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SUMMARY

Persulfate-based nonradical oxidation processes are appealing in water treat-
ment for the efficient and selective degradation of trace contaminants in complex
water matrices. However, there is still lacking of systematic understanding of the
relationship between multiple nonradical pathways and the active sites of cata-
lyst. Herein, a single-atom Cu catalyst with saturated Cu-N4 sites on a carbon sub-
strate (SA-Cu-NC) was constructed to activate peroxymonosulfate (PMS), which
exhibited high catalytic performance and selectivity for pollutant degradation
in differentwater conditions. Combinedwith the results of density functional the-
ory (DFT) calculations, the electron-rich area around Cu site and the electron-poor
area around C site in the saturated Cu-N4 configuration could efficiently adsorb
and activate PMS, which promoted pollutant degradation through the oxidation
of singlet oxygen (1O2) and electron transfer process, respectively. This study ad-
vances the understanding of the saturated coordination structure of metals and
the superiority of multiple nonradical pathways in wastewater treatment.

INTRODUCTION

In recent decades, emerging micropollutants in water have posed a serious threat to the ecological envi-

ronment and human health, even at trace concentrations (ng L�1�mg L�1) (Schulze et al., 2019). Owing to

the generation of powerful oxidizing radicals (e.g., hydroxyl radical ,OH and sulfate radical SO4
,�), persul-

fate-mediated advanced oxidation processes (AOPs) are regarded as efficient technologies for water pu-

rification (Wang et al., 2021a; Zhang et al., 2021). However, in actual water with complex chemical compo-

sitions, radicals are inevitably consumed by natural organic matter (NOM) and inorganic substrates (e.g.,

HCO3
� and Cl�), hindering the degradation of target pollutant and increasing the toxicity caused by halo-

genated byproducts (Yang et al., 2021). Therefore, selective degradation of emerging micropollutants in

complex water matrices remains a significant challenge for water treatment.

Compared to radical-based advanced oxidation processes, nonradical processes exhibit high selectivity

toward various substances in actual water. For instance, 1O2 (E
0 = 2.2 V vs NHE) is identified as the dominant

active oxidant for the degradation of bisphenol A in an oxygen vacancy-mediated BiOBr/PDS activation

process (Bu et al., 2021; Qi et al., 2021). The electron transfer process has also been reported in the recent

studies (Ren et al., 2020b, 2022). Both the pollutant and persulfate are effectively bonded on the catalyst

surface to form a charge transfer complex, in which the catalyst plays a critical role in mediating electron

transfer from the pollutant to persulfate. As oxidizing intermediate species, high-valent metal species

(e.g., Fe(IV) and Co(IV)) can directly oxidize pollutants (Liu et al., 2021; Wang et al., 2022a). The coexistence

of multiple nonradical pathways in a catalyst-persulfate system may further improve its application poten-

tial for complex wastewater treatment. Therefore, it is crucial to adopt effective approaches to identify

active sites and persulfate activation pathways in the multiple nonradical pathways. Benefiting from the

development of theoretical calculations, the adsorption sites and adsorption energy (Eads) of persulfate

on the catalyst are regarded as important indicators for determining the active sites of the catalyst and

the activation processes of persulfate (Cui et al., 2021). The combination of experimental characterizations

and theoretical calculations will be conducive to an in-depth exploration of the reaction mechanism. How-

ever, the coexistence of multiple species, especially the metal-based catalysts, limits the precise analysis of

their structures and mechanisms.
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Single-atom catalysts (SACs) have emerged as peroxymonosulfate (PMS) activators for pollutant degradation

owing to their high atom utilization efficiency, dispersive active sites, and tunable electronic structures. For

instance, Li et al. demonstrated that single-atom cobalt anchored on porous N-doped graphene reduced

the migration distance of the active singlet oxygen produced from PMS activation, thus improving Fenton-

like catalytic performance (Li et al., 2018). The electron transfer pathway was determined to be the dominant

mechanism in the single-atom Cu catalyst SACu@NBC+PMS system, which differed from the traditional

metal-based catalyst+PMS system (Pan et al., 2021). The uniform single-atom metal sites provide an ideal ob-

ject for the identification of active sites and the study of reaction mechanisms through experimental character-

izations and theoretical calculations (Li et al., 2022). A recent study showed that the saturated coordination of

M-N-C single-atom catalysts did not significantly affect the PMS adsorption energy between the metal and

non-metal sites (Wang et al., 2021b). The adsorption of PMS at multiple sites may induce diverse nonradical

pathways of PMS activation, improving the activity and selectivity of pollutant degradation. However, relevant

reports on the use of SACs for PMS activation via multiple nonradical pathways at different adsorption sites are

still rare, and the corresponding mechanism deserves further analysis.

Herein, we developed a single-atom Cu catalyst (SA-Cu-NC) supported by N-doped carbon nanosheets by

constructing saturated Cu-N4 sites for the efficient catalytic oxidation of bisphenol A (BPA) with PMS acti-

vation. Based on the results of experimental characterizations and DFT calculations, PMS showed similar

adsorption properties at the C and Cu sites. Unlike conventional radical mechanisms, 1O2 oxidation and

electron transfer process were the dominant PMS activation pathways on the two active sites in the SA-

Cu-NC+PMS system. Based on the dual nonradical pathways, the SA-Cu-NC catalyst exhibited good cat-

alytic properties and high selectivity for the degradation of emergingmicropollutants under various anions,

aquatic systems, and even actual wastewater conditions.

RESULTS AND DISCUSSION

Synthesis and structural characterizations of SA-Cu-NC

The SA-Cu-NC catalyst with isolated dispersed Cu atoms was prepared by the pyrolysis of a mixture of di-

cyandiamide (DCDA) and Cu-based metal-organic framework (Cu-MOF) (Figure 1). To effectively stabilize

the Cu atoms for atomic dispersion, Cu-MOF with a typical stick-like shape (Figure S1) was synthesized via a

liquid-phase reaction between Copper(II) acetatemonohydrate (Cu(CH3COO)2,H2O), L-glutamic acid, and

trimesic acid. The SA-Cu-NC catalyst was finally obtained by calcining a mixture of Cu-MOF and DCDA un-

der Ar condition, followed by acid etching to remove copper oxide.

As shown in the XRD patterns (Figure 2A), SA-Cu-NC and NC both exhibit two main broad peaks at 26.4�

and 43.9�, assigned to the (002) and (004) planes of graphitic carbon, respectively (Zhu et al., 2020). In

contrast to the XRD pattern of NC with Cu clusters (NP-Cu-NC) (Figure S2), no additional peaks corre-

sponding to the Cu0 particles and CuxO are observed. As illustrated in the HRTEM image (Figure 2B),

SA-Cu-NC exhibits a 2D carbon nanosheet structure with obvious wrinkles. However, obvious Cu clusters

appear in NP-Cu-NC (Figure S3), which is consistent with the result of XRD pattern (Figure S2). Additionally,

the insignificant alteration in the Raman and FTIR spectra of NC and SA-Cu-NC indicates that the introduc-

tion of Cu exerts a negligible influence on the structure of the carbon framework (Figures S4 and S5) (Gao

et al., 2021b). Figure 2C shows that numerous well-isolated atoms marked with red circles are observed in

the aberration-corrected HAADF-STEM image, confirming that the Cu species in SA-Cu-NC exist as single

atoms (Wu et al., 2022). Additionally, the EDXmapping images (Figures 2D–2G) of SA-Cu-NC further reveal

Figure 1. Schematic illustration of the synthesis process for SA-Cu-NC
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that Cu and N atoms are uniformly dispersed over the entire carbon substrate. These results demonstrate

the successful synthesis of a single-atomCu catalyst supported by anN-doped carbon substrate. As seen in

the Cu 2p XPS spectrum of SA-Cu-NC (Figure 3A), the Cu 2p3/2 and Cu 2p1/2 peaks are deconvoluted into

two peaks with binding energies of 954.5/952.2 eV and 934.7/932.4 eV, respectively, which are assigned to

Cu(I) and Cu(II) (Guan et al., 2020). The shake-up satellite peak also confirms the presence of Cu(II). The total

Cu content of SA-Cu-NC was determined to be 1.9 wt. % using ICP-OES. As shown in Figure S6, the four

peaks in the N 1s spectrum of SA-Cu-NC represent pyridinic N (398.2 eV), pyrrolic N (399.4 eV), graphitic N

(400.8 eV), and oxidized N species (404.0 eV), respectively. The peak located at 399.8 eV indicates the co-

ordination of N and Cu atoms, suggesting the existence of Cu-N bonds in the SA-Cu-NC sample (Ren et al.,

2020a). Cu K-edge XAFS spectra were obtained to determine the chemical state and coordination environ-

ment of Cu atoms in the SA-Cu-NC sample. Standard Cu foil, CuO, Cu2O, and Cu(II) phthalocyanine (CuPc)

samples were used as references. As seen in the XANES spectra (Figure 3B), the Cu-K absorption edge en-

ergy of SA-Cu-NC is located between those of Cu2O and CuO, indicating that the Cu valence is between +1

and +2 (Pan et al., 2021). This is consistent with the XPS results (Figure 3A). In Figure 3C, the k3-weight

FT-EXAFS spectrum of SA-Cu-NC displays a main peak at�1.50 Å, which is corresponding to the Cu-N first

shell (Zhu et al., 2020). The peaks at�2.20 Å and�1.53 Å assigned to the Cu-Cu and the Cu-O coordination,

respectively, are not observed, suggesting that Cu atoms are separated from each other and coordinated

with N atoms, consistent with the results of XRD, HAADF-STEM, and XPS (Figures 2A, 2C, and 3A). Further-

more, the quantitative EXAFS fitting results show that the average Cu-N coordination number of Cu in SA-

Cu-NC is close to 4 and the average length of the Cu-N bond is approximately 1.96 Å (Figure 3D and

Table S1). The WT-EXAFS images (Figures 3E and 3F) further corroborate the existence of the sole Cu-N

bonds in SA-Cu-NC, which is distinguished from the Cu foil.

Catalytic performance of SA-Cu-NC for pollutant degradation

To evaluate the catalytic performance of SA-Cu-NC in PMS activation and pollutant degradation, BPA was

selected as the target compound because of its frequent presence in the natural environment and potential

Figure 2. Structural characterizations of SA-Cu-NC

(A) X-ray diffraction (XRD) patterns of NC and SA-Cu-NC.

(B) High-resolution transmission electron microscopy (HRTEM) image of SA-Cu-NC.

(C) Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of SA-Cu-NC.

(D–G) Energy-dispersive X-ray (EDX) images of SA-Cu-NC.
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harm to human beings (Santangeli et al., 2019). As shown in Figure 4A, more than 95% of BPA is removed

within 60 min in the SA-Cu-NC+PMS system, whereas the degradation of BPA by PMS alone is negligible.

The BPA can be completely removed by prolonging the reaction time or increasing the catalyst dosage

(Figures S7A and S7B), indicating that the SA-Cu-NC+PMS system is efficient in degrading emerging con-

taminants with small concentrations for environmental purification. SA-Cu-NC achieves a quick adsorption-

desorption equilibrium within 10 min, and only 10% of BPA is adsorbed on SA-Cu-NC surface. Notably, the

NC sample can hardly activate PMS to degrade pollutants, indicating that the catalytic performance is

remarkably improved by the introduction of single-atom Cu. In addition, less than 20% of BPA can be

removed in the NP-Cu-NC, CuO, and Cu2O systems within 60 min owing to the adsorption effect. In addi-

tion, the results of the same BPA concentration after storage for different periods demonstrate that 20 mL of

sodium thiosulfate solution (0.1 mM) can completely quench the reaction (Figure S7C). In order to ensure

the consistency of degradation test conditions of different batches, the reaction temperature was set at

30�C owing the negligible effects of the temperature variation of temperature from 20�C to 35�C (Fig-

ure S7D). A modified kinetic model (k value) considering the reaction rate constant, catalyst dosage, and

pollutant concentration was used to compare the degradation rate of organic pollutants in various hetero-

geneous Fenton-like processes (Table S2). The k value of SA-Cu-NC+PMS (1.77 mmol s�1g�1) is remarkably

higher than those of the other previously reported Cu-related heterogeneous Fenton-like catalysts (k

value = 0.02–1.11 mmol s�1g�1) (Chen et al., 2020; Gao et al., 2021a; Jiang et al., 2018; Li et al., 2019;

Song et al., 2021a, 2021b; Zhao et al., 2021). Consistent with the trend of BPA removal, the TOC removal

efficiency reaches 80% in the SA-Cu-NC system within 60 min (Figure S7E), which is clearly better than those

of the other reference systems (Cao et al., 2020; Pan et al., 2021). The transformation products (TPs) of BPA

were identified using HPLC-MS (Figure S8), and two main oxidation pathways were proposed (Figure S9).

Through a series of reactions, such as hydroxylation, deprotonation, and oxidative skeletal rearrangement,

BPA can be converted to various ring-opened small molecules, which are eventually mineralized into CO2

and H2O. In addition, Figure 4B shows that the BPA removal rate is more than 80% with PMS concentration

from 0.1 to 2.0 mM, which implies a high PMS utilization rate of SA-Cu-NC reducing the SO4
2� emission.

Figure 3. Chemical state and coordination structure of SA-Cu-NC

(A) X-ray photoelectron spectroscopy (XPS) Cu 2p spectrum of SA-Cu-NC.

(B) Normalized Cu K-edge X-ray absorption near-edge structure (XANES) spectra of SA-Cu-NC and reference samples.

(C) k3-weight Fourier transform extended X-ray absorption fine structure (FT-EXAFS) spectra of SA-Cu-NC and reference samples.

(D) EXAFS R-space fitting curve of SA-Cu-NC.

(E) Wavelet transform (WT)-EXAFS spectrum of SA-Cu-NC.

(F) Wavelet transform (WT)-EXAFS spectrum of Cu foil.

ll
OPEN ACCESS

4 iScience 25, 104930, September 16, 2022

iScience
Article



To analyze the effect of pH values on the catalytic performance of SA-Cu-NC, a buffer solution was used to

adjust the pH to avoid the rapid pH reduction caused by the addition of PMS. As shown in Figure 4C, SA-

Cu-NC shows excellent BPA degradation performance, ranging from acidic to alkaline conditions. The

negligible effect of pH values on BPA degradation indicates that the SA-Cu-NC+PMS system may have

more than one reaction mechanism, which will be analyzed in the following part (i.e., Identification of

Active Oxidants). Furthermore, the degradation kinetics of different pollutants (i.e., PhOH, 2,4-DCP,

2-CP, BA, NB, and IBU) in the SA-Cu-NC+PMS system was investigated (Figure 4D). The SA-Cu-

NC+PMS system can effectively degrade PhOH, 2,4-DCP, and 2-CP, but shows ineffective degradation

of BA, NB, and IBU, indicating that SA-Cu-NC prefers to attack electron-rich contaminants. The high selec-

tivity for pollutant degradation implies the existence of nonradical pathways.

Identification of active oxidants

To determine the presence of reactive oxygen species in the SA-Cu-NC+PMS system, several scavenging

tests were conducted. Methanol (MeOH) and tert-butanol (TBA) have been frequently employed as radical

scavengers owing to their extremely high reactivity with free radicals (k (MeOH, ,OH) = 9.73 108 M�1 s�1, k

(MeOH, SO4
,�) = 3.23 106 M�1 s�1, and k (TBA, ,OH) = 3.8–7.63 108 M�1 s�1) (Huang and Zhang, 2019). As

shown in Figure 5A, MeOH (1000 times the concentration of PMS) exhibits negligible impact on BPA degra-

dation in the SA-Cu-NC+PMS system, indicating that ,OH/SO4
,� is not the main active species in the SA-

Cu-NC system. However, TBA exhibits a slight inhibition of BPA degradation at 1000 times the PMS con-

centration, which may be due to the easy aggregation of the catalyst particles caused by the addition of

TBA (Huang and Zhang, 2019). Furthermore, EPR analysis was performed to determine the presence of
,OH and SO4

,�. As shown in Figure 5B, no characteristic signals of DMPO-,OH or DMPO-SO4
,� can be

observed in the SA-Cu-NC+PMS system, indicating the absence of ,OH/SO4
,� (Yun et al., 2018). However,

a remarkable signal of DMPOX occurs in the SA-Cu-NC+PMS system, which is produced via the direct

oxidation of DMPO involving nonradical processes rather than radical attack on DMPO (Wang et al.,

2018). In addition, the intensity of the DMPOX signal significantly decreases with the addition of BPA, indi-

cating that the oxidizing species can effectively degrade BPA.

Figure 4. Catalytic performance of SA-Cu-NC

(A) BPA degradation in various systems.

(B) Effect of PMS concentration on BPA degradation.

(C) Effect of pH values on BPA degradation.

(D) Degradation of different pollutants in the SA-Cu-NC+PMS system. Reaction conditions: [catalyst] = 0.04 g L�1,

[BPA]0 = [2,4-DCP]0 = [PhOH]0 = [2-CP]0 = [BA]0 = [NB]0 = [IBU]0 = 50 mM (if any), [PMS]0 = 1.0 mM, initial pH = 5.8 if not

otherwise specified, Temp = 30�C.
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High-valent metal species (e.g., Fe(IV) and Co(IV)) have been identified as active oxidants for pollutant

degradation, based on the oxygen atom transfer reaction, in which methyl phenyl sulfoxide (PMSO) can

be readily oxidized to the corresponding sulfone product [methyl phenyl sulfone (PMSO2)], which is signif-

icantly different from ,OH/SO4
,�-mediated pathways (Qian et al., 2021; Wen et al., 2022). As shown in Fig-

ure S10, compared with PMS alone, the addition of SA-Cu-NC does not increase the generation of PMSO2,

which suggests that Cu(III) may not be the active species in the SA-Cu-NC+PMS system. However, there are

no related reports on the study of high-valent copper species Cu(III) based on the oxygen transfer reaction.

To further determine the presence of Cu(III), in situ Raman spectroscopy was performed. The high-valent

copper species Cu(III) can produce a characteristic band of Cu(III)-OH at approximately 610 cm�1 in the

Raman spectrum (Jawad et al., 2020; Wang et al., 2020) (Figure S11). There is no obvious peak in the range

of 200–600 cm�1, further ruling out the generation of Cu(III).

1O2 is a mild and selective oxidizing species, which exhibits high reactivity toward electron-rich compounds

(Qin et al., 2020). Therefore, the contribution of 1O2 to pollutant degradation was investigated using FFA as

the scavenger. As shown in Figure 5A, the removal efficiency of BPA decreases to 60% by adding 10 mM

FFA (k (FFA, 1O2) = 1.2 3 108 M�1 s�1) to the SA-Cu-NC+PMS system, indicating the potential role of
1O2. Furthermore, EPR spectra were used to detect the generation of 1O2 in the SA-Cu-NC+PMS system.

As shown in Figure 5C, the signal intensity of TEMP-1O2 considerably increases with the addition of PMS

compared with that of the PMS alone and continues to increase over time (Figure S12), which suggests

that PMS is activated by SA-Cu-NC for the generation of 1O2. The obvious decrease in the signal caused

by the addition of BPA further indicates that 1O2 is the main active species for pollutant degradation.

The involvement of 1O2 was also investigated using D2O instead of H2O as the solvent, since the lifetime

of 1O2 in D2O (20–32 ms) is more than 10-fold longer than that in H2O (2 ms) (Zong et al., 2020). D2O clearly

enhances BPA degradation (Figure S13), and the markedly enhanced signal intensity of TEMP-1O2 is

observed in D2O (Figure S14), which further suggests that 1O2 is responsible for BPA degradation.

Figure 5. Identification of active oxidants

(A) Effect of MeOH, TBA, and FFA on BPA degradation in the SA-Cu-NC+PMS system.

(B) EPR spectra for ,OH/SO4,� in the presence of DMPO in various systems.

(C) EPR spectra for 1O2 in the presence of TEMP in various systems.

(D) Decomposition of PMS in various systems.

(E) In situ Raman spectra in various systems.

(F) The open-circuit potential (OCP) curves of NC and SA-Cu-NC. Reaction conditions: Reaction conditions: [catalyst] = 0.04 g L�1, [BPA]0 = 50 mM, [PMS]0 =

1.0 mM, [MeOH]0 = [TBA]0 = 1000 mM, [FFA]0 = 10 mM (if any), initial pH = 5.8, Temp = 30�C.
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In addition, N2 and O2 purging were used to drain dissolved oxygen and create oxygen-rich conditions in

the BPA solution, respectively. Compared with the reaction in air, the oxygen-free and oxygen-rich condi-

tions do not cause significant changes in BPA degradation (Figure S15), indicating that 1O2 is completely

converted from PMS rather than O2. These results verify the key contribution of 1O2 to the degradation of

BPA in the SA-Cu-NC+PMS system.

For nonradical pathways, the electron transfer process is also a critical pathway for PMS activation and cat-

alytic degradation. PMS directly abstracts electrons from the adsorbed organic pollutants on the catalyst

surface, which results in the reduction of PMS to SO4
2� rather than radicals (,OH/SO4

,�). The consumption

of PMSwith and without BPAwas determined, as shown in Figure 5D.Without the addition of BPA, 0.08mM

PMS is consumed within 60 min, and this part of PMS should mainly be converted to 1O2. Notably, the PMS

consumption is further increased to approximately 0.15 mM with the addition of BPA, where the electrons

of BPA are efficiently transferred to PMS through the electron bridge function of SA-Cu-NC. In situ Raman

spectroscopy was used to analyze the PMS conversion process. As shown in Figure 5E, the peak at

1060 cm�1 is attributed to HSO5
�, while the peak at 982 cm�1 is related to the symmetric stretching vibra-

tion mode of the S=O bond in SO4
2�. The consumption of PMS can be evaluated by the variation in the

ratio of the peak intensity at 982 cm�1 to that at 1060 cm�1 (I982/I1060), and a large ratio (I982/I1060) represents

a large PMS consumption (Qian et al., 2021). After adding SA-Cu-NC into PMS solution, the ratio of I982/I1060
increases from 1.18 to 1.25, implying the PMS consumption in the SA-Cu-NC system. In the presence of

BPA, the ratio of I982/I1060 further increases obviously from 1.25 to 1.41, indicating that the presence of

BPA promotes the decomposition of PMS. Based on these results, it can be ascribed to a direct electron

transfer process, in which SA-Cu-NC serves as the electron-transfer mediator between BPA and PMS, pro-

moting the decomposition of PMS.

Electrochemical analysis can provide direct evidence of the electron transfer process. As shown in Fig-

ure 5F, the open-circuit potential (OCP) of SA-Cu-NC sharply rises with the addition of PMS and gradually

reaches a plateau (potential of the SA-Cu-NC+PMS* complex). After the addition of BPA, electron transfer

process of BPA to SA-Cu-NC+PMS* complex results in a decline of OCP, accompanied by the oxidation of

BPA and reduction of PMS (Liang et al., 2021; Ren et al., 2022; Tan et al., 2020). In contrast, the potential of

NC increases slightly upon the addition of PMS, and the subsequent addition of BPA causes an increase in

the equilibrium potential. The results indicate that BPA does not donate electrons to NC and it just adsorb

BPA to form a complex to further elevates the oxidation potential, which is consistent with the previous

study (Wang et al., 2022b). Furthermore, as shown in the LSV curves (Figure S16), the current density in-

creases continuously with the addition of PMS and BPA, further illustrating that electrons are transferred

in the SA-Cu-NC+PMS+BPA system (Wang et al., 2019). The above results demonstrate the combined con-

tributions of 1O2 and the electron transfer process for BPA degradation in the SA-Cu-NC+PMS system.

The existence of dual nonradical pathways (i.e., 1O2 and the electron transfer process) can explain that the

SA-Cu-NC+PMS system is not affected by pH variation. pH can directly affect the charge on the catalyst

surface, and then affect the adsorption of molecules and the subsequent degradation. As for the electron

transfer process, high pH can increase the negative charge of catalyst, reducing the pollutant adsorption

and inhibiting the pollutant degradation (Huang and Zhang, 2019). The isoelectric point of SA-Cu-NC is

about 5.2 (Figure S17A). As shown in Figure S17B, the adsorption amount of BPA decreases in the SA-

Cu-NC system with the increase of pH value and the adsorption trend of PMS should be similar, which

cannot be directly measured owing to the PMS activation. The electron transfer process and corresponding

BPA degradation should be suppressed in alkaline condition. Meanwhile, the acidic condition is favorable

for the electron transfer process. The contribution of 1O2 to pollutant degradation in various pH values was

investigated using FFA as the scavenger. As shown in Figure S17C, with the increase of pH value from 3.8 to

9.0, the inhibition of FFA on BPA degradation is gradually enhanced, implying that the contribution of 1O2

to pollutant degradation is gradually increased. Furthermore, EPR spectra were used to detect the gener-

ation of 1O2 in various pH values. As shown in Figure S17D, the signal intensity of TEMP-1O2 in alkaline con-

dition is significantly higher than that in acidic condition, which is consistent with the previous study (Bu

et al., 2021). Although alkaline condition can inhibit the electron transfer process, it is beneficial to the gen-

eration of 1O2. Similarly, although acidic condition is not conducive to the generation of 1O2, the electron

transfer process can be enhanced. Therefore, SA-Cu-NC shows excellent BPA degradation performance,

ranging from acidic to alkaline conditions, which shows the superiority of the dual nonradical pathways

compared with single nonradical process.
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Mechanism in the SA-Cu-NC+PMS system

To elucidate the mechanism of PMS activation and BPA oxidization, the active sites of SA-Cu-NC and the

corresponding PMS activation processes in the SA-Cu-NC+PMS system were explored. It has been re-

ported that EDTA can poison isolated Cu sites in Cu-catalyzed reactions. As shown in Figure S18, with

the addition of EDTA (0.5–5.0 mM), the BPA removal rate is obviously suppressed to 40% in the SA-Cu-

NC+PMS system, indicating that single Cu atoms act as the active sites for the PMS conversion (Wang

et al., 2020). The catalytic activity for BPA degradation does not further decrease, even though the concen-

tration of EDTA is increased from 5.0 to 50.0 mM. This indicates that single-atom Cu is not the only active

site, corresponding to the two proven PMS activation pathways. The generation of 1O2 is derived from the

oxidation of PMS, and the electron transfer process is dominated by the reduction of PMS.

In order to identify the active sites and PMS activation processes, DFT calculations were performed. As

shown in Figure S19, the formation energy for the Cu-pyridinic N4 model (0.06 eV) is much lower than

that for the Cu-pyrrolic N4 model (0.42 eV), demonstrating the more favorable construction of the Cu-pyr-

idinic N4 configuration. The mechanism of the dual nonradical pathways in the saturated Cu-N4 coordina-

tion structure compared with the unsaturated Cu-N2 coordination structure was further elucidated. As

shown in Figure 6A2 and 6B2, the two-dimensional valence electron density images of Cu-N4 and Cu-N2

indicate that Cu and C atoms exhibit obvious valence electron polarization distribution. Cu site facilitates

to donate electron to the adsorbent for reduction reaction, and C site tends to accept electron from the

adsorbent for oxidation reaction. However, redox reactions occur only if PMS can be adsorbed at the

two sites, which is also closely related to the specific coordination structure of the single-atom Cu. The

PMS adsorption models on saturated Cu-N4 and unsaturated Cu-N2 coordination structures were

analyzed. As shown in Figures 6A3 and 6A4, the minimal adsorption energy difference of 0.1 eV between

Cu and C atoms on Cu-N4 shows that PMS can be evenly distributed at Cu and C sites on Cu-N4 configu-

ration for the reduction reaction and oxidation reaction, corresponding to the electron transfer process and

generation of 1O2. In contrast, PMS mainly adsorbs on the Cu site of Cu-N2 configurations owing to the

obvious adsorption energy difference of 0.8 eV (Figures 6B3 and 6B4). The adsorption model is generally

more favorable for PMS activation but restricts the adsorption and activation of PMS at other sites. There-

fore, SA-Cu-NC with a saturated Cu-N4 coordination structure provides two different PMS adsorption and

activation sites. Specifically, when PMS adsorbs at the Cu site, electrons can be transferred from the elec-

tron-rich single-atom Cu site to PMS, enabling PMS reduction to directly produce SO4
2�. Meanwhile, the

BPA molecule adsorbed at the C site by p-p interactions donates electrons to SA-Cu-NC to realize its

oxidative degradation. In addition, when PMS adsorbs on the C site, electrons transfer from PMS to the

electron-poor C site, resulting in the generation of anion radical (SO5
,�), which rapidly converts to 1O2

with water molecules involved in the oxidation of BPA. Therefore, both the electron transfer process and
1O2 oxidation contribute to the efficient degradation of BPA.

Effect of complex matrices and durability based on continuous-flow test

Actual water contains various inorganic ions and natural organic matters (NOM), which inevitably affect the

removal efficiency of target pollutants. To evaluate the feasibility of the SA-Cu-NC+PMS system, the effect

of anions (Cl�, HCO3
�, H2PO4

�, SO4
2�, and NO3

�) and humid acid (HA) on the degradation of BPA was

studied. As shown in Figure 6C, the inorganic anions (i.e., HCO3
�, H2PO4

�, SO4
2�, and NO3

�) and HA

have almost no influence on BPA degradation in the SA-Cu-NC+PMS system. The enhanced BPA degra-

dation with Cl� can be attributed to the generation of hypochlorite acid derived from the reaction of

Cl� and PMS, which was confirmed using the spectrophotometric N, N 0-diethyl-p-phenylenediamine

(DPD) method (Figure S20) (Gokulakrishnan et al., 2016; Wang and Wang, 2021). The removal of BPA in

actual water (i.e., tap water and river water, water quality parameters are summarized in Table S3) was stud-

ied. Compared to the BPA removal efficiency in ultrapure water, the removal rate of BPA is not affected in

tap and river water (Figure 6D), emphasizing the role of nonradical processes. This highlights the selectivity

of the SA-Cu-NC+PMS system and confirms reduced interference of background inorganic and organic

substances in the wastewater. Furthermore, the actual wastewater after the biological treatment (i.e.,

kitchen wastewater; water quality parameters are summarized in Table S3) was selected to evaluate the cat-

alytic performance of SA-Cu-NC. In the 3D-EEM fluorescence spectra of kitchen wastewater (Figure S21),

the original characteristic fluorescence peaks in areas A and B remarkably decrease, which demonstrates

the effective destruction of aromatic protein-like substances in the SA-Cu-NC+PMS system for actual

wastewater. The cycling test and corresponding characterizations were carried out to evaluate the stability

of SA-Cu-NC. As shown in Figure S22A, 80% of BPA can still be removed within 60 min after five successive
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cycles, and the Cu concentration from Cu leaching is only 0.003 mg L�1. XRD patterns show the used SA-

Cu-NC maintains the basic structure (Figure S22B). The BET-specific surface area (SSA) of the used SA-Cu-

NC decreases slightly owing to the collapse of some pore structure (Figures S22C and S22D). HRTEM spec-

trum and EDX mapping images indicate that the used SA-Cu-NC maintains the basic morphology and uni-

form distribution of Cu atoms (Figures S22E and S22F). Catalyst loss from sampling and recovery, release of

Cu atoms, and reduction of SSA lead to the slight decrease of catalytic activity for BPA degradation.

Furthermore, the durability of SA-Cu-NC was evaluated via a continuous-flow reaction using a column filled

with SA-Cu-NC and silica sand. As illustrated in Figure 6E, without the addition of PMS, the column can

basically reach saturation adsorption of BPA within 2 days. When PMS is added to the BPA solution, the

BPA concentration in the effluent gradually decreases to undetectable levels within 1 day and remains con-

stant for over 7 days. These results demonstrate that SA-Cu-NC exhibits good selectivity and durability for

pollutant degradation.

Figure 6. DFT calculations of PMS activation and durability of SA-Cu-NC

(A1, B1) The configuration models of Cu-N4 and Cu-N2.

(A2, B2) Two-dimensional valence-electron density images of Cu-N4 and Cu-N2.

(A3, B3) PMS adsorption model on Cu site of Cu-N4 and Cu-N2.

(A4, B4) PMS adsorption model on C site of Cu-N4 and Cu-N2.

(C) Effect of inorganic anions and humic acid on BPA degradation in the SA-Cu-NC+PMS system.

(D) Kinetics of BPA degradation with various actual water systems in the SA-Cu-NC+PMS system. Reaction conditions: [catalyst] = 0.04 g L�1, [BPA]0 = 50 mM,

[PMS]0 = 1.0 mM, [anions]0 = 10 mM, [HA]0 = 10 mg (if any), initial pH = 5.8, Temp = 30�C.
(E) BPA concentration in a continuous-flow reactor consisting of SA-Cu-NC filled column. Reaction conditions: [catalyst] = 50 mg, [BPA]0 = 50 mM, [PMS]0 =

1.0 mM, flow rate = 0.3 mL min�1.
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Conclusions

In this study, a single-atom Cu catalyst with a saturated Cu-N4 coordination structure was synthesized and uti-

lized to activate PMS for pollutant degradation. The saturated Cu-N4 configuration on the carbon substrate

provided an electron-rich area around the Cu site and an electron-poor area around the C site. Benefiting

fromthesaturatedCu-N4 configuration, PMScanalmost indistinguishably adsorbat these twositesandbeacti-

vated through two different nonradical pathways, namely singlet oxygen and electron transfer process, which

result in excellent catalytic activity and selectivity for pollutant degradation in complex matrices.

Limitations of the study

This study reports a single-atom Cu catalyst with saturated Cu-N4 sites exhibiting high catalytic perfor-

mance and selectivity for pollutant degradation under different anions, aquatic systems, and even actual

wastewater conditions. However, the synthetic process is complicated and the cost of raw materials is

high for the application of wastewater treatment. Therefore, further studies are needed to reduce the

cost of raw materials and simplify the synthetic process to improve the application prospects for waste-

water treatment.
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METHOD DETAILS

Material synthesis

A single-atom Cu catalyst (SA-Cu-NC) was synthesized using a modified pyrolysis process (Zhu et al., 2020).

First, benzenetricarboxylic acid (BTC, 5mmol) was dissolved in ultrapure water (450mL) and ethanol (50mL)

to form solution A. Under vigorous stirring, solution A was slowly added to 500 mL of solution B containing

Cu(CH3COO)2,H2O (10 mmol) and L-glutamic acid (5 mmol) and stirred for 2 h. The obtained product was

washed with ultrapure water and ethanol and then dried in vacuum at 60�C overnight. Afterward, the dried

sample (0.10 g) and dicyandiamide (DCDA, 1.0 g) were mixed and ball-milled for 0.5 h followed by calcina-

tion at 800�C for 3 h under an Ar atmosphere at a heating rate of 3�Cmin�1. Finally, the residual product was

leached with 1.0 M H2SO4 for 12 h to obtain SA-Cu-NC. For comparison, BTC (0.10 g) and DCDA (1.0 g)

were mixed via ball milling and calcined at 800�C using the same follow-up process, and the obtained sam-

ple was labeled as NC. For the synthesis of the catalyst with Cu clusters (NP-Cu-NC), Cu-MOF (1.00 g) was

mixed with DCDA (1.00 g) via ball milling, following the same method as that for SA-Cu-NC.

Characterizations

The XRD patterns of all the samples were recorded in the range of 10�–80� (2q) on a PANalytical X-ray diffrac-

tometer (PW3040/60) with Cu Ka radiation. High-resolution transmission electronmicroscopy (HRTEM) images

and energy-dispersive X-ray spectroscopy (EDX) were applied to characterize the crystal morphology of the

catalyst. Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) images were recorded using a JEOL ARM200CF. The Raman spectra were collected on a

LabRAMHR Evolution (HORIBA, France) equipped with a CCD detector utilizing a laser source at an excitation

line of 532 nm. X-ray photoelectron spectroscopy (XPS)measurements were obtained using an ESCALAB 250Xi

X-ray photoelectron spectroscope. The binding energies were calibrated with the C 1s hydrocarbon peak at

284.8 eV. The Cu K edge XAFS data were recorded under ambient temperature and pressure at the Singapore

Synchrotron Light Source (SSLS) center, where a pair of channel-cut Si (111) crystals was used in the monochro-

mator. The software Athena andArtemis were used to process and analyze the data. The concentration of cop-

per in the catalyst was measured by inductively coupled plasma optical emission spectrometry (ICP-OES) (Avio

200, PerkinElmer). The EPR spectra were recorded on a Bruker A300-10/12 electron paramagnetic resonance

spectrometer. The Brunauer-Emmett-Teller (BET) surface area was determined by performing N2 adsorption-

desorption experiments using a physisorption analyzer (ASAP 2460,Micromeritics). Measurement of SO4
2�was

conducted by Thermo ICS-600 ion chromatography. Electrochemical measurements were performed in a stan-

dard three-electrode cell system on a CHI 700E electrochemical workstation. The ITO conductive glass coated

with catalyst, Pt wire, and Ag/AgCl electrode were employed as working electrode, counter electrode, and

reference electrode, respectively. The intermediate products of BPA degradation were detected using

HPLC-MS (Agilent 1260-6460, USA).

Evaluation of the catalytic performance

The catalytic performance for pollutant degradation was tested in a 50-mL beaker under magnetic stirring

at 30�C. Typically, the Cu single-atom catalyst (2.0 mg) and PMS (1.0 mM) were added to 50 mL of BPA so-

lution (50 mM) and stirred. At specific intervals, 1.0 mL of suspension was withdrawn and filtered to the HPLC

bottle through a 0.45 mm glass fiber filter, and 20 mL of sodium thiosulfate solution (0.1 mM) was added to

quench the oxidizing species. The concentration of the organic pollutant was analyzed using a 1200 series

HPLC system (Agilent, USA). The total organic carbon (TOC) of the solution was determined using a TOC-L

CPH CN200 TOC analyzer (Shimadzu, Japan). To keep pH constant during the reaction in the pH experi-

ments, the mixture of acetic acid and sodium acetate solution and that of boric acid and sodium borate

solution were employed as the buffer for the reaction conducted at pHs 3.8 and 5.0–9.0, respectively

(Huang and Zhang, 2019; Pan et al., 2021; Qian et al., 2021). In the cycling test, the catalyst was recycled

after each run of the test by washing and filtration. Then the residual catalyst was added into the new

BPA solution for PMS activation and BPA degradation.

The details of continuous-flow test

A silica tube (1.0 3 20.0 cm) was filled with 50 mg of SA-Cu-NC and a certain amount of silica sand to lower

down the pressure for water passing through the column. The inlet and outlet were filed with 2.0 cm-thick

silica sand to prevent the catalyst loss and the actual thickness of the column filled with the mixture of SA-

Cu-NC and silica sand was about 16.0 cm. Then, the reaction solution was pumped through the column
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using a peristaltic at a flow rate of 0.3 mLmin�1 (0.8 r min�1). The actual empty bed contact time (EBCT) was

approximately 42 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

The determination of Cu content in SA-Cu-NC

The determination process of Cu content in the SA-Cu-NC catalyst is as follows: 2 mg of the SA-Cu-NC

catalyst was placed in a teflon crucible, then 2.0 mL of sulfuric acid and 3.0 mL nitric acid were added.

The suspension was heated on a 150�C electric heating plate until the suspension became clear and trans-

parent. After cooling to room temperature, the solution was transferred to a 50.0 mL volumetric flask,

diluted with water to the volume, and shaken up well. Finally, 5.0 mL of solution was withdrawn and the

Cu concentration was measured by an inductively coupled plasma emission spectrometry (ICP-OES).

The Cu content in the SA-Cu-NC catalyst was calculated from Equation S1.

RatioCu =
c3 0:05 L

2 mg
3 100% (Equation S1)

Where c and RatioCu are the Cu concentration (mg L�1) measured by ICP-OES and Cu content in the Cu-NC

catalyst.

DFT calculations

All density functional theory calculations were performed by DMol3 code (Delley, 1990, 2000). The ex-

change and correlation effect were described by the generalized gradient approximation (GGA) with

the Perdew-Burke-Ernzerhof (PBE) functional (Perdew et al., 1996). The All Electron Relativistic (AER)

core treat method was adopted for the relativistic effect (Koelling and Harmon, 1977). The dual numerical

atomic orbital augmented by a polarization function (DNP) was employed as the basis set (Delley, 1990). A

smearing of 0.005 Ha orbital occupation was applied to speed up electronic convergence. The GGA + vdW

approach with Grimme method was selected to describe the vdW interaction (Tkatchenko and Scheffler,

2009). The convergence tolerances of energy, maximum force, and displacement were 1.0 3 10�5 Ha,

0.002 Ha/Å, and 0.005 Å, respectively.
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