
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 3
:5

1:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Polyaniline nano
Department of Systems Biotechnology, Kon

Konkuk University, 120 Neudong-ro, Gwa

skim100@konkuk.ac.kr; Tel: +82 2 450 337

Cite this: RSC Adv., 2024, 14, 34498

Received 22nd May 2024
Accepted 28th August 2024

DOI: 10.1039/d4ra03774j

rsc.li/rsc-advances

34498 | RSC Adv., 2024, 14, 34498–
fiber: an excellent anode material
for microbial fuel cells

Jalal Ahmed and Sunghyun Kim *

Sluggish electron transfer from the bacterial metabolic system to the electrode is a critical issue in microbial

fuel cell (MFC) research. However, a number of strategies have already been demonstrated for the improved

performance of MFCs through the chemical or electrochemical manipulation of the anode. In this study,

a new anode fabrication technique was introduced with polyaniline nanofibers (PANInf) to increase the

surface area of the anode in a three-dimensional pattern. A large number of bacteria were anchored to

the high surface area anode through the electrostatic interaction between positively charged anode

surface and negatively charged bacteria cell wall. An improved conductive nature also plays an important

role in accelerating the electron transfer process, yielding a current density of 0.87 mA cm−2, which is

almost a 73% increase from that of the PANI anode (0.503 mA cm−2). The maximum power density with

a PANInf-modified anode was 1091 ± 5% mW m−2, which is 40% higher than that of the PANI-modified

anode (777 ± 5% mW m−2). Impedance spectroscopic study shows that PANInf modification reasonably

reduces the charge transfer resistance, leading to faster electron transfer kinetics.
Introduction

Electricity generation in microbial fuel cells (MFCs) through the
catalytic degradation of organic components has drawn signif-
icant attention in recent years as a carbon-neutral, eco-friendly,
and renewable green energy source.1,2 The versatility of
microbes in utilizing a diverse range of fuels makes MFCs an
ideal technology for applications such as wastewater
treatment,3–5 energy recovery,6 and power supply for remote
sensing using indigenous fuels.7 Several factors inuence MFC
performance, including cell design, substrates, ow rate, and
temperature.8,9

Electrode materials based on carbon are particularly crucial
as they considerably enhanced power generation and MFC
performance by providing a large surface area to anchor a dense
bacterial population, facilitating high substrate oxidation rates
and rapid electron transfer to the external circuit.10,11 They
exhibit a variety of physical and chemical properties, including
differences in bacterial attachment, electron transfer capabil-
ities, internal resistance, and reaction rates on the electrode
surface. Various carbon-based materials, such as carbon cloth,
carbon paper,12 graphite granules, graphite felt, graphite ber
brushes,13 carbon mesh,14 graphite rods,15 and reticulated
vitreous carbon (RVC),16 are extensively utilized as MFC anodes.
These materials are favoured for their high chemical stability,
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34503
biocompatibility, substantial surface area, excellent conduc-
tivity, and ability to support bacterial colony formation.

Despite their advantages, carbon materials have consider-
able drawbacks such as clogging due to cell death, high resis-
tance, fragility, and high costs for eld-scale applications.17

Moreover, the inefficiencies of the anodic process on the elec-
trode surface are yet to be fully elucidated. Several strategies
have been explored to enhance the electrocatalytic performance
of anodes, including the immobilization of redox mediators,
which has proven to be effective.18,19 However, the durability of
redox mediators is questionable due to their toxicity and
tendency to wash off the electrode surface.20

The nanostructural advantages of conductive materials, with
their unique electrical and catalytic properties, have been found
to signicantly improve both bioelectrocatalytic and signal
transduction processes, thereby enhancingMFC performance.21

For example, Wu et al.22 demonstrated enhanced electron
transfer from Shewanella to a boron-doped diamond nanograss
array, improving bacterial interaction with the electrode
surface. Studies have explored the potential of carbon nano-
tube–polymer composites to increase bacterial electron
transfer,23–25 although the toxicity of CNTs can lead to cell death
and inhibit cell proliferation.

Conductive polymers such as polyaniline and polypyrrole
along with their composites continue to be extensively
researched for their application in various electrochemical
devices due to their conductive properties and polymer struc-
ture.26,27 Polyaniline, in particular, is particularly attractive due
to its ease of processing, electrical conductivity, and environ-
mental stability. The electronic properties of these polymers can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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be manipulated through processes such as doping-dedoping
and protonation,28 and their reversible redox activity and
ability to form ordered nanostructures make them ideal mate-
rials for bioelectricity generation systems.29

Recently, there has been considerable attention on
enhancing the MFC performance through the additive role of
conductive polymers in the anode. Among the conductive
polymers studied, polyaniline, polypyrrole (PPy), and their
composite materials have been shown to effectively improve
MFC performance. Lai et al.30 demonstrated that an anode
modied with polyaniline increased the power output to 2.6
times that of an unmodied anode. Feng et al.31 used a copol-
ymer, polypyrrole/anthraquinone-2,6-disulphonic (PPy/AQDS),
to modify an anode, achieving a maximum power density 13
times greater than that of an unmodied one. Anodes coated
with a nanotube/polyaniline composite demonstrated improved
power density in MFCs compared to those coated solely with
carbon nanotubes.24 However, the potential issues of carbon
nanotube toxicity and biomass deposition clogging, which can
hinder substrate diffusion and increase electrode resistance,
were not addressed.

In this study, we propose a polyaniline nanober (PANInf)
composite electrode, which offers higher conductivity and
greater affinity for bacterial attachment on the electrode
surface, as a promising option for enhancing microbial fuel cell
performance. The nano-scale fabrication of the electrode
surface with PANInf could facilitate faster electron transfer and
more rapid proton release from the dense biolm. The meso-
porous morphology of the nanober-modied surface clearly
benets substrate diffusion within the dense biolm, thereby
accelerating the substrate oxidation rate.
Experimental
Chemicals and materials

All chemicals used were of reagent grade and purchased from
Sigma-Aldrich; they were utilized as received without further
purication. A solution of polytetrauoroethylene (PTFE) from
DuPont was employed to fabricate the gas diffusion layer. 20%
platinum on Vulcan X-72 carbon was procured from E-Tek, USA.
Non-wet-proofed (type A) and 30% wet-proofed (type B) carbon
cloths, supplied by Fuel Cell Earth, USA, served as the anode
and cathode materials, respectively. Untreated sludge was
collected from the Jung-Nang sewage treatment facility in Seoul,
Korea.
Polyaniline nanober (PANInf) and polyaniline (PANI)
synthesis

Before synthesizing PANInf, the aniline monomer was distilled
under reduced pressure. Polyaniline nanober was synthesized
at room temperature from the aqueous/organic interface, as
previously described by Huang et al.32 Briey, a 0.3 M solution of
aniline in dichloromethane was covered with a spray of 0.075 M
ammonium persulfate in 1 M perchloric acid solution, twice the
volume of the aniline solution, and le to react at room
temperature for 24 hours. The resultant PANInf was thoroughly
© 2024 The Author(s). Published by the Royal Society of Chemistry
washed with copious amounts of deionized water and acetoni-
trile until the ltrate became colorless. Doping was performed
by stirring the PANInf in 1.0 M perchloric acid for 15 hours,
followed by ltration, extensive washing with water, and
vacuum drying at 40 °C.

Conventional polyaniline synthesis was carried out in an ice
bath, maintaining the temperature in the range of 0–5 °C. The
aniline monomer was added to an ammonium persulfate (0.075
M) solution, stirred vigorously and allowed to settle for 24 h to
complete polymerization. The morphologies of the synthesized
PANInf and PANI were examined using a SEM instrument (JSM
6380, JEOL, Japan).

Electrode preparation and MFC set up

Air cathodes were prepared as previously described by Cheng
et al.33 with a platinum loading of 0.3 mg cm−2. Both 3 mg cm−2

PANInf/PANI and 1 mg cm−2 carbon black (Vulcan XC72) were
thoroughly mixed. Aer thorough mixing, 0.5 mL water and 100
mL of a 5% Naon solution were added sequentially, followed by
sonication for 30 min to ensure the complete dispersion of the
nanobers. This composite mixture was then applied to one
side of a type A carbon cloth anode and allowed to dry overnight
at room temperature. A cylindrical single-chamber MFC reactor,
measuring 3.0 cm in diameter by 2.1 cm in length, was con-
structed from Plexiglass with an internal volume of 14 mL; the
cathode and anode were positioned facing each other with
a 2.0 cm gap.

Enrichment and operation

MFCs were inoculated by mixing 2 mL of aerobic sludge with
culture media. The culture media comprised a 1 g per L acetate
solution in a 50 mM phosphate buffer, supplemented with
12.5 mL L−1 of minerals and 5 mL L−1 of vitamins. The MFC
operated in the batch mode, connected to a 1 kU external
resistor. The batch was changed when the cell voltage dropped
below 10 mV, using the same culture media. Aer achieving at
least ve consecutive and reproducible charging–discharging
cycles, the polarization curve was obtained by connecting vari-
able external resistors. The power density curves were derived
from the polarization curves as a function of current density
using P = IV. Three independent MFCs were simultaneously
operated and the average values were taken.

Measurements and calculations

The structural conformation of polyaniline and the bacterial
biolm were examined using scanning electron microscopy
(SEM, JSM 6380, JEOL Japan) and transmission electron
microscopy (TEM, Tecnai G2 F30, FEI, USA). Fixation of the
biolm bacteria was achieved by rinsing the biolm on carbon
cloth in PBS solution three times, followed by a 2 h incubation
in 2.5% glutaraldehyde solution; it was then washed with
deionized water and sequentially dehydrated through exposure
to ethanol solutions of increasing concentrations (10, 25, 50, 75,
90, and 100%) for 20 min each.

Cyclic voltammetry was performed on an MFC cell using
a saturated calomel electrode (SCE) positioned between the
RSC Adv., 2024, 14, 34498–34503 | 34499
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Fig. 2 SEM images of PANInf (A) and PANI (B). (C and D) Show SEM
images of the bacterial biofilm on the PANInf and PANI, respectively.
(E) Shows the TEM image of PANInf.
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cathode and anode, with the data recorded by a potentiostat
(Autolab PGSTAT 30, ECO CHEM). Electrochemical impedance
spectroscopy was used to measure the internal resistance (Rint)
at an open circuit voltage (OCV) across the frequency range from
10 kHz to 10 mHz applying a sinusoidal perturbation of 10 mV
amplitude using the same potentiostat. The total impedance
was graphed on the Zre–Zim plane (Nyquist plot) to determine
the internal resistance (Rint), and the ohmic resistance (RU) and
charge-transfer resistance (Rct) components were subsequently
derived from the t data of the impedance plot. The cell voltage
(Vcell) over the external resistance (Rext) was recorded over time
by an automatic battery cycler (WBCS300, WonAtech, Korea).
The plot of power density versus current was constructed from
the polarization curve as previously described.34
Results and discussion
Characterization of synthesized PANInf

Synthesized PANInf exists in the emeraldine salt form among
four different forms of PANI aer doping in 1.0 M perchloric
acid. It was conrmed by UV/vis absorption spectra (Fig. 1).

The structural morphologies of the synthesized PANInf and
PANI were observed using scanning electron microscopy, as
shown in Fig. 2A and B. PANInf displays a uniform, net-like
brous structure that interconnects to form a distinct three-
dimensional network, enhancing contact with the bacteria. Its
porous nature facilitates substrate diffusion within the catalyst
layer. The bres have lengths ranging from several hundred
nanometers to several micrometers, with an average diameter of
approximately 50 nm, as conrmed by the TEM image (Fig. 2E).

Note that washing PANInf with acetonitrile increases its
conductivity tenfold from the usual scale.35 This increase is
attributed to the removal of residual monomeric species
adhering to the bre surface. The 3D spatial conformation of
the bres allows bacteria to colonize deep within the electrode,
fostering signicant interactions between the anolyte, bacteria,
and biolm.

In contrast, conventional PANI forms thick, coarse particle-
shaped networks that offer fewer interspaces, resulting in less
Fig. 1 UV/vis spectra of the synthesized PANInf in water and its
chemical structure (inset).

34500 | RSC Adv., 2024, 14, 34498–34503
pronounced three-dimensional characteristics. Fig. 2C depicts
densely populated bacteria on the PANInf-modied surface,
indicating a biolm that diversies across the PANInf surface,
thereby providing additional space for bacterial settlement.
This modied surface structurally favours the accommodation
of multiple bacterial layers. However, the PANI anode surface,
as shown in Fig. 2D, supports a more two-dimensional bacterial
population, though both surfaces accumulate positive charges
that drive the bacteria towards them. The conductive nature of
the nanobers, coupled with high interaction levels, potentially
facilitates faster electron and proton release.
Voltage generation from MFCs with PANInf and PANI anodes,
and voltammetric response of anode biolms

To assess the PANInf and PANI anodes, we operated both
microbial fuel cells (MFCs) under identical conditions simul-
taneously. We monitored the voltage generation including
a start-up period, as shown in Fig. 3. Initially, the PANInf-
modied anode displayed slower voltage generation compared
to the PANI anode. This slower onset can be attributed to the
more extended period required for bacteria to inoculate the
interior of the PANInf, which offers less room for bacteria
Fig. 3 Charge–discharge curves of MFCs with PANI (black) and
PANInf (blue) anodes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to the PANI-decorated anode that behaves more like
a 2D surface, facilitating straightforward biolm formation.

Over time, the PANInf-modied MFC began producing
higher voltages than the PANI-modied MFC. This sustained
voltage generation, observed for over ten days, indicates
a higher substrate oxidation rate on the nanober-decorated
anode, resulting in a cell voltage approximately 40 mV higher
than that of the conventional PANI-modied electrode. The
higher oxidation current observed for the modied anode is
a result of the increased substrate oxidation rate and the large
number of bacteria colonizing the polyaniline nanobers
surface. Studies such as those by Bond et al.36 and Reguera
et al.37 have shown that an increase in biomass attached to the
electrode surface enhances the oxidation of electron-donating
species as Liu et al.38 established the relationship between
current potential and MFC cell performance.

Cyclic voltammetry techniques were used to study and
characterize the electron transfer interactions between micro-
organisms and the anode. Fig. 4A presents a typical voltam-
mogram of a bacterial biolm, characterized by a sigmoidal
shape with a single inection point. Here, we observed a higher
catalytic current of 0.87 mA cm−2 on PANInf modication,
compared to only 0.5 mA cm−2 for PANI. This strong correlation
with the peak current in substrate-depleted conditions (Fig. 4B)
and catalytic currents described by Fricke et al.39 suggest that
electron transfer from bacteria to the electrode can occur over
a wider redox potential window for PANInf, whereas it is more
restricted for PANI.

Structural transformations from benzoid to quinoid forms
are more readily facilitated with a positive shi in the voltage on
PANInf, as shown by Ding et al.,40 while these transformations
in PANI are monotonically restricted, resulting in inferior
electron transfer at certain potentials. Hence, PANInf provides
a clear advantage over conventional PANI as an anode material.
Fig. 5 Polarization (-) and power density (C) curves for PANI (black)
and PANInf (blue) anodes as a function of current density.
MFC power generation

Bioelectricity generation in microbial fuel cells (MFCs) is criti-
cally dependent on the properties of the anode, which are
Fig. 4 Cyclic voltammetry curves of carbon black/PANI (black) and c
condition (panel A) and in substrate depleted condition (panel B). Substr

© 2024 The Author(s). Published by the Royal Society of Chemistry
determined by the materials used. As illustrated in Fig. 5, the
power density varies with the current density. According to start-
up experiments, the PANInf electrode considerably outperforms
the PANI electrode. The power density increases with current
density but begins to decline with further increase. This rela-
tionship between the output current density and power density
is typical. Themaximum power density recorded was 1091± 5%
mWm−2 at a current density of 3.83 Am−2, which is 40% higher
than that of the PANI anode, which recorded 777± 5%mWm−2

at a current density of 3.36 A m−2.
This performance exceeds that of other recent studies, for

example, 228 mW m−2 with a polypyrrole carbon nanotubes
composite electrode,41 42 mW m−2 with a polyaniline/carbon
nanotube composite electrode,24 and 27.4 mW m−2 with a pol-
yaniline and poly(aniline-co-o-aminophenol) modied anode.42

The superior power density of PANInf is attributed to its
mesoporous structure and biocompatibility, which offer an
optimal habitat for a large bacterial population.

The power density in this study is comparable to that ach-
ieved with a three-dimensional loofah-like anode,43 although
the anode in this case is two-dimensional. PANInf's high
arbon black/PANInf (blue) composite-modified biofilm in turn over
ate = 1 g per L acetate. Scan rate = 1 mV s−1.

RSC Adv., 2024, 14, 34498–34503 | 34501
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conductivity is crucial for minimizing the overpotential and
efficiently delivering electrons to the external circuit. Addi-
tionally, the 3D nanober network facilitates the diffusion of
reactants and products, while a large specic anode surface area
enhances the cell potential by reducing activation losses at
higher current densities.

Electrochemical impedance study

Electrochemical impedance spectroscopy (EIS) measurements
were conducted to compare the charge transfer characteristics
of both PANI and PANInf-modied anodes. The charge-transfer
resistance (Rct), indicated by the diameter of the semicircle in
the high-frequency region of the Nyquist plot (Fig. 6), shows
that the Rct for the PANInf-modied anode is approximately 35
U, whereas it is about 44 U for the PANI-modied anode. A
decrease in Rct signies enhanced electrode processes and
superior electron transport capacity due to the highly conduc-
tive PANInf on the anode surface. The Rct is inuenced by the
electrode surface reactions and the charge transfer processes,
which depend on the bacterial population and the properties of
the electrode surface. Surface kinetics impact the interfacial
capacitance, which in turn reduces the Rct and increases the
power density. Qiao et al. observed a similar phenomenon with
the introduction of conducting polymers in their microbial fuel
cells (MFCs), which signicantly reduced the Rct of the system
(Qiao et al., 2007).24 Thus, a highly conductive surface offers an
additional advantage in reducing the internal resistance, a key
barrier to achieving higher power generation in MFCs.

Furthermore, a decrease in Rct and an increase in capaci-
tance are also indicative of conducting biolm formation and
bacterial aggregation, as supported by the bacterial distribution
within the biolm shown in Fig. 1C.44

Conclusions

In summary, a highly conductive surface composed of meso-
porous polyaniline nanobers was developed to enhance the
Fig. 6 Nyquist plots of PANI (black) and PANInf (blue)-modified
anodes measured between 10 kHz and 10 Hz. Black and blue lines are
fitted curves for PANI and PANInf anodes, respectively.

34502 | RSC Adv., 2024, 14, 34498–34503
performance of microbial fuel cells (MFCs). This innovative
anode material facilitates the formation of a dense biolm,
supporting a large population of bacteria. The three-
dimensional network of the polyaniline nanobers (PANInf)
interconnects bacteria that are distant from the anode surface,
enhancing electron transfer to the electrode. The high dual
conductivity of PANInf enables the simultaneous transport of
electrons and protons while reducing the surface resistance.
This leads to more efficient electrochemical cells and improved
power generation.

Although MFC technology has not yet been implemented in
practical application, our method is expected to be adopted for
anode preparation when this technology is commercialized.
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