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A B S T R A C T   

Metal clusters are emerging as efficient H2O2 activators to remove organic pollutants in advanced oxidation 
processes. However, these processes are still dependent on particle size and large doses of H2O2. To solve these 
issues, more uniform small-size catalysts that require less H2O2 and in-situ H2O2 synthesis should be pursued. 
Here we employed a simple way to synthesize subnano FeNx clusters and demonstrated its high activity for 
multiple pollutant removal even at low H2O2 concentrations and a wide pH range. These excellent properties 
motivated us to further immobilize it in a filter, achieving nearly 100% pollutant degradation and H2O2 utili-
zation. Moreover, a full-body hydrophobic engineered cathode was developed for stable in-situ H2O2 electro-
synthesis over 320 h. The H2O2 generation cell can be integrated with the Fenton filter to realize comprehensive 
improvements in efficacy, sustainability, application potential, and reduction of operating costs. This study offers 
insight into integrating metal clusters with electrochemical systems for high efficiency and low-cost treatment of 
recalcitrant wastewater.   

1. Introduction 

Advanced oxidation processes (AOPs), which generate reactive rad-
icals (e.g., •OH, SO4

•− , Cl•, and 1O2) via activating various oxidants, have 
been considered efficient and eco-friendly technologies for wastewater 
treatment and subsurface contamination remediation [1–3]. For 
example, due to the high activity and non-selectivity of •OH (k = 109 

M− 1 s− 1), Fenton or Fenton-like reactions can oxidize numerous toxic 
and stubborn contaminants and finally mineralize them into harmless 
molecules (CO2 and H2O) [4,5]. Although the H2O2-based AOPs pro-
cesses have been defined for over 30 years, key limitations still exist. 

The first limitation is the low catalytic efficiency of catalysts. Clas-
sical homogeneous catalysts (HMCs) can activate H2O2 via Fe2+/Fe3+

redox cycle (40–80 M− 1 s− 1), yet face problems of narrow pH range, 
metal-rich sludge production, and poor reusability [6,7]. As competitive 
alternatives, metal-based heterogeneous catalysts (HTCs) exhibit rela-
tively tepid reaction kinetics (typically 0.01–0.2 min− 1) and moderate 
pH adaptability (typically 3–9) [8–10]. Unfortunately, they do not truly 
break through the pH and real-world limitations, significantly hindering 
their large-scale applications [11,12]. On the one hand, the adopted 
acidic conditions can cause fast leaching of metal ions, while the 

formation of sludge and the deactivation of •OH may occur at high pH 
[3,13]. On the other hand, various types of components in actual 
wastewater can slow down the Fenton reaction by covering the active 
sites, competing for H2O2 utilization, and quenching •OH [14,15]. 

The second limitation is the in-situ generation of H2O2 according to 
the needs. The current anthraquinone technology for H2O2 production 
follows a complex procedure that requires a vast energy supply, and 
thus, is not suitable for large-scale implementation [4,16]. Moreover, 
the transportation and storage of concentrated H2O2 is a hazardous 
process that further impedes its applications in remote communities 
[16]. Recently, the in-situ electrochemical synthesis of H2O2 from 2e−

oxygen reduction reaction (ORR) has attracted intensive attention in 
labs and industries [17]. Although substantial efforts have been invested 
in catalyst preparation and cathode fabrication [18–20], few studies 
have shown the practical utility of H2O2-AOPs at device levels. Low 
H2O2 dosage cannot meet the treatment requirements of high COD 
wastewater, while excessive H2O2 introduction needs post-treatment of 
the effluent [4]. Thus, long-term synthesis of H2O2 in the target range 
could be the best option for AOPs applications. 

Metal clusters are emerging as research frontiers owing to stable 
metal-support interactions, high active site exposure, and excellent 
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activity [21,22]. Given these, they have proven to be a better solution 
than classical HMCs and HTCs to overcome the first challenge [9,23]. 
However, these processes are catalyst size-dependent and initially 
require high concentrations of H2O2 (usually > 10 mM), leading not 
only to unclear interactions between clusters and H2O2, but also to low 
utilization, high cost, and complex operations. Moreover, few studies 
have focused on the application of metal clusters in practical wastewater 
treatment, not to mention long-term testing in continuous models. 
Therefore, there is an urgent need to synthesize metal clustes at the same 
scale, and develop a metal cluster-combined system with controllable 
H2O2 synthesis, efficient H2O2 activation, and long-time stability. 

In this study, we integrated and evaluated uniform subnano FeNx 
clusters with an electrochemical system to realize sustainable generation 
and simultaneous activation of H2O2 for water treatment. Firstly, we 
simply prepared FeNx clusters at the same sub-nanoscale, enabling 
efficient cluster-H2O2 interactions and high multi-organic oxidation ki-
netics even at a low H2O2 dosage (0.875 mM) and high initial pH (9). 
The device-level application potential of the clusters was tested by 
immobilizing the clusters in a simple Fenton filter and continuously 
flowing actual wastewater through it. Furthermore, we integrated the 
FeNx cluster filter with an in-situ electrosynthesis H2O2 system for effi-
cient, long-term stable, and low-cost water treatment. Our work pro-
vides profound insights into subnano cluster design and efficacy 
improvement and its practical application in electrochemical AOPs. 

2. Materials and methods 

2.1. Chemicals 

FeCl3⋅6H2O and dicyandiamide were used as precursors for catalyst 
synthesis. Multiple organic chemicals including methylene blue (MB), 
meldola’s blue (MeB), toluidine blue (TB), metyl orange (MO), orange G 
(OG), p-hydroxybenzoic acid (HBA), pyrocatechol (PRC), and ibuprofen 
(BF) were chosen as representative pollutants⋅H2O2, NaCl, NaHCO3, 
K3PO4, and coumarin were used in the batch experiments. In addition, 
carbon black (CB) and poly-tetra-fluoroethylene (PTFE) were used for 
electrode preparation in electrochemical systems. Chemicals were pur-
chased from Sigma-Aldrich if not otherwise specialized. 

2.2. Development of three systems 

2.2.1. Batch system 
The FeNx cluster was synthesized by a co-pyrolysis method. In detail, 

different masses of dicyandiamide (0.5, 1.0, 1.5, and 2.0 g) were mixed 
with a fixed amount of FeCl3⋅6H2O (0.35 g) in the mortar, respectively. 
Next, 1 mL H2O was dropped into the mortar and then ground to a 
mushy mixture. The mixture was transferred into a small-mouth glass 
vial and covered with aluminum foil. Subsequently, the vials were 
placed into a muffle furnace heated to 550 ◦C at 10 ◦C/min and main-
tained at the highest temperature for 2 h. Different colours of solid 
catalysts (named FeN0.5, FeN1.0, FeN1.5, and FeN2.0) were finally ob-
tained and ground for later use. 

In a typical batch system, 5.0 mg of catalyst was added into a glass 
beaker (50 mL) along with synthetic MB wastewater (10 mL, 20 mg/L, 
pH 7). Then 2.625 mM H2O2 was introduced to start the Fenton-like 
reaction at a rotation speed of 200 rpm. The effects of different cata-
lysts (FeNx, x = 0.5–2.0), H2O2 concentrations (0.875–3.5 mM), pH 
(3–11), and catalyst contents (1.0–5.0 mg) on system performance were 
also studied. For the degradation of synthetic dye wastewater, 200 µL 
solution was withdrawn at fixed time intervals and mixed with 100 µL 
methanol and then immediately measured on a microplate reader 
(Synergy™ HTX) at different wavelengths (MB, 665 nm; MeB, 570 nm; 
TB, 635 nm; MO, 465 nm; OG, 475 nm). The degradation procedure of 
phenolic compounds and drugs was the same as the dyes, except that 1 
mL samples were withdrawn and analyzed (see detail in Table S1). The 
influences of anions and water sources on the catalyst activity were 

performed by adding Cl− , HCO3
–, and PO4

3− (0.1 M, 100 µL each) and 
using deionised water (DI water), tap water, and real wastewater 
(Lyngby wastewater treatment plant, Denmark, Table S2). 

2.2.2. Flow-through system 
The flow-through system consists of a Fenton filter and a wastewater 

tank connected by a pump. The filter was developed by assembling eight 
pieces of catalyst-modified carbon felts (CF) into a plastic column (15 ×
3.5 cm). Firstly, CF was cut into pancakes (4 × 0.5 cm) and pre-treated 
with H2SO4 solution (1 M) overnight to remove impurities on the CF 
surface. After washing several times with DI water, the CF was dried and 
immersed in the mixed precursor solution (0.35 g FeCl3⋅6H2O, 1.0 g 
dicyandiamide, and 10 mL H2O) until the CF fully adsorbed the mixed 
solution. Then the wet CF was moved into a muffle furnace and un-
derwent the same procedure as in Section 2.2.1. 

The synthetic MB wastewater (5–10 mg/L, pH 7, 5 L) was dosed with 
H2O2 (1.75–2.625 mM) and then flowed through the Fenton filter at 
different speeds (0.05–0.1 L/h). To test the application potential of the 
filter, H2O2 (2.625 mM) was added into MB solution (10 mg/L, pH 7, 5 
L) and then mixed with the abovementioned wastewater without pH 
adjustment and then filtrated at a speed of 0.05 L/h. The concentrations 
of H2O2 and MB were analyzed after the filtration. 

2.2.3. Electrochemical integration system 
The integrated electrochemical system comprises three parts: 

wastewater tank, H2O2 generation cell, and Fenton filter. The first and 
last parts are the same as in section 2.2.2. The second part is a dual- 
chamber electrochemical system. A commercial anode (IrO2/Ti, 4 × 4 
cm) and a facile cathode (full-body functionalized CF, 4 × 4 cm) were 
prepared and separated by a cation exchange membrane (CEM). The 
cathode was developed by immersing the pre-treated CF in a mixture 
solution of carbon black (100 mg) and PTFE (5%, 12 mL). Then the fully 
absorbed CF was heated in a muffle furnace at 360 ◦C for 30 min. As a 
comparison, different concentrations of PTFE (0–8%) were also used for 
CF functionalization. 

The controllable in-situ generation of H2O2 was investigated by 
changing the external voltage (1.5–2.4 V), the concentration and pH of 
the catholyte (Na2SO4, 0.05–0.1 M, pH 3–9), and the flow rate (0.05–0.1 
L/h). The stability of the system was tested for over 320 h at the optimal 
condition (0.05 M Na2SO4, pH 7, 1.6 V, 0.05 L/h). 

The performance of the integration system was further evaluated 
under different concentrations of Na2SO4 (0.05–0.1 M) and MB (5–10 
mg/L), different flow rates (0.05–0.1 L/h), and different external voltage 
(1.6–2.0 V). During these processes, the concentrations of MB and H2O2 
before and after filtration were measured. In addition, the actual 
wastewater after secondary treatment was mixed with MB solution and 
pumped through the filter to test the application potential of the inte-
grated system. 

2.3. Characterization and chemical analysis 

The morphology, composition and structure of FeNx catalysts were 
characterized by transmission electron microscopy (TEM, Tecnai T20 
G2) with energy-dispersive X-ray spectroscopy (EDS), High-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), and X-ray diffraction (XRD, PANalytical) with Cu Kα X- 
ray source. In addition, the surface chemical states of the catalysts were 
determined by X-ray photoelectron spectroscopy (XPS, K-Alpha, Ther-
moFisher) and Fourier transform infrared spectroscopy (FTIR, Nic-
oletiS50, ThermoFisher). 

Electrochemical characterization of the anode (via cyclic voltam-
metry, CV) and cathode (via linear sweep voltammetry, LSV) were 
performed by an electrochemical workstation (IVIUMnSTAT) (see detail 
in Text S1). The organic concentration was tested by HPLC (Agilent, 
USA) and TOC (Shimadzu, Japan). H2O2 concentration was detected as 
previously reported [20]. The concentration of Fe leaching was 
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measured by an inductively coupled plasma optical emission spec-
trometer (ICP-OES, Agilent). Coumarin was selected as a fluorescent 
probe to detect the generation of •OH [24]. 

3. Results and discussion 

3.1. Performance of the batch system 

3.1.1. Characterization of FeNx clusters 
FeNx (x = 0.5–2.0) was synthesized via co-pyrolysis of the grinding 

mixture precursors containing fixed FeCl3 and different amounts of 
dicyandiamide (Fig. S1). This two-step strategy is beneficial for the 
complete interaction of precursors and the uniform accommodating of 
Fe clusters by nitrogen anchors. TEM image shows no prominent spot 
distribution on FeN1.0 with a smooth body and rough edge (Fig. 1a), 
indicating that the Fe sites were well dispersed and no nanoparticles 
formed. We also did not observe nano-sized catalysts with different 
dicyandiamide dosages (0.5–2.0 g), implying the general synthesis of 
FeNx at the same subnano scale (Fig. S2a–c). HAADF-STEM image 
further confirmed the even distribution of Fe clusters on FeN1.0. As 
shown in Fig. 1b, many light spots are star-like embellished on the 
support without aggregation. To discern the spatial distribution of Fe 
clusters on the nitrogen support, we converted a HAADF-STEM image 
into a 3D pseudo-colour surface map. Fig. 1c exhibits that subnano Fe 
particles are printed as isolated yellow spikes and dispersedly anchored 
on the entire support (green layer). Moreover, elemental mapping 
manifested similar steady tendency signals for the three main elements 
(Fig. 1d and S2d–e), indicating non-selective isolation of subnano Fe 
particles by sufficient nitrogen sites. 

The XRD spectrum of FeNx (x = 1.0–2.0) did not display obvious Fe 
species peaks, while negligible Fe2O3 peaks could be found on FeN0.5 
(Fig. 1e) [25]. It agreed well with previous studies and suggested the 
importance of accurately controlling the ratio of precursors for subnano 
cluster synthesis [26]. More importantly, we observed that the identified 
peak of the support gradually declined and left-shifted with the decrease 
of nitrogen precursor usage, indicating efficient Fe cluster-support in-
teractions [27]. A similar result was also found in FT-IR spectroscopy 
analysis. The characteristic peaks of the support at the yellow regions 
(particularly at 810 and 1314 cm− 1) all declined progressively, implying 
the N-coordination of Fe clusters on the support (Fig. 1f) [28,29]. XPS 

was further used to study the surface electronic properties of these 
catalysts. The peak intensities of Fe 2p1/2 and Fe 2p3/2 significantly 
declined and the peak positions shifted left to higher binding energies at 
higher nitrogen content (Fig. 1g), which agreed well with the XRD re-
sults and confirmed the dispersion of Fe sites and the change of Fe 
valence [29]. Even though the content of Fe and O decreased, N content 
increased (Fig. 1h). The high resolution of N1s spectra was further 
deconvoluted into three peaks: pyridinic N (398.2 eV), pyrrolic N 
(399.9 eV), and graphitic N (401.1 eV) (Fig. S1f) [30]. Pyridinic N has 
been widely reported as the main anchor to bind Fe sites [27,31]. We 
found that its percentage decreased with increasing nitrogen content 
(Fig. S2f), suggesting that more bonded Fe sites were formed on FeN0.5. 
Thus, precisely controlling the ratio of N and Fe precursors within a 
specific range could be a facile and effective strategy to disperse Fe sites 
to subnano scales via active nitrogen anchors. 

3.1.2. Degradation of multiple pollutants 
To evaluate the catalytic activity of subnano FeNx cluster, we first 

selected the oxidation of MB as a model Fenton-like reaction. As 
depicted in Fig. 2a, the catalyst efficacy decayed with increasing support 
content. Especially, FeN0.5 reached almost 100% MB removal efficiency 
within 10 min, while only 38.41% of MB was removed in the FeN2.0/ 
H2O2 system, indicating the promotion role of more Fe active sites at the 
same scale. We also found that all catalysts exhibited a two-stage cata-
lytic process. The efficiencies in the first stage (accounting for 
38.35–94.40% within 2 min) were significantly higher than that of the 
second stage (2–20 min). It could be attributed to the high concentration 
of H2O2 and a large number of active sites in the first stage, which were 
consumed in the following process. The degradation efficiencies and 
rates achieved by FeN0.5-1 were also among the best in published works 
(Table S3). To further compare their activities, the modified concepts of 
active sites (AS), turnover number (TN), and turnover frequency (TF) 
were introduced (detailed in Text S1). Fig. 2b shows a similar decrease 
trend in AS. In contrast, the TN and TF of these catalysts increased at 
FeN0.5-1.5 but decreased at FeN2.0 (Table S4), suggesting that there was a 
balanced number in Nx (1.0 ≤ X ≤ 2.0) to achieve the highest efficacy of 
each site. Additionally, the reduced H2O2 utilization efficiency (from 
96.87% to 38.66%, Fig. 2c) in different catalyst/H2O2 systems linearly 
matched the above catalytic activities (Fig. S3a), implying that rapid MB 
removal benefited from efficient H2O2 utilization. We have previously 

Fig. 1. (a) TEM image of FeN1.0 without the existence of obvious nanoparticles. (b) HAADF-STEM of FeN1.0 with light clusters. (c) 3D pseudo-color surface map of 
FeN1.0 with subnano Fe clusters printed as yellow spikes. (d) EDS mapping images of FeN1.0 with uniform distribution of Fe, C, and N. (e) Wide-angle XRD patterns 
(inset of standard peaks of Fe2O3), (f) FTIR spectra, (g) Fe 2p XPS spectra, and (h) different element contents of the obtained catalysts. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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demonstrated that dissolved Fe and conventional nano-catalysts show 
relatively low catalytic capability even at high concentrations [26]. 
These results supported that subnano clusters are suitable catalysts to 
reveal the relationship between H2O2 utilization and pollutant 
oxidation. 

The generation of •OH was detected to affirm the above linear rela-
tionship as solid evidence. Fig. 2d and S3b show that the fluorescence 
intensity of 7-hydroxycoumarin (the product of •OH and coumarin) 
increased in all systems and achieved the highest value by FeN0.5. 
Interestingly, the change of •OH intensity also followed a two-stage 
process. The exponential rises in the first stage and the linear rises in 
the second stage were consistent with catalyst efficiency trends (Fig. 2a). 
Furthermore, the highest intensity at 20 min also linearly dropped with 
increasing nitrogen content, demonstrating the great contribution of 
•OH during the FeNx/H2O2 Fenton-like process. However, we found a 
different downward trend in •OH intensity when using these catalysts. 
Although FeN0.5 showed the best activity in the initial stage, its •OH 
accumulation extremely declined by 67.48% after three cycles (Fig. 2e). 
The intensities of FeN1.0, FeN1.5, and FeN2.0 were reduced by 55.19%, 
51.28%, and 52.90%, respectively. The sharp decline of FeN0.5 stability 
could be due to the high Fe leaching in the first cycle. As presented in 
Fig. S4a, the Fe leaching in FeN0.5-2.0 dropped from 156.1 to 19.5 µg/L, 
which was also linearly bonded with the decreasing content of Fe in 
different catalysts (5.02–0.89%, XPS results). According to our previous 
studies, high Fe leaching could improve Fenton efficiency via homoge-
neous reaction [26]. However, we discovered the disadvantage of high 
Fe leaching in repeated applications in this study. Note that the •OH 
intensity in the FeN1.0/H2O2 system attained the highest peak. The total 
Fe leaching rate of FeN1.0 was only 1.16% after three reaction cycles. 
Moreover, catalyst properties (e.g., catalyst morphology and distribu-
tion of the clusters) remained almost unchanged (data not shown). 
These further enlighten us to control the number of catalytic sites to 
achieve high efficiency and long-term stability in wastewater treatment. 
Thus, FeN1.0 was determined to be a better catalyst and used in the 
following experiments. 

The catalytic applicability of the FeN1.0/H2O2 system was evaluated 
by using multiple environmental pollutants as targets, including in-
dustry dyes (MeB, TB, MO, and OG), phenolic compounds (HBA and 
PRC), and drug (BF). As expected, these organic pollutants were all 

efficiently degraded and eventually mineralized, as suggested by 100% 
degradation efficiencies and above 90% TOC removal efficiencies within 
30 min (Fig. 2f). To verify the presence of Fe active sites and the 
dominant role of •OH, we introduced oxalate and TBA as the chelator of 
Fe and the chemical probe of •OH, respectively (Fig. S4c–d). With their 
concentrations increased, both chemicals inhibited the catalytic activity, 
revealing the involved catalytic mechanism with subnano Fe clusters as 
the activator for H2O2 activation and •OH as the free radical for pollutant 
oxidation. We also studied the role of other radicals in this catalytic 
system. While the addition of FFA resulted in the decrease of pollutant 
removal, the role of 1O2 cannot be highlighted due to FFA can also react 
with ⋅OH (1.5 × 1010 M− 1 s− 1), and we only measured a weak signal of 
the generated 1O2 (Fig. S5). The role of other radicals (e.g., O2

• ) was not 
significant since we observed negligible signals. 

3.1.3. Effects of operating parameters 
In the classical Fenton treatment system, H2O2 is typically added in 

high doses, which suffers from self-decomposition and low utilization 
[32]. An effective way to solve these issues is to reduce H2O2 concen-
tration while ensuring that H2O2 is efficiently activated for •OH gener-
ation. In light of the high activity of FeNx clusters, we fed low doses of 
H2O2 (significantly lower than more previous studies) and evaluated 
their impact on system performance. The results showed that MB was 
almost completely removed at all tested H2O2 concentrations. Specif-
ically, MB degradation efficiency increased with H2O2 concentration 
(0.875–2.625 mM) and slightly reduced at 3.5 mM. (Fig. S6a). Addi-
tionally, the data were well fitted to positive lines by the pseudo-first- 
order model (PFO, R2 > 0.97), and the corresponding apparent rate 
constants (0.011–0.063 min− 1) matched the degradation efficiencies 
(Fig. S6b). More importantly, the H2O2 utilization was over 90% in all 
systems (Fig. S6c), independent of pH conditions, as pH showed a 
similar tendency throughout the reaction (Fig. S6d). The highest value 
observed at 3.5 mM H2O2 could be attributed to the fact that excess 
H2O2 can react with •OH, thereby hindering the Fenton process [32]. 

The pH adaptability of Fenton catalysts is another essential factor 
[33,34]. As shown in Fig. S7a, MB was efficiently oxidized in the pH 
range of 3–7, and the efficiencies of 88.91% and 49.84% can still be 
obtained even in the range of 9–11, indicating the substantial pH 
adaptability of FeNx over classical HMCs and HTCs [33,34]. The PFO 

Fig. 2. (a) Two-stage degradation of MB, (b) the number of active sites and turnover, (c) H2O2 utilization efficiency, (d) •OH accumulation, and (e) •OH decline in 
three cycles in the batch system with different catalysts. (f) Degradation and TOC removal efficiencies of 20 mg/L dyes (MB, MeB, TB, MO, and OG), phenolic 
compounds (HBA and PRC), and drug (BF) achieved by the FeN1.0-H2O2 catalytic system. Reaction conditions: catalyst (0.5 g/L), MB (20 mg/L), H2O2 (2.265 mM) 
and initial pH (7), if not otherwise specialized. 
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lines were also well fitted and consistent with the degradation effi-
ciencies (Fig. S6a, inset). Similarly, the catalytic activity of the system 
was linearly bonded to H2O2 utilization (96.55–42.28%) at different pH 
(Fig. S7b), indicating the interconnected relationship between them. 
Note that we found a pH drop same as our previous work [31]. When 
FeN1.0 was added to the system, the pH of the solution decreased 
(Fig. S7c), indicating that the catalyst had the ability to acidify the so-
lution. Especially the pH was kept at the acidic region in the range of 
3–9, providing a suitable environment for the Fenton reaction. However, 
the pH adjustment ability was inhibited at high pH values (9–11), 
resulting in decreased efficiencies. These results were further confirmed 
by the zeta potential of the catalyst in the solution with different pH 
conditions (Fig. S7d). With more active sites, high content of FeN1.0 can 
activate H2O2 more efficiently, thus generating more •OH for MB 
oxidation (Fig. S8a). It was further verified by the increased apparent 
rate constant (0.016–0.31 min− 1, Fig. S8b) and H2O2 utilization 
(41.20–92.53%, Fig. S8c) and the linear interrelationship between them. 
Meanwhile, high catalyst contents seem to help the pH reduction 
(Fig. S8d). 

Furthermore, we studied the catalyst activity in the presence of 
common anions (Cl− , HCO3

–, and PO4
3− ) and different water sources. 

Similar to previous reports, the obtained FeNx cluster in this study did 
not overcome the influence of the water matrix [15]. Consequently, MB 
degradation was significantly reduced to 79.37–28.99% by anions 
(Fig. S9a) and 49.37–25.53% by water sources (Fig. S9b). This could be 
due to organic compounds in this water may compete for H2O2 utiliza-
tion while inorganic compounds could undesirably quench •OH [15]. We 
also noticed that the introduction of anions or wastewater seriously 
impacted the pH change of the solution (Fig. S9c–d). We have demon-
strated that higher alkalinity solutions were less prone to be acidified by 
the catalyst, thus damaging the acidic environment of the FeN1.0/H2O2 
system and reducing the Fenton efficiency [26]. 

3.2. Flow-through filter for wastewater treatment 

Inspired by membrane-based filtration, we assembled a flow-through 

filter to improve the lifespan and stability of FeNx clusters. The working 
principle of the filter is illustrated in Fig. 3a. Wastewater can flow 
through the micropores of the catalyst-modified CF without the help of 
gas pressure. After the Fenton-like reaction occurs across the CF, the 
organics in wastewater can be gradually oxidized layer by layer. SEM 
images exhibit that the catalyst grows irregularly on the surface of each 
piece of CF, integrating a cross-network for rapid H2O2 activation and 
pollutant degradation (Figs. 3b and S10). Driven by a pump, the syn-
thetic MB wastewater (10 mg/L, 5 L, pH 7) was mixed with H2O2 (2.265 
mM) and then filtrated through the filter at a flow rate of 0.1 L/h. The 
results showed that almost complete removal (>95%) was obtained by a 
single pass throughout the filtration process (Fig. 3d). Meanwhile, H2O2 
was also consumed efficiently, achieving a win–win outcome. In 
contrast, the filter without catalyst modification had a negligible 
contribution to the pollutant degradation, suggesting the relatively low 
adsorption effect of CF and weak oxidation power of solely H2O2 (data 
not shown). 

We also conducted experiments under different conditions to 
compare with the above batch system. Firstly, when the H2O2 concen-
tration was increased to 3.5 mM, its utilization droped to ~80%. It 
agreed well with the batch system and evidenced the detrimental effect 
of excess H2O2. A low flow rate could enhance the contact time between 
the catalyst, H2O2, and the contaminants inside the filter [9]. As a result, 
MB degradation and H2O2 utilization tended to be similar to the initial 
stage and maintained at high values above 90%. However, MB degra-
dation declined within the first 30 h when double MB was used, whereas 
it can be recovered and kept at high values in the following filtration. 
This self-adaptability may allow the filter to be used in actual waste-
water treatment under broad conditions. 

The MB solution was spiked with the effluent wastewater and sub-
sequently passed through the filter. High MB degradation and H2O2 
utilization efficiencies were all achieved (Fig. 3e). The outstanding 
performance of the filter could be ascribed to its three advantages. The 
first is the micropore structure of the catalyst- decorated filter, where the 
pollutant can be removed layer by layer within a comparable reaction 
time (calculated as ~17 min). This model facilitates rapid flow of 

Fig. 3. (a) Schematic, (b) SEM image, and (c) catalytic mechamism of the flow-through filter. (d) MB degradation (10 mg/L) and H2O2 (2.625 mM) utilization 
efficiencies at a flow rate of 0.1 L/h during the first, the second (3.5 mM H2O2), the third (flow rate of 0.05 L/h), and the last filtration process (20 mg/L MB). The 
inset pictures illustrate different reaction that occurr in the corresponding process. (e) MB degradation and H2O2 utilization efficiencies during the filtration of the 
mixed wastewater. The blue bars indicate the Fe leaching during these filtration processes, and the red line represents 1 mg/L of Fe ions. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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wastewater and reduces the long-term exposure of the catalyst in harsh 
environments. However, in the batch system, the catalyst was fully 
immersed in the solution. As a result, the active sites on the catalyst 
surface could be covered by the catalyst aggregates and poisoned by 
complex compounds [26]. The second is enhanced mass transport and 
surface/interface contact. Low chemical diffusion in the batch system 
limited efficient contact between chemicals (H2O2 and pollutants) and 
the catalyst (Fig. S11) [8]. The instantaneous efficacy of •OH (<10 µs) 
also cannot oxidize distant pollutants (>25 nm) [8]. The mass transport 
in the flow-through system can be restricted to a critical scale, maxi-
mizing the contact between chemicals and active sites and shortening 
radical migration distances (Fig. 3c). The third advantage is the leaching 
resistance of the filter. The Fe leaching in the filtrated water was all 
below 0.1 mg/L during the filtration process. Notably, when its con-
centration was gradually reduced to 0.031 mg/L, the filter still main-
tained high efficacy in actual wastewater treatment (Fig. 3e). Therefore, 
we demonstrated the applicability of the flow-through filter to real 
wastewater with low-dose H2O2 input. 

3.3. Electrochemical integration system for wastewater treatment 

3.3.1. Controllable in-situ generation of H2O2 
One of the major challenges for in-situ electrochemical synthesis of 

H2O2 is to achieve its long-term stability [16]. Benefiting from the low 
H2O2 requirement (0.875–2.265 mM) in the above system, we, there-
fore, focused on the long-term continuous generation of H2O2 in this 
section. As shown in Fig. 4a, a full-body functional cathode was simply 
constructed by hydrophobic engineering of the cathode catalyst, 
addressing the low oxygen transfer and utilization issues of classical 
cathodes with a single catalytic layer. SEM images show that smooth 
PFTE slices form an interconnected porous layer on CF, and the porosity 

decreases from 25.41% to 2.24% with increasing PTFE concentration 
(0–8%, Fig. S12). However, the hydrophobicity of the electrode 
increased, suggested by the increased contact angle (107.21–132.44◦, 
Fig. 4b). The LSVs of the cathodes were investigated to evaluate their 
electrochemical activity. We found that the highest current was ach-
ieved by 5% PTFE modification, which could be beneficial for the for-
mation of sufficient reaction sites and rapid oxygen diffusion (Fig. S13a). 
The yield of H2O2 showed a similar tendency to the LSV results, with the 
accumulated H2O2 reached 1.48 mM within 1 h on the 5% PTFE 
modified cathode, which was 194% higher than the blank cathode 
(Fig. 4c). However, the synthesis of H2O2 was inhibited by the 8% PTFE 
modified cathode, confirming the unfavorable of excessive PTFE for 
H2O2 generation. In addition to the cathode design, an active and stable 
anode is also important for long-term operation. We compared three 
types of anodes and found that commercial IrO2/Ti had the best elec-
trochemical activity and the highest accumulated H2O2 (Fig. S13b–c). 
Moreover, the impact of operating conditions on system performance 
was evaluated. Clearly, the external voltage available to synthesize H2O2 
started from 1.5 V and reached the highest yield at 2.0 V (Fig. S13d). A 
further increase in voltage resulted in low H2O2 accumulation, probably 
due to the decomposition of H2O2 under this condition [16]. We also 
noticed that acidic conditions favored H2O2 generation, but even in the 
neutral solution we still obtained a comparable yield (0.86 mM) close to 
our target range (0.875–2.265 mM, Fig. S13e). 

The stability of the electro-synthesis system was tested in continuous 
flow mode. We ran the H2O2 generation cell by changing the external 
voltage, catholyte concentration, and flow rate (Fig. 4d). The H2O2 
concentration was gradually increased, and even at a high flow rate 
(0.24 L/h), we still obtained a similar accumulated value after 24 h 
(1.60 mM). This concentration was in the proper range and not nega-
tively affected by system parameters. Based on the optimal conditions, 

Fig. 4. (a) Illustration of the full-body engineered cathode for 2e− ORR reaction. (b) Porosity and contact angle of the cathodes modified with different rates of PTFE. 
(c) H2O2 generation in the electrochemical system with different cathodes. (d) Continuous-flow generation of H2O2 in the electrochemical system by changing 
voltage, flow rate, and Na2SO4 concentration. 
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we further conducted a long-term flow experiment over 320 h (the 
highest reported operation time to our knowledge), which confirmed the 
high efficiency and long-term stability of the system (Fig. S13f). 

3.3.2. Performance of the integrated system 
We constructed an integrated system by combing the Fenton filter 

and the H2O2 generation cell. As illustrated in Fig. 5a, this system was 
operated in three steps: (1) H2O2 was controllably produced in an 
electrochemical generator; (2) the produced H2O2 was mixed with 
wastewater thoroughly; and (3) the mixed solution flowed through the 
FeNx filter for final organic oxidation. All processes were driven by a 
pump and run simultaneously. Similarly, we operated the integrated 
system under different conditions and detected H2O2 and MB concen-
trations before and after the Fenton-like reaction. Firstly, the electro-
chemical H2O2 generatoration cell was set to an external voltage of 2.0 V 
and used 0.05 M Na2SO4 catholyte at a flow rate of 0.1 L/h. The effluent 
concentration of H2O2 was gradually increased to 1.45 mM after 50 h. 
Then it was mixed with synthetic MB wastewater (10 mg/L, pH 7) and 
flowed through the filter in single-pass mode. After the Fenton reaction 
inside the filter, H2O2 was consumed by 93.20–99.06% (Fig. 5b). 
Meanwhile, MB was also rapidly removed, and the efficiency maintained 
in the range of 80.10–98.40% (Fig. 5c). Then we restarted the system at 
a low flow rate (0.05 L/h) and noticed that it had no significant effect on 
H2O2 generation before (1.60 mM max) and after (0.27 mM max) the 
filtration (Fig. S14a). Consequently, we obtained a similar trend of 
degradation efficiency, with a slightly decrease from 98.36% to 87.53% 
(Fig. S14b). To further improve the system efficacy, we flowed double 
catholyte (0.1 M) into the cell. Unsurprisingly, H2O2 production was 
enhanced by 2.44–5.09 folds, yet we did not detect high H2O2 residue 
after the flow through (Fig. S14c). The degradation of MB was above 
90% during the whole process (Fig. S12d). Moreover, we also observed 
nearly 100% H2O2 utilization and MB degradation if we decreased the 
concentration of MB (5 mg/L, Fig. S15a-b). Similar to the single flow- 
through system, Fe leaching in these processes was all below 0.1 mg/L 
(Fig. S15c), confirming the leaching resistance of the filter. 

To investigate the stability of the novel system, we operated it under 
the optimal condition (voltage of 2 V, flow rate of 0.1 L/h, and 0.1 M 
Na2SO4). As shown in Fig. 5d, MB degradation and H2O2 utilization 

efficiencies all reached ~ 100% and kept stable after 500 h. Moreover, 
the system also showed a great application potential in actual waste-
water treatment (Fig. 5e). Since we used the same filter as the above 
flow-through reactor, the integrated system exhibited similar perfor-
mance in wastewater treatment (94.27–97.01%) and H2O2 utilization 
(84.45–97.19%). Overall, this novel system has three innovations. One 
is the high activity and wide adaptability of the catalyst-modified filter, 
which could be used to treat various types of organic wastewater. The 
second is the long-term stability of the H2O2 generatoration cell, which 
can be easily operated to achieve the target H2O2 concentration by 
changing the external conditions. Finally, the entire process is highly 
controllable, allowing us to adjust each process individually for com-
plete pollutant removal and H2O2 utilization. 

3.4. Comprehensive comparison of the three systems 

3.4.1. Comparison of efficiency and sustainability 
We compared the batch, flow-through, and integrated systems in 

terms of efficacy, sustainability, application potential, and total cost. To 
better understand their differences in efficacy, the degradation rates of 
MB were normalized in the same unit (mgMB

− 1 min− 1 gcatalyst
− 1 ). Generally, 

the batch system showed different ranges of rates under different con-
ditions (Fig. 6a). Especially the pH (0.99–1.93 mgMB

− 1 min− 1 gcatalyst
− 1 ) and 

the catalyst content (1.93–4.56 mgMB
− 1 min− 1 gcatalyst

− 1 ) had significant 
impacts on system performance. In contrast, the flow-through and in-
tegrated systems showed relatively stable efficacies under each condi-
tion (e.g., flow rate). We also observed the minimum difference in the 
last system, where all degradation rates were distributed in the same 
range (0.78–1.54 mgMB

− 1 min− 1 gcatalyst
− 1 ). We used fresh catalyst in the 

batch system under different conditions, whereas the same catalyst- 
modified filter was assembled in the latter two systems and used 
throughout the treatment process. This is the main reason why the batch 
system showed better degradation rates. In fact, its activity dropped 
sharply after repeated use twice. As seen in Fig. 6b, the degradation rate 
was reduced by 7.72-fold (from 1.93 to 0.25 mgMB

− 1 min− 1 gcatalyst
− 1 ). 

However, we did not observe any activity decency in the flow-though 
and integration systems. Note that the degradation rates of these two 
systems were ~ 558.33% higher than that of the batch system after three 

Fig. 5. (a) Schematic of the integrated electrochemical system for wastewater treatment. (b) Changes in H2O2 and (c) MB concentration before and after filtration, 
and MB degradation and H2O2 utilization efficiencies during the whole filtration process. (d) MB degradation and H2O2 utilization efficiencies in the long-term 
continuous-flow system and (e) in the filtration of the mixed effluent wastewater. Conditions: external voltage (2.0 V), flow rate (0.1 L/h), MB concentration 
(10 mg/L), and Na2SO4 concentration (0.05 M) if not otherwise specialized. 
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cycles, affirming their ultrahigh sustainability. As mentioned above, this 
excellent ability can be attributed to the low loss of the catalyst-modified 
filter and the long-term stability of the H2O2 generation cell especially 
when they were operated in continuous-flow mode. Note that low flow 
rates and three-cycle experiments are insufficient for practical large- 
scale applications, but this integrated system was developed for a 
proof-of-concept study showing its high durability at the current stage. 
Future work will focus on scaling-up applications for long-term tests 
over months or even years. 

3.4.2. Evaluation of application potential and cost 
The major limitation of Fenton/Fenton-like catalysts in wastewater 

treatment is their low potential for real-world application. We observed 
similar results in the batch system, as the MB degradation rate reduced 
by 2.03 folds with the existence of actual wastewater (Fig. S8b). 
Meanwhile, the total COD removal rate was as low as 0.59 mgCOD

− 1 min− 1 

gcatalyst
− 1 (Fig. 6c). However, this can be alleviated by the filter device as 

MB degradation and COD removal rates were enhanced to 1.62 and 5.37 
mg− 1 min− 1 gcatalyst

− 1 , respectively. Using the same filter as the Fenton 
generator, the integrated system also showed high degradation rates for 
MB (1.59 mgMB

− 1 min− 1 gcatalyst
− 1 ) and effluent wastewater (5.07 mgCOD

− 1 

min− 1 gcatalyst
− 1 ). More importantly, the Fenton process performed in this 

continuous unit can treat large volumes of wastewater without the need 
to separate and recover catalyst. The controllable H2O2 generatoration 
cell could also be operated for a long time, which solved the problem of 
continuous dosing and waste of reagents. It is worth mentioning that 
various complex organic and inorganic compounds in actual wastewater 

may cover the active sites on the electrode or the filter during long-term 
operation, thereby inhibiting the performance of the integrated system. 
It should be overcome in the future. We also assessed the total cost of 
these lab-scale wastewater treatment systems. In general, the cost 
mainly comes from catalyst preparation, energy supply, and reagents 
and materials (Fig. 6d). Due to the need for more fresh catalyst, the cost 
of catalyst preparation for the batch system was higher than the other 
two systems. In contrast, the flow-through and integrated systems spent 
more on energy supply, including external voltage and pump. Most of 
the cost was spent on reagents and materials. Among them, expensive 
H2O2 was added to the batch and flow-through systems, accounting for 
>90% of the total cost. When we introduced the H2O2 generatorion cell, 
only low catholyte concentration and moderate external voltage were 
required for H2O2 synthesis. Therefore, the low-cost catholyte is one of 
the main advantages of the integrated system for wastewater treatment. 
Moreover, we should note that the filter reactor and the H2O2 generation 
cell need to be upgraded to adapt to large-scale applications. Firstly, the 
synthesis of inexpensive and easily prepared catalysts will remain a 
future goal since we used high temperature to synthesize the catalyst. 
Secondly, various commercial materials (e.g., corundum ball) should 
also be explored to efficiently immobilize catalysts as filters or elec-
trodes to improve their long-term stability. 

4. Conclusions 

This work accurately controlled the ratio of precursors to obtain 
subnano FeNx clusters. FeN1.0 showed excellent activity and stability to 

Fig. 6. (a) Comparison of the batch, flow-through, and integration systems in terms of (a) efficacy, (b) sustainability, (c) application potential, and (d) total cost.  

B. Li et al.                                                                                                                                                                                                                                        



Separation and Purification Technology 304 (2023) 122372

9

remove multiple contaminants under different conditions, but it was 
inhibited in actual wastewater due to excessive exposure to active sites. 
A simple Fenton filter was developed to solve this issue and achieved 
high pollutant degradation and H2O2 utilization. Moreover, an electro-
synthesis system was constructed with a full-body engineered cathode 
and used for long-term in-situ H2O2 generation. We finally integrated a 
novel system by combing the filter and electrochemical H2O2 generation 
cell. This integration system can realize wastewater treatment with high 
efficiency, stability, broad application potential, and low cost. The 
findings present a promising path for achieving practical application of 
metal clusters in sustainable systems. 
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