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’ INTRODUCTION

The rational design of the next-generation of catalysts requires
detailed knowledge of the correlation between structure, chemi-
cal composition, and reactivity. Despite Pt being the most
industrially relevant and widely investigated catalyst, its complex
interaction with common reactants such as oxygen still provides
many challenges to the scientific community.1 Gaining insight
into the nature and structure of the catalytically active Pt species
and their interaction with adsorbates under reaction conditions
is therefore key in understanding and controlling catalytic
activity.2�11 The downscaling of the catalysts to the nanometer
range further complicates the interpretation due to the possible
existence of crystallographically and chemically metastable
phases, the presence of different surface facets in nanoparticles
(NPs) with distinct size and shape, the interaction with the
support, and a variety of additional parameters.1,12�22 Therefore,
obtaining unambiguous results on the origin of a particular
catalytic performance requires nearly monodispersed NPs in
size, shape, and chemical composition.14

The present study takes advantage of micellar encapsulation
methods for the synthesis of model nanocatalysts with well-
defined geometries.14,23 Such systems are used to address the
effect of the NP structure and oxidation state on the catalytic
activity and selectivity of Pt NPs supported on γ-Al2O3 for the

oxidation of 2-propanol. Besides gaining fundamental under-
standing on structure�reactivity relationships, chemical pro-
cesses involving the oxidation of alcohols are of importance for
the industrial synthesis of fine chemicals as well as for their
subsequent removal from the waste streams.24,25

Despite intense research efforts, the mechanism behind the
oxidation of alcohols over noble metal catalysts is still under
debate. Several models have been proposed. The classical dehy-
drogenation involves two successive dehydrogenation steps of the
adsorbed alcohol. The oxygen is merely used to oxidize the
released hydrogen in order to vacate metallic sites.24,26�28

Another suggested pathway is the direct interaction of surface
oxygen species with the adsorbed alcohol (or its partially dehy-
drogenated intermediate).24,27,29 The third approach also favors
the dehydrogenation of the adsorbed alcohol, but is followed by
the oxidative removal of the reaction intermediates, rather than
the hydrogen.24,30 These results indicate that the role of oxygen
has not yet been uniquely determined. Furthermore, in the case
of Pt, the formation of oxidized compounds during oxidation
reactions and the resulting influence on the reaction kinetics is still
heavily debated. Some studies report catalyst deactivation due to
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ABSTRACT: Unraveling the complex interaction between catalysts and reactants under
operando conditions is a key step toward gaining fundamental insight in catalysis.We report
the evolution of the structure and chemical composition of size-selected micellar Pt
nanoparticles (∼1 nm) supported on nanocrystalline γ-Al2O3 during the catalytic oxidation
of 2-propanol using X-ray absorption fine-structure spectroscopy. Platinum oxides were
found to be the active species for the partial oxidation of 2-propanol (<140 �C), while the
complete oxidation (>140 �C) is initially catalyzed by oxygen-covered metallic Pt
nanoparticles, which were found to regrow a thin surface oxide layer above 200 �C. The
intermediate reaction regime, where the partial and complete oxidation pathways coexist, is characterized by the decomposition of
the Pt oxide species due to the production of reducing intermediates and the blocking of O2 adsorption sites on the nanoparticle
surface. The high catalytic activity and low onset reaction temperature displayed by our small Pt particles for the oxidation of
2-propanol is attributed to the large amount of edge and corner sites available, which facilitate the formation of reactive surface
oxides. Our findings highlight the decisive role of the nanoparticle structure and chemical state in oxidation catalytic reactions.
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oxide formation,26,27,31�33 while others attribute beneficial cata-
lytic properties to the platinum oxides.34�40 For instance,
the catalytic activity of Pt NPs for the oxidation of carbon
monoxide has been attributed to the formation of highly reactive
surface oxide phases generated under oxygen-rich reaction
conditions.38,41�43 Clearly, the formation of oxide species plays
an important role in oxidation reactions and it is therefore of great
importance for the identification of the structure and chemical
composition of the catalytically active phase.44�50

The method of X-ray absorption fine structure (XAFS)
spectroscopy, which allows element-specific structural and che-
mical analysis under operando conditions, has been used to
investigate the catalytic oxidation of 2-propanol. In particular, we
have evaluated the stability and reactivity of chemisorbed oxygen
species and Pt oxides during the oxidation of 2-propanol over
size-selected Pt NPs. Thanks to the well-definedNPmorphology
and in situ real-time characterization, insight into the detailed
mechanisms guiding oxidation reactions will be gained.

’EXPERIMENTAL SECTION

(a). Sample Preparation. Dissolving a nonpolar/polar diblock
copolymer (polystyrene-block-poly(2-vinylpyridine), PS-P2VP) in to-
luene results in the formation of inverse micelles which are loaded with a
metal precursor (H2PtCl6) to create encapsulated NPs. By varying the
polymer head length and adjusting the metal salt-polymer head ratio (L),
NPs with distinct sizes and shapes can be synthesized.23 The NPs are
deposited on commercial nanocrystalline (powder) γ-Al2O3 supports
(∼40 nm average grain size) by adding the support to the NP polymeric
solution. Subsequently, the solvent is evaporated and the polymer
removed by a 24 h annealing treatment at 375 �C in an oxygen
atmosphere. The latter treatment results in the partial oxidation of the
NPs and the formation of core(Pt-metal)-shell(PtOx) NPs.23,44 For
strongly interacting NP/support systems (e.g., Pt/γ-Al2O3), annealing
small NP micelles with low metal loadings was found to lead to flat 2D-
like NPs.23 For this study, NPs encapsulated by PS(16000)-P2VP(3500)
with a metal/P2VP ratio L of 0.05 were prepared.14 Our annealing
pretreatment in O2 resulted in carbon and chlorine-free NPs as verified
by XPS.14,23 The Pt weight loading was 1%. For the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
measurements, the Pt/γ-Al2O3 powders were dissolved in ethanol, and a
drop of this solution was placed onto a Cu grid coated with an ultrathin
carbon film (Ted Pella, Inc.) and subsequently dried in air. Information
on the NP diameter and average size distribution was obtained by
measuring the full width at half-maximum of the HAADF intensity
profile across the NPs.
(b). Analysis of the Structure and Chemical Composition

(EXAFS, XANES). Extended X-ray absorption fine structure spectros-
copy (EXAFS) and near-edge spectroscopy (XANES) measurements
were conducted at beamline X18B of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. The catalyst
(25 mg) was loaded into a reactor cell compatible with transmission
XAFS spectroscopy measurements, and interfaced to a quadrupole mass
spectrometer to evaluate the catalytic performance up to 240 �C. Mass
flow controllers were used to feed a stream of∼2% propanol and∼20%
O2 balanced with He to a total flow of 25 mL/min. Prior to the reaction,
the Pt NPs were reduced for 1 h in H2 at 260 �C.

After acquisition (three scans were averaged at each temperature), the
XAFS data were imported into the ATHENA software and aligned using
as reference a simultaneously measured Pt foil. Subsequently, the
smooth isolated atom background was removed using the AUTOBK
algorithm.51�53 Theoretical models for the data analysis were calculated
for platinum and platinum oxide (based on the crystal structure of

Na2Pt(OH)6) using the FEFF6 code and fitted to the EXAFS spectra
with the Artemis package.54,55 First shell fitting was performed in r-space
after Fourier transformation of the k2-weighted data. The typical r-
ranges were 1.3�3.2 Å, whereas the k-ranges were typically 2.5�12 Å�1.
The best fit value for the passive electron reduction factor was obtained
from the Pt foil data, and was fixed to 0.86 for all the nanoparticle
analyses. The fit parameters and fit quality results are summarized in
Table 2 of the Supporting Information (SI). Additional representative
XANES and EXAFS data, together with corresponding fits, can also be
found in SI Figures 1�4.

’RESULTS

(a). Structure and Morphology (TEM, EXAFS). Figure 1
shows a HAADF-STEM micrograph of the polymer-free γ-
Al2O3-supported Pt NPs (a), along with the corresponding
diameter histogram (b). The data were acquired after the
propanol oxidation reaction. A detailed size analysis revealed a
0.7 ( 0.2 nm average NP diameter and a 0.9 ( 0.3 nm volume-
weighted NP diameter. In a previous study by our group, the
shape of similarly prepared NPs was resolved via EXAFS, STEM
and cluster shape modeling after reduction in H2, yielding a two-
dimensional truncated octahedron as most representative
shape.14,22,23 A similar analysis was carried out here for the
NPs under investigation before exposure to the reactants, and an
analogous 2D-shape was obtained (see SI for details). A repre-
sentative image of this shape is presented as inset in Figure 1(b).
We took special care to estimate the degree of structural and

morphological homogeneity of nanoparticles within the sample,
which is a requirement when EXAFS results are interpreted in
terms of an average size and shape of a representative nanopar-
ticle. Although the vast majority of the NPs in this sample were
distributed within a narrow range of sizes below 1.3 nm (see
Figure 1), a small number of larger Pt particles (with a mean size
of ∼13 nm) were detected by TEM in some regions of the
sample. To evaluate the possible effect of these large particles on
the structural model deduced from the analysis of the combined
EXAFS and STEMdata, as well as on the reactionmechanism, we
estimated the overall number density of the large particles by a
method described in the SI. Our results demonstrate that the
number of small particles significantly exceeds the number of
large particles in the sample by a factor of ca. 20 000, that they
occupy∼85% of the total Pt volume of the sample, and that their
share of the total number of surface atoms, responsible for the
reactive behavior of the Pt NPs is ∼99%.
EXAFS data acquired at room temperature after NP reduction

at 260 �C inH2 before and after the 2-propanol oxidation reaction

Figure 1. (a) HAADF-STEMmicrograph of micellar Pt NPs supported
on γ-Al2O3 taken after polymer removal and subsequent 2-propanol
oxidation. The corresponding diameter histogram is shown in (b).

http://pubs.acs.org/action/showImage?doi=10.1021/ja200178f&iName=master.img-001.jpg&w=234&h=114
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(see SI Figure 5), revealed the overall structural stability of the
NPs in this sample, since similar EXAFS spectra (within experi-
mental noise) were recorded in both instances, indicating the
lack of significant NP coarsening and/or structural reconstruc-
tion. This result is in agreement with the TEM data shown
in Figure 1, since the image was acquired after reactant
exposure.
(b). Catalytic Reactivity. Figure 2 summarizes the tempera-

ture dependence of the conversion of 2-propanol over our Pt
NPs under steady-state reaction conditions. The ∼50 �C onset
reaction temperature (defined as the 50% conversion temperature)
of these 2D-shaped NPs is in accordance with our earlier
study14 and considerably lower than that of 3D NPs of similar
TEM diameter (>65 �C, ref 14). This difference is attributed to
the larger number of undercoordinated active reaction sites
available on the NP surface of the bilayer 2D NPs.14 Our 2D Pt
catalysts reach a 100% conversion of 2-Propanol at 140 �C. The
main reaction products observed are acetone, carbon dioxide,
and water, as expected from the partial and complete oxidation
of 2-propanol:

C3H7OHþ 1=2 O2 f C3H6OþH2O ð1Þ

C3H7OHþ 9=2 O2 f 3 CO2 þ 4 H2O ð2Þ

Figure 2 also displays the product selectivity. Initially, high
selectivity (>97%) for acetone (reaction pathway 1) is observed,
but with increasing temperature the reaction gradually shifts to
the complete oxidation (reaction pathway 2), reaching a CO2

selectivity of more than 98%. In addition, above 140 �C a small
fraction of propene (<2%) is observed, which originates from the
dehydration of 2-propanol on the γ-Al2O3 support.

56,57

(c). In Situ Evolution of the Structure and Chemical
Composition of Pt NP Catalysts (XANES, EXAFS). Figure 3(a)
presents Pt L3 XANES spectra of micellar Pt NPs on γ-Al2O3

during various steady state stages of the reaction. As was
mentioned before, the removal of the encapsulating polymeric
ligands by the 24 h anneal in O2 results in core�shell oxidized
NPs.23 Since the L3 transition probes the empty 5d states, oxidation
leads to a higher edge intensity (white line), as observed for the
partially oxidized as-prepared sample.58 By comparing the shape of
the XANES spectrum of the as-prepared NPs to literature
reports on Pt oxide powders (see SI Figure 1), we conclude
that PtO2 is the most likely species present as NP shell.54,59,60

A considerable decrease in the white line intensity was
observed upon reduction in H2. After the introduction of the
reactants (O2 and 2-propanol), the spectrum recorded at 40 �C

(i.e., before the onset of the alcohol conversion) shows an
increased white line intensity as compared to the fully reduced
spectrum, yet still lower than the original oxidic spectrum of the as-
prepared samples. This result points to a reduced extent of
oxidation. Interestingly, the white line intensity shows a decrease
at 120 �C and a subsequent increase at 240 �C, such effects will be
described in more detail in the Discussion section.
The detailed evolution of the integrated white line intensity

during the reaction is quantitatively summarized in Figure 3(b).
Initially a slight increase of the intensity of the absorption peak is
observed, coinciding with the onset of alcohol conversion. With
increasing temperature, the intensity steadily decreases to reach a
minimum at 120�140 �C, at which point the complete oxidation
is the dominating reaction pathway, and subsequently increases
again with temperature. Since the white line intensity is influenced
by NP/adsorbate charge transfer phenomena, more specifically,
by the electronegativity of the adsorbates, these variations point to
a change in adsorbate composition or coverage during the various
stages of the reaction.33,38,58,61,62 Size effects, charge transfer
phenomena between the NPs and the support, are also known
to affect the XANES region.63,64 Since the average NP size was
found to remain quasi constant throughout the reaction (see SI
Figure 5), and dramatic changes in the NP/support interaction
are not likely to occur within this relatively small temperature
regime, they are expected to have a minor influence. Therefore,
the changes in the XANES data displayed in Figure 3(b) are
dominated by NP/adsorbate interactions.65

Along with the integrated intensity, Figure 3(b) also presents
the energy shift of the maximum of the Pt L3 adsorption edge
relative to the absorption peak of the reduced particles. The shift
of the main edge to lower or higher energies is often attributed to
the transfer of electronic density to or from the X-ray absorbing

Figure 2. Conversion and selectivity data as a function of temperature
for the steady state oxidation of 2-propanol over micellar Pt NPs
supported on γ-Al2O3.

Figure 3. (a) Pt L3 XANES spectra recorded after polymer removal
(in O2 at 375 �C, as-prepared), after reduction (in H2 at 260 �C), and
during the oxidation of 2-propanol (under 2-propanol and O2 flow). (b)
Integrated XANES intensity (right axis) and absorption peak energy shift
relative to the reduced state of the sameNPs (left axis) as a function of the
reaction temperature.

http://pubs.acs.org/action/showImage?doi=10.1021/ja200178f&iName=master.img-002.jpg&w=180&h=104
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atom, respectively. Its interpretation in nanoscale metal clusters is
sometimes complicated by additional factors, namely, the increase
in the Fermi level energy as well as the increase in the electronic
screening, since both effects lead to blue and red shifts of the X-ray
absorption edge, respectively.66 Therefore, the shift of the absorp-
tion edge measured cannot be used by itself to determine the
direction of charge transfer. As demonstrated in Figure 3(b), the
energy shift follows a similar trend to the integrated intensity; an
initial increase with a maximum at 70 �C, followed by a slow
decrease up to 160 �C, and a slight increase at higher temperature.
Since the two effects, the change in the white line intensity and the
shift of the absorption edge, correlate with each other in terms of
the direction of the charge transfer, they can be interpreted self-
consistently in terms of the same origin.
Figure 4 shows Fourier transformed k2-weighted Pt L3 EXAFS

data acquired in situ at different temperatures (60 �C, 140 �C,
and 240 �C) under reaction conditions, that is, under a simulta-
neous flow of 2-propanol and O2. These spectra were fitted with
various contributions resulting from Pt atoms in different
chemical environments: (1) Pt�O(I) due to a chemisorbed O
layer or the presence of an oxide, (2) Pt�O(II) due to the
presence of adsorbed 2-propanol on Pt, and (3) Pt�Pt for the
metallic Pt component. The different fitting contributions are
illustrated in the inset of Figure 4 for the 60 �C spectrum and
allow the determination of the respective first nearest neighbor
coordination numbers (NPt�Pt, NPt�O(I), NPt�O(II)) and dis-
tances (dPt�Pt, dPt�O(I), and dPt�O(II)). The fits of the 140 and
240 �C data can be found in SI Figure 3. The coordination
numbers and the corresponding distances are presented as a
function of temperature in Figure 5(a) and (b), respectively. The
distance of the Pt�O(II) component, 2.53( 0.05 Å, was found
to be nearly constant in the fits and is therefore not shown in
Figure 5(b). The horizontal dashed lines refer to the coordina-
tion number and distance after NP reduction in H2 (spectrum
taken at room temperature), which was the starting point before
exposure to the reactants.
The fitting procedure yields a Pt�Pt coordinationNPt�Pt of 7.1

( 0.5, with a Pt�Pt distance of 2.74( 0.01 Å for the reducedNPs
measured in H2. Upon initial reactant exposure (O2 and
2-propanol) and in the low temperature reaction regime

(<100 �C), the Pt�Pt coordination number significantly de-
creases, while the average Pt�Pt bond length slightly increases
(2.76 ( 0.02 Å). Furthermore, two additional Pt�O contribu-
tions are identified. First, a short distance Pt�O(I) pair typical of
platinum oxide or chemisorbed oxygen is found at 2.03( 0.01 Å.
Although the presence of chemisorbed oxygen cannot be ex-
cluded, the accompanying decrease of the Pt�Pt contribution
clearly points to the formation and stabilization of a surface oxide.
This conclusion is based on the property of EXAFS coordination
numbers to be related not only to the number of nearest
neighboring bonds, but also to the total number of absorbing
atoms. Thus, if two phases are present in the sample, one metallic
with Pt�Pt bonds, and the other oxide without Pt�Pt bonds, the
Pt�Pt coordination number measured in that sample will de-
crease, as is observed in our case. However, since various Pt oxides
(PtO, Pt3O4, PtO2) exhibit similar Pt�O distances and coex-
istence of different phases might occur, the EXAFS data cannot be
used to uniquely assign this contribution to a specific oxide
species.35,67 However, it is clear that the stable PtO2 compounds
initially present on the as-prepared samples (annealed inO2 for 24 h)
are removed by the in situ annealing treatment in H2 prior to the
reaction, since the PtO2 characteristic features do not reappear after
exposure to 2-propanol and oxygen (see SI Figure 1). Second, a long
distance Pt�O contribution, Pt�O(II), is observed at 2.53 ( 0.05
Å, which agrees well with the values previously reported for alcohols
chemisorbed on Pt, in particular, for 2-propanol on Pt(111).68�71

The appearance of the Pt�O(I) contribution is an evidence of
the partially oxidized state of the NPs in this temperature regime
(<120 �C), which is in agreement with our XANES results. The
Pt�O(II) contribution demonstrates the direct adsorption of
2-propanol on Pt, indicating that not all available sites are
occupied by oxygen. Despite the oxidation, the EXAFS data still
clearly show a Pt�Pt contribution from a metallic phase (see
r-range of 2.2 to 3 Å in Figure 4), implying the presence of a
metallic NP core. The XANES spectra of our Pt NPs acquired at
room temperature after a prolonged annealing treatment in O2

(24 h) and those measured after in situ reduction and subsequent
exposure to the reactants (O2 þ 2-propanol) can be found in SI
Figure 6. The strong decrease in the white line intensity in the

Figure 4. Fourier transformed Pt L3 edge spectra taken at 60 �C
(squares), 140 �C (triangles) and 240 �C (circles) under reactant flow
(k2-weighted, 2.5< k <12 Å�1). The spectra are vertically displaced for
clarity. The inset shows the magnitude of the data and the fit with the
corresponding contributions to the 60 �C spectrum.

Figure 5. (a) Dependence of the first nearest neighbor coordination
number on the reaction temperature during the oxidation of 2-propanol
over Pt NPs supported on γ-Al2O3: the Pt�Pt, Pt�O(I), and Pt�O(II)
contribution for the small 2D NPs obtained from the fitting of in situ
EXAFS spectra are shown. The dashed gray line indicates the Pt�Pt
coordination number after NP reduction in H2 and before reactant
exposure. (b) Pt�Pt and Pt�O(I) bond distances as a function of
temperature. The dashed gray line indicates the Pt�Pt distance after NP
reduction in H2. Note the different y-scales in both graphs.

http://pubs.acs.org/action/showImage?doi=10.1021/ja200178f&iName=master.img-004.jpg&w=216&h=168
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sample exposed to the reactants as compared to that acquired
beforeNP reduction demonstrates that ourNPs are only partially
oxidized under reaction conditions.
At reaction temperatures above 120 �C, the Pt�Pt contribu-

tion becomes dominant again and the corresponding coordina-
tion number returns to the value obtained for the reduced NPs
(NPt�Pt ≈ 7.2). This result indicates the decomposition of the
platinum oxide species and the return of the NPs to the metallic
state. The disappearance of the oxide is also reflected in a
decrease of the short Pt�O(I) coordination number (from ∼2
to ∼1). However, a minor Pt�O(I) content still remains and
together with the metallic state of the particle, this suggests the
presence of chemisorbed oxygen on the NP surface. The
presence of O on the Pt surface is also reflected by the larger
intensity of the XANES white line measured at 120 �C as
compared to that of the reduced NPs, Figure 3(a). Interestingly,
the Pt�O(II) contribution vanishes above 100 �C, when 100%
conversion of 2-propanol is achieved. Parallel to the intensity
increase in XANES at temperatures above 200 �C, we also
observe a small decrease in Pt�Pt coordination and correspond-
ing increase in Pt�O(I) coordination.

’DISCUSSION

Although the overall structural stability of our Pt nanocatalysts
was evidenced via EXAFS and TEM (NP diameter), small
changes in the NP shape during the reaction (e.g., rounding of
corners) cannot be ruled out, since they could fall within the
error margins of the coordination numbers obtained at different
stages of the reaction. In fact, nanoparticle rounding has been
observed in environmental TEM studies of Au and Pt NPs under
oxygen.72�75 A complete 2D to 3D shape transformation should
however not have taken place in our sample, since such structural
transformation would give rise to a clear increase in the co-
ordination numbers, which was not observed here. It should be
considered that the NP/support interface might also play a key
role in the stabilization of the flat and small (<1 nm) NPs initially
available on our sample (after H2 reduction). In addition, the
possible mobility of our NPs in the course of the reaction has not
been considered. This assumption is based on the fact that our
NPs were pretreated in O2 (an environment which should in

principle facilitate NP mobility) for extended periods of time at
higher temperatures (375 �C) than the maximum reaction
temperature (240 �C). Therefore, if NP mobility (and possibly
coarsening) were born to occur, they would likely have taken
place during our 24 h pretreatment in O2.

Our in situ EXAFS and mass spectrometry data revealed the
enhanced activity (low onset reaction temperature) and tem-
perature-dependent selectivity of our micellar Pt NPs for the
partial and total oxidation of 2-propanol. In addition, insight into
the evolution of the oxidation state of the active nanocatalysts
under different reaction conditions could be extracted.

Figure 6 schematically displays the proposed reaction mechan-
ism. As demonstrated by the XANES and EXAFS data, the
initially reduced metallic particles immediately partially oxidize
upon exposure to the reactant flow (O2 and 2-propanol) at room
temperature. This effect is evidenced by the decrease in the
number of Pt�Pt bonds and the concomitant increase in the
Pt�O(I) bonding. The decrease of the Pt�Pt coordination could
also be due to an adsorbate-induced change in the NP shape, with
flatter NPs giving rise to lower coordination numbers. However, a
shape change alone cannot cause such a large reduction in Pt�Pt
coordination numbers as observed here. Moreover, such effect
should also be ruled out here, since the change in the first nearest
neighbor coordination number is observed upon reactant expo-
sure, andO2 is known to cause NP rounding.

72,73 The latter effect
should give rise to an increase in Pt�Pt coordination, contrary to
the present observation.76 The presence of chemisorbed oxygen
in combination with the oxide cannot be excluded. However, the
XANES spectra in Figure 3(a) only show the partial oxidation of
the NPs, and Pt�Pt bonding is still observed for both catalysts via
EXAFS, reflecting the presence of a metallic NP core. EXAFS also
reveals the presence of adsorbed 2-propanol on the NP surface,
which indicates that not all Pt sites at the surface are occupied by
oxygen. With the onset of 2-propanol conversion (between 40
and 50 �C), the intensity of the XANES white line increases
slightly, Figure 3(b), which can be attributed to oxygen atoms
occupying surface sites that become available after the desorption
of 2-propanol as acetone. Here, 2-propanol and oxygen are not
competing for active sites, as varying the O2 to propanol ratio
between 3 and 205 was not found to influence the measured
conversion (see SI Figure 7).

Figure 6. Schematic representation of the catalyst structure in the as-prepared state, after reduction, and during various stages of the reaction. Reactants
and products are indicated above the illustrations. Possible alternative mechanisms involving a homogeneous PtOx shell (right) and a 2-phase catalyst
composed by PtOx patches coexisting with metallic Pt regions (left) are separated by the dashed lines.

http://pubs.acs.org/action/showImage?doi=10.1021/ja200178f&iName=master.img-006.jpg&w=346&h=167
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Consequently, based on the evolution of the XANES white
line intensity in the temperature regime where the partial
oxidation of 2-propanol to acetone takes place and on the
corresponding EXAFS data, we can conclude that PtOx com-
pounds are the catalytically active phase. The large density of
step, edge and corner sites in our small 2D (flat) Pt NPs is likely
to facilitate the dissociation of O2 and the subsequent formation
of surface oxides for high oxygen coverages. The improved
reactivity of metal surfaces with either chemisorbed oxygen or
surface oxides has been previously reported.48 For example,
Wang et al.37 observed that one-dimensional PtO2 stripes formed
at Pt steps react more easily with CO than chemisorbed O on Pt.
Although PtO2 was shown to be the preferential oxide formed on
1 nm sized nanoparticles supported on γ-Al2O3, oxide structures
with intermediate stoichiometry such as Pt3O4 and PtO are also
reported to be thermodynamically stable showing enhanced
chemical reactivity for CO oxidation and methanol decomposi-
tion, respectively.21,35,44,71,77 Alayon et al.38 also observed the
higher activity of defective Pt oxide species on partially oxidized
Pt/Al2O3 catalysts for the oxidation of CO as compared to
metallic Pt. In the former study, dynamic changes in the structure
of the catalysts were observed, with different contents of PtOx

species present under distinct reaction conditions. Furthermore,
Smith and co-workers observed that oxygen strongly bonded to
kink sites on a Pt surface facilitated dehydrogenation reactions.78

Since the dehydrogenation is the key step in the partial oxidation
of 2-propanol, we believe that the high density of low coordi-
nated sites available on our small 2D-shaped particles and their
unique interaction with oxygen are the key features responsible
for the catalytic activity of our micellar Pt NPs.

However, even though based on our EXAFS and XANES data
it is observed that the catalysts active for the selective partial
oxidation of 2-propanol are Pt NPs with a metallic core and an
oxide shell. The specific structure of this oxide (PtO, PtO2 or
other PtOx) cannot be concluded. Since EXAFS does not
provide information on the uniformity of the oxide shell, we
cannot exclude the presence of metallic Pt at the NP’s surface.
Therefore, in addition to a homogeneous oxide layer, a nonuni-
form PtOx layer is also proposed in Figure 6 (left side of the
dashed lines). Interestingly, a decrease in the degree of NP
oxidation is not observed during the selective partial oxidation of
Propanol (50�70 �C), suggesting a Mars-van Krevelen process,
where the oxygen in the surface oxide lattice, which is consumed
by hydrogen released in the dehydrogenation of the 2-propanol,
is subsequently replenished by dissociated molecular oxygen
from the gas phase. Again, the specific NP structure (small size
and 2D shape) is here held responsible for its enhanced reactivity
with O2 at relatively low temperatures.

Above 70 �C, a decrease of the XANES intensity, Figure 3(b),
along with a decrease in Pt�O coordination, Figure 5(a), is
observed. These changes reflect the partial decomposition of the
surface oxide. Interestingly, the onset of the Pt oxide decom-
position runs parallel to the decrease in the reaction selectivity for
acetone. The disappearance of the PtOx species and return to the
metallic state observed by EXAFS at 120 �C, Figure 5(a),
coincides with the minimum in the XANES white line intensity,
and with the transition from partial to selective complete
oxidation. Our data suggest that the activation of the C�C bond
(scission) and the subsequent presence of intermediate carbo-
naceous compounds, such as CO, on the NP surface are
responsible for the reduction of the NPs.33 In fact, the metallic
state is reinstated at the temperature where the complete

oxidation pathway is preferred. Since PtOx species are generally
stable up to 230 �C in vacuum, these results illustrate that the
decomposition of PtOx is governed by the reaction process, and
not by the increasing temperature.13,60 In summary, the active
catalysts for the complete oxidation of 2-propanol are metallic Pt
NPs with chemisorbed oxygen adsorbed on their surfaces coex-
isting with carbonaceous intermediates.

Upon increasing the reaction temperature to 240 �C, the
increase in the XANES white line and the Pt�O(I) coordination
number were observed. These trends might be attributed to a
faster and increased desorption of carbonaceous species from the
NP surface, leading to a smaller effective coverage. As a result,
more surface sites become available for the dissociation of oxygen
and subsequent Pt oxide formation. However, the catalytic
activity did not decrease upon the formation of this thin oxide
layer, as can be seen in Figure 2. Consequently, in this high
temperature regime of the complete oxidation, the active cata-
lysts consist of Pt NPs with a very thin surface oxide layer, likely
inhomogeneous in nature with exposed metallic Pt species.

No decrease in the catalytic activity of the Pt NPs was observed
under our experimental conditions (O2-rich flow) during an
extended period of time (26 h), indicating that carbon monoxide
intermediates are effectively oxidized to CO2 in the temperature
regime corresponding to the total oxidation of propanol. As a
result, our small 2D-shaped NPs are not only good catalysts in
terms of their low onset reaction temperature, but also with
respect to their resistance to poisoning.

Summarizing, our in situ investigation of the structure and
chemical composition of nanosized Pt catalysts at work
(operando conditions) provides valuable insight on the funda-
mental mechanisms that govern the catalytic chemistry of
oxidation reactions. In particular, it highlights the important role
played by surface oxides and chemisorbed oxygen species.

’CONCLUSIONS

The evolution of the structure and chemical composition of
small two-dimensional Pt NPs supported on γ-Al2O3 has been
followed in situ during the oxidation of 2-propanol. It is shown
that the catalysts undergo significant chemical and structural
changes in the course of the reaction. Platinum oxide species
were found to be present on the NP surface during the partial
oxidation of Propanol to acetone, and suggested to play an active
role in the reactivity observed. Due to the large amount of step,
edge and corner sites available on our small NPs, the dissociation
of O2 and subsequent formation of surface oxides appears to be
favorable, resulting in a low reaction onset temperature
(∼50 �C). In the complete oxidation regime, the active catalysts
are initially metallic NPs with chemisorbed oxygen species on
their surface. However, with increasing temperature within the
complete oxidation reaction regime, catalyst reoxidation was
observed. Such effect might be assigned to a higher availability
of reactive sites (step/kink/corner atoms) able to dissociate O2

upon desorption of intermediate passivating carbonaceous spe-
cies. The decomposition of PtOx in the intermediate reaction
regime, where partial and total oxidation processes coexist, is
attributed to the reducing effect of intermediate carbonaceous
species available at the onset of the complete oxidation, as well as
to the competition of CO and O2 for adsorption sites on the NP
surface.

Altogether, our research provides valuable insight into the
mechanisms underlying the oxidation of 2-propanol over Pt NPs,
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featuring marked structure�reactivity correlations, and empha-
sizing the decisive role played by the NP structure (size and
shape) on the formation and stabilization of surface oxides, which
have been shown to be directly involved in the present catalytic
oxidation process.
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