2-2- PFT calculations _ _

surface energy calculations. One way to generate anatase-TiO Theoretlcal calcglatlons used for the interpretation of the ex-
nanoparticles with modified surface properties is to Changgerlmental results in the present paper have been reported with

the morphological features at the preparation steps and appﬂFta"ed explanations in prevlqusly published W{JIR]__H_ere

“soft enough” activation conditions to freeze the evolution of W& only recall that total energies were calculated within DFT

metastable states of interest. and the generalized gradient approximation (GGA) of Perdew
The present study proposes a useful way to characterize afid Wang25]. To solve the Kohn—-Sham equations within pe-

monitor morphological effects in anatase-Ji@anoparticles. riodic boundary conditions, we use the Vienna ab initio Simu-

Two distinct shapes of Ti©nanoparticles produced by two lation Package (VASHR6—28] The eigenstates of the electron

different preparation routes were investigated and three phydvave functions are expanded on a plane-waves basis set us-

ical different characterization techniques were combined witdng pseudopotentials to describe the electron—ion interactions

density functional theory (DFT) calculations: X-ray diffrac- Within the projector-augmented waves (PAW) approgz9i.

tion (XRD), transition electron microscopy (TEM), and Fourier For all convergence criteria and specific parameters (e.g.,

transform infrared (FTIR) spectroscopy. k-point meshes, plane wave cutoff, surface slab models), we
refer the reader to our previous wofk7]. The OH stretch-

2. Experimental ing modes were calculated within the harmonic approximation,
adding anharmonicity corrections for the OH stretching follow-

2.1. Materials ing the method proposed by Lindbel@0] as implemented in

the ANHARM program[31,32]
Two types of mesoporous titania supports were used, a com-
mercial one provided by Sakai Chemicals, with a specific surg Regylts
face area of 72 Afig~—! and a pore volume of 0.34 cg!
(labeled A in what follows), and a second one prepared by Chiy—3 1M .
oda following the multigelation methdd0,11,24](labeled B), -1. Mesoporous properties
with a higher specific surface area (12% gn') but almost

the same pore volume (0.39 &g 1). Powder grain sizes be- As mentioned in the Experimental section, support B has a
tween 80 and 120 um were selected for both supports. surface area about twice that of support A (120 and ?gm,
respectively), but the two supports have similar pore vol-
2.2. Methods umes (0.34 crhg~! for A and 0.39 crig?! for B). The Nb
adsorption—desorption curves correspond to type IV isotherms,
2.2.1. Anatase-Ti@characterization characteristic of mesoporous adsorbd®. Support B has a

The BET surface area and total pore volume were mearelatively narrow pore size distribution centered at about 11 nm,
sured by nitrogen adsorption at 77 K using a Micromeriticswhereas the distribution in support A is slightly broader and
ASAP 2010 analyzer. The samples were previously outgassezéntered at 14 nnig. 1).
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Fig. 1. Pore size distribution of A and B (Chiyoda prepared).
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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 to
pure anataseé~{g. 2). The anatase structure was also confirmed
by Raman spectroscopy (not reported here). We notice a dif-
ference in relative intensities of the peaks in the diffractograms : ®)
of A and B. For sample A, the three peaks corresponding to the
(101), (004), and (200) Miller planes exhibit different intensi- Fig. 3. MET images for samples A and B (Chiyoda prepared).
ties. In contrast, for sample B, the (004) and (200) peaks exhibit
almost the same intensity. The contribution of the (101) Millerthe shapes in sample B are almost spherical, with a diameter
plane is significantly more predominant in A than in B. Theseof 10 nm.
different XRD patterns already suggest the different morpholo-
gies of the particles of the two samples. This qualitative tren®.3. FTIR analysis of surface hydroxyl groups
is further confirmed by the analysis of TEM imagésg( 3
showing that the TiQ nanoparticles in sample A exhibit a  The FTIR spectra of outgassed A and B supports exhibit
rod-type morphology with sizes of 10 nsn20 nm, whereas complex features in the OH stretching spectral region (3800—
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Fig. 4. FTIR spectra of sample A dehydrated under flowing oxygen at 693
for 3 h, outgassed at 573 K for 1 h up to10Torr (a) and then hydrated with
different water vapour doses at room temperature (b)—(i).
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3500 cmrl). Figs. 4 and 5show the spectra recorded at

to the assignment of the spectrifrt,34—-39] they face some
difficulties to fully elucidate the IR spectrum without using the-
oretical calculations.

The exhaustive theoretical assignment proposed by Arrouvel
et al.[17] demonstrates that the contributions of different crys-
tallographic planes exposed by the i@anoparticles must be
carefully taken into account, as was also suggested by Busca
et al.[14]. In the same spirit, Digne et dlL5,16] have shown
that the consideration of the OH surface species present on
the y-alumina nanocrystallites provides a rational interpreta-
tion of their IR spectra. In line with these proposals, the re-
sulting IR spectra of the two samples shownrFigs. 4 and 5
exhibit obviously different features in the OH frequency re-
gion. The relative IR bands’ intensities differ significantly for
the two samples. For support A, two well-defined and predom-
inant OH bands are revealed at 3670 and 3717'cwhereas
only weak peak contributions at 3640, 3696, and 3736 tm
appear. In contrast, sample B exhibits a larger peak broad-
ening, with the most intense OH bands located at 3736 and
3719 cnr! and a nonnegligible contribution of the OH bands
at 3676 and 3642 cnt.

The influence of water pressure (in the range of 0.5-4 Torr)

Kdoes not significantly change this trend. There is an enhance-
ment of all intensities with the appearance of a broad band at
about 3478-3486 cmt corresponding to the excess of water
molecules physisorbed on the support developing hydrogen in-
teractions.

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

4. Discussion

In the recent DFT study, Arrouvel et §1.7] determined the
OH stretching frequencies of the hydroxyl groups located on
the low index (101), (001), and (100) surfaces. Depending on
the relative areas of these three surfaces, different types of mor-
phology with various degrees of anisotropy may be generated.
Table 1reports the OH species identified on the three sur-
faces according to the simulation of the vibrational stretching
frequencies of the different OH groups stable at room tempera-
ture. The table also recalls the assignments proposed in earlier
work [17] as a function of the surface orientation.

The (101) surface exhibits a water covera@g4) of about
10.1 HOnnT 2 at room temperature. The local structure il-

Fig. 5. FTIR spectra of sample B (Chiyoda prepared) dehydrated under flowindustrated inFig. 6a shows that water molecules are either
oxygen at 693 K for 3 h, outgassed at 573 K for 1 h up to@Torr (a) and

then hydrated with different water vapour doses at room temperature (b)—(i).

chemisorbed or physisorbed for the stable state at room tem-
perature. Hence this surface is saturated by nondissociated wa-
ter molecules inducing the low-frequency OH bands located
at 3632—-3640 cmt and 3670-3676 cmi (Figs. 4 and &

In all cases, 5 main bands are observed at the following freTi,,—.; OH groups resulting from the water dissociation at the
quency values: 3736, 3717-3719, 3688-3696, 3670-3676, astrface Fig. 6b). In contrast to the (101) surface, the high-
3632-3642 cm!. Although many IR studies have been devotedfrequency OH band at 3736 crh (Figs. 4 and bis expected
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Table 1

Calculated and experimental stretching frequencies of various OH groups as a
function of the surface orientation at room temperature according to theoretical a)

values extracted frorfl7]

OH type Sur- Opx; doH  wcalc wexp Samplé
face (H,0nnT2) (A) (em™1 (em™1

Tiy—u1OH (001) fgo1=3.5 0989 3746-3751 3736 A (Low)

3736 B (High)

Tivi—1OHy (100) 6100=82 0992 3710 3717 A (High)
3719 B (Low)

Tivi—110H 0.992 3688 3696 A (Low)
3688 B (Low)

Tivi—10H (101) 6101=101 0993 3665 3670 A (High)
3676 B (Low)

Tivi—110H; 0.994 3646 3640 A (Low)
3642 B (Low)

Phys. HO 0994 2950-3253 ~3484 A (Low)
B (Low)

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

Fig. 6. Local structure of the anatase surface for (a) (101) surfaggat 10.1
Ho0nm~2; (b) (001) surface afigg; = 3.5 HyO nm—2; (c) (100) surface at
6100= 8.2 HpO nm—2 (according td17]).

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

The high anisotropy of the nanoparticles in sample A ob-
served on TEM is attributed to the predominant (101) and (100)
surfaces giving rise to two main OH bands in the IR spectra.
The first of these bands, at 3670 chicorresponds to the Jji—
u10H; species present at the (101) surface. The second band,
at 3717 cml, is the signature of Ti—uw1OH> species present
on the (100) surface. In this sample, the contribution of OH
species located at the (001) surface remains negligible, which
explains why the high-frequency band at 3736¢ris not pre-
dominantFig. 7a illustrates the morphology proposed from the
IR peak intensities analysis for the anatasesTfarticles of
sample A. This rod-type morphology is consistent with the high
anisotropy of the particle shapes (as also observed by XRD and
TEM) and is due mainly to the weak contribution of the (001)
surface.

In contrast, the nanopatrticles of sample B exhibit isotropic
shapes as observed on TEM. This may be explained by the
larger contribution of the (001) surface in sample B (see
Fig. 7b). The IR spectra simultaneously exhibits the OH band at
3736 cnt! with as great an intensity as for the other OH bands.

Note that the (110) surface was also considered in our earlier
work [17], in which the frequency of the Jw1OH group was
calculated at 3728 crt. We cannot fully exclude the contribu-
tion of this surface in the IR spectra, particularly for sample B.
In a similar way, the presence of different crystallographic
planes, such as the (111), (211), (103), and (105) surfaces, has
been suggestefd 7,20] However, an isotropic shape such as

to be the signature of the (001) surface. Finally, the (100}hat observed for sample B cannot be created by contributions

surface Fig. 6c) with 6100= 8.2 H>O nm 2 exhibits two in-
termediate calculated OH frequencies (3688 and 3710'%m
corresponding to experimental values at 3688—3696'camd
3717-3719 cm! (Figs. 4 and &

from the (110), (111), (211), (101), and (100) surfaces. Indeed,
according to crystal symmetry, such Miller orientations do not
significantly perturb the elongated shapes alongztagis. In
contrast, the (001) surface and, to a lesser extent, the (103)
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or (105) surface can break the anisotropy developed along tHeeferences

z-axis (sed-ig. 7c). Even if a DFT study of the hydration of the

(103) or (105) surface is beyond the scope of the current studyji] s. ushiroda, N. Ruzycki, Y. Lu, M.T. Spitler, B.A. Parkinson, J. Am.
it is noteworthy that the local coordination of Ti and O sites Chem. Soc. 127 (14) (2005) 5158.

on these higher-index surfaces is very similar to that on thel2] H. Wang, Y. Wu, B.-Q. Xu, Appl. Catal. B: Environ. 59 (2005) 139.
(001) surface sites. Consequently, similayJjii1OH groups  [3] M. Breysse, J.L. Portefaix, M. Vrinat, Catal. Today 10 (1991) 489.

are expected on the (103) and (105) surfaces, contributing td4] C. Arrouvel, M. Breysse, H. Toulhoat, P. Raybaud, J. Catal. 232 (2005)
the high OH stretching frequencies in the IR spectra of sam- 161.

. .. [5] J. Ramirez, S. Fuentes, G. Diaz, M. Vrinat, M. Breysse, M. Lacroix, Appl.
ple B. Future theoretical work characterizing surface hydroxyl "~ 4. 50 (1989) 211.

species present on surfaces with higher crystallographic indexe@] M.L. Vrinat, C.G. Gachet, G. Cavalleto, L. de Mourgues, Appl. Catal. 3
may help to complete the current database. In particular, if new  (1982) 57.

TiO2 nanomorphologies are produced according to new synthe{7] K.Y.S. Ng, E. Gulari, J. Catal. 95 (1985) 33.

sis chemical routes, then the surfaces simulated to date may nd8! L. Coulier, J.A.R. van Veen, J.W. Niemantsverdriet, Catal. Lett. 79 (2002)
be sufficient to enable the full assignment of IR spectra. Inthe 4% _ -

present case, the available data taking into consideration the std2 > P2Wi9al, C. Louis, M. Breysse, M. Cattenot, V. Belliére, C. Geantet,

L . . M. Vrinat, P. Blanchard, E. Payen, S. Inoue, H. Kudo, Y. Yoshimura, Appl.
ble surface species in an agueous medium enable resolution of .4 B: Environ. 41 (2003) 181.

the morphology engendered by the multigelation method. [10] S. Inoue, A. Muto, H. Kudou, T. Ono, Appl. Catal. A: Gen. 269 (2004) 7.
[11] S. Inoue, A. Muto, T. Ono, T. Makabe, T. Takatsuka, H. Nomura, US
5. Conclusion 2004/0238410 ALl.

[12] F. Luck, Bull. Soc. Chim. Belg. 100 (1991) 781.

This study combines three experimental techniques (XRD[}3! Y. Araki, K. Honna, H. Shimada, J. Catal. 207 (2002) 361.
TEM, and FTIR) with DFT calculations on anatase-Fi€ur- [14] G. Busca, H. Saussey, O. Saur, J.-C. Lavalley, V. Lorenzelli, Appl. Ca-
faces and posits that the IR spectra contain the fingerprints tal. 14 (1985) 245.
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