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O=0 bond activation determines activities of oxygen reduction reaction (ORR) catalysts, and developing
metal-free catalysts that outperform precious metals remains challenging. Herein, we demonstrate the
mechanochemical polymerization of pyrrole tandem carbonization for designing nitrogen-containing,
micropore-penetrated multilayer graphene crystals (NM-MGCs) with abundant barrier-free nanochannels
for O,, leading to high exposure of carbon atoms adjacent to graphitic nitrogen. Due to the ordered
multilayer structure with steady layer-by-layer van der Waals interaction, the resultant exposed interlayer
carbon atoms exhibit much improved ability to activate O, through adsorption-configuration-induced
O=0 bond dissociation in the ORR with approximately zero energy barrier. Thus, the NM-MGCs show
record-breaking ORR performance among metal-free catalysts, which can be fabricated as air cathodes
for both flow and flexible Zn-air batteries, exhibiting high maximum power density, high specific
capacity (815.30 mA h gz, at 5 mA cm™2), and extraordinary long-term cycling durability (>800 h) and
round-trip energy efficiency (63.7%). The overall performance of Zn-air batteries assembled using the
NM-MGCs surpass those of commercial Pt/C (20 wt%) and many literature-reported metal and/or
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Introduction

As clean, efficient, and sustainable electrochemical energy
storage and conversion devices, metal-air batteries are consid-
ered an attractive alternative to traditional fossil fuels, playing
pivotal role in meeting energy demands and reducing environ-
mental pollution.® Wherein, rechargeable ZABs have garnered
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significant attention due to their high theoretical specific
energy density (1084 W h kg™ "), low cost, carbon-free nature,
and abundant feedstock reserves.> The oxygen reduction reac-
tion (ORR) at the cathode of ZABs primarily relies on platinum-
group-metal (PGM)-based catalysts to overcome sluggish
kinetics.®* However, these catalysts suffer from low crustal
abundance, high cost, and poor durability. In response, tran-
sition metal catalysts (e.g., Fe, Co, and Ni) have been extensively
studied, with designed structures such as single-atom metal-
nitrogen-carbon showing superior activities in the ORR and
ZABs.* For practical applications, the challenges of these cata-
lysts such as scale-up synthesis and improvement of anti-
sintering and -leaching of metal sites under harsh operating
conditions, including high temperature, long-term exposure to
strong acid and alkali electrolytes, have not been well tackled
yet.>®

Metal-free electrocatalysts offer a promising solution to
these issues. Notable examples include heteroatom-doped
carbons (e.g.,, N, P, and S) with versatile architectures,”
including nanotubes,® 2D nanosheets,” and 3D porous struc-
tures.'® Specifically, N-doped carbon nanomaterials exhibit
good ORR activity, where N atoms could effectively activate
adjacent carbon atoms, thus creating abundant catalytically
active sites."* Increasing the N content has been the primary
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strategy to improve the ORR activity of N-doped carbons.
However, the high N-doping level leads to amorphous frame-
works with abundant defects, further reducing their long-term
stability in the ORR.** Additionally, due to the isolated feature
of N atoms in the carbon matrix, there is no cooperative inter-
actions between them in the ORR, which results in O=0 bond
activation that follows a multi-step associative pathway,
showing less efficiency compared to high-performance metal
catalysts.” Hence, rationally regulating the new O=O bond
activation pathway on N-doped carbons so as to design efficient
metal-free ORR catalysts shows great significance but remains
challenging in the field.

Bioinspired by natural systems such as DNA double helix
structures, organ self-healing, and artificial polypeptide engi-
neering," the spatial positioning and interatomic interactions
of life elements (e.g., N, S, and O) in polymolecular systems
greatly affect their aggregated structures," leading to extraor-
dinary functionalities that isolated and disconnected counter-
parts cannot achieve.’® This concept has accelerated the
development of supramolecular assembly, significantly
advancing nanoscience. Manipulation of the spatial position of
nitrogen atoms and enhancement of their interactions may
present a revolutionary strategy to create highly active sites,
which could overcome the limitations of O, activation on re-
ported N-doped carbons in the ORR, thus enabling the devel-
opment of metalfree catalysts that match and/or even
outperform PGM catalysts.

Herein, we develop a one-step mechanochemical polymeri-
zation tandem carbonization strategy to design high-perfor-
mance N-containing multilayer graphene crystal-based
electrocatalysts (Fig. 1a). The obtained NM-MGCs feature large
BET surface areas and graphitized frameworks with micropore-
penetrated, highly ordered multilayer structures that serve as
barrier-free nanochannels, which are favorable for O, to
simultaneously interact with the interlayer active carbon atoms
adjacent to graphitic-N, exhibiting a unique interlayer syner-
gistic effect due to their steady interlayer van der Waals inter-
actions and suitable lattice distances. The interlayer active
carbon atoms, originating from the micropore-penetrated
ordered multilayer structure, demonstrated much improved O,
activation ability in the ORR via a unique adsorption-
configuration-induced O=0 bond dissociative pathway with
approximately zero energy barrier, a mechanism not achievable
with any other ORR catalysts to date. The NM-MGCs thus
showed faster ORR activity than the commercial Pt/C, exhibiting
one of the best ORR activities among metal-free catalysts. As
a result, NM-MGCs can be further employed as an efficient air
cathode for assembling ZABs with both liquid- and solid-state
electrolytes, exhibiting excellent overall performances,
including impressive maximum power density (221.0 mW
cm %), high specific capacity (815.30 mA h g, ' at 5 mA cm ™ ?),
and extraordinary long-term cycling durability (>800 h) with
a round-trip energy efficiency as high as 63.7%. The NM-MGCs
also show potential for CO, and N, electroreduction and could
serve as efficient air cathodes in other metal-air batteries.
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Results and discussion

NM-MGC preparation and characterization

The NM-MGCs were synthesized through a straightforward
mechanochemical process involving the polymerization of
pyrrole initiated by FeCl; without using any solvent, followed by
catalytic graphitization of the resulting polypyrrole (ppy) via
carbonization, and subsequent etching to remove Fe species
(Fig. 1a). The NM-MGCs can be easily scaled-up in a kilogram
scale (Fig. S1t), giving the yield up to 64.1%, much higher than
N-doped porous carbons derived from classical solvent poly-
merization of the pyrrole tandem carbonization route (Table
S1t). Reasonably, the high content of FeCl; initiator promotes
the fast polymerization of pyrrole under solvent free conditions,
giving a high polymerization degree and approximately 100%
ppy precursor yield. The enhanced coordination interaction
between ppy and Fe** could effectively inhibit the volatilization
loss of the ppy precursor and N leaching during carbonization,
which result in NM-MGCs with increased product yield in
comparison with the literature-reported results."”

The framework crystallinity of the NM-MGCs was examined
using XRD patterns (Fig. 1b). Notably, NM-MGC-800 and NM-
MGC-900 displayed several pronounced and sharp diffraction
peaks at approximately 26.3°, 42.2°, 44.3°, 54.5° and 77.5°,
corresponding to (002), (100), (101), (004) and (110) planes of
standard graphite, respectively, indicating highly graphitized
frameworks." In contrast, NM-MGC-700 exhibits broad, low-
intensity (002) and (100) diffraction signals, suggesting its
poor crystallinity. This observation was further supported by
Raman spectroscopy. Two sharp peaks at 1350 cm " and
1581 cm™ ', associated with disordered carbon (D band) and
graphitic carbon (G band), were observed in the NM-MGCs
(Fig. 1c),” and the ratio of Ip/Ig was used to determine their
level of graphitization. The Ip/I; ratios for NM-MGC-700, NM-
MGC-800, and NM-MGC-900 were 0.93, 0.76, and 0.71, respec-
tively, indicating that graphitization of NM-MGCs improves
with increasing carbonization temperature, consistent with the
XRD analysis. The lowest Ip/Ig value of NM-MGC-900 suggests
that it has the lowest defect density among the NM-MGCs.
Additionally, 2D and S3 signals at 2685 cm ™' and 2935 cm ™’
particularly evident in NM-MGC-900, further confirm its highly
graphitized framework.>®

The porosity of NM-MGCs was evaluated using N, adsorp-
tion-desorption isotherms at —196 ©°C. Besides the high
adsorption volume at low pressure (P/P, < 0.1), the NM-MGCs
exhibited typical type IV curves with H3-type hysteresis loops
at P/P, = 0.5-0.95 (Fig. S2at), indicating the formation of micro-
, meso-, and macropores (Table S21).** The pore diameters of
NM-MGCs, calculated using the DFT model (Fig. S2bt), ranged
from 0.92 to 1.17 nm, confirming the hierarchical porosity
within the samples. The BET surface areas and pore volumes of
NM-MGCs were in the range of 117-811 m* ¢~ ' and 0.02-0.31
em® g7, respectively, significantly higher than those of many
reported graphitized porous carbons.**?* Interestingly, both
adsorption volumes and BET surface areas of NM-MGCs
decreased with increasing carbonization temperature, likely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

due to the graphitization of the framework, which causes pore
collapse, framework recombination, and defect reduction. The
large BET surface areas and hierarchical porosity provide
abundant diffusion channels and facilitate the exposure of
inner graphitic-N active sites in various catalytic reactions such
as the ORR.

The surface element composition and fine structures of the
NM-MGCs were investigated by XPS, showing the signals of C, N
and O, but without any Fe residuals (Fig. S31), which can be
further confirmed by ICP-OES results (Table S3t). The C 1s
spectra of NM-MGCs can be divided into three peaks at
284.7 eV, 285.8 eV and 288.5 €V, belonging to C-C, C-N and
C=0 bonds, respectively (Fig. S3b¥).>* The nitrogen contents of
NM-MGC-700, NM-MGC-800 and NM-MGC-900 are 7.66 at%,
2.79 at% and 2.34 at%, respectively, which gradually decrease
with increasing carbonization temperature. High-resolved N 1s
spectra can be divided into four peaks (Fig. 1d) assignable to

© 2025 The Author(s). Published by the Royal Society of Chemistry

Carbonization temperature (°C)

(a) Synthetic scheme, (b) XRD patterns, (c) Raman spectra, (d) high-resolution N 1s spectra, and (e) nitrogen ratio of NM-MGCs.

pyridinic-N (N1, 398.3 eV), pyrrolic-N (N2, 400.1 eV), graphitic-N
(N3, 401.1 eV) and oxidized-N (402.8 eV).?* The pyridinic-N and
graphitic-N have been proved to be active sites in oxygen elec-
trocatalysis due to their enhanced abilities to be aware of elec-
tronic properties of neighboring carbon atoms, which is
beneficial for O, adsorption and activation.”” The ratio of N1 +
N3 in NM-MGC-800 (60%) was higher than those in NM-MGC-
700 (47%) and NM-MGC-900 (57%, Fig. 1e).

The morphology and internal structures of NM-MGCs were
investigated using scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and atomic force micros-
copy (AFM). Notably, 2D nanosheets with a thickness of
approximately 4 nm are clearly observable in NM-MGC-800
(Fig. 2a, b and S47), which are randomly stacked together to
form 3D meso-macropores (Fig. 2¢).?® The thickness of the
graphite layers at the edge of NM-MGC-800 is around 13 layers,
with well-resolved equidistant lattice fringes of crystalline

Chem. Sci., 2025, 16, 12603-12612 | 12605
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(@) SEM image; (b) AFM image; (c—e) HRTEM images; (f) magnified image of the marked area in (e); (g) AC-STEM image; (h) SAED image

along the [100] zonal axis after FFT; (i) HAADF-STEM image and (j—|) elemental maps of C, N, and O of NM-MGC-800.

carbon, giving interplanar spacings of 0.35 nm and 0.208 nm for
the (002) and (100) planes, respectively (Fig. 2d-f). These values
show a slight discrepancy from standard graphite (0.337 nm
and 0.21 nm) due to nitrogen doping in the graphite lattice of
NM-MGC-800, which results in crystal cell distortion. The
twisted and deformed hexagonal structural units of the graph-
itized framework in NM-MGC-800 are further observed in
aberration-corrected TEM images (Fig. 2g) after nitrogen atoms
are doped into the sample. The highly crystalline framework of
NM-MGC-800 is also confirmed by the selective area diffraction
pattern derived from the fast Fourier transform (FFT, Fig. 2h).

In addition to stacked meso-macroporous nanochannels,
abundant microporous nanochannels penetrate through the
interlayer of NM-MGC-800, exhibiting good connectivity and
contributing to abundant gas-liquid-solid three-phase inter-
faces (Fig. S51). Elemental mapping of NM-MGC-800 shows the
even distribution of C, N, and O signals, with a nitrogen doping
degree of 3.2 wt% (Fig. 2i-1). These results confirm that the NM-
MGCs have highly graphitized frameworks endowed with
abundant nitrogen sites. The crystalline framework, tunable
nitrogen doping, and versatile micro-meso-macroporous
channels improve the stability and provide abundant exposed
nitrogen active sites in the NM-MGCs, playing a critical role in
its oxygen electrocatalysis properties. The above structural
advantages of NM-MGCs should have resulted from their
unique synthetic strategy, where strong coordination interac-
tion between ppy and Fe®* formed, further regulating the

12606 | Chem. Sci., 2025, 16, 12603-12612

nitrogen-doping and inducing the formation of micropore-
penetrated multilayer structures during carbonization.

Oxygen electrocatalysis

The ORR activities of NM-MGCs were assessed in O,-saturated
0.1 M KOH solution using a typical three-electrode system. As
shown in Fig. S6,t cyclic voltammetry (CV) curves from the ORR
display well-defined oxidation peaks for these catalysts. In
contrast, no reduction peak was observed in N,-saturated KOH
solution. Notably, NM-MGC-800 exhibited the most positive
oxygen reduction peak among the NM-MGCs. The electro-
catalytic activities of NM-MGCs were further evaluated using
linear sweep voltammetry (LSV) with a rotating disk electrode
(RDE) at 1600 rpm (Fig. 3a). NM-MGC-800 exhibited the highest
half-wave potential (E;,, = 0.872 V) among NM-MGCs, superior
to Pt/C (Ey, = 0.851 V) and many high-performance metal-
based electrocatalysts, surpassing any reported metal-free
electrocatalysts (Fig. 3b and Table S51). Meanwhile, NM-MGC-
800 presented a comparable onset potential (Eopger = 0.996 V)
to Pt/C (Eonset = 0.995 V). These results demonstrate that NM-
MGC-800 possesses impressive ORR performance.

The kinetic properties of various samples in the ORR were
studied using Tafel plots. As shown in Fig. 3c, NM-MGC-800
exhibited the fastest reaction kinetics, with a Tafel slope of
79.2 mV dec ', lower than those of Pt/C (88.9 mV dec™ '), NM-
MGC-700 (101.8 mV dec™), and NM-MGC-900 (110.2 mV
dec™). Remarkably, NM-MGC-800 showed favorable ORR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activity, yielding a kinetic current density of 10.782 mA cm™ ~ at
0.85 V, much higher than those of NM-MGC-700 (4.51 mA
cm %), NM-MGC-900 (4.92 mA ¢cm ™ 2), and Pt/C (5.56 mA cm ™ ?)
(Fig. 3d). The electron transfer numbers (n) of the NM-MGCs
were determined from Koutecky-Levich (K-L) plots obtained
from LSVs at various rotation speeds (Fig. 3e and S77).* Fig. 3f
and S71 show nearly linear K-L plots for NM-MGCs at various
potentials, indicating first-order kinetics with respect to dis-
solved oxygen concentration.*® The n value of NM-MGCs was
approximately 4, calculated from K-L plots, indicating that NM-
MGCs primarily undergo a direct four-electron transfer pathway
in the ORR.

The ORR pathway was further examined using rotating ring-
disk electrode (RRDE) measurements (Fig. S8t). As shown in
Fig. 3g, NM-MGC-800 displayed an ideal four-electron reaction
mechanism with the lowest peroxide yield, below 8%, in the
potential range of 0.2-0.8 V, indicating higher OH™ selectivity.
Apart from activity, stability and methanol tolerance are crucial
for practical applications, which were assessed using chro-
noamperometry tests. NM-MGC-800 retained 92.48% of its
original current after 25 000 s of chronoamperometry, signifi-
cantly better than the 75.56% retention of Pt/C (Fig. 3h). Addi-
tionally, NM-MGC-800 showed no reduction in half-wave

© 2025 The Author(s). Published by the Royal Society of Chemistry

potential or limited current density after 5000 continuous CV
cycles (Fig. 3h). In contrast, the half-wave potential of Pt/C
decreased by about 28 mV (Fig. S9t). Furthermore, the current
of NM-MGC-800 remained almost unchanged after the injection
of 1.0 M methanol at 200 s, while Pt/C showed significant
reduction due to methanol poisoning (Fig. 3i). These results
demonstrate the superior stability and methanol resistance of
NM-MGC-800 in the ORR.

From the ORR half-wave potential to the OER overpotential
at 10 mA cm ™2, NM-MGC-800 shows an Egqp 0f 0.660 V, lower
than those of the combination of Pt/C and RuO, (0.664 V), NM-
MGC-700 (0.788 V), and NM-MGC-900 (0.888 V), and much
lower than those of many reported metal- or metal-free catalysts
in the literature (Fig. S10a and b, Table S41). Electrochemical
impedance spectroscopy (EIS) was used to gain insight into the
kinetics of NM-MGCs. NM-MGC-800 exhibits the smallest
semicircle diameter among the NM-MGCs, indicating the
lowest electrochemical charge transfer resistance, which
confirms faster charge transfer at the multi-scaled interface of
NM-MGC-800 (Fig. S11at). The superior hydrophilicity of NM-
MGC-800 is beneficial for increasing the reaction interface,
further boosting the electrocatalytic reaction efficiency
(Fig. S11b¥). These results confirm that NM-MGC has great

Chem. Sci., 2025, 16, 12603-12612 | 12607
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potential for sustainable energy devices. The excellent ORR
performances and long-term stability of NM-MGCs are deter-
mined by their stable graphitized frameworks, barrier-free
diffusion channels, and abundant and highly exposed carbon
aggregate active sites.

Application of NM-MGC in ZABs

Given the superior performance of NM-MGCs in oxygen elec-
trocatalysis, we explored their application in ZABs. A primary
ZAB was fabricated using NM-MGC-800 and Pt/C loaded on
carbon paper as air cathode materials, with a polished Zn plate
as the anode and a mixed solution of 6 M KOH + 0.2 M Zn(OAc),
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as the electrolyte (Fig. 4a). Detailed testing procedures and
battery assembly are described in the ESI.f The open-circuit
voltage of the battery assembled with NM-MGC-800 reached
1.464 V, which is higher than that of the Pt/C catalysts (1.431 V,
Fig. 4b). According to the discharge polarization and power
density curves (Fig. 4c), NM-MGC-800 exhibited superior
discharge performance, giving a high maximum power density
of 221.0 mW cm 2, far beyond that of Pt/C (177.2 mW cm™*) and
mostly reported metal- or metal-free catalysts (Table S6t).
From the galvanostatic discharge curves (Fig. 4d), the NM-
MGC-800-based ZABs delivered higher current densities than
those with Pt/C catalysts. Notably, the reversible discharge
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Fig. 4

(a) Diagram of self-assembled ZABs; (b) open circuit potential (the inset shows photographs of a multipurpose meter and an LED indicator

powered by NM-MGC-800-based ZABs); (c) power density curves; (d) galvanostatic discharge curves at various current densities; (e) galva-
nostatic discharge curves at 5 mA cm™2; (f) discharge—charge cycling curves at 5 mA cm™2; (g) discharge—charge cycling curves of N-CNTs, N-
graphene, Pt/C + RuO, and NM-MGC-800 at 20 mA cm™2; (h) comparison of discharge—charge durability and peak power density of NM-MGC-
800 and various reported ZABs; (i) scheme of quasi-solid-state flexible ZABs; (j) discharge—charge cycling curves at 2 mA cm~2 of NM-MGC-800
and Pt/C + RuO,-based quasi-solid-state flexible ZABs; (k) cycling performance curves at 2 mA cm~2 of NM-MGC-800-based quasi-solid-state

flexible ZABs in different bending states.
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capacity remained stable when the current density was returned
to 5 mA cm 2, indicating significant rate capability and good
reversibility of the NM-MGC-800 cathode. Moreover, an
impressive specific capacity of 815.30 mA h g, " at 5 mA cm >
was achieved on NM-MGC-800, normalized to the amount of Zn,
which is significantly higher than that of ZABs based on Pt/C
(794.44 mA h g, ', Fig. 4e).

To further assess the cycling stability of the NM-MGC-800-
based ZABs, we conducted galvanostatic discharge-charge
performance tests at 5 mA cm > for 2400 cycles over 800 h
(10 min per cycle). The initial discharge/charge voltage gap was
0.68 V for the NM-MGC-800-based ZABs, with a high round-trip
energy efficiency of up to 61.5%. This efficiency remained stable
with a high energy retention of 63.7% even for 800 h of opera-
tion. In contrast, ZABs based on Pt/C + RuO, showed significant
voltage attenuation, with the discharge-charge voltage gap
widening from 0.6 V to 0.8 V after just 100 h of continuous
operation, and the round-trip energy efficiency decreasing from
60% to 50% (Fig. 4f and S12+), demonstrating the inefficiency of
Pt/C + RuO, catalysts in sustaining discharge-charge cycles.

Even at a higher current density of 20 mA em™>, the NM-
MGC-800-based ZABs exhibited smaller discharge-charge
voltage gaps over 360 cycles in 120 h, outperforming N-CNTs, N-
graphene, and Pt/C + RuO, catalysts (Fig. 4g). This superior
performance is attributed to the exceptional oxygen electro-
catalysis of NM-MGC-800. Although the discharge/charge
voltage gap gradually widened at higher current densities of
30 and 50 mA cm ™2, the NM-MGC-800-based ZABs still main-
tained steady performance at 50 mA cm™ > for 19 h over 57 cycles
(Fig. S1371) due to its superior activity and outstanding stability
in oxygen electrocatalysis. The property degradation of the
assembled ZABs at higher current densities was primarily due to
the formation of Zn dendrites. Overall, the NM-MGC-800-based
ZABs show outstanding overall performance and record-
breaking discharge/charge stability to date (Fig. 4h).

Flexible ZABs have garnered significant research interest due
to their potential as green, efficient, and sustainable power
sources, particularly for use in portable and wearable elec-
tronics. To explore this application, NM-MGC-800 was
employed as the air cathode in the assembly of flexible ZABs. A
sandwich-type quasi-solid-state flexible ZAB was constructed
using a self-standing NM-MGC-800 cathode, an alkaline poly(-
vinyl alcohol) (PVA) gel electrolyte, a Zn foil anode, and a nickel
foam current collector (Fig. 4i). The NM-MGC-800-based ZABs
exhibited a lower voltage gap between the charge and discharge
plateaus compared to Pt/C + RuO, catalysts. It delivered
a maximum power density of 85 mW c¢m 2, significantly higher
than the 37 mW cm 2 achieved by the Pt/C + RuO, catalysts
(Fig. S147).

Notably, NM-MGC-800 demonstrated superior long-term
galvanostatic discharge and charge performance at a current
density of 2 mA cm >, Stable charge and discharge voltages of
1.82 V and 1.28 V, respectively, were maintained over 30 h and
180 cycles (5 minutes per cycle), resulting in a high round-trip
energy efficiency of up to 70% (Fig. 4j). In contrast, the Pt/C +
RuO, catalysts exhibited a significant voltage drop, with their
discharge and charge voltages deteriorating from 1.15 V and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.89 V to 0.5 V and 2.07 V, respectively, after only 66 cycles,
leading to a marked decrease in round-trip energy efficiency
from 60.8% to 24.2%. Furthermore, the quasi-solid-state ZABs
with NM-MGC-800 displayed stable discharge and charge volt-
ages even under mechanical bending from 0° to 180° over 5
hours of operation (Fig. 4k). This stability under mechanical
stress suggests that NM-MGC-800 is a promising candidate for
use in flexible and safe energy storage devices.

Understanding extremely high ORR performance of NM-
MGCs

To gain deeper insights into the exceptional ORR activity of NM-
MGC-800 in ZABs, DFT calculations were performed. Based on
structural characterization, a theoretical model was constructed
by stacking two N-doped graphene layers with a large hole,
incorporating representative N-doping modes: graphitic-N,
pyridinic-N, and pyrrolic-N (Fig. 5a and S157). The calculations
reveal that two oxygen atoms in O, preferentially interact with
two carbon atoms situated in different graphene layers adjacent
to graphitic-N (Fig. S161). The corresponding adsorption energy
(AEo) is approximately zero (0.05 eV), indicating an optimal
adsorption state for O,. This suggests that carbon atoms adja-
cent to graphitic-N (denoted as Cgy) serve as the ideal sites for
O, adsorption, facilitating the subsequent ORR process.

Further charge density difference (Ap) calculations indicate
significant electron transfer during the interaction of O, with
Cgn sites (Fig. 5b). Specifically, up to 1.08|e| is transferred from
the graphene layers to the adsorbed O,, as shown by the
calculated Bader charge. This electron transfer occupies anti-
bonding m-orbitals of the adsorbed O, molecule, leading to
significant extension of the O-O bond length from 1.23 A to 1.52
A. Additionally, the calculated distances between the carbon
and oxygen atoms range from 1.42 to 1.44 A, indicating the
formation of two C-O bonds. Partial density of states (PDOS)
analysis supports these findings, showing significant hybrid-
ization between O 2p and C 2p orbitals (Fig. 5¢). These results
suggest that O, can be effectively activated and prefers to
dissociate into two O* species due to the synergistic effects of
the C atoms adjacent to graphitic-N in different graphene
layers.

Encouragingly, the calculations show a near-zero energy
barrier for the dissociation of O, into O* + O* (Fig. S177),
indicating the favorable kinetics. This dissociation process is
also exothermic, releasing approximately 0.34 eV of heat,
making it thermodynamically favorable as well. Obviously, the
dissociation mechanism will dominate the ORR process on our
catalyst. This contrasts with the higher energy barriers seen in
other material systems, such as 2D PtTe (0.32 eV),** B-doped Pd
(111) (0.63 eV),** and even Pt (111) (0.48 eV).* For the subse-
quent reduction step from O* + O* to O* + OH*, two reaction
paths were considered, referred to as paths I and II, corre-
sponding to different graphene layers where the O* species
reside. Remarkably, all reaction steps proceed energetically
downhill, with the fourth thermodynamic step (OH* — *+H,0),
serving as the potential-determining step (PDS) in both paths I
and II (Fig. 5d). The calculated overpotentials () are as low as
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(@) The bilayer N-doped graphene model. (b) The charge difference distribution (Ap) of O, adsorbed on the two C atoms adjacent to

graphitic-N atoms located in different graphene layers. (c) Partial density of states (PDOSs) of O, adsorbed on the C atoms that are neighbors to
graphitic-N atoms located in different graphene layers. The Fermi level is set to zero (gray dash line). Inset: the molecular orbitals of the adsorbed
O, in different energy ranges marked by green dash lines. (d) The Gibbs free energy diagrams of the ORR on the relevant C atoms adjacent to
graphitic-N. (e and f) In situ FTIR spectra of NM-MGC-800 and NM-MGC-700 during the ORR in 0.1 M KOH.

0.39 V for path I and 0.44 V for path II, which are lower than
those reported for N-graphene systems (0.60-0.75 V)'*2¢** and
even lower than Pt (111) (0.45 V),* indicating the excellent ORR
performance of NM-MGC-800.

Moreover, the calculations show that the association ORR
pathway on NM-MGC-800 cannot proceed as the intermediate
OOH* dissociates into O* and OH*, further confirming that the
dissociation mechanism mainly dominates the ORR process.
This quite differs from previously reported N-doped graphene
ORR electrocatalysts,'***** where the associative mechanism is
more common. Additionally, the formation of H,O, as a by-
product is highly endothermic (Fig. 5d), suggesting that the
four-electron dissociation pathway effectively suppresses the
two-electron pathway, leading to high reaction selectivity.

Experimental verification of the DFT results was carried out
by using O,-temperature programmed desorption mass spec-
trometry (O,-TPD-MS), O, adsorption isotherm measurements
and in situ infrared spectroscopy. Notably, NM-MGCs showed
much enhanced O, capacities than those of graphene and N-

12610 | Chem. Sci,, 2025, 16, 12603-12612

doped graphene without micropores, which indicates that
micropores play a key role in their enrichment and storage of
0O,. Additionally, NM-MGC-800 and -900 exhibited much
stronger O, desorption peaks at high temperatures compared to
NM-MGC-700, N-doped graphene and N-CNTs. These
phenomena suggest that the enhanced interaction between O,
and NM-MGC-800 and -900, resulting from their ordered multi-
layered graphitized network, can enable the micropore stored
O, to be firmly fixed at the intersection of ordered graphite
layers and micropores (Fig. S187).

In situ infrared spectroscopy of NM-MGC-800 revealed
signals at 1450 cm ™" and 1580 cm ™, corresponding to the O-O
stretching mode of adsorbed O, and water formed during the
ORR (Fig. 5€). Notably, a peak at 1228 cm™ ", associated with
OOH*, emerged over time in NM-MGC-700 with a disordered
interlayer structure (Fig. 5f), indicating that the associative
pathway dominates the ORR.***® The absence of OOH* and the
presence of a new peak at 1297 cm ™', corresponding to the C-O
bond in NM-MGC-800, confirm that the O=O bond

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dissociation pathway plays a main role in the ORR. This process
releases O* intermediates, which strongly interact with the
active carbon atoms adjacent to the edge of graphitic-N to form
C-0O bonds due to their unique electron donor-acceptor inter-
action. These findings align well with the DFT calculations and
O,-TPD-MS results, indicating that NM-MGC-800 is highly
conducive to O, adsorption and activation, significantly
promoting the ORR through O=O bond dissociation, thus
achieving extremely high ORR activity and OH ™ selectivity.

Conclusions

We have developed a mechanochemical polymerization tandem
carbonization methodology for designing N-containing multi-
layer graphene crystals, with abundant micropores penetrating
through the ordered graphite layers, serving as barrier-free
nanochannels for O, diffusion. Efficient activation of inter-
layer carbon atoms by the adjacent graphitic-N nearby the
microporous channels was achieved on NM-MGCs. The resul-
tant exposed interlayer active carbon atom aggregates show
enhanced ability to activate O, in the ORR via adsorption-
configuration-induced O=0O bond dissociation with approxi-
mately zero energy barrier. As a result, the NM-MGCs exhibit
superior ORR activity to commercial Pt/C, achieving record-high
performance among N-doped carbons. The NM-MGCs were
further employed as an efficient air cathode for rechargeable
ZABs with both liquid- and solid-state electrolytes, and their
power density, specific capacity, cycling durability, and round-
trip energy efficiency were better than those of Pt-tandem Ru-
catalysts and almost all literature-reported metal-free catalysts.
This work provides new opportunities for the development of
efficient and durable carbon-based oxygen electrocatalysts,
offering valuable insights for the design of advanced carbon
energy materials in the future.
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