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Abstract
This study developed a unique and outstanding 2D-3D anode using an Activated Carbon (AC) or Charcoal Powder (CP) 
coating on the carbon felt (CF) surface. The anode structure’s high surface area and outstanding electrical conductivity were 
discovered to improve the enrichment and growth of yeast (Saccharomyces cerevisiae) and promote extracellular electron 
transfer (EET) from the yeast to the anode surface in a Microbial Fuel Cell (MFC) system. Subsequently, an extensive 
characterization including surface morphology, X-ray diffraction, electrochemical analysis, and biofilm adhesion tests, was 
performed to the hybrid material’s suitability as an MFC anode. The maximum power density of an MFC, installed with the 
CF/AC as a 2D-3D hybrid anode, was 54.58 mW m−2 or 442% higher, compared to the bare CF counterpart. In addition, 
the hybrid anode produced an internal resistance of 345 Ω in the MFC or about 77% lower, compared to the bare CF coun-
terpart. This improved performance was in turn responsible for the 2.26-fold increase in the quantity of biofilm deposited at 
the CF/AC anode surface, compared to the bare CF counterpart. Therefore, this hybrid anode manufactured using a simple 
dip-coating method is a promising anode for high-performance MFC applications.
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1  Introduction

Microbial fuel cells (MFCs) are electrical instruments with 
the ability to convert the chemical energy in certain sub-
strates into electricity, using microbes as biocatalysts. An 
MFC has special characteristics, including room-temper-
ature operation, relative ease of use, and high selectivity 
of the microbes used [1, 2]. Therefore, these cells have the 
potential to function as a novel technology to remove organic 
matter during waste treatment processes and an indicator 
in applications of environmental biosensors [3]. However, 
MFCs also have significant technological limitations for 
practical applications, including relatively low power out-
put and efficiency, slow electron transfer, and poor long-
term stability, compared to conventional fuel cells; therefore, 
solutions are required to combat these challenges [4, 5].

Numerous factors influence an MFC's performance, 
including the cell’s anode, architecture, and membrane 
separation. The anode not only works as supportive mate-
rial for the growth and development of active bacteria but 
also accumulates electrons released by bacterial exoelec-
trogens and, therefore, has the most significant influence 
on the cell’s performance. Several approaches have been 
attempted to improve the MFC anode’s material and com-
position, to enable the transfer of bacterial adhesion and 
extracellular electron (EET) from bacteria to the anode.

Furthermore, numerous conventional 2D or 3D car-
bon-based materials, including activated carbon, carbon 
brushes, carbon/graphite felt, carbon rods, and carbon 
cloth/paper have been used as MFC anodes [6–8], due to 
several benefits, for instance, high flexibility, strong elec-
trical conductivity, and corrosion resistance [9]. However, 
the use of 2D or 3D electrodes alone is not effective to 
improve MFC performance due to several inherent prob-
lems, including the relatively complicated re-stacking pro-
cedure, low ion conductivity, relatively poor stability, and 
complex manufacturing [10]. The synthesis of a 2D-3D 
carbon is, therefore, an excellent step, as the hybrid elec-
trode is supposed to have certain benefits, for instance, 
a larger surface area, open transport ion channels, and 
all electrode surfaces are ion-moving, compatible with 
flexible devices, easier to coat, as well as possess larger 
volumetric storage properties. Based on numerous refer-
ences, a carbon hybrid electrode comprises two or more 
carbon allotropes and typically has improved mechanical 
as well as electrical properties [11, 12]. However, in the 
production of a 2D-3D carbon hybrid, the smooth linking 
of these two architectures is often challenging [13, 14]. 
Furthermore, the application of these hybrid structures, 
particularly for MFCs, has rarely been studied.

Activated carbon (AC) is highly porous 2D carbon 
with a broad surface, large electrocatalytic activity and is 

commonly used as a low-cost substitute for noble metal 
electrodes in MFCs or conventional fuel cells [15–17]. 
However, AC is a less common substitute for the anode, 
due to low electric conductivity [18]. Meanwhile, carbon 
felt (CF) as 3D carbon, is generally used as an electrode 
due to the suitable electronic conduction, high surface 
area, and porosity, thus, providing abundant redox reac-
tion sites, excellent electrolytic strength, mechanical sta-
bility, and relatively low cost [19–22]. Therefore, in the 
manufacture of a 2D-3D hybrid electrode, CF’s benefits 
overcome the weaknesses of AC, and an excellent elec-
trode is obtained. The hybrid electrode’s high electrical 
conductivity is likely to promote EET, while the large 
surface area is bound to enhance bacterial adherence and 
enrichment [23].

Several investigations on the modification of carbon/
graphite felt with several other materials have been con-
ducted. Shi et  al., [24] modified carbon felt with ZnO 
and activated carbon for zinc-nickel battery applications. 
Shahzeydi et al. [25] modified copper nanoparticles in car-
bon felt for catalytic applications. Meanwhile, Ganiyu et al. 
[26] adapted CoFe-layered double hydroxide on carbon felt 
for the heterogeneous electro-Fenton process. Shen et al. 
[27] modified TiO2 monoliths on carbon felt for photocata-
lytic methyl orange degradation. Based on the existing state 
of the art of modified carbon felt, modification of carbon 
felt utilizing activated carbon or charcoal powder for yeast 
MFCs applications without binder addition (binderless) has 
never been done previously. As a result, we claim this as an 
academic novelty in our study.

In this study, a carbon felt anode was coated with acti-
vated carbon or charcoal powder (CP) through a dip process, 
to form a 2D-3D hybrid anode, and the MFC’s performance 
was represented by the voltage value and polarization curves 
of the CF Anode, modified using AC or CP. In addition, 
scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) analyses were performed to evaluate the formation of 
biofilms on the anode’s surface and define the hybrid struc-
ture’s crystallography characteristics, respectively.

2 � Materials and methods

2.1 � Carbon felt‑based electrode modification

The carbon felt (CF) electrode based on polyacrylonitrile 
(PAN) was obtained from KWK Steel Co., Ltd (Zhejiang, 
China) and sliced into circular pieces of 3.5 cm in diameter 
(7 cm2 area), as well as 1 cm thickness. Subsequently, the 
electrode was immediately soaked in 1 M NaOH (Sigma 
Aldrich, St. Louis, USA) and boiled for 1 h to hydrophili-
cate the fibers [15]. These hydrophilic fibers help encourage 
the entry of electrolyte elements containing substrates and 
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microbes, into the electrode’s innermost parts, thus, maxi-
mizing the biocatalytic mechanism and substrate degrada-
tion. The CF was then washed with deionized water to obtain 
a pH of 7, and dried at 70 °C, before use. Figure 1 shows 
the CF’s hydrophilicity, where the water forms an angle of 
110° on the untreated CF surface but is fully absorbed after 
treatment with NaOH. This change from hydrophobicity to 
hydrophilicity also influences the reduction in resistivity 
from 4717 ± 538 to 1444 ± 298 Ω-cm.

Subsequently, the 2D-3D electrode fabrication process 
was performed using the method described by Zhang et al., 
[28]. Activated carbon (AC) powders PRA-A5005AEX were 
obtained from Panasonic (Osaka, Japan), dispersed in dis-
tilled water at a concentration of 5 mg/mL, and then soni-
cated for 1 h to exfoliate impurities from the powder pores. 
The dispersion was then washed to eliminate impurities and 
diluted to a concentration of 1 mg/mL, and then the treated 
carbon felt was immersed in the AC solution for 2 h, without 
any binder addition. This was followed by separating the 
electrode from the solution, washing with distilled water to 
remove unbound AC, and drying at 70 °C, to become CF/
AC. Meanwhile, a combination of carbon felt and charcoal 
powder (CP), obtained from the local market in Serpong 
(South Tangerang, Indonesia) was used to produce CF/CP, 
following the same process.

2.2 � Electrochemical measurement

A single-chamber MFC reactor made of acrylic was pur-
chased from Phychemi Co. Ltd. (Beijing, China), and the 
anode chamber was been filled with an anolyte of 28 mL 
of fresh YPD medium, composed of 5 mg mL−1 of yeast 
extract (Merck, Darmstadt, Germany), 2.5 mg mL−1 of pep-
tone (Himedia, Mumbai, India), 14 mg mL−1 of D-glucose 
(Merck, Darmstadt, Germany), and 14 mg/mL of baker yeast 
Saccharomyces cerevisiae (Lessafre, Marcq-en-Baroeul, 
France) as a biocatalyst [29–31]. In this case, glucose served 
as the fuel, with yeast extract functioning as an artificial 
mediator [32] and peptone acting as a supplement for yeast 
growth [33]. The cathode was plain CF that was exposed to 
ambient air directly, while treated Nafion 117 (treated with 
3% w/w H2O2, 0.5 M H2SO4, and DI water) was used as a 
membrane separator, and modified CF served as the anode. 

Subsequently, the electrodes were placed in the necessary 
compartments, and the experiments were conducted at room 
temperature of about 25 °C, using a conductive stainless-
steel wire as the current collector.

The effectiveness of the 2D-3D carbon felt-based anodes 
was analyzed based on the parameters of the output voltage 
and power density. In addition, the MFC reactor was paired 
with the UNI-T UT61E multimeter (Dongguan, China) 
and supplied with an external load of 1000 Ω for voltage 
determination. Meanwhile, a data acquisition system con-
trolled the output voltage for 144 h every 15 min, and fresh 
media were injected every 48 h. Also, loads of 5 MΩ – 10 
Ω (Elenco RS500 Resistance Substitution Box, Illinois, 
USA) were attached between the anode and cathode for the 
MFC discharge to calculate the power density, while a data 
acquisition system tracked the output voltage for 30 min, in 
each 10-min cycle. Subsequently, the current density (J) and 
maximum power density (MPD) were calculated based on 
Eqs. (1) and (2), as shown in the following equation:

where V indicates the voltage (V) between the anode and 
the cathode, R represents the external resistance (Ω), and 
A signifies the anode surface area (m2). Each measurement 
was repeated at least thrice, and the results were presented 
as the average value and standard deviation.

2.3 � Contact angle, XRD, SEM, and biofilm 
characterization

The images for contact angle analysis were obtained per-
pendicular to the corresponding sample surface with a 
Nikon D5100 DSLR camera (Tokyo, Japan), and angle 
measurements were done manually with a protractor. The 
crystalline morphology of the modified CF anodes was 
determined using X-ray diffractions Rigaku SmartLab SE 
(Tokyo, Japan) operated at 40 kV, 30 mA, and 5–80° (2θ), 
with CuKα as the radiation (λ = 1.5406 nm). Meanwhile, 
scanning electron microscopy FEI Inspect F50 (Oregon, 

(1)J =
V

R × A
,

(2)MPD = J × V ,

Fig. 1   The contact angle 
between water and untreated 
CF as well as CF treated with 
NaOH



	 Journal of Applied Electrochemistry

1 3

USA) was used to observe the modified CF anodes’ sur-
faces. The resistance of the modified CF anode was then 
calculated using the four-point sample method [34], while 
the yeast biofilm was measured by subtracting the anode’s 
weight before incubation from the weight after incubation.

2.4 � Anode surface area determination

The anode’s surface area serves as a confirmation of the 
increase of surface area after modification with CP or AC, 
and must, therefore, be measured. In this study, the anode 
surface area was determined using the equation by Maltsev 
et al., [35] based on reduction in the absorbance of methyl-
ene blue, due to absorption by carbon-based electrodes, as 
shown in Eq. (3):

where S represents the surface area, [MB]init and [MB]fin 
indicate the initial and final methylene blue concentrations, 
respectively, Msol denotes the solution’s weight, and mc sig-
nifies the weight of the carbon-based electrode.

2.5 � Particle size determination and porosity 
analysis

Particle size and distribution were measured using Gilson 
Tapping 8in Sieve Shaker SS-8R (Ohio, USA) with a size 
of 100 – 635 mesh. Meanwhile, porosity is measured based 
on bulk and particle density using Eq. (4):

3 � Results and discussion

3.1 � Characterization of CP and AC

This is critical for characterizing the CP and AC that will 
be utilized to modify the CF. As a response, the porosity, 
particle size distribution, and pH of CP and AC were investi-
gated. The porosities of CP and AC were 22.15 and 44.70%, 
respectively, with AC having a higher porosity value, and 
this demonstrates that AC particles are lighter than CP par-
ticles because AC particles have a porous structure, whereas 
CP particles have a denser and compact structure. The pores 
in the AC increase the surface area, which will be highly 
useful for the development of yeast biofilms when utilized 
as yeast MFC anodes. Meanwhile, Fig. 2a depicts the parti-
cle size distribution of CP and AC based on sieve analysis. 

(3)S

(

m2

g

)

=
1.994

(

[MB]init − [MB]fin
)

Msol

mc

,

(4)Porosity(%) =

(

1 −
Bulk density

Particle density

)

× 100%.

Figure 2a shows that major AC particles (about 25.62%) 
retained in the 635-mesh sieve, while only 3.76% of CP par-
ticles retained in the same size mesh sieve and much more 
in 100 mesh (41.87%), showing that AC contains finer par-
ticles than CP. The smaller particle size makes it simpler to 
penetrate and distribute the CF. Then, the sieving analysis 
graph is presented in Fig. 2b, while the pH of AC and CP 
were 10.3 and 10.9, respectively.

3.2 � Morphology analysis

In addition, CF that had been treated with CP or AC was 
evaluated for its physical. Based on the synthesis per-
formed on CF, which has a projected surface area of 7 cm2 
and a thickness of 0.4 cm, the AC contained in CF was 
33 mg cm−3, which is 32% higher than CP, while the CP 
contained in CF is about 25 mg cm−3. This is due to the 

Fig. 2   a Particle distribution and b particle gradation diagram for AC 
and CP
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smaller particle size of AC, which allows it to be easily dis-
tributed and penetrate into the CF, increasing the quantity 
contained in the CF. Morphological study using DOM was 
done for both CF, CF/CP, and CF/AC to confirm the bond 
between CF and AC or CP (Fig. 3). In CF, only fibers from 
single carbon felt are visible; however, in the CF/CP and CF/
AC images, AC or CP may be seen between the CF fibers. 
The presence of drying following the modification process 
also aids in the binding of AC or CP to the CF, making them 
difficult to separate.

3.3 � XRD analysis

XRD measurements were used to describe the crystalline 
morphology of the material of the CF electrode modified 
by CP or AC. Figure 4 shows the XRD patterns of CF, CF/
CP, and CF/AC, respectively, where the two most notice-
able diffraction peaks of 2θ occurred at 25° and 44°, as 
reported by precious related results [36, 37]. In addition, 

the 2θ = 25° and 44° peaks at CF/CP and CF/AC were 
discovered to shift slightly towards the smaller angle. This 
shift is probably affected by significant residual stress due 
to changes in the volume of the crystal during the reac-
tion of CP or CP’s deposition on CF. Furthermore, com-
pression stress in the direction of measurement possibly 
contributes to a reduction in the lattice parameter, where 
the crystallite size increases as the peak angle reduces. 
Several peaks were also detected in CF diffraction at about 
2θ = 34°, 40°, as well as 53°, and these are possibly due to 
remnants of CF impurities from the synthesis. However, 
these peaks were not observable for CF/CP and CF/CA, 
presumably because the impurities are lost during the CP 
and AC deposition on CF.

Once the XRD pattern is identified, the physical dimen-
sions of the unit cells in the crystal lattice must be exam-
ined by finding the values of the lattice constants (a, b, c), 
using Eq. (5):

where h, k, and l represent the Miller indices (shown at each 
peak in Fig. 4), d represents the inter-planar spacing, while 
a, b, and c are the lattice constants of unit cells, where a and 
b are equal. Table 1 shows the lattice constants obtained 
for CF, CF/CP, and CF/AC, where the values of a = b were 
2.25, 2.08, and 2.12 Å, respectively, while the c values were 

(5)1

d2
=

h2 + k2

a2
+

l2

c2
,

Fig. 3   DOM for CF (left), CF/CP (middle), and CF/AC (right) at 200 × magnification

Fig. 4   XRD spectra of CF, CF/CP, and CF/AC anodes

Table 1   The lattice constants, unit cells volume, and crystallite size 
of CF, CF/CP, and CF/AC anodes

Anode structure a = b (Å) c (Å) Volume of 
unit cells 
(Å3)

Crystallite 
size (nm)

CF 2.25 7.03 35.59 1.03
CF/CP 2.12 7.31 32.85 1.18
CF/AC 2.08 7.18 31.06 1.48
JPCDS 00–041-1487 2.47 6.72 40.99 –
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7.03, 7.18, and 7.31 Å, respectively. The lattice constants 
for the modified CF anode are somewhat similar to the lat-
tice constants of graphite (JPCDS 00–041-1487), with the 
a = b and c values of 2.47 Å and 6.72 Å, respectively. This 
indicates that graphite is the dominant building block of CF 
in the three modified CF anodes.

The crystallite size (D) must also be measured to prove 
the peak shift in the XRD diffraction curve. This measure-
ment is carried out using Eq. (6), as shown in the following 
equation:

where K is the shape factor (0.9), λ is the wavelength of 
X-ray source (1.5406 nm), C is the intercept of linear equa-
tion between 4sinθ and βcosθ, and β is the diffraction curve 
peak’s Full-Width Half Maximum (FWHM). From these 
calculations, the crystal sizes of CF/AC were discovered to 
have the largest sizes of 1.48 nm, or 44% and 25% larger, 
compared to the CF/CP (1.03 nm) and CF (1.18 nm) coun-
terparts, respectively. This is in line with the XRD findings, 
where the peak angles were discovered to reduce with an 
increase in crystal size. The relationship between crystallite 
size and electrical conductivity showed a reduction in the 
average crystallite size contributes to an increase in electri-
cal conductivity [38]. Therefore, the CF anode presumable 
has better electrical conductivity, compared to the CF/CP or 
CF/AC counterparts. A study by Kumar et al., [39] reported 
that the larger the lattice constant or volume of unit cells 
implies, the smaller the crystal size, meaning that the two 
properties are inversely proportional.

3.4 � Voltage and maximum power density of MFC

Figure 5a–c shows the MFCs with modified anode vari-
ance evaluated for power generation over three work cycle 
(144 h), with an external resistance of 1000 Ω. The MFC 
is then loaded with the fresh substrate, and the erratically 
varied voltage values recorded were attributed to the loga-
rithmic phase of yeast, which makes attempts to adapt to 
the new environment [40]. In addition, there was a con-
tinuous increase in voltage values at about 24 h after the 
incubation time, followed by a period of stabilization. This 
outcome is attributed to the yeasts’ logarithmic and station-
ary phases and the conditions to achieve the critical stage 
and initiate metabolism. Moreover, the effects recorded are 
possibly attributed to the electrochemically active biofilm 
formed on the anode surface. The modified anode material 
significantly affects the final voltage. The MFCs with CF/
AC produce the highest voltage, with the stationary form 
ranging from 0.142 to 0.177 V, which is greater than the 
values recorded while using CF (range of 0.073 – 0.106 V) 
or CF/CP (0.088 – 0.131 V). Therefore, modifying CF with 

(6)D =
K × �

C
,

AC forms a 2D-3D electrode and greatly increases the bio-
electric generation. The bifunctional role exhibited by the 
added material under this situation includes, first, those in 
tandem that provide a higher surface area, and is also ben-
eficial for bacterial adhesion. The AC is characterized by 
more pores to promote adherence and yeast biofilm growth, 
being an active site compared to CP. Second, those used in 
conjunction with CF potentially improve the anode electri-
cal conduction and effectively capture the electrons emitted 
from the yeast, before transferring to the CF.

Figure 5d–f shows the polarization curves calculated 
under the steady-state conditions of the MFC voltage. The 
modified anode material properties hugely influence the 
resulting power density (MPD). Specifically, those made 
with CF/AC anodes yield MPD measuring 54.58 ± 5.76 
mW m−2, or 442% and 142% beyond CF (10.07 ± 1.50 mW 
m−2) and CF/CP (22.56 ± 0.26 mW m−2), respectively. Fur-
thermore, internal resistance was measured by adjusting 
the slope of the polarization curve [41]. The lowest internal 
resistance of 345 ± 87 Ω was reported in MFCs with a CF/
AC anode, which is then the values recorded in those using 
CF (1478 ± 381 Ω) and CF/CP (714 ± 56 Ω). In addition, 
the use of AC modifies CF as 2D and 3D electrodes respec-
tively form a 2D-3D hybrid. This substantially decreases the 
overall internal resistance during the incubation process and 
enhances the anode bioelectrochemical activity. Also, this 
modification process has instigated improvements in elec-
tron transfer efficiency from bacteria. Moreover, the large 
surface area of AC allows the bio-electrocatalytic process to 
ensue at sites inside the reformed anode with greater activity 
and consequently result in a higher power density.

Table 2 shows a comparison between the MPD values of 
several previous studies, and the yield of MFCs character-
ized by modified CF/AC anodes was equivalent or greater 
than any other work. The results obtained in prior research 
were approximately 5.1 – 1146 mW m−2. Furthermore, this 
modification potentially increases the anode surface, allows 
for more biofilm growth on the surface, and increases the 
MFC output power. Therefore, the effects are observed for 
more stable electrochemical measurements. Table 2 also 
describes how MFC using Geobacter as a biocatalyst pro-
vides a higher power density compared to yeast or mixed 
consortia bacterium. Geobacter has nanowire parts that 
behave like artificial mediators, transferring ions generated 
in microbe cells to the electrode surface [42]. Furthermore, 
Geobacter has good metabolic activity, allowing it to trans-
form fuel more effectively and efficiently into protons and 
electrons [43]. However, because yeast S. cerevisiae pos-
sesses the benefits described above, it is still worthy of con-
sideration as an MFC biocatalyst.

The specific surface areas of CF, CF/CP, and CF/AC, 
determined based on calculations using Eq. (3) were 944, 
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996, and 1102 m2 g−1, respectively. This clearly shows the 
capacity for AC or CP introduced to expand the electrode 
surface area of CF. Particularly, the AC-modified sam-
ples are possibly manufactured from cheap raw materials, 
through the easy method of electrodeposition immersion 
coating. These considerations make them popular candi-
dates for the development of MFC with high performance.

3.5 � Biofilm analysis

Figure 6 shows the anode SEM images after a 48 h incuba-
tion period. Picture 6a shows the yeast S. cerevisiae biofilm 
developed in the CF anode and not by AC or CP. Figure 6b 
and 6c are SEM images of CF, where S. cerevisiae yeasts 
used with modified CP and AC were dependent on bio-
film growth. Figure 6a shows the well-developed biofilm 

Fig. 5   Voltage produced during incubation process from MFC which used a CF, b CF/CP, and c CF/AC as their anode and d–f are their polari-
zation curves, respectively. Inset shows the voltage stability in one cycle and arrows show the replacement time with fresh medium
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developed on the CF material surface. This was also the case 
of CF/CP (Fig. 6b), although a more abundant consistency 
was observed. Figure 6c shows the high surface area in CF/
AC, which resulted in excellent biofilm formation. Mean-
while, Fig. 6d-f shows the SEM images with higher mag-
nification, where the biofilm adheres to the anode surface. 
The negatively charged yeast biofilm was attached due to the 
difference in charge [52, 53], and the effect of surface area 
on biofilm formation is seen. This figure also demonstrates 
the higher surface growth of CF/AC anodes in biofilm, with 
a considerably higher overall growth compared to CF or CF/
CP. Therefore, the porosity in AC is critical for the success 
of the system, after deposition of CF in the available surface 
area. This experiment also shows evidence of very high yeast 
biofilm adhesion to AC/CF surface, leading to a relatively 

high surface area in the 2D-3D hybrid electrode. Therefore, 
the combination of material interconnection with the sur-
face area accessed by biofilms is inferred to be construction 
sites with high significance in the development of productive 
anode materials.

Figure 7a shows the quantification of biofilm growth, 
which is conducted by performing the dry mass of the 
biofilm for each anode before and after the incubation pro-
cess. The biofilm growth in CF/AC was approximately 
0.043 ± 0.011  g, or 2.26 times higher than the values 
recorded for CF (0.019 ± 0.001 g) and 1.65 times higher than 
CF/CP (0.026 ± 0.001 g). This effect is attributed to changes 
in CF hydrophobicity, characterized by greater hydrophilic-
ity. Therefore, exopolysaccharides (EPS) and lipopolysac-
charides are considered to be very good materials for the 

Table 2   The comparison MFC 
performance between this work 
and others

Anode structure Biocatalyst MPD (mW m−2) References

activated carbon felt Escherichia coli 38 (3.8 µW m−2) [9]
Carbon cloth Shewanella algae 50 [44]
graphite felt Soil microbes 24 [45]
carbon paper Mixed microbial consortia 5.1 [46]
carbon rods Mixed microbial consortia 29.23 [47]
carbon felt Mixed microbial consortia 45.4 [48]
carbon rod Geobacter sulfurreducens 1146 [49]
graphite felt Geobacter sp. 325 [50]
graphite rod Geobacter metallireducens 396.7 [51]
CF/AC Saccharomyces cerevisiae 54.58 This work

Fig. 6   SEM images of a CF, b CF/CP, and c CF/AC anode structure after an incubation process with 100 × of magnification, while d–f their 
SEM images, respectively, with a magnification of 1000×
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connection of biofilms with hydrophilic substances [54], 
and also in the promotion of biofilm growth on the anode 
surface. These results are consistent with the results of the 
above SEM images.

The CF electrode resistivity was tested to ascertain the 
efficacy of AC and CP deposition. Figure 7b shows the 
calculated resistivities for the CF, CF/CP, and CF/AC elec-
trodes, indicating a higher resistance in the CF modified 
with AC or CP, and the highest values of about 2742 ± 495 
Ω cm was reported in CF/AC, which was 90% and 32% 
higher than the outcome of CF (1444 ± 298 Ω cm) and CF/
CP (2074 ± 125 Ω cm), respectively. This upsurge in resist-
ance is possibly due to weak connections established during 
the deposition process between the carbon fibers in CF and 

CP or AC [9]. Also, it is important to recognize the inap-
propriateness of using binders as adhesive for the AC or CP 
deposition processes on CF. This finding correlates with the 
above XRD results, where CF showed the least resistivity 
and maximum conductivity. In addition, the anode resist-
ance under steady-state conditions during the incubation 
period was also analyzed, and the calculation results identi-
fied the least values in CF/AC, at 433 ± 105 Ω cm, which is 
51% lower than CF (876 ± 190 Ω cm) and 22% lower than 
CF/CP (557 ± 140 Ω cm). This small resistance value is 
attributed to the large number of yeast biofilms formed on 
the anode surface. The microorganisms show conductive 
properties, which are highly expressed in many electrodes, 
alongside a characteristic low resistance [55]. Furthermore, 

Fig. 7   a Weight of biofilm on the surface of CF, CF/CP, and CF/AC anode structure, while b is the resistivity of anode structures before and 
after the incubation process

Fig. 8   Schematic of intercon-
nection between CF, AC, and 
biofilm before and after incuba-
tion process
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Fig. 8 shows the interconnection between CF, AC, and bio-
film both before and after the incubation process.

4 � Conclusions

The power generation of an MFC is possibly improved by 
developing a 2D-3D electrode, through the combination of 
carbon felt (CF) as a 2D anode modified with activated car-
bon (AC) and charcoal powder (CP) as a 3D electrode. This 
results in a maximum power density of 54.58 ± 5.76 mW 
m−2, which is 442% higher than CF at 10.07 ± 1.50 mW 
m−2. The internal resistance of MFC with CF/AC anode was 
51% smaller than the CF anode due to the huge quantity 
of biofilm on the surface. Furthermore, the combination of 
AC and CF offers numerous benefits to the overall perfor-
mance, in terms of surface areas, good biocompatibility, and 
excellent electrical conductivity. These valuable properties 
encourage bacterial yeast growth, while the excellent electri-
cal conductance encourages extracellular electron movement 
from the bacteria to the surface. This activity has led to a 
significant rise in MFC power generation, and the results 
are hoped to stimulate future interest in the architecture of 
hybrid 2D-3D anodes with high efficiency.
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