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Abstract

The three-site adsorption model, previously developed to describe H adsorption on small Pt particles, was used to gain insight into dependence
of hydrogen coverage on temperature, pressure, and support ionicity. The three sites, in order of decreasing Pt–H bond strength, involve H in an
atop, a threefold, and an ontop Pt site. The ontop site designates H bonded in an atop site surrounded by occupied threefold sites (hence referred to
as ontop site). The model includes an emptying of the H atop sites into H threefold sites with increasing H pressure to reduce lateral interactions.
Hydrogen chemisorption on an acidic Pt/H-USY and a basic Pt/NaY and TPD results on a acidic Pt/H-LTL and basic Pt/K-LTL are modeled using
a Langmuir isotherm for each H site. The H/M data can be directly compared with Pt L2,3 XANES results on the same samples. A new analysis
method (Delta XANES technique) using the difference in the absorption coefficient, �μ = μ(H/Pt) − μ(Pt), allows an in situ spectroscopic
determination of the type of H adsorption site and H coverage. The adsorption enthalpies (�H ’s) for the atop, threefold, and ontop sites are found
to be highly dependent on the support ionicity, increasing for ionic (basic) supports consistent with previous results. The calculations using the
three-site model confirm that the support-induced changes in the Pt–H bond strength produce dramatically different H coverages and dominant
adsorption sites at catalytic reaction temperatures and pressures. Depending on uptake versus desorption of H, a hysteresis is found in the atop to
threefold site rearrangement, believed to result from a requirement for collective rearrangement involving an entire domain or island of H on the
surface.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Three-site hydrogen adsorption model on Pt; Metal–support interaction; Ontop/n-fold/atop hydrogen adsorption sites; Temperature/pressure and
support dependence of hydrogen coverage
1. Introduction

H adsorption on supported Pt particles is critical in supported
noble metal catalysts, which are widely used in commercially
important reactions, including hydrogenation, naphtha reform-
ing, isomerization reactions, and electrocatalysis such as that
taking place in a fuel cell [1]. The stimulus for the current work
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is recent advances in X-ray absorption spectroscopy (XAS),
which now enable XAS to provide H binding site information
in situ on supported Pt particles both in the gas phase and in an
electrochemical cell [2]. These recent advances arise from new
data analysis procedures, rather than new experimental tech-
niques.

A new analysis method (Delta XANES technique) has been
developed that makes use of the difference in the X-ray absorp-
tion coefficient, �μ = μ(H/Pt)−μ(Pt), with μ(H/Pt) the X-ray
absorption in the presence of and μ(Pt) that in the absence
of chemisorbed hydrogen. Teliska et al. [3] used this Delta
XANES technique to examine Pt particles supported on carbon
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(Pt electrodes), and Oudenhuijzen et al. [4] studied Pt supported
on Al2O3 or dispersed in LTL and Y zeolite (Pt catalysts). The
Pt L3 XANES data of the sample in vacuum or at 0.5 V in an
electrochemical cell (i.e., when the Pt surface is relatively free
of H and other adsorbates) are subtracted from the data obtained
after chemisorption of hydrogen: �μ = μL3(H/Pt) − μL3(Pt).
The signature of this difference spectrum (�μ) is compared
with �μ acquired from a similar procedure applied to theoret-
ical results obtained with the help of full multiple scattering ab
initio calculations using the FEFF8 code [5] to identify specific
H adsorption sites on the surface of the Pt particles. These re-
sults have been combined with density functional calculations
using the ADF code [6] to fully interpret the experimental data.

After a thorough analysis of hydrogen TPD data in the liter-
ature comparing Pt(111) data, stepped surfaces, polycrystalline
Pt, and large supported Pt particles (>5 nm), Teliska et al. [3]
identified five different features in the hydrogen TPD curves
for polycrystalline Pt, each representing a specific H adsorption
site. Five features were also found in the current voltage (CV)
curves obtained in an electrochemical cell using 3–5 nm Pt clus-
ters supported on carbon as electrode material. Teliska et al. [3]
used the Pt L3 Delta XANES signatures on these latter clusters
to identify the five adsorption sites. These adsorption sites in or-
der of increasing adsorption bond strength, �G = �H −T �S,
are ontop H near edges, n-fold H and delocalized H on the
faces, and n-fold H and delocalized H near Pt edges, as sum-
marized on the left side of Fig. 1. Because both the applied
potential and temperature can be varied in electrochemistry, the
�H and �S for H adsorption in the two primary absorption
sites (n-fold on faces and n-fold near edges) have been obtained
from the CV curves [7]. The �H values obtained from these
studies are comparable to those obtained from hydrogen TPD
studies in the gas phase and from theoretical calculations. This
strongly suggests that the H binding sites in an electrolyte and
in the gas phase are comparable [8].

By using the Delta XANES technique described above and
applying DFT calculations on Pt model clusters, the influence
of the acid/base properties of the support on the chemisorption
properties of hydrogen on intermediate Pt particles (2.5 > d >

1 nm) has been elucidated by Oudenhuijzen et al. [4]. These
authors showed that the Pt–H bond strength is greater on ionic
supports (basic oxides with electron-rich O atoms), resulting in
a higher hydrogen coverage compared with covalent supports
(acidic oxides with electron-poor O atoms). Depending on the
temperature and ambient H2 pressure, on the Pt n-fold sites H
is found near cluster edges and/or corners on basic supports
and in the atop position near cluster edges/corners, with lower
adsorption energy, on acidic supports. Based on these results,
a three-site model has been proposed [4] for intermediate-sized
Pt clusters in the gas phase, with the binding energy increasing
in the following order: ontop H and n-fold H on faces, n-fold
near the edges, and atop; these are summarized in the center of
Fig. 1. The temperature, hydrogen pressure, and ionicity of the
support determine the H coverage of each site and consequently
which type of site is available for hydrogen dissociation.

The results obtained on Pt(111) single-crystal surfaces and
the large Pt particles (3–5 nm) supported on carbon used as
Fig. 1. Left side and center: schematic illustration of the 5 or 3 different H bind-
ing sites identified previously as discussed in the text, and how they correlate
between large and intermediate size particles. Right side: schematic illustration
of a simple Frumkin isotherm model which assumes �G = �G0 + gθ , where
g represents the decrease in Gibbs free energy with increasing coverage due to
lateral interactions (· · ·), and three-site model utilized in this work which as-
sumes a Langmuir isotherm (i.e., non-changing �G with coverage) but with
three different bonding sites as noted (—). The arrows in all cases indicate the
atop/n-fold rearrangement that arises due to lateral interactions.

electrodes [3] (see the left side of Fig. 1) can be correlated with
the data obtained on smaller supported Pt particles (2.5 > d >

1 nm) (see center of Fig. 1), such as those used in catalysis [4].
The changeover of the strongest bonding site from delocalized
H as found on Pt(111) single crystals and Pt/C electrodes to atop
H as detected on the much smaller Pt particles with sharper cor-
ners is due to the decreasing Pt coordination at these corners [4].
Delocalized H arises when the atop, bridged, and n-fold sites
have comparable energy as on single crystal surfaces, so the H
can decrease its zero-point vibrational energy by delocalizing
over these three sites. Near sharp corners as on small metal par-
ticles, the atop sites have increased binding energy, so the H
prefers the atop sites.

Direct experimental proof for the influence of the support
ionicity on the H coverage has been obtained from hydrogen
chemisorption experiments on Pt particles dispersed in zeo-
lite NaY, where the ionicity of the support oxygen is tuned
by exchange of Na with different types of cations (H+, Mg2+,
La3+) [9]. DFT calculations [4,10] show that the Ptsp orbitals
are important for H bonding, and that the rearrangement of the
Pt 6s and 6p interstitial bond orbitals (IBO) with change of the
support ionicity can explain these different Pt–H bonding prop-
erties.

In this work we correlate Pt L2,3 XANES data, H/M
chemisorption, and TPD data to elucidate the changes of H
coverage on Pt particles (average Pt particle size, 0.8–1.2 nm)
as a function of pressure, temperature, and support ionicity
(Pt/H-USY vs Pt/NaY and Pt/H-LTL vs Pt/K-LTL). A three-
site adsorption model, developed using a Langmuir isotherm
and three different H adsorption sites (as summarized in the
right side of Fig. 1), will be shown to account for the variation
in coverage with change in T , P , and support conditions as de-
scribed above. To fit the H/M data, a H2 physisorption isotherm
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also may be included. The three H adsorption sites are, in order
of increasing bond strength: ontop/n-fold faces, n-fold edges,
and atop H (see the center of Fig. 1). The n-fold face and on-
top H sites are merged into one type, denoted simply as ontop
bonded H, and the n-fold edge (nfe) simply as nf in this work.
The results from this work indicate that three adsorption sites
with three different �G values and Langmuir isotherms can ac-
count for the changes in H coverage as a function of pressure,
temperature, and support ionicity. The ramifications of these
observations for the catalytic properties of supported Pt parti-
cles will be discussed.

2. Methods

2.1. Experimental

Details about the preparation of the Pt/LTL catalysts, com-
position of the supports, TPD experiments, and EXAFS data
collection and analysis are given elsewhere [11–13]. The K/Al
molar ratios of the acidic Pt/H-LTL and basic Pt/K-LTL were
0.34 and 1.05, respectively. The average Pt–Pt EXAFS coordi-
nation number was around 4, pointing to an average Pt particle
diameter of 0.8 nm.

2.1.1. Preparation and characterization of the Pt particles
dispersed in Y zeolite

The NaY and NH4-USY (LZY 84) supports were obtained
from commercial zeolite powders [9]. Highly dispersed Pt par-
ticles were introduced inside the zeolite pores by applying a
very careful synthesis procedure to obtain a narrow particle size
distribution. The preparation and characterization of both cata-
lysts is described elsewhere [9]. In short, an aqueous solution
of Pt(NH3)4(NO3)2 (Aldrich), containing an amount of Pt lead-
ing to a 1 wt% loading in the zeolite, was injected on the dry
support in static vacuum. The sample was then heated with a
ramp of 0.2 ◦C/min from 150 to 300 ◦C and calcined at 300 ◦C
for 1 h. For Pt/H-USY, a final temperature of 350 ◦C was used
for calcination to remove ammonia from the acid sites of NH4-
USY to obtain Pt/H-USY. After calcination and reduction at
300 ◦C, the sample was cooled to room temperature in flowing
hydrogen, flushed with a high flow of N2, and finally passivated
by adding a small flow of O2 into the flowing N2.

In an earlier study, similar samples were characterized by
HRTEM, hydrogen chemisorption at RT and EXAFS [9]. The
average Pt particle size for Pt/H-USY and Pt/NaY was 1.26
and 1.14 nm, respectively, determined from the HRTEM data
by computer analysis of the photographs. The dispersion was
calculated from the averaged Pt particle size as 0.80 and 0.83,
respectively. Using the H/M data and the calculated dispersion,
it was possible to determine the number of adsorbed hydro-
gen atoms per surface Pt (H/Pts) [9]. This value was much
higher for the Pt/NaY sample with a higher ionicity of the
support oxygen atoms than for Pt/H-USY, as mentioned in Sec-
tion 1. The Pt/NaY sample used in this work was prepared
similarly but was not exactly the same as that used previ-
ously [9].
2.1.2. TPD
H2 TPD experiments were performed on the Pt/LTL cata-

lysts after initial reduction in H2 at 300 ◦C. The desorption was
programmed at a rate of 10 ◦C/min to 700 ◦C in flowing N2.
The H2 and N2 were purified by passing them over oxygen and
hydrocarbon traps. Cryogenic traps containing 5 Å molecular
sieve were placed directly before and after the furnace for water
trapping. Desorbed gases were monitored by a thermal con-
ductivity detector and periodically checked by independent gas
chromatographic or mass spectrometry analyses for H2. Full de-
tails have been provided previously [12].

2.1.3. Hydrogen chemisorption
Hydrogen chemisorption measurements were performed in

a conventional static volume apparatus (Micromeritics ASAP
2010C). The samples were first dried under evacuation at
100 ◦C overnight, then reduced in pure H2 at 300 ◦C for 1 h
(ramp rate, 5 ◦C/min). The samples were evacuated at this tem-
perature for 0.5 h, and then cooled in vacuum to the temperature
at which the H2 adsorption was to be determined. The absolute
amount of adsorbed H2 is determined from the decrease in pres-
sure when adding a fixed volume of H2 to a known volume
containing a known amount of catalyst. The H/Pt ratios are ob-
tained based on the adsorbed amounts of hydrogen determined
with this isotherm by extrapolation of the linear part to zero
pressure. After the first H2 adsorption isotherm was obtained,
the sample was evacuated at the same temperature for 10 min
to remove weakly adsorbed H2, after which H adsorption was
performed again to obtain the second isotherm. After the sec-
ond isotherm was obtained, the sample was evacuated at 300 ◦C
once again, before hydrogen adsorption was carried out at the
next elevated temperature via the same procedure. In this way,
a series of first and second H isotherms as a function of temper-
ature were obtained. The following series of temperatures was
used: 35, 75, 100, 150, and 200 ◦C.

The first hydrogen adsorption isotherm obviously reflects the
total H adsorption (i.e., physisorption and chemisorption) on
the samples. Evacuation removes a fraction of the adsorbed H
(weakly chemisorbed H and physisorbed H2), leaving only the
strongly bound hydrogen still on the surface of the Pt parti-
cle. Thus, the second isotherm reflects the additional weakly
chemisorbed and physisorbed H which adsorbs at each T . The
difference between these two isotherms is relatively constant
with P , as shown elsewhere [9], and reflects the amount of
strongly bound H remaining on the surface at the temperature of
the H/M experiment and the vacuum pressure used before be-
ginning the second isotherm. We use the difference between the
first and second isotherms to obtain information on the strongly
bound H in NaY zeolite.

2.1.4. XAFS spectroscopy
X-ray absorption data were collected at the Pt L3 and

L2 edge using beamline X1.1 of the HASYLAB synchrotron
(Hamburg, Germany) equipped with a Si(311) crystal. The
monochromator was detuned to 50% of maximum intensity. All
measurements were done in transmission mode using ion cham-
bers filled with a N2/Ar mixture to have an X-ray absorbancy of
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20% in the first ion chamber and 80% in the second ion cham-
ber. At the Pt L3 edge (11564 eV), the estimated resolution was
2 eV. To decrease low- and high-frequency noise as much as
possible, an acquisition time of 0.5 s for the EXAFS data was
used, with a gradual increase to 1.5 s at high photon energy, and
three scans were averaged.

The samples were pressed into self-supporting wafers (cal-
culated to have an absorbency of 2.5) and placed in a controlled
atmosphere cell operated at 1 atm [14]. The samples were dried
in the cell in flowing He for 60 min at 150 ◦C. The Pt/Y sam-
ples were then reduced in flowing hydrogen at 300 ◦C (heating
rate, 5 ◦C/min) for 1 h and cooled to room temperature (25 ◦C)
in flowing hydrogen, after which spectra were taken in flow-
ing H2. The samples were then heated in flowing H2 to the next
higher temperature (100, 200, 300, and 400 ◦C), where again
the spectra were taken. After reaching the highest temperature
(400 ◦C) in flowing H2, the samples were cooled again in flow-
ing H2 to room temperature, followed by an evacuation for 1 h.
XAFS spectra were again obtained in vacuum at room tem-
perature and after heating to the next-higher temperature. The
former sequence of XAFS data represents the Pt samples with
hydrogen chemisorbed at a particular temperature (H/Pt), and
the latter sequence of data represents the Pt samples under vac-
uum at the same temperature (Pt) with the evacuation treatment
at room temperature as the first treatment.

2.2. Model for hydrogen chemisorption

The adsorption of hydrogen can be described with a Frumkin
adsorption isotherm [15], by assuming that the Gibbs free en-
ergy of hydrogen adsorption is linear with H coverage (θH).
This leads to the following equilibrium constant:

(1)KH = θ2
H

PH2(1 − θH)2
= e−(�G0

H+gHθH)/RT .

Here PH2 is the hydrogen gas pressure, �G0
H = �H − T �S

is the Gibbs free energy of hydrogen adsorption (per mole
of H2) at zero hydrogen coverage, and gH is the hydrogen–
hydrogen lateral interaction constant. Because both �H and
�S can change with coverage, the lateral interaction constants
can be written as gH = h − T s, where h and s are the corre-
sponding enthalpy and entropy interaction constants. Thus, the
Frumkin adsorption isotherm implies that the hydrogen adsorp-
tion bond becomes weaker (�G less negative) with increased
hydrogen coverage, as shown schematically on the right side
of Fig. 1. The weaker adsorption on a surface already covered
with adsorbates results from either lateral interactions (directly
or through the Pt substrate) or from ligand effects [16] of al-
ready adsorbed H, weakening the interaction with additional H.

Rearranging Eq. (1) gives the hydrogen coverage (θH) per Pt
atom at any temperature (T ) and hydrogen gas pressure (PH2 ),

(2)θH = P
1/2
H2

e−1/2(�G0
H+gHθ)/RT

1 + P
1/2
H2

e−1/2(�G0
H+–gHθ)/RT

.

This work uses the three-site adsorption model of Oudenhuijzen
et al. [4] discussed above, with ontop (ot), n-fold (nf), and atop
(at) adsorption sites in the order of increasing Pt–H adsorption
enthalpies, as shown in Fig. 1. Within each site, gH = h − T s

is set to zero. Equation (2) now can be used to determine the
coverage, θi , at each site, with the total H coverage/Pt atom
then given by

(3)θH = Natθat + Nnfθnf + Notθot,

where Ni is the number of each type of site on the cluster nor-
malized per Pt atom.

In addition to atomic H on the Pt surface, physisorbed mole-
cular H2 will be present on the surface of the catalysts (Pt and
support) at the T and PH2 used in the H/M experiments. To de-
scribe the physisorption of molecular H2, a Temkin isotherm
[15] is introduced,

(4)KH2 = θ2
H2

PH2(1 − θH2)
2

= e
−(�G0

H2
+αPH2 )/RT

.

A Temkin isotherm assumes that �G increases (decreases
in magnitude) linearly with hydrogen pressure. The Temkin
isotherm is now more appropriate because it includes adsorp-
tion on many different types of sites, the metal cluster and the
support. Note that θH2 is proportional to PH2 rather than P

1/2
H2

,
making θH2 have a totally different dependence on the hydrogen
pressure PH2 than θH.

The total coverage θ = NH2θH2 + θH per Pt atom now de-
pends on several unknown parameters: Ni (i = ot, at, nf, and
phys.), �Hi , and �Si for each site. It is obvious that the num-
ber of parameters must be limited to make the model practical.
The entropy change for the reaction

(5)(1/2)H2 + Pt∗ → H/Pt

has been estimated to be 0.085 kJ/(kmol H) [17]. This is a per-
fectly reasonable result because the absolute entropy of H2 (i.e.,
H2 → 2H) is 0.13 kJ/(kmol H2) [18] [or 0.065 kJ/(kmol H)],
and the adsorbed atomic H on the surface should have relatively
much smaller entropy. This value for �S is used for all H ad-
sorption sites and twice the value 0.170 kJ/(kmol H2) for the
H2 physisorption. This then leaves two parameters (Ni and θi )
for each of the four adsorption sites (three chemisorption sites
plus one physisorption site) plus the “Temkin” parameter, α, for
a total of nine parameters to reproduce the coverage over a wide
range of T and P in the H/M experiments.

In fitting the TPD data, the numerical derivatives, dθi/dT , of
the expressions in Eqs. (1) and (3) are used. Only six parameters
are necessary, because physisorbed hydrogen does not need to
be taken into account; at low pressure, the physisorbed H leaves
well below the temperatures used in the TPD experiments.

One additional aspect must be built into the model. Gas-
phase TPD experiments along with vibrational spectroscopy, as
well as in situ Raman probe studies in an electrochemical cell,
show the existence of ontop H, as discussed above [3]. This
ontop H is definitely in an atop position, as indicated by both
the Delta XANES signature and vibrational spectroscopy fre-
quencies. An important question is: How can this H adsorb in
atop sites if these very same atop sites were first filled at very
low coverage? This fact indicates that the atop sites at corners
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and edges, although filled at first, become vacant again with in-
creasing coverage. This suggests that with increasing coverage,
lateral interactions force H to leave the atop positions. This is
exactly consistent with ADF calculations on Hn/Pt4 clusters re-
ported by us recently [4,10], which indicate that indeed the atop
site is occupied for the cluster H/Pt4. However, for two H atoms
on Pt4, two n-fold (i.e., either twofold bridged or n-fold fcc)
sites are preferred. This is now included in the model by assum-
ing that for each H atom adsorbed in the n-fold site, one atop H
moves over to a n-fold site. Thus the atop sites fill first; then fill-
ing of the n-fold sites begins with a simultaneous emptying of
the atop sites, followed finally by filling of the ontop sites when
the n-fold sites are filled. If these atop and ontop sites were ex-
actly the same sites, then the condition that Not = Nat might
be required. However, it also might be assumed that the atop to
n-fold site shift occurs only at certain corner or edge sites. Thus
Nat and Not are allowed to vary independently. If they were to
come out similar when the H/M data were fitted, then conclu-
sions could be drawn as to the exact nature of these ontop sites
(see Section 4).

Although the total coverage with chemisorbed hydrogen, θH,
is determined by Eq. (3), the H may be mobile on the surface.
Therefore, H does not necessarily stay where it was initially
adsorbed, but rather may move to the most stable available sites.
This mobility can be accounted for simply by moving all H
regardless of where it was initially adsorbed to the atop sites
first (having the largest �H ). This will lead to filling of the
n-fold sites while at the same time gradually rearranging the
H in atop sites to n-fold sites, as indicated above; eventually,
all available ontop sites having the smallest �H will be filled.
In this simplified model, H mobility does not affect the total
H coverage, but affects only the maximum coverage of each
type of site, namely Ni . Therefore, the Ni ’s in Eq. (3) do not
necessarily indicate the average total number of each type of
site available on the clusters, but rather indicate the maximum
coverage of each type of site during the uptake of H2. Thus a
Ni of 0.5 means that only about 1/2 of these types of sites fill
with H, at which point lateral interactions force the H into the
next site with lower energy.

It will be shown below that the Ni ’s are dependent on either
uptake or desorption of H2. For instance, in TPD experiments or
in the XANES data, the temperature is raised either in vacuum
or in flowing H2, leading to desorption of H and thereby empty-
ing sites. In contrast, in hydrogen chemisorption experiments,
H uptake is observed with increasing pressure at constant tem-
perature, beginning with a clean surface. The dependence of Ni

on uptake/desorption can be attributed to the kinetics of the re-
arrangement and produces a hysteresis in the site filling process,
as discussed more fully below.

2.3. Delta XANES technique

It is well known even from early work that the Pt L3 XANES
is sensitive to the adsorption of H [19–22]. To isolate and iden-
tify these rather small changes, difference spectra �μ are ob-
tained by taking the difference between the L3 spectra with
and without H, �μL3 = μL3(H/Pt) − μL3(Pt), with μL3(H/Pt)
the L3-edge spectrum in the presence of H2 and μL3(Pt) the
L3-edge spectrum in vacuum. Because the absorption μ equals
μ0(1 + χ), the total change can be expressed as [2]

�μL3 = μL3(H/Pt) − μL3(Pt)

(6)= �μ0 + �(μ0χPt–Pt) + μ0,H/PtχPt–H,

where �μL3 is the L3-edge difference spectrum, μL3(H/Pt)
is the L3-edge spectrum in the presence of H2, μL3(Pt) is
the L3-edge spectrum in vacuum, �μ0 represents changes
in the atomic L3 XAFS with H coverage, �(μ0χPt–Pt) rep-
resents changes in the Pt–Pt total scattering induced by H2
chemisorption, μ0,H/Pt is free-atom L3 absorption (including
atomic XAFS) in the presence of H2, and χPt–H represents ad-
ditional Pt–H scattering.

The FEFF8 code [5] was designed to calculate μ just as ob-
tained in experiments. FEFF8 performs real-space full multiple
scattering calculations using a muffin-tin potential calculated
with a Hedin–Lundquist exchange correlation approximation
and implements self-consistent field potentials for the deter-
mination of the Fermi level and the charge transfer. Thus �μ

can be calculated by performing the same �μ difference as ob-
tained experimentally. Fig. 2 shows the total �μ [minus the first
term in Eq. (6)] obtained from FEFF8 calculations on Pt6 clus-
ters. As in previous work [23], the �μ0 contribution was not
included in Fig. 2 because it should be relatively small. More-
over, the �μ0 contribution is exaggerated for these very small
clusters modeled here by the FEFF8 calculations.

These FEFF8 results show the importance of changes in the
Pt L3 XANES region due to the influence of chemisorbed H
on the Pt–Pt multiple scattering paths. When H atoms are ad-
sorbed on the n-fold hollow sites, hydrogen weakens the Pt–Pt
bonding for Pt atoms beneath the H adsorption site [the second
term on the right in Eq. (6)]. This bond weakening has been
called d-electron frustration by Feibelman and Hamann [24],
and Pt–Pt destabilization by Papoian et al. [25]. The theoreti-
cally obtained fingerprints for atop and n-fold H, as shown in
Fig. 2, have been experimentally confirmed by Teliska et al. [3]
and Oudenhuijzen et al. [4].

The experimental XANES data have to be carefully aligned
before taking the differences as indicated in Eq. (6). This align-

Fig. 2. Previously reported �μ theoretical signatures obtained from FEFF8 cal-
culations on the clusters indicated for atop, 2-fold bridged, and n-fold fcc H.
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ment procedure has been carefully outlined previously [22].
First, the zero of energy is set to the energy that falls at 0.6
in both the normalized μL2(H/Pt) and μL2(Pt) spectra. Then
the EXAFS features in each of the μL2 and corresponding μL3

spectra are aligned using a computer routine that minimizes the
square of the difference μL3 − μL2 in an energy range usu-
ally between 30 and 100 eV above the edge. This energy range
has been varied some in our previous work, depending on the
data [4]. This entire energy alignment procedure, used in all of
our previous gas-phase work, is critical to obtaining systematic
�μ spectra because of the large cancellations involved in the
differences, leaving �μL3 typically only around 0.03–0.06 in
magnitude.

3. Results

3.1. TPD

The TPD data collected on the Pt/H-LTL and Pt-K-LTL cat-
alysts are displayed in Figs. 3a and 3b (dashed dotted lines).
A weak asymmetry at low T can be observed for Pt/H-LTL
(Fig. 3a). The TPD of Pt/K-LTL has shoulders at around 300
and 500 K (Fig. 3b). The TPD data were fitted with a six-
parameter fit using Eqs. (2) and (3). The total fits are indicated
in Figs. 3a and 3b with solid lines. It can be seen that the three-
site model adequately describes the TPD data. The individual
components are also plotted in Figs. 3a and 3b. The negative
contribution in the atop component is due to the rearrangement

Fig. 3. TPD data collected on (a) Pt/H-LTL and (b) Pt/K-LTL (-·-·). Fit with
three site adsorption model (6 parameters) (—). The components include the
ontop (ot, · · ·), n-fold (nf, - - -), and atop (at, – – –).
Table 1
Summary of TPD fit parameters using derivative of Eq. (3) and 3-site model for
the LTL samples

Pt/H-LTL Pt/LTL

Nsites �H (kJ/mol) Nsites �H (kJ/mol)

Atop 0.32 ± 0.05 −49 ± 2 0.35 ± 0.05 −71 ± 2
n-fold 0.52 ± 0.05 −43 ± 2 0.51 ± 0.05 −46 ± 2
Ontop (weak) Not observed 0.26 ± 0.05 −32 ± 2

from n-fold sites to atop sites and will be further explained in
Section 4. The number of filled sites per Pt surface atom and the
adsorption enthalpy of each type of site are given in Table 1. It
can be seen that the number of filled atop sites is lower than
the number of filled n-fold sites for both Pt/LTL catalysts. Ta-
ble 1 also shows that the �Hi values for the basic Pt/K-LTL
catalyst are more negative, pointing to a stronger Pt–H bond for
each type of chemisorption site on Pt particles dispersed in a
basic zeolite. The Pt–H bond strength is increasing in the order
ontop < n-fold < atop for each catalyst. Obviously, the Pt–H
bond strength for the ontop site is so low for the acidic Pt/H-
LTL that no hydrogen is chemisorbed on these sites in vacuum,
but these sites serve as catalytic sites to dissociate H2, which
then spills over to the support. The spillover peak arising from
desorption of H from the support is present in the TPD data
at high temperature and is indeed very intense for the Pt/H-
LTL catalysts. These same ontop sites in the K-LTL sample also
probably produce spillover, but to a lesser extent.

3.2. H/M chemisorption

Fig. 4 shows the first isotherms for Pt/H-USY and Pt/NaY
and the least squares fits for each using the adsorption model
described above for the six different temperatures of adsorp-
tion. The corresponding parameters obtained from these fits are
given in Table 2. The separate components for H chemisorp-
tion and H2 physisorption and the separate atop, threefold, and
ontop components of the H chemisorption for each adsorption
temperature and support calculated from the fits are plotted in
Figs. 1 and 2 in supplementary material.

The agreement between the fits and experiment is reason-
able, considering that 150 points are fit with 9 parameters. No
matter where the iterative nonlinear least squares process was
started, the final result was the same, indicating these fits cor-
respond to the true minimum. The Temkin isotherm for the
physisorbed H2 was clearly required to give a reasonable fit.
As expected, for physisorption, a very small �Hphys and a very
large Nphys was found for each support. H2 can physisorb not
only on the Pt particles, but also on the zeolite. The Temkin
isotherm shows that the value of �Hphys increased from about
−4 to nearly 0 kJ/mol (an effective decrease of �Hphys) with
increasing adsorption temperature, also consistent with its prop-
erties.

The fits in general show a curvature that is too small at low
pressure. This clearly suggests that the �H for each site may be
larger initially and then decrease with coverage (i.e., a Frumkin
isotherm for each site). A Frumkin isotherm for each site would
introduce at least three additional parameters (hi for each site),
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Fig. 4. Fit of the four adsorption site model (9 parameters) to the H/M chemi-
sorption data at the temperatures indicated for Pt/H-USY and Pt/NaY.

and thus certainly would give a better overall fit. A Frumkin
isotherm is much more difficult to introduce, because θ then
appears on both sides of the equation [see Eq. (2)], and one
must iterate to a final answer. Although a Frumkin isotherm for
each individual site may ultimately prove useful, it was decided
that for this work the current fits are more than adequate. The
model was kept conceptually simple and the fitting procedure
straightforward by applying three Langmuir isotherms for the
H adsorption.

The sum of the Ni magnitudes (and hence total coverage) is,
of course, dependent on the volume of H2 (cc H2/gcat) assumed
to be equivalent to a monolayer (ML) of H coverage (1 H/
Ptsurface) on the Pt surface in the chemisorption experiments.
A simple calculation assuming 22,400 cc at STP/mol H2×
(1H2/2H) × (1 mol Pt/196 g Pt) × (0.8 Pts/Pt) × (1 g Pt/100 g
catalyst) = 0.46 cc H2/gcat, where Pts/Pt is equal to the
dispersion of around 0.8 for these particles determined by
HRTEM [9]. Extrapolation of the nearly straightline region
of the first isotherm at 35 ◦C in Fig. 4 to zero pressure for
PT/H-USY gives about 0.52 cc H2 STP/gcat, which suggest
a coverage of 1.1 H/Pts as determined previously [9]. We con-
clude in this paper that 0.5 cc of H2/gcat corresponds to about
1 H/Pts. The H coverage on NaY is obviously higher, because a
similar extrapolation in Fig. 4 for Pt/NaY gives approximately
0.75 cc H2/gcat, suggesting a coverage of 1.5 H/Pts. The dif-
ference with previous work (0.94 cc H2/gcat in Ref. [9]) can be
attributed to either slightly different Pt particle size or slightly
different support ionicity. Note that the sums of the Ni in Ta-
ble 2 (equal to 1.57 for PT/H-USY and 1.42 for Pt/NaY, respec-
tively) are much higher than 1.1 for Pt/H-USY and around 1.5
for Pt/NaY. This suggests simply that the weakly bonded ontop
sites are not fully covered at low pressure (i.e., the point reached
by the extrapolation) for Pt/H-USY as already indicated in the
TPD results. This will become more clear on examining model
results to be given in Figs. 10 and 11 below.

Table 2 indicates that the �Hi for the atop sites in Pt/NaY
could not be determined from the fit. This is because over the
entire T and P range of the H/M chemisorption data, the atop
H remained at nearly full coverage. This can be seen in Fig. 2
in supplementary material, which shows nearly a constant cov-
erage for all T and P for the atop H . Therefore, the fit is com-
pletely insensitive to �Hat. Thus, the only information from
the fit for �Hat on Pt/NaY is that it is larger than or equal to
80 kJ/mol (see Section 4). For similar reasons, the �Hot and
Not parameters for the ontop (weakly bonded) H in Pt/H-USY
have very large uncertainties, because the ontop sites make a
very small contribution over the T and P of the H/M data.

3.3. Delta XANES

With increasing temperature significant changes both in am-
plitude and shape can be observed in the raw data of the Pt L2
and L3 edge of Pt/H-USY measured in flowing hydrogen and
in vacuum (see Fig. 3 in supplementary materials). The changes
can be observed in more detail by plotting the difference spectra
�μ = μ(T ,P ) − μ(673 K, vac) for both the L2 and L3 edges
(Fig. 5, Pt/H-USY; Fig. 6, Pt/NaY). The spectra obtained at
673 K in vacuum were used as reference in all cases, assuming
that under these conditions almost all H is removed from the Pt
surface. With increasing temperature, a strong reduction in the
Table 2
Summary of H/M chemisorption fit parameters using Eq. (3) and the three-site model for the NaY and HUSY samples

Pt/H-USY Pt/NaY

Nsites �H (kJ/mol) Nsites �H (kJ/mol)

Atop 0.62 ± 0.02 −57 ± 0.5 0.55 ± 0.07 < (−80)a

n-fold 0.22 ± 0.02 −40 ± 1 0.31 ± 0.05 −53 ± 1
Ontop (weak) 0.73 ± 3.0 −23 ± 10 0.56 ± 0.070 −32 ± 1
Physisorbedb 3.6 ± 0.6 × 108c −3.8 to 0 (±0.6)d 3.5 ± 0.3 × 108 −5.2 to −2.2 (±0.4)d

a The Temkin parameter α = 3.6 ± 0.3 for PT/H-USY and 3.0 ± 0.3 for Pt/NaY.
b Could not be determined using H/M fit to first isotherm; see text.
c Large uncertainty is due to very small contribution over experimental H/M range.
d Due to Temkin isotherm �H physisorbed is different for each adsorption temperature and is given for the lowest and highest adsorption temperature.



422 Y. Ji et al. / Journal of Catalysis 245 (2007) 415–427
Fig. 5. Comparison of the �μLn (n = 2 and 3) for Pt/H-USY in flowing H2 (5% H2 in He) and in vacuum using 400 ◦C in vacuum as the reference with increasing
T at 25 (solid), 100 (short dashed), 200 (long dashed), 300 (dotted), and 400 ◦C (dot-dashed).

Fig. 6. Comparison of the �μLn (n = 2 and 3) for Pt/HNaY in flowing H2 (5% H2 in He) and in vacuum using 400 ◦C in vacuum as the reference, at the temperatures
and lines types given in Fig. 5 (intensity increasing with T in each case).
intensity of the �μL2 spectra for both Pt/H-USY and Pt/NaY
is observed (see Figs. 5a and 5b, 6a and 6b). This is indicative
of desorption of H from the Pt surface with increasing temper-
ature. Moreover, using the signatures of the �μL3 spectra (see
Fig. 2), information about the type of Pt site (atop, n-fold, or
ontop) on which hydrogen is chemisorbed can be obtained. It
can be seen that with increasing temperature in flowing hydro-
gen (see Figs. 5c and 6c), the signature changes from an n-fold
adsorption site at room temperature to an atop adsorption site at
400 ◦C for both Pt/H-USY and Pt/NaY. An important difference
between the two catalysts can be observed; the switchover from
n-fold to atop occurs in flowing hydrogen at a lower tempera-
ture for Pt/H-USY. Moreover, a comparison of Figs. 5d and 6d
shows that by heating in vacuum this transition occurs at an
even lower temperature for Pt/H-USY.

In some sense, the �μL2 and �μL3 differences complement
each other. The �μL2 show nearly the exact same trend as the
�μL3 , except the magnitude below 3 eV is greatly reduced be-
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Fig. 7. Comparison of �μL2 and �μL3 for Pt/H-USY at 25 and 300 ◦C show-
ing that �μL2 reflects primarily the n-fold H coverage, and the �μL3 shape
reflects the binding site.

cause of the arctangent cutoff (i.e., the Fermi level is effectively
higher in the L2 spectra). The “white line” is usually bigger in
the L3 XANES compared with the L2 for exactly the same rea-
son. Fig. 7 shows the remarkable similarity in the data above
3 eV (8 eV for the atop site), even though the data for obtain-
ing these results are all different; that is, the references for the
L2 and L3 are different, and of course the data are different at
each temperature. Thus Fig. 7 serves as a confirmation of the
precision and signature obtained at each temperature.

Fig. 7 also shows that the amplitude of the 8-eV feature in
�μL2 is the best for determining the H coverage, and thus this
feature in the L2 data is used for this purpose. The �μL3 data
can be used to monitor the signature change from n-fold to atop
H binding sites. This can be realized by defining a shape para-
meter (R) as the ratio between the defined intensities I1 (around
−1 eV) and I2 (at 8 eV) (see Fig. 8a). This ratio will go from
around −1 (pure n-fold H) to large positive values of up to 7
(for mostly atop H). The solid line in Fig. 8a represents a pure
n-fold signature with R value of −1; the dotted line represents
a pure atop signature. An equal occurrence of n-fold and atop
sites is represented by R = 0. This value of R can now be used
to determine at which hydrogen coverage or at which tempera-
ture the transition from n-fold to atop occurs.

Fig. 8b presents a plot of R versus I2 (L2) and shows that
the n-fold to atop transition occurs at a lower coverage and
at a different rate on Pt/H-USY compared with Pt/NaY. It oc-
curs for n-fold coverage (I2 intensity) in the range of 0.0–0.02
on Pt/H-USY compared with 0.0–0.06 on Pt/NaY. We discuss
these important results further below. Both the results in flow-
ing H2 and in vacuum fall on the same plot, as might expect be
expected, but the results are different for Pt/H-USY compared
with Pt/NaY.

Fig. 9a shows the H coverage (I2 intensity) dropping with
increasing temperature, both in flowing hydrogen and in vac-
uum, just as would be expected. Using the values for the n-fold
coverage where the transition to atop occurs (horizontal lines in
Fig. 9a), it can be seen that both in flowing H2 and in vacuum,
the transition occurs at a lower temperature on the Pt/H-USY
sample. The shape parameter R is plotted as a function of the
temperature in Fig. 9b. This plot also shows that the rearrange-
Fig. 8. (a) Definition of I2 (the amplitude around 8–12 eV) reflecting the cov-
erage of H, and the ratio I1/I2 (the ratio of the intensity at −1 eV to that at
8–12 eV) reflecting the binding site. (b) Ratio R = I1/I2 vs �μL2 intensity
obtained in flowing H2 and in vacuum for PT/H-USY and Pt/NaY. Note that
the points in H2 and vacuum fall on the same curves, as they should. The points
where the straight lines cross indicate the coverage where the n-fold/atop re-
arrangement occurs.

ment from mostly n-fold to atop H (R = 0) takes place at a
lower temperature on the Pt/H-USY sample.

4. Discussion

4.1. Determination of �Hat in Pt/NaY from the second
isotherm

The fits to the first isotherm as described in Section 3.1 could
not provide a value for the �Hat in the Pt/NaY sample, be-
cause over the entire T and P range of the H/M chemisorption
data, the atop H for this sample stayed at nearly full cov-
erage. As indicated in Section 2.1.2, two isotherms on each
sample were obtained. The difference between these isotherms,
�I = Isotherm1 − Isotherm2, reflects the amount of strongly
bound H remaining on the Pt at the indicated T and vacuum
pressure used before starting the second isotherm. Because it
was not possible to obtain a value for �Hat in Pt/NaY by fitting
the first isotherm, the second isotherm data now can be used to
obtain information on the in Pt/NaY.

By fitting the second isotherm obtained on Pt/H-USY using
the parameters as given in Table 2, it is possible to obtain the
pressure, which gives optimal agreement between the experi-
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Fig. 9. Plots of I2 (a) and the ratio R = I1/I2 (b) for Pt/H-USY and Pt/NaY
in flowing H2 and in vacuum as indicated. The horizontal lines in (a) indicate
the �μL2 intensity where the n-fold/atop rearrangement occurs according to
Fig. 8b.

mental �I and the calculated H coverages on Pt/H-USY. Using
this same pressure for the Pt/NaY, we can then estimate �Hat
for Pt/NaY (namely that value giving the best agreement with
�I for Pt/NaY). This optimal value of �Hat is −80 kJ/mol H2.
Fig. 10 shows a plot of the calculated H coverage versus T as-
suming a pressure of 5 × 10−9 atm and using the parameters as
given in Table 2.

4.2. Atop to n-fold H site rearrangement

This work shows that it is possible to fit H/M and TPD data
with a model based on the assumption of three main chemisorp-
tion sites (ontop, n-fold, and atop) for hydrogen on Pt. This
model was derived earlier from Delta XANES data [4]. The
Delta XANES results presented here show the change in sig-
nature of the H binding site from n-fold to atop (see Figs. 5
and 6d) when raising the temperature in hydrogen or vacuum.
To further verify our model, it is imperative to correlate the
temperature at which the transition from n-fold to atop oc-
curs as found in the Delta XANES data with the temperature
at which the corresponding isotherms calculated from the H/M
data show a crossover from n-fold to atop.

First, an important aspect needs to be discussed regarding
the atop/n-fold rearrangement. The XANES data were taken
by raising the temperature in either flowing H2 or in vacuum
(i.e., desorbing H2) for each succeeding temperature. Thus the
Fig. 10. Calculated coverage of the indicated H sites in Pt/H-USY and Pt/NaY
using the 3-site model and the parameters obtained from the H/M chemisorp-
tion fit, assuming a pressure of 5 × 10−9 atm. Also indicated is the cover-
age of H obtained by taking the difference of the first and second isotherm
(Isotherm1 − Isotherm2), which reflects the H coverage at the vacuum pressure
utilized to remove the H after the first isotherm (nominally 5 × 10−9 atm).

XANES data as collected in this work reflect the H desorp-
tion similar to the TPD experiments. In fitting the TPD data
collected on the Pt/LTL catalysts, we obtained Nnf and Nat
values of the order 0.6 and 0.3 (see Table 1, which are dif-
ferent from the H/M chemisorption data around 0.3 and 0.6
as obtained for the Pt/Y catalysts; see Table 2). Although the
�Hi values for the atop and n-fold sites are slightly smaller
(i.e., less negative) for the Pt/LTL catalysts, the range in acid–
base properties of the Pt/LTL and Pt/Y samples is similar. This
suggests that the difference in Nnf and Nat values found for
the TPD and H/M are significant. These differences now can
be directly correlated to the differences in type of experiment:
H uptake in H/M chemisorption and H desorption in TPD ex-
periments.

The dominant site is the “initial” site in the experiment; that
is, the Nat > Nnf in the H uptake process (H/M experiment),
and the Nnf > Nat in H desorption (TPD or XANES). During
uptake, the strongest bonded H in an atop site cannot move from
an atop site to an n-fold site by itself, because this atop H atom
is surrounded by several n-fold H atoms. It is the lateral in-
teractions between this atop H and the surrounding n-fold H
atoms that decreases its absolute binding energy inducing the H
to move off the atop site. However, it cannot move off the atop
site unless a nearby n-fold site is vacated. Thus, the atop/n-fold
H rearrangement is most probably a collective rearrangement
of some small island or domain of H on the Pt surface. With
this collective mechanism, the hysteresis effect occurs in the
H atom rearrangement for the same reason that hysteresis oc-
curs in magnetism. A magnetic domain flips collectively rather
than each spin flipping individually, and of course this collec-
tive process also occurs in magnetism because of lateral (i.e.,
spin–spin) interaction. During desorption, the situation is dif-
ferent. With increasing T , the filled, weakly bonded ontop sites
will become empty first. Then the filled n-fold sites will be-
come empty by desorbing H as H2 into the gas phase. During
this process, the loss in lateral interaction increases the binding
energy of the atop sites, which then become filled with hydro-
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gen before all of the n-fold sites become empty. This is nicely
illustrated in Figs. 3a and 3b. It can be seen that the atop compo-
nent in the TPD data first has a negative contribution, implying
an initial filling of the atop sites when the n-fold become empty.

Therefore, the number of filled atop sites found from ana-
lyzing the TPD data will always be lower than detected during
uptake (H/M) due to the loss of chemisorbed H into the gas
phase during desorption. Tables 1 and 2 show that the sum
Nat +Nnf remains the same regardless of desorption/adsorption.
This means that the total coverage of strongly bonded H is the
same in both experiments (uptake vs desorption), with only the
coverage at the point at which transition occurs changing.

The slower atop/n-fold rearrangement with H coverage in
the Pt/NaY sample compared with PT/H-USY (Fig. 8b) is com-
pletely consistent with the difference in the �Hi ’s (δ�H =
|�Hot − �Hnf|) for the n-fold and atop sites. For Pt/NaY,
δ�HNaY = 27 kJ/mol H2 and δ�HHUSY = 17 kJ/mol H2 (see
Table 2). During H adsorption, the atop/n-fold rearrangement
will occur at a particular site when the lateral interactions at
that atop site increase �Hat to the point where it is compara-
ble or larger than �Hnf, making the rearrangement desirable
(i.e., when �Hat + hθH � �Hnf or |gθH| > |δ�H |). Here h

is the enthalpy increase due to lateral interactions consistent
with the Frumkin isotherm, as discussed in Section 2.2. Because
δ�HNaY > δ�HHUSY, the H coverage must be larger to induce
the rearrangement consistent with experiment.

4.3. Comparison of the H coverage determined from H/M and
Delta XANES results

To make a comparison between the H/M chemisorption and
the Delta XANES data, the values for the Ni ’s obtained from
the TPD experiments (Table 1) must be used to account for the
hysteresis affect noted above, because the Delta XANES data
were taken with increasing temperature (desorption).

Further, the H2 pressures used for the collection of the Delta
XANES must be estimated in flowing H2 and in vacuum. In
flowing H2 (5% H2 in He at 1 atm), the H2 pressure can be
assumed to be 0.05 atm. Although the pressure gauge reads
1 × 10−7 atm near the vacuum pump while taking the XANES
data under vacuum, the H2 pressure inside the zeolite sample is
actually much higher due to diffusion limitation in the microp-
ores of the zeolite. A H2 pressure around 1 × 10−5 atm is found
to provide optimal agreement with the vacuum Delta XANES
data and the H/M data.

To calculate the hydrogen coverage from the I2(L2) magni-
tudes obtained from the Delta XANES data, a scale factor must
be determined. The scale factor (A) is chosen to make θH =
A∗I2(L2) agree optimally with the θH coverages for Pt/NaY
and Pt/H-USY as calculated from the H/M data. The quantita-
tive comparison between the H coverage, θH, indicated from the
H/M fits and that indicated from the Delta XANES in flowing
H2 is presented in Fig. 11. In addition, a quantitative compar-
ison between the H coverage, θH, and the Delta XANES data
in vacuum can be obtained (for further details, see Fig. 4 in
supplementary material). Fig. 11 also shows the experimental
R = I1/I2 plot as a function of T . This line shows the point
Fig. 11. Calculated coverage as in Fig. 4 but at a H2 pressure of 0.05 atm and
using the TPD desorption parameters appropriate for the XANES data taken in
flowing H2 (5% H2 in He). The indicated coverage of each H site (atop, nf,
and ontop) is indicated along with the total coverage. Also indicated is the nft
coverage obtained from direct absorption in the n-fold sites, and the coverage
suggested by the Delta XANES data, obtained by scaling the �μL2 intensity
by the optimal A factors 8.5 for Pt/H-USY and 8.0 for Pt/NaY.

where the Delta XANES detect the n-fold/atop transition, that
is, the temperature at which above this line atop H dominates
and below this line n-fold H dominates. Fig. 11 also shows
the actual “nf” coverage, that is, from direct adsorption and
from the atop/n-fold arrangement. The n-fold coverage arising
only from the direct n-fold H adsorption isotherm is designated
“nfd.” This nfd curve shows the expected behavior and more
clearly reveals the effect of the atop/n-fold rearrangement on
θnf. The point at which the atop/n-fold transition occurs is in
excellent agreement with that predicted from the H/M fits. The
agreement between the magnitude of the coverages obtained
from the H/M fits and the Delta XANES is remarkable, al-
though this latter agreement was built in part by determining
the optimal scale factor, A.

Nonetheless, the agreement between the Delta XANES and
the model coverages over the entire range of the atop/n-fold re-
arrangement is surprising. It suggest that the scale factor, A,
must be the same for both the atop and n-fold H even though
the Pt–H coordination is n = 2 or 3 for the n-fold H, and only
1 for the atop H. As quantified in Fig. 9a for PT/H-USY in H2,
I2(L2) is 0.11 at room temperature (300 K) for the n-fold and
only 0.02 at 573 K for the atop. However, Fig. 11 reveals that
θH (mostly n-fold) is 0.9 at 300 K and only about 0.2 (mostly
atop) at 573 K. With θH = AI2, A = θH/I2, and A comes out
to 0.9/0.11 ≈ 8 for the n-fold and 0.2/0.02 ≈ 10 for the atop,
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so that the optimal A comes out to about 8.5. Therefore, the A

factors for the atop and n-fold sites are comparable, and rea-
sonable agreement between the Delta XANES and the H/M fits
throughout the transition region is allowed with one scale fac-
tor.

This raises the question: Why are the scale factors for the
n-fold and atop H so similar? The scale factor A is expected
to be proportional to n∗f/D, where n is the Pt–H coordina-
tion (n = 2 or 3 for n-fold at full coverage and 1 for atop), f is
the backscattering factor, and D is the dispersion. Perhaps f in
the n-fold site is much smaller than for the atop site, making
nf similar for both sites. It is reasonable to expect the H 1s or-
bital to be more spread out to the Pt neighbors in the n-fold site,
which would decrease f . However, such a decrease is not pre-
dicted by the FEFF8 calculations in Fig. 2, which show that the
�μ is in fact larger for the n-fold H compared with the atop H.
Although FEFF8 nicely gives the correct experimental signa-
ture of the hydrogen chemisorption site, it may not accurately
reproduce the backscattering intensity of the different H sites,
because the “muffin tin” approximation made in FEFF8 is in-
adequate for such a small, highly polarizable atom. This point
needs much further investigation before any firm conclusions
can be drawn.

A different scale factor (A) was allowed for Pt/NaY ver-
sus PT/H-USY (8.0 vs 8.5, respectively) because the Pt dis-
persion is involved in this factor, as indicated above. The dis-
persion is expected to be slightly different for these two sam-
ples. Therefore, absolute H coverages can be obtained from
the Delta XANES technique using the simple expression θH =
8.0(0.8/D)I2(L2) = (6.4/D)I2(L2), where D is the disper-
sion, Pts/Pt.

It should be noted that the use of the Ni ’s in parentheses
in Table 2 (maximum of sites indicated for H desorption vs
those obtained directly from the H-uptake fits) do not signif-
icantly affect the comparisons between the H/M model with
experimental XANES data, except for the position of the re-
arrangement. This is because the total strongly bonded (at +nf)
H coverage stays the same regardless of which Ni set in Table 2
is used.

4.4. Support dependence of hydrogen coverage on Pt

Tables 1 and 2 reveals the much larger Pt–H binding ener-
gies, �Hi , for Pt particles dispersed in supports with a high
ionicity (basic). These results fully confirm the increase in hy-
drogen chemisorption found on Pt with increasing ionicity of
the support, as reported earlier by our group [9] and implied
by our previous theoretical and kinetic studies [4,10,23]. The
origin of the higher adsorption energy for H/Pt in supports with
high ionicity lies in the relatively large contribution of Pt 6s and
6p states in the Pt–H bonding, as we reported previously [26].
This was also reported by Kua and Goddard [8], who performed
generalized valence bond calculations on a series of Pt clusters
of variable size and showed that hydrogen binds in part via the
so-called “interstitial bonding orbital” (IBO). When bulk Pt is
involved, Pt atoms share one IBO in each tetrahedron. In fact,
this IBO is the bonding combination of the Pt 6s and 6p orbitals
Fig. 12. Same as Fig. 11 but calculated at a H2 pressure of 1 atm. The rectangle
indicates typical H coverages at catalytic reaction temperatures.

in a Pt4 tetrahedron. Although others do not use the IBO termi-
nology, it is generally found that the Pt 6s and 6p states play a
significant role in the bonding of H on Pt [25]. From these re-
sults, it can be concluded that the specific symmetry properties
of the Pt 6s and 6p orbitals are very beneficial for Pt–H bond-
ing.

We have shown earlier [10,26] that the location of the IBO
within the Pt particle shifts from the metal–support interface
to the Pt surface with increasing electron richness of the sup-
port oxygen atoms (support with high ionicity). When the IBO
moves toward the metal–support interface, as is the case for the
acidic support, it can no longer participate in the Pt–H bond.
However, on a basic support, the IBO is located at the surface
where it can participate in the Pt–H bond. Therefore, the hydro-
gen coverage is larger for Pt supported on supports with high
ionicity.

4.5. Implications for catalysis

The Pt Delta XANES data and H/M results presented in this
study confirm that the hydrogen coverage, and thus the reac-
tive empty Pt sites available for dissociation of hydrogen and
adsorption of reactants present at high-temperature catalytic
reaction conditions, strongly depend on the ionicity of the sup-
port. Fig. 12 uses the parameters obtained from the H/M fits
to calculate the coverage of H at typical reaction pressures near
1 atm H2. The rectangle highlights the typical reaction tempera-
tures (x-axis) and the coverage of each individual H adsorption
site (y-axis) [23]. Fig. 12 confirms that indeed the H coverage
for Pt on supports with a different ionicity is quite different
at the pressures and temperatures normally used in the cat-
alytic experiments. It also shows that the dominant site for H
chemisorption under these conditions is the atop sites in Pt/H-
USY and the n-fold sites in Pt/NaY.

Because Pt particles on acidic supports are the most active
in hydrogenation and hydrogenolysis reactions [23], it seems
logical to relate the difference in catalytic activity to these dif-
ferences in H2 chemisorption properties. We have previously
reported a full analysis of the kinetic data for hydrogenolysis



Y. Ji et al. / Journal of Catalysis 245 (2007) 415–427 427
reactions of alkanes catalyzed by Pt particles on supports with
different ionicity and acid/base properties [23]. This work has
led to a basic understanding of the metal–support interaction on
the kinetics of the hydrogenolysis reactions, which is mediated
by the H coverage. The influence of the support on the kinetics
of hydrogenation reactions (aromatic saturation) will be ex-
plored in subsequent papers. Again, the types of sites available
for H dissociation are different due to a difference in H cover-
age on Pt as determined by the ionicity of the support. This is
the critical issue in understanding the metal–support interaction
for hydrogenation reactions.

5. Conclusion

Hydrogen adsorption on Pt/LTL and Pt/Y has been stud-
ied as a function of the support ionicity using TPD, Pt L2,3

XANES data, and H chemisorption results. The preferred H
adsorption site can be ascertained from the signature of the
Pt Delta XANES spectra. Three different hydrogen adsorption
sites have been distinguished: atop, n-fold (n = 2 or 3), and on-
top. A Langmuir isotherm has been used for each site, along
with a Temkin isotherm for the physisorbed H2 to model the
H/M results. The model includes a rearrangement of the H
atop sites into H threefold sites to reduce lateral interactions
with increasing coverage. The Pt–H bond strength was found
to be different for each type of adsorption site, decreasing in
the order atop, threefold, and ontop. The parameters obtained
from this fit were used to fully model the H coverage on Pt.
It was possible to make a quantitative comparison between the
H/M data and the results obtained with the Delta XANES tech-
nique.

The previously predicted stronger Pt–H bond strength [10,
26] in ionic (basic) supports was confirmed, with the atop H
having a Pt–H bond strength over 20 kJ/(mol H2) stronger
for ionic supports. Furthermore, the bond strength at around
80 kJ/(mol H2) for H in atop sites in Pt/NaY was twice as large
as the 40 kJ/(mol H2) found [3] for H on Pt(111) single-crystal
surfaces in the threefold sites [H did not bond at the atop sites
on Pt(111)]. This large difference arises from the reduced Pt–Pt
coordination at corners/edges in the Pt particles.

The atop/n-fold site rearrangement as found in this work
fully confirms the DFT calculations reported by us previously
[10] and arises due to lateral interactions (both direct and
through the Pt substrate). The atop/n-fold rearrangement ap-
peared to show an interesting hysteresis on H uptake versus
desorption. This hysteresis is believed to result from a require-
ment for collective rearrangement involving an entire domain
or island of H on the surface.

Application of the three-site adsorption model and use of the
determined thermodynamic parameters confirms our Madelung
potential model introduced to explain metal–support interac-
tion. A different support ionicity leads to a change in the hydro-
gen chemisorption properties of supported Pt particles. A dif-
ferent support ionicity produces dramatically different H cover-
ages and different dominant adsorption sites on Pt at catalytic
reaction temperatures and pressures.
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