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ABSTRACT: There exists an emerging opportunity, engen-
dered by advances made in experimental methods of research,
to address long-standing questions about the nature of the molec-
ular mechanisms that are operative in important heterogeneous
catalytic processes, as well as the nature of the complex atomic
and electronic structural features that mediate them. Of particular
interest in this regard is the understanding of the dynamical
attributes of catalytic processesan understanding that might
allow design principles to be applied to optimize the atomic and
electronic structure of heterogeneous catalysts to sustain their
performance in essentially any operating process condition. The
current work explores these ideashighlighting capabilities of in
operando methods of spectroscopic characterization as applied to
an exemplary heterogeneous catalytic process, olefin hydrogenation. No heterogeneous catalytic process has been studied more intensively
than olefin hydrogenation. The extensive literature available establishes important features by which metal catalysts activate and efficiently
transform the bonding of the hydrogen and alkene reactants to generate a product alkane. Even so, many important mechanistic questions
remain poorly understood due to the inherent multiscale complexity associated with heterogeneous catalytic transformations, as well as the
paucity of methods suitable for their characterization in operando. The recent literature documents the development of new capabilities for
characterization afforded by in situ and in operando methods. Of these, X-ray absorption spectroscopy (XAS) has become a particularly
important technique for studying the mechanisms of catalytic reactions due to its capabilities for elucidating the nature of the atomic and
electronic structural features of operating catalysts. Many important questions can now be addressed, in particular those that follow from the
unique dynamical impacts and patterns of reactivity that occur in higher pressure (non-UHV) environments. In this Perspective, we
examine important structure−property correlations for an exemplary model reactionethylene hydrogenationas elucidated in operando
for two efficient catalyst materialsnanoscale Pd and Pt clusters supported on SiO2. The examined features include the following: the
structural dynamics of the metal clusters and their sensitivity to the composition of the reactant feed; the role of hydrogen, and metal- and/
or support-bonded forms of adsorbates more generally, in forming intermediates and products; the influences of adsorbate bonding states
(e.g., hydrogen) on reactivity; the role played by carbonaceous deposits (and the mechanisms of their formation); the quantitative nature of
the atomistic features that exist within the structure−sensitivity correlations of this catalytic reaction; and mechanisms that mediate the
sintering of catalysts operating in high-pressure ambient environment. Here we present a comparative overview of the hydrogenation of
ethylene over ≈1 nm-sized Pd and Pt catalysts supported on SiO2. The reaction was characterized in various mixed hydrogen and ethylene
atmospheres at ambient conditions by in operando XAS and complemented with scanning transmission electron microscopy (STEM).
Pronounced changes in the atomic and electronic structures of both catalysts (e.g., defined transitions between hydrogen- and hydrocarbon-
covered surfaces, carbide-phase formation, hydrogen (de)intercalation, and particle coarsening) are found to occur during the reaction. The
evolution of the catalysts features, however, has only minimal impact on the largely reversible patterns of reactivity. These findings
demonstrate remarkable dynamic structural complexity within the mechanisms of alkane formation over both types of supported catalysts.
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■ INTRODUCTION
Supported metal catalysts are widely used in industrial
applications because they exhibit high structural flexibility and
stability and their reactivity and selectivity can be precisely
controlled.1−3 These systems, however, are only poorly
characterized in terms of the dynamic structural properties that
determine their overall performance.1−3 It is therefore important
to improve both the understanding of the processes that occur on
the atomic/molecular level as well as the parameters that control
reactivity and selectivity (so-called catalytic descriptors). This
is mainly done by employing well-defined model systems.1,3,4

The most important are single crystals, studied under ultrahigh
vacuum (UHV) conditions,1,3,4 and supported catalysts, pre-
pared from high-purity materials, with well-defined structures
and sizes, studied under reaction conditions.1−4 There are
numerous examples of apparent discrepancies between these
model systems, which have been attributed to differences in the
samples or experimental conditions (the so-called material and
pressure gap).5−7 Much work has focused on overcoming these
differences and providing predictive understanding of catalyst
structure/property/rate correlations over diverse ranges of
experimental conditions, especially those more closely approx-
imating the high pressure/temperature operating regimes of
industrial catalysis (where pressures reaching to several hundred
bars and temperatures far above ambient are common).6,7

The present study addresses the atomic and electronic struc-
tural dynamics evidenced by supported nanoparticles during the
catalytic hydrogenation of ethylene at atmospheric pressure,
adding insights that are both complex and underappreciated in
the current literature. Such effects have been in the focus of a
rapidly growing number of investigations in the past decade and
are likely to affect the understanding of heterogeneous catalysis
and the mechanisms that mediate catalytic formation/trans-
formation of C−H bonds over supported metal clusters. A brief
overview of the literature is provided, framing a context for
considering the surprising structural dynamics exhibited by Pd
and Pt catalysts supported on SiO2 during the hydrogenation of
ethylene.
The hydrogenation of unsaturated hydrocarbons over transi-

tionmetals is perhaps the longest known (initial work was carried
out by Paul Sabatier in 1893)8 and most-intensively studied class
of catalytic reaction, in part because of its considerable economic
importance in diversified chemical (e.g., fat hardening) and oil
industries (conversion of unsaturated hydrocarbons to paraffins
and naphthenes, hydrocracking).3,9,10 Because ethylene is the
simplest unsaturated hydrocarbon, it has been widely used as a
model compound.11 Comparatively fewer works have employed
higher alkenes (mainly propylene to hexenes)12−14 or alkynes
(e.g., acetylene).13,15−17 This engenders problems for developing
a broader understanding of more complex industrial processes,
because the reactivity of ethylene differs considerably from
that of its higher homologues (e.g., higher alkenes can exhibit
cis−trans isomerism14 and double-bond migration18,19).
The hydrogenation of ethylene has been studied using many

different physical forms of materials as catalysts (e.g., single
crystals, thin films, wires, powders, and supported nanoparticles of
most group 8 to 10 metals) and under a diverse range of
experimental conditions of both temperature and pressure.20−22 In
particular, supported particles have been extensively employed
(e.g., Ni/SiO2,

23 Ru/Al2O3,
24 Rh/Al2O3,

24 Pd/Al2O3,
15,24−26 Pd/

SiO2,
27,28 Ir/Al2O3,

12 Pt/MgO,29 Pt/Al2O3,
12,24,29−33

Pt/SiO2,
23,29,34−40 Pt/(Al2O3, SiO2),

29 and Pt/TiO2
29).

Very similar reaction orders of hydrogen and ethylene,
rates, and activation energies have been reported for these
systems.20−22,34,38,41−43 For steady-state conditions, where the
conversion is not mass-transfer limited, the reaction order of
hydrogen changes from ≈0.5 at lower temperatures to ≈1 at
room temperature and above and that of ethylene from ≈ −1
at pressures below 75 Torr to ≈0 above that point.38,43 The
hydrogenation rates are typically very high, even at room tem-
perature, with turnover frequencies of 1−100 monolayers (ML)
per second.20,21,44,45 They seem to be unaffected by the surface
morphology of the catalyst; that is, the reaction is apparently
structure-insensitive. This means that, as classically defined, the
reactivity changes very little as the dispersion of a supported
catalyst is varied, other than as a consequence of a difference in its
effective surface area.20−22 The activation energies, as might be
expected intuitively for such cases, vary weaklytypically
ranging between 35−45 kJ mol−1.20−22,34,38,41−43
The pressure- and temperature-dependent changes in reaction

order can be explained in terms of the nature of the competitive
adsorption of hydrogen and ethylene (i.e., by a transition from a
less competitive adsorption reaction pathway at lower pressures
and temperatures to a more competitive at higher pressures and
temperatures).38,43 The adsorption of ethylene on metal surfaces
is very complex, and evidence a pronounced temperature
dependence (this is addressed in more detail in the Supporting
Information). At lower temperatures, ethylene adsorbs on Pt
either as a weakly bound π complex or via the formation of two
σ bonds (di-σ species).46 The latter species can dehydrogenate
at higher temperatures to ethylidyne,42,47,48 a reaction likely
proceeding through an ethylidene intermediate.49 Di-σ ethylene
and ethylidyne compete for binding sites, whereas π ethylene
does not.50,51 At room temperature, most ethylidyne and less
di-σ and π ethylene were found to coexist on Pd/SiO2 (4.3 wt %,
size <5 nm),27 whereas only ethylidyne was identified on Pt/SiO2
(5.6 wt %, size 2−5 nm).40 It is reported that the hydrogenation
steps proceed at a much higher rate for π ethylene than for di-σ
ethylene (by ≈2−3 orders of magnitude)44 and for the latter
species at a much higher rate than for ethylidyne (by≈2 orders of
magnitude).44 These data have been interpreted to suggest that
the activity for alkane formation does not follow directly from the
surface coverage of either ethylidyne or di-σ ethylene, but only
from that of the π ethylene.50,51

When taken together, the broad literature supports a reac-
tion mechanism originally proposed by Horiuti and Polanyi in
1934,52 that is, the stepwise incorporation of two surface-
adsorbed hydrogen atoms by a surface-adsorbed ethylene
molecule via an ethyl intermediate.23,33 The first hydrogenation
step, converting π ethylene to a surface-bound ethyl inter-
mediate, is generally accepted to be rate-determining, the ethyl
coverage is very low under all conditions studied.23,33 Other
possible intermediates such as vinylidene, vinyl, or ethylidene
have not been identified in surface science experiments and likely
do not play an important mechanistic role in this reaction.49 The
second hydrogenation step, converting the ethyl intermediate to
ethane, a formal reductive elimination of the ethyl group with
adsorbed hydrogen, competes (generally) unfavorably with a
reverse β-hydride elimination to ethylene,53,54 as has been
demonstrated by isotope exchange experiments (i.e., hydro-
genation experiments with ethylene and deuterium),11,13,22,43,55,56

in which essentially all possible deuterated ethane isotopomers
were obtained. A 14C labeling experiment clearly showed that the
C−C bond is stable during the reaction.57 Ethane adsorbs only
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very weakly and thus is not expected to affect the overall
reactivity significantly.
Pd, unlike most other high-activity metal catalysts such as

Pt, can reversibly incorporate hydrogen and form hydrides.58

At atmospheric pressure and room temperature, two phases of
palladium hydride are known to exist, α- and β-PdHn

58

(additional details are given in the Supporting Information).
There is evidence that in some cases steps of the ethylene
hydrogenation may involve both subsurface and surface-bound
forms of hydrogen.59

It is clear that all these aspects do not fully explain important,
and what remain as challenging, experimental features of the
overall mechanism of reactivity (e.g., the reaction orders, the
apparent structure insensitivity, the in operando nature and
dynamics of the metal−metal (M−M) and metal−adsorbate
(M−ads) bonding present in small metal cluster catalysts). This
emphasizes the relevance of the complex coupling of elementary
reactions and the mediation of the main reactions by a rich
surface chemistry of intermediate/transient adsorbate species
(e.g., due to surface exchange reactions, the dehydrogenation of
ethylene to ethylidyne, and, in the case of Pd, the intercalation/
deintercalation of hydrogen). Their evolution and, perhaps
most importantly, the transformations of the structure of the
metal catalysts themselves as used in supported high-dispersion
(nanoscale) forms remain incompletely understood.
Pd and Pt nanoparticles on C, SiO2, and γ-Al2O3 supports have

been intensively studied by X-ray absorption spectroscopy
(XAS), because this method yields extensive information about
their geometric structure and electronic properties.60,61 The
X-ray absorption near-edge structure (XANES) is sensitive to
electronic properties (e.g., the absorption edge energy depends
on the unoccupied density of states near the Fermi energy60,61)
and the extended X-ray absorption fine structure (EXAFS) gives
detailed structural information (e.g., coordination numbers,
interatomic distances, and Debye−Waller factors60,61). It has
become common to perform XAS experiments under reaction
conditions.62 The work on supported Pd particles63−69 has
mainly focused on changes in structural order upon hydrogen
exposure. Compared to fully metallic clusters, which are present
in inert atmospheres, the particles in hydrogen atmospheres
exhibited significantly reduced structural order and increased
lattice constants, indicative of the formation of a palladium
hydride phase.69 Moreover, the amount of incorporated
hydrogen and the ratio of bulk-to-surface-adsorbed hydrogen
were found to increase with increasing particle size.69 In contrast,
for Pd/Al2O3 in ethylene atmospheres identical structural param-
eters were identified as in inert atmospheres.64,65 No significant
support effects were found for such particles, with the exception
of the formation of a carbide phase for Pd/C.64,65 For supported
Pt particles upon adsorption of hydrogen a relaxation of the
Pt−Pt bonds was identified.70 In addition, a XANES peak due to
Pt−H bonding was observed, which can be used to monitor the
hydrogen coverage variously present during catalytic reactions.70

For both Pt/SiO2
71 and Pt/Al2O3,

72 pronounced structural
differences were found to exist between hydrogen and ethylene
atmospheres.
Here, the hydrogenation of ethylene, a highly exemplary

reaction, is revisited, illustrating new insights that emerge from
comparative in operando XAS and mass spectroscopy (residual
gas analysis, RGA) studies of ethylene hydrogenation over
nanoscale (∼1−2 nm) Pd and Pt catalysts supported on SiO2.
These data come from measurements made in various
atmospheres of mixed compositions ranging from pure hydrogen

to ethylene at ≈1 atm total pressure and ambient temperature
and are complemented with scanning transmission electron
microscopy (STEM) studies of the pristine catalysts and those
recovered after the in operando experiments. The results reveal
that the reaction embeds significant forms of dynamic structural
complexity, e.g., transitions between hydrogen- and hydro-
carbon-covered surfaces, carbide-phase formation, hydrogen
(de)intercalation, and particle coarsening, among others that
attend to the efficient conversion of ethylene to ethane. The
simple mass-transfer controlled reactivity of these systems masks
what is otherwise a remarkable form of complexity in the atomic
and, by inference, electronic structure of the metal nanoparticle
catalysts. The trends that emerge define a challenging set of
benchmarks that experiment and theory might in time come to
address.

■ EXPERIMENTAL SECTION
Nanoparticle Synthesis. The Pd and Pt nanoparticle

catalysts were prepared by wet impregnation onto the SiO2
support and subsequent reduction in hydrogen. The nominal
weight loading was 1%. A detailed description of the synthesis is
given in the Supporting Information.

Scanning Transmission Electron Microscopy. To deter-
mine the size distributions of the supported catalyst particles,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) measurements were carried out
using a JEOL 2010F EF-FEG STEM (JEOL, Ltd.). The details
about the experimental setup, STEM samples, and the partially
automated particle size analysis routine are provided in the
Supporting Information.

X-ray Absorption Spectroscopy. Experimental Details.
The XAS experiments were performed at the beamlines X18B
(Pd K-edge) and X19A (Pt L3-edge) at the National Synchrotron
Light Source at Brookhaven National Laboratory. Further
information about the beamline setups is given in the Supporting
Information.
The supported catalysts were studied during catalytic reaction

using a Clausen plug-flow reaction cell,73 consisting of a Kapton
tube with an inner diameter of 3 mm and providing uniform
access of the reaction gas mixture to the catalyst powder. The
horizontal size of the X-ray beam probing the catalyst powder in
the cell was selected to be smaller than the length of the packed
powder, to maximize the X-ray data quality. At these dimensions,
and for the gas flows used, the conversions of the reactant gases
(ethylene and hydrogen) were generally mass-transfer limited,
affording a yield of ethane determined by the limiting gas
concentration present in the reactor feed. It should be noted that
the high conversion efficiencies so engendered will lead to
gradient profiles of reactivity within the reactor that will be
composition-dependent. The XAS data presented below are not
able to spatially resolve a gradient structural profile generated in
the catalyst bed as the gas composition is varied. This feature,
however, does not impact the nature or analyses of structure
made where the feeds reach limiting values of composition
(hydrogen- or ethylene-rich, as are discussed below) during
forward and reverse cycling. The cell was purged with mixtures
of hydrogen (99.999% purity) and ethylene (99.9% purity) of
variable compositions. Specifically, the gas composition was
varied from pure hydrogen to ethylene in the following sequence
(giving only the relative hydrogen content QH2

): 100.0, 80.0,
60.0, 55.0, 52.5, 50.0, 47.5, 45.0, 42.5, 40.0, 35.0, 30.0, 25.0, 20.0,
10.0, and 0.0%. Afterward, it was altered in the reverse sequence
from pure ethylene to hydrogen. The gas compositions and flow
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rates were controlled using mass-flow controllers (Brooks Model
5850E). The flow rate was held constant at 20 mL min−1

throughout the whole measurement sequence. The pressure
in the flow cell was slightly above atmospheric pressure. The
composition of the exhaust gases was analyzed with a residual gas
analyzer (RGA 200, Stanford Research Systems, Inc.). Due to the
different, nonlinear responses of the RGA setups at the two
beamlines, the pressures were calibrated before determination of
the ethane conversion yields. The procedure is described in the
Supporting Information. All measurements were carried out
under steady-state conditions, typically reached after ≥ 30 min,
at room temperature. For each gas composition, three spectra
were measured, which took ≈3 × 15 min.
Data Analysis. XAS data analysis was performed using the

IFEFFIT software package (version 1.2.11c).74 The spectra were
preprocessed with the Athena software (version 0.8.061),75 as
described in the Supporting Information, and then fitted with
the Artemis software (version 0.8.014).75 The photoelectron
scattering amplitudes and phases for the model structures of
bulk Pd, Pt, and α-PtO2 were calculated with FEFF6.74 The
k2-weighted EXAFS spectra χ(k) were Fourier-transformed to
yield the radial structure functions χ(r), which were used for
fitting.
The Pd/SiO2 fitting model comprised only the first Pd−Pd

scattering path. The energy shiftΔE0 was constant for all spectra,
whereas the degeneracy of the scattering path (i.e., coordination
number) n, effective half-path length (i.e., bond distance) r, and
mean-square deviation (i.e., Debye−Waller factor) σ2 were
variable for each spectrum. The constant energy shift was
obtained as weighted average from the results of an analogous
fitting model with variable energy shifts. Fitting was performed in
the r-range of 1.675−3.475 Å and the k-range of 2.5−15 Å−1. The
model uses 108 parameters to account for 508 data points. A
Pd-low-Z contribution at ≈2 Å, probably less pronounced in the
hydrogen-rich than in the ethylene-rich atmospheres, could not
be incorporated into a consistent fittingmodel, because it was too
small to quantify.
For Pt/SiO2 a more complex fitting model was required: The

spectra measured in the initial hydrogen-rich atmospheres could
be described considering only the first Pt−Pt scattering path.
For the spectra measured in the ethylene-rich atmospheres, in
addition two paths between Pt and their low-Z neighbors,

modeled as Pt−O paths with assigned initial shifts from the
model distance (by ≈ + 0.2 Å and ≈ − 0.2 Å, respectively), to
account for the so-called long and short bond, were necessary.
These shifts were later refined in the final fits, and the distances of
the Pt-LB and Pt-SB (with LB: long bond and SB: short bond)
were obtained. For the spectra measured in the final hydrogen-
rich atmospheres, aside from the Pt−Pt path, only the long-bond
Pt-low-Z path was needed. The energy shiftΔE0 was constant for
all spectra and scattering paths. The coordination numbers nPt−Pt,
nPt−LB, nPt−SB of the different scattering paths were constant for
the spectra measured in the initial hydrogen-rich atmospheres,
the ethylene-rich atmospheres, and the final hydrogen-rich
atmospheres, respectively. All other parameters, namely, the
bond distances r, the Debye−Waller factors σ2, and the third
cumulants of the Pt−Pt path σPt−Pt

(3) were variable. The con-
stant energy shift and coordination numbers were obtained as
weighted averages from the results of an analogous fitting model
with variable energy shifts and coordination numbers. Fitting was
performed in the r-range of 1.4−3.25 Å or 1.7−3.25 Å for the
spectra measured in the initial hydrogen-rich and ethylene-rich
atmospheres or final hydrogen-rich atmospheres, respectively,
and the k-rangeof 3−15Å−1 or 3−13.5Å−1 for those in thehydrogen-
or ethylene-rich atmospheres, respectively. The model uses 201
parameters to account for 444 data points. In addition, a model
with variable coordination numbers, analogous to that for Pd/
SiO2, was tested. Because no significant variations in the
coordination numbers were identified within the initial hydro-
gen-rich, ethylene-rich, and final hydrogen-rich atmospheres,
respectively, and the fitting quality was very similar, constraining
the coordination numbers was justified.

■ RESULTS AND DISCUSSION

Catalyst Particle Size Distributions. Representative
STEM images of the supported metal catalysts are shown in
the Supporting Information (Figure S1). For both the pristine
Pd/SiO2 and Pt/SiO2 particles, well-defined and narrow size
distributions are obtained (Figure 1a,b, top). The average particle
sizes are 1.31 ± 0.43 nm (6499 particles) and 1.11 ± 0.34 nm
(3293 particles), respectively. After the in operando XAS
experiment, the Pd/SiO2 particles exhibit a much broader
distribution (Figure 1a, bottom) with a considerably increased
average size of 2.21 ± 1.00 nm (4092 particles), revealing that

Figure 1. Size distributions obtained from the STEM measurements of (a) Pd/SiO2 and (b) Pt/SiO2 used in the XAS experiments.
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they experienced pronounced agglomeration. In contrast, for the
Pt/SiO2 particles (Figure 1b, bottom) the cluster sizes in the
recovered catalyst have a size distribution of 1.00 ± 0.31 nm
(2829 particles), a value unchanged within the limits of experi-
mental uncertainty; that is, the average particle structure is not
significantly altered during the XAS experiment. This is also
supported by the fact that no Z-contrast differences are
evidenced in the STEM images of the pristine Pt catalyst
particles and that after the XAS experiment. The importance of
these results is discussed in detail in the sections that follow.
Composition-Dependent Ethane Conversion over the

Supported Catalysts. The steady-state ethane yields (the
normalized fraction of the ethylene converted) obtained over the
supported catalysts as a function of the reactant gas composition
(flowing mixtures of ethylene and hydrogen at 1 atm total
pressure) were measured during the XAS experiments via an in-
line RGA analysis of the reactor effluent, and these data are
shown in Figures 2a,b (see also the Supporting Information and

Figure S2). Within the sequence of measurements (from pure
hydrogen to ethylene and back to hydrogen), the ethane yields
increase in the hydrogen-rich atmospheres and similarly decrease
in the ethylene-rich atmospheres. These trends vary approx-
imately linearly with a pronounced maximum at intermediate gas
compositions (i.e., at ≈50% hydrogen content). For Pd/SiO2,
initially in the forward sequence from pure hydrogen to ethylene,
the yields deviate from that for Pt/SiO2 (i.e., they initially are
systematically smaller and increase nonlinearly, a feature that
probably reflects some degree of adventitious poisoning of the as
prepared catalyst). Additional control experiments, in which the
catalysts were pretreated by oxidization and reduction at 200 °C
for 1 h each, strongly support this interpretation; carbide
phase formation can be excluded on the basis of the results of
the EXAFS fitting presented below. The overall linear variations
in the ethane yields demonstrate that in the hydrogen-rich atmo-
spheres virtually all ethylene is consumed, and in the ethylene-
rich atmospheres all hydrogen is consumedindicating that the
reactivity depends directly on the contents of the minority
species in the feed gas (cf. Supporting Information) and thus is
not significantly affected by changes in the catalyst’s state. The
important consequence that results from the operation of the
catalysts under conditions where the conversions are mass-transfer

limited in this way is that they lead to a steady-state ambient that
strongly weights hydrogen-dominated catalyst surface inter-
actions in the one limiting conversion regime and hydrocarbon-
derived ones in the other (a simplifying feature from the
perspective of the EXAFS studies described below).
Some inferences can be made about the nature of the power-

rate dependences that would characterize operation of these
catalysts using a plug-flow reactor sized and operated to explicitly
enable their direct measurement. The literature in this regard
suggests generally simple kinetics that proceed with an overall
first-order rate dependence on the hydrogen content and a zero-
order dependence on the ethylene content over a major range of
the experimental conditions examined here.20−22,34,38,41−43

Electronic Properties of the Catalysts Measured in
Operando. The XAS spectra of the Pd/SiO2 and Pt/SiO2
catalysts as measured in pure hydrogen and ethylene atmo-
spheres, respectively, are shown in Figure 3 and the Supporting

Information (Figure S3). Difference XAS spectra of the whole
measurement sequence from pure hydrogen to ethylene and
back to hydrogen with respect to the initial measurement in
hydrogen are given in Figure 4 and the Supporting Information
(Figures S4−S6).
In the K-edge XANES spectra of Pd/SiO2 in the various mixed

atmospheres, only relatively small differences can be identified
(Figures 3a and 4a; the Supporting Information: Figures S3, S4,
and S6). In the initial forward sequence from pure hydrogen to
ethylene in the hydrogen-rich atmospheres, the XAS oscillations
gradually shift by a few eV to higher energies, and their ampli-
tudes increase. A pronounced transition occurs between mixed
atmospheres of 52.5 and 50.0% hydrogen content (i.e., at the
point of the maximum ethane yield). In the ethylene-rich
atmospheres, relatively small changes are exhibited. In the
backward sequence from pure ethylene to hydrogen, a transition
is evidenced, again at the same gas composition at which a similar
structural transition was seen in the forward sequence. Upon
returning to the hydrogen-rich atmospheres, the XAS oscillations
gradually shift back to lower energies, and their amplitudes
decrease, albeit with some evident irreversibility. This difference
is correlated with an increase of conversion of ethylene to ethane,
as noted in the section above.

Figure 2. Normalized corrected steady-state C2H6 yields obtained in
different mixtures of H2 and C2H4 over (a) Pd/SiO2 and (b) Pt/SiO2
measured by in-line mass spectroscopy (residual gas analysis, RGA)
during the XAS experiments. For details about the data analysis, refer to
the text as well as the Supporting Information. The gas composition was
gradually changed from pure H2 to C2H4 and back again to H2. Filled
symbols indicate the forward sequence from H2 to C2H4, and open
symbols depict the backward sequence from C2H4 to H2; diamonds are
H2-rich gas mixtures, and squares are C2H4-rich gas mixtures.

Figure 3. (a) Step-edge normalized XAS spectra of the K-edge
(E0 = 24 353.5 eV) for Pd/SiO2 in pure H2 and C2H4, respectively. (b)
Analog spectra of the L3-edge (E0 = 11 563.7 eV) for Pt/SiO2. All
measurements were carried out under steady-state conditions.
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Because the Pd K edge arises due to electronic transitions
occurring between 1s states and unoccupied 5p1/2 and 5p3/2
states, it is not possible to obtain direct information from the
XANES spectra about the electronic structure of the supported
Pd particles, but instead, only less direct information about their
geometrical properties and impacts due to support- and
adsorbate-related bonding can be obtained. The XANES spectra
measured in the hydrogen- and ethylene-rich atmospheres agree
very well with the findings of an earlier study of 3.5 nm Pd
particles supported on Al2O3,

64 which associated the spectro-
scopic changes with pronounced structural transformations that
most probably arise due to changes in the adsorbate bonding
states. In the hydrogen-rich atmospheres, multiple bound forms
of hydrogen are most prevalent on (and within, see below) the
Pd particles, whereas in the ethylene-rich atmospheres, the habits
are dominated by the coverage of ethylene-derived, carbona-
ceous species (mainly ethylidyne). Still, to quantitatively account
for the precise features in these data, additional forms of gross
structural transformation are required, notably that there might
occur a coarsening due to adsorbate-mediated particle growth.
This point is discussed in more detail below.
In the L3-edge XANES spectra of Pt/SiO2 measured in the

initial hydrogen-rich atmospheres (Figure 3b and 4b; Supporting
Information Figures S3, S5, and S6), the peak closest to the
absorption edge (the so-called white line) is quite broad and
asymmetric, clearly exhibiting a shoulder at higher energies.
This line shape does not change significantly, but the intensity
decreases continuously as the gas composition nears the region
at which the maximum ethane yield is obtained. Analogously to
Pd/SiO2, a pronounced transition occurs at mixed composition
atmospheres near 50% hydrogen content. In contrast, however,
the transition in this case is more abrupt. The white line becomes
narrower and more symmetric, and its intensity increases con-
siderably. In addition, a small peak appears at 19 eV, and the
peak at 32 eV shifts by ≈5 eV to higher energies. The EXAFS
oscillations also shift to higher energies, and their amplitudes
decrease. Within the ethylene-rich atmospheres, the variations
evidenced are only minor. In the backward sequence, a transition
occurs at the same gas composition as found in a correlated form
in the forward sequence. An important form of hysteresis is noted
here, though, namely, that the white line changes only slightly,
maintaining characteristics similar as were found in the ethylene-
rich atmospheres (i.e., narrower and more intense than in the

initial hydrogen-rich atmospheres). Most importantly, the peak
at 19 eV is retained. The EXAFS oscillations largely recover,
albeit with smaller amplitudes. The transformations of both
atomic and electronic structure are thus not fully reversible,
indicating an underlying change in the Pt catalyst’s structure
and/or composition has occurred. The results of the EXAFS
fitting discussed below show that retained carbonaceous species
are responsible for these impacts.
The Pt L3 edge originates from transitions from the 2p3/2 states

to unoccupied 5d3/2, 5d5/2, and 6s states, with a dominant con-
tribution of the 5d5/2 states (e.g., by a factor of 14 larger than
that of the 5d3/2 states).

76,77 Because the unoccupied states near
the Fermi energy are mainly of 5d character, the absorption edge
and white line are sensitive to both electronic and structural
changes. In particular, the white line area is correlated with the
density of unoccupied 5d states.78,79 The adsorption of hydrogen
causes partial filling of the Pt 5d states. Therefore, for Pt/SiO2 in
the hydrogen-rich atmospheres the white line intensities are
smaller than for oxidized Pt particles of the same size, and even
the bulk metal.70 Upon transition to the ethylene-rich atmo-
spheres, hydrogen is replaced by ethylene-derived carbonaceous
species (by inference from the literature, mainly ethylidyne).
Because these adsorbates are sterically more demanding (i.e.,
exhibit lower coverages) and the bonds are less polarized, the Pt
5d states are partially emptied, and thus, for Pt/SiO2 in the
ethylene-rich atmospheres the white line intensities are larger.
A theoretical study, based on a full multiple-scattering, self-

consistent field, real-space Green’s function approach,80 showed
for ultrasmall Pt particles pronounced effects of the particle
morphology on the white line. For example, a distinctively less-
intense white line was found for three-dimensional than for two-
dimensional Pt7 particles. The changes in the XAS spectra thus
also may be partially due to particle reshaping, as might occur
during the measurement sequence.
The peak at 9 eV above the absorption edge also has been

observed in previous studies of bare and hydrogen-covered Pt
particles on different supports70,81,82 and attributed to transitions
from the 2p3/2 states to H 1s−Pt 5d antibonding states70,81 or
continuum resonances.82 Also the peak at ≈32 eV is affected by
the adsorption of hydrogen. The peak at 19 eV could be due to
the irreversible adsorption of a specific form of carbonaceous
species that also elicits a significant modification of the Pt−Pt
bonding. The results discussed below support this latter inference
in a more quantitative form.

Atomic Structure of theCatalystsMeasured inOperando.
For both supported catalysts, good EXAFS fits were obtained for
all experimental conditions using the fitting models described in
the Experimental section. As examples, the fits in k- and r-space in
pure hydrogen and ethylene atmospheres are shown in Figures 5
and 6. The main fitting results are summarized in Figure 7 and
Table 1. All fits and fitting results are given in the Supporting
Information (Figures S7−S16).
For the Pd/SiO2 catalyst, the energy shift, constrained for the

whole measurement sequence, is ΔE0 = −1.19 ± 0.06 eV. The
coordination number in the forward sequence in the hydrogen-
rich atmospheres is constant within the error bars, n = 7.09 ±
0.42, decreases slightly at the transition, and increases gradually
in the ethylene-rich atmospheres to a limiting value of
7.92 ± 0.44. In the backward sequence, very small changes in
the coordination number are observed, with the exception of the
transition, at which it increases to 8.64 ± 0.43. The Pd−Pd bond
distance r in the forward sequence in the hydrogen-rich atmo-
spheres is clearly larger than that of the bulk metal and decreases

Figure 4. Difference normalized XAS spectra for (a) Pd/SiO2 and (b)
Pt/SiO2 with respect to the initial spectrum in pure H2. During each
measurement, the sample was purged with mixtures of H2 and C2H4 of
different compositions. The composition was gradually changed from
H2 to C2H4 and back again to H2. The total flow rate was 20 mL min−1.
All measurements were carried out under steady-state conditions. The
measurement sequence is shown from top to bottom. Each spectrum is
indicated by a mark.
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gradually with the changing gas composition until a major bond
length contraction (denoting the transition) occurs, and lastly, it
increases again minimally in the ethylene-rich atmospheres to
a limiting value of approximately that of the bulk metal. In
the backward sequence, the Pd−Pd bond distances change very
little in the ethylene-rich atmospheres, and only on reaching the
hydrogen-rich atmospheres is a major bond lengthening
evidenced. The general trends are thus reversible, albeit with
some small hysteresis. The bond distances in the pure hydrogen
atmospheres at the beginning and end of the measurement
sequence are 2.790 ± 0.002 and 2.794 ± 0.002 Å (longer by 0.9
and 1.3%, respectively, as compared to the value of the bulk
metal, 2.751 Å). The Debye−Waller factor σ2 ranges between
0.008 and 0.010 Å2, being larger in the hydrogen-rich and smaller
in the ethylene-rich atmospheres. The r-factors are typically
smaller than 0.01, indicative of the overall good fitting quality.
The structural parameters obtained for the initial hydrogen-rich
atmospheres are in good agreement with the results of an earlier
EXAFS study (at the L3-edge) of Pd/SiO2 particles under similar
conditions.83

The increased bond distances found in the hydrogen-rich
atmospheres as compared to bulk palladium, the constant
coordination numbers, and the increased Debye−Waller factors

as compared to the ethylene-rich atmospheres are indicative
of the formation of a palladium hydride phase. Palladium
incorporates hydrogen at random interstitial sites, causing lattice
expansion and smaller distortions, but no transitions in the
crystalline structure.58 This has been confirmed in several EXAFS
studies of supported Pd particles.63,64,69,83

The deintercalation and intercalation of hydrogen in the
hydrogen-rich atmospheres during the forward and backward
sequence, respectively, can be directly followed by the changes
occurring in the bond distance. With the lattice expansion Δa
and the bulk metal lattice constant a0 the hydrogen content n of
the palladium hydride phase PdHn can be determined via the
subsequent equation, which has been shown to be valid over
large pressure and temperature ranges:84,85

Δ · = −−a a n n0.0666 0.01640
1 2

(1)

The stoichiometries of the palladium hydride phases
calculated using this equation do not directly correspond to
the hydrogen content of the atmospheres in which the catalysts
were present, indicating that they are strongly affected by the
competitive adsorption of hydrogen and ethylene and the re-
actions that consume (or otherwise transform) them. For
the pure hydrogen atmospheres at the beginning and end of the
measurement sequence, hydrogen contents of n = 0.156 ± 0.027
and 0.177 ± 0.025, respectively, are found, indicative of a mixed
α- and β-palladium hydride phase.58

The magnitude of the lattice expansions in pure hydrogen
atmospheres are in good agreement with previous results,
considering the small particle sizes examined and low hydrogen
pressure and temperature employed. For example, for Pd

Figure 5. (a) k2-weighted EXAFS oscillations χ(k) and best-fit results
for Pd/SiO2 in pure H2 and C2H4, respectively. (b) Analog spectra for
Pt/SiO2. The highlighted areas show the fitting ranges.

Figure 6. (a) Fourier-transform magnitudes |χ(r)| of the k2-weighted
EXAFS oscillations χ(k) and best-fit results for Pd/SiO2 in pure H2 and
C2H4, respectively. (b) Analog spectra for Pt/SiO2 showing the different
contributions (Pt−Pt and Pt-low-Z long- and short-bond scattering
paths, respectively). The highlighted areas show the fitting ranges.

Figure 7. Best-fit results of (a,b) the coordination numbers n and (c,d)
the interatomic distances r for (a,c) Pd/SiO2 (Pd−Pd scattering path)
and (b,d) Pt/SiO2 (Pt−Pt and Pt-low-Z long- and short-bond scattering
paths, respectively) in different mixed atmospheres of H2 and C2H4.
Filled symbols indicate the forward sequence from pure H2 to C2H4, and
open symbols depict the backward sequence from C2H4 to H2;
diamonds are H2-rich gas mixtures, and squares are C2H4-rich gas
mixtures. Note that for Pt/SiO2 the coordination numbers of both
Pt-low-Z contributions are very similar and the Pt-low-Z long-bond
contribution is only present in the C2H4-rich atmospheres.
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particles with sizes of 1−2 nm on multiple supports at atmo-
spheric pressure and room temperature, lattice expansions of
≤ 1.8% have been reported.69 For 5 wt % Pd/Al2O3 with sizes of
≈5 nm, an expansion of 3.7% was found,63 and for Pd/SiO2 with
sizes of 1.9−10.8 nm at 250 °C, relatively larger expansions of
5−7% have been identified.66

The pronounced and abrupt structural transition between the
hydrogen- and ethylene-rich atmospheres can be explained by
changes occurring in the bonding states of reactant-derived
species to the palladium particles. In the hydrogen-rich atmo-
spheres, the ethylene is consumed in the hydrogenation reaction
and atomic hydrogen is the dominant species on (and within)
the Pd particles, whereas in the ethylene-rich atmospheres, both
surface- and bulk-absorbed hydrogen are depleted, and an
ethylidyne layer forms as a result. This causes an increase in the
structural order of the palladium particles due to the loss of the
distribution of bond strains that results from the deintercalation
of the H bound in the form of a metal hydride.86 As noted above,
and contrary to the expectation that an ethylidyne layer would
lead to Pd-low-Z contributions, it is not possible to establish with
statistical significance the nature of any form of Pd−C bonding
that may be present. Such interactions (e.g., from ethylidyne)
must exist, but likely, embed levels of disorder that make them
hard to fit. In an earlier study of 3.5 nm Pd/C particles, heating in
ethylene at 150 °C for 20 min resulted in the formation of a
palladium carbide phase (PdCn) with a Pd−Pd bond distance
expanded by 1.2% as compared to the bulk metal, indicative of a
carbon content of n = 0.06.64 In contrast, for analogous Pd/Al2O3
particles, the formation of a palladium carbide phase was not
observed. Instead, a similar behavior was identified as is found
here.64

When taken together, the results (i.e., the increasing co-
ordination numbers and bond distances) conclusively show that
the particles grow considerably and their structure changes

within the ethylene-rich atmospheres. This process could be
mediated by highly mobile molecular ethylidyne-palladium com-
plexes. The high mobility of ethylidyne on Pt(111) surfaces at
room temperature has been confirmed in STM studies,47,48,87

but such dynamics have not been correlated with mechanisms
of particle coarsening to this point, a subject that might be
addressed in future research.
The mechanism underlying the increase in coordination

number at the transition between the ethylene- to the hydrogen-
rich atmospheres remains poorly understood. The STEM data
unambiguously establish that the effects are directly correlated
with significant coarsening of the supported Pd clusters. The
mobility of the Pd atoms involved, whatever the nature of the
mechanism that sustains it, must be substantial.
For the Pt/SiO2 catalyst, very different qualitative and

quantitative behavior is found. The energy shift, constrained
for the scattering paths in all spectra, is ΔE0 = 8.19 ± 0.23 eV.
The Pt−Pt coordination number found in the initial hydrogen-
rich atmospheres is n = 6.20 ± 0.11, in the ethylene-rich atmo-
spheres 3.32 ± 0.23, and in the final hydrogen-rich atmospheres
4.74 ± 0.35. These are substantial changes in the bonding habits
of the nanoscale Pt clusters. Unlike the Pd clusters, substantial
contributions from Pt-low-Z bonding are evidenced, a form of
bonding that becomes pronounced only after the sample is
immersed in ethylene-rich atmospheres. Two distinct forms of
Pt-low-Z bonding (a long and short bond, respectively) are
evidenced. Only one of these (the long bond) is retained when
the sample is returned to a hydrogen-rich ambient. The Pt-low-Z
long-bond coordination number is in the ethylene-rich
atmospheres 0.81 ± 0.13 and in the final hydrogen-rich
atmospheres 0.92 ± 0.20, the Pt-low-Z short-bond coordination
number in the ethylene-rich atmospheres is 0.83 ± 0.09. The
bond distances of the Pt−Pt and the two Pt-low-Z contributions
seem to be essentially constant during the whole measurement

Table 1. Best-Fit Parameters Obtained in the EXAFS Fitting for Pd/SiO2 and Pt/SiO2
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sequence. The Pt−Pt bond distance in the initial hydrogen-rich
atmospheres is r = 2.760± 0.004 Å (i.e., slightly smaller than that
of the bulk metal of 2.772 Å) and then seems to increase only
minimally thereafter. The bond distances of the Pt-low-Z
contributions are 2.52 and 2.02 Å, respectively. The Debye−
Waller factors, σ2, are similar for all three contributions, typically
slightly smaller than 0.01 Å2, and smallest in the initial hydrogen-
rich, largest in the ethylene-rich, and intermediate in the final
hydrogen-rich atmospheres. The third cumulant σ(3) of the Pt−
Pt contribution, ranging between 220 and 760 × 10−6 Å, shows a
similar dependence. These data reveal, again, a striking structural
complexity within the bonding dynamics of the supported metal
clustersdynamics with marked “in operando” sensitivities.
Their nature is discussed in detail in the section that follows.
It is interesting to note that, in the initial hydrogen-rich

atmospheres, significant metal−support interactions are not
evidenced, as can be inferred from the absence of Pt-low-Z
bonding contributions. This is in contrast to the results of several
previous EXAFS studies of Pt/SiO2 particles in hydrogen
atmospheres, in which Pt-low-Z contributions at 1.9−2.2 Å
(i.e., short-bond contributions) were identified and attributed to
Pt-support-O bonds.70,72,88 The discrepancymay be attributed to
the different particle structures and experimental conditions
(typically, larger particles, reduced at higher temperatures, have
been used in the earlier work). In another study, for Pt/SiO2
particles with comparable structures under similar experimental
conditions as are examined here, no discernible contributions
from metal−support interactions were found.71 Moreover, the
Pd/SiO2 catalysts described above were treated in the same
manner and also showed no significant contributions due
to metal−support interactions in the EXAFS data. The Pt−Pt
coordination number, a parameter indicative of the average
particle structure, is very similar in the initial hydrogen-rich
atmospheres to those identified in EXAFS studies for supported
Pt particles with similar TEM sizes.70,71 The slight bond
compression as compared to the bulk metal is a finite-size effect
well-known for Pt particles smaller than ≈2 nm.89

The Pt-low-Z contributions, which form upon transition to
the ethylene-rich atmospheres, can in principle be due to metal−
support or metal−adsorbate interactions. The short-bond con-
tribution is most probably due to Pt−C bonding of ethylene-
derived species (i.e., mainly ethylidyne) adsorbed on the Pt
particles, because it is reversibly formed and only prevalent
within the ethylene-rich atmospheres. In addition, DFT
calculations of ethylidyne adsorbed on (111) surfaces of different
Pt clusters yield very similar Pt−C bond distances, with values
ranging between 1.96−2.02 Å.90−92 The long-bond contribution
has two possible origins; either it is due to intraparticle Pt−C
bonding or Pt−O bonding to the support. It is not possible to
distinguish between Pt−C and Pt−O bonding with EXAFS.
Given that this species only forms upon exposure to ethylene-
rich atmospheres, the assignment to a Pt−C-based bonding
motif seems most likely, a point that is discussed in terms of a
structural model in the section below. To our knowledge, Pt-low-
Z long-bond contributions of this type have not been identified in
previous studies for SiO2 supports. The only similar findings
were for Al2O3 supported clusters; their physical origin was not
fully explained.72,93 In contrast, Pt-low-Z short-bond contribu-
tions have been observed frequently for SiO2 supports and
typically attributed to Pt−O bonding to the support (see
above).70,72,88,93 The results presented here suggest that the
nature of this bonding may require a careful individual assessment.

Despite the fact that a number of prior studies have used
EXAFS to investigate the structures adopted by supported Pt
clusters in an ethylene atmosphere,71,72 the correlation that
might exist between their reactivity and structural properties
remain incompletely understood. For Pt/Al2O3 particles with
similar sizes,71,72 analogous results were obtained as are reported
herepronounced differences between the spectra in hydrogen
and ethylene atmospheres, in agreement with a decrease of the
Pt−Pt and an increase of the Pt-low-Z bonding contributions. In
contrast, for larger Pt/SiO2 particles,

72 only minor differences
between hydrogen and ethylene atmospheres were identified.
This might be expected due to their more bulk-like bonding
habits. As cluster size strongly weights the contribution of sur-
face atoms in XAS, such differences may underlay much of
the variability evidenced in the current literature. The nature of
the surface and interior cluster bonding habits is an attribute that
critically distinguishes the quantitative structural model
described above. What is crucial to note here is that the nature
of the processes that impact the Pt−Pt bonding, engendering a
pronounced and only partially reversible decrease in coordina-
tion number due to the exposure to an ethylene-rich ambient, is
constrained by the STEM data. As noted above, only small (if
any) changes in the Pt cluster-size distribution occur over the
course of the in operando experiment. For this reason, it seems
necessary to reason that the changes in bonding (e.g., in
coordination numbers and Debye−Waller factors) seen in the
structural transitions occurring between the hydrogen- and
ethylene-rich atmospheres and vice versa are not due to
redispersion of the particles, but rather, they may in fact result
from changes in their chemical composition, a point explored in
more detail below.
In summary, for Pt/SiO2 qualitatively similar changes occur

during the experiment as for Pd/SiO2, with exception of the
hydrogen (de)intercalation and the significant apparent decrease
in particle size upon the transition from hydrogen- to ethylene-
rich atmospheres in the forward sequence. In the following
section, models that quantitatively account for these features will
be discussed.

Comparison Between the Mechanisms of Structural
Transformation of the Two Catalysts. The results of the
EXAFS fitting (in particular, the average M−M coordination
numbers) and the STEM analysis (the particle sizes) can be
interpreted self-consistently in terms of the structural models
given in Figure 7 and the Supporting Information (Table S1).
The changes in the Pd/SiO2 catalyst in the different mixed

hydrogen and ethylene atmospheres during the measurement
sequence can be attributed to modifications made in the mor-
phology of the particles rather than their chemical composition.
Because a mechanism involving hydrogen (de)intercalation
mainly affects the crystalline structure (i.e., bond distances,
order), but not the overall morphology (i.e., metal atom number
and coordination), and given that no contributions from other
species are evidenced, particle growthmust occur in this instance.
The average particle morphology is, considering both the results
of the EXAFS fitting and the STEM analysis and under the
assumption that the particles exhibit ideal truncated-cuboctahedral
shapes, in the initial hydrogen-rich atmospheres in best agree-
ment with a bilayer consisting of 45 atoms, in the ethylene-rich
atmospheres under equilibrium conditions with a trilayer of 82
atoms, and in the final hydrogen-rich atmospheres with a trilayer
of 145 atoms (Figure 7a). During the measurement sequence,
the particles grow, based on the number of atoms present in the
model particles, by a factor of ≈3.2. This corresponds to a
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decrease in total surface area by a factor of ≈2.3. These models
are clearly gross simplifications, neglecting important features
(e.g., small particles often exhibit perturbed, nonideal structures,
and the coordination numbers and particle sizes agree with
multiple model structures). Still, when taken together, the
data clearly evidence the important mechanistic role of particle
coarsening that is gas composition-sensitive for the Pd/SiO2
catalysts, a substantial (and irreversible) growth of the catalyst
clusters during ethylene hydrogenation that becomes most
pronounced in ethylene-rich regimes. Small particles appear to
be especially susceptible to this form of restructuring. How effects
such as bond strains and adsorbate-induced bonding influence this
coarsening will need to be addressed in future studies.
For the Pt/SiO2 catalyst, a very different behavior is identified.

Initially in the hydrogen-rich atmospheres, the particles are purely
metallic and thus, under the assumptions stated above, in best
agreement with a bilayer comprised of ∼31 atoms (Figure 7b).
The exposure to an ethylene-rich atmosphere leads to pronounced
changes in the chemical composition of the Pt clusters, an impact
most strongly evidenced by the appearance of significant
contributions from two distinct forms of Pt-low-Z bonding.
Specifically, these two additional bonding contributions can be
attributed to ethylidyne adsorbed on the particles and a Pt−C
species on (but more likely, within) the particles, respectively.
Upon returning to hydrogen-rich atmospheres, only the
contribution due to the Pt−C species persists. How the adoption
of a specific form of Pt−C bonding can rationalize, at least in
good qualitative terms, all the features observed experimentally is
illustrated in schematic form in Figure 7. Several aspects of the
experimental results inform the model presented there. In
considering only the changes in the Pt−Pt bonding upon altering
the gas from hydrogen- to ethylene-rich compositions (the
dramatic decrease in Pt−Pt coordination numbers), a simple
model might invoke processes that degrade the initial three-
dimensional morphologies of the metal clusters in ways that lead
to the formation of smaller, essentially two-dimensional rafts
(from a truncated-cuboctahedral 31-atom cluster to a 7-atom
raft-like cluster). This transition in the cluster motif would have
to be partially reversible in that the return from an ethylene- to
hydrogen-rich gas composition is associated with a pronounced
increase in the M−M coordination numbers, which quantita-
tively suggests within this model some degree of coarsening (e.g.,
from a 7- to a 19-atom raft). Substantive arguments weigh against
this model, however. First, it is hard to rationalize M−Mbonding
dynamics that would first decompose a nanoscale cluster and
then partially revert solely on the basis of a change in gas phase.
Second, and most significantly, no Z-contrast differences are
evidenced in the STEM images of the pristine catalyst particles
and those recovered after the XAS experiment. Two-dimensional
rafts, even if having similar lateral sizes, would have a much lower
Z-contrast than three-dimensional particles given their lower
Pt-atom content. Another possibility to explain the results is to
assume that the particle size distribution changed during the
reaction. Without an in operando STEM experiment that would
provide statistical information about the particle size distribu-
tions present before, during, and after the reaction sequence, all
that can be definitively concluded is that the sample motifs and
size distributions are indistinguishable when quantitatively
evaluated by STEM before and after the XAS measurements.
This argues strongly against any model that involves a massive
dismemberment of the M−M bonding and redistribution of the
mass present in the metal clusters. When considering mech-
anisms that might elicit changes in the chemical composition of

the Pt clusters, a more sophisticated model of the catalysts
structural evolution during the measurement sequence emerges.
This model (as depicted in Figure 7b) is based on competitive
partitioning of ethylene in the olefin-rich atmospheres along
pathways forming ethylidyne and a carbide-like phase, each
moiety contributing a distinct form of Pt-low-Z bonding. The
model structure adopted to facilitate this consideration, a Pt31C12
cluster (Figure 7b), is derived from the original, truncated-
cuboctahedral Pt31 cluster by intercalation of a C atom layer
between the two Pt atom layers and describes the state of the
catalyst in the final hydrogen-rich atmospheres. This structure is
based on a modified zinc blende structure, which is predicted in
theoretical calculations to be the stable platinum carbide phase
under ambient conditions.94,95 The cluster exhibits the highest
possible symmetry based on this structural motif.
This model, while providing a good qualitative description of

the trends seen in the XAS data, does not fully reproduce it
quantitatively. For example, the first-shell M−M coordination
number (4.26) is smaller and the Pt−C bonding contribution
(1.55) larger than that observed experimentally. In particular, the
coordination number of the Pt−C long-bond would correspond
to only 6−9 C atoms, rather than a full layer, being present within
the cluster. These quantitative discrepancies notwithstanding,
the proposed model structure should be considered as rep-
resenting only an upper limit of C content of a platinum carbide
phase and illustrative of a chemically plausible mechanism
through which the M−M coordination numbers of the
supported Pt clusters can be decreased markedly without
requiring their effective dissociation. It should also be noted
that the coordination number of the Pt-low-Z short-bond con-
tribution is in reasonable agreement with the expectations for an
ideal full-coverage ethylidyne adlayer (i.e., 1/4 ML47,48,87), as
forms on a single-crystalline Pt(111) surface. Considering the
high fraction of Pt surface atoms (24/31 = 0.774), which, within
the model, does not change significantly during the measurement
sequence, the ideal ethylidyne coverage is 24/31 × 3/4 = 0.58. It
is likely, however, that the actual ethylidyne coverage for these
nanoparticles could be higher than for single crystal surfaces,
because they exhibit a three-dimensional surface structure
exposing a broader diversity of active bonding sites. The increase
in the M−M coordination number that occurs on cycling from
the ethylene- to the hydrogen-rich atmospheres is most likely due
to a structural relaxation mediated by the removal of the bound
ethylidyne groups via an H-addition-mediated desorption path-
way. A partial decomposition of the platinum carbide phase can
be excluded with certainty, because the coordination number of
the Pt-low-Z long-bond contribution is unaffected.
Additional support for the carbide-phase model presented

in Figure 7b comes from the attributes of electronic structure
revealed in the XANES data. During the measurement sequence,
the exposure to mixed hydrogen and ethylene atmospheres leads
to an intriguing evolution of the white line intensities for the
Pt/SiO2 catalysts, a pronounced increase occurring in the olefin-
rich gas composition that is retained when the sample is returned
to a hydrogen-rich ambient. This effect is further correlated with
the presence/retention of the long Pt−C bonding contribution.
Most significantly, the formation of the new phase, embedding
carbide-like Pt−C bonds, fully rationalizes this feature and the
retention of the significant white line intensity upon returning
from ethylene- to hydrogen-rich atmospheres. It is thus the
platinum carbide speciation (and most likely not ethylidyne,
which is removed by exposure to hydrogen) which provides the
modifications in the electronic structure underlying this effect.
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It seems particularly important that future work should more
fully explore how carbon is incorporated into these supported
metal catalysts and whether the very small particle sizes facilitate
this in some way. We believe that studies to this end will likely
require both new analytical and theoretical capabilities providing
information about the development of the atomic and electronic
structure of single particles during catalytic reaction.

■ CONCLUSIONS
We describe in this perspective the properties exhibited by two
exemplary catalysts, Pd/SiO2 and Pt/SiO2, as evidenced during
ethylene hydrogenation in various mixed atmospheres of
hydrogen and ethylene using in operando X-ray absorption
spectroscopy (XAS). Both catalysts were found to undergo
major, atomic-scale, structural transformations and pronounced
changes in electronic properties. Specifically, a defined transition
between hydrogen- and hydrocarbon-covered surfaces was
identified and varying composition-dependent transforma-
tions of the metal structures. For Pd/SiO2, gradual, gas-phase
composition-dependent hydrogen (de)intercalation was ob-
served, an aspect of the dynamics that is strongly affected by
the competitive adsorption of hydrogen and ethylene and their
surface reactions. More crucially, though, the Pd clusters of this
catalyst showed a pronounced tendency to coarsen during
hydrogenation, an attribute that also shows pronounced
sensitivity to the gas-composition-mediated phase transforma-
tions seen in this system. This seems to be a feature that
theoretical models of the nanoscale mechanics might be
developed to address.
The chemistry of the Pt-based catalysts displays a central role

of the composition-driven structural transformations. Here no
significant coarsening is observed, but rather, a change in the
structural features of the metal phase is mediated by the
formation of essentially carbide-like materials. This unexpected
dynamical form of structural complexity, however, has no
consequential effect on the overall reactivitythe ethylene
hydrogenation proceeds completely, regardless of the metal
cluster catalyst’s structure, composition, and size. This evidence
is an intriguing addition that might be made to the classical
metric used to define the structural sensitivity of a heterogeneous
catalytic process. In this case, olefin hydrogenation provides a
remarkable example of how significant forms of complexity in
atomic and electronic structural dynamics can be embedded
within otherwise apparently simple structure−property correla-
tions in catalysis.
In this perspective, we have highlighted the use of an essential

tool of in operando characterization in a study of an exemplary,
and arguably exceptionally well-investigated, catalytic reaction.
These data illustrate how, even in a system such as this, there
remain challenging and as yet poorly understood features of
atomic and electronic structure, as well as the dynamics that
shape them, which future work must come to address to allow
progress to be made against grand challenges, most notably
to use established principles of materials structure and dynamics
to guide the synthesis of new catalysts. An opportunity exists to
make progress in research in ways that will make it possible to
develop such principles and with a depth of understanding that
has not been possible in the past. Our work has emphasized the
role of X-ray spectroscopy (XANES and EXAFS) as an essential
experimental tool for use in developing fundamental under-
standing of structure and dynamics in heterogeneous catalysis, in
particular as a means for building via in operando investigations
the science needed to address attributes of nanoscale structure as

they exist and are transformed in real-process conditions. It is
becoming increasingly evident that the sophistication/complex-
ity of the questions being addressed in research challenge the
capabilities of even state-of-the-art experimental and theoretical
methods. Considering the presented data as an explicit example,
the depth of detail that can be extracted from analyses of that data
very much follows directly from the quantitative attributes of the
XANES and EXAFS measurements. To better understand the
reaction dynamics, as well as the mechanisms of metal-cluster
coarsening and fragmentation evidenced there, enhancements of
spatiotemporal and energy resolutions are highly desirable.96−99

The enhancement of spatial resolution would also stand as an
advancement of capability of the most urgent importance as
it is in principle the only means that will allow a circumvention of
the limitation of XAS as an ensemble-averaging spectroscopic
methodwhich for measurements made neglecting of the
details of cluster disorder, as well as distributions of size, com-
position, and shape, could lead to spurious analytical assess-
ments.86,100−103 The improvement of energy resolution has
recently become possible with the utilization of High Energy
Resolution Fluorescence Detection (HERFD) methods,104−109

in which only selected emission lines are detected, resulting in
more sharp and intense XANES features compatible with
rigorous treatments by theory, as well as an enhanced sensitivity
in the EXAFS range,110 which, most importantly, can be used to
develop new understandings of in operando materials dynamics
in catalysis.105,108,111 These methods are becoming progressively
more attractive to the catalysis community, and their use will, in
turn, continue to stimulate the development of both new and
more powerful synchrotron sources, as well as new types of
synchrotron-based techniques for use in operando catalysis
research.
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