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Reverse Monte Carlo (RMC) modeling based on the total structure factor S(Q) obtained from high-energy

X-ray diffraction (HEXRD) and the k3c(k) obtained from extended X-ray absorption fine structure (EXAFS)

measurements was employed to determine the 3-dimensional (3D) atomic-scale structure of Pt, Pd, and

Rh nanoparticles, with sizes less than 5 nm, synthesized by photoreduction. The total structure factor

and Fourier-transformed PDF showed that the first nearest neighbor peak is in accordance with that

obtained from conventional EXAFS analysis. RMC constructed 3D models were analyzed in terms of

prime structural characteristics such as metal-to-metal bond lengths, first-shell coordination numbers

and bond angle distributions. The first-shell coordination numbers and bond angle distributions for the

RMC-simulated metal nanoparticles indicated a face-centered cubic (fcc) structure with appropriate

number density. Modeling disorder effects in these RMC-simulated metal nanoparticles also revealed

substantial differences in bond-length distributions for respective nanoparticles.
1. Introduction

Metal nanoparticles such as platinum (Pt), palladium (Pd) and
rhodium (Rh) have been extensively investigated with regard to
different potential applications in biotechnology, catalysis, and
optoelectronics.1–3 The photochemical reduction of metal ions
in solutions is one of the promising methods to prepare small
metal nanoparticles,4–6 since the morphologies (such as size,
shape, etc.) of metal nanoparticles is regulated by the protecting
reagents as well as by the conditions of photoirradiation (for
example, irradiation time, irradiation intensity, and so on). For
small metal nanoparticles in which the number of atoms in the
surface layer is comparable to the bulk, the compositions of the
bulk and the surface are expected to be strongly correlated.
Thus, in order to fully understand the properties and their
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relationship to the functions of nanoparticles, it is important to
characterize not only the surface or the initial composition but
also the 3-dimensional (3D) atomic structures of nanoparticles.
This may have a profound effect on their structure–sensitive
properties, including the catalytic reactivity.

Determining the 3D atomic arrangement inside metallic
nanoparticles is signicant in a diversity of scientic and
technological areas. This is still challenging because of the
functional disordered nanomaterials. In some cases, if metallic
nanoparticles are crystallized, single crystal X-ray methods can
be used to determine their structures, or atomic resolution
tomographic images of individual nanoparticles can be ob-
tained. However, in general, additional methods for quantita-
tive and rapid 3D atomic structural characterization of
disordered nanomaterials are needed because traditional
techniques such as powder X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM),7,8 X-
ray absorption ne structure (XAFS),9,10 small-angle X-ray scat-
tering (SAXS),11,12 grazing incident small-angle X-ray scattering
(GISAXS),13,14 differential scanning calorimetry (DSC),15,16 and
others, are well suited to bulk-like crystalline materials for the
determination of phase behavior, particle size, and so on. XAFS
techniques such as XANES and EXAFS have widely been used to
probe the valence state and nearest-atomic neighbor arrange-
ment, but they are not sensitive to the longer range atomic
structure in nanomaterials.

Over the past few decades, synchrotron radiation based high-
energy X-ray diffraction (HEXRD) coupled to atomic pair
distribution function (PDF) analysis has emerged as an
RSC Adv., 2019, 9, 29511–29521 | 29511
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important tool to reveal the 3D atomic arrangement of unsup-
ported or supported metal nanoparticles,17–35 which have
a pronounced effect on their structure and shape as well as on
their functionality in applications such as catalysis. For
example, Petkov and co-workers reported the 3D atomic struc-
ture of nanosized Ru18–20 and Au21–23 and binary alloy24–26 parti-
cles, indicating that these nanoparticles less than 10 nm in
diameter could be considered as nonperiodic, dense packing of
metallic atoms that shows characteristic of the fcc lattice with
some surface atomic disorder. Here it may be noted that atoms
at the nanoparticle surfaces have incomplete coordination
spheres, experience signicant surface relaxation and surface
environment effects. Therefore, atoms at the nanoparticle
surfaces and atoms inside the nanoparticles, that have
complete coordination polyhedral and are largely not affected
by nanoparticle extended surface related effects, may not
exhibit the same structural patterns. Chupas et al.27–29 also
demonstrated in situ time-resolved PDFmethods to monitor the
structural evolution associated with the formation of supported
Pt nanoparticles as well as their structural changes induced by
the CO and H2 adsorption by means of differential PDF tech-
niques, which allow the atom–atom correlations that arise from
the supported Pt nanoparticles to be separated from those of
the bulk support. Other previous studies30–35 have also used
nite cluster models built by applying crystallographic
symmetry and periodic boundary conditions to a small unit cell.

In addition, to obtain a more denitive picture of the atomic-
scale structure of nanoparticles, 3D atomic congurations were
constructed by RMC modeling method based on experimental
HEXRD.36,37 RMC simulations are an established and ideal
technique for modeling structure functions of highly disor-
dered materials that requires no crystallographic informa-
tion.18–26,38–40 Coordination number (CN) and bond angle
distributions are calculated from the RMC-generated congu-
rations as well, further showing a disordered crystalline struc-
ture in detail. Recently, we have reported the 3D atomic
structures of Ru nanoparticles in several diameters by means of
HEXRD techniques with the aid of RMC simulation.41 The CN
and bond angle analysis of the RMC-generated model of Ru
nanoparticles revealed that the fcc-type nanoparticles dominate
low activation energy packing sites for the catalytic activity of
CO oxidation particularly on the surface.

On the other hand, application of the RMC simulations for
EXAFS data analysis has been rstly reported by Gurman and
McGreevy42 and several studies have been carried out for
disordered molecular and nite-size systems,43–51 e.g., bcc-Fe,45

undercooled Cu46 and Ni,47 bulk metallic glasses,48 binary oxide
glasses,49 liquid iodine,50 and poly-atomic molecules in gas
phase.51 In contrast, RMC is rarely applied to discrete systems
composed of molecules and small clusters. For complex struc-
tures, RMC renements using a combined real-space t of the
X-ray total scattering PDF and EXAFS have been developed to
incorporate an explicit treatment of both single- and multiple-
scattering contributions to EXAFS.45,51–53

In this work, we have examined a combination of two
synchrotron X-ray techniques, HEXRD and EXAFS, together
with complementary HRTEM measurement to characterize the
29512 | RSC Adv., 2019, 9, 29511–29521
atomic-scale 3D structure details of Pt, Pd, and Rh nano-
particles prepared by the photoreduction. The RMC modeling
of the experimental HEXRD and EXAFS data has revealed
atomic-scale congurations where the surface of these nano-
particles with a diameter less than 5 nm exhibits fcc-type
structure with some distinct disorders in terms of the CN and
bond angle distributions.
2. Experimental methods
2.1. Materials

Hexachloroplatinic(IV) acid (H2PtCl6$6H2O, Nacalai Tesque), palla-
dium(II) chloride (PdCl2, Nacalai Tesque), rhodium(III) chloride
hydrate (RhCl3$3H2O, Aldrich), poly(N-vinyl-2-pyrrolidone) (PVP, K-
30, average M.W. ¼ 40 000, Tokyo Kasei Kogyo Co.), ethanol
(guaranteed reagent, 99.5%, Nacalai Tesque), and distilled water
were used without further purication. Benzophenone ((C6H5)2CO,
guaranteed reagent) was used as a photoactivator which was
purchased from Nacalai Tesque.
2.2. Sample preparation

Colloidal dispersions of Pt, Pd, and Rh nanoparticles ([M] ¼
24.4 mM, M ¼ Pt, Pd and Rh) were prepared by the photore-
duction of the ionic precursors (H2PtCl6$6H2O, PdCl2, RhCl3-
$3H2O) in water/ethanol(1/1, v/v) solution of PVP in the
presence of benzophenone as a photoactivator, as described
previously.10,12 In a typical procedure for the preparation of the
Pt nanoparticles, 0.223 g of PVP (2.01 mmol of monomeric unit)
and 0.06 g of benzophenone was added to the 10 mL of ethanol
solution, and stirred to dissolve PVP and benzophenone
completely. 10 mL of aqueous solution containing 0.488 mmol
of H2PtCl6$6H2O was subsequently added and mixed for 1 min.
The concentration of [Pt] and [benzophenone] in the solution
was 24.4 and 16.5 mM, respectively. N2 gas was bubbled into the
mixed solution, and vigorous stirring was carried out during
5 min to remove the dissolved O2. The mixed solution was then
photoirradiated by a 500 W superhigh-pressure mercury lamp
with continuous stirring using a magnetic stirrer. Aer the
photoreduction was complete in the reduction time of up to 5
hours, the colloidal dispersions of Pt nanoparticles was evapo-
rated to give a dried PVP-protected Pt nanoparticles. It is noted
that PVP played an important role of the capping agent of the Pt
nanoparticles. The other colloidal dispersions of Pd and Rh
nanoparticles ([Pd] ¼ [Rh] ¼ 24.4 mM) were prepared by the
photoreduction with benzophenone, according to the similar
procedure to produce the corresponding powder samples. The
size of the obtained nanoparticles was determined from
HRTEM images, which were captured using a JEOL JEM-2000FX
microscope operating at 200 kV. The aqueous ethanol solution
of nanoparticles was diluted and drop-cast onto a carbon-coated
copper grid followed by drying in vacuo. The average diameter
and distributions were estimated by measuring about 200
particles each in arbitrarily chosen areas on the enlarged
photograph. Representative HRTEM images are shown in
Fig. S1 (see the ESI†). It is found that these nanoparticles appear
to be rounded in shape and highly monodisperse, and the
This journal is © The Royal Society of Chemistry 2019
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average particle diameters of Pt, Pd, and Rh nanoparticles are
2.5, 2.0, 2.2 nm, respectively. The HEXRD and EXAFS experi-
ments were performed on the same samples, and the results
were compared.
2.3. High-energy X-ray diffraction and data analysis

High-energy X-ray diffraction (HEXRD) experiments were per-
formed at room temperature using a two-axis diffractometer
available at the BL04B2 beamline of SPring-8 at the Japan
Synchrotron Radiation Research Institute (JASRI), Japan.54 The
incident X-ray beams of 61.37 keV with a wavelength of
0.0202 nm were monochromatized using an Si(220) mono-
chromator. The powder samples of Pt, Pd, and Rh nanoparticles
were either loaded into quartz capillaries with 1.1 mm OD and
�0.7 mm ID, or they were sandwiched between Kapton lms,
and they were measured in transmission geometry. PVP was
used as the reference material for background correction.
HEXRD data was collected over quite a wide region (0–25 Å�1) of
reciprocal space vectors, Q. Here, Q ¼ 4p(sin q)/l, where 2q is
the scattering angle between the incoming and the outgoing X-
rays and l is the wavelength of X-ray radiation. The observed X-
ray intensity was corrected for background, polarization and
absorption.

The pair distribution function (PDF) method, which was
initially used for studying short-range ordered materials, such
as liquids and glasses, has recently been increasingly applied to
nanomaterials. It uses the whole measured spectrum, including
both Bragg and diffuse components, to extract the Faber–Ziman
total scattering structure factor, S(Q), using standard analysis
procedures.55 The S(Q) is related to the coherent part (Icoh(Q)) of
the diffraction data as follows:

SðQÞ ¼ 1þ
h
I cohðQÞ �

X
CijfiðQÞj2

i.���XCifiðQÞ 
���2 (1)

where ci and fi are the atomic concentration and X-ray atomic
scattering factor, respectively, for the atomic species of type i.
The great advantage of atomic PDFs in studying materials of
a limited length of structural coherence is that the total scat-
tering, including Bragg scattering as well as diffuse scattering, is
taken into account. In this way, both the average (i.e., longer-
range) atomic-scale structure, manifested in the Bragg-like
peaks, and local structural distortions, manifested in the
diffuse component of the XRD pattern, are reected in the
PDF.

In this PDF method, the reduced atomic PDF is dened as
G(r) ¼ 4pr[(r(r) � r0)], where r(r) and r0 are the local and
average atomic number densities, respectively, and r is the
radial distance in real-space. G(r) peaks at characteristic
distances separating pairs of atoms and thus reects the
atomic-scale structure of the materials studied. The PDF G(r) is
the Fourier transform of the experimentally observable total
structure function, S(Q), that is,

GðrÞ ¼ ð2=pÞ
ðQmax

Q¼Qmin

Q½SðQÞ � 1�sinðQrÞdQ (2)
This journal is © The Royal Society of Chemistry 2019
To obtain real-space information with sufficient resolution,
it is necessary to measure S(Q) up to the higher-Q region since
higher resolution in real space is achieved with larger Qmax.

2.4. EXAFS measurement and data analysis

Extended X-ray absorption ne structure (EXAFS) experiments
were conducted at ambient temperature in a transmission
mode with the detector of ionization chambers in different
beamlines. The measurements at the Pt L3-edge (11 562.0 eV) of
Pt nanoparticles and their reference samples were carried out at
beamline BL-9C in Photon Factory (PF), High Energy Accelerator
Research Organization (KEK) in Japan. This beamline was
operated at 2.5 GeV in a top-up mode set to 450 mA. The
measurements of Pd K-edge (24 348.0 eV) for Pd nanoparticles
and Rh K-edge (23 219.8 eV) for Rh nanoparticles and their
references were collected at beamline NW10A of Photon Factory
Advanced Ring (PF-AR) in KEK. This source operates at 6.0 GeV
with themaximum beam current of 55mA. The powder samples
of these nanoparticles were prepared by mixing with BN powder
and pressed into pellets with the diameter of 10 mm, or they
were uniformly sandwiched between Kapton lms. The spectra
were collected between 150 eV below and 1200 eV above the
corresponding edges to ensure reproducibility and the analysis
was performed on the averaged data. Metal foils of Pt, Pd, and
Rh were used as energy calibration standards. The typical
experimental setups were described in previous publica-
tions.10,56 The raw data was processed using Athena program
andmodeled using the Artemis program from the IFEFFIT XAFS
analysis soware package using reasonable theoretical contri-
butions.57,58 The construction of theoretical contributions for
Pt–Pt, Pd–Pd, and Rh–Rh bond was obtained from the known
crystal structure of bulk Pt, Pd, and Rh, respectively. These
contributions were combined in Artemis into a total theoretical
signal and used for the modeling of all nanoparticles. For the r-
space ts, an amplitude reduction factor of S0

2 ¼ 0.932 (for Pt),
0.876 (for Pd), and 0.954 (for Rh) were rst obtained from the
transmission EXAFS data of the corresponding foil.

2.5. RMC modeling

RMC simulations were used to obtain structure information,
including the atomic pair distribution, coordination number,
and bond angle distribution, directly from RMC-generated 3D
conguration models using RMC_POT soware59 furnished in
the case of non-periodic boundary conditions for experimental
structure factor data. As a typical example to describe the
practical implementation of the RMC simulations, the spherical
shaped structure of Pt nanoparticles was chosen. Two types of
the initial congurations are considered: (1) the initial cong-
urations including 1100 Pt atoms were generated from the
known crystal structure of fcc bulk Pt and extended in a radial
fashion to a Pt nanoparticle diameter equivalent to those
(3.5 nm in diameter) found from HRTEM experiments. (2) The
initial congurations were a computer-generated random
atomic conguration consisting of 1100 Pt atoms in a spherical
shape with 3.5 nm in diameter. The atomic number density of
0.04900058 Å�3 corresponding to 21.45 g cm�3, which is
RSC Adv., 2019, 9, 29511–29521 | 29513
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equivalent to the atomic packing factor (0.74) of fcc bulk Pt, was
used in both models. During the RMC simulation, the 3D
atomic conguration was generated by random atomic move. In
a similar manner, data from literature sources for the crystal
structures of bulk Pd and Rh were used as starting values in the
tting. The initial congurations of Pd nanoparticles were
containing 1687 Pd atoms in a Pd nanoparticle with 4.0 nm in
diameter, while those of Rh nanoparticles containing 1206 Rh
atoms in a Rh nanoparticle with 3.5 nm in diameter. The atomic
number density of 0.05034664 Å�3 and 0.053742278 Å�3 was
applied for the Pd and Rh nanoparticles, respectively. The RMC
simulation was carried out only by the experimental data and
some user inputted restrictions. The average coordination
constraint enforcing 12 rst atomic neighbors between 0.23 and
0.33 nm was applied to take into account the close-packed fcc
nature of these Pt, Pd, and Rh nanoparticles. The simulation
was repeated until the computed data converges to the experi-
mental data in very good detail. That is, it was done as to
minimize a goodness-of-t indicator, Rw, dened as

Rw ¼
(P

wi

�
G

exp:
i � Gcalc:

i

�2P
wiðGexp:

i Þ2
)1=2

(3)

where Gexp. and Gcalc. are the experimental and calculated data,
respectively, and wi are weighting factors reecting the statis-
tical quality of the individual data points.

For the renement of RMC simulations using experimental
HEXRD S(Q) data, the analysis of experimental EXAFS k3c(k)
data using RMC simulations was successively performed by
means of RMC_POT soware.59 The simulations did not contain
any free parameters and were based on HEXRD results for the
atom conguration of the Pt, Pd, and Rh nanoparticles. Filtered
(by Fourier back transformation from r-space between 1.7 and
3.0 Å) data were investigated since the RMC analysis of the
ltered data showed a better convergence behavior. Theoretical
EXAFS amplitude and phase functions for RMC analysis were
obtained by FEFF 8 simulations.60,61 In the present work the
RMC simulations were applied successively to the HEXRD and
EXAFS data for these nanoparticles. The initial congurations
were generated from rened results of the RMC simulations of
PDFs of the corresponding samples and also contain an
appropriate number of metal atoms. Here we present only the
models that quantitatively t the EXAFS data best as deter-
mined from the tting residual Rw-value. Here we demonstrate
that combined RMC simulations using HEXRD and EXAFS data,
while conrming the principal conclusions of the traditional
EXAFS analysis,57,61 provide more comprehensive and reliable
information on the local structure characteristics than the
individual techniques alone.
Fig. 1 Experimental atomic PDFs G(r), obtained from the Fourier
transformation of the reduced structure functionQ[S(Q)� 1], of the (a)
Pt, (b) Pd, and (c) Rh nanoparticles prepared by the photoreduction in
the presence of PVP and benzophenone.
3. Results and discussion
3.1. High-energy synchrotron X-ray diffraction of Pt, Pd, and
Rh nanoparticles

Experimental atomic PDFs, G(r), of the Pt, Pd, and Rh nano-
particles synthesized by the photoreduction are shown in Fig. 1.
All show a series of broad peaks reecting the presence of well-
29514 | RSC Adv., 2019, 9, 29511–29521
dened atomic coordination spheres in the particle size less
than 4 nm, and they decay to nearly zero at distances corre-
sponding to the nanoparticles sizes (e.g., at 3.5 nm for the Pt
nanoparticles, at 4.0 nm for the Pd nanoparticles, and at 3.5 nm
for the Rh nanoparticles), indicating the presence of substantial
local structural disorder. The rst G(r) peak of the Pt, Pd, and Rh
nanoparticles is positioned at 2.77, 2.77, and 2.70 Å, respec-
tively, as shown in the inset of Fig. 1. For the ideal fcc metallic
bulk phase,62 the rst atomic neighbor distance in bulk Pt, Pd,
This journal is © The Royal Society of Chemistry 2019
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and Rh is 2.78, 2.76, and 2.70 Å, respectively. This implies that
the bond distance of Pt–Pt, Pd–Pd, and Rh–Rh in the respective
nanoparticles is almost identical to those in the bulk phase.
Although the width of the rst G(r) peaks might depend on the
degree of structural distortions due to the interactions between
nanoparticles and PVP chains, the atomic PDFs do not exhibit
any peaks at less than 2 Å. This result strongly indicates that the
use of PVP capping reagents did not result in the formation of
a substantial number of atomic correlations on the surface of
nanoparticle. Thus, we were able to analyze the atomic-scale
structure of the fcc-type nanoparticles by employing the RMC
modeling technique.
3.2. EXAFS analysis of Pt, Pd, and Rh nanoparticles

Fourier transform (FT) magnitudes of the k3c(k) spectra at the Pt
L3-edge, Pd K-edge, and Rh K-edge for the Pt, Pd, and Rh
nanoparticles, together with the corresponding foils, are shown
in Fig. S2 (see the ESI†). In all the edges, the main peak is
observed between 2.0 and 3.0 Å (phase shi uncorrected) which
is assigned to a metallic Pt–Pt (for Pt nanoparticles), Pd–Pd (for
Pd nanoparticles), and Rh–Rh (for Rh nanoparticles) bond. For
the curve tting, the high-frequency noise was removed by
a Fourier ltering technique, and the inverse Fourier trans-
formation to the k space was employed. Curve tting analysis
was performed to obtain quantitative coordination number
Fig. 2 Experimental and RMC-simulated total structure factor S(Q) pro
prepared by the photoreduction in the presence of PVP and benzopheno
fcc bulk crystal structure and (b) the computer-generated random atom
structure factor S(Q) profiles, and the RMC-simulated total structure fac

This journal is © The Royal Society of Chemistry 2019
(CN) and interatomic bond distance (r) values. A structural
model based on the fcc bulk metal foil was used for these
samples in performing the Artemis program. Table S1 of the
ESI† shows the structural parameters, such as CN, r, energy
shi (DE), Debye–Waller factor (s) and R factor. Based on these
results presented in Fig. S2 and Table S1,† no peak is observed
around 1.8 Å (phase shi uncorrected) assigned to metal–
oxygen and/or metal–nitrogen atomic correlations which origi-
nate from the PVP stabilizer as a capping reagent. Here it should
be noted that the bond distance of Pt–Pt, Pd–Pd, and Rh–Rh in
the respective nanoparticles obtained from the EXAFS analysis
is consistent with that obtained from the PDF analysis as shown
in Fig. 1.
3.3. RMC modeling using HEXRD data

In general, there is no direct route for obtaining CNs that
described the local atomic environment of the nanoparticles
from PDF analysis, while the PDFs can provide long-range
structural information. The RMC-generated 3D models were
constructed to obtain real-space structure details, including the
atomic pair distribution, coordination number, and bond angle
distribution, for all the nanoparticles. The RMC simulated and
experimental total structure factor S(Q) data sets for the Pt, Pd,
and Rh nanoparticles, starting from different initial congura-
tions, are shown in Fig. 2.
files for the Pt, Pd, and Rh nanoparticles with different particle sizes,
ne. The initial configuration for the RMC simulations is based on (a) the
ic configuration. The black squares represent the experimental total

tor S(Q) profiles are shown as red solid lines.
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Fig. 3 RMC-generated 3D structure models for the (a) 3.5 nm Pt, (b)
4.0 nm Pd, and (c) 3.5 nm Rh nanoparticles prepared by the photo-
reduction in the aqueous PVP solutions. The initial configuration for
the RMC simulations is based on the computer-generated random
atomic configuration for the respective nanoparticles.
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For the Pt nanoparticles studied here, the initial congura-
tions were spherical in shape and were varied with the size of
2.5, 3.0, 3.5, 4.0, and 4.5 nm, as shown in Fig. S3 (see the ESI†).
As may be expected, the RMC-generated Pt nanoparticle model
with 3.5 nm in size converged on the experimental structure
factor S(Q) data very well (also see Fig. 2). In the case of the
initial conguration coming from the crystal structure of fcc
bulk Pt, as shown in Fig. S3(a),† nite size atomic congura-
tions cut out from a perfect fcc Pt lattice were used to start the
RMC simulations. In the simulations, the position of each atom
from 401, 693, 1100, 1642, and 2338 atom congurations,
respectfully, was adjusted so as to minimize the difference Rw

(see eqn (3)) between the model and experimental S(Q) data.
Atoms were constrained (i) not to come closer than preselected
distances of closest approach and (ii) to maintain as maximal
(i.e., as close to 12) as possible coordination numbers. That is,
the rst constraint reects the fact that two neighboring Pt
atoms in the nanoparticles do not approach each other closer
than 2.4 Å as the experimental G(r) shows. The second
constraint takes into account the close-packing fcc nature of the
atomic ordering in bulk Pt metals. At the same time, the energy
of the congurations was optimized by minimizing pairwise
(Lennard-Jones type) potentials for Pt taken from literature
sources. The combined utilization of constraints and potential
minimization ensures a smooth convergence of the RMC
simulations. The observed minimum Rw of 2.5, 3.0, 3.5, 4.0, and
4.5 nm size fcc Pt nanoparticles are 32.0%, 20.7%, 15.4%,
14.4%, and 14.5%, respectively. While the ts to the 2.5–3.0 nm
Pt nanoparticle samples are insufficient due to the deciency of
atom number employed in the simulations, the ts to the 3.5–
4.5 nm Pt nanoparticle samples is quite good, with Rw values
equal to ca.15% that is generally considered an acceptable t of
fcc models to S(Q) data of nanoparticle in the literature.63,64

On the other hand, in the case of the initial conguration
coming from the computer-generated random atomic congu-
ration, as shown in Fig. S3(b),† two constraints (i.e., a cut off
distance of 2.4 Å for the rst coordination sphere, and CN of 12
for the rst coordination neighbors in fcc bulk Pt) described
above were applied in the RMC simulations. The similar tting
results to Pt nanoparticles in size ranging from 2.5 to 4.5 nm
were observed, and the minimum Rw of 2.5, 3.0, 3.5, 4.0, and
4.5 nm size fcc Pt nanoparticles are 31.5%, 20.8%, 15.4%,
14.9%, and 14.7%, respectively. Not surprisingly, they t the
experimental atomic PDFs as good as the periodic, fcc lattice
constrained models (Fig. S3(a)†). On the basis of the RMC
simulations and HRTEM image (Fig. S1(a)†), it is strongly sug-
gested that the atomic-scale 3D conguration of Pt nano-
particles exhibits fcc-type structure with an average particle
diameter of 3.5 nm with some distinct disorders.

The RMC simulated and experimental total structure factor
S(Q) data sets for the Pd and Rh nanoparticles are also shown in
Fig. 2 as well as Fig. S4 and S5 of the ESI.† In a similar procedure
of the Pt nanoparticles, the initial congurations were spherical
in shape and with the particle size ranging from 2.5 to 4.5 nm
for the Pd nanoparticles (Fig. S4†). The analyzed particle sizes of
Rh nanoparticles range between 2.0 and 4.0 nm (Fig. S5†),
which is slightly less than those of Pt and Pd nanoparticles,
29516 | RSC Adv., 2019, 9, 29511–29521
according to the HRTEM images (Fig. S1†). In the RMC simu-
lations for the Pd nanoparticles, the position of each atom from
412, 712, 1130, 1687, and 2402 atom congurations was
adjusted to minimize the difference Rw between the model and
experimental Pd S(Q) data. Here the atomic number density of
0.05034664 Å�3 in the Pd nanoparticles. Similarly, the position
This journal is © The Royal Society of Chemistry 2019
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Table 1 Coordination numbers obtained from RMC simulations for the HEXRD and EXAFS data of the metal nanoparticles

Sample Initial structure

RMC-HEXRD RMC-EXAFS

First shell Second shell First shell Second shell

Pt nanoparticles (3.5 nm) fcc 5.7 4.4 5.5 5.2
Random 5.7 4.3 5.5 5.2

Pd nanoparticles (4 nm) fcc 5.6 5.8 5.7 6.2
Random 5.6 5.9 5.7 6.2

Rh nanoparticles (3.5 nm) fcc 5.7 4.9 5.9 5.0
Random 5.7 4.8 5.9 4.9
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of each atom from 225, 440, 760, 1206, and 1801 atom cong-
urations (the atomic number density of 0.053742278 Å�3) was
adjusted to minimize the difference Rw between the model and
Fig. 4 Distribution of bond angles derived from the RMC simulations usi
and 3.5 nm Rh nanoparticles. The distributions are extracted from the R
uration for the RMC simulations is based on (a, c, and e) the fcc bulk crys
configuration for the respective nanoparticles. (a and b): Pt nanoparticle

This journal is © The Royal Society of Chemistry 2019
experimental Rh S(Q) data. The initial conguration derived
from the fcc bulk Pd leads to good t to the 4.0 nm Pd nano-
particle model. The similar feature is also observed in the case
ng PDFs data for the 3.5 nm Pt nanoparticles, 4.0 nm Pd nanoparticles,
MC-generated structure models as shown in Fig. 3. The initial config-
tal structure and (b, d, and f) the computer-generated random atomic
s, (c and d): Pd nanoparticles, and (e and f): Rh nanoparticles.
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Fig. 5 Experimental and RMC-simulated k3-weighted EXAFS spectra
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of Rh nanoparticle samples, indicating that the initial cong-
uration derived from the fcc bulk Rh exhibits best t to the
3.5 nm Rh nanoparticle model.

Exemplary structure models rened by the RMC simulations
for 3.5 nm Pt nanoparticles, 4.0 nm Pd nanoparticles, and
3.5 nm Rh nanoparticles are shown in Fig. 3. Atoms at the inner
part of the nanoparticles show fewer mean-square displace-
ments than atoms closer to the nanoparticles surface. From the
RMC-generated models for 2.0–4.5 nm metallic nanoparticles,
we computed not only two-atom correlation functions such as
the PDFs but also three-atom correlation functions such as
distributions of bond angles as well. The bond angles are a very
sensitive indicator of the type of local atomic ordering. It is
noted that despite the presence of a substantial structural
disorder, all nanoparticles studied here have a well-dened
local atomic ordering seen as a sequence of well-dened PDF
peaks (see Fig. S3 to S5 of the ESI†). Firstly, we shall now discuss
the average CN for describing the atomic arrangement in the
metal nanoparticles. It is noted that the rst main PDF peak
shown in Fig. 2 for the bulk metals reected the presence of 12
rst atomic neighbors. Since the rst minimum aer the rst
main PDF peak is about 0.33 nm, the CNs in the rst
coordination-shell were evaluated by counting the number of
metal atoms in the spherical shell with a radius between 0.23
and 0.33 nm around each central atom. The CN in the second
coordination-shell was obtained by counting the number of
metal atoms in the spherical shell with a radius between 0.34
and 0.43 nm. The distributions of CNs in the rst and second
coordination-shell of the Pt, Pd, and Rh nanoparticles are
shown in Fig. S6–S8 (see the ESI†). Table 1 lists the values of
CNs in the rst and second coordination-shell of these nano-
particles. Such CNs are characteristic in a sense that they lie
between those of bulk (CN ¼ 12) and those of atoms locating on
surfaces of metal nanoparticles.41 The CNs in the rst
coordination-shell obtained from the RMC-generated models
are consistently lower than those obtained by EXAFS data (Table
S1†). This has most likely to do with the inefficiency of the
EXAFS technique for materials with substantial local structural
disorder.

In addition, as shown in Fig. 4, the bond angle distributions
of Pt nanoparticles (3.5 nm), Pd nanoparticles (4.0 nm), and Rh
nanoparticles (3.5 nm) have been evaluated from the atomic
congurations obtained by the RMC procedure. In a perfect
bulk fcc metal, bond angles spike at 60, 90, and 120�. The bond
angles show a broad distribution that is spread around the
bond angles of a perfect fcc lattice, clearly conrming the
distinct disorders in the atomic-scale structure of these nano-
particles. This is to be expected since the RMC conguration
models feature an fcc-type structure that is intrinsic to the fcc-
type Pt, Pd, and Rh bulk counterpart.
(k3c(k)) for the 3.5 nm Pt nanoparticles, 4.0 nm Pd nanoparticles, and
3.5 nm Rh nanoparticles. The initial configurations are generated from
refined results of the RMC simulations of S(Q) for the corresponding
nanoparticles. The initial configuration for the RMC simulations is
based on (a, c, and e) the fcc bulk crystal structure and (b, d, and f) the
computer-generated random atomic configuration for the respective
nanoparticles. (a and b): Pt nanoparticles, (c and d): Pd nanoparticles,
and (e and f): Rh nanoparticles.
3.4. RMC modeling using EXAFS data

For the purpose of EXAFS renement of Pt, Pd, and Rh nano-
particles, we have performed a successful method for structural
renement, based on the RMC simulations, which can be
applied to experimental S(Q) data and subsequently to
29518 | RSC Adv., 2019, 9, 29511–29521
experimental EXAFS data. In Fig. 5, we compare their experi-
mental k3c(k) EXAFS spectra with the k3c(k) spectra calculated
in the RMC simulation for the rened models obtained from
the RMC simulations of S(Q) data. Here the experimental k3c(k)
spectra are derived by a Fourier ltering from r-space between
1.7 and 3.0 Å (see Fig. S2 of the ESI†), and the inverse Fourier
transformation to the k space (the range 4–15 Å�1) was
employed. The backscattering factors such as amplitudes and
phases are calculated by FEFF 8 program.60,61 It is obvious that
the minimum Rw values are 14.9 and 14.6% (for the 3.5 nm Pt
nanoparticles), 8.3 and 8.3% (for the 4.0 nm Pd nanoparticles),
as well as 28.5 and 28.9% (for the 3.5 nm Rh nanoparticles). In
particular, it appears that best tting results are obtained in the
case of Pd nanoparticles, compared with those obtained from
the RMC simulations using S(Q) data. This can be a conse-
quence of the possibility of reproducing the EXAFS signal with
the RMC simulations. In addition, the distributions of CNs in
the rst and second coordination-shell of the Pt, Pd, and Rh
nanoparticles are shown in Fig. S9–S11 (see the ESI†) in addi-
tion to Table 1. The bond angle distributions are also demon-
strated in Fig. S12 of the ESI.† It is noted that the trends
concerning to the CNs and their bond angle distributions in the
This journal is © The Royal Society of Chemistry 2019
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analysis of RMC-EXAFS is very similar to those in the analysis of
RMC-HEXRD (Fig. 4). In addition to more accurate and detailed
structure determination of monometallic and/or bimetallic
nanoparticles, simultaneous tting of the total scattering PDF
and EXAFS data will provide an effective method for bench-
marking the EXAFS theory/approximations against total scat-
tering PDF.

4. Conclusion

The 3D atomic structure of Pt, Pd, and Rh nanoparticles in
spherical shape with average diameters less than 5 nm were
explored by means of the RMC-based simulations, without
applying periodic boundary conditions, using total scattering
experimental structure factor S(Q) obtained from HEXRD. For
the purpose of renement of model structures for these nano-
particles, we performed subsequent RMC-based simulations
using experimental k3c(k) EXAFS data with the initial congu-
rations calculated from the rened results of the X-ray structure
factor based RMCmodel. The reduced PDF G(r) showed that the
rst-neighbor peak is in accordance with that obtained from
conventional EXAFS analysis. These nanoparticles were disor-
dered at short- to intermediate-range atomic distances, but
unable to access particle–particle correlations over long-range
orders. The rst-shell coordination numbers and bond angle
distributions for the RMC-simulated metal nanoparticles indi-
cated face-centered cubic (fcc) structure with appropriate
number density. The combined method of HEXRD (or EXAFS)
and RMC modeling that we have used here is a promising tool
for elucidating the details of atomic-scale structures of many
other nanoparticles. The present work will encourage
researchers to larger extent to determine the averaged structural
parameters of the nanoparticles obtained experimentally or by
RMC-based simulations.
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