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	 Microbial fuel cells (MFCs) utilize sewage and bacteria to generate electricity with low 
pollution, yet their power output remains insufficient for practical applications. To address this, 
in this study, we focus on the energy harvester technology of MFCs, specifically the micro/
nanostructure fabrication of nanomaterials used for anode electrodes in energy collection. 
Electrophoretic deposition (EPD) is employed to fabricate a uniform graphene film on stainless 
steel mesh anodes, aiming to enhance the energy harvesting efficiency of MFCs. EPD offers 
advantages such as large-area deposition, shape flexibility, and tunable film compactness 
through parameters like voltage, time, and suspension composition. The Taguchi method was 
used to analyze the impact of these parameters. Experimental results show that the EPD-coated 
graphene anode significantly boosts power output, raising the maximum power density from 
0.70 mW/m² (without modification) to 5.65 mW/m², an eightfold increase. This underscores the 
effectiveness of the micro/nanostructured electrode modification approach for energy harvesting 
applications.

1.	 Introduction

	 As technology has evolved, human society has become increasingly prosperous and life has 
become more convenient. People consume considerable energy in their daily lives. However, the 
waste gas generated by combusting fossil fuels is increasingly detrimental to the environment; it 
depletes the ozone layer, causes climate abnormality, creates air pollution, and indirectly affects 
the health of human beings and other creatures. Thus, the development of green energy and 
technology has garnered increasing attention. Researchers worldwide have been dedicated to the 
development of green energy to prevent energy crises. Biomass energy is a type of renewable 
energy that is created by microbes in animal waste and agricultural residue. By using biomass 
energy, which turns waste into resources, the efficiency of resource application can be 
improved.(1) The development of biomass fuel may mark the turning point of the energy crisis. 
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Among the numerous green energy technologies, microbial fuel cells (MFCs) with water as the 
final product have the advantages of low cost and little pollution production. 
	 In MFCs, microbial metabolism is employed to generate electricity. Because waste water 
commonly contains multiple strains of bacteria, it can be collected and used as an MFC 
electrolyte for the generation of electricity.(2) Therefore, MFCs can reduce industrial and 
agricultural waste gas emissions, the cost of transporting and disposing sewage, and the damage 
to the environment caused by industrial production processes.(3) The number of investigations on 
MFC power generation efficiency has been increasing recently. Because many factors may 
affect this efficiency and numerous types of electrode are available, many electrode modification 
methods have not yet been discussed. Thus, there is scope for considerable improvement in the 
MFC field. 
	 The factors affecting the performance of an MFC are innumerable. Common study topics 
include electrode materials, electrode intervals, bacterial strains, and anodic solutions (the fuel). 
Anode characteristics were discovered to have the most notable effect on the MFC power 
generation efficiency.(4) An MFC anode base material must generally have favorable 
conductivity, high structural strength, and high corrosion resistance if the overall power 
generation efficiency is to be high. Stainless steel base materials have excellent conductivity and 
low cost [e.g., stainless steel mesh (SSM),(5–7) stainless-steel foam,(8) stainless-steel felt,(9,10) 
stainless steel fiber felt,(11,12) and carbon cloth]. The development of nanomaterials continues, 
and these materials are garnering increasing attention because of their effectiveness in reducing 
electrical resistance and increasing output current and electron transport rate.(4,13–19) The 
combination of such nanomaterials with a relatively inexpensive stainless steel base material is 
offering many opportunities for novel MFC development. Therefore, the fabrication processes 
used for the surface modification of SSMs merit further exploration.
	 Electrophoretic deposition (EPD) is a technique in which charged particles suspended in a 
stable colloidal solution are driven through the liquid by an electric field and deposited onto an 
oppositely charged conductive substrate.(20) This process yields the desired material or device. 
EPD facilitates the fabrication of a diverse array of structures, ranging from traditional to 
advanced materials, including nanometric thin films, films less than 1 mm thick, porous 
scaffolds, and highly compact coatings.(21) An et al. utilized EPD to prepare graphene oxide 
coatings. Their research demonstrated that the EPD process can create layered graphene oxide 
coatings, with the flakes covering and stacking upon one another.(22) Furthermore, EPD has 
proven effective in enhancing MFC performance through electrode modification. Sayed et al. 
used EPD to coat carbon brush anodes with reduced graphene oxide, increasing the power 
density from 33 to 381 mW/m² by improving electron transfer.(14) Choi et al. fabricated Ni-based 
nanocatalysts on carbon felt via EPD, with the power density of Ni/NiOx electrodes reaching 
1630.7 mW/m², a 400% increase compared with commercial Pt/C.(15) Khajeh et al. applied EPD 
to deposit CuO/ZnO nanoparticles onto graphite cathodes and achieved 51.84 mW/m², which is 
2.74 times higher than that of unmodified electrodes under visible light.(16) The results of these 
studies demonstrate the potential of EPD as a low-cost, scalable method for developing high-
performance MFC electrodes.
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	 This study is focused on energy harvester technology, specifically the micro/nanostructure 
fabrication of nanomaterials used for anode electrodes in energy collection. Referring to 
previous studies on applying EPD in MFCs, we explore the use of SSM, a conductive and readily 
available material, as the anodic base material for MFCs, aiming to enhance its energy 
harvesting performance. Graphene, known for its excellent electrical and structural properties, 
was deposited onto the SSM surface via EPD, a method suitable for fabricating uniform micro/
nanostructured films. Given the increasing maturity of graphene processing techniques, EPD 
offers a controllable and scalable approach to electrode modification.  To further optimize the 
effectiveness of the graphene-based enhancement, the Taguchi method was applied to 
systematically evaluate the effects of EPD parameters on the structure and performance of the 
modified electrodes. This approach highlights the potential of integrating nanomaterials and 
micro/nanofabrication techniques in advancing sustainable energy harvesting applications.

2.	 Materials and Methods
	
2.1	 EPD process and materials

	 The preparation procedure of the graphene suspension used in the EPD process is described 
below. After deionized water and ethanol were mixed in a ratio of 1:1, graphene powder (Enerage 
Inc., Taiwan) was added to the mixture to obtain graphene suspensions with concentrations of 
0.01, 0.02, and 0.03 wt%. Then, 0.5 g of magnesium nitrate was added to the suspensions, which 
were subsequently oscillated for 1 h by using an ultrasonic oscillator to evenly distribute the 
graphene powder in the solutions. Magnesium nitrate was added as an adsorbent to make the 
graphene suspensions weakly acidic, enabling the adsorption of graphene on the cathode end of 
the EPD system during the EPD process. 
	 Figure 1 presents a schematic of the EPD system, which had a glass tank of 150 × 50 × 180 
mm. An 85 × 85 mm2 316 SSM (400 mesh size, E Shie Zong Co., Ltd., Taiwan) electrode was 
fixed in place in the EPD system to act as its cathode. Likewise, an SSM of the same size was 
fixed in place to act as the anode. The two electrodes were fixed using polyactide (PLA) clamps, 
which maintained the electrodes’ flatness. The electrode interval was 5 mm. We adjusted four 
parameters—the DC voltage, deposition time, deposition temperature, and graphene 
concentration—to control the density of graphene adhered onto the SSM surface.
	 The SSM used as the anode in the MFC system was coated with graphene. To strengthen the 
adhesion between graphene and SSM, the graphene-covered SSM was presintered at 350 ℃ for 
1 h and heat-treated in a tube furnace at 650 ℃ for 1 h to create carbon–metal bonds between 
graphene and electrode base material.

2.2	 MFC construction and system setup

	 The effectiveness of the EPD-treated SSM anodes was demonstrated by the improvement in 
the power generation of the MFC. Figure 2 illustrates the single-chamber MFC used in the 
experiment. As shown in Fig. 2(a), the air-cathode MFC has a rectangular shape with a 
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cylindrical through-hole that measures 24.5 mm in diameter and 30 mm in length, resulting in a 
total reactor volume of approximately 14.14 mL. Figure 2(b) presents a cross-sectional view that 
reveals the electrode configuration. Figure 2(c) shows the appearance of the single-chamber 

Fig. 1.	 (Color online) Schematic of the EPD system.

Fig. 2.	 (Color online) (a) Schematic, (b) cross-sectional view, and (c) actual appearance photograph of the single-
chamber MFC used in the experiment.

(a)

(b) (c)
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MFC once it has been assembled. The chamber of the single-chamber MFC is made from Teflon, 
and screws and O-rings are used to seal the anode tank and secure the electrodes. The SSM 
anode is fixed on the closed side of the cylindrical chamber. A proton-exchange membrane 
(PEM, Nafion 117, Dupont Co., USA) and a carbon cloth cathode (W1S1010, CeTech Co., Ltd., 
Taiwan) are fixed on the air side of the cylindrical chamber. 
	 In this study, we use the same microorganisms and anode solution as described in our 
previous papers.(4,19) To accurately assess the effect of EPD treatment on MFC performance and 
minimize experimental variability, Escherichia coli (E. coli) HB101 was employed as the 
biocatalyst for energy conversion. HB101 was cultured in Luria–Bertani (LB) medium at 37 ℃ 
for 9 h. Methylene blue was used as an electron mediator to transfer the liberated electrons to the 
anode surface.(23) Glucose acted as the fuel, and the anolyte was prepared by dissolving 6.9 g of 
glucose powder and 0.1 g of methylene blue powder in 102.5 g of HB101 solution.

2.3	 Taguchi method experimental design

	 The Taguchi method is widely used to improve manufacturing processes and can effectively 
distinguish controllable parameter levels in a manufacturing process. In the Taguchi method of 
parameter design, robustness concepts are used to improve the product performance and reduce 
manufacturing costs. In this study, we use an L9 orthogonal array to determine the relationships 
of the MFC power density with various EPD parameters. We selected the applied voltage (V), 
deposition time (s), deposition temperature (℃), and graphene concentration (wt%) as the 
control parameters. The control parameters and corresponding levels are listed in Table 1. We 
use the four control parameters with three levels to conduct parameter optimization. Table 2 
shows the details of the orthogonal array design of the experimental parameters.  

3.	 Results and Discussion
	
3.1	 Polarization curves

	 Polarization curves are often used to assess the performance of MFCs. Through polarization 
curves, electrode voltage changes in response to a change in current density can be observed. In 
this study, we use an electrochemical analyzer to measure the voltage of the MFC electrode at 
the maximum power generation capacity. The resulting MFC voltages corresponding to different 
currents are plotted as a polarization curve. We use the Taguchi method to substitute crucial 
parameters affecting the EPD efficiency, with these parameters defined in an L9(34) orthogonal 

Table 1 
Experimental parameter levels.
Control parameter Symbol Level 1 Level 2 Level 3
Applied voltage (V) A  5 15  20
Deposition time (s) B 30 60 120
Deposition temperature (℃) C  5 25  50
Graphene concentration (wt%) D       0.01         0.02         0.03
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array, to generate nine manufacturing processes. An unmodified SSM is used as the control 
electrode. In the experiment, three electrochemical measurements are conducted for each MFC 
group. The power density curve of the MFC 8 h after its assembly is recorded.

3.2	 Signal-to-noise ratio analysis

	 In the Taguchi method, the signal-to-noise (SN) ratio is used to measure quality. The 
calculation method is shown by Eqs. (1)–(4). Different quality characteristics were calculated on 
the basis of the nominal the best [Eq. (2)], smaller the better [Eq. (3)], and larger the better [Eq. 
(4)] characteristics.(24)
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Here, MSD is the mean squared error, y̅ is the mean power density, and S is the standard 
deviation. The equations for y̅ and S are 

Table 2
Orthogonal array.

Experiment no. Applied voltage (V) Deposition time (s) Deposition 
temperature (℃)

Graphene 
concentration (wt%)

TM1 5 30 5 0.01
TM2 5 60 25 0.02
TM3 5 120 50 0.03
TM4 15 30 25 0.03
TM5 15 60 50 0.01
TM6 15 120 5 0.02
TM7 20 30 50 0.02
TM8 20 60 5 0.03
TM9 20 120 25 0.01
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	 Because a larger MFC power density represents a higher overall power generation efficiency, 
the maximum power density was set as the experimental observation value. The larger the better 
equation [Eq. (4)] was used to calculate the SN ratio. The experimental results are presented in 
Table 3.
	 The initial power density following the completion of MFC assembly was unstable. In 
consideration of MFC stability and durability, in this study, we conducted an in-depth exploration 
of the data obtained from the MFC 8 h after the completion of assembly. Figure 3 shows the 
maximum power density at this time. N-8h represents the power density curve measured at the 
anode comprising the unmodified SSM; the maximum power density was 0.70 mW/m2. TM5-8h 
is the power density curve measured at the MFC anode fabricated using the fifth group of EPD 
parameters in the Taguchi method; the maximum power density was 5.65 mW/m2, approximately 
eightfold that for the unmodified SSM.
	 In this study, we use four parameters with three levels; thus, the L9(34) orthogonal array was 
used for the experiment. Because a higher MFC power density corresponds to a higher overall 
power generation efficiency, the maximum power density was set as the experimental 
observation value. The experimental results are recorded in Table 3. Once the SN ratio of each 
parameter combination had been calculated, factor response analysis was conducted and the 
results are plotted in the factor response curves shown in Fig. 4.

Table 3
Maximum power density SN ratios.
Experiment 
no.

Maximum power density Average S SNy1 y2 y3
TM1 1.031 0.945 1.701 1.226 0.414 0.9
TM2 0.819 1.757 1.734 1.437 0.535 1.5
TM3 0.656 0.768 0.514 0.646 0.127 −4.1
TM4 1.424 1.25 1.614 1.429 0.182 3.7
TM5 3.681 4.93 5.678 4.763 1.009 13.1
TM6 1.773 1.338 1.556 1.556 0.218 3.7
TM7 1.786 2.658 1.514 1.986 0.598 5.3
TM8 2.846 1.032 2.05 1.976 0.909 3.6
TM9 0.898 2.653 1.749 1.767 0.878 2.4
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3.3	 Analysis of variance

	 Standard deviation and sample size can be used to evaluate the confidence interval of each 
calculated value under given confidence levels. For example, the confidence interval under a 
95% confidence level can be referred to as the 5% error. To further identify the effect of each 
factor on the MFC power generation efficiency, we conduct the analysis of variance (ANOVA) 
on the MFC maximum power density. From the ANOVA calculations, the vectors of the 
experimental factor variance were obtained.(24)
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Here, m is the number of experiments in the orthogonal array and ηi is the average SN ratio of 
experiment i. The squared sum of the control parameter (SSP) was defined as
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Fig. 3.	 (Color online) Maximum power density of the MFC 8 h after the completion of assembly.

Fig. 4.	 Factor response curves obtained in the maximum power density experiment.
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where j is the number of factor levels, t is the number of repetitions of the levels of each factor, 
and sηi is the sum of the SN ratios for factor level j. The error sum of squares was calculated 
using
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The degree of freedom of each control factor was DOFP¼t1. The total number of degrees of 
freedom was DOFT¼m1. The factor variance was VP¼SSP = DOFP. The contribution percentage 
of each factor could be calculated as
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	 According to Table 4, the EPD control factors that affected the MFC power density, from 
most to least strongly, were the deposition voltage (A), deposition time (B), graphene 
concentration (D), and suspension temperature (C). Factors A, B, and D satisfied the 99% 
confidence level and were thus critical factors affecting the MFC power density. Factor C only 
reached the 98.81% confidence level and had a smaller effect on the experiment; thus, it was 
classified as an error.

3.4	 Confirmatory experiment

	 Once the optimal parameter combination had been obtained and ANOVA had been 
conducted, we compared the predicted and confirmatory values to verify the reliability of the 
optimization. The maximum power density was the main indicator of the MFC power generation 
efficiency. Through Eq. (11), the predicted SN ratio of the optimal EPD parameter conditions 
(ηpre) was calculated as 11.8 dB. The predicted optimal MFC maximum power density (ηpre) was 
3.89 mW/m2. The F value was 19.0. The 5% confidence interval result was 11.8 dB. The 
predicted and confirmatory values are summarized in Table 5. According to Table 5, the error 
between the predicted and confirmatory values of the maximum power density was 0.91 mW/

Table 4
ANOVA results for SN ratio in the maximum power density experiment.

Factor SS DOF Var F Probability 
(%)

Confidence 
(%) Significant*

A 10.551 2 5.275 13.27 0.03 99.97 Yes
B 9.905 2 4.952 12.46 0.04 99.96 Yes
C 4.555 2 2.278 5.73 1.19 98.81 No
D 6.932 2 3.466 8.72 0.22 99.78 Yes
Error 7.155 18 0.398 S = 0.630
Total 39.1 26 1.503
*At least 99% confidence level.
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m2. The error between the predicted and confirmatory values of the SN ratio was 1.3 dB, lower 
than the 3.5 dB of the 5% confidence interval calculated using Eq. (12). The calculation results 
confirmed that the experimental results satisfied the 95% confidence level.
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3.5	 Anode surface scanning electron microscopy

	 In this study, we perform scanning electron microscopy (SEM) to observe the difference in 
the morphology of the surface of the unmodified SSM and the SSMs modified using EPD 
parameters in accordance with the Taguchi orthogonal array [L9(34) array]. Figure 4 shows an 
image of the unmodified SSM, where (a) and (b) respectively show the image under 150× and 
1500× magnification. The unmodified SSM had a smooth surface morphology. Figures 5–14 
present SEM images of the anodes fabricated using the first to ninth groups of fabrication 
conditions, respectively. Under the first group of conditions, the graphene deposition was uneven 
and small in amount, whereas under the second group of fabrication conditions, more graphene 
was deposited on the surface and the graphene was more evenly distributed. Under the third 
group of fabrication conditions, the graphene on the electrode surface was dense, and aggregation 
could be observed at the intersections between SSM wires. Under the fourth group of fabrication 
conditions, the graphene distribution was relatively even. Under the fifth group of fabrication 
conditions, the surface graphene distribution was again relatively even but also without notable 
aggregation. Under the sixth group of fabrication conditions, the graphene was dense on the 
surface but uneven with notable aggregation. Under the seventh group of fabrication conditions, 
the deposited graphene was dense and even. Under the eighth group of fabrication conditions, 
the deposited graphene was again dense and even, but aggregation was observed at some wire 
intersections in the SSM. Finally, under the ninth group of fabrication conditions, the graphene 
was found to be distributed unevenly with notable aggregation. The different MFC power 
densities may have been due to the differing SSM surface morphologies resulting from the 
different EPD parameters.

Table 5
Predicted and confirmatory values of the maximum power density.

Confirmatory values Predicted values Differences

2are
mWP
m

 
 
 

ηconf (dB) 2pre
mWP
m

 
 
 

ηpre (dB) |Pare − Ppre| |ηconf − ηpre|

4.8 13.1 3.89 11.8 0.91 1.3
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Fig. 5.	 SEM images of the unmodified SSM at different magnifications: (a) 150× and (b) 1500×.

Fig. 6.	 SEM images of the SSM anode fabricated using the first Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

Fig. 7.	 SEM images of the SSM anode fabricated using the second Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

(a) (b)

Fig. 8.	 SEM images of the SSM anode fabricated using the third Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

(a) (b)

(a) (b)

(a) (b)
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Fig. 9.	 SEM images of the SSM anode fabricated using the fourth Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

Fig. 10.	 SEM images of the SSM anode fabricated using the fifth Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

Fig. 11.	 SEM images of the SSM anode fabricated using the sixth Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

Fig. 12.	 SEM images of the SSM anode fabricated using the seventh Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

(a) (b)

(a) (b)

(a) (b)

(a) (b)
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4.	 Conclusions

	 This study was focused on energy harvester technology, specifically the micro/nanostructure 
fabrication of nanomaterials used for anode electrodes in energy collection. In this research, a 
graphene suspension was prepared by mixing graphene powder with deionized water in a 1:1 
ratio and adding 95% ethanol. EPD was then used to form a uniform graphene coating on the 
surface of an SSM anode. During the EPD process, oxygen-containing functional groups on the 
graphene surface were reduced to carbon ring structures, enhancing the material’s conductivity, 
surface area, and electrochemical activity. These micro/nanostructural improvements 
significantly contributed to the enhanced energy harvesting performance of the MFC, as 
demonstrated by the increased power output. The results of this work highlight the potential of 
integrating nanomaterials and micro/nanofabrication techniques in the development of efficient 
energy harvesting systems.
	 Numerous factors can affect EPD efficiency. We used the Taguchi method to optimize the 
EPD process and selected four parameters that had substantial effects on the EPD efficiency, 
namely, graphene concentration, deposition time, applied voltage, and suspension temperature. 
For each parameter, three levels were applied in an L9(34) orthogonal array. A total of nine 
parameter combinations were thus employed in the experiment. To ensure the reliability of the 
experimental results, each group was tested three times and the Taguchi method was used to 
analyze the experimental data. Below are the details of the conclusions of the present study.

Fig. 13.	 SEM images of the SSM anode fabricated using the eighth Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

Fig. 14.	 SEM images of the SSM anode fabricated using the ninth Taguchi group of parameters at different 
magnifications: (a) 150× and (b) 1500×.

(a) (b)

(a) (b)
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•	� EPD has the advantages of easy installation, a simple process, and convenience for mass 
production. We used EPD to fabricate a graphene-covered SSM for use as an MFC anode to 
improve the MFC’s power generation efficiency and reduce the cost of graphene electrode 
fabrication. 

•	� The Taguchi method was employed to optimize the EPD process parameters; 81 groups of 
experiments were effectively integrated into nine groups. The experimental results of the 
Taguchi method revealed that the EPD parameters, ranked from most to least important in 
terms of their effect on the MFC power density, were applied voltage (A), deposition time (B), 
graphene concentration (D), and suspension temperature (C). Graphene concentration was 
the most critical factor affecting the MFC oxidation peak current.

•	� In the Taguchi experiment regarding the maximum power density, the optimal parameter 
combination was A2B2C3D1, matching the fifth group in the orthogonal array. The error 
between the predicted and confirmatory values was 1.3 dB, which is lower than the 3.5 dB of 
the 5% confidence interval calculated using Eq. (12). The experimental results satisfied the 
95% confidence level, and the maximum power density was eightfold that for the unmodified 
anode.
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