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Structural chemistry of intermetallic compounds
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Completely or partially ordered intermetallic compounds possess unique electronic structure and chemical
bonding, establishing them as an emergent class of catalytic materials for selective hydrogenation
reactions. In this review, we focus on the structural and chemical aspects of different classes of
intermetallic compounds, followed by illustrative examples highlighting the impact of their structural/
chemical features on catalytic hydrogenation. We limit the scope of our discussion to the selective

hydrogenation of alkynes (acetylene). We focus our discussion on how the isolation of active sites,
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1. Introduction

The well-defined and ordered structures of intermetallic
compounds offer the opportunity to rationally design catalysts
with specific active sites for various catalytic processes. The
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intermetallic catalysts for hydrogenation reactions to achieve high selectivity.

precise control over active ensembles establishes intermetallic
compounds well-suited as model catalysts for gaining a deeper
understanding of structure-activity-selectivity relationships.
Comprehensive reviews on the broad field of intermetallic
compounds in heterogeneous catalysis are already available in
the literature.™* However, the correlation between the structural
chemistry of intermetallic compounds and their application as
model catalysts in heterogeneous catalysis is still lacking.

The selective hydrogenation of acetylene is a catalytic
process of significant industrial importance, as the production
of polyethylene requires that acetylene impurities in the
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ethylene stream be reduced to less than 5-10 ppm.*>** Poly-
merization catalysts are extremely sensitive to the presence of
alkynes, with even low levels causing significant poisoning and
loss of activity. Therefore, highly selective catalysts are required
to hydrogenate low concentrations of alkynes in the presence of
a large excess of alkenes while minimizing over-hydrogenation
to the undesired alkane.

In this review, we introduce the ‘structural chemistry’ of
intermetallic compounds and discuss how their structural
features can be leveraged to develop selective and active cata-
lysts for hydrogenation reactions. This article is broadly divided
into two parts: part I discusses the fundamental aspects of
intermetallic compounds, such as their definition, structural
properties (including bulk and surface characterization), and
their unique electronic structure and chemical bonding
scenarios. Part II focuses on recent investigations into the
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selective hydrogenation of acetylene using intermetallics as
model catalysts, with particular emphasis on the precise control
over active site configuration and composition inherent to
intermetallic compounds.

2. Part I: fundamental aspects of
intermetallic compounds
2.1 Definitions: solid solutions vs. intermetallic compounds

The mixing of metals has played an important role in human
society. For thousands of years, it has been known that
combining hard and soft metals at elevated temperatures
results in the formation of new materials with improved prop-
erties. Early examples include bronze (88% Cu + 12% Sn) and
brass (Cu + Zn), with early steel variants emerging a couple
thousand years later.’*'* These materials exhibit emergent
properties relative to the constituent metals. These new mate-
rials and their corresponding emergent properties revolution-
ized human society at the time, and the discovery of new metal
mixtures continues to drive technological advancement today.
For example, Ni-Al based intermetallic compounds are widely
used in furnace components, jet engines, power plants, and
water turbines due to their significantly high strength, low
density, excellent thermal conductivity, and resistance to
corrosion and oxidation.'**® Increasingly complex mixtures of
a wide array of elements have been discovered with properties
desirable for different applications, including heterogeneous
catalysis. The optimization of these materials for catalytic
applications requires an understanding of the fundamental
principles behind their formation and structure-property
behavior.
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2.1.1 Metal alloys/solid solutions. Metal mixtures can be
broadly classified into two categories: (i) alloys and (ii) inter-
metallic compounds. In the case of alloys, one metal (minor
component) is randomly distributed in the matrix of the other
metal (major component) and the structure type of the overall
system is the same as the major component (Fig. 1). For
example, when 2% Zn (hep) diffuses into 98% (fcc) Cu, the
overall structure remains the same as that of Cu; Zn substitutes
some Cu positions randomly. In other cases, the minor
component occupies interstitial positions randomly (e.g., C
occupies the interstitial positions of bec-Fe in steel)* in the
structure of the major component. These are referred to as
substitutional solid solutions and interstitial solid solutions,
respectively. The formation of solid solutions is primarily
guided by a set of rules provided by W. Hume Rothery.**

(a) The atomic size of the solute (minor component) in
substitutional solid solutions should differ by less than 15%
from that of the solvent (major component).

(b) For an interstitial solid solution, the solute atom's radius
shouldn't be greater than 59% of the solvent.

View Article Online
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(c) Electronegativities and valence electron counts (VEC) of
the components must be comparable for the formation of solid
solutions, whether substitutional or interstitial.

2.1.2 Intermetallic compounds. Intermetallic compounds
(IMCs) comprise two or more metals (or metalloids) at a stoi-
chiometric ratio within a specific range and, contrary to solid
solutions, adopt a different crystal structure than the constitu-
ents (Fig. 1). When referred to as ‘intermetallic alloys’, they
should not be confused with random alloys. A key difference
between alloys and intermetallic compounds is the way the
constituent atoms form bonds. In alloys, the bonding electrons
are delocalized throughout the material, indicating that
bonding is predominantly non-directional. Bonds in interme-
tallic compounds possess directional, covalent, or even in some
cases, ionic character.”® Directional bonding in intermetallic
compounds leads to a strongly modified electronic structure
compared with the pure constituent elements, which results in
significant differences in various chemical and physical prop-
erties. These changes open possibilities for the application of
IMCs in heterogeneous catalysis,””*® atomic hydrogen storage,*
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(a) Representative average structures of solid solutions and intermetallic compounds. In solid solutions, the structure type remains the

same as at least one of the constituents, which distinguishes them from intermetallic compounds. (b) Structure of ideal y-brass CusZng (bcc),*®
which differs from elemental Cu (fcc) and Zn (hcp), representing an intermetallic compound. All structural figures in this manuscript were drawn
using DIAMOND 3 (ref. 20) and CIF files were collected from Pearson's Crystal Database.®*
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materials.*® Ultimately, the unique combination of covalent and
ionic interactions alongside the presence of conducting free
electrons leads to appealing combinations of crystallographic
and electronic structure with potential applications in
numerous fields.”***

2.2 Challenging chemistry of intermetallic compounds: an
inorganic chemist's perspective

Forty years ago, H. Schéfer stated “Our knowledge of the
number of compounds in the intermetallic systems, their
chemical properties, and most importantly, the bonding
mechanism in these phases are far less developed than in other
chemical fields”.** Today, we ask the question, what is the
current understanding of these materials, compared to other
inorganic compounds? The Materials Genome and Materials
Project database®** contains a vast collection of inorganic
extended solids of already known structure types (most of them
include ionic solids, thermoelectric materials, and perovskites),
which has accelerated the discovery of new materials, but the
prediction of the chemical properties of intermetallic
compounds may be more difficult than for any other class of
inorganic solids. Difficulty arises because intermetallic
compounds have a large variety of compositions, crystal struc-
tures, charge transfer phenomena, and chemical bonding
scenarios.’*****t Ag a result of these complexities, they are
rarely the focus of inorganic chemists, compared to other solids
e.g., oxides, halides, perovskites, and chalcogenides. Since
several factors influence the chemistry of intermetallic
compounds, only databases of known materials may not be
helpful in the discovery of new compounds. One such factor is
the assignment of the oxidation states of the constituent atoms
in an intermetallic solid, which is not straightforward as in
ionic and covalent solids, mostly due to partial charge transfer
between constituent metals.>® Moreover, there is no specific
electron counting scheme applicable to all classes of IMCs,
making it a significantly more difficult task to comprehend this
class of compounds compared to ionic solids. There have been
some recent efforts to interconnect certain building blocks and
polyhedra that occur in homologous intermetallic compounds
and to determine the electronic stability of these phases by
applying the 18-n rule.*>** Predicting possible compositions
that can exist in a particular system is also challenging. While
many are likely able to rationalize the compositions of

Quasicrystals
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compounds such as KMnO,, Hgl,, and Fe;0,, through simple
oxidation state assignment and electron counting, it may not be
straightforward for materials such as binary PtSb,, PtBi,,
Pt;Co,** PdSb,,** CusZng,* Pd,Zn,;,*® Be, Pts,** and Sn;Sb,,;*”
ternary ZrAl, ¢Sny 4, NizInSb,* InPd,Cu,** and many more. The
situation becomes more complex for multinary systems like
R,MoSi,C (R =Y, Gd)** and Th,AusAl,Si,.*

For non-intermetallic compounds, when there is a signifi-
cant covalent character or partial ionic character in bonding,
charge transfer occurs between bonding atoms, which can be
explained easily in terms of periodic table trends, whereas
analysis of the electronic structure of intermetallic compounds
is complicated due to the presence of delocalized electrons.
Nevertheless, electronic structure calculations and detailed
chemical bonding analysis are often required to explain struc-
tural features and phase stability.*>*® It is important to recog-
nize the experimental reality of synthesizing these intermetallic
compounds, specifically, the growth of single-crystalline and
phase-pure materials is often itself a challenge. For example,
the presence of oxophilic metals (e.g., Zn, Sn) as constituents
may lead to oxide impurities along with the targeted interme-
tallic phase. If the targeted ternary intermetallic phase is
a kinetic product, thermodynamically stable binary phases will
interfere with the main phase, and in such an occasion, it is
difficult to obtain phase-pure compounds suitable for
measurements of physical and chemical properties.>***

In solid-state chemistry, significant effort has been expended
to develop structure-bonding-property relationships that
connect fundamental variables like valence electron concen-
tration (VEC, e/a), atomic size, and electronegativity. Due to the
difficulties mentioned above, it is not a simple task to predict
the crystal structure of intermetallic phases; even for the
simplest equiatomic binary compounds, e.g., PdZn,>** RhCd,***®
RhZn.”” Recently, machine learning approaches have been used
to predict the structures of AB-type RhCd,”® Heusler
compounds,®® binary rare-earth intermetallics,* Laves pha-
ses,®™** and a few other classes of inorganic extended solids.®
Machine learning models are trained based on the datasets of
experimentally known compositions and other
geometrical and electronic factors alongside the reported
structure type.*

Since the standard electron counting rules (e.g. the 18-elec-
tron rule, the octet rule, Wade's rules) do not universally apply

several

Hume- Polar Zintl-
Rothery Intermetallics Klemm
VEC <2 | | VEC 24

1 2 3 4

Valence electron concentration (VEC)

Fig.2 Trends of VEC for Hume-Rothery phases, quasicrystals (discussed later, grey zone), polar intermetallics, and Zintl-Klemm phases (left to

right, respectively).
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(top) Unit cells of (a) MgCu,, (b) MgZn,, and (c) MgNi, Laves phases. (bottom) In the MgCu,-type Laves phase, a cubic diamond net of Mg

atoms, along with Cu atoms, forms Cuy, tetrahedra sharing their vertices such that a pair of fused tetrahedra adopts a staggered conformation (d);
12-coordinated distorted icosahedra and 16-coordinated Frank—Kasper polyhedra: a tetracapped-truncated tetrahedron in the MgCu,-type
Laves phase interpenetrating with each other (e); 3.6.3.6 Kagomé net formed by B (Cu) atoms (sky blue) in AB, Laves phases (f).

to all intermetallic phases, chemical bonding analysis has been
employed to uncover commonalities and trends within different
intermetallic structures.** This analysis positions various
compounds along a continuum between structures governed by
the octet rule and localized two-center, two-electron bonds at
one extreme (the most basic Zintl compounds, VEC = 4) and
perturbations on the free electron (Hume-Rothery phases, VEC
< 2) at the other, with the polar intermetallic compounds
emerging in the middle (Fig. 2).>*

Our limited knowledge of the properties of intermetallic
compounds suggests we have only scratched the surface of their
potential for advancing chemical applications. New compounds

c'—Ib

a

@Cu
OMn
QA

are frequently discovered by the trial-and-error approach of
synthetic  investigations and more knowledge-based
approaches, such as machine learning and extensive phase
diagram explorations.** Improving our ability to discover new
IMCs through knowledge-based approaches is the key to
tailoring IMC properties to the desired applications. This will
only be possible when we can establish rigorous structure-
bonding-property correlations.?®3*5%6%66

2.3 Three broad classifications of IMCs

Based on the valence electron concentration (VEC), interme-
tallic phases can be broadly classified into three major groups:

Fig. 4 Unit cell of a full Heusler compound (left, Cu,MnAl) and a half-Heusler compound (right, NiZnSb).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hume-Rothery phases, polar intermetallic phases and Zintl-
Klemm phases (Fig. 2). Hume-Rothery phases mainly consist of
transition metal elements and post-transition metal main
group elements. The average valence electron per atom (e/a),
also known as the valence electron concentration (VEC), plays
an important role in determining the structure of Hume-
Rothery phases.”* Theoretical investigations suggest over
a range of VEC values, the Fermi surface interacts with the first
Brillouin zone, which leads to the formation of a “pseudogap” at
the Fermi level (E) in the electronic density of states (DOS).*”*
The result is a decrease in the total kinetic energy of the valence
electrons, stabilizing phases with appropriate crystal structures
to maximize the interactions between the Fermi surface and the

OoT

Fig. 5
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first Brillouin zone. For this reason, alloys with similar VEC
values exhibit similar crystal structures, even when their
constituent elements differ. Other factors, such as the radius
ratio and atomic size, also play a significant role alongside VEC
in determining the crystal structure of these phases.***
Zintl-Klemm phases are another class of intermetallic
compounds consisting of electropositive (such as alkali and
alkaline earth metals) and electronegative metals (such as p-
block elements of group 13-15). In general, they occur at (e/a)
= 4. The large electronegativity difference between constituent
elements leads to significant charge transfer between atoms,
permitting the elements to obey the octet rule and behave like
ionic salt-like compounds. The description of this class of

CO

(top) A 26-atom y-brass cluster shown in the unit cell of typical gamma-brass; IT (yellow), OT (pink), OH (blue), and CO (green). (bottom)

Comparison between the atomic distributions of two 26-atom vy-clusters, Cus_,Zng, (left)*® and Cu,Cdg (right):** brown spheres: Cu atoms;

white spheres: Zn atoms; and black sphere: Cd atoms.
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compounds was developed by Zintl and later extended by
Klemm.””* “This very simple idea, in my opinion, is the single
most important theoretical concept (and how not very theoret-
ical it is!) in solid-state chemistry of this century... it builds
a bridge between solid-state chemistry and organic or main-
group chemistry”, stated by Prof. Roald Hoffmann in 1987
regarding the charge transfer concept in Zintl-Klemm phases.*
NaTl (cF16, Fd3m, 227) was the first material that prompted
Zintl's investigation into this class of intermetallic
compounds.”®7”?

Polar intermetallic compounds fall between these two
classes of compounds. They demonstrate partial charge transfer
between their constituents (electropositive alkali, alkaline
earth, or rare earth metals and more electronegative metals or
metalloids), but complete valence electron transfer does not
occur.” Phase stabilization is conferred by the significant
orbital overlap between the valence orbitals of the constituent
elements. This class of compounds possesses both ionic and
covalent interactions and, unlike Zintl phases, valence electron
counting rules fail to justify the structure-composition rela-
tionship. Polar intermetallic compounds form a bridge between
Hume-Rothery phases and Zintl phases.”™

2.4 Other important classes of IMCs

2.4.1 Laves phases. The Laves phases are the largest group
of intermetallic compounds with the general formula AB,, with
more than 1500 representative A/B combinations.””” The basic
three structure types are hexagonal MgZn, (C14), hexagonal
MgNi, (C36), and cubic MgCu, (C15) (Fig. 3a). Binary Laves
phases with the general formula AB, have an ideal radius ratio,
ralrs = (3/2)* = 1.225, although the radius ratio values

Intermetallics

Mixing

Five metals

Mixing g; é;qvq;g;

Five metals

View Article Online
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between 1.05 and 1.70 are often encountered experimentally.”®”®
Along with geometric factors, electronic factors, such as the
electronegativity differences between constituent elements A
and B, direct the formation and stability of Laves phases.”>*
MgCu, (C15) crystallizes in the Fd3m (227) space group in which
Mg atoms form a cubic diamond net, while the Cu atoms form
tetrahedral units. These tetrahedra share all the vertices in such
a manner that each pair of fused tetrahedra adopts a staggered
conformation (Fig. 3d). MgZn, (C14) crystallizes in the hexag-
onal P6;/mmc (194) space group where the Mg atoms form
a hexagonal diamond net, and the Zn atoms are again described
as forming tetrahedral units. These tetrahedra alternately share
their faces along the ¢ direction, forming chains of trigonal
bipyramids joined at their apex. MgNi, (C36) also crystallizes in
the hexagonal P6s/mmc (194) space group, where the Mg atoms
form a hexagonal diamond net, and the nickel atoms form
tetrahedral units, which are a combination of MgZn, and
MgCu, type tetrahedral units. These structures can also be
described by the stacking of 3.6.3.6 Kagomé nets and 3° trian-
gular nets. The stacking sequence differs in different structure
types. The coordination polyhedra of the A/B atoms in various
Laves phases are shown in Fig. 3e. The A atoms lie at the center
of the tetra-capped truncated tetrahedra with a coordination
number of 16 (12B + 4A), which is the so-called Friauf poly-
hedra. The B atoms lie at the center of the distorted icosahedra,
which comprises six A and six B atoms (Fig. 3e). The tetrahedral
intersections in Laves phases could be a potential site to effi-
ciently locate hydrogen atoms with optimal host-guest inter-
actions. These Laves phase hydrides significantly contribute to
atomic hydrogen-based energy storage.®

t‘*ttt
333223
b dAA4

High Entropy Alloys (HEAs)

High Entropy Intermetallics (HEIs)

Fig. 6 Schematic of atomic distribution in quinary high-entropy alloys and high-entropy intermetallics (HEIs).
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2.4.2 Heusler compounds. Heusler compounds, named
after the German physicist Fritz Heusler, who first studied them
in the early 20th century, constitute a class of ternary interme-
tallics.®> There are two structure types in the Heusler class of
compounds; full Heusler, X,YZ (XX'YZ), with the L2, structure
type (Fm3m, Cu,MnAl-type) and half Heusler, XYZ, with the C1,,
structure type (F43m, MgAgAs-type), where X and Y are transi-
tion or rare-earth metals and Z is a main-group element (Fig. 4).
The structure of full Heusler compounds can be described by
four interpenetrating fcc sublattices of the constituent
elements. The removal of X or X' leads to half-Heusler struc-
tures.®® Tetragonally distorted, hexagonal and quaternary vari-
ants are also known in this class of intermetallic
compounds.?*** Although Heusler and half-Heusler phases
have long been recognized as magnetic materials, they can also
be heavy fermion systems and superconductors if rare-earth
elements are included.®*® Their potential in heterogeneous
catalysis has been investigated more recently.®¢*°

2.4.3 The y-brass phases. y-Brass Hume-Rothery phases,
the archetype of CusZng, captivate researchers’ attention for their
structural complexity and intricate phase relations.” According
to the Hume-Rothery rules, the y-brass-type phases generally
occur with a VEC of ~21/13.” The electronic structure calcula-
tions of the y-brass-type compounds demonstrate the existence
of a pseudo-gap at the Fermi level. This is caused by the inter-
action between the Fermi surface and the Brillouin-Jones zone
boundary defined by the {411} and {330} Bragg planes. This
pseudo-gap opening lowers the electronic energy and provides
structure stabilization. The ideal y-brass-type structures crystal-
lize in space group I43m (217) with a lattice parameter, a = 9 A,
and contains ~52 atoms per unit cell. The y-brass type structures
can be described by a 26-atom cluster formed by four atomic
shells. Moving outward from the center of the cluster, these
shells can be described as follows: four atoms forming an inner
tetrahedron (IT), an outer tetrahedron (OT) of four atoms sitting
above the faces of the IT, six atoms forming an octahedron (OH)
such that each OH atom lies above the edge of the OT, and
a distorted cuboctahedron (CO) of twelve atoms placed above the
edges of the OH. In y-brass CusZng, Zn atoms occupied the IT
and CO sites, whereas Cu atoms occupied the OT and OH sites
(Fig. 5). Electronic structure calculations based on Mulliken
population analyses demonstrated the less electronegative
element in a y-brass variant prefers the IT and CO sites, whereas
the more electronegative element prefers the OT and OH sites.*
It is noteworthy that the atomic distributions in the homologous
compound Cu,Cd, are different from those of CusZng, where the
difference between the atomic radius of Cu and Cd and the
chemical bonding scenario play a decisive role (Fig. 5).”

2.4.4 Complex intermetallic compounds. Complex inter-
metallic compounds®*** (often called complex metallic alloys,
CMAs) form periodic structures with numerous unit cells con-
taining several hundred to several thousand atoms in their unit
cell. They represent a subclass of intermetallic phases and have
attracted attention in the past few decades owing to their
structural complexity, solid solution behavior, stabilization
mechanisms, and diverse physical properties. Many of them fall

8618 | Chem. Sci., 2025, 16, 8611-8636

View Article Online

Review

in the category of quasicrystals (solids with a long-range order
and quasiperiodic atomic structures) and the approximant
phases of quasicrystals (series of periodic structures converging
to quasicrystals).”

One of the first examples of a complex IMC is NaCd,. Despite
its simple stoichiometry, the diffraction patterns were found to
be so complex that solving the structure was nearly impossible
100 years ago. It took more than 30 years before the structure
was successfully solved; it crystallized in the high symmetry
Fd3m (227) space group with a unit cell of ~30 A that contains
1152 atoms.”* Our ability to accurately determine the crystal
structure of complex intermetallic compounds has significantly
improved, especially with the development of electron diffrac-
tion. Nevertheless, the complexity of these structures challenges
our ability to understand their formation.

The bulk electronic structures of many CMAs feature real or
pseudogaps in the density of states at the Fermi level. The
electronic stability of CMAs is often associated with a definite
valence electron concentration (e/a), which is attributed to the
previously mentioned Hume-Rothery mechanism.”® The
complex bulk crystal structures of CMAs mean they often
possess rather irregular and strongly corrugated surfaces, which
leads to difficulties in the determination of the atomistic details
of the surface. To deal with the complexity of these surfaces,
a combination of STM and ab initio DFT calculations was used
to unveil both the energetics and electronic and geometric
structure of the stable surfaces of CMAs.”

Intermetallic carbides® and hydrides,” though less exten-
sively studied than their binary and ternary counterparts,
represent important subclasses of IMCs that exhibit unique
structural motifs and offer intriguing properties related to
heterogeneous catalysis and atomic hydrogen storage.

2.4.5 High entropy alloys (HEA) and high entropy inter-
metallics (HEI). The term “HEIs” was first coined by Tsai in 2016
to define a class of intermetallic compounds composed of
multiple principal elements.”® Mixing at least five (or more)
metals with equiatomic or nearly equiatomic ratios leads to the
formation of so-called high entropy materials.’®"* Materials with
arandom distribution of all metals are referred to as high entropy
alloys (HEAs), whereas materials in which metals have site-
specific occupancies are known as high entropy intermetallics
(HEIs) (Fig. 6). HEAs lack long-range chemical ordering owing to
the random site occupancy of a given lattice site by different
elements. Furthermore, the formation of HEAs is entropy-driven
because of the large number of constituent elements exhibiting
mixing effects, which enhance their thermodynamic stability.*
On the other hand, HEIs exhibit long-range atomic ordering
because each lattice site is limited to a certain subset of elements.
Retaining an ordered structure despite the large number of
constituent elements implies HEIs are thermodynamically stable
because of enthalpic stabilization.'*

2.5 Coloring problem in intermetallic compounds: site
preference in the bulk crystal structure

166

In solid-state chemistry, the ‘coloring problem’ refers to the

difficulties associated with determining the distribution of
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Fig. 7 (top) Electronic density of states of the catalytically relevant intermetallic compound PdGa.# (bottom) COHP and COBI plots of individual

interactions in the structure of PdGa (with average integrated values). Adapted from ref. 27 and calculated by LOBSTER™* for illustrative purposes.
Structural optimization was performed using Quantum Espresso,*¢ and plots were created using wxDragon.**”

different atoms within a given crystal structure. The connectivity
and arrangement of different atoms in extended solids strongly
affect their physical and chemical properties. The fundamental
question is “Given a molecular or extended network and several
different types of atoms or chemical groups, in what arrange-
ment is the energy of the system minimized for a fixed stoichi-
ometry?” In other words, which ‘coloring scheme’ is favorable
over another? It is also important to consider why one ‘coloring
scheme’ is favorable over another. Determining the preferred
‘coloring scheme’ is key to establishing structure-property rela-
tionships in catalysis and other research areas.'®

The accurate assignment of constituent atoms among
different sites is primarily investigated by X-ray diffraction
(XRD). The assignment of atoms from XRD may not be

© 2025 The Author(s). Published by the Royal Society of Chemistry

accurately determined for elements that neighbor each other on
the periodic table because they have similar X-ray scattering
factors and therefore are indistinguishable using XRD. In these
cases, neutron diffraction is usually employed to differentiate
the neighboring elements under investigation. However, some
elements commonly used in solid-state materials are neutron
absorbers (e.g., Cd, B, Gd), which rules out the application of
neutron diffraction to characterize intermetallics containing
these elements or require the use of expensive isotopes. Addi-
tionally, neutron diffraction typically requires a beamline
neutron source, complicating the accessibility of the measure-
ment. Due to experimental challenges, the site distribution of
atoms in structures is often addressed using first-principles
calculations.
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Density Functional Theory (DFT)-based'®* total energy
calculations are executed on various models to accurately
determine the coloring scheme preferred by the constituent
elements in a given structure. The factors influencing one
coloring scheme over others are addressed by the energetic
contributions from site potentials and pairwise interatomic
potentials. Valence electron population analysis (Mulliken or
Lowdin's population analysis)'*' at each site of all configu-
rations is often required to accurately determine the preferred
coloring scheme. For site preference, site energy is an important
contributing factor. The more electronegative atoms usually
prefer sites with a higher electron population to lower the
electronic energy of the system (topological charge stabiliza-
tion).'*”'* Conversely, bond energy factors can also contribute
to the observed site distribution pattern in the same structure,
which can be addressed by comparing the number of homoa-
tomic and heteroatomic contacts in all possible coloring
schemes. If a greater number of heteroatomic contacts lead to
a lower total energy, the correct coloring scheme will likely
contain a higher number of heteroatomic contacts. In many
intermetallic structures, both the site energy and bond energy
factors contribute to the observed distribution pattern of the
constituents.

2.6 Relationship between crystal structure, electronic
structure, partial charge transfer, and core chemical bonding
scenario in the IMCs

To understand the electronic stability of any intermetallic
compound from a chemical standpoint and specific site
substitution patterns, electronic structure calculations were
performed. The electronic density of states (DOS) uncovers
‘where the electrons are’ and provides an overall idea about the
electronic environment of intermetallic compounds. The crystal
orbital Hamilton population (COHP)'* method is a theoretical

(a)

ch
- :

0 QGa

@rd

Fig. 8
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bond analysis tool for solids that ‘partitions the band-structure
energy into orbital pair interactions’ (orbital-space bonding
description). From a chemical point of view, COHP is a “bond-
weighted density-of-states between two adjacent atoms within
their interacting distance”."'® A COHP diagram is generally
plotted alongside the DOS, which indicates the bonding and
anti-bonding contributions to the band-structure energy. DOS
and COHP provide a clear picture of the complete electronic
structure of the material (i.e., where the electrons are and how
they bond to each other). The integrated electronic DOS yields
the total number of electrons in the system under investigation,
whereas the integrated COHP (ICOHP) provides information
regarding the bond strength (in eV or kJ mol™'). After the
calculation of the self-consistent electronic wave function (SCF),
both the DOS and COHP can be determined, allowing impor-
tant chemical information to be extracted.''*'*> Another method
to quantify covalent bonding in solids, crystal orbital bond
index (COBI), has been introduced recently."** COBI is very
similar to COHP and relates directly to the ‘bond order’. Addi-
tionally, COBI can identify multicenter interactions in periodic
extended solids.**"** TB-LMTO (tight binding linear muffin-tin
orbital)*** developed by Andersen et al. and LOBSTER (local-
orbital basis suite toward electronic structure reconstruc-
tion) developed by Dronskowski et al. are the two widely
used open-source tools to calculate COHP in periodic solids.
The latter method uses plane-wave basis sets and allows the
extraction of a chemically useful projected COHP (pCOHP).
For illustrative purposes, we calculated the DOS, COHP and
COBI of a catalytically relevant intermetallic compound PdGa
(FeSi-type, P2,3) (Fig. 7) using the crystal structure from ref. 118.
The Fermi level of the density of states is significantly different
from that of a pure metal with a hint of a pseudogap, and the
overlap between the Pd 4d and Ga 4s, 4p states leads to strong
and partially covalent Pd-Ga heteroatomic interactions. Among

110,115

(b)

0

(a) Unit cell of FeSi-type PdGa. (b) ELF plot on a (11 1) slice of PdGa [adapted from ref. 27 and 118]. The average Mulliken charge on the Pd

site is —0.45 and on Ga site is +0.45, indicating partial charge transfer from Ga to Pd. The ELF was calculated using Quantum Espresso,*¢ and the

plot was drawn using VESTA.
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the three possible interactions in the structure of PdGa, the
average integrated COHP (and COBI) values were highest for the
Pd-Ga bonds, which contributed to the structural stability of
PdGa.

In the context of heterogeneous catalysis, these calculations
extract the chemical bonding interactions, bond strengths, and
structural stability of the catalyst,"**** but can also reveal
information about substrate-catalyst surface interactions and
may provide insightful mechanistic details by revealing the
different possible adsorption modes of a substrate on the
surface of a catalyst.’*

The Quantum Theory of Atoms in Molecules (QTAIM),"**
developed by Richard Bader, is another intuitive method for
breaking molecules down into atoms to understand their
mutual interactions. The definition of an atom is based only on
the density of charge and divides atoms using a technique
known as zero flux surfaces.' A definition of chemical bonding
with numerical values for bond strength can also be provided by
this theory. Henkelman's group developed a grid-based
approach that can be successfully applied to extended solids,
e.g., intermetallic compounds. This approach allows for the
analysis of the large grids generated from plane wave-based
density functional theory calculations." A similar approach is
implemented in the novel functional ‘electron localizability
indicator’ (ELI), which has been proven useful in investigating
the core chemical bonding situation in periodic solids. ELI can
be broken down into partial orbital contributions (unlike the
classic ‘electron localization function’,*** ELF)."** A combination
of the electron density (ED) and electron-localizability indicator
(ELI-D) can reveal details about a larger range of interactions,
from single pairs to multi-center bonds. Both the distinct core
regions and the shared valence region can be identified in the
ELI-D distribution. The distribution is spherically symmetric for
non-interacting atoms, and the existence of atomic interactions
is indicated by any divergence from the spherical distribution.

View Article Online
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Local ELI-D maxima (attractors) in the valence region help
visualize bonds in real space."’

Unlike Bader's QTAIM," Mulliken'® and Loéwdin'® pop-
ulation analyses are based on the electron density matrix, using
a suitable and balanced basis set of atomic-like orbitals and
considering the overlap population of the orbitals. Despite being
a simplified approach, Mulliken populations are still widely used
to determine the atomic charges of the constituent elements of
non-molecular solids. For example, the ELF plot (Fig. 8) on the (1
1 1) slice of cubic FeSi-type PdGa shows a significant electron
density between Pd and Ga (partial covalent character), and
Mulliken charges on Pd and Ga indicate the direction of charge
transfer from Ga to Pd, which correctly aligns with the expected
trend based on their electronegativity.>”"*®* Wider green regions
between the Ga atoms indicate more profound covalency of Ga-
Ga interactions. The implications of the electronic charge
transfer, strong Pd-Ga heteroatomic bonds of intermetallic PdGa
on its performance in the selective hydrogenation of acetylene
are discussed in Section 3.4.

The contribution of the atomic sizes of the constituent
elements in an intermetallic structure remains vague in the
abovementioned experimental and theoretical approaches. An
intuitive and relatively newer approach, called density func-
tional theory-chemical pressure (DFT-CP) analysis, introduced
by Fredrickson et al.**® considers the influence of atomic size as
the ‘most pronounced factor’ while taking into account chem-
ical interactions between the constituents. The tools developed
by Fredrickson et al.** can visualize the local chemical pres-
sures on individual elements inside the unit cell of a periodic
structure. This aids in understanding whether bond formation
is inhibited by steric repulsion or by insufficient electronic
support in homologous compounds. This method has been
applied to relatively simple structure types to rather compli-
cated structures exemplified by complex metallic alloys and
quasicrystal approximants.***

>15.4% Ni (Bulk)

Fig.9

>15.4% Ni (Surface)

(left) Ni—Ni—Ni trimer present as determined by experiments in the bulk of NigZng,s. (right) The corresponding Wulff construction showing

that the Ni—Ni—Ni trimer containing {1 1 0} facet is not energetically favored to be exposed. The orange and grey spheres represent Ni and Zn,
respectively. Reprinted with permission from ref. 137, copyright 2017, the American Chemical Society.
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Our understanding of the formation, structural stability, site
preference of constituent elements, and differences in the
structure types of homologous series of compounds in inter-
metallic solids remains incomplete despite the varied
approaches used to characterize their electronic structure
chemical bonding. As discussed above, this includes quantum
theory of atoms in molecules (QTAIM),"** electron localization
function (and electron localizability indicator),"*® orbital
space chemical bonding analysis (e.g., COHP,'**'*> COBI'"),
DFT-CP analysis (chemical pressure).*?® A single approach often
fails to explain the intricate structural phenomenon in inter-
metallic solids. For example, the unprecedented site preference
of Zn in the structure of ordered tetragonal CueZn,Sb, can be
explained based on Mulliken's and Lowdin's charge population
analysis (topological charge stabilization), but Bader's QTAIM
failed to arrive at the same conclusion."®*** A recent study of
the CoSn-type intermetallic compound (P6/mmm) NiIn;_,Sn,, (x
= 0.7-0.9)*** has shown the specific site-preference of Sn can be
explained by Bader's charge, Mulliken's and Lowdin's charge
population and real space charge density analyses. All these
calculations led to the same conclusion (unlike the previously
mentioned CueZn,Sb,)'** regarding the experimentally estab-
lished (based on X-ray and neutron diffraction) ‘coloring
scheme’. However, one should be extremely careful regarding
the choice of basis-sets (orbitals) in orbital-space calculations.

These different approaches can lead to significant differ-
ences in the perception of chemical bonding in extended inor-
ganic solids. For example, Bader's density-based approach
identifies a new bonding mechanism, i.e., metavalent bonding/
electron-deficient bonds in phase change memory materials,**®
topological insulators, and halide perovskites. On the other
hand, the orbital-based approach finds this bonding scheme
“unjustified” and identifies the bonding in these electron-rich
materials, 3c-4e (‘hypervalent’); this approach believes ‘elec-
tron density’ alone is insufficient and requires analysis of the
electronic wave functions (the orbitals)."*®

2.7 Knowledge of the bulk is not enough: importance of
surface structure and composition in heterogeneous catalysis

The previous section discussed the structure(s) of different
type(s) of intermetallic compounds and the fundamentals
associated with them. However, when considering these mate-
rials from the perspective of heterogeneous catalysis, the
surface and electronic structure are more important because
they determine the nature of the active sites. From a heteroge-
neous catalysis perspective, site preferences (the ‘coloring
scheme’ on the surface) and the most stable surface facets
(under the influence of adsorbates) are important because they
determine the local environment of the exposed active sites. Site
preferences in the bulk can be found by completing bulk energy
calculations for different possible configurations within the
experimentally determined model structure; however, this does
not provide information about surface site preferences. There-
fore, surface energy calculations are needed to provide accurate
predictions of the distribution of active and inactive constituent
elements on the surface.”

8622 | Chem. Sci,, 2025, 16, 8611-8636
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The importance of surface structure is highlighted with Ni-
Zn vy-brass compounds that contain different Ni atomic
percentages (NigZng,y, NigZn,s, NijgZn,,, Nij;Zn,,)."*” While it
was anticipated the catalyst would become more active with
increasing Ni content, the rate of H-D exchange was invariant
with the bulk composition. Neutron powder diffraction, in
combination with bulk energy calculations, was used to inves-
tigate the bulk structure of the compounds, including site
preferences, and additional Ni in the higher Ni content
preferred octahedral sites (OH). Thus, the isolation of the Ni-
sites was lost, and the bridging Ni atoms in the OH sites
formed Ni-Ni-Ni trimers. The results of the bulk structure
investigation do not provide any explanation for the insensi-
tivity of the rate of H-D formation to Ni content, requiring
consideration of the most stable surface facet(s) and the extent
of Ni exposure on those facets. Surface energy calculations
demonstrated that surface facets containing Ni-Ni-Ni trimer
sites were energetically unfavorable and therefore not exposed
(Fig. 9). Since the additional Ni in these compounds remains
sub-surface, it has no measurable impact on catalysis.'”

The homologous y-brass compounds in the Pd-Zn system
[PdgZn,,, PdoZngys, PdgMZn,, (M = Cu/Ag/Au)] differ signifi-
cantly from each other (and from the Ni-Zn system) in terms of
their calculated surface composition and surface ensembles. A
combined experimental and theoretical effort has revealed
that M (Cu/Ag/Au) has a strong substitution preference on the
Zn atoms of the OH-site, whereas Pd exclusively occupies the
OT-site.”*® Surface energy calculations led to the conclusion
that, different catalytic ensembles on the surface, such as
monomer Pd, (i.e., Pd-Zn-Pd) for PdgZn,,, and trimer Pd; (i.e.,
Pd-Pd-Pd) sites for PdoZn,;, are responsible for at least six
orders of magnitude difference in the rates of ethylene hydro-
genation."® A very specific site occupancy pattern of Pd and Zn
in the Pd-Zn <y-brass IMCs lead to the transition from Pd,
monomer active sites in PdgZn,, (15.4 at% Pd) to Pd; sites in
PdyZn,; (17.3 at% Pd). When a third element was introduced
with the nominal composition PdgMZn,, (M = Cu/Ag/Au), the
coinage metal showed a strong preference for the OH-site which
modifies the catalytic active site ensemble to Pd-M-Pd
(Fig. 11)."*%'%° These modifications have influenced the perfor-
mance of these intermetallic catalysts for the selective hydro-
genation of acetylene, and these aspects are discussed in
Section 3.2.

Alongside the DFT-based energy calculations, experimental
surface characterization techniques are extremely important to
establish a complete understanding of the structure (surface)-
catalytic property relationship of IMCs. A detailed surface char-
acterization of PdGa (FeSi-type) by Kovnir et al.'** compared the
bulk structure of PdGa with its surface structure. In situ XRD and
in situ EXAFS (Extended X-ray Absorption Fine Structure) proved
the structural stability of PdGa during the selective hydrogenation
of acetylene. XPS (X-ray photoelectron spectroscopy) measure-
ments confirmed the electronic structure of the surface closely
resembled the bulk. Comparative CO adsorption experiments
(Fourier transform infrared spectroscopic measurements, CO-
FTIR) of PdGa and a commercially available reference catalyst,
Pd/Al, O3, revealed the isolated nature of the active Pd sites on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Structures of a few intermetallic compounds relevant in alkyne hydrogenation: CoSn-type Niln, y-brass type PdgZn,s, NiAs-type NiSb
(top left to right); RhsGes-type Pdsins, CuAu-type PtCug 67Sng 33, CsCl-type RhZn (middle left to right); Co,Si-type Pd,Ga, FeSi-type PdGa, and

CuzAu-type PdsSn (bottom left to right).

surface of PdGa."*' The aspects of this catalyst related to the
selective hydrogenation of acetylene are discussed in Section 3.3.

3. Part Il: recent investigations of
intermetallic compounds as selective
hydrogenation catalysts

3.1 Alloying introduces limited flexibility in active site
composition

Noble metals such as rhodium, ruthenium, palladium, and
platinum are frequently employed as heterogeneous catalysts for
various hydrogenation reactions because of their high activity.
However, these metals are expensive, and their high activity is
typically achieved at the expense of poor selectivity. Deactivation
of these expensive materials via coking imposes the need for
catalyst regeneration or replacement."* The inherent lack of
flexibility in the active site composition of monometallic catalysts
implies a reliance on the intrinsic properties of the metal surface,
which rarely results in the optimum adsorbate binding energy, as
described by the Sabatier principle.**

Alloying these noble metals, typically with a less catalytically
active metal, offers the ability to modify the active sites and, as
such, the potential to improve catalytic properties, particularly
selectivity and stability. For instance, Ag,Pd; _, alloys have been
employed industrially for many years in the selective hydroge-
nation of acetylene to ethylene due to a higher selectivity
compared to pure Pd."'* X-ray absorption spectroscopy
studies, in combination with classic electronic structure

© 2025 The Author(s). Published by the Royal Society of Chemistry

calculations, have demonstrated the selectivity improvement is
largely due to an electronic effect; charge transfer from Ag to Pd
results in an increase in filled Pd 4d-states."**"*° The increased
electron density in the Pd 4d-states results in weaker binding
energies of unsaturated hydrocarbons (ethylene and acetylene)
since they are electronically rich and typically donate electron
density to Pd. Although this adsorption behavior may lead to
decreased rates of acetylene hydrogenation, the weakened
ethylene adsorption decreases the propensity for
hydrogenation and therefore improves selectivity.

The presence of electronic modifications does not eliminate
the possibility of structural changes to the surface of the active
metal, which may also contribute to improved catalyst perfor-
mance. Infrared studies using CO as a probe molecule demon-
strated an increase in the isolation of Pd sites upon alloying with
Ag correlated with improved selectivity in acetylene hydrogena-
tion." It was proposed that an increase in the isolation of Pd sites
may result in a decrease in hydrogen concentration around the
active site, and therefore allow ethylene to desorb before over-
hydrogenation. This highlights one of the key challenges in
understanding the catalytic behavior of these materials: dis-
tinguishing the contribution of electronic and geometric effects
on catalytic performance. The origin of the increased selectivity
over Ag-Pd alloys is further complicated because these alloys are
randomly substituted (see substitutional alloys in Section 2.1
above), implying that several possible active site configurations
contribute to the observed catalytic behavior. Additionally, the
lack of any significant preference for a particular lattice position

over-
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(top) Visualization of Pd—Zn-Pd, Pd—Pd-Pd, and Pd—M-Pd (M = Cu/Ag/Au) trimers in the {110} facet of Pd—Zn y-brass intermetallic

compounds.**® (bottom) The activity (left) and selectivity (middle) show strong agreement between experimental kinetics and DFT. Reprinted

with permission from ref. 140 copyright 2022, Nature.

by the constituent elements means catalyst pre-treatment (e.g.,
calcination, reduction) or changes in the process conditions may
result in significant restructuring of the catalyst.*”*>'33

Norskov and Studt et al.'*»'>* established scaling relation-
ships between acetylene and ethylene adsorption energies on
transition metal surfaces as a function of the adsorption energy
of the methyl group. Acetylene and ethylene form four and two
o-bonds, respectively, with the surface of the transition metal
and these adsorption energies scale with respect to the
adsorption energy of a methyl group. A catalyst that weakly
binds a methyl group, compared with pure Pd, will be more
selective than pure Pd. Their prediction identified several alloys
potentially active and selective catalysts, e.g., Pd-Au, Pd-Ag, Pd-
Ga, and Pd-Sb.** The same work identified alloys of Ni,
a cheaper alternative to Pd, as selective catalysts. The results
were experimentally verified for Ni-Zn alloys, and it was found
the alloy with the highest Zn content had a higher selectivity to
ethylene than the widely used Pd-Ag alloys.™*

Intermetallic compounds offer the opportunity for significantly
greater control over the electronic and geometric structure of
active sites, largely due to specific site preferences in the crystal

8624 | Chem. Sci, 2025, 16, 8611-8636

structure, which allows for the development of rationally designed
catalysts for selective hydrogenation. This strong site preference
also has implications regarding stability since it can mitigate the
issue of segregation under pre-treatment and/or reaction condi-
tions, which is often a challenge with random alloys. The complex
bonding and electronic structure of intermetallic compounds
suggest they can have very different catalytic properties compared
to the parent metals, which allows for the potential to develop
active and selective catalysts with cheaper and more abundant
elements. There is an increasing interest in the use of intermetallic
compounds as heterogeneous catalysts; the next section of this
review focuses on their use as model catalysts in selective alkyne
hydrogenation reactions. The crystal structures of a few catalyti-
cally relevant intermetallic compounds are depicted in Fig. 10.

3.2 Controlling active site composition and configuration
using intermetallic compounds for the rational design of
catalysts for selective hydrogenation reactions

The specific site preferences found in intermetallic compounds
allow precise control and accurate prediction of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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composition and configuration of active sites present on the
surface of the catalyst. The superior control offered by inter-
metallic compounds was exemplified in a recent study that
explored Pd-Zn y-brass intermetallics for the selective hydro-
genation of acetylene to ethylene."*® The lowest energy facet,
{110}, exposes the OT-OH-OT ensemb]e (see Section 2.7 above),
with the composition of this ensemble being highly dependent
on the stoichiometry of the intermetallic compound. For
instance, in the case of PdgZn,,, the ensemble consists of Pd-
Zn-Pd resulting in Pd sites completely isolated by Zn, denoted
as Pd “monomers”. Subtle increases in the stoichiometric Pd
content lead to the introduction of Pd-Pd-Pd ensembles,
denoted as Pd “trimers”, while PdyZn,; consisting of a mix of Pd
trimers and monomers and Pd,;¢Zn,, consisting of only Pd
trimers (Fig. 11). PdgZn,,, composed of completely isolated Pd
monomer sites (Pd-Zn-Pd), was highly selective for ethylene but
with a low rate of acetylene hydrogenation. The Pd-trimer sites
(Pd-Pd-Pd) on PdyZn,; were found to be significantly more
active for the hydrogenation of acetylene; however, they were
also at least ~10° times more active for ethylene hydrogenation,
resulting in a significant decrease in selectivity. The di-o-
binding of acetylene across a Pd monomer “pair” permits H co-
adsorption followed by C=C hydrogenation. However, t-bound
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ethylene prevents H, dissociative adsorption, H co-adsorption,
and C=C hydrogenation at the isolated Pd-sites. The nucle-
arity of the active sites (i.e., Pd monomers versus trimers) is
directly correlated to both the activity and selectivity of the
catalyst during the selective hydrogenation of acetylene.

Further modification of the active site was also found to be
possible through the inclusion of small amounts of a coinage
metal to produce intermetallic compounds with a composition
of PdgMZn,; (M = Cu, Ag, Au). With this stoichiometry, Pd was
found to preferentially occupy the OT sites and the coinage
metal occupied OH sites,**® resulting in Pd-M-Pd ensembles.
The activity and selectivity of the Pd-M-Pd ensembles were
intermediate between the Pd monomers and the Pd trimers in
the binary system. Therefore, both the nuclearity and compo-
sition of the active site ensemble were found to determine the
overall catalyst activity and selectivity in acetylene hydrogena-
tion, which can be controlled with the careful and rational
design of intermetallic compounds.**®

The configuration of the active site was also found to be
crucial to achieve high selectivity in acetylene hydrogenation
with Pd-In intermetallic compounds.*® PdIn (Pm3m) has iso-
lated Pd sites on the lowest energy {110} surface, however Pd;In
(P4/mmm) has Pds-trimer sites on the lowest energy {111}

Qo
O‘Q"

HEI: (PtCoCu)(GeGasn)

typical metals

Pt-Pt remains

Fig. 12 Schematic of the site-specific substitution of PtGe to form HEls, and the Pt site isolation in HElIs compared with HEAs. Reprinted with
permission from ref. 160, copyright 2022, the American Chemical Society.
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surface. These intermetallic catalysts displayed notably
different selectivity in acetylene hydrogenation; PdIn was found
to have a selectivity of 92%, whereas Pd;In had a selectivity of
only 21%. DFT calculations for PdIn showed the desorption
energy for ethylene was lower than the hydrogenation barrier
because of the isolation of the Pd sites by In. However, for
Pd;In, the ethylene desorption energy was similar to the
hydrogenation barrier, consistent with the increased rate of
ethylene hydrogenation and poor ethylene selectivity. The
distance between adjacent Pd atoms was therefore identified as
a structural descriptor of ethylene formation during the selec-
tive hydrogenation of acetylene.**®

Modification of the active site configuration in intermetallic
compounds has implications not only for selectivity but also
stability. Spanjers et al.*” explored the effect of the Zn content
in Ni-based intermetallics on the active site geometry for the
selective hydrogenation of acetylene. Monometallic Ni catalysts
are prone to oligomerization during acetylene hydrogenation,
which leads to the formation of by-products which contribute to
catalyst deactivation.”® Ni-Zn intermetallic catalysts were
proposed to significantly reduce the formation of these oligo-
meric species, which should limit catalyst deactivation and
improve the selectivity toward ethylene."®” Three intermetallic
systems were chosen in this study: cubic Ni;Zn (fcc-Cu type,
with 2.4 Ni neighbors replaced by Zn), tetragonal NiZn (AuCu-
type, with 8 Zn nearest neighbors) and NisZn,; (gamma-brass
type, with the Ni sites completely isolated by Zn). The amount
of observed oligomerization during acetylene hydrogenation
was found to decrease with increasing Zn content (and
increasing Ni isolation); however, DFT calculations initially
appeared to contradict this result since the barrier for C-C bond
formation was found to be lower for NiZn compared to mono-
metallic Ni. The inclusion of Zn was also found to lower the
acetylene binding energy, and the authors demonstrated
through the implementation of a Langmuir-Hinshelwood
model that the lower acetylene binding energy would result in
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significantly lower acetylene surface coverage. Since oligomeri-
zation occurs through the reaction of an adsorbed acetylene
molecule with a partially hydrogenated acetylene intermediate,
the lower surface coverage of acetylene would drastically lower
the rate of oligomerization. Therefore, the lower acetylene
binding energy observed for the NiZn intermetallic compound
explains the decrease in oligomerization and the resultant
increase in both selectivity and stability.

An extreme case of site isolation was reported by Furukawa
et al.* by the introduction of multiple metals to CsCl-type
NiGa. The Ni and Ga sites were partially substituted by Fe/Cu
and Ge, respectively, to form a high entropy intermetallic
(HEI) of (NiFeCu)(GaGe). This HEI material was used as a cata-
lyst for the hydrogenation of acetylene and demonstrated high
selectivity for ethylene compared to the parent NiGa catalyst.
These site-specific substitutions lowered the energy barrier of
acetylene hydrogenation and weakened acetylene adsorption,
facilitating hydrogen adsorption and activation. DFT studies
demonstrated the most stable facet of the HEI was (110),
because of the relaxation of the surface upon site-specific
substitution. The lower surface energy of (110) promotes the
desorption of ethylene, inhibiting undesired over-
hydrogenation. DOS calculations indicated there was a negli-

157

gible change in the electronic structure of Ni upon substitution
with Fe and Cu, suggesting the enhanced catalytic performance
was due to geometric effects (site isolation) rather than elec-
tronic effects.*>

Furukawa et al. also demonstrated the extreme site isolation
achieved in HEIs through the site-specific substitution of the
FeAs-type PtGe intermetallics.’® The Pt site in the binary PtGe
was partially substituted by catalytically less active metals (Co
and Cu), whereas the Ge site was partially replaced by inert
metals (Ga and Sn) to form a senary HEI of the form, (PtCo-
Cu)(GeGaSn) (Fig. 12). This HEI catalyst was used for propane
dehydrogenation, demonstrating high selectivity to propylene
by inhibiting unwanted side reactions. X-ray absorption near-
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acetylene hydrogenation for PdGa, Pd,Ga, PdsGa;, and other industrially relevant catalysts (right, reprinted with permission from ref. 27,

copyright 2010, the American Chemical Society).
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edge structure (XANES) confirmed the d-band of Pt did not
significantly change between PtGe and the HEI, indicating
negligible electronic effects upon Pt substitution, consistent
with DFT calculations (a very similar observation was reported
by the authors in the case of (NiFeCu)(GaGe)).”® The high
selectivity of the HEI was attributed to geometric effects due to
the dilution of Pt with less active metals, which reduced the
concentration of surface Pt-Pt ensembles and hence favored the
desorption of propylene as a consequence of the limited
number of sites available for binding propylene. The authors
compared the HEI to other quaternary catalysts to demonstrate
the significance of the high entropy effect on the catalyst
selectivity and stability. However, it is very challenging to
attribute such improvement to the high entropy effect and/or
site isolation since the composition of the active metal (Ni/Pt)
was not constant across these catalysts.

3.3 Role of electronic modification on the performance of
intermetallic catalysts in selective hydrogenation reactions

The previous section discussed the precise control of the active
site configuration and composition that can be achieved using
intermetallic compounds and how this control affects the
catalyst performance in selective hydrogenation reactions.
However, intermetallic compounds also offer the opportunity to
modify the electronic properties of active sites. While there are
several examples of intermetallic compounds in which the
dominant effect is geometric, there are few examples in which
the dominant effect is electronic. Instead, the improvement in
the catalytic performance of these intermetallic compounds can
be attributed to a combination of electronic and geometric
modifications. The ordered structures inherent to intermetallic
compounds allow the contributions of these two effects to be
distinguished in many cases, as discussed in the following
section.

Pd-Ga ordered intermetallic compounds (e.g. GaPd,, GaPd,
Ga,Pd;) were proven to be highly selective for acetylene hydro-
genation compared to pure Pd.>”?*'%1%* The increased selec-
tivity to ethylene over these intermetallic catalysts was largely

© 2025 The Author(s). Published by the Royal Society of Chemistry

explained based on the modification to the electronic structure
of Pd through Pd-Ga interactions (Pd 4d-Ga 4p hybridization)
(Section 2.6, Fig. 7); however, the isolation of Pd active sites by
Ga may also play a role, and it is difficult to decouple these
effects. Electronic structure calculations coupled with X-ray
photoelectron spectroscopy (XPS) demonstrated a lower DOS
at the Fermi level in PdGa compared to monometallic Pd,
indicating an induced directionality in Pd-Ga interactions, i.e.,
partial covalent character in the heteroatomic interactions.
QTAIM analysis suggested the electronegativity difference
between Pd and Ga is largely responsible for the electronic
modification observed (Fig. 8). The partially negative Pd sites
formed in intermetallic Pd-Ga enhance the tendency of acety-
lene to form a donor complex without being activated by
backdonation through the Pd 4d-states (confirmed through
infrared spectroscopic studies of CO adsorption), which leads to
the superior selectivity to ethylene.>”*** The directionality in the
Pd-Ga bonds is also an important factor in the increased
stability observed for these catalysts and accounts for the
increased resistance to segregation that frequently occurs in
solid solution alloys. Despite the strong evidence that the elec-
tronic modifications significantly improved the selectivity and
stability in Pd-Ga intermetallics, the Pd sites were completely
isolated (Fig. 13). DFT studies revealed the configuration of the
Pd active sites (Pd trimers or Pd monomers) affected the
selectivity to ethylene.'®> Both configurations were found to have
similar barriers for acetylene hydrogenation; however, the Pd
trimer sites were found to have a significantly higher barrier for
ethylene hydrogenation, largely due to the hydrogen diffusion
barrier to the active site, which would result in improved
selectivity for Pd trimer sites.'®* Therefore, the geometry of the
active sites present in the different Pd-Ga intermetallic
compounds also contributes to the selectivity of the catalyst
during acetylene hydrogenation, meaning any improvements
are likely due to a combination of electronic and geometric
effects.

In the search for alternatives to expensive noble metals (e.g.,
Pd), the unique bonding and control over the active site

Chem. Sci., 2025, 16, 8611-8636 | 8627
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configuration suggest intermetallic compounds offer the
opportunity to develop such catalysts. Armbriister et al'®
introduced a novel PGM-free catalyst, Al,;Fe,, for the selective
hydrogenation of acetylene. Al;3Fe, crystallizes with the
monoclinic space group C2/m with more than 100 atoms per
unit cell. All Fe sites were coordinated by Al or consisted of Fe—
Al-Fe ensembles embedded in the three-dimensional Al-
network (Fig. 14). The covalent Fe-Al and Fe-Al-Fe multi-
centered interactions lead to the site-isolation of Fe, which
alters the electronic structure of the compound with respect to
pure Fe and provides thermodynamic stability. The increased
thermodynamic stability prevents segregation under the reac-
tion conditions."*

An in-depth DFT (including surface energy calculations) and
STM study of Al;;Fe, revealed the active sites of Al;;Fe, likely
comprised isolated Fe atoms protruding from a pentagonal
ensemble of Al atoms (i.e. AlsFe), which were found to appear on
the Al;3Fe, (010) surface.*®* In other intermetallic catalysts, site
isolation is crucial to achieving high selectivity in the hydroge-
nation of acetylene to ethylene. On completely isolated sites,
acetylene adsorbs to the transition metal atoms within these
ensembles via a di-c configuration, but ethylene can only form
a weak m-bond.?”*#1157:161 The weaker binding of ethylene is
crucial to preventing over-hydrogenation to ethane, while active
site isolation minimizes oligomerization since the greater
distances between active sites prevents coupling of hydrocarbon
adsorbates. By taking advantage of the unique control over the
active site composition through the use of intermetallic
compounds, Armbrister et al. demonstrated the development
of noble metal free catalysts for selective hydrogenation
reactions.'®

Heusler alloys have recently attracted the attention of the
catalysis community. Kojima et al.®® found that Co,MnGe and
Co,FeGe alloys exhibit high alkene selectivity during alkyne
hydrogenation. The catalytic performance of the alloys was
tuned through the substitution of different elements in the
parent compounds. The substitution of Ga into the Ge position
of Co,FeGe led to the formation of isostructural Co,FeGag 5-
Gey s, which showed high rates of acetylene hydrogenation with
low ethylene selectivity. The authors proposed that based on
apparent activation energies and DFT-based binding energy
calculations, Ga has a higher propensity to adsorb small
molecules (e.g., C,H4, C,H,) than Ge, resulting in increased
activity but lower selectivity. The substitution of Mn for Fe
(Co,Mn,Fe; ,Ge) resulted in very high alkene selectivity even at
complete conversion. The authors hypothesized this was largely
due to a change in the electronic structure due to site-specific
substitution. The results of this study highlight the flexibility
and tunability of Heusler compounds, allowing for the alter-
ation of the geometric ensembles and/or electronic structure to
optimize catalytic performance.

Another strategy for the modification of the electronic
structure of active sites was demonstrated by Niu et al.*** and
Chen et al.*® through the introduction of carbon into the lattices
of cubic Ni;Zn and Pd;Zn to form intermetallic carbides. The
overall structure of the intermetallic compounds remained the
same, and carbon atoms occupied interstitial sites. Through
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combined DFT and XANES experiments, the authors showed
the C atom coordinates with the active metal site and neutral-
izes its positive charge. This process facilitates ethylene
desorption and enhances acetylene hydrogenation selectivity.

Liu et al.**® identified a clear difference in acetylene hydro-
genation activity between atomically ordered CsCl-type PdCu
intermetallic nanoparticles and an fcc bimetallic solid solution
of PdCu. The specific activity of CsCl-type PdCu was one order of
magnitude greater than that of fcc-PdCu. CsCl-type PdCu is
characterized by more densely populated and weaker Pd-Cu
bonds than fcc-PdCu, along with a lower coordination number
and higher-lying d-states. The authors argued the high-lying d-
band centers facilitated hydrogen dissociation on the isolated
Pd surface, leading to much higher activity for CsCl-type PdCu
than for the substitutional solid solution (fcc-PdCu).**®

3.4 Increasing the surface area of intermetallic compounds
via alternative synthetic techniques

While the previous section mostly deals with the utilization of
bulk intermetallic catalysts for the selective hydrogenation of
acetylene, one of the challenges associated with bulk interme-
tallic compounds is their low surface area (typically <0.5 m?>
g~ "), which results in several fundamental and practical chal-
lenges, including limitations on able characterization tech-
niques. While the preparation of nanoparticulate intermetallic
catalysts can have significant downsides (e.g. homogeneity,
support effects), they open the possibility to utilize additional
characterization methods that can provide further experimental
information regarding the active sites present in IMCs. The
following section discusses intermetallic nanoparticle systems
used for selective alkyne hydrogenation, focusing on the bene-
fits and challenges associated with nanoparticulate IMCs.
Zhang et al.**” prepared ZnO-supported intermetallic PdZn
nanoparticles (P4/mmm, CuTi-type), in which the active site was
shown to consist of Pd-Zn-Pd ensembles. The authors studied
the active site configuration using infrared spectroscopy of CO
adsorption and measured the adsorption energies of relevant
molecules on the active sites using microcalorimetry.
Compared to the CO-FTIR spectrum obtained for a mono-
metallic Pd catalyst, the spectrum for the PdZn catalyst showed
a significant decrease in bridging CO, with the vast majority
present as the linear bound form. This is consistent with the
isolation of Pd sites since the increased distance between Pd
sites in the Pd-Zn-Pd ensembles disfavors the formation of
bridging CO. Additionally, a red shift in the wavenumber for the
linear bound CO indicates increased electron density on Pd due
to electron transfer from Zn to Pd. XPS analysis of the Pd-Zn
catalyst was consistent with the IR results, finding a lower
binding energy for Pd 3ds, in Pd-Zn compared to mono-
metallic Pd. The higher surface area of the nanoparticulate
catalyst also allowed the adsorption energy of relevant species,
such as acetylene and ethylene, to be measured. The authors
found the binding energies of acetylene on monometallic Pd
and the Pd-Zn catalysts were comparable; however, the binding
energy of ethylene was significantly lower on Pd-Zn/ZnO. The
suppressed adsorption of ethylene on the Pd-Zn intermetallic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalyst was consistent with the experimentally observed
improvement in ethylene selectivity during acetylene hydroge-
nation. DFT results suggest the site isolation of Pd in the Pd-
Zn-Pd ensembles resulted in weakly -bound ethylene, leading
to improved ethylene selectivity. Electronic modifications may
also contribute because the increased electron density on Pd is
likely to result in weakened binding of electron-rich unsatu-
rated molecules. Therefore, the improved selectivity observed
during acetylene hydrogenation with the Pd-Zn intermetallic
catalyst is likely due to a combination of geometric and elec-
tronic effects. Preparation of nanoparticulate intermetallic
compounds has allowed for additional characterization tech-
niques that are inaccessible with the low surface area of bulk
intermetallics; however, it is important to be aware that con-
firming phase purity becomes more challenging since the
smaller grain sizes broadened Bragg reflections in powder
XRD.167

Another approach to increase the surface area of interme-
tallic compounds is through colloidal synthesis. Liu et al.**®
synthesized Ni,M, (M = Ga, Sn) intermetallic nanocrystals with
various compositions and ordered crystal structures. Most of
these compounds showed high alkene selectivity for alkyne
hydrogenation, including acetylene. The authors reported the
improvement was due to a combination of electronic modifi-
cation and site isolation (i.e., geometric effect); however, the
origin of these effects and the direct implications of these
modifications on catalysis were not explored in detail. Addi-
tionally, the presence of a residual capping agent (oleylamine,
a long chain amine) has the potential to contribute to changes
in the catalytic properties, including selectivity. Removal of
oleylamine (and similar capping agents) from the surface of
colloidal nanoparticles is known to be challenging, with the
most successful methods often having inadvertent and poten-
tially problematic consequences, e.g., calcination,**® which is
likely to result in oxidation of intermetallic compounds. Any
changes in the measured catalytic behavior of intermetallic
nanoparticles produced via colloidal methods may be due to the
inherent properties of IMC or the presence of capping agents on
the surface of the particles.

Furukawa et al."”° recently prepared supported nanoparticles
of Cu-substituted L1,-type pseudo-binary compounds (Ni;_,-
Cu,);Ga/TiO, (x = 0.2, 0.25, 0.33, 0.5, 0.6, and 0.75) by
conventional wet impregnation. The catalysts were character-
ized with STEM-EDX (scanning transmission electron micros-
copy coupled with energy-dispersive X-ray spectroscopy), pXRD
and EXAFS to confirm the formation of the desired crystallo-
graphic phase. However, as discussed above, small impurities
may be missed due to the broadened and weak signals in the
PXRD patterns inherent to the small particles and/or low metal
content of the supported catalysts. The catalysts were evaluated
for the selective hydrogenation of acetylene and (Ni, gCu ,);Ga/
TiO, was found to be the optimum catalyst in terms of activity
and selectivity. This highlights a key benefit of preparing
intermetallic nanoparticles: high selectivity due to the
controlled electronic and geometric modifications associated
with IMC and high activity due to the increased metal surface
area. DFT calculations indicated the increased selectivity was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to the formation of Ni,Cu hollow sites on the lowest energy
(111) surface that destabilized the multifold coordination of
adsorbates, leading to significantly higher adsorption energy of
ethylidene compared to the Ni; sites present on Ni;Ga and
therefore prevented over-hydrogenation to ethane. Overall,
intermetallic nanoparticles were found to be highly active and
selective in acetylene hydrogenation; however, concerns over
homogeneity implies the implementation of these catalysts as
models to understand the fundamental origins of structure-
activity-selectivity relationships is challenging.'”®

The difficulties in synthesizing phase-pure intermetallic
nanoparticles are highlighted by Dasgupta et al., who investi-
gated the preparation of supported Pd-Zn, Cu-Zn and Ni-Zn
intermetallic nanoparticles.'”* The catalysts were synthesized by
first preparing a M/SiO, (where M = Pd, Ni or Cu) catalyst via
standard impregnation techniques, followed by the vapor
deposition of Zn, with the M : Zn molar ratio set to match the y-
brass phase. Powder XRD patterns of the supported nano-
particulate M-Zn catalysts confirmed the formation of the vy-
brass phase, with no residual reflections corresponding to the
parent metal observable. However, the atomic ratio of Pd : Zn in
individual nanoparticles obtained through STEM-EDX analysis
varied, with occasional particles having Pd:Zn atomic ratios
outside the compositional bounds of the y-brass phase. While
these outliers may be in the minority, if the impurity phase is
significantly more active than the target compound (i.e., y-brass
phase), even a minority concentration would be expected to
dominate the catalytic behavior. Additionally, as discussed
above, small changes in the composition of Pd-Zn y-brass
compounds (i.e., even changes to the Pd : Zn atomic ratio within
the compositional bounds) have been shown to have dramatic
effects on the activity and selectivity in acetylene hydrogena-
tion."® The authors used ethylene hydrogenation as a probe
reaction for active site modification due to the formation of Pd-
Zn y-brass and found the apparent activation energy increased
to 63 k] mol ', as compared to 38 k] mol~' for monometallic
Pd."”* While the formation of Pd-Zn intermetallic compounds
impacted the catalytic behavior, the variation in the composi-
tion of the Pd-Zn nanoparticles demonstrates it is not possible
to relate this change to specific active site modifications, like in
the case of bulk Pd-Zn vy-brass. The success of this method was
largely dependent on the identity of M, with only M = Pd
producing small nanoparticles (<10 nm) of the desired inter-
metallic compound. Additionally, the low boiling point of
metallic Zn is crucial to this approach.'”

Other approaches rely on the use of expensive and/or highly
air sensitive reagents, e.g., the co-reduction of ionic metal
precursors to form GaPd and GaPd, (ref. 172) or the thermal
reduction of a zerovalent organozinc precursor in hot organo-
amine solvent to produce various M-Zn based intermetallics
(PdZn, AuZn and AusZn, as well as several vy-brasses).'”
Chemical vapor deposition of the organotin compound
Sn(CH3), onto Ni/SiO, was performed by Onda et al'™* to
synthesize catalytically relevant Ni-Sn intermetallic nano-
crystals. Furukawa et al'® applied a rather simple co-
impregnation method to synthesize SiO,-supported Heusler
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compound Co,FeGe, which was explored as a selective hydro-
genation catalyst.

4. Conclusive remarks: a perspective
on the future of intermetallics in
heterogeneous catalysis

The most significant benefit offered by intermetallic
compounds is the precise control over the active site, both in
terms of structure and composition (geometric effects) and
electronic structure modifications. Isolation of active sites by
a more catalytically ‘inert’ element can result in active sites with
ensembles of a specific geometry, while minute adjustments in
the bulk stoichiometry of the material can vary the composition
of exposed active sites. Differences in the coordination envi-
ronment of catalytically active elements can result in changes to
the bulk and surface electronic structure, with some systems
displaying partial charge transfer or covalent and partially ionic
type interactions in an overall metallic system. This control over
active sites is what makes intermetallic compounds ideal as
model catalysts; it enables in-depth structure-activity relation-
ships to be established and facilitates detailed kinetics studies,
such that it is possible to produce fully coverage-enumerated
microkinetic models.”* Intermetallic compounds offer the
unique opportunity to rationally design active, selective and
stable catalysts.

However, there are limitations on the scope of reactions
where intermetallic compounds are likely to remain active and
stable, largely due to their susceptibility to oxidation. While this
review has focused on the use of intermetallic compounds as
catalysts for selective alkyne hydrogenations, there are many
examples of their use in other reaction types;'’**”® however, all
of these reactions are carried out in reducing environments.
When intermetallic compounds are used in processes with
potentially oxidizing environments, such as the steam reform-
ing of methanol, the catalyst is likely to be at least partially
oxidized. Armbriister et al.*** found the most active and selective
PdZn-based catalyst consists of a combination of reduced and
oxidized species. Therefore, although there are
processes in which intermetallic compounds can be employed
as model catalysts, even mildly oxidizing environments can
modify the catalyst and either introduce additional complexity
or render it inactive.

One consequence of the unique bonding and interactions
present in intermetallic compounds is their potential to act as
‘pseudoelements’,’* where the electronic structure of the inter-
metallic compound mimics that of another element. This opens
opportunities to develop catalysts made of cheaper and more
abundant elements to replace current catalysts that often
consist of rarer and more expensive elements such as Pd, Pt and
other noble metals. A proof-of-concept example explored PdZn
and PdCd intermetallic compounds for the steam reforming of
methanol and found that both the electronic structure and
catalytic performance of the materials were similar to those of
a monometallic copper catalyst.* While this is a potentially
exciting avenue to explore in the effort to develop active and

several
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stable noble-metal-free catalysts, it is important to consider the
challenges associated with the use of intermetallic compounds
for large-scale industrial processes; their low surface area (and
therefore poor metal utilization) and the feasibility of scaling up
solid state synthetic methods (synthesis under vacuum at high
temperatures for extended periods). Therefore, if the full
potential of intermetallic compounds is to be realized,
substantial effort would be required to develop simple and
reliable methods for the synthesis of supported versions of
these compounds, which would make them more viable as
catalysts for industrial processes.

Ultimately, bulk intermetallic compounds allow significant
control and flexibility over the active sites, which makes it
possible to rationally design specific active sites for a chosen
reaction, making them ideal as model catalysts. If the chal-
lenges associated with low surface area and challenging
synthetic methods can be overcome, this would expand the
scope of applications for intermetallic compounds and allow
their unique properties to be fully leveraged.
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