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Single-atom iron catalysts on carbon nanosheets with specific defects
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Abstract: Phenolic compounds are typ-
ical refractory organic pollutants in coal
chemical coking wastewater. The large-
scale use of high-performance Fe-C
composites in advanced oxidation pro-
cesses for water treatment is limited by
their complex synthesis and high cost.
We report a low-cost Fe/N—C catalyst
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composed of nitrogen-doped carbon
nanosheets containing abundant defects
(sp’-C/sp>-C = 0.66) coordinated with
single-atom iron species. The catalyst
was prepared using coal-tar pitch, a com-
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mon by-product of the coal chemical industry, as the carbon precursor, dicyandiamide as the auxiliary nitrogen source, and Fe-
Cl;-6H,0 as the iron precursor, using a self-assembly and pyrolysis strategy with graphitic carbon nitride (g-C,N,) as a tem-
plate. The Fe/N—C catalyst has an outstanding catalytic performance for the activation of peroxydisulfate, achieving over 98%
phenol degradation within 30 min and a 60% total organic carbon removal rate. Characterization and mechanism studies have
shown that in the Fe/N—C/PDS system, the degradation of phenol proceeds by both radical and non-radical path, with singlet

oxygen ('0,) acting as the primary reactive oxygen species. Furthermore, compared with N—C, Fe/N—C has a greater ability

to mediate interfacial electron transfer. This work provides an economical way to convert coal-tar pitch to carbon-based materi-

als for efficient water treatment.
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Phenolic compounds are typical persistent organ-
ic pollutants in coal chemical coking wastewater, ex-
hibiting significant biotoxicity and environmental per-
sistence, posing serious threats to ecosystems and hu-
man health!". Conventional water treatment processes
exhibit limited removal efficiency for these refractory
compounds, promoting the development of efficient
and economical advanced treatment technologies'”.
Persulfate-based advanced oxidation processes (PS-
AOPs) demonstrate significant potential for removing
recalcitrant organic pollutants. Their efficacy in-
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volves multiple pathways: the generation of reactive
oxygen species (ROS) (e.g., sulfate radical (SO,) and
singlet oxygen ('0,)), the formation of high-valent
metal-oxo species (HVMOs), and non-radical pro-
cesses mediated by interfacial electron transfer on
catalysts'”.

Among various catalysts for activating per-
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sulfates (including peroxymonosulfate (PMS) and per-
oxydisulfate (PDS)), iron-carbon composites have
garnered significant attention due to their relatively
low cost, environmental friendliness and excellent
catalytic activity'. The catalytic mechanism is typic-
ally attributed to the synergistic effect between the
iron active sites and the carbon support'’. For in-
stance, Shi et al.[") demonstrated that iron-carbon com-
posites prepared by pyrolyzing MIL-101(Fe) exhib-
ited outstanding performance in activating PDS for
the degradation of 2,4-dichlorophenol. Liu et al."” em-
ployed iron phthalate loaded on carbon nanotubes
(FePc-CNTs/300) as a catalyst to achieve stable de-
gradation of sulfamethoxazole for over 60 h in a con-
rate >95%).

Mechanistic analysis and density functional theory

tinuous-flow reaction (decoloration
calculations have jointly demonstrated that carbon
nanotubes not only disperse the active components
and modulate the electronic structure of the iron act-
ive sites, but also induce the adsorbed PMS to enter an
electron-deficient state. However, the aforementioned
studies typically rely on metal-organic framework
(MOF) compounds and advanced carbon materials
(e.g., carbon nanotubes and graphene), which are rel-
atively expensive, thereby limiting the practical ap-
plication of such catalysts"].

In recent years, increasing attention has been de-
voted to the preparation of carbon supports from low-
cost precursors such as waste plastics and biomass.
For instance, Wang et al.””’ employed a salt-templat-
ing approach, in which layered FeCl, served simultan-
eously as a graphitization catalyst and structural tem-
plate, to convert high-density polyethylene into N/Cl
co-doped Fe single-atom catalysts (Fe-N/CI-C). The
resulting Fe-N/CI-C demonstrated outstanding per-
formance in the degradation of acyclovir (ACV) by
activated PMS, achieving complete removal of 10 mg
L™ ACV within 30 min. Huang et al.l'” utilized
chitosan derived from fish waste as a template to pre-
pare zero-valent iron-loaded biochar (Fe-CS@BC).
Although Fe-CS@BC exhibited high initial activity in
PDS-activated phenolic

degradation, continuous

leaching of initially agglomerated iron particles dur-
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ing the reaction led to active site loss. Cycling tests re-
vealed over 70% activity decline after three consecut-
ive uses, highlighting the inherent limitations of con-
ventional granular iron-carbon composites in terms of
stability and reusability.

To address these challenges, research focus has
shifted toward iron single-atom catalysts (Fe SACs)
featuring highly dispersed and stable active sites.
Their exceptionally high atomic utilization, tunable
local coordination structures, and outstanding intrins-
ic activity endow these materials with significant po-
tential in PS-AOPs!"", However, existing Fe SACs
synthesis primarily relies on expensive carriers such
as MOFs, graphene, and carbon nanotubes, and typic-
ally requires complex preparation processes to achieve
effective iron single-atom anchoring'~'"”. This signific-
antly limits their large-scale production and practical
applications. Therefore, developing carbon-based Fe
SACs prepared from low-cost precursors and simple
processes, and systematically elucidating their struc-
ture-activity relationships and reaction mechanisms
during persulfate activation, holds critical signific-
ance for advancing the practical application of PS-
AOPs!",

In this work, low-cost nitrogen-doped carbon
nanosheets featuring atomically dispersed iron sites
and abundant defect structures (Fe/N—C) were suc-
cessfully synthesized using coal-tar pitch (CTP) as the
carbon precursor, dicyandiamide as an auxiliary nitro-
gen source, and FeCl;-6H,0 as the iron source, by a
self-assembled pyrolysis strategy employing g-C,N,
as a sacrificial template. The as-prepared Fe/N—C
catalysts exhibited efficient activation of PDS for
phenol degradation and demonstrated strong practical
applicability, as confirmed complex water body inter-
ference resistance experiments, cyclic stability testing,
and degradation intermediate analysis. Quenching ex-
periments and electron paramagnetic resonance (EPR)
studies confirmed that 'O, is the dominant ROS in-
volved in phenol degradation. A series of electro-
chemical analyses further indicated that the introduc-
tion of iron single-atom sites significantly enhances

the electron transfer pathways, thereby improving
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catalytic degradation efficiency. This study not only
provides a facile approach for designing high-per-
formance PDS-activated catalysts from inexpensive
industrial byproducts, but also deepens the under-
standing of metal-support synergistic effects in car-

bon-based single-atom catalysts.

The coal-tar pitch (CTP) was obtained from An-
gang Steel Group Co., Ltd. (Anshan, China), an indus-
trial byproduct derived from the distillation of coal
tar. For the specific batch of CTP used in this work,
the key parameters are as follows: softening point
79 °C, coking value of 50.89%, quinoline-insoluble
(QI) content of 2.54%, and toluene-insoluble (TI) con-
tent of 17.98%. Elemental analysis of this batch gives
C 88.59%, H 4.49%, N 0.90%, S 0.78% and O 5.24%
(by difference), corresponding to an H/C atomic ratio
of approximately 0.60. Urea, dicyandiamide (DCD),
ferric chloride hexahydrate (FeCl,-6H,0), and N,N-
dimethylformamide (DMF, analytical grade) were
purchased from Shanghai Aladdin Bio-Chem Techno-
logy Co., Ltd.

Synthesis of g-C,N, template: 10 g of urea (white
powder) was placed in a crucible and heated in a
muffle furnace at a rate of 2 °C min ' to 550 °C. This
temperature was maintained for 2 h. After cooling to
room temperature, the resulting g-C;N, (light yellow
powder) was ground for later use.

Synthesis of Fe/N—C(T) catalysts: In a typical
synthesis procedure, 0.3 g of CTP, 0.3 g of dicyandi-
amide (DCD), and 0.3 g of g-C;N, were added to
30 mL of N,N-dimethylformamide (DMF).
while, 0.1 mmol of FeCl,-6H,0 was dissolved in
20 mL of DMF. After ultrasonication for 10 min, both

solutions were combined and stirred at room temper-

Mean-

ature for 12 h. The solvent was then evaporated in an
oil bath at 120 °C. The resulting solid residue was
ground, placed in an alumina boat, and heated at a rate
of 5 °C min"' to 800 °C under a nitrogen atmosphere,
where it was held for 2 h. The Fe/N—C(800) catalyst
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was obtained after cooling to room temperature. By
varying the pyrolysis Fe/N—C(7)
samples were also obtained at 700 and 900 °C, re-

temperature,

spectively. As a representative catalyst, Fe/N—C(800)
is hereafter referred to as Fe/N—C in the discussion
section.

Preparation of contrast samples: Using different
raw materials—specifically, without adding DCD, g-
CN,, and FeCl;-6H,0; or without adding
FeCl,-6H,0; or without adding DCD and g-C;N,—the
remaining steps were identical to the above-men-
tioned preparation process for the Fe/N—C material,
yielding three kinds of samples labelled as pristine C,
N—C, and Fe-C, respectively.

The microstructure of the catalyst was observed
using a field emission scanning electron microscope
(SEM500) and a transmission electron microscope
(JEM-1400Flash). The phase composition was charac-
terized by X-ray diffraction (D8 Advance) to determ-
ine the crystal structure of the samples. Raman spec-
troscopy measurements were performed on a Raman
Spectra (inVia Qontor, Renishaw) instrument at an ex-
citation wavelength of 532 nm. Specific surface area
and pore structure parameters were obtained by col-
lecting N, adsorption-desorption isotherms using a
Kubo X1000 physical adsorption analyzer. Surface
elemental composition and chemical state analysis
were conducted on an X-ray photoelectron spectro-
meter (ESCALAB 250Xi).

The self-assembly pyrolysis strategy for the pre-
paration of Fe/N—C(T) is shown in Fig. la. CTP
serves as the carbon precursor, providing an aromatic
carbon framework, while g-C;N, functions simultan-
eously as a nitrogen source and self-assembly tem-
plate. Its layered structure guides the ordered arrange-
ment of CTP by m—m stacking interactions'). DCD
serves as an auxiliary source, facilitating the forma-
tion of a nitrogen-rich carbon matrix and providing

abundant anchoring sites for iron incorporation. Addi-
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tionally, the intrinsic O atoms contained in CTP (Text
S1) can act as anchoring sites to stabilize Fe atoms
and regulate the electronic structure of the catalyst.
During the self-assembly phase, all components form
a homogeneous composite precursor through m—mn
stacking, coordination interactions, and electrostatic
attraction. During pyrolysis, the decomposition of g-
C,N, and DCD releases gaseous species that induce
carbon layer delamination, thereby forming porous
structures and vacancy defects' . Meanwhile, the iron
species are transformed from precursors states into
atomically dispersed active sites, ultimately yielding
Fe/N—C catalysts enriched with structural defects and
Fe-N,0, active configurations.

Compared to the bulk-structure samples pristine
C (Fig. 1b) and Fe-C (Fig. Sla) without g-C,N, tem-
plate or nitrogen doping, the samples N—C (Fig. S1b)
and Fe/N—C (Fig. lc, d) synthesized using g-C,N,
and DCD exhibit more developed porous structures.
Transmission electron microscopy (TEM) images
(Fig. le) reveal the thin-layer lamellar morphology of

Fe/N—C, with no observable agglomerated iron spe-

Self-

Fig. 1

cies particles. Energy-dispersive X-ray spectroscopy
(EDS) analysis (Fig. 1f) further confirms the uniform
distribution of C, N, O and Fe elements within the
catalyst. These results confirm that the g-C,N, tem-
plate plays a crucial role in regulating the morpho-
logy of the carbon carrier, thus promoting the uni-
form dispersion of metal elements.

The low temperature N, adsorption-desorption
test results (Fig. 2a) demonstrate that the specific sur-
face areas (Sgpr) of N—C and Fe/N—C were signific-
antly enhanced, indicating the important contribution
of g-C;N, template and DCD nitrogen source. The
control carbon sample (noted as C) obtained by direct
carbonization of CTP exhibited the Sgp; value of only
5.42 m* g''. Even with the addition of ferric chloride,
the Sper value of Fe-C
31.60 m* g'. In contrast, the nitrogen-doped N—C

sample remains only
sample demonstrated a type IV adsorption curve with
the Sy, of 438.58 m” g'. Further incorporation of
iron species into N—C resulted in a slightly reduced
Syer of 340.86 m* g ' for Fe/N—C. Pore size distribu-

tion analysis (inset in Fig. 2a, Table S1) revealed a

Pyrolysis
F—,

(a) Schematic for the preparation of Fe/N—C material. SEM images of (b) C sample and (¢, d) Fe/N—C. (e) TEM image (inset: localized enlarged

view), (f) HAADF-STEM image and corresponding EDS elemental mappings (element C, N, O, Fe) of Fe/N—C
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hierarchical porous structure in Fe/N—C, containing
both micropores and mesopores. This multi-level pore
structure helps to improve the accessibility of active
sites on the catalyst surface and the mass transfer effi-
ciency during the phenol degradation process, thereby
enhancing the utilization of active sites and catalytic
performance' .

In Raman spectroscopy, the intensity ratio of the
D peak to the G peak (I,/I;) is an important paramet-
er for evaluating the defect density and structural dis-
order of carbon materials! . These defects serve as
key sites for subsequent PDS activation. As shown in
Fig. 2b, among the samples carbonized at 800 °C,
N—C exhibited an /,/I value of 0.990, which is high-
er than that of pristine C (0.912), derived solely from
coal-tar pitch. This result indicates that the introduc-
tion of g-C,N, and DCD effectively increases the de-
fect density within the carbon matrix. The addition of

iron source resulted in a slight reduction in the defect

level, as indicated by /,/I; ratios of 0.886 for Fe-C
and 0.963 for Fe/N—C. Furthermore, pyrolysis tem-
perature plays a key role in tuning the carbon struc-
ture. The I,/1,; value of Fe/N—C(T) materials gradu-
ally decreased with increasing temperature from 700
to 900 °C (Fig. S2), reflecting an enhanced structural
order, a reduced defect density, and progressive trans-
formation toward a graphitized structure'*),

The crystal structure of the as-prepared materials
was analyzed using X-ray diffraction (XRD). As
shown in Fig. 2c, after introducing the g-C,N, tem-
plate and DCD, the diffraction peaks corresponding to
graphitic carbon at 20 =~ 25° and 43° exhibited signi-
ficant broadening for both N—C and Fe/N—C, com-
pared with their counterparts C and Fe—C, indicating
reduced graphitization and increased structural dis-

order!"”

. In addition, no distinct diffraction signals
other than graphite peaks were observed in the XRD

pattern of Fe/N—C sample, implying iron species ex-
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Fig. 2 (a) N, adsorption-desorption isotherms, Inset: corresponding pore size distributions. (b) Raman spectra and (c) XRD patterns of Fe/N—C and C, Fe-C,
N—C samples. (d) Normalized Fe K-edge XANES spectra. (¢) FT-EXAFS spectra of the Fe foil, FeO, Fe,0,, FePc and Fe/N—C in R space. (f) FT-EXAFS fit-

ting results for Fe/N—C in R space. (g) Wavelet transform plots of Fe/N—C and the reference materials
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ist in a highly dispersed amorphous form within the
carbon matrix. Further comparison of annealing tem-
peratures (Fig. S3) revealed that when the pyrolysis
temperature rose to 900 °C, crystalline diffraction
peaks of Fe,O, appeared in Fe/N—C sample, indicat-
ing a high temperature causes the iron species to ag-
glomerate and crystallize, thus difficult to be uni-
formly  dispersed””.  The loading
Fe/N—C(800) catalyst was 2.83% (from ICP-OES
test), being close to the theoretical value (2.88%, mass

iron in

fraction) calculated based on the initial iron feed
amount and single-batch yield. This fact confirms that
iron is almost entirely retained without loss
throughout the synthesis process from precursor to fi-
nal material. The full X-ray photoelectron spectro-
scopy (XPS) spectrum of Fe/N—C(800) reveals that
its primary four elements are carbon, nitrogen, oxy-
gen and iron (Fig. S4).

Through X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy analyses, the local co-
ordination environment and atomic-level dispersion
characteristics of iron species in Fe/N—C and stand-
ard materials were systematically elucidated. As dis-
played in Fig. 2d, the Fe K-edge XANES absorption
edge position of Fe/N—C lies between that of Fe foil
(Fe") and phthalocyanine iron (FePc, Fe*"), indicating
an average oxidation state of the iron center between 0
and +2""'"!. The k’-weighted Fourier-transform EXAFS
(FT-EXAFS) spectra (Fig. 2e) exhibit a dominant
peak at approximately 1.5 A, reflecting that the first
coordination shell around the Fe center consists of N
or O atoms"”\. In the O 1s XPS spectrum (Fig. S5,
ESI'), a distinct Fe—O characteristic peak is ob-
served at approximately 530.4 eV, further confirming
the rationality of oxygen coordination around the iron
center'”,

Quantitative fitting analysis of the Fe K-edge
EXAFS data (Fig. 2f, Table S2) further reveals that
the best-fit model for the first coordination shell con-
sists of both Fe—N and Fe—O scattering paths, with
corresponding coordination numbers of approxim-

ately 3 and 2, respectively. As shown in Fig. 2g, the
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wavelet transform (WT) spectrum of Fe/N—C exhib-
its significant differences from those of Fe foil, FeO,
and Fe,O, reference standards, ruling out the pres-
ence of Fe—Fe or Fe—O—Fe coordination pathways
and confirming the atomic-level dispersion of Fe!"".
Furthermore, compared to the FePc reference sample
featuring an Fe—N, structure, the shift of the maxim-
um WT intensity of Fe/N—C toward the low-k re-
gion aligns with its distinct coordination environment
from pure Fe—N structures (such as the fitted Fe-
N;O, configuration). This further corroborates the co-
coordination of N/O light atoms within the first co-

5-26]

ordination shell of the Fe center”

Using phenol as the target pollutant, the catalytic
performance of PDS activated by different materials
was systematically evaluated. Prior to introducing
PDS, the adsorption behavior of various materials to-
ward phenol was investigated. As shown in Fig. S6
(ESI"), the phenol adsorption removal efficiencies of
pristine C, N—C, Fe—C and Fe/N—C were 4.9%,
33.8%, 10.5% and 23.4%, respectively. Further ana-
lyses revealed a strong positive linear correlation
between adsorption capacity and specific surface area
(Fig. S7). In the presence of PDS, the Fe/N—C sys-
tem exhibited outstanding catalytic oxidation perform-
ance, achieving over 98% phenol degradation within
30 min (Fig. 3a), along with a PDS consumption rate
of 42.5% (Fig. S8). The degradation process followed
a pseudo-first-order kinetic model (Text S1), with an
apparent rate constant (k,) of 0.127 min"' for
Fe/N—C. This value is 63.5, 1.84 and 25.4 times
higher than those of pristine C, N—C and Fe—C, re-
spectively (Fig. 3b). This result highlights the syner-
gistic effect between the N-doped carbon framework
and atomically dispersed iron active sites, which is a
key factor in enhancing the activation performance of
PDS"". The superior oxidative degradation perform-
ance of phenol by the Fe/N—C/PDS system has been
of
catalyst/PDS or catalyst/PMS systems previously re-
ported in the literature (Table S3).

The effect of pyrolysis temperature on the cata-

demonstrated, when compared with those
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lytic performance of Fe/N—C(T) is illustrated in
Fig. 3c. within the same 30-min reaction period, the
optimal removal rate of phenol was achieved over
Fe/N—C(800). The performance variation is closely
linked to 2 key structural parameters of Fe/N—C(T)
catalyst: on the one hand, the physical adsorption ca-
pacity for phenol (green column) continuously in-
creases with the synthesis temperature rising; on the
other hand, the intrinsic catalytic activity (orange
column) towards activating PDS exhibits a peak for
Fe/N—C(800). This is due to the relatively high de-
fect density in the carbon substrate and the atomically
dispersed iron species within the carrier (Fig. S2-S3).
Thus, 800 °C is determined as the optimal pyrolysis
temperature for Fe/N—C catalyst preparation, so that
the synergetic effect between these 2 factors can be
guaranteed. Using Fe/N—C(800) as the representat-
ive sample, the detailed investigation was conducted,
and it was simply noted as Fe/N—C in the following
text.

Real-world water bodies contain various back-
ground constituents, such as inorganic anions and nat-

ural organic matter. These substances can scavenge

reactive radicals and suppress degradation efficiency.
To evaluate the practical implication, the effect of
three common inorganic anions (HCO, , NO, ", Cl),
humic acid (HA), and different water matrices on the
catalytic performance of Fe/N—C was systematically
investigated. Results in Fig. 3d indicate that under
conditions containing 10 mmol L™ inorganic anions
or 20 mg L' HA, the Fe/N—C/PDS system still ef-
fectively degrades phenol and demonstrates good ad-
aptability in tap water and lake water, proving its ro-
bust interference resistance. Compared to inorganic
anions, HA exhibits stronger inhibitory effects. This is
primarily attributed to the abundant aromatic rings
and oxygen-containing functional groups in the HA
molecular structure’””. These enable HA to competit-
ively occupy active iron sites on the catalyst surface
through strong =#-m interactions and coordination ef-
fects. Simultaneously, HA itself, as a reducing agent,
quenches reactive oxygen species within the system,
significantly reducing PDS activation efficiency and
pollutant degradation rates'””. In catalyst cycling sta-
bility tests (Fig. 3e), the phenol degradation rate ex-

hibited a gradual decline after 3 consecutive cycles,

(a) (b) (c)
1.0 4 | FeIN-C, ky,,=0.127 min™* [ Activation efficiency
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08 3 v " &
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Fig. 3 (a) Kinetic curves of phenol degradation by activated PDS and (b) apparent reaction rate constant (£,

vs) of Fe/N—C and C, Fe-C, N—C samples.

ol

(c) Phenol removal performance of Fe/N—C(7) obtained at different pyrolysis temperatures. (d) The influence of inorganic ions, HA, and actual water matrix

on phenol degradation. (e) Cyclic stability test and (f) TOC changes in solution during reaction of Fe/N—C/PDS/phenol system. (Reaction conditions: p s =

02¢gL", Cops=1mmol L™, ppey =20mg L™, C = Cxo; = Crno; = 10 mmol L |, pua =20 mg L', room temperature)
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likely due to partial coverage of active sites by reac-
tion intermediates”’”. After regeneration by heat treat-
ment at 800 °C under an inert atmosphere, adsorbed
organic species were effectively removed, re-expos-
ing active sites. The PDS activation performance of
Fe/N—C can be recovered to over 92% of its initial
level. These results fully demonstrate that the
Fe/N—C catalyst holds broad application prospects in
practical wastewater treatment.

To evaluate the potential contribution of leached
iron from the Fe/N—C/PDS system to PDS activation,
solid-liquid separation was performed on the spent
Fe/N—C catalyst after reaction completion. Phenol
degradation experiments were then conducted using
the resulting filtrate. As shown in Fig. S9, the post-re-
action filtrate failed to effectively activate PDS for
phenol degradation, indicating that the contribution of
leached iron during the catalytic process is negligible.
Further ICP-MS analysis of the post-reaction solution
revealed an iron leaching concentration of 0.23
mg L', below the World Health Organization’s drink-
ing water iron limit"’"). Comparison of XRD and Ra-
man spectra of Fe/N—C before and after the reaction
(Fig. S10) shows that the main structure of the cata-
lyst remains consistent, further confirming its excel-
lent stability. Total organic carbon (TOC) in the sys-
tem was determined to be removed by 60.01%
(Fig. 31), indicating the Fe/N—C/PDS oxidation sys-
tem not only effectively degrades phenol but also
achieves significant mineralization of pollutants.

To assess the practical applicability of the
Fe/N—C/PDS

wastewater was treated, and three-dimensional (3D)

system, actual secondary coking
excitation-emission matrix (3D EEM) fluorescence
spectroscopy was employed to monitor changes in
aromatic organic pollutants (Fig. S11). The raw
wastewater exhibited a distinct fluorescence peak in
the range of £, 310-360 nm / E,, 380—440 nm, with a
peak center at approximately £, 340 nm / E,, 400 nm
(Fig. S11a). According to the 3D EEM region classi-
fication reported in the literature, this position corres-
ponds to the typical humic-like fluorescence region,

primarily contributed by organic pollutants contain-
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ing conjugated aromatic ring structures’”. After 15
and 30 min of treatment with the Fe/N—C/PDS sys-
tem, the fluorescence intensity in this region de-
creased progressively (Figs. S11b-c), and no new
fluorescence peaks appeared throughout the process.
These results indicate that the system effectively re-
duces the concentration of aromatic organic pollut-
ants in actual coking wastewater, demonstrating its
good potential for treating complex real-world

wastewater matrices.

The mechanism of Fe/N—C activation of PDS
for phenol degradation was systematically investig-
ated, the measurement methods are described in de-
tail in Text S2. Radical quenching experiments were
conducted to identify the primary ROS involved in
phenol degradation. Methanol (MeOH) efficiently
quenches both hydroxyl radicals (*OH) and SO," sim-
ultaneously, while tert-butyl alcohol (TBA) exhibits
higher reactivity toward *OH (reaction rate constant
k(*OH, TBA) =3.8-7.6 x 10° M' s )", As shown
in Fig. 4a, even at a TBA concentration of 500 mmol
L, its inhibitory effect on phenol degradation re-
mains limited. MeOH exhibits slightly higher inhibi-
tion than TBA, yet the impact remains insignificant,
indicating that *OH and SO, ~ participate in the de-
gradation reaction but contribute minimally. Simil-
arly, quenching the O, radical with CHCI, did not
result in any significant inhibition (Fig. 4a), indicat-
ing that the formation of 'O, is independent of the O,
precursor. In contrast, the addition of L-histidine and
furfuryl alcohol (FFA), which react efficiently with
singlet oxygen ('O,)'"”), significantly inhibited phenol
degradation. This confirms that 'O, is the primary re-
active oxygen species driving phenol degradation in
the Fe/N—C/PDS system.

Recently, high-valent metal-oxo species (HV-
MOs, e.g. Fe(IV) = O) reported in iron-based hetero-
geneous Fenton-like systems have been demonstrated
to exhibit high removal efficiency for organic pollut-
ants"). To verify the role of HVMOs in our case,
DMSO was introduced as an effective quencher for
Fe(IV) = O and Fe(V) = O As shown in Fig. 4b,
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the addition of DMSO had a limited effect on phenol
removal efficiency, suggesting that HVMOs are not
the primary active intermediates in this system. Fur-
thermore, PDS adsorbed on the catalyst surface can
form a metastable, highly reactive surface-bound
complex (PDS*), which directly oxidizes pollutants
through a non-radical electron transfer pathway'’.
Compared to transient radical species, the catalyst-
PDS* complex exhibits a longer half-life and is relat-
ively stable on the catalyst surface!’”. This stability
difference was confirmed in phenol delayed-addition
experiments (Fig. 4c). When phenol was added after a
5-min delay, the degradation rate significantly de-
creased, which was attributed to the rapid decay of
short-lived radical species. However, extending the
delay time to 10 min did not lead to a further substan-
tial decline in degradation efficiency, indicating that
the non-radical oxidation pathway mediated by sur-
face-bound PDS* continued to play a sustained role in
the reaction, thereby jointly contributing to pollutant
degradation"”.

The generation of ROS was further verified us-
ing electron paramagnetic resonance (EPR) spectro-
scopy, employing DMPO and TEMP as radical and

'0, scavengers, respectively' ). As shown in Fig. 4d-f,

characteristic signals of 4 reactive oxygen species
(*OH, SO,", O, and '0,) were detected during the
degradation of phenol by Fe/N—C-activated PDS'""].
Their intensities progressively increased with reaction
time, indicating the simultaneous generation and accu-
mulation of multiple ROS species within the system.
In situ Raman spectra were applied to identify
the conversion of S,0" into SO,” (Fig. S12). Upon
addition of Fe/N—C to the PDS solution, a SO,”” peak
appeared at approximately 983 cm™', on the basis of 2
characteristic S,0," peaks (~ 833 and 1076 cm") of
PDS only, indicating the effect of
Fe/N—C!"’). After the subsequent addition of phenol,
the S,0,” peaks weakened, while the SO,* peak con-

catalysis

tinued to intensify over time. These results provide
direct spectroscopic evidence for the catalytic activa-
tion of PDS by Fe/N—C.

To elucidate the crucial role of atomically dis-
persed iron sites in the interfacial electron transfer dy-
namics during the activation of PDS for phenol de-
gradation, we conducted a systematic electrochemical
characterization of Fe/N—C and N—C carrier materi-
als. Electrochemical impedance spectroscopy (EIS)
results revealed (Fig. 5a) that Fe/N—C exhibited
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Fig. 4 (a, b) Quenching effects of different scavengers on the Fe/N—C/PDS oxidation system. (c¢) Effect of Fe/N—C and PDS premixing on phenol removal
efficiency. EPR spectra of the Fe/N—C/PDS system for (d) DMPO-+OH, DMPO-SO, ", (¢) DMPO-O," and (f) TEMP-'0,. (Reaction conditions for (a, b, c):
Pren—c=02gL™", ppps =1 mmol L™, pp = 20 mg L', room temperature)
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lower charge transfer resistance (R,) than N—C mater-
ial, confirming the introduction of atomically dis-
persed iron species could enhance the catalyst’s abil-
ity to mediate electron transfer processes' . The cur-
rent response of the Fe/N—C electrode was measured
via linear sweep voltammetry (LSV) over the voltage
range of 0.3 to 1.6 V (vs. Ag/AgCl). As shown in
Fig. 5b, the current response of the Fe/N—C elec-
trode increased upon the addition of PDS and phenol,
proving the occurrence of an efficient electron trans-
fer process among the 3 species! .

Open-circuit potential (OCP) monitoring results
(Fig. 5c) further indicate that the addition of PDS
causes a sharp increase in the OCP of Fe/N—C elec-
trode, suggesting its rapid binding with PDS to form a
PDS* complex with a high redox potential*”. Within
400 s, the potential of the Fe/N—C electrode rose by
0.24 V, exceeding the 0.16 V change observed for the
N—C electrode. This result directly demonstrates that
atomically dispersed iron species serve as key active
sites enhancing catalyst binding with PDS and boost-
ing its initial activation capacity. Additionally, the in-
terfacial electron transfer dynamics in the presence of
phenol were monitored in real-time by the instantan-

eous current method (i-¢) (Fig. 5d). Upon phenol addi-

tion, the Fe/N—C electrode immediately exhibited a
pronounced positive current response, indicating dir-
ected electron transfer from phenol molecules to sur-
face PDS* complexes at the interface—a direct elec-

U In con-

trochemical signal of pollutant oxidation
trast, the N—C electrode exhibited only a weak cur-
rent change. This contrast clearly confirms that the
highly dispersed iron sites serve not only as the activ-
ation center for PDS but also as the catalytic active
sites driving the subsequent electron transfer steps for
pollutant oxidation.

To explicitly verify that the electron transfer pro-
cess (ETP) in the Fe/N—C/PDS system can degrade
organic pollutants, experiments were conducted using
a dual-chamber reactor (Fig. 5e and Fig. S13)1""). Both
electrodes consisted of carbon paper coated with
Fe/N—C catalyst. The two chambers contained PDS
and phenol solutions, respectively, physically separ-
ated by a proton exchange membrane and connected
via an ammeter to form a circuit. A sustained positive
current signal was detected during phenol degrada-
tion ( ~ 50% degradation within 12 h, Fig. 5f), indicat-
ing that electrons could be directly transferred from
phenol to PDS* by the Fe/N—C electrode, thereby
achieving oxidative degradation of phenol!. Com-
pared to the single-chamber system (Fig. 3a), phenol
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Fig. 5 (a) EIS spectra of Fe/N—C and N—C. (b) Linear sweep voltammetry of Fe/N—C as the working electrode in different condition. (c) Open-circuit

voltage and (d) chronoamperometric plots using Fe/N—C and N—C as working electrodes, respectively. (¢) Schematic diagram of double-chamber reaction

device. (h) Current and phenol removal rate of galvanic oxidation tests with Fe/N—C in the device
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removal rates were significantly reduced in the dual-
chamber system, revealing that both radical and non-
radical pathways contribute to phenol degradation un-

der common single-chamber conditions.

The high-resolution N 1s XPS
Fe/N—C materials at different pyrolysis temperatures

spectra of

in Fig. S14 can be fitted into 5 characteristic peaks,
with binding energies located at 398.2, 399.0, 400.3,
401.3 and 403.6 eV, corresponding to pyridinic nitro-
gen, Fe-N, pyrrolic nitrogen, graphitic nitrogen and
nitrogen oxide species, respectively”” . As pyrolys-
is temperature increases, edge-bound nitrogen (includ-
ing pyridinic N and pyrrolic N) gradually converts to
graphitic NP Previous studies have demonstrated
that both pyridine nitrogen and graphitic nitrogen play
crucial roles in the activation of PDS for degrading
pollutants®”,

Furthermore, the relative density of carbon de-
fects can be semi-quantitatively assessed by the ratio
of sp>-C to sp’-C relative intensities in the C 1s spec-
trum” . The sp’-C/sp>-C ratio of Fe/N—C de-
creased from 0.66 before the reaction to 0.58 after-
ward (Fig. 6a), suggesting some carbon defects were
oxidized or structurally rearranged during the reac-
tion. This further supports the role of carbon defects
as active sites in the catalytic degradation of phenol. A
decrease in C=O bond abundance was observed
alongside a corresponding increase in C—O species
(Fig. 6a and Fig. S15). This indicates that residual car-
bonyl groups act as Lewis base sites, promoting PDS
activation by donating electrons to adjacent carbon
XPS results indicate that after the
Fe/N—C catalyst participates in the degradation of

atoms? .

phenol, the proportion of pyridinic N on its surface
significantly decreases, while the proportion of pyrrol-
ic N markedly increases (Fig. 6b). This phenomenon
can be attributed to highly reactive oxidative radicals
(e.g., SO, and *OH) generated during PDS activa-
tion preferentially attacking adjacent carbon frame-
works anchored by pyridine nitrogen atoms, thereby
inducing local structural rearrangement and partial
conversion to pyrrole nitrogen structures. In contrast,
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the increased Fe—N proportion indicates that the sur-
face Fe—N coordination structure was well preserved
after the reaction and may have been relatively en-
riched due to reconstruction, suggesting it could be a
key site in the non-radical oxidation pathway. The sta-
bility of graphitic nitrogen demonstrates its strong an-
tioxidant properties and its potential role in assisting
electron transfer””,

Analyzing the toxicity of intermediates gener-
ated during the degradation process is crucial for com-
prehensively evaluating the environmental risks and
treatment efficacy of Fenton-type oxidation systems.
the study of phenol the
Fe/N—C/PDS chromatography-mass
spectrometry (GC-MS) identified its primary degrada-
tion intermediates (Table S4). It is worth noting that
among the detected intermediates, 1,4-benzoquinone

In degradation by

system, gas

(P-2) and acetone (P-6) are resistant to further oxida-
tion by free radicals due to their electronic and mo-
lecular structural characteristics, and thus represent
the main contributors to residual TOC""", The eco-
toxicity of these intermediates was further evaluated
using the Ecostructure-Activity Relationship (ECO-
SAR) model. The results indicate that compared to the
initial pollutant phenol, these byproducts exhibit re-
duced acute and chronic toxicity hazards to aquatic or-
ganisms such as fish and green algae (Fig. S16), high-
lighting the system’s potential for practical water
treatment applications.

Based on the above analysis, a collaboration
phenol  degradation the
Fe/N—C/PDS system was proposed (Fig. 6¢). This

process is synergistically driven by both radical and

mechanism  for in

non-radical pathways. Following the reaction, the rel-
ative abundances of pyrrolic-N, C=0 groups and car-
bon defects decreased significantly, indicating their
consumption as active sites during catalysis. C=0O
groups are reported primarily to be involved in the
non-radical pathway of 'O,, whereas carbon defects
both

processes'”’. Thus, their depletion suggests the syner-

participate  in radical and non-radical

gistic involvement of multiple reaction pathways. In

contrast, graphitic-N and Fe-N structures showed
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high stability, with their abundances either unchanged
or slightly increased after the reaction, confirming
them as stable active centers for non-radical electron
transfer. Through the synergetic action of these 2
types of active sites, phenol is effectively degraded in-
to less toxic intermediates such as 4-hydroxypentan-2-
one. This ultimately achieves approximately 60% of
TOC removal rate, reducing overall ecological risks
and demonstrating a potential application of the

Fe/N—C/PDS for wastewater treatment.

This study transforms coal-tar pitch into a nitro-
gen-doped carbon support with a flaky morphology
and abundant defect sites by using g-C,N, as both a
template and nitrogen source, while precisely con-
trolling the pyrolysis temperature. This strategy en-
ables the anchoring of highly dispersed iron single-
atom catalysts within the resulting Fe/N—C material.
The as-prepared Fe/N—C catalyst exhibits high cata-
lytic activity and excellent stability for phenol degrad-
ation. Radical quenching and EPR experiments identi-
fied 'O, as the primary reactive oxygen species. Post-

reaction characterization showed decreased abund-
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ances of pyrrolic-N, C=0, and carbon defects, sug-
gesting their consumption as active sites, while graph-
itic-N and Fe—N structures remained stable. Electro-
chemical analyses verified that atomically dispersed
Fe sites significantly enhanced interfacial electron
transfer. This work achieves the high-value conver-
sion of coal-tar pitch into high-performance catalytic
ad-

vanced phenolic pollutant treatment and embodying

materials, providing an effective strategy for

the circular economy concept of “waste-to-resource

utilization”.

Zhang Y, Qin L, Cui Y, et al. A hydrophilic surface molecularly
imprinted polymer on a spherical porous carbon support for
selective phenol removal from coking wastewater [J]. New Carbon
Materials, 2020, 35(3): 220-231.
Zhang X, Tang J, Wang L, et al. Nanoconfinement-triggered
oligomerization pathway for efficient removal of phenolic
pollutants via a Fenton-like reaction[J]. Nature Communications,
2024,15(1):917.
[3] Zhao X Y, Zhang Z H. Heterogeneous peroxymonosulfate-based
advanced oxidation mechanisms: New wine in old bottles?[J].
Environmental Science & Technology, 2025, 59(12): 5913-5924.
[4] ZhangRY, LiQ, DuH, et al. A review on the correlation among
active sites, oxidative species, and degradation routes in persulfate
antibiotics

activation by carbon-based for

oxidation [J]. Chemical Engineering Journal, 2025, 518: 164833.

iron composites

New Carbon Materials



B ARL (FREEC)

Research article

[5]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Li X, Jia Y, Qin Y, et al. Iron-carbon microelectrolysis for
wastewater remediation: Preparation, performance and interaction
mechanisms [J]. Chemosphere, 2021, 278: 130483.

Bao Y, Zhang Y, Wang S, et al. Magnetic porous carbon materials
as efficient catalysts for activation of persulfate for 2, 4-DCP
degradation: Properties, mechanisms and degradation pathways[J].
Materials Science in Semiconductor Processing, 2025, 199: 109823.
Liu X Y, Wang L J, Fu T, et al. Carbon nanotube supported iron
phthalocyanine providing efficient electron transfer pathway for
water decontamination[J]. Applied Catalysis B: Environment and
Energy, 2025, 372: 125303.

Chen X, Oh W D, Hu Z T, et al. Enhancing sulfacetamide
degradation by peroxymonosulfate activation with N-doped
graphene  produced through delicately-controlled nitrogen
functionalization via tweaking thermal annealing processes[J].
Applied Catalysis B: Environment and Energy, 2018, 225: 243-257.
Ren S, Wang Y, Shi L, et al. Transforming plastics to single atom
catalysts for peroxymonosulfate activation: axial chloride
coordination intensified electron transfer pathway[J]. Advanced
Materials, 2025, 37(8): €2415339.

Huang R, Feng T, Wu S, et al. In-situ synthesis of magnetic iron-
chitosan-derived biochar as an efficient persulfate activator for
phenol degradation[J]. Environmental Research, 2023, 234:
116604.

Si W H, SiJ X, Wang K J, et al. Methods for the formation of M-
N,-C active sites on single-atom catalysts and their role in
persulfate activation by non-radical paths[J]. New Carbon
Materials, 2025, 40(5): 993-1014.

Li W, Cheng D M, Yin X, et al. Phase controllable fabrication of
MOF-derived iron nickel sulfides as Fenton-like catalysts for
peroxymonosulfate activation: The phase transition effect induced
variations in the mechanism and performance [J]. Applied Catalysis
B: Environment and Energy, 2025, 365: 124988.

Li X J, Liao F Z, Ye L M, et al. Controlled pyrolysis of MIL-88A to
prepare iron/carbon composites for synergistic persulfate oxidation
of phenol: Catalytic performance and mechanism[J]. Journal of
Hazardous materials, 2020, 398: 122938.

Jiang Y, Xiao N, Yu K, et al. N-doped porous graphite-like carbon
armored with dense amorphous shell through a trojan horse strategy
for high performance potassium-ion battery anode[J]. Small, 2025,
21(41): e07641.

Chen X, Oh W D, Zhang P H, et al. Surface construction of
carbon  nanosheets  with

nitrogen-doped  chitosan-derived

hierarchically porous structure for enhanced sulfacetamide

degradation via peroxymonosulfate activation: Maneuverable
porosity and active sites[J]. Chemical Engineering Journal, 2020,
382:122908.

Jiang X, Guo Y H, Zhang L B, et al. Catalytic degradation of
tetracycline hydrochloride by persulfate activated with nano Fe”
carbon[J]. Chemical

immobilized mesoporous Engineering

Journal, 2018, 341: 392-401.

Vol. 41 | Issue 4 | Aug. 2026 |

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Zhan Y F, Zeng H B, Zhao T Y, et al. Densely accessible single
atom Fe sites dispersed on porous carbon as highly stable and active
ORR catalyst for PEMFC[J]. International Journal of Hydrogen
Energy, 2024, 56: 1049-1056.

Bai L, Liu Q, Hong T, et al. Defect-rich N/O-co-doped porous
carbon frameworks as anodes for superior potassium and sodium-
ion batteries[J]. New Carbon Materials, 2024, 39(6): 1144-1156.
Du Q, Zhu C Q, Yue C L, et al. Anchoring atomically dispersed
FeN; sites on porous and defect-rich biochar via cascade regulation
strategy for efficient Fenton-like catalysis[J]. Applied Catalysis B:
Environment and Energy, 2024, 343: 123570.

Zhang H, Hwang S, Wang M, et al. Single atomic iron catalysts for
oxygen reduction in acidic media: particle size control and thermal
activation[J]. Journal of the American Chemical Society, 2017,
139(40): 14143-14149.

Liu C, Zheng J, Chi B, et al. Integrating sulfur-doped atomically
dispersed FeN, sites with small-sized Fe;C nanoparticles for
PEMFCs and beyond[J]. Energy & Environmental Science, 2024,
17(16): 5941-5949.

Xiao X F, Zhuang Z C, Yin S H, et al. Topological transformation

of microbial proteins into iron single-atom sites for selective
hydrogen peroxide electrosynthesis[J]. Nature Communications,
2024, 15(1): 10758.

Miao F, Wang Y, Zhou H, et al. Axial oxygen coordination drives
spin-regulated electron transfer in single-atom Fe catalysts for
selective pollutant transformation[J]. Nature Communications,
2026.

Niu L, Lei Q T, Tang Z, et al. Oxygen doping regulates
coordination  structure of iron-single-atom catalysts for
peroxymonosulfate activation and pollutants degradation: high-
valent iron-oxo species role[J]. Chemical Engineering Journal,
2026, 528: 172581.

Liu L, Chen B, Wu T, et al. Coordination reconstruction enhanced
synergistic nonradical oxidation pathways in cobalt single-atom
catalysts for sustained pollutant destruction[J]. Angewandte
Chemie International Edition, 2025, 64(45): €202508330.

Yue T T, Sui HY, Jia J C, et al. ZIF-8-derived carbon substrates
embedded with atomically dispersed FeN,O, active sites as
bifunctional catalysts for electrochemical carbon dioxide and
oxygen reduction[J]. Applied Catalysis B: Environment and
Energy, 2025, 361: 124618.

Li X, Jia Y, Zhou M, et al. High-efficiency degradation of organic
pollutants with Fe, N co-doped biochar catalysts via persulfate
activation[J]. Journal of Hazardous materials, 2020, 397: 122764.
Gongalves N P F, Minella M, Mailhot G, et al. Photo-activation of
persulfate and hydrogen peroxide by humic acid coated magnetic
particles for bisphenol A degradation[J]. Catalysis Today, 2021,
361: 43-49.

Hu L, Wang P, Liu G, et al. Catalytic degradation of p-nitrophenol
by magnetically recoverable Fe,O, as a persulfate activator under

microwave irradiation[J]. Chemosphere, 2020, 240: 124977.

New Carbon Materials



Wang Ruixue et al: Single-atom iron catalysts on carbon nanosheets with specific defects for efficient phenol------

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[39]

[41]

Lai L D, Zhou H Y, Zhang H, et al. Activation of peroxydisulfate
by natural titanomagnetite for atrazine removal via free radicals and
high-valent iron-oxo species[J]. Chemical Engineering Journal,
2020, 387: 124165.

Shaibur M R, Hossain M S, Khatun S, et al. Assessment of drinking
water contamination in food stalls of Jashore Municipality,
Bangladesh[J]. Applied Water Science, 2021, 11(8): 142.

Chen W, Westerhoff P, Leenheer J A, et al. Fluorescence
excitation—emission matrix regional integration to quantify spectra
for dissolved organic matter[J]. Environmental Science &
Technology, 2003, 37(24): 5701-5710.

Huang G X, Wang C Y, Yang C W, et al. Degradation of bisphenol
A by peroxymonosulfate catalytically activated with Mn, (Fe, ,0,
nanospheres: synergism between Mn and Fe[J]. Environmental
Science & Technology, 2017, 51(21): 12611-12618.

Zhu C Y, Zhu F X, Dionysiou D D, et al. Contribution of alcohol
radicals to contaminant degradation in quenching studies of
persulfate activation process[J]. Water Research, 2018, 139: 66-73.
Xue Y W, Gao R, Lin S J, et al. Regulating the interface electron
distribution of iron-based MOFs through ligand functionalization
enables efficient peroxymonosulfate utilization and catalytic

performance[J]. Journal of Colloid and Interface Science, 2024,
663: 358-368.

Liang L, Cao J, Chen Z, et al. Harnessing Fe-Mo atomic interfaces
for boosted electron transfer and ROS generation in sustainable
pollutant degradation[J]. Environmental Science & Technology,
2025, 59(42): 22914-22926.

Yang P J, Wang L, Zhuzhang H Y, et al. Photocarving nitrogen
vacancies in a polymeric carbon nitride for metal-free oxygen
synthesis [J]. Applied Catalysis B: Environment and Energy, 2019,
256: 117794.

Peng L, Duan X G, Shang Y N, et al. Engineered carbon supported
single iron atom sites and iron clusters from Fe-rich Enteromorpha
for Fenton-like reactions via nonradical pathways[J]. Applied
Catalysis B: Environment and Energy, 2021, 287: 119963.

Ye S J, Xiong W P, Liang J, et al. Refined regulation and nitrogen
doping of biochar derived from ramie fiber by deep eutectic
solvents (DESs) for catalytic persulfate activation toward non-
radical organics degradation and disinfection [J]. Journal of Colloid
and Interface Science, 2021, 601: 544-555.

Qin J W, Wang Q, Han B, et al. Heterogeneous Fe-Ni dual-atom
catalysts coupled N-vacancy engineering for enhanced activation of
peroxymonosulfate[J]. Applied Catalysis B: Environment and
Energy, 2025, 360: 124538.

Zhou H Y, Ren W, Wang S B, et al. Best practices for advanced
oxidation processes[J]. Nature Sustainability, 2025, 8(12): 1428-
1431.

Vol. 41 | Issue 4 | Aug. 2026 |

903

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Yang Q, Chen Y, Duan X, et al. Unzipping carbon nanotubes to
nanoribbons for revealing the mechanism of nonradical oxidation
by carbocatalysis[J]. Applied Catalysis B: Environment and
Energy, 2020, 276: 119146.

Huang B, Wu Z, Wang X, et al. Coupled surface-confinement effect
and pore engineering in a single-Fe-atom catalyst for ultrafast
Fenton-like  reaction iron-oxo

with  high-valent complex

oxidation[J]. Environmental Science & 2023,

57(41): 15667-15679.
Zhang H D, Xu G H, Yu Y. Co single-atom C,N; activates

Technology,

peroxymonosulfate for efficient degradation of sulfamethoxazole at
4 °C: A combined experimental and density functional theory
study [J]. Chemical Engineering Journal, 2023, 476: 146721.

Wang R, You H, Li Z P, et al. Non-radical mediated reduced
graphene oxide/polypyrrole catalytic ceramic membrane-PDS
system for source control of SMX[J]. Chemical Engineering
Journal, 2024, 479: 147769.

He M F, Zhao P, Duan R, et al. Insights on the electron transfer
pathway of phenolic pollutant degradation by endogenous N-doped
carbonaceous materials and peroxymonosulfate system[J]. Journal
of Hazardous materials, 2022, 424.

ZhuZ S, Wang Y T, Wang P T, et al. Multidimensional engineering
of single-atom

reactions[J]. Nature Water, 2025, 3(2): 211-221.

cobalt catalysts for ultrafast Fenton-like

Ren S 'Y, Xu X, Ren W, et al. Defective multi-element coordinated

single atom catalysts (Cu-N,SCI) for high-performance water
decontamination[J]. Water Research, 2025, 286.

Zhou Y, Guo W, Li Y, et al. Insights into free radical and non-

radical routes regulation for water Nature

Communications, 2025, 16(1): 7753.

cleanup [J].

Zhang P, Chen H C, Zhu H, et al. Inter-site structural heterogeneity
for robust
reduction[J]. Nature Communications, 2024, 15(1): 2062.
Dong C X, Zhou C, Wu M W, et al. Boosting bi-directional redox

induction of single atom Fe catalysts oxygen

of sulfur with dual metal single atom pairs in carbon spheres toward
high-rate and long-cycling lithium-sulfur battery[J]. Advanced
Energy Materials, 2023, 13(30): 2301505.

Xiao P F, An L, Wu D D. The use of carbon materials in persulfate-
based advanced oxidation processes: A review[J]. New Carbon
Materials, 2020, 35(6): 667-681.

Gan G Q, Fan S Y, Li X Y, et al. Nature of intrinsic defects in
carbon materials for electrochemical dechlorination of 1, 2-
dichloroethane to ethylene[J]. ACS Catalysis, 2021, 11(22):
14284-14292.

Li H X, Shi W J, Liu L Y, et al. Coupling effect of vacancy defects
and multi-adsorption sites in porous carbon cathode for high-
performance aqueous zinc-ion hybrid capacitors[J]. Chemical

Engineering Journal, 2024, 487: 150630.

New Carbon Materials



BB EL (HE0)

Research article

[55]

[56]

[57]

Lin X N, Ge Q, Zhou X B, et al. Nitrogen doping enhances PMS
activation by MnFe,O,-NBC through generating active sites and

establishing an internal electric field[J]. Journal of Water Process
Engineering, 2025, 77: 108359.

Zhu R'Y, Hui L F, Zhao Z Q, et al. The morphology and structure
of zero-valent iron nanosheets promote the activation of persulfate
for degradation of ciprofloxacin[J]. Environmental Research,
2025, 268: 120766.

Pi Z J, Hou K J, Yao F B, et al. Nonradical-dominated
peroxydisulfate activation by nitrogen-rich hierarchical porous
graphite carbon for efficient degradation of tetracycline[J].

Carbon, 2022, 196: 736-748.

Vol. 41 | Issue 4 | Aug. 2026 |

904

[58]

[59]

[60]

Zhang J, Zhang G, Lan H C, et al. Synergetic oxidation of the
hydroxyl radical and superoxide anion lowers the benzoquinone
intermediate conversion barrier and potentiates effective aromatic
pollutant mineralization [J]. Environmental Science & Technology,
2023,57(32): 12117-12126.

Lin Z, Shultz M J. Ultranano titania: Selectively ridding water of
persistent organic pollutants[J]. ACS Omega, 2026, 11(2): 2772-
2779.

Wang J, Duan X, Gao J, et al. Roles of structure defect, oxygen
groups and heteroatom doping on carbon in nonradical oxidation of

water contaminants[J]. Water Research, 2020, 185: 116244.

New Carbon Materials



	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Synthesis of Fe/N―C(T) catalysts
	2.3 Material characterization

	3 Results and discussion
	3.1 Structure and composition of materials
	3.2 Catalytic performance evaluation
	3.3 Reactive oxygen species recognition
	3.4 Verification of the electron-transfer pathway
	3.5 Identification of reaction center and degradation pathway

	4 Conclusion
	Data availability statement
	参考文献

