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Abundant active-site engineering enables porous
Co—N-C electrocatalysts towards superior oxygen
reduction reaction activityy
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The insufficiency of effective active sites and poor stability are identified as primary factors responsible for
the performance limitations of non-precious metal carbon-based catalysts towards the oxygen reduction
reaction (ORR). Increasing the number of non-precious metal and N-C active sites while achieving their
uniform distribution continues to be a major challenge in the advancement of oxygen reduction catalysts.
In this work, riboflavin was employed to modify the precursors ZIF-8 and ZIF-67, leveraging the high
electronegativity of nitrogen atoms in the isoalloxazine ring to enhance the anchoring effect on metal
ions, thereby reducing the agglomeration of Co ions during pyrolysis. Furthermore, during the high-temp-
erature pyrolysis process, the cleavage and integration of nitrogen-containing functional groups in ribofla-
vin not only led to an increase in the doping density of N heteroatoms within the carbon framework but
also enriched the pore structure of the catalyst. Co—N active sites and plentiful N-C active sites can be
uniformly dispersed within the micro—mesoporous Co-N-C framework, thereby boosting electron trans-
fer rates and enlarging the electrochemically active surface area. The transmission resistance of com-
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ponents can be effectively reduced in the carbon framework with a hierarchical pore structure, which
could enhance the rate of oxygen electrocatalytic reduction. Consequently, the obtained Co—N-C cata-
lyst exhibits outstanding catalytic activity in the oxygen reduction reaction comparable to that of com-

rsc.li/nanoscale mercial Pt/C, along with superior stability and alcohol tolerance.

pose a substantial barrier to their large-scale deployment.”
Therefore, there is an urgent need to develop non-platinum

1 Introduction

Electrochemical conversion devices, such as fuel cells and
zinc-air batteries, have attracted significant attention in recent
years due to their high energy conversion efficiency and
environmental friendliness."™* However, the sluggish kinetics
of the cathodic oxygen reduction reaction (ORR) presents a
major challenge that limits the practical application of these
devices. Consequently, the use of platinum-based catalysts
becomes essential to enhance the rate-limiting step.
Nevertheless, the scarcity and high cost of platinum resources
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catalysts, with carbon-based non-precious metal -catalysts
emerging as promising alternatives due to their affordability
and exceptional ORR activity.®

Under adjustable pore structures, various carbon materials,
including carbon nanotubes, graphene, and metal-organic
frameworks (MOFs), have been utilized as skeletons for the
precursors of carbon-based electrocatalysts.”® The synthesis of
carbon nanotubes and graphene is inherently complex, pre-
senting significant challenges related to structural regulation
and high production costs. In contrast, MOFs, particularly zeo-
litic imidazolate frameworks (ZIFs), serve as superior precur-
sors for the preparation of carbon-based electrocatalysts.'® The
zinc ions present in ZIF-8 are prone to volatilization, leading to
an insufficient number of metal-nitrogen-carbon active sites.
Conversely, cobalt ions in ZIF-67 tend to aggregate, resulting
in the formation of metal clusters that exhibit reduced activity,
which contributes to an uneven distribution of metal active
sites.">'* To mitigate the limitations associated with individ-
ual ZIF structures, a room-temperature co-precipitation
method was employed to synthesize composite precursors uti-
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lizing both ZIF-67 and ZIF-8."> During the high-temperature
pyrolysis process, the volatilization of zinc ions facilitates the
formation of pores and defects, which enhances the dispersion
of cobalt ions and enables the construction of efficient and
uniformly distributed active sites.'**’

The oxygen reduction reaction catalysts synthesized
through the direct pyrolysis of ZIF-8 and ZIF-67 precursors in
combination demonstrated suboptimal catalytic performance,
primarily due to the inadequate formation of effective active
sites during the pyrolysis process. To mitigate this issue,
various strategies, including heteroatom doping, are com-
monly employed, which involves the incorporation of elements
such as nitrogen,'® sulfur,"”” phosphorus,'®'® and boron.>
Among these, nitrogen doping is particularly favored due to
the differences in electronegativity between nitrogen and
carbon.”’ The introduction of nitrogen atoms modifies the
charge distribution within carbon materials, thereby enhan-
cing the electron transfer rate and improving the reduction
efficiency of oxygen molecules. Additionally, the incorporation
of nitrogen atoms can induce structural defects in carbon and
generate nitrogen-containing functional groups, such as pyrro-
lic nitrogen, pyridinic nitrogen, and graphitic nitrogen.>” This
process ultimately increases the number of effective active
sites.

During the preparation of nitrogen-doped carbon-based cat-
alysts, the nitrogen source plays a vital role as it is a fundamen-
tal component of the active sites of the catalyst. The most com-
monly utilized nitrogen sources are ammonia and melamine.
However, the use of ammonia poses challenges in reaction
control and raises safety concerns due to its toxicity and vola-
tility.”® Additionally, melamine is associated with the issue of
residual decomposition products.>* Therefore, it is essential to
identify an economical, efficient, and safe alternative nitrogen
source. Among various candidates, riboflavin ( vb,) stands out
due to its optimal nitrogen-to-carbon ratio, high nitrogen and
oxygen content, cost-effectiveness, and low toxicity, making it
an ideal candidate as a nitrogen source.>>>° Furthermore, the
controllability of its reaction process and the relatively simple
reaction conditions make this a promising candidate as an
alternative nitrogen source.

In this work, riboflavin was employed to modify the surface
of ZIFs to fabricate a novel oxygen reduction reaction electroca-
talyst with a rich porous structure and uniformly distributed
active sites. Nitrogen atoms in riboflavin were used to form
coordination bonds with metal ions in ZIFs during the co-pre-
cipitation process.>””*® The riboflavin coated on the precursor
can be dissociated to the isoalloxazine rings and carbon-nitro-
gen bonds in the subsequent high-temperature pyrolysis
process.>®*° This process facilitated the incorporation of nitro-
gen-containing functional groups into the carbon framework,
resulting in an increased number of active sites on the catalyst
surface and an alteration in the charge distribution of the
carbon material. Concurrently, the volatilization of dissociated
components at elevated temperatures resulted in an enriched
porous structure. The influence of the pyrolysis temperature
on the physical and chemical structure, as well as the electro-
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chemical performance of the final product, was explored. The
stability and the oxygen reduction reaction mechanism of the
ORR catalyst were also analyzed.

2 Experimental section
2.1 Synthesis of precursors

The precursors were synthesized via co-precipitation reaction
at ambient temperature. The specific procedure was as follows:
a solution of 0.582 g (2 mmol) of Co(NO;),-6H,0 in 20 mL of
methanol was prepared to give a pink transparent solution
designated A. Similarly, a solution of 0.892 g (3 mmol) of Zn
(NO3),-6H,0 in 30 mL of methanol was prepared to give a
colorless transparent solution designated B. A solution of
1.642 g (20 mmol) of 2-methylimidazole in 24 mL of methanol
was prepared, resulting in solution C. Solution D was prepared
by dissolving 0.1 g of vb, in 20 mL of methanol. Solutions A,
B, C, and D were then mixed and co-precipitated at room
temperature for 24 hours, followed by an additional 24 hours
of standing. The reaction-derived precipitate was subjected to
multiple washings via centrifugation (10000 rpm for
10 minutes) and subsequently vacuum-dried under an ethanol
atmosphere at 70 °C for 24 hours. This process yielded the
riboflavin-doped ZIF-8&ZIF-67 precursors, designated as
ZIF-8&ZIF-67-vb,. For the control experiment, riboflavin was
excluded, and following the same procedural steps,
ZIF-8&ZIF-67 precursors were obtained (designated as
ZIF-8&ZIF-67).

2.2 Synthesis of the Co,~N-C sample

The ZIF-8&ZIF-67-vb, precursors were placed in a tube furnace
and heated from room temperature to 850 °C at a rate of 3 °C
per minute. Following a three-hour period at the specified
temperature, the furnace was permitted to cool naturally to
room temperature, resulting in a black powder designated
Co,~N-Cgso. To ascertain the impact of pyrolysis temperature
on the electrochemical characteristics of the product, the
pyrolysis temperature was altered, and the experiments were
conducted anew. The resulting catalysts were defined as Co,~
N-C,, where x corresponds to the pyrolysis process at tempera-
tures of 750 °C, 850 °C, 950 °C, 1050 °C and 1150 °C. In order
to ascertain the effect of riboflavin on the electrochemical per-
formance of the final samples, the ZIF-8&ZIF-67 precursors
were placed in a tubular furnace and heated at a consistent
rate to the same target temperature. The catalysts obtained
from this process were designated as Co-N-Cgso.

3 Results and discussion
3.1 Morphological characterizations

The synthesis mechanism of the Co,~-N-Cgs, catalyst is illus-
trated in Fig. 1. During ZIF-8 and ZIF-67 synthesis, riboflavin
is incorporated, where its isoalloxazine ring acts as a redox-
active moiety that coordinates with ZIF metal ions via a revers-
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Fig. 1 Schematic illustration of the synthesis route of the Co—N-C catalyst.

ible two-electron transfer mechanism. Subsequent high-temp-
erature pyrolysis induces thermal degradation of riboflavin,
cleaving the isoalloxazine ring and C-N bonds. This process
generates volatile compounds such as alcohols, ethylene, acet-
aldehyde, phenol, and CO,, which create abundant mesopores
within the carbon framework. Concurrently, carbon and nitro-
gen heteroatoms integrate into the carbon matrix, forming
nitrogen-containing functional groups that increase active site
density, ultimately yielding the Co,~N-Cgs, catalyst.

As shown in Fig. 2(a—c), the riboflavin-doped Co,~N-Cgs,
catalyst retains the dodecahedral morphology observed in the
undoped Co-N-Cgs, catalyst. Variations in pyrolysis tempera-
ture do not significantly alter this structural configuration
(Fig. S1t). The average particle size of Co,~N-Cgs, (160 nm) is
smaller than that of Co-N-Cgso (180 nm). This size disparity
can be attributed to two factors. First, ZIF-8 exerts a suppres-
sive effect on the crystal growth of ZIF-67.>' Second, the high
electronegativity of the nitrogen atoms in the isoalloxazine
ring of riboflavin enhances electron affinity, promoting revers-
ible reduction reactions.>’” These reactions induce coordi-
nation bonds between nitrogen atoms and cobalt ions,
causing their adsorption onto the ZIF surface and suppressing
crystal growth. The reduced particle size increases the limiting
current density of the catalyst, thus enhancing ORR
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activity.>>?? In addition, a limited number of nanotubes were
observed on the sample surface, originating from the high-
temperature carbonization process. Zinc-ion migration pro-
moted the movement of transition metal cobalt to the surface,
which catalyzed the formation of nitrogen-doped carbon nano-
tubes (N-CNTs).>**® The nitrogen content in the Co,~N-Cgs,
reaches 20.83%, which is higher than that in the undoped C-
N-Cgso. This phenomenon is further substantiated by energy
dispersive spectroscopy (EDS) analysis. Such a result implies
that nitrogen atoms engage in condensation reactions with
carbon rings during the pyrolysis process, thereby forming
additional nitrogen-containing functional groups.

The transmission electron microscopy (TEM) images are
shown in Fig. 2(d-h). The accurate lattice dimensions of the
particles demonstrate that the lattice interval of the light gray
area on the dodecahedron is 0.339 nm, corresponding to the C
(002) crystal plane. This indicates the presence of a graphitized
carbon structure, which is a typical feature of this material.
The black regions distributed on the surface of the dodecahe-
dron have a measured lattice spacing of 0.197 nm, which
matches the crystal plane of metallic Co species (111). This
finding suggests that during the pyrolysis process, Co*" and
Co®" on the surface of the ZIF are converted into metallic Co
species.’”*® A porous, sponge-like structure has been observed

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05131a

Published on 03 June 2025. Downloaded on 3/1/2026 10:24:10 AM.

Nanoscale

b3

g

WA 0=0.33911 oy

e .

View Article Online

Paper

d=0:197nm
Co (111)

Fig. 2 (a and b) SEM images of Co,—N-Cgsg, (c) SEM image of Co—N—-Cgsg, (d—f) HRTEM images of Co—N—Cgsq, (g) TEM image of Co,—N—-Cgsp, (h)
HAADF-STEM image of Co,—N—-Cgso, and (i) the EDS mapping of the Co,—N—-Cgso sample.

on the outer surface of the dodecahedron, formed by
pyrolysis.>**° The amorphous nature of this structure is attrib-
uted to the residual carbon framework resulting from the
thermal degradation of riboflavin.*' Generally, the edge
defects of this amorphous structure can provide active sites for
oxygen reduction reactions while facilitating electron transport
pathways, thereby enhancing the efficiency of mass transfer
and charge transfer. The elemental composition of the cata-
lyst, comprising carbon (C), nitrogen (N), oxygen (O), cobalt
(Co), and zinc (Zn), was validated through high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) energy dispersive spectroscopy (Fig. 2i).
Furthermore, the distribution of cobalt and nitrogen is
uniform within the carbon framework, as revealed by the EDS
mapping (Table S17). In addition, some zinc is partially volati-

This journal is © The Royal Society of Chemistry 2025

lized, resulting in its detection in the outer regions of the
carbon structure. In summary, based on the SEM and TEM
analysis, the active sites for the oxygen reduction reactions are
uniformly embedded within the graphitized carbon frame-
work, forming structural features with a dodecahedral
morphology.

3.2 Physical properties and composition analysis

The thermal stability and structural changes of the Co,—N-Cgsq
catalyst during synthesis were determined through thermo-
gravimetric analysis (TG) and differential thermogravimetric
analysis (DTG) (Fig. S2t). Initially, the mass loss observed
between 30 °C and 120 °C can be attributed to the evaporation
of moisture. Subsequently, in the temperature range of 120 °C
to 550 °C, the mass loss is primarily due to the removal of
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three water molecules from the side chains, leading to the for-
mation of a series of conjugated double bonds and the release
of conjugated side chains.*” As the temperature continues to
rise, coordination occurs between the isoalloxazine ring and
the metal ions within the ZIF structure. However, this con-
figuration is unstable. Under high-temperature conditions,
thermal degradation takes place, resulting in the cleavage of
the isothiazole ring and C-N bonds. At approximately 850 °C,
a significant number of carbon and nitrogen atoms are likely
incorporated into the carbon matrix, yielding nitrogen-doped
carbon residues.

As illustrated in Fig. 3a, Fourier transform infrared (FTIR)
spectroscopy was utilized to examine the infrared absorption
peaks of the Co,~N-C, Co-N-C, ZIF-8&ZIF-67 precursors, and
ZIF-8&ZIF-67-vb, precursors. The asymmetric telescopic
vibrational signals of C-H, C=N in the imidazole ring, C=C
in the imidazole ring, Co-N and Zn-N, were respectively identi-
fied in the peaks located at 3443.83 cm™', 1630.13 cm™*,
1421.91 cm™", 1142.46 ecm ™" and 756.16 cm™" in the spectrum
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of ZIF-8&ZIF-67.** Furthermore, the ZIF-8&ZIF-67-vb, spectrum
exhibited C=O stretching vibrational absorption peaks at
1734.24 cm™" and 1547.94 cm™".*® This observation indicates
that riboflavin has been effectively incorporated into the ZIF
precursor structure. Following the application of heat treat-
ment, the riboflavin and ZIF precursors underwent a process
of carbonization, resulting in the complete absence of both
the amide C=0 and Zn-N telescoping peaks. Concomitantly,
the C-H, C=N, C=C, and Co-N stretching vibrational peaks
exhibited a certain degree of frequency shift. This alteration
can be ascribed to the incorporation of nitrogen-containing
functional groups into the carbon-backbone structure sub-
sequent to the thermal decomposition of riboflavin.

As demonstrated by the X-ray diffraction (XRD) spectra
(Fig. 3b), both Co,~N-C and Co-N-C exhibit comparable diffr-
action peaks. This indicates that the introduction of riboflavin
does not result in a significant alteration to the original crys-
talline structure of the catalyst. Moreover, the diffraction peak
at 26° corresponds to the characteristic peak of the (002) plane
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of graphitized carbon (PDF#41-1487), indicating a high degree
of graphitization of the catalysts.** The diffraction peaks at 26
angles of approximately 44°, 52°, and 76° are attributed to the
(111), (200), and (220) crystal planes of metallic Co species
(PDF#41-0943), respectively.*>*® This confirms the presence of
metallic Co species, which is consistent with the HRTEM
results. Then, the results from Raman spectroscopy analysis of
the four catalysts are presented in Fig. 3c. As the pyrolysis
temperature is increased, the I/l ratio of Co,~N-C is observed
to decrease, indicating an enhancement in its degree of gra-
phitization.”” In comparison to Co-N-Cgso, the Ip/Ig ratio of
Co,~N-Cgs, is slightly higher, which can be attributed to the
introduction of nitrogen-containing functional groups into the
carbon material following the decomposition of riboflavin,
consequently increasing the defect density.

The porous structure of the catalyst material mainly con-
sists of micropores and mesopores, as indicated by the nitro-
gen adsorption-desorption isotherms and pore size distri-
bution diagrams (Fig. 3(d and e)).*® As the pyrolysis tempera-
ture is increased, the micropore volume initially rises and then
exhibits a slight decline, reaching a maximum of 0.13 cm® g™*
at 850 °C (Table S27). In contrast, the mesopore volume con-
tinues to grow. This phenomenon can be attributed to the vol-
atilization of zinc ions at their boiling point during the high-
temperature pyrolysis process, leading to the formation of a
microporous structure. In addition, the thermal degradation of
riboflavin involves the cleavage of the isoalloxazine ring and
C-N bonds, accompanied by the release of alcohols, ethylene,
acetaldehyde, phenols, and CO,. These processes, together
with the defects induced by nitrogen doping, contribute sig-
nificantly to the formation of mesopores.*® These results are
consistent with the TEM analysis. While Co,—N-Cgs, exhibits a
slightly smaller surface area compared to Co-N-Cgs, it has a
more complex mesoporous structure with a larger mesopore
volume. The mesopore structure is conducive to medium
transport, providing sufficient concentrations of reactants for
the ORR. It is clear from the analysis of the XPS N 1s spectrum
that the presence of more pyridinic N active sites in Co,~N-
Cgso provides an abundance of adsorption sites for the reac-
tant gases, significantly increasing the rate of the electro-
chemical reaction.

The elemental composition and binding energies of the four
catalysts were analyzed by X-ray photoelectron spectroscopy
(XPS) (Fig. S31). The high-resolution Zn 2p spectrum, as illus-
trated in Fig. 3f, reveals the presence of two fitted peaks, situated
at 1022.01 eV and 1045.05 eV, respectively.”® As the pyrolysis
temperature is increased, the concentration of zinc ions declines
gradually. At a temperature of 850 °C, some Zn>" ions coordinate
with nitrogen atoms, forming a limited number of Zn-N, active
sites, which contribute to an enhancement in the oxygen
reduction activity of the samples. Concurrently, the volatilization
of some zinc ions results in the formation of porous structures
on the surface of the carbon material, thereby facilitating the
mass transfer process of the samples.

The high-resolution C 1s spectrum is illustrated in Fig. 3g.
The results of the spectral analysis indicate that the pro-
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portions of C-C bonds (284.80 eV), C-N bonds (286.40 eV),
and C=O bonds (288.30 eV) in Co,~N-Cgs, are 69.52%,
13.51%, and 16.98%, respectively.”" The highest proportion of
C-C bonds indicates that the carbon framework exhibits a
high degree of graphitization and stability. Furthermore, the
presence of C=0 bonds provides additional confirmation of
the successful incorporation of riboflavin.

The five fitting peaks in the high-resolution N 1s X-ray
photoelectron spectrum (Fig. 3h) correspond to pyridinic nitro-
gen at 398.45 eV, cobalt-nitrogen bonds at 399.35 eV, pyrrolic
nitrogen at 400.55 eV, graphitic nitrogen at 401.20 eV, and oxi-
dized nitrogen at 402.20 €V, respectively.”> The proportions of
nitrogen-containing functional groups in the Co,~N-Cgs, are
40.48%, 21.16%, 11.32%, 9.46%, and 17.58%, respectively. In
comparison, the proportions in the Co-N-Cgso are 37.78%,
22.24%, 18.39%, 7.42%, and 14.18%. It can be concluded that
nitrogen exists primarily in the forms of pyridinic nitrogen
and Co-N, molecules, both of which are considered to be
active centers in the oxygen reduction reaction.>® The intrinsic
pyridinic and pyrrolic nitrogen structures present within the
riboflavin molecular framework are integrated into the carbon
skeleton during the doping of riboflavin and the subsequent
thermal degradation process. This results in an increase in the
content of pyridinic nitrogen, accompanied by the conversion
of pyrrolic nitrogen to graphitic nitrogen, leading to an
increase in the content of graphitic nitrogen. As a conse-
quence, the oxygen reduction performance of the Co,—N-Cgso
sample is enhanced.

The high-resolution map of Co 2p is presented in Fig. 3i.
Notable peaks characteristic of metallic Co® are observed at
778.30 eV and 793.61 eV. A pair of Co®* characteristic peaks are
observed at 780.23 eV and 795.62 eV, while a pair of Co®*
characteristic peaks are observed at 781.84 eV and 797.29 eV.
Furthermore, a pair of satellite peaks is identified at 785.90 eV
and 801.69 eV.>* The elevated concentration of Co>* and Co**
is conducive to the promotion of CoN, active site formation
and the enhancement of the electrocatalytic activity of the
samples in the oxygen reduction reaction.

3.3 Electrochemical performance

The ORR activity of Co-N-C was preliminarily assessed using
cyclic voltammetry (CV). As demonstrated in Fig. S4,1 the CV
curves of all five catalysts in N,-saturated KOH electrolyte did
not exhibit any significant faradaic current response, indicat-
ing that no notable oxygen reduction reaction occurred under
inert conditions. Conversely, in the same electrolyte saturated
with O,, all catalysts exhibited characteristic ORR peaks in the
range of 0.7-0.8 V (vs. RHE), thereby confirming the efficient
electrocatalytic performance for the oxygen reduction reaction.
Further quantitative analysis of the characteristic peak poten-
tials (Table S37) revealed that the reduction peak potential of
Co,~N-Cgs, shifts positively to 0.746 V (vs. RHE), which is
higher than that of the other catalysts. This preliminary
finding suggests that Co,~N-Cgs, possesses superior electro-
catalytic activity for the oxygen reduction reaction compared to
the other catalysts.
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The rotating ring-disc electrode (RRDE) technique was
employed to conduct linear sweep voltammetry (LSV) tests
(Table S41) in an alkaline electrolyte (0.1 M KOH) to analyze
the ORR performance of various catalysts and Pt/C.>>>® The
impact of riboflavin doping on the catalytic oxygen reduction
reaction performance is examined in Fig. 4b. The test results
indicate that Co,~N-Cgs, exhibits an onset potential of 0.929 V,
a half-wave potential of 0.833 V, and a limiting current density
of —5.132 mA cm™>, outperforming the Co-N-Cgso (Eonset =
0.919 V, E;, = 0.812 V, ji, = —5.038 mA cm™?) catalyst and
showing comparable performance to Pt/C (Ensec = 0.935 'V, Eq)p
=0.825V, ji = —5.284 mA cm™?) (Fig. 4c). The rise in nitrogen
content in Co,~N-Cgso is accompanied by an increase in the
number of active sites, which can be attributed to the influ-
ence of pyridinic and graphitic nitrogen concentrations on the
ORR activity. This evidence suggests that riboflavin induces
nitrogen doping. The limiting current density is influenced by
the density of active sites and the hierarchical pore
structure.”’”® A comparison of Co-N-Cgso and Co,~N-Cgsg
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reveals that the exposure of high-density Co-N, active sites in
Co,~N-Cgs, significantly enhances the kinetics of the ORR. At
the same time, the optimized mesoporous structure improves
the transport pathway for oxygen and accelerates the removal
process of byproducts, facilitating the mass transfer process.
In summary, the limiting current density is significantly
increased, which in turn enhances the stability and activity of
the catalyst at high current densities.

The performance of Co,~N-C in ORR as a function of pyrol-
ysis temperature is shown in Fig. 4a. The findings demonstrate
that the optimal catalytic performance is achieved at a pyrol-
ysis temperature of 850 °C. At this temperature, the Co-N,
active sites play a significant role in the adsorption and dis-
sociation of oxygen molecules, effectively reducing the acti-
vation energy of the ORR and enhancing its efficiency. At pyrol-
ysis temperatures exceeding 850 °C, the primary conversion of
pyridinic and pyrrolic nitrogen to graphitic nitrogen results in
an increased degree of graphitization. However, this conver-
sion is accompanied by a reduction in the number of active
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Fig. 4 (a and b) LSV curves in O,-saturated 0.1 M KOH solution (scanning rate: 10 mV s™; rotation speed: 1600 rpm). (c) Onset potential, half-slope
potential and limiting current density of various catalysts. (d) Tafel plots of the corresponding polarization curves, (e) EIS Nyquist plots for Co-N-C
catalysts, and (f) solution internal resistance and charge transfer internal resistance of various catalysts. (g) Cyclic voltammetry curves of the Co,—
N—Cgso in No-saturated 0.1 M KOH solution at different scan rates from 20 to 100 mV s7%, (h) plots of current density against scan rates, and (i) the
electrochemically active surface area (ECSA) for Co,—N—C;s59, Co,—N—-Cgs0, Co,—N—-Cgys0, and commercially available Pt/C, respectively.
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sites, while the catalyst structure gradually collapses under
high-temperature conditions, leading to a disruption of the
dodecahedral structure and a decrease in mesoporous volume.
This hinders the diffusion of oxygen and electrolytes. At a
pyrolysis temperature of 750 °C, metallic zinc has not yet vola-
tilized, and the mesoporous structure of the catalyst has not
formed. This results in a lack of sufficient reactive space for
the ORR and impedes effective mass transfer processes. This
has a detrimental effect on the efficiency of the ORR and the
activity of the catalyst.

Moreover, the electrochemical ORR performance in alkaline
solutions was compared with that of other reported Co-N-C
catalysts and non-metallic catalysts (Fig. S5 and
Table S57).°®” The results indicate that the Co,~N-Cgs, elec-
trode, prepared using the method outlined here, exhibits the
optimal onset potential and half-wave potential, thereby
demonstrating its superior ORR performance.

() (©)

1.00
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The Tafel slope fitting data presented in Fig. 4d demon-
strates that the Tafel slope of Co,~N-Cgs, is 73.41 mV dec ™,
which is comparable to that of Pt/C at 75.33 mV dec™’. A
reduced Tafel slope indicates that a higher current density can
be achieved under conditions of lower overpotential.®®®® The
fitting analysis indicates that the Co,—N-Cgs catalyst displays
comparable efficiency and kinetic performance to Pt/C. The
electrochemical impedance spectroscopy (EIS) test curves are
illustrated in Fig. 4e, which demonstrates the correlation
between the radius of the semicircle and the charge transfer
resistance. This correlation reflects the kinetic characteristics
of the electrochemical reactions (Table S61).”%”! The observed
data indicate that the solution resistance of the Co,~N-Cgs,
catalyst is 30.20 Q, while the charge transfer resistance (R.) is
176.4 Q (Fig. 4f). This is characterized by the smallest
semicircular radius and is shown to have the lowest
electron transfer impedance. This outcome corroborates the
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Fig. 5 (a) LSV curves of Co,—N—-Cgsg in 0.1 M O,-saturated KOH electrolyte at different rotational speeds (from 400 to 2025 rpm) (scanning rate:
10 mV s7). (b) Koutecky—Levich profiles of Co,~N—Cgso obtained from (a) at 0.2—0.5 V. (The number of transferred electrons of Co,~N—Cgso at
0.2-0.5 V) (c) The ORR mechanism of the Co—N-C catalyst. (d) Stability tests of Co,—N—-Cgso before and after 1000 potential cycles. (e)
Chronoamperometric measurement of Co,—N—Cgso and the commercially available Pt/C obtained at a fixed potential of 0.60 V in O,-saturated 0.1
M KOH electrolyte at 1600 rpm. (f) Chronoamperometric responses of Co,—N—Cgsg and commercially available Pt/C by injecting 2 wt% of methanol

at 300 s.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17,15720-15730 | 15727


https://doi.org/10.1039/d4nr05131a

Published on 03 June 2025. Downloaded on 3/1/2026 10:24:10 AM.

Paper

findings of the linear sweep voltammetry measurements. To
investigate the correlation between the electrochemical
catalytic efficiency of Co,—N-Cgso, and Pt/C and their electro-
chemically active surface area (ECSA), cyclic voltammetry
curves were measured under specific potential ranges and
different scan rates (Fig. 4(g-i)). Utilizing linear regression
analysis, the double-layer capacitance (C4) and the ECSA were
calculated under a saturated N, atmosphere with 0.1 M KOH
electrolyte solution.”>”® The ECSA value of Co,~N-Cgs, was
found to be 137.67, which is greater than that of Pt/C (23.67),
indicating a greater abundance of electrochemically active
sites. This outcome is closely associated with the elevated
specific surface area and porous structural attributes exhibited
by Co,—N-Cgs.

As demonstrated in Fig. 5(a and b), the limiting current
density of all catalysts was found to be linearly fitted under
varying rotation speeds, thereby revealing a linear increase in
the limiting diffusion current density with increasing rotation
speed.”*”® The Koutecky-Levich (K-L) analysis was employed
to determine the number of electron transfers. The K-L plots
were used to calculate the electron transfer number (n) for the
catalysts. The results show that Co,~N-Cgs, has an electron
transfer number of 4.06, while Co,~N-C5, (n = 3.94), Co,~N-
Cos0 (1 = 3.92), Co,~N-Cjg50 (7 = 3.63), and Co,-N-Cj150 (1 =
3.47) all display electron transfer numbers below four
(Fig. S6%). This indicates that Co,~N-Cgs, demonstrates the
best performance in terms of electron transfer number and
kinetic activity, following a predominant four-electron transfer
mechanism during the oxygen reduction reaction (Fig. 5¢). An
investigation was conducted into the ORR pathway for Co,~N-
Csso, utilizing a rotating ring-disk electrode (RRDE). As illus-
trated in Fig. S7, the yield of H,0, remained below 29.55% at
all potentials, with an average electron transfer number of
3.41. This finding suggests that Co,~N-Cgsq predominantly
follows a four-electron transfer mechanism during the ORR
process.

The results are presented in Fig. 5d, which illustrates that
after 1000 cycles, the half-wave potential of Co,~N-Cgsg
exhibited a minimal negative shift of 10 mV.”®’” Furthermore,
the durability of Co,~N-Cgs, was evaluated in comparison with
Pt/C through the utilization of a chronoamperometric
approach (i-t), as illustrated in Fig. 5e. Following a
durability test of 40 000-seconds, the current density of Co,—~N-
Cgso was found to be 89.4% of its initial value, a performance
that surpassed that of Pt/C, which exhibited a current
density of 74.1%. The performance of the Co,~N-Cgs, and Pt/C
was evaluated through the measurement of the chronoampero-
metric response subsequent to the addition of methanol
to the oxygen-saturated 0.1 M KOH solution at the 300
second interval.”® As illustrated in Fig. 5f, following a testing
period of 1000 seconds, the Co,~N-Cgs, exhibited a
current density of 98.88% of its initial value, whereas the Pt/C
catalyst demonstrated a notable decline, reaching only 24.45%
of its initial current density. This result indicates that the
Co,—N-Cgso possesses excellent resistance to methanol
permeation.
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4 Conclusion

In this study, riboflavin was employed as a nitrogen precursor
to synthesize a porous carbon electrode containing efficient
and uniformly dispersed Co-N, active sites. During high-temp-
erature pyrolysis, nitrogen derived from riboflavin promoted
progressive condensation and self-assembly of the carbon
framework, enhancing the formation of catalytically active
nitrogen-containing functional groups. The resulting material
exhibited significantly improved electrocatalytic ORR perform-
ance. The study demonstrates that optimizing riboflavin
doping yields a Co-N-C catalyst with a highly graphitized
carbon structure, a large electrochemically active surface area,
efficient oxygen/electron transport kinetics, a dominant four-
electron-transfer pathway, remarkable durability and methanol
tolerance, alongside exceptional ORR catalytic activity.
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