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Carbon supports employed in the oxygen reduction reaction (ORR) catalysts frequently exhibit crumpled,

curled, or other curved morphological features. The local microenvironment generated by such curved

interfaces and its impact on the electronic structure of active sites, as well as reaction kinetics, remain to

be studied. Herein, the finite element method was employed to elucidate the evolution of the local cata-

lytic microenvironment during the pyrolysis of ZIF-67 from the perspective of geometric distortion. The

results revealed that moderate interfacial curvature can significantly enhance the local electric field

strength and promote O2 enrichment. Guided by the simulation results, MOF-derived carbon with an

optimal curved configuration was constructed by controlling the pyrolysis temperature. After etching,

metal-ion adsorption, and H2 reduction, MOF-derived carbon materials loaded with PtCo alloy (PtCo/NCs)

were obtained. As expected, the PtCo/NCs-900 sample with a moderately curved interface exhibited out-

standing ORR performance, with a half-wave potential of 0.831 V and an activity retention of 91.7% after

50 000 s. Density functional theory calculations demonstrated that the curved interface in PtCo/NCs-900

induces electron redistribution, shifts the d-band center of Pt and optimizes the *OH desorption behavior,

thereby lowering the O2 diffusion barrier, facilitating electron transfer, and ensuring sufficient O2 supply. As

an air–cathode catalyst, the PtCo/NCs-900 sample delivered a peak power density of 159 mW cm−2 and a

specific capacity of 837 mAh g−1Zn, demonstrating its potential for practical energy applications.

1. Introduction

Sustainable energy conversion technologies, such as fuel cells
and metal–air batteries, provide important pathways for
addressing global energy and environmental challenges.1–5

Among them, the electrochemical oxygen reduction reaction
(ORR) is a key process that governs device performance.
However, its inherently sluggish reaction kinetics necessitates
the use of highly efficient and durable catalysts.6–8 Platinum
(Pt) group metals possess excellent ORR activity, but their
large-scale application is still hindered by high cost, limited

natural abundance, and insufficient long-term stability.9–11

Therefore, developing ORR catalysts with high performance
and economic viability is critically important. One of the com-
monly adopted strategies is to reduce the size of Pt nano-
particles to maximize atomic utilization efficiency. However,
size reduction is often accompanied by particle aggregation
and ultimately compromises structural stability and catalytic
performance.12–16

Noble-metal alloy catalysts such as platinum–cobalt (PtCo)
alloy have attracted considerable attention due to their excel-
lent catalytic performance.17–21 The Co atoms in PtCo alloys
can effectively adjust the electronic structure and surface com-
position of Pt, thereby significantly enhancing its intrinsic
activity and atomic utilization while reducing the overall
noble-metal loading amount.22–24 Zeolitic imidazolate frame-
work-67 (ZIF-67), formed by the coordination of Co2+ ions with
imidazolate ligands, can serve as an ideal transition-metal pre-
cursor for constructing high-performance PtCo alloy catalysts
owing to its well-defined porous framework and uniform
coordination environment. An ordered pore architecture
enables the in situ homogeneous dispersion of Co species
within the framework and facilitates intimate contact and
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diffusion between Pt and Co species during subsequent pyrol-
ysis, thereby allowing for controlled alloying behavior.25

Typically, approaches that involve infiltrating Pt precursors
into ZIF-67 before pyrolysis to produce PtCo/N-doped carbon
composites suffer from limited control over nanoparticle
anchoring and interfacial architecture, weakening metal–
support interactions and causing particle migration/agglom-
eration, structural degradation, and reduced catalytic
efficiency.26–29 Additionally, the ZIF-67-derived N-doped
carbon support is pivotal. Its porous framework offers a high
surface area and abundant anchoring sites while improving
conductivity and chemical stability, thereby enhancing activity
and durability.30 However, PtCo sites generated by in situ pyrol-
ysis are often embedded in or encapsulated by the carbon
framework, which causes mass-transport and interfacial con-
straints. Consequently, the diffusion of O2 and H+/OH− to the
active sites is prolonged, and the effective three-phase contact
is reduced, ultimately impeding the ORR kinetics.31–33

To address these issues, a structurally robust N-doped
carbon framework needs to be constructed, followed by direc-
tional anchoring and precise regulation of the metal active
sites on this framework. For example, Zhang et al. selectively
etched the pyrolysis products of ZIF-67 to generate nitrogen-
containing porous structures while removing large cobalt
nanoparticles.34 By exploiting micropore confinement effects
and Pt–N coordination, they were able to precisely immobilize
Pt atoms, which subsequently formed surface-anchored PtCo
alloys on the carbon supports after thermal treatment in a
reductive atmosphere. Huang et al. utilized the intrinsic hier-
archical porosity of a ZIF-67-derived Co-NC framework to
realize the uniform growth of PtCo nanoparticles.35 By defect
engineering, they tuned the electronic structure of the carbon
supports and strengthened the interaction between the active
sites and the support, thereby improving both the catalytic
activity and stability. Notably, the N-doped carbon framework
obtained from ZIF-67 pyrolysis often undergoes surface curva-
ture reconstruction due to volumetric shrinkage, leading to
geometric distortion and the formation of curved interfacial
structures.36 However, it remains unclear whether such curved
interfaces can reshape the interfacial microenvironment, for
example, by modulating the local electric field and driving the
enrichment and transport of reactants at the curved interface
to optimize the ORR kinetics.37–39 Meanwhile, whether curved
interfaces can further modify the electronic structure of PtCo
alloy sites and regulate the adsorption/desorption behavior of
reaction intermediates to enhance the ORR catalytic activity
remains poorly understood.

Herein, we first employed the finite element method to con-
struct models of the potential geometric distortions that may
arise during ZIF-67 pyrolysis, which revealed that the for-
mation of a moderately curved interface effectively enhances
the local electric field and promotes O2 enrichment. Guided by
these simulations, nitrogen-doped carbon (NC) frameworks
featuring curved interfaces were successfully fabricated via the
temperature-controlled pyrolysis of ZIF-67. Catalysts with PtCo
alloy nanoparticles anchored to N-doped carbon (PtCo/NCs)

with different curved interfaces were synthesized. The PtCo/
NCs-900 catalyst with a moderately curved interface exhibited
excellent ORR activity (E1/2 = 0.831 V) and durability. Density
functional theory calculations reveal that curvature-driven elec-
tron redistribution upshifts the d-band center of Pt to optimize
the desorption of *OH while mitigating the activation barrier
of the rate-determining step. A moderately curved interface
also guarantees highly efficient electron transfer and an abun-
dant supply of O2, thereby achieving a synergistic enhance-
ment of the overall ORR kinetics. When applied in a Zn–air
battery, the catalyst delivers an outstanding peak power
density of 159 mW cm−2, a specific capacity of 837 mAh g−1Zn,
and robust rate performance.

2. Experimental section
2.1 Materials

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%), sodium
chloroplatinate (Na2[PtCl6]·6H2O), 2-methylimidazole (2-MI,
99%), polyvinyl pyrrolidone (PVP), potassium hydroxide (KOH,
90%), H2SO4 (98 wt%), ethanol (C2H5OH, 99.7%), and metha-
nol (CH3OH, 99.7%) were purchased from Aladdin Chemical
Co., Ltd. All the reagents were used directly without further
purification. O2, N2, and Ar were purchased from Liaoning
Guoyi New Material Technology Co., Ltd. Commercial Pt/C
(20 wt%) was purchased from Johnson-Matthey. The commer-
cial 75% RuO2 catalyst was obtained from Suzhou Sinero
Technology Co., Ltd. Nafion solution (5 wt%) was purchased
from DuPont. Deionized (DI) water was used in all
experiments.

2.2 Synthesis of ZIF-67

0.67 g of 2-MI and 0.50 g of PVP were dissolved in 50 mL of
methanol, followed by ultrasonication at room temperature to
achieve a homogeneous solution A. Separately, 0.59 g of Co
(NO3)2·6H2O was dissolved in 50 mL of methanol to obtain
solution B. Solutions A and B were then combined by adding
the 2-MI/PVP mixture, which was added into the Co(NO3)2
solution under vigorous stirring for 1 min. The resulting reac-
tion mixture was aged at room temperature for 12 h. The
product was subsequently collected via centrifugation, fol-
lowed by vacuum filtration, and dried overnight at 50 °C to
yield dodecahedral ZIF-67.

2.3 Synthesis of Co NPs/NCs and Co/NCs

ZIF-67 particles were dispersed in a ceramic boat and heated
to 350 °C in a tube furnace for 1.5 h, then increased to
different temperatures (700, 800, 900, and 1000 °C) at a
heating rate of 5 °C min−1 and maintained for 3.5 h. The pyrol-
ysis process was carried out in a N2 atmosphere. Co-loaded
N-doped carbons with large Co nanoparticles (Co NPs/NCs-X,
X = 700, 800, 900, and 1000) were synthesized at different
pyrolysis temperatures. Subsequently, Co NPs/NCs-X was sub-
jected to treatment in 0.5 M H2SO4 solution for 3 h, followed
by centrifugation and drying to selectively remove the large Co
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nanoparticles and obtain Co-loaded N-doped carbons contain-
ing only small Co nanoparticles (Co/NCs-X).

2.4 Synthesis of PtCo/NCs

100 mg Co/NCs-X and 1 mL Na2[PtCl6] (2.16 g mL−1) were
added into 10 mL DI water, stirred at 60 °C for 6 h, then centri-
fuged and vacuum dried at 60 °C to obtain Co@Pt/NCs-X. The
Co@Pt/NCs-X was heat treated at 700 °C for 2 h in a H2 (5
vol%)/Ar (95 vol%) atmosphere in a horizontal tubular furnace
to form a PtCo alloy. The final sample was named PtCo/NCs-X
(X = 700, 800, 900, and 1000).

2.5 Finite element simulation

The finite element method (FEM) was employed to systemati-
cally analyze the evolution of the physical fields in ZIF-67
during thermally induced deformation. Based on the potential
deformation states under heat treatment, four kinds of 2D hex-
agonal models with a side length of 500 nm (denoted as Def-1,
Def-2, Def-3, and Def-4) were constructed. Their geometric sur-
faces were adjusted to simulate varying degrees of curved inter-
face. Regarding the electric field simulations, a uniform exter-
nal field was applied across the computational domain to
investigate the localized field enhancement induced by the
deformed interfaces. Furthermore, an oxygen transport model
based on Fick’s laws of diffusion was established to quantitat-
ively analyze the electric field distribution and oxygen aggrega-
tion behavior on the surfaces of models with different defor-
mation levels.

2.6 Sample characterization

The morphology and structure of the catalyst were character-
ized by scanning electron microscopy (SEM, FEI Apreo, 1 kV),
scanning transmission electron microscopy (STEM, FEI Apreo,
10 kV) and high-resolution transmission electron microscopy
(HRTEM, JEOL, JEM-F200). The crystallization information of
the material in the range of 2θ of 5–90° was collected using an
X-ray diffractometer (XRD, Rigaku D/MAX-2500X). Raman
spectra were obtained using a confocal Raman device
(HORIBA, Xplora Plus), and defects in the carbon material and
the degree of graphitization were observed. The nitrogen
adsorption/desorption isotherms of the samples at −196 °C
were determined using the ASAP-2020 adsorption/desorption
device, and the pore volumes were calculated using the non-
local density functional theory (NLDFT). The chemical states
were analyzed using X-ray photoelectron spectroscopy (XPS,
Shimadzu, AXIS SUPRA, Al Kα). The quantitative analysis of
the target metallic elements (Pt and Co) in the catalysts was
performed using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES).

2.7 Electrochemical measurements

Electrochemical tests were performed using a three-electrode
setup of a DH7003 electrochemical workstation (DONGHUA).
The electrodes used were a glass carbon electrode (working
electrode), Ag/AgCl chloride electrode (reference electrode),
and Pt sheet (counter electrode).

To prepare a uniform catalyst ink, 5.0 mg of the catalyst
powder was ultrasonically dispersed in a solvent mixture con-
taining 500 μL of ethanol, 450 μL of deionized water, and
50 μL of Nafion solution (5 wt%) in an ice bath for 30 min.
Subsequently, the well-dispersed ink was drop-cast onto a
rotating disk electrode (RDE, 0.1256 cm2) with 10 μL and a
rotating ring-disk electrode (RRDE, disk: 0.2475 cm2, ring:
0.1866 cm2) with 20 μL, yielding a catalyst loading of approxi-
mately 0.40 mg cm−2 in both cases.

All potentials reported in this work are referenced to revers-
ible hydrogen electrodes (RHEs): ERHE = EAg/AgCl + 0.0591 pH +
0.198. The ORR performance of the catalyst was investigated
using cyclic voltammetry (CV) and linear scanning voltammetry
(LSV). CVs were recorded at a scan rate of 50 mV s−1. The LSV
was measured at a scan rate of 10 mV s−1 at 400, 625, 900, 1225,
1600, 2025, and 2500 rpm. The electrolyte was purged with pure
N2 or O2 gas (at least 30 min) before electrochemical testing. The
electron transfer number (n) and hydrogen peroxide yield
(H2O2%) were computed based on the RRDE test results:

n ¼ 4ID
ID þ IR=N

;

H2O2% ¼ IR=N
ID þ IR=N

� 200%;

where ID is the disk current, IR is the ring current, and N (N =
0.37) is the current collection efficiency of the Pt ring.

For the kinetic analysis of the catalyst, the Koutecky–Levich
equation was used in this work:

1
j
¼ 1

jk
þ 1
jl
¼ 1

jk
þ 1
Bω1=2

;

B ¼ 0:2nFC0D0
2=3v�1=6;

jk ¼ nFkC0;

where j represents the obtained current density, jk represents
the kinetic current density, jl represents the current density
that was limiting diffusion, n represents the reaction’s total
number of O2 electron transfers, F is the Faraday constant
(96 485 C mol−1), and ω is the angular velocity of the rotation
rate of the disc. The volumetric concentration of oxygen was C0

(1.9 × 10−5 cm2 s−1), the diffusion coefficient of O2 was D0 (1.2
× 10−6 mol cm−3), and v was the kinematic viscosity of the elec-
trolyte (0.01 cm2 s−1).

The mass activity ( jm, mA mg−1) of the prepared catalysts
was calculated according to the following equation: jm = jk/
(wmetal × ccatal), where jk is the kinetic current density, wmetal is
the weight fraction of the metal species determined by
ICP-OES, and ccatal represents the catalyst loading on the elec-
trode. The turnover frequency (TOF, e per s per site) was evalu-
ated using the following equation:

TOF ¼ jkNeMmetal=ðNawmetalccatalÞ
where Ne is the number of electrons per Coulomb (6.24 × 1018

e C−1), Mmetal is the average molar mass of the metal, and Na is
the Avogadro constant (6.022 × 1023 mol−1).
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Primary Zn–air batteries (ZABs) were tested in a two-elec-
trode system using 6.0 M KOH and 0.2 M (CH3COO)2Zn
aqueous electrolytes. Catalyst ink (without carbon black) was
applied onto carbon fiber paper to create an air electrode with
a load capacity of approximately 0.3 mg cm−2. The anode was a
polished Zn plate with a thickness of 0.2 mm.

3. Results and discussion

Given the geometric deformation and curved interface for-
mation induced by volume shrinkage during ZIF-67 pyrolysis,
four kinds of 2D physical models were first constructed using
the finite element method (FEM) simulation to simulate the
potential deformation characteristics. Fig. S1 depicts the geo-
metric models of Def-1 to Def-4. It is observed that the edge
curvature increases progressively from Def-1 to Def-4, even-
tually leading to structural collapse. These models can accu-
rately reflect the deformation evolution of ZIF-67 with increas-
ing pyrolysis temperatures, where the intensification of struc-
tural distortion ultimately results in framework failure. Fig. 1a
shows the electric field distribution on the surface of the
models. The results indicate that Def-1 and Def-2, lacking dis-
tinct curved interfaces, exhibit pronounced electric-field
enhancement at the particle tips. As the degree of curvature
increases, the enhanced electric field region gradually shifts
from the tip to the curved interface. For Def-3, the tip-
enhanced electric field remains, while the electric-field inten-
sity on the curved surface is markedly increased. Notably, Def-
4 with structural deterioration shows a non-uniform electric
field distribution. Fig. 1b illustrates that the intensity drop
(ΔE) from the vertex to the edge decreases significantly as the

degree of deformation increases. Notably, Def-3 reaches the
minimum ΔE, suggesting that the curved interface effectively
enhances the localized electric field strength. However, the ΔE
of Def-4 is markedly higher than that of the other models,
indicating that the continuity and uniformity of the interfacial
electric field distribution are disrupted by structural failure.
Fig. 1c shows the rate of change in electric field intensity
within the black-circled region indicated in Fig. 1a. The results
show that the variation rate for Def-3 is only 1.3%, which is
markedly lower than the other models. This further confirms
that the formation of a moderately curved interface can effec-
tively optimize the electric field distribution on the particle
surface, thereby achieving an electric field-enhancement
effect.

To further investigate the impact of interfacial deformation
on O2 mass transfer kinetics, the temporal distribution of O2

concentration on the surfaces of various models was simulated
using FEM (Fig. 2a). The results indicate that at all monitored
time points, the curved interface of Def-3 exhibits a signifi-
cantly higher degree of O2 concentration enrichment com-
pared to the other models. Fig. 2b depicts the surface O2 con-
centration over time on the different curves, further confirm-
ing that Def-3 maintains a consistently higher concentration
than the other models. Fig. 2c compares the time required for
each model to reach specific O2 concentrations (0.5 and
1.0 mmol nm−3). Def-3 required the shortest duration to
achieve the target levels, demonstrating the superiority of its
moderately curved interface in accelerating the O2 accumu-
lation. Driven by the synergistic effect of localized electric field
enhancement and O2 enrichment at curved interfaces, the con-
struction of a moderately curved interface in ZIF-67-derived
carbon supports can significantly optimize the local catalytic
microenvironment. It is foreseeable that this improved micro-
environment can facilitate electron transfer between the sub-
strate and active sites while ensuring an abundant supply of
reactants to the catalytic sites.

Guided by the structures predicted via FEM simulations,
the curved surface of ZIF-67 was effectively modulated through
control of the pyrolysis temperature (700, 800, 900, and
1000 °C), enabling the high-quality replication of the simu-
lated deformation configurations. Meanwhile, using pyrolyzed
ZIF-67-derived carbon as N-doped carbon supports, PtCo alloy
catalysts anchored onto N-doped carbon supports with distinct
curved interfaces (PtCo/NCs-X) were successfully synthesized
through a sequence of etching, ion adsorption, and H2

reduction, where X denotes the specific pyrolysis temperature
(Fig. 3). The as-prepared PtCo/NCs-X exhibit structural charac-
teristics highly consistent with the models predicted.
Correspondingly, a locally enhanced electric field and facili-
tated O2 enrichment induced by the catalyst could be expected
to accelerate the kinetics of the ORR and improve overall cata-
lytic performance.

ZIF-67 appeared to have a smooth surface and a well-
defined dodecahedral structure (Fig. 4a and Fig. S2). For Co
NPs/NCs-900 prepared at 900 °C, the overall morphology was
largely preserved after high-temperature pyrolysis, but a small

Fig. 1 FEM simulation. (a) Simulated electric field distribution, (b)
curves depicting the change in electric field intensity from the vertex to
the edge, and (c) rate of change of the electric field intensity within the
specified region (indicated in black in a) for models with varying degrees
of deformation: Def-1, Def-2, Def-3, and Def-4.
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amount of whisker-like carbon nanotubes growing by Co cata-
lysis can be observed on the surface of the sample (Fig. S3).
Scanning transmission electron microscopy (STEM) images
further revealed some large metal nanoparticles within Co
NPs/NCs-900 (Fig. S4). Following acid washing, the external
morphology of Co/NCs-900 remained unchanged. In contrast,
the large internal metal nanoparticles were selectively
removed, yielding a porous architecture with uniformly distrib-
uted cobalt nanoparticles or clusters (Fig. S5). This process
also generated carbon defects and N-containing voids. PtCo/
NCs-900 synthesized from Co/NCs-900 retained the overall
morphological characteristics of Co NPs/NCs-900. However,
mechanical stirring during the acid washing process led to the
removal of loosely attached carbon nanotubes, thereby sub-
stantially reducing their surface density and revealing a dis-
tinctly curved surface morphology (Fig. 4b).

To verify the consistency between the curved interfaces of
PtCo/NCs-X with different pyrolysis temperatures and the

theoretical models, STEM was used to characterize the mor-
phologies of the samples. As shown in Fig. 4c and Fig. S6,
PtCo/NCs-700 and PtCo/NCs-800 exhibit nearly flat surfaces
without discernible inward curvature. Upon increasing the
pyrolysis temperature to 900 °C, a distinct concave curved
interface appeared on the surface of PtCo/NCs-900. In contrast,
further increasing the temperature to 1000 °C resulted in
severe surface contraction in PtCo/NCs-1000, ultimately
causing the structure to collapse. The corresponding sche-
matic illustration (Fig. 4d) provides an intuitive visualization
of the morphological evolution of the samples as a function of
pyrolysis temperature. Evidently, the moderate concavity dis-
played by PtCo/NCs-900 is highly consistent with the opti-
mized Def-3 model from FEM simulations. This geometric dis-
tortion can not only reshape the surface charge distribution at
a physical level, thereby generating a significant localized field
enhancement effect, but also create favorable space for O2

capture and accumulation. Compared to low-curvature

Fig. 2 Finite element simulation. (a) 2D models of O2 distribution changes over time, (b) temporal variation in oxygen concentration within the
model; and (c) time required to reach a specific O2 concentration for models with varying degrees of deformation: Def-1, Def-2, Def-3, and Def-4.

Fig. 3 Schematic of the synthesis of PtCo/NCs-X and its synergistic mechanism of local electric field and O2 enrichment.
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samples (PtCo/NCs-700 and PtCo/NCs-800) and the collapsed
structure caused by over-contraction (PtCo/NCs-1000), this
intermediate curved interface is expected to optimize the local
catalytic microenvironment and synergize with PtCo active
sites, enhancing the overall performance of the catalyst.

HRTEM was employed to gain insight into the internal
microstructure of PtCo/NCs-900. As shown in Fig. 4e, a large
number of metal nanoparticles are uniformly distributed
throughout the interior of PtCo/NCs-900. Upon further magni-
fication (Fig. 4f), these nanoparticles display well-defined crys-
talline features with clearly resolved lattice fringes. The
measured interplanar spacing of approximately 0.22 nm can
be assigned to the (111) plane of the tetragonal PtCo alloy
(Fig. 4g).40 Moreover, the PtCo alloy nanoparticles are encapsu-
lated by amorphous, onion-like carbon layers, which exhibit
lattice fringes with an interlayer spacing of about 0.36 nm,
corresponding to the (002) plane of graphitic carbon
(Fig. 4h).41 This type of graphitized carbon layer has relatively
high electronic conductivity, thereby facilitating efficient
charge transfer during the electrocatalytic process. Statistical
analysis of the nanoparticle size distribution indicates that the
metal nanoparticles are predominantly centered at approxi-
mately 9.0 nm (Fig. 4i). In addition, elemental mapping
reveals that C, O, N, Pt, and Co are uniformly distributed
throughout PtCo/NCs-900 (Fig. 4j), with the spatial distri-
butions of Pt and Co exhibiting nearly complete overlap,
thereby confirming the successful formation of the PtCo alloy.
This observation can be attributed to the effective alloying of

Pt and Co within the confined space, indicating that the sec-
ondary pyrolysis reduction process plays a crucial role in facili-
tating the formation of the alloy phase.

The crystalline nature of the PtCo alloy was confirmed by
powder X-ray diffraction (XRD). As shown in Fig. 5a, the diffr-
action patterns for all samples match well with the JCPDS card
(no. 43-1358) for the PtCo alloy. The characteristic peaks at
41.6°, 49.3°, 69.7° and 84.7° can be indexed to the (111), (200),
(220) and (311) planes of the PtCo alloy,42 respectively, unam-
biguously confirming the formation of the alloy phase.
Notably, although the Co nanoparticles within the acid-
leached Co/NCs-X matrix remain confined by a carbonaceous
shell, intrinsic defects and pores generated during pyrolysis
facilitate the penetration and adsorption of the Pt precursor.
During the subsequent high-temperature treatment, the H2

atmosphere not only reduces the Pt precursors into highly
mobile metallic Pt atoms but also mildly etches the defective
carbon layers, creating additional nanoscale diffusion chan-
nels. Driven by the elevated temperature, Pt atoms migrate and
react at the interface with the confined Co core, ultimately
forming a well-defined PtCo alloy.11,43 Meanwhile, a promi-
nent diffraction peak assigned to the graphite (002) plane was
observed for all samples, indicating that ZIF-67 was converted
into graphitic carbon upon high-temperature pyrolysis.44 The
graphitization degree of the materials was evaluated using
Raman spectroscopy (Fig. 5b). All samples exhibit two charac-
teristic bands corresponding to defective sp3 carbon and gra-
phitic sp2 carbon at approximately 1350 cm−1 (D band) and

Fig. 4 Morphological characterization. (a and b) SEM images of ZIF-67 and PtCo/NCs-900. (c) STEM images and 3D models of different PtCo/NC-X
samples. (d) TEM images, (e, f and g) HRTEM images, (h) nanoparticle size distribution, and (i) EDS mappings of PtCo/NCs-X.
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1590 cm−1 (G band), respectively.45 The ID/IG value of the
samples indicates that increasing the pyrolysis temperature
enhances the structural order of carbon, which is beneficial
for electron transfer during the reaction process.

N2 adsorption–desorption isotherms of PtCo/NCs-X
samples were measured at −196 °C. As illustrated in Fig. 5c, all
samples displayed a hysteresis loop at a middle to high relative
pressure (P/P0 = 0.5) with type IV isotherm characteristics, indi-
cating that the materials possess a mesoporous structure.46

Fig. 5d depicts the pore size distribution curves of the PtCo/
NCs-X samples. The content of micropores smaller than 2 nm
is relatively low in PtCo/NCs-700, whereas it is higher and
nearly identical in the other three samples. Notably, PtCo/NCs-
900 and PtCo/NCs-1000 contain much more mesopores than
PtCo/NCs-700 and PtCo/NCs-800. The evolution of these pores
is attributed to the profound carbonization of ligands and the
thermally driven behavior of Co nanoparticles. When the
temperature is around 800 °C, the decomposition and volatiliz-
ation of ligands act as pore-formers, generating an extensive
micropore network. Upon increasing the temperature to
900–1000 °C, the intensified aggregation and ripening of Co
nanoparticles leave behind larger spatial voids following sub-
sequent acid etching. The severe shrinkage of the carbon
framework coupled with the merging of adjacent micropores
at higher temperatures leads to a significant surge in the pro-
portion of mesopores within the 11–14 nm range. Meanwhile,
as shown in Table S1, the SBET of PtCo/NCs-700 is relatively low
(113.8 m2 g−1). With increasing pyrolysis temperature, the SBET

of PtCo/NCs-800, PtCo/NCs-900, and PtCo/NCs-1000 increase
markedly, reaching approximately 326.8, 346.8, and 336.0 m2

g−1, respectively. This result suggests that higher pyrolysis
temperatures promote the development of a porous carbon
framework. Further analysis reveals that as the pyrolysis temp-
erature increases from 800 °C to 1000 °C, the Smicro gradually
decreases, whereas the Smeso increases steadily. As a result, the
Smeso/SBET ratio rises from 52.6% to 63.9%. Consequently,
PtCo/NCs-900 combines moderate curved interfaces with
superior SBET and favorable pore distribution, which could
optimize the local catalytic microenvironment and thus con-
tribute to both the mass transfer kinetic efficiency and active
site utilization of the catalyst during the ORR process.

To investigate the effect of a curved interface on the chemi-
cal state of the carbon supports and PtCo alloy, XPS measure-
ments were conducted on samples without obvious curvature
(PtCo/NCs-700) and with a pronounced curved interface (PtCo/
NCs-900). The XPS spectra confirmed the presence of C, N, O,
Pt and Co elements in PtCo/NCs-700 and PtCo/NCs-900
(Fig. S7a). High-resolution N 1s spectra reveal that PtCo/NCs-
700 and PtCo/NCs-900 contain high levels of pyridinic-N, pyr-
rolic-N, graphitic-N, and oxidized-N at 398.6 eV, 399.9 eV, 400.9
eV, and 402.0 eV (Fig. S7b), respectively.47,48 Deconvolution of
C 1s spectra indicates the existence of C–C/CvC, C–N and
CvO bonds.48 Notably, the binding energies of the C–N and
CvO bonds in PtCo/NCs-900 exhibit a negative shift of
approximately 0.3 eV compared to those of PtCo/NCs-700
(Fig. S7c), suggesting an electron transfer from the surround-

Fig. 5 (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption isotherms, and (d) pore size distribution of PtCo/NCs-X. (e and f) XPS spectra of Pt 4f
and Co 2p of PtCo/NCs-900.
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ing environment to the carbon–nitrogen interface. This
phenomenon can be attributed to the fact that the curved
interface alters the electronic structure of the carbon supports.
The characteristic concave curvature of PtCo/NCs-900 breaks
the symmetry of the charge distribution within the carbon
layers, inducing the geometric distortion of the sp2 orbitals.
This charge redistribution, triggered by geometric deformation
and synergized with the localized electric field intensification
confirmed by FEM simulations, can create a more potent elec-
tron-trapping capability. Consequently, it promotes electron
accumulation at the interface, ultimately leading to a negative
shift in binding energy.

Chemical alterations in the supported PtCo alloy can be
identified through high-resolution XPS spectra. As shown in
Fig. 5e, the high-resolution XPS spectra of Pt 4f can be decon-
voluted into three distinct chemical states, corresponding to
Pt0, Pt2+, and Pt4+ species, where the presence of the high-
valence species is attributed to surface oxidation.47 Compared
with PtCo/NCs-700, the PtCo/NCs-900 catalyst displays a posi-
tive shift of approximately 0.20 eV. However, the high-resolu-
tion Co XPS exhibits an approximately 0.7 eV negative energy
shift in the PtCo/NCs-900 catalyst (Fig. 5f). All the above shifts
indicate that in PtCo/NCs-900, due to the existence of the
curved interface, there is a strong electronic interaction
between Pt and Co, consistent with the subsequent projected
density of states analysis. This strong electronic interaction
causes a shift in the d-center of the Pt atom, which optimizes
the binding strength of oxygen-containing intermediates and
thereby accelerates the kinetics of the ORR. Meanwhile, elec-
tron accumulation at the curved interface strengthens the
interaction between the PtCo alloy and the curved carbon sup-
ports to facilitate interfacial charge transfer, thus synergisti-
cally enhancing catalytic activity and structural durability.49

Additionally, inductively coupled plasma atomic emission
spectrometry (ICP-OES) indicates that the Pt and Co element
contents of PtCo/NCs-900 are 3.95 and 1.80 wt%, respectively,
which are close to those in other samples (Fig. S8). The lower
Pt content significantly reduces noble-metal usage and overall
material costs, thereby improving cost-effectiveness.

The ORR performance of the samples was evaluated by
cyclic voltammetry (CV) using a standard three-electrode
electrochemical system (Fig. 6a and Fig. S9). A distinct ORR
peak was observed for all samples in O2-saturated 0.1 M KOH
electrolyte, indicating that all samples possess the ORR cata-
lytic activity. This result is further corroborated by linear sweep
voltammetry (LSV) curves obtained from rotating disk elec-
trode (RDE) measurements (Fig. 6b). PtCo/NCs-900 achieves a
limiting current density of 5.65 mA cm−2, which is higher than
that of Pt/C (5.1 mA cm−2). It also exhibits a half-wave poten-
tial (E1/2 = 0.831 V), which is almost the same as that of Pt/C
(E1/2 = 0.824 V) and is substantially higher than those of PtCo/
NCs-700 (E1/2 = 0.749 V), PtCo/NCs-800 (E1/2 = 0.814 V), and
PtCo/NCs-1000 (E1/2 = 0.807 V). To isolate the specific contri-
bution of the support architecture from the noble metal alloy-
ing effect, Pt-free control samples were investigated (Fig. S10).
The ORR performance of Co/NCs-X samples exhibits a clear

trend with pyrolysis temperature. Co/NCs-900 delivers optimal
intrinsic catalytic activity among the control groups. This
result demonstrates that the pyrolysis-temperature-dependent
curvature of the carbon matrix plays a fundamental and domi-
nant role in regulating the local reaction microenvironment.
These observed performance differences are primarily dictated
by the pyrolysis temperature-dependent structure and geome-
try of the carbon supports.

The lackluster activity of PtCo/NCs-700 and PtCo/NCs-800 is
hampered by incomplete carbonization, immature hierarchical
porosity and low surface curvature, resulting in restricted site
accessibility and negligible localized microenvironment. In
contrast, the extreme temperature of 1000 °C triggers excessive
framework shrinkage and structural collapse likely burying or
aggregating PtCo active sites and disrupting the optimized
catalytic microenvironment. Notably, PtCo/NCs-900 achieves a
synergistic optimum, where its hierarchical porosity and tai-
lored curved interface collectively boost mass transfer kinetics
and site accessibility. Furthermore, the ORR activity of PtCo/
NCs-900 is markedly higher than that of its base material (Co/
NCs-900, E1/2 = 0.799 V). This indicates that, under identical
curved interface structures, the formation of highly active PtCo
alloy sites also plays a significant role in enhancing catalytic
performance, working in synergy with the optimized local
microenvironment to markedly elevate the ORR activity.

Moreover, the kinetic current density ( jk at 0.80 V) of PtCo/
NCs-900 was calculated to be 15.2 mA cm−2, which is 1.31
times larger than that of Pt/C and significantly higher than
those of the other samples (Fig. 6c). Meanwhile, based on
these LSV results (Fig. S11a–e), Koutecky–Levich (K–L) plots of
all samples appear to have a linear correlation (Fig. S10f–j).50

As shown in Fig. 6d, the faster kinetics of PtCo/NCs-900 are
evidenced by its lowest Tafel slope (64 mV dec−1) than PtCo/
NCs-700 (86 mV dec−1), PtCo/NCs-800 (67 mV dec−1) and PtCo/
NCs-1000 (72 mV dec−1). The electrochemically active surface
area (ECSA) of PtCo/NCs-X can be evaluated using double-layer
capacitance (Cdl) to reflect the accessible active sites of the
samples. As shown in Fig. S12, the calculated Cdl value for
PtCo/NCs-900 is 7.02 mF cm−2 (Fig. 6e), which is significantly
higher than those of PtCo/NCs-700 (1.16 mF cm−2), PtCo/NCs-
800 (6.18 mF cm−2) and PtCo/NCs-1000 (4.03 mF cm−2).
Rotating ring-disk electrode (RRDE) measurements were con-
ducted to elucidate the ORR selectivity of PtCo/NCs-X catalysts.
As shown in Fig. 6f and Fig. S13, PtCo/NCs-900 exhibits the
lowest H2O2 yield (9.1%) and an electron transfer number
close to 3.80, which are superior to those of PtCo/NCs-700
(3.54% and 24.2%), PtCo/NCs-800 (3.74% and 13.5%), and
PtCo/NCs-1000 (3.62 and 18.9%). The high selectivity of PtCo/
NCs-900 toward the four-electron ORR pathway and its low
H2O2 by-product yield not only ensures high energy conversion
efficiency but also mitigates catalyst degradation caused by
oxygen-containing radical species. Meanwhile, as shown in
Table 1, PtCo/NCs-900 exhibited much higher mass activity
( jm, 907.87 mA mg−1) and turnover frequency (TOF, 4.44 e−

per site per s) at 0.80 V than PtCo/NCs-700 ( jm = 57.14 mA
mg−1, TOF = 0.28 e− per site per s), PtCo/NCs-800 ( jm =
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502.08 mA mg−1, TOF = 2.45 e− per site per s), PtCo/NCs-1000
( jm = 430.39 mA mg−1, TOF = 2.10 e− per site per s) and 20%
Pt/C ( jm = 199.20 mA mg−1, TOF = 0.40 e− per site per s).

Additionally, durability is a crucial factor for evaluating the
commercial applicability of catalysts. Accelerated durability
tests (ADTs) were performed on both PtCo/NCs-900 and Pt/C
catalysts. As shown in Fig. 6g, the results showed that the E1/2
of PtCo/NCs-900 decreased by only 16 mV after 20k CV cycles.
In contrast, the E1/2 of Pt/C exhibited a much larger negative

shift of 25 mV after 10k CV cycles (Fig. S14).
Chronoamperometric measurements were further employed to
evaluate the durability of PtCo/NCs-900 (Fig. 6h). After 50 000
s, PtCo/NCs-900 retained 91.7% of its initial ORR current,
demonstrating markedly superior durability compared with Pt/
C, which retained only 85.5% of its initial current after 25 000
s. Fig. 6i illustrates the methanol tolerance tests of PtCo/NCs-
900 and Pt/C. The relative current of PtCo/NCs-900 remains
nearly unchanged upon methanol introduction. In contrast,
Pt/C exhibits a pronounced decrease in the relative current,
which cannot recover to its initial value. These results demon-
strate that PtCo/NCs-900 possesses superior durability and
methanol tolerance compared with Pt/C. The above results
indicate that PtCo/NCs-900 exhibits excellent catalytic perform-
ance toward the ORR, which can be attributed to its moder-
ately curved interface. Compared with previously reported
PtCo-based electrocatalysts, PtCo/NCs-900 possesses a good
ORR activity (Table S2). Specifically, the curved interface inten-
sifies the local electric field and facilitates O2 enrichment,

Fig. 6 (a) CV curves of PtCo/NCs-900 in N2 and O2-saturated 0.1 M KOH. (b) LSV curves at 1600 rpm in O2-saturated 0.1 M KOH and (c) half-wave
potential and kinetic current density data ( jk) of different samples and 20% Pt/C. (d) Tafel, (e) electrochemical double-layer capacitance (Cdl), and (f )
electron transfer numbers (n) and peroxide yield (H2O2%) of different samples. (g) LSV curves of PtCo/NCs-900 before and after the accelerated
durability test. (h) Chronoamperometric responses and (i) methanol tolerance test of PtCo/NCs-900 and 20% Pt/C with 10 mL of 0.3 M methanol at
0.7 V and 1600 rpm in O2-saturated 0.1 M KOH.

Table 1 Comparison of the ORR performance of the prepared electro-
catalysts and Pt/C

Samples jm (mA mg−1) TOF (e− per site per s)

PtCo/NCs-700 57.14 0.28
PtCo/NCs-800 502.08 2.45
PtCo/NCs-900 907.87 4.44
PtCo/NCs-1000 430.49 2.10
Pt/C 199.20 0.40
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thereby accelerating electron transfer and ensuring a sufficient
O2 supply. Concurrently, the curved interface induces strong
electronic interactions between Pt and Co atoms, which can
optimize the binding strength of oxygen-containing intermedi-
ates and ultimately enhance the overall electrocatalytic activity.

To investigate the impact of the curved interface on the
electronic structure of PtCo alloys, we conducted density func-
tional theory (DFT) calculations.51,52 Based on the synthesized
samples, theoretical models of PtCo/NCs-700 and PtCo/NCs-
900 were constructed (Fig. S15). The calculated charge-density
distribution results (Fig. 7a) reveal that PtCo/NCs-900 exhibits
significantly enhanced electron accumulation on the Pt atoms
and the curved interfacial region, while the electron depletion
at the Co atoms is more pronounced. This suggests that elec-
trons are more readily transferred from the Co atoms to the Pt
atoms and the curved carbon interface, thereby forming an
electron-rich state. Furthermore, the projected density of states
(PDOS) analysis for Pt (Fig. 7b) reveals that the d-band center
of Pt atoms in PtCo/NCs-900 (−1.358 eV) is closer to the Fermi
level than that of PtCo/NCs-700 (−1.403 eV) in the planar struc-
ture. This indicates that when the PtCo alloy is supported on a
curved interface, the Pt atoms can have stronger charge trans-
fer and electron donor capabilities towards O2 molecules and
reaction intermediates. Additionally, the d-band center of Co
in PtCo/NCs-900 is located at −1.153 eV, which is lower than
the −0.987 eV observed in PtCo/NCs-700 (Fig. S16). The elec-
tron density redistribution induced by the curved interface dis-
rupts the original electronic structure, strengthening Pt–Co
electronic coupling.

To verify why the PtCo alloy at the curved interface exhibits
a superior intrinsic ORR activity compared with that at a
planar interface, Gibbs free energy diagrams for the four-elec-
tron ORR pathway were constructed (Fig. 7c and d). At U = 0 V,

all elementary reaction steps for both PtCo/NCs-700 and PtCo/
NCs-900 show thermodynamically spontaneous trends
(Fig. 7c). At the operating potential of U = 1.23 V (Fig. 7d), the
rate-determining step (RDS) for both catalysts is identified as
the desorption of *OH, indicating that the removal of terminal
oxygenated intermediates is the key step limiting the reaction
rate. Notably, the Gibbs free energy change of the RDS for
PtCo/NCs-900 (ΔG = 0.86 eV) is significantly lower than that
for PtCo/NCs-700 (ΔG = 0.99 eV), indicating that PtCo/NCs-900
requires less energy in the process of *OH desorption. This
result can mainly be attributed to electron enrichment at the
Pt sites of the PtCo alloy on the curved interface, which facili-
tates interactions between the surface electron and adsorbates,
thereby weakening the *OH binding strength and promoting
its desorption. Meanwhile, the electron accumulation at the
curved interface enhances the interfacial electron transfer
between PtCo and the carbon supports, achieving the supply
and redistribution of electrons near the interface during the
reaction. This enhanced electron transfer further reduces the
energy barrier for the removal of *OH and thus accelerates the
regeneration of active sites. Overall, the electron enrichment at
the Pt sites and the curved interface synergistically optimize
the *OH adsorption/desorption balance, endowing PtCo/NCs-
900 a lower RDS free energy and superior ORR kinetics.

Based on the advantages in structure and catalytic perform-
ance, PtCo/NCs-900 was applied to a primary zinc–air battery
(ZAB), in which a polished Zn plate with a thickness of 0.2 mm
and the PtCo/NCs-900 catalyst-loaded carbon paper were used
as the anode and the air cathode, respectively, and 6.0 M KOH/
0.2 M (CH3COO)2Zn was used as an electrolyte. The practical
applicability of PtCo/NCs-900 was demonstrated by powering a
light-emitting diode panel (inset of Fig. 8a). PtCo/NCs-900-
based ZAB exhibits an open-circuit potential (OCP) of 1.43 V,

Fig. 7 (a) Differential charge densities of PtCo/NCs-700 and PtCo/
NCs-900 (yellow: electron accumulation and blue: electron depletion).
(b) PDOS of Pt 5d orbitals of PtCo/NCs-700 and PtCo/NCs-900. Gibbs
free energy diagrams toward the ORR at equilibrium potentials (U) of (c)
0 and (d) 1.23 V.

Fig. 8 Performance of assembled ZABs. (a) Open-circuit potential
(OCP) curves (the inset shows a photograph of an LED display powered
by the assembled ZABs). (b) Discharge curves and corresponding power
density curves. (c) Specific capacities. (d) Galvanostatic discharge curves
under different current densities.
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which is comparable to that of Pt/C (1.45 V). The discharge
polarization curves and corresponding power density curves
(Fig. 8b) highlighted the superiority of ZAB with PtCo/NCs-900,
delivering a peak power density of 159 mW cm−2 compared to
118 mW cm−2 for Pt/C. The gravimetric specific capacity calcu-
lated from zinc consumption reached 837 mAh g−1 for the ZAB
with PtCo/NCs-900 (Fig. 8c), exceeding that of the ZAB with Pt/
C (735 mAh g−1). The discharge curves also demonstrate that
the PtCo/NCs-900-based battery achieves higher discharge pla-
teaus at various current densities along with better reversibility
and rate performance (Fig. 8d). Additionally, the charge–dis-
charge capability and long-term durability of the ZAB built
with the PtCo/NCs-900 + RuO2 catalyst couple were evaluated
via galvanostatic charge–discharge cycling tests at a current
density of 5 mA cm−2 (Fig. S17). The ZAB operated stably for
over 100 h, demonstrating substantial potential for practical
energy storage applications.

4. Conclusion

In summary, we proposed a rational design strategy for engin-
eering curved interfaces within carbon supports to optimize
the ORR electrocatalytic performance of the alloy catalysts.
FEM simulations confirmed that a moderately curved interface
intensifies the local electrostatic field and promotes O2 enrich-
ment. Guided by these predictive models, we successfully syn-
thesized PtCo alloy nanoparticles anchored to N-doped carbon
(PtCo/NCs), achieving high structural similarity with the simu-
lated models. The PtCo/NCs-900 catalyst with a moderately
curved interface exhibits an excellent ORR activity (E1/2 = 0.831
V) and durability. DFT calculations reveal that the PtCo alloy
located on the curved interface exhibits weaker binding
strength toward key oxygenated intermediates during desorp-
tion. The presence of the curved interface not only lowers the
energy barrier of the rate-determining step but also facilitates
electron transfer and ensures an abundant supply of O2,
thereby synergistically enhancing electrocatalytic activity. The
assembled Zn–air battery with the catalyst demonstrates a
remarkable peak power density of 159 mW cm−2, a high
specific capacity of 837 mAh g−1, and outstanding rate per-
formance. This study reveals the correlation between curva-
ture-engineered interfaces and catalytic activity, providing new
insights for the rational design of high-efficiency ORR
electrocatalysts.
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