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a b s t r a c t

Fe-N-C materials have received increasing attention, due to its distinctive catalytic activity. However, the

Fe-N coordination number dependence of catalytic ability and mechanism for H2O2 activation remain

elusive. Herein, a series of Fe-N-C heterogeneous Fenton-like catalysts with different Fe-N coordination

number were prepared for tetracycline degradation. The results demonstrated that samples with Fe-N4

structure exhibited high activity. The excellent performance was mainly ascribed to the high adsorption

capacity and the formation of superoxide radicals (•O2
−) catalyzed by Fe linked to pyridinic nitrogen.

The intermediates and degradation pathways of tetracycline degradation by Fe-N-C/H2O2 system were

analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Furthermore, we

applied our Fe-N-C catalysts to treat simulated pharmaceutical wastewater with high tetracycline degra-

dation capacity despite high concentrations of organic matter such as oxalic acid and various ionic inter-

ferences. Our work reveals the dependence of the activation H2O2 on the Fe-N coordination environment

and the degradation mechanism of these catalysts. It provides insights into the prospects for tuning the

catalyst in practical applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetracyclines (TC) represent a prominent class of antibiotics

with global significance, and their presence in surface and ground-

water is noteworthy due to their chemical stability and resistance

to biodegradation [1,2]. Notably, TC concentrations in hospital and

pharmaceutical wastewater can reach exceptionally high levels, ex-

ceeding 100mg/L in certain instances [3]. In response to the press-

ing need for effective removal of these persistent organics, ad-

vanced oxidation processes (AOPs) have been demonstrated as a

highly efficient and green technologies by generating strong ox-

idizing free radicals [4–7]. Among the various AOPs, H2O2-based

heterogeneous Fenton process using solid catalysts instead of Fe2+

have been fully developed [8]. Solid catalysts extend the pH op-

erational range, while also minimizing chemical usage and sludge

formation, effectively addressing the limitations of homogeneous

Fenton systems [9–12]. Furthermore, the facile recovery and re-

cyclability of these catalysts markedly diminish associated costs

[13–17]. However, the performance of these heterogeneous Fenton
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catalysts depends on their specific surface area, active sites, and

structural properties [18,19]. They still face some inherent prob-

lems of limited active sites, low H2O2 activation and difficulty

in meeting the industrial requirements compared to the homoge-

neous Fenton process [20].

Single-atom catalysts (SACs), which combine the high activity

of homogeneous catalysts with the easy recovery of heterogeneous

catalysts, have emerged as a promising research area in the field

of environmental catalysis [21,22]. By maximizing atom utilization,

the catalyst activity and selectivity have also been greatly exploited

[23]. Currently, single-atom transition metal-nitrogen-carbon (M-

N-C, M= Fe, Ni, Mn, etc.) has been widely studied in oxygen reduc-

tion reaction (ORR) [24], hydrogen evolution reaction (HER) [25],

and CO2 reduction reaction (CO2RR) [26], due to its distinctive cat-

alytic activity. Previous studies have shown that M-Nx is the main

active site affecting the catalytic reaction rate [27–30]. In recent

years, it has been shown that the electron spin state can be ef-

fectively optimized by changing the coordination number of Fe-Nx,

which in turn affects the catalytic activity [31]. It was also reported

that carbon nanotube-based catalysts with five Co-N coordina-

tion numbers performed significantly better than the four-nitrogen

https://doi.org/10.1016/j.cclet.2023.109341
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Fig. 1. (a) TEM image of Fe-N-C-2. (b) HRTEM image of nanoparticle region marked by yellow circle of Fe-N-C-2 (inset figure: TEM image of the nanoparticle). (c) TEM and

EDS mapping images of Fe-N-C-2 with uniform distribution of Fe, C, N, and O. (d) XRD patterns of various Fe-N-C catalysts (inset of standard peaks of Fe2O3). (e, f) XPS

spectra of different elements present in the Fe-N-C-2: (e) N 1s and (f) Fe 2p.

coordination case prepared by the same method [32]. Based on

the interaction of light and adsorbed O2, g-C3N4 anchored with

Ti single atoms could be converted from Ti-N6 to Ti-N4, prompt-

ing a rapid generation of clean active substances [33]. Neverthe-

less, research on the effect of coordination number of Fe-N-C and

its degradation mechanism are still unclear [34–36].

In this study, a series of heterogeneous Fenton-like catalysts

with Fe-N-C structures were prepared by a two-step pyrolysis

method (Fig. S1 in supporting information). The Fe-N coordination

number could be conveniently tuned by adjusting the amount of

nitrogen source using this method. The differences in the perfor-

mance of Fe-N-C catalysts affected by Fe-N coordination number

in H2O2-based Fenton systems were investigated using TC as the

target contaminant. Subsequently, the adsorption, major radicals,

possible degradation mechanisms and pathways within the stud-

ied systems were explored. This study unveils the coordination-

dependent activity behavior and mechanism of heterogeneous

Fenton-like catalyst, which lays the foundation for the design of

non-precious Fe-N-C catalyst.

The prepared catalysts were labeled as Fe-N-C-1, Fe-N-C-2, Fe-

N-C-3 and Fe-C by the difference in the amount of Fe added (Text

S1 in Supporting information). The scanning electron microscopy

(SEM) images (Figs. S2a-h in Supporting information) reveal that

the amounts of irregular particles adhered to the catalyst surface

elevated with an increase in the Fe ratio. It can also be observed

from the Fig. S3 (Supporting information) that the particles were

mainly composed of Fe and O, while the C and N elements were

uniformly distributed on the surface of the catalyst. The transmis-

sion electron microscope (TEM) image (Fig. 1a) shows that obvi-

ous nanoparticles were evenly distributed on the catalyst. More-

over, high resolution transmission electron microscope (HRTEM)

characterizations (Fig. 1b) demonstrate that the lattice fringe spac-

ing of the nanoparticle was 0.252nm, which could be correspond

well to (311) crystallographic plane of Fe2O3 [37]. In addition, the

TEM-energy-dispersive X-ray spectroscopy (TEM-EDS) scan in Fig.

S4 (Supporting information) reveals that the ratio of Fe to O in

the nanoparticles was 2:3, which partly confirmed the presence of

Fe2O3. Conversely, the EDS scans of the region without nanoparti-

cles (Fig. 1c) demonstrate that the four elements (C, N, O, and Fe)

were uniformly distributed in Fe-N-C-2. The Fe content of Fe-N-C-2

was determined to be 16.4 wt% by Inductively Coupled Plasma Op-

tical Emission Spectrometer (ICP-OES). Table S1 (Supporting infor-

mation) shows weight percentage of the elements in different re-

gions. In the region without nanoparticles, the weight percentages

of Fe and N were 1.46% and 6.83%, respectively. This Fe mass frac-

tion of 1.46% was close to the Fe content reported in other stud-

ies involving Fe-SACs [38,39]. These results indicate that N, and Fe

atoms were successfully integrated into the C framework. There-

fore, it can be speculated that Fe-N-C catalysts comprises both

Fe2O3 nanoparticles and atomically dispersed Fe.

The crystal structures of the catalysts were further investigated

using X-ray Diffractometer (XRD). As depicted in Fig. 1d, all stud-

ied samples exhibited characteristic peaks corresponding to the cu-

bic γ -Fe2O3 crystalline phases. The presence of N contributed to a

higher degree of crystallinity of γ -Fe2O3. It is noteworthy that the

crystallinity increased gradually with the increase of Fe injection,

and the addition of Fe beyond a certain point led to the forma-

tion of α-Fe2O3. These Fe2O3 provide the magnetism for the cat-

alyst to be recovered (Text S2 and Fig. S5 in Supporting informa-

tion). X-ray Photoelectron Spectroscopy (XPS) was carried out to

analyze the valence states and the chemical bond among the el-

ements of the catalyst. As shown in Fig. S6 (Supporting informa-

tion), the existence of C-N and O-Fe in the Fe-N-C-2 catalyst were

confirmed [40]. The corresponding fine-scan N 1s XPS spectrum

(Fig. 1e) could be nicely deconvoluted into three component peaks,

which were pyridinic N (398.5 eV), pyrrolic N (400.9 eV), and oxi-

dized N (404.7 eV) [41,42]. Furthermore, Fe 2p3/2 and Fe 2p1/2 ex-

hibited two peaks at 710.4 eV and 724.2 eV, respectively, indicating

the +3-valence of Fe (Fig. 1f). The peaks at 712.6 eV and 726.4 eV

belonged to the Fe-Nx configuration.

The presence of Fe-N bonds was further confirmed by the

Fourier transform (FT) k3-weighted extended X-ray absorption fine

structure (EXAFS) in Fig. 2a. The distinct peaks of Fe-N-C samples

at 1.5 Å corresponded to the Fe-N and Fe-O bonds, which markedly

different from Fe foil. The curve fit and fitting results reveal that

the first shell Fe-N coordination numbers of Fe-N-C-1, Fe-N-C-2

and Fe-N-C-3 were determined as 3.3, 3.8 and 4.1, respectively

(Figs. 2b–d, Fig. S7 and Tables S2-S4 in Supporting information).

The Wavelet Transform (WT) of EXAFS could visualize the types of

coordination atoms while demonstrating the radial distances. The
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Fig. 2. (a) R space of the k3-weighted Fe K-edge EXAFS spectra of Fe-N-C samples with the references. (b-d) Fe K-edge EXAFS (points) and curve fit (line) for (b) Fe-N-C-1,

(c) Fe-N-C-2 and (d) Fe-N-C-3, shown in R space (FT magnitude). The data are k3-weighted and not phase-corrected.

Fig. 3. WT spectrum of the k3-weighted EXAFS (a-Fe-N-C-1, b-Fe-N-C-2, c-Fe-N-C-3, d-Fe foil, e-Fe2O3, f-FePc).

WT spectrum of Fe-N-C samples (Figs. 3a–c) exhibited two con-

tour intensities at 5.2 Å−1 and 6.6 Å−1, which matched with FePc

and Fe2O3 but significantly different from Fe foil (Figs. 3d-f), in-

dicating the existence of the Fe-N and Fe-O bonds. Moreover, the

intensity of the Fe-N peak increased with the higher Fe-N ratio,

which indicated that the Fe-N coordination number enhanced with

the increase of Fe dosage.

The Fe-N-C samples obtained in this study were assessed for

their ability to activate H2O2 for TC degradation. As shown in Fig.

4a, Fe-N-C-3 showed a stronger adsorption capacity for TC during

adsorption stage, potentially due to its larger specific surface area

and more adsorption sites (Text S3, Figs. S8 and S9, and Table S5 in

Supporting information). After the H2O2 was added, TC was rapidly

degraded within 30min and the concentration reached equilib-

rium. Within 120min, Fe-N-C-1, Fe-N-C-2, Fe-N-C-3, Fe-C, γ -Fe2O3

and α-Fe2O3 could achieve 85.20%, 89.13%, 88.29%, 60.00%, 40.64%

and 9.30% removal respectively. Notably, the degradation efficiency

of the Fe-N-C samples was significantly improved compared with

the commercial Fe2O3, indicating that the γ -Fe2O3 and α-Fe2O3

present in the catalysts were not the primary active components.

The catalytic performance of Fe-C was remarkably inferior to that

of Fe-N-C-2 with the same Fe dosage, demonstrating that the cru-

cial role of N in the catalyst. Furthermore, the degradation perfor-

mance increased as the coordination number increased from 3.3

to 3.8, while there was no significant difference in performance

around 4. It should be noted that the coordination number here

is an average value, which means that the coordination number

is dominated by 3 with a small amount of higher coordination

number catalysts when x=3.3, while the coordination number is

dominated by 4 when x=3.8 or 4.1. Thus, this result suggests that

the degradation at coordination number 4 is better than that at 3.

Changes in nitrogen coordination number could alter the electronic

structure of the catalyst surface, thus affecting the adsorption and

reaction processes of reactants on the catalyst surface [43]. As the
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Fig. 4. (a) The removal of TC in different reaction systems. (b) Effects of pH on the removal of TC by Fe-N-C-2 at pH 2, 4.5, 7, 9.5, and 12, respectively. (c) Zeta potential

analysis of Fe-N-C-2. (d) EPR signals of DMPO-•O2
− . Reaction conditions: [TC]=10mg/L, [catalysts]=0.2 g/L, [H2O2]=20mmol/L, initial pH 4.0±0.1 and at room temperature,

if not otherwise specialized.

nitrogen coordination number gradually increases from 3 to 4, the

interaction between the active site and H2O2 increased, while the

energy barrier during the reaction process decreased [44]. Table

S6 (Supporting information) presents a comparative assessment

of catalysts employed in the activation of H2O2 for TC degrada-

tion. Notably, the Fe-N-C catalyst demonstrates enhanced TC degra-

dation efficacy under comparable experimental conditions. Oth-

erwise, the Fe leaching concentration in the Fe-N-C-2/H2O2 sys-

tem was 0.072mg/L, and it was experimentally demonstrated that

the homogeneous Fenton reaction of Fe ions at this concentration

had little effect on the degradation efficiency (Fig. S10 in Support-

ing information). Thus, the TC degradation mechanism part of this

study mainly explored the heterogeneous degradation process of

Fe-N-C.

The variation of the degradation effect of Fe-N-C-2 catalysts on

TC under different pH conditions and the influence of different co-

existing ions was also investigated (Fig. S11 in Supporting informa-

tion). The results show that the highest catalytic degradation effi-

ciency was achieved at around pH 4. Moreover, among the tested

ions, HCO3
− and H2PO4

− exhibited the most significant influence

on the TC degradation process due to its reaction with H2O2 and Fe

ions. The optimal conditions were determined as a H2O2 concen-

tration of 10mmol/L and pH 4. These conditions were subsequently

utilized to investigate the degradation mechanism.

Adsorption is a crucial step for heterogeneous Fenton-like cat-

alysts to degrade pollutants, wherein the pollutants are concen-

trated at the interface with the highest concentration of active

free radicals. It has been reported that the adsorption between

contaminants and materials mainly originates from electrostatic

interactions, electron-donor-acceptor interactions (π-π EDA) and

hydrogen-bonding (H-bonding) interactions [45], where electro-

static and hydrogen-bonding interactions are susceptible to pH ef-

fects. Fig. 4b shows the adsorption proportion of Fe-N-C-2 catalyst

for TC removal at different pH. As the pH increased from 2 to 7,

the adsorption rate increased from 20.94% to 28.83%. However, as

the pH continued to increase, the adsorption performance of the

catalyst significantly decreased. The results of zeta potential anal-

ysis (Fig. 4c) show that when pH was < 4.75, the Fe-N-C-2 cat-

alyst carried a positive charge, while when pH > 4.75, it carried

a negative charge. In addition, the chemical structure and ioniza-

tion equilibrium of TC were shown in Fig. S12 (Supporting infor-

mation). When the solution pH < 3.3, TC mainly existed in the

form of TCH3
+, which exhibited electrostatic repulsion with the

Fe-N-C catalyst. When 7.7 > pH>3.3, TC mainly existed as TCH2,

and the electrostatic repulsion was weakened. However, when the

pH>7.7 or 9.7>pH>7.7, TC partially or completely deprotonated

to form TCH− and TC2
−, resulting in a significant increase in re-

pulsion force. Therefore, the repulsion between TC and Fe-N-C cat-

alyst was weak under acidic conditions and strong under alkaline

conditions. It is worth noting that at pH 4, both the adsorption

and degradation effects can achieve relatively optimal states for the

catalyst, and the adsorption effect plays a relatively important role

in this degradation process.

To investigate the main reactive species responsible for the

degradation of TC, three quenchers, namely isopropyl alcohol, p-

benzoquinone and furfuryl alcohol, were employed to selectively

capture hydroxyl radical (•OH), superoxide radical (•O2
−) and sin-

glet oxygen capture (1O2), respectively [46]. Figs. S13a, b and d

(Supporting information) show that the addition of •OH and 1O2

quenchers did not significantly affect the degradation of TC. How-

ever, in the presence of •O2
− quencher, it could be observed that

the TC concentration increased, indicating the TC desorbed from

the catalyst and was not degraded (Figs. S13a and c in Supporting

information). Furthermore, the electron paramagnetic resonance

(EPR) results (Fig. 4d, Figs. S13e and f in Supporting information)

show that only signals of •O2
− was detected in the first 2min,

while the signals did not continue to increase in the next 3min.

Meanwhile, no signal of •OH and 1O2 was observed in the system.

Thus, •O2
− plays a key role in the catalytic reaction.

The active site on Fe-N-C-2 was investigated by analyzing

changes in XPS spectra of the catalyst before and after the Fenton-

like reaction (Figs. S14, S15 and Table S7 in Supporting informa-

tion). As shown in Figs. S15a-c (Supporting information), the re-

sults reveal that part of the graphitic phase of carbon (C–C) was

oxidized by H2O2 or •O2
− during the catalytic degradation pro-

cess, which increased the oxygen-containing groups on the cata-

lyst surface and also led to the decrease of the peak area ratios

of O–H and O-Fe and the decrease of the elemental C share. For
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the N 1s spectra (Fig. S15b in Supporting information), the con-

tent of the N–O and pyridinic N decreased, but the percentage of

pyrrolic N peak area increased from 52.99% to 59.09%. It is note-

worthy that pyridinic N, which is nitrogen attached between two

carbon atoms on the edge of graphitic carbon with a lone pair of

electrons, is chemically more reactive than pyrrolic N, which has

two p-electrons and π-bonds conjugated [47]. For the Fe 2p spec-

tra (Fig. S15d in Supporting information), both peak areas of Fe-Nx

showed a decreasing trend from 24.93% and 29.81% to 21.37% and

24.18%, respectively, while both peak areas of Fe 2p showed an in-

creasing trend. Since there was a decrease in the catalytic activity

after degradation (Fig. S16 in Supporting information), it could be

inferred that the Fe connected with pyridinic N might be the main

catalytic active site.

The cyclic degradation experiments demonstrated a gradual

decrease in catalyst performance over multiple cycles (Fig. S16).

Chemical stability assessment showed that only 0.02% of Fe

leached into the reaction solution after the degradation process, in-

dicating limited Fe dissolution. Additionally, XPS analysis revealed

the conversion of pyridinic N-Fe to pyrrolic N and Fe(III) might

also be the main factor for the gradual weakening of catalytic

activity.

Therefore, combining the above analysis results and existing

studies, it is assumed that the degradation mechanism of the cata-

lyst was shown in Fig. S17 (Supporting information). The process of

TC removal by Fe-N-C-2 is as follows: firstly, the catalyst adsorbed

and immobilized TC on the catalyst surface by π-π EDA, electro-

static interaction, etc. Subsequently, pyridinic N-linked Fe activated

H2O2 to produce •O2
−, which decomposed TC into intermediate

products. And then, the intermediate products gradually mineral-

ized into small molecules such as CO2 and H2O to achieve efficient

and green removal of the target pollutants.

The absorption spectra of TC degradation by Fe-N-C-2 were an-

alyzed using UV–vis spectroscopy (Fig. S18a in Supporting informa-

tion). The results show that after the addition of H2O2, the inten-

sity of the peaks at 357nm and 276nm gradually decreased over

time, and the characteristic peaks disappeared, suggesting that the

Fenton-like reaction destroyed the aromatic nucleus of TC and its

intermediates [48]. The TOC degradation effect of Fe-N-C-2 degra-

dation process was used to demonstrate the mineralization level of

the process, and the TOC removal rate at 60min was 16.39% (Fig.

S18b in Supporting information). In order to further identify the in-

termediates and degradation pathways of TC by Fe-N-C/H2O2 sys-

tem, liquid chromatography coupled to tandem mass spectrometry

(LC-MS/MS) was used for the characterization in positive mode. A

total of twelve intermediates were tentatively identified, with their

structures and chemical formulas summarized in Table S8 (Sup-

porting information) and the mass spectra shown in Fig. S19 (Sup-

porting information). Fig. 5 demonstrates the proposed TC degra-

dation pathways based on the intermediates. In pathway I, the

N,N-dimethylamine of TC undergoes oxidative rupture to yield P1

(m/z 431), which is followed by oxidative dehydrogenation to pro-

duce P2 (m/z 429). In pathway II, the "D" ring of TC is first ox-

idatively hydroxylated to P3 (m/z 461), which is further oxidatively

dehydrogenated to P4 (m/z 459) or hydroxylated to P5 (m/z 477).

P6 (m/z 417) is formed from the oxidative ring opening reaction,

Fig. 5. Possible pathways proposed for TC degradation in Fe-N-C/H2O2 system. Chromatographic separation conditions: Eclipse Plus C18 (100mm×4.6mm, 3.5 μm) at a flow

rate of 0.35mL/min, mobile phase (a mixture of acetonitrile/water (0.1% formic acid)) and injection volume=10μL. Mass spectrometry conditions: positive mode and the

spray voltage of 3.8 kV.
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and then be dehydrated to yield P7 (m/z 399). P7 is further under-

goes to form P8 (m/z 358) by oxidative removal of the side chain.

In pathway III, P9 (m/z 431) is transformed from P5 through oxi-

dation of the "D" ring. Then, P10 (m/z 376) is generated from P9

after the attack of the side chain, and subsequently decarboxylated

to undergo oxidative hydroxylation to form P11 (m/z 348). Further

transformation of these intermediates in the Fe-N-C/H2O2 system

generates P12 (m/z 151), which in turn forms smaller molecular

species and eventually H2O, CO2, NO3
− and NH4

+. The intermedi-

ates were not fully mineralized within 60min, which explains the

residual TOC after the treatment.

Finally, pharmaceutical simulated wastewater with high con-

centrations of organic matter and various ionic interferences was

used to investigate the application of Fe-N-C catalyst (Text S4, Ta-

ble S9, Figs. S20 and S21 in Supporting information). The results

reveal that the removal rate of TC and TOC reached 70.49% and

35.97% at 540min, suggesting the strong interference resistance of

Fe-N-C/H2O2 system.

In summary, we studied the effects of Fe-N coordination num-

ber on the catalyst structure, as well as the degradation perfor-

mance and possible mechanism of Fe-N-C samples. The EXAFS

analysis revealed that the first shell Fe-N coordination numbers

of Fe-N-C-1, Fe-N-C-2 and Fe-N-C-3 were determined as 3.3, 3.8

and 4.1, respectively. During the H2O2 activated process, the re-

sults showed that the degradation efficiency at coordination num-

ber 4 was better than 3. The EPR analysis demonstrated that •O2
−

played a key role as major reactive species in the catalytic reaction.

By comparing the XPS energy spectra of Fe-N-C-2 before and after

use, it was inferred that the Fe linked to pyridine nitrogen might

be the catalytic active site of this material. This work presents the

correlation between the Fe-N coordination number and catalytic

activity, and demonstrates the possible mechanism and degrada-

tion pathways of these catalysts, establishing a foundation for the

design and application of Fe-N-C catalysts.
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