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Developing high performance electrocatalysts for the cathodic oxygen reduction reaction (ORR) is essen-
tial for the widespread application of fuel cells. Herein, a promising Pt;NiCo atomic ordered ternary inter-
metallic compound with N-doped carbon layer coating (0-Pt;NiCo@NC) has been synthesized via a facile
method and applied in acidic ORR. The confinement effect provided by the carbon layer not only inhibits
the agglomeration and sintering of intermetallic nanoparticles during high temperature process but also
provides adequate protection for the nanoparticles, mitigating the aggregation, detachment and poisoning
of nanoparticles during the electrochemical process. As a result, the 0-Pt; NiCo@NC demonstrates a mass
activity (MA) and specific activity (SA) of 0.65 A/mgp; and 1.41 mA/cmp,2 in 0.1 mol/L HCIO,, respectively.
In addition, after 30,000 potential cycles from 0.6V to 1.0V, the MA of o0-Pt;NiCo@NC shows much lower
decrease than the disordered Pt;NiCo alloy and Pt/C. Even cycling at high potential cycles of 1.5V for
10,000 cycles, the MA still retains ~70%, demonstrating superior long-term durability. Furthermore, the
0-Pt;NiCo@NC also exhibits strong tolerance to CO, SOy, and POy molecules in toxicity tolerance tests. The
strategy in this work provides a novel insight for the development of ORR catalysts with high catalytic

activity, durability and toxicity tolerance.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The depletion of fossil fuel and the subsequent environmen-
tal pollution problems have sparked a significant surge in demand
for clean and renewable energy sources [1-3]. Proton exchange
membrane fuel cells (PEMFCs) have garnered considerable atten-
tion in the realm of energy conversion and storage technologies
due to their distinct advantages, including high energy density, en-
vironmental friendliness, and liberation from the constraints of the
Carnot cycle [4-6]. However, the sluggish kinetics of the oxygen
reduction reaction (ORR) in the cathode of the PEMFCs greatly im-
pede the overall efficiency and hinder its commercial viability [7-
10]. Consequently, the development of high-performance ORR cata-
lysts is of paramount importance [11]. Currently, Pt-based catalysts
have been extensively investigated for their optimal oxygen reduc-
tion properties, but the limited reserves and exorbitant cost of Pt
pose a challenge [12-14]. To tackle this issue, various optimiza-
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tion strategies for Pt-based ORR catalysts have been proposed. One
efficient strategy involves alloying Pt with transition metal (M),
the introduction of M can modulate the d-band center and elec-
tronic structure of Pt, thus optimizing its adsorption capability for
oxygen-contained intermediates during ORR process, which can ef-
fectively enhance the catalyst’s activity while reducing the amount
of Pt [15-17]. Unfortunately, transition metals in conventional dis-
ordered alloys are prone to dissolution and corrosion in acidic elec-
trolyte during prolonged operation of the PEMFCs. resulting in poor
long-term durability and lifespan [18]. In contrast, ordered inter-
metallic compounds (IMC) exhibit superior durability due to their
highly controllable structure, stronger Pt-M metallic bonding, and
robust coupling between the 3d-5d orbitals of the transition metal
and Pt [19,20], which has received much attention as a new class
of catalysts. In recent years, a notable volume of investigation has
been dedicated to binary Pt-M intermetallic compound systems for
catalytic ORR such as Pt-Co [21,22], Pt-Fe [23,24], Pt-Cu [25], Pt-Zn
[26], Pt-Pb [27]. Recently, ternary intermetallic compounds Pt-M; -
M, have also gradually attracted much attention from researchers.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic diagram of the preparation of o-Pt; NiCo@NC.

The introduction of a third metal allows for further manipulation
of the electronic structure of Pt. Additionally, the synergistic effect
between M; and M, has shown potential in enhancing the ORR ac-
tivity and durability [28]. However, high temperature annealing is
an essential step in the preparation of the vast majority of Pt-based
IMC. This process leads to an excessive increase in catalyst parti-
cle size due to the particle sintering, resulting in insufficient expo-
sure of active sites on the catalyst surface [29]. Furthermore, dur-
ing the actual operation of the PEMFCs, some toxic molecules will
inevitably be mixed in the reaction gas. Once these toxic molecules
come into contact with the catalyst, they will firmly adsorb on the
surface of the Pt active sites, poisoning the catalyst, which severely
affects the stable operation of fuel cells [30]. Therefore, the de-
velopment of ternary Pt-based IMC as electrocatalysts for oxygen
reduction reaction with relatively small particles and superior ac-
tivity, durability and toxicity tolerance still remains a challenging
task.

In recent research on Pt-based ORR catalysts, the confinement
strategy has garnered increasing attention from researchers due to
its unique advantages [31]. The core idea of the confinement strat-
egy is to confine the catalyst to a specific space consisting of con-
finement layers and carriers. The presence of a confining layer can
effectively restrict the particle growth and agglomeration during
high temperature process and protect them from agglomeration
and shedding during the working process. Meanwhile, Among the
many types of coating layers, carbon layers have attracted much
attention due to their inexpensive precursor carbon source, supe-
rior electrical conductivity, abundant pore structures, and simple
design and preparation steps. Nevertheless, confinement strategy
has been rarely studied and applied in Pt-based ternary intermetal-
lic systems.

Herein, we report a ternary Pt;NiCo IMC of N-doped carbon
layer confinement (denoted as o0-Pt;NiCo@NC). The N-doped car-
bon layer confinement can not only effectively inhibit the agglom-
eration and sintering of Pt,NiCo nanoparticles in the formation of
the ordered structure by high-temperature annealing process, but
also mitigate particle agglomeration, detachment and poisoning
during fuel cell practical operation conditions. More importantly,
the electrochemical test results demonstrate that o-Pt,NiCo@NC
exhibits superior ORR activity, the mass activity (MA) at 0.9V of

0-Pt;NiCo@NC is 2.6 and 4.1 times higher than that of carbon sup-
ported disordered Pt,NiCo alloy and Pt/C, respectively. After 30,000
potential cycles from 0.6V to 1.0V and 10,000 high potential cycles
from 1.0V to 1.5V, the MA of 0-Pt;NiCo@NC still retains 80.2% and
69.1%. Additionally, the o0-Pt;NiCo@NC also exhibits enhanced tol-
erance toward CO, SOx and POy due to the protection provided by
the N-doped carbon layer.

The o-Pt;NiCo@NC was synthesized by a facile impregnation-
reduction method (see Supporting information for experimental
details), and the process is shown in Fig. 1. Firstly, dicyandiamide
(DCD) as a nitrogen and carbon source were uniformly dispersed
on the surface of the carbon support through the impregnation
process together with the metal salt precursor. Subsequently, in a
one-step high-temperature pyrolytic reduction process, DCD is first
converted to graphitic carbon nitride (g-C3Ny4) at about 550°C and
further decomposed into N-doped carbon layers and encapsulated
on the Pt;NiCo nanoparticles at nearly 800°C [32,33]. Meanwhile,
the metal ions in the precursors are also reduced and transformed
from disordered alloys to ordered Pt;NiCo IMC prompted by high
temperature Ar/H, atmosphere. The disordered carbon supported
Pt;NiCo alloy nanoparticles and Pt/C are chosen as comparison
samples, the loading of each metal element in the three cata-
lysts was measured by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES), which are shown in Table S1 (Sup-
porting information). The results indicate that the loading of Pt in
0-PtyNiCo@NC is 17.8%, slightly lower than 20%, which may be at-
tributed to the introduction of DCD.

X-ray diffraction (XRD) was employed to determine the crys-
talline structure of o0-Pt;NiCo@NC. The XRD patterns of o-
Pt,NiCo@NC and the comparison samples (Fig. 2a) all reveal three
diffraction peaks at approximately 39°, 46°, and 67° These peaks
correspond to the (111), (200), and (220) facets of Pt, as indi-
cated by the Pt PDF standard card. Notably, both o-Pt;NiCo@NC
and d-Pt;NiCo exhibit an obvious rightward shift in the diffrac-
tion peak positions compared with Pt/C. This rightward shift in-
dicates that the introduction of Ni and Co atoms with smaller di-
ameters will cause the lattice contraction of Pt [34,35]. Addition-
ally, o-Pt;NiCo@NC displays extra superlattice diffraction peaks at
23.8°, 33.7°, and 49.1°, which correspond to the (001), (110), and
(002) intermetallic facets. These peaks align with the standard PDF
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Fig. 2. (a) XRD patterns of o0-Pt;NiCo@NC, d-Pt;NiCo and Pt/C. The blue vertical
line corresponds to L1,-type intermetallic PtCo (PDF card No. 03-065-8969) and
the black vertical lines correspond to Pt (PDF card No. 96-900-8481). (b) The low-
magnification TEM image of 0-Pt;NiCo@NC. (c, d) HR-TEM images of 0-Pt;NiCo@NC
and the corresponding FFT pattern. (e-j) HAADF-STEM and corresponding elemental
mapping of Pt, Ni, Co, C, N.

cards of L1y-PtCo, confirming the presence of an L1y-type ordered
structure in 0-Pt;NiCo@NC.

Transmission electron microscopy (TEM) was performed to an-
alyze the microstructure of the catalyst. The low magnification
TEM image of o-Pt;NiCo@NC (Fig. 2b) illustrated that the cata-
lyst nanoparticles are uniformly dispersed on the carbon support
with an average particle size of only 3.32nm (Fig. S1 in Support-
ing information). The particle size of o0-Pt;NiCo@NC has a signif-
icant reduction compared with the catalyst synthesized by the
same method without the addition of DCD (Fig. S2 in Support-
ing information). This indicates that the carbon layer confinement
can effectively inhibit the particle sintering and agglomeration dur-
ing the high-temperature ordering process of the Pt;NiCo parti-
cles. Fig. 2c demonstrates the HR-TEM images of 0-Pt;NiCo@NC, in
which the lattice stripe with a spacing of 0.370 nm corresponds to
the superlattice (001) of the Pt;NiCo intermetallic compound. The
corresponding FFT images of o-Pt;NiCo@NC also exhibit diffrac-
tion spots of the (001) superlattice, confirming the formation of
the ordered intermetallic compound structure. In the HR-TEM pat-
tern of Fig. 2d, it can be observed that the Pt;NiCo nanoparti-
cles are encapsulated in a carbon layer with a thickness of about
1.0nm. The presence of pore structure can also be observed on
the carbon layer, which can be attributed to the diffusion of CNy
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gas produced by the decomposition of g-C3N4 from DCD during
the high temperature treatment process. Figs. 2e-j illustrates the
HAADF-STEM and corresponding elemental mapping of single o-
Pt;NiCo@NC nanoparticles, the metal elements Pt, Ni, and Co are
uniformly dispersed in the nanoparticles without any obvious seg-
regation on the surface or enrichment in the interior. Meanwhile,
the presence of N element can also be clearly observed, which in-
dicates the N element doping into the carbon layer successfully.

X-ray photoelectron spectroscopy (XPS) was performed to an-
alyze the valence distribution of elements on the surface of o-
Pt,NiCo@NC. Fig. S3 (Supporting information) illustrates the XPS
survey spectrum of o0-Pt,NiCo@NC and d-Pt;NiCo, in which there
is an obvious N 1s signal peak at around 400.0eV binding en-
ergy for o-Pt;NiCo@NC, while no signal peak is observed at the
same position for d-Pt;NiCo, which initially indicates the intro-
duction of N elements in o-Pt;NiCo@NC. Fig. S4a (Supporting in-
formation) shows the C 1s high resolution XPS spectrum of o-
Pt,NiCo@NC. It could be deconvolved into four signal peaks located
at 284.8eV, 285.1eV, 286.0eV, and 288.9 eV, which correspond to
C-C, C-N, C-0, and C=0 bonds, respectively, in which the pres-
ence of the C-N bond further confirms that the N element is suc-
cessfully doped into the carbon layer [36]. To investigate the role of
N element doping into the carbon layer in 0-Pt;NiCo@NC, the N 1s
high resolution XPS spectrum was also deconvoluted. As shown in
Fig. S2b (Supporting information), there are three signal peaks at
binding energies of 399.1 eV, 401.1eV and 404.2 eV, corresponding
to pyridinic nitrogen, graphitic nitrogen and nitrogen oxide, respec-
tively [37]. The pyridinic nitrogen can provide ORR active sites and
modify the electronic structure of the catalyst, while the graphitic
nitrogen can enhance the conductivity of the carbon layer and thus
accelerating the electron transfer rate, both of which contribute to
the improvement of the ORR performance of the catalyst [38,39].
The Pt 4f high resolution XPS spectrum of o-Pt;NiCo@NC and
d-Pt;NiCo (Fig. S5 in Supporting information) can be deconvoluted
into two pairs of peaks. The peaks located at 71.8eV, 75.4eV and
the peaks located at 72.4eV, 76.0eV can be assigned to metallic
Pt and oxidation state Pt2*, respectively [18]. Notably, the bind-
ing energy of the peak Pt 4f;, of 0-Pt;NiCo@NC is shifted right by
0.3 eV compared with that of d-Pt;NiCo, which indicates that the
N-doped carbon layer and internal ordering structure of Pt,NiCo
can optimize the electronic structure of Pt, weaken its adsorption
strength to ORR oxygen-contained intermediates to a more mod-
erate level, thus enhance its ORR performance [40,41]. The Ni and
Co 2p high resolution XPS spectrum of o0-Pt,NiCo@NC are shown
in Fig. S6 (Supporting information), where the Ni 2p spectrum
can be decomposed into three pairs of peaks corresponding to Ni®
(852.9eV vs. 870.1 eV), Ni2* (855.4eV vs. 872.6eV), and the satel-
lite peaks of Ni (861. 4eV vs. 878.8 eV), respectively [42]. Similarly,
the Co 2p spectrum can also be decomposed into three pairs of
peaks corresponding to Co® (778.5eV vs. 793.5¢eV), Co?+ (780.7 eV
vs. 796.7eV) and the satellite peaks of Co (784.8eV vs. 802.8eV),
respectively [43]. Based on the XPS analysis results, it can be seen
that the Pt on the surface of 0-Pt;NiCo@NC exists mainly in the
metallic state, while the Ni and Co exist mainly in the oxidized
state, which is consistent with the valence distribution previously
reported in the literature regarding the formation of IMC between
Pt and M [44].

The Raman spectra of 0-Pt;NiCo@NC, d-Pt;NiCo and Vulcan XC-
72 carbon support are illustrated in Fig. S7 (Supporting informa-
tion), all the samples exist two signal peaks located at 1350 cm™!
and 1590 cm™!, which correspond to the D-band and the G-band
of the carbon materials, respectively. The ratio of the peak inten-
sities of the D-band to the G-band (Ip/Ig) can reflect the degree
of the defects in the graphite structure [45,46]. The Ip/lg value
of 0-Pt;NiCo@NC (1.15) is higher than that of d-Pt;NiCo (1.08)
and both are higher than that of Vulcan XC-72 (1.01), which sug-
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Fig. 3. (a) CV curves of 0-Pt;NiCo@NC, d-Pt;NiCo and Pt/C in Nj-saturated 0.1 mol/L HClOy. (b) LSV curves of o-Pt;NiCo@NC, d-Pt,NiCo and Pt/C in O,-saturated 0.1 mol/L

HClO4. (c) Tafel spot and (d) MA and SA of 0-Pt;NiCo@NC, d-Pt;NiCo and Pt/C.

gests that the introduction of the N-doped carbon layer with inter-
metallic nanoparticle loading can create more defects on the sur-
face of the carbon carrier, which contributes to the enhancement
of ORR performance [47]. Meanwhile, the specific surface area
of 0-Pt;NiCo@NC was measured using N, adsorption-desorption
isotherms (Fig. S8a in Supporting information). The Brunauer-
Emmett-Teller (BET) specific surface area of o0-Pt;NiCo@NC was
226.6 m?/g, which was larger than d-Pt;NiCo (159.3 m?2/g), its in-
creased specific surface area could be attributed to the structure
of porous carbon layers formed on the surface of o-Pt,NiCo@NC.
The pore size distribution curves of the catalysts (Fig. S8b in Sup-
porting information) show that most of the catalysts have a pore
size distribution between 2nm and 10nm, dominated by meso-
porous structures, with the vast majority of the pore sizes larger
than the kinetic diameter of O, diffusion (0.346 nm) [48]. This in-
dicates that the carbon layer will not affect the O, transport dur-
ing the reaction process. Meanwhile, the large specific surface area
of 0-Pt;NiCo@NC with abundant mesoporous structure can expose
more active sites on the catalyst surface and contribute to the elec-
trolyte transport during the reaction process to further enhance
the ORR reaction rate [49,50].

The ORR performance of 0-Pt;NiCo@NC was assessed using
electrochemical tests. Fig. 3a shows the cyclic voltametric (CV)
curves of the three catalysts. The electrochemical active specific
area (ECSA) was calculated using the low-potential H,pq deposi-
tion method [28]. The ECSA of 0-Pt;NiCo@NC and d-Pt;NiCo are
46.4 m2/g and 43.7 m?/g, respectively, which are smaller than that
of Pt/C (60.8 m2/g) due to particle agglomeration during high-
temperature annealing. A larger catalyst particle size will result
in insufficient exposure of active sites on their surface. Notably,
0-Pt;NiCo@NC annealed at 800°C exhibited a similar ECSA com-
pared with d-Pt;NiCo which annealed at 500 °C, indicating that the
N-doped carbon layer effectively prevented Pt,NiCo nanoparticles
from agglomerating during ordered high-temperature annealing.
Furthermore, a slight cathodic oxygen reduction peak shifting to a
higher potential of 0-Pt,NiCo@NC was observed at approximately
0.8V (vs. RHE). This suggests that the introduction of the N-doped
carbon layer and the formation of the ordered structure can opti-
mize the electronic structure of Pt, weaken the adsorption strength

between Pt and oxygen-containing intermediates, and enhance the
efficiency of the catalysts for oxygen reduction, correspond well
with the XPS results. The linear scanning voltametric (LSV) curves
of the three catalysts are presented in Fig. 3b. 0-Pt;NiCo@NC ex-
hibits the highest half-wave potential (0.913V), which is signifi-
cantly superior to d-Pt,NiCo (0.882V) and Pt/C (0.863 V), which in-
dicates that the o0-Pt;NiCo@NC possesses the most remarkable ORR
kinetics with the lowest reaction overpotential. Furthermore, the
0-PtyNiCo@NC also exhibits the lowest Tafel slope (Fig. 3c) among
the three catalysts, indicating the considerably enhanced ORR ki-
netic activity [51]. Additionally, Fig. 3d illustrates the calculated MA
and specific activity (SA) of these three catalysts at 0.9V (vs. RHE)
potentials. 0-Pt;NiCo@NC catalyst achieves a MA of 0.65 A/mgp;
and a SA of 1.41 A/cmp2, which are 4.1 and 5.4 times higher than
that of Pt/C, 2.6 and 2.5 times higher than that of d-Pt;NiCo, re-
spectively. The ORR electron transfer number of the catalyst is an-
other important indicator of the catalyst quality. According to the
relevant literature, N-doped carbon materials have been proven to
be effective two-electron ORR catalysts [52].

To investigate whether the introduction of the N-doped carbon
layer promotes the two-electron ORR process, the LSV curves of
the catalysts at different RDE rotating speeds were measured and
the reaction electron transfer number of o-Pt;NiCo@NC was cal-
culated using the K-L equation (Fig. S9 in Supporting information)
[2], and the calculated electron transfer number of 0-Pt;NiCo@NC
and the comparison catalysts were close to 4, which indicated that
they followed the direct four-electron ORR pathway, and also indi-
cated that the introduction of the N-doped carbon layer and order-
ing intermetallic structure did not have an impact on the reaction
pathway of the catalysts [53].

Furthermore, the thickness of the carbon layer is also an im-
portant factor which can directly affecting the ORR performance
of 0-Pt;NiCo@NC. The flexible regulation of the carbon layer thick-
ness can be achieved by adjusting the additional amount of DCD
in the precursor [54]. Fig. S10a (Supporting information) shows the
CV curves of 0-Pt;NiCo@NC with different amounts of DCD added
in the precursor. When the amount of DCD was increased from
0.3 mmol to 0.6 mmol, the ECSA of the catalyst showed an increase,
at this time, the thicker carbon layer could effectively inhibit the
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Fig. 4. (a) CV (inset) and LSV curves of 0-Pt;NiCo@NC before and after ADT of 30,000 potential cycles between 0.6V and 1.0V (vs. RHE) in O,-saturated 0.1 mol/L HClO4. (b)
The ECSA and (c) MA comparison of the three catalysts before and after ADT. (d) CV (inset) and LSV curves of o0-Pt;NiCo@NC before and after high potential ADT of 5000
and 10,000 potential cycles. (e) The ECSA and (f) MA comparison of the three catalysts before and after high potential ADT.

agglomeration of the Pt;NiCo particles during high-temperature
annealing process, so that more active sites could be exposed on
the surface of catalyst. However, when the DCD additive amount
continued to increase, the ECSA began to decrease, which indicated
that too thick carbon layer would cover the active sites on the sur-
face of the catalyst particles, and even if it could inhibit the ag-
glomeration of the particles, it would still have a negative effect
on the ORR performance. In the LSV curves of the samples synthe-
sized with different DCD additions (Fig. S10b in Supporting infor-
mation), the ORR performance of the catalysts also exhibits a trend
of increasing and then decreasing, and reached the optimum at the
DCD additions of 0.6 mmol, which was in line with the trend of the
CV curves, and it indicated that the thickness of the carbon layer
was most suitable at the DCD additions of 0.6 mmol.

Long-term durability is also a critical factor for evaluating the
comprehensive performance of catalysts. To evaluate the ORR dura-
bility of o-Pt;NiCo@NC, accelerated durability tests (ADT) of 0.6-
1.0V (vs. RHE) in O,-saturated 0.1 mol/L HCIO4 was performed.
Fig. 4a and Fig. S11 (Supporting information) illustrate the CV and
LSV curves of 0-Pt;NiCo@NC before and after 30,000 potential cy-
cles. Compared with d-Pt;NiCo and Pt/C (Fig. S12 in Supporting
information), the ECSA and half-wave potential attenuation of o-
Pt;NiCo@NC is almost negligible. Fig. S13 (Supporting information)
further demonstrates the changes of half-wave potentials before
and after ADT for the three catalysts, it can be clearly observed
that the half-wave potential of 0-Pt;NiCo@NC decays by only 8 mV
after ADT, which is much lower than that of d-Pt;NiCo (49mV)
and Pt/C (44mV). The decay ratios of ECSA and MA at 0.9V (vs.
RHE) after ADT were further calculated (Figs. 4b and c). The ECSA
of 0-Pt;NiCo@NC only decays by 3.5% after 30,000 potential cy-
cles, whereas d-Pt;NiCo and Pt/C decayed by 39.4% and 67.2%, re-
spectively. Similarly, the MA at 0.9V (vs. RHE) of 0-Pt;NiCo@NC
shows a slight degradation of 19.8% relative to d-Pt;NiCo (63.8%)
and Pt/C (56.3%). The above analysis of the ADT results fully con-
firms the excellent long-term durability of o-Pt;NiCo@NC, which is
attributed to the protection provided by the N-doped carbon layer
confinement, which can effectively inhibit the agglomeration and
detachment of the nanoparticles during the catalyst’s prolonged
operation in acidic electrolyte. Meanwhile, the order intermetallic

structure can also mitigate the leaching of transition metals and
maximize the preservation of the catalyst’s activity. The superior
durability exhibited by o-Pt;NiCo@NC is highly competitive among
Pt-based ORR electrocatalysts reported in the relative literature re-
cently (Fig. S14 and Table S2 in Supporting information). The supe-
rior durability can also be confirmed by the structural characteriza-
tion of 0-Pt;NiCo@NC after ADT. The TEM images of 0-Pt;NiCo@NC
after 30,000 potential cycles are shown in Fig. S15a (Supporting in-
formation). It can be obviously observed that the catalyst nanopar-
ticles are still uniformly dispersed on the carbon support after
durability test without obvious agglomeration phenomenon occurs.
Moreover, the structure of the carbon layer confinement is still in-
tact without visible damage (Fig. S15b in Supporting information),
which also demonstrates that the confinement structure can ex-
hibit excellent durability. Moreover, the Pt 4f high resolution XPS
spectrum of 0-Pt;NiCo@NC after ADT has nearly no change com-
pared with the initial (Fig. S16 in Supporting information), suggest-
ing a stable electronic structure of Pt.

During the actual start/stop process of PEMFCs, the anode will
be exposed to H, and O, at the same time and forming the H,_0O,
interface, thus the fuel cell will have a partial reverse current due
to the water electrolysis process, which will lead to the decrease
of the local potential of the anode and the sudden increase of
the cathode voltage [55,56]. Excessive cathodic potentials can be
detrimental to the corrosion of the catalyst’s carbon carrier and
lead to the oxidation of Pt. Therefore, durability testing of the
catalyst under harsh operating conditions is equally indispensable
[57]. To simulate the catalyst changes in real operating conditions
more realistically, high potential ADT tests were performed. During
the high potential ADT process, the scanning potential range was
increased to 1.0-1.5V (vs. RHE) in O, saturated 0.1 mol/L HCIOy4.
Meanwhile, the scanning rate was simultaneously increased to
500mV/s, and the temperature of the test was increased to 60°C
[58]. The CV and LSV curves of the three catalysts before and after
high potential ADT are shown in Fig. 4d and Fig. S17 (Supporting
information), respectively. In Fig. S18 (Supporting information), the
change in the half-wave potential of the three catalysts after high
potential ADT is also intuitively compared. The half-wave poten-
tials of 0-Pt;NiCo@NC decayed only 7mV and 11 mV after 5000
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Fig. 5. (a) CO stripping curves of 0-Pt;NiCo@NC, d-Pt;NiCo and Pt/C. (b) LSV curves of the three catalysts before and after the existence of 50 mmol/L NaHSOs. (c) LSV curves
of the three catalysts before and after the existence of 50 mmol/L Na,HPO, and (d) corresponding change of half-wave potential.

and 10,000 high potential cycles, which were much lower com-
pared with d-Pt;NiCo (18 mV, 39 mV) and Pt/C (15 mV, 34 mV). The
decay ratios of ECSA and MA at 0.9V (vs. RHE) after high poten-
tial ADT were further calculated (Figs. 4e and f). Among them, the
ECSA of 0-Pt;NiCo@NC only decayed by 10.1% after 10,000 high
potential cycles, while d-Pt;NiCo and Pt/C decayed by 40.8% and
51.9%, respectively. Similar to the trends of ECSA and half-wave po-
tentials, the MA at the 0.9V (vs. RHE) of 0-Pt;NiCo@NC decreased
by 28.7% after 10,000 high potential cycles, which was signifi-
cantly lower than the 59.4% of d-Pt;NiCo and the 58.2% of Pt/C.
Comprehensive analysis of the results of the above high potential
ADT demonstrates that even under severe operating conditions, o-
Pt;NiCo@NC can still maintain relatively superior durability due to
the carbon layer confinement and the ordered intermetallic struc-
ture of internal nanoparticles.

To save the overall cost of PEMFCs, the fuel used for the anode
is mainly cheap crude H, obtained by steam reforming, but some
CO will inevitably be mixed inside [59]. At the same time, the
source of cathode O, mainly comes from the air, which has a small
amount of SOy due to atmospheric pollution. In addition, some POy
will also exist in high temperature phosphoric acid doped poly-
mer electrolyte membrane fuel cells. These toxic molecules will
poisoning the active sites of Pt and cause the deactivation of the
catalysts. Therefore, enhancing the toxicity tolerance of catalysts
is also crucial [30,59,60]. The toxicity tolerance of o-Pt;NiCo@NC
was also evaluated by CO stripping and LSV technology [54]. The
CO stripping curves of the three catalysts are shown in Fig. 53, in
which 0-Pt;NiCo@NC exhibit a significantly negatively shifted CO
oxidation peak potential, indicating that its surface has the weak-
est adsorption capacity for CO molecules, confirming its superior
CO tolerance. Fig. 5b illustrates the LSV curves of the three cata-
lysts before and after the addition of a certain amount of NaHSO;
to the electrolyte. As expect, 0-Pt;NiCo@NC also exhibits superior
SOy tolerance, the half-wave potential of the poisoned ORR only at-
tenuates by 29 mV. In contrast, the half-wave potential decrease of
d-Pt;NiCo is 131 mV after SOx poisoning, and the decrease of Pt/C

even reached 408 mV, which almost completely lost the catalytic
activity. Fig. 5c shows the LSV curves of the three catalysts before
and after the addition of Na,HPO,4 in the electrolyte. As shown in
Fig. 5d, the half-wave potential of 0-Pt;NiCo@NC also decays only
35mV after POy poisoning, its POy tolerance is also superior to d-
Pt;NiCo and Pt/C. According to the results of the above poisoning
tests, 0-Pt;NiCo@NC also exhibits enhanced tolerance to CO, SOx
and POy. The superior toxic tolerance of 0-Pt;NiCo@NC may be at-
tributed to the physical protection function provided by the car-
bon layer, which could isolate the contact between the Pt;NiCo
nanoparticles and toxic molecules to some extent. In addition, the
doping of the carbon layer with N elements having stronger elec-
tronegativity can help modify the local charge and spin density of
carbon, thus inducing the charge transfer and in turn reducing the
adsorption between o0-Pt;NiCo@NC and toxic molecular [30].

In summary, combining the carbon layer confinement strat-
egy and the ternary Pt-based alloy ordering strategy can effec-
tively facilitate the comprehensive ORR performance. The N-doped
carbon layer coated on the Pt;NiCo intermetallic nanoparticles
can not only restrict the particle agglomeration during the high-
temperature ordering process, but also mitigate the detachment,
corrosion and poisoning of the intermetallic nanoparticles during
the long-term operation process. As a result, the o-Pt;NiCo@NC ex-
hibits MA and SA of 4.1 and 5.4 times that of Pt/C, respectively,
which demonstrates superior long-term durability in both conven-
tional and high potential cycling tests. Furthermore, 0-Pt,NiCo@NC
also shows significantly enhanced tolerance to toxic molecules.
This approach provides a novel strategy for developing Pt-based
ORR catalysts with high activity, long-term durability and toxicity
tolerance.
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