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Synergistic Single‑Atom and Clustered Cobalt Sites 
on N/S Co‑Doped Defect Nano‑Carbon for Efficient 
 H2O2 Electrosynthesis
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HIGHLIGHTS

• Defect-rich nanocarbon catalyst (CoSA/CoNP-NSDNC) synthesized using NSCo single atoms and Co nanoparticle clusters on 
fullerene-derived carbon framework, enabling efficient  H2O2 electrosynthesis.

• The CoSA/CoNP-NSDNC catalyst exhibits high  H2O2 selectivity (~ 90%) over a wide potential range with an onset potential of 0.72 V 
versus RHE, achieving Faraday efficiency close to 95% in acidic conditions.

• Demonstrates potential for environmental applications, achieving high  H2O2 production (4206.96 mmol  g−1  h−1) in a flow cell setup, 
along with efficient degradation of organic pollutants in Fenton-like reactions.

ABSTRACT Non-noble-based single atomic catalysts have exhibited 
significant potential in electrochemical production of  H2O2 via two-
electron oxygen reduction reactions  (2e− ORR). However, construct-
ing highly efficient and acid-resistant catalysts remains a challenge 
but significant. In this work, fullerene  (C60) with abundant pentago-
nal inherent defects was employed as a carbon substrate to synthesize 
defect-rich nanocarbon electrocatalysts doped with NSCo single atoms 
and accompanied by metallic Co nanoparticles (CoSA/CoNP-NSDNC) 
for the first time. The electrochemical experiments demonstrate that the 
active sites of CoSA/CoNP-NSDNC are formed through the synergistic 
interaction between NSCo single atoms and Co nanoparticle clusters embedded within the carbon framework. The obtained CoSA/CoNP-
NSDNC catalyst exhibits an onset potential as 0.72 V versus RHE and achieves up to 90%  H2O2 selectivity over a wide potential range of 
500 mV. Moreover, the as-obtained CoSA/CoNP-NSDNC configured as the cathode in a self-assembled flow cell under acidic conditions 
achieves a high  H2O2 production rate of 4206.96 mmol  gcat⁻

1 h⁻1 with a Faraday efficiency of ∼ 95% and exhibit ultra fast degradation of 
organic pollutants. This work focuses on the synergistic effect of non-noble metal nanoparticles, metal single-atom sites, and topological 
defects on the  2e− ORR process, which provides a new direction for designing carbon-based catalysts for efficient  H2O2 electrosynthesis.
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1 Introduction

Hydrogen peroxide  (H2O2) plays a vital role in various 
industries, particularly in environmental protection and 
sustainable development. Currently, over 98% of  H2O2 is 
synthesized through the anthraquinone process, which is 
energy-intensive and generates significant organic waste [1, 
2]. Additionally, the concentration of industrially produced 
 H2O2 must be increased to 70 wt% to reduce storage and 
transportation costs. However,  H2O2’s propensity to decom-
pose easily introduces potential safety risks during these 
processes [3–6]. Therefore, the advancement of energy-
saving, green, safe, and efficient  H2O2 synthesis methods 
is of importance. Electrochemical oxygen reduction offers 
low energy consumption and produces clean, pollution-free 
products, making it a highly promising method for  H2O2 
production, which has attracted significant research atten-
tion [7–10]. The development of efficient two-electron  (2e−) 
electrocatalysts is essential for advancing this technology. 
However, despite considerable progress in alkaline condi-
tions, many electrocatalysts still exhibit limited selectivity 
and  H2O2 yield under acidic conditions.

Noble metal catalysts (e.g., Pt, Au) have shown excep-
tional performance in  H2O2 production [10–12]. However, 
these noble metals are costly and gradually lose activity due 
to continuous corrosion in acidic electrolytes, presenting a 
significant challenge for their sustainable use in catalytic 
applications [13, 14]. Fullerene  (C60) is a novel carbon mate-
rial with inherent pentagonal topological defects, which 
endows it with high electron affinity and excellent electron 
transfer capability. Mu et al. demonstrated that alkali etching 
of  C60 can produce pentagon-rich carbon materials, which 
exhibit excellent electrochemical properties, highlighting 
the advantages of fullerenes in the oxygen reduction reac-
tions (ORR) field [15]. Therefore, fullerene-based catalysts 
obtained by pyrolysis and derivatives are one of the most 
promising carbon-based materials for ORR electrocatalysts 
due to their high defect density and heteroatom doping 
potential [16]. Despite these benefits, unmodified carbon 
materials lacking surface functionalization generally dis-
play low activity toward  2e− ORR, making it important to 
improve their performance through doping and the incorpo-
ration of defects [17, 18]. For example, studies have revealed 
that the performance of carbon-based electrocatalysts is 

influenced by their electronic properties, which can be 
modulated through heteroatom doping (e.g., N, S, and B) 
and the introduction of defects (e.g., edge or topological 
defects) [16, 19–22]. At present, non-noble metal-doped car-
bon electrocatalysts have been widely explored in the field of 
 4e− ORR, with performance that even surpasses some noble 
metal catalysts [23, 24]. Unfortunately, for the  2e− ORR pro-
cess, their activity and selectivity are still unsatisfactory. On 
the one hand, the reaction kinetics of this process is slower 
than that of the  4e− ORR pathway [1, 3, 5, 6, 25]. On the 
other hand, traditional pyrolytic synthesis methods inevita-
bly introduce metal nanoparticles, the presence of which is 
often considered useless or even harmful to the  2e− ORR 
process [26, 27]. Recently, it has been confirmed that metal 
atoms and metal nanoparticles introduced through pyroly-
sis can exhibit a synergistic catalytic effect, even exceed-
ing the performance of carbon catalysts only doped with 
single atoms or metal nanoparticles [28]. Consequently, it 
is expected that simultaneously loading metal single atoms 
and metal nanoparticles onto an appropriate carbon matrix 
could enhance the activity and selectivity, thereby achieving 
higher  H2O2 yields.

Herein, in this work, we visualize the synergistic effect 
by construct a defect-rich nanocarbon electrocatalysts with 
NSCo single atoms and metal nanoparticle clusters (CoSA/
CoNP-NSDNC). The CoSA/CoNP-NSDNC catalyst, synthe-
sized through a one-step pyrolysis approach, contains abun-
dant topological defects and demonstrates remarkable ORR 
activity and high selectivity for  H2O2. This performance is 
enhanced by its multiporous architecture, extensive surface 
area, significant topological defects, and consistent NSCo 
single-atom doping combined with metal nanoparticles. 
When CoSA/CoNP-NSDNC was used as the cathode in a 
flow cell electrolyzer, a remarkable  H2O2 electrosynthesis 
capability (4206.96 mmol  gcat⁻

1 h⁻1) was observed, along 
with a high Faradaic efficiency (~ 95%). Such excellent 
 2e− ORR performance under acidic conditions is compara-
ble to that of platinum and other noble metal-based catalysts. 
Additionally, it demonstrates excellent degradation ability 
toward organic dyes in a Fenton-like system. This study 
aids in exploring the synergistic effect between topological 
defects of carbon materials and non-noble metals, which lays 
a foundation for designing novel carbon-based electrocata-
lysts to promote acidic  H2O2 electrosynthesis.



Nano-Micro Lett.          (2025) 17:142  Page 3 of 13   142 

2  Experimental Section

2.1  Materials

Fullerene (99.9%), melamine, L-cysteine, cobalt nitrate 
hexahydrate, perchloric acid, ethanol, isopropanol, sulfuric 
acid, ferric sulfate heptahydrate, cerium sulfate, NaSCN, 
malachite green, methyl blue, and Nafion (5 wt%) are all 
from Sigma Aldrich Reagent Co., Ltd. Carbon fiber paper 
(CFP) was purchased from Toray Plastic Precision Co., Ltd. 
Commercial titanium-based  IrO2-coated electrode was pur-
chased from Siotech Industrial Technology Co., Ltd. All 
chemical reagents are directly used in the experiment with-
out further purification.

2.2  Preparation of CoSA/CoNP‑NSDNC and Co‑NSC

2.2.1  Preparations of the CoSA/CoNP‑NSDNC

0.1 g of cobalt nitrate hexahydrate was dissolved in pure 
water to obtain a cobalt nitrate hexahydrate solution. 0.2 g 
of fullerene was dissolved  CS2, and then 4 g of melamine 
and 0.4 g of L-cysteine were mixed, and poured into  CS2 
containing fullerene. The mixture was heated in a water 
bath at 60 °C until  CS2 was completely volatilized, and 
then cobalt nitrate hexahydrate solution was added. After 
ultrasonication for 20 min, the mixture was dried to obtain 
a mixture precursor. The mixture precursor obtained was 
heated in an argon atmosphere. In the first stage, heat it at 
a rate of 10 °C per minute until the temperature reaches 
600 °C and then keep it at this temperature for 1 h. Sub-
sequently, continue to heat it at a rate of 10 °C per minute 
until the temperature reaches 800 ~ 1100 °C and maintain 
this temperature for 2 h. After that, allow it to cool down 
to room temperature along with the furnace and then take 
it out. Subsequently, the acid leaching is done by heat-
ing 0.5 M  H2SO4 solution at 60 °C for 8 h. The samples 
were washed to pH = 7, and dried under vacuum condi-
tions to obtain a black powder, defined as CoSA/CoNP-
NSDNC. For comparison, the mixture precursor was 
annealed at 800–1100 °C in an argon atmosphere, and the 
prepared product was defined as CoSA/CoNP-NSDNC-X 
(X = 800–1100 °C).

2.2.2  Preparations of the Co‑NSC

Similarly, except for the removal of fullerene in Sect. 2.2.1 
and the second stage at 1000 °C for 2 h, the other conditions 
remain unchanged, and the product is defined as Co-NSC.

3  Results and Discussion

3.1  Design Principle and Structural Characterizations

Fullerene is chosen as the precursor owing to its unique 
molecular structure with pentagonal topological defects, 
which provides high electron affinity and excellent electron 
transport properties. Additionally, the modifiable carbon 
cage structure of  C60 allows for the doping of heteroatoms 
and the introduction of metal single atoms or clusters, effec-
tively creating active sites with tunable electronic properties. 
Furthermore, compared to noble metal catalysts,  C60-based 
electrocatalysts exhibit superior durability and corrosion 
resistance, particularly under acidic conditions. Figure S1 
shows the selected area electron diffraction (SAED) and 
X-ray diffraction (XRD) of the original fullerene  (C60) 
framework and structure. The electron diffraction pattern in 
Fig. S1a and the XRD pattern in Fig. S1b reveal the typical 
face-centered cubic (FCC) structure of fullerene. As shown 
in Fig. 1a, the synthesis route of the NSCo single-atom sites 
and adjacent cluster metal nanoparticles fullerene-based 
catalyst involves a two-step heating process, resulting in the 
one-step pyrolysis synthesis of NSCo single-atom sites and 
adjacent cluster metal nanoparticles defect carbon nano-
materials (CoSA/CoNP-NSDNC). The detailed synthesis 
methods can be found in the Supporting Information. After 
high-temperature pyrolysis and doping with nitrogen, sulfur, 
and cobalt heteroatoms, CoSA/CoNP-NSDNC exhibits an 
amorphous carbon structure and a loose porous morphol-
ogy (Fig. S2a).

To further observe the micromorphology of CoSA/CoNP-
NSDNC, transmission electron microscopy (TEM) was con-
ducted. Specifically, the TEM images in Fig. 1b, c show that 
the CoSA/CoNP-NSDNC catalyst possesses a hierarchical 
porous structure with micropores, mesopores, and macropo-
res. Hierarchical porous structures (including micropores, 
mesopores, and macropores) significantly enhance the mass 
transfer efficiency of reactants (e.g.,  O2 molecules) on the 
catalyst surface. Macropores act as “transport channels,” 
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enabling the rapid delivery of reactants to the catalytic active 
sites. Mesopores serve as “dispersion zones,” mitigating 
local concentration polarization. Meanwhile, micropores 
increase the residence time of reactants near active sites, 
further improving catalytic efficiency [29]. Additionally, 
the catalyst has porous structure, which means more active 
sites can be exposed, thereby enhancing the electrocatalytic 
performance. Furthermore, the high-resolution transmission 
electron microscope (HR-TEM) in Fig. 1d shows the carbon 
skeleton contains a large number of Co particles. The irregu-
lar folds and curved edges (Fig. 1e) of CoSA/CoNP-NSDNC 
confirm the amorphous structure of the carbon substrate and 

indicate the presence of numerous topological defects due to 
the reconstruction of the distorted lattice during high-tem-
perature pyrolysis [21]. The high-magnification dark-field 
image of the HR-TEM in Fig. 1f shows numerous distinct 
bright white spots embedded within the carbon matrix, sug-
gesting that Co atoms are distributed throughout the carbon 
framework. The EDS images in Fig. 1g-j exhibit the uniform 
distribution of N, S, and Co in CoSA/CoNP-NSDNC, indi-
cating that the heteroatoms have been successfully incorpo-
rated into the carbon substrate. These results show that the 
CoSA/CoNP-NSDNC possesses an amorphous structure, 
hierarchical porosity, and uniform heteroatom distribution. 

Fig. 1  Morphological characterization of CoSA/CoNP‑NSDNC. a Schematic illustration of the CoSA/CoNP-NSDNC synthesis; b, c TEM 
images of the CoSA/CoNP-NSDNC; d‑f HR-TEM images of the CoSA/CoNP-NSDNC, with the circle in red for Co single atom; g‑j HAADF-
STEM and EDS elemental mapping for N, S, and Co of the as-obtained CoSA/CoNP-NSDNC.  (Color figure online)
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For comparison, we synthesized Co-NSC carbon materials 
using melamine, L-cysteine, and cobalt nitrate hexahydrate 
without fullerene. Contrastingly, Co-NSC exhibits fewer 
porous structures.

3.2  Interaction Characterization and Mechanical 
Properties

To better highlight the structural differences between CoSA/
CoNP-NSDNC and Co-NSC, XRD,  N2 adsorption–desorp-
tion isotherms, Raman spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS) were performed. These analyses 
revealed the samples’ porosity characteristics, defect types, 
and surface chemical states. The XRD patterns (Figs. 2a and 
S2b) reveal diffraction peaks around 26° for CoSA/CoNP-
NSDNC and Co-NSC, corresponding to the (002) plane of 
carbon, indicating the presence of graphitic structures in the 
materials [30]. The (002) diffraction peak of CoSA/CoNP-
NSDNC exhibits a wider half-width, suggesting a larger 
interlayer spacing and a higher level of amorphousness rela-
tive to Co-NSC [31]. Additionally, CoSA/CoNP-NSDNC 
samples exhibit two metal Co diffraction peaks at 44.2° 
and 51.5°, attributed to the formation of Co particles due 
to the strong reducing Ar plasma formed at high tempera-
tures. Subsequently, acid washing was performed on CoSA/
CoNP-NSDNC to remove unstable Co particles. The XRD 
pattern (Fig. S3a) still shows characteristic peaks of Co par-
ticles, and the electrochemical performance (Fig. S3b) post-
washing showed no change in current. These results reveal 
that Co particles prepared by pyrolysis method can stably 
exist within the carbon framework, which may work together 
with Co single atoms to further enhance the correspond-
ing catalytic performance. Figure 2b exhibits the nitrogen 
adsorption–desorption isotherms of CoSA/CoNP-NSDNC 
and Co-NSC. The isotherm of CoSA/CoNP-NSDNC shows 
a combination of type I and IV with an obvious hysteresis 
loop, indicating a hierarchical multiporous structure with 
a Brunauer–Emmett–Teller (BET) surface area of 466.61 
 m2g⁻1, higher than that of Co-NSC. The pore size distribu-
tion curves in Fig. 2c reveal that CoSA/CoNP-NSDNC pos-
sesses a hierarchical porous structure comprising micropo-
res, mesopores, and macropores, whereas Co-NSC primarily 
consists of macropores. These findings corroborate the TEM 
observations, indicating that CoSA/CoNP-NSDNC exhib-
its a hierarchical multiporous amorphous structure and 

emphasizes its larger specific surface area, which is consist-
ent with the above TEM results.

The defects present in the samples were analyzed using 
Raman spectroscopy. As shown in Fig. 2d, the Raman spec-
tra display peaks around 1350 and 1580 cm⁻1, representing 
the defect carbon (D-band) and graphitic carbon (G band), 
respectively [32, 33]. The intensity ratio of the D-band to 
the G band (ID/IG) is typically used to analyze the degree of 
defect of carbon. The ID/IG value for CoSA/CoNP-NSDNC 
(1.05) is higher than that for Co-NSC (1.01), indicating a 
higher degree of defects in CoSA/CoNP-NSDNC. To further 
clarify the types of defects in CoSA/CoNP-NSDNC and Co-
NSC, their Raman spectra were deconvoluted into  D4 band 
(polyene) at 1200 cm⁻1,  D1 band (graphene layer edges) at 
1350 cm⁻1,  D3 band (topological defects) at 1500 cm⁻1, G 
band (graphite lattice) at 1580 cm⁻1, and  D2 band (surface 
graphene layers) at 1620 cm⁻1 [15]. Based on the fitting 
results in Fig. 2e and Table S1, CoSA/CoNP-NSDNC exhib-
its a higher proportion of the  D3 band related to topological 
defects, while the percentages of the  D1,  D2, and G bands 
linked to graphitic structures are lower. These results indi-
cate the presence of a greater number of pentagonal topolog-
ical defects in CoSA/CoNP-NSDNC. The  D3/G area ratio for 
CoSA/CoNP-NSDNC (1.11) is higher than that for Co-NSC 
(0.81), further confirming this result [32, 34].

The surface chemical states of the samples were charac-
terized by XPS. The XPS survey spectra (Fig. S4) and the 
corresponding element contents analysis (Table S2) con-
firm the presence of C, N, S, and Co elements in the both 
samples. The high-resolution C 1s spectra for CoSA/CoNP-
NSDNC and Co-NSC in Fig. 2f were deconvoluted into 
C-C/C=C (graphitic carbon) at 284.69 eV, C-S (carbon–sul-
fur bond) at 285.4 eV, C=N/C-O at 286.2 eV, and C-N at 
289.3 eV [35, 36]. The corresponding content percentages 
in Table S3 indicate similar relative contents of each peak 
for CoSA/CoNP-NSDNC and Co-NSC, suggesting a similar 
surface chemical environment. Moreover, the N 1s spectra 
were deconvoluted in Fig. 2g into pyridinic N at 398.3 eV, 
Co-Nx at 399.1 eV, pyrrolic N at 400.1 eV, graphitic N at 
401.35 eV, and oxidized N at 403.5 eV [20]. The fitting 
results in Table S4 indicate that CoSA/CoNP-NSDNC has 
higher contents of pyrrolic N and graphitic N than Co-NSC. 
Noteworthily, pyrrolic N is considered to conducive to the 
2e⁻ ORR reaction, and higher graphitic N content suggests 
that Co-Nx species are embedded in the carbon matrix. The 
high-resolution S 2p spectra in Fig. 2h were deconvoluted 
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into S 2p3/2 at 163.5 eV, S 2p1/2 at 165 eV, and sulfate at 
167.6 eV [16]. The fitting results in Table S5 further confirm 
the incorporation of S elements in CoSA/CoNP-NSDNC 
and Co-NSC. The high-resolution Co 2p spectra in Fig. 2i 
were deconvoluted into Co⁰ at 778.2 eV,  Co2⁺ at 779.2 and 
794.6 eV, Co-Nx at 780.7 and 796.1 eV, and  Co3⁺ at 782 and 
797.4 eV [37, 38]. The fitting results (Table S6) indicate that 
in CoSA/CoNP-NSDNC and Co-NSC, a small portion of Co 
exists as Co nanoparticles embedded in the carbon frame-
work, while most of the Co exists in the form of  Co2⁺-N 
coordinated single atoms or as  Co3⁺.

3.3  Electrochemical Performances

The ORR electrocatalytic performance of the samples was 
evaluated with a rotating ring-disk electrode (RRDE) in 
0.1 M  HClO4 solution within a three-electrode setup. During 
the tests, the rotation speed was maintained at 1600 rpm, and 
the Pt ring potential was held at 1.2 V (vs. RHE) to detect 
the  H2O2 produced at the disk electrode. The linear sweep 
voltammetry (LSV) curves in Fig. 3a show that CoSA/
CoNP-NSDNC has a higher disk current density and ring 
electrode current (detected  H2O2 oxidation current) com-
pared to Co-NSC, indicating higher ORR activity and  H2O2 

Fig. 2  Structural investigation of CoSA/CoNP‑NSDNC and Co‑NSC. a XRD of the CoSA/CoNP-NSDNC and Co-NSC; b  N2 adsorption 
and desorption isotherms of the CoSA/CoNP-NSDNC and Co-NSC; c pore size distribution diagram of CoSA/CoNP-NSDNC and Co-NSC; d, e 
Raman spectra of CoSA/CoNP-NSDNC and Co-NSC; XPS profile of CoSA/CoNP-NSDNC and Co-NSC and their corresponding deconvoluted 
XPS for f C 1s, g N 1s, h S 2p, and i Co 2p spectra
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yield. Figure 3b compares the onset potential and  H2O2 
selectivity of CoSA/CoNP-NSDNC and Co-NSC catalysts. 
CoSA/CoNP-NSDNC demonstrates superior  H2O2 selectiv-
ity, reaching up to 90%, over a broad potential range from 
0.1 to 0.6 V. Furthermore, the onset potential of CoSA/
CoNP-NSDNC is 0.72 V, significantly better than that of 
Co-NSC (0.64 V), demonstrating excellent electrochemical 
activity. These results indicate that the introduction of pen-
tagonal topological defects in the carbon matrix can effec-
tively enhance the ORR activity and  H2O2 selectivity of the 
electrocatalyst. The active sites of the catalysts were fur-
ther investigated using a thiocyanate ion (SCN⁻) poisoning 
experiment. SCN⁻ binds strongly to the locally coordinated 
single Co atom sites, selectively blocking the adsorption of 
reaction intermediates on these central metal active sites 
[24]. As shown in the polarization curve of CoSA/CoNP-
NSDNC (Fig. S5), SCN⁻ poisoning of the coordinated Co 
atoms leads to a marked reduction in both onset potential 
and disk current. Additionally, in order to further verify the 
effect of Co nanoparticles on the catalytic performance, a 
NS-doped fullerene-based catalyst without Co nanoparticle 
clusters,  NSC60, was synthesized. The comparative experi-
ments (Fig. 3c) demonstrated that  NSC60, which lacks Co 

nanoparticle clusters, exhibited a lower onset potential and 
current compared to both the SCN⁻-poisoned and pristine 
samples. Therefore, in addition to Co single atoms, the pres-
ence of stable Co nanoparticles also plays a positive role 
in the 2e⁻ ORR process in this study. Overall, these results 
confirm that the synergistic interaction between Co single 
atoms and Co nanoparticle clusters in CoSA/CoNP-NSDNC 
is crucial to its superior electrochemical performance.

Remarkably, the CoSA/CoNP-NSDNC catalyst demon-
strates outstanding stability in acidic conditions. As shown 
in Fig. 3d, the LSV curve of the CoSA/CoNP-NSDNC cata-
lyst was tested after continuous 5000 CV cycles, showing no 
decay compared to the initial curve. To further explore the 
electrocatalytic stability of CoSA/CoNP-NSDNC, a chrono-
amperometric test was conducted using the RRDE system. 
As shown in Fig. S6, the disk and ring currents showed 
slight attenuation after 10 h of testing, further indicating 
high electrochemical stability of CoSA/CoNP-NSDNC. 
Figure 3e presents a comprehensive comparison between 
CoSA/CoNP-NSDNC and Co-NSC. Compared to Co-NSC, 
CoSA/CoNP-NSDNC exhibits a higher specific surface area, 
more topological defects, and enhanced two-electron oxy-
gen reduction performance. Noteworthy, compared with 

Fig. 3  Evaluation of electrochemical 2e− ORR performance of CoSA/CoNP‑NSDNC and Co‑NSC. a Linear sweep voltammetry curves 
with disk and ring currents; b Corresponding calculated  H2O2 selectivity and onset potential; c Polarization curves without cluster Co nanoparti-
cles and Co single-atom sites; d CoSA/CoNP-NSDNC stability test linear sweep voltammetry curve; e CoSA/CoNP-NSDNC and Co-NSC com-
prehensive comparison chart. f Performance comparison of CoSA/CoNP-NSDNC with recently reported electrocatalysts
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previously reported results (Fig. 3f and Table S7), CoSA/
CoNP-NSDNC exhibits relatively better ORR performance. 
These results demonstrate that the CoSA/CoNP-NSDNC 
catalyst has outstanding ORR performance and stability in 
acidic environments, making it suitable for long-term elec-
trochemical applications.

To understand the origin of the high catalytic performance 
of the CoSA/CoNP-NSDNC, the electrochemical active sur-
face area (ECSA) and Tafel slope were analyzed. As shown 
in Figs. S7 and S8, CoSA/CoNP-NSDNC has a larger ECSA 
value than Co-NSC, indicating more available active sites. 
Tafel slope of CoSA/CoNP-NSDNC (105.2 mV  dec−1) is 
lower than that of Co-NSC (200.18 mV  dec−1), indicat-
ing faster  H2O2 generation kinetics (Fig. S9). Overall, the 
outstanding  H2O2 production performance of CoSA/CoNP-
NSDNC is ascribed to its large specific surface area, hierar-
chical multiporous structure, abundant topological defects, 
and the synergistic effect between non-metallic single-atom 
doping and cluster metals. The extensive specific surface 
area and multiporous architecture enhance the exposure of 
active sites and expedite reactant transport [39–41]. The syn-
ergistic regulation of charge reconstruction between topolog-
ical defects and non-metallic single atoms and cluster metals 
leads to a decrease in the band gap [42], thereby enhancing 
the catalytic performance of CoSA/CoNP-NSDNC.

To better understand the correlation between the struc-
tural aiders with the ORR performances, we further illustrate 
the impact of topological defects by screening the perfor-
mances on nitrogen–sulfur–cobalt-doped carbon nanotubes 
(NSCoCNT), nitrogen–sulfur–cobalt-doped carbon black 
(NSCoXC), and nitrogen–sulfur–cobalt-doped porous car-
bon (NSCoPC) as counterparts. As shown in the XRD pat-
terns in Fig. S10, compared to NSCoCNT, NSCoXC, and 
NSCoPC, CoSA/CoNP-NSDNC exhibits a broader (002) 
carbon crystal half-width at 26°, indicating a larger inter-
layer spacing and higher amorphousness. This observation 
suggests that the carbon matrix with pentagonal topological 
defects helps increase the defect level of carbon nanomateri-
als, thereby providing more active sites. The electrochemi-
cal performance in Fig. S11 strengthens that the  C60 carbon 
matrix catalyst has larger ring currents, and higher  H2O2 
selectivity. To clarify the impact of heteroatoms on catalyst 
performance, nitrogen–sulfur-doped  C60  (NSC60), nitro-
gen–cobalt-doped  C60  (NCoC60), and sulfur–cobalt-doped 
 C60  (SCoC60) were prepared. As shown in the electrochemi-
cal performance in Fig. S12, compared to  NSC60,  NCoC60, 

and  SCoC60, CoSA/CoNP-NSDNC exhibits larger ring 
currents, higher  H2O2 selectivity, and a more two-electron 
ORR reaction. These findings reveal that the exceptional 
electrochemical performance of the CoSA/CoNP-NSDNC 
catalyst is a result of the synergistic interplay among NSCo 
heteroatoms, clustered metal nanoparticles, and pentagonal 
topological defects.

In addition, the effect of pyrolysis temperature on the 
structural and catalytic properties of CoSA/CoNP-NSDNC 
materials was investigated. Figure 4a exhibits the XRD pat-
terns of CoSA/CoNP-NSDNC-X (X = 800, 900, 1000, and 
1100 °C) samples. Notably, when the pyrolysis temperature 
surpasses 900 °C, the materials display distinct peaks associ-
ated with noncrystalline carbon, suggesting a reorganization 
of the carbon structure. Additionally, compared to CoSA/
CoNP-NSDNC-1100, CoSA/CoNP-NSDNC-1000 has a 
wider half-width, indicating a larger interlayer spacing and 
higher amorphousness. The Raman in Fig. 4b also indicates 
that CoSA/CoNP-NSDNC-1000 has the highest ID/IG value 
(1.05), suggesting a higher degree of defects. The deconvo-
lution of Raman spectra for samples at different tempera-
tures (Fig. 4c and Table S8) shows that the percentage of 
topological defects associated with the  D3 band gradually 
decreases with increasing temperature, reaching an opti-
mal content for the two-electron ORR reaction at 1000 °C 
(Fig. 4e, f). The XPS results in Fig. 4d and Table S9 indi-
cate that the pyrrolic N content is the highest in the CoSA/
CoNP-NSDNC-1000 material at 1000 °C, which is condu-
cive to 2e⁻ ORR. The electrocatalytic performance of CoSA/
CoNP-NSDNC prepared at different temperatures is shown 
in Fig. 4e, f. The linear sweep voltammetry curves in Fig. 4e 
show that the detected  H2O2 ring current first increases 
and then decreases with the increase in temperature, and 
CoSA/CoNP-NSDNC-1000 shows the best 2e⁻ ORR per-
formance. Similarly, as shown in Fig. 4f, the initial poten-
tial (E₀) and  H2O2 selectivity of samples also show a trend 
of first increasing and then decreasing, and they can reach 
the maximum value at 1000 °C. Therefore, CoSA/CoNP-
NSDNC-1000 was chosen as the optimal catalyst. Addition-
ally, the impact of raw material ratio on catalyst performance 
was studied. The electrochemical performance in Fig. S13a, 
b indicates that with increasing N and Co content, the ring 
current first increases and then decreases, among which the 
10-1-0.1 CoSA/CoNP-NSDNC sample exhibiting the best 
electrochemical performance in  H2O2 synthesis.
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3.4  H2O2 Generation and Applications

To test the practical production capability of the CoSA/
CoNP-NSDNC catalyst, a flow cell was assembled using 
CoSA/CoNP-NSDNC as the cathode catalyst (Fig. 5a). 
Under  O2-saturated acidic conditions, CoSA/CoNP-
NSDNC achieved a production rate of 4206.96  mmol 
 gcat

-1   h-1 at a potential of 0.056 V, with a Faradaic effi-
ciency approaching 95% (Fig. 5b). Therefore, 0.056 V 
potential was selected for  H2O2 accumulation test under 
natural environmental conditions. As shown in Fig. 5c, 
 H2O2 accumulated to 2086.72 mg L⁻1 after 150 min, and 
the Faradaic efficiency remained stable. Figure 5d shows 
the absorbance of Ce(SO4)2 at different time intervals for 
cumulative  H2O2 production. It can be observed that the 
absorbance decreases uniformly over time, indicating sta-
ble  H2O2 production. In the cyclic stability tests (Fig. 5e), 
CoSA/CoNP-NSDNC also performed well, demonstrating 
its excellent stability. Figure 5f and Table S10 compare 
the production rate and Faradaic efficiency of recently 
reported  2e− ORR electrocatalysts. Among them, the 

CoSA/CoNP-NSDNC exhibits excellent performance for 
 H2O2 production. These results suggest that the CoSA/
CoNP-NSDNC catalyst has excellent stability and strong 
application potential. Additionally, the catalytic Fenton 
degradation ability was tested in a three-electrode system 
(Fig. 5g). Using malachite green and methylene blue as 
substrates, the electrochemical degradation of organic sub-
stances at a concentration of 50 mg  L-1 showed respec-
tively rapid degradation performance within 3 and 25 min, 
demonstrating good degradation capability for organic 
pollutants (Fig. 5h, i). These findings demonstrate that 
the CoSA/CoNP-NSDNC catalyst possesses not only out-
standing  H2O2 production efficiency, but also a high capa-
bility for degrading organic pollutants.

4  Conclusion

In summary, this work successfully synthesized a carbon-
based 2e⁻ ORR electrocatalyst featuring the synergistic 
interaction of NSCo single-atom doping and Co nanoparticle 
clusters. The synthesized CoSA/CoNP-NSDNC possesses a 

Fig. 4  Visualize the structural aiders in the performance boost. Oxygen reduction performance of CoSA/CoNP‑NSDNC samples synthe‑
sized at (800–1100 °C). a XRD, b, c Raman, and d XPS survey of CoSA/CoNP-NSDNC samples synthesized at varying temperatures. e Linear 
sweep voltammetry (LSV) curves with disk and ring currents at a scan rate of 10 mV  s─1. f Calculated  H2O2 selectivity (solid line) and onset 
potential of the corresponding samples
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high specific surface area, a hierarchical porous architecture, 
and abundant topological defects. This expansive surface 
area, combined with the hierarchical porosity, increases 
active site exposure and promotes more efficient reactant 
transport. The synergistic effects between heteroatoms, topo-
logical defects, and nanoparticle clusters modulate charge 
redistribution, which provides optimal binding strength for 
the adsorption and desorption of intermediates, thereby 
enhancing the  2e− ORR electrocatalytic performance and 
stability of CoSA/CoNP-NSDNC. In practical applications, 
when CoSA/CoNP-NSDNC was employed in a flow cell, it 
achieved an excellent  H2O2 production rate of 4206.96 mmol 
 gcat⁻

1 h⁻1, with a Faradaic efficiency approaching 95%. 

Furthermore, CoSA/CoNP-NSDNC demonstrated excellent 
organic pollutant degradation capability in the degradation 
of MG and MB via a Fenton-like reaction. This study on the 
synergistic effects between topological defects, non-metal or 
non-noble metal single-atom sites, and metal clusters pro-
vides valuable insights for the understanding and develop-
ment of two-electron oxygen reduction electrocatalysts.
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