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Anisotropic phase segregation and migration of Pt
in nanocrystals en route to nanoframe catalysts

Zhigiang Niu'", Nigel Becknell', Yi Yu"?, Dohyung Kim3, Chen Chen"4, Nikolay Kornienko',
Gabor A. Somorjai"?® and Peidong Yang"?3>*

Compositional heterogeneity in shaped, bimetallic nanocrystals offers additional variables to manoeuvre the functionality of
the nanocrystal. However, understanding how to manipulate anisotropic elemental distributions in a nanocrystal is a great
challenge in reaching higher tiers of nanocatalyst design. Here, we present the evolutionary trajectory of phase segregation
in Pt-Ni rhombic dodecahedra. The anisotropic growth of a Pt-rich phase along the (111) and {200) directions at the
initial growth stage results in Pt segregation to the 14 axes of a rhombic dodecahedron, forming a highly branched, Pt-
rich tetradecapod structure embedded in a Ni-rich shell. With longer growth time, the Pt-rich phase selectively migrates
outwards through the 14 axes to the 24 edges such that the rhombic dodecahedron becomes a Pt-rich frame enclosing a Ni-
rich interior phase. The revealed anisotropic phase segregation and migration mechanism offers a radically different approach

to fabrication of nanocatalysts with desired compositional distributions and performance.

etal nanocatalysts are an important sector of
I\/\ heterogeneous catalysis because their high surface-to-

mass ratio allows for efficient use of expensive, catalytically
active transition metals'. Discovery of novel nanocatalysts is vital
in increasing catalytic efficiency to conserve energy and precious
metals in various processes’. Two strategies heavily utilized in the
discovery of novel nanocatalysts are composition® and shape®’
control. These approaches, in particular, have been central to the
advancement of oxygen reduction electrocatalysis. Platinum alloys
have shown dramatic improvement over pure platinum®®, and
platinum-nickel octahedra have consistently demonstrated activity
improvements over their spherical counterparts’*. However,
new strategies are needed to push the activity and stability of
platinum-based nanocatalysts to more impressive numbers which
can make an impact in the fuel cell market™".

One strategy coming to the forefront of catalyst innovation
is nanoscopic design of bimetallic catalyst structures through
spatial segregation of the elements. Element-specific segregation
in the Pt-Ni alloy system has been an intensively studied topic
due to the early observation of a Pt-enriched {111} surface
after vacuum annealing and its use as an extraordinary model
oxygen reduction electrocatalyst®'®. Naturally, Pt-Ni octahedral
nanocatalysts were synthesized to attempt to replicate the unique
nanosegregation of Pt to the {111} facets, but it was observed
that {111} facets were Ni-rich, and therefore corroded from the
octahedra during electrochemical testing'’. Recently, an in-depth
study by Gan et al. explained that, during Pt-Ni octahedra synthesis,
platinum was reduced first into hexapod-like concave nanocrystals
on which nickel would undergo step-induced growth into the
concave surfaces of the hexapod, forming the Ni-rich facets'.
Oh et al. observed similar hexapod-like Pt-rich arms in their Pt-
Ni octahedral system, but in the presence of carbon monoxide some
Pt then migrated to the edges of the octahedron, creating a structure
similar to a nanoframe'®.

Our group observed similar phenomena during the synthesis of
PtNi,; and PtCo; rhombic dodecahedra, which had a Pt-rich phase
segregated to their edges"*'. Until now, it was not understood how
the Pt-rich phase segregated to the edges of the rhombic dodecahe-
dron and what was the driving force for this phenomenon. However,
in this work, we have fully described the formation mechanism of
Pt-Ni rhombic dodecahedra by analysing the reaction at a slower
rate with quasi-in situ sampling. The growth is divided into distinct
stages of Pt-rich phase segregation and subsequent phase migration.
It is found that initially, a Pt-rich seed particle forms on which over-
growth occurs in both the (111) and (200) growth directions. This
distinctive bidirectional growth and segregation of the Pt-rich phase
structurally guides the formation of the dodecahedron and provides
a pathway for Pt atoms to migrate outwards to the vertices and edges
of the dodecahedron and become enriched on the edges. By stopping
the nanoparticle growth at specific times, the segregation of Pt to
the edges of the rhombic dodecahedron can be controlled, and is
shown to dictate the oxygen reduction activity of the nanoframes
which result from the corrosion of the rhombic dodecahedra.

The Pt-Ni rhombic dodecahedra (RD) were synthesized by hot-
injection of metal precursors in oleylamine at a lower synthetic
temperature than previously reported (265 °C)™ to track the growth
process over a longer period of time (see Methods). Intermediate
structures were captured from the growth solution, which turned
from green to yellow, brown, and finally black in about one hour. The
initial Pt-Ni nanoparticles (Fig. 1a) collected from the green growth
solution had an average size of 3.3 £ 1.4nm and a composition
of Pt;Nis, as determined by energy dispersive X-ray spectroscopy
(EDS). Their morphology is either near-spherical (dominated by
{111} and {100} facets) or elongated in the (111) or (200) directions
as shown in the high-resolution transmission electron microscopy
(HRTEM) images (Fig. 1d). When the solution turned yellow, these
small nanoparticles had grown into branched structures with a size
range of 4-15 nm (Fig. 1b). The growth directions of the short arms
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Figure 1| Formation process of the rhombic dodecahedra. TEM (a-c) and corresponding HRTEM (d-f) images of interim products obtained from the
growth solution when its colour is green, yellow, and brown, respectively. HAADF-STEM and EDS elemental mapping images (b, right) of a typical particle
in b: green is Pt and red is Ni, scale bar, 2 nm. FFTs of the corresponding HRTEM images (d,right; insets in e and f) indicate the growth directions of
elongated nanoparticles and branched nanostructures. Moiré patterns (f) indicate the superimposition of two phases with different lattice constants

present in the particle?*.

are (111) and (200) (Fig. le and Supplementary Fig. 1), identical
to those of the initial non-spherical particles. This indicates that
the initial small particles serve as seeds on which bidirectional
overgrowth occurs along the (111) and (200) directions much
faster than other directions”. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
EDS mapping images of a typical branched particle demonstrate
that Pt is homogeneously distributed within the whole particle,
whereas Ni is mainly distributed around the centre (Fig. 1b, right).
The composition of these branched structures was Pt,Nis;. The
higher Ni content compared to the initial nanoparticles suggests
the reduction of Ni is accelerated during this period, possibly
induced by step sites between the arms of the growing branched
structures, as indicated in Supplementary Fig. 1¢”*. These step
sites are located precisely where we observe growth of the Ni-rich
phase in EDS mapping. When the growth solution became brown,
most branched particles had grown into well-defined polyhedra
with an average size of 13 &= 5nm (Fig. 1c,f). The polyhedra have
been identified as rhombic dodecahedra on the basis of typical
projections along different zone axes'”. The Ni content increased
significantly to Pt,,Nig, which could result from continuous Ni-rich
phase deposition on step sites until reaching the top of the arms and
filling out the rhombic dodecahedron.

Figure 2a—c shows TEM images of products obtained at 3, 10 and
30 min after the growth solution had turned black. They are denoted
as RD-3, RD-10 and RD-30, respectively. The average size is similar
for RD-3 (16 nm, standard deviation o =1.6) and RD-10 (17 nm,
0 =2.1), but increases for RD-30 (22 nm, - =2.6) (Supplementary
Fig. 2a). To expose the distribution of the Pt-rich phase in the
particles, we selectively removed the Ni-rich phase by chemical
corrosion and termed these structures RD-3-cor, RD-10-cor and
RD-30-cor, respectively. RD-3 evolved to structures (Fig. 2d and
Supplementary Fig. 3) that have multiple long arms with a thickness
of 2.1 nm (0-=0.3, Supplementary Fig. 2b). The arms are identified

as the 14 axes of the parent rhombic dodecahedron stretching from
origin to vertex (Supplementary Fig. 4), on the basis of the represen-
tative projected geometries (Supplementary Fig. 5a—c). Therefore,
RD-3-cor is named a tetradecapod. There are two types of axes in
arhombic dodecahedron, with the crystallography of a face-centred
cubic (fec) alloy dictating that an axis is along either the (111)
or (200) directions. The HRTEM and corresponding fast Fourier
transforms (FFT, Supplementary Fig. 5d-f) agree perfectly with this
model. It should be restated that the (111) and (200) directions
are precisely the growth directions of the branched intermediates
(Fig. le and Supplementary Fig. 1), so the Pt-rich phase had only
further segregated to the axes inside RD-3, leaving uniform arms
in the RD-3-cor tetradecapod. Alternatively, RD-10 and RD-30
transformed into nanoframes after the corrosion (Fig. 2e,f), con-
sistent with our previous finding"®. The average thickness of the
frames’ edges increased from 1.6 nm (o-=0.2) for RD-10 to 3.4 nm
(o0 =0.6) for RD-30 (Supplementary Fig. 2b), suggesting more Pt
enriched on the edges with prolonged growth time.

The spatial distributions of Pt and Ni in the rhombic
dodecahedra at different growth times were further characterized
by HAADF-STEM and EDS mapping (Fig. 3a-c). The samples
were viewed along the [111] zone axis to compare their hexagonal
projections. It clearly shows that Ni is distributed homogeneously
in all three stages of the dodecahedron, whereas Pt is mainly
distributed on the diagonals of the hexagon for RD-3, and also on
the six sides of the hexagon in RD-10 and RD-30. This is consistent
with the three-dimensional models in which the Pt-rich phase
segregated on the 14 axes for RD-3 and on the 24 edges for RD-10
and RD-30. Notably, RD-30has much thicker Pt-rich diagonals
and sides than RD-10, which were conserved in the corroded
product. In RD-3-cor, RD-10-cor and RD-30-cor, the Pt and Ni are
distributed homogeneously within the respective tetradecapod or
frame, and each has an identical composition of Pt;;Ni,;, based on
EDS (Fig. 3d-1).
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Figure 2 | Development of rhombic dodecahedra and corrosion to three-dimensional nanostructures. a-¢, TEM images of rhombic dodecahedra with
growth times of 3 min (a), 10 min (b) and 30 min (c) after the growth solution turns black. d-f, TEM images of the corresponding products of a-c after
removal of the Ni-rich phase by selective chemical corrosion, which reveal the morphology of the Pt-rich phase in the parent solid particles. Insets in a-f are
geometrical models, in which the grey colour represents Pt-rich phase and orange represents Ni-rich phase.

Table 1| Compositions of RD-3, RD-10 and RD-30 determined
by EDS, ICP and XPS.

Method Ni:Pt atomic ratio

RD-3 RD-10 RD-30
EDS 91 9:1 31
ICP 9:1 9:1 31
XPS 15:1 6:1 2:1

The bulk compositions of RD-3, RD-10 and RD-30 determined
by EDS coincided well with the inductively coupled plasma optical
emission spectroscopy (ICP-OES) results (Table 1). RD-3 and
RD-10 possessed the same Ni:Pt ratio (9:1). However, the Ni:Pt
ratio drastically decreased to 3:1 for RD-30 due to the continued Pt
enrichment on the edges of the dodecahedra. X-ray photoelectron
spectroscopy (XPS, Supplementary Fig. 6) showed that Ni enriched
on the surface in RD-3, whereas Pt enriched on the surface in RD-10
and RD-30 (Table 1). This is consistent with the structural models.

X-ray diffraction (XRD) patterns of RD-3, RD-10 and
RD-30 (Fig. 4a) were used to characterize their distinctive
phase segregation. The diffraction peaks of RD-3 and RD-10 are
characteristic of the expected fcc alloy. Using Vegard’s rule, their
compositions are roughly estimated to be Pt;Ni,, but this does
not account for the asymmetry observed in the diffraction peaks.
The asymmetry toward the left confirms that there is a segregated
Pt-rich phase diffracting at lower 26 values which coexists with the
sharply diffracting Ni-rich phase. With increasing reaction time
(RD-30), the asymmetric peaks split into two sets of diffraction
patterns, which are assigned to a Pt-rich phase (Pt Ni;) and a Ni-
rich phase (Pt3Niy,), again based on Vegard’s rule. The progression
of the diffraction patterns from asymmetric peaks to split peaks
is clearly shown by stopping the reaction at finer time resolution
(Supplementary Fig. 7). The peak position of the Ni-rich phase does
not change during the entire growth. It is evident that there is a core
PtgNi,, phase that does not change composition, while Pt enriches
on the edges of the dodecahedra and causes the Pt-rich phase to

grow larger in lattice constant and in crystallite size. The XRD
patterns of the chemically corroded products are also exhibited in
Fig. 4a. The asymmetric and split diffraction peaks become a single
set of symmetric peaks after chemical corrosion, indicating one
phase with an estimated composition of Pt,sNi,; from Vegard’s rule.

Phase segregation in the rhombic dodecahedra was further
confirmed by extended X-ray absorption fine structure (EXAFS)
data taken at the Ni K-edge and Pt L,-edge (Fig. 4b). For
RD-3 and RD-10, the Ni K-edge and Pt L;-edge EXAFS data
were successfully co-fit using paths from a disordered fcc Pt,;(Nig,
model (Supplementary Fig. 8)**”. The EXAFS fit to RD-30 was
performed using paths from a Pt,;Ni,; disordered fcc model.
Additional information on the fitting procedure is provided in
the Supplementary Information. For each sample, the EXAFS-
determined coordination numbers were used to calculate the extent
of alloying parameters (Supplementary Table 1)*, which illustrate
that Pt and Ni in RD-30 were significantly more segregated from
each other than in either RD-3 or RD-10. This more significant
phase segregation led to the peak-splitting observed in the XRD
pattern for RD-30, whereas the phase segregation in RD-3 and
RD-10 caused only peak asymmetry in the XRD patterns.

An important, yet unaddressed question is how RD-3 with
Pt-rich phase segregated to the inner axes progresses to RD-10
with Pt-rich phase segregated to the outer edges. Considering the
extremely high similarity of RD-3 and RD-10 in terms of XRD
patterns, EXAFS structures, and ICP compositions, we propose
that their dissimilar elemental distributions are caused by the
outward, anisotropic migration of Pt. One would then anticipate
that an intermediate structure between RD-3 and RD-10 would
have Pt-rich phase segregation on both axes and edges. As shown
in Supplementary Fig. 9, the rhombic dodecahedra turned into
incomplete nanoframes with Pt-rich phase remaining on both edges
and axes after chemical corrosion. In addition, we attempted the
conversion of RD-3 into RD-10 under ex situ conditions. If RD-3 was
separated from the growth solution and annealed in neat oleylamine
at 230 °C under N,, it could be corroded into nanoframes, rather
than tetradecapods, because Pt had migrated from the axes to the
edges (Supplementary Fig. 10). These control experiments further
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Figure 3 | STEM-EDS analysis of segregation and migration of Pt in Pt-Ni rhombic dodecahedra. a-f, HAADF-STEM and EDS mapping images of rhombic
dodecahedra with different growth times of 3 min (a), 10 min (b) and 30 min (¢), and their corresponding chemically corroded products (d-f). The intensity
of the HAADF image is approximately proportional to atomic number (Z2)%°. In RD-3, the bright signal represents the Pt-rich arms stretching from the
origin to the vertices of the dodecahedron. In RD-10 and RD-30, the bright signal represents the Pt-rich edges of the dodecahedron which construct the
nanoframe. In the EDS maps, green colour represents Pt and red colour represents Ni. Whereas Ni is homogeneously distributed in all three types of
rhombic dodecahedra, Pt enriches at diagonals for RD-3 and at both diagonals and six sides for RD-10 and RD-30. In all images, scale bar, 6 nm.

illustrate the outward, anisotropic migration of Pt from the axes,
although the underlying driving force must still be explained.

In a bimetallic alloy, the overall Gibbs energy of the particle
must be minimized during any phase segregation that occurs®".
Preferential elemental segregation to the surface can result from
differences in surface energy and/or atomic radius between the two
metals. However, the segregation phenomena must overwhelm the
influence of the chemical ordering energy of the alloy system’.
The Pt-Ni system has ordered phases for Pt,sNi;; or PtsNis,
compositions’?, but the ordering of a given phase at any stage
of the growth is not observed by XRD and is unexpected due to
the synthetic temperature used™. Therefore, the element with lower
surface energy is more likely to segregate to the surface unless a
significant strain energy is induced by the larger element (which

may or may not have lower surface energy), causing it to surface
segregate to reduce the strain. We observe both phenomena in the
Pt-Ni rhombic dodecahedron. The rhombic dodecahedral shape
exposes exclusively {110} facets, and the surface energies of Pt{110}
and Ni{110} are 2.819 and 2.368 ] m >, respectively”. Therefore, it
is expected that Ni would preferentially segregate to the faces of
the dodecahedron. However, Pt is much larger than Ni, with their
atomic radii being 1.39 A (Pt) and 1.24 A (Ni)*. Consequently, the
larger Pt atoms on the interior of RD-3 tend to migrate outwards
to relieve the internal strain, transitioning to the RD-10 structure.
The Pt atoms migrate to vertex and edge sites in RD-10 and RD-30
because Ni-rich facets are highly favoured by the lower surface
energy of Ni{110}. The progression from an ill-defined branched
structure (Fig. 1b) to a uniform Pt-rich tetradecapod (Fig. 2d and
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Figure 4 | Structural evolution over time in Pt-Ni rhombic dodecahedra. a, Powder X-ray diffraction patterns of rhombic dodecahedra and their
corresponding chemically corroded products. RD-3 and RD-10 show asymmetric diffraction peaks at lower 20 that indicate the coexistence of segregated
Pt-rich phase. The asymmetric peaks split into two sets of diffraction patterns for RD-30, in which more Pt had grown on the edges. b, Ni K-edge and Pt
L3-edge EXAFS spectra of rhombic dodecahedra. RD-3 and RD-10 have similar EXAFS spectra due to their nearly identical bulk compositions, while RD-30
has lower intensity in its first-shell peaks at the Ni K-edge and Pt L3-edge due to its increased phase segregation and Pt enrichment.

Supplementary Fig. 3) illustrates that Pt furthered its segregation
to the axes of the dodecahedron before migrating to the edges.
This observation, along with the intermediate structures with partial
branch and frame morphology (Supplementary Fig. 9¢), implies that
RD-3 progresses to RD-10 through migration of Pt along the Pt-rich
axes of the dodecahedron to the vertices, and then to the edges. The
anisotropic migration is likely guided by the energetic favourability
of large Pt atoms diffusing through a Pt-rich phase along the axes,
as opposed to diffusing through the Pt;Ni,, phase surrounding the
axes in the interior of RD-3 and RD-10".

Having thoroughly characterized the typical products obtained
in the growth of Pt-Ni rhombic dodecahedra, we can now piece
discrete stages together into a whole picture. Figure 5 plots the
trend in Pt and Ni content in the products obtained during the
whole growth process. From the initial Pt;,Ni;, nanoparticles,
the Ni content increased first to Pt,Nis, for the branched
intermediates, and then to Pt;,Nig for the primary rhombic
dodecahedra. The substantial increase in Ni content during this
period can be attributed to Ni deposition on the low-coordination
sites of intermediate structures'”?, which arose from anisotropic
overgrowth of Pt on the non-spherical seeds. The nickel content
then increased slightly more, becoming the Pt;Niyj, rhombic
dodecahedra (RD-3). The Ni:Pt ratio remained nearly unchanged
through RD-10. At the same time, Pt segregated to the axes (RD-3)
and then migrated through the axes onto the edges (RD-10) to
minimize the energy penalties arising from the strain of the larger Pt
atoms inside the Ni-rich lattice. After the anisotropic migration, the

Pt content slowly increased to Pt;;Nig; with increasing growth time
(40 min). As the well-defined rhombic dodecahedron has fewer step
sites, the Ni deposition becomes greatly suppressed during the Pt
enrichment stage. The increase in Pt content comes from continued
Pt reduction from the remaining precursor in solution onto the
edges of RD-10. The Pt-rich phase migration (RD-3 to RD-10) and
enrichment (RD-10 to RD-30) are both selectively onto the edges
and not the facets of the rhombic dodecahedra, due to the higher
surface energy of Pt{110} than Ni{110}. The comprehensive growth
trajectory is presented in Fig. 5.

The results of this study lend insight into novel methods
for constructing nanocatalysts with desired performance using
designed phase segregation patterns. We have demonstrated this
concept by measuring the oxygen reduction activity of RD-3-cor,
RD-10-cor and RD-30-cor (Supplementary Fig. 11). The advantage
of controlling Pt segregation to the edges of the rhombic
dodecahedron is clear in that both the specific activity and mass
activity of the open nanostructures can be tuned to higher values
by allowing Pt edge segregation to increase. The activity trend
observed demonstrates the beneficial effects of tuning morphology
and size, which can affect the coordination and strain of surface
atoms performing catalysis'>".

This work has revealed through Pt-Ni rhombic dodecahedra
that the growth of shaped, bimetallic nanostructures is a complex,
concurrent evolution of their composition, element spatial
distribution, and morphology. Such intricate phenomena are
consequences of a series of fundamental chemistries, including
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Methods

Chemicals. Chloroplatinic acid hexahydrate (H,PtCl, - 6H,0, >37.5% Pt basis),
nickel(II) nitrate hexahydrate (Ni(NO,), - 6H,0, >98.5%), oleylamine (technical
grade, 70%) and hexane (>98.5%) were purchased from Sigma-Aldrich. Acetic
acid (>99.7%) was purchased from EMD. Toluene (>99.9%) was purchased from
Fisher Scientific. All chemicals were used as received without further purification.

Synthesis of Pt-Ni rhombic dodecahedra (RD). Aqueous solutions of

H,PtCl, - 6H,0 (0.1 gml ™", 0.4 ml) and Ni(NO;), - 6H,0 (0.1 gml ™", 0.35 ml) were
mixed with one millilitre of oleylamine in a small vial. The mixture was heated at
120 °C under stirring for one hour, forming a transparent green solution after
removal of water. Ten millilitres of oleylamine that had been preheated in a
three-necked flask at 160 °C for one hour under nitrogen purging was raised to

230 °C just before the injection. The precursor solution was injected into the
three-necked flask immediately after reaching 230 °C. The green reaction solution
gradually turned yellow, brown and then black when kept at 230 °C for about one
hour. After the growth solution turned black, aliquots were taken out by syringe
after 3 min, 10 min and 30 min, and respectively termed as RD-3, RD-10 and
RD-30. Before the solution turned black, intermediate products generally termed as
pre-RD were collected by stopping the whole batch of reaction to get enough
sample for further analysis. All the samples were washed two times by
hexane/ethanol mixture, collected by centrifugation (12,000 r.p.m.) after each wash,
and then re-dispersed in toluene or hexane.

Chemical corrosion of Pt-Ni rhombic dodecahedra to Pt,;Ni,; tetradecapod or
frame structures. Ten microlitres of oleylamine was added into a toluene
dispersion of Pt-Ni rhombic dodecahedra (~0.5-1 mg ml™", 2 ml). The colloidal
dispersion was briefly sonicated and mixed with two millilitres of acetic acid. The
mixture was heated at 90 °C under vigorous stirring for two hours in air to allow
chemical corrosion of Pt-Ni rhombic dodecahedra to corresponding Pt;sNi,s
tetradecapod or frame structures. After corrosion, the products were washed with
hexane/ethanol mixture and collected by centrifugation (12,000 r.p.m.). The
washed products were re-dispersed in hexane or chloroform.

Characterization. Transmission electron microscopy (TEM) and quantitative
energy dispersive spectroscopy (EDS) were performed with a Hitachi H-7650
equipped with EDAX microanalysis. High-resolution TEM (HRTEM) was taken
using an FEI Tecnai F20 at an accelerating voltage of 200 kV. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) and EDS

mapping were carried out with an FEI TitanX 60-300. X-ray diffraction (XRD) was
acquired using a Bruker D-8 General Area Detector Diffraction System (GADDS)
with HI-STAR area charge-coupled device (CCD) detector, equipped with a Co-Ka
source (1=1.789 A). Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was measured using a PerkinElmer Optima 7000 DV. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI 5600 X-ray
photoelectron spectrometer. Extended X-ray absorption fine structure (EXAFS)
data were collected at the Advanced Light Source Beamline 10.3.2. The data at the
Ni K-edge and Pt L;-edge were calibrated to a Ni foil and Pt foil, respectively.
EXAFS data reduction and EXAFS fitting was performed using the IFEFFIT based
programs Athena and Artemis™.

Electrochemical characterization. After chemical corrosion, Pt;sNiys
tetradecapods or nanoframes were dispersed in chloroform and added to carbon
(Cabot, Vulcan XC-72) in a ratio which produced a loading of 17-20 wt% Pt.

The mixture was sonicated in chloroform for 30 to 45 min to complete the loading
process. The catalyst was collected by centrifugation (10,000 r.p.m.), washed

once with hexanes, and recollected by centrifugation. The resulting catalyst powder
was heated at 200 °C in air for 14 h to remove organic surfactants. The Pt,sNi,;/C
catalyst was then dispersed in water with a concentration of 0.5 mg s ml~". The
actual concentration of Pt in the ink was determined by ICP-OES. The catalyst ink
was dropcast onto a 5 mm glassy carbon disk (Pine Instruments) in the appropriate
volume to achieve 6.9 ugy, cm > loading density and allowed to air dry. The
commercial Pt/C catalyst (Alfa, ~20 wt% Pt) had a loading density of 7.8 jigp, cm ™.
The electrochemical measurements were conducted in a three-compartment glass
electrochemical cell with a Pine rotating disk electrode (RDE) set-up and a Biologic
VSP potentiostat. A saturated Ag/AgCl electrode and a Pt wire were used as reference
and counter electrodes, respectively, and 0.1 M HCIO, prepared from 67% HCIO,
(Sigma-Aldrich) was used as the electrolyte. All potentials are presented versus the
reversible hydrogen electrode (RHE). The catalyst was typically held at 0.05 V versus
RHE between measurements, and the limits of the cyclic voltammetry (CV) were
0.05-1.02 V. Hydrogen underpotential deposition measurements were performed
by saturating the electrolyte with argon gas before collecting the CV at a sweep rate
of 50mV s™"'. Electrooxidation of adsorbed CO, or CO-stripping measurements,
were performed by purging CO through the electrolyte while holding the

potential at 0.05 V. Argon was then purged to remove CO from the electrolyte and
the CV was collected at a sweep rate of 50 mV s~'. The ORR measurements were
collected under O, purging conditions and at 20 mV s~' with an RDE rotation rate
of 1,600 r.p.m. The current densities for ORR were corrected for ohmic iR drop.
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