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ABSTRACT: Interactions of nanoparticles (NPs) with their
environment may have a pronounced effect on their structure
and shape as well as on their functionality in applications such
as catalysis. It is therefore crucial to disentangle the particle—
adsorbate and particle—support interaction effects on the
particle shape, its local structure, atomic dynamics, and its
possible anisotropies. In order to gain insight into the support
effect, we carried out an X-ray absorption fine-structure
spectroscopy (XAFS) investigation of adsorbate- and ligand-
free size-selected Pt NPs deposited on two different supports
in ultrahigh vacuum. Polarization-dependent XAFS measure-
ments, neural network-based analysis of X-ray absorption
near-edge structure data, and reverse Monte Carlo (RMC)
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simulations of extended X-ray absorption fine structure (EXAFS) were used to resolve the 3D shape of the NPs and details of
their local structure. A synergetic combination of advanced in situ XAFS analysis with atomic force microscopy and scanning
tunneling microscopy (STM) imaging provides uniquely detailed information about the particle—support interactions and the
NP/support buried interface, not accessible to any experimental technique, when considered alone. In particular, our combined
approach reveals differences in the structure of Pt NPs deposited on TiO,(110) and SiO,/Si(111). Pt NPs on SiO, assume a
spherical-like 3D shape and weakly interact with the support. In contrast, the effective shape of analogously synthesized Pt NPs
on TiO,(110) after annealing at 600 °C is found to be a truncated octahedron with (100) top and interfacial facets that are
encapsulated by the TiO, support. Modeling disorder effects in these NPs using an RMC approach reveals differences in bond-
length distributions for NPs on different supports and allows us to analyze their anisotropy, which may be crucial for the
interpretation of support-dependent atomic dynamics and can have an impact on the understanding of the catalytic properties

of these NPs.

1. INTRODUCTION

Metal nanoparticles (NPs) supported on oxides have
tremendous applications in the field of heterogeneous catalysis.
Numerous studies have been dedicated to explore the
parameters affecting the catalytic performance of nanocatalysts
such as their particle size, shape, oxidation state, and
interaction with the support.'~'* Nevertheless, in many cases
it is hard to isolate the respective contribution of these
parameters. For example, it was shown that the NP shape can
be affected by the size, adsorbates, ligands, and support, while
the NP/support interaction itself is also influenced by the NP
size,""? all of which could subsequently affect the NPs activity
and selectivity.'*™'® For understanding structure—properties
relationship in heterogeneous catalysts and for the rational
design of novel catalyst materials, it is necessary to disentangle
these many degrees of freedom. For this purpose, studies of
well-defined model systems are useful, since they allow us to
single out the importance of each of these catalyst character-
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istics. Here, we focus on particle—support interactions and
their effect on particle shape and local structure.

The NP support can affect the NP structure by (i) changing
the electronic structure of the NPs,"” ™" (ii) inducing strain in
the NP lattice due to interfacial mismatch,”** and (iii)
encapsulating the NP and changing the surface energy.24_26
Interactions with the support may have an impact also on
atomic dynamics, especially for smaller NPs,”” resulting in non-
bulk-like distributions of interatomic distances, which, again,
can result in unique functionality.” The presence of particle—
support interactions introduces naturally also the anisotropy in
the NP structure, which may manifest itself in unusual
vibrational properties and strain distributions.””
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To rationalize the importance of these factors, tools are
needed to extract detailed information about the geometry and
internal structure of NPs on different supports and under
different experimental conditions. For this purpose, different
microscopy techniques can be used, including scanning
tunneling microscopy (STM), atomic force microscopy
(AFM), and transmission electron microscopy (TEM).>**~*!
These techniques can provide insight into the shape of
individual NPs and their local arrangement on relatively small
substrate areas (hundreds of um?). Nonetheless, when applied
to small NPs, tip-convolution effects in some of these methods
can obscure the real NP structure and the amount of
quantitative information that can be extracted is limited. On
the other hand, complementary spectroscopic techniques such
as grazing incidence small-angle X-ray scattering and X-ray
absorption fine-structure spectroscopy (XAFS) can provide
information about the average NP size, shape, and
structure.”*>™*® An important advantage of these spectro-
scopic techniques is their ability to resolve transformations of
nanocatalysts in situ and under operando reaction conditions,
including high temperatures and elevated gas pressures.
Nevertheless, due to ensemble-averaging, the latter techniques
provide the most meaningful answers when they are applied to
model systems with narrow particle size, shape, and composi-
tional distributions (as verified by microscopy techniques).
When these conditions are not met, extreme care needs to be
taken in the interpretation of the obtained results, since the
analysis will yield only an effective, ensemble-averaged particle
3D structure. In some cases, such an effective NP model can,
nevertheless, be successfully correlated with sample function-
ality.””

Among the different structure-sensitive techniques, extended
X-ray absorption fine-structure (EXAFS) analysis stands out as
an element-specific method that is very sensitive to the local
structure around the absorbing atom.”® For samples containing
monodispersed NPs, EXAFS analysis allows the extraction of
very detailed information about the NP size, shape, and
structure.””~* For example, we previously reported the
possibility to determine the shape of size-selected Pt NPs
supported on nanocrystalline Al,O; powders by combining the
information on the first to fourth coordination numbers (CNs)
extracted from multiple-scattering (MS) EXAFS analysis, with
the knowledge of the NP diameter determined by TEM.*'%**
Note, however, that our previous studies were conducted
under H,-atmosphere to prevent NP oxidation, and therefore,
the NP shapes observed might have been affected by
interactions with adsorbed hydrogen.” It is well known that
adsorbates can affect the stability of the otherwise more
thermodynamically favorable NP shapes.**~** Furthermore, on
the nanocrystalline supports that were previously employed,
epitaxial relationships between the NPs and the support could
not be ensured. Since the NPs were oriented randomly on the
support surface, possible anisotropies in the NP shape and
structure could not be resolved. In the present study, we have
used similarly synthesized ensembles of well-defined metal NPs
but have deposited them on planar single crystals to unveil, in
the absence of adsorbates [in an ultrahigh vacaum (UHYV)
measurement environment], the role of the support.
Furthermore, by employing X-ray polarization-dependent
XAFS measurements, we are now able to extract information
on the differences in the metal—metal bonds within NPs along
different directions (parallel and perpendicular to the support
surface) and also to single out the contribution of the bonds

between the NPs and the support.*”*” These data allowed us

to estimate the most favorable structural configuration for our
NPs deposited on a strongly interacting support (TiO,) versus
a weak one (SiO,).

The interpretation of in situ polarized XAFS data using
conventional approaches is challenging, especially in cases like
the present one, where the low metal loading results in limited
EXAFS data quality. Reliable MS EXAFS analysis of distant
coordination shell contributions that is necessary to resolve
NPs shape is not possible in this case. Instead, we have applied
recently developed advanced XAFS analysis methods based on
the neural network (NN) approach to extract the NP structural
information from the experimental X-ray absorption near-edge
structure (XANES) data, which have much better signal to
noise ratio.** > CNs extracted from XANES are then used to
construct a 3D structural model. Its agreement with available
EXAFS data is further validated using reverse Monte Carlo
(RMC) simulations.”*" RMC—EXAFS analysis allowed us
also to extract the entire bond-length distribution function
[radial distribution function (RDF)] that encodes information
about the variations in bond lengths due to static and dynamic
thermal disorder effects.””* Here, we employ for the first time
the RMC analysis for the interpretation of polarization-
dependent EXAFS data. By combining polarization-dependent
XAFS measurements of NPs on single crystal supports with the
RMC—-EXAFS simulation method, we extracted information
about the possible anisotropy of RDFs and obtained accurate
interatomic distance distributions. In particular, the RMC
simulations yielded non-Gaussian, support-dependent shapes
for the RDF peaks that indicate the presence of strong particle
surface- and support-induced disorder and/or essentially
anharmonic atomic dynamics,48’53‘54 which could have an
impact on the catalytic properties of these NPs. In addition, we
were able to analyze separately the bond length distributions
for the bonds that are parallel and perpendicular to the
substrate surface. Therefore, we were able to probe directly the
effect of particle—support interactions on the anisotropy of the
particle structure and dynamics. Such detailed insight into the
interactions between nanometer-sized particles and the
underlying support, including insight into buried interfaces,
was enabled by a synergistic combination of scanning-probe
microscopy and spectroscopic techniques and advanced data
analysis.

2. METHODS

2.1. Sample Preparation and Experimental Details.
Size-selected Pt NPs were synthesized using inverse micelle
encapsulation.”>*° A commercial diblock copolymer poly-
(styrene)-block-poly(2-vinylpyridine)[PS(26000)-P2VP-
(4800)] was dissolved in toluene to form the micelles.
Subsequently, H,PtCl;:6H,0 with a metal/P2VP ratio of
0.18 was added to the solution to create the metal NPs. A
monolayer thick film of NPs was achieved after dip coating the
TiO,(110) crystal and natively oxidized SiO,/Si(111)
substrate into the micellar solution. In situ O,-plasma
treatment at $ X 107¢ mbar for 100 min was performed to
remove the polymers. To stabilize the Pt NPs on TiO,, the
sample was stepwise annealed in vacuum from 300 up to 900
°C in 100 °C intervals.

To get information about the morphology of the as-prepared
samples, AFM images were acquired using a Veeco multimode
microscope (Digital Instruments, Nanoscope IIla). All STM
images were acquired at room temperature using an Aarhus
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150 HT STM microscope (SPECS GmbH). An electrochemi-
cally etched tungsten tip was used for the STM measurements.
Due to tip-convolution effects, the NP height (and not the
diameter) was used as the representative NP size descriptor. In
order to confirm the complete removal of the ligands, X-ray
photoelectron spectroscopy measurements were conducted
using a monochromatic Al K X-ray source (1486.6 eV) and a
Phoibos (SPECS) electron energy analyzer.

XAFS measurements were performed at the 12-BM
beamline of the Argonne National Laboratory, which is
equipped with a UHV chamber compatible with XAFS
measurements. The experiments were conducted in fluores-
cence mode at the Pt Lj-edge (11562 eV) at room
temperature. The ex situ synthesized samples were first
transferred into UHV and annealed in O, at 450 °C for 30
min in order to remove adventitious carbon from the NPs.
Subsequently, the samples were reduced in vacuum at 600 °C.
To get the information about the anisotropic structure of the
NPs, in the case of Pt/TiO,(110), EXAFS measurements were
carried out with the X-ray polarization in three different
orientations, from which two were parallel to the substrate
surface and one was perpendicular to the substrate. The two
parallel measurements were done along (i) TiO,(110)[001]
(denoted as ||-1) and (ii) TiO,(110)[110] (denoted as ||-2)
directions. Since no well-defined crystalline orientations were
available at the native SiO,/Si(111) interface, on this substrate
no polarization-dependent measurements were performed, and
we collected XAFS data with only one X-ray polarization.

The Athena and FEFFIT programs were used for XAFS data
normalization, background subtraction, and conventional
nonlinear least-square fitting of the experimental EXAFS
data.”’ Fitting of the first-shell EXAFS data was done over a
range of 3—10.5 A™" in k-space and 1.0-3.4 A in R-space.
EXAFS data from Pt/TiO, were fitted with three components
corresponding to Pt—Pt (~2.7 A), Pt—Ti (~2.7 A), and Pt—O
(~2.0 A) bonds, while for Pt/SiO, only Pt—Pt and Pt—O were
considered. Due to limited k-range and R-range, available for
the analysis and the large number of fitting parameters,
multiple constraints were employed: correction to photo-
electron reference energy AE, = 1.8 + 0.7 eV was fixed to be
the same for all the samples (this constrain is motivated by the
similarity of the obtained XANES spectra for different
samples), Debye—Waller factors 6* and interatomic distances
R for Pt—Pt, Pt—O, and Pt—Ti bonds were fixed to be the
same for all three spectra, corresponding to the Pt/TiO,
system. The passive electron reduction factor (S,*) was
estimated to be 0.87 by fitting the EXAFS spectrum of
platinum foil. For calculations of the theoretical scattering
amplitudes and phase shifts used in the fits, the FEFF8 ab
initio code has been employed,”>® using fcc Pt structure to
simulate the Pt—Pt scattering path, PtO, structure to simulate
the Pt—O scattering path, and TiO, structure with embedded
Pt atom to simulate the Pt—Ti scattering path.

2.2. XAFS Data Interpretation. The sub-monolayer
sample coverage with widely spaced small NPs employed in
this study resulted in low metal concentration in the samples,
and thus XAFS data quality is not adequate to conduct reliable
conventional MS EXAFS analysis of contributions beyond the
first coordination shell. Additional information is therefore
necessary to resolve the NP shape. Such additional information
can be extracted by considering the polarization of the X-rays
in EXAFS measurements. We employ here the fact that the
contribution of different interatomic bonds to the total

spectrum depends on the relative orientation of the bond
with respect to the X-ray polarization vector.”” For K-
absorption edges, one can introduce a simple relation between
the effective CN (ECN), that is, the number of bonds per
absorbing atom that contribute to the X-ray absorption for a
specific polarization direction, and the angle between the bond
direction and the X-ray polarization®”®'

N = [Ni)z cos® 9]

at j (1)

where N, is the number of absorbing atoms in the particle and
0; is the angle between the jth bond direction and the electric
field vector of the incident X-ray. This simple relation,
however, is not accurate for L, and L, absorption edges.””
The effect of X-ray polarization on ECN for these absorption
edges can be assessed numerically, using codes like FEFF,”
which treat polarization effects explicitly. As demonstrated in
the Supporting Information, Figure S1, for the Pt L;-edge, the
shape of the ECN(6) dependence qualitatively still resembles a
cos’(0) function, but the effect of the polarization is less
pronounced than for the K-edge. This means that we can still
use eq 1 at least for qualitative analysis of L;-edge XAFS data.
As demonstrated in Figure S1, the error in ECN that we
introduce in this case is around 15%. In this study, the ECNs
extracted from polarized EXAFS data were compared to those
obtained from particle structure modeling to extract
information on the shape of Pt NPs.

For unambiguous determination of the NP shape,
information about CNs in more distant coordination shells is
necessary.””*>** For this purpose, we employ here NN-based
XANES analysis, which yields CNs from distant coordination
shells even in the cases when the low data quality does not
allow us to use MS EXAFS analysis. Our approach for the
analysis of XANES data using NN is explained in detail in ref
50 and we use here the same NN. Briefly, a large set of ab-
initio calculated XANES spectra is constructed for particle
models with different sizes and shapes using FEFF®® and
FDMNES® codes. For each of the used structure models, we
calculate also the corresponding CNs for the first few
coordination shells. The constructed database of calculated
XANES spectra and corresponding CNss values is then used to
train a NN, which maps the relationship between XANES
features and CNs. The trained NN then can be used to
determine CNs from experimental XANES spectra. Impor-
tantly, our NN was trained on structure models of completely
metallic particles only; thus, it cannot recognize and quantify
the interactions of the particle with the support (bonding,
charge transfer, etc). For example, it cannot give any answers
regarding Pt—O and Pt—Ti bonds for Pt particles on the TiO,
support. Nevertheless, our previous studies have shown that if
the contribution of these bonds is small, as it is expected at
least for the Pt/SiO, system, our NN can still provide
reasonably reliable results about the Pt—Pt CNs that can be
used complimentary with CN values extracted from the
traditional EXAFS data fitting.

The knowledge of CNs from EXAFS and NN-XANES
analysis allows us to determine the NP size and shape. In
addition to that, EXAFS data contain also the details about the
distribution of bond lengths, which can be characterized by
RDF and contains key information about the static structure
strain and atomic dynamics.***' To extract this information,
and also to additionally validate the NP structural models
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Figure 1. (1 X 1 yum) AFM images of the as-prepared Pt NPs supported on (a) SiO,/Si(111) and (b) TiO,(110). (c—e) STM images of polymer-
free Pt NPs on TiO,(110) acquired at 25 °C after annealing in vacuum at 1100 °C. The inset in (c) and the high-resolution images in (d,e) display
truncated octahedron Pt NPs on TiO,(110) with (100) top and interfacial facets. (f) Line profiles of the Pt NPs, shown in (d,e).

obtained from conventional EXAFS and NN-XANES analysis,
we employ the RMC method. In RMC simulations, the
aforementioned structure model (which includes Pt NP model
as well as support atoms, when applicable) is further
optimized, by proposing small and random displacements to
all atoms in the model to account for disorder effects. Ab-initio
EXAFS calculations are then carried out, and the obtained
spectrum is compared with the experimental data. For
comparison of theoretical and calculated spectra, we use
wavelet transform (WT).%%%” Depending on the agreement,
the proposed structure modification is either accepted or
discarded. The process is repeated, until after several
thousands of iterations a good agreement between exper-
imental and theoretical EXAFS spectra is achieved. Impor-
tantly, since only small atomic displacements are allowed, the
overall size and shape of the NP do not change during the
RMC optimization.

In this work, for RMC—EXAFS analysis we rely on the
EvAX code.”® Calculations for Pt NPs on SiO, are carried out
as in ref 50. To benefit from the sensitivity of EXAFS spectra
to polarization effects, and to obtain a more unambiguous
structure model for Pt NPs on TiO,, we have modified the
EvAX code, so that polarization effects on EXAFS spectra can
now be modeled explicitly. Note that the calculations of
polarized EXAFS spectra are carried out accurately in the
EvAX program (which uses FEFF code for EXAFS
calculations). In this particular case, at each RMC iteration
three theoretical EXAFS spectra are calculated (y¥(k),
75%(k), and x5°°(k)), corresponding to the same structure
model, but three different X-ray polarizations (perpendicular to
substrate surface and parallel to TiO,(110)[001] (denoted
further as ||-1) and TiO,(110)[110] (denoted further as ||-2)
directions), and all three are compared independently with the
corresponding experimental EXAFS spectra (y7(k), x5%(k)
and y5®(k)). The residual that characterizes the goodness of
current RMC atomic configuration is then calculated as

1y IWT[z, ™ (k)] = W[z (k)]l
- 5; IWT [ (k)1 2)

here, WT[ ] denotes Morlet WT and |l ll—Euclidean norm.
Thus, at the end of the RMC run, we get a single atomic
configuration, which agrees with the EXAFS data collected for
the three different X-ray polarizations. Other technical details
of the RMC simulations are given in ref 50.

3. RESULTS AND DISCUSSION

3.1. Microscopic Morphological Characterization
(AFM/STM). AFM images of the as-prepared micellar Pt
NPs supported on SiO, and TiO,(110) are shown in Figure
la,b, respectively. According to the AFM data, the average NP
heights in these samples are ~1.8 + 0.8 and ~1.9 + 0.6 nm,
respectively (the apparent difference in the NP diameter seen
in the images is due to the fact that both samples were
measured with tips of different end radius). Height histograms
are shown in the Supporting Information, Figure S2. The NPs
are distributed with a hexagonal ordering and homogenous
interparticle distance (~40 + 10 nm) on both substrates. An
STM image of the Pt NPs supported on TiO,(110) acquired
after annealing in vacuum at a temperature of 1100 °C is
shown in Figure lc. Note that since the SiO, substrate has a
wide band gap, STM measurements are not feasible for this
sample unless it is highly doped, which was not the present
case. A homogenous interparticle distance has been observed
after the high temperature annealing, indicating the high
stability and low mobility of the NPs on TiO,. The high-
resolution STM images in Figure 1d,e reveal the flat NP top,
which can be attributed to truncated octahedron NPs with
(100) top and interfacial facets. The corresponding line
profiles are shown in Figure 1f. It should be noted that due to
the tip convolution effect, the lateral size of the NPs is
overestimated in STM and AFM measurements. However, the
height of the NPs (Figure S2) is less affected by the tip apex
artifact and can be used as a reliable measure of the particle
size.

3.2. Spectroscopic Structural Characterization
(EXAFS/XANES). 3.2.1. XANES Data. Experimental XANES
spectra of our Pt NPs measured at room temperature in UHV
on SiO, and Ti0,(110) are shown in Figure 2. In all cases, the
spectra resemble strongly the spectrum of the Pt foil (also
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Figure 2. Experimental Pt L;-edge XANES spectra measured at 25 °C
in UHV corresponding to Pt NPs supported on SiO, and TiO,(110).
The data on TiO, were acquired in three different X-ray polarizations,
two parallel to the support surface and one perpendicular. Data from
Pt foil are also shown for reference.

shown in Figure 2), confirming that Pt is mostly metallic in
these samples, and no significant oxidation takes place under
our UHV measurement environment. One can note that
XANES oscillations are broadened and have lower amplitudes
for all NPs samples, in comparison to those of bulk Pt, which
can be attributed to particle size-effects.”® Also, a minor shift of
spectra to higher energies can be detected for all spectra for Pt
NPs, which can be due to the interaction with the support. The
differences between the spectra for NPs on different supports
are rather subtle, suggesting that the particle size and structure
are similar in samples on both supports. XANES spectra for Pt
on TiO,, acquired with different X-ray polarizations, are also
quite close. For Pt NPs on SiO,, we did not perform
polarization-dependent measurements because no well-defined
crystalline orientations were available at the native SiO,/
Si(111) interface. For Pt NPs on TiO,, spectra, acquired with
both substrate-parallel X-ray polarizations, overlap completely.
The intensity of the white line in the spectrum, acquired with
X-ray polarization, perpendicular to sample surface, is slightly
lower, suggesting some anisotropy in particle structure and/or
particle—support interactions. This difference, however, is
much smaller than the one observed in a similar study of raft-
like (and, hence, very anisotropic) Pt clusters on a-AlQ,.*

3.2.2. Analysis of EXAFS Data (Nonlinear Least Square
Fitting). Figure 3 shows k*-weighted EXAFS spectra in k-space
(a) and their Fourier-transforms (FT) (b), extracted from the
analysis of Pt L;-edge data for NPs on two different supports.
Clear differences can be observed. In particular, the amplitude
of the EXAFS oscillations is slightly larger for Pt on SiO,
support. In addition, the shoulder in the FT-EXAFS data
between 1 and 2 A that can be attributed to a contribution
from low-Z elements is absent in the data for Pt NPs on SiO,.
Note that since the same NP solution was used to synthesize
the NPs deposited on TiO, and SiO,, the resulting NPs are
expected to have the same average number of atoms in both
samples. Therefore, the observed differences can be attributed
to the differences in particle shape and/or bonding with the
support.

Polarization effects in EXAFS data for Pt NPs on TiO, are
also shown in Figure 3. First of all, note the significant
difference between spectra for substrate-perpendicular X-ray
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Figure 3. k-space k*-weighted Pt L,-ege EXAFS data (a) and Fourier-
transformed EXAFS data (b) for Pt NPs on SiO, and TiO,(110).
Fitted spectra considering Pt—Pt and Pt—O bonds for NPs on SiO,/
Si(111), and Pt—Pt, Pt—0O, and Pt—Ti bonds for NPs on TiO,(110)
are also shown. For clarity, spectra are shifted vertically in (b).

polarization and X-ray polarization along [001] direction (]|-1
direction). The FT-EXAFS data for the former one contain a
pronounced shoulder between 1 and 2 A due to a contribution
from low-Z elements, which can interpreted as an evidence of
Pt bonding with the oxygen atoms in the support. Due to the
dependence of contributions of different bonds on the angle
between bond orientation and X-ray polarization direction (eq
1), these bonds are not expected to contribute significantly to
the spectra with substrate-parallel X-ray polarization, which
explains the lack of this contribution in ||-1 spectrum.

However, in contrast to the ||-1 spectrum the contribution of
low-Z elements is clearly visible in the EXAFS spectrum
collected with X-ray polarization in another substrate-parallel
direction ([110] or ||-2 direction). Since substrate-perpendic-
ular Pt—O bonds cannot contribute significantly to this
spectrum, this observation suggests the presence of some
oxygen atoms also on the side-surfaces of the Pt NP, which can
be interpreted as a partial encapsulation of the Pt particle
by the TiO, substrate and/or presence of adsorbed oxygen on
side facets of Pt particle. Note that encapsulation of Pt NPs by
TiO, has been observed, for example, through STM
studies.”>*! The difference between results for ||-1 and ||-2
directions in this case can be explained by an anisotropy of
the TiO,(110) surface. This anisotropy and its effect on
interactions with Pt clusters have also been acknowledged
previously.”**"%

For quantitative analysis, we perform nonlinear least-square
EXAFS fitting. The results of such fitting are shown in R-space
in Figure 3, while k-space data are shown in the Supporting
Information, Figure S3. The contributions of the individual
scattering components are also plotted in R-space (Fourier-
transformed) in Figure 3. Corresponding values of structure
parameters are reported in Tables 1 and S1 in the Supporting
Information. Our strongly constrained fitting model that
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Table 1. ECNs for Pt NPs on TiO,(110) Obtained for
Different X-ray Polarizations with Respect to the Support
Surface (Two In-Plane Orientations Parallel to the
Ti0,(110)[001] (||-1) and TiO,(110)[110] (||-2) Support
Directions and One Perpendicular). The Results Have Been
Extracted from the Analysis of EXAFS Data“

sample/X-ray polarization Np_pe Npe_o Npe_m
Pt/TiO, (110)-||-1 7.3(9) 0.1(2) 0.5(3)
Pt/TiO, (110)-|-2 6.4(8) 0.6(2) 1.0(4)
Pt/TiO, (110)-L 7.3(9) 0.6(2) 0.3(2)
Pt/SiO, 8.3(3) 0.2(1)

“CNs from EXAFS data for Pt on SiO, are also shown. Uncertainties
in the last digit are given in parentheses.

accounts for the presence of Pt—Pt, Pt—0O, and Pt—Ti bonds
can fit experimental data quite accurately, and all the values of
interatomic distances and Debye—Waller factors seem to be
physically reasonable, giving us confidence in the obtained
values of structure parameters. It is worth mentioning that an
alternative fitting model with an extra Pt—O bond (ca. 2.7 A)
instead of Pt—Ti bond also resulted in a reasonable fit.
However, the obtained Pt—Pt structure parameters were
similar in both cases.

In the case of Pt NPs on SiO,, higher Pt—Pt and lower Pt—
O CNis (as compared to those for NPs on the TiO, substrate)
are obtained. Since the number of atoms per particle should be
close in both samples, the higher Pt—Pt CNs obtained for Pt/
SiO, can be interpreted as an evidence for more spherical
particle shape, which is in an agreement with our earlier TEM
study showing nearly spherical Pt NPs supported on SiO, after
annealing at 727 °C.>> Low Pt—O CN for Pt on SiO, is in
agreement with the results of visual examination of EXAFS
data above and suggests relatively weak particle—support
interaction for this system.

Pt—Pt CNs obtained for Pt NPs on TiO, with different X-
ray polarizations are relatively close, suggesting that NPs on
this support are also rather three-dimensional (as opposed to
flat, raft-like structures, reported elsewhere for small Pt NPs
with very strong particle—support interactions).‘*’lﬁ"?’4 Sim-
ilarity of Pt—Pt CNs in ||-1 and ||-2 directions also suggests the
lack of noticeable elongation of Pt NPs in the TiO,(110)
plane, reported in the literature®’' for physical vapor
deposition (PVD) NPs. This discrepancy can be explained
based on the differences in the synthesis methods employed
and in the size of the NPs used. In our study, the NPs were
prepared by colloidal chemistry and therefore originally had a
spherical shape, while in the other studies (e.g., by Dulub et al,,
ref 31) the NPs were directly grown on the substrate. The
shape of the NPs evaporated on a substrate is impacted by the
growth kinetics such as possible ad-atom diffusion asymme-
tries. In addition, while our NPs were smaller than 2 nm in
size, the PVD-grown NPs in the mentioned study had a lateral
size of around 20 nm. Since the strain and the support
interactions depend on the NP size, the stress build-up in a
larger NP (such as PVD-grown NPs"”’) may facilitate an
asymmetrical growth of the NPs.

The main difference between XAFS results for different X-
ray polarizations thus lies in the difference in Pt—O and Pt—Ti
CNs. In particular, the contribution of Pt—O bonds is
significantly lower for ||-1 spectrum than for other two spectra,
confirming the presence of anisotropic particle—support
interactions in this system.

3.2.3. NN-Based Analysis of XANES Data. Quantitative
interpretation of EXAFS spectra is always complicated by the
correlations between different structural parameters. These
correlations especially hinder the analysis of strongly over-
lapping contributions beyond the first coordination shell for
data with limited k-range and poor signal-to-noise ratio.
Therefore, here we complement EXAFS analysis with the NN-
based analysis of XANES data. Experimental XANES data for
Pt NPs are shown in Figure 2. These spectra were used as
input for NN analysis,”® and the obtained CNis for the first four
coordination shells are given in Table 2.

Table 2. Pt—Pt ECNs for the First, Second, Third, and
Fourth Coordination Shells (N;, N,, N;, and N,,
Correspondingly) Extracted by NN Analysis from
Experimental XANES Data”

sample/X-ray polarization N, N, N, N,
Pt/TiO, (110)-||-1 6.2(3) 3.5(3) 5(2) 4(2)
Pt/TiO, (110)-|-2 6.0(4) 3.7(3) 7(1) 4(1)
Pt/TiO, (110)-1 6.1(4) 3.6(2) 5(2) 3(1)
Pt/SiO, 7.9(4) 4.0(4) 7(2) 5(1)

“Uncertainties in the last digit are given in parentheses.

According to the EXAFS analysis, bonding with the support
is the weakest for the sample on SiO,, thus in this case the
results, obtained by NN that is trained on metallic particles
only, should be the most reliable. Indeed, the first shell CN
obtained from XANES analysis for this sample (7.9 + 0.4) is in
an excellent agreement with the results of conventional EXAFS
data fitting (8.3 + 0.3). This agreement shows the power of
NN-based analysis of XANES data, which could be a very
useful method in the cases where high-quality EXAFS spectra
cannot be achieved (e.g, for diluted samples, time-dependent
studies, measurements in liquid or high-pressure gas environ-
ments due to attenuation of beam).

The applicability of NN-XANES method for the samples on
TiO, is less certain due to a larger contribution of bonds with
the support. Interpretation of the CNs values, obtained from
NN-XANES analysis, should be done with caution in this case.
However, one can note that at least for the first coordination
shell the results from NN-XANES analysis (Table 2) agree
reasonably with the independently obtained results of EXAFS
analysis (Table 1), giving us some confidence that the con-
tribution of Pt—O and Pt—Ti bonds is sufficiently low in this
case for NN-XANES method to work and that also the CNs
for the second, third, and fourth coordination shells are
determined reliably. In addition, perhaps, the most important
conclusion from NN-XANES analysis, which should not be
affected by the presence of any systematic errors, is that all four
CNs for three different polarization directions are similar,
suggesting, again, a rather three-dimensional shape of the Pt
NPs and the lack of significant elongations along any specific
direction.

3.2.4. Resolving the Structure of Pt NPs. A MATLAB code
was written to generate a database of Pt NP structure models
to match the CNs extracted through the analysis of EXAFS and
NN-based analysis of XANES. Different NP shapes were
obtained by truncating a bulk Pt fcc structure along three
different planes (111), (110), and (100) to generate NPs with
sizes ranging from 0.8 to 3 nm. This database includes a variety
of NP shapes such as cuboctahedron, truncated octahedron,
and hexahedron. For each shape, the corresponding ECNs
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were calculated by considering different X-ray polarization
directions (eq 1). Subsequently, the ECNs and particle sizes
for the NPs models were compared with the experimental
results extracted from NN-based analysis of XANES data, the
first shell conventional EXAFS data analysis, and AFM and
STM measurements. Figure 4a shows the particle model for

(a) (b) @rt eTie0 [110] ()

Figure 4. NP shapes that are in the best agreement with the
experimental AFM average NP height and CNs extracted from
experimental EXAFS and NN-XANES analysis of data for Pt NP
supported on (a) Si0,/Si(111) and (b,c) TiO,(110). The interface
between Pt particle and TiO, in (b,c) is shown in this figure for
illustrative purposes only and does not reflect the actual positions of
Pt and Ti/O atoms.

the Pt/SiO, system with the best agreement with the
experimental results (AFM-determined average NP height
and CNs from XAFS analysis): all four CNs, obtained from the
experimental XAFS data, agree well with those for a
cuboctahedral particle with SS atoms (corresponding CNs
for the model are reported in Table 3). The size and shape of
this particle model also agree well with the available TEM data
for analogously synthesized NPs.>

Table 3. Pt—Pt ECNs for the First, Second, Third, and
Fourth Coordination Shells (N;, N,, N;, and N,,
Correspondingly) for Particle Models, Shown in Figure 4

sample/X-ray polarization N, N, N, N,
Pt/TiO, (110)-|-1 7.6 35 7.9 42
Pt/TiO, (110)-]|-2 7.6 35 7.9 42
Pt/TiO, (110)-L 6.0 1.1 5.8 22
Pt/SiO, 79 3.3 9.6 4.1

In the case of Pt/TiO,, the determination of particle shape is
possible only by combining insights from different techniques,
since by its own neither EXAFS, nor XANES, nor microscopy
result is conclusive for this complex system, and can be biased
by significant systematic errors. To determine the most likely
NP shape, we use the first shell CNs from EXAFS analysis and
the first four CNs from XANES analysis for each polarization
direction. We use also insights from STM and AFM data
(Figure 1) regarding possible particle size and shape.
Furthermore, we exploit the observation that the total number
of atoms in the particles on TiO, should be close to the
number of atoms in the particle on SiO,.>> The NP model that
gives the best agreement with these data is shown in Figure
4b,c: a truncated octahedron with Pt(100) top and interfacial
facet and with 50 atoms. Corresponding CNs for this model
particle are reported in Table 3 and agree well with the results
of XAFS data analysis. It is worth mentioning that the first CN
(N,) of ca. 7 has been estimated to correspond to a NP with
ca. I nm in diameter.”””" Similar shapes have been observed in
our earlier STM study of larger Pt NPs (<3000 atoms)
supported on TiO, (110), see example in Figure lc—e.”"’
However, we have to mention that while STM studies are

inherently limited to a very small area and very few NPs can be
analyzed, here by relying on spectroscopy methods, the
effective NP shape is extracted for a very large ensemble of
NPs of similar size. Additionally, information on smaller NPs
of 3D shape, for which scanning probe methods will fail due to
tip-convolution effects, can also be extracted.

3.2.5. RMC Simulations of EXAFS Data. The structure
models obtained from XAFS and AFM analysis can further be
refined using RMC—EXAFS simulations.**" Calculations for
Pt NPs on SiO, are carried out as in ref 50. For Pt NPs on
TiO,, we fit simultaneously experimental data obtained with
three different X-ray polarizations to obtain a more
unambiguous structure model. In addition, due to the presence
of significant Pt—O and Pt—Ti contribution (as evidenced by
conventional EXAFS analysis), we need to include support
atoms in the RMC model and consider possible NP
encapsulation by TiO, species. From the conventional first
shell analysis, it is not possible to get much detail about the
interface between Pt NPs and TiO,; therefore, it is not possible
to tell unambiguously how exactly the particle is positioned
with respect to the support. Therefore, we have tried out
different models, starting with the model, where the Pt NP is
sitting on top of the TiO,(110) surface, ending up with the
model, where the NP is completely encapsulated by Ti and O
atoms (see the insets in Figure S). In all cases to model
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Figure S. Experimental Pt L;-edge FT-EXAFS moduli (a) and the
corresponding fits achieved through RMC simulations of EXAFS
spectra (spectra are shifted vertically for clarity). Moduli of the
corresponding WT for experimental (b) and for theoretical spectra
(c) of Pt/SiO,. Model structures with the best agreement to
experimental data are shown as the insets with the corresponding
direction of X-ray polarization indicated with an arrow for Pt/
TiO,(110). For clarity, Ti and O atoms encapsulating facets located at
the front of the NP are not shown. Pt (gray), Ti (dark blue), and O
(dark red) atoms were included in the RMC optimization. Lighter
blue (Ti) and lighter red (O) atoms are shown for visualization
purposes only and are not included in the actual RMC simulation
because they are too far away from the absorbing Pt atoms and do not
contribute to the EXAFS spectra.
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support atoms and the atoms that encapsulate the NP, we
started with a large enough slab of TiO, (rutile), where all
atoms are at their ideal equilibrium positions, and carved it to
insert the Pt NP. Thus, all Ti and O atoms (both in the
support and in the thin layer that encapsulates the particle) are
initially at the positions that correspond to coordinates of Ti
and O atoms in an ideal rutile structure. During the RMC
optimization, coordinates of all Pt atoms and coordinates of Ti
and O atoms that are sufficiently close to Pt atoms are
optimized to ensure as good as possible agreement with the
experimental EXAFS data.

The latter model, where the particle is completely
encapsulated by TiO,, gave much better agreement with all
available EXAFS data after RMC optimization (see Figure ),
while in the models with only partial encapsulation, the
observed Pt—O/Ti contribution was not sufficiently strong to
explain all the features in experimental EXAFS data. Thus, we
used a model with a fully encapsulated Pt NP for further
analysis. Note that despite the fact that the Pt particle is
completely surrounded by Ti and O atoms in this model, due
to the anisotropy of the TiO, rutile structure the contribution
of shorter Pt—O and Pt—Ti bonds along the [001] direction
(||-1 direction) is significantly lower than the contribution of
such bonds along the [110] direction (||-2 direction) and in
the substrate-perpendicular direction, in agreement with the
observed trends in EXAFS data collected with different X-ray
polarizations and results of conventional EXAFS analysis. Note
also that we do not claim that our simple model is able to
reproduce accurately the whole complexity of particle—support
interactions and the true structure of the encapsulating TiO,
layer, since there is not enough information in the EXAFS data
available in this case concerning the Pt—O and Pt—Ti bonds.
Nevertheless, as shown in Figure S, this model allows us to
obtain a good fit to experimental Pt L;-edge EXAFS data, and,
thus, to analyze the local structure and distributions of Pt—Pt
bond lengths within the metal NP. It is worth mentioning that
this result shows an advantage of resolving the structure of NPs
using X-ray absorption spectroscopy over scanning probe
methods, since the latter cannot provide information about the
encapsulation of NPs by Ti and O for very small 3D NPs (e.g.,
<3 nm), where atomic resolution on the NP facets cannot
likely be achieved.

As shown in Figure S and in the Supporting Information,
Figure S4, a good agreement between simulated and
experimental EXAFS was obtained both for SiO, and TiO,
supports and for all considered X-ray polarization directions.
Importantly, it should be noted that RMC is able to ensure
good fit to experimental data not only for the first, but also for
more distant coordination shells, as evidenced by the good
agreement between experiment and simulations in the R range
between 3 and 6 A in Figure 5. This good agreement gives us
additional confidence in the chosen particle structural models.

From the atomic coordinates obtained in RMC simulations,
it is straightforward to calculate RDF that characterizes the
distribution of atoms around the absorbing atom and contains
complete information on bond-lengths and their variations.
The partial RDFs (for Pt—O, Pt—Ti and Pt—Pt pairs) for Pt
NPs on TiO, are shown in Figure 6. Both Pt—O and Pt—Ti
contributions are disordered, which is expected for interfacial
bonds. RDF peaks for Pt—Pt bonds, in turn, are relatively
narrow, suggesting that the NP has a well-defined ordered
structure. At the same time, all peaks have remarkably non-
Gaussian shapes. To investigate the distributions of bond-
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Figure 6. Partial RDFs (for Pt—Pt, Pt—O, and Pt—Ti bonds) for Pt
NPs on Ti0,(110), obtained in RMC simulations with three different
X-ray polarizations data analyzed simultaneously (a). In case of Pt—Pt
bonds, one can distinguish between Pt—Pt bonds aligned parallel to
substrate and its [110] direction (green), aligned parallel to [001]
direction (orange) and other bonds oriented at 60° to the substrate
(magenta) (scheme in (b)). Corresponding bond-length distributions
are shown separately in (c). For better comparison, bond-length
distributions are normalized by the corresponding CN in (c).

lengths in more detail, we have analyzed separately the
contributions of Pt—Pt bonds with different orientation with
respect to the substrate surface (see schematic in Figure 6b).
As shown in Figure 6¢, the widths of the corresponding bond-
length distributions are similar. Distribution of bond lengths
along [001] direction (orange bonds in Figure 6b) seems to be
more disordered and even bimodal, although this could also be
an artifact of our procedure due to a short k-range (up to 10.5
A7) available for the analysis, which limits the resolution of
our method in R-space. Overall, our results indicate that
despite the strong and anisotropic interactions with the
support, the local structure of Pt NP on TiO, remains
approximately the same along different directions.

For comparison, the obtained RDF for Pt NPs on SiO,
(where one expects weaker particle—support interactions) is
shown in Figure 7. Average Pt—Pt bond distances (positions of
RDF peaks) in all coordination shells are similar for both
substrates, but the Pt—Pt bond is slightly longer in the case of
Pt/SiO, as compared to Pt/TiO, This trend can also be seen
in the results of conventional EXAFS data fitting, see
Supporting Information, Table S1, where the average Pt—Pt
distance for Pt/SiO, (2.740 + 0.006 A) is larger and closer to
the Pt—Pt distance in bulk Pt (ca 2.76 A) than that of Pt/TiO,
(2.728 + 0.005 A). At the same time, while also for Pt NPs on
SiO, the distribution of bond lengths has a non-Gaussian
shape, RDF peaks are sharper, and the bond length disorder is
less pronounced for this sample, implying more ordered
structure. This difference demonstrates that the interactions
with the support can compress the interatomic distances and
introduce additional stress in the structure of Pt NPs on TiO,,
and thus the type of support may have a pronounced effect on
the local structure and distributions of interatomic distances in
metallic NPs. As a side note, let us emphasize here that the
presence of substrate- or surface-induced asymmetries and
non-Gaussian effects in the bond-length distributions may have
a profound effect on the accurate NP structure determination
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Figure 7. Pt—Pt RDF for Pt NPs on SiO, and TiO,, obtained from
RMC simulations.

in conventional EXAFS fitting. It is known that conventional
approaches to EXAFS data analysis are inadequate if the
distribution of bond-lengths is asymmetric,’””® resulting in
inaccurate (typically—underestimated) CNs, interatomic
distances, and Debye—Waller factors. By complementing
conventional EXAFS analysis with such advanced techniques
as NN-XANES analysis (which is less affected by disorder
effects) and RMC simulations (that allow treatment of non-
Gaussian RDF shapes), this problem can be avoided. Future
experimental work and data analysis will be directed toward
understanding how the distribution of bond lengths changes
with temperature, to separate the static disorder effects from
dynamics effects (atomic thermal motion), and to explore the
role of particle—support interactions in such intriguing
nanoscale phenomena such as negative thermal expansion
effect™* and enhanced catalytic activity.*”°

4. CONCLUSIONS

We have introduced a new approach to resolve the
morphology of NPs supported on single-crystal substrates to
gain insight into the role of the support material on the NPs
shape and structure anisotropy. We have found that polarized
XAFS measurements carried out for adsorbate-free size-
selected NPs are a very useful tool for this purpose, especially
when coupled with advanced data analysis approaches. In
particular, NN-based analysis of in situ XANES spectra could
be used to extract CNs for the first few coordination shells,
which, in combination with microscopy data, can be used to
construct an unambiguous 3D NP model. Disorder effects and
the details of anisotropic bond-length distributions can then be
modeled via the RMC—EXAFS approach. Using this set of
techniques, we have shown that well-defined faceted truncated
octahedron Pt NPs can be grown on TiO,(110) after
annealing at 600 °C in vacuum, while similarly synthesized
NPs on Si0,/Si(111) assumed a more spherical 3D
morphology. Interactions with the support have a profound
effect also on the distribution of bond-lengths. In particular,
significant differences were found in the contribution of Pt—O
interatomic distances for Pt NPs on two different supports, as
well as for different bond directions in Pt NPs on TiO,. By
analyzing polarization-dependent XAFS data, we have found

evidences that Pt on TiO, is encapsulated by Ti and O from
the support, with significantly anisotropic Pt/TiO, interfaces
along different directions. Our study thus revealed that the
shape and distribution of static strain, which are both known to
affect the functionality of metal NPs, can be controlled through
tuning their interaction with the support.
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