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Abstract

Herein, wastewater flocculation substrate is used as a carbon source to prepare a
three-dimensional ordered macroporous (3DOM) structure carbon-based catalyst
with the Co-N, coordination active sites (Co-NC-PS) through a hard-template strategy.
Abundant single-atom Co-N, active sites endow the Co-NC-PS with splendid
performance in degrading organic pollutants by activating peroxymonosulfate (PMS).
Experiment results show that the singlet oxygen (*O.) is the main reactive oxygen
species (ROSs) for bisphenol A (BPA) degradation. The strong coordination of Co
atoms with N atoms not merely avoids the leaching of Co and improves the stability of
the catalyst but also establishes stable adsorption configuration and facilitates the
generation of 'O. proven by density functional theory (DFT) calculations. This study
provides the design of efficient Co carbon-based catalysts in mint conditions with high
stability for water treatment, as well as a new idea for the preparation of high-value-
added products from the recycling of flocculated waste.

1. Introduction

The water pollution caused by the discharge of industrial wastewater is frustrating
worldwide and has become one of the urgent environmental problems [1], [2]. Toxic
substances in the discharged wastewater, such as dyes and phenols, are difficult to
degrade naturally and are seriously harmful to human health [3], [4], [5]. Researchers
have been developing adsorption, biodegradation, membrane separation, advanced
oxidation processes (AOPs) and other methods to remove these organic
pollutants [6], [7], [8], [9]. Recently, AOPs based on peroxymonosulfate (PMS) have
received extensive focus on account of the strong oxidizing ability of the
generated reactive oxygen species (ROSs) [10]. The ROSs produced after PMS activation
can mineralize various organic pollutants in a wide pH range with high reaction rates

while generating minimal secondary pollution [11]. PMS can be activated by various
methods, including heat treatment, microwaves, ultraviolet irradiation, ultrasonic
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treatment ortransition metal catalysis[12],[13], [14], [15]. Various transition metals,
including Fe, Co, Cu, Ni, Mn and their oxides, are found to be able to activate PMS for
generating ROSs [16]. Among them, the Co-based catalyst is one of the most effective
catalysts to activate PMS due to the high standard reduction potential of Co**/Co?* (E° =

1.92V)[17],[18]. However, the secondary pollution caused by Co leaching and limited
catalytic stability greatly limits the practical application of Co-based catalysts[19].
Therefore, it is necessary to develop new Co-based catalysts with high stability and
reusability.

Carbon materials have received extensive attention in heterogeneous catalysis due to
their large specific surface area (SSA), adjustable physicochemical properties, and
harmlessness [20], [21]. Although N-doped carbon materials in the PMS-based AOPs
show remarkable catalytic activity, the application of the non-metallic carbon materials
is limited by their instability in a strongly oxidizing environment [22]. Decoration of
transition metal onto carbon materials is an effective method to improve the catalytic
activity and stability of the catalyst [23], [24]. In the past decade, carbon-based single-
metal atom catalysts (SACs) have become at the forefront of heterogeneous
catalysis [25], [26]. For instance, Fei et al. reported an electrocatalyst for hydrogen
generation based on cobalt dispersed as individual atoms on nitrogen-doped
graphene [27]. Liu et al. reported a high-performance electrocatalyst for
H,O, electrosynthesis consisting of atomically dispersed Co sites on N, P-codoped
carbon substrate [28]. SACs have the advantages of high atomic utilization rate, excellent
catalytic performance, high selectivity and good structural stability [29]. Many SACs are
synthesized by pyrolysis of metal complexes or metal-organic frameworks [30]. However,
these precursors are generally toxic, and manufacturing strategies are often complex and
costly, making them impractical in environmental applications[31]. Thus, seeking
inexpensive and environment-friendly substitutes as precursors is on the agenda.

Chitosan (CS) is a kind of abundant natural polymer biomass produced from the
shell deacetylation of crustaceans. It has the advantages of wide sources, low cost
and environmental friendliness [32]. CS, with abundant modifiable groups (e.g., amine
group and hydroxyl group) in its backbone, has been widely used in chemical,
pharmaceutical and environmental protection fields [33]. However,
the flocculation substrate generated after the treatment by CS may give rise to secondary
pollution [34]. Hence, researchers are also considering the recycling of such flocculated
substrate [35].

Herein, novel research about the synthesis and catalytic application of Co single-atom
catalyst (Co-NC-PS) fabricated through a sacrificial polystyrene microspheres template
method, with the modified flocculation substrate as the precursor, is
represented. Bisphenol A (BPA) is selected as the target pollutant to evaluate the PMS
activation capability and stability of the obtained material. Comparing with template-free
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catalyst (Co-NC) and Co nanoparticles decorated carbon catalyst (NPs Co-NC-PS) are
also evaluated, the Co-NS-PS catalyst with Co-N4 coordination exhibits higher catalytic
activity (1.290 min™), longer stability and better reusability. The singlet oxygen ('O,) is
identified as the main active species for BPA degradation in the Co-NC-PS/PMS system.
Moreover, density functional theory (DFT) calculation is used to investigate the process
of PMS adsorption and activation by Co-N, active sites, as well as verifying the Co-
N, active site is more inclined to transform PMS to 'O,, rather than other ROSs. The
reclamation of the flocculation substrate generated after the wastewater
treatment provides new options for catalyst synthesis and thus may have great potential
in the environmental fields.

2. Experimental section
2.1. Flocculation experiment

0.05g methyl orange (MO) was dissolved in 1Ldeionized waterto obtain
50 mg-L™" simulated MO dye wastewater. First, a certain amount of chitosan (0, 125, 180,
250, 375, 500 and 625 mg) was added to the simulated wastewater. Then, the pH of the
solution was adjusted to a certain value (3, 4, 5, 6, 8, 9 and 10) with 0.1 M HCl or NaOH
and stirred for 30 min. Finally, the flocculation substrate was obtained by standing for 8 h.

2.2. Synthesis of 3D ordered polystyrene (PS) microsphere template

The polystyrene (PS) microsphere template with a particle diameter of 350 nm was
synthesized according to the following procedure. In a typical synthesis, 35 mL
of styrene was washed thoroughly with 50 mL 0.1 M NaOH solution and deionized water
successively to remove the stabilizer. 32.5 mL washed styrene and 500 mL deionized
water were added to a triple-neck 1 L round-bottomed flask together. The mixture was
heated at 90 °C under magnetic stirring for 30 min, bubbling with nitrogen. Then, 20 mL
aqueous solution containing 0.31 g potassium persulfate was quickly added to the flask.
After keeping stirring at a rotation rate of 300 rpm for 6 h at 90 °C, the mixture was cooled
down to room temperature and the obtained milk-like product was the monodispersed
colloidal polystyrene microspheres.

2.3. Fabrication of flocculation substrate-derived catalysts

Firstly, 0.6 g glacial acetic acid was added to about 10 mL of liquid containing the
flocculation substrate, followed by stirring in a 60 °C water bath for 30 min to dissolve.
Next, 0.15 g melamine and 24 mg CoCl,-6 H,O were added to the above solution and
stirred for 12 h to make it mixed thoroughly. The polystyrene microspheres were added
into the emulsion according to the mass ratio of polystyrene microspheres to the
flocculation substrate 8:1 and stirred for 12 h. After a 12 h frozen treatment, the ice
content was removed entirely in a lyophilizer to obtain a light orange fluffy powder.
Subsequently, the light orange powder was calcined for 2 h at 800 °C in N, atmosphere at
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a heating rate of 2 °C-min~". The obtained black solid was ground and washed with HCl
(0.5 M), stirring at room temperature for 12 h. Finally, the suspension was filtered and
washed with deionized water to obtain Co-NC-PS. A series of catalysts with different
loading amounts were obtained by changing the amount of Co source added, and the
samples are named Cox-NC-PS, where X represents the added mass (mg) of
CoCl;:6 H,0 in the above preparation process. In addition, a series of samples were
obtained by changing the quantity of the polystyrene microspheres. The samples are
named Co-NC-PS (Y:1), where Y represents the mass ratio of polystyrene microspheres
to the flocculation substrate in the preparation process. The NC-PS sample was prepared
inthe same procedure without adding the cobalt source. For comparison, in the absence
of the PS microsphere template or melamine, control samples were prepared according
to the same procedure and named Co-NC and NPs Co-NC-PS, respectively.

3. Results and discussion
3.1. Synthesis and characterization of samples

Scheme 1 shows the two step-synthesis process of the Co single-atom catalyst. The first
synthesis step is the flocculation of methyl orange (MO) simulated dye wastewater by
chitosan (CS). The second synthesis step is the modification and calcination of the
flocculation substrate to obtain 3DOM N-doped carbon Co-NC-PS. The effect of CS
dosage and pH value on flocculation is investigated in the first synthesis step. The

optimal dye removal rate can reach up to 88.9 % when CS dosage and flocculation pH

are 250 mg and 5, respectively (Fig. S1a, S1b, S1c and S1d). The flocculation capacities
of chitosan to different dyes have been investigated. Fig. S2 shows the flocculation of the
four dyes at different pH. The optimal removal rate of Azo Rubine, New Coccine, Orange

II and Brilliant Bule R can reach up to 99.9 % at pH =6, 99.9 % at pH =6, 99.8 % at pH
=5 % and 98.5 % at pH =6, respectively. These results confirm that chitosan is an
excellent flocculant for various dyes. In the second synthesis step, PS microspheres

prepared by the soap-free emulsion method are used as a sacrificial template to obtain
the 3DOM Co single-atom carbon material by the one-step calcination method. In that

progress, PS microspheres decompose under high-temperature calcination [36].
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Scheme 1. The schematic diagram for the conversion of the flocculation substrate and
the preparation of Co-NC-PS.

The microstructure of the selected template strongly affects the morphology and pore

structure of porous carbon. Scanning electron microscopy (SEM) confirms that the
prepared PS microspheres are uniformly sized spheres with a diameter of ~360 nm (Fig.
1aand, Appendix A Supplementary material). The PS microspheres with negative charge
are used as structural templates to electrostatically bind with the positively charged CS
polymer (carbon source) via protonated amine groups (Fig. S3b)[37]. During the

subsequent pyrolysis process, the modified flocculating substrate is carbonized at 800 °C

to form N-doped carbon sheets. Moreover, N atoms can anchor the Co atoms onto the
carbon skeleton in the form of Co—N - C bonds [38]. SEM images also illustrate that the
Co-NC-PS and NC-PS present almost the same 3DOM structures with abundant pores
after high-temperature calcination (Figs. 1b,, Appendix A Supplementary material),
verifying the introduction of Co does not affect the morphology of the samples. The
diameters of the pores are between 160 and 200 nm. The formed macropores are smaller
than the initial templates owing to the shrinkage of the melted PS spheres during
calcination [39]. Moreover, the stacked PS microspheres are pyrolyzed to create rich
interconnected pores (Fig. 1c). However, the Co-NC synthesized without the PS
microsphere template possesses a massive structure without large pores (Fig. S3e).
While the morphology and structure of the NPs Co-NC-PS without N source (Fig. S3f) are
similar to those of the Co-NC-PS. The influence of the quantity of polystyrene
microspheres on the morphology and pore structure of porous carbon is further
investigated. The SEM image of Co-NC-PS (4:1) shows that some scattered holes
appeared on the surface of the sample due to the removal of the polystyrene
microspheres template (Fig. S4a). With the increased quantity of polystyrene
microspheres, Co-NC-PS shows three-dimensional ordered macroporous (3DOM)
structures with abundant pores (Fig. S4b). However, with the further addition of
polystyrene microspheres, the SEM image of Co-NC-PS (12:1) shows that the macropore
structure collapses (Fig. S4c). The specific surface areas (SSAs) of the samples increase
with the addition of polystyrene microspheres, which of the Co-NC, Co-NC-PS (4:1), Co-
NC-PS and Co-NC-PS(12:1) are 33.4, 102.8, and 162.5 m?-g™", respectively (Fig. S5a, S5c,
S5e and S5g). Among them, Co-NC-PS contains more macropores, and its pore size
distribution is concentrated in the range of 40 — 80 nm (Fig. S5b, S5d, S5f and S5h). These
results suggest that the PS microsphere template has a vital role in the formation of the
3DOM structure.
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Fig. 1. (a) SEM image of PS microspheres. (b and ¢) SEM images and (d) TEM image of Co-
NC-PS. (e and f) Aberration corrected the HAADF-STEM image, in which single Co atoms
are highlighted by red circles. (g) HAADF-STEM image and corresponding EDS elemental
mappings of Co, C, N, O and S, respectively.

It can be clearly observed that the Co-NC-PS exhibits a three-dimensional hollow
structure from the transmission electron microscopy (TEM) images (Fig. 1d). No clusters

or nanoparticles are observed. Co atoms atomically dispersed in N-doped 3DOM carbon
are verified by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) (Figs. 1e, 1f and 1g). Abundant Co single atoms (bright dots,
highlighted by circles) are uniformly dispersed on the carbon matrix. The corresponding
energy dispersive X-ray spectroscopy (EDS) mappings (Fig. 1g) show that Co, C, N, O and
S are uniformly distributed throughout the carbon skeleton. The existence of a small

amount of S atoms in the obtained materials also confirms the effective utilization of
organic constituents within the simulated MO dye wastewater.

In order to further detect the crystal state of C and Co, the X-ray diffraction (XRD) patterns
of the samples are shown inFig. 2a. XRD pattern of NC-PS only shows two wide
diffraction peaks at 22°and 44°, corresponding to the (002) and (100) planes of graphite
carbon. The XRD patterns of Co-NC, Co-NC-PS and Cox-NC-PS samples are highly
similar to that of NC-PS. The absence of a corresponding diffraction peak for the Co
element suggests that Co-containing crystals may not be present (Fig. S6). Notably, the
actual Co contentin Co-NC-PSis determined by the Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) to be 3.23 wt%. These results suggest that the Co
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elements may be atomically dispersed in the N-doped carbon preliminarily. The XRD
pattern of NPs Co-NC-PS also shows two sharp narrow peaks at 44.2° and 51.4°,
corresponding to the (111) and (200) facets of the metal Co, indicating the existence of
cobalt particles. The graphitization degree and structural defects of all the above-
mentioned samples are also investigated by Raman spectroscopy. The intensity ratio of
the D band to the G band (Io/ls) usually represents the degree of structural defects of
carbon-based materials [40], [41]. As shown in Fig. 2b, the Ip/ls of NC-PS, Co-NC and Co-
NC-PS are 1.04,1.04 and 1.05, respectively. It indicates that their defect degrees are
almost the same. While the Ip/lc of NPs Co-NC-PS is significantly smaller (0.96), which
may be due to the fewer structural defects caused by the low degree N
doping without melamine.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of NC-PS, Co-NC, NPs Co-NC-PS and Co-
NC-PS, respectively. (c) Co 2p XPS spectrum of Co-NC-PS. (d) The proportions of
different N types in NC-PS and Co-NC-PS.

The above results preliminarily indicate that a kind of atomic Co anchored 3DOM
structured carbon-based material has been prepared. The introduction of the PS
microsphere template does not change the crystalline state and defect degree of the
carbon layer. The high dispersion of Co atoms in the Co-NC-PS sample benefits from the
high defect degree and anchoring effect by abundant N dopant [42].
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X-ray photoelectron spectroscopic (XPS) is employed to further investigate the surface
composition and elemental state of the obtained materials. In the full range XPS
spectrum of the Co-NC-PS (Fig. S7a), the signal of C, N, O and Co can be observed, while
the signal of S is inconspicuous due to its low content (0.28 at%). XPS results show that
the N, O and Co content of Co-NC-PS are 8.98, 5.98 and 0.35 at%, respectively. The Co
2p XPS spectrum of Co-NC-PS is shown in Fig. 2¢c. The characteristic peaks at 780.0 and
781.7 eV can be assigned to the Co** and Co?* species [43]. No peak assigned to Colis
detected, suggesting all Co species in the Co-NC-PS exist in a dispersed oxidation state.
The N 1 s high-resolution XPS spectra of NC-PS and Co-NC-PS are deconvolution into
four peaks with binding energies of 398.5, 399.9, 401.1 and 403.3 eV, corresponding to
pyridinic N, pyrrolic N, graphitic N and oxidized N, respectively (Fig. S7b and
S7c) [40], [44]. It is worth noting that the proportions of graphitic N in NC-PS and Co-NC-
PS are 34.6 % and 30.8 %, as well as the proportions of pyridine N are 34.3 % and 39.4 %,
respectively (Fig. 2d). The acceleration of the pyridine N ratio verifies the formation of Co-
N coordination, as pyridine N is generally considered as anchoring sites for Co atoms [31].

The X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) are used to analyze the atomic coordination environment and valence
information of Co-NC-PS. As shown in the inset in Fig. 3a, the first derivative of Co K-
edge XANES spectra indicates that the absorption edge of Co-NC-PS is located between
those of CoPc and Co3;0,[45], [46], [47]. This result suggests that the oxidation state of
the Co element in Co-NC-PS is between +2 ~ +2.67, which is consistent with XPS
results [48]. The k?-weighted Fourier transform EXAFS (FT-EXAFS) spectrum of Co-NC-PS
shows a major peak at ~1.50 A (Fig. 3b), in accordance with the Co—N coordination
distance [49]. While a weak peak at ~2.30 A, close to the Co-Co coordination distance
(~2.20 A), may arise from non-bonded Co-N/C and/or Co-Co single/multiple-scattering
paths [50]. In order to determine the attribution of this peak, the wavelet transform (WT)
is applied to the Co K-edge EXAFS (Fig. 3c). The WT-EXAFS of Co-NC-PS displays only one
intensity maximum in k-space and R-space at 4.0 Avand 1.3A, respectively. By
comparing with the reference samples, the k-space value is close to the value scattered
by light atoms directly coordinated with Co atoms (Co-N/O paths at 3.5 5.5 A™") rather
than the Co-Co paths (~7 A*). It suggests that the weak peak at ~2.30 Ain k-spacein FT-
EXAFS of Co-NC-PS arises from Co-N rather than Co—Co scattering, consistent with the
atomically dispersed Co observed by HAADF-STEM. According to the least-squares
EXAFS fitting (Fig. 3d,,Appendix A Supplementary materialand Table S1),
the coordination numberof Co-N is 4.3+0.6, and the average bond length is

2.01£0.01 A, indicating that each Co atom coordinates with four N atoms.
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Fig. 3. (a) Normalized XANES spectra at the Co K-edge of Co-NC-PS and reference
samples with first derivatives of the XAS data. (b) Non-phase-corrected Fourier-
transformed k?-weighted EXAFS spectra of Co-NC-PS and reference samples. (c)
Wavelet transforms of the k>-weighted EXAFS of Co, CoPc, Co;0, and Co-NC-PS samples.
(d) EXAFS and the curve fit for Co-NC-PS are shown in R-space (The top and bottom
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traces are Fourier Transform magnitude and imaginary part, respectively. The data are k*-
weighted and not phase-corrected).

3.2. Performance evaluation

Choosing bisphenol A (BPA) as the model pollutant and PMS as the oxidant, the
performance of the prepared materials to degrade organic pollutants by activating PMS
is studied. As shown in Fig. 4a, without the addition of the catalyst, only PMS can hardly
degrade BPA. On the other hand, without PMS, the reduction of BPA is less than 5 % in
60 min. It suggests that thechemical degradationof the BPA is the
main decontamination mechanism. To better investigate the catalytic performance, the
apparent reaction rate constants (k, min™) of BPA degradation are obtained by fitting the
first-order kinetics. The removal rate of BPA within 60 min is only 60.0 % with NC-PS as
the catalyst (k=0.031 min™), indicating that N-doped carbon contributes little to the
activation of PMS (Fig. 4b). Through the preparation of a series of Cox-NC-PS catalysts
with different Co atomic loading, the effect of Co amount on the activation of PMS can be
further studied. As shown in Fig. 4b, the Co(1.5-NC-PS, Co)-NC-PS, Co12-NC-PS, Co-NC-
PS, Cous-NC-PS and Cogo-NC-PS systems take 60 min, 45 min, 15, min, 10 min, 20 min
and 30 min to completely degrade BPA, respectively. The k values are 0.184, 0.628, 0.985,
1.290, 0.751 and 0.562 min™", respectively (the fitting correlation coefficient R? are all
above 0.94) (Fig. 4c). The results show that the Co atoms in the Co-NC-PS catalyst may
be the main active sites of BPA degradation. The reaction rates of the Cox-NC-PS
systems show a crest shape with the increasing Co precursor dosage and reach up to

1.290 min~" when using Co-NC-PS. Co-NC-PS shows the best catalytic performance,
and its reaction rate constant is more than 41 times higher than that of NC-PS. SEM
images illustrate that the Co(.5-NC-PS, Coi)-NC-PS, Co12-NC-PS, Co-NC-PS, Coys-NC-
PS and Coo-NC-PS present almost the same three-dimensional ordered macroporous
(3DOM) structures with abundant pores after high-temperature calcination (Fig. S10).
The increase of Co precursor dosage does not affect the morphology of the material,
which excludes the effect of the macroscopic structure of the material on the catalytic
activity. XPS survey spectra of the Co1.5-NC-PS, Coi-NC-PS, Conz)-NC-PS, Co-NC-PS,
Cous-NC-PS and Coo-NC-PS show that the Co content is 0.13, 0.17, 0.25, 0.35, 0.50
and 0.56 at%, respectively (Table S2). From Co1.5-NC-PS to Co-NC-PS, the enhanced

activity is attributed to the increment of the Co N, active sites introduced by
increasing metal loading amount. However, with the further addition of metal precursors,
excessive metal atoms are more likely to aggregate into large-size metal particles [27]. To
prove this possibility, the Co 2p XPS spectra of Cox-NC-PS are furtherinvolved (Fig. S11).
In Co 2p XPS spectra of the Co(1.5-NC-PS, Co)-NC-PS, Co12-NC-PS and Co-NC-PS, no
peak assigned to Co°could be detected, suggesting that all Co species exist in a
dispersed oxidation state. However, with the further increase of Co precursor dosage, a
shoulder peak at ~778.5eV corresponding to the Coappears and gradually
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strengthens [51]. This result indicates the existence of large-size Co particles, which is
confirmed by the TEM images of Cous-NC-PS and Coo-NC-PS (Fig. S12a and S12c¢),
revealing granular nanoparticles homogeneously embedded in the carbon skeletons.
The clear lattice fringes with interspacing of 0.205 nm illustrated in Fig. S12b and
S12d are assigned to the cubic phase Co (111) facet[52]. In summary, it can be
concluded that the moderate increase of the Co precursor can increase the Co—-N, site

and improve the catalytic efficiency. However, excessive Co precursor will cause the
formation of Co particles, thereby reducing the catalytic efficiency. NPs Co-NC-PS with
the same amount of Co source addition is prepared to further demonstrate the role of
single-atom Co. With NPs Co-NC-PS as the catalyst, BPA is completely degraded at
60 min (0.306 min™"), indicating that the catalytic efficiency of isolated single-atom Co is
higher than that of Co nanoparticles (Fig. S13).
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Fig. 4. (a) BPA degradation in different catalysts/PMS systems. (b) BPA degradation in NC-
PS and Cox-NC-PS systems. (c) The pseudo-first order reaction rate constants (k) of NC-
PS and Cox-NC-PS. (d) Effect of 10mM NO;, 10mM HCO;,10mM CIL,
10 mM H,PO, and 10 mg-L™" HA on the BPA degradation in the Co-NC-PS/PMS system.
(e) Effect of pH on the BPA degradation in the Co-NC-PS/PMS system. (f) Degradation of
a variety of pollutants in the Co-NC-PS/PMS system.

In addition, the effect of the quantity of polystyrene microspheres on BPA degradation is
further investigated. With Co-NC and Co-NC-PS (4:1) as the catalyst, the BPA
degradation effects are 16.1 % and 95.1 % within 60 min, respectively (Fig. S14). While
Co-NC-PS and Co-NC-PS (12:1) systems take only 10 min to degrade BPA completely.
The effect of the 3DOM structure on mass transfer efficiency has been explored by
customized mass transfer experiments (Table S3). See supporting information for details.
The result shows that the 3DOM structure of Co-NC-PS not only fully exposes the active
sites but also improves the mass transfer capacity, which plays a crucialrole inimproving
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the catalytic performance. The acceleration of SSA in Co-NC-PS (12:1) is due to the
increase of micropores and mesoporous pores caused by the fragmentation of the
macroporous structure (Fig. S5h). Herein, with the excessive templates, the 3DOM
structure is destroyed. Although the SSA of Co-NC-PS (12:1) is increased,
the degradation rate does not increase significantly. Stemming from the economic
interest and degradation efficiency consideration, the optimal mass ratio of polystyrene
microspheres to the flocculation substrate is 8:1. From the above results, the Co-NC-PS
is used in subsequent tests.

The effects of PMS and catalyst dosage on BPA degradation in the representation of Co-
NC-PS are also investigated. With the increase of PMS dosage from 100 mg-L™" to
300 mg-L™", the degradation rate of BPA is significantly increased (Fig. S15a). The kis
significantly increased from 0.0315 min™to 1.290 min~" (Fig. S15b). However, when the
PMS dosage increases to 500 mg-L™, the degradation efficiency does not significantly
improve, indicating that the excessive amount of PMS may cause self-quenching in the
system and hamper the degradation [53]. As can be seen from the illustration in Fig. S16,
the degradation rate of BPA increases significantly as the dosage of Co-NC-PS
accelerates from 50 mg-L™"to 150 mg-L™", indicating that more Co-NC-PS can provide
more active sites for PMS activation, and produce more ROSs for BPA degradation.
Stemming from the economic interest and degradation efficiency consideration,
100 mg-L™" of catalyst dosage with 300 mg-L™" of PMS dosage is selected as the optimal
reaction condition for catalytic activity evaluation.

In addition, considering that there may be a variety of co-existing substances in
wastewater, the degradation statuses of BPA by Co-NC-PS catalyst under the existence
of various anions (NO;~, HCO;", Cl"and H.PO,) are shown in Fig. 4d. Although such
substances could inhibit BPA degradation in a certain extent, BPA can still be completely
degraded within 45 min. The inhibiting effect of NO;-, HCOs;-and H,PO, on BPA
degradation is due to the quenching of the active radicals to form the secondary radicals
with lower activity and restrain the BPA oxidation [54]. It is noteworthy that Cl can
facilitate the degradation of BPA (k=1.538 min™') on account of a much longer lifetime
HOCI may be generated in the Co-NC-PS/PMS/CL” system (Fig. S17) [55]. It has been
reported that the Co-N4sites not only act as the essential catalytic sites for PMS
activation but also reduce the energy barrier for HOClformation at a high level of Cl” [56].
From what has been discussed above, the Co-NC-PS/PMS system has obvious
resistance to inorganic anions. To verify the ability of the Co-NC-PS/PMS system to resist
macromolecular natural organic matter interference, the effects of different
concentrations of humic acid (HA) on the degradation of BPA in the Co-NC-PS/PMS
system have been tested. As shown in Fig. 4d and , Appendix A Supplementary material,
with HA amounts of 10 and 20 mg-L™", BPA can still be completely degraded at 45 min and
60 min, respectively. BPA degradation may be lightly inhibited by HA owing to its

competition with BPA for ROSs during the PMS activation process [57]. The excellent
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resistance of the Co-NC-PS/PMS system to high HA concentration may be attributed to
the 3DOM structure [58]. The average diameter of HA is 783.6 nm, which is much bigger
than that of the Co-NC-PS (40 -80 or 160 -200 nm). Co-NC-PS with macropores can
intercept the macromolecules, while allowing small molecules to traverse and reach the
active sites on the internal channels of Co-NC-PS. Such characteristics, to some extent,
can effectively inhibit the competition between HA and BPA on the active sites and the
quenching of ROSs, thereby realizing the efficient activation of PMS and degradation of
BPA.

The effect of pH on BPA degradation is also investigated. Co-NC-PS has high pH versatility,
reaching 100 % BPA removal within 30 min at all investigated pH values from 3to 11 (Fig.
4e), thus presenting a significant advantage over typical Fenton-like reaction systems.
The Co-NC-PS shows better catalytic activity in acidic environments (pH = 3 and 5) than
in alkaline environments (pH =9 and 11). High pH may cause self-decomposition of PMS
and hinder its adsorption and activation, thereby slowing the reaction rate [59], [60].

The selectivity of degradation of different pollutants is then investigated. Fig. 4f shows the
degradation of several organic pollutants in the Co-NC-PS/PMS system. Rhodamine
B (RhB), phenol and 2,4-Dichlorophenol (2,4-DCP) could be completely degraded within
10 min, and sulfamethoxazole (SMX) can be completely degraded within 60 min,
while atrazine (ATZ) can be degraded by only ~10 % within 60 min. Except for ATZ, the
other contaminants can be degraded rapidly, which may be related to the difference in
the intramolecular structure of ATZ and the types of free radicals in the system [61].
These results confirm that Co-NC-PS can be used as a catalyst to effectively activate
PMS, so as to achieve complete degradation of various dyes and phenolic organic
pollutants.

To prove the applicability of the reclamation of the flocculation substrate to prepare the
catalyst, the flocculation substrates treated with the four dyes are modified and calcined
under the same conditions as that of Co-NC-PS mentioned to obtain Co-NC-PS (Azo

Rubine), Co-NC-PS (New Coccine), Co-NC-PS (Orange II) and Co-NC-PS (Brilliant Bule

R), respectively. The performances of the prepared materials in the degradation of
organic pollutants have been evaluated. As shown in Fig. S19, BPA can be completely
degraded within 10 min catalyzed by the Co-NC-PS (Azo Rubine), Co-NC-PS (New

Coccine), Co-NC-PS (Orange II) and Co-NC-PS (Brilliant Bule R) systems. These results

confirm the applicability of the proposed approach.

Moreover, the stability of the catalystis further evaluated by reuse tests (Fig. 5a). After the
first cycle, the efficiency of NPs Co-NC-PS catalyst decreases by more than 70 % (the
blue lines in Fig. 5a). In sharp contrast to the NPs Co-NC-PS catalyst, the Co-NC-PS
catalyst shows good recyclability. Although the degradation rate decreased, 97 % BPA
can be removed within 60 min after four experimental cycles (the red lines in Fig. 5a). The
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atomic absorption spectrometer (AAS) is used to detect the amount of cobalt leaching
from the solution after the reaction. After the first cycle, the leaching amount of Co in the
NPs Co-NC-PS systemis 2.2 mg-L™", while the leaching quantity of Co cannot be detected
after the reaction of the Co-NC-PS system. Therefore, it is inferred that the loss of active
sites after the reaction may be the main reason for the activity reduction of NPs Co-NC-
PS. The strong stability of single-atom Co-NC-PS catalyst most likely originates from the
stable Co-N, active sites.
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Fig. 5. (a) Stability test of both Co-NC-PS and NPs Co-NC-PS catalysts. (b) Co 2p
spectrum of the used Co-NC-PS. C 1 s spectrum of the (c) Co-NC-PS and (d) Co-NC-PS
(used). (e) FTIR spectra of the Co-NC-PS, Co-NC-PS (used), Co-NC-PS (used w/o BPA)
and Co-NC-PS (annealed). (f) The degradation activities of BPA catalyzed by Co-NC-PS
(used), Co-NC-PS (used w/o BPA) and Co-NC-PS (annealed) (the fifth cycle).
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To disclose the reason for the decline in catalytic performance, cyclic experiments have
been carried out without adding BPA under the same other conditions (the recycled
catalyst labeled as (Co-NC-PS (used w/o BPA)). XPS results show that the O content of
Co-NC-PS increases from 5.98 at% to 11.29 at% after the fourth cycle (Table S2). The
proportion of Co* increases from 58.8 % to 60.9 % while the relative content of pyridine
N decreases slightly from 39.4 % to 36.9 %, according to the Co 2p and N 1 s spectra of
Co-NC-PS before and after use (Figs. 2c,5b,,Appendix A Supplementary
material, Tables S4 and S5). Furthermore, the C 1 s spectra present the proportion of C-O

and C O increases from 10.0 % and 11.4-11.7 % and 12.3 % after the reaction,
respectively. Such results indicate more oxygen-containing groups are introduced into
the carbon skeleton during the reaction process (Figs. 5¢ and 5d). Similarly, the O content
in the Co-NC-PS (used w/o BPA) rises to 12.93 %, confirming abundant ROSs attack
pollutants and substrate materials indiscriminately [62]. Fourier transform infrared (FTIR)
spectroscopy is further employed to characterize the obtained materials. As shown in Fig.
5e, the peaks at 1217 cm™in the FTIR spectra of the Co-NC-PS (used) and Co-NC-PS
(used w/o BPA) are strengthened, corresponding to the infrared band of C-0. This may
result from the oxidation of the carbon skeleton by the PMS, which is consistent with the
XPS results. In addition, another peak at 1503 cm™ in the FTIR spectrum of the Co-NC-
PS (used), corresponding to the skeleton of the benzene ring vibration, appears with the
adsorption of the reaction intermediates containing benzene rings. To further verify the
reason for catalyst deactivation, the degradation activities of BPA catalyzed by Co-NC-
PS (used) and Co-NC-PS (used w/o BPA) have been investigated. With Co-NC-PS (used)
and Co-NC-PS (used w/o BPA) as the catalyst, the BPA degradation effects are 79.6 %
and 98.7 % within 60 min, respectively (Fig. 5f). While Co-NC-PS (used) with lower oxygen
content (11.29 %) shows worse activity than Co-NC-PS (used w/o BPA) (O content is
12.93 %). These results indicate that both the oxidation of the carbon skeleton and the
adsorption of degradation intermediates lead to the decline of catalytic activity.

Herein, the Co-NC-PS catalyst after the fourth cycle is annealed at 800 °C to reduce the
catalyst and remove the adsorbed intermediates (the obtained catalystis named Co-NC-
PS (annealed)). The Co-NC-PS (used) and Co-NC-PS (annealed) still maintain the 3DOM
structure characterized by SEM, and no significant adsorption of intermediates has been
observed in either of them (Fig. S21). The molecular weight of the intermediates may be
too smallto be observed by SEM, so XPS and FTIR have been used to further characterize
the Co-NC-PS (annealed). XPS results show the O content of Co-NC-PS (annealed)
decreases to 6.71 % after calcination (Table S2). As shown in Fig. 5e, FTIR spectra show
the peaks of the benzene ring and C-0 disappear after calcination, verifying that the
adsorbed intermediates have been completely removed. In addition, with Co-NC-PS
(annealed) as the catalyst, BPA is completely degraded within 15 min, indicating that the
catalytic activity could be restored after calcination (Fig. 5f).
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The catalytic stability of Co-NC-PS has been further evaluated by a continuous flow
experiment in a fixed bed reactor (Fig. S22). As shown in Fig. S23, 200 mg of catalyst is
enough to efficiently purify 9.6 L 20 ppm BPA solution with 100 % removal efficiency in
312 h, implying the satisfactory durability of Co-NC-PS in a long-term oxidation process.

In summary, the oxidation of the carbon skeleton and the adsorption of degradation
intermediates lead to the decline of catalytic activity. High-temperature calcination can
restore catalytic activity through functional group reduction and adsorbed intermediates
removal. The high stability of the Co-NC-PS catalyst is firstly due to the high dispersion of

the Co N, sites in the carbon matrix, which reduces the leaching rate of Co. In
addition, the stable macropore structure is not easy to be blocked by reaction
intermediates in the process of reaction and regeneration, verifying the significance of
the 3DOM construction strategy.

3.3. Mechanistic insights into PMS activation

Electron paramagnetic resonance (EPR) analysis and radical quenching experiments are
conducted to identify the ROSs generated during PMS activation, in order to investigate
the PMS activation mechanism in the Co-NC-PS/PMS system. 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidone (TEMP) are selected as the spin-
trapping agents for the induction of free radicals (SO, and OH) and'O,,
respectively [63]. In the DMPO-trapping EPR experiments, only a very weak signal of the
DMPO-"0OH is observed in the Co-NC-PS/PMS system, clarifying the inexistence of
S0, and a small amount of *OH in the system (Fig. 6a). However, the typical heptet of
5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX) adducts (1:2:1:2:1:2:2:1) appears in the
presence of Co-NC-PS (Fig. S24) [64]. Previous studies have shown that DMPO can be
oxidized to DMPOX by 'O, or high-valent metal-oxo species [65],[66]. It indicates
that 'O, or high metal oxides may be produced in Co-NC-PS/PMS system. To further
clarify the non-radical mechanism, TEMP is then used to trap 'O, in the system. A
characteristic signal of TEMP-'0, with the intensity of 1:1:1 appears (Fig. 6b), proving the
existence of '0,. According to the EPR results, it is reasonably speculated that the
degradation of BPA by the Co-NC-PS/PMS system mainly depends on active
species '0, or high-valent metal-oxo species, but not the free radical oxidation.
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Fig. 6. (a) EPR spectra for SO, and *OH in the presence of DMPO in the Co-NC-PS/PMS
system. (b) EPR spectra for 'O, in the presence of TEMP inthe Co-NC-PS/PMS system. (c)
The effect of different scavengers on BPA degradation in the Co-NC-PS/PMS system. (d)
Pseudo-first order reaction rate comparisons of the Co-NC-PS in different quenching
systems. (e) BPA degradation in pure methanol and with the addition of B-Carotene. (f)
Open-circuit potential curves of the Co-NC-PS. Reaction conditions: [DMPO] = [TEMP]
=200 mM; MeOH/PMS=TBA/PMS =1000; [DMSO]= 20 mM; [L-His] =[BQ] =10 mM; [B-
Carotene]=1.0 mM.

In order to identify the ROSs generated in the Co-NC-PS/PMS system, radical quenching
tests are then conducted (Fig. 6c). MeOH is selected to scavenge SO,"~ and *OH (k (MeOH,
SO,7) =3.2x10’M's™, k(MeOH, *OH) =9.7 x 108 M 's™"), as well as TBA is used to
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selectively quench *OH (k (TBA, *OH) =3.8 - 7.6 x 108 M's™") [67]. Neither MeOH nor TBA
shows obvious inhibition even at a 1000-fold molar concentration of PMS. It
demonstrates that SO,*~ and "OH are not the main active substances for the oxidation of
BPA. Similarly, p-Benzoquinone (p-BQ) shows a limited quenching effect on O,*™ (k (p-BQ,
0,)=1.0x 10°M's™") eveninthe presence of excessive amounts [68]. Under the above-
mentioned conditions, BPA degradation could still be achieved within 15 min. However,
when using L-histidine (L-His) as a scavenger for quenching 'O,, the catalytic degradation
efficiency of BPA decreases obviously after adding L-His. The kvalue decreases from
1.290 min~"t0 0.015 min~" (Fig. 6d). Such results verify that 'O, had a significant effect on
BPA degradation rather than the SO,*", *OH or O;'" radicals, consistent with the EPR
results. Nevertheless, it has been reported that many 'O, scavengers, such as furfuryl
alcohol (FFA), L-His and TEMP may react directly with PMS, so the decrease in BPA
degradation efficiency may be due to the consumption of PMS by scavengers. B-carotene
is another scavenger of 'O, that may not consume PMS, which is used to further verify the
function of '0, [69], [70]. Since B-carotene is insoluble in water, the radical quenching
experiment is performed in the pure methanol system. As methanol inhibits a small
amount of SO,*~ and "OH in the solution, the degradation rate of the Co-NC-PS/PMS
system in pure methanol is slightly reduced (k=1.212 min™") (Figs. 6e and , Appendix A
Supplementary material). However, with the addition of B-carotene, the degradation rate
of BPA decreases significantly (k=0.021 min™), suggesting the major contribution
of 'O, in the Co-NC-PS/PMS system. The result explains the selectivity difference of the
Co-NC-PS/PMS system for the degradation of different pollutants. ATZ is difficult to be
degraded by 'O, due to its electron-deficient structure [71]. Surprisingly, when all the
possible free ROSs are scavenged out in the BPA solution by adding methanol and B-
carotene, the Co-NC-PS/PMS system still removes 58 % BPA, suggesting the BPA
degradation process does not solely rely on free ROSs attack.

The high-valent metal-oxo species and directelectron transfer (DET) processes are
further investigated. Methyl phenyl sulfoxide (PMSO) can be oxidized by 'O, or high-
valent metal-oxo species to obtain the corresponding oxidation products through the
oxygen atom transfer mechanism of methyl phenyl sulfone (PMSQO) [72]. To verify the
formation of high-value metal oxides in the Co-NC-PS/PMS system, the consumption of
PMSO and the formation of PMSO;are evaluated by high-performance liquid
chromatoid-ultraviolet (HPLC-UV) detection. Without the addition of the catalyst, PMS
alone could hardly oxidate PMSO, as only ~5 % of the PMSO is consumed within 60 min
(Fig. S26a). Without the addition of BPA, the expenditure of PMSO is only 24.8 % within
60 min, yielding the same amount of PMSO,. The conversion rate of PMSO is much slower
than that of the high-valent metal-oxo species-dominated system [73]. With the addition
of BPA, the consumption of PMSO is 19.7 %, which may result from the competitive
oxidation of PMSO and BPA. However, BPA could be completely degraded within 15 min
in the presence of PMSO (Fig. S26b). In addition, DMSO is used as a trap to quench BPA
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degradation, based on the fact that dimethyl sulfoxide DMSO can be oxidized by high-
priced metal oxides. As shown in Figs. 6¢ and, Appendix A Supplementary material, the
degradation rate of BPA slows down slightly as the concentration of DMSO increases from
0 mM to 20 mM. Considering that DMSO can also be oxidized by other reactive oxygen

species, itis supposed that high-valent metal-oxo species only have a slight effect on the
BPA degradation in the Co-NC-PS/PMS system. Herein, the existence of high-valent
metal-oxo species in the degradation system could almost be ruled out. The obvious
peak of the DMPOX product in the EPR experiment is mainly caused by the oxidation of
DMPO by '0, to DMPOX. 'O, is the main ROS for BPA degradation in the Co-NC-PS/PMS
system, which may come from the self-decomposition of PMS rather than the
transformation of any free radicals.

Electrochemical techniques are commonly used to study the contribution of DET
processes to PMS activation. PMS can be activated by the catalyst to form an active PMS
complex that oxidizes organic pollutants directly by electron transfer on the catalyst
surface. Fig. 6 f shows the detected open-circuit potential (OCP) of Co-NC-PS loaded
on glassy carbon electrodes (GCE) after the continuous addition of PMS and BPA. The
open-circuit potential of GCE coated with Co-NC-PS increases immediately after the
addition of PMS, owing to the combination of activated PMS with Co-NC-PS to form
catalyst PMS* complex. After the addition of BPA, the OCP slightly decreases due to the
reaction between the active PMS complex and BPA. Therefore, the direct electron transfer
processes also play a minor role in the degradation of BPA.

Density functional theory (DFT) calculations are employed to further distinguish the
different reaction pathways and activation mechanisms of Co active sites. For the
transition metal single-atom catalyst, the adsorption or binding of PMS on the catalyst
surface facilitates electron transfer between the catalyst and PMS, which is a
prerequisite for PMS activation [74]. PMS contains three types of O atoms, one hydroxyl O
atom, one peroxy O atom and three terminal O atoms. These three adsorption
configurations involving different types of O atoms lead to various PMS activation routes
and resultant ROSs generation. Fig. 7a illustrates the intermediate structures of the most

likely activation pathway for generating different active species. Pathway I and II: the
adsorption with hydroxyl O atom on Co is inclined to generate high metal active species

and SQO,", respectively. Pathway III: the adsorption with peroxy O atom is inclined to

generate ‘OH. Pathway IV: the adsorption with terminal O atoms configuration is more

likely to generate 'O, [75]. For pathway (l), as the electron transfer from metal atoms to
PMS, the PMS adsorbed via hydroxyl O undergoes the heterolysis of the bonds around the
hydroxyl O atom to form the high-valent metal-oxo structure [76]. And this structure
oxidizes organic pollutants through an oxygen atom transfer process. For pathways (ll)

and (lll), the homolysis of the peroxide bond (O O) leads to the formation of
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SO, and *OH, respectively, which in turn trigger the degradation reaction. The PMS
residues stillbound to Co single atoms are released to form SOs'~ with the help of another
PMS molecule [29]. For pathway (IV), the formation of 'O, requires the interaction of two

PMS molecules [77], but only the PMS directly linked to the Co N, contributes two
oxygen atoms. At the same time, the PMS residues are converted to two HSO;™ [75].
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Fig. 7. (a) Pathways for PMS adsorption, activation and generation of high-valent metal-
oxo species, SO, radicals, *OH radicals and'0,in the Co single-atom system. (b)
Potential energy profiles of PMS adsorption for the generation of different active species.
(c) Optimized geometric structure of adsorption configuration of PMS for the generation
of 'O, and calculated adsorption energy.

The potential energy profiles of PMS adsorption in these four reaction pathways in the
Co-NC-PS/PMS system and corresponding adsorption configurations are shown in Figs.
7b, 7c and, Appendix A Supplementary material. In the first step, exothermic adsorption
occurred in all three configurations, indicating the spontaneity of the adsorption

process and the stability of PMS adsorption to the Co N, active site. While the
configuration of the terminal O of PMS adsorbed on Co single atoms shows the

lowest adsorption energy (Eass = —2.160 €V, step1), meaning that it is the most stable

adsorption configuration. This adsorption configuration determines that pathway IV is
more likely to occur, i.e., it tends to generate 'O, than other ROSs. Furthermore, in the
transformation from *PMS to '0,, the energy continues to decrease from -2.160 to
- 3.093 eV (step2) and then to - 4.463 eV (step3), verifying that this activation pathway is
exergonic and spontaneous. By contrast, the activation pathways I, Il and Il are only
slightly exothermic or even endothermic processes. These results suggest that the Co-
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N, active site is more inclined to transform PMS to 'O, rather than other ROSs, consistent
with the results of EPR and inhibition experiment results.

4. Conclusions

In this study, a novel Co single-atom catalyst supported on N-doped three-dimensional
ordered microporous (3DOM) carbon (Co-NS-PS) is prepared by a hard-template
strategy with the wastewater flocculation substrate as the carbon source. The

stable 3DOM structure can boost the mass transfer efficiency and fully expose Co

N, active sites, thereby enhancing catalytic activity and structural stability. The prepared
Co-NS-PS catalyst with highly distributed Co-N, active sites exhibits splendid Fenton-like
catalytic activity (1.290 min™") and stability for BPA degradation by PMS activation. Based
on the quenching experiments and EPR results, '0, is proved to be the main functional
active specie in this system. Moreover, DFT calculations prove that PMS is more inclined
to transform to 'O, on the Co-N, active site than other active species. This study provides
a novel method for the preparation of high-value-added products from the recycling of
wastes and certain inspirations for the design of novel and efficient SACs for
environmental remediation.
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