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he field of heterogeneous catalysis has received a remarkable amount of interest from scientific and industrial perspectives

because of its enormous impact on the world's economy: more than 90% of chemical manufacturing processes use catalysts.
Catalysts are also essential in converting hazardous waste into less harmful products (car exhaust) and in generating power (fuel
cells). Yet in all applications, it remains a challenge to design long lasting, highly active, selective, and environmentally friendly
catalytic materials and processes, ideally based on Earth-abundant elements. In addition, the field needs more satisfactory
experimental and theoretical approaches to minimize trial and error experiments in catalyst development.

Nanocatalysis is one area that is developing rapidly. Researchers have reported striking novel catalytic properties, incuding
greatly enhanced reactivities and selectivities, for nanocatalysts compared to their bulk counterparts. Fully harnessing the power of
nanocatalysts requires detailed understanding of the origin of their enhanced performance at the atomic level, which in turn
requires fundamental knowledge of the geometric and electronic structures of these complex systems.

Numerous studies report on the properties that affect the catalytic performance of metal naoparticles (NPs) such as their size,
interaction with their support, and their oxidation state. Much less research elucidates the role played by the NP shape.
Complicating the analysis is that the preceding parameters are not independent, since NP size and support will affect which NP
shapes are most stable. In addition, we must consider the dynamic nature of NP catalysts and their response to the environment,
since the working state of a NP catalyst might not be the state in which the catalyst was prepared, but rather a structural and/or
chemical isomer that responded to the particular reaction conditions. In order to address the complexity of real-world catalysts,
researchers must undertake a synergistic approach, taking advantage of a variety of in situ and operando experimental methods.
With the continuous shrinking of the scale of material systems, researchers require more sensitive experimental probes and
computational approaches that work across a wide range of temperatures and chemical environments.

This Account provides examples of recent advances in the preparation and characterization of NP catalysts with well-defined
shapes. It discusses how to resolve the shape of nanometer-sized catalysts via a combination of microscopy and spectroscopic
approaches, and how to follow their evolution in the course of a chemical reaction. Finally, it highlights that, for structure-sensitive
reactions, controlled synthesis can tune catalytic properties such as the reaction rates, onset reaction temperature, activity, and selectivity.

Introduction

Greatly enhanced reactivities and selectivities have been
reported for nanoparticle (NP) catalysts as compared to their
bulk counterparts,’° and numerous experimental studies
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have focused on correlating catalytic activity with NP size,
composition, and support.' ~®® Nevertheless, although it

has also been recognized that the NP shape is an important

1,4,10-28

parameter of consideration, insufficient information
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is still available on the most stable shapes for common cata-
lytic materials, how they are affected by the NP size and
support, as well as their evolution in the course of a chemical
reaction.

Since different crystallographic facets can be stabilized on
NPs with different shapes, different reactivities and selectiv-
ities may be expected on distinct facets. For example, hano-
cube Ag NPs with {100} facets were found to be 14 times
more active for the oxidation of styrene than nanoplates,
and 4 times more active than spherical NPs.'” A similar trend
was reported for the selective epoxidation of ethylene over
Ag nanostructures, with nanocubes and nanowires with
predominantly {100} facets displaying better selectivities
than nanospheres composed mainly of {111} facets.?” A
shape-dependent reactivity was also observed for Cu,O
nanocrystals, with {111} facets being photocatalytically
active when interacting with negatively charged molecules,
and cubes with {100} facets being inert.>! With the help of
these methods. the larger fraction of corner and edge atoms
present in tetrahedral Pt NPs as compared to cubic NPs was
also held responsible for the lower activation energy and
faster dissolution of surface Pt atoms during the reaction
between hexacyanoferrate () and thiosulfate ions.'® The
effect of the NP shape on the oxygen reduction reaction
(ORR) over Pt NPs was investigated.'® Based on the distinct
electrocatalytic activities observed for differently oriented
NP arrays, a synergistic cooperative behavior for ORR be-
tween {100} and {111} facets was suggested, with O, pre-
ferentially adsorbing on (100) facets, but subsequently dif-
fusing to {111} facets where it is more efficiently reduced.'®
The selectivity of hydrogenation reactions could also be
tuned by selecting Pt nanocatalysts with different shapes.?®
In particular, Pt nanocubes with {100} planes displayed en-
hanced selectivity for the conversion of benzene to cyclo-
hexane, while a mix of cyclohexane and cyclohexene was
obtained over cuboctahedron NPs with {100} and {111}
facets.?® Higher selectivity for n-butylamine was observed
for Pt nanocubes as compared to nanopolyhedra during the
hydrogenation of pyrrole due to their more favorable ring-
opening ability.3° Furthermore, the high selectivity for the
thermodynamic unfavorable isomerization of trans-2-butene
to its cis counterpart observed over tetrahedral Pt NPs
dispersed on SiO>-xerogel was assigned to the high content
of Pt(111) facets,?®> with more open surfaces [e.g., Pt(110)]
leading to the reverse reaction. Furthermore, sample heating
resulting in changes in the NP shape and a decrease in the
content of Pt(111) facets gave rise to a decrease in trans-to-
cis conversion.?®> Enhanced reactivities and lower onset
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temperatures for the oxidation of CO were measured over
Pd octahedral and spherical NPs with predominantly {111}
facets, as compared to Pd nanocubes with {100} facets.??
The stronger binding of CO to the {111} facets was con-
sidered advantageous for this catalytic oxidation reaction.
The above examples illustrate the importance of taking into
consideration the NP shape for the understanding of cata-
Iytic performance. Nevertheless, it should also be noted that
structure-insensitivity, for example, reaction rates and prod-
uct distributions independent of the NP size and shape, has
also been reported for a variety of catalytic reactions®' ~33and,
in some instances, for the same reactions over different
catalytic materials or under distinct reaction conditions.3~3>
While electron-beam lithography has been used in the
past to generate catalysts with well-defined structures,'®
its high cost, lack of scalability, and the limitation in the
minimum NP size which can be achieved using this method
makes it undesirable for a large number of structure-
sensitive catalytic processes. Colloidal chemistry ap-
proaches have been proven to be a valuable alternative,
since they also result in uniform NP size distributions for
smaller NP sizes.'#93° Size-selection is crucial in order to ensure
homogeneity of the NP shape distributions.3” Nevertheless,
despite significant recent activity in this area,8911.14.1617.21.36
challenges still remain in the synthesis of shape-selected
colloidal NPs < 5—7 nm. Additionally, despite possibly well-
defined initial NP structures (size and shape), NP catalysts
should be viewed as dynamical entities which might be
subject to structural, morphological, as well as chemical
changes under reaction conditions.'®3® True understanding
of structure—reactivity correlations can only be achieved if
the evolution of the catalyst geometry is monitored under
operando conditions. For this purpose, experimental facil-
ities including advanced in situ synchrotron spectroscopy
and scattering, high pressure X-ray photoelectron spectros-
copy (HP-XPS), electron microscopy and diffraction, as well as
first principle theoretical calculations under realistic environ-
ments must be considered.*>”1%1839-43 For instance, the
dynamic response of supported Pd NP catalysts to CO/NO
cycles in terms of changes in the NP size, shape, and
composition was recently reported.** Furthermore, the mor-
phology and equilibrium shape of Pd and Rh nanocrystals
was found to be modified upon O, adsorption, with closed-
packed (111) facets being mainly present under low O,
pressures, and (110) open surfaces leading to nanocrystal
rounding dominating at elevated pressures.*? An increase in
the total area of (100) facets at the expense of (111) surfaces
was observed for Rh NPs upon oxidation, a change which
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FIGURE 1. (a) Schematic description of the inverse micelle encapsulation NP synthesis. (b) STM image of Pt NPs on TiO»(110) acquired at RT

after sample heating in UHV at 1000 °C.

could be reversed upon subsequent NP reduction.*> High
resolution transmission electron microscopy (TEM) images
obtained under H, and O, atmospheres demonstrated the
faceting of TiOx-supported Au NPs under H, (truncated octahe-
dron shape), and their rounding and dewetting under 0,.%°
Chemisorption-induced morphological changes in NPs such as
the ones described above need to be considered when models
to explain catalytic reactivity are proposed, since certain reac-
tion environments might lead to a decrease/increase in the
relative area of the most catalytically active surface facets/sites.

The above description emphasizes the need of not only
having a thorough knowledge of the average NP size and
size distribution characteristic of a particular sample, but also
the most stable NP shapes under any given set of reaction
conditions (temperature, pressure, chemical environment),
since both parameters will affect chemical reactivity. Although
such studies have already been initiated, significant additional
effort will be needed in the years to come to address changes in
the NP structure under a certain chemical or reaction environ-
ment and take advantage of such knowledge in the rational
design of the next generation of nanoscale catalysts.

Colloidal Synthesis of Size- and Shape-Selected
Nanoparticles

New approaches for the fabrication of nanostructures based
oninverse micelle encapsulation methods have enabled our
group to produce model catalyst samples with narrow NP
size and shape distributions as well as uniform arrangements
over large surface areas.'*”4”~>° Figure 1a shows a schematic
of the process used to generate submonolayer coverages of
self-assembled NPs. It involves the dissolution of diblock
copolymers (PS-P2VP) in toluene leading to the formation of
inverse micelles, the loading of the micelles with a metal salt
precursor (e.g., H>PtCl, HAuCl,, FeCls), dip-coating of the desired
thin film or single crystal support into the polymeric solution,
and subsequent ligand removal in ultrahigh vacuum (UHV) by
means of an O»/H, plasma treatment. The NP size can be tuned
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FIGURE 2. (a—¢) STM images of micellar Pt NPs on TiO(110) taken at RT
after heating in UHV above 1000 °C. The facet orientations within
each shape are shown in (d—f). Three size regimes featuring different
NP shapes were found. (g) Ratio of surface areas and energies of
{100} versus {111} facets as a function of the NP size (or number of
atoms within the NP).

by changing the length of the polymer head (P2VP) or the
metal/P2VP ratio, while the interparticle distance can be con-
trolled by changing the length of the polymer tail (PS).

Solving the Structure of Nanoparticles: STM
and EXAFS

The scanning tunneling microscopy (STM) image in
Figure 1b corresponds to Pt NPs on TiO»(110) prepared using
this micelle-based synthesis and was acquired after sample
heating in UHV at 1000 °C and subsequent cooling to room
temperature (RT). A remarkable thermal stability of the
micellar NPs is evidenced by the preservation of the original
hexagonal arrangement and lack of changes in the average
NP height.*” Furthermore, the high temperature annealing
treatment was found to lead to geometrically well-defined
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FIGURE 3. STM images of micelle-synthesized Au (a, b) and Pt (c, d)
NPs on TiO,(110) acquired at RT after heating in UHV above 1000 °C.

3D faceted Pt NPs in their equilibrium state, Figure 2a—f. Our
study also demonstrated that the initial NP volume can
provide a means to control the final NP shape, with three
main shape categories being stable for the micelle-synthesized
Pt NPs on TiO,(110), Figure 2g. Besides, the shapes of these
NPs were found to differ from the Kkinetically limited shapes
of conventional physical vapor deposited (PVD) NPs, which
normally form two-dimensional flat islands on TiO upon
annealing at elevated temperatures. Moreover, an epi-
taxial relationship with the TiO»(110) support was observed for
the micelle-synthesized Pt and Au NPs.>° Despite the significant
anisotropic interfacial strain present in the former systems,
symmetric single crystal NPs were obtained, Figures 2a—cand 3.
However, in most cases, the ratio of {100}/{111} facet areas
and related surface energies of the NP shapes resolved was
found to deviate from that of bulklike Wulff structures,
Figure 2g. This is assigned to interfacial strain, not considered
in the model unsupported Wulff NPs. The epitaxial orientation
of the interfacial facets observed via STM and rare occurrence
of rotated NPs can be explained based on calculations of lattice
mismatch between a given interfacial Pt facet and the TiO,-
(110) surface, Figure 4. The majority of our NPs was found to
have at least one edge parallel to the TiO»(110)-[100] rows.?”>°
Nevertheless, some rotated NPs were also observed, but those
had at least one of their symmetry axes parallel to such rows.
The calculations displayed in Figure 4a correspond to a NP of
type A (TA) shape (see Figure 2a, d) with a Pt(100) facet in
contact with TiO,. Strain coefficients ¢ of about 6% along the
[110] direction of the TiO(110) surface and —6% along [001]
resulted here in the best overlap of the Pt and TiO, lattices.
Nonetheless, it should be noted that such values are likely
overestimated, since they assume a rigid TiO- lattice under-
neath the NP, and only compression/expansion of the Pt NP
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FIGURE 4. (a) Overlap between the lattices of a Pt(100) interfacial facet
and the TiO5(110) surface shown as a function of the strain (¢,) parallel
to [001] and the in-plane rotation angle of the Pt(100) lattice with respect
to the TiO»(110){001] direction. The strain (¢,) was fixed to the optimum
value of —6.4% giving rise to the maximum Pt/TiO,, lattice overlap. The
strain is defined as (Lpuik — Lrelaxed)/Lbuiy Where Ly and Liejaxeq are the
lattice parameters of bulk platinum and the strained Pt structure,
respectively. A negative strain shows the expansion of the Pt lattice at
the NP/support interface. These calculations assume that only

the Pt lattice is strained to adapt to the TiO, lattice underneath the NPs,
while the TiO, lattice is assumed to remain rigid.

interface. Further theoretical work is needed for such systems
in order to gain additional quantitative insight into the extent of
the interfacial strain, and how far away from the NP/support
interface would the effect still be noticeable within the NP.
The previous examples demonstrate that control over the
NP size, shape, dispersion on the support, and interfacial epi-
taxy can be gained by our colloidal synthesis method, present-
ing significant advantages toward the rational engineering of
adtive nanoscale catalysts. Furthermore, the thermodynamically
stable morphology of our NPs (shapes adopted after thermal
treatments at/above 1000 °C and subsequent quenching)
guarantees the stability of these material systems under ex-
treme thermal treatments in vacuum, and provides an excel-
lent platform for comparisons with theoretical calculations
based on equilibrium NP shapes.?® It should be however
mentioned that for other environments (e.g, H, O,) different
shapes might be more stable. Moreover, these thermally stable
NPs with reduced mobility were found to stabilize step edges
of the underlying TiO(110) support, resulting in the forma-
tion of TiO, nanostripes along [001] upon heating in vacuum
at elevated temperatures, Figure 5. This result is due to
desorption of oxygen and the concomitant diffusion of
Ti*" cations perpendicular to the surface into the bulk of
TiO,(110).>" Our finding opens the possibility of using metallic

Vol. 46, No. 8 = 2013 = 1682-1691 = ACCOUNTS OF CHEMICAL RESEARCH = 1685


http://pubs.acs.org/action/showImage?doi=10.1021/ar300226p&iName=master.img-003.jpg&w=156&h=156
http://pubs.acs.org/action/showImage?doi=10.1021/ar300226p&iName=master.img-004.jpg&w=199&h=192

Metal Nanoparticle Catalysts Roldan Cuenya

[001 (110

FIGURE 5. (a,b) Schematic representation of the formation of TiO»
nanostripes stabilized by micellar Pt NPs. Oxygen desorption and
inward diffusion of Ti>* (into the bulk of TiO>) predominantly occurs
at [1-10] step edges, while [001] steps remain stable. This results in
the loss of unpinned TiO, rows starting from their free ends. Pt NPs can
stabilize [1—10] steps and protect TiO rows attached to them by those
steps. The STM image in () displays a nanostripe—nanoparticle
configuration.

micelle-synthesized NPs to pattern catalytically active oxide
surfaces, generating uniform arrays of oxide nanostripes
with tunable width (related to the NP diameter), orientation,
and interstripe distance (related to the interparticle distance).

The above synthesis method is also suitable for the
generation of metal NP catalysts on high surface area
powder supports.*85253 In such cases, the encapsulating
ligands are removed by thermal treatments in O, at/above
375 °C, and the overall NP shape can be tuned from three-
dimensional (3D) to 2D by decreasing the metal loading
inside a given micellar cage, with low loadings leading to
flatter (2D) NPs.3”4° The small size and homogeneity of the
resulting nanoscale catalysts, Figure 6¢, makes them ideal
targets for combined operando spectroscopic studies, in-
cluding extended X-ray absorption fine-structure spectrosco-
py (EXAFS), diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), and mass spectroscopy. Although the
shape of 3D NPs with sizes above ~1.5 nm can be resolved via
STM (and in some cases atomic force microscopy, AFM), tip-
convolution effects prevent the visualization of much smaller
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FIGURE 6. (a) EXAFS data in r-space of ~1 nm Pt NPs/y-Al,O5 with
two different shapes (52, S3). The measurements were done under H,
atmosphere at RT after NP reduction at 375 °C. Data from a Pt foil are
also shown for reference. The insets in (a) correspond to model NP
shapes with coordination numbers in agreement with those extracted
from the EXAFS data. (b) Coordination numbers (CNs) from 1st to 4th
nearest neighbor extracted from the MS analysis of EXAFS data (solid
symbols) of S2 and S3 compared to those obtained from model fcc
NP shapes with a diameter identical to that of the experimental
samples (1.0 & 0.2 nm) (open symbols). () TEM image of ~1 nm
micelle synthesized Pt NPs supported on y-Al;O3 (S2).

3D NP structures, which appear “spherical” in STM and AFM
images. In order to resolve the size and shape of smaller NPs,
spectroscopic approaches must be undertaken. We have re-
solved the structure of small (0.7 nm <d< 1.5 nm) size-selected
Pt NPs synthesized by inverse micelle encapsulation by a syn-
ergistic combination of TEM, EXAFS (providing average coordi-
nation numbers, CNs), and NP shape modeling, Figure 6a,
b.3748 Figure 6a displays Fourier transform EXAFS spectra
corresponding to two Pt NP/y-Al,O3 samples with an aver-
age TEM diameter of 1.0 + 0.2 nm but distinct shape
measured at RT in hydrogen. A multiple scattering (MS)
analysis of these data led to the experimental 1st—4th
nearest neighbor (NN) CNs shown in Figure 6b (closed
symbols).*® The final model NP shapes representative of a
given sample (see insets in Figure 6a) were selected from a
database of fcc NP shapes based on their agreement with
the EXAFS coordination numbers (1st to 4th NN), the TEM NP
diameters, and their resemblance to real but larger NP
shapes observed by STM on similarly synthesized samples
supported on single crystal substrates.
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FIGURE 7. (a) Partial oxidation of 2-propanol over Pt NPs of similar
size (~0.8 nm S1, ~1 nm S2, S3, S4) but different shape. Onset
reaction temperature versus (b) the relative content of atoms at
corner and edge sites on the NP surface and (c) the average number
of broken bonds at the NP surface. The insets in (b) display the model
shapes that best describe the NPs in each of the samples (obtained
from EXAFS and TEM measurements and modeling). The color coding
of the atoms in (b) reflects different number of nearest neighbors,
with the atoms in white having a CN of 9, and those in dark red a CN
of 4. The STM images in (c) were acquired on similarly synthesized but
larger Pt NPs supported on TiOx(110).

Structure, Chemical State, and Reactivity
Correlations

Shape Effects. Using y-Al,Os-supported micellar Pt NPs
with similar size (~0.8 nm for ST and ~1 nm for S2, S3, S4)
but different shape as model systems, the partial oxidation
of 2-propanol was investigated in a packed-bed mass flow
reactor,” Figure 7a. A correlation between the NP shape and
the onset reaction temperature was observed, with the
bilayer (2D) Pt NPs in S3 displaying the best catalytic perfor-
mance, Figure 7b.*® This result suggests that the NP support
(y-Al,O3) might play a positive role in the reactivity of these
NPs either by inducing strain (the smallest Pt—Pt distances
were measured for this sample via EXAFS), by providing
catalytically active reaction sites at the NP/support interface
(perimeter atoms), or via NP/support charge transfer pro-
cesses. Nevertheless, the NPs in sample S3 were also the
ones with the highest number of low-coordinated atoms,
Figure 7b, and among those, corner and edge sites were
found to be the most reactive, Figure 7c. As was mentioned
before, even though the shapes of these small micelle-
synthesized Pt NPs were determined after their stabilization
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ture for the oxidation of 2-propanol over Pt NPs/y-Al,Os. (b) Dependence
of the 1st nearest-neighbor coordination number of Pt—Pt metallic
species on the reaction temperature obtained from in situ EXAFS specira.
A decrease in the Pt—Pt CN with respect to the as-prepared sample in H,
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FIGURE 10. (a) Pd K-edge XANES spectra of micelle-synthesized Pd NPs on ZrO, taken after polymer removal in O, at 375 °C (as-prepared), after
reduction in H, at 240 °C and subsequent cooling to RT (reduced), and at different temperatures during the NO reduction with H,. (b) Fourier
transform Pd K-edge EXAFS spectrum (r-space) recorded at 120 °C in NO -+ H,, along with the total fit and the Pd—Pd and Pd®*—OH contribution.
(c) Dependence of the 1st NN CN extracted from EXAFS data on the reaction temperature during the reduction of NO with H,. The dashed gray line
indicates the Pd—Pd CN after NP reduction in H, and before reactant exposure.

by prolonged heating treatments in O, at 375 °C (24 h) and
subsequent reduction in H,, and the current catalytic reac-
tion was only conducted up to 100 °C, changes in the initial
NP shape (models shown as inset in Figure 7b) under reac-
tion conditions cannot be ruled out. Nevertheless, for NPs as
small as 1 nm, a study monitoring such changes in situ is
extremely challenging, and at present unachievable by most
experimental techniques. For example, the high quality
EXAFS data required to resolve the shape of small NPs
(CNs up to the fourth NN extracted from MS fits are needed
to decrease the degeneracy in the possible NP shapes) can
only be obtained at or below room temperature, since with
increasing temperature disorder effects lead to a decrease in
the overall signal intensity and enhanced noise/signal ra-
tios. Additionally, in an oxidizing environment such as the
one considered here, not only changes in the NP shape due
to O, and propanol chemisorption must be considered, but
also the oxidation of the Pt NP catalysts, which should also
be size-dependent, and might lead to drastic structural
changes. Despite these inherent experimental difficulties,
we were able to follow changes in the chemical state of the
former catalysts during the oxidation of propanol via EXAFS.
1688 = ACCOUNTS OF CHEMICAL RESEARCH
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Although for the former reasons no detailed information on
the NP shape could be obtained under operando conditions,
the overall NP size (extracted from the first NN CNs of first-
shell EXAFS fits) was found to remain constant during this
reaction. However, NPs of identical average size (~1 nm TEM
diameter) but different initial (as-prepared) shape were
found to display a distinct reactivity toward O,, with 2D
NPs (S3) being able to dissociate oxygen and become
oxidized at RT under propanol and oxygen flow, while only
minimum oxidation was observed for the 3D NPs (S2) under
analogous conditions,*® Figure 8. Since our oxidized 2D NPs
were the ones displaying the lowest onset reaction tem-
perature under steady-state reaction conditions, PtOx spe-
cies are suggested to constitute the active phase for the
partial oxidation of propanol to acetone, possibly via a
Mars—van Krevelen reaction mechanism, where the con-
sumed oxygen from the oxidized NP shell is continuously
replenished by oxygen from the gas phase. According to the
literature, 2-propanol is likely adsorbed over the y-Al,O3
surface due to this substrate's acidic nature®* and subsequently
interacts with oxygen atoms chemisorbed on the Pt NPs>> or as
it is proposed here, with oxygen from the oxidized NP surface.
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FIGURE 11. (a) Conversion and selectivity data as a function of temperature
for the steady state reduction of NO with H, over micelle-synthesized Pd
NPs supported on ZrO,. (b) Schematic representation of the structure and
chemical state of the Pd NP catalysts at various stages of the NO +H, reaction.

Chemical State Effects. In order to shed light into the role
of the chemical state of Pt, which as was shown above is
strongly dependent on the NP size and shape, on its reac-
tivity, the partial and total oxidation of 2-propanol over
~0.7 nm Pt NPs was studied under operando conditions,>?
Figure 9. Figure 9b shows the evolution of the Pt—Pt metal
first NN CN as a function of the reaction temperature. Upon
exposure to the reactants at RT, a drastic decrease in the
Pt—Pt CN is observed below 100 °C, and a concomitant
increase in the Pt—O CN (not shown here). Our combined
EXAFS and mass spectrometry data revealed the presence of
PtOx species within the partial oxidation regime, when
acetone is being produced with >97% selectivity. In contrast,
in the total oxidation regime (>100 °C, CO, production), the
catalysts are initially metallic, but with the surface covered
by chemisorbed oxygen, Figure 9b. With increasing reaction
temperature, the NPs showed signs of reoxidation, possibly
due to the desorption of passivating carbonaceous species
(reaction intermediates). The decomposition of the Pt oxides
in the intermediate reaction regime, where partial and total
oxidation processes coexist, is attributed to the reducing
effect of hydrogen released in the dehydrogenation of
2-propanol and intermediate carbonaceous species avail-
able at the onset of the complete oxidation, as well as to the
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competition of CO and O for adsorption sites on the NP
surface.

Significant changes in the structure and chemical state of
Pd NP/ZrO- catalysts were also observed during the reduc-
tion of NO with H, via EXAFS and XPS.>® In particular, the
redispersion of the Pd NPs over the ZrO, surface and the
formation of small cationic Pd clusters or positively charged
ions was observed upon the introduction of the reactants
(NO + H,) at RT until the onset temperature for NO reduction
was reached (120 °Q). In Figure 10a, X-ray absorption near-
edge spectroscopy (XANES) data from the Pd—K edge illus-
trate the evolution of the chemical state of the Pd catalysts
under reaction conditions. XANES, EXAFS, and XPS data>?
indicate the gradual transformation of Pd® species to Pd®"
from RT to 120 °C. EXAFS spectra (Pd—K edge) acquired at
the onset of the reaction, Figure 10b, revealed the presence
of two distinct Pd species, a Pd—Pd metallic component and
along Pd—0 bond (~2.55 A) which was assigned to cationic
Pd species stabilized at OH defects on the ZrO, surface. No
PdO, species were formed under our experimental con-
ditions. In parallel to the presence of cationic Pd on our
samples, a high selectivity for N>O was detected at the onset
of the NO reduction reaction (=120 °C), Figure 11a. As the
reaction temperature increases (>150 °C), the selectivity
shifts mainly toward N, (~80%). Figure 10c displays the
evolution of the first NN CNs of the two Pd species in the
course of the reaction. Concomitant with the onset of the NO
reduction reaction, the disappearance of the Pd°* species
and formation of larger metallic Pd aggregates are observed
in Figure 10c¢, evidencing that metallic Pd constitutes the
active phase for the Hx-reduction of NO over these catalysts.
The details of the proposed reaction mechanism are de-
picted in Figure 11b.

Conclusions

In summary, although a number of catalytic reactions have
been shown to be structure-sensitive, most of the studies
published to date compare structural data acquired before
and after reaction, and fewer examples are available
showing direct structural-reactivity correlations extracted
from experimental data acquired under reaction condi-
tions. In this respect, further effort is still needed in the
years to come for the development of experimental tech-
niques and reactor cells suitable for the investigation of
such correlations on sub-monolayer NP arrays and/or
single NPs under operando conditions. Some promising
candidates include XAFS, XPS, DRIFTS, and E-TEM due to
their versatility and ability to operate, in some cases simul-
1682-1691
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taneously, under various chemical environments (e.g.,
gaseous and liquid phases) and under high pressure con-
ditions. With the help of these methods, the paradigm
of rationally designing catalysts that are optimized for a
given reaction based on fundamental understanding of
their intrinsic geometrical (NPs size, shape) and chemical
features (oxidation state, secondary metal, dopants) could
become a reality.
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