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A B S T R A C T   

Heterogeneous electro-Fenton (EF) is a promising advanced oxidation process for refractory wastewater treat
ment. However, typical calcination or hydrothermal method for heterogeneous EF cathode fabrication is time- 
consuming, energy-consuming, or harmful to the environment. High-temperature shock (HTS) technique is a 
novel and rapid material synthesis method with the advantages of low-cost, eco-friendly. In this study, the 
electrodes named Fe2O3@C/carbon cloth (Fe2O3@C/CC), were synthesized by HTS for the first time within an 
extremely short time (~5 s). The Fe2O3 nanoparticles with an average diameter of 61.90 ± 15.09 nm are uni
formly dispersed on carbon cloth (CC) with the confinement and protection of the carbon layers. The as-prepared 
Fe2O3@C/CC cathode exhibited excellent electrocatalytic properties in the EF system. The removal efficiency of 
methylisothiazolinone (MIT) could reach 90.60 ± 1.70% in 40 min at a low current density of 1.11 mA cm− 2 

under the oxidation of the hydroxyl radical. In addition, the degradation pathways of MIT were further studied. 
According to the results of theoretical calculation, the –S–N– bond is the primary active site attacked during MIT 
degradation process. Therefore, heterocyclic loop opening is the main pathway of MIT degradation. HTS is an 
ultrafast and convenient potential technique compared with other cathode synthesis methods.   

1. Introduction 

As a promising electrochemical advanced oxidation process, electro- 
Fenton (EF) technology has attracted extensive attention in recent years 
[1–5]. In the EF process, gaseous oxygen obtains electrons to generate 
H2O2 at the cathode (named as oxygen reduction reaction, ORR, Eq. 
(1)), greatly reducing the risk of H2O2 transportation and storage [6]. 
Subsequently, the H2O2 generated by cathodes reacts with Fe2+ catalyst 
to realize in situ production of HO⋅ with nonselective oxidation capacity 
(Eq. (2)) [6], which can thereby shorten the transmission path of H2O2 
and improve the mass transfer efficiency. Fe3+ gains electron to com
plete the cycle with Fe2+ (Eq. (3)) [7,8]. However, the conventional 
homogeneous EF process is realized by adding ferric catalysts into the 
system. This approach has the drawbacks of critical requirement of pH 
and iron mud pollution [9–12]. Many scholars built heterogeneous EF 
systems to overcome these shortcomings by fixing catalysts on cathodes 
or using solid carriers [13,14].  

O2+2e− +2H+→H2O2                                                                      (1)  

H2O2+Fe2+→Fe3++HO⋅+OH− (2)  

Fe3++e− →Fe2+ (3) 

The cathode materials featured with abundant reactive sites are 
promising for efficient heterogeneous EF. The particle size, adhesion 
capacity, and uniform distribution of catalysts can considerably affect 
the reaction process. Therefore, the cathode preparation process plays a 
vital role in improving electrode properties. The commonly used cath
ode preparation processes of cathodes include impregnation [15], 
calcination [16,17], hydrothermal methods [3,14,18], electrostatic 
spinning [19], and roller pressing [2]. Li et al. prepared Fe@Fe2O3/ac
tive carbon fiber (Fe@Fe2O3/ACF) cathode via impregnation method, 
which showed high activity in degrading dye pollutant rhodamine B in 
water under neutral pH conditions [15]. Cui et al. synthesized Cu/Cu
Fe2O4-integrated graphite felt (Cu/CuFe2O4-CB@GF) as a stable 
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bifunctional cathode with high stability and activity for heterogeneous 
EF oxidation via solvothermal reduction and calcination methods [16]. 
Although, these cathode preparation processes can successfully syn
thesize highly stable and active cathode materials by solvent reactions or 
heat treatments, these electrode preparation processes take more than a 
few or dozens of hours. 

High-temperature shock (HTS) technology is a rapid, low-cost, and 
eco-friendly synthesis method that has been used in catalytic material 
preparation and nanomanufacturing in recent years [20,21]. As shown 
in Figs. 1 and 2(h), a large amount of joule heat is generated in a short 
period during the HTS process by applying ultrafast current or voltage 
pulse to the preinstalled materials in a vacuum chamber. The ultrafast 
heating and cooling processes promote the movement and rearrange
ment of atoms [22]. The precursors are reduced and decomposed to final 
products, i.e., well-crystalline nanocatalysts, which are uniformly 
distributed on the substrate [23]. After the HTS process, the 
high-temperature samples can cool down within milliseconds. Chen 
et al. fabricated a conductive reduced graphene oxide (RGO) composite 
with silicon nanoparticles (NPs) using high-temperature radiative 
heating with excellent performance as a Li-ion battery anode [24]. Li 
et al. prepared nano-Ni@C/RGO in situ via the HTS process as a 
high-performance H2O2 fuel catalyst [25]. Moreover, the nanosized 
particles can be uniformly dispersed on the substrate with a strong 
bonding force under HTS conditions. 

With the unique advantages of rapid reaction and formation of ul
trafine catalyst, the HTS process can potentially introduce highly 
dispersed NPs into cathode materials leading to high catalytic perfor
mance. In this study, for the first time, we prepared the Fe2O3@C/car
bon cloth (Fe2O3@C/CC) cathode by the ultrafast HTS technique and 
reported its application in heterogeneous EF oxidation. The 
morphology, structure, and electrochemical performance of the 
Fe2O3@C/CC cathode were characterized. Methylisothiazolinone (MIT) 
was chosen as a target contaminant because it is a commonly used 
fungicide with toxic risks and difficulty in biodegradation [26–28]. The 
degradation performance of MIT and the reaction mechanism of EF 
process were studied, and the suitability of the material as an EF cathode 
was proved. Finally, the degradation mechanism of MIT was discussed 
by analyzing the intermediate products and the theoretical calculation. 
This work confirms that the HTS is an ultrafast, feasible and 

energy-saving potential technique for preparing heterogeneous EF 
cathodes. 

2. Materials and methods 

2.1. Materials and chemicals 

The carbon cloth (CC) (W0S1011) was obtained from Cetech Co., 
Ltd. (Taiwan, China). Iron chloride hexahydrate (FeCl3⋅6H2O, 99%, 
CAS: 10,025–77–1) was purchased from Damao Chemical Reagent 
(Tianjin, China). MIT (95%, CAS: 2682–20–4), tert‑butanol (t-buOH, 
99%, CAS: 75–65–0), and para-chlorobenzoic acid (pCBA, 99%, CAS: 
74–11–3) were supplied by Aladdin Reagent (Shanghai, China). Other 
chemicals used in this work were analytical grade or higher. 

2.2. Preparation of the cathode 

The CC samples cut in 3 cm × 6 cm dimensions were first cleaned 
sequentially with acetone, ethanol, and ultrapure water to remove 
organic impurities, such as oil stains, and enhance electrical conduc
tivity. Then, the precleaned CC was carbonized in a nitrogen atmosphere 
at 1073 K for 2 h using a horizontal tubular furnace. 

The pretreated CC was soaked into the 50 mM FeCl3⋅6H2O ethanol 
solution for 0.5 h and dried in a vacuum drying oven. Then, the as- 
prepared electrode (named as FeCl3/CC) was subjected to HTS treat
ment, as shown in Fig. 1. The details are depicted as follows: The FeCl3/ 
CC was clamped with a pair of graphite clips and placed on the heat 
shield in a vacuum acrylic box (Fig. S1). A stabilized DC power supply 
was connected to both ends of the graphite clips. A large amount of joule 
heat was generated in the FeCl3/CC when the power was switched on, 
and the temperature could rise to more than 1373 K rapidly (Fig. 2(g)). 
After the power supply was cut off, the sample was cooled down within 
5 s. In this process, microsized particles melt when heated and self- 
assemble into nanoparticles when cooled. 

2.3. Material characterization and electrochemical measurements 

The morphology images of the prepared cathodes were taken by 
Apreo S LoVac scanning electron microscope (SEM) and JEOL-1230 
transmission electron microscope (TEM). The microstructure of sam
ples was observed by a high-resolution transmission electron microscope 
(HRTEM, JEOL-JEM 2100F) and TEM mapping (Oxford 80T). The 
energy-dispersive X-ray spectroscopy (EDX) mapping was conducted by 
an Oxford EDX spectrometer (type X-Max80). The X-ray photoelectron 
spectroscopy (XPS) spectra were obtained by ESCALAB 250Xi of Thermo 
Fischer of America (C 1s = 284.8 eV). 

All the electrochemical measurements were tested on the CHI660E 
electrochemical workstation (Shanghai, Chenhua, China) in a three- 
electrode cell, wherein the Fe2O3@C/CC or CC was a working elec
trode, and the Ag/AgCl electrode and Pt electrode were reference elec
trode and counter electrode, respectively. Linear sweep voltammetry 
(LSV) and chronoamperometry (CA) measurements were measured at 
room temperature (25 ± 1 ◦C) in 0.5 M Na2SO4 solution. Cyclic vol
tammetry (CV) was conducted in a 0.1 M potassium chloride (KCl) so
lution containing 10 mM potassium ferricyanide (K3[Fe(CN)6]). The 
electrochemical impedance spectroscopy (EIS) was conducted at a po
tential of 1.5 V in a frequency range from 100 kHz to 0.01 Hz in 0.5 M 
Na2SO4 solution. 

2.4. Electrolytic experiments 

The heterogeneous EF tests were performed in a two-chamber elec
trolysis cell separated by a proton exchange membrane (Nafion 117, 
DuPont, USA). The electrolytes in both anode and cathode cells were 
100 mL solution containing 50 mg/L MIT with 0.1 M Na2SO4. The 
prepared Fe2O3@C/CC and a dimension stable anode (DSA) were used Fig. 1. Schematic illustration of the synthesis route of Fe2O3@C/CC.  
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as cathode and anode, respectively. The initial pH of the solution was 
adjusted using H2SO4 or NaOH. An aeration pump was used to aerate the 
solution, and the flow rate was regulated by a rotor flowmeter. In order 
to improve the utilization rate of oxygen, a microporous nano aeration 
tube was used for aeration, and the cathodes were wrapped around the 
aeration tube. The current density was controlled by a DC-regulated 
power supply (RPS60005C-2, Rek). The samples were taken from the 
cathode chamber at predetermined time points and analyzed to deter
mine the MIT degradation efficiency. 

2.5. Analytical methods 

The concentration of MIT was determined spectroscopically at the 
wavelength of 273 nm. The H2O2 concentration was determined by 
potassium titanium (IV) oxalate spectrophotometry at the wavelength of 
400 nm [29]. 

Based on the previous research, pCBA can react specifically with HO⋅ 
radicals (kHO⋅/pCBA = 5.0 × 109 M− 1 s− 1) [30]. Therefore, the steady 
state of HO⋅ concentration can be determined by the degradation rate of 
pCBA. The time-integrated concentration of HO⋅ concentration was 
calculated using Eq. (4) [31,32]. 

∫t

t=0

[HO⋅]dt =
1

kHO⋅/pCBA
ln

(
[pCBA]L,t=0

[pCBA]L,t

)

(4)  

where [pCBA]L, t = 0 is the initial concentration of pCBA (2 mg L− 1), and 
[pCBA]L, t is the concentration at electrolysis time t (mg L− 1). The pCBA 
concentration was measured by high-performance liquid chromatog
raphy (HPLC, E2695, Waters, USA) with the mobile phase of methanol 
and aqueous solution of 10 mM phosphoric acid [28]. 

The degradation intermediates of MIT were identified by liquid 
chromatograph- mass spectrometer (LC-MS, Thermo scientific Q Exac
tive, USA, Hypersil gold analytical column) with the mobile phase of 
methanol and aqueous solution of 0.1% formic acid. 

2.6. Computational methods 

The energy variations during the MIT degradation process were 
calculated theoretically. Molecular structures of the intermediates were 
optimized at the Density Functional Thoery (DFT) level (B3LYP/ 
def2scp) by using Python-based simulations of chemistry framework 
(PySCF) package [33]. The sum of electronic and zero-point energies, 

Fig. 2. (a) SEM image of CC cathode. (b)–(c) SEM images of Fe2O3@C/CC cathodes prepared by HTS. (d) TEM image of Fe2O3@C NPs. (e) HRTEM image of Fe2O3@C 
NPs. (f) Particle size distribution of the Fe2O3@C NPs. (g) Temporal evolution of temperature during the HTS process. (h) Digital photos of cathodes during the HTS 
process. (i)–(j) EDX mapping of elements in Fe2O3@C/CC cathode. 
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sum of electronic and thermal energies, sum of electronic and thermal 
enthalpies and sum of electronic and thermal free energies for all the 
molecules were calculated at the DFT level (B3LYP/6–31 G (d, p)) by 
using the PySCF package. The implicit solvent model using the dielectric 
constant of water was applied here considering the solvation influence. 

3. Results and discussion 

3.1. Preparation and morphology characterization 

The SEM images of CC and Fe2O3@C/CC cathode are shown in 
Figs. 2(a)–(c) and Fig. S2. The prepared CC showed a clean fiber struc
ture. After HTS treatment, the iron oxide NPs uniformly dispersed on CC 
have an average diameter of 61.90 ± 15.09 nm (Fig. 2(f)). The structure 
of the Fe2O3@C NPs was further investigated by TEM. As shown in Fig. 2 
(d), the Fe2O3 NPs showed a sphere-like morphology encased in the thin 
carbon layers with an average thickness of ~23 nm. The TEM samples 
were prepared via the ultrasonic treatment of the Fe2O3@C/CC cathode 
in ethanol for 30 min. The core-shell structure of NPs remained intact 
after ultrasonic treatment, indirectly confirming that the Fe2O3@C NPs 
are firmly confined on the CC with the protection of the carbon layers. 
The interplanar distance was about 0.37 nm in the results of HRTEM 
(Fig. 2(e)), which is corresponding to the (012) lattice plane of Fe2O3. 

The CC was soaked in FeCl3 solution and then dried, which was 
connected to the HTS control system by a pair of conductive graphite 
clips. An ultra-high temperature laser thermometer was used to record 
the temperature change during the process. After the power supply was 
switched on, the temperature of the sample increased rapidly to 
approximately 1373 K within 1 s at a heating rate of ~1.1 × 103 K s− 1, as 
shown in Fig. 2(g). Meanwhile, the electrode sample glowed brightly 
(Fig. 2(h)). After the power was cut off, the sample was cooled down to 

room temperature at the rate of ~0.2 × 103 K s− 1. In this process, FeCl3 
particles were impinged into Fe2O3 NPs. Thus, the Fe2O3@C/CC was 
successfully synthesized through the HTS technique. 

The EDX elemental mapping of Fe2O3@C/CC cathode revealed the 
distribution of Fe and O elements on the carbon fiber (Fig. 2(i)–(j)). The 
elemental mapping showed that Fe (yellow) was evenly distributed 
together with O (cyan), indicating that the doped Fe might exist in an 
oxidation state. The signal of Cl was not obvious due to the evaporation 
of the Cl element as chlorine gas in FeCl3 during the HTS process (Fig. 
S3). Besides, the coexistence of C, Fe, and O was further confirmed by 
the TEM mapping of Fe2O3@C NPs (Fig. S4). 

3.2. Structural and electrochemical characterization 

XPS was used to determine the elemental chemical states and surface 
compositions of Fe2O3@C/CC, as shown in Fig. 3(a)–(d). The full spec
trum further verified the existence of C, Fe, and O elements in Fe2O3@C/ 
CC (Fig. 3(a)). This is consistent with EDX mapping results. The C 1s 
peak of Fe2O3@C/CC can be separated into three distinct peaks (Fig. 3 
(b)), including 284.5, 285.4, and 287.1 eV for the sp2 hybridization of 
carbon atoms, C–O, and C=O species, individually [14,34–35]. For the O 
1s spectrum (Fig. 3(c)), three typical peaks could be clearly identified 
(marked as O1, O2, and O3). The O1 peak at 530.3 eV belongs to lattice 
oxygen (O2− ), representing the bounding of oxygen atoms to metals 
[36]. The O2 peak located at 531.8 eV is indexed to defect sites of ox
ygen, which is beneficial in regulating the chemical structure and 
electronic structure of its surface [22]. The O3 peak at 533.3 eV belongs 
to the absorbed water molecule on the surface [16,37]. As shown in 
Fig. 3(d), the Fe species contained Fe3+ 2p3/2(711.0 eV), Fe3+

2p1/2(724.7 eV), and satellite peaks (715.8 and 730.9 eV) [37–39]. This 
finding is consistent with the characteristic peak of ferric oxide (Fe2O3). 

Fig. 3. XPS spectra of (a) survey scan, (b) C 1s, (c) O 1s, and (d) Fe 2p for Fe2O3@C/CC.  
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The above results indicate that the as-prepared electrode is Fe2O3 NPs 
loaded on CC. 

LSV curves were used to evaluate the electrocatalytic activity of the 
cathode. As shown in Fig. 4(a), the current of Fe2O3@C/CC cathode is 
more responsive than that of CC, implying that Fe2O3@C is beneficial in 
improving the ORR activity [40]. As shown in Fig. 4(b), the reduction 
peak current and area values of Fe2O3@C/CC increased comparing with 
those of pure CC, indicating that the presence of iron catalyst improves 
the electrochemical activity of the electrode [40–41]. EIS is an efficient 
tool for investigating the interfacial electrochemical performance of 
electrocatalytic material and its electron transferring ability [22,42]. In 
Nyquist plots, the compressed semicircular arc and the oblique line 
represent the cooperative control process of charge transfer and diffu
sion in the redox reaction process, respectively [34,43–45]. As depicted 
in Fig. 4(c), the Nyquist plot of Fe2O3@C/CC exhibits a smaller semi
circle diameter than that of CC, indicating that Fe2O3@C/CC has a small 
charge transfer resistance. This scenario should be due to the addition of 
Fe element, which improves the charge transfer capacity of the cathode 
and increases the surface reaction rate. In addition, CA measurement 
was conducted to estimate the stability of cathodes (Fig. 4(d)). The 
currents of both Fe2O3@C/CC and CC remained stable after running for 
1000 s, indicating the excellent electrocatalytic stability of these cath
odes. The above results indicate that the electrochemical performance 
and catalytic activity of Fe2O3@C/CC cathodes synthesized via HTS 
technique are improved than those of the pure CC. 

3.3. Advantage of HTS technique for cathode synthesis 

In this work, the innovative HTS technique was used for the first time 
to prepare the heterogeneous EF cathode. Compared with other syn
thesis methods for heterogeneous EF cathodes, the HTS technique pos
sesses several advantages, as displayed in Fig. 5(b) and Table S1. Firstly, 

the HTS technique features ultrafast heating or cooling rate (103 K s− 1) 
(Fig. 5(a)), and the material treatment can be completed within an ul
trashort time (i.e., a few seconds or even milliseconds), which is highly 
efficient. Moreover, the cathode materials prepared via HTS method 
show ultrafine nanocatalyst size, uniform distribution, excellent mate
rial properties, and superior electrochemical performance. In addition, 
the HTS technique applies joule heat generated by current or voltage 
pulses to treat materials. This method is undoubtedly more energy- 
efficient and eco-friendly than traditional ovens or muffle furnaces. 
Furthermore, the HTS technique has universal applicability to various 
precursors (e.g., metal salt solution and micron solid particles) and 
substrate materials (e.g., carbon-based materials and other conductive 
materials) [20]. In this study, the HTS technique, featured with rapid 
reaction, high efficiency, low cost, and environmental friendliness, can 
be applied in preparing electrocatalytic cathodes. 

3.4. Heterogeneous EF catalytic activity 

The heterogeneous EF catalytic activities of the prepared Fe2O3@C/ 
CC cathodes are studied by several groups of experiments under 
different operating conditions. As revealed in Fig. 6(a), the removal 
efficiency of pollutant MIT reached 90.60 ± 1.70% within 40 min as a 
result of EF reaction for Fe2O3@C/CC cathode. The removal efficiency of 
MIT was conspicuously higher than that of the original CC under the 
same conditions. A small amount of MIT could also be degraded by CC 
without metal catalyst, possibly because of the advanced metal-free 
electrochemical oxidation process [50–52]. The reaction rate constant 
of MIT degradation for Fe2O3@C/CC cathode in the first 30 min fit with 
the pseudo-first-order kinetic model. 

The effects of current, aeration rate, and initial MIT concentration on 
degradation performance are further explored. As shown in Fig. 6(b), the 
removal efficiency of MIT increased gradually with the applied current 

Fig. 4. (a) LSV curves, (b) CV curves, (c) Nyquist plots and (d) CA curves of Fe2O3@C/CC (red) and CC (black).  
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from 55.20% at 10 mA to 85.44% at 50 mA (the corresponding current 
density ranging from 0.56 mA cm− 2 to 2.78 mA cm− 2). This observation 
can be attributed to the fast transfer of electrons accelerated by a high 
current, which promotes H2O2 formation and the reduction of Fe3+ to 
Fe2+ [53]. However, as the current increased to 100 mA (current density 
5.56 mA cm− 2), MIT degradation efficiency declined. This scenario can 

be explained by the unwanted side reactions in EF systems, such as 
hydrogen evolution (Eq. (5)) and the 4-electron pathway of oxygen 
reduction (Eq. (6)) [16,54].  

2H++2e− +→H2                                                                              (5)  

O2+4H++4e− →2H2O                                                                      (6) 

Fig. 5. (a) Schematic diagram of Fe2O3@C/CC cathode synthesis using HTS technique. (b) Comparison of different methods for electrocatalytic cathodes synthe
sis[46–49]. 

Fig. 6. Effect of different operational factors on electrochemical degradation of MIT and corresponding reaction kinetic: (a) type of cathode, (b) current, (c) aeration 
rate, and (d) initial MIT concentration. Except for the investigated factors above, the reaction conditions are as follows: for Fe2O3@C/CC cathode, the current applied 
is 20 mA, pH value is approximately 3.0, aeration rate is 0.75 L/min, and initial concentration of MIT is approximately 50 mg/L. 
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The impacts of aeration rate are presented in Fig. 6(c). The removal 
efficiency of MIT could reach 90.51 ± 1.40% after 60 min reaction when 
the aeration rate ranged from 0.25 L/min to 1.0 L/min. According to Eq. 
(1), a high concentration of O2 is beneficial for H2O2 generation and can 
further enhance the HO⋅ formation. However, excessive aeration inter
fered with mass transfer between HO⋅ and MIT when the aeration rate 
was increased to 1.0 L/min [55]. Moreover, an extra high air supply 
could induce the oxidization of Fe2+ to Fe3+, hindering the EF reaction 
(Eq. (2)). 

As presented in Fig. 6(d), the removal efficiency of MIT reached 
90.78 ± 2.50% after 60 min reaction with the initial concentrations of 
50 mg/L and 100 mg/L. By contrast, the removal efficiency of MIT 
reduced slightly at the concentration of 20 mg/L, resulting from the 
unthorough contact with HO⋅ at a low concentration. The removal ef
ficiency also decreased when the initial concentration of MIT was 150 
mg/L. This phenomenon was due to the degradation intermediates that 
competed with MIT for HO⋅ at a high initial concentration. 

In conclusion, Fe2O3@C/CC has excellent MIT removal performance 
under suitable conditions. In addition, compared to previous studies 
(Table S2), the heterogeneous EF system with Fe2O3@C/CC cathode has 
extremely low energy consumption (0.0667 kWh g− 1 of MIT) and high 
current efficiency (79.06 ± 5.36%). The cycle experiments of the 
Fe2O3@C/CC electrode for EF degradation of MIT are presented in Fig. 
S5. MIT removal efficiency can maintain at ~70% after four cycles, 
which was attributed to the stable nanoparticles under the protection of 
the carbon shell. SEM and XPS characterization of the used electrodes 
(Figs. S6 and S7) revealed that the surface nanoparticles were partially 

shed in the acidic solution after several cycles, but the chemical prop
erties of the catalysts remained basically stable. It will be vital to explore 
more effective methods to reduce metal dissolution and improve the 
stability of the cathodes in the future. 

3.5. Reaction mechanism of heterogeneous EF 

The reaction mechanism of heterogeneous EF was discussed by 
analyzing the production of H2O2 and HO⋅. According to Eq. (1), H2O2 
production is inhibited in the absence of aeration. Thus, the degradation 
of MIT in EF reaction was limited by dissolved oxygen in solution 
without aeration, as shown in Fig. 7(a) (blue line). Fig. 7(a) also in
dicates that H2O2 or O2 alone cannot degrade MIT without electricity 
(purple line and green line). The EF reaction occurs only when both 
aeration and electricity are applied (red line). Moreover, the addition of 
H2O2 improved the degradation rate because the added H2O2 helped 
skip the ORR. The Fenton reaction was performed directly to speed up 
the reaction process (yellow line). 

As a precursor of HO⋅, H2O2 plays a key role in EF reaction. The yield 
of H2O2 directly determines the yield of HO⋅ and further affects the re
action rate of the whole system. The accumulation of H2O2 electro
generated in the solution is shown in Fig. 7(b). In particular, H2O2 
concentration did not change considerably when H2O2 was added 
manually in the absence of electricity (purple line). This behavior is 
mainly due to the fact that Fe3+ cannot complete the cycle with Fe2+

while without electricity. Therefore, it cannot maintain the continuous 
EF reaction. This finding is consistent with the results in Fig. 7(a). The 

Fig. 7. Reaction mechanism in EF system. (a) Electrochemical degradation of MIT under different conditions. (b) H2O2 concentration accumulation under different 
conditions. (c) Electrochemical degradation of MIT with HO⋅ quencher. (d) The diagram of the heterogeneous EF reaction process. (“H2O2” in Fig. 7(a) means 
external H2O2 was added to the system. Concentrations of H2O2 and t-buOH added externally are approximately 80 mg/L and 5 M, respectively.). 
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externally added H2O2 was quickly consumed and catalyzed by Fe2+ to 
form HO⋅ (yellow line). For the CC cathode, H2O2 was generated ac
cording to the reaction in Eq. (1). H2O2 concentration reached 67.52 ±
11.89 mg/L at 60 min (black line). However, the H2O2 generated by 

ORR was nearly exhausted in the Fe2O3@C/CC system (red line); that is, 
a large amount of electrogenerated H2O2 was decomposed in situ into 
HO⋅ as a result of EF reaction (Eq. (2)). 

T-buOH was used as the HO⋅ quencher to explore the role of HO⋅ in 

Fig. 8. (a) Proposed degradation pathways of MIT. (b) Energy variation of different degradation pathways.  
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this system indirectly. In the presence of t-buOH, the MIT removal ef
ficiency using Fe2O3@C/CC cathode dropped sharply (Fig. 7(c)). This 
value is nearly the same as the removal efficiency of the CC cathode. The 
results demonstrate that the HO⋅ produced by Fe2O3@C/CC is the main 
active radical species to degrade MIT. These results are also confirmed 
by Fig. S8. HO⋅ exposure was calculated using Eq. (4) based on the 
degradation of pCBA in the cathode chamber. Compared with CC 
cathode, more pCBA could be degraded by Fe2O3@C/CC cathode. The 
HO⋅ generation rate of Fe2O3@C/CC cathode was much higher than that 
of CC. Therefore, Fe2O3@C/CC is a great heterogeneous EF cathode 
material with an outstanding performance of producing H2O2 and then 
converting it into HO⋅. 

As shown in Fig. 7(d), the reaction process in the heterogeneous EF 
system is summarized as follows based on the above analysis: (I) 
Gaseous and dissolved O2 is diffused to the solid–liquid interface of the 
cathode and subsequently reduced to H2O2 with the assistance of H+

(according to Eq. (1))[56]. (II) The iron species on the cathode surface 
are cyclically transformed by gaining or losing electrons [57], as 
described in Eq. (3). (III) Fe2+ catalyzes the conversion of H2O2 to HO⋅ as 
the primary active sites initiating the Fenton reaction (Eq. (2)). (Ⅳ) HO⋅ 
with nonselective oxidation capacity degrades MIT. 

3.6. Proposed degradation pathway of MIT 

The degradation intermediates of MIT were detected by LC-MS, as 
displayed in Fig. S9 and Table S3. The possible three degradation 
pathways of MIT are shown in Fig. 8(a). Pathway 1 (blue line): The 
–S–N– bond of MIT was broken and the heterocyclic ring was opened 
firstly. The S atom in the MIT molecule is a typical electron-rich group, 
so it is easily oxidized by electrophiles [58]. Then, the products were 
oxidized to alcohols, aldehydes, and carboxylic acids. Step by step, the 
carboxyl and S atoms on the products were stripped away. Pathway 2 
(yellow line): After the heterocyclic ring was opened, the product was 
first stripped of S atoms and further oxidized. Pathway 3 (green line): 
The C=C bond of MIT molecule underwent an addition reaction with 
HO⋅ generated in the EF reaction. Subsequently, the product continued 
to be oxidized. In the degradation process of MIT, N atoms remained in 
the chain organic matter, and S atoms were oxidized. Finally, the in
termediates were eventually mineralized to carbon dioxide and water. 
The above discussion determines that the electrochemical degradation 
of MIT is a complex and multistep reaction. The proposed three possible 
pathways can guide the mechanism study of MIT degradation and other 
related electrochemical reactions. 

Molecule energy variations of intermediates in different degradation 
pathways are shown in Fig. 8(b). In Pathway 1, the –S–N– bond was the 
preferred active site to be attacked during the MIT degradation process. 
In general, a negative change in Gibbs free energy is considered a 
spontaneous reaction. Moreover, the reaction tends to go in the direction 
of releasing more energy [59]. The path of P5–P6–P8 (decarboxylation 
followed by desulphurization) had a slight advantage compared with 
P5–P7–P8 (desulphurization followed by decarboxylation). This may be 
due to that –COOH is more stable than –HSO3 in the P5 molecules. 
Pathway 2 differs from Pathway 1 in that the molecule was desul
phurized before forming the carboxyl group. This process could also 
happen spontaneously, except for the oxidation of the C=C bond in the 
step of P9–P10. For Pathway 3, the first reaction coordinate was the C=C 
bond. C=C bond underwent an addition reaction and was subsequently 
degraded into molecules such as P13 through a series of processes 
including desulfurization and decarboxylation. On the downside, the 
addition reaction required a lot of energy to occur in this process. 
Therefore, of the three pathways proposed, Pathway 1 is the most ad
vantageous. In other words, the dominant degradation pathway of MIT 
in the heterogeneous EF system is heterocyclic opening at the –S–N– 
bond first and further mineralization to small molecules. 

4. Conclusions 

In this work, we fabricated Fe2O3@C/CC cathode via the HTS tech
nique for heterogeneous EF systems. The as-prepared cathode was 
carefully characterized regarding morphology, structure, property, and 
electrochemical performance. It was applied for the EF degradation of a 
typical organic pollutant (i.e., MIT, a common biocide). The results 
indicated that the degradation efficiency of Fe2O3@C/CC for MIT could 
approach 90.60 ± 1.70% within 40 min under optimal conditions of the 
applied current of 20 mA and aeration rate of 0.75 L/min. The H2O2 
production and mechanism analysis further confirmed that HO⋅ is the 
dominant active component to degrade MIT during the EF process. 
During degradation, MIT was oxidized by HO⋅ into small molecules (e.g., 
carboxylic acids) and eventually mineralized into carbon dioxide and 
water. Combined with the results of theoretical calculation, heterocyclic 
loop opening is the main pathway of MIT degradation. Finally, the 
present study provides a rapid and eco-friendly alternative for cathode 
preparation with outstanding activity and stability for the heteroge
neous EF process. The proposed possible pathways for MIT degradation 
can inspire the mechanism study of related electrochemical reactions. 
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