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ABSTRACT: Advancements in heterogeneous electrocatalysis are essential for the
transition to a sustainable future. However, current catalysts often face limitations in
activity, selectivity, stability, and cost-effectiveness, highlighting the need for a detailed
understanding of catalyst behavior to construct rational design strategies. This perspective
focuses on the role of well-defined materials, particularly ordered intermetallics, in
enhancing catalytic performance. Ordered intermetallic materials enable precise control
over geometric and electronic properties, which are critical for tailoring reactivity. Their
structured atomic configurations not only allow for rational control of catalytic activity but
also integrate seamlessly with computational models, facilitating the design of improved
materials. Additionally, we examine future research directions for intermetallics in electrocatalysis, identifying opportunities for
significant breakthroughs in the field.
KEYWORDS: Intermetallic Electrocatalysts, Structure−Property Relationships, Catalyst Design Strategies, Active Site Engineering,
Artificial Intelligence in Catalysis, Sustainable Energy Materials, Alloys

■ INTRODUCTION
The energy transition hinges on developing advanced electro-
chemical devices designed to efficiently store and convert
renewable electricity to and from energy dense small molecules
(e.g., hydrogen, ethanol, etc.).1 Key devices include fuel cells,
which convert chemical energy into electricity, and electrolyzers,
which store electricity in chemical bonds.1,2 Electrified metal-
solution interfaces are critical, as the properties of the
components in this interface influence the behavior and
efficiency of electrochemical reactions.3

Metal electrodes are an essential part of electrochemical
devices as they mediate bond breaking and bond formation
alongside electron transfer. However, single-element metal
electrodes often exhibit limitations in selectivity and activity,
necessitating the exploration of methods to enhance their
reactivity.4 Alloying is a prevalent strategy to enhance the
performance of metals catalysts.4−12 This approach modulates
the electrochemical behavior by three mechanisms: ensemble
effects, ligand effects, and strain effects.13−15 The ligand effect
describes changes in the electronic structure of thematerial from
alloying, as the constituent components typically have different
electronegativites.14,16,17 The ensemble effect involves alter-
ations in chemisorption properties from changes in the
configuration of the adsorption site (i.e., ensemble), which can
modify the binding geometry of adsorbates on the surface.13,18

The strain effect pertains to changes in bond lengths from
variations of the lattice constants, which alter the material’s
electronic structure and influences how adsorbates interact with

the surface.14 In particular, the ensemble effect dictates the
configuration of the active site, while the d-band theory
developed by Norskov et al. explains how variations in the
material’s electronic structure regulate the adsorption energy of
reaction intermediates and spectator species.19 Although the
theoretical framework for catalyst design is well-established, the
rational design of materials with precise control over both
geometric and electronic properties remains challenging.

In this Perspective, we will discuss advances in the use of
ordered intermetallic materials (hereafter referred to as
intermetallics)�an underutilized class of materials in catalysis
research�that offer an excellent platform for detailed inter-
rogation of structure−property relationships. By leveraging their
well-defined structures, intermetallics enable precise control
over both geometric and electronic properties, making them
invaluable for understanding and optimizing catalytic perform-
ance. We highlight current trends and share our views on future
directions for the field of heterogeneous electrocatalysis.

Received: September 1, 2024
Revised: December 3, 2024
Accepted: December 9, 2024
Published: December 23, 2024

Perspectivepubs.acs.org/materialsau

© 2024 The Author. Published by
American Chemical Society

231
https://doi.org/10.1021/acsmaterialsau.4c00105

ACS Mater. Au 2025, 5, 231−238

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/curated-content?journal=amacgu&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Shoji+Hall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialsau.4c00105&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00105?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00105?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00105?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00105?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amacgu/5/2?ref=pdf
https://pubs.acs.org/toc/amacgu/5/2?ref=pdf
https://pubs.acs.org/toc/amacgu/5/2?ref=pdf
https://pubs.acs.org/toc/amacgu/5/2?ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialsau.4c00105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org/materialsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


The Need for Atomically Defined Materials

Effectively controlling both the configuration of active sites and
the adsorption energies of reaction intermediates is essential for
developing advanced catalyst materials. Bimetallic and multi-
metallic alloys, which initially gained prominence in heteroge-
neous catalysis, are now a major focus in electrocatalysis
research. This approach involves altering the identity and
composition of elements within the alloy to influence catalyst
behavior.19,20 While this method has identified some high-
performance catalysts, the rationale behind the selection of alloy
components is often unclear. What initial considerations guide
the selection of elements for an alloy? Frequently, it seems that
compositions are discovered by a trial-and-error approach, with
explanations created afterward to justify the findings. This
Edison-like approach can yield valuable results, but it is
inefficient. It relies on chance rather than systematic under-
standing, offering limited guidance for future catalyst develop-
ment.
These challenges may arise because standard materials design

strategies inadvertently alter multiple material attributes
simultaneously. For instance, changing the composition of a
solid-solution alloy will usually modify both the catalyst’s active
site geometry (i.e., ensemble) and its electronic structure,
rendering the isolation of a singular effect difficult.
The active site on a heterogeneous solid is dependent on the

configuration of atoms on the surface. For elemental metals the
active site is controlled by cleaving the crystal at a specific
orientation or by synthesizing shape-controlled nanoparticles to
expose a desired facet.3 This allows for the preparation of
surfaces with specific ensemble sizes; for instance, six-coordinate
atomic clusters can be obtained on the (111) facet, while five-
coordinate atomic clusters are obtained on the (100) facet of an
Face-centered cubic (FCC) crystal. In contrast, the active site
structure in alloys is more complex. In solid-solution alloys it is
commonly assumed that the surface consists of a random
mixture with elements distributed indiscriminately. However,
this view is too simplistic.21 Even within alloys that are
compositionally identical and share the same facet, the
geometric configuration of atoms on the surface can vary
significantly depending on the synthesis protocol employed.22

This phenomenon is evident in the case of Pd3Fe(111) single
crystals, where different annealing treatments significantly alter
the surface configuration of the atoms.22 For example, annealing
at 1200K induces Pd atom segregation, resulting in the
formation of Pd monomer and dimer adatoms on the surface,
while annealing at 1000K produces a more randomized surface
configuration (Figure 1). Moreover, alloys may undergo surface
reconstructions, some of which lead to local chemical ordering
driven by surface energy minimization.23

The fact that surfaces of single crystals of solid-solution alloys
can adopt various structures suggests that nanomaterials, which
are commonly used in electrocatalysis, can also exhibit diverse
active site configurations on their surfaces. The complexity of
nanomaterial alloy surfaces surpasses that of single crystal
surfaces due to the vast parameter space involved in synthesis,
including the presence of surfactants, solvents, and reducing
agents.21,24 Unlike bulk crystal surfaces, nanomaterial surfaces
are challenging to characterize, as their smaller size and high
surface complexity complicate precise determination of active
site configurations. These variations in surface structure can
have significant implications in catalysis, as materials with the
same composition may exhibit different reactivity depending on

how it was made from variations in the configuration of the
active site.

One promising approach to address the limitations of
traditional solid-solution catalysts is to use atomically well-
defined systems, such as ordered intermetallic materials.
Ordered intermetallics are a subclass of alloys composed of
two or more metals, defined by fixed composition, fixed atomic
positions and site occupancies which establish long-range
atomic-scale order (Figure 2). In contrast, solid-solution alloys

display a random distribution of elements within the bulk lattice,
resulting in less predictable atomic arrangements and behaviors.
This long-range atomic-scale order in intermetallics establishes a
framework for precise control and predictability, which is crucial
for advanced catalysis.

Intermetallic materials, although ordered within the bulk, can
display a variety of surface structures�from simple bulk
terminations to complex reconstructions that deviate signifi-
cantly from the bulk configuration. For instance, Al5Co2 (001)
displays a (√3× √3) R30◦ surface reconstructions, this surface
deviates from what would be expected from a bulk-terminated
crystal.25 Additionally, the clean Ni3Al (111) surface has been
found to contain unexpected disorder at the surface, despite the
bulk’s ordered arrangement.26 In contrast, FeAl (110) displays a
surface structure that closely mirrors a bulk-terminated
configuration.27 These observations demonstrate that inter-
metallic materials have the potential to exhibit surface structures
that either closely mirror the ordered bulk termination or differ
significantly due to surface reconstructions.

Figure 1. Constant-current scanning tunneling microscopy (STM)
topography images of clean Pd3Fe (111) single crystal alloys. a) Surface
after heating to 1200 K showing the presence of Pd monomer and
dimer adatoms (bright spots). b) Surface after annealing to 1000K
showing a terrace with well-mixed atoms. Inset: low-energy electron
diffraction pattern. Figure reproduced with permission from ref 22.
Copyright 2011 WILEY-VCH Verlag GmbH and Co. KGaA,
Weinheim.

Figure 2. a) Unit cell of solid-solution CuAu alloy illustrating an equal
likelihood of Au or Cu occupying each site, with a probability of 50% for
either element. b) Unit cell of an ordered intermetallic AuCu alloy
demonstrating long-range atomic ordering with specifically designated
site occupancies.
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While intermetallics offer significant advantages for studying
structure−property relationships, it is important to recognize
their limitations compared to solid-solution alloys. Intermetal-
lics are often constrained to specific stoichiometric composi-
tions that support stable ordered structures, restricting the
ability to extensively fine-tune electronic properties by varying
composition. In contrast, solid-solution alloys allow for
continuous variation in composition over a larger range,
enabling broader exploration of electronic tunability at the
expense of structural precision. Nevertheless, intermetallics
remain invaluable for investigating fundamental structure−
property relationships. Their ordered nature provides a more
predictable framework compared to solid-solution alloys,
allowing for more systematic studies of how structural variations
affect catalytic behavior. This makes intermetallics superior for
foundational studies, despite possible variations in surface
structure. However, caution is necessary, as the surface of the
material may differ from the bulk if surface energy minimization
drives reconstruction. This aspect is often not thoroughly
probed inmany heterogeneous catalysis studies, highlighting the
need for careful characterization of both bulk and surface
structures.
Leveraging Structural Variability in Intermetallics for
Tailored Catalytic Sites

The versatility of intermetallics provides a flexible platform for
designing active sites with specific catalytic properties. In the
following examples, we explore how subtle structural variations
in intermetallic compounds�whether through polymorph
selection or controlled atomic substitution�can drastically
impact catalytic activity and selectivity. These examples display
the potential of intermetallics as model systems for catalyst
design.
Exploring different polymorphs of an intermetallic offers a

strategic method to modify the configuration of the active site.
Take Pt3Zr, for instance, which can crystallize in various
structures, including an FCC phase or a hexagonal closed packed
(HCP) phase, depending on the annealing temperature of the
alloy (Figure 3). The FCC Pt3Zr, belonging to the space group
Pm3̅m, has a higher symmetry than the HCP Pt3Zr, which

crystallizes in the space group P63/mmc. This structural
difference directly influences the configuration of the active
site. Consequently, the hexagonal Pt3Zr displayed ∼2× higher
activity (on a surface-area normalized basis) for ethanol electro-
oxidation compared to its cubic counterpart.28 Although there is
a difference in particle sizes between the cubic (100 nm) and
hexagonal (200 nm) Pt3Zr samples, the similar surface-to-
volume ratios at these length scales suggest that particle size
effects are minimal and do not significantly impact the results.
The authors noted that this increase in activity was from an
increased surface energy, while the stability of the catalyst was
maintained by a lower bulk-free-energy. A review of the
transmission electron microscopy (TEM) images showed no
clear evidence of surface reconstructions in the Pt3Zr samples,
suggesting that the Pt3Zr surfaces possess stable structures
consistent with bulk terminations. This study highlights the
significant impact that slight structural variations to the active
site can have on catalyst behavior.

Another strategy involves modifying the active element in an
intermetallic by partial substitution, thereby altering the active
site configuration. A recent study manipulated the composition
of the γ-brass phase of Pd−Zn intermetallic, adjusting the
composition from Pd8Zn44 to Pd10Zn42 (∼4% difference in
composition).29 By leveraging the predetermined crystallo-
graphic sites within the γ-brass phase of the Pd−Zn intermetallic
structure, Pd addition displaced adjacent Zn atoms in the
octahedral sites, enabling the engineering of distinct active sites.

In the higher Pd-content compositions, such as Pd10Zn42 and
Pd9Zn43, the introduction of additional Pd atoms occupies
octahedral sites, forming Pd3 trimers on the surface of the crystal
(Figure 4a). In contrast, the Pd8Zn44 composition, where all
eight Pd atoms occupy only tetrahedral sites, results in isolated
Pd1 monomers surrounded by Zn atoms (Figure 4b). The
Pd9Zn43 serves as an intermediate composition that contains
both Pd1 monomers and Pd3 trimers, bridging the gap between
Pd8Zn44 and Pd10Zn42 (Figure 4a). These Pd3 trimers provide
sufficient ensembles to effectively bind and activate acetylene
and hydrogen, leading to a significant increase in activity for fully
hydrogenating acetylene (C2H2) to ethane (C2H6). The Pd1
monomers from Pd8Zn44 are completely inactive for fully
hydrogenating acetylene to ethane due to their inability to
effectively coadsorb both reactants. Instead, Pd8Zn44 displays
high selectivity for the partial hydrogenation of acetylene to
ethylene (C2H4). Pd9Zn43, with a mixture of Pd3 trimers and Pd1
monomers, displays intermediate activity. Although this method
was initially applied in thermal catalysis, it holds promise for
adaptation in electrochemical reactions as well.
Systematic Modulation of Electronic Structure and Active
Site Configuration of Alloy Cataysts

Precisely controlling both the configuration of active sites and
the electronic structure of a catalyst is essential for optimizing
catalytic performance. However, the use of solid solution alloys
typically precludes such precise control, as adjustments to the
alloy’s composition concurrently alter ligand, strain, and
ensemble effects. This is a consequence of Vegard’s law, which
states that the lattice constant of a solid solution varies linearly
with composition, affecting the average bond lengths within the
system.30 Additionally, the electronic structure is modified
because the constituent elements in the alloy generally possess
different electronegativities, which significantly impact catalysis
by altering the adsorption energies of reaction intermediates.19

Consequently, current methods centered around the use of

Figure 3. Ethanol electro-oxidation on Pt/C (black lines), cubic Pt3Zr
(blue lines), and hexagonal Pt3Zr (red lines) catalysts. Inset images
depict the crystal structures of hexagonal Pt3Zr (top) and cubic Pt3Zr
(bottom). Figure adapted from ref 28. Copyright 2014 American
Chemical Society.
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solid-solution alloys lack the capability to maintain the
configuration of the active site while modulating the electronic
structure.
Intermetallics offer a promising solution to this challenge by

allowing the configuration of the active element to remain fixed
while varying the identity of the inert element to modify the
electronic structure. This elegant strategy was recently
employed by leveraging the use of ternary intermatallics. In
this approach InPd2 and SnPd2 alloys were combined to form a
ternary In1−xSnxPd2 alloy.31,32 Because both InPd2 and SnPd2
adopt the Co2Si-type crystal structure, the Pd occupies its own
sublattice, while the metalloid (In or Sn) occupies the other
sublattice of the crystal (Figure 5). This strategy allows for the
substitution of Sn into the In sublattice (or vice versa) while
keeping the Pd sublattice intact. As a result, the valence electron
concentration of the compound can be fine-tuned with minimal
changes to the geometric configuration of the active element (Pd
in this case), since Pd remains fixed in its sublattice. Moreover,
the similar atomic diameters of In and Sn minimize strain effects
by maintaining the interatomic distances at the active site.
This strategy can be further extended to systematically alter

the interatomic distances within the active site whilemaintaining
their relative positions by selecting substituting elements with
different atomic sizes. For example, substituting Ga into the
lattice of InPd2 to form Ga1−xInxPd2 changes the interatomic
distances within the active site while maintaining the valence
electron count of the compound, allowing for systematic
probing of the strain effect via modulating the interatomic
distance of the lattice (Figure 5).31 Ga is suitable for this
approach because GaPd2 also adopts the Co2Si crystal structure,
but with a different lattice constant. Additionally, substituting
Ga into the SnPd2 system to form Ga1−xSnxPd2 enables
simultaneous alterations to both the electronic structure and
interatomic distances of the active site. By comparing
Ga1−xSnxPd2, where both electronic and strain effects are

significant, with Ga1−xInxPd2, where electronic effects dominate
and strain effects are minimal, the contributions of electronic
structure and strain were disentangled. This comparison
revealed that in Ga1−xSnxPd2, electronic effects dominate tin-
rich compositions (x ≈ 0.93), while strain effects are more
pronounced in gallium-rich compositions (x ≈ 0.15), resulting
in two distinct high-activity regions for the methanol oxidation
reaction (MOR). This method could potentially be applied to
other intermetallic systems or reactions to differentiate the roles
of electronic structure, geometric effects, and strain provided the
systems are chosen carefully.31−33

Using Intermetallics to Create Strain Tuned Materials

Another method to evaluate strain in electrocatalysis involves
the preparation of core−shell materials in which there is lattice
mismatch between the core and the shell.34,35 The change in the
bond lengths brought about by strain causes the d-band center
to shift which can weaken or strengthen the adsorption energy of
reaction intermediates. Core−shell structures with solid
solution cores are generally constrained to strain profiles that
vary in only one direction, owing to a linear relationship between
lattice constants and material composition (i.e., Vegard’s law).30

For instance, achieving compressive and tensile strains in Pt
shells relative to elemental Pt necessitates the use of different
elements�such as Ni for compressive strain and Au for tensile
strain.36 However, tuning strain by incorporating different
elements into the core can introduce complications, as the
shell�typically only a few atomic layers thick�may be
susceptible to defects that expose the underlying core. The
presence of these defects can trigger the bifunctional effect,
particularly noticeable in reactions like the alkaline HOR, where
the performance is drastically improved by presence of two
elements on the surface.37 This occurrence can obscure the
changes in catalyst behavior from strain when comparing
different catalyst systems. In contrast, the use of intermetallic

Figure 4. (a) Arrhenius plot for acetylene hydrogenation showing the temperature dependence of C2H6 formation on Pd9Zn43 and Pd10Zn42 γ-brass
phase intermetallics. The Pd3 trimers exhibit significantly higher hydrogenation rates than isolated Pd monomers. Insets show representative atomic
models of the Pd−Zn intermetallic structures, with Pd atoms (blue) and Zn atoms (gray) arranged in their crystallographic sites. (b) C2H6 formation
rates from acetylene hydrogenation at various temperatures (34 °C, 40 °C, 47 °C, 55 °C) as a function of Pd atomic composition per unit cell.
Increasing the Pd content from 8 to 9 atoms per unit cell shifts the active site configuration from isolated Pd monomers to Pd3 trimers, resulting in a
marked increase in activity for full hydrogenation. Pd foil data are included for comparison, showing the high activity of bulk Pd. The red dashed circles
in the crystal structure insets of panels (a) and (b) show how the change in composition tunes the Pd sites from isolated sites to trimer sites. Figure
adapted from ref 29. Copyright 2022 Springer Nature.
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cores offers a distinct advantage: they enable the inclusion of
both types of strains in a single binary alloy system.38,39

Intermetallic materials can be engineered to create strain
profiles that are unattainable with conventional solid solution
alloys. An interesting example was demonstrated in a study
where Pt shells, grown over intermetallic PtPb nanoplates,
exhibited significant biaxial strains.39 The PtPb nanoplates are
anisotropic, featuring two types of interfaces which impart
different strain fields: {010}PtPb//{110}Pt at the edge of the
plate, resulting in 7.5% tensile strain along the [01−1] direction
and 1% compressive strain along the [110] direction (Figure 6a-
b). At the top of the plate, the {001}PtPb//{110}Pt interface
leads to the Pt shell being fully coherent to the PtPb core with
11% compressive strain along the [01−1]Pt and 7.5% tensile
strain along [100]Pt (Figure 6a-b). This unique strain behavior
is attributed to the long-range atomic ordering and change in the
symmetry of crystal structure of the intermetallic PtPb core
(relative to Pt), which promotes diverse strain profiles on the
coherently formed Pt shells on its surface. These biaxially
strained Pt materials demonstrated exceptional performance in
the Oxygen Reduction Reaction (ORR), showing an 8-fold
increase in reactivity compared to benchmark Pt catalysts
(Figure 6c). This enhancement is due to the optimization of
oxygen adsorption energy by altering the d-band center of the Pt
surface.

Another way to impart unique strain fields in core−shell
architectures is to use materials composed of the same two
elements but with varying crystal structures. In our recent study,
we leveraged self-organized Pt shells on PtSb2 (space group Pa3̅)
and PtSb (space group P63/mmc) to achieve architectures with
tensile strain and compressive strain, respectively (Figure 7a-
b).38 This allowed us to modulate the hydrogen binding energy

Figure 5. Isostructural compounds GaPd2, InPd2, and SnPd2 with the controlled parameters within the ternary substitutional series. Figure reproduced
from ref 31. Copyright 2022 American Chemical Society.

Figure 6. Schematic of PtPb nanoplate core with Pt shell a) showing the
biaxial strain on the terrace and edge of the plate, b) Atomic-scale cross-
sectional view, demonstrating the coherence between the Pt shell and
the PtPb core. C) Oxygen reduction reaction (ORR) activity PtPb-Pt
core−shell nanoplates with biaxial strain, PtPb-Pt core−shell nano-
particle that does not exhibit biaxial strain, and Pt/C benchmark
catalyst. Figure adapted from ref 39. Copyright 2016 American
Association for the Advancement of Science.
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(HBE) on the Pt sites, enabling us to isolate the role of the HBE
in the alkaline Hydrogen Oxidation Reaction (HOR). We
revealed that compressively strained Pt, which lowers the HBE,
exhibited 1.6 times greater activity compared to elemental Pt
(Figure 7c). In contrast, tensile strained Pt, which increases the
HBE, displayed activity approximately 20% lower than
elemental Pt (Figure 7c). By using intermetallic cores with
different crystal structures, we were able to incorporate both
types of strain�compressive and tensile�within a single binary
alloy system. This method avoids the need to introduce multiple
alloying elements to achieve different strain fields, thereby
circumventing complications related to bifunctional effects and
providing a clearer understanding of how strain affects catalytic
behavior. Although the role of the HBE as a key descriptor was
previously debated, our study addresses this uncertainty,
showing that the HBE is indeed critical for determining catalyst
activity in alkaline HOR.37,38,40,41

Challenges and Opportunities in Intermetallic Catalyst
Development

Although intermetallics possess well-defined atomic structures,
maximizing their utility in fundamental studies requires
materials that adopt morphologies exposing only a single surface
termination (e.g., facet) at a time. In theory, single crystals would
be ideal, providing a consistent, uniform surface for detailed
analysis with various atomic-level characterization techniques.
However, synthesizing intermetallic single crystals is challenging
as many phases of interest do not congruently melt, which
precludes the use of melting and solidification-based crystal
growth approaches.42,43 Furthermore, other complexities arise
from the diverse physical properties of constituent metals, such
as differing melting points and reactivity, which can lead to
uneven compositions within the crystal.42,43

Given the complexities involved in synthesizing single-crystal
intermetallics, one could turn to shape-controlled nanoparticles
as an alternative.24 The targeted growth of shape-controlled
nanoparticles has been largely enabled by an extensive
understanding of how structure-directing agents interact with
material surfaces, facilitating the targeted expression of specific
facets in systems like Au, Ag, Cu, Pt, and their solid-solution
alloys.24,44 Although shape-controlled intermetallic nanopar-
ticles have been reported in the literature, most studies focus
primarily on the performance of these nanoparticles in various
applications, often lacking critical insights into how structure-
directing agents control their growth. Consequently, we still lack
a clear understanding of the design principles necessary for
reliably producing intermetallic nanoparticles with controlled

facet expression. While the synthesis of shape-controlled
elemental and solid-solution alloy nanoparticles is not entirely
perfected, there exists a substantial body of systematic work that
the community can draw upon to rationally design these
systems. As a result, current synthesis strategies for intermetallic
nanoparticles often yield structures without controlled shapes,
exposing multiple facets simultaneously. To bridge this gap,
more fundamental studies on the growth mechanisms of
intermetallic nanoparticles are essential.

Moreover, characterizing the surfaces of nanomaterials is
inherently challenging, particularly when it comes to accurately
identifying the facet distribution across the three-dimensional
surface of nanoparticles. Conventional characterization techni-
ques often lack the resolution or specificity needed for this level
of detail, making it difficult to experimentally quantify facet-
dependent reactivity. This complexity is exacerbated by the fact
that the surface structure may differ from expectations due to
surface reconstructions or compositional variations.45,46 Addi-
tionally, studies have shown that nanomaterials may undergo
structural changes during (electro)catalysis, adding further
complexity to this task.47−49 As characterization methods
advance, the precise determination of the active site will become
more accessible.50,51 This advancement is crucial because,
without precise control and understanding of surface structures,
opportunities to fully optimize catalytic performance with
intermetallics will remain challenging. Despite these challenges,
the development of atomically well-defined materials holds the
potential to revolutionize catalysis research, offering oppor-
tunities for designing more effective catalytic systems.

Overcoming these synthesis challenges is crucial because
intermetallics offer the potential for precise control over active
site geometries and electronic properties. This level of atomic
precision enhances the predictability and reliability of catalytic
properties, making intermetallics particularly suited for devel-
oping and training machine-learning models with clear, well-
defined structures. For instance, initiatives like the Open
Catalyst Project, CatBERTa, and others have modeled the
adsorption energies of key reaction intermediates on specific
intermetallic crystal facets to identify newmaterials with tailored
catalytic functions.52−55 However, without established methods
to reliably produce intermetallics with the precise compositions
and facets predicted, our ability to test these insights
experimentally remains constrained, leaving a significant gap
between predictions driven by artificial intelligence (AI) and
real-world catalysts. To bridge this gap, computational
approaches may play a more direct role in guiding the synthesis
of shape-controlled intermetallic nanoparticles, enabling us to

Figure 7.High-resolution scanning transmission electron microscopy (STEM) image of Pt−Sb intermetallic nanoparticles after cycling, showing: a) a
PtSb@Pt structure with a compressively strained Pt shell, b) a PtSb2@Pt structure with a tensile strained Pt shell. c) Comparison of mass-transport-
corrected exchange current density (jo), normalized by the electrochemically active surface area (ECSA), for Pt, PtSb@Pt, and PtSb2@Pt, illustrating
how strain influences the performance for the hydrogen oxidation reaction (HOR). Figure adapted from ref 38. Copyright 2023 American Chemical
Society.
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translate AI-driven predictions into experimentally realizable
catalysts. AI-driven methods also offer opportunities beyond
predicting new catalyst materials; they can assist in designing
synthesis routes and predicting the most stable facets under
specific synthesis conditions.
The atomic precision and structural order of intermetallics

not only support the fine-tuning of catalyst properties but also
help unlock deeper insights into the mechanisms underlying
catalytic activity. Therefore, developing effective strategies for
making shape-controlled intermetallic nanoparticles is pressing.
Building a comprehensive understanding of intermetallic
nanoparticle synthesis, akin to the advancements made for
elemental and alloy nanoparticles in the early 2000s, will be
essential. Such advancements would facilitate the transition to
AI and machine-learning-driven approaches in catalysis,
bridging the gap between computational predictions and
experimental validation, and ultimately revolutionizing catalyst
design.

■ CONCLUSION AND RECAP
The development of platforms that provide detailed insights into
material structure and function is essential for advancing
catalysis research. Intermetallics are particularly promising in
this regard, as their atomically well-defined structures facilitate
precise tuning of both active sites and the electronic structure of
thematerial. Prioritizing the creation of well-definedmaterials�
rather than solely aiming to produce high-performance catalysts
through Edisonian methods�can significantly expand the
boundaries of catalyst design. In fields like computational
catalysis, these intermetallic materials are indispensable because
they allow for the synthesis of systems that align better with
computational models, thereby enhancing the correlation
between experimental and theory. The study of intermetallic
materials can facilitate the rational design of alloy catalysts,
enabling the development of catalysts with predictable and
adjustable behavior.
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