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1. INTRODUCTION

The practical implementation of the hydrogen economy plays a
critical role in the energy transition scenario.' The two pillars of
a green hydrogen economy are fuel cells (FCs) and electrolyzers
(ELs). Low-temperature FCs fed with hydrogen are a key
technology to achieve a decarbonized society. In particular, the
technology of proton-exchange membrane fuel cells (PEMFCs)
is very suitable and almost mature for a large-scale deployment
in the automotive sector and for stationary applications.
PEMFCs are characterized by several appealing features,
including the following: (i) a high energy conversion efficiency
in comparison to internal combustion engines (ICEs); (ii) a
clean operation, whereby water is the only waste product; and
(iii) a demonstrated suitability for introduction in a smart system
of energy production, storage, and utilization.

The development of efficient low-temperature FCs is
bottlenecked by the sluggish kinetics of the oxygen reduction
reaction (ORR) that takes place at the cathode electrode.
Therefore, intense research has been devoted to the design of
highly efficient and durable ORR electrocatalysts (ECs). The
features of an EC crucially contribute to the performance of a
PEMEC; thus, the EC chemical composition, structure, and
morphology must be carefully engineered to obtain devices that
meet the requirements for practical applications. An optimal
ORR EC must (i) minimize the ORR overpotential, typically by
a high concentration of nanosized active sites characterized by a
high turnover frequency and a uniform distribution; this results
in a large electrochemically active surface area (ECSA); (i) be a
very good electrical conductor to minimize ohmic losses; (iii)
possess a suitable morphology to promote the transport of
reactants and products to and from the active sites; (iv) promote
ion-exchange processes between the active sites and the ion-
conducting membrane; (v) be stable under operating conditions
to ensure good durability; and (vi) be synthesized through an
easily scalable protocol to be compatible with large-scale
industrial production.®

This Viewpoint discusses a new family of ECs exhibiting a
hierarchical (H) core—shell support, wherein the core is covered
by a carbon nitride (CN) shell stabilizing the active sites in
unique coordination nests. The synthesis of the resulting HCN-
based ECs is overviewed, highlighting the role played by each
fundamental component and reaction step toward the design of
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ECs including Pt and exhibiting a well-controlled chemical
composition, structure, and morphology to achieve a perform-
ance and durability level beyond the state of the art. The features
of HCN-based ECs are correlated to the trends in performance
observed both in ex situ studies via cyclic voltammetry with the
thin-film rotating ring disk electrode (CV-TF-RRDE) method
and in situ in a single PEMFC tested under operating conditions.
Finally, the advantages of HCN-based ECs in comparison with
state-of-the-art (SoA) ECs and with other families of ORR ECs
with finely controlled morphologies are discussed, as well as the
unique opportunities created by HCN-based ECs in marketable
devices.

2. MAIN FAMILIES OF ORR ECS

2.1. State-of-the-Art ECs. SoA ECs for the ORR exhibit
highly dispersed Pt nanoparticles deposited on a conductive
carbon support with a high surface area (Pt/C). Typical
examples include ECs consisting of 40—50 wt % of Pt supported
on Vulcan XC-72R carbon black. SoA ECs are generally
synthesized through a modified polyol method, whereby a
polyol (e.g., ethylene glycol) is oxidized while reducing metal
ions to generate a metal colloid stabilized by the oxidized form of
the polyol.” This method provides ECs with Pt nanoparticles
exhibiting a rather narrow size distribution (d ~ 2—4 nm).

Nevertheless, the Pt loading provided by SoA ECs at PEMFC
cathodes must be as high as 0.35 mg/cm?. Thus, up to 30 g of Pt
are needed for a typical PEMFC stack powering a light-duty
electric vehicle.* This raises concerns in a high-volume
production scenario because of the low abundance of Pt in
Earth’s crust and the limited geographic distribution of Pt mines,
leading to high costs and significant risks of supply bottlenecks.
In this context, SoA Pt/C ECs still demonstrate an insufficient
mass activity per unit mass of Pt (MA) and durability to meet the
targets set by highly recognized institutes (e.g., the Department
of Energy of the U.S. government, U.S. DOE) for high-
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performing, cost-competitive FC systems suitable for wide-
spread applications.

The most accredited and popular strategy to design SoA ECs
with a reduced Pt content and, at the same time, an enhanced
ORR kinetics involves the introduction of a metal co-catalyst to
form Pt—alloy nanostructures on carbon supports.” Thus, Pt—
alloy ECs including one or more metal co-catalyst such as Ni,
Co, Fe, and lanthanides typically demonstrate a higher ORR
activity than Pt/C ECs.”® In the last two decades, a very large
variety of new Pt and Pt—alloy ECs has been reported in the
scientific literature. Several of these ECs exhibit a MA that meets
or exceeds the targets to achieve a widespread rollout of
PEMFCs. However, such figures are often measured ex situ (e.g.,
through the thin-film rotating (ring) disk electrode, TF-
R(R)DE, method). Hence, in this multitude of ECs it is difficult
to identify actual alternatives to traditional SoA Pt/C ECs
capable of combining a superior performance and durability
with a scalable synthesis procedure that also allows the precise
control of the features of the final material.

The traditional polyol method and its modifications,
including sonication- and microwave-assisted processes, are
largely employed for the synthesis of Pt/C and Pt—alloy ECs
supported on a variety of carbon materials.” Modified polyol
methods enable the obtaining of ECs with a high loading of Pt
and improved control over the distribution and size of Pt-based
particles in comparison with other common synthesis methods
based on wet impregnation followed by chemical reduction in
the presence of a reducing agent or reduction under a hydrogen
atmosphere at high temperature. Other common strategies to
prepare Pt-based ECs consist of post-modification of
commercial Pt/C ECs to introduce a co-catalyst and/or to
dope the carbon support with heteroatoms.” The formation of
bimetallic catalysts can occur by deposition of the second metal
onto Pt/C ECs, followed by annealing at high temperature, or by
precipitation of the second metal as a hydroxide, or b
incorporation of the second metal by sol—gel methods.
However, these techniques provide limited control of particle
size; particle growth and agglomeration are often observed.

2.2, Shape-Controlled ECs. The traditional methods,
which are briefly overviewed in Section 2.1, do not allow for a
precise control of the size, distribution, shape, and chemical
composition of Pt/C and Pt—alloy ECs. This weak control of
preparation processes of ECs curtails the kinetic performance,
reducing the density of highly active species with low-index
surface orientations of Pt and Pt alloys. In an attempt to address
this issue, shape-controlled ECs were devised, featuring metal
nanoparticles with specific shapes, such as cubes or octahedra,
whereby particular surface terminations are preferentially
exposed.” These ECs, especially octahedrally shaped Pt—Ni
ECs, are among the most active reported to date.'® The
preparation of shape-controlled ECs typically uses wet-chemical
synthesis procedures that involve organic high-boiling solvents,
as well as surfactants and capping agents that are to be removed
via post-synthesis treatments that often combine several
washing, cleaning, and annealing steps.9 Therefore, the synthesis
of shape-controlled ECs is generally complicated and time-
consuming, and the use of organic solvents raises the costs in
comparison to water-based or solid-state procedures. While
some works reported the preparation of shape-controlled ECs in
continuous flow reactors or with solid-state methods,"" the vast
majority of shape-controlled ECs is obtained in small quantities
and only tested ex situ; therefore, their performance in actual
PEMFCs remains to be validated."’
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2.3. HCN-based ECs. The HCN-based ECs here described
were developed to obtain high-performing ECs also able to
address the durability shortcomings of conventional Pt/C and
especially Pt—alloy ECs. Indeed, Pt—alloy ECs including
transition metal co-catalysts (see Section 2.1 and Section 2.2)
tend to exhibit a poor durability owing to the occurrence of
dealloying processes involving the preferential dissolution of the
co-catalyst followed by Ostwald ripening and formation of large
metal aggegates; at the same time, the carbon support is
oxidized.'” Therefore, upon aging, in Pt—alloy ECs the
utilization of Pt and the ECSA decrease, while ohmic losses
increase. One effective strategy to stabilize the ORR EC as a
whole is to create strong interactions between the metal particles
bearing the active sites and the support. Such interactions must
be able to inhibit (i) the leaching of metal species upon EC
operation and (ii) the oxidation of the support. The
introduction of nitrogen atoms in the carbon support is a highly
promising strategy to achieve these goals, enhancing the
coordination and stability of the active sites."> Indeed, carbon
nitride (CN)-based ECs bearing Pt and Pt-alloy active sites
generally demonstrate an improved performance and durability
in comparison with SoA Pt/C ECs because (i) N atoms promote
the ORR kinetics through bifunctional and electronic effects,
and (ii) the strong interactions mediated by the N atoms
between the metals included in the active sites and the support
inhibit the leaching of metal species, particle agglomeration, and
support oxidation. The synthesis processes to obtain CN-based
ECs also allow the tailoring of the features of the carbon
supports, with a profound impact on the distribution, stability,
and accessibility of the active sites.'* A broad variety of carbon
materials, including carbon nanoparticles and nanotubes,
graphene, and their derivatives have been extensively explored
to shape the morphology of the final ECs.

Our group has developed an easily scalable synthesis
procedure for the preparation of core—shell Pt-based ECs with
a hierarchical (H) morphology, based on a carbon nitride (CN)
matrix and including one or more co-catalysts. These HCN-
based ECs possess a carbon core covered by a CN-based shell,
upon which active sites are stabilized in coordination nests
through strong interactions with C and N ligands. HCN-based
ECs demonstrated a very promising performance and durability.
The best HCN-based ECs include a very thin CN-based shell
with a low concentration of N (<5 wt %) covering
homogeneously the carbon core. N in this shell is located only
in the nanoparticle coordination nest, i.e., in close proximity to the
active sites. Accordingly, the thin layer of the CN shell is able to
stabilize the metal alloy nanoparticle with the desired
composition, structure, and shape, allowing to (i) maintain a
facile charge transport between the external circuit and the active
sites and (ii) obtain a good accessibility of reagents to the active
site. The ohmic drops affecting the best HCN-based ECs are
thus very similar to those introduced by conventional Pt/C and
Pt—alloy ECs including only carbon supports. The proposed
synthesis procedure has numerous favorable characteristics:

(a) Each reactant and process step serves to define well-
understood aspects of the chemical composition,
morphology, and structure of HCN-based ECs. Thus,
these features can be modulated by rationally tuning the
synthesis conditions.

(b) No sophisticated, highly specialized, and costly equip-

ment is required.
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Figure 1. Comparison of relevant figures of merit for SoA ECs (blue line), shape-controlled ECs (green line), and HCN-based ECs (red line).

(c) Iteasily provides HCN-based ECs at the gram scale, and it
can be readily scaled-up.

(d) It can also be adapted to obtain high-performing platinum
group metal (PGM)-free HCN-based ECs by replacing
the Pt (or PGM) precursor with a non-PGM precursor.

This flexible yet simple procedure has been optimized over
the years to obtain both PGM and PGM-free HCN-based ECs
that aspproach or surpass the U.S. DOE targets for practical
FCs."> Furthermore, HCN-based ECs can be integrated into
membrane—electrode assemblies (MEAs), the critical func-
tional component at the heart of the PEMFC, through simple
operations and without compromising their performance.

Figure 1 provides a general comparison between the most
relevant figures of merit of (i) SoA ECs (both Pt/C ECs and Pt—
alloy ECs), (ii) the HCN-based ECs developed in our
laboratories, and (iii) shape-controlled ECs.

3. DESIDERATA FOR HIGH-PERFORMING PGM-BASED
ORR ECS

To foster the large-scale rollout of PEMFCs, it is paramount to
develop PGM-based ECs that overcome the sluggish ORR
kinetics, while also being highly durable, easy to produce in large
amounts, and simple to implement in practical devices. The
following Desiderata for PGM-based ORR ECs can then be
identified:

(a) Enhanced ORR kinetics at a relatively low PGM content. The
active sites must be devised to shift the onset potential of
the ORR toward higher values (i.e., the activation barrier
for the ORR, AGygg, must be decreased) at a reduced
PGM loading. High-performing ECs must exhibit a mass
activity >0.44 A/mgpgy, measured at 0.9 V vs RHE, and
achieve a specific power of 8 kW/gpgy or more. "

(b) High selectivity toward the four-electron ORR mechanism.
Indeed, the competing two-electron ORR mechanism
yields H,0,, a highly oxidizing agent that is known to
degrade the durability of the PEMFC.

(c) Good charge transport, which is strongly modulated by the
electrical conductivity of the support.

(d) Facile mass transport. The ECs should exhibit a suitable
morphology/porosity to promote the access of reactants
to active sites. The ECSA of the EC should be at least on
the order of 70—90 m?/g."® The hydrophilicity/hydro-
phobicity of the support must allow for the removal of the
water produced by the ORR, preventing flooding.

(e) Long-term durability. The active sites and the EC as a
whole must remain stable during long-term FC operation.
The latter should last for at least 8 000 h."” The loss in
mass activity should not exceed 40% of its initial value
after 30 000 cycles.

(f) Scalable synthesis. The synthesis process should be simple,
flexible, low-cost, and easy to upscale to facilitate the mass
production of the EC.

(g) Facile implementation in MEAs. The ECs must be
integrated in MEAs through a facile procedure that does
not alter the intrinsic properties of the EC.

4. FEATURES OF PGM-BASED ECS FOR THE ORR THAT
MEET THE DESIDERATA

In order to meet the Desiderata for high-performing ORR ECs
described in Section 3, the chemical composition, structure,
morphology, and porosimetric features of PGM-based ECs must
be carefully tailored, in compliance with the following points:

(a) Enhanced ORR kinetics and reduced PGM content are
obtained by modulating the chemical composition of the
active sites. The choice of the co-catalyst has a critical

https://doi.org/10.1021/acscatal.2c03723
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right.

effect to raise the ORR onset potential and the turnover
frequency of the EC. First-row transition metal co-
catalysts such as Fe, Ni, and Co promote the ORR kinetics
through electronic and bifunctional effects, e.g., promot-
ing the first electron transfer from the EC to the incoming
0, molecule and favoring the desorption of the ORR
products.”® The stoichiometric ratio between the PGM
and co-catalyst is also important; a dealloying step is often
necessary to remove the excess labile co-catalyst.”’ In
addition, the N atoms in the matrix, if present, contribute
to enhancing the ORR kinetics through additional
electronic/bifunctional effects.” Finally, the size and
uniformity of the active sites are critical to obtain a high
PGM utilization.
(b) A high selectivity toward the 4e” ORR mechanism is
achieved by modulating the composition and stoichiom-
etry of the active sites, as a high density of pairs of free
nexghborln% PGM sites minimizes the yield of the H,0,
byproduct.”> The 4e” selectivity is also raised by
minimizing the presence of oxygen functionalities in the
carbon matrix.
Efficient charge transport depends on the choice of the
carbon materials introduced in the support, as well as on
the content of heteroatoms (e.g, N, S). Explored carbon
materials for PGM-based ECs include Vulcan XC-72R
carbon black, Ketjen Black, graphene, carbon nanotubes,
and ordered meso/microporous carbons.'” Highly
conductive carbon materials promote charge transport,
and the synthesis procedure yielding the EC should
ensure sufficient graphitization of the carbon matrix to
further boost the conductivity.” A high content of N
atoms (>S5 wt %) in CN-based ECs leads to high ohmic
drops, which strongly impact the performance at
intermediate/low voltages in an operating PEMFC.
Therefore, it is preferred to locate N atoms only in

12294

(d)

(e)

close proximity to the active sites to enhance the activity
and stability of the active sites wuhout compromising the
electrical conductivity of the EC.”

Mass transport is facilitated by the presence of large,
interconnected pores that provide an easy access to the
incoming molecules of O, reactant to the active sites.
Therefore, the surface area of the EC and the distribution
of macro-, meso-, and micropores play a fundamental role
in the mass transport and in the accessibility of the active
sites. Carbon materials with a high surface area (e.g,
Ketjen Black) are generally beneficial for mass transport,
resulting in an improved performance at intermediate/
low potential in an operating PEMFC. HCN-based ECs
canbe de51gned to provide highly dispersed and accessible
active sites.”’ The morphology of the support may also
affect the size of metal particles as it modulates the
reaction conditions during the synthesis process; in turn,
this may have a strong impact on the ECSA. Furthermore,
a predominant distribution of metal particles on the outer
surface of the carbon support can lead to ionomer
poisoning of the EC."” Thus, tuning the porosity features
of the support and accommodating the active sites inside
accessible pores are critical to preventing losses in EC
performance.

Durability is modulated by the stability of the active sites
and of the support in the entire potential range covered by
an operating PEMFC and under various back-pressures of
feed gases. The establishment of strong interactions
between the metal particles bearing the active sites and
the support is beneficial to the stabilization of the EC.
When the EC is integrated in the MEA, the presence of N
atoms in the carbon-based support can raise the durability
by promoting an improved ionomer distribution.”” It has
also been demonstrated that pyrrolic nitrogen species
inhibit carbon corrosion, thus leading to a higher and

https://doi.org/10.1021/acscatal.2c03723
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more stable performance.”* Moreover, the uniformity of
metal particle size and dispersion onto the carbon support
contribute to raising the durability and reducing the loss
in mass activity and the corrosion of the carbon support.
The latter is also influenced by the type and specific
features of carbon materials (e.g., density of defects).”

Importantly, to close the gap between lab-scale research and
industrialization, the following are critical:

(a) The synthesis of ECs is carried out through easily
available and low-cost precursors and equipment, limiting
the use of hazardous/polluting materials/solvents and
time-consuming steps.

(b) The process to integrate the EC into the cathodic
electrocatalytic layer and into the MEA is to be facile and
scalable, and the conditions must be optimized to
preserve the EC features.

(c) The MEA performance in PEMFCs must mirror as closely
as possible the performance measured ex situ via CV-TE-
RRDE. Though other techniques have become available
to determine an EC performance under more practical
conditions, such as the floating electrode techniques
(FETs) and the half-cell gas diffusion electrode (GDE)
method, single-cell MEA tests remain the most relevant
and realistic."*

SoA Pt/C ECs without co-catalysts do not meet the
Desiderata in terms of ORR kinetics and durability. The main
reasons are attributed to the following (Figure 2a):

(a) the relatively large ORR overpotential (associated with a
high activation energy barrier of the ORR, AGpgg) in
comparison with most other advanced ECs bearing Pt—
alloy active sites;

(b) the weak interactions between Pt nanoparticles and the
carbon support, which result in metal dissolution and
particle aggregation during prolonged cycling;

(c) the tendency of the carbon support to be corroded,
further limiting the performance and durability.

Conversely, the features of HCN-based ECs are specifically
tailored to meet the Desiderata and overcome the main
weaknesses of SoA Pt/C ECs (Figure 2b). The next section
elucidates how the various components and steps in the
synthesis of HCN-based ECs cooperate to result in highly active
and stable ORR catalysts.

5. SYNTHESIS AND FEATURES OF HIGH-PERFORMING
HCN-BASED ECS

The synthesis of HCN-based ECs consists of three main steps
(Figure 3a):

I. impregnation of the hierarchical support (H) with a
zeolitic inorganic—organic polymer electrolyte (Z-
IOPE);

II. multistep pyrolysis process;

III. activation process.

The following components are added during Step I: (i) the
precursor of the catalyst (i.e., the element providing the largest
contribution to the ORR kinetics; in HCN-based ECs it is
typically Pt or Pd); (ii) the precursor(s) of the co-catalyst(s) (i.e.,
the element(s) boosting the ORR kinetics of the catalyst; in
HCN-based ECs it is typically a first-row transition element such
as Ni, Cu, Fe or Co); (iii) the binder, which is the main source of
the C atoms of the CN shell; and (iv) the species forming the
hierarchical support H. These components play a pivotal role in
the determination of the composition, structure, and morphol-
ogy of the final HCN-based EC. The precursor of the catalyst,
the precursor(s) of the co-catalyst(s), and the binder react
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Figure 4. Selected features of HCN-based ECs: (a) details of the Z-IOPE synthesis; (b) typical core—shell morphology of HCN-based ECs (figure
reproduced with permission from The Electrochemical Society);2 (c) impact of the morphology of the support on that of the final HCN-based ECs;
and (d) example of the effect of the activation process on the structural features of the fcc phases of HCN-based ECs.

forming a zeolitic inorganic—organic polymer electrolyte—Z-IOPE.
The latter is a 3D-cross-linked system where metal atom
complexes are embedded in anionic clusters bridged together by
the molecules/macromolecules of the binder.”**"** In HCN-
based ECs, the N atoms in the CN matrix (the shell) are typically
provided by the cyano groups of the precursors of the co-
catalyst(s). The selection of carbon materials for the support is
flexible; different carbon types, including mixtures of different
carbons, were used in reported HCN-based ECs.”” One or more
templating agents can also be introduced during Step I. The
introduction of a templating agent is meant to (i) improve the
dispersion of the active sites on the EC surface; (ii) modulate the
chemical composition of the active sites; and (iii) define the
porosimetric features of the final EC. The templating agent must
be removed (e.g,, by chemical etching) during the subsequent
synthesis steps to ensure that the charge and especially the mass
transport features of the HCN-based ECs are optimized. The
multistep pyrolysis process (Step II) begins with a low-
temperature stage (T < 300 °C) to consolidate the morphology
and the structure of the system and form an infusible CN shell in
the precursor. The following pyrolysis stages (i) trigger the
nucleation and growth of the metal nanostructures bearing the
active sites; (ii) graphitize the CN matrix on the support, raising
the conductivity and durability; and (iii) create in the CN shell
N- and C-coordination nests that stabilize the above-mentioned
metal nanostructures.”””* In Step III the EC activation is
carried out by different procedures that may involve both
chemical and/or electrochemical treatments. The latter are
meant to etch only undesired species found mostly in the surface
of the system. Step III eliminates excess co-catalyst and further
modulates the composition, structure, and morphology of the
final shell of the HCN-based EC (e.g., removing labile synthesis
byproducts). The following paragraphs present the synthesis
protocol of HCN-based ECs in more detail and discuss the
impact of each component and step on the final performance,
which is summarized in Figure 3b.

5.1. Catalyst and Co-catalyst Precursors as Nitrogen
Sources. In HCN-based ECs, the catalyst and co-catalyst
precursors provide the following: (i) the metal species forming
the ORR active sites and (ii) the N atoms that will be included in

the carbon nitride (CN) matrix (the shell). At the beginning of
our research on ECs, our interest was focused on materials based
only on the CN matrix and without a carbon core. To obtain
these ECs, we used macromolecules containing N (e.g,
polyacrylonitrile)*® both (i) as the source of N atoms and (ii)
as ligands to obtain a hybrid inorganic—organic precursor for the
final EC. At the end of the synthesis process, the EC consisted of
a CN matrix dispersing homogeneously, both on the surface and
in the bulk, a high concentration of N atoms (>5 wt %). This led
to an EC triggering a high ohmic drop, though a good tolerance
to ORR contaminants was also achieved.””**® Further studies
demonstrated that ECs based on a CN matrix that included a
limited amount of N atoms (<S5 wt %) located mostly around the
metal particles bearing the active sites exhibited an improved
ORR kinetics and yielded a lower ohmic drop. These ECs were
obtained by pyrolyzing a precursor based on a Z-IOPE. The CN
matrix of the resulting EC consists of N- and C-coordination
nests, which stabilize the metal nanostructures bearing the active
sites by forming strong covalent interactions. In a typical
protocol for the preparation of Pt—alloy HCN-based ECs, the
catalyst precursor is a metal complex bearing good leaving
groups, e.g., a chlorometalate compound such as K,PtCl,. The
co-catalyst precursor is a cyanometalate compound, e.g,
K,Ni(CN), or K,Fe(CN), This reaction scheme is very
flexible, as it can be implemented with a large variety of
KM, Cl, and K. M,;(CN), compounds where M; and M; can be
either PGMs (e.g., Pt, Pd, Rb, ...) or non-PGMs (e.g., Sn, Fe, Co,
Nj, ...). Hence, the proposed reaction scheme can yield a PGM-
free Z-10OPE; the latter can be used in the synthesis of PGM-free
HCN-based ECs."””" Other heteroatoms (e.g, S) can be
introduced in the HCN-based EC by using catalyst and/or co-
catalyst precursors bearing suitable ligands (e.g., SCN). The
selection of metal precursors has a very important impact on the
implementation of HCN-based ECs in a PEMFC and on the
performance of the device (Figure 3b). In conclusion, the
selected metals and their stoichiometry affect the following: (i)
the loading of critical raw materials (e.g., Pt) in the final HCN-
based ECs and thus the cost of the ECs and of the final PEMFC
stack; (ii) the ORR kinetics; and (iii) to some extent, the
durability of the final HCN-based EC (e.g, typically, the ECs
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including Cu as a co-catalyst present a lower durability with
respect to those based on Ni).

5.2. Binder and Z-IOPE Formation. The Z-IOPE is
typically obtained by reacting the following: (i) an aqueous
solution including the chlorometalate complex and the binder
and (ii) a second aqueous solution including the cyanometalate
specie(s) and the binder (Figure 4a). The binder is typically an
organic molecule/macromolecule with a high density of —OH
groups such as sucrose or poly(ethylene oxide).”® In a complex
series of chemical equilibria (i) the cyanometalate ligand
coordinates the metal of the chlorometalate complex by
displacing its chloride groups, forming clusters of complexes
bridged by —CN— groups, and (ii) these clusters are then
networked by the binder, triggering a sol — gel and gel — plastic
transition that yields the final Z-IOPE (Figure 4a). The
precursor of the HCN-based ECs is obtained as follows. (i)
The solid species forming the H support and, optionally, the
templating agent are added to the aqueous solutions used to
synthesize the Z-IOPE. (ii) The chlorometalate, the cyanome-
talate complex(es), and the binder adsorb on the surface of the
solid species giving rise to the H support. (iii) The above-
described sol — gel and gel — plastic transition forms a thin
layer of Z-IOPE precursor wrapping the surface of the solid H
support. The type and amount of binder used affect the
uniformity and thickness of the Z-IOPE layer covering the H
support of the HCN-based EC precursor. These parameters are
crucial to the modulation of the uniformity and thickness of the
CN matrix forming the homogeneous shell of the H support in
the final HCN-based ECs. This thin, uniform CN shell stabilizes
the metal alloy nanoparticles bearing the active sites in N- and C-
coordination nests. In conclusion, the binder has a modest impact
on the charge and mass transport properties (Figure 3b) and a
significant impact on the consolidation of the active sites in the
coordination nests and thus on the durability of HCN-based ECs.

5.3. H Support: Carbonaceous Species and Templat-
ing Agent(s). The H support can be obtained starting from a
wide variety of carbon materials. The latter are selected to
bestow the final HCN-based EC beneficial properties including
the following: (i) a high electrical conductivity, to minimize
ohmic losses; (ii) a large surface area, to facilitate mass transport;
and (iii) a good tolerance to oxidizing conditions, to raise
durability.”> Carbon black is frequently used owing to the large
surface area and the low microporosity, as well as the possibility
to easily control the surface concentration of —OH groups,
modulating the hydrophilicity. However, carbon black limits the
possibility to fine-tune the pore structure of the final EC.
Furthermore, other carbon materials (e.g., graphene and carbon
nanotubes) exhibit a higher electrical conductivity than carbon
black. Graphene is characterized by a high electrical conductivity
and by a very low microporosity that raises the accessibility of
the active sites. These features prompted the synthesis of HCN-
based ECs wherein the H support includes graphene and other
carbon materials. Graphene derivatives such as graphene oxide
(GO) and reduced GO (RGO) can also be used in the H
support. Carbon nanotubes (CNTs) exhibit a good electrical
conductivity and thermal stability and were also used in the
synthesis of HCN-based ECs. The presence of defects such as
edges and/or heteroatoms on graphene, CNTs, and their
derivatives facilitates the nucleation of the metal nanostructures
bearing the active sites during the synthesis of the HCN-based
EC. This affects the distribution of the active sites on the CN
shell and modulates the structure and interactions of the CN shell
and of the H support. During Step I of the HCN-based EC

synthesis, the selected carbon materials that form the H support
are wrapped by the Z-IOPE.” Thus, after the synthesis the
carbon materials end up composing the conductive core wrapped
by the CN 3D network constituting the shell (Figure 4b). The
weight ratio between (i) the carbon materials used to obtain the
H support and (ii) the catalyst and co-catalyst(s) precursors
determines the metal content in the final HCN-based EC. The
properties of the carbon materials affect strongly the
morphology and the porosity features of the final HCN-based
ECs (Figure 4c). In conclusion, the H support has a critical
impact on the mass transport features and the electrical
conductivity of the HCN-based ECs (Figure 3b). The
hydrophilicity of the H support determines the polarity of the
surface of the final ECs and thus the extent of their flooding
during cycling in a FC; this modulates the durability of the
HCN-based EC. Finally, the porosity features of the H support
have a strong impact on reagent accessibility to the active sites of
ECs.

The use of a hard template is a common strategy presented in
the literature to synthesize porous carbon supports with an
exceptionally high surface area and well-controlled porosity
features.”” In the synthesis of HCN-based ECs, the templating
agent is a sacrificial component introduced in the H support.
The templating agent modulates the morphology of both the H
support and of the entire HCN-based EC by constraining the
diffusion of both the organic species and the metals during the
pyrolysis process. As a result, it is possible to modulate the size
and the dispersion of the metal nanostructures that will bear the
active sites for the ORR. In some instances (e.g, using
templating agents consisting of first-row transition metals and
first-row transition metal oxides such as Cu and CuO,), during
the pyrolysis process the atoms of the templating agent diffuse
into the metal nanostructures that will bear the active sites for
the ORR. This affects the ORR kinetics of the final HCN-based
EC. The templating agent is etched before the final HCN-based
EC is obtained. The chemical composition of the templating
agent is selected considering the following: (i) how easily it can
be mixed with carbon materials, to obtain a homogeneous
precursor of the HCN-based EC; (ii) how stable it is at the high
temperatures of the pyrolysis process, to minimize undesired
side reactions; and (iii) how easily it can be etched without
damaging the performance and durability of the final HCN-
based EC. Metal oxide nanoparticles are common templating
agents and include (i) SiO, (suitable to obtain a mesoporous
support), (ii) MgO, and (iii) ZnO. ZnO is unstable at T > 500
°C, as it reacts with carbon species; thus, it can possibly affect
negatively the morphology of the final system.”” The effect of the
templating agent on the features of HCN-based ECs is included
in the impact of the support in Figure 3b. Specifically, in HCN-
based ECs the templating agent plays a major role to (i) raise the
surface area, (ii) define the porosity, and (iii) modulate the
distribution and accessibility of the active sites. To a lesser
extent, the templating agent may affect the chemical
composition of the active sites for the ORR. In conclusion, the
templating agent has a strong impact on mass transport
properties and a minor impact on the ORR kinetics of the
HCN-based ECs.

5.4. Multistep Pyrolysis. The multistep pyrolysis process in
an inert atmosphere or under vacuum yields HCN-based ECs
with a well-defined core—shell morphology and active sites
stabilized in C- and N-coordination nests. The first pyrolysis step
is carried out at a relatively low temperature (150—300 °C) to
(i) eliminate water and other low-molecular weight compounds
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and (ii) consolidate the morphology and the structure of the CN
shell. Thus, an infusible precursor of the shell is obtained,
wherein metal atoms are still homogeneously dispersed in the
CN matrix.”** The following pyrolysis step(s) are conducted at
higher temperature (400—900 °C). During the high-temper-
ature pyrolysis, metal atoms diffuse through the CN matrix, and
the metal nanoparticles/nanostructures bearing the ORR active
sites nucleate and grow in this phase.””’ Correspondingly, the
metal nanoparticles/ nanostructures establish strong interac-
tions with the CN shell via N- and C-ligands of coordination nests,
which are critical to achieving a high durability (Figure 3a).2>?7
The high temperature also promotes the graphitization of the
CN matrix, raising the conductivity of the HCN-based EC.” The
thermal stability of the templating agent, if introduced in Step I,
must be considered when establishing the pyrolysis temperature.
This is to prevent undesired decomposition phenomena that
could be detrimental to the performance and the durability of
the HCN-based ECs. In conclusion (Figure 3b), the pyrolysis
step has a moderate impact (i) on the ORR kinetics, as it
rearranges metal atoms that are already present in the system to
form the active sites, and (ii) on the mass transport properties, as
it modulates the morphology of the metal nanoparticles/
nanostructures bearing the active sites. The pyrolysis step has a
strong impact on charge transport, as it controls the progress of
the graphitization of the CN shell. Finally, the pyrolysis step has a
crucial impact on durability because it establishes strong
interactions between the active sites on metal alloys and the
CN shell of the HCN-based ECs.

5.5. Activation. The final step in the synthesis of HCN-
based ECs is an activation process, which (i) eliminates labile
reaction byproducts, (ii) removes excess co-catalyst(s), and (ii)
stabilizes the catalyst (typically a PGM such as Pt or Pd)

12298

nanoparticles as much as possible. The elimination of labile
reaction byproducts (i) removes contaminants from the active
sites, raising ORR kinetics and accessibility; and (ii) improves
the graphitization of the CN matrix, improving electrical
conductivity and durability. The process that removes the
excess co-catalyst(s) and raises the stoichiometric ratio between
catalyst and co-catalyst is better known as “dealloying”. Upon
activation, (i) the stoichiometry of the active sites is fixed, and
(ii) the exposure of the active sites to the environment is raised
(Figure 4b and c), improving accessibility and ECSA. The
dealloying process is driven by the Kirkendall effect,”* a vacancy-
mediated diffusion mechanism whereby the co-catalyst(s)
atoms diffuse faster than Pt and are eventually removed,
resulting in a modification of the chemical composition and
morphology of the metal nanoparticles/nanostructures bearing
the active sites. Dealloying affects the interatomic distance
between Pt atoms in the fcc PtM, alloys that typically bear the
active sites in HCN-based ECs, triggering electronic effects that
raise the ORR kinetics (Figure 4d).”’ Dealloying can also
decrease the grain size of the same alloys (Figure 4d). The
activation/dealloying process can be achieved through either/
both chemical and electrochemical processes (e.g., by multiple
treatments of the EC with a diluted acid solution). In conclusion,
the final activation step has a massive impact on ORR kinetics,
electrical conductivity, mass transport features, and durability of
the HCN-based ECs (Figure 3b) and is a unique and crucial
aspect that distinguishes the proposed synthesis route from all
the other methods described in the literature.
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6. SELECTED EXAMPLES ON THE IMPACT OF
HCN-BASED EC FEATURES ON THEIR
PERFORMANCE AND DURABILITY

The synthesis strategy yielding HCN-based ECs has been
tailored to design ECs with continually improving features and
able to meet the performance targets set by international
organizations such as the U.S. DOE. The impact of the N
content was observed in the early stages of these studies and
represented a breakthrough in the development of HCN-based
ECs.” Figure 5a shows the ORR profiles (measured via the CV-
TF-RRDE method in an acidic environment) of two trimetallic
ECs including active sites composed of Pd, Co, and Ni
embedded in a CN matrix with a N content either >5 wt %
(high-N) or <5 wt % (low-N), compared with a SoA Pt/C EC.»
The high-N EC shows much poorer performance at
intermediate and low potentials, indicative of a lower electrical
conductivity and a less effective mass transport. These
characteristics are largely improved when N atoms are
introduced in limited amount and only located in the proximity
of the active sites. Moreover, the onset potential measured as
E(Jp.(5%))* increases from high-N (0.907 V) to low-N (0.917
V), approaching the value exhibited by the Pt/C ref. (0.932 V).
This suggests that the presence of N atoms close to the active
sites contributes to enhancing of the ORR kinetics through
bifunctional/electronic effects. The selectivity of the ECs for the
4e” reduction mechanism, which can be inferred from the
current collected on the ring electrode, is unaffected by the N
content and is lower than that of the SoA EC, owing to mainly
the presence of oxophilic Pd in the active sites.”

Both the ORR kinetics and selectivity in the 4e™ mechanism
were then strongly improved by designing Pt—alloy HCN-based
ECs with N < § wt %, using Ni as a co-catalyst (Figure Sb). Ni
behaves as a strong Lewis acid and promotes the desorption of
the ORR reaction products via a bifunctional mechanism. In
addition, the ORR kinetics is improved by electronic effects
triggered by the compression of the cell constant of Pt upon
alloying with Ni. As a consequence, the E(Jp(5%)) of the HCN-
based EC is ca. 40 mV more positive than the E(Jp,(5%)) of the
Pt/C EC, and the ring current is slightly decreased
(corresponding to a lower yield of H,0,). The PtNi HCN-
based EC demonstrated much improved durability in
comparison with the Pt/C EC in CV-TF-RRDE tests (Figure
Sc), with the ORR overpotential increasing by only ca. 35 mV
upon 20 000 accelerated aging cycles, in contrast with a >100
mV increase for the SoA EC in the same conditions.

The effective translation of EC performance from the RRDE
setting to the MEA and the FC device remains the most
important challenge toward the development and commercial-
ization of novel ORR ECs; this is particularly evident for shape-
controlled ECs.'” Conversely, HCN-based ECs can be
integrated into MEAs without compromising their features,
obtaining single PEMFC performance that mirrors quite closely
the outcome of CV-TF-RRDE studies (Figure Sb and d).

Figure Sd shows the polarization curve of the PtNi HCN-
based EC described above, measured using pure oxygen as the
fuel and under a high back-pressure of 4 bar. The Pt loading in
the cathodic electrocatalytic layer of the MEA is 0.05 mgp,/cm?.
Under these conditions, with respect to the Pt/C benchmark,
the E(Jp(5%)) of the HCN-based EC is positively shifted by ca.
40 mV as in the CV-TF-RRDE study. Considering the low Pt
content at the cathode, the MEA mounting the HCN-based EC

reaches a maximum mass power of ca. 17 kW/gp,, which is more
than twice the 2020 U.S. DOE target."®

HCN-based ECs tend to exhibit an improved performance in
a single PEMFC, especially under a high back-pressure of
reactant gases and in particular when pure O, is used as the
oxidant. This opens the door to a yet-unexplored concept in FC
technologies. Indeed, the urgency and continuous investments
to realize a green hydrogen economy are driving the rapid
development and commercialization of electrolyzers (ELs) that
produce green H, from water using electricity obtained from
renewable sources. Though the H, production currently attracts
the most attention owing to its use in FCs, industrial processes,
etc., it should be noted that the water electrolysis also yields pure
O,. However, this latter gas is typically dumped in the
atmosphere with a significant loss of process efficiency. This
wasteful approach is justified if we consider that when
conventional SoA Pt/C ECs operate under pure O,, they do
not exhibit a durability level complying with the requirements
set by applications. Thus, O, is virtually useless as an oxidant for
PEMFCs meant for most conventional applications. On the
other hand, HCN-based ECs are expected to be much more
tolerant to oxidative degradation owing to (i) the resilience of
the CN shell and (ii) the strong interactions between the CN
shell and the metal nanoparticles/nanostructures bearing the
ORR active sites. This would result in a performance level that
surpasses that afforded by SoA ECs (Figure Sd) with an
adequate durability, at the same time preventing the waste of the
O, produced in ELs.

7. CONCLUSION AND PERSPECTIVES

HCN-based ECs represent a new and very promising family of
high-performing ORR ECs that exhibit improved ORR kinetics
and durability in comparison with SoA ECs as a result of the
rational tailoring of their chemical composition, structure, and
morphology. Moreover, HCN-based ECs are prepared through
an extremely flexible and easily scalable synthesis protocol, and
they demonstrate comparable performance in CV-TF-RRDE
studies and in a single PEMFC. This is in stark contrast with a
multitude of exotic ECs reported in the literature (e.g., Pt alloys,
shape-controlled systems) that display outstanding performance
in CV-TF-RRDE studies only. In addition, HCN-based ECs are
still similar enough to SoA ECs to be able to exploit the technical
advancements in other MEA components (e.g., ion-exchange
membrane, gas-diffusion layers). Therefore, HCN-based ECs
hold great promise as next-generation ECs for PEMFCs with a
lower cost, better performance, and durability and very suitable
for large-scale rollout.

Furthermore, and very differently from SoA ECs, the unique
features and the strong interactions between the metal
nanoparticles/nanostructures bearing the active sites and the
CN-based shell covering the support of HCN-based ECs likely
make these latter materials suitable for long-term operation
under a high back-pressure of pure O, used as the oxidant. This
hints at the possibility to usefully exploit not only the “green
hydrogen” that is produced in a water EL but also the O, that is
obtained simultaneously and that would otherwise be wasted. It
would only be necessary to feed directly both gases into the
PEMFC mounting the HCN-based ECs at the cathode.
Therefore, HCN-based ECs could open a new perspective
whereby it may become possible to take full advantage of the fast
growth of green hydrogen production to reap additional benefits
from the large-scale implementation of the hydrogen economy.
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