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ABSTRACT: Singlet oxygen ('O,) plays a critical role in oxidation reactions, yet
improving its reactivity with substrates remains a significant challenge. This study
reports an enzyme-like bifunctional catalyst, Co—N,0,/NC, which can efficiently
activate peroxymonosulfate (PMS) with high selectivity and nearly quantitatively
generates 'O, without producing other reactive oxygen species to achieve high
reactivity. Notably, it significantly increases the bimolecular reaction rate constant
between 'O, and waterborne micropollutants, as demonstrated by the over 1400-fold
enhancement in 4-chlorophenol (4-CP) oxidation compared to that in the bulk
solution. Enzyme-like catalytic kinetics were observed, with N-sites of the N-doped
carbon support serving for activating 4-CP via interfacial electronic interactions, while
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Co activates PMS to generate 'O,. The interfacial charge transfer lowers the energy barrier for 'O, to approach the aromatic ring of
4-CP, which is the rate-limiting step in the oxygenation reaction. Our findings lay the foundation and offer guidance for designing
catalysts that facilitate the efficient generation and use of 'O,, expanding its application to a broader range of oxidation processes.
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1. INTRODUCTION

Singlet oxygen ('O,), the most important excited state of
molecular oxygen, is a widely recognized oxidant of long-
standing interest. It plays an important role in biological”* and
environmental processes® > and has been extensively explored
for antimicrobial applications,” as well as the selective
oxygenation of alkenes, sulfides, and phosphines.””” Moreover,
due to its relatively longer lifetime and higher tolerance to
environmental disturbance compared to free-radical reactive
oxygen species (ROS, such as *OH, SO,*~, and 0,°”), 'O, has
also been considered to hold significant promise for the
removal of low-concentration micropollutants in waste-
water.'’”"* 10, can be generated through various natural
routes; for example, humic acid efficiently photosensitizes O,
into 'O, under sunlight."> However, in chemical trans-
formations, efficient strategies for 'O, formation are still
lacking, with only a few methods available. Compared to
traditional approaches like the photosensitization'® of O, and
the HOCI oxidation of H,0,,'" recent advancements in
Fenton-like catalysis using recyclable heterogeneous catalysts,
particularly single-atom catalysts (SACs), to activate low-cost
oxidants offer a promising route for the highly selective
generation of 10,."¥72° This emerging strategy has proven
effective in removing waterborne pollutants for wastewater
remediation and shows potential for selective oxidation in the
synthesis of value-added fine chemicals recently.”"** None-
theless, although a few systems can generate 'O, with nearly
100% selectivity, the activity of the catalysts remains
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unsatisfying.”> Moreover, a critical yet often overlooked
constraint of 'O, lies in its inherently modest oxidation
potential (E = 0.34 V for '0,/0," in water),”* short lifetime
(microseconds in water),”® low yield (sub-nM concentra-
tions),”® and limited diffusion distance.”” Consequently, its
reactivity in bimolecular reactions with target substrates in a
bulk solution is generally low. For instance, in the Rose Bengal
(RB, sodium salt) photosensitization system, the second-order
rate constant between 'O, and 4-chlorophenol (4-CP) is
merely ca. 10° M™' 571, which is significantly lower than that
of a diffusion-controlled bimolecular reaction.”” While
pollutant degradation in heterogeneously catalyzed peroxymo-
nosulfate (PMS)-based systems is often rapid (typically within
30 min), the suspected sluggish reactivity of 'O, has sparked
debate about its actual role in these systems. In this context, to
strengthen the roles of 'O, in oxidative processes, it is crucial
not only to enhance its production but also to improve its
reactivity with target molecules.

With the above analyses in mind, in this study, we explore a
Co—N,0,/NC single-atom catalyst for activating PMS to
generate 'O, and enhancing the bimolecular reaction between
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'0, and micropollutants. Nitrogen-doped carbon (NC) is a
widely studied catalytic support material due to its abundance,
high stability, and environmental compatibility.’>*" The
incorporation of N-dopants generates coordination sites that
can anchor various metal ions within the two-dimensional
(2D) layered C-based matrix, rendering it an ideal support for
metal SACs.”> Furthermore, by controlling the number of
coordinating N atoms at the metal centers, the catalytic activity
of SACs can be readily optimized.”>** While substantial
progress has been made in developing NC-supported SACs
with versatile metal coordination, the role of the NC support in
catalysis has received comparatively less attention. Also, an
SAC with Co—N,0, coordination has yet to be explored for
activating PMS to generate '0,. Here, we reveal that Co—
N,O,/NC functions as an enzyme-like bifunctional catalyst,
where the Co sites effectively activate PMS to generate 'O,,
and the N-sites on the NC support activate 4-CP via strong
electronic interactions, thus enhancing the reactivity of 4-CP
toward 'O, attack. Remarkably, Co—N,0,/NC achieved a
1400-fold increase in the second-order rate constant for the
oxygenation reaction of 4-CP by 'O,, compared to that of the
homogeneous reaction. Our findings may provide a foundation
for strengthening the application of 'O, in a broader range of
chemical transformations and offer insights for designing next-
generation catalysts capable of efficiently and selectively
producing 'O, through PMS or H,0, activation.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. Amorphous fumed SiO,
powder was purchased from Alfa Aesar. O-Phenylenediamine,
p-benzoquinone (p-BQ), Co(NO;),-6H,0, 4-CP, furfural
(FFA), tert-superoxide dismutase, phenol, 1,4-dichlorophenol
(DCP), acetaminophen (APAP), sulfamethoxazole (SMX),
rhodamine B (RhB), methylene blue (MB), PMS (KHSO-
0.5KHSO,4-0.5K,S0,), methyl phenyl sulfoxide (PMSO),
methyl phenyl sulfone (PMSO,), 1,3-diphenylisobenzofuran
(DPBF), benzoic acid (BA), and p-hydroxybenzoic acid (p-
HBA) were purchased from Macklin. Methanol, tert-butanol
alcohol, isopropanol, KCI, MgCl,, NaHCO;, KH,PO,, Ca-
(NO;),-4H,0, NaOH, and H,SO, were purchased from
Sinopharm Chemical Reagent Co. Dimethyl sulfoxide
(DMSO), humic acid, RB, nitro-blue tetrazolium (NBT),
2,2,6,6-tetramethyl-4-piperidone (TEMP), and $,5-dimethyl-1-
pyrroline-1-oxide (DMPO) were purchased from Aladdin.
Fluorescein sodium (FS) was purchased form Adamas. All
chemicals were used without any further purification.

2.2. Preparation of Catalysts. Previously, amine quinone
polymerization has been used for the synthesis of single-atom
catalysts.”>*® Herein, the synthesis of our Co—N,0,/NC
material draws upon the methods outlined in these references.
First, 1.0 g of p-BQ was dissolved in 50 mL of ethanol. To this
solution were added 1.0 g of SiO, and 0.3 g of Co(NO;)-
6H,0, and the mixture was stirred for 10 min. Next, 15 mL of
o-phenylenediamine (0.33 g) was added dropwise. The
polymerization reaction was carried out at room temperature
for 24 h to form polyamine quinone. After filtration, the solid
product was washed with water and ethanol and then dried.
The obtained precursor material was heated to 800 °C at a rate
of 5 °C min~" and carbonized for 2 h under a N, atmosphere.
The resulting products were then treated with 100 mL of 2.0
M NaOH and 2.0 M H,SO, solutions for 12 h to remove the
SiO, template and any residual nanoparticles, respectively.
Finally, Co—N,0,/NC was obtained by washing the plate with
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water. The preparation methods for other samples, including
Co—N,/NC, Co metal nanoparticles/NC (Co-NPs/NC), and
NC are provided in the Supporting Information.

2.3. Characterization. X-ray diffraction (XRD) patterns
were recorded by using a D8 Advanced X-ray diffractometer
using a Cu Ka radiation source (1 = 0.15418 nm). X-ray
photoelectron spectroscopy (XPS, ThermoFisher, ESCALAB
250Xi) was conducted with Al Ka ray (hv = 1486.6 eV) as the
excitation source. Nitrogen adsorption—desorption isotherms
were measured using a Micromeritics ASAP 2460 analyzer at
77 K, and the specific surface area and porosity were calculated
via the Barrett—Emmett—Teller and Barrett—Joyner—Halenda
methods. The metal content and ion leaching were analyzed by
inductively coupled plasma-mass spectrometry (ICP-MS,
NexION 350X). Transmission electron microscopy (TEM,
FEI Talos F200S) was performed at 200 kV, and scanning
electron microscopy (SEM, TESCAN MIRA LMS) was
conducted at 3 kV. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC-
HAADF-STEM, Titan Cubed Themis G2300) and EDS
mapping were performed at 300 kV. In situ Raman spectra
were recorded using a HORIBA Scientific LabRAM HR
Evolution Raman spectrometer with a 532 nm laser. Free
radicals were detected by electron paramagnetic resonance
(EPR, JES-X320) at room temperature. Total organic carbon
(TOC, Shimadzu-TOC-L) was measured to assess the
mineralization efficiency during degradation reactions. X-ray
absorption fine structure analysis was carried out at the BL11B
beamline of the Shanghai Synchrotron Radiation Facility
(SSRF), utilizing Si(111) crystal monochromators. Spectral
analysis was performed using Athena and Artemis software.
The detailed procedures of the EPR tests, ROS quantitation,
and theoretical calculations are provided in the Supporting
Information.

2.4, Degradation Reaction Procedure. In the PMS
system, all pollutant degradation experiments were conducted
in magnetically stirred beakers placed in a water bath (25 + 0.5
°C). Typically, S mg of catalyst was first ultrasonically
dispersed in 30 mL of a solution containing 0.625 mM 4-
CP. Then, 10 mg of PMS was added to initiate the reaction.
The reaction pH was 6.8, without any further adjustment. At
predetermined time intervals, 1 mL of the reaction solution
was filtered through a 0.22 um poly(ether sulfone) filter and
analyzed by high-performance liquid chromatography (HPLC,
Shimadzu) using a C18 reversed-phase column (250 mm X 4.2
mm, S pm). 4-CP concentrations were determined with a
mobile phase of acetonitrile/water (50:50, v/v) at a total flow
rate of 1 mL min™' with detection at A = 279 nm.

In a dye-visible-light system, the micropollutant degradation
was performed in a 50 mL quartz beaker. Specifically, 0.05 mM
dye (RB, MB, or FS) was added to 30 mL of a solution
containing 0.625 mM 4-CP. After stirring for 30 min in the
dark, the reaction was initiated by turning on a 400—800 nm
lamp. At predetermined time intervals, 1 mL of the reaction
solution was filtered through a 0.22 um poly(ether sulfone)
filter and analyzed by HPLC. The subsequent analytical
procedures were consistent with those described above. Here,
the container, volume of the reaction solution, initial reaction
pH, and reaction temperature were identical to those in the
previous PMS system, ensuring comparability of the
experimental results.

To assess the environmental stability of the catalysts, various
parameters, such as impurity inorganic ions, temperature, pH,
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Figure 1. Synthesis, morphology, and coordination structure characterization. (a) Schematic diagram of the synthesis of Co—N,0,/NC. (b) TEM
image, (c) AC-HAADF-STEM image, and (d) EDS mapping of Co—N,0,/NC. (e) XANES and (f) EXAFS spectra of the Co K-edge. (g) EXAFS

fitting curves in the R-space of Co—N,0,/NC.

and water matrix, were controlled. The pH was adjusted using
NaOH or H,SO, Degradation reactions for different
pollutants followed the same procedure as that for the 4-CP
system. After each cycle, the recycled catalyst was washed,
dried, and used in subsequent tests. All experiments were
conducted in triplicate to ensure the reliability and
reproducibility of the results.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the Cata-
lysts. Co—N,0,/NC comprises Co atoms dispersed on N-
doped carbon, where Co is coordinated with two N atoms and
two O atoms (Figure la). To synthesize it, o-phenylenedi-
amine was added to a suspension of 1,2-quinone, Co(NO;),
6H,0, and SiO,. During the quinone-amine copolymerization
on the SiO, template surface, Co** was captured in situ by the
amino groups of the copolymer. The resulting preassembly was
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isolated via centrifugation, lyophilized, calcined at 800 °C
under a N, atmosphere, and sequentially etched with NaOH to
remove SiO, and H,SO, to eliminate loosely bound Co
species. The as-prepared sample was then thoroughly
characterized with a variety of complementary techniques.
ICP-MS and elemental analysis revealed the Co, C, and N
contents in the sample to be 2.40, 79.9, and 11.0 wt %,
respectively. The XRD pattern showed a broad peak around
23° (002 plane), characteristic of graphitic carbon, while
Raman spectroscopy revealed D and G bands at approximately
1340 and 1580 cm™" with an intensity ratio of 1:1, indicating a
high degree of graphitization (Figure S1). XPS analysis
identified three types of nitrogen species: graphitic-N, pyridinic
N, and pyrrolic N (Figure S2). N, adsorption—desorption
measurements indicated a high surface area of 595 m” g~!
(Figure S3 and Table S1). SEM and TEM images showed a
porous, vesicle-like morphology without observable NPs or
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Figure 2. Detection and quantification of 'O,. (a) DMPO spin-trapping EPR spectra for DMPO—"0, in the Co—N,0,/NC/PMS system. (b)
TEMP spin-trapping EPR spectra for TEMP—'0, in the Co—N,0,/NC/PMS system. (c) Quantification of 'O, formation in the various systems
using DPBF as the probe. (d) Comparison of R('0,) in the catalyst/PMS and dye/visible-light systems. The unspecified conditions were as
follows: catalyst, S mg; PMS, 10 mg; DPBF, 0.25 mM; pH = 6.9; T = 298 K.

clusters (Figures 1b and S4). AC-HAADF-STEM and EDS
elemental mapping images confirmed the uniform dispersion
of Co as single atoms on the NC support (Figure 1c,d).

To access the structural and catalytic properties, three
reference samples were prepared. Co—N,/NC, with the
classical Co—N, coordination environment of Co-based
SACs, has previously been synthesized using other methods
such as impregnation—calcination37 or microwave heating.38
Herein, it was synthesized using the preassembly calcination
method analogous to that of Co—N,0,/NC but with 1,4-
diaminobenzene as the precursor. This consistent synthesis
approach ensured that Co—N,/NC and Co—N,0,/NC had
similar structural parameters, differing only in their Co
coordination environment. A blank NC support was
synthesized analogously but without added Co salts, while
Co-NPs/NC was obtained by loading Co-NPs onto the as-
prepared blank NC support (details in the Supporting
Information). All three reference samples exhibited BET
surface areas, crystallinity, graphitization degree, nitrogen
species distribution, and support morphologies similar to
those of Co—N,0,/NC (Figures S1—S6 and Tables S1 and
S2). Electron microscopy confirmed atomically dispersed Co
sites in Co—N,/NC (Figure S7), whereas Co-NPs/NC
contained abundant cobalt oxide NPs (Figure S6).

To elucidate the electronic state and coordination structure
of Co single atoms, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) were conducted on Co—N,0,/NC and Co—N,/
NC. The Co absorption edge position of Co—N,O,/NC is
situated between CoO and cobalt(II) phthalocyanine (CoPc),
indicating a Co valence state close to +2 (Figure le). However,
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the slightly lower edge position of Co—N,0,/NC compared to
that of Co—N,/NC is noted, implying a lower valence state of
Co in the former. This finding is consistent with the XPS
results (Figure S8), suggesting distinct coordination environ-
ments of Co in the two materials.”’ The EXAFS spectrum of
Co—N,0,/NC displays a strong peak at 1.54 A but no peaks
characteristic of Co foil (2.16 A) or CoO (2.58 A), confirming
that Co is atomically dispersed rather than NPs or clusters,
consistent with the AC-HAADF-STEM image. The peak
position, located between the reference values of Co—N and
Co—0, suggests a mixed Co—N and Co—O coordination
environment. In contrast, although Co—N,/NC exhibits a
similar peak at 1.54 A, the EXAFS spectra of Co—N,/NC and
Co—N,0,/NC diverge significantly in the 2—8 A range
(Figure 1f). Additionally, the wavelet-transform spectrum of
Co—N,0,/NC shows an absorption maximum at 3.95 A,
whereas Co—N,/NC shows its peak at 3.84 A (Figure S9),
further confirming the differences in the Co coordination
environments. The best fitting of the R-space spectrum
indicates that nearly four atoms coordinate with the Co
atoms in the first coordination shell for both Co—N,O,/NC
and Co—N,/NC. In conclusion, for Co—N,0,/NC, the
polyamine quinone precursor induces dual Co coordination
with N and O, with coordination numbers of 2.1 + 0.1 for N
and 2.0 = 0.1 for O (Figure 1g). In contrast, Co—N,/NC
exhibits a purely Co—N coordination, with a coordination
number of 4.3 + 0.1 (Table S3).

3.2. Catalytic Formation of '0,. The catalytic perform-
ance of Co—N,0,/NC and the reference catalysts was
evaluated in activating PMS for the oxidative degradation of
4-CP and other waterborne micropollutants. First, we assessed
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Figure 3. Comparison of the 4-CP degradation performance. Comparison of (a) R; and (b) k values of 4-CP in the different systems.

their ability to activate PMS and generate 'O,. Spin-trapping
EPR spectroscopy was used to detect the ROSs by determining
the characteristic signals of the spin adducts. As shown in
Figure 2a, when DMPO was used as the spin trap, a very
strong characteristic septet signal (assigned as DMPOX™) was
observed in the Co—N,0,/NC system implying that DMPO
may be oxidized by '0,.”*’ Similarly, the TEMP—'0, signal
(Figure 2b), with a 1:1:1 intensity ratio, was also detected,
further verifying the 'O, generation. 'O, generation was also
observed in both the Co—N,/NC and Co-NPs/NC systems,
but the intensity of the signals was lower compared to that in
the Co—N,0,/NC system, demonstrating that the activity of
the catalysts in generating 'O, follows the order Co—N,0,/
NC > Co—N,/NC > Co-NPs/NC.

Subsequently, we employed a variety of chemical probes to
quantify the production of 'O, and other ROS. It has been
known that the selective oxidation of DPBF to 1,2-
dibenzoylbenzene (DBB; Figure S10) by 'O, can be used to
quantify '0,.*” By this method, the initial rates of 'O,
production (denoted as R('0,), the rate equation in the
Supporting Information) in the Co—N,0,/NC, Co—N,/NC,
and Co-NPs/NC systems were measured to be 0.263, 0.191,
and 0.134 mM min ™", respectively (Figures 2c and S11). After
complete PMS decomposition, the final 10, yields were 0.248,
0.216, and 0.125 mM. In contrast, no characteristic products of
*OH, SO,"”, 0,*”, or CoV=0 were detected for the three
systems when using BA, p-HBA, NBT, or PMSO as probes,
respectively (Figure S12)," suggesting either the absence of
these ROSs or their concentrations being below the detection
limits, consistent with the spin-trapping EPR results. Based on
the above results, Co—N,0,/NC exhibits nearly 100%
selectivity for 'O, generation during PMS activation, with
significantly higher activity and selectivity than the reference
catalysts Co—N,/NC and Co-NPs/NC. To the best of our
knowledge, Co—N,O, is among the few catalysts capable of
almost quantitatively converting PMS to '0,.'>"**"? Since
NC differs from Co—N,O,/NC only by the absence of Co
single atoms, and the 'O, yield by NC is nearly zero, Co serves
as the active site for 'O, generation. Moreover, the '0,
generation kinetics exhibit no distinguishable differences
under O,, N,, or air atmospheres, indicating that 'O, originates
from the decomposition of PMS, rather than from oxygen in
the air (Figure S13).

To compare the 'O, generation activities, we selected three
visible-light-responsive dyes commonly used for photosensi-
tized 'O, production under homogeneous conditions: the
cationic MB (chloride salt) and the anionic FS (sodium salt)
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and RB. Under visible-light irradiation, 'O, production by
these dyes increased almost linearly over time (Figure S14).
The initial R(*O,) values are compared in Figure 2d. The
values for MB and RB are 42 and 1.3 times higher,
respectively, than that of the Co—N,0,/NC/PMS system,
whereas FS exhibited a lower R('O,) than that of the Co—
N,0,/NC/PMS system.

3.3. Reaction Rate of '0, and 4-CP. To assess the
reaction between 'O, and 4-CP, we utilized the above systems
for 'O, generation and measured the reaction rate constants
for 'O, and 4-CP (as well as other micropollutants) in each
system. The degradation kinetics indicate that Co—N,0O,/NC
activated PMS to completely degrade 4-CP within 5 min
(Figure S15). Figure 3a compares the initial degradation rates
(R,) of catalysts, revealing that Co—N,0,/NC exhibits faster
degradation kinetics than Co—N,/NC, Co-NPs/NC, and NC.
Table S4 shows that compared to state-of-the-art catalysts,
Co—N,0,/NC is among the most active Fenton-like catalysts
currently available.

After 30 min of reaction, the Co—N,O,/NC system
achieved a 74% removal of TOC and a 40% yield of CI”
(Figure S16). HPLC and mass spectroscopy analysis revealed
that the degradation products of 4-CP include p-BQ, 4-
chlorocatechol, and several organic acids. The concentrations
of these products initially increased, then decreased, and
ultimately disappeared (Figures S17 and S18). Additionally,
thermogravimetric analysis, Raman spectra, XRD, XPS, and
electron microscopy characterization of the recovered Co—
N,O,/NC after five cycles were comparable to that of the fresh
sample (Figure S19). These results indicate that 4-CP
undergoes degradation and partial mineralization, rather than
polymerization and deposition on the catalyst surfaces.””*'
Based on the successful degradation of 4-CP in the Co—N, 0O,/
NC/PMS system, we assessed its practical application potential
(Figure S20). First, the system completely removed several
micropollutants, including MB, RhB, phenol, DCP, APAP, and
SMX, within 10 min. Moreover, the system efficiently degraded
4-CP in the presence of common ions (Cl~, NO,;~, HCO;",
H,PO,~, CO,>", SO,*7), various water matrices (river water,
lake water, spring water, seawater, and wastewater) , and across
a broad pH range (2—11) and temperature range (0—60 °C),
demonstrating its robustness against common environmental
challenges. The system also displayed excellent cycling stability
(Figure S19). Finally, we fabricated a prototype membrane
reactor by immobilizing Co—N,O,/NC on a porous poly-
(tetrafluoroethylene) membrane for continuous flow water
treatment (Figure S21). To directly visualize the degradation
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efficiency, RhB was used as a model pollutant instead of 4-CP.
To our delight, the effluent became completely colorless,
indicating that the Co—N,0,/NC membrane effectively
degraded RhB with minimal Co** leaching (<0.14%).

Our quenching experiments systematically excluded the
involvement of other reactive ROS (including SO,*”, *OH,
0,°7, and Co"Y=0), confirming that 'O, plays the dominant
role in the degradation reaction of 4-CP in the Co—N,0,/
NC/PMS system (Figure S22; see the discussion in the
Supporting Information). Recent studies have also reported
that PMS activation by certain catalysts selectively generates
'0, as the primary ROS for the oxidative degradation of 4-CP,
resulting in high mineralization efliciency, a conclusion
consistent with our findings.'’ In contrast, Yu et al.** reported
that Co-SA supported on g-C;N, activated PMS to degrade
phenol, resulting in 100% polymerization, which subsequently
deposited on the catalyst’s surfaces. Similarly, Zhang et al.**
employed MnNj to activate PMS for 4-CP degradation and
found that oligomers of 4-CP formed. The fundamental
difference in reaction pathways may arise from the distinct
active ROS generated in each system, with their system
producing high-valent metal-oxo species, while ours generated
'0,.

We also employed the aforementioned three dyes to
photosensitize the generation of 'O, under visible light for
the degradation of 4-CP. Previous studies have shown that 'O,
was the genuine oxidant in the aerobic dye-sensitized
photooxygenation of phenols.””~* Here, the three dyes
photosensitized the degradation of 4-CP, generating inter-
mediates such as p-benzoquinone, similar to those observed in
the Co—N,0,/NC/PMS system (Figure S23). Spin-trapping
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EPR and quenching experiments revealed that 'O, was also the
dominant ROS in these homogeneous systems (Figures S24
and S25), consistent with the literature reports,zg’“’45
indicating the ability of 'O, to degrade phenolic pollutants.
However, despite the significantly higher generation rates of
'0, in the dye/visible-light systems, the degradation of 4-CP
was much lower than that in the heterogeneous Co—N,0,/
NC/PMS system (Figure 3a). This implies that Co—N,0O,/
NC must enhance the bimolecular reaction between 'O, and
4-CP. To access this, the rate equation for the bimolecular
reaction between 'O, and 4-CP is defined as follows®

R,=—-dC/dt =k x C, x C('0,) (1)

where k is the second-order rate constant, C, is the equilibrium
concentration of 4-CP in the bulk solution, and C('O,) is the
concentration of 'O,. When comparing the kinetics of the dye/
visible light and the Co—N,0,/NC/PMS systems, the
following equation holds true

_ R(2)/R(0,,2)
"~ R(1)/R(0, 1)

k(2) X k(1)

@)

where labels 1 and 2 are used to distinguish the parameters of
the two systems. According to Tratnyek and Hoigne, when RB
was used as a photosensitizer to generate 'O,, the value of k is
6.0 x 10° M~ s71.*® This, in combination with the data
reported in Figure 3a, the bimolecular rate constant between
'0, and 4-CP in the Co—N,0,/NC/PMS system can be
calculated, as illustrated in Figure 3b.

Among the three heterogeneous systems, Co—N,0,/NC
exhibits the highest k value, indicating its superior catalytic
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activity in promoting the reaction between 'O, and 4-CP. This
further indicates that Co—N,0O,/NC not only generates 'O, at
the highest rate but also accelerates the reaction between 'O,
and 4-CP more effectively. Additionally, when comparing the
Co—N,0,/NC/PMS system with the three dye/visible-light
systems, although the former has a much lower R('O,) than
the RB/vis-light and MB/vis-light systems, its initial degrada-
tion rate (R,) is significantly higher (Figure 3a). The k value of
the Co—N,0,/NC/PMS system is 1407, 938, and 148 times
higher than that of the FS/vis-light, RB/vis-light, and MB/vis-
light systems, respectively (Figure 3b). Hence, the presence of
the reaction interface in the heterogeneous system significantly
enhances the reaction rate between 'O, and 4-CP, resulting in
a much higher k value compared with the three homogeneous
systems. To further elucidate the role of the catalyst’s interface
in the 'O, and 4-CP reaction, Co—N,0,/NC was added to the
MB/vis-light system, and it was found that this resulted in a
5.9-fold increase in the initial degradation rate (Figure S26),
consistent with our expectation. Furthermore, the differences
in k values across these dye/visible-light systems indicate that
certain intermolecular interactions exist between the dyes and
4-CP, which was overlooked previously.*>*’

3.4. Enzyme-like Catalytic Mechanism. To investigate
the interfacial interactions between 4-CP and the catalyst, we
studied adsorption/desorption thermodynamics. Figure S27
shows that the adsorption/desorption isotherms of 4-CP on
Co—N,0,/NC, Co—N,/NC, Co-NPs/NC, and NC can all be
well fitted to the Langmuir type-I isotherm

KxQ_xC,
1+ KxC

: ®)
where Q, is the adsorbed amount at the adsorption/desorption
equilibrium. For Co—N,0,/NC, the Langmuir coefficient K
and the capacity of adsorption Q,, are calculated to be 0.0234
and 329 + 5 mg g, respectively. Interestingly, the adsorption
equilibrium constants and capacities of 4-CP on Co—N,/NC,
Co-NPs/NC, and NC are statistically comparable to those of
Co—N,0,/NC. This implies that Co sites do not serve as the
adsorption sites for 4-CP; otherwise, a substantial difference in
4-CP adsorption between Co—N,0,/NC and NC should be
observed. Moreover, comparison of the AG, AH, and AS
values for 4-CP adsorption on Co—N,0,/NC, Co—N,/NC,
Co-NPs/NC, and NC reveals that these values are statistically
equivalent (Figure S28 and Table SS5). In addition, poisoning
the Co sites with KSCN resulted in no change in the
equilibrium adsorption amount (Figure S29). Therefore, the
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NC substrate must dominate the adsorption of 4-CP. The XPS
spectra in Figure S30 show that after adsorbing 4-CP, the
chemical shifts of pyridine-N, pyrrole-N, and graphitic-N in
Co—N,0,/NC undergo varying degrees of change, consistent
with the above conclusion.

The nature of the interfacial interactions between 4-CP and
each catalyst was studied. Figure 4a shows that the {-potential
of each catalyst significantly decreases with increasing pH, with
its isoelectric points occurring around pH = S. This suggests
that under the experimental conditions of 4-CP degradation
(initial pH = 6.9, final pH = 2.8), the surfaces of these catalysts
carry notable positive or negative charges. However, within the
pH range of 3.0—10.9, the pH showed little effect on the
equilibrium adsorption amount of 4-CP on the various
catalysts (Figure 4b). This indicates that the electronic
interactions between 4-CP and the NC support, rather than
the Coulombic interactions, may play a significant role in the
adsorption. In the in situ Fourier transform infrared (FTIR)
spectrum, the peak at 1496.5 cm™" is attributed to the benzene
ring breathing vibration of 4-CP (Figure 4¢). M Upon
adsorption onto the catalysts’ surfaces, the interfacial
interaction caused a reduction in the vibrational energy of
the benzene ring, leading to a red shift of this peak. The extent
of the red shift follows the order Co—N,0O,/NC > Co—N,/
NC Co-NPs/NC NC, implying that the interfacial
interaction between 4-CP and Co—N,0,/NC is the strongest.
This can be correlated with the highest k value for 'O, and the
4-CP bimolecular reaction in the Co—N,0O,/NC system.

We further examined the relationship between the initial
degradation rate R; of 4-CP and equilibrium 4-CP concen-
tration C, in the Co—N,0,/NC/PMS system (Figure Sa).
Initially, R, increases with C,, but at higher C, values, it reaches
a plateau. Remarkably, the correlation between R; and C, can
be well described by the Michaelis—Menten equation (R* =
0.99),"** as shown below

Ry X G
K, + X C,

~
~

~
~

R

‘ “)
where R, represents the reaction rate when the active sites of
catalyst are saturated by 4-CP, while K, (the Michaelis
constant) quantifies the affinity between the enzyme and the
substrate. The K, values for Co—N,0,/NC, Co—N,/NC, and
Co-NPs/NC are similar (0.98 + 0.03 mM), indicating that
their active sites are likely identical, consistent with the findings
from the adsorption/desorption thermodynamics. The corre-
sponding R, values, in descending order, are 5.2 + 0.13, 4.3
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+ 0.16, and 3.9 + 0.12 for Co—N,0,/NC, Co—N,/NC, and
Co-NPs/NC, respectively, which correlate with their catalytic
activities.

Moreover, Figure Sb illustrates a linear correlation (R* =
0.96) between the R; and Q, of 4-CP on the various catalyst
surfaces. Assuming that the apparent rate constant (kapp) is
proportional to R(*O,) of the catalyst, the equation can be
expressed as

R =k X Q. (s)
Figure 5b and eq S indicate that the degradation of 4-CP in the
Co—N,0,/NC/PMS system follows a Langmuir—Hinshel-
wood mechanism,””" where only 4-CP adsorbed onto the
catalyst surface undergoes rapid degradation, indicating that
the reaction is mediated at the catalyst interface. Revisiting
Figure Sa, the enzyme-like relationship between R; and 4-CP
concentration suggests that 4-CP does not compete with PMS
for adsorption. Otherwise, high 4-CP concentrations would
inhibit PMS adsorption and activation, leading to a decrease in
the R, at elevated 4-CP concentrations.

In summary, the processes of PMS activation and 4-CP
degradation can be described as follows. Initially, 4-CP in the
solution bulk adsorbs onto the N-sites of Co—N,0,/NC and
undergoes charge transfer to the NC support. Thereby, the 4-
CP molecules adsorbed at the active sites of the catalyst are
activated. Simultaneously, PMS is activated at the single-atom
Co sites, generating 'O,, for which the mechanism may be
similar to the recent studies.'”'*” According to previous
studies, the d-band center of the metal site plays a pivotal role
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in determining its catalytic activity toward PMS activation.'”*

As described by the Sabatier principle, an optimal d-band
center facilitates moderate PMS adsorption, thereby minimiz-
ing the energy barrier of the rate-determining step for 'O,
generation.'””” The enhanced 'O, production observed for
Co0—N,0,/NC compared to that for Co—N,/NC may thus be
attributed to the reduced coordination symmetry and the
upward shift of the d-band center toward the Fermi level,
resulting from the substitution of nitrogen by oxygen
atoms.' > Finally, activated 4-CP rapidly reacts with 'O, at
the surfaces of Co—N,0,/NC, resulting in oxidative
degradation and mineralization.

3.5. Theoretical Calculation. Numerous studies proposed
that 'O, reacts with phenols through an initial oxygenation
process forming organic peroxide and subsequent degradation
and mineralization.”””>* In the initial oxygenation process, 'O,
interacts with a phenol, forming a precursor complex with
partial charge-transfer characteristic (Figure 6a, Step I). This is
the rate-limiting step of the overall reaction. The formed
charge-transfer complex may then proceed via several path-
we\ys:“’%’52 (1) complete one-electron transfer, which yields a
superoxide anion radical and a phenoxy radical (Step II-a), (2)
[2 + 4] cycloaddition to form an endoperoxide (step II-b), (3)
back-reaction leading only to quenching of 'O, or (4) a
combination of these pathways. To understand the role of the
Co—N,0,/NC interface in accelerating the 'O, oxidation of 4-
CP, density functional theory (DFT) was used to simulate the
bimolecular reaction between 'O, and 4-CP. The adsorption
structure of 4-CP on the Co—N,0,/NC surfaces was first
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optimized, suggesting that the N-sites on the NC support
adsorb the hydroxyl group of 4-CP (Figure S31). This is
consistent with the above established conclusion that NC
predominantly governs the adsorption of 4-CP. The
adsorption energy of 4-CP on different N-sites of the NC
support follows the order pyrrole-N > pyridine-N > graphitic-
N (Figure 6b). Molecular dynamics simulations further
confirmed that 4-CP remains stably adsorbed on pyrrole-N
at 298 K (Figure $32). When 4-CP was adsorbed by pyrrole-N,
the hydrogen atom of the hydroxyl group is in close proximity
to the pyrrole-N, causing the plane of the benzene ring to
slightly tilt away from parallel to the NC surface. This
adsorption mode leads to a transfer of 0.04e from the NC
surface to 4-CP (Figure S33), which is consistent with the in
situ FTIR results (recall Figure 4c).

We subsequently simulated the reaction pathways of the
oxygenation of 4-CP by 'O, both in a homogeneous system
and at the NC surface (Figure 6¢,d), revealing that the reaction
initially forms an endoperoxide intermediate, followed by
further reactions to form the peroxide. The results also indicate
that regardless of the presence of an interface, the formation of
a charge-transfer complex between 'O, and 4-CP is the rate-
limiting step in the overall reaction. Importantly, this
conclusion aligns with previous studies, which relied on the
kinetic effects of substituent types,”*** oxidation potentials of
phenolic compounds,”® and solvent types in the homogeneous
systems.”> Therefore, the consistency validates the rationality
of our DFT simulations and highlights the crucial role of
charge-transfer interactions in promoting 'O, attack on the
reactant. Importantly, in the homogeneous system, the
activation energy of the rate-limiting step is 0.45 eV, while in
the presence of the NC interface, the energy barrier decreases
significantly to 0.26 eV. Surprisingly, this activation energy
difference between the two systems at 298 K leads to a
bimolecular reaction rate constant difference of approximately
1600 times, as estimated by exp(—AE/RT), which is consistent
with our experimental results. The change in the activation
energy can be attributed to the electronic interactions at the
NC interface (Figure $34), which not only facilitate the attack
of 'O, on 4-CP but also stabilize the resulting 'O,/4-CP
charge-transfer complex.

3.6. Generality of the Mechanism. We also compared
the degradation kinetics of various waterborne micropollutants
using the Co—N,0,/NC/PMS system and the RB/vis-light
system. The k values for the Co—N,O,/NC/PMS system are
all significantly higher than those for the RB/visible-light
systems (Figure S35). Noteworthy, although small molecules
exhibit high diffusion rates, the apparent bimolecular rate
constants between 'O, and contaminants in both the Co—
N,O,/NC/PMS system and the RB/vis-light system remain
below the diffusion-controlled limit (<10'® M™! s™1). There-
fore, interfacial catalysis remains crucial in facilitating these
reactions. This indicates that the Co—N,0,/NC surface plays
a general catalytic role in both generating 'O, and promoting
the oxidation of the micropollutants by 'O, in situ.

4. CONCLUSIONS

An enzyme-like bifunctional catalyst, Co—N,0O,/NC, is
explored for the first time, effectively activating PMS to
generate nearly 100% 'O, and enhancing the 'O,-driven
oxidative degradation of various waterborne micropollutants.
The catalyst exhibits excellent recyclability and structural
stability and shows great potential for scale-up applications.

Notably, it demonstrates robust resistance to environmental
fluctuations during the water remediation processes. The
activation of 4-CP by nitrogen sites on Co—N,0,/NC,
induced by interfacial electronic interactions, was identified
as the key factor for the observed rapid interfacial kinetics.
Compared to the reference catalysts, particularly the bench-
mark Co—N,/NC with four coordinating N atoms, the N,O,
coordination of Co not only facilitated faster and more
selective generation of 'O, from PMS but also enhanced the
interfacial interaction with 4-CP, increasing the bimolecular
reaction rate constant. The pseudo-second-order rate constant
between 'O, and 4-CP in its catalyzed system is over 1400
times higher than that in uncatalyzed systems, overcoming the
typically modest reactivity of 'O, and enabling its practical
application for selective oxidation in real-world scenarios. Our
findings may offer design principles for other transition-metal-
based Fenton-like catalysts, provide new insights into micro-
pollutant removal via 'O, in PMS-based advanced oxidation
processes, and lay the groundwork for expanding the use of
'0, in a broader range of chemical transformations.
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