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Germany

*S Supporting Information

ABSTRACT: The electronic and atomic structural properties of nanoscale metal catalysts
exhibit complex influences with origins related to particle size, metal−support, and metal−
adsorbate interactions. The experimental investigations of these factors, as well as the elucidation
of the impacts they have on mechanisms in catalysis, are hindered by their interdependency in
working catalysts. We demonstrate in this work that the features underpinning bond strains and
adsorbate-bonding effects in nanometer-scale Pt catalysts supported on both γ-alumina and
carbon can be distinguished and analyzed using combined high-energy resolution fluorescence
detection (HERFD) X-ray absorption spectroscopy methods, namely, HERFD XANES and
HERFD EXAFS. The work extends insights into the fluxional structural dynamics obtained in these systems, a feature harboring
significant consequences for understandings of both their properties and mechanisms of action.

1. INTRODUCTION

Over the past few years, time-resolved and new, high-energy
resolution X-ray absorption spectroscopy (XAS) methods have
been used to characterize the structural and electronic
properties of supported metal clusters, most notably under
the in situ conditions in which they are used in catalysis.1−4

These and related studies are providing insights into structure−
property−rate relationships by identifying the important
attributes of catalytic reaction mechanisms related to structure,
linking them to specific features of particle size, atomic
bonding, and electronic structure as present both in situ and
in operando.5−9 There is a growing appreciation evidenced in
this literature that the structures of important classes of
heterogeneous catalystsespecially those comprised of small
supported metal clusterscan exhibit complex forms of
fluxionality. The bonding presented by a supported cluster is
also strongly impacted by the physicochemical nature of its in
operando environment, where features of the bonding to
support materials, adsorbates, and other species (promoters,
poisons, etc.) can elicit bond strains sufficient to drive large-
scale structural transformations. The complex interrelationships
that exist within these features of the structural dynamics of
supported metal cluster catalysts remain at this time
incompletely understood.
The present study addresses important features of the above-

noted deficiency. We consider aspects of systems for which
recent synchrotron measurements5,6 of the thermal properties
of supported metal catalysts revealed a number of intriguing

anomalies that do not have analogies in bulk materials. Among
them are specific cases where in very small supported clusters
dynamical modifications of electronic structure can produce
such effects as apparent negative thermal expansion in metal−
metal (M−M) bond lengths, large bond-length disorder, and
strong structural perturbations related to temperature-depend-
ent cluster−support interactions.10 These three effects were
linked to each other theoretically and highlighted the important
role played by librationsfluxional nonvibrational/large
amplitude atomic motions of the cluster’s atoms.10 Recent
results further refined this picture by illuminating the role of
adsorbates in altering the dynamic structure and electronic state
of supported catalysts.7,11 Knowledge of the dominant factors
measured under the same thermodynamic conditions (i.e., at
the same pressure and temperature) is required in order to
understandand perhaps tunetheir catalytic properties.
Many such effects can be quantitatively analyzed using in situ
XAS. For example, the position of the d-band center relative to
the Fermi level in noble metal catalysts is recognized as an
important catalytic descriptor12,13 that can also be directly
related to the position and intensity of the X-ray absorption
peak known as the white line.14,15

Several factors affect the d-band center. Bond strain,
adsorbate binding, and metal−support effects are arguably the
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most important of these and are the ones we examine in depth
in this work. Bond strains, for example, are predicted in theory
to shift the white line position,16 and experimentally it has been
shown to be a means for tailoring the catalytic activity of
metals.17 For example, compressive bond strains tend to shift
the band center (and, hence, the white line) to lower
energies.13,17−19 Adsorbates (both reactants and products)
that induce changes in intracluster bond relaxations and
electronic structure due their bonding also can elicit shifts in
the edge position.20 In the particle size range of 1 nm, the
dominant sources of strain are the interfacial stress due to the
support21 and the cluster’s surface tension.22 Because these
factors dominate the observed strains, they can also mask
contributions coming from more subtle sourcessuch as those
originating in coverage-dependent adsorbate bonding inter-
actions7 as well as core level binding energy shifts.23,24

Separating the effects of different sources of strain on the d-
band center (and therefore the clusters’ electronic structure)16

is an important requirement, and also a formidable task, in
order to fully understand the role(s) these interactions play
during the course of a reaction.
The main challenge in decoupling these effects is the need to

measure both electronic and structural perturbations in the
same experiment under in situ conditions. While bond-strain
magnitudes can be accessed (such as through an analysis of the
bond length disorder obtained using extended X-ray absorption
fine structure (EXAFS) experiments),7,25 the electronic effects
(strain- and adsorbate-induced) are only observable through
correlations seen in data measured in the X-ray absorption
near-edge structure (XANES) portion of the X-ray absorption
spectrum. The sensitivity of all data of this form to size, shape,
adsorbate, and support effects is highest for measurements
made on very small particles (∼1−2 nm in size, since most
atoms reside at or near a cluster boundary) and weakens as the
particle size increases.
In the high energy resolution fluorescence detection

(HERFD) XAS method used here, only a selected emission
line is detected (as opposed to the total fluorescence yield).26

This reduces the lifetime broadening of the spectra from the
initial to final state core hole, thereby enhancing the energy
resolution obtained and yielding XANES features that are
better-resolved and more intense. In addition, the longer
EXAFS range done in HERFD mode has been shown to
enhance the structural sensitivity.27−29 Thus, an enhanced
sensitivity to changes occurring in a catalytic process can be
obtained in situ.26,30,31 Most importantly, acquiring both
HERFD XANES and EXAFS data on small particles in the
same in situ experiment allows direct measurements of both
strain and electronic perturbations as a function of temperature
and adsorbate pressure. In this work we report the results of
such experiments, in which we evaluated the intracluster effects
(strain) and d-band center changes in small supported Pt
clusters as a function of in situ mediated changes in both
cluster−support and cluster−adsorbate interactions. One
challenge in such experiments is to correctly account for the
effects of high energy resolution on EXAFS. In this work, we
solved this problem by measuring the same system at two
different synchrotrons, with high and low energy resolution.
Synchrotron investigations were conducted in situ by studying
Pt/γ-Al2O3 and Pt/C catalysts under a flow of H2/He as well as
CO/He mixtures at different pressures and temperatures.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation and Characterization. The Pt/
γ-Al2O3 and the Pt/C samples were synthesized by
impregnating the appropriate support material (C, Vulcan X-
72, and γ-Al2O3 both being employed) with an aqueous
solution of NH4Pt(OH)2 to attain a Pt loading of 0.5 wt %.
After drying the samples, they were each reduced at room
temperature using pure H2 for 30 min prior to being heated to
773 at 3.4 K/min. This temperature was maintained for 1 h
before the samples were allowed to cool back to room
temperature and flushed with Ar. Particle size distributions
were obtained using a JEOL 2010-F electron microscope
operating in scanning transmission electron microscopy
(STEM) mode.

2.2. Synchrotron X-ray Absorption Spectroscopy
Measurements. X-ray absorption spectroscopy measurements
were performed at the European Synchrotron Radiation Facility
(ESRF) and National Synchrotron Light Source (NSLS). The
ESRF experiments were performed at the high brilliance XAS/
XES beamline ID26.32 The incident energy was selected using
the ⟨111⟩ reflection from a double Si crystal monochromator.
Rejection of higher harmonics was achieved by three Pd/Cr
mirrors at an angle of 2.5 mrad relative to the incident beam.
The size of the X-ray beam was 0.3 mm (horizontal) × 1 mm
(vertical). XANES spectra were simultaneously measured in
total fluorescence yield mode using a photodiode and in
HERFD mode using an X-ray emission spectrometer.33 The
sample, analyzer crystal, and photon detector (silicon drift
diode) were arranged in a vertical Rowland geometry. The Pt
HERFD spectra at the L3 edge were obtained by recording the
maximum intensity of the Pt Lα1 emission line (∼9442 eV) as a
function of the incident energy. The emission energy was
selected using the ⟨660⟩ reflection of four spherically bent Ge
crystal analyzers (with 1 m bending radius) aligned at 80°
Bragg angle. The intensity was normalized to the incident flux.
A combined (incident convoluted with emitted) energy
resolution of 1.8 eV was obtained as determined by measuring
the full width at half-maximum (fwhm) of the elastic peak.
The NSLS experiments were performed at the beamline

X18B in transmission mode, using a Si(111) double crystal
monochromator. The second crystal was 20% detuned to
minimize harmonics. The incident beam detector (a gas-filled
ionization chamber) was filled with N2, and the transmission
and reference beam detectors were filled with 50% N2 and 50%
Ar.

2.3. In Situ Reactivity Studies. At the ESRF, the samples
of Pt/γ-Al2O3 and Pt/C catalysts were loaded in a microreactor
cell consisting of 0.5 mm i.d. quartz capillary, the heater block
with cartridge heaters, and gas flow connections for gas input
and gas analysis. Each sample was investigated at five different
temperatures and three partial gas pressures. Different gas
pressures were obtained by mixing H2 or CO with ultrahigh
purity He in different ratios: 100%, 2.5%, and 0.05% H2 in He
and 5%, 0.05%, and 0.005% CO in He. The total flow rates
were 15 mL/min in all experiments, with the exception of the
0.005% CO in He (30 mL/min) and 2.5% H2 in He (40 mL/
min). Prior to the X-ray measurements, each sample was loaded
into the cell and flushed under pure H2 at room temperature
for 30 min. The samples were then heated to 400 °C in pure H2
and kept at this temperature for 20 min; subsequently, the feed
was switched to the lowest (out of three) concentration of H2
and kept at the same temperature until XANES data stabilized,
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within statistical noise. The temperature was then lowered to
room temperature, and data were collected at several
intermediate temperatures and room temperature. Five scans
of HERFD data (from 30 eV below to 95 eV above Pt L3 edge
of 11564 eV) and five scans of EXAFS data (from 150 eV
below to 1040 eV above Pt L3 edge) were collected at each
temperature. Finally, the temperature was increased back to 400
°C, and the data were remeasured at that temperature to check
for system reversibility. Thus, only steady-state measurements
were taken throughout the experiment. After the last scan at
400 °C, the gas concentration was increased, and the same
cycle was repeated two more times. CO treatment followed H2
treatment for each sample.
At the NSLS, in situ XAS data from the same batch of the Pt/

γ-Al2O3 and Pt/C powders were also collected at the NSLS’s
X18B beamline in order to measure the coordination numbers
of Pt−Pt bonds. The samples were first pressed into pellets
using a 5 ton hydraulic press and mounted into a Nashner−
Adler cell.34,35 The samples were measured in transmission
mode as received, then a H2/He 50/50 mixture was introduced
into the cell, and the samples were heated to 400 °C and held
under these conditions for an hour. The samples were then
cooled to room temperature and XAS measurements were
taken.

3. STEM ANALYSIS AND VISUAL EXAMINATION OF
THE HERFD DATA
3.1. Particle Size Analysis by STEM. Results of statistical

analysis of particle sizes done by STEM are shown in Figure 1.
The particles are similar in their average sizes (1.03 and 1.25
nm), and thus, we can focus on the effect of the substrate,
temperature, and atmosphere on their properties.
3.2. HERFD XANES. The HERFD XANES data for the Pt/

γ-Al2O3 and Pt/C samples under a variety of in situ conditions
are shown in Figure 2a. Data taken at the high temperature
(HT) limit of 673 K under either a CO or hydrogen
atmosphere (500 ppm H2 in He and 50 ppm CO in He) are
compared in Figure 2b. The Figure 2b inset illustrates the
enhanced sensitivity of HERFD XANES as compared to the
total fluorescence yield detection method; the improvements
evidenced there directly enable the analytical extensions
described below. This enhancement is also evident from
comparing the ESRF data with the NSLS data collected on the
same sample and measured in transmission mode (Supporting
Information Figure 1a). Figure 2a shows that significant
changes in peak shape and position occur in both ambient

Figure 1. Particle size distributions determined by STEM: (a) Pt/γ-Al2O3 and (b) Pt/C.

Figure 2. (a) Pt L3 HERFD XANES data measured for Pt on γ-Al2O3
and C supports, under H2 (500 ppm) or CO (50 ppm) and at RT and
HT. (b) HT Pt L3 HERFD XANES data from (a). Inset shows the
high- and low-resolution Pt L3 XANES for the Pt/C catalyst under CO
at 673 K.
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atmospheres as the temperature is raised from room temper-
ature (RT) to 673 K (HT). Specifically, the peaks are shifted to
the higher energy at RT compared to HT, i.e., upon addition of
adsorbate, for all combinations of support and adsorbates. The
strong temperature-dependent electronic changes induced in
the Pt/C catalysts are particularly intriguing since previous in
situ studies done with low-resolution XANES showed no
sensitivity to H adsorbates.35,36 These shifts are consistent with
desorption of H2 or CO at higher temperatures.20,37 The
adsorbate partial pressures used are high enough that a low
(dynamic) coverage will be present on the Pt (one estimated to
be of the order of a few percent of a monolayer at saturation
based on the known heats of adsorption), and as such the high
temperature data are expected to reflect a weak perturbation
due to this bonding.
Figure 2b shows an overlay of the HT data for both

adsorbates and supports. The data illustrate the important
featurea significant shift in the absorption edge energythat
is seen most strongly for the case of the Pt/γ-Al2O3 sample at
HT in a low partial pressure CO environment. These data well
illustrate the electronic effects on the white line position that, as
we will show below, arise predominantly due to the support.
It is important to emphasize that the shift in the Pt white line

position can originate from a combination of changes in
different energy levels, i.e., a change in the core level energy
(initial state) and/or in the unoccupied d-states that photo-
electron probes by absorbing an X-ray photon. In general, this
makes it difficult to pinpoint the exact reason for the shift in
any particular system a priori. The different changes and effects
are discussed in the literature extensively. One example of a
core level effect is the sensitivity of the Pt white line position to
the particle size and particle surface structure (both affecting
the 5d band energy). In studies of Pt/γ-Al2O3 with metal
particles in the size range of 0.8−5.4 nm,1,2 the Pt L3-edge
shifted to higher energy with decreasing particle size due to the
decreased coordination (and d-states depletion) of Pt atoms.3 A
positive shift of the Pt L3-edge was also observed for Pt
nanoparticles capped with different surfactants and demon-
strates the surface effect.3 Similarly, the metal−support
interaction and metal−adsorbate interaction can both induce
an edge shift.1,4,5 For example, strongly interacting supports in
which p- and/or d- orbitals of the support interact with the

particle can cause the white line position to shift. The support
effect on the white line position depends on many factors, some
of which are the type of support, the particle size, and particle−
adsorbate interactions.
Generally speaking, both the core level and unoccupied states

effects are always present in any experiment, and evaluating
them separately is often difficult. Only when the white line
changes are investigated systematically by varying different
position-influencing, competing effects, systematically within
the same experiment, one can gain insights into what factors
dominate the white line behavior. Our conclusion made above,
that the temperature-dependent positive shifts of the white line
position are due to the changes in the Pt−adsorbate
interactions, is deducible by observing two key experimental
outcomes: (1) The shifts did not depend on the support. This
is important to note because the interaction is weak in the case
of C and strong in the case of γ-Al2O3. (2) The shift direction
was consistent with reduced coverage for both adsorbates at
higher temperatures.
We also note that, in this work, the size of the particle does

not change during the experiments, since changes would have
likely been irreversible, whereas all our data show excellent
reversibility between different treatments. We therefore focused
on discriminating between the effects of the support and the
adsorbates on the white line shift measured between the lowest
and the highest temperatures. These states are where the
coverages are the highest and the lowest, respectively, and any
adsorbate-induced effect will be in greatest contrast.
The gross trend seen in Figure 2bthat only the edge for

Pt/γ-Al2O3 under CO shifts to lower energies compared to all
other systemsis likely to be consistent with the lowering of
the d-band center energy with respect to Fermi level, on the
Al2O3 support:

38 The adsorbate coverage at 400 °C is dynamic
and, due to the low partial pressure of adsorbates, is negligible
(vide supra). The white line energy difference can thus occur
due to either the charge transfer from the support onto the
metal or the change in the d-band due to the strain, or both.
We note that, regardless of the specific form of particle−
support interaction responsible for this shift, the distinction
between the Pt/γ-Al2O3 and Pt/C samples cannot arise as a
consequence of a size difference given that the average particle
sizes for both systems are similar. Distinctions in electronic

Figure 3. k2-weighted EXAFS data for the Pt/γ-Al2O3 in (a) k-space and (b) r-space. The k-range of the Fourier transform window was from 3 to 11
Å−1. The Hanning window function with window “sills” of 2 Å−1 was used in all transforms. The data were measured at ESRF in the HERFD mode
and in total fluorescence mode during the flow of 0.005% CO/He at 307 K. The effect of high energy resolution over the low resolution
measurement is k-dependent: the increase in intensity of oscillations is the greatest at low k values.
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structureas demonstrated herecan also be reflected in
attributes of atomic structure (specifically bond length
compression and strain). We quantitatively evaluated this
possibility using data from our HERFD EXAFS measurements.
3.3. HERFD EXAFS. Advantages of HERFD’s high energy

resolution are clearly seen in the EXAFS data (Figure 3 and
Supporting Information Figure 1b,c), especially in the lowest k
region that immediately follows the XANES portion of energy
range.
As in the XANES, the EXAFS spectra have higher intensity

of oscillations in the HERFD mode, and the r-space peaks are
also more intense, as expected. Graphs of all EXAFS data
collected at the ESRF in HERFD mode at different
temperatures are shown in Supporting Information Figure 2.
Representative r-space EXAFS spectra of Pt/γ-Al2O3 and Pt/C
samples show large differences in the Pt−Pt peak intensities
between the two supports (Figure 4). The data are shown at

room temperature, and hence, the difference in thermal Pt−Pt
bond length disorder cannot explain this observation. On the
other hand, the static (configuration) disorder can beand
almost certainly will bedifferent between the two cata-
lysts.7,36 Another possible explanation of this differing intensity
is the change in coordination number (CN) caused by
comparing different sized/shaped clusters.35,39,40 In order to
distinguish between the effects of disorder and the coordination
number on EXAFS intensity, quantitative analysis is needed.

4. EXAFS DATA ANALYSIS AND RESULTS
The first step in structural refinement of HERFD data is to
correct for the high energy resolution effect that causes
enhancement of the oscillation intensity at low k (Figure 3) and
is not taken into account in the EXAFS equation for the first-
nearest-neighbor (1NN) coordination shell:41

χ δ= | | + σ λ− −k
S N
kR

f k kR k( ) ( ) sin[2 ( )]e ek R k0
2

2
eff 2 2 / ( )2 2

(1)

In eq 1, the passive electron reduction factor, S0
2, the Pt−Pt

coordination number, N, and the Pt−Pt bond length disorder,

σ2, all contribute to the oscillation amplitude. Hence, they will
not be reliably determined unless the energy resolution effect
(which correlates with these other amplitude factors) is
accounted for in the data analysis. This can be done by
introducing an imaginary energy shift ΔEi that corrects for
experimental broadening effects.42 In order to minimize the
correlation of amplitude factors in eq 1, we measured data in
the same samples using transmission mode at the NSLS X18B
beamline. Supporting Information Figure 1 demonstrates good
agreement between the total fluorescence yield data measured
at the ESRF and the transmission data measured at the NSLS.
Both data sets are notably lower in intensity than the ESRF data
measured in HERFD mode, as expected. The NSLS trans-
mission data was of superior quality compared to the total
fluorescence data measured at the ESRF, thus validating our
approach. The S0

2 factor was found to be 0.85 by fitting the Pt
foil EXAFS data and then fixed for the nanocatalyst data
analysis. As a result, we obtained the Pt−Pt CNs from the fits
to the NSLS EXAFS data for both the Pt/γ-Al2O3 and Pt/C
samples (8.2 and 8.6, respectively, vide inf ra) and then fixed
these values in the analysis of the high resolution EXAFS data
measured at the ESRF. This is a conservative approach
compared to a more general model of analysis where both
the CNs and the bond length disorder parameters were allowed
to vary. The former can change due to, e.g., shape change7 or
coarsening43 of the particles and the latter due to the dynamic
disorder that increases with temperature.44 Since the changes in
the data were obtained to be reversible upon thermal cycling at
all regimes studied in this work, the particle coarsening should
be ruled out. Furthermore, the shape change, if present, would
not have affected the coordination numbers more than 15% for
the particle sizes in the range in 1−1.5 nm range.7 The 15% is
within the uncertainty of the coordination number measure-
ments by our method (Table 1). Hence, we fixed the
coordination numbers to be constant in the analysis of
temperature-dependent data.

In principle, the total fluorescence data measured in the
HERFD experiment would have been a good alternative to our
approach for EXAFS analysis since both signals (the total
fluorescence and HERFD spectra) are measured simultane-
ously. However, in the ESRF experiment, we used a small area
detector for total fluorescence, and the corresponding data
(Figure 3) were not of sufficiently high quality for quantitative
EXAFS analysis. For example, the background subtraction
problem due to the noise in the data results in the low r peak
observed at ∼1.5 Å in the total fluorescence EXAFS data shown
in Figure 3b.
The correlation between ΔEi and σ2 was minimized by using

a multiple data set analysis where ΔEi was constrained to be the
same at all temperatures (because the energy resolution effects
are caused by the instrument and thus are temperature-

Figure 4. HERFD EXAFS data at RT, shown in r-space, for Pt clusters
on C and γ-Al2O3 supports under H2 (500 ppm) or CO (50 ppm).
The k-range from 2 to 12 Å−1 and k2 weighting were used for all
Fourier transforms. Fit quality for the data is demonstrated in the inset
for the alumina-supported Pt clusters in 50 ppm CO at RT. The k-
range in the Fourier transform of the data and the fit was from 3 to
12.5 Å−1.

Table 1. Pt−Pt Bond Characteristics (Coordination
Numbers, Mean Distances, and Their Second and Third
Cumulants) for the Pt Foil and the Two NP Samples
Measured at the NSLS Beamline X18B at Room
Temperature after the 50/50 H2/He Reduction at 400 °C

sample N(Pt−Pt) R (Å) σ2 (Å2) σ(3) (Å3)

Pt/γ-Al2O3 8.2(1.3) 2.75(2) 0.0092(11) 0.00035(27)
Pt/C 8.6(1.0) 2.748(6) 0.0073(7) N/A
Pt foil 12 2.767(4) 0.0049(1) 0.00002(3)
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independent). In this method, several data sets are refined
concurrently, where the fitting model uses the same global
variables for all data sets as well as some variables specific to
each set. The global variables kept the same for all temperatures
were the energy origin correction ΔE0 and imaginary energy
shift ΔEi. The Pt−Pt distance corrections, the bond length
disorders, and the third cumulants were varied independently
for each temperature. The typical k-ranges were from 2.5 to 12
Å−1 at room temperature data and 2.5 to 9.5 Å−1 at the 673 K
data, and the typical r-range was between 1.6 and 3.2 Å. With
this approach, the total number of data points was 43 in a
typical fit, and the total number of variables was 17, i.e., much
smaller than the number of data points. The best fit results for
the ΔEi (ca. −2.0 eV for all data analyzed in this work) validate
the use of this parameter in the fit since it accounts for
“negative broadening” of the experimental data with respect to
FEFF theory. Representative data and fits are shown in Figure 4
(inset). All data and fits in r-space for both magnitude and real
part of Fourier transforms are shown in Supporting
Information Figures 2−6. Best fit values of all parameters
varied in the fits are reported in Supporting Information Table
1.
For the analysis of the data collected at the NSLS, the fits for

Pt/C sample were performed using the k-range from 2.9 to 14.1
Å−1. The r-range was from 1.4 to 3.4 Å. The fitting variables
included the correction to the photoelectron energy origin, the
Pt−Pt coordination number, the distance correction, and the
disorder in the distance. In addition, the Pt−C pair was
included in the fit, and the coordination number, distance
correction, and the disorder were also varied in the fit. The total
number of relevant independent data points was 14, and the
total number of variables was 7. The fits for the Pt/γ-Al2O3
sample were performed using the k-range from 2.6 to 13.7 Å−1.
The r-range was from 1.6 to 3.3 Å. The total number of relevant
independent data points was 12, and the total number of
variables was 5. Fourier transform magnitudes of the
representative data and fits are shown in Figure 5. Supporting
Information Figure 7 shows real parts of Fourier transforms of
the data and fits for the both samples measured at the NSLS.
Numerical results for the Pt−Pt bond lengths and their disorder
are reported in Table 1. For the Pt/C sample, the Pt−C
coordination number was found to be 1.4 ± 0.8, the bond
length 2.15 ± 0.02 Å, and its disorder 0.004 ± 0.005 Å2.
Because of the large uncertainties in the coordination number
and disorder parameter, the Pt−C contribution does not affect
the fit significantly and is not discussed.

5. RESULTS OF EXAFS ANALYSIS
Quantitative results for 1NN Pt−Pt distances are shown in
Figure 6. Pt/C catalysts show relatively large Pt−Pt distances

that, consistent with the XANES behavior in the same samples
(Figure 2b), have very weak sensitivity to adsorbates. In striking
contrast to the carbon-supported samples, alumina-supported
particles show strong 1NN Pt−Pt distance dependencies on the
adsorbate gas. It is also evident that the CO environment
causes this distance to decrease significantly compared to a
hydrogen environment.
This contrast is also in excellent agreement with the XANES

behavior of the same Pt/γ-Al2O3 sample, where the white line
positions were found to be very different for H and CO
adsorbates, while for the Pt/C sample they were identical
(Figure 2b).
Figure 7 shows the 1NN Pt−Pt bond length disorder as a

function of temperature for both samples and adsorbates. The
data obtained in bulk Pt foil6 are shown for reference purposes.

6. DISCUSSION
Disorder in nanoclusters can be described using an
approximation that the static (σs

2) and dynamic (σd
2) bond

length disorders are statistically independent. This allows the
static disorder to be separated from the total disorder using the

Figure 5. Fourier transform magnitudes of the k2-weighted EXAFS spectra collected at the NSLS at room temperature and theoretical fits for the Pt/
γ-Al2O3 (a) and Pt/C (b).

Figure 6. 1NN Pt−Pt distances obtained by EXAFS analysis.
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system’s temperature dependence in the HT (above Einstein
temperature) limit:35

σ σ≈ + k T k/2
s

2
B (2)

where kB is the Boltzmann’s constant and k is the effective Pt−
Pt force constant. Table 2 contains the best fit values for the
Pt−Pt force constants and the static disorder. The small
positive y-intercept of 0.0006 Å2 for Pt foil (Figure 7) indicates
the level of experimental uncertainty for σs

2. Using the
experimentally measured values for N, k, and σs

2, we can
evaluate the residual (static) elastic strain energy per Pt
atom:7,25

σ=W Nk
1
2 s

2
(3)

Cluster strain energies calculated for both supports and
atmospheres are tabulated in Table 2. They are in good
agreement with previously obtained strain energies for clusters
supported on γ-Al2O3.

7

The most important feature of this latter sensitivity is that
the magnitude of this strain energy is always larger for the
Al2O3 support compared to the C support at similar conditions.
We note that the strain calculations were done over the range
of temperatures during which the coverage of CO and H on the
Pt clusters varies from saturation to a few percent of a
monolayer.7 Therefore, this result strongly supports the
hypothesis that both a bond-mediated compressive strain
(not originating from metal−adsorbate bonding) and the
significant shift of the Pt L3 white line seen in the XANES data
of Figure 2b for Pt clusters on the alumina support at HT under
CO share the same origin.
The fact that the strain is compressive, not tensile, is obvious

from Figure 6, which shows that the average Pt−Pt bonds,

under a CO atmosphere, are shorter for the γ-Al2O3 support. In
contrast, both supports show no shortening (outside the
uncertainties) of the Pt−Pt bonds for the samples under a
hydrogen environment.
For most metals, it is now well appreciated that very small

particle sizes, such as in the 1 nm diameter range considered
here, lead to generally compressive strains in the M−M
bonding. These contractions are dominated by bond relaxations
occurring at surface/low coordination number sites.22 Adsor-
bates also play a key role in mediating surface M−M bond
relaxations, for example in lengthening M−M bonds at high
coverages of H.45 We see in the present work, however, that a
very persistent strain is evidenced in the high temperature limit
where (at partial pressures of H2 and CO used) the adsorbate
coverages are very low. The current data establish that the large
strains seen for Pt/γ-Al2O3 arise predominantly from the
specific chemistry of the particle−support interactions.
The chemistry underlying this effect is related to the physical

state of the alumina support being altered from that present
under ambient conditions. It is well-known that Pt clusters
promote the formation of strongly bound hydrogen sites on the
alumina support. At low partial pressures of H2 coverage of
these strongly bound formsfrequently described as support
hydroxylationwill remain high. In CO, however, heating in
an environment devoid of H sources (e.g., H2, H2O, etc.) leads
to an irreversible desorption process of H2 from the surfaces
present that must eventually deplete these sites. (No such
effects are seen for Pt/C, naturally, given the absence of similar
support-mediated bonding.) Hence, both the compressive
strain and the significant edge shift seen at HT for Pt/γ-
Al2O3 under CO compared to H2 arises, we believe, due to
different surface states of the support being present in H2 and
CO environments at HT. We believe that this difference fully
explains the character of the bond strains and perturbations of
the energetics seen in the Pt/γ-Al2O3 data. Notably, the
addition of H to support-mediated bonding environments must
serve to increase electron density on Pt, as seen in the XANES
data, and as seen in the EXAFS data, these interactions do in
fact lift the bond compression in the clusters by increasing net
charge exchange to the metal. Since the perturbations of the d-
band occupancy this engenders must arise very locally, the
affected sites must be ones proximate to or in direct contact
with the Pt clusters. We should note that there exists a
considerable literature suggesting that O atom vacancies very
likely play a strong role in this bonding. The present data
provide little guidance as to the atomistics involved or how to
couple this aspect of bonding to the binding motifs of H
implicated here. Theory and atomic resolution environmental
electron microscopy studies provide two means to better
resolve these outstanding questions.

7. SUMMARY

Our measurements show that the bond strain is predominantly
affected by the particle−support interaction. Still, we cannot

Figure 7. 1NN Pt−Pt bond length disorder (symbols) and linear fit
with eq 2 (lines) for supported Pt nanoparticle samples and bulk Pt
foil (ref 6).

Table 2. Pt−Pt Force Constant, Static Disorder, and Cluster Strain Energy (per Pt Atom), Obtained for Different Supports and
Adsorbates

H2 CO

support k (N/m) σs
2 (Å2) W (kJ/mol) k (N/m) σs

2 (Å2) W (kJ/mol)

C 105(4) 0.0042(6) 11(2) 80(2) 0.003(1) 6(2)
γ-Al2O3 116(4) 0.0072(6) 22(2) 100(5) 0.0058(6) 15(2)
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quantitatively separate the contributions of the support and the
particle’s surface tension to the total strain measured in this
work (Table 2), since the particle sizes in both cases were
similar. This work highlights the need for theoretical modeling
that will take into account all components of this complex
system. These results also demonstrate the significant
sharpening and increased intensity obtainable with in situ
HERFD (both XANES and EXAFS) data, which can be critical
for detecting the substrate and ligand effects in future studies of
catalysts.
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