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Core shell nanoparticlesnd applications in cata-
lysts, sensors, and theranostics. The full internal 3D atomic
structure, however, cannot be resolved by current imaging a easRdAsAM
di raction techniqgues. We analyzed the atomic positions a - P00 PP P AAAA
stress-release mechanism in a cubic Rd core shell nano- :
particle in approximately 1000 times higher resolution tha
current experimental techniques using large-scale molecul
dynamics simulation to overcome these limitations. The core
shell nanocube of 73 nm size was modeled similarly to solutior} ; T—
synthesis by random epitaxial deposition of a 4 nm thick shell o ‘5’% [ :
Pd atoms onto a Au core of 65 nm side length using reliable Pd 4 4 ‘ '
interatomic potentials. The internal structure reveals speci
deformations and stress relaxation mechanisms that are caused by
the +4.8% lattice mismatch of gold relative to palladium an@mintial connement of extended particle facets, edges,
and corners by one, two, or three ABd interfaces, respectively. The three-dimensional lattice strain causes long-rang
arc-like bending of atomic rows along the faces and edges of the particle, especially neaRttiénferface, a bulging
deformation of the Pd shell, and stacking faults in the Pd shell at the corners of the particle. The strain pattern ¢
mechanism of stress release were further characterized byegrof the atomic layer spacing in the principal
crystallographic directions. Accordingly, strain in the Pd shell is several times larger in the extended facets than nee
edges and corners of the nanoparticle, which likelgcts adsorption, optical, and electrochemical properties. The

ndings are consistent with available experimental data, including 3D reconstructions of the same cubic nanopartic
coherent diractive imaging (CDI) and may be veed by more powerful experimental techniques in the future. The
stress release mechanisms are representative for cubicsbetenanoparticles with fcc structure and can be explored for
di erent shapes by the same methods.

nanoparticles, interfaces, lattice strain, molecular dynamics simulation, stress retaetes dolagiagt di
atomic resolution

ore shell nanoparticlesd applications in catalysis, The boundaries of the two metals have been probed

sensors, and biomedical imaging due terafit  extended (100Y * and (111}>'° surfaces as well as or

properties at the interface of the two materials and thenultisurface nanocryistaof few nanometer sizé;'®
possibility to choose from a wide range of compositfons. primarily through use of transmission electron microsc
The properties of corehell nanoparticles can Inely tuned (TEM). Conversely, the 3D internal atomic structure of cort
by adjusting the size, shape, and shell thickness througiiell nanoparticles larger than a few nanometers remai
synthesis methods with sub-nanometer precisiohtypical open question. Mechanisms for stress release were pro|
feature of these nanostructures is a lattice mismatch thliat combine Shockley partial dislocations with stacking f
contributes to the observed functionality. For example, bulk Aa allow a transition from pseudomorphic epitaxial growt
and Pd lattices have the same fcc crystal structure although the lattice structure of the bulk metals. The transition v
lattice constants dir +4.8% relative to each other, known toreported at dierent distances from the interface depending
be 4.078 and 3.891 A, respectivdlge stress along the

boundary of the two metals contributes terdnt character- August 11, 2018
istics of the thin shell and specproperties of corahell November 20, 2018
nanoparticles in comparison to bulk netal. November 20, 2018
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Table 1. Comparison of Metal Properties According to Experiments, Simulations with the Interface Force Field (IFF)
Employed Here, and Other Simulation Meth8ds

metal method a(A) sv{111} (I/m?) E (GPa) K (GPa) usk (MJ/m?) s (MJ/m?)
Pd experiment 3.890 1.98° 1467 1937 b 130 18043537
IFF 3.89%? 1.982 1467 1827 271 35
EAM 3.898% 1.2%8 190° 195 162 218° 51 85°
DFT 3.986° 1.31 1.87° 99t 1632° 186 265° 186°
Au experiment 4.078 1.54° 88’ 1737 b 30 32637
IFF 4.078 1.542 1102 1332 199 2
EAM 4,098 0.79° 1378 167 1108 528
DFT 4.166° 0.74 1.04° 5932 7381 140%° 192%2 164 1347 33°7

®Properties include the fcc lattice constant (a), the {111} surface eqirywndg modulusE), bulk modulusk), the activation energy to
form stacking faults (unstable stacking fault eneggy) and the equilibrium stacking fault energy. (°Not availableUncertainties are
associated with rolling, node radii, and other défeleesvalue wasxed during parametrization.

a b

Au core Pd deposition Core-shell nanocube
O Auatom @ Depositing Pd atom @ Pdatom

Figure 1. Generation of a model of a coshell Au Pd nanoparticle by random isotropic epitaxial atom deposition in the simulation. (a)
The initial Au core. (b) Evolution of the particle structure as Pd atoms are deposited. Depositing atoms are shown as larger spheres in light
blue color. (c) The complete coreshell particle. The open section visualizes core and shell.
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Figure 2. Visualization of internal atomic displacements and associated strain in the epitaxially gr&@dncdre shell nanoparticle from

molecular dynamics simulation. (a) A (100) slice through the model particle, indicated by the red line. (b) Atomic structure of the (100)
slice and projections for panels e: (c) Along the at surfaces, long-range arcs can be seen that have an amplitude of about 2 A. (d) Across
edges, indents in Au due to compressive strain from two Pd boundaries are observed. (e) Pd atoms are compressed near the edges to
transition from an expanded epitaxial lattice toward the equilibrium lattice of bulk Pd (blue arrows). (f) A (110) slice through the model
particle, indicated by the red line. (g) Atomic structure of the (110) slice and projections for pangigth Along the edges, long-range

arcs with an amplitude of about 2 A are seen similar to those onahsurfaces. (i) At the corners, stacking faults occur along the (111)

plane, highlighted by solid lines. (j) The top view onto the corner shows compression of Pd atoms from an expanded epitaxial lattice toward
the equilibrium Pd lattice both parallel and perpendicular to the slice (blue arrows).

c d e

Gold atom O Palladium atom @

the (hkl) facet. Thereby, formation of stacking faults is onlyattice atop a Au(111) surface has been reported as close as
possible along (111) planes. The development of a bulk Raght atomic layers from the interfdamd a gradual lattice
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Figure 3. Proles of the atomic layer spacing in the principal crystallographic directions. The layer spacing of ideal Au and Pd lattices is
indicated for comparison. (a, b) Prte for a slab cut vertical to theat Au Pd interfaces in the [100] direction. (c, d) Prte for a slab cut
vertical to the edges in the [110] direction. (e, f) Pite for a slab cut vertical through the corners in the [111] direction.

transition of Pd atop a Au(100) surface has been reporteat by chemical vapor depositidriglire ). Model building
between 6 and 30 atomic layé@bservations of alloying to involved the simulation of Pd atom deposition onto the Au
relieve stress along the boundary are also known; howewste and resulted in epitaxial growth for the entire 4 nm thick
annealing of the particle well above room temperature wakell of 20 atomic layerBigure . Details of the model
necessary:® Molecular dynamics (MD) studies using building, the potentials, and the simulation methods are
embedded atom method (EAM) potentials have suggestelkscribed in thislethodssection. The observation of epitaxial
that Pd deposited on Au(100) surfaces produces stacking fatewth in the model is consistent with experimental data for
along (111) planes after 9 atomic layers of deposition, allowingt surfaces, which suggest epitaxial growth for at leastt the
the Pd to relax to its normal lattice. 6 to 13 atomic layers in the outer stiedind with previous

The internal structure of larger caieell nanoparticles molecular dynamics simulations that suggest epitaxial growth
remains uncertain. Coherent rdction imaging (CDI)  for 8 or more atomic layers in the outer é%elska dierence
reaches nanometer resolution and cannot currently probe tigextended surfaces, three-dimensional nanoparticles have also
atomic-level structufé.To overcome these limitations, we peen suggested to sustain signily more strain, shifting the
carried out large-scale molecular dynamics simulations tigical layer of the transition from epitaxial growth to the bulk
achieve picometer resolution and observed deformations at {hgice spacing further away from the metefal interfacé’
boundary of the two metals. The chosen system wa®d Au \hich concurs with our observations of 20 epitaxial atomic
core shell nanoparticle containing 23 million atoms, growmgyers.
with epitaxial interfaces as expected in solution synthesis anthtomic-Level Strain. The atomic-level strain in the Au
by vapor deposition, as well as with hypothetical hetergry npanoparticle is visualized fromewint perspectives
epitaxial interfaces (se€mpporting Informatign The (Figure ). A (100) slice in the particl&igure a,b) shows
molecular dynamics simulations utilized the Interface For%eperspective along the face of the parficjere 2), across
Field (IFF), which accu_rately rgproduces theZLrgzetal latticg, edgeRigure &), and onto an edg&igure 2). A (110)
structures, surface, and interfacial eneiigise ().”** We slice in the particlé={gure £,g) displays a view along an edge
explain the characteristic deformation patterns at tiedAu (Figure B), across a corneFigure 9, and onto a corner

interface in the context of the straeld and available (ko e . We observed the formation of long-range arcs
experimental daf&,” ** as well as insights from previous along the AuPd interfaces, including toward the edges
simulations. Prior simulations have been limited surfaces (Figure 2,h). At the center of' each bounding (100) facet, the
of abg;é% 103 O?to a;oiﬁsor nacr;opartlcles of !ess than 50.0? atoms are approximately 2 A displaced relative to the atoms in
atom and oftentimes used more approximate potentialsy, e g3 me row near the edges. The arcs proceed along the entire
interface (65 nm) and all the way to the edges. Across the
RESULTS AND DISCUSSION edges, the Au atoms are inwardly compressed toward the
Epitaxial Deposition Model. The epitaxial atomic center of the particlé-igure #8). Near the corners, stacking
deposition model represents the structure of sioed faults that form on the (111) plane extending from the corner
nanoparticles grown in solution, by atomic layer depositiotpward the AuPd interface Kigure # are visible.
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Figure 4. Stress release mechanism in the csirell nanoparticle. (a) The Pd lattice with equilibrium lattice constgexpands to that of

Au (an,) parallel to the interfaceg, anda,) and contracts vertical to the interfaca,) to maintain the equilibrium Pd density. (b) The Pd

atoms exert a compressive restoring force onto the Au atoms at the (100) interface due to attractive forces with neighboring Pd atoms. The
restoring forces in the Pd lattice attempt to relax the Pd lattice into equilibrium dimensions. (c) Distorted Pd lattices meet and superimpose
along the edges of the Ad interface. (d) A locally denser Pd lattice emerges near the edges (red square) compared to the cahter of
interfaces as a result of compression along two facets. (e) The denser Pd lattice exerts stronger compressive forces on the Au lattice and
compresses the edges of the gold core (blue arrows). (f) The restoring forces combine across particle edges and lead to displacements
perpendicular to the interfaces (black arrows), resulting in a bulging deformation including arc-like atomic rows. The resulting expansion is
exaggerated to aid in visualization.

Compression of the Pd rows toward the ediggsré 2) and likely that a network of stacking faults would form in order to
corners FFigure P is observed. Multiple distorted Pd lattices allow partial edge dislocations. The dislocations would then
meet at these locations, and the lattice spacing tends to sliifsert additional Pd rows further from the Rdi interfaces to

from the equilibrium Au lattice spacing to the equilibrium Pdnatch the lattice parameter in the Pd shell to that of bulk Pd.
lattice over a shorter distance from the P&l interface Atomic Layer Spacing. The 3D distortions throughout
compared to theat interfaces in the center of the (100) facetsthe particle were further characterized bygsrof the atomic
(Figure B). The arc-like bending of rows of atoms and thdayer spacing-(gure 3 One prole in the [100] direction was
stacking faults are the only notable defects. Stacking faults r@@orded through the center of the particle as an average over a
only observed at the corneFsg(ire # and not seen along 10 x 10 nnf slab Figure &,b). Proles were also computed
(100) surfaces. Prior experiments on much smalld?dAu along the planar diagonal in the [110] directiogufe 8,d)

core shell nanopatrticles consistently idedtstacking faults and along the space diagonal in the [111] diredtiguire
preferentially outside the (111) surface of more complex ABe,f). The latter two prées are over 100 nm long and utilize
cores in therst 3 to 6 layers of Pd to support the release othinner slabs. Thék] pro les reveal the internal strain in the
strain caused by the lattice mismatch, which agrees with tlattice compared to equilibrium fcc lattices of bulk Au and bulk
observations heréigure §.'® On higher index planes of Pd (Figure 8,d,f), which is shown here in high resolution. The
core shell nanoparticles, no lattice disruption was seen [100] atomic layer spacing shows that the Pd lattice is
HRTEM images, indicating heteroepitaxial gfoSthcking compressed perpendicular to the Pdiinterfacexdirection

faults also emerged upon Pd growthatrperiodic Au(100)  at 4 and 69 nm) from1.95 A to 1.83 A Figure B). The
surfaces in a grid-like pattern along (111) planes after about®mpression occurs because the other two diregtiomz)

atomic layers in prior MD simulationsllowing for the  of the Pd lattice expand to match the 4.8% wider spacing of the
relaxation of the Pd lattice on tlag Au slab. The results here Au lattice. This sigrdant distortion of the outer Pd shell is
indicate that the three-dimensional structure of the cubiikely to aect the interaction with adsorbed molecules,
core shell nanoparticle allows for an alternate stress releaseluding surface reactivity and electrocatalytic properties.
mechanism before stacking faults would form along the (10Qompression of the Pd layer spacing is slightly relieved at the
faces of the particle, supported by previous experimentaiter boundary (0 and 73 nm) due to the surface roughness of
work’® As the epitaxial growth continues into more layers, it ithe particle figure &). The Au layer spacing near the P
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interface slightly expands perpendicular to the interface plamalk Pd lattice. At the edges, theot is particularly strong as
(in thex direction at 423 nm and 5069 nm) in response to  two distorted Pd lattices meet and create compression along
some compression by the epitaxial Pd lattice in the othéwo facetsKigure ¢,d). Expansion remains possible only in
directionsy andz) (Figure B). This mismatch contributes to one direction (vertical to the red square). The in-plane
the arc-like featureEiQure 2,h). Toward the center of the compression results in an overall density increase in Pd at the
particle, the Au lattice relaxes toward the normal lattice spaciedges and in stronger interfacial forces than on the facets of the
and is even compressed to a small exten6@28m). The particle Figure €). The incommensurate lattice of the gold
small overall net compression of Au is a result of therapn  core at the edges is therefore forced more strongly into
outer Pd lattice, and the amplitude of the arc-like featurampliance with the Pd shell than on the facets of the particle.
decreases further inside the particle. At a distance of 15 frhis e ect is even increased in corners where Pd compression
from the Au Pd interface into the gold core, the amplitude ofoccurs on all three facets and enforces acsiginieduction in
the arcs is reduced to 20% of the maximum amplitude. the Au(111) atomic layer spacikgg(ire 8. The restoring

Compression of the Pd atomic layer spacing is also seenfances on Au act toward the center of the faces (blue arrows in
the [110] direction through the edges of the nanoparticlé-igure €,f) and create the strain patterns observed throughout
(Figure 8,d). The maximum compression of Pd atomic layerthe particle including the arc-like bending of atomic rows
normal to the AuPd interface at % nm and at 9798 nm is (Figure 2. The particle expands out from the center of the
less signtant compared to that interfaces (1.8% instead of facets (black arrowskigure 4) because the Poison ratiof
6.2%), and the layer spacing continually expands toward thach metal is greater than zero and it would require more
outside of the particlé=igure 8). The compression in the energy to compress the entire particle than to allow expansion
[110] direction near the AulPd interface compensates the in this bulging fashion when a force parallel to th@d\u
epitaxial expansion of the Pd lattice to the Au lattice spacingiitterfaces is applied from both sides@.5 E/6B withB >
the (110) plane perpendicular to the [110] direction, and theE in Table ). The stress spreads across many atoms in the
following partial expansion in the [110] direction toward thdarge particle and creates strain in three dimensions, and the
normal Pd lattice spacing @and 98103 nm) is coupled  model particle does not overcome the energy barrier to create
with the partial compression of Pd atomic rows perpendiculatacking faults and partial dislocations along the faces in the Pd
to the [110] directionKigure 2). Therefore, the nanoparticle shell with approximately 20 deposited atomic layers. Prior
edges show more relaxation of the Pd lattice toward Pd budkudies suggest that such defects would be observed closer to
properties than the extended facets, and the Pd lattice straitie Au Pd interface onat substraté$’® On the nano-
much reduced near the edges. The Pd lattice near the edgesticle, we observed stacking faults at the corners where three
also encloses the inner Au lattice on two sides, the (100) arfacets, three edges, and their stelts meetKigure D).
(010) planes, which leads to a consistent small net Comparison with Coherent Di raction Imaging. The
compression of the Au atomic layer spacing in the [11Q§tructure of the model nanoparticle is in excellent agreement
direction of 0.3%, especially near the edge237and 78 with the structure of a nanoparticle that has the same
96 nm) where the contraction can exceed-igare 8). The composition and size and was analyzed by X-ray coherent
compression of the Au layer spacing in the [110] directionli ractive imaging (CDI)Higure %.%° The direct comparison
bounded by two blocks of Redure 8,d) is in contrast to the  between experimentally measured CDI patteins¢ a,b)
expansion in the [100] direction bounded by only one block oind computed CDI patterns from the atomistic mdeiglsré
Pd at the at Au Pd interfaceRigure 3a,b). 5¢,d) shows highly similar patterns thaerdimainly in

The [111] direction prde shows similar but more extreme resolution. The experimentally acquiredadiion patterns
trends compared to the [110] pl@(Figure 8. The Pd layer  utilized an X-ray free electron laser (XFEigure a,b)*°
spacing at the interface is contracted and normal Pd layand the simulated daction patterns were obtained from the
spacing is reached toward the outside corners due to tlgomistic model in equilibrium, matching the simulation
presence of stacking faultg(re ). The Pd surface near the conditions to the experiment with %.010'* photons per
corners of the nanoparticle is therefore virtually free of strapulse focused to a 1.3n spot size Kigure 8,d). The
and stress. The inner Au lattice near the nanoparticle corneesolution of the diaction patterns is currently limited to 6.1
interacts with three Pd lattice interfaces, which leads tam in experiment and in the range of 0.1 to 1 pm in molecular
signi cant compression of the Au lattice in excess of 2%ynamics simulation. Accordingly, thenitien of the CDI
(Figure 8. The distortion of the Au lattice is more extreme patterns from molecular dynamics simulation appears higher
and penetrates further into the Au lattice than at the edg€&igure 8,d). The results are in close agreentefagtor =
(Figure d). The trend toward contraction of the Au lattice at0.18), especially given that the experimental data provide
the corners and edges versus expansion vertical to the (1@@omplete information for the model, such as an approximate
Au Pd interfaces causes the observed arc-like deformatidatal number count of atoms and their expected positions and
(Figure 2,d,h). Details of the calculations of layer spacingo resolution of the internal structure of the nanoparticle. The
pro les can be found in Section S2 in hepporting analysis by molecular dynamics simulations using additional

Information hypotheses about the internal structure, such as the likely
Stress Release MechanismThe epitaxial growth of Pd epitaxial deposition model and a hypothetical heteroepitaxial
on the Au lattice produces strain in both lattieegie . model (seeSupporting Informatipn therefore provides

The deposited Pd lattice expands inxtlaady directions insights in higher resolution than current experimental
parallel to the AuPd interface and experiences compressiomethods for nanoparticles of this size, and the predictions
in the z direction relative to bulk Pd (blue arrows-imure can be vered as experimental methods advance.

4a). The strain in the Pd lattice creates restoring forces in theCDI is a quantitative imiag technique capable of
opposite directions (blue arrows-igure #), and the atoms  measuring the electron density of samples at high-resolution
in the distorted Pd lattice of the shell attempt to relax into thén 3D without the requirement of len€e8° Using a coherent
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expect to use AET to experimentally verify the arc-like atomic
deformations and strain reported in this work. Measured 3D
atomic coordinates by AET can be used as direct input for
molecular dynamics and density functional theory simulations
to correlate 3D structures with material properties at the

single-atom levet?’

Applicability to Other Core Shell Nanoparticles.The
proposed stress release mechanism applies to cubic-shaped fcc
nanoparticles of dirent composition and size, and additional
considerations would be necessary for other shapes. For cube-
shaped fcc nanopatrticles, the lattice mismatch, the particle size,
and the activation energy to form stacking faults determine the
magnitude of internal deformations and stress. Qualitatively
similar strain patterns are expected when the composition or
size changes becauseeminces in conement at extended
facets (one interface), edges (two interfaces), and corners
(three interfaces) will similarly occufigure 3. The
magnitude of internal deformations is expected to scale with
the di erence in lattice parameters between the two metals,
whereby a lattice mismatch in excess of 5% could lead to
heteroepitaxial deposition (see Figures S1 to S4 and Section S1
in the Supporting Informatiyri For example, AwPd

Figure 5. Coherent dractive imaging (CDI) patterns of AuPd particles grow epitaxially, while Rd particles with a larger
core shell nanoparticles in experiment and computed from the lattice mismatch grow heteroepitaxially. The minimum particle
model. (a, b) Experimental CDI patterns measured from aRal size to observe notable deformations is about 10 nm, which is
core shell nanoparticle at two derent orientations (resolution necessary to develop sient di erences in conement on
6.1 nm)=° (c, d) Corresponding CDI patterns computed from the  facets, edges, and corners that lead to the patterns reported.
epitaxial nanoparticle model at two eirent orientations usingthe  The 73 nm epitaxial particle shows arc-like deformations of 0.2
Z?n::cti?alr?opggrt]tgfnspogisdor:hgOése?tignvqangggfsd hti(g);htehrethinmlfnlqatednm amplitude. The corresponding heteroepitaxial particle
experiment. The model provides details in all-atom resolution and shows spiral-like deformations of 0.1 nm amplltude as well as
matches the experiment with @factor of 0.18. gaps of one row of atoms evety) nm (seé-igure Sin the
Supporting Information), indicating the critical particle size to
develop signtant strain patterns. In addition, the extent of
X-ray source, faeld di raction patterns of a noncrystalline formation of stacking faults near the corners will scale with the

sample or a nanocrystal can be measured and subseque@i‘f&’at'on energys to form stacking faultS¢ble ). At a
converted to real-space reconstructions by application of &fifical number of atomic layers of the shell, stacking faults
iterative phase retrieval algorithifine hypothetical limit of ~ @long with Shockley partial dislocations are expected to
the di raction-limited resolution in CDI is only a few develop along (111) planes on top of (100) facets to release
angstroms but hindered here by the achievable signal-fL€SS: _ _

noise ratio of the diaction data. Current experimental 1Nhe stress relaxation mechanism for sbedl nano-
practice allows a resolution 06%im for the large system and Particles bounded by (111) facets, rather than (100) facets,
a resolution of 12 nm in smaller systef#® The advent of di ers from the mechanism reported here. Shockley partial
the X-ray free electron laser (XFEL&rs an opportunity to dislocations and stacking faults would form on (111) 'facets,
close the gap to the theoretical limit (angstroms) by providin&t‘mh is geometrically not feasible parallel to (100) facets.
extraordinary X-ray brilliance and, therefore, high signal in&Pre shell nanoparticles with shapes that are bounded by
single pulse. However, the sample is destroyed after oflltiple dierent k) facets would likely exhibit grain
exposure, and acquisition of a tilt series necessary for full §gundaries and a superposition of stacking faults on (111)
reconstruction using traditional tomographic techniques is nicets, as well as epitaxial/heteroepitaxial relaxation mecha-
feasiblé? Recent work demonstrates that for symmetricdtiSms on (100) facets. The atom deposition rate and thickness
nanoparticles, exploitation of symmetry operations along wigh the shell could also become nonuniform aevetit (k)
consideration of Ewald sphere curvature can facilitate 3p®unding facets and depend on the reaction conditions.

reconstructions of nanoparticles from singleadtion ~In addition, the stress relaxation mechanism can be
pattern$®*3** and further developments may reach 3DIN uenced by co-deposition of atoms, intesibn, truncation
reconstructions in angstrom resolutiof? of edges, atomic defects, and steps along the interface. In case

In addition to advances in CDI, atomic electron tomograph@f cubic-shaped fcc coshell nanoparticles, sucheas
(AET) has been developed to image the 3D atomic structusould superimpose Io_cal stresses_and defor_matlons while the
of crystal defects such as grain boundaries and edge and séfoRal stress relaxation mechanism remains the same as
dislocations, as well as stacking fa(it€ AET has been described.
applied to determine the 3D coordinates of individual atoms in
materials with high precision, allowing the direct measurement
of the strain tensor and the observation of chemical ordeWe employed all-atom classical molecular dynamics simulation
disorder, point defects, and nucleation dynaiffé§.Even  to model the growth of AlPd core shell nanocubes of 73
though the current limit is tens of thousands of atoms, wem size and obtained insights into the internal structure in a
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resolution approximately 3 orders of magnitude higher thaf interfaces on the internal strain, while customized models with

current experiments. On Au(100) facets, an epitaxial growmlded defects can be explored in follow-on studies. A similar principal
mechanism of Pd was observed for at least 4 nm in shélfess release mechanism is expected in the ideal model and in
thickness. The lattice mismatch of +4.8% of Au versus Pgfective models as large portions of the bulk and interfaces remain

: : . hie same so that changes in strain and stress at the interface due to
causes arc-like deformations of atomic rows across the en | defects likely add as a superposition to the overall strain pattern.

Au Pd lntgrface, Spat"_"‘”y var|ab[e Qtomlc layer spacing, an%imulation Details. All simulations were performed using the

the formation of stacking faults inside the Pd corners. Theammps® program, and the atomic visualizations were created
largest lattice strain on the outer Pd surface of the nanopartigigng the OVITO prograffi.After deposition of the Pd shell, the

is found on the extended facets, followed bycsgtly lower  complete model of the ARd core shell nanoparticle was allowed to
strain near the edges, and virtually stress-free corners. TFoach equilibrium in the NVT ensemble in vacuum at 298 K for 1 ns
cause for the strain patterns is themement of the inner Au  with a time step of 2.5 fs. The analysis of the equilibrium crystal
core by the overgrown Pd lattice that exerts cagitly more  Structure was carried out using an average structure generated from 40
stress at the corners and at the edges of ttedAnterface in  ffames taken over the last 200 ps of the simulation, which eliminates
comparison to theat bounding facets. As a result, the thermal noise and allows for the ideation of equilibrium positions

of the atoms, the local equilibrium lattice spacing, and long-range

nanoparticle tends to expand at the center of the facets indgformations. The calculation of the le® of the atomic layer

bulging deformation and aligns more closely with th@pacing is described in tepporting InformatioFigure S5 and

equilibrium Pd lattice structure near the edges and the cornegaction S2).

The amount of lattice mismatch and the particle size determineall simulations were carried out using the Interface Force Field

the extent of the reported internal deformations, and th@FF), which reproduces the bulk lattice parameters of Au and Pd
ndings can be applied to cubic cshell nanoparticles with ~ with <0.1% deviation from experiniénitsurface energies with <2%

fcc structure of other compositions and sizes. deviation from experimént,’ and adsorption properties in excellent

The ability to produce stable and siganitly strained metal agreement with experiment and with quantum-mechanical data for

facets on coreshell nanoparticles may be exploited to tune®™all systemsT¢ble ).> °° Predictions of crystal growth and
ction rates in surface catalysis have also been demdhsfrated.

. . O r
Selectl\{e adsorptlon,. surf.ace react!V|ty, anq eleCtroc"’m”lly’ta'%pecicalIy, accurate surface properties are helpful to characterize
properties. Internal distortions alsauémce optical proper- e ‘interfacial region of the coskell nanoparticles. Mechanical
ties, V\_/h'Ch may be utilized in sensors, catalysts, and electrggigherties with IFF also agree well with experiment, including
materials. Finally, the study shows that simulation methods c@viations <5% and20% for the elastic moduli of Pd and Au,
be employed to predict the likely three-dimensional atomi@spectively, which is similar to Density Functional THedng ().
positions of large nanostructures in high resolution and guiG®@me deviation for the elastic moduli of Au is a limitation of the
in the rational design of materials properties alongsideennard-Jones potential used irf t¥Fand related to the Poisson
experiments. ratio of gold (0.41) in comparison to palladium (0.37) that slightly
deviates from the ideal Poisson ratio in LJ potentials (0.37).
The potentials were also compared to determine the energy barrier
use(unstable stacking fault energy) required to create a stacking fault
Model Building. A random epitaxial deposition model of the Au  on an ideal (111) slab of Pd since stacking faults wereeidersi
Pd core shell nanoparticle was constructed by starting with@85  primary defects in previous studies of smaller systems. Data from IFF,
x 65 nn? Au core made of 160 repeat units of an FCC unit cell inEAM, and DFT show that the barrier to form a stacking fault parallel
each directionRigure ). The cubic Au core was placed into ar 85 to the (111) plane,,sr scales linearly with the (111) surface energy
85x 85 nnt periodic box and subjected to random deposition of Pd Table ), and sgis most consistently represented by IFF for Pd
atoms onto each facet at a rate of 1 atom per time step per facetad Au [Table ). Prior experiments indicated that the formation of
298 K. The x deposit command in LAMMPS was used for thestacking faults is a kinetic proteasd controlled by the higher
random deposition and resulted in epitaxial deposition of P4%atomsenergy barrier to form stacking fauliss rather than by the lower
In total, 6.4 million Pd atoms were deposited on top of the particlequilibrium energygr (Table ). The observation of only a few
core of 16.4 million Au atoms, resulting in a total count of 22.8tacking faults at the corners of the Pd shell in the simulation supports
million atoms in the corshell particle model. The Pd shell was this view, in spite of rather low valuesof
deposited in approximately 3 ns of simulation time using a time stepThe thermodynamic stability of stacking fagfs;orresponds to
of 2.5 fs. In addition to this random epitaxial deposition model, athe energy derence between a defective crystal containing a stacking
alternative heteroepitaxial model of the P&unanoparticle was fault in the (111) plane and a perfect crystal (Figure S6 and Section
prepared and analyzed by placing entire Pd slabs of 4 nm thickn&&sin theSupporting2 InformatipnThe values forge do not agree
directly onto the Au coréigure Sin the Supporting Information). ~among IFF, EAM, 62858 DFT, and experimental dat@able
The visualization and analysis of this alternative heteroepitaxial motjel* °/ Experimental values are subject to some uncertainty by
are presented in th@upporting Informatio(Figures S1S4 and rolling, node radii, and other defects that can interfere with
Section S1). measurement§;however, these deviations are less than an order of
We emphasize that the models are idealized compared twagnitude. The proximity of experimental data and quantum
experiment and illustrate the overall internal structure in the absenwechanical calculation§able )**"°%°° suggests an important
of common defects. For example, the random epitaxial model showke of the electronic structure of the metaldot’ The origin has
marginal mixing of Au and Pd atoms at the inteffaper¢ § and not been well explained to-date, and computed values using IFF and
does not consider truncation at the corners and edges of the Au coAM potentials are too low.
The model also neglects atomic defects and steps at thRd Au  In summary, IFF shows overall best agreement with experimental
interface that are likely found in experiment. Mixing of Au and Pdata, including a weakness in equilibrium stacking fault engrgies,
atoms at the interface may be sagmit as a result of co-deposition of which however does noeat crystal growth. DFT has weaknesses in
both atoms during surface redox equilibria and may help reduce tharface energies,, and unstable stacking fault energigs,and
local stress relative to a sharp Pdi interface. At the same time, cannot be applied to systems with millions of atoms. EAM potentials
atomic defects and steps at thePdiinterface, as well as truncation show multiple deviations from experiment. Future improvements of
at the corners and edges of the Au core, can have many possilE to overcome remaining limitations may include polarizable LJ
representations and were excluded for simplicity. The main aim of thetential$® and electronically need LJ potentials as previously
idealized model with sharp epitaxial interfaces is to quantifgcthe e shown for W?
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