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Unconventional intermetallic noble metal
nanocrystals for energy-conversion electrocatalysis
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Structurally ordered intermetallic noble metal nanocrystals (NCs) with unconventional phases exhibit impressive
catalytic activity and stability resulting from the novel atomic stacking patterns and coordination environments,
and thus have attracted extensive attention for energy-conversion electrocatalysis in recent years. In this mini-

review, recent advances in developing unconventional intermetallic noble metal NCs for high-performance

electrochemical energy conversion technologies are highlighted. First, the theoretical aspects of the

relationship between the crystal phases of metal alloys and their electrocatalytic performance are introduced,
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and the obstacles in the preparation of unconventional intermetallic noble metal NCs are described. Then,
several representative examples are presented to highlight the applications of unconventional noble metal-
based intermetallic NCs as electrocatalysts for different electrocatalytic reactions. Finally, perspectives and

future opportunities for the rational design and preparation of unconventional intermetallic NCs for sustainable

rsc.li/eescatalysis

Broader context

electrochemical devices are discussed.

Due to the advantages of high conversion efficiency and zero carbon emission, sustainable electrochemical energy conversion technologies (e.g., proton

exchange membrane fuel cells and electrochemical water splitting) have been extensively regarded as the solution for the energy and environmental crisis.
However, the efficiency of electrochemical energy conversion technologies is limited by some key electrochemical processes (e.g., the HER, HOR, OER and

ORR), which demand an enormous amount of precious metal catalysts to overcome the excessive reaction overpotentials. Therefore, it is crucial to rationally
design noble metal electrocatalysts with outstanding performance for the corresponding electrocatalytic reactions. With impressive activity and durability for
diverse catalytic reactions, noble metal-based intermetallic nanocrystals have been the topic under intensive investigation recently. However, current efforts
mainly focus on the intermetallic systems with cubic close-packed structures such as L1, and L1, structures. The search for new types of crystal structures with

unconventional atomic arrangements and coordination environments cannot be delayed. This mini-review summarizes the applications of various

unconventional intermetallic noble metal-based nanocrystals in energy-conversion electrocatalysis and provides a feasible direction for developing novel

metal electrocatalysts with much enhanced performance.

1. Introduction

Electrochemical energy-conversion technology is a promising
strategy for the development of clean and sustainable energy
sources.'™ In particular, hydrogen energy conversion technol-
ogies such as proton exchange membrane fuel cells (PEMFCs),
which directly convert the chemical energy stored in hydrogen
into electrical energy, have the advantages of high conversion
efficiency, high energy density and zero carbon emission.”™® In
addition, electrochemical water splitting can sustainably con-
vert renewable electrical power into hydrogen with a high
calorific combustion value, which features the high-purity
hydrogen and environmental friendliness compared to the
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production of hydrogen from steam reforming.”** The combination
of PEMFCs and electrochemical water splitting would offer a
solution for solving the energy shortage and environmental pollution
problems. However, their large-scale commercialization is primarily
hampered by the sluggish kinetics of some key electrocatalytic
reactions, e.g, the oxygen reduction reaction (ORR),">™* oxygen
evolution reaction (OER),""® hydrogen evolution reaction (HER),"
and hydrogen oxidation reaction (HOR).'® These reactions usually
require a substantial amount of precious metal catalysts (Pt, Ir, Ru,
Pd, etc.) to overcome the excessive reaction overpotentials. Therefore,
reducing the usage of precious metals and improving their catalytic
performance have become the research focus in the past few
decades.

Many investigations have demonstrated that alloying noble
metals with transition metals is an effective strategy for improving
the performance of noble metal-based catalysts."** The intro-
duction of transition metals can result in the shift of the d-band
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center through the ligand effect and the strain effect, which
significantly affect the adsorption energies of the intermedi-
ates, so as to enhance the kinetics of catalytic reactions.>* For
example, Pt-M (M = Fe, Co, Ni, etc.) alloy catalysts exhibit
superior ORR activity over Pt/C, which is attributed to their
weaker binding with oxygenated intermediates.>® However,
owing to the susceptibility of transition metals to dissolution
(e.g., in acidic electrolytes and under oxidative conditions), the
durability of alloy catalysts in harsh electrochemical environ-
ments is poor.”® Interestingly, it has been demonstrated that
the phase transformation from disordered alloys to structurally
ordered intermetallic NCs could achieve the enhanced stability
of alloy electrocatalysts, which is attributed to the strong 3d-5d
orbital interactions and more negative enthalpy of formation of
intermetallic NCs.* Taking structurally ordered L1,-PtM cata-
lysts as examples, the electrochemical measurements show
significantly less leaching of their non-precious metal compo-
nents (M) than disordered alloy phases (face-centered cubic,
fec) during electrochemical cycling.””

Although some advancements have been made in the phase
engineering of metal electrocatalysts, current research studies
mainly focus on intermetallic bi- or tri-metallic systems with
cubic close-packed structures such as L1, and L1, struc-
tures.”™?® 1t is of vital significance to explore and rationally
design new types of crystal structures with different atomic
arrangements and coordination environments (e.g., bond
lengths and coordination numbers), which could potentially
contribute to the activity and durability of the metal electro-
catalysts. Here, we define crystal structures that differ from the
cubic close-packed type (e.g., L1, and L1,) as unconventional
intermetallic NCs. Some typical examples of unconventional
intermetallic phases include body centered cubic phases (e.g.,
B2 and DOj3), hexagonal close-packed phases (e.g., B8; and L1,)
and topologically close-packed phases (e.g.,, A15 and C15)
(Fig. 1). Specifically, the body centered cubic phase is charac-
terized by a coordination number of 8, which is lower compared
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to the cubic close-packed phase. As an example, for B2-PdCu,
the Pd atom lies at the (0, 0, 0) site and the Cu atom at the
(1/2, 1/2, 1/2) site in the unit cell, and the isolated Pd atom is
present in the center of the cube composed of eight Cu atoms.
In addition, similar to the cubic close-packed phase, the
hexagonal close-packed phase also features close-packing, with
the exception that the close-packed surfaces of the hexagonal
close-packed phase are only composed of monometallic atoms.
Taking B8;-PtPb as an example, the atoms are located at
(0, 0, 2), (1/3, 2/3, 2), and (2/3, 1/3, z) sites in the unit cell. The
crystal structure of B8;-PtPb can be divided into Pt and Pb
layers along the ¢ axis, and Pt layers are separated by Pb atomic
layers. In particular, for the Pt-M topologically close-packed
phase, alloying with Pt/M ratios of 1/3 and 2/1 favors A15-
(space group: Pm3n) and C15-ordered structures (space group:
Fd3m), respectively, which possess more complex crystal struc-
tures with higher coordination numbers and packing densities
than geometrically close-packed phases. For example, the coor-
dination numbers are 12 (6 Pt + 6 M) for the Pt atom and 16
(12 Pt + 4 M) for the M atom in C15-Pt,M, while the coordination
numbers are 12 (4 Pt + 8 M) for the Pt atom and 12 (8 Pt + 4 M) for
the M atom in L1,-PtM. These specific coordination environments
would potentially affect the binding energies of the adsorbates on
the catalyst surface and alter the reaction kinetics of the catalytic
process.”® Additionally, it is generally recognized that the increase
in the Pt-M/M-M bond ratio serves to alleviate the corrosion of
the reactive M atom in the electrochemical environment and thus
contributes to the stability of the Pt-M alloy system.>® In compar-
ison to L1,-Pt;M and L1,-PtM, C15-Pt,M possesses a higher Pt-M/
M-M bond ratio (i.e., 2/3, 2/1, and 3/1 for L1,-Pt;M, L1,-PtM, and
C15-Pt,M, respectively), which is anticipated to achieve outstand-
ing stability.

This mini-review summarizes the design and preparation of
various unconventional intermetallic noble metal-based NCs
and their applications in energy-conversion electrocatalysis.
Firstly, we provide fundamental insights into the significance
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Fig. 1 Illustration of various crystal structures of intermetallic nano-

catalysts.

of unconventional intermetallic structures for electrocatalysis
and present an in-depth analysis of how to synthesize these
unique metal electrocatalysts from both thermodynamic and
kinetic perspectives. Then we summarize the recent research
progress of unconventional intermetallic noble metal-based
compounds in different electrocatalytic reactions, such as the
HER, ORR and EOR. Finally, we outline the challenges and
prospects for developing unconventional intermetallic NCs for
sustainable electrochemical energy conversion technologies.

2. Fundamentals of unconventional
intermetallic NCs

2.1. Theoretical aspects of electrocatalysis

A thorough understanding of the adsorption behavior of sub-
stances on the catalyst surface is essential for the rational
design of catalysts. Theoretical studies demonstrate that the
binding strength between the catalyst surface and the inter-
mediates has a crucial influence on the reaction rate and
catalytic activity.>® According to Sabatier theory, the rate of
the catalytic reaction would be maximum when the adsorption
strength of species reaches an appropriate value.** In uncon-
ventional intermetallic NCs, compared to L1y/L1, structures,
the distinctive bond lengths and coordination numbers in their
crystal structures can alter the adsorption strength between the
catalyst surface and the adsorbed species, leading to a remark-
able contribution to the electrocatalytic performance of the
electrocatalyst.®* Taking intermetallic PtBi, nanoplates for the
formic acid oxidation reaction (FAOR) as an example, cubic
B-PtBi, features a relatively long Pt-Pt distance compared to
trigonal y-PtBi,.>* The excellent catalytic performance and CO
poisoning tolerance have been observed in cubic B-PtBi,,
wherein the isolated Pt atoms diminish the adsorption of CO.
Another example is the cubic Pd;,Se s NC for the alkaline

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ORR.” The Pd atom in cubic Pd;,Se;s is coordinated with more
Se atoms, resulting in a higher valence state with respect to the
orthorhombic Pd,Se,, which contributes to more charge transfer
from the cubic Pd,,Se;5 surface to the oxygenated species. Therefore,
cubic Pd;,Se;s achieves a higher mass activity and specific activity
than orthorhombic Pd,Se,. Apart from modulating the adsorption
strength of catalysts on intermediates, regulating the spatial orienta-
tion of the adsorbed species and constructing a favorable adsorption
configuration on the catalyst surface are also regarded as powerful
approaches to facilitate the kinetics of electrocatalytic reactions.**>°
For example, the high-density Cu-Pd pairs in B2-PdCu could adjust
the adsorption configuration of the *CO intermediate to enrich *CO
coverage and promote CO-to-acetate conversion during CO, electro-
reduction.?” Surface-enhanced infrared absorption spectroscopy and
DFT calculations demonstrate that surface *CO species on B2-PdCu
are mainly adsorbed on CuPd, hollow sites in a triple-bond mode,
while being absent on Cu electrodes. As a result, the high coverage of
*CO on B2-PdCu promotes C-C coupling and inhibits H, evolution.

The stability of a complicated electrochemical environment
is also a worthwhile consideration with respect to the design of
electrocatalysts. The formation energy of crystal structures can
be considered as a descriptor of the stability of NCs in electro-
catalytic processes. For example, in the case of L1,-PtM (M = Fe,
Co, Ni, Zn) alloy systems, a negative correlation between the
formation energy of L1,-PtM and the vacancy formation energy
of the M atom is established.*®*® L1,-PtZn exhibits a higher
structural stability among the L1,-PtM systems, which is closely
related to the fact that L1,-PtZn has a lower formation energy
among others. Compared to L1,-structures, some unconven-
tional crystal structures have more negative structure formation
energies (e.g., —0.566 eV per atom, —1.022 eV per atom, and
—1.084 eV per atom for L1,-PtZn, DO0,,-Pt;Zr, and C15-Pt,Y,
respectively).*® Therefore, the design of unconventional inter-
metallic NCs with more negative structure formation energies
is a valid concept for the fabrication of highly stable catalysts
based on thermodynamic principles. In addition, the atomic
dissolution of NCs is among the primary factors responsible for
the degradation of catalyst performance. As undercoordinated
atoms are preferentially solubilised in electrochemical pro-
cesses, an increased proportion of high coordination atoms
on the surface would contribute to the stability of the
catalysts.*' For example, in situ inductively coupled plasma
(ICP)-mass spectroscopy (MS) measurements reveal that the
amount of Pt atoms dissolved decreases in the opposite order
as the coordination number of surface atoms: Pt(110) < Pt(100)
< Pt(111).”*> From this point of view, the topologically close-
packed phases possessing a high coordination number, e.g.
A15, C15, etc., are expected to be electrocatalysts with enhanced
durability.

2.2,
NCs

Challenges in synthesizing unconventional intermetallic

The aforementioned theoretical studies demonstrate that the
preparation of unconventional intermetallic NCs is an effective
way to enhance both the activity and stability of electrocata-
lysts. In this section, the thermodynamic and kinetic obstacles

EES Catal, 2024, 2, 545-555 | 547
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associated with the preparation of unconventional intermetal-
lic noble metal compounds will be elucidated.
Thermodynamic perspectives. According to the phase dia-
gram of noble metal alloys, the unconventional intermetallic
compounds are usually placed in the middle and low-
temperature regions with narrow distributions, which indicates
that the exact atomic composition of the nanoparticles is
essential for the synthesis of unconventional intermetallic
NCs. For example, the PtCr nanoparticles can be transformed
into unconventional A15-PtCr; intermetallic NCs at a moderate
temperature when the metal content in the PtCr nanoparticle is
close to a Pt: Cr ratio of 1:3 (Fig. 2a). As co-reduction is a direct
and universal method for the efficient synthesis of NCs, the key
to the successful synthesis of unconventional intermetallic NCs
is the selection of a suitable reducing agent to rationally
modulate the content of metals in the nanoparticles. It should
be pointed out that the tendency of the metal-containing
precursor to be reduced is related to the standard reduction
potential of the metal component.**™*° Specifically, the metal-
containing precursors with high standard reduction potentials
are much more easily reduced than the ones with low reduction
potentials for the identical situation. Arguably, owing to the
relatively high standard reduction potentials of late transition
metals (Fig. 2b), it is more easy to fabricate N-L (N for noble
metals and L for late transition metals) intermetallic blocks,
whose thermodynamically stable crystal structures belong to
the cubic close-packed phase. For instance, the L1, or L1,-PtM

—
Q
—

Fig. 2

fcc-PdCu to B2-PdCu, and the corresponding degree of lattice mismatch.
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or PdAM (M = Fe, Co, Ni, etc.) structures have been abundantly
discussed.”*"*® In comparison, unconventional intermetallic
compounds are mainly found in the phase diagrams of noble
metal alloys with p-block metals, early transition metals or rare
earth metals. However, these metals (especially the early transi-
tion and rare earth metals) with much lower standard redox
reduction potentials than the stability range of water can hardly
be reduced by the usual reducing agents and tend to form
metal oxides in aqueous or organic solvents.*® Precisely con-
trolling the content of p-block, early transition or rare earth
metals in nanoparticles through a wet-chemical method has
become a challenging and impractical route. To this end, the
reduction of these metal ions to form unconventional noble
metal-based intermetallic NCs would be only achieved by using
strong reducing agents in the absence of water and oxygen. For
example, B19-IrMo and Pt;Ce with the hexagonal phase can be
successfully prepared by the high-purity hydrogen reduction
procedure at high temperatures.*®*’

Kinetic perspectives. The driving force for a specific phase
transition is often related to the difference in the crystal
structures of the parent phase and produced phase.*
Obviously, the degree of lattice mismatch between the parent
phase and the produced phase is the dominant determinant of
interfacial free energy, which increases as the matching of the
atoms on both sides of the interface decreases. It is noted that
the lattice mismatch arises from the differences in lattice
parameters. Thus, the calculation of the change in lattice

(c)

fce-PtCo L1,-PtCo

5 (111) = 0.2%

puco @ Pt @ co

fec-PdCu B2-PdCu

5 (110) = 24.3%

O pacy @ pa Q) cu

(a) Schematic representation of the change in the crystal structure of PtCr NCs with increasing Pt content at normal temperature based on the
phase diagram. (b) Standard reduction potentials of different metal ions. (c) Schematic illustration of the phase transition from fcc-PtCo to L1,-PtCo and
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parameters in the produced phase with respect to the parent
phase is an effective method to quantify the degree of lattice
mismatch (0):

dg(hkl) — d,(hkl)

d(ikd) = =7 T

x 100% (1)

where dg(hkl) and d,(hkl) represent the interplanar spacing of
the (hkl) face in the newly formed and parent phases, respec-
tively. Taking the transformation of fce-PtCo into L1,-PtCo as
an example, the degree of lattice mismatch between the (111)
face of fcc-PtCo and L1,-PtCo is only 0.2% (Fig. 2c). In this
context, a lower interfacial energy and larger driving force exist
between two similar crystal phases, which usually favour the phase
transition process. In contrast, there is a large degree of lattice
mismatch of 24.3% in the transformation of fcc-PdCu into uncon-
ventional B2-PdCu, which means a higher energy barrier to achieve
atomic rearrangement. Therefore, an appropriate increase in the
heat treatment temperature would effectively speed up the atom-
diffusion process to prepare unconventional noble metal-based

(b)
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intermetallic NCs. Please note that the process of phase transi-
tion fails to occur at temperature that is too high, due to the
negative entropy change (AS§%)s < 0) during the ordering
process.*

Thermodynamic and kinetic analyses allow us to develop a
fundamental understanding of the preparation of unconven-
tional intermetallic noble metal compounds. Consequently, to
rationally design a synthesis scheme for unconventional inter-
metallic noble metal-based NCs, we need to identify specific
underlying physicochemical processes and their corresponding
diffusion modes.

3. Applications of unconventional
intermetallic noble metal NCs

Unconventional intermetallic noble metal NCs with unique
atomic arrangements show excellent performance for different
catalytic reactions, such as the HER, ORR and EOR. In this
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Fig. 3

(@) The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of B19-IrMo nanoparticles. (b)

Aberration-corrected HADDF-STEM image of B19-IrMo nanoparticles. (c) Image of Bader charge for B19-IrMo. (d) Gibbs free energy diagram of the
HER of the IrMo (001)-OH slab. (e) Electron localization function plot of the B19-IrMo nanoparticles. (a)—(e) Reproduced with permission from ref. 46.
Copyright 2022, Nature Publishing Group. (f) The charge density difference images of IrGa(110) and Ir(111). (g) The partial density of states of Ir sites in
IrGa(110) and Ir(111). (h) Gibbs free energy diagram of the HER on IrGa(110), Pt(111), and Ir(111). (f)—(h) Reproduced with permission from Ref. 48. Copyright
2022, John Wiley and Sons.
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section, some representative intermetallic noble metal-based NCs
with unconventional phases and their structure-performance
correlations are presented.

Hydrogen evolution reaction

The hydrogen evolution reaction (HER) represents an essential
process in water splitting, which conveniently provides high-
quality hydrogen. Recently, unconventional noble metal-based
intermetallic NCs with novel crystal structures have attracted
great attention due to their exceptional properties for the HER.
In particular, many unconventional noble metal-based inter-
metallic NCs are prepared by the two-step method of impreg-
nation and annealing reduction, due to the features of
straightforward operation. For example, B19-IrMo intermetallic
NCs supported on carbon nanotubes (IrMo/CNT) were synthe-
sized by reductive annealing at 800 °C under a H,/Ar atmo-
sphere (Fig. 3a and b).*® The lattice parameters of B19-IrMo
are determined to be a = 2.775 A, b = 4.463 A, ¢ = 4.862 A and
o = f =y =90° B19-IrMo/CNT exhibits a better HER activity
under both acidic and alkaline conditions compared to the
commercial Pt/C catalyst, i.e., the overpotentials of 17 mV
(1.0 M KOH) and 13 mV (0.5 M H,SO,) at a current density of
10 mA cm > Additionally, B19-IrMo/CNT possesses superior
stability in both alkaline and acidic electrolytes, showing a
negligible decrease of catalytic activity after 10000 potential
cycles. DFT calculations show that the OH species adsorbed on
the B19-IrMo intermetallic compound could bind to the OH
generated by water dissociation through hydrogen bonding,
facilitating a thermodynamically favorable water dissociation
process under alkaline conditions (Fig. 3c-e). Another example
of an attractive unconventional noble metal-based intermetallic
compound is B2-IrGa. Owing to the relatively high standard
reduction potential of Ga (e.g., Eo (Ga/Ga®*) = —0.549 V vs. the
standard hydrogen electrode), it is more easy to precisely
control a specific composition (i.e., Ir:Ga ratio of 1:1) in
nanoparticles to prepare unconventional intermetallic B2-IrGa
NCs. For example, the B2-IrGa intermetallic compounds
anchored on the nitrogen-doped reduced graphene oxides
(IrGa/N-rGO) were prepared by a two-step method of impreg-
nation and heat treatment at 800 °C.*® B2-IrGa has a space
group of Pm3m. Especially, the unit cell parameters of B2-IrGa
area=b=c=3.06 Aand « = ff =y = 90°. In this crystal structure,
the Ir atoms occupy the center of the unit cell, while the Ga
atoms are located at the eight vertices of the unit cell. The
isolated Ir atom in B2-IrGa is surrounded by eight Ga atoms
with lower electronegativity, which provides electron-rich envir-
onments for the Ir atom and results in a donor-acceptor
architecture. The electron transfer between the Ir sites and
the adsorbed species is promoted by the electron-rich Ir sites in
the body-centered cubic structure, effectively reducing the
energy barriers for the HER (Fig. 3f-h). Experimentally, IrGa/
N-rGO exhibits an overall superior water splitting performance
in an alkaline electrolyte, i.e., the low overpotentials of 22 mV at
10 mA em? for the HER and 258 mV at 10 mA cm ™ > for the
OER. Remarkably, when IrGa/N-rGO is applied as the cathode
and the anode catalyst respectively for alkaline overall water

550 | EES Catal., 2024, 2, 545-555

View Article Online

EES Catalysis

splitting, the IrGa/N-rGO||IrGa/N-rGO system requires a low
voltage of 1.51 V in the cell to achieve 10 mA cm ™ ? and shows a
negligible degradation within 100 h, significantly outperform-
ing Pt/C||IrO,/C systems. Additionally, the HER performances
of B2-PdCu and B2-RuGa have been investigated, both of which
exhibit lower overpotentials compared to commercial Pt/C.***°
In addition to the two-step method of impregnation and
annealing reduction, the molten salt-assisted synthesis
method, which facilitates efficient diffusion and reaction of
the reactants, has been adopted as an environmentally friendly
approach toward a range of intermetallic silicides (PtSi, RhSi,
Ru,Sis, IrSi), germanide (RuGe;) and stannides (Rus;Sn,, IrSn,,
PdSn;, PdSn,).>" Especially, the PtSi intermetallic nanocrystal
(space group: Pnma) with the orthorhombic phase exhibits
outstanding electrocatalytic performance for the HER with
low overpotentials of 22, 39 and 66 mV at 10 mA cm > in
acidic, alkaline and neutral electrolytes, respectively. The
lattice parameters of orthorhombic PtSi intermetallic NCs
are determined to be a = 5.577 A, b = 3.587 A, ¢ = 5.916 A and
o= f =7=90°. Theoretical calculations show that the alloying of
Pt and Si weakens the binding energy between Pt and H atoms,
and the orthorhombic PtSi intermetallic compounds possess
preferable binding energies to H atoms compared to other
noble-metal-based carbon-group intermetallic compounds
and Pt/C, further promoting the production of hydrogen during
the HER process. Also, this result provides a feasible idea for
developing other kinds of metal-based carbon-group interme-
tallic phases with excellent activity in the HER and beyond.

Oxygen reduction reaction

The oxygen reduction reaction that takes place at the cathode of
the fuel cell determines the overall efficiency of the fuel cell.
Currently, unconventional Pt-based intermetallic compounds
are receiving much attention due to their excellent electrocata-
Iytic activity and enhanced stability for the ORR. For instance,
the B8,-PtPb/fcc-Pt core-shell nanosheets were prepared
using one-pot synthesis.’”> These B8,;-PtPb/fcc-Pt core-shell
nanosheets were synthesized directly by heating a mixture of
octadecene and oleylamine at 160 °C for 5 h. Especially, the unit
cell parameters of B8;-PtPb are a = b = 4.388 A, ¢ = 5.579 A,
o =f=90°and y = 120°. Structural characterization reveals that
the lattice mismatch between the fcc-Pt shell and B8;-PtPb core
results in biaxial strain over the Pt shell. DFT calculations show
that the appropriate tensile strain on the Pt(110) facets can
weaken the bond energy between the Pt atom and O atom, thus
enhancing the ORR activity. Compared to Pt/C and PtPb
nanoparticles, the B8;-PtPb/Pt nanosheets show the optimum
performances for the ORR. The specific activity (SA) and mass
activity (MA) are 7.8 mA cm > and 4.3 A mgp ' at 0.9 V
versus the reversible hydrogen electrode (RHE), respectively.
The strong interaction between Pt and Pb in the inter-
metallic compound also resulted in excellent stability. After
50000 cycles, there is only a slight decay in MA and SA.
Recently, examples of Pt-lanthanide alloys have presented
opportunities for customizing electronic properties and syner-
gistic surface reactivity.”® Furthermore, the atomically ordered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Crystal structure of PtsCe. (b) Aberration-corrected HADDF-STEM image of a PtsCe particle. (c) 3D atom-overlapping Gaussian-function

image. (a)-(c) Reproduced with permission from Ref. 54. Copyright 2022, American Chemical Society. (d) Crystal structure of PdyoTe5. (e) Aberration-
corrected HAADF-STEM images of Pd,gTe; nanosheets. (f) Structure model of Pd,oTe; nanosheets. (g) Calculated free energy profiles at 0 and 0.87 V for
the ORR on PdyoTe;, respectively. (h) Free energies of the possible intermediates on Pd,oTe; nanosheets during the MOR. (d)-(h) Reproduced with
permission from Ref. 56. Copyright 2020, American Association for the Advancement of Science.

Pt-lanthanide intermetallic compounds are expected to show
significantly improved performance and stability for the ORR.
For example, Pt;Ce with the hexagonal phase was synthesized
by the interparticle-distance-dependent hydrogen spillover
approach (Fig. 4a-c).>* In particular, the reduction of Ce around
Pt is facilitated by decreasing the inter-particle distance to
enlarge the available area for hydrogen spillover, which guar-
antees the alloying of Pt with a sufficient fraction of Ce to
promote the formation of the thermodynamically favourable
intermetallic Pt;Ce NCs with the hexagonal phase. The unit cell
parameters of PtsCe are a = b = 5.385 A, c=4.456 A, 0= =90°
and y = 120°. A Pt-rich shell exists on the surface of hexagonal
PtsCe nanoparticles, which is revealed by energy-dispersive
X-ray spectroscopy line scanning and aberration-corrected
HAADF-STEM. Benefiting from the compressive strain induced
by the Pt;Ce/Pt layer core/shell structure, the binding energy of
the oxygen-containing species on Pt sites would decrease. Thus,
the improved ORR performance compared to Pt/C under acidic
conditions is found, with specific activity (SA) and mass activity
(MA) of 1.05 mA cm 2 and 0.69 A mgp, ' at 0.9 V versus RHE,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Similar to unconventional Pt-based intermetallic com-
pounds, the performance of Pd-based nanocatalysts can also
be improved by appropriate atomic ordering engineering. For
example, controlling the crystal structure of Pd-Bi NCs provides
an attractive route to improve their electrocatalytic activity and
stability for the ORR in alkaline media. By changing only the
type of Pd precursor under the same conditions, the monoclinic
Pd;Bi, and conventional fcc-Pd;Bi NCs with similar sizes and
morphologies could be precisely synthesized by a simple one-
step synthesis method.> Interestingly, the monoclinic Pd;Bi,
exhibits a better alkaline ORR performance than conventional
fce-Pd;Bi due to the difference in the atomic arrangement. The
unit cell parameters of monoclinic PdsBi, are a = b = 7.786 A,
c=6.878 A, . = f = 65.05° and y = 44.64°. Pd;Bi,/C shows a MA
of 2.05 A mgpq  at 0.9 V versus the RHE for the ORR in
alkaline media. After 10 000 cycles, the MA of Pd;Bi,/C is still
1.52 A mgpq ', which is 3.6 times, 16.9 times and 21.7 times
higher than those of fce-Pd;Bi/C, commercial Pd/C and Pt/C,
respectively. In practical ethanol fuel cell operation, CO-like
species produced by permeation and oxidation of methanol
from the anode to the cathode can adsorb strongly on the

EES Catal., 2024, 2, 545-555 | 551
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surface of the precious metal surface, affecting the overall
efficiency of the fuel cell. Therefore, it is ideal to design cathode
catalysts with both high ORR activity and excellent methanol
tolerance. Recently, intermetallic Pd,,Te, nanosheets with out-
standing ORR performance and methanol tolerance have been
reported (Fig. 4d-f).”° The lattice parameters of Pd,,Te,
are determined to be a = b = 11.9 A, ¢ = 11.6 A, « = § = 90°
and y = 120°. Based on the crystal structure analysis, the
location of the Pd atom deviates from the ideal lattice of a
hexagonal close-packed arrangement, which creates a bridge
site for the active catalytic center. Electrochemical measure-
ments in 0.1 M KOH show that the special atomic arrangement
plays an important role in the increased alkaline ORR activity
of Pd,,Te; nanosheets, with a relatively high mass activity of
0.30 A mgpq * at 0.90 V versus the RHE. Furthermore, Pd,oTe;
nanosheets display significant stability under chronopotentiome-
try conditions in a mixture of methanol and KOH for more than
50000 s with negligible activity decay. DFT calculations demon-
strate that the high-performance of the Pd,,Te, nanosheets can be
attributed to a break in the linear relationship between OOH*
and OH* adsorption, which leaves enough room for increased ORR
activity but inhibits the methanol oxidation reaction (Fig. 4g and h).

Ethanol oxidation reaction

Recently, controlling the crystal structures of NCs has been used
to prepare nanomaterials with novel phases for improving their
EOR performance. For example, L1,-Pt;Zr and hcp-Pt;Zr were
prepared by controlling the temperature of heat treatment to
investigate the effect of the crystal structure of Pt;Zr on its EOR
performance.”” Specifically, by annealing the Pt;Zr alloy at
900 °C or 1000 °C L1,-Pt;Zr (space group: Fm3m) or hcp-PtyZr

—_—
Q
-

(b)

Intensity (a.u.)

Fig. 5

View Article Online
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(space group: P6s/minc) can be obtained, respectively (Fig. 5a-c).
The lattice parameters of hcp-Pt;Zr are determined to be
a=h=5741A,¢c=9.381 A, o = f = 90° and y = 120°. On the other
hand, the unit cell parameters of L1,-Pt;Zr are a = b = ¢ = 4.056 A
and o = § =y = 90°. Notably, the crystal structure analysis indicates
that the average interatomic distance between Zr and the nearest
neighboring Pt atoms is 0.2815 nm in hcp-Pt;Zr, which is shorter
than that of 0.2841 nm in L1,-Pt;Zr. The shorter Pt-Zr bond in hep-
Pt;Zr indicates that the Pt-Zr bonds are stronger in hcp-Pt;Zr than
in L1,-Pt;Zr. Interestingly, the electrochemical tests show that hcp-
Pt;Zr exhibits a higher EOR activity (peak current: 0.886 mA cm ™)
than Pt/C (peak current: 0.455 mA cm °) and L1,-Pt;Zr
(peak current: 0.661 mA cm™ ). Theoretical calculations indicate
that hep-Pt;Zr has a higher surface energy than L1,-Pt;Zr, which
facilitates the adsorption/decomposition of ethanol/formic acid
molecules on the surface.

Unconventional Pd-based intermetallic compounds also
exhibit great development potential for the alkaline EOR due
to their promising activity and stability under alkaline condi-
tions. For instance, Huang et al. synthesized rhombohedral
PdgSb; nanosheets through chemical reduction of palladium()
acetylacetonate (Pd(acac),) and antimony trichloride (SbCl;) in
the presence of polyvinyl pyrrolidone (PVP), benzyl alcohol (BP)
and ammonia bromide (NH,Br).*> The lattice parameters
of PdgSb, are determined to be @ = b = ¢ = 15.275 A and
o= f =79 =29.265°. Electrochemical tests show that PdgSbs/C
has an MA of 4.5 A mgpq ' and SA of 29.3 mA cm™> at 0.9 V in
0.5 M NaOH and 0.5 M ethanol solution, which are 7 and
9.8 times higher than those of Pd/C and benchmark Pt/C,
respectively. In situ electrochemical attenuated total reflectance
surface enhanced infrared absorption spectroscopy (ATR-SEIRAS)

(c)

.
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(a) XRD pattern of the PtsZr nanoparticles annealed at 900 °C and 1000 °C. (b) Aberration-corrected HAADF-STEM image of L1,-PtsZr.

(c) Aberration-corrected HAADF-STEM image of hcp-PtsZr. Reproduced with permission from Ref. 57. Copyright 2014, American Chemical Society.
(d) Aberration-corrected HAADF-STEM images of Pd,oSbs rhombohedra. (e) Crystal structure model of Pd,oSby. (f) Calculated free energy profiles for the
EOR based on Pd,oSby and Pd. (d)-(f) Reproduced with permission from Ref. 63. Copyright 2022, John Wiley and Sons.
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measurements and DFT calculations reveal that PdgSb;/C can
effectively optimize the C, pathway of the EOR, which can
reduce the energy barrier of ethanol dehydrogenation. Further-
more, the unconventional Pd,,Sb, rhombohedra with the
rhombohedral phase were prepared by increasing the amount
of reducing agent (Fig. 5d and e).®* The lattice parameters
of Pd,eSb, are determined to be a = b = ¢ = 7.834 A and
o = p =7 =99.148°. Benefiting from the high proportion of
the unique exposed (003) surface, Pd,,Sb, rhombohedra exhibit
a much enhanced EOR performance compared to commercial
Pd/C. The MA of Pd,,Sb,/C was 3.48 A mgpq ', which was
8.9 times higher than that of commercial Pd/C. DFT calcula-
tions reveal that the unique exposed facets of Pd,,Sb, rhombo-
hedra can not only reduce the excessive adsorption of CH;CO*
to CH;COOH on Pd sites for promoting the EOR process, but
also weaken CO binding and CO poisoning (Fig. 5f). This work
highlights the significant role of unconventional intermetallic
phases and morphology design in electrocatalysis.

4. Summary and outlook

The regulation of the properties of catalysts has traditionally
focused on controlling their size, morphology and crystalline
surface. However, these modifications only involve the arrange-
ment of atoms on the surface, which are susceptible to collapse
under acidic and high voltage conditions. Recent works have
demonstrated that altering the arrangement of all atoms inside
the nanocrystal by engineering the crystal structure of a catalyst
can also dramatically enhance its catalytic performance. Here,
we have briefly introduced appropriate synthetic methodolo-
gies to manufacture unconventional intermetallic noble metal-
based NCs for energy conversion. Several representative exam-
ples are presented (Table 1). To stimulate more fascinating
efforts towards the development of unconventional intermetal-
lic catalysts, much exploration needs to be further pursued.

View Article Online
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Clarifying the relationship between the crystal structure and
the improved performance

Although significant progress has been made on the catalytic
study of unconventional intermetallic NCs, the relationship
between crystal phases and electrocatalytic performance is still
unclear. Specifically, limited by the complex thermodynamic
and kinetic parameters of the synthesis process, variations in
the particle size and morphology usually occur during the
synthesis of catalysts with different phases, leading to difficul-
ties in independently investigating the role of their crystal
structures in improving their performance. In order to deeply
analyze and compare the activity differences of different crystal
phases, it is critical to maintain a similar morphology and
particle size of NCs through precise control of synthetic para-
meters. In addition, advanced characterization techniques
(e.g., X-ray absorption spectroscopy and Raman spectroscopy)
and theoretical analysis (e.g., DFT calculations) would provide
useful knowledge about the bond lengths, coordination num-
bers, electronic structures, surface adsorption properties and
catalytic reaction pathways of catalysts with various phases. The
correlated investigation of crystal phase-activity relationship
will contribute to the design of novel electrocatalysts with
outstanding performance.

Investigating the formation process and evolution mechanism
of unconventional intermetallic compounds

The process of phase transition and the evolution mechanism of
solid-state materials are complicated. Clarifying the mechanism
of phase formation and transformation by in situ characterization
techniques can provide fundamental directions for the design of
the crystal phase of catalysts and the further exploitation of
controlled methods. For example, in situ high-resolution trans-
mission electron microscopy and X-ray diffraction make it possi-
ble to recognize the phase transition mechanisms, phase
transition rates and intermediate states. In addition, the combi-
nation of theoretical calculations would also be beneficial for

Table 1 Summary of representative intermetallic nanocatalysts with unconventional phases for energy conversion

Material Crystal system (space group) Application (electrolyte) Performance Ref.
IrMo/CNT Orthorhombic (Pmma) HER (1 M KOH) Overpotential of 17 mV at 10 mA cm™> 46
IrGa/N-rGO Cubic (Pm3m) HER (1 M KOH) Overpotential of 22 mV at 10 mA cm > 48
PdCu Cubic (Pm3m) HER (0.5 M H,SO,) Overpotential of 19.7 mV at 10 mA cm™> 50
RuGa Cubic (Pm3m) HER (1 M KOH) Overpotential of 156 mV at 1000 mA cm > 49
PtSi Orthorhombic (Pnma) HER (0.5 M H,SO,) Overpotential of 22 mV at 10 mA cm™> 51
Ru;Sn, Cubic (Im3m) HER (0.5 M H,SO,) Overpotential of 28 mV at 10 mA cm > 58
PtPb nanoplates Hexagonal (P63/mmc) ORR (0.1 M HCIO,) Mass activity of 4.3 A mgp, " at 0.9 V 52
Pt;Ce Hexagonal (P6/mmm) RR (0.1 M HCIO,) Mass activity of 0.7 A mgp, " at 0.9 V 54
PtsLa Hexagonal (P6/mmm) ORR (0.1 M HCIO,) Mass activity of 0.657 A mgp ' at 0.9 V 59
PtCu Trigonal (R3m) ORR (0.1 M HCIO,) Mass activity of 2.5 A mgp, ' at 0.9 V 60
Pd;4Bi;, Hexagonal (R3) ORR (0.1 M KOH) Specific activity of 9.20 mA cmpg > at 0.9 V 61
Pd;Bi, Monoclinic (C2/m) ORR (0.1 M KOH) Mass activity of 2.05 A mgpq " at 0.9 V 55
Pdy,Se;s Cubic (Pm3m) RR (0.1 M KOH) Mass activity of 0.46 A mgpq " at 0.90 V 29
Pd,Te;, Trigonal (R3) ORR (0.1 M KOH) Mass activity of 0.30 A mgpq ' at 0.90 V 56
Pt;Zr Hexagonal (P63/mmc) EOR (1 M ethanol/0.5 M H,S0,) Peak current of 0.886 mA cm > 57
PdgSb; Hexagonal (R3¢) EOR (0.5 M ethanol/0.5 M NaOH) Mass activity of 4.5 A mgpq 62
Pd,,Sb, Trigonal (R3) EOR (0.5 M ethanol/0.5 M NaOH) Mass activity of 3.48 A mgpq ™" 63
PtBi Hexagonal (P63/mmc) MOR (0.5 M CH;0H/1 M KOH) Mass activity of 6.79 A mgp, ' 64
PtSnBi Hexagonal (P63/mmc) MOR (0.5 M CH3;0H/1 M KOH) Mass activity of 7.02 A mgp, " 65
© 2024 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2024, 2, 545-555 | 553
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determining the formation energies of different phases, the
energy barriers of different transition paths, the movement
paths of atoms, etc.

Exploring applications in extended electrocatalytic reactions
and the scale-up preparation of unconventional intermetallic
compounds

Despite the fact that the unconventional intermetallic com-
pounds have been investigated in electrocatalytic water split-
ting (e.g. the HER) and fuel cells (e.g. the ORR and EOR), their
catalytic properties in other chemical reactions have been less
explored. Therefore, their applications in clean energy conver-
sion and catalysis need to be further explored. Furthermore, in
order to obtain the desired structure, size and morphology,
researchers usually adopt small batch and meticulous methods
to produce unconventional intermetallic compounds in the
laboratory. However, in view of the demand for industrial
applications, the large-scale preparation of unconventional
intermetallic compounds is worth further exploration.
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