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ABSTRACT: The catalytic behavior of a material is influenced by EESNITSRENIRTIES PdsBi intermetallic Pd,Bi
g VAN

ensembles—the geometric configuration of atoms on the surface. In
conventional material systems, ensemble effects and the electronic structure
are coupled because these strategies focus on varying the material
composition, making it difficult to understand the role of ensembles in
isolation. This study introduces a methodology that separates geometric
effects from the electronic structure. To tune the Pd ensemble size on the
catalyst surface, we compared the reactivity of structurally different but
compositionally identical Pd;Bi intermetallic and solid solution alloys. Pd;Bi
intermetallics display no reactivity for methanol oxidation (MOR), while
their solid solution counterparts show significant reactivity (0.5 mA cmpy 2).
Intermetallics form smaller ensembles (1, 3, 4, and S atoms across all low-energy facets), whereas solid solution Pd;Bi has several
facets that support larger Pd ensembles, with an average size of 5.25 atoms and up to 6 atoms. A partially ordered Pd;Bi (a mixed
phase of intermetallic and solid solution) alloy shows intermediate MOR activity (0.1 mA cmpy ), confirming that methanol
oxidation activity tracks with the average ensemble size. All Pd;Bi alloys maintained similar electronic structures, as confirmed by X-
ray photoelectron spectroscopy (XPS) valence band spectroscopy and X-ray absorption near edge structure (XANES)
measurements, indicating that reactivity differences arise from variations in the ensemble size induced by differences in the
atomic ordering. Our findings offer an approach for designing materials with controllable active site configurations while maintaining
the catalyst’s electronic structure, thereby enabling more efficient catalyst design.
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L

B INTRODUCTION directly influence adsorption and activation of reactants by
controlling the amount of surface atoms that interact with
adsorbates. Moreover, controlling the configuration of
ensembles can help overcome the limitations set by scaling
relationships, providing an additional way to enhance catalytic
performance that goes beyond just tweaking the electronic
structure.”

The ensemble effect is typically assessed by varying the

The escalating challenges of climate change and increasing
global energy demands have intensified the need for clean and
sustainable energy technologies. Electrocatalysis plays a crucial
role in this energy transition, necessitating the need for
innovative materials and strategies to efficiently mediate key
reactions for renewable energy conversion and storage.l_6 At

the heart of these systems is the catalyst, which controls the . . . 427
rate of the reaction and selectivity of the process” "2 By composition of solid solution alloys or surface alloys.

manipulating the properties of the catalyst material, the Ir}creasn}g th'e P ropo_rtlon of the active element{ M, in a
; o 13-18 bimetallic solid solution alloy (M—X), where X is a metal
reaction performance can be optimized.

. . . .. . . different than M, leads to a higher coordination number of M
Bimetallic alloys, initially gaining prominence in heteroge- ¢ b other. thereb lareing it ble si
neous catalysis in the 1960s, have risen to the forefront of atoms among each other, thereby enlarging 1ts ensembie size.

electrocatalysis research.'” The approach to understanding However, .ad]us.tmg an alloy.s comp 051.t10n to examine
these materials focuses on analyzing variations in their ensemble size simultaneously impacts various properties: it
: . not only changes the ensemble size but also the electronic
electronic structure, particularly through the d-band center
theory.'® However, the complexity of catalyst design extends
beyond the electronic structure of the material. Another Received:  August 26, 2024
important aspect in catalyst design is the ensembles.'”*°~** Revised: ~ December 4, 2024
These ensembles refer to clusters of specific atoms on the Accepted: December 4, 2024
catalyst’s surface, and their size—the number of atoms they

contain—can have a significant impact on the reactivity. The
ensembles comprise the active site of the catalyst and can
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Figure 1. Unit cell and coordination environment of (a) ordered Pd;Bi and (b) solid solution Pd;Bi. (c) Powder X-ray diffraction (XRD) patterns
of Pd;Bi with varying degrees of order. The simulated XRD patterns of Pd;Bi and Pd are from ICSD collection codes No. 58839 and No. 52251,
respectively. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of (d) ordered, (e) solid solution,
and (f) partially ordered Pd;Bi. The insets within panels (d—f) offer zoomed-in perspectives of particular areas, highlighted by the color of the
surrounding boxes. Within these insets, an overlay of the ordered or solid solution Pd;Bi crystal is presented, aligned along the designated crystal
direction. pmma is the space group for the ordered Pd;Bi which adopts an orthorhombic lattice, and FCC denotes face centered cubic crystal
structure adopted by solid solution Pd;Bi. The TEM images in this figure are shown for samples collected after cyclic voltammetry and methanol

oxidation.

structure.”®” This alteration in electronic structure results
from shifts in the bond lengths, which vary with the lattice
parameter of the solid solution, as well as from changes in
electron density due to charge transfer between elements of
different electronegativity (ligand effect).”®” The convolution
of ensemble size with the electronic structure makes it difficult
to isolate the role of ensembles, thereby hindering the
development of more effective catalysts.

Intermetallic materials are a subclass of alloys in which each
element has a fixed atomic position and site occupancy within
the crystal, establishing long-range atomic ordering. These
atomically precise structures enable one to create materials
with controlled configurations of the active site on the surface
(i.e., ensemble). This approach has been leveraged to create

materials with interesting catalytic reactivity. For example, a
study showed that intermetallic Pd, Cug, system had high
activity for the thermal semihydrogenation of acetylene to
ethylene.”” This study suggested that the intermetallic was
more active than the solid solution Pd, Cuy, because of
partially isolated Pd active sites. Similarly, another study
showed that substituting Zn sites with Pd in the y-brass phase
of a Pd—Zn intermetallic system allowed the tuning of Pd
ensembles from monomers to trimers.”> This methodology
showed that Pd monomers were crucial for achieving improved
selectivity for the semihydrogenation of acetylene. The use of
intermetallics has also been extended to design -efficient
electrocatalysts. For example, intermetallic Pt;Ti was shown to
be 4 times more active than solid solution Pt;Ti.>' The strategy
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of comparing intermetallic materials vs solid-solutions (often
called random alloys) is a strategy that has been leveraged in
electrocatalysis on various materials platforms.””~>> These
examples highlight the unique reactivity of intermetallic
systems and their potential for precisely controlling the
active-site geometry (ensemble size). However, it is important
to note that most of these studies have not included
experimental quantification of the electronic structures, a
critical factor in verifying the independence of the ensemble
changes within these systems from electronic structure
changes. This observation highlights a significant research
opportunity to investigate whether the strategy of adjusting
atomic ordering—intermetallic versus random alloy—can
facilitate independent control over ensemble size and
electronic structure.

Herein, we investigated various Pd;Bi polymorphs to
manipulate the ensemble size and determine its effect on
catalytic efficiency. This approach allowed us to isolate the
influence of the ensembles, as the fixed composition of the
different polymorphs minimized changes to the electronic
structure of the system while adjusting the ensemble size.
Notably, our previous work indicated that Pd—Bi intermetallics
were inactive for methanol oxidation, unlike other reports that
suggested high activity for Pd—Bi alloys for various alcohol
oxidations.'”*® However, these other reports typically lacked
detailed crystallographic characterization, leading us to assume
that the materials discussed were likely solid solutions. This
discrepancy led us to hypothesize that differences in crystalline
structure might underlie the varied reactivity, prompting us to
select the methanol oxidation reaction (MOR) as a probe
reaction. We explored two polymorphs: ordered intermetallic
Pd;Bi (henceforth denoted as ordered Pd;Bi) with a primitive
orthorhombic crystal structure (Pmma space group) and solid
solution Pd;Bi with a face-centered cubic structure (Fm3m
space group).”” Orthorhombic Pd;Bi, with its lower symmetry
structure, exhibits a smaller average Pd—Pd coordination
number within the bulk of the crystal. Specifically, in ordered
Pd;Bi, the first coordination shell of Pd in the bulk of the
crystal consists of a Pd atom surrounded by 8 Pd and 4 Bi
atoms, resulting in a total coordination number (CN) of 12
(Figure 1a). In contrast, the face-centered cubic structure of
solid solution Pd;Bi should statistically promote larger Pd—Pd
coordination number in the bulk of the crystal due its random
atomic arrangement. For solid solution Pd;Bi, each atom in the
bulk of the FCC lattice has a CN of 12, with the statistical
average CN being 9 for Pd—Pd and 3 for Pd—Bi, based on the
composition (Figure 1b). Based on these variations of the
crystal structure and atomic ordering in the bulk, we would
expect the surfaces of these compositionally identical materials
to display different ensemble sizes on the surface. Analysis of
the Pd ensemble sizes on the surface indicated that
intermetallic Pd;Bi has Pd—Pd cluster sizes of 1, 3, 4, or 5
atoms across all low-energy facets, whereas solid solution Pd;Bi
has several facets that support larger Pd ensembles, with an
average size of 5.25 atoms and up to 6 atoms. Therefore, solid-
solution Pd;Bi displayed larger ensemble size on the surface.

The ordered Pd;Bi showed negligible MOR activity at room
temperature, whereas the solid solution Pd;Bi demonstrated
significant activity. Meanwhile, a partially ordered Pd;Bi alloy,
exhibiting an ensemble size that lies between the two extremes,
displayed an intermediate level of MOR activity, thereby
reinforcing the direct correlation between the size of the
ensemble and the catalytic reactivity of the material. This

peculiar contrast in reactivity between ordered Pd;Bi
intermetallics and solid solution highlights the key role
ensembles play in controlling the electrocatalytic behavior of
a material. By addressing these challenges, we are establishing
foundational knowledge that not only informs the design of
high-performance catalysts but also supplies essential data for
training machine learning/artificial intelligence algorithms for
the predictive design of new electrocatalytic materials.”*™*° To
date, the limited success of computational catalyst discovery
may be from the difficulty in synthesizing materials with the
precise atomic configuration used in calculations.”” This
approach opens new avenues for designing more efficient
catalysts, demonstrating the potential to fine-tune catalytic
activity by precisely manipulating the ensemble size of the
active element.

B RESULTS AND DISCUSSION

Structure and Characterization of Pd;Bi Alloys. The
Pd;Bi alloys were prepared by colloidal synthesis, more details
can be found in the Supporting Information. X-ray diffraction
(XRD) was used to identify the crystal structures of the Pd,Bi
nanoparticles (Figure 1c). Both ordered Pd;Bi and partially
ordered Pd;Bi have an orthorhombic crystal structure and
shared primary peaks at 260 = 37.8, 41.1, 65°. However, ordered
Pd;Bi displayed sharper primary peaks and distinctive
secondary peaks at 20 = 36.1, 37.4, 71.1° in comparison to
the partially ordered sample. The solid-solution Pd;Bi sample,
which is a metastable phase, possessed a face-centered cubic
(FCC) crystal structure. This is evident from its XRD pattern,
which is similar to elemental Pd but shifted to smaller angles
from an increase in the lattice constant by Bi incorporation.
The partially ordered Pd;Bi exhibited a small peak at 260 = 45°
which indicates the coexistence of a solid solution Pd;Bi phase
with the ordered orthorhombic Pd;Bi phase. Transmission
electron microscopy (TEM) revealed that all the Pd;Bi
materials consisted of isolated nanoparticles with mean
diameters of ~8 to 9 nm (Figures S1—S3). High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) was employed to investigate the extent of
atomic ordering within the Pd;Bi phases (Figure 1d—f).
Ordered Pd;Bi was composed of single-crystalline nano-
particles, as shown by a particle oriented along the [010]
axis. The HAADF-STEM showed that the solid solution Pd;Bi
nanoparticles consisted of single crystals which were oriented
along the [110] axis. The partially ordered Pd;Bi samples
contained both ordered (Pmma space group) and disordered
(FCC) domains which coexisted within the crystals. This was
evidenced by a particle displaying both an ordered domain
along the [010] plane and a solid solution domain along the
[011] plane. EDS elemental mapping and line scan analysis
were also performed (Figures S4—S6). As shown from the
elemental mapping, palladium and bismuth are well dispersed
throughout the whole particle; meanwhile the line scan analysis
revealed that the surface Pd/Bi elemental ratios across all
samples was comparable. Additionally, the HAADF images and
EDS mapping revealed no significant differences between the
pristine samples and those subjected to catalysis, indicating the
structural and compositional stability of the materials under
the catalytic testing conditions used in this study (Figures 1
and S4-S9).

X-ray photoelectron spectroscopy (XPS) was used to
determine the composition and chemical state of Pd and Bi
in the Pd;Bi alloys by evaluating the Pd 3d and Bi 4f regions
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Figure 2. Ex situ X-ray spectroscopy of Pd;Bi alloys. (a) X-ray absorption near edge structure (XANES) spectra for Pd;Bi alloys, Pd and PdO to
evaluate the oxidation state and electronic structure of the catalysts. The inset shows a zoom in of the edge region of the XANES spectra. (b)
Extended X-ray absorption fine structure (EXAFS) spectra to evaluate the coordination environment of the Nearest neighbors of Pd in Pd;Bi alloys,
Pd, and PdO. (c) X-ray photoelectron spectroscopy (XPS) valence band spectra of the Pd;Bi alloys. The gray vertical lines designate the valence

band center (g;). The Fermi level is at 0 V.

(Figure S10). XPS survey scans revealed that the atomic ratios
of the materials were ~3 Pd/1 Bi for all alloys, which agreed
with the inductively coupled plasma mass spectrometry (ICP-
MS) results (Figure S10 and Table S1).

The electronic structure and coordination environment of
the Pd;Bi alloys were assessed using X-ray adsorption near-
edge spectroscopy (XANES) and extended X-ray absorption
fine structure (EXAFS) (Figures 2a,b and S11-S13).*" Small
shifts in the edge position of the XANES spectrum were
observed revealing slight variations in the unoccupied density
of states and corresponding changes to the local electronic
environment of Pd (Figure 2a). Such subtleties suggest that the
Pd;Bi phases have broadly similar electronic structures and are
all metallic. A Fourier transform of the EXAFS oscillations of
the Pd K-edge was performed to determine the local structure
of Pd in the Pd;Bi alloys. The EXAFS analysis revealed an
elongation in the bond distance within Pd’s first coordination
shell for all Pd;Bi phases, indicative of lattice expansion due to
Bi incorporation. Specifically, the Pd—Pd bond lengths were
observed to be 2.79 A + .01 A (where =+ indicates the error of
the measurement) for solid solution Pd;Bi, 2.80 A + .01 A for
the partially ordered Pd;Bi, and 2.81 A + .02 for the ordered
Pd;Bi, while the Pd—Bi distances were 2.77 A + .03 A, 2.80 A
+ .03 A, and 2.79 A + .04 A nm, respectively (Figure 2b and
Table S2). The subtle changes in the XANES spectrum are
likely from these minor alterations in Pd’s bond length,
although the overall impact on the electronic structure
between the alloys remains small.

EXAFS analysis showed a decrease in the average Pd—Pd
coordination number from solid solution Pd;Bi to partially
ordered Pd;Bi to ordered Pd;Bi (i.e., in the direction of
increasing atomic ordering). However, the absolute value of
the coordination number (CN) are smaller than expected on
the ordered and partially ordered materials because of
destructive interference in the scattering path which causes
an underestimation (Table S1).** Despite this limitation,
valuable insights into the degree of mixing can be derived by
comparing the ratios of Pd—Pd CN to Pd—Bi CN. For ordered
Pd;Bi, this ratio was approximately 2, consistent with the ideal
structure of orthorhombic Pd;Bi crystals, indicating a high
degree of order. In contrast, the ratio was closer to 3 for the
solid solution and partially ordered Pd;Bi, suggesting
significant atomic mixing or a high density of defects.

XPS valence band spectroscopy was performed to determine
the valence band center (ie., the d-band center) of the Pd,Bi

alloys.43 The d-band center was at 3.04 + 0.01 eV for solid-
solution Pd;Bi, 3.01 + 0.01 eV for ordered Pd;Bi, and 3.03 +
0. 01 eV for partially ordered Pd;Bi indicating that all the alloys
showed a similar electronic structure. The observed shifts in
the valence-band center are relatively minor, with a maximum
variation of only 0.03 eV. In contrast, literature on other alloy
systems typically reports valence band center shifts greater
than 0.2 eV when the composition is varied to the extent that
the ensemble sizes are substantially modified.””*** Taken
together, we conclude that changes to the electronic structure
is minor, and the key alterations in the material are likely
driven by the size of Pd ensembles on the surface, which varies
with the degree of atomic ordering within the Pd;Bi alloys.
An electrochemical reaction occurs at the surface of a
material, so the geometry of active sites on the surface of the
crystal is one of the primary parameters that effects
electrochemical reactivity. Due to changes in the first
coordination shell of Pd between the ordered and solid
solution alloy (Figure lab), we expect the ensemble size on
the surface of ordered Pd;Bi to be smaller. The surface
energies of various facets for ordered Pd;Bi were computed,
revealing that the (100), (101), (111), and (110) facets have
the lowest surface energy (Figure 3a). The ordered Pd;Bi does
not exhibit a specific geometric shape, suggesting that a
combination of these low-index facets are likely expressed on
the surface. The Pd ensemble sizes for ordered Pd;Bi crystals
are as follows: S and 4 for the (100) facet, 4 and 1 for the
(110) facet, 5 and 3 for the (111) facet, and S for the (101)
facet (Figure 3b). Solid solution Pd;Bi particles exhibit a
nonspecific shape, suggesting the expression of a combination
of the lowest energy facets in an FCC structure: (111), (110),
and (100).*° The ensemble size for an FCC crystal is 6 for
(111), 6 for (101), and S for the (110) facets (Figure 3c).
However, considering the material composition is 75% Pd, the
average Pd ensemble size would be 5.25 + 0.75 for (111), 5.25
+ 0.75 for (101), and 3.75 + 1.25 for the (110) facets (where
the + represents the maximum and minimum value of the Pd
ensembles). The Pd ensemble size varies depending on the
statistical distribution of atoms, ranging from less than 5 atoms
to up to 6 atoms for the (111) and (110) facets. This
variability reflects the complexity of the atomic arrangement
for the solid solution because the material is a statistically
random structure. Nevertheless, this data suggests that the
Pd—Pd ensemble size on ordered Pd;Bi is smaller than the
solid solution Pd;Bi. Specifically, ordered Pd;Bi intermetallics
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Figure 3. (a) Surface energy of various low-index facets of ordered Pd;Bi. Images showing the structure of the low energy facets of (b) ordered
Pd;Bi, and (c) solid solution Pd;Bi. The yellow circles highlight the different geometric ensembles present on each facet. It is worth noting that one
of the atoms highlighted in yellow on the (100) facet of solid solution Pd;Bi is buried beneath the four highlighted atoms. The average Pd ensemble
size for the solid solution materials is provided, with the + values representing the maximum and minimum sizes of the Pd ensembles. The solid
solution Pd;Bi is statistical random arrangement of Pd and Bi in the lattice, in which 75% of the occupied sites are Pd and 25% of the occupied sites
are Bi.

(a) PdsBi (b) PdsBi MeOH Oxidation (c) Ordered PdsBi
| — partially-ordered 06 i 03 i
0.10 spol.d sgl rde Py solid —CVin KOH + MeOH
—solid-soluti . ; 02t~y
o 005F _ Srdered — 04 solution - CVin KOH
E 0.00t E 03 E O.1f
©-0.05 o o
010 < o < OO
g [ € o1l
= -015 =00 =
~020 _é); ordered ~0.2}
-025 . : el — . -03
000204060810 12 0.00.2 04 0.6 0810 12 0.00.2 04 0.6 08 1.0 12
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Figure 4. Cyclic voltammograms (CVs) of Pd;Bi alloys. (a) CVs of partially ordered Pd;Bi, ordered Pd;Bi, and solid solution Pd;Bi in N,-saturated
0.1 mol L™ KOH. (b) CVs of the same Pd;Bi materials in N,-saturated 0.1 mol L™" KOH + 0.5 mol L™! methanol. (c) CV of ordered Pd;Bi in 0.1
mol L™" KOH with and without 0.5 mol L™! methanol. All samples were measured on a rotating disc electrode at 20 mV s™' sweep rate and 900
rpm (94.25 rad s7!) rotation rate.

form smaller Pd ensembles (1, 3, 4, and 5 atoms across all low- ensembles, with an average size of 5.25 atoms and up to 6
energy facets), whereas solid solution Pd;Bi supports larger Pd atoms on two of its lowest energy facets. Since the partially
E https://doi.org/10.1021/jacs.4c11753
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Figure 5. Oxidation of methanol and deuterated methanol with (a) partially ordered Pd;Bi, and (b) solid solution Pd;Bi. Tafel plot for methanol
oxidation with (c) partially ordered Pd;Bi (R* = 0.998), (d) solid solution Pd;Bi (R* = 0.999). The measurements were performed on a rotating
disk electrode at a rotation rate of 900 rpm in a solution containing 0.1 mol L™ KOH + 0.5 mol L™" methanol at room temperature with a voltage

sweep rate of 20 mV s\,

ordered material consists of a mixture of ordered and solid
solution Pd;Bij, it should have a smaller fraction of Pd clusters
of 525 atoms or greater compared to the solid solution alloy.
Overall, the average size of the Pd ensembles on the surface
follows this trend: ordered Pd;Bi < partially ordered Pd;Bi <
solid solution Pd; Bi.

The voltammetric properties of the Pd;Bi alloys were
assessed by performing cyclic voltammetry at a sweep rate of
20 mV s~ on a glassy carbon rotating disk electrode (RDE) in
N,-saturated 0.1 mol L™ KOH. A graphite rod was used as the
counter electrode in all electrochemical experiments. All data
was referenced to the reversible hydrogen electrode (RHE)
unless otherwise noted. The Pd;Bi alloys underwent voltage
cycling until a stable voltammogram was obtained, typically
achieving stabilization within 10 cycles or fewer. The stabilized
voltammogram exhibited four distinct redox features (Figure
4a). The CV cycling cleaned the electrode surface and
removed surface oxides before MOR measurements. In the
anodic scan direction, redox waves were observed at 0.75 V,
corresponding to hydroxyl adsorption, and 0.97 V, correspond-
ing to the oxidation of Pd.*” In the cathodic scan direction, we
observed a wave at 0.77 V, corresponding to the reduction of
oxidized Pd, and at 0.63 V, corresponding to hydroxyl
desorption. Across all samples, the Pd-oxidation/reduction
redox features were similar, indicating that this feature is nearly
independent of the ensemble sizes examined in this study.
Interestingly, the intensity of the hydroxyl sorption peaks was
most prominent on the ordered Pd;Bi, suggesting a possible
relationship with the Pd—Pd ensemble size.

The MOR was assessed by performing cyclic voltammetry
(CV) in a solution containing 0.1 mol L™" KOH + 0.5 mol L™
MeOH while the RDE was rotated at 900 rpm. All Pd;Bi alloy
samples were assessed using a uniform mass loading of 20 pigpq

cm™ The CVs were normalized by the electrochemically
active surface area (ECSA), which was calculated from CO
stripping measurements, taking into account only the
palladium content. (Figure S14).** Solid solution Pd,Bi
exhibited significant reactivity, characterized by the presence
of two distinct oxidative waves at 0.9 and 0.75 V in the anodic
and cathodic scan directions, respectively, with the peak
current density reaching approximately 0.5 mA cm™ (Figure
4b and Figure S15). In contrast, ordered Pd;Bi displayed
almost no reactivity, with the anodic and cathodic scans mostly
overlapping the CVs obtained in the absence of MeOH
(Figure 4c). Partially ordered Pd;Bi exhibited intermediate
performance, featuring oxidative waves at the same voltages as
the solid solution sample but with peak current densities of
0.25 and 0.1 mA cmpy 2 for the anodic and cathodic scan
directions, respectively. The observed trend in MeOH
performance was found to correlate with increasing Pd
ensemble size, following this order: ordered Pd;Bi < partially
ordered Pd;Bi < solid solution Pd;Bi. Collectively, these
findings suggest a direct impact of the average PdA—Pd CN (i.e.
Pd ensemble) on the reactivity for methanol oxidation. It is
worth noting that the overall similarity in the XANES edge
features and valence band center across the materials confirms
that the differences in catalytic activity are not from large
changes in the electronic structure, but rather to variations in
the size of the Pd ensembles.

Mechanistic Insights of Pd;Bi during MOR. To
interrogate the mechanism of the methanol oxidation reaction
(MOR) and the role of Pd ensembles in this process, we
carried out electrode kinetic measurements. To investigate
whether C—H bond breaking is a part of the rate-limiting step,
we conducted the MOR using deuterated methanol (CD;OH)
and compared the results with those obtained from regular
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methanol (CH;OH) (Figure Sa,b). The rate of methanol
oxidation was found to be approximately 2.5X lower for
CD;0H compared to CH;OH for both the solid solution and
partially ordered Pd;Bi alloys. The Tafel slopes for the solid-
solution and ordered samples were 150 mV dec™ and 170 mV
dec™, respectively (Figure S5c,d). These values are in close
proximity to the standard Tafel slope of 120 mV dec”’,
suggesting that the reaction rate is likely determined by a one-
electron transfer in its initial step.” The observation of a
kinetic isotope effect indicates that the cleavage of the
methanol’'s C—H bond is the rate-determining step.’’ Taken
together, the data collectively suggests that the cleavage of the
C—H bond, occurring simultaneously with the first electron
transfer from MeOH to the electrode, is the rate-determining
step in the MOR on Pd;Bi alloys.

We investigated the influence of ensemble size on the
stabilization of the transition state during the oxidative C—H
bond cleavage of methanol by determining the apparent
activation energy (E,) of the reaction. The temperature
dependence for the MOR was evaluated by collecting a series
of linear sweep voltammograms between 20 and 40 °C at § °C
intervals (Figure S16). As the temperature increased, the
MeOH oxidation wave increased in magnitude across all alloys
and the position of the peak shifted to more negative
potentials. The ordered Pd;Bi displayed virtually no activity
at 20 °C, however at higher temperature the activity increased,
and clear oxidation waves were observed. The E, was
determined by analyzing the slope of In(j) vs T™' at a fixed
overpotential since the kinetics of the reaction follow the
Arrhenius equation

k=Ae BT

where k is the rate constant of the reaction, A is the pre-
exponential factor, E, is the activation energy, R is the gas
constant, and T is the temperature of the reaction. The rate
constant is proportional to current density.

The E, was found to systematically decrease with increasing
degree of atomic-scale ordering across a broad range of
potentials in the Pd;Bi alloys, indicating a dependence on the
Pd ensemble size within the alloys (Figure 6). Specifically, the
solid solution Pd;Bi sample displayed the lowest E, of 61.89 k]
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Figure 6. (a) Apparent activation energy (E,) for methanol electro-
oxidation as a function of potential for the Pd;Bi alloys taken in the
anodic sweep direction. The data was collected in an electrolyte
containing 0.5 mol L' MeOH + 0.1 mol L' KOH. The error bars
represent the standard deviation derived from three repeated
measurements, indicating the variability of the values.

mol™" + 1.17 kJ mol™" at 0.85 V vs RHE in the anodic scan
direction. In contrast, the partially ordered Pd;Bi had a slightly
higher E, of 77.15 kJ mol™" + 3.75 kJ mol~', while the ordered
Pd;Bi had the highest E, at 91.5 k] mol™" + 4.69 kJ mol ™" at
0.85 V vs RHE in the anodic scan direction at that same
voltage. This trend suggests a direct correlation between the
size of Pd ensembles on the surface and the E, for the reaction,
where larger ensembles stabilize the transition state and lower
the E,.

Taking the electrode-kinetic measurements together, we
observed that the efficiency of oxidative C—H bond breaking
of MeOH during electro-oxidation is linked to the size of the
Pd ensembles. The small Pd ensembles (<5 Pd atoms) in the
ordered-Pd;Bi alloys are unable to effectively perform oxidative
C—H bond cleavage as shown by the higher activation energies
measured. Conversely, the larger Pd ensembles (>S5 atoms) on
the partially ordered and solid-solution Pd;Bi alloys display
lower activation energies for MeOH oxidation, suggesting they
exhibit more efficient oxidative C—H bond cleavage. Our data
indicates that the ensemble size is a critical determinant in the
efficiency of oxidative C—H bond cleavage in the MOR,
highlighting the importance of atomic arrangements (i..,
ensembles) within multicomponent materials in electro-
catalysis.

B CONCLUSIONS

In this study, we developed a method that separates the
influences of geometric effects from changes in electronic
structure, thereby clarifying their contributions in electro-
catalysis. By examining structurally distinct but compositionally
identical Pd;Bi polymorphs with similar electronic structure,
we uncovered significant differences in catalytic behavior. Our
findings revealed that the intermetallic Pd;Bi exhibited
negligible reactivity, while its solid-solution counterpart
displayed pronounced activity for methanol electro-oxidation.
This disparity in reactivity is linked to variations in the Pd
ensemble sizes, with intermetallic Pd;Bi having Pd ensembles
<§ atoms, which has a high activation barrier for oxidative C—
H bond cleavage. In contrast, the solid-solution Pd;Bi has Pd
ensembles with an average size of 5.25 + 0.75, which lowered
the activation barrier for oxidative C—H bond cleavage,
effectively facilitating this reaction step. Notably, the partially
ordered Pd;Bi contained a smaller fraction of Pd ensembles
which were larger than S atoms compared to the solid solution
alloy, thus exhibiting moderate activity for methanol electro-
oxidation. This study underscores the critical role of atomic
arrangements within multicomponent materials in determining
their electrocatalytic efficiency.

Our approach of modifying the arrangement of the same set
of atoms by changing the alloy’s polymorph can be used as a
design strategy to interrogate the role of geometric effects (that
is the ensemble size and configuration) in other multimetal
alloys. However, it is crucial to note that the minor changes to
electronic structure among different polymorphs is material-
specific and must be assessed on a case-by-case basis.

B ASSOCIATED CONTENT

Data Availability Statement

The data underpinning the conclusions drawn in this research
are fully disclosed within the main text and its accompanying
Supporting Information section. Furthermore, the correspond-
ing author will provide data in response to well-founded
inquiries.
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