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Abstract
Nitrogen-doped carbon materials (NMC) are widely used in peroxymonosulfate-based advanced oxidation processes (PMS-
AOPs). Despite great efforts to improve the specific surface area of and the content of N atoms in catalysts for enhancing 
catalytic performance, this does not mean that the catalytic performance will improve with the increasing specific surface area 
and nitrogen content. Therefore, it is the key to optimize pore structure of NMC for maximizing the catalytic performance of 
nitrogen active sites. Herein, we synthesized the NMC as an efficient catalyst to activate PMS for the phenol removal. It can 
be found that the mesopore structure significantly accelerated the diffusion of reactants and might build the spatial confine-
ment effect to improve the utilization of short life free radicals for further improving the removal efficiency. The removal 
efficiency of 1NMC750 (95%) with abundant mesopore channels was much higher than that of 1NMC750-0F127 (20%) with 
abundant micropore channels. Furthermore, the mechanism was confirmed to be radical  (SO4

•−, •OH) and non-radical (1O2, 
electron transfer) pathways. This study proposed a new insight for improving the catalytic performance of carbon materials 
by coordinating the pore structure.

Keywords Nitrogen-doped carbon · Mesopore channel · Heterogeneous catalysis · Peroxymonosulfate · Reactive oxygen 
species · Oxidation mechanism

Introduction

The universal presence of refractory organic pollutants in 
wastewater has caused several environmental problems and 
posed threat to human health due to their biological toxic-
ity and high persistence in the environment (Li et al. 2019). 
Various effective water remediation techniques (e.g., mem-
brane separation, biodegradation, adsorption methods, and 
advanced oxidation process (AOP)) have been developed 
for the wastewater remediation (Zhu et al. 2021). Due to 
the merits of high efficiency and non-selectivity, AOP has 

been extensively studied to generate reactive oxygen species 
(ROS) to decompose organic matters (Wang et al. 2022b). In 
particular, sulfate radical  (SO4

•−)–based AOP can generate 
 SO4

•− with strong oxidative capacity. Compared to classical 
hydroxyl radical (•OH),  SO4

•− possesses an equal or even 
higher oxidative potential  (SO4

•−  (E0 = 2.5 ~ 3.1 V) ≥ •OH 
 (E0 = 1.9 ~ 2.7  V)) and a longer lifespan  (SO4

•−: 
30–40 μs > •OH:  10–3 μs) (Xu et al. 2022). However, perox-
ymonosulfate (PMS) cannot generate ROS by self-activation 
without external catalyst activation due to its stable prop-
erty (Wang and Wang 2018). In this regard, it is urgently to 
rationally design a high efficiency, green, and structurally 
stable PMS-AOP catalyst.

Nitrogen-doped carbons with the well-developed poros-
ity and high surface area have been considered as the effi-
cient PMS catalyst (de Andrade et al. 2020; Tian et al. 
2022). Thereinto, the different types of nitrogen functional 
group may generate distinct catalytic property. The pyri-
dinic N enhanced the catalytic performance by structur-
ing the localized states (Ren et al. 2022). The pyrrolic N 
devoted two electrons to form the Lewis basic sites, result-
ing in the enhanced adsorption capacity of persulfate and 
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pollutants (Chen et al. 2018). Moreover, the graphitic N 
can generate the more positive charged of the adjacent C 
atom, which was conducive to activate PMS (Duan et al. 
2015b). The nitrogen-doped carbon materials can over-
come the inevitable metal leaching and scarcity issues 
of metal-based catalyst (El Fakir et al. 2022). Tian et al. 
(2022) reported that nitrogen-doped porous carbon showed 
the enhanced catalytic capacity and adsorption capacity 
compared with that of original porous carbon. The origi-
nal carbon material without doping nitrogen mainly relied 
on adsorption for removing phenol, while nitrogen-doped 
carbon showed great PMS activation capacity for efficient 
removal phenol (Wan et al. 2022). Despite many advances 
in developing nitrogen-doped carbon catalysts, most past 
studies have focused on the design and synthesis of novel 
nitrogen-doped carbon catalysts to enlarge surface area or 
insert more N atoms to improve catalytic performance (Ma 
et al. 2019). However, it is worth noting that the increasing 
surface area and nitrogen content may not mean improved 
catalytic capacity. The N atoms insert in different scaled 
pore channels (macropore, mesopore, and micropore) 
might also generate different catalytic performance (Liu 
et al. 2020b). Thereinto, mesopore is more conducive to 
enhance the reactant diffusion than micropore. Compared 
with macropore, mesopore possesses a larger specific 
surface area which is beneficial for the distribution of N 
active sites (Jiang et al. 2016). Moreover, recent studies 
have reported that mesopore channel can build the spa-
tial confinement effect, restricting the pollutant molecules 
and short-lived active species in the nanoscale space. By 
constructing mesopore channels, the nanoscale spatial 
confinement can be generated for improving the pollutant 
degradation efficiency (Zhang et al. 2020). Consequently, 
nitrogen-doped mesoporous carbon has attracted extensive 
attention as a catalyst.

Based on the above innovations, nitrogen-doped 
mesoporous carbon was successfully fabricated through 
the soft-template self-synthesized method by using dicyan-
diamide (DCDA) as nitrogen source. The obtained nitro-
gen-doped mesoporous carbons were systematically char-
acterized by scanning electron microscopy (SEM), X-ray 
photoelectron spectroscopy (XPS), Raman, and  N2 adsorp-
tion/desorption isotherms. The degradation efficiency of 
1NMC750/PMS system (the system of 1NMC750 activated 
PMS) was examined in different reaction conditions (differ-
ent pH and PMS dosage, the presence of different inorganic 
anions  (Cl−,  HCO3

−) and humic acid (HA)). Moreover, deg-
radation experiments toward other pollutants manifest the 
versatility of 1NMC750/PMS system. The catalytic degrada-
tion mechanism of 1NMC750/PMS system was determined 
through the combination of radical quenching experiments, 
electron paramagnetic resonance (EPR), and electrochemi-
cal tests.

Materials and characterization

Reagents

Materials were presented in the Supporting information 
Text. S1.

Characterization

The morphologies of materials were observed by scanning 
electron microscopy (SEM, Hitachi S-4800) tests. X-ray 
photoelectron spectra (XPS) were conducted to analyze the 
elemental content. Raman spectra were obtained using Hor-
iba Scientific LabRAM HR Evolution with a green laser at 
532 nm. The specific surface area and pore size distribution 
were analyzed by  N2 adsorption/desorption measurements.

Synthesis of nitrogen‑doped mesoporous carbon

The mesoporous carbon (MC) was obtained by soft-template 
self-synthesized method using the Pluronic F127 (F127) as 
the mesoporous structure-direct agent. Firstly, 0.378 g of 
F127 was dissolved in the solution of 1.74 g deionized water, 
0.06 mL HCl (5 mol  L−1), and 2.3 g ethanol (EtOH). Then, 
0.487-g triethyl orthoacetate and 0.541 g formaldehyde were 
added to the above mixture solution in turn, and stirred at 
30 °C. After stirred for 20 min, 0 g, 0.039 g, 0.078 g, and 
0.156 g dicyandiamide (DCDA) as the nitrogen source were 
added to solution and continued to stir for 30 min and named 
as the MC, 1NMC, 2NMC, and 3NMC, respectively. Follow-
ing that, the resultant solutions were added to watch-glass 
and heated at 90 °C for 5 h in oven. The resultant deposits 
were carbonized under nitrogen atmosphere (650–950 °C for 
3 h, 1 °C  min−1). In addition, sample carbonized at 750 °C 
without the use of the mesoporous structure agents of F127 
was named as 1NMC750-0F127.

Experimental procedures and analytical methods

The both catalytic degradation and adsorption experiments 
were all carried out in the glass flask on the magnetic stir-
rers with a speed of 600 rpm. In the catalytic degradation 
experiments, the glass flask with a 50-mL mixture solu-
tion (pH = 6) of carbon catalyst (0.4 g/L), phenol solution 
(70 mg/L), and PMS oxidant (1.5 mM). After a certain inter-
val, 0.3-mL sample was withdrawn, and a certain amount 
of methanol (MeOH) was immediately added to quench the 
residue radicals. After that, the solid catalyst was filtered 
with the 0.22-μm filter membrane. For the stability tests, 
the catalyst was collected after each cycle experiment by 
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filtration, followed by washing with copious amounts of 
EtOH and water and drying in oven. The detailed pollutants 
concentration analysis was shown in Table S1.

Results and discussion

Properties of catalyst

The morphological information of 1NMC750, as shown in 
SEM photos (Fig. 1a, b, and c), exhibiting some irregular 
multiple pore structure, which may derive from pyrolysis 
removal of template (F127). The Raman spectra (Fig. 1d) 
exhibited the degree of graphitization of carbon materi-
als. The characteristic peaks were at around 1350   cm−1 
and 1585  cm−1, which were attributed to the appearance of 
defected (D) and graphite structures (G) (Wang et al. 2020). 
 ID/IG value of 1NMC750 was 0.84, indicating the partial gra-
phitization of 1NMC750 (Tian et al. 2022). The structural 
property of carbon material was assessed by the  N2 adsorp-
tion–desorption method (Fig. 1e), the characteristic of type 
IV isotherm and type I isotherm was observed in 1NMC750 
and 1NMC750-0F127, respectively, suggesting mesopore 
and micropore was the main pore structure in 1NMC750 and 
1NMC750-0F127 (Liu et al. 2020a; Thommes et al. 2015; 
Wang et al. 2021). Moreover, 1NMC750 contained a pore 
volume of 0.62  cm3/g and an average pore size of 4.38 nm 
(Table S2). XPS results of carbon materials were conducted 
to investigate the chemical composition. As shown in Fig. 1f, 
the distinct peaks included C 1 s (284.8 eV), O 1 s (533 eV), 
and N 1 s (401.1 eV). Moreover, the high resolution of XPS 
N 1 s peaks (Fig. 1g) can be deconvoluted into four peaks 
at 398.7, 400.2, 401.2, and 403.8 eV, which corresponded 
to pyridinic N, pyrrolic N, graphitic N, and oxidated N, 
respectively (Huang et al. 2021). Thereinto, the pyridinic 
N and graphitic N were the active center for PMS activa-
tion to generate 1O2 (Wan et al. 2022). The pyrrolic N was 
reported in the previous studies that had a promoting effect 
on the pollutant adsorption (Zhong et al. 2021). Therefore, 
the above results suggested that the nitrogen mesoporous 
carbon may have good catalytic potential.

Degradation performance in different systems

By degrading phenol in different catalytic degradation 
systems, the catalytic performance of the nitrogen doped 
mesoporous carbon for PMS activation was confirmed. 
The removal efficiency of phenol was merely 49% in the 
1NMC750 system (Fig. 2a and b). Since 1NMC750 had 
the BET surface area of 627.44  m2   g−1 (Table S2), the 
1NMC750 possessed the excellent adsorption capacity, 
thus resulting in the removal of phenol in the 1NMC750 
system. The phenol degradation efficiency with PMS alone 

was approximately 5% with the pseudo-first order kinet-
ics constant (k) of 0.0002   min−1. Notably, the removal 
rate exhibited an outstanding enhancement and achieved 
at 95% (0.0192  min−1) with the coexistence of PMS and 
1NMC750. The above results revealed that the degradation 
performance of 1NMC750/PMS system far outweighs that 
of PMS alone and 1NMC750 alone. As shown in Fig. S1, the 
PMS decomposition results also corroborated the negligible 
self-activation of PMS (10%). By contrast, the decomposi-
tion rate of PMS was as high as 80% with the existent of 
1NMC750, suggesting the excellent catalytic performance 
of 1NMC750. The above results demonstrated that PMS had 
the feeble oxidation capacity and was difficult to be decom-
posed without external activations (Fan et al. 2020; Zhong 
et al. 2021). Compared with PMS alone and 1NMC750 
alone, 1NMC750/PMS system demonstrated an increment in 
phenol degradation, which can be ascribed to the high PMS 
decomposition rate in the 1NMC750/PMS system, resulting 
in the generation of ROS.

In order to explore the catalytic relationship between the 
active sites of nitrogen atoms and the mesopore structure, 
the 1NMC750-0F127 as a control was fabricated without 
the addition of F127. The removal rate of 1NMC750-0F127/
PMS system decreased obviously (20%) compared with 
1NMC750/PMS system. As listed in Table S2, the volume 
ratio (Vmic/Vtotal) of 1NMC750-0F127 was 0.94, indicating 
the pore structure of 1NMC750-0F127 was constituted by 
micropore structure, which leaded to the fact that the nitro-
gen atoms can only distribute in the micropores. Moreo-
ver, the volume ratio (Vmic/Vtotal) of 1NMC750 decreased to 
0.29, proving the dominated role of mesopore structure in 
1NMC750. Therefore, the enhanced catalytic performance 
of 1NMC750 could be attributed to the mesoporous struc-
ture effect, which can make the spatial confinement effect 
to shorten migration distance among ROS, pollutants, and 
active sites (Duan et al. 2015a).

Catalyst optimization

The catalytic degradation performance of mesoporous car-
bon with different N doping content was evaluated, and 
thus, the addition of nitrogen source (DCDA = 0 g, 0.039 g, 
0.078  g, 0.156  g, corresponded to MC750, 1NMC750, 
2NMC750, 3NMC750) was changed in the fabrication 
preparation process. XPS analysis (Fig. 3a) revealed the N 
content of MC750, 1NMC750, 2NMC750, and 3NMC750 
were 0, 1.50, 2.62, and 3.83 at%, respectively. During cata-
lytic oxidation processes (Fig. 3b), 1NMC750 presented 
much higher phenol removal efficiency (95%) than that of 
MC750 (33%), 2NMC750 (59%), and 3NMC750 (50%) 
under the same conditions. The kinetic rate constant on 
1NMC750 (0.0192  min−1) was 6–12 times greater than those 
on MC750, 2NMC750, and 3NMC750. It was worth noting 
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that nitrogen doping can improve the catalytic degradation 
capacity of the catalyst. As shown in Fig. S4, only 31% tar-
get pollutant was removed within 90 min by MC750 alone, 

while the removal efficiency of 1NMC750 alone increased 
to 49%, indicating that the nitrogen functional groups played 
an important role in the adsorption process. The abundant 

Fig. 1  SEM image of 
1NMC750 (a, b, and c); Raman 
spectra (d);  N2 adsorption–des-
orption isotherms of 1NMC750 
and 1NMC750-0F127 (e); XPS 
spectra of 1NMC750 (f) and (g)
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adsorption sites of 1NMC750 can promote the accumulation 
of PMS and pollutants. Moreover, the removal efficiency of 
the MC750 alone and MC750/PMS system exhibited neg-
ligible difference (Fig. 3b and Fig. S4), suggesting that the 
samples without N functional groups may not activate PMS 
even if the presence of oxygen functional groups. However, 
the adsorption capacity and catalytic degradation capacity 
was not completely related to the doping amount of nitrogen 
functional groups. Such case can be attributed that the intro-
duction of excess nitrogen source into carbon may cause the 
collapse of carbon skeleton and disturb the charge, result-
ing in pore structural collapse and the reduced exposure 

of active sites (Ding et al. 2020). These above results sug-
gested that 0.039-g DCDA was the most desirable doping 
amount for fabricating catalyst to activate PMS toward the 
phenol degradation. Moreover, it was important to select an 
optimal pyrolysis temperature to prepare catalyst for subse-
quent experiments. Therefore, the effect of pyrolysis tem-
perature on the catalytic properties of carbon materials was 
also evaluated. As illustrated in Fig. 3c, phenol removal rate 
increased gradually as the pyrolysis temperature increasing 
from 650 to 750 °C. A low removal efficiency of 53% was 
achieved at pyrolysis temperature of 850 °C. To continue 
raising the pyrolysis temperature to 950 °C, the removal rate 

Fig. 2  Phenol degradation 
performance (a) and k value (b) 
in different systems

Fig. 3  XPS spectra of catalysts 
with different amount of doped 
N (a); Phenol degradation 
performance in presence of 
different amount of N doped 
mesoporous carbon (b), and in 
presence of different pyrolysis 
temperature of 1NMC (c); Con-
tents of four nitrogen species in 
1NMC under different pyrolysis 
temperatures (d)
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had a slight increase to 78%. The kinetic rate constant for 
phenol oxidation on 1NMC750 was 2–4 times greater than 
those on 1NMC650, 1NMC850, and 1NMC950. Therefore, 
the optimal pyrolysis temperature of 750 °C was selected for 
subsequent experiments in this work. Previous studies have 
shown that the change of pyrolysis temperature can lead 
to the variation of surface characteristics and the catalytic 
performance would change accordingly (Li et al. 2020a). 
Therefore, the XPS spectra of surface element analysis of 
carbon-based materials under different pyrolysis tempera-
tures were shown in Fig. 1g and Fig. S2. The relative con-
tents of each N species in the carbon samples are shown 
in Fig. 3d and Table S3. A positive correlation was found 
between pyridinic N and k, implying that pyridinic N was 
in favor of PMS activation (Fig. S3). Moreover, the adsorp-
tion performance was up with the increasing content of 
pyridinic N (Table S3), indicating that the pyridinic N can 
also promote the pollutant adsorption, and thus increasing 
the contact between the pollutant, catalyst, and PMS under 
catalytic process.

Phenol degradation in different conditions

The dosage of PMS was an important influencing factor 
of the amount of reactive oxygen species (ROS) and thus 
was investigated in Fig. 4a. The phenol removal efficiency 
increased from 70 to 95% when PMS concentration was 
increased from 0.5 to 1.5 mM. However, when the PMS 
concentration increased to 2.0 mM, the phenol degrada-
tion efficiency decreased to 83%. With the addition of the 
higher concentration of PMS, a large number of ROS would 
be generated through the catalyst activation, which could 
effectively attack pollutants, thus improving the speed of 
catalytic reaction (Liu et al. 2020a). The increase of PMS 
concentration leaded to the gradual increase of radical con-
centration until exceeding the optimal range, and induced 
self-scavenging reactions (Kang et al. 2016). Thus, 1.5 mM 
was used as the optimal PMS concentration. Generally, 
catalytic performance in catalytic process of carbon-based 
catalyst was susceptible to the solution pH (Zuo et al. 2022), 
and thus, different initial pH was selected to investigate the 
phenol removal efficiency. It was shown (Fig. 4b) that the 
phenol removal was 85%, 95%, and 92% under the pH of 
2, 6, and 8 respectively, with the kinetic rate constant of 
0.0102  min−1, 0.0192  min−1, and 0.0114  min−1. The removal 
efficiency under acidic condition was generally worse 
than that of under neutral and alkaline solution, because 
of the quencher reaction between the  H+ and ROS (•OH 
and  SO4

•−) (Wang et al. 2017). Mushtaque Ahmad et al. 
have reported that PMS could be activated by base in the 
high alkaline solution (Ahmad et al. 2013). Therefore, the 
solution pH value in the experimental condition was con-
trolled at pH < 9 to rule out the influence of base activation. 

Therefore, pH = 6 was selected as the optimal condition for 
the following experiments. In order to evaluate the adapt-
ability of NMC750/PMS system, the inhibition of inorganic 
anions and natural organic matter (NOM) on phenol degra-
dation was investigated (Zhao et al. 2017). The degradation 
efficiency of phenol decreased slightly with the presence of 
 Cl− (Fig. 4c).  Cl− can react with •OH and  SO4

•− to produce 
lower oxidation potential radicals as shown in Eqs. (1), (2), 
(3), and (4) (Li et al. 2020b). Therefore, the ROS was con-
sumed rapidly by the added  Cl−, resulting in the reduction of 
pollutant removal rate. Compared with  Cl−, the degradation 
efficiency decreased significantly with the present of  HCO3

−, 
which can be ascribed to the reaction between  HCO3

− and 
 O2

·− (Wang et al. 2018) and therefore inhibited the formation 
of 1O2 in the reaction solution. Consequently, the present 
of  HCO3

− can lead to the reduction of 1O2 (Eqs. (5), (6), 
and (7)) (Pang et al. 2022). Moreover, HA had a signifi-
cant inhibitory effect on the degradation of phenol in the 
1NMC750/PMS system (Fig. 4e). Such case was because the 
hydrogen bond interaction enhanced the adsorption of HA 
and then occupied the active sites of catalysts. Moreover, 
HA can be acted as another pollutant that competed with the 
target pollutant to reduce the utilization of radicals and other 
oxidizing species (de Andrade et al. 2020).

Identification of radicals

ROS played a vital role in the 1NMC750/PMS system for 
efficient degradation of organic pollutants (Xu et al. 2022). 
The possible oxidative pathway generated from catalyst acti-
vation include •OH and  SO4

•−, 1O2, and electron transfer. 
Therefore, radical quenching experiments were performed 
to identify radicals in 1NMC750/PMS system. In gen-
eral, MeOH was used as the quencher of both  SO4

•− and 
•OH (Guan et al. 2011). Moreover, TBA was employed 
to scavenge •OH (Tang et al. 2018). As can be seen from 

(1)SO.−
4
+ Cl− → SO2−

4
+ Cl⋅

(2)⋅OH + Cl⋅ → ClOH⋅−

(3)ClOH⋅− + H+
→ Cl⋅ + H

2
O

(4)Cl⋅ + Cl− → Cl⋅−
2

(5)HCO−
3
→ CO2−

3
+ H+

(6)CO2−
3

+ O⋅−
2

→ ⋅CO−
3
+ O2−

2

(7)⋅CO−
3
+ O⋅−

2
→ ⋅CO2−

3
+ O

2
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Fig. 4  Effect of PMS dosage (a), pH (b) different concentration of  Cl− (c) and  HCO3.− (d), and different concentration of HA (e)
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Fig. 5  Degradation performance and corresponding reaction rate constant of phenol degradation with different quenchers (a); EPR spectra (b) 
and (c); LSV in different systems (d); open circuit potential (OCP) (e)
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Fig. 5a, when MeOH and TBA existed in the 1NMC750/
PMS system, the phenol degradation efficiency decreased 
to 87% and 83% along with the decrease of k from 0.0192 to 
0.0142  min−1 and 0.0088  min−1. Unexpectedly, the inhibi-
tory of TBA on phenol oxidation degradation efficiency was 
slightly higher than that of MeOH. The above anomalous 
results have been reported in the previous study (Liang 
et al. 2013), which can be ascribed to the lower dielectric 
constant of TBA (12.5) than MeOH (33.7). Thus, TBA 
was more readily accessible to catalyst surface, which can 
occupy active sites on the surface of catalyst and react with 
its surface ROS. Therefore, compared with MeOH, TBA 
had a stronger inhibitory effect on phenol degradation. The 
above results suggested that •OH and  SO4

•− may be gener-
ated in this solution, and therefore, the types of ROS needed 
to be further confirmed. Therefore, EPR experiments were 
performed to further identify the radicals involved in the 
1NMC750/PMS system. The DMPO was used as the effec-
tive radical trapping agent of •OH and  SO4

•−. As shown in 
Fig. 5b, the signal of DMPO-•OH and DMPO-SO4

•− were 
observed in the reaction process, demonstrating the present 
of •OH and  SO4

•−. Expect radical pathway, non-radical 
pathway may also participate in the phenol degradation, 
and FFA was chosen as the quencher of 1O2 (Fig. 5a). It was 
worth noting that the removal rate drastically reduced to 48% 
with the addition of FFA, indicating the 1O2 may be the main 
degradation factor in the 1NMC750/PMS system. In addi-
tion, Fig. 5c clearly revealed a more significant 1:1:1 triplet 
characteristic signal of TEMP-1O2 in the 1NMC750/PMS 
system than that of in the PMS alone system, further affirm-
ing that 1O2 was indeed generated in the 1NMC750/PMS 
system. Electron transfer can also provide an additional non-
radical pathway in the carbon catalyst/PMS system. Electro-
chemical measurements (linear sweep voltammetry, LSV; 
open circuit potential, OCP) were utilized to investigate the 
electron transfer in the NMC750/PMS system. In electro-
chemical measurements, the 1NMC750 catalyst-modified 
glassy carbon (GC) was working electrode, and Ag/AgCl 
was reference electrode, and Pt tablet was counter electrode. 
The LSV currents of 1NMC750/PMS/phenol, 1NMC750/
PMS, and 1NMC750 alone were recorded and can be 
observed in Fig. 5d. The current density increased with the 
added of PMS and was higher than that of 1NMC750 alone. 
Compared with the 1NMC750/PMS system, the current 
density increased significantly when 1NMC750, PMS, and 
phenol were present. This was strong evidence that electron 
transfer generated in the 1NMC750/PMS/phenol system. 
To further prove the present of electron transfer, the OCP 
was conducted. As shown in the OCP model (Fig. 5e), the 
potential increased rapidly in the presence of PMS in solu-
tion. Whereas, when phenol was added in the solution, the 
potential began to fall sharply, indicating the generation of 
the electron transfer process. Therefore, the electron transfer 

process also participated in the catalytic oxidation. Based on 
the above quenching degradation results, non-radical path-
way may be more predominant than radical pathway, while 
radical pathway also played an important role in accelerating 
the reaction. Therefore, it can further prove that the moderate 
suppressed effect of  Cl− was because •OH and  SO4

•− was 
not the main oxidant species responsible for phenol degrada-
tion. And a significant decrease in removal efficiency was 
generated in the present of  HCO3

−. Thereinto,  HCO3
− had 

a significant inhibitory on the generation of 1O2, in which 
1O2 was the dominant ROS in the 1NMC750/PMS system.

Reusability of catalyst and active sites identification

Catalyst reusability is a crucial influence to consider the 
actual applicability. Therefore, the reusability experiments 
of 1NMC750 were conducted in this work (Fig. 6a). Along 
with the increase cycle of catalytic degradation, phenol 
removal rate decreased from 95% in first cycle to almost 71% 
in second cycle and 45% in third cycle. To analyze the rea-
sons of catalyst deactivation, BET surface area and surface 
functional groups of the catalyst before and after the reaction 
were characterized. Figure 6b depicted the N 1 s spectra 
of 1NMC750 obtained after the second degradation cycle, 
while the proportion of pyrrolic N and graphitic N in the N 
content of the used 1NMC750 were negligible changed com-
pared with that of before activation. However, the propor-
tion of pyridinic N exhibited a significant downward trend 
from 29.59% (before oxidation process) to 18.50% (after 
oxidation process). By contrast, the oxidized N increased 
from 8.53 to 22.50%. The above results could be ascribed 
to the conversion of pyridinic N to oxidized N, indicating 
the pyridinic N was the active site in the phenol oxidation 
process, and the results were consistent with the correlation 
analysis of nitrogen in different pyrolysis temperatures (the 
“Catalyst optimization” section). Therefore, the deactivation 
reason can be attributed to the consumption of active sites 
of 1NMC750 (Guo et al. 2017; Sun et al. 2021; Tian et al. 
2022). Moreover, the loss of BET surface area may also 
be a factor affecting catalytic performance. Therefore, the 
 N2 adsorption/desorption isotherms of used 1NMC750 was 
conducted (Table S2). Compared with the raw 1NMC750, 
the BET surface area of used 1NMC750 decreased obvi-
ously, indicating the consumption of BET surface area in the 
catalytic degradation process. During the catalytic degrada-
tion process, the PMS and target pollutant molecules were 
adsorbed in the pore channel of 1NMC750 rapidly, which 
could speed up the catalytic degradation reaction. Moreover, 
the degradation intermediates accumulated on the catalyst 
during the catalytic reaction, resulting in a decrease in the 
BET surface area. After catalytic reaction, original pore 
structure was devastated and combined into a bigger pore 
structure due to a large number of adsorption pollutants into 
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the pore channel. Thus, the used 1NMC750 had a larger 
pore diameter (used 1NMC750 (13.73 nm) > raw 1NMC750 
(4.38 nm)) and a smaller pore volume (used 1NMC750 
(0.25  cm3  g−1) < raw 1NMC750 (0.62  cm3  g−1)) than raw 
1NMC750. Therefore, the catalyst needed to be regenerated 
for the next catalytic degradation process. For the regenera-
tion of catalyst, the used catalyst was immersed in the etha-
nol solution for hydrogenation under mild conditions, which 
may remove the adsorbed intermediates for restoring the 
activity of the catalyst. However, the catalytic performance 
of 1NMC750 merely recovered to 50% after immersing in 
ethanol solution for 2 h. It was worth noting that the cata-
lytic degradation capacity of 1NMC750 recovered to 67% 
under calcining at 750 °C for 1 h under argon flow. It can 
be ascribed to the decomposition of intermediates through 
pyrolysis process and the exposure of active sites (Pang et al. 
2022).

Degradation test toward other pollutants

The 1NMC750/PMS system was further tested to assess 
catalytic performance for the removal of various recalcitrant 
organic pollutants generated from industrial and pharmaceu-
tical applications, including sulfamethoxazole (SMX), tetra-
cycline (TC), bisphenol A (BPA), and rhodamine B (RhB). 
As shown in Fig. 6c, the removal efficiencies in 1NMC750/
PMS system of 97%, 87%, 87%, and 80% were obtained 

for RhB, BPA, SMX, and TC, respectively. 1NMC750/PMS 
system had the high removal efficiency of various organic 
contaminants. Therefore, the 1NMC750/PMS system had 
the universal applicability for various refractory pollutants.

Activation mechanism

On the basis of aforementioned results, the possible activa-
tion mechanism in 1NMC750/PMS system was proposed in 
Fig. 7. Firstly, assisted by the abundant mesoporous structure 
of 1NMC750, PMS was readily adsorbed in the porous chan-
nel and onto the catalyst surface. Then, pyridinic N serve as 
active sites can accelerate the nucleophilic addition reaction 
to generate 1O2 (Eqs. 8 and 9) and promote the adsorbed 
PMS decompose into 1O2 (Eq. 10) (Wan et al. 2022). Moreo-
ver, the graphitic N can extract electrons from the adsorbed 
PMS and produce radicals (Eqs. 11 and 12) (Wang et al. 
2022a). When abundant PMS molecules adsorbed onto the 
nitrogen-doped carbon, the electron-rich phenol as the elec-
tron donor transported electron to PMS and then was directly 
attacked by the activated PMS (Eqs. 13 and 14) (Zhang et al. 
2021).

(8)HSO−
5
→ SO⋅−

5
+ H+ + e−

(9)SO⋅−
5
+ SO⋅−

5
→ 2SO2−

4
+ 1O

2

Fig. 6  Reusability of 1NMC750 
(a); XPS spectra for used 
1NMC750 (b); the degradation 
efficiency of different pollut-
ants (c)
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Conclusion

In this study, the nitrogen-doped mesoporous carbon mate-
rial was synthesized and used to activate PMS for phenol 
degradation. Due to the abundant mesopore structure in 
1NMC750, the 1NMC750/PMS system had an outstand-
ing phenol degradation efficiency, and its catalytic per-
formance was higher than 1NMC750-0F127/PMS system. 
The radical quenching and EPR experiments as well as 
electrochemical analysis were conducted to confirm the 
present of radical  (SO4

•−, •OH) and non-radical (1O2, 
electron transfer) pathway. Besides, the analysis results 
suggested that pyridinic N was likely to exist as main 
active sites. 1NMC750/PMS system exhibited not only 
excellent catalytic degradation performance toward phe-
nol, but also had excellent removal efficiency rate to other 
contaminants. In short, this study provided a promising 
strategy for further optimize catalytic performance of 
metal-free carbon materials by regulating pore structures.

(10)HSO−
5
+ SO2−

5
→ SO2−

4
+ HSO−

4
+ 1O

2

(11)HSO−
5
+ e− → SO⋅−

4
+ OH−

(12)HSO−
5
+ e− → SO2−

4
+ ⋅OH

(13)PMS + NMC → metastablePMS − NMC

(14)Phenol + metastablePMS − NMC → products
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