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ABSTRACT: Transition metal catalysts are known to activate persulfate, but the
properties that govern the intrinsic activity of these catalysts are still unknown. Here,
we developed a series of catalysts with transition metals anchored on carbon
nanotubes (denoted M—N—CNTs, where M = Co, Fe, Mn, or Ni) containing single-
atom M—N moieties, to activate peroxymonosulfate for the efficient nonradical
oxidation of sulfamethoxazole. The spin state of M—N—CNTs strongly determined
their catalytic activity. A large effective magnetic moment with a high spin state (e.g,,
Co—N) favored the overlap of d orbitals with oxygen-containing adsorbates (such as
peroxo species) on metal active sites and promoted electron transfer, which
facilitated peroxymonosulfate adsorption and enhanced the oxidation capacity of the
reactive species. These findings advance the mechanistic understanding of transition
metal-mediated persulfate activation and inform the development of efficient
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B INTRODUCTION

The design of highly active, stable, and cost-effective catalysts
for environmental applications is critical for sustainable
development."” The activation of persulfate by heterogeneous
catalysts with first-row transition metals has received increased
attention due to their efficacy in removing refractory organic
pollutants.”* Substantial effort has been devoted to discovering
highly active catalysts and understanding the detailed
mechanism of persulfate activation.” " Metal centers are the
dominant active sites, but different metals show widely
different activities in persulfate activation due to unclear
reasons. Recently, Mn—O covalency was revealed to have a
decisive impact on the intrinsic activity of Co—Mn spinel
oxides in peroxymonosulfate (PMS) activation.” However, the
key properties that govern the intrinsic activity of these
catalysts are still unknown, which hinders the rational design of
this emerging catalytic advanced oxidation process.

The initial steps of persulfate activation proceed on the
metal centers by the adsorption and transformation of
persulfate. This is followed by the generation of reactive
species, including radicals (e.g, OH® and SO,*)’”"* and
nonradical species (e.g, singlet oxygen'’ and high-valence
metals'*™'®), depending on the chemical environment of the
active sites. N-Coordinated metal (M—N) single-atom
catalysts (SACs) were demonstrated to effectively mediate
persulfate activation on well-defined and atomically dispersed
metal active sites.””'”'>'” By tuning the bonding structures of
metal centers, SACs can activate persulfate through predom-
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inantly nonradical pathways that are easier to characterize and
control without the confounding effects of free radicals.
Accordingly, the almost exclusive conversion of PMS into
singlet oxygen was catalyzed by single-atom CoN,,, sites,"®
while high-valence iron (e.g, Fe(V)) species were predom-
inantly formed in some single-atom Fe catalysts.'”'® Such
processes catalyzed by single-atom M—N moieties provide an
opportunity to understand the initial steps of persulfate
activation on different metal active sites with unprecedented
resolution.

Adsorption of persulfate molecules and intermediates and
the accompanying electron transfer are the crucial steps of
persulfate activation. The adsorbates are mainly oxygen-
containing substances.”'” Their binding behavior has a direct
impact on the oxidation potential of the surface species and
electron-transfer rates, which correlate with the catalytic
activity in persulfate activation. Recently, the spin state of
transition metal catalysts was considered to explain the
intrinsic catalytic activities in photocatalytic and electro-
catalytic reactions.”** A simple descriptor related to the 3d
electronic configuration of transition metals adequately
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Figure 1. (a) Synthesis process for M—N—CNTs; (b and ¢) HAADF-STEM images of Co—N—CNTs; (d) EDS images of Co-N—CNTs; (e)
XRD patterns of the Co-N—CNT, N-CNT, and CNT catalysts; and (f) N 1s XPS spectra of N-CNT and Co—N—CNT catalysts.

described the interaction between the oxygen-containing
species and the active centers in those systems. However, the
effect of the spin state on the catalytic activity of M—N
moieties for persulfate activation remains unexplored in the
literature.

Inspired by the spin state effect on photocatalytic and
electrocatalytic systems, and aiming to understand the intrinsic
activity of transition metal catalysts in persulfate activation, we
developed and tested a series of catalysts with 3d transition
metal single-atoms anchored on carbon nanotubes (denoted
M—N-CNTs, where M= Co, Fe, Mn, or Ni). Here, we
identify the dominant active sites of single-atom M—-N
moieties; establish correlations between essential indicators
of the oxidation potential, electron-transfer rates of surface
species, and catalytic activities; and demonstrate the
importance of spin states on the intrinsic catalytic activity for
persulfate activation via a nonradical mechanism. We discerned
the spin state-related catalytic activity in persulfate activation,
which informed a new strategy to develop more efficient
spintronic catalysts for diverse environmental applications.
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B RESULTS AND DISCUSSION

Observation of Single-Atom M-N Moieties in
Catalysts. The catalysts were synthesized by imbedding M—
N (M = Co, Fe, Mn, and Ni) moieties into the framework of
carbon nanotubes (CNTs) to provide active sites for PMS
activation. The synthesis of M—N—CNT catalysts is illustrated
in Figure la. The chelate of a metal salt and 2,2-bipyridine
(BPY) was first coated on the CNT surface to form M—BPY@
CNT precursors. Then, the M—N—CNT catalysts with
atomically dispersed M—N,, sites were obtained by calcining
M—-BPY@CNTs at 800 °C under an Ar atmosphere, followed
by acid etching.

The morphologies of the M—BPY@CNTs and the surface
M-—N moieties were visualized by a high-angle annular dark
filed scanning transmission electron microscope (HAADF-
STEM). Many bright spots, representing transition metal
single atoms,””> were clearly observed on the surfaces of CNTs
(Figure 1b and c, Figures S1—S3). Very few clusters can be
found, especially for Ni-N—CNTs. No metallic nanoparticles
were observed on the M—N—CNT catalysts using a high-
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resolution transmission electron microscope (Figure S4). The
results indicate that both single metal atoms and clusters were
anchored in the CNT matrix. The coexistence of C, N, and
metal elements in M—N—CNTs was demonstrated by the
elemental mapping images (Figure 1d and Figure S1b). The
contents of the metal elements were determined by inductively
coupled plasma mass spectrometry (Table S1). The metal
contents in M—N—CNTs were very low and comparable
(0.04—0.07 wt %) except for those in Ni—N—CNTs (0.30 wt
%), probably because Ni preferred to form clusters that were
too robust to be etched by an acid (Figure $3).2° Figure le and
Figure SS show the X-ray diffraction (XRD) patterns of the
CNT, N—CNT, and M—N—CNT catalysts. Only two broad
peaks were found at 25.8° and 56.1°, which were assigned to
the (002) and (101) planes of graphitic carbon, respectively.””
No peaks of the metal oxides or metallic phases were detected
for the M—N—CNT catalysts. In addition, N, adsorption and
desorption isotherms (Figure S6) and BET specific surface
areas (SSAs, Table S1) of the CNT, N—CNT, and all M—N—
CNT catalysts were similar. Among them, the SSAs of M—N—
CNTs (162.8—178.5 m* g™') were slightly lower than those of
N—CNTs (185.4 m* g') and CNTs (183.2 m> g!), probably
due to the slight aggregation of the CNTs.

X-ray photoelectron spectroscopy (XPS) and extended X-
ray absorption fine structure spectroscopy (EXAFS) were
performed to identify the electronic and coordination
structures of M—N, species in M—N—CNT catalysts. The N
1s XPS spectra of the N—=CNT and M—N—CNT catalysts are
presented in Figure 1f and Figure S7. The content of N atoms
in N—CNTSs was 0.28 at % (Table S2), and the N in N—CNTs
mainly consisted of pyrrolic N (400.6 eV), graphitic N (401.8
eV), and pyridinic N (398.9 eV).” In addition, the embedding
of a metal slightly increased the N content to 0.38—0.52 at %
in the M—N—CNT catalysts, revealing the formation of the
M—N coordination sites. A new peak at approximately 399.9
eV was observed in the N 1s spectra of each M—N—CNT
catalyst but not in those of the N—CNTs (Figure 1f and Figure
S7), which can be attributed to the M—N species; this suggests
the successful formation of M—N coordination sites in M—N—
CNTs.”” The Fourier transform (FT) EXAFS spectrum of the
Co K-edge of Co—N—CNTs showed peaks at ~2.17 and
~1.43 A, which can be assigned to Co—N and Co—Co
scattering paths, respectively (Figure S8a).” The Co K-edge
spectrum of Co—N—CNTs can also be fit well using the two
scattering paths (Figure S8b and c and Table S3). This
indicates that both Co atomic clusters and single Co atoms
exist in Co—N—CNTSs, which is consistent with the HAADF-
STEM results and XPS analyses.

PMS Activation Was Predominantly Catalyzed by
Single-Atom M—N Moieties. The performances of the five
M—N—-CNT catalysts for PMS activation were assessed by the
removal of the recalcitrant sulfonamide antibiotic, sulfame-
thoxazole (SMX). As shown in Figure 2a, only 49.3% of SMX
(initially at 10 mg L™") was removed within 30 min in the
CNTs/PMS systems. In contrast, 100% SMX removal was
achieved in 16 min using Co—N—CNTs as the catalyst. During
PMS activation, the solution pH varied from 6.8 to 4.9 (Figure
S9a), but this pH range had a negligible effect on SMZ
degradation rates (Figure S9b). SMX adsorption on all M—N—
CNT catalysts was slightly lower than that on CNTs due to the
smaller SSAs of the M—N—CNT catalysts (Figure 2c). The
other three M—N—CNT catalysts (M = Fe, Mn, and Ni) also
exhibited improved performances for SMX removal compared
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Figure 2. (a and b) SMX degradation in different systems, (c)
relationship between the specific activity (kgy) and the adsorption
capacity of different catalysts, (d) comparison of SMX oxidation rates
in MeOH quenching tests, and (e) in situ Raman spectra of different
oxidation systems. Reaction conditions are as follows: [SMX], = 10
mg L', [PMS], = 1.0 mM, [catalyst] = 0.1 g L™}, [MeOH], = 1 M,
PHinia = 6.8, and T = 25 °C.

to that of pristine CNTs (Figure 2b), indicating that the
incorporation of nitrogen-coordinated metal sites resulted in
higher activities.

To compare the catalytic performances of these materials,
the time-course data were fitted by a pseudo-first-order kinetic
model (Figure S10a). Normalizing the observed reaction rate
coefficient (k) to the SSAs, that is, ks, (g m™ min™"; specific
activity), further confirmed the intrinsic activities of all these
catalysts (Figure 2c). It shows that the kg, value of Co—N—
CNTs (8.80 X 107*) was 8.1- and 3.7-fold higher than those of
CNTs (1.09 x 107*) and N—CNTs (2.37 X 107%),
respectively. For the different M—N—CNT catalysts (Figure
S10b), their kg, values followed the order of Co—-N—CNTs >
Fe—N—CNTs (4.98 X 107%) > Mn—N—CNTs (2.87 X 1074
> Ni—-N—CNTs (2.70 X 107*). Apparently, the incorporated
3d transition metal species (metal clusters or M—N motifs)
serve as the main active sites and remarkably boost the
catalytic activity of M—N—CNTs.

To ascertain the critical role of metal clusters or single-atom
metal sites in M—N—CNT catalysts, the catalysts were treated
in a hot acid solution (5 M H,SO,) to dissolve and remove the
metal clusters. Taking Co—N—CNTs (0.06 wt % Co) and Fe—
N—CNTs (0.07 wt % Fe) as the representative M—N—CNT
catalysts, the HAAD-STEM images (Figures Slc and S11,
respectively) show that most metal clusters were removed,
while single metal atoms were still retained on the surface of
the catalysts. After treatment, the catalytic activities of Co—N—
CNTs (0.01 wt % Co) and Fe—N—CNTs (0.03 wt % Fe)
showed negligible differences compared to those of their
precursors (Figure S12a and b), demonstrating the dominant
role of single metal atoms (M—N moieties) in the catalytic
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Figure 3. PMS adsorption in (a) N-CNTs/PMS and (b) Co—N—CNT/PMS systems with different PMS doses, and (c) relationship between kg,
with PMS,4/m ¢ and the potential of PMS* in different PMS activation systems ([PMS], = 1.0 mM). Reaction conditions are as follows:
[SMX], = 10 mg L7, [catalyst] = 0.1 g L™, pH,,a = 6.8, and T = 25 °C.

performance of M—N—CNTs. In addition, Co cluster—CNTs
(0.1 wt % Co) obtained by the same synthetic procedures but
without BPY exhibited a much lower SMX oxidation efficiency
than that of Co—N—CNTs (Figure S12c), corroborating the
critical role of single metal atoms and the minor contribution
of metal clusters.

Nonradical Reactions Predominated in PMS Activa-
tion. The involvement of reactive oxygen species (ROS) in the
M—-N-CNTs/PMS systems was explored by radical quench-
ing, TEMP (2,2,6,6-tetramethyl-4-piperidiny)-trapped electron
paramagnetic resonance (EPR), and solvent-exchange tests.
Methanol (MeOH) was chosen as the radical scavenger due to
its high reactivity with radicals (SO,*~ and OH®).***" Figure
2d and Figure S13a and b show no obvious impact on the kg,
value with the addition of MeOH (1000 mM), and Figure
S13c also presents no EPR signals of hydroxyl or sulfate
radicals, indicating the negligible role of free radicals in the N—
CNTs/PMS and M—N—CNTs/PMS systems. The EPR signal
of TEMP—'0, (1:1:1 triplet signals) was observed in both
Co—N—-CNTs/PMS and N—CNTs/PMS systems (Figure
$13d).>> However, the contribution of 'O, to SMX
degradation is minor due to the negligible difference between
the SMX degradation rates in H,O and D,O solvents (Figure
S13a and b).*** This is consistent with previous reports that
'0, can be frequently detected in the PMS activation system
but contributes a negligible amount to organic degradation.”’
We also used DMSO as a probe to detect the presence of high—
valence metal-oxo species in M—N—CNTs/PMS systems.'***
As shown in Figure S14a, DMSO, was detected in both the
Co—N—CNTs/PMS and PMS-alone systems, and the DMSO,
yield only increased by ~9% in the presence of the Co—N-—
CNTs (Figure S14b). This indicates the minor role of the Co-
oxo species in the Co—N—CNTs/PMS system. Thus, PMS
activation mainly proceeded on the surface of M—N—CNT
catalysts via electron transfer in the absence of radicals.

As PMS adsorption onto the catalyst is critical for PMS
activation, the initial steps were studied in the absence of SMX.
This was accomplished by performing in situ Raman
spectroscopy and PMS adsorption and open circuit measure-
ments. In situ Raman spectra were used to understand the
adsorption of PMS and the formation of surface complexes.
PMS activation can be triggered by attaching a PMS molecule
to the catalyst surface to form a metastable and highly reactive
peroxo species (labeled PMS*), which can be indicated by the
new peaks located at 829 and 1135 cm™' in the Raman
spectrum of the catalyst after the addition of PMS (Figure
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2e).” New é)eaks emerged in some metal oxides, such as
CuFe,0,° and CuO—Co0;0,@MnO0,.”” Taking Co—N—
CNTs as a representative type of M—N—CNTs, the new peaks
emerging at similar locations in the presence of PMS could be
assigned to Co-PMS* due to the predominant role of M—N
active sites (Figure 2e). In addition, compared with those in
PMS alone, the characteristic peaks of HO—OSO;™ in the
Co—N—CNTs/PMS system showed redshifts (from 873 to
887 cm™" and from 1086 to 1099 cm™), which were ascribed
to the strong interaction between the O—O bond in HO—
0S0;~ and Co—N sites in Co—N—CNTs (Figure 2e). After
SMX was added to the Co—-N—CNTs/PMS system, the Co-
PMS* and HO—-OSO;~ peaks disappeared. These results
imply that M—PMS* was the predominant nonradical reactive
species that oxidized SMX in the M—N—CNTs/PMS systems,
and its performance depended greatly on the interaction
between PMS and the M—N moieties.

Figure 3a and b and Figure S15 illustrate that PMS
adsorption on N—CNT and M—N—CNT catalysts increased
with increasing initial PMS concentrations from 0.4 to 1.0 mM.
The specific amounts of PMS adsorbed (PMS,4/m,qys) o0
different catalysts were determined (Figure S16). For N—
CNTs, adsorbed amounts increased slowly with increasing
initial PMS concentrations, which was probably due to limited
active site availability and the weak interaction with PMS. SMX
oxidation was thus insensitive to the increase in PMS doses in
the N—CNTs/PMS system (Figure S17a). In contrast, PMS
adsorption on M—N—CNT catalysts was significantly
enhanced with the increasing PMS concentration, and kg,
values steadily increased (Figure S17b—f). This demonstrates
that the PMS adsorption capacity was enhanced by the
incorporation of metal sites. Furthermore, the PMS,4/m_,¢1yst
values of these M—N-—CNT catalysts were positively
correlated with their kg, values for SMX oxidation as well as
with the potentials of the adsorbed reactive species on M—N—
CNT catalysts (Figure 3c).

The open-circuit potentials were recorded in situ by a
chronopotentiometry method using catalyst electrodes with
quantitative PMS addition (Figure S18).”** The initial
potentials of all M—N—CNTs were similar (0.02—0.05 V)
but increased with different slopes with increasing PMS
concentrations, suggesting the generation of a surface-active
PMS* species via the oxidation of the M—N—CNT surface by
PMS. Compared to those on the N—CNTs, the potentials of
PMS* on all the M—N—CNT catalysts were higher at the same
PMS dose and grew faster with increasing PMS doses (Figure
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§19), reflecting the stronger oxidation power of the
corresponding M—N—CNTs/PMS system and the more
efficient electron transfer, respectively. Thus, the larger
PMSa\d/mcmlyst values of M—N—CNT catalysts result in the
higher potentials of the PMS* species, leading to enhanced
SMX oxidation.

The correlation between Inkg, and PMS, 4/m_,e,ys or PMS*
potentials was determined to assess the intrinsic electron-
transfer regime in M—N—CNTs/PMS systems. Figure 4a
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Figure 4. Correlation between Inkg, and (a) PMS adsorption
capacities (R* > 95.6%, the slope was labeled S1) and (b) the
potential of PMS* in different PMS catalytic activation systems (R? >
92.7%, the slope was labeled as S2). (c) Temperature-dependent
inverse susceptibilities fitted by the Curie—Weiss law over different
M—N-CNT catalysts (C is the Curie constant, R* > 99.4%). (d)
Correlation between the M—PMS* oxidation capability, the
interaction between M—N and PMS, and the effective magnetic
moment (p.) of the M—N—CNTs catalysts.

shows that the value of PMS,q/m ,,y increased linearly with
Inkg, (R* > 95.6%, p < 0.05). Some deviation in linearity for
Co—N—CNTs/PMS at PMS,q/m,, values greater than 2.56
mmol g™' can be attributed to electron transfer being inhibited
on the oxidized CNT surface due to superfluous PMS being
adsorbed at high doses.” The slope of the fitted linear part was
labeled S1, that is, the SMX oxidation rates increased with
increased amounts of adsorbed PMS. A higher S1 value
represents a faster increase in oxidation rates for the same
increased amounts of adsorbed PMS on the catalysts. The S1
values of all M—N—CNTs/PMS systems far exceeded that of
N—CNTs/PMS, suggesting that the oxidation performance of
the M—N—CNTs/PMS system was better than that of the N—
CNTs/PMS, which also depends on the initial PMS
concentrations. In addition, the order of the S1 values of
M—N—-CNTs/PMS systems in Figure 4a is Co—N—CNTs/
PMS > Ni—N—CNTs/PMS > Fe—N—CNTs/PMS > Mn—N—
CNTs/PMS, which is not consistent with the order of their
PMS adsorption capacities. For example, Fe—N—CNTs
presented a greater PMS adsorption capacity than Ni—N-—
CNTs, but when Fe—N—CNTs ([PMS], = 0.4 mM) had a
PMS, 4/m 155 value (1.44 mmol g™') similar to that of Ni—
N—CNTs ([PMS], = 1.0 mM), Ni—PMS* displayed a higher
SMX degradation rate (kg, = 2.70 X 107" ¢ m™* min~") than
Fe—N—CNTs (kgy = 2.23 X 107 g m™ min™"). Thus, S1 can
represent the oxidation capacities of the activated species (M—
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PMS*), which follows the same order as S1. These results
suggest that the metal types in the single-atom M—N moieties
govern the redox potential of reactive M—PMS* and alter
SMX oxidation in the electron-transfer process.

The oxidation potential of surface-reactive PMS* at various
PMS concentrations was also positively linearly correlated with
Inkg, (Figure 4b), and the slope of the fitted curve was labeled
S2. A higher S2 value indicates a faster increase in SMX
oxidation rates for a given increase in the M—PMS* oxidation
potential. Considering that the M—PMS* potentials represent
the oxidation power of the surface species, S2 values directly
reflect the electron-transfer rates in PMS activation. The order
of the S2 values of the M—N—CNT catalysts was consistent
with that of the S1 values. This suggests that the stronger
oxidation capacity of M—PMS* has a greater oxidation
potential difference with which to promote electron transfer
between the adsorbates and organic substrates. Electro-
chemical impedance spectroscopy (EIS) was conducted to
evaluate the electrical conductivity of these catalysts (Figure
S$20). The order of electrical conductivity for the M—N—CNTs
catalysts is consistent with that of S2, corroborating the
importance of this value for inferring the electron-transfer
ability. Thus, the PMS activation and SMX oxidation
performances in the M—N—CNTs/PMS systems depend on
the values of S1 (oxidation capacities of PMS*) and S2
(electron-transfer rates), which together represent the intrinsic
activity of the catalysts in PMS activation.

Spin-State: A Critical Determinant of Catalytic
Activity on Persulfate Activation. The interaction between
M-—N sites and PMS (M—O—0SO;H) was further explored
by the spin states of the M—N moieties, which were
determined by performing temperature-dependent magnet-
ization measurements at H = 1 kOe under field-cooling (ZFC/
FC) conditions (Figure $21).”*% The susceptibilities that
originate from the magnetizations (y = M/H) abide by the
Curie—Weiss law (y = C/(T — ©)), where C is the Curie

constant) , and the effective magnetic moment (,ue . = /8C ﬂB)

can be calculated through the linear fitting of ™' — T (Figure
4¢).>>* The pioq of a 3d transition metal is always derived from
the spin splitting of partially occupied d orbitals (e, and t,,),
where fiq can be calculated by the spin states (S) using the

equations 4, = g:uB\/VHS(SHS + 1)Sys + Vig(Sps + 1S5 (g
= 2) and Vi + Vig = 1.7 The spin states of 3d transition
metals in M—N—CNTs are multiples.”* The possible
theoretical . values of all M—N—CNTs at different spin
states are listed in Table S4. Figure 4d shows that Co—N—
CNTs had the largest experimental u. value (4.37 pug),
followed by Ni—N—CNTs (2.24 ), Fe—=N—CNTs (1.75 ji3),
and Mn—N—CNTs (1.69 up). Compared with the theoretical
Heg values in Table S4, the spin states for M—N—CNTs were
estimated as S = 2 or 3/2 (Co—N—CNTs), S = 1 (Ni—-N—
CNTs), S = 1/2 (Fe—N—CNTs), and S = 1/2(Mn—N-—
CNTs), respectively. The order of the spin states is consistent
with that of the g values, that is, a larger pu. value
corresponds to a higher spin state.

The p g values of M—N—CNTSs were positively correlated
with both the S1 and S2 values (Figure 4d), indicating that
both the oxidation capacities of M—PMS* and the subsequent
electron-transfer rates in PMS activation are governed by the
spin states of M—N sites in the catalysts. That is, the larger
spin-state values of the M—N—CNTs result in higher catalytic
activities for PMS activation. This can be explained by the
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spatial electronic configurations of the d orbitals in the
transition metals. Generally, the e, orbital of transition metals
participates in o-bonding with oxygen-containing species by
overlapping with O 2p orbitals, thus influencing the bonding
strength and electron-transfer rates in addition to the catalytic
activity for PMS activation.”””*" The high-spin state of M—N
sites with a large magnetic moment favors the coupling of
oxygen-containing adsorbates on metal sites and enhances the
transfer of spin-oriented electrons,”””***** thus promoting
PMS adsorption, strengthening the oxidation potential of the
intermediates, and accelerating electron transfer. This results in
better catalytic activity for PMS activation and SMX oxidation.

Density function theory (DFT) calculations were conducted
to simulate PMS adsorption on single-atom M—N, moieties on
CNTs. The optimized configurations of PMS adsorbed on
different single-atom M—N, models are shown in Figure Sa
and Figure S22. The length of the O—O bond (lp_¢) after
PMS adsorbed on the catalysts, the adsorption energy (E,4),
and the number of electrons transferred (Q) were calculated
and are shown in Table 1.**** Compared with free PMS (I_o
= 1.322 A), adsorbed PMS molecules on the M—N structures
have longer O—O bonds, corresponding to PMS activation on
the surface metal sites. In addition, lo_5 and E,4 values
followed the order of Co—N > Fe—N > Ni—N > Mn—N. The

Table 1. Summary of DFT Calculation Results for PMS
Adsorption on Different M—N—CNT Catalysts

configuration lo—o (A) Eq (eV) Q (e)
free PMS 1.332
Co—N (PMS*) 1.468 ~1.993 0.744
Fe—N (PMS*) 1455 —1.440 0.621
Ni—N (PMS*) 1454 —1.438 0.737
Mn—N (PMS*) 1434 —1257 0.485
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E, 4 values showed a high correlation with both the S1 (R* =
98.0%, p < 0.05) and S2 (R* = 96.2%, p < 0.05) values,
indicating that E, 4, determines the intrinsic activity for PMS
activation on M—N—CNTs (Figure Sb). Co—N showed a lare
lo_o value for the adsorbed PMS molecule (1.468 A) and a
better electron-transfer performance (Q = 0.744 e) than those
of the other M—N structures. This indicates that the activation
of PMS molecules on Co—N moieties is the most effective.
The largest PMS adsorption energy (E,4 = 1.993 €V) on Co—
N moieties indicated that the activated PMS molecules are
tightly confined to form surface-reactive PMS complexes rather
than to release sulfate radicals (Figure Sa). Previously, a
negative linear correlation between the *OH (intermediates in
the ORR) adsorption free energy and the magnetic moment of
the metal center was reported, indicating the critical role of the
magnetic moment on the binding energies of oxygen-related
species.”> Herein, a negative correlation between the E, 4 and
Hegr values was established (R* = 0.925, p < 0.05) (Figure 5c).
This suggests that magnetic moments and spin states may be
key factors in modulating the catalytic activity of metal-based
catalysts for persulfate activation.

Based on the above analyses, a spin-state-dependent PMS
activation mechanism over M—N—CNTs is proposed (Figure
5d). PMS molecules couple with M—N sites to generate
surface-reactive complexes, which depend on the spatial
configurations of the d orbitals in M—N sites. The interaction
between PMS (or oxygen-containing intermediates) and metal
sites has spin-state-dependent characteristics. Among these
different single-atom M—N sites, Co—N sites with a high-spin
state can significantly facilitate PMS adsorption and electron
transfer. Thus, the larger the PMS adsorption quantity, the
stronger the oxidation potentials of surface reactive M—PMS
complexes and the faster the electron-transfer rates that trigger
the efficient PMS activation and SMX oxidation via the
nonradical electron-transfer process.
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B CONCLUSION

We fabricated a series of M—N—CNT catalysts for efficient
PMS activation by embedding single-atom M—N moieties into
the framework of CNTs. The M—N coordination sites were
the predominant active sites for PMS adsorption, reactive
species generation, and SMX oxidation through a nonradical-
dominant pathway. Two significant parameters were found to
determine the oxidation capacity of the reactive species and the
electron-transfer rates for subsequent SMX oxidation. Both
properties are positively correlated with the effective magnetic
moment of the materials, suggesting that a high-spin state
favors the adsorption of persulfate adsorbates on the metal
sites and promotes spin-oriented electron transfer. Thus, a
spin-state-dependent mechanism for persulfate activation on
single-atom M—N moieties was discerned. These findings
highlight the critical role of the spin state of M—N
coordination sites in the initial steps of persulfate activation
and inform the design of high-performance catalysts for
persulfate activation based on spin-state descriptors.
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