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Metal-free catalysts offer a desirable alternative to traditional metal-based catalysts. However, it remains

challenging to improve the catalytic performance of metal-free catalysts to be as promising as that of

metal-based materials.

Herein, a polymer-assisted method followed by pyrolysis treatment was

employed to synthesize nitrogen (N)-doped porous carbon nanoflowers with nanosheet subunits.
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Leveraging the unique geometry structure and abundant pyridinic-N active sites, the optimized catalyst

exhibits a good half-wave potential of 0.85 V versus reversible hydrogen electrode (vs. RHE) and long-
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1 Introduction

Metal-air batteries are widely advocated as a promising candidate
for next-generation energy storage systems due to their high
energy density and low cost." The overall efficiency of metal-air
batteries deeply depends on the oxygen reduction reaction
(ORR).** However, the inherent sluggish kinetics of ORR processes
pose significant challenges to the development of high-
performance ORR electrocatalysts.®” Although metal-based cata-
lysts, such as Pt and Fe, have demonstrated satisfactory ORR
performance, their industrial applications remain limited by
various drawbacks, including prohibitive cost (especially for
precious metals) and serious agglomeration of metal nano-
particles during electrochemical processes.® Therefore, the explo-
ration of an economical and resourceful metal-free electrocatalyst
with high performance is highly desirable for the sustainable
development and large-scale application of metal-air batteries.
Recently, nitrogen (N)-doped porous carbon materials with
different dimensional nanostructures, such as one-dimensional
nanotubes, two-dimensional nanosheets and three-dimensional
structures, have been widely applied in many energy-related
fields.**> Among them, carbon nanosheets, especially those
derived from zeolitic imidazolate frameworks-8 (ZIF-8)
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term stability with only 17.0 mV negative shift of the half-wave potential after 10 000 cyclic voltammetry
cycles in alkaline electrolyte. This research presents a viable strategy for advancing metal-free catalysts.

nanosheets, have been widely employed as catalysts in various
electrochemical fields, owing to their high surface area and
adequate active site accessibility.”*** Self-agglomeration of
carbon nanosheets usually occurs in electrocatalytic applications,
thus resulting in insufficient utilization of the advantages of
nanosheets. Assembly of two-dimensional nanosheets into three-
dimensional micro/nanostructures provides an alternative way to
efficiently prevent the self-agglomeration drawbacks of two-
dimensional nanosheets, which is critical for demonstrating
the merits of two-dimensional materials.'**” Therefore, N-doped
porous carbon nanoflowers assembled by carbon nanosheets
may be a promising electrocatalyst with superior ORR activity.
Herein, a polymer-assisted approach was employed to
fabricate ZIF-8-based nanoflowers, in which polydopamine
(PDA) drives the evolution of ZIF-8 nanosheets into assembled
nanoflowers and polyvinyl pyrrolidone (PVP) induces the
dispersion of nanoflowers. N-doped porous carbon nanoflowers
(N-PCNFs) with nanosheet subunits were obtained by pyrolysis
of the obtained ZIF-8-based nanoflowers. Due to the superb and
abundant pyridinic-N active sites, the obtained N-PCNFs exhibit
enhanced catalytic performance toward electrochemical ORR.
Among all the samples, the N-doped porous carbon nano-
flowers with a pyridinic-N content of 43.5% (N-PCNFs-43.5)
exhibit optimized ORR activity with a half-wave potential of
0.85V, comparable to that of the commercial Pt/C-20% catalyst.

2 Results and discussion

2.1. Synthesis and characterization of ZIF-8-based
nanoflowers

The synthetic procedure for the metal-free catalysts was briefly
illustrated in Fig. 1a and the detailed experiments can be found

This journal is © The Royal Society of Chemistry 2025
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(a) The schematic illustration for the preparation procedure of N-PCNFs. (b) XRD patterns of PVP, PDA and ZIF-8-based nanoflowers

prepared with different dosage of PVP. (c) FTIR spectra of ZIF-8 nanosheets, PVP, PDA and ZIF-8-based nanoflowers prepared with different
dosages of PVP. (d—g) Low- and (h—k) high-magnification SEM images and (l-o) corresponded size distribution of products synthesized with
different dosage of PVP: (d, h and |) 0 mg, (e, i and m) 20.0 mg, (f, j and n) 30.0 mg and (g, k and o) 40.0 mg.

in the ESL} In the synthetic procedure, a certain amount of PVP
(e.g., 0, 20.0, 30.0 or 40.0 mg) and dopamine (80.0 mg) were
firstly dissolved in a mixed solution of deionized water and
methanol (volume ratio of 1: 1). Subsequently, liquid ammonia
was added to induce the polymerization of dopamine. Then, 2-
methylimidazole (2-MeIM) and Zn(NO;), were sequentially
added to this mixture. After mixing the reagents, zinc ions will
coordinate with 2-MeIM to form ZIF-8. The obtained products
were collected and characterized by powder X-ray diffraction
(XRD). The observed diffraction peaks at 7.4°, 10.5°, 12.9°,
31.6°, 32.5°, 34.6° and 36.7° corresponded to the (110), (200),
(211), (600), (611), (541) and (444) diffraction planes of ZIF-8,

This journal is © The Royal Society of Chemistry 2025

respectively, verifying the formation of ZIF-8 under the
synthetic condition (Fig. 1b).***2 Meanwhile, the obvious broad
diffraction peak located at 25.0° was attributed to PDA.>* The
resultant product was then characterized by Fourier transform
infrared (FTIR). Specifically, the peaks at approximately 1504.1
and 1589.3 cm " corresponded to the stretching vibrations of
the indole structure of polydopamine molecule, indicating the
formation of PDA in the obtained sample.”*** As previous
studies demonstrated that the polymerization of dopamine
underwent phenolic hydroxyl oxidation, Michael addition, and
aromatization rearrangement reactions to form PDA in the
existence of oxygen (Fig. S1).>* As a result, dopaminequinone

J. Mater. Chem. A, 2025, 13, 2650-2657 | 2651
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and 5,6-dihydroxyindole were newly formed in the PDA, which
were absent in the dopamine precursor. Considering the
structure differences between dopamine and PDA molecules,
the typical peaks corresponding to the indole structure in the
FTIR spectra can be used as evidence for the successful
formation of PDA. Meanwhile, the peak centred at approxi-
mately 1660.1 cm™ ' was ascribed to the stretching vibration of
carbonyl, indicating the presence of PVP.*® Additionally,
multiple absorption peaks in the wavenumber ranging from
900.1 to 1480.1 cm ™" were assigned to the stretching or bending
vibrations of the imidazole ring, supporting the presence of 2-
MeIM in all the samples (Fig. 1c).>**' The existence of PVP and
PDA in the obtained sample may be attributed to the weak
coordination interactions between zinc ions and the carbonyl in
PVP or the amine in PDA.*®** All the FTIR and XRD measure-
ments consistently demonstrated that ZIF-8 capping with PVP
and PDA was successfully synthesized, and the sample was
denoted as PVP-PDA-modified ZIF-8. Scanning electron micro-
scope (SEM) was then employed to characterize the morphology
of the obtained products synthesized wunder different

Fig. 2
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conditions. As revealed, nanoflowers with uniformly distributed
particle size were obtained. More importantly, the morphology
of obtained products gradually changed from loosely assembled
nanoflowers to compact nanoflowers as the feeding amount of
PVP was increased from 0 to 20.0, 30.0 and 40.0 mg (Fig. 1d-k).
Such kind of morphology regulation can be attributed to the
strong shaping effect of PVP molecules.*® Besides the structural
regulation effect of PVP molecules, PDA also played a crucial
role in the formation of nanoflowers. The morphology can be
continuously tuned from nanosheets to loosely assembled
nanoflowers, and ultimately to nanoflowers when the dopamine
feeding amount was increased from 0 mg to medium (20.0 and
60.0 mg), and high values (80.0 and 100.0 mg) (Fig. S21). Of
note, the nanosheet structured product was confirmed to be
ZIF-8 by XRD analysis (Fig. S31). Hence, this variability in the
morphology of the precursors suggested that PDA could induce
the evolution of ZIF-8 nanosheets into nanoflowers. Compared
with other samples, the diffraction peaks of ZIF-8 in the product
obtained with 100.0 mg of dopamine was significantly reduced
(Fig. S31). Consequently, a dopamine feeding amount of

-

(a, e, iand m) SEM, (b, f, j and n) TEM, (c, f, k and o) HR-TEM (inset: SAED pattern) and (d, h, l and p) HAADF-STEM images and corre-

sponding element mapping images of different N-PCNFs samples: (a—d) PCNFs-9.6, (e—h) N-PCNFs-13.3, (i—-l) N-PCNFs-43.5 and (m-p) N-

PCNFs-17.0.
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80.0 mg was chosen for subsequent experiments. In the absence
of 2-MeIM and Zn(NOj3), precursors, nanosheet structured PDA
can be obtained (Fig. 1c and S4t). Based on the above results,
the formation of highly dispersed ZIF-8-based nanoflowers was
attributed to the building units of ZIF-8 nanosheets under the
nanosheet-directing effect of PDA and capping effect of PVP
molecules. Furthermore, the morphology evolution of nano-
flower structures was explored by isolating the products at
different reaction intervals and characterized by SEM. As shown
from the SEM images, nanosheets were initially formed at the
initial stage (30.0 min), which were then etched and aggregated
to form assembled nanoparticles (35.0 min and 45.0 min). With
the reaction proceeded, the assembled nanoparticles gradually
grew to form well-defined nanoflowers (Fig. S51). Consequently,
an optimal reaction time of 120.0 min was chosen for obtaining
nanoflower structured products.

2.2. Characterization of N-doped porous carbon nanoflowers

The resultant ZIF-8-based nanoflowers assembled from nano-
sheets, which were synthesized with different feeding amount
of PVP (e.g., 0, 20.0, 30.0 or 40.0 mg), were then carbonized at
1000 °C in an argon atmosphere. The XRD patterns of all the
pyrolyzed samples exhibited a broad peak at 22.0°, which is the
characteristic of disordered carbon structure (Fig. S6%).°
Subsequently, the morphology of the obtained samples was
characterized by SEM and transition electron microscopy
(TEM). Both SEM (Fig. 2a, e, i and m) and TEM images (Fig. 2b,
f, j, n) revealed that all the final samples retained the assembled
nanoflower structures. In comparison to the ZIF-8-based
nanoflowers precursor, a slight decrease of particle size can
be observed for the pyrolyzed products (Fig. 11-o and S77),
which can be attributed to the structure shrinkage of ZIF-8-
based nanoflowers precursor during pyrolysis process. The
high resolution TEM (HR-TEM) image and selected area elec-
tron diffraction (SAED) pattern revealed the amorphous struc-
ture of all the pyrolyzed samples (Fig. 2c, g, k and o), which are
consistent with the XRD results. The high-angle annular dark-
field scanning TEM (HAADF-STEM) and the elemental
mapping images confirmed the uniform distribution of C and N
elements in all the pyrolyzed samples (Fig. 2d, h, | and p). To
investigate the porous features of all the pyrolyzed samples,
nitrogen adsorption-desorption measurements were conduct-
ed. The N, adsorption-desorption isotherms of all the pyrolyzed
samples displayed a steep increase in the micropore region at
a relatively low N, partial pressure and a well-defined hysteresis
loop at higher pressure, confirming the existence of micropores
and mesopores in all the pyrolyzed samples (Fig. 3a). The pore
size distribution revealed that most of the mesopores were
concentrated at 2-5 nm (Fig. 3b). Previous research suggested
that micropores were essential for hosting more active sites and
small mesopores (between 2 and 4 nm) can efficiently facilitate
the access of reactants to internal active sites and increase the
accessibility of active sites.>”?® Therefore, the hierarchical meso/
microporous structure of all the pyrolyzed samples contributed
to a high external surface area (Table S1t), which is beneficial
for enhancing the ORR property.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) N, adsorption—desorption isotherms and (b) pore-size
distributions of different N-PCNFs samples. High-resolution XPS
spectra of (c) C 1s and (d) N 1s for (i) N-PCNFs-9.6, (ii) N-PCNFs-13.3,
(iii) N-PCNFs-43.5 and (iv) N-PCNFs-17.0, respectively. (e) The relative
contents of oxidized-N, graphitic-N, pyrrolic-N and pyridinic-N
species and (f) Raman spectra of N-PCNFs samples PCNFs samples.

X-ray photoelectron spectroscopy (XPS) was employed to
elucidate the surface composition and elemental valence states
of all the final samples (Fig. S81). The corresponding high-
resolution C 1s spectra were fitted into three carbon species
including C-C (284.8 eV), C-N (286.2 eV) and C=0 (290.4 eV)
(Fig. 3c). The presence of C-N species indicated successful
doping of N atoms into the carbon skeleton.?**® All the above
results verified that N-doped porous carbon nanoflowers (N-
PCNFs) were formed. The high-resolution N 1s spectra of N-
PCNFs were deconvoluted into four peaks comprising
pyridinic-N at 397.9 eV, pyrrolic-N at 399.7 eV, graphitic-N at
401.4 eV and oxidized-N at 403.2 eV, respectively (Fig. 3d).>**
Then, the content of different N species was quantitatively
analyzed and summarized (Fig. 3e and Table S2+). The resultant
N-PCNFs derived from ZIF-8-based nanoflowers synthesized by
using different PVP feeding amounts (0, 20.0, 30.0 or 40.0 mg)
exhibited variations in the N species. The pyridinic-N species
has been demonstrated to be active for electrocatalyzing ORR
through the four-electron pathway.*"** Therefore, the pyridinic-
N content was utilized to distinguish the obtained N-PCNFs
samples, and the final sample name was abbreviated as N-
PCNFs-x, where x represents the percentage of pyridinic-N in
all N species. The ZIF-8-based nanoflowers obtained by using 0,
20.0, 30.0 and 40.0 mg of PVP delivered N-PCNFs-9.6, N-PCNFs-
13.3, N-PCNFs-43.5 and N-PCNFs-17.0, respectively. Doping of
heteroatom always lead to an increase in defects in the carbon

J. Mater. Chem. A, 2025, 13, 2650-2657 | 2653
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substrate. These defects usually played an essential role in the
catalytic performance of ORR. The degree of defects of N-PCNFs
was characterized by Raman spectroscopy measurement
(Fig. 3f). The peaks at 1350.1 and 1580.3 cm ™' corresponded to
the disordered carbon (D band) and graphitic carbon (G band),
respectively. The intensity ratio of D band to G band (Ip/Ig)
indicates the defect density of carbon materials.**** The
calculated Ip/Ig value of N-PCNFs-43.5 was 1.07, outstripping
those of N-PCNFs-9.6 (0.99), N-PCNFs-13.3 (1.02) and N-PCNFs-
17.0 (1.01), suggesting more defect sites in N-PCNFs-43.5. More
defects usually changed the electronic distribution of the
neighboring carbon atoms and activated the adsorbed oxygen
molecules, thereby enhancing the ORR catalytic activity.

2.3. Electrocatalytic oxygen reduction performance

Inspired by their electrical conductivity and unique geometric
structure, the obtained N-PCNFs samples were expected to
evoke promising electrochemical ORR performances. To eval-
uate their ORR performance, all the N-PCNFs samples were
evaluated in N,- or O,-saturated 0.1 M KOH electrolyte by using

View Article Online

Paper

rotating disk electrode (RDE). The commercial Pt/C-20% cata-
lyst was selected as benchmark and evaluated under same
conditions. As shown in the typical cyclic voltammetry (CV)
curves recorded in N,- or O,-saturated 0.1 M KOH, obvious
reduction peaks appear in the CV curves obtained in O,-satu-
rated electrolyte for all the samples (Fig. 4a), indicating that all
the N-PCNFs samples have ORR activity.® To gain deeper insight
into the ORR performance, linear sweep voltammetry (LSV)
measurement was performed. The ORR onset potential of N-
PCNFs-43.5 was 0.97 V, which is close to the commercial Pt/C-
20% (1.00 V). Among all the N-PCNFs samples, N-PCNFs-43.5
exhibited a half-wave potential (0.85 V), which exceeds that of
commercial Pt/C-20% catalyst (0.84 V), N-PCNFs-9.6 (0.81 V), N-
PCNFs-13.3 (0.83 V), and N-PCNFs-17.0 (0.75 V) (Fig. 4b and c).
Moreover, N-PCNFs-43.5 showed a higher half-wave potential in
comparison to catalysts derived from different pyrolytic
temperatures (Fig. S9at). The elevated high half-wave potential
can be attributed to the abundant content of graphitic-N
(Fig. S9bt), which facilitates electron transfer. Importantly,
the half-wave potential and onset potential of N-PCNFs-43.5
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Fig. 4 (a) CV curves of the electrocatalysts with a scan rate of 50 mV s~ in N,- and O,-saturated 0.1 M KOH electrolyte. (b) ORR polarization
curves of N-PCNFs and commercial Pt/C-20% catalyst in O,-saturated 0.1 M KOH electrolyte at a rotation rate of 1600 rpm. (c) Comparison of
half-wave potential and the content of pyridinic-N in different samples. (d) Tafel plots and (e) electrochemical double layer capacitance (Cq)
values of N-PCNFs and commercial Pt/C-20% catalyst. (f) LSV curves at various rotation speeds and (g) the corresponding K—L plots of N-PCNFs-
43.5. LSV curves of (h) N-PCNFs-43.5 and (i) commercial Pt/C-20% catalyst in O,-saturated 0.1 M KOH electrolyte at 1600 rpm before and after

10 000 cyclic voltammetry cycles.
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were better than that of recently reported ORR electrocatalysts
(Table S37).3**

To investigate the catalytic kinetics, Tafel slopes of all the
samples were obtained based on LSV curves. The corresponding
Tafel slope of N-PCNFs-43.5 (100.4 mV dec ') was lower than
that of N-PCNFs-9.6 (118.7 mV decil), N-PCNFs-13.3 (104.3 mV
dec™') and N-PCNFs-17.0 (128.7 mV dec™ '), indicating the fast
ORR kinetics of N-PCNFs-43.5 (Fig. 4d). The fast reaction
kinetics of N-PCNFs-43.5 may be related to its intrinsic elec-
trocatalytic activity. To better understand the intrinsic electro-
catalytic activity of N-PCNFs-43.5, the electrochemical surface
areas (ECSA) were investigated by measuring the double-layer
capacitance (Cq), which were estimated by using the CV
curves with different sweep rates between 1.0 and 1.1 V vs. RHE
(Fig. S101 and 4e).** The calculated Cg4 and ECSA values of N-
PCNFs-43.5 were estimated to be 16.2 mF em™> and 405.0 m*
g !, respectively, which are larger than those of N-PCNFs-9.6
(9.9 mF ecm™?, 247.5 m> g~ '), N-PCNFs-13.3 (10.8 mF cm 2,
270.0 m* g~') and N-PCNFs-17.0 (6.2 mF cm™>, 155.0 m*> g7 )
(Table S17). This may be because N-PCNFs-43.5 possesses the
highest external surface area, which is beneficial for increasing
the number of accessible active sites and improving their
utilization.”® The electrochemical ORR performance of
nitrogen-doped porous carbon nanosheets (N-PCNSs) derived
from pyrolyzing ZIF-8 nanosheets were also investigated under
the same condition (Fig. S117). Despite of the same composi-
tion of N-PCNFs and N-PCNSs, their ORR performance deviates
greatly (Fig. S127), further demonstrating the critical role of the
N-doped porous carbon samples in electrocatalyzing ORR.

Afterward, the RDE tests were conducted at different rotation
speeds to better understand the ORR pathway of the N-PCNFs
samples and commercial Pt/C-20% catalyst (Fig. 4f and S137).
According to the Koutecky-Levich (K-L) equation, the electron
transfer number () was calculated for all the samples, and the n
values for N-PCNFs-9.6, N-PCNFs-13.3, N-PCNFs-43.5, N-PCNFs-
17.0 and commercial Pt/C-20% catalyst were 3.9, 3.9, 4.0, 3.8
and 4.0, respectively (Fig. 4g and S14%). All the results indicate
that the oxygen reduction catalyzed by N-PCNFs-43.5 takes the
four-electron transfer pathway. Furthermore, the catalytic
durability of N-PCNFs-43.5 and commercial Pt/C-20% catalyst
was investigated at the potential between 0.6 and 0.9 V in O,-
saturated electrolytes. After 10 000 cyclic voltammetry cycles,
the half-wave potential exhibited a negative shift of 17.0 mV for
N-PCNFs-43.5 (Fig. 4h), which was comparable to commercial
Pt/C-20% catalyst (16.0 mV) (Fig. 4i). The excellent durability of
N-PCNFs-43.5 in electrocatalyzing ORR was probably attributed
to the superior morphology stability (Fig. S157).

3 Conclusions

In summary, we have demonstrated N-doped porous carbon
nanoflowers as efficient metal-free electrocatalysts for ORR. The
N-PCNFs with optimal pyridine-N content and porous structure
(N-PCNFs-43.5) exhibit a half-wave potential of 0.85 V in alka-
line electrolyte, which is comparable with the commercial Pt/C-
20% catalyst (0.84 V). Even after 10000 cyclic voltammetry
cycles, the half-wave potential of N-PCNFs-43.5 showed

This journal is © The Royal Society of Chemistry 2025
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a negative shift of 17.0 mV, which is comparable to the
commercial Pt/C-20% catalyst (16.0 mV). The superior perfor-
mance with robust durability was mainly attributed to the
unique porous carbon nanoflower structures, which not only
benefit the exposure and accessibility of active sites but also
enable efficient charge-transfer properties. This study intro-
duces novel insights into the design of highly active metal-free
ORR electrocatalysts with great promise for practical
applications.
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