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ABSTRACT: Formation and properties of Pd nanoparticles have been
investigated in situ in the temperature range between 186 and 483 K by X-ray
absorption fine structure (XAFS) spectroscopy and by ex situ electron
microscopy. Results of the experiments conducted under hydrogen and helium
atmospheres were compared, in order to illuminate and explain the changes in
bond length of Pd particles as a result of hydride formation. By contrasting the
data obtained at these two atmospheres we were able to isolate the effects of
both the finite particle size and hydrogen absorption on Pd−Pd bond length,
obtain hydrogen intake values, and, as a result, estimate the particle size. The
calculated average particle size agreed with the electron microscopy data. These
results open up new opportunities for in situ size investigations by XAFS of
catalytic Pd particles in reaction conditions, when catalyst fragmentation, shape
change, and/or coarsening may occur.

■ INTRODUCTION

Investigation of size, structure, and electronic properties of
catalytic metal nanoparticles is important for understanding
mechanisms of catalyst activity, selectivity and deactivation.1−3

Many advances were achieved in the past decade with the
development of synchrotron-based in situ and operando
instrumentation that enables multitechnique, correlative studies
of catalytic mechanisms.4−8 Recent developments in instru-
mentation, data analysis, and modeling methods of extended X-
ray absorption fine structure (EXAFS) spectroscopy, one of the
premier techniques for catalytic studies, demonstrated its
analytical power for measuring the particle size, shape, and
structure in the nm-range. Most existing methods of particle
size determination by EXAFS rely on the finite size effect that
causes the reduction of metal−metal coordination numbers
relative to the bulk,9−12 although alternative approaches have
been proposed that rely on the size dependence on other
parameters such as, e.g., metal−metal bond length.13

These capabilities described above are usually demonstrated
in ideal conditions for accurate and unambiguous coordination
number measurements (e.g., low temperatures, narrow particle
size distributions, and symmetric bond length distributions14,15)
and are thus not particularly powerful when the catalysts are
investigated in reaction conditions that often require high
temperature and pressure. An additional complication arises in
the case when the particles may undergo size and/or shape
change during the reaction, further hindering the accuracy of
their characterization.
In this work, we investigate an alternative approach to

measure particle size and shape that applies to palladium

catalysts in the nanometer size range. Our method is based on
the ability of palladium metal to absorb hydrogen and the effect
of such absorption on the metal−metal distance. We show that
the experimentally measured Pd−Pd bond length can be used
as a sensor of hydrogen occupancy that, in turn, can be linked
to the particle size via simple structural modeling.
Palladium nanoparticles are widely employed in catalysts for

hydro-treatment of petrochemicals,16,17 synthesis of fine
chemicals18 and purification of automobile exhaust gas,19 as
well as in potential applications for magnetic storage materials20

and hydrogen storage materials.21−23 Supported Pd nano-
catalysts are among the most frequently used hydrogenation
catalysts due to their wide range of processing conditions and
superior selectivity.24−28 While the geometric and electronic
structure of pure palladium nanoparticles has been extensively
investigated to uncover their effects on catalytic activity,29−31

relatively little is known to date about the effect of hydrogen
absorption on the structure of Pd catalysts in the nm size range.
Since the discovery of hydrogen absorption in bulk palladium

in 1866 by Graham,32 this bulk metal−hydrogen system
became a subject of intense research.33−35 Generally, bulk
palladium has the ability to absorb hydrogen to form Pd
hydride36 (α or β-phase) by dissociated hydrogen atoms
occupying interstitial sites, which causes metal atoms to be
displaced from their ideal sites.37 A major challenge toward
understanding and predicting hydride formation behavior and

Received: October 25, 2014
Revised: December 6, 2014
Published: December 10, 2014

Article

pubs.acs.org/JPCC

© 2014 American Chemical Society 854 DOI: 10.1021/jp510730a
J. Phys. Chem. C 2015, 119, 854−861

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/jp510730a


the PdHx phase diagram in nanocrystalline Pd particles stems
from the fact that their thermodynamic properties are different
from those of bulk Pd.38 Bulk palladium has fcc structure with a
lattice parameter of 3.890 Å (at 298 K). Upon hydrogen
absorption the lattice undergoes an isotropic expansion while
retaining its fcc structure35 with hydrogen atoms occupying
some of the octahedral sites.39 In supported Pd nanoparticles,
the Pd lattice structure, modified by interstitial hydrogen, is
reported to be similar to the fcc structure of bulk Pd, albeit
expanded due to hydrogen absorption.40 The influence of
temperature on the formation and stability of nanoparticles for
the metallic state or the hydride state has been reported
previously. Yokoyama et al. reported the temperature depend-
ence of Pd K-edge EXAFS of supported Pd catalysts in the
metallic state.41 The formation and stability of Pd hydrides in a
well-characterized Pd nanoparticle catalysts have been inves-
tigated by using temperatures-programmed reduction and X-ray
diffraction.36 Zizwe et al.30 measured the lattice expansion at
the working conditions at the temperature from ambient to 473
K.
Hydrogen content in Pd hydrides formed from supported Pd

catalysts has been shown to be strongly dependent on the
particle size.39,42,43 A dramatic decrease in the hydrogen
content of the hydride phases occurs when the Pd crystallite
size decreases. In Pd/silica catalyst, the H/Pd ratio in the
hydride phase was observed to decrease as a function of Pd
dispersion down to 0.55 and thereafter remains constant at
0.3.44 Pd nanoparticles (5.3 nm in average size), in situ
generated inside a mesoporous Zr-modified SiO2 film, could be
transformed into a stable PdH0.70 by dipping in aqueous NaBH4
solution.45 The H/Pd ratio of 0.7 is the largest of all such
measurements, regardless of the Pd particle size, in which the
H/Pd ratio was studied at room temperature. For example, for
Pd foil of 25 μm in thickness, 70% of its octahedral sites were
found to be occupied, and the same was obtained for the bulk
Pd.46,47

In this article, we examined the Pd hydride formation from
the well-defined, supported Pd nanoparticles by in situ EXAFS
spectroscopy. The H/Pd ratios at temperatures between 186
and 483 K were quantitatively obtained based on the observed
lattice expansion. In contrast to other works where bulk Pd
lattice parameter is used for computing the H/Pd ratio in
nanohydrides, we define lattice expansion with respect to the
bare particles of the same size and on the same support, and
measured in the same in situ experiment. Due to the surface
tension effect that causes reduction of lattice parameter in metal
nanoparticles,13,48 the bare particle of the given size, simulated
in our case by using inert gas (helium) environment is a more
appropriate reference for the H/Pd ratio measurement than the
bulk Pd. Hence, our approach allows to separate the two effects
and more accurately obtain the H/Pd ratio from the Pd−Pd
bond length.

■ SAMPLE PREPARATION AND EXPERIMENT
Pd catalysts were prepared by adsorption method from an
aqueous solution of PdCl2 in diluted hydrochloric acid on
extruded θ-Al2O3 support (surface area 90 m2/g), which yields
a Pd weight loading of 0.3%. The supported precursor was
dried at 383 K and calcined at 623 K in air. Then the sample
was crushed and pressed into a pellet, which was mounted in an
in situ XAFS cell (the Nashner-Adler cell).10 The sample was
reduced in situ to form supported Pd nanoparticles by heating
in a stream of H2 (50% in He) to a final temperature of 483 K.

XAFS measurements were taken during the reduction process
to monitor the degree of reduction.
XAFS measurements were performed at beamlines X18B and

X18A at the National Synchrotron Light Source, Brookhaven
National Laboratory. A reference Pd foil sample was mounted
between the transmission and reference ion chambers. XAFS
data in the reference foil were collected simultaneously with the
main sample, for energy calibration and alignment. All spectra
were collected in transmission mode. The reduction process
was monitored by following the changes in the Pd K-edge (at
24,350 eV) region. Thirty min after the white line intensity
stabilized at the reduction temperature, full EXAFS scans were
taken at a series of temperatures starting at the highest
temperature (483 K) and then cooling and stabilizing the Pd
absorption peak (also known as “white line”) intensity at
successively lower temperatures down to 186 K. The data were
collected after the temperature was stabilized to within 5 K of
the target temperature. After completing the measurements
under H2, the gas flow was switched to ultrahigh purity He.
After the end of the series, the temperature was returned to the
highest temperature of the series (483 K). EXAFS scans were
taken again at 383 K (the temperature was lowered to improve
the data quality) to verify the reversibility of the sample. The
treatment and measurement cycles are shown schematically in
Figure 1.

X-ray absorption coefficient data were processed and
analyzed using the IFEFFIT package.49−51 All the data were
aligned in X-ray energy first. The averaged and background-
removed spectra were then normalized using the Athena49

program. The simultaneous analysis of multiple data sets from
different temperatures under the identical atmospheres, were
done by fitting theoretical FEFF6 signal to experimental data in
R-space, where physically reasonable constraints were applied.
The passive electron reduction factor (S0

2) was set to 0.85 as
determined from EXAFS analysis of the Pd foil measured at
room temperature in transmission mode. The coordination
number (N) and the correction (ΔE) to the threshold energy
were varied in the fits but constrained to be the same for all the

Figure 1. Temperature schedules for in situ gas treatment of Pd
catalysts in 50% H2 in He or pure He at a flow of 50 mL/min and the
conditions of all the EXAFS data measured under the atmosphere and
the corresponding temperature. L stands for the data repeatedly
measured after the lowest temperature of 186 K, and H stands for the
one after the highest temperature of 483 K.
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data collected at different temperatures. The photoelectron
half-path length (R) and the EXAFS Debye−Waller factor (σ2)
were varied individually for different temperatures. A separate
fitting model was also used, where a third cumulant of the Pd−
Pd nearest neighbor bond distribution was added to other
fitting parameters. The best fit results for the third cumulants
were found to be consistent with zero, within the error bars,
and the model without the third cumulant contribution was
chosen as the final fitting model. The k-ranges of the data used
in the fit were varied between 2 to 14 and 2 to 15 Å−1,
depending on the conditions.
The samples after the treatment were examined by electron

microscopy. A drop of the suspension of powder in acetone was
deposited on copper grids coated with an ultrathin carbon film
on holey carbon. Dark-field images were obtained by using a
JEOL 2200MCO (S) TEM (Brookhaven National Laboratory)
which is operated at 200 kV. The images were analyzed using
Digital Micrograph (Gatan, Inc.), and the diameters of
individual particles were determined using intensity profiles.
The error associated with measurement of the average
nanocluster size was taken as one standard deviation (Figure 2).

■ RESULTS

Dark-field STEM micrograph of Pd nanoparticles on θ-Al2O3
support obtained after the EXAFS measurement is shown in
Figure 2a. Reduction of the supported PdO at 483 K, at a
loading of 0.3 wt % Pd, resulted in well-dispersed nanoparticles
(Figure 2a). A narrow distribution of particle sizes in the range
of 1.1−3.4 nm was observed (Figure 2b) and the mean particle
diameter was determined to be 2.1 ± 0.4 nm, by counting
about 300 Pd nanoparticles. No aggregation was detected. The
data reversibility of EXAFS analysis at high temperature (483
K) before and after H2/He treatment verified the stability of
such nanoparticles (SI, Figure S1).
X-ray absorption near-edge structure (XANES) data

demonstrate that a complete disappearance of the Pd oxide
phase and the formation of the reduced Pd state were observed
as the system was subjected to reduction by 50% H2/He at 483
K (SI, Figure S2). The stability (lack of growth) of Pd hydride
nanoparticles was confirmed by examining several XANES and
EXAFS data sets measured at the same temperature (383 K)
before and after the cooling and heating cycles in H2 (SI, Figure
S1 and Figure S2).

Both the raw EXAFS data χ(k) and its Fourier transform
amplitude provide useful insights into the influences of
temperature and hydrogen effects on structural and dynamic
properties of the nanoparticles. Figure 3a presents progressive
changes in intensity of the EXAFS data in k-space on the Pd/
Al2O3 sample in response to the temperature variation in
helium. Reductions in oscillation intensity, especially pro-
nounced in high k-range, and in the FT magnitudes, observed

Figure 2. (a) HAADF STEM image of Pd nanoparticles supported on Al2O3. The image was taken after reduction in H2 at 483 K. (b) Histogram of
the nanoparticle diameters obtained from STEM images.

Figure 3. (a) Progressive changes in intensity of the EXAFS data in k-
space on the Pd/Al2O3 sample (k-weight = 2 and k-range = 2−16 Å−1)
in response to temperature variation in helium and (b) corresponding
Fourier transform magnitudes with gradual changes in real space. The
bulk Pd foil spectra measured at room temperature are included for
comparison.
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at elevated temperatures are consistent with the temperature-
induced increase of the bond length disorder. As evidenced
from the peak position in corresponding R-space data (Figure
3b), there is no apparent change in the bond length during the
helium cycle.
EXAFS data obtained in hydrogen cycle are shown in Figure

4. At lower temperatures, the oscillation frequency is distinctly

higher (and the bond length, correspondingly, longer), as
reflected in the k-space (Figure 4a) and r-space (Figure 4b)
behavior, respectively. As the temperature increases, the
oscillatory pattern in k-space shifts closer to that in Pd foil,
measured at room temperature, and the oscillation intensity
decreases with temperature gradually, as expected for thermal
disorder effect, except that the EXAFS data at 483 K shows a
sudden increase in intensity and a marked drop in Pd−Pd
distance (Figure 4b). This behavior is consistent with gradual
desorption of hydrogen with temperature, with the most rapid
change in hydrogen concentration occurring between 383 and
483 K. SI Figure S3 demonstrates that the data for the two
states of the sample, in H2 and in He, at 483 K agree well in
energy, k- and r-spaces. Hence, we conclude that the H/Pd
ratio should be very low in the sample under H2 atmosphere at
that temperature.
The quantitative results of the data analyses for all the

EXAFS data both in hydrogen and helium are summarized in
Table 1, and the Pd−Pd bond lengths are plotted in Figure 5.
The values of the average first-nearest-neighbor (1NN) Pd−Pd
coordination numbers (∼9.3) demonstrate surface truncation

effect that enables further analysis of the coordination numbers
in terms of the representative nanoparticle sizes. These
numerical results from quantitative analysis confirm preliminary
conclusions based on visual observation of the data. Namely,
the results show several distinct effects:
A contraction of nanoparticle bond lengths compared to the

bulk. The Pd−Pd bond length was obtained to be 2.741 ±
0.001 Å for nanoparticles measured in He at ambient
conditions, which is smaller than the 2.750 Å value character-
izing bulk Pd measured at the same temperature.
A decrease of the Pd−Pd distance in He atmosphere as the

temperature is increased from 293 to 483 K (Figure 5). A
similar behavior (“a negative thermal bond length expansion”),
which was attributed to the enhanced mobility of particles on
the support at elevated temperatures and strongly nonvibra-
tional dynamics52,53 was observed previously for alumina-
supported Pt nanoparticles in He atmosphere.
A more significant decrease of the Pd−Pd distance from 186

to 483 K (Figure 5) was observed in H2 environment. This
decrease of the bond length corroborates the visible trends in
the r-space. Notably, XAFS features in R-space become
progressively more similar to those in He as the temperature
increases. Such behavior is attributed to the temperature-
induced desorption of hydrogen, which causes the shortening
of the Pd−Pd bond length as the H/Pd ratio decreases.

Figure 4. (a) EXAFS data in k-space illustrating the effect of
temperature on the oscillatory pattern of Pd nanoparticles and a bulk
foil standard (k-weight = 2 and k-range = 2−16 Å−1) with
corresponding (b) Fourier transform magnitudes.

Table 1. EXAFS Analysis Results: the First Nearest Neighbor
Coordination Number, Distance, Its Mean Squared
Disorder, the Total and Reduced Chi Squared, and the R-
Factora

regime CN R (Å) σ2 (Å2) χ2 χv
2

R-
factor

H2, 483 K 9.3(2) 2.748(2) 0.0096(2) 997.7 12.9 0.009
H2, 383 K 2.799(3) 0.0093(3)
H2, 293 K 2.813(2) 0.0080(2)
H2, 186 K 2.826(1) 0.0061(2)
He, 483 K 9.2(2) 2.733(2) 0.0089(2) 811.8 16.3 0.008
He, 383 K 2.741(2) 0.0081(2)
He, 293 K 2.741(1) 0.0075(2)
aThe chi squared and R-factor values refer to the entire series of data
analyzed concurrently (either in hydrogen or in helium). Coordination
numbers were constrained to be the same for the entire series, as
described in the text. Uncertainties in the last significant digits are
shown in parentheses.

Figure 5. Pd−Pd bond lengths at different temperatures and
atmospheres (H2 and He). Extrapolation to the low temperatures is
shown by dotted line for He atmosphere.
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We note that the data (Table 1 and Figure 5) demonstrate
that the H/Pd ratio at 483 K is greater than zero. The reason
for that is the non-negligible difference between the Pd−Pd
distances in H2 and He at that temperature. Specifically, the
best fit value of the Pd−Pd length under H2 (2.748 ± 0.002 Å)
was obtained to be 0.015 Å larger than that under He (2.733 Å
± 0.002). The discrepancy indicates that some amount of
hydrogen was still present in the sample at that temperature
and is factored in when estimating uncertainties in the H/Pd
ratio reported in this work.

■ DISCUSSION

1. Evaluation of the H/Pd Ratio at Different Temper-
atures. The expansion of the lattice (δR) in Pd hydride is
linked to the H/Pd ratio by the following empirical
equation:30,54

δ = −R T
R T

x x
( )

( )
0.0666 0.0164 2

(1)

where x is the H/Pd ratio and R is the bond length of bare
metal particles free of hydrogen. Equation 1 has been used
frequently in studies of H/Pd ratio in Pd hydrides of different
dimensionality.30 While δR can be measured accurately by
EXAFS at different temperatures, the effects of factors other
than H absorption on Pd−Pd bond length change with
temperature have not been systematically investigated. Among
such factors are the lattice contraction, a universal effect of
small (under 5 nm in size) metal nanoparticles due to their
large surface tension,48 as well as the interaction with support
and adsorbate that may affect the bond length as well.53,55,56

These effects are very complex and may have a complicated
temperature dependence that is not known a priori. Together,
these difficulties in determining both δR and R as a function of
temperature make the determination of H/Pd ratio in
nanoparticles with eq 1 ambiguous. A reliable measurement
of δR and, hence, x at all temperatures will be guaranteed only
when the Pd−Pd bond length in hydrogen absorption
conditions is compared with that in the absence of hydrogen,
in otherwise equivalent conditions (the same particle size
distribution, support material, and temperature). In the present
work this condition is met by contrasting the data collected in
H2 and inert (He) atmosphere at the same temperatures. Due
to the clear evidence of nonbulk effects in He atmosphere
(Figure 5), our method thus provides the needed accuracy
because we compare the expanded bond length (under
hydrogen) to its reference value for the same particle size.
Clearly, it shows the amount of hydrogen absorbed into Pd
nanoparticles. We used the bond lengths at different temper-
atures and atmospheres to calculate the ratios of H/Pd (SI,
Table S1 and Figure 6).
2. Determination of the Cluster Size from the H/Pd

Ratio in nm-Size Metal Particles. The number of interior
octahedral sites available for hydrogen incorporation in Pd
hydrides and, hence, the H/Pd ratio, is expected to decrease
gradually as the particle size decreases (due to the decrease of
the volume to surface ratio at small particles). That universal
property can be used to estimate the particle size from the
measured value of the H/Pd ratio, provided that the relevant
experimental data describing a “representative” particle of a
certain size exists. EXAFS is an ensemble-average technique and
the Pd−Pd bond lengths and the coordination numbers are
obtained over all Pd-containing species in the sample. However,

when the particle size distributions are narrow, EXAFS results
can be used for quantitative determination of particle sizes and
shapes9,10 in controlled atmospheres and even in reaction
conditions.57,58 Due to the narrow particle size distribution
(Figure 2b), we are able to compare computer-generated
cluster models, and the numerical results on the H/Pd ratio and
Pd−Pd coordination numbers with the average size of the
“representative nanoparticles” obtained by STEM.
The modeling of the clusters of different sizes and

morphologies was done using Materials Studio software. The
number of H atoms in each cluster model was calculated
assuming full occupancy on interior octahedral sites and then
multiplied by 0.76 for calculating the maximum possible H/Pd
ratio in nanoclusters, as described in greater detail below.
Several models of truncated hemispherical cuboctahedra

possessing fcc structure and belonging to two series, one with
support surface having (001), and the other (111) orientation,
were constructed using the EXAFS derived Pd−Pd bond
lengths under hydrogen (at 186 K). Only one model from each
series agreed, within the error bars, with both the EXAFS-
determined coordination number of Pd−Pd pairs, 9.2, and
STEM results for the average particle diameter of 2.1 nm. The
structural parameters derived from these two models are
compared with the experimental results, which are listed in
Table 2.

Figure 6. Ratio of H/Pd for 2.1 nm nanoparticles and bulk Pd inferred
from ref 47 as a function of temperature.

Table 2. Theoretical Models and Their Comparisons with
XAFS and STEM Data

aNanoparticle size was measured by STEM; coordination number
(CN) of the first nearest neighbors was obtained for the EXAFS data
measured under He at 293 K.. bCluster models of different sizes
(between 2.2 and 2.8 nm), surface morphologies and support
orientations ((111) or (001) oriented) were constructed by Materials
Studio software.
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The upper limit of hydrogen absorption in Pd at ambient
temperature and pressure corresponds to the PdH0.70 material,
indicating that approximately 70% of the octahedral holes are
occupied.47,59 To the best of our knowledge, there are no
reports on PdHx isotherms at temperatures lower than room
temperature. However, a relatively large H/Pd ratio could be
obtained by Pd hydrogenation at 4 MPa and 573 K or even
higher.60,61 In those experiments,60,61 after the hydrogen
concentration was obtained to be 0.764 at ambient temperature
and pressure, after the high temperature and high pressure
treatments. It is also known that PdHx could be stored in liquid
nitrogen (77 K) without the loss of hydrogen60 and is also
stable over the temperature range between 4 and 300 K.61

Figure 6 demonstrates that the experimental H/Pd curve in Pd
nanoparticles reaches a much lower value (ca. 0.54) than the
bulk’s 0.76 hydrogen occupancy limit at 186 K. We note that
that experimental ratio was obtained using extrapolated, not
actual, value of Pd−Pd bonds under He atmosphere at 186 K.
That is a reasonable approximation because the actual values
should be very close to each other, within the experimental
uncertainties, based on the trend shown in Figure 5. In the
models of nanoclusters used for the particle size determination
(vide infra) we will use the 0.76 value as the maximum
occupancy because our models will correspond to the lowest
temperatures in which the H/Pd ratios can be measured most
accurately. We note here that our results will not change
significantly (within a 10% relative error, at the most) if we
used the actual, not extrapolated, bond length values (e.g., at
room temperatures), and the corresponding maximum bulk H
occupancy of 0.7, not 0.76.
The observation (Figure 6) that the H/Pd ratio is much

smaller, at the same temperatures, in the nanoparticles,
compared to the bulk Pd, is related to the finite size effects
in the nanopartilces, where surface Pd atoms have fewer H
neighbors than the interior Pd atoms.
The values for the H/Pd ratios were calculated for each

cluster model and plotted in Figure 7. Calculations demonstrate
that the estimated x will be 0.52 for the (111)-oriented clusters,
and 0.65 for the (001)-oriented clusters of ca. 2.1 nm in size.
The latter value of x is far beyond the experimental value of
0.54 ± 0.02 at 186 K (Table 2). Hence, the (111)-oriented
clusters are a better match to the experimental data. As a result,
the particle size of 2.1 ± 0.4 nm obtained by STEM is in

agreement with the particle size that is inferred from the
experimentally determined H/Pd ratio of 0.54 ± 0.02. Hence,
the experimental H/Pd ratio determined by expansion of bond
length can be used to estimate the particle size by occupancy
model calculation. It should be noted that only for particle sizes
below 3 nm this method is effective because x varies strongly
with size in this size range.
This method of particle size estimation by in situ EXAFS

analysis, through the Pd−Pd bond length measurement in
nanoscale Pd hydrides at different temperatures, offers a
potentially useful alternative to other techniques used for
particle size determination. One possible application could be
its use in the in situ or operando catalysis studies, in which the
particle size may change in the course of the reaction. In order
to evaluate the average Pd particle size by EXAFS, the
hydrogen−helium substitution scheme described in this work
can be used at each stage of the reaction. First, the sample
would be heated to reduce Pd catalysts, and then cooled in
hydrogen atmosphere, followed by another heating cycle in
which hydrogen will be replaced by He at high temperature,
and the sample will be cooled again, this time in He. In the
both cases, the EXAFS data obtained at the lowest temperature
(e.g., a cryogenic, or room temperature, depending on the
experimental conditions and reactors used) under H2 and He
will be analyzed the same way shown in our work, to obtain the
H/Pd ratio and, from it, the average particle size.

■ CONCLUSIONS
The Pd−Pd bond lengths of the 2.1 ± 0.4 nm Pd nanoparticles
were measured by X-ray absorption spectroscopy at different
temperatures and atmospheres (hydrogen and helium). Based
on the observed expansion of the Pd−Pd bond length at lower
temperatures, a ratio of H/Pd was calculated for each
temperature and compared with several cluster models of
different sizes and shapes. Truncated hemispherical cuboctahe-
dral particle model, with (111) surface orientation, was the best
match to the experimentally obtained H/Pd ratio and the
STEM-measured particle size distribution. The present method
could be extended to in situ studies of supported Pd particles in
different stages of catalytic reactions.
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