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A B S T R A C T

Electro-Fenton (EF) is an economical and environmentally friendly wastewater treatment technology, yet its 
efficiency is often limited by the strong adsorption of the key *OOH intermediate during the two-electron oxygen 
reduction reaction (2e- ORR) for H2O2 production. Here, we propose a strategy for regulating the spin-state of 
isolated cobalt sites via S coordination (Co1-NSC). The introduction of S induces the transition of spin- 
polarization configuration into a high-spin state (t2 g

5 eg
2), which optimizes *OOH adsorption strength and en

hances H2O2 production. The high-spin Co1-NSC catalyst achieves a H2O2 selectivity of 92.3%, and a H2O2 
production rate of 5.56 mol gcat

− 1 h− 1 in the flow cell. Additionally, a sequential dual-cathode EF system employing 
Co1-NSC as the ORR cathode achieves outstanding Bisphenol A (BPA) removal efficiency (~98% in 60 min) with 
low energy consumption (0.185 kWh m− 3). Experimental and theoretical analyses reveal that sulfur incorpo
ration increases the number of unpaired electrons in the Co 3d orbitals, elevates the spin state of Co sites, and 
downshifts the D-band center, thereby suppressing *OOH dissociation. This study provides a novel approach for 
rationally designing 2e- ORR catalysts through spin regulation, laying the foundation for developing green and 
sustainable wastewater oxidation treatment technologies.

1. Introduction

Driven by rapid global population growth and industrialization, vast 
quantities of synthetic chemicals (approximately 300 million tons 
annually) are produced and utilized [1]. While these synthetic chemicals 
have undoubtedly contributed positively to human well-being, their 
residues in water bodies can constitute emerging contaminants (ECs) if 
they are not effectively degraded [2,3]. Even at very low concentrations 
(ng L− 1 to µg L− 1), they can pose a threat to the environment and human 
health [4]. Treatment technologies for ECs can be broadly divided into 
two main categories: traditional and advanced treatment processes [5]. 
Traditional treatment technologies primarily include membrane filtra
tion, activated carbon adsorption, and ozone oxidation processes [6]. 

While these processes have shown some efficacy in treating ECs, most 
traditional treatment technologies have suboptimal removal efficiency 
for ECs. This limitation stems from the complex structure of ECs, their 
poor biodegradability, and their low concentration in water bodies [7, 
8]. Furthermore, there is the issue of secondary pollution caused by 
oxidation byproducts in water bodies [9]. Advanced treatment tech
nologies primarily encompass advanced oxidation processes (AOPs), 
constructed wetlands, and enzymatic treatment [10]. Owing to their 
ability to non-selectively degrade pollutants, AOPs have emerged as the 
most extensively researched advanced method for removing ECs from 
water [11]. Among AOPs, those based on hydrogen peroxide (H2O2) are 
particularly prominent, as they generate highly oxidative radicals (e.g., 
⋅OH) alongside environmentally benign byproducts (H2O, O2), leading 
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to their widespread application in ECs remediation [12–14].
Traditional H2O2-based AOPs, such as the homogeneous Fenton 

process, suffers from inherent limitations, including iron sludge accu
mulation, difficult catalyst recovery and a narrow applicable pH range 
[15–17]. Furthermore, the synthesis of industrial H2O2 used in the ho
mogeneous Fenton process involves an energy-intensive anthraquinone 
oxidation process. The high-concentration H2O2 produced by it often 
comes with issues such as high transportation costs and significant 
hazards when used downstream [18,19]. Consequently, the 
electro-Fenton (EF) process is gaining increasing prominence in the 
treatment of ECs for its advantage to generate and activate H2O2 
[20–24]. In the EF systems, H2O2 can be continuously generated in situ 
via two electron oxygen reduction reaction (2e- ORR) (Eq. 1) under 
aerobic conditions. Then, H2O2 is subsequently activated by Fe(II) or via 
direct electron transfer to generate potent reactive oxygen species 
(ROS), including hydroxyl radicals (⋅OH) (Eqs. 2 and 3), superoxide 
radicals (O2

⋅-), and singlet oxygen (1O2) [25–27]. 

O2 + 2H+ + 2e- → H2O2                                                                (1)

Fe(II) + H2O2 → Fe(III) + OH- + ⋅OH                                             (2)

H2O2 + e- → ⋅OH + OH-                                                                 (3)

However, the lack of highly selective and active 2e- ORR catalysts 
limit the efficiency of in situ H2O2 synthesis. The efficiency of H2O2 
generation directly determines the number of reactive radicals pro
duced, which in turn determines the ability of EF to degrade organic 
pollutants. Carbon-based single atom catalysts (SACs) have been shown 
to have excellent 2e- ORR performance [28–30]. But they still suffer 
from unstable catalytic activity due to low metal-atom loading and the 
propensity for undesired H2O2 reduction reactions (H2O2RR) to occur 
[31–33]. The electronic spin state can reflect the electronic structure and 
control the catalytic performance of the catalyst [34,35]. Studies have 
demonstrated that adjusting the spin state of metal active sites can 
directly influence the D-band centers and charge transport, thereby 
regulating the adsorption/desorption strength of oxygen intermediates 
(*OOH and *O) during the oxygen reduction reaction (ORR) [36]. 
Notably, introducing elements with strong electron-donating ability and 
weak coordination field splitting energy (such as S) significantly en
hances the spin state of active sites. Active sites with high spin states 
exhibit weaker adsorption of oxides, promoting *OOH desorption. 
Although spin modulation via heteroatom coordination doping has been 
extensively studied to enhance catalytic performance in fields such as 
ORR and CO2 reduction reaction (CO2RR) [37,38], it has not been 
extended to the EF processes for achieving highly selective and active in 
situ H2O2 generation. This work presents a preliminary attempt to 
employ a spin-modulation strategy to suppresses the dissociation of the 
*OOH intermediate, enabling efficient H2O2 synthesis in a sequential 
dual-cathode EF system.

Herein, we propose a strategy to modulate the spin-state of isolated 
cobalt sites via sulfur coordination (Co1-NSC). Experimental results 
demonstrate that S atom incorporation reduces the spin-orbit splitting 
(ΔE) of Co sites, resulting in a high-spin configuration (t2 g

5 eg
2). Notably, 

Co1-NSC with high-spin Co sites exhibits outstanding performance in the 
2e- ORR, achieving 92.3% H2O2 selectivity. In a flow cell, a bulk H2O2 
production rate of 5.56 mol gcat

− 1 h− 1 was achieved, with a corresponding 
Faradaic efficiency (FE) of ~90%. Furthermore, a sequential dual- 
cathode EF system employing Co1-NSC as the catalyst for in situ H2O2 
synthesis achieved nearly 98% Bisphenol A (BPA) removal efficiency 
within 60 min using only oxygen as the feedstock. The degradation 
pseudo-first-order reaction rate of this system is 3.6 times that of the 
Co1-NC cathode system, with a lower treatment energy consumption 
(0.185 kWh m− 3) compared to conventional methods. In-situ Raman 
spectroscopy, in-situ attenuated total reflectance surface-enhanced 
infrared absorption spectroscopy (ATR-SEIRAS) and theoretical anal
ysis indicate that S introduction increases the number of unpaired 

electrons in cobalt 3d orbitals, elevates the spin state of cobalt sites, and 
shifts the d orbital center downward. This suppresses *OOH decompo
sition while promoting H2O2 generation.

2. Results and discussion

To integrate sulfur from the polysaccharide matrix and nitrogen from 
urea, a sol-gel method was applied using carrageenan-derived hydro
gels. The resulting hydrogel was pyrolyzed to afford a cobalt single-atom 
catalyst anchored on N, S co-doped carbon (Co1-NSC) (Fig. 1a). For 
comparison, bare NSC without added Co precursor and Co1-NC without 
sulfur doping were also prepared. Over the carbonization process, the 
hydrogel was converted into porous carbon with a pore size of 400–500 
nm (Fig. S1), which led to an impressive specific surface area of 1296 m2 

g− 1 and an abundant porosity structure (Fig. S2). X-ray diffraction (XRD) 
analysis indicates that the prepared materials exhibit characteristic 
peaks corresponding to the (002) and (101) crystal planes of graphitic 
carbon (Fig. S3). Notably, no peaks associated with crystalline Co were 
detected, indicating preliminary evidence of Co dispersion on the carbon 
substrate. Furthermore, transmission electron microscopy (TEM) images 
also reveal that no discernible metal crystals present (Fig. 1b, Fig. S4). In 
addition, Raman spectroscopy shows that the prepared materials have 
characteristic peaks of disordered D bands (ID) at 1340 cm− 1 and or
dered graphite carbon G bands (IG) at 1590 cm− 1, and the ID:IG values 
greater than 1.0, indicating a high defect density of the material 
(Fig. S5). These results clearly indicate that hydrogels undergo high- 
temperature pyrolysis to form amorphous graphite carbon scaffolds, 
whose large specific surface area and high defect density will promote 
improved catalytic performance.

Inductively coupled plasma mass spectrometry (ICP-MS) was used to 
analyze the Co atom content in the materials, and the results show that 
the Co loading in Co1-NSC and Co1-NC is 0.88 wt% and 0.93 wt%, 
respectively, demonstrating similar metal loading in two materials 
(Fig. S6, Table S1). Energy dispersive X-ray spectroscopy (EDS) 
elemental mapping analysis revealed the coexistence of C, N, S, and Co, 
which are uniformly distributed (Fig. S7). Metal atoms (white circles) 
were identified as being atomically dispersed on the Co1-NSC scaffold by 
the high-angle annular dark-field scanning TEM (HAADF-STEM) mea
surements (Fig. 1c). X-ray photoelectron spectroscopy (XPS) shows that 
Co1-NSC mainly contains Co, O, N, C, and S elements (Fig. S8a). The 
high-resolution N 1 s XPS spectra of Co1-NSC shows five peaks at 
binding energies of 398.1, 399.2, 399.9, 400.8, and 401.7 eV, corre
sponding to pyridinc N, Co-N, pyrrolic N, graphite N, and oxidized N, 
respectively (Fig. S8b). The high-resolution S 2p XPS spectrum of Co1- 
NSC can be decomposed into C-SOx

- (168.7 eV), S 2p1/2 (164.7 eV), and S 
2p3/2 (163.4 eV). Notably, the presence of a peak at 162.3 eV, attrib
uting to the Co-S bond, indicates a first-shell coordination structure 
between S and Co atoms (Fig. S8c) [39]. The survey spectrum of Co1-NC 
indicates the presence of Co, O, N, and C. No distinct S characteristic 
peaks were observed (Fig. S9a). In addition, similar to Co1-NSC, the 
high-resolution N 1 s XPS spectrum of Co1-NC can also be decoupled into 
five characteristic peaks, corresponding to pyridine N (396.4 eV), Co-N 
(397.5 eV), pyrrolic N (399.3 eV), graphite N (400.5 eV), and oxidized 
N (404.6 eV) (Fig. S9b). The high-resolution S 2p XPS spectrum of NSC 
can be resolved into three peaks, corresponding to S 2p3/2 (163.5 eV), S 
2p1/2 (164.6 eV), and C-SOx

- (168.1 eV) (Fig. S10). It is worth noting 
that, since no Co precursor was added, no characteristic peaks for Co-N 
or Co-S are observed.

X-ray absorption near-edge structure (XANES) analysis was 
employed to further elucidate the chemical state and local coordination 
environment of Co atoms. The Co K-edge XANES spectra reveal that the 
absorption edge position of Co1-NSC lies between those of Co foil and 
CoO, and is closer to CoO, indicating a Co valence state near + 2 
(Fig. 1d). Furthermore, the k3-weighted Fourier transform (FT) of the 
extended X-ray absorption fine structure (EXAFS) spectra for both Co1- 
NSC and Co1-NC (Fig. 1e) exhibit a single dominant peak at 
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approximately 1.5 Å in the first coordination shell. This peak is attrib
uted to backscattering interactions between Co and low-Z atoms such as 
C, N, and S. Notably, neither Co1-NSC nor Co1-N C exhibits a Co-Co 
scattering path at 2.2 Å, indicating that the Co atoms in both mate
rials are isolated single atoms dispersed on an N/S-doped carbon matrix, 
consistent with HAADF-STEM results. Fitting results in R space show 
that Co atoms in Co1-NSC coordinate with three N atoms and one S atom 
(Fig. 1f, Fig. S11, Table S2). In Co1-NC, Co atoms are coordinated with 
four N atoms (Fig. S12a, Table S2). Wavelet transform (WT) analysis of 
the k3-weighted EXAFS spectrum shows that the WT maxima of Co1-NSC 
and Co1-NC are both around 5.5 Å− 1, significantly different from the WT 
maximum of the Co foil (8.1 Å− 1), confirming the absence of Co clusters 
(Fig. 1g, h, and Fig. S12b).

Recent reports indicate that the electronic structure of Co atoms 
changes depending on their coordination environment, leading to 
changes in their spin state. For example, the electronic configurations of 
the low-spin state (LS) and high-spin state (HS) of Co (III) are t2 g

6 eg
0 and 

t2 g
4 eg

2, respectively, while those of Co (II) are t2 g
6 eg

1 and t2 g
5 eg

2, respec
tively (Fig. 2a). Spin-orbit splitting (ΔE) is closely related to the spin 
state of transition metal atoms. Crystal field theory indicates that a 

larger ΔE favors electron pairing, thereby stabilizing lower spin states. 
Conversely, a smaller ΔE reduces the tendency for electron pairing, 
promoting higher spin states [40]. ΔE can be expressed as the energy 
difference between Co2p1/2 and Co2p3/2 [34]. As shown in Fig. 2b, 
compared to ΔECo1-NC (15.4 eV), the smaller ΔECo1-NSC (15.0 eV) sug
gests that the Co species in Co1-NSC may exhibit a higher spin state than 
those in Co1-NC. This result preliminarily indicates that S stoms incor
poration modulates the electronic structure and spin state of the Co 
center. The temperature dependence of the magnetic susceptibility 
further confirms the high spin state of Co in Co1-NSC (Fig. 2c). Ac
cording to the modified Curie-Weiss law, the effective magnetic moment 
(μeff) of Co1-NSC can be calculated to be 3.25 μB. Compared with 
Co1-NC, Co1-NSC exhibits a higher spin magnetic moment, suggesting 
that the 3d orbitals of its Co atoms may contain more unpaired electrons 
[41]. Furthermore, based on the relationship between μeff and the spin 
state, the spin state of the cobalt center in Co1-NSC can be calculated as 
14.4% LS and 85.6% HS. The results of the electron paramagnetic 
resonance (EPR) spectrum analysis are shown in Fig. 2d. The EPR peak 
intensity of Co1-NSC is higher than that of Co1-NC, suggesting that its 
Co-3d orbitals contain more unpaired electrons. The above results 

Fig. 1. Synthesis and Characterization of Co1-NSC. (a) Schematic diagram of the Co1-NSC preparation process. (b) TEM and (c) HAADF-STEM images of Co1-NSC. (d) 
Co K-edge XANES spectra. (e) k3-weighted FT spectra in R-space. (f) Fitting of the EXAFS spectra of Co1-NSC in the R space. The inset shows the schematic diagram of 
the Co1-NSC structure. WT-transform of (g) Co1-NSC and (h) Co foil.
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indicate that the Co atoms in Co1-NSC are in the high-spin state, with an 
electronic configuration of t2 g

5 eg
2, while Co1-NC is in the low-spin state 

with an electronic configuration of t2 g
6 eg

1 (Fig. 2e). Studies have shown 
that high-spin metal atoms exhibit weaker adsorptive strength towards 
oxygen-containing compounds compared to those in a low-spin state 
[42–44]. This difference is also confirmed by O2 
temperature-programmed desorption (O2-TPD) analysis (Fig. 2f, 
Fig. S13). The O2-TPD profile reveals that the signal intensity of Co1-NSC 
is significantly higher than that of Co1-NC, with a lower desorption 
temperature. This may be due to the fact that high-spin configurations 
have more unpaired electrons in the Co 3d orbitals; these unpaired 
electrons act as additional orbitals capable of coordinating with O2 
molecules, thereby enhancing the catalyst surface’s ability to adsorb O2 
[45]. This difference in oxygen adsorption indicates that fewer O2 
molecules adsorb on the active sites of Co1-NC, and the binding strength 
between O2 molecules and these sites is stronger. Consequently, O2 
struggles to further form *OOH and desorb, leading to the formation of 
the 4e- ORR pathway. In contrast, Co1-NSC exhibits higher reactivity 
toward O2, but with weaker binding strength, which may favor *OOH 
formation and efficient desorption, demonstrating high selectivity to
ward H2O2 [46,47]. Overall, the incorporation of S into the Co-N4 co
ordination environment modifies the local crystal field, reduces the 
spin-orbit splitting ΔE, and increases the fraction of high-spin Co cen
ters. This spin-state modulation is expected to weaken the adsorption of 
oxygen-containing intermediate species on Co sites.

The rotating ring-disk electrode (RRDE) (Fig. S14) was used to 
evaluate the 2e- ORR performance of the catalyst in 0.05 H2SO4 solution. 
When switching from N2 to O2, a distinct cathodic peak appeared in the 
cyclic voltammetry (CV) curves (Fig. S15), indicating the presence of a 
potential-driven oxygen reduction process on the Co1-NSC surface. This 
was further confirmed by measurements of the linear sweep voltam
metry (LSV) (Fig. 3a). The LSV curve includes the ORR current density 
recorded on the disk electrode (Jd, solid line, mA cm− 2) and the H2O2 
oxidation current recorded on the platinum ring electrode (Jr, dashed 
line, mA cm− 2). Among the three samples, Co1-NSC has the highest onset 

potential (Eonset) of 0.703 V vs. RHE (Fig. S16a). Notably, the half-wave 
potential of Co1-NC is slightly higher than that of Co1-NSC (Fig. S16b). 
However, the kinetic current density for H2O2 generation (Jk) calculated 
using the Koutchek-Levy equation indicates that Co1-NC has the lowest 
Jk among the three samples (Fig. S16c), further confirming that its Co 
sites possess stronger binding affinity for O2, leading to reduced H2O2 
selectivity. In addition, we calculated the H2O2 selectivity (H2O2 %) and 
the number of electron transfers (n) for these three sets of samples based 
on Id (mA) and Ir (mA) (Fig. 3b). Over a wide potential range of 
0.1–0.7 V vs. RHE, Co1-NSC maintained higher H2O2 % and lower n 
values compared to NSC and Co1-NC. Specifically, Co1-NSC exhibited 
the highest H2O2 % (92.3%) and the lowest n value (2.15) at a potential 
of 0.65 V vs. RHE, significantly outperforming the values calculated for 
Co1-NC (28.2% and 3.44) and NSC (13.1% and 3.74) at this potential 
(Fig. 3c), This indicates that the ORR occurring at the active sites of Co1- 
NSC is closer to the 2e- ORR. In-situ Raman spectroscopy further revealed 
the differences in the evolution of oxygen-containing intermediate 
species between the two materials. As shown in Fig. 3d, in situ Raman 
spectroscopy detected a peak at 1520 cm− 1, which was attributed to 
adsorbed *OOH [48,49]. However, no peak at 1520 cm− 1 was detected 
on the Co1-NC surface, indicating that Co1-NSC promotes the formation 
of *OOH, thereby exhibiting higher H2O2 selectivity. In addition, 
Co1-NSC exhibits a significantly smaller Tafel slope (241.8 mV dec− 1), 
indicating faster reaction kinetics (Fig. S16d). Co1-NSC has a larger 
electrochemical active surface area (ECSA), which is conducive to 
charge transfer during the catalytic process (Fig. S17). The above results 
indicate that O2 adsorbed on Co1-NSC is more readily converted to 
*OOH, which favors the subsequent formation of H2O2. We further 
investigated the effect of different S contents on the 2e- ORR perfor
mance of the catalyst (Fig. S18a). As shown in Fig. S18b, the Jr and Jd 
values were significantly reduced in the sample containing 2 g of 
i-carrageenan, whereas these values were relatively similar in the sam
ples containing 4 g and 5 g of i-carrageenan. Furthermore, the calcu
lated H2O2 % and n values for the sample containing 5 g of i-carrageenan 
did not differ significantly from those of the sample containing 4 g of 

Fig. 2. Analysis of the Co atomic spin state. (a) Schematic diagram of Co (II) and Co (III) spin states. (b) XPS spectra of Co 2p for Co1-NSC and Co1-NC. (c) Fitted 
susceptibility vs temperature based on Curie-Weiss law for Co1-NSC and Co1-NC. (d) EPR spectra for Co1-NSC and Co1-NC. (e) Schematic diagram of the spin states of 
Co atoms in Co1-NSC and Co1-NC. (f) O2-TPD curves Co1-NSC and Co1-NC.
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i-carrageenan (Fig. S18c). These results indicate that the sample pre
pared using 4 g of i-carrageenan already exhibits excellent 2e- ORR 
performance, and further increasing the sulfur content does not signif
icantly improve the 2e- ORR performance of this material.

To identify the catalytic center, thiocyanate ions (SCN-) were added 
to the electrolyte as metal ion inhibitors. As shown in Fig. S19, the 
current density of Co1-NSC decreased. Subsequently, after the sample 
was cleaned and run in a new electrolyte, the LSV curve returned to 
normal. This experimental result indicates that a metal-based catalytic 
process exists on Co1-NSC, with Co sites serving as the primary catalytic 
active centers. In addition, we calculated the adsorption free energies of 
O2 molecules at the Co and S sites on Co1-NSC and at the Co sites on Co1- 
NC. As shown in Fig. S20 and Table S3, the adsorption free energy of the 
O₂ molecule at the Co site in Co1-NSC is the lowest, at − 0.808 eV, which 
is significantly lower than that at the Co site in Co1-NC (-0.554 eV). This 
indicates that O2 is more likely to adsorb on high-spin Co sites with more 
3d electrons, which is consistent with the O2-TPD results. It is worth 
noting that the adsorption free energy of O2 molecules at the S site of 
Co1-NSC is 0.618 eV, indicating that the adsorption of O2 at the S site is 
thermodynamically unfavorable; O2 molecules will not spontaneously 
and stably adsorb at this site, which further confirms that the Co site is 
the actual active site on Co1-NSC.

The performance of the synthesized samples in bulk synthesis of 
H2O2 was tested using a three-electrode H-type cell which consists of a 

cathode chamber and an anode chamber, separated by a proton ex
change membrane (PEM) (Fig. S21). The sample was loaded onto hy
drophobic carbon fiber fabric (CFF) and placed as the working electrode 
in the cathode chamber, where it was electrolyzed for 1 h at a constant 
potential. The accumulation of H2O2 in the electrolyte of the cathode 
chamber was determined using the Ce4+/Ce3+ titration method 
(Fig. S22). The LSV curve shows that Co1-NSC has a higher current 
density under the same constant applied voltage. In addition, the current 
density of bare CFF is extremely low, and its contribution to H2O2 yield 
and Faradaic efficiency (FE) can be neglected Fig. S23). As shown in 
Fig. S24a, within the potential range of 0.1–0.5 V vs. RHE, the electro
lytic H2O2 yield and FE of Co1-NSC were superior to those of Co1-NC. 
Notably, Co1-NSC achieved a yield of 1507 mmol gcat

− 1 h− 1 and a FE of 
~91% at a potential of 0.2 V vs. RHE. The stability of Co1-NSC in H-type 
cell was determined at a fixed operating voltage of 0.2 V vs. RHE 
(Fig. S24b). The ORR current and H2O2 synthesis capacity remained 
stable over 10 synthesis cycles, with a current intensity decrease of only 
4.4%, indicating its potential as a practical 2e- ORR catalyst. High- 
resolution Co 2p XPS spectra obtained after stability testing shows 
that the chemical state of the Co sites in Co1-NSC remains stable after 10 
cycles of cyclic ORR testing, remaining a small ΔE (14.9 eV), indicating 
the stability of its spin state (Fig. 3e). Additionally, TEM images and XRD 
spectra further confirm the structural stability of the Co1-NSC catalyst 
(Fig. S25).

Fig. 3. Electrocatalytic ORR performance. (a) LSV curves recorded in 0.05 H2SO4 saturated with O2, showing the disk current (solid line) and ring current (dashed 
line). (b) Calculated H2O2 selectivity and n as a function of applied potential. (c) The highest H2O2 selectivity and n exhibited by the three samples. (d) In-situ Raman 
spectrum for Co1-NSC and Co1-NC. (e) The high-resolution Co 2p XPS spectra before and after stability test in H-type cell. (f) H2O2 production rate and FE of Co1-NSC 
and Co1-NC in Flow cell. (g) Comparison of the FE and production rate of Co1-NSC and other recently reported electrocatalysts. (h) Long-term stability test of Co1- 
NSC in flow cell.
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To further investigate the performance of Co1-NSC in the electro
chemical synthesis of H2O2 at high current densities, we used a gas 
diffusion electrode (GDE) to further evaluate the H2O2 production rate 
and FE of Co1-NSC. As expected, compared to the H-type cell, the cor
responding current of Co1-NSC increased significantly within the same 
applied potential range when using a GDE (Fig. S26). As shown in 
Fig. 3f, Co1-NSC maintained a FE of ~90% over the current density 
range of 5–100 mA cm− 2, whereas Co1-NC exhibited a maximum FE of 
only 48.7%. Furthermore, at a current density of 100 mA cm− 2, the 
H2O2 production rate of Co1-NSC reached 5.56 mol gcat

− 1 h− 1, signifi
cantly higher than that of Co1-NC (2.07 mol gcat

− 1 h− 1). This measured 
H2O2 production rate and FE outperform most recently reported 2e- ORR 
electrocatalysts (Fig. 3g and Table S4) [50–62]. It is worth noting that 
when the applied current density was increased to 120 mA cm− 2, the FE 
of Co1-NSC showed a significant decrease, which may be attributed to 
the reduction and/or decomposition of H2O2. Subsequently, we tested 

the stability of Co1-NSC for the electrochemical synthesis of H2O2 at an 
applied current density of 100 mA cm− 2. As shown in Fig. 3h, during the 
30 h electrolysis experiment, the cell voltage (Ecell) stabilized at 
approximately 0.5 V vs. RHE. Furthermore, neither the H2O2 production 
rate nor the FE showed any significant decline. These results demon
strate that Co1-NSC exhibits excellent H2O2 electro-synthesis perfor
mance and long-term stability under high current densities.

To better elucidate the reasons behind the outstanding 2e- ORR 
performance of Co1-NSC, density functional theory (DFT) calculations 
were further conducted to investigate the thermodynamic processes of 
the reaction. The optimized material structure model is depicted in 
Fig. S27. At the equilibrium potential (U = 0.7 V vs. RHE), the adsorp
tion of *OOH on an ideal 2e- ORR catalyst should be thermodynamically 
neutral, corresponding to ΔG*OOH ~ 3.5 eV. As shown in Fig. 4a, Co1- 
NSC (0.20 eV) exhibits a lower overpotential for H2O2 production 
compared to Co1-NC (0.36 eV), indicating its superior activity for H2O2 

Fig. 4. Theoretical analysis. (a) Gibbs free energy diagram for 2e- ORR at 0.7 V vs. RHE on Co1-NSC. (b) PDOS and corresponding calculated dband centers of Co 3d 
for Co1-NSC and Co1-NC models. (c) An illustration of in-situ ATR-SEIRAS measurements. In-situ ATR-SEIRAS spectrum of (d) Co1-NSC and (e) Co1-NC. (f) The 
difference of electron density for *OOH intermediates adsorbed on Co1-NSC and Co1-NC models, the cyan and yellow areas represent electron loss and accumulation, 
respectively. (g) Free energy diagram for ORR, including the 4e- and 2e- ORR pathways on Co1-NSC and Co1-NC models.
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generation via the 2e- ORR pathway. Additionally, in the volcano plot 
plotted as a function of ΔG*OOH (Fig. S28), Co1-NC is located on the left 
side of the volcano peak, indicating that Co1-NC has strong *OOH 
adsorption, leading to low 2e- ORR selectivity. Co1-NSC, on the other 
hand, approaches the volcano peak, indicating that its *OOH adsorption 
strength is appropriate. Analysis of the Co spin density for both Co1-N4 
and Co1-N3S1 configurations indicates that synergistic coordination 
doping of S in Co-N4 significantly enhances the spin density of Co atoms 
(Fig. S29). Furthermore, partial density of states (PDOS) analysis shows 
that a noticeable spin polarization phenomenon occurs when cobalt 
atoms transition from Co1N4 coordination to Co1N3S1 coordination 
(Fig. 4b). It is worth noting that the D-band center of cobalt atoms in Co1- 
NSC (-1.054 eV) is lower than that in Co1-NC (-0.954 eV) (Table S5). The 
shift of the D-band center caused by the elevated spin state is an inevi
table result of electronic rearrangement and orbital energy level ad
justments induced by the weakened coordination field. The weak-field 
ligands and changes in coordination symmetry reduce the crystal field 
splitting, which not only alters the electronic filling of the Co site but 
also lowers the average energy of its D-orbitals, causing the overall en
ergy level of the Co 3d orbitals to shift toward lower energy levels 

[63–65]. The decrease in the D-band center weakens the adsorption 
strength of the cobalt site on *OOH, which is conducive to desorption 
and the formation of H2O2. In situ attenuated total reflectance 
surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) 
analysis further validates this computational result (Fig. 4c). During the 
negative potential change, Co1-NSC exhibits a characteristic absorption 
band at approximately 1220 cm− 1 (Fig. 4d), which is attributed to the 
O-O stretching vibration of the *OOH intermediate adsorbed on the 
cobalt site surface (OOHad) [66], and the peak intensity increases with 
the rise in reduction potential. Conversely, this absorption band is nearly 
absent on the Co1-NC surface (Fig. 4e) This may be attributed to the Co 
sites promoting O-O bond cleavage, making it difficult to form *OOH 
intermediate species, thereby leading to the 4e- reaction pathway for 
H2O formation. Bader charge analysis of *OOH adsorption at the Co site 
reveals two distinct behavioral patterns of active sites and reaction in
termediates in the two configurations. As shown in Fig. 4f, Co1-NSC 
exhibits more electron-deficient regions (dark blue areas), while Co1-NC 
displays more electron-rich regions (yellow areas) at the cobalt site. 
Furthermore, the Bader charge value for Co1-NSC (0.403 e) is lower than 
that for Co1-NC (0.423 e) (Table S6), indicating stronger interaction 

Fig. 5. High-spin Co sites enhance the degradation capacity in the sequential dual-cathode electro-Fenton system. (a) Schematic diagram of a sequential dual- 
cathode organic pollutant degradation system (b) BPA degradation efficiency (Ct/C0) and corresponding degradation rate constants under different applied volt
ages. (c) BPA degradation efficiency in different systems. (d) Chronoamperometry of two cathodes when cell voltage is 1.8 V and calculated degradation energy 
consumption with other degradation systems. (e) Effect of adding TBA (100 mM), His (20 mM) and BQ (20 mM) on BPA degradation. (f) The EPR spectra of DMPO- 
⋅OH, TEMP-1O2 and DMPO-O2

⋅-. (g) Schematic diagram of the catalytic degradation process of the dual-cathode EF system. (h) Removal of BPA and TOC and leaching 
concentration of Co in the system during eight cycles. (i) BPA degradation in different water matrices. Conditions: [BPA] = 10 mg L-1, [H2SO4] = 0.05 M, [O2 input 
rate] = 30 mL min− 1, [Cell voltage] = 1.8 V.
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between oxygen-containing intermediates and Co sites on Co1-NC. This 
promotes O-O bond cleavage, favoring the 4e- pathway. In contrast, the 
weaker electron interactions on Co1-NSC ensure smooth desorption of 
*OOH and subsequent H2O2 formation, thereby promoting the 2e- ORR 
pathway [67]. Free energy diagrams for the ORR (Fig. 4g) further 
demonstrate that Co1-NSC preferentially follows the 2e- ORR pathway to 
generate H2O2, whereas Co1-NC exhibits a thermodynamic preference 
for forming H2O via the 4e- ORR pathway.

Given that the prepared Co1-NSC exhibits excellent 2e- ORR activity, 
selectivity, and bulk electrolytic synthesis of H2O2, we installed it in a 
dual-cathode heterogeneous electro-Fenton (EF) system for pollutant 
degradation. Co1-NSC was loaded onto CFF (Co1-NSC/CFF) as the ORR 
cathode. The H2O2-activated cathode is stainless steel mesh (SSM) 
(Fig. 5a). Bisphenol A (BPA), one of the typical endocrine disruptors, 
was selected as the target pollutant. First, we investigated the effect of 
applied cell voltage on the degradation rate of BPA. As shown in Fig. 5b 
and Fig. S30, the degradation rate of BPA increases with rising cell 
voltage (0.6 V–1.8 V) which due to the increased applied potential leads 
to greater H2O2 generation at the ORR cathode, directly elevating 
reactive oxygen species (ROS) concentration. However, when the cell 
voltage was further increased to 2.4 V, the degradation rate of BPA 
showed no significant improvement. This may be due to the excessive 
H2O2 in the solution consuming ROS (such as ⋅OH), thereby limiting the 
further increase in the degradation rate of the treatment system 
(Fig. S31) [68]. Next, at a voltage of 1.8 V, after 60 min of treatment, 
only approximately 22% of BPA was adsorbed and removed. Approxi
mately 98% of BPA was degraded in the dual-electrode electro-Fenton 
system, with a degradation efficiency of approximately 70% in the 
single-cathode system (Fig. 5c). The pseudo-first-order kinetics 
demonstrate that the dual-cathode system (0.064 min− 1) degrades BPA 
at rates 20 and 3.6 times faster than the adsorption (0.003 min− 1) and 
single-cathode systems (0.018 min− 1), respectively. (Fig. S32). To 
determine the current distribution during the operation of the 
dual-cathode EF system, we simultaneously recorded the current of 
Co1-NSC/CFF (first cathode) and SSM (second cathode) (Fig. 5d). The 
Co1-NSC/CFF cathode consumed the majority of the current (~10 mA), 
which generated H2O2 through the 2e- ORR, while the SSM cathode 
consumed a smaller current (~5 mA). This smaller current is associated 
with the activation of H2O2 by the SSM cathode to produce ROS, thereby 
inhibiting competitive reactions such as oxygen reduction. In addition, 
based on the current distribution across the two cathodes and the 
amount of BPA degradation, we calculated the degradation energy 
consumption of the dual-cathode EF system. The dual-cathode elec
tro-Fenton system using the Co1-NSC/CFF electrode had an energy 
consumption of 0.185 kWh m− 3, outperforming the system using the 
Co1-NC/CFF electrode (0.400 kWh m− 3). Notably, the energy con
sumption of the dual-cathode EF system is comparable to or lower than 
values reported for conventional treatment technologies such as 
UV/H2O2 (0.230 kWh m− 3), ozonation (0.500 kWh m− 3), and reverse 
osmosis (RO) treatment (2.355 kWh m− 3) [69,70], highlighting its 
ability to achieve efficient pollutant degradation with relatively low 
energy input. Subsequently, tert-butanol (TBA), L-histidine (His) and 
p-benzoquinone (BQ) were used as quenchers for ⋅OH, 1O2, and O2

⋅-, 
respectively, in quenching experiments [71]. As depicted in Fig. 5e, the 
degradation efficiency of BPA was significantly suppressed upon addi
tion of TBA, indicating that ⋅OH plays a dominant role in organic com
pound degradation. EPR spectroscopy further confirmed the presence of 
⋅OH, 1O2, and O2

⋅- (Fig. 5f). As expected, no signals were observed when 
no potential was applied (0 min). After 15 min of reaction, a charac
teristic high-intensity quadruplet signals corresponding to the hydroxyl 
adduct of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was observed, 
indicating the formation of ⋅OH in the system. EPR analysis using 2,2,6, 
6-tetramethylpiperidine (TEMP) as a spin trap revealed a triplet signal 
attributed to the TEMP-1O2 adduct, signifying 1O2 formation. Addi
tionally, DMPO-O2

⋅- adducts were identified using DMPO as the trapping 
agent, indicating superoxide radical (O2

⋅-) generation. As described 

above, O2 is in-situ converted into H2O2 via the 2e- ORR on Co1-NSC. It is 
therefore proposed that the in situ-generated H2O2 is further activated 
via electron transfer on the SSM cathode to produce ROS, which sub
sequently attack organic pollutants and lead to their removal (Fig. 5g). 
Ultraperformance liquid chromatography-high-resolution mass spec
trometry was employed to identify degradation intermediates of BPA 
(Fig. S33, Table S7). Based on the types of intermediates, a plausible 
evolutionary mechanism for BPA is demonstrated (Fig. S34). In the first 
step, the hydroxyl radical generated upon activation of H2O2 attacks the 
benzene ring of the BPA molecule, forming unstable hydroxylated BPA 
derivatives. Subsequently, this unstable product undergoes a 
bridge-breaking reaction, yielding monobenzene ring products of 4-iso
propylphenol and phenol. These compounds undergo ring-opening re
actions to form a series of downstream short-chain acids including 
maleic acid, divinyloxyethena and oxalic acid. Ultimately, these 
short-chain acids decompose into CO2 and H2O. Additionally, the system 
demonstrated excellent degradation stability, with BPA degradation 
efficiency maintained at 96.3% after eight electrochemical treatments 
(Fig. 5h). Furthermore, TOC removal stabilized at ~60%, indicating that 
the degradation system possesses excellent mineralization capacity for 
organic pollutants. In addition, we used ICP-MS to quantitatively 
determine the Co concentration in the solution after degradation. 
Throughout the eight degradation cycles, the Co concentration 
remained below 0.2 mg L− 1. This value is significantly lower than the 
maximum allowable concentration of total cobalt (1.0 mg L− 1) in 
wastewater discharges specified by the Chinese national standard GB 
25467–2010, which is attributed to the high stability exhibited by 
Co1-NSC during long-time electrolysis experiments. The dual-cathode 
treatment system also maintained stable BPA removal efficiency in tap 
water and secondary effluent from municipal wastewater treatment 
plants (Fig. 5i), demonstrating its practical application potential in 
complex water conditions.

3. Conclusion

In summary, this work employs a coordination doping strategy to 
regulate the spin-state of active sites, thereby optimizing the adsorption 
strength of *OOH and promoting H2O2 generation. We construct a 
catalyst with dispersed cobalt atoms anchored on a nitrogen/sulfur co- 
doped carbon substrate (Co1-NSC), which exhibits excellent 2e- ORR 
selectivity (92.3%) and bulk synthesis of H2O2 (5.56 mol gcat

− 1 h− 1 and 
the corresponding FE of ~90% in the flow cell). Furthermore, the 
sequential dual-cathode EF system constructed using Co1-NSC as the 
ORR catalyst demonstrated outstanding BPA removal efficiency 
(~98%), with a degradation rate constant (0.064 min− 1), which is 3.6 
times higher than that of Co1-NC, and its energy consumption (0.185 
kWh m− 3) was also lower than conventional treatment methods. 
Experimental results and theoretical calculations indicate that the 
incorporation of S alters the spin-orbit splitting (ΔE) of Co sites, inducing 
a transition of the Co site's spin state from low spin to high spin, lowering 
the D-band center of Co atoms, weakening the adsorption strength of 
*OOH at active sites, and promoting the desorption of *OOH to form 
H2O2 rather than further reduction to H2O. This work provides a strat
egy for designing and developing catalysts with excellent 2e- ORR per
formance through spin engineering.

4. Experimental section

Chemicals. Urea (CH4N2O, 99%), i-carrageenan, cobalt nitrate (Co 
(NO3)2⋅6 H2O, 99.99%), aniline (C6H7N, 99.9%), ammonium persul
phate ((NH4)2S2O8, ≥ 96%) cobalt chloride (CoCl2⋅6 H2O, 99.99%) 
were obtained from Aladdin Chemistry Co. Ltd. (Shanghai, China). 
Ketjen Black ECP-600 JD was purchased from Hangzhou Chuangshi 
Biotechnology Co., Ltd. (Hangzhou, China). Sulphuric acid (H2SO4, 
99.7%) and hydrochloric acid (HCl, 99.7%) were purchased from 
Tianjin Bohua Chemical Reagent Co. Ltd. (Tianjin, China). Cerium 
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sulphate (Ce(SO4)2 4 H2O, 99.99%) was purchased from Shanghai BiDe 
Pharmaceutical Technology Co. Ltd. (Shanghai, China). Hydrophobic 
carbon fiber fabric (CFF) was purchased from Yanshen Technology Co., 
Ltd. (Tianjin, China). All chemicals were purchased from commercial 
sources and used directly without further purification.

Preparation of Co1-NSC. 2 g of urea was added to 100 mL of deionized 
water at 80 ◦C, and then 4 g of i-carrageenan was slowly dripped into the 
above urea solution and stirred at 80 ◦C for 1 h. Then 0.2 g of Co 
(NO3)2⋅9 H2O was added to the above solution and stirred at 80 ◦C for 
5 h. The obtained hydrogel of carrageenan-urea-Co was frozen and 
dehydrated by freeze-drying process to obtain the carrageenan-urea-Co 
aerogel. The aerogel was pyrolysed in N2 atmosphere at 900 ◦C for 2 h at 
a heating rate of 5 ◦C/min− 1, and then the resulting sample was soaked 
in 1.0 M HCl solution for 10 h to remove K2S and CaS particles to obtain 
Co1-NSC.

Preparation of Co1-NC. Dissolve 2 mL of aniline in 200 mL of 0.5 M 
HCl solution. Then, add 30 mL of 0.6 M CoCl2 solution dropwise. After 
stirring at 4◦C for 60 min, slowly add 20 mL of 1.1 M (NH4)2S2O8 so
lution to polymerize the aniline. Next, add 400 mg of Ketjen Black ECP- 
600 JD to the above solution. After stirring at room temperature for 2 
days, further collect the desired precursor and dry it under vacuum at 
60◦C. Then, decompose the precursor at 900◦C for 1 h in an Ar atmo
sphere. Finally, the resulting product was soaked in 2.0 H2SO4 at 60◦C 
for 12 h, thoroughly washed with deionized water, and vacuum-dried at 
60◦C.

Preparation of NSC. The control sample of NSC was prepared simi
larly to Co1-NSC but without the addition of Co(NO3)2⋅6 H2O.

Effective magnetic moment (μeff) calculation is as follows in Eqs. 4 
and 5: 

χ =
C

T − Θ
+ χ0 (4) 

where χ is susceptibility, χ0 is a constant whose origin is a temperature 
independent contribution to susceptibility, Θ is Curie Weiss tempera
ture. T is experimental temperature.

μeff =
̅̅̅̅̅̅
8C

√
μB = gμB

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SLS(SLS + 1)VLS + SHS(SHS + 1)VHS

√
(5)

where μB is Bohr magneton, g is the Landé g-factor (g = 2 for elec
tron), C is Curie constant, SLS and SHS are total spin angular momentum 
of LS and HS, respectively. The VLS and VHS are the fractions of LS and HS, 
respectively.

Electrochemical measurements. The ORR catalytic performances were 
measured on a CHI 760E electrochemical workstation (CH Instrumental 
Corporation, Shanghai, China) with a rotating ring-disk electrode setup 
(RRDE, Pine Instruments Corporation). The effective area of the plat
inum disc is 0.247 cm2, and the effective area of the platinum ring is 
0.185 cm2.The catalyst ink was prepared by dispersing 2.5 mg as- 
synthesized catalyst into 980 μL of ethanol and 20 μL of Nafion solu
tion (5.0 wt%), followed by ultrasonication for 30 min. Then 10 μL of 
catalyst ink was drop-casted onto the disk electrode and naturally dried. 
An Ag/AgCl electrode and graphite rod were used as the reference and 
counter electrode, respectively. 0.05 H2SO4 was used as the electrolyte. 
The linear sweep voltammetry (LSV) curves were recorded in O2-satu
rated condition with a scan rate of 10 mV s− 1 at 1600 rpm and the po
tential of the Pt ring electrode was set at 1.2 V vs. RHE to detect as- 
generated H2O2 on disk electrode. The H2O2 selectivity and electron 
transfer number (n) on the RRDE were calculated using the following 
Eqs. 6 and 7: 

Selectivity (%) = 200× (Ir/Nc)/(Id+Ir/Nc)                                       (6)

n = 4×Id/(Id+Ir/Nc)                                                                       (7)

where Ir and Id are the ring current and the disk current, respectively; 
and Nc is the collection efficiency of the ring electrode (0.37).

The kinetic current density (jk) was calculated according to the 
Koutecký-Levich equation: 

1/j = 1/jl + 1/jk                                                                            (8)

where j denotes the measured current and jl denotes the limiting 
current. jl can be obtained from the Levich equation containing the total 
number of electrons transferred (n) set by RRDE: 

jl = 0.62×n × F×A×Do
2/3×ω1/2× υ− 1/6×Co                                      (9)

where F denotes Faraday constant (96,485 mol− 1); A denotes the 
geometric area of the disk electrode (0.247 cm2); Do denotes the diffu
sion coefficient of O2 in the electrolyte at 298 K (1.85 × 10–5 cm2 s− 1); ω 
denotes the electrode speed (rad s− 1); υ denotes the kinematic viscosity 
of O2 (0.89 × 10− 2 cm2 s− 1) and Co for O2 concentration (1.21 × 10− 6 

mol cm− 3).
For the metal site masking experiment, LSV curve data for Co1-NSC 

were first collected in an O2-saturated 0.05 M H2SO4 electrolyte. After 
the test, 10 mM KSCN was added to the electrolyte, and the LSV test was 
performed again. Subsequently, the catalyst-loaded electrode was 
thoroughly rinsed with deionized water and transferred to fresh 0.05 M 
H2SO4 electrolyte free of SCN-, and ORR activity was retested to observe 
the recovery.

The bulk synthesis of H2O2 was conducted in a two-compartment 
three-electrode H-cell separated by a Nafion 117 membrane. Each 
compartment was filled with 10 mL of 0.05 M H2SO4 and the cathode 
was purged with O2 for at least 30 min to reach saturation. The working 
electrode was fabricated by drop-casting the Co1-NSC ink onto 
1.0 × 1.0 cm2 CFF with a catalyst loading amount of 0.15 mg cm− 2. Ag/ 
AgCl and Pt sheet were utilized as reference and counter electrodes, 
respectively. Then, bulk ORR electrolysis was conducted at various 
applied potentials for 1 h. Subsequently, the H2O2 yield operated at 
different potentials was quantified according to the ceric sulfate titration 
method as Eq. 10: 

2Ce4+ + H2O2 → 2Ce3+ + 2H+ + O2                                            (10)

The yield of H2O2 can be calculated by the following Eq. 11: 

CH2O2 = [VCe4+×[Ce4+]before – (VCe4+ + Velectrolyte)                              

× [Ce4+]after]/(2×Velectrolyte)                                                        (11)

where VCe4+ is the volume of added Ce(SO4)2 solution; [Ce4+]before 
and [Ce4+]after are the concentration of Ce4+ before and after reaction, 
respectively; Velectrolyte is the volume of injected electrolyte after reac
tion. The standard concentration-absorbance curve was obtained by 
linearly fitting the absorbance values at 319 nm for various known 
concentrations of Ce4+. The Faradaic efficiency (FE) value is calculated 
according to Eq. 12: 

FE (%) = (2×C×V×F)/Q × 100%                                                 (12)

where F is the Faraday constant (96485 C mol− 1); C is the concen
tration of generated H2O2 (mol L− 1); V is the volume of electrolyte (L); Q 
is the passed charge during the electrolysis (C).

The catalyst stability performance test was conducted in an H-type 
cell. The CFF loaded with Co1-NSC was removed after operating for a 
specific time (2 h), washed with deionized (DI) water, dried in an oven, 
and then the experiment was repeated.

A standard three-electrode three-phase flow cell system was assem
bled on a CHI660E electrochemical workstation using a gas diffusion 
electrode (GDE) as the working electrode, a platinum electrode as the 
reference electrode, and an Ag/AgCl electrode as the counter electrode. 
The catalyst ink was prepared by dispersing 10 mg of the sample in 1 mL 
of anhydrous ethanol containing 40 μL of Nafion solution to form a 
uniform suspension. Next, a drop of the uniform catalyst ink was applied 
to a GDE with an area of 2 × 2 cm2 (effective area of 1 × 1 cm2). The 
catalyst loading was determined to be 0.3 mg cm-². Both the electrolyte 
and the anolyte were 0.05 M H2SO4 solutions. The electrolyte was 
freshly prepared before each measurement. The cell was separated by an 
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anion-exchange membrane. Throughout the measurement, the oxygen 
gas flow rate was maintained at 20 mL min− 1. The H2O2 generation rate 
was determined using the ceric sulfate titration method. None of the 
electrochemical tests were performed with infrared compensation.

Experimental characterizations. The crystal structure of the catalyst 
was characterized by X-ray powdered diffraction (XRD) via a Rigaku D/ 
Max 2200PC with Cu Kα radiation. The morphology and microstructure 
of the catalyst were recorded by high-resolution transmission electron 
microscopy (TEM) through a JEOL JEM-ARM200F NEOARM at an 
accelerating voltage of 200 kV. HAADF-STEM characterization was 
performed on the STEM mode of an FEI Titan Themis G1, equipped with 
a dual aberration corrector and four EDS detectors, each of which has an 
effective area of 30 mm2 for detecting the EDS signals. X-ray photo
electron spectroscopy (XPS) was measured by a Thermal ESCALAB 
Xi+ electron spectrometer using Al Kα X-ray source under an ultrahigh 
vacuum. N2 adsorption-desorption isotherms are recorded with 
Autosorb-IQ Automated Gas Sorption Analyzer (Quantachrome). Cobalt 
content in the catalyst and solution was measured using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES; 725-ES, Var
ian). Electrochemical characterization, including electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV), and ampero
metric i-t curves, was performed using a CHI660E electrochemical 
workstation. Intermediate products of BPA degradation were deter
mined using ultra-high-performance liquid chromatography-high- 
resolution mass spectrometry (UPLC-HRMS, Orbitrap Fusion, Thermo 
Fisher Scientific, USA). Ten microliters of the extract were automatically 
injected into the UPLC-HRMS system using a Waters C18 column 
(150 mm × 10 mm, 5 μm). The mobile phase consisted of acetonitrile 
and water (both containing 0.1% formic acid), with a flow rate of 0.4 mL 
min− 1.

Electrochemical in situ Raman spectroscopy analysis. In situ Raman 
spectroscopy of the catalyst was performed using an HR Evolution 
spectrophotometer (HORIBA Scientific Inc.). The laser excitation 
wavelength was 532 nm. The catalyst, anhydrous ethanol, and Nafion 
solution were mixed to form a catalyst ink. The ultrasonicated ink was 
coated onto the CP (1.5 cm × 1.5 cm, catalyst loading of 1 cm− 2) and 
dried. During the test, a 0.05 M H2SO4 solution saturated with O2 was 
used as the electrolyte. The sample spectra were collected in increments 
of 0.2 V within the range of 0.8–0 V relative to the reference electrode.

Electrochemical in situ attenuated total reflectance surface-enhanced 
infrared absorption spectroscopy (ATR-SEIRAS). In situ ATR-SEIRAS 
measurements were conducted using a Thermo Scientific Thermo 
8700 spectrometer (Thermo Scientific, USA) equipped with a liquid 
nitrogen-cooled MCT-A detector. In an acidic solution (0.05 M H2SO4), 
the synthesized electrocatalyst, Ag/AgCl electrode, and platinum wire 
were employed as the working electrode, reference electrode, and 
counter electrode, respectively. A standard three-electrode system was 
utilized to perform in-situ ATR-SEIRAS electrochemical spectroscopy. 
FTIR measurements were carried out in the potential range from 0 to 
0.8 V in 0.1 V increment.

X-ray absorption spectroscopy (XAS) data collection and analysis. The 
X-ray absorption fine structure (XAFS) spectra were collected at 1W1B 
station in Beijing Synchrotron Radiation Facility (BSRF). The storage 
rings of BSRF were operated at 2.5 GeV with an average current of 
250 mA. Using Si (111) double-crystal monochromator, the data 
collection was carried out in transmission/fluorescence mode using 
ionization chamber. All spectra were collected in ambient conditions. 
The acquired EXAFS data were processed according to the standard 
procedures using the ATHENA module implemented in the IFEFFIT 
software packages. The k3-weighted EXAFS spectra were obtained by 
subtracting the post-edge background from the overall absorption and 
then normalizing with respect to the edge-jump step. Subsequently, k3- 
weighted χ(k) data were Fourier transformed to real (R) space using a 
Hanning windows (dk = 1.0 Å− 1) to separate the EXAFS contributions 
from different coordination shells. To obtain the quantitative structural 
parameters around central atoms, least-squares curve parameter fitting 

was performed using the ARTEMIS module of the IFEFFIT software 
packages.

Sequential Dual-Cathode Degradation Experiment. The sequential dual- 
cathode EF experiment was conducted in a H-type electrolysis device 
with two chambers, each with a volume of 40 mL. Specifically, an IrO2/ 
Ti plate (9 cm− 2) was used as the anode, and Co1-NSC/CFF (Cathode I) 
was employed to generate hydrogen peroxide. Oxygen was pumped into 
the solution near Cathode I at a rate of 30 mL per minute to continuously 
produce hydrogen peroxide. A stainless-steel mesh cathode (Cathode II) 
was used to activate H2O2. The distance between the two cathodes is 
2 cm. The electrochemical workstation provides a DC power supply and 
controls the cell voltage (0–2.4 V); the voltages of both cathodes are 
maintained at the same value.

The energy consumption was calculated as the electrical energy per 
order (EEO (kWh m− 3)) according to the following Eq. 13: 

EEO =
t(I1 + I2)Ecell

1000 VlogC0
Ct

(13) 

where Ecell is the applied voltage (V), I1 and I2 are the currents (A) of 
cathode I and cathode II, respectively, t is the treatment duration (h), V 
is the volume of water (m3), and C0 and Ct are the initial and final BPA 
concentrations (mg L− 1), respectively.

Ultraperformance liquid chromatography− high-resolution mass spec
trometry. The degradation intermediates of BPA were identified by 
ultraperformance liquid chromatography− high-resolution mass spec
trometry (UPLC− HRMS, Orbitrap Fusion, Thermo, USA). The eluent 
was composed of 0.1% methanoic acid and acetonitrile, and the flow 
rate was 0.2 mL min− 1.

DFT Calculate. All first-principles calculations in this paper were 
performed using the Vienna ab-initio simulation package (VASP) [72]. 
The Projector Augmented Wave (PAW) method [73] was used as the 
basis functions to describe the interactions between electrons and ions. 
Under the Generalized Gradient Approximation (GGA), the 
Perdew-Burke-Ernzerhof (PBE) functional [74] was employed to handle 
the exchange-correlation effects of electrons, and the DFT-D3 was used 
to correct the van der Waals interactions. The k-points were set to be 
2 × 2 × 1 with Gamma centered grids for all structures for geometry 
optimization. The interruption criterion for the electronic self-consistent 
cycle is set to 10–5 eV, the maximum force on each atom was limited to 
0.02 eV/Å, and the cutoff energy for the plane wave basis set was set to 
400 eV. The 2e- ORR mechanism for producing H2O2 comprises of two 
elementary steps are shown in Eqs. 14 and 15 [75]: 

∗ + O2(g) + H+ + e− ⟶OOH∗ (14) 

OOH ∗ + H+ + e− ⟶ H2O2(l) + ∗ (15) 

The asterisk (*) denotes the active site of the catalyst.
The free energy of adsorbed specie, computed based on computa

tional hydrogen electrode (CHE) model, is defined as (Eq. 16): 

G = E+ZPE − TS (16) 

where E is the DFT-derived total ground state energy of a system. ZPE is 
the zero-point energy correction and TS is the entropy correction 
computed with standard methods and used to convert E into free energy 
(G) at 298.15 K.
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I.I. Tumbas, P. Karaolia, A.R.L. Ribeiro, G. Mascolo, C.S. McArdell, H. Schaar, A.M. 
T. Silva, D.F. Kassinos, Consolidated vs new advanced treatment methods for the 
removal of contaminants of emerging concern from urban wastewater, Sci. Total 
Environ. 655 (10) (2018) 986–1008.

[12] B. Hodges, E. Cates, J. Kim, Challenges and prospects of advanced oxidation water 
treatment processes using catalytic nanomaterials, Nat. Nanotechnol. 13 (2018) 
642–650.

[13] J. Xu, X. Zheng, Z. Feng, Z. Lu, Z. Zhang, W. Huang, Y. Li, D. Vuckovic, Y. Li, S. Dai, 
G. Chen, K. Wang, H. Wang, J.K. Chen, W. Mitch, Y. Cui, Organic wastewater 
treatment by a single-atom catalyst and electrolytically produced H2O2, Nat. 
Sustain. 4 (2020) 233–241.

[14] Z. Bao, Q. Cao, Y. Shao, S. Zhang, X. Peng, Y. Li, C. Jiang, X. Zhong, J. Wang, 
Carbon and oxygen-doped phosphorus nitride (COPN) for continuous selective and 
stable H2O2 production, ACS Catal. 13 (22) (2023) 14492–14502.

[15] L. Chen, Z. Yang, J. Qian, B. Pan, Interaction between organic compounds and 
catalyst steers the oxidation pathway and mechanism in the iron oxide-based 
heterogeneous fenton system, Environ. Sci. Technol. 56 (19) (2022) 14059–14068.

[16] S. Zhang, T. Hedtke, Q. Zhu, M. Sun, S. Weon, Y. Zhao, E. Stavitski, M. Elimelech, J. 
H. Kim, Membrane-Confined Iron Oxychloride Nanocatalysts for Highly Efficient 
Heterogeneous Fenton Water Treatment, Environ. Sci. Technol. 55 (13) (2021) 
9266–9275.

[17] Y. Zhang, J. Tao, Y. Hu, G. Huang, Y. Pan, W. Li, J. Chen, H. Yu, Metal oxyhalide- 
based heterogeneous catalytic water purification with ultralow H2O2 consumption, 
Nat. Water 2 (2024) 770–781.

[18] Y. Sun, L. Han, P. Strasser, A comparative perspective of electrochemical and 
photochemical approaches for catalytic H2O2 production, Chem. Soc. Rev. 49 (18) 
(2020) 6605–6631.

[19] D. Li, C. Li, L. Zhang, H. Li, L. Zhu, D. Yang, Q. Fang, S. Qiu, X. Yao, Metal-Free 
Thiophene-Sulfur Covalent Organic Frameworks: Precise and Controllable 
Synthesis of Catalytic Active Sites for Oxygen Reduction, J. Am. Chem. Soc. 142 
(18) (2020) 8104–8108.
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