Ensemble averaged structure-function relationship for composite
nanocrystals: magnetic bcc Fe clusters with catalytically active fcc Pt skin

Valeri Petkov,! Binay Prasai,! Sarvjit Shastri,> Hyun-Uk Park,® Young-Uk Kwon 2 and Vassil
Skumryev 4

!Department of Physics, Central Michigan University, Mt. Pleasant, Michigan 48859, United States
ZX-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois
60439, United States

3Department of Chemistry, Sungkyunkwan University, Suwan 16419, Republic of Korea
“Department of Physics, Universitat Autonoma de Barcelona, Bellateria 08913, Spain

The three-dimensional (3D) atomic structure of a bulk crystal is perfectly periodic over long-
range (um-sized) distances and so its physicochemical properties come as a sum of equivalent
contributions of identical unit cells comprising a relatively small number of atoms. The 3D
atomic structure of a nanometer-sized crystal (NC) though is not necessarily perfectly periodic.
Hence, the properties of a NC often appear as a convolution of the contributions of structurally
incoherent volume fractions of the NC such as, for example, the NC surface and interior.
Furthermore, reality necessitates the production, characterization and usage of NCs en masse. No
matter how refined is the production process, the 3D atomic structure and properties of some
NCs from the general population would appear more-or-less different from those of the rest [1-
3]. On a related matter, theory on structure dependent properties of NCs relies heavily on model
structures borrowed from bulk crystals, thereby remaining largely constrained within the realms
of traditional crystallography [4, 5]. Undoubtedly, both taking control over the physicochemical
properties of NCs and unleashing the predictive power of pertinent theory require precise
atomic-level knowledge of the inherently non-3D periodic NCs, as they are produced and used in
large numbers. Most relevant is knowledge of the ensemble-averaged positions of atoms in the
NCs because the functionality of NCs also appears as an ensemble-averaged quantity.

Despite recent advances in techniques for atomic-level characterization of crystalline
materials, determining the 3D atomic structure and so establishing the structure-function
relationship for NCs, in particular metallic NCs, remains a problem [6-8]. Traditional
crystallography is of little help because metallic NCs do not conform to its methodology.
Besides, due to their dual cluster-solid bulk nature or by deliberate design, metallic NCs often

adopt an uncommon atomic structure, including an incommensurately modulated and composite
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nanostructure. Here we determine the ensemble-averaged 3D atomic structure of three samples
of 2.5 nm in size NCs composed of a Fe core nested inside Pt skin. The cores comprise from 160
to 330 atoms and so may be considered cluster-like. The skin involves from one to two atomic
layers alone, i.e. is super-thin. The samples are tailored for practical applications and so appear
as ensembles of a very large number of NCs. The structure determination is done by resonant
high-energy x-ray diffraction (HE-XRD) coupled to atomic pair distribution function (PDF)
analysis that does not imply long-range order and periodicity [9]. We find that the core and skin
are bcc- and fcc-type ordered, respectively, i.e. incommensurate in terms of packing efficiency
and near neighbor distribution. Regardless, they modulate the properties of each other
significantly and advantageously. In particular, the NCs function both as superparamagnets and
exceptional catalysts for the oxygen reduction reaction (ORR). The former holds promise for
advanced biomedical applications [10,11]. The latter is crucial to the development of efficient
devices for clean energy conversion such as fuel cells [12]. Using 3D positions of atoms in the
NCs together with experimental magnetic and catalytic data, not only we capture but also
quantify both the long-time debated cluster-size dependence of the magnetic moment of Fe
atoms and impact of Pt skin-thickness on the activity of ORR catalysts. Thus we demonstrate
that knowledge of NC ensemble-averaged 3D atomic positions is indispensable in revealing the
structure-function relationship for ensembles of NCs.

The Fe core-Pt skin NCs were synthesized by one step ultrasound-assisted polyol reactions
between Fe(l11) acetylacetonate, Fe(CsH702)3, and Pt(1l) acetylacetonate, Pt(CsH7O2). [13]. The
size of Fe core and thickness of Pt skin were fine-tuned through varying the Fe(CsH70.)3 to
Pt(CsH70.)2 ratio so that the overall size of resultant NCs was kept close to 2.5 nm. Pure Pt
NCs were also synthesized and used as a standard in the 3D structure determination. Note that
Pt-based NCs with a size close to 3 nm have proven optimal for a number of technologically
important catalytic applications, including ORR. Besides, biocompatible and oxidation resistant,
e.g. noble metal protected, superparamagnetic particles with an overall size of about 2-3 nm can
interact with common biological entities, including genes (~ 2 nm), protein complexes (1 nm-5
nm) and cell’s membrane (~5 nm), thereby enabling cellular therapy, magnetically-guided drug
delivery, magnetic resonance imaging, and hyperthermia treatment [14]. More details of the
synthesis protocol employed here can be found in the Methods section of supplementary
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The overall (bulk) chemical composition of Fe core-Pt skin NCs was determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and found to be Feo 4Pt
(Fe1esPta21), Feo.7Pt (Fe2ssPtss1) and Fe1 2Pt (FesssPtag7). The size, shape and chemical pattern of
FexPt (x=0.4, 0.7 and 1.2) NCs were determined by High-Angle Annular Dark-Field (HAADF)
Scanning Transition Electron Microscopy (STEM) experiments. Exemplary HAADF-STEM
images are shown in Figures 1b and S1. As can be seen in the Figures, pure Pt and FexPt (x=0.4,
0.7 and 1.2) NCs are rather uniform in terms of size and shape.To be more specific, the NCs
appear with an average size of 2.5(+ 0.2) nm, polyhedral shape, and well-defined facets. Besides,
the NCs are well separated from each other which is important for optimizing their functionality.
Furthermore, a closer inspection of the images in Figure 1 reveals that the NCs exhibit well-
defined lattice fringes, i.e. exhibit a relatively low degree of local structural disorder. In
addition, the surface of NCs appears uniformly bright which, given the disparity between the
atomic numbers of Fe (Z=26) and Pt (Z=78), indicates that the top surface layer of the NCs is
formed of Pt species alone. Elemental maps of FexPt (x=0.4. 07 and 1.2) NPs are shown in
Figure 1(d, e and f). The maps also indicate that Fe and Pt atoms occupy the NC core and
surface, respectively. To evaluate the number of surface Pt layers we carried out simplistic
calculations based on the experimental data for the bulk chemical composition and average size
of the NCs, and the elemental size of Fe (2.52) A and Pt (2.775 A) atoms. Results showed that Pt
surface of FexPt (x=0.4, 0.7 and 1.2) NPs is two, one and a half and one atomic layer thick,
respectively, i.e., from a morphological point of view, is “skin-like”. The so-obtained
independent estimates for the thickness of Pt skin matched well the pre-desired number of Pt
layers. Hence, for clarity, hereafter FexPt (x=0.4, 0.7 and 1.2) NCs will be referred to as Fe@2Pt,
Fe@1.5Pt and Fe@1Pt NCs, respectively.

The electronic properties of Fe and Pt atoms in Fe@Pt NCs were studied by x-ray
photoelectron spectroscopy (XPS). Typical XPS Fe 2p and Pt 4f spectra are shown in Figure 1a.
As can be seen in the Figure, the Fe 2ps core-level peak position in Fe@1Pt, Fe@1.5Pt and
Fe@2Pt NCs is shifted by 0.59 eV, 0.79 eV and 1.19 eV, respectively, in comparison to the bulk
value of 706.9 eV. As discussed in the Method section of Sl and supported by independent
resonant HE-XRD experiments (see Figure S7), the shift is unlikely to arise from oxidation of
Fe cores. Rather, as also demonstrated by data in Figures 1(d,e,f) and 2d, it reflects the gradual
diminishing of the size of Fe cores with the thickness of Pt skin [15]. On the other hand, the Pt
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4f7, core-level peak position in Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs is shifted by -0.34 eV, -
0.25 eV and -0.12 eV, respectively, in comparison to the bulk value of 71.0 eV (see Figure 1c).
As discussed in the Methods secton of Sl, the shift may not be due to the presence of PtOx
species. Besides, the shift may not be due to the formation of surface Fe-Pt alloy either because
prior studies have shown that Pt 4f7 orbitals in Pt-Fe nanoalloys shift up in energy by about 0.5
eV [16]. Below, we argue that the observed shifts in the Fe 2ps> and Pt 4f7, core-level peak
position are likely to arise from concurrent changes in the surface Fe-Fe and Pt-Pt coordination
numbers (CNs) with the size of Fe cores and thickness of Pt skin, respectively [17-19].
Ensemble-averaged 3D positions of atoms in Fe@Pt NCs were determined strictly adhering
to the successful practices of structure studies on polycrystalline metallic materials [20]. From a
methodological point of view, this made perfect sense because determining the 3D atomic
structure of both polycrystalline and nanocrystalline metallic particles relies on diffraction data
obtained from ensembles of entities with a fairly close chemical composition, size, and shape
[20]. In particular, resonant HE-XRD experiments were conducted at the K adsorption edge of
Pt (see Figure S4). The experiments involved measuring two diffraction patterns close to but
below the adsorption edge of Pt, taking the difference between the two patterns, and Fourier
transforming the difference into the so-called Pt-differential PDFs. The so-called total and Fe-Fe
partial PDFs were also obtained. The PDFs are summarized in Figure 2. More details of the
resonant HE-XRD experiments and derivation of total, differential and partial atomic PDFs can
be found in the Methods section of SI. Note that unlike local-probe techniques such as extended
x-ray absorption fine structure spectroscopy (EXAFS), element-specific atomic PDFs obtained
by resonant HE-XRD can reveal interatomic correlations extending up to distances equal to the
diameter (size) of the metallic NCs under study. For instance, as data in Figure 2d show (see
broken line), Fe-Fe partial PDFs extend up to distances close to the size of respective Fe cores.
Total atomic PDFs for 2.5 nm Pt and 4.5 nm Fe particles [22] were also obtained by HE-XRD.
The quality of resonant HE-XRD experiments was crosschecked by measuring bulk Fe and Pt
standards and affirmed as shown in Figure 2b.
Next, several plausible 3D structure models for Fe@Pt NCs were built by Molecular
Dynamics (MD) based on the quantum corrected Sutton-Chen potential. To be as realistic as
possible, the models reflected the average size (~2.5 nm), shape (polyhedral) and overall
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and Fe particles were also built. All models were tested against the respective total and Fe-Fe
partial PDFs. As discussed in the Methods section of SI and demonstrated in Figure S8, MD
models featuring an fcc and bcc-type structure approached the experimental PDFs for pure Pt
and Fe particles to an acceptable level, and so were considered further. However, MD models
for Fe@Pt NCs based on a structurally coherent fcc Fe core and fcc Pt shell failed the test, as
data in Figures 2a and S9 show. The failure indicated that, though exhibiting HE-XRD patterns
similar to that of pure Pt particles, (see Figure S3), Fe@Pt NCs may not be described as stacks of
close packed atomic layers known to occur with bulk fcc metals and alloys, including bulk Pt
and FexPt alloys with 0<x<1.2 [23]. On the other hand, as data in Figures 2a and S10 show,
models for Fe@Pt NCs based on a bcc Fe core and fcc Pt skin reproduced the experimental PDF
data reasonably well. For reference, contrary to the fcc-type structure, which involves both close
packed (111)rc atomic layers and <110>fc directions, the bcc-type structure does not involve
close packed atomic layers but close packed <111>p directions alone [24]. Accordingly, the
atomic packing fraction (68 % for bcc vs 74 % for fcc) and near-neighbor distribution (8 + 6 for
bcc vs 12 for fcc; see Figure 2b) in the bee- and fce-type structure are significantly different. The
advantage of bcc-Fe@fcc-Pt structure model over the fcc-Fe@fcc-Pt one becomes even more
evident when Fe-Fe partial PDFs derived from the models are compared with the respective
experimental data sets, as demonstrated in Figure S11. Hence, the former model was considered
as a likely 3D atomic structure of Fe@Pt NCs. Here it may be added that the bcc and fcc
character of the atomic arrangement in Fe cores and Pt skin, respectively, is consistent with the
synthesis protocol adopted here, where Pt atoms are deposited on already formed cores of Fe
atoms.

Third, MD models for Fe@Pt NCs found likely as described above were refined further by
reverse Monte Carlo (RMC) guided by the respective total and partial Fe-Fe atomic PDFs. The
bcec- and fce-type structure models for pure Fe and Pt particles were refined as well. The
refinement was necessary since nanosized metallic particles can exhibit specific structural
features, such as considerable surface relaxation, which may not be captured well by MD alone,
i.e. without experimental input [25]. As it should be, the thermal (Debye—Waller type) and static
displacements, i.e. relaxation, of atoms in the refined models were treated separately. Besides,
the energy of refined models was minimized further using pair-wise potentials taken from

literature sources. Details of RMC computations can be found in the Methods section of SI.



Last but not least, RMC-refined models were evaluated using a common goodness-or-fit
indicator (see eq. S26) and found of high quality. Fine structural features of Fe cores and Pt skin
in Fe@Pt NCs were cross-checked by computing bond-angle distributions, shown in Figures S13
and S14. The distributions confirmed the bcc- and fcc-type 3D structure of the former and latter,
respectively. Altogether, the RMC-refined models appeared fully consistent with the i)
experimental HAADF-STEM data in terms of size and shape, ii) EDS maps in terms of mutual
distribution of Fe and Pt atoms, iii) ACP-IES data in terms of overall chemical composition and,
as shown in Figures 2c and d, iv) reproduced the experimental total and partial atomic PDF data
in very good detail. As such, within the limits of experimental accuracy, RMC-refined 3D
atomic models shown in Figure 3a can be considered as the most likely, ensemble-averaged 3D
atomic structures of pure Pt and Fe@Pt NCs, and so are fit for their purpose [25-27]. That is, 3D
positions of atoms in the structures can be used to assess the atomic structure-function
relationship for the respective NC samples.

The catalytic functionality of Fe@Pt NCs for ORR was determined by the rotating disk
electrode technique in 0.1 M HCIO4 electrolyte at room temperature, as described in the Methods
section of Sl. For reference, without loss of generality, ORR over catalyst surface can be
expressed as Oz + 4H" + 4 — H0, that is, oxygen molecules adsorbed and reduced at the
surface react with protons supplied to the surface to form water. Tafel plots of the specific
activity of Fe@Pt NCs for ORR are summarized in Figure S2. The plots clearly show that the
ORR kinetics of Fe@Pt NCs is superior to that of standard Pt NCs in the high potential range
(0.88 V - 0.98 V). In particular, the mass activity (MA) for ORR, which is relevant to practical
applications, increases in the order pure Pt < Fe@2Pt < Fe@1.5Pt < Fe@1Pt NCs. The
improvement in the MA of Fe@Pt NCs for ORR s best illustrated in Figure 3d. Qualitatively, it
has been attributed to one or more of the following factors: i) ligand/electronic effects arising
from charge exchange between atoms at the Fe core@Pt skin interface, ii) strain effects arising
from the difference between the size of atoms forming the NC core and skin and iii) geometric
effects where a particular configuring of atoms from Pt skin are beneficial to ORR [4, 13]. Here
we show that, though counterintuitive, it is proportionate to the increase in the effective
coordination number of atoms from Pt skin with the decrease in its thickness.

Magnetic characteristics of Fe@Pt NCs were determined on a SQUID magnetometer from

Quantum Design. Hysteresis curves for Fe@Pt NCs measured at 2 K are shown in Figure S3.
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Coercivity, Hc, values for Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs determined from the curves are
2120 Oe, 2080 Oe and 2050 Oe, respectively. Zero field and field (100 Oe) cooled magnetization
curves for Fe@Pt NCs are shown in Figure 4a. The curves exhibit a clear “blocking effect”,
where the magnetic moment of Fe cores is pinned to a direction of easy magnetization. The
effect is the hallmark of superparamagnetism [28]. The so-called “blocking temperature”, Tg, for
Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs was determined from the “cusp” in the magnetization
measured in the absence of magnetic field. Values turned out to be 15 K, 11 K and 8 K,
respectively. According to theory of superparamagnetic clusters, Hc may not depend on the
cluster’s size significantly whereas Tg is expected to decrease fast with the cluster’s size, so long
the latter is < 6 nm [28, 29]. Indeed, this is what we observe. On grounds discussed in the
Methods section of Sl (see eq. S5 and related to it text) and using the experimental data for T,
the effective magnetic anisotropy for Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs was estimated to be
in the order of 9.2x10° J/m3, 9.09x10° J/m® and 9.04x10° J/m?3, respectively. The values are
considerably larger than the intrinsic anisotropy for bulk bcc Fe (4.8x10* J/m®). Considering the
polyhedral shape of Fe cores (see Figure 4b) and the fact that Fe@Pt NCs are well separated
from each other (see Figures 1 and S1), i.e. unlikely to experience dipole-dipole type magnetic
interactions, the observed large anisotropy values can be attributed to the abrupt change in the
atomic coordination and broken 3D periodicity at the core’s surface, including core’s surface
relaxation effects [28-30]. Here is to be added that the total magnetic moment of Fe clusters is
composed from the magnetic moments of the constituent atoms and so can be many tens of usg, if
not larger [28-30]. The contribution of surface atoms to the moment and anisotropy of Fe clusters
and the evolution of the moment with the cluster’s size though is not well understood. Here we
show that the missing knowledge can be provided by 3d-band model theory based on ensemble-
averaged positions of atoms forming actual Fe clusters.

The ORR activity and superparamagnetism of Fe@Pt NCs can be rationalized by
summarizing the general features of the valence electron structure of constituent Fe and Pt
atoms. In particular, the valence electron configuration of single Pt atom is 5d%s. However, at
the bulk scale, a small number of 5d-electrons are pushed into higher-energy 6s and 6p states
through a process known as (sp)—d hybridization, giving rise to the so-called 5d-holes. Hence,
the actual valence electron configuration of bulk Pt is 5d%%%6(sp)'* Studies have found that the

ORR activity of Pt surfaces is influenced strongly by the degree of (sp)—d hybridization, width,
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and energy position of surface 5d-electron band, and occupied surface 5d-electron density of
states (d-DOS) [4, 31-33]. On the other hand, when Fe atoms (3d%4s?) are brought together to
form a solid, the valence 3d-electrons of Fe are distributed over the so-called majority (3d1 spin-
up) and minority (3d| spin-down) bands whereas valence 4s-electrons occupy a nearly half-
empty 4(sp)-band. The majority and minority d-bands intersect the Fermi level and, due to strong
(dd) and (sd) hybridization effects leading to the so-called 3d-holes, the magnetic moment of Fe
atoms appears 2.2 ug, instead of the expected from the Hund’s rules 3us. For Fe clusters, this
picture changes significantly because a large fraction of the atoms are on the surface and so have
a reduced number of nearest neighbors. Accordingly, the 3d-electrons of surface Fe atoms are
less delocalized, i.e. the width of both 3dt and 3d] bands diminishes. Besides, the energy
position of 3dt and 3d| bands for Fe surface atoms shift with respect to the Fermi level and so
the number of 3d-holes in the 3d1 band is reduced. Ultimately, the magnetic moment of surface
atoms in Fe clusters approaches 3 us.[29, 34, 35].

As discussed in the Methods section of Sl (see eqs. S27, S28 and S29 ), the width, energy
position and occupancy of valence d-bands (d-DOS), i.e. the valence d-band structure, in the
vicinity of atomic sites on the surface of transition (Fe) and noble (Pt) metals are largely
determined by the local coordination of the atoms. Therefore, we used the so-called effective
coordination numbers, CNes, to directly assess the atomic structure-function relationship for
Fe@Pt NCs, where function pertains to applications in the areas of superparamagnetism and
ORR catalysis. The CNefr were computed from the 3D positions of atoms in the RMC-refined
structures of Fe@Pt NCs using eq. S30. Here is to be underlined that the approach of using CNe
instead of the traditional counting of near neighbors is similar to the embedded-atom method,
where the valence electron density at an atomic site is approximated by a superposition of
valence electron densities of nearby atoms which, in turn, are a superposition of the valence
electron density of the first neighbors of each of those atoms. Besides, CNeft have already proven
useful in describing the ORR activity of Pt surfaces and magnetic properties of Fe [37-40]. In
computing CNess for Pt atoms we used the first physical minimum in the atomic PDF for pure Pt
NCs at 3.2 A as a maximum near-neighbor distance. Also, the CNes Were normalized against the
maximum possible number of near neighbors for Pt atoms occupying a close packed (111)scc
monolayer, that is 6. In computing CNefs for Fe atoms we used the first physical minimum in the

Fe-Fe partial PDFs at 3.1 A as a maximum near neighbor distance. Also, CNesr were normalized



against the total number of near and next near neighbors for Fe atoms in bulk bcc Fe, that is 14
(8+6; see Figure 2b). The choice was appropriate because, as the broad nature of the first peak in
the experimental Fe-Fe partial PDFs shows (see Figure 2d), bcc Fe cores are significantly
relaxed at atomic level and so the partitioning of the coordination environment of atoms forming
the cores into near and next-near neighbors is indeed hardly possible. The so-obtained CNes for
top surface Pt atoms in Fe@Pt NCs are summarized in Figure 3d. The CNes for Fe atoms in
Fe@Pt NCs are summarized in Figure 4c. Distribution of near-neighbor (bonding) distances for
top surface Pt atoms was also computed and normalized in terms of strain using the Pt-Pt pair
distance in bulk Pt, which is 2.775 A, as a reference value. The distribution is shown in Figure
3b.

As data in Figure 3b show, Pt atoms forming the “skin” of Fe@1Pt NCs are considerably
compressed (~1.2 % on average), i.e. have come considerably closer together, as compared to top
surface atoms in pure Pt NCs. On average, top surface Pt atoms in Fe@1.5Pt and Fe@2Pt NCs
also appear considerably compressed, though to a lesser extent. On the other hand, on average,
top surface atoms in pure Pt NCs are hardly compressed as compared to atoms on a perfect (111)
facet of bulk Pt. We argue that the observed compressive strain of Pt skin in Fe@Pt NCs is due
to i) the lack of structural coherence at the bcc Fe@fcc Pt interface and ii) mismatch between the
size of Fe and Pt atoms forming the NC core and skin, respectively. Experimental studies have
shown and theory predicted that Pt surfaces compressed by 1 % to 2 % function as ORR
catalysts better than unstrained Pt surfaces [1, 4, 31, 41]. Hence, the observed here change in the
surface strain in Fe@Pt NCs with the thickness of Pt skin, that is ~ 0.2 %, 0.8 %, 1 % and 1.2 %
surface strain for pure Pt, Fe@2Pt, Fe@1.5Pt and Fe@1Pt NCs, respectively, may well explain
the observed trend in their ORR activity. Furthermore, effectively, the decrease in surface Pt-Pt
bonding distances in Fe@Pt NCs leads to an increase in the average surface CNes . In particular,
the number of top surface Pt atoms with CNet = 5 and 6 is about 54 %, 41%, 34 % and 15 % for
Fe@1Pt, Fe@1.5Pt and Fe@2Pt and pure Pt NCs, respectively. As exemplified in Figure 3c, the
relative increase in the CNes is most pronounced for atoms near edges of Pt skin whereas atoms
at the edges largely remain under-coordinated, that is, 3- and 4-fold coordinated. According to
the d-band center theory, bond order conservation arguments and experimental observations [4,
31, 41, 42 ], higher coordinated sites on Pt surfaces are less reactive than low coordinated ones,

in particular with respect to oxygen species, and so are likely to accelerate ORR Kkinetics.
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Remarkably, as data in Figure 3d show, when normalized against the total number of Pt atoms in
the respective NCs, the percentage of increase in the CNess for Fe@Pt NCs with the decrease in
the thickness of Pt skin matches the respective enhancement factor in ORR activity. The
observation underlines the importance of incommensurate guest-host nanostructures, such as
NCs comprising a Fe cluster-like core nested inside a super-thin Pt skin, and relatively longer-
range surface coordination effects, as reflected in CNesr, in tuning up the functionality of Pt-
based ORR catalysts. Also, it is a prime example of not only revealing but also quantifying the
structure-catalytic functionality relationship for metallic NCs on the basis of ensemble-averaged
3D positions of atoms in the NCs, and not just establishing trends [4, 42].

Using a streamlined 3d-band model for the magnetic properties of Fe clusters (see eq. S6) and
CNesr in Figure 4c, we computed the magnetic moment, x, for each atom in the cores of Fe@Pt
NCs, the average magnetic moment per atom, <ur>, as a function of the radial distance, R, from
the center of the cores and the average magnetic moment per atom, <un>, for each of the cores
[37, 38]. In the computations we used the experimental values for the magnetic moment of Fe
atoms in bulk, ure puiky = 2.22 ug and Fe-Fe dimers, ure (dimer) = 3.25 ug [34, 35]. 3D rendition
of Fe cores in Fe@Pt NCs where each constituent atom is assigned a magnetic moment
computed as described above is shown in Figure 4b. The evolution of <ur> with R is shown in
Figure 4c. As can be seen in the Figure, atoms at the very center of Fe cores have CNef=14 and
so carry the magnetic moment of bulk Fe atoms. Also, due to the gradual decrease in the
respective CNefr, the closer Fe atoms to the core surface the higher their magnetic moment.
Notably, the magnetic moment of near-surface Fe atoms with a CNest < 6 approaches 3 ug which
corresponds to a valence electron structure of the 5(3d1)2(3d|)1(4s)-type.

Values for <un> are also shown in Figure 4c together with relevant experimental data,
<un®P>, resulted from “Stern-Gerlach” type studies [43, 44]. As can be seen in the Figure,
<un>and <un®P> agree reasonably well. Considering that each <un®"> data point appears as
an average of the magnetic moments of a large assembly of Fe clusters each comprising N atoms
(e.g. see eq. S33 and related to it text in Sl), the observed agreement indeed may not come as a
surprise. Within the limits of a spherical cluster model (see eq. S31), it may be conjectured that
<un> would evolve as N3, As can be seen in Figure 4c though, the convergence of <un®> to

the bulk value with increasing N is much faster. Evidently, this model is too simple to account
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for the observed cluster-size dependence of <un>. Other models assuming that Fe clusters with a
particular number of atoms, N, would appear as a particular canonical polyhedron such as, for
example, icosahedron for N < 100, rhombic dodecahedron for 100 < N < 500 and
cuboctahedron for N > 500 [45, 46], fail in describing reasonably well the observed functional
dependence of <un®P> on N either [38]. We argue that, largely, the failure is due to ignoring the
ensemble-average nature of <un®P> [35, 47, 48]. Indeed, due to intrinsic surface relaxation
effects and lack of 3D periodicity, clusters comprising N atoms may appear as an assembly of
similar but not necessarily the same polyhedral structures [49-52] and so are likely to carry
similar but not the same magnetic moments. As evidenced by data in Figure 4c, the cluster-size
dependence of both <un®P> obtained elsewhere and <un> obtained here may well be described
by a sigmoid-type function related to the Langevin function used to describe the dependence of
the large magnetic moment of transition metal clusters on the applied external magnetic field
and temperature (see egs. S32-S34). That is, when the ensemble-average nature of <un®P> data
resulted from “Stern-Gerlach” type experiments and <un> derived from ensemble-averaged 3D
atomic structure data is accounted for properly, not only the latter appear a true representation of
the former but also the cluster-size (N) dependence of both quantities can be described by
statistical theory for non-interacting superparamagnetic clusters. This is a prime example of
determining a fundamental relationship between the atomic-scale structure and functional
properties of composite metallic NCs, in particular superparamagnetic properties, on the basis of
ensemble-averaged 3D positions of atoms constituting a nested component of the NCs.
Fluctuations in the chemistry, size and shape of nanosized materials produced and used en
masse, such as metallic NCs, can be significant and are hard to avoid. Besides, due to their
cluster-bulk solid duality, NCs with the same size (N) and overall chemical composition may
appear, including kinetically trapped, as various virtually isostructural polymorphs (e.g.
somewhat differing in the degree of local structural disorder alone) from a pool of energetically
favorable structures, often referred to as a “structural landscape” [50, 53]. Nevertheless, as
demonstrated here, characteristic structural features and physicochemical properties of NCs
produced with due care in pursuit of given functionality appear as durable macroscopic
quantities. Indeed this is the reason behind the consistency of NC’s functionality in practical
applications. The quantities are an average over the usually immense ensemble of NCs required

by the applications and can be measured with high precision. In particular, the experimental
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approach employed here allows determining ensemble-averaged 3D positions of atoms in
structurally complex, multi-functional NCs. The knowledge helps not only understand but also
quantify the structure-function relationship for the studied ensembles, thereby enabling a rational
design approach to producing better NCs.
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Figure 1. (upper panel) (a) Typical XPS Fe 2ps2 and 2pi spectra for Fe@Pt NCs. The positive
shift, A, of the binding energy of Fe atoms in the respective NCs (red broken lines) is evaluated with
respect to the Fe 2ps» spectral line (black solid line) characteristic to bulk Fe. (b) Representative
HAADF-STEM images of Fe@Pt NCs. Images indicate that the NCs are with an average size of
approximately 2.5( 0.3) nm and polyhedral shape. Red broken lines outline the well-defined
facets of the NCs. (c) Typical XPS Pt 4f;, and 4fs, spectra for Fe@Pt shell NCs. The negative
shift, A, of the binding energy of Pt atoms in the respective NCs (red broken lines) is evaluated with
respect to the Pt 4fz, spectral line (black solid line) characteristic to bulk Pt. (lower panel)
Representative EDS elemental maps and HAADF-STEM images of (d) Fe@1Pt, (e) Fe@1.5Pt and
(f) Fe@2Pt NCs. Fe atoms are in red and Pt atoms are in yellow.
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Figure 2. (left) (a) Experimental (symbols) and computed (blue line) atomic PDFs for pure 2.5 nm
Pt and Fe@Pt Ncs. The computed PDFs are derived from MD optimized models featuring the NCs
as close packed atomic layers stacked in an fcc-type sequence. (b) Experimental (symbols) and
computed (red line) atomic PDFs for bulk bcc Fe and fcc Pt. The computed PDFs are based on an
infinite bce- and fee-type lattice with a parameter a=2.869 and a=3.921 A, respectively. Arrows
emphasize the difference between near-neighbor coordination spheres in bcc- (8+6 near neighbors)
and fcc-type (12 near neighbors) metals. (right) (c) RMC fits (red lines) to the experimental
(symbols) total atomic PDFs for 2.5 nm Pt and Fe@Pt NCs. The higher-r part of the experimental
data is shown in the inset. Vertical broken line (in blue) marks the real-space distance at which the
physical oscillations in the PDF data decay to zero. (d) RMC fits (red line) to the experimental
(symbols) Fe-Fe partial PDFs for Fe@Pt NCs. Inclined broken line (in blue) emphasizes the
increasing length of structural coherence in the Fe cores with the diminishing thickness of Pt skin.
Vertical broken lines (in black) show the nearly merged first and a bit more distant second
coordination spheres of Fe atoms in the cores. The RMC fits in (c) and (d) reflect the atomic
structures shown in Figure 3a. The quality factors Rw, for the structures are in the order of 7 (+ 3) %.
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Figure 3. (a) Full-scale structures for 2.5 nm fcc Pt and bcc Fe@fcc Pt NCs determined as
described in the text. Pt atoms are in gray and Fe atoms are in light brown. (b) Distribution of
bonding distances between surface Pt atoms from the structures shown in (a). The distances
appear “compressed” (in %) when normalized against the bulk Pt-Pt bonding distance of 2.775
A as a reference point. (c) Effective coordination of surface sites in pure 2.5 nm Pt and Fe@1Pt
NCs as derived from the respective structures shown in (a). Surface Pt atoms with an effective
1% CN=5 or 6 and smaller than 5 are given in gray and black, respectively. (d) Percentage of
surface atoms in 2.5 nm pure Pt and Fe@Pt NCs with an effective 1% CN=5 or 6 (blue bars).
Enhancement (red bars) of the catalytic activity of Fe@Pt NCs for ORR (vs pure Pt NCs) as
predicted from the percentage of surface Pt atoms with an effective 1% CN=5 or 6 (vs 1% CN
smaller than 5). Enhancement (black bars) of the (mass) catalytic activity of Fe@Pt NCs for
ORR (vs pure 2.5 nm Pt particles) obtained by CV and RDE experiments described in the
Methods Section of SI.
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Figure 4. (a) Temperature dependence of the zero field cooled (open circles) and field (100 Oe)
cooled (filled circles) magnetization for Fe@Pt NCs. The blocking temperature, Tg, is given for
each data set. (b) Atoms (circles) forming Fe cores of Fe@Pt NCs. Arrows represent the magnetic
moments of individual atoms assessed as explained in the text for T<Ts. The average magnetic
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rectangles) and empirical (~NY3; blue circles) <un> as a function of the core size. Solid line in red
and broken line in black are sigmoidal fits to the respective data sets. Blue line is a guide to the
eye.
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Methods:
)] Synthesis of composite Fe core-Pt skin NCs

The Fe core-Pt skin nanocrystals (NCs) were synthesized by one step ultrasound-assisted polyol
reactions between Fe(l11) acetylacetonate, Fe(CsH702)s, and Pt(ll) acetylacetonate, Pt(CsH70z)..
In particular, mixtures of Fe(CsH70O2)s and Pt(CsH70.)2 in pre-desired ratios were sonicated in
ethylene glycol in the presence of fine carbon powder (Ketjen black), filtered, washed and then
dried under vacuum. The mixtures wherein the ratio of Fe(CsH70.)3 to Pt(CsH702)> was as small
as 0.1 yielded NCs with a relatively larger Fe core, that is approximately 330 atoms, and Pt skin
as thin as one atomic layer. The mixtures wherein the ratio of Fe(CsH702)3 to Pt(CsH702)2 was
as large as 1.2 yielded NCs with a relatively small Fe core, that is approximately 160 atoms, and
Pt skin comprising two atomic layers. Three samples of Fe core-Pt shell NCs were synthesized
with the size of Fe core and the thickness of Pt skin were fine-tuned through varying the
Fe(CsH702)s to Pt(CsH702)2 ratio so that the overall size of resultant NCs was kept constant and
close to 2.5 nm. More details of the synthesis protocol can be found in ref. [S1].

i) Determining the overall chemical composition, size, shape and chemical pattern of
composite Fe core-Pt skin NCs

The overall (bulk) chemical composition of the three Fe core-Pt skin samples studied here was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Measurements were done on a Perkin Elmer 2000 DV ICP-AES instrument. Calibration was
done against standards dissolved in the same acid matrix as the unknowns. Several batches of the
unknowns were analysed thus ensuring < 2 % error in the overall chemical composition.
Experimental data showed that the overall chemical composition of Fe core-Pt skin samples is
very close to the loading ratios of Fe(CsH7O2)s and Pt(CsHzOz)2 precursors, that is, Feo.sPt
(Fe1e6Pta21), Feo7Pt (Fe244Ptss1) and Feq 2Pt (FessaPtagy).

The size, shape and chemical pattern of FexPt (x=0.4. 07 and 1.2) NCs and standard Pt NCs
were determined by High-Angle Annular Dark-Field (HAADF) Scanning TEM (STEM)
experiments done on a JEOL JEM 2100F instrument equipped with a CEOS hexapole probe. The
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instrument was operated at 200 keV in STEM mode. The lens settings combined with the
corrector tuning gave a spatial resolution of ~ 90 pm. Exemplary HAADF-STEM images are
shown in Figure S1. HAADF-STEM images of selected FexPt (x=0.4, 0.7 and 1.2) NCs are
shown in Figure 1(b). As can be seen in the Figures, FexPt (x=0.4. 07 and 1.2) and pure Pt NCs
are rather uniform in terms of size and shape. To be more specific, the NCs appear with an
average size of 2.5 (£ 0.2) nm, polyhedral shape and well-defined facets. Furthermore, the NCs
possess a good degree of crystallinity as evidenced by the lattice fringes in the respective images.

EDS maps of FexPt (x=0.4. 07 and 1.2) NCs are shown in Figure 1(d, e and f).The maps
indicate that the NCs have a core-skin morphology. To evaluate the number of surface Pt layers
on top of Fe cores, we carried out simplistic calculations using the experimental ICP-AES data
for the chemical composition of the NCs, HAADF-STEM data for the size of the NCs (~2.5 nm)
and well-known size of Fe (2.52) A and Pt (2.775 A) atoms [S2]. In particular, for Fei2Pt NCs
we found that Pt skin, that is the difference between the radius of the NCs and the radius of Fe
core, is approximately 1 monolayer thick. For Feo 7Pt and Feo.4Pt NCs the skin turned out to be
about 1.5 and 2 Pt layers thick, respectively. The so-obtained independent estimate of Pt skin
thicknesses matched well the pre-desired number of Pt layers. Hence, hereafter, FexPt (x=0.4. 07
and 1.2) NCs are referred to as Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs, respectively.

iii) X-ray photoelectron spectroscopy (XPS) studies on Fe core-Pt skin NCs

The electronic properties of Fe and Pt atoms forming the core and skin of Fe@1Pt, Fe@1.5Pt
and Fe@2Pt NCs were studied by XPS. The measurements were done on Kratos AXIS Ultra
DLD spectrometer using monochromatic Al source. The spectrometer was calibrated using C 1s
peak at 284.8 eV, Cu 2ps32 peak at 932.7 eV and Au 4f7, peak at 83.96 eV as internal standards.
The pass energy was fixed at 20 eV for the detailed scans. Typical XPS Fe 2p and Pt 4f spectra
are shown in Figure 1a and 1c, respectively. Shifts in the binding energy of Fe and Pt atoms with
the changes in the relative Fe to Pt ratio in the NCs are also shown. The shifts are evaluated with
respect to the Fe 2ps2 (706.9 eV) and Pt 4f72 (71.0 eV) spectral lines characteristic to bulk Fe
and Pt, respectively [S3, S4].

As can be seen in Figure la, the Fe 2ps» core-level peak position in Fe@1Pt, Fe@1.5Pt and
Fe@2Pt NCs is shifted by 0.59 eV, 0.79 eV and 1.19 eV, respectively, in comparison to the bulk
value of 706.9 eV. The shift may not be due to oxidation of Fe cores because the Fe 2ps> spectral
line in common iron oxides such as Fe,Os, involving Fe®* species, FesO4, involving both Fe?*
and Fe3* species, and FexO, involving both Fe?* and Fe®* species, appear at 711 eV, 710.6 eV and
709.5 eV, respectively [S5]. Results of our independent resonant HE-XRD experiments also
indicate that Fe cores in Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs are not oxidized (see Figure S7).
The shift may not be due to alloying of Fe and Pt species at the core@skin interface either
because prior studies have shown that Fe 2ps orbitals do not shift up in energy considerably
when Fe and Pt atoms intermix at the nanoscale [S6, S7]. On the other hand, studies on Fe NCs
and thin layers have found that the Fe 2ps;. peak progressively shifts toward a higher binding
energy with the diminishing of NC’s size and layer’s thickness. In particular, the shift has been
found to amount to about (+) 1.2-1.5 eV for Fe monolayers and particles with a size less than 2-3
nm. Hence, the observed consistent shift of Fe 2ps; core-level peak position toward higher
energy with the thickness of Pt skin may be associated with the respective decrease in the size of
Fe cores covered by the skin. Furthermore, the concurrent broadening of the peak can be
associated with the so-called “vacancy-cascade” mechanism evoked to explain the XPS spectra
of nanosized Fe [S8, S9].
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As can be seen in Figure 1c, the Pt 4f7, core-level peak position in Fe@1Pt, Fe@1.5Pt and
Fe@2Pt NCs is shifted by -0.34 eV, -0.25 eV and -0.12 eV, respectively, in comparison with the
bulk value of 71.0 eV. The shift may not be due to the presence of PtOy species because the
respective Pt 4f7, spectral line would have appeared at about 74.2 eV [S10]. The shift may not
be due to alloying of Fe and Pt species at the core-skin interface in the NCs either because prior
studies have shown that Pt 4f7 orbitals in Pt-Fe nanoalloys shift up in energy by about 0.5 eV
due to Pt—Fe charge exchange effects in the nanoalloys [S6, S7, S11]. Prior studies on Pt
surfaces have related the observed here negative shift in the energy position of Pt 4f7; core-level
peak to the inherently reduced coordination of surface Pt atoms as compared to atoms in bulk fcc
Pt [S12, S13]. As discussed in the text, the shift of Fe 2ps2 and Pt 4f7, core-level peak position
toward higher and lower energy, respectively, is related to changes in the valence d-electron
density of states (DOS) at the Fermi level in Fe core-Pt skin NCs, which, in turn, are related to
the different percentage and coordination environment of surface Fe and Pt atoms in the
respective NCs.

iv) Electrochemical analyses of Fe core-Pt skin NCs

The catalytic activity of Fe@1Pt, Fe@1.5Pt and Fe@2Pt NCs for oxygen reduction reaction
(ORR) was studied using the rotating disk electrode (RDE) technique in 0.1 M HCIO4 electrolyte
at room temperature. Reference 2.5 nm Pt NCs were also studied. The electrochemically active
surface area (ECSA) of the NCs was estimated from cycling voltammetry (CV) curves using the
literature value of 210 uC.cm™ for polycrystalline Pt. ECSA values ranged from 0.69 m?g ! for
the reference Pt NCs to 0.59 m?g 2, 0.64 m?g ! and 0.63 m?g ! for the Fe@1Pt, Fe@1.5Pt and
Fe@2Pt NCs, respectively. Voltammograms recorded at a sweep rate of 5 mV/s showed that the
onset potential for Fe@1Pt is 1.02 V and that for Fe@1.5Pt and Fe@2Pt NPs is 1.00 V. The
onset potential for pure Pt NCs was found to be 0.98 V. Tafel plots of the specific activity (SA)
of Fe core-Pt skin NCs for ORR are shown in Figure S2. The plots clearly show that the kinetics
of ORR over Fe core-Pt skin NCs is superior to that over pure Pt NCs in the higher potential
range (0.88 V - 0.98 V). In particular, the mass activity (MA) for ORR, which is relevant to
practical applications, was found to increase in the order Pt < Fe@2Pt < Fe@1.5Pt < Fe@1Pt
NCs. Notably, the MA of Fe@1Pt NPs was found to exceed that of pure Pt NCs by a factor ~ 6.
The increase in the MA of Fe@Pt NCs is summarized in Figure 3(d). More details of the
electrochemical analyses can be found in ref. [S1].

Without loss of generality, the mechanism of ORR over catalyst surfaces, including catalysts
at the cathode of fuel cells, can be described by the following four major steps:

*+02+H"+e — *OOH (S1)
*OOH + H"+e — *O + H20 (S2)
*O +H"+e — *OH (S3)
*OH+H"+e — *+ H,O (84),

where (*) stands for catalytically active surface sites, H" are protons resulting from splitting of
H> molecules at the cell’s anode and O, are oxygen molecules fed to the cell’s cathode. It is
considered that the likely ORR-rate determining steps are the dissociative adsorption and
protonation of molecular oxygen, i.e. step (S1), and removal of reaction intermediates such as
atomic oxygen and hydroxyl (OH) groups, in particular step (S4). An efficient catalyst for ORR
would bind oxygen molecules with ample strength to allow the cleavage of O-O bonds but
weakly enough to liberate the reaction intermediates and product when the reaction completes. In
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addition, it is considered that the binding energy of atomic oxygen can serve as an indicator for
catalytic activity for ORR [S14-S16]. Pure Pt is the best monometallic catalyst for ORR, even
though, according to theory, it binds oxygenated species a bit too strongly by about 0.2 eV [S14,
S17]. Our prior work indicated that the superb catalytic activity of Fe@1Pt NCs for ORR can be
related to the presence of particular terrace-type sites on the NC’s surface that bind oxygen
species weaker (by ~ 0.3 eV) as compared to corresponding surface sites in Fe@2Pt and pure Pt
NCs [S1]. The particular (~6-fold) improvement of the ORR activity of the former (Fe@1Pt
NCs) over that of the latter (reference Pt NCs), though, remained puzzling at the time. Here we
find the improvement is proportionate to the increase in the CNess of surface Pt atoms in the Fe@
Pt NCs with the decrease in the thickness of Pt skin (see data in Figure 3d and related to it text).

v) Characterizing the magnetic properties of Fe core-Pt skin NCs

Magnetic characterization of Fe@Pt NCs was done on a SQUID magnetometer from Quantum
Design. Hysteresis curves for Fe@Pt NCs measured at 2 K are shown in Figure S3. Zero field and
field (100 Oe) magnetization curves for Fe@Pt NCs are shown in Figure 4a. For an assembly of
uniform in shape and well-separated from each other cluster-like Fe particles, that is Fe particles
with an average size of less than 2 nm (see EDS maps in Figure 1 and Fe-Fe partial PDFs in
Figure 2d), the magnetic anisotropy energy (MEA) may be defined as MEA = KV, where Kes
and V are the NC’s effective anisotropy constant and volume, respectively. In general, the MEA
can involve contributions from magnetostatic anisotropy related to the NC’s shape,
magnetoelastic anisotropy related to atomic-level stresses, anisotropy intrinsic to bcc Fe and
surface anisotropy related to the breaking of the 3D periodicity at the NC’s surface. Studies have
shown that for Fe clusters with a largely spherical shape and size similar to that of Fe cores in
Fe@Pt NCs, surface anisotropy is a dominant contributor to the MEA [S18-S20]. Also, studies
have shown that the blocking temperature, Tg, effective anisotropy constant, Kesr, and volume V
for non-interacting superparamagnetic Fe clusters are interrelated as follows [S21, S22]:

Keff «V=25kp+Tg (S5)

where kg is the Boltzman constant and the pre-factor 25 is chosen to account for the typical
measuring time, z, in SQUID experiments (z ~ 100 s). Using eq. S5 and experimental data for Ts
(see Figure 4a) and size of respective Fe cores, the effective magnetic anisotropy constant, Kef,
for Fe@1Pt, Fe@1.5Pt and Fe@2Pt NPs was found to be 9.2x10° J/m3, 9.09x10° J/m® and
9.04x10% J/m?, respectively. The values are considerably larger than the intrinsic anisotropy for
bulk bcc Fe. The values though are close to Ke=3x10° J/m® and Ker=5.5x10° J/m? reported for
2.4 nm inert gas protected and 1.8 nm surfactant coated Fe clusters, respectively [S18, S23].
Besides, they are consistent with the fact that, albeit spherical in shape, the Fe cores are
terminated with relatively well-defined facets (see Figure 4b). Note, the large effective
anisotropy for Fe@Pt NCs observed here cannot be attributed to interactions between nearby
NCs because the values of Ket would vary inversely with the size of Fe cores, but this is not the
case. Here it may be added that according to the Stoner-Wohlfarth model for an assembly of
non-interaction superparamagnetic clusters, such as Fe cores in Fe@Pt NCs, the coercivity Hc
would not depend much on the cluster’s size [S24, S25]. This is indeed what our data for the Hc
of Fe@Pt NCs show (see Figure S3).
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Theoretical work based on a streamlined rectangular d-band model [S26, S27] has shown that
the magnetic moment, i, of individual atoms in small transition metal clusters, in particular Fe
clusters, can be evaluated using the following expression:

Ui, = (CNpui/CNefr ') 2« e ouiy — if CNefr ' = CNounex(t4i /tre outi )

= Ure(dimer) otherwise, (S6).

Here fire puik) = 2.22 ug and e (dimer) = 3.25 up are the magnetic moment of Fe atoms in bulk
and Fe-Fe dimers, respectively, CNpui is the number of near neighbors in bulk Fe, and CNes' is
the effective coordination number for atom i in the considered cluster. Note, for reasons
discussed in Section x) below, CNpuik Was set to 14 and CNer' was computed according eq. S30.
The average magnetic moment, <un>, per atom of a cluster comprising N atoms was then
computed from

1

The so-obtained <un> values are summarized in Figure 4. The values are consistent with
predictions of independent theoretical studies on Fe clusters [S69-S71] but not the same. That is
because the <un>obtained here are derived from ensemble-average atomic structure data for
actual NCs with Fe cores whereas theoretical studies are based on predicted, i.e. not verified
experimentally, atomic configurations. The values obtained here are consistent with data from
“Stern-Gerlach”-type experiments but not the same either [S16, S58, S66]. That is because the
experimental data of Billas et al. [S16, S66] are taken at 120 K whereas, in line with the
practices of atomic structure studies, our ensemble-average 3D atomic positions and so <un>
values derived from them are corrected for temperature-related effects (see eq. S23 below and
the related to it text). Hence, as exemplified in Figure S15, the former would appear somewhat
diminished in magnitude as compared to the latter.

vi) Resonant high-energy synchrotron XRD (HE-XRD) experiments and derivation of total
and element-specific atomic pair distribution functions (PDFs) for Fe@Pt NCs

Carbon supported pure Pu and Fe@Pt NCs were subjected to resonant high-energy synchrotron
XRD experiments (HE-XRD) at the 1-ID beamline of the Advanced Photon Source, Argonne.
Samples were sealed in thin-walled glass capillaries and measured in transmission geometry. An
empty glass capillary, carbon powder alone, bulk fcc Pt and bcc Fe (polycrystalline powder)
standards, and 4.5 nm Fe particles, synthesized as described in [S28], were measured separately.
The experimental set-up was calibrated with high-purity powder Si standard. Two sets of HE-
XRD patterns for each of Fe@Pt NCs were collected using x-rays of two different energies. One
of the sets was collected using x-rays with energy of 78.370 keV, which is 25 eV below the K
absorption edge of Pt. The other set of patterns was collected using x-rays of energy 78.070 keV,
which is 325 eV below the K absorption edge of Pt. X-rays were delivered by a combination of a
bent double-Laue monochromator, collimating refracting lenses and a four crystal high-energy
resolution (AE=8 eV) monochromator [S29]. Scattered x-rays intensities were collected by a
solid-state Ge detector coupled to a multi-channel analyzer. A few energy windows, covering
several neighboring channels, were set up to obtain x-ray intensities integrated over specific x-
ray energy ranges during the data collection, as exemplified in Figure S4. The energy windows
covered: the coherent intensities only; the coherent, Compton, and Pt Ky fluorescence intensities
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all together; the Pt Ky and Ka» fluorescence; and the total intensities scattered into the Ge
detector. HE-XRD patterns for the respective NCs were collected several times scanning up to
wave vectors, ¢, of 25 A and then averaged to improve the statistical accuracy. HE-XRD
patterns for pure Pt and Fe@Pt NCs obtained using x-rays with energy of 78.070 keV are shown
in Figure S5 as an example. As can be seen in the Figure, the patterns show a few distinct Bragg-
like peaks at low diffraction angles and several broad features at high diffraction angles, i.e. are
rather diffuse in nature. This rendered sharp-Bragg peak based techniques for determining the 3D
atomic structure of bulk metals and alloys difficult to apply in the case of NCs studied here.
Hence, HE-XRD patterns for pure Pt and Fe@Pt NCs were considered in terms of atomic pair
distribution functions (PDFs) as described below. For consistency, HE-XRD patterns for bulk fcc
Pt and bcc Fe were also considered in terms of atomic PDFs.

In particular, the experimental HE-XRD patterns obtained using x-rays with energy of
78.070 keV were corrected for experimental artifacts (e.g. background scattering) and then used
to derive the so-called total structure factors defined as

s@)=1+ | 1" (@)~ e[, @[ |[Ze @ (S8)

where 1°°"(q) are the coherently scattered intensities extracted from the raw HE-XRD patterns, Ci
and fi(q) are the concentration and x-ray scattering factor, respectively, for atomic species of type
I (i=Fe and Pt). The structure factors were Fourier transformed into the so-called total atomic
PDFs, G(r), as follows:

q max

G(r) =2 [dlS (@)~ Usin(ar)da. (9)

where ¢ is the magnitude of the wave vector (q=4nsin6/1), 26 is the angle between the incoming
and outgoing x-rays, A is the wavelength of the x-rays used and r is the radial (real space)
distance [S30, S31]. Total atomic PDFs for pure Pt and Fe@Pt NCs are shown in Figure 2a.
Total atomic PDFs for bulk fcc Pt and bcc Fe are shown in Figure 2b. Total atomic PDF for 4.5
nm Fe particles is shown in Figure S6. Note, the Fourier transformation is a unitary operation
and so does not alter in any way the atomic-structure relevant information contained in HE-XRD
data.

By definition, total atomic PDFs reflect all atomic pair correlations in NCs. Hence, the total
atomic PDF for Pt NCs shown in Figure 2a reflects correlations between pairs of Pt atoms alone.
On the other hand, the total atomic PDFs for Fe@Pt NCs shown in the same Figure are a
weighted sum of 3 partial atomic PDFs Gij(r), in particular Gre-re(r), Gre-rt(r) and Gpr.pt(r) partial
PDFs, that is:

G(r) =Y w,G; (1), (S10).

where ci, and fi(q) are the concentration and X-ray scattering factor of the particular atomic species,
and the weighting factors w;; are defined as:

wi = ciefi@fia)/[ Y ¢ f (@)]° (S11).

To determine the contributions of Gre-re(r) partial PDFs to the total PDFs for Fe@Pt NCs, the so-
called Pt-differential atomic PDFs were obtained at first as follows [S34]:
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DS(Q)w = 'COh(q’El)_Ijhf(?;)zjz__[iffz((EEl));_< PE, (S12)

where E; and E> denote the data sets collected using x-rays with energy of 78.070 keV and
78.370 keV, respectively, the atomic scattering factors f(E) = fo(q) + f'(q, E) + if”(q, E), and
and f” are the so-called dispersion corrections [S32, S33]. Then, Pt-differential atomic PDFs,
DG(r)et, were obtained via a Fourier transformation as given below:

Omax

DG()e = % [a[DS(a)» —1sin(ar)dg (S13).
q=0

Note, the Pt-differential atomic PDFs comprise contributions from Pt-Pt and Pt-Fe atomic pairs
because only the scattering factor of Pt species changes significantly when resonant HE-XRD
experiments are done at the Pt K edge, i.e.

DG(r)ee= ) AWy Gpy i (1) (S14)

where

*

_ CpCi Re[fi(fl:t(El)_ fa (Bl (S15).
" CH(E) > -< f(E,) >
Here c; is the concentration of atomic species of type i and f*(E) is the complex conjugate of
f(E). Finally, by using the so-called MIXSCAT approach, the Fe-Fe partial PDFs for Fe@Pt,

Fe@1.5Pt and Fe@2Pt were obtained from the respective total and Pt-differential PDFs as
follows [S34]:

Fe-Fe partial PDF = [respective Total G(r)/wij — [respective DG(r)pg]/Awept-i (S20)

where wij and Awpti are the weighting factors of Pt-Pt and Pt-Fe atomic pairs computed using
egs. (S11) and (S14), respectively. The resulting partial Gre-re(r)s are shown in Figure 2d. More
details of resonant HE-XRD experiments and derivation of element-specific atomic PDFs can be
found in ref. [S35]. Evidence for the sensitivity of resonant HE-XRD to the distribution of
chemical species in metallic NCs can be found in refs. [S36, S37]

vii) Crystal-structure Constrained Modeling

To ascertain the quality of HE-XRD experiments and atomic PDFs derivation, the total PDFs for
bulk Fe and Pt powder standards were fit with models constrained to an bcc- and fcc-type crystal
structure adopted by bulk Fe and Pt, respectively [S38]. The initial models perfectly 3D periodic,
infinite lattices of the respective structure type. The d-functions-like peaks in the atomic PDFs
derived from the models were broadened by convolution with Gaussian functions as to mimic the
usual broadening of the atomic coordination spheres in metallic nanomaterials at ambient
conditions. The unit cell parameters of the model lattices were adjusted such that model-derived
atomic PDFs approached the corresponding experimental ones as closely as possible. The
modeling was done with the help of the program PDFgui [S39]. Results from the modeling are
shown in Figure 2b. As can be seen in the Figure, the experimental PDF data are reproduced
very well by the respective 3D model lattices. The refined lattice parameters, a=2.869 A for bce
Fe, and a= 3.921 A for fcc Pt, compare very well with literature data (a=2.867 A for bulk Fe and
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3.923 A for bulk Pt) [S38]. Results attest to the very good quality of the present synchrotron HE-
XRD experiments.

To ascertain the phase state of Fe cores, the experimental Fe-Fe partial PDFs for Fe@Pt NCs
were approached with models based on the atomic structure of common Fe*? and Fe*3-based
oxides, including wustite, hematite and magnetite. The models made sense since Fe is known to
be highly reactive towards oxygen under ambient conditions. Modeling was done with the help
of the program PDFgui. Models were based on crystal structure data for wustite, hematite and
magnetite obtained from literature sources [S40]. Results of the modeling, that is nothing but
“phase-analysis” by XRD, are shown in Figure S7. As can be seen in the Figure, experimental
Fe-Fe partial PDFs do not show features characteristic to common Fe oxides. Thus, in line with
the findings of XPS experiments, HE-XRD experiments indicated that Pt skin of Fe@Pt NCs
largely protects Fe cores from oxidation.

viii) Molecular Dynamics simulations

3D atomic models for 4.5 nm pure Fe particles, 2.5 nm pure Pt and Fe@Pt NCs were built by
classical Molecular Dynamics (MD) simulations based on the quantum-corrected Sutton-Chen
(Q-SC) potential [S41-S43]. It considers the energy of atomic-level models, E, as a sum of an
atomic pair potential P(rij) term and a local electron density (pi) term defined as follows:

1
E=7%; [Zjii%hi x € * P(ry) — s; % € * (Piﬁ] (S21)
where
aij nij ajj mij
P(r;) = <r_> and p; = X <r—> (S22).
9] ij

The so-called “energy” parameter j(meV) and the dimensionless parameter s; are used to scale
appropriately the strength of repulsive P(rij)) and attractive (pi) metal-to-metal atom interactions,
respectively. Parameters mji and nj; are positive integers such that nii < mji. The parameter ajj is a
quantity used to scale distances rij between i and j type atoms in the structure models. Typically,
values of ajj are calibrated against the lattice parameter for the respective bulk metals. SC
parameters for Fe and Pt were taken from literature sources [S43, S44].

In general, the realism of MD simulations depends both on the type of structure models
chosen and conditions under which the simulations are run. Hence, to be as realistic as possible,
the initial model atomic configurations for pure Pt and Fe@Pt NCs reflected the average size (~
2.5 nm), shape (polyhedral) and chemical composition (FexPt, where x=0, 0.4. 07 and 1.2) of the
NCs modeled. Accounting for the diffraction features of experimental HE-XRD patterns and
phase diagrams of bulk Fe, Pt and Fe-Pt alloys, several types of structure models were
considered. In particular, for the Fe@Pt NCs we considered models based on a fcc-type structure
alone and models wherein Fe and Pt atoms maintain the structure type of their bulk counterparts,
that is, bcc for Fe and fcc for Pt [S38]. An fcc-type model (2.5 nm in size) for pure Pt NCs with
the respective size (2.5 nm) and a bcc-type model for pure Fe particles with the respective size
(4.5 nm) were also generated. All initial atomic configurations were optimized in terms of
energy, i.e. stabilized at atomic level, with the help of the computer program DL-POLY [S45].
The optimization was performed under canonical NVT ensemble in the absence of periodic
boundary conditions. Velocity Verlet algorithm with a time step of 2 fs was used.
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Typically, MD simulations on metallic systems involve quenching of atomic configurations
equilibrated at very high temperature. However, as it is the common practice in nanotechnology,
Fe@Pt NCs were synthesized in solution, i.e. they were not obtained by rapid quenching from a
melt. Hence, the initial atomic configurations used in the MD simulations were not melted but
equilibrated for 150 ps at 400 °C, cooled down to room temperature in steps of 50 K and again
equilibrated for 150 ps. Results from MD simulations of 4.5 nm Fe particles and 2.5 nm Pt NCs
are shown in Figure S8. Results from MD simulations featuring Fe@Pt NCs with an overall fcc-
type atomic structure are presented in Figures 2a and S9. Results from MD simulations featuring
Fe@Pt NCs with a bcc-type Fe core nested inside a tight fcc Pt shell are shown in Figure S10.
Data in Figure S8 indicate that the atomic ordering in pure Fe and Pt particles is bcc- and fcc-
like, respectively. However, as can be seen in Figurs 2a and S9, models for Fe@Pt NCs based on
a structurally coherent fcc Fe core and fcc Pt shell do not reproduce the experimental PDF data
well, in particular the intensities of several major PDF peaks. The observation indicates that,
though exhibiting HE-XRD patterns similar to that of fcc Pt NCs (see Figure S3), Fe@Pt NCs
may not be described as stacks of close packed atomic layers known to occur with fcc Pt and
FexPt alloys, where x is in the range from 0.4 to 1.2 [S38, S46]. On the other hand, as data in
Figure S10 show, models for Fe@Pt NCs based on a bcc Fe core and fcc Pt skin, that are
incommensurate in terms of atomic packing efficiency and near neighbor coordination,
reproduce the experimental PDF data reasonably well. For reference, contrary to the fcc-type
structure which involves both close packed (111)sc atomic layers and <110>¢ directions, the
bcc-type structure does not involve close packed atomic layers but close packed <111>pec
directions alone [S38]. Accordingly, the atomic packing fraction (68 % vs 74 %) and near-
neighbor coordination (8 + 6 vs 12; see Figure 2b) in bcc-and fcc-type structure are significantly
different. The advantage of bcc Fe@fcc Pt structure model over the fcc Fe@fcc Pt one becomes
even more evident when Fe-Fe partial PDFs derived from the models are compared with the
respective experimental data sets, as demonstrated n Figure S11. Hence, the former model was
considered as a plausible 3D atomic structure of Fe@Pt NCs studied here and refined further
against the experimental total and Fe-Fe partial PDFs by reverse Monte Carlo (RMC). The bcc-
and fcc-type structure models for pure Fe particles and Pt NCs, respectively, were also refined by
RMC, as described below.

ix) Reverse Monte Carlo Refinement of the MD models

Best MD models for 4.5 nm Fe particles, 2.5 nm Pt and Fe@Pt NCs were refined further by
RMC simulations guided by the respective total and partial Fe-Fe atomic PDFs [S47]. The
refinement was necessary since actual metallic NCs exhibit local structural relaxation, in
particular close to their surface, and chemical patterns which may not be captured by MD alone,
i.e. without experimental input. Note, as demonstrated in Figures 2c, 2d, S7, S9, S10 and S11
and work of others atomic PDFs are sensitive to the length of structural coherence, that may or
may not be comparable to the NC size, and phase composition (e.g. oxidized vs metallic, bcc vs
fcc vs metallic glass-like structure) of metallic NCs [S48-S51]. Dewtails of the refinementare
described below:

i) It is well-known that atoms in metallic materials can experience both random atomic
displacements, also known as (Debye-Waller type) thermal vibrations, and static displacements,
i.e. relax. Hence, to decouple the latter from the former, peaks in the total and partial PDFs
computed from the RMC-refined models were convoluted with a Gaussian broadening function,

28



F(r) = = ex p(— ) (S23)

where r is the radial distance and or is the thermal root-mean-square (rms) displacement of either
Fe or Pt atoms at room temperature. The respective values of or were taken from literature
sources [S40].

il) During the refinement, positions of atoms in the MD-optimized atomic configurations
were adjusted as to minimize the difference between the RMC-computed and experimental total
partial atomic PDFs. Normalized distribution of Pd-Pd bonding distances in pure Pt and Fe@Pt
NCs, computed from the adjusted atomic positions, are reported in Figure 3b.

iii) Simultaneously, the RMC refinement was frequently switched between two modes of
operation exemplified in Figure S12. That is, the experimental atomic PDF data were represented
either in terms of G(r) or r*G(r) so that the distinctive atomic-level features of both the interior
and near-surface region of the NCs modeled were captured in due detail.

iv) In addition, atoms in the refined 3D structures were required (i.e. restrained but not
constrained) not to come much closer than pre-selected distances of closest approach, thereby
taking into account the fact that individual atoms in metallic materials may share valence
electrons but remain distinct entities.

V) Last but not least, the energy of the refined models was minimized further, i.e. beyond
the level already achieved by MD, using pair-wise potentials taken from literature sources [S52].

Altogether, RMC refinements aimed at minimizing a residuals function 2 involving two

major terms, y2and y2, defined as as follows [S53]:

_ IG(tot)* - Got)* T Z[G(Fe Fe)®® — G(Fe — Fe)@* ] .

2
Q

gG(r) gG(r)
Z [R des R calc (824)
SRU
7= (S25)
Eau

where G(tot)i®? and G(tot)i®, G(Fe-Fe)® and G(Fe-Fe)i®® are model-derived and experimental
total and Fe-Fe partial atomic PDFs for a given value of the real space distance ri, respectively,
and R;jj% and R;i® are preset plausible (see above) and model calculated ij atomic pair distances
of closest approach, respectively. Understandably, both total and Fe-Fe partial atomic PDFs
participated in eq. S24 in the case of Fe@Pt NCs whereas total PDFs alone were fit in the case of
pure Fe particles and Pt NCs. The term AU reflects changes in model’s energy as described by
pair-wise potentials (see above). The &’s in the denominators of eqs. S24 and S25 are weighting
factors allowing controlling the relative importance of the individual terms in the residuals
function »? being minimized. In the course of refinements the values of ¢’s and rate of switching

between the two modes of RMC operation exemplified in Figure S12 were changed several
times to increase the chances of finding the global minimum of the residuals function 4?2,

instead of a local minimum. Note, using constraints, restraints, penalty functions etc. is a
common practice in refining 3D structure models against diffraction data [S53-S57]. Those
though are used to guide the refinement and not to pre-determine its outcome. The major goal of
the refinement is to find a 3D structure that both reproduces the experimental diffraction data in

29



very good detail and does not contradict any other available piece of structure-relevant
information (e.g. overall chemical composition, morphology, structure type as optimized by MD,
etc.) for the NCs under study. Hence, the RMC refinements were considered complete when
their major goal was achieved, including the minimization of the residuals function y2.

Computations were done with the help of a newer version of the program RMC++ allowing
refining full-scale models for metallic NPs of any size and shape under non-periodic boundary
conditions [S54].

MD-optimized models for pure Pt and Fe@Pt NCs converged to the atomic configurations
shown in Figure 3a. The MD-optimized MD model for 4.5 nm Fe converged to the atomic
configuration shown in Figure S6(see the inset). As can be seen in the Figures 2c, 2d, and S6,
atomic PDFs derived from the refined configurations reproduce the respective experimental data
sets in very good detail. The overall quality of the configurations was quantified by computing a
goodness-of-RMC-fit indicator defined as

R, ={ZV§3(G_G) R } (526)

where G®" and G%/“ are the experimental and RMC-fit atomic (total and Fe-Fe) PDFs,
respectively, and w; are weighting factors reflecting the experimental uncertainty of individual
experimental data points. Here wi were considered to be uniform which, as predicted by theory
[S55] and corroborated by experiment [S56], is a reasonable approximation. The Ry values of
about 7 (£ 3) % for the RMC-fits shown in Figures 2c, 2d and S6 certify the high quality of the
respective 3D atomic configurations. Here it is to be underlined that the configurations are
generated by MD, refined by RMC and evaluated (see eq. S26) strictly following the successful
practices of determining the 3D atomic structure of metallic materials, including fine powders,
by x-ray scattering techniques [S57]. The comparison with the latter is particularly fair since
determining the 3D structure both of polycrystalline and nanocrystalline metallic particles, such
as pure Pt and Fe@Pt NCs studied here, rely on diffraction datasets obtained from ensembles of
entities with a fairly close chemical composition, size and shape. As such, within the limits of
the experimental accuracy, the RMC refined 3D atomic configurations shown in Figures 3a and
S6 can be considered as the most likely 3D atomic structure of the respective NCs [S53, S55-57],
and so are fit for their purpose. That is, the structures can provide a sound basis for assessing the
structure-function relationship for the respective NCs, as done in Figures 3d and 4c. Note,
atomic configurations with an overall chemical composition different from that determined by
ICP-AES cannot be considered as likely 3D atomic structures of Fe@Pt NCs. Planar, rod, frame-
type atomic configurations and atomic configurations that are with a size substantially different
from 2.5 nm cannot be considered as likely 3D atomic structures of Fe@Pt NCs either since such
configurations would contradict the experimental HAADF-STEM and PDF data (see Figures 1,
S1land2).

ix) Assessing the local atomic structure in Fe cores and Pt skin in terms of effective
coordination numbers CNes

The reactivity of Pt surfaces and magnetic properties of Fe clusters are largely determined by the
width, wg, and energy position, &4, of surface d-electron bands with respect to the Fermi energy,
degree of hybridization of valence s, p and d electrons of surface Pt atoms and the resulting
number and character of valence electrons at the Fermi level, often represented in terms of
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electron density of states (DOS) near the Fermi energy [64-66]. In general, according to
electronic structure theory of metals, wq is proportional to the number of nearest neighbor atoms,
that is the first coordination number (CN), as follows:

Wq = CN*'1/:B(rij )2, (827)

Here f represents the average hopping probability of a d-electron from one metal atom to
another, assuming only the near neighbor hopping. The CN of surface atoms, CN(surf), though is
greatly reduced as compared to that of atoms in the respective bulk, i.e. CN(bulk). Hence, the d-

band width, wq®, of surface atoms narrows considerably. As shown by theory [S16, S26],

, CN(suf.
Wa® ~ Wd(bulky* % (528).

Furthermore, the energy position of the d-band for surface atoms, &¢°, also changes as follows
E(coh) >|<(CN(surf) _
204  ‘CN(bulk)

ed® = ed(bulk) + 1), (S29)
where E(coh.) is the cohesive energy of a bulk atom and @y is the degree of filling of the d-band.
Thus, it is straightforward to conclude that changes in the coordination of surface atoms would
modify greatly the reactivity of Pt surfaces and magnetism of Fe clusters, where the surface to
volume ratio is very high. Therefore, as shown in work of others [S26, S27, S67, S68], the
former (atomic coordination) may be used to evaluate the latter (reactivity and magnetic
propertiez). To capture the dependence of physicochemical properties of surfaces and clusters on
the coordination of surface atoms in better detail, the use of an effective CN, CNett, has proven
very useful. It is defined as

o CN(j)
CNett () = Xy oy =

(S30)

where the sum includes all j near-neighbors of a surface atom i, and the division by the
maximum coordination number, CNmax, Characteristic for the respective structure gives a weight
of the contribution of nearby atoms to the coordination of the surface atom under consideration.
Note that computing and using CNess is similar to the embedded atom method (EAM) in a sense
that the charge density at a surface site is approximated by a superposition of charge densities of
the nearest neighbors which, in turn, depend on the charge densities of their near neighbors. In
the EAM and other models based on the “atom in jellium” concept, the superposing
contributions from neighboring atoms have an exponential form and are averaged over a sphere
at the surface sites so that a local charge balance (continuity of the Fermi level) is achieved.
Often, the sphere coincides with the so-called Wigner-Seitz sphere associated with the “size* of
atom occupying the surface site under consideration [S72-S74].

In computing the CNes for Pt atoms forming the very thin skin of Fe@Pt NCs we used the
bulk diameter/size of Pt atoms (2.775 A) as a near-neighbor distances and CNmax Was set to 6.
The latter is the maximum possible CN for Pt atoms occupying a close-packed (111)fcc
monolayer. The distribution of near-neighbor distances between the individual surface Pt atoms
in Fe@Pt NCs, as normalized against the bulk value, is summarized in Figure 3b. The evolution
of the CNesr for surface Pt sites in Fe@Pt NCs with the skin thickness is exemplified in Figure 3c
and quantified in Figure 3d (see the respective bars). In computing the CNes for Fe atoms
forming the cores in Fe@Pt NCs we used the first physical minimum of the experimental Fe-Fe
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partial PDFs as a near neighbor distance (3.20 A). Thus we accounted for the observed relaxation
of Fe atoms forming the cores that virtually leads to merging of the first (8 neighbors) and
second (six neighbors) coordination spheres occurring in bulk bcc Fe. Accordingly, we set
CNmax=14. Note, the first (radius R1) and second (radius Rz) coordination spheres in fcc Pt are
considerably separated from each other, that is, Rx(fcc) = V2+Ri(fcc) (~ 41 % difference). By
contrast, those for bcc Fe are rather close to each other, that is Rz(bcc) =1.15+R1(bcc) (15 %
difference) and so are likely to come even closer together in Fe clusters comprising a few
hundreds of atoms alone. Arrows in Figure 4b represent magnetic moments of individual Fe
atoms in Fe@Pt NCs below Tg, as computed from eq. S6 involving the foregoing CNmax and
CNefr. Arrows in Figure S15 represent magnetic moments of individual Fe atoms in Fe@Pt NCs
at temperature well above Tg. The evolution of the CNest and so average <u> (in up ) for Fe
atoms with the radial distance, R, from the center of Fe cores in Fe@Pt NCs is shown in Figure

4c. Contrary to the finding of others [S59], the values of <u> are seen to converge smoothly
toward the bulk value of 2.22 ug with diminishing R.

X) Evaluating the size dependence of <u(N)> of Fe cores

By adopting a spherical cluster model, it may be conjectured that for a spherical cluster
comprising N atoms, the ratio of surface to total number of atoms is about 3N"*® and so the
cluster-size dependence of the average magnetic moment per atom in Fe clusters would be

<u(N)> = pupe + (usurf - pire )*3N™ (S31).

Here ure and usurt are the magnetic moment of Fe atoms in bulk (2.22 ug) and at the open surface
of Fe clusters respectively. Furthermore, based on experimental findings [S58], it may be
conjectured that surface Fe atoms are in 3d’4s® state and have their majority d-band entirely
below the Fermi level, thus occupied by five 3d-electrons in spin up state. Accordingly, the
minority d-band is occupied by two 3d-electrons in spin down state. Then, usurt = 3 us. A
comparison with <u(N)*®> data obtained by “Stern-Gerlach” type experiments [S19, S66]
though shows that the convergence of <u(N)> to the bulk value with increasing N is not as
uniform and slow as predicted by eq. S31 (see Figure 4c). Note that in deriving <u(N)**>
values, it has been considered that the dependence of <u(N)®P> on the applied external magnetic
field and temperature may well be described as follows:

M/<(N)®P> = L(<u(N)*®>« N+ Hi(ke<T ). S(32)

Here M is the measured magnetization for clusters comprising N atoms, H is the external
magnetic field, kg is the Botlzmann constant and T is the temperature at which M has been
measured. Also, L(x) = coth(x)-1/x is the so-called Langevin function with an argument
x=<u(N)*P>» N~ H/(ks«T ). Evidently, the model based on eq. S31 is too simple to account for the
observed cluster-size (N) dependence of <u(N)>. Other models assuming that all Fe clusters with
given N appear as a particular polyhedron with uniform facets, including truncated decahedron,
cuboctahedron, rhombic dodecahedron and others based on the concept of geometric shell
clusters, fail in describing the observed dependence of<u(N)> on N either [S59-S61]. Largely,
that is because such models ignore the ensemble-average nature of <u(N)*®>. That is, the models
do not take into account the fact that, due to the intrinsically broken 3D periodicity of surface
atomic arrangement, metallic clusters with the same size (N) may co-exist as various
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isostructural polymorphs wherein corresponding surface atoms differ in CNett [74] and so in
magnetic moment. Thus, clusters with the same size (N) may show a somewhat different
<u(N)®®> and clusters with somewhat different size (N) may show virtually the same <uw(N)**>.
A more realistic approach is to take into account the ensemble-average nature of <u(N)**> and
describe its functional dependence on N as follows:

N—-Ng

<u(N)> = pre + (Ure(dimer) - pre ) / (1 + G(W) ), (S33)

where pre =2.22 ug and ure(dimer)= 3.2 us is the magnetic moment of Fe atoms in bulk and Fe-Fe
dimers (N=2), respectively, No is the so-called point of symmetry where <u(N)> = ure + (tdim -
ure )2, and the empirical parameter AN is the rate of change of <u(N)> with N [S20, S61, S62].
As data in Figure 4c show, the experimental data of Billas et al. [S19, S66] taken at T=120 K can
be fit well (R?=0.92) with the function described by eq. S33. The fit returns zdim = 2.98(8) us, tire
= 2.26(6) us, No = 283(2) and 4AN=86(1). The values of <u(N)> for Fe@Pt NCs derived here can
also be fit well (R? =0.89) with the function described by eq. S33. The fit returns ure(imen =
3.22(1) us, pre = 2.25(1) ue, No = 350(3) and AN=105(5). As discussed in Section iv) above, the
higher value for ureimer (3.2 us vs 2.98 ug) matching the <un> values obtained here may be
explained by temperature-related effects. Here it is to be noted that a function of the type
1/(1+exp(-x)) used to describe the ensemble-average nature of <un> for superparamagnetic Fe
clusters (second term in eq. S33) has a sigmoid shape much like the Langevin function appearing
in eq. S32. Indeed sigmoid and hyperbolic functions of the type appearing in egs. S32 and S33
are related as follows:
1/(1+exp(-x)) - 1/2 = 1/2«tanh(x/2), (S34).

and tanh(x) =coth™(x).
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Fe@1.5Pt Fe@2Pt

Figure S1. Representative HAADF-STEM images of pure Pt, Fe@1Pt, Fe@1.5 Pt and Fe@2Pt
NCs. The NCs appear with an average size of approximately 2.5(+ 0.3) nm and exhibit lattice
fringes evidencing their (nano)crystalline nature.
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Figure S2. Tafel plots for pure Pt and Fe@Pt NCs measured in an O-saturated 0.1 M HCIO4
electrolyte [S1]. Note data in the plot are normalized by experimental ECSA values and amount
(mass) of Pt in the respective NCs, for better comparison.
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Figure S3. Hysteresis curves for Fe@Pt NCs measured at T=2 K. Coercivity, Hq, is given for
each data set.
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Figure S4. X-ray energy sensitive spectra for Fe@1Pt NCs obtained at a fixed
diffraction (Bragg) angle of 35 deg. Spectra are obtained using x-rays with energy of
78.070 keV (red line) and 78.370 keV (blue line). The first energy is 325 eV below and
the second energy is 25 eV below the K absorption edge of Pt (78.395 keV). Elastically
and inelastically (Compton) scattered intensities as well as Pt (Koa1 + Kay) fluorescent
lines are marked with arrows. The difference between two XRD patterns including the
elastically scattered intensities only, i.e. the intensities falling into the “x-ray energy
window” outlined with a broken line, was used to derive (see eq. S16) the Pt-differential
structure factors for Fe@Pt NCs.
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Figure S5. Experimental HE-XRD patterns for 2.5 nm Pt, Fe@1Pt, Fe@1.5Pt
and Fe@?2Pt NCs obtained using x-rays with energy of 78.070 keV. Note, HE-
XRD patterns and so their Fourier counterparts, the atomic PDFs, reflect ensemble
averaged structural features of all NCs sampled by the x-ray beam in a way traditional
powder XRD patterns reflect ensemble averaged structural features of all polycrystallites
sampled by the x-ray beam in those experiments. Using NC ensemble-averaged 3D
atomic positions to understand and explain NC ensemble-averaged functional properties,
such as catalytic, magnetic, optical and others, puts the NC atomic structure- functional
properties exploration on the same footing.
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Figure S6. Experimental (symbols) and RMC fit (red line) atomic PDF for 4.5
nm pure Fe particles. The computed PDF is derived from the 3D structure
shown in the inset. The structure comprises about 6000 Fe atoms and is refined
against experimental PDF data through RMC as described in the text.
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Figure S7. Experimental (symbols) Fe-Fe partial PDF for Fe@2Pt NCs and
computed PDFs for common Fe*? and Fe**-involving oxides, including

wustite, hematite and magnetite. Experimental and computed PDF data
disagree testifying to the metallic character of Fe atomic in Fe@2Pt NCs.
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Figure S8. (a) Experimental (symbols) an
for 4.5 nm Fe particles. The bcc-type

d computed (red line) total atomic PDFs
model captures the essential structural
features of the particles such as, for example, the nearly split first peak in the PDF
data. The model though is well too ordered structurally, i.e. shows a sequence of
very well defined atomic coordination spheres (PDF peaks), as compared to the
actual Fe particles. (b) Experimental (symbols) and computed (red line) total PDFs
for 2.5 nm Pt nanocrystallites. The fcc-type model reproduces the experimental

data in very good detail, except in the region at higher-r values.
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Figure S9. Experimental (symbols) and computed (red line) total atomic PDFs for
Fe@Pt NCs. Computed PDFs are derived from structure models featuring a
continuous fcc-type ordering throughout the NCs. The models are shown for each
data set. Iron atoms are in brown and Pt atoms are in gray Peaks in the
experimental and model PDFs line up in position but disagree in intensity.
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Figure S10. Experimental (symbols) and computed (red line) total atomic PDFs
for Fe@Pt NCs. Computed PDFs are derived from structure models featuring a
bcc Fe core nested inside fcc Pt shell. The models are shown for each data set.
Iron atoms are in brown and Pt atoms are in gray. Peaks in the experimental and
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Figure S11. Experimental (symbols) and computed (red line) Fe-Fe partial atomic
PDFs for Fe@1Pt NCs. Computed PDFs are derived from structure models
featuring Fe(fcc)@Pt(fcc) NCs, wherein both Fe and Pt atoms are ordered fcc-like,
and Fe(bcc)@Pt(fcc) NCs, wherein a becec Fe core is nested inside a fcc Pt shell.
The PDF derived from the latter model approaches the experimental data much
closer than the PDF derived from the former model does it.
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Figure S12. (a) Experimental (symbols) and RMC-fit (red line) total PDF for 2.5 nm Fe@1Pt
NCs. Data are presented as G(r) and G(r)*r, where r is the radial distance. (b) Experimental
(symbols) and RMC-fit (red line) Fe-Fe partial PDF for Fe@1Pt NCs. Data are presented as
Gre-re(r) and Gre-re(r)*r. RMC fits in (a) and (b) reflect the respective 3D atomic structure
shown in Figure 3a. As data summarized here show, RMC fits to the experimental PDF data
represented in terms of G(r) are very sensitive to the short-range (lower-r PDF peaks) and not
so to the longer range (higher-r PDF peaks) interatomic correlations in Fe@1Pt NCs. On the
other hand, RMC fits to the experimental PDF data represented as G(r)*r are very sensitive to
the longer-range (> 10 A) and not so to the short-range (< 10 A) interatomic correlations in
Fe@1Pt NCs. Alternating RMC refinement between fitting the same experimental PDF data
represented as G(r) and G(r)*r ensures that the refined 3D structure describes truly the
interatomic correlations (atomic structure) across the studied NCs, including both the 3D
structure of bcc Fe core and that of fcc Pt skin.
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Figure S13. Distribution of bond angles in bulk bcc Fe (bars) and atoms in Fe cores of
Fe@Pt NCs. Distribution of bond angles in heavily disordered 4.5 nm Fe particles is also
shown for comparison.
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Figure S14. Distribution of bond angles in bulk fcc Pt (bars) and atoms forming the Pt
skin of Fe@Pt NCs.
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Figure S15. Atoms (circles) forming the Fe cores of Fe@Pt NCs. Arrows represent the
magnetic moments of individual atoms assessed as explained in the text. The arrows point in
different directions because thermal fluctuations are strong for T ~ T¢ >> Tg, where Tc= 1043 K
is the Curie temperature of bulk Fe and Tg is the “blocking temperature” of the respective cores.
Note that finite size systems such as Fe cores may not undergo sharp magnetic order-disorder
transitions with increasing temperature. Hence, the average magnetic moment, <u>, of atoms in
the cores is not “zero” but — x(T=0)/+/N, where N = 328, 233 and 166 for Fe@1Pt, Fe@1.5Pt
and Fe@2Pt NCs, respectively.
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