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ABSTRACT

As the development of polymer exchange membrane fuel cells (PEMFCs) speeds up in
recent years, producing active and durable electrocatalysts become an increasingly
important technical challenge. Platinum-cobalt (Pt-Co) alloy electrocatalyst has been
commercially applied to hydrogen-powered fuel cell vehicles, and their intermetallic forms
promise better durability, which is crucial to satisfy the 8000-hour lifetime target of heavy-
duty vehicles and other transportation options. In this feature article, we first present the
atomically ordered structures of Pt-Co intermetallic, then discuss the thermodynamic and
kinetic driving forces for making the PtCo-based intermetallic nanoparticles with desired
structural attributes, followed by recent examples to illustrate how to achieve a better
control in composition, size, and shape. Discussion on relationship between the key
structural features and catalytic performance is focused on the application of Pt-Co
intermetallic nanostructures as oxygen reduction reaction (ORR) electrocatalysts for
hydrogen-powered PEMFCs. We emphasize specifically the importance of intermetallic
structures for enhancing the durability and summarize the characterizations of their
electrocatalytic performance in both three-electrode system and full cell studies. Finally,
we provide our perspectives on the design, synthesis, characterization, and property studies
of Pt-Co intermetallic nanoparticles as ORR electrocatalysts. This article should provide
new understandings on the designs of ORR electrocatalytic applications using this class of

intermetallics.

1. Introduction

Precious metals like gold (Au), silver (Ag), and platinum (Pt) have long been recognized
as valuable elements since ancient times. In modern days, their excellent stability, unique
surface-related physiochemical properties, and biocompatibility ensure they continue to
play critical roles in a range of important industrial applications, such as petroleum
cracking,! exhaust treatment,” nanomedicine,®> and lately electrocatalysis for
sustainability.*® Among the precious metals, Pt-based materials have exhibited superior

activitiy® % 1% and better durability'!- 12 when catalyzing oxygen reduction reaction (ORR),
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which is the cathodic half-reaction in polymer exchange membrane fuel cells (PEMFCs)

for hydrogen-powered transportation applications.

As the need for large PEMFCs surges, targeting the heavy-duty applications,'? it becomes
an acute issue to utilize Pt most effectively. Incorporation of early transition metals (i.e.,
Fe,!% 15 Co,!6 17 Ni,!8 19) and nano-engineering of Pt-based electrocatalysts are the key
technological solutions.!® %23 Platinum-based bimetallic nanoparticles (NPs) often exhibit
higher ORR activity than pure Pt electrocatalysts, in part because of the strain and ligand
effects.?* 25 Alloying with a 3d transition metal shifts the d-band of Pt downwards,?®
decreases its adsorption energy of oxygen species on surfaces,”’ lowers the activation

energy barrier and, as a consequence, enhances the ORR performance.

Nanostructures of Pt-based bimetallic NPs directly affect their electrocatalytic properties.
Upon the completion of initial activation, these electrocatalysts often have an alloy (or
intermetallic) core and Pt-rich shell, or skin layer, which is regularly observed under
scanning transmission electron microscope (STEM).?® 2 The formation of Pt shell is due
to the leaching of non-noble metals under acidic operating conditions,® and through the
diffusion of Pt atoms with or without thermal treatment.3!-3> The Pt skin not only serves as
a protective layer against further dissolution, but also induces surface strain from the lattice
mismatch with underneath alloy (or intermetallic) cores.’% 33 34 Besides composition and
surface structures, nanoengineering is often used to control the particle size, which impacts
more than the improvement of atomic utilization of precious metals. There is a tradeoff
between increasing specific surface area to expose more active sites and decreasing surface
energy to improve the structural stability. The optimal size for Pt-based bimetallic NPs was
found to be around 5 nm, which exhibits the peak catalytic activity,?> and may possess an
oxophilic surface layer (PtO,) to inhibit further metal dissolution during the cell

operations.3°

While the recent research has drastically improved the ORR activity of Pt-based
electrocatalysts through the control of composition, size, and shape, a major challenge for
their applications especially in heavy-duty areas, rises from the chemical and structural
instability of Pt-based alloy NPs under harsh PEMFC operational conditions. A variety of
Pt-based alloy electrocatalysts exhibit an ORR mass activity of >0.44 A/mgp, the
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benchmark value set by the Department of Energy (DOE)?’ using the rotating disk
electrode (RDE) technique after the standard accelerated stress tests (ASTs, typically for
30k cycles).’® However, only a small portion of these electrocatalysts can retain high
performance (>0.44 A/mgp,) in membrane electrode assembly (MEA).!6: 3 Among them,
Pt-Co alloy electrocatalyst has been used in the hydrogen-powered fuel cell vehicles.*?
Thus, Pt-Co-based intermetallic, which exhibits long-range atomic order, is considered as
a promising electrocatalyst to meet the DOE performance target of 8000-h system

durability for PEMFCs used in heavy duty vehicles.

In this feature article, we start with the analysis of structures of Pt-Co intermetallics,
followed by discussions of thermodynamic and kinetic factors in controlling the production
of intermetallic NPs. Recent examples on how to control composition, size and shape and
their applications in electrocatalysis will then be presented. It should be noted that there
are reviews on Pt-based alloy and intermetallic nanoparticles published previously® 20:41-52
and this feature article is focused on Pt-Co intermetallic NPs. Papers on Pt-Co alloys are
largely not included in this feature article.” 3 Strictly speaking, intermetallic is a compound,
in which a high exothermicity occurs in the formation of two metals and possesses different
physical and mechanical properties (e.g., brittleness, hardness and high melting point) than
its alloy counterpart in bulk, we however focus on the atomic structure of the nanoparticles.
Thus, we adopt the convention of using X-ray diffraction (XRD) as the method to

characterize if a Pt-Co bimetallic nanostructure exists as intermetallic or not.

2. Structures of platinum-cobalt intermetallic nanoparticles

The primary difference between alloy and intermetallic is atomic ordering. Alloy is a
disordered solid solution consisting of two or more metal elements with flexible, non-
stoichiometric ratios. Structures of alloys may be determined by the symmetry of
constituent metals that randomly occupy the lattice points of a crystal. For example, Pt-Co
alloys have face-centered cubic (fcc) structure, the same as that of fcc phase of Pt or Co
metal. On the other hand, intermetallic is composed of ordered array of metals atoms sitting
on the lattice points, forming a compound of the constituent metals with long-range

ordering. The stoichiometry of intermetallic is well-defined. In this context, each

4
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intermetallic phase can be regarded as a new compound with a well-defined unit cell that

may be identified by a distinctive XRD pattern.

Figure 1a illustrates the unit cell structures and low-index facets of three Pt-Co
intermetallic structures: L1,-Pt;Co  L1y-PtCo, and L1,-PtCos; L1(-PtCo has the tetragonal
crystalline phase, in which layers of Pt and Co atoms stack alternatively along c axis. The
L1, structure exists in a cubic phase, with one type of metal atoms occupying all six face
centers and the other one occupying all eight corners. These intermetallic compounds
exhibit very different XRD patterns when compared with Pt, thus XRD is the most efficient
and straightforward method to characterize the Pt-Co intermetallics (Figure 1b). In this
article, XRD characterization is used as the indicator of the formation of intermetallic and

the determination of their specific structures (L1, or L1,).

Figure 1c illustrates the typical Pt-Co phase diagram drawn based on theoretical
calculation.>* The most commonly observed Pt-Co intermetallic phases are L1,-PtCo and
L1,-Pt;Co, respectively. While L1,-PtCos has been predicted by simulation,’* there is
sparse experimental observation.>>>’ In this perspective, we will cover primarily the L1,-
PtCo intermetallic, and to a lesser degree, the L1,-Pt;Co phase, because of their

applications in electrocatalysis.
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Figure 1. [llustrations of L1,-Pt;Co, L1,-PtCo, and L1,-PtCo; intermetallics: (a) Unit cell,
atomic packing, and low-index facets (color code: blue-Co, grey-Pt), (b) XRD patterns for
fee-Pt (PDF#04-0802), L1,-Pt;Co (PDF#29-0499), L1,-PtCo (PDF#43-1358), and L1,-
PtCo; (obtained from VESTA simulation, using unit cell parameters from reported PtCo;

alloy structure’®), and (c) conceptualized Pt-Co phase diagram.
3. Design principles for the synthesis of Pt-Co intermetallic nanoparticles
3.1. Thermodynamic and kinetic driving forces

Platinum-cobalt intermetallic nanoparticle is typically made from its alloy counterpart

through thermal treatment.3% % The thermodynamics for making intermetallic from alloy
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via such treatment can be understood based on the change of Gibbs free energy of the

ordering process (AG,) at given temperature ('), which can be written as:

AGO == AHa—>i —TASa_)i
( 1 )

where AH,_,; is the change of enthalpy and AS,_; is the change of entropy from disordered

alloy (a) to ordered intermetallic (i) phases. For alloy and intermetallic with the same
constituent metals and stoichiometry, AH,_,; is negative for this process due to the stronger
Pt-M bonds in an ordered array (intermetallic) than that in a random array (alloy).** 4 A
S.i 1s negative as well, because entropy is interpreted as the degree of disorder or
randomness in the system. Thus, the less disordered structure has a smaller value of S.
Since temperature (T) is in unit of K, the second term ( —TAS,-,;) is positive and its value
increases monotonically with elevated temperature. The relationship between AG, and T

can be conceptually depicted (Figure 2). The ordering process is thermodynamically

favored when the value of T satisfies the condition: AG, < 0. In another word, when

temperature is high enough, thermodynamically stable structure is alloy, which explains

the “ATl solid solution” area in the Pt-Co phase diagram (Figure 1c).

The value of T at the critical point where AG, is zero is defined as the critical phase-
transition temperature (T°), below which the intermetallic structure is energetically favored
(Figure 2, the coordinate on the left). When size is reduced to nanometer scale, surface
energy must be taken into consideration because of the dramatic increase in number of
surface dangling bonds and specific surface area. Thus, the extra surface energy term (4A

Ya—i) needs to be added to calculate the AG,, value for this process:

AG, = AH,_,; —TAS 4; +ADY 4os;
( 2 )

where A is the surface area and Ay, _,; is the change of surface energy. Intermetallic has

higher surface energy than alloy due to the higher bond energy, resulting in a higher value
of AG, for a given temperature, which narrows the feasible temperature range of ordering

process. As is shown in Figure 2, the critical phase-transition temperature of nanomaterial
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(T5ano) 1s smaller than that of bulk material (T'f,;). More importantly, for a given T, the
increased AG,(T) implies a smaller energy drop (equal to the absolute value of AG,), which
makes the intermetallic structure less thermodynamically favorable at the same
temperature (Figure 2, the coordinate on the right). Thus, synthesis of Pt-based
intermetallic NPs often requires additional annealing step to overcome the activation

energy barrier (E) from disordered to ordered structure.

Dependence of reaction rate on temperature can be described by the logarithmic analysis.
A simplified kinetic model of disorder-to-order transition can be treated as a combination
of new phase formation within the parent phase (nucleation) and material transport
(diffusion).** Thus, the overall rate for the formation of intermetallic from alloy can be

written as the product of new phase formation rate f(T) and diffusion rate D(T):

R(T) = f(T)D(T)
( 3 )

The new phase formation rate f(T) is closely related to the formation energy of
intermetallic, while the diffusion rate D(T) depends on atom-exchange mechanisms. Under
the assumption that diffusion of metal atoms can be regarded as a simple lattice jump from
their original positions to neighboring vacancies, an intermetallic structure with relatively
weak Pt-M bond tends to have both low defect formation energy and low jumping barrier.**
The atom diffusion may significantly accelerate when reaction temperature rises. This
model may be sufficient to understand the general formation, understanding the local
ordering mechanism at atomic scale however still requires advanced experimental
techniques, such as high resolution in-sifu microscopy, which enable the characterization

of the Pt-Co ordering process (see examples discussed in section 3.2).
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Figure 2. Illustration of change in Gibbs free energy of the process of atomic ordering (A

G,) from alloy to intermetallic phases and the corresponding reaction coordinates.

3.2. Atomic ordering

At the atomic scale, formation of intermetallic phase corresponds to the ordering of atoms
at a long coherent length. An intermetallic structure is thermodynamically stable below the
critical temperature (T°) but requires activation energy to complete the disorder-to-order
transition. It is rare to obtain a perfectly ordered intermetallic structure since most Pt-Co
intermetallic NPs inevitably contain disordered regions. Thus, degree of ordering (5?) is
used to quantitatively describe the transition from alloy to intermetallic phase.
Experimentally, the degree of ordering (§%) may be estimated based on XRD data using

the following equation:®% 6!

2 _ Uno/Mitdneasurea

{l10/Tinly (4)
where {I110/1111}measureq @09 {1110/1111} Fare the integrated intensity ratios between (110)
and (111) diffractions obtained from the measurement of a sample and the simulation of
fully-ordered intermetallic (L1, or L1, for Pt-Co) phase, respectively. The degree of

ordering is an important structural factor when evaluating the structural properties, as it

affects the activity,% 62 and durability®' of Pt-Co intermetallic NPs as electrocatalysts.
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The ordering process is often studied by wusing high-resolution microscopic
characterization techniques. High-resolution transmission electron microscopy (TEM)
study can be used to examine dynamics of a range of Pt bimetallic nanostructures and
provide critical clues and details for developing the proper processes.3!-32.61.63-69 Recent in
situ TEM study reveals the continuous but distinctive stages of surface rearrangements to
form intermetallic phase during the annealing of Pt;Co nanoparticle: (1) initial alloy
elemental distribution, (2) formation of surface Pt-skin layer, (3) nucleation of structurally
ordered domains, and (4) development of ordered framework.3? Segregation of Pt onto the
surface was highly sensitive to the annealing temperature. It was driven by a negative
enthalpy for surface segregation when below 550 ° C. With annealing temperature
increased, the disorder-to-order transformation initiated on the Pt;Co {110} facets, which
had the largest driving force according to density functional theory calculations. The newly
formed ordered structure then continued to propagate on {001} planes inwards to the center

of the nanoparticle.

Besides the mode of formation through continuous evolution, phase transition to
intermetallic may compete with surface diffusion in the ordering process, as being observed
in the synthesis of L1,-Pt;Co NPs.* The two formation modes are surface diffusion-
induced phase transition (SDIPT) and reconstruction-induced body phase transition
(RIBPT). SDIPT occurred mainly on the surface layer, involving a long-range diffusion
driven by the surface chemical potential gradient, while RIBPT referred to atomic
reconstruction inside the crystal within a short range. These two competing modes could
work synergistically to produce L1,-Pt;Co structure with different morphologies. When
Pt;Co alloy nanoparticles went through low-temperature diffusion annealing process
(LTDAP) and reached 600 ° C, the process occurring on {100} facet could be categorized
into three stages according to the growth rate of intermetallic in the two formation modes:
(1) SDIPT-dominated stage, (2) SDIPT and RIBPT competitive stage, and (3) RIBPT-
dominated stage. Depletion of low-coordination (CN) surface atoms decelerated SDIPT in
the later stages, and RIBPT gradually took over after the energy for short-range
reconstruction became larger than the barrier of nucleation in the second stage (Figure 3a).

For {110} facet, however, corner atoms preferred to move away from the site instead of

10
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undergoing phase reconstruction in the first stage. This process was called “low-
coordination (CN) atom losing stage”. The loss of atoms at the corners left behind large
amounts of defects and vacancies, leading to the defect-driven rapid growth at the second
stage. As a consequence, the phase reconstruction also became easier than before, because
of rich defects and vacancies in the second stage. The third stage is RIBPT-dominated slow
growth, as the intermetallic region propagated inwards with diminishing vacancies and
defects. If Pt;Co alloy nanoparticles were treated via the direct high-temperature annealing
process (DHTAP) at 700 ° C, the ordered phase started to form at the outermost later of
{100} facet (Figure 3b), but intermetallic growth on {110} facets slowed down. In general,
SDIPT under DHTAP conditions was slower than RIBPT, and the corners atoms did not
have sufficient time to diffuse onto {100} facets. This sluggish diffusion under DHTAP
resulted in more corner atoms than LTDAP, thus cubic and spherical products were

generated, respectively (Figure 3c).

11
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Figure 3. Reconstruction and surface-diffusion-induced phase transition behavior along
the [100] and [110] directions of Pt;Co intermetallic. (a) Changes of atomic layers of the
ordered L1,-Pt;Co intermetallic nanocrystals as a function of time along the two directions.
(b) Layer-by-layer growth of the ordering Pt;Co during annealing. Enlarged high-angle
annular dark field (HAADF)-STEM images of the {100} surface, the intensity profiles
taken from the surface marked by rectangles and the corresponding atomic model of
enlarged HAADF-STEM images acquired at 700 ° C for (A) 5 min, (B) 10 min, (C) 15
min, and (D) 20 min. (¢) Schematic representation of the dynamic process of Pt;Co cubes
under LTDAP and DHTAP, respectively. Reproduced with permission from ref. 63.
Copyright 2021, American Chemical Society.

Besides atomic ordering from Pt-Co alloy NPs, the formation of intermetallic structure

can also be the result of the diffusion of Co atoms into Pt NPs.%* CoNy-rich carbon (Co/NC)

12
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was shown to be a viable precursor and could be prepared from zeolitic imidazolate
framework-8 (ZIF-8). This precursor was used as both the support and the Co source
(Figure 4a). At the mass loading of 20 wt.%, Pt NPs formed on the CoNy-rich carbon and
subsequently alloyed with Co atoms. STEM-energy-dispersive X-ray (EDX) mapping
study indicates that as temperature increased from room temperature to 1000 ° C, Co

atoms gradually diffused into the lattice of Pt NPs (Figure 4b). The atomic ratio between
Co and Pt increased eventually to ~0.3 (Figure 4c¢). This observation confirmed Pt-Co
intermetallic NPs could be made through diffusion of Co atoms into Pt NPs as well. In-situ
environmental TEM was used to examine the atomic ordering, including the study of

mechanisms of metal segregation and particle coalescence.?!> 32 63,70

Alloy

900°C N, 3h Ordering

- 20PICOING:

g Pt NP Deposition [

Figure 4. (a) Schematic illustration showing the synthesis of PtCo/NC (nPtCo/NC, n
represents the mass loading of Pt, n=20 or 6 wt.%). Observation of the dynamic process of
alloying between Pt and Co during the thermal treatment: (b) EDX mapping of Pt (red) and
Co (green) species in the 20PtCo/NC sample after annealing at 200, 600, 800, and 1000°

C, respectively (scale bar: 10 nm). (c) Atomic ratio between Co and Pt as functions of

temperature and time. Reproduced with permission from ref. 64. Copyright 2021, Wiley-
VCH.
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3.3. Composition control

In principle, it is easier in controlling the composition of intermetallics than alloys in the
formation of Pt-based bimetallic NPs,”! because stoichiometry of intermetallic is well
defined.” In practice, a stoichiometric ratio obtained from the phase diagram might still be
locally inhomogeneous.** Metal segregation,”® especially surface segregation of Pt, is a
commonly observed phenomenon. Surface segregation often occurs after heat?® 231,65 or
acid treatment® of Pt-based bimetallic. The formation of Pt-rich shell changes the overall
stoichiometric ratio for the intermetallic NPs. The existence of Pt shell however can be
beneficial, because this surface structure may improve both the activity and durability of
electrocatalysts.3% 3334 Controlling the feeding ratio thus is needed to achieve the required

stoichiometry with Pt-enriched skin layer or shell.#+ 74

For Pt-Co, the two most commonly observed intermetallic phases are L1(-PtCo and L1,-
Pt;Co. Theoretical simulation suggests these two intermetallic structures are energetically
favored in the similar temperature range (Figure 1¢).°* As a result, the procedures for
making either intermetallic can be similar, except for the amount of metal precursors added
to the synthetic mixture.> 7> L1,-PtCos has been theoretically proposed but with few
experimental observations.’® 37 Small L1,-PtCo; intermetallic NPs on carbon were
obtained by spray dehydration, followed by annealing.>> XRD pattern was used to
determine the formation of this intermetallic phase by comparing it with the standard
diffraction pattern from L1,-PtFe; (PDF#71-8365). A slight positive shift in 20 angle was
observed, because Co has a smaller atomic radius than Fe. The L1,-PtCo; intermetallic
NPs are hard to produce, presumably because Co prefers to exist in scp phase at ambient
temperature, which has a large lattice mismatch with fcc Pt. It should be noted that the
stoichiometric ratio of the final product is helpful to verify the intermetallic structure, but
it does not necessarily imply whether the intermetallic is L1,-PtCo, L1,-Pt;C, or L1,-PtCos.
Both metal segregation and local inhomogeneity can lead to an intermetallic structure with
very different Pt/Co ratio.”® It is a common practice to use XRD to characterize and confirm
the crystal structures of the Pt-Co intermetallics, and rely on high resolution STEM for

detailed atomic information. It is noteworthy an intermetallic does not follow the

14
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relationship between lattice parameters and atomic content as defined by the Vegard’s law
for a solid solution (i.e., random alloy). Even if the composition is nonstoichiometric, Pt-

Co NPs can still show intermetallic features in characterization, such as XRD.

A third metal can be added to a Pt-Co intermetallic to modify its surface and core
structures, thus catalytic properties. The incorporation of additional metal(s) into the crystal
lattice raises a question whether such NPs can still be called “intermetallic”, since strictly
speaking, at least one lattice site no longer has the long-range ordering or specific
stoichiometry in the bimetallic structures as shown in Figure 1a. In this feature article, we
coin the term “half-intermetallic” to describe a ternary or multi-metallic system, in which
one lattice site (i.e., Pt) is fully ordered, while the other lattices site is occupied by the
secondary metal atoms (i.e., non-Pt metals) that can be randomly distributed.””-”® The
amount of the incorporated metal is typically small (<10 at%). For example, tungsten (W)
atom was reported to be incorporated into L1,-PtCo NPs to form a half-intermetallic of
W.0sPtCo.8% Theoretical calculations and extended X-ray absorption fine structure
(EXAFS) analysis revealed that W atoms stabilized the intermetallic structure and tuned
the Pt-Pt distance and changed its binding energy with oxygen species. The incorporation
of Cu into L1y-PtCo intermetallic was also reported to form a half-intermetallic PtCo,Cu;_
(x=0.25, 0.5, 0.75).8! A rationale for making half-intermetallic is to tune the Pt-Pt distance

to improve its catalytic activity.
3.4. Size control

Size plays important roles in determining the properties of Pt-based intermetallic NPs.%?
Small NPs have high specific surface area that often results in exposing large population
of active sites. However, when size is too small (diameter <~2 nm, assuming a spherical
shape), the performance may suffer as well. Finding the optimal size is to balance the
catalytic activity and durability. 3> 3¢ For Pt-Co intermetallic NPs, there also exists a size-

dependent structural ordering.33-83

While controlling size of bimetallic alloy may be straightforward, it can be challenging

for intermetallic NPs since high-temperature annealing (>500 ° C) is generally required to

15
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overcome the energy barrier for atomic ordering.®¢ Based on Gibbs-Thomson equation, the

chemical potential of surface region of a nanoparticle (¢) can be written as:

2004

= kpTin[ceq(r)] = —1In [ceq(0)]
( 5 )

ZUvat
Ceq(1) = Ceq(@)exp (rr)

( 6 )

where c,4(0) is the solubility of atoms taken from an infinite flat surface, o is the surface
tension, v, is the atomic volume, r is the surface curvature and kg is the Boltzmann

constant. The reciprocal relationship between chemical potential 4 and surface curvature r
implies atoms tend to diffuse to surfaces with large curvature radius. Ostwald ripening and
particle coalescence®” may happen simultaneously during the process, resulting in the
formation of polydisperse and larger intermetallic NPs. The key to size control, based on
the discussion above, is to inhibit the atomic diffusion and particle migration during the
heat treatment process. For Pt-Co intermetallic NPs, enhancing support-metal interaction
and applying spatial confinement are two main approaches to the size control. Both

methods promote the uniform dispersion of metal precursors.
3.4.1. Support-metal interaction

Electrostatic adsorption of ions on protonated or charged surfaces can enhance support-
metal interaction.>®- 88 Fine L1,-PtCo intermetallic NPs were made through anchoring metal
complexes on N-doped carbon using the strong electrostatic adsorption (SEA) technique.>’
This anchoring effect provides locally stabilized metal species, preventing atoms from
migration and aggregation during mixing and heating process. The surface of the support
could be either positively or negatively charged by adjusting pH values in either side of the
point of zero charge (PZC) (Figure 5a). The metal precursors with the opposite-charges
electrostatically adsorbed onto the surface. One advantage of electrostatic adsorption is that
the support-metal interaction is tunable by adjusting pH value. Figure Sb shows pH-
dependence of size-tunable PtCo alloys NPs. When pH value becomes smaller, the surface

of the support is more protonated. As a result, Pt and Co precursors have strong affinity to

16
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the support, resulting in the formation of small NPs. After atomic ordering through heat
treatment, L1p-PtCo NPs formed, as being characterized by XRD (Figure 5c). The
alternating layers of Pt and Co atoms could be observed in TEM micrograph (Figure 5d).
The average size of these PtCo intermetallic NPs could be as small as sub-3 nm, meanwhile

maintaining a narrow size distribution (Figure Se).
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Figure 5. (a) Schematic illustration of the SEA method for preparing bimetallic PtCo NPs
on the N-doped carbon support in different pH ranges. A hydration sheath with the
electrostatically adsorbed Pt and Co complexes formed on the surface by adjusting the pH
value of the environment. (b) Illustration of effect of surface charges and the fitted curve
of average diameter as a function of pH value of the A1-PtCo NPs. (c) XRD pattern, (d)
HAADF-STEM image with a false-color enlargement (inset), and (e) size distribution
analysis of the L1, phase intermetallic NPs. Reproduced with permission from ref. 59.

Copyright 2021, Elsevier.

Electron-rich elements (S, N, O) that coordinate with Pt atoms are often incorporated into
carbon support to enhance the support-metal interaction.?*-°! Porous S-doped carbon (S-C)

support was prepared by cobalt-assisted carbonization of molecular precursors with silica

17
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NPs as templates.?” % Metal salt precursors were impregnated onto the S-C supports with
total metal contents 20 wt.% and underwent high-temperature H,-reduction treatment to
produce intermetallic NPs (Figure 6a~c). Both L1(-PtCo and L1,-Pt;Co intermetallic NPs
could be produced using this method (Figure 6d and e). Broad peaks in XRD patterns
suggest these NPs have small crystal domains. Size analysis based on microscopic
characterization further confirmed the average size was typically less than 5 nm for these
NPs (Figure 6g and f). Instead of using premade S-doped carbon support, S-C support
could form in-situ during the atomic ordering step under the heat treatment. A molecule-
assisted approach was reported in producing carbon supports doped with heteroatoms (S,
N, 0).°! Molecular additives such as sodium thioglycolate (STG) were introduced into the
mixture of carbon support and metal precursors. Heteroatom-doped graphene layers
formed during the heat treatment and suppressed alloy sintering and particle growth of
intermetallic. In general, enhanced support-metal interaction is effective in size control,
though it could be detrimental for atomic ordering. For instance, the strong metal-S
interaction suppressed not only the inter-particle sintering but also intra-particle ordering,

which restrained the formation of ordered structure.’®
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Figure 6. Schematic illustrations showing (a) the kinetic energy barrier for atom ordering
in the disorder-to-order transition, and (b) the dilemma of simultaneously accelerated
sintering kinetics and atom ordering kinetics with temperature. (c) Schematic illustration
of the high-temperature sulfur-anchoring approach. XRD patterns of (d) PtCo, and (e)
Pt;Co intermetallic NPs. The standard peaks for Pt and ordered and disordered PtCo/Pt;Co

are also shown. Asterisks mark the characteristic superlattice peaks of ordered intermetallic
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structures. HAADF-STEM images of (f) PtCo, and (g) Pt;Co intermetallic NPs (inset:
particle size distribution). Reproduced with permission from ref. 90. Copyright 2021,

American Association for the Advancement of Science.
3.4.2. Spatial confinement

Preventing atomic diffusion onto surface may inhibit unwanted particle growth through
confinement. Protective layer may be used, but it raises a concern that the layer itself may
block active sites on intermetallic NPs. Removal of protective layers is often necessary to
activate catalysts if such strategy is used.’> %> For example, 3 nm L1y-PtCo intermetallic
NPs can be synthesized via a surface coating strategy.’® °> The dopamine coating was
firstly introduced on the carbon supported Pt NPs via m-m bond conjugation, and
subsequently converted into carbon shell, resulting in the adsorption of Co ions.”® Silica
coating was then applied to the surface to prevent particle sintering during annealing. Such
rigid silica shell is effective in limiting the size growth, but it also requires HF etching in
the post-treatment steps. As a comparison, carbon shell can be easily removed by air

etching.!> %2

Other than protective layers, certain support is capable of spatial confinement by itself.
For example, porosity of mesoporous carbon helps to control particle size.’* 78 %4 The
synthesis procedures are generally similar to those non-porous systems. Mesoporous
carbon support is firstly obtained by annealing of ZIF-8 or its derivatives. The metal
precursors are impregnated onto the mesoporous carbon and the mixture is dried either by

heat treatment or freeze drying.’s %4 93
3.5. Morphological control

The necessity for controlling the shape stems from the requirement for understanding
structure-property relationship in order to design the electrocatalysts with high
performance. For catalytic property, surface and near surface structures®® of Pt-based
bimetallic intermetallic NPs are particularly important. Surface structure and shape of Pt-
Co intermetallic NPs are highly correlated since the shape of nanostructure is determined
thermodynamically by surface energy, and kinetically by relative growth rates of different

facets. In addition, the surface energy is affected by local environment and differs among
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different facets under different reaction systems. Low-index facets of crystals are often

exposed due to their low surface energy and slow growth rate along their normal direction.
3.5.1. Shape and facet controls

Since most Pt-Co intermetallic NPs are produced by heat treatment, temperature is an
important parameter to control the formation of exposed facets. The evolution of crystal
facets could be studied by high resolution STEM.?? In the disorder-to-order transition of
Pt;Co alloy NPs, the {110} planes were observed to be the main surface at 550 ° C. When
temperature was raised to 600 ° C, however, {111} facets became dominant and ultimately
grew to 2~3 unit cell thick at 700 ° C. As the temperature rose to 800 ° C, {110} facets
formed again and the Pt;Co intermetallic NPs evolved into truncated cuboctahedra shape.
Since surface faceting is closely related to electrocatalytic properties, this work revealed

that preferred facets can be exposed with judicious selection of processing temperature and

other conditions.

Synthesis of octahedral L1,-PtCo NPs with {111} facets predominantly was achieved by
colloidal synthesis and subsequent annealing.”” Pt-Co octahedral nanocrystals were firstly
prepared in solution, followed by loading onto carbon supports. Atomic ordering was
carried outin 4% H, at 600 ° C to convert alloy into L1,-PtCo intermetallic. The formation
of Pt skin was possible by depositing excess Pt at 80 ° C. The TEM micrograph shows the
octahedral nanocrystals have uniform size and exhibit well-defined {111} facets,
uniformly dispersed on carbon support (Figure 7a-c). The atomic resolution STEM image
indicates that the nanoparticle was composed of a highly ordered L1y-PtCo core with a
smooth Pt shell of 3~4 atomic layers in thickness (Figure 7d and e). In order to obtain the
{I11}-enclosed octahedral nanocrystal, the growth pattern of Pt was controlled by
adjusting the reaction rate ratio between atom deposition and surface diffusion (Vgep/V gifr)-
The deposition of Pt atoms was initiated on the {001} facets due to their higher surface
energy than that of {111} facets. The Pt adatoms may migrate to the edges and {111} facets
through surface diffusion. When V4e/Var < 1, the growth was dominated by surface

diffusion, allowing a uniform coating of Pt and ultimately, the formation of octahedral L1-
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PtCo nanocrystal. Injection rate of precursors and rection temperature can both affect the

reaction rate ratio (Vgep/Vaifr)-

Synthesis of Pt-Co intermetallic with high-index facets is non-trivial. Controlled synthesis
of tetrahexahedral NPs is one of the few successful cases.’® Density functional theory
calculations show that surface modification by bismuth (Bi) stabilizes the {210} high-
index facets and may result in tetrahexahedral NPs, regardless of their internal crystal
structure. Without the modification by Bi, the specific surface energy is 1.70 J/m? for {111}
facet and 1.42 J/m? for {001} facet. These values are smaller than those of high-index
facets (i.e., 2.27 J/m? for {210} facet and 2.44 J/m? for {201} facet), resulting in a truncated
octahedron enclosed by {111}, {100}, {001} and {101} facets, as is suggested by Wulff
theorem. Upon surface modification by Bi, the specific surface energy is expected to drop
by ~90% for {210}, {102}, and {201} facets. Experimentally, pseudo-spherical PtCo alloy
NPs successfully transformed into L1, phase intermetallic in tetrahexahedral shape with

{210} surfaces, when they were annealed in Bi atmosphere.

While it is uncommon, one-dimensional nanowire consisting of L1,-PtCo core®® and Pt-
rich surface was reported.?? This nanostructure exhibits compressively strained high-index
facets. The preparation was carried out using platinum acetylacetonate (Pt(acac),),
Co(acac), as metal precursors, along with cetyltrimethylammonium chloride (CTAC),
glucose, oleylamine (OAm), and 1-octadecene (ODE). This mixture was treated in 5%H,
at 550 ° C for atomic ordering. The L1,-PtCo nanowire maintained its one-dimensional
morphology after this process (Figure 7f). The green square in Figure 7g was the enlarged
region in Figure 7h with corresponding fast Fourier transform (FFT), suggesting high
crystallinity. Homogeneity of elemental distribution was demonstrated by EDX elemental
maps (Figure 7i). Analysis of the inter-planar distance and the stepped atomic terminations
suggested that the edges of the annealed nanowire possessed the high-index facets {221}
and {211} (Figure 7j). The formation of nanowires required presence of both glucose and
CTAC. Surface became smooth if CTAC was replaced with cetyltrimethylammonium
bromide (CTAB). This observation indicates that the choice of halide played a role in the
formation of high-index facets. Such one-dimensional structure provides high contact area

with the carbon support and requires no protective layer to prevent agglomeration during
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annealing. In this context, the nanowires seem to be thermally stable. The annealed
nanowire formed thin Pt-rich layer, which enhanced its chemical durability as
electrocatalysts. Besides the L1, phase, L1,-Pt;Co nanowires were prepared via nanometer
(nm)-sized spatial confinement using mesoporous silica templates.?® The porous templates
allow the control over the size and shape of nanostructures and prevent agglomeration
during the atomic ordering process at high temperature. The as-prepared Pt;Co
intermetallic nanowires were catalytically active in both alkaline hydrogen evolution

reaction and acidic methanol oxidation reaction.
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Figure 7. Characterizations of the fct Pt-Co@Pt octahedral nanocrystals supported on
carbon. (a) TEM image, (b) high-angle annular bright field-, and (c¢) HAADF-STEM
images of a nanocrystal along the [1-10] direction. (d) Atomic-resolution STEM image
taken from the corner region marked by a box in panel (¢). (¢) Schematic of the nanocrystal
featuring an intermetallic core, a Pt shell of about three atomic layers thick, and {111}
facets. Reproduced with permission from ref. 97. Copyright 2021, American Chemical
Society. (f) TEM image of PtCo/C NW annealed at 550 ° C, (g) the corresponding HR-
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TEM image, (h) HR-TEM image and the FFT (inset) of the green box region in (g). (i)
EDS elemental mapping, and (j) HR-TEM image of red box region in (g). Reproduced with
permission from ref. 22. Copyright 2022, American Chemical Society.

3.5.2. Core-shell structure

Pt-Co intermetallic NPs often exist or are made in core-shell structures, typically with Pt
shell.100-194 Molecular dynamics simulations were carried out to compare the thermo-
stability of Pt- and Co-coated L1,-Pt3Co NPs.!% The simulated results suggest that Pt is
much better than Co as the coating element for improving both structural and thermal
stability of Pt;Co NPs. Platinum shell was often observable directly using high resolution
STEM.?® Typically, such Pt shell contains 2 to 3 atomic layers and was strained by the
ordered L1,-Pt;Co intermetallic core. Such core-shell structures could exhibit better
durability than alloys, after potential cycling between +0.05 and +1.00 V for 5k cycles in
0.1 M HCIOy solution. During the cycling, surface roughing and removal of contaminants
could result in high electrochemical surface area (ECSA) in a short term, but only those
NPs consisting of well-ordered Pt shell and L1,-Pt;Co intermetallic core possessed long-

term stability in ECSA.

The mechanism for the formation of Pt skin may vary as the behavior of surface atoms
change under different heat treatments in the atomic ordering step. Aberration-corrected
environmental TEM was used to examine the surface evolution of Pt-Co bimetallic NPs
during oxidation in O, and reduction in H, processes.’! Under oxidation conditions, Co
atoms could migrate to the surface to form a strained oxide layer. The surface strain was
relaxed through the formation of Co oxide islands afterwards. The Co atoms could move
back to the core during the reduction, resulting in the formation of Pt monolayer on the

surface.

In another case, when atomic ordering of Pt;Co NPs took place in O,, L1,-Pt;Co
intermetallic formed, together with the Pt surface segregation during the disorder-to-order
transition (Figure 8a-b).? In that particular HR-STEM study, the false color image shows

the atomic structures of {100} surface (Figure 8a, red box region). Two atomic layers of
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Pt, instead of a monolayer, were observed on the {100} surface (Figure 8b). Such surface
segregation of Pt effectively prevents the oxidation of Co. When temperature was
decreased to 300 ° C, Pt atoms from other clusters migrated and attached on {100} facet
of the L1,-Pt;Co NPs, giving rise to a layer-by-layer growth of Pt shell in the atmosphere
of oxygen (Figure 8c).

Acid treatment could result in the formation of Pt shell with more than two atomic layers
on intermetallic core (Figure 8d and e).’° The fully ordered L1y,-PtCo NPs could form
such core-shell structures after they were treated in 0.1 M HC1O,4 at 60 ° C in air for 24 h,
followed by annealing under 5% H, in Ar at 400 ° C for 2 h. STEM micrograph shows
that the core-shell structure was formed with the core consisting of alternative layers of Pt

and Co and the shell being 2~3 atomic thick of Pt. Such core-shell structure is efficient in

protecting Co against acid etching.

Besides the above case studies where Pt atom was used, carbon’® 3 and ionic liquids!?
were also used to make the shell. For example, dopamine was used to coat the carbon-
supported Pt NPs and subsequently converted into nitrogen-doped carbon shell via
pyrolysis under H, atmosphere.” Interestingly, even if Pt atoms were covered, enhanced

catalyst durability was observed with a high ORR mass activity of 1.36 mA mg ..
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Figure 8. (a) In-situ HAADF-STEM image showing a Pt;Co NP after being exposed to
oxygen for 30 min at 720 ° C (scale bar: 2 nm). (b) Enlarged false color image of (100)
surface in the red box in (a), and the intensity profiles taken along the atomic layers marked
by green and blue rectangles, showing the segregated Pt-rich surface (scale bar: 2 A). (c)
Schematic diagrams showing the process of the oxygen-driven formation of core-shell
structure in Pt;Co NPs. Reproduced with permission from ref. 29. Copyright 2017, Nature
Publishing Group. (d) STEM image of L1,-PtCo/Pt NPs with 2-3 atomic layers of Pt shell
on L1(-PtCo core (dark atom is Pt and light atom is Co), zone axis is <I1-10> direction. ()
Enlarged section indicated by the top dashed square in (d), showing the 2-3 atomic layers
of Pt shell (indicated by yellow arrows) and the L1¢-PtCo core (red-Pt, blue-Co).
Reproduced with permission from ref. 30. Copyright 2019, Cell Press.
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4. Selective recent examples for the preparation of Pt-Co intermetallic NPs

Platinum-cobalt alloy NPs or their metal ions on catalyst support are usually needed to
make intermetallic structure through heat treatment, because this approach greatly reduces
atomic diffusion length for the formation of intermetallic. Furthermore, a low-temperature
atomic ordering process is preferable to reduce the possibility of particle sintering and
coalescence. There are two main steps in a typical synthesis of intermetallic NPs:
preparation of alloys or metal ion intermediates as precursors, and conversion to
intermetallic through atomic ordering. The second step is normally conducted using heat
treatment in reductive gas atmosphere, and a microwave-induced ordering is also
reported.!?” In this feature article, we categorize current methods for the synthesis of Pt-Co

intermetallic NPs based on the initial step and summarize them in Table 1.

Colloidal synthesis is a popular method for preparing faceted, metal alloy NPs because
the added surfactants can be adsorbed on certain metal facets (i.e., {hkl}), and often slow
down the growth rate in the corresponding [/4/] direction. Such solution phase synthesis
has the advantage of easy control over the structure parameters of formed NPs.!%® The
surfactants used may be adsorbed on crystal surfaces and block the catalytic active sites,
although they can be removed during the heat treatment. For example, in the preparation
of carbon-supported L1,-PtCo NPs, PtCo alloy NPs were firstly prepared using Pt(acac)s,,
Co(acac),, and OAm via colloidal synthesis.’® OAm served as both the solvent and the
reducing agent. The as-prepared alloy NPs were subsequently dispersed on carbon to

prepare the intermetallic after being treated in 5%H, at 650 ° C for 6 h.

Impregnation is a common method for preparing Pt-Co intermetallic NPs. In this approach,
metal precursors dissolve in aqueous or organic solvents and are loaded subsequently onto
supports, typically made of various types of carbon. The optimal volume of the solvents is
around the pore volume of the support, so capillary force may draw solution into the pores,
resulting in uniform dispersion of metal precursors. Drying process, either by heat or freeze
drying, is then carried out to remove the solvent. The solid products go through atomic

ordering to produce intermetallic NPs. The metal precursors may be reduced directly to
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intermetallic compounds, or form alloys first and then go through disorder-to-order
transition.’® Sometimes it takes more than one heating step to obtain the final products.®!
The detailed changes of the atomic restructuring process remain a difficult subject to study
because of the limitation of in-sifu characterization. Vulcan XC-72 and Ketjen black are
the commonly used carbon supports. Mesoporous functionalized carbon made from
pyrolysis of zeolitic imidazolate framework (e.g., ZIF-8 and ZIF-67) was also reported.’®
94,109 Certain ZIF-derived carbon may function as the host structure for Co due to its
atomically dispersive capability of metal species.!!® Heteroatoms are often incorporated
into the carbons support and help to enhance support-metal interaction, thus achieving a

better size control.?%- 91

Co-reduction is used to produce Pt and Co metal species, or more specifically Pt-Co alloys,
from the corresponding salt precursors in liquid phase. In this case, reducing agents such
as sodium borohydride (NaBHy) is required.”® !'! For example, Co could be introduced
first through the reduction of its salt by NaBH, in aqueous solution. A mixture of K,PtClg
and HAuCl, was then added to the aqueous solution and sonicated to obtain AuPtCo alloy
core-shell NPs.!'! After the atomic ordering via heat treatment, L1o-Au;oPts0Coso core-

shell half-intermetallic NPs formed.

Surface coating and template-assisted syntheses are often conducted to produce specific
nanostructures. Dopamine was applied as surface coating molecule to synthesize L1,-PtCo
intermetallic NPs with a nitrogen-doped carbon shell that protects L1,-PtCo from metal
leaching in the electrochemical processes.”> Dopamine was also used to form a polymeric
surface around NPs against particle growth in the heat treatment steps.®? As for template-
assisted synthesis, template is used to either produce intermetallic with controlled

morphology®® or control the structure of carbon support.'!?

Table 1. Synthesis procedures of selected Pt-Co intermetallic nanostructures.

Colloidal synthesis

Intermetallic Support (spec), Processing condition
Composition Precursor Ref
structure additive for ordered phase
Pt(acac),, carbon (Vulcan XC-72),
W-doped PtCo L1, 400 °C, 1 h (5%H,/Ar) 80
Co(acac), OAc, OAm
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Pt(acac),, carbon (Vulcan XC-72),
PtCo L1, 600 °C, 4 h (4%H,/Ar) 97
Co(acac),, OAm, W(CO)g,
Pt(acac),, carbon (Ketjen-3001J),
PtCo L1, 650 °C, 6 h (5%H,/Ar) 30
Co(acac),, OAm
Impregnation-based synthesis
Intermetallic Processing condition
Composition Precursor Support (spec) Ref
structure for ordered phase
PtCo L1, H,PtClg, CoCl, carbon (Vulcan XC-72) 650 °C, 4 h (10%H/N,) 95
H,PtClg,
PtCo L1, carbon (N-doped) 700 °C, 1 h (vacuum) 59
C16H40C14C0N2
P(C L1 HaPCle, bon (N-doped) 700°C,2h (HyN;) 88
tCo 0 carbon (N-dope °C, 2/N,
Co(NO3),
. HthClé, C()Clz,
PtCo;_4Niy L1, ) carbon (Vulcan XC-72) 700 °C, 2 h (Hy) 77
N1C12
Pt;Co L1, H,PtClg, CoCl, carbon (Vulcan XC-72) 700 °C, 2 h (Hy) 28
HthClé, COClz,
PtCo;_Cuy L1, carbon (EC-300J) 700 °C, 2 h (5%H,/Ar) 81
Cu(NO3),
N-doped Pt;Co L1, H,PtClg, CoCl, carbon (Vulcan XC-72) 700 °C, 2 h (NH3) 113
Pt;Co L1, H,PtClg, CoCl, carbonized ZIF-8 750 °C, 2 h (8%H,/Ar) 94
. HthClé, COClz, .
Pt3Cog 6T 4 L1, carbonized ZIF-8 750 °C, 2 h (Hy/Ar) 78
TiCl;
PtCo L1y H,PtCls, CoCl, carbon (Ketjen black) 800 °C, 2 h (5%H,/Ar) 33
Pt;Co L1, H,PtCls, CoCl, carbon (Ketjen black) 800 °C, 2 h (5%H,/Ar) 33
bimetallic MOF
H,PtClg,
PtCo L1, Zn,Coy-derived carbon 900 °C, 2 h (5%H,/Ar) 109
materials
900 °C, 2 h (Hy),
PtCo L1, H,PtClg, CoCl, carbon black followed by 600 °C, 6 h 91
(Ha)
950 °C, 2 h (5%H,/Ar),
H,PtClg,
Pt;Co L1, carbon (S-doped) followed by 600 °C,6h 90
CO(NO3)2
(5%H,/Ar)
Co-reduction
Intermetallic Support (spec), Processing condition
Composition Precursor Ref
structure reductant for ordered phase
carbon (Vulcan XC-72),
Pt;Co L1, H,PtClg, CoCl, 600 °C, 2 h (Hy) 99
NaBH,
K,PtCly,
carbon (Vulcan XC-72), 700 or 800 °C, 0.5 h
Au10Pt40CO50 Llo HAUCI4, 111
NaBH4 (Hz/AI')
Co(HCOO),
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Surface coating

Intermetallic Processing condition
Composition Precursor Additive Ref
structure for ordered phase
dopamine, tetraethyl
PtCo L1, Pt/C, Co(NO;), 800 °C, 2 h (10%Hy/N,) 93
orthosilicate
polydopamine, carbon
Pt;Co L1, H,PtClg, CoCl12 900 °C, 0.5 h (Ar) 92
(Vulcan XC-72)
Template-assisted synthesis
Intermetallic Processing condition
Composition Precursor Template Ref
structure for ordered phase
Pt;Co L1, H,PtCls, CoCl, silica (SBA-15) 600° C,2h(Hy) 929
PtCo L1y H,PtClg, CoCl, polystyrene 700 °C, 2 h (Hy/Ar) 76
H,PtClg,
Pt;Co L1, NaCl, glucose 790 °C, 2 h (5%H,/Ar) 112
Co(NOs),
Other methods
Intermetallic Processing condition
Composition Precursor Additive Ref
structure for ordered phase
K,PtCly,
PtCo L1, Co(NO;3),, 2- - 600 °C, 3 h (5%H,/Ar) 114
methylimidazole
carbon (Ketjen black)
Co(CH;3CO0),,
PtCo L1, or carbon (Vulcan XC- 600 °C, 24 h (Ar) 115
K,PtCly
72)
H,PtClg, olyvinyl pyrrolidone,
PtCos L1, Z POYVIYTRY 600 or 700 °C,2 h (H,) 55
Co(NOs3), carbon (Vulcan XC-72)
ionic liquid, carbon
PtCo L1, H,PtClg, CoCl, 700 °C, 2 h (Ny) 106
black
Pt;Co L1, H,PtCls, CoCl, carbon (Vulcan XC-72) 700 °C, 2 h (Hy/Ny) 102
H,PtCly, NH;-H,0, carbon 700°C,2.5h
PtCo L1, 104
Co(NOs3), (Vulcan XC-72) (10%H,/Ar)
K,PtCly,
PtCo L1, - 700 °C, 68 h (Ar) 116
K3Co(CN)g,
K,PtCly,
Pt;Co L1, K5Co(CN)g, - 750 °C, 2 h (Ar) 116
CoCl,
Co-doped ZIF derived
Pt;Co L1, H,PtCly, 900 °C, 0.5 h (vacuum) 110
carbon
Pt(acac),, )
microwave, 1200 W, 30
Cu-doped PtCo L1, Cu(acac),, carbon (Vulcan XC-72) 107
8, (5%H/N>)
COQ(CO)g
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In general, there is a tradeoff in the synthesis of Pt-Co intermetallic NPs for the optimal
electrocatalytic performance. The choice of temperature and heating profile are often
crucial for producing intermetallic structure. High temperature is beneficial to facilitates
atomic diffusion and increase crystallinity, though it may result in an increase in both size
and size distribution, because both particle sintering and Ostwald ripening may occur under
such processing condition. Inversely, low temperature process may be good for size control,
but suffer from low degree of ordering. In addition, surfactants and excess surface carbon
may not be removed at low synthesis temperatures. Similarly, the incorporation of
protective layer such as carbon shells needs to balance between size control and
deactivation or blocking of surficial active sites. The enhanced support-metal interaction is
effective in inhibiting atomic diffusion and particle migration in the disorder-to-order
transition, though the energy barrier for atomic ordering may increase. The loading amount
of metal precursors should be controlled. Low loading is preferred for highly uniform
dispersion of intermetallic NPs, but it increases the average atomic diffusion length during
ordering process and reduces the packing density of the catalyst NPs. Thus, controlled
experiments and optimization are necessary to scrutinize the effect of different conditions

for the preparation of highly ordered, size-controlled Pt-Co intermetallic NPs.

5. Application of Pt-Co intermetallic NPs in electrocatalysis

Many Pt-M (M=Co, Fe, Ni) bimetallic materials are theoretically predicted to possess
better ORR activity than pure Pt NPs.% 26-27- 117 However, electrocatalysts consisting of Pt-
Fe species suffer from Fenton reaction, of which ferrous and ferric cations can catalyze the
formation of oxidizing agents from H,O,, accelerating the degradation of electrocatalysts
or decomposition of fuel cell components (e.g., Nafion membrane). Electrocatalysts made
from Pt-Ni alloys may exhibit high ORR activity,!3 118 119 though they may be harder to
synthesize and less stable than Pt-Co. In this context, electrocatalysts consisting of Pt-Co
alloy NPs attract much attention, especially after its use in commercial fuel cell systems.*
With the need for heavy-duty applications,'® addressing the challenge in durability

becomes increasingly critical.
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Pt-based intermetallic NPs, in this regard, have better stability than their alloy
counterparts.'%5 120-122 The ORR stability may be attributed to the strong bonding between
Pt and the other metal, which results in a more negative enthalpy of formation.*3 44
Intermetallic often exhibits less metal dissolution, less ECSA loss, and better durability
than its alloy form under the same running conditions.!?? 124 Furthermore, there is an ease
in analyzing the composition of near-surface region of intermetallic structures,*>°¢ which
help to develop more reliable surface models in theoretical calculation of adsorption!!! 125,
126 and mechanism study of a catalyst.”® 8- 117 In this section, we discuss the correlation
between structural features and catalytic properties of Pt-Co intermetallic electrocatalysts,

i.e., activity and durability.

Briefly, there are two major experimental approaches to the characterization of
electrocatalysts: the three-electrode system based on rotating disk electrode (RDE)
technique and the full cell study using membrane electrode assembly (MEA). The RDE
test is primarily based on the analysis of polarization curve obtained from linear scanning
voltammetry (LSV). The value of current density under different potential (vs. reversible
hydrogen electrode, RHE) is frequently used to compare the performance in the kinetically
controlled regime, because RDE technique can greatly reduce the effect of mass transport.
Mass activity in A/mgp; obtained from the polarization curve at 0.9 V (vs. RHE) is a
common parameter for comparing the ORR activity. When other precious metal (e.g., Pd)
is incorporated, mass of all noble metals should be included besides Pt, in part because of
the economic consideration of the scale-up production of PEMFCs. Area specific activity
(or specific activity) is used to compare the intrinsic activity based on electroactive metal
site. In the latter case, the value of surface area is obtained based on ECSA measurement,
which is an estimation of Pt (or Pd) metal sites calculated based on {111} surface and
should be distinguished from the geometric surface area. On durability, accelerated stress
test (AST) is a primary testing method whereas an applied potential continuously cycles in
the predetermined potential window. Mass activity is reported at the beginning of life (BOL)
and the end of life (EOL, usually 30k cycles). The percentage retention of mass activity
quantitatively describes durability. Table 2 summarizes the RDE-based ORR performance
data of Pt-Co intermetallic electrocatalysts reported in recent years, based on the activity

and durability metrics.
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Table 2. Summary of ORR catalytic performance before and after AST for selected Pt-Co

intermetallic catalysts based on RDE measurement.

Mass activity

Catalyst e o
@ 0.9 V (A/mgp) Durability (%)
Ref
Intermetallic (test condition)
Name Core@shell BOL EOL
structure
PtCo@Pt Pt-shell L1, 0.48 0.38 80 (60k, 0.6~1.0 V) 109
O-PtCo;@HNCS carbon shell L1, 0.54 0.50 92.6 (20k, 0.6~1.0 V) 76
L1,-PtCo/C - L1, 0.67 0.64 96.7 (10k, 0.6~1.0V) 59
AuPtCo/C-700 Pt shell L1, 0.68 0.66 97.1 (10k, 0.6~1.0 V) 111
PtCo/C-600 Pt shell L1, 0.68 0.51 74.9 (30k, 0.6~1.0 V) 95
Pt-Co-Mo Pt shell L1, 0.89 0.62 70 (30k, 0.6~1.0 V) 126
fet-PtCo/C@ILs ionic liquid shell L1, 1.04 0.94 90.4 (10k, 0.6~1.1 V) 106
L1,-PtCo - L1, 1.27 0.80 63 (30k, 0.6~1.1 V) 88
PtCo@NC-60 carbon shell L1, 1.36 1.26 93 (20k, 0.6~1.2 V) 93
Pt;CogTip4 Pt-shell L1, 1.49 1.19 79.9 (20k, 0.6~1.05 V) 78
L1,-W-PtCo/C Pt shell L1, 221 2.04 92.3 (10k, 0.6~1.0 V) 80
L1,-CoPt Pt shell L1, 2.26 1.83 81.0 (30k, 0.6~1.0 V) 30
fet-Pt-Co@Pt/C Pt shell L1, 2.82 2.23 79.1 (30k, 0.6~1.1 V) 97
L1yp-CoNiPt Pt shell L1, 3.1 2.6 84 (30k, 0.6~1.0 V) 117

* The value of durability is the retention of mass activity at 0.9 V (vs. RHE), which is obtained or estimated from the
reported polarization curves. Numbers in the parentheses represent the numbers of AST cycles and the corresponding
potential window. Only intermetallic catalysts with no less than 10k AST cycles are listed in Table 2. The values of EOL
mass activities in Table 2 are calculated based on reported BOL mass activities and retention rates if they are not
explicated reported in the referred publications.

Noticeably, RDE-based measurements focus on optimizing the testing conditions to
reduce the mass transfer resistance and other factors for obtaining the highest kinetic
current density data. As the catalytic test takes place in liquid using RDE technique while
the MEA-based single cell study operates under different levels of humidity, ORR

performance data cannot be compared directly between these two types of measurements. 33
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194 The discrepancy between RDE and MEA results is often quite large and can be
attributed to multiple factors. Mass transfer resistance is often much higher in MEA test
than in the RDE-based measurement. In addition, the MEA tests are usually performed
under high metal loading, elevated temperature, and with different backpressure and
humidity, using both air and pure oxygen in MEA stack.!?” All of these conditions affect
the catalytic performance. In addition, leaching of non-Pt metal could corrode the MEA.
In this context, MEA measurement becomes increasingly important, especially in the
development of PtCo-based NP electrocatalysts designed for durable PEMFC systems

towards heavy-duty applications.

The typical MEA-based assessments of catalytic performance share a few common
features with those of RDE tests. In a widely used AST protocol, mass activity at the cell
voltage of 0.9 V is measured before and after 30,000 times of square wave cycles between
0.6 and 0.95 V. While there exist other electrochemical stability test protocols such as
pulse cycling methods, the aforementioned AST method can simulate the material
degradation in the MEA under the operating conditions over a much shorter time frame
than the rest.3® The potential loss at 0.8 A/cm? is important for the AST, and reported from
the polarization curves after predetermined numbers of cycles (i.e., 1k, 5k, 10k, 30k),
together with the percentage loss in ECSA.37 There are fewer reports on MEA-based ORR
performance of Pt-Co intermetallic electrocatalysts because of multiple reasons, which
include difficulty in preparing high-quality MEA reproducibly, uncontrollable variation in
the testing conditions, and differences in testing protocol. Table 3 summarizes a selection
of recently reported MEA results using the suggested metrics in order to compare the

results under the same or comparable conditions.
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Table 3. Summary of ORR catalytic performance for state-of-art Pt-Co intermetallic

catalysts based on the MEA measurement.

Mass activit 0.9 V (cell voltage Loss in potential
ye ¢ g) P Loss in ECSA
Gas (mV) (@ a given
Catalyst BOL EOL Retention (%) (number  Ref
type current density in
(A/mgpy) (A/mgpy) (%) of AST cycles)
Al/em?)
L1,-CoPt 0.56 0.45 81 - 12.9 (30k) 30
L1y-W-PtCo/C 0.57 0.47 82.5 - - 80
H,-O, L1,-CoPt@Pt-shell 0.60 0.36 60 - - 122
Sub-Pt;Co-MC 0.92 0.81 87.8 - - 33
PtCo i-NPs 1.52 1.17 77 - - 90
Pt;Co/C-750 0.5 0.4 80 20 (2) 27 (30k) 61
PtCo/KB-NH, 0.691 0.380 55.0 30 (0.8) - 128
23 (1.0)
Pt;Co/FeN,-C 0.72 0.441 38 - 125
21 (0.8)
Hy-air  STG-assisted PtCo 1.08 0.81 75 21(0.8) - 91
20.9 (10k)
Pt;Co/DMC-F - - - - 94
30 (20k)
Pt3C00‘(,Ti0‘4 - - - - 19.8 (301() 78
L1y-CoPt@Pt-shell - - - 26 (0.8) 33 (30k) 122

The degree of ordering of the intermetallic Pt-Co electrocatalyst was found to correlate
well with the ORR activity®% 71, 84,85, 129 and a higher degree of ordering results in higher
activity.®! Incorporation of a third metal into the Pt-Co intermetallic system (i.e., mixed-
element half-intermetallic) helped change the Pt-Pt distance to optimize the binding energy
between Pt and O intermediates on the surface.’® 8081 Surface of L1,-PtCo NPs modified
by Mo-Ox species (Figure 9a and b) could exhibit a weakened binding energy of oxygen
species on Pt (Figure 9¢ and d), resulting in an enhancement in ORR performance under
both RDE and MEA testing conditions.'?¢ Single atoms of Co-N-C support may change
the binding energy between oxygen species and Pt surface, whereas the direct electron

transfer from PtCo to Co-N-C support could result in d-band shift of Pt.130. 131

The incorporation of metal into the Pt-Co lattice may change the surface strain and
enhance the ORR activity.!!” An eigenforce model was constructed to predict the strain-

induced enhancement of ORR activity (Figure 9e¢). This model was used to analyze the
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ORR performance based on the two popular mechanisms: the associative, in which the O-
O bond stays intact upon adsorption and protonation (Figure 9f), and the dissociative, in
which the O-O bond is broken upon adsorption (Figure 9¢g). The underlying principle is
that change on a subdomain of an extended surface may result in eigenstress on the surface
boundary. The adsorbed oxygen species may cause either the attraction or repulsion of the
neighboring metal atoms. Understanding the interplay between applied strain and the
induced eigenstress helps to predict the effect of strain on the binding of adsorbates. A 2D
volcano plot could be created to locate the optimal ternary NPs, by calculating binding
energy of Pt surfaces of different L1y-PtCoysM, s (M=Mn, Fe, Ni, Cu, Ni) (Figure 9f and
g). This theoretical screening guided the synthesis of L1,-PtCoNi NP electrocatalyst, which
exhibited a mass activity of 3.1 A/mgp, and a specific activity of 9.3 mA/cm?at 0.9 V (vs.
RHE). The RDE-based AST showed a 15.9% loss of mass activity after 30k cycles at 60 °C
in 0.1 M HCIO;,.

Pt-on-PtCo with Mo-O, d

}— spin up
0 4=+ spin down
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Density of State (a.u.)

0 10.16 g 0
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Figure 9. (a) High-resolution HAADF-STEM micrograph showing the intermetallic
features of the Pt-Co-Mo electrocatalyst. (b) HAADF-STEM EDS map showing the Pt,
Co, Mo distribution of the catalyst particle in (a). (c) Calculated density of states of the d-
orbitals of the surface Pt, and (d) top/side view of Pt-on-PtCo with Mo-O; structures.
Reproduced with permission from ref. 126. Copyright 2022, Elsevier. (e) Illustration of the
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in-plane components of the adsorbate-induced eigenforces and the displacement caused by
an applied strain. Calculated 2D volcano plots of strained Pt {111} surfaces using the
eigenforce model for (f) the associative mechanism, and (g) the dissociative mechanism.

Reproduced with permission from ref. 117. Copyright 2020, American Chemical Society.

Size control plays an important role in improving the ORR activity of PtCo intermetallic
electrocatalysts.33 3% 88, 90. 94 Figure 9 shows the ORR activity and durability studies of
sub-3 nm L1,-PtCo NPs supported on nitrogen-doped carbon.>® The strong electrostatic
adsorption of metal species on functionalized carbon helped in suppressing the particle
sintering during the heat treatment. Such PtCo intermetallic electrocatalyst exhibited a half-
wave potential 64 mV higher than that of the Pt/C (Figure 10a). Both the mass and specific
activities of intermetallic PtCo electrocatalysts were significantly higher than Pt/C and fcc
PtCo random alloy phase in RDE tests (Figure 10b). Moreover, the PtCo intermetallic
electrocatalyst, which had the highest activity among the three, exhibited only a 3.3% drop
in the mass activity after 10k of RDE-based AST cycles. The mass activity dropped by 30%
for the PtCo random alloy catalyst tested under the same conditions (Figure 10c). Such
study demonstrates the advantages in both activity and durability of using PtCo

intermetallic NPs as ORR electrocatalysts.
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Figure 10. (a) ORR polarization curves, (b) mass- and area-specific activities at 0.9 V (vs.
RHE), and (c) mass activity for the initial, 5k, and 10k CV cycles for the sub-3 nm ordered,
intermetallic L1y-phase PtCo/C electrocatalysts, respectively. Reproduced with permission

from ref. 59. Copyright 2021, Elsevier.

The shape of Pt-Co intermetallic NPs can be an important structural factor for the ORR
performance, since lattice mismatch between intermetallic core and the Pt shell'®! results
in different levels of induced strain based on the exposed surfaces.!?: 132 Such strain effect

and ligand effect were studied by theoretical calculations.® 7 Subsize L1,-Pt;Co NPs with
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2~3 atomic thickness Pt skin exhibited enhanced activity.?* The d-spacing of Pt {111} skin
in this core-shell intermetallic structure is 0.09 A smaller than that of pure Pt. Such
contraction resulted in an increased overlap of the 5d electron cloud of surface Pt sites and
caused downward shift of the antibonding states of O-Pt. This weaker binding energy of

oxygen intermediates could lead to the high intrinsic ORR activity.

Enhancement in activity was reported for L1y-PtCo intermetallic nanowires with high-
index facets.?? The L1,-PtCo nanowire electrocatalyst had a high ratio of {221} facets and
exhibited a mass activity of 1.30 A/mgp; at 0.9 V (vs. RHE). Theoretical calculations
suggested that the {111} terraces of the {221} facets are strained by both the presence of
sub-surface Co and the nature of high-index facet, resulting in high ORR activity on the
fcc hollow (active) sites. The {111} terraces also extended enough to avoid deactivation

by interacting with the oxygen species on the step sites.

Multiple structural factors may work synergistically to affect the observed ORR activity.
Electrocatalysts made of octahedral L1,-PtCo NPs with ultrathin Pt shell had a mass
activity of 2.82 A/mgp, at 0.9 V (vs. RHE), which is 13 times of the commercial Pt/C
catalyst.”” The authors attributed this large enhancement to three possible reasons. First,
the ordered intermetallic structure resulted in strong ligand and stain effects in near-surface
regions.”® Second, the exposure of Pt {111} facets in the octahedral shape exhibited

anisotropic strains. Third, the active sites on surfaces were fully exposed.

Similarly, multiple structural factors help to enhance the durability of Pt-Co intermetallic
electrocatalysts, which include the degree of ordering,®> 122 composition,'!!- 130. 133 particle
size,33 8394 and core-shell structure.?8: 3%-93. 100 The impact of structural ordering of Pt-Co
catalyst on metal (Pt and Co) dissolution and re-deposition, as well as the associated
durability under PEMFC operational conditions was revealed by microscopic study.??
Since the oxidation of surface Pt atoms is often the cause for the dissolution of Pt-based
NP electrocatalysts, eliminating the reactive corner and edge sites of L1y-PtCo NPs by
addition of a less reactive metal such as Au could improve durability through blocking the
oxidation of Pt at these sites.!'l> 133 The Au-incorporated L1,-PtCo intermetallic
electrocatalyst exhibited an initial mass activity of 0.67 A/mgp; and ended with a value of

0.64 A/mgp,after 10k RDE-based AST cycles, showing a 97% retention.'!!
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There are various reports on the effects of PtCo particle size on ORR durability. Subsize
Pt-Co intermetallic NPs was found to enhance the stability of the membrane electrode
through preventing the poisoning by ionomers in humid fuel cells.?3 At the BOL of MEA
test, L1,-Pt;Co electrocatalyst exhibited a mass activity of 0.92 A/mgp, at 0.9 V (cell
voltage), which is six times that of commercial Pt/C. The mass activity reduced to 0.84
A/mgp (8.7% loss) after 10k cycles and 0.75 A/mgp, (18.5 % loss) after 30k cycles in the
MEA-based test. The confinement of mesoporous carbon was reported to not only control
the particle size of L1,-Pt;Co NPs but also mitigate their aggregation during the
electrochemical reactions and significantly suppress the detachment of catalyst particles.**
The as-made electrocatalysts showed 13.3% loss in mass activity after the RDE-based AST.
The MEA made from the same catalyst underwent a 15.4% decrease in current density at
0.6 V (cell voltage) after 20k cycles, which was less than that of the commercial Pt/C MEA
after 10k cycles (15.8% loss). The L1,-PtCo electrocatalyst may retain 77% of its initial
mass activity after 30k AST cycles in MEA if they were anchored strongly on the support
through enhanced support-metal interaction. The intermetallic core-shell structure of this

catalyst was preserved after the AST, suggesting the structural stability.”°

In addition, optimized core-shell structure could also contribute to the ORR durability of
PtCo intermetallic electrocatalysts.?® 10 Nine nanometer-sized, hard-magnet L1y-PtCo
NPs with 2~3 atomic layer Pt shell were prepared as the electrocatalysts.’? In RDE tests,
the catalysts exhibited a BOL mass activity of 2.26 A/mgp,, which was 19 times of the
commercial Pt/C. The mass activity was 1.88 A/mgp, after 20k AST cycles and 1.83 A/mgp,
after 30k AST cycles. In the MEA tests, the catalysts achieved a mass activity of 0.56
A/mgp, at the BOL and 0.45 A/mgp; after 30k AST cycles. Theoretical calculations
attributed the enhanced ORR performance to the biaxial strain induced by the Pt shell.
Carbon shell may serve as a protective layer to improve durability if it is designed in such
a way that does not block active sites of the electrocatalyst.” For electrocatalysts consisting
of L1y-PtCo NPs with nitrogen-doped carbon shell, its mass activity retained a high value
of 1.36 A/mgp, after 20k AST cycles in RDE-based tests. This performance value

represents a loss of only 7% in activity.
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Enhanced durability of Pt-Co intermetallic in MEA was achieved through the control of
both size control and carbon shell.”! A small-molecule-assisted impregnation approach was
used to synthesize various intermetallic NPs. Small molecules such as sodium thioglycolate
(STG) was added to the metal precursors and sulfur-doped carbon shell coating the
intermetallic NPs formed after annealing. Such carbon coating successfully suppressed
particle sintering and insured formation of ultrafine intermetallic NPs (Figure 11a-c). In
H,-0O, single-cell test, the STG-assisted L1,-PtCo catalyst exhibited a high mass activity
of 1.08 A/mgp at 0.9 V, which exceeded the US DOE 2025 target of 0.44 A/mgp, (Figure
11d). The mass activity decreased by 25% after 30k AST cycles in MEA. The STG-assisted
L1(-PtCo catalyst was tested in a H,-air single cell at 80 ° C, 100% relative humidity (RH),
and 150 kPa,. The current density of the cell was 412 mA/cm?at 0.8 V and exceeded the
DOE 2025 target of 300 mA/cm? (Figure 11e). After 30k AST cycles, the voltage loss of
STG-assisted L1,-PtCo catalyst at 0.8 mA/cm? was 21 mV, which is below the DOE 2025
target of 30 mV loss at maximum (Figure 11f). Noticeably, there is a large discrepancy
between RDE- and MEA-based results. Further effort is required to enhance the durability
of Pt-Co intermetallic electrocatalysts in MEA for practical applications. In addition, it
should be noted that besides ORR in this article, Pt-Co intermetallic NPs have also been
tested for CO oxidation,'3*138 alcohol oxidation,>® 130 formic acid oxidation,”” hydrogen

evolution reaction,?? and dehydrogenation.”
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Figure 11. (a) XRD pattern, (b) HAADF-STEM image (inset: size distribution), and (c)
atomic-resolution HAADF-STEM image of PtCo intermetallic NPs. (d) Mass activity loss
of different cathode catalysts (STG-assisted PtCo, Umic-30 wt% PtCo, TKK-30 wt% Pt/C,
and TKK-30 wt% Pt/C-700) after 30k cycles. (e) Polarization curves and power density
plots in the Hj-air cell and (f) the voltage loss at 0.8 A cm™. All ORR properties were
determined using MEA-based tests. Reproduced with permission from ref. 91. Copyright
2022, Nature Publishing Group.

6. Conclusions

In this feature article, we analyze the thermodynamic and kinetic factors governing the
preparation of a variety of Pt-Co based intermetallic NPs. A key aspect to consider is the
energy barrier for atomic ordering, which requires heat treatment, to produce PtCo
intermetallic NPs. Advances in characterization methods enable both in sifu and ex situ
studies of the atomic ordering process at nanoscale, thus helps our understanding of the
formation mechanism at the atomic level. Such studies are often the key for uncovering the
principles on how to design Pt-Co intermetallic with different compositions, size, and
shape. The need for producing highly active and durable ORR electrocatalyst drives the

development of novel Pt-Co intermetallic with ever-complexing and finely controlled
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nanostructures. The advantage of using Pt-Co intermetallic electrocatalysts is its durability

improvement in PEMFCs.

Although there has been much progress on the Pt-Co intermetallic NP as ORR
electrocatalysts in recent years, several challenges remain. Firstly, there is still a major
need to develop the methodology for creating highly ordered intermetallic structures, as
metal segregation and local inhomogeneity often exist in many of the current products of
PtCo intermetallic NPs. In this context, careful examination of the degree of ordering is
required in assessing the crystallinity of the intermetallic structure. The threshold values
between alloy and intermetallic remain unclear. The best practice in analyzing the structure
and catalytic performance of Pt-Co intermetallic NPs with different degree of ordering still
needs to be developed. Local inhomogeneity requires accurate and non-destructive
characterization methods to analyze the Pt/Co ratio and other key variables.!3® Secondly,
for the disorder-to-order transition, there are constraints in the study of atomic ordering
mechanism to only a few scenarios such as thermal annealing because of the limitation of
in-situ characterization methods. Empirical studies are often the approaches to identifying
the optimal conditions for atomic ordering. Thirdly, certain Pt-Co intermetallic phase,
namely the L1,-PtCos;, is theoretically predicted, but there is a lack of experimental
reports.>>>’ Thus, performance of Co-rich intermetallic remains largely unknown.
Incorporation of a third metal into the Pt-Co intermetallic NPs raise new possibilities for
versatile electrocatalysts. However, similarity between the third metal (i.e., Fe, Ni, Cu, Ti,
etc.) and Co atoms makes the microscopic characterization difficult, thus the structural
details of these “half-intermetallic” are unclear. Fourthly, the morphologies of current Pt-
Co intermetallic are mainly quasi-spherical and partially faceted. The synthesis and
property studies of 1D, 2D, and higher-ordered (i.e., hierarchical and porous structures) Pt-
Co intermetallic NPs could be intriguing. Synthesis of low-dimensional or complex
intermetallic nanostructures are closely related to the understanding of surface energy
control of different facets. Fifthly, for Pt-Co intermetallic electrocatalyst, the MEA
durability performance is still far from reaching the maximum or high-activity values
demonstrated in the RDE studies. How to design such intermetallic ORR electrocatalysts
for MEAs continue to be a challenge. In this context, there is a need to design low-cost

testing strategies to understand the degradation mechanisms and effects of electrolytes and

42

Page 42 of 51



Page 43 of 51 ChemComm

operating conditions in a full cell study. While intermetallic Pt-Co nanoparticles are often
good electrocatalysts for ORR with high durability, excess dissolution of Co atoms from
L1, Pt;Co intermetallic was observed and attributed to the lack of formation of Pt skin
layer.'4" Thus, additional factors beyond the ordered intermetallic structures should be
considered, especially for durability. Development in microscopic characterization
methods in dynamic tracking and modeling, reliable prototyping in MEA testing, and
bridging techniques to better utilize the RDE test for understanding full cell performances

thus become increasingly important.!4!
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