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Abstract
Single atom catalysts (SACs) have been growing as an emerging “hot” topic in environmental
remediation. Their performance can be rationally optimized via modulating spatial coordination
con�guration and porous structure of SACs, which is still challenging. Herein, a novel Si, N co-coordinated
cobalt SACs (p-CoSi1N3@D) with 3D freestanding architecture was tailored via employing natural mineral
(diatomite) as Si source and porous template. Theoretical calculations and experimental analysis reveal
that Si substitution dramatically decreases electronegativity of CoN4 moieties and thus accelerates
interaction and electron transfer between peroxymonosulfate and Co single atom center. Moreover, p-
CoSi1N3@D inherits hierarchically porous architecture of diatomite, providing more accessible cobalt
sites and open diffusion channels for peroxymonosulfate and contaminants in water treatment
applications. Thanks to optimal coordination structure and porous architecture, p-CoSi1N3@D can serve

as highly active catalyst toward peroxymonosulfate activation, with a turn-over frequency of 299.8 min− 1

for bisphenol A degradation, surpassing those of catalysts with transition metal SACs or oxides in
disclosed literature. This work provides a novel vision for development of SACs towards wastewater
reclamation.

Introduction
Peroxymonosulfate (PMS)-based advanced oxidation processes (AOPs) have sparked broad interest in
environmental remediation because of their in situ generation of oxidizing species, such as hydroxyl
radical (•OH), sulfate radical (SO4

•−), singlet oxygen (1O2), and superoxide anion radical (O2
•−)1-

6. Although cobalt ion (Co2+) has been regarded as the most e�cient species for homogeneous PMS
activation, the potential environmental toxicity and carcinogenicity of residual Co2+ severely impede its
global scale application7. Cobalt oxides such as Co3O4 can address above issues, but the relatively low

activation e�ciency (turnover frequencies (TOF) per Co atom basis) compared to Co2+ remains
challenging7-10. In recent years, Co single atom catalysts (SACs), as one of the most emerging kinds of
heterogeneous catalysts, possess special electronic structure, utmost Co atom utilization e�ciency, and
uniformly isolated Co active sites11-17. Such unique properties make Co SACs an attractive platform to
bridge the gap between homogeneous and heterogeneous PMS activation1,11,17-20.

The Co isolated single atoms grafted to a carbon basal plane with CoNx moieties have been proven as

desirable catalysts for PMS activation11,14,18,20-22. In most cases, the reactive site structure was reported
as the planar four-coordinated con�guration of CoN4 moieties12,13,23-25. Nonetheless, the active Co
isolated single atom center surrounded by four coordinated N atoms can remarkably increase the
electronegativity of CoN4 moieties15,26,27. The strong electronegativity will directly result in a large
reaction Gibbs free energy for the adsorption of negatively charged PMS molecules, which further slows
down the PMS activation e�ciency. Therefore, it is necessary to rationally adjust the geometric and
electronic features of CoN4 moieties for boosting PMS activation performance of Co SACs. Previous
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studies have con�rmed that using some other atoms (i.e., P, S, B) with relatively weak electronegativity to
substitute the N atoms in CoN4 moieties could be used for decreasing its electronegativity15,26-30. Among
various substituted candidates, the electronegativity of Si (1.90) is much weaker than that of N (3.04), P
(2.19), S (2.58), and B (2.04)31. Modulating single-atom Co sites with Si heteroatom will be the more
effective strategy for lowering energy barriers of PMS molecules towards active sites. However, this
attractive strategy has been little explored so far for rationally tailoring the geometric and electronic
coordination of SACs. 

Moreover, the pore structures of catalysts play signi�cant roles in PMS activation via modulating the
transport rates of PMS and contaminants towards active sites32,33. In fact, a large portion of isolated
metal centers on inner surface for SACs is blocked from PMS activation. Although SACs derived from
metal–organic frameworks (MOF) or zeolitic imidazole framework (ZIF) possess abundant micropores
and small mesopores (< 4 nm), the mass diffusion into their inner surface is highly undesiable34,35. On
the other hand, the micropores and small mesopores are easily occupied by the intermediates during
contaminant degradation, further impeding sustainable and e�cient PMS activation. Above issues result
in the underutilization of isolated metal centers in SACs derived from MOF or ZIF. Within this context,
there is an urgent need to develop elegant synthesis strategies towards SACs with tunable pore structure. 

At present, simultaneously adjusting the spatial coordination con�guration and pore structure of SACs
still remains a grand challenge. Our foregoing investigations and previous reports have con�rmed that
diatomite, as one of the earth-abundant and low-cost minerals, could serve as a promising template for
massive fabrication of carbon-based materials with high speci�c surface area and tunable pore structure
33, 36-38. On the other hand, the Si of diatomite can be doped into the carbon substrate and act as the
silicon source of SiC39,40. Inspired by this, we hypothesize that Si atom of diatomite could be
incorporated into the carbon basal plane of SACs by replacing the N atoms of CoN4 moieties. Taking
these factors into account, it is envisaged that systematically exploring diatomite-based precursors would
potentially not only tailor the geometry and electronic structures of CoN4 moieties, but also overcome
problems of underutilization of isolated Co single atoms on SACs.

In this work, we report the fabrication of Si, N co-coordinated Co SACs (denoted as p-CoSi1N3@D) with
hierarchically 3D porous architecture by a sacri�cial diatomite-template strategy. Experimental results
unveiled that Si atom of diatomite is successfully doped into the CoN4 moieties, and the coordination
environment of isolated Co single atom is tuned with one silica atom and three nitrogen atoms (denoted
as CoSi1N3). As demonstrated by density functional theory (DFT) calculations, substituting N atom with
Si atom could optimize the reaction Gibbs free energy by adjusting the electron-withdrawing/donating
properties of CoN4 moieties and thus accelerate their interaction with PMS molecules. As a result, p-
CoSi1N3@D exhibits excellent PMS activation e�ciency, with an optimal turnover frequency (TOF) as

high as 299.8 min-1 for bisphenol A (BPA) degradation, which is higher than that that in all the previous
studies with transition metal single atom or oxides tested under similar conditions (Supplementary Table
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1). This study paves a new way to rationally modulate the spatial coordination con�guration and pore
structures of SACs.

Results
Catalyst synthesis and characterization. The schematic illustration of synthesis procedures is depicted in
Fig. 1. As shown by X-ray diffraction (XRD) crystallography analysis (Supplementary Fig. 1) and scanning
electron microscopy (SEM) image analysis (Supplementary Fig. 2), diatomite-template displays disc-
shaped structure with amorphous silica skeleton, and hierarchically penetrable pores with diameters in
the 200-400 nm range which are radially distributed within the disc-shaped diatom. First, we used porous
diatomite as hosts to anchor metal precursor guests by electrostatic attraction interaction. The well-
de�ned spatial distribution of metal precursor on diatomite (Supplementary Fig. 3) was bene�cial for the
uniform dispersion and exposure of single cobalt sites during polymerization and pyrolysis. The as-
obtained metal-precursors@diatomite composite was mixed with dopamine (DPA) monomers, which
polymerized and evenly arranged around isolated metal-precursors@diatomite composite to form
diatomite@metal-precursors@DPA composite. Thereafter, the composite was pyrolyzed at high
temperature to embed Si, N-coordinated metal single atom sites onto diatomite derived hierarchically
porous carbon (Supplementary Fig. 4). Subsequently, the sacri�cial diatomite-template was etched by
hydro�uoric acid (20 wt%) to collect the Co single atom catalysts embedded in Si, N-doped porous carbon
(p-CoSi1N3@D). The sample without Si coordination, which denoted as p-CoN4, was also prepared for
comparison through a similar method.

XRD pattern of p-CoSi1N3@D presents only two broad peaks centered at around 26.0º and 43º
(Supplementary Fig. 6), which match well with (002) and (100) re�ections of graphitic carbon respectively
(ICSD No. 617290). The presence of graphitic carbon was further elucidated by Raman
spectroscopy (Supplementary Fig. 7). No detectable diffraction peaks assigned to metal phases (pure
metal, alloy, and oxide) is observed, con�rming the possible formation of Co single atoms in p-
CoSi1N3@D. As revealed by SEM (Fig. 2a) images, p-CoSi1N3@D preserves the disc-shaped structure and
hierarchically penetrable pores of diatomite. Lack of detection of aggregated species on p-CoSi1N3@D
further suggests the absence of metal nanoparticles or aggregates, in accord with the XRD results.
Aberration-corrected high-angle annular dark-�eld scanning transmission electron microscopy (AC
HAADF-STEM) images (Fig. 2b and 2c) show the clearly exclusive bright dots labeled with yellow circles,
providing solid proof for the existence of isolated metal single atoms. Interestingly, it is found in the
magni�ed atomic-resolution HAADF-STEM image (Fig. 2d) that many atomic pairs with the distance
range from 2.10 Å to 2.50 Å are distributed on the carbon basal plane. The corresponding energy
dispersive X-ray (EDX) mappings indicate the homogeneous distribution of Co, Si, N and C atoms
throughout the disc-shaped p-CoSi1N3@D (Fig. 2d), demonstrating that the isolated Si atom are
successfully doped into the Co SACs. The Co and Si loading of p-CoSi1N3@D are determined to be 0.05
wt% and 1.17 wt% respectively by inductively coupled plasma mass spectroscopy (ICP-MS,
Supplementary Table 2) analysis. It is noted that the BET speci�c surface area (Supplementary Table 3)
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of p-CoSi1N3@D is up to 465.5 m2 g-1, much higher than that of SACs synthesized using silica as

sacri�cial template (312.3 m2 g-1)41. The average pore radius of the mesoporous p-CoSi1N3@D extends
to 9.9 nm (Supplementary Fig. 8). The large speci�c surface area and hierarchically penetrable pores
enhance the exposure of abundant active sites and accelerate the mass transfer and charge
impregnation into the inner surface, further increasing utilization e�ciency of isolated Co active sites. 

X-ray photoelectron spectroscopy (XPS) spectrum survey shows that Si, N, and C are the dominant
components in p-CoSi1N3@D (Supplementary Fig. 9). No detectable Co signal could be attributed to the
much low Co loading (Supplementary Fig. 10). In comparison to p-CoN4 (2.96 at%), the relative low N
content in p-CoSi1N3@D (2.03 at%) is caused by the substitution of N atoms by Si atoms. The N 1s core-
level spectra of p-CoSi1N3@D is well divided into four peaks, including pyridinic N, Co‒N, pyrrolic N, and

graphitic N (Supplementary Fig. 11)42-44. The pyrrolic N in binding energy of 400.0 eV served as the
dominant chemical species. Most importantly, different from diatomite, only a weak peak located at 101
eV, which associated to the Si‒C bond, can be observed in the high-resolution Si 2p XPS spectra of p-
CoSi1N3@D (Supplementary Fig. 12)45. It is further con�rmed that the Si atoms are successfully
embedded into the carbon basal plane of Co SACs. This result is well corresponded to the detectable C‒
Si bond in the C 1s core-level spectra of p-CoSi1N3@D (Supplementary Fig. 13).

The coordination environmental and electronic structure of single Co atoms in p-CoSi1N3@D were further
elucidated by X-ray absorption near-edge structure (XANES) and Extended X-ray absorption �ne structure
(EXAFS). The XANES curve of p-CoSi1N3@D (Fig. 3a) shows a white line peak between that of Co foil and
CoO, demonstrating that Co single atoms carried positive charges and their oxidation states are situated
between 0 and +244,46,47. The Fourier-transformed k3-weighted EXAFS curve of p-CoSi1N3@D displays
one prominent peak at 1.31 Å, corresponding to Co‒N scanning path (Fig. 3b). A shoulder peak at around
1.88 Å is consistent with the prediction of Co‒Si coordination in CoSixN4-x models (Supplementary Fig.
14a, 15a, 16a, and 17a), revealing the successful coordination of Si atoms in CoN4 moieties. No
appreciable Co‒Co (located at 2.13 Å) or Co‒O (located at 2.8 Å) coordination further proves the
absence of Co particles or cluster in p-CoSi1N3@D. Above results manifest the uniform distribution of
isolated single Co atoms in p-CoSi1N3@D. Moreover, the EXAFS wavelet transform (WT) analysis was
employed to discriminate the atomic con�guration of p-CoSi1N3@D. The WT contour plots in Co foil and

Co3O4 shows the intensity maxima at 7.1 Å-1 and 6.2 Å-1 (Fig. 3c), corresponding to the Co‒Co and Co‒O
coordination, respectively. By contrast, the WT contour plots in p-CoSi1N3@D exhibits only one intensity

maximum at 4.1 Å-1 ascribed to Co‒N/Si scanning paths, which is consistent with the results in FT-
EXAFS. Least-squares EXAFS �tting was performed at Co K-edge to extract the quantitative local
structure parameters of Co atom in p-CoSi1N3@D (Fig. 3d and Supplementary Table 4). The �tting curves
demonstrate that the isolated Co atom is coordinated by one Si atom and three N atoms with the atom
distance of 2.31 Å (Co‒Si coordination) and 1.82 Å (Co‒N coordination). Furthermore, the simulated
EXAFS spectra were investigated based on the models of CoN4, CoSi1N3, CoSi2N2, and CoSi3N1
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(Supplementary Fig.s 14-17). It is shown that the experimental Co K-edge spectrum for p-CoSi1N3@D is in
good agreement with the main features of the theoretical EXAFS spectrum for CoSi1N3. Based on the
EXAFS �ttings and simulations, we further con�rmed the Si doping into CoN4 moieties and the formation
of CoSi1N3 moieties in p-CoSi1N3@D.

Catalytic activation measurement. The PMS activation performance of catalysts was systematically
investigated by monitoring the bisphenol A (BPA) removal. As shown in Fig. 4a, only 5% of BPA removal
could be achieved for p-CoN4/PMS system within 6 min. Surprisingly, more than 99% of BPA is removed

in 5 min using p-CoSi1N3@D as PMS activator. In comparison to the benchmark heterogeneous (Co2+)
and heterogeneous (commercial Co3O4 nanoparticles) catalysts, the much faster BPA removal
demonstrates that CoSi1N3 moieties serve as the major catalytic center for PMS activation (Fig. 4a). To
give a clear comparison of the catalytic performance, the turnover frequencies (TOF) per Co atom for BPA
removal was measured as well (Supplementary Note 2). The calculated TOF of p-CoSi1N3@D (299.8 min-

1) is more than 400, 160 and 60 of magnitude compared to that of p-CoN4 (0.72 min-1), Co3O4 (1.81 min-

1), and Co2+ (4.74 min-1), respectively. It is worthwhile mentioning that the catalytic performance for PMS
achieved here surpasses that in all the previous studies with transition metal single atom or oxides tested
under similar conditions (Supplementary Table 1). In addition, the p-CoSi1N3@D exhibits excellent
stability and reusability in PMS activation (Fig. 4b, Supplementary Fig. 18-20, Supplementary Table 5).
The p-CoSi1N3@D/PMS oxidation system maintains high BPA degradation e�ciency with the change of
initial pH values, inorganic anions, and NOM (Supplementary Fig. 21-24). These results con�rm that p-
CoSi1N3@D is a promising candidate for environmental recovery via activation of PMS.

Radical (SO4
•− and •OH) and nonradical (1O2) reaction processes generally contribute to the pollutant

degradation during PMS activation20,48. However, which one dominates is still not clear even in the highly
similar Co SACs/PMS systems14,20-22,48. Herein, the involved reaction mechanisms were discriminated by
in situ EPR and scavenging experiments. A set of characteristic signals for DMPO‒SO4

•−, DMPO‒
•OH, and TEMP‒1O2 adducts observed in Fig. 5a and 5b reveal that the radical and nonradical reaction

processes might both occur in p-CoSi1N3@D/PMS system21,22. Interestingly, the BPA removal is

dramatically suppressed by furfuryl alcohol (FFA, a scavenger for 1O2), while nearly no inhibition could be

detected within the addition of tert-butanol (TBA, a scavenger for •OH) and methanol (Me, a scavenger
for SO4

•− and •OH) (Fig. 5c)8,33. These results demonstrate that only the nonradical reaction process
plays signi�cant role in BPA degradation when p-CoSi1N3@D acts as catalyst for PMS activation.

Previous studies have proven that atrazine could not be removed by nonradical reaction process49.
Nevertheless, a high atrazine degradation e�ciency is achieved in p-CoSi1N3@D/PMS
system (Supplementary Fig. 25). This fact demonstrates that the radical reaction process dominates the
atrazine degradation, further con�rming by scavenging experiments (Supplementary Fig. 26). Based on
the above results, we conclude that the proceeding through radical or nonradical reaction process mainly
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depend on the type of pollutants in p-CoSi1N3@D/PMS system. In this work, the difference between in

situ EPR and scavenging result could be ascribed to the selectivity of 1O2 for BPA removal. 

Catalyst structure during PMS activation. The electron transfer between PMS molecules and Co active
centers was regarded as the rate determining process in the nonradical pathway14,18. To gain further
insights into the relationship between electron transfer, PMS activation properties and spatial
coordination con�guration of cobalt single atom active sites, �rst principles density-function theory (DFT)
calculations were further carried out. Based on the above characterization and analysis results, we
constructed and optimized the interfacial con�gurations of two possible models (CoN4 and CoSi1N3)
(Fig. 5a and 5b). The Co single atom center of CoSi1N3 displays a less positive-charge distribution
density than that of CoN4, proving that the introduction of Si atoms could successfully slow down the
electronegativity of CoN4 moieties. The adsorption structure of PMS molecules on CoN4 and CoSi1N3 are
optimized as depicted in Fig. 5c and 5d. When PMS molecules are adsorbed onto the Co single atom
center of CoN4 and CoSi1N3 moieties, the O‒O bond length in free PMS molecule is extended from
1.394 Å to 1.473 Å and 1.474 Å, respectively. However, there is no obvious difference in O‒O bond length
after doping CoN4 moieties with Si atoms. It is concluded that modulating the geometric and electronic
coordination of single atom Co sites with Si plays a negligible role in breaking O‒O bond of PMS
molecules8. In addition, the electron density difference proves the electrons transfer from PMS to Co
single atom active center in both CoN4 and CoSi1N3 moieties (Fig. 5e and 5f)14. The process of electron
transfer is further con�rmed by the obviously increased cathodic current densities for the p-CoSi1N3@D

electrode with the addition of PMS in the LSV analysis (Supplementary Fig. 27)18,50,51. In comparison to
CoN4, the CoSi1N3 moieties possess a larger electron density difference of PMS adsorbed on the Co
single atoms. This phenomenon demonstrates the remarkably enhanced electron transfer e�ciency after
doping Si atom into the CoN4 moieties, which is consistent with the results of the much higher change of
current output in the chronoamperometric curves for p-CoSi1N3@D (compared with p-CoN4)

(Supplementary Fig. 28)8,33. Moreover, the calculated adsorption energy of PMS on CoN4 and CoSi1N3

moieties are -3.21 eV and -5.37 eV respectively (Supplementary Table 6), suggesting that PMS adsorption
on CoN4 and CoSi1N3 is thermodynamically feasible. By contrast, the much lower adsorption energy
for CoSi1N3 manifests that the Si and N dual-coordinated single atom Co sites dramatically reduce the
energy barriers, and thus accelerating the interaction and electron transfer between PMS molecules and
Co single atom active center. Above optimal electron transfer process caused by the modulation of
coordination environment of Co single atom sites further contributes to the much higher PMS activation
performance of p-CoSi1N3@D.

Discussion
In summary, we have demonstrated that the PMS activation performance of Co SACs was tailored and
optimized via using Si atom substitution to modulate the geometric and electronic coordination of CoN4

moieties for the �rst time. DFT analysis and experimental results con�rm that each Co single atom in p-
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CoSi1N3@D is surrounded by one Si atom and three N atoms. Such unique structure with relatively low
electronegativity could further decrease the energy barrier and accelerate the electron transfer between
PMS and Co single atom active center. Moreover, as-prepared p-CoSi1N3@D inherits the hierarchically 3D
porous and freestanding architecture, and thus possessing abundant accessible reactive sites. Above
characteristics endow p-CoSi1N3@D outstanding PMS activation performance for BPA degradation with

the TOF of 299.8 min-1, outperforming all current transition metal single atoms or oxides tested under
similar conditions. The discovery in this work not only provides an effective method for tunable design of
the spatial coordination con�guration of SACs catalysts, but also paves the way for large-scale
preparation of hierarchically porous single atom catalysts for industrial applications.

Methods
Materials. The puri�ed diatomite was prepared via the scrubbing method as reported in a previous
study38. The elemental composition of puri�ed diatomite was listed in Supplementary Table 7. Dopamine
hydrochloride (C8H11NO2*HCl, 98%), Tri (hydroxymethyl) aminomethane hydrochloride (Tris HCl,
C4H12CINO3, 99%), peroxymonosulfate (2KHSO5⋅KHSO4⋅K2SO4, PMS), bisphenol A (BPA), methanol
(MeOH), p-benzoquinone (p-BQ), tert-butyl alcohol (TBA), and furfuryl alcohol (FFA) were purchased from
Shanghai Macklin Biochemical Co. Ltd. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetramethyl-
4-piperidone (TEMP) were purchased from Sigma-Aldrich Reagent Co. Ltd. Cobalt acetate tetrahydrate
(C4H6CoO4 4H2O, 99.5%), sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulphate (Na2SO4),
sodium bicarbonate (NaHCO3), sodium dihydrogen phosphate (NaH2PO4), humic acid (HA), hydrochloric
acid (HCl, 37%), sodium hydroxide (NaOH, 97%), hydro�uoric acid (HF, 40 wt%), and other chemicals were
purchased from China National Pharmaceutical Group Co. Ltd. (Sinopharm). All chemicals were used as
received without further puri�cation. Deionized water (18 MΩ cm) was used throughout the experiments. 

Synthesis of NPs-CoN4. 10.8 mg of cobalt acetate tetrahydrate was �rst dissolved in 100 mL of deionized
water, and then 150 mg of dopamine hydrochloride was dissolved in the solution. Afterwards, 1 mL of
Tris-buffer (1mM, pH = 8.5) was added into above solution and stirred in ice water bath for 12 h. The
suspension was �ltered and washed with deionized water for several times, and dried at 60 ºC under
vacuum overnight. The resulting black powder was annealed at 900 ºC for 2 h under N2 atmosphere to
yield NPs-CoN4.

Synthesis of p-CoN4. The metal solids were etched by immersing NPs-CoN4 in the HF (20%) solution for
24 h. The suspension was centrifuged and washed with deionized water several times, and dried at
60 ºC under vacuum overnight to obtain the p-CoN4.

Synthesis of CoSi1N3@D. 800 mg of diatomite and 10.8 mg of cobalt acetate tetrahydrate were
thoroughly dispersed into 100 mL of deionized water after 10 min ultrasonication, and then 150 mg of
dopamine hydrochloride was fully dissolved in the suspension. Afterwards, 1 mL of Tris-buffer (1 mM, pH
= 8.5) was added into above suspension and stirred in ice water bath for 12 h. The suspension was
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�ltered and washed with deionized water for several times, and dried at 60 ºC under vacuum overnight.
The resulting black powder was annealed at 900 ºC for 2 h under N2 atmosphere to yield CoSi1N3@D.

Synthesis of p-CoSi1N3@D. The diatomite template and metal solids were etched by immersing p-
CoSi1N3@D in the HF (20%) solution for 24 h. The suspension was centrifuged and washed with
deionized water several times, and dried at 60 ºC under vacuum overnight to obtain the p-CoSi1N3@D.

Characterization. The crystalline structure and phase purity were characterized by X-ray powder
diffraction (XRD, Bruker D8 diffractometer, Cu Kα radiation). The morphologies were collected by �eld
emission scanning electron microscopy (FESEM, JEOL JSM 6700F). The high-resolution HAADF-STEM
and energy dispersive spectroscopy (EDS) images were acquired using a double-aberration-corrected FEI
Titan3 G2 60-300 instrument operating at 300 kV. The transition metal concentrations were evaluated
by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700). The chemical and electronic
states were recorded by X-ray photoelectron spectroscopy (XPS, Thermo Scienti�c K-Alpha+). The BET
speci�c surface area and pore size distribution was calculated using nitrogen absorption-
desorption isotherms at 77 K (BET, ASAP240). Detection of active radicals were recorded on a Bruker
A300-10/12 using DMPO and TEMP as trapping agents. The X-ray absorption near-edge structure
(XANES) and extended X-ray absorption �ne structure (EXAFS) spectra of Co K-edge were measured in a
transmission mode at BL14W1 station in Shanghai Synchrotron Radiation Facility. Co foil, CoO, Co3O4,
and cobalt phthalocyanine (CoPc) were regarded as the standard references.

Catalytic performance measurements. All degradation experiments were conducted in 100 mL centrifuge
tubes. The initial pH was adjusted by NaOH (10%) and H2SO4 (10%). Firstly, a given quantity of catalysts
was thoroughly dispersed in 60 mL of BPA aqueous solution (20 mg/L). The resultant suspension was
rotated for 30 min until reaching an adsorption/desorption equilibrium between catalysts and BPA. The
reaction was initiated with the addition of a certain amount of PMS. 0.5 mL of samples were collected
and mixed with 0.5 mL of MeOH (quenching the unreacted PMS) at predetermined time intervals, and
immediately �ltered through a Millipore �lter (pore size 220 nm) to remove catalysts. All degradation
experiments were performed in triplicate. The evaluation methods of BPA concentration were presented in
Supplementary Note 1.
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Figures

Figure 1

Schematic illustration of the synthesis route for p-CoSi1N3@D.
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Figure 2

Structural characterizations of p-CoSi1N3@D. (a) and (b) SEM of p-CoSi1N3@D. (c) and (d) HADDF-
STEM of p-CoSi1N3@D. (e) and (f) Corresponding EDX elemental mappings of p-CoSi1N3@D.
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Figure 3

Identi�cation for the spatial coordination con�guration of cobalt single atom active sites in p-
CoSi1N3@D. (a) X-ray absorption near-edge structure (XANES) of p-CoSi1N3@D, CoPc, CoO, Co3O4 and
Co foil (Co-K edge). (b) Fourier-transformed k3-weighted Extended X-ray absorption �ne structure (EXAFS)
(R space) of p-CoSi1N3@D, CoPc, CoO, Co3O4 and Co foil (Co-K edge). (c) Wavelet transform (WT)
EXAFS (R space) of p-CoSi1N3@D, Co foil and Co3O4 (Co-K edge). Fitting curve EXAFS of p-CoSi1N3@D
at (d) R space and (e) k space.
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Figure 4

The catalytic performance and mechanism studies of p-CoSi1N3@D for PMS activation. (a) BPA
degradation e�ciency in different reaction systems. (b) TOF per Co atom basis for BPA removal
calculated based on the initial BPA removal rate. (c) BPA degradation e�ciency in �ve consecutive runs
by p-CoSi1N3@D/PMS system (Experimental conditions: [BPA]0 = 20 mg/L, [Catalyst]0 = 0.02 g/L,
[PMS]0 = 0.4 mM, initial pH = 7.0). In situ EPR spectra under (d) p-CoSi1N3@D/PMS/DMPO and
PMS/DMPO systems and (e) p-CoSi1N3@D/PMS/TEMP and PMS/TEMP systems. (f) Quenching effect
on BPA degradation during PMS activation by different scavengers ([Methanol]0 = 200 mM, [TBA]0 = 100
mM, [FFA]0 = 10 mM, [BPA]0 = 20 mg/L; [Catalyst]0 = 0.02 g/L; [PMS]0 = 0.5 mM; initial pH = 7.0).
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Figure 5

Theoretical calculations of p-CoSi1N3@D for enhanced PMS activation. 3D differential charge densities
of (a) CoN4 and (b) CoSi1N3. The optimized adsorption structure of PMS molecules on (c) CoN4 and (d)
CoSi1N3. 3D differential charge densities of PMS adsorbed on the Co for (e) CoN4 and (f) CoSi1N3.
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