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Introduction

On the road to metallic nanoparticles by rational
design: bridging the gap between atomic-level
theoretical modeling and reality by total scattering
experimentsy

Binay Prasai,® A. R. Wilson,® B. J. Wiley,® Y. Ren and Valeri Petkov*®

The extent to which current theoretical modeling alone can reveal real-world metallic nanoparticles (NPs)
at the atomic level was scrutinized and demonstrated to be insufficient and how it can be improved by
using a pragmatic approach involving straightforward experiments is shown. In particular, 4 to 6 nm in
size silica supported Aujgo_xPdy (x = 30, 46 and 58) explored for catalytic applications is characterized
structurally by total scattering experiments including high-energy synchrotron X-ray diffraction (XRD)
coupled to atomic pair distribution function (PDF) analysis. Atomic-level models for the NPs are built by
molecular dynamics simulations based on the archetypal for current theoretical modeling Sutton—-Chen
(SC) method. Models are matched against independent experimental data and are demonstrated to be in-
accurate unless their theoretical foundation, i.e. the SC method, is supplemented with basic yet crucial
information on the length and strength of metal-to-metal bonds and, when necessary, structural disorder
in the actual NPs studied. An atomic PDF-based approach for accessing such information and implement-
ing it in theoretical modeling is put forward. For completeness, the approach is concisely demonstrated
on 15 nm in size water-dispersed Au particles explored for bio-medical applications and 16 nm in size
hexane-dispersed Fe,gPds, particles explored for magnetic applications as well. It is argued that when
“tuned up” against experiments relevant to metals and alloys confined to nanoscale dimensions, such as
total scattering coupled to atomic PDF analysis, rather than by mere intuition and/or against data for the
respective solids, atomic-level theoretical modeling can provide a sound understanding of the synthesis—
structure—property relationships in real-world metallic NPs. Ultimately this can help advance nanoscience
and technology a step closer to producing metallic NPs by rational design.

synthesis of any NPs, including metallic ones, depends on a
number of hard-to-assess kinetic and thermodynamic factors.

With current science and technology moving rapidly to smaller
scales, metallic nanoparticles (NPs) are being synthesized in
increasing numbers and explored for various useful appli-
cations, ranging from catalysis"®> and magnetic storage
media®* to photonics™® and drug delivery.””® Advancing
nanoscience and technology, however, face a major problem
concerning transforming the current trial-and-fail approach to
synthesize metallic NPs into synthesizing metallic NPs by
rational design. This is not a trivial task since the outcome of
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An important step toward solving the problem would be the
development of new or streamlining of existing techniques for
revealing accurately the outcome of synthesis of metallic NPs
at the atomic level, that is, the atomic-level structure of the
actual metallic NPs made.

Indeed several experimental techniques, such as total scat-
tering involving high-energy synchrotron X-ray and/or neutron
diffraction coupled to atomic Pair Distribution Function (PDF)
analysis,” ™" coherent diffraction,"”> High Resolution Trans-
mission Electron Microscopy (HR-TEM),'* Extended X-ray
Absorption Fine Structure spectroscopy (EXAFS),"* and others,
have already proven very successful in revealing accurately the
atomic-level structure of metallic NPs, wholly or in part.
Experiments, however, can be costly and time demanding,
especially when conducted on a large scale. A viable alternative
for providing guidance on the synthesis and optimization of
metallic NPs for practical applications is by inexpensive theore-
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tical modeling and prediction techniques such as, for
example, Density Functional Theory (DFT), Molecular
Dynamics (MD) and Monte Carlo (MC) simulations.”™’
particular, there has been a considerable amount of DFT work
aimed at revealing the atomic and electronic structures of
small size (~1 nm) metallic NPs as factors shaping their useful
properties.’®'® DFT, however, is virtually inapplicable to
metallic particles larger than 1-2 nm in size which are of primary
interest for practical applications. To circumvent DFT’s limit-
ations, less precise but more widely applicable approxi-
mations, such as the embedded atom method (EAM),***" the
Finnis-Sinclair (FS) method,** the glue method,*® the Sutton-
Chen (SC) method** and others, have been developed and
used extensively. For the most part, these approximations have
been tested and optimized against ab initio or experimental
data for bulk metals and alloys possessing perfectly 3D peri-
odic and long (um)-range ordered atomic structures. However,
more often than not, real-world metallic NPs are neither 3D
periodic nor perfectly ordered at the atomic-scale. For
example, atoms at the NP surface, which are about 30% of all
atoms in 5 nm in size and spherical in shape metallic par-
ticles, have coordination spheres incomplete to various extents
and, furthermore, experience significant relaxation/disorder
due to factors such as increased NP surface tension'* and/or
an active NP environment.”® In contrast, atoms deep inside
metallic NPs are fully coordinated and typically much less
affected by NP surface and environment effects. As a result,
substantial NP segments, such as the NP surface and interior,
are inherently quite dissimilar from a structural point of view.
Furthermore, increasingly and deliberately, e.g. when in
pursuit of a certain functionality, atoms throughout metallic
NPs, and not only in particular NP segments, are being struc-
tured non-uniformly.”®*” This opens the following questions:
(i) is it possible for current theoretical modeling alone to
reveal accurately real-world metallic NPs at the atomic level
and, if not, (ii) how can the accuracy of theoretical modeling
be improved to a level acceptable for practical applications?
These questions appear legitimate considering the results of,
among others, recent structure studies on Au-Pt NPs. In par-
ticular, while experiments have shown clearly that the ground-
state structure of 5-7 nm in size Au-Pt particles synthesized
and optimized with catalytic applications in mind is of
random-alloy type,*® theoretical modeling based on the EAM
method?® predicted that the ground-state structure of 5-7 nm
in size Au-Pt particles should be of Pt core-Au shell type.
Obviously, using EAM predictions as a structural basis for
rationalizing the catalytic properties of the particular Au-Pt
NPs studied would have hampered, if not completely derailed,
efforts aimed at improving these properties.

Here we investigate the extent to which current theoretical
modeling alone can reveal real-world metallic NPs at the
atomic level in a more systematic way. In particular, we syn-
thesized 4 to 6 nm in size Au core-Pd shell NPs and then opti-
mized, ie. activated, them for catalytic applications by a
customary post-synthesis treatment involving heating under a
reactive gas (O, & H,) atmosphere. The treatment not only
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removed organic agents capping the NP surface but also trans-
formed the initially Au core-Pd shell NPs into Au-Pd alloy type
ones. Note that, herein, NP size refers to NP diameter since all
the NPs studied are largely spherical in shape. We built
atomic-level models for both as-synthesized and post-synthesis
treated Au-Pd NPs by Molecular Dynamics (MD) simulations
based on the archetypal for metal and alloy atomic structure
theory SC method. SC was chosen over other theoretical
methods currently in use not only because it has been proven
particularly successful***° but also because it is relatively
simple analytically, and assessing its parameters can be done
in an unambiguous way. We also characterized the NPs struc-
turally by total scattering experiments coupled to atomic PDF
analysis. The theoretical models were matched against the
independent experimental data and found to be in serious
need for improvement. Accordingly, several parameters of the
SC method were modified by a rigorous procedure so as to
take into account information on the atomic ordering in
actual metallic NPs studied. New models were built and vali-
dated both against the respective experimental atomic PDFs
and in terms of energy, i.e. stability. The so-improved models
were analyzed and their relevance to the actual Au-Pd NPs
studied was ascertained, thus demonstrating a pragmatic
approach to bridging the gap between current theoretical
modeling of metallic NPs and reality. For completeness, the
approach was also concisely demonstrated on 15 nm in size
water-dispersed Au particles explored for bio-medical appli-
cations and 16 nm in size hexane-dispersed Fe,gPd5, particles
explored for magnetic applications. Note that our study con-
centrated on Au,go_,Pd, alloy NPs (x = 30, 46 and 58) not only
because of their importance in key technological reactions,
such as the direct formation of hydrogen peroxide,* vinyl
acetate synthesis,®* carbon monoxide oxidation,** oxidation of
primary alcohols,** and others, but also because of the lack of
a clear understanding of the observed significant enhance-
ment of their catalytic activity as compared to that of pure Au
and Pd NPs.*"*° The results presented here shed new light on
the catalytic synergy of Au and Pd species in Au-Pd alloy NPs,
helping highlight the usefulness of our approach for practical
applications.

Experimental
Synthesis of NPs studied

Au-Pd NPs were synthesized by depositing shells of one, two
and four Pd layers on pre-made 4 nm Au seeds as described in
ref. 40. The resulting Au core-Pd shell NPs had an overall
chemical composition of Au,,Pdsy, Aus,Pdss and Auy,Pdsg,
respectively, as determined by inductively coupled plasma
atomic emission  spectroscopy (ICP-AES) experiments
described below. As-synthesized Au core-Pd shell NPs were de-
posited on fine silica powder and then optimized, ie. acti-
vated, for catalytic applications by a controlled treatment
involving 1 hour of heating under an O, atmosphere at 700 K
followed by 1 hour of heating under a H, atmosphere at the
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same temperature. The treatment removed organic molecules
capping the NP surface and transformed the initially Au core-
Pd shell type NPs into Au-Pd alloy type ones. The transform-
ation did not affect the overall chemical composition of Au-Pd
NPs significantly as HAADF-STEM and ICP-AES experiments
described below showed. Hence, herein the overall chemical
composition of both as-synthesized and post-synthesis treated
Au-Pd NPs is denoted by Auyq_,Pd, (x = 30, 46 and 58) NPs.
However, to differentiate them clearly, the as-synthesized
(Au core-Pd shell) and obtained from them Au-Pd alloy NPs
are hereafter referred to as “fresh” and “fully activated” Au-Pd
NPs, respectively. Note that, following common practices, both
fresh and fully activated Au-Pd NPs were kept in small sealed
glass vials and were transported in this manner to various
instruments (e.g. TEM, synchrotron XRD etc.) used for their
characterization. The NPs were briefly exposed to air when
loaded into the respective instruments and then kept sealed
throughout the measurements.

Au NPs were synthesized by the protocol fully described in
ref. 41. The as-synthesized Au NPs were not treated further but
kept in water as required by the targeted bio-medical appli-
cations, including bio-imaging and drug delivery.*>**

Fe-Pd NPs were synthesized by the protocol fully described
in ref. 44. The as-synthesized alloy-type NPs were not treated
further but kept in hexane to avoid any oxidation that would
be detrimental to the targeted magnetic applications. Here we
concentrate on the Fe,gPds, alloy NPs because of their particu-
lar importance to magnetooptics and high-density magnetic
recording.*>*

The water-dispersed Au and hexane-dispersed Fe,sPds, NPs
were also sealed in small glass vials and transported in this
way to various instruments (e.g. TEM, synchrotron XRD etc.)
used for their characterization. Drops of the solutions were
directly loaded into the instruments and thus were never
exposed to air during our studies.

Determination of the size, shape, and chemical composition
of the NPs studied

The size and shape of the Au seeds, Au NPs, and the fresh (Au
core-Pd shell type) and fully activated (alloy type) Auygo—Pd,
NPs (x = 30, 46 and 58) were determined by Transmission Elec-
tron Microscopy (TEM) using a JEM-2200FS microscope oper-
ated at 200 kv. Exemplary TEM and high-resolution (HR)-TEM
images are shown in Fig. S1 and S2,} respectively. As can be
seen in the figures, (i) the Au seeds and pure Au NPs are,
respectively, 4.1(+0.6) and 15(+1.5) nm in size and are spheri-
cal in shape, (ii) the fresh (core-shell type) Au,q,_,Pd, NPs also
are spherical in shape and are approximately 4.5(+0.9), 5.0
(20.9) and 5.5(+0.9) nm in size for x = 30 (one Pd layer), x = 46
(two Pd layers) and x = 58 (four Pd layers), respectively, and
(iii) the fully activated Au,go_,Pd, alloy NPs (x = 30, 46 and 58)
retain the spherical shape and size of the respective fresh
ones. Note that the observed step-wise increase in the size of
Auy_,Pd, NPs (x = 30, 46 and 58) with Pd content, x, is to be
expected since x = 30, 46 and 58 are NPs prepared by deposit-
ing shells of one, two and four Pd layers, respectively, onto Au
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seeds of constant (~4.1 nm) size. In line with earlier studies,*
data in Fig. S31 show that Fe,gPds, alloy NPs are 16(+1.5 nm)
in size and spherical in shape.

Here it is worth mentioning that HR-TEM images indicated
that all of the metallic NPs studied here exhibit good overall
crystallinity and, as usual, some atomic positional (structural)
disorder. The disorder is particularly enhanced for atoms close
to the NP surface.

The overall chemical composition of the fresh and fully-
activated Au,go_Pd, NPs (x = 30, 46, 58) and Fe,gPds, alloy
NPs was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) using a Perkin Elmer 2000
DV ICP-OES instrument. Samples were dissolved in aqua regia
and then diluted to concentrations in the range of 1 to
50 ppm. Calibration curves were made from dissolved standards
in the same acid matrix as the unknowns. Standards and
unknowns were analyzed 5 times each, resulting in <3% error in
the reported chemical composition. Within the error limits, no
appreciable difference between the chemical composition of the
fresh (core-shell) and respective fully activated (alloy-type) Au-
Pd NPs was observed. A similar result, i.e. that the activation of
Au-Pd NPs for catalytic applications by a thermo-chemical treat-
ment conducted with due care does not necessarily induce sig-
nificant changes in the overall NP chemical composition, size
and shape, has been reported by Dash et al.*°

The chemical ordering pattern of fresh and fully activated
Auy9_Pd, NPs (x = 30, 46, 58) and Fe,sPds, NPs was deter-
mined by High-Angle Annular Dark-Field (HAADF) Scanning
TEM (STEM) imaging. Experiments were done on a JEOL JEM
2100F instrument operated at 200 keV in STEM mode. The
lens settings combined with the corrector tuning gave a spatial
resolution of approximately 90 pm. Exemplary HAADF-STEM
images of fresh and fully activated Au;go_,Pd, NPs (x = 30, 46,
58) are shown in Fig. S4.f The images confirm the pre-desired
Au core-Pd shell chemical pattern of fresh Au-Pd NPs and the
alloy-type character of post-synthesis treated ones. For complete-
ness, HAADF-STEM images of Auyqo_,Pd, (x = 30, 46, 58) NPs
which were post-synthesis treated under an O, atmosphere
alone are also shown in this figure. An exemplary HAADF-
STEM image of Fe,gPds, NPs is shown in Fig. S3.7 In line with
earlier studies,” data in the figure indicate that the Fe,sPds,
NPs studied here are of alloy type character.

X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) measurements on fully
activated silica supported Augo_,Pd, NPs (x = 30, 46 and 58)
were performed on a Physical Electronics Quantum 2000 scan-
ning ESCA microprobe including a focused monochromatic Al
K, X-ray (1486.7 eV) source for excitation, a spherical section
analyzer and a 16-element multichannel detection system. The
percentages of individual metallic species in the NPs were
determined by analyzing the areas of the respective XPS peaks.
The relative ratio of metallic species in the NPs determined by
XPS, which is mostly sensitive to the NP surface, was consist-
ent with the overall NP composition determined by ICP-AES.
The results indicated some but insignificant oxidation of the
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NP surface most likely due to air exposure of the samples
before the XPS measurements.

Total scattering experiments

All NPs studied here were subjected to high-energy synchrotron
X-ray diffraction (XRD) experiments at room temperature.
Experiments were carried out at the 11-ID-C beamline of the
Advanced Photon Source at Argonne using X-rays with an
energy of 115 keV (1 = 0.1080 A). Diffraction data were collected
up to wave vectors of 25 A" allowing resolving of NP structural
features closer than 0.01 A. The experimental set-up was cali-
brated with a high-purity Si powder standard. A polycrystalline
Au standard was also measured. During the measurement
batches of fine silica powder supported Au seeds, fresh and
fully activated Au,go_,Pd, (x = 30, 46, 58) NPs were sealed in
1.5 mm glass capillaries. An empty glass capillary and silica
powder alone were also measured separately. Au NPs were
measured as obtained and dispersed in water. Water alone
contained in a glass capillary was measured as well. Fe,gPds,
NPs were measured as obtained and dispersed in hexane.
Hexane alone contained in a glass capillary was also measured.
Experimental synchrotron high-energy XRD patterns for Au
seeds, fresh and fully activated Au,o_,Pd, (x = 30, 46, 58) NPs,
as corrected for detector dead time, sample absorption, empty
glass capillary, silica support and other background-type (air
etc.) scattering, are shown in Fig. S5.f The experimental syn-
chrotron high-energy XRD patterns for Au NPs, as corrected
for detector dead time, sample absorption, empty glass capil-
lary, water and other background-type (air etc.) scattering, are
shown in Fig. 3 in ref. 41. The experimental synchrotron high-
energy XRD patterns for Fe,gPds, NPs, as corrected for detector
dead time, sample absorption, empty glass capillary, hexane
and other background-type (air etc.) scattering, are shown in
Fig. 1 in ref. 46. As can be seen in the respective figures, all
experimental synchrotron high-energy XRD patterns exhibit a
few broad, strongly overlapping peaks at low diffraction (Bragg)
angles and almost no distinct peaks at high diffraction angles,
i.e. are rather diffuse in nature. This renders the well-estab-
lished, sharp Bragg peak-based procedures for revealing the
atomic-level structure of bulk metals and alloy inapplicable to
metallic NPs. Therefore, we considered the diffuse XRD pat-
terns in terms of so-called atomic PDFs G(r) instead. The
approach is advantageous®'"?® since, contrary to the respect-
ive diffuse XRD patterns, atomic PDFs show several distinct
peaks allowing convenient testing and refinement of atomic-
level models for metallic NPs. The derivation of experimental
PDFs was performed according to well-established pro-
cedures.”” Note that the experimental synchrotron high-energy
XRD patterns and so the atomic PDFs derived from them
reflect ensemble averaged structural features of all metallic
NPs sampled by the synchrotron X-ray beam in the respective
experiments in the way traditional powder XRD patterns reflect
ensemble averaged structural features of all polycrystallites
sampled by the X-ray beam in those experiments. Using NP
ensemble averaged structural features to understand and
explain NP ensemble averaged properties (e.g. -catalytic,
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magnetic, optical etc.) puts the NP synthesis-structure-prop-
erty exploration on the same footing.

Results and discussion

First, we considered thoroughly silica supported Au-Pd NPs.
As discussed above, revealing accurately the atomic-level struc-
ture of both as-synthesized and post-synthesis treated metallic
NPs is of particular importance for advancing nanoscience
and technology. For this reason, we considered both fresh and
fully activated Au-Pd NPs. The atomic-level structure of Au-Pd
NPs not fully optimized for catalytic applications, such as
those treated under an O, atmosphere alone, was considered
in much lesser detail. Experimental atomic PDFs G(r) for fresh
(core-shell), treated under an O, atmosphere alone and fully
activated Au,oo_,Pd, alloy NPs (x = 30, 46, 58), as derived from
the respective XRD patterns of Fig. S5,7 are summarized in
Fig. 1. As can be seen in the figure, the experimental PDFs
show a sequence of well-defined peaks. By definition, peaks in
an atomic PDF for binary, i.e. A-B type, NPs should reflect
three chemically distinct pairs of atoms, i.e. A-A, A-B and B-B
pairs of atoms, immediate and all farther neighbors, within
the NPs studied. Accordingly, peaks in the experimental PDFs
of Fig. 1 reflect all Au-Au, Au-Pd and Pd-Pd pairs of atoms in
the Au-Pd NPs studied here. Note that since atoms close to or
at opposite sides of the NPs are separated the most, atomic
PDFs of Fig. 1 may be expected to show distinct peaks up to
distances close to the average size (diameter) of the respective
NPs. As can be seen in Fig. 1, however, peaks in the experi-
mental PDFs decay to zero at distances (~3.5 nm) shorter than
the physical size of the respective Au-Pd NPs, which is ~4.5 to
5.5 nm as determined by TEM. The observed fast decay of the
experimental PDFs indicates that atoms in the Au-Pd NPs
studied here, especially those near the NP surface, suffer sub-
stantial positional disorder. Atomic positional disorder is
common to metallic NPs due to finite NP size and NP environ-
ment effects.”'®'*'* The magnitude of this disorder in
different systems of metallic NPs, however, can be substan-
tially different due to details of the particular NP synthesis and
post-synthesis treatment protocols employed.*®

Experimental atomic PDFs for fresh and fully activated
Auy9_,Pd, NPs (x = 30, 46 and 58) are compared in Fig. 2. As
can be seen in the figure, peaks in the atomic PDFs for the
fresh (core-shell) and fully activated (alloy-type) NPs differ in
positions and intensities substantially. The difference reflects
(i) the different distribution of Au and Pd species in the
respective NPs (see the HAADF-STEM images in Fig. S3t) and
(if) the fact that Au and Pd atoms in Au-Pd NPs interact more
strongly when intermixed together, as in the fully activated
Au-Pd NPs, as compared to the case when they are largely kept
apart, as in the fresh (Au core-Pd shell) NPs. Data in Fig. 2
also show that experimental atomic PDFs obtained by total
scattering experiments are sensitive enough to differentiate
between core-shell and alloy-type Pd-Au NPs and so can be
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Fig. 1 Experimental (black symbols) and model (red lines) PDFs for Au
seeds, fresh, post-synthesis treated under an O, atmosphere alone and
fully activated (i.e. post-synthesis treated under an O, + H, atmosphere)
Aui0_xPdy NPs (x = 30, 46 and 58). The models feature perfectly 3D
periodic, infinite fcc-type lattices. As discussed in the text, models for
post-synthesis treated Aujoo_xPdy (alloy-type) NPs involve a single fcc
lattice. On the other hand, models for fresh (core—shell type) NPs
involve two independent fcc lattices: one for the Au core and one for
the Pd shell. Values of the NP “fcc-lattice parameter”, a, derived by
adjusting the model fcc-lattices against the respective experimental
PDFs are given by each data set. Goodness-of-fit indicators, Ry,
explained in the ESI,§ for all model PDFs shown in the figure are in the
range of 20-23%.

used to differentiate between competing models for their
atomic-level structure.

Atomic-level models for fresh and fully activated Au;go_,Pd,
NPs (x = 30, 46 and 58) were built by the SC method. In brief, the
method treats atomic pair interactions in metals and alloys as the
sum of two constituents. One accounts for the repulsion between
metal atom cores and the other for the attractive force between
metal atom cores due to the electrons surrounding them.>***

Accordingly, the energy of atomic-level models, U, appears
as a sum of an atomic pair potential V(r;) term and a local
electron density (p;) term defined as follows:

v=>_ Z%eﬂ(r,-,-) — aeglpi) (1)

i Lj#
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Fig. 2 Experimental atomic PDFs for fresh (blue lines) and respective
fully activated (red lines) Aujgo_xPd, NPs (x = 30, 46 and 58). Note: fresh
and respective fully activated NPs are virtually of the same overall
chemical composition, size and shape even though the former are of Au
core—Pd shell type and the latter are of Au—Pd alloy type (see the
Experimental section). Peaks in the atomic PDFs for fresh and respective
fully activated NPs differ in positions and intensities substantially. The
difference reflects (i) the very different distribution of Au and Pd species
in the fresh and respective fully activated NPs and (ii) the fact that, as
explained in the text, atomic pair distances in the fresh and respective
fully activated NPs are different due to the much stronger interactions
between Au and Pd species in the latter relative to the former. Note: as
also discussed in the text, the strength of interactions between Au and
Pd species in fully activated NPs and, hence, the atomic pair distances in
these NPs vary irregularly with the NP bimetallic composition. Accord-
ingly, the level of dissimilarity between the atomic PDFs of fresh and
respective fully activated NPs also varies irregularly with the NP bi-
metallic composition.

where

andp; =Y (ﬂ) " (2)

N\ i

Vi) = ()
g J#i )

The so-called “energy” parameter ¢; (meV) and the dimen-
sionless parameter c; are used to appropriately scale the inter-
atomic repulsive V(r;) and attractive (p; interactions,
respectively. Parameters m;; and n; are positive integers such
that n;; > m;;. The parameter a; is a quantity used to appropri-
ately scale distances r;; between i and j type atoms in the struc-
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Table 1 Currently used SC parameters for Au and Pd. Sizes? of Au and
Pd atoms given in the table reflect the respective a;; parameters

Metal m;; n;; Eii (meV) a;; (A) Ci SlZey (10\)
Au 8 11 7.8052 4.080 53.581 2.88
Pd 6 12 3.2864 3.891 148.205 2.75

“ Atomic size = the respective SC parameter a;;/v/2.

ture models, including the shortest ones. The latter are
nothing but the size (diameter) of i and j type atoms. The SC
parameters currently used for Au and Pd, as taken from litera-
ture sources,”>>**° are given in Table 1. The parameters have
been optimized against data for bulk Au and Pd metals. In par-
ticular, SC parameters a; for Au and Pd (the 5 column in
Table 1) are the experimentally determined values of the fcc-
lattice parameters of bulk Au and Pd. Accordingly, the Au and
Pd atoms in the structure models based on SC, as applied cur-
rently, appear with the size of Au and Pd atoms (the 7™ column
in the table for convenience) in bulk Au and Pd, respectively.>

Typically, theoretical methods for modeling metallic alloys
derive the interactions between unlike atoms, ie. i-j type
atomic interactions, as the average of the interactions between
like atoms. At present, the SC method derives the strength of
interactions between unlike atoms, in particular the energy
parameter ¢, as a geometric average of the respective ¢; and ¢;
parameters.’’ The SC parameter ay; used to scale distances
between unlike atoms, is also derived as a geometric average
of the respective a; and a; parameters. On the other hand, SC
parameters m;; and n; are derived as an arithmetic average of
the respective m;; and n; parameters as shown in eqn (3):

&j = Vet A = /iy,
My + My nii + 1y (3)
my=——— and n; = —

To be as realistic as possible we built SC based models for
the fresh and fully activated Au-Pd NPs so as to reflect the size
(4.5-5.5 nm; see Fig. S1 and S21), shape (spherical; see Fig. S1
and S27), overall chemical composition (see Table S1}) and
chemical pattern (core-shell for fresh and an alloy-type for
fully activated NPs; see Fig. S41) of the actual Au-Pd NPs
studied here. Au seeds were also modelled. For consistency,
initial model configurations featured pieces of fcc lattices with
lattice parameters corresponding to the SC parameters a;; of
Table 1. The configurations were optimized in terms of energy
through Molecular Dynamics (MD) simulations using the para-
meters in Table 1 for Au-Au and Pd-Pd interactions/distances
and using eqn (3) for deriving the interactions/distances
between Au and Pd atoms. Details of the MD simulations are
given in the ESL{ The models built in this way appeared to be
similar to the models shown in Fig. S8} (for fresh NPs) and
Fig. 6, left (for fully activated NPs), introduced later on. The
models, however, produced atomic PDFs markedly inconsist-
ent with the experimental ones in terms of peak positions,
intensities and sharpness, as exemplified in Fig. 3. These
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Fig. 3 Experimental (black symbols) and computed (red lines) atomic
PDFs for Au seeds, fresh (Au core—4 Pd layer thick shell) and respective
fully activated (alloy-type) Aus,Pdsg NPs. Computed PDFs were derived
from structural models built by MD simulations based on the SC method
as applied currently. Peaks in the experimental and SC model-derived
PDFs disagree in position, intensity and sharpness considerably (also see
the respective R,,;, values). The first peak in the experimental PDF for the
Au seeds, fresh and fully activated Aus,Pdsg NPs (black symbols) is
shown in the inset. It appears rather broad, indicating the presence of
strong atomic positional disorder in the Au seeds and the Au,,Pdsg NPs.
The disorder is made evident and then the first peak in the experimental
PDF for the Au seeds is compared to that in the experimental PDF for
polycrystalline (u-sized crystallites) Au (red symbols). The former is
much broader than the latter, revealing the presence of a higher degree
of atomic positional disorder in metallic NPs in general, and in Au seeds
and Aug4,Pdsg NPs studied here in particular. Furthermore, the former is
shifted to lower r-values (2.86 A) as compared to the latter (2.88 A) indi-
cating that the Au—Au metal bond length in Au seeds is shorter than that
in bulk Au.

results showed clearly that the SC method cannot reveal accu-
rately the atomic-level structure, and in particular the atomic pair
distances, respective atomic pair numbers and strong atomic
positional disorder, of either the as-synthesized or post-synthesis
treated Au,go_xPd, NPs (x = 30, 46 and 58) studied here.

To clarify the origin of the SC inaccuracy, we approached
the experimental atomic PDFs with simplistic models con-
strained to an fcc-type crystal structure wherein atoms occupy
identical sites in a perfectly 3D periodic, infinite fcc-type
lattice. Such models made sense since bulk Au and Pd metals
as well as bulk Au-Pd alloys are all fcc-type crystals.”® Models
for post-synthesis treated (alloy-type) Au-Pd NPs involved a
single fcc lattice. Models for fresh Au-Pd NPs had to involve
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two independent fcc-lattices: one for the Au core and another
one for the Pd shell. Without including both lattices the
model-derived atomic PDFs for the fresh Au-Pd NPs would not
reproduce the experimental ones in good detail. This obser-
vation indicated that the Au cores and the Pd shells of the
fresh Au-Pd NPs studied here are largely uncorrelated from a
structural point of view. Similarly, uncorrelated cores and
shells have also been observed within Pt core-Pd shell NPs.>"
The 8-function-like peaks in the atomic PDFs derived from the
models were broadened by convolution with Gaussian func-
tions so as to mimic the typically substantial structural dis-
order in metallic NPs (see the inset in Fig. 3). At the same time
the PDFs were multiplied by an artificial, rapidly decaying with
real space distance function to mimic the finite size of
Auy9_,Pd, NPs (x = 30, 46 and 58) studied here. Finally, the
unit cell parameters of the model fcc-lattices were refined such
that model-derived atomic PDFs approached the corres-
ponding experimental ones as closely as possible. Here it may
be noted that the “lattice parameters” of metallic NPs are not
as well defined as a physical quantity as those for their bulk
counterparts. The reason is that the phrase “lattice para-
meters” implies the presence of a perfectly 3D periodic, infi-
nite lattice while real-world metallic NPs are finite and not
necessarily 3D periodic at the atomic level. Nevertheless, PDF
data-derived “lattice parameters” of metallic NPs are useful
merely because they reflect the set of interatomic distances,
including metal-to-metal bond lengths, characteristic of the
actual NPs under study and so may be used as a trustworthy
“global indicator” of those distances. Computations were done
with the help of the program PDFgui.>* The results from the
computations are shown in Fig. 1.

The results of empirical modeling showed that models fea-
turing a fce-type crystal structure reproduce all of the experi-
mental PDFs in Fig. 1 in good detail indicating that atoms in
both fresh and fully activated Auyq_,Pd, NPs (x = 30, 46 and
58) are arranged in an fce-like manner. Noteworthy is also the
fact that no structure models featuring other types of atomic
ordering, including Au & Pd metal oxides, Au & Pd metal
hydrides, or any others, had to be invoked for achieving the
more than satisfactory level of agreement between the experi-
mental and computed data in Fig. 1. Since the sensitivity of
XRD to structurally and/or chemically distinct minor phases in
materials is in the range of a few vol%, if not higher,>® and fur-
thermore, experimental atomic PDFs have proven sensitive to
the presence of organic species adsorbed at the surface of
metallic NPs,>*® it may be concluded that the Au-Pd NPs
studied here were neither polluted with organic residues nor
oxidized/hydrided significantly, if at all. Complementary XPS
studies on the fully activated Au-Pd NPs indicated the same
(see the Experimental section).

Inspection of the data in Fig. 1 also showed that the PDF-
derived “fcc-lattice parameters”, a, of Au seeds/cores (a =
4.050 A) and Pd shells (a = 3.881 A) are shorter by 0.7% and
0.4% as compared to those in bulk Au (a = 4.080 A) and Pd (a
= 3.891 A) metals, respectively. This result is in line with the
observed shift in position of the first peak in the experimental
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PDF for Au seeds to lower-r values as compared to that of the
first peak in the experimental PDF for bulk Au (see the inset in
Fig. 3). Shortening/compression of the interatomic distances
in metallic (e.g. Au) NPs up to 50 nm in size, including short-
ening/compression of the respective metal-to-metal bond
lengths, has been very well documented and shown to arise
mostly from NP finite size effects.>® Yet, currently, finite NP
size induced changes in metal-to-metal bond lengths in
metallic NPs are largely not accounted for in the theoretical
modeling of metallic NPs.

Furthermore, data in Fig. 1 show that the characteristic
interatomic distances in fully activated Au,,_,Pd, alloy NPs (x
= 30, 46 and 58), as reflected by their “fcc-lattice parameters”,
are rather different from those in the respective fresh and O,
atmosphere treated alone Au-Pd NPs. Comparison with litera-
ture data shows that the characteristic interatomic distances in
fully activated alloy Au;o_,Pd, alloy NPs (x = 30, 46 and 58) are
also very different from those in bulk Au-Pd alloys.*>***° The
significance of the observed difference is best appreciated
when PDF-derived “fcc-lattice parameters” for fully activated
alloy Au-Pd NPs are depicted together with those for O, atmo-
sphere treated alone Au-Pd NPs and bulk Au-Pd alloys,***° as
done in Fig. 4A. As can be seen in the figure, the characteristic
interatomic distances in Au-Pd NPs treated under an O,
atmosphere alone are longer by about 1.5% for NPs with the
Au: Pd ratio of 50:50 and those in fully activated alloy Au-Pd
NPs are shorter by about 2% for NPs with the Au:Pd ratio of
50:50 than the characteristic interatomic distances in bulk
Au-Pd alloys of the same chemical composition. Metal-to-
metal bond elongation of up to 3% in monometallic and a
large number of binary and ternary metallic alloy NPs after
treating under an O, atmosphere has been found by recent
total scattering experiments and shortening/compression of
up to 4% upon a subsequent post-synthesis treatment under a
H, atmosphere has been documented by recent total scattering
experiments.>>” ! Yet, current theoretical modeling of met-
allic NPs by and large does not account for details of the
preparation of metallic NPs such as, for example, a post-syn-
thesis thermal treatment under a reactive gas atmosphere.

Additionally, it is worth noting that contrary to the case of
bulk Au-Pd alloys, the characteristic interatomic distances in
fully activated Au-Pd alloy NPs, as reflected by their “lattice
parameters”, evolve very irregularly with the relative Au:Pd
ratio (see Fig. 1 and 4A). An irregular evolution of the charac-
teristic interatomic distances in binary (A-B) alloy NPs with
the NP bimetallic composition has also been observed with
Au-Cu alloy NPs.* Charge transfer between unlike metallic
species combined with the natural optimization of atomic-
level stresses are thought to cause this composition-dependent
diversity in metal-to-metal atom bond lengths. Both of these
processes are likely to play a role in the fully activated Au-Pd
alloy NPs studied here since both the electronegativity®® of
2.54 for Au and 2.2 for Pd and the elemental atomic size®® of
Au (2.88 A) and Pd (2.75 A) atoms are substantially dissimi-
lar.?%*%  According to Pauling’s theory of chemical
bonding,®®"®® charge transfer between metallic species in

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (A) Atomic PDF-derived “lattice parameters” of the treated under
an O, atmosphere alone (red circles) and fully activated (black squares)
Aujo0_xPdy alloy NPs (x = 30, 46 and 58). Lattice parameters of bulk Au—
Pd alloys obtained by traditional powder XRD*%-*° are also shown (down
triangles in blue). Note: the “lattice parameters” of Au—Pd NPs evolve
rather irregularly with the NP composition. On the other hand, the
lattice parameters of bulk Au—Pd alloys evolve linearly with the alloy’s
composition obeying the so-called Vegard's law.”* (B) Size of Au (red
squares) and Pd (up triangles in blue) atoms that should be used by the
SC method in modeling the atomic-level structure of fully activated
Auipo_xPd, alloy NPs (x = 30, 46 and 58) studied here. The size is
adjusted against atomic PDFs obtained by total scattering experiments
(see the text). (C) Evolution of the catalytic activity of Au—Pd alloy NPs,
given in terms of turnover frequency (TOF), for the 2-octen-1-ol oxi-
dation reaction with the NP composition.” Broken lines in (A), (B) and (C)
are least-squares fits to the respective data points.

alloys may lead to a change in the size of species involved in
that transfer. Furthermore, as suggested by Pearson®® and con-
firmed by numerous experiments,”® optimization of atomic-
level stresses in binary alloys may involve “compression” of the
larger and “expansion” of the smaller in size species so that
the ratio of their sizes becomes as close to one as possible.
This would lead to a decrease in the size of Au and an increase
in the size of Pd species in the fully activated Au-Pd NPs.
Undoubtedly, charge transfer and optimization of atomic-level
stresses may considerably alter the sizes of constituent Au and
Pd atoms and, hence, all of the atomic pair distances in fully
activated Au-Pd NPs. If that were to happen the effect would
be greatest when the Au:Pd ratio is about 50:50, i.e. when
each metallic species would have the maximum possible
number of unlike neighbors to interact/exchange charge with.

This journal is © The Royal Society of Chemistry 2015
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Indeed this is exactly what experimental data in Fig. 4A show.
Yet, currently, theoretical modeling largely neglects the fact
that metallic species, in particular Au and Pd ones (see
Table 1), may change in size when alloyed at the nanoscale
and tend to assume that the “lattice parameter” of alloy NPs
changes linearly with the NP composition, i.e. strictly obeys
the so-called Vegard’s law (see Fig. 4A).”" Evidently, the para-
meters of the SC method needed to be “tuned up” so that the
combined effects of NP finite size, NP surface tension, details
of the NP synthesis and post-synthesis treatment, such as
the temperature and duration of the latter, and the inter-
related charge transfer and change in metal-to-metal bond
lengths®>°®7° are all properly accounted for in modeling the
Au;9_,Pd, NPs (x = 30, 46 and 58) studied here.

For this purpose, the currently used SC parameters were
tuned up so that (i) the SC model-derived and respective PDF
data-derived “global indicators” of the characteristic inter-
atomic distances in Aujgo_,Pd, NPs, i.e. the NP “lattice para-
meters”, match each other, (ii) the SC model-derived atomic
PDFs reproduce the full profile of the respective experimental
ones in fine detail and (iii) the energy of SC models is mini-
mized as much as possible. Achieving (i) to (iii) necessitated
modifying the current SC procedure (see eqn (3)) for deriving
the strength of interactions and bonding distances between
the unlike atoms, i.e. the strength of interactions and bonding
distances between Au and Pd atoms. This came as no surprise
since the strength of interactions and bonding distances
between unlike atoms keep their charge and size intact, as is
the case with Au and Pd atoms in bulk Au-Pd alloys (see the
strictly linear evolution of the lattice parameter of bulk Au-Pd
alloys with the relative Au:Pd ratio shown in Fig. 4A), and
those between unlike atoms exchanging charge and changing
in size, as appears to be the case with Au and Pd atoms in the
Au-Pd alloy NPs (see the non-linear evolution of the PDF-
derived “lattice parameter” of Au-Pd alloy NPs with the relative
Au:Pd ratio shown in Fig. 4A), may not be the same. The
modification was done as follows: first, Au-Au and Pd-Pd
atomic pair distances in the initial atomic configurations used
in the MD simulations of Au-Pd NPs, i.e. the SC parameters
a;; for Au and Pd atoms shown in Table 1, were “re-scaled” so
that the peaks in the MD model-derived PDFs come as close in
position to the peaks in the respective experimental PDFs as
possible. The initial atomic configurations modified in this
way were optimized in terms of energy through MD simu-
lations. In the simulations the value of the SC parameter
£; was systematically varied within the range of values of the
currently used SC parameters ¢; for Au and Pd atoms (listed in
Table 1), respectively. Note that our strategy was based on the
reasonable assumptions that (i) both the strength of inter-
action, ¢, and bonding distance, a;, between the unlike atoms
in the NPs modeled should be some average, respectively, of
the strength of interactions, &; and bonding distances, a;;,
between the like atoms in these NPs and (ii) MD models repro-
ducing the respective experimental atomic PDFs in good detail
should be lower in energy as compared to MD models that do
not reproduce the respective experimental atomic PDFs well.
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The procedure was iterated and a sizable set of “trial” MD
models for each of the Au-Pd alloy NPs was generated. As an
example, the energy of the set of “trial” MD models for
Au,,Pdsg alloy NPs is given in Fig. 5.

As can be seen in the figure, and as can be expected, the
energy of MD optimized models for Au,,Pdsg alloy NPs varies
with the values of SC parameters a;; and ¢;; used. It turned out
that the strength of interaction between Au and Pd atoms (i.e.
the SC parameter ¢;) in the MD model of lowest energy
26‘1‘1'81'/' ) of

&ii + &

appeared pretty close to a harmonic average (s,'j =

the strength of Au-Au and Pd-Pd interactions given in Table 1.
The bonding distance between Au and Pd atoms in this model
(i.e. the SC parameter a;) also appeared pretty close to a har-

2ajia;

monic average (a,-j = ) of the Au-Au and Pd-Pd

a;; + ajj
bonding distances given in Table 1. The superiority of the MD
model for Auy,Pdsg alloy NPs based on SC parameters a;; for
Au and Pd atoms “re-scaled” as described above and SC para-
meters a; and ¢; derived as a harmonic average of the cur-
rently used SC parameters a; and ¢; for Au and Pd over MD
models based on the currently used SC parameters a;; for Au
and Pd (given in Table 1) and SC parameters a; and ¢; derived
as an arithmetic or geometric average (see eqn (3)) of the cur-
rently used SC parameters a; and ¢; for Au and Pd atoms is

Fig. 5 Energy, Ei Of the set of “trial” models for fully activated
Auy,Pdsg alloy NPs generated by a series of MD runs performed as
described in the text. In particular, in the simulations the value of the SC
parameter g ie. the strength of the interaction between Au and Pd
atoms, and the value of the SC parameter aj;, i.e. the bonding distance
between Au and Pd atoms, have been systematically varied within the
range of values of the currently used SC parameters ¢; and a;; for Au and
Pd atoms (listed in Table 1), respectively. An MD model based on SC
parameters ¢; and a; derived as a harmonic average of the currently
used SC parameters ¢; and a; for Au and Pd atoms, respectively, appears
of lowest energy (-3.96 eV per atom) as compared to all other MD
models tried. For reference, the binding energy of bulk Au is —3.81 eV
per atom and that of bulk Pd is —3.89 eV per atom.
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demonstrated in Fig. S6 and S7.7 It turned out that the SC
parameters a; for Au and Pd atoms in the other Au-Pd NPs
studied here also had to be “re-scaled” significantly, though to
a different extent for the different NPs. The SC parameters a;
and g, used in the modeling of all other Au-Pd NPs studied
here also had to be derived as a harmonic average of the cur-
rently used SC parameters a;; and ¢;; for Au and Pd atoms. The
“re-scaled” SC parameters a; for Au and Pd atoms in the Au-
Pd NPs studied here are summarized in Table 2.

As data in Table 2 show, to be accurate, the SC method
should take into account that both Au and Pd atoms in the
fresh Au-Pd NPs studied here (i) are somewhat compressed as
compared to Au and Pd atoms in bulk Au and Pd, respectively,
and (ii) largely do not change in size with the relative Au:Pd
ratio. The latter is to be expected since charge transfer between
Pd and Au atoms, inducing or induced by a change in their
size, can take place only at the Au core-Pd shell interface that
is the same for all fresh Au-Pd NPs regardless of whether their
Pd shell is one (Au:Pd = 70:30), two (Au: Pd = 54:46) or four
(Au: Pd = 42 : 58) atomic layers thick. On the other hand, to be
accurate, the SC method should take into account the fact that
not only the size of Au and Pd atoms in the fully activated
Aus_,Pd, alloy NPs (x = 30, 46 and 58) is very different from
that of Au and Pd atoms in bulk Au-Pd alloys (compare data in
Tables 1 and 2) but also it changes irregularly with the NP bi-
metallic composition. The irregularity is best appreciated
when data shown in Table 2 are visualized as was done in
Fig. 4B. As can be seen in the figure, changes in the size of Au
and Pd atoms in the fully activated Au-Pd alloy NPs with the
NP bimetallic composition “mirror” each other, reflecting the
complementary behavior of Au and Pd atoms when alloyed at
the nanoscale, as discussed above. Furthermore, the SC
method should take into account the increased strength of the
interactions between Au and Pd atoms in Au-Pd alloy NPs and
derive it as a harmonic average of Au-Au and Pd-Pd inter-
actions. Note that the other SC parameters for Au and Pd
atoms listed in Table 1, including m;;, n; €5, and c; para-
meters, need not be modified significantly.

Atomic-level models for fresh and fully activated Au;go_,Pd,
NPs (x = 30, 46, 58) generated by MD simulations based on the
SC method/parameters “tuned-up” as described above are
shown in Fig. S8t and 6 (left), respectively. The models repro-
duce the respective experimental PDFs much better than those
based on the SC method/parameters currently in use as the
comparison between data shown in Fig. 3 and 7 indicate. As
such, undoubtedly, the former models are much more relevant
to the fresh and fully activated for catalytic applications Au-Pd
NPs studied here than the latter ones. However, though of
largely improved accuracy, MD models of Fig. 6 (left) fail to
reproduce well the respective experimental PDFs at higher
r values, in particular the fast decay of the PDFs to zero with
increasing r-values (see Fig. 7). Analysis of the models showed
that it was the virtual lack of atomic positional disorder near
the model’s surface (see the nearly uniform facets of the MD
models in Fig. 6 (left)) that was behind the failure. Indeed
such a failure is to be expected since MD treats all surface
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Table 2 SC parameters a;; for Au and Pd atoms “tuned up” as described in the text. For convenience, the respective size? of Au and Pd atoms is also

presented

Fresh (core-shell) NPs

Fully activated (alloy) NPs

Model’s chemistry

a;; for Au a;; for Pd a;; for Au a;; for Pd

Pure Au seeds 4.044 A X . .
Au,oPds, 4.044 A 3.867 A 4.044 A 3.895 A
Aug,Pd,, 4.044 A 3.867 A 3.924 A 3.910 A
Auy,Pdsg 4.044 A 3.867 A 4.022 A 3.896 A

Fresh (core-shell) NPs Fully activated (alloy) NPs
Model’s chemistry

Size of Au Size of Pd Size of Au Size of Pd
Pure Au seeds 2.86 A . . )
Au,oPd;, 2.86 A 2.74 A 2.86 A 2.76 A
Aus,Pd,e 2.86 A 2.74 A 2.78 A 2.77 A
Auy,Pdsg 2.86 A 2.74 A 2.85A 2.76 A

“ Atomic size = the respective SC parameter a;;/+/2.

atoms in metallic NPs alike whereas atoms at the surface of
real-world metallic NPs are definitely not alike, at least with
respect to the magnitude of positional disorder they can
suffer. However, accounting for the usually substantial struc-
tural disorder in real-world metallic NPs is important since it
can affect their functional properties very substantially.*® In
particular, accounting for the near-surface structural disorder
in metallic NPs pursued for catalytic applications is important
since it is the NP surface where catalytic reactions take place.
Hence, the MD models for fully activated for catalytic appli-
cations Au,_,Pd, alloy NPs (x = 30, 46, 58) shown in Fig. 6
(left) were refined further by hybrid reverse Monte Carlo
(RMC) simulations guided by the experimental PDFs. Details
of hybrid RMC simulations are given in the ESL.f The RMC-
refined structure models are shown in Fig. 6 (right). The
respective atomic PDFs reproduce the experimental PDF data
very well (see Fig. 7 and the goodness-of-fit indicators, Ry,
reported therein), including the region of higher r-values
which, as discussed above, is sensitive to the actual degree of
atomic positional disorder near the NP surface. Indeed, a
closer look at the RMC-refined models (see Fig. 6, bottom)
reveals that, in full accord with HR-TEM data of Fig. S2,} their
surface is fairly uneven and so more realistic.

The near-surface structural disorder in metallic NPs can
also be accounted for analytically, i.e. without invoking a comp-
lementary technique for 3D structure simulations such as
hybrid RMC. Such an approach may prove very useful in theore-
tical predictions of metallic NPs, as data in Fig. 11 introduced
later on show. Here we demonstrate how it can be done by
employing an empirical function first suggested and success-
fully used by Yevick et al.” The function is defined as follows:

Fr)=1—4A+(1—A)exp'®, (4)

1 B —
where C:—ln(
R 1

A
A)’ R is the radius of a NP model built/

optimized in terms of energy, for example, through MD simu-
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lations, r is the distance of atoms in the model from the
model’s center, and A and B are adjustable parameters. The
former sets the rate of increase of the atomic positional dis-
order with increasing r and the latter accounts for the usual
strengthening of that disorder near the NP surface. The
approach was tested on the MD models for Au seeds and
Aus4Pdye alloy NPs shown in Fig. 6 (left) as follows: first, as
suggested in ref. 73, the initial values of parameters A and B
were set to 1.0 and 0.95, respectively. The value of f(r) for each
atom in the MD models was then calculated. Next, random in
direction and not larger than 0.02 A in magnitude displace-
ments for each atom in the models were generated. The mag-
nitude of the displacements was multiplied by the value of f(7)
for the respective atoms. The resulting random-type atomic
displacements were introduced in the MD models, rendering
them more disordered structurally. Atomic PDFs were derived
from the models and compared with the respective experi-
mental ones and the misfit between the model-derived and
experimental data was evaluated. The values of parameters
A and B and the magnitude of random atomic displacement,
i.e. the degree of atomic positional disorder in the MD models,
were refined until that misfit diminished as much as possible,
in particular at higher-r values. The test proved rather success-
ful as data in Fig. S9t show.

Here we also demonstrate that the SC method currently in
use needs to be “tuned up” not only in the modeling of less
than 10 nm in size binary metal particles but also in the
modeling of substantially larger in size monometallic NPs
such as 15 nm in size pure Au NPs synthesized and dispersed
in water for the purposes of bio-medical applications. Experi-
mental atomic PDFs for the Au NPs, derived from the XRD
data of Fig. 3 in ref. 41, and for the polycrystalline Au standard
are shown in Fig. 8a (left). As can be seen in the figure and as
can be expected, the atomic PDF for polycrystalline Au shows
distinct peaks to very high interatomic distances, reflecting the
presence of a 3D periodic, long-range order in this essentially
bulk (pm-sized) material. On the other hand, peaks in the

Nanoscale, 2015, 7, 17902-17922 | 17911
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Fig. 6 (Left) 3D structural models for Au seeds and fully activated
Aui0_xPdy alloy NPs (x = 30, 46, 58) built by MD simulations based on
the SC method/parameters “tuned up” against experimental PDF data as
described in the text. The models feature random alloy NPs wherein Au
and Pd atoms are fcc-like arranged locally. (Right) Hybrid RMC refined
versions of the MD models shown on the left. Corresponding segments
of the surface of the MD built and hybrid RMC further refined model for
AugzPdsg NPs are also shown (at the very bottom) to make clearer the
virtual absence and very presence of near-surface structural disorder in
the former and latter models, respectively. Au atoms are in yellow and
Pd atoms are in black.

atomic PDF for the 15 nm Au particles decay to zero at dis-
tances (~5 nm) shorter than the particles’ physical size as
determined by TEM (see Fig. S1, rightf). The observed decay
indicates that atoms in the 15 nm Au particles suffer substan-
tial atomic positional disorder. The presence of such disorder
is revealed clearly when the first peak in the experimental PDF
for the Au NPs is compared to that in the experimental PDF
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Fig. 7 Experimental (black symbols) and MD (blue lines) model-derived
atomic PDFs for Au seeds, fresh (Au core—Pd layer) and fully activated
(alloy-type) Auigo_xPdx NPs (x = 30, 46 and 58). The respective MD
models are shown in Fig. 6 (left). Atomic PDFs derived from the hybrid
RMC further refined versions (see Fig. 6, right) of MD models are also
shown (red lines). The model's goodness-of-fit indicators, Ry, explained
in the ESI,f are shown by each data set in color pertaining to the
respective model-derived PDF. The MD models produce atomic PDFs
that match the respective experimental data quite well, except for the
region of higher-r values. The experimental data are reproduced best by
the hybrid RMC further refined models, as a visual inspection and the
values of respective R, indicators are shown.

for the polycrystalline Au standard (see the insert in Fig. 8a).
The former is considerably broader than the latter, proving the
presence of significant structural disorder in the 15 nm Au
particles studied here. As may be expected, the degree of struc-
tural disorder in the 15 nm Au particles is less than the degree
of disorder in the approximately 4 nm in size Au seeds
(compare data in the insets of Fig. 3 and 8a). Furthermore, as
data in the inset of Fig. 8 (left) show, the first peak in the
experimental atomic PDF for the 15 nm in size Au particles is
shifted to lower r-values (2.87 A) as compared to the position
of the first peak (2.88 A) in the PDF for the polycrystalline Au
standard. The shift indicates that the Au-Au metal bond
length in the NPs is shorter than that in the respective solid by
about 0.4%. This may not come as a surprise since experi-
mental studies have shown that the Au-Au metal bond lengths
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(Left) (a) Experimental atomic PDFs for 15 nm Au particles (black line) and polycrystalline (bulk) Au standard (red line). The first peaks in the

respective PDFs are shown in the inset. The first peak in the PDF for the Au NPs is considerably broader than that in the PDF for bulk Au revealing
the presence of extra structural disorder in the former as compared to that (Debye—Waller type) in the latter. Furthermore, the first peak in the
atomic PDF for the Au NPs is shifted to lower r-values (2.87 A) as compared to the position of the first peak in (2.88 A) in the PDF for bulk Au indicat-
ing that the Au—Au metal bond in the NPs is shorter than the Au—Au metal bond in bulk Au. (b) Experimental (black line) and MD model-derived
(blue line) atomic PDFs for 15 nm Au particles. The MD model is shown on the right (top). (c) Experimental (black line) and MD model-derived (blue
line) atomic PDFs for 15 nm Au particles. The MD model is shown on the right (bottom). Goodness-of-fit indicators, R, explained in the ESI, T for
the respective models are shown in (b) and (c). (Right top) 3D model for 15 nm Au particles built by MD based on the SC method “tuned up” as
described in the text. (Right bottom) A structurally more disordered version of the MD model. The extra structural disorder has been introduced by

an empirical procedure explained in the text (see eqn (4)). Models comprise about 105 000 Au atoms.

in Au particles even as large as 50 nm in size can be com-
pressed by about 0.5%. The compression of the Au-Au metal
bond length in smaller size (~3-4 nm) Au particles can be as
much as 6% as the same studies show.>®

An atomic-level model for the 15 nm Au particles was built
by MD simulations based on the SC method/parameters cur-
rently in use (see Table 1). The initial atomic configuration fea-
tured a 15 nm in size piece of a fcc-lattice composed of about
105000 atoms. In optimizing this configuration in terms of
energy through MD simulations, the value of the SC parameter
a;; for Au had to be reduced from 4.080 A to 4.060 A so that the
observed 0.4% compression of the Au-Au metal bond in the
NPs is accounted for. The optimized MD model, shown in
Fig. 8 (top right), reproduces the experimental PDF data quite
well at low-r values. However, it fails to reproduce the experi-
mental data at higher-r values (see Fig. 8b, left). As discussed
above, such a failure is largely due to the fact that theoretical
modeling alone may not account for the actual degree of
atomic positional disorder in real-world metallic NPs.

The actual degree of atomic positional disorder in the Au
NPs studied here was accounted for by applying the analytical
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procedure described above. The resulting structurally more
disordered but more realistic model for the Au NPs is shown
in Fig. 8 (bottom right).

Here it is worth noting that the MD model shown in Fig. 8
(top right) and its much more disordered version shown in
Fig. 8 (bottom right) ended up to be of virtually the same
energy of —3.69 eV per atom and —3.68 eV per atom, respect-
ively. For reference, the binding energy of bulk Au is —3.81 eV
per atom.”* This did not come as a surprise since prior studies
on approximately 1.5 in size Au particles had found that a
DFT-predicted model of the NPs, that did not reproduce the
respective experimental PDF data well, and a much more dis-
ordered structurally RMC-derived model of the NPs, that repro-
duced the experimental PDF data very well, appeared to be of
virtually the same energy of —2.86 eV per atom and —2.82 eV
per atom, respectively.”” The present and prior findings indi-
cate that, indeed, metallic NPs exhibiting a strong atomic posi-
tional disorder are not necessarily less stable than structurally
more ordered ones. As our results and studies of others”®
show, it is the size of metallic NPs (e.g. binding energy of
—2.86 eV per atom vs. —3.68 eV per atom for 1.5 nm and 15 nm
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in size Au NPs, respectively) and not the degree of structural
disorder in metallic NPs that affects their stability most. Never-
theless, a metal-to-metal atom bond length compression, even
as small as 0.4% as observed with the Au NPs studied here,
and the presence of a substantial near-surface structural dis-
order in metallic NPs should not be neglected since both have
been shown to affect their functionality, in particular in bio-
medical and catalysis-related applications, very substan-
tially.””””® An example drawn from such studies’® is shown in
Fig. S10.7

Furthermore, here we demonstrate that the SC method cur-
rently in use needs to be “tuned up” not only in the modeling
of metallic NPs of the noble metal family, such as Au-Pd and
pure Au NPs, but also in the modeling of metallic NPs com-
posed of transition metals, such as Fe,gPds, alloy NPs explored
for high-density magnetic recording applications. The appli-
cations pursued require that the Fe-Pd NPs are as small as
possible in size and exhibit as strong as possible magnetic
moment and magnetic anisotropy.®>’®®' The requirements
can be met when Fe and Pd atoms in the NPs are preferentially
arranged with respect to each other forming a chemically

Nanoscale

ordered nanoalloy. In the nanoalloy Fe atoms would have four
Fe and eight Pd first neighbors and the Fe-Pd bonding dis-
tances would be shorter than the Fe-Fe and Pd-Pd ones.®*"%*
An experimental atomic PDF for 16 nm in size Fe,gPds,
alloy NPs as-synthesized and stored in hexane (see the Experi-
mental section) is shown in Fig. 9a (left). The PDF is extracted
from the synchrotron XRD data shown in Fig. 1 in ref. 46. The
PDF decays fast with interatomic distances indicating that the
Fe,gPds, alloy NPs studied here exhibit substantial structural
disorder. First, in the manner described above, the experi-
mental PDF data were approached with simplistic models
based on the well-known crystal structures of chemically dis-
ordered and ordered bulk Fe;,Pds, alloys. The former is of fcc-
type (S.G. Fm3m) with a fcc-lattice parameter a = 3.88 A.5>%¢
The latter is of tetragonal-type (S.G. P4/mmm) with tetragonal-
lattice parameters a = 3.86 A and ¢ = 3.74 A.**" The results of
the modeling are shown in Fig. 9a (left). As can be seen in the
figure both models reproduce the experimental data relatively
well making it virtually impossible to reveal the actual degree
of chemical ordering in the Fe,sPds, alloy NPs. Therefore, a
more advanced atomic-level model of the NPs was built by MD

Fe des2

(a)

a=389A;c=372A
R,.=29 %

Atomic PDF G(r)

15 20

10
Radial distance r(A)

Fig. 9

(Left) Experimental (black symbols) and computed (blue and red lines) PDFs for FesgPds, alloy NPs. The computed PDFs in (a) are based on

the fcc- (red line) and tetragonal- (blue line) type crystal structures exhibited by chemically disordered and ordered bulk Fejgo_xPdy alloys (x ~ 50),
respectively. Values of the NP “fcc- and tetragonal-lattice parameters”, derived by adjusting the structure models against the experimental PDF data,
are also given. The computed PDF in (b) is derived from a MD model based on the SC method currently in use (see Table 3). The computed PDF in
(c) is derived from a MD model based on the SC method “tuned up” as described in the text. The computed PDF in (d) is derived from a hybrid RMC
refined version of the “tuned-up” MD model. Goodness-of-fit indicators, R,,,, explained in the ESI,i are shown by each data set in color pertaining to
the respective model. (Right top) Structural model for Fe,gPds, alloy NPs optimized in terms of energy by MD based on the SC method “tuned up”
as described in the text. (Right bottom) A hybrid RMC refined version of the MD model. The models comprise 76 495 Fe (brown) and 82 870 Pd
(blue) (in total 159 365) atoms.
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Table 3 Currently used SC parameters for densely packed Pd and Fe atoms. The size of Pd and Fe atoms given in the table reflects the value of the
SC parameters a; for Pd and Fe atoms, respectively. Note: the SC parameters for Pd atoms are identical to those listed in Table 1

Metal m;; ng; Eif (meV) a;; (A) C; SlZey (A)
Pd 6 12 3.2864 3.891 148.2 2.75
Fe 4 15 0.60 3.647 1104.7 2.57

based on the SC method currently in use, including deriving
the interactions between unlike atoms as a geometric average
of the interactions between like atoms (see eqn (3)). The cur-
rently used SC parameters for densely packed Fe and Pd
atoms, taken from literature sources,”***®® are listed in
Table 3. The initial model featured a 16 nm in size and spheri-
cal in shape atomic configuration with the stoichiometry of
Fe,sPds, NPs. The optimized in terms of energy model,
however, produced an atomic PDF markedly inconsistent with
the experimental one as shown in Fig. 9b (left). The result
showed clearly that the SC method currently in use needed a
“tune-up” for the atomic-level model it produces in order to be
relevant to the actual Fe,sPds, alloy NPs studied here. Accord-
ingly, the currently used SC parameters for Fe and Pd were
“tuned up” following the approach used in “tuning up” the SC
parameters for Au and Pd atoms in Au-Pd NPs described
above. It turned out that (i) the values of SC parameters a;; for
Fe and Pd atoms had to be modified from 3.647 A and 3.891 A
(see Table 3) to 3.719 A and 3.967 A, respectively, and (ii) the
Fe-Pd interactions had to be derived as a harmonic and not as
a geometry average of the Fe-Fe and Pd-Pd interactions listed
in Table 3. The SC parameters m;;, n;, €;, and c¢; for Fe and Pd
atoms, listed in Table 3, need not be modified significantly. A
model optimized in terms of energy by MD based on the
“tuned-up” SC is shown in Fig. 9 (top, right). It reproduces the
experimental PDF data quite well, except in the region of
higher-r values (see Fig. 9c, left). Note that not only the MD
models based on the SC method deriving the interactions
between unlike atoms as a geometric or arithmetic average of
the interactions between like atoms did not reproduce the
experimental PDF data well (see Fig. S11f) but also both
turned out to be higher in energy, that was —4.18 eV per atom
and —4.45 eV per atom, respectively, as compared to the MD
model based on the “tuned-up” SC method (—4.71 eV per
atom). As such, undoubtedly, the latter is much more relevant
to the Fe,gPds, alloy NPs studied here than the former. The
latter model, however, still needed to be imported further
since it did not reproduce well the experimental PDF data in
the region of higher-r values (see Fig. 9c, left). As discussed
above, that region is sensitive to the near-surface structural
disorder in metallic NPs.

To account for the actual degree of atomic positional dis-
order in the Fe,gPds, alloy NPs more precisely, the MD model
of Fig. 9 (top, right) was refined further by the hybrid RMC
described in the ESI.f The RMC-refined model is shown in
Fig. 9 (bottom, right). It reproduces the experimental PDF data
very well, including the region of higher-r values as data in
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Fig. 9d (left) show. The model was analyzed in terms of the
first atomic coordination numbers (CNs). The analysis showed
that Fe atoms deep inside the Fe,gPds, alloy NPs have about
4.4(1) Fe and 7.6(1) Pd first neighbors whereas those near the
NP surface have about 4.8(1) Fe and 6.8(1) Pd first neighbors.
The values of CNs indicated that (i) largely, Fe and Pd atoms
in the Fe,gPds, alloy NPs are preferentially arranged with
respect to each other and (ii) the degree of this preferential
arrangement, i.e. the degree of chemical ordering, somewhat
decreases near the NP surface. The model was also analyzed in
terms of the first atomic neighbor distances. The analysis
showed that the Fe-Pd bond length, as estimated from the
position of the first peak in the Fe-Pd partial atomic PDF
shown in Fig. S12,1 is shorter than the Fe-Fe and Pd-Pd ones,
thus corroborating the chemically ordered nature of the
Fe,gPds, alloy NPs studied here. Overall, the results of the MD
modeling based on the “tuned-up SC” method indicated that
the Fe,sPds, alloy NPs exhibit a substantial degree of chemical
ordering rendering them suitable for high-density magnetic
recording applications.

An important point deserves underscoring here: it is well
known that the interdiffusion of atoms in metallic NPs can be
several orders of magnitude faster than that of atoms in the
respective bulk metals and alloys. As a result, contrary to the
case of bulk metals and alloys, atoms in metallic NPs can seek
and form energetically favorable configurations at rather mode-
rate, including room, temperature.">**°° Considering this fact
and that 3D structure models of energy lower than that of com-
peting models reproduced the experimental PDFs for mono-
metallic Au, random alloy-type Au;o_,Pd, (x = 30, 46, 58) and
chemically ordered alloy-type Fe,gPds, NPs best, it may be con-
jectured that these NPs have attained a rather stable, ie.
native, and not some exotic, vastly transient atomic-level struc-
ture. The Au core-Pd shell NPs studied here may also be con-
sidered fairly stable at room temperature since they
transformed irreversibly into Au-Pd alloy NPs only after a pro-
longed thermal treatment at 700 K.

With both native and accurate atomic-level models at hand
all structural characteristics of the metallic NPs studied can be
derived and used to rationalize their properties targeted for
optimization. As an example we consider fully activated for
catalytic applications Au,go_,Pd, alloy NPs (x = 30, 46 and 58).
Distribution of the first Pd-Pd and total (e.g. Pd-Pd + Pd-Ni)
CNs for atoms at the NP surface, as derived from the RMC-
refined structure models of Fig. 6 (right), is shown in Fig. 10.
Note that the Pd-Pd CNs are particularly important for efforts
aimed at resolving the yet unsettled debate concerning the
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Fig. 10 Distribution of the first (A) Pd—Pd and (B) total coordination
numbers for atoms at the surface of fully activated Aujgo_xPdy (x = 30,
46, 58) NPs as extracted from their 3D models shown in Fig. 6, right.

contribution of Pd monomers, dimers and tri-clusters to the
enhanced catalytic activity of Au-Pd alloy NPs for certain
chemical reactions.>'*3?”7% As can be seen in the figure, the
distribution of total CNs appears rather broad reflecting the
uneven surface of fully activated Au-Pd NPs. In particular, it
shows a large number of 9- and 8-fold coordinated atoms,
indicative of close packed, island-type atomic configurations, a
substantial number of 7- and 6-fold coordinated atoms, indica-
tive of terraces and edges, and a small but non-negligible
number of 5-fold coordinated atoms, indicative of somewhat
sharp corners at the NP surface. Also, data in Fig. 10 indicate
that the total CNs and, hence, the roughness of the NP surface
evolve rather irregularly with the NP bimetallic composition.
For example, the number of 6- and 8-fold coordinated atoms
in the Aus,Pd,s NPs appears minimized and that of 7- and
9-fold coordinated ones maximized when compared to the
respective CNs for the Au,oPd;, and Auy,Pdsg alloy NPs. The
distribution of the first Pd-Pd CNs is also very informative. It
reveals that the surface Pd atoms in the fully activated
Auy0_,Pd, alloy NPs (x = 30, 46 and 58) studied here do not
segregate in extended islands and so always have nearby
unlike, ie. Au, atoms to interact/exchange charge with. The
distribution of the first Pd-Pd CNs also reveals that the geo-
metry of the atomic configurations made of surface Pd atoms
alone changes irregularly with the NP bimetallic composition.
For example, about 50% of surface Pd atoms in the Au,,Pd;,
NPs form dimers and tri-clusters whereas the number of
surface Pd atoms in the Aus,Pd,s and Auy,Pdsg NPs forming
such configurations is, respectively, only about 23% and 15%.
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An irregular evolution of the configurations of surface Pd
atoms and the roughness of the NP surface, known as a geo-
metric effect, and of the intimately coupled length and
strength of Au-Pd bonds (see Fig. 4B), known as a ligand
effect, is very likely to render the catalytic activity of Au-Pd
alloy NPs also evolve irregularly with the NP bimetallic compo-
sition.” An example of the evolution of the catalytic activity of
Au-Pd alloy NPs tracking the irregular evolution of the NP
structural features listed above is shown in Fig. 4C. The cata-
Iytic activity of Au-Pd alloy NPs for ethylene glycol electro-oxi-
dation and hydrodesulfurization of petroleum feed stock
reactions has been found to evolve in a very similar
manner.*' %72 Other, somewhat more sudden fluctuations
in the catalytic activity of Au-Pd alloy NPs with the NP bi-
metallic composition have also been observed.®*”*°"%> The
origin of all these irregularities has remained poorly under-
stood so far. The results presented here can prove invaluable
to future studies aiming at unveiling this. Here it may be
added that accurate atomic-level modeling of metallic NPs not
only can help rationalize their properties targeted for optimi-
zation but also provide a sound structural basis for subsequent
first principles studies on these properties. In particular, in a
recent study on 1.2, 3.4, 3.7 and 5.2 nm in size Ru particles
pursued as catalysts for the technologically very important
Fischer-Tropsch reaction, realistic 3D models for the NPs have
been built and RMC refined. Two atomic layer thick slabs (~150
atoms each) excised from the model’s top surface have been opti-
mized further by DFT. The energy barriers for CO dissociation at
particular atomic sites on the fragments have been computed
and the observed dependence of the rate of the Fischer-Tropsch
reaction on the size of Ru NPs has been explained.”®

Indeed theoretical modeling “tuned up” against experi-
mental atomic PDF data for a few members of a system of
metallic NPs not only can describe accurately the particular NPs
studied but also predict any other member of that system at
the atomic level. As an example an atomic-level model for fully
activated for catalytic applications AuggPd,, alloy NPs was built
by MD based on the SC method “tuned up” against the experi-
mental PDFs of fully activated Au,go_,Pd, alloy NPs (x = 30, 46,
58) as described above. In particular, (i) the SC parameters a;
for Au and Pd atoms in AuggPd;, alloy NPs were derived from
the projected evolution of the size of Au and Pd atoms in
Au;g0_Pd, alloy NPs (x = 30, 46 and 58) with the NP bimetallic
composition shown in Fig. 4B (see the respective, “mirroring”
each other broken lines) and (ii) the interactions between the
unlike atoms in AuggPd;, alloy NPs, i.e. Au-Pd interactions,
were derived as a harmonic average of the interactions
between like atoms, i.e. as a harmonic average of Au-Au and
Pd-Pd interactions. The model is shown in Fig. 11 (top left). It
was disordered structurally further, and so made it more rea-
listic to analytically use the empirical procedure based on eqn
(4). The values of parameters A and B used in the procedure
were set equal to those reported in Fig. S91 so that the degree
of structural disorder in AuggPd,, alloy NPs resembles that in
Au,g0_Pd, alloy NPs (x = 30, 46, 58). The model for AuggPd;,
alloy NPs disordered further in this way is shown in Fig. 11

This journal is © The Royal Society of Chemistry 2015
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(Left) (top) Predicted 3D atomic structure of fully activated for catalytic applications AuggPd;> alloy NPs. (bottom) A further disordered struc-

turally and so more realistic version of the predicted 3D structure. Disorder has been introduced using an empirical procedure described in the text
(see eqn (4)). (Right) Distribution of surface Pd—Pd CNs in as-predicted (vertical bars in black) and further disordered structurally (vertical bars in red)

3D models for AuggPd;, alloy NPs.

(bottom left). Note that it was not possible to employ hybrid
RMC here since no experimental atomic PDF data for the pre-
dicted but never synthesized AuggPd,, alloy NPs were available.
Distributions of the surface Pd-Pd CNs in AuggPd,, alloy
NPs (red bars) as estimated from (i) the MD model of Fig. 11
(top left) and (ii) its more realistic, further disordered struc-
turally version of Fig. 11 (bottom left) are shown in Fig. 11
(right). The usefulness of the distributions is that they can
help assess the catalytic activity of AuggPd;, alloy NPs for
technologically important chemical reactions.*” The results
of the assessment can then help decide whether it would be
worth it to synthesize and explore AuggPd;, alloy NPs as cata-
lysts for these reactions or not. Also, note that, as data in
Fig. 11 (right) show, the atomic positional disorder in metallic
NPs can affect substantially some of their structural character-
istics deemed important for practical, in this case catalytic,
applications. Therefore, when substantial, the inherent to
metallic NPs atomic positional disorder, in particular that
near the NP surface, ought to be accounted for in the atomic-
level theoretical modeling and prediction of metallic NPs.
Hybrid RMC and the empirical procedure (see eqn (4)) put
forward here illustrate how this can be done with success.

Conclusions

Atomic level theoretical modeling relying on assumptions
and parameters drawn from simple systems has long been
recognized to be useful yet not accurate enough when applied
to real-world materials.”® As may be expected, and as our study
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on three exemplary systems of metallic NPs shows, current
theoretical methods for modeling metallic NPs at the atomic
level are no exception. The main reason is that, for the most
part, the methods have been validated against data for per-
fectly 3D periodic and long-range ordered bulk metals and
alloys. As such, the methods can describe very accurately the
inherent to bulk metals and alloys structural features that
metallic NPs would certainly show, including, for example, the
tendency of metallic species to pack as densely as possible, the
tendency of metallic species to always pack in a specific way
when on their own (e.g. fce-type packing for Au species both in
standalone NPs and in the cores of Au core-Pd shell NPs), and
many others.””™®” However, as we show, the methods cannot
describe accurately the inherent to metallic NPs alone struc-
tural features such as the NP finite size induced change in
metal-to-metal bond lengths, the increased (beyond the usual
thermal) atomic positional disorder in metallic NPs, the atypical
for the respective alloys change in the strength of interactions
and bonding distances between unlike metallic species alloyed
at the nanoscale, the unforeseen irregular evolution of major
structural characteristics of metallic NPs with their composition,
and others. Since the foregoing structural features of metallic
NPs are known to affect their functionality substantially, exten-
sive research efforts aiming at improving the latter by modifying
the former have been under way for quite some
time.">%848:56:86.91.98 Ror the efforts to succeed, accurate atomic-
level knowledge of the actual metallic NPs studied is needed.
The limited ability of theoretical modeling alone to provide
such knowledge has long been recognized and attempted to be
corrected for. Attempts based on intuition, however, have
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largely proven inconclusive. For example, atomic-level models
for Au-Pd alloy NPs have also been built by EAM coupled to
Monte Carlo simulations.”® An artificial spline function has
been added to the EAM potential in an attempt to account for
the low-electron density environments in metallic NPs. On the
other hand, the evolution of the “fcc-lattice parameter” of the
NPs modeled with the NP bimetallic composition has been
assumed to obey Vegard’s law strictly. As a result the models’
surface has emerged predominantly populated with Au species at
any temperature and Au:Pd relative ratio. Though theoretically
possible, such models are of a questionable applicability to the
actual Au-Pd alloy NPs studied here since, in good accord with
the strongly negative enthalpy of formation of bulk Au-Pd alloys
for any Au:Pd relative ratio,'°® our and other experimental
studies®® make it clear that Au-Pd NPs optimized for practical
applications by post-synthesis treatment at elevated temperature
exhibit alloy- and not Pd core-Au shell type structure.

We show that the accuracy of theoretical methods for mode-
ling metallic NPs at the atomic level can be improved to a level
required by practical applications when the methods are sup-
plemented with objective, seemingly basic yet crucial infor-
mation on the atomic arrangement in the actual metallic NPs
studied. Information concerns mostly the length and strength
of metal-to-metal bonds and, when necessary, the typically
substantial atomic positional disorder in metallic NPs.

We show that such information can be provided by atomic
PDFs resulting from total scattering experiments on the
metallic NPs studied. The suitability of atomic PDFs is due to
the fact that they account properly both for the Bragg-like fea-
tures and substantial diffuse components of the diffraction
patterns of metallic NPs and, hence, reflect truly their mole-
cule-solid duality. Note that as the results of the present and
many Other Studie59711’25728'41’46’51'54’55’60762’75’93 ShOW, total
scattering experiments aimed at atomic PDF analysis can be
carried out on as-synthesized and/or post-synthesis treated
metallic NPs of any size, shape and chemical composition as
deposited on solid supports or dispersed in liquids relevant to
the practical application pursued.

Also, using the archetypal SC method as an example, we
show how, once obtained, experimental atomic PDFs can be
used to “tune up” the parameters of theoretical methods for
atomic-level modeling of metallic NPs and so improve the
methods’ accuracy greatly. We argue that not only the SC but
also other widely used theoretical methods'®?*%%°7% can be
improved in the manner demonstrated here since all of the
methods rely on precise experimental information for setting
the length and strength of metal-to-metal bonds in the
metallic NPs modeled. In particular, the method’s parameters
pertinent to metal-to-metal bond lengths can be modified, to
put it simply, “re-scaled”, as the model-derived atomic PDFs
line up with the respective experimental ones in terms of peak
positions as much as possible. The method’s parameters perti-
nent to the strength of interatomic interactions can be
adjusted by a variational approach, such as that exemplified in
Fig. 5. The approach is based on a very reasonable assumption
that the most likely atomic-level structure of the metallic NPs
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modeled is the structure, among all the structures feasible,
that has the lowest energy possible, given the atomic pair dis-
tances and CNs revealed by the respective experimental atomic
PDF data. Finer details of the atomic structure of NPs modeled
such as, for example, the substantial structural disorder near
the NP surface, can be taken care of by hybrid RMC simu-
lations or the empirical procedure based on eqn (4). It is
noteworthy that theoretical modeling of real-world metallic
NPs can be made not only more accurate in the manner
described above but also more efficient than now. This can
be achieved by considering not all theoretically feasible NP
structure models but only those that are consistent with the
size, shape, phase state, structure type and preparation con-
ditions of the particular NPs modeled using clues provided by
complementary experiments (e.g. TEM, HAADF-STEM etc.) and/
or simplistic modeling (e.g. crystal-structure constrained model-
ing) yet not ignoring ranking of the models considered with
respect to their energy, i.e. stability, as was done here. Indeed
intentionally reducing the space of possible structure models
that need to be searched so as to improve the efficiency of
theoretical modeling of metallic NPs at the atomic level has
been practiced with success for quite some time.'*"'>

Furthermore, based on examples drawn from the present
study, we argue that once “tuned up” against experimental
PDF data, theoretical modeling not only can provide a clear 3D
picture of the outcome of synthesis and post-synthesis treat-
ment of metallic NPs, as is the case with the Fe,sPds, alloy
NPs studied here, but also allow assessing of the structural
characteristics of metallic NPs deemed important for achieving
the sought after functionality accurately, as is the case with
Au-Pd alloy NPs studied here (e.g. see Fig. 11). The latter can
help in understanding the synthesis-atomic structure-property
relationships in metallic NPs (e.g. see data in Fig. 4B and C).
The former can provide a feedback loop for streamlining their
synthesis and optimization for practical applications. Another
relevant example comes from recent studies on Pt-Ru alloy
NPs explored as catalysts for gas-phase CO oxidation and
ethanol electro-oxidation reactions. Models built by MD based
on the SC method “tuned up” as described here and refined
further by hybrid RMC have provided strong evidence that
ligand (electronic) and practically unrecognized so far atomic
ensemble effects contribute to the remarkable catalytic activity
of Pt,Ruygo_, alloy NPs with x ~ 50 for the aforementioned
reactions. The findings have indicated new routes for improv-
ing the catalytic activity of Pt-Ru alloy NPs further by enhan-
cing the ligand and atomic ensemble effects the NPs exhibit.
Models built by MD based on the SC method currently in use
have failed in this regard.'®

Last but not least, we argue that “tuning up” theoretical mod-
eling by total scattering experiments on a few members of a
system of metallic NPs explored for a particular application can
unleash theory’s predictive power, allowing evaluating the poten-
tial of any member of that system for that particular application
on a computer and not in the lab, as exemplified in Fig. 11. Ulti-
mately this will help advance nanoscience and technology a step
closer to producing metallic NPs by rational design.

This journal is © The Royal Society of Chemistry 2015
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