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Abstract

Zeolite Y-supported Pt particles were studied by high-resolution transmission electron microscopy (HRTEM), extended X-ray absorption
fine structure (EXAFS), and Jichemisorption experiments. The ionicity (i.e., electron richness of the zeolite oxygen atoms) was altered by
using different cations (NaY, MgY, and LaY) and by steaming and introduction of protons (H-USY). Highly dispersed Pt particles were in-
troduced inside the zeolite pores using a very careful synthesis procedure. Computer analysis of HRTEM images exhibited similar Pt particle
size distributions with calculated average Pt particle sizes ranging from 0.98 to 1.26 nm for the various zeolite Y-supported Pt particles. The
EXAFS results revealed that the first-shell Pt—Pt coordination number was around 6.5, in good agreement with the observed HRTEM results
H> chemisorption experiments found a much high¢PHvalue for Pt/NaY (1.63) than for Pt/H-USY(0.88), implying no relationship with
the Pt dispersion as determined by HRTEM. Using the values for the dispersigPtjRis calculated from the HRTEM results, one can
obtain a value for the number of chemisorbed hydrogen atoms per surface platinum g@gréto). This value demonstrates a clearly
decreasing trend with decreasing electron richness of the support oxygen atom: 1.96 (B/N&¥)(Pt/MgY)> 1.51 (Pt/LaY)> 1.11
(Pt/H-USY). These results indicate that the hydrogen coverage on supported Pt particles depends strongly on the support ionicity. This ha
significant consequences for the catalytic behavior of hydrogenolysis and hydrogenation reactions catalyzed by Pt. These results also inc
cate that one should be cautious in interpretingddemisorption results only in terms of Pt dispersion. This approach is valid only when
comparing Pt particles dispersed on the same support. Serious deviations in the real Pt dispersions occur if Pt is supported on oxides wi
different ionicities.
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1. Introduction particles. In the conversion of neopentane (C—{{2H it has
been observed that the rate of hydrogenolysis is several or-
It has been well established in the literat{te9] that the ders of magnitude higher when Pt particles are supported
nature of the support influences the rate of hydrogenationon an acidic support compared with on a basic support. In
and hydrogenolysis reactions on catalytically active metal addition, inhibition of the hydrogenolysis of alkanes by hy-
drogen is much stronger for basic supports; the orderzin H
* Corresponding author. Fax: +31-30-2511027. ranges fr.om—2.5 (b.aSI.C sypport) te._l'S (acidic)[9-12] .
E-mail addressd.c.koningsberger@chem.uu(l.C. Koningsberger). Explanations for this finding have mVOI\_/e_d the formation
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larization of the metal particles by nearby cati¢bg], and a calculations both suggest that the hydrogen coverage, which
change in the ionization potential of the metal due to a shift exists on the Pt surface at high-temperature catalytic reaction
in thed-band density of statdg,8,17,18] conditions, depends strongly on the ionicity of the support.

Work by our group revealed that the nature of the metal- Because Pt particles on acidic supports are the most active
support interaction involves a change in the electronic prop- in hydrogenation and hydrogenolysis reactions, it is entirely
erties of the metal cluster, induced by and correlated with possible that the difference in catalytic activity is related to
the electron richness of the support oxygen at¢m3,17, differences in H chemisorption propertigs.
19]. This oxygen electron richness is determined primarily  In this study the chemisorption of hydrogen on small Pt
by the ionic character of the cations in the oxide support; particles dispersed in Y zeolite is quantitatively determined
with electron-rich oxygens existing in basic supports with using the conventional H/M technique. Highly dispersed Pt
alkaline cations and electron-poor oxygens existing in acidic particles were introduced inside the zeolite pores by apply-
supports with protons or other, more covalent cations. A new ing a very careful synthesis procedure to obtain a narrow
analysis procedure of the Bb and L3 near-edge structure particle size distribution. The electron richness of the zeo-
(XANES), atomic X-ray absorption fine structure (AXAFS), lite oxygen atoms was systematically decreased by chang-
and density functional theory (DFT) calculations on sup- ing the charge-compensating ion fromNaMg?t, La3t.
ported Pt clusters revealed that increasing electron richnesgFinally, the lowest electron richness of the zeolite oxygen
of the support oxygen atoms affects the electronic proper- atoms was obtained with a Pt/H-USY with extra-framework
ties of a metal particle in at least three separate ways: (i) theAl and Bronsted acid sites. The particle size distribution
complete Pt density of states shifts to higher energy (lower and average particle size were determined by high-resolution
binding energy)[7,8]; (ii) the location of the 6, p bond- transmission electron microscopy (HRTEM). EXAFS was
ing orbital (i.e., the interstitial bonding orbit§20]) moves used as an additional tool to determine the average Pt—Pt co-
from the metal-support interface to the surface of the Pt ordination number. The results show that the difference in
particles[17]; and (iii) the insulator-to-metal transition is  dispersion of the four samples was not more than 12.5%, but
occurring at lower particle sizg21]. This knowledge, to-  the experimental A values decreased systematically from
gether with information on the dominant hydrogen adsorp- 1.63 for Pt/NaY to 0.87 for Pt/H-USY. This implies that (i)
tion sites (atop or-fold) obtained from the PL3 XANES the hydrogen coverage for the same-sized Pt particles is a
calculations, was used to analyze previously reported neo-strong function of the electron richness of the support oxy-
pentane hydrogenolysis kinetic dg&]. The results from  gen atoms, and (ii) the H/M technique does not give reliable
this analysis provided a basic understanding of the metal—information about the dispersion of Pt particles when com-
support interaction for hydrogenolysis reactions of alkanes paring Pt particles on supports with different ionicities.
catalyzed by Pt particles on supports with different ionici-
ties and acid/base properties.

DFT calculations show that the Pt—H bond strength is 2. Experimental
greater on ionic supports (basic, with electron-rich O atoms),
implying higher H coverage compared with covalent sup- 2.1. Catalyst preparation
ports (acidic, with electron-poor O atom@?2]. The com-
bination of DFT calculations with the new XANES analysis NaY (LZY 54) and NH-USY (LZY 84) supports were
procedure applied to EXAFS data on small supported Pt par-obtained commercially; their properties are giveiTable 1
ticles (2 < 6.5) led to detailed insights into the correlation MgY was prepared by four successive ion exchangesfor 12 h
between the ionicity of the support and the type of active with an aqueous 1 mol solution of Mg£(UCB. P.a.). The
sites for H chemisorptiof23]. At very low Hy pressure or ~ sample was washed chlorine-free and dried in air at room
high temperature, the strongest-bonded H is chemisorbed intemperature overnight. Chemical analysis indicated that af-
an atop position. With decreasing temperature or at higherter four successive ion exchanges, the degree of exchange
H» pressure, only:-fold (n = 2 or 3) sites are occupied. At was>98% (more details for MgY have been provided else-
high H, pressure or low temperature, the weakest-bonded Hwhere[24]). The LaY sample was prepared by two succes-
is positioned in an “on-top” site, with the chemisorbing Pt sive ion exchanges with a solution of La(h)@. pH was
already having a stronger bond to an H atom innafold controlled to>4 to avoid acid dealumination or sieve de-
site. The results of the new XANES analysis and the DFT struction. The exchanged zeolites were washed to remove

Table 1
Properties of zeolite Y supported Pt catalyst
Catalyst Na (Si/Al) Al Algg Acid sites SBET Pores (mfg)

(Wt%) total (mmol/g) (mmol/g) (mmol/g) (mZ/g) micro meso
Pt/NaY 10 25 43 0 0 908 034 003
Pt/H-USY Q1 25 26 22 14 755 026 01

F, framework; EF, extra framework.
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excess salts before being heated to A0dor drying. The cles as determined with the software analysis is an estimated
final La loading amounted 20 wt% (more details for LaY 0.1 nm.

have been provided elsewhe25]). The crystallinity for

both samples was checked with X-ray diffraction and scan- 2.3. EXAFS data collection and data-analysis

ning electron microscopy techniques.

The zeolite powder was dried in a flask-a200°C in EXAFS data were collected at the Pg- and L-edge
dynamic vacuum for two hours. Before the evacuation treat- using beamline X1.1 of the HASYLAB synchrotron (Ham-
ment is stopped, any water condensed at the outlet of theburg, Germany) equipped with an Si(311) crystal. The
flask must be removed, to avoid water readsorption on the monochromator was detuned to 50% of maximum intensity.
dried support. After the support cooled to room temperature, All measurements were done in transmission mode using ion
an agueous solution of Pt(N4(NOs)» (Aldrich), contain- chambers filled with a BYAr mixture to have an X-ray ab-
ing an amount of Pt to provide a 1 wt% loading in the zeolite, sorbency of 20% in the first and of 80% in the second ion
was injected on the dry support in static vacuum. The volume chamber. At the PL3-edge (11,564 eV), the estimated reso-
of the injected solution was 95% of the total pore volume, to lution was 2 eV. To decrease low- and high-frequency noise
maximize the fluid uptake into the pores. The impregnated as much as possible, an acquisition time of 0.5 s for the EX-
samples were thoroughly shaken, air was admitted, and theAFS data was used with a gradual increase to 1.5 s at high

samples were kept at room temperature overnight. photon energy, and three scans were averaged. _
Next the zeolite samples were dried at°@for 8 h in The samples as prepared were pressed into self-supporting

flowing N; in a rotating vaporizer. A sieve fraction (212— Wafers (calculated to have a total absorbance of 2.5) and
425 pm) was dried at 15 for 8 h. The sample was then placed in a controlled atmosphere cell operated at J2Tin
heated with a ramp of 0%C/min from 150 to 300C and  Subsequently, the catalysts were dried at XG@or 1 h, re-
calcined at 300C for 1 h. A high space velocity of the reduced in a hydrogen flow at 390G, and cooled to room
0,/N> (20%) mixture gas was needed during drying and cal- temperature in a hydrogen flow. Then the hydrogen supply
cinations, to maximize the desorption rate of water ang NH Was disconnected from the cell, and the cell was cooled
The need for an extremely low heating rate and high spacedown to liquid nitrogen temperature to perform EXAFS

velocity has been discussed in depth elsewl263. For measurement.
Pt/H-USY, a final temperature of 35C€ was used for calci- Extraction of the EXAFS data from the measured ab-
nations, to remove ammonia from the acid sites ofN¥SY sorption spectra was done using the XDAP cfih]. Three

scans were averaged, and the pre-edge was subtracted using
a modified Victoreen curve. The background was subtracted
using cubic spline routines with a continuously adjustable
smooth parameter. Normalization was performed by divid-
ing the data by the height of the absorption edge at 50 eV.
Data analysis was performed by multiple-shell fitting in
R-space using the EXAFS data analysis program XDAP,
which allows one to minimize the residuals between both
the magnitude and the imaginary part of the Fourier trans-
forms (FTs) of the data and the fiR-Space fitting has
significant advantages over the usually applied fitting in
k-space€[29]. The difference file technique was applied to-
HRTEM was performed using a Philips CM 30 UT elec- gether with phase- and amplitude-corrected Fourier trans-
tron microscope with a field emission gun as the source of forms to resolve the different contributions in the EXAFS
electron operated at 300 kV. Samples were mounted on adata. In the difference file technique, one simultaneously fits
microgrid carbon polymer supported on a copper grid by all contributions, but each individual contribution is moni-
placing a few droplets of a suspension of ground sample in tored and optimized with respect to the other contributions
ethanol on the grid, followed by drying at ambient condi- present in the EXAFS spectruf@9]. This allows also for
tions. a more accurate determination of the minor contribution to
Particle size analysis was done using the Soft Imaging the EXAFS spectrum. Both high Z (Pt-Pt) and low Z (Pt-0)
Systems AnalySIS software. Positive photographic images contributions are present in the EXAFS data collected on the
were scanned at 150 dpi. A selection was made, avickav Pt/Y sampled8]. The R-space fits were carried out by ap-
filter was applied. This image was subtracted from the orig- plying k! and4® weightings to ensure that the results were
inal selection to level the background. After this, a Fourier the same for all weightings. A% weighting emphasizes the
filter enhanced the contrast of the particles. Gray-value de- high Z contributions to the spectrum, whereals'aveight-
tection then identified the particles for which the size was ing focuses on the low Z contribution.
automatically determined by the software and statistically = Theoretical phase shifts and backscattering amplitudes
processed. The limit of accuracy in the size of the Pt parti- for the Pt—Pt and Pt—O absorber—scattering pairs were used

to obtain H-USY. After calcination, the sample was cooled
to room temperature in the flowing mixture obl,. Sub-
sequently, the calcined samples were reduced in pyligeld

by heating with a ramp of 5C/min to 300°C and main-
taining this temperature for 2 h. After reduction, the sample
was first cooled to room temperature in flowing hydrogen,
then flushed with a high flow of §J and finally passivated
by adding a small flow of @into the flowing N.

2.2. HRTEM
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Table 2 the adsorbed amounts of hydrogen determined with this

FEFF7 parameters used to calculate Pt—Pt and Pt—O theoretical reference§sotherm by extrapolation of the linear part to zero pres-
The references were calibrated using Pt-foil and Ré€OH); [29]

sure.

Atom pair  Potential o2(A?)  s3 Ve (eY)  V;(eV)

Pt-Pt Dirac—Hara 00234 082 —-4.2 30

Pt-O Dirac-Hara 00342 090 a0 30 3. Results
3.1. HRTEM

in EXAFS data analysis, which were generated utilizing the
FEFF7 code with the parameters listedlable 2 [29] The ] ) ) )
theoretical references were calibrated with the aid of the ex- _ 1he respective representative HRTEM images shown in

perimental data of Pt foil and NRt(OH) using a procedure Fig. 1reveal that the Pt particles were uniformly dispersed in

reported previouslj29]. the support with a size aroundl nm. The software package
“AnalySIS” was used to determine the particle size distrib-
2.4. Hydrogen chemisorption ution from the HRTEM images as discussed earlier and to

calculate the average Pt particle size. A large number of par-

Hydrogen chemisorption measurements were performedticles (350-450) could be examined, and good statistical val-
in a conventional static volume apparatus (Micromeritics ues could be obtaineéig. 2 shows that the Pt particles are
ASAP 2010C). The samples were first dried under evacu- distributed in the size range 0.6-2.0 nm and that the range
ation at 100°C overnight, then reduced in pure ldt 300°C 1-1.2 nm has the largest contribution. The calculated aver-
for 1 h (ramp, C/min). The samples were evacuated at age particle diameters are 1.14 nm for Pt/NaY, 0.92 nm for
this temperature for 0.5 h, subsequently cooled down in vac- Pt/MgY, 1.23 nm for Pt/LaY, and 1.26 nm for Pt/H-USY.
uum to 36°C at which temperature Hadsorption isotherms The Pt dispersion (i.e., the ratio of the number of sur-
were taken. The absolute amount of adsorbeddHleter- face Pt atoms [Pt(s)] to the total number of loaded Pt atoms
mined from the decrease in pressure when adding a fixed[Pt(t)]) can be calculated from the average particle diameter.
volume of B to a known volume containing a known Itis assumed that the supported Pt particles have a spherical
amount of catalyst. The HPt ratios are obtained based on shape with a face-centered cubic structure. The total number

Pt/NaY 20 nm

Pt/LaY 20 nm i Pt/H-USY 20

Fig. 1. HRTEM images of the Pt/Y samples. The length of the bar in each photograph is 20 nm.
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Fig. 2. Histograms with Pt particle size distribution of the Pt/Y samples obtained by computer analysis (350-450 Pt particles were dnslggege Pt
particle size.

1071
.. i 10 3.2. EXAFS
9f Y
S, o {09 The raw EXAFS data are presentedHiy. 4a. The four
S = - samples have similar oscillation and similar node distances,
| a 10.8 % pointing to a similar structure. The signal/noise ratio allows
£ P '—> 2 for EXAFS data analysis up to abokit= 13 A~1, except
sf -~ S 072 for the Pt/LaY data, which can be analyzed only ugkte
L e ) 11 A-1. The corresponding FT&¥, Ak = 3-11 A1) of the
5 ’ 108 EXAFS spectra of the different zeolite-supported Pt particles
. . o5 are given inFig. 4b. The shoulders at both the low and high
. . R sides of the first Pt—Pt peak in the Fourier transform are
0.5 1.0 15 2.0 due to the nonlinear Pt—Pt phase shift andittependence
Size (nm) of the Pt backscattering amplitudi29]. It can be seen that

Fig. 3. Dispersion and first shell Pt—Pt coordination numbesi(p) as a the amplitudes of the magnitude of the FT occur in the order
function of Pt particle size (diameter in nm) calculated with the help of the PYMQY < PtNaY < Pt/LaY < Pt/H-USY.
computer package Nubja0]. Lines indicate data for Pt/NaY. Multiple-shell fitting in R-space (FT:Ak = 3-13 A1,
AR =1.6-31 A, except for Pt/LaY withAk = 3-11 A1),
together with the difference-file technique, resulted in the
of atoms was calculated taking the diameter of the modeledidentification of Pt and O backscatterers. There are eight
particle as the particle size, and the number of surface atomsfree-fit parameters; this number is allowed because it is
per particle was calculated using the definition of surface lower than the number of independent parameters according
atoms having<12 neighboring atoms. A computer program to the Nyquist theorerf29] (Ningp = 11.5, for Pt/LaY: 9.6).
[30] was used to obtain the relation between dispersion andMinimizing the variances in imaginary and absolute parts
average particle size (s€ég. 3). Using this relation, the dis-  led to the best fit. The variances of the fit of the imaginary
persion was found to be 0.83 for Pt/NaY, 0.89 for Pt/MgY, part and absolute part are for all sample$%. The qual-
0.80 for Pt/LaY, and 0.79 for Pt/H-USY. ity of the fit for Pt/MgY shown inFig. 5a is representative



Y. Ji et al. / Journal of Catalysis 234 (2005) 376-384 381

0.06
0.03
3
£ 0.00
[
(18
-0.03
-0.06
oottt
2 4 6 8 10 12 14 16
k (A1) 0.02f b
0.10 '
__oolf
5 i
x
0.05 X 0.00
—_ - -
~ [T
= -0.01
=X 0.00 BB I
- -0.02
-0.05 0 1 2 3 4 5
R (A)
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’ 0 1 2 3 4 5 6 (solid line) and the total fit (Pt—P¢ Pt—O) (dotted line) for Pt/MgY. (b).
Fourier transformi®, Ak = 3-95 A~1) of Pt-0O difference file (raw EX-
R (A) AFS minus Pt-Pt) and fitted Pt-O contribution for PUMgY.
Fig. 4. (a) Experimental raw EXAFS data for Pt/NaY (solid line), Pt/MgY
Table 3

(dotted line), Pt/LaY (dashed line) and Pt/H-USY (dashed dotted line). (b)
Corresponding Fourier transformisl( Ak = 3-11 A-1). (samples are in-
dicated with the same line type).

EXAFS coordination parameters obtained frafaspace fit £1, Ak =
3-13A 1 AR=16-314)

Catalyst ScatterN R(A) Ac2(A2)  Eg(eV) Variance
for all samples. The FT of the difference file (raw data mi- (£10%) (£0.02) (103, +5%) (+10%) 1m_ Aps.
nus the fitted Pt—Pt EXAFS) (solid line) is givenHig. 5b. Pt/NaYy Pt 61 273 56 22 062 032
This FT shows different peaks: AXAFS-0.7 A) [7,8,17] o 06 271 30 -2.0
Pt-O (~2.2 A), Pt-Ps (the second Pt coordination shell, PYMaY gt gi g-gg gé 13-; 046 028
at~3.6 A), and Pt-Rt (th_e third Pt coordl_natl_on shell, al  oylay Pt 71 275 56 17 047 014
~4.5 A). The FT of the fitted Pt—O contribution (i.e., the o 05 253 30 100
fitin R-space for 16 < R < 3.1 A) is plotted with a dotted ~ PyHUSY Pt 74 275 27 27 015 012
line. The resulting fit parameters are displayedrable 3 O 05 250 30 112

The Pt—Pt coordination numbers can be related to the aver-
age Pt particle size. For all samples, a long Pt—O distance has _ ) )
been detected showing a systematic decrease with decreagshemisorbed hydrogen, and the second isotherm is deter-

ing electron richness of the support oxygen (see Sedjion ~ Mined by weakly chemisorbed hydrogen. An example of
the H/M data collected for the Pt/NaY sample is shown in

3.3. H/M experiments Fig. 6. Generally, a hydrogen adsorption isotherm involves

two types of hydrogen: chemisorbed and physisorbed. The

In the H/M experiments, first and second isotherms were amount of chemisorbed H can be obtained by extrapolating

measured. After the first isotherm was determined &C36  the linear part of isotherm to zero pressure. This procedure

the sample was evacuated at the same temperature for 1 Isubtracts the physisorbed H from the total amount of ad-

and then a second isotherm was measured. The differencesorbed H. The value determined by the extrapolation is then
between the first and second isotherms is related to stronglyused to calculate the HPt ratio.Table 4gives the amount of
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Fig. 6. First (solid circles) and second (open circles) hydrogen isotherm for Fig. 7. Histogram of the number of chemisorbed H atoms per surface Pt

Pt/NaY measured at 3%. atom calculated from experimental/M values and Pt dispersions. The
last values are obtained from the average Pt particle diameter determined

chemisorbed H and the correspondingRtratios for these ~ PY HRTEM (seeFig. 3).

samples. The determined/Rt ratios decreased in the order

Pt/NaY (1.63)> Pt/MgY (1.55)> Pt/LaY (1.21)> Pt/H- small, peaking around 1.1 nm. The Pt-Pt coordination num-

USY (0.88). The average number of chemisorbed hydrogenber (Vp¢_p) can be calculated from the average Pt particle di-

atoms per surface Pt atoms /Pk) is obtained by divid- ameter as determined from the HRTEM datable 4shows

ing these values for the dispersion as calculated from thethat the calculated values agree within the limits of accu-

HRTEM experiments. The HPt values decreased in the racy with the Pt—Pt coordination numbers derived directly

same order (setable 4. from the EXAFS data, with the largest deviation found for
the Pt/NaY sample. This also implies that the assumptions
for the calculations of spherical-shaped supported Pt parti-

4. Discussion cles with a face-centered cubic structure are correct.
Table 3gives metal-oxygen distances ranging from 2.50
4.1. The geometrical structure of the Pt particles to 2.70 A. Previous EXAFS studies on several supported

metal catalysts (metals: Rh, Ir, Pt; supports;@d, TiOo,

EXAFS is a powerful and unique tool for providing the MgO, LTL, Y) [8,26,32]have demonstrated metal-oxygen
geometrical structure around the absorbing atom and obtain-interactions characterized by both short (2.10-2.20 A) and
ing information on particle size. The first-shell Pt—Pt coor- long (2.5-2.8 A) distancef81]. Combining the results of
dination number of particles strongly depends on the size, temperature-programmed desorption and EXAFS experi-
because the number of atoms per particle increases with apments, Vaarkamp et gl32] concluded that the long metal—
proximately the cube of particle diameter. However, when oxygen distance was due to the presence of hydrogen in the
the particle size distribution is broad or bimodal, the larger metal-support interface, because evacuation led to a short-
particles dominate the average coordination number of theening of this distance. Further proof of this was obtained
first-shell Pt—Pt. The deduced average particle size from EX- from the EXAFS experiments carried out on Ir$8l; cata-
AFS analysis in that case is an overestimation of the averagelysts[31]. The long metal-oxygen distance was shown to be
diameter of the particle size distributig@6]. This means reversible: admission of hydrogen after the evacuation treat-
that using EXAFS to determine particle size is reliable only ment restored the originally observed long metal-oxygen
when the particle size distribution is narrow. distance. The long metal-oxygen distance observed in this

The results obtained from the HRTEM data indicate that work is therefore attributed to the metal—-oxygen coordina-
for all samples, the Pt particle size distribution is relatively tion arising from the metal-support interface. It should be

Table 4
Correlation between H/M experiments, dispersion (HRTEM) and EXAFS. Determination of number of chemisorbed hydrogen atoms per sytfige Pt (H
Sample Pt loadirfy H/M experiments HRTEM EXAFS Calculation

(%) Vi, (cc/gea) H/Pt d (nm) Nptpt Nptpt Pis/Pt H/Pt
Pt/NaY 1.0 0.941 1.63 1.14 6.1 6.8 0.83 1.96
Pt/MgY 1.05 0.935 1.55 0.92 6.3 5.7 0.89 1.74
Pt/LaY 0.91 0.695 1.21 1.23 7.1 7.2 0.80 1.51
Pt/H-USY 1.0 0.505 0.88 1.26 7.4 7.3 0.79 1.11

2 Weightpercents per gram of dry zeolite, calculated by weighing the applied volume of precursor solution.
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noted here that the long distance systematically decreasegomplete Pt density of states to higher energy (lower bind-
with decreasing ionicity of the support. More research is ing energy) on ionic (basic) suppoifts,8,19] A proposed
needed to further explain this observed effect. MO scheme to explain the observed changes in the EXAFS
data in more detail]17] was based on the idea that the lo-
4.2. Relationship between hydrogen chemisorption and cation of the 6, p interstitial bonding orbitals moves from
dispersion: role of spillover hydrogen the surface of the Pt particle (Pt supported on electron-rich O
atoms, for ionic or basic supports) to the Pt—support interface

The hydrogen chemisorption literature on supported (Pt supported on electron-poor O atoms, for acidic supports
metal catalysts has always assumed that higher dispersion alwith protons or supports with more covalent cations). This
ways leads to higher M values. If the supportis inertorif ~ concept was confirmed by recent DFT calculations showing
metal particles with different sizes and dispersed on the samethat the support-induced changes of the electronic structure
support are compared, then this assumption is correct. But ifwithin a supported Pt particle affects the chemisorption of
metal particles are dispersed on supports with different prop- such adsorbates assHCH,, and @ on the surface of Pt
erties (e.g., ionicity of the support oxygen atoms), then this particle[22]. According to the DFT calculations, the Pt—H
assumption is no longer valid. This finding can be demon- bond strength is larger on supports with electron-rich oxy-
strated by calculating the number of chemisorbed hydrogengen atoms (basic), which implies greater H coverage on ionic
atoms per surface Pt atom (Pis) of the four Pt catalysts  supports than on covalent supports (acidic, with electron-
studied in this work. The results of this exercise are given poor O atoms). The Pt data presented ifiable 4show
in Table 4 The Pt particle dispersions are calculated from that the number of hydrogen atoms chemisorbed per sur-
the HRTEM data, and these values are used to derive theface Pt is highest for Pt particles on the most ionic (basic)
H/Pft as given in the last row dfable 4 It can be seen that  support (NaY) and lowest for Pt particles on the most co-
the H/Pt; values decrease in the order 1.96 (Pt/NaY).68 valent (acidic) support (H-USY). This implies that the H/M
(Pt/MgY) > 1.49 (Pt/LaY)> 1.1 (Pt/H-USY). There is a  data presented in this paper are a direct experimental proof
clear decreasing trend with decreasing electron richness ofof recently published DFT calculatiofi22]. Moreover, they
the support oxygen atom. This implies that the hydrogen are completely in line with previously published Pt EXAFS,
chemisorption capacity of the Pt particles is determined not XANES, XPS, and CO FTIR7,8,19,23]data and confirm
only by their dispersion, but also by the ionicity of the sup- our interatomic potential model that was put forward as a
port oxygen. basis for metal-support interacti@i].

Another factor that can significantly influence the total It should be noted that the affect of the ionicity of the
amount of chemisorbed hydrogen is the presence of spilloversupport oxygen atoms will level off with increasing Pt parti-
hydrogen. The amount of spillover hydrogen can be very cle size. No direct catalytic data on the support influence on
large on supports with high amounts of Bronsted acid sites large Pt particles are available, but based on our study of the
and will decrease greatly with increasing reduction tem- insulator-to-metal transition as a function of the support ion-
peratureq33]. The parameters that control the amount of icity [21] the metal-support interaction is expected to level
spillover hydrogen are not yet fully understood. Our sam- off for particles>2.5 nm.
ples were prepared by impregnation. Samples prepared by
ion exchange generally exhibit greater spillover because a4.4. Implications for Pt-catalyzed reactions as
greater number of protons are introduced by the reduction of hydrogenolysis and hydrogenation
P£+ ion-exchanged in NaY. In any case, for the impregnated
samples used in this study, the Pt/H-USY sample demon- The influence of the support on the H coverage of Pt
strated the lowest total adsorbed hydrogen level, whereas theparticles has important consequences for Pt-catalyzed re-
highest amount of spillover is expected for this sample. So actions, such as hydrogenolysis and hydrogenation. It has
although a certain amount of spillover will occur, the trends been reported that increasing alkalinity of the support results
for chemisorption of hydrogen as a function of support ion- in decreased turnover frequency (TOF) of neo-pentane hy-
icity as obtained in this work are still valid. drogenolysis and increased negative order in hydrogen par-

tial pressure (from roughly-1.5 to —2.5). Moreover, also
4.3. Influence of ionicity of the support on the hydrogen a compensation relation is observed for the hydrogenolysis
chemisorption capacity of Pt kinetic data of Pt on supports with different ionicities. Us-

ing information on the dominant hydrogen adsorption sites

Recent work by our group has revealed that the nature of (atop orn-fold) obtained from the PL3 XANES, the previ-
support effect involves a change in the electronic properties ously reported neo-pentane hydrogenolysis kinetic data can
of the metal cluster, induced by and correlated with the elec- be fully explained by assuming a higher H coverage on Pt
tron richness of the support oxygen atoms. The experimentalwith increasing support alkalinif@]. These assumptions are
results obtained from EXAFS, X-ray photoelectron spec- fully supported by the results obtained in this study.
troscopy (XPS), and Fourier transform infrared spectroscopy  Saturation of aromatics (tetraliii7] and benzen§34])
(FTIR) of chemisorbed CO can be explained by a shift of the and hydrogenation of other oxygenated alkenes catalyzed by
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