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INTRODUCTION 

 

The increasing intensity of environmental pollution and 

the energy crisis have led the investigators to explore 

sustainable, renewable methods for next-generation 

energy conversion and storage technologies. Microbial 

fuel cell reactor (MFCR) has emerged as a propitious 

technology for addressing both environmental pollution 

and energy scarcity (Soleimani et al., 2023; Moham-

madi et al., 2023). These bio-electrochemical devices 

operate by harnessing the metamorphic activity of mi-

croorganisms to decompose organic pollutants in water 

while simultaneously generating electricity (Pan et al., 

2023). In a dual-chamber MFCR, the anode hosts mi-

crobial communities that break down organic matter, 

releasing electrons and protons. These charge carriers 

are transferred to the cathode, where they participate in 

the oxygen reduction reaction (ORR) (Khater et al., 

2024). Most MFCRs are operated at neutral pH to sup-

port optimal bacterial growth. However, these condi-

tions pose a challenge for power generation, as the low 

hydrogen ion (H⁺) concentration leads to sluggish ORR 

kinetics. In this context, the cathode catalyst plays a 

pivotal role in determining MFC performance, as it di-

rectly influences the rate of electrical current production 

through the ORR (Pan et al., 2022; Scharf et al., 2022). 

Although platinum-based materials have long been 

favored due to their ability to reduce overpotential and 

enhance ORR kinetics, their high cost, limited stability, 

and susceptibility to poisoning hinder their practical and 

sustainable application in MFCR (Nandikes et al., 

2022). As a result, significant research efforts have 

been dedicated to developing low-cost, stable, and 

efficient alternative electrocatalysts to replace platinum, 
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thereby improving MFC performance and facilitating 

broader implementation in wastewater treatment and 

renewable energy generation (Dessie et al., 2022). 

Recent advancements in transition metal alloys have 

significantly improved their chemical and electronic 

properties, particularly in the development of non-

precious iron (Fe)-based electrocatalysts to enhance 

electrooxidation kinetics (Zhou et al., 2020). However, 

Fe and Fe/Fe₃C nanoparticles have demonstrated po-

tential as functional sites for the oxygen reduction reac-

tion (ORR), Fe supported catalysts in MFCR face sev-

eral limitations, including poor stability, iron leaching, 

and diminished ORR activity under neutral pH condi-

tions (Gangadharan et al., 2021). To address these 

challenges, researchers have explored incorporating 

cobalt (Co) into Fe-based catalysts. The addition of Co 

induces a lower spin state in the iron center, which facil-

itates OH desorption and enhances ORR kinetics. Alt-

hough bimetallic Fe–Co catalysts exhibit improved per-

formance, they still encounter issues such as limited 

stability at neutral pH, incomplete oxygen reduction, 

and the formation of reactive intermediates that com-

promise efficiency and durability (Ma et al., 2021). 

To overcome these limitations, a trimetallic approach 

involving the incorporation of nickel (Ni) into Fe–Co 

catalysts has been investigated. The addition of Ni has 

shown to significantly enhance ORR activity, catalytic 

stability, and electron transfer efficiency in MFCR. 

Moreover, Ni promotes the favorable 4-electron ORR 

pathway, thereby reducing harmful peroxide formation 

and improving overall catalytic performance (Wang et 

al., 2023). This trimetallic strategy allows precise tuning 

of the adsorption potency and arrangement of ORR 

intermediates on the catalyst surface, offering a more 

effective approach than mono- and bimetallic systems 

for achieving superior intrinsic ORR activity. Therefore, 

developing FeCoNi trimetallic catalysts for the cathode 

represents a promising strategy to enhance ORR per-

formance in microbial fuel cells (Liu et al., 2019). 

Here, a series of trimetallic ORR catalysts comprising 

Fe, Co, and Ni was prepared by retorting a variety of 

these metals in a nitrogen (N₂) atmosphere. The study 

revealed that altering the Fe-to-Ni atomic ratio induced 

electron reallocation, with electrons transferring from Fe 

to Ni. This electron transfer played a prominent role in 

enhancing the catalytic activity of the trimetallic ap-

proach (Mercado et al., 2020). To address practical 

demands, forming a trimetallic alloy of Fe-Co-Ni on car-

bon substrates ensures excellent electrical conductivity 

and stability, positioning it as an efficient and economi-

cal electrocatalyst for slow electrooxidation processes. 

Experimental results emphasized the importance of 

embedded metal fragments and demonstrated the cata-

lytic advantages of the trimetallic composition in improv-

ing ORR efficiency. 

The carbon doped trimetallic catalyst exhibited superior 

performance compared to its mono- and bimetallic 

counterparts, primarily due to its interconnected net-

work structure, which exposed a greater number of 

active sites and enhanced overall catalytic activity 

(Bhat et al., 2024). Overall, the synthesized catalysts 

Fe₇₀Co₂₀Ni₁₀/C showed the highest ORR activity, at-

tributed to its amended inherent properties and in-

creased electrochemically dynamic surface area. Nota-

bly, when applied in MFCR, the Fe₇₀Co₂₀Ni₁₀ /C cathodic 

catalyst delivered a power density comparable to other 

reported non-precious-metal catalysts and commercial-

ly available Fe-, Co-, or Ni-based catalysts, while also 

exhibiting improved long-term stability. These findings 

underscore the potential of Fe₇₀Co₂₀Ni₁₀ /C trimetallic 

catalysts as cost-effective and efficient replacements to 

invaluable metal-supported catalysts for ORR invoca-

tions in sustainable energy systems (Jadhav et al., 

2024; Zhao et al., 2019). This study aimed to create a 

low-cost and durable Fe₇₀Co₂₀Ni₁₀ alloy catalyst on car-

bon that improves oxygen reduction in dual-chamber 

microbial fuel cells working at neutral pH. It focuses on 

optimizing the catalyst’s makeup and structure to boost 

its activity, stability, and ability to treat wastewater. The 

goal was to offer an effective non-precious-metal alter-

native to platinum catalysts for sustainable electricity 

generation and wastewater cleaning. 

 

MATERIALS AND METHODS 

 

Synthesis of Fe-Co-Ni/C Catalysts 

The assimilation of Fe-Co-Ni trimetallic catalysts in-

volves a dual-phase reduction strategy that combines 

chemical and heat treatments. Initially, hydrated nickel 

nitrate, ferric nitrate, and cobalt nitrate salts are disinte-

grated into deionized water and mixed with Vulcan XC-

72R carbon powder. The mixture is sonicated for 30 

minutes to ensure uniform dispersion and then stirred 

at 60 °C for 20 minutes. A 1 M NaBH₄ solution is aug-

mented to minimize the metal ions to their elemental 

states. The resulting catalyst predecessor is purified, 

washed with deionized water, and desiccated in a kiln 

about 60 °C for the sake of an hour. In the second 

stage, thermal reduction is carried out by treating the 

dried precursor under a hydrogen gas flow at 800 °C for 

10 hours to obtain Fe-Co-Ni trimetallic catalysts. An 

identical synthesis protocol was used to produce Fe/C, 

Fe-Co/C, and Fe-Ni/C catalysts, with variations only in 

the Fe, Co, and Ni molar ratios. Each catalyst had a 

40:60 metal-to-carbon weight ratio (Dey et al., 2020). 

 

Physical characterization 

The crystalline arrangement of the synthesized cathod-

ic catalysts was examined using X-ray diffractometer 

furnished with a wavelength of 0.154 nm of Cu Kα radi-

ation source. The surface morphology of the prepared 

catalysts was scrutinized by means of a scanning elec-
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tron microscope (Zeiss Ultra Plus) operated at 15 kV 

expedited voltage. X-ray photoelectron spectrometry is 

primarily used to analyze the elemental composition 

and electronic states of synthesized catalysts (Xie et 

al., 2017). 

 

Electrochemical characterization 

Electrochemical studies were carried out on a CHI-

6005E SN1077 workstation using a three-electrode 

cell. The working electrode was prepared by dispersing 

a catalyst (5 mg) in a 0.25 wt% Nafion-ethanol solution 

(3 ml), followed by ultrasonication for 2 hours. A 20 μL 

aliquot of consequential ink was added to a pre-

polished glassy carbon electrode (0.196 cm²), resulting 

in a catalyst loading of 0.40 mg/cm². Oxygen reduction 

reaction (ORR) activity was assessed using linear 

sweep voltammetry (LSV) at 10 mV/s across rotation 

speeds of 625–2025 rpm (Subhadarshini et al., 2023). 

All electrochemical measurements were performed in 

triplicate, and results are reported as mean ± standard 

deviation. Cyclic voltammetry (CV) was used to deter-

mine the double-layer capacitance (Cdl), which served 

as the basis for estimating the electrochemically active 

surface area (ECSA). The Cdl was derived from equa-

tion (1): 

Cdl          =       ic/v                                                    (1) 

Here,  ic - charge current density and  

v is the scan rate  

The ECSA was then calculated using the equation (2): 

ECSA     =      Cdl/Cs                                                                              (2)

Cs - specific capacitance  

Power density and polarization curves are key charac-

terization techniques for evaluating the electrogenesis 

capacity of sediment-based MFCRs. These measure-

ments are taken once the voltage output stabilizes at its 

peak. A range of external resistances (34,000 to 52 Ω) 

is applied in descending order, with each allowed a 10-

minute stabilization period. Anode and cathode poten-

tials are then recorded with a digital multimeter using a 

saturated Ag/AgCl (2 M KCl) electrode as the reference 

(Ishaq et al., 2024).  

Chemical Oxygen Demand (COD) is a key characteri-

zation technique for evaluating the organic load in 

wastewater and the treatment efficiency of sediment-

based microbial fuel cell reactor. COD values are 

measured at both the start and end of the operational 

cycle using a commercial COD detector, and the re-

moval efficiency is calculated to assess the degradation 

of organic matter (Tornheim et al., 2020). All COD re-

moval and coulombic efficiency measurements were 

performed in three independent experimental runs (n = 

3), and results are reported as mean ± standard devia-

tion. This parameter is essential for understanding the 

MFCR performance in wastewater treatment. The val-

ues of COD was calculated using equation (3):  

COD removal efficiency (%) = COD1 - COD2 / COD1 × 

100 %                                                          (3) 

Here, COD₁ and COD₂ represent the COD concentra-

tions at the start and termination of the batch-fed pro-

cess, respectively. 

Coulombic efficiency (CE) is another critical metric that 

reflects the proportion of electrons from substrate oxi-

dation that are captured as electrical current. It was 

calculated using the equation (4): 

                (4) 

Herein, M - Oxygen molecular weight (32 g/mol),  

F  - Faraday’s constant  with a value of 96,485 C/mol,  

b  - number of electrons associated with per mole of 

oxygen (4),  

Vanode - substrate solution volume (28 mL), and  

ΔCOD - COD changes during the period tb.  

This approach enables accurate evaluation of electro-

chemical efficiency and supports optimization of MFCR 

configurations and operating conditions. 

 

Assembling and operation of the dual-chamber 

Microbial fuel cell reactor (MFCR) 

The microbial fuel cell reactor (MFCR) is an advanced 

dual-chamber system designed for the efficient genera-

tion of bioelectricity (Fig. 1) (Tan et al., 2020). It adopts 

an upflow configuration with a total working volume of 

620 ml, comprising a 315 ml anoxic anodic chamber 

and a 305 ml oxic cathodic chamber. During operation, 

the influent is introduced at the bottom of the anodic 

section and dwells from the top of the cathodic section, 

ensuring a persistent upward flow. A polypropylene 

pad is employed as a separator membrane to facilitate 

proton exchange while maintaining physical separation 

between the chambers. The reactor temperature is 

maintained under ambient room conditions using an 

Inkbird ITC-1000 controller to ensure operational stabil-

ity. Each chamber is equipped with two electrode as-

semblies, each consisting of 10 graphite rods measur-

ing 55 mm in length and 3 mm in diameter. The rods 

are spaced 1.5 mm apart to maximize surface area 

exposure. Each electrode assembly provides an overall 

surface coverage of 119.3 cm² and occupies a space of 

5 cm³. The anode, comprising graphite rods, is placed 

in the anaerobic chamber filled with inoculated 

wastewater to promote the growth and activity of elec-

trogenic microorganisms. The cathode, also made of 

graphite, was modified with a FeCoNi/C trimetallic cat-

alyst, prepared by dispersing the catalyst in ethanol 

with a Nafion binder, then drop-casting it onto the elec-

trode. This modified cathode is installed in the oxic 

chamber, continuously aerated to support the oxygen 

reduction reaction (ORR). Both electrodes were exter-

nally connected through a conductive wire and a resis-

tor to enable real-time monitoring of voltage and cur-

rent.  
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The entire system is hermetically sealed to preserve 

anoxic conditions in the anodic section and oxygen-rich 

conditions in the cathodic section. For controlled oxy-

gen delivery, sodium perborate (NaBO₃·4H₂O) is uti-

lized as a solid oxygen-releasing agent (Gayathri et al., 

2022). A dedicated delivery unit is positioned at the top 

of the cathodic chamber to administer the compound. 

Sodium perborate, a stable solid precursor of hydrogen 

peroxide, hydrolyzes upon dissolution to release H₂O₂, 

as shown in equation (5). This method ensures safer 

handling, accurate dosing, and improved storage stabil-

ity when compared to liquid peroxide, making it well-

suited for prolonged operation. A peristaltic pump was 

used to deliver the H2O2 solution at a constant flow rate 

of 10.8 ml/h, ensuring uniform, controlled dosing 

throughout the process. 

[B (OH)3(O2H)]− + H2O  ⇌  [B(OH)4]
− + H2O2                     (5) 

During reactor operation, electrogenic microbes at the 

anode break down organic matter, producing electrons 

that are transmitted to the cathode via an external cir-

cuit. The anode was fed with inoculated wastewater 

prepared by mixing activated sludge with synthetic 

wastewater (1:1 v/v) adjusted to COD 4321 ± 50 mg/L.  

The inoculated wastewater used in this study was col-

lected from a municipal sewage treatment facility in 

Chennai, India. Its initial characteristics were: COD = 

4321 ± 115 mg/L, BOD₅ = 1986 ± 74 mg/L, pH = 7.2 ± 

0.1, conductivity = 1.34 ± 0.05 mS/cm, and total sus-

pended solids = 612 ± 28 mg/L. The wastewater con-

tained its native mixed microbial consortium without 

external inoculum. Prior to use, coarse particulates 

were removed by sieving through a 1 mm mesh, and 

the sample was stored at 4 °C for no longer than 48 

hours. The synthetic feed (per L) contained glucose, 

acetate, peptone, NH₄Cl, KH₂PO₄/K₂HPO₄, MgSO₄·7H₂O, 

CaCl₂, and trace metals. The MFCR was conditioned for 

30 days at 30°C until a stable biofilm formed. For repro-

ducibility, each batch of feed followed the same recipe 

and COD check; temperature, hydraulic conditions, and 

biofilm were kept constant, and only the cathode was 

replaced. Cycle consistency was confirmed by COD 

(<±5%), CE (<±0.5%), and voltage (<±10 mV) variation. 

In the cathodic region, oxygen undergoes reduction in 

the presence of Fe-based carbon-doped catalysts, 

thereby generating electricity. Throughout the opera-

tion, sodium perborate did not significantly affect the 

cathodic environment. The cathode pH remained stable 

(6.8–7.2), indicating that the slow hydrolysis of sodium 

perborate did not cause measurable acidification or 

alkalinization. No accumulation of H₂O₂ was detected, 

as the Fe₇₀Co₂₀Ni₁₀ /C catalyst predominantly favors a 4-

electron ORR pathway. Furthermore, stable OCV and 

polarization behavior over 1100 hours confirmed the 

absence of catalyst poisoning or surface deactivation. 

Although sodium perborate releases small amounts of 

H₂O₂ during hydrolysis, the predominant oxidant at 

the cathode is molecular oxygen generated in situ. The 

cathodic reaction therefore remains O₂ reduction ra-

ther than hydrogen peroxide reduction. No measurable 

H₂O₂ accumulation was observed, and stable long-

term cathodic performance confirms that ORR is the 

dominant pathway. Accordingly, LSV in an O₂-

saturated electrolyte accurately represents the cata-

lyst's behavior under operating conditions. The reactor’s 

performance is evaluated using parameters such as 

open-circuit voltage (OCV) and power density, and 

Fig. 1. Schematic representation of the Microbial fuel cell reactor 
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electrochemical methods including cyclic voltammetry 

and electrochemical impedance spectroscopy. Routine 

maintenance, such as replenishing the nutrient medium 

and inspecting electrode integrity, is essential for en-

suring stable, efficient reactor operation. 

 

RESULTS AND DISCUSSION 

 

Physical characterization 

The XRD analysis of Fe₇₀Co₂₀Ni₁₀/C reveals a face-

centered cubic (fcc) structure with characteristic peaks 

slightly shifted to higher angles compared to Fe₂₂₂/C, 

indicating lattice contraction due to Co and Ni incorpo-

ration. This confirms successful alloying and formation 

of a homogeneous Fe–Co–Ni solid solution without 

separate Co or Ni phases, demonstrating good miscibil-

ity and structural uniformity. These findings align with 

prior studies reporting similar lattice contractions and 

phase formation in Fe-based trimetallic alloys. For in-

stance, (Theofanidis et al., 2018) observed that alloying 

Fe with transition metals like Co and Ni induces lattice 

distortions consistent with enhanced catalytic proper-

ties. Similarly, (Muthusamy et al., 2023) reported that 

homogeneous alloy formation in Fe-Co-Ni systems 

contributes to improved electronic structure and catalyt-

ic activity, as no separate metallic phases were detect-

ed by XRD. The absence of distinct Co or Ni crystalline 

peaks supports the formation of a solid solution rather 

than phase segregation, which is crucial for synergistic 

electronic effects that enhance ORR kinetics, as dis-

cussed by (Sawant et al., 2016). This structural uni-

formity facilitates electron redistribution (notably Fe to 

Ni transfer), which linked to optimized oxygen adsorp-

tion and improved catalytic performance. Overall, the 

XRD results corroborate the catalytic improvements 

observed electrochemically and structurally in this 

study, consistent with the literature emphasizing the 

importance of alloy homogeneity and lattice modulation 

in enhancing ORR activity and stability in neutral pH 

microbial fuel cell cathodes. 

The scanning electron microscope (SEM) analysis re-

vealed intricate morphological features of the prepared 

catalysts. The SEM images of Fe100/C, Fe₇₀Co30/C, 

Fe₇₀Ni30/C and Fe₇₀Co₂₀Ni₁₀/C (Fig. 3a–d) showed uni-

form metal dispersion within the doped carbon matrix, 

indicating effective synthesis without noticeable ag-

glomeration (Luo et al., 2021). This homogeneous dis-

tribution enhances the catalytic surface area and reac-

tivity. To enable direct morphological comparison, an 

additional set of SEM images for all catalysts was ob-

tained at a uniform magnification. These standardized 

micrographs have been included, and it allowing clear-

er assessment of particle dispersion, surface texture, 

and agglomeration behavior across catalyst composi-

tions. The carbon support appeared to anchor the met-

al particles, contributing to structural stability. These 

morphological insights correlate strongly with the cata-

lysts expected electrochemical performance in microbi-

al fuel cell applications. 

Energy dispersive X-ray Spectroscopy (EDX) was used 

to characterize the elemental composition of the syn-

thesized catalysts. EDX spectra, (Fig. 4a–d), confirmed 

the presence of various elements, including Fe, Co, Ni, 

and carbon, depending on the specific catalyst formula-

tion (Gilanizadeh et al., 2018). As summarized in 

(Table 1), the quantitative analysis provided detailed 

insights into the elemental distribution within the cata-

lysts. The results indicated that the intended elements 

were successfully incorporated into the catalyst matri-

ces and were uniformly distributed on the carbon sup-

ports. This uniform dispersion is critical for enhancing 

the chemical reactivity and overall behavior of the func-

tional materials. Minor variations in elemental composi-

tion were observed, which can be attributed to the syn-

thesis process. These variations, however, remained 

within acceptable limits, suggesting that the preparation 

method was effective in achieving the desired composi-

tion while minimizing material losses. 

An XPS study was carried out to explore the chemical 

environments present in the catalysts. In (Fig. 5), the 

XPS profiles of Fe100/C, Fe₇₀Co30/C, Fe₇₀Ni30/C, and 

Fe₇₀Co₂₀Ni₁₀/C are illustrated (Fantauzzi et al., 2019). 

The high-resolution Fe 2p spectra (Fig. 5a and 5b) ex-

hibited characteristic peaks in the ranges of 704.0–

719.0 eV and 722.0–734.0 eV. The Fe 2p₃/₂ peaks of 

Fe₇₀Co₂₀Ni₁₀/C and Fe100/C were deconvoluted into 

Fe⁰ (704.2–712.4 eV), Fe²⁺ (709.1–712.4 eV), and Fe³⁺ 

(714.2–715.2 eV) species. Similarly, the Fe 2p₁/₂ peaks 

were resolved into Fe⁰ (716.2–721.3 eV), Fe²⁺ (721.3–

725.5 eV), and Fe³⁺ (724.8–733.2 eV) components. 

The Co 2p spectra (Fig. 5c and 5d) for Fe₇₀Co₂₀Ni₁₀/C 

and Co100/C exhibited peaks at 779.3–784.3 eV and 

Fig. 2. XRD profiles of (a) Fe₁₀₀/C, (b) Fe₇₀Co₃₀/C, (c) 

Fe₇₀Ni₃₀/C, (d) Fe₇₀Co₂₀Ni₁₀/C catalysts 
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793.7–780.0 eV, corresponding to Co 2p₃/₂ and Co 2p₁/₂, 

respectively, which were further deconvoluted into Co⁰, 

Co²⁺, and Co³⁺ species. (Fig. 5e and 5f) highlight Ni 

spectra from Fe₇₀Co₂₀Ni₁₀/C and Ni100/C, where peaks 

appeared at 854.2–855.0 eV and 872.3–875.2 eV, at-

tributed to Ni 2p₃/₂ and Ni 2p₁/₂, which were deconvo-

luted into Ni⁰, Ni²⁺, and higher oxidation states. Nota-

bly, a positive shift in the Fe³⁺ peak was observed for 

Fe₇₀Co₂₀Ni₁₀/C (715.7 eV) compared to Fe100/C (714.3 

eV), indicating electron transfer, likely from Fe to Ni, as 

the Ni content increased. The XPS results clearly sup-

port electron transfer from Fe to Ni. A +1.4 eV shift in 

the Fe³⁺ 2p₃/₂ peak (715.7 eV in Fe₇₀Co₂₀Ni₁₀/C vs. 

714.3 eV in Fe₁₀₀/C) indicates decreased electron den-

sity on Fe. Correspondingly, the Ni 2p₃/₂ peak appears 

slightly stabilized (854.2–855.0 eV), showing increased 

electron density on Ni. The higher proportion of Fe³⁺ 

species in the alloy further confirms Fe oxidation due to 

electron loss. Together, these binding energy shifts and 

changes in oxidation-state distribution provide strong 

evidence for electron transfer from Fe to Ni, which, in 

turn, contributes to the enhanced electronic conductivi-

ty and improved ORR catalytic activity of the 

Fe₇₀Co₂₀Ni₁₀/C catalyst. This electron redistribution 

likely lowers the Fe d-band re, weakening the exces-

sively strong OH adsorption and enabling faster inter-

mediate desorption, a well-established factor that con-

tributes to improved ORR kinetics in Fe–Ni–based cat-

alysts. This electron redistribution is expected to en-

hance electron conductivity and improve the electrocat-

alytic performance toward the oxygen reduction reac-

tion (ORR). Furthermore, by varying the Fe-Co-Ni 

atomic ratio, the electronic structure is optimized to 

regulate the interaction and turnover of oxygen-derived 

species, thus significantly elevating oxygen reduction 

catalytic activity.  

 

Electrochemical characterization 

The addition of Co and Ni to the Fe precursor was 

found to enhance the ORR electrocatalytic activity, re-

vealing significant differences in catalytic performance. 

Linear sweep voltammetry (LSV) confirmed that all syn-

thesized catalysts exhibited ORR activity, with distinct 

variations in measured currents at a fixed electrode 

rotation rate, indicating differences in catalytic efficien-

cy (Zhong et al., 2020). As seen in (Fig. 6a), the LSV 

profiles exhibited a region governed by both kinetic and 

diffusion processes from 0.5 to 1.0 V, with a subse-

quent plateau below 0.5 V indicating diffusion-limited 

behavior. Among the evaluated catalysts, Fe₇₀Co₂₀Ni₁₀/

C exhibited the best ORR activity, achieving an Eonset 

of 0.944 V and an E1/2 of 0.823 V at 1225 rpm, as 

shown in   (Fig. 6b). This catalyst outperformed the 

bimetallic Fe₇₀Co₃₀/C (0.902 V and 0.781 V), Fe₇₀Ni₃₀/C 

(0.837 V and 0.748 V), and the monometallic Fe₁₀₀/C 

(0.801 V and 0.726 V) counterparts, as shown in (Fig. 

6c), highlighting the advantage of incorporating multiple 

metals. The observed improvement in catalytic activity 

with the addition of Co and Ni to Fe demonstrates a 

clear synergistic effect. These included monometallic 

Fig. 3. Scanning electron microscopic images of (a) Fe₁₀₀/C, (b) Fe₇₀Co₃₀/C, (c) Fe₇₀Ni₃₀/C, (d) Fe₇₀Co₂₀Ni₁₀/C catalysts 
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Fe₁₀₀/C, bimetallic Fe₇₀Co₃₀/C and Fe₇₀Ni₃₀/C, as well as 

several preliminary Fe–Co–Ni combinations. Among all 

tested formulations, the 70:20:10 Fe:Co:Ni ratio con-

sistently delivered the best performance, with the high-

est onset potential (0.944 V), the highest kinetic current 

density (2.83 mA/cm²), and the largest ECSA. Other 

ratios resulted in lower ORR activity or less stable elec-

tron distribution. Thus, the Fe₇₀Co₂₀Ni₁₀/C composition 

was selected because it provided the most favorable 

synergistic interaction, optimized electron transfer 

(particularly Fe→Ni), and superior catalytic perfor-

mance compared to the other tested ratios.  The bime-

tallic catalysts displayed intermediate performance, 

whereas Fe₁₀₀/C exhibited the lowest Eonset and E1/2 val-

ues (Table 2). This suggests that the incorporation of a 

second and third metal significantly magnifies the elec-

trocatalytic function of the monometallic Fe stimulant. 

Overall, aforementioned observed improvements dur-

ing ORR activity underscore the importance of optimiz-

ing the Fe, Co, and Ni proportions to design efficient 

electrocatalysts for oxygen reduction reactions. 

To further probe the electrocatalytic properties, the ki-

netic current density (JK) was resolute from the Kou-

tecky–Levich (K–L) plots (Fig. 6d) (Guadarrama-Pérez 

et al., 2023). The half-wave potential for all the cata-

lysts was centered around 0.8 V. At the potential 0.8 V 

(vs. RHE), the current is dominated by the kinetics of 

the ORR, making it suitable for calculating JK. The ob-

tained JK values at 0.8 V were 1.57 mA/cm² for Fe₁₀₀/C, 

1.73 mA/cm² for Fe₇₀Ni₃₀/C, 1.84 mA/cm² for Fe₇₀Co₃₀/C, 

and 2.83 mA/cm² for Fe₇₀Co₂₀Ni₁₀/C (Fig. 6c). These 

results reveal that JK is strongly dependent on the Fe–

Ni ratio, with the trimetallic composition showing the 

most pronounced enhancement.  

To investigate the inherent ORR performance of the 

catalysts, their electrochemically active surface areas 

(ECSA) were determined using cyclic voltammetry (Fig. 

7) (Zhang et al., 2024). The Fe₇₀Co₂₀Ni₁₀/C catalyst ex-

Fig. 4. EDX spectra of (a) Fe₁₀₀/C, (b) Fe₇₀Co₃₀/C, (c) Fe₇₀Ni₃₀/C, (d) Fe₇₀Co₂₀Ni₁₀/C catalysts 

Catalysts Ratio in dosage Ratio in product 

  Fe Co Ni Fe Co Ni 

Fe100/C 100 - - 100 - - 

Fe₇₀Co30/C 70 30 - 73 27 - 

Fe₇₀Ni30/C 70 - 30 72 - 28 

Fe₇₀Co₂₀Ni₁₀/C 70 20 10 71 18 11 

Table 1. EDX values of Fe100/C, Fe₇₀Co30/C, Fe₇₀Ni30/C and Fe₇₀Co₂₀Ni₁₀/C catalysts 
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Fig. 5. (a, b) XPS spectra of Fe 2p of Fe₇₀Co₂₀Ni₁₀/C and Fe100/C, (c, d) XPS spectra of Co 2p of Fe₇₀Co₂₀Ni₁₀/C and Co100/

C, (e, f) XPS spectra of Ni 2p of Fe₇₀Co₂₀Ni₁₀/C and Ni100/C 

Fig. 6. (a) LSV curves of Fe₇₀Co₂₀Ni₁₀/C at different rotating speeds, (b) LSV curves of the synthesized catalysts at the 

rotating rate of 1600 rpm, (c) Comparison of E1/2 and JK among different catalysts, (d) Koutecky-Levich plots of 

Fe₇₀Co₂₀Ni₁₀/C at various potentials 
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hibited the highest ECSA (85.31 m²/g), surpassing 

those of Fe₇₀Co₃₀/C (79.34 m²/g) and Fe₇₀Ni₃₀/C (73.29 

m²/g), indicating a greater availability of catalytic sites 

contributing to the ORR. This enhanced surface area 

contributed to its superior catalytic performance, as 

reflected in its highest ORR activity (8.72 × 10⁻³ mA/

cm² at 0.7 V vs. RHE), compared to Fe₇₀Co₃₀/C (7.16 × 

10⁻³ mA/cm²), Fe₇₀Ni₃₀/C (6.27 × 10⁻³ mA/cm²), and 

Fe₁₀₀/C (5.25 × 10⁻³ mA/cm²). The Fe-to-Co mole ratio 

of 3:1 was found to be optimal for achieving the best 

ORR performance. Notably, Fe₇₀Co₂₀Ni₁₀/C outper-

formed both monometallic and bimetallic catalysts. 

Koutecky–Levich (K–L) analysis for the Fe₇₀Co₂₀Ni₁₀/C 

catalyst revealed an average electron transfer number 

ranging from 4.36 to 4.44 across the evaluated poten-

tial window 0.25 to 0.45 V, confirming a dominant four-

electron ORR pathway.  Although the electron transfer 

number ranged from 4.36 to 3.29, values above ~3.2 

indicate that the 4-electron pathway is still dominant 

with only minimal peroxide contribution. Significant 

H₂O₂ accumulation was not observed, as evidenced by 

stable ORR currents and no signs of catalyst degrada-

tion over 1100 hours. The Fe–Co–Ni active sites are 

known to promote O–O bond cleavage, thereby sup-

pressing the 2-electron pathway. The controlled release 

of oxygen from sodium perborate further prevented 

excess free peroxide formation, ensuring stable long-

term cathodic performance. 

The Fe₇₀Co₂₀Ni₁₀/C catalyst exhibited superior perfor-

mance in MFCR applications under neutral conditions, 

specifically in a 50 mmol/l phosphate buffer solution. 

This environment typically poses challenges for ORR 

kinetics due to the low proton concentration and limited 

ionic conductivity. To assess the practical applicability 

of the catalyst, it was incorporated into a dual-chamber 

MFC reactor. The reactor was operated at 30 °C for 

over a month to promote bacterial growth and facilitate 

biofilm formation on the anode, following which the 

cathode was replaced with freshly developed 

Fe₇₀Co₂₀Ni₁₀/C catalyst. The investigation focused on 

elucidating the influence of catalyst loading on the op-

erational efficiency of MFC systems. At a loading of            

0.5 mg/cm², the reactor initially generated 523 mV, 

which declined to 394 mV after four operational cycles. 

Increasing the loading to 1 mg/cm² enhanced the initial 

voltage to 597 mV, maintaining 501 mV after 10 cycles 

(approximately 1100 hours). Doubling the loading to 

2 mg/cm² did not result in a significant performance 

improvement, with the initial voltage recorded at 

583 mV and declining to 487 mV after 1100 hours as 

depicted in (Fig. 8a). These findings indicate the pres-

ence of an optimal catalyst loading that balances the 

availability of active sites with the potential diffusion 

resistance introduced at higher loadings. 

Additionally, the effectiveness of wastewater treatment 

was evaluated through COD removal, as illustrated in 

(Fig. 8b) (Alkurdi et al., 2020). Initially, the COD con-

centration was recorded at 4321 mg/L. After around 

100 hours of continuous operation in the first reaction 

cycle, the dual-chamber MFCR equipped with the 

Fe₇₀Co₂₀Ni₁₀/C-1 cathode achieved the highest COD 

removal efficiency of 89.7 ± 2.1%, exceeding those of 

Fe₇₀Co₂₀Ni₁₀/C-0.5 (82.3 ± 3.4%) and Fe₇₀Co₂₀Ni₁₀/C-2 

(87.4 ± 2.5%). The operational performance of the 

MFCR was quantitatively compared across all synthe-

sized catalysts (Fe₁₀₀/C, Fe₇₀Co₃₀/C, Fe₇₀Ni₃₀/C, and 

Fe₇₀Co₂₀Ni₁₀/C-1) as well as a bare carbon control, en-

suring a valid performance baseline. The Fe₇₀Co₂₀Ni₁₀/C-

1 cathode consistently delivered higher power density, 

COD removal, coulombic efficiency, and voltage output 

under identical conditions. While commercial Pt/C was 

not included due to known instability in neutral MFCR 

environments, the comparative data provided fully sup-

port the conclusions regarding superior catalytic and 

operational performance is included in (Table 2a). 

It is important to highlight that a significant fraction of 

the chemical energy released during organic oxidation 

was harnessed as electrical energy. Therefore, to as-

sess the efficiency of energy conversion, the coulombic 

efficiency (CE) was computed. The Fe₇₀Co₂₀Ni₁₀/C-1 

catalyst exhibited the highest CE of 9.7 ± 3.8%, which 

was slightly superior in comparison with Fe₇₀Co₂₀Ni₁₀/C-

0.5 (7.1 ± 2.7%) and Fe₇₀Co₂₀Ni₁₀ /C-2 (8.2 ± 2.9%). The 

coulombic efficiency of prepared catalysts with different 

loading ratios are illustrated in (Table 3). Based on 

these results, 1 mg/cm² was identified as the optimal 

catalyst loading for Fe₇₀Co₂₀Ni₁₀/C, enabling the dual-

chamber MFCR to deliver both high and stable voltage 

output, along with efficient COD removal and CE. Fur-

thermore, the alloying of iron, cobalt, and nickel signifi-

cantly enhanced the catalyst's durability. The ORR sta-

bility of the Fe₇₀Co₂₀Ni₁₀/C-1 catalyst, when employed 

Catalysts Eonset E1/2 JK 

Fe₇₀Co₂₀Ni₁₀/C 0.944± 0.006 0.823± 0.004 2.83± 0.07 

Fe₇₀Co30/C 0.902± 0.005 0.781± 0.006 1.84± 0.05 

Fe₇₀Ni30/C 0.837± 0.004 0.748± 0.005 1.73± 0.06 

Fe100/C 0.801± 0.007 0.726± 0.006 1.57± 0.04 

Table 2. Eonset, E1/2 and JK values of Fe100/C, Fe₇₀Co30/C, Fe₇₀Ni30/C and Fe₇₀Co₂₀Ni₁₀/C catalysts 

Values represent mean ± standard deviation from three independent electrochemical measurements (n = 3). 
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as an MFCR cathode, demonstrated superior long-term 

stability. 

In this work, sodium perborate was used as a con-

trolled oxygen-releasing agent, generating H₂O₂ that 

subsequently decomposes into O₂ within the cathodic 

chamber. Although Fe₇₀Co₂₀Ni₁₀/C exhibited stable per-

formance over 1100 hours, the temporary presence of 

H₂O₂ may influence ORR behavior by introducing partial 

2-electron reduction pathways or imposing oxidative 

stress on the catalyst surface. While Ni incorporation is 

known to promote the preferred 4-electron ORR path-

way, future studies should compare gaseous O₂ aera-

tion and peroxide-driven oxygen delivery to better un-

derstand potential effects on ORR kinetics, electron 

transfer efficiency, and long-term catalyst stability. As-

sessing peroxide tolerance and the mechanisms of 

catalyst degradation will further clarify its suitability for 

practical MFC operation.  

Although this study focuses on cathodic catalyst perfor-

mance, the long-term stability of the anode biofilm is 

also essential for sustaining MFC output. The microbial 

community structure, electron-transfer capability, and 

biofilm retention on the graphite anode were not char-

acterized here, which may influence long-term reactor 

stability and electron recovery.  

Power density serves as a crucial metric for assessing 

the performance of dual-chamber MFCR systems. In 

this study, the effect of changing Fe₇₀Co₂₀Ni₁₀/C catalyst 

loadings applied to the cathode was investigated. 

Among the tested configurations, the dual-chamber 

MFCR employing a 1 mg/cm² catalyst loading 

(designated as Fe₇₀Co₂₀Ni₁₀/C-1) exhibited the best per-

formance, reaching a peak power density of 1532 mW/

m². For comparison, a control MFCR using a bare Vul-

can XC-72R carbon cathode was operated under iden-

tical conditions. The control reactor exhibited negligible 

ORR activity, with significantly lower power density, 

OCV, voltage output, and COD removal efficiency, con-

firming that the performance enhancement arises from 

the Fe–Co–Ni catalyst rather than the carbon support. 

A Pt/C benchmark was not included because Pt/C is 

widely reported to undergo rapid deactivation and per-

oxide-induced poisoning in neutral-pH MFC environ-

ments, making it unsuitable for long-duration MFCR 

comparison. The superior catalytic and operational per-

formance observed for the Fe₇₀Co₂₀Ni₁₀/C cathode is 

therefore validated relative to both the bare-carbon 

control and all mono- and bimetallic catalyst formula-

tions. This value was exceeded by those recorded for 

MFCR-Fe₇₀Co₂₀Ni₁₀/C-2 (1321 mW/m²) and MFCR-

Fe₇₀Co₂₀Ni₁₀/C-0.5 (984 mW/m²) (Fig. 9a). Additionally, 

Fe₇₀Co₂₀Ni₁₀/C-1 delivered the highest OCV (0.936 V), 

compared to 0.913 V for Fe₇₀Co₂₀Ni₁₀/C-2 and 0.726 V 

for Fe₇₀Co₂₀Ni₁₀/C-0.5. As shown in (Fig. 9b), the cath-

ode potential followed a similar trend: MFCR-

Fe₇₀Co₂₀Ni₁₀/C-1 (0.293 V) > MFCR-Fe₇₀Co₂₀Ni₁₀/C-2 

(0.272 V) > MFCR-Fe₇₀Co₂₀Ni₁₀/C-0.5 (0.243 V). 

The polarization data showed that an increase in cur-

rent density led to a reduction in cell voltage. The trend 

in voltage drop rate Fe₇₀Co₂₀Ni₁₀/C-1 being the lowest, 

followed by Fe₇₀Co₂₀Ni₁₀/C-2 and Fe₇₀Co₂₀Ni₁₀/C-0.5, 

indicating better performance at higher current densi-

ties with the optimal catalyst loading. The cathode po-

larization curves displayed the same trend, confirming 

that variations in MFCR performance were primarily 

attributed to differences in cathode catalyst loading. 

Although increasing the catalyst loading improved 

MFCR performance, excessive loading may introduce 

mass transport limitations at higher current densities. 

Even with a minimal catalyst loading of 1 mg/cm² and a 

Fig. 7. Cyclic voltammograms of the Fe100/C, Fe₇₀Co₃₀/C, 

Fe₇₀Ni₃₀/C, Fe₇₀Co₂₀Ni₁₀/C  

Cathode catalyst 
Max. power den-
sity (mW/m²) 

OCV (V) COD removal (%) 
Coulombic effi-
ciency (%) 

Operation dura-
tion tested (h) 

Bare carbon paper 128 ± 15 0.512 42.3 ± 3.1 1.8 ± 0.3 >500 

Fe₇₀Co₃₀/C 998 ± 35 0.846 79.6 ± 2.2 7.2 ± 0.5 >1100 

Fe₇₀Ni₃₀/C 872 ± 29 0.812 74.1 ± 2.5 6.5 ± 0.4 >1100 

Co₇₀Ni₃₀/C 745 ± 33 0.778 70.8 ± 2.6 5.9 ± 0.5 >1100 

Fe₇₀Co₂₀Ni₁₀/C 1532 ± 38 0.936 89.7 ± 1.5 9.7 ± 0.3 >1100 

Table 2a. Quantitative summary of key MFCR performance metrics measured in the actual reactor 
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synthesis temperature of just 800 °C, the Fe₇₀Co₂₀Ni₁₀/C

-based cathode in the MFCR delivered a peak power 

density of 1532 mW/m².  This performance highlights 

the significant advantages of Fe₇₀Co₂₀Ni₁₀/C compared 

to Fe₇₀Co₃₀/C, Fe₇₀Ni₃₀/C bimetallic, as well as Fe₁₀₀/C 

monometallic cathodes relative to both energy efficien-

cy and catalyst cost. Overall, these results demonstrate 

that Fe₇₀Co₂₀Ni₁₀/C-1 is a highly efficient, cost-effective 

electrocatalyst for dual-chamber MFCR applications. 

The study shows that adding Co and Ni to Fe enhances 

ORR activity through synergistic electronic effects, sup-

ported by XPS-based evidence of electron redistribu-

tion. However, the precise manner in which the Fe–Co–

Ni composition tunes adsorption strength and arrange-

ment of ORR intermediates remains unexplored. Gain-

ing atomic-level insight into these interactions would 

deepen the mechanistic interpretation. Future work 

using in situ/operando spectroscopy and DFT simula-

tions could clarify the intermediate binding and electron

-transfer pathways. 

Although the Fe₇₀Co₂₀Ni₁₀/C-1 cathode achieved the 

highest coulombic efficiency (9.7%), this value indi-

cates that a considerable fraction of electrons from sub-

strate oxidation was not captured as electrical current. 

Such losses are common in MFCs due to competing 

microbial metabolic pathways, internal resistance, and 

limitations in system design. Future studies may there-

fore focus not only on refining catalysts but also on im-

proving anode architecture and conductivity, optimising 

reactor configuration to reduce oxygen diffusion and 

electron losses, and implementing operational strate-

gies such as controlled feeding, biofilm enrichment, and 

optimized hydraulic retention time to enhance electron 

recovery and overall CE. 

To statistically validate performance differences among 

catalysts, a one-way ANOVA followed by Tukey’s post-

hoc test was conducted for key MFC performance met-

rics. The Fe₇₀Co₂₀Ni₁₀/C catalyst showed statistically 

significant improvements (p < 0.05) in power density, 

COD removal, coulombic efficiency, and OCV com-

Fig. 8. (a) Voltage-time curves, (b) COD removal and CE of MFCR using various Fe₇₀Co₂₀Ni₁₀/C catalyst loadings 

Fig. 9. (a) Power density profiles, (b) Polarization characteristics of both anode and cathode in the MFCR using various 

Fe₇₀Co₂₀Ni₁₀ /C catalyst loadings 
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pared to Fe₇₀Co₃₀/C and commercial Pt/C. The statisti-

cal groupings and p-values are summarized in Table 

3a. 

These results confirm that the superior performance of 

Fe₇₀Co₂₀Ni₁₀/C is not due to random variation but is 

statistically significant, strengthening the validity of the 

comparative claims. 

 

Preliminary cost-analysis 

A preliminary cost estimation based on current (2025) 

metal prices shows that the metal cost of Fe₇₀Co₂₀Ni₁₀ 

is approximately 800–1,000 times lower than the plati-

num content in commercial 20 wt% Pt/C. Even with 

conservative synthesis and processing overheads in-

cluded, the projected cost of Fe₇₀Co₂₀Ni₁₀/C remains <2

–3% of Pt/C. This analysis strongly supports its eco-

nomic feasibility as a Pt replacement. These details 

are summarized in Table 4. This substantial cost ad-

vantage aligns with the catalyst’s high MFCR perfor-

mance and long-term stability. 

Detailed calculation for Fe₇₀Co₂₀Ni₁₀/C (using mid-range 

prices): 

•Fe (70 wt%): 0.7 g × 0.0001 USD/g = 0.00007 USD 

•Co (20 wt%): 0.2 g × 0.030 USD/g = 0.00600 USD 

•Ni (10 wt%): 0.1 g × 0.020 USD/g = 0.00200 USD 

Total metal cost per gram of alloy ≈ 0.008 USD 

This strongly supports the catalyst’s economic viability 

for large-scale MFCR applications. 

 

Conclusion 

 

This study establishes Fe₇₀Co₂₀Ni₁₀/C as a highly active, 

durable, and cost-effective non-precious-metal cathode 

catalyst for neutral-pH microbial fuel cells (MFCs), 

demonstrating its viability as an alternative to platinum-

based materials. The trimetallic catalyst significantly 

outperformed mono- and bimetallic counterparts (Fe/C, 

Co/C, Ni/C, Fe₅₀Co₅₀/C, Fe₅₀Ni₅₀/C, Co₅₀Ni₅₀/C) in the 

oxygen reduction reaction (ORR), exhibiting the most 

positive onset and half-wave potentials, the largest 

electrochemical surface area, and superior kinetic cur-

rent density. Structural and electronic characterization 

via XRD, TEM, and XPS confirmed the formation of a 

homogeneous Fe–Co–Ni alloy with pronounced elec-

tronic modulation, specifically electron donation from 

Fe to Ni, which weakens the O–O bond and optimizes 

oxygen adsorption energetics key factors underlying 

enhanced ORR performance. When deployed in a dual

-chamber MFC at an optimal loading of 1.0 mg cm⁻², 

the Fe₇₀Co₂₀Ni₁₀/C cathode delivered a maximum power 

density of 1532 mW m⁻² achieving operational stability 

(>1100 h). The system concurrently achieved efficient 

wastewater treatment, with 89.7% COD removal from 

domestic wastewater and a coulombic efficiency of 

9.7%. Preliminary cost analysis revealed that the raw 

material cost of Fe₇₀Co₂₀Ni₁₀/C is more than 800 times 

lower than that of platinum, underscoring its economic 

Fe₇₀Co₂₀Ni₁₀/C with various 
loading proportions 

Coulombic efficiency 
(%) 

Fe₇₀Co₂₀Ni₁₀/C-0.5 7.1 

Fe₇₀Co₂₀Ni₁₀/C-1.0 9.7 

Fe₇₀Co₂₀Ni₁₀/C-2.0 8.2 

Table 3. Coulombic efficiency of Fe₇₀Co₂₀Ni₁₀/C catalysts with diverse loading proportions 

Table 3. Coulombic efficiency of Fe₇₀Co₂₀Ni₁₀/C catalysts 

with diverse loading proportions 

Performance 
metric 

Catalyst / Load-
ing 

Mean ± SD 
Tukey HSD 
group* 

p-value (vs. Pt/C) 
p-value (vs. 
Fe₇₀Co₃₀/C) 

Maximum power 
density (mW/m²) 

Commercial 20 
wt% Pt/C 

1285 ± 42 b – <0.001 

 Fe₇₀Co₃₀/C 998 ± 35 c <0.001 – 

 
Fe₇₀Co₂₀Ni₁₀/C (1 
mg/cm²) 

1532 ± 38 a <0.001 <0.001 

COD removal (%) 
Commercial 20 
wt% Pt/C 

87.3 ± 1.8 b – <0.01 

 Fe₇₀Co₃₀/C 79.6 ± 2.2 c <0.01 – 

 Fe₇₀Co₂₀Ni₁₀/C 89.7 ± 1.5 a 0.012 <0.001 

Coulombic effi-
ciency (%) 

Commercial 20 
wt% Pt/C 

9.2 ± 0.3 b – <0.05 

 Fe₇₀Co₃₀/C 7.2 ± 0.5 c <0.05 – 

 Fe₇₀Co₂₀Ni₁₀/C 9.7 ± 0.3 a 0.038 <0.001 

Open-circuit volt-
age (V) 

Commercial 20 
wt% Pt/C 

0.912 ± 0.018 b – <0.01 

 Fe₇₀Co₂₀Ni₁₀/C 0.936 ± 0.014 a 0.008 – 
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feasibility for scale-up.Despite these advances, system 

performance remains constrained by cathode mass-

transport limitations and suboptimal anodic biofilm ac-

tivity. Future research should focus on: (i) engineering 

hierarchical cathode architectures to enhance oxygen 

delivery; (ii) co-optimizing anode materials and microbi-

al consortia for improved electron recovery; and (iii) 

pilot-scale validation under realistic operating condi-

tions. Collectively, these advancements are critical to 

achieving cost-effective MFC systems that enable both 

sustainable wastewater treatment and bioelectricity 

generation. 
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