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Abstract: High-valent metal-oxo (HVMO) are powerful non-radical
reactive speciesthat enhance advanced oxidation processes (AOPs)
due to their long half-lives and high selectivity towards recalcitrant
water pollutants with electron-donating groups. However, high-valent
cobalt-oxo (Co"=0) generation is challenging in p eroxymonosulfate
(PMS)-based AOPs because the high 3d -orbital occupancy of cobalt
would disfavour its binding with aterminal oxygen ligand. Herein, we
propose a strategy to construct isolated Co sites with unique N1O»
coordination on Mn304 surface. The asymmetric N1O; configuration is
able to accept electrons from Co 3d-orbital, resulting in significant
electronic delocalization at Co sites for the promoted PMS adsorption,
dissociation and subsequent generation of Co'=O species.
CoN10,/Mn30; exhibits high intrinsic activity in PMS activation and
sulfamethoxazole (SMX) degradation, highly outperforming its
counterpart with CoOs3 configuration, carbon-based single-atom
catalysts with CoN4 configuration, and commercial cobalt oxides.
Co'"=0 species effectively oxidize the target contaminants via oxygen
atom transfer to produce low-toxicity intermediates. These findings
could advance mechanistic understanding of PMS activation at the
molecular level and guide the rational design of efficient
environmental catalysts.

Introduction

Peroxymonosulfate (PMS)-based advanced oxidation processes
(AOPs) are amongstthe mostpromisingtechnologies to degrade
recalcitrant organic pollutants in water.! Developing efficient
catalysts to active PMS and produce reactive species is crucia to
accelerate organic pollutant oxidation. Among homogeneous first-
row transition-metal (Co?*, Fe?*, Cu?*, and Mn?") catalysts, cobalt
ion is one of the most active one for PMS activation to produce
free radicals (SO4~ and <OH), but it suffers from unfeasible
recyclability.”) Thus, heterogeneous cobalt-based catalysts for
PMS activation have been extensively explored,” and cobalt

single-atom catalysts (SACs) are recently emerging as the most
promising candidate due to their utmost atom utilization
efficiencies and tunable electronic structures.

Many carbon-based SACs have been developed with
nitrogen-coordinated Co configurations like CoNs, CoN2.2, and
CoNz. These SACs have been demonstrated to be efficient for
'0,-dominated PMS activation." “ However, little attention has
been given to generating high-valent cobalt-oxo (Co'=0) species
by modulating Co configurations in the SACs." Generally, high-
valent metal-oxo (HVMO) species offer the advantages of long
lifetimes (7-10" s >> 10°-10° s for radicals), high steady-state
concentrations (~10® M >> 10?210 M for radicals), and less
susceptibility to scavenging by non-target substrates (e.g. natural
organic matter). Furthermore, CoY=0 has higher oxidation
potential than the counterparts (Fe"=0O and Mn'"Y=0). Thus, it is
important to develop catalysts that produce Co'=0O species
during PMS activation.®

The difficulty to generate Co"=0 is due to the well-known
“oxo wall” rule for the late-transition-metals; that is, the high d-
orbital occupancy with more than four electrons (five for Co (IV))
hinders bonding with aterminal oxygen ligand, and the metal-oxo
m-bond order would also be less than one.[ Encouragingly,
Co"=0 species were detected in the Co (Il)/PMS system under
acidic pH conditions, suggesting the feasibility of Co'V=0O
generation in PMS activation. ® However, homogeneous Co"=O
are extremely susceptible to conversion to Co (lll) due to strong
electronic repulsion between the cobalt center and the electron-
rich oxygen atom.l"® To fundamentally overcome the difficulties in

generating Co'=0 species, itis essential to reduce the 3d-orbital
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filling of cobalt and to liberate orbitals to host electrons from
oxygen donors.'*% This has been achieved by optimizing the
ligands and enhancing the spin-states of cobaltin a few enzyme-
like cobalt (IV)-oxo complexes, which are successfully applied in
cobalt-mediated alkane hydroxylation and dioxygen four-electron
reduction reactions."'? Inspired by these complexes, and
consideringthe stronginteractions between transition metal (TM)
centers and ligands in SACs that influence d-orbital occupancyin
the central atoms, a rational design of the coordination structure
of TM centers could mitigate the high d-orbital occupancy of TM
centers in SACs.*" In fact, reduced d-orbital filling of TM centers
was observed in a CoN4 planar structure with an axial O ligand, in
which oxygen can axially extract a fraction of electrons from Co
3d-orbital, causing electronic delocalization at Co sites. Similar
results were also found in the Ni-based SACs with axial O
ligand.™ Thus, we anticipate to extract electrons from the metal
d-orbital by asymmetrically co-coordinating with nitrogen and
oxygen, and accordingly favoring Co'"'=0 generation during PMS
activation.

To fabricate isolated Co sites with well-defined coordination,
metal oxides such as spinel Mn304 with exact crystal structures
have an advantage over carbon-based materials, which always
result in undefined coordination in SACs due to the inherent
uncontrollable pyrolysis.™ *¥n this work, a CoN1O2 configuration
was constructed on spinel Mn3O, surface. We demonstrate
efficient activity for PMS activation and exclusive production of
Co'"=0 species, and discern the mechanism of heterogeneous
Co"=0 species formation via PMS activation. Thus, this study not
only provides a feasible strategy for the heterogeneous Co'=0
species formation, butalso advances fundamental understanding

of oxide-based SACs design at the atomic level.

Results and Discussion

CoN:102/Mn304was synthesized through areverse atom-trap ping
strategy (Figure 1a), in which single Mn atoms were extracted
from therigid Mn304 surface to form manganese chloride crystas
during ammonium chloride-mediated calcination (Figure S1), and
the formed manganese chloride was easily removed by water
washing.® Then, the single Co atoms from thermal
decomposition of cobalt acetylacetonate occupied the defective
Mn sites. The ammonia atmosphere from ammonium chloride
pyrolysis served as nitrogen source to adjust the coordination
environmentofisolated Co atoms. Eventually, a catalyst with Co
and N anchoring over rigid MnsO4 surface with atomic precision
was obtained. The control samples without N (denoted as

Co/Mn304) or Co atoms (denoted as N/Mn304) was also prepared
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by the same procedure, but without ammonium chloride and
cobalt acetylacetonate, respectively.

The as-prepared CoNiO2/MnsO. preserved the spinel
structure of Mn304 with the predominantly exposed (103) plane,
as shown by transmission electron microscopy (TEM) images and
X-ray diffraction (XRD) patterns (Figure 1b-d).*® Energy
dispersive spectroscopy (EDS) mapping images show uniform
distribution of Co and N elements over CoN102/Mn3z04 particles
(Figure 1c).® We further identified Co atoms on the surface of
CoN;102/Mn304 in  high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
(Figure 1le-g), in which isolated metal sites with increased
contrastin the selected area of the intensity surface plots can be
observed.™ The shrinkage of the spacing between adjacent
metal atoms also corroborates the precise replacement of Mn
sites by Co atoms, because the radius of Co?" (tetrahedral, ~72
pm) is slightly smaller than that of Mn?* (tetrahedral, ~80 pm).[*®
In addition, the morphology and crystal structure of Co/Mn 30,
resembled CoN:02/Mns04 (Figure S2), and Co also atomically
dispersed over Mn3;04 surface (Figure S3). Thus, we successfully
anchored the single Co atoms on the Mn304 surface to obtain
CoN102/Mn304 and Co/Mn304 SACs.

We evaluated the possible changes of Mn sites in Mn304
during the synthesis. The X-ray photoelectron spectroscopy
(XPS) spectra of Mn 3s in CoNi102/Mn304 revealed that the
multiple splitting energies were consistent with typical spinel
Mn304 (AE = 5.6 eV, Figure 2a), indicating that the introduction
ofCo and N had negligibleimpact on the oxidation states of Mn .
However, the Mn K-edge extended X-ray absorption fine structure
(EXAFS) spectrum of CoN102/Mn304 (Figure 2b) shows thatthe
remarkable peak near 1.5 A (mainly representing Mn-O
scattering) had a decreased intensity and a slightly left shifted
positionin comparisonto that ofthe pristine Mn 304, indicating the
disorder of the coordination atoms in the first shell of Mn
increased.” Thus, the first-shell coordination of Mn in the Mn 304
was disturbed after anchoring the CoN:0; configuration.

The coordination environment and the valence state of Co
sites were subsequently investigated. The absence of a metallic
Co-Co scattering path (2.15 A) in the Co K-edge EXAFS spectra
of both Co/Mnz04 and CoN:i0./MnzO., verifies the atomic
dispersion of Co (Figure 2d). The first peak of CoN102/Mn3z04
located at 1.53 A, between the backscattering of Co-N (1.47 A)
and Co-O (1.65 A), is broad and asymmetric, suggesting the
existence of Co-N and Co-O dual
CoN;10,/Mn30,4.[ 2% 21 pifferent from CoN102/Mn304, the main
peak of Co/Mn30,4 at ~1.64 A can be well attributed to Co-O

coordination in

coordination. The wavelet transformation (WT) contour plots of
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Figure 1. (a) Schematic illustration of CoN102/Mn3s04 synthesis; (b) TEM and (c) EDS mapping images of CoN102/Mn30y4; inset of b is the fast Fourier transfom
pattern; (d) XRD profiles of catalysts; (¢) HAADF-STEM image of CoN102/Mn3Os; (f) Enlarged view of the marked region in (e); and (g) intensity of surface plots

from the selected regions in (f).

CoN102/Mn304display an intensitymaximumat 4.56 A, which is
between CoPc (4.42 A') and CoO (4.62 A™), further corroborating
the coexistence of Co-Nand Co-O paths (Figure 2h).[*® 21¢ 22 The
presence of Co-Nbondsin CoN102/Mn304was also supported by
the peak at 399.2 eV inthe N 1s deconvolution spectrum (Figure
S4). The WT plots also excludes the formation of CoO in
CoN;02/Mn304, because the second coordination shell of Co in
CoN:102/Mn304 is clearly different from CoO: Co-(N/O)-Mn and
Co-(0)-Co configurations in CoN;02/Mn3O04 and CoO show
intensity maxima at 7.22 and 6.22 A, respectively (Figure 2h).
As nicely fitted by the optimized models with EXAFS spectra
(Table S1, Figure 2f and S5), the coordination numbers in the

first shell of Co were calculated to be 3.1 +0.1 and 2.9 + 0.2 for

CoN;102/Mn304 and Co/Mn30a, respectively. Furthermore, the
distance of the Co-(N/O)-Mn bond in the second shell of
CoN;02/Mn304 was consistent with that of the Coty-(O)-TMraion
bond in Cos04 (=3.0 A), illustrating that Co occupies the
tetrahedral site of the spinel structure (Figure 2e). The valence
state of Co in CoN102/Mnz04 was estimated to be ~+2.26 based
on linear fitting results from the Co K-edge X-ray absorption near
edge structure (XANES) spectra (Figure 2c). This verifies that Co
tended to occupy the tetrahedral sites in the spinel crystal, at
which its oxidation state is +2.?¥ Since elemental analyses by
XPS and TEM-EDS revealed that the atomic ratio of Co to N in
CoN102/Mn304 was closeto 1 (Table S2, S3), the local structure
of Co sites in CoN102/Mn304 was assumed to be an isolated Co
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Figure 2. (a) Mn 3s XPS spectra of catalysts; (b) K-edge EXAFS spectra in R-space of Mn; (c) Normalized Co K-edge XANES spectra; (d) and (e) Fourier-
transformed k>weighted EXAFS spectra of CoN10,/Mn304, Co/MnsO4and references in R space; (f) Co K-edge EXAFS (points) and fit (line) for the CoN102/Mn3Os,
shown in k?weighted R-space; (g) The structural models of three CoN1Ozisomer and their free energies calculated by DFT; (h) Wavelet transformation for the k-
weighted EXAFS signal of CoN102/Mns;O, and reference samples.
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atom coordinated with one nitrogen and two oxygen atoms
(CoN;03). We subsequently constructed three isomer CoN;0O>
models on Mn30, surface with different relative positions of Co
and N atoms and performed density functional theory (DFT)
calculation to obtain the mostfavorable configurationthathad the
lowest free energy (Figure 2g).

The antibiotic sulfamethoxazole (SMX), a recalcitrant
micropollutant frequently detected in water, was used to evaluate
the catalytic performance of CoN102/Mnz04for PMS activation.™
Optimization experiments of Co doping amountindicated thatthe
catalyst with 0.8 wt% Co had the best performance for SMX
removal (Figure S7), and excessive Co doping led to clustering
and a decrease in catalytic performance (Figure S8-S9). The
catalysts with similar crystal structures (all conforming to Mn 30y)
differed greatly in performance for PMS activation, with
CoN:102/Mn304 showing the most prominent catalytic activity,
achieving 100% SMX removal within 30 min (Figure 3a). In
contrast, the control samples (Mn304, Co/Mn304 and N/Mn30y),
PMS alone and adsorption by CoN102/Mn304displayed negligible
SMX removal (Figure 3a, Figure S10). To identify the active sites
in CoN102/Mn304, NaF and KSCN (2 mM) were employed to
shield Mn and Co sites, respectively.?® NaF has negligible impact
on SMX degradation (Figure 3b), while KSCN almost completely
suppressed SMX removal due to the strong coordination between
Co sitesand SCN’ anions. Therefore, Co sites were the dominant
active sites for PMS activation rather than Mn sites, and the
catalyticinertness of Co/Mn 304 can also exclude the contribution
of Mn sites located in the second coordination shell to the PMS
activation on the Co sites.

SMX degradation rate constants were normalized per mole
of Co sites (Kpersite) to evaluate the activity ofdifferent catalysts.™
131 CoN;02/Mn304 had the highest kpersie Value (Figure 3c),
which was 3.2,5.9, 17.9 and 14.7 times higher than CoNs-C, CoO,
Co0304 and Co/Mn304, respectively. The specific apparent rate
constants (ksa), which take into account the concentration ratios
of pollutant to oxidant and specific surface areas (eq. S2), were
used to assess the intrinsic activity of the catalysts, and
CoN:102/Mn304 was higher than that of reported Co-based
catalysts (Table S5). The leached Co ions concentrations from
CoN102/Mn304 (0.06 ppm) were well below the discharge
standard (1.0 mg/L, GB 25467-2010) in China,?” and were less
than 0.001 ppm after the third cycle (Figure 3d). SMX removal by
the dissolved Co ions was negligible (6.2% within 30 min, Figure
S11), ruling out the contribution of homogeneous Co?". After six
consecutive cycles, SMX removal within 30 min still reached 85%
(Figure 3d), verifying therobustness of CoN102/Mn30a. Different

water matrices (deionized water, lake water, tap water), inorganic
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anions (CI, HCO3, NO3) and organic matter (humic acid) showed
insignificant impact on SMX removal (Figure 3e, Figure S12),
indicating that CoN102/Mn30Os-activated PMS had high resistance
to common coexisting inhibitory substances in real waters.™
We further species in the
CoN;102/Mn304-PMS system. Tert-butyl alcohol (TBA), methanol
(MeOH), 2,2,6,6 tetramethyl-4-piperidinyl (TEMP), and dimethyl
sulfoxide (DMSO) were used as the scavengers of *OH, SO4",
'0,and HVMO species, respectively.!® 2 Both TBA and TEMP
did not significantly inhibit SMX" degradation (Figure 3f),

identified the active

indicating the negligible contribution of «OH and '0,. MeOH, a
conventional quencher for radicals (such as SO4~ or *OH),
inhibited SMX removal, which at first glance suggests
participationby SO4" in SMX removal. However, if SO4™ were the
main active species during PMS activation by CoN102/Mn30a4,
considering the high reaction rate constant between SO4~ and
TBA (kgo;-7pa = 4.0 X 10°M~'s™"), the much higher TBA than
SMX concentration would resultin scavenging of considerable
fraction of SO, The percentage of SO,~ scavenged by TBA
inthe total produced SO4~ (P, %) can be calculated according to
eq. 1.

(ksor,TBA[TBA])

(kso;=rBAlTBA]+ K505~ smx[SMX]

X 100

P (%) = (eq. 1)

where kgo.—1pa and kgo:- gy are the second-order rate constants
for the reactions between SO.~ with TBA and SMX, respectively
(see Table S4 for details).”? At 2 ppm SMX, 100 mM TBA and 500
mM TBA can theoretically scavenge 30.2% and 68.4% SO,
respectively. However, TBA exerted relatively low inhibition of SMX
removal at all tested concentrations (see Figure S13), inferring that
the contribution of SO4™ to SMX degradation was negligible. Thus,
the inhibition from methanol addition may be attributed to the
competing reaction between methanol and other non-radica
species.?

Removal of typical radical scavengers like nitrobenzene (NB)
and benzoic acid (BA) was also insignificant (Figure S14) in the
CoN102/Mn304-PMS  system. The electron paramagnetic
resonance (EPR) spectra with 5,5-dimethyl-1-pyrrolidine-N-oxide
(DMPOQ) as the spin trapper shows no signal of DMPO-+OH and
DMPO-0,", further ruling out the contribution of *OH and O;"
(Figure 3g, Figure S15).”% The seven-line spectrumin the EPR
spectra can be attributed to 5,5-dimethyl-1-pyrrolidone-2-oxyl
(DMPOX) (Figure 3g), the directoxidation productof DMPO via
a non-radical pathway."® The intensities of TEMP-'O2 triplet
signalsin both PMS alone and CoN102/Mn304-PMS system were
comparable. The participation of *Oz can also be excluded since

its lifetime in D.O (68 + 1 ys) is approximately 18-time longer than
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Figure 3. (a) SMX removal efficiency in different catalyst/PMS systems; (b) The quenching experiments to prove Co and Mn active sites; (c) Normalized Co-site
activity (kperste) and leached Co ions for the catalysts, commercial Co oxides, and common Co-SACs (CoN4-C configuration); (d) Recycle tests and (e) Anti-
interference ability of CoN10,/Mn304; (f) Quenching experiments; (g, h) EPR spectra of different systems. Experiment conditions: [catalysts] =0.2 g/L, [PMS] =0.2
mM, [SMX] = 2 ppm, [NaF] = [KSCN] = [DMSQ] = 2 mM, [MeOH] = [TBA] = 100 mM, [TEMP] = 0.14 mM, pH = 6.0.

in H2O (3.7 £ 0.4 ps). The D,O solventdid not accelerate the SMX
degradation or enhance the TEMP-'O; triplet signals (Figure 3h,
Figure S16), but instead exhibited aslightinhibitory effect, which
may be arisen from the atomic exchange effect between the H
atom in the hydroxyl group of PMS and D,0.BY The possibility of
the electron transfer pathway, which frequently appeared during
PMS activation by carbonaceous catalysts, was also eliminated,
because significant PMS decay was observed in the presence or
absence of SMX (see Figure $17).F

As the addition of DMSO into the CoN:i02/Mnz0.-PMS
system resulted in the complete stagnation of SMX degradation
(Figure 3f, Figure S18-19), we postulate that high-valent Co

species like Co"'=0 are the dominantreactive species. This was

corroborated by the detection of methyl phenyl sulfone (PMSO>)
during methyl phenyl sulfoxide (PMSO) oxidation (Figure 4a),
which infers an oxygen atoms transfer (OAT) reaction that is
frequently used to provethe HYMO generation.? " In contrastto
Co/Mn304-PMS, which only consumed minor PMSO viathe direct
PMS oxidation, much more PMSO consumption and PMSO;
production were observed in the CoN102/Mn304-PMS system,
and the percentage of PMSO conversion into PMSO, was
approximately 100% throughout the degradation (Figure 4b),
which strongly suggests the dominant role of Co"V=0 species
during PMS activation.” The indicative products in the H,'®0
matrix was determined to provide further evidence, because

Co"=0 tendsto undergo oxygen atom exchange with the solvent

This article is protected by copyright. All rights reserved.
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Figure 4. (a) PMSO loss and PMSO, production in different systems; (b) Sum of PMSO and PMSO, and the corresponding n(PMSO,) at different reaction time; (c)
In-situ Raman spectra of CoN;0,/Mn30,4 activated PMS in H2'®*0/H,'®0 matrix; (d) Schematic representation of the pathways for OAT and contaminant degradation.

Experiment conditions: [catalysts] = 0.2 g/L, [PMS] = 0.2 mM, [PMSO], = 0.1

(water).®¥ As expected, by replacing with H»*0 matrix, the
extracted ion chromatogram (EIC, Figure S20) from UPLC-
QTOF-MS analysis exhibited two significant peaks at m/z
157.0311 and m/z 159.0351, corresponding to PMS*®0*®0 and

This article is protected by

mM, pH = 6.0.

PMS0*0, respectively.F**3 Thus, the formation of **0-labeled

PMSO. provides conclusive evidence for Co'V=0 generation.
In-situ Raman spectra also captured the presence of Co"=0

in CoN102/Mn304-PMS system. During PMS activation, the

emerging Raman peak at 571.0 cm™ was attributed to Co"=0,

copyright. All rights reserved.
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which shifted to 545.6 cm™ when H,™®0 was replaced by H,'0
(see Figure 4c). Such redshiftwas also observed in the isotopic
labelling experiments for CoO». The oxygen isotopic shift (25.4
cm?) from the exchange of individual O atom approaches the
reported value (26.0 cm™) of Co“v=0. Therefore, we can
reasonably ascribe the Raman peaks at 571.0 cm™ and 545.6 cm’

' to Co"='*0 and Co"V="*0, respectively.®

(@
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Figure 5. (a) Schematic representation of TM 3d-O/N 2p overlap for
CoN102/Mn304; (b) The corresponding charge-density wave of Co/Mn3s04 and
CoN;102/Mn30, (isosurface level is 0.1 e/A%), and the Bader charges of Co atoms
in Co/Mn304 and CoN102/Mn304. PDOS of the Co 3d states in Co/Mn304 (c)
and CoN;02/Mnz04 (d).

The CoN;O; configuration enables a Co"“=O-dominant
oxidation mechanismupon PMS activation, which differs from the
catalytic PMS oxidation mechanisms of most cobalt oxides
(radical-dominant) and CoN.-C SACs (*O,-dominant).*> 427 ® Tg
clarify the formation of Co'Y=0, we analyzed the elemental
valence changes of CoN102/Mn3z04 by XPS. After PMS activation,
the AE value of Mn 3s XPS spectrum in CoN102/Mn304 remained
at 5.6 eV (Figure S21), and the lattice oxygen content was also
virtually constant (see Figure S22), demonstrating the stability of
the substrate and ruling outthe electronicinteraction between Co-
Mn.E7 The Co (lll) contents reduced after PMS activation,
negating single-electron PMS activation that normally was
accompanied by the conversion of Co (Il) to Co (lll) (Figure S23).
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Thus, Co"=0 must originate from Co (Il) viatwo-electron transfer,
whereby the PMS is chemically bound to Co (ll) sites, inducing
the formation of Co'"V=0 species on the catalyst surface.

Figure 5a illustrates the O/N 2p band and Co/Mn 3d band
(relative to E;) derived fromthe projected density of states (PDOS)
of catalysts. When Co substitutes for Mn (1) and the coordination
atoms of Co are only O atoms, the Co d-band and O p-band are
far apart (2.50 eV). However, when N isintroduced to coordinate
with Co, the energy difference between the Co d-band and O p-
band is dramatically reduced to 1.39 eV, implying that the
incorporation of nitrogen strengthens the hybridization of Co-O
bonds.[ZAa' 37-38]

Charge density analysis provides additional evidence
(Figure 5b) for the Co sites in CoN102/Mn304 exhibit significant
electronic delocalization accompanied by the asymmetric
electronic distribution. Compared with Co/Mn30., the reduced
Bader charge of the Co atom in CoN102/Mn30, indicates that
partial electrons fromthe Co central were extracted after nitrogen
introduction. Correspondingly, the partial spin-up orbitals of Co 3d
in CoN102/Mn304 are unoccupied (Figure 5c-d), which further
corroborates the unsaturated electronic filling of Co 3d orbitals.
Thereduced electron density is also proved by the higher binding
energy of Co 2p in CoN102/Mn304 than that in Co/Mn 304 (Figure
$6).19% 391 Electrochemical experiments further verified the rapid
electron transfer between Co sites and PMS molecules. The in-
situ_open-circuit potentials (OCP) of CoN;02/Mn304-activated
PMS system significantly increased from 0.034 V of Co/Mn 304 to
0.11 V.M Meanwhile, in the current-time test, significant cathodic
current immediately emerged when PMS was injected into the
CoN10,/Mn304 system (Figure S24-S25). In conclusion, the N
coordination in CoN102/Mn3;04 leads to significant electronic
delocalization at Co sites, thereby reducing the electronicfilling of
the Co 3d orbitals, which is crucial for triggering the Co"=0
species generation via PMS activation.

We further compared the adsorption and activation of PMS
over CoNi102/Mn304 and Co/MnszO4 by DFT calculation. In
contrastto the non-spontaneous adsorption of PMS on Co/Mn 304
surface (Eags > 0.6 eV, Figure. 6a), PMS (HO-OSOj3) was
chemically bound to the Co sites on CoN102/Mn3z04
spontaneously by one peroxyl oxygen in aterminal end-on mode
with a large negative adsorption energy (Eass < -0.7 eV). The
energy evolution of the critical intermediates during PMS
activation by the catalysts with or without N coordination was
compared (Figure 6b-c). First, PMS adsorbs on Co sites to form
Co-O(H)OSOs3 (ll), and then dissociates into Co-O0SOs (l1l) by

deprotonation. Eventually, the O-O bond is broken to generate

Co"=0 (IV) and SO,* anions. The energy potential of CoN;102/

This article is protected by copyright. All rights reserved.
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Figure 6. Theoretical calculations of PMS adsorption and activation on Co/Mn304 and CoN102/Mn304; (a) The adsorption energy of PMS (HSOs) on CoN;0, and
CoO;s sites. Energy profiles of Co'V=0 species formation for Co/Mn3z04 (b) and CoN;0./MnzO4 (c) by PMS activation (Right side: Top view (top) and side view

(bottom) of the intermediate structure).

Mn304 system is obviously favorable to produce Co"V=0 (-1.16
eV), but infeasible to produce *OH (+0.58 eV) and SO," (+5.48
eV), which is consistent with the proved non-radical pathway of
CoN102/Mn304-PMS  system. Compared to the high energy
barriers faced by Co/Mn3zO4 throughout I-IV, the formation of
Co"=0 species during PMS activation by CoN102/Mns04 is also

thermodynamically more feasible.*” According to the energy
differences, the thermodynamic rate-determining step (RDS) in
the Co/Mn304-PMS system is Co-O(H)OSOs formation (I to II),
but changes into the deprotonation ofthe adsorbed PMS (Il to IlI)
in the CoNi02/Mn3;04-PMS system, which may be the

fundamental reason for the efficient generation of Co'=0 during
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PMS activation.*!! The above calculations indicate that the Co-
SAC with N;O; coordination is an effective catalyst for PMS
activation to produce Co"=0, and N doping reduces the high
occupancy of the Co 3d orbitals by inducing electronic
delocalization at Co sites, which is thermodynamically more
favorable for the occurrence of PMS activation with Co"=0
species generation. Furthermore, we synthesized CoN10./Fes04
with the same method for CoN102/Mn304, and interestingly found
this CoN102/Fe304 sample also displayed a high activity in PMS
activation (Figure S26), suggesting the generality of our concept.

Thus, the enhanced catalytic performance of CoN102/Mn30s-

PMS was arisen from the selective generation of Co''=0 species,
whose dominant role was confirmed by in-situ Raman, selective
oxidation of PMSO into PMSO., isotopic labelling experiments
and DFT calculations.

The transformation products (TPs) of SMX degradation in
CoN;10,/Mn304-PMS system were identified by UPLC-QTOF-MS
(ESI, positive mode), and the possible degradation pathway
(Figure S27-28) was proposed. Different from the radical-
dominant pathways, Co'"=O oxidized aniline rings via OAT and
induced N-S bonds broken, as abundant OAT products were
found during SMX degradation.”? For example, an oxygen
transferred to anilinerings and formed an intermediate containing
-NHOH group (TP-270), which in turn further produced TP-284
with -NO> group (Figure S27). TP-114 and TP-130 were also
produced by typical OAT reactions in Co"=0 oxidation, and
nitrobenzene (TP-124) accumulated in the solution due to its
sluggish oxidation by HYMO species, which was also evidenced
by the negligible removal of nitrobenzene in CoN102/Mn304-PMS
system (Figure S14).1

Furthermore, highly toxic azo products generated via the
coupling of N-centered radicals, readily detected in the radical-
dominated system, were not detected in the CoN10,/MnsO,
activated PMS system.*! Acute toxicity, developmental toxicity
and bioaccumulation factors of TPs were evaluated by
gquantitative structure-activity relationship (QSAR) models, and
significant detoxification was achieved (Figure S29).% *¥ The
schematic diagram of PMS activation and pollutant degradation is
illustrated in Figure 4d. In summary, unlike radicals, CcoV=0
oxidizes pollutants via OAT to produce the intermediate products

with effectively reduced toxicity.

Conclusion

A CoN:0; configuration on the MnsO, surface was developed to
efficiently activate PMS to selectively produce Co"=0 reactive

species. The coordination structure of CoN:02/Mnz04 was

10
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determined by characterization and theoretical calculations.
Compared with commercial cobaltoxides and Co-N-C materials,
CoN102/Mn304 combines the advantages of high-efficiency PMS
activation, high stabilityand less metal dissolution. Benefited from
the selective production and strong oxidation potential of Co''=0

species, CoNi0O2/MnsO,; has outstanding intrinsic activity.

Mechanistic analysisverifiedthatthe Nintroduction inthe CoN:O»
unit results in the electronic delocalization at Co sites, reducing
the electronic filling of the Co 3d orbitals, thus facilitating the PMS
adsorption on the Co sites, and the subsequent formation of
CoV=0 species via two-electron activation of PMS. The
intermediates proved that OAT is the main pathway for the
oxidation of organic pollutants. This HYMO-dominated system
has great resistance to interference and low product toxicity.
Thesefindings provide anovel design principle for transition metal
oxide-based SACs and a valuable exploration of the non-radical
activation mechanism of PMS at the molecular level.
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Isolated Co sites with a N3O, coordination pocket were constructed on the surface of Mn3O, to overcome the difficulties in Co'Y=0 generation during
peroxymonosulfate activation. Nitrogen in the asymmetric configuration induces significant electronic delocalization at the C o sites, thus facilitating PMS adsorption,
dissociation, and subsequent Co'V=0 formation.
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