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Structural, optical, and chemical properties of the W@rO, nanometric system were investigated
using Raman spectroscopy, high-resolution transmission electron microscopy (HRTEM), avisiiée
diffuse reflectance. From diffuse reflectance spectroscopy, the absorption profile of the species in which
WO, was present (layers and small clusters) on the surface of @n@tals was obtained. This study
shows three main energetic regions for optical absorption. As tungsten (W) concentration diminished,
which corresponded with a decrease in W&yer thickness, the absorption edge showed a blue shift,
and the band gap increased. The analysis of such behaviors suggests that they are due to quantum
confinement produced by 0- or 1-dimensional \W§pecies. Local chemical analyses and HRTEM
observations allowed determination of the presence of an irregular thin coating, a small cluster, and a
crystalline thin film formation over the ZrOfor samples with loadings of 6, 10, and 20 wt % of W,
respectively. The results obtained from different techniques were used to propose a chemical approach
to the relationship between structure and electronic behavior of the active surface as a function of W
concentration.

Introduction Particularly, the WQ-ZrO, system has received much
attention because of its good combination of activity and
chemical selectivity. This is because of balanced surface acid
properties, density of acid sites, and high thermal stability.
This system brings the possibility for balancing the surface
acid properties (density of acid sites) by varying the tungsten
(W) content, which, combined with its high thermal stability,

It is well-known that the surface properties have an
imperative role in the control of the catalysis process, related
essentially with the changes in its acidase properties.
Furthermore, it is common to relate it with crystalline
distribution or other factors involving structural configura-
tions, such as preferential orientations, presence of individual allows for high activities and selectivity in catalyzed reac-
elem'ents,.and so on, in the synthesized material. Structuretions_ When the WQ-ZrO, system was presented as a WO
manipulation _has prov_ec_;l to be an !mportgnt parameter to coating consisting of W clusters formed on the surface of
develop chemical reactivity. Composition, size, and structure Zr0,, the following parameters were in place: (1) without
affect the electronic distribution together with the atomistic fé)rmation of detectable 3-dimensional Wystallites

coln f|gtu ratt_loln, p;]r.o?]qcmg: S{'g;'tﬁct?]nt valrla:.lo.ns n (';he f,hetr.m' when this system was synthesized by the impregnation
cal potential, which is related to the selectivity and activation method with loadingss ~15 wt % W and (2) when it had

en?_rgles dutr 'ng | thfe ca;allysi d.? gFgFB§S|des, :)CI) ?a\;]e a surface area of100 nt/g.*~® Other authors described the
optimum matenia’s for catalysts, 1t 1S indispensable o have system as a structure of metastable tetragonal Zv@»o-

_thte (rjnammunrw]. ehffectlve bareaf 0 t.mdU(.:te reactlopts, which dparticles covered by a few-nanometers thick low-crystalline
introduces a nigher number of active Sites per unit area andg, - ;e layer formed by the W oxospecies W®hich is

p]:ar urtut yc|>lutme. This '? _rea_ched Ey red_ucmg the d'_rpens'oréobtained by selective precipitation and with concentrations
of materials to nanometric size, where size, composition, and ¢ 15 \wt % W47 More recently, direct evidence of the

St? CltLtj.re have Frovefd to b? t.hT par:_rg;;grs to modify thetransformation of WQ species in W@ nanoclusters with
catalytic properties of a material cand : orthorhombic structure in the WOZrO, system has been
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reportec® However, the evidence until now reported is not
determinant, and the characterization methods used usually
present an uncertainty factor because the chemical composi-
tion is indirectly evaluated mainly for small layers of WO
on the ZrQ surface. With help of new techniques such as
the transmission electron microscopy, particularly the linear
chemical analysis on selected areas of the sanipfabe
study improved in quality, the results showed a significant
increase in precision, and the contribution to the understand- h
ing of the phenomena was greater. The results of optical :
characterization traduced to chemical hardness were extended A \
to the analysis of chemical behavior of this system in relation : ‘
to catalyzed reactions. '
Hence, in this work, experimental methods were used that =
allowed determining parameters such as size, structure, ancg
composition during the evolution of the W@pecies onthe &
surface of the Zr@depending on W content. These param-
eters permitted us to make correlations between the observed
quantum size effects in the optical absorption and to establish
its consequences in the electronic and chemical properties
of the low-dimensional material obtainét.
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The WQ—ZrO, samples were prepared by impregnation 200 400 600 8001
of ZrO,—4(OH)x with ammonium metatungstate ((INfg Raman Shift (cm™)
(H2W12040):nH20) solution (Strem Chemicals, 99.9%) at pH  Figure 1. Typical Raman spectra of W©ZrO, samples as a function of
= 1012 The whole mixture was stirred and heated to he W loads on the surface of Zsxalcined at 800C.
evaporate the water content in it, and this was followed by Detween 36-40 mW of incident radiation. The excitation
calcination in air fo 3 h at 800°C (tungsten content up to  line of the laser was 514.5 nm. The Raman signal was
30 wt %). High-surface-area ZsO(OH)x (320 n?/g) was detected with a photomultiplier and a standard photon
prepared by hydrolysis of 0.5 M zirconyl chloride solu- counting system. _ _
tion (ZrOCh-8H,0, Aldrich, >98 wt %, Hf 0.5 wt %) with Structural characterization was locally obtained with the
NH4OH solution (Baker 28%) at pi: 1013 help of a Tecnai F20 transmission electron microscope

After thermal treatment, the samples were characterizedaving an acceleration voltage of 200 keV, a field emission
by diffuse optical reflectance spectra with a Varian (Cary 9UN: and.a minimal information limit of 1.5.A. It also had
5E) spectrophotometer. The Kubelkiiunk function (Fkm) an analytical system attached that allowed high-angle annular
for infinitely thick samples was used to convert reflectance dark field (HAADF) for Z contrast images and obtained
measurementsRiampd iNto equivalent absorption profiles ~ €Nergy dispersive spectroscopy (EDS), including a line scan

using a reference reflectance, relating them to the absorptionfor eléemental composition studies. Samples were prepared

and scattering coefficientsi(and S, respectively): with a couple of drops on a cupper grid with an amorphous
carbon film. Optimum contrast and focused conditions were
(1-R)? o considered, and high-resolution images were obtained from
F(R.) = TR, S (1) local selected areas.
R, Results and Discussion
ample

R, = ) Raman SpectroscopyRaman spectroscopy was used to

study the structure of WE-ZrO, at a molecular length scale.
The Raman spectra were obtained in air at room temper-Figure 1 shows the Raman spectrum of W@rO, samples,
ature with a double monochromator Raman spectrometerwith different W loads on the surface.

(SPEX model 1403) using an Arion laser at a power The tetragonal and monoclinical Zsg@olymorphs pre-
sented Raman bands in the 0060 cm?! region, but not

(8) Angeles-Chavez, C.; Cortesedmne, M. A.; Torres-Garcia, E.; Toledo-  in the region of 808-1020 cn1?, where the main tungsten

Rreference

Antonio, J. A.J. Mater. Res2006 21, 807. oxygen bands were detected. The tetragonal,Zréh be
SeY M.; Ascencio, J. A.; Teh . MarinTb. Y9
O e oo g a7, cencio: J A Tehuacanero, S.; Marin®P-jyentified from the bands at 318, 335, 382, 478, 550, and

(10) IZDO%’LLJA'K;(Z'; 1_1,4K.; Lee, P. F.; Zhao, X.; Redkar, Bhin Solid Films 646 cnT!, whereas the bands at 221, 315, 538, 560, and 617
. _y . .
(11) Pearson, R. GI. Am. Chem. S0d.988 110, 2092. cm ! are assigned to the monoclinical phase.
(12) Torres-Garcia, E.; Canizal, G.; Velumani, S.; RamVerdusco, L.
F.; Murrieta-Guevara, F.; Ascencio, J. Appl. Phys. 2004 79, 2037. (14) Jouanne, M.; Morhange, J. F.; Kanehise, M.; Haro-Poniatowski, E.;
(13) Torres-Garcia, E.; Pelaiz-Barranco, A/;2daez-Ramos, C.; Fuentes, Fuentes, G. A,; Torres, E.; Hernandez-TellezPBys. Re. B 2001,
G. A. J. Mater. Res2001, 16, 2209. 64, 155404.
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Raman spectra of supported species are generally inter
preted by analogy to the characteristic Raman frequencies
of reference compounds either in solution or in the solid state.
Isopolytungstate compounds, consisting of [y/@rtahedra,
possess bands in the 740000 cn? range (W-O sym-
metric and W-O—W antisymetric stretching frequencies)
and in the 208550 cnt! range (W-O—W symmetric TR0 om | T T 20
stretching and bending modé&Monotungstate compounds, —
made up of [WQ) tetrahedra, show bands in the range 910 1500, s i E
1061 cmt (W—0O symmetric stretching) and in the range ;’ AT . .
300-830 cm'* (antisymetric stretching and bending modes). | 1000 | S R
The overlap in the Raman bands of the two symmetries and ' v
the distortions in both the tetrahedral and octahedralQV
groups that shift the band positions to high frequencies render
the distinction between the different species very difficult. 5 10 00 500 00 —_ =4

Crystalline WQ present intense and characteristic Raman Position (nm)
bands at 807, 717, and 274 chmwhich are only present in
the samples with loadings 15 wt % W and are absent from
the spectra of samples with loadings15 wt % W. This
characteristic suggests the existence of a separate crystallini
phase of W@ for samples with loadings 15 wt %. The
presence of the bands at 970 and 985 tim attributed to
surface tungsten species having various degrees of polym-g
erization. On one hand, the bands at 935 and the broad ban
at 829 cm! can be attributed with symmetric 30
stretching and to the antisymmetric stretching of the VO =
tetrahedr&® On the other hand, the shift of the bands of rigyre 2. TEM anaIyS|s ofasamp|e with 6 wt % W. (a) HAADF image

829 cn1! to 860 cnt! is attributed to the existence of of a nanostructured material composed of smaller particles, (b) EDS

W—O—2Zr stretching m spectrum, (c) line-scan elemental composition from the arrow of (a), and a
O stretching odes. gouple of HRTEM images (d and e) denoting bare and well-defined ZrO

The results described above suggest the presence Okiryctures with tetragonal phase, as can be seen from the planar distance

crystallized WQ for the samples with loadings 15 wt % measurements.
W, characterized by Raman bands at 275, 717, 808, and 985
cm. The lack or low intensity and poorly resolved Raman tion of the whole region is characterized by EDS spectrum
bands, for samples with loadings ~15 wt % W, is (Figure 2b), where the high concentration of Zr and O is
characteristic of poorly crystallized samples and a high clear (Cu appears as an effect of the grid composition),
degree of the local disorder and suggests the existence ofvhereas just small evidence of W can be found. This element
tungsten oxospecies highly dispersed on the surface as,a WOIS found just as a trace in the sample. For a more localized
coating. However, the experimental evidence obtained with analysis, a linear scan of characteristic X-ray signal was
Raman spectroscopy did not allow us to reach an unambigu-obtained along the marked arrow on the Figure 2a image,
ous conclusion about the complete structure of this system.and the concentration is shown in Figure 2c. It is clear how
The self-limitations of an average measurement as produced' is the main element in the sample, and it diminishes in
by Raman spectroscopy imply the necessity of a well- holes (zones where just the amorphous carbon of the grid is
localized study about the W®ehavior on the Zr@surface. identified) of the sample. In addition, oxygen is present with
High-Resolution Transmission Electron Microscopy low counts (this must be because of the atomic weight and
(HRTEM). The use of transmission electron techniques the corresponding higher signal for heavier elements),
allows for studying the differences between samples with Whereas tungsten contribution is found with a low intensity,
different loadings and its consequences on the producegd WO indicating its low concentration and its high dispersion.
structure. Samples with loadings of 6, 10, and 20 wt % W The structure of the particles found in this sample is shown
were compared using HRTEM images and elemental com-in parts d and e of Figure 2, where a couple of high-resolution
positions obtained from linear scan analysis. Figure 2 micrographs are shown. In Figure 2d, two overlapped
corresponds to the sample wia 6 wt % W. InFigure 2a,  particles can be distinguished, one oriented parallel to the
a HAADF image of a section of the sample is shown where [001] axis with planar distances of 0.253 and 0.180 nm that
a nanostructured material is composed of multiple small match the (200) and (220) planes of tetragonal ZZQn
clusters; it must be noticed that the contrast corresponds toaddition, a second one is oriented near [103], where just the
a dark field-like image where the brightest regions correspond (200) planes can be distinguished. In Figure 2e, a particle is
to an element with a higher Z number. Elemental composi- observed in the [001] orientation, where the contrast shows
clearly a square distribution of dots. The HRTEM observa-

(15) Kuba, SPhys. Chem. Chem. Phy2001, 3, 146.
(16) Gazzoli, D.; Valigi, M.; Dragone, R.; Marucci, A.; Mattei, G.Phys.
Chem. B1997 101, 11129. (17) Mdek, J.; Benes, L.; Mitsuhashi, Powder Diffr. 1997, 12, 96.
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Figure 3. TEM analysis of a sample of ZeOwith 10 wt % W. Low
magnification (a) bright field and (b) HAADF images. HRTEM images of
a couple of ZrQ particles with WQ around them (c and d) and (e) elemental
concentration plot for the arrow in (d).

Figure 4. TEM analysis of a sample of ZeOwith 20 wt % W. (a)
Micrograph of two crystalline phases on the particle surface, and (b) a higher
magnification of the WQ crystal, with the corresponding (c) line-scan.

. . . ) . . HRTEM micrographs of (d) a particle aggregated to the M&@er in the
tions in this sample confirms that the \WW€pecies remains  surface of the structure and (e) multiple small nanoparticles ofyx WO

isolated along the ZrQsurface as a well-dispersed and coalescence, induced by the own electron beam.

unordered phase as proposed by Iglesia and co-wdfkers, ) ) S ) )
low W contents. with the boundaries of the central particle in the image. This

Samples with 10 w% W have a significantly different eviqencg demonstrates _that the layer around the, Z_rO
behavior and structure on the Zs6urface. The TEM study ~ Particles is composed mainly of W; however, the aggregation
is shown in Figure 3, where a cluster of nanoparticles is Of these layers is basically constituted of an amorphous
observed in (a) a bright field and (b) HAADF images, where material coating all the Zr@artlcles. The formathn of the
the regular morphologies of the Zs@articles and a smooth ~ WOx layer on the Zr@ could induce a local strain to the
higher contrast around them can be observed. In highererZ atomistic arrays, as has been reported for other types
magnification micrographs, the high-resolution contrast al- Of interfaces19
lows identifying particles at (c) [001] and (d) [013] orienta- ~ The corresponding analysis for the 2@ % W shows
tion (as can be determined as the measured distances). |glifferent contrast and elemental compositions. In Figure 4a,
both micrographs, a thin layer of different material around @ HRTEM image of two different crystalline phases is seen
the ZrQ particles is found, which denotes that an amorphous (marked with A and B, respectively); one of them is localized
film has been related to WO It must be noticed that there  in the boundary of the material characterized by fringes with
is also an effect on the particle surface, producing an irregularan inter-planar distance of 0.386 nm, as seen in the higher
surface. However, even when previous reports have relatednagnification of Figure 4b. This forms an irregular surface
the spacing of fringes with WQthe elemental composition ~ With well-defined facets. This measured spacing can be
has not been demonstrated completely. The use of line-scarfelated to the planar distance of (010) of W@owever, it
with a small spot size allows identifying the composition €an also be associated to the (110) family of planes of the
over the arrow marked in the micrograph of Figure 3d. Even tetragonal ZrQ Therefore, it is necessary to evaluate the
when the line-scan produces a delocalization error, the elemental composition locally to determine the structure for
focused beam gives local information for the element that €ach phase. A line-scan elemental composition plot is shown
constitutes the sampte? In Figure 3e, the local chemical
composition curve of a linear scan over a particle (see Figure (18) Litteken. C. S.; Strohband, S.; Dauskardt, R.Adta Mater.2003
3d) _shows a reduction of Zr content, whereas W i_ncreases(lg) ‘T’_%e%f"sg(.; Yu, Y. H.: Lee, Y. C.; Hong, Y. P.: Ko, K. HAppl. Surf.
at distances around 9 and 24 nm over the arrow, which match ~ Sci.2004 227, 244.
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in Figure 4c, where the distribution of Zr is highly concen-

trated in the first 10 nm; the Zr signal is reduced while the 0.8/
corresponding to W increases. It must be noticed that oxygen

remains low, but in the region where apparently there is no 5 06f
crystal, the O signal increases' 18 nm). Considering that s
the external crystal corresponds to tungsten oxide, a more £ 04r
careful analysis of Figure 4b allows identification of multiple ol
defects in the parallel fringes; these defects are exemplified

with the zones marked with arrows on the micrograph. This 0.0

20 25 30 35 40 45 50 55 60

kind of defect can be associated to the coalescence process, b (@V)
()

produced by the aggregation of smaller particis?® and

associated to local recrystallization processes. In a different 08 ' ' ' |
region of the sample (Figure 4d), a zone with a smaller, WO 06l

layer can be found, but with a protuberant as an added -

particle to the border, where the type of defects observed in r 04}

the bigger layer is marked with an arrow. This appears as £

early-stage evidence of the layer formation, which can be i 02l

generated by the coalescence of smallerMi@noparticles

that partially melt the Zr@surface covering. This wetting 0.0 . . . _
behavior has been reported for crystals generated at high 30 35 40 45 50 55
temperature, when small clusters act as precursors. Searching u hv (eV)

near this zone, a big amount of WQarticles was found . ; . _

hich in th iddl f | Figure 5. (a) Absorption profiles dependence on W concentration. The
(See arrows), whic Were In the middie or a coa e§cence absorption profile of Zr@core without WQ shell is also shown. (b) Fitting
process and formed bigger crystals that are marked)as ( of eq 3 to experimental absorption edges for samples with low W load.
Coalescence requires a low energy, which in this case was
invested by the electron beam energy, but during the
synthesis, the temperature was increased gradually.

It must be noticed that the self-coating mechanisms
observed in the sequence allow for determination of an
isolated W material when the load is low (6 wt % W). When
it is increased, it forms thin films with dimensions that must
involve quantum size effects (QSE), because it is constitute
by just a few atomic layers (10 wt % W). This quantum
confinement must be reduced when clusters-@nm are
formed (20 wt % W), where it is well-known that QSE are
significantly reduced. This structural behavior induces an
important change not only in the optical and electronic
properties but also to the chemical affinity and the corre-
sponding catalytic activity. Therefore, it is important to

results. The mean cluster diameter was estimated to be about
(6 £ 1) nm.
Figure 5a shows the absorption edges of the&dnples
for different W loads. Three main regions can be differenti-
ated: (i) the low-energy region where W0ulk absorption
predominates, (ii) the intermediate-energy region where the
dquantum confinement predominates, and (iii) the high-energy
region where the Zrebulk predominates. These regions are
delimited in Figure 5a by dashed linestat = 3.1 eV and
hy = 5.1 eV. In the low-energy region, corresponding to
high W concentration (W= 15%), the typical W@ bulk-
like response predominates. The absorption edge in this zone
is related to the formation of big Wi&rystallites at high W
loads, which coincides with the Raman results and HRTEM
evaluate if these effects can be assumed even with the|mages. In the mtermedlate-energy region, the OXOSpecies
. profiles predominate and show an energy shift due to
presence of the ZrQcrystals, which could reduce the : ’
. : guantum confinement. For low W loads, which correspond
macroscopic evidence of these local effects. Thus, the use” . . . ) .
. . . -~ “with high shifts, the profiles overlap with that of the ZrO
of optical absorption becomes crucial for the understanding

of the material and its corresponding properties core-
P g prop ' The energy dependence of the absorption coefficieht (

Analysis of Absorption Edge Energy.As shown in o semiconductors near the absorption edge is given by a

Figure 3, it was found that the material with aload of 10 Wt general expression, which takes into account the transition
% of W is composed of Zr@nanometric particles, sur- type

rounded by a shell-like WQlayer. The low-crystalline

surface layer on Zr@particles denotes an amorphous film (hv — Eg)m

related to WQ. In samples with 20 wt % W, WgXxrystalline a(hw) O BT (3
clusters were observed, in addition to the W\&Bell layer,

as shown in Figure 4. This is in agreement with our Raman wherem = ¥/, for direct transitions anch = 2 for indirect
ones. For determining the type of transition, the péoh¢)™
(20) Liu, H. B.; Jose-Yacaman, M.; Perez, R.; Ascencio, JAppl. Phys. vshv must present a linear behavior with= 2 if transitions

A 2003 77, 63. re indir ndm = Y, for direct transition Figur
(21) Ascencio, J. A.; Perez-Alvarez, M.; Tehuacanero, S.; Jose-Yacaman,a € indirect andn /> for direct transitions (See g.u €
M. Appl. Phys. A2001, 73, 295. 5b). The band gap energly of the sample absorption

(22) Sehayek, T.; Lahav, M.; Popovitz-Biro, R.; Vaskevich, A.; Rubinstein, profiles was calculated by extrapolating (Fltna)m to O.

I. Chem. Mater2005 17, 3743. . . .
(23) Vystavel, T.; Koch, S. A.; Palasantzas, G.; De Hosson, J. TJ.M. The transition type in WQhas been proposed in the

Mater. Res2005 20, 1785. literature to be either indiretor direct!® In the WG, region,
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the best fitting absorption edge correspondsnte- 2, i.e., 55—

indirect transition. The resultingg is shown in Figure 5a, s500® 20,

where it can be observed that the values have a mean energy

E; = (2.62 £ 0.04) eV, which agrees with previous 45¢

reports?*?>These results are associated to the absorption of Sa0p  © ®

the big WQ crystallites. This edge diminishes as W load w35 - ]

increases and does not increase for W loadkb wt % W. cWo,®
In the intermediate-energy region, a second absorption 30p i A

edge arose, which shifted to higher energies as the W load 250, A yoT L

diminished, as can be observed in Figure 5a, although they 0 10 vﬁ?%) % %0 100

are n_Ot sharp. The _ShlftS of the profiles that _have been Figure 6. Direct (O) and indirect ) absorption edge energies as a function
described are associated to either the formation of non-ofthe W load. The insert details the variation of the direct absorption edge
stoichiometric W oxospecies or quantum confinement. The energies. Buk W@ and ZrQ band gap energies are presented for
loss of the steepness at the absorption edge is expected und&pP™mParsen-
structural and chemical disorder conditions and thickness The zrQ, influence region is clearly delimited from the
fluctuations?® although the edge shift persists. In the samples gotted line atw = 5.1 eV, as indicated in parts a and b of
used for this study, the best fit of the profiles corresponds Figyre 5.
to m = /5, which indicates direct transitions as previously |f the results of HRTEM observations, Raman, and optical
proposed?® response are combined, it can be stated that, near the
Taking into account that the Wshell thickness varied  \Q,—~zr0, boundary, a nonstoichiometric and low-dimen-
in each sample, nonunique local band gap energy wassjonal WQ layer having high structural disorder sur-
expected for each W load and the absorption profiles were yonds the zirconia nanoparticles in which the interaction
dependent on the thickness dispersion. Therefore, the resultnf \w—0—2zr bonds must predominate. But, when the

ing absorption profile depends on the local absorption profiles WO, thickness or cluster size increases, the Zir@luence

and is given by the expression diminishes and polytungstate species appear (with increases
of the terminal V¥=O bonds). Theindex increases and tends
a(tw) O hi RF:"_+AA [hv — Eg(R)]2R2 dr 4) towardx = 3 far from the surface for sufficiently thick WO
v layers.

The WQ—ZrO, system has been widely investigated as
heterogeneous catalysts and particularly for this kind of study
about oxidation reactiond?’ The fundamental understanding
of the reduction potential or oxidizing power of W&ZrO,
catalysts is very important for the rational design for selective
oxidation reactions. The optical absorption edge energy
represents the minimum energy required to excite an electron
from the highest occupied molecular orbital (HOMO) in the
valence band to the lowest unoccupied molecular orbital
(LUMO) in the conduction band. Then, the band gap energy
between the HOMO and the LUMO of a WOZrO, catalyst
can be related to its electronic hardness by applying the
Koopmans' theorem to the well-known hardness definition
developed by Pearson and P&r, according to which

whereR, is the mean shell thickness aidis the thickness
dispersion. The factdr? is related to the local shell volume
differential.

For the analysis of the absorption profiles, two approxima-
tions were made: (i) that = 3, i.e., the shell compound
was WQ and the shift attributed to quantum confinement,
and (i) that there was a uniform We&hell thickness
distribution.

For higher W loads, the profiles were processed by scaled
subtraction of the indirect edge. A careful processing helped
to maintain a fairly constant band gap energy for such high
W loads with a mean band gap enefgy= (3.78+ 0.01)
eV, which agrees with that reported by Gazzoli et®al.

In Figure 6, the behavior of the absorption edge energies
fqr direct and .indirect tr.a_nsitions is shc_)wn. The insert 1 = (eLumo ~ €Homo)/2 = E42 (5)
displayed the direct-transition edge energies, where energy
values were constant for high W loads and increased for low where is the hardnesss.umo and enomo correspond to
W loads. Using a linear fitting, the slope changed-dt2 LUMO and HOMO energies, respectively, afglis the band
wt % W, which can be identified at the point where the gap. In the present case, the hardness is a function of shell
cluster begins to form as W load increases. thickness that is a result of the increase in electron localiza-

For pure ZrQ particles, shown in the high-energy region tion due to electron confinement. Figure 7 shows calculated
of parts a and b of Figure 5, the transition energy ®gso, electronic hardness in the WOZrO, system from band gap
~ 5.20 eV, which agrees with that reported by Barton et measurements. The fact that the electronic hardness can be
al % in similar WO,—ZrO, system samples. Fbw > 5.1 eV, conciliated only with the experimentally measured Lewis
the absorption edge corresponding to Ziderlapped the  acidity in this system should be taken into account. As can
WOy absorption profiles and showed a change of profile. be seen in Figure 7, the hardness decays exponentially when
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2.7 == Therefore, it is necessary to adjust the balance between both
26 ?"’ types of sites depending on the mechanistic aspects of the
e ' catalyzed chemical reaction.

% |4 -. Finally, based on HRTEM observations and Y¥sible
8 249 results, the WQ-ZrO, system can be presented as shown
§ 2.3 ‘\..\ in the schematic in Figure 8. Increases of the W content cause
£ ,,] \ _the highly dispersed and disordered Wtghase to incre_zase
] \ in ordering and grow as a shell up t812%, which
2-1'_ subsequently segregates as crystalline ;Vg@rticles. The
2.0 o\\ HRTEM images previously shown are direct evidence of
1 . WO, these phenomena.
1.9 —geag °
18 T ¥ T L) T LS T ¥ T LE T Y T H
0 5 10 15 20 25 30 Conclusions

W content (%)

Figure 7. Calculated electronic hardness in WZrO, system from band
gap measurements.

This study demonstrated that the WZrO, system is
composed of Zr@nanometric particles, coated by a shell-
like WOy layer. The low-crystalline layer on the surface of
ZrO;, particles indicates an amorphous film related to WO
for the samples with W load up to 10 wt %, while WO
nanoclusters with dimensions ef6 nm, besides the WO
shell layer, were detected in samples where the loadls

wt % W. Here, it is demonstrated that the surrounding
- material affects the properties of the samples. When the
presence of a thin film of just a few atomic layers is observed,
the structure of the samples is highly affected by the ZrO
surface. When WQ@thickness is increased and big clusters
are formed, the influence of the Zg®urface on the produced
structure diminishes, and the polytungstate species tends to

the W content is increased up to a limit sfL2%, which is ~ 9enerate We

essentially the same behavior as that of Lewis acidity The optical study clearly shows three main regions: (i)
obtained by adsorption measureme®tIhis behavior is  the low-energy region (fohv < 3.1 eV) where W@ bulk
expected because an increase of the,\i@ll should lead  influence predominates, (i) the intermediate-energy region
to a lowering of the electron confinement, as shown in the (3.1 <= hv < 5.1 eV) where the quantum confinement
HRTEM observations. However, the estimated hardness doegpredominates, and (jii) the high-energy region where the;ZrO
not include the Bronsted contribution to total acidity that, in bulk predominates (fohv > 5.1 eV). Additionally, from

the present system, has been shown to tend to increas@nalysis of the absorption edge energies for direct and indirect
monotonically with the increase in W content. Applications transitions, it was established that, around 12 wt % W, the
of the WQ—ZrO, system as catalyst usually show that there clusters are produced from atomic surface diffusion and
is a limit in which, for a certain value of W content, the coalescence processes when W load increases.

maximum activity is reachet’>*> The limits are always Thus, the structural determination analysis, the optical
higher than the minimum hardness (the zone wheresWO absorption study, and the theoretical considerations allow
start to appears as agglomerated phase besides stoed: for identification of the manner by which these materials
WO,—Zr0,), indicating the necessity of increasing the local modify their physicochemical properties during the coating
Bronsted acidity. Unfortunately, the Bronsted acidity can be |ayer. Depending on the tungsten load, thin films and the
only inferred from local softnes8?*and it cannot be directly  formation of small clusters are induced, denoting quantum
related to total hardness. Equilibrium among acid Lewis and sjze effect. It is evident that the best way to improve the
acid Bronsted sites (in mutual cooperation or not), for specific performance of this catalyst and its properties involves the
catalytic reaction, is an important key when tailoring the selection of a proper W load, which in turn depends on the
match between the reactants and catalyst chemical affinity. chemical mechanism and application exigencies of a specific
catalysis.

Increase hardness Increase Bronsted acidity
——— w {%] - -

Figure 8. Schematic representation of W¥rO, system evolution for
different W concentrations.
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