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ABSTRACT: This work reveals and quantifies the inherent intracluster
heterogeneity in the atomic structure and charge distribution present in
supported metal catalysts. The results demonstrate that these distributions are
pronounced and strongly coupled to both structural and dynamic
perturbations. They also serve to clarify the nature of the dynamic bonding
of nanoscale catalytic metal clusters with their supports, and the mediation of
these properties due to the presence of adsorbates. These findings are
supported by theoretical modeling and experimental data measured for an
exemplary supported metal catalyst, Pt supported on silica, using in situ high
energy resolution X-ray absorption and emission spectroscopies; in situ diffuse
reflectance infrared Fourier transform spectroscopy; and ex situ scanning
transmission electron microscopy.

1. INTRODUCTION
There now exists abundant experimental and theoretical
information that illustrates how the atomic structure and
electronic properties of supported nanoscale metal cluster
catalysts differ from those present in bulk solids. These effects
include as notable examples the perturbations arising due to
surface strains1,2 and changes in thermal, structural, magnetic,
or optical properties due to cluster size effects.3−6 These
findings lead to a view of a typical supported metal nanoparticle
whose structure possesses a certain degree of heterogeneity, in
which atoms on the surface of the cluster are relaxed and
further subject to perturbations due to adsorbate bonding,
while those in the interior maintain approximate order.4,7,8 In
particular, the adsorption of H2 and CO on Pt nanoparticle
catalysts has been intensively studied by XAFS.9−16 Additional
perturbations originating in the metal−support bonding
interactions are also known to contribute to the structural,
electronic, and catalytic properties of these systems.17 In this
article, we report on heterogeneities observed in the intracluster
distributions of both atoms and charges in supported metal
clusters that are far more complex than those described above,
and we raise a set of important questions: What is the nature of
these heterogeneities and what are their consequences for the
physicochemical properties of nanoscale materials? The present
work addresses these questions using advanced experimental
and theoretical techniques.

In particular, nanometer-sized metal particles supported on
high surface area metal oxides display a rich variety of
physicochemical properties that illustrate aspects of complexity
due to environmental influences. It has been shown in both
experiment and theory that the catalytic activity, selectivity, and
stability of many types of supported metal catalysts depend not
only on their structure, morphology, crystalline order, and
charge state but also on the structural and electronic impacts
that arise due to the interactions occurring with the
support.17,18 For example, Frenkel et al.19 have shown that
nanometer-sized Pt particles supported on different materials
(γ-Al2O3 or carbon) with different adsorbates (CO or H)
exhibit strong compressive strain only for the γ-Al2O3 support
and CO, thus demonstrating the effects of both particle−
support and particle−adsorbate bonding interactions on the
catalyst structure. For the case of a weakly interacting support
(carbon), Small et al.20 have shown that the electronic density
of 5d states (DOS) is influenced predominantly by the
coverage of adsorbates, while thermal effects on the DOS are
negligible. Support effects were investigated extensively by
Koningsberger et al., who demonstrated that the support
ionicity affects the CO and H2 chemisorption properties of Pt
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nanoparticles.21−26 The main challenge to resolve the
mechanisms of catalytic activity mediated by the complex
interactions of catalytic components of this type is largely one
related to characterization methods, specifically in their
capabilities to track the evolution of the structures of catalysts
as occurs in response to changes in external conditions (e.g.,
high temperature and/or pressure). This type of analysis is now
possible in the framework of operando methods of character-
ization developed in the past decade.27−33

Much of the available literature that focuses on fundamental
effects of the type described above is often qualitative in
naturepresenting phenomenological descriptions of the
structure−property correlations evidenced in catalytic pro-
cesses. It is most notable that correlations of this form can now
be treated in depth via theoretical modeling. In this regard,
recent first-principles calculations of structural, electronic, and
thermal properties of nanocatalysts have shown excellent
agreement with experimental results obtained by X-ray
absorption spectroscopy (XAS) methods.34−42 For this reason,
theoretical methods have increasingly become an integral part
of XAS data analysis and modeling.34,38,40 For example,
following the observation of an anomalous thermal behavior,
e.g., negative thermal expansion in the metal−metal bonds of Pt
nanoparticles supported on Al2O3,

43 Vila et al. have shown that
this effect arises, in part, due to the strongly inhomogeneous
distribution of charges present in the metal clusters: atoms at
the interface with the support were more positive than the
atoms in the upper layers, which subsequently mediated the
dynamical changes seen experimentally.34 Such forms of
heterogeneity of atoms and charges are not directly detectable
by experimental methods such as XAS, since they measure
ensemble-average properties and different models of either
homo- or heterogeneously distorted atomic configurations can
be developed that fit the experimental data equally well.44,45

Despite the increasingly important role that first-principles
simulations of metal nanocatalysts have played here, theory and
experiment often are not used synergistically. Rather, either
experiment validates theory or theory informs experiment. This
lack of synergism is a deficiency the current work directly
addresses within the context of a study of environmental
impacts on structural dynamics within catalytic materials.
From a characterization standpoint, the main challenge to in

situ investigations is the need to capture important attributes of
nanometer-sized catalysts with the desired spatial, temporal,
and energy resolutions. Over the past decade, for example, the
ability to characterize the electronic states of catalysts and their
interactions with adsorbates has dramatically improved due to
the development of new X-ray emission spectroscopy (XES)
and combined XAS-XES methods, among which high energy
resolution fluorescence detection (HERFD),11,46−48 and
resonant inelastic X-ray scattering (RIXS) are the most
important.49,50 Recent examples from the literature show that
these spectroscopies make it possible to identify the specific
adsorption sites of adsorbates (and the electronic effects of this
binding),11,50 as well as the structural morphologies of the
metal clusters mediating these interactions.51 Notable HERFD/
RIXS studies of this type have been performed of the oxidation
of CO over Pt/γ-Al2O3 catalysts and the water gas shift
reaction.52−56

In the present work, we report an investigation of a model
supported heterogeneous catalytic material, Pt on SiO2, carried
out using a synergistic combination of in situ RIXS and
HERFD, and extended X-ray absorption fine structure

(EXAFS) spectroscopies, diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), mass spectroscopy, and ex
situ electron microscopy studies, combined with first-principles
theoretical modeling of both the dynamic structure of the
systems and their spectroscopic behaviors. We show that this
multimethod approach enables quantitative characterizations to
be made of previously poorly understood cooperative effects in
the structural dynamics of supported metal cluster catalysts.
The system studied here experimentally, nanometer-sized Pt
clusters supported on SiO2 as exposed to H2 or CO
atmospheres at temperatures ranging from 300 to 700 K, is a
prototypical heterogeneous catalyst. To simulate its properties
theoretically, we investigated models of increasing complexity,
ranging from single Pt atoms and small Pt clusters (both bare
and CO-coordinated) to realistic ab initio models of supported
nanocluster catalysts. We show here that these combined
methods reveal markedly heterogeneous distributions of
electronic charge that respond strongly to the environment
herein manifested as consequences of adsorbate coverage.
Among the most significant points established in this work are
that the environmental dynamics of charge localization
observed in this prototypical system are both fluxional and
invertiblea picture in which the most fundamental structure−
property correlations for this supported metal cluster catalyst
are underpinned by the strongly perturbative and heteroge-
neous contributions of metal−metal, metal−support, and
metal−adsorbate bonding.

2. EXPERIMENTAL METHODS
A. Synthesis of Pt Catalysts. The Pt catalysts were

prepared by wet impregnation of a soluble Pt precursor onto
the SiO2 support, followed by subsequent reduction in H2 at
elevated temperature. The catalyst weight loading was 1%. The
procedure yielded small clusters with narrow dispersion in size
(see below). A detailed description of the synthesis is given in
the Supporting Information.

B. Sample Characterization by STEM. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) measurements were carried out using a JEOL
2010F EF-FEG STEM (JEOL, Ltd.) to determine the size
distributions of the supported catalyst particles. Details about
the experimental setup, STEM samples, and particle size
analysis are given in the Supporting Information.

C. XAS/RIXS/HERFD Measurements. The EXAFS meas-
urements at the Pt L3-edge were carried out at the X19A
beamline at the National Synchrotron Light Source at the
Brookhaven National Laboratory. Comprehensive information
about the experimental setups and the data analysis are
provided in the Supporting Information.
The RIXS/HERFD experiments were performed at the

SuperXAS beamline57 at the Swiss Light Source at the Paul
Scherrer Institute. The experimental setup is schematically
shown in Figure 1a. During the measurement of the RIXS
maps, the excitation energy Eex was scanned across the Pt L3-
edge (Eabs = 11563.7 eV) from 11550 to 11630 or 11650 eV
and the emission spectra were measured across the Pt Lα1
transition (3d5/2 → 2p3/2 transition, Eem = 9442 eV) from 9420
to 9480 eV using an energy-dispersive X-ray emission
spectrometer with a von Hamos geometry.58,59 We used a
cylindrically bent Ge(660) analyzer crystal (R = 250 mm) and a
Pilatus 100k single-photon-counting pixel array detector.60 The
sample, the analyzer crystal, and the detector were arranged
according to the vertical Rowland geometry. The combined
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incident energy resolution convoluted with the emitted energy
resolution was about 1 eV at 80° (the Bragg angle of the
analyzer crystal). HERFD spectra were extracted from the RIXS
maps by averaging the excitation energies in the emission
energy range from 9441.5 to 9442.5 eV. Further details about
the experimental setup and data analysis are provided in the
Supporting Information.
D. DRIFTS Measurements. Diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS) measurements were
carried out using a Thermo-Nicolet 6700 IR spectrometer
equipped with a Harrick DRIFTS cell. Additional experimental
details are given in the Supporting Information.
To obtain complementary XAS, RIXS/HERFD, and

DRIFTS data of the supported catalyst, the samples were
subjected to the same measurement procedure (varying gas
atmosphere and temperature) at the different experimental
setups. Each measurement was carried out under gas flow under
steady-state conditions. In particular, the following procedure
was applied: The pristine sample was exposed to He at 300 K.
Then, it was reduced in H2 at 700 K. Afterward, it was exposed
to CO and the temperature was altered in multiple steps from
700 to 300 K and then returned to 700 K. Finally, the sample
was reduced in H2 at 700 and 300 K. A measurement was taken
after each change. The last three measurements were
performed to check the stability/reversibility.

3. THEORETICAL MODELING
A. Modeling of the Line Shifts. Among the most

interesting behaviors of the in situ RIXS and HERFD
experimental spectra are the changes in shape, intensity, and
position of the characteristic lines and peaks of the X-ray
emission and absorption spectra. To model the temperature-

induced changes in the absorption and emission energies
observed under a CO atmosphere, we assume that they are
caused largely by the changes in the electronic charges of the Pt
atoms. For example, the charge distribution can change as a
function of temperature due to changes in the adsorbate
coverage (CO or H2). As a simple starting model, we simulated
the effect of varying coverage by changing the electronic charge
in an isolated Pt atom. We evaluated the effect of the varying
charge on the shifts in energies of both the absorption and the
emission lines. In order to verify that the change in coverage
and the change in charge are consistent (e.g., that CO
withdraws the electron density from the cluster, not vice versa),
we evaluated the effect of the CO ligands on Pt atoms using a
model of a four-atom, unsupported, Pt cluster covered by CO
molecules. Specifically, the DFT calculations were performed in
two systems: (i) a Pt atom, and (ii) Pt4 and Pt4(CO)4 clusters.
The absorption energy was estimated from the difference
between the occupied 2p3/2 and the first unoccupied states with
large d character (>95%, compare with Figure 1b), while the
emission energy was estimated as the difference between the
energies of the occupied 3d5/2 and 2p3/2 states. For these
calculations, the B3LYP exchange-correlation functional, with
all-electron spin−orbit ZORA relativistic corrections and a
[8s,7p,4d,2f] basis set for the Pt atom, was used. For the
calculations involving the Pt atom, the effect of varying CO
coverage was simulated by changing the total charge of the
atom.

B. Modeling the Structural Changes in Clusters.
Quantitative data analysis of in situ EXAFS experiments, as
shown below, was aided by first-principles simulations in order
to enable more accurate insights into the structural motifs of
the nanocatalysts and their dynamic changes with temperature.
The structural effects observed in the experiments required a
different set of models to aid the EXAFS data analysis that
detects Pt−Pt interactions and interpret them in terms of the
structure and dynamics of multiatom configurations. The
simplest starting model has four Pt atoms covered by CO
molecules, e.g., the same as the one used for modeling of the
electronic effects. This model was used to test the effect of
changing coverage on the Pt−Pt bond lengths. A more realistic
model that included interactions with support and particle sizes
compatible with those used in our experiments was constructed
using a 37-atom Pt cluster. All optimizations and electron
density calculations of the supported Pt37 cluster were done
with VASP using PAW pseudopotentials and a plane-wave
cutoff of 400 eV.
The SiO2 support was modeled using the (001) surface of α-

quartz, i.e., the most stable dangling SiO2 surface.61,62 This
surface, however, is known to reconstruct,62−64 forming rings
with six SiO units. The final surface for the simulations was,
therefore, obtained by molecular dynamics (MD) annealing,
followed by optimization (see the Supporting Information for
details). The structure of the Pt37 cluster was chosen to be
consistent with the STEM and EXAFS results and corresponds
to a hemi-cuboctahedron with a hexagonal base and composed
of three atomic layers parallel to the support. This structure
exposes both square (100) and triangular (111) facets. Single
CO molecules or H atoms were adsorbed on representative
edge and face top sites to study the local effects of adsorption.
To study the effects of high coverage, either 15 CO molecules
or 15 H atoms were adsorbed on the exposed on-top sites of
the upper two layers of the cluster. The net charges were
computed with the Bader density partition algorithm, using an

Figure 1. (a) Setup of the RIXS/HERFD experiment. (b) Electronic
transitions probed in the RIXS/HERFD experiment.
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accurate VASP FFT grid to ensure precise electron counts up
to 1 × 10−4 e.

4. RESULTS AND DISCUSSION
This section contains a summary of the major results obtained
by combined experimental and theoretical methods. We start
with a discussion of the experimental data analysis that
incorporates the results of theoretical simulations and follow
with a full treatment of the dynamics within the framework of
theory.
A. Results of Imaging and Spectroscopy Experiments.

In this subsection, we summarize results of STEM, EXAFS,
conventional and HERFD XANES, RIXS, and DRIFTS
measurements. Taken together, these results suggest that
variations of the electron charge in the cluster are the main
driving force responsible for the changes observed in XAS and
XES spectra. The origin of these charge changes is investigated
theoretically in section 4B.
1. Nanoparticle Size before and after the XAS Experi-

ments. Representative STEM images of the supported metal
catalysts are provided in the Supporting Information (Figure
S1). For the pristine Pt/SiO2 catalyst, well-defined and narrow
particle size distributions are obtained, as shown in the
Supporting Information (Figure S2). The average particle size
is 1.06 ± 0.27 nm (2273 particles). After the RIXS/HERFD
experiments, the size distribution is very similar as before with
an average particle size of 1.18 ± 0.33 nm (2930 particles),
indicating that, within the limits of experimental uncertainty,
the average particle size remains largely unaffected by the
experimental procedures followed in the in situ measurements.
2. Geometrical and Electronic Structures Probed in Situ.

For the Pt/SiO2 catalyst, good EXAFS fits were obtained for all
experimental conditions using fitting models including both
first-shell Pt−Pt and Pt−low-Z-element (O/C) scattering
paths, as described in the Supporting Information. In EXAFS
analyses of temperature-resolved data, an analytical approach
frequently used is to assume that the bond length disorder
results from two contributions, which are either vibrational or
configurational in nature. The former component depends on
temperature, while the latter does not. This model, however, is
not consistent with our main theoretical finding, as described in
greater detail below, which shows that the configurational
disorder present in this nanoscale material system varies
significantly with temperature. For this reason, a different
model was used in which the total disorder was varied
independently at different temperatures.
The k2-weighted EXAFS oscillations χ(k) and the Fourier-

transformed magnitudes |χ(r)| together with the best fits are
given in the Supporting Information (Figure S3). The fitting
results are shown in Figure 2 and the Supporting Information
(Table S1, Figure S4).
The Pt−Pt coordination number was found to be 6.50 ±

0.31, constant throughout all regimes of the experiment.
Assuming simple face-centered cubic, truncated hemispherical
cuboctahedral geometries for the supported Pt clusters, and
given the narrow size distribution ascertained by STEM (Figure
S2), this coordination number points to a “representative”
cluster of 37 atoms and 1.1 nm in diameter.44 The Pt−Pt bond
distances are clearly shorter than the bulk Pt value of 2.77 Å.
Specifically, they range between 2.72 and 2.74 Å in a H2
atmosphere and between 2.75 and 2.76 Å in a CO atmosphere
and decrease with temperature. These structural changes are
explained by adsorbate-induced charge transfer altering the

character of the Pt−Pt bonds65,66 and are addressed in detail in
the Theory section (vide inf ra). The coordination number of
the Pt atoms with neighbors of low atomic number (it is not
possible to distinguish between C or O, due to the similarity in
their backscattering properties) denoted as “low Z”, is 0.97 ±
0.11. The Pt−low-Z bond distances, ranging between 2.46 and
2.58 Å, are smaller by 0.1 Å in a H2 than in CO atmospheres at
the same temperatures. These contributions are likely to reflect
the bonding with both the support and CO (when present). It
is not possible, within the present models, to identify these
contributions with higher certainty within the fitting done in
the EXAFS analysis. Only by using a combination of EXAFS
with other complementary experiments that have greater
sensitivity to metal−adsorbate interaction (HERFD and
DRIFTS), as well as DFT modeling, were we able to isolate
the coverage effects on the electronic and structural effects
exhibited by Pt atoms (vide inf ra).
Figure 2b shows the dependence of Pt−Pt bond length

disorder on temperature. First-principles modeling results
shown below present a picture of the simulated cluster that
has very different structures at low and high temperature. In
such case, the variation of the bond length disorder parameter
with temperature should not be constrained by a commonly
used correlated Einstein (or Debye) model67 in which the total
bond length disorder is a sum of two terms, the configurational
(static) disorder and the vibrational disorder. According to
these models, the latter term and hence the total disorder
should vary linearly with temperature within the experimental
temperature range, which is not a physically reasonable model
for the case discussed here. Indeed, in our case, configurational
and charge transformations that are predicted theoretically to
occur during the temperature range studied are not consistent
with constant static disorder. In that regard, our approach to
the treatment of the bond length disorder is similar of those
observed previously in systems with electronic and structural
transitions.68,69

The Pt−Pt bond distance disorder ranges from 60 × 10−4 to
160 × 10−4 Å2, increasing with increasing temperature, as
expected. In a H2 atmosphere, the disorders are slightly lower
(by 20−30 × 10−4 Å2) than in a CO atmosphere at identical
temperatures, indicative of reduced bond strains.19 The r-factor
was found to be 0.007, indicative of the overall very good fitting
quality.

3. Adsorption-Dependent Changes of the Electronic
Landscape. Typical RIXS maps of the Pt/SiO2 catalyst in H2
and CO atmospheres at the external temperatures of 700 and
300 K are shown in Figure 3. In absorption, the Pt L3-edge
transition (i.e., the excitation of electrons from 2p3/2 to mainly
5d5/2 states) and, in emission, the Lα1 transition (i.e., from 3d5/2

Figure 2. Temperature dependence of the (a) Pt−Pt bond length and
(b) bond length disorders for Pt/SiO2 in H2 and CO.
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to 2p3/2 states) are probed (Figure 1b).70 In the H2 and CO
atmospheres, the RIXS maps reveal similar temperature
dependencies. With decreasing temperature, the resonant
peak shifts to higher excitation and emission energies, decreases
in intensity, and changes its shape from a more circular to more
elongated form. The variations seen are more pronounced for
CO than for H2. These findings are discussed together with the
HERFD results below.
A comparison of the HERFD and conventional XANES

spectra of the catalyst in H2 and CO atmospheres at the
extremal temperatures of 700 and 300 K is provided in Figure
4a,b. Because of the higher energy resolution of the partial

fluorescence yield detection in the order of the lifetime
broadening of the final state,46,71 the HERFD XANES spectra
exhibit superior characteristics (e.g., a sharper absorption edge,
a sharper and more intense white line, as well as an additionally
distinguishable feature in the white line) compared to the
conventional XANES spectra (Figure 4a,b). In a H2
atmosphere, the conventional XANES spectra do not vary
strongly with temperature, except for a small shift of the
absorption edge and white line.15,65,72 In contrast, the HERFD
XANES spectra reveal a much stronger, reversible shift of both
lines to higher energies with decreasing temperature. In
addition, the white line is asymmetrically broadened at 300
K, i.e., exhibits a shoulder at ≈5 eV above the absorption peak
maximum. In a CO atmosphere, similar trends are identified. In
particular, the shoulder is more pronounced and thus its
changes, albeit only very small, can already be distinguished in
the conventional XANES spectra. The much more pronounced

changes in the HERFD XANES spectra (Figure S5) allow the
quantitative analysis of the evolution of both the white line and
its shoulder with temperature.
The RIXS maps in H2 and CO atmospheres reveal very

similar temperature-dependent shifts of the resonant lines. In
two previous RIXS studies at the Pt L3-edge (i.e., probing the
2p3/2−5d5/2 transition both in absorption and in emission),20,50

analogous shifts of the resonant peak were reported. In one of
these studies,20 1.25 nm Pt/C particles in H2 and CO
atmospheres at 307 and 673 K were investigated. The shifts
were ≤0.4 eV and slightly larger in CO than in a H2
atmosphere. Theoretical modeling taking temperature-induced
disorder and coverage variations into account attributed the
shifts to the latter.20 In the other study,50 the adsorption of CO
on 1 nm Pt/γ-Al2O3 at room temperature was explored and
similar shifts and shape changes of the resonant peak as those
identified in this work were found. Theoretical modeling not
only assigned the shifts to CO adsorption, but also related them
to a specific adsorption site of the CO molecules on the Pt
atoms, namely, atop. That capability of XANES is thus
complementary to DRIFTS. The similar RIXS/HERFD trends
reported here and in those earlier studies suggest that the
changes in the adsorbate coverage are responsible for our data
as well.
For a quantitative assessment of their temperature depend-

encies, the HERFD absorption edge and white line energies
were determined as the zero-crossings in the second- and first-
derivative spectra, respectively, obtained via fitting of the two
data points above and below each crossing (i.e., within ±1 eV)
with a line. As an example, the temperature dependence of the
white line energy is shown in Figure 5a. The variations of the
energies of both lines are very similar in H2 and CO
atmospheres; i.e., from 700 to 300 K, the shift to lower
energies is seemingly linear and its maximum variation is 1.5
eV. Similar shifts of the absorption edge energy upon H and
CO adsorption were previously reported for 1.4 nm Pt/γ-Al2O3
and 1.7 nm Pt/SiO2.

73 In bulk insulating compounds, e.g.,
oxides, absorption shifts are attributed to variations in the
charge state of the X-ray absorbing atom and are thus routinely
used for measuring the oxidation state of an element. These
shifts stem from the decrease in screening of the positively
charged nucleus by electrons of the same element in different
oxidation states causing an increase of the ionization potential
and, hence, of the absorption edge energy for elements with a
larger formal oxidation state. In nanoparticles, however, charge
transfer from metal atom to adsorbate (or support) not only
does decrease the screening, thus tending to shift the
absorption edge to higher energies, but also lowers the Fermi
level, causing a tendency to shift the edge energy lower.19 It is,

Figure 3. RIXS maps for Pt/SiO2 in H2 and CO at the extreme temperatures of 700 and 300 K. The horizontal axis shows the excitation energy and
the vertical axis the difference between the excitation and emission energies.

Figure 4. HERFD XANES and conventional XANES spectra for Pt/
SiO2 in (a) H2 and CO at 700 and 300 K. (b) HERFD XANES spectra
for Pt/SiO2 in CO at various temperatures. The experimental
sequence is shown from top to bottom. The arrow indicates the
shoulder in the white line.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b08267
J. Phys. Chem. C 2015, 119, 25615−25627

25619

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b08267/suppl_file/jp5b08267_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b08267


therefore, risky to rely only on the edge shift to determine the
direction of the charge transfer, and other input is needed. A
more detailed discussion is given in the Theory section.
The behaviors seen in the nonresonant regions of the RIXS

data show an opposite trend compared to those observed in the
resonant region. For a quantitative assessment of the
temperature-dependent shifts of the nonresonant lines, the
RIXS maps were combined in the incident energy range of
11590−11630 eV to yield averaged emission spectra. These
spectra were fitted in the range of 9400−9480 eV of the
emission energy values by a combination of a line and a
Lorentzian with constrained amplitude and half-width for all
data sets. The resulting data are shown in Figure 5b. The
nonresonant line shifts linearly to lower energies with
decreasing temperature, very similar in H2 and CO
atmospheres. In particular, from 700 to 300 K, the shift is
−0.6 eV, in the opposite direction to the absorption edge line
shift (vide supra). Such a shift has not, to the best of our
knowledge, been reported before. As discussed in the Theory
section below, it likely originates from the change in the charge
state of the particles.
For the Pt L3-edge, the white line area is proportional to the

density of unoccupied d-states.74,75 This property can be used
to quantitatively assess changes in the electronic structure of
the catalysts15 due to the interactions variously occurring
between the metal clusters, support, and adsorbates. The
temperature dependence of the total differential white line area
with respect to the initial spectrum measured at 700 K,
integrated between 11558 and 11576 eV, in CO is shown in
Figure 5c. A shoulder in the white line already has been
reported before for Pt/γ-Al2O3 in a CO atmosphere at room
temperature.11,55 Theoretical modeling allows us to conclude
that this shoulder is due to CO molecules adsorbed at top
sites.11 CO molecules adsorbed at other sites merely caused
broadening of the white line.11 This interpretation seems to be
in agreement with the RIXS/HERFD results reported here.
To quantify the contributions of the white line and shoulder,

the HERFD XANES spectra were fitted by a combination of a
broadened error function (to account for the absorption edge)

and two Gaussians. The widths of the step function and each of
the two Gaussians were constrained for all temperatures. The
fitted areas of the white line and shoulder are shown in Figure
5d. Both peaks show linear, but opposite, temperature
dependencies. While the area of the white line decreases, that
of the shoulder increases with decreasing temperature. These
changes yield direct insight into the coverages of two CO
species adsorbed at different surface sites on the particles (cf.
with the results of the DRIFTS measurements described
below).
The changes in the conventional XAS white line area were

used to assess the average transferred charge per Pt atom in the
particles quantitatively. The Pt L3 white line area is propor-
tional to the density of unoccupied Pt 5d states and hence is
commonly used for this type of analysis.75−78 Therefore,
comparing the normalized relative white line areas (A1 − A0)/
A0, where A0 represents the fully reduced sample at 700 K and
A1 the CO-covered sample at 300 K (∼0.17), with that
reported in the earlier publication (∼0.80 per transferred
electron) allows us to estimate that 0.21 electrons (the relative
error is estimated as 20%) per Pt atom are transferred upon CO
adsorption. This is in good agreement with the theoretical
results (see below).

4. Analysis of the CO Coverage by DRIFTS. The adsorption
of CO,79−88 the oxidation of CO,89,90 as well as the water−gas
shift reaction91,92 over various kinds of Pt catalysts on multiple
support materials (Pt/SiO2, Pt/Al2O3) over broad pressure and
temperature ranges have been studied comprehensively by
infrared spectroscopy methods. In particular, various adsorption
sites (linear, bridge, 3-fold) in clusters of different oxidation
states81−88,93,94 and their temperature-dependent evolution
have been identified.81−83,85,87 The apparently pronounced
effects of the weight loading, particle morphology, and the
support material on the spectroscopy have not been fully
characterized to date.86,87 It is known, however, that the relative
coverages of the different CO species (e.g., linear and bridge)
vary sensitively with the acidity of the support.22 The CO
saturation coverage on a specific type of supported Pt/SiO2
catalyst at room temperature has been identified to be 0.6−
0.7,81 i.e., is considerably lower than that for ideal Pt(111)
surfaces.
Differential DRIFT spectra of Pt/SiO2 in a CO atmosphere

at temperatures between 700 and 300 K with respect to the
initial spectrum of the clean, fully reduced sample in a H2
atmosphere at 700 K are shown in Figure 6a. Pronounced
spectral lines occur at 1890, 2060, 2110, and 2180 cm−1, with
decreasing intensities for each seen with increasing temper-
ature. An additional mode at 1630 cm−1 is present only at 300
K.
Fitting of the spectra was performed in the range between

1775 and 2250 cm−1 using a combination of a local linear
background and six Gaussians. In particular, for the most
intense line at 2060 cm−1, a combination of three Gaussians
was required to account for its asymmetry. It was not possible
to obtain adequate fits of the spectra measured at 700 K
because of the low intensities. The widths of the Gaussians
were each constrained for all temperatures. The dependencies
of the fitted areas of the spectral lines on the temperature are
shown in Figure 6b. The complete fitting results are given in
the Supporting Information (Figure S6).
The spectral lines between 1890 and 2180 cm−1 can be

attributed to various forms of CO. The line at 1890 cm−1 is due
to a bridge-bond form of CO adsorbed on Pt.81−84,88,95 The

Figure 5. Temperature dependence of the (a) white line energy, (b)
nonresonant line energy, (c) total differential white line area with
respect to the initial spectrum in H2 at 700 K, and (d) areas of the
white line and shoulder for Pt/SiO2 in CO as obtained in the fitting.
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three lines between 2020 and 2060 cm−1 are due to the top-
bond form,81−84,88,94,95 for which the literature suggests
different local bonding environments for the Pt atom contact
lead to shifts in the mode frequency (individual bands in this
latter range could not be distinguished due to the comparably
low spectral resolution employed).88,94,95 The lines at 2110 and
2180 cm−1 are the envelopes of the vibrational−rotational
bands of gas-phase CO.96,97 The line at 1630 cm−1, only
present at 300 K, is likely due to the scissoring mode of water
adsorbed on the silica support.98

The frequency of the line due to bridge-bonded CO varies
only weakly with temperature. In contrast, the frequencies for
the top-bonded form(s) shift markedly (to higher frequencies)
with decreasing temperature. Similar shifts have been identified
previously, e.g., on Pt/Mg(Al)O,95 and were related to the
temperature dependence of the CO coverage as in the present
case. The areas of all spectral lines increase approximately
linearly with decreasing temperature (Figure 6b, left bars). It is
evident that, even at the maximum temperature of 700 K, a
small fractional coverage of CO is present in dynamic
equilibrium on the Pt particles in this isobaric measurement
and, in addition, that the fraction of the top-bonded form of
CO present on the Pt clusters increases (and that of bridge-
bonded form decreases) with decreasing temperature (Figure
6b, right bars). The latter are trends directly attributable to the
temperature-dependent adsorbate coverage.
The changes seen in the ratio of top- and bridge-bond CO

are in qualitative agreement with that obtained from fitting of
the HERFD XANES spectra, i.e., the ratio of the areas of the
white line and its shoulder. This is seemingly in contradiction
with the results of an earlier theoretical XAS study of the CO
adsorption sites on Pt6 clusters, in which the shoulder in the
white line was attributed to CO adsorbed on top, rather than
bridge or 3-fold, sites.11 The latter two species, however, also
exhibit features in the energy range of the white line shoulder.
The changes in relative coverage of these species are much less
important than the changes in total coverage that is dominated
by top-bonded species and decreases monotonically with

temperature. As such, the temperature dependences of the
XANES white line and shoulder intensities seen here do, in fact,
follow the interpretations given in the earlier literature, once
the variations in the total as well as relative coverages of the
different CO species (as revealed in the DRIFTS experiments)
are taken into account.

B. Results of the First-Principles Simulations. In this
subsection, the results of the theoretical simulations are
summarized. As noted above, the experimental results are
consistent with pronounced changes in the average charge
present on the Pt atoms in response to changes made in
temperature at constant adsorbate background pressure.
Adsorbate coverage, of course, must vary over the range of
temperatures investigated. Theory must account for and
quantitatively treat the impacts of this effect on the spectros-
copy. The model explored quantitatively in this section assumes
that each CO molecule shifts electron density from the cluster,
causing the change in the total cluster charge that is, therefore,
related to the adsorbate coverage. An unanticipated effect was
found in this modeling, namely, a new behavior that emerges
when the size of simulated clusters increased from one/four
atoms to those more closely matching experimental observa-
tions (tens of atoms). Here, we found that the intracluster
charges in the metal particles vary dramatically, ranging from
net positive to negative, depending on the location within the
cluster, and with distributions that even invert when adsorbate
coverage shifts as a consequence of temperature changes
between the low and high coverage limits.

1. Geometric and Electronic Structure Changes upon CO
Adsorption. a. Unsupported Pt4 Clusters. To investigate the
origin of changes in the Pt−Pt bond distances upon CO
adsorption, simple models of a four-atom Pt cluster, bare and
CO-covered, were tested first. The structures of unsupported
Pt4 and Pt4(CO)4 clusters were optimized, as described in the
Theoretical Modeling section (see also Figure 7). The details of

the Pt−Pt bond length distribution varied with the distance and
orientation of the adsorbed CO molecules as expected for such
a simple model (see Figure 7a); however, the Pt−Pt bond
distances were found to increase upon adsorption. For all
singlet and triplet multiplicity ground states, the average bond
distance increased from 2.62 Å for the Pt4 cluster to 2.70 Å for
the Pt4(CO)4 cluster (by ≈3%). This change is larger than that
obtained from the EXAFS fitting (0.7−1.7% comparing the H-
and CO-covered particles at 300 and 700 K, respectively). This
overestimation is probably due to (i) the fact that the
experiments probed significantly larger particles, exhibiting
smaller fractions of surface atoms, and (ii) the temperature-

Figure 6. (a) Difference DRIFT spectra of Pt/SiO2 in CO at various
temperatures with respect to the initial spectrum in H2 at 700 K. The
spectra were stacked after subtraction of a background offset
(determined as average intensity at around 2250 cm−1). The
experimental sequence is shown from bottom to top. (b) Temperature
dependence of the absolute (left bars, brighter y-axis label) and relative
areas (right bars, darker label) of the spectral lines due to CO
adsorbed on top (three components; the darkest color corresponds to
that at higher and the brightest at lower wavenumbers) and on bridge
sites (one component), shown in the top and in the bottom of (b),
respectively, obtained from the fitting. The complete fitting results are
shown in the Supporting Information (Figure S6).

Figure 7. (a) Optimized cluster morphology of the Pt4(CO)4 and Pt4
clusters. The reported distances are in Ångstroms. (b) Shifts of the
absorption edge and nonresonant emission energy calculated for an
isolated Pt atom.
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dependent changes in CO coverage in the experiment were less
than one over the range of temperatures studied, since DRIFTS
results (Figure 6) demonstrated that, at the minimum
temperature of 300 K, the particles were not fully CO-
covered,81 while, at the maximum temperature of 700 K, they
were not adsorbate-free.
b. Pt37 Clusters on SiO2 Support. In order to improve the

theoretical estimates of bond expansion, simulations were
performed for Pt37 clusters on the SiO2 support, since these
systems were identified to be in best agreement with the
average EXAFS coordination number and STEM particle sizes
(vide supra). The structures of bare and various CO-covered
clusters (i.e., with a CO molecule adsorbed at an edge or a face
top site, or 15 CO molecules at the top sites of the surface
atoms of the top and medium layers of the cluster to mimic
high coverage, respectively) were optimized as described in the
Theoretical Modeling section and are shown in Figure 8.

Clusters with CO molecules at bridge sites were neglected due
to their relatively low coverages (vide supra). We have also
avoided placing CO molecules at the sites interfacial with the
support due to the computational limitations of such a model
which requires a much larger area of the support surface than
the one used in the current simulations scheme.
The effects of adsorption of a CO molecule on the local

Pt−Pt bonding are summarized in Table 1. For edge-site
adsorption, the average Pt−Pt bond distance increases by 0.07
Å, with a homogeneous expansion over all bonds. In contrast,
for face-site adsorption, the expansions are larger for the longer
bonds between the surface and internal Pt atoms. The reason
for this enhanced expansion is clear when analyzing the local
charge distributions (vide inf ra): While, in the clean cluster, the
face atoms are nearly neutral when a molecule is adsorbed, they
become markedly positive. This increases their Coulomb
repulsion from the very positive atoms in the center of the
cluster, resulting in an enhanced bond distance, similar to the
mechanism described above in the alumina-supported cluster
where the charge transfer is between the cluster and the oxygen
vacancy in the support.33 Thus, the increase in average bond
distance is significantly larger, by 0.23 Å.

Since EXAFS yields ensemble-averaged Pt−Pt bond
distances, the average first-shell bond distance (see Figure 2a)
is a good measure of structural changes. For determination of
this quantity, the bond distances up to a cutoff of 3.1 Å were
considered (i.e., corresponding to the region, where the pair
distribution function exhibits a gap between the first and
second coordination shell for bulk Pt). The average expansion
upon adsorption of 15 CO molecules on the Pt37 cluster is 0.05
Å (1.7%), in good agreement with the expansion of 0.7−1.7%
obtained from the EXAFS analysis. Even a single CO molecule
adsorbed on the simulated clusters (Figure 8) demonstrates the
increased average Pt−Pt distance, illuminating both the roles of
adsorbates, and their temperature-dependent coverage, in
influencing the structural rearrangements of the metal catalysts.
The net charge distributions for the bare and the CO-

covered Pt37 clusters are shown in Figure 9a−d, while the
charge for each Pt atom as a function of its distance to the
support surface (defined as the average z-position of the atoms
in the topmost layer) is shown in Figure S7 in the Supporting
Information. For Pt atoms not coordinated by CO molecules,
the nanoparticle layers have an alternating charging pattern,
with the atoms in the bottom layer closest to the support
surface positively charged, the slightly higher ones negative,
those in the middle layer positive, and in the topmost layer
mostly negative. The charge transfer between the Pt and O
atoms is much smaller than that in Pt clusters on γ-Al2O3, for
which a net transfer of 0.1−0.2 electrons has been identified,34

showing that interactions between the metal clusters and the
support are, in essence, negligible here. Upon adsorption of a
CO molecule, the CO-coordinated Pt atoms lose 0.2−0.3
electrons on average, with those in the middle, positive layer
losing more charge than those in the topmost, negative layer.
Perhaps the most remarkable observation is that the charging
effects induced by adsorption are quite local, with little or no
redistribution of the charge. The only visible nonlocal effect is
the charge inversion in the internal atoms for the high coverage
system.

2. Temperature-Induced Shifts of the Absorption Edge
and Core Emission Modeling of the Shifts Using Isolated Pt
Atoms. As discussed above, one of the key experimental
observations of this study is the opposite shifts in the
absorption edge and core emission energies depending on
the temperature. Our calculations on an isolated Pt atom
reproduce these trends, showing that the absorption edge and
core emission line both shift in opposite directions as a function
of the change in number of electrons in the system, as shown in
Figure 7b.

Figure 8. Changes of the Pt−Pt bond length upon CO adsorption for
a simulated Pt37 cluster on a SiO2 support. The solid line corresponds
to the centroid of the distribution. The bin size was 0.02 Å.

Table 1. DFT-Calculated Nearest-Neighbor Bond Lengths
and Their Changes upon Adsorption of a CO Molecule on a
Pt37 Cluster Supported on SiO2

Pt37/SiO2

edge face

bonds rPt37/Å rPt37−CO/Å Δr/Å rPt37/Å rPt37−CO/Å Δr/Å

1 2.56 2.62 0.06 2.55 2.61 0.06
2 2.64 2.70 0.06 2.58 2.67 0.09
3 2.64 2.70 0.06 2.60 2.67 0.07
4 2.73 2.81 0.08 2.60 2.67 0.07
5 2.73 2.81 0.08 2.77 3.30 0.53
5 2.77 3.30 0.53
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The absorption edge exhibits a red shift with increasing
cluster electron number (i.e., when the clusters become less
positive). The emission line shows a small, but clear, trend in
the opposite direction, in agreement with experiment. The
shifts were obtained by averaging over different electronic
configurations to account for the “mean’’ nature of an atom
embedded in a cluster. The agreement between this model
behavior and our experiment hints that the driving force behind
the two shifts is the change in the adsorbate coverage that is
affected by temperature. In order to verify this hypothesis, we
need to verify that the increased temperature, and, hence,
reduced coverage, results in the increase of the electronic
charge of the cluster, to explain why the experimentally
observed shifts and those calculated by this simple model are in
the same direction.
As demonstrated above, these clusters exhibit strong

heterogeneity in charge density. Hence, to verify the required
correlation between coverage effects and charge density, we
cannot use a simple 4-atom cluster model. Instead, our
supported Pt37 cluster models are more adequate, revealing a
more complex picture of a heterogeneous charge distribution
(vide supra) that also shows an overall loss of charge under
increased coverage, but only after ensemble averaging.
Therefore, the fact that, on supported Pt37, the adsorbed CO
and H remove electrons from the cluster leads to depleted
electron densities at higher coverages and thus the correct
absorption edge and emission line shift trends. The theoretical
average electron loss per coordinated atom in Pt37 is, however,
about 0.2−0.3 e, somewhat less than the one used in the atomic
simulations, and the shifts computed for the emission line
energy should be considered qualitative. Nevertheless, we find
that both the structural changes and the electronic changes in
this system under variation in temperature are linked to the
change in the adsorbate coverage.

5. SUMMARY AND CONCLUSIONS

This work demonstrates and clarifies the nature of hetero-
geneity of the structural and charge distributions within
supported metal nanoparticles of the form used as hetero-
geneous catalysts. Theoretical structure models of SiO2-
supported Pt clusters, bare and coordinated by CO, were
constructed to explain the changes in electronic properties as
observed by XANES and RIXS. In simulating the CO coverage,
only CO adsorbed at top sites was modeled by DFT, given that
the fraction of bridge to top CO bonds was found to be small
by in situ DRIFTS. Those models revealed that the atomic and
charge distributions in the clusters changed upon varying
adsorbate coverages. The DFT calculations confirmed that the
shift of the absorption edge is caused by charge transfer from Pt
to CO.
In this work, theoretical simulations were used in synergy

with experimental observations to support these conclusions.
Thus, theoretical simulations played an integral part in this
study, going beyond fitting models to provide essential (and
predictive) interpretations of the experimental data, and
especially their heterogeneous structure. In this work, ab initio
calculations were used to help at the critical stage of the EXAFS
data analysis and modeling, when the decision is made how to
analyze the temperature-dependent data. It is very common
that such data are analyzed using either the Einstein or the
Debye model, which assume that the static disorder is
temperature-independent. Because the simulations were used
early on in this work to investigate the perturbations of the
electronic states observed in the nonresonant and resonant
RIXS spectra, we used these simulations’ results to guide
EXAFS data modeling. Specifically, the simulations, demon-
strating that, at different temperatures, the configurational bond
length disorder changed (Figure 8), enabled a different type of
analysis, in which the total disorder values at different
temperatures were not constrained in the fit. That approach
produced more detailed information about the structure than a

Figure 9. Charge transfer upon CO adsorption on a Pt37 cluster on a SiO2 support. Shown are the (a) bare cluster, one CO molecule adsorbed at top
sites in an (b) edge and (c) face position, and (d) 15 adsorbed CO molecules to mimic high coverage.
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more approximate Einstein model that would have missed the
most important result of this work, the intracluster hetero-
geneity.
We believe that this charge heterogeneity may provide an

important new vantage point for assessing the key driving
forces responsible for electronic and structural perturbations
seen more generally in supported metal cluster catalysts under
operando conditions. These results show that monometallic
clusters exhibit similar behaviors to those previously observed
in core−shell bimetallic catalysts that restructure under
conditions of variable gas pressure and temperature.99 Atomic
species not only on the surface but also throughout the cluster
respond dynamically to changing environmental conditions,
accompanied by strong and even invertible forms of electron
localization. We believe that these findings provide new insights
into the nature of supported nanocatalysts that may provide
important clues into their behavior.
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(46) Ham̈al̈aïnen, K.; Siddons, D. P.; Hastings, J. B.; Berman, L. E.
Elimination of the inner-shell lifetime broadening in X-ray-absorption
spectroscopy. Phys. Rev. Lett. 1991, 67, 2850−2853.
(47) Pushkar, Y.; Yano, J.; Glatzel, P.; Messinger, J.; Lewis, A.; Sauer,
K.; Bergmann, U.; Yachandra, V. Structure and orientation of the
Mn4Ca cluster in plant photosystem II membranes studied by
polarized range-extended X-ray absorption spectroscopy. J. Biol.
Chem. 2006, 282, 7198−7208.
(48) Yano, J.; Kern, J.; Pushkar, Y.; Sauer, K.; Glatzel, P.; Bergmann,
U.; Messinger, J.; Zouni, A.; Yachandra, V. K. High-resolution
structure of the photosynthetic Mn4Ca catalyst from X-ray spectros-
copy. Philos. Trans. R. Soc., B 2008, 363, 1139−1147.
(49) Glatzel, P.; Bergmann, U. High resolution 1s core hole X-ray
spectroscopy in 3d transition metal complexeselectronic and
structural information. Coord. Chem. Rev. 2005, 249, 65−95.
(50) Glatzel, P.; Singh, J.; Kvashnina, K. O.; van Bokhoven, J. A. In
situ characterization of the 5d density of states of Pt nanoparticles
upon adsorption of CO. J. Am. Chem. Soc. 2010, 132, 2555−2557.
(51) Gorczyca, A.; Moizan, V.; Chizallet, C.; Proux, O.; Del Net, W.;
Lahera, E.; Hazemann, J.-L.; Raybaud, P.; Joly, Y. Monitoring
morphology and hydrogen coverage of nanometric Pt/γ-Al2O3

particles by in situ HERFD−XANES and quantum simulations.
Angew. Chem. 2014, 126, 12634−12637.
(52) Singh, J.; Alayon, E. M. C.; Tromp, M.; Safonova, O. V.; Glatzel,
P.; Nachtegaal, M.; Frahm, R.; van Bokhoven, J. A. Generating highly
active partially oxidized platinum during oxidation of carbon monoxide
over Pt/Al2O3: In situ, time-resolved, and high-energy-resolution X-ray
absorption spectroscopy. Angew. Chem., Int. Ed. 2008, 47, 9260−9264.
(53) Singh, J.; Tromp, M.; Safonova, O. V.; Glatzel, P.; van
Bokhoven, J. A. In situ XAS with high-energy resolution: The changing
structure of platinum during the oxidation of carbon monoxide. Catal.
Today 2009, 145, 300−306.
(54) Singh, J.; Lamberti, C.; van Bokhoven, J. A. Advanced X-ray
absorption and emission spectroscopy: In situ catalytic studies. Chem.
Soc. Rev. 2010, 39, 4754−4766.
(55) Singh, J.; Nelson, R. C.; Vicente, B. C.; Scott, S. L.; van
Bokhoven, J. A. Electronic structure of alumina-supported mono-
metallic Pt and bimetallic PtSn catalysts under hydrogen and carbon
monoxide environment. Phys. Chem. Chem. Phys. 2010, 12, 5668−
5677.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b08267
J. Phys. Chem. C 2015, 119, 25615−25627

25625

http://dx.doi.org/10.1021/acs.jpcc.5b08267


(56) Singh, J.; van Bokhoven, J. A. Structure of alumina supported
platinum catalysts of different particle size during CO oxidation using
in situ IR and HERFD XAS. Catal. Today 2010, 155, 199−205.
(57) Abdala, P. M.; Safonova, O. V.; Wiker, G.; van Beek, W.;
Emerich, H.; van Bokhoven, J. A.; Sa, J.; Szlachetko, J.; Nachtegaal, M.
Scientific opportunities for heterogeneous catalysis research at the
SuperXAS and SNBL beam lines. Chimia 2012, 66, 699−705.
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