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1. Introduction

Fuel cells (FCs) are a crucial technology for both stationary and
mobile applications in a decarbonized economy [1]. In particular, pro-
ton exchange membrane FCs (PEMFCs) operate at low temperatures
(60-100 °C) with an energy conversion efficiency up to 60% or more.
They are commonly used in FC electric vehicles, which are set to top 10
million by 2030 [1,2]. However, the reliance on critical raw materials
(CRMs) such as platinum-group metals (PGMs), that are prone to trigger
supply bottlenecks, and the limited durability of state-of-the-art PEMFCs
inhibit the latter’s commercialization and large-scale rollout.

The sluggish kinetics of the oxygen reduction reaction (ORR), that
occurs at the cathode of a PEMFC, typically requires the introduction of
a PGM-based electrocatalyst (EC) in the cathodic electrocatalytic layer
[1,3]. The platinum loading is typically high, ca. 0.35 mgprcm ™2 In a
high-volume production scenario, the cost of the EC is projected to ac-
count for up to 60% of the stack cost of a PEMFC for heavy-duty vehicles
[4]. Therefore, it becomes necessary to develop effective ECs with a low
PGM loading and/or non-PGM ECs to curtail the costs (for instance, the
ultimate cost target set by the U.S. Department of Energy, DOE, is 30
$/kWhep) [5]. Furthermore, PGMs are part of the Critical Raw Materials
list compiled by the European Union, with a moderate supply risk [6]. In
fact, PGMs are very scarce in Earth’s crust and their geographical dis-
tribution is very uneven, with the vast majority of Pt (71%) coming from
South Africa [6]. Thus, it is of the utmost importance to decrease the Pt
loading in the cathodic electrocatalytic layer to <0.1 mgpi-cm™2, at the
same time ensuring a device durability of 8000 h for mobile applications
[1,5].

State-of-the-art ECs for the ORR consist of Pt nanoparticles supported
on carbon black; they are typically indicated as Pt/C ECs [3,7]. The
carbon support has the advantages of low cost, high electrical conduc-
tivity and high surface area. However, the performance of commercial
Pt/C ECs tends to rapidly deteriorate due to a variety of phenomena,
including the corrosion of the carbon support, detachment of Pt NPs and
their coalescence with consequent loss of specific surface area [8-10].
One of the most effective approaches to simultaneously improve EC
activity and durability while decreasing Pt loading is alloying Pt with
other transition metals [11,12]. It is widely claimed that Pt alloying
changes the binding strength of ORR intermediates with the surface of
active sites, which can result in a decreased ORR overpotential and
improved performance [7,13]. Nevertheless, the long-term stability of
Pt-alloy-based ECs is often not satisfying, as dealloying occurs under the
harsh FC operating conditions, causing oxidation and dissolution of the
non-noble metals.

To enhance the EC durability, it becomes critical to tune the nature
and morphology of the support [14]. The development of a carbon
nitride (CN) matrix is a highly promising strategy to extend EC lifetime,
as nitrogen atoms are embedded in the carbon support and help forming
“coordination nests” for metal-based nanostructures [3,15]. The strong
interactions between active sites and the CN-based support inhibit
particle detachment and agglomeration. Moreover, N atoms promote the
ORR kinetics through bifunctional and electronic effects [3,16]. A
relatively high loading of N atoms (>5 wt%) can further improve the EC
tolerance to contaminants [3,17]. On the other hand, a high N content
increases the ohmic drops and worsen the performance if compared to
CN-based ECs with a low N content (<5 wt%), wherein N atoms are
mostly located in proximity of the active sites [17].

The morphology of a Pt-based EC for the ORR determines the
accessibility of active sites and the utilization of Pt [3,7]. A core-shell
morphology comprising a Pt-based shell surrounding a less-expensive,
conductive core, offers a multiplicity of tailorable features to enhance
the activity and durability of the EC [18]. CN-based ECs can be designed
with a core-shell morphology, whereby the CN matrix stabilizing the
metal active sites forms a shell around a conductive carbon core. Simple
and scalable protocols have been developed in our laboratory for the
synthesis of both low-PGM and PGM-free core-shell CN-based ECs [3,17,
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19,20], enabling to screen relatively large families of these materials and
optimize the synthetic conditions to achieve targeted performance and
durability.

Herein, we report a family of core-shell CN-based low-Pt ECs, where
the CN-based shell supports ORR-active Pt-based NPs also comprising Ni
as the “co-catalyst”, which improves the kinetics through both electronic
and bifunctional effects. Such effects include the promotion of the first
electron transfer from the EC to the incoming O, molecule and the
facilitated desorption of the ORR products [21]. Ni was specifically
selected as the “co-catalyst” among the different first-row transition
metals since it exhibits quite a low reduction potential in acidic condi-
tions [22]. Thus, excess Ni is easily etched during the final electro-
chemical dealloying and activation process yielding the final ECs. In
addition, traces of Ni leached during long-term EC operation in single
PEMFC: (i) will promote much less than Fe the formation of oxygen
radical species able to accelerate the degradation of the device [23]; (ii)
differently from Cu, will not re-deposit at the anode upon migration
through the proton-exchange membrane [24]. The N content in the CN
shell is kept below 5 wt% to avoid excessive ohmic drops. The EC
preparation protocol (Scheme 1) includes: (i) the synthesis of a nano-
composite hybrid inorganic-organic precursor; (ii) a multistep pyrolysis
process yielding pristine ECs, denoted as PtNi;o-CN|T¢/H, where Pt and
Ni are present in a molar ratio equal to ca. 1/10, the subscript [ indicates
alow N content, Tf corresponds to the final pyrolysis temperature, and H
indicates the support core; and (iii) an electrochemical dealloying and
activation process (A) to form activated ECs, i.e. PtNi;o-CNT¢/H(A). The
dealloying-activation step enables to selectively remove the metal with a
lower reduction potential at equilibrium, i.e. Ni, establishing the final
morphology and ORR activity of the active sites [25,26]. The final py-
rolysis temperature is set to either T = 600 or 900 °C; 3 different sup-
ports are explored: (i) carbon NPs (H = C); (ii) graphene layers (H = Gr);
and (iii) a blend of carbon and graphene layers in a 1/1 wt ratio (H = (C
+ Gr)). The aim of this work is to study the interplay between the EC
composition, Tf and the dealloying-activation step on the electro-
chemical performance measured both ex situ and in situ in single PEMFC.
This goal is achieved by analyzing and comparing the structure,
composition, morphology and thermal stability of pristine and activated
ECs. The electrochemical performance of PtNi;o-CNT¢/H(A) is evalu-
ated by cyclic voltammetry with the thin-film rotating ring-disk elec-
trode (CV-TF-RRDE) [27,28] method in both acidic and alkaline media.
Ex situ durability in an acidic medium is also explored.
Membrane-electrode assemblies (MEAs) fabricated using the most
promising ECs are tested in single PEMFCs in operating conditions. Su-
perior performance is determined for PtNi;(-CN}900/H(A) in compari-
son to a Pt/C reference (Pt/C ref.) EC. The inclusion of Gr in H promotes
the accessibility of active sites and the establishment of interactions with
the support, while the dealloying-activation step effectively modulates
the physicochemical properties of the ECs and yields active sites
exhibiting an outstanding ORR kinetics.

2. Experimental
2.1. Procedure for the synthesis of pristine ECs with H = C

The ECs reported in this work were synthesized according to a pro-
tocol described in the scientific and technical literature [3,29], based on
the impregnation of the conductive support H with a zeolitic
inorganic-organic polymer electrolyte (Z-IOPE). Briefly, 133.4 mg of
sucrose were dissolved into the minimum amount of water (ca. 1 mL),
yielding a clear viscous solution. Separately, 400 mg of KyPtCly were
dissolved into the minimum amount of water (ca. 1 mL), forming a deep
red solution. The viscous sucrose solution was added dropwise, under
vigorous stirring, into the deep red solution of KoPtCls. Then, 533.5 mg
of Vulcan™ XC-72R were added, and the system was extensively ho-
mogenized by stirring and ultrasonication, yielding a homogeneous
black dispersion. Using the same protocol, a second dispersion was
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Scheme 1. Protocol for the preparation of core-shell CN-based Pt-Ni electrocatalysts, modulating the composition of the support core (H) and the temperature of the
main pyrolysis step (Tf). Z-IOPE indicates the zeolitic inorganic organic polymer electrolyte formed during the first step (see Section 2.1).

prepared, where KyPtCly was replaced with 332.4 mg of KoNi
(CN)4-xH50. The dispersion comprising KoPtCly was added dropwise,
under vigorous stirring, to the dispersion containing KoNi(CN)4-xH20.
The product was extensively homogenized by sonication, stirred for 24
h, and let to rest for additional 48 h; afterwards, it was treated overnight
at 120 °C in an oven to remove most of the water. During these pro-
cesses, networking reactions occurred where the precursor components
crosslinked and underwent sol — gel and gel — plastic transitions. The
result was a plastic Z-IOPE material (Z) that formed a 3D network shell
homogeneously covering H (i.e. yielding a Z/H nanocomposite precur-
sor). The black solid Z/H was transferred into a quartz tube, where it
underwent a multi-step thermal treatment: (i) 300 °C for 2 h; and (ii) T¢
= 600 or 900 °C for 2 h. The entire treatment was carried out under a
dynamic vacuum of 10~ mbar. The product was then: (i) washed three
times with water; (ii) treated with a 10 vol% aqueous solution of Hy0;
and (iii) dried overnight in an oven at T = 120 °C. After this sequence of
operations, the pristine EC was obtained.

Two different pristine ECs were obtained with the described pro-
cedure: PtNi;(-CN;600/C and PtNi;(-CN;900/C. Labelling of the ECs is
carried out in compliance with the indications provided in Section 1.

2.2. Procedure for the synthesis of pristine ECs with H = Gr and (C + Gr)

The Gr support was prepared as previously reported [19,30]. Briefly,
2 g of graphene nanoplatelets (GNPs) were suspended into 30 mL of
HNOj3 under vigorous stirring. 30 mL of HoO, were added dropwise. The
suspension was stirred for 12 h at room temperature, then filtered on a
Biichner funnel and extensively washed until a neutral pH was measured
for the mother waters. The resulting solid was dried in a ventilated oven
at T = 150 °C. The obtained product was then used to prepare the
PtNi;o-CN T¢/Gr and PtNi;(-CN T¢/(C + Gr) pristine ECs by adopting a
procedure similar to that described above for PtNi;-CNT¢/C. The main
difference is that Vulcan™ XC-72R was replaced with either the gra-
phene support, Gr, or with a mixture of graphene and Vulcan™ XC-72R
in a 1:1 Gr:C weight ratio (C + Gr), which were mixed with the sucrose
solutions containing either KoPtCly or KoNi(CN)4-xH20. Four different
pristine ECs were obtained with the described procedure:

PtNi;(p-CN;600/Gr, PtNi;o-CN;900/Gr, PtNi;(-CN;600/(C + Gr),
PtNi;o-CNj900/(C + Gr). Labelling of the ECs is carried out in compli-
ance with the indications provided in Section 1.

2.3. Procedure for the electrochemical activation of pristine ECs

Pristine ECs were electrochemically activated, following a 3-step
procedure: (i) inks of PtNi;o-CN T¢/H were painted on carbon papers
that were used to obtain gas-diffusion cathodes (GDCs); (ii) GDCs were
extensively cycled in a half-cell configuration, in a potential range of
0.05-0.98 V vs. RHE in 0.1 M HCIO4, under alternating inert and
oxidizing (O2) atmospheres. According to the Pourbaix diagram [22], at
the solution pH (nominally 1) and within the selected potential range Ni
was etched, while Pt was unaffected. Therefore, one of the main out-
comes of the activation procedure was the removal of the labile metal
species that were not strongly interacting with the support. Upon cycling
the activated ECs, denoted as PtNi;o-CNT/H(A), were extracted from
the GDCs. Such activated ECs were characterized to analyze their
chemical composition, thermal stability and physicochemical proper-
ties. Finally, the activated GDCs were wused to fabricate
membrane-electrode assemblies (MEAs) tested in operating conditions.

2.4. Electrochemical measurements

Electrochemical measurements were carried out with the CV-TF-
RRDE method according to a previously reported procedure [31,32].
Briefly, each pristine EC was mixed with Vulcan™ XC-72R in a 2:1 EC:
XC weight ratio and ground in a mortar, until a homogeneous powder
was obtained. Suitable amounts of doubly distilled water, isopropanol
and a commercial Nafion 1100 dispersion were used to suspend these
mixtures, yielding the EC inks. The Pt/C ref. EC did not undergo any
mixing with Vulcan™ XC-72R and grinding but was suspended in a
similar mixture of solvents and Nafion dispersion. A 12 pL drop of each
ink was pipetted onto the glassy carbon (GC) disk of a RRDE tip to obtain
a uniform electrode film [33]. The platinum loading on the GC disk of
the RRDE tip was fixed to 15 pgpr-cm ™2 for each sample. The electro-
chemical instrumentation and setup, and the procedure employed in the
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measurements are reported in detail elsewhere [32]. Briefly, the RRDE
used as the working electrode was mounted on a model 636 rotator (Pine
Research Instrumentations). The collection efficiency of the Pt ring was
equal to 0.39. The experiments were performed with a Bio-Logic VSP
multichannel potentiostat/galvanostat. Initially, the electrode was
cycled between E = 0.05 and 1.05 V vs. reversible hydrogen electrode
(RHE) in an acid solution of 0.1 M HClO4, under pure O, at a temper-
ature of 25 °C and a sweep rate of 20 mV-s~}, as the RRDE tip was
rotated at 1600 rpm. Cycling was performed until the voltammograms
became stable. The acid solution was then discarded and replaced with a
new 0.1 M HClO4 solution, wherein the final electrochemical measure-
ments were collected in the conditions described above. Subsequently,
the acid solution was replaced with a 0.1 M KOH solution and the
electrode was cycled between E = 0.05 and 1.05 V vs. RHE, in pure Oq, at
20 mV-s~}, while the rotation was set at 1600 rpm. The generation of
H20; is monitored at the ring electrode, kept at E = 1.2 V vs. RHE [34].
The faradaic ORR currents were obtained upon subtraction of voltam-
mograms collected in Ar-saturated solutions, under otherwise identical
conditions to the ORR measurements. iR-correction was carried out as
described elsewhere [35]. The disk currents were normalized on the
geometric area of the GC. The reference electrodes for the acid and
alkaline environments were Hg/HgS04/K2SO4(sat.) and Hg/HgO/KOH
(aq.) (0.1 M), respectively. Before each measurement, the exact deter-
mination of the RHE potential was carried out as described elsewhere
[36]. The counter electrode was a Pt wire. CO stripping measurements
were performed by polarizing the electrode at 0.1 V vs. RHE for 10 min
in a CO-saturated solution at T = 25 °C. Afterwards, the cell was purged
with Ar for 20 min, while the working electrode polarization was
maintained at 0.1 V ys. RHE. The CO molecules irreversibly adsorbed on
the EC active sites were then stripped by linearly increasing the potential
of the working electrode from 0.1 to 1.15 V vs. RHE at 20 mV-s~ .. Then,
the electrode was further cycled between 0.05 and 1.15 V vs. RHE at 20
mV-s~! in a pure Ar atmosphere; the obtained profiles were subtracted
from the CO,q stripping trace to obtain the net stripping currents
through which the electrochemically active surface area (ECSA) was
evaluated [32]. The durability test is carried out according to a testing
protocol based on continuous cycling in inert atmosphere at a potential
range between 0.6 and 1.0 V vs. RHE and a scan rate of 50 mV-s~'. ORR
and CO stripping profiles are evaluated after 10, 100, 1000, 3000, 10000
and 20000 cycles [37].

2.5. Membrane-electrode assemblies preparations and tests in single
PEMFC

The MEAs were fabricated according to a previously described,
catalyst-coated substrate procedure [38]. In brief, commercial
Nafion112™ membranes (Ion Power) were employed as the membrane,
and GDS1120 carbon paper (Ballard Material Products) was used as the
gas-diffusion support for the electrocatalytic layers. The membranes
were cleaned through a 3-step procedure: (i) immersion in 3 wt% Hy02
for 1 h; (ii) immersion in 1 M HoSO4 for 1 h; and (iii) treatment in doubly
distilled water for 1 h. All treatments were carried out at 80 °C. The
anode electrocatalyst was EC-20 (Pt/C ref. with nominal Pt loading of
20 wt% on Vulcan XC-72R support), with a platinum loading of 0.4
mg-cm 2. The cathode electrocatalytic layers were obtained by diluting
the ECs with XC-72R in a 1:1 wt ratio. The platinum loading in each
cathodic electrocatalytic layer was 0.1 mg-em™2 and the overall
Nafion/C mass ratio was equal to 0.6. The Pt loading on the cathode was
selected on the basis of the requirements set by the U.S. DOE for
advanced MEAs fed on direct hydrogen [5]. The electrocatalytic inks
were drop-coated on the gas-diffusion supports, yielding the
catalyst-coated gas diffusion electrodes (GDEs). The platinum loading at
the cathode electrode was measured starting from the weight difference
between the dry cathode electrode and the blank gas diffusion support,
taking into account the wt% of Pt in the EC and the overall formulation
of the electrocatalytic layer. Hot-pressing was used to fuse the GDEs onto
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the membranes. A back pressure (BP) of the reagents equal to either 4 or
1 bar was used during single fuel cell tests, performed as described
elsewhere [32]. Further details on the employed instruments and
characterization methods are available in the Supporting Information.

3. Results and discussion

The objective of the present study is to analyze the interplay between
the composition, structure, morphology and electrochemical perfor-
mance of core-shell CN-based Pt-Ni ECs upon systematic variation of the
type of support core and of key synthetic parameters. In particular, it is
discussed how the composition of H, the temperature of the main py-
rolysis step (Tf) and the EC activation affect the features of the active
sites. Therefore, three supports are considered: (i) carbon NPs with a
diameter of ~30-50 nm (H = C); (ii) graphene layers (H = Gr); and (iii)
a blend of carbon and graphene in a 1:1 wt ratio (H = (C + Gr)). Gra-
phene is characterized by a high electron conductivity, a large surface
area (up to 2500 cm?.g~1), a high thermal stability and facile doping
with heteroatoms [39]. Thus, graphene and related materials have been
broadly employed as support material for fuel cell ECs [40-42]. Our
group developed hierarchical PGM-free ECs composed of Gr nano-
platelets in the core and CN-based shells, exhibiting a high ORR activity
in alkaline medium [19,43]. In the low-Pt ECs reported here, Gr is
introduced in H to evaluate its effect on: (i) the morphology of the ECs;
and (ii) the accessibility of PtyNi active sites and on their interactions
with C- and N-ligands.

The procedure adopted for the synthesis of core-shell ECs is well-
established and consists of 3 main steps (Scheme 1). First, a nano-
composite zeolitic hybrid organic-inorganic polymer electrolyte (Z-
IOPE) precursor (Z/H) is prepared by combining: (i) a Pt coordination
compound bearing good leaving groups coordinated to the Pt center; (ii)
a Ni complex with CN groups; (iii) a sucrose binder; and (iv) the support
H. The labile groups in the Pt complex are displaced by either the cya-
nonickelate ligands or the ~OH groups present in the binder and on the
surface of H (C NPs and/or Gr). This results in a 3D crosslinked shell that
uniformly covers H. The optimal mass ratio between the sucrose binder
and C NPs to obtain a compact CN shell was previously determined for a
different family of core-shell ECs as binder/C NPs 1:1 [20]. Therefore,
herein a binder/H mass ratio of 1:1 is adopted. This procedure ensures
that Z/H precursors present: (i) metal sites covalently bound to C and N
atoms of the CN shell; and (ii) N atoms mostly located close to metal
species. Then, Z/H precursors undergo a multi-step pyrolysis process
(see Experimental Section). The initial, low-temperature pyrolysis
gradually removes low-molecular-weight species and creates an infus-
ible structure of the Z shell, stabilizing the morphology. The purpose of
the successive, higher-temperature pyrolysis is to: (i) trigger the nucle-
ation and growth of metal NPs; (ii) promote the establishment of strong
interactions between the metal NPs and the support, creating an effec-
tive CN-shell where the metal NPs bearing active sites are embedded in
coordination nests; (iii) graphitize the matrix to improve the conductiv-
ity; and (iv) raise microporosity to facilitate the access of reactants to the
active sites [32]. The impact of this final pyrolysis temperature (T¢) is
evaluated by employing either T = 600 °C or 900 °C.

The last step is the electrochemical dealloying-activation of the ECs.
This step further removes labile species, improving the accessibility of
the active sites and modulating the chemistry and morphology of the
ECs.

3.1. Chemical composition of pristine and activated PtNi;o-CN{Ty/H

The bulk chemical composition of pristine PtNi;(-CNT¢/H is deter-
mined by inductively-coupled plasma atomic optical emission spec-
troscopy (ICP-OES) and elemental analysis (Tables S1 and S2). The
molar ratio between H and C atoms (nyg/ng, Fig. 1A) is a measure of the
graphitization degree of the CN shell, which increases as T is raised. In
fact, ng/n¢ is ca. 10 times lower than the nominal value when Ty =
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600 °C, and further decreases by 2.5-4 times in PtNi;(-CN900/H. The
lowest values of ny/nc, thus the highest graphitization degrees, are
obtained for PtNi;o-CNj900/Gr and PtNi;-CN900/(C + Gr).
Conversely, no substantial support effect is detected on the graphitiza-
tion degree of the ECs treated at lower Tt. A similar trend is observed for
the molar ratio between N and C atoms, ny/n¢ (Fig. 1A), indicative of
improved graphitization of the CN shell at higher Tt. These observations
are in agreement with recent in-situ analysis of the pyrolysis temperature
effect on Fe-based carbon nitride ECs, showing that T > 870 °C is needed
to trigger the graphitization and reduction step [44].

Concerning metal species, the ratio between Pt and Ni atoms, npy/ny;
(Fig. 1B), is only slightly lower than the nominal value and it is mostly
unaffected by H, indicating that the metal stoichiometry is always quite
well-controlled during the EC synthesis. On the other hand, nep; 4+ niy/n¢
(Fig. 1C) is lower than the nominal value, since only active sites strongly

interacting with the support are preserved during the synthesis, while
labile metal species are removed. This is a fundamental aspect in order
to obtain materials endowed with a high chemical and electrochemical
stability, and a long cycle life. The ratio between N atoms and metal
atoms, nn/npt + ni) (Fig. 1C), is higher for PtNi;(-CN;600/H compared
to PtNi;o-CNj900/H (nn/nep: + ni) > 1.4 and <0.7, respectively), indi-
cating that the active sites are less coordinated by N-ligands in the ECs
treated at higher Tt.

The bulk composition of pristine ECs is also analyzed by energy
dispersive X-ray spectroscopy (EDX), as well as the bulk composition of
the ECs upon activation (Table S3). Moreover, the surface composition
of both pristine and activated ECs is determined by X-ray photoelectron
spectroscopy (XPS, Table S4). For pristine ECs, a higher ny/n¢ is always
measured on the EC surface compared to the bulk (Fig. 2A), indicating
that N atoms are concentrated in the surface of the shell. Upon
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activation, PtNi;o-CNj600/H(A) ECs exhibit a sharp decrease in ny/n¢
on the surface when Gr is present in H, becoming even lower than the
same parameter in the bulk. Thus, the activation contributed to increase
the graphitization of the CN matrix. On the other hand, for the ECs
treated at Tr = 900 °C, ny/n¢ is nearly unchanged upon activation.
Regardless of Ty, ny/nc is higher for H = C NPs, indicating that this
support improves the retention of N atoms to the outer part of the shell.
At the same time, no/nc¢ on the surface of pristine ECs is much larger
when Tf = 600 °C (Fig. 2A), indicating that Tf = 900 °C promotes the
reduction of the CN shell through the elimination of the O-based species.
Upon activation, np/n¢ greatly decreases in PtNi;(p-CN;600/H(A), but
slightly increases in PtNi;o-CNj900/H(A). This suggests that activation
etches oxygen-rich species from the EC surface at T = 600 °C, while
triggers a modest oxidation of the CN shell at Tr = 900°C.

Focusing on metal species (Fig. 2B), the surface npy/ny; ratio in-
creases upon activation, as the latter effectively removes labile Ni spe-
cies. The increase in npy/ny; is much larger for the ECs treated at Tf =
900 °C, where surface values of npi/ny; = 0.29-0.4 are obtained, while
the bulk values are lower (0.06-0.1). Among the activated ECs treated at
high temperature, PtNi; o-CN;900/(C + Gr)(A) exhibits the lowest value
of npy/ny;j, indicating that the active sites are richer in Ni atoms. Among
activated ECs treated at Tr = 600 °C, npy/ny; is lower when C is present in
H. In addition, npy/n¢ on the surface decreases upon activation to values
lower than in the bulk, when T¢ = 600 °C (Fig. 2B). In contrast, when T¢
= 900 °C, npy/n¢ on the surface of pristine ECs is much lower than in
PtNi;o-CNj600/H, but it is dramatically raised upon activation. The
described trends show that: (i) in pristine ECs the CN shell is enriched in
Ni species; (ii) the activation procedure removed labile Ni species and
other derivatives loosely interacting with the PtyNi active sites; and (iii)
the higher pyrolysis temperature promotes the migration of Pt to the
outer surface of the CN shell that is enriched of Pt;Ni NPs and nano-
aggregates, thus improving the exposure of active sites.

High-resolution XPS (HR-XPS) analysis was adopted to study the
oxidation states of the metal species (Fig. 3). The HR-XPS profiles dis-
played in Fig. 3 were decomposed in compliance with the literature [45,
46], allowing for the quantification of the incidence of the different
oxidation states of Pt and Ni. Sample decompositions of HR-XPS profiles
are shown in Fig. S1 and Fig. S2. The decomposition of Pt4f peaks re-
veals three components, ascribed to Pt(0) (B.E. of 71.3 eV) and two
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Fig. 3. Oxidation states of Pt and Ni species on the surface of the core-shell
pristine (blue lines) and activated (red lines) ECs, determined by HR-XPS.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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oxidized Pt species, lumped together under a “Pt(Ox)” label (B.E. of
72.5 eV and 73.5 eV, respectively). In pristine ECs, platinum is mostly
present as Pt(Ox) in PtNi;(-CNj600/H, and as Pt(0) in PtNi;(-CN;900/H
(see the left panels of Fig. 3). Specifically, PtNi;(o-CN;600/H and
PtNi;-CNj900/H include 19 and 66 at% of Pt(0) (see Fig. S3).
PtNi;o-CN;600/H only exhibits Ni(II) (see the right panels of Fig. 3). The
decomposition of PtNi;o-CNj600/H Ni2p profiles reveals three compo-
nents, ascribed to: (i) Ni oxides (B.E. of 855.5 eV); (ii) Ni hydroxides (B.
E. of 856.7 eV); and (iii) satellite peaks (B.E. of 861.6). The incidence of
Ni oxides and Ni hydroxides is 74 at% and 26 at%, respectively (see
Fig. S4 and Fig. S5). The HR-XPS Ni2p spectra of PtNi;o-CNj900/H
display the same components as PtNijo-CNj600/H; in addition,
PtNi;9-CN1900/H includes 18 at% of metallic Ni (B.E. of 854 eV, see
Fig. S6). An intense Ni3p peak is always detected very close to the Pt4f
peaks (see the left panels of Fig. 3 and Fig. S1). The latter strongly de-
creases in intensity upon electrochemical activation, nearly disappear-
ing in activated ECs treated at Tf = 900 °C. This evidence further
confirms that labile Ni species are removed. Activation does not affect
significantly the incidence of Pt(0) (see Fig. S3). On one hand, this in-
dicates that a pyrolysis temperature of 600 °C is insufficient to reduce
most of Pt(Ox) to Pt(0). On the other hand, HR-XPS proves that Pt sites
are not removed during the activation step because of their strong co-
ordination with the CN matrix. Activation hardly affects the incidence of
the Ni components of PtNi;(-CNj600/H. On the other hand, in the case
of PtNi;o-CNj900/H, activation: (i) reduces significantly the incidence
of Ni hydroxides (from 34 at% to 20 at%, see Fig. S5); and (ii) does not
influence the incidence of Ni(0) (which rises slightly from 18 at% to 21
at%, see Fig. S6). These results are interpreted admitting that in
PtNi;o-CNj900/H: (i) Ni(0) species are present due to a stabilizing
spillover effect from neighboring Pt(0) species, that are found with a
similar and very high incidence on the surface of both pristine and
activated samples (see Fig. S3); and (ii) the stabilizing spillover effect
preferably extends from Pt(0) to Ni(0) and Ni oxides, while Ni hydrox-
ides (that form fewer chemical bonds with the bulk) are less protected
and more exposed to electrochemical etching. In PtNi;o-CN;600/H,
activation etches both Ni oxides and Ni hydroxides practically at the
same rate as the surface concentration of Pt(0) (19 at%, see Fig. S3) is
likely not sufficient to establish a strong enough stabilizing spillover
effect.

Finally, the surface concentration of carboxyl groups is lower for the
ECs treated at higher T, and it decreases upon activation when Tf =
600 °C (Figs. S7 and S8). A similar trend is observed for pyridinic ni-
trogens and hydroxyl groups, further confirming that Tf = 900 °C pro-
motes the graphitization of the CN shell. Overall, the temperature of the
main pyrolysis step and electrochemical activation are crucial to
modulate the structure and composition of the CN shells and of the PtyNi
NPs and nanoaggregates embedded therein.

3.2. Thermal stability in oxidizing and inert atmosphere

The thermal stability of the ECs is studied by means of high-
resolution thermogravimetric analysis (HR-TGA) under either an
oxidizing (Fig. 4) or inert (Fig. S9) atmosphere. Under oxidizing air at-
mosphere, 3 main mass losses are observed (Fig. 4): (i) the first at Ty
~400 °C s attributed to the degradation of the CN matrix; (ii) the second
at Ty ~550 °C corresponds to the degradation of C; and (iii) the last at
T ~650 °C to the degradation of Gr. This attribution is based on the
comparison with the mass loss profiles of the Pt/C ref. EC and of the H
supports prior to any further treatment. The presence of Gr in the core
enhances not only the stability of the core itself, but also that of the CN
matrix, as T increases in the order H = C < (C + Gr) < Gr. Moreover, T;
is ca. 50 °C higher for pristine ECs treated at Tr = 900 °C, compared to
PtNi;o-CN1600/H. In these latter ECs, Tj rises by 50-100 °C upon acti-
vation. Therefore, both high Tr and the activation process enhances the
graphitization of the CN shell, in agreement with the composition
analysis. For PtNi;p-CN;600/H, Ty; and Tyy; also increase upon activation.



F. Lorandi et al.

H = (C+Gr) H

Journal of Power Sources 555 (2023) 232390

]
(@)

100

Weight%

10
\" T, — h} :.?"'T, 3
: P 8
3 ' : E
3 ] Q
3 : § _6 (%
'\ Ty f, &
k. o» ..4 =
— b :\o
A's Swhrwrw— = D
i 3
I Seervsvener |
— V A 3
] ] L} 010
— L > E
7 Tite
’ i E Q
1 3
S
1 E o)
T F4 2
3 o~
- Wirw——
.' rerrrens _2
L L - _0
T T T L1 LA S S | LI T T
0 300 600 9000 300 600 9000 300 600 900

Temperature / °C

Fig. 4. HR-TGA in air of the pristine (blue lines) and activated (red lines) ECs, treated at Tr = 600 °C (top) and Tf = 900 °C (bottom). Comparison with HR-TGA of Pt/
C ref. EC (black dashed lines) and of the supports H (green dotted lines). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

In activated ECs, lower residues at high temperature are measured than
in pristine ECs, further demonstrating that the activation step removes
the labile metal species included in the ECs.

3.3. Structure and morphology analysis

Confocal micro-Raman analysis shows that all ECs exhibit highly
disordered CN shells (Figs. S10-S12). For H= C and (C + Gr), the D band
corresponding to the carbon in the core overlaps with the D band of
carbon in the CN shell. On the other hand, Gr exhibits a very small D
band due to a much lower degree of disorder in the graphene layers.
Thus, as expected, the ratio between the intensities of the D and G bands
(Ip/Ig) decreases upon increasing the fraction of Gr in H. In addition, Ip/
I decreases upon activation for ECs containing Gr in the core, and it is
lower in the ECs treated at higher T;. This analysis confirms that the
graphitization of the CN shell is improved at high Trand by activating the
ECs, in line with HR-TGA and composition studies.

Wide angle X-ray diffraction (WAXD) measures support that Ni-rich
metal particles are etched during the electrochemical activation process
(Figs. S13-S16). Rietveld analysis indicates that the amount of Ni-rich
particles was 1.4-3 times higher in pristine ECs treated at higher Tt
(Table S5). Nevertheless, the activation completely removes Ni-rich
nanostructures and Ni NPs from PtNi;-CN;900/H(A), whereas traces
of Ni NPs remain in PtNijo-CNj600/H(A). WAXD profiles of PtNi;p-
CNj900/H(A) reveal an fce PtyNi phase (3.5 < x < 5) with a grain size on
the order of 2-3 nm (see Figs. S13-S16 and Table S5), that was detected
neither in the corresponding pristine samples nor in the PtNi;o-CN;600/
H and PtNi;o-CNj600/H(A) ECs. It is expected that this PtyNi phase plays
a crucial role to bestow the ECs with a high ORR performance [17,47].

High resolution scanning electron microscopy (HR-SEM) images
elucidate the effect of the support nature, Tf and activation on the
morphology of the ECs (Fig. 5A and Fig. S18). In the case of H = C,
aggregates of C particles constituting the core are covered by a rough CN
matrix (Fig. 5A), in agreement with previously reported core-shell CN-

based ECs [32]. No substantial changes are observed upon activation,
but micrometric Ni-based particles are removed (Fig. S18). For H = Gr,
PtNi;o-CN1j600/Gr presents Gr flakes covered by a cratered CN shell. The
craters, with a size of ca. 100 nm, likely originated from the removal of
labile species during the synthesis (Fig. 5A). In PtNi;o-CN;900/Gr, the
CN shell uniformly covers the Gr flakes. Upon activation, the etching of
labile species leaves some craters in the CN shell. In the case of H = (C +
Gr), C NPs decorate the Gr flakes and both are covered by a homoge-
neous shell, regardless of Tr. Gr flakes have a lateral dimension of over
500 nm, while C NPs show a diameter of ~50 nm (Fig. 5A). Upon
activation, PtNi;o-CNj600/H(A) ECs exhibit no significant change in
morphology, however micrometric Ni-based particles are absent
(Fig. S18). For all the ECs treated at Tf = 900 °C, the pristine materials
present micrometric PtyNi grains that are effectively etched during the
activation step, leaving heavily cratered CN shells (Fig. S18).

The morphology of the hierarchical PtNi;o-CNj900/(C + Gr) is
further analyzed by high-resolution transmission electron microscopy
(HR-TEM), before and after activation (Fig. 5B and Figs. S$19-520). In
the pristine EC, C and Gr are well-blended in the core (Fig. S19). The
metal particles comprise: (i) micrometric PtyNi (x < 1) crystals; (ii) very
rough Pt;Ni nanostructures (Fig. 5B-1); and (iii) PtyNi NPs (Fig. S19).
Upon activation, C and Gr remain blended, while large PtyNi crystals are
not present (Fig. S20). Metal active sites are present in small amount as
PtyNi NPs (size d = 2, 5 nm, Fig. 5B-II), together with several Pt;Ni
nanoclusters (Fig. 5B-III and Fig. S20) stabilized by the CN shell.

3.4. Performance analysis via the CV-TF-RRDE method

The electrochemical performance of the activated core-shell ECs is
determined in both an acid and an alkaline environment (0.1 M HCIO4
and 0.1 M KOH, respectively). Cyclic voltammetry in inert Ny atmo-
sphere of PtNi;(-CN;600/H(A) ECs shows no peaks associated to either
H adsorption/desorption or PtOy formation/reduction (Fig. S21), indi-
cating the low incidence of Pt(0) on the ECs’ surface, in agreement with
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Fig. 5. (A) HR-SEM images of pristine and activated PtNi;o-CN;T¢/H ECs; (B) HR-TEM images of pristine (I) and activated (II, III) PtNi;o-CN;900/(C + Gr).

HR-XPS measurements (see Fig. S3). In contrast, PtNi;o-CN;900/H(A)
ECs exhibit the typical peaks associated to Pt(0). Importantly, the signals
ascribed to PtOy formation/reduction are shifted to 20-40 mV higher
potentials compared to the Pt/C ref. This evidence is ascribed to
bifunctional/electronic effects triggered by the Ni “co-catalyst” and CN
matrix, that inhibit the clogging of Pt surface species by oxygen adsor-
bates and are associated to the improved ORR kinetics in comparison
with the Pt active sites of the Pt/C ref.

In CO stripping experiments (Fig. S22), no adsorption of CO is
detected on PtNi;(-CNj600/H(A) ECs, further demonstrating the low
incidence of Pt(0) on the surface, as platinum is mostly coordinated by
other ligands. On PtNi;p-CNj900/H(A) ECs, multiple CO stripping peaks
are revealed, shifted to lower potentials compared to the Pt/C ref. The
stripping peaks are attributed to different active site chemistries on the
surface of PtyNi NPs, as follows: (i) a small CO pre-oxidation peak is
detected at 0.5 V vs. RHE in 0.1 M HCIO4 and 0.440 V vs. RHE in 0.1 M
KOH, which is attributed to PtyNi particles with the lowest x value,

embedded in coordination nests with a high density of N functionalities;
(ii) a peak centered at 0.670 V and 0.580 V vs. RHE in acid and alkaline
medium, respectively, is ascribed to Pt active sites on PtyNi NPs with an
intermediate x value and lower density of N functionalities in the co-
ordination nests; and (iii) a sharp peak at 0.715 V and 0.655 V vs. RHE in
acid and alkaline medium, respectively, is assigned to active sites in
PtyNi with the highest x and coordination of N atoms. It the alkaline
medium, all peaks in the studied ECs and in the Pt/C ref. are shifted to
lower potentials due to the easier displacement of adsorbed CO by
abundant —-OH groups, also originating from the environment. The
observed potential shifts result from the combination of: (i) an electronic
effect, obtained by alloying Pt with Ni and coordinating the metal sites
by N ligands in coordination nests in the CN shell, thus decreasing the
activation energy for the oxidation of CO,qs molecules; and (ii) a
bifunctional effect, due to the presence of Ni atoms in PtyNi NPs that are
easily covered by —~OH functionalities, especially in alkaline conditions,
which act to facilitate both the electrooxidation of CO,4s on neighboring



F. Lorandi et al.

Pt sites, and the elimination of oxidation products [32].
PtNi;9-CN1900/H(A) ECs exhibit ECSA values comparable to the Pt/C
ref. (Fig. 6B), with the highest values measured for H = (C + Gr),
reaching 105 mZ.gp¢ in 0.1 M HClO4 and 69.3 m3.-gp¢ in 0.1 M KOH.
Lower ECSA values are consistently obtained in the alkaline medium due
to the formation of oxides blocking the active sites.

The ORR profiles of PtNi;p-CNj600/H(A) ECs show very poor per-
formance in acid environment, which improves in alkaline medium, but
remains inferior in comparison to the Pt/C ref. (Fig. 6A). This is
consistent with the presence of active sites based on Pt(Ox) (Fig. 3),
where O, species adsorb with difficulty. Conversely, PtNi;o-CNj900/H
(A) ECs show largely improved performance, particularly in the acid
medium, with the ORR onset potential by 50-57 mV lower in compar-
ison to the Pt/C ref. The ORR onset potential is determined as the E
(jpe(5%)), i.e. the potential at which the current density is equal to 5% of
the diffusion-limited ORR current density of the Pt/C ref. EC [28]. In
both environments, the ORR overpotential increases in the order
PtNi;(-CNj900/H(A) < Pt/C ref. < PtNi;p-CN;600/H(A). For the ECs
treated at Tr = 900 °C, the ORR overpotential varies with H in the order
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(C 4+ Gr) < C < Gr. Though the ORR diffusion-limited current is rela-
tively low for H = Gr, possibly to an inhibited transport of O from the
bulk electrolyte to the active sites buried between Gr layers, such current
is higher and comparable with the one of Pt/C ref. for H = (C 4 Gr) and
C. In 0.1 M KOH, the performance of PtNi;(-CN}900/H(A) ECs is slightly
worse than in acid medium, but exhibited the same trends with the
nature of H. An ORR event ascribed to Ni active sites was detected at
~0.7 V vs. RHE. The Tafel plots highlight the poor ORR kinetics of
PtNi;9-CNj600/H(A) ECs, which is somewhat improved in the alkaline
environment (Fig. S23). PtNi;(-CNj900/H(A) ECs show an ORR mech-
anism similar to that of the Pt/C ref., and only slightly affected by the pH
of the medium. The selectivity for the 4e” mechanism of ORR increases
as Tt is raised (Fig. 6A and Fig. S24). For PtNi;o-CNj900/H(A) ECs, the
selectivity increases in the order Gr < (C 4+ Gr) < C < Pt/C ref. (see
Fig. S25). It is further noted that, in an alkaline environment, the
selectivity of PtNijo-CNjTg/H(A) in the 4 ORR mechanism is much
lower than that of the Pt/C ref. (see Fig. S25). This evidence is ratio-
nalized admitting that:

Fig. 6. (A) ORR profiles of activated ECs and
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(i) in PtNi;p-CN;600/H(A) the ORR active sites mostly comprise Pt
(Ox) and Ni(Il) species, on which Oy adsorbs with difficulty
(especially in an acidic environment) thus yielding a high over-
potential and a low selectivity in the 4e- ORR mechanism [17,
48];

in PtNi;9-CNj900/H(A) a significant surface concentration of Ni
and heteroatoms is still present in the active sites, possibly also
due to stabilization by means of the coordination nests. Especially
at alkaline pH, this would promote the adsorption of oxygenated
species, reducing the number of couples of neighboring surface Pt
(0) sites that are associated with a high selectivity in the 4e- ORR
mechanism [38].

the presence of Gr in H actually promotes the stabilization of Ni
and heteroatoms species in the active sites both in an acidic and
in an alkaline environment, thus lowering the selectivity in the
4e- ORR mechanism.

(i)

(iii)

In summary, a second pyrolysis temperature of 600 °C is insufficient
to provide ECs with adequate ORR activity. Indeed, only little platinum
is reduced to ORR active Pt(0) (see Fig. S3). Conversely, a higher py-
rolysis temperature of 900 °C promotes the reduction of Pt(Ox) to Pt(0)
and enables to obtain hierarchical core-shell CN-based ECs exhibiting
superior performance with respect to the Pt/C ref. In acid medium, the
mass activity @ 0.9 V (MA, Fig. 6C) of PtNi;o-CNj900/Gr(A), PtNijo-
CNj900/C(A), and PtNi;(-CNj900/(C + Gr)(A) is respectively 1.7, 2.3
and 4.1 times higher than the U.S. DOE 2020 target (440 A-gp¢ at 0.9 V).
Though this latter benchmark actually refers to the performance of a
single PEMFC and not to the outcome of CV-TF-RRDE measurements, it
was deemed a useful figure to enable the general reader to understand
the relevance of the results reported in this work in the framework of the
state of the art. In both alkaline and acidic environment, the nature of
the core affects the performance, which improves in the order H = Gr <
C < (C 4 Gr). In the (C + Gr) support, the different morphological
features of Gr and C NPs synergistically act to improve the active sites
dispersion, resulting in very large ECSA values (Fig. 6B) and high surface
activity (Fig. S26). Moreover, PtNi;o-CNj900/(C + Gr)(A) exhibits the
lowest surface ratio of Pt and Ni atoms (npy/ny; = 0.29, as measured by
XPS, Fig. 3), thus maximizing the bifunctional effect and promoting the
ORR kinetics.

The durability with respect to the Pt/C ref. of the best-performing EC,
PtNi;p-CN1900/(C + Gr)(A), was evaluated by accelerated durability
tests [37]. In comparison with the Pt/C ref., the E(jp(5%)) of
PtNi;o-CNj900/(C + Gr)(A) is > 30 mV higher (Fig. 6D and Fig. S27).
After 20000 cycles, the performance of the Pt/C ref. collapses with its E
(jpt(5%)) shifting to 110 mV lower value. In contrast, the E(jp{(5%)) of
PtNi;-CNj900/(C + Gr)(A) shifted to only 35 mV lower value,
remaining considerably higher than the one of the Pt/C ref., and thus
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demonstrating a significantly enhanced durability. CO stripping exper-
iments after 1000 and 20000 cycles (Fig. 6E) show the progressive
disappearance of the peaks at lower potential values in
PtNi;o-CNj900/(C + Gr)(A). This phenomenon is attributed to the
preferential dissolution of the non-noble metal [49], whereby Ni species
are partially removed from the CN shell of the EC during cycling.

3.5. Performance in single PEMFC

The ECs treated at T = 900 °C and the Pt/C ref. are employed to
fabricate “proof of concept” MEAs that are tested in a single PEMFC
configuration, under operating conditions. The Pt loading in the elec-
trocatalytic layer is 0.1 mgprcm 2 for the core-shell ECs and 0.5
mgpi-cm ™2 for Pt/C ref. In the kinetic regime, the ECs exhibit signifi-
cantly improved performance in comparison with the Pt/C ref.
(Fig. S28), displaying 30-40 mV lower ORR overpotential values, in
agreement with the CV-TF-RRDE results. The operating potentials at 50
A-gp¢, that are adopted as a figure of merit for the ORR kinetics of the
ECs in single PEMFC [20] are reported in Fig. 7A and Table S6. In single
PEMFC, the ORR overpotential decreases in the order Pt/C ref. > H = Gr
> (C + Gr) > C. By decreasing the back pressure from 4 to 1 bar, the
ORR overpotentials of both the core-shell ECs and Pt/C ref. decreases by
ca. 50 mV, while a 30 mV decrease is observed when switching from O5
to air as the oxidant. The Tafel slopes evidence that the ORR mechanism
for the core-shell ECs is similar to that of the Pt/C ref. (Fig. S29), in line
with the CV-TF-RRDE analysis. Under O, flow, the Tafel slopes increase
with decreasing the back pressure, due to a lower coverage of the Pt
surface with O-based adsorbates. In air, the Tafel slopes of the PtNi; g ECs
are ca. 10 mV-decade™! lower than the ones of the Pt/C ref., indicating
that in the proposed ECs a higher fraction of active sites is covered by
O-based adsorbates, likely due to a relatively high “oxophilicity” of Ni
atoms in alloy NPs. These trends are interpreted considering that lower
Tafel slopes are associated with a higher coverage of O-based adsorbates
[41].

The polarization curves (Fig. S30) show that above the kinetic
regime the slope increases in the order Pt/C ref. <H=C < (C + Gr) <
Gr. The MEA performance of PtNi;o-CNj900/H(A) is hindered by charge
and mass transport phenomena, but improves with increasing the frac-
tion of C in H. The introduction of C NPs in Gr supports acts to inhibit the
close packing of graphene layers and the related ohmic drop in the
electrocatalytic layers of MEAs [50]. Moreover, despite the low Pt
loading at the cathode relatively high current densities are achieved for
all core-shell PtNiyy ECs, resulting in specific power values of 2.5-4
kW-gﬁt1 at high back pressure of Oz (Fig. 7B and Fig. S31). The transport
ability toward active sites is also evaluated, by calculating the accessi-
bility parameter ¥ (Table S7) [3]. The higher values of ¥ obtained for
tested ECs relative to the Pt/C ref. suggest that the accessibility of

Air Air

0,
BP=1 bar BP=4 bar BP=1 bar BP=4 bar

0,

Fig. 7. Figures of merit for the performance of single PEMFCs mounting at the cathode either a PtNi;o-CN;900/H(A) or Pt/C ref electrocatalysts: (A) cell voltage

determined at 50 A-gpd'; (B) maximum value of specific power of studied ECs.
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reagents to the active sites is partially hindered by the morphology. In
summary, single PEMFC tests indicate that hierarchical CN-based Pt-Ni
ECs are promising, however additional efforts are needed to optimize
the formulation of the cathodic electrocatalytic layer in order to address
issues associated with mass transport phenomena, particularly under air
flow and at low back pressures.

4. Conclusions

The main pyrolysis temperature, the activation step and the support
core strongly affect the morphology and electrochemical performance of
core-shell Pt-Ni carbon nitride ECs for the oxygen reduction reaction
(ORR). The graphitization of CN shells is maximized at Tf = 900 °C. HR-
XPS shows that Tr = 600 °C is too low to ensure a sufficient reduction of
Pt(Ox) to ORR-active Pt(0), thus the resulting ECs demonstrated very
poor ORR performance. Tr = 900 °C promotes the formation of Pt(0) and
favors the segregation of the Pt on the CN shells surface, improving the
exposure of active sites to O,. The electrochemical dealloying-activation
step removes labile Ni species and other impurities from the Pt;Ni active
sites, as confirmed by WAXD, HR-SEM and HR-TGA analysis.

The E(jp(5%)) value determined by CV-TF-RRDE of PtNi;,-CNj900/
H(A) is 50-57 mV higher than that of a commercial Pt/C ref. in acid
medium, with comparable selectivity in the 4e” ORR mechanism. The
mass activity of PtNi;o-CNj900/Gr(A), PtNi;9-CNj900/C(A), and PtNijo-
CNj900/(C + Gr)(A) is respectively 1.7, 2.3 and 4.1 times higher than
the U.S. DOE 2020 target (440 A-gﬁtl at 0.9 V). When both Gr and C are
present in H, the active sites are better dispersed and enriched in Ni
atoms, promoting the ORR kinetics through both electronic and
bifunctional effects. HR-SEM analysis of PtNi;(o-CNj900/(C + Gr)(A)
highlighted the hierarchical morphology with blended Gr and C NPs in
the core. The latter was covered by the CN shell embedding PtyNi NPs and
PtyNi nanoclusters (see HR-TEM images). The strong stabilization pro-
vided by the carbon nitride matrix in NPs “coordination nests” yields a
high durability, with a loss of only ca. 35 mV in the E(jp(5%)) value
upon 20000 cycles, while the Pt/C ref. shows a loss of over 100 mV.

In single “proof of concept” PEMFCs, PtNi;(p-CN;900/H(A) demon-
strates a promising performance at low Pt loading (0.1 mgp-cm ™2 at the
cathode). At 4 bar back pressure of Os, specific power values up to 4
kW-gﬁt1 are obtained. The performance under air flow and 1 bar back
pressure is to be improved by optimizing MEA fabrication parameters.
Nevertheless, the reported correlations among synthesis conditions,
support composition, morphology and the electrochemical performance
of hierarchical Pt-Ni ECs based on CN shells are crucial to guide the
design of low-Pt ECs for PEMFCs that meet the targets of ORR activity
and durability for practical applications.
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