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A B S T R A C T   

In this work, the ferrous (Fe2+) and graphitic N modified graphene-based composite cathode 
materials (N-rGO/Fe3O4) were developed through an in-situ reduction method, aiming to facil-
itate the two-electron pathway in the oxidation-reduction process. This approach generated a 
specific concentration of H2O2, enabling the construction of a sediment bio-electro-Fenton system 
using Fe2+ released from the cathode materials. Notably, this system operates without the need 
for proton exchange membranes. During the cathode material preparation, the utilization of Fe2+

as a reduction agent for graphene oxide (GO), triggered ammonia water to form graphitic N in 
graphene sheets. This addition enhanced the two-electron pathway, resulting in increased H2O2 
production. Specifically, when the Fe2+ concentration was maintained at 0.1 mol/L, precise 
preparation of N-rGO/Fe3O4 occurred, leading to a maximum output voltage of 0.528 V and a 
maximum power density of 178.17 mW/m2. The degradation of methyl orange (MO) reached 
68.91% within a 25-h period, a phenomenon contributed to the presence of graphitic N in the 
graphene sheets. H2O2, a byproduct of the two-electron pathway in cathode oxidation reduction 
reaction, played a crucial role in constructing the bio-electro-Fenton system. This system, in 
conjunction with Fe2+ released from N-rGO/Fe3O4, facilitated the complete degradation process 
of MO.   

1. Introduction 

The bioelectrochemical system (BES), a technology demonstrating significant practical potential, comprises anode and cathode 
reaction regions, and/or a separation membrane, functioning in microbial fuel cell (MFC) and microbial electrolysis cell (MEC) modes. 
These modes convert the biomass energy stored in the organic matter into electricity [1,2], with MFC generating electricity during 
organic matter degradation. Various MFC structures, such as dual-chamber MFC [3], plant MFC [4], air cathode MFC [5], sediment 
MFC (SMFC) [6], has been researched. In cathodes utilizing O2 as an electron acceptor two distinct oxygen reduction reaction (ORR) 
mechanisms exist [7]: a four-electron pathway involving a direct reaction among O2, electrons and protons, and a two-electron 
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pathway leading to hydrogen peroxide production with a high overpotential [2,8]. Significantly, the utilization of a separation proton 
exchange membrane (PEM) is deemed unnecessary for SMFC due to its potential to shorten the lifespan of the reactor. 

While previous studies indicated that electricity generation in SMFC can be enhanced by increasing multiple anodes, which can 
strengthen the anode surface area, and reducing the distance between anodes and optimizing their spatial arrangement, sediment 
characteristics also significantly influence SMFC performance and microbial community structure [9]. The choice of anode and 
cathode materials plays a crucial role in SMFC performance, leading to extensive researches on new materials, such as Fe(III) oxide [10, 
11], graphene-based materials [12] and carbon nanotube [13,14], etc. The different cathodic materials can drive either two or four 
electron transfer pathways. In addition, the accumulation of electrons in the cathode reaction region via the external circuit provides 
an opportunity to construct the electro-Fenton (E-Fenton) process when the H2O2 is present in the cathode region with Fe2+ as catalyst 
[15]. This SMFC-driven E-Fenton process, termed bio electro-Fenton system (Bio-E-Fenton), offers continuous degradation of 
bio-refractory organics, including antibiotics [16], polychlorobiphenyls [17], azo dye [18], etc. 

However, azo dyes pose a common environmental pollutant challenge in dye manufacturing and the paint industry, with pollution 
severity increasing due to rapid economic development. Advance oxidation process (AOP), including photochemical oxidation [19], 
catalytic wet oxidation [20], sonochemical oxidation [21], ozone oxidization [22], Fenton oxidation [23] and electrochemical 
advanced oxidation [24,25], are considered efficient technologies for azo dye treatment. Nevertheless, the high cost limits the practice 
application of AOPs in industrial manufacture. The Bio-E-Fenton system, derived from AOPs, enables the degradation of refractory 
organics in the dual microbial fuel cell [15]. Bio-electro-Fenton (BEF) systems have been studied as a promising technology to achieve 
environmental organic pollutants degradation and bioelectricity generation [26]. A novel bio-electro-Fenton system was developed 
with dual application for the catalytic degradation of tetracycline antibiotic in wastewater and bioelectricity generation. The system 
was able to achieve up to 99.04 ± 0.91% tetracycline degradation after 24 h under optimal conditions [27]. Despite the advantages of 
this technology, there are still problems to consider including low production of current density, chemical requirement for pH 
adjustment, iron sludge formation due to the addition of iron catalysts and costly materials used [26,28]. 

In this work, we synthesized the 3D magnetic graphene material, characterized by its graphitic nitrogen content, to effectively 
enhance the two-electron pathway. This study aims to the decolor and degradation of methyl orange (MO), a representative azo dye, 
within the SMFC system. Furthermore, the bacterial species of anode and cathode colonies was also investigated, contributing to the 
understanding of microbial dynamics in this unique bioelectrochemical system. This work not only contributes to the advancement of 
bioelectrochemical systems, but also introduces a promising avenue for addressing environmental challenges associated with azo dye 
pollution. 

2. Materials and methods 

2.1. Chemicals and materials 

Carbon felt (CF) was purchased from Sichuan Junrui carbon fiber material Co. Ltd. Polymeric sponge (PS) was purchased from 
Dongguan Junfeng rubber & plastic sponge Co., Ltd. All chemicals, meeting analytical grade standards, were obtained from Shanghai 
Aladdin biochemical technology Co., Ltd. Throughout the experiment, de-ionized water was employed. 

2.2. Pretreatment of anode electrode 

The CF, serving as anode electrode, underwent pretreatment and was subsequently cut into 4.5 cm × 4.5 cm pieces. The CF pieces 
underwent ultrasonication in propyl alcohol, ethyl alcohol and deionized water for 30 min each. Subsequently, they were dried under a 
vacuum at 60 ◦C overnight. 

2.3. Cathode electrode fabrication 

Graphite oxide was synthesized using a modified Hummer’s method as the previous articles [3]. Specifically, graphite oxide 
powder was dispersed and ultrasonicated in 100 mL of deionized water for 12 h. Then, the dispersion was centrifuged for 20 min at 
4000 r.p.m. to remove the unexfoliated graphite oxide particles. And then, the suspension solution of graphene oxide (GO) should be 
obtained. 

PS, as the skeleton of the cathode materials, was cut into 5.0 cm × 5.0 cm pieces, which was immersed into 1 mg/L GO dispersion 
solution for 30 min, and dried in the air. This process should be repeated three times to enhance the load of GO in PS skeleton. And 
then, PS pieces were soaked into 0.5 M FeCl2 solution and heated in water bath at 80 ◦C for 12 h to reduce GO to reduced graphene 
oxide (rGO). When the solution cooled down to room temperature, ammonium hydroxide was used to adjust the pH value of this 
solution to 11, which was sealed and heated in water bath at 90 ◦C for 6 h. After washing the PS skeleton multiple times, the graphite 
nitrogen modified magnetic graphene can be obtained, marked as rGO/Fe3O4. With the different pH value (pH = 5, 7 and 11), the 
products were α-FeOOH, β-FeOOH and Fe3O4, marked as N-rGO/α-FeOOH, N-rGO/β-FeOOH and N-rGO/Fe3O4, respectively. 

To examine the influence of the magnetic material (Fe3O4) ratio in the composite material on the removal efficiency of MO by 
SMFC, various FeCl2 concentrations (Fe2+ = 0, 0.01, 0.05, 0.1, and 0.2 mol/L) were utilized to prepare N-rGO/Fe3O4. These are 
denoted as Fe0, Fe10, Fe50, Fe100, and Fe200, respectively. 
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2.4. Construction and operation of SMFC 

SMFC was assembled with a cylindrical container (φ150 mm × 250 mm), consisted of two layers as schematically shown in Fig. 1. 
The top of SMFC was the cathode, in which the oxygen reduction reaction among the electrons, O2 and organic matter was occurred on 
the surface of rGO/Fe3O4 electrode. The lower section of the SMFC primarily consists of the graphite felt serving as the anodic 
electrode, securely buried in the organic sediment sludge sourced from the Dai River in Qinhuangdao, Hebei Province, China. This 
arrangement is designed to prevent the inhibitory effects of oxygen diffusion from the cathode chamber on the electricity-producing 
microorganisms. The thickness of the sediment was 15 cm, and 500 mL 10 mg/L MO solution was added into the container, which was 
based on a balance between ensuring a measurable impact on the system while maintaining a practical relevance to environmental 
scenarios. There is a graphite felt and a rGO/Fe3O4 modified PS under/above the solid-liquid interface 10 cm and 5 cm, respectively. 
These anode and cathode electrodes should be connected by copper wire with a 1000 Ω external resistance. The cathode part SMFC 
was continuously aerated at 100 mL/min to supply enough oxygen as the terminal electron acceptor. All SMFCs in this study were 
operated at 35 ± 1 ◦C which had little effect on electricity generation. 

2.5. Characterization methods 

The detection of H2O2 was carried out using the dimethoxyphenol (DMP) spectrophotometric method [29]. The methyl orange 
(MO) solution was also analyzed using spectrophotometry [30]. The determination of total iron and ferrous iron concentrations was 
carried out using the ortho-phenanthroline spectrophotometric method [31]. 

The voltage of SMFC (U) was monitored every 1 min across a 1000 Ω load (Rex) by a 16-channel data acquisition system (LR6116A, 
Sino Measure Automation Tech, Co., Ltd., Hangzhou, China). Open circuit potential (OCP) was recorded during the stable electricity 
generation period. Current (I) can be calculated according to the Ohm’s Law (U––IR), where R is the fixed external resistance in the 
circuit. The voluminal power density (W/m3) and current density (A/m3) were normalized by the working volume of the anode 
chamber according to the basic electrical relation. The polarization and power density curves were determined by changing the 
external resistance from 20 kΩ to 50 Ω. Stable voltages were recorded at 30 min intervals to evaluate the electricity output of the MFCs. 

The microstructure and morphology of N-rGO/Fe3O4 modified PS were analyzed with scanning electron microscopy (SEM; Phenom 
pro). The Brunauere-Emmette-Teller (BET) surface area and porosity of the samples were evaluated based on nitrogen sorption iso-
therms, which were measured at 77 K using an automatic adsorption instrument (Micromeritics, 3H-2000PM2, Beijing). The surface 
elements of these materials were detected by X-ray photoelectron spectroscopy (XPS, Thermal Scientific ESCALB 250Xi spectrometer, 
USA), and the XPS data was fitted by the software of XPS Peak 4.1. 

2.6. High-throughput sequencing 

To investigate changes in the microbial community before, during stable operation, and after the operation of the bio-electro- 
Fenton system, samples were extracted at various stages, including the pre-operation phase, stable operational phase, and post- 
operation phase, specifically focusing on the microbial community changes in the anodic biofilm. Following extraction, the sam-
ples underwent centrifugation for 5 min at 4000 g, and the supernatant was discarded. The samples were then stored at − 20 ◦C prior to 
DNA extraction. DNA extraction was performed using the E.Z. N.A. Soil DNA Kit (OMEGA, D5625-01, USA) according to the 

Fig. 1. Schematic illustration of sediment microbial fuel.  
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manufacturer’s instructions. Subsequently, 30 ng of sludge was utilized, and the V3–V4 region of the bacterial 16S rRNA gene was 
amplified by PCR. After electrophoresis, target pure PCR products were obtained by cutting bands from 0.8% (w/v) agarose gels. DNA 
purification was carried out using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.), following the 
manufacturer’s guidelines. DNA quantification was conducted using QuantiFluor™-ST (Promega, U.S.). The DNA fragments were then 
subjected to the preparation of adapters with tags, followed by ligation. The library was enriched through PCR amplification. Illumina 
MiSeq platform-based DNA sequencing of the library (10 nM) was performed in accordance with standard protocols and conducted by 
Shanghai Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). 

3. Results and discussion 

3.1. Microstructure characterization of the cathode material 

The morphologies of N-rGO, N-rGO/α-FeOOH, N-rGO/β-FeOOH and N-rGO/Fe3O4 were examined using scanning electron mi-
croscopy (SEM). In Fig. 2(a), the crumpled and thin structures were typical of rGO, prepared by the modified Hummer’s method. Due 
to the quantity variance of NH3‧H2O with different pH value, nitrogen-modified rGO with three different iron compounds, like 
α-FeOOH, β-FeOOH and Fe3O4, were produced. At a pH value of 5, petal-like lamella α-FeOOH grew on the surface of N-rGO (Fig. 2(b)). 
As the pH value increased to 7, numerous N-rGO/β-FeOOH particles appeared on the surface of rGO sheets (Fig. 2(c)). In contrast, 
Fe3O4 nanoparticles were formed and evenly distributed on the surface of N-rGO nanosheet when the pH value reached 11 (Fig. 2(d)), 
consistent with the specific surface area of N-rGO/Fe3O4. According to the International Union of Pure and Applied Chemistry (IUPAC) 
[32], the Brunauer-Emmmerr-Teller (BET) specific surface area of these samples, determined based on the nitrogen isothermal 
adsorption curve (Fig. 3), is as follows: N-rGO (106.092 m2‧g− 1), N-rGO/α-FeOOH (83.412 m2‧g− 1), N-rGO/β-FeOOH (47.275 m2‧g− 1), 
and N-rGO/Fe3O4 (133.680 m2‧g− 1). The hysteresis loops (Type H3) indicate the plate-like particle aggregates (N-rGO/α-FeOOH), 
leading to slit-shaped pores (N-rGO/β-FeOOH and N-rGO/Fe3O4). The structural changes observed in these materials should be 
contributed to the variation in the quantity of NH3‧H2O at different pH value, influencing the production process. To investigate the 
surface compositions of these materials, XPS spectrums were examined, as shown in Fig. 3(e–h). The analysis revealed that 
N-rGO/Fe3O4 contained C (56.23%), N (6.64%), O (32%) and Fe (5.12%). The high-resolution C 1s spectrum of N-rGO/Fe3O4 
exhibited two major components corresponding to C–C (284.5 eV) and C––N (285.0 eV) [33]. Peaks at binding energies of 530.5 eV 
and 533.0 eV were assigned to O––C–NH2 and O–C, respectively (Fig. 3(f)). Additionally, two sub-peaks at 398.7 eV (Fe-Nx) and 401.5 
eV (graphitic N) were observed. The presence of Fe–N bonding (398.7 eV) in the high-resolution N 1s XPS spectrum demonstrated the 
formation of Fe-Nx group in N-rGO/Fe3O4 (Fig. 3(g)), suggests successful doping of nitrogen in the reduced graphene oxide (rGO) and 
the formation of Fe-Nx active sites, which are crucial for enhancing the electrocatalytic activity of the material. The Fe-Nx sites can 
significantly improve the material’s performance in various applications, such as energy storage and conversion, catalysis, and 

Fig. 2. SEM images of N-rGO (a), N-rGO/α-FeOOH (b), N-rGO/β-FeOOH (c) and N-rGO/Fe3O4 (d).  
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Fig. 3. Nitrogen isothermal adsorption curves of N-rGO (a), N-rGO/Fe3O4, (b) N-rGO/α-FeOOH (c), and N-rGO/β-FeOOH (d); High-resolution XPS 
spectrum of N-rGO/Fe3O4 (insert of e) with C1s (e), O1s (f), N1s (g) and Fe 2p (h). 
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environmental remediation [34,35]. Similarly, the binding energy peaks at 710.2 and 724.3 eV were corresponding to Fe 2p3/2 and Fe 
2p1/2 [36], respectively. The absence of the charge transfer satellite peak at 717 eV indicated the formation in mixed oxides of Fe(II) 
and Fe(III) such as Fe3O4 [37,38]. In addition, XPS spectrums of N-rGO, N-rGO/α-FeOOH and N-rGO/β-FeOOH were also measured, 
and the nitrogen content of N-rGO, N-rGO/α-FeOOH and N-rGO/β-FeOOH were 3.13%, 5.28% and 6.08%, respectively (Fig. SI 1-3). 

3.2. The electricity generation performance of bio-electron Fenton system 

To explore the electricity generation performance of these SMFCs equipped with a kind of bio-electron Fenton system, marked as N- 
rGO/α-FeOOH, N-rGO/β-FeOOH and N-rGO/Fe3O4, these reactors were operated using inoculum from the bottom mud of Dai River, 
Qinhuangdao, Hebei province, China. These SMFCs reactors were initiated in an open circuit with a rapid start-up speed. Subsequently, 
1000 Ω external resistances applied to the closed circuits of each reactor. As depicted in Fig. 4(a), the voltage of these reactors 
increased significantly after 10 days of operating and stabilized after 20 days. The stable voltage for N-rGO/α-FeOOH, N-rGO/β-FeOOH 
and N-rGO/Fe3O4 were 0.482, 0.500 and 0.528 V, respectively. The long-term electricity generation stability (LEGS) is a critical 
parameter for assessing the stability of electricity generation. It is defined as the duration required for the system to stabilize within a 
20% amplitude range of the maximum voltage during a stable operational period [3]. The LEGS of N-rGO/Fe3O4 was 90 h, surpassing 
that of N-rGO/α-FeOOH (20 h) and N-rGO/β-FeOOH (40 h) by 4.5 times and 2.5 times, respectively. After 60 days of operation, the 
voltage of N-rGO/α-FeOOH, N-rGO/β-FeOOH suddenly dropped down, leading to a low maximum power density. As shown in Fig. 4 
(b), the maximum power density was 178.17 mW/m2, exceeding N-rGO/α-FeOOH (60.3 mW/m2) and N-rGO/β-FeOOH (98.2 mW/m2) 
by 2.9 times and 1.8 times, respectively. Moreover, the internal resistance of N-rGO/α-FeOOH, N-rGO/β-FeOOH and N-rGO/Fe3O4 was 
1050, 1200 and 350 Ω, indicating that the higher catalytic activity than N-rGO/α-FeOOH and N-rGO/β-FeOOH. In addition, the steeper 
polarization slope in N-rGO/Fe3O4 compared to N-rGO/α-FeOOH and N-rGO/β-FeOOH suggested that a higher current density of 
N-rGO/Fe3O4 might imply a better reaction catalyst activity and electron transfer rate. 

3.3. Degradation of MO with bio-electron Fenton system 

As depicted in Fig. 5, the degradation of MO was evident, with similar curves observed for all three materials. In this experiment, 
the initial concentration of MO was 10 mg/L for each bio-electronic Fenton system. The concentration of the cathodic liquid was then 
monitored at 2-h intervals to illustrate the MO degradation, as shown in Fig. 5 (a). The concentrations of MO exhibited a steep decline 
in the first 5 h, followed by a steady decrease over the next 25 h. This suggested that the MO, as an azo dye, could be function as an 
electron acceptor, particularly when the MO concentration reached a certain level. Noticeable variations in the degradation perfor-
mance of methyl orange (MO) among different materials in the Sediment Microbial Fuel Cell (SMFC) become apparent within the 
initial 75 h of operation. N-rGO/Fe3O4 achieved a degradation rate of 68.9%, slightly higher than N-rGO/α-FeOOH (65.5%) and N- 
rGO/β-FeOOH (61.5%). To verify that the degradation of MO should be contributed to the bio-electron Fenton reaction of cathode 
materials, rather than the adsorption function of anode sediment, the contrast experiments were conducted between the open and the 
closed circuit. Specifically, one set of the experiments were connected a 1000 Ω external resistance in the closed circuit, and the other 
was cut off the circuit. As shown in Fig. 5(b), the removal rate of N-rGO/α-FeOOH, N-rGO/β-FeOOH and N-rGO/Fe3O4 with the open 
circuit was all changed slightly within 80 h. However, it was significantly function to degrade the MO when the circuit was closed, 
indicating that the adsorption of anode sediment played a limited or negligible role in MO degradation. 

Fig. 4. System power generation performance of three cathode materials: system electricity generation diagram (a), and polarization curve and 
power density (b). 
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3.4. The functional mechanism of magnetic graphene 3D materials 

The bio-electron Fenton system, a facet of the microbial fuel cell technology, combined Fenton technology, electrochemical 
technology and biotechnology, offering a unique advantage in degrading refractory organic matter. The electricigens in the anode 
sediment, especially inside the anode material, can decompose organic matter, generating proton and equivalent electron. In detail, 
electrons flow through the external circuit, where they participate in the cathodic reaction with the proton moving through the solid- 
liquid interface between the anode sediment and cathode liquid. When oxygen serves as the acceptor, two kinds of oxidation reduction 
reaction (ORR) occurred. One is the four-electron pathway, in which the direct reaction can proceed among O2, electrons and protons 
as shown in Equation (a). And the other is the indirect reaction with the product, H2O2, in the two-electron pathway as seen in Equation 
(b). So, the concentration of H2O2 and iron ions should be measured to indicate the reaction activity of the bio-electron Fenton system. 
The Fenton reaction processes were shown as Equation (b) and (c). However, there were many adverse reactions occurred in these 
processes, like Equation (d-h). The pH can also influence the selectivity between the two-electron (2e− ) and four-electron (4e− ) oxygen 
reduction reaction (ORR). ORR experiments include the pH dependences of 2e− versus 4e− ORR selectivity [39].  

O2 + 4H+ + 4e− → 2H2O EӨ = 1.229 V (vs SHE)                                                                                                                        (a) 

Fig. 5. Two degradation stages of MO by three bioelectric Fenton systems: the adsorption process of sediment (a), and the degradation process of 
bio-E-Fenton system (b). 

Fig. 6. H2O2 yield (a) and the released Fe curves (b) of various cathode materials.  
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O2 + 2H+ + 2e− → H2O2 EӨ = 0.670 V (vs SHE)                                                                                                                         (b)  

H2O2 + Fe2+ → Fe3+ + ⋅OH + OH− (c)  

2H2O2 → 2H2O + O2                                                                                                                                                                (d)  

H2O2 + 2H+ +2e− → 2H2O                                                                                                                                                       (e)  

Fe3+ + e− → Fe2+ (f)  

Fe3+ + H2O2 → Fe2+ + HO2⋅ + H+ (g)  

Fe3+ + HO2⋅ → Fe2+ + O2 + H+ (h) 

To explore the catalytic activity of the cathode materials, the yield of H2O2 was measured for N-rGO/α-FeOOH, N-rGO/β-FeOOH 
and N-rGO/Fe3O4 using the DMP method. As shown in Fig. 6(a), there was a consistent trend of H2O2 yield, with a rapid initial increase 
within the first 40 h. The maximum H2O2 yield of N-rGO/α-FeOOH and N-rGO/Fe3O4 was 1.42 mg/L and 1.53 mg/L, respectively, 
reached at the 45th hour, which was 10 h earlier than that of N-rGO/β-FeOOH (1.09 mg/L). In addition, the concentration of ferrous 
ions increased throughout the operation. When the released Fe2+ attained a balance with the in situ produced Fe2+, the concentration 
of ferrous would be fluctuated in small range. The total iron concentration was remained at a stabilized level, correlating with the 
initial concentration of Fe2+ during material preparation, as evident in Fig. 6(b). It was notable that both the concentration of Fe2+ and 
H2O2 yield for N-rGO/Fe3O4 were both higher than that for N-rGO/α-FeOOH and N-rGO/β-FeOOH. 

To investigate the effect of magnetic material (Fe3O4) ratio in composite material proportion on the removal performance of MO by 
SMFC, the electricity generation performance was assessed within the SMFC cathode range, varying Fe2+ concentration. Results shown 

Fig. 7. Polarization curve and power density (b), the MO degradation rate (b), the released Fe (a) and H2O2 yield curves (b) of cathode materials 
with various Fe2+ in bioelectric Fenton systems. 
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that the maximum power density at different Fe2+ concentration (Fe2+ = 0, 0.01, 0.05, 0.1 and 0.2 mol/L) was 40.03, 46.09, 82.37, 
121.88 and 66.83 mW/m3, respectively. This suggests that the inclusion of Fe2+ as a modified element in cathode material significantly 
influenced SMFC electricity generation, as shown in Fig. 7(a). When the concentration of Fe2+ was up to 0.1 mol/L, the open circuit 
voltage (OCV) was 0.48 V with a high electricity generation stability (Fig. SI 4). Meanwhile, the removal rate of MO in SMFC cathode 
materials with different Fe2+ concentration was explored, lasting for 70 h as shown in Fig. 7(b). With Fe2+ concentration increased, the 
degradation rate of MO firstly increases and then drops, suggesting that Fe2+ was of great significance to produce H2O2 and degrade the 
MO in cathode range, and the most suitable concentration of Fe2+ was 0.1 mol/L. Furthermore, the concentration of ferrous and H2O2 
in catholyte was measured as shown in Fig. 7(c and d). It was observed that the ferrous ions could be detected in catholyte without the 
Fe2+ (Fe2+ = 0 mol/L) in the cathode material, which was ascribed to the diffusion effect from the sediment to the catholyte, and the 
hydrogen peroxide was produced in a low level, indirectly indicating these new materials could promote the hydrogen peroxide. 

In addition, with Fe2+ concentration increased, more Fe2+ ions were released from the cathode materials to the catholyte. When the 
initial Fe2+ added into GO dispersion solution was 0.1 mol/L, the ferrous concentration in catholyte was similar to that of 0.2 mol/L, 
indicating that 0.1 mol/L Fe2+ ions could exactly reduce 1 mg/L GO to rGO. Consequently, the Fe2+ ions released from the cathode 
materials and H2O2 generated in catholyte together constituted Fenton system. Graphic nitrogen played an important role in the 
production of H2O2. In order to produce Fe3O4, which exhibited optimal performance in electricity generation and the degradation of 
MO in SMFC, the pH value of these cathode materials during preparation process were all adjusted to 11, except for the blank group 
(Fe2+ = 0 mol/L). In the absence of Fe2+ ions in the blank group, the electricity generation process leaned towards the four-electron 
pathway (Equation (a)), leading to a high voltage (the average voltage was 0.55 V in Fig. SI 4). With Fe2+ concentration increasing, the 
dosage of ammonia water was increased. When the concentration of Fe2+ was 0.1 mol/L, the dosage of FeCl2 was equal to ammonia. 
From Fig. 7(d) we can know, the H2O2 production in the cathode materials increased at first and then reduced (Fe2+ = 0.1 mol/L) along 
with the increase of Fe2+ ions. The production of H2O2 in the cathode materials in a bio-electro-Fenton system driven by SMFC can be 
influenced by the concentration of Fe2+ ions. Initially, as the concentration of Fe2+ ions increase, the production of H2O2 also increases. 
This is because Fe2+ ions can react with H2O2 to produce hydroxyl radicals via the Fenton reaction [26]. This reaction is beneficial for 
the degradation of organic pollutants and can enhance the performance of the SMFC [26]. However, as the concentration of Fe2+ ions 
continue to increase, the production of H2O2 may decrease. This could be due to several reasons: (1) At high concentrations of Fe2+, the 

Fig. 8. SEM images of the anodic deposits in SMFC with N-rGO/Fe3O4 as anode material: rod-shaped bacteria (a and b), filamentous bacteria (c) and 
nanowires(d). 

M. Sun and C. Wang                                                                                                                                                                                                  



Heliyon10(2024)e24772

10

Fig. 9. Top 10 microbial community structures at the phylum level (a) and class level (b), and hierarchical clustering heatmap of the top 35 species at the genus level (c).  
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reaction may reach a saturation point, beyond which additional Fe2+ ions do not contribute to an increase in H2O2 production [40]; (2) 
High concentrations of Fe2+ ions can also lead to side reactions that consume H2O2, reducing its overall production [26]. (3) Excess 
Fe2+ ions can lead to catalyst poisoning, where the active sites on the catalyst surface are blocked, reducing the efficiency of the 
reaction [41]. In addition, the pH plays a pivotal role in influencing H2O2 production, MO degradation, and the selectivity of electron 
pathways in a bio-electro-Fenton system driven by SMFC. Monitoring the pH behavior in the cathode is crucial for a comprehensive 
understanding of these processes. The pH of the solution significantly impacts H2O2 production and MO degradation in a 
bio-electro-Fenton system powered by a sediment microbial fuel cell (SMFC) [39]. Additionally, the pH of the solution is a key factor 
affecting the production of H2O2, and the catalysts’ performance is highly dependent on electrolyte pH values [42]. The formation rate 
of H2O2 remains constant between pH 2 and 7 but increases exponentially above pH = 8 [43]. Furthermore, the degradation of MO is 
favored with increased catalyst loading and reaction time. 

3.5. Succession of microbial community structure 

After achieving stable operation of the bio-electro-Fenton system, we conducted an observation and analysis of the morphology and 
ecology of microorganisms on the anode membrane surface using scanning electron microscopy (SEM). The SEM images in Fig. 8 
illustrated the microbial colony morphology on the anode electrode surface, revealing that rod-shaped bacteria predominantly cover 
the electrode surface. This observation signified the development of a biofilm structure where microorganisms from the sludge made 
direct contact with the electrode (Fig. 8(a) and (b)). The biofilm, composed of numerous microbial colonies, indicated that a higher 
microbial content enhances the system’s capability to decompose organic matter in the sediment, converting more chemical energy 
into electricity. This strengthened the overall bio-electro-Fenton reaction. Furthermore, Fig. 8(c) highlighted the formation of 
abundant nanowire-like structures, often referred to as “nano-wires” (Fig. 8(d)), between microorganisms. These nano-wires played a 
crucial role in facilitating electron transfer between microorganisms, effectively boosting the voltage of the bio-electro-Fenton system. 

To explore the dynamic shifts in the anodic microbial community structure within the Bio-electro-Fenton system, a comparative 
analysis was conducted at the phylum, class, and genus levels for the original sludge (Original), anodic sludge during system operation 
(Operation), and anodic sludge after system shutoff (Shutoff). This investigation aimed to scrutinize and analyze microbial fluctuations 
and the succession of dominant bacterial groups during different operational stages of the Bio-electro-Fenton system. The Venn dia-
gram visually represented the unique and shared microbial species among the samples. Fig. SI 5 illustrates the Venn diagram for the 
anodic sludge at the three stages, revealing a total of 1866 operational taxonomic units (OUTs) across all samples. The Original sludge 
contained 1205 OUTs, Operation sludge had 1075 OUTs, and Shutoff sludge had 655 OUTs. Among these, 223 OUTs were common to 
all three stages, indicating alterations in microbial community structure with the initiation of system operation. The replacement of 
azo dye as the catholyte post system initiation created a new environment for microorganisms, instigating changes in the community 
structure. 

The relative abundance plot was constructed based on species annotation results, featuring the top 10 species with the highest 
abundance at the phylum level in a cumulative bar chart. Fig. 9(a) depicted the relative abundance of microbial community structures 
at the phylum level for original sludge sediment, sludge during the startup phase, and sludge after the system’s operation concludes. 
Previous studies[44,45] had indicated Actinobacteria as the predominant microorganisms in riverbed sediment. As seen in Fig. 9(a), 
Actinobacteria dominate the original sludge sediment, constituting 54.99% of the total microbial population. However, as the microbial 
system initiates, the abundance of Actinobacteria gradually decreased, nearly disappearing when power generation stabilized until the 
system concludes. Conversely, the abundance of Proteobacteria and Firmicutes, recognized as major electricity-generating microor-
ganisms[46], increased. Upon stabilization of power generation, Proteobacteria exhibited the highest detected quantity, followed by 
Bacteroidetes and Firmicutes, constituting 48.54%, 21.56%, and 4.47% of the total detected quantity, respectively. 

At the class level, the relative abundance bar chart for the top 10 OUTs was shown in Fig. 9(b). The figure highlighted that after 
system initiation, Deltaproteobacteria, Alphaproteobacteria, and Gammaproteobacteria from the phylum Proteobacteria, along with 
Bacteroidia, Clostridia, and Mollicutes from the phylum Firmicutes, exhibited higher relative abundance in the samples. These classes 
were known to be electricity-generating bacteria[44]. Following system startup, Gammaproteobacteria, as the most significant 
electricity-generating bacteria, experienced a reduction in relative abundance from the initial 18.32%–8.59% during environmental 
adaptation, only to increase to 39.71% after full adaptation. When power generation stabilizes, the quantity of known 
electricity-generating ordered in the anodic membrane increases from 33.41% in the original sludge to 71.24%, contributing to the 
system’s improved electricity-generating performance by providing an ample supply of electrons for the Bio-electro-Fenton process. 

Heatmap analysis involved annotating and quantifying species at the genus level for all microbial samples, using a maximum value 
sorting method. The top 35 genera were selected based on their abundance in each sample, and a heatmap was generated to visually 
observe differences in microbial composition among samples. Fig. 9(c) illustrated the genus-level clustering of microbial species in the 
anodic biofilm taken from the system’s original sediment sludge, during startup, and after stable system operation. The horizontal axis 
represented sample codes, while the vertical axis displayed genus annotation information, including the top 35 OUTs at the genus level 
in terms of relative abundance. The figure highlighted substantial differences in detected microbial species among the three stages. 
With the initiation of the system, certain initially dominant genera gradually disappeared, and after stable operation, the most pre-
dominant genus, Geobacter, emerged. Geobacter is a typical exoelectrogenic bacterium [47], capable of directly producing extracellular 
electrons through the oxidation of organic compounds at the anodic electrode. Additionally, it acted as a reductive bacterium for 
insoluble iron oxides, contributing to the reduction of Fe3+ [48]. Geobacter can also oxidize aromatic compounds, indicating its po-
tential for the remediation of riverbed sediment. 

Another advantageous electrogenic bacterium was Shewanella, which thoroughly oxidizes organic acids in the environment. 
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Complementing the information in class level, Clostridia, which utilized sugars and proteins as carbon sources to produce organic acids, 
were supplemented by Shewanella, which oxidizes the metabolites of Clostridia. The presence of these two bacteria is highly beneficial 
for the electrogeneration process. 

4. Conclusion 

The 3D magnetic graphene material, a kind of graphitic nitrogen material, was prepared to enhance the two-electron pathway, 
which was beneficial to the bio-electron Fenton system. In the preparation process of the cathode materials, Fe2+ as a reduction agent 
of GO, could trigger ammonia water to form graphitic N in graphene sheets, which could enhance the two-electron pathway to produce 
H2O2.As cathode material of the bio-electron Fenton system, the maximum output voltage and the maximum power density of N-rGO/ 
Fe3O4 was 0.528 V and 178.17 mW/m2. Meanwhile, the MO removal rate was up to 68.91% within 25 h, which should be contributed 
to the higher concentration of Fe2+ and H2O2 yield of N-rGO/Fe3O4. Hence, the 3D magnetic graphene material cathode (N-rGO/ 
Fe3O4) can increase the output voltage and strengthen the catalytic activity of bio-electron Fenton system. Upon system initiation, 
Actinobacteria in the anodic sediment diminishes, making way for an increase in Proteobacteria, Bacteroidetes, and Firmicutes. These 
become dominant, constituting 71.24% of electrogenic bacteria post-stable operation. Their prevalence significantly contributes to 
organic matter degradation, boosting extracellular electron production. This abundance enhances the bio-electro-Fenton process, 
particularly aiding Methyl Orange (MO) degradation in the cathodic region. This study demonstrated the effectiveness of the 3D 
magnetic graphene material cathode in the removal of Methyl Orange (MO). Subsequent research should focus more on the mechanism 
of MO degradation by the Bio-electro-Fenton system, laying the foundation for future practical applications. The application of 
Sediment Microbial Fuel Cells (SMFCs) in conjunction with synthesized magnetic graphene materials presents a novel approach for not 
only efficient Methyl Orange (MO) degradation, but also harness energy from microbial activity. This has direct implications for the 
remediation of water bodies contaminated with organic pollutants, contributing to environmental sustainability. 
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