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Abstract

Pt cluster size strongly influences the reactivity of surfaces for CH bond activation during CH4 steam reforming. CH bond activation
turnover rates for H2O reforming of CH4 increased with decreasing Pt cluster size, suggesting that coordinatively unsaturated surface Pt
atoms are more reactive than Pt atoms in low-index surfaces prevalent in larger clusters. Near-edge fine structure in X-ray absorption spectra
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learly shows electronic changes in Pt clusters relative to bulk Pt crystallites, though differences in the 5d electronic density amo
ith different cluster size could not be related directly to Pt surface atom coordination. These results suggest that catalytic con
f cluster size arise from surface structure changes leading to coordinative unsaturation of surface atoms. X-ray absorption and
-ray scattering techniques were used to measure the size of Pt metal nanoclusters and the results are compared with H2 chemisorption an

ransmission electron microscopy data.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Supported metal clusters are widely used to catalyze
hemical reactions, such as methanation[1,2], reforming
3–5], and partial oxidation[6]. The size of these clus-
ers strongly influence the turnover rates and selectivities
or structure-sensitive catalytic reactions[7]. For CO2–CH4
nd H2O–CH4 reforming and CH4 decomposition reac-

ions, CH4 activation turnover rates increased with decreas-
ng size of Rh[8], Ru [9], Ir [10] and Pt [11] clusters,
onsistent with experimental and theoretical evidence for
he higher reactivity of coordinatively unsaturated surface
toms on single crystals[12–14]. Pt surfaces show higher
eactivity for the activation of CH bonds in CH4 than
he other noble metals (Rh, Ru, Ir) for a given cluster
ize [11]. Typical methods for measuring the number of
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metal atoms exposed at cluster surfaces rely on their
tion by chemisorbed hydrogen or CO or on structural
sessment by transmission electron microscopy. These
ods provide critical details, but when coordination and e
tronic properties of surface atoms are most relevan
their catalytic properties, they must be complemente
spectroscopic assessments that provide these essent
tails.

Other experimental methods can be used to probe th
of metal clusters dispersed in a porous substrate. Small-
X-rays scattering (SAXS) is particularly sensitive to the
and shape of nanometric clusters, while the results are e
tially independent of the detailed atomic structure of th
clusters. The level of detail available from SAXS data
pends on the structural complexity of the system, and
accuracy of the size estimates is greatest for random dis
tions of clusters of uniform size and shape[15,16]. In contrast
local structure can be probed at the atomic level using
AFS, which also provides information about cluster size f
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average coordination numbers, which depend sensitively on
size for clusters of nanometric diameter.

Here, we compare and discuss the EXAFS, SAXS, high-
resolution transmission electron microscopy (HRTEM) and
chemisorption techniques to determine Pt cluster size in Pt-
based supported catalysts useful in the synthesis of H2/CO
mixtures from CH4–H2O and CH4–CO2 reactant mixtures.

2. Experimental

Pt/Al2O3, Pt/ZrO2 and Pt/ZrO2–CeO2 with varying Pt
content (0.2–1.6 wt.%) were prepared by incipient wetness
impregnation of Al2O3, ZrO2 and ZrO2–CeO2 with aque-
ous H2PtCl6·6H2O solutions (Aldrich, Lot# 10013LO, 99%)
and their catalytic behavior is reported here. Samples were
dried in ambient air at 393 K and then treated in flowing
dry air (Airgas, UHP, 1.2 cm3/g s) at 873 K (0.167 K s−1) for
5 h. Samples were reduced in H2 (Airgas, UHP, 50 cm3/g s)
at 873 K (0.167 K s−1) for 2 h before reforming reactions.
Al2O3, ZrO2 and ZrO2–CeO2 (Zr/Ce = 4) was prepared as
previously described[11].

2.1. H2 Chemisorption
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action rates using approach to equilibrium formalisms
[11].

2.3. High-resolution transmission electron microscopy
(TEM)

High-resolution transmission electron micrographs of
fresh samples were obtained with JEOL 2010 and JEOL
2010-F electron microscopes with point-to-point resolution
greater than 0.19 nm. Samples were crushed in an agate mor-
tar, suspended in isopropanol, and a drop of the resulting
slurry was placed on a holey carbon copper grid and dried
in ambient air. Micrographs were recorded predominately in
sample regions that avoided interference with the carbon sup-
port. Pt crystallite size distributions were obtained by manual
measurements of enlarged prints made from digitized nega-
tives by counting at least 200 crystallites.

2.4. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) measurements were
performed at the Synchrotron Light National Laboratory
(LNLS) in Campinas, Brazil, using D11 SAS beam-line. The
setup is equipped with a silicon(1 1 1) monochromator giv-
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The fraction of the Pt atoms exposed at cluster surfa
enoted here as the Pt dispersion, was estimated fro2
hemisorption uptakes measured at 373 K using a Qu
orb chemisorption analyzer (Quantachrome Corp.). C
ysts were treated in H2 at 873 K for 2 h, then evacuated
0−6 Torr for 0.5 h at 873 K. Samples were cooled in vacu

o 373 K and a H2 chemisorption isotherm was measured
ween 3 and 50 kPa. A backsorption isotherm was mea
y repeating this procedure after evacuating the samp
73 K for 0.5 h. The difference of the two isotherms p
ides the strongly chemisorbed hydrogen uptakes. Pt di
ions were calculated by assuming that one hydrogen
hemisorbed on each surface Pt. These dispersions we
sed to estimate average crystallite diameters by assu
emispherical geometry using:

= 1

d
(1)

hereD is the fractional dispersion andd is the crystallite
iameter (nm)[17].

.2. Catalytic reactions of methane

H2O–CH4 reforming reaction rates were measured
73 K using samples (5 mg) held within a quartz t

11]. Reactants consisted of 50% CH4/Ar (Matheson; cer
ified mixtures) diluted with He (Airgas, UHP). H2O was
ntroduced by syringe pump and all transfer lines w
ept above 373 K. Effluent streams were analyzed by
hromatography using thermal conductivity detection. M
ured CH4 reaction rates were converted to forward
o

ng a horizontally focused X-ray beam withλ = 1.61Å [18].
he scattering intensity curves were measured using a g
osition-sensitive X-ray detector (Biologic) as a function

he modulus of the scattering vector [q= (4π/λ) sin(ε/2)], ε

eing the scattering angle. Parasitic scattering from coll
ion slits was subtracted from the measured signal. Mathe
cal desmearing of experimental intensities was not req
ecause of the narrow detector slit and the small inc
eam cross-section at the detection plane.

SAXS results were analyzed using Porod[15] and Guinie
16] equations. Porod equation describes the asymptotic
ering intensity, at highq, produced by two-phase materi
hose electron density can be well described by a two-de
odel. It is given by[15]

(q) = 2π(ρ1 − ρ2)2
S

q4
(2)

hereρ1 andρ2 are the electron densities of each phase
the interface surface area between the two phases.

al deviations from the asymptotic functionI(q) from Eq.(2)
eflect an additive and constant contribution to the sca
ng intensity from statistical density fluctuations and/or v
mall structure defects in the matrix[19]. Guinier equatio
escribes the X-ray scattering intensity for smallq values
orresponding to dilute systems of isolated and nano-ob
or a two electron density system composed of identica
omogeneous nanometric objects embedded in a hom
eous matrix, the scattering intensityI(q) is given by[16]

(q) = N(ρ1 − ρ2)2v2 e−(1/3)R2
gq

2
(3)
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whereN is the number of objects per unit volume andv and
Rg their volume and radius of gyration, respectively. For an
spherical object of radiusR, we haveR = √

5/3Rg, and thus
the exponent in Eq.(3) becomes equal to−R2q2/5.

2.5. X-ray absorption (XANES and EXAFS)

X-ray absorption spectra were measured in the XAS beam-
line at the National Synchrotron Light Laboratory (LNLS),
Campinas, Brazil. EXAFS spectra at the Pt L3 (11.6 keV) and
L2 (13.3 keV) edges were acquired in transmission mode at
ambient temperature using a Si(1 1 1) crystal monochroma-
tors in the 11,460–12,600 eV energy range. Samples were
sealed in Ar after reduction in H2 using a sample holder with
Kapton walls to avoid contact with ambient air and oxidation
of Pt cluster.

XAFS data were extracted from measured spectra using
standard methods[20,21]. Six individual spectra were aver-
aged and the pre-edge region fitted to a second order polyno-
mial curve and post-edge background was subtracted using
cubic spline routines after spectra were normalized by the ab-
sorption edge height. The fine structure region was analyzed
using Fourier transform methods. Phase shifts and amplitude
functions for Pt–Pt pairs were obtained from FEFF7[22]
codes using a cluster of metallic Pt (fcc structure).
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Fig. 1. Forward CH4 reforming turnover rates using H2O–CH4 reactants
as a function of Pt dispersion on various supports (873 K, 20 kPa CH4, (�)
Pt/ZrO2, (�) Pt/�-Al2O3, (♦) Pt/ZrO2–CeO2).

3. Results and discussion

3.1. Methane activation and chemical conversion on Pt
clusters

The activation of methane is a crucial step in many cat-
alytic processes that involve direct conversion of methane
to other chemicals. Extensive studies of methane dissocia-
tion on various forms of metal surfaces crystals have been
carried out, as describe in a review by Pitchai and Klier
[30]. Methane activation studies on model surfaces have con-
cluded that activation of CH bonds depends sensitively
on surface structure; specifically, surface steps and kinks
are much more active than atoms on close-packed surfaces
[31–33].

The effects of Pt cluster size on CH4 turnover rates
for CH4–H2O reaction are shown inFig. 1. The disper-
sions measured by H2 chemisorption on fresh catalysts
were used to calculate the CH4 turnover rates and the Pt
crystallite diameter. Forward CH4 reforming turnover rates,
which were normalized by the number of exposed Pt atoms
and calculated from net rates by correcting for their ap-
proach to equilibrium, increased monotonically with de-
creasing Pt clusters or increasing dispersion. Surface rough-
ness and coordinative unsaturation increase as metal clus-
t nsat-
u , are
i aces
p net-
i se
r

3

the
f he
At the Pt L3-edge, allowed bound-state to bound-s
ransitions from 2p3/2 to vacant 5d-states in absorbing at
ive rise to a resonance peak (white line) above the e
he line shape of the resonance contains information o

ype of final state involved in the transition. Lytle et al.[23]
ave shown that increases in the resonance peak int
ith respect to the pure element reflect the number o
lectrons removed from the absorber during formatio
hemical bonds. Lytle[24] showed that the L3 resonanc
eak areas for third-row transition metals increased from

o Ta, concurrently with the expected increase in the num
f vacancies in the d band. Meitzner et al.[25] found similar

rends for Re, Os, Ir, Pt and Au and also observed that th
nance feature was more intense for highly dispersed clu

han for the bulk metal. A modified version of the method
cribed by Mansour et al.[26] and Reifsnyder[27] was used
o quantify differences in white line intensity between c
ysts and the Pt foil. After subtracting the Pt foil data from
t cluster data, the resulting curves were integrated bet
10 and + 14 eV at both the L2 (�A2) and L3 (�A3) edges
he fractional change in the total number of d-band va
ies in each sample relative to the Pt foil (fd) was calculate
sing:

d = �A3σ3 + 1.11�A2σ2

A3rσ3 + 1.11A2rσ2
(4)

he areas are normalized[28] by multiplying by the X-ray
bsorption cross section at the edge jump (σ). Values of 117.1
nd 54.2 cm2g−1 were used for the absorption cross sec
t the Pt L3 and L2 edges[29], respectively.
ers become smaller, suggesting that coordinatively u
rated Pt surface atoms, prevalent in small crystallites

ndeed more active than atoms on the low-index surf
redominately exposed on larger crystallites for the ki

cally relevant C H bond activation step involved in the
eactions.

.2. Transmission electron microscopy

Figs. 2 and 3show the images and size distributions for
resh 0.8 and 1.6 wt.% Pt/Al2O3 samples, respectively. T
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Fig. 2. TEM images of (a) 0.8 wt.% Pt/Al2O3 and (b) 1.6 wt.% Pt/Al2O3 catalysts.

Fig. 3. Crystallite diameter distributions for fresh catalysts (a) 0.8 wt.% Pt/Al2O3 and (b) 1.6 wt.% Pt/Al2O3 measured by transmission electron microscopy
(the error in size distribution is about 10%).

surface-averaged Pt cluster diameters, calculated from[34]

ds =
∑

nid
3
i∑

nid
2
i

(5)

were 2.8 and 4.9 nm for 0.8 and 1.6 wt.% Pt/Al2O3,
respectively. Pt fractional dispersions measured from H2
chemisorption were 0.35 and 0.22 for these two sam-
ples. These chemisorption uptakes and the assumption
of hemispherical-shaped clusters lead to average cluster
diameters of 2.9 and 4.5 nm for 0.8 and 1.6 wt.% Pt/Al2O3
samples, respectively, in agreement with transmission
electron microscopy measurements.

3.3. Small-angle X-ray scattering

Fig. 4displays the small-angle scattering intensity curves
in double-logarithmic scale for a pure porous alumina sub-
strate (a) and for the same substrate containing Pt clusters (b
and c). The scattering intensity from the pure porous substrate
displays a nearly linear behavior with a slopeα of −4, indi-
cating that the Porod equation (Eq.(2)) is applicable over

Fig. 4. Small-angle scattering intensity curves in log–log scale correspond-
ing to (a) alumina substrate and to the same substrate containing Pt clusters:
(b) with 0.8 wt.% Pt and (c) with 1.6 wt.% Pt before catalytic reaction.
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a wide range of q values in these samples. This indicates,
in turn, that the two electron density model is accurate for
porous alumina. These data also indicate that the pores are
relatively large because only the asymptotic part, at highq,
of the scattering curve is described accurately by the Porod
equation (Eq.(2)). A slight and positive deviation from Porod
equation observed at highq (q> 0.4Å−1) reflects a weak and
constant contribution from electron density fluctuations in
the alumina matrix[16].

The scattering curves associated to the porous substrates
containing Pt clusters (Fig. 4b and c) exhibit linear behavior in
the 0.12Å−1 <q< 0.20Å−1 range and the slope is greater in
magnitude than for the pure alumina support. The curves cor-
responding to the three data sets (a, b and c) become nearly
parallel (with a slopeα =−4), as expected from the Porod
equation (dashed lines), in the central region of the scatter-
ing curves (0.2̊A−1 <q< 0.3Å−1). Thisq−4 dependence of
the scattering intensity reflects the scattering produced by
the pores. In contrast, the scattering curves corresponding to
samples containing Pt clusters exhibit a clear deviation from
thisq−4 behavior at highq (q> 0.3Å−1), which was assigned
to scattering by Pt nanoclusters. This effect is predominant
at highq values, for which theq−4 contribution from pores
becomes very small.
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Fig. 5. Guinier plot of SAXS results for Pt clusters in sample 0.8 wt.%
Pt/Al2O3 after reduction in H2 at 873 K for 2 h and linear fit yielding a slope
α =−3.1Å2.

powder form, the scale factors for each SAXS curve are not
accurately known. Thus, we have estimated them by using
values for which the difference curves become well described
by the Guinier equation (Eq.(3)) over the q range where Pt
cluster contributions are dominant. Guinier plots (logi(q) ver-
susq2 ) of these difference curves are shown inFigs. 5 and 6.
Their linear behavior over a wideq range indicates that Pt
clusters have a relatively narrow size distribution. The clus-
ter radii, obtained from the slopes of the data inFigs. 5 and 6,
are 0.60± 0.04 and 0.72± 0.03 nm for Pt(0.8 wt.%)/Al2O3
and Pt(1.6 wt.%)/Al2O3, respectively, corresponding to di-
ameters of 1.20 and 1.44 nm.

Our SAXS results indicate the presence of nanoclusters
with 1.2–1.44 nm in diameter, but do not detect larger clus-
ters apparent in electron micrographs of the same samples.
These large clusters approach the size of the alumina pores
and their contributions to SAXS intensity concentrates over
the smallq range (q< 0.3Å−1), where the contribution from
porosity is dominant. Notice that we have applied the sub-
straction procedure over the range ofqvalues above 0.3̊A−1,

F t.%
P pe
α

t clusters to the total SAXS intensity – produced by clus
nd pores – is generally difficult because this systems
ists of a matrix with two types of embedded nanometer-s
bjects; thus the simple two-electron density model doe
pply. Instead of using complex SAXS data treatment pr
ures based on a three electron density model[35], we have
ssumed that the scattering intensity from Pt clusters
e derived by subtracting the scattering intensity prod
y pure alumina samples from the total scattering inten
urves. From basic scattering theory, we conclude that
ering by pores and Pt nanoclusters are additive as lo
he two types of scattering objects are spatially uncorre
16]. In the system studied here, the differences in elec
ensity between Pt clusters and their surroundings are
reater than the corresponding difference for pores and, o
ther hand, the clusters are much smaller than the pores
akes the Pt cluster contributions to the scattering inte

learly dominant for highq values (forq> 0.3Å−1). Then,
ven if pores and Pt clusters exhibit some spatial correla
he subtraction procedure can still be applied in our ca

reasonable approximation. An alternate and more pr
nalysis of the scattering intensities from Pt nanoclusters
edded in porous matrix can be performed using anom
mall-angle X-ray scattering methods (ASAXS)[36].

SAXS data were analyzed to estimate an average c
adius, as well as the qualitative features of the size dist
ion in these samples. We have assumed as a first ap
ation that the clusters are spherical. In order to estima

cattering contribution from Pt clusters, we subtracted
cattering intensity from pure alumina from the total s
ering curves for each catalyst. Since these materials a
ig. 6. Guinier plot of SAXS results for Pt clusters in sample 1.6 w
t/Al2O3 after reduction in H2 at 873 K for 2 h and linear fit yielding a slo
=−4.4Å2.
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Fig. 7. EXAFS oscillation (left) and their corresponding Fourier transforms
(right) of 0.8 wt.% Pt/Al2O3 samples after calcination in flowing dry air at
873 K for 5 h (a) and after reduction in H2 at 873 K for 2 h measured in situ
(b).

Fig. 8. EXAFS oscillation (left) and their corresponding Fourier transforms
(right) of 1.6 wt.% Pt/Al2O3 samples after calcination in flowing dry air at
873 K for 5 h (a) and after reduction in H2 at 873 K for 2 h measured in situ
(b).

where the contribution to the scattering from pores can be
safely neglected. Thus, forq≥ 0.3Å−1 SAXS detects rather
small clusters (R∼ 1 nm) thus providing a useful complement
to electron microscopy, which detects clusters smaller than
1 nm with some difficulty. As a result, SAXS and HRTEM
provide complementary information about the size of Pt clus-
ters, revealing the presence of very small Pt clusters together
with larger ones. These arguments indicate that scattering
data treatment applying Guinier equation (Eq.(3)) underes-
timates the actual average radius of Pt clusters.

Table 1
EXAFS fitted results for Pt–Pt coordination shell. The errors in the last digit
are shown between parenthesis

Sample Coordination number Pt–Pt distance (Å)

0.8 wt.% Pt/Al2O3 7.5 (9) 2.67 (1)
1.6 wt.% Pt/Al2O3 8.5 (9) 2.68 (1)

3.4. X-ray absorption spectroscopy (XANES and
EXAFS)

3.4.1. Extended X-ray absorption fine structure (EXAFS)
Figs. 7 and 8showk2-weighted EXAFS spectra at the Pt

L3-edge and the corresponding radial distribution function
for each sample. The intensity at a given distance is pro-
portional to the number of scatterers located at that distance
from an absorber atom. Before H2 treatment, samples show
significant Pt–O coordination, but reduced samples give ra-
dial structures consistent with predominant Pt–Pt coordina-
tion, except for minor Pt–O contributions, especially in the
1.6 wt.% Pt/Al2O3 sample.

XANES spectra were acquired and analyzed to determine
the origin of these oxygen contributions.Fig. 9a shows L3
XANES spectra for bulk PtO2 and a foil of Pt. Electron trans-
fer from Pt to O atoms in PtO2 leads to a stronger white line
in PtO2 compared with the foil.Fig. 9b shows L3 XANES
spectra for a foil of Pt and for the 1.6 wt.% Pt/Al2O3 sam-
ple before and after exposure to air. Exposure to air leads to a
more intense white line, as a result of the oxidation of Pt clus-
ter surfaces. Reduced samples, in contrast, show a less intense
white line than bulk Pt, indicating that they remain metallic
during the acquisition of the spectra; thus, we conclude that
Pt–O coordination in reduced samples reflect contact of some
P

dures
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s
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A w av-
e
a
s nan-
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Fig. 9. L3 XANES spectra of (a) PtO2 and bulk Pt (b) bulk Pt, 1.6 wt.% Pt/Al2O er
exposure to air.
t atoms with O-atoms on the support surface.
EXAFS spectra were analyzed using standard proce

37]. Theoretical standards were generated using mu
cattering simulations in FEFF7[24]. Table 1and Fig. 10
how the results corresponding to the Pt–Pt shell of the
FS fitted functions. Pt atoms in supported catalysts sho
rage coordination numbers smaller than in bulk Pt (N= 12),
s well as smaller Pt–Pt distances (2.67Å versus 2.77̊A). The
ame observed Pt–Pt distance contraction in supported
clusters respect to the bulk (3.6%) has been detecte

3 sample measured in situ and 1.6 wt.% Pt/Al2O3 sample measured aft
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Fig. 10. Fourier transforms of EXAFS data of samples 0.8 wt.% Pt/Al2O3 (a) and 1.6 wt.% Pt/Al2O3 (b). Solid line shows amplitude and imaginary part of the
Fourier transforms. Dashed lines show the corresponding Fourier transforms of the fitted functions.

Fig. 11. Average coordination number as a function of spherical particles as
a function of the radius size or number of atoms (circles) and percentage of
surface atoms in function of size (triangles).

calculated previously as a result of changes in temperature
[38–40]or hydrogen chemisorption[38,41,42]and also pre-
dicted from changes in size of metal clusters[43].

The size of these clusters was estimated from average co-
ordination numbers obtained from EXAFS fits and from cal-
culated average coordination numbers for spherical fcc Pt
clusters of varying size (Fig. 11). This analysis led to av-
erage diameters of 1.2± 0.2 and 1.5± 0.3 nm for 0.8 wt.%
Pt/Al2O3 and 1.6 wt.% Pt/Al2O3, respectively, in reasonable

agreement with the conclusion from scattering data. These
values provide lower limits estimates of cluster size, because
of the assumption of spherical clusters of uniform size. Devi-
ations from spherical shape, would lead to higher surface-to-
volume ratios for a given number of atoms in the cluster and
to size estimates smaller than those obtained from dispersion
measurements.

3.5. X-ray absorption near edge spectroscopy (XANES)

XANES data were acquired at the Pt L2 and L3 absorption
edges for 0.8 wt.% Pt/Al2O3 and 1.6 wt.% Pt/Al2O3 in N2 af-
ter evacuating at 773 K the H2 used to reduce samples in situ.
Normalized L2,3XANES spectra for each sample and for a Pt
foil are shown inFig. 12. The spectra for the two samples are
similar to each other, but differ significantly from those for
Pt foil. The L2 and L3 absorption edge energies, however, are
very similar for Pt/Al2O3 samples and Pt foil indicating the
presence of metallic Pt atoms in all samples. Difference spec-
tra were obtained by subtracting the Pt foil reference spectrum
from that of each sample at the two L-edges. L2 difference
spectra (Fig. 13a) contain a weak negative feature near the
edge and a strong positive feature at 8 eV above the edge,
while L3 difference spectra (Fig. 13b) give a stronger nega-
tive feature above the edge and a similar positive one at 8 eV.
S e-
p ses

Fig. 12. XANES spectra of the L2 (a) and L3 (b) edges of Pt/
imilar results for reduced Pt/SiO2 samples have been r
orted previously[27,41]. The strong negative feature ari

Al2O3 samples (black lines) and bulk Pt (gray shadow).
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Fig. 13. Difference spectra between the absorption L2 (a) and L3 (b) edges of 0.8 wt.% Pt/Al2O3 (solid lines) and 1.6 wt.% Pt/Al2O3 (dotted lines) samples
and bulk Pt.

from a less intense white line in supported samples than in Pt
foil, indicative of a higher 5d electron density in supported
samples[23,24]. Ramaker et al. have proposed that the peaks
at 8 eV can be attributed to Pt–H EXAFS[44]. The spectral
features in the 15–40 eV region reflect the structure near Pt
atoms and not their electronic environment or structure. The
negative feature at 15 eV, present in both L2 and L3 differ-
ence spectra resembles in position the maximum of the first
oscillation beyond the L3 white line of Pt foil. Hence, this
negative feature can be attributed to a decrease in the coor-
dination number of Pt atoms in the clusters relative to the
environment in bulk Pt[45].

The number of d-band vacancies in Pt clusters was esti-
mated using a modified version of previously reported meth-
ods[26]. The absorption edges of each sample and of Pt foil
were aligned and their differences in the neighborhood of
the white line were obtained from integrated intensities. The
fractional change in the total number of empty states in the
d-band (fd) was estimated from Eq.(4) and the results are
shown inTable 2. Pt atoms in both samples show fewer 5d
vacancies than bulk Pt. More significantly, these effects arise
predominately from changes in electron density for surface
atoms, which differ significantly in environment from those
in the bulk. The contributions from surface atoms to the ob-
served change in 5d electronic density were estimated from
t ical
c -
t cate
t and
b rface
a size.
C of Pt

T
I
i ber
o
c

S

0
1

surface atoms between these two samples cannot be detected
by these experiments, even though the relative amount of sur-
face atoms differs by∼15% between them. Although these
results would suggest that the different catalytic properties
of the catalysts should be attributed to nanoclusters structure
(size and shape) mainly, we cannot unequivocally exclude the
underlying relation between structure and electronics in this
case. This ambiguity reflects the ensemble-averaging nature
of the XANES experiments. The total XANES signal arises
from both bulk and surface atoms and only a small percentage
of the last ones would have differences between the two sam-
ples. These differences in electronic density coming from
active surface Pt atoms are attenuated in the total XANES
signal so that they are of the order of the experimental error
in our determinations. Having this in mind, we cannot dis-
card that the changes observed in the nanoclusters structure
are associated with changes in the electronic structure from
coordinative unsaturated surface Pt atoms.

4. Conclusions

Four complementary methods (H2 chemisorption,
HRTEM, SAXS and EXAFS) were used to determine the
sizes of supported Pt clusters in catalysts used for reforming
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he values ofFig. 10and the assumption of quasi-spher
lusters and the results are shown inTable 2. These con
ributions are similar for the two samples and they indi
hat differences in 5d electron density between surface
ulk atoms are much greater than any differences in su
tom electron density resulting from changes in cluster
onsequently, differences in the 5d electronic density

able 2
ntensity of Pt L2 and L3 X-ray absorption edges on Pt/SiO2 and PtSn/SiO2
n Ar and in H2, their corresponding fractional change in the total num
f unfilled states in the d-band compared to the platinum foil (fd) and the
ontribution per atom in surface to this change (fs)

ample �A2 (eV) �A3 (eV) fd fs (×10−3)

.8 wt.% Pt/Al2O3 −0.042 −0.177 −0.027 −3.4

.6 wt.% Pt/Al2O3 −0.046 −0.151 −0.023 −3.5
f methane to produce synthesis gas. These techn
mphasize different components of the Pt cluster
istribution. EXAFS and SAXS detect smaller clus
1.2–1.5 nm range) than HRTEM methods (2–3 nm ran
he results are in reasonable qualitative agreement,
ially in light of the assumption of quasi-spherical clus
equired to transform scattering, absorption, and micros
esults into estimates of cluster size.

XANES data indicate that the density of d-electron
reater on surface than bulk Pt atoms, but changes in

ronic properties from XANES spectra were not dete
ithin the range of Pt cluster size examined in this st
hus, the marked catalytic consequences of Pt cluster
eported here appear to reflect changes in structure and
oordination of surface Pt atoms, which vary gradually w
hanges in cluster size.
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