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A B S T R A C T   

Single atom catalysts (SACs) are emerging as efficient peroxide activators to eliminate water contaminants, yet 
the correlation between structure and catalytic activity remains elusive. Here we moderated the Fe sites on the 
carbon nitride and obtained a combination of single atoms and clusters sites on FeCN5 with the recorded 
methylene blue oxidation rate of 59.43 mg/L min− 1 via direct ultrafast H2O2 activation. The excellent perfor-
mance was mainly ascribed to the high active sites exposure, self-creating acidic microenvironment, and assis-
tance of leaching Fe. Nevertheless, excessive exposure of the catalyst at high pH may destroy the surface 
environment and inhibit H2O2 activation. To solve this issue, we developed a flow-through filter that reached 
nearly 100% pollutant degradation and H2O2 utilization and stability over 320 h when treating actual waste-
water treatment. These findings provide profound insights into catalyst manipulation at atomic scales and the 
development of viable catalytic systems toward real-world application.   

1. Introduction 

With the growing demand for a healthy living environment, the 
development of innovative, efficient, and clean wastewater treatment 
technologies has recently received increasing academic concern. 
Advanced oxidation processes (AOPs) have been demonstrated as viable 
technologies to treat wastewater containing toxic and recalcitrant con-
taminants, taking leverage of reactive free radicals (e.g., hydroxyl rad-
icals, •OH; singlet oxygen, 1O2 and sulfate radicals, SO4

•-) released from 
diverse oxides [1–3]. As the typical first generation of AOPs, H2O2-based 
Fenton process, can degrade rapidly and non-selectively pollutants and 
ultimately mineralize them into harmless small molecules [4]. However, 
two scientific challenges have greatly limited its practical application. 

One is the efficient utilization of H2O2. In the past decades, tons of 
H2O2-activation catalysts have been explored to generate strong oxida-
tive and non-selective •OH [5,6]. Among them, homogeneous catalysts 
(HoCs) such as iron have attracted tremendous attention for Fenton 
reaction (Eq. 1) yet suffer from drawbacks of narrow effective pH range, 
sludge generation, and high-cost recovery processes [7]. To overcome 
this challenge, heterogeneous catalytic reactions have been 

comprehensively investigated based on non-precious transition metal (e. 
g., Fe, Mn, Co, Cu) [8–11] and precious metal (e.g., Au and Ag) catalysts 
[12,13]. These reactions mainly involve single-electron redox with the 
participation of metal sites on the catalyst surface [1] (Eq. 2), which 
facilitate the proposal of the structure-activity relationship. While this 
relationship is still elusive due to the heterogeneity of active sites with 
the deviation of catalyst size and variation of exposed active area [14]. 
Meanwhile, the inherent disadvantage of low H2O2 activation efficiency 
still exists because of the inability of the metal sites inside the catalyst 
[15].  

Fe2+ + H2O2 → Fe3+ + •OH + OH－                                                (1)  

Mn+
surface + H2O2 → M(n+1)+

surface + •OH + OH－                             (2)  

H2O2 + •OH → H2O + H2O                                                            (3) 

Single atom catalysts (SACs), which combine the advantages of HoCs 
and heterogeneous catalysts (HtCs) and exhibit superb catalytic activity 
and selectivity, have recently become a research frontier in energy and 
environmental fields [2,16,17]. With utmost atomic exposure and 
identical electronic structure, SACs help to establish the deterministic 
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relationship between structure and reactivity [14]. Because of this, 
single isolated sites were universally found, showing better activity over 
nanoparticles owing to the maximum dispersion of active sites [14,18]. 
It is easily neglected that the doping amount of metal needs to be strictly 
controlled to obtain the single isolate sites. While excessive doping may 
lead to the aggregation of single sites and the formation of clusters or 
even nanoparticles, less doping cannot achieves the maximum active 
exposure due to the large gaps between individual sites [19]. However, 
only a few studies have focused on the catalytic performance of coex-
isting single atoms (SAs), single clusters (SCs), and/or nanoparticles [14, 
15]. Whether there is a balance between SAs and over SA sites for 
achieving the highest H2O2 activation and the respective functions of 
these sites are still unclear. 

The second challenge is the application of catalysts in actual 
wastewater treatment. Classical HoCs and HtCs are sensitive to harsh 
environments full of various inorganic ingredients, which undesirably 
quench reactive radicals and reduce catalytic activity [5,20]. Especially, 
they do not truly overcome the limitation of narrow pH range and are 
only applicable in acidic environment [21]. One reason is the formation 
of iron sludge and the deactivation of •OH under neutral conditions 
[22]. Another possibility is that the reported wide pH application re-
gions mainly concentrate on the initial value of reaction solutions [6], 
which would be subject to change during the Fenton process, and could 
be significantly different from real wastewater with highly uncontrol-
lable pH [21]. Yan et al. reported a cocatalytic heterogeneous catalyst 
(CoFe2O4/MoS2) with an acidic microenvironment for pollutant oxida-
tion, but showed low activity for real wastewater treatment [21]. 
Therefore, it is urgent and of importance to develop catalysts with high 
environmental adaptability and vast pH ranges for the large-scale 
application of Fenton-like reactions in recalcitrait wastewater 
treatment. 

In this study, a Fe-based catalyst with both SAs and SCs was prepared 
to obtain most exposed active Fe sites by controlling the ratio of carbon 
nitride (CN) to Fe precursor. The fabricated catalyst indeed exhibited 
superior activity on H2O2 activation and pollutant degradation even 
under high pH and anion conditions, tackling the two critical challenges 
encountered by conventional H2O2-based AOPs. The reason is that the 
co-existence of SAs and SCs could create an acidic microenvironment via 
surface acidity, thereby maintaining the solution pH within the acidic 
range. This specific function enabled a dual-force catalytic mechanism 
(surface-mediated catalytic of SAs-SCs sites and homogeneous catalytic 
of Fe leaching). Furthermore, a novel catalyst modified filter was simply 
developed and assembled into a flow-through reactor to achieve com-
plete utilization of H2O2 for application potential in long-time actual 
wastewater treatment. Our study presents an evident relationship of 
structure-reactivity at the atomic level, provides new insights into the 
rational design of catalysts to truly overcome the harsh environment 
limitation. 

2. Materials and methods 

2.1. Chemicals and materials 

Chemicals including FeSO4.7H2O, FeCl3.6H2O, and urea were used 
for catalyst synthesis. Methylene blue (MB), meldola’s blue (MeB), 
metyl orange (MO), toluidine blue (TB), orange G (OG), phenol, p- 
hydroxybenzoic acid (HBA), pyrocatechol (PC), chloramphenicol (CAP), 
chlortetracycline hydrochloride (CTC) were selected as target pollu-
tants⋅H2O2, potassium titanium oxalate (PTO), ferrozine disodium salt 
(FDZ), coumarin, NaCl, NaHCO3, K3PO4, methanol (MeOH), tert- 
butanol (TBA), oxalic acid (OA) were used in the catalytic experi-
ments. All reagents were purchased from Sigma-Aldrich without further 
purification. 

2.2. Synthesis of Fe-based catalysts 

2.2.1. Homogeneous and heterogeneous catalysts 
FeSO4⋅7H2O (4–20 mg/L) and FeCl3⋅6H2O (12 mg/L) were respec-

tively prepared as the homogeneous catalysts. In addition, commercial 
Fe2O3 and classical co-precipitated Fe3O4 [23] were used as heteroge-
neous catalysts. 

2.2.2. Modulation of Fe sites on the CN support 
The distribution of Fe sites was moderated by increasing the amount 

of CN support, as illustrated in Fig. S1. Specifically, 0.35 g FeCl3.6H2O 
and different concentrations of urea aqueous solution (0, 0.1, 0.3, 0.5, 
0.8 g/mL, 10 mL) were mixed in small-mouth glass vials. These mixed 
solutions were sonicated for 20 min to ensure the even dispersion of 
chemicals. Then, the vials were masked by aluminum foil with two fine 
holes on the mouth, and then were placed into a muffle furnace, heated 
to 550 ℃ at a rate of 10 ℃/min, and kept at 550 ℃ for 2 h without 
protective gas. After that, different colors of solids were formed and 
ground for later use without further chemical treatment. 

2.3. Fabrication of catalyst modified filter 

Carbon felt (CF) was cut into strips (1 ×5 × 0.5 cm) and then 
immersed into 1 M H2SO4 overnight to remove the impurities on the CF 
surface. Similar to the procedure in Section 2.2, different precursor so-
lutions were prepared by mixing 0.35 g FeCl3⋅6H2O with urea aqueous 
solution (0, 0.1, 0.3, 0.5, 0.8 g/mL). Next, the pretreated CF was washed 
several times with deionized water (DI water) and dried in an oven at 80 
℃. Then it was soaked in the precursor solutions for 5 min. After com-
plete absorption, the wet CF was moved to glass vials and covered by 
aluminum foil with two fine holes. The vails were then placed into a 
muffle furnace and underwent the same pyrolysis process. For lab 
scaled-up experiments, the preparation of the large filter was the same 
except that CF was cut into pancake-like (4 × 0.5 cm). 

2.4. Catalytic experiments 

2.4.1. Batch procedure 
In a typical experiment, 5.0 mg catalyst was added into MB solution 

(20 mg/L, 10 mL, pH 7), which were stirred for 10 min to achieve 
adsorption-desorption equilibrium. The catalytic reaction was started by 
adding a certain amount of H2O2 (50 μL, 17.5 mM) at a rotation speed of 
200 rpm. The initial pH of the MB solution was adjusted using 0.1 M HCl 
or NaOH, and then the pH was measured after adding the catalyst and at 
the end of the experiment. The effects of H2O2 concentration (8.75–35 
mM), pH of the solution (3− 11), catalyst content (1.0–7.5 mg), and MB 
concentration (10–40 mg/L) on the treatment performance were 
investigated, respectively. To keep a constant pH of MB solution, three 
types of buffer solutions were prepared, including acetic acid-sodium 
acetate buffer (0.1 M, pH 4), phosphate buffer (0.1 M, pH 7), and 
boric acid-sodium borate buffer (0.1 M, pH 9). At fixed time intervals, 
200 µL solution was taken and mixed with 100 µL MeOH to measure the 
absorbance of MB solution using Synergy HTX Multi-Mode Reader at 
wavelength 665 nm. For the degradation of phenolic and antibiotic 
compounds, 1 mL samples were withdrawn and filtered through a 0.22 
µm poly(tetrafluoroethylene) membrane for HPLC analysis (detailed in 
Table S1). The effects of the water matrix on the degradation of pol-
lutants were performed by directly adding different anions (0.1 M, 100 
µL) in various water resources (DI water, tap water, and wastewater). 
The conditions were similar to the above typical experiment (17.5 mM 
H2O2, 20 mg/L MB, and 5.0 mg catalyst). 

2.4.2. Flow through Fenton-filter for wastewater treatment 
Two pieces of catalyst modified CF (1 ×5 × 0.5 cm) were filled into a 

plastic syringe tube (volume of 5 mL) to form a flow-through Fenton- 
filter. The synthetic MB wastewater (10 mg/L, 1 L, pH 7) was doesed 
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with H2O2 (17.5 mM) and then pumped through the filter. After internal 
flow-through reactions, the filtrated wastewater was collected and 
immediately analyzed at a definite time (same as in Section 2.4.1) and 
then continuously filtrated with a second cycle. All the experiments 
were performed at room temperature. A reactor was further scaled up to 
test its practical application potential. Several pieces of modified 
pancake-like CF (4 × 0.5 cm) were stacked into the middle size of the 
plastic column (volume of ~220 mL) and connected with a pump. The 
MB and MO solutions (10 mg/L, 10 L each) at neutral pH were mixed 
with H2O2 (17.5 mM) and then pumped through the reactor, respec-
tively. Subsequently, the mixed solution (10 mg/L MB and 17.5 mM 
H2O2) was directly added into actual wastewater taken from the influent 
and effluent of wastewater treatment plant (Lyngby, Denmark, detailed 
in Table S2) without pH adjustment and then filtrated with the same 
procedure. 

2.5. Characterization and chemical analysis 

The morphology, structure, and element composition of the catalysts 
were characterized by scanning electron microscopy (SEM, Quanta FEG 
250), transmission electron microscopy (TEM, Tecnai T20 G2) with 
energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD, 
PANalytical) with Cu Kα X-ray source. The surface chemical states were 
determined by X-ray photoelectron spectroscopy (XPS, K-Alpha, 

ThermoFisher), Fourier transform infrared spectroscopy (FTIR, Nic-
oletiS50, ThermoFisher), Zeta potential analyzer (Malvern, ZET- 
3000HS, UK) and thermogravimetric analyzer (TG, SDT Q600 TA). 
The Brunauer-Emmett-Teller (BET) specific surface area and pore size 
distribution of the obtained samples were measured by N2 adsorp-
tion− desorption. Electrochemical analysis was performed by an elec-
trochemical workstation (IVIUMnSTAT) (detailed in Text S1). 

The concentration of H2O2 was detected by a classical PTO method 
[24]. The concentration of Fe2+ and total Fe was detected by using the 
FDZ method [25]. Some samples with low concentrations were 
measured by an inductively coupled plasma optical emission spec-
trometer (ICP-OES). The generation of •OH was confirmed by the 
coumarin-fluorescence method (detailed in Text S1). The total organic 
carbon (TOC) value was analyzed by a TOC-5000 CE analyzer (Shi-
madzu, Japan). 

3. Results and discussion 

3.1. Physicochemical characterization of Fe-based catalysts 

A series of Fe-based catalysts (FeCNx, x = 0–8) were synthesized via 
one-pot pyrolysis of mixed precursors containing a fixed content of FeCl3 
and different amounts of urea (Fig. 1a). The SEM images exhibit that the 
uneven Fe particle aggregates disappeared and the morphology of CN 

Fig. 1. (a) Illustration of synthesis procedure of Fe-based catalysts. (b) TEM image of FeCN5 with nanopores but no Fe nanoparticles. (c) HAADF-STEM and EDS 
mapping images of FeCN5 with uniform distribution of Fe, C, N, and O. (d) HAADF-STEM image of FeCN5 and the illustration of single Fe atoms (right-top, cor-
responding to the small circles) and single Fe clusters (right-bottom, corresponding to the big circles). (e) N2 adsorption− desorption isotherms; (f) wide-angle XRD 
patterns (inset of standard peaks of Fe2O3); (g) FTIR spectra; (h) TG curves and (i) Fe 2p XPS spectra of Fe-based catalysts. 
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support was reconstructed from rough stones to smooth shattered tiles 
with the increased support content (Fig. S2a-d). The gradual dispersion 
of Fe sites was further confirmed by TEM. The abundant irregularly 
shaped Fe nanoparticles (5.84 ± 0.82 nm, Table S3) aggregated with the 
absence of the support (Fig. S2e). While the introduction of trace sup-
ports scatteredly anchored less dense particles and reduced their sizes to 
3.29 ± 0.44 nm, which was identified as Fe2O3 [26] (Fig. S2f). 
Furthermore, we did not observe prominent black spots on FeCN5 with 
nanopores and an opaque two-layer edge (Fig. 1b and S2g) and on FeCN8 
with a transparent body and jagged rough multilayer edges (Fig. S2h), 
indicating that the mutual shaping assistance between Fe and CN pre-
cursors simultaneously realized the dispersion of Fe sites and effective 
coarsening of CN support [19]. High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) further revealed that 
four elements (Fe, C, N, and O) were evenly distributed in FeCN5 (Fig. 1c 
and S3a), and they were similar in intensity tendency but not in values 
(N > O > C > Fe, Fig. S3b), demonstrating the non-selective isolation of 
Fe sites by sufficient CN. The reduced intensity of Fe and O in FeCN8 
further implying the complete dispersion of Fe sites (Fig. S3c-d). Sur-
prisingly, isolated single Fe dots (small circles) and Fe clusters (big 
circles) can be seen in FeCN5 (Fig. 1d), while only dispersed dots were 
obtained in FeCN8 (Fig. S4). It is simulated that the co-existence of SA 
and SC sites could achieve the highest active Fe exposure by occupying 
unexploited positions compared with solely SA sites. 

The impact of CN support on Fe dispersion was further determined 
by N2 adsorption-desorption measurement (Fig. 1e and Table S3). 
Similar to CN support, FeCN8 possessed a type IV adsorption-desorption 
isotherms and large BET surface and pore area, reflecting its porous 
structure in TEM and the weak influence of the highly dispersed SA Fe 
sites on CN support. In contrast, FeCNx (x = 0, 3, and 5) showed 
extremely low BET surface and pore area, presumably because of the 
condensation destroying caused by the dispersion of Fe guests [19]. XRD 
spectrum shows that the characteristic peaks of Fe2O3 decreased from 
FeCN0 to FeCN8 (Fig. 1f), confirming the gradual isolation of Fe sites 
from nano to SA size by CN coordination, most likely in the form of Fe-N 
bond according to previous reports [14,19]. Moreover, the two identi-
fied peaks in CN become invisible in other catalysts, which well matched 
prior studies and suggested that Fe dispersion could affect the poly-
merization of CN by disturbing the stacked layer [14]. A similar phe-
nomenon was also found in FT-IR spectroscopy. The featured absorption 
peaks at 810 and 1650–1200 cm− 1 in CN progressively declined with the 
decreasing urea usage, and no peaks of Fe species were displayed 
(Fig. 1g). The results indicated that Fe interacted with CN support via 
coordination bonding and inhibited its polymerization process [19,27], 
which may also benefit -OH group functionalization on the catalyst 
surface (Fig. S5) [28]. TG analysis demonstrated that the weight loss 
from 500 ℃ was associated with the decomposition of triazine ring 
skeletons in CN support [29]. In contrast, the weight loss within 500 ℃ 
and the stable char yield after 650 ℃ were noticed on FeCN5 but not on 
CN (Fig. 1h), confirming the disintegration of the CN network and better 
thermal stability via the Fe sites dispersion. 

The surface electronic properties of Fe-based catalysts were investi-
gated by XPS. The percentages of Fe and O both declined, implying that 
nano Fe2O3 was segmented to SA Fe sites as CN support increased, which 
was also verified by the ICP-OES test (Table S3). Two wide peaks cor-
responding to Fe 2p1/2 and Fe 2p3/2 of Fe species were obtained, which 
shifted to higher binding energies at higher CN precursor usage (Fig. 1i), 
implying the valence state change of Fe sites via Fe-N bonding [19]. 
Further quantitative analysis revealed that Fe2+ substantially increased 
from 25.15% to 61.96% (Fig. S6a), indicating the conversion of Fe3+-N 
to Fe2+-N species [14]. This conversion is expected to involve pyridinic 
N, which is the main anchor to isolate Fe sites [30]. As shown in Fig. S6b, 
three main peaks at 398.7, 399.7, and 400.9 eV were deconvoluted, 
corresponding to pyridinic N, sp3 tertiary nitrogen N-(C)3, and C-N-H 
units, respectively [31]. Among them, pyridinic N reached the highest 
percentage of 39.71% on FeCN5, confirming that the effective 

combination of SAs-SCs sites formed more active Fe sites. These results 
demonstrated that CN support successfully dispersed Fe sites from nano 
to SA scale, reshaped the morphology, structure, composition, and 
valence of Fe sites, and enhanced its surface area and thermal stability, 
thereby significantly affecting the catalytic performance of Fe-based 
catalysts. 

3.2. Ultrafast activation of H2O2 for organics oxidation 

3.2.1. Recalcitrant pollutants degradation 
The efficient H2O2-activation by the fabricated FeCN5 catalyst for the 

degradation of model pollutants was demonstrated. Notably, FeCN5 
showed a degradation rate of 59.43 mg/L min− 1, which was 20.10, 
44.56, and 271.07 folds of that achieved by FeCN8 (SAs), Fe2+ (HoC), 
and FeCN3 (HtC) (Fig. 2a). It was also the highest value recorded so far 
for MB removal in Fenton-like reactions (Table S4). In addition, the 
ultrafast complete degradation of MB was achieved by FeCN5 within 
20 s (no adsorption observed), while only 89.28% and 5.0% degradation 
efficiencies were obtained by classical HoCs (Fe2+ and Fe3+) after 
10 min even with more iron dose (Fig. S7b-c). The classical (Fe2O3, 
Fe3O4, and FeCN0 without the CN support) and non-classical (FeCN3 
with trace CN support) HtCs all showed negligible degradation effi-
ciencies. To better understand the catalytic performance, the modified 
concepts of active sites, turnover number (TON), and turnover fre-
quency (TOF) were introduced (detailed in Text S2). The results showed 
that FeCN5 possessed the most active sites, and its TOF value was 
1.01 min− 1, which was 8.15–360.71 times higher than other obtained 
catalysts (Fig. 2b, Table S5). Thus, the activity of these catalytic sites 
followed the order of SAs-SCs > SAs > HoCs > HtCs. The high activity of 
FeCN5 was a combination effect of SAs and SCs since individual SAs, 
HoCs, or HtCs did not show ultrahigh performance. 

The pseudo-first-order model (PFO) was further used to assess these 
oxidation processes (Fig. S8). The FeCN5-catalytic reaction was not well 
fitted in a positive line (R2 = 0.74) as the HoCs (R2 = 0.93) and HtCs (R2 

= 0.99) reactions, suggesting that the mechanism involved in SAs-SCs 
driven process might be different from the solely HoCs or HtCs- 
catalytic processes. Moreover, combined with the advantages of high 
efficiency of HoCs and reusability of HtCs, FeCN5 can be evenly 
distributed into solutions and easily recovered by membrane filtration, 
showing excellent activity in different volumes of systems (10–1000 mL) 
(Fig. S9 and Video S1). To further evaluate the catalytic applicability of 
FeCN5, multiple environmental pollutants were selected as targets, such 
as industry dyes (MeB, TB, OG, and MO), phenolic compounds (phenol, 
HBA, and PC), and antibiotics (CAP and CTC). As expected, all pollutants 
were efficiently oxidized. The corresponding mineralization efficiencies 
in 10 min were 55.80–88.55%, 30.23–44.30%, and 38.78–72.16% for 
dyes, phenolic compounds, and antibiotics, respectively (Fig. 2c). The 
results demonstrated the non-selective degradation ability and broad 
applicability of the catalyst. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.apcatb.2021.121009. 

3.2.2. Effects of environmental parameters 
The influences of various factors on MB degradation were system-

atically investigated, including pH, catalyst content, the concentration 
of H2O2 and MB, different ions, and water sources. As depicted in 
Fig. 2d, FeCN5 with both SAs and SCs exhibited decreased oxidation 
efficiency with the initial pH increased from 3 to 11. However, it still 
maintained at the high values even under alkaline conditions, indicating 
its strong pH adaptability and substantial superiority over classical Fe- 
based HoCs and HtCs [6,32]. With the increase of pH, we also 
observed a decrease in H2O2 consumption (63.11–37.65%) and Fe 
leaching (3.46–2.16 mg/L) (Fig. 2e-f). The established interrelationship 
between them further indicated the assistant role of Fe leaching in H2O2 
consumption (Fig. S10a). Comparatively, FeCN0, FeCN3 (HtC), and 
FeCN8 (SACs) all showed a low concentration of leaching Fe (Fig. S19c). 
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Thus, the considerable Fe leaching in FeCN5 might be originated from 
the co-existence of SCs and SAs under acidic pH conditions. To further 
illustrate the role of leaching Fe (2.60 mg/L) in the FeCN5 catalytic 
process, we analyzed the homogeneous Fe2+ catalytic reaction at the 
same concentration. As a result, only 18.04% removal of MB was ob-
tained within 20 s, implying that SAs-SCs sites in FeCN5 played a 
dominant role (i.e., contributed to 81.96% efficiency) in pollutant 
removal. The weakened catalytic activity of FeCN5 under alkaline con-
ditions was consistent with the increased percentage of Fe2+ (or 
unreacted leaching Fe according to Eq. 1) in the solution. 

The high Fe leaching also motivated us to examine the pH changes 
during the reactions. Interestingly, the pH of the solutions all decreased 
after FeCN5 addition (Fig. 2g). Primarily, the reduced pH values 
increased with the increasing initial pH (Fig. S10b). Consequently, the 
solutions were adjusted naturally by FeCN5 to acidic conditions, 
providing a preferable pH environment for the Fenton-like reactions 
[33]. The results demonstrated that FeCN5 with SAs-SCs could overcome 
the pH limitation and energetically activate H2O2 for MB degradation 
even with alkaline wastewater. Therefore, according to the above 
findings, the excellent catalytic performance of the FeCN5-H2O2 system 
manifested in multiple pollutants degradation was probably attributed 
to more active sites, the assistance of leaching Fe, and self-adjusting 
acidic microenvironment ability of FeCN5. 

It is accepted that excessive amount of H2O2 could react with •OH 
and slow down the Fenton process (eq. 3) [34]. A similar result was also 
found in this work that the degradation rate was slightly decreased with 
the increased initial H2O2 concentration, whereas almost completely 
degradation was still achieved in all processes within 2 min (Fig. S11). 
Additionally, H2O2 consumption decreased, and Fe leaching increased 
with the increase of initial H2O2 concentration, which was unrelated to 
the pH changes of the solutions because they showed a similar reduction 
tendency. The former was probably due to the unfavorable 
over-utilization of H2O2. It was expected that the increase of H2O2 would 
enhance the pollutant degradation as it should induce Fe leaching from 
the catalyst (2.33–3.85 mg/L). The opposite results observed could 
support the earlier hypothesis that the ultrahigh activity of FeCN5 was 
crucially supported by SAs-SCs rather than the leaching Fe. 

Meanwhile, we also studied the impact of catalyst content on its 
catalytic performance (Fig. S12). The results showed that even though 
the catalyst content was reduced from 7.5 to 1.0 mg, it still maintained 
almost 100% removal efficiency and a low leaching Fe (1.78 mg/L) 
below the European Union’s environmental regulation (2.0 mg/L) [35]. 
Especially, we noted that a sufficient amount of catalyst (7.5 mg) with 
more active sites contributed to the highest H2O2 consumption, pH 
reduction, and least Fe leaching. The removal of high concentrations of 
MB would require a high amount of •OH participation, thus leading to 

Fig. 2. (a) Degradation rates of MB by H2O2 activation with homogeneous catalysts (4–12 mg/L Fe2+ and 12 mg/L Fe3+), classical (0.5 g/L Fe3O4, Fe2O3 and FeCN0) 
and non-classical (0.5 g/L FeCN3) heterogeneous catalyst, and single atom catalysts (0.5 g/L FeCN5 and FeCN8). (b) Active sites and turnover frequency of Fe-based 
catalysts. (c) Degradation and TOC removal efficiencies of 20 mg/L dyes (MeB, TB, OG, and MO), phenolic compounds (phenol, HBA, and PC), and antibiotics (CAP 
and CTC) by the FeCN5-H2O2 catalytic system. Influences of initial pH on (d) MB degradation; (e) H2O2 consumption, inset of fitted curve of H2O2 consumption values 
under different pH; (f) Fe leaching and the percentage of Fe2+ in total leaching Fe, inset of fitted curve of Fe leaching values under different pH; (g) pH changes in the 
FeCN5-H2O2 catalytic system. (h) Influence of Cl- (1 mM) on MB degradation in the Fe2+, Fe2O3, and FeCN5-H2O2 catalytic systems. (i) Influence of water sources on 
MB degradation in the FeCN5-H2O2 catalytic system. Reaction conditions: catalyst (0.5 g/L), MB (20 mg/L), H2O2 (7.85 mM) and initial pH (7), if not otherwise 
specialized. 
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increased consumption of H2O2 (Fig. S13). However, the change of MB 
concentration had no evident effect on its “seconds-level” degradation 
ability due to the ultrahigh efficiency of the catalyst. The Fe leaching 
and pH changes both showed a stable trend with the shift of MB 
concentration. 

As one of the key factors affecting Fenton reactions, the water matrix 
may undesirably act as captures to quench •OH with various anions 
[36]. A key aspect to warrant Fenton’s efficiency is the rapid and 
massive yield of •OH [37]. To this concern, we compared the activities 
of different types of catalysts under four common ions (Cl-, HCO3

-, PO4
3-, 

and Cr (VI)) in wastewater [38]. Fe2O3 showed a negligible effect on MB 
degradation regardless of the presence of the above anions (Fig. 2h and 
S14). However, a significant decrease was observed in the Fe2+ catalytic 
process, especially when HCO3

- or PO4
3- was introduced (reduced by 

13.58% and 65.77%, respectively), indicating the yield of •OH was 
easily disturbed by these anions. It is noteworthy that FeCN5 kept 
“seconds-level” degradation capability under high concentrations of Cl-, 
HCO3

- and Cr (VI), but displayed the declined efficiency with the 
additional of PO4

3-. The reasons for this “selective adaptability” was 
discussed in the following section. Then three types of water sources 
were selected for MB degradation tests. Fig. 2i shows that a removal 
efficiency of over 80% was obtained when DI water was replaced by tap 
water and wastewater, even though complex components affected the 
adsorption and degradation processes (Table S2). Overall, the unique 
structure of FeCN5 endowed its outstanding activity and adaptability 
against various wild water chemistry. 

3.3. Catalytic mechanisms 

3.3.1. Identification of active sites and involved radicals 
Unlike the HoCs and HtCs catalytic processes, FeCN5-based Fenton 

reactions can be well divided into two stages (Fig. S15). Benefiting from 
the ultrahigh activity of FeCN5, the slopes in the first stage (0–0.5 min) 
were all significantly higher than that of the second stage (0.5–10 min). 

We also noticed that the first-stage slopes were also higher than the 
slopes achieved by homogeneous (Fe2+ and Fe3+) and heterogeneous 
(Fe2O3 and Fe3O4) catalysts, which affirmed the “seconds-level” oxida-
tion ability of FeCN5 with the co-existence of SAs and SCs. Given this 
result, we further adopted the Langmuir-Hinshelwood model (L-H) to 
describe the surface-mediated catalytic process (SMC) associated with 
molecules adsorbed on surface-active sites [39]. Accordingly, H2O2 and 
MB are two key molecules that may be involved in this work. The cor-
relation between K and the concentration of H2O2 or MB can be fitted to 
a line, and the slopes were estimated to be 0.635, and 0.889, respectively 
(detailed in Text S3). It demonstrated that the FeCN5-based Fenton re-
actions involved the SMC, in which H2O2 and MB might be adsorbed on 
the SA-SC Fe active sites in a self-adjusted acidic environment. The fitted 
PFO curves in the HoCs and HtCs catalytic processes did not follow a 
surface-based process due to the absence of active Fe sites on the support 
surface. Furthermore, the electron transfer between the two molecules 
and the active sites was tested by chronoamperometry (i-t curve), which 
could also verify the contributions of radical and non-radical pathways 
during this process (Fig. 3a) [40]. When H2O2 was injected into the 
three-electrode system, the control (without any catalyst) and FeCN0 
had no current responses. In contrast, an apparent current jump 
appeared on FeCN3, FeCN5, and FeCN8, and the highest current peak 
was obtained on FeCN5. Afterward, the introduction of MB did not lead 
to a distinct current response on the above catalysts. On the one hand, it 
implied that electrons were transferred from the Fe sites to the 
surface-adsorbed H2O2 for radical generation, among which FeCN5 
showed outstanding performance due to its highest Fe active exposure 
[41]. On the other hand, MB degradation mainly occurred in a radical 
pathway instead of the non-radical pathway. Considering the assistant 
role of high leaching Fe, we can further speculate that an HoC-SMC 
dual-driving mechanism could be achieved via associating the induced 
HoC reactions. To confirm the presence of reactive sites, we introduced 
oxalate as a chelator of Fe sites into the catalytic system (Fig. 3b). The 
MB oxidation was suppressed from 100% to 50.23% with the increased 

Fig. 3. (a) Chronoamperometry test of Fe-based catalysts with the addition of H2O2 and MB, respectively; the glassy carbon electrode coated with Fe-based catalysts, 
Pt foil, and Ag/AgCl electrode were used as the working, counter, and reference electrode, respectively. (b) Influences of oxalate; (c) quenching reagents and (d) 
gases-saturated solutions on MB degradation. Proposed mechanisms of the FeCN5-H2O2 catalytic system for •OH generation (e) without and (f) with the high pH 
buffer solution. Reaction conditions: FeCN5 (0.5 g/L), MB (20 mg/L), H2O2 (8.75 mM), and initial pH (7). 
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oxalate concentration, demonstrating the central role of Fe sites [42]. 
However, the SMC reactions still acted as a governor even part of the Fe 
sites might be deactivated on the catalyst surface (Fig. S16c). 

To recognize the contributions of free radicals in the FeCN5-catalytic 
process, we employed MeOH, TBA, and FFA as chemical probes to detect 
•OH, SO4

•-, and 1O2, respectively [43]. The addition of 0.5 M MeOH or 
TBA severely impacted MB oxidation, reducing degradation efficiencies 
from 100% to 20.64% and 13.63%, respectively (Fig. 3c). The results 
suggested the dominant role of in situ-produced •OH during this pro-
cess. A minor adverse effect caused by FFA could be due to its relatively 
low reactivity with •OH (1.5 ×1010 M− 1 s− 1) [43]. Meanwhile, the yield 
of •OH was not derived from the activation of dissolved O2 because the 
same efficiency was obtained in varying gases-saturated solutions 
(Fig. 3d). More importantly, the two-stage linear curves were still well 
fitted, which demonstrated that these chemicals only served as radical 
scavengers but did not intervene in the SAs-SCs mediated H2O2 activa-
tion processes (Fig. S16d). 

3.3.2. Acidic surface for pH adjustment 
The relationship between activity and the acidic surface of FeCN5 

was illustrated by comparing the changes in degradation activity, pH, 
and •OH concentration in different solutions. When we used DI water 
(initial pH 7) as the solution, FeCN5 was discovered to be the most 
catalytically reactive to drive H2O2 decomposition and MB degradation 
compared to FeCN0, FeCN3, FeCN8 (Fig. 4a). This advantage was clearly 
confirmed by the difference of •OH-fluorescence intensities (FI, Fig. 4b). 
The solution was then replaced by acetate buffer (pH 4) to ensure a 
stable pH throughout the process (Fig. S17e). Fig. 4c shows that the 
catalytic activity of FeCN5 was severely inhibited, as suggested by the 
reduced degradation efficiency (100–27.47%) and rate 
(39.57–0.549 mg/L min− 1). A similar decrease tendency was also re-
flected in other types of catalysts due to the lack of vitality in •OH 
generation (Fig. 4d). The high Fe leaching (2.94 mg/L) indicated that 
the HoC catalytic process might not be restrained in this buffer solution 
(Fig. S17f). Hence, the reduced •OH may be related to the suppression of 
the SMC process or the quenching effect of acetate buffer [44]. Inspired 
by this interesting phenomenon, we explored the influences of other 

buffer solutions on FeCN5 activity. Not surprisingly, when phosphate 
buffer (pH 7) was prepared as the solution, the FI of •OH was further 
subsided, and the discrepant catalytic performance between these cat-
alysts was not obvious within 10 min (Fig. S17a-b). Remarkably, their 
degradation capabilities were almost entirely impeded because the sig-
nals of •OH all disappeared if we introduced borate buffer (pH 9). The 
calculated TOF results further proved the inhibited catalytic activity. 
The value drops from 1.01 to 0.0023 min− 1 (Table S6), which could be 
due to the formation of surface metal-OH complexes at higher pH values 
and the repelling of H2O2 from exposed active sites [45]. Interestingly, 
we noticed that the catalytic reactions that participated in these pro-
cesses might be changed if we used buffer solutions (Fig. S18). In detail, 
the two-stage curves were retained for the SMC process in pH 4 buffer 
solution. Still, the process was severely limited under pH 7 buffer so-
lution and almost completely inhibited under pH 9. Thus, the potential 
mechanisms for the activation of H2O2 could include both the SAs-SCs 
sites and the Fe leaching from the SAs-SCs sites (Fig. 3e). The buffer 
solutions might create a stable pH around the catalyst surface, making it 
impossible for the catalyst to self-regulate and maintain the acidic 
microenvironment and reaction sites (Fig. 3f). Furthermore, the 
destroyed surface environment could result in the looting of active sites 
for H2O2 landing [45]. Consequently, the Fenton-like process cannot 
proceed efficiently via the SMC, becoming the rate-determining step of 
surface reactions. In addition, the role of leaching Fe in H2O2 activation 
was weakened since its concentration decreased from 2.60 to 0.03 mg/L 
using the buffer (Fig. S17f). Therefore, the dual-driving force for acti-
vating the H2O2-based Fenton reactions was severely disabled. 

To further illustrate the pH-adjusting property of FeCN5, a series of 
experiments were conducted. Firstly, we tested H2O2 consumption, pH 
changes, Fe leaching of other obtained catalysts for comparison. Taking 
the advantages of SA-SC sites, high Fe leaching, and self-created acidic 
microenvironment, FeCN5 possessed extraordinary activity compared 
with HoC (Fe2+ and Fe3+) and HtC (FeCN0 and FeCN3) (Fig. S19a). In 
contrast, with high utilization of 96.97%, Fe2+ only contributed 41.23% 
of H2O2 consumption in the homogeneous Fenton process (Fig. S19b). In 
the end, a high concentration of Fe3+ remained as residual sludge since it 
cannot be restored to Fe2+ for H2O2 activation [46] (Fig. S19c). More 

Fig. 4. (a) Degradation efficiencies and rates of MB; and (b) •OH accumulation in the Fe-based catalyst-catalytic system without buffer solutions. (c) Degradation 
efficiencies and rates of MB; and (d) •OH accumulation in the Fe-based catalyst-catalytic system with acetate buffer solution (pH 4). (e) pH changes; and (f) •OH 
accumulation in the FeCN5-H2O2 catalytic system with and without the existence of anions. The grey, red, blue, and orange curves in (b, d, and f) indicate FeCN0, 
FeCN3, FeCN5, and FeCN8, respectively. Reaction conditions: MB (20 mg/L), catalyst (5 mg), H2O2 (8.75 mM), buffer (0.1 M), and anions (1 mM).(For interpretation 
of the references to colour in this figure, the reader is referred to the web version of this article.) 
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importantly, pH was stable during this classical reaction (Fig. S19d). The 
same trend was also observed in the Fe3+ and FeCN0 catalytic processes. 
However, we noticed that with the support of CN, FeCN3 and FeCN8 
were also endowed with the pH-adjusting ability, which significantly 
reduced the pH from 7 to 3.80 and 5.54, respectively. In addition, we 
measured the zeta potential of these catalysts. With the support of CN, 
FeCNx (3 ≤x ≤ 8) all showed positive zeta potential (initial pH 7). 
Specifically, with the increase of the support content, the zeta potential 
of the catalysts increased from 22.63 to 45.93 mV, indicating the 
decrease of acidity of the catalysts. (Fig. S20a). This result was consis-
tent with the pH changes of these catalysts observed during the exper-
iment [21]. In this case, the surface acidity helped to create an acidic 
environment on the catalyst surface. This unique property might be 
associated with the high condensation destroying CN by Fe dispersion 
(Fig. 1 and S5). Consequently, the inability of FeCN3 could be owing to 
the lack of the active Fe sites on the catalyst surface and sufficient Fe2+

from Fe leaching (Fig. S19b), which are essential for H2O2 activation. 
Secondly, we explained the selective adaptability of FeCN5 under 

different conditions. As we mentioned that the activity of FeCN5 was 
hindered with the existence of PO4

3-, and in tap water and wastewater. 
This selective adaptability was tightly bound to the pH condition of the 
solution because the reduced pH returned to the initial value of 7.0 after 
the addition of PO4

3-, damaging the acidic environment of the FeCN5- 
H2O2 system (Fig. 4e). Apart from pH changes, Fe leaching, an assistant 
for H2O2 activation, was also significantly suppressed by 5-fold 
(Fig. S19e). Therefore, the accumulation of •OH could be solid evi-
dence of the inhibited capabilities above (Fig. 4f). Similarly, when tap 
water and wastewater were used as the solutions, the pH only drops 
slightly after the catalyst was added, showing that the higher alkalinity 
solutions are less prone to be acidified by the inhibited pH-adjusting 
ability (Fig. S19f) [21]. Comparatively, this excellent ability enabled 
FeCN5 to be applied to different volume systems, achieving efficient pH 
reduction (even in three cycles) and H2O2 utilization in DI water without 
buffering properties (Fig. S20b-d). In conclusion, the accumulation of 
•OH in the FeCN5 catalytic process was markedly interfered by the pH 
conditions of the solutions, other than the existence of background 
organic and inorganic substances commonly found in water. 

3.4. Flow-through Fenton filter toward practical application 

Microfiltration is known as one of the effective strategies in real 
wastewater treatment [47,48]. To increase the lifespan and reusability 
of FeCN5 for water purification, a flow-through Fenton filter that inte-
grated FeCN5 and CF was developed (Fig. S21a-b). Other catalysts were 
also combined with CF for comparison. With FeCN5-modified filter, the 
device achieved over 90% removal efficiency in a single-pass mode at 
the flow rate of ~100 mL/h (Fig. 5a). We also noticed that H2O2 utili-
zation was reduced from 93.07% to 79.58% after 10 h, indicating that 
the system did not require much H2O2 as the free catalyst. Then we 
performed a second filtration to flow the filtrated synthetic MB waste-
water through the filter again without adding H2O2. It can be seen that 
the wastewater was completely colorless (Fig. S21b), and H2O2 was also 
completely utilized. More importantly, the filter energetically main-
tained both high degradation (97.49%) and H2O2 utilization efficiencies 
(95.99%) after three cycles (Fig. S21d). However, this excellent reus-
ability did not occur in the batch catalytic experiments because the 
aggregated catalyst fully immersed in the solution might limit its surface 
availability and poison the reaction sites (Fig. S9a) [49]. The control 
experiments performed with a bare CF exhibited a negligible catalytic 
performance by mixing H2O2, delivering poor adsorption of CF and low 
oxidizing power of H2O2 in this flow mode. When CF was decorated with 
different catalysts, we observed varying degradation efficiency in the 
order of FeCN8/CF > FeCN3/CF > FeCN0/CF (Fig. S21c), which was 
consistent with the performance of individual catalysts dosed directly 
into the water as shown in Fig. 2a. Note that these catalyst-modified 
filters were either inefficient or unstable for water treatment. 

The flow-through Fenton filter was further scaled up to 10 L and 
tested with a fast flow rate of ~250 mL/h to explore its scale-up po-
tential in actual wastewater application (Fig. 5b). The large filter was 
prepared by irregularly coating FeCN5 on the surface of each carbon felt 
(Fig. 5c). Without external pressure equipment, the wastewater passed 
through the filter under gravity (Fig. 5d). As expected, high MB degra-
dation and H2O2 utilization efficiencies were obtained with the same 
synthetic wastewater during the first filtration process, but both were 
slightly reduced after 40 h (Fig. 5e). In the second filtration cycle, the 
efficiencies were enhanced to nearly 100% while H2O2 utilization 

Fig. 5. (a) MB degradation (10 mg/L) and H2O2 utilization efficiencies (initial concentration of 7.85 mM) by a small size of filter (5 × 1.5 cm out diameter) at a flow 
rate of ~100 mL/h. (b) Image of a flow-through device assembled with a middle size of filter (22 × 4 cm out diameter). (c) SEM image of the filter coated with FeCN5 
catalyst. (d) Schematic of the gravity-driven filter for wastewater filtration. (e-f) MB degradation and H2O2 utilization efficiencies by a middle size of filter at a flow 
rate of ~250 mL/h. Fe leaching in the filtrated wastewater were recorded in (e) and (f), and COD remaining rates of effluent wastewater (initial concentration of 
52.62 mg/L) were shown in (f). 
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remained unchanged. It might be due to the higher flow rate leads to 
shortened contact time among H2O2 molecules, catalyst surface, and 
organic pollutants, while the limited time was still sufficient for 
removing MB [12]. Moreover, we detected the relatively low Fe leaching 
(< 0.5 mg/L) during the whole process, indicating that the present filter 
design was beneficial to reduce Fe leaching. At 40 h, we changed the 
simulated MB wastewater to 10 mg/L MO wastewater to test the 
applicability of the filter for eliminating different pollutants (Fig. S22b). 
Similar tendencies in degradation and H2O2 utilization were obtained, 
where the filter not only achieved the complete removal of 10 L MO at 
the end, but also with the extremely low Fe leaching (< 0.2 mg/L) in the 
effluent, confirming its high activity and stability (Fig. S22d). 

We finally challenged the efficacy of the filter to treat real effluent 
and influent wastewater spiked with MB. As we discussed that FeCN5 
exhibited decayed degradation activity due to the destruction of the 
acidic environment by the high alkalinity of the tested wastewater 
(Fig. 2h). However, this challenge was significantly alleviated by this 
flow-through Fenton filter. As shown in Fig. 5f, MB degradation and 
H2O2 utilization presented almost a coincide line with ~100% effi-
ciency. The enhanced H2O2 consumption was likely to attribute to the 
oxidation of a wide variety of organic molecules according to the low 
COD level during the process. Note that the performance of the filter was 
not inhibited by the existence of various anions in high pH wastewater 
(Table S2), which demonstrated that FeCN5 reside inside the filter could 
reduce the unnecessary long-term exposure to the external constituents 
thereby keeping a high reactivity. The extremely low concentration of Fe 
(< 0.01 mg/L) in the filtrated water could also be reasonable evidence 
for this reduced exposure (Fig. S22g). The influent wastewater with a 
high concentration of COD and anions was subsequently filtrated 
through the filter (Fig. S22e)⋅H2O2 was completely utilized during the 
two consecutive filtration processes within this more complex environ-
ment, whereas the COD removal efficiency decreased to 49.42–74.83%. 
The reduction of removal efficiency was not caused by Fe deactivation as 
Fe leaching was low (Fig. S22h). After adding more H2O2, the removal 
efficiency was significantly improved (Fig. S22i). It should be noted that 
the degradation efficiency decreased a bit in the first 20 h. Still, it can be 
rapidly recovered and stably maintained at 100%, suggesting the long- 
term stability of the filter. The SEM image of the filter further 
confirmed this after filtration, where a similar amount of catalyst ag-
gregation can be seen across the CF before and after the water treatment 
(Fig. S22f). Therefore, the flow-through Fenton filter showed high uti-
lization of H2O2, ultrahigh catalytic efficiency, low energy consumption, 
and long-term stability and possed the scaling-up potential for the 
treatment of different wastewater pollutants. 

4. Conclusions 

This study revealed the correlation between structure and catalytic 
activity of Fe-based SACs for the first time. By anchoring Fe sites on the 
reshaped CN support, the efficient combination of SAs-SCs sites with a 
self pH-adjusting capability was successfully achieved. FeCN5 with both 
SAs and SCs exhibited excellent performance on multiple contaminant 
degradation in seconds-level even under high initial pH or anion con-
centrations. It provides a reference for the precise and low-cost design of 
catalysts and solves two fundamental problems in the current H2O2- 
AOPs process. More importantly, the actual pH adaptability of the 
catalyst was disclosed by controlling the pH throughout the reaction, 
which demonstrated its inhibited activity due to the loss of pH-adjusting 
capability. It was further addressed by reducing the overexposure of 
active sites in a novel flow-through Fenton filter constructed from FeCN5 
modified CF. The facile and scalable filter showed ultrahigh catalytic 
activity and sustainability for H2O2 activation and pollutant degrada-
tion. A minimal Fe leaching, limited energy consumption, easy opera-
tion model, and long-term stability under a real wastewater 
environment also demonstrated this filter design could provide a 
promising and effective strategy for scale-up application in wastewater 

treatment. 
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