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Abstract:  Simultaneous regulation of the coordination
environment of single-atom catalysts and engineering
architectures with efficient exposed active sites are efficient
strategies for boosting peroxymonosulfate (PMS) activation. We
isolated cobalt atoms with dual nitrogen and oxygen
coordination (Co-N3O1) on oxygen-doped tubular carbon nitride
(TCN) by pyrolyzing a hydrogen-bonded cyanuric acid
melamine—cobalt  acetate  precursor. The theoretically
constructed Co-N3O¢ moiety on TCN exhibited an impressiv
mass activity of 7.61x105 min™' mol™" with high 'O, selectivit
Theoretical calculations revealed that the cobalt single atgms

reduced for the key *O intermediate that produc
catalysts were attached to a widely used po
fluoride) microfiltration membrane to delidér an
wastewater treatment system with 97.5% cior®qoxac]
over 10 hours, thereby revealing the suijfbility o

for industrial applications.
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Introduction

Advanced oxidation processes (AOPs), especially for the
peroxymonosulfate (PMS) activation, are state-of-the-art
wastewater treatment technologies for water decontamination.]
Its removal of recalcitrant organic contaminants relies on the
highly reactive radicals ("(OH and SO,™) or alternative nonradical
pathways.”) Among the alternative nonradical pathways, singlet
oxygenation has received tremendous attention as its intrinsic
advantages of long life, wide pH tolerance, strong electrophilicity
and selectivity.’l As a result, singlet oxygenation in PMS-AOPs
displays high selectivity toward electron-rich organic substances
or bacteria and maintains excellent efficiency in complicated
environmental interference. In general, the singlet oxygen ('0,)
forms via self-decay, nucleophilic addition, and catalytic
activation of peroxy acids like PMS.! Many carbonaceous
materials such as carbon nanotubes!® and biochar” as well as
transition metal-based catalystsl® are efficient activators for
PMS-AOPs towards 'O, generation, but the process is usually
accompanied by the production of free radicals such as “OH and

SO4". Furthermore,
r stability, low atomic utilization

kinetics.

etal nanocrystals or oxides, single atoms possess
omic utilization and mass activity toward PMS
18,10 For example, the reaction rate of Co-N-C single
on tetrapyridomacrocyclic support for PMS activation is 2
4 orders of magnitude higher than that of Co?* and Co304
catalysts.l'! Secondly, the rational design of SACs can further
modulate the reaction pathway towards 'O, production.®d Lately,
the transformation of Co-N4s-C structure to Co-N2:-C
coordination has obtained with more than 98% 'O, generation
selectivity for PMS activation.['? Therefore, defining single-atom
sites at atomic level and constructing the macrostructures of the
whole catalyst can synergistically enhance PMS-AOPs catalytic
efficiency and 'O, production selectivity. However, the
investigation of the structure—property relationships is highly
fascinating yet difficult.

In general, the catalytic performance of Co-SACs is
simultaneously determined by isolated metal atoms, their local
coordination environment and support architectures.['¥ The N
atoms on the support not only anchor the metal atoms but also
modulate the electronic structures of the active centers.['¥]
Therefore, the replacement of N atoms with other atoms (e.g. O
and S) can alter the electronic structure of the active sites,
further promoting the turnover frequencies and boosting catalytic
activity.['® For instance, June et al. ['8 synthesized Co single
atoms on N, O doped graphene support and Qiao et al.l'’]
explored the effects of oxygen-adjacent Co single atoms on the
oxygen reduction reaction (ORR). These findings verified the
optimized Co-N4 moiety obtained by incorporating O-adjacent C
atom displayed superior ORR activity and high H,O, productivity,
originating from the active site shift and modulation. Furthermore,
the rationally engineering architectures of support can enhance
surface area and porosity, thus enabling the maximum exposure
of the active sites.['¥ In PMS-AOPs, oxygen-doped carbon
nitrogen (CN) and Co-SACs (Co-Ns moiety) both have been
studied as efficient catalysts.['® 91 However, simultaneously



modulating the local coordination environment of Co single
atoms and support architectures of CN has few been reported
regarding PMS-AOPs, which further leads to a poor
understanding of reaction mechanisms, and structure—property
relationships.

Herein, we designed a supramolecular precursor to
prepare isolated Co atoms with N, O-dual coordination on
oxygen doped tubular CN as an effective activator for PMS-
AOPs. The single Co atom dispersion and tubular filling-like
porous architecture provided abundant exposed active sites and
sufficient interaction with PMS as well as related activation
intermediates, resulting in high PMS activation ability and
selectivity for 'O, generation. Theoretical calculation revealed
that O-adjacent Co-SACs could indeed alter PMS adsorption
configuration and reduce energy barriers of key *O intermediate
toward '0, production. We further illustrated the immobilization
of the catalysts in a poly(vinylidene fluoride) microfiltration
membrane to establish a continuous flow system. Intriguingly,
this study details the insights into the Co-SACs with molecular-
level engineering for efficient and sustainable wastewater
remediation.

Results and Discussion

It is established that the adsorption energy (Eads) of PMS
and the O-O bond length (lo.o) in the PMS molecular have a
direct impact on PMS activation. 2% Typically, Eags controls the
thermodynamic feasibility of an adsorption process and indicates
the interactions between catalysts and PMS, while the lo.
reflects the feasibility of PMS cleavage. 2" Therefore, w
conducted periodic DFT calculations to investigate the impact &f

on PMS activation, including the prevalent Co304, CN, O
doped CN and various configurations of Co-S
molecular level (modulation of the first coordination e,
as B, O, S, P, namely Co-N3B4, Co-N3O4, C
The Eags and lo.o on different models were s
Figure S1 and Table S1. We found th S
preferred to be adsorbed by go-Nj
whereas the former Co-SACs pr
PMS molecule, which leads to ( species formation.
Additionally, Figure 1b showed the Qrmation energy of Co-N4
moiety in a unit of g-CsN4 and the ‘formation energy of two
possible coordination environment (named Co-N3O4 and Co-Ng-
0O) in a unit of oxygen doped g-CsN4. Compared to the Co-N4
moiety and Co-N4-O (oxygen in the second coordination sphere),
the formation energy of Co-N3O4 reduced from 2.14 eV and -
2.03 eV to -2.44 eV respectively, indicating a more feasible
coordinated position.

Guided by the analysis from theoretical calculations, the
attention of this article focused on Co-SACs on oxygen-doped
carbon nitride. It was reported that hydrothermal treatment could
simultaneously dope oxygen atoms into CN and regulate the
architectures.?? The preparation process was presented in
Figure 1c. The melamine supramolecular precursors were
synthesized under hydrothermal conditions, which underwent a
self-assembly process into hydrogen bonding cyanuric acid-
melamine.”®  Then, the supramolecular precursors were
calcinated to generate nanotube structure (TCN, height ~1.18
pm ) during high temperature (AFM, Figure 1d, TEM and SEM,
Figure S2a). Meanwhile, the coordinated cobaltous nodes were
reduced by the generated abundant reductive atmosphere

3P1).
igure 1a,
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during calcination. Pre-mediated coordination of cobaltous
acetate and supramolecular precursors could change the
distance of adjacent Co atoms, thus preventing the aggregation
of Co atoms and the construction of Co-Co bonds (TEM Figure
1e, f).2Y No clear change of morphology was found after
calcination with addition of cobaltous acetate (Figure S2b-f).
Furthermore, isolated single Co atoms (assigned by bright spots)
were obviously observed anchoring on the internal architecture
(HAADF-STEM, Figure 1g, TEM, Figure S3, S4). The
engineering support architecture relies on morphology controls
(along with oxygen atoms introduction) and subsequently
uncoordinated metal-ligand removal from precursors. The
incorporation of oxygen atoms into supramolecular precursors
provided abundant surface anchoring sites for metal atoms and
efficiently reduced the formation energy for Co-SACs.?%
Furthermore, the associated interactions between the precursors
and metal atoms finely controlled the spatial location between
adjacent Co atoms, which were further in favor of Co-SACs
formation.”®! EDS mapping across a part of nanotube (Figure 1h)
suggested the homoge distribution of N, C, O, Co over
Co-N3O1 matrix. As concept, the pyrolysis of the
precursors synthesi
acid and cobalt
S5).

The crystal stru

igure S6b). The absence of characteristic peaks of
cies, such as cobalt crystal, cobaltous oxides further
with HAADF-STEM results. While for TCN and Co-N3Oyq,
reflection peaks of (200) facets shifted to a higher angle,
indicating that the incorporation of O heteroatom atoms might
distribute the packing of the singlet layers of CN.P71 The
enhanced paramagnetic signal with a g value of 2.003 further
supported that oxygen atoms were introduced into TCN (Figure
S7a). The surface area of Co-N3;04-3 was 83.11 m?/g, which was
about 2.08 and 8.33 times than that of TCN and CN (Figure S7b,
Table S2). This was because the tubular structure enhanced the
accessible surface area and the introduction of Co atoms within
the framework generated more porous architecture. According to
the ICP-MS measurement, the Co content for Co-N4, Co-N304-1,
Co0-N301-2 and Co-N304-3 were 0.99, 0.51, 3.08 and 10.49 wt%,
respectively (Table S2).

To investigate the chemical position and electronic
structures of CN, TCN Co-N4 and Co-N3O¢, XPS spectra was
performed. Through the comparison among the high-resolution
C 1s, O 1s of CN and TCN, two variations could be observed in
this spectrum and were emphasized by differently shaded
regions in Figure 2a, b. The peaks at C 1s and O 1s
corresponding to C-O groups exhibited a clear increase in the
intensity while the C-N=C species existent in TCN was found to
be lower than that of CN, confirming that the presence of trace
amounts of sp?-hybridized N atoms substituted by O atoms in
the C-containing triazine rings.?®! Several reports have also
proved this observation that the doped O atoms are favorable for
the substitution of two-coordinated N atoms.l'®d Given the
difference in electronegativity between O atoms and N atoms,
this change would alter the electronic structure of TCN and
further have a direct impact on the coordination environment of
single Co atoms. As shown in Figure S8 and Table S3,
correlation of Co loadings with different O and N contents across
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Figure 1. (a)The adsorption energy (Ead
molecular level of Co-N4 moiety (in the first
(b) calculated formation energy of Co-N4 and 8§
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revalent Cos0s, carbon ntrigen and oxygen doped carbon ntrigen and various configurations at the
Brdination sphere, such as B, O, S, P, etc.).and the corresponding O—O bond length (lo-0) in PMS after adsorption
erent O-adjacent Co-SACs (Co-N3O+1 and Co-N4-O), (c) Process of the formation of Co-N3O1, (d) AFM of TCN, e)

and (f) TEM images of Co-N3O+, (g) HAADF-STEM of Co-N30+, (h) EDS mapping images of Co-N301.

all TCN matrix-based catalysts revealed that only C-O groups
and C-N=C species exhibited a direct trend with Co loadings
(the normalization method was adopted), indicating that the
nucleation of Co mainly at N, O-dual related sites (Figure 2c). In
comparison to Co-N3O4, the Co 2p spectrum of Co-N, displayed
a downshift to lower binding energy and the spin-orbit splitting of
Co-N4 (15.32 eV) was smaller than that of Co-N3O4-Co (15.81
eV), indicating that Co-N3O¢-Co possessed highly oxidized
cobalt atom centers with a lower charge density state (Figure
S9d).iel

X-ray absorption fine structure (XAFS) measurements
were conducted to identify the possible chemical state and
coordination environment of single Co atoms in Co-N3O; and
Co-N4. As shown in Figure 2d, the X-ray absorption near edge
structure (XANES) spectra of Co-N3Os and references
compounds indicated that the absorption edge (line position) of
Co-N3O1 was close to that of CoO, suggesting the valence state

of Co species in Co-N3O4 resemble 2+. The Fourier transform
(FT) EXAFS of Co-N301, Co-N4and reference samples revealed
that Co species coordinated as isolated single atoms due to the
absence of characteristic peaks of Co—Co (at 2.18 A). Notably, a
slight variation in the local coordination structures among
samples was observed in FT EXAFS and wavelet transform (WT)
analysis (Figure 2h-l) due to the shifts of the major peaks. One
major peak (1.56 A) for Co-N3O; was located between the
backscattering of Co-N (Co-N4, CoPc) and Co-O (CoO),
referring to the construction of Co-N, O dual coordination
environment (Figure 2e).['7: 191 Consistent with the FT results,
the Co-light-atoms bonds display upward shift due to the
oxidation of Co atoms. These findings are consistent with
proposed structure and a similar coordination configuration
reported in 2021.'4a 16171 Tg confirm the local coordination
configurations to single Co atoms in prepared samples, the
quantitative least-squares EXAFS curve-fitting analyses were



Figure 2. Devolution of (a) C 1s, (b) O1s XPS spectra of TCN (
Co-N304 samples, (d) normalized Co K-edge XANES spectra oil ghd
samples. Co K-edge EXAFS fitting analyses for Co-Na sp
samples.

e Cdgatom.

used to reveal the first shell of
Figure 2f and g, the best fitting
four-coordination number and
backscattering paths, which were diffgrent from the coordination
number of Co-N (3.94£0.3) in Co-N4. The corresponding number
for N and O atoms were 3.1£0.5 and 1.0£0.3 at distance of 2.03
and 1.92 A, suggesting the possible Co-N3O¢ configuration. In
addition, the result was further simulated based on the models of
Co-N202, and Co-N1O3 (Figure S10, Table S4). It was shown
that Co-N3O4 configuration presented a best agreement with the
experimental data, further confirming the introduction of O atoms
into Co-N4 moieties.

The catalytic activity of Co-N3O; as PMS-AOPs catalysts
was evaluated by the oxidative degradation of CIP as a model
reaction. As expected, all Co-N3O; samples exhibited much
higher catalytic degradation rate with CIP degradation efficiency
up to 100% within 20 min (Figure 3a). Compared with Co-Ns-1
moiety (with similar Co-content), Co-N3O4-1 showed a obviously
higher catalytic degradation rate. While < 80% CIP was
decomposed when using Cosz0, as catalysts and the TCN or
pristine PMS displayed negligible catalytic performance. To
investigate the catalytic activity based on a quantitative
comparison, we normalized the k value based on the mole ratio
of metal contents (Kpersite), surface area (Ksurface area) and used

s displayed in
304 showed a
Co-N and Co-O
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ontents of O and C functions according to XPS and the Co loadings in TCN and
Co-based samples (e) Co K-edge FT-EXAFS spectra for Co-N3O1 and reference
and k space (g), (h-k) Co K-edge WT-EXAFS contour plots for Co-N3O1 and reference

turnover frequency (TOF) to fit CIP degradation process (Table
S5). As shown in Figure 3b, the Co-N3O4-2 exhibited the
highest normalized kpersite Value and TOF efficiency, which was
up to 7.61x10° min™" mol™" and 0.014 s™'. All the Co-N3Oq
catalysts possessed a higher normalized kpersite value and TOF
efficiency, indicating that per Co atom in Co-N3O¢ had a higher
reactivity for PMS activation than that of Co-N4. The significantly
enhanced normalized k value and TOF efficiency of Co-N3O4
and Co-N; structure compared to Co?* and Co3;O; could be
ascribed to the interaction between oxygen doped C3N4 matrix
and single Co active centers.?’1 Although the configuration of
Co-N3O1 presented superior activity towards PMS-AOPs
compared to Co-Ns moieties, some distinct indicators, such as
different TOFs among the same configurations and the higher
Ksurface area Value of Co-Ng-2 than that of Co-N3;O+-1, suggested
that other factors may all cause the activity difference.l%

To further investigate the origins of the catalyst's activity,
the potential correlations between the effect factors and catalytic
performance of catalysts in these PMS-AOPs were established
(Figure 3c).B" The magnitude and degree of the correlation were
represented by the shade of color and the size of circle,
respectively. Furthermore, the number of asterisk referred to a
significant level. Obviously, the index of Co loading displayed



WILEY-VCH

WpH = 6.5, (b) corresponding degradation rate including normalized
effect factors and catalytic performance of catalysts in this PMS-
the presence of different ions, (e) Degradation of various org

system and Co-N4/PMS system with different quenchers p,
5 mg/L, [PMS] = 1 mM, catalysts = 0.1 g/L, Co?**=5.3
[MeOH, TBA] = 500 mM.

e .8<R?=0.99<1,
and C-O species also

strong positive relevance wi
p<=0.001). The effects of surfacé
presented positive correlations Wil Kpersie (0.8<R? =0.90<1,
0.8<R?=0.93<1, p<=0.05). Therefor®y it was reasonable to
speculate that Co loading, surface area and C-O species all play
critical roles in the improvement of catalytic performance, in
which Co atoms were the dominant factor. It should be noted
that the preparation of Co-N3O4 could modulate the coordination
environment and regulate support architecture, thus
simultaneously incorporating oxygen atoms into the first shell of
Co SACs and enhancing Co loading as well as surface area. As
a result, the degradation efficiency of Co-N3O4 was higher than
most of SACs-based, carbon-derived and g-CsNs-based
catalysts reported previously (Table S6).

Liquid chromatography-mass spectrometry (LC-MS) was
performed to identify the degradation intermediates.?? As
displayed in Figure S11, the chromatograms of a 5 mg/L CIP
solution at different reaction times were presented. The labeled
peaks are corresponding to CIP with m/z = 332 at retention time
10.7 min and major degradation intermediates with m/z = 348 at
retention time 4.5 min. The peaks of CIP decayed rapidly with
the reaction time finally disappeared after 20 min. The results
were consistent with the degradation experiment (Figure 3a).

Subsequently, the notable peaks of intermediates enhanced
firstly and then decayed along with the increasing reaction time
(Figure S12), indicating that the intermediates were broken
down into some small molecules and further oxidized into CO;
and H,0.¥l Based on the above analysis, a possible
degradation pathway was illustrated in Figure S13.

To identify the exceptional stability of Co-N3;O4, the CIP
degradation experiments were repeated five times (Figure S14).
All Co-N3O¢ samples showed excellent cycle stability and Co-
N3O4-1 still maintained its crystal structure, morphology and
isolated Co atoms (Figure S15). Moreover, the residual Co
element in Co-N30O+-1 after five cycles was 0.41 wt%, which was
80.4% of that in the origin catalysts (Table S2). Besides, the
catalytic activity of Co-N3O4-1 was applicable to a wide pH range
of 3-11 and various inorganic anions (Figure 3d). Only a slight
decay was observed in the presence of H,PO,%, possibly due to
the quenching effect of the additive anions on SO4¢~ or *OH.
More importantly, the high removal efficiency of CIP was
achieved in various water systems (tap water and river water)
(Figure S16a).

The PMS activation ability of Co-N3O4-1 was further
evaluated by the degradation of multiple contaminants (e.g.,
sulfamethoxazole, tetracycline, and phenol) (Figure 3e). All
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Figure 4. Proposed mechanism of '0; ge
decomposition to two key reaction intermediat
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ration over Co-N3O+ via PMS activation by DFT methods. (a) Calculated potential energy diagrams for PMS
and Gibbs free energy comparison of Co-N3O+ and Co-N4 towards PMS adsorption, (b) Bader charge analysis of

two key reaction intermediates on Co-N3O4, (c) The corresponding structures of reaction intermediates for proposed reaction process. (d) Proposed reaction
process for SO4* and OH* moieties oxidation to 'Oz on Co-N3O1 catalysts. (e) The calculated potential energy diagrams for the rate-determining step and
transition state based on SO4* and OH* moieties oxidation to '02 on Co-N30O1 and Co-N4 catalysts. (f) The kinetic barriers for 2*OH to *O on Co-N3O1 and Co-N4

catalysts.

contaminants were completely decomposed by Co-N3O4-1/PMS
system in 20 min. Increasing the catalyst dosage or PMS
concentration both improved the catalytic efficiency, indicating
the high utilization efficiency of Co-N3O4-1/PMS system (Figure
S16b, c). Based on the PMS decomposition experiments, the
PMS decomposition efficiency reached 71.68% and 89.71% for
Co-N304-1 and Co-N30+-2, respectively (Figure S16d). All the
above analyses suggested that Co-N3;O1 was a promising PMS
activator, in which the specific interaction between single Co
atoms and oxygen doped tubular C3N4 provided an accelerated
activation pathway compared to Co?* ions (homogeneous
process) and Co-N4 moiety (heterogeneous process).
Engineering the coordination environment of single atoms
has been proved as an efficient strategy to selectively generate

active radicals.['*"! To identify the dominated active species
generated in these systems, radical quenching experiments
were employed. ESR characterizations were employed as a
direct monitor by using TEMP and DMPO as trapping agents. As
shown in Figure 3g, the intensity of the triplet signals of TEMO-
'0; in Co-N3O4/PMS system was significantly enhanced
compared to Co-N4/PMS system. Furthermore, only DMPO- ‘OH
and slight DMPO-O,"~ were detectable in Co-N4/PMS system,
indicating that Co-N3;O+1/PMS system was highly selective to
generate 'O,, which was further proved by the radical quenching
experiments. When TBA, methanol and BQ were added into the
Co-N3O1 reaction process, only a negligible inhibition ratio of
CIP decomposition could be observed (Figure 3f). Furthermore,
L-histidine and NaNj3; significantly inhibited the CIP
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Figure 5. Preparation of Co-N3O1 membranes and application in water treatment via a continuous flow system. (a) Schematic illustration of wastewater treatment

process, (b, ¢) Photograph of experiment device. To act as a proof-of-concept, the CIP was replaced as RhB for better observation, (d, e) Photograph of the

prepared Co-N3O1 membranes with an area of 12.56 cm? and the membrane exhibit high flexibility, (f, g) SEM images of membrane surfaces, (h, i) Cross-

sectional scanning electron micrographs of membrane, (j) the water performance of Co- N3O+ membranes and pristine membranes, (k) CIP removal efficiency

using Co-N3O1 membranes and pristine membranes (I) TOC removal and Co concentration in effluent as functions of filtration time.

decomposition, and the higher concentrations of L-histidine and
NaN3 could cause a higher inhibition effect (Figure S17a). In the
contrast, both TBA and methanol significantly inhibited the CIP
degradation in the Co-N4/PMS system, while L-histidine had a
weak effect on the reaction process. With the structure change
from Co-Ns moiety to Co-N3O;1 moiety, the inhibition of L-

histidine increased from 35.28% to 63.05%, while the inhibition
of TBA decreased from 78.71% to 6.73% (Figure 3e). Note that
other factors such as the interaction between PMS and L-
histidine,* PMS self-decomposition,®? electron transfer 3 et
al. could have an impact on the degradation process.
Throughout a series of experiment under different conditions



(Figure S17 and S18), we further identified that 'O, were
dominant radicals and the origin relied on PMS activation by Co-
N3O+. These findings confirmed that incorporation of oxygen
atoms into Co-SACs local coordination environment favoured
selective generation of 0.

The possible pathway towards selective 'O, production
mechanism was further explored by the DFT computations.
Based on the new insights into the activation of PMS towards
'0, production, we focused on two different reaction
intermediates.!'®! The first pathway was the loss of the H atom
to generate SOs* and then the SOs* rapidly self-reaction to
produce 'O, SO42” and S;0¢?". In another pathway, the PMS
was divided into SO4* and OH* moieties. The free energy
profiles demonstrated that PMS — PMS*— SO,* and OH* were
more thermodynamically favorable (Figure 4a). Bader charge
change of divided SO4* and OH*(1.41 e~) was much more than
that of divided SOs* and H*(1.06 e7), confirming the second
pathway allowed donating more electrons to adsorbed PMS
(Figure 4b, Table S7), which was also proved by LSV analyses
(Figure S19). The results of the decreased current indicated that
electrons transferred from a single Co atom to PMS. Compared
to Co-N4 moiety, the changed current density of Co-N3O4-1 was
much higher, suggesting that Co-N3O4-1 manifested a better
conductivity for electron migration and possessed a faster
reaction rate.l®! Furthermore, the charge state of the cobalt atom
in Co-SO4* (active sites) became more positive by 0.05 e in
comparison with Co-SOs*, hinting that SO4* and OH* could
slightly increase the charge state of the cobalt atom.[4b]

To distinguish the different selectivity towards reactive
species generation between Co-N3;O; and Co-N4, optimized
potential free energy diagrams for the 'O, generation were the
shown in Figure 4c, d, namely, PMS —» PMS*— SO4* + OH*
OH* + H;SO; - 20H* — O*— 20*— '0,. For this
pathway, the OH* was adsorbed on the single Co atol
while SO4* was employed to form H;SO4 via an

reaction. In this step, Co-N4 moiety presented reacti ergy O
-4.79 eV compared to that for Co-Nj eV,
demonstrating that SO4~ may play more impRgtant fles under
the effects of O atoms (Figure 4e). Fu o) the free
energy diagram of Co-N3;O¢ and Co-% mofty showed the
largest energy barrier for the *O e ormation during

the multistep 'O, generation proce ing the formation of
*O intermediate was a rate-deterf§jning step. After oxygen
corporation, the energy barrier re¥arding *O intermediate
formation of *O intermediate was reduced from 1.62 eV to 1.44
eV, accounting for the promoted 'O, generation energetics
(Figure 4f). The above theoretical results revealed that
incorporation of oxygen atoms into the coordination environment
of single Co atoms would alter the electronic structure of Co
centers, thus contributing to promoting adsorption of PMS
molecules and thermodynamically generating *O intermediate
toward fast and selective 'O, generation.

Given the excellent catalytic performance of Co-N3;O1/PMS
system, it was further used in a practical application (Figure 5a,
b, c). Membrane technology has created a bright future for
supplying clean water resources due to its sustainability and
convenience compared to dispersed catalyst suspensions.’
The Co-N3O1 membranes were fabricated by vacuum-assisted
filtering Co-N3O; suspensions via PVDF substrate, namely
PVDF/Co (Figure 5d, e). As shown in Figure 5f, g, the PVDF/Co
was flexible and elastic. SEM images displayed that the random
stacking of Co-N3O4 without obvious cracks and the cross-
sectional SEM images indicated the PVDF/Co membranes had
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a thickness of about 217 pm with accessible 2D pinholes (Figure
5h, i). These abundant self-tubular structures with nanoholes
can be employed as efficient water transfer channels, supplying
full active catalytic sites for rapid permeation and purification of
polluted water.

We firstly investigated CIP effluents permeances of PVDF
and PVDF/Co to evaluate the transfer mass feature and
rejection efficiency of target pollutant. The long-term
performance was conducted by 30 cyclic tests over 10 h. The
pristine membrane showed a water performance of 2594.29
L/m?/h accompanied by nearly 3.41% (average) rejection over
10 h. Comparatively, PVDF/Co gave similar water permeance of
2502.85 L/m?/h accompanied by nearly 11.30% (average)
rejection, respectively (Figure 5j). These indicated that Co-N3O4
were efficient building blocks for water transportation and
pollutants separation. After the addition of PMS, the removal of
CIP in PVDF/Co system maintained 97.5% over 10h (Figure 5k),
and the retention time of effluents in the PVDF/Co was only 312
ms (Figure S20), suggesting the high activity of PVDF/Co
towards PMS activation.

Another advantage PVRE/Co-based reactors lied in their
leaching resistance inergization ability. As shown in
Figure 5I, the d ntration in the PVDF/Co/PMS
6.096 ug/L after the fourth cycle,
itation of reclaimed water set by the

clusion

The modulation of coordination environment and design of
support architectures can be adopted as new design principles
for SACs toward PMS activation. In this study, the Co-N3;O4
moiety anchored on TCN combined the advantages of PMS
activation and selective 'O, generation process with robust
stability. The per single-atom achieved a high k value of
7.61x10% min™ mol™" and TOF of 0.014 s™'. Further integration
of Co-N3;O1 into membrane separation technology achieved high
rejections (> 97%) toward pollutants with water permeances of
2502.85 L/m?/h above. Experiment and theoretical calculations
revealed that the high PMS activation and selectivity for 'O,
generation correlated with the incorporation of oxygen atoms
into Co-SACs sites and morphology modulation, which resulted
in the enhanced adsorption energy of PMS, enlarged contact
surface area, and reduced activation barriers for '0, generation.
These findings provide a novelty design principle for single
atom-based nanomaterials and highlight the reaction
mechanism of PMS activation at the molecular level.
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