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Abstract 
Microbial fuel cells (MFCs) have significant interest in the research community due to their ability to generate electricity 
from biodegradable organic matters. Anode materials and their morphological structures play a crucial role in the formation 
of electroactive biofilms that enable the direct electron transfer. In this work, modified electrodes with nanomaterials, such 
as multiwalled carbon nanotubes (MWCNTs), reduced graphene oxide (rGO),  Al2O3/rGO or  MnO2/MWCNTs nanocom-
posites were synthesized, characterized and utilized to support the growth of electrochemically active biofilms. The MFC’s 
performance is optimized using anode-respiring strains isolated from biofilm-anode surface, while the adjusted operation is 
conducted with the consortium of (Enterobacter sp.). Besides the formation of matured biofilm on its surface,  MnO2/MWC-
NTs nanocomposite produced the highest electrical potential outputs (710 mV) combined with the highest power density 
(372 mW/m2). Thus, a correlation between the anode nanostructured materials and the progression of the electrochemically 
active biofilms formation is presented, allowing new thoughts for enhancing the MFC’s performance for potential applica-
tions ranging from wastewater treatment to power sources.
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Introduction

Microbial fuel cells (MFCs) are promising alternative tech-
nology that could reduce energy crisis and environmental 
pollution [1]. In MFCs, organic substrates or organic waste 
biomass are biologically oxidized by exoelectrogenic bac-
teria and transfer electrons extracellularly to a terminal 
electron acceptor to produce electric current [2]. Despite 
advances that have been made so far, this technology has 
not yet been commercially applied, due to the low energy 
production. One of the main reasons behind the low power 
density produced by the MFCs is the sluggish of electron 
transfer from living organisms to the anode surface [3]. To 
date, several extracellular electron transfer (EET) mecha-
nisms between living microorganisms and electrodes have 
been proposed [4]: (a) Extracellular direct electron transfer 
(EDET) through a physical contact between outer-membrane 
redox proteins, such as cytochromes or bacterial-conductive 
pili and electrode surface [5–7], (b) Mediated electron trans-
fer (MET) which is promoted by implementing synthetic 
chemical mediators or natural secreted redox molecules 
to barge electrons from the intracellular redox centres of 
metabolically active cells to the electrode surface [8, 9]. 
Nevertheless, the use of artificial redox mediators (electron 
carriers) has many drawbacks in the progress of MFC appli-
cations, e.g. cytotoxicity and electrochemical cross-reactiv-
ity or interference [10]. Anode materials, as the host for 
exoelectrogens, are significantly affecting the direct electron 
transfer process from living microorganisms [11–14]. Thus, 
anodic respiration via the anode-respiring microorganisms 
along with the direct electron transport process are regulated 
by the physical and architecture characteristics of anode sur-
face [12, 15, 16]. Hence, new anode materials with specific 
inspections were developed [17, 18]. Owing to their high 
surface-to-volume ratio, biocompatibility, electro-catalytic 
activity, mechanical and electrical properties, nanomate-
rials showed great impact on the improvement of MFCs 
efficiency [19–21]. In addition, nanomaterials with unique 
electrochemical properties provide strong charge interac-
tions with organic compounds and the direct electrochemis-
try process between bacteria and the anode [22]. Although 
nanomaterials have those unique properties, disadvantages 
of using nanomaterials in electrochemical systems may be 
the difficulty in re-usability, as they get polluted or deacti-
vated during the process.

Bio-electrochemical analysis of the biofilm formation at 
different electrode modifiers was conducted to understand 
the role of electrode materials on the microbial adherence 
and the progression of biofilm. Specifically, nanomicrobial 

electrochemical systems were engineered towards a better 
understanding of the relationship between anode architec-
tures and rate of biofilm formation along with the mecha-
nisms of electron transfer mechanism [23–25]. In this regard, 
changes in bacterial cell wall dynamic structure, i.e. the 
phase transition from planktonic cells to the biofilm matrix, 
were successfully detected using cyclic voltammetric tech-
nique [21, 26, 27]. In that report, electrode modifications 
with conductive nanostructured elements promoted the 
Pseudomonas aeruginosa biofilm formation and enabled 
direct extracellular electron transfer by developing bio-con-
ductive cell wall communications through iron-containing 
materials acting as microbial connectors. It was concluded 
that the firmly attached microbes to the electrode surface, the 
higher the bioelectrochemical signals [27–29].

Therefore, in this work, the impact of nanostructured 
anode materials on the biofilm formation and the direct 
electron transfer is investigated and exploited for bioelec-
tricity generation and wastewater treatment using air–cath-
ode single chamber–membrane–less microbial fuel cells. 
The amended nanostructured anodes presented significant 
enhancements in the acceleration of electrochemically active 
biofilms and increased the rate of direct electron transfer 
that led to increasing the power density as well as the cur-
rent outputs.

Materials and methods

Synthesis and characterization of nanostructured 
anodes

Preparation of carbon paste electrodes (CPEs) modified 
with nanomaterials was performed by sonicating 0.95 g of 
synthetic graphite powder with 0.05 g of each of nanomodi-
fiers, e.g. manganese dioxide  (MnO2), multi-walled carbon 
nanotubes (MWCNTs),  MnO2/MWCNTs, reduced graphene 
oxide (rGO) or  Al2O3/rGO nanomaterials, for 30 min before 
adding 400 μL of paraffin oil to achieve a homogenous mix-
ture. The prepared pastes were mechanically packed into 
electrode assemblies and well compressed using a stainless 
rod to provide modified electrodes with a surface area of 
5 mm [28]. For surface regeneration, the working electrode 
surface was polished and smoothed on weighing paper to 
obtain a uniform surface before running the electrochemi-
cal experiments. Electrocatalytic activity of the prepared 
electrodes was characterized using 200  μM potassium 
ferricyanide (FCN) as a redox probe in 0.1 M KCl. The 
cyclic voltammetric experiments were conducted using 
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the computer controlled potentiostat/galvanostat (Gamry, 
ZR-G750 system).

Electrochemical impedance spectroscopy (EIS) was 
performed in ferricyanide (1 mM) as the redox probe to 
characterize the charge transfer resistances of the modified 
electrode surfaces. The EIS was conducted over a frequency 
range of 10 kHz–0.1 Hz with a sinusoidal perturbation 
amplitude of 5 mV.

XRD analysis

The composite structure was analyzed by powder X-ray 
diffraction (XRD) analyzer (Philips X-ray diffractometer, 
PW 1390), with Cu–Kα radiation (1.54 Å) operating in the 
Bragg–Brentano reflection geometry. The analysis was per-
formed indoor at the National Research Centre (NRC, Cairo, 
Egypt).

MFC fabrication and assembly

A sterile homemade cylindrical-shaped single chamber-
membrane-less microbial fuel cell was fabricated for test-
ing the effect of anode materials. The MFC was constructed 
from transparent polyacrylic materials and the distance 
between anode and cathode is about 7 cm and the projected 
surface area of anode or cathode is about 4 cm2 [29, 30]. 
For the anode functionalization, silver gauzes were individu-
ally coated with each of the prepared nanomaterials  (MnO2/
MWCNTs nanocomposite, rGO,  Al2O3/rGO or graphite 
alone as control). In order to maintain consistency of exper-
imental procedures, the same type and size of silver mesh 
was used as a cathode material for all tests. After assem-
bling the MFC, the anode/cathode chips were positioned 
at both sides before they were connected with copper wire 
and external variable resistors. The designed MFCs were 
operated at 25 ± 1 °C in a temperature-controlled microbi-
ology lab. The nanostructured anodes were inoculated with 
pre-acclimated bacterial suspensions, while the generated 
electrical voltage was recorded.

Biofilm formation and MFC operation

To monitor the capacity of each electrode material for enhanc-
ing the adherence and growth of electrochemically active 
biofilms, in the MFC, 200 mL of bacterial cell suspension (a 
mixed culture, with the cell density of  OD600 ≈ 0.4) was incu-
bated in brain heart infusion broth medium (with the initial 
COD concentration of 25 mg/mL). Close circuit continuous 
experiments were carried out for 15 days, while the output 
voltage over the incubation time was recorded using (The 

LabJack U6/U6-Pro). At a fixed external resistance (150 kΩ), 
the MFC cycles were conducted with fed-batch mode, while 
the power and current densities were computed.

Polarization curves

Duplicate MFCs were operated simultaneously with dif-
ferent external resistances (0.265, 0.500, 1.20, 9.10, 20.0, 
52.0, 100.0, 200.0 and 550.0 kΩ). Accordingly, the output 
voltage was collected during the running time which is two 
weeks. Subsequently, the potential and power density curves 
were plotted vs. the anodic current density to generate the 
polarization curves.

Morphological characterization 
of biofilm‑based anodes

The functionalized nanostructured anodes were incubated 
with the cell suspensions of microbial communities in a 
closed chamber for two weeks. Afterwards, the electrodes 
were removed from the microbial cultures, washed carefully 
with PBS and dried (for 2 h at 60 ± 1 °C) at ambient condi-
tions. Scanning electron microscope (SEM), (JEOL, JXA-
840A) at an accelerating applied potential of 15 keV was 
used for characterizing the morphology of formed biofilms 
at each anode material. Each electrode surface was imaged 
by the SEM after being sputtered with a thin film of gold. As 
a control, all anode surfaces were imaged using SEM before 
getting in the microbial cultures.

Effect of nanomaterial concentration 
on MFC’s performance

To evaluate the effects of concentration of  MnO2/MWC-
NTs composite, anodes surfaces were modified with differ-
ent concentrations of the composite (0%, 5%, 25%, 50% and 
75%) and deployed in single chamber MFCs which inocu-
lated with the mixed microbial culture. Computed power 
densities were considered as the key parameter that assessed 
the performance of each MFC with respect to each con-
centration. Polarization curves were made after 2 weeks to 
determine the maximum power density achieved by each 
system.

Testing the MFCs performance using a single 
bacterial strain or bacterial consortium

Simultaneously, the performance of the designed MFC 
using  MnO2/MWCNTs as the anode was incubated with 
different bacterial cultures either using a single iso-
lated bacterial strain (Enterobacter cloacae), bacterial 
consortium or raw anaerobic mixed raw culture. The 
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biodegradation rate of the organic load was quantified 
during the sequential MFC operations. For all running 
MFCs, chemical oxygen demand (COD) was kinetically 
determined according to the reference method.

Result and discussion

Electrocatalytic properties of nanostructured 
electrodes

In microbial electrochemical systems, electron transfer and 
electricity generation are linked directly to the formation 
of biofilms. In addition to providing quantitative informa-
tion about the influence of new materials on the catalytic 
activity, the cyclic voltammetry (CV) is considered as a 
reliable characterization technique for studying the elec-
tron transfer between living-attached microorganisms to 
the conductive electrode surfaces. Basically, CV comprises 
sweeping an electrode potential as a function of time and 
measuring the resulting faradic current that rounds through 
the circuit. The CV measurement in this work was con-
ducted with a typical 3-electrode electrochemical setup, 
with Ag/AgCl (in 3M KCl) being reference electrode, Pt 
wire as the counter electrode and nanomaterial-based elec-
trode as the working electrode.

Thus, in the current work, the CV was used to char-
acterize the electrochemical properties of new modified 
electrodes with 5%, w/w of each of the following:  MnO2 
nanorods, MWCNTs,  MnO2/MWCNTs, rGO and  Al2O3/
rGO nanocomposite. As a result, when ferricyanide was 
used as redox probes, there was a discernible difference 
between the unmodified and all the modified surfaces, par-
ticularly the  MnO2/MWCNT-based electrode displayed the 
highest oxidation/reduction peaks (Fig. 1a). The obtained 
synergetic electrochemical activity is attributed to the fast 
electron transfer which is collected by the modified surface 
of the composite that is made of a combination of highly 
catalytic materials  (MnO2 conjugated with MWCNTs).

The EIS analysis was carried out in ferricyanide for 
all modified electrodes and the nyquist plot indicated the 
role of the electrode modification in the enhancement of 
the charge transfer  (Rct), whereas the  Rct of the modified 
surfaces were significantly lowered when the response 
was compared with the EIS pattern of the bare electrode 
(Fig. 1b). On the other hand, X-ray diffraction analysis 
(XRD) was carried out to determine the phase structure 
of the prepared composite. In the diffractograms, sharp 
and intense diffraction peaks were observed at 2θ = 28.45°, 
37.25°, 44.45°, 56.58° and 64.84°, respectively. The dif-
fraction patterns displayed the crystalline nature of the 
composite (Fig. 1c).

Fig. 1  a Cyclic voltammetric characterizations of modified elec-
trodes. CVs were conducted with ferricyanide (1 mM) at the scan rate 
of 50 mV/s. b Nyquest impedimetric plot showing the impedimetric 
behaviour of the composite and its individual constituents. c Powder 
XRD pattern of  MnO2/MWCNTs nanocomposite
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Testing the nano‑anode’s performance

Different anode surfaces were tested for enhancing the 
microbial fuel cell’s performance that were powered in par-
allel by anaerobic mixed cultures (bacterial cell density is 
0.4  OD600nm) under closed circuit operation. As shown in 
Fig. 2, the potential–time curves displayed a huge differ-
ence between the modified and unmodified anodes, since the 
nano-modified surfaces produced significantly higher volt-
age than the unmodified. The ascending order of the MFC-
output voltages revealed that the maximum values were 
obtained by the  MnO2/MWCNTs (690 mV), followed by 
MWCNTs (500 mV), rGO (494 mV),  Al2O3/rGO nanocom-
posite (294 mV), eventually the unmodified anode (85 mV). 
On other hand, polarization curves and power outputs were 

calculated at given external resistances (0.265, 0.500, 1.20, 
9.10, 20.0, 52.0, 100.0, 200.0 and 550.0 kΩ) (Fig. 3). Effec-
tively, anode surface modification using the  MnO2/MWC-
NTs improved the power generation for about 112-fold 
(56.6 mW/m3) higher than the unmodified anode surface 
(0.5 mW/m3). These results confirmed the obtained syn-
ergetic electrocatalytic activity of the integration of  MnO2 
with the multiwalled carbon nanotubes. By introducing a 
nanocomposite anode material, efficient electrocatalysis was 
obtained and a significant enhancement in the microbial fuel 
cell performance was achieved. The anode modification sup-
ported the formation of electrochemically active biofilms, 
as a result, a direct extracellular electron transfer (DEET) 
between the bacteria and the  MnO2/MWCNTs-architecture 
is accomplished.

Unexpectedly, the  Al2O3/rGO nanocomposite produced 
weak electrical potential (294 mV) combined with lower 
power density (16 mW/m2). This weak electrochemical 
signal could be attributed to the gained conductance and 
capacitance properties of  Al2O3 particles that are linked to 
the partial reduced graphene oxide which still carries a part 
of the graphene oxide nature [31]. Thus, the modified anode 
with the  Al2O3/rGO nanocomposite is storing the electrons 
rather than delivering them to the electrode surfaces as the 
final electron acceptor.

Morphological characterization of biofilm 
assisted by nano‑anodes

In order to investigate the biofilm growth on the nano-anode 
surface, each modified electrode was morphologically ana-
lyzed by the scanning electron microscopy after 15-days of 
incubation with a bacterial consortium under anaerobic con-
ditions. The SEM images of all nano-anodes (Fig. 4) were 
captured before and after the incubation with the bacterial 

Fig. 2  Time–voltage curves of unmodified vs modified anodes using 
single chambered MFCs

Fig. 3  Polarization curves and power output of the MFCs operated by different anode materials
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cultures to acquire a better understanding on the correlation 
between the bacterial coverage area (on each surface) and 
the power density outputs. Accordingly, formation of com-
pacted and condensed-layer of colonized cells was obtained 
when the  MnO2/MWCNTs is used as the anode surface, 
followed by the  Al2O3/rGO nanocomposite, as shown in 
Fig. 4c, e, respectively. On the other hand, weaker colo-
nization of scattered cells was observed on the surface of 
the unmodified or the modified with the rGO, as shown in 
Fig. 4a, d, respectively. Therefore, we can conclude that, 
the higher the electrochemical activity of anode material, 
the faster the formation of biofilm. This is reflecting a clear 
relationship between the catalytic activities of anode materi-
als with the direct electron transfer through the physically 
contacted microbial cells with the nano-anode surfaces.

Impact of  MnO2/MWCNTs concentration

Influence of the  MnO2/MWCNTs concentrations (0%, 5%, 
25%, 50%, 75%) on the MFC’s performance was kinetically 
evaluated by correlating the increase in the incubation time 
with the resulted power density and the generated voltage of 
the closed circuit at the fixed external resistance (150 KΩ). 
Apparently, the  MnO2/MWCNTs (50%) produced the high-
est electrochemical performance (710 mV) combined with 
the highest power density (372 mW/m2), as can be seen in 
Fig. 5a, b. It worth mentioning here that the power den-
sity with the  MnO2/MWCNTs (50% w/w) is about three 
folds higher than the previous reports, whereas 120 mW/
m2 and 109 mW/m2 were obtained by Fu et al. and Kalathil 
et al. [32, 33].

On the other hand, increasing the composite concen-
tration above 50% led to a decrease in the current density 
because of the excessive distribution of  MnO2 particles on 
the anode surfaces (semi-conductivity of a metal oxide fea-
ture is the majority). Thus, hindering the electron transfer 
between the biofilm and the anode due to the increase in 
the resistance of the electrode matrix. Therefore, 50% of 
 MnO2/MWCNTs has been selected in this study as the ideal 
concentration and it has been assigned for the preparation 
of nano-anodes for further investigations.

Powering the MFCs a single bacterial strain 
or bacterial consortium

In our previous report, microbiological identification was 
conducted with the surface of modified working electrodes 
that were designed to support the formation of electrochemi-
cally active biofilms [14, 26]. Thus, the anticipated living 
bacterial cells involved in the anode-biofilm formation were 
isolated from the nano-anode surface, and then identified 

using 16S rRNA gene sequencing. From the analysis of the 
complete genome sequence, Enterobacter cloacae subsp. 
(ATCC 13,047 strain) is recognized as the targeted elec-
trochemically active strain. Accordingly, this strain was 
selected with the anodes made of 50% of  MnO2/MWCNTs 
for testing the effects of microbial diversity on the output 
voltage and power density. In this regard, three MFCs were 
operated in parallel using a single strain of E. cloacae, con-
sortium of E. cloacea sp. or using a raw wastewater inocu-
lum. As a result, the highest output voltage (662 mV) is 
produced by the Eterobacter consortium, followed by the 
E. cloacae (540 mV) as single strain culture, while the 
least output voltage (485 mV) was obtained from the raw 
wastewater inoculum culture (Fig. 6a). By the same pat-
tern, the polarization curve shown in Fig. 6b confirmed the 
same order of the above-mentioned three culture conditions, 
whereas the raw culture was producing the lowest power 
density (65 mW/m2).

Electrochemically active group of Enterobacter spp. that 
has been colonized on the nano-anode to form the electroac-
tive biofilm is the responsible for generating the high bioel-
ectrochemical signals. However, interferences from electro-
chemically in-active organisms (nonelectrogenic organisms) 
are existing in the raw culture. This was confirmed by the 
COD measurements (Fig. 6c) which showed that the raw 
culture produced the maximum biodegradation rate after 
11 days of operation accompanied by the lowest power den-
sity production. The MFC inoculated with E. cloacae culture 
produced a power density (80 mW/m2) almost equal to that 
obtained by previous report [34]. These results are in agree-
ment with the previous report which showed that Enterobac-
ter consortium culture has generated higher current outputs 
than the pure culture (single stain-based MFC) [35].

Conclusion

In the current study, we introduce distinguished anode com-
positions for supporting electro-active biofilm formation 
and direct electron transfer. Apparently, the anode material 
requirements of conductivity, stability and biocompatibility 
were satisfied by decorating the anode surface with  MnO2/
MWCNTs. As an accomplishment, a great potential in the 
increase of current density and power output of the system 
was successfully achieved. Thus, nanocomposite-based 
electrodes are introduced as promising anodes materials to 
accelerate the biofilm formation and to facilitate direct elec-
tron transfer. Based on that the commercial application and 
large-scale production of MFC could be reached through 
the optimization of electrode materials which will offer a 
technology for cost-effective bioelectricity generation along 
with wastewater treatment.
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Fig. 4  Scanning electron microscopic images of different anodes before (left side) and after the inculcation in the MFCs (right side); a graphite, 
b MWCNTs, c  MnO2/MWCNTs, d rGO, e  Al2O3/rGO. Each electrode consists of 5% of nanomaterials, and 95% of graphite flakes
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Fig. 4  (continued)

Fig. 5  a Effect of  MnO2/MWCNTs concentrations (5%, 25%, 50%, 75%) on the voltage outputs. b Polarization curves and power output of the 
MFCs with different MWCNTs/MnO2 concentrations
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