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Constructing Pentagonal Topological Defects in Carbon

Aerogels for Flexible Zinc-Air Batteries

Yongfa Huang, Tingzhen Li, Runxin Huang, Kaimeng Xu, Zehong Chen, Chao Huang,
Wu Yang, Youzhi Song, Zhongxin Chen, Ruidong Xia, Kasim Ocakoglu, Shimelis Admassie,

Emmanuel Iwuoha, Linxin Zhong, and Xinwen Peng*

In the context of energy conversion, the design and synthesis of
high-performance metal-free carbon electrocatalysts for the oxygen reduction
reaction (ORR) is crucial. Herein, a one-step nitrogen doping/extraction
strategy is proposed to fabricate 3D nitrogen-doped carbon aerogels (NCA-CI)
with rich pentagonal carbon topological defects. The NCA-Cl electrocatalyst
exhibits superb ORR activity, displaying a half-wave potential of 0.89 V vs RHE
and 0.74 V vs RHE under alkaline (0.1 m KOH) and acidic (0.1 M HCIO,)
media, respectively, thanks to the balanced “OOH intermediate adsorption
and desorption induced by the pentagonal carbon topological defects and
nitrogen dopants. The aqueous zinc-air battery (ZAB) equipped with the
NCA-Cl cathode delivers a peak power density of 206.6 mW cm~2, a specific
capacity of 810.6 mAh g~ and a durability of 400 h, and the flexible ZAB also
performed convincingly. This work provides an effective strategy for the

However, the slow kinetics of the 4-electron
oxygen reduction reaction (ORR) occurring
on the cathode catalyst severely limits the
wide application of ZAB.? Although Pt-
based nanomaterials are the most practical
catalysts for ORR, the scarcity, high price,
and poor durability of Pt greatly affect their
large-scale application. Presently, atomi-
cally dispersed transition metals with high
activity are considered the most promising
Pt-free catalysts.’] Nevertheless, their dura-
bility level is still unsatisfactory due to the
dissolution of active metal sites caused by
oxidative H, O, attack or oxidative corrosion
of carbon carriers.[*! In addition, since ZAB
involves a gas-liquid-solid three-phase reac-

formation of topological carbon defects for the enhancement of the

electrocatalytic activity of carbon-based catalysts.

1. Introduction

Zinc-air batteries (ZAB) are considered a promising, environ-
mentally friendly, and sustainable energy conversion technol-
ogy due to their high theoretical energy density (1086 Wh kg?),
environmental friendliness, and abundant zinc resources.!

tion, it generates a large number of gas bub-
bles during prolonged cycling. These bub-
bles can impact the catalyst adhered by the
binder leading to catalyst detachment from
the substrate and ultimately leading to a
decrease in ZAB stability. Therefore, there is an urgent need to
develop highly active and robust metal-free one-piece catalysts.
Carbon nanomaterials (CNMs) have become the foremost al-
ternative to noble metal-based materials as ORR and OER elec-
trocatalysts given their low cost, high structural tunability, and
good stability.’) However, carbon itself has a symmetric, locally
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sp*-hybridized electronic structure and therefore performs
poorly in electrocatalysis. The introduction of heteroatoms (espe-
cially N-doping) into CNMs is an effective strategy to activate elec-
tron donors or acceptors in different reaction states by altering
the asymmetric distribution of electron conjugate structures in
carbon materials to achieve favorable band gaps, electronic struc-
tures, and density of states.[®l In addition, the introduction of car-
bon defects (including vacancy defects, topological defects (e.g.,
pentagonal, heptagonal, octagonal, etc.), and edge defects) into
the carbon structure has been widely exploited to enhance cat-
alytic activity by directly providing adsorption sites or modifying
electronic properties.’] Nevertheless, the lack of sufficient active
sites participating in ORR has resulted in the catalytic efficiency
of the aforementioned two types of active sites remaining incom-
parable with that of the current benchmark electrocatalysts. In
light of the aforementioned considerations, it can be posited that
the fabrication of “desirable” catalytically active sites through the
utilization of defect and doping engineering strategies, which en-
tail the combination of carbon defects (including pentagons, va-
cancies, and edges) and heteroatom doping, will synergistically
enhance the electrocatalytic performance.

Flexible and compressible carbon aerogels prepared from ori-
ented freeze-dried cellulose nanofibres (CNFs) are excellent one-
piece functional carbon materials with high specific surface
area, low density, high electrical conductivity, and good com-
pressibility, which make them show unique structural advan-
tages when used in three-phase catalytic reactions.l®] Among
many CNFs, 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO) ox-
idized cellulose nanofibers (TOCNs) have excellent mechanical
properties of carbon aerogels prepared from them due to their
high crystallinity, uniform width (3-4 nm), and high aspect ra-
tio and their ability to be completely dispersed as single fibers
in water.[”) Nonetheless, the catalytic activity of carbon aerogels
directly subjected to pyrolysis is not satisfactory. Therefore, it
is foreseen that the construction of “desirable” active sites on
carbon aerogels can well solve the problem of the stability of
ZAB.

In this work, nitrogen-doped carbon aerogel electrocatalysts
enriched with pentagonal defects (NCA-Cl) were designed and
fabricated via a one-step nitrogen doping/extraction strategy.
The formation of pentagonal carbon defects can be attributed
to two primary factors. On the one hand, at temperatures be-
tween 550 and 725 °C, the nitrogen in nitrogen-doped carbon
collides with NH;, resulting in the release of HCN. This sub-
sequently leads to carbon rearrangement, which gives rise to
the formation of pentagonal defects. Alternatively, the nitrogen
atoms in the nitrogen-doped carbon will be released as NH; un-
der pyrolysis, and the unsaturated carbon will undergo rearrange-
ment to form carbon defects. The result is an NCA-Cl catalyst
with “desirable” catalytic activity sites, and a unique electronic
structure that facilitates the adsorption/desorption of oxygen in-
termediates, thus accelerating the reaction kinetics and provid-
ing excellent ORR/OER activity under alkaline conditions. Fur-
thermore, it exhibits comparable ORR activity to that of com-
mercial Pt/C under acidic conditions. These findings, in con-
junction with the encouraging performance in ZABs, indicate
that the NCA-CI electrocatalyst is one of the most advanced
carbon-based metal-free bifunctional oxygen electrocatalysts to
date.
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2. Results and Discussion

2.1. Morphology and Structure of NCA-CI

Since the carbonization temperature is crucial for the electro-
catalytic performance, we optimized the pyrolysis temperature
to determine the optimal conditions. Physical characterization
by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Raman, Brunauer-Emmett-Teller (BET), and X-ray ab-
sorption spectroscopy (XAS) showed that maintaining at 900 °C
for 2 h could yield products with abundant micro-mesopores,
high nitrogen doping, high defect density, and high electri-
cal conductivity, providing a foundation for subsequent studies
(Figures S1-S6, Supporting Information). In addition, we fur-
ther optimized the ratios of CNF and g-C;N, (the mass ratios
of CNF to g-C;N, were 1:0.5, 1:1, 1:2, 1:3, and 1:5). As shown
in Figure S7 (Supporting Information), the NCA catalyst exhib-
ited a more positive half-wave potential when the ratio of CNF
to g-C;N, was 1:3, which indicated that NCA had a superior oxy-
gen reduction activity. To illustrate the superiority of the “one-
step nitrogen doping/removal” strategy for the fabrication of
pentagonal carbon defects coupled with nitrogen-doped CNF-
derived carbon aerogels, we systematically investigated four cat-
alysts, namely, CA (CNF-derived carbon aerogels), CA-Cl (low-
temperature nitrogen-doped CNF-derived carbon aerogels), NCA
(high-temperature nitrogen-doped/removed CNF-derived car-
bon aerogels) and NCA-CI (one-step low-temperature nitrogen-
doped high-temperature nitrogen-removed CNF-derived carbon
aerogels). NCA-Cl was prepared by a process of “one-step nitro-
gen doping/extraction”, as illustrated in Figures 1a and S8 (Sup-
porting Information). First, CNF and g-C;N, were dispersed ho-
mogeneously by van der Waals self-assembly. This dispersion re-
mained stable for over a month, indicating uniform dispersion
of g-C;N, in CNF (Figure S9, Supporting Information). Subse-
quently, CNF-based aerogels were prepared by directional freeze-
drying.[?*1% The successful dispersion of g-C;N, in CNF was ad-
ditionally corroborated by solid-state nuclear magnetic resonance
spectroscopy (NMR) (Figure S10, Supporting Information).!*] Fi-
nally, NCA-CI was prepared by one-step pyrolysis.

As illustrated in Figure 1c, the scanning electron microscopy
(SEM) image reveals that the porous carbon nanosheets in NCA-
Cl interconnect to form a 3D honeycomb architecture. The car-
bon sheets exhibit a substantial pore size, with radii between 10
and 20 pm, and a high density of nanopores. The formation of the
large pores can be attributed to ice crystal sublimation, while the
nanopores are primarily the result of NH; etching. The micro-
CT images (Figure 1b) further corroborate that NCA-Cl has a 3D
honeycomb layered structure. Interestingly, high-temperature ni-
trogen extraction gives the material richer micro/mesopores,
while low-temperature nitrogen doping reduces the specific sur-
face area of the material (Figure S11, Supporting Information).
Furthermore, the honeycomb structure of NCA-Cl enables com-
pressibility and flexibility (Figure S12, Supporting Information).
The nanosheet surface of CA after freeze-drying and pyrolysis
of CNF only is notably smooth, further illustrating the efficacy
of the one-step method employed to fabricate the nanoporous
structure (Figure S13, Supporting Information). Figure S14 (Sup-
porting Information) illustrates the transmission electron mi-
croscopy (TEM) images of NCA-Cl and CA-Cl. The images show
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Figure 1. Schematic of the microstructure and possible pyrolysis process

of NCA-Cl. a) Scheme of possible formation processes of carbon defects.

b) Micro-CT image of NCA-Cl. ¢) SEM images of NCA-Cl. d) ACTEM image of NCA-Cl after FFT. e) XRD patterns, Raman spectra f), and EPR spectra
g) of CA, CA-Cl, NCA, and NCA-Cl samples. XPS spectra h), Nitrogen content and relative content of each N-specie i), and ICP-OES j) of CA, CA-Cl, NCA,

and NCA-Cl.

that NCA-Cl has a higher microporosity density and a more dis-
ordered graphite structure compared to CA-Cl, indicating that
high-temperature nitrogen extraction is more favorable for the
preparation of high-density defect carbon materials. Figure 1d
and Figure S15 (Supporting Information) illustrate aberration-

Small 2025, 21, 2502067 2502067

corrected transmission electron microscopy (AC-TEM) images
of NCA-Cl. Figure S15 (Supporting Information) depicts numer-
ous topological and vacancy defects in NCA-CL. The fast Fourier
transform (FFT)-filtered image (Figure 1d) of the labeled region
in Figure S15 (Supporting Information) reveals carbon vacancies

(3 0f12) © 2025 Wiley-VCH GmbH
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adjacent to pentagonal carbon defects (orange line) and hexago-
nal carbon (green line). These findings confirm the effectiveness
of the “one-step nitrogen doping/removal” method in preparing
pentagonal topological defects.

The XRD patterns of CA, CA-Cl, NCA, and NCA-CI (Figure 1e)
exhibit two broad peaks, corresponding to the graphitic carbon
(002) and (100) planes at 20 = 23.1° and 43.9°, respectively. In
contrast, the diffraction peak of NCA-Cl is considerably weaker,
indicating that NCA-Cl is a more disordered and defective mate-
rial. Correspondingly, the Raman spectra of CA, CA-Cl, NCA, and
NCA-Cl exhibit peaks at 1348 cm™! (D-band) and 1588 cm™ (G-
band) (Figure 1f). These peaks are indicative of sp*-deficient car-
bon and sp?-mixed aromatic structures, respectively, which are
associated with disordered and graphitized carbon structures.!?]
The NCA-Cl sample shows the largest I/I ratio, again sug-
gesting that the doped/removed strategy for synthesizing highly
amorphous, defective carbon materials is highly effective. The
I /1 ratio fluctuates with N doping content, particularly when
N-doped impurity defects are prevalent in the carbon matrix.!3]
Despite the higher nitrogen content in NCA compared to NCA-
Cl (Figure S16, Table S1, Supporting Information), the I,/I, ra-
tio of NCA-Cl remains larger, indicating a higher defect den-
sity in NCA-Cl compared to NCA. The results were further con-
firmed by electron paramagnetic resonance (EPR), as shown in
Figure 1g, where NCA-Cl exhibits the peak signal with the high-
est intensity at a magnetic field strength of 2.003 G, indicating a
higher defect density in NCA-CL[* Furthermore, to provide ad-
ditional evidence that the materials are free of metals, XPS and
inductively coupled plasma optical emission spectrometer (ICP-
OES) tests were conducted on the materials. Figure 1h presents
the complete XPS spectrum, which reveals that the synthesized
material comprises solely three elements: carbon (C), nitrogen
(N), and oxygen (O). Furthermore, the XPS spectrum demon-
strates that the synthesized material lacks metallic impurities.
Among the materials, NCA exhibits the highest nitrogen con-
tent (6.50%) (Figure 1i). The inductively coupled plasma optical
emission spectrometer (ICP-OES) tests confirmed that the mate-
rial is a metal-free catalyst. The presence of Fe, Co, Ni, Cu, Mn,
and Zn with high activity is below 0.1 wt.% in the synthesized
material and can be disregarded in ORR active site confirmation
(Figure 1j). These experimental results strongly support the fea-
sibility of the proposed approach for fabricating high-density de-
fective carbon materials.

2.2. The Formation Process of High-Density Carbon Defects in
NCA-Cl

The formation process of carbon defects in NCA-Cl samples was
investigated using both in-situ and ex-situ techniques. The XRD
patterns at various temperatures are shown in Figure 2a. As
shown in Figure 2a, when the temperature reaches 200 °C, the
(200) diffraction peak of CNF is still detectable, indicating that
the crystal structure of CNF is preserved. However, as the tem-
perature increases to 400 °C, the (200) diffraction peak of CNF
disappears, indicating the complete decomposition of CNF,!%]
which aligns with the CNF thermogravimetric curve (Figure S17,
Supporting Information). The intensity of the (002) diffraction
peak of g-C;N, initially increases, then decreases, and eventu-
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ally disappears as the temperature rises, suggesting that in the
early stages of heating (<400 °C), the molecular chains of g-
C;N, may undergo rearrangement and ordering due to thermal
energy, promoting layer stacking and increased order. This re-
sults in a higher intensity of the (002) diffraction peak, indicat-
ing increased crystallinity of g-C;N,. When the temperature is
further increased (400-600 °C), g-C;N, reaches its thermal sta-
bility limit and begins pyrolysis and decomposition, weakening
its ordered structure and decreasing crystallinity, which reduces
the intensity of the (002) diffraction peak. At high temperatures
(=600 °C), g-C;N, loses its crystalline structure entirely, trans-
forming into an amorphous or other disordered structure, caus-
ing the (002) peak to disappear, as amorphous materials lack the
long-range order needed for distinct diffraction peaks in XRD
analysis. Above 650 °C, g-C;N, further decomposes into gaseous
products such as NH; and HCN, resulting in a complete struc-
tural breakdown. With the full decomposition of g-C;N,, the
(002) diffraction peak characteristic of graphite becomes visible,
and this peak intensifies with increasing temperature, indicating
greater graphitization. The infrared (IR) spectra at different tem-
peratures are shown in Figure 2b. The N—H bond %3200 cm™!
disappears above 400 °C, indicating a reduction in defect struc-
tures in g-C;N,, including nitrogen or carbon vacancies and hy-
drogen bonding defects, which is consistent with the XRD re-
sults across these temperatures.!'! When the temperature ex-
ceeds 600 °C, the characteristic C—N—C bond of g-C; N, vanishes,
further confirming the decomposition of g-C;N,, and nitrogen-
and oxygen-containing functional groups gradually diminish.'”]
Additionally, the XPS results (Figure 2¢; Figure S18, Table S2,
Supporting Information) at various temperatures confirm the
temperature dependence of different nitrogen-containing com-
ponents (Py-N (398.5 and 398.1 eV), Pr-N (399.2 and 399.7 eV),
Gr-N (401.1 eV), and Ox-N (402.9 eV)).['8] The nitrogen content
decreases most up to 200 °C, mainly due to the decomposition of
CNF. As the temperature increases to 600 °C, nitrogen content
rises, mainly due to NH, released from NH,Cl decomposition,
which etches and dopes the carbon network. The peak fitting re-
sults for N1s further revealed that an increase was observed only
in the Py-N content, indicating that the low-temperature gasifi-
cation doping method primarily introduces nitrogen atoms into
the carbon lattice in the form of Py-N. When the temperature ex-
ceeds 600 °C, the Gr-N content initially increases and then grad-
ually decreases, suggesting that some nitrogen atoms remain in
the carbon lattice as graphitic nitrogen following the complete
decomposition of g-C;N,. Notably, the significant decrease in Py-
N and Pr-N content between 600 and 700 °C can be attributed
partly to the complete decomposition of g-C;N, and may also be
related to the formation of carbon defects.

We further explored the gaseous products released during
pyrolysis using thermogravimetric infrared mass spectrometry
(TG-IR-MS) to ascertain potential causes for carbon defect for-
mation. To simulate the nitrogen doping process at low tem-
peratures, 5 wt% ammonium chloride was incorporated into
the experiment. As shown in Figure 2d, the in situ IR spectro-
grams tracked oxygen-containing substances and bonds (CO,,
C—0, and O—H), nitrogen-containing bonds (N—H and C=N),
and C—H bonds.l"! The IR signals are mainly ~#550-725 °C. The
IR signals are weak at low temperatures owing to the low inten-
sity of the products released from the low content of CNF and

© 2025 Wiley-VCH GmbH
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Figure 2. Mechanism of formation of pentagonal defects in NCA-Cl. The XRD patterns a), IR spectra b), and configurations of N dopants c) of NCA-Cl
at different temperatures. TG-IR-MS analysis d—f) of gases evolved from the thermal degradation of NCA-Cl. TG-MS analysis g) of gases evolved from
the thermal degradation of NCA. MS analysis h) of gases evolved from the thermal degradation of NCA and NCA-Cl. i) The high-resolution N 1s XPS
spectra of NCA-Cl at different temperatures. j) Raman spectra of NCA-Cl at different temperatures. k) Schematic diagram of carbon defect formation.

NH,CL The thermogravimetric curves (Figure 2e) exhibit three ~ Additionally, the thermogravimetric infrared curves of CNF@g-
broad peaks corresponding to the decomposition processes ofthe =~ C;N, indicate differing decomposition temperatures for the two
components at ~232 °C (dominated by CNF and ammonium  components (Figure S19, Supporting Information). The variation
chloride decomposition), 480 °C (primarily g-C;N, rearrange-  in gaseous products (such as HCN, CH,, NH;, H,O, and CO,)
ment and ordering), and 700 °C (mainly g-C,N, decomposition). ~ with temperature is illustrated by the mass spectra presented in
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Figure 2f, g. Peaks for H,0, CO,, CH,, and NH, ~200 °C corre-
spond to CNF and ammonium chloride decomposition, corrob-
orating XRD, IR, and XPS results. HCN, H,0, and CO, exhibit
peaks x625-725 °C, indicating g-C;N, decomposition and signif-
icant deoxygenation reactions. Interestingly, the profiles of CH,
and NH;, for the NCA-CI sample display inverse peaks, whereas
the NCA sample exhibits positive peaks, with the HCN profile
of the NCA-Cl sample showing a larger peak area (Figure 2h).
These intriguing results suggest that NH, removes Py-N and Pr-
N, subsequently releasing them as HCN. Furthermore, the ac-
tivated carbon undergoes rearrangement, leading to the forma-
tion of carbon defects, including topological or vacancy defects.
Figure 2j shows the Raman spectra at varying temperatures. The
D/G peak of carbon is influenced by the intense fluorescence of
undecomposed g-C;N, at 600 °C. The I, /I value decreases as
temperature increases, due to the significant impact of nitrogen
content on the I, /I ratio, resulting in a marked reduction in the
I, /1 value between 700 and 800 °C. The I,/I; values at 800 and
900 °C are comparable, indicating that the removal of Py-N and
Pr-N enhances the sp? hybridization of carbon. Figure 2i illus-
trates the XPS N1s peak fitting results at varying temperatures.
The rapid decline in nitrogen content (or four distinct fractions)
with increasing temperature is attributable to the elimination of
nitrogen atoms in the form of ammonia as a consequence of py-
rolysis, as evidenced in Figure 2f. This is also consistent with the
recently reported mechanism for the formation of carbon defects.

In light of these results, a proposed process for carbon de-
fect formation is as follows (Figures 1a and 2k): Initially, NH,Cl
decomposes into NH; and HCl between 225 and 600 °C, with
decomposed ammonia etching CNF-derived carbon to create
nitrogen-doped carbon. Subsequently, ammonia gas released
from g-C;N, decomposition (625-725 °C) bombards Py-N and Pr-
N in the carbon lattice, leading to Pr-N and Py-N removal and the
formation of HCN and CH, (from demethylation during pyroly-
sis). The surrounding unsaturated activated carbon undergoes re-
arrangement, resulting in carbon defects, such as vacancies and
pentagonal topological structures. Pr-N is more likely to form va-
cancy defects, while Py-N predominantly results in pentagonal
topological defect structures. Ultimately, at temperatures exceed-
ing 725 °C, further nitrogen removal due to enhanced pyrolysis
results in increased high-density carbon defects.

2.3. Electrochemical ORR Performance

To demonstrate the effectiveness of the “one-step nitrogen dop-
ing/removal” strategy for preparing high-density carbon defects
and to examine the impact of defect densities on ORR perfor-
mance, we measured the ORR/OER performance of NCA-Cl
using a rotating disc electrode (RDE), rotating ring-disc elec-
trode (RRDE), and a three-electrode system in O,-saturated 0.1 m
KOH.?%] Figure S20 (Supporting Information) presents the ORR
activity of samples prepared at varying temperatures. NCA-900
exhibits a more positive half-wave potential, indicating that a cal-
cination temperature of 900 °C is optimal, consistent with previ-
ous physical characterization results. The oxygen reduction peak
of NCA-Cl appeared at 0.89 V (vs RHE), higher than that of
CA (0.73 V vs RHE), CA-Cl (0.83 V vs RHE), and NCA (0.84 V
vs RHE), suggesting superior ORR performance for NCA-CI
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(Figure S21, Supporting Information). Linear scanning voltam-
metry (LSV) curves (Figure 3a) show that the NCA-CI catalyst
(Egnee = 1.01 V vs RHE, E, , = 0.89 V vs RHE) exhibited ORR
activity superior to the commercial Pt/C sample and other con-
trols, as illustrated in Figure 3a,b. These findings suggest that
increasing carbon defect density through the “one-step nitrogen
doping/removal” approach significantly enhances ORR activity.

As illustrated in Figure 3c, NCA-Cl exhibited the highest
kinetic current densities at 0.75 V (24.39 mA cm™), 0.8 V
(20.45 mA cm™), and 0.85 V (7.69 mA cm~?), respectively, sur-
passing CA, CA-Cl, NCA, and Pt/C catalysts. As illustrated in
Figure 3d, NCA-Cl exhibits the lowest Tafel slope (71.1 mV dec™}),
which is considerably lower than that of the control samples and
commercial Pt/C. This further suggests that the high-density
carbon-defected NCA-Cl can provide smaller energy barriers and
faster ORR kinetics. The Koutecky—-Levich (K-L) plot (Figure 3e)
shows an electron transfer number ~4, suggesting that NCA-Cl
facilitates a direct four-electron pathway from O, to OH . Fur-
thermore, RRDE measurements (Figure 3f) indicated an electron
transfer number above 3.7, with H,0, yield remaining below
15% over a potential range of 0.2-0.8 V, confirming that NCA-
Cl catalyzes a four-electron reaction. The durability of NCA-Cl
was demonstrated by i-t measurements (Figure 3g). The results
demonstrate that the current density retention of NCA-Cl (95.3%)
is markedly superior to that of the commercial Pt/C (80.7%).
The Raman spectra of the NCA-CI catalyst after the stability test
showed that the I, /I ratio remained at 1.12, indicating that the
defective structure of NCA-Cl was not severely damaged after a
long period of operation (Figure S22, Supporting Information).
The decrease in pyridine nitrogen content and the increase in
pyrrole nitrogen content in the N1s spectrum fitted after the sta-
bility test suggest that the pentagonal topological defect struc-
ture of the NCA-CI catalyst may be the active site (Figure S23,
Supporting Information). Additionally, the electrocatalytic OER
performance of NCA-CI proved excellent. NCA-Cl exhibited a
low overpotential () of 371 mV at 10 mA cm™2, comparable to
RuO, (358 mV) and superior to other controls (Figure 3h). The
bifunctional oxygen electrocatalytic activity of NCA-Cl was evalu-
ated by measuring the potential difference (AE) between E; _,, at
OER and E;, at ORR. As shown in Figure 3i, the AE of NCA-
Cl is 0.71 V, placing it among the most favorable bifunctional
activities reported for carbon-based metal-free electrocatalysts,
which further substantiates the superiority of the one-step nitro-
gen doping/removal strategy for preparing high-activity carbon-
based metal-free electrocatalysts.[0><21]

The electrocatalytic oxygen reduction reaction (ORR) perfor-
mance of NCA-Cl under acidic media (oxygen saturated with
0.1 M HCIO,) was further examined.??l The NCA-CI catalyst
demonstrated a more positive oxygen reduction peak, indicat-
ing superior ORR performance (Figure S24, Supporting Infor-
mation). As illustrated in Figure 4ab, the E, and E;, of
NCA-Cl were 0.84 and 0.74 V vs RHE, respectively, which are
comparable to those of standard Pt/C (E,,., = 0.90 V vs RHE,
E,;, = 0.76 V vs RHE) and exhibited superior performance com-
pared to the other controls. Figure 4c illustrates that NCA-Cl
exhibited high J, values at 0.65V, 0.70 V, and 0.75 V vs RHE,
comparable to those of commercial Pt/C. The superior ORR
kinetics of NCA-Cl is demonstrated by its smallest tafel slope
(57.7 mV dec™') compared to other controls and commercial

© 2025 Wiley-VCH GmbH

85U0|7 SUOWILIOD BAITaID) 3ot |dde ayy Aq pausenob ae ssppie YO ‘88N JO S8jni 10y Ariq1T 8UIIUO AB|IAA UO (SUORIPUOD-PUR-SWLBIWI0D A8 | IMAe1q 1 U1 UO//SANY) SUORIPUOD pue SWB | 83U 88S *[5202/80/50] U0 AriqiTauluO |1 ‘adeD ulesemay L JO AIseAIUN A 290205202 1WS/Z00T OT/10p/w0d A8 im* Areiq1jpujuo//sdny wouy papeojumod ‘9T ‘SZ0Z ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

a) b)1.2 8
( ) ——CA-Cl | ( ) ° Ey ° Y ®  Egnset (C) 251 J@0.85V
& 04 NCA-CI — 1.01 h
2 NOA 1.0 0.96 0.97 0.97 e J@0.8Vv
— - ! 0887 0.89 J,@0.75V
: 14 cA m 081 0.81 5.49 0-845 3 '6: 20 1 e
= PtC T 0.840.75 g : £ &
E 21 © 4.46 < £
> g - 4415 i 2 & 151
@ -3 2771 |3l g g
S 4] = s =
i ey £ 04 ¥ S
E -5-/ S % Lo §
= ] 5 5
8 N a 0.2 3
-7 T T T 0.0 T v T T T 0 0 T T T T T
0.2 0.4 0.6 0.8 1.0 CA CA-Cl NCA NCA-CI PtiC CA CA-Cl NCA NCA-ClI PtIC
Potential (V vs.RHE) Samples
(<3|1)1 ©) s (A) wros NoA
e & ] £°0.30 y. g
m g ! £ S = 50
T G gl 5025 A o,
¢ 101 = <020 A bay T 25
@ E 11 £ 0.5V ———
> 5] %015 —
2 0.9 \;‘ i %j 0.10 g 9 —
= 625,050 9, " 2 3] 0.02 0.03 0.04 0.05 T 3.85 =
g Vogs Ve 84l ey a0 Y ——
So0s] © cAcl g — 2 3.50
5 NCA-CI S -5 ——900 g
o NCA E ] 1225 < 3.15
0.7 CA o’ 1600 s
PG 71 2025 8 280
T T T T T T T T w T T
2.0 -1.5 -1.0 0.5 0.0 0.5 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8
Log[J (mA cm?)] Potential (V vs.RHE) Potential (V vs. RHE)
h) 2 i) 0.90 .
(9) ] ) NCA-Cl o PtC 95.39 (h) (i) This Work
1004 _ Ty e o N
s £ _ 0.881 NPC-950
< < w
£ 75- £ =
] Z10- 3
5 = 2 0:601 SAC-FeN-WPC  NPCNF-O
[ X K X
° 50 gb%st. RHE < > ° °
% pm a u;S 0.844 SA-Fe-SNC@900,, o CNRs-C
] 5 VGNO CNTs-NC-CCC
¥ 25- ’g 04 NSP-Gra ’ R
3 082 ] = CS-TMPVPICCG
0 T T T T T T T T T T
0 5 10 15 20 1.0 1.2 1.4 1.6 1.8 180 175 170 165 160 1.55
Time (h) Potential (V vs.RHE) Ei=1o(V vs. RHE)

Figure 3. ORR and OER activity of NCA-Cl in 0.1 M KOH. a) LSV curves. b) Eqynsey, Eqjo, and Ji values. c)j values. d) Tafel plots. e) LSV curves and
corresponding K-L curves. f) Electron transfer number and H,O, peroxide yield. g) The durability of the NCA-Cl catalyst and Pt/C for ORR. h) RDE
polarization curves for OER. i) /\E of samples for bifunctional electrocatalytic activity.

Pt/C (Figure 4d). Additionally, NCA-Cl showed a higher C, value
(45.76 mF cm™?) (Figure 4e; Figure S25, Supporting Informa-
tion), indicating a larger electrochemically active area.[?)! The
electron transfer number of NCA-Cl is close to 4 (Figure 4f), con-
firming its highly selective four-electron ORR pathway to H,O, in
agreement with the RRDE results in Figure 4g. In contrast, the
other samples showed reduced selectivity for the four-electron
pathway. The current density of NCA-Cl remained at 90.3%,
significantly exceeding that of commercial Pt/C (~81.0%) after
maintaining 0.5 V vs RHE continuously for 20 h. The electro-
chemical impedance spectra (EIS) offer insights into catalyst ki-
netics and mass transfer properties. The fitted model is presented
in Figure 4i and Table S3 (Supporting Information). The R cor-
responds to charge transfer at the electrode interface, while R,
represents solution resistance. R, was lowest for NCA-Cl, indi-
cating more efficient electron transfer and faster ORR kinetics
for NCA-CL[>*] These results demonstrate the efficient ORR per-
formance of the NCA-Cl electrocatalyst. These findings provide
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further evidence that nitrogen-doped coupled high-density car-
bon defects can dramatically enhance the activity and stability of
ORR and OER, thus allowing this “desirable” catalyst to surpass
the performance of most metal-free doped carbon catalysts.

2.4. Performance of ZABs

Considering their optimal ORR/OER performance, an aque-
ous rechargeable ZAB based on NCA-Cl was developed (Figure
S26, Supporting Information). The assembled ZABs exhibited
minimal voltage drop during galvanostatic discharge measure-
ments across current densities ranging from 2 to 40 mA cm™
(Figure 5a), indicating excellent rate performance. When the cur-
rent density was reduced to 2 mA cm~2, the discharge was re-
versibly recovered. Figure 5b shows the full-discharge curves at 5
and 10 mA ¢cm~2. The assembled ZABs demonstrated a specific
capacity of810.6 mAh g~! and an energy density 0of 993.8 Whkg™!

© 2025 Wiley-VCH GmbH
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Figure 4. ORR activity of NCA-Cl in 0.1 M HCIO,. a) LSV patterns. b) Eyq; and Eyjp values. c)ji values. d) Tafel plots. e) Cy values. f) LSV curves
and corresponding K-L curves. g) Electron transfer number and H,0, peroxide yield. h) The durability of the NCA-Cl catalyst for ORR. i) EIS plots and

equivalent circuits.

at 5 mA cm~2. When the current density was increased to
10 mA cm™2, the capacity still reached 808.1 mAh g1, indicating
excellent scalability. The discharge polarization curves of NCA-
Cl-based ZABs and commercial Pt/C + RuO,-based ZABs are
shown in Figure 5c. Compared with Pt/C+RuO,-based ZABs,
NCA-Cl-based ZABs exhibit a lower voltage gap and higher peak
power density (206.6 mW cm~2), indicating better rechargeabil-
ity. As displayed in Figure 5d, at 1 mA cm~2, the initial voltage
gap of the NCA-CI battery was 0.64 V, with an increase of only
0.03 V during continuous testing up to 400 h, demonstrating
stable cycling performance. Due to its high energy and power
density, two batteries connected in series can illuminate 38 white
lights connected in parallel (as shown in Figure S27, Supporting
Information), highlighting its promising potential for practical
applications.

The growing demand for wearable electronics has driven
the development of flexible energy storage and conversion
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devices.[?) Compared with aqueous rechargeable ZABs, flexi-
ble all-solid-state ZABs are smaller and more suited to the de-
mands of wearable devices. Benefiting from the excellent com-
pression cycling and electrocatalytic performance of the NCA-
Cl, NCA-CI’s application was further extended as a cathode air
electrode in flexible solid-state ZABs, as shown in Figure Se.
The assembled flexible ZABs demonstrated an open-circuit volt-
age of 1.45 V and a low charge—discharge voltage gap, as illus-
trated in Figure S28 (Supporting Information). The maximum
power density of the device reached 31.3 mW cm™2, as shown
in Figure 5F. The discharge voltage plateau is relatively stable
at current densities of 1-10 mA cm~2, suggesting that the bat-
tery retains robust performance, as indicated in Figure 5f. Bat-
tery performance was further evaluated under varying bending
angles. As shown in Figure 5h, under different bending angles,
the charge—discharge curves of the batteries remain identical,
and the charge-discharge voltage gap is within 1 V. It was also

© 2025 Wiley-VCH GmbH
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Figure 5. Electrochemical performances of the NCA-Cl-based aqueous and compressible flexible ZAB. a) Discharge curves of the NCA-Cl-based and
Pt/C+RuQ, ZAB at various current densities. b) Specific discharge capacities at current densities of 5 and 10 mA cm™2. c) Power density curves of the
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observed that the small fans continued to operate, as shown in
Figure S29 (Supporting Information).

2.5. Theoretical Investigation

In order to demonstrate that the “desirable” catalyst can facilitate
the oxygen reduction reaction (ORR), four models have been es-
tablished. These are GC (carbon), CN (nitrogen-doped carbon),
C-565 (pentagonal defective carbon), and C-565-N (pentagonal
defect coupled nitrogen-doped carbon). Figures 6a and S20 (Sup-
porting Information) show the partial density of states (pDOS)
and charge densities of the four conformations. Compared to the
other three conformations, C-565-N shows a higher density of
states near the Fermi level, which may lead to the higher catalytic
performance of C-565-N.[2%] The calculated Bader charges fur-
ther confirm that C-565-N has a more favorable electronic struc-
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ture. Carbon loses 0.227 electrons in C-565-N, making C-565-N
more favorable for O, adsorption (Figure 6b).[”] Considering that
NCA-Cl prefers 4-electron reactions in electrochemical tests, the
corresponding ORR mechanism has two pathways, associative
pathway and dissociative pathway. These two pathways can be
discriminated by in situ IR detection of the presence of “OOH.
Since the pentagonal carbon in the defective carbon is more likely
to be the oxygen adsorption site, it can be judged that the oxy-
gen adsorption model is more likely to be the Pauling model,
which can still be judged by in situ ATR-SEIRAS. Therefore we
first calculated the free energies of adsorption of different inter-
mediates for the four models. The free energy diagrams of the
four-electron ORR processes on GC, CN, C-565, and C-565-N
are presented in Figure 6¢,d and Figure S31 (Supporting Infor-
mation). The optimized oxygen-containing intermediates (“O,,
“OOH, "0, and "OH) on GC, CN, C-565, and C-565-N in the
corresponding configurations are presented in Figures S32-S35

© 2025 Wiley-VCH GmbH
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Figure 6. Density functional theory calculations. a) The projected density of states (PDOS) and b) Bader charges of C-565 and C-565-N structures.
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(Supporting Information). The free energies of GC, CN, C-565,
and C-565-N at zero electrode potential demonstrate a downhill
energy path, indicating a thermodynamic exothermic process.
The theoretical limiting potential of C-565-N (0.34 V) is higher
than that of GC (0.20 V), CN (0.28 V), and C-565 (0.14 V), in-
dicating that the activity of C-565-N on ORR was significantly
enhanced. At the theoretical equilibrium potential (U = 1.23 V),
the reduction of O, to "OOH by GC, CN, C-565, and C-565-N
were all heat-absorbing reactions and were the decisive speed
steps for ORR. Among the materials under consideration, C-565-
N requires only 0.89 V to convert O, to “OOH. The pentagonal
carbon defects and nitrogen doping act in synergy to enhance
the adsorption of O, and, as a consequence, the ORR perfor-
mance. The in situ ATR-SEIRAS measurements were performed
to identify the vibrational frequencies corresponding to the vari-
ous intermediates formed during the ORR process (Figure 6e,f).
The local coordination structure of NCA-Cl was investigated in
oxygen-saturated 0.1 M KOH from 0.95 to 0.3 V. The adsorbed
O, on NCA-Cl exhibited an O—O stretching vibrational peak
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*OOH, “0, and “OH on NCA-Cl.

at a wavelength of ~1027 cm~1.[?8] The intensity of the peak at
1207 cm™! increased with the decrease of the applied potential,
indicating the generation of “OOH intermediates and a four-
electronic ORR process on the catalyst surface.[?] Figure 6g il-
lustrates the optimized adsorption configurations of the ORR in-
termediates ("OOH, “O, and "OH) on NCA-CL. In conclusion, in
situ, ATR-SEIRAS and DFT calculations demonstrate the forma-
tion of O, and “OOH reaction intermediate on pentagonal car-
bon defect sites during the ORR process, as well as high selectiv-
ity in the four-electron process.

3. Conclusion

In conclusion, nitrogen-doped carbon aerogel electrocatalysts
(NCA-CI) coupled with rich pentagonal defects were prepared
for flexible zinc-air batteries using a one-step pyrolysis method.
During pyrolysis, nitrogen atoms undergo a dynamic process
of capture and collisional uprooting, which induces carbon re-
arrangement of unsaturated carbon atoms to form pentagonal

© 2025 Wiley-VCH GmbH
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defects. The one-piece electrocatalyst, which exhibits a distinctive
electronic structure, displayed remarkable electrocatalytic activity
and stability in both alkaline (E; , = 0.89 Vvs RHE at 0.1 v KOH)
and acid medium (E; , =0.74 Vvs RHE at 0.1 m HCIO,). Theoret-
ical calculations indicate that the high ORR performance of the
NCA-Cl catalyst is due to a synergistic effect between the pentago-
nal defects and the nitrogen dopant, which together modulate the
geometrical and electronic properties of the carbon substrate, en-
suring the high affinity of the catalyst for O, as well as the appro-
priate adsorption/desorption capacity of the key “OOH interme-
diates. When employed as a cathode catalyst for aqueous zinc bat-
teries, NCA-Cl exhibited a peak power density of 206.6 mW cm~2,
a specific capacity of 810.6 mAh g~!, and demonstrated stable
operation for over 400 h at a current density of 1 mA cm™.
Furthermore, flexible zinc-air batteries assembled with NCA-
Cl-based catalysts also exhibited remarkable performance. This
work not only significantly advances our knowledge of the origin
of topological carbon defects, but also offers an effective approach
for the controlled synthesis of targeted topological defects in
nanocarbon.
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