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A B S T R A C T

Microbial fuel cells (MFCs) have various potential applications. However, anode is a main bottleneck that
limits electricity production performance of MFCs. Herein, we developed a novel anode based on a
stainless steel cloth (SC) modified with carbon nanoparticles of Chinese ink (CI) using polypyrrole (PPy)
as a building block (PPy/CI/SC). After modification, PPy/CI/SC showed a 30% shorten in start-up time
(36.4� 3.3 h vs. 52.3�1.8 h), 33% increase in themaximum current (12.4�1.4mA vs. 9.3� 0.95mA), and
2.3 times higher in themaximumpower density ofMFC (61.9mW/m2 vs. 27.3mW/m2), compared to Ppy/
SC. Experimental results revealed that carbon nanoparticles were able to cover SC uniformly, owing to
excellent dispersibility of carbon nanoparticles in CI. The attachment of carbon nanoparticles formed a
fluffy layer on SC increased the electrochemically-active surface area by 1.9 times to 44.5 cm2. This
enhanced electron transfer between the electrode and bacteria. Further, embedding carbon nano-
particles into the PPy layer significantly improved biocompatibility as well as changed functional group
contents, which were beneficial to bacteria adhesion on electrodes. Taking advantage of highmechanical
strength and good conductivity, a large-size PPy/CI/SC was successfully prepared (50� 60 cm2)
demonstrating a promising potential in practical applications. This simple fabrication strategy offers a
new idea of developing low cost and scalable electrode materials for high-performance energy
harvesting in MFCs.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Microbial fuel cells (MFCs) can convert chemical energy in
wastewater into electricity with electrochemically active bacteria
(EAB), which oxidize organic matter and donate electrons to
electrodes [1]. MFCs have been considered to have great potentials
in energy generation, wastewater treatment, and biosensors [2–4].
However, low electricity production is a main limiting factor for
MFCs currently [5,6]. The electricity production performance is
greatly affected by electron transfer between EAB and anodes.
Therefore, electrochemical properties of electrode materials (e.g.,
conductivity, biocompatibility and stability) have great impacts on
the electricity production of MFCs [7–9]. In this regard, a lot of
efforts have been made to develop novel anodes to improve the
electricity production performance of MFCs [10,11].
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Carbon nanomaterials, such as carbon nanotubes (CNTs),
graphene and biomass-derived carbon nanoparticles, have been
widely used to modify anodes. Many novel anodes have been
developed by implementing carbon nanomaterials as modifiers
and electricity production of MFCs was improved due to unique
physical and chemical properties of different carbon nanomaterials
[12–14]. First, carbon nanomaterials possess excellent conductivity
which can enhance electron transfer between electrodes and
microbes by lowering charge transfer resistance. Second, carbon
nanomaterials provide high specific areas [15–17]. Although
carbon nanomaterials are promising materials for modifying
anodes, inert surfaces of most carbon nanomaterials causing poor
dispersibility in aqueous solutions [18]. Besides, many carbon
nanomaterials are prone to aggregate forming large-size clusters.
For instance, individual CNTs inevitably form parallel bundles
because of strong van der Waals interaction [19]. These properties
result in ununiform modification layers. Also, high cost and
complex fabrication processes hinder large-scale practical appli-
cations of carbon nanomaterials in electrodes modifications for
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Photographs of SC, PPy/SC and PPy[24_TD$DIFF]/1%CI/SC. (b) Large-size electrode
before and after modification. SEM images of (c) SC, (d, g) PPy/SC and (e, f, h) PPy[25_TD$DIFF]/
1%CI/SC.
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MFCs [20]. Hence, there is an urgent need tofind a low-cost, readily
available carbon nanomaterial with good dispersibility as a
substitution.

Chinese ink (CI) has been used as writing material for a long
history in China. It contains carbon nanoparticles ranging from
50 nm to 100 nm [21,22]. The carbon nanoparticles of CI come from
soot obtained by burning wood and oil, which guarantee good
biocompatibility. Also, CI contains animal gluewhich can provide a
stable dispensability of carbon nanoparticles in liquid and
preventing carbon nanoparticles from aggregating to form large-
size clusters [18]. For these good properties, CI has been used to
modify electrodes in MFCs recently. Zhou et al. developed an
electrode through coating natural loofah sponge with CI and
achieved a high current density [23]. However, the CI coated loofah
sponge electrodes were prepared by simply dipping loofah sponge
into CI and drying. The interaction between carbon nanoparticles
and the substrate was not reliable enough during long-term
operation. Although loofah sponge shows good biocompatibility,
poor conductivity, weak mechanical strength, and difficulties in
processing make it unlikely to be used in large scale applications.
Therefore, using metal materials, such as stainless steel materials,
as substrate and modified with CI is an ideal strategy [24].
However, it is difficult to build a solid connection between CI and
stainless steel. Polypyrrole (PPy) is a kind of polymer with good
conductivity, which can be synthesized easily through electro-
polymerization. PPy can incorporate various carbon nanomaterials
and form PPy/carbon hybrid nanocomposites on electrode sub-
strates in MFCs to improve electricity production performance
[25,26]. The obtained nanocomposites maintain properties of both
carbon nanomaterials and PPy, e.g., high specific surface area and
good conductivity. Therefore, PPy is a suitable building block to
modify stainless steel substrates.

In this study, a novel and scalable MFC anode was developed by
modifying stainless steel cloth (SC)with carbon nanoparticles of CI.
PPy was used as a building block through electropolymerization.
The characteristics of electrodes were obtained by scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS) and other methods. The obtained electrodes were tested in
both MFCs and microbial three-electrode cells (M3Cs) to study the
bioelectrochemical performance, including start-up time, maxi-
mum current, and polarization curves. Further, a large-size
electrode was obtained with this method, demonstrating a
promising potential in practical applications. This simple fabrica-
tion strategy offers a new idea of developing low cost and high-
performance electrode materials for MFCs.

Carbon nanoparticles of CI can be homodispersed in the
electrolyte for electropolymerizationwithout any treatments, such
as ultrasonic vibration. (Fig. S1a in Supporting information). This
property came from that the glue in CI, working as a dispersing
agent, made carbon nanoparticles suspend stably in liquid, which
helped carbon nanoparticles attach to SC more uniformly. SEM
images showed that CI consisted of small nanoparticles with a
diameter ranging from 50 nm to100 nm (Fig. S1b in Supporting
information).

Aftermodification, the appearance of PPy/SC and PPy/CI/SCwas
different from that of SC (Fig. 1a). PPy/SC and PPy/CI/SC had a black
layer covering the whole substrate uniformly. Compared with PPy/
SC, PPy/CI/SC had a much darker color and fluffy structure. These
differences came from the embedded carbon nanoparticles in the
PPy layer. Since SCworked as a substrate, PPy/CI/SC possessed high
mechanical strength and could be bent arbitrarily without
detachment of modification layer. A large-size PPy/CI/SC
(50� 60 cm2) was prepared successfully. Compare with bare SC,
the large-size PPy/CI/SC was uniformly covered with a black rough
layer (Fig. 1b). The modification layer on large-size PPy/CI/SC was
the same in appearance as that on small-size ones. It proved this
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method, which could simply prepare large-size electrode with a
uniform modification surface, had great potential in practical
applications. SEM images showed that the SC possessed a smooth
surfacewith strip texture alongwith the fiber (Fig.1c). A rough PPy
layer can be observed on PPy/SC (Fig. 1d). While, PPy/CI/SC
possesses a rougher surface of PPy layer with embedded carbon
nanoparticles, which could be beneficial to bacterial adhesion
(Fig. 1e). The Elemental mapping images showed a uniform
distribution of C, N, and O on PPy/CI/SC surface indicating that the
PPy layer formed evenly on SC (Fig. S2 in Supporting information).
SEM images with higher magnification further confirmed that
there were large amounts of carbon nanoparticles, with diameters
ranging from50 nm to 100 nm, embedded on the surface of PPy/CI/
SC (Fig. 1f). Cross-sectional images showed the thickness of the
layer was around 1.1mm on PPy/SC and around 1.5mm on PPy/
1%CI/SC (Figs. 1g and h). These phenomena proved that carbon
nanoparticles of CI were incorporated by PPy forming nano-
composites during electropolymerization. By coupling CI and PPy
electropolymerization, carbon nanoparticles can be uniformly
modified onto SC.

XPS revealed that compared with PPy/SC, the content of C
elements on the surface of PPY/CI/SC increased, while N-content
decreased and O-content almost remained at the same level
(Table S1 in Supporting information). O 1s spectrum of both PPy/SC
and PPy/CI/SC presented two kinds of oxygen functionalities, C��O
centering at 532.6 eV and C¼O centering at 531.3 eV (Fig. 2a) [27–
30]. The ratio of C��O and C=O content was almost the same. The
high content of C¼O, which is a hydrophilic group, may provide
biocompatible condition for bacteria to attach and move on the
electrode surface [31]. As for N, N 1s spectrumpresented two kinds
of N-functionalities, protonation pyrrolic N centered at 400.4 eV
and neutral pyrrole N centered at 399.2 eV (Fig. 2b) [28–30,32]. The
category of N-functionalities did not change after modification. As
the total N content decreased, pyrrolic N content on PPy/CI/SC was
lower than PPy/SC. It is reported pyrrolic nitrogen (N-5) has
negative impacts on bacterial adhesion and electron transfer for
their negatively charged property [33]. Therefore, PPy/CI/SC may
show better biocompatibility than PPy/SC theoretically. C 1s
spectrum was presented three kinds of peaks (287.6, 285.3, and
283.9 eV), which were C¼O, C-N and C-C respectively (Fig. S3 in
Supporting information).

Zeta potential is another important factor that influents
bacterial adhesion on the anode. All fabricated electrodes were
positively charged, which were beneficial to attaching negative-
charged EAB (Fig. 2c). Conductivity of anodes influents the
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Fig. 2. High-resolution spectrumof O 1s [26_TD$DIFF](a) andN 1s (b) peak of the PPy/SC and PPy[27_TD$DIFF]/
1%CI/SC respectively. Zeta potential (c) and electrochemical active surface area (d)
of studied electrodes.
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electricity generation performance of MFCs. The conductivity test
result showed the modified electrodes maintained the good
conductivity of SC (Fig. S4 in Supporting information). After
modification, the charge transfer resistance (Rct) of PPy/SC, PPy/
1%CI/SC, PPy/5%CI/SC, PPy/10%CI/SC were 0.46, 0.44, 0.43, 0.23 V
respectively, which were lower than that of SC (4.74 V, Fig. S5 in
Supporting information). After modification, conductivity in-
creased and Rct reduced accordingly. Electrochemically-active
surface area (ECSA) also affects the electricity production
performance of MFCs. PPy/CI/SC had a large ECSA around
44.5 cm2, which was significantly higher than PPy/SC (30.7 cm2)
and SC (16 cm2) (Fig. 2d). With the help of the rough and three-
dimensional PPy/CI modification layer, more active sites for
electron transfer were provided.

To investigate the bioelectrochemical performance of different
electrodes, chronoamperometry (CA) was conducted in triplicate
in M3Cs. A typical cycle of each electrode was presented in Fig. 3a,
which showed PPy/1%CI/SC had a shorter start-up time and higher
maximum current compared with PPy/SC. M3C with PPy/CI/SC
reached exponential stage earlier than PPy/SC. The start-up time of
PPy/1%CI/SC (36.4� 3.3 h) was reduced by 33% compared with
PPy/SC (52.3�1.8 h). The average maximum current of PPy/1%CI/
SC (12.4�1.4mA)was 1.33 times of PPy/SC (9.3� 0.95mA, Fig. 3b).
The porous and open structure of nanocomposites formed by PPy
and carbon nanoparticles could provide larger a ECSA for PPy/1%CI/
SC [34]. The porous surface together with higher ECSA was
beneficial to more efficient interactions between electrode and
bacteria, high bacterial loading, and eventually building a solid
[(Fig._3)TD$FIG]

Fig. 3. (a) Chronoamperometric current versus time at a potential of 0.1 V. (b) Bar graph
polarization curves and (d) power density curves of MFCs equipped with various anod
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conductive matrix with bacteria on the electrode. This formed
biofilm would facilitate extracellular electron transfer from
bacterium membrane c-type cytochromes or mediators to
electrode surfaces [35,36]. In the CA test, the relationship between
the concentration of CI and electrodes properties was explored.
The result showed that a higher concentration than 1% of CI did not
increase the maximum current or shorten start-up time in M3Cs
obviously (Fig. 3b and Fig. S6 in Supporting information). It is likely
because 1% CI is enough to modify the SC with a geometric area of
2.5 cm� 3 cm. Therefore, only PPy/1%CI/SC was tested for electro-
chemical performance in the MFC test.

The electricity productionperformance of PPy/SC and PPy/1%CI/
SC in MFCs is illustrated in Fig. 3c. Typical electricity generation
curves were obtained. PPy/1%CI/SC (31 h) showed a much shorter
start-up time than PPy/SC (81 h). As well, theMFCwith a PPy/1%CI/
SC anode showed more stable and reproducible electricity
production cycles than that with a PPy/SC anode in a 400 h period
operation. In four continuous cycles, the electricity production did
not decay obviously with the PPy/1%CI/SC anode and each cycle
lasted for about 70 h. While, for the PPy/SC anode, the electricity
production reached the maximum at about 150 h. After that, the
produced electricity decreased to almost 0mA at about 400 h. Also,
each cycle showed a much shorter and uneven period of time than
the PPy/1%CI/SC anode. The maximum output voltage produced
under 1000Vwith a PPy/1%CI/SC anode was 0.337 V and that of a
PPy/SC anode was 0.297 V. To evaluate the electricity production
performance of the MFCs with different anodes, when output
voltage was in the steady stage, polarization and power density
curvesweremeasured. TheMFCwith a PPy/1%CI/SC anode showed
a higher maximum power density of 61.9mW/m2 compared with
that with a PPy/SC anode of 27.3mW/m2 (Fig. 3d). PPy/1%CI/SC
anode was lower than the internal resistance of the MFC with a
PPy/SC anode. All these results proved that PPy/1%CI/SC had better
electricity production performance than PPy/SC, which consisted
with the CA test. It is believed that the carbon nanoparticles of CI
played a key role in the improvements. The CI could change surface
characteristics of electrodes, such as content of different functional
groups. Besides, the embedded carbon nanoparticles in PPy layer
could greatly improve ECSA of electrodes and providemore porous
and rough surfaces for initial bacterial adhesion, resulting in
shorter start-up time. After the formation of the biofilm, the embed
carbon nanoparticles helped to build connections between
bacteria and form a conductive bacteria-carbon nanoparticles-
PPy matrix for more efficient electron transfer between EAB and
the electrodes. As a result, MFC with PPy/1%CI/SC exhibited better
electricity production performance.

After operating for more than 150 h in M3C, pink biofilms were
observed on PPy/SC and PPy/CI/SC. SEM was conducted to further
investigate EAB biofilm formed on electrodes. Themost bacteria on
electrodes were bacilliform. Since sodium acetate was the only
substance and anaerobic condition was maintained during the
whole operation, Geobacter sulfurreducens very possibly
of the maximum current production in M3Cs with statistics. (c) Voltage output and
es.
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Fig. 4. SEM images of biofilms on (a) SC, (b) PPy/SC, (c, d) PPy/CI/SC.
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dominated electrodes. For poor biocompatibility of SC, there was
no obvious biofilm observed (Fig. 4a). After coating with the PPy
layer, biocompatibility was greatly improved. As a result, biofilms
were detected both on PPy/SC and PPy/CI/SC (Figs. 4b and c).
Although thick biofilms were on both PPy/SC and PPy/CI/SC, the
one on PPy/CI/SC was more uniform. It is likely because the
uniformly embedded carbon nanoparticles in PPy layer are
beneficial to form an even biofilm on electrodes. The SEM image
of PPy/CI/SC with a higher magnification showed complex
connections between bacteria and nanocomposites (Fig. 4d). It
confirmed the solid conductive matrix was formed on PPy/CI/SC.
The rough surface created by embedding carbon nanoparticles
provided a large number of sites for bacteria to adhesion. Plenty of
nanoscale channels were exhibited in the matrix, which could
accelerate the substrate transfer inside the biofilm [34]. As well,
thematrix intimately contacted to bacteria supplyingmore activity
sites for direct extracellular electron transfer. Therefore, the unique
structure of the hybrid biofilm with nanocomposites was
advantageous to bacterial adhesion, substrate diffusion, and
extracellular electron transfer. Also, many microbial nanowires
(or pili), which have been recognized as an important conduit
between bacteria and extracellular electron acceptors, were
observed [37]. It provided a good condition for electron transfer
on PPy/CI/SC.

In this study, CI was used to modify SC with PPy as a building
block. Beneficial from the excellent dispersibility of carbon
nanoparticles in CI, a carbon nanoparticles uniformly embedded
PPy layer was modified onto SC. With this simple modification
method, a large-size PPy/CI/SC electrode was prepared. The
characterization of electrodes indicated that modification in-
creased ECSA while maintained high mechanical strength and
conductivity. The XPS results revealed a decrease in pyrrolic-N
content, which was beneficial to bacterial adhesion and electron
transfer. TheM3C equippedwith PPy/CI/SC showed a shorter start-
up time and higher maximum output current compared with PPy/
SC. It indicated that PPy/CI/SC possessed better biocompatibility
and electricity generation performance. The MFC test further
confirmed that PPy/CI/SC had better bioelectrochemical perfor-
mance as the maximum power density was 2.3 times higher than
PPy/SC. The SEM images of biofilms proved that PPy/CI/SC
exhibited better biocompatibility and bacterial adhesion compared
to SC and PPy/SC. Modification SC with CI provides a new idea to
2502
develop scalable, low-cost, and high-performance anodes for
energy harvesting in MFCs.
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