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rystals anchored on nitrogen-
doped carbon: interface engineering for enhanced
peroxymonosulfate activation via non-radical
dominated pathways

Xiaoqin Sun,*a Meiluo Jiang,a Hao Chen,a Hongmei Chene and Xiaoxiang Xu *bcd

Peroxymonosulfate (PMS) activation based on non-radical oxidation has emerged as a highly efficient and

feasible strategy for wastewater treatment. Herein, heterogeneous catalysts with NiFe alloy nanocrystals

anchored on nitrogen-doped carbon (NiFe–N-C) were rationally designed and fabricated to activate

PMS for the degradation of tetracycline (TC). The NiFe–N-C/PMS catalytic system achieved 93.3% TC

removal and 79.8% PMS utilization within 60 minutes, outperforming analogous catalytic systems

previously reported. Notably, the system exhibited strong anti-interference against various anions and

humic acid (HA) and maintained high catalytic activity over a broad pH range, highlighting its strong

adaptability to complex practical water environments. Singlet oxygen (1O2) and high-valent metal species

(HVMSs) were identified as the dominant oxidants for TC degradation. DFT calculations further revealed

that the Ni/Fe dual active sites served as the dominant catalytic centers in NiFe–N-C, which could

reduce the energy barrier for O–O bond cleavage of PMS, thereby facilitating the formation of NiFeIV]O

species and 1O2. Additionally, the N-C matrix stabilizes NiFe alloy nanocrystals through the formation of

strong surface N–M bonds, while enabling rapid interfacial electron transfer in the catalytic system.

Finally, comprehensive analyses of degradation pathways and toxicity evaluations confirmed the

environmental safety of the catalytic process. This study provides a theoretical basis for high-

performance non-radical catalytic system design and lays a foundation for their practical application in

water pollution control.
1. Introduction

Antibiotic wastewater discharge poses a signicant threat to
environmental safety and human health. Tetracycline (TC),
a typical broad-spectrum antibiotic, is widely used to treat
bacterial infections in humans and animals due to its low cost
and high efficacy.1 However, TC features complex molecular
structures and high chemical recalcitrance, which render
conventional water treatment methods ineffective, oen
leading to incomplete degradation and persistent residual
contamination in aquatic environments.2 Consequently, the
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development of eco-friendly and efficient methods for its
removal is of paramount importance.

Advanced oxidation processes (AOPs) based on perox-
ymonosulfate (PMS) activation have attracted extensive atten-
tion due to their strong oxidation capacity, wide pH adaptation
range, and long-lasting reactive oxygen species (ROS) genera-
tion.3 PMS can be activated using various catalysts to generate
multiple reactive species with high oxidation potentials, such as
sulfate radicals (SO4c

−), hydroxyl radicals ($OH), and singlet
oxygen (1O2), which can effectively degrade most organic
pollutants.4,5 Nevertheless, the efficiency of PMS activation is
highly dependent on the performance of the catalyst. The
design and preparation of catalysts with high activation effi-
ciency, excellent stability, and low cost is the core of this
technology.

Transition metal-based catalysts, with unique d-orbital
electron congurations and redox activity, are widely used in
PMS activation.6 For example, Li et al. prepared a three-
dimensional hollow tubular surface-loaded cobalt/cotton
carbon ber composite (Co–CCF-600) by carbonizing cotton.
This composite catalyst could effectively activate PMS to
degrade carbamazepine (CBZ) with 93.47% efficiency in 60
J. Mater. Chem. A, 2026, 14, 15085–15096 | 15085
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minutes.2 Zhao et al. synthesized a tungsten iron phosphate
boride composite (FePO4/WB), which achieved efficient degra-
dation of neonicotinoid insecticides (NEOs) in PMS-activated
systems relying on rapid Fe(III)/Fe(II) redox cycles.7 Jin et al.
developed a pyrolysis-free strategy to construct transition metal
single-atom catalysts (SAC4+1) with well-dened axial FeN
coordination structures, signicantly enhancing PMS activation
ability.8 However, single transition metal systems oen suffer
from inherent drawbacks, including nanoparticle agglomera-
tion, unstable surfaces, and poor electron transfer, which would
reduce catalytic durability and anti-interference ability.9

To address these limitations, two effective strategies have
been proposed. One is the fabrication of bimetallic composites
that leverage synergistic catalytic mechanisms to enhance
performance.10,11 For instance, Zhu et al. designed a catalyst by
anchoring diatomic FeCoN6 on porous carbon carriers. The
composite exhibited higher conversion frequencies than single
FeN4 or CoN4 systems and achieved excellent degradation of
sulfamethoxazole.12 Li et al. developed an Fe/Mn co-loaded
hydroxyl-rich biochar composite (FeMn–OH–BC) for PMS acti-
vation, which not only achieved over 85% TC removal across
a wide pH range (5–9) but also showed remarkable anti-
interference capacity, with anion-induced inhibition kept
below 15%.11 The other is the use of carbon materials as
supports for transition metal-based catalysts, attributed to their
superior electron-donating capabilities and structural
stability.13 Carbon materials, such as graphene, carbon nano-
tubes, and porous carbon, have large specic surface areas,
good electrical conductivity, and high chemical stability. These
intrinsic properties enable them to serve as ideal supports for
transition metal nanoparticles, effectively mitigating nano-
particle agglomeration while synergistically boosting catalytic
activity via strong metal–carbon interactions.14 The introduc-
tion of nitrogen atoms into carbon materials (N-C) can further
adjust their electronic structure, increase the number of active
sites, and improve the adsorption capacity of pollutants and
PMS, thereby promoting the catalytic reaction.15 Xiao et al.
developed nitrogen-doped carbon nanotube-encapsulated iron
nanoparticle catalysts (Fe/Fe3C@NCNTs) for efficient activation
of PMS and TC degradation. The encapsulated structure greatly
reduces the leaching of metal ions, and the presence of
nitrogen-doped nanotubes allows graphitic nitrogen to act as
a catalytic center to promote FeII/FeIII cycles and ROS genera-
tion.16 Hu et al. synthesized a Ni/Co LDH@NC catalyst using
ZIF-67 as a template, which achieved complete removal of
sulfamethoxazole (SMX) within 60 minutes and maintained
high performance aer multiple cycles.17 Given the comple-
mentary advantages of bimetallic composites and N-C supports,
the integration of bimetallic nanoparticles and N-C supports is
expected to yield high-efficiency PMS activation catalysts, over-
coming the limitations of single-metal and common carbon
catalysts. However, the traditional synthesis strategies for N-C
skeletons suffer from intricate procedures and poor controlla-
bility over structural parameters.18,19 Moreover, the underlying
synergistic activation mechanism of PMS, including the elec-
tron transfer pathway between bimetallic components, the role
of N-C in modulating catalytic activity, and the dynamic
15086 | J. Mater. Chem. A, 2026, 14, 15085–15096
interaction between metals and carbon supports, remains
unclear and necessitates detailed exploration.

Herein, NiFe alloy nanocrystals anchored on nitrogen-doped
carbon (NiFe–N-C) catalysts were successfully prepared by high-
temperature pyrolysis of polyaniline (PANI). The NiFe–N-C
catalyst exhibited excellent performance in activating PMS for
TC degradation, achieving a high removal efficiency of 93.3%.
Moreover, it possessed strong anti-interference ability against
common anions and excellent applicability over a wide pH
range. Notably, the N-C matrix stabilized the NiFe alloy nano-
crystals, endowing the catalyst with good stability and reus-
ability. Furthermore, this study revealed the regulatory role of
NiFe loading in modulating the dominant reactive species
during PMS activation. Previous reports demonstrated that
pristine N-C mainly followed a hydroxyl radical-dominated
process,20 whereas NiFe–N-C redirected the PMS activation
mechanism toward a non-radical pathway governed by high-
valent metal species (HVMSs) together with 1O2. DFT calcula-
tions further conrmed that NiFe incorporation signicantly
lowered the energy barrier for HVMS formation and rendered
1O2 generation exothermic, thereby synergistically boosting the
catalytic efficiency. Finally, the intermediate products generated
during TC degradation were analyzed, and possible degradation
pathways were deduced. This study aims to provide new
insights into the design and preparation of high-efficiency
catalysts dedicated to the removal of antibiotic pollutants in
water.
2. Experimental
2.1 Chemicals and materials

All chemicals are analytically pure grade and can be used
directly without any purication. Details regarding chemicals
and materials are provided in Text S1 of the SI.
2.2 Synthetic procedures

The synthesizing procedure of NiFe–N-C is briey displayed in
Fig. 1a. Initially, 0.1 g of PANI was dispersed in 20 mL of
anhydrous ethanol to achieve homogeneity. Subsequently,
0.05 g of Fe(NO3)3$9H2O and 0.05 g of Ni(NO3)2$6H2O were
added to the solution and stirred for 24 h at ambient temper-
ature. The mixture was then dried in a drying oven at 60 °C for
12 h to obtain powdered NiFe PANI. The NiFe PANI was then
placed in a tube furnace and heated to 800 °C with an increasing
rate of 5 °C min−1 under a nitrogen atmosphere for a duration
of 2 h.

Characterization (Text S2), experimental procedures (Text
S3), and analytical methods (Text S4) are presented in the SI.
3. Results and discussion
3.1 Characterization

The morphologies of PANI, N-C and NiFe–N-C catalysts were
characterized by SEM. Pristine PANI comprises interwoven
nanobers forming a regular mesh structure (Fig. S1), endowing
it with high porosity.21 In contrast, the N-C derived from high-
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Schematic diagram of the preparation of NiFe–N-C; SEM images of (b) N-C and (c) NiFe–N-C; (d) TEM image of NiFe–N-C; (e) HRTEM
image of NiFe–N-C; (f) EDS and (g) elemental mapping of NiFe–N-C.
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temperature pyrolysis exhibits enlarged dimensions but retains
the favourable skeletal structure of PANI (Fig. 1b). The
morphology of NiFe–N-C was comparable to that of N-C
(Fig. 1c), suggesting that the incorporation of NiFe did not
alter the original skeletal morphologies. Moreover, the ne
morphologies of NiFe–N-C were investigated by TEM. As shown
in Fig. 1d, NiFe nanoparticles are uniformly anchored on the
surface of N-C nanobers. The high-resolution TEM (HRTEM)
image (Fig. 1e) reveals a lattice spacing of 0.206 nm, corre-
sponding to the (111) crystal planes of the FeNi3 alloy. Mean-
while, discontinuous lattice fringes in the surrounding region
indicate graphitization. Moreover, a sharp and distinct interface
was clearly visible between FeNi3 nanocrystals and the N-C
matrix, which conrmed intimate contact between the two
components. In addition, EDS analysis veries the coexistence
of Ni, Fe, N, and C elements in the NiFe–N-C catalyst and the
molar ratio of Ni/Fe is close to 3 : 1 (Fig. 1f, inset table).
This journal is © The Royal Society of Chemistry 2026
Furthermore, thermogravimetric analysis (TGA, Fig. S2) reveals
that the mass content of the C–N matrix is 15.26%. Elemental
mapping results demonstrate the uniform distribution of C, N,
Ni and Fe across NiFe–N-C (Fig. 1g), which further conrms the
homogeneous immobilization of NiFe nanocrystals on the N-C
matrix.

The crystal structures of the as-prepared catalysts were
analyzed by XRD (Fig. 2a). For the N-C catalyst, two broad
diffraction peaks appeared at 23.8° and 44.2°, which are
assigned to the (002) and (100) lattice planes of graphitic
carbon, respectively.22 Notably, the NiFe–N-C catalyst exhibited
a distinct broad peak centered at 22.5°, conrming the reten-
tion of graphitized carbon in the composition. The peak shi
relative to N-C is presumably attributed to the interaction
between Ni/Fe and nitrogen species in the carbon matrix,23

which induces structural distortions and modulates the
intrinsic electronic properties of the graphitized carbon matrix.
J. Mater. Chem. A, 2026, 14, 15085–15096 | 15087
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Fig. 2 (a) XRD patterns; (b) Raman spectra; (c) FT-IR spectra; (d) C 1s and (e) N 1s XPS spectra in NiFe–N-C; (f) Nyquist plot.
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Furthermore, the NiFe–N-C catalyst displays characteristic
diffraction peaks at 35.5°, 44.1°, 51.4° and 75.7°, corresponding
to the (110), (111), (200) and (220) crystal planes of the FeNi3
phase (PDF #03-065-3244), which verify the successful forma-
tion of the bimetallic phase in the composite. Raman spec-
troscopy was subsequently utilized to characterize the structural
features of N-C within the catalysts (Fig. 2b). Both N-C and
NiFe–N-C displays distinct characteristic peaks at approxi-
mately 1350 cm−1 and 1580 cm−1, assigned to the D and G
bands of the carbon material, respectively.24 Notably, NiFe–N-C
shows a smaller ID/IG ratio compared to pristine N-C. This result
indicates that the introduction of NiFe reduces the defect
density in the carbon framework of the catalysts, which in turn
endows them with a more ordered structure.25 To further clarify
the surface functional groups of the catalysts, FT-IR was con-
ducted. As shown in Fig. 2c, all samples display a broad
absorption band around 3415.6 cm−1, which is consistent with
the O–H stretching vibration from surface hydroxyl groups.26

Moreover, the peaks located at 1490 cm−1 and 1310 cm−1 are
assigned to the ring stretching vibrations of graphitic carbon,
while the absorption peaks around 1250 cm−1 and 1610 cm−1

are attributed to the stretching vibrations of C–N and C]N,
respectively.27 Additionally, the high-resolution XPS C 1s spec-
trum can be deconvoluted into three characteristic peaks at
284.8, 285.6 and 289.4 (Fig. 2d), which are assigned to C–C/C]
C, C]N and C–N species, respectively. Likewise, the N 1s
spectrum exhibits distinct peaks at 398.7 eV, 400.1 eV and
401.3 eV, which correspond to pyridine nitrogen, pyrrole
nitrogen and graphite nitrogen, respectively (Fig. 2e),28 further
conrming the successful incorporation of N into the carbon
matrix. More importantly, a well-dened peak at 399.2 eV is
assigned to metal–nitrogen (M–N) bonds (Fig. 2e),28 providing
direct evidence for the formation of robust chemical
15088 | J. Mater. Chem. A, 2026, 14, 15085–15096
interactions between the N-Cmatrix and NiFe nanocrystals. The
N2 adsorption–desorption isotherms also reveal that NiFe–N-C
has a larger BET surface area than the pristine N-C counter-
part (Fig. S3). Such an enhanced surface area is conducive to
providing abundant active sites, thereby facilitating the
adsorption of reactants during the catalytic process. Electro-
chemical impedance spectroscopy (EIS) was employed to eval-
uate the electron transfer behavior at the catalyst interface. The
Nyquist plots of the catalysts exhibit high-frequency semi-
circular arcs and low-frequency linear regions (Fig. 2f), which
correspond to the interfacial charge-transfer resistance (Rct) and
the solution diffusion process, respectively. As derived from the
simulated equivalent circuit (Fig. 2f, insert), the NiFe–N-C
composite possesses a notably smaller Rct value (4.77 U) than
the pristine N-C counterpart (7.23 U), demonstrating acceler-
ated interfacial charge transfer kinetics.29 Thus, these superior
physicochemical and electrochemical properties enable NiFe–
N-C to effectively promote the kinetics of the target catalytic
reaction.
3.2 Catalytic performance of the NiFe–N-C catalyst

The PMS activation performance of the synthesized catalysts
was evaluated via a series of comparative experiments focused
on TC removal. As shown in Fig. 3a, the pristine N-C catalyst
achieved a TC degradation efficiency of 73.0% within 60
minutes. This performance can be primarily attributed to its
abundant surface functional groups, which serve as electron
transfer mediators to trigger PMS activation.30 In contrast, the
single metal modied counterparts (Ni–N-C and Fe–N-C)
exhibited either comparable or slightly reduced TC degrada-
tion efficiency relative to N-C, which can be ascribed to the
inadequate interfacial electron transfer between the mono-
metallic components (Ni or Fe) and the N-C matrix.31 In
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) TC degradation in PMS activation with different catalysts; (b) comparison of UEPMS in different catalytic systems; (c) successive cyclic
runs of TC degradation in the NiFe–N-C/PMS system; (d) leaching concentrations of Fe and Ni ions during successive cyclic runs; (e) effect of
initial pH on TC degradation; and (f) effect of the co-existence of inorganic anions and humic acid on TC degradation in the NiFe–N-C/PMS
system. Reaction conditions: mcatalyst = 20 mg, [TC]0 = 10 mg L−1, [oxidant] = 1 mM, natural pH and T = 298 K.
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addition, the bare NiFe alloy exhibited a TC removal efficiency
of 76.1%. Notably, the introduction of NiFe bimetals into the N-
C matrix signicantly boosted the catalytic activity, where the
NiFe–N-C composite achieved a TC degradation efficiency of
93.3% within the same reaction period, demonstrating the
synergistic effect between the bimetallic components and the N-
C support. To eliminate the interference of adsorption with the
pollutant removal efficiency, control adsorption experiments
were performed under the same conditions but without the
addition of PMS (NiFe–N-C alone). The results indicate that the
NiFe–N-C composite exhibits a low TC adsorption efficiency of
20.5%. Thus, these ndings strongly indicate that the efficient
removal of TC in our system is predominantly attributable to
the enhanced activation of PMS by the NiFe–N-C/PMS catalytic
systems. Meanwhile, the mineralization efficiency of the system
was evaluated by Total Organic Carbon (TOC) analysis. The
result showed that the TOC removal efficiency reached 56.1%
aer 120 min of reaction (Fig. S4), conrming that the system
possessed strong deep oxidation performance rather than only
partial bond cleavage of TC.

Subsequently, NiFe–N-C was employed to activate various
oxidants as shown in Fig. S5. The catalyst displays distinct
activation performance toward different oxidants, but none are
comparable to that of activating PMS. This is attributed to the
asymmetric structure of PMS, which renders it more susceptible
to catalytic decomposition.32 Further assessment of PMS utili-
zation was achieved via control experiments. As illustrated in
Fig. S6, negligible PMS self-decomposition occurred in the
absence of a catalyst, whereas NiFe–N-C introduction dramati-
cally accelerated PMS decomposition kinetics, conrming its
This journal is © The Royal Society of Chemistry 2026
prominent PMS activation capability. The PMS utilization effi-
ciency (UEPMS) reaches 79.8%, which not only outperforms the
values reported in previous analogous studies (Fig. 3b and Table
S1), but also exceeds the theoretical limit of the radical pathway.
This implies that non-radical active species may act as the
dominant active substances in this catalytic system.33

Additionally, the stability and reproducibility of the NiFe–N-
C/PMS catalytic system were evaluated via consecutive cycle
experiments (Fig. 3c). The results showed that the TC degra-
dation efficiency remained at 91.3% of its original level aer ve
cycles, demonstrating excellent recyclability. During the degra-
dation process, the solution pH rapidly decreased and then
remained stable (Fig. S7). This change can be attributed to the
generation of acidic species and intermediates during the PMS
activation and TC degradation.34 More importantly, ICP
measurements conrmed that the leaching concentrations of
Fe and Ni ions were consistently below 1 mg L−1 in each cycle
(Fig. 3d), conrming the stabilizing effect of N-C on NiFe alloys
in accordance with XPS analysis. Furthermore, XRD (Fig. S8)
and TEM (Fig. S9) characterization demonstrated that the
catalyst maintained excellent structural integrity aer the
reaction. These results veried the outstanding reusability and
environmental benignity of the catalytic system.

The catalytic performance of NiFe–N-C is closely related to
the loading of the N-C matrix.35 Thus, NiFe–N-C catalysts were
synthesized with varying PANI addition amounts (50 mg,
100 mg, and 200 mg) to modulate the N-C content, and their
performance in activating PMS for TC removal was evaluated
(Fig. S10). It is evident that the catalytic system achieves the
optimal TC removal efficiency when 100 mg of PANI is added.
J. Mater. Chem. A, 2026, 14, 15085–15096 | 15089
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Specically, a low PANI dosage leads to the formation of N-C
with insufficient capacity to support the dispersion of metals,
resulting in metal agglomeration at the catalyst surface.36

Conversely, an excessive PANI dosage results in a relatively low
metal content, which is insufficient to generate an adequate
number of active sites.37

To identify the optimal operating parameters for the NiFe–N-
C/PMS system, we rst investigated the effect of catalyst dosage
on TC degradation efficiency (Fig. S11). The results indicate that
the TC degradation efficiency rst increases and then decreases
with increasing catalyst dosage. In the low dosage range (<20
mg), a higher catalyst loading provides more abundant cata-
lytically active sites, which enhances the activation efficiency of
PMS and thus promotes TC degradation. However, excessive
catalyst dosage induces particle agglomeration, leading to the
coverage of partial active sites and a consequent decline in
degradation efficiency.38 On the other hand, PMS concentration
was found to exert a signicant impact (Fig. S12). When the PMS
concentration increases from 0.5 mM to 1 mM, the TC degra-
dation efficiency is remarkably enhanced. This is because the
active sites in the catalytic system are not fully utilized at lower
PMS concentrations.39 With an appropriate increase in PMS
dosage, more PMS is activated to generate reactive species,
thereby boosting the degradation effect. However, a further
increase in PMS concentration (>1 mM) leads to a decreasing
trend in degradation efficiency. This phenomenon is mainly
attributed to the self-quenching effect induced by excess PMS as
shown in eqn (1) and (2), resulting in the depletion of ROS and
a consequent reduction in the effective reactive activity of the
system.40 Finally, the effect of initial TC concentration was
evaluated (Fig. S13). It was observed that the initial concentra-
tion affects the TC degradation rate but exerts little impact on
the nal degradation efficiency. Notably, the degradation effi-
ciency remained above 90% across different initial TC concen-
trations, demonstrating the system's good universality.

HSO5
− + SO4c

− / SO4
2− + SO5c

− + H+ (1)

HSO5
− + cOH / SO5c

− + H2O (2)

In the context of practical wastewater treatment applica-
tions, the catalytic system's compatibility with varying pH levels
is paramount. The removal of TC by NiFe–N-C/PMS at different
pH values is depicted in Fig. 3e. When the pH ranges from 5 to
9, the TC removal efficiency exceeds 90%. At pH 11, the TC
removal efficiency showed a slight decrease but remained
relatively high. Under strongly acidic conditions (pH = 3), the
system's degradation efficiency decreases signicantly. This is
attributed to the predominant existence of PMS as HSO5

− in
acidic environments, which is relatively stable under high H+

concentration, thus inhibiting PMS dissociation and activa-
tion.41 Nevertheless, the NiFe–N-C/PMS system still achieves
85.0% TC removal even under such strongly acidic conditions.
These ndings demonstrate that the NiFe–N-C/PMS system can
effectively remove TC over a broad pH range, indicating its
adaptability to diverse aqueous environments with varying pH
conditions and demonstrating its wide applicability.
15090 | J. Mater. Chem. A, 2026, 14, 15085–15096
Wastewater from domestic sources typically contains
substantial quantities of anions and organic matter, which
impede the degradation process. To simulate real aqueous
environments, inorganic anions (NO3

−, Cl−, HCO3
− and

H2PO4
−) and humic acid (HA) are introduced. As illustrated in

Fig. 3f, the NiFe–N-C/PMS system achieved TC degradation
efficiency exceeding 90% even in such complex matrices,
demonstrating the excellent anti-interference capability of this
catalytic system. It has been reported that the coexisting
substances (anions and HA) tend to react with free radicals in
traditional radical-dominated degradation processes, thereby
inhibiting degradation effects and reducing reaction effi-
ciency.42 Thus, it can be inferred that the active species domi-
nating this degradation process may be non-radicals.
3.3 Identication of ROS in the NiFe–N-C/PMS system

To clarify the dominant ROS in the NiFe–N-C/PMS catalytic
system, quenching experiments were carried out by the addition
of various quenchers. Methanol is typically employed as a scav-
enger for cOH (k = 9.7 × 108 M−1 s−1) and SO4c

− (k = 3.2 × 106

M−1 s−1). tert-Butanol (TBA) and furfuryl alcohol (FFA) were
utilized for the capture of $OH (k= 3.2× 108 M−1 s−1) and 1O2.43

As demonstrated in Fig. 4a, a substantial decline in degradation
efficiency was observed upon the introduction of these
quenchers, verifying the involvement of multiple active species
in the catalytic system. Among them, p-BQ had the least impact
on the degradation process, suggesting that only a small
amount of O2c

− was generated during the catalytic reaction.
Notably, the addition of TBA and MeOH resulted in comparable
degradation inhibition effects (28%), conrming the presence
of $OH in the system. Conversely, the addition of FFA caused
a signicant decline in degradation efficiency, dropping from
93.3% to 48.8%. This observation indicates that the non-radical
species 1O2 plays a more signicant role than the radical species
in the degradation process, which is consistent with previous
hypotheses. However, $OH was identied as the primary reac-
tive species during PMS activation when using the N-C matrix
alone (Fig. S14). Thus, it can be concluded that the introduction
of the NiFe alloy fundamentally alters the PMS activation
mechanism.

To further determine the presence of the above active
species, validation was carried out by electron paramagnetic
resonance (EPR) using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
and 2,2,6,6-tetramethylpiperidinooxy (TEMP) as spin trapping
agents.44 For comparison, EPR signals of the NiFe–N-C/PMS
system were recorded at 0 min and 30 min. Characteristic
signals corresponding to DMPO$OH and DMPO–SO4c

− were
observed (Fig. 4b). At 0 min, no distinct signals of DMPO–$OH
and DMPO–SO4c

− were detected, ruling out the possibility of
self-induced dissociation of PMS to generate these radicals. At
30 min, a clear DMPO–$OH signal with a peak intensity ratio of
1 : 2 : 2 : 1 emerged indicative of the involvement of $OH radicals
during TC degradation. Comparably, signals assignable to
DMPO–SO4c

− were much weaker. Unlike $OH and SO4c
−, weak

TEMP–1O2 signals were detected at 0 min (Fig. 4c), attributed to
the self-decomposition of PMS in aqueous solution. At 30 min,
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) TC degradation with different kinds of scavengers; EPR spectra of (b) DMPO–$OH and DMPO–SO4c
−, and (c) TEMP–1O2; (d)

quenching experiments of the NiFe–N-C/PMS systems by using DMSO; (e) Raman spectra of PMS and NiFe–N-C/PMS systems; (f) open-circuit
potential tests.
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the TEMP–1O2 signals were signicantly enhanced, reecting
the activation of PMS to generate abundant 1O2. Hence, these
EPR results are consistent with the previous ndings of the
quenching experiments, affirming the presence of the above
active species.

It is worth noting that the degradation efficiency remained at
approximately 50% aer quenching 1O2, conrming the pres-
ence of other active species in this catalytic system. Recent
studies have conrmed the existence of HVMSs in the metal/
PMS system, which enable rapid PMS activation.44,45 To verify
the formation of high-valent NiFeIV]O, dimethyl sulfoxide
(DMSO) was introduced as a trapping agent into the NiFe–N-C/
PMS system. As demonstrated in Fig. 4d, TC removal decreased
sharply to 34.8% when the concentration of DMSO increased,
directly conrming the generation of NiFeIV]O. Subsequently,
Raman spectroscopy was conducted to further validate the
formation of surface-active species. As illustrated in Fig. 4e,
pure PMS exhibited the characteristic peaks at 884 cm−1,
980 cm−1, and 1060 cm−1, assigned to O–O, SO4

2−, and HSO5
−

structures, respectively.46 Upon the addition of NiFe–N-C, a new
characteristic peak emerged at 848 cm−1, which is ascribed to
the stretching vibration of the NiFeIV]O structure. Addition-
ally, the O–O bond and HSO5

− peaks markedly weakened,
whereas the peak intensity of SO4

2− was signicantly enhanced.
These observations indicate that PMS induced the formation of
HVMSs and concurrently decomposed to generate SO4

2−.45

To further elucidate the interaction mechanisms among
NiFe–N-C, PMS, and TC, linear scanning voltammetry (LSV) was
conducted (Fig. S15). Upon adding PMS, a signicant increase
in current density was observed, indicating that PMS interacted
with the catalyst to induce electron transfer, thereby forming
This journal is © The Royal Society of Chemistry 2026
a metastable NiFe–N-C–PMS* complex.47 When PMS and TC
were introduced simultaneously, a further increase in current
density was detected. This result conrms that a directional
electron ow is established from TCmolecules to the NiFe–N-C–
PMS* complex, which not only drives the oxidative degradation
of TC but also accelerates the redox cycles of the catalyst.
Moreover, open-circuit potential (OCP) analysis reveals
a signicant increase in the potential of NiFe–N-C aer PMS
addition, whereas a distinct drop in potential was observed
following the introduction of TC (Fig. 4f). This charge transfer
behaviour originated from the formation and consumption of
HVMSs, as 1O2-mediated oxidation reactions predominantly
occurred in the solution.45 Combined with the aforementioned
analysis, it can be inferred that the PMS adsorbs on the catalyst
surface and forms the metastable NiFe–N-C–PMS* complex via
electron transfer interactions.47 This complex undergoes redox
reactions to produce ROS (e.g., 1O2), while concurrently driving
HVMS formation.
3.4 DFT calculation

Density functional theory (DFT) calculations were conducted
with the FeNi3/N-C model to elucidate the formation pathway of
high-valent NiFeIV]O species and 1O2 in the NiFe–N-C/PMS
catalytic system. The projected densities of states (PDOS) cor-
responding to the spin state of Fe 3d and Ni 3d electrons are
shown in Fig. 5a. The d-band center values (3d) of Fe 3d and Ni
3d orbitals in FeNi3 were calculated to be −1.311 eV and
−1.533 eV, respectively. This result reveals that the d orbital
energy level of Fe is closer to the Fermi level than that of Ni,
thereby endowing Fe with enhanced adsorption and activation
performance toward PMS. Given the isolated distribution of Fe
J. Mater. Chem. A, 2026, 14, 15085–15096 | 15091
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Fig. 5 PDOS of (a) Ni 3d and Fe 3d in NiFe–N-C; (b) the free energy diagrams of PMS activation on Ni/Ni and NiFe sites; (c) proposedmechanism
of the NiFe–N-C/PMS system for TC elimination.
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species in the FeNi3 crystal, the energy proles of intermediates
during selective PMS activation over Ni/Ni sites and Ni/Fe sites
were explored to gain the corresponding thermodynamic
mechanistic insights (Fig. 5b). The formation process of HVMSs
involves three key steps: initially, PMS molecules are adsorbed
onto the catalyst surface and then bind to the metallic active
sites through the terminal peroxyl oxygen, resulting in the
formation of the catalyst–*PMS complex with free energy
changes of −2.15 eV (Ni/Fe sites) and −2.12 eV (Ni/Ni sites),
which conrms the strong binding affinity of both Ni/Ni and Fe/
Ni active sites toward PMS.48 Subsequently, a proton transfer
process occurs to generate *SO5

− with the calculated energy
differences relative to the initial state being −0.92 eV (Ni/Fe
sites) and −0.82 eV (Ni/Ni sites); nally, the O–O bond in the
*SO5

− intermediate undergoes spontaneous radicalization and
dissociation, yielding high-valent *O. The energy barrier at Ni/
Fe sites is 0.11 eV, much smaller than that at Ni/Ni sites (0.37
eV), indicating that the generation of NiFeIV]O is easier than
that of NiIV]O in this process. Notably, the total energy
required for NiFeIV]O formation (1.34 eV) is lower than that for
high-valent NiIV]O species (1.67 eV). This further demon-
strates that Fe and Ni serve as dual active site centers, which
synergistically reduce the reaction energy barrier and thus
enable the energy-efficient generation of HVMSs. In addition,
the *SO5

− intermediate can spontaneously decompose to
produce 1O2 with a free energy of −3.25 eV at both Ni/Ni and
NiFe sites, which is highly thermodynamically favorable.
Therefore, the overall generation of 1O2 is mainly governed by
the energy barrier for *SO5

− formation and the Ni/Fe dual sites
are more conducive to the production of 1O2. The above results
fully verify the crucial role of Ni/Fe sites in the generation of
both HVMSs and 1O2.
15092 | J. Mater. Chem. A, 2026, 14, 15085–15096
3.5 Proposed reaction mechanisms over the NiFe–N-C/PMS
catalytic system

The surface chemical state of NiFe–N-C before and aer the
reaction was explored by XPS. As seen in Fig. S16a, distinct
characteristic peaks of C 1s, N 1s, O 1s, Fe 2p, and Ni 2p were
observed in the full survey spectra. For the freshly prepared
NiFe–N-C, the Ni 2p spectra (Fig. S16b) can be deconvoluted
into six peaks. Peaks at 856.8 eV and 874.5 eV are attributed to
NiII 2p3/2 and NiII 2p1/2, while peaks at 859.6 eV and 877.1 eV
correspond to NiIII 2p3/2 and NiIII 2p1/2.49 The peaks at 863.4 eV
and 880.4 eV are satellite peaks. Aer the catalytic reaction, the
NiII content increased from 54.7% to 62.8%, whereas the NiIII

content decreased from 45.3% to 37.2%. In the high-resolution
Fe 2p spectra (Fig. S16c), the tted peaks appearing at 709.5 eV
and 722.7 eV are FeII 2p3/2 and FeII 2p1/2. The characteristic
peaks at 712.1 eV and 725.7 eV correspond to FeIII 2p3/2 and FeIII

2p1/2, with a satellite peak at 716.3 eV.49 Notably, FeII decreased
slightly from 58.1% to 56.2%, accompanied by a corresponding
increase in FeIII from 41.9% to 43.8% aer the reactions. Given
that NiFeIV exists as a metastable substance, it was not detected
in the XPS measurements. Thus, the coexistence of multivalent
states of FeII/FeIII and NiII/NiIII species, as well as their valence
state variations, allows the bimetallic components in NiFe–N-C
to engage in dynamic redox cycles, which in turn promote the
activation of PMS. Furthermore, the characteristic peaks of Ni0

and Fe0 were detected aer etching treatment (Fig. S17), con-
rming that the core of the FeNi3 nanocrystals is indeed
retained in the metallic state and serves as electron-donating
centers during the catalytic process. Additionally, the N 1s
spectra (Fig. S16d) demonstrate that the surface chemical states
of nitrogen species remain essentially unchanged aer the
reaction, indicating that the N-C matrix was stable.
This journal is © The Royal Society of Chemistry 2026
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Based on the above analyses, the degradation mechanisms
for the NiFe–N-C/PMS system are proposed (Fig. 5c). Firstly, the
abundant FeII/NiII species on the catalyst surface initiate PMS
activation via direct interaction. Specically, FeII/NiII species
react with HSO5

− to generate SO4c
− and $OH, while FeII/NiII

species are synchronously oxidized to FeIII/NiIII as indicated by
eqn (3).50 Notably, the generated SO4c

− is rapidly converted to
$OH via reactions with water (eqn (4)). Furthermore, the in situ
generated FeIII/NiIII species do not lose activity but continue to
interact with HSO5

− to produce SO5c
−. As SO5c

− accumulates in
the reaction system, it is ultimately converted to 1O2 through
radical recombination or self-decomposition pathways (eqn (6)
Fig. 6 The potential degradation pathways of TC in the NiFe–N-C/PMS

This journal is © The Royal Society of Chemistry 2026
and (7)), which provide an alternative non-radical route that
enhances the system's adaptability to different reaction envi-
ronments. Notably, FeII acts as a reducing agent to reduce NiIII,
generating FeIII and NiII in the process (eqn (8)).51 Notably, the
N-C support of the catalyst exhibits excellent electron-donating
ability. For FeIII/NiIII adsorbed on the catalyst surface, they can
easily acquire electrons from the N-C support. This electron
transfer process simultaneously promotes the conversion of
FeIII/NiIII to FeII/NiII and HSO5

− to SO4c
− (eqn (9) and (10)).

These interconnected reactions collectively establish a stable
cyclic regeneration of the FeIII/FeII and NiIII/NiII redox pairs,
effectively avoiding the accumulation of inactive high-valent
process.

J. Mater. Chem. A, 2026, 14, 15085–15096 | 15093
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metals and ensuring the long-term PMS activation performance
of the catalyst. Besides, FeII/NiII can be further oxidized by
HSO5

− to form HVMSs (eqn (11)),44 which possess extremely
strong electrophilic oxidation ability. Finally, the HVMSs and
ROS generated through the above reactions synergistically
attack the adsorbed TC and decompose it into small molecules.

FeII/NiII + 2HSO5
− / FeIII/NiIII + SO4c

− + 2cOH + OH− (3)

SO4c
− + H2O / SO4

2− + cOH + H+ (4)

FeIII/NiIII + HSO5
− / FeII/NiII + SO5c

− + H+ (5)

SO5c
− + SO5c

− / S2O8
2− + 1O2 (6)

SO5c
− + SO5c

− / 2SO4
2− + 1O2 (7)

FeII + NiIII / FeIII + NiII (8)

FeIII/NiIII + e− / FeII/NiII (9)

HSO5
− + e− / SO4c

− + OH− (10)

FeII/NiII + HSO5
− / FeNiIV]O + SO4

2− + H+ (11)

3.6 Degradation pathways and ecotoxicity assessment

The UV-visible absorption spectra of TC during the degradation
process are depicted in Fig. S18. Two characteristic absorption
peaks appear at 275 nm and 355 nm, which are assigned to the
Fig. 7 Toxicity analysis of TC and its degradation intermediates: (a) LC5

toxicity; and (d) mutagenicity.

15094 | J. Mater. Chem. A, 2026, 14, 15085–15096
p / p* transitions of the conjugated B-ring and n / p*

transition of the b-diketone moiety (A-ring), respectively.52 With
the extension of degradation time, the absorbance intensities of
both characteristic peaks decrease gradually and simulta-
neously. This synchronous attenuation clearly demonstrates the
efficient destruction of the core chromophore structures and
the effective degradation of the entire TC molecule. The
possible intermediate products during the degradation of TC by
NiFe–N-C/PMS were identied by LC-MS. Based on the analysis
of the results, three possible degradation pathways were
postulated (Fig. 6). In pathway I, TC underwent successive
hydroxylation reactions driven by reactive species, leading to
the continuous generation of intermediates P1 (m/z = 460), P2
(m/z = 476) and P3 (m/z = 494). Subsequently, the methylamino
group of P3 was demethylated to form P4 (m/z= 480). P4 further
underwent ring opening to yield P5 (m/z = 266), which was then
converted to P6 (m/z = 184) via continuous ring cleavage.53 In
pathway II, the methylamino of TC rst underwent oxidation to
form P7 (m/z = 476), which is subsequently dehydroxylated to
yield P8 (m/z = 387). P8 then proceeded through deamination
and ring-opening reactions to further generate P9 (m/z = 280)
and P10 (m/z = 218).54 In pathway III, the TC underwent
hydroxylation and rearrangement to form P11 (m/z = 458). The
double bond of P11 then broke, triggering ring breakage,
cleavage, and amino group loss, which ultimately converted it to
P12 (m/z = 278). Immediately aerward, addition and dehy-
dration reactions occurred, leading to the formation of P13 (m/z
= 260). Finally, demethylation, oxidation, and ring-opening
reactions took place, generating P14 (m/z = 218). Accordingly,
0 for fathead minnow; (b) LC50 for Daphnia magna; (c) developmental

This journal is © The Royal Society of Chemistry 2026
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intermediates P10 and P14 were further oxidized during func-
tional group dissociation and ring opening to form the mono-
cyclic small molecular organics P15 (m/z= 200), P16 (m/z= 160)
and P17 (m/z = 118).54 All these products were eventually
mineralized to CO2, H2O and other inorganic ions.

Toxicity was assessed using the Toxicity Estimation Soware
Tool (T.E.S.T) with toxicity classication following the Globally
Harmonized System (GHS) of Classication and Labeling of
Chemicals.55 Fig. 7a shows the LC50 values obtained for TC and
its degradation intermediates in Fathead minnow toxicity tests.
TC is designated as “very toxic” due to its LC50 value of 0.9 mg
L−1,56 while all intermediates other than P12 and P13 show
higher LC50 values, indicating these byproducts are less toxic
than TC. Notably, as the degradation process proceeds, P12 and
P13 are eventually converted into low toxicity P15 as well as
harmless P16 and P17, further conrming the toxicity reduction
trend. Fig. 7b presents the LC50 values for Daphnia magna. For
this species, the LC50 of TC is 5.44 mg L−1, and consistent with
the results for Fathead minnow, most intermediates have higher
LC50 values than TC, further indicating their toxicity is signi-
cantly reduced. Fig. 7c provides developmental toxicity. TC has
a developmental toxicity value of 0.86, while all degradation
intermediates show lower developmental toxicity values than
TC. This indicates that the catalytic reaction process can
signicantly reduce the developmental toxicity of the pollutant.
Fig. 7d shows mutagenicity results for TC and its intermediates.
TC has a mutagenicity value of 0.60, which was classied as
“mutagenicity positive”, while the nal small-molecule prod-
ucts P6 (0.04), P16 (0), and P17 (0.10) have much lower muta-
genicity values than TC, indicating that the catalytic reaction
reduces the mutagenicity. These toxicity prediction results
conrm that the NiFe–N-C catalyst can effectively activate PMS
to remove TC while reducing its overall toxicity throughout the
process.

4. Conclusions

In summary, NiFe–N-C catalysts with stabilized skeleton struc-
tures were successfully synthesized by high-temperature pyrol-
ysis. Compared to the pristine N-C matrix, NiFe–N-C exhibited
signicantly enhanced electrochemical activity and accelerated
electron transfer kinetics. Aer optimizing the experimental
conditions, the NiFe–N-C/PMS catalytic system achieved 93.3%
TC removal and 79.8% PMS utilization within 60 minutes,
demonstrating efficient pollutant degradation and oxidant
utilization. Notably, this catalytic system displayed minimal
susceptibility to common coexisting anions and HA in various
aqueous matrices, while retaining excellent catalytic perfor-
mance over a wide pH range, highlighting its strong environ-
mental adaptability. Quenching experiments and EPR analysis
conrmed that HVMSs and 1O2 were the dominant active
species. DFT calculation revealed that Ni/Fe dual active sites
could reduce the energy barrier for O–O bond cleavage in PMS,
thereby facilitating the formation of HVMSs and 1O2. Addi-
tionally, the N-C matrix-facilitated rapid FeII/FeIII and NiII/NiIII

redox cycles preferentially promoted PMS activation. Further-
more, the intermediates produced during TC degradation were
This journal is © The Royal Society of Chemistry 2026
identied via LC-MS, and the corresponding degradation
pathways were proposed, involving sequential steps of hydrox-
ylation, demethylation, deamination, ring opening, and further
oxidation. Finally, toxicity analysis conrmed that the toxicity of
TC was effectively abated throughout the catalytic process. This
study not only provides a comprehensive understanding of the
NiFe–N-C/PMS catalytic system but also offers valuable insights
for the development of efficient, stable, and environmentally
adaptive catalytic technologies for antibiotic degradation in
practical water treatment scenarios.
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