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ABSTRACT: The pursuit of productive and resilient metal-free
electrocatalysts for the oxygen reduction reaction (ORR) is
imperative for realizing advanced zinc-air battery (ZAB)
technologies. Herein, we report a nanowrinkled nitrogen/
phosphorus codoped carbon sphere (CNP) synthesized via an in
situ heteroatom incorporation followed by a pyrolysis strategy. The
resulting catalyst uniformly distributes N and P dopants, enabling
optimized defect density and enhanced electronic modulation. XPS
analysis reveals abundant pyridinic (17.96%) and pyrrolic nitrogen
(52.97%) species as key active sites, which promote favorable
oxygen adsorption and accelerate charge-transfer kinetics. When
integrated into a liquid ZAB, the CNP cathode achieves a high peak
power density of 202.2 mW cm−2 and a specific capacity of 768.8
mA h gZn

1, and flexible ZABs exhibit a peak power density of 67.5 mW cm−2 with steady output during mechanical deformation. This
work reveals that synergistic N/P electronic regulation integrated with nanostructural design provides a viable route toward highly
durable and efficient metal-free air cathodes.
KEYWORDS: electronic regulation, heteroatom doping, metal-free, oxygen reduction, zinc-air batteries

1. INTRODUCTION
The global transition toward carbon-neutral economies has
placed sustainable energy conversion and storage systems at
the forefront of efforts to reconcile escalating energy demands
with environmental sustainability.1,2 Metal-air batteries are
poised to become a cornerstone of next-generation clean
energy, driven by their superior energy conversion efficiency.3

Among them, zinc-air batteries (ZABs) stand out because of
their high specific capacity, environmental sustainability, and
economic feasibility, positioning them as ideal candidates for
portable electronic devices, large-scale energy storage, and
related applications.4 However, the cathodic oxygen reduction
reaction (ORR) in metal-air batteries is plagued by sluggish
kinetics and low intrinsic activity. These drawbacks have
evolved into a critical bottleneck that restricts the energy
conversion efficiency and large-scale commercialization.5

Conventional ORR catalysts are dominated by platinum-
based materials. Although they exhibit superior catalytic
activity, inherent limitations including scarcity, prohibitive
cost, and limited durability render them incompatible with
practical industrial deployment.6,7 Accordingly, engineering
affordable, earth-abundant electrocatalysts with exceptional
ORR activity has become imperative in energy catalysis
research.

In contemporary electrocatalysis research, nonprecious
metal catalysts (e.g., Fe-, Co-, and Ni-based) have attracted

considerable interest owing to their economic advantages and
natural abundance.8−10 However, during long-term continuous
operation, these catalysts still face intractable challenges such
as metal particle agglomeration and active site leaching,11−13

which consequently reduce the active-site density and
compromise catalytic durability. To surmount these con-
straints, nonmetallic carbon electrocatalysts have emerged as
attractive candidates for ORR, capitalizing on their abundant
precursors, tunable structures, and robust stability.14,15 Never-
theless, pristine carbonaceous materials exhibit intrinsically
modest ORR activity, necessitating deliberate modulation of
their electronic configurations and nanoscale architectures to
achieve satisfactory catalytic performance. Among diverse
modification strategies for carbon materials, substitutional
incorporation of heteroatoms (e.g., N, P, S) into carbon
frameworks has been demonstrated to effectively modulate the
electronic states and generate abundant active sites, thereby
enhancing ORR activity.15 Specifically, the incorporation of
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nitrogen into the carbon matrix facilitates the rational
adjustment of the abundance and distribution of active
nitrogen species.16 The higher electronegativity of pyridinic
N relative to adjacent carbon atoms induces local charge
redistribution, forming charge polarization centers that
promote oxygen adsorption and thereby enhance catalytic
activity.17,18 In contrast, graphitic N modifies the surface
electronic structure and improves electrical conductivity.19,20

Furthermore, tailoring the pyrolysis temperature allows for
precise control over both the total nitrogen content and
configuration of nitrogen species, which in turn optimizes the
adsorption energetics of oxygenated intermediates.21 Although
nitrogen doping has emerged as the most effective strategy for
activating carbon-based materials, the activity of single-N-
doped carbons remains inferior to that of Pt/C. The lower
electronegativity (2.19) and larger atomic radius (110 pm) of
phosphorus allow it to donate electrons to create comple-
mentary active sites and induce significant lattice distortion
that generates abundant edge defects. These synergistic effects
significantly accelerate ORR performance.19,22 Furthermore,
relative to conventional carbon frameworks, the nanowrinkled
mesoporous structure provides a larger accessible surface area
with more exposed defect sites and improved electrolyte
penetration and mass transport, which collectively enhance the
utilization of active sites.23

Based on the above considerations, this work utilizes
structurally robust carbon spheres as precursors to fabricate a
metal-free carbon-based ORR electrocatalyst via N/P codoping
and high-temperature pyrolysis. N/P codoping synergistically
modulates the carbon matrix’s electronic structure, creates
abundant active sites, and enhances electron transfer capability.
Of greater significance, the as-fabricated CNP catalyst exhibits

remarkable ORR performance, with a half-wave potential of
0.85 V and an onset potential of 1.01 V. As a result, when
integrated as the air cathode catalyst, the CNP-based liquid
ZAB achieves a peak power density of 202.2 mW cm−2 and a
specific capacity of 768.8 mA h gZn

1, outperforming commercial

Pt/C (128.7 mW cm−2 and 698.9 mA h gZn
1), and exhibits

exceptional long-term stability exceeding 200 h. Furthermore,
the CNP-based flexible ZAB delivers a higher peak power
density (67.5 W cm−2) than the Pt/C benchmark (49.6 mW
cm−2) and maintains stable output voltage under both flat and
bent states.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Structural Analysis of Catalysts

Figure 1a illustrates the synthetic preparation process of the
CNP catalyst. Briefly, the synthesis of glucose carbon spheres
was carried out by following previous work.24 Subsequently,
the obtained spheres were first mixed with melamine (MA) in
deionized water, followed by the infusion of a specified amount
of PA, after which the mixture was continuously agitated at
ambient temperature for 6 h. Through in situ incorporation of
N and P heteroatoms into carbon spheres, with subsequent
pyrolysis at 1000 °C for 2 h under flowing N2, a metal-free
carbon-based catalyst codoped with nitrogen and phosphorus
(CNP) was obtained. In this synthetic process, the abundant
polyphosphate moieties in PA not only give rise to uniform in
situ phosphorus doping but also establish a robust cross-linked
network with melamine and the carbon sphere precursor,
facilitating the formation of a mesoporous architecture during
pyrolysis, ultimately enhancing the accessible surface area and

Figure 1. (a) Schematic diagram showing the preparation procedure of CNP catalyst. (b) XRD pattern of CNP. (c) Raman spectra of CNP and
reference samples CN, CP, and NP. (d) N2 adsorption−desorption isotherm measured for CNP and the inset presents the pore size distribution
profile. (e) Contact angle test profiles of CNP, CN, CP, and NP.
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expediting ion migration.25,26 X-ray powder diffraction (XRD)
characterization reveals the prevalence of sp2 -hybridized
carbon domains within the as-synthesized material, as shown in
Figure 1b and Figure S1. The two broad diffraction peaks
detected at approximately 25° and 44° are assigned to the
(002) and (101) crystal planes of graphite, respectively, which
are identical with the samples prepared from the carbon sphere
precursor, indicating preserved structural ordering after high-
temperature treatment.27,28 The Raman spectrum of CNP
exhibits a defect-derived D-band at 1310 cm−1 and sp2-
hybridized vibrational G-band at around 1589 cm−1 (Figure
1c).29 The ID/IG value is widely regarded as an indicator for
evaluating the degree of defect or graphitization.30 The control
samples exhibit higher ID/IG ratios and more defects, which is
attributed to the volatilization of nitrogen and phosphorus
during high-temperature pyrolysis. In contrast, CNP shows a
slightly lower ID/IG ratio due to its higher degree of carbon
graphitization.31 Given the fact that P atoms possess a larger
radius (110 ppm) than C atoms (77 ppm), while N atoms (75
ppm) approximate that of C, the incorporation of P atoms can
therefore introduce lattice distortion in the adjacent carbon
framework, resulting in an increased defect density.32,33

Therefore, the ID/IG value of CP (1.05) is slightly higher
than that of CN (1.02). Moreover, Raman spectra of samples
with varying PA concentrations show that the D-band intensity
increases with PA content (Figure S2). Furthermore, the
degree of graphitization rises correspondingly with increasing
pyrolysis temperature. The N2 adsorption/desorption isotherm
was employed to evaluate the specific surface area and porosity
of the synthesized catalysts. The N2 adsorption/desorption
isotherm curves reveal a specific surface area of 493.1 m2 g−1

(Figure 1d), which is larger than those of CN (404.1 m2 g−1)
and CP (475.3 m2 g−1), yet lower than that of NP (698.8 m2

g−1) (Figure S4), which might be attributed to the shrinkage
and reconstruction of the carbon matrix at high temper-
atures.32,34,35 Moreover, the embedded pore-size distribution
curve demonstrates that CNP features a hierarchical
mesoporous architecture with an average pore size of 5.19
nm. Benefiting from a remarkably high specific surface area and
proper porous architecture, CNP delivers abundant active sites

and facilitates superior electron/mass transport in the ORR
process.36,37 In addition, surface wettability analysis further
supports the enhanced catalytic interface. The contact angle of
CNP is 49.9°, significantly lower than that of CP (135.0°) and
comparable to CN (57.6°) (Figure 1e). This result
demonstrates that incorporating nitrogen-based functional
moieties markedly improves surface wettability, thereby
promoting rapid electrolyte permeation, facilitating fast O2
adsorption/desorption, and reducing mass transfer resist-
ance.38,39

Scanning electron microscopy (SEM) together with trans-
mission electron microscopy (TEM) was used to characterize
the morphological features and structural properties of the
catalysts. As shown in Figure 2a, mixed multilayer aggregates
assembled from carbon-sphere precursors undergo carbon-
ization and surface etching during high-temperature pyrolysis.
This process results in the formation of a nanoscale crinkled
carbon layer on the surface of the carbon spheres (Figure 2b).
Concurrently, the thermal decomposition of PA engenders the
release of CO2, H2O, and phosphorus oxides, which function
as in situ porogens to generate a mesoporous structure.40,41

Furthermore, thermal shrinkage induces anisotropic surface
contraction, transforming carbon spheres into nanowrinkled
architectures.42 This morphological transformation is attrib-
uted to thermal shrinkage and heteroatom-induced lattice
reconstruction during the carbonization. TEM and HR-TEM
images (Figure 2c−e) further verify that following high-
temperature pyrolysis, nitrogen and phosphorus species are
uniformly incorporated onto the surface of the carbon spheres,
while the carbon spheres retain their original integral
morphology. The EDS spectrum profile further affirmed the
existence of C, N, O, and P elements throughout the CNP
catalyst (Figure 2f). As revealed by the elemental mapping
images (Figure 2g), C, N, and P are uniformly dispersed across
the entire carbon framework, which further confirms the
effective incorporation of both N and P into the carbon matrix.
Notably, while the carbon spheres serve as the robust structural
skeleton and conductive support, the nanowrinkled structure
provides abundant edge exposure. Moreover, the active
components of CNP are the synergistic N/P-codoped

Figure 2. (a) SEM image of the CNP precursor before calcination. (b) SEM image, (c) TEM image, (d-e) HR-TEM images, (f) EDS spectrum
profile, and (g) HAADF-STEM image with the corresponding elemental mapping images of CNP.
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defective sites within this carbon architecture, and such
uniform heteroatom distribution is critical for ensuring
consistent electronic modulation across the catalyst surface,
thereby enhancing ORR activity and stability.

X-ray photoelectron spectroscopy (XPS) was performed to
elucidate the surface elemental composition and chemical
states of the catalyst. Deconvolution performed on the C 1s
spectral profiles of the synthesized CNP, CN, and CP (Figure
3a) resolved three signature peaks positioned at 284.0 eV (C�
C), 284.8 eV (C−C), and 288.4 eV (C�O), respectively.41

The dominant C�C/C−C contributions confirm the
preservation of a graphitic carbon framework after high-
temperature treatment, while the presence of C�O indicates
residual oxygen-containing functional groups that may
contribute to surface polarity and interfacial interactions. The
high-resolution N 1s spectra in Figure 3b can be resolved into
four components, corresponding to pyridinic N (397.4 eV),
pyrrolic N (399.4 eV), graphitic N (400.9 eV), and oxidized N
(403.3 eV).43,44 Furthermore, XPS analysis indicates a
predominance of pyridinic and pyrrolic nitrogen, accounting
for 17.96% and 52.97%, respectively (Figure 3d-e and Table
S1). Abundant pyridinic N plays a crucial catalytic role by
inducing charge redistribution in adjacent carbon atoms,
generating positively polarized carbon sites that facilitate O2
adsorption and lower the ORR activation barrier.45 On the
other hand, pyrrolic N modulates the binding strength of
oxygen intermediates, thereby promoting efficient adsorption/
desorption dynamics during the reaction.46 Meanwhile,
graphitic N improves electrical conductivity by tuning the
electronic configuration of the carbon lattice, further
supporting rapid charge transfer.14 Therefore, a high
pyridine/pyrrole nitrogen content contributes significantly to
the enhanced ORR activity by optimizing both adsorption
energetics and reaction kinetics. The P 2p spectra (Figure 3c)
exhibit two prominent peaks at 128.8 and 129.6 eV, assigned to
P 2p3/2 and P 2p1/2, respectively, confirming successful

phosphorus incorporation into the carbon framework.9,47

Moreover, a weak peak observed at 133.3 eV arises from P−
O bonds, originating from surface oxidation.48,49 Phosphorus
doping introduces lattice distortion due to its larger atomic
radius, thereby modifying local electron density and creating
defect-associated active sites. This electronic perturbation
synergizes with nitrogen doping to regulate charge distribution
and enhance ORR catalytic performance. Overall, the XPS
results confirm successful and uniform N/P codoping, effective
electronic structure modulation, and the formation of catalyti-
cally favorable nitrogen configurations, collectively under-
pinning the superior electrocatalytic activity of the CNP
catalyst.
2.2. ORR Activities in Alkaline Medium

The ORR performance of the synthesized catalysts was
evaluated in a 0.1 M KOH electrolyte with a standard three-
electrode configuration. The catalyst synthesis process was
optimized by tuning the MA dosage (Figure S5), PA loading
(Figure S6) and pyrolysis temperature (Figure S7). Mean-
while, the larger atomic radius of P induces lattice distortion,
which greatly elevates the density of structural defects (Figure
S2). Nevertheless, diminished PA loadings result in insufficient
P doping and limited porosity, whereas excessive PA provokes
overetching and structural degradation.50,51 In contrast,
elevated pyrolysis temperatures improve graphitization and
structural ordering (Figure S3) but concurrently and inevitably
trigger the thermal depletion of active nitrogen dopants and
active site structural collapse, which drastically weakens
electrochemical ORR activity.52,53 Accordingly, 1000 °C is
determined to be the optimal pyrolysis temperature, achieving
a compromise between carbon graphitization (ID/IG = 1.01)
and the retention of active nitrogen species. Therefore, the
CNP sample prepared with 1 g MA, 1.5 mL PA, and pyrolyzed
at 1000 °C exhibited the best catalytic performance, delivering
the most positive half-wave potential E1/2, the highest limiting
current density, and the lowest Tafel slope. As shown in Figure

Figure 3. XPS spectra of CNP, CN, CP, and NP: (a) C 1s, (b) N 1s, (c) P 2p, (d) and (e) comparison histograms of the content (%) of different
nitrogen species.
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4a, CNP displays a more positive oxygen reduction peak
compared with CN, CP, NP, and 20 wt % commercial Pt/C,
indicating enhanced catalytic activity. RRDE polarization
curves presented in Figure 4b reveal that N/P codoping
induces positive shifts in both the onset potential (1.01 V) and
half-wave potential (0.85 V), which are comparable to Pt/C
(1.01 V, 0.84 V) and superior to the control samples,
confirming the beneficial electronic modulation introduced
by heteroatom incorporation. As illustrated in Figure 4c, CNP
exhibits notably higher onset and half-wave potentials
compared to the control sample and approaches the bench-
mark Pt/C performance, indicating more favorable ORR
kinetics. The Tafel slope of CNP (80 mV dec−1) is significantly
lower than those of CN (169 mV dec−1), CP (91 mV dec−1),
and NP (87 mV dec−1) and approaches that of Pt/C (74 mV
dec−1) (Figure 4d), demonstrating accelerated reaction
kinetics.51 This kinetic improvement arises from the synergistic
N/P codoping, where pyridinic and pyrrolic nitrogen modulate
the electronic distribution of neighboring carbon sites,
lowering the energy barrier for oxygen adsorption and
optimizing the binding strength of reaction intermediates.54

Phosphorus possesses a larger atomic radius; its doping
induces lattice distortion and abundant edge defects, as
reflected by the elevated ID/IG ratio from Raman character-
ization. The defects generated by phosphorus doping disrupt
the electrical neutrality of the carbon matrix and remarkably

accelerate the interfacial charge transfer rate. The synergistic
catalytic effect derived from N, P codoping endows CNP with
both outstanding intrinsic catalytic activity and a high density
of accessible active sites, which delivers superior ORR kinetic
performance relative to monodoped catalysts.55 To better
evaluate its intrinsic activity, the kinetic current density (Jk) at
0.8 V was calculated. CNP achieves a Jk of 13.1 mA cm−2,
which is 2.08, 62.38, and 1.18 times higher than those of CN,
CP, and NP, respectively (Table S2), indicating substantially
enhanced intrinsic activity. The electron-transfer number (n)
was derived from the Koutecky−Levich (K-L) equation. The
K-L plot (Figure 4e) indicates that CNP undergoes a nearly
four-electron transfer, exceeding that of the comparison
samples (Figure S8, Table S2). As shown in Figure 4f and
Table S2, CNP exhibits the most positive onset and half-wave
potentials among the recently reported metal-free ORR
catalysts. The RRDE measurements further confirm a
dominant four-electron pathway, with a lower H2O2 yield
and an average electron-transfer number of 3.87 (Figure 4g),
demonstrating efficient and selective ORR kinetics. Further-
more, the electrochemically active surface area (ECSA) was
estimated using the double-layer capacitance (Cdl) derived
from CV profiles acquired in the non-Faradaic region (Figure
S9) to estimate the electrochemically active surface area
(ECSA). As shown in Figure 4h and Figure S10a, CNP
exhibits significantly higher Cdl (53.1 mF cm−2) and ESCA

Figure 4. Electrochemical performance of different catalysts. (a) CV curves. (b) RRDE polarization curves at 1600 rpm. (c) Comparison of onset
potential (Eonset) and half-wave potential (E1/2). (d) Tafel slope. (e) LSV curves at different rotation speeds (400 to 2500 rpm), with the
corresponding K-L plots (inset). (f) Comparison of Eonset and E1/2 of CNP with those of other recently reported ORR catalysts. (g) H2O2 yield (%)
and electron transfer number (n). (h) Cdl values. (i) Stability test of CNP and Pt/C.
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(885 cm2) values than all the comparison samples, indicating
greater exposure of active sites. This enhancement arises from
the synergistic N and P codoping, which increases defect
density, optimizes porosity, and improves surface accessibil-
ity.55 Electrochemical impedance spectroscopy (EIS) reveals
that CNP exhibits a lower charge-transfer resistance (36.4 Ω)
than the reference samples (Figure S10b), facilitating faster
interfacial electron transfer and improved ORR kinetics.56

Methanol tolerance tests were performed to assess the intrinsic
ORR selectivity against competing methanol oxidation. Upon
rapidly injecting 3 M methanol into the 0.1 M KOH
electrolyte, the benchmark Pt/C catalyst undergoes a drastic
current density decay, whereas the CNP catalyst sustains a
nearly unaltered current response (Figure S11). This distinct
contrast underscores the superior antipoisoning capability of
CNP, reflecting its potential for versatile application in both
metal-air batteries and direct methanol fuel cells.57 Moreover,
long-term durability tests further highlight the robustness of
CNP. After 20 h of continuous operation, CNP retains 94.5%
of its initial current, significantly outperforming commercial
Pt/C, which retains only 79.3% after 10 h (Figure 4i). A
further comparison with the reference samples (CN, CP, and
NP), which retain only 79.1%, 66.6%, and 76.1% after 9 h,
respectively (Figure S12), underscores the superior stability of
CNP. To gain further insights into the structural and
compositional robustness of CNP after the long-term
durability test, we systematically characterized the catalyst.

As illustrated in Figure S13, the XRD pattern of CNP exhibits
negligible shifts in peak position and intensity relative to the
pristine sample.58,59 SEM images (Figure S14) disclose that the
catalyst retains its nanowrinkled spherical morphology without
severe aggregation or corrosion of the carbon substrate. In
addition, XPS spectra (Figure S15) exhibit marginal variations
in nitrogen content, originating from oxygen intermediates
adsorbed onto the catalyst surface. The enhanced stability of
CNP is primarily attributed to the synergistic effect of N/P
codoping, which elevates the graphitization degree and
structural ordering while maintaining defect-induced active
sites, thereby suppressing structural degradation during
prolonged electrochemical operation.
2.3. Test for Performance of Assembled ZABs

To evaluate the feasibility of CNP in practical energy storage
devices, a liquid ZAB was constructed, adopting CNP as the air
cathode, polished zinc foil as the anode, and an alkaline
electrolyte composed of 6.0 M KOH mixed with 0.2 M
Zn(OAc)2 (Figure 5a). In addition, a Pt/C-based ZAB was
constructed as a benchmark for comparison. As illustrated in
Figure 5b, the CNP-based ZAB exhibits a superior open-circuit
voltage (OCV) of 1.52 V, lightly higher than that of the Pt/C
device (1.48 V), indicating favorable thermodynamic and
interfacial characteristics. Notably, the assembled battery
successfully powers an LED array (inset of Figure 5b),
demonstrating its practical applicability. The discharge polar-
ization and power density curves (Figure 5c) reveal that the

Figure 5. Performances of liquid and flexible ZABs. (a) Schematic diagram of a liquid ZAB. (b) OCV curves with the inset image of the assembled
liquid ZAB powering an LED panel. (c) Discharge polarization curves and power density. (d) Discharge curves at different current densities. (e)
Specific capacity plots. (f) Comparison of CNP-based ZAB with other recently reported metal-free ORR catalysts. (g) Galvanostatic cycling at 5
mA cm−2 of CNP+RuO2 and Pt/C+RuO2-based ZABs (20 min per cycle). (h) Schematic diagram of a flexible ZAB. (i) OCV curves with the inset
image of the assembled flexible ZAB powering an LED panel. (j) Discharge polarization curves and power density of assembled flexible ZABs. (k)
Output voltage at different bending angles.
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CNP-based ZAB achieves a remarkable peak power density of
202.2 mW cm−2, substantially exceeding that of Pt/C-based
counterpart (130.3 mW cm−2). Furthermore, a stable discharge
plateau is maintained over a broad current density range (2−
20 mA cm−2). Notably, the discharge potential exhibits
complete recovery upon returning to the initial current density
of 2 mA cm−2 (Figure 5d), demonstrating excellent rate
capability and electrochemical reversibility. At a current
density of 5 mA cm−2, the CNP-based ZAB delivers a high
specific capacity of 768.8 mA h gZn

1, outperforming the Pt/C-

based ZAB (698.9 mA h gZn
1) (Figure 5e). Importantly, a

comparative analysis (Figure 5f and Table S4) further confirms
that the CNP-based device ranks among the best-performing
metal-free ORR catalysts reported to date, with both power
density and capacity.

Given the relatively limited oxygen evolution reaction
(OER) activity of CNP (594 mV @ 20 mA cm−2, Figure
S16), RuO2 was introduced as an OER catalyst to construct a
rechargeable ZAB, following the widely adopted strategy of
combining ORR and OER catalysts for bifunctional perform-
ance.60 The CNP+RuO2-based battery retained excellent
cycling durability, maintaining continuous operation exceeding
206 h. In contrast, the Pt/C+RuO2-based ZAB underwent
rapid degradation after approximately 120 h (Figure 5g),
attesting to the remarkable architectural resilience and
enduring electrochemical durability of the CNP catalyst
under prolonged cycling conditions. To further evaluate
flexibility and applicability in wearable electronics, a solid-
state flexible ZAB was fabricated through a layered
configuration, using a PVA hydrogel electrolyte saturated
with KOH and Zn(OAc)2, with catalyst-coated carbon cloth as
the cathode, zinc foil as the anode, and nickel foam as the
current collector (Figure 5h). The CNP-based flexible ZAB
exhibits an OCV of 1.35 V, comparable to that of the Pt/C-
based device (1.36 V) (Figure 5i). Notably, the discharge
polarization curve (Figure 5j) demonstrates that the CNP-
based device delivers a peak power density of 67.5 mW cm−2,
significantly higher than that of the Pt/C benchmark (49.6
mW cm−2). Additionally, the CNP-based flexible ZAB
maintains a stable output voltage at bending angles of 0°,
30°, 60°, and 90° (Figure 5k), demonstrating excellent
mechanical durability and structural integrity. Collectively,
the superior OCV, high power density, enhanced specific
capacity, outstanding cycling durability, and mechanical
flexibility validate the effectiveness of N/P codoped CNP as
a high-performance metal-free air cathode for both liquid and
flexible ZABs.

3. CONCLUSIONS
In this work, a nanowrinkled N/P codoped carbon-sphere
electrocatalyst was successfully prepared, synergistically in-
tegrating defect engineering, hierarchical mesoporosity, and
enhanced electronic modulation within a robust carbon
framework. The optimized structure yields a half-wave
potential of 0.85 V and a low Tafel slope of 80 mV dec−1,
with a kinetic current density of 13.1 mA cm−2 at 0.8 V and a
dominant four-electron ORR pathway. The impressive
catalytic behavior can be credited to the N/P codoped
mesoporous architecture, which not only provides plentiful
active sites and accelerates electron/mass transport but also
facilitates electrolyte permeation, thereby enhancing the overall
ORR process. XPS further reveals that N−P codoping

significantly increases the relative content of pyridinic/pyrrolic
nitrogen in CNP, fine-tuning the O2 adsorption/desorption
behavior and thus enhancing the intrinsic catalytic activity. In
practical devices, the CNP-based liquid ZAB achieves a peak
power density of 202.2 mW cm−2 and a specific capacity of
768.8 mA h gZn

1, surpassing Pt/C benchmarks. The recharge-
able configuration demonstrates stable cycling for over 206 h,
while the flexible ZAB delivers 67.5 mW cm−2 and maintains
stable output under mechanical deformation. This work
provides novel insights into the design of synergistic N/P
electronic modulation and nanoarchitectural engineering in
advancing durable, high-power, metal-free cathodes for next-
generation ZABs.
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