Open Access Article. Published on 15 January 2024. Downloaded on 12/4/2025 9:20:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

W) Check for updates

Cite this: Nanoscale, 2024, 16, 2868

™ COYAL SOCIETY
ap OF CHEMISTRY

Highly dispersed ultrafine PtCo alloy nanoparticles
on unique composite carbon supports for proton

exchange membrane fuel cells¥

Received 26th October 2023,
Accepted 11th January 2024

DOI: 10.1039/d3nr05403a

Qiquan Luo, 2 € Tao Ding,

rsc.li/nanoscale

The design of highly efficient and robust platinum-based electro-
catalysts is pivotal for proton exchange membrane fuel cells
(PEMFC). One of the long-standing issues for PEMFC is the rapid
deactivation of the catalyst under working conditions. Here, we
report a simple synthesis strategy for ultrafine PtCo alloy nano-
particles loaded on a unique carbon support derived from a zeoli-
tic imidazolate framework-67 (ZIF-67) and Ketjen Black (KB) com-
posite, exhibiting a remarkable catalytic performance toward the
oxygen reduction reaction (ORR) and PEMFC. Benefitting from the
N-doping and wide pore size distribution of the composite carbon
supports, the growth of PtCo nanoparticles can be evenly
restricted, leading to a uniform distribution. The Pt-integrated
catalyst delivers an outstanding electrochemical performance with
a mass activity that is 8.6 times higher than that of the commercial
Pt/C catalyst. Impressively, the accelerated durability test (ADT)
demonstrates that the hybrid carbon support can significantly
enhance the durability. Theoretical simulations highlight the syner-
gistic contribution between the supports and the PtCo nano-
particles. Moreover, hydrogen—oxygen fuel cells assembled with
the catalyst exhibited a high power density of 1.83 W cm~2 at 4 A
cm™2, These results provide a new opportunity to design advanced
catalysts for PEMFC.

Introduction

High-efficiency electrocatalysts applied to the oxygen reduction
reaction (ORR) play a pivotal role in the development of fuel
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cells, which is a promising energy technology for the sustain-
able development of human society." Over the years, precious
metal group nanocrystals (PMG NCs) have been strategically
loaded on support materials to make full use of the precious
metal and diminish the cost of proton exchange membrane
fuel cells (PEMFC).>"® Until now, carbon supports have been
widely used for PMG NCs.””® The physical properties of the
carbon support layer can have a big impact on the perform-
ance of the fuel cells."® Thus, it is of great concern to optimize
the activity and durability of carbon-supported PMG NCs for
the ORR occurring at the fuel cell cathode."""”

A low-Pt loading membrane electrode assembly (MEA) with
high performance is critical to the economic viability of
PEMFC for the transportation industry."> Extensive research
has been aimed to minimize Pt usage in fuel cells, leading to
the development of transition metal alloy catalysts, notably
platinum-cobalt (PtCo) catalysts, known for their enhanced
ORR kinetics.'* However, the durability of PtCo catalysts can
be impacted by not only the intrinsic properties of the catalyst
particles, but also their interactions with the carbon support.
Refined particles can enable better electrocatalytic activity
resulting from the enhanced specific surface areas,'" and suit-
able carbon supports are crucial for maintaining metal particle
dispersion and providing proton transport pathways.'>'®
Additionally, carbon supports are extremely vulnerable to cor-
rosion and oxidation under high operating potential and low
pH conditions."”” As a result, developing an efficient and
robust support is urgent for resolving these problems. In view
of the MEA and the construction of catalyst layers, the employ-
ment of carbon supports is absolutely necessary. One of the
important physical differences between variants of carbon sup-
ports is the porosity of the carbon particles and aggregates.'®
The porosity and composition affect how the Pt particles and
ionomer are dispersed in and around the carbon particles,
leading to the different performances. Recently, Ketjen Black
(KB) has attracted widespread attention with an ultrahigh
surface area. However, a separate carbon support may be more
prone to corrosion, especially under high potential and transi-
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ent conditions such as start-up/shut-down, as well as uneven
dispersion of active Pt particles and limited pore size distri-
bution. Meanwhile, zeolitic imidazolate frameworks (ZIFs), a
sub-class of metal-Organic frameworks (MOFs) rich in micro-
pores and N atoms, have long been utilized as the precursor
for cathode catalysts.'® Further investigation on constructing
composite carbon supports is ongoing to meet the require-
ments of sufficient electron transfer, mass transport, and
product release. In addition, a uniform particle size and
unique N-modification can regulate the distribution of iono-
mers, as well as high dispersibility, and are considered as the
key to enhance the durability of acidic catalysis.'® Therefore,
integrating Pt-based alloys into the composite support appears
promising for balancing the activity and stability in
PEMFC.***' Moreover, composite carbon supports provide
additional active sites and strong interactions, thus synergisti-
cally enhancing the efficient activity of ORR catalysis.

Here, we report a composite carbon to support ultrafine
platinum-cobalt alloy nanoparticles for efficient ORR electro-
catalysis in PEMFC. Uniform ultrafine nanoparticles were pre-
cisely synthesized, contributing to the hybrid support’s expan-
sive pore size distribution (PSD). This was achieved by integrat-
ing KB and ZIF-derived NCs as a support, followed by the
impregnation and high-temperature reduction techniques.
The resulting PtCoNC catalyst exhibited a high mass activity of
0.86 A mgp, " at 0.9 V versus the reversible hydrogen electrode
(vs. RHE), which is 8.6 times higher than that of commercial
Pt/C. Impressively, it maintained 92% of its activity after
15 000 potential cycles. Additionally, this hybrid catalyst deli-
vers a voltage of 0.45 V at the current density of 4.0 Acm™ > in a
hydrogen-oxygen fuel cell and reaches a power density of 1.83
W cm™>. The advancement in Pt-based electrocatalysts not
only amplifies the durability, but also dramatically enhances
the activity, potentially paving the way for comprehensive
research on integrated electrocatalysts within fuel cells and
beyond.

Results and discussion

The key synthesis flowchart of the catalyst is depicted in
Fig. 1a. Firstly, the precursors of ZIF-67NC and KB were sub-
jected to ultrasonication with Pt(acac), and Co(acac),, and
then the precursors were heated at 700 °C for 15 h to obtain
the composite catalyst (named PtCoNC). The scanning elec-
tron microscopy (SEM) image (Fig. 1b) shows the continuous
porous network of composite carbon. The transmission elec-
tron microscopy (TEM) and high-resolution TEM images illus-
trate that PtCo nanoparticles are distributed homogeneously
in the porous carbon with a uniform size of 2.1 nm with <5%
deviation (Fig. 1c and Fig. S1}). Furthermore, powder X-ray
diffraction (XRD) was carried out to identify the crystalline
phase structures of catalysts. As demonstrated in Fig. 1e, the
characteristic diffraction peaks of the samples in the XRD
pattern matched well with those of CoPt; (standard PDF: 00-
029-0049), translating to the Pt:Co atomic ratio of 3:1 con-
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firmed by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). Observable lattice fringes indicate the
d-spacing values of 0.222 and 0.193 nm of Pt;Co, corres-
ponding to the (111) and (200) crystalline planes, respectively.
Notably, these diffraction peaks are located simultaneously
between Pt (standard PDF: 01-087-0646) and Co (standard
PDF: 01-089-4308), indicating that the catalyst is a PtCo alloy
with an fcc phase structure. Moreover, compared to commer-
cial Pt/C, an obvious diffraction peak shift was observed at
40.4°, which verifies the generation of shrinkage strain in the
PtCo alloy, known for decreasing the Pt usage and enhancing
the ORR intrinsic activity.”> Meanwhile, the graphitization
degree of the carbon support can also impact the lifetime of
the fuel cell. Thus, the composite supports facilitate the
loading and stabilization of Pt nanoparticles, forming smaller
and more uniform PtCo nanoparticles than PtCoKB (Fig. S47).
During the fuel cell operation, carbon oxidation might degrade
both the quality of the support and the retention and efficacy
of catalyst particle."” However, these performance issues may
be related to the fact that graphitized carbon tends to have
fewer defect sites that bind to the catalyst material, resulting
in poor dispersion and diminished performance.*?
Furthermore, graphitized carbon supports have
Brunauer-Emmett-Teller (BET) surface areas. As shown in
Fig. 1f, the Raman spectra exhibited the D band (1345 cm™)
and G band (1597 cm™") and further confirmed the formation
of C-N groups. Compared with PtCoKB, PtCoNC has a larger
value of Ip/lg (1.26), manifesting the enhanced defects after
the combination, potentially attributable to N doping. The
atomic ratio of N doping is 2.29% of the catalyst. Apart from
hindering nanoparticles’ agglomeration, the N doping carbon
support can also affect metal bonding and prevent the shed-
ding of alloys, avoiding Ostwald ripening. Additionally, com-
pared with PtCoZIF67 (Fig. 1g and Fig. S5t), PtCoNC exhibits a
higher BET specific surface area of 1346.8 m* g™*, enhancing
the exhaustive contact with reactive entities and active site
exposure. As shown in Fig. 1g, the aperture distribution was
analyzed using the Barrett-Joyner-Halenda (BJH) model.®?°
The isotherm of PtCoNC exhibit a combination of type I
(micropore), type IV (mesopore), and type II (macropores). The
hysteresis loop appears to follow the H3-type behavior, thus
revealing the distinct 3D amorphous porous structure and
wide pore size distribution of the composite support. Due to
the appropriate pore volume and high BET surface (Table S17),
rich active sites are exposed, and the mass transfer of reactants
is greatly improved. This enhanced specific surface area is
useful for dispersing metal NPs and exposing active sites,
which agrees with the TEM results. The pore size distribution
of PtCoNC is dominated by mesopores with a size of 4-7 nm,
which improves the dispersion of active nanoparticles and
endows the catalyst with both excellent ORR activities and
transport properties.>® Therefore, the balanced composite
carbon support pore exhibits better pore size distribution and
denser catalytic active sites, effectively promoting the elec-
tronic transfer, mass transport and product release, and
enhanced corrosion resistance.
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(a) The key synthetic flowchart of the catalyst. (b) SEM image and (c and d) TEM image of PtCoNC. (e) XRD patterns. (f) Raman spectra of

PtCoKB and PtCoNC. (g) N, adsorption/desorption isotherms of PtCoNC (inset shows the pore distribution of PtCoNC).

The electrochemical activities were then evaluated using
the linear sweep voltammetry (LSV) technique in 0.1 M HCIO,
on a rotating ring-disk electrode at a rotating rate of 1600 rpm
(Fig. 2a). PtCoNC shows a much higher half-wave potential
(E1/2) of 0.933 V vs. RHE, compared with PtCoKB (0.90 V vs.
RHE), suggesting an improved intrinsic activity after forming
the composite catalyst. The PtCoNC catalyst also exhibits a sig-
nificantly high mass activity of 0.86 A mgp " at the potential
of 0.9 V vs. RHE (Fig. 2b), compared with PtCoZIF-67NC (0.61
A mgp 1), PtCoKB (0.31 A mgp '), PtCoXC-72R (0.29 A mgp )
and PtCoVC-72R (0.09 A mgp. '), which is even an 8.6-fold
enhancement compared with commercial Pt/C (0.10 A mgp, ).
The formation of water from molecular O, depends on the
feasibility of O-O bond cleavage, which can be facilitated by
the strong adsorption on the active site and charge polariz-
ation on the catalyst surface. It will easily polarize the electron
cloud of the stable and neutral molecule. If less O-O cleavage
occurs, the ORR proceeds via the two-electron pathway
forming hydrogen peroxide.

To visually observe the difference in the hydrophilicity or
hydrophobicity on the electrode surface, contact angle
measurements were conducted. Fig. S6F shows that PtCoKB
exhibited a contact angle (CA) of 100.35°, indicating a more

2870 | Nanoscale, 2024, 16, 2868-2876

hydrophobic surface. In contrast, PtCoNC possessed a wettable
surface with a CA of 26.67°. Thanks to the advantageous com-
position of nitrogen doping, the hydrophilicity has been sig-
nificantly improved, which proved to facilitate the accessibility
of active sites to the electrolyte. The electrochemically active
surface area (ECSA) of PtCoONC was calculated to be 93.1 m>
¢! with a higher roughness factor (RF), which is higher than
PtCoKB (83.7 m> ¢g™") (ESI Fig. S7 and Note 1). Moreover, the
RRDE experiment produced an extremely low ring current
corresponding to H,O, oxidation with only 1.42% of H,O,
being formed, which triggered us to deliver mechanistic
insights into the catalytic phenomena (Fig. S10f). The
different catalytic activities of these samples are mainly attrib-
uted to the differences in the carbon BET specific surface area,
pore size distribution and carbon composition verified above.
Moreover, an accelerated durability test (ADT) was conducted
to evaluate the electrochemical stability of the catalysts. After
15k cycles, the half-wave potential only decreased by 8 mV and
MA was retained by >91%, which is better than those of the
commercial JM Pt/C catalyst (Fig. 2c). Except for E;;, and MA,
the decrease of ECSA after 15k cycles can be ignored, implying
that active sites tend to be a stable state (Fig. 2d). Moreover, to
further verify the ORR performance of the catalysts, PEMFC

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electrochemical tests. (a) LSV curves for PtCoKB, PtCoZIF67 and PtCoNC. (b) MA for PtC, PtCoNC, PtCoZIF67, PtCoKB, PtCoXC-72R and
PtCoVC-72R. (c) RDE potential cycling stability tests for best performed PtCoNC, scanning rate 10 mV s~ (d) ECSA and (e) fuel cell performance

with a comparison with the commercial Pt/C. Anode loading is 0.05 mgp; cm

PtCo with those of previous reports.

measurements were carried out. As shown in Fig. 2e, at a fuel
cell current density of 2 A cm™ in the polarization curves, our
PtCoNC catalyst exhibits a voltage of 0.58 V. It can also be
observed that the highest power density can reach 1.83 W
em~? and exhibits a good discharge trend. At a high current
density where more oxygen and protons are required for the
reaction, the composite support allows the reactant oxygen gas
to access the Pt active site, and consequently, substantially
reduces the local oxygen-related mass transport resistance. In
contrast to pure carbon as a support, the stability and activity
improvement of Pt catalysts by constructing the composite
support is remarkable. The PEMFC activity of PtCoNC is also
at the superior level among the recently reported platinum-
based electrocatalysts (Fig. 2f). These results clearly indicate
that the synergy of the composite support can well boost the
ORR activity and stability.>"**

X-ray photoelectron spectroscopy (XPS) was then employed
to examine the surface chemistry of the catalyst. The full XPS
survey spectrum mainly displays signals for Pt 4f, Co 2p, C 1s,
N 1s and O 1s, consistent with the elemental composition of
PtCoNC (Fig. S117). As presented in Fig. 3a, the characteristic
peak of N 1s is fitted into three distinct peaks: pyridinic-N
(398.4 eV), pyrrolic-N (400.4 eV) and graphitic-N (402.2 eV).
The graphitic-N atom is known to modulate the electron
density of adjacent C atoms,”” favouring electron transfer
between C and N atoms. This process not only facilitates the
dissociation of O, molecules from the carbon surface, but also

This journal is © The Royal Society of Chemistry 2024

~2, cathode loading is 0.15 mgp; cm™2. (f) Performance comparison for

promotes the bonding between O and H atoms. Nevertheless,
N doping on carbon is used to achieve a more uniform
ionomer distribution on the entire catalyst surface."
Successful N doping in carbon materials offers robust anchor-
ing points for PtCo alloys, which significantly accelerates the
ORR kinetics of cathode catalysts, as evident from their electro-
chemical behaviour. Based on the peak fittings of Pt(0) 4f;,
(71.8 eV), Pt(u) 4f,;, (73.5 eV), Pt(0) 4fs,, (75.2 €V) and Pt(u)
afs;, (76.9 eV), it is further demonstrated that Pt is mainly in
the metallic state and has a small amount of coordination
with carbon, nitrogen and oxygen atoms. Notably, the Pt(0)
4f,,, binding energy of PtCoNC manifests a discernible nega-
tive shift (0.2 ev) when compared with Pt/C (72.0 eV)
(Fig. S127). This shift underscores the modulation of the Pt
electronic structure due to a combination of effects: the alloy-
ing influence from PtCo compounds and the strengthened
interaction between the NC support and PtCo nanoparticles,
thereby enhancing the ORR activity. In addition, Co signals in
XPS is difficult to be observed, suggesting that Co is located
inside the alloy after acid leaching. Thus, to obtain deep
insight into the changes in the local electronic structure of
PtCoNC, synchrotron radiation soft X-ray absorption spec-
troscopy (XAS) was employed. It is well known that X-ray
absorption spectra at the transition-metal Ls-edges are highly
sensitive to the valence state. Compared to standard CoO(2+),
the Co L;-edge peak energy of the as-synthesized samples exhi-
bits a negative shift (Fig. S13}). More accurate atomic coordi-

Nanoscale, 2024, 16, 2868-2876 | 2871
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of Pt foil, PtCoNC, PtO,, PtCoKB, PtCoZIF67 and PtCoNC. (e) Co K-edge XANES spectra of Co foil, CoO, PtCoZIF67 and PtCoNC. (f) In situ XANES
spectra of Pt Lz-edge. Inset: Magnified white-line peak and pre-edge XANES region. (g) EXAFS curves of PtCoNC at In air, 1.0 V, 0.93 Vand 0.6 V.

nation and local electronic structures of Co and Pt were charac-
terized by X-ray absorption spectroscopy. X-ray absorption
near-edge structure (XANES) results indicate that the valence
state of Pt in PtCoNC is between Pt foil and PtO,, and closer to
Pt foil®® (Fig. 3d), which is in good agreement with the XPS
results. The absorption edge for Co is closer to Co foil, and a
large shift to CoO was detected in PtCoNC, suggesting a
similar electronic structure of Co foil (Fig. 3e). The evidently
shorter Pt-Pt bond length of PtCoNC than that of Pt/C could
be well ascribed to the smaller size of Co atoms compared
with Pt, thus inducing the global stress. The Fourier trans-
formed extended X-ray absorption fine structure (FT-EXAFS)
spectra reveal a main scattering peak, assigning to the contri-
bution of Pt-Pt/Pt-Co bonds. It is shorter than that of Pt
foil, which could be well ascribed to the smaller size of Co
atoms thus inducing the global stress (Fig. 3b). Additionally,
the white-line peak of the Pt L;-edge gives insight into the elec-
tron vacancy, showing a decreased integrated intensity. This
result indicated an increasing 5d-electron density and charge

2872 | Nanoscale, 2024, 16, 2868-2876

transfer from Co to Pt during the formation of intermetallic
bonds.

To further probe the dynamic changes in the oxidation
state and local coordination environment at the ORR-relevant
potentials, in situ XAFS measurements were performed. Fig. 3g
presents the evolutions of the normalized Pt L;-edge XANES
spectra. It shows the potential-dependent Pt-L; edge XANES of
PtCoNC, emphasizing the metallic state of Pt at 0.6 V, 0.93 V
and 1.0 V (vs. RHE). Comparatively, the normalized white-line
intensity at the Pt Ls;-edge decreased with decreasing the
applied potentials, indicating a slight decrease in oxidation
state. When the voltage was applied from 1.0 to 0.6 V (vs.
RHE), the peak intensity of the white-line decreased because
of the chemisorption of surface oxygenated species (*OH,
*OOH and/or *0).”” The EXAFS of the Pt Ls-edge of Pt foil
shows a feature at 2.39 A, corresponding to the Pt-Pt/Pt-Co
coordination (Fig. S147). The shift is due to the change of the
Pt-Pt bond distance. Compared with Pt foil, the main peak
shifted to the lower R position, which is a consequence of high

This journal is © The Royal Society of Chemistry 2024
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contraction strain. Such a phenomenon suggests an electron
transition from adjacent atoms to Pt sites, which can poten-
tially enhance the catalytic reaction rate. As shown in Fig. 3f,
the spectra of PtCoNC at various potentials are all similar,
indicating the structural retention during the cycling experi-
ments. Furthermore, as the applied cell voltage decreases from
1.0 to 0.6 V (vs. RHE), the Pt-Co configuration remains stable
(Fig. 3g and Table S27).

In order to further study the electrocatalytic reaction
mechanism on metal surfaces and detect various adsorbed
oxygenated intermediate species, the in-situ synchrotron radi-
ation Fourier transform infrared spectroscopy (SR-FTIR) tech-
nique was employed, by varying the potential (E) stepwise from
1.0 Vvs. RHE down to 0.05 V vs. RHE in dioxygen-saturated 0.1
M HCIO, solution. Initial observations in Fig. S18t indicate
the absence of significant peaks near the starting potential. As
shown in Fig. 4a, the peak at 1143 cm™" corresponds to the
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*OOH intermediate. As the potential decreases, the kinetics of
the ORR is accelerated and the peak intensity of *OOH begins
to appear.?® A subsequent peak at 968 cm™" is assigned to *O,
which is the key intermediate of the four-electron reaction
pathway. The broad peak ranging between 3600-3800 cm ™" is
mainly due to the tensile vibration of *OH, signifying the for-
mation of water, a key intermediate species (Fig. 4b). As the
potential becomes negative, the peak intensity increases, indi-
cating a heightened hydroxyl adsorption at the active sites.
With increasing time, the peak of *OH remains stable
(Fig. S197). This stability can be attributed to the facilitated
*OH desorption during the ORR process, highlighting the pre-
dominance of rapid four-electron reactions.”

On the basis of these experimental data, density functional
theory (DFT) analysis was performed to understand the origin
of the improved ORR catalytic activities. The PtCo nano-
particles are supported on the N-doped composite carbon
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(@ and b) The in-situ SR-FTIR spectra for PtCoNC. (c) The free energy diagram for the ORR on PtCoNC. (d) PDOS. (e) Formation energy

between nanoparticles and supports. (f) Electrostatic potential maps for Pt/C. (g) The 3D electron localization function for adsorption of *OH on

PtCoNC (red region represents electronic accumulation).
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support according to the XRD and XAFS characterization
results. PtCo(111) is regarded as the ORR active crystal plane
of the catalyst to calculate the free energies of each elemental
reaction step at U=1.23 and U=0 V. As shown in Fig. 4c, at
U=1.23 V, it could be clearly identified that the rate-limiting
step (RLS) of PtCoNC and PtC is the desorption of *OH (*OH +
H' + e~ - H,0), while the Gibbs free energy changes (AG) of
formation of H,O (PtCoNC and PtC) are 0.69 eV and 0.91 eV,
respectively. Obviously, compared with Pt/C, the d-band center
of Pt for PtCoNC was down-shifted, thus diminishing the
absorption energy of Pt and oxygen-containing intermediates
and improving the intrinsic ORR activity. The calculated free-
energy diagram shows the exothermic reactions and spon-
taneous thermodynamically. The AG of formation of *O has
the highest value indicating the four electron reaction process
tendency.’® Furthermore, the enhanced conductivity of
PtCoNC is confirmed than that of Pt/C by the higher projected
density of states (PDOS) near the Fermi level (Fig. 4d). And the
d-band center (g4) is calculated to be —2.61 and —2.59 eV,
respectively. It is well illustrated that the higher binding
energy unveils the stronger interaction between PtCo nano-
particles and supports (Fig. 4e). The results indicate that the
enhanced intrinsic activity of PtCoNC could be attributed to
the relatively weakened adsorption of intermediate species,
and the lowest free energy for RLS (*OH desorption process)
with appropriate modification of the electronic structure and
geometric structure with designed supports. The 3D maps of
the electron localization function (ELF) (Fig. 4f) clearly show
the electron transfer from Co to Pt when adsorption of the
*OH intermediate occurs, indicating a robust covalent modu-
lation effect of Co and Pt. Thus, the above results demonstrate
that the interaction between nanoparticles and composite sup-
ports is enhanced, hence weakening the migration and aggre-
gation of PtCo nanoparticles and increasing the stability of
PtCoNC. In a nutshell, DFT calculations explain that the
improvement of ORR properties is mainly assigned to the opti-
mized RLS, strengthened metal-carrier interaction and down-
shifted d-band center. In a word, the alloy effect and enhanced
metal-support interaction contribute to the enhanced ORR
intrinsic activity of PtCoNC.

Conclusions

In summary, we have rationally conceived and successfully syn-
thesized uniform ultrafine PtCo alloy particles on a distinctive
composite support, exhibiting a remarkable enhancement in
ORR activity compared to conventional supports. Importantly,
ADT results revealed a mere 5% loss of the ECSA after the
stability testing. The support has a porosity level required for
good catalytic performance; micropores limit the active site,
while the mesoporous structure amplifies accessibility and
molecular transport. In combination of synchrotron radiation
in situ XAFS, in-situ FTIR technology and DFT calculations, we
clarify that the hybrid catalysts strengthen the synergistic ORR
catalysis and stability. Furthermore, the catalysts exhibit out-
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standing performance in hydrogen-oxygen fuel cells, achieving
a high power density of 1.83 W cm™> at 4 A cm 2. This research
introduces a streamlined and effective methodology for devel-
oping supported Pt-based alloy catalysts, paving the way for
the fabrication of high-efficiency and enduring fuel cell
catalysts.
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