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Ultra-small metal clusters have emerged as one of the most promising alternatives to heterogeneous Fenton-like
catalysts. Despite the high atom utilization and structural stability of catalysts with ultra-small clusters and
single-atom sites, there is still challenging for the synthesis of these catalysts due to their facile aggregation.
Herein, we successfully fabricated a catalyst (Fe-NC-900) with single-atom sites and ultra-small clusters by a ball
milling method combined with subsequent pyrolysis process. Fe-NC-900 showed high efficiency and superior
stability in the activation of peroxymonosulfate (PMS) for catalytic oxidation of refractory organic compounds.
Chemical quenching experiments, electron paramagnetic resonance (EPR), in-situ Raman spectra, and electro-
chemical analysis indicated that the 10, oxidation was the main non-radical pathway rather than the high-valent
iron oxidation and electron transfer mechanism for the degradation of RhB in the Fe-NC-900/PMS system. This
work provides useful insights into the design and synthesis of the catalysts with single atoms and ultra-small

clusters for practical applications in Fenton-like catalytic processes.

1. Introduction

The Fenton-like method, as a particularly promising strategy, is the
elimination of hard-to-degrade organic pollutants by free radicals to
address the increasing environmental pollution and shortage of fresh-
water resources due to industrialization [1-4]. While in Fenton-like
systems, peroxymonosulfate (PMS) is a strongly reactive oxidant due
to its asymmetric structure, which is more easily activated over a wide
pH range compared to other oxidants such as ozone (O3), H203, and
persulfate (PDS) [5-7]. In recent years, various PMS activation methods
such as alkali, ultraviolet (UV) light, ultrasound, and metal compounds
have been extensively investigated [8-11]. Among them, heterogeneous
Fenton-based catalysts with the advantages of easy separation, low-cost,
low toxicity, and good environmental compatibility have been widely
used in the activation of PMS. However, low catalytic performance, iron
atom aggregation, and iron leaching restrict their development [12-15].
In addition, Duan et al. [16-19] have made great progress in the acti-
vation of PMS by nitrogen-doped carbon materials through free radical
and non-free radical reaction processes, but there are still the problems
of insufficient oxidation performance of oxidants and poor stability in

both free radical and non-free radical pathways, which greatly limited
their application in Fenton-like system. Therefore, the design and syn-
thesis of Fenton-like catalysts with excellent stability and activity to
activate PMS is essential to realize their practical applications.

In the reaction dominated by the radical oxidation process, most of
the oxygen-containing radicals generated by PMS activation have a very
short half-life (1 ps for ‘OH, 30-40 ps for SO3 ) [3,20]. To maximize the
catalytic performance, it is highly desirable to minimize the migration
distance of the active radicals to the target organic molecules [21-23].
Yang et al. [24] prepared Fe-Ny site atomically dispersed Fe-SA-N/C
catalysts for efficient catalytic oxidation of refractory bisphenol A
(BPA) by activating PMS [20], which showed that BPA was adsorbed by
pyrrolic-N near the iron-nitrogen bond; simultaneously, the PMS was
activated by the active center of the iron-nitrogen bond to generate free
radicals, thus effectively improving the utilization rate of free radicals
generated by PMS. To this end, the construction of the catalysts with
dual reactive sites that can independently recognize/activate the
respective target functional groups of the substrate, achieving the gen-
eration of active radicals on the catalytic sites for pollutant removal and
the adsorption of the target pollutant on the adsorption sites to
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effectively improve the radicals utilization [21,25-27]. Therefore, it is
desired to synthesize a N-doped carbon-based Fenton-like catalyst with
coexistence of active and adsorption sites to improve the radicals utili-
zation of PMS.

Recently, the catalysts with single atoms and ultra-small clusters
have been used to activate PMS due to their superior performance and
high atom-utilization efficiency [12,28-31]. For instance, Li et al. [5]
prepared catalyst (FeCNs) with Fe single atoms and ultra-small clusters
for catalytic degradation of methylene blue (MB) by co-precipitation
method. The experimental results showed that the active sites were
sub-nanoclusters and single atoms acting synergistically, and the
degradation rate of MB was 98.9% in 10 min, and the degradation rate of
MB was still up to 86.8% after 5 cycles, showing excellent stability and
catalytic performance. However, the preparation methods of those cat-
alysts with single atoms and ultra-small clusters still suffer from
cumbersome preparation processes (e.g., co-precipitation and hydro-
thermal carbonization) [32-34], and the precursors are generally
expensive and non-renewable (e.g., carbon nanotubes, formamide,
polypyrrole, etc.) [29,35], which seriously affect the economic feasi-
bility of these catalyst materials [36,37]. Currently, soybean residue, a
by-product in the production process of soy milk or tofu (every 10 kg of
soybean can produce about 7 kg of dry soybean residue), is rich in
protein and carbohydrates. The protein and carbohydrates may be
attractive precursors for the direct production of N-doped carbons [38].
In addition, the natural advantage of uniform dispersion of organic
matter (protein) in biomass cells facilitates the generation of atomically
dispersed active sites [39,40]. As a result, the preparation of N-doped
biomass carbon using soybean residue not only meets the economic
feasibility of catalyst materials, but also improves the added value and
utilization of soybean residue solid waste. To solve the problems of low
utilization rate of PMS radicals and economic feasibility of catalysts, it is
of great practical importance to develop a simple and inexpensive
method to prepare soybean residue-derived natural N-doped carbon
loaded dual sites catalysts with single atoms and ultra-small clusters.

Ball milling is an effective method that does not require solvents and
other additives, which is widely used in the synthesis of nanoclusters
catalysts, even single-atom catalysts [41-43]. Therefore, we prepared
soybean residue-derived nanocarbon anchored dual-site catalysts (Fe-
NC-900) with Fe single atoms and ultra-small clusters for the efficient
catalytic oxidation of Rhodamine B (RhB) by the activation of PMS using
a ball milling method combined with subsequent pyrolysis process. The
structure of the catalyst was characterized by a combination of aberra-
tion corrected high-angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) and X-ray absorption spec-
troscopy (XAS). Moreover, electron paramagnetic resonance (EPR) and
free radical quenching experiments confirmed that the single linear state
oxygen generated by PMS activation and liquid chromatography-mass
spectrometry (LC-MS) was performed to analyze the catalytic degrada-
tion mechanism. This study aims to reveal in detail the main active sites
of the catalysts with single atoms and ultra-small clusters, as well as
their efficient heterogeneous catalytic mechanism, which has superior
potential for environmental remediation.

2. Materials and methods
2.1. Materials

Soybean residue was purchased from the commercial market. Iron
(I1) phthalocyanine (FePc, >97%), Rhodamine B (RhB, 95%), congo red
(CR, 99%), tetracycline HCl (TC, 95%), PMS (KHSO5eKHSO,eK5SO4,
42% KHSOs), tert-butanol (TBA, 99.5%), methyl alcohol (Me-OH,
99.9%), 1,4-benzoquinone (BQ, 99%), furfuryl alcohol (FFA, 99%), 5,5-
dimethyl-1-pyrroline N-oxide (DMPO, 97%), 2,2,6,6,-tetramet-hyl-1-
piperidinyloxy (TEMP, 98%), dimethylsulfoxide (DMSO > 99.9%),

and other chemical reagents were used without further purification and
obtained from Aladdin Co., Ltd., China.
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2.2. Catalyst preparation

The N-codoped nanocarbon was prepared in a tube furnace. The
soybean residue was heated at designated temperature (i.e. 900 °C) at a
heating rate of 3 °C min~! under nitrogen atmosphere for 2 h. Then, the
obtained roasted black solid substances were pickled with 2 M HCI for
12 h to remove calcium species, neutralized with a large amount of
distilled water, and dried in an oven at 60 °C. By changing the final heat
treatment temperature (750, 900, and 1000 °C), different N-codoped
nanocarbons were obtained (i.e. NC-T, where T represents the final heat
treatment temperature). Fe-NC-750, Fe-NC-900, and Fe-NC-1000 cata-
lysts were prepared in a planetary ball mill. 5.0 g of NC-T material, 2.1 g
of FePc, and 2.5 g of KHCO3 were added in a jar for ball milling process.
The mixture was milled at room temperature for 10.0 h under 300 rpm,
and the obtained samples were roasted at 750, 900, and 1000 °C under
nitrogen atmosphere for 2 h with a heating rate of 3 °C min!, respec-
tively. Afterwards, the as-obtained black powders were treated with 2 M
HCI at 90 °C for 24 h, washed with extensive deionized water, and dried
in an oven at 60 °C. Finally, the Fe-NC-750, Fe-NC-900, and Fe-NC-1000
catalysts were obtained. The control sample (NC-900) was synthesized
by the same conditions except not adding FePc.

2.3. Characterization

X-ray diffraction patterns of the samples were determined by X-ray
diffractometer (XRD, Rigaku D/MAX 2500V, Cu Ka, A = 1.542 A). The
morphology of the prepared samples was analyzed using 300 KV filed
emission transmission electron microscope (HRTEM, FEI TECNAI G2
F30, USA) and high-angle annular case field scanning projected
electron-microscopy with spherical aberration correction (AC HAADF-
STEM, JEM-ARM200F, Japan). The specific surface area was measured
by Brunauer-Emmett-Teller (BET) method. Elemental analysis (EA) was
performed on a VarioELIIl analyzer (Elementar, Germany). The iron
content of the samples was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, PerkinElmer 8300, USA).
Electron paramagnetic resonance (EPR) spectroscopy was performed
using a paramagnetic resonance spectrometer (Bruker EMXplus, Ger-
many). The valence state and surface composition of the samples were
obtained by Raman spectroscopy (Raman, LabRam HR Evolution, USA)
and X-ray photoelectron spectrometer (XPS, Thermo ESCALAB 250XI,
USA). The degradation products of RhB were determined by Liquid
chromatograph-mass spectrometer (LC-MS, ORBITRAP ELITE, USA).
Total organic carbon (TOC) analysis was also used to determine the
degradation efficiency of RhB. Fe K-edge X-ray adsorption fine structure
(XAFS) spectra were detected in the Shanghai synchrotron irradiation
facility.

2.4. Catalytic activity test

RhB solution (100 mg L™1) was added to a 100 mL conical flask, and
the initial solution pH was adjusted to 3.0 with 2 M HCI. The tempera-
ture was maintained at 30 °C using a water bath in a constant temper-
ature shaker (170 r min~1). In the experiments, 40 mg of catalyst and 30
mg of PMS were added to 50 mL of RhB solution, and 1 mL was sampled
at various predetermined times. The catalyst was filtered out using a
0.22 pm nylon syringe and the full wavelength was displayed using a
UV-Vis spectrometer (2802S UV/VIS Spectrometer) in the range
400-1100 nm, wavelength the maximum permissible error: +0.8 nm,
measured at its maximum absorption wavelength of 554 nm. Each test
was duplicated three times. The catalyst was thoroughly washed with a
large amount of deionized water as well as ethanol each time during the
cyclic experiments, and the amount of iron leached from the catalyst was
determined by ICP-OES. The reaction rate was calculated by the pro-
posed first-order kinetic model (Eq. (1)) and the adsorption rate was
calculated by Eq. (2).
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In(Co/C,) = kt (€8]

R% = 100 x(Co — C.) /Co )
where Cj is the original concentration of the pollutant, C; is the con-
centration at a point time in the degradation process, Ce is the concen-
tration at equilibrium of the catalyst, and k is the reaction rate constant.

3. Results and discussion
3.1. Characterization of Fe-NC-900 catalyst

The preparation process of Fe-NC catalysts using soybean residue
carbonized material (N-doped carbon) as the support is shown in Fig. 1.
The N-doped carbon was mixed with FePc and potassium bicarbonate in
a certain ratio (2:1:0.85), and then the mixture was completely ball
milled in a planetary ball mill. After that, the samples were roasted at
750, 900, and 1000 °C under N, atmosphere, then acid etched and dried
to obtain Fe-NC-750, Fe-NC-900, and Fe-NC-1000 (the yield was about
58.8%), respectively. TEM and STEM images (Fig. 2a and b) showed that
there were no obvious iron nanoparticles, demonstrating the homoge-
neity of the dispersion of Fe metal. The Fe single atoms (yellow circles)
and clusters (red circles) were detected by AC HAADF-STEM (Fig. 2¢ and
f). A number of ultra-small Fe clusters were uniformly distributed in the
N-doped carbon support. Further examination (Fig. 2f) showed that both
single-atom Fe sites and ultra-small clusters were uniformly dispersed in
Fe-NC-900. EDX mapping images (Fig. 2d and e) also confirmed that N,
C, O and Fe elements were uniformly distributed on carbon support. The
XRD patterns (Fig. 3a) showed that only two broad diffraction peaks
were clearly observed at 25° and 44°, corresponding to the (002) and
(101) faces of graphitic carbon [33]. It is noted that no diffraction peaks
corresponding to Fe or FeOy were detected, implying that the size of Fe
cluster was small enough [44], which was in agreement with the TEM/
STEM results. In addition, the N-codoped nanocarbons structure of Fe-
NC-900 was characterized by Raman measurement (Fig. 3b). The in-
tensity ratio of D and G bands (Ip/Ig) in the samples indicated that the
Ip/Ig value of the Fe-NC-900 (1.03) was lower than that of NC-900
(1.08), i.e., the degree of graphitization and electrical conductivity
was higher [27]. From the N, adsorption/desorption isotherm curves of
the samples in Fig. S1 in the Supporting Information. The BET surface
area (Table S1) of NC-900 (595.3 m? g’l) was larger than those of Fe-
NC-750 (418.2 m? g™1), Fe-NC-900 (411.3 m? g~1), and Fe-NC-1000
(401.2 m2 g™ 1), probably causing by the Fe species entering into the
pores, which decreased the specific surface area of Fe-NC catalysts.

The key to determine the catalytic performance of catalysts is the
chemical state of the metal-Fe clusters, as well as the Fe single atoms,
and their environment. Therefore, XPS analysis was performed to collect
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Fig. 1. Schematic illustration of preparation process of Fe-NC catalysts by ball
milling method combined with subsequent pyrolysis process.
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high-resolution N 1s XPS spectra of the as-prepared catalysts to quantify
the type and content of nitrogen doping. As displayed in Fig. 3c, the
deconvolution yielded three peaks with binding energies of 398.4,
399.8, and 401.1 eV, attributed to pyridinic-N, pyrrolic-N, and graphite-
N, respectively [45,46]. Moreover, after the doping of Fe element into
the Fe-NC catalysts, the appearance of a new peak (399.0 eV) could be
assigned to the metal-ligated M—Ny fraction in the three catalysts,
demonstrating the presence of abundant Fe-Ny active sites [47]. Among
them, the Fe-NC-900 had the highest contents of both Fe-Ny and
pyrrolic-N (Table S1), causing the higher catalytic activity in the Fenton-
like reaction. Furthermore, the content of pyrrolic-N of Fe-NC catalysts
gradually increased with the increase of roasting temperature, as shown
in Fig. 3d [48]. Previous studies have shown that the enhancement of
pyrrolic-N is positively correlated to the adsorption activity of carbon-
based catalysts, resulting in significant Fenton-like catalytic activity.
In addition, Fe 2p;,2 and 2ps/; of the three as-prepared samples corre-
sponded to the peaks at 720.6 and 707.1 eV (Fig. S2a), respectively,
which demonstrated the presence of Fe>* and Fe?" in the catalysts. The
C 1s spectrum of Fe-NC-900 (Fig. S2b) exhibited three peaks at 284.5,
285.4, and 288.4 eV, attributed to C—C, C—N, and C—C=O0, respectively.
Furthermore, the peaks belonging to O 1s spectrum of C—C=0 and O—H
appeared at 531.7 and 532.5 eV (Fig. S2c), respectively [49]. The
presence of C—C=0 group in Fe-NC-900 was more favorable the gen-
eration of 05, which activated the PMS owing to the interaction of
C—C=0 with PMS. Moreover, ICP-OES analysis showed that the Fe
contents (Table S1) of Fe-NC-750, Fe-NC-900, and Fe-NC-1000 were
0.32, 0.41, and 0.34 wt%, respectively. The P, S, K, and Ca contents of
soybean residue and Fe-NC-900 were also obtained from ICP-OES, as
shown in Table S2. The contents of S, P, K, and Ca for soybean residue
were 0.03, 0.06, 0.21, and 0.10 wt%, respectively. The contents of S, P,
K, and Ca for Fe-NC-900 were 0.01, 0.02, 0.003, and 0.0002 wt%,
respectively.

As shown in Fig. 4a, a small leading edge peak at 7114.8 eV in the Fe
K-edge XANES spectrum of Fe-NC-900 indicated the presence of Fe(II)
and Fe(III), which was consistent with the XPS results [50]. Arising from
the 1s — 4pz leap in the ligand-to-metal transfer, it is considered as a
square of the Fourier transform altered-weighted EXAFS spectrum
planar Fe-Ny unitary (D4sh symmetry) fingerprinting [20]. As illustrated
in Fig. 4b, compared with the standard samples of Fe foil, FeO, Feo03,
and Fe3O4, no prominent peak (~2.10 A) at the Fe—Fe coordination
position was discovered in Fe-NC-900, which might be ascribed to that
the metal loading of the iron clusters was low in Fe-NC-900. In addition,
the N-doped carbon-encapsulated metallic iron species were formed
around the isolated Fe—N sites at high temperatures, resulting in very
weak Fe—Fe peaks [51,52]. The peak of Fe-NC-900 at ~1.56 A (phase
uncorrected distance) indicated that the Fe—N bond distance of the
catalyst was longer than the Fe—O bond (~1.4 A) in FeO, Fe;03, and
Fe30y. Furthermore, no large high-shell peaks (in the range of 2-3 A)
were present [36], which demonstrated a large number of Fe species
atom dispersion in the Fe-NC-900. As displayed in Fig. 4c-g, wavelet
transform contour plot of Fe foil showed Fe—Fe signal intensity maxima
at about 7.8 A~; wavelet transform contour plots of FeO, Fe304 as well
as Fe;03 showed Fe—O at a maximum at 4.4 A’l; while wavelet trans-
form contour plot of Fe-NC-900 showed Fe—N signal intensity maxima
at about 5 A~1, further demonstrating the atomic dispersion of the Fe
atoms. Furthermore, the oscillation curves of experiment and fitting
data are displayed in Fig. S3, and the EXAFS fitting parameters are
shown in Table S3. The FT-EXAFS fitting results revealed a coordination
number of 4.3, and an average Fe—N bond length of dge_n Was about
2.01 A.

Thus, the above characterizations confirmed that all Fe sites in the
Fe-NC-900 were highly dispersed ultra-small clusters and single atoms,
mainly consisting of Fe-Ny and Fe—Fe bonds, which demonstrated the
successful preparation of Fe-NC-900 catalysts.
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Fig. 2. Structural characterization of Fe-NC-900. (a) TEM image; (b) STEM image; (c,f) HAADF-STEM images; (d,e) EDX mappings.
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3.2. Catalytic activity of Fe-NC catalysts

Fig. 5a shows the degradation of RhB in different reaction systems. It
is noteworthy that the removal efficiencies of RhB in NC-900 and NC-
900/PMS systems were only 16.9% and 30.1% in 10 min, respec-
tively, indicating that NC-900 could slight enhance the activation rate of
PMS. The removal efficiencies of RhB in 10 min were 75.3% and 81.2%

for Fe-NC-750/PMS and Fe-NC-1000/PMS systems, respectively, yet the
pollutants could not be completely degraded. Encouragingly, the Fe-NC-
900/PMS system achieved a 99.5% RhB removal rate in 10 min, indi-
cating that the Fe ultra-small clusters and single atoms were regarded as
the primary catalytic active-sites for the degradation of RhB. To further
investigate the catalytic activity of Fe-NC-900, the RhB degradation
kinetics was also described by using a pseudo-first-order model. As
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mg L’l, [PMS]p =06 g L’l, and pH = 3.0.)

shown in Fig. 5b, the rate constant (k) of Fe-NC-900 (0.661 min’l) was
3, 2.8, and 16 times higher than those of Fe-NC-750 (0.218 min™ 1), Fe-
NC-1000 (0.235 min 1), and NC-900 (0.041 min!), respectively, which
suggested the superior catalytic performance of Fe-NC-900. In addition,
the TOC removal rate of RhB was 45.5% after 30 min in Fe-NC-900/PMS
system (Fig. S4a).

Reusability was also one of the crucial indicators to evaluate the
performance of the catalysts. As exhibited in Fig. 5c, after five replicate
experiments, the degradation rate of RhB only decreased by 8.7%,
indicating the excellent stability of Fe-NC-900. We examined the high-

resolution N 1s XPS spectra of the Fe-NC-900 catalyst before and after
reaction. The RhB removal efficiency gradually decreased to 90.8% after
the reaction while the pyrrolic-N content also decreased (Fig. S5a). The
ICP-OES results showed that the loss of Fe after 5 runs accounted for
about 7% (Table S1), indicating that the gradual decrease in Fe-NC-900
activity may be related to the leaching of Fe species. Moreover, the
HETEM images (Fig. S6a-c and f), EDX mappings (Fig. S6d-e), and XRD
(Fig. S5b) patterns of Fe-NC-900 before and after reaction were essen-
tially unchanged, which further confirmed that the structure of Fe-NC-
900 catalyst was stable. Surprisingly, Fe-NC-900 exhibited excellent
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catalytic performance for the degradation of CR and TC under similar
conditions (Fig. S4b). As shown in Table S4, Fe-NC-900 also had sig-
nificant advantages over other catalysts in terms of catalytic perfor-
mance. In summary, Fe-NC-900/PMS system showed excellent catalytic
performance in different organic wastewater treatment, which is highly
promising for environmental treatment.

3.3. Identification of reactive species and degradation mechanism

The reactive radicals generated during PMS activation were deter-
mined by free radical quenching experiments. Usually, as a rule of
thumb, TBA ('OH radical scavenger) and Me-OH were used for the
capture of SOy and ‘OH based radicals. As shown in Fig. 6a, the addition
of 0.5 M TBA or Me-OH did not significantly change the catalytic per-
formance, confirming that SO and "OH based radicals had no effect on
the catalytic process [37]. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
spin capture EPR experimental measurements were used to confirm the
presence of SO; and ‘OH based radicals. Fig. 6b shows the absence of
significant peaks for the DMPO—SO4 and DMPO—"OH adducts, further
indicating that SO3 and ‘OH based radicals were not involved in the
degradation of Fe-NC-900/PMS system. Besides, the addition of BQ in
the Fe-NC-900/PMS system had little effect on the O3 capture effect,
which proved that O3 did not play a major role in the Fe-NC-900/PMS
system.

Notably, confirming the oxidation of DMPO to generate DMPOX,
which suggested that DMPO was directly oxidized rather than attacked
by free radicals in the Fe-NC-900/PMS system, and the DMPOX was
generated by the reaction of 102 with DMPO [53]. Therefore, the cata-
lytic reaction of Fe-NC-900/PMS system was carried out by non-radical
mechanism.

Currently, non-radical oxidation dominated by high-valent iron-ox-
ygen complexes, electron transfer as well as 10, were found in large
numbers in PMS oxidative degradation systems. Moreover, in the EPR
spectra, the TEMP as a spin-capture agent demonstrated the presence of
102 [3,54]. As shown in Fig. 6b, the TEMPO adduct detected a triple
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signal of equal intensity, indicating the generation of !0,. However,
previous studies suggested that electron transfer can also form TEMPO.
Thus, the FFA was used as a trapping agent for 10, in the Fe-NC-900/
PMS system. The addition of FFA to the catalytic system resulted in a
decrease of the degradation efficiency of RhB from 99.5% to 30%
(Fig. 6a). Moreover, while RhB degradation was slightly affected by the
introduction of 5 mM DMSO in the Fe-NC-900/PMS system (Fig. 6¢), the
degradation rate decreased from 99.5% to 98.1%. With the addition of
different amounts of DMSO, the RhB degradation rate decreased to 93%,
implying the involvement of highly valent iron-oxygen species in the Fe-
NC-900/PMS system, however, which did not play a major role for RhB
degradation [55]. The role of non-radical electron transfer mechanisms
in the catalytic process was investigated by in-situ Raman spectroscopy
experiments and electrochemical measurements. As shown in Fig. S7a, a
new peak appeared around 830 cm™! after the addition of Fe-NC-900 to
the PMS solution, which is supposed to be due to the formation of
activated perovskite species (PMS*). Fig. S7b shows that the current
density increased after the addition of RhB and PMS, indicating that
there was a current flow from RhB to the sub-stable reaction complex
between PMS and Fe-NC-900 [56]. Moreover, a smaller semicircle
diameter was observed in the electrochemical impedance spectrum
(EIS). The charge transfer resistance of the Fe-NC-900 + PMS + RhB
system was reduced compared to Fe-NC-900 alone (Fig. S7c). These
results further confirmed the minor role of the electron transfer-
dominated nonradical oxidation pathway in the Fe-NC-900/PMS sys-
tem. Based on these results, for this non-radical pathway, 10, oxidation
was the main non-radical pathway rather than the high-valent iron
oxidation and electron transfer mechanism for the degradation of RhB in
the Fe-NC-900/PMS system.

The UV-Vis absorption spectra (Fig. 6d) of the Fe-NC/PMS system
showed that the absorption peak of RhB at 554 nm almost completely
disappeared after 10 min, which was also consistent with the trend of
the decolorization of the solution, proving that the degradation of RhB
was almost complete. Furthermore, a blue shift of the maximum ab-
sorption peak of RhB could be clearly observed, which was caused by the
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Fig. 6. (a,c) RhB degradation in the presence of various quenching agents. (b) EPR spectra obtained with DMPO and TEMP as spin-trapping agents. (d) UV-Vis
spectra of RhB in Fe-NC-900/PMS system. (Conditions: [catalystl]o = 0.8 g L’l, [RhB]p, = 100 mg L, [PMS]p =0.6 g L’l, and pH = 3.0.)
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shedding of ethyl groups from the molecule during the catalytic degra-
dation of RhB.

The degradation process of RhB molecules was further determined in
the Fe-NC-900/PMS system with an initial pH of 3.0, initial RhB con-
centration of 100 mg L™}, and Fe-NC-900 dosage of 0.8 g L™}, and the
intermediates in aqueous solution after 0, 5, and 10 min of the reaction
were analyzed by LC-MS. When the catalytic system lasted for 10 min,
the color of the reaction solution almost disappeared completely
(Fig. 6d), suggesting that the chromium group in RhB solution was
destroyed and a number of intermediate products were produced. The
strong peaks at m/z = 415, 387, 318, 274, 118, 110, 106, 94, 74, and 56
were observed by LC-MS (Fig. S8). The possible degradation pathways of
RhB in the Fe-NC-900/PMS system and the intermediate molecules,
including N-deethylation (steps 1, 2, and 3), chromophore cleavage
(steps 4, 5, 7, and 9), ring opening (steps 6 and 8), and mineralization
(steps 10, 11, and 12) [57], were displayed in Fig. S9. In the RhB-
catalyzed system, the detected intermediates indicated that Fe-NC-900
first underwent N-deethylation reaction during the catalytic oxidation.
Meanwhile, the deethylation intermediates were underwent chromo-
phore cleavage and ring opening to yield some small molecule in-
termediates, such as phenol (C¢Hs5—OH; m/z = 94), succinic acid
(HOOC—CH,—CH,—COOH; m/z = 118), and propionic acid
(CH3—CH5—COOH; m/z = 74). Besides, these small molecule in-
termediates could be mineralized to HoO and CO2, and —NH; groups
could be converted to NH4 or oxidized to NOs. Thus, in the N-deethy-
lation phase, the major processes were competing, including N-deethy-
lation, chromophore cleavage, and ring opening, with the
mineralization reactions occurring simultaneously [58]. Moreover, in
the Fe-NC-900/PMS system, the N-deethylation reaction was completed
within 5 min, while the cleavage, ring opening, and mineralization of
the chromophore last longer. The degradation of RhB was mainly caused
by a series of oxidation reactions. The catalytic performance of the
catalyst was closely related to its redox properties, and Fe-NC-900 had
reversible redox reactions of Fe?t and Fe®**. Among them, the high
valent Fe>" exhibited strong oxidation, while the low valent Fe?*
showed reduction. In addition, Fe** can remain stable under acidic
conditions and act as an adsorber and activator for oxygen in dissolved
oxygen in solution. When oxygen molecules were converted into reac-
tive oxygen species, such as Oz, O7, and 0%, they were directly
involved in oxidation reactions, including C—C cleavage, N—C cleavage,
and C—H insertion [59]. The breakage and reorganization of these bonds
were the main causes of RhB degradation reactions and color changes.

Based on the above results, we propose a possible mechanism for
PMS activation toward the degradation of RhB by Fe-NC-900 catalyst.
PMS tended to bind to the Fe-Ny sites and formed the PMS* in-
termediates. Then, the PMS intermediates were heavily activated and
underwent substantial electron accumulation and depletion, which led
to efficient activation of PMS to generate 10,. Meanwhile, RhB was
adsorbed on the pyrrolic-N sites via a “donor-acceptor” mechanism.
Thus, the rapid in situ generation of 'O, reacted quickly with the
neighboring adsorbed RhB over catalysts with ultra-small Fe clusters
and single atoms, yielding an outstanding Fenton-like catalytic
performance.

4. Conclusion

In summary, we confirmed the high catalytic performance and su-
perior stability of the as-prepared Fe-NC-900 catalyst with Fe single
atoms and ultra-small clusters to activate PMS for the degradation of
organic pollutant. The catalytic mechanism of Fe-NC-900 was investi-
gated by quenching experiments, EPR, LC-MS, etc. We confirmed that
the Fe-NC-900 could improve the catalytic performance by providing a
large amount of Fe-Ny active sites to activate PMS, producing a large
amount of 10,. Meanwhile, RhB was adsorbed on the pyrrolic-N sites by
the “donor-acceptor” mechanism, and eventually the in situ grown 10,
reacted directly with the neighboring adsorbed RhB on the catalyst in a

Applied Surface Science 597 (2022) 153625

rapid manner. This work has deepened our understanding of the design
and catalytic mechanism of catalysts with ultra-small metal clusters and
single atoms.
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