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An efficient strategy has been demonstrated for the activation of low- oE
active graphitized carbon nanosheets through a thermal-driven nitro- kp
gen atom removal process. The resulting defect-enriched porous @-F
graphitized carbon nanosheets simultaneously combine abundant
highly active intrinsic defects with a high graphitization degree and
numerous micro/mesopores, providing excellent activity as bifunc-
tional electrocatalysts for oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER).
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ABSTRACT

Carbon-based electrocatalysts have considerable potential for application in renewable and clean energy conversion
systems. Although graphitic carbons have the advantages of high conductivity and electrolyte corrosion resistance, their
sp2-hybridized skeleton often leads to poor porosity and insufficient intrinsic active sites, resulting in suboptimal catalytic
activity for sluggish multi-electron redox reactions. Herein, we demonstrate an efficient strategy for the activation of low-
active graphitized carbon nanosheets by a thermal-driven nitrogen atom removal process. The elimination of nitrogen
atoms at high temperatures facilitates the rearrangement of neighboring carbon atoms, leading to numerous carbon
defects and an increased surface area, while retaining the long-range ordered graphitic structure. As a result, the as-
obtained defect-enriched porous graphitized carbon nanosheets (DPGCNSs) simultaneously combine abundant highly
active intrinsic defects with a high graphitization degree and numerous micro/mesopores, demonstrating low overpotential
and favorable kinetics for oxygen reduction and oxygen evolution reactions. Remarkably, rechargeable Zn—air batteries
with DPGCNSs catalysts demonstrate superior cycling performance, exceeding 700 cycles with no obvious voltage fading.
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graphitic carbon, carbon defect, thermal activating, oxygen electrocatalysis, Zn—air battery

1 Introduction

With rapidly increasing energy demand and growing envi-
ronmental concerns, significant efforts have been devoted
to developing renewable and clean energy conversion
technologies. Among these, electrochemical energy
conversion systems—such as hydrogen fuel cells, metal-air
batteries, and water-splitting devices—have emerged as
highly promising and environmentally friendly strategies
for achieving carbon neutrality!”. However, the perfor-
mance of these devices is largely constrained by sluggish
electrochemical redox reactions—including the hydrogen
evolution reaction, oxygen evolution reaction (OER), and
oxygen reduction reaction (ORR)—which involve multi-
ple interfacial processes and multi-electron transfers®.
Electrocatalysts are therefore essential to lower kinetic
barriers and enhance energy conversion efficiency.
Although traditional noble metal-based materials (e.g.,
platinum, palladium, and iridium-based catalysts) remain

the most efficient for these reactions, their high cost,
limited availability, and poor long-term stability signifi-
cantly hinder widespread application9. Consequently,
there is a pressing need to develop next-generation, non-
noble metal-based electrocatalysts that can deliver compa-
rable performance at reduced cost.

Carbon-based electrocatalysts have attracted extensive
attention due to their low cost, excellent electrical conduc-
tivity, chemical stability, and tunable structures’ . To
achieve both high catalytic activity and long operational
lifetime, an optimized carbon-based electrocatalyst should
satisfy three criteria: (i) abundant intrinsic active sites to
facilitate reactant adsorption and reduce multi-step reac-
tion barriers, (ii) a highly graphitic framework to acceler-
ate electron transfer and maintain electrolyte tolerance,
and (iii) a porous structure to promote mass transport and
maximize site accessibility. Recent studies have explored
atomic metal-decorated carbon catalysts, which exhibit
enhanced catalytic activity owing to their high atom
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utilization efficiency!>-"*.. However, the amorphous nature
of the carbon matrix and the high surface energy of atomic
metal sites often lead to structural instability and rapid
performance decay. In contrast, graphitic carbon materi-
als—including carbon nanotubes, onion-like carbon, and
few-layered graphene—possess a predominantly sp-
hybridized skeleton, providing high structural stability and
excellent resistance to electrolyte corrosion's, Unfortu-
nately, the intrinsic active sites in graphitic carbon are
limited, and the low porosity further restricts catalytic
accessibility, resulting in suboptimal activity for multi-
electron redox reactions. Thus, introducing a high density
of catalytic sites and nanopores into graphitic carbon,
while preserving its long-range conjugated structure,
remains a fundamental yet challenging goal for achieving
highly efficient electrocatalytic performance.

Herein, we report an efficient strategy for the prepara-
tion of defect-enriched porous graphitized carbon
nanosheets (DPGCNSs), which exhibit abundant intrinsic
defects, a high degree of graphitization, and numerous
micro/mesopores. This strategy involves the preparation
of nitrogen-doped graphitized carbon nanosheets
(NGCNSs) via active-template catalytic pyrolysis at a rela-
tively low temperature (e.g., 800°C), followed by the
removal of the doped N atoms at a higher temperature
(e.g., 1075°C). Notably, the elimination of N atoms trig-
gers the rearrangement of neighbor C atoms, leading to
the formation of carbon defects and an increased surface
area, while effectively retaining the long-range ordered
graphitic structure. Benefiting from the unusually inte-
grated merits of sufficient intrinsic defects with favorable
catalytic activity, a highly graphitic skeleton with excellent
electrical conductivity, and a 2D porous structure enabling
efficient mass transport, the as-constructed DPGCNSs
demonstrate high activity as bifunctional electrocatalysts
for ORR and OER, exhibiting low overpotential and favor-
able kinetics. Moreover, the DPGCNSs also display supe-
rior performance as cathode materials in primary and
rechargeable Zn-air batteries, demonstrating significant
potential for practical application.

2 Materials and methods

2.1 Synthesis of DPGCNSs

Typically, aniline and FeCl;-6H,O with a molar ratio of 1:5
were initially mixed at 60°C for 1 h, followed by aging at
room temperature for 1 h. The as-obtained poly(aniline)
(PANI) and FeCl;-6H,0O mixture was then thermally
pyrolyzed under flowing N, at 800°C and 1000°C for 3 h
with a heating rate of 5°C min™!, followed by etching with
6 mol L' HCI, giving rise to NGCNSs. Afterward,
NGCNSs were further heated at 1075°C for 1 h, leading to
the formation of DPGCNSs. Tailoring the active-template
catalytic pyrolysis temperature (e.g., 600-1000°C) and N-
removal temperature (e.g., 1000-1150°C) can generate
carbon products with different lattice structures and defect
densities. By changing the precursor and following the
same preparation process, a series of defect-poor graphi-
tized carbon materials (GCMs) samples were obtained.
The detailed preparation procedure and corresponding
material characterization can be found in the Supplemen-
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tary Materials.

2.2 Electrochemical measurements

All electrochemical tests were conducted in a three-elec-
trode cell at room temperature and recorded on a
CHI660E electrochemical workstation (Shanghai Chen-
hua Instruments Co., Ltd., China). Ag/AgCl and platinum
plate electrodes were used as the reference and counter
electrodes, respectively. A rotating disk electrode (RDE)
with a 0.196 cm? glassy carbon disk was used as the work-
ing electrode to evaluate the catalytic activity toward the
ORR. A rotating ring-disk electrode (RRDE) with a Pt ring
(6.5 mm inner diameter and 8.5 mm outer diameter) and a
glassy carbon disk (5.5 mm diameter) was used as the
working electrode to characterize the catalytic selectivity of
different electrocatalysts. The electrochemical experi-
ments were carried out in O, saturated electrolytes with
0.1 mol L' KOH for ORR and 1 mol L KOH for OER,
respectively. Linear sweep voltammetry (LSV) was
performed at a scan rate of 10 mV s™'. Further details on
the procedures for electrochemical measurements and
Zn-air battery tests are provided in the Supplementary
Materials.

3 Results and discussion

In this approach, aniline is chosen as the precursor owing
to its high carbonizability and considerable N content, and
FeCl;-6H,0 is employed as the 2D active salt template.
Initially, aniline is mixed with molten FeCl;-6H,0 and
undergoes oxidative polymerization to yield polyaniline, as
evidenced by Fourier transform infrared (FTIR) spectra
(Fig. S1 in Supplementary Materials). Afterward, the
mixture of polyaniline and FeCl;-6H,0 salt is pyrolyzed at
800°C under a flowing inert atmosphere, followed by the
removal of the residual iron species, leading to the forma-
tion of NGCNSs. Scanning electron microscopy (SEM)
images reveal a 2D sheet-like morphology of NGCNSs
(Fig. 1a), which can be attributed to the template effect of
FeCl;-6H,0™. X-ray photoelectron spectroscopy (XPS)
spectrum reveals the presence of N in NGCNSs (Fig. S2a
in Supplementary Materials), and the nitrogen species can
be resolved into four peaks at 398.3, 399.6, 400.8, and
403.0 eV (Fig. S2b in Supplementary Materials), corre-
sponding to pyridinic N (N6), pyrrolic N (N5), graphitic N
(NQ), and oxidized N (NO), respectively”?. The as-
obtained NGCNSs are further heated at higher tempera-
tures (i.e., 1075°C) to remove relatively unstable N species
from carbon skeleton (mainly N6 and N5), giving rise to
DPGCNSs with a decreased total N content (1.6 wt% for
DPGCNSs vs. 2.3 wt% for NGCNSs). Owing to the very
low residual Fe content in NGCNSs (0.167 wt%) and
DPGCNSs (0.174 wt%), as determined by inductively
coupled plasma-mass spectrometry, no obvious Fe signals
were observed in the high-resolution Fe 2p XPS spectra
(Fig. S3 in Supplementary Materials). The corresponding
energy dispersive spectroscopy further confirms that the
characteristic signals of Fe are absent, with no apparent Fe
aggregation observed in the elemental mapping (Fig. S4 in
Supplementary Materials)®). As shown in Fig. 1b, the
resultant DPGCNSs retain the 2D nanostructure of
NGCNSs. High-resolution transmission electron micro-
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Figure 1 SEM images of NGCNSs (a) and DPGCNSs (b). HRTEM images of NGCNSs (c) and DPGCNSs (d). (e) XRD patterns of
DPGCNSs and NGCNSs. (f) Aberration-corrected high-angle-annular-dark-field scanning transmission electron microscopy (AC
HAADEF-STEM) image of DPGCNSs. (g) Expanded image of the dotted box in (f), presenting the existence of vacancies and common

hexagonal rings.

scopy (HRTEM) images show that both NGCNSs and
DPGCNSs exhibit well-defined graphitic structures with
long-range ordered carbon layers, suggesting a high
graphitization degree (Figs. 1c and 1d). The structural
characteristics of DPGCNSs are further analyzed by X-ray
diffraction (XRD). As shown in Fig. le, a sharp (002) peak
at 26.4° is observed for DPGCNSs, indicating a highly
graphitic structure, which is consistent with the HRTEM
observations. According to the Bragg equation, the aver-
age lattice spacing (dy,) of DPGCNSs is calculated to be
0.3373 nm, and the related graphitization index (g,)
reaches 0.78, close to those of NGCNSs (d, = 0.3378 nm,
& = 0.72). These indicate that the carbon skeleton retains a
graphitic structure after N removal at high temperatures.
Accordingly, the electrical conductivity of DPGCNSs
(4673 S cm™) is comparable to that of NGCNSs
(4.717 S cm™). It has been demonstrated that the elimina-
tion of N atoms can lead to the rearrangement of neigh-
boring carbon atoms and simultaneously produce intrin-
sic carbon defects®*. As expected, AC-HRTEM and the
corresponding filtered images reveal various carbon
defects (e.g., edge defects and vacancies) as well as regular
hexagons directly observable in the atomic structure of
DPGCNSs (Figs. 1fand 1g).

Further in-depth characterizations were conducted to
investigate the intrinsic carbon defects in DPGCNSs.
According to the Raman spectrum of DPGCNSs in Fig. 2a,
the D band (~1360 cm™), related to the disordered defec-
tive carbon constructure (e.g., edge defects, in-plane topo-
logical defects, and sp*-hybridized defects) and G band
(~1580 cm™), associated with the sp*-hybridized graphitic
carbon constructure are observed for DPGCNSs!*!. The
intensity ratio of the D band area to the G band area
(Ip/I;) for DPGCNSs (1.20) is larger than that of NGCNSs
(0.74), suggesting a higher degree of lattice disorder. The

9370084 (3 of 8)

electron paramagnetic resonance (EPR) technique was
further used to analyze the defect sites within carbon
skeletons (Fig. 2b). Sharp peaks at g = 1.998 are observed
for NGCNSs and DPGCNSs, which are associated with the
unpaired electrons on m-conjugated carbon atoms!,
DPGCNSs demonstrates a much higher intensity of EPR
signal than NGCNSs, confirming that abundant intrinsic
defects are generated in the carbon skeleton after the elim-
ination of N atoms at high temperatures. N, adsorption-
desorption measurements demonstrate that DPGCNSs
deliver a type IV isotherm with an uptake at low relative
pressure and an obvious hysteresis loop, indicating the
presence of micropores and mesopores (Fig. 2¢c). Notably,
compared with NGCNSs, DPGCNSs deliver an increased
Brunauer-Emmett-Teller (BET) surface area (Sgpr)
(171 m* g* for DPGCNSs vs. 109 m? g for NGCNSs)
(Fig. 2d). These results indicate that the N-removal process
at high temperatures might lead to the growth of pore
structures, which is highly related to rich edge defects. The
pyrolysis process from NGCNSs to DPGCNSs is further
revealed by simultaneous thermal analyzer coupled with
Fourier transform infrared spectrometry (STA-FTIR)
measurements (Fig. 2e). Thermogravimetric curve shows
that the NGCNSs display weight loss ranging from 800 to
1200°C. During this process, in situ infrared spectra indi-
cate that the N-doping atoms release in the form of NH,
(1400-1800 cm™); meanwhile, rearrangement of carbon
atoms results in persistent volatilization of CO,
(2150-2420 cm™), CO (double peaks between 2040-
2200 cm™), and CH, (1600-1800 cm™)"". Based on the
above discussion, a schematic illustration is proposed to
summarize the structural evolution from NGCNSs to
DPGCNSs (Fig. 2f), where the removal of N-doping
atoms, accompanied by the rearrangement of carbon
atoms, generates intrinsic defects in the carbon lattice and
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Figure 2 Raman spectra (a), EPR spectra (b), N, adsorption-desorption isotherms (c), and pore size distribution curves (d) of DPGC-
NSs and NGCNSs. (e) In situ STA-FTIR spectra of NGCNSs pyrolysis. (f) Schematic illustration of the thermal activating process from

NGCNSs to DPGCNSs.

leads to the growth of the pore structure.

To elucidate the formation mechanisms of DPGCNSs
with high specific surface area, high crystallinity, and
enriched defects, the roles of the pyrolysis process are
studied. On the one hand, the active-template catalytic
pyrolysis temperature greatly affects the role of
FeCl;:6H,0 in the graphitization of NGCNSs. When
heated at a low temperature (e.g., 600°C), only carbon
nanosheets with an amorphous structure are obtained, and
the products cannot be transformed into graphitic struc-
tures even after a second heating treatment at 1075°C (Fig.
S5 in Supplementary Materials). However, excessively high
temperature (e.g., 1000°C) can result in a decrease in the
total and edge N content in NGCNSs, which prevents the
release of N atoms and the formation of carbon defects
during subsequent pyrolysis at higher temperatures (Fig.
S6 in Supplementary Materials). On the other hand,
considering the STA-FTIR results in Fig. 2e, where the
intense CO, release occurs in the temperature range of
approximately 1000-1150°C, the N-removal process of
NGCNSs is further conducted at different temperatures to
generate control samples (i.e., 1000 and 1150°C; denoted
as DPGCNSs-1000 and DPGCNSs-1150, respectively).
Notably, as evidenced by the Raman spectra (Fig. S7 in
Supplementary Materials), the calculated Ip/I; first
increases from 0.94 (DPGCNSs-1000) to 1.20 (DPGCNSs)
and then decreases to 0.80 (DPGCNSs-1150), indicating
that DPGCNSs have the highest degree of lattice disorder.

2% wa | Sci@pen
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The Raman spectra can be further deconvoluted into four
peaks, including the G peak (1575 cm™) corresponding to
the graphite-like carbon structure, the D1 peak (1345 cm™)
corresponding to the edge defects of graphitic microcrys-
tals, the D2 peak (1465 cm™) corresponding to non-six-
membered ring topological defects within the plane, and
the D3 peak (1185 cm™) corresponding to defects with sp*
hybridization®>*. Similarly, the peak area ratios of D1
band to G band (Ip,/I;) and D2 band to G band (Ip,/I;)
both increased from DPGCNSs-1000 to DPGCNSs-1075,
then decreased from DPGCNSs-1075 to DPGCNSs-1150
(Fig. 2a and Fig. S7 in Supplementary Materials). This
trend suggests that DPGCNSs synthesized at 1075°C
possess the highest concentration of edge and in-plane
topological defects, which enhance the adsorption of
oxygen species and key intermediates, reduce reaction free
energy, and facilitate electron transfer, thereby boosting
catalytic activity. These defect types, including topological
and edge defects, collectively contribute to superior
bifunctional activity by optimizing adsorption and provid-
ing active centers**. A similar variation trend is observed
in the pore structure, where Spgy first increases from
158 m? g'! (DPGCNSs-1000) to 171 m? g' (DPGCNSs) and
then decreases to 148 m? g! (DPGCNSs-1150) (Fig. S8 in
Supplementary Materials).

These results indicate that the defect sites and pore
structure of DPGCNSs undergo a growth and close
process at temperatures ranging from 1000 to 1150°C.
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Besides heating temperature, the effect of the precursor on
the defective structure of the resulting carbon products is
also investigated. Similar to polyaniline with -NH- groups
as bridges to connect benzene rings, hypercrosslinked
polymer (xB) with -CH,- as crosslinking bridges to
connect benzene rings (Fig. S9 in Supplementary Materi-
als) is used as a precursor to fabricate GCMs. The as-
obtained GCMs are further treated at 1075°C to generate
GCMs-1075. Notably, the calculated Ip/I; of GCMs-1075
(0.30) is lower than that of GCMs (0.34), indicating that
GCMs-1075 exhibits a higher degree of graphitization after
high-temperature treatment (Fig. S10 in Supplementary
Materials). Additionally, the Raman spectra of GCMs
reveal that the defect-related D1 and D2 peaks remain low
in intensity and essentially unchanged across different
pyrolysis temperatures. This indicates that high-tempera-
ture treatment alone, in the absence of removable nitro-
gen dopants, does not generate a significant defect struc-
ture. The opposite variation trends in lattice structure,
observed between GCMs to GCMs-1075 and NGCNSs to
DPGCNSs, clearly demonstrate that the removal of N-
doping atoms derived from the molecular precursor
generates intrinsic defects in the carbon skeleton.

LSV measurements were recorded in O,-saturated
0.1 mol L' KOH electrolyte using a RDE at a scan rate of
10 mV s to evaluate the electrocatalytic activity and
kinetics of DPGCNSs toward ORR. As shown in Fig. 3a
and Fig. Slla in Supplementary Materials, DPGCNSs
demonstrate excellent catalytic activity, with an onset
potential of 0.916 V and a half-wave potential (E,,) of
0.813 V, which are comparable to those of the Pt/C elec-
trode (0.941 V, E,,, = 0.826 V). To reveal the structural
advantage of DPGCNSs, the catalytic performances of
NGCNSs, NGCNSs-1000, and NGCNSs-1150 were also
evaluated under identical conditions (Fig. S11b-S11d in
Supplementary Materials). As shown in Fig. 3a, these

samples exhibit significantly lower onset potentials (0.855
V for NGCNSs, 0.898 V for NGCNSs-1000, and 0.856 V
for NGCNSs-1150) and half-wave potentials (0.683 V for
NGCNSs, 0.801 V for NGCNSs-1000, and 0.748 V for
NGCNSs-1150) than those of DPGCNSs. Remarkably,
DPGCNSs also exhibit a small Tafel slope of 50.6 mV dec,
which is lower than those of NGCNSs (65.6 mV dec™),
NGCNSs-1000  (52.5 mV  dec'), NGCNSs-1150
(51.9 mV dec™), and even the Pt/C catalyst (68.1 mV dec™)
(Fig. 3b), indicating that the enriched defect sites and well-
developed porous structure play a crucial role in facilitat-
ing ORR kinetics. As shown in Fig. S12 in Supplementary
Materials, DPGCNSs exhibit a significantly higher electro-
chemically active surface area than NGCNSs, demonstrat-
ing that defect engineering effectively increases the density
of accessible active sites, thereby promoting fast reaction
kinetics®*". The hydrogen peroxide (H,0,) vield during
the ORR process on DPGCNSs was evaluated using RRDE
measurements (Fig. S13 in Supplementary Materials). The
electron transfer number of DPGCNSs remains above 3.6
over the potential range of 0.2-0.8 V and reaches a maxi-
mum value of 3.9 near the half-wave potential. These
results indicate a low H,O, yield below 20% for DPGCNSs,
suggesting a dominant four-electron transfer pathway for
the reduction of O, to H,0. Moreover, compared with the
NGCNS catalyst, DPGCNSs exhibit superior long-term
stability in O,-saturated 0.1 mol L' KOH electrolyte (Fig.
S14 in Supplementary Materials).

Similarly, the OER catalytic activity of DPGCNSs was
further investigated in O,-saturated 1 mol L' KOH elec-
trolyte (Fig. 3c). LSV results demonstrate that a current
density of 10 mA cm can be achieved for the DPGCNSs
at a potential (E;_;o) of 1.611 V, much lower than those of
NGCNSs (1.655 V), DPGCNSs-1000 (1.638 V), DPGCNSs-
1150 (1.622 V), and RuO, (1.626 V). Also, a Tafel slope of
64.6 mV dec™! is demonstrated for DPGCNSs, much lower
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Figure 3 LSV curves in O,-staurated 0.1 mol L' KOH solution at 1600 rpm (a) and Tafel plots of different electrocatalysts toward ORR
(b). LSV curves (c) and Tafel plots (d) of different electrocatalysts toward OER. (e) Comparison of AE for different electrocatalysts.
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than those of NGCNSs (96.7 mV dec'), DPGCNSs-1000
(81.5 mV dec'), DPGCNSs-1150 (65.2 mV dec?), and
RuO, (132.8 mV dec™) (Fig. 3d). The bifunctional catalytic
activity is further revealed by the potential difference of
OER and ORR metrics (AE = E; = 10 - E,j). Notably,
DPGCNSs exhibit AE of 0.798 V, which is comparable to
those of Pt/C and RuO, (0.800 V) and significantly lower
than those of NGCNSs (0.972 V), DPGCNSs-1000
(0.837 V), and DPGCNSs-1150 (0.874 V) (Fig. 3e). The
overall performance of DPGCNSs is competitive with that
of recently reported metal-free carbon-based bifunctional
catalysts, highlighting the effectiveness of defect engineer-
ing via nitrogen removal in enhancing catalytic activity
(Fig. S15 and Table S2 in Supplementary Materials)2#-41,
Moreover, when the Ijy/I; from the Raman measurement
is connected with the ORR and OER activity, it can be
found that the highest I,/I; corresponds to the best ORR
and OER kinetics, strongly confirming that defective and
porous structures enable promoted electrocatalytic perfor-
mances. It should be noted that the values of Ip,/I; and
I,/ are positively correlated with the ORR and OER
catalytic activity, strongly confirming that defective and
porous structures promote electrocatalytic
performances®. In contrast, all GCM samples treated at
different temperatures demonstrate consistently poor
catalytic activity (Figs. S16 and S17 in Supplementary
Materials). The GCMs showed a low E,,, (0.727 V) for
ORR and minimal OER catalytic ability with a current
density of only 1.6 mA cm at 1.7 V. Moreover, no signifi-
cant improvement in ORR or OER performance was
observed with increasing pyrolysis temperature. Even after
treatment at 1075°C, the GCMs-1075 reached only an E, ),
of 0.733 V and an OER current density of 4.2 mA cm™ at

1.7 V, which are far inferior to those of defect-rich DPGC-
NSs. This limited and temperature-insensitive catalytic
activity can be directly attributed to the absence of an
effective defect-generation mechanism within the carbon
framework during synthesis.

Considering the superior bifunctional ORR and OER
catalytic activity of DPGCNSs, primary Zn-air batteries
are assembled with DPGCNSs as the air cathode catalyst.
As shown in Fig. 4a, a light-emitting diode array panel can
be lightened up by two series DPGCNSs catalyst-loaded
Zn-air batteries. The Zn-air battery with DPGCNSs
catalyst delivers a peak power density of 55 mW cm?,
significantly larger than that with Pt/C+RuO, catalysts
(44 mW cm™) (Fig. 4b). Additionally, the battery with
DPGCNSs catalyst can achieve a specific capacity of up to
780 mA h g, at 2 mA cm, corresponding to 94% of the
theoretical capacity (830 mA h g, '), much higher than
with Pt/C+RuO, catalysts (692 mA h g, ') (Fig. 4c). More
importantly, the battery with the DPGCNSs catalyst
exhibits significantly smaller voltage drops during
galvanostatic discharge at high current densities, indicat-
ing accelerated reaction kinetics (Fig. 4d). Rechargeable
Zn-air batteries were further evaluated by galvanostatic
charge-discharge cycling at a current density of 2 mA
cm. Notably, the voltage gap of the battery employing the
DPGCNSs catalyst decreases from 0.97 V at the initial
cycles to 0.72 V after 400 h of cycling, which is markedly
superior to that of the Pt/C+RuO,-based battery, whose
voltage gap increases from 0.72 V at the initial cycles to
1.38 V after 400 h of cycling. Moreover, the DPGCNSs-
based battery maintains stable operation without obvious
voltage fading over 700 cycles, demonstrating the strong
potential of DPGCNSs for application in rechargeable
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Figure 4 (a) Digital photo of an LED panel lightened by two Zn-air batteries with DPGCNSs catalyst. (b) Discharge curves and the
corresponding power densities of Zn-air batteries with DPGCNSs and Pt/C+RuO, catalysts. (c) Galvanostatic discharge curves of
Zn-air batteries with DPGCNSs and Pt/C+RuO, catalysts at 2 mA cm. The specific capacity is normalized based on the mass of the
consumed Zn anode. Discharge profiles at different current densities (d) and long-term cycling tests at 2 mA cm™ (e) of the recharge-

able Zn-air batteries loaded with DPGCNSs and Pt/C+RuO,.
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Zn-air batteries.

4 Conclusion

In summary, graphitic carbon nanosheets enriched with
intrinsic defects and high surface area were successfully
fabricated via nitrogen atom removal defect engineering
for efficient oxygen electrocatalysis. It was demonstrated
that thermally driven elimination of nitrogen atoms
induces the rearrangement of neighboring carbon atoms,
generating abundant carbon defects and increasing the
surface area while preserving the long-range ordered
graphitic structure. As a result, the as-constructed DPGC-
NSs uniquely integrate abundant intrinsic defects with
high electrocatalytic activity, a highly graphitic skeleton
with excellent electrical conductivity, and a two-dimen-
sional porous architecture that enables rapid mass trans-
port. Consequently, DPGCNSs exhibit outstanding bifunc-
tional electrocatalytic performance toward ORR and OER,
characterized by low overpotentials, favorable reaction
kinetics, and excellent long-term stability in rechargeable
Zn-air batteries. These findings provide valuable insights
into the rational design and scalable fabrication of high-
performance graphitic carbon-based electrocatalysts, and
are expected to promote their broader application in
renewable and clean energy conversion systems.
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