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Abstract

To create truly effective electrocatalysts for the cathodic reaction governing
proton exchange membrane fuel cells (PEMFC), namely the oxygen reduction reaction
(ORR), necessitates an accurate and detailed structural understanding of these
electrocatalysts, especially at the nanoscale, and to precisely correlate that structure with
demonstrable performance enhancement. To address this key issue, we have combined
and interwoven theoretical calculations with experimental, spectroscopic observations in
order to acquire useful structural insights into the active site geometry with implications
for designing optimized nanoscale electrocatalysts with rationally predicted properties.
Specifically, we have probed ultrathin (~2 nm) core-shell Pt~PdsAu nanowires, which
has been previously shown to be excellent candidates for ORR in terms of both activity
and long-term stability, from the complementary perspectives of both DFT calculations
and X-ray Absorption Spectroscopy (XAS). The combination and correlation of data
from both experimental and theoretical studies has revealed for the first time that the
catalytically active structure of our ternary nanowires can actually be ascribed to
PtAu~Pd possessing a PtAu binary shell and a pure inner Pd core. Moreover, we have
plausibly attributed the resulting structure to a specific synthesis step, namely the Cu
underpotential deposition (UPD) followed by galvanic replacement with Pt. Hence, the
fundamental insights gained into the performance of our ultrathin nanowires from our
demonstrated approach will likely guide future directed efforts aimed at broadly

improving upon the durability and stability of nanoscale electrocatalysts in general.



1. Introduction

Platinum is known to be the most active catalyst governing the cathodic reaction,
namely the oxygen reduction reaction (ORR), in polymer electrolyte membrane fuel cells
(PEMFCs) and related direct methanol fuel cells (DMFCs). However, the performance
and ubiquity of state-of-the-art Pt-based DMFC anode electrocatalysts, as an example,
are limited by issues associated with their relative scarcity, high cost, as well as with their
relatively poor performance due to issues associated with high overpotential and slow
reaction kinetics. Moreover, these materials can be easily contaminated by oxygen-
containing carbon species, such as CO."?

Therefore, many studies have sought to develop viable alternative architectures in
order to improve upon the performance of conventional zero-dimensional (0-D) Pt
nanoparticles.® Not surprisingly, these efforts have culminated in the rational design and
generation of motifs such as but not limited to Pt-metal core-shell materials, ternary
alloys, as well as hierarchical ternary or quaternary core-shell structures, so as to reduce
the overall usage of Pt.***? Our group has focused quite generally on the development of
one-dimensional (1-D) core-shell materials, which specifically offer a number of primary
benefits toward enhancing the intrinsic activity of electrocatalysts. First, crystalline 1-D
nanostructures possess (a) high aspect ratios, (b) fewer lattice boundaries, (c) long
segments of smooth crystal planes, and (d) a relatively low number of surface defect sites,
all of which are desirable attributes for fuel cell catalysts.***’ Second, we take advantage
of the so-called ‘ligand effect’, induced by the dopant metal upon the overall catalytic
performance, in which the transition metal ‘M’ core will couple with the external Pt shell,

thereby resulting in a beneficial coupled electronic and structural effect, which should



facilitate charge transfer and increase reaction kinetics. Third, core-shell motifs optimize
the use of Pt, thus minimizing Pt loading, and allow for every surface Pt atom to be
catalytically accessible. Fourth, the addition of the transition metal ‘M’ will lower the
energy of the Pt d-band and create d-band vacancies, thereby enabling a lowered binding
energy of oxygen-containing species,'® which in turn facilitates the completion of ORR.

More specifically, our group has been probing the effect of systematic variations
in size as well as chemical composition in various types of Pt-based 1-D catalysts.'*% In
terms of trends, we noted that as the nanowire diameter decreases, the corresponding
ORR performance increases dramatically, presumably due to lattice contraction of
surface atoms originating from surface strain effects.”*?> Furthermore, our group
examined the composition and size-dependent performance in Pd;.xAuy nanowires (NWSs)
encapsulated with a conformal Pt monolayer shell (Pt~Pd;xAux). We noted a volcano-
type composition-dependence in the ORR activity of ultrathin Pt~Pd;xAux NWs as the
Au content was increased from 0 to 30% with the activity of the Pt~PdgAu NWs (i.e. 0.98
mA/cm?, 2.54 Almger, measured at 0.9 V vs. RHE), representing the optimum
performance.?* Although significant enhancements in ORR activity were observed as a
function of NW composition, the precise origin of the enhanced performance as a
function of NW composition and size remains unclear, since these variables can yield
complex and often unforeseen effects on the electronic and structural properties of the
analyzed nanostructures and the corresponding catalytic performance.

As a logical extension of that prior finding, in this current report, we probe the
intimate physical and electronic structure of these ‘optimized’ Pt~Pd;.xAux core-shell

type nanostructures used as the starting point with the objective of deducing the nature of



the accompanying catalytic interface therein. Synchrotron X-ray absorption spectroscopy
(XAS)-based techniques represent an exciting platform with which to examine the nature
of the electronic properties and bonding of 1D catalysts under standard operating
electrochemical conditions.?®* Extended X-ray absorption fine structure (EXAFS)
spectroscopy is known to be as valuable if not superior to other conventional structural
analysis techniques, such as TEM or XRD, for obtaining relevant structural information
for small, catalytically relevant particles of less than 5 nm.*** Indeed, by analyzing the
EXAFS spectrum of each metal within the context of either binary or ternary metallic
nanomaterials, information about local structural parameters (i.e. metal-metal
coordination number, bond length, and the extent of disorder) can be obtained.****** By
tuning the X-ray energy to the absorbing edge of each metal, the local environment
surrounding atoms of each resonant element can be separately analyzed and compared.
For instance, EXAFS has been utilized in not only verifying chemical composition but
also probing the detailed formation mechanism of ultrathin Pd-Au alloy nanowires,
fabricated through galvanic displacement.**

Therefore, the novelty and significance of this current study is that we have not
only utilized EXAFS to (i) compare and (ii) differentiate amongst different plausible
structural models (i.e. the presence of islands, partial monolayers, or localized alloys) of
our as-synthesized Pt~PdgAu ultrathin core-shell nanowires under in situ electrochemical
conditions but also corroborated these data with the net results of well-designed DFT-
based computational models. Therefore, the judicious combination and subsequent
correlation of data from both experimental and theoretical studies has revealed for the

first time that the catalytically active structure of our ternary nanowires can actually be



ascribed to PtAu~Pd possessing a PtAu outer binary shell and a pure inner Pd core.
Moreover, we have plausibly attributed the resulting structure to a specific synthesis step,
namely the Cu underpotential deposition (UPD) followed by galvanic replacement with
Pt. Hence, it is likely that the fundamental insights gained into the performance of our 1-
D electrocatalysts using these complementary tools will likely guide future research in

terms of defining new directions for substantially improving upon durability and stability.

2. Experimental
2.1. Computational

DFT calculations were performed by using the Vienna ab initio simulation
package (VASP).***® The spin-restricted GGA-PW91 functional,*’ a plane-wave basis set
with an energy cutoff of 400 eV, and the projector augmented wave (PAW) method*®
were adopted. The Brillouin zone of the supercell was sampled by 1x1x5 k-points using
the Monkhorst—Pack scheme.* The conjugate gradient algorithm was used in
optimization, allowing for the convergence of 10™eV in total energy and 0.02 eV/A in
the Hellmann-Feynman force on each atom.

To model nanowires (NW) using DFT, we constructed cylinder-like Pd,— Aux@Pt
core-shell NWs measuring 2.2 nm in diameter, based upon the experimental

observations,?#**°

showing that the (111) and (200) surfaces were the dominant facets.
Three different chemical compositions of the PdAu core were considered, namely PdgAu,
PdsAu,, and Pd;Aus, which we associated with the experimentally measured lattice
parameters of 3.923 A, 3.934 A, and 3.948 A, respectively, and which helped to define

the periodic boundary conditions along the wire direction. Two unit cells along the wire



direction were included in a cubic supercell whose size was sufficiently large enough that
the separation between the NW sidewalls and their images in the other two directions
was >15.0 A. Furthermore, Pd@Pt and Pt NWs possessing the same size and shape were
also included by means of comparison.

The relative stability of various core-shell nanowires (NW) was evaluated using
the formation energy in eV/atom, which is defined in Equation 1 as:

Erorm = [E(NW) — JptE(Pt) — mpgE(Pd) — nasE(AU)]/(jpt + Mpg + Nay) [1]
where E(NW), E(Pt), E(Pd), and E(Au) represent total energy of the NW, gas-phase Pt,
Pd, and Au atom, respectively, while jp, mpg, and na, designate the number of Pt, Pd, and
Au atoms in the NW.

Atomic O was used as a probing adsorbate for the ORR activity. The O-binding
energy (denoted as BE-O) has been used as a good “descriptor” for probing the ORR,>*
where the calculated BE-O was correlated with theoretically predicted and
experimentally measured ORR activity.”** BE-O is defined in Equation 2 as:

BE-O = E(O/NW) — E(H,0) + E(H.) — E(NW) [2]

where E(O/NW), E(H,0), and E(H>) correspond to the total energy of O-adsorbed
NW, water, and hydrogen in the gas phase, respectively. Hence, a more positive BE-O
implies weaker O-binding. To calculate BE-O, we chose fcc and hcp 3-fold hollow sites
on (111) terraces far away and nearly equidistant away from the edge, as the (111)
terraces of a nanoparticle were found to contribute the most to the observed ORR.>** No
geometric constraints were applied during the optimization process, which was found to
be essential in order to explicitly capture the subtle and actual size- and shape-effect of

real nanocatalysts.”®



2.2. Synthesis of carbon supported PdgAu ultrathin nanowires

Ultrathin Pd-Au nanowires have been prepared, utilizing a method that has been
adopted by our group but has been modified to efficiently produce gram-scale quantities
of catalyst.?! Briefly, in a typical experiment, palladium nitrate (0.0504 mmol, 11.7 mg,
Alfa Aesar 99.9%), tetrachloroauric acid hydrate (0.0056 mmol, 1.7 mg, HAuCl, - x H,0,
Alfa Aesar, 99.999%), octadecylamine (400 mg, Acros Organics 90%), and
dodecyltrimethylammonium bromide (60 mg, TCI >99%) were dissolved in 7 mL of
toluene under vigorous magnetic stirring. The entire mixture was left to react under an
argon atmosphere, utilizing standard air-sensitive Schlenk-line procedures, and was
subsequently sonicated for 20 minutes. Separately, solid sodium borohydride (13 mg,
Alfa Aesar 98%) was dissolved into 2 mL of deoxygenated distilled water, and the
solution was added dropwise into the precursor mixture, while stirring.

After 1 h of reaction, the mixture was diluted with 2 mL aliquots of distilled water
and chloroform, thereby resulting in the separation of the organic and aqueous phases.
The black organic phase was then isolated, diluted with 10 mL of absolute ethanol, and
eventually centrifuged for 10 min, ultimately resulting in the precipitation of a black solid.
The black solid was subsequently washed several times with ethanol, and allowed to dry
in air. Adsorption of these as-prepared nanowires onto a conductive carbon support
(Vulcan XC-72, Cabot) was achieved by first dispersing the isolated black solid,
containing a mixture of Pd nanowires and residual surfactant into 6 mL of chloroform,
until a homogeneous black mixture was formed. An equal mass of Vulcan carbon (i.e. ~6
mg) was then added to this mixture, and this was subsequently sonicated for 30 min in a

bath sonicator. As-prepared composites were then isolated by centrifugation, and fixed



onto the carbon substrate by immersion in hexanes for 12 h. Multiple successive reactions
were performed; accumulated products were isolated in order to achieve a sufficiently
large quantity for EXAFS experiments.

2.3. Synthesis of Pt~PdgAu core-shell ultrathin nanowires

The preparation of the desired core-shell structure was achieved by utilizing a
modified *bulk’ gram-scale synthesis approach, initially reported by Shao et al. We
should note that this protocol has never been previously applied to the synthesis of
ultrathin nanowires. In effect, the process consists of (a) a UV/ozone treatment followed
by (b) CO stripping and (c) Pt deposition. Specifically, PdgAu/C was first dispersed into
ethanol by sonication after which it was placed onto a watch glass and subsequently dried.
The watch glass was placed into a UV ozone generator (UVOCS model no. T10X10-0ES)
and treated for 15 min. As-treated nanowires were then isolated from the underlying
watch glass by sonication. The ‘reactor’ environment, where the CO stripping and Pt
deposition processes were allowed to occur, consisted of a graphite sheet working
electrode, a platinum black (porous Pt film) counter electrode, and an Ag/AgCI (BASI)
leak-free reference electrode.

The UV/ozone treated sample was pre-dispersed in 50 mM H,SO,, and then
added to the ‘reactor’, prior to the ‘CO stripping’ step. Adsorption of CO was achieved
by bubbling in CO gas into the electrolyte for 30 minutes, thereby forming a CO-
saturated solution. Then the adsorbed CO was subsequently stripped from the surface by
a potential sweep, running up to 1.1 V at 20 mV/s. After pretreatment, a de-aerated
aqueous CuSO, solution in 50 mM H,SO, was added to the ‘reactor’ in order to obtain a

Cu?* concentration of 50 mM. After addition of CuSQ,, the potential was held constant at
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approximately 400 mV (vs. RHE) in order to deposit a monolayer of Cu onto the PdyAu
nanowires. A de-aerated aqueous solution of K;PtCl, in 50 mM H,SO,4 was immediately
added dropwise to the ‘reactor’ in order to initiate galvanic replacement of the Cu by the
Pt. After 5~10 minutes, the reaction was complete. The catalysts were subsequently
washed with MilliQ UV-plus water, and centrifuged. The resulting catalyst powder,
denoted as Pt~PdgAu/C, was dried in vacuum at 80°C prior to further analysis.
2.4. Materials Characterization

The as-prepared Pt~PdgAu nanowires were structurally probed using transmission
electron microscopy (TEM). Energy dispersive x-ray analysis (EDS) was performed to
obtain relevant data aimed at ascertaining the overall nanowire chemical composition,
using a JEOL-1400 TEM instrument. High angle annular darkfield (HAADF) STEM
images and electron energy loss spectroscopy (EELS) data were collected using a Hitachi
aberration-corrected scanning transmission electron microscope (HD-2700C). Specimens
for all of these microscopy experiments were prepared by dispersing the as-prepared
product in ethanol, sonicating for 2 min to ensure an adequate dispersion of the
nanostructures, and evaporating one drop of the solution onto a 300 mesh Cu grid, coated
with a lacey carbon film.
2.5. Electrochemical Setup

The special home-made electrochemical cell>” we used for our experiments is
composed of several Teflon pieces, clamped together to form an electrolyte reservoir,
whose maximum inner volume measured around 30 mL. The center of the cell is carved
and sealed with Kapton tape to ensure a clear path for the X-ray beam. Other components

of the setup include an Ag/AgCl (BASI) leak-free reference electrode and a glassy carbon
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counter electrode. As-synthesized Pt~PdyAu/C nanowires were deposited onto a piece of
carbon paper so as to form a homogeneous layer. Then the carbon paper was placed into
the cell as a working electrode. The electrolyte utilized herein was 0.1 M HCIO,.

Prior to measurement, oxygen gas was purged through the electrolyte for 10-15
minutes so as to ensure an O,-saturated solution. For the cycling process which simulated
a normal ORR environment, the potential was cycled from 0.6 to 1.0 V. EXAFS
measurements and CV spectra were obtained after 0, 10, 50, 250, 500, 750, and 1000
cycles, respectively. EXAFS spectra were collected whilst maintaining an oxygen-free
environment by purging Ar throughout the entire process of data collection. The applied
potential was held at a relatively low value (i.e., 0.5 V vs. RHE), in order to prevent
possible surface oxide formation, which would have resulted in likely complications
associated with the fitting of the EXAFS spectra. We note that cyclic voltammetry was
performed in a deoxygenated solution (by purging Ar for 10-15 minutes) with a scan rate
of 20 mV/s.

2.6. EXAFS

At the National Synchrotron Light Source, both Pt L3-edge and Au Ls-edge data
were collected at the X18A beamline with both sets of measurements obtained in the
fluorescence mode. Different parameters contributing to the theoretical EXAFS equation
(e.g., bond distances and energy origin correction or coordination numbers and the bond
length disorder parameters) correlate into the resulting fit. Constraining them during the
fit improves the stability and viability of the results. In our analysis, we modeled the Pt
and Au Ls-edge data concurrently by applying multiple constraints.®* Only Pt-Au and Pt-

Pt as well as Au-Pt, Au-Au, and Au-Pd data contributed to the Pt and Au EXAFS results,
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respectively. Details of the data analysis and modeling are given in the Supporting

Information section.

3. Results and Discussion
3.1. Theoretical calculations

DFT calculations were performed to determine the distribution of Au in our NWs.
It is known™® that Au-metal alloy systems appear to undergo some level of Au surface
segregation. This phenomenon is even more apparent and noticeable when either (a) the
metal content or particle size is increased or when (b) the temperature is elevated.> In our
DFT calculations, we first mapped out the adsorption preference of a single Au atom on a

Pd NW (Figure 1). Similar to the case of nanoparticles,”*®!

a decreasing sequence was
observed: edge (111) / (111) (A, 0.00 eV/atom, Figure 1) > edge (111) / (100) (B, 0.02
eV/atom) > Terrace (100) (C, 0.05 eV/atom) > Terrace (111) (D, 0.09 eV/atom). That is,
the more active the Pd on the NW surface, the more energetically favorable it is to be
replaced by Au. Moreover, we also noticed that adsorption of oxygen species during the
ORR could induce either a surface restructuring or reconstruction process in Pt core-shell
nanoparticles, which favored surface segregation of oxophilic core elements;®? yet for an
PtAu system, at least up to 0.25 ML of O was required in vacuum to allow for the
segregation of Pt back to the shell.®

Accordingly, for a PdAu@Pt NW, we simulated three possible variations in
structural configurations in order to obtain details concerning Au distribution within these

ultrathin NWs, as shown in Figure 2: (i) Pd-xAux@Pt NWs with all Au atoms staying

within the core; (ii) Pd—Aux-y)PL@AuyPt1.,) NWs with a portion of Au atoms
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segregated to the edge of the Pt shell; and (iii) Pd;—Pt:@AuxPti-,) NWs with all Au
atoms segregated to the Pt shell. Herein, (X, y) and z denote the mole ratios of
Au/(Au+Pd) and Pt, respectively. Pd(;—xAux@Pt was used to model the as-prepared
sample, while Pd-xAux-y)Pt:@AuyPt1., and Pd(;Pt;@AuxPt.,) were included in
consideration of either partial or full segregation of Au to the shell during the ORR. We
arranged Au atoms symmetrically in a way such that Au preferentially replaced the active
Pd sites on the surface as demonstrated above, but avoided the formation of Au-Au bonds
within the core, according to experiment (Figure 2).?** Such an arrangement was aimed
at lowering the total energy of each type of NWs, while making the calculated BE-O
comparable among three types of NWs.

It is believed that the electrochemically active sites in our system consist
effectively of the outermost surface Pt atoms. Essentially, due to the presence of a filled
d-band, Au itself is inactive towards ORR.* Moreover, it has been demonstrated that Au
surfaces do not adsorb oxygen in the relevant potential window for ORR (i.e. ~0.7-1.0V
vs. RHE) in acidic media.®® Therefore, it is reasonable to conclude that the segregated Au
atoms are largely non-active for ORR and that they are essentially “‘spectators’, with
respect to the actual catalytic reaction.

Figure 3 highlights the calculated Egom for all NWs studied. When the chemical
composition was kept constant, one can see that the as-prepared sample, i.e.
Pdi-xAux@Pt NWs, is the least stable, but that the stability can be gradually increased
by either partial, i.e. Pd(—xAUx.y)Pt,@AuyPt-), or full, i.e. Pd-Pt,@AuxPt,),
segregation of Au to the shell. That is, Au within the core prefers to segregate to the shell

and occupy both the active edge sites as well as the (100) terrace sites. This is in line with
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the strong tendency of Au atoms to segregate in the host of most metals.?®®” When
varying the composition, the stability of alloy NWs in term of Erom decreases with
increasing Au. The maximum of Egym is observed for pure Pt NWs (Erorm = -5.27
eV/atom) followed by PA@Pt (Erorm = -4.17 eV/atom), while that associated with
Pd@AUPt is -4.14, -4.12, and -4.09 eV/atom, corresponding to Au/(Au+Pd) ratios of 0.1,
0.2, and 0.3, respectively.

At the temperature for the ORR (i.e. below 100°C), the thermal stability of NWs
is less critical than their electrochemical stability, because metal catalysts can be oxidized
and dissolved into electrolyte. Since Au (1.52 V) possesses a higher reduction potential
than both Pt (1.19 V) and Pd (0.92 V), alloying Au into NW structures is expected to
contribute to their resistance to oxidation, though their thermal stability can be slightly
compromised. This finding agrees well with the experimental observations that Au-
alloyed NWs demonstrated a greatly improved electrochemical stability as compared
with Pd@Pt NWs.*23>°

To scale the ORR activity, BE-O values were calculated and plotted in Figure 4.
According to the previous study,> the removal of oxygen-containing species via either
protonation or the formation of *O, *OH, or *O, was found to slow down the ORR on Pt,
depending on the precise experimental conditions. Therefore, it is reasonable to assume
that a higher BE-O (more positive) should lead to a weaker interaction between Pt atoms
and oxygen-containing species, thereby ensuring a greater overall ORR performance.®*>
Of course, an excessive weakening of O-binding will hinder the ORR, wherein the
adsorption of oxygen-containing species becomes problematic. One can see that Pd@Pt

NWs (BE-O = 1.46 eV at the fcc site and 1.76 eV at the hcp site) can bind oxygen more
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weakly than Pt NWs (BE-O = 1.44 eV at the fcc site and 1.82 eV at the hcp site). The
effect of adding Au on BE-O depends on the spatial distribution of Au, while BE-O is not
necessarily sensitive to variation in the amount of Au.

In the case of Au with an Au/(Au+Pd) ratio of 0.12 for instance, the BE-O for
Pd@Pt is decreased by 0.2 ~ 0.3 eV when adding Au into the Pd core (Figure 4i), while it
is decreased by 0.1 ~ 0.2 eV (Figure 4ii) and increased by 0.1 ~ 0.2 eV (Figure 4iii) by
partial and full segregation of these Au atoms from the core to the shell, respectively. By
comparison, we note that the corresponding variation in BE-O values for AuPd@Pt NWs
as a function of the Au/(Au+Pd) ratio is smaller (within 0.1 eV), when the same spatial
distribution of Au is analyzed.

The variation trend in BE-O correlates well with the surface strain before oxygen
adsorption, Spep= [dpt-pt(NW)/dp.pt(Pt bulk) — 1] x 100 (Figure 5). Herein, only the active
(111) terrace of either the Pt shell or the Pt(111) shell was considered. The lattice
constants used herein for Pt, Pd, and Au, respectively, are 3.924 A, 3.890 A and 4.080 A.
As compared with Pt bulk, the formation of NWs introduces significant surface
contraction on the Pt(111) shell (i.e. Sp.pt = -2.2 %, displayed as dots in Figure 5a). Due
to the similar lattice between Pt and Pd, using Pd as the core only leads to small changes
in the surface strain and therefore, the BE-O value. Adding Au into the core, thereby
forming a PdAu alloy, diminishes the perturbative effect of contraction, and therefore,
BE-O is lowered (square, Figure 5a), in agreement with a previous study.® In principle,
the more Au is added into the core, the lower the surface strain will be, and therefore, the
more strongly the oxygen will be bound. The caveat is that at high Au concentrations, the

nanowire surface not only adopts a tensile strain but also can be fully covered by Au sites
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due to the segregation, all of which can potentially inhibit ORR activity.

With all Au segregated into the shell, the Pt(111) shell becomes more contracted
as compared with Pt NWs, i.e. from 0.1% to 0.6% with increasing amounts of Au
(triangles, Figure 5a). However, the corresponding BE-O therefore stays more or less
around 1.55 eV. This value is associated with the local structural flexibility of NWs. The
variation in the BE-O values as a function of Sp.p; prior to oxygen adsorption (Figure 5a)
can be compared and correlated with that of Sp.p; after oxygen adsorption as a function of
See.pt before oxygen adsorption (Figure 5b). For Pd;—xAux@Pt NWs, the relatively small
contraction in the Pt(111) shell promotes surface flexibility. With increasing amounts of
Au in the core, the adsorption of oxygen can introduce additional surface distortion. It has
been demonstrated that lowering the degree of contraction on the neighboring Pt can
perceptibly introduce tensile strain with Sp.p; Values, ranging from 5.5% to 6.5%. As a
result, the Pt-O interaction is strengthened (Figure 5a). By contrast, for
Pd-xPtz@AuxPt.,) NWSs, the strong degree of contraction renders the NW more rigid.
Hence, the response to oxygen adsorption is much less (Spi.pt < 4.6%, Figure 5b) and the
variation in Spi.p; With the amount of Au in the shell is less significant. As a result, BE-O
IS more positive and is not sensitive to the amount of Au in the shell (Figure 5a).

Our results indicate that the distribution of Au plays an important role in tuning
the surface strain of AuPd@Pt NWs and therefore of BE-O. In particular, the segregation
of Au to the shell implies two specific consequences: (1) it is able to stabilize the NWs
(Figure 3), and (2) it increases the rigidity of the NW, which prevents the structural
distortion upon oxygen adsorption and thereby weakens the binding energy (Figure 4).

The importance of structural rigidity in influencing the observed oxygen binding
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energy has been highlighted in our previous theoretical analysis of ORR on Pt@Pd
nanoparticles, possessing a tetrahedral shape.®® Specifically, we determined in that prior
work that for nanostructures with a relatively significant surface contraction, i.e. such as
the ~2.3% noted for the PAAu@Pt NWs studied herein, the presence of oxygen
adsorption can thereby lead to a more significant distortion of the localized structure of
the (111) facet as compared with the corresponding (111) bulk surface. That is,
nanostructures are intrinsically more flexible in their local structure as compared with
bulk surfaces. This surface distortion which accommodates for the adsorption of oxygen
can thereby lead to an increased binding energy of oxygen. It is noteworthy that the
correlation between the metal d-band structure before adsorption and the oxygen binding
energy, which is often used to explain the trend in binding energy on metal surfaces, does
not necessarily apply for such nanostructures, since the resulting d-band structure of
distorted metal sites at the nanoscale limit can be very different after oxygen adsorption.
Hence, the rigidity of the local structure plays a more important role. That is, for
the same kind of adsorption site, the more flexible the structure is, the more easily the
interacted metal atoms can distort upon adsorption, all of which can thereby lead to a
stronger oxygen binding. Indeed, only when the NW adopts the conformation of
Pd1-xPtz@AuxPt(.,) does the BE-O of AuPd@Pt NW become weaker than that of
Pd@Pt (Figure 5(iii)). Therefore, a higher ORR activity is expected. However, the degree
of weakening is small, and hence, it is difficult to draw any clear and unequivocal
conclusions that would correlate exactly with the experimentally measured ORR activity
values, obtained by simply examining the trends in BE-O.%%°

Considering the gap between the BE-O and the ORR activity, we have taken on
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the additional step of estimating the mass and specific ORR activity values, based on the
calculated BE-Os. Considering that the promotion of ORR activity on Pt was predicted
by weakening the Pt-O bond,”* we have estimated the mass activity as AAy oc exp(-
0.5*BE-O/kyT)*Npi(111)/Npe(total), wherein Np¢(total) and Np(111) represents the
number of Pt atoms in the NWs and on the (111) terrace, respectively. The charge
transfer coefficient was chosen as “0.5” on the basis of previous experimental and
theoretical studies.®®"® The specific activity was estimated as AAs oc exp(-0.5*BE-
O/kpT)*Npi(111)/Npi(shell), wherein Np(shell) represents the number of Pt atoms in the
shell of the NR. The edge and (100) terrace sites, which account for 38% of total Pt
surface sites, were assumed to be inactive and not involved in the ORR process.

Figure 6 plots the variation of relative activity at T = 20°C, i.e. mass activity and
specific activity, with respect to Pt NWs. We first want to clarify that all the activities
reported here correspond to a potential of 0.9 V (vs. RHE), unless otherwise specified.
We note that both mass and specific activities for pure Pt NWs are set to 1 in the
following Figures. A significant variation of ORR activity with respect to both the
amount and distribution of Au within the AuPd@Pt NWs was observed. For a NW with a
certain quantity of Au, Pd—xPt:@AuxPt.,) NWs possessing full segregation of Au
within the shell (panels E and F) displayed the largest improvements in both mass and
specific activities with respect to pure Pt NWs amongst all three types of NWs we studied.
By comparison, the ORR activities of Pd;-Aux.y)Pt:@AuyPt1.,) NWs with partial Au
segregation (panels C and D) and of as-prepared Pd;Aux@Pt NWs with Au localized
in the core (panels A and B) are far lower. That is, the small variation in BE-O obtained

by alloying Au (Figure 5a) can have a dramatic effect upon the ORR activity.
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For a certain Au distribution, the observed enhancements of both mass and
specific activities do depend on the amount of Au. Specifically, the experimentally
observed trend in both types of activities in evolving from Pt and Pd@Pt to Au-
containing analogues such as PdeAu@Pt, PdsAu,@Pt, and Pd-Aus@Pt ** can be well
captured and described by the corresponding trend in the theoretically estimated activity
only when the Pd—Pt,@Au,Pt(1-, conformation is adopted and analyzed. A direct
comparison between the “volcano” trend observed in our theoretical estimations and that
found in our corresponding experimental data is shown in Figure 7. It is worth
emphasizing that both sets of data point to PdgAu@Pt as the optimal chemical
composition of the cathode for the ORR.* According to our DFT calculations, either the
partial or full segregation of Au is best able to stabilize the as-prepared Pd - Aux@Pt
NWs, which is likely to occur during the ORR process, whereas the structures of other
types of as-prepared NWs may not be able to capture the behavior of the catalyst under
operational ORR conditions.

Overall, our DFT calculations show that the ORR activity of AuPd@Pt NWs can
be well tuned by purposefully varying the amount and distribution of Au. In effect, the
segregation of Au from the core to the edge and (100) terrace sites of the shell is likely to
occur during the ORR process and can promote the ORR activity significantly. We note
that the more Au remains in the core, the lower the ORR activity of the corresponding
AuPd@Pt NW. In addition, the amount of Au should be moderate, i.e. large enough in
order to render the NW rigid and therefore weaken the O-Pt interaction, while small
enough to prevent both the decrease of active Pt sites in the shell as well as the overall

confinement of Au to the core.
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In essence, our theoretical computations have attributed the possibility of this
hierarchical architecture as emanating from the in situ machinations of the oxygen
reduction reaction process, thereby resulting in the dynamic surface segregation of certain
metal elements within Pt-outer shell, metal/metal alloy core nanoparticles. However,
because prior experimental reports have been effectively bulk measurements, these have
neither specifically established nor determined the validity of this hypothesis. Hence, in
order to better understand and verify the plausible localized restructuring within our
Pt~PdAu ultrathin nanowire systems, we have collected EXAFS data.

3.2. Experimentally probing core-shell nanowires with STEM, EELS, and EXAFS

We have previously reported on the synthesis of as-prepared homogeneous PdsAu
ultrathin nanowires, which represent the precursor to the focal core-shell structure of this
study.®® According to the structural characterization results obtained from both X-ray
diffraction (XRD) and TEM-based selected area electron diffraction (SAED), the
measured lattice d-spacings in the as-prepared series of Pd;.xAuyx nanowires match
perfectly with the predicted values calculated based on the overall chemical composition,
thereby verifying the existence of a homogeneous alloy-type material as opposed to either
a core-shell or even a partial alloy motif.

To justify the choice of this very particular nanoscale system for such an elaborate
study, we have provided a detailed rationale, based on previous theoretical and
experimental results. Specifically, according to the “volcano” plot put forth by Narskov
et al., the challenge for optimizing Pt-based electrocatalysts for ORR has mainly been to
overcome the fact that the adsorption energy of oxygen onto Pt is very strong.”* Hence, in

Pt-Pd core-shell structures in particular, the outer Pd atoms not only act as a support but
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also contribute to the tuning of the electronic properties of the underlying Pt atoms.”
However, the presence of a Pt monolayer on a bare Pd substrate may not necessarily
represent the optimal structural motif. As discussed in the manuscript, the lattice
constants of Pt, Pd, and Au are 3.924, 3.890, and 4.080 A, respectively. Therefore, when
deposited onto either bare Pd or Au, the Pt monolayer may experience either a
compressive or a tensile strain, respectively, thereby potentially altering the observed Pt-
Pt interatomic distances. Prior reports have demonstrated that the ideal Pt-Pt distance can
be achieved by utilizing as the underlying “substrate’, Pd-Au alloy nanoparticles
possessing a Pd: Au molar ratio, that is close to 9:1.”% This supposition has actually been
validated previously in our work with analogous ultrathin nanowire system.?

Hence, in this paper, we chose our most active ORR sample, namely PdyAu, as
the “foundational’ model material with which to pursue our subsequent studies. Upon
deposition of Pt, the morphology and chemical composition of as-prepared carbon-
supported Pt~PdgAu nanowires were characterized by electron microscopy, as shown in
Figure 8. Specifically, we noted that as-generated Pt~PdyAu ultrathin nanowires gave rise
to an interconnected network morphology, with average diameters of individual wires
measuring 2.5 + 0.3 nm. As a consequence of the formation mechanism of the PdsAu
nanowires, there was a juxtaposition of a small quantity of incompletely grown, short
nanorods’® coupled with a majority of longer nanowires possessing average lengths of
several tens of nanometers.

The higher resolution STEM image coupled with the cross-sectional EELS
analysis indicated that the nanowires most likely possessed a core-shell structure. What is

important to note is that with STEM, the Pt and Au elements could not be readily
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differentiated as a result of their extremely close and potentially overlapping signature
bands. However, it is clear from Figure 8D that both of these two elements were richer in
quantity and distribution at the outer, external circumference of the wires as compared
with within the inner central core-region. The overall elemental composition derived
from EDS analysis was determined to be Pt: Pd: Au = 7: 81: 12, with small uncertainties
of roughly 2-3% in terms of the atomic ratio reported. The Pd: Au ratio was very close to
the expected ratio of 90: 10 inherent to a PdgAu nanowire. Therefore, our Pt~PdAu
sample could be actually ascribed to a Pt;Pdg; Aui, composition.

Nevertheless, upon the deposition of that Pt outer shell, what has been missing to
date has been a precise study and inherent understanding of the actual spatial distribution
of all three elements, namely Pt, Pd, and Au, within the nominal Pt~PdAu core-shell
motif in order to fully corroborate our computational findings. Indeed, we ourselves have
previously shown?! that even though there is a systematic trend in the oxide reduction
peaks in cyclic voltammograms (CV) for the series of Pd;.xAuy nanowires as a function
of varying “x” values, as we proceeded to deposit an outer Pt monolayer, the
aforementioned trend in CVs becomes much less defined and could therefore not serve as
a means of precisely examining surface stoichiometry. We hypothesize that this is due to
the fact the surface is now almost exclusively covered by Pt atoms whose electronic
structure is only slightly modified by the underlying PdAu core giving rise to a subtle if
almost imperceptible alteration in the accompanying CV profiles.?

As a means of overcoming these inherent sensitivity limitations as discussed in
the Introduction, EXAFS is known as an excellent tool for probing the local atomic

environment within both bulk and nanomaterial systems. Therefore, we conducted a
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series of time-dependent in situ EXAFS experiments which enabled us to examine the
effect of the ORR reaction on possible restructuring of our core-shell Pt~PdAu nanowires,
since we assert that surface catalysis of O, species lies at the origin of our observed
structural modification. Specifically, we deposited Pt~PdgAu nanowires onto conductive
carbon paper, which was then placed into an electrochemical cell, which had been
specially designed for XAFS experiments. By doing so, we were able to perform the
oxygen reduction reaction on our catalysts while obtaining spectra at designated time
points of interest, as the reaction systematically progressed in a range spanning 0 to 1000
cycles. It should be noted at the outset that the EXAFS data support all of our previous
complementary spectroscopy and microscopy data indicating the formation of a core-
shell motif.

In terms of actual EXAFS data, since Pt and Au atoms are similar in terms of their
X-ray scattering properties, it was nearly impossible to distinguish between these two
types of atoms as neighbors to either Pt or Au. Hence they are considered as equivalent in
the fit. The relevant analysis details of each individual spectrum can be found in the
Supporting Information section (Figure S1 and S2). A summary of as-obtained structural
parameters, including coordination numbers, bond lengths, and their mean square
disorders, is displayed in Tables 1 and 2.

From these collected data, we should note that the atomic ratio of Au: Pt can be
directly calculated from the edge step of their respective regions within the EXAFS
spectra. The corresponding data are displayed in Figure S3. As a result, the Au: Pt ratio
was computed to be 2.5 + 0.2, whereas the analogous ratio value derived from EDAX

data was 1.7 £ 0.7. We should clarify that both Au and Pt elements constitute a minority
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composition of the overall core-shell Pt~PdgAu structure (i.e. close to 10%), thereby
leading to a relatively large error (i.e. 2~3%) associated with the actual experimental
percentage values themselves, i.e. 7% for Pt and 12% for Au, respectively, for our
reported values. Therefore, it is reasonable to assume that the experimental ratios derived
from EDAX and EXAFS, respectively, would be significantly different. Nonetheless, we
noted that in fact, the two sets of data are comparatively close to each other in magnitude,
thereby confirming the validity and reliability of the Pt: Pd: Au =7: 81: 12 EDAX
composition ratio we had noted earlier in the paper.

When the Pt L3 edge was analyzed, the coordination number of the first nearest
neighboring Pt-Au/Pt was determined to be 9-10, suggesting that the Pt atoms herein are
predominantly surrounded by either Pt or Au atoms. According to the chemical
composition determined by EDS analysis, the sum of Pt and Au was less than 20% in
terms of atomic ratio. In other words, if Pt atoms were to form a random alloy with the
two other elements, it is very likely that this occurred with Pd atoms, since Pd constitutes
the majority of the wire composition, as opposed to either Pt or Au. Such a conclusion
suggests that Pt atoms are essentially exclusively localized on the surfaces of the
nanowires themselves. In effect, the EXAFS and EELS data have collectively suggested
that as a result of the Cu underpotential deposition (UPD) process followed by galvanic
replacement with Pt, the resulting core-shell structure likely possesses a thin outer Pt
shell as opposed to a more randomized inner Pt-metal alloy.

Regarding the Au L3 edge, the results are far more novel and intriguing.
Specifically, the coordination numbers for both Au-Au/Pt and Au-Pd are quite close to 6,

with a reasonably small error bar. In essence, this implies that every Au atom is
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surrounded by 6 Pd atoms and either 6 Pt or Au atoms. From the known actual chemical
composition of Pt;~Pdg;Ausz, as determined from EDS, such a conclusion is inconsistent
with a picture in which Au atoms are mixing homogeneously with Pd atoms within the
core. The latter model would envision Au to be almost exclusively surrounded by Pd
atoms, because Pt was found (vide supra) to be localized on the surface of the nanowires.

Since from the Pt L3 edge data, we know that Pt is exclusively localized on the
surface, we can only deduce that the Au atoms either are immediately beneath this
uppermost layer forming a “sublayer” or are well mixed with the Pt layer itself, thereby
creating a PtAu-shell / Pd-core structure. A clear differentiation between these two
plausible structural scenarios is beyond the scope of this particular work and would
require a clear and obvious differentiation between signals attributed to Pt and Au atoms,
respectively, in the EXAFS data, which is difficult to accomplish. Notwithstanding, our
results clearly show that Au atoms are not randomly distributed within the PdgAu
nanowires and most likely have undergone some degree of surface segregation.

Herein, we should note that consideration of oxygenated Pt, such as Pt-OH,, Pt-
OH, and Pt-O, has been excluded from the fitting process. Nonetheless, the resulting
simulated data matched perfectly well with experimental curves which thereby implies
that the presence of a range of Pt-O species gives rise to extremely minor, if any
perceptible, influence on the EXAFS spectra. In other words, the amount of surface oxide
species present, such as Pt-OH,, Pt-OH, or Pt-O, was likely to be scarce, and coverage is
expected to be low. Such an assertion is reasonable, since we have purposely minimized

the potential for surface oxidation (i) through Ar purging as well as (ii) by holding the
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potential within a “reducing” region, i.e. 0.5 V vs. RHE in this case, during spectra
collection, as mentioned in the Experimental Section.

Also, it is important to note that we have periodically collected cyclic
voltammograms of the sample in between our EXAFS measurements, as shown in Figure
S4. Overall, there are relatively insignificant differences in the CVs obtained throughout
the course of the entire experiment, namely throughout 1000 ORR cycles. Minor changes
we have discerned include (a) a slight reduction in the hydrogen adsorption/desorption
(Hags/aes) peaks as well as (b) a subtle fluctuation of the oxide reduction peak position.
Nevertheless, both of these observations have been previously detected in our Pt~Pd
ultrathin nanowires, while conducting a similar time-resolved ORR experiment.?’ More
importantly, in that system, these slight variations in CVs barely affected either the
corresponding ORR performance or the final morphology observed.

Moreover, to back up existing data, we also examined the morphology and
chemical composition of the sample after ORR treatment, as shown in Figure S5. Even
though we noted a certain degree of aggregation of the nanowires themselves, it was
evident that the structural integrity of the individual wires themselves was mostly
preserved. Furthermore, we obtained a chemical composition of PtgPd;gAus, for the wires
after electrochemical processing; these data were obtained by performing localized
EDAX analysis, and were very similar to what had been observed prior to the
electrochemical experiments, i.e. Pt;Pdg;Auy,. Therefore, we can conclude that during the
entire time-dependent EXAFS experiment, the sample remained relatively unchanged in

terms of both morphology and electrochemical performance.
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Regarding the origin of the stability of these novel nanostructures, the presence of
both the Pt monolayer and Au sub-layer contribute to the enhancement of stability of our
resulting ternary core-shell structure. First, it is plausible that the presence of a Pt
monolayer, as opposed to relatively “bulky” Pt, such as elemental Pt nanoparticles,
induces an enhanced catalytic stability, as it can decrease the oxidation of the Pt, that may
occur from interaction with the underlying alloyed substrate. This behavior has been
readily noted in PtRu systems, and can be readily generalized to many other Pt-M binary
electrocatalysts.”* Second, the addition of Au atoms can render the surface to be more
‘noble’. Specifically, we have shown in the past that the oxide reduction peak of the
PdsAu NWs can be shifted by 20 mV to higher potentials as compared with bare Pd
NWSs.?! This result highlighted that PdeAu NWs gave rise to weaker interactions with the
adsorbed oxygen species, thereby implying a potential enhancement against possible
surface corrosion in acidic media. Furthermore, according to conclusions drawn from our
EXAFS results, it is reasonable to affirm that the Au atoms had segregated onto the
surface, thereby resulting in an Au-rich sublayer in the final structure.

Moreover, a similar type of hierarchical structure, namely incorporating a
Ni@AU@PtNi core-interlayer-shell, has been designed by Kang et al., wherein the
presence of an Au interlayer was found to have effectively inhibited surface oxide
formation, thereby improving the overall long-term durability.” These observations and
examples support our motivation for incorporating Au into our nanowire system.

To further confirm and corroborate the observed surface segregation within our
hierarchical nanowires, we also conducted EXAFS experiments on so-called “freshly-

made” Pt~PdsAu samples, prepared as a powder as opposed to being deposited on carbon
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paper and immersed into electrolyte. According to Tables 1 and 2, these samples
exhibited identical local structure and behavior to the sample that had undergone
electrochemical testing. Such consistency in our data implies that the Au surface
segregation originated from the intrinsic synthesis and treatment process prior to the
exposure of the sample to electrochemical processing, as opposed to the very ORR
reaction itself. In other words, by a process of elimination, we propose that the most
probable initiator, i.e. instigating event, of the observed surface segregation can be
ascribed to Cu underpotential deposition followed by galvanic replacement with Pt.

To justify the validity of our conclusions, it is worth noting that similar types of
behavior have been reported in cases where the presence of different absorbates can
result in surface segregation in metal alloy systems. Specifically, Pt atoms in Pt3Co
nanoparticles can undergo a surface-segregation during a CO annealing process at 200°C,
resulting in the formation of a Pt-shell, PtCo-core structure.”® Moreover, high-
temperature is not a necessary prerequisite for such surface restructuring to occur. For
instance, VOlker et al. have observed room-temperature O,-induced Cu surface
segregation in polycrystalline bulk Cu-Au alloys using time-resolved XPS experiments
and rationalized these observations based on DFT calculations.”” Similarly, Jirkovsky et
al. discovered a reversible, external potential-dependent exchange process involving Pd,
between the core and the shell within Pd-Au alloy (Pd-rich) nanoparticles.” In other
words, the chemical compositions of the surfaces of these Pd-Au nanoparticles appeared
to depend on the magnitude of the applied potential. For example, at low potentials (i.e.
below 0.8 V vs. RHE), the surface tended to be Au-rich, whereas at correspondingly

higher potentials (i.e. higher than 1.0 V vs. RHE), the surface was found to be Pd-rich.
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This latter paper serves as corroboration of our hypothesis, since our entire Cu
UPD process described herein was conducted under a potential range of 0.5-0.8 V (vs.
RHE). Hence it is reasonable of us to propose Au segregation in the outer shell.
Furthermore, it is worth noting that the relevant operating ORR potential is merely within
the 0.6-1.0 V range, which might not be sufficiently high enough to initiate the

generation of an alternative scenario, i.e. a Pd-rich surface.

4. Conclusions

In this work, we have probed the local structure of our Pt~PdgAu ultrathin
nanowires by a holistic approach consisting of a unique combination of both theoretical
calculations as well as X-ray Absorption Fine Structure Spectroscopy (XAFS).
Specifically, DFT calculations of the binding energy (BE-O) values of oxygen species
coupled with the corresponding calculated ORR activities have allowed us to re-visit our
assumed ‘Pt-shell, PdAu random-alloy-core’ model we had proposed in our previous
work as a definitive description of Pt~PdyAu;.x. In particular, the time-dependent EXAFS
data on our Pt~PdgAu nanowires have confirmed that (a) Au atoms will likely undergo
surface segregation and that (b) such segregation process likely happens during the
synthesis of the core-shell structure itself, i.e., in the midst of the Cu UPD process
followed by galvanic replacement with Pt, implying that the ‘restructuring’ occurs
primarily upon polarization.

By contrast with many other studies which have utilized DFT calculations and/or
XAFS techniques to probe structural parameters, we have used our DFT results herein as

a guide towards thoughtfully designing EXAFS experiments. In other words, theoretical
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predictions have directed our experiments as well as simplified the resulting analysis by
providing for plausible possible structural models with which to differentiate,
discriminate, and ultimately verify using EXAFS. Such a synergetic, feedback-based
effort will likely be important and relevant for future applications of XAFS.

Meanwhile, the discovery of structural alterations ascribed to the idiosyncrasies of
specific synthesis approaches may lead to new perspectives in terms of understanding the
structural basis for electrocatalysis, especially with a host of different and complementary
nanoscale Pt-based hierarchical nanomaterials. To our knowledge, this is the first time
that Au segregation has been reported as a result of a seemingly unrelated Cu UPD/Pt
galvanic displacement process. In the future, it will be worth further differentiating
between the specific significance of chemical composition versus that of the ultrathin size
in terms of explaining the nature of the phenomena observed.

In summary, the novelty and importance of this report arises from combining
disparate, complementary, but nonetheless mutually supportive results from (a) in situ
spectroscopy, (b) DFT calculations, and (c) electrochemical data into a comprehensive
and substantive analysis for understanding the behavior of functionally relevant
nanostructures. Very few analogous reports exist.>”*#° From a broader perspective, we
wish to emphasize the value and wisdom of this approach for gaining key insights into
nanoscale structure-property correlations. In particular, the precise examination of local
structure and bonding can facilitate a proper understanding of existing nanomaterials and
hence an ability to rationally design truly distinctive classes of nanostructures. Hence, the
strategy employed herein can be readily generalized to other classes of materials as well

to the study of phenomena that have significance beyond ORR and/or electrochemistry.
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Figure 1. (a) Single Au atom sitting at various sites of a Pd NW. A: Edge (111)/(111); B:
Edge (111)/(100); C: Terrace (100); D: Terrace (111); (b) Pt NW; and (c) Pd@Pt NW.
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Figure 2. Hexagonal 2.2-nm-diameter [(111)4,(200),] nanowire models with various Au
distributions. (a) PdgAu@Pt NWs, (b) PdsAu,@Pt NWs, and (¢) Pd;Aus@Pt NWs.

Upper panel: (i) Pd-Aux@Pt NWs; Middle panel: (ii) Pdi-xAUxy)Pt:@AuyPt1.;) NWS;
Lower panel: (iii) Pd;—Pt:@AuyPt,) NWs (see text). For clarity, eight supercells along
the axis and bases at both ends were displayed.
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Figure 3. Formation energy of 2.2-nm-diameter NWs as a function of varying Au
chemical compositions, as shown in Figure 2. Square: (i) Pd—oAux@Pt; Dot: (ii)
Pd(1-0AUx-y)Pt2@Au,Pt-,); Triangle: (iii) Pd-Pt:@AuxPt:-,. By means of comparison,
pure Pt NWs and Pd@Pt NWs were also included.
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Figure 4. Calculated O-binding energy values at 3-fold hollow sites on Pt(111) terraces.
(1) Pd(1—oAux@Pt NWs, (ii) Pd(1-AUx-y)Pt:@AuyPti.) NWs, and (iii)
Pd(l_X)PtZ@AUXPt(l_Z) NWs.
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Figure 5. (a) Calculated O-binding energy as a function of surface strain (Spt.pt, Only Pt-
Pt bond length of the Pt triangle where O is bound was taken into account); (b) Surface
strain (Spt.pt) after O-binding as a function of surface contraction before O-binding; dot:
Pt and Pd@Pt NWs; square: Pd(;—Aux@Pt NWs; triangle: Pd(;—Pt;@AuyPt.;) NWs.
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Figure 6. Estimated specific activity and mass activity for NWs at T = 20°C, based on
the calculated BE-Os values. The top, uppermost two panels describe the predicted
theoretical behavior of Pd(—oAux@Pt NW systems, related with the hcp (A) and fcc (B)
sites. Central, middle panels highlight the performance of Pd;-Aux.y)Pt:@AuyPt 1.,
NW systems, associated with the hcp (C) and fcc (D) sites. The bottom, lowermost panels
designate Pd(;—Pt@AuxPt-,) NW systems, connected with the hcp (E) and fcc (F) sites.
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Figure 7. Comparison between (A) the theoretical estimated surface area activity (black)

and mass activity (red) for different chemical compositions in a range of

Pd1-Pt:@AuxPt-,) NWs, specifically on the fcc 3-fold sites, and (B) corresponding
experimental results of ORR activities for a series of as-prepared Pt~Pd;.xAuy nanowires.

Data within Panel B are taken from J. Phys. Chem. C, 2012, v.116 (29), 15297-15306.
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Figure 8. TEM results of as-synthesized Pt~PdgAu ultrathin nanowires. (A) Bright-field
imaging, (B) high angle annular dark field imaging (HAADF), (C) high-resolution STEM
imaging, (D) cross-sectional EELS analysis, and (E) representative EDS spectra are

separately shown. The red line in panel C denotes the region where cross-sectional EELS
has been taken.
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Pt L; edge
Sample Bond N R (A) o’ (A%
Freshly Made 9.7+1.1 | 2.705+0.008 | 0.0089 + 0.0009

Before reaction

9.3+0.9 2.699 £ 0.007 | 0.0089 + 0.0009
(0 cycle)

After 10 cycles 86+11 2.702 +0.009 | 0.0089 + 0.0009

After 50 cycles Pt-Au/Pt 9.7+1.0 2.710 £0.007 | 0.0089 + 0.0009

After 250 cycles 93+11 2.703 £0.009 | 0.0089 + 0.0009
After 500 cycles 9.7+11 2.703 +0.008 | 0.0089 + 0.0009
After 750 cycles 99+13 2.702 +0.010 | 0.0089 + 0.0009
After 1000 cycles 94+1.0 2.697 +0.007 | 0.0089 + 0.0009

Table 1. Summary of structural parameters, including coordination number (N), bond
length (R), as well as mean square disorder in bond length (c?) derived from fitting of the
Pt L3 edge spectra. The Pt-Au/Pt bonding pathway is primarily considered herein.
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Au L3 edge
Sample Bond N R (A) o’ (A%
Freshly Made | Au- Au/Pt 6.0+0.5 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 59+0.3 2.782+0.003 | 0.0100 + 0.0005
Before reaction | A\ A/t 6.2+ 0.6 2.817 +0.003 | 0.0090 + 0.0008
(0 cycle)
Au-Pd 58+04 2.782+0.003 | 0.0100 + 0.0005
After 10 cycles | Au- Au/Pt 6.1+05 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 6.0+0.3 2,782 +0.003 | 0.0100 + 0.0005
After 50 cycles | Au- Au/Pt 6.4+ 0.6 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 5.7+0.4 2,782 +0.003 | 0.0100 + 0.0005
After 250 cycles | Au- Au/Pt 6.7+ 0.6 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 5.7+0.4 2,782 +0.003 | 0.0100 % 0.0005
After 500 cycles | Au- Au/Pt 6.0+05 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 59+04 2.782 +0.003 | 0.0100 + 0.0005
After 750 cycles | Au- Au/Pt 6.5+ 0.6 2.817 +0.003 | 0.0090 + 0.0008
Au-Pd 58+04 2.782+0.003 | 0.0100 + 0.0005
After 1000 | A Awpt | 67+05 | 2.817+0.003 | 0.0090 + 0.0008
cycles
Au-Pd 57+0.3 2.782+0.003 | 0.0100 + 0.0005

Table 2. Summary of structural parameters including coordination number (N), bond
length (R), as well as mean square disorder in bond length (c?) derived from fitting of the
Au L3 edge spectra. Both the Au-Au/Pt and Au-Pd bonding paths have been primarily
taken into consideration herein.
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